
R E S E A R CH A R T I C L E

IGF-1 regulates astrocytic phagocytosis and inflammation
through the p110α isoform of PI3K in a sex-specific manner

Daniel Pinto-Benito1,2 | Carmen Paradela-Leal1 | Danny Ganchala1 |

Paula de Castro-Molina1 | Maria-Angeles Arevalo1,2

1Consejo Superior de Investigaciones

Científicas (CSIC), Instituto Cajal, Madrid,

Spain

2Centro de Investigaci�on Biomédica en Red de

Fragilidad y Envejecimiento Saludable

(CIBERFES), Instituto de Salud Carlos III,

Madrid, Spain

Correspondence

Maria-Angeles Arevalo, Consejo Superior de

Investigaciones Científicas (CSIC), Instituto

Cajal, Madrid, Spain.

Email: arevalo@cajal.csic.es

Funding information

Centro de Investigaci�on Biomédica en Red

Fragilidad y Envejecimiento Saludable;

Ministerio de Ciencia e Innovaci�on, Grant/

Award Numbers: BFU2017-82754-R,

PID2020-115019RB-I00; Fondo Europeo de

Desarrollo Regional (FEDER); Agencia Estatal

de Investigaci�on (AEI)

Abstract

Insulin-like growth factor-I (IGF-I) signaling plays a key role in neuroinflammation.

Here we show that IGF-1 also regulates phagocytosis of reactive astrocytes through

p110α isoform of phosphatidylinositol 3-kinase (PI3K), differentially in both sexes.

Systemic bacterial lipopolysaccharide (LPS)-treatment increased the expression of

GFAP, a reactive astrocyte marker, in the cortex of mice in both sexes and was

blocked by IGF-1 only in males. In primary astrocytes, LPS enhanced the mRNA

expression of Toll-like receptors (TLR2,4) and proinflammatory factors: inducible nit-

ric oxide synthase (iNOS), chemokine interferon-γ-inducible protein-10 (IP-10) and

cytokines (IL-1β, IL-6, and IL-10) in male and female. Treatment with IGF-1

counteracted TLR4 but not TLR2, iNOS, and IP10 expression in both sexes and

cytokines expression in males. Furthermore, reactive astrocyte phagocytosis was

modulated by IGF-1 only in male astrocytes. IGF-1 was also able to increase

AKT-phosphorylation only in male astrocytes. PI3K inhibitors, AG66, TGX-221, and

CAL-101, with selectivity toward catalytic p110α, p110β, and p110δ isoforms respec-

tively, reduced AKT-phosphorylation in males. All isoforms interact physically with

IGF-1-receptor in both sexes. However, the expression of p110α is higher in males

while the expression of IGF-1-receptor is similar in male and female. AG66

suppressed the IGF-1 effect on cytokine expression and counteracted the IGF-

1-produced phagocytosis decrease in male reactive astrocytes. Results suggest that

sex-differences in the effect of IGF-1 on the AKT-phosphorylation could be due to a

lower expression of the p110α in female and that IGF-1-effects on the inflammatory

response and phagocytosis of male reactive astrocytes are mediated by p110α/PI3K

subunit.
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1 | INTRODUCTION

Sexual dimorphism in response to bacterial infections has been exten-

sively described in hospital environments, where it has been observed

that men were more susceptible to bacteremia than women (Bösch

et al., 2018; McGowan Jr. et al., 1975) and mortality was less common

in women after a septic infection than men (Kondo et al., 2021). In the

context of central nervous system (CNS), numerous neurological and

psychiatric disorders show sex differences in incidence, age of onset,

symptomatology or outcome and most of these disorders course with

neuroinflammation (Giatti et al., 2020). Even in physiological aging,

neuroinflammation contributes to age-related cognitive decline in a

sex-dependent manner (Porcher et al., 2021). These findings suggest

sex differences in the response of glial cells to inflammatory and neu-

rodegenerative conditions. Astrocytes play key roles in the response

of the nerve tissue to damage (Liddelow et al., 2017). When the brain

is infected or injured, astrocytes undergo a transformation called

“reactive astrogliosis”. Reactive astrocytes show many up-regulated

genes and form a glial scar after acute CNS trauma (Anderson

et al., 2014; Sofroniew & Vinters, 2010). Functions of reactive astro-

cytes have been a subject of some debate; it has not been clarified

under what contexts they may be beneficial or detrimental, and many

questions remain unsolved about their actions.

In addition, astrocytes become active participants in the propagation

and regulation of neuroinflammation. They act by removing cell debris

and denatured proteins to facilitate tissue repair. This process is named

“phagocytosis”. Astrocytic phagocytosis achieves physiological neuronal

synaptic pruning during development and adulthood (Bellesi et al., 2017;

Chung et al., 2013; Chung et al., 2016; Jung & Chung, 2018) and contrib-

utes to the remodeling of myelin and the clearance of cellular debris

under pathological conditions (Jung & Chung, 2018; Morizawa

et al., 2017; Nguyen et al., 2011; Ponath et al., 2017). Therefore, phago-

cytosis is essential for the homeostatic function of astrocytes and a

reduced phagocytic activity has been identified as an indicator of reac-

tive astrocytes that have lost their neuroprotective function (Liddelow

et al., 2017). However, excessive phagocytosis contributes to synaptic

loss in some pathologies and could result in secondary neuronal death

(Vilalta & Brown, 2018). Therefore, modulation of this process may serve

as a promising therapy for some brain disorders.

Systemic bacterial lipopolysaccharide (LPS) administration induces

expression of pro-inflammatory genes that have been shown to be det-

rimental for neuronal survival by activation of NF-κB (Villarreal

et al., 2021). In contrast, astrocytes can exert neuroprotective functions

by releasing a variety of trophic factors that promote CNS recovery

and repair such as insulin like growth factor (IGF)-1 (Chisholm &

Sohrabji, 2016). Intraperitoneal LPS injection increases IGF-1 and IGF-

1R levels in the mouse brain (Park et al., 2011). IGF-I, a neurotrophic

hormone, carries out a broad spectrum of biological activities, including

the regulation of immune events. Interactions between IGF-I and the

immune system are complex, bidirectional, and have not been fully

explained. Evidence suggests that IGF-I could modulate the inflamma-

tory response and the activity of systemic inflammation in males

(O'Connor et al., 2008; Witkowska-Sędek & Pyrżak, 2020) and a

cooperation between peripheral and central IGF-1 has been described

in a male mouse traumatic brain injury model. Nonetheless, only when

additional exogenous administration of IGF-1 was provided, the senso-

rimotor function was fully restored (Santi et al., 2018). However, it is

unknown if astrocyte phagocytosis is also regulated by IGF-1. Thus, in

the present study, using primary mouse astrocyte cultures from male

and female animals, we have assessed whether IGF-1 regulates astro-

cytic phagocytosis of neural debris.

The influence of sex on the functions of reactive astrocytes has

been little explored. Reactive astrocytes show molecular and morpho-

logical sex differences (Acaz-Fonseca et al., 2015; Chisholm &

Sohrabji, 2016; Chistyakov et al., 2018; Jaber et al., 2018; Morrison &

Filosa, 2016). In addition, previous work from our laboratory showed

that the phagocytosis of brain-derived cellular debris was stimulated

in male astrocytes but inhibited in females under an inflammatory

challenge (Crespo-Castrillo et al., 2020). Here our objective was to

evaluate the effect of IGF-1 on neuroinflammation and phagocytosis

of male and female astrocytes stimulated with LPS as well as to eluci-

date the signaling pathways that underlie these processes.

Toll-like receptors (TLRs) are a family of transmembrane proteins

of mammalian cells. They are widely expressed in CNS and play key

roles in the response of innate immunity cells to pathological stimuli

(Brown et al., 2011; Bsibsi et al., 2002). TLR4 activation results in the

induction of transcriptional factors such as nuclear factor-κB (NF-κB),

which triggers various pro-inflammatory genes for instance those

encoding cytokines, chemokines, proteins of the complement system,

cyclooxygenase-2, and inducible nitric oxide synthase (iNOS). We and

others have previously described that LPS induces the expression of

proinflammatory factors by activation of TLR4/NF-κB signaling path-

way in astrocytes (Cerciat et al., 2010; Tang et al., 2021) and IGF-I is

able to counteract the effect of LPS on cytokine release and on astro-

cyte morphology by blocking NF-κB signaling (Acaz-Fonseca

et al., 2019; Pons & Torres-Aleman, 2000). The main signaling path-

ways activated by the IGF-1R are Mitogen-activated protein kinase

(MAPK) specifically, ERK-1/2 and phosphatidylinositol 3-kinase

(PI3-K) pathways and has been described that PI3K activation blocks

NF-κB (Khasnavis et al., 2012). In vivo study revealed that IGF-1

improved cognitive function and anxiety behavior in male rats with

high-fat diet consumption and inhibited the inflammation and oxida-

tive stress in the hippocampus through the activation of the PI3K/

Akt/CREB signaling pathway (Wang et al., 2020).

Mammals express four class I PI3K catalytic isoforms (p110α, β, γ,

and δ) that catalyze the phosphorylation of Phosphatidylinositol (4,5)-

bisphosphate to generate Phosphatidylinositol (3,4,5)-trisphosphate.

The p110α, p110β, and p110δ proteins are expressed ubiquitously,

whereas expression of p110γ is restricted to immune cells (Pridham

et al., 2018). Despite their high homologies, p110 isoforms regulate

distinct physiological and pathological functions (Fruman et al., 2017)

but the roles of PI3K isoforms in neuroinflammation remain to be elu-

cidated. Therefore, to investigate the mechanism underlying the

actions of IGF-1 on reactive astrocytes, we decided to explore which

p110 isoform is involved in the expression of inflammation-related

genes and phagocytosis.
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2 | METHODS

2.1 | Animals

CD1 mice raised in our in-house colony at the Cajal Institute were

used for this study. Animals were housed under controlled

temperature (22 ± 2�C) and light (12-h light/dark cycle) conditions

and with food and water available ad libitum. All the procedures

applied to the animals used in this study followed the European Parlia-

ment and Council Directive (2010/63/EU) and the Spanish regulation

(R.D. 53/2013 and Ley 6/2013, 11th June) on the protection of ani-

mals for experimental use and were approved by our institutional

F IGURE 1 IGF-1 counteracts LPS induced
astrogliosis in males. (a) Treatments timetable. Control
group received vehicle injections during 7 days. LPS
group received vehicle except days 3 and 6 that
received LPS. LPS + IGF-1 group were injected with
IGF-1 the days that did not receive LPS treatment.
(b) Immunofluorescent staining with GFAP (a reactive
astrocyte marker) of the of male and female mouse
cortex. Representative figures were randomly captured
from N = 5 mice/group. (c) Integrated density
quantification reveals that astrogliosis induced by LPS
treatment is counteracted by IGF-1 treatment only in
males. (d) GFAP mRNA expression in the cortex of mice
receiving vehicle, LPS or LPS + IGF-1. Data are mean
± SEM; two-way ANOVA with Fisher's LSD (c) or
Tukey's multiple comparisons (d) test post hoc tests;
*p < .05; **p < .01 versus control groups and #p < .05
versus LPS treated groups
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animal use and care committee (Comité de �Etica de Experimentaci�on

Animal del Instituto Cajal) and by the Consejería del Medio Ambiente

y Territorio (Comunidad de Madrid, PROEX 134/17). For in vivo

experiments, 90 days old male and female mice were injected intra-

peritoneally (i.p.) with two doses of LPS (1 mg/kg; isotype O55-B5,

L2880, Sigma-Aldrich, Tres Cantos, Madrid) as shown previously

inducing neuroinflammation (Hasel et al., 2021; Leite et al., 2020;

Tapia-Gonzalez et al., 2008) and five doses of IGF-1 (1 mg/kg/day;

#100-11, PeproTech, USA) dissolved in 0.9% saline, following the pro-

tocol described in Figure 1a, which has been shown to cross the

blood–brain barrier and perform actions on the brain (Castro

et al., 2014; Reinhardt & Bondy, 1994; Santi et al., 2018). Control

mice received the same volume of 0.9% saline (i.p.). After that, five

animals per group were processed for histology and five animals per

group were sacrificed by decapitation and their brains were removed.

The cortices were rapidly dissected on a cold plate, stored at �80�C,

and then processed to study gene expression by quantitative

PCR (qPCR).

2.2 | Tissue fixation and immunohistochemistry

After treatments, animals were deeply anesthetized with pentobarbi-

tal (50 mg/kg body weight) and perfused through the left cardiac ven-

tricle, first with pre-warmed (37�C) 0.9% NaCl and then for 5 min

with 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4; 37�C).

Brains were post-fixed for 4 h at 4�C in the same fixative and washed

three times with 0.1 M phosphate buffer, pH 7.4 at room tempera-

ture. Coronal sections of the brain, 50 μm thick, were obtained using

a Vibratome (VT 1000S, Leica Microsystems, Wetzlar, Germany).

Immunohistochemistry was carried out in free-floating sections

under moderate shaking. All washes and incubations were done in

0.1 M phosphate buffer pH 7.4, containing 0.3% bovine serum albu-

min and 0.3% Triton X-100. After several washes in buffer, sections

were incubated overnight at 4�C with a rabbit antibody against glial

fibrillary acidic protein (GFAP; diluted 1:1000; DAKO, USA), a marker

of reactive astrocytes. Sections were then rinsed in buffer and incu-

bated for 2 h at room temperature with a goat anti-rabbit Alexa sec-

ondary antibody (diluted 1:1000; 488 nm). Glass coverslip were

mounted on slides with Vectashield antifade mounting medium with

DAPI (Vector Laboratories, Burlingame, CA, USA). Whole cortex

images were acquired with a Leica TCS-SP5 confocal system. Images

analyzed were observed in a Leica DMI6000 fluorescent microscope

equipped with a Leica DFC350 FX digital camera. From the cortex of

each animal, at least four independent photographs were taken in the

same cortex region of equivalent histological sections between ani-

mals. In each photo, a similar fluorescence detection threshold was

applied to all photographs to reduce background noise and keep the

signal corresponding to astrocytes. Later on, the entire area selected

by the threshold was used as ROI and an investigator that was

unaware of the identity of the experimental groups, measured the

integrated density (product of the intensity of the GFAP signal by the

area) to consider both the expression of GFAP (intensity signal) as well

as the size and spread of the astrocytes (area). Data were relativized

to the values of the male control group.

2.3 | Cortical astrocyte cultures

Astrocytes were cultured from male and female P0–P2 pups, sepa-

rately. Animals were sexed via measurement of anogenital distance,

the brain was extracted, meninges were removed and the cerebral

cortex was isolated under a dissecting microscope and then mechani-

cally dissociated and washed twice in Hank's balanced salt solution

(Sigma-Aldrich, Tres Cantos, Madrid). After complete dissociation 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 40-μm nylon

cell strainer (Corning Inc., Corning, NY). Cells were then centrifuged,

resuspended in the same medium, and plated onto poly-L-lysine-

coated 75-cm2 flasks at 37�C and 5% CO2. 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 oligodendrocyte and

microglia contamination. Astrocytes were incubated with 0.5% trypsin

(Sigma-Aldrich), centrifuged, 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 cells

reached confluence for the second time (~after 5 days), the subculture

process was repeated but astrocytes were plated onto poly-L-lysine-

coated plates (6, or 12 wells) at a density of 30,000 cells/cm2 or at a

density of 10,000 cells/cm2 on poly-L-lysine-coated glass coverslips,

using phenol red-free DMEM/F-12 with 10% FBS and 1% antibiotic–

antimycotic. Twenty-four hours after plating, astrocytes were treated

with vehicle, EGF (100 ng/ml, Sigma Aldrich) or LPS (1 μg/ml, O26:B6,

Sigma Aldrich) plus/or IGF-1 (100 nM, PeproTech) and three PI3K

inhibitors, AG66 (#A8354, APExBIO, USA), TGX-221 (#A2681,

APExBIO, USA) and CAL-101 (#A3005, APExBIO, USA), during 24 h.

The concentrations used for the test compounds were chosen on the

basis of previous studies (Bellini et al., 2011; Cerciat et al., 2010).

After the incubation with the test compounds, astrocytes were

processed for qRT-PCR, western blot, or phagocytosis experiments as

indicated below.

2.4 | Quantitative real-time polymerase chain
reaction (qRT-PCR)

Following experimental treatments, the cortices were homogenized in

TRIzol reagent (Invitrogen, Carlsbad, CA, USA), and RNA extracted. In

cell culture experiments, 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

0.75 μg RNA using M-MLV reverse transcriptase (Promega,

1156 PINTO-BENITO ET AL.
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Alcobendas, Madrid) according to the manufacturer's protocol. After

reverse transcription, cDNAs were amplified by real-time PCR in 10 μl

reaction volume using SYBR Green Master Mix (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 temperatures, 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 cDNA was

chosen in order to achieve the same amplification efficiency as that of

the housekeeping genes (18S rRNA, Rpl13A, and GLAST). Changes in

mRNA expression were calculated following the DCt method, using

the Best Keeper index (Pfaffl et al., 2004) as total mRNA load refer-

ence for each sample.

2.5 | Co-immunoprecipitation

Immunoprecipitation experiments were performed in confluent pri-

mary astrocyte cultures. Cells were stimulated with IGF-1 during

45 min in order to activate the IGF-1R and promote the formation of

IGF-1R/PI3K complex. After stimulation, the medium was removed

and cells were lysated with Lysis Buffer (150 mM NaCL; GIBCO,

10 mM Tris pH 7.5; GIBCO, 1 mM EDTA; GIBCO, 1 mM EGTA;

GIBCO, 1% Triton X-100; Sigma Aldrich, 0.5% NP-40; Roche, Prote-

ase Inhibitor Cocktail 0.01 mg/ml; Sigma Aldrich, 2 mM PMSF; Sigma

Aldrich in dH2O). Lysates were centrifuged at 14,000 rpm for 15 min

at 4�C. Supernatants were placed in clean tubes and were incubated

with 10 μl of anti-IGF-1-R primary antibody (Cell Signaling, #3027) or

normal rabbit IgG. Samples were mixed in a rocking platform over-

night at 4�C. Next day, 50 μl of protein A agarose (Invitrogen,

15918-014) were added to each tube and mixed in a rocking platform

at 4�C for 1 h. Then, samples were centrifuged at 14,000 rpm at 4�C

for 2 min. Supernatants were removed and the pellets were washed

3 times with lysis buffer diluted ½. Finally, the pellets were

resuspended in 50 μl of 2� Laemnli buffer. Samples were boiled for

3 min and spun at 14,000 rpm for 2 min. Supernatants were used for

western blots assay.

2.6 | Western blotting

After the experimental treatments, cells were lysed and solubilized in

200 μl of Laemmli loading buffer. Samples were boiled and sonicated

for 5 min. Solubilized proteins (20 μl) were resolved by 8% and 10%

SDS–PAGE and then electrophoretically transferred to 0.2 μm

Trans-Blot Turbo nitrocellulose membranes (BioRad, Alcobendas,

Madrid). The membranes were blocked at room temperature for

90 min in Tris-buffered saline containing 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 membranes were incubated with infrared dye-conjugated anti-

bodies (diluted 1:10,000; LI-COR Biosciences, Lincoln, NE). Specific

proteins were visualized by Odyssey Infrared Imaging System

(LI-COR Biosciences). The following primary antibodies were used:

anti-AKT (diluted 1:1000; SC-8312, Santa Cruz), anti-p-AKT (diluted

1:1000; #9271, Cell Signaling), anti-IGF-1R (diluted 1:1000; #3027,

Cell Signaling), anti-p110α (diluted 1:1000; C73F8, Cell Signaling),

anti-p110β (diluted 1:1000; C33D4, Cell Signaling), anti-p110δ

(diluted 1:1000; D1Q7R, Cell Signaling) and anti-α-tubulin (diluted

1:5000; #T5168, Sigma-Aldrich). Data were normalized to the

α-tubulin expression.

2.7 | Preparation of Cy3 conjugated brain-derived
cellular debris

Cellular debris was obtained from male and female mouse embryonic

day 17 hippocampi. The hippocampi were dissected out and dissoci-

ated to single cells after digestion for 15 min with 0.5% of trypsin

(Worthington Biochemicals, Freehold, NJ) and DNase I (Sigma-

Aldrich). Cells were then centrifuged at 280 g for 5 min and the pellet

was resuspended in 1 ml of Neurobasal culture medium (Invitrogen,

ThermoFisher Scientific). Cell suspension was sonicated at 20 kHz for

2 s and the cellular debris were labeled using Cy™3 (Mono-Reactive

Dye Pack; Amersham Biosciences, VWR, Radnor, PA) according to the

manufacturer's instructions. Cy3 conjugated cellular debris was stored

at 4�C until their use.

TABLE 1 Primer sequence for
quantitative PCR

Gene Forward (50–30) Reverse (50–30)

18S rRNA CGCCGCTAGAGGTGAAATTCT CATTCTTGGCAAATGCTTTCG

Rpl13A TCACCAGAAAGTTTGCTTACCTGGG TGCCTGTTTCCGTAACCTCAAG

GFAP GGTCCGCTTCCTGGAACA GCTCCGCCTGGTAGACATCA

GLAST CGCGGTGATAATGTGGTATGC GGCAAGCTGTCCCCCAAT

IL-1β CGACAAAATACCTGTGGCCT TTCTTTGGGTATTGCTTGGG

IL-6 GAAACCGCTATGAAGTTCCTCTCTG TGTTGGGAGTGGTATCCTCTGTGA

IL-10 CTGGCTCAGCACTGCTATGCT ACTGGGAAGTGGGTGCAGTT

iNOS CGTACCGGATGAGCTGTGAA GCCACCAACAATGGCAACA

IP-10 CAGTGAGAATGAGGGCCATAGG CGGATTCAGACATCTCTGCTCAT

TLR2 TGTCCGCAATCATAGTTTCTGATG AGCAGAGAAGTGAAGCCCCT

TLR4 GGCTCCTGGCTAGGACTCTGA TCTGATCCATGCATTGGTAGGT

PINTO-BENITO ET AL. 1157
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2.8 | Phagocytosis assays

The phagocytosis activity of primary astrocytes was assessed using

brain-derived cellular debris to mimic phagocytosis activated by neu-

ral cell signals. Thus, male and female astrocyte cultures were incu-

bated for 1 h at 37�C with mouse Cy3-conjugated brain-derived

cellular debris (10 μl/ml) obtained from male and female hippocampi,

respectively. As negative control group, astrocyte culture was placed

on ice and then the pre-cooled cell debris was added and incubated

on ice for 1 h. Next, astrocyte cultures were washed twice with

phosphate-buffered saline (PBS) and fixed for 20 min at room tem-

perature with 4% paraformaldehyde in PBS. After several washes

with PBS-gelatin and permeabilized with PBS-triton x-100, astrocyte

cultures were incubated with rabbit GFAP protein antibody (diluted

1:1000; DAKO, Agilent, Santa Clara, CA), followed by incubation

with a goat anti-rabbit Alexa488-conjugated secondary antibody

(1:1000; Jackson Immuno-Research Europe Ltd., Ely, Cambridge-

shire). After washing with PBS, glass coverslips were mounted on

slides with Vectashield antifade mounting medium containing DAPI

(Vector Laboratories, Burlingame, CA). Cell cultures were observed

in a Leica DMI6000 fluorescent microscope equipped with a Leica

DFC350 FX digital camera and with a Leica TCS SP5 direct confocal

microscope.

2.9 | Image analysis

Internalization of cellular debris within the cytoplasm of GFAP

immunoreactive cells was confirmed by assessing Cy3 dye-emitted

fluorescence, in Z-stack images that were visualized on a Leica TCS-

SP5 confocal system. Then, image analysis of the astrocyte cultures

was performed on microphotographs obtained on a Leica DMI6000

fluorescent microscope using a � 20 objective and a Leica DFC350

FX digital camera. All microphotographs for quantitative analysis

were taken with the same intensity and exposure. Fluorescence

intensity was assessed using the Fiji imaging-processing package

(ImageJ 1.52n, National Institutes of Health, USA). The amount of

cellular internalization of Cy3-conjugated cellular debris was quanti-

fied by measuring the intensity of Cy3 dye-emitted fluorescence in a

given GFAP immunoreactive area. Cell images were obtained from at

least four independent cultures for each experimental group. Ten

random images were obtained for each culture and experimental

condition and between 150 and 1000 cells were analyzed per exper-

imental group.

2.10 | Statistical analysis

Data shown in the figures are presented as the mean ± standard

error of the mean (SEM). The size of the experimental groups corre-

sponds to the number of animals or independent culture prepara-

tions, and it is indicated in each figure legend. However, in the

phagocytosis experiments, the data are presented as median

± ranges, since the values obtained in the phagocytosis assays did

not follow a normal distribution. The ranges included the highest and

lowest values of intensity and the n for statistical analysis was the

number of cells (n = 150–1000 cells per experimental group). Statis-

tical analyses were carried out using GraphPad Prism software ver-

sion 8.0 for Windows. Normality of the data was assessed with the

Kolmogorov–Smirnov test, to satisfy the assumption of normality for

the analysis of variance (ANOVA). Differences between two experi-

mental groups were analyzed by Student's t test. Interactions

between sex and treatment was determined using the two-way

ANOVA interaction model, with Tukey's post hoc multiple compari-

sons or Fisher's exact test to analyze differences between percent-

age of GFAP expression. Whenever normality was not achieved,

statistical significance was determined with nonparametric tests

(Kruskal–Wallis and post hoc pairwise comparisons with Dunn's

test). Differences between two experimental groups were analyzed

by Mann–Whitney U test. The statistical significance level was set at

p < .05 in all cases.

3 | RESULTS

3.1 | IGF-1 modulates, in a sex-dependent manner,
mouse cortex astrogliosis caused by systemic
application of LPS

It is widely known that the intraperitoneal administration of LPS is a

model of mild neuroinflammation and several studies showed anti-

inflammatory effects of IGF-1 acting on astrocytes and microglia in

this model, counteracting the expression of the inflammatory marker

glial fibrillary acidic protein (GFAP) (Labandeira-Garcia et al., 2017;

Park et al., 2011). To assess whether these effects are sexually dimor-

phic, GFAP expression was evaluated by fluorescence immunohisto-

chemistry and integrated density quantification in the cortex of male

and female mice treated with LPS and IGF-1 (Figure 1b).Two-way

ANOVA revealed an effect of treatment without interaction between

sex and treatment (F[2, 110] = 6.946; p = .0014) and Uncorrected

Fisher's LSD test showed that LPS provoked a significant increase of

GFAP in male and female cortex (p = .0034 and p = .0327, respec-

tively). However, IGF-1 treatment was able to decrease these levels in

males (p = .0272 vs. LPS treatment), with no significant effect over

females (Figure 1c). In agreement with the results from immunohisto-

chemistry, two-way ANOVA analysis of the GFAP mRNA expression

in the mouse cortex showed significant effects of sex (F

[1, 24] = 13.24; p = .0013) and treatment (F[2, 24] = 11.33;

p = .0003) without interaction. Tukey's test indicated that GFAP

mRNA expression was significantly increased in both sexes after

treatment with LPS (p = .0087 and p = .0161, respectively) and that

the LPS effect was impaired by IGF-1 in male and not in female ani-

mals (p = .3944 and .0018, respectively, vs. vehicle treated mice).

These sexual differences led us to evaluate the cellular and molecular
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changes produced in astrocytes in this experimental paradigm using

primary astrocyte cultures.

3.2 | Male and female astrocytes show different
inflammatory outcomes with LPS administration and
IGF-1 treatment

Previously we demonstrated that LPS induces a reactive inflammatory

phenotype in primary astrocytes (Acaz-Fonseca et al., 2019). To evalu-

ate if this astrocytic response is sexually dimorphic and also the effect

of IGF-1 treatment, primary astrocyte cultures from male and female

mice were treated for 24 h with LPS and the expression levels of dif-

ferent inflammation-related genes were measured using RT-qPCR. As

expected, LPS significantly increased mRNA levels of Toll-like recep-

tor (TLR) 2 and 4 in both males and females when compared with con-

trol group. These changes were accompanied by an increase in mRNA

expression of proinflammatory factors: inducible NO synthase (iNOS),

chemokine interferon-γ-inducible protein-10 (IP-10) (also named

CXCL10), and cytokines (IL-1β, IL-6, and IL-10) both in male and

female (Figure 2 and Table 2).IGF-1 did not produce any effect in con-

trol conditions but was able to counteract the effect of LPS on mRNA

levels of TLR4 but not of TLR2, iNOS, and IP10 in both sexes; two

way ANOVA analysis with Tukey's corrections indicated that IGF-1

counteracted the effect of LPS on cytokines mRNA expression in male

but not in female and showed an effect of sex and treatment without

interaction in the expression of iNOS, IL-6, and IL-10 (Figure 2 and

Table 2). In summary, these results indicate that male and female

astrocytes respond differently to an inflammatory stimulus and to the

treatment with IGF-1.

3.3 | Phagocytosis of reactive astrocytes is
modulated by IGF-1 only in male astrocytes

We previously reported that LPS significantly stimulated neural debris

phagocytosis in male astrocytes while exerted a reduction in females

(Crespo-Castrillo et al., 2020). Since our present results indicated that

IGF-1 counteracts certain aspects of the astrocyte inflammatory

response to LPS in males, we assessed whether IGF-1 was also able to

modulate the changes induced by LPS on astrocyte phagocytosis.

Astrocytes were treated with LPS and/or IGF-1 for 24 h. In resting

conditions phagocytosis of female astrocytes was greater than that of

male (Mann Whitney test, p = .0064). As we previously showed,

Kruskal-Wallis followed by Dunn's multiple comparisons test indicated

that LPS treatment significantly stimulated Cy3 labeling in male astro-

cytes, compared to basal conditions (p = .0359) while exerted a signif-

icant inhibitory effect on Cy3 labeling of female astrocytes (p < .0001)

(Figure 3). IGF-1 treatment did not produce any effect on astrocyte

phagocytosis of both sexes; however, IGF-1 was able to counteract

the effect of LPS on phagocytosis in male astrocytes (p < .0001) but

not in females (p = .8101) (Figure 3). These results indicate that IGF-1

affects LPS-stimulated astrocyte phagocytosis in male and female

mice in a different way.

F IGURE 2 Effect of IGF-1 on the LPS-induced inflammatory response in primary astrocytes from male and female mouse cortex. Astrocyte
cultures were incubated for 24 h with 1 μg/ml LPS and/or 100 nM IGF-1. The mRNA levels of TLR4, TLR2, iNOS, IP-10, IL-1β, IL-6, and IL-10
were measured on cell lysates by qRT-PCR. The graphs show mRNA levels in cultures treated with vehicles (control), LPS, or LPS plus IGF-1. Data
represent the mean ± SEM. *p < .05; **p < .01; ***p < .001 effect of treatment in male and female astrocytes versus control groups and
###p < .001 versus LPS treated groups, measured by 2-way ANOVA followed by Tukey's multiple comparisons post hoc test. $p < .05; $$p < .01
sex differences
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3.4 | IGF-1 is able to stimulate astrocytic AKT
phosphorylation in a sex-specific manner

Next, we sought to determine the molecular mechanism by which IGF-1

regulates neuroinflammation and phagocytosis in astrocytes. Previous

studies have shown that IGF-1 activates PI3K signaling in the nervous

system through the IGF-1 receptor (IGF-1R) by interacting with estro-

gen receptors ERalpha (Garcia-Segura et al., 2010; Mendez et al., 2003)

and GPER (Yuan et al., 2021). These findings indicate a possible sex-

dimorphism in IGF-1 actions that have not been explored. Therefore,

we analyzed: i) the activity of PI3K in primary astrocytes of both sexes

treated with LPS and IGF-1 by measuring the level of phosphorylation

of AKT (p-AKT) and ii) which catalytic isoform of PI3K is involved in the

activation of the PI3K / AKT pathway by IGF-1 in astrocytes.

Surprisingly, the basal levels of p-AKT were higher in female

astrocytes compared to the male (unpaired t test, p = .0145)

F IGURE 3 IGF-1 modulates phagocytosis of reactive male astrocytes. (a) Representative images of male and female astrocyte cultures
treated for 24 h with vehicle, LPS and IGF-1and then incubated for 1 h with Cy3 conjugated brain-derived cellular debris (red). Cells were
immunostained for GFAP (green) and cell nuclei were stained with DAPI. (b) Cy3 fluorescence intensity per cell in male and female astrocytes.
Data are presented as median ± ranges. Significant differences *p < .05; ***p < .001, effect of treatment versus the control group of the same sex
and ###p < .001 versus LPS treated groups, measured by the Kruskal-Wallis test, followed by Dunn's multiple comparisons post hoc test, $$
$p < .001 basal sex differences measured by Mann–Whitney U test. N = 4–8 independent cultures
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(Figure 4a). When pAKT level was evaluated in astrocytes treated with

LPS and/or IGF-1, two-way ANOVA followed by Tukey's multiple

comparisons test, showed an effect of treatment (F[3, 36] = 20.32;

p < .0001) with interaction between sex an treatment (F

[3, 36] = 6.302; p = .0015). Treatment with LPS had no significant

effect on the level of p-AKT neither in males or females. However,

IGF-1 was able to increase p-AKT in male astrocytes both in resting

and inflammatory conditions (p = .0002 and p < .0001, respectively).

However, in female astrocytes IGF-1 did not have any significant

effect neither under resting nor inflammatory conditions (Figure 4a).

Since PI3K and AKT are expressed both in males and females, we

treated astrocytes with another neurotrophic factor to check the

capability to enhance AKT phosphorylation in females. Figure 4b

shows that EGF, unlike IGF-1, induces a significant increase of pAKT

in males (unpaired t test, p = .0038) and also in females (p = .0158). It

has been described that activation of IGF-1R provokes the formation

of a multimolecular complex made up of ERs, IGF-1R and components

of the IGF-1R signaling pathway, such as insulin receptor substrate

1 (IRS1), PI3K (constituted by p85 and p110 subunits), and AKT

(Arevalo et al., 2015). Taking advantage of PI3K inhibitors, AG66,

TGX-221, and CAL-101, with selectivity toward p110 catalytic

isoforms p110α, p110β, and p110δ respectively, we assessed if sex

differences observed with IGF-1 treatment were due to different

PI3K catalytic isoforms involved. The actions of the inhibitors on the

pAKT/AKT ratio in astrocytes treated with LPS + IGF-1 were ana-

lyzed by two-way ANOVA followed by Tukey's multiple comparisons

test, showing a treatment effect (F[3, 33] = 6.252; p = .0018) with

interaction between sex and treatment (F[3, 33] = 3518; p = .0257).

The three inhibitors tested were able to significantly reduce pAKT

level compared with LPS + IGF group in male astrocytes (p = .0008

for AG66; p = .0094 for TGX-221; p = .0005 for CAL-101). However,

no effect was observed in the case of female astrocytes with any of

the inhibitors tested. This suggests that all isoforms of p110 are

involved in the increased IGF-1-induced phosphorylation of AKT in

males.

As results showed sex variability in PI3K-AKT pathway, we next

wanted to evaluate if functional differences observed with IGF-1

treatment were due to different PI3K catalytic isoforms implicated.

F IGURE 4 Sex differences in AKT phosphorylation in astrocytes. Primary cultures of male and female astrocytes were treated for 24 h. with
vehicle, LPS and/or IGF-1 (a), EGF (b) and three PI3K isoform-specific inhibitors, AG66, TGX-221E, and CAL-101 (c) and the level of AKT
phosphorylation was evaluated by western blot using α-tubulin as a loading control. Graphs represent quantitative analysis of pAKT/AKT
expressed as mean ± SEM. Significant differences ***p < .001, effect of treatment versus control groups, ###p < .001 versus LPS treated groups
and $$p < .01; $$$p < .001 versus LPS + IGF-1, measured by 2-way ANOVA followed by Tukey's multiple comparisons post hoc test in (a) and
(c) and by unpaired two-tailed t test in (c). N = 4–5 independent cultures
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F IGURE 5 The three catalytic subunits of PI3K immunoprecipitate with IGF-1R in male and females but have different expression levels
between sexes. Primary astrocyte cultures were stimulated with IGF-1 during 45 min in order to activate the IGF-1R and promote the formation
of IGF-1R/PI3K complex. Cell lysates were immunoprecipitated with IGF-1-R antibody or normal rabbit IgG and then immunoblotted with the
indicated antibodies. N = 5–9 independent cultures. (a) Representative image showing lane 1—IGF-1R co-IP positive control, lanes 3, 5 y 7—
p110α, β, and δ co-elutes with IGF-1R. WCE, whole-cell extract, IGF-1R-IP, IGF-1R co-immunoprecipitation. (b) Quantitative analysis of the
p110α, β, and δ and IGF-1R expression levels evaluated in the whole-cell extract of male and female astrocytes. Data are presented as means
± SEM, **p < .01 indicates basal sex differences measured by unpaired two-tailed t test

F IGURE 6 Effect of selective inhibitors of PI3K isoforms on IGF-1 modulation of male astrocytic inflammatory response. PI3K pathway was
blocked with isoform-selective PI3K inhibitors in astrocytes treated with LPS + IGF-1. Graphs show the expression of IL-1β, IL-6, and IL-10 mRNA
quantified by q-RTPCR. Note that only the p110α inhibitor AG66 significantly suppressed the IGF-1 effect on the IL-6 and IL-10 mRNA expression in
male astrocytes, whereas TGX-221 and CAL-101 had no effect, suggesting that p110α subunit drives IGF-1 modulation of astrocytic inflammatory
response. Data are presented as means ± SEM. Significant differences **p < .01, effect of inhibitors versus LPS and #p < .05, ##p < .01 versus LPS
+ IGF-1 treated groups, measured by ordinary one-way ANOVA followed by Tukey's multiple comparisons post hoc test. N = 6 independent cultures

TABLE 3 Effect of selective inhibitors of PI3K isoforms on IGF-1 modulation of inflammatory gene expression in reactive male astrocytes

Gene
One-way ANOVA

Gene fold changes

Treatment LPS LPS + IGF1 LPS + IGF1 + AG66 LPS + IGF1 + TGX-221 LPS + IGF1 + CAL-101

IL-1β F(4, 30) = 7.32 p = .0003 1.00 ± 0.08 0.44 ± 0.09 0.93 ± 0.12 0.58 ± 0.08 0.50 ± 0.10

IL-6 F(4, 25) = 4.81 p = .0051 1.05 ± 0.04 0.63 ± 0.06 0.99 ± 0.09 0.78 ± 0.09 0.70 ± 0.09

IL-10 F(4, 29) = 5.76 p = .0015 1.00 ± 0.19 0.25 ± 0.05 0.56 ± 0.15 0.32 ± 0.11 0.26 ± 0.07

Note: Table shows how treatments affects gene expression in male astrocytes. The average of the astrocytes treated with LPS group was considered the

control mean value. Each individual sample's fold change was compared to the control mean. Fold changes are presented in table as mean values of all

samples in each group ± SEM. Statistical significance analysis was assessed by using one-way ANOVA, followed by Tukey's multiple comparisons post hoc

test. A value of p < .05 was considered significant, In bold: statistically significant.
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3.5 | Catalytic subunits of PI3K have different
expression levels between sexes

Since the use of selective inhibitors revealed different outcomes in

both sexes, we wanted to get further insight into the role of PI3K/

p110 isoforms in the IGF-1 signaling pathway. For this, we evaluated

if p110 isoforms immunoprecipitated with IGF-1R. Data shown in

Figure 5a demonstrates that in both sexes, all isoforms interact physi-

cally with IGF-1R. Nevertheless, we noticed that the expression of

p110α, β, and δ is higher in male astrocytes than in females, although

the difference is significant only for p110α (p = .0078). In contrast,

the expression of IGF-1R is similar in males and females (Figure 5b).

F IGURE 7 Effect of selective inhibitors of PI3K isoforms on IGF-1 modulation of the male astrocytic phagocytosis. PI3K pathway was
blocked with isoform-selective PI3K inhibitors in astrocytes treated with LPS + IGF-1. (a) Representative images of male astrocyte cultures
incubated for 1 h with Cy3 conjugated brain-derived cellular debris (red) and immunostained for GFAP (green). Cell nuclei were stained with
DAPI. (b) Graph shows Cy3 fluorescence intensity per cell. Only the p110α inhibitor AG66 significantly suppressed the IGF-1 effect on the
astrocyte phagocytosis, whereas TGX-221 and CAL-101 had no effect, suggesting that p110α subunit drives IGF-1 modulation of astrocytic
phagocytosis. Data are presented as median ± ranges. Significant differences **p < .01, effect of inhibitors versus LPS and #p < .05 versus LPS
+ IGF-1 treated groups, measured by Kruskal-Wallis test followed by Dunn's multiple comparisons post hoc test. N = 4 independent cultures
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Together, these results suggest that sex-differences observed in the

phosphorylation of AKT promoted by IGF-1, could be due to a lower

expression of the catalytic subunits of PI3K in females, espe-

cially p110α.

3.6 | IGF-1 modulates astrocytic inflammatory
response through PI3K catalytic subunit p110α

Based on the above results, we wondered if PI3K is involved in the

regulation of inflammation exerted by IGF-1 in primary astrocytes. To

test this, we blocked the PI3K pathway with isoform-selective PI3K

inhibitors in male astrocytes treated with LPS + IGF-1. Then, we ana-

lyzed the expression of IL-1β, IL-6, and IL-10 mRNA by q-RTPCR.

Figure 6 shows that only p110α inhibitor AG66 significantly

suppressed the IGF-1 effect on the IL-1β, IL-6, and IL-10 mRNA

expression in males, whereas TGX-221 and CAL-101 had no effect

(Figure 6 and Table 3). These results suggest that p110α subunit

drives IGF-1 modulation of male astrocytic inflammation.

3.7 | IGF-1 effect in male astrocytic phagocytosis
is also regulated by p110α

Next, we assessed whether the PI3K pathway is also involved in the

actions of IGF-1 on the phagocytic ability of male astrocytes stimu-

lated with LPS. Figure 7 show that only the p110α inhibitor AG66,

was able to block the IGF-1 effect on debris engulfment by reactive

astrocytes (Kruskal-Wallis followed by Dunn's multiple comparisons

test, p = .01149). On the contrary, TGX-221 and CAL-101 had no

effect in phagocytosis. Results here indicate that p110α subunit also

regulates changes induced by IGF-1 in reactive male astrocyte

phagocytosis.

4 | DISCUSSION

The present study analyzes the effects of exogenous IGF-1 on neu-

roinflammation and phagocytosis of reactive astrocytes. Using male

and female mice we have found that systemic administration of LPS

produces an increase of GFAP expression in cortical astrocytes, which

agrees with previous studies (W. Li et al., 2021). In addition, co-

treatment with IGF-1 returns GFAP expression to basal levels in males

without any effect in female. These results prompted us to explore

the molecular and cellular processes that lead to such sex differences.

To do that we used astrocyte primary cultures derived from the cere-

bral cortices of neonatal male and female mice that were treated with

LPS and IGF-1. In this model our results showed that LPS significantly

upregulated astrocyte mRNA expression of TLR2/4, iNOS, IP-10, IL-

1β, IL-6, and IL-10, in both sexes. These findings agree with published

data in unsexed astrocytes showing that LPS activates astrocytes

through TLR2 and TLR4, promoting classical immune functions in

astrocytes such as the increase of pro-inflammatory cytokines and

chemokines expression (Rodgers et al., 2020). It is noteworthy that

the response of female astrocytes to LPS is significantly greater than

that of male ones with respect to iNOS, IL-6, and IL-10 expression,

being the TLR4 expression similar in both sexes. It has been previously

shown by us and others that the NF-κB pathway mediates astrocytic

pro-inflammatory response to LPS (Bellini et al., 2011; Cerciat

et al., 2010). To prevent excessive X-chromosome responses in

women, one of the two X-chromosomes is inactivated. However, 15%

of the X genes escape inactivation, and their copy number is higher in

women than in men (Mousavi et al., 2020). Several protein members

of the toll-like receptor (TLR) signaling cascade, including members of

NF-κB signaling pathway, are encoded on the X chromosome on the

XCI escaping sites (Y. Li et al., 2020). Consequently, in females the

two sets of X-linked parental genes, with different regulatory and acti-

vation capacity could represent a more balanced female immune

response to infectious agents through the involvement of X-linked

genes. Since a controlled innate immune response is beneficial to

resolve inflammation, this could account for a better prognosis for

women against infectious diseases (Gay et al., 2021).

Treatment of primary astrocytes with IGF-1 reversed the effect

of LPS on TLR4 mRNA levels in both sexes, in agreement with a previ-

ous work made in unsexed astrocyte cultures (Bellini et al., 2011)

which showed that IGF-I reduces the effects of LPS on astrocytes by

decreasing the expression of TLR4 and consequent deactivation of

NF-κB that mediated transcription of proinflammatory cytokines.

However, in the present study we found that IGF-1 blocked the effect

of LPS on IL-1β, IL-6, and IL-10 expression only in male astrocytes.

Neuroprotective and anti-inflammatory effects of IGF-1 have been

described using unsexed cultures (Acaz-Fonseca et al., 2019; Bellini

et al., 2011) or male animals exclusively (Madathil et al., 2013;

Montivero et al., 2021). The novelty of our data is that we reveal that

IGF-1 do not show anti-inflammatory effects in females. These find-

ings could clarify the controversial results obtained when evaluating

the effects of IGF-1 on neuroinflammation regardless of sex

(Fernandez & Torres-Alemán, 2012; Labandeira-Garcia et al., 2017).

We may hypothesize that IGF-1 is not able to counteract the LPS

inflammatory effect in females due to higher expression of NF-κB sig-

naling X-linked genes. Nevertheless, further studies using the four-

core genotype transgenic model (Cabrera Zapata et al., 2021) are

required to establish direct causative mechanisms.

Under injury or infection, brain astrocytes are activated not only

to express neurotrophic and proinflammatory factors but also to

remove denatured proteins and cell debris to facilitate tissue repair. In

this study, we set out to analyze the influence of sex on the actions of

IGF-1 in astrocytic phagocytosis. Our results indicate that, under basal

conditions, astrocytes from primary female cultures have higher

phagocytic activity than male ones, in agreement with what has been

published for microglia and peripheral immune cells (Gassen

et al., 2021; N. Yanguas-Casás et al., 2020; Natalia Yanguas-Casás

et al., 2018). As we have previously shown, phagocytosis of brain-

derived cellular debris was stimulated by LPS treatment in cultured

male astrocytes but inhibited in female cells (Crespo-Castrillo

et al., 2020). Our present results also reveal that IGF-1 counteracts
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the effect of LPS on neural debris phagocytosis only in male LPS-

stimulated astrocytes, which may be due to sex-differences in IGF-1

signaling.

One of the most relevant results of this study is the observed

basal sexual difference in AKT-phosphorylation in astrocytes. Neither

male nor female astrocytes showed an LPS effect on p-AKT levels.

However, IGF-1 was able to increase p-AKT both in resting and

inflammatory conditions, only in male astrocytes. In addition, blocking

the pathway by using three PI3K inhibitors with selectivity toward

p110 catalytic isoforms, p110α, p110β, and p110δ, results in a signifi-

cant decrease in the levels of phosphorylation of AKT with respect to

the group treated with LPS plus IGF-1, only in males. These results

show for the first time that while PI3K activity is higher in female

astrocytes, its activation by IGF-1 is greater in male than in female

and this action is specific for IGF-1 since EGF, a known stimulator of

AKT phosphorylation through PI3K activation, induced an increase in

pAKT in both sexes. IGF-1R levels were similar in both sexes and the

receptor co-immunoprecipitated with the three p110 isoforms, indi-

cating that all of them participate in the phosphorylation of AKT,

which is consistent with other studies in various cell types (Chaussade

et al., 2007; Wahane et al., 2014). There are no data in the literature

showing sex differences in the expression and roles of individual p110

isoforms in astrocytes. Here we show that the expression levels of

the three p110 isoforms were higher in male astrocytes, although the

difference was statistically significant only for p110α. These differ-

ences could explain at least in part the different actions of IGF-1 on

the AKT phosphorylation in male and female astrocytes. Furthermore,

AKT phosphorylation is also regulated by the actions of phosphatases

such as the phosphatase and tensin homolog deleted on chromosome

10 (PTEN), that dephosphorylates phosphatidylinositol 3,4,5-

triphosphate (PIP3) and thereby inhibits the PI3K/AKT kinase path-

way (Arevalo & Rodríguez-Tébar, 2006) and a study indicated that

overexpression of PTEN in astrocytes promotes inflammatory

responses (Guan et al., 2021). Other work showed that PTEN expres-

sion and activity are reduced in women muscle compared with men

(Samaan et al., 2015). It is not known whether astrocytic PTEN

expression is also sex-specific but we could speculate that higher level

of AKT phosphorylation and in turn higher phagocytosis and inflam-

matory response observed in female astrocyte may be due to a differ-

ent PTEN activity. In addition, it has been reported a homeostatic

regulation of PTEN by PI3K in astrocytes modulated by IGF-1

(Fernández et al., 2008). The higher basal astrocytic AKT phosphoryla-

tion observed in females suggests an intrinsic regulation that causes

their insensitivity to exogenous IGF-1. Additional studies are neces-

sary to validate this hypothesis. So far, few data provide information

on PI3K-p110-subtype-specific functions in the CNS and there are no

publications on functions of PI3K- p110α in neuroinflammation. In

this study we report that only p110α subunit is involved in the actions

of IGF-1 on inflammatory response and phagocytic activity of reactive

male astrocytes. Data obtained support this hypothesis, since there is

no IGF-1 effect on female astrocytic inflammation and phagocytosis.

Therefore, the lack of effects of IGF-1 on female astrocytic phagocy-

tosis may be explained by the lower expression p110α.

It is noteworthy that despite all three p110 isoforms are

involved in the IGF-1-mediated AKT phosphorylation, only p110α is

implicated in the anti-inflammatory and phagocytic actions of IGF-1,

as IGF-1 is still able to prevent LPS-induced inflammation and

phagocytosis in astrocytes even under conditions of AKT-

phosphorylation blockade by p110β and p110δ inhibitors. Some evi-

dence suggests that IGF-I is capable of preventing H2O2-induced

apoptosis in myoblasts, through an AKT- and MEK-independent, but

p110α-dependent mechanism (Matheny Jr. & Adamo, 2010). Consid-

ering that there are other kinases also regulated by p110α in

response to IGF-I, it is possible that one or more may contribute to

the effects observed here.

Overall, we showed that IGF-1 plays a sex-specific role in modu-

lating neuroinflammation triggered by LPS, decreasing phagocytosis

and the release of proinflammatory factors in reactive male astro-

cytes. We previously established that the effect of LPS on phagocyto-

sis is different in male and female cells. The current work extends this

to show that IGF-1 decreases phagocytosis only in males, likely to

reduce the exacerbated response. The observed effects of IGF-1 were

mediated by activation of PI3K signaling pathway. Sex-differences

observed in the actions of IGF-1 on AKT-phosphorylation, inflamma-

tion and phagocytosis of astrocytes populations are suggestive of dif-

ferences in p110 isoforms expression and provide an interesting

opportunity for further research.
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