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Abstract This study investigated the effects of chronic
homocysteine administration on some parameters of
inflammation, such as cytokines (TNF-o, IL-1§ and IL-6),
chemokine CCL, (MCP-1), nitrite and prostaglandin E,
levels, as well as on immunocontent of NF-«xB/p65 subunit
in hippocampus and/or serum of rats. Since acetylcholin-
esterase has been associated with inflammation, we also
evaluated the effect of homocysteine on this enzyme
activity in hippocampus of rats. Wistar rats received daily
subcutaneous injections of homocysteine (0.3-0.6 pmol/g
body weight) or saline (control) from the 6th to the 28th
days-of-age. One or 12 h after the last injection, rats were
euthanized and hippocampus and serum were used. Results
showed that chronic hyperhomocysteinemia significantly
increased pro-inflammatory cytokines (TNF-a, IL-1f and
IL-6), chemokine CCL, (MCP-1) and prostaglandin E, in
hippocampus and serum of rats at 1 and 12 h after the last
injection of homocysteine. Nitrite levels increased in hip-
pocampus, but decreased in serum at 1 h after chronic
hyperhomocysteinemia. Acetylcholinesterase activity and
immunocontent of citoplasmic and nuclear NF-xB/p65
subunit were increased in hippocampus of rats subjected to
hyperhomocysteinemia at 1 h, but did not alter at 12 h after
the last injection of homocysteine. According to our
results, chronic hyperhomocysteinemia increases inflam-
matory parameters, suggesting that this process might be
associated, at least in part, with the cerebrovascular and
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vascular dysfunctions characteristic of some homocys-
tinuric patients.
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Introduction

Tissue levels of homocysteine (Hcy) are increased in
homocystinuria, an inborn error of metabolism character-
ized biochemically by cystathionine f-synthase (CBS, EC
4.2.1.22) deficiency [l1]. Hyperhomocysteinemia also
occurs in neurodegenerative disorders, such as Alzheimer’s
and Parkinson’s diseases [2—4], and has been identified as
an independent risk factor for atherosclerosis, cerebrovas-
cular and neuroinflammatory diseases [5-9].

Inflammation is fundamentally a protective response
whose ultimate goal is to eliminate the injury-inducing
agent, including a micro-organism, physical stimuli and
chemical agent [10]. Some of the important mediators of
inflammation are: histamine, serotonin, lysosomal
enzymes, prostaglandins (PGs), leukotrienes (LTs), platelet
activating factor, reactive oxygen species (ROS), nitric
oxide (NO), cytokines, chemokines, acute-phase proteins,
coagulation/fibrinolysis system, and complement system
[10]. Exposure of the cells to diverse stimuli, such as
inflammatory cytokines, oxidative stress, or bacterial
endotoxins, results in activation of nuclear factor-kappaB
(NF-kB) through the stimulation of phosphorylation and
degradation of IxBo [11].

Activated NF-kB is then translocated to the nucleus,
where it binds to the cis-acting kB enhancer element
of target genes and activates the expression of
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pro-inflammatory mediators [12]. NF-xkB plays an impor-
tant role in inflammatory phenotypic changes in various
pathophysiological conditions [13]. Like other members of
the NF-xB family, NF-xB/p65 resides in the cytoplasm in
an inactive form bound to inhibitory IxB proteins. Cellular
activation results in the nuclear translocation of NF-xB/p65
for initiating gene transcription. The translocation of
NF-xB/p65 from cytoplasm to nucleus is often taken as an
indication of NF-kB activation and is related to the cellular
response to oxidants or to the inflammatory and acute
immune response [14].

Brain inflammation is characterized by activation of
microglia, which releasing a number of factors that mod-
ulate pro- and anti-inflammatory mediators (cytokines,
chemokines, NO, PGEs, growth factors and superoxide
species [15], which in turn, up-regulate adhesion mole-
cules, increase permeability of the blood-brain barrier,
facilitate the invasion of peripheral immune cells, induce
the release of potentially toxic molecules, that may com-
promise brain cells [16]. Thus, the central nervous system
(CNS) can be affected not only by inflammatory mediators
produced within the brain, but also through the actions of
mediators originating from the periphery.

Among the diverse functions that are regulated by ace-
tylcholinesterase (AChE), inflammation has recently
emerged as one of the most interesting. Since acetylcholine
(ACh) is a neurotransmitter and has regulatory effect on
serotonin, dopamine and other neuropeptides, it is clear
that a complex network of interaction exists between these
molecule in the regulation of immune response and neu-
rotransmission [17, 18].

The relative balance of pro and anti-inflammatory
cytokine and chemokine expression is believed to play a
significant role in the etiology of both thrombosis and
atherogenesis [19]. Previous studies have indicated that
Hcy may contribute to the development and progression of
atherosclerosis by inducing endothelial dysfunction,
increasing proliferation of vascular smooth muscle cell,
promoting lipoprotein oxidation and platelet activation,
and enhancing collagen synthesis [20]. In addition, a pro-
inflammatory state, associated with hyperhomocystein-
emia, has been demonstrated by several authors [7, 21, 22].
In vitro studies have shown that Hcy is able to induce
mRNA and protein expression of the pro-inflammatory
cytokines in cultured human aortic endothelial cells [23,
24]. Additionally, we have previously reported that acute
Hcy administration increases pro-inflammatory cytokines
(TNF-o, IL-1f and IL-6) and chemokine CCL, (MCP-1) in
brain and serum of rats [9].

In order to investigate whether chronic hyperhomocy-
steinemia could alter inflammatory markers, in the present
study we evaluated the effect of chronic Hey administra-
tion on some inflammatory parameters such as cytokines

(TNF-a;, IL-1f and IL-6), chemokine CCL, (MCP-1),
nitrite and prostaglandin E, levels and the immunocontent
of NF-xB/p65 subunit, as well as on AChE activity in
hippocampus and/or serum of rats.

Materials and Methods
Animals and Reagents

Seventy-four Wistar rats were obtained from the Central
Animal House of the Departamento de Bioquimica, Insti-
tuto de Ciéncias Basicas da Saude, Universidade Federal
do Rio Grande do Sul, Porto Alegre, RS, Brazil. Animals
were maintained on a 12 h light/12 h dark cycle at a con-
stant temperature (22 £+ 1 °C), with free access to water
and commercial protein chow. Animal care followed the
NIH “‘Guide for the Care and Use of Laboratory Animals’’
(NIH publication no. 80-23, revised 1996) and was
approved by the University Ethics Committee.

Acrylamide, bisacrylamide, SDS, and f-mercap-
toethanol used in sodium dodecylsulfate polyacrylamide
gel electrophoresis (SDS-PAGE) were purchased from
Sigma Chemical Co. (St. Louis, MO, USA). Polyclonal
antibodies were purchased from Cell Signaling Technology
(Beverly, MA, USA). Anti-rabbit IgG peroxidase-conju-
gated and reagents to detect chemioluminescence (ECL)
were purchased from Amersham Pharmacia Biotech (Pis-
cataway, NJ, USA). Hybond-C nitrocellulose membranes
were from Hybond-ECL-(Hybond- ECL- nitrocellulose
membrane, Amersham Biosciences, Freiburg, Germany).
X-ray films were purchased from Kodak (Kodak X-Omat,
Rochester, NY, USA). All other reagents were purchased
from Sigma Chemical Co. (St. Louis, MO, USA).

Chronic Homocysteine Treatment

D,L-Hcy was dissolved in 0.9 % NaCl solution (saline) and
buffered to pH 7.4. Hecy solution was administered sub-
cutaneously twice a day from the 6th to 28th days-of-age.
Hcy doses were calculated from pharmacokinetic parame-
ters previously determined in our laboratory [25]. During
the first week of treatment, animals received 0.3 pmol Hey/
g body weight. In the second week, 0.4 pmol Hcy/g body
weight was administered to the animals, and in the last
week rats received 0.6 pmol Hcy/g body weight. Plasma
Hcy concentration in rats subjected to this treatment
reached levels similar to those found in homocystinuric
patients [1, 25]. Hey reaches the brain maximum concen-
tration between 15 and 30 min after injection and returns to
baseline levels at 12 h [25]. Control animals received sal-
ine solution in the same volumes as those applied to Hcy-
treated rats. The rats were euthanized by decapitation
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without anesthesia 1 or 12 h after the last injection; serum
was separated and brain was quickly removed and hippo-
campus was dissected.

Western Blotting for Cytosolic and Nuclear NF-xB/p65
Subunit

Tissue hippocampus were homogenized in 300 pL. hypo-
tonic lysis buffer (10 mM HEPES (pH 7.9), 1.5 mM
MgCl,, 10 mM KCI, 0.5 mM phenylmethylsulfonyl fluo-
ride, 1 mM dithiothreitol, 5 mM NaF, 1 mM sodium
orthovanadate plus protease inhibitor cocktail). Hippo-
campus homogenate were than lysed with 18 pL 10 % I-
GEPAL. The homogenate was centrifuged (14,000xg, 30 s,
4 °C), and supernatants containing the cytosolic fraction
were stored at —80 °C. The nuclear pellet was resuspended
in 200 pL ice-cold hypertonic extraction buffer (10 mM
HEPES (pH 7.9), 0.40 M NaCl, 1.5 mM MgCl,, 10 mM
KCl, 0.5 mM phenylmethylsulfonyl fluoride, 1 mM dithi-
othreitol, 5 mM NaF, 1 mM sodium orthovanadate,
0.25 mM EDTA, 25 % glycerol plus protease inhibitor
cocktail). After 40 min of intermittent mixing, extracts
were centrifuged (14,000xg, 10 min, 4 °C), and superna-
tants containing nuclear protein were secured [26]. Cyto-
solic and nuclear fractions were used for NF-kf/p65
subunit Western blotting. Aliquots were taken for protein
determination and, for electrophoresis analysis, were dis-
solved in 25 % (v/v) of a solution containing 40 % glyc-
erol, 5 % mercaptoethanol, 50 mM Tris—HCI, pH 6.8.
Equal protein concentrations were loaded onto 10 %
polyacrylamide gels and analyzed by SDS-PAGE. Protein
samples were separated by 10 % SDS-PAGE (50 pg/lane
of total protein) and transferred (Trans-blot SD semidry
transfer cell, BioRad) to nitrocellulose membranes for 1 h
at 15 V in transfer buffer (48 mM Trizma, 39 mM glycine,
20 % methanol, and 0.25 % SDS). The blot was then
washed for 10 min in Tris-buffered saline (TBS) (0.5 M
NaCl, 20 mM Trizma, pH 7.5), followed by 2 h incubation
in blocking solution [TBS plus 5 % bovine serum albumin
(BSA)]. After incubation, the blot was washed twice for
5 min with blocking solution plus 0.05 % Tween-20 (T-
TBS) and then incubated overnight at 4 °C in blocking
solution containing one of the following antibodies: anti-
NF-kB/p65 (1:1,000; Santa Cruz Biotechnology) and anti-
f-actin (1:1,000, Sigma Chemical Co.). The blot was then
washed twice for 5 min with T-TBS and incubated for 2 h
in antibody solution containing peroxidase-conjugated anti-
mouse IgG or peroxidase-conjugated anti-rabbit IgG dilu-
ted 1:1,000. The blot was again washed twice for 5 min
with T-TBS and twice for 5 min with TBS. The blot was
developed using a chemiluminescence ECL kit (Amer-
sham, Oakville, Ontario). The chemioluminescence was
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detected using X-ray films that were scanned and analyzed
using the Optiquant Software (Packard Instruments).

Tissue Preparation

For acquisition of serum, whole blood was centrifuged at
1,000xg for 5 min and the serum was immediately
removed. Hippocampus was homogenized 1:5 (w/v) in
saline solution (0.9 % NaCl). The homogenate was cen-
trifuged at 800xg for 10 min at 4 °C and the supernatant
was used in assays.

Cytokine (TNF-o, IL-1f and IL-6) and Chemokine
CCL, (MCP-1) Assay

TNF-a, IL-1p, IL-6 and MCP-1 levels in hippocampus and
serum were quantified by Multiplexed Immunoassay with a
commercially available kit, and analyzed on a Luminex
200°TM.

Nitrite Assay

Nitrite levels were measured using the Griess reaction;
100 pL of rat hippocampus supernatant or serum were
mixed with 100 pL Griess reagent (1:1 mixture of 1 %
sulfanilamide in 5 % phosphoric acid and 0.1 % naphthy-
lethylenediamine dihydrochloride in water) and incubated
in 96-well plates for 10 min at room temperature. The
absorbance was measured on a microplate reader (Spec-
traMax MS5/MS5 Microplate Reader, Molecular Devices,
MDS Analytical Technologies, Sunnyvale, California,
USA) at a wavelength of 543 nm. Nitrite concentration was
calculated using sodium nitrite standards [27].

Prostaglandin E, Assay

PGE, was measured by the method described by Wallace
et al. [28] and determined by radioimmunoassay.

Acetylcholinesterase Activity

AChHE activity was determined, according to Ellman et al.
[29], with some modifications. Hydrolysis rates were
measured at an ACh concentration of 0.8 mM in 1 mL
assay solutions with 30 mM phosphate buffer, pH 7.5, and
1.0 mM DTNB at 25 °C. About 50 pL of rat hippocampus
supernatant was added to the reaction mixture and prein-
cubated for 3 min. The hydrolysis was monitored by the
formation of the thiolate dianion of DTNB at 412 nm for
2-3 min (intervals of 30 s).
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Protein Determination

Protein concentrations were measured by the method of
Lowry et al. [30] or Bradford [31] using bovine serum
albumin as standard.

Statistical Determination

Data were analyzed by the Student‘s t test for unpaired
samples. All analyses were performed using the Statistical
Package for the Social Sciences (SPSS) software with a
PC-compatible computer. Differences were considered
statistically significant if p < 0.05.

Results

We first studied the effect of chronic Hcy administration on
cytokine levels (TNF-o, IL-18 and IL-6) and chemokine
CCL, (MCP-1) in hippocampus of rats. Figure la shows
that Hey significantly increased the levels of TNF-« at 1 h
[#(7) = 4.15; p <0.01], but not at 12 h [#(7) = 0.80;
p > 0.05] after chronic hyperhomocysteinemia. Figure 1b
shows that IL-1§ was increased at 1h [¢(7) = 5.47,
p < 0.001] and 12 h [#(7) = 3.65; p < 0.01] after the last
injection of Hcy injection, as compared to the control
group. Similarly, IL-6 was increased at 1 h [#(7) = 4.30;
p <0.01] and 12 h [#(7) =3.29; p <0.05] after Hcy
administration (Fig 1c). MCP-1 levels significantly
increased at 1 h [#(7) = 3.55; p < 0.01], but not at 12 h
[#(7) = 1.34; p > 0.05], after chronic hyperhomocystein-
emia (Fig. 1d).

The effect of chronic hyperhomocysteinemia on cyto-
kines (TNF-¢, IL-1§ and IL-6) and chemokine CCL,
(MCP-1) levels was also investigated in serum of rats.
Figure 2a shows that Hcy significantly increased TNF-«
levels at 1h [#8)=8.58; p<0.001] and at 12 h
[1(7) = 2.92; p < 0.05] after the last injection of this amino
acid. Figure 2b shows that IL-1§ was increased at 1 h
[#(8) = 5.43; p < 0.001] and at 12 h [#(8) =4.24; p <
0.01] after Hcy injection. Similarly, chronic hyperhomo-
cysteinemia significantly increased IL-6 levels at 1h
[#(8) = 10.58; p < 0.001] and at 12h [#8) = 4.43;
p < 0.01] (Fig. 2¢); and MCP-1 levels at 1 h [#8) = 6.11;
p < 0.001] and at 12 h [#8) = 3.56; p < 0.01] (Fig. 2d),
as compared to the control group.

Next, nitrite levels were determined in hippocampus and
serum of animals subjected to chronic Hey administration.
Figure 3a shows that Hcy significantly increased nitrite
levels in hippocampus at 1 h [#7) = 2.98; p < 0.05] and
12 h [#(6) = 2.63; p < 0.05], as compared to the control
group. On the other hand, Fig. 3b shows that Hcy signifi-
cantly decreased nitrite levels in serum at 1 h [#(8) = 2.32;

p <0.05], but did not alter this parameter at 12 h
[#(6) = 0.91; p > 0.05] after chronic administration of this
amino acid.

Subsequently, the effect of chronic Hcy administration
on prostaglandin E, was evaluated in the hippocampus and
serum of rats. Figure 4a shows that rats euthanized at 1 h
[#(6) =5.95; p<0.001] and at 12h [#(6) = 10.25;
p < 0.001] after chronic hyperhomocysteinemia presented
a significant increase in prostaglandin E,, as compared to
the control group. In addition, Fig. 4b shows that Hcy
injection increased prostaglandin E, levels in serum of rats
at 1 h [#(6) = 2.94; p < 0.05]; however, animals eutha-
nized at 12 h [#(6) = 1.08; p > 0.05] after chronic hype-
rhomocysteinemia did not present alterations in this
parameter.

Since, NF-xB regulate innate immune response, and it is
activated rapidly in response to a wide range of stimuli,
including pro-inflammatory cytokines, such as TNF-o and
IL-1f [32], we investigated the effect of chronic hype-
rhomocysteinemia on immunocontent of cytosolic and
nuclear fraction of NF-xB/p65 subunit. Figure 5a shows
that chronic Hcy administration significantly increased the
immunocontent of cytosolic [#(7) = 5.36; p < 0.001] and
nuclear fraction of NF-kB/p65 subunit [#(8) = 3.15;
p < 0.01] in the hippocampus of rats at 1 h after the last
injection of this amino acid. Figure 5b shows that chronic
hyperhomocysteinemia has no effect on the immunocon-
tent cytosolic [#(7) = 0.242; p > 0.05] and nuclear NF-kB/
p65 subunit [#5) = 0.007; p > 0.05] at 12 h after
hyperhomocysteinemia.

Considering that AChE seem to be associated with
inflammation we determined the effect of chronic Hcy
administration on activity of AChE. Figure 6 shows that
chronic hyperhomocysteinemia provoked an increase in
AChE activity in the hippocampus of rats at 1 h [#(6) =
3.15; p < 0.05], but did not alter this enzyme at 12 h
[#(7) = 0.53; p > 0.05] after the last injection.

Discussion

Hyperhomocysteinemia has been associated with vascu-
lopathy in the peripheral and cerebral blood vessels
[33, 34]. The mechanism by which hyperhomocysteinemia
promotes endothelial dysfunction and subsequent vascular
disease has recently been explored in the peripheral vessel
system, but less extensively in the cerebral blood vessels
[35-37].

Previous work using cell cultures has suggested the
participation of inflammation in the pathogenesis of
hyperhomocysteinemia [24, 38, 39], in the present study
we initially investigated the effect of chronic hyperhomo-
cysteinemia on cytokines in hippocampus and serum of
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rats. Results showed that chronic Hcy administration
increases cytokines IL-1f and IL-6 in hippocampus of rats
at 1 or 12 h after the last injection of this amino acid,
whereas TNF-o and MCP-1 were increased only at 1 h
after chronic hyperhomocysteinemia. Although the precise
mechanisms of Hcy action on the inflammatory process are
not fully understood, our findings suggest that the increase
in cytokine levels could be closely related to the high brain
and plasma levels of this amino acid, which achieve the
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peak as soon at 15 min after injection, returning to baseline
levels after 12 h [25]. These data are in agreement with Su
et al. [39], who reported that Hey in vitro induces mRNA
and protein expressions of the inflammatory cytokines
TNF-o, IL-1f, IL-6, IL-8, and IL-12. Most importantly,
there is now extensive evidence that neuroinflammation
contributes to many acute and chronic degenerative disor-
ders and, perhaps, some psychiatric diseases [16], and it is
also possible that the cytokines profiles in severe
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Fig. 4 Effect of chronic administration of homocysteine on prosta-
glandin E, in the hippocampus (a) and serum (b) of rats. Results
are expressed as mean + SD for six animals per group. Different
from control, *p < 0.05; ***p < 0.001 (Student’s ¢ test). Hcy
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hyperhomocysteinemia described here could contribute to
the cognitive impairment that is frequently observed in this
disease.

Although some CNS cell types, including microglia,
astrocytes and neurons, are able to secrete cytokines,
studies support the involvement of peripherally-derived
cells in contributing to brain inflammation and injury [40].
It has also been suggested that an associated blood-brain
barrier dysfunction may occur whereby a leaky state pro-
motes transendothelial migration of immune cells [40].
With regard to cytokines that are important modulators of
inflammatory events [41], we have previously shown that
acute Hcy administration increases the pro-inflammatory
cytokines TNF-a, IL-1f, IL-6 and MCP-1 in brain and
serum of rats [9].

In the present study, chronic Hcy administration
increased TNF-¢, IL-1f, IL-6 and MCP-1 in rat serum at 1
and 12 h after the last injection of this amino acid. It has
recently been shown that Hcy may contribute to the pro-
gression of atherosclerosis, in part by enhancing vascular
inflammation [23, 42]. Following Hcy-induced injury,
endothelial cells are activated and are capable of producing
various adhesion molecules and chemokines such as,
VCAM-1, ICAM-1, E-selectin, P-selectin, f1-integrin,
IL-8 which participate in inflammatory reactions in the
arterial wall [24, 43-46]. Other potentially important
inflammatory actions of Hcy include stimulation of TNF-«
released by blood monocytes and their adhesion to endo-
thelial cells [38, 39]. These results suggest that Hcy may
contribute to the initiation and progression of vascular
disease by promoting monocyte activation, resulting in the
secretion of cytokines that might amplify the inflammatory
response in the arterial wall.

Moreover, we also evaluated the effect of chronic
hyperhomocysteinemia on nitrite levels. Hcy significantly
increased nitrite levels in hippocampus of rats at 1 h and
12 h after the last Hcy injection. NO is produced by a
group of enzymes called neuronal nitric oxide synthase
(nNOS), inducible NOS (iNOS) and endothelial NOS
(eNOS). These enzymes convert arginine into citrulline,
producing NO in the process [47-49]. The activity of the
NOS enzymes is subject to discreet and multiple inter-
connected mechanisms of regulation. NO regulates a
diverse range of physiological and cellular processes,
including endothelial cell migration, proliferation, extra-
cellular matrix degradation, platelet function, angiogenesis
and mitogenesis, which are all crucial for cardiovascular
physiology [50, 51]. During inflammation, NO levels
increase considerable, due to the induction of iNOS by
cytokines [52]. In this context, Welch et al. [53] reported
that Hcy induced NO synthesis in the vascular smooth
muscle cells after NF-xf-dependent transcriptional acti-
vation of iNOS. In accordance with our results, it has been
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reported that acute Hcy administration increases nitrite
levels in rat brain [9].

Contrast data were obtained for rat serum; Hcy
decreased nitrite levels at 1 h after chronic hyperhomocy-
steinemia, but did not alter this parameter at 12 h. Under
normal conditions, NO has a role in the detoxification of
Hcy through the formation of S-nitrosohomocysteine [54].
However, chronic exposure to Hcy increases the formation
of superoxide anion (O,-7), which can react with NO to
yield the potent oxidant, peroxynitrite (ONOO™) [55, 56].
In our study, nitrite levels was decreased in serum after
chronic hyperhomocysteinemia, and we proposed that the
bioavailability of NO may be reduced due to the generation
of free radicals and lipid peroxidation caused by Hcy. In
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this context, Jiang et al. [57] showed that eNOS activity
was significantly reduced by Hcy in endothelial cells of
CBS null mice. Further research found that increased
vascular oxidant stress in hyperhomocysteinemia not only
leads to a decreased NO bioavailability, but also activates
redox-sensitive signaling pathways that induce a pro-
inflammatory state in the vessel wall [58, 59].

PGEs are members of the eicosanoid family and are not
stored by cells; rather, they are synthesized from arachi-
donic acid via the actions of cyclooxygenase enzymes
(COX), either constitutively or in response to cell-specific
trauma, stimuli, or signaling molecules [60, 61]. The most
abundant prostanoid in the human body is PGE, [62], and
has been considered the principal prostaglandin in acute
inflammation, as well as in arthritic diseases such as
rheumatoid arthritis [63] and osteoarthritis [64]. The effect
of chronic Hey administration on PGE, in hippocampus
and serum of rats was next investigated. Results showed
that chronic Hcy administration increased PGE, in the
hippocampus at 1 and 12 h after injection. On the other
hand, in serum we verified that Hcy increased PGE, at 1 h
after Hcy administration. It has also been reported that
iNOS specifically binds to COX-2 and S-nitrosylates the
enzyme on Cys526, resulting in an increased COX-2 cat-
alytic activity and enhanced PGE, production [65]. These
effects of PGE, in hippocampus could be responsible, at
least in part, for the increase in the nitrite levels observed in
our study.

Additionally, we evaluated the immunocontent of
cytosolic and nuclear NF-xB/p65 subunit in hippocampus
of rats subjected to chronic Hcy administration. We
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demonstrated that chronic hyperhomocysteinemia signifi-
cantly increased the immunocontent of cytosolic and
nuclear NF-xB/p65 subunit at 1 h, but did not observe any
alteration in the immunocontent of NF-xB/p65 subunit at
12 h after chronic administration of this amino acid.
Increased vascular oxidative stress in hyperhomocystein-
emia has been shown to activate pro-inflammatory signal-
ing pathways in endothelial cells, including the NF-«xf
pathway [66]. In this context, Hcy has been shown to
stimulate ICAM-1 and TNF-a expression in endothelial
cells, mediated by the activation of NF-«f3, via a mitogen-
activated protein kinase (MAPK) pathway [67]. NF-kf
may also be activated through a protein kinase C signaling
mechanism, which seems to be stimulated by Hcy [42]. In
addition, reports showed that Hcy-induced IL-6 gene
expression occurs through the activation of NF-xf [68].
Furthermore, recent studies have demonstrated the
involvement of Hcy actions linked to oxidative stress [69,
70], and which NF-xf is a transcriptional factor whose
activation by signaling pathways is correlated with ele-
vated ROS levels [71]. In this context, Matté et al. [69]
showed that chronic Hcy administration increased DNA
damage, as evaluated by the comet assay, and disrupted
antioxidant defenses (enzymatic and non-enzymatic) in
parietal cortex and blood/plasma. It has been previously
demonstrated that acute Hcy administration decreases
catalase activity (CAT) in rat hippocampus and that vita-
mins E and C completely prevent this effect, indicating that
the participation of oxidative stress is probably involved in
the actions of Hey [72]. In fact, NF-xff may be a point of
convergence by which different agents cause inflammatory
activation in hyperhomocysteinemia.

ACh is rapidly hydrolyzed by AChE in neural synapses
and the motor endplate. Considering the inflammatory
suppressive effect of ACh, it is conceivable that AChE
activity is an intrinsic regulator of inflammation [73].
Indeed, peritoneal injection of AChE inhibitors reduce
serum pro-inflammatory cytokine levels and improve
survival in a murine model of sepsis [74]; intravenous
AChE inhibitors reduce IL-1f in brain and blood and
decrease serum AChE activity in mice [75]; and basal
AChE activity in the circulation is inversely related to
serum IL-6 levels induced by endotoxin in humans [76].
Based on these data, we also investigated the effect of
chronic Hcy administration on AChE activity. We
observed that the activity of this enzyme was increased in
hippocampus at 1 h after the last injection of Hcy. Con-
sidering the role of ACh in inhibiting the release of pro-
inflammatory cytokines [73, 75], we might speculate that
this increase in AChE activity may cause an impairment
of ACh ability in regulating the inflammatory processes,
which would explain, at least in part, the alterations in
cytokine levels described above.

In summary, we showed that chronic hyperhomocy-
steinemia induced immune activation by increasing cyto-
kines (TNF-¢, IL-1p, IL-6), chemokine CCL, (MCP-1),
nitrite and PGE, levels, immunocontent of NF-xB/p65
subunit and AChE activity. Collectively, our results pro-
vide an additional insight into the inflammatory mecha-
nisms of Hcy, and may contribute, at least in part, to
explain the complex factors involved in the cerebrovascu-
lar and vascular dysfunction exhibited by hyperhomocy-
steinemic patients.
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