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Abstract

Astrocytes play essential roles in the central nervous system (CNS), such as the regulation of glutamate metabolism, antioxi-
dant defenses, and inflammatory/immune responses. Moreover, hypothalamic astrocytes seem to be crucial in the modulation
of inflammatory processes, including those related to type I interferon signaling. In this regard, the polyphenol resveratrol has
emerged as an important glioprotective molecule to regulate astrocyte functions. Therefore, this study aimed to investigate
the immunomodulatory and protective effects of resveratrol in hypothalamic astrocyte cultures obtained from mouse depleted
of type I interferon receptors (INF-o/p~'7), a condition that can impair immune and inflammatory functions. Resveratrol
upregulated glutamate transporter and glutamine synthetase gene expression, as well as modulated the release of wide range
of cytokines and genes involved in the control of inflammatory response, besides the expression of adenosine receptors,
which display immunomodulatory functions. Resveratrol also increased genes associated with redox balance, mitochondrial
processes, and trophic factors signaling. The putative genes associated with glioprotective effects of resveratrol, including
nuclear factor erythroid derived 2 like 2 (Nrf2), heme oxygenase 1 (HO-1), sirtuin 1 (SIRT1), and phosphoinositide 3-kinase
(PI3K)/Akt, were further upregulated by resveratrol. Thus, our data show that resveratrol was able to modulate key genes
associated with glial functionality and inflammatory response in astrocyte cultures derived from IFNa/BR ™'~ mice. These
data are in agreement with previous results, reinforcing its glioprotective effects even in hypothalamic astrocytes with altered
inflammatory and immune signaling. Finally, this polyphenol can prepare astrocytes to better respond to injuries, including
those associated with neuroimmunology defects.
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Astrocytes play essential roles for central nervous sys-
tem (CNS) homeostasis. They participate in the clearance
and metabolism of neurotransmitters, synthesize antioxi-
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addition to regulate physiological processes (Gonzalez-
Navajas et al. 2012). Particularly in astrocytes, type I IFN
reduces inflammation (Rothhammer ef al. 2016) and the
lack of type I IFN signaling can be also related to the pro-
gression of several diseases (Axtell and Steinman 2008;
Gonzalez-Navajas et al. 2012).

Neuroprotective/glioprotective capacity of astrocytes may
decrease with changes in inflammatory responses (Quin-
cozes-Santos et al. 2021; Bobermin et al. 2022), and these
cells have emerged as potential therapeutic targets. In line
with this, resveratrol, a polyphenolic compound, has been
investigated for improving astroglial functions, particularly
by the modulation of antioxidant and anti-inflammatory
activities (Quincozes-Santos and Gottfried 2011; Quincozes-
Santos et al. 2021). Resveratrol is able to modulate several
signaling pathways, including nuclear factor erythroid-
derived 2-like 2 (Nrf2) and nuclear factor kappa B (NFxB),
which are master regulators of inflammatory process in the
brain (Quincozes-Santos et al. 2013; Aguilera et al. 2018;
Ma et al. 2020; Bhandari et al. 2021; Garrigue et al. 2021;
Bobermin ef al. 2017, 2022). In this sense, the modulation
of inflammatory response by resveratrol has shown to be a
critical component in the neuroprotective process elicited by
this molecule (Simio et al. 2012; Cai et al. 2018; Miguel et
al. 2021). However, the effects of resveratrol under lack of
type I IFN signaling in astrocytes have not been investigated.

In recent decades, hypothalamic astrocytes have gained
an enormous interest as a potential target for neurothera-
pies, particularly due to their role in inflammatory process
(Sadagurski et al. 2017). In this context, the hypothalamus
can integrate peripheral signals and participate in genera-
tion and maintenance of chronic inflammation (Burfeind
et al. 2016; Firber et al. 2022). In addition, hypothalamus
responds to external stressors and undergoes dynamic adap-
tations (Rosin and Kurrasch 2019), including in neuroin-
flammatory pathologies. This crucial brain region can also
respond to a heterogeneity of immunomodulators, such as
IFN, which may alter brain activity to exert feedback on
the immune system (Hori et al. 1998). Of note, lack of type
I IFN signaling maintains or even exacerbates the expres-
sion of pro-inflammatory cytokines such as tumor necrosis
factor-a (TNF-a) and interleukin-1p (IL-1p) in the hypo-
thalamus (Murray et al. 2015).

Therefore, considering the roles of hypothalamic astro-
cytes in inflammatory and immune responses, including
those related to type I IFN signaling, this study aimed to
investigate the glioprotective and anti-inflammatory effects
of resveratrol in hypothalamic astrocyte cultures obtained
from mice depleted of INF-o/f receptors (IFNa/fR ™'~ mice).
We focused on the expression of genes associated with astro-
cyte functions and inflammatory response. Our findings
may contribute for understanding the effects of resveratrol
in astrocytes under different immune conditions and might

provide insights on therapeutic control of hypothalamic
inflammation.

Materials and methods

Reagents Dulbecco’s modified Eagle’s medium/F12
(DMEM/F12), Hank’s balanced salt solution (HBSS),
fetal bovine serum (FBS), amphotericin B, gentamicin,
TRIzol reagent, ELISA kits for tumor necrosis factor- o
(TNF-a), interleukin-1p (IL-1f), interleukin-6 (IL-6),
interleukin-10 (IL-10), monocyte chemoattractant pro-
tein-1 (MCP-1/CCL2), and anti-rabbit Alexa Fluor 488
were purchased from Gibco/Invitrogen (Carlsbad, CA).
High Capacity cDNA Reverse Transcription kit, Tagman
Universal PCR Master Mix and TagMan Assays were
purchased from Applied Biosystems (Waltham, MA).
Resveratrol, anti-glial fibrillary acidic protein (GFAP),
methylthiazolyldiphenyl-tetrazolium bromide (MTT)
and ELISA kit for nerve growth factor (NGF) were from
Sigma-Aldrich (St. Louis, MO). Glial cell-derived neu-
rotrophic factor (GDNF) ELISA kit was obtained from
Abcam (Cambridge, United Kingdom) and brain-derived
neurotrophic factor (BDNF) from R&D Systems (Min-
neapolis, MN). All other chemicals were purchased from
common commercial suppliers.

Animals Neonate IFNa/BR ™~ mice (A129/SV-ABR, 3 days
old, total of 18 animals) and wild type mice (A129/SV-WT,
3 days old, 6 animals) were obtained from the Institute of
Cardiology of Rio Grande do Sul (Porto Alegre, Brazil). The
animals were maintained in a constant 12 h light/dark cycle,
at a temperature of 24 +2 °C, and 50 — 60% relative humid-
ity, with ad libitum access to drinking water and standard
food pellets. All animal experiments were performed by fol-
lowing the National Institutes of Health (NIH) Guide for the
Care and Use of Laboratory Animals and were approved
by the Animal Care and Use Committee of the Instituto de
Cardiologia/Fundacao Universitiria de Cardiologia (process
number IC/FUC-UP 5918/21).

Primary hypothalamic astrocyte cultures preparation and
maintenance Hypothalamic astrocyte cultures were per-
formed based on our previous publication (Santos et al.
2018). The hypothalamus was aseptically dissected, and
the meninges removed. The tissue was placed in Hank’s
balanced salt solution (HBSS) and then mechanically dis-
sociated for 7 min using a Pasteur pipette and centrifuged
at 100 x g for 5 min. The cells were then resuspended in
DMEM/F12 (supplemented with 10% fetal bovine serum
(FBS), 15 mM HEPES, 14.3 mM NaHCO;, 2.5 pg/mL
amphotericin B, and 0.05 mg/mL gentamicin) and seeded
at a density of approximately 2—4 x 10° cells/cm? in 6- or
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Table 1. Genes analyzed by Quantitative RT-PCR (qQRT-PCR)

mRNA target

Assay ID

Adenosine receptor A;

Adenosine receptor A,,

Adenosine receptor A,y

Adenosine receptor A,

Akt

Aquaporin 4 (AQP4)

B-actin

Brain-derived neurotrophic factor (BDNF)
Citrate synthase (CS)

Cyclooxygenase-2 (COX-2)

Glial cell-derived neurotrophic factor (GDNF)
Glial fibrillary acidic protein (GFAP)
Glutamate aspartate transporter (GLAST)
Glutamate-cysteine ligase (GCL)

Glutamate transporter 1 (GLT-1)

Glutamine synthetase (GS)

Inducible nitric oxide synthase (iNOS)

IL1 receptor type I (IL1R1)

Interleukin-1f (IL-1p)

Interleukin-6 (IL-6)

Interleukin-10 (IL-10)

Mitofusin 1

Nerve growth factor (NGF)

Nuclear factor erythroid 2-related factor 2 (Nrf2)
Nuclear factor kappa B p65 subunit (NFkB p65)
Heme oxygenase-1 (HO-1)

p21

Peroxisome proliferator-activated receptor-gamma
coactivator (PGC-1a)

Phosphoinositide 3-kinase (PI3K)

Poly (ADP-ribose) polymerase 1 (PARP1)
Sirtuin 1 (SIRT1)

Superoxide dismutase 1 (SOD1)
Superoxide dismutase 2 (SOD2)

Toll-like receptor 2 (TLR2)

Toll-like receptor 4 (TLR4)

TNF receptor 1 (TNFR1)

Tumor necrosis factor-a (TNF-o)

Vascular endothelial growth factor (VEGF)

Vimentin

MmO01308023_ml1
Mm00802075_ml1
Mm00839292_m1
Mm07296455_m1
MmO01331626_m1
MmO00802131_m1
Mm02619580_g1

Mm04230607_s1

Mm00466043_m1
MmO00478374_m1
MmO00599849_m1
Mm01253033_m1
MmO00600697_m1
Mm00802658_m1
Mm01275814_ml
Mm00725701_s1

Mm00440502_m1
MmO00434237_m1
Mm00434228_m1
Mm00446190_m1
MmO01288386_m1
Mm00612599_ml1
Mm00443039_m1
MmO00477784_m1
MmO00501346_m1
MmO00516005_m1
Mm04205640_g1

Mm01208835_ml

MmO00435673_m1
MmO01321084_m1
Mm01168521_ml
Mm01344233_gl

Mm01313000_m1
MmO01213946_g1

MmO00445273_ml1
Mm00441883_gl

MmO00443258_m1
Mm00437306_m1
Mm01333430_ml

24-well plates pre-coated with poly-L-lysine. The cells
were cultured at 37 °C in a 5% CO, incubator. After 24 h,
the culture medium was exchanged; the medium supple-
mented with 10% FBS was replaced once every 2 d until
they reached confluence (approximately 14 d).

Resveratrol treatment Treatment of hypothalamic astrocytes
with resveratrol was performed for 7 d, which represent a
half of the total culture period (a long-term treatment). After
the first week of culture, resveratrol was added to the culture
medium (DMEM/F12 10% FBS) at 1 uM. We chose the
safely applicable concentration of 1 uM of resveratrol, since
it may be more compatible with those obtained in vivo and it
is in a range of concentrations that have been used in long-
term in vitro studies (Giovannelli et al. 2011; Menicacci et
al. 2017, 2019; Bomfim et al. 2020). The culture medium
was replaced once every two days until the cells reached
confluence, at approximately 14 d, when the analyses were
carried out. Resveratrol was diluted in 0.005% ethanol. It is
important to mention that cells exposed to ethanol were not
different from those obtained at basal conditions without a
vehicle, which is in accordance with our previous publica-
tion (dos Santos et al. 2006; Bobermin et al. 2012, 2022;
Quincozes-Santos et al. 2013).

Immunofluorescence analysis For actin-labeling analysis,
cells were fixed for 20 min with 4% paraformaldehyde in
0.1 M phosphate-buffered saline (PBS), rinsed with PBS,
and then permeabilized for 10 min in PBS containing 0.2%
Triton X-100. After, an incubation with 10 pg/mL rhoda-
mine-labeled phalloidin in PBS for 20 min was performed,
followed by two washes with PBS (Santos et al. 2018).
For GFAP immunofluorescence, after blocking overnight
with 4% albumin, the cells were incubated overnight with
anti-GFAP (1:200), at 4 °C, followed by PBS washes and
incubation with a specific secondary antibody conjugated
with Alexa Fluor 488 (1:1000) for 1 h at room temperature.
Cell nuclei were stained with 0.2 pg/mL of 4', 6'-diami-
dino-2-phenylindole (DAPI) for further 20 min. Astrocyte
cultures were analyzed using a Nikon microscope and pho-
tographed with a digital camera DXM1200C and TE-FM

Table 2. ELISA assays used for

. . ELISA assay Supplier Catalog number Assay range Expression unit
inflammatory and trophic factor
measurements TNF-a Invitrogen 88-7324-86 8 to 1000 pg/ml pg/ml

IL-1p Invitrogen 88-7013-22 8 to 1000 pg/ml pg/ml

IL-6 Invitrogen 88-7064-88 4 to 500 pg/ml pg/ml

IL-10 Invitrogen BMS614 15.6 to 1000 pg/ml pg/ml

MCP-1 Invitrogen BMS6005 15.6 to 1000 pg/ml pg/ml

GDNF Abcam ab171178 31.2 to 2000 pg/ml pg/ml

NGF Sigma-Aldrich RABI1119 20.5 to 15,000 pg/ml pg/ml

BDNF R&D Systems DY248 23.4 to 1500 pg/ml pg/ml
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«Figure 1. The expression of astroglial markers in IFNa/BR ™~ hypo-
thalamic astrocytes and the effects of resveratrol in cellular viabil-
ity and metabolism. (A) Contrast phase morphology, actin staining
and GFAP immunofluorescence of hypothalamic astrocytes (scale
bar of 40 um) obtained from both WT and IFNoa/BR ™"~ mice, in the
absence or presence of resveratrol. The gene expressions of GFAP
(B), vimentin (C), GS (D), SIRT1 (G), Nrf2 (H), and the extracellular
levels of TNF-a (E) and IL-1f (F) were evaluated in hypothalamic
astrocytes obtained from WT and IFNa/BR™~ mice. Hypothalamic
astrocyte cultures from IFNo/BR ™~ were then incubated with resver-
atrol (1 uM) for 7 d. MTT reduction (I), LDH extracellular activity
(J), extracellular lactate levels (K), mRNA levels of GFAP (L), and
vimentin (M) were evaluated. Data are presented as mean=+S.D. and
differences among groups were statistically analyzed using Student’s
t-test (n=>5-9 independent astrocyte cultures and, at least, a duplicate
of treatments). p<0.05 were considered significant (p values were
described for each significant parameter in the “Results” section). *
indicates differences between groups. RSV, resveratrol.

Epi-Fluorescence accessory (Nikon Instruments, Melville,
NY).

MTT reduction assay MTT (methylthiazolyldiphenyl-tetra-
zolium bromide, Sigma-Aldrich) was added to the culture
medium at a concentration of 50 pg/mL and cells were incu-
bated for 30 min at 37 °C in an atmosphere of 5% CO,. Sub-
sequently, the medium was removed and the MTT crystals
were dissolved in dimethyl-sulfoxide. Absorbance values
were measured at 560 nm and 650 nm (SpectraMax i3x,
Molecular Devices, San Jose, CA). The results are expressed
as percentages relative to the control conditions.

Lactate dehydrogenase (LDH) assay The release of the
enzyme LDH was assessed measuring its activity in the
culture medium of astrocytes using a commercial UV assay
(Bioclin, Brazil). Results are expressed as percentages of
the control value.

Propidium iodide incorporation assay Astrocyte cultures were
incubated with 7.5 pM PI for 30 min in 5% CO, at 37 °C.
The optical density of fluorescent nuclei (labeled with PI),
indicative of cell death, was determined with Image J software
(National Institutes of Health, Bethesda, MD). Density values
obtained are expressed as a percentage of the control value.

RNA extraction and quantitative RT-PCR Total RNA was iso-
lated from astrocyte cultures (obtained from 9 independent
astrocyte cultures treated in duplicate) using TRIzol Rea-
gent. Extracted RNA (1 pg) was submitted to cDNA synthe-
sis by High Capacity cDNA Reverse Transcription Kit. The
messenger RNA (mRNA) encoding each target genes was
quantified using the TagMan real-time RT-PCR system with
inventory primers and probes purchased from Applied Bio-
systems (Waltham, MA), as summarized in Table 1. Quan-
titative RT-PCR was performed using the StepOne System

from Applied Biosystems. Target mRNA levels were nor-
malized to B-actin levels. Results were analyzed employing
the 2724 method (Livak and Schmittgen 2001).

Inflammatory response and trophic factor measure-
ments The levels of TNF-a, IL-1f, IL-6, IL-10, monocyte
chemoattractant protein-1 (MCP-1/CCL2), GDNF, NGF,
and BDNF were measured in the culture medium of astro-
cytes (obtained from 9 independent astrocyte cultures treated
in duplicate) using ELISA commercial kits (Table 2).

Statistical analysis Results are presented as mean + stand-
ard deviation (S.D.). All attempts at replication were suc-
cessful. The normal distribution was confirmed by Shap-
iro—Wilk test and variance homogeneity was tested using
Bartlett's test. Differences between control and resveratrol
were statistically analyzed using Student’s t test. P val-
ues < 0.05 were considered significant and are described
in the “Results” section, only for significant results. * Indi-
cates differences between control and resveratrol groups
(n=9 independent astrocyte cultures and, at least, a dupli-
cate of treatments). All analyses were performed using
GraphPad Prism 9.

Results

Effects of resveratrol on cellular viability, metabolism,
and astroglial markers in IFNa/BR™~ hypothalamic astro-
cytes In order to study the glioprotective effects of resvera-
trol in cultured hypothalamic astrocytes from IFNo/pR ™/~
mice, we first analyzed the morphology of these cells,
as well as of astrocyte cultures obtained from WT mice.
In line with this, cultured hypothalamic astrocytes from
both WT and IFNa/pBR ™~ mice show typical polygonal to
fusiform and flat morphology at phase contrast micros-
copy (Fig. 1A), as it has been widely characterized in vitro
(Cechin et al. 2002; Yamamoto et al. 2016; Chaban et al.
2017; Santos et al. 2018; Galland et al. 2019; Bobermin et
al. 2020). Furthermore, staining for actin, the major deter-
minant of cellular morphology, revealed the characteristic
parallel arrangement of the stress fibers in cultured astro-
cytes and was not changed between WT and IFNa/pR ™/~
(Fig. 1A). The cells also express the astrocyte cytoskeleton
marker GFAP (Fig. 1A).

We also compared hypothalamic astrocyte cultures from
WT and IFNo/PR ™~ mice regarding the mRNA levels of
astroglial markers, pro-inflammatory cytokine release, and
expression of cytoprotective pathways. The mRNA lev-
els of GFAP were increased in hypothalamic astrocytes
from IFNo/BR ™'~ mice compared to WT mice (Fig. 1B;
p <0.001), while mRNA levels of vimentin (Fig. 1C;
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Figure 2. Effects of resveratrol on inflammatory response. Primary
hypothalamic astrocyte cultures from IFNa/BR™~ were incubated
with resveratrol (1 uM) for 7 d. TNF-a expression (A) and release (B),
TNFR1 expression (C), IL-1p expression (D) and release (E), IL1IR1
expression (F), IL-6 expression (G) and release (H), IL-10 expres-
sion (/) and release (J), and MCP-1 release (K) were measured. Data

p<0.001) and glutamine synthetase (GS) were decreased
(Fig. 1D; p=0.002). Moreover, the extracellular levels
of TNF-a (Fig. 1E) did not change in IFNa/fR~"~ hypo-
thalamic astrocytes compared to WT astrocytes, but the
levels of IL-1p were enhanced (Fig. 1F; p<0.001). After,
we tested the expression of cellular adaptive signaling
pathways in IFNa/pR ™~ and WT astrocytes at basal con-
ditions, and although we did not observe differences for
SIRT1 expression (Fig. 1G), Nrf2 was decreased in IFNo/
PR~ astrocytes (Fig. 1H; p <0.001). Thus, since IFNa/
BR~'~ astrocytes present a different gene expression pro-
file of astroglial and inflammatory markers, as well as of
signaling pathways, we choose to evaluate the effects of
resveratrol specifically on these cells.

Resveratrol did not change cell viability measured by
MTT reduction (Fig. 1), as well as LDH extracellular
activity (Fig. 1J), lactate extracellular levels (Fig. 1K), and
PI incorporation (data not shown), as well as cellular mor-
phology, actin and GFAP staining (Fig. 14) in IFNa/pR ™~
hypothalamic astrocytes. Although resveratrol also did not
change the expression of GFAP (Fig. 1L), it downregulated
vimentin (Fig. 1M; p=0.001), another intermediate filament
protein expressed by astrocytes.

Resveratrol modulated inflammatory response Next, the
inflammatory profile of hypothalamic IFNa/pR ™~ astrocytes
treated with resveratrol was assessed. Resveratrol decreased
the mRNA levels and the release of the pro-inflammatory
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are presented as mean+S.D. and differences among groups were
statistically analyzed using Student’s t-test (=9 independent astro-
cyte cultures and, at least, a duplicate of treatments). p <0.05 were
considered significant (p values were described for each significant
parameter in the “Results” section). * indicates differences between
control and resveratrol groups. RSV, resveratrol.

cytokines TNF-a (p <0.001; Fig. 2A and B) and IL-1§
(p<0.001; Fig. 2D and E). However, the expression of their
receptors TNFR1 (Fig. 2C) and IL1R1 (Fig. 2F) was not
changed. Both the expression and the release of IL-6 were
significantly increased by resveratrol (p <0.001; Fig. 2G and
H), but IL-10 was not modulated (Fig. 27 and J). In addition,
the release of the chemokine MCP-1 (p <0.001; Fig. 2K)
was decreased by resveratrol treatment.

The expression of key genes related to inflammatory
processes was further investigated. Resveratrol downregu-
lated NFxB p65 (p <0.001; Fig. 3A) and its transcrip-
tional targets COX-2 (p <0.001; 3B), iNOS (p <0.001;
Fig. 3C), and p21 (p <0.001; Fig. 3D), as well as the
expression of the enzyme PARPI1 (p <0.001; Fig. 3E).
However, the expression of TLR2 and TLR4, key recep-
tors in innate and adaptive immunity, were not affected
(Fig. 3F and G). Since inflammatory processes may be
related to BBB dysfunction, the expression of AQP4 (an
astrocytic water channel) and VEGF (an inducer of vas-
cular permeability) was evaluated. Resveratrol did not
change AQP4 expression (Fig. 3H) but decreased mRNA
levels of VEGF (p <0.001, Fig. 31).

The expression of adenosine receptors, which are
recognized for their neuroimmunomodulatory activi-
ties, was also evaluated. Resveratrol increased the
mRNA levels of A, A,,, and A; receptors (p <0.001;
Fig. 4A, B, D), but did not change the expression of the
A, receptor (Fig. 4C).
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Figure 3. Effects of resveratrol in the expression of genes related to
inflammatory signaling and BBB functionality. Primary hypothalamic
astrocyte cultures from IFNo/BR ™~ were incubated with resveratrol
(1 uM) for 7 d. The mRNA expression of NF«B p65 (A), COX-2 (B),
iNOS (C), p21 (D), PARPI1 (E), TLR2 (F), TLR4 (G), AQP4 (H),
and VEGF (/) was evaluated. Data are presented as mean=+S.D. and

Resveratrol regulated genes associated with redox bal-
ance and mitochondrial processes Inflammation and
redox imbalance are closely related. In this regard,
the effect of resveratrol treatment on the expression
of genes involved in redox balance was also assessed.
An upregulation of GCL, SOD1, and SOD2 (p <0.001;
Fig. 5A-C) was observed. Noteworthy, glutathione and

differences among groups were statistically analyzed using Student’s
t-test (=9 independent astrocyte cultures and, at least, a duplicate
of treatments). p<0.05 were considered significant (p values were
described for each significant parameter in the “Results” section). *
indicates differences between control and resveratrol groups. RSV,
resveratrol.

superoxide dismutase systems are considered primary
antioxidant defenses associated with astrocyte func-
tions in both physiological and pathological condi-
tions. Moreover, resveratrol increased the expression
of PGC-1a, citrate synthase, and mitofusin 1, which
are associated with crucial mitochondrial processes
(p <0.001; Figs. 5D and 6F).
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Figure 4. Effects of resveratrol A
on adenosine receptors expres-
sion. Primary hypothalamic
astrocyte cultures from IFNo/
PR~ were incubated with
resveratrol (1 uM) for 7 d. The
mRNA expression of A, (A),
A,, (B), Ay, (O), and A5 (D)
receptors was evaluated. Data
are presented as mean +S.D.
and differences among groups
were statistically analyzed using
Student’s t-test (n =9 independ-
ent astrocyte cultures and, at
least, a duplicate of treatments).
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Signaling mechanisms associated with resveratrol glial
immunomodulation Resveratrol upregulated Nrf2, HO-1
and SIRT1 (p <0.001; Fig. 6A-C), which are key genes
involved both in redox and inflammatory regulation. Res-
veratrol increased the expression of PI3K and Akt, kinases
that mediate a crucial cytoprotective pathway (p <0.001;
Fig. 6D and E).

Resveratrol improved trophic functions and changed the
expression of genes related to glial glutamate metabo-
lism The effects of resveratrol on the synthesis and release
of trophic factors were also evaluated. Resveratrol increased
the mRNA expression and the release of GDNF and NGF
(p<0.001; Fig. 7A-D), but BDNF was not changed (Fig. 7E
and F).

The effect of resveratrol treatment on the expression of
specific glial markers related to glutamatergic functional-
ity was also investigated in hypothalamic astrocyte cultures
obtained from IFNa/BR ™~ mice. Resveratrol significantly

Control

0.0 I
Control

| | |
RSV RSV

increased the mRNA levels of the glutamate transporters
GLAST and GLT-1 (p <0.001; Fig. 84 and B). Moreo-
ver, resveratrol increased the expression of GS (p <0.001;
Fig. 8C), an important enzyme of glutamate metabolism
that is downregulated in astrocytes from IFNa/BR ™~ mice
(Fig. 1D).

Discussion

Astrocytes actively control multiple aspects of brain health
and disease, since they have a wide range of functions (Quin-
cozes-Santos et al. 2021). Although depending on timing
and context, astrocyte response may either promote tissue
repair or exacerbate inflammatory responses and CNS dam-
age (Colombo and Farina 2016). Recent studies have shown
that hypothalamus is a crucial CNS region for modulating
immunity (Farber et al. 2022). Therefore, hypothalamic

&
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Figure 5. Effects of resveratrol in the expression of genes associated
with redox balance and mitochondrial processes. Primary hypotha-
lamic astrocyte cultures from IFNa/pR ™~ were incubated with res-
veratrol (1 uM) for 7 d. The mRNA expression of GCL (A), SOD1
(B), SOD2 (C), PGC-1a (D), citrate synthase — CS (E), and mitofu-
sin 1 (F) was assessed. Data are presented as mean + S.D. and differ-

astrocytes may also be potential targets for neurotherapies.
In line with this, resveratrol, a glioprotective molecule, has
been studied in a variety of experimental conditions, includ-
ing immunological investigations. Here, for the first time to
our knowledge, we described the immunomodulatory effects
of resveratrol on hypothalamic astrocyte cultures from IFNo/
PR~ mice.

Type I IFN are pleiotropic cytokines that were originally
identified due to their antiviral properties, but they are now
recognized as master regulators of innate immunity. In this
context, experimental studies have shown that the constitu-
tive activation of type I IFN signaling may confer increased
resistance to viral infection (McGlasson et al. 2015). IFNo/
PR~ (A129) mice lack key components of innate immunity
and are highly susceptible to infection and/or immunological
diseases (Lazear ef al. 2016; Rossi et al. 2016). However,

ences among groups were statistically analyzed using Student’s t-test
(n=9 independent astrocyte cultures and, at least, a duplicate of treat-
ments). p<0.05 were considered significant (p values were described
for each significant parameter in the “Results” section). * indicates
differences between control and resveratrol groups. RSV, resveratrol.

these mice may present an upregulation of other signaling
inflammatory mechanisms to compensate the absence of
IFNo/BR receptor (Kwak et al. 2002; Murray et al. 2015;
Rothhammer ef al. 2016), but excessive inflammatory
responses also contribute to neuropathologies.
IFNa/BR ™~ mice show greater dysregulation of
inflammatory responses in the brain compared to WT
mice. Loss of type I IFN signaling maintain or can even
enhance the production of TNF-a, IL-1p and MCP-1 in
the brain (Khorooshi and Owens 2010; He er al. 2014,
Murray et al. 2015), including in the hypothalamus (Mur-
ray et al. 2015), and astrocytes seem to participate in this
response (Rothhammer et al. 2016). In agreement to that,
we found an increased release of IL-1p in hypothalamic
astrocyte cultures obtained from IFNo/BR ™~ mice com-
pared to WT mice. Although cytokines and chemokines



RESVERATROL IN IFNA/BR™~ ASTROCYTES 375

A B C *
2.5 " 4.0 * 4.0+
c _— c S [ ]
-2 20 ° 2 o 2
25 = i $5 30- I $35 3.0 T
o= °3° X € ° X
x
5w S A gk
Z O o0 Z 0o 2.0 % ] 2.0
xs 1.04 e Xo ° [ °
Es g2 EQ S
g - 5 1 = e
= e} 1.04 4 4 1.0 -®
z 0.5+ I . I . %) ?L'
0.0 T I 0.0 T 0.0 T T
Control RSV Control RSV Control RSV
D E
3.0+ * 4.0 *
c
S &
g= oa % S 30 .
et e [0] e T
SE 204 DO 5 E T
¢ 8 () 8 oi'
<2 <5 i *
Z o >o 20 s
2 ., & 23
e 1.04 [of Es .
X ¥ 2 4od &
o < . [P
0.0 T T 0.0 T T
Control RSV Control RSV

Figure 6. Signaling mechanisms associated with resveratrol glial
immunomodulation. Primary hypothalamic astrocyte cultures from
IFNo/BR ™~ were incubated with resveratrol (1 uM) for 7 d. The
mRNA expression of Nrf2 (A), HO-1 (B), SIRT1 (C), PI3K (D), and
Akt (E) was evaluated. Data are presented as mean=+S.D. and differ-

are essential for resistance against infections and inju-
ries, when produced at high levels they may contribute
to brain damage (He et al. 2014). In line with this, res-
veratrol decreased the mRNA levels and/or release of the
pro-inflammatory cytokines TNF-a, IL-1p and MCP-1 in
IFNo/BR ™~ hypothalamic astrocytes, in agreement with
previous data in other cellular experimental models (Bel-
laver et al. 2014; Bobermin et al. 2019, 2022). Interest-
ingly, resveratrol increased both expression and release
of IL-6. Type I IFN seems to play a facilitatory role in
IL-6 expression and IFNa/BR~'~ mice present a defi-
cient IL-6 response (Murray et al. 2015). Of note, IL-6
has been implicated in dual functions in the CNS, either
coordinating neuroimmune responses or mediating non-
immunological effects, including neuroprotection (Li et
al. 2009; Baune et al. 2012). Particularly considering the
hypothalamus, IL-6 regulates neuroendocrine functions
(Spangelo and Gorospe 1995). Therefore, the resveratrol-
induced increase in IL-6 expression and release in IFNo/
PR/~ astrocytes may contribute to protective effects.

ences among groups were statistically analyzed using Student’s t-test
(n=9 independent astrocyte cultures and, at least, a duplicate of treat-
ments). p <0.05 were considered significant (p values were described
for each significant parameter in the “Results” section). * indicates
differences between control and resveratrol groups. RSV, resveratrol.

NF«B signaling plays a central role in immune and
inflammatory responses, inducing the expression of a wide
array of pro-inflammatory genes (Cunningham ez al. 2019).
While exacerbated NFkB activation may have deleterious
effects in astrocytes, the attenuation of its signaling can
improve neurological outcome in experimental models
(Brambilla et al. 2009). Resveratrol decreased not only
the expression of NFkB p635, but also of important NFkB
transcriptional targets, including cytokines, COX-2, iNOS,
and p21, suggesting a downregulation of this pathway. Both
COX-2 and iNOS participate in the inflammatory responses
in in IFNo/pR ™~ mice (Murray ez al. 2015; Rothhammer ez
al. 2016). Regarding p21, although its expression has been
related to cellular senescence, immunological roles for this
protein have been also described (Tusell ez al. 2005). As for
PARP-1, previous data showed that it can promote inflam-
matory responses by positively regulating NFxB signal-
ing (Pazzaglia and Pioli 2019). Thus, resveratrol-mediated
downregulation of these genes corroborates anti-inflamma-
tory activity of resveratrol.

@ Springer ,



376 V.SOVRANI ET AL.

Figure 7. Effects of resveratrol
on trophic factors. Primary
hypothalamic astrocyte cultures 4.0+ 250
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Inflammatory processes can drive BBB dysfunction, con-  BBB (Argaw et al. 2012). In contrast, resveratrol upregulated
sequently impairing CNS homeostasis. Resveratrol down- GDNF, an important astrocyte-derived trophic factor that may

regulated VEGF, which is considered the major regulator ~ improve the function of BBB (Sano et al. 2007), in addition
of vascular permeability and may induce the leakage of the  to promoting neuronal growth (Hamby and Sofroniew 2010).
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Figure 8. Effects of resveratrol in the expression of genes related
to glutamate metabolism. Primary hypothalamic astrocyte cultures
from IFNo/BR ™~ were incubated with resveratrol (1 uM) for 7 d. The
mRNA expression of GLAST (A), GLT-1 (B), and glutamine syn-
thetase — GS (C) was assessed. Data are presented as mean+S.D. and
differences among groups were statistically analyzed using Student’s

Resveratrol also modulated NGF (expression and release),
which can stimulate glial response, including production of
antioxidant defenses and inflammatory mediators. Notewor-
thy, astrocytes are the major source of NGF in neural injuries
(Goss et al. 1998). Interestingly, secretion of trophic factors
can modulate critical metabolic, immune, and antioxidant
properties of astrocytes (Gobel et al. 2020). Therefore, it may
be speculated that the effects of resveratrol on trophic factors
can be a compensatory mechanism to improve glial response
in A129 mice that have compromised immune response.

Inflammatory/immune responses and glutamate excito-
toxicity are processes closely related, participating in the
pathogenesis of neurodegenerative and neuropsychiatric
disorders (Quincozes-Santos et al. 2021). Pro-inflammatory
cytokines have been demonstrated to decrease glutamate
uptake in astrocytes by modulating mRNA expression of
glutamate transporters, while IFN-f may reduce this inhibi-
tion (Hu et al. 2000). In astrocyte cultures obtained from
IFNo/BR ™'~ mice, resveratrol could compensate such effect
by increasing the expression of both glutamate transporters
GLAST and GLT-1, in addition to increasing the expres-
sion of GS, a key enzyme of glutamate-glutamine cycle.
Consistent with this, we previously demonstrated the posi-
tive effect of resveratrol on glutamate clearance in astrocytes
under lipopolysaccharide (LPS)-induced immune activation
(Bellaver et al. 2015). Thus, the present study reinforces
the glioprotective effect of resveratrol regarding glutamate
homeostasis under different immune conditions.

The glioprotective roles of resveratrol have been related to
the modulation of a wide array of signaling pathways. Here,
resveratrol increased the expression of adenosine receptors,
and recently, we showed the participation of these recep-
tors, which display neuroimmunomodulatory effects, in the
anti-inflammatory activity of resveratrol in LPS-stimulated

t-test (n=9 independent astrocyte cultures and, at least, a duplicate
of treatments). p<0.05 were considered significant (p values were
described for each significant parameter in the “Results” section). *
indicates differences between control and resveratrol groups. RSV,
resveratrol.

astrocytes (Bobermin ez al. 2019). Resveratrol has been also
reported as an inducer of genes that control redox homeo-
stasis, including GCL, SOD, and PGC-1a, (Bobermin et
al. 2019, 2022; Grifian-Ferré et al. 2021; Dias et al. 2022),
and our data are in accordance with these effects previously
described. In line with this, GCL participates in the glu-
tathione biosynthesis, an important non-enzymatic antioxi-
dant defense produced and released by astrocytes, while SOD
represents a first line antioxidant defense enzyme (Gongalves
etal. 2018). PGC-1a is a transcription co-activator for nuclear
receptors and plays a fundamental role in mitochondrial bio-
genesis (Grifian-Ferré et al. 2021). In addition, we found that
resveratrol increased the expression of mitofusin 1, which reg-
ulated dynamics events, inducing mitochondrial fusion (Chen
et al. 2003). Contributing with this effect on mitochondrial
plasticity, resveratrol also upregulated citrate synthase.

Regarding glioprotective mechanisms, we observed that
resveratrol increased Nrf2, HO-1, SIRT1, PI3K and Akt
signaling pathways. In this sense, Nrf2 mediates cytoprotec-
tive responses by activating the expression of genes such as
HO-1, GCL, and SOD. Of note, Nrf2/HO-1 axis exerts anti-
oxidant and anti-inflammatory effects, including suppression
of NFkB signaling (Ahmed et al. 2017). Moreover, SIRT1
and PI3K/Akt represent important metabolic effectors and
have important implications in cell survival and responses
to oxidative stress (Zia et al. 2021), which are modulated
by resveratrol in several experimental conditions (Bober-
min et al. 2019, 2022; Dias et al. 2022). Taken together,
these effects on gene expressions modulated by resveratrol
in hypothalamic IFNoa/pR ™~ astrocytes can suggest pivotal
cytoprotective targets of resveratrol on brain, reinforcing its
glioprotective activity.

It is noteworthy that the maintenance of astrocyte func-
tionality and its endogenous protective properties is essential
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for CNS homeostasis, since these cells play important roles
in the progression and resolution of numerous brain patholo-
gies. Particularly in the hypothalamus, astrocyte dysfunction
and inflammatory responses influence feeding and homeo-
stasis regulation, impacting metabolism, body integrity, and
immunity (Guijarro et al. 2006). Herein, we showed that
resveratrol mediated different protective and immunomodu-
latory effects in hypothalamic astrocyte cultures obtained
from IFNa/BR ™~ mice. Recently, the neuroprotective effect
of resveratrol in an experimental model of chronic cerebral
hypoperfusion was associated with suppression of the expres-
sion of pro-inflammatory cytokines likely by mitigating the
pathway of the transcription factor interferon regulatory factor
3 (IRF3), which potentiates type I IFN responses (Kang et al.
2022). Since type I IFNs, such as IFN-f, may have dual roles in
inflammatory responses associated with CNS diseases models
(Kuo et al. 2016; Kang et al. 2022), the ability of resveratrol
in modulating inflammatory processes even in excessive and
defective type I IFN signaling might be promising in neuropro-
tective strategies. Thus, our findings reinforce the previously
described glioprotective role of resveratrol (Quincozes-San-
tos et al. 2021; Bobermin et al. 2022), because this molecule
could modulate the expression and release of key mediators of
astrocyte functions even in the lack of IFNa/fR signaling, a
condition that can impair immune and inflammatory functions.
Moreover, crucial signaling pathways related to glioprotective
effects of resveratrol (N1f2, HO-1 and SIRT1) had their expres-
sion also induced in IFNo/BR ™~ astrocytes, and can contribute
for preparing astrocytes to better respond to injuries, including
those related to immune and inflammatory processes associ-
ated with brain pathologies.
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