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An excess of saturated fatty acids can be toxic for tissues, including the brain, and this
has been associated with the progression of neurodegenerative diseases. Since palmitic
acid (PA) is a free fatty acid that is abundant in the diet and circulation and can be
harmful, we have investigated the effects of this fatty acid on lipotoxicity in hippocampal
astrocytes and the mechanism involved. Moreover, as males and females have different
susceptibilities to some neurodegenerative diseases, we accessed the responses of
astrocytes from both sexes, as well as the possible involvement of estrogens in the
protection against fatty acid toxicity. PA increased endoplasmic reticulum stress leading
to cell death in astrocytes from both males and females. Estradiol (E2) increased
the levels of protective factors, such as Hsp70 and the anti-inflammatory cytokine
interleukin-10, in astrocytes from both sexes. In male astrocytes, E2 decreased pJNK,
TNFα, and caspase-3 activation. In contrast, in female astrocytes E2 did not affect
the activation of JNK or TNFα levels, but decreased apoptotic cell death. Hence,
although E2 exerted protective effects against the detrimental effects of PA, the
mechanisms involved appear to be different between male and female astrocytes. This
sexually dimorphic difference in the protective mechanisms induced by E2 could be
involved in the different susceptibilities of males and females to some neurodegenerative
processes.
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INTRODUCTION

Astrocytes are the most abundant cell type in the central nervous system and are
essential to maintain its homeostasis. One important function of these glial cells is to
protect neurons (Sofroniew, 2005) and they are not only involved in the pathogenesis of
neurodegenerative diseases (Maragakis and Rothstein, 2006), but also in metabolic disorders such
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as obesity (García-Cáceres et al., 2012). Prolonged poor dietary
habits can result in hypothalamic inflammation and astrogliosis
(De Souza et al., 2005; Horvath et al., 2010), with more recent
studies suggesting that other brain areas may also be affected
(White et al., 2009; Shefer et al., 2013). Plasma concentrations
of free fatty acids (FFA) are elevated in obese subjects (Arner
and Ryden, 2015) and this can induce lipotoxicity, resulting in
cell damage and the disruption of cellular homeostasis due to
oxidative stress (de Morentin et al., 2010).

Excess intake of saturated fatty acids can affect energy
homeostasis and body weight regulation and has also been
associated with increased cognitive impairment (Stranahan
et al., 2011). Diet-induced metabolic dysfunction has been
shown to lead to brain inflammation and reactive gliosis in
both experimental animals and humans (De Souza et al.,
2005; Elias et al., 2005; Waldstein and Katzel, 2005; Horvath
et al., 2010; Pistell et al., 2010). As the brain is highly
sensitive to inflammatory mediators, this diet-induced increase
in pro-inflammatory cytokines can have harmful effects on
cognition and neuronal homeostasis (McAfoose and Baune,
2009). Moreover, high fat diets increase the uptake of fatty
acids into the brain (Karmi et al., 2010), with some studies
indicating that saturated fatty acids accumulate mainly in
astrocytes (Morand et al., 1979; Bernoud et al., 1998). In
addition, membrane phospholipids are degraded after traumatic
or hypoxic injuries in the brain resulting in the release of FFAs,
such as palmitic acid (PA) (White et al., 2000; Park et al., 2011).
PA can inhibit the insulin signaling pathway, which induces
endoplasmic reticulum stress in hypothalamic neurons (Mayer
and Belsham, 2010). This fatty acid also up-regulates BACE1
with the consequent amyloidogenic processing of beta-amyloid
precursor protein in primary cortical neurons by elevating
oxidative stress and FFA metabolism in astrocytes (Patil et al.,
2007) and PA-induced lipotoxicity induces apoptotic cell death
in some cell types (Maestre et al., 2003; Martins de Lima et al.,
2006; Ricchi et al., 2009). However, PA-induced lipotoxicity has
not been extensively studied in astrocytes.

The lipotoxic effect of PA involves elevated oxidative stress
and endoplasmic reticulum stress, and can result in apoptotic cell
death (Ulloth et al., 2003; Almaguel et al., 2009). The endoplasmic
reticulum responds to cellular insults, including metabolic insults
associated with obesity, inducing the expression of genes that
control cell survival. Indeed, it has been postulated that obesity is
a chronic stimulus for endoplasmic reticulum stress in peripheral
tissues (Özcan et al., 2004). Cells respond to mild endoplasmic
reticulum stress by increasing the production of chaperones
(Szegezdi et al., 2006), but when they are subjected to intense
or prolonged endoplasmic reticulum stress, apoptosis is induced
to eliminate the damaged cells to protect the organism (Ron,
2002). In this context, estrogens exert beneficial physiological
effects, such as the attenuation of oxidative and endoplasmic
reticulum stress (Behl et al., 1997). The protective actions
of estrogens are mediated by the activation of at least four
different receptors, all of which are expressed in astrocytes
(Fuente-Martin et al., 2013; Acaz-Fonseca et al., 2016). However,
the sequential effects of estrogens at the molecular level on
these two stresses in astrocytes due to saturated FFA overload

remain unknown. To address this issue, we have investigated
PA-induced inflammation and endoplasmic reticulum stress
in rat hippocampal astrocyte and the protective effects of
estradiol (E2). Moreover, as males and females differ in their
response to metabolic signals (Shi and Clegg, 2009) and their
propensity to develop cognitive problems (Roof and Hall, 2000;
Cahill, 2006), we have analyzed whether there is a sexual
dimorphism in the response of hippocampal astrocytes to these
factors.

MATERIALS AND METHODS

Materials
Electrophoresis reagents were from BioRad Laboratories
(Hercules, CA, United States) and the rest of chemicals and
reagents were purchased from Sigma or Merck (Barcelona,
Spain) unless otherwise indicated.

Cell Cultures and Treatment
All procedures have been carried out in accordance with the local
ethics committee of Animal Experimentation of the Instituto
Cajal (CEEA-IC) and the Comunidad de Madrid, Reference
PROEX 112/15 and complied with Royal Decree 53/2013
pertaining to the protection of experimental animals and with the
European Community Council Directive (2010/63/EU).

Primary astrocytes were derived from male and female 2
day-old Wistar rat pups as described previously (Fuente-Martin
et al., 2012). Briefly, primary cultures were generated from the
hippocampus and maintained in DMEM:F12 (Gibco) with 10%
fetal bovine serum (FBS). After 10 days in vitro, microglia
and oligodendrocytes were removed from 70 to 80% confluent
astrocyte cultures by orbital rotation for at least 16 h at 280 rpm
at 37◦C on an orbital shaker. The remaining cells were plated
at a density of 1.5 × 104 cells/cm2 and allowed to recover
for 24 h. They were then grown in serum free media for
24 h before treatment. Fatty acid stock solutions of 200 mM
were prepared in 100% EtOH. Working solutions of 5 mM
fatty acids were made by incubating the fatty acids in media
containing 10% endotoxin and fatty acid free BSA at 37◦C for
30–60 min with occasional vortexing. This solution was then
added to cells to obtain the final fatty acid concentrations. The
fatty acid-albumin molar ratio was kept at <3 to ensure that
the fatty acids were bound to albumin (Svedberg et al., 1990).
The final concentration of solvent (ethanol) in the medium
was 0.25% (v/v) for 0.50 mM PA and 0.1% (v/v) for 10−10

M E2. Equal volumes of the medium/EtOH/BSA vehicle were
applied to control cells. In addition, 50 µl of 200 mM carnitine
per 10 ml of media was added to all fatty acid treatments.
Astrocytes were treated for 24 h with different doses of PA
to establish a dose-response curve. Astrocytes were treated
for 15 min or 2 h with 0.5 mM PA to study extracellular
signal–regulated kinase (ERK), c-Jun N-terminal kinase (JNK),
p38, and Akt activation. The effect of 17β E2 (Sigma) on PA
was studied by adding 0.5 mM PA in combination with E2
prepared in ETOH at 10−10 M in the presence or absence of
PA 0.5 M.
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Another set of experiments was performed by pretreatment
with E2 (10−8 or 10−10 M) for 4 h and then incubated with PA at
0.25 or 0.5 M for 20 h.

To verify the involvement of endoplasmic reticulum stress
in the response to PA, the inhibitor 4-phenylbutyrate (4-PBA)
was employed. It was dissolved in ETOH and added to astrocyte
cultures at a concentration of 5 mM. The final concentration of
solvent was 0.1% (v/v).

Real Time Polymerase Chain Reaction
(PCR)
Total RNA was extracted following the instructions of
RNeasyPlus Mini kit (Qiagen, Hilden, Germany). Absorbance
at 260 was measured to determine concentrations. cDNA was
synthesized from 1.5 µg of total RNA by using a high capacity
cDNA reverse transcription kit (Applied Biosystems, Foster
City, CA, United States). Quantitative real-time PCR was
performed by using assay-on-demand kits (Applied Biosystems)
(Supplementary Table 1). TaqMan Universal PCR Master Mix
(Applied Biosystems) was used according to the manufacturer’s
protocol in an ABI PRISM 7000 Sequence Detection System
(Applied Biosystems) with conventional parameters (95◦C
for 10 min, 40 cycles of 95◦C for 15 s, and 60◦C for 1 min).
Each sample was run in duplicate and was normalized to the
housekeeping gene GAPDH. According to the manufacturer’s
guidelines, the 11CT method was used to determine relative
expression levels. Statistics were performed using 11CT values.

To determine IL-6, TNF-α, and IL-10 mRNA levels, RT2

First Strand Kit and RT2 qPCR Primer assay (Qiagen, Madrid,
Spain) were used for better accuracy of these genes and
normalized to the housekeeping gene GAPDH (Supplementary
Table 1).

Protein Purification and Quantification
The supernatant collected in the RNA extraction process was
diluted in acetone and frozen, samples were then centrifuged.
Proteins were re-suspended in 100 µl of CHAPS buffer,
containing 7 M urea, 2M thiourea, 4% CHAPS and 0.5%. Tris 1M
pH 8.8. Protein concentration was measured using the BioRad
Protein Assay (BioRad).

Immunoblotting
Proteins were resolved using 8–12% SDS-PAGE and transferred
onto PVDF membranes. Filters were blocked with TBS
with 0.1% (v/v), Tween 20, and 5% (w/v) BSA or non-fat
dried milk and incubated overnight at 4◦C with the primary
antibody in blocking buffer. Primary antibodies used are
shown in Supplementary Table 2. Filters were washed and
incubated with the corresponding secondary antibodies
conjugated with peroxidase at a dilution of 1:2000 (Pierce,
Rockford, IL, United States). Bound peroxidase activity was
visualized by immune-Clarity Western Chemiluminiscent
substrate (BioRad) and quantified by densitometry using a
ImageQuant LAS 4000 mini system (GE Healthcare Little
Chalfont, United Kingdom). All data were normalized to control
values on each membrane.

Cell Death Detection ELISA
This assay was carried out according to the manufacturer’s
instructions (Roche Diagnostics, Mannheim, Germany). Briefly,
tissue was homogenized in incubation buffer and microtiter
plates were coated with anti-histone antibody. The samples
were added (in duplicate) and incubated (90 min at room
temperature). The wells were washed and incubated with
anti-DNA-peroxidase (90 min at room temperature). After
washing, substrate solution was added until the color developed
adequately (approximately 15 min). The samples were measured
at 405 nm on an automatic microplate analyzer (Tecan Infinite
M200, Grödig, Austria). Background measurements at 490 nm
were made and this value subtracted from the mean value of each
sample.

Crystal Violet Assay
The cells were grown and differentiated in 24-well culture
dishes and after 24 h of treatment, the media was removed
and the cells fixed with 1% glutaraldehyde for 20 min at 25◦C.
After washing with phosphate-buffered saline (PBS), 0.1% crystal
violet was added to each well for 20 min at 25◦C. The wells
were then washed under running water for 20 min. After
drying, 2 ml of 10% acetic acid was added to each well. The
intensity of the resulting color was measured at 590 nm on an
automatic microplate analyser (Infinite M200 TECAN, Grödig,
Austria).

Immunofluorescence
For immunocytochemistry assays, cells were plated over 12-mm
diameter cover glasses in 24-well culture dishes and grown as
described above. Following the corresponding treatments, the
cells were washed twice with 0.1 M PBS (pH 7.4) and fixed with
4% paraformaldehyde for 15 min. After two washes with PBS,
washing buffer (0.1% bovine serum albumin, 0.1% Triton-X100
in PBS) was added to equilibrate the cells for 15 min before
incubating for 2 h at room temperature with blocking buffer
(3% bovine serum albumin, 1% Triton-X100 in PBS). The cells
were incubated overnight at 4◦C in a humidified chamber with
an immunocytochemistry specific primary antibody for glial
fibrillary acidic protein (GFAP; 1:500; Sigma). After washing
three times, the cells were incubated for 1 h at room temperature
with an Alexa Fluor 488 goat anti-mouse IgG antibody (1:2000;
Molecular Probes, Eugene, OR, United States) in blocking buffer.
All cells were washed three times in washing buffer before the
coverslips were placed over slides after adding Clear-Mount
(Electron Microscopy Sciences, Hartfield, PA, United States)
containing 5 mM DRAQ5 (Thermo Scientific) for nuclear
staining. Finally, immunofluorescence was visualized with a
confocal scanner Leica TCS SL installed in a Leica DM IRB
microscope (Leica, Wetzlar, Germany). Control experiments
omitting the primary antibody were performed in all assays and
no specific labeling was found.

Statistical Analysis
All data are shown as mean ± SEM. Three-way or two ANOVAs
were performed to analyze the effects of the sex and treatments.
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FIGURE 1 | Palmitic acid (PA) dose-response curve at 24 h. Astrocyte cultures were treated with doses of 0.1, 0.25, and 0.5 mM of PA. Immunoblots were probed
with antibodies toward glial fibrillary acidic protein (GFAP) in male (A), and female (B) astrocytes and interleukin 6 (IL-6) in male (C) and female (D) astrocytes. The
average of three independent assays performed in duplicate is shown. Statistical significance: ∗∗p < 0.01.

When significant effects were found, a one-way ANOVA followed
by Bonferroni’s post hoc test was used to determine differences
between treatment groups. Statistical significance for all analyses
was accepted at p < 0.05. Statistical analyses were performed
using Statview 5.0.1 (SAS Institute Inc., Cary, NC, United States)
and Prisma software 6.0 (Prisma, GraphPad, San Diego, CA,
United States).

RESULTS

Effects of PA on Intermediate Filaments
of Astrocytes
Primary astrocyte cultures were treated for 24 h with
different doses of PA and the effect on specific intermediate
filaments was studied. In males, GFAP levels were increased
in response to 0.25 and 0.5 mM PA (P < 0.05; Figure 1A);
however, in females at the two lower doses tested, a

decrease in GFAP protein levels was observed (P < 0.01;
Figure 1B).

Effects of PA on Inflammatory Factors
To test whether inflammatory signals were affected, levels
of interleukin (IL)-6 and p-IkappaB were measured after
addition of different doses of PA. IL-6 levels increased in
males after addition of 0.5 mM PA (P < 0.01; Figure 1C).
PA had no effect on IL-6 protein levels in female astrocytes
(Figure 1D).

Levels of the pro-inflammatory intracellular signal, p-IkappaB
did not change in male or female astrocytes after PA treatment
(data not shown).

Effects of PA on MAPK and Akt Pathways
We characterized whether astrocytes activated the kinases ERK,
p38 MAPK, JNK, and Akt in response to PA. PA (0.5 mM)
decreased mitogenic ERK activation in astrocytes of both sexes at
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FIGURE 2 | Effects of PA on the activation of mitogen activated protein kinases (MAPKs) and protein kinase B (Akt). Astrocyte cultures were treated with PA
(0.5 mM), E2 (10−10 M) or the combination of both. Immunoblots were probed with antibodies toward phosphorylated-extracellular signal-regulated kinases (pERKs)
and extracellular signal-regulated kinases (ERKs) in male (A), and female (B) astrocytes; phosphorylated-p38 (p-p38) and p38 in male (C) and female (D) astrocytes;
phosphorylated (p)-c-Jun N-terminal kinase (p-JNK) and JNK in astrocyte cultures of males (E) and females (F) and phosphorylated-protein kinase B (p-Akt) and
protein kinase B (Akt) in male (G), and female (H) astrocytes. The average of three independent assays performed in duplicate is shown. Statistical significance:
∗p < 0.05.
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FIGURE 3 | Effects of PA and 17β estradiol (E2) on estrogen receptor α (ERα)
and estrogen receptor β (ERβ) mRNA levels. Astrocyte cultures were treated
with PA (0.5 mM), E2 (10−10 M) or the combination of both. Relative mRNA
levels of ERα in cultures from males and females (A); and ERβ in cultures from
males and females (B) were measured. The average of three independent
assays performed in duplicate is shown. Statistical significance: ∗p < 0.05
and ∗∗p < 0.01.

15 min (P < 0.05; Figures 2A,B, respectively). In male astrocytes,
increased activation of inflammatory-related kinases p38 and
JNK was found at 15 min, but not at 2 h (P < 0.05; Figures 2C,E).
In females, activation of JNK was found at 15 min and 2 h, with
no significant change in p38 activation at 15 min or 2 h (P < 0.05;
Figures 2D,F).

Levels of phosphorylated Akt, a survival related kinase,
decreased in astrocytes from males at 15 min (P < 0.05),
but did not change in those from females at 15 min or 2 h
(Figures 2G,H).

Actions of E2 on the Effects of PA
Estrogenic hormones play a protective role in inflammatory
situations (Azcoitia et al., 2011). This prompted us to investigate
whether E2 could prevent PA induced inflammation in astrocytes.
We first assessed the effect of the co-treatment with PA and E2
on the levels of estrogen receptors α (ERα) and β (ERβ) mRNA.
There was an effect of sex [F(1,40): 39.9; P < 0.001] and PA
[F(1,40): 224.8; P < 0.001] on ERα mRNA levels with interactions
between sex and PA [F(1,40): 34.7; P < 0.001], sex and E2 [F(1,40):
11.5; P < 0.01] and sex, PA and E2 [F(1,40): 8.4; P < 0.01]. PA
decreased the mRNA levels of ERα in male and female astrocytes.
E2 increased the mRNA levels of ERα only in astrocytes from
females, but the addition of E2 was unable to block the PA

induced decrease in the mRNA levels of ERα in neither males nor
females (Figure 3A).

There was an effect of PA [F(1,40): 138.5; P < 0.001] on ERβ

mRNA levels with interactions between PA and E2 [F(1,40): 4.9;
P < 0.05] and sex, PA and E2 [F(1,40): 7.6; P < 0.01]. The
mRNA levels of ERβ were also decreased by PA in both male
and female astrocytes. However, E2 decreased the mRNA levels
of ERβ only in female astrocytes. The co-treatment of PA and
E2 decreased the mRNA levels of ERβ in males and females
(Figure 3B).

There was an effect of PA on GFAP protein levels in males
[F(1,20): 51.7; P < 0.001] with an interaction between PA and E2
[F(1,20): 6.3; P < 0.05]. As in the previous study PA increased
GFAP levels in male astrocytes, while E2 had no effect either
alone or in combination with PA (Figure 4A). In females,
there was an effect of PA [F(1,20): 12.8; P < 0.005] and of E2
[F(1,20): 39.3; P < 0.001] on GFAP levels. E2 increased GFAP
levels (P < 0.05; Figure 4B) and although PA alone had no
effect, it reduced the stimulatory effect of E2 (P < 0.05 vs. PA;
Figure 4B). E2 had no effect on vimentin levels in males or
females (Figures 4C,D).

Immunohistochemistry for GFAP was performed to observe
the morphology of cells in response to the treatments. Male
astrocytes treated with PA alone had a hypertrophic cell body and
processes (Figure 4E). PA did not affect the morphology of female
astrocytes. No effect of E2 was observed in either sex.

Effects of PA and E2 on Proliferation and
Cell Death
The role of PA and E2 on the balance between proliferation
and cell death was analyzed. There was an effect of PA [F(1,24):
219.0; P < 0.001] on cell death and on cell number [F(1,24): 37.6;
P < 0.001]: For cell death there was interactions between sex and
E2 [F(1,24): 4.6; P < 0.05], PA and E2 [F(1,24): 33.5; P < 0.001] and
sex, PA and E2 [F(1,24): 7.8; P < 0.05]. There was an interaction
between sex and E2 [F(1,24): 6.6; P < 0.05]; and between PA and
E2 [F(1,24): 7.7; P < 0.05] on cell number. PA increased cell death
in male and female astrocyte cultures (Figure 5A) and reduced
the overall number of cells (Figure 5B). In males, E2 had no effect
on cell death or cell number, either alone or in combination with
PA. In females, E2 decreased basal astrocytic cell death but was
unable to protect against the PA induced cell death; moreover,
the combination of PA and E2 increased cell death (Figure 5A).
Although E2 alone had no effect on cell number in females,
in combination with PA it was able to maintain the number
of cells such that they were not different from control levels
(Figure 5B).

We then studied the effect of E2 on the inflammatory related
kinase, JNK, at 24 h and observed an effect of PA on JNK in
males [F(1,20): 76.6; P < 0.001] and in females [F(1,20): 73.1;
P< 0.001] with PA increasing the activation of JNK in both sexes.
There was also an effect of E2 [F(1,20): 7.5; P < 0.05] and an
interaction between PA and E2 on JNK in males [F(1,20): 15.5;
P < 0.05]. In males, E2 alone reduced the activation of JNK;
however, not only was this sex steroid unable to block the PA
induced increase in pJNK levels, but the combination further

Frontiers in Molecular Neuroscience | www.frontiersin.org 6 October 2017 | Volume 10 | Article 330

https://www.frontiersin.org/journals/molecular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles


fnmol-10-00330 October 20, 2017 Time: 16:55 # 7

Frago et al. Estradiol, Palmitic Acid, and Astrocytes

FIGURE 4 | Effects of PA and 17β E2 on astrocytes markers. Astrocyte cultures were treated with PA (0.5 mM), E2 (10−10 M) or the combination of both.
Immunoblots were probed with antibodies toward GFAP in males (A), and females (B); Vimentin in males (C); and females (D). The average of three independent
assays performed in duplicate is shown. Statistical significance: ∗p < 0.05. Immunocytochemistry for GFAP and nuclear DRAQ5 staining (E). Scale bar, 50 µm.

increased its activation (Figure 6A). In females, PA increased
pJNK levels at 24 h of treatment; however, E2 had no effect either
alone or in combination with PA (Figure 6B).

Heat shock protein p70 (Hsp70) can prevent or arrest
inflammatory damage. There was an effect of PA in males [F(1,20):
111.1; P < 0.001] and in females [F(1,20): 88.8; P < 0.001], with
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FIGURE 5 | Effects of PA and 17β E2 on cell death and cell viability. Astrocyte
cultures were treated with PA (0.5 mM), E2 (10−10 M) or the combination of
both. Cell death was assayed by ELISA in males (A) and females (B). Viability
was assayed by crystal violet. The average of three independent assays
performed in triplicate is shown. Statistical significance: ∗p < 0.05 and
∗∗p < 0.01.

this fatty acid reducing Hsp70 in astrocyte cultures of both sexes
(Figures 6C,D). Hsp70 was also affected by E2 in both males
[F(1,20): 22.6; P < 0.001] and females [F(1,20): 16.8; P < 0.01],
with an interaction between PA and E2 [F(1,20): 32.6; P < 0.001]
in females. Some protective effects of E2 in brain are mediated
by inducing the expression of Hsp70 (Zhang et al., 2014); in
agreement with this, E2 increased the levels of Hsp70 in both male
and female astrocytes (Figures 6C,D). However, E2 was unable to
impede the decrease in Hsp70 levels induced by PA in both sexes.

Effects of PA and E2 on Pro- and
Anti-inflammatory Cytokines
There was an effect of PA [F(1,40): 119.8; P< 0.001] on IL6 mRNA
levels, with PA inducing an increase in both male and female
astrocytes. E2 had no effect on this parameter in either sex and
was unable to reverse the increase induced by PA (Figure 7A).

There was an effect of sex [F(1,40): 8.3; P < 0.01] and
E2 [F(1,40): 8.3; P < 0.05] on TNF-α mRNA levels, with an
interaction between sex and E2 [F(1,40): 50.4; P < 0.001]. The
mRNA levels of TNF-α were not affected by PA in either males
or females. In contrast, E2 alone reduced TNF-α mRNA levels
in males and this decrease was greater in combination with PA.
There was no effect in females (Figure 7B).

There was an effect of PA [F(1,40): 52.3; P < 0.001] and
of E2 [F(1,40): 7.2; P < 0.05] on IL10 mRNA levels with an
interaction between PA and E2 PA [F(1,40): 5.7; P < 0.05]. PA
decreased the mRNA levels of IL10 in both male and female
astrocytes. Although, E2 alone increased IL10 mRNA levels in
both sexes; it did not reverse the effect of PA in either sex
(Figure 7C).

Effects of PA and E2 on Endoplasmic
Reticulum Stress
To elucidate the molecular mechanisms involved in the toxic
effects of PA, we analyzed the involvement of caspase 3 and
the induction of endoplasmic reticulum stress markers. There
was an effect of PA in males [F(1,20): 223.3; P < 0.001] and in
females [F(1,20): 134.0; P < 0.001] and of E2 in males [F(1,20):
47.9; P < 0.001] and in females [F(1,20): 9.0; P < 0.01] on cleaved
caspase-3 levels. Also there was an interaction between PA and E2
in both sexes [males: F(1,20): 16.2; P < 0.01 and females: F(1,20):
31.9; P < 0.001]. PA increased the activation of caspase-3, as
detected by the presence of the active fragment (Figures 8A,B),
in astrocytes from both sexes. In males, E2 alone reduced the
activation of caspase-3 (Figure 8A), with no effect in females.
However, E2 reduced the PA induced activation of caspase-3 in
both sexes (Figures 8A,B).

The role of endoplasmic reticulum stress was accessed by
analyzing the levels of phosphorylation of eukaryotic initiation
factor (eIF)2α and induction of C/EBP homologous protein
(CHOP) protein levels. Phosphorylation of eIF2α did not change
in males or females (Figures 8C,D). There was an effect of PA
[F(1,20): 595.3; P < 0.001] and of E2 [F(1,20): 13.9; P < 0.01] in
males on CHOP with an interaction between PA and E2 [F(1,20):
14.1; P < 0.01]. In females, there was an effect of PA [F(1,20):
269.7; P < 0.001] on CHOP levels. The levels of CHOP were
increased by PA in astrocytes from males (Figure 8E) and females
(Figure 8F). E2 had no effect on CHOP alone or in combination
with PA in astrocytes from either sex.

To verify that endoplasmic reticulum stress is involved in
PA-induced cell death, astrocytes were treated with PA in
combination with the endoplasmic reticulum stress inhibitor
4-PBA and levels of CHOP and cleaved caspase-3were assayed.
There was an effect of PA in males [F(1,12): 68.2; P < 0.001]
and in females [F(1,12): 39.2; P < 0.001] on CHOP, with an
interaction between PA and the inhibitor in both sexes [F(1,12):
22.6; P < 0.001 in males and F(1,12): 5.2; P < 0.05 in females].
PA increased the levels of CHOP in both sexes. Although
4-PBA alone had no effect on CHOP levels, it blocked the
increase induced by PA in males (Figure 9A) and females
(Figure 9B).

There was an effect of PA in males [F(1,12): 52.4; P < 0.001]
and in females [F(1,12): 11.9; P < 0.005] on cleaved caspase-3,
with an interaction between PA and the inhibitor in both sexes
[F(1,12): 52.4; P < 0.0001 in males and F(1,12): 75.8; P < 0.01
in females]. PA increased the levels of cleaved caspase-3, with
no effect of 4-PBA. However, this inhibitor reduced the rise
in cleaved caspase-3 induced by PA in males (Figure 9C) and
females (Figure 9D).

Effects of PA and E2 on Steroidogenic
Proteins
To determine whether the sex differences observed in the
response of astrocytes to PA treatment were possibly associated
with sex differences in the local production of sex steroids, the
expression of proteins involved in steroidogenesis was assessed.
The mRNA levels of two proteins involved in cholesterol
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FIGURE 6 | Effects of PA and 17β E2 on c-Jun N-terminal kinase (JNK) and heat shock protein 70 (Hsp70). Astrocyte cultures were treated with PA (0.5 mM),
E2 (10−10 M) or the combination of both. Immunoblots were probed with antibodies toward phosphorylated-(p-JNK) and JNK in males (A), and females (B); and
Hsp70 in males (C); and females (D). The average of three independent assays performed in duplicate is shown. Statistical significance: ∗p < 0.05 and ∗∗p < 0.01.

transport into the mitochondria, translocator protein (TSPO),
and steroidogenic acute regulatory protein (StAR), and of
aromatase, the enzyme that converts testosterone to E2, were
analyzed. There was an effect of PA [F(1,40): 137.5; P < 0.001]
on TSPO with an interaction between PA and E2 [F(1,40): 4.68;
P < 0.05], with PA decreasing the mRNA levels of TSPO either
in the presence or absence of E2 (Figure 10A). E2 had no
effect on TSPO mRNA expression in either sex. There was an
effect of sex [F(1,40): 84.3; P < 0.001] and of PA [F(1,40): 421.8;
P < 0.001] on StAR mRNA levels, with an interaction between
sex and PA [F(1,40): 84.3; P < 0.001]. The mRNA levels of
StAR were increased by PA in both male and female astrocytes,
with no effect of E2 in either sex. The co-treatment of PA and
E2 increased the mRNA levels of StAR in males and females
(Figure 10B).

There was an effect of PA [F(1,40): 91.7; P < 0.001]
on aromatase mRNA levels, with an interaction between sex
and E2 [F(1,40): 11.7; P < 0.05] and for sex, PA and E2
[F(1,40): 9.4; P < 0.01]. PA decreased the mRNA levels of
aromatase only in males. E2 alone did not affect the mRNA

of aromatase in males or females. However, the co-treatment
of PA with E2 reduced aromatase mRNA levels in females
(Figure 10C).

Effects of PA and E2 on Lipid Metabolism
There was an effect of PA [F(1,40): 15.6; P < 0.005] with an
interaction between PA and E2 [F(1,40): 7.5; P < 0.005] on
lipoprotein lipase (LPL) mRNA levels. PA tended to decrease
LPL level, with this only reaching significance in male astrocytes
treated with PA+E2 compared to E2 alone (Figure 11A).

There was an effect of PA [F(1,37): 12.0; P < 0.005] and E2
[F(1,37): 6.1; P < 0.05] on fatty acid synthase (FAS) mRNA levels,
with an interaction between PA and E2 [F(1,37): 4.2; P < 0.05].
The mRNA levels of FAS were induced by PA in males. There was
no effect in females (Figure 11B).

There was no effect of PA or E2 on acetyl CoA carboxylase
(ACAC) mRNA levels in either sex (Figure 11C).

There was an effect of sex [F(1,39): 4.1; P < 0.05] and E2
[F(1,39): 5.7; P < 0.05] on carnitine palmitoyltransferase (CPT1A)
mRNA levels, with males tending to have higher levels than
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FIGURE 7 | Effects of PA and 17β E2 on cytokine mRNA levels. Astrocyte
cultures were treated with PA (0.5 mM), E2 (10−10 M), or the combination of
both. Relative mRNA levels of IL-6 in males and females (A); tumor necrosis
factor α (TNFα) in males and females (B) and IL-10 in males and females (C)
were measured. The average of three independent assays performed in
duplicate is shown. Statistical significance: ∗p < 0.05 and ∗∗p < 0.01.

females, although this did not reach statistical significance in the
post hoc analysis (Figure 11D).

DISCUSSION

In this study, we evaluated the lipotoxic effect of PA on astrocyte
cultures isolated from the hippocampus of male and female rats
and our results indicate that PA reduces the viability of astrocytes
in both sexes and that this lipotoxicity involves an increase in pro-
inflammatory markers and an increase in endoplasmic reticulum
stress that is accompanied by the activation of caspase-3. We
also studied the possible protective role of E2. E2 itself had
an effect on astrocyte survival in females, although it did not
reverse the lipotoxic effect of PA in astrocytes from either sex.
Additionally, although only the results of the experiments with
co-administration of E2 and PA are presented here, experiments
in which cultures were pre-incubated with E2 prior to the
addition of PA were also performed and similar results were

obtained. Likewise, studies using 0.25 mM PA and 10−8 M E2
also resulted in similar results.

An increase in saturated fatty acid intake can affect energy
homeostasis and cell/tissue function (Hariri et al., 2010; Yu
et al., 2010). An imbalance between energy intake and energy
expenditure leads to an excess of circulating lipids and their
accumulation in brain tissues (Borg et al., 2012). Excessive
accumulation of FFAs in the hypothalamus is suggested to
result in their redirection to non-oxidative pathways. This results
in the production of toxic reactive lipid species, which can
induce endoplasmic reticulum stress and lipotoxic effects that
can affect the function of this brain area (Martinez de Morentin
et al., 2010). The lipotoxic effect of PA is associated with
elevated inflammatory mediators, endoplasmic reticulum stress
and apoptotic cell death (Ulloth et al., 2003; Almaguel et al.,
2009; Mayer and Belsham, 2010). However, the adverse effects
of poor dietary habits and excess adipose tissue mass on brain
physiology have not only been described in the hypothalamus
(Maric et al., 2014), but also in the hippocampus (Bruce-
Keller et al., 2009, 2010; Stranahan et al., 2011). Increased
gliosis is a common finding in association with diet-induced
metabolic dysfunction and neuroinflammation (White et al.,
2009). Cytokines, particularly TNF-α, IL1β, and IL6, are
effectors of the neuroinflammatory cascade (Allan and Rothwell,
2003) and increased levels of these cytokines can disrupt the
mechanisms associated with learning and memory, which involve
the hippocampus (Parnet et al., 2002). Here we found that PA
reduced the viability and increased apoptosis in hippocampal
astrocytes of both sexes. This was accompanied by increased
pro-inflammatory IL6 expression and a reduction in the
expression of anti-inflammatory IL10. Long-chain fatty acids are
natural uncouplers of oxidative phosphorylation in mitochondria
at low concentrations, reducing ROS by 50% (Schonfeld and
Wojtczak, 2007); however, this occurs only under conditions of
reverse electron transport. At higher concentrations, fatty acids
can interfere with electron transport, facilitating ROS production,
possibly due to the depletion of cytochrome c from mitochondria,
thereby interrupting the electron flow from Complex III to IV
(Di Paola and Lorusso, 2006). Such depletion has been shown
to dramatically increase ROS production in heart and brain
(Kushnareva et al., 2002).

In addition, lipotoxicity is reported to involve activation of the
stress mediated kinases JNK and p38 in different organs and cell
types (Ibrahim and Gores, 2012; Keane et al., 2015) including
neurons (Mayer and Belsham, 2010) and astrocytes (Wong
et al., 2014). Our results are in agreement with these previous
studies as we observed activation of JNK in astrocytes from both
males and females after exposure to PA. Among the molecular
mechanisms involved in PA-associated apoptosis, malfunction
of endoplasmic reticulum homeostasis has been postulated as a
major initiator of lipid-induced toxicity (Borradaile et al., 2006).
In this regard, the transcription factor CHOP plays an important
role in endoplasmic reticulum stress-induced apoptosis (Li et al.,
2014). The permanent up-regulation of CHOP is suggested to
be decisive for the induction of astrocyte death in models of
oxygen and glucose deprivation (Benavides et al., 2005). In
glioblastoma cells CHOP-mediated apoptosis is reported to occur
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FIGURE 8 | Effects of PA and 17β E2 on endoplasmic reticulum stress protein levels. Astrocyte cultures were treated with PA (0.5 mM), E2 (10−10 M), or the
combination of both. Immunoblots were probed with antibodies toward cleaved caspase-3 levels (cleaved casp-3) in male (A) and female cultures (B);
phospho-eukaryotic initiation factor (eIF)2α and eIF2α in males (C) and females (D) and C/EBP homologous protein (CHOP) in males (E) and females (F). The
average of three independent assays performed in duplicate is shown. Statistical significance: ∗p < 0.05 and ∗∗p < 0.01.

through an increase in caspase-3 in response to endoplasmic
reticulum stress (Quick and Faison, 2012). CHOP induction and
caspase-3 cleavage leading to apoptosis has also been described

in insulinoma cells treated with PA (Simon-Szabo et al., 2014).
In agreement, we found that PA increased the expression of
CHOP and activation of caspase-3, as well as cell death, in
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FIGURE 9 | Effects of PA and 4-phenylbutyrate (4-PBA) on C/EBP homologous protein (CHOP) and cleaved caspase-3 protein levels. Astrocyte cultures were
treated with PA (0.5 mM), 4-PBA (5 mM) or the combination of both. Immunoblots were probed with antibodies toward cleaved caspase-3 levels (cleaved casp-3) in
male (A) and female (B) astrocyte cultures; and CHOP in males (C) and females (D). The average of three independent assays performed in duplicate is shown.
Statistical significance: ∗p < 0.05.

both sexes. The chemical chaperone 4-PBA has been reported to
reduce endoplasmic reticulum stress and consequent apoptotic
signaling (Burrows et al., 2000). Here 4-PBA suppressed the
PA-induced increase in CHOP and protected the astrocytes from
caspase-3 activation, supporting the idea that PA-induced cell
death involves endoplasmic reticulum stress. Reactive gliosis
is strongly associated with brain inflammation that could be
involved in the neurologic consequences of obesity (Gupta
et al., 2012). However, the levels of GFAP were increased
in cultures of astrocytes from males and did not change
in female. This sex difference in the response of astrocytes
to PA can be the result of differential regulation of the
processes of proliferation, differentiation and cell death (Krebs-
Kraft et al., 2010; Chen et al., 2014). Moreover, inhibition of
proteasomal function that follows JNK activation contributes
to GFAP accumulation (Tang et al., 2006). Differences in the
development of astrocytes have been reported (McCarthy et al.,
2002), including the number and morphology of astrocytes
in different areas of the CNS, including the hippocampus
(Garcia-Segura et al., 1988; Arias et al., 2009). Here we observed

changes in the morphology of astrocytes treated with PA, with
hypertrophy of the cell body and processes being observed.
This morphology has been suggested to be associated with
reactive astrocytes that do not proliferate (Barreto et al., 2011).
Moreover, vimentin expression in our cultures did not change
in response to high doses of PA; this has been reported for
mild astrogliosis (Barreto et al., 2012; Acaz-Fonseca et al.,
2016).

Estrogens have been described to exert physiologic functions
on astrocytes that depend on the molecular environment and
health status of the brain (Wise et al., 2009). E2 acts directly
on astrocytes through different receptors including the classical
ERα and ERβ (Azcoitia et al., 1999; Garcia-Ovejero et al., 2005;
Quesada et al., 2007), as well as GPER and Gq-mER (Garcia-
Ovejero et al., 2005; Almey et al., 2012). E2 promotes the growth
of astrocyte processes, accompanied by an increase in GFAP
expression in different brain regions including the hippocampus
(Tranque et al., 1987; Stone et al., 1998).

The differential effects of E2 in the hippocampus of males
and females are probably due to the different expression pattern
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FIGURE 10 | Effects of PA and 17β E2 on translocator protein (TSPO),
steroidogenic acute regulatory protein (StAR), and aromatase mRNA levels.
Astrocyte cultures were treated with PA (0.5 mM), E2 (10−10 M) or the
combination of both. Relative mRNA levels of TSPO in males and females (A);
StAR in males and females (B); and aromatase in males and females (C). The
average of three independent assays performed in duplicate is shown.
Statistical significance: ∗p < 0.05 and ∗∗p < 0.01.

of estrogen receptors and regulators (Tetel and Pfaff, 2010),
leading to distinct cellular signaling or potency. In our study,
male and female astrocytes expressed ERα and ERβ, which are
known to exert a protective role against damage (Pietranera
et al., 2016). In male astrocytes E2 treatment had no effect
on the mRNA levels of ERα or ERβ, while in females E2
increased the mRNA levels of ERα but reduced the mRNA
levels of ERβ. Other sex differences in the effect of E2 on
astrocytes were also observed, such as the observation that
E2 decreased the expression of TNF-α, caspase-3, and JNK in
male but not in female astrocytes. In addition, E2 decreased
cell death only in female astrocytes. This may be related with
the increased expression of ERα in female astrocytes after E2
treatment. Although E2 increased the levels of Hsp70 in both

FIGURE 11 | Effects of PA and 17β E2 on lipoprotein lipase (LPL), fatty acid
synthase (FAS), acetyl coA carboxylase (ACAC), and carnitine
palmitoyltransferase (CPT1) mRNA levels. Astrocyte cultures were treated with
PA (0.5 mM), E2 (10−10 M) or the combination of both. Relative mRNA levels
of LPL (A), FAS (B), ACAC (C), and CPT1 (D) in male and female astrocyte
cultures. The average of three independent assays performed in duplicate is
shown. Statistical significance: ∗∗p < 0.01.

male and female astrocytes, the effect was more evident in female
astrocytes. Hsp70 has a marked cytoprotective effect and inhibits
apoptotic signaling (Garrido et al., 2006) and when overexpressed
it protects astrocytes against ischemic injury in vitro (Voloboueva
et al., 2008). In muscle fibers, E2 augments Hsp70 content via
ERα (Bombardier et al., 2013). Sex differences in astrocytes can
result from different exposure to sex steroids during development
(Arnold and Beyer, 2009) or be associated with sex chromosome
differences. Previous studies have shown that perinatal actions of
androgens are involved in the generation of sex differences in
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the expression of GFAP and in the differentiation and number of
astrocytes in different brain regions (Garcia-Segura et al., 1988).

The proteins TSPO and StAR, present in astrocytes as well as
other cell types, are involved in transporting cholesterol from the
outer to the inner mitochondrial membrane in the early stages
of steroidogenesis (Sierra, 2004; Garcia-Segura and Melcangi,
2006; Lavaque et al., 2006; Rone et al., 2009). Aromatase is the
enzyme involved in the conversion of testosterone to E2, and is
expressed in cultured astrocytes and in astrocytes in vivo after
brain injury (Garcia-Segura et al., 1999; Azcoitia et al., 2003).
The expression of TSPO and StAR is also increased after neural
injury (Gehlert et al., 1997; Chen and Guilarte, 2008). This
increase has been interpreted as an endogenous neuroprotective
mechanism, by increasing the local synthesis of neuroprotective
steroids, including E2. Our findings, showing that PA reduces
the expression of TSPO and aromatase in male astrocytes and
increases the expression of StAR in male and female astrocytes,
suggest that this FFA may affect steroidogenesis in astrocytes. In
addition, TSPO is associated with the control of reactive gliosis
(Veiga et al., 2007) and with mitochondrial functions, including
the control of apoptosis affecting the inflammatory response
(Veenman et al., 2008). The downregulation of TSPO expression
by PA may thus contribute to its cytotoxic actions in astrocytes.

Although many studies have suggested that E2 is
anti-inflammatory and reduces astrogliosis (Garcia-Estrada et al.,
1993) and could prevent endoplasmic reticulum stress in a variety
of cells through the inhibition of JNK (Haas et al., 2012), some
studies have reported that E2 does not affect CHOP levels (Guo
et al., 2014). In the experimental paradigm used here E2 did
not elicit an overall protective effect on endoplasmic reticulum
stress activated by PA and did not ameliorate the lipoapoptosis.
The reported action of estrogens on endoplasmic reticulum
stress are mediated by an interaction between E2 and the
transcription factor nuclear factor-kappaB (Stice and Knowlton,
2008). However, in our study, the action of PA did not involve
this transcription factor.

In attempt to know the fate of the PA, we assessed different
enzymes involved in lipid metabolism, observing that PA
modifies fatty acid metabolism in cultured astrocytes. Fatty acid
levels are determined by the balance between de novo synthesis
and fatty acid oxidation. The de novo synthesis is controlled
by ACAC, which leads to the production of malonyl-CoA and
FAS, which results in long chain fatty acids that are stored as
triglycerides (TG) during energy surplus. Fatty acid oxidation is
controlled by CPT1, the rate-limiting enzyme for entry of long-
chain acyl-CoAs into the mitochondria during energy deficit
(Natali et al., 2007). We found no differences in the mRNA
levels of ACAC or CPT1. Interestingly, PA increased the mRNA
levels of FAS in astrocytes from males, suggesting that an excess
of PA induces lipogenesis only in astrocytes from males. This
stimulation of FAS, without an effect on ACAC or CPT1, could
be a mechanism to reduce PA-induced lipotoxicity. Studies in
β-cells shows that the stimulation of lipid metabolism, including
lipogenesis and fatty acid oxidation, protected β-cells from
PA-induced lipotoxicity and that protection through enhanced
lipogenesis was likely due to reduced ER stress (Choi et al.,
2011). A more exhaustive study, including the study of enzymatic

activity, is needed to provide a better understanding of the role
of PA in lipogenesis in astrocytes. The role of LPL in the brain is
to convert TG-rich lipoproteins into FA locally (Wang and Eckel,
2012). PA did not affect levels of LPL mRNA, but normalized the
levels of LPL that tended to increase, although not statistically
significant, in response to E2 in males.

One caveat that should be taken into consideration when
interpreting these studies is the use of ethanol as a solvent for PA
and E2. Although this method of treatment preparation has been
widely used in the literature, and the same concentration of the
solvent was added to the control cultures, we cannot rule out the
possibility that the ethanol employed modified the basal state of
the astrocytes.

CONCLUSION

Our study shows that an increase in saturated fatty acids is
a lipotoxic stimulus for glial cells and this could be involved
in brain inflammation and endoplasmic reticulum stress in the
hippocampus in situations of increased lipids, such as in obesity.
Moreover, although E2 induced some protective pathways, it
was not able to reverse the lipotoxic effect of PA. The sexually
dimorphic differences observed in astrocytes from males and
females could be involved in the sex differences in the propensity
to develop cognitive dysfunction.

AUTHOR CONTRIBUTIONS

LF, LG-S, and JC conceived and designed the experiments. LF and
SC performed the experiments. LF, JC, VB, AF-R, PA-A, LG-S,
and JA analyzed the data. LF and JC wrote the paper.

FUNDING

This work was funded by grants from Ministerio de Ciencia e
Innovación (BFU2014-51836-C2-2-R to JC and BFU2014-51836-
C2-1-R to LG-S) and Fondos de Investigación Sanitaria (Grant
PI16/00485 to JA), co-funded by European FEDER Program,
and Centro de Investigación Biomédica en Red Fisiopatología
de Obesidad y Nutrición (CIBEROBN) of the Instituto de Salud
Carlos III, and Fundación de Endocrinología y Nutrición.

ACKNOWLEDGMENT

All authors thank Francisca Díaz for excellent technical
assistance.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnmol.
2017.00330/full#supplementary-material

Frontiers in Molecular Neuroscience | www.frontiersin.org 14 October 2017 | Volume 10 | Article 330

https://www.frontiersin.org/articles/10.3389/fnmol.2017.00330/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnmol.2017.00330/full#supplementary-material
https://www.frontiersin.org/journals/molecular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles


fnmol-10-00330 October 20, 2017 Time: 16:55 # 15

Frago et al. Estradiol, Palmitic Acid, and Astrocytes

REFERENCES
Acaz-Fonseca, E., Avila-Rodriguez, M., Garcia-Segura, L. M., and Barreto,

G. E. (2016). Regulation of astroglia by gonadal steroid hormones under
physiological and pathological conditions. Prog. Neurobiol. 144, 5–26.
doi: 10.1016/j.pneurobio.2016.06.002

Allan, S. M., and Rothwell, N. J. (2003). Inflammation in central nervous system
injury. Philos. Trans. R. Soc. Lond. B Biol. Sci. 358, 1669–1677. doi: 10.1098/rstb.
2003.1358

Almaguel, F. G., Liu, J. W., Pacheco, F. J., Casiano, C. A., and De Leon, M. (2009).
Activation and reversal of lipotoxicity in PC12 and rat cortical cells following
exposure to palmitic acid. J. Neurosci. Res. 87, 1207–1218. doi: 10.1002/jnr.
21918

Almey, A., Filardo, E. J., Milner, T. A., and Brake, W. G. (2012). Estrogen receptors
are found in glia and at extranuclear neuronal sites in the dorsal striatum
of female rats: evidence for cholinergic but not dopaminergic colocalization.
Endocrinology 153, 5373–5383. doi: 10.1210/en.2012-1458

Arias, C., Zepeda, A., Hernandez-Ortega, K., Leal-Galicia, P., Lojero, C., and
Camacho-Arroyo, I. (2009). Sex and estrous cycle-dependent differences in glial
fibrillary acidic protein immunoreactivity in the adult rat hippocampus. Horm.
Behav. 55, 257–263. doi: 10.1016/j.yhbeh.2008.10.016

Arner, P., and Ryden, M. (2015). Fatty acids, obesity and insulin resistance. Obes.
Facts 8, 147–155. doi: 10.1159/000381224

Arnold, S., and Beyer, C. (2009). Neuroprotection by estrogen in the brain: the
mitochondrial compartment as presumed therapeutic target. J. Neurochem. 110,
1–11. doi: 10.1111/j.1471-4159.2009.06133.x

Azcoitia, I., Arevalo, M. A., De Nicola, A. F., and Garcia-Segura, L. M. (2011).
Neuroprotective actions of estradiol revisited. Trends Endocrinol. Metab. 22,
467–473. doi: 10.1016/j.tem.2011.08.002

Azcoitia, I., Sierra, A., and Garcia-Segura, L. M. (1999). Localization of estrogen
receptor beta-immunoreactivity in astrocytes of the adult rat brain. Glia
26, 260–267. doi: 10.1002/(SICI)1098-1136(199905)26:3<260::AID-GLIA7>3.
0.CO;2-R

Azcoitia, I., Sierra, A., Veiga, S., and Garcia-Segura, L. M. (2003). Aromatase
expression by reactive astroglia is neuroprotective. Ann. N. Y. Acad. Sci. 1007,
298–305. doi: 10.1196/annals.1286.028

Barreto, G. E., Gonzalez, J., Capani, F., and Morales, L. (2012). Neuroprotective
agents in brain injury: a partial failure? Int. J. Neurosci. 122, 223–226.
doi: 10.3109/00207454.2011.648292

Barreto, G. E., Sun, X., Xu, L., and Giffard, R. G. (2011). Astrocyte proliferation
following stroke in the mouse depends on distance from the infarct. PLOS ONE
6:e27881. doi: 10.1371/journal.pone.0027881

Behl, C., Skutella, T., Frank, L. H., Post, A., Widmann, M., Newton, C. J., et al.
(1997). Neuroprotection against oxidative stress by estrogens: structure-activity
relationship. Mol. Pharmacol. 51, 535–541.

Benavides, A., Pastor, D., Santos, P., Tranque, P., and Calvo, S. (2005). CHOP plays
a pivotal role in the astrocyte death induced by oxygen and glucose deprivation.
Glia 52, 261–275. doi: 10.1002/glia.20242

Bernoud, N., Fenart, L., Benistant, C., Pageaux, J. F., Dehouck, M. P., Moliere, P.,
et al. (1998). Astrocytes are mainly responsible for the polyunsaturated fatty
acid enrichment in blood–brain barrier endothelial cells in vitro. J. Lipid Res.
39, 1816–1824.

Bombardier, E., Vigna, C., Bloemberg, D., Quadrilatero, J., Tiidus, P. M., and
Tupling, A. R. (2013). The role of estrogen receptor-alpha in estrogen-mediated
regulation of basal and exercise-induced Hsp70 and Hsp27 expression in
rat soleus. Can. J. Physiol. Pharmacol. 91, 823–829. doi: 10.1139/cjpp-2013-
0037

Borg, M. L., Omran, S. F., Weir, J., Meikle, P. J., and Watt, M. J. (2012).
Consumption of a high-fat diet, but not regular endurance exercise training,
regulates hypothalamic lipid accumulation in mice. J. Physiol. 590, 4377–4389.
doi: 10.1113/jphysiol.2012.233288

Borradaile, N. M., Han, X., Harp, J. D., Gale, S. E., Ory, D. S., and Schaffer,
J. E. (2006). Disruption of endoplasmic reticulum structure and integrity in
lipotoxic cell death. J. Lipid Res. 47, 2726–2737. doi: 10.1194/jlr.M600299-
JLR200

Bruce-Keller, A. J., Keller, J. N., and Morrison, C. D. (2009). Obesity and
vulnerability of the CNS. Biochim. Biophys. Acta 1792, 395–400. doi: 10.1016/
j.bbadis.2008.10.004

Bruce-Keller, A. J., White, C. L., Gupta, S., Knight, A. G., Pistell, P. J., Ingram, D. K.,
et al. (2010). NOX activity in brain aging: exacerbation by high fat diet. Free
Radic. Biol. Med. 49, 22–30. doi: 10.1016/j.freeradbiomed.2010.03.006

Burrows, J. A. J., Willis, L. K., and Perlmutter, D. H. (2000). Chemical chaperones
mediate increased secretion of mutant α1-antitrypsin (α1-AT) Z: a potential
pharmacological strategy for prevention of liver injury and emphysema in
α1-AT deficiency. Proc. Natl. Acad. Sci. U.S.A. 97, 1796–1801. doi: 10.1073/pnas.
97.4.1796

Cahill, L. (2006). Why sex matters for neuroscience. Nat. Rev. Neurosci. 7, 477–484.
doi: 10.1038/nrn1909

Chen, M. K., and Guilarte, T. R. (2008). Translocator protein 18 kDa (TSPO):
molecular sensor of brain injury and repair. Pharmacol. Ther. 118, 1–17.
doi: 10.1016/j.pharmthera.2007.12.004

Chen, Q., Zhang, X., Zhao, Y., Zhou, X., Sun, L., Zeng, S., et al. (2014). Sexual
differences in cell proliferation in the ventricular zone, cell migration and
differentiation in the HVC of juvenile Bengalese finch. PLOS ONE 9:e97403.
doi: 10.1371/journal.pone.0097403

Choi, S. E., Jung, I. R., Lee, Y. J., Lee, J. H., Kim, Y., Jun, H. S., et al.
(2011). Stimulation of lipogenesis as well as fatty acid oxidation protects
against palmitate-induced INS-1 beta-cell death. Endocrinology 152, 817–827.
doi: 10.1210/en.2010-0924

de Morentin, P. B. M., Varela, L., Fernø, J., Nogueiras, R., Diéguez, C., and
López, M. (2010). Hypothalamic lipotoxicity and the metabolic syndrome.
Biochim. Biophys. Acta 1801, 350–361. doi: 10.1016/j.bbalip.2009.09.016

De Souza, C. T., Araujo, E. P., Bordin, S., Ashimine, R., Zollner, R. L., Boschero,
A. C., et al. (2005). Consumption of a fat-rich diet activates a proinflammatory
response and induces insulin resistance in the hypothalamus. Endocrinology
146, 4192–4199. doi: 10.1210/en.2004-1520

Di Paola, M., and Lorusso, M. (2006). Interaction of free fatty acids with
mitochondria: coupling, uncoupling and permeability transition. Biochim.
Biophys. Acta 1757, 1330–1337. doi: 10.1016/j.bbabio.2006.03.024

Elias, M. F., Elias, P. K., Sullivan, L. M., Wolf, P. A., and D’Agostino, R. B. (2005).
Obesity, diabetes and cognitive deficit: the Framingham Heart Study.Neurobiol.
Aging 26, 11–16. doi: 10.1016/j.neurobiolaging.2005.08.019

Fuente-Martin, E., Garcia-Caceres, C., Granado, M., de Ceballos, M. L., Sanchez-
Garrido, M. A., Sarman, B., et al. (2012). Leptin regulates glutamate and
glucose transporters in hypothalamic astrocytes. J. Clin. Invest. 122, 3900–3913.
doi: 10.1172/jci64102

Fuente-Martin, E., Garcia-Caceres, C., Morselli, E., Clegg, D., Chowen, J.,
Finan, B., et al. (2013). Estrogen, astrocytes and the neuroendocrine control
of metabolism. Rev. Endocr. Metab. Disord. 14, 331–338. doi: 10.1007/s11154-
013-9263-7

García-Cáceres, C., Fuente-Martín, E., Argente, J., and Chowen, J. A. (2012).
Emerging role of glial cells in the control of body weight. Mol. Metab. 1, 37–46.
doi: 10.1016/j.molmet.2012.07.001

Garcia-Estrada, J., Del Rio, J. A., Luquin, S., Soriano, E., and Garcia-Segura,
L. M. (1993). Gonadal hormones down-regulate reactive gliosis and astrocyte
proliferation after a penetrating brain injury. Brain Res. 628, 271–278.
doi: 10.1016/0006-8993(93)90964-O

Garcia-Ovejero, D., Azcoitia, I., Doncarlos, L. L., Melcangi, R. C., and Garcia-
Segura, L. M. (2005). Glia-neuron crosstalk in the neuroprotective mechanisms
of sex steroid hormones. Brain Res. Brain Res. Rev. 48, 273–286. doi: 10.1016/j.
brainresrev.2004.12.018

Garcia-Segura, L. M., and Melcangi, R. C. (2006). Steroids and glial cell function.
Glia 54, 485–498. doi: 10.1002/glia.20404

Garcia-Segura, L. M., Suarez, I., Segovia, S., Tranque, P. A., Cales, J. M., Aguilera, P.,
et al. (1988). The distribution of glial fibrillary acidic protein in the adult
rat brain is influenced by the neonatal levels of sex steroids. Brain Res. 456,
357–363. doi: 10.1016/0006-8993(88)90239-9

Garcia-Segura, L. M., Wozniak, A., Azcoitia, I., Rodriguez, J. R., Hutchison, R. E.,
and Hutchison, J. B. (1999). Aromatase expression by astrocytes after brain
injury: implications for local estrogen formation in brain repair. Neuroscience
89, 567–578. doi: 10.1016/S0306-4522(98)00340-6

Garrido, C., Brunet, M., Didelot, C., Zermati, Y., Schmitt, E., and Kroemer, G.
(2006). Heat shock proteins 27 and 70: anti-apoptotic proteins with tumorigenic
properties. Cell Cycle 5, 2592–2601. doi: 10.4161/cc.5.22.3448

Gehlert, D. R., Stephenson, D. T., Schober, D. A., Rash, K., and Clemens, J. A.
(1997). Increased expression of peripheral benzodiazepine receptors in the

Frontiers in Molecular Neuroscience | www.frontiersin.org 15 October 2017 | Volume 10 | Article 330

https://doi.org/10.1016/j.pneurobio.2016.06.002
https://doi.org/10.1098/rstb.2003.1358
https://doi.org/10.1098/rstb.2003.1358
https://doi.org/10.1002/jnr.21918
https://doi.org/10.1002/jnr.21918
https://doi.org/10.1210/en.2012-1458
https://doi.org/10.1016/j.yhbeh.2008.10.016
https://doi.org/10.1159/000381224
https://doi.org/10.1111/j.1471-4159.2009.06133.x
https://doi.org/10.1016/j.tem.2011.08.002
https://doi.org/10.1002/(SICI)1098-1136(199905)26:3<260::AID-GLIA7>3.0.CO;2-R
https://doi.org/10.1002/(SICI)1098-1136(199905)26:3<260::AID-GLIA7>3.0.CO;2-R
https://doi.org/10.1196/annals.1286.028
https://doi.org/10.3109/00207454.2011.648292
https://doi.org/10.1371/journal.pone.0027881
https://doi.org/10.1002/glia.20242
https://doi.org/10.1139/cjpp-2013-0037
https://doi.org/10.1139/cjpp-2013-0037
https://doi.org/10.1113/jphysiol.2012.233288
https://doi.org/10.1194/jlr.M600299-JLR200
https://doi.org/10.1194/jlr.M600299-JLR200
https://doi.org/10.1016/j.bbadis.2008.10.004
https://doi.org/10.1016/j.bbadis.2008.10.004
https://doi.org/10.1016/j.freeradbiomed.2010.03.006
https://doi.org/10.1073/pnas.97.4.1796
https://doi.org/10.1073/pnas.97.4.1796
https://doi.org/10.1038/nrn1909
https://doi.org/10.1016/j.pharmthera.2007.12.004
https://doi.org/10.1371/journal.pone.0097403
https://doi.org/10.1210/en.2010-0924
https://doi.org/10.1016/j.bbalip.2009.09.016
https://doi.org/10.1210/en.2004-1520
https://doi.org/10.1016/j.bbabio.2006.03.024
https://doi.org/10.1016/j.neurobiolaging.2005.08.019
https://doi.org/10.1172/jci64102
https://doi.org/10.1007/s11154-013-9263-7
https://doi.org/10.1007/s11154-013-9263-7
https://doi.org/10.1016/j.molmet.2012.07.001
https://doi.org/10.1016/0006-8993(93)90964-O
https://doi.org/10.1016/j.brainresrev.2004.12.018
https://doi.org/10.1016/j.brainresrev.2004.12.018
https://doi.org/10.1002/glia.20404
https://doi.org/10.1016/0006-8993(88)90239-9
https://doi.org/10.1016/S0306-4522(98)00340-6
https://doi.org/10.4161/cc.5.22.3448
https://www.frontiersin.org/journals/molecular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles


fnmol-10-00330 October 20, 2017 Time: 16:55 # 16

Frago et al. Estradiol, Palmitic Acid, and Astrocytes

facial nucleus following motor neuron axotomy. Neurochem. Int. 31, 705–713.
doi: 10.1016/S0197-0186(97)00007-7

Guo, Y. S., Sun, Z., Ma, J., Cui, W., Gao, B., Zhang, H. Y., et al. (2014).
17beta-estradiol inhibits ER stress-induced apoptosis through promotion of
TFII-I-dependent Grp78 induction in osteoblasts. Lab. Invest. 94, 906–916.
doi: 10.1038/labinvest.2014.63

Gupta, S., Knight, A. G., Gupta, S., Keller, J. N., and Bruce-Keller, A. J. (2012).
Saturated long-chain fatty acids activate inflammatory signaling in astrocytes.
J. Neurochem. 120, 1060–1071. doi: 10.1111/j.1471-4159.2012.07660.x

Haas, M. J., Raheja, P., Jaimungal, S., Sheikh-Ali, M., and Mooradian, A. D. (2012).
Estrogen-dependent inhibition of dextrose-induced endoplasmic reticulum
stress and superoxide generation in endothelial cells. Free Radic. Biol. Med. 52,
2161–2167. doi: 10.1016/j.freeradbiomed.2012.04.009

Hariri, N., Gougeon, R., and Thibault, L. (2010). A highly saturated fat-rich diet
is more obesogenic than diets with lower saturated fat content. Nutr. Res. 30,
632–643. doi: 10.1016/j.nutres.2010.09.003

Horvath, T. L., Sarman, B., Garcia-Caceres, C., Enriori, P. J., Sotonyi, P.,
Shanabrough, M., et al. (2010). Synaptic input organization of the melanocortin
system predicts diet-induced hypothalamic reactive gliosis and obesity. Proc.
Natl. Acad. Sci. U.S.A. 107, 14875–14880. doi: 10.1073/pnas.1004282107

Ibrahim, S. H., and Gores, G. J. (2012). Who pulls the trigger: JNK activation in
liver lipotoxicity? J. Hepatol. 56, 17–19. doi: 10.1016/j.jhep.2011.04.017

Karmi, A., Iozzo, P., Viljanen, A., Hirvonen, J., Fielding, B. A., Virtanen, K.,
et al. (2010). Increased brain fatty acid uptake in metabolic syndrome. Diabetes
Metab. Res. Rev. 59, 2171–2177. doi: 10.2337/db09-0138

Keane, K. N., Cruzat, V. F., Carlessi, R., de Bittencourt, P. I. Jr., and Newsholme, P.
(2015). Molecular events linking oxidative stress and inflammation to insulin
resistance and beta-cell dysfunction. Oxid. Med. Cell. Longev. 2015:181643.
doi: 10.1155/2015/181643

Krebs-Kraft, D. L., Hill, M. N., Hillard, C. J., and McCarthy, M. M. (2010).
Sex difference in cell proliferation in developing rat amygdala mediated by
endocannabinoids has implications for social behavior. Proc. Natl. Acad. Sci.
U.S.A. 107, 20535–20540. doi: 10.1073/pnas.1005003107

Kushnareva, Y., Murphy, A. N., and Andreyev, A. (2002). Complex I-mediated
reactive oxygen species generation: modulation by cytochrome c and NAD(P)+
oxidation-reduction state. Biochem. J. 368(Pt 2), 545–553. doi: 10.1042/
bj20021121

Lavaque, E., Sierra, A., Azcoitia, I., and Garcia-Segura, L. M. (2006). Steroidogenic
acute regulatory protein in the brain. Neuroscience 138, 741–747. doi: 10.1016/
j.neuroscience.2005.05.060

Li, Y., Guo, Y., Tang, J., Jiang, J., and Chen, Z. (2014). New insights into the roles of
CHOP-induced apoptosis in ER stress. Acta Biochim. Biophys. Sin. (Shanghai)
46, 629–640. doi: 10.1093/abbs/gmu048

Maestre, I., Jordán, J., Calvo, S., Reig, J. A., Ceña, V., Soria, B., et al.
(2003). Mitochondrial dysfunction is involved in apoptosis induced by serum
withdrawal and fatty acids in the β-cell line Ins-1. Endocrinology 144, 335–345.
doi: 10.1210/en.2001-211282

Maragakis, N. J., and Rothstein, J. D. (2006). Mechanisms of disease: astrocytes in
neurodegenerative disease. Nat. Clin. Pract. Neurol. 2, 679–689. doi: 10.1038/
ncpneuro0355

Maric, T., Woodside, B., and Luheshi, G. N. (2014). The effects of dietary saturated
fat on basal hypothalamic neuroinflammation in rats. Brain Behav. Immun. 36,
35–45. doi: 10.1016/j.bbi.2013.09.011

Martinez de Morentin, P. B., Varela, L., Ferno, J., Nogueiras, R., Dieguez, C.,
and Lopez, M. (2010). Hypothalamic lipotoxicity and the metabolic syndrome.
Biochim. Biophys. Acta 1801, 350–361. doi: 10.1016/j.bbalip.2009.09.016

Martins de Lima, T., Cury-Boaventura Maria, F., Giannocco, G., Nunes Maria, T.,
and Curi, R. (2006). Comparative toxicity of fatty acids on a macrophage cell
line (J774). Clin. Sci. 111, 307–317. doi: 10.1042/CS20060064

Mayer, C. M., and Belsham, D. D. (2010). Palmitate attenuates insulin signaling and
induces endoplasmic reticulum stress and apoptosis in hypothalamic neurons:
rescue of resistance and apoptosis through adenosine 5’ monophosphate-
activated protein kinase activation. Endocrinology 151, 576–585. doi: 10.1210/
en.2009-1122

McAfoose, J., and Baune, B. T. (2009). Evidence for a cytokine model of cognitive
function. Neurosci. Biobehav. Rev. 33, 355–366. doi: 10.1016/j.neubiorev.2008.
10.005

McCarthy, M. M., Amateau, S. K., and Mong, J. A. (2002). Steroid modulation of
astrocytes in the neonatal brain: implications for adult reproductive function.
Biol. Reprod. 67, 691–698. doi: 10.1095/biolreprod.102.003251

Morand, O., Baumann, N., and Bourre, J. M. (1979). In vivo incorporation of
exogenous [1-14 C] stearic acid into neurons and astrocytes. Neurosci. Lett. 13,
177–181. doi: 10.1016/0304-3940(79)90038-7

Natali, F., Siculella, L., Salvati, S., and Gnoni, G. V. (2007). Oleic acid is a potent
inhibitor of fatty acid and cholesterol synthesis in C6 glioma cells. J. Lipid Res.
48, 1966–1975. doi: 10.1194/jlr.M700051-JLR200

Özcan, U., Cao, Q., Yilmaz, E., Lee, A.-H., Iwakoshi, N. N., Özdelen, E., et al. (2004).
Endoplasmic reticulum stress links obesity, insulin action, and type 2 diabetes.
Science 306, 457–461. doi: 10.1126/science.1103160

Park, H. R., Kim, J.-Y., Park, K.-Y., and Lee, J. (2011). Lipotoxicity of palmitic Acid
on neural progenitor cells and hippocampal neurogenesis. Toxicol. Res. 27:103.
doi: 10.5487/TR.2011.27.2.103

Parnet, P., Kelley, K. W., Bluthe, R. M., and Dantzer, R. (2002). Expression and
regulation of interleukin-1 receptors in the brain. Role in cytokines-induced
sickness behavior. J. Neuroimmunol. 125, 5–14. doi: 10.1016/S0165-5728(02)
00022-X

Patil, S., Melrose, J., and Chan, C. (2007). Involvement of astroglial ceramide
in palmitic acid-induced Alzheimer-like changes in primary neurons. Eur. J.
Neurosci. 26, 2131–2141. doi: 10.1111/j.1460-9568.2007.05797.x

Pietranera, L., Correa, J., Brocca, M. E., Roig, P., Lima, A., Di Giorgio, N., et al.
(2016). Selective oestrogen receptor agonists rescued hippocampus parameters
in male spontaneously hypertensive rats. J. Neuroendocrinol. 28, doi: 10.1111/
jne.12415

Pistell, P. J., Morrison, C. D., Gupta, S., Knight, A. G., Keller, J. N., Ingram, D. K.,
et al. (2010). Cognitive impairment following high fat diet consumption is
associated with brain inflammation. J. Neuroimmunol. 219, 25–32. doi: 10.1016/
j.jneuroim.2009.11.010

Quesada, A., Romeo, H. E., and Micevych, P. (2007). Distribution and localization
patterns of estrogen receptor-beta and insulin-like growth factor-1 receptors
in neurons and glial cells of the female rat substantia nigra: localization
of ERbeta and IGF-1R in substantia nigra. J. Comp. Neurol. 503, 198–208.
doi: 10.1002/cne.21358

Quick, Q. A., and Faison, M. O. (2012). CHOP and caspase 3 induction underlie
glioblastoma cell death in response to endoplasmic reticulum stress. Exp. Ther.
Med. 3, 487–492. doi: 10.3892/etm.2011.422

Ricchi, M., Odoardi, M. R., Carulli, L., Anzivino, C., Ballestri, S., Pinetti, A., et al.
(2009). Differential effect of oleic and palmitic acid on lipid accumulation
and apoptosis in cultured hepatocytes. J. Gastroenterol. Hepatol. 24, 830–840.
doi: 10.1111/j.1440-1746.2008.05733.x

Ron, D. (2002). Translational control in the endoplasmic reticulum stress response.
J. Clin. Invest. 110, 1383–1388. doi: 10.1172/JCI16784

Rone, M. B., Liu, J., Blonder, J., Ye, X., Veenstra, T. D., Young, J. C., et al. (2009).
Targeting and insertion of the cholesterol-binding translocator protein into
the outer mitochondrial membrane. Biochemistry 48, 6909–6920. doi: 10.1021/
bi900854z

Roof, R. L., and Hall, E. D. (2000). Gender differences in acute CNS trauma and
stroke: neuroprotective effects of estrogen and progesterone. J. Neurotrauma
17, 367–388. doi: 10.1089/neu.2000.17.367

Schonfeld, P., and Wojtczak, L. (2007). Fatty acids decrease mitochondrial
generation of reactive oxygen species at the reverse electron transport but
increase it at the forward transport. Biochim. Biophys. Acta 1767, 1032–1040.
doi: 10.1016/j.bbabio.2007.04.005

Shefer, G., Marcus, Y., and Stern, N. (2013). Is obesity a brain disease? Neurosci.
Biobehav. Rev. 37, 2489–2503. doi: 10.1016/j.neubiorev.2013.07.015

Shi, H., and Clegg, D. J. (2009). Sex differences in the regulation of body weight.
Physiol. Behav. 97, 199–204. doi: 10.1016/j.physbeh.2009.02.017

Sierra, A. (2004). Neurosteroids: the StAR protein in the brain. J. Neuroendocrinol.
16, 787–793. doi: 10.1111/j.1365-2826.2004.01226.x

Simon-Szabo, L., Kokas, M., Mandl, J., Keri, G., and Csala, M. (2014).
Metformin attenuates palmitate-induced endoplasmic reticulum stress, serine
phosphorylation of IRS-1 and apoptosis in rat insulinoma cells. PLOS ONE
9:e97868. doi: 10.1371/journal.pone.0097868

Sofroniew, M. V. (2005). Reactive astrocytes in neural repair and protection.
Neuroscientist 11, 400–407. doi: 10.1177/1073858405278321

Frontiers in Molecular Neuroscience | www.frontiersin.org 16 October 2017 | Volume 10 | Article 330

https://doi.org/10.1016/S0197-0186(97)00007-7
https://doi.org/10.1038/labinvest.2014.63
https://doi.org/10.1111/j.1471-4159.2012.07660.x
https://doi.org/10.1016/j.freeradbiomed.2012.04.009
https://doi.org/10.1016/j.nutres.2010.09.003
https://doi.org/10.1073/pnas.1004282107
https://doi.org/10.1016/j.jhep.2011.04.017
https://doi.org/10.2337/db09-0138
https://doi.org/10.1155/2015/181643
https://doi.org/10.1073/pnas.1005003107
https://doi.org/10.1042/bj20021121
https://doi.org/10.1042/bj20021121
https://doi.org/10.1016/j.neuroscience.2005.05.060
https://doi.org/10.1016/j.neuroscience.2005.05.060
https://doi.org/10.1093/abbs/gmu048
https://doi.org/10.1210/en.2001-211282
https://doi.org/10.1038/ncpneuro0355
https://doi.org/10.1038/ncpneuro0355
https://doi.org/10.1016/j.bbi.2013.09.011
https://doi.org/10.1016/j.bbalip.2009.09.016
https://doi.org/10.1042/CS20060064
https://doi.org/10.1210/en.2009-1122
https://doi.org/10.1210/en.2009-1122
https://doi.org/10.1016/j.neubiorev.2008.10.005
https://doi.org/10.1016/j.neubiorev.2008.10.005
https://doi.org/10.1095/biolreprod.102.003251
https://doi.org/10.1016/0304-3940(79)90038-7
https://doi.org/10.1194/jlr.M700051-JLR200
https://doi.org/10.1126/science.1103160
https://doi.org/10.5487/TR.2011.27.2.103
https://doi.org/10.1016/S0165-5728(02)00022-X
https://doi.org/10.1016/S0165-5728(02)00022-X
https://doi.org/10.1111/j.1460-9568.2007.05797.x
https://doi.org/10.1111/jne.12415
https://doi.org/10.1111/jne.12415
https://doi.org/10.1016/j.jneuroim.2009.11.010
https://doi.org/10.1016/j.jneuroim.2009.11.010
https://doi.org/10.1002/cne.21358
https://doi.org/10.3892/etm.2011.422
https://doi.org/10.1111/j.1440-1746.2008.05733.x
https://doi.org/10.1172/JCI16784
https://doi.org/10.1021/bi900854z
https://doi.org/10.1021/bi900854z
https://doi.org/10.1089/neu.2000.17.367
https://doi.org/10.1016/j.bbabio.2007.04.005
https://doi.org/10.1016/j.neubiorev.2013.07.015
https://doi.org/10.1016/j.physbeh.2009.02.017
https://doi.org/10.1111/j.1365-2826.2004.01226.x
https://doi.org/10.1371/journal.pone.0097868
https://doi.org/10.1177/1073858405278321
https://www.frontiersin.org/journals/molecular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles


fnmol-10-00330 October 20, 2017 Time: 16:55 # 17

Frago et al. Estradiol, Palmitic Acid, and Astrocytes

Stice, J. P., and Knowlton, A. A. (2008). Estrogen, NFkappaB, and the heat shock
response. Mol. Med. 14, 517–527. doi: 10.2119/2008-00026.Stice

Stone, D. J., Song, Y., Anderson, C. P., Krohn, K. K., Finch, C. E., and Rozovsky, I.
(1998). Bidirectional transcription regulation of glial fibrillary acidic protein by
estradiol in vivo and in vitro. Endocrinology 139, 3202–3209. doi: 10.1210/endo.
139.7.6084

Stranahan, A. M., Cutler, R. G., Button, C., Telljohann, R., and Mattson, M. P.
(2011). Diet-induced elevations in serum cholesterol are associated with
alterations in hippocampal lipid metabolism and increased oxidative stress.
J. Neurochem. 118, 611–615. doi: 10.1111/j.1471-4159.2011.07351.x

Svedberg, J., Bjorntorp, P., Smith, U., and Lonnroth, P. (1990). Free-fatty
acid inhibition of insulin binding, degradation, and action in isolated rat
hepatocytes. Diabetes Metab. Res. Rev. 39, 570–574.

Szegezdi, E., Logue, S. E., Gorman, A. M., and Samali, A. (2006). Mediators
of endoplasmic reticulum stress-induced apoptosis. EMBO Rep. 7, 880–885.
doi: 10.1038/sj.embor.7400779

Tang, G., Xu, Z., and Goldman, J. E. (2006). Synergistic effects of the
SAPK/JNK and the proteasome pathway on glial fibrillary acidic protein
(GFAP) accumulation in Alexander disease. J. Biol. Chem. 281, 38634–38643.
doi: 10.1074/jbc.M604942200

Tetel, M. J., and Pfaff, D. W. (2010). Contributions of estrogen receptor-alpha and
estrogen receptor-ss to the regulation of behavior. Biochim. Biophys. Acta 1800,
1084–1089. doi: 10.1016/j.bbagen.2010.01.008

Tranque, P. A., Suarez, I., Olmos, G., Fernandez, B., and Garcia-Segura, L. M.
(1987). Estradiol–induced redistribution of glial fibrillary acidic protein
immunoreactivity in the rat brain. Brain Res. 406, 348–351. doi: 10.1016/0006-
8993(87)90805-5

Ulloth, J. E., Casiano, C. A., and De Leon, M. (2003). Palmitic and stearic fatty acids
induce caspase-dependent and -independent cell death in nerve growth factor
differentiated PC12 cells. J. Neurochem. 84, 655–668. doi: 10.1046/j.1471-4159.
2003.01571.x

Veenman, L., Shandalov, Y., and Gavish, M. (2008). VDAC activation by the 18 kDa
translocator protein (TSPO), implications for apoptosis. J. Bioenerg. Biomembr.
40, 199–205. doi: 10.1007/s10863-008-9142-1

Veiga, S., Carrero, P., Pernia, O., Azcoitia, I., and Garcia-Segura, L. M. (2007).
Translocator protein 18 kDa is involved in the regulation of reactive gliosis.
Glia 55, 1426–1436. doi: 10.1002/glia.20558

Voloboueva, L. A., Duan, M., Ouyang, Y., Emery, J. F., Stoy, C., and Giffard,
R. G. (2008). Overexpression of mitochondrial Hsp70/Hsp75 protects astrocytes
against ischemic injury in vitro. J. Cereb. Blood Flow Metab. 28, 1009–1016.
doi: 10.1038/sj.jcbfm.9600600

Waldstein, S. R., and Katzel, L. I. (2005). Interactive relations of central versus
total obesity and blood pressure to cognitive function. Int. J. Obes. Relat. Metab.
Disord. 30, 201–207. doi: 10.1038/sj.ijo.0803114

Wang, H., and Eckel, R. H. (2012). Lipoprotein lipase in the brain and nervous
system. Annu. Rev. Nutr. 32, 147–160. doi: 10.1146/annurev-nutr-071811-
150703

White, B. C., Sullivan, J. M., DeGracia, D. J., O’Neil, B. J., Neumar, R. W.,
Grossman, L. I., et al. (2000). Brain ischemia and reperfusion: molecular
mechanisms of neuronal injury. J. Neurol. Sci. 179, 1–33. doi: 10.1016/S0022-
510X(00)00386-5

White, C. L., Pistell, P. J., Purpera, M. N., Gupta, S., Fernandez-Kim, S. O., Hise,
T. L., et al. (2009). Effects of high fat diet on Morris maze performance, oxidative
stress, and inflammation in rats: contributions of maternal diet. Neurobiol. Dis.
35, 3–13. doi: 10.1016/j.nbd.2009.04.002

Wise, P. M., Suzuki, S., and Brown, C. M. (2009). Estradiol: a hormone with
diverse and contradictory neuroprotective actions. Dialogues Clin. Neurosci. 11,
297–303.

Wong, K. L., Wu, Y. R., Cheng, K. S., Chan, P., Cheung, C. W., Lu, D. Y., et al.
(2014). Palmitic acid-induced lipotoxicity and protection by (+)-catechin in rat
cortical astrocytes. Pharmacol. Rep. 66, 1106–1113. doi: 10.1016/j.pharep.2014.
07.009

Yu, H., Bi, Y., Ma, W., He, L., Yuan, L., Feng, J., et al. (2010). Long-term effects
of high lipid and high energy diet on serum lipid, brain fatty acid composition,
and memory and learning ability in mice. Int. J. Dev. Neurosci. 28, 271–276.
doi: 10.1016/j.ijdevneu.2009.12.001

Zhang, Q. G., Wang, R., Tang, H., Dong, Y., Chan, A., Sareddy, G. R., et al. (2014).
Brain-derived estrogen exerts anti-inflammatory and neuroprotective actions
in the rat hippocampus. Mol. Cell Endocrinol. 389, 84–91. doi: 10.1016/j.mce.
2013.12.019

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2017 Frago, Canelles, Freire-Regatillo, Argente-Arizón, Barrios,
Argente, Garcia-Segura and Chowen. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Molecular Neuroscience | www.frontiersin.org 17 October 2017 | Volume 10 | Article 330

https://doi.org/10.2119/2008-00026.Stice
https://doi.org/10.1210/endo.139.7.6084
https://doi.org/10.1210/endo.139.7.6084
https://doi.org/10.1111/j.1471-4159.2011.07351.x
https://doi.org/10.1038/sj.embor.7400779
https://doi.org/10.1074/jbc.M604942200
https://doi.org/10.1016/j.bbagen.2010.01.008
https://doi.org/10.1016/0006-8993(87)90805-5
https://doi.org/10.1016/0006-8993(87)90805-5
https://doi.org/10.1046/j.1471-4159.2003.01571.x
https://doi.org/10.1046/j.1471-4159.2003.01571.x
https://doi.org/10.1007/s10863-008-9142-1
https://doi.org/10.1002/glia.20558
https://doi.org/10.1038/sj.jcbfm.9600600
https://doi.org/10.1038/sj.ijo.0803114
https://doi.org/10.1146/annurev-nutr-071811-150703
https://doi.org/10.1146/annurev-nutr-071811-150703
https://doi.org/10.1016/S0022-510X(00)00386-5
https://doi.org/10.1016/S0022-510X(00)00386-5
https://doi.org/10.1016/j.nbd.2009.04.002
https://doi.org/10.1016/j.pharep.2014.07.009
https://doi.org/10.1016/j.pharep.2014.07.009
https://doi.org/10.1016/j.ijdevneu.2009.12.001
https://doi.org/10.1016/j.mce.2013.12.019
https://doi.org/10.1016/j.mce.2013.12.019
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/molecular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles

	Estradiol Uses Different Mechanisms in Astrocytes from the Hippocampus of Male and Female Rats to Protect against Damage Induced by Palmitic Acid
	Introduction
	Materials And Methods
	Materials
	Cell Cultures and Treatment
	Real Time Polymerase Chain Reaction (PCR)
	Protein Purification and Quantification
	Immunoblotting
	Cell Death Detection ELISA
	Crystal Violet Assay
	Immunofluorescence
	Statistical Analysis

	Results
	Effects of PA on Intermediate Filaments of Astrocytes
	Effects of PA on Inflammatory Factors
	Effects of PA on MAPK and Akt Pathways
	Actions of E2 on the Effects of PA
	Effects of PA and E2 on Proliferation and Cell Death
	Effects of PA and E2 on Pro- and Anti-inflammatory Cytokines
	Effects of PA and E2 on Endoplasmic Reticulum Stress
	Effects of PA and E2 on Steroidogenic Proteins
	Effects of PA and E2 on Lipid Metabolism

	Discussion
	Conclusion
	Author Contributions
	Funding
	Acknowledgment
	Supplementary Material
	References


