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ABSTRACT

Asthma is an allergic inflammation driven by the Th2 immune response with release of cytokines
such as IL-4 and IL-13, which contribute to the airflow limitations and airway hyperresponsiveness
(AHR). The involvement of oxidative stress in this process is well-established, but the specific role
of the superoxide anion and nitric oxide in asthma are poorly understood. Thus, the aim of this
study was to investigate the mechanisms underlying the superoxide anion/nitric oxide production
and detoxification in a murine asthma model. BALB/c male mice were sensitised and challenged
with ovalbumin (OVA). Pretreatments with either apocynin (14 mg/kg) or allopurinol (25 mg/kg)
(superoxide anion synthesis inhibitors), aminoguanidine (50 mg/kg) (nitric oxide synthesis inhibi-
tor) or diethyldithiocarbamate (100 mg/kg) (superoxide dismutase inhibitor) were performed 1h
before the challenge. Our data showed that apocynin and allopurinol ameliorated AHR and
reduced eosinophil peroxidase, as well as IL-4 and IL-13 levels. Apocynin also abrogated leuko-
cyte peribronchiolar infiltrate and increased IL-1f secretion. Aminoguanidine preserved lung func-
tion and shifted the Th2 to the Th1 response with a reduction of IL-4 and IL-13 and increase in
IL-1B production. Diethyldithiocarbamate prevented neither allergen-induced AHR nor eosinophil
peroxidase (EPO) generation. All treatments protected against oxidative damage observed by a
reduction in TBARS levels. Taken together, these results suggest that AHR in an asthma model
can be avoided by the down-regulation of superoxide anion and nitric oxide synthesis in a mech-
anism that is independent of a redox response. This down-regulation is also associated with a
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transition in the typical immunological Th2 response toward the Th1 profile.

Introduction

Asthma is an exacerbated eosinophilic response raised
against allergic stimuli and caused by a complex inter-
action of immune cells and other cell factors that are
mediated under the strong influence of reactive oxygen
species (ROS) and reactive nitrogen species (RNS),
respectively [1]. Although asthma is a complex disease
that has inflammatory, oxidative and nitrosative compo-
nents, the immune response during the allergic process
has important features such as the Th2 response
(release of IL-4, IL-5, and IL-13), the increased produc-
tion of IgE and mast cell activation, as well as eosino-
phils. All these factors contribute to airway
hyperresponsiveness (AHR) [2]. Inflammatory and resi-
dent cells from the airways of asthma patients release

mediators such as cytokines, histamine and leuko-
trienes, which are associated with recurrent episodes of
hyperresponsiveness, bronchoconstriction and hyperse-
cretion [3-5].

In inflammatory conditions, oxidants, such as super-
oxide anion and nitric oxide, react rapidly to produce
peroxynitrite, an extremely powerful oxidant, which
contributes to tissue injury, lipid peroxidation and nitra-
tion of tyrosine residues [6]. These changes in asthma
may be responsible for apoptosis of epithelial cells [7,8],
increased vascular permeability [9,10] and inactivation
of antioxidant enzymes, such as superoxide dismutase
(SOD) and catalase (CAT) [11]. Even with the same con-
tent of SOD between healthy subjects and asthmatic
patients, the antioxidant activity of this enzyme is
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reduced in asthma [12]. Both copper-zinc SOD
(CuZnSOD) and mitochondrial manganese SOD
(MnSOD) are sensitive to redox modifications, and their
inactivation in asthmatic lungs has been related to the
airway hyperresponsiveness and airflow limitations
[11,13,14]. Moreover, eosinophil peroxidase (EPO),
released by activated eosinophils during asthma, con-
tributes to nitration of protein-bound tyrosine residues,
which usually leads to inactivation of proteins [15-17].
Brennan et al. have shown that EPO produces up to
70% of nitrotyrosine in the murine asthma model
[18,19].

Nitrosative damage, ROS production, decline of anti-
oxidant activity and the deterioration of lung function
have been implicated in asthma. Many efforts have
been performed to evaluate if the control of ROS/RNS
production can ameliorate these symptoms, but the
findings are controversial. The NADPH oxidase inhibitor
apocynin, for instance, was shown in distinct studies to
prolong [20] and to attenuate [21] allergen-induced
inflammation and asthma changes in mice. Treatment
with aminoguanidine also presented controversial
effects depending on the administration scheme [22].
A single dose of aminoguanidine before the last
challenge suppressed airway inflammation caused by
allergen provocation, while subsequent repeated
administrations of this drug before each allergen expos-
ure potentiated the airway inflammation. It is believed
that the detrimental effect is probably caused by an
extensive reduction of nitric oxide (NO) and the down-
regulation of SOD.

However, no study has attempted to screen the crit-
ical points of superoxide anion metabolism via pharma-
cological interferences at different levels of this
pathway. Therefore, this study investigated the super-
oxide anion regulation by different pharmacological
interventions in a murine model of ovalbumin-induced
asthma.

Materials and methods
Ethics statement

Male BALB/c mice (8 — 10 weeks) were obtained from
Oswaldo Cruz Foundation Breeding Center. Mice were
bred and housed in a temperature controlled room
with free access to food and water, except when
water was replaced by treatment. All procedures were
approved by the Animal Ethics Committee of the
Federal University of Rio de Janeiro (protocol number
IBCCF 106). All chemicals were purchased from
Sigma-Aldrich  (St. Louis, MO), wunless otherwise
specified.

Induction of asthma and treatment protocols

Mice were immunised subcutaneously on day 0 and
boosted 14 days later with 50 g ovalbumin (OVA -
grade V, intraperitoneal), which was dissolved with
5mg of AI(OH); into 200pl of sterile saline (0.9%
sodium chloride), as reported previously [23]. OVA chal-
lenges (50 nug/25 pl in saline) were performed on days
19, 20, and 21 under halothane volatile anaesthesia
(Cristalia, Sao Paulo, Brazil) by intranasal instillation.
Sensitised control mice were challenged only with
vehicle. This protocol was applied in both phases of the
study, as shown in Figure 1.

In the first setting, the euthanasia was performed by
cervical displacement, at different time points: 6, 12, 24,
48, and 72 hours after the last challenge, after which a
bronchoalveolar lavage (BAL) was performed (n=14
per group). BAL samples were used in the protocols for
ROS and EPO measurements. ROS was measured by
nitroblue tetrazolium method into the BAL cellular frac-
tion [24] whereas EPO was measured based on methods
that were adapted from previously published protocol
[24,25]. Briefly, 25 pl of either BAL fraction was added to
a reaction buffer (50mM Tris-HCl, 4mM H,0,, 0.1%
Triton X, 10 mM O-phenylenediamide) in the presence
or absence of the peroxidase specific inhibitor, 3-amino-
1,24-triazole (30mM). The reaction proceeded for
15-30 minutes at 37°C, after which a “stop solution”
(2N H,SO,;) was added and the plate was read at
490 nm.

In another experiment, several pharmacological
treatments targeting superoxide anion or nitric oxide
pathways were performed. Sensitised mice received the
NADPH oxidase inhibitor, apocynin (14mg/kg); or the
xanthine oxidase inhibitor, allopurinol (25mg/kg); or
SOD inhibitor, diethyldithiocarbamate (100 mg/kg); or
iNOS inhibitor, aminoguanidine (50 mg/kg). The admin-
istration was by intraperitoneal injection 1h before the
allergen provocation.

Measurement of pulmonary inflammation

Forty-eight hours after the last challenge, mice were
euthanised by an anesthetic overdose (sodium pento-
barbital, 500 mg/kg intraperitoneal). The cells were
recovered from the airways through the procedure of
BAL which was carried by two injections of 0.75 ml of
PBS containing 10 mM EDTA, via a tracheal cannula. BAL
fluid was centrifuged (400 x g, 10 min, 4°C). Cell pellets
were suspended in 250 pl PBS for further leukocyte enu-
meration using a light microscope in a Neubauer cham-
ber (BX50; Olympus, Center Valley, PA) after dilution
with Turk solution (2% acetic acid).
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Figure 1. Experimental design of the asthma induction-protocol. Balb/c male mice were immunised subcutaneously (s.c.) on day
0 and boosted by intraperitoneal route (i.p.) 14 days later with 50 ng ovalbumin (OVA) adsorbed to 5mg of AH into 200 ul of
sterile saline. OVA challenges (50 j1g/25 pl in saline) were performed on days 19, 20 and 21by intranasal (i.n.) instillation. Study
one evaluated the kinetics of ROS and EPO production in a short period of OVA-challenge. Study two targeted to modulate path-
ways involved in synthesis of superoxide anion (apocynin and allopurinol) or nitric oxide (aminoguanidine) or to inhibit super-
oxide dismutase activity (diethyldithiocarbamate). All the treatments were performed 1hour before challenge by intraperitoneal

route and euthanasia (t) was done 48 hours the last challenge.

Lung histology

The left lung was fixed in Millonig buffer solution (pH
7.4) with 4% paraformaldehyde to preserve the pulmon-
ary architecture. Samples were embedded in paraplast
media and 4-pum-thick sections were stained with
haematoxylin and eosin stain. To observe the eosino-
philic infiltration, sections were stained in a solution of
chromotrope 2R. Eosinophil infiltrate was evaluated
around the airway as well as between the bronchial epi-
thelium and adventitia.

Quantification of cytokines

Commercial enzyme immunosorbent assay (ELISA) kits
were used for the measurements of cytokines in the
BAL. Levels of IL-1B, IL-4, IL-10, and IL-13 (PeproTech,
Rocky Hill, NJ) were detected in the BAL samples,
according to manufacturer’s instructions, with detection
limit of 10 pg/ml. The plate reader FlexStation 3 and the
software  Softmax Pro 5.3 (Molecular Devices
Corporation, Sunnyvale, CA) were used for the detection
of optical density.

Redox markers

Lung homogenates were used for biochemical assays.
SOD activity was assayed by monitoring the adrenaline
auto-oxidation inhibition at 480 nm [26]. Catalase (CAT)
activity was measured by the rate of decrease of hydro-
gen peroxide concentrations monitored at 240 nm [27].

As an index of oxidative damage by lipid peroxidation,
the thiobarbituric acid reactive substances (TBARS)
method was performed to analyse malondialdehyde
(MDA) products during an acid-heating reaction, and
then read at 532 nm, as previously described by Draper
and Hadley [28]. Immunohistochemistry was performed
using labelled streptavidin biotin kit (LSAB, DAKO/
Denmark). Sections were incubated overnight with pri-
mary antibody against 4-HNE (1:800; Millipore,
Darmstadt, Germany), 3-nitrotyrosine (1:50; Santa Cruz
Biotechnology, Dallas, TX) and NOX2 (1:200; Abcam,
Cambridge, MA). Omission of primary antibody was
used as a negative control. The brown colour produced
by three, 3-diaminobenzidine chromogen was used to
count septal and alveolar positive cells per field in lung
slices. Images were acquired by camera DFC 425
coupled to the light microscope DM750 (Leica
Microsystems, Heerbrugg, Germany).

Airway responsiveness to methacholine

AHR was determined as changes of airway function
after aerosolised methacholine 48h after the last
ovalbumin challenge. Transpulmonary resistance and
compliance were assessed in anesthetised (Nembutal
60 mg/kg intraperitoneal), tracheostomised and mech-
anically ventilated mice. Airflow and transpulmonary
pressure were recorded with a Buxco Pulmonary
Mechanics Computer (Buxco Electronics, Sharon, CT).
Lung resistance (RL) (cm H,0O/ml/s) and dynamic lung
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compliance (ml/cm H,0) were taken in each breath
cycle, at a baseline condition, after aerosolised phos-
phate-buffered saline (PBS) and at increasing concentra-
tions of aerosolised methacholine (3, 9, and 27 mg/ml).
Expressed results comprised the mean absolute
values of the responses of lung resistance and dynamic
lung compliance collected during 5min after the
administration of methacholine aerosol as previously
reported [23].

Statistical analysis

Data analyses were performed with a statistical software
package (Prism version 5.0, Graph-Pad Software, San
Diego, CA). Data were expressed as the means+SEM.
All tests were carried out using a one-way ANOVA,
except for those concerning the airway hyperreactivity
data, which were analysed using two-way ANOVA with
a post hoc Bonferroni correction. For all the other nor-
mally distributed data, analyses were done with an
ANOVA followed by the Student-Newman-Keuls test.
Statistical differences were considered to be significant
if p <.05.

Results

Kinetic of ROS and EPO production in ovalbumin-
challenged mice

To choose the best time-point to observe increase in
the ROS and EPO levels, mice were temporally euthan-
ised for comparison between control and OVA groups.
Both ROS (Figure 2(a)) and EPO (Figure 2(b)) values
were increased 48 h after the last challenge compared
to the control group. No changes were detected in all
the other points, except for increased ROS levels noted
6 h postchallenge, leading to the choice of the 48-h
time point for the analyses in all the further
experiments.

Inflammation and redox markers in ovalbumin-
challenged mice

Lung histological analysis showed an intense recruit-
ment of leukocytes in the peribronchiolar area, as well
as in the lung parenchyma in the OVA group. This
response was accompanied by a thickened airway
smooth muscle, both contributing to the reduction of
the luminal area. Treatment with allopurinol did not
reduce leukocyte recruitment in the peribronchiolar
area or lung parenchyma while treatments with apocy-
nin, diethyldithiocarbamate or aminoguanidine clearly
reduced allergen-induced leukocyte infiltration in the

—_—
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Figure 2. Release of ROS and EPO had a peak at 48 hours
after ovalbumin challenge. Mice submitted to asthma protocol
by sensitisation and challenge with OVA and euthanised tem-
porally at 6, 12, 24, 48 and 72hours after last challenge.
Detection of reactive oxygen species — ROS (a) and eosinophil
peroxidase — EPO (b) in BAL samples. Symbol: * means differ-
ent of control group when p < .05.

lung tissue compared to the control (Figure 3(a)). As
shown in Figure 3(b), a similar pattern of interference in
the leukocyte accumulation was observed in BAL sam-
ples, allopurinol was inactive whereas treatments with
apocynin, diethyldithiocarbamate or aminoguanidine
were active in preventing the response.

Allergen provocation caused a significant increase in
the BAL levels of IL-4, IL13, and IL1p without modifying
the concentration of IL-10 (Figure 4). All treatments,
except diethyldithiocarbamate, attenuated IL-4 produc-
tion (Figure 4(a)). Apocynin and allopurinol treatments
partially reduced IL-13 levels under conditions where
diethyldithiocarbamate and aminoguanidine almost
abolished the production of this cytokine compared to
OVA group (Figure 4(b)). On the other hand, allergen-
induced increase in IL-1p was abolished by allopurinol
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Figure 3. Pharmacological modulation of allergic inflammation induced by ovalbumin. Lung slices stained by H&E focusing on
peribronchiolar area; scale bar=100 pum (a). Total leukocytes counted in BAL (b). Symbols: * means different of control group;

# means different of OVA group when p < .05.

and elevated by apocynin (approximately 120%), ami-
noguanidine (approximately 100%), and diethyldithio-
carbamate (approximately 320%) compared to the OVA
group (Figure 4(c)). The reduction in baseline levels of
IL-10 were noted following diethyldithiocarbamate and
aminoguanidine treatments, whereas no changes were
noted following apocynin and allopurinol treatments
(Figure 4(d)).

Eosinophil recruitment was evaluated in the lungs of
challenged mice. Lung slices that were stained by chro-
matrope 2R show the eosinophil granules in red. The
number of positive cells was increased in the OVA
group relative to the control. The diethyldithiocarba-
mate-treated group showed many positive cells distrib-
uted in the lung parenchyma, but all the other treated
groups showed a reduction in eosinophil influx (Figure

5(a)). These findings were reinforced by quantification
of EPO by BAL measurements, which were elevated in
OVA and diethyldithiocarbamate-treated groups. The
aminoguanidine-treated group also had increased EPO
levels in comparison to the control. However, this
increase had some modulation, because it was smaller
than the observed in OVA group (Figure 5(b)).
Apocynin- and allopurinol-treated groups were not dif-
ferent from the control group.

The redox profile was measured by different meth-
ods. ROS levels were elevated in OVA group, while all
the treated groups were like the control (Figure 6(a)).
SOD activity was reduced in all OVA challenged groups
when compared to the control group and the reduction
was even greater in the apocynin and allopurinol
groups. Diethyldithiocarbamate and aminoguanidine-
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Figure 4. Inhibition of pathways involved in superoxide anion and nitric oxide synthase change cytokine profile. Levels of IL-4
(a), IL-13 (b), IL-1B (c) and IL-10 (d) detected in BAL sample of mice subjected to asthma protocol induced by ovalbumin with no
treatment (OVA group) or treated with apocynin (OVA + APO), allopurinol (OVA 4 ALO), diethyldithiocarbamate (OVA 4+ DDC) or
aminoguanidine (OVA + AG). Symbols: * means different of control group; # means different of OVA group when p < .05.

treated groups were higher than OVA group but still
reduced in comparison to the control (Figure 6(b)).
OVA, apocynin and allopurinol groups showed reduced
CAT activity in comparison to the control, while diethyl-
dithiocarbamate and aminoguanidine-treated groups
were increased when compared to both control and
OVA groups (Figure 6(c)). TBARS levels, a marker of oxi-
dative damage, were increased only in the OVA group,
and diethyldithiocarbamate- and aminoguanidine-
treated groups showed lower levels than the control
(Figure 6(d)).

Immunohistochemistry against 4-HNE also revealed
oxidative damage increased in OVA group, by the
increased number of 4-HNE'-cells in septal tissue and
also in alveolar spaces. All the treated groups presented
reduction in 4-HNE"-septal cells in comparison to the
OVA group. In relation to the alveolar spaces, OVA

groups also had increase of 4-HNE"-cells. Just apocynin
and aminoguanidine treatments were able to reduce it
to control level. Allopurinol and diethyldithiocarbamate
were similar to OVA group (Figure 7). 3-Nitrotyrosine
was also observed by immunohistochemistry as an oxi-
dative damage marker and showed increase in 3-nitro-
tyrosine-alveolar cells in OVA group. All the treated
groups presented reduction of this marker in alveolar
cells, but allopurinol group also presented increase in
relation to the control group (Figure 8). The expression
of NOX-2, was also observed once it is involved in
superoxide anion by leukocytes. The OVA group pre-
sented increase in NOX-2*-alveolar cells when com-
pared to the control. All the treated groups presented
reduction of this marker in alveolar cells, but allopurinol
group also presented increase in relation to the control
group (Figure 9).
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Airway hyperresponsiveness in ovalbumin-
challenged mice

As expected, allergen provocation of sensitised mice
was followed by a state of airway hyper-reactivity fol-
lowing exposure of increased concentrations of metha-
choline, as revealed by a decrease in lung compliance
(Figure 10(a)), an elevation in lung elastance (Figure
10(b)) and an increase airway resistance (Figure 10(c)).
These changes were significantly inhibited by treat-
ments with apocynin, allopurinol or aminoguanidine. In
contrast, diethyldithiocarbamate did not alter airway
hyperresponsiveness triggered by allergen challenge
(Figure 10(a—c)).

Discussion

Asthma is an allergic inflammatory disease of the air-
ways triggered by an allergic process, in which mye-
loid cells and neutrophils and eosinophils release
high superoxide anion (O,7) levels from the NADPH
oxidase (NOX) system [29-31]. Excessive production
of ROS by NOX is commonly thought to be respon-
sible for tissue injury associated with a range of
respiratory inflammatory diseases, such as acute
respiratory distress syndrome (ARDS), asthma, cystic
fibrosis (CF) and chronic obstructive pulmonary dis-
ease (COPD) [32].

Several studies have attempted to elucidate the role
of the oxidative stress in the pathogenesis of asthma
[21,29,31]. Understanding the cause/consequence ratio
between ROS and the allergic inflammation could reveal
interesting targets for future therapeutic approaches. In
that direction, the NOX inhibition represents an attract-
ive therapeutic strategy. Sevin et al. showed that mice
deficient in gp91phox, a subunit of NOX also known as
NOX-2, had an inhibition of the allergic inflammation
induced by ovalbumin and they showed a decrease in
both ROS production and allergic airway inflammation
[301].

However, ROS is essential for many physiological
events, what turn the complete inhibition of NOX a risky
strategy. Thus, partial negative modulation of NOX
activity and others pro-oxidant enzymes seems to be a
promising alternative. In this context, this study investi-
gated the role of drugs, which act by different manner
to control superoxide anion and nitric oxide levels.
Among these drugs, apocynin and allopurinol regulate
different upstream sources of superoxide anion produc-
tion, which elucidates if this type of intervention could
protect lung from ovalbumin stimuli. Although there
are other sources of superoxide, as mitochondria,
endogenous NADPH oxidases are the major source of
superoxide in lung [33]. Beyond, NADPH oxidase is
responsible for the respiratory burst in immune cells,
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Figure 6. Target treatments abrogated oxidative stress induced by ovalbumin. Detection of reactive oxygen species — ROS - in
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and is implicated in asthma development [34].
Diethyldithiocarbamate, acting late, inhibited SOD activ-
ity, which contributed to the increase of superoxide
anion. Aminoguanidine, an iNOS-inhibitor, contributed
to reduced levels of NO in the inflammatory process.
Apocynin and allopurinol are both inhibitors of
superoxide anion production by different mechanisms.
Apocynin inhibits NADPH oxidase activity by preventing
the translocation of p47phox to the NOX-2 membrane
region in leukocytes, monocytes and endothelial cells
[35]. Allopurinol inhibits xanthine oxidase, an enzyme
that catalyses the oxidation of hypoxanthine to xan-
thine, and it can further catalyse the oxidation of xan-
thine to wuric acid, involving the steps in ROS
production. These inhibitors were the best choice to

prevent the typical signs of asthma in this study. Mice
treated with apocynin had no leukocyte infiltration in
the peribronchiolar area and the airways, which
occurred in parallel with a significant attenuation of the
Th2 response (as shown by the reduction in the BAL
levels of IL-4 and IL-13). In addition, we observed that
apocynin led to an elevation of IL-1f levels when com-
pared to those in the OVA group, suggesting a transi-
tion toward the Th1 immunologic response, despite
superoxide anion inhibition from NADPH oxidase. Kim
et al. showed the anti-inflammatory effects of apocynin
in OVA-induced experimental asthma, with reduction of
Th2 cytokines and airway hyperresponsiveness [21].
However, this is the first time that apocynin is shown to
antagonise the OVA-induced Th2 response and stimulate
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Figure 7. Immunohistochemistry panel showing septal and alveolar 4-HNE positive cells. Control (a), OVA (b), OVA 4 APO (c),
OVA + ALO (d), OVA +DDC (e), OVA + AG (f), negative control for immunostain (g), 4-HNE*-septal cells count (h), 4-HNE*-alveolar
cells count (i). Symbols: * means different of control group; # means different of OVA group when p < .05.

the Th1 response as well as improve functional, morpho- Furthermore, apocynin had an effective antioxidant
logical and inflammatory parameters. It is known that  action. Despite the antioxidant enzymes activities
Th1 lymphocytes antagonise the Th2 response, which is reduced in the apocynin-treated group, the oxidative
positive in the context of asthma [36]. damage was blocked, by the reduction on TBARS levels,
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Figure 8. Immunohistochemistry panel showing alveolar 3-nitrotyrosine positive cells. Control (a), OVA (b), OVA+ APO (c),
OVA +ALO (d), OVA4DDC (e), OVA+AG (f), negative control for immunostain (g), 3-nitrotyrosine™-alveolar cells count (i).
Symbols: * means different of control group; # means different of OVA group when p < .05.

4-HNE" and nitrotyrosine™ cells. Apocynin also kept the
ROS levels similar to control and reduced the number
of NOX-2"-alveolar cells. Together, these data suggest
that OVA-challenged mice treated with apocynin were

protected against the oxidative damage and reduced
ROS to control levels. In addition to the NADPH oxidase
inhibitor, apocynin can also act as a scavenger [37],
what contributed for reduction in SOD and CAT
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activities, making of apocynin an effective antioxidant
in OVA-induced asthma.

Surprisingly, the results from the allopurinol-treated
group were generally similar to apocynin with the

exception of the massive peribronchiolar infiltrate. The
effect of allopurinol was not able to prevent the recruit-
ment of inflammatory cells to the airways, as shown in
Figure 3. However, the recruitment of eosinophils was
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Figure 10. Inhibition of NADPH oxidase, XO and iNOS abro-
gated airway hyper-reactivity induced by ovalbumin. Assay of
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induced by ovalbumin with no treatment (OVA group) or
treated with apocynin (OVA 4 APO), allopurinol (OVA + ALO),
diethyldithiocarbamate (OVA+4DDC) or aminoguanidine
(OVA+AG). Lung compliance (a), elastance (b) and airway
resistance (c) parameters were collected by BUXCO system.
Symbols: * means different of control group; # means differ-
ent of OVA group when p < .05.

reduced after this treatment, as shown in Figure 5. The
inhibition of xanthine oxidase did not prevent peribron-
chiolar infiltrate. However, it attenuated release of the
Th2 cytokines, protected against both oxidative stress
and AHR, as well as preserved lung compliance,

elastance and airway resistance. Allopurinol treatment
was effective to reduced 4-HNE*-septal cells, but these
4-HNE"-cells were elevated in alveolar spaces, similar to
OVA group. These data were corroborated with 3-nitro-
tyrosine and NOX-2 markers, once OVA+ ALO group
presented increased positive cells in comparison to the
control, but yet smaller than OVA group. This observed
increase make sense because of the massive peribron-
chiolar infiltrate in this group. Taken together, these
data suggest that inhibition of xanthine oxidase
changed the phenotype of cellular infiltrate by recruit-
ing cells with a proresolutive profile, such as macro-
phages, mast «cells and dendritic cells. These
recruitment, even with a proresolutive profile, brought
to the lung a worst antioxidant response than the
observed by apocynin treatment.

These data suggest that the source of superoxide
anion is important in driving the recruitment of inflam-
matory cells for the allergic inflammatory response
induced by OVA. Modulation of upstream superoxide
anion production seems to effectively block changes
induced by OVA, especially because it can regulate the
inflammatory cell recruitment and the profile of
immunological response. In addition, the inhibition of
superoxide anion synthesis protected against the
eosinophilic AHR, once the main granule release from
eosinophils during allergic inflammation is the EPO. It
works as a key molecule on oxidative and nitrosative
processes, and it was reduced by apocynin and allopur-
inol treatments.

In support of this notion, diethyldithiocarbamate
group presented the worst response as a therapeutic
strategy against asthma. Mice treated with DDC showed
a worsening of the parameters evaluated, becoming
similar to OVA group. The diethyldithiocarbamate-
treated group did not show peribronchiolar infiltrate,
but eosinophils increased in the remaining cells, which
was similar to the OVA group (as shown by high EPO
levels (Figure 5)). This group presented a typical Th2
response with high IL-4 levels and the associated pul-
monary function impairment, as shown by an exacer-
bated airway resistance and elastance, similar to the
OVA group. However, by the immunohistochemistry
analysis, OVA + DDC group did not present any investi-
gated marker increased. The conflicting result of
reduced NOX-2, mediated by this SOD inhibitor, is
observed due to the cellular infiltrate blockage induced
by DDC. The data suggest that once few cells were
recruited, the ROS production was smaller than in the
OVA group, what was accompanied by a slight reduc-
tion in SOD activity.

These data are in accordance with Nishida et al. who
showed that pretreatment with diethyldithiocarbamate
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increased the severity and duration of the asthma
attack [38]. Diethyldithiocarbamate is a copper chelator,
which decreases the activity of Cu, Zn superoxide dis-
mutase what can contribute to increases superoxide
anion [39]. However, contrary to the expected result,
the ROS levels measured in diethyldithiocarbamate-
treated group were equal to the OVA group. This find-
ing may be observed because of the low leukocyte
recruitment into the peribronchiolar area found in this
group, although the eosinophil recruitment was very
strong and selective, as shown by EPO (Figure 5). These
data suggest a difficulty of the leukocytes to get into
the airways, with exception of the eosinophils, which
were selectively attracted. It is known that activated
Th2 lymphocytes recruited to the lungs orchestrate the
inflammation releasing several mediators, among them
IL-4 and IL-13, promoting more activation of B lympho-
cytes, which activate mast cells to secrete mediators
chemoattractants to eosinophils [40].

However, the products released from mast cells led to
leukocyte recruitment due to the induction of expression
of adhesion molecules at the surface of endothelial cells
[41]. Nevertheless, Wei et al. showed that tetrathiomolyb-
date, another copper chelator, can inhibit vascular
inflammation in a mouse model of atherosclerosis [42].
The mechanisms of arterial monocyte recruitment and
retention are characterised by the expression of cellular
adhesion molecules and chemokines, such as vascular
cell adhesion molecule-1 (VCAM —1), intercellular adhe-
sion molecule-1 (ICAM —1) and monocyte chemotactic
protein-1 (MCP-1), by vascular endothelial cells [43].
They showed that copper deficiency, induced by tetra-
thiomolybdate, reduced the levels of soluble VCAM-1
and ICAM-1, as well as the gene expressions of VCAM-1,
ICAM-1, MCP-1 and proinflammatory cytokines [42]. As
these adhesion molecules are required for leukocytes
recruitment, we suggest that diethyldithiocarbamate, a
copper chelator could reduce the leukocyte influx to the
inflammatory site by this mechanism. However, we have
not examined it. Despite this leukocyte blockage, the
diethyldithiocarbamate-treated group presented AHR,
with increased elastance and resistance.

Regarding iNOS inhibition by aminoguanidine, mice
challenged with OVA and treated with aminoguanidine
showed protection against the asthmatic response. The
aminoguanidine-treated group presented a slight
increase in IL-4 levels, a reduction in IL-13 and an
increase in IL-1pB, suggesting a transition from the Th2
to the Th1 response. Additionally, no peribronchiolar
infiltrate was observed, and the increase in EPO was
attenuated in comparison to OVA group. Furthermore,
this group showed an effective antioxidant response
with an increase in SOD and CAT activity in comparison
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to OVA group. Other than that, aminoguanidine also
showed effectiveness to preserve lung function, reduce
elastance and resistance. It is known that protein nitra-
tion is detected in sputum samples of asthmatic
patients [44]. Chan et al. used another asthma-induction
model, and they also showed increased protein damage
through elevation in 3-nitrotyrosine marker induced by
house dust mite [45]. In the present study, aminoguani-
dine treatment reduced the number of 3-nitrotyrosine™
cells in alveolar spaces induced by OVA, showing a pro-
tection against protein damage. The present data sug-
gest that down-regulating nitric oxide synthesis
mediated by iNOS reduction, a better antioxidant
response could be achieved by aminoguanidine treat-
ment. As purposed by Ogino et al, serum arginase |
could be observed as biomarker in asthma [46].
Considering that arginase | can be up-regulated by NOS
inhibition, due to elevation in L-arginine levels, this par-
allel pathway could also be mobilised after aminoguani-
dine treatment, however this hypothesis was not
evaluated. A previous study of our group showed an
incomplete inhibition of iINOS by 1% aminoguanidine
treatment, in a model of pulmonary emphysema
induced by porcine pancreatic elastase, because there
was a remaining iNOS expression. But even with this
result, there was a reduction in 3-nitrotyrosine marker
[47]. Beyond, some inhibition was also detected in
eNOS isoform, corroborating what Laszlo et al. stated
that aminoguanidine is a dual constitutive and indu-
cible nitric oxide synthase inhibitor [48].

In conclusion, these data suggest that NOX, xanthine
oxidase (XO) and iNOS inhibition attenuated allergic
inflammation and shifted the Th1 immunological
response and avoided AHR by improving airway resist-
ance, lung compliance and elastance parameters.
Apocynin and allopurinol were capable of reducing the
EPO marker, but the NOX-2 inhibition by apocynin also
prevented the peribronchiolar cellular infiltrate. Thus, in
different levels, the down-regulation in superoxide syn-
thesis seems to be a good target to treat allergic
inflammation.

Acknowledgements

This work was supported by FAPERJ, CAPES and CNPq.

Disclosure statement

No potential conflict of interest was reported by the authors.

Funding
This work was supported by FAPERJ, CAPES and CNPq.



Downloaded by [Instituto de Economia - UFRJ] at 05:43 31 August 2017

14 @ T. N. RENATA ET AL.

ORCID

Renata Tiscoski Nesi
Marina Valente Barroso

http://orcid.org/0000-0002-6774-0893
http://orcid.org/0000-0001-8135-

9100

Valdirene de Souza Muniz {5) http://orcid.org/0000-0003-
0102-2861

Ana Carolina de Arantes ([®) http://orcid.org/0000-0003-0875-
3106

Marco Aurélio Martins https://orcid.org/0000-0002-4708-
5705

Lycia de Brito Gitirana http://orcid.org/0000-0002-5580-
6939

Josiane Sabbadini Neves http://orcid.org/0000-0002-6645-
1715

Claudia Farias Benjamim http://orcid.org/0000-0001-6247-
9596

Manuella Lanzetti http://orcid.org/0000-0003-3913-608X
Samuel Santos Valenca http://orcid.org/0000-0002-1868-
9905

References

1. Andreadis AA, Hazen SL, Comhair SA, Erzurum SC.
Oxidative and nitrosative events in asthma. Free Radic
Biol Med 2003;35:213-225.

2. van den Biggelaar AH, van Ree R, Rodrigues LC, Lell B,
Deelder AM, Kremsner PG, Yazdanbakhsh M. Decreased
atopy in children infected with Schistosoma haema-
tobium: a role for parasite-induced interleukin-10.
Lancet 2000;356:1723-1727.

3. Wenzel SE. Asthma phenotypes: the evolution from
clinical to molecular approaches. Nat Med 2012;18:
716-725.

4. Zuo L, Otenbaker NP, Rose BA, Salisbury KS. Molecular
mechanisms of reactive oxygen species-related pul-
monary inflammation and asthma. Mol Immunol
2013;56:57-63.

5. Al-Harbi NO, Nadeem A, Al-Harbi MM, Imam F, Al-
Shabanah OA, Ahmad SF, et al. Oxidative airway
inflammation leads to systemic and vascular oxidative
stress in a murine model of allergic asthma. Int
Immunopharmacol 2015;26:237-245.

6. Sugiura H, Ichinose M. Nitrative stress in inflammatory
lung diseases. Nitric Oxide 2011;25:138-144.

7.  Merendino AM, Paul C, Vignola AM, Costa MA, Melis M,
Chiappara G, et al. Heat shock protein-27 protects
human bronchial epithelial cells against oxidative
stress-mediated apoptosis: possible implication in
asthma. Cell Stress Chaperones 2002;7:269-280.

8. Bucchieri F, Puddicombe SM, Lordan JL, Richter A,
Buchanan D, Wilson SJ, et al. Asthmatic bronchial epi-
thelium is more susceptible to oxidant-induced apop-
tosis. Am J Respir Cell Mol Biol 2002;27:179-185.

9. Lum H, Roebuck KA. Oxidant stress and endothelial cell
dysfunction. Am J Physiol Cell Physiol 2001;280:
C719-C741.

10. Al-Harbi NO, Nadeem A, Al-Harbi MM, Ansari MA,
AlSharari SD, Bahashwan SA, et al. Airway oxidative
stress causes vascular and hepatic inflammation via

12.

13.

14.

15.

16.

17.

18.

20.

21.

22.

23.

24,

25.

upregulation of IL-17A in a murine model of allergic
asthma. Int Immunopharmacol 2016;34:173-182.
Comhair SA, Erzurum SC. Redox control of asthma:
molecular mechanisms and therapeutic opportunities.
Antioxid Redox Signal 2010;12:93-124.

Comhair SA, Ricci KS, Arroliga M, Lara AR, Dweik RA,
Song W, et al. Correlation of systemic superoxide dis-
mutase deficiency to airflow obstruction in asthma. Am
J Respir Crit Care Med 2005;172:306-313.

Mak JC, Ho SP, Ho AS, Law BK, Cheung AH, Ho JC,
et al. Sustained elevation of systemic oxidative stress
and inflammation in exacerbation and remission of
asthma. ISRN Allergy 2013;2013:561831.

Pinamonti S, Muzzoli M, Chicca MC, Papi A, Ravenna F,
Fabbri LM, Ciaccia A. Xanthine oxidase activity in bron-
choalveolar lavage fluid from patients with chronic
obstructive pulmonary disease. Free Radic Biol Med
1996;21:147-155.

Wu W, Chen Y, Hazen SL. Eosinophil peroxidase
nitrates protein tyrosyl residues. Implications for oxida-
tive damage by nitrating intermediates in eosinophilic
inflammatory disorders. J Biol Chem 1999;274:
25933-25944.

Crow JP, Beckman JS. Reactions between nitric oxide,
superoxide, and peroxynitrite: footprints of peroxyni-
trite in vivo. Adv Pharmacol 1995;34:17-43.

Rochelle LG, Fischer BM, Adler KB. Concurrent produc-
tion of reactive oxygen and nitrogen species by airway
epithelial cells in vitro. Free Radic Biol Med 1998;24:
863-868.

Brennan ML, Wu W, Fu X, Shen Z, Song W, Frost H,
et al. A tale of two controversies: defining both the
role of peroxidases in nitrotyrosine formation in vivo
using eosinophil peroxidase and myeloperoxidase-defi-
cient mice, and the nature of peroxidase-generated
reactive nitrogen species. J Biol Chem 2002;277:
17415-17427.

Erzurum SC. New insights in oxidant biology in asthma.
Ann Am Thorac Soc 2016;13(Suppl1):S35-S39.

Reis AC, Alessandri AL, Athayde RM, Perez DA, Vago JP,
Avila TV, et al. Induction of eosinophil apoptosis by
hydrogen peroxide promotes the resolution of allergic
inflammation. Cell Death Dis 2015;6:e1632.

Kim SY, Moon KA, Jo HY, Jeong S, Seon SH, Jung E,
et al. Anti-inflammatory effects of apocynin, an inhibi-
tor of NADPH oxidase, in airway inflammation.
Immunol Cell Biol 2012;90:441-448.

Abe M, Hayashi Y, Murai A, Shibata K, Sakata N,
Igarashi R, et al. Effects of inducible nitric oxide syn-
thase inhibitors on asthma depending on administra-
tion schedule. Free Radic Biol Med 2006;40:1083-1095.
Olsen PC, Ferreira TP, Serra MF, Farias-Filho FA,
Fonseca BP, Viola JP, et al. Lidocaine-derivative JMF2-1
prevents ovalbumin-induced airway inflammation by
regulating the function and survival of T cells. Clin Exp
Allergy 2011;41:250-259.

Sim Choi H, Woo Kim J, Cha Y, Kim C. A quantitative
nitroblue tetrazolium assay for determining intracellular
superoxide anion production in phagocytic cells.
J Immunoassay Immunochem 2006;27:31-44.

Strath M, Warren DJ, Sanderson CJ. Detection of eosi-
nophils using an eosinophil peroxidase assay. Its use as



Downloaded by [Instituto de Economia - UFRJ] at 05:43 31 August 2017

26.

27.

28.

29.

30.

31.

32

33.

34,

35.

36.

37.

38.

an assay for eosinophil differentiation factors.
J Immunol Methods 1985;83:209-215.

Bannister JV, Calabrese L. Assays for superoxide dismu-
tase. Methods Biochem Anal 1987;32:279-312.

Aebi H. Catalase in vitro. Methods Enzymol 1984;105:
121-126.

Draper HH, Hadley M. Malondialdehyde determination
as index of lipid peroxidation. Methods Enzymol
1990;186:421-431.

Henricks PA, Nijkamp FP. Reactive oxygen species as
mediators in asthma. Pulm Pharmacol Ther 2001;14:
409-420.

Sevin CM, Newcomb DC, Toki S, Han W, Sherrill TP,
Boswell MG, et al. Deficiency of gp91phox inhibits
allergic airway inflammation. Am J Respir Cell Mol Biol
2013;49:396-402.

Mori M, Takaku Y, Kobayashi T, Hagiwara K, Kanazawa
M, Nagata M. Eosinophil superoxide anion generation
induced by adhesion molecules and leukotriene D4. Int
Arch Allergy Immunol 2009;149(Suppl1):31-38.

Rahman I, MacNee W. Oxidative stress and regulation
of glutathione in lung inflammation. Eur Respir J
2000;16:534-554.

Nagaraj C, Haitchi HM, Heinemann A, Howarth PH,
Olschewski A, Marsh LM. Increased expression of
p22phox mediates airway hyperresponsiveness in an
experimental model of asthma. Antioxid Redox Signal
2017. [Epub ahead of print]. doi: 10.1089/ars.2016.6863.
Gaurav R, Bewtra AK, Agrawal DK. Chloride channel 3
channels in the activation and migration of human
blood eosinophils in allergic asthma. Am J Respir Cell
Mol Biol 2015;53:235-245.

Stefanska J, Pawliczak R. Apocynin: molecular aptitudes.
Mediators Inflamm 2008;2008:106507.

Galli SJ, Tsai M, Piliponsky AM. The development of
allergic inflammation. Nature 2008;454:445-454.,
Heumduller S, Wind S, Barbosa-Sicard E, Schmidt HH,
Busse R, Schroder K, Brandes RP. Apocynin is not an
inhibitor of vascular NADPH oxidases but an antioxi-
dant. Hypertension 2008;51:211-217.

Nishida S, Teramoto K, Kimoto-Kinoshita S, Tohda Y,
Nakajima S, Tomura TT, Irimajiri K. Change of
Cu,Zn-superoxide dismutase activity of guinea pig lung

39.

40.

41.

42.

43.

a4,

45.

46.

47.

48.

FREE RADICAL RESEARCH 15

in experimental asthma. Free Radic Res 2002;36:
601-606.

Hass MA, Massaro D. Regulation of the synthesis of
superoxide dismutases in rat lungs during oxidant and
hyperthermic stresses. J Biol Chem 1988;263:776-781.
Hamelmann E, Gelfand EW. IL-5-induced airway eosino-
philia — the key to asthma? Immunol Rev 2001;179:
182-191.

Hart PH. Regulation of the inflammatory response in
asthma by mast cell products. Immunol Cell Biol
2001;79:149-153.

Wei H, Zhang WJ, McMillen TS, Leboeuf RC, Frei B.
Copper chelation by tetrathiomolybdate inhibits
vascular inflammation and atherosclerotic lesion
development in apolipoprotein E-deficient mice.
Atherosclerosis 2012;223:306-313.

Davies MJ, Gordon JL, Gearing AJ, Pigott R, Woolf N,
Katz D, Kyriakopoulos A. The expression of the adhe-
sion molecules ICAM-1, VCAM-1, PECAM, and E-selectin
in human atherosclerosis. J Pathol 1993;171:223-229.
Sugiura H, Ichinose M, Tomaki M, Ogawa H, Koarai A,
Kitamuro T, et al. Quantitative assessment of protein-
bound tyrosine nitration in airway secretions from
patients with inflammatory airway disease. Free Radic
Res 2004;38:49-57.

Chan TK, Loh XY, Peh HY, Tan WN, Tan WS, Li N, et al.
House dust mite-induced asthma causes oxidative
damage and DNA double-strand breaks in the lungs.
J Allergy Clin Immunol 2016;138:84-96.e1.

Ogino K, Obase Y, Ito T, Fujimura M, Eguchi E, Kubo M,
et al. Relationship between serum arginase | and I-
arginine or exhaled nitric oxide in asthma. Free Radic
Res 2016;50:1165-1172.

Lanzetti M, da Costa CA, Nesi RT, Barroso MV, Martins
V, Victoni T, et al. Oxidative stress and nitrosative stress
are involved in different stages of proteolytic pulmon-
ary emphysema. Free Radic Biol Med 2012;53:
1993-2001.

Laszlo F, Evans SM, Whittle BJ. Aminoguanidine inhibits
both constitutive and inducible nitric oxide synthase
isoforms in rat intestinal microvasculature in vivo. Eur J
Pharmacol 1995;272:169-175.


https://doi.org/10.1089/ars.2016.6863

	Pharmacological modulation of reactive oxygen species (ROS) improves the airway hyperresponsiveness by shifting the Th1 response in allergic inflammation induced by ovalbumin
	Introduction
	Materials and methods
	Ethics statement
	Induction of asthma and treatment protocols
	Measurement of pulmonary inflammation
	Lung histology
	Quantification of cytokines
	Redox markers
	Airway responsiveness to methacholine
	Statistical analysis

	Results
	Kinetic of ROS and EPO production in ovalbumin-challenged mice
	Inflammation and redox markers in ovalbumin-challenged mice
	Airway hyperresponsiveness in ovalbumin-challenged mice

	Discussion
	Acknowledgements
	Disclosure statement
	References


