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Abstract Hypoxanthine, the major oxypurine metabolite in-
volved in purine’s salvage pathway in the brain, is accumulat-
ed in Lesch-Nyhan disease, an inborn error of metabolism of
purine. The purpose of this study was to investigate the effects
of hypoxanthine intrastriatal administration on infant and
young adult rats submitted to stereotactic surgery. We ana-
lyzed the effect of hypoxanthine on neuroinflammatory pa-
rameters, such as cytokine levels, immunocontent of NF-κB/
p65 subunit, iNOS immunocontent, nitrite levels, as well as
IBA1 and GFAP immunocontent in striatum of infant and
young adult rats. We also evaluate some oxidative parameters,
including reactive species production, superoxide dismutase,
catalase, glutathione peroxidase activities, as well as DNA
damage. Wistar rats of 21 and 60 days of life underwent ste-
reotactic surgery and were divided into two groups: control
(infusion of saline 0.9 %) and hypoxanthine (10 μM).
Intrastriatal administration of hypoxanthine increased IL-6
levels in striatum of both ages of rats tested, while TNF-α
increased only in 21-day-old rats. Hypoxanthine also in-
creased nuclear immunocontent of NF-κB/p65 subunit in

striatum of both ages of rats. Nitrite levels were decreased in
striatum of 21-day-old rats; however, the immunocontent of
iNOS was increased in striatum of hypoxanthine groups.
Microglial and astrocyte activation was seen by the increase
in IBA1 and GFAP immunocontent, respectively, in striatum
of infant rats. All oxidative parameters were altered, suggest-
ing a strong neurotoxic hypoxanthine role on oxidative stress.
According to our results, hypoxanthine intrastriatal administra-
tion increases neuroinflammatory parameters perhaps through
oxidative misbalance, suggesting that this process may be in-
volved, at least in part, to neurological disorders found in pa-
tients with Lesch-Nyhan disease.
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Introduction

Purines are a class of molecules that present several
functions for the cellular biology, for instance nucleic
acid synthesis, cofactor reactions, energy-consuming re-
actions, and cellular signaling. Hypoxanthine is the ma-
jor purine metabolite involved in the purine’s salvage
pathway in the brain. This mechanism is vital for the
maintenance of physiologic purine levels. Deficiency of
hypoxanthine-guanine phosphoribosyltransferase (HPRT,
EC 2.4.2.8) activity leads to the inborn error of metab-
olism known as Lesch-Nyhan disease (LND), which is
characterized by high levels of oxypurines, mainly hy-
poxanthine and uric acid [1–3].

HPRT is present in all tissues and distributed equally
throughout the brain [4], although the symptoms pre-
sented by LND patients seem to be related more specif-
ically to extrapyramidal effects and basal ganglia
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dysfunction [5]. LND patients present five times the
normal concentration of hypoxanthine, but rather normal
levels of xanthine in cerebrospinal fluid [6, 7].
However, brain tissue has relatively lower levels of xan-
thine oxidase; therefore, the production of uric acid
from xanthine and hypoxanthine is narrow [8].
Histopathological studies showed that patients with
LND present a decrease in brain volume and a white
matter deficit more pronounced than gray matter [9],
probably caused by a developmental deficiency rather
than a degenerative one [10]. Symptomatology of LND
patients is motor dysfunction (spasticity, dystonia), cere-
bral palsy, cognitive and behavioral disturbances, and
self-mutilation behavior, as well as hyperuricemia [11,
12].

Central nervous system (CNS) has several mecha-
nisms responsible for maintaining immune homeostasis.
Microglia is the basic neuroinflammatory mediator,
responding as the major brain’s immune cells.
Neuroinflammation is characterized by activation of mi-
croglia and astrocyte with consequent release of many
factors that modulate pro- and anti-inflammatory media-
tors, such as cytokines, chemokines, nitric oxide (NO),
prostaglandins, growth factors, superoxide species, and
nuclear factor-kappa B (NF-κB) translocation [13–15].

It is well established that high levels of reactive spe-
cies induce oxidative stress, promoting several cellular
injury as lipid, protein, and DNA damage [16]. It has
been demonstrated the hypoxanthine/xanthine oxidase
action as a source of oxidative stress in the vascular
system [17]. Previous works have shown hypoxanthine’s
capability to induce lipid peroxidation, reduce total
radical-trapping antioxidant parameter, and also alter an-
tioxidant enzymes [18, 19].

Since LND symptoms generally occur in early stage
of life and the average life expectancy of patient with
LND under treatment is early- to mid-20s [11], in the
current research we aimed to evaluate hypoxanthine
intrastriatal administration in infant and young adult
rats. In order to verify whether high hypoxanthine levels
could alter neuroinflammatory profile and its mecha-
nism, in the present study we evaluated the effect of
intrastriatal hypoxanthine administration on some
neu r o i n f l amma t o r y p a r ame t e r s s u ch a s p r o -
inflammatory cytokines interleukin-6 (IL-6) and tumor
necrosis factor-α (TNF-α), immunocontent of NF-κB,
inducible nitric oxide synthase (iNOS), nitrite levels,
as well as on microglial and astrocyte markers including
ionized calcium-binding adapter molecule 1 (IBA1) and
glial fibrillary acidic protein (GFAP). Some oxidative
parameters such as reactive species generation, antioxi-
dant enzymes activities, and DNA damage were also
evaluated.

Materials and Methods

Animals and Reagents

Male Wistar rats of 21 (infant) and 60-day-old (young adult)
were obtained from the Central Animal House of the
Department of Biochemistry of the Universidade Federal do
Rio Grande do Sul, Porto Alegre, Rio Grande do Sul, Brazil.
Animals were maintained under a standard dark–light cycle
(lights on between 07:00 and 19:00 hours) at a room tempera-
ture of 22±1 °C, with free access to a 20% (w/w) commercial
protein chow and water. Animal care followed the official
governmental guidelines in compliance with the Federation
of Brazilian Societies for Experimental Biology and was ap-
proved by the Ethical Committee of the Universidade Federal
do Rio Grande do Sul, Brazil (#25717).

Acrylamide, bisacrylamide, SDS, and β-mercaptoethanol
used in sodium dodecylsulfate polyacrylamide gel electropho-
resis (SDS-PAGE) were purchased from Sigma Chemical Co.
(St. Louis, MO, USA). Polyclonal antibodies were purchased
from Santa Cruz Biotechnology, BD Biosciences, and Cell
Signaling Technology. Anti-rabbit IgG peroxidase-
conjugated and reagents to detect chemiluminescence (ECL)
were purchased from Amersham Pharmacia Biotech
(Piscataway, NJ, USA). Hybond-C nitrocellulose membranes
were from Hybond-ECL (Hybond-ECL-nitrocellulose mem-
brane, Amersham Biosciences, Freiburg, Germany). All other
chemical reagents used for analysis were obtained from Sigma
Aldrich Co., St. Louis, MO, USA.

Experimental Procedure

The model developed in this experimental study was based on
the infusion of hypoxanthine directly into the right striatum,
using a stereotactic apparatus, which is widely described in the
current scientific literature [20–22]. In this technique, the co-
ordinates specific to the right striatum for each age of rats were
based on the stereotactic atlas coordinates developed by
Paxinos and Watson [23] (coordinates relative from bregma
for 21- and 60-day-old rats, respectively: AP −0.6 mm, ML
−3.0 mm, V −4.0 mm from the dura; AP −0.5 mm, ML
−2.5 mm, V −2.5 mm from the dura). In all experiments, the
intrastriatal infusions of the drug occurred 2 days after surgery,
to avoid any influence of anesthetic substances on the results,
since studies show neuroprotective effect for xylazine and
ketamine [24]. Later, a needle (0.9 mm) infusion was adjusted
within the guide cannula placed in the animal and 2 μL of a
solution of hypoxanthine (20 pmol/2 μL) or vehicle (saline
0.9 %) was administered in the right striatum of the animal
1 μL per minute. Thus, the animals were divided into two
groups: (1) control (saline infusion); (2) hypoxanthine (hypo-
xanthine infusion). Animals were sacrificed by decapitation
without anesthesia 30 min after the saline or hypoxanthine
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infusion, brain was dissected, and the structure analyzed was
striatum. Hypoxanthine dose used in our study was chosen
according to Puig and colleagues [25], being equivalent to that
found in patients with Lesch-Nyhan disease. This model was
used throughout all experiments described in this work.

Cytokines (IL-6 and TNF-α) Assay

Striatum was homogenized in 1:5 (w/v) saline (0.9 % NaCl).
The homogenate was centrifuged at 800×g for 10 min at 4 °C,
being the supernatant used for the technic. IL-6 and TNF-α
levels in striatum were quantified by a rat high-sensitivity
enzyme-linked immunoabsorbent assays (ELISA) with com-
mercially available kits (InvitrogenTM, Life Technologies,
Carlsbad, CA, USA) as described by Scherer et al. [26].

Cellular Fractionation for Cytosolic and Nuclear
NF-κB/p65 Subunit

Cellular fractionation for cytosolic and nuclear NF-κB/p65
subunit was obtained as described by da Cunha et al. [27].
Striatum was homogenized in 300 μL hypotonic lysis buffer
containing 10 mM HEPES (pH 7.9), 1.5 mMMgCl2, 10 mM
KCl, 0.5 mM phenylmethylsulfonyl fluoride (PMSF), 1 mM
dithiothreitol (DTT), 5 mMNaF, 1 mM sodium orthovanadate
plus protease inhibitor cocktail. Samples homogenate were
then lysed with 18 μL 10 % IGEPAL. The homogenate was
centrifuged (14,000×g, 30 s, 4 °C), and supernatants contain-
ing the cytosolic fraction were stored at −80 °C. The nuclear
pellet was resuspended in 200 μL ice-cold hypertonic extrac-
tion buffer (10 mM HEPES (pH 7.9), 0.40 M NaCl, 1.5 mM
MgCl2, 10 mMKCl, 0.5 mM PMSF, 1 mMDTT, 5 mMNaF,
1 mM sodium orthovanadate, 0.25 mM EDTA, 25 % glycerol
plus protease inhibitor cocktail). After 40 min of intermittent
mixing, extracts were centrifuged (14,000×g, 10 min, 4 °C),
and supernatants containing nuclear protein were secured. For
electrophoresis analysis, aliquot samples were dissolved in
25 % (v/v) of a solution containing 40 % glycerol, 5 %
mercaptoethanol, and 50 mM Tris–HCl, pH 6.8.

Western Blotting Analysis of NF-κB/p65 Subunit, iNOS,
IBA1, and GFAP

Protein samples were separated by 10 % SDS-PAGE (30 μg/
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 a 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
the respective antibody anti-NF-κB p65 (1:1000; Santa Cruz
Biotechnology), iNOS antibody diluted 1:1000 (Sigma-
Aldrich), rabbit polyclonal anti-IBA1 (1:1000, Wako), anti-
GFAP (1:2000, Cell Signaling Technology), and anti-β-actin
(1:1000, Cell Signaling Technology). 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 diluted
1:2000. 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 kit (Immobilon Western
Chemiluminescent HRP Substrate, Millipore) and detected
by ImageQuant LAS 4000 (GE Healthcare Life Sciences).

Nitrite Assay

For nitrite levels measurement, 100 μL of supernatant of stri-
atum was mixed with 100 μL Griess reagent (1:1 mixture of
1 % sulfanilamide in 5 % phosphoric acid and 0.1 %
naphthylethylenediamine dihydrochloride in water) and incu-
bated in 96-well plates for 10 min at room temperature [28,
29]. The absorbance was measured on a microplate reader at a
wavelength of 543 nm. Nitrite concentration was calculated
using sodium nitrite standards.

Oxidative Stress Parameters Assays

Striatum was homogenized in 10 volumes (1:10, w/v) of
20 mM sodium phosphate buffer, pH 7.4, containing
140 mM KCl. Then the homogenates were centrifuged at
800×g for 10 min at 4 °C. The pellet was discarded, and the
supernatant was used for the measurements of oxidative stress
parameters as described by Schmitz and colleagues [30].

2′7′-Dichlorofluorescein Fluorescence Assay

Reactive oxygen species production was measured according
to LeBel and colleagues [31] which is based on oxidation of 2′
7′-dichlorofluorescein (H2DCF). Samples were incubated in a
medium containing 100 μM2′7′-dichlorofluorescein diacetate
(H2DCF-DA) so lu t i on . The r eac t i on p roduce s
dichlorofluorescein (DCF), a fluorescent compound which is
measured at λem=488 nm and λex = 525 nm. Results were
represented as nanomole DCF/milligram protein.

Superoxide Dismutase Assay

Superoxide dismutase (SOD) activity assay was performed
according to Marklund [32]. SOD activity is measured
through pyrogallol autoxidation, a process highly dependent
on superoxide, which is a substrate for this enzyme. Hence, in
the presence of SOD, pyrogallol autoxidation is inhibited, and
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the activity was then indirectly assayed at 420 nm. A calibra-
tion curve was performed with purified SOD as a standard.
The results were represented as units per milligram of protein.

Catalase Assay

Catalase (CAT) activity was assayed based on the consump-
tion of H2O2 at 240 nm in a reaction medium containing
20 mM H2O2, 0.1 % Triton X-100, 10 mM potassium phos-
phate buffer pH 7.0, and 0.1–0.3 mg protein/mL [33]. The
results were represented as units per milligram of protein,
being one CAT unit 1 μmol of H2O2 consumed per minute.

Glutathione Peroxidase Assay

Glutathione peroxidase (GPx) activity was measured utilizing
tert-butyl-hydroperoxide as a substrate [34]. NADPH disap-
pearance was monitored at 340 nm. The medium contained
2 mM glutathione, 0.15 U/mL glutathione reductase, 0.4 mM
azide, 0.5 mM tert-butyl-hydroperoxide, and 0.1 mM
NADPH. The specific activity is represented as units per mil-
ligram of protein, being one GPx unit 1 μmol of NADPH
consumed per minute.

Single Cell Gel Electrophoresis (Comet Assay)

Alkaline comet assay was performed as described by Singh
and colleagues [35] in accordance with general guidelines for
the use of the comet assay [36, 37]. Striatum were homoge-
nized in phosphate-buffered saline (PBS) and the samples
were suspended in agarose and spread onto a glass microscope
slide pre-coated with agarose, which set at 4 °C for 5 min. To
maintain DNA as Bnucleoids,^ slides were incubated in ice-
cold lyses solution (2.5MNaCl, 100 mMEDTA, 10mMTris,
pH 10.0, and 1 % triton X-100 with 10 % DMSO) removing
cell proteins. Afterwards, slides were placed on a horizontal
electrophoresis system, covered with fresh solution (300 mM
NaOH plus 1 mM EDTA, pH > 13) for 20 min at 4 °C
allowing DNA to unwind and express of alkali-labile sites.
Electrophoresis was performed for 20 min (25 V; 300 mA;
0.9 V/cm). The slides were then neutralized, washed in bi-
distilled water, and stained with silver staining protocol.
Gels were analyzed in optical microscope after drying at room
temperature overnight. One hundred cells (50 cells from each
of the two replicate slides) were selected and evaluated. Cells
received a scored according to the tail length, from 0 (no
migration) to 4 (maximal migration) according to tail intensity
[36]. Therefore, the damage index (DI) for cells ranged from 0
(all cells with no migration) to 400 (all cells with maximal
migration). The slides were analyzed under blind conditions
at least by two different individuals.

Protein Determination

Protein content of samples was measured by Lowry and col-
leagues [38] using bovine serum albumin as standard.

Statistical Analysis

Data were analyzed by Student’s t test was used to evaluate the
different parameters. Analyses were performed using the
Statistical Package for the Social Sciences (SPSS) software,
in a PC-compatible computer. Differences were considered
statistically significant if p<0.05.

Results

Initially, we investigated the effect of hypoxanthine admin-
istration on immunocontent of cytosolic and nuclear frac-
tion of NF-κB/p65 subunit. Panels a and b of Fig. 1 show
that hypoxanthine administration significantly increased the
immunocontent of nuclear fraction of NF-κB/p65 subunit
in striatum of 21- [t(5) = 3.20; p<0.05] and 60-day-old
rats [t(5)=6.39; p<0.01], but no alteration was observed
in cytosolic fraction of NF-κB/p65 subunit in rat striatum
of 21- [t(5) = 1.09; p>0.05] and 60-day-old [t(5) = 1.42;
p>0.05], as compared to control.

Since NF-κB regulates the innate immune response, which
is activated rapidly in response to a wide range of stimuli,
including pro-inflammatory cytokines (IL-6 and TNF-α)
[39], we evaluated the effect of hypoxanthine administration
on cytokine levels (IL-6 and TNF-α) in striatum of 21- and
60-day-old rats. Figure 2a shows that hypoxanthine adminis-
tration increased IL-6 in rat striatum of 21-day-old [t(5) =3.92;
p<0.005] and of 60-day-old [t(5) =3.77; p<0,005] (Fig. 2b).
TNF-α was significant increase in striatum of 21-day-old
[t(5) =2.57; p<0.05], but not in 60-day-old rats [t(5) =0.84;
p>0.05].

Considering that NF-κB is associated with several inflam-
mation mediators, including iNOS [40, 41], we evaluated the
iNOS immunocontent and nitrite levels in striatum of infant
and young adult rats. Figure 3a, b shows a significant increase
in iNOS immunocontent in striatum of rats of both ages [21-
day-old: t(6) = 2.64, p< 0.05; and 60-day-old: t(6) = 5.04,
p<0.001]. Figure 3c, d shows that hypoxanthine administra-
tion was able to diminished nitrite levels in striatum of infant
rats [t(6) = 4.93; p < 0.001], but not in young adult rats
[t(6) =0.18; p>0.05].

In order to evaluate the effect of hypoxanthine on immune
response of glial cells, we measured the immunocontent of
IBA1 and GFAP with the aiming of analyze both microglia
and astrocyte activation, respectively. Accordingly, we notice
an increase in the immunocontent of IBA1 [t(6) = 4.20;
p < 0.01] and GFAP [t(6) = 2.39; p < 0.05] in striatum of
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21-day-old rats when compared to control group (Fig. 4a, c).
However, therewas no significant change in the immunocontent
of both proteins in 60-day-old rats (Fig. 4b, d).

Since neuroinflammation is involved in oxidative stress
and vice versa, we decided to evaluate hypoxanthine effect
on some oxidative parameters in striatum of rats. Firstly, we
measured reactive species production by oxidation of H2DCF,
which is increased in infant [t(6)=3.32; p<0.01] and young
adult rats [t(6) = 2.47; p < 0.05] (Fig. 5a, b). Regarding

antioxidant status, previous studies from our group [18, 42]
are important to highlight, due to the results obtained on SOD,
CAT, and GPx activities in striatum of 60-day-old rats. In the
present study, this led us to evaluate the same enzymes in
striatum of 21-day-old rats. Figure 5c–e shows a decrease in
the activities of SOD, CAT, and GPx [t(6)= 2.49; p<0.05;
t(6) = 2.24; p<0.05; t(6) = 2.82; p<0.05], respectively. We
also analyze DNA damage detected a massive increase in DNA
damage index in striatum of infant [t(6) =21.08; p<0.0001]

Fig. 1 Effects of hypoxanthine intrastriatal administration on cytosolic
and nuclear fraction of NF-κB/p65 subunit. a Striatum of 21-day-old rats
and b striatum of 60-day-old rats. Results are expressed as percentage of
control. Uniformity of gel loading was confirmed with β-actin as

standard. Data are mean ± SD for six to seven animals in each group.
Different from control, *p < 0.05, **p < 0.01 (Student’s t test). Hpx,
hypoxanthine; NF-κB, nuclear factor-kappa B

Fig. 2 Effects of hypoxanthine intrastriatal administration on cytokines
levels in striatum of infant and young adult rats. a IL-6 in 21-day-old rats;
b IL-6 in 60-day-old rats; c TNF-α in 21-day-old rats; and d TNF-α in
60-day-old rats. Results are expressed as picogram per milligram of

protein. Data are mean ± SD for five to six animals in each group.
Different from control, *p < 0.05, **p < 0.01 (Student’s t test). Hpx,
hypoxanthine; IL-6, interleukin-6; TNF-α, tumor necrosis factor alpha
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and young adult [t(6) = 53.68; p<0.0001] rats, when com-
pared to control group (Fig. 5f, g).

Discussion

Severe variation in purine salvage pathway as a result of
HPRT activity deficiency causes LND, leading to hypoxan-
thine accumulation in patient’s urine, plasma, and cerebrospi-
nal fluid [3]. Although the underlying mechanisms of brain
dysfunction in LND are insufficiently understood, the accu-
mulation of oxypurines, essentially hypoxanthine, has been
proposed to contribute to the neurological dysfunction present
in this disease [7]. A recent study showed that high hypoxan-
thine levels alter various transcription factors related in early
development of neuronal dopamine and in pan-neuronal dif-
ferentiation with elevated expression of neurotransmitter re-
ceptors for dopamine, adenosine, and serotonin in cellular
model, as seen by Torres and Puig [43]

For a long time, CNS was considered to be Bimmune pre-
rogative,^ not being responsive or cooperate with inflamma-
tion. Nowadays, it is known that the CNS has a certain role in
inflammation, and response to injury, infection or disease,

resident CNS cells, mainly microglia, that generates inflam-
matory mediators that modulate the pro- and anti-
inflammatory mediators (cytokines, chemokine, NO, PGs,
growth factors, and the species of superoxide). These media-
tors upregulate adhesion molecules, increase permeability of
the blood-brain barrier, facilitating the invasion of peripheral
immune cells, inducing the release of potentially toxic mole-
cules that can compromise brain cells [44]. A relation among
neuroinflammation, oxidative stress, neurodegenerative dis-
ease, and others disorders has been suggested [45]. Based on
these, the purpose of the present study was to evaluate pro-
inflammatory cytokines levels, NF-κB/p65 subunit
immunocontent, nitrite levels, iNOS immunocontent, as well
as immunocontent of IBA1 and GFAP in striatum of 21- and
60-day-old rats subjected to intrastriatal administration of hy-
poxanthine. Some oxidative parameters such as reactive spe-
cies generation, antioxidant enzymes activities, and DNA
damage were also evaluated.

It is well known that NF-κB is activated in consequence of
inflammation. Other member of the NF-κB family, NF-κB/
p65, is situated in the cytoplasm bound to inhibitory proteins
(IκB), hence inactivated. Activation induces nuclear translo-
cation of NF-κB/p65, followed by transcriptional activation of

Fig. 3 Effects of hypoxanthine intrastriatal administration on inducible
nitric oxide synthase immunocontent and nitrite levels. a iNOS
immunocontent in striatum of 21-day-old rats and b striatum of 60-day-
old rats. Results are expressed as percentage of control. Uniformity of gel
loading was confirmed with β-actin as standard. Data are mean ± SD for
six to seven animals in each group. c Nitrite levels in striatum of 21-day-

old rats and d striatum of 60-day-old rats. Results are expressed as
micromole per milligram of protein. Data are mean ± SD for six to
seven animals in each group. Different from control, *p < 0.05,
***p < 0.001 (Student’s t test). Hpx, hypoxanthine; iNOS, inducible
nitric oxide synthase
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specific target genes [46]. These translocations are often fre-
quently taken as indicators of NF-κB activation and are relat-
ed with cellular response to oxidants or to the inflammatory
and acute immune response [15]. NF-κB has been associated
with several inflammatory mediators such as IL-6 [47–49],
TNF-α [50, 51], and iNOS [40, 41, 52]. In our study, there
was an increase immunocontent nuclear NF-κB/p65 subunit
in striatum of infant and young adult rats subjected to
intrastriatal injection of hypoxanthine (Fig. 1). Cytokines are
molecules involved in signal transmission between cells dur-
ing the initiation of immune responses. Results showed that
the hypoxanthine intrastriatal administration provoked an in-
crease in pro-inflammatory cytokines, including IL-6 and
TNF-α, in striatum of 21-day-old rats and only IL-6 increases
in 60-day-old rats (Fig. 2). In agreement with our results,
Gudbjornsson and colleagues [53] showed that hypoxanthine
is related to inflammation of rheumatoid arthritis, which pre-
sents enhanced purine metabolism and diffusion of
oxypurines. Although the mechanism(s) by which hypoxan-
thine acts on inflammation are not fully understood, our

findings suggest that the increase in cytokines levels could
be closely related to NF-κB activation.

Another relevant inflammatory mediator is NO. Oxidation
products, nitrite, and nitrate are the main metabolites that can
be used as an indicator of NO production [54]. NO is pro-
duced by converting the amino acid L-arginine to L-
citrulline by the action of nitric oxide synthase (NOS).
Inducible nitric oxide synthase (iNOS) is an isoform that is
expressed via cytokines, endotoxins, and other inflammation
mediators being expressed mainly in microglial cells, neutro-
phils, macrophages, fibroblasts, endothelial cells, and the vas-
cular smooth muscle and mediates the production of large
amounts of NO [55, 56]. To understand hypoxanthine mech-
anism on inflammation, we also evaluated nitrite levels in rats
subjected to hypoxanthine administration. We observed that
hypoxanthine decreases nitrite levels in striatum of 21-day-old
rats but do not alter in 60-day-old (Fig. 3c, d). It has been
shown that there is a relation between the formation of NO
and synthesis of reactive species, such as superoxide and hy-
drogen peroxide [57]. Hydrogen peroxide can also react with

Fig. 4 Effects of hypoxanthine intrastriatal administration on microglial
and astrocyte activation. a IBA1 immunocontent in striatum of 21-day-
old rats and b IBA1 immunocontent in striatum of 60-day-old rats. c
GFAP immunocontent in striatum of 21-day-old rats and d GFAP
immunocontent in striatum of 60-day-old rats. Results are expressed as

percentage of control. Uniformity of gel loading was confirmed with β-
actin as standard. Data are mean± SD for six to seven animals in each
group. Different from control, *p < 0.05, **p < 0.01 (Student’s t test).
Hpx, hypoxanthine; IBA1, ionized calcium-binding adapter molecule 1;
GFAP, glial fibrillary acidic protein
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NO generating peroxynitrite, a powerful cytotoxic substance
[58], suggesting a diminished bioavailability of NO. This pos-
sibly explains the decrease in nitrite levels in striatum of infant
rats.

Since iNOS is responsible for catalyzing the formation of
NO through inflammatory stimuli and closely related to
NF-κB activation, we also analyzed iNOS immunocontent.
Results showed an increase in this enzyme immunocontent

Fig. 5 Effects of hypoxanthine intrastriatal administration on oxidative
parameters. a H2DCF oxidation in striatum of 21-day-old rats and b
striatum of 60-day-old rats. Results are expressed as nanomole per
milligram of protein. c SOD activity; d CAT activity; and e GPx
activity in striatum of 21-day-old rats. Results are expressed as units per
milligram of protein. f DNA damage index in striatum of 21-day-old rats

and g striatum of 60-day-old rats. Results are expressed as DNA damage
index. Data are mean ± SD for six to seven animals in each group.
Different from control, *p < 0.05, **p < 0.01, ***p < 0.001 (Student’s
t test). Hpx, hypoxanthine; H2DCF, 2′7′-dichlorofluorescein; SOD,
superoxide dismutase; CAT, catalase; GPx, glutathione peroxidase
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in striatum of 21- and 60-day-old rats (Fig. 3a, b). Increased
prote in express ion of iNOS is an indica t ive of
neuroinflammatory and neurodegeneration, which seems to be
related to microglial activation [57, 59].

We also analyzed microglial and astrocyte activation,
measuring IBA1 and GFAP immunocontent, respective-
ly. Microglia, the major antigen presenting in CNS, can
react promptly to antigens, releasing several inflamma-
tory factors previous mentioned in this study such as
NO, TNF-α, IL-6, and others. Excessive microglial ac-
tivation is now known to corroborate to CNS disease by
the liberation of cytotoxic factors leading to neuron
damage [57, 60, 61]. Our results showed that hypoxan-
thine increased IBA1 immunocontent only in 21-day-old
rats (Fig. 4a). Microglia can increase iNOS expression
as well as NADPH oxidase, generating a great deal of
NO and O2, which could act as inflammatory agents
and promote microgl ia l act ivat ion, as wel l as
peroxynitrite synthesis, as mentioned earlier, a major
cytotoxic metabolite [57, 60]. There was no change in
IBA1 immunocontent in 60-day-old rats, this could be
explained by the close relation between TNF-α and
microglial activation [62].

Control of synapse formation, maturation, and elimi-
nation are astrocyte function, which are essential to de-
velopment and maintenance of neural circuits. Together
with microglia, astrocyte contributes to regulation of the
neuroinflammation, being responsible for immune role
of the CNS [63]. Loss of normal functions and gain
of abnormal effects are some consequences of reactive
astrocytes, being feature in a variety of disease process-
es [64]. Upregulation of intermediate filament proteins,
particularly GFAP by reactive astrocytes, is probably the
finest hallmark of reactive astrocytes and reactive gliosis
measure [65]. Hypoxanthine was able to increase GFAP
immunoreactivity in infant rats’ striatum, suggesting an
astrogliosis event. No alteration was seen in young adult
rats, perhaps by difference in the neurodevelopmental
stage, meaning that infant rats are more bound to suffer
from hypoxanthine administration and its neuroinflammatory
effects.

Since one of the possible mechanism in which NF-κB
may be acting as a pro-inflammatory signal is via oxida-
tive stress [66] and hypoxanthine may have a oxidative
effect [18, 19], we decide to analyze some oxidative pa-
rameters in both ages of rats. Our results showed an in-
crease in reactive species production seen by H2DCF ox-
idation in infant and young adult rats; antioxidant enzyme
deregulation in striatum of 21-day-old rats. Similar alter-
ation was seen by Bavaresco and colleagues [42] in 60-
day-old rats. It has been known that reactive oxygen spe-
cies can attack directly the DNA producing single strand
breaks [67]; in our study, we observed DNA damage,

what may link hypoxanthine strongly to oxidative stress
formation. This mechanism could explain the generation of
inflammatory profile caused by hypoxanthine.

In summary, our findings demonstrated that intrastriatal
administration of hypoxanthine presented an increase in pro-
inflammatory cytokine levels, NF-κB, and iNOS, decreased
nitrite levels, as well as altered microglial and astrocyte acti-
vation, suggesting that this substance may promote a pro-
inflammatory status in striatum of infant and young adult rats
by generation of oxidative stress. This study provides new
basis elucidating hypoxanthine toxicity mechanisms on in-
flammatory and oxidative parameters, suggesting that this
processes may be involved, at least in part, with disorders
found in patients with LND.
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