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Abstract
Obesity is associated with an increase in the brain levels of saturated free fatty acids, such as palmitic acid (PA). Previous studies have
shown that PA exerts proinflammatory actions and reduces cell viability in astrocyte cultures. In this study, we have assessed whether
an alteration in autophagy is involved in the effects of PA on astrocytes. Primary astrocytes were obtained from the cerebral cortex of
male and female CD1 mouse pups and were incubated for 4.5 or 24 h with 250–500 μM PA. PA increased the levels of LC3-II, an
autophagosomemarker, and reducedLC3-II flux in astrocytes, suggesting a blockade of autophagy. This effect was observed both after
4.5 and 24 h of treatment with PA. PA had additional effects after treatment for 24 h, increasing the expression of proinflammatory
cytokines, decreasing cell viability, and increasing the levels of an endoplasmic reticulum stress marker. In addition, PA decreased the
expression of estrogen receptors, but only in female astrocytes. However, the treatment with estradiol, estrogen receptor agonists, or
inhibitor of estradiol synthesis did not counteract the action of PA on cell viability. Rapamycin, an autophagy inducer, was unable to
prevent the effect of PA on cell viability. In addition, hydroxychloroquine, an autophagy blocker, did not cause per se astrocyte death.
These findings suggest that the effect of PA on autophagy is not sufficient to induce astrocyte loss, which is only observed when
prolonged PA treatment causes other alterations in astrocytes, such as increased inflammation and endoplasmic reticulum stress.
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Introduction

In the last decades, obesity has become a global epidemic.
Between 1975 and 2016, the worldwide prevalence of obesity
nearly tripled. The World Health Organization (WHO) esti-
mates that 13% of the world’s adult population (11% of men
and 15% of women) was obese in 2016. Obesity is defined as

an abnormal or excessive accumulation of fat that can nega-
tively affect health. Indeed, it is associated with increased risk
of cardiovascular diseases, diabetes, musculoskeletal disor-
ders, and certain types of cancer [1]. In addition, several stud-
ies suggest a link between obesity and cognitive decline and
dementia. For instance, high values of body mass index
(BMI), the clinical parameter used to determine the presence
of overweight and obesity, are associated with a diminished
brain volume in middle-aged adults [2] and with a reduction in
gray matter volume in elderly subjects [3]. In relation to brain
function, overweight and obesity correlate with poorer exec-
utive function and reduced activity of memory areas [4, 5].
Therefore, obesity is considered as a risk factor for
Alzheimer’s disease [6].

The specific pathophysiological and molecular mechanisms
involved in the effect of obesity on brain function have not been
fully elucidated yet, although diverse animal models have been
used. Diet-induced obesity (DIO) models are characterized by
the presence of a variety of metabolic disturbances such as an
increased body weight, accumulation of adipose tissue, and
insulin resistance [7]. Besides these peripheral effects, some
alterations have been detected in the central nervous system
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(CNS) of these animals. For instance, the integrity of the
blood–brain barrier (BBB) is compromised [8] and there is a
reduction in the levels of brain-derived neurotrophic factor [9]
and in the number of dendritic spines, as well as an impairment
of spatial learning and memory [10].

There is evidence that inflammation plays a crucial role in
the pathophysiology of obesity, as it does in many disorders of
the CNS. Obesity was firstly associated with peripheral low-
grade inflammation due to an increased expression of tumor
necrosis factor (TNF)α in adipose tissue of obese humans and
mice [11]. Afterwards, it was discovered that high-fat diet
(HFD) induces a proinflammatory response in the hypothala-
mus of obese rodents and humans [12]. The hypothalamus is a
key structure for energy balance and the control of body
weight, and HFD-induced hypothalamic inflammation is in-
volved in impaired metabolic control [13]. Moreover, other
brain regions, such as the hippocampus and the amygdala,
also present an increased expression of proinflammatory
markers after HFD consumption [14].

Furthermore, obesity is characterized by the presence of an
abnormal lipid profile in blood, consistent of increased levels
of triglycerides and free fatty acids (FFAs) [15]. Plasmatic
FFAs can also cross the BBB and reach brain parenchyma
[16], where they can exert pathological effects. Levels of sat-
urated FFAs, such as the proinflammatory palmitic acid (PA),
increase in the brain of animal models of obesity [17] and in
obese patients [18] and contribute to the development of HFD-
associated neuroinflammation. Treatment of primary astro-
cytes andmicroglia with PA has been used as an in vitro model
to study the impact of the increase in saturated fatty acids in
the brain during obesity and the importance of glial cells in this
metabolic process [17, 19–23]. Astrocytes are the most abun-
dant cells in the CNS and they were initially considered as
mere supporters for neuronal function. However, they partici-
pate in essential processes such as the transport of substances
across the BBB, the storage of energy, and the regulation of
neurotransmission. Astrocytes are able to maintain brain ho-
meostasis in response to metabolic alterations through the
sensing of nutrients, hormones, and other metabolites [24].
Specifically, lipids are sensed by astrocytes, which have a
higher capacity to uptake and metabolize them than neurons
[25]. Previous studies have shown that PA downregulates glu-
cose uptake and lactate release by astrocytes [20]; induces the
generation of reactive oxygen species [22]; increases the pro-
duction of proinflammatory cytokines, such as interleukin
(IL)-1β, IL-6, and TNF-α [17, 23]; and decreases cell viability
in astrocyte cultures by apoptosis [21, 22].

In this study, we have assessed whether autophagy is in-
volved in the effects of PA on astrocytes. Autophagy is a
cellular process for recycling large macromolecules and dam-
aged cellular components, as well as for obtaining energy
under metabolically challenging conditions [26]. The more
prevalent and best characterized autophagy variant, called

macroautophagy, involves the formation of autophagosomes,
special transient double-membrane structures that engulf cel-
lular debris and macromolecules and that fuse with lysosomes
to deliver their content for degradation [27]. Autophagy is an
essential mechanism to maintain cellular homeostasis. Thus,
the pharmacological or genetic inhibition of autophagy results
in apoptotic cellular death [28] and autophagy impairment has
been associated with neurodegenerative and metabolic dis-
eases, among other pathological conditions [29].

Although previous studies have shown that PA impairs
autophagy in different cell types [30–33], causing the genera-
tion of reactive oxygen species [34], enhanced inflammatory
response [35], endoplasmic reticulum stress [31, 32], and fi-
nally cell death [28, 31, 32], the possible effect of PA on
autophagy in astrocytes has not been explored. Our aim, there-
fore, was to determine whether PA impairs autophagy in as-
trocytes. Thus, in the present study, we have explored autoph-
agy in PA-treated primary astrocyte cultures. As sex differ-
ences in the metabolic alterations induced by HFD have been
described [36, 37], we have explored the effect of PA sepa-
rately in male and female astrocytes.

Materials and Methods

Animals

Postnatal day 0 (PND0)–PND2 male and female CD1 mouse
pups were raised in our in-house colony at the Cajal Institute.
Male pups were distinguished from female pups by a larger
genital papilla and longer anogenital distance. All the proce-
dures applied to the animals used in this study were in accor-
dance with the European Commission guidelines (2010/63/
UE) and the Spanish regulation (R. D. 53/2013) on the pro-
tection of animals for experimental use. These procedures
were approved by our institutional animal care and use com-
mittee (Comité de Ética de Experimentación Animal del
Instituto Cajal) and the Consejeria del Medio Ambiente y
Territorio (Comunidad de Madrid, PROEX 200/14).

Cortical Astrocyte Cultures

Astrocytes were cultured from male and female PND0–
PND2 pups, separately. The brain was extracted, meninges
were removed, and the cerebral cortex was isolated under a
dissecting microscope and then mechanically dissociated
and washed twice in Hank’s balanced salt solution
(Sigma-Aldrich, Tres Cantos, Madrid). After complete dis-
sociation in Dulbecco’s modified Eagle’s medium/Nutrient
mixture F-12 (DMEM/F-12) culture medium with phenol
red (Sigma-Aldrich) containing 10% fetal bovine serum
(FBS, Invitrogen, Carlsbad, CA) and 1% antibiotic–
antimycotic (Invitrogen), the cells were filtered through a
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40-μm nylon cell strainer (Corning Inc., Corning, NY). The
cells were centrifuged, resuspended in the same medium,
and plated onto poly-L-lysine-coated 75-cm2 flasks at
37 °C and 5% CO2. The medium was replaced after the first
day in vitro and two times per week until the cells reached
confluence (~ 7 days). Then, the cell cultures were shaken
overnight at 37 °C and 280 rpm on a tabletop shaker (Infors
HT, Bottmingen, Switzerland) in order to minimize oligo-
dendrocyte and microglia contamination. The astrocytes
were incubated with 0.5% trypsin (Sigma-Aldrich), centri-
fuged, resuspended in phenol red-free DMEM/F-12 with
10% FBS and 1% antibiotic–antimycotic, and seeded in
poly-L-lysine-coated 75-cm2 flasks at 37 °C and 5% CO2.
When the cells reached confluence for the second time (~
after 5 days), the subculture process was repeated but the
astrocytes were plated onto poly-L-lysine-coated plates (6,
48, or 96 wells) at a density of 25,000 cells/cm2 using phe-
nol red-free DMEM/F-12 with 10% FBS and 1% antibiotic–
antimycotic. Twenty-four hours after plating, the astrocytes
were treated as indicated below.

Cell Treatments

PA (Sigma-Aldrich) was dissolved in methanol in a con-
centration of 0.5 M by heating and mixing. Then, PA was
diluted in saline solution containing 5% fatty acid-free
bovine serum albumin (BSA, Sigma-Aldrich) to obtain a
5-mM stock solution. PA stock solution was agitated at
37 °C overnight, filtered thorough 22-μm syringe filter
(Pall Corporation, Alcobendas, Madrid), aliquoted, and
maintained at − 20 °C. Vehicle stock solution was pre-
pared using the same protocol without PA. Male and fe-
male astrocytes were treated with 250 and 500 μM PA in
phenol red-free DMEM/F-12 medium without FBS and
antibiotic–antimycotic. Control astrocytes were incubated

with vehicle solution. The duration of vehicle/PA treat-
ment was 4.5 or 24 h depending on the experimental
approach.

In some experiments, male and female astrocytes were
treated with 17β-estradiol (10−10, 10−9, and 10−8 M;
Sigma-Aldrich), the ERα agonist PPT (10−9 and
10−8 M; Tocris Bioscience, Bristol), the ERβ agonist
DPN (10−9 and 10−8 M, Tocris Bioscience), the GPER
agonist G1 (10−7 and 10−6 M; Tocris Bioscience), or the
aromatase inhibitor letrozole (10−7 M; Sigma-Aldrich).
The astrocytes were treated with these molecules for
24 h. Then, they were exposed to PA or its vehicle and
these compounds for additional 24 h. The doses of estro-
genic compounds are based on previous studies [38, 39].
These compounds were dissolved in dimethyl sulfoxide
(Sigma-Aldrich) and then diluted to the final concentra-
tion in phenol red-free DMEM/F-12 without FBS and
antibiotic–antimycotic.

Some cu l t u r e s we r e t r e a t ed wi t h 30 μg /mL
hydroxychloroquine (Laboratorios Rubió, Castellbisbal,
Barcelona), an inhibitor of autophagosome–lysosome fusion,
for 4.5 h when cells were treated with PA for this time period
or for the last 4 h in the experiments in which cells were
treated with PA for 24 h. To increase autophagic activity, as-
trocytes were pretreated with 0.2 μg/mL rapamycin (Sigma-
Aldrich) for 2 h and then treated with a combination of
rapamycin and 250 μM PA for 24 h. Furthermore, some as-
trocytes were treated with 1 μg/mL tunicamycin (Sigma-
Aldrich) for 6 h as a positive control of endoplasmic reticulum
stress.

Immunocytochemistry

Cells were fixed for 20 min at room temperature in 4%
paraformaldehyde, washed with 0.12% gelatin in

Table 1 Primer sequence for quantitative PCR

Gene Accession # Forward 5′–3′ Reverse 5′–3′

18S rRNA NR_003278.3 CGCCGCTAGAGGTGAAATTCT CATTCTTGGCAAATGCTTTCG

β-Actin NM_007393.5 CAACTTGATGTATGAAGGCTTTGGT ACTTTTATTGGTCTCAAGTCAGTGTACAG

Rpl13A NM_009438.5 TACCAGAAAGTTTGCTTACCTGGG TGCCTGTTTCCGTAACCTCAAG

Map1lc3b NM_026160.4 GGATGTGGTTGTCAAGTGGTAGAC CTGTCAGAACCACCCTTACAGAGA

Sqstm1 NM_011018.3 CCTCAGCCCTCTAGGCATTG TGTGCCTGTGCTGGAACTTTC

TNF-α NM_013693.3 GAAAAGCAAGCAGCCAACCA CGGATCATGCTTTCTGTGCTC

IL-1β NM_008361.4 CGACAAAATACCTGTGGCCT TTCTTTGGGTATTGCTTGGG

IL-6 NM_031168.2 GAAACCGCTATGAAGTTCCTCTCTG TGTTGGGAGTGGTATCCTCTGTGA

IL-10 NM_010548.2 CTGGCTCAGCACTGCTATGCT ACTGGGAAGTGGGTGCAGTT

ERα NM_007956.5 GATCCCACCATGCACAGTGA GGAGCATCTACAGGAACACAGGTA

ERβ NM_207707.1 CCTGGTCTGGGTGATTTCGA ACTGATGTGCCTGACATGAGAAAG

GPER NM_029771.3 TGCTGCCATCCAGATTCAAG GGGAACGTAGGCTATGGAAAGAA
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phosphate-buffered saline (PBS), and permeabilized for
4 min with 0.12% Triton-X plus 0.12% gelatin in PBS.
The cells were then washed with PBS/gelatin and incu-
bated at room temperature for 1.5 h with anti-GFAP
mouse monoclonal antibody (dilution 1:500 in PBS/
gelatin; #G3893, Sigma-Aldrich) and with anti-p62 guin-
ea pig polyclonal antibody (dilution 1:150 in PBS/gelatin;
#GP62-C, Progen, Heidelberg). After washing in the same
buffer, the astrocytes were incubated for 45 min at room

temperature with goat anti-mouse Alexa 488 conjugated
antibody (dilution 1:500; Jackson Immuno-Research
Europe Ltd., Ely, Cambridgeshire) for the detection of
GFAP and with goat anti-guinea pig Cy3 conjugated an-
tibody (dilution 1:250; Jackson Immuno-Research Europe
Ltd) for detection of p62. Cell nuclei were stained with
4′,6-diamidino-2-phenylindole (DAPI). Images were ac-
quired with ×63/1.40 oil immersion Leica DM6000B ob-
jective in a Leica SP-5 confocal microscope.
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Cell Viability Assays

To assess cell survival, 3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyl-2H-tetrazolium bromide (MTT, Sigma-Aldrich) as-
say was used. Male and female astrocytes were plated in 96-
well microplates. At the end of the experimental treatments,
the culture medium was removed and the cells were incubated
with MTT dissolved in DMEM/F-12 (0.5 mg/mL) without
phenol red or additives. After 3 h of incubation at 37 °C and
5% CO2, cell culture media was removed and 100 μL of
dimethyl sulfoxide was added to each well. Absorbance was
measured at 595 nm wavelength in a multiwell plate reader
(Thermo Fisher, Madrid).

To confirm cell viability changes, fluorescein diacetate
(FDA, Sigma-Aldrich) assay was performed. Astrocytes from
males and females were plated in 48-well microplates. At the
end of the experimental treatments, the cells were incubated
for 50 min at 37 °C and 5% CO2 with FDA (100 μM in

DMEM/F-12 without phenol red or additives). Then, the cells
were washed twice with culture medium and fluorescence
emission was measured in a microplate reader (Thermo
Fisher, Madrid).

Quantitative Real-Time Polymerase Chain Reaction
(qRT-PCR)

After the experimental treatments, the cells were harvested
from six-well plates and total RNA was extracted using an
Illustra RNAspin Mini kit (GE Healthcare, Madrid). First-
strand cDNA was prepared from 2 μg RNA using M-MLV
reverse transcriptase (Promega, Alcobendas, Madrid) accord-
ing to the manufacturer’s protocol. After reverse transcription,
cDNAs were amplified by real-time PCR in 15 μL reaction
volume using SYBRGreenMasterMix (Applied Biosystems,
Foster City, CA) and the ABI Prism 7500 Sequence Detection
System (Applied Biosystems) with conventional Applied
Biosystems cycling parameters (40 cycles of changing tem-
peratures, first at 95 °C for 15 s and then 60 °C for a minute).
All the primer sequences were designed using Primer Express
software (Applied Biosystems) and are shown in Table 1. For
each primer pair, an appropriate dilution of cDNAwas chosen
in order to achieve the same amplification efficiency as that of
the housekeeping genes (18S rRNA, β-actin, and Rpl13A).
Changes in mRNA expression were calculated following the
DDCt method [40], using the Best Keeper index [41] as total
mRNA load reference for each sample.

Western Blotting

After the experimental treatments, cells were lysed and solu-
bilized in 200 μL of 50 mM Tris-HCl pH 6.8, containing 2%
SDS, 10% glycerol, 100 mM dithiothreitol, protease/
phosphatase inhibitor cocktail, and bromophenol blue.
Samples were boiled and sonicated for 5 min. Solubilized
proteins (20 μL) were resolved by 6, 12, or 15% SDS–
PAGE and then electrophoretically transferred to 0.2 μm
Trans-Blot Turbo PVDF or nitrocellulose membranes
(BioRad, Alcobendas,Madrid). Themembranes were blocked
at room temperature for 90 min in Tris-buffered saline con-
taining 0.1% Tween 20 and 5% BSA. Then, the membranes
were incubated overnight at 4 °C with primary antibodies
diluted in the same blocking solution. After that, the mem-
branes were incubated with horseradish peroxidase-
conjugated antibodies (diluted 1:10,000; Jackson
Immunoresearch, West Grove, PA) or infrared dye-
conjugated antibodies (diluted 1:10,000; LI-COR
Biosciences, Lincoln, NE). Specific proteins were visualized
by enhanced chemiluminescence detection reagent (GE
Healthcare) or by Odyssey Infrared Imaging System (LI-
COR Biosciences). The following primary antibodies were
used: anti-LC3B (diluted 1:3500; #L7543, Sigma-Aldrich),

�Fig. 1 Autophagic activity was impaired by PA treatment in cultured
astrocytes. Male and female astrocytes were treated with vehicle (C),
HCQ, 250 μM PA (PA 250), or 500 μM PA (PA 500) for 24 h. a LC3-
II protein levels. b p62 protein levels. c MAP1LC3B mRNA levels. d
SQSTM1 mRNA levels. e Representative image of LC3-II detection by
Western blot used to quantify LC3-II flux. f LC3-II flux measured as the
ratio of LC3-II levels in cells treated with HCQ to LC3-II levels in cells
untreated with HCQ of the same experimental group. For LC3-II protein
levels, two-way ANOVA revealed a significant treatment effect on LC3-II
levels [F(2,52) = 14.366; p = 0.000]. As there was no interaction between
treatment and sex, the effect of treatment was analyzed for each sex by
one-way ANOVA. Treatment had a significant effect in astrocytes from
males [F(2,26) = 9.303; p = 0.001] and females [F(2,26) = 5.374; p =
0.011]. For p62 protein levels, two-way ANOVA revealed a significant
treatment effect [F(2,28) = 63.450; p = 0.000] without sex effect or inter-
action between treatment and sex. Treatment effect was analyzed by one-
way ANOVA in each sex, showing a significant effect on both males
[F(2,16) = 21.307; p = 0.000] and females [F(2,12) = 80.860; p =
0.000]. For MAP1LC3B mRNA levels, two-way ANOVA revealed a
significant treatment effect [F(2,24) = 9.948; p = 0.001], with no effect
of sex or interaction between the two factors. One-way ANOVA of data
split by sex showed a significant treatment effect onMAP1LC3B expres-
sion in astrocytes from males [F(2,12) = 3.958; p = 0.048] and females
[F(2,12) = 7.427; p = 0.008]. For SQSTM1 mRNA levels, two-way
ANOVA showed a significant effect of treatment [F(2,24) = 13.417;
p = 0.000], with no effect of sex or interaction between treatment and
sex. To study the effect of treatment, one-way ANOVA was carried out
for each sex and it revealed a significant effect in male [F(2,12) = 4.514;
p = 0.035] and female astrocytes [F(2,12) = 10.216; p = 0.003]. For LC3-
II flux, two-way ANOVA revealed an effect of the treatment [F(2,24) =
16.773; p = 0.000]. Due to the lack of interaction between sex and treat-
ment, one-way ANOVA was performed to study the effect of the treat-
ment in each sex. There was a significant treatment effect on LC3-II flux
in male [F(2,12) = 5.951; p = 0.016] and female [F(2,12) = 11.103; p =
0.002] astrocytes. Data are represented as mean ± SEM. Sample size N ≥
3. Significant differences with the post hoc test: one asterisk, two aster-
isks, and three asterisks, significant differences (p < 0.05, p < 0.01, and p
< 0.001) versus control male astrocytes. One number sign, two number
signs, and three number signs, significant differences (p < 0.05, p < 0.01,
and p < 0.001) versus control female astrocytes. Three at signs, significant
differences (p < 0.001) versus female astrocytes treated with PA 250
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Fig. 2 PA induced the formation
of large p62 immunoreactive
bodies in the cytoplasm of
astrocytes. Astrocytes were
incubated for 4.5 h with PA or
vehicle and immunostained for
p62 (red), a marker of autophagy,
and for the astrocytic marker
GFAP (green). Cell nuclei were
stained with DAPI (blue). In
control male astrocytes (C),
numerous small p62
immunoreactive bodies were
observed along the whole
cytoplasm. The incubation of
astrocytes with 250 μM PA (PA
250) or 500 μM PA (PA 500)
caused the clustering of p62
immunoreactive bodies in some
cytoplasmic regions. In addition,
p62 immunoreactive bodies
showed a much larger size in PA-
treated astrocytes compared to
control astrocytes. Representative
images of male astrocytes. Scale
bar 20 μm

Fig. 3 PA induced an inflammatory response in cultured cortical
astrocytes after 24 h of treatment. Male and female astrocytes were
treated with vehicle (C), 250 μM PA (PA 250), or 500 μM PA (PA
500). a TNF-α mRNA levels. b IL-1β mRNA levels. c IL-6 mRNA
levels. Regarding TNF-α, two-way ANOVA showed a significant effect
of both treatment [F(2,24) = 5.710; p = 0.009] and sex [F(1,24) = 4.819;
p = 0.038]. As there was no interaction between these two factors, the
effect of each one was analyzed individually. One-way ANOVA split by
sex revealed a significant treatment effect in male astrocytes [F(2,12) =
3.933; p = 0.049], but not in female cells. For IL-1β, two-way ANOVA
revealed significant effects of treatment [F(2,21) = 9.991; p = 0.001] and
sex [F(1,21) = 9.829; p = 0.005], without interaction between these two
factors. One-way ANOVA split by sex showed a significant treatment
effect in male astrocytes [F(2,11) = 7.498; p = 0.009], but not in female

astrocytes. For IL-6 mRNA levels, two-way ANOVA revealed a general
treatment effect [F(2,23) = 24.962; p = 0.000] and sex effect [F(1,23) =
5.270; p = 0.031], with no interaction between the two factors. One-way
ANOVA showed a significant effect of treatment in male [F(2,12) =
12.787; p = 0.001] and female [F(2,11) = 30.913; p = 0.000] astrocytes.
Data are represented as mean ± SEM. Sample sizeN ≥ 4. One asterisk and
two asterisks, significant differences (p < 0.05 and p < 0.01) versus con-
trol male astrocytes. Significant differences with the post hoc test: one
number sign and three number signs, significant differences (p < 0.05 and
p < 0.001) versus control female astrocytes. Dollar sign, significant dif-
ferences (p < 0.05) versus male astrocytes treated with PA 250. Two at
signs, significant differences (p < 0.01) versus female astrocytes treated
with PA 250. One accent symbol, significant differences (p < 0.05) versus
male astrocytes treated with PA 500
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anti-p62 (diluted 1:1000; #5114, Cell Signaling Technology,
Leiden), anti-phospho-mTOR (diluted 1:1000; #2971, Cell
Signaling), anti-mTOR (diluted 1:1000; #2983; Cell
Signaling), anti-CHOP (diluted 1:1000; #2895, Cell
Signaling), anti-β-actin (diluted 1:4000; #A5316, Sigma-
Aldrich), and anti-α-tubulin (diluted 1:5000; #T5168,
Sigma-Aldrich). Densitometric analyses were performed with
ImageJ software (freely available at https://imagej.nih.gov/ij/).

Data were normalized to the mean of β-actin and α-tubulin
expression.

Statistical Analysis

Data shown in the figures are presented as the mean ±
standard error of the mean (SEM). The size of the exper-
imental groups corresponds to the number of independent

Fig. 4 Astrocyte viability was reduced after 24 h of treatment with PA.
Male and female astrocytes were treated with vehicle (C), 250 μM PA
(PA 250), or 500 μM PA (PA 500). a Cell viability measured by MTT
assay. b Cell viability measured by FDA staining. For MTT data, two-
way ANOVA revealed a significant effect of both treatment [F(2,24) =
60.553; p = 0.000] and sex [F(1,24) = 23.126; p = 0.000], with a signifi-
cant interaction between the two factors [F(2,24) = 5.944; p = 0.008]. For
FDA staining, two-way ANOVA showed a significant effect of both
treatment [F(2,24) = 34.809; p = 0.000] and sex [F(1,24) = 5.138; p =
0.033], without a significant interaction between the two factors. To

analyze the effect of treatment, data were split by sex and one-way
ANOVAwas carried out. There was a significant treatment effect in both
male [F(2,12) = 17.806; p = 0.000] and female [F(2,12) = 17.348; p =
0.000] astrocytes. Data are represented as mean ± SEM. Sample size
N = 5. Significant differences with the post hoc test: two asterisks and
three asterisks, significant differences (p < 0.01 and p < 0.001) versus
control male astrocytes. Two number signs and three number signs, sig-
nificant differences (p < 0.01 and p < 0.001) versus control female astro-
cytes. Three dollar signs, significant differences (p < 0.001) versus male
astrocytes treated with PA 250

Fig. 5 PA decreased the expression of estrogen receptors in female
astrocytes. Male and female astrocytes were treated with vehicle (C),
250 μM PA (PA 250), or 500 μM PA (PA 500) for 24 h. a ERα mRNA
levels. b ERβ mRNA levels. c GPER mRNA levels. For ERα mRNA
levels, two-way ANOVA revealed a significant treatment effect
[F(2,23) = 4.946; p = 0.016] without sex effect or interaction between
treatment and sex. One-way ANOVA showed a significant effect of treat-
ment, but only in female astrocytes [F(2,11) = 21.163; p = 0.000]. In the
case of ERβ mRNA levels, treatment was the only factor that had a
significant effect in two-way ANOVA [F(2,22) = 6.116; p = 0.008]. Due
to the lack of interaction between sex and treatment, one-way ANOVA
was performed on data split by sex. A significant effect of treatment was

found in female astrocytes [F(2,11) = 32.022; p = 0.000]. For GPER
mRNA levels, two-way ANOVA revealed significant effects of both
treatment [F(2,23) = 5.398; p = 0.012] and sex [F(1,23) = 6.757; p =
0.016], with no interaction between the two factors. The effect of treat-
ment was analyzed for each sex by one-way ANOVA, showing a signif-
icant treatment effect, but only in female astrocytes [F(2,12) = 11.961;
p = 0.001]. Data are represented as mean ± SEM. Sample size N ≥ 4.
Significant differences with the post hoc test: One number sign, two
number signs, three number signs, significant differences (p < 0.05, p <
0.01, and p < 0.001) versus control female astrocytes. Accent symbol,
significant differences (p < 0.05) versus male astrocytes treated with PA
500
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culture preparations, and it is indicated in each figure
legend. Statistical analyses were carried out using SPSS
Statistics 23 software (IBM, Armonk, NY). Normal dis-
tribution and homoscedasticity were assessed using
Shapiro-Wilk test and Levene’s test, respectively.
Statistical significance was evaluated by two-way analysis
of variance (ANOVA) followed by Bonferroni or Games-
Howell post hoc tests (depending on whether variances
were homogeneous or not, respectively) for multiple com-
parisons. When an interaction between two factors was
not detected, data were split and each factor was analyzed
by one-way ANOVA (treatment effect) or Student’s t test
(treatment effect or sex effect). The statistical significance
level was set at p < 0.05.

Results

Autophagy Is Modulated by PA in Astrocytes

As it has been established that PA can modulate autoph-
agy in neurons [42], we were interested in determining if
PA could also modify this process on astrocytes. For this
purpose, cultured cortical astrocytes were treated with dif-
ferent doses (250 and 500 μM) of PA for 24 h. The doses
of PA used are within the range of PA levels in mouse
serum under physiological conditions and after the admin-
istrat ion of a HFD [43, 44]. We first evaluated

autophagosome levels by assessing the amount of LC3-
II by Western blot [45]. Male astrocytes treated with both
doses of PA had higher levels of LC3-II than the control
group. In the case of female astrocytes, only 500 μM PA
induced a significant increase of LC3-II levels (Fig. 1a).

As increased levels of LC3-II can indicate both in-
creased formation and decreased degradation of
autophagosomes, we next assessed p62, an autophagy
adaptor that is degraded by autophagy [46]. Male astro-
cytes treated with either 250 or 500 μM PA had higher
levels of p62 compared to control values. Both doses of
PA also increased p62 levels in female astrocytes
(Fig. 1b). The increase in p62 levels was further corrob-
orated by fluorescence microscopy. While in control
GFAP immunostained astrocytes p62 immunoreactivity
showed a speckled appearance (consisting of numerous
small puncta distributed along the whole cytoplasm),
PA-treated astrocytes contained larger p62 immunoreac-
tive bodies clustered in restricted locations in the cyto-
plasm (Fig. 2). These findings suggest that a treatment
for 24 h with PA induces the accumulat ion of
autophagosomes in astrocytes.

The mRNA expression of LC3 and p62 (encoded by
MAP1LC3B and SQSTM1, respectively) was also
assessed. Treatment with 500 μM PA decreased
MAP1LC3B expression in female astrocytes. In male as-
trocytes, the effect of 500 μM PA did not reach statistical
significance (p = 0.054) (Fig. 1c). Treatment with 500 μM

Fig. 6 Rapamycin did not protect astrocytes from PA-induced cell death.
Male and female astrocytes were treated with vehicle (C), rapamycin (R),
250 μM PA (PA), or rapamycin combined with PA (PA +R) for 24 h. a
Representative image of phospho-mTOR (p-mTOR) detection by
Western blot to verify mTOR inhibition by rapamycin. b Representative
image of LC3 detection by Western blot to verify that rapamycin was
inducing autophagy. c Cell viability measured by MTT assay. d Cell
viability measured by FDA staining. Two-way ANOVA of MTT results
showed a significant effect of treatment [F(3,24) = 32.266; p = 0.000] and
sex [F(1,24) = 9.462; p = 0.005]. As there was no interaction between
treatment and sex, the effect of treatment was analyzed by one-way
ANOVA in data split by sex. This revealed a significant effect of treat-
ment in males [F(3,8) = 19.789; p = 0.000] and females [F(3,16) =
17.202; p = 0.000]. Two-way ANOVA of FDA data showed a significant

effect of treatment [F(3,24) = 26.307; p = 0.000] without sex effect or
interaction between sex and treatment. One-way ANOVA was carried
out, and treatment effect was detected separately in males [F(3,8) =
10.559; p = 0.004] and females [F(3,16) = 16.893; p = 0.000]. Data are
represented as mean ± SEM. Sample size N ≥ 3. Significant differences
with the post hoc test: one asterisk and two asterisks, significant differ-
ences (p < 0.05 and p < 0.01) versus control male astrocytes. Two number
signs and three number signs, significant differences (p < 0.01 and p <
0.001) versus control female astrocytes. One percent symbol and two
percent symbols, significant differences (p < 0.05 and p < 0.01) versus
male astrocytes treated with rapamycin. Two ampersands and three am-
persands, significant differences (p < 0.01 and p < 0.001) versus female
astrocytes treated with rapamycin
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PA increased the levels of SQSTM1 mRNA in astrocytes
from males. In astrocytes from females, both doses of PA
increased the expression of SQSTM1 (Fig. 1d). These
findings indicate that a treatment for 24 h with PA affects
not only protein levels and distribution but also LC3 and
p62 mRNA expression in astrocytes.

Autophagy is a very dynamic process, so the detection of
LC3-II levels is not sufficient to assess autophagy activity in
cells. To figure out whether the increase in LC3-II protein
levels was due to an increased activity in autophagy or a ly-
sosomal blockade, we evaluated the autophagic flux using
hyd roxych lo roqu ine (HCQ) as an inh ib i t o r o f
autophagosome–lysosome fusion. Astrocytes were treated
with vehicle, 250 μM PA, or 500 μM PA for 24 h, and HCQ
was added to the culture medium for the last 4 h of PA treat-
ment. LC3-II levels were analyzed byWestern blot to measure
LC3-II flux (corresponding to the ratio between the densito-
metric value of LC3-II in cells treated with HCQ to the den-
sitometric value of LC3-II in cells untreated with HCQ of the
same experimental group). Both doses of PA decreased LC3-
II flux in male astrocytes in comparison to control astrocytes.
However, the effect of PA did not reach statistical significance
in female astrocytes (p = 0.054 for 500 μM PA) (Fig. 1e, f).
These results show that the accumulation of LC3-II caused by
HCQ in control astrocytes is reduced by PA. This, together
with the accumulation of p62, indicates that PA induces a
blockade of autophagy.

PA Induces Inflammation in Cultured Cortical
Astrocytes

Since autophagy regulates the inflammatory response, we ex-
plored the mRNA levels of selected inflammatory molecules
in astrocytes exposed to 250 and 500 μM PA for 24 h.
Treatment with 500 μM PA significantly increased TNF-α
mRNA expression in male astrocytes versus control values.
In addition, control female astrocytes showed lower expres-
sion of TNF-α mRNA compared to control male astrocytes
(Fig. 3a).

Treatment with 500 μM PA increased IL-1β mRNA
expression in male astrocytes to a value that was not sig-
nificantly different to control levels (p = 0.050). The
mRNA expression levels of IL-1β were significantly
higher in male astrocytes treated with either vehicle or
500 μM PA in comparison to female astrocytes (Fig. 3b).

IL-6 mRNA expression was also modified by PA. IL-
6 mRNA expression was increased by 500 μM PA in
male astrocytes and by 250 and 500 μM PA in female
astrocytes. Moreover, significant differences in the ex-
pression of IL-6 between the two doses of PA were
found in male and female astrocytes (Fig. 3c). These
findings indicate that PA treatment for 24 h induces an
inflammatory response in cultured cortical astrocytes. PA

modulates the expression of proinflammatory cytokines,
such as TNF-α, IL-6, and IL-1β, with different effects in
male and female astrocytes.

PA Induces Cell Death in Cultured Cortical Astrocytes

To determine if PA affected cell viability, MTT and FDA
assays were performed. Treatment with 250 or 500 μM PA
significantly decreased MTT values in male and female astro-
cytes compared to control values (Fig. 4a). Similar results
were obtained with the FDA assay (Fig. 4b). Therefore, the
results of both MTT and FDA assays indicate that PA treat-
ment for 24 h decreases astrocyte viability.

PA Decreases the Expression of Estrogen Receptors
in Female Astrocytes

Due to the close relationship between estradiol and brain me-
tabolism and to the existence of sex differences in the effect of
PA on the expression of inflammatory genes, we decided to
study the expression of estrogen receptors (ERs) after PA
treatment for 24 h. Compared to control values, the treatment
with either 250 or 500 μM PA decreased the expression of
ERα, ERβ, and GPER, but exclusively in female astrocytes
(Fig. 5).

Estrogenic Compounds Are Unable to Prevent
PA-Induced Cell Death

Since estrogenic compounds exert anti-inflammatory effects
in astrocytes and since PA modified the expression of ERs in
female astrocytes, we assessed whether the activation of ERs
was able to prevent PA-induced cell death. Male and female
astrocytes were pretreated with different concentrations of es-
tradiol (10−10, 10−9, and 10−8 M) for 24 h and then exposed to
250 μM PA and estradiol for an additional 24 h. As shown
previously, PA induced a significant cell death assessed by
MTT assay in both male and female astrocytes. Estradiol per
se did not affect MTT levels compared to control values.
Astrocytes treated with both estradiol and PA showed similar
MTT levels as astrocytes treated with PA alone (Fig. S1).

Since ERα, ERβ, and GPER may have different transcrip-
tional effects and even opposite actions, we assessed the effect
of selective ER agonists. Male and female astrocytes were
pretreated with the ER agonists (ERα agonist PPT, ERβ ago-
nist DPN, and GPER agonist G1) for 24 h and then exposed to
250 μM PA in the presence of the ER agonists for an addi-
tional 24 h. Neither PPT, DPN, nor G1 affected MTT levels in
vehicle-treated or PA-treated astrocytes (Fig. S2).

Since astrocytes in vitro express the enzyme aromatase and
are able to produce estradiol, we evaluated the possibility for a
protective effect of endogenous estradiol synthesis. Thus, we
treated male and female astrocytes with 10−7 M letrozole, an
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aromatase inhibitor, hypothesizing that the inhibition of the
synthesis of estradiol will increase cell death induced by PA.
However, letrozole did not significantly affect the levels of
MTT induced by PA (Fig. S3). These results suggest that the
functional impairment induced by PA in primary astrocytes is
so strong as to preclude the protective action of estrogenic
compounds, which are known to reduce damage in these cells
when exposed to other insults.

Rapamycin Does Not Prevent the Effect of PA
on Astrocyte Viability

Since our results suggested that PA was blocking autophagy,
we tested whether rapamycin, an autophagy inducer [47],
could prevent the effect of PA on cell viability. First, we
assessed the levels of phospho-mTOR after 26 h of treatment
with rapamycin, to verify that rapamycin was inhibiting its
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target, mTOR (Fig. 6a). Furthermore, we also analyzed LC3-II
levels to confirm that rapamycin was increasing autophagy
(Fig. 6b). Then, astrocytes were pretreated with rapamycin
for 2 h and then in combination with 250 μM PA for 24 h
and cell viability was analyzed by MTT and FDA assays.
Rapamycin per se did not affect MTT and FDA values com-
pared to control cells and when combined with PA did not
alter the decrease in MTT and FDA values induced by PA
alone (Fig. 6c, d). Therefore, rapamycin was unable to prevent
PA-induced cell death.

PA Blocks Autophagic Activity Before the Induction
of Inflammation and Astrocytic Cell Death

Due to the interconnection between autophagy and cell death,
especially with the mechanism of apoptosis [48], changes in
cell viability could be considered as a confounding factor in
our experimental model. To avoid this potential problem, we
studied the effect of PA on autophagy using a treatment of
only 4.5 h, since at this time point PA did not reduce cell
viability in astrocytes (Fig. S4) and did not significantly affect
the expression of TNF-α, IL-1β, IL-6, or IL-10 (Fig. S5).

The treatment with 500 μM PA for 4.5 h induced an in-
crease in LC3-II protein levels in female astrocytes (Fig. 7a).
The treatment with 250 or 500 μM PA for 4.5 h induced an
increase in p62 expression in astrocytes from males.
Moreover, only 500 μM PA induced a significant increase in
the levels of p62 protein in astrocytes from females (Fig. 7b).

The mRNA expression of MAP1LC3B and SQSTM1 was
also assessed, but no significant effect of the treatment was
detected (Fig. 7c, d).

We were also interested in determining the flux of autoph-
agy after a short treatment with PA, as we did previously with
a treatment for 24 h. Astrocytes were co-treated with PA and
HCQ for 4.5 h for this purpose, and protein expression of
LC3-II was analyzed to determine LC3-II flux. Both doses
of PA decreased LC3-II flux in male and female astrocytes
(Fig. 7e, f). These findings suggest that PA causes a blockade
in the autophagic flux before the induction of cell death and
inflammation.

Hydroxychloroquine Does Not Affect Cell Viability
but Increases the Toxic Effect of PA

To determine whether the blockade of autophagic flux per se
causes decreased astrocyte viability, the cultures were treated
for 4.5 or 24 h with HCQ to inhibit the fusion of
autophagosomes with lysosomes. First, we verified that
HCQ treatment for 4.5 h was able to block autophagy and
generate LC3-II accumulation: HCQ induced an increase in
LC3-II levels in male and female astrocytes (Fig. 8a). Then,
cell viability was analyzed by MTT after a treatment with
HCQ and PA for 4.5 or 24 h. No significant effect of the
treatments was detected at 4.5 h (Fig. 8b). However, HCQ
decreased cell viability in male and female astrocytes treated
for 24 h with 250 or 500 μM PA compared to the effect of PA
alone (Fig. 8c). Therefore, these findings indicate that HCQ
per se does not affect cell viability but increases the toxic
effect of PA at 24 h.

Prolonged Exposure to PA Increases the Expression
of a Marker of Endoplasmic Reticulum Stress

Since autophagy, endoplasmic reticulum stress, and cell via-
bility are interrelated events, we assessed the effect of PA on
the induction of C/EBP-homologous protein (CHOP), a tran-
scription factor associated to apoptosis when endoplasmic re-
ticulum is seriously impaired [49]. CHOP expression was not
induced in astrocytes after the treatment with PA for 4.5 h
(Fig. 9). In contrast, CHOP expression was increased by PA
after 24 h of treatment and by tunicamycin, an inducer of
endoplasmic reticulum stress, used as a positive control.
Cells were also treated with HCQ to determine if the blockade
of autophagy per se induced CHOP expression in astrocytes.
HCQ treatment did not induce CHOP and did not modify the
effect of PA on CHOP levels (Fig. 9). The same results were
obtained in male and female astrocytes (data not shown).
These findings suggest that CHOP is induced in astrocytes
after a long exposure to PA, but the cause of this induction
is not the blockade of autophagy per se.

�Fig. 7 PA promoted a blockade in autophagic activity after a treatment
for 4.5 h. Male and female astrocytes were treated with vehicle (C), HCQ,
250 μM PA (PA 250), or 500 μM PA (PA 500). a LC3-II protein levels.
Representative images for LC3-II blot were run in the samemembrane for
each sex. b p62 protein levels. Representative images for p62 blot were
run in the same membrane for each sex. c MAP1LC3B mRNA levels. d
SQSTM1 mRNA levels. e Representative image of LC3-II detection by
Western blot used to quantify LC3-II flux. f LC3-II flux measured as the
ratio of LC3-II levels in cells treated with HCQ to LC3-II levels in cells
untreated with HCQ of the same experimental group. For LC3-II protein
levels, two-way ANOVA revealed a significant treatment effect
[F(2,18) = 8.284; p = 0.003]. One-way ANOVA of data split by sex
showed a significant treatment effect only in astrocytes from females
[F(2,9) = 7.242; p = 0.013]. For p62 protein expression, two-way
ANOVA showed a significant treatment effect [F(2,18) = 17.086; p =
0.000]. After splitting data by sex, one-way ANOVA revealed a signifi-
cant treatment effect in both male [F(2,9) = 11.841; p = 0.003] and female
[F(2,9) = 5.485; p = 0.028] astrocytes. For the mRNA levels of
MAP1LC3B and SQSTM1, two-way ANOVA revealed no significant
effects of treatment or sex. For LC3-II flux, two-way ANOVA revealed
a significant effect of the treatment [F(2,18) = 40.403; p = 0.000].
Treatment effect was studied by one-way ANOVA for each sex, which
showed a significant effect in male [F(2,9) = 43.339; p = 0.000] and fe-
male [F(2,9) = 10.110; p = 0.005] astrocytes. Data are represented as
mean ± SEM. Sample size N ≥ 3. Significant differences with the post
hoc test: one asterisk, two asterisks, and three asterisks, significant differ-
ences (p < 0.05, p < 0.01, and p < 0.001) versus control male astrocytes.
One number sign and two number signs, significant differences (p < 0.05
and p < 0.01) versus control female astrocytes
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Discussion

The results of this study indicate that PA blocks autophagy in
primary cortical astrocytes from male and female mice pups.
The effect on autophagy was observed after 4.5 or 24 h of
treatment with concentrations of 250 or 500 μM PA. In addi-
tion, PA increased the expression of proinflammatory cyto-
kines, decreased cell viability, and increased the levels of the
endoplasmic reticulum stress marker CHOP, but only after
24 h of treatment. The effect of PA on cell viability was prob-
ably not a direct consequence of the autophagy impairment,
since rapamycin, an autophagy inducer, was unable to prevent
the effect of PA acid on cell viability and HCQ, an autophagy
blocker, did not cause per se astrocyte cell death.

In agreement with previous studies [21–23, 50], we have
observed that the treatment for 24 h with PA induced cell
death in astrocytes. Our results also extend previous findings
obtained in brain rat astrocytes, in which 100–400 μM PA
increased the release of IL-6 and TNF-α [23]. PA has been
also reported to increase the expression of IL-1β and TNF-α
in rat cortical astrocytes [51]; of IL-6, TNF-α, and IL-1β in
mouse cortical astrocytes [21, 52]; of IL-6 in rat hippocampal
astrocytes [53]; and of IL-6 and IL-1β in mouse hypothalamic
astrocytes [17].

In our study, we have examined the inflammatory response
of astrocytes, analyzing separately the results in male and
female cells. Sex differences in the inflammatory response
of astrocytes have been previously described in response to
PA [17], lipopolysaccharide (LPS) [54, 55], and the insecti-
cide dimethoate (DMT) [56]. In these studies, the inflamma-
tory response was in general higher in male than in female
astrocytes. Thus, in hypothalamic mouse astrocytes, PA in-
creases the expression of IL-6 and IL-1β in male and female
cells, but the effect was statistically higher in male cells [17].
In primary cortical mouse astrocytes, LPS induced an in-
creased expression of IL-6, TNF-α, and IL-1β in male cells
compared to female cells [54]. A similar effect was observed
with DMT in primary mouse cortical astrocytes; DMT in-
creased the expression of IL-6, TNF-α, and IL-1β in male
but not in female astrocytes [56]. In rat cortical astrocyte cul-
tures, LPS increased the expression of IL-1β in both male and
female cells, but the response was higher in male astrocytes
[55]. Our present results, showing that the treatment with PA
(500 μM) for 24 h resulted in a significant increase in the
expression of TNF-α and IL-1β, but only in male astrocytes,
extend these previous findings and confirm that PA also elicits
a sex-dimorphic inflammatory response in cortical astrocytes,
as shown previously for hypothalamic astrocytes [17].

Fig. 8 HCQ increased the toxic effect of PA after a treatment for 24 h.
Male and female astrocytes were treated with vehicle (C), HCQ, 250 μM
PA (PA 250), or 500 μM PA (PA 500) for 4.5 or 24 h. a LC3-II protein
levels after HCQ treatment for 4.5 h. b Cell viability measured by MTT
assay after a treatment for 4.5 h. c Cell viability measured by MTT assay
after a treatment for 24 h. For LC3-II protein levels, two-way ANOVA
revealed a significant effect of treatment [F(1,12) = 82.074; p = 0.000]
without sex effect or interaction between treatment and sex. For MTT
data after the treatment with PA and HCQ for 4.5 h, two-way ANOVA
showed a significant effect of sex [F(1,48) = 17.107; p = 0.000] but no
effect of treatment. In contrast for MTT data after the treatment with PA
and HCQ for 24 h, two-way ANOVA showed a significant effect of the
treatment [F(5,48) = 163.123; p = 0.000] without interaction between sex
and treatment. To study the effect of treatment, data were split by sex and

a significant effect of treatment was found in male [F(5,24) = 110.512;
p = 0.000] and female [F(5,24) = 64.338; p = 0.000] astrocytes. Data are
represented as mean ± SEM. Sample size N ≥ 4. Significant differences
with the post hoc test: two asterisks and three asterisks, significant differ-
ences (p < 0.01 and p < 0.001) versus control male astrocytes. One num-
ber sign, two number signs, and three number signs, significant differ-
ences (p < 0.05, p < 0.01, and p < 0.001) versus control female astrocytes.
Three dollar signs, significant differences (p < 0.001) versus male astro-
cytes treated with PA 250. Three at signs, significant differences (p <
0.001) versus female astrocytes treated with PA 250. Three accent sym-
bols, significant differences (p < 0.001) versus male astrocytes treated
with PA 500. Three plus signs, significant differences (p < 0.001) versus
female astrocytes treated with PA 500. Letter C with cedilla (Ç), signifi-
cant differences (p < 0.05) versus male astrocytes treated with HCQ
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Morselli et al. [17] have shown that PA induces a decrease
in the expression of ERα in male hypothalamic astrocytes but
not in female astrocytes. They postulated that the decreased
ERα expression in male astrocytes contributes to their in-
creased inflammatory response compared to female cells.
Estradiol is known to reduce the inflammatory response of
astrocytes [57]. Furthermore, primary astrocytes express the
enzyme aromatase and are able to produce estradiol [58].
Therefore, it is possible that estradiol synthesized by astro-
cytes may contribute to reduce inflammation when exposed
to PA. In the present study, we have assessed the expression of
estrogen receptors (ERα, ERβ, and GPER) in astrocytes ex-
posed to vehicle or PA. In agreement with the results obtained
in hypothalamic astrocytes [17], treatment with PA caused a
decreased expression of ERα in cortical astrocytes. However,
an important difference is that in cortical astrocytes PA de-
creased ERα expression in female cells, while in hypothalam-
ic astrocytes, PA decreased ERα expression in male cells. The
decreased expression of ERα in female astrocytes exposed to
PA was accompanied by a decreased expression of ERβ and
GPER in these cells. In contrast, PA did not affect the expres-
sion of ERs in male cortical astrocytes. Our findings, together
with those of Morselli et al. [17], indicate that hypothalamic
and cortical astrocytes respond to PA with sex differences in
the expression of ERs. However, this sex-specific response is
different in hypothalamic and cortical astrocytes. The func-
tional implications of this difference remain to be established.
In the hypothalamus, astrocytes may contribute to the gener-
ation of sex differences in the inflammatory response caused
by high-fat diet [17]. On the other hand, PA levels increase in
the cerebral cortex after brain injury [59] and in the parietal
cortex of Alzheimer’s disease patients [60]. Since astrocytes
mediate the effect of PA on the development of Alzheimer’s
disease-like alterations in cortical neurons [20, 51], the sex
differences observed in the response of cortical astrocytes to
PA may be also relevant for the generation of sex differences
in neurodegenerative diseases.

Given the existence of sex differences in the expression of
ERs in cortical astrocytes after PA treatment and since estra-
diol is known to decrease the inflammatory response of astro-
cytes [17, 57], we assessed the potential protective effects of

estradiol, selective ER agonists, and local estradiol synthesis
by astrocytes against the effects of PA on cell viability. Our
findings, showing that the toxic effect of PA is not prevented
by estrogenic molecules that are known to decrease inflam-
mation in astrocytes, suggest that in addition to inflammation
other mechanisms operate to cause PA-induced cell death.

To explore the mechanisms that mediate PA-induced astro-
cyte cell death, we assessed the effect of PA on autophagy.
Under physiological conditions, autophagy is a mechanism to
mobilize lipids in cells by digesting lipid droplets, where FFAs
are stored [61, 62]. However, an excess of FFAs, in particular
high levels of PA, are known to suppress autophagy in differ-
ent cell types, such as pancreatic β-cells [30, 32, 33] and
hepatocytes [31, 63]. PA impairs lysosomal acidification and
therefore the fusion of autophagosomes with lysosomes [30,
33, 64], and this seems to be the cause of the inhibition of the
autophagic flux [33].

In H9C2 cardiomyoblasts, PA impairs fatty acid oxidation
and induces the accumulation of lipids in the endoplasmic
reticulum, causing endoplasmic reticulum stress and cell death
[65]. Since autophagy inhibits endoplasmic reticulum stress
[66], the suppression of autophagy by long treatments with PA
results in increased endoplasmic reticulum stress in hepato-
cytes and pancreatic β-cells, which finally causes cell death
[31, 32]. Therefore, our hypothesis was that an impairment of
autophagy is involved in the toxic effect of PA on astrocytes.

We have found that PA increases the protein levels of LC3-
II and p62 in astrocytes. LC3-II, a phosphatidylethanolamine
conjugate of LC3-I, is recruited to autophagosomal mem-
branes where it binds to p62 [67]. Therefore, the increased
protein levels of LC3-II suggest an increased formation or
an increased accumulation of autophagosomes. To discrimi-
nate between these two possibilities, we determined the effect
of PA on autophagic flux. For this purpose, we treated astro-
cytes with HCQ, which blocks the fusion of autophagosomes
with lysosomes [28, 67]. PA significantly reduced the ratio
between LC3-II protein levels in presence of HCQ and LC3-
II protein levels in absence of HCQ. Since this ratio is an
indicator of autophagic flux [28], our results suggest a sup-
pression of autophagy by PA in both male and female astro-
cytes. This is also supported by the increased accumulation of

Fig. 9 PA induced CHOP
expression in astrocytes after 24 h
of treatment. Astrocytes were
treated with tunicamycin (Tun),
vehicle (C), HCQ, 250 μM PA
(PA), and PA combined with
HCQ (PA + HCQ).
Representative image of CHOP
detection by Western blot. The
experiment was repeated four
times
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large p62 immunoreactive bodies in the cytoplasm of PA-
treated astrocytes, since p62 accumulation is observed in the
cytoplasm of cells with impaired autophagy [46, 68, 69].

In addition, PA decreased the mRNA levels of
MAP1LC3B (the gene encoding for LC3) in female astrocytes
and increased the mRNA levels of SQSTM1 (the gene
encoding for p62) in astrocytes of both sexes. These mRNA
changes were observed after the treatment for 24 h with PA
but not after the treatment with PA for 4.5 h, suggesting that
changes in mRNA levels at 24 h may be a transcriptional
response elicited by a long period of autophagy inhibition as
an attempt to increase autophagy by the upregulation of p62
[70, 71]. Interestingly, by 4.5 h of treatment with PA, cell
viability was not affected and the expression of inflammatory
markers in astrocytes was not increased yet. This indicates that
the impairment in autophagy precedes the effects of PA on
inflammation and cell viability.

The observation that the effect of PA in reducing cell via-
bility at 24 h was enhanced by the blockage of autophagic flux
with HCQ suggests that autophagy impairment is involved in
the effect of PA on astrocyte cell death. However, the treat-
ment of astrocytes with rapamycin, an autophagy inductor
[47], did not decrease the effect of PA on cell viability.
Furthermore, the inhibition of autophagy by HCQ did not
decrease per se cell viability. These observations, together
with the finding that the inhibition of autophagic flux by PA
at 4.5 h did not result in increased cell death, suggest that
impairment of autophagy in astrocytes is not sufficient per
se to decrease cell viability. Indeed, the effect of PA on cell
viability was only observed after a treatment for 24 h, when
PA also induced an increase in inflammation and in the ex-
pression of CHOP. These observations are in agreement with
the results obtained in other cell types in which prolonged
treatment with PA induced cell death in parallel to the sup-
pression of autophagic flux and the stimulation of endoplas-
mic reticulum stress [31, 32]. Therefore, our findings suggest
that the PA induces cell death when, in addition to blocking
autophagy, it causes other alterations in astrocytes, such as
increased inflammation and endoplasmic reticulum stress.
These additional alterations may be, at least in part, a conse-
quence of the permanent autophagic impairment. For instance,
the progressive accumulation of lipids in the endoplasmic re-
ticulum of cells treated by PA [65], together with the lack of
control of endoplasmic reticulum stress by the impaired au-
tophagy [66], may overcome the endogenous cellular homeo-
static mechanisms to promote cell survival, causing cell death.
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