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Abstract Astrocytes are dynamic glial cells associated to
neurotransmitter systems, metabolic functions, antioxidant de-
fense, and inflammatory response, maintaining the brain ho-
meostasis. Elevated concentrations of homocysteine (Hcy) are
involved in the pathogenesis of age-related neurodegenerative
disorders, such as Parkinson and Alzheimer diseases. In line
with this, our hypothesis was that Hcy could promote glial
reactivity in a model of cortical primary astrocyte cultures
from adult Wistar rats. Thus, cortical astrocytes were incubat-
ed with different concentrations of Hcy (10, 30, and 100 uM)
during 24 h. After the treatment, we analyzed cell viability,
morphological parameters, antioxidant defenses, and inflam-
matory response. Hey did not induce any alteration in cell
viability; however, it was able to induce cytoskeleton rear-
rangement. The treatment with Hey also promoted a signifi-
cant decrease in the activities of Na*, K* ATPase, superoxide
dismutase (SOD), and glutathione peroxidase (GPx), as well
as in the glutathione (GSH) content. Additionally, Hcy in-
duced an increase in the pro-inflammatory cytokine release.
In an attempt to elucidate the putative mechanisms involved in
the Hey-induced glial reactivity, we measured the nuclear fac-
tor kappa B (NFkB) transcriptional activity and heme oxygen-
ase 1 (HO-1) expression, which were activated and inhibited
by Hcy, respectively. In summary, our findings provide
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important evidences that Hcy modulates critical astrocyte pa-
rameters from adult rats, which might be associated to the
aging process.

Keywords Homocysteine - Cortical adult astrocytes -
Oxidative stress - Inflammatory response - NFkB - Heme
oxygenase |

Introduction

Homocysteine (Hcy) is an amino acid sulfur and non-
proteinogenic that is formed in unequal quantities in the me-
tabolism of methionine, an essential amino acid. Hcy levels
are controlled through two regulatory mechanisms: (a)
remethylation, forming methionine and getting a methyl
group from 5-methyltetrahydrofolate or betaine, and (b)
transsulfuration, when it undergoes condensation with serine,
producing cystathionine, via reaction catalyzed by
cystathionine- 3-synthase, this product after being cleaved to
cysteine [1]. Moreover, Hcy metabolism requires coenzymes
such as vitamins Bs and B, and folic acid. Deficiencies in
these cofactors are associated with hyperhomocysteinemia
(HHcy) that is an abnormal high level of Hcy in the blood,
commonly associated to cytotoxicity. In addition, mild levels
of Hey (>30 uM) have been reported as an independent risk
factor for cognitive dysfunction [2] and neurodegenerative
disorders [3]. According to previous studies from our group,
mild HHey induces oxidative stress and neuroinflammation in
the cerebral cortex of rats [4, 5]. Recently, we have also dem-
onstrated that Hey (30 uM) altered mitochondrial functional-
ity and induced oxidative stress and neuronal death in slices
from the cerebral cortex of rats [6].

Astrocytes correspond to 50% of the total number of cells
in the central nervous system (CNS), being the most versatile
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cells in the brain [7]. These cells have a variety of functions,
including the control of neurotransmitter systems and ionic
homeostasis, the regulation of metabolic functions, antioxi-
dant defenses, and inflammatory response [8]. Astrocytes pos-
sess the main antioxidant enzymatic defenses, superoxide dis-
mutase (SOD), catalase (CAT), and glutathione peroxidase
(GPx). In this sense, GPx is extremely important for the bio-
synthesis of glutathione (GSH), which is the major non-
enzymatic antioxidant defense in the CNS [9]. Additionally,
astrocytes express the enzyme Na*, K* ATPase, which is cru-
cial for maintaining the membrane potential through the active
transport of Na* and K™ ions in the CNS. Because astrocytes
are involved in the regulation of ionic homeostasis and in the
glutamate transport (highly dependent of Na* ion), there is a
close relationship between Na*, K* ATPase activity and astro-
cyte functionality [10]. Concerning inflammatory response,
astrocytes release pro-inflammatory cytokines, such as tumor
necrosis factor-alpha (TNF-), interleukin 1-beta (IL-1f3), and
interleukin-6 (IL-6), which might be regulated by the tran-
scription factor nuclear factor kappa B (NFkB), the master
regulator of oxidative stress and inflammation [11].

Recently, our group established a routine culture protocol
of astrocyte from cortical adult Wistar rats, which presents
connections more organized and well established than astro-
cytes derived from newborn animals, being more reliable to
study brain aging, as well as age-related neurological diseases
[12]. Our culture model showed classical astrocytic markers,
such as glial fibrillary acidic protein (GFAP), and actively
responded to external stimuli that could change metabolic
functions and antioxidant and inflammatory activities [12].

Heme oxygenase 1 (HO-1) is the inducible isoform of
heme oxygenase regulated by the transcription factor nuclear
factor erythroid 2 (Nrf2)-regulated gene that plays a critical
role in the prevention of oxidative stress and inflammation
[13]. The potential link between inflammation and HO-1
was initially demonstrated in animal models, which the upreg-
ulation of HO-1 attenuated the activation of pro-inflammatory
pathways [14]. This effect might be attributed to the ability of
HO-1 to inhibit the translocation of NFkB from the cytoplasm
to the nucleus [13]. Additionally, HO-1 can act as a seques-
tering nitric oxide (NO), contributing to the control of
oxidative/nitrosative stress [15].

Using astrocyte primary cultures prepared from newborn
animals, we have shown that Hcy induced oxidative stress and
cytoskeletal reorganization, which were prevented by antiox-
idants, suggesting that the oxidative stress is associated with
deleterious effects of Hey [16]. Since Hey is a risk factor to
neurodegenerative diseases [17-20], and adult astrocytes are a
relevant model to study the mechanisms of brain aging, the
hypothesis of this study was that Hcy could promote astrocyt-
ic dysfunction via NFkB/HO-1 signaling pathways in cortical
primary astrocyte cultures from adult rats. Therefore, we treat-
ed astrocyte cultures with different concentrations of Hcy and

evaluated cytoskeleton proteins and antioxidant and inflam-
matory responses, as well as the putative mechanisms in-
volved in these effects.

Material and Methods
Ethics Statement

Our work has followed the National Institute of Health Guide
for the Care and Use of Laboratory Animals “Guide for the
Care and Use of Laboratory Animals” (NIH publication No.
80-23, revised 1996), and experiments were approved by the
local Ethics Commission (CEUA/UFRGS), under the project
number 26073.

Animal

Male Wistar rats (90 days old) were obtained from our breed-
ing colony at the Central Animal House of the Department of
Biochemistry. They were held under a normal light-dark cycle
(lights on 719 h) at room temperature (22 = 1 °C), with water
and commercial food pellets available ad libitum. These con-
ditions were kept constant throughout the experiments.

Cortical Primary Astrocyte Cultures from Wistar Adult
Rats

Cerebral cortex was dissected aseptically and the meninges
removed. During the dissection, the structures were main-
tained in Hank’s Balanced Salt Solution (HBSS) containing
0.05% trypsin and 0.003% DNAse and maintained at 37 °C
for 15 min. The tissues were mechanically dissociated, using a
Pasteur pipette, and centrifuged at 400xg for 5 min. The pel-
lets were resuspended in HBSS solution containing 40 U of
papain per milliliter, cysteine 0.02%, and 0.003% DNAse and
again gently mechanically dissociated with a Pasteur pipette.
After another centrifugation step (400xg, 5 min), cells were
resuspended in HBSS containing only DNAse (0.003%) and
after naturally decanted for 30-40 min. The supernatant was
collected and centrifuged for 7 min (400xg). The cells from
the supernatant were resuspended in DMEM/F12 10% fetal
bovine serum (FBS), 15 mM HEPES, 14.3 mM NaHCOs, 1%
fungizone, and 0.04% gentamicin and then plated in 6- or 24-
well plates pre-coated with poly-L-lysine and cultured at 37 °C
and 5% CO, [12, 21].

Maintenance of Cell Culture
The first change of medium was performed after 24 h of culture.
During the first week, the medium change occurred once every

2 days and, from the second week, once every 4 days. From the
third week onwards, the cells received medium supplemented
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with 20% FBS. Around the third to fourth weeks, cells reached
confluence and were used for the experiments.

Treatments

After astrocytes reached the confluence, we studied the re-
sponse of these cells on Hey. The culture medium was re-
moved, and the cells were incubated with different concentra-
tions of Hey (10, 30, and 100 uM) in DMEM/F12 with 1%
FBS for 24 h at 37 °C in an atmosphere with 5% CO,.

Cellular Viability—MTT Reduction Assay

After incubation of Hcy, MTT was added (50 pg/mL) and
cells were incubated for 30 min at 37 °C. Subsequently, the
medium was removed and the MTT crystals were dissolved in
dimethyl sulfoxide (DMSO). Absorbance values were mea-
sured at 560 and 650 nm. The results are expressed as percent-
ages of the control value.

Cellular Membrane Integrity—Propidium Iodide
Incorporation Assay

Cells were treated simultaneously with 7.5 uM PI and incu-
bated for up 24 h at 37 °C and 5% CO,. The optical density of
fluorescent nuclei (labeled with PI), indicative of loss mem-
brane integrity, was determined with OptiQuant software
(Packard Instrument Company). Density values obtained are
expressed as a percentage of the control value.

Immunofluorescence

As previously described by our group [22], immunofluores-
cence was performed by fixing the cell cultures with 4% para-
formaldehyde for 20 min and permeabilizing with 0.1% Triton
X-100 in PBS for 5 min at room temperature. After blocking
overnight with 4% albumin, cells were incubated again over-
night with anti-glial fibrillary acidic protein (GFAP, 1:400), at
4 °C, followed by washing with PBS and incubation with
specific secondary antibody conjugated to Alexa Fluor® 488
(green color) for 1 h at room temperature. For actin-labeling
analyses, the cells were incubated with 10 mg/mL rhodamine-
labeled phalloidin in PBS for 45 min and two washes with
PBS. Cell nuclei were stained with 0.2 mg/mL of 4',6'-
diamino-2-phenylindole (DAPI). Astrocytes were analyzed
and photographed with a Nikon microscope and a TE-FM
Epi-Fluorescence accessory.

Determination of the Activity of the Na*, K" ATPase
The reaction mixture for determining the activity of the Na*,

K" ATPase contains 5.0 mM MgCl,, 80.0 mM NacCl,
20.0 mM KCI, and 40.0 mM Tris-HCI, pH 7.4, in a final
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volume of 200 pL. After 10 min pre-incubation at 37 °C,
the reaction was initiated by addition of ATP to a final con-
centration of 3.0 mM and incubated for 20 min. The controls
were performed under the same conditions, with addition of
1.0 mM ouabain. Its activity was calculated as the difference
between the two assays [23]. The free inorganic phosphate
(Pi) was measured by method [24], and specific activity of
the enzyme was expressed by free nanomoles of Pi per minute
per milligram of protein.

Evaluation of Antioxidant Enzyme Activities

The activity of SOD was determined by the method based on
the ability to oxidize pyrogallol, a process dependent of su-
peroxide. This inhibition of auto-oxidation occurs in the pres-
ence of SOD, and its activity can be analyzed by a spectro-
photometer at 420 nm [25]. The activity of CAT was analyzed
according to the method of Aebi [26], which is based on the
disappearance of H,O, at 240 nm. A unit of CAT was defined
as 1 umol consumed hydrogen peroxide per minute, and the
CAT activity was calculated by units per milligram of protein.
Activity of GPx was measured using tert-butyl hydroperoxide
as substrate. The disappearance of NADPH was monitored at
340 nm. One unit of GPx is defined as 1 mmol of NADPH
consumed per minute, and the activity is represented in units
per milligram of protein [27].

Glutathione Content

The levels of GSH were evaluated as described by Souza
et al. [12]. Homogenate astrocytes were diluted in
100 mM sodium phosphate buffer (pH 8.0) containing
5 mM EDTA, and the protein was precipitated with
1.7% meta-phosphoric acid. The supernatant was ana-
lyzed with o-phthaldialdehyde (I mg/mL methanol) at
room temperature for 15 min. Fluorescence was measured
using wavelengths of excitation and emission at 350 and
420 nm, respectively. A calibration curve was performed
with standard GSH solutions at concentrations ranging
from 0 to 500 uM. The calculated results are expressed
in nanomoles per milligram of protein.

Inflammatory Response

TNF-o levels in the extracellular medium were assayed using
ELISA for TNF-o from PeproTech. The levels of IL-13 and
IL-6 in the extracellular medium were measured using ELISA
kits from eBioscience. The results are expressed in nanograms
per milliliter. The average minimum sensitivity of the ELISA
kit detection is 0.4 ng/mL of cytokines [21].
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NFkB Levels

The levels of NFkB p65 in the nuclear fraction, which had
been isolated from lysed cells by centrifugation, were mea-
sured using an ELISA commercial kit from Invitrogen (USA).
The results are expressed as percentages relative to the control
levels. The ELISA kit detects a minimum of 50.0 pg/mL [21].

Western Blot Analysis

According to the method of Souza et al. [12] with modi-
fications, cells were homogenized using a lysis buffer

Fig. 1 Effects of Hey on cell A
viability. Membrane integrity (a)
and cell viability (b) of cortical
astrocytes treated during 24 h
with different concentrations of
Hcy were measured as described
in the “Material and Methods”
section. The results are expressed
as percentage of control and
represent the mean+ S.E.M. The
data were analyzed statistically
using a one-way ANOVA
followed by Tukey’s test
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solution with 4% SDS, 2 mM EDTA, and 50 mM Tris—
HCI, pH 6.8. Equal amounts of proteins (45 pg) from
each sample were boiled in a sample buffer [62.5 mM
Tris—HCI, pH 6.8, 2% (w/v) SDS, 5% [3-mercaptoethanol,
12% (v/v) glycerol, 0.002% (w/v) bromophenol blue] and
submitted to electrophoresis in 10% (w/v) SDS—polyacryl-
amide gel. The separated proteins were blotted onto a
nitrocellulose membrane. Equal loading of each sample
was confirmed with Ponceau S staining (Sigma-Aldrich).
The membranes were incubated with polyclonal anti-HO1
(1:200). GAPDH was used as a loading control. After
incubating overnight with the primary antibody at 4 °C,
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Fig. 2 Effects of Hey on cellular morphology and classical cytoskeleton
astrocyte markers. Representative cell morphology (phase contrast),
immunofluorescence of GFAP (green) and actin (red), and merged

the membrane was washed and incubated with
peroxidase-conjugated anti-rabbit immunoglobulin (IgG)
at a dilution of 1:5000 for 2 h at room temperature. The
chemiluminescence signal was detected using an ECL kit
(Amersham), and after the films were scanned, bands
were quantified using the Image] software (1.48v,
National Institutes of Health, USA).

Statistical Analyses

Data are expressed as the mean + S.E.M. All analyses
were performed using the Statistical Package for the
Social Sciences (SPSS 16.0, Chicago, IL, USA) soft-
ware. Differences among groups were analyzed using
one-way ANOVA followed by Tukey’s post hoc test,
P < 0.05.
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Hcy 10 uM

Hcy 30 uM

Hcy 100 uM

images with DAPI (blue) in cortical astrocytes after 24 h of exposure to
different concentrations of Hcy. The data are three independent
experiments. Scale bar 50 um (color figure online)
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Fig. 3 Effects of Hey in Na*, K* ATPase activity. Cells were treated
during 24 h with different concentrations of Hcy. The results are
expressed as nanomoles of Pi per minute per milligram of protein and
represent the mean = S.E.M. The data were analyzed statistically using a
one-way ANOVA followed by Tukey’s test. Asterisk indicates significant
differences from the basal group. **P < 0.01
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Fig. 4 Effects of Hcy on GSH levels. Cells were treated with different
concentrations of Hcy during 24 h. The results are expressed as
nanomoles per milligram of protein and represent the mean+ S.E.M.
The data were analyzed statistically using a one-way ANOVA followed
by Tukey’s test. Asterisk indicates significant differences from basal
group. **P < 0.05

Results

Effects of Hcy on Cell Viability, Morphology,
and Cytoskeleton Proteins

First, we performed the MTT assay and PI incorporation
to analyze the cell viability/integrity of cortical astrocytes
treated during 24 h with different concentrations of Hcy
(10, 30, and 100 pM). Figure 1 shows that Hey did not
affect the membrane integrity (1A) or the cell viability
(1B). We also conduct the same analysis at different times
(4, 8, and 12 h) and did not observe any significant
change (data not shown).

Next, we evaluated the cellular morphology of astro-
cytes treated with Hey for 24 h. Figure 2 displays that
basal-cultured adult astrocytes showed a polygonal to fu-
siform and flat morphology, while Hcy induced few differ-
ential morphological alterations with process-bearing cells,
mainly at 100 uM Hcy. We also performed immunofluo-
rescence analysis using anti-GFAP and phalloidin (for ac-
tin) to verify the effect of Hey on the cytoskeletal structure
(Fig. 2). Under control conditions, adult astrocytes present-
ed an intense immunostaining for GFAP, attesting the as-
trocytic phenotype, and actin. Hey induced stress fiber re-
organization as well as rearrangement of the GFAP fila-
ment distributed along the cytoplasm and processes.
Therefore, an altered organization of GFAP filaments is
supported by the reorganization of the actin cytoskeleton.
This effect probably is associated with the time of treat-
ment. No change in nuclear morphology was observed.

Hcy Treatment Impaired Na*, K™ ATPase Activity
and Antioxidant Defenses in Adult Cortical Astrocytes

Figure 3 shows that Hey (10, 30, and 100 pM) decreased the
activity of the enzyme Na*, K* ATPase in adult cortical
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Fig. 5 Effects of Hey on enzymatic antioxidant defenses. Cells were
treated with different concentrations of Hey during 24 h. SOD (a), CAT
(b), and GPx (c¢) activities were measured as described in the “Material
and Methods” section. All results are expressed as units per milligram of
protein and represent the mean + S.E.M. The data were analyzed
statistically using a one-way ANOVA followed by Tukey’s test.
Asterisk indicates significant differences from the basal group.
*P < 0.05, **P < 0.01, and ***P < 0.001

astrocytes (P < 0.01). Interestingly, we did not observe differ-
ences between different doses of Hcey.

Additionally, we measured the main non-enzymatic antiox-
idant defense, GSH, in cultured adult astrocytes and observed
a significant decrease in GSH content after the exposure of all
doses of Hey (Fig. 4, P < 0.05).

We also evaluated the antioxidant enzymatic defenses in adult
astrocytes and observed that Hey promoted a decrease in SOD
(P<0.05to 10 uM and P < 0.001 to 30 and 100 uM, Fig. 5a)
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Fig. 6 Effects of Hcy on pro-inflammatory cytokines release. Cells were
treated with different concentrations of Hey during 24 h. TNF-« (a), IL-
1 (b), and IL-6 (c) levels were measured as described in the “Material
and Methods” section. All results are expressed as percentage of control
and represent the mean+ S.E.M. The data were analyzed statistically
using a one-way ANOVA followed by Tukey’s test. Asterisk indicates
significant differences from basal group. *P < 0.05 and **P < 0.01

and GPx activities (P < 0.05 to 10 and 30 uM and P < 0.01 to
100 uM, Fig. 5¢). Hey did not alter CAT activity (Fig. 5b).

Hcy-Induced Inflammatory Response

Changes in redox homeostasis are closely associated with in-
flammatory response. In this sense, the levels of classical pro-
inflammatory cytokines, TNF-«, IL-1[3, and IL-6 were mea-
sured (Fig. 6). Hcy increased the release of these cytokines,
mainly at 100 uM.
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Fig. 7 Signaling pathways involved in Hey-induced astrocyte
dysfunction. NFkB p65 transcriptional activity (a) and HO-1 expression
(b). All results are expressed as percentage of control and represent the
mean + S.E.M. of four independent experimental determinations,
performed in triplicate. The data were analyzed statistically using a one-
way ANOVA followed by Tukey’s test. Asterisk indicates significant
differences from the basal group. *P < 0.05 and **P < 0.01

Hcy Augmented NFkB Transcriptional Activity
and Reduced HO-1 Expression Protein

To investigate the putative mechanisms of Hcy neurotoxicity,
we measured the transcriptional activity of NFkB, the master
regulator of oxidative and inflammatory responses, and the
expression levels of its regulator, HO-1, a key enzyme to
maintain redox homeostasis.

Hcy in a dose-dependent manner increased NF«B tran-
scriptional activity (P < 0.05, Fig. 7a) and decreased HO-1
expression levels (P < 0.05, Fig. 7b) in adult astrocytes.

Discussion

The detrimental effects of Hey in the CNS are well documented,
but the cellular mechanisms underlying Hey-induced glial reac-
tivity needs to be better elucidated. In this sense, in the present
study, for the first time in our knowledge, we demonstrated that
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Fig. 8 Schematic illustration of the signaling mechanisms involved in
Hey-induced glial reactivity in adult cortical astrocyte cultures. Hey leads
to a cellular redox imbalance, reducing antioxidant defenses, promoting

Hcy induced in adult astrocytes changes in (i) cellular
morphology/cytoskeleton proteins, (ii) pro-inflammatory cyto-
kine release, (iii) cellular antioxidant defenses, (iv) NFkB tran-
scriptional activity, and (v) HO-1 expression levels.

Recently, we demonstrated that Hey (30 pM) promoted a
decrease in the enzymatic antioxidant activities (SOD and
GPx) and an increase in neuronal death in cerebral cortex
slices from rats, providing some evidences that CNS is sus-
ceptible to damage caused by Hcy [6]. There are several hy-
potheses relating that the neurotoxic effects of Hcy are asso-
ciated to oxidative stress, due to Hcy auto-oxidation [28]. Our
present findings reinforce this hypothesis, indicating that Hey
causes a significant decrease in SOD and GPx activities. SOD
catalyzes the dismutation of the superoxide radical (O, ),
forming hydrogen peroxide (H,0O,), a reactive species less
harmful that is degraded by other enzymes such GPx and
CAT [29]. The decrease in enzymatic activity of SOD and
GPx may be caused by accumulation of reactive species, such
as O, and H,O,, which might be toxic inducing cellular
biomolecule damage and activating signaling pathways, such
as NFkB, which may lead to oxidative stress, inflammation,
energetic dysfunction, and finally, cell death.

pro-inflammatory cytokine release, decreasing HO-1 expression levels,
and activating NFkB transcriptional activity

A proper operation of the enzyme Na*, K™ ATPase is very
important for the cellular physiological process and is depen-
dent on concentrations of Na* and K*. In astroglial cells, this
process is crucial to glutamate uptake, and increases in
oxidative/nitrosative stress generation might lead to an inap-
propriate functioning of the Na*, K™ ATPase [30, 31]. In the
present study, Hey (30 uM) exposure induced a decrease in
Na*, K™ ATPase activity, which was consistent with previous
report [32]. We cannot exclude the idea that the Na*, K*
ATPase acts as a potent regulator of astrocytic functionality,
due to its essential role in brain excitability [33] and metabolic
energy production [34] and classical glial functions.

GSH is an important regulator of intracellular redox state,
and its production might be regulated by HO-1, a signaling
pathway that regulates antioxidant defenses [35, 36]. In our
study, Hey decreased GSH levels and HO-1 immunocontent
in the cerebral cortex, both in a dose-dependent manner, which
suggests that Hey impairs cellular defense against oxidative/
nitrosative damage. Furthermore, the inducible HO-1 is a phase
2 enzyme upregulated in response to oxidative stress, inflam-
mation, and cellular injury [37]. To our knowledge, this study is
the first to show the effects of Hey on the HO-1 pathway in
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astrocytes. Other studies in peripheral tissues demonstrated that
Hcy promotes a downregulation in HO-1 expression [38, 39].
This finding might indicate reduced capacity in protective
mechanisms, inducing cellular damage in lipids, proteins, and
nucleic acids [40]. Interestingly, GSH depletion and HO-1 re-
duced levels can lead to neuroinflammation, commonly asso-
ciated to age-related neurodegenerative disorders.

In line with this, Hcy-induced inflammatory response
seems to be associated with vascular dementia [41, 42]. In this
sense, our data showed that Hcy promoted a dose-dependent
release of TNF-«, IL-1f3, and IL-6 from adult astrocytes. In
accordance with our previous results, Scherer et al. [4] dem-
onstrated that an in vivo experimental model of mild HHcy in
rats promoted an increase in TNF-«, IL-1(3, and IL-6 in the
cerebral cortex. Similarly, another study using an acute Hcy
administration model in rats demonstrated an increase in the
same inflammatory mediators in the cerebral cortex [43].
Several studies have shown that astrocytes can respond to
different stimuli, such as lipopolysaccharide, ammonia, gluta-
mate, and oxidizing agents, releasing pro-inflammatory cyto-
kines, probably by the NFkB signaling pathway [44—46].

NF«kB is a transcription factor responsible for the activation
of a number of genes and damaged responses in the CNS [47].
In the cytoplasm, the NFkB p50/p65 heterodimer is inactivated
through binding to IkB proteins, and the cytokines exert the
opposite effect by activating the phosphorylation of inhibitory
proteins by IKKs, allowing the translocation of NFkB into the
nucleus [48]. According to our results of inflammatory media-
tors, NFkB transcriptional activity was increased by Hcey treat-
ment in astrocyte cultures, in a dose-dependent manner, indi-
cating that Hcy may trigger cellular damage through the NFxB
pathway, which may also be associated with a decrease in en-
zymatic and non-enzymatic antioxidant defenses as well as
HO-1 expression [49—51]. In this sense, HO-1 is able to inhibit
NF«kB translocation from the cytoplasm to the nucleus and,
consequently, the inflammatory response associated to NFkB
translocation [15]. Additionally, there is a close relationship
between Nrf2, the regulatory transcription factor of HO-1,
and energy metabolism and therefore with Na*, K™ ATPase
activity [15]. Moreover, in a large clinical study, Gori et al.
[52] analyzed more than 1000 subjects in two small towns near
Florence, Italy, and demonstrated that high circulating concen-
trations of cytokines and NFkB correlate with HHcy.

Despite many advances in neuroscience, little is known
about the effects of Hey in glial functionality. Figure 8 depicts
the main conclusions of this study, which demonstrates Hcy-
induced glial reactivity in adult astrocytes. These cells may
represent an important new tool for understanding the mecha-
nisms involved in the mature brain and might contribute to the
comprehension of the neurochemical and physiological effects
of Hey in the CNS. In summary, our results may indicate as-
trocytes as target for HHcy treatments and as possible mecha-
nisms to be explored in the search for therapeutic agents.
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