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Abstract The inflammatory cells infiltrating the airways

produce several mediators, such as reactive oxygen species

(ROS). ROS and the oxidant-antioxidant imbalance might

play an important role in the modulation of airways

inflammation. In order to avoid the undesirable effects of

ROS, various endogenous antioxidant strategies have

evolved, incorporating both enzymatic and non-enzymatic

mechanisms. Recombinant human deoxyribonuclease

(rhDNase) in clinical studies demonstrated a reduction in

sputum viscosity, cleaving extracellular DNA in the air-

ways, and facilitating mucus clearance, but an antioxidant

effect was not studied so far. Therefore, we evaluated

whether the administration of rhDNase improves oxidative

stress in a murine model of asthma. Mice were sensitized

by two subcutaneous injections of ovalbumin (OVA), on

days 0 and 7, followed by three lung challenges with OVA

on days 14, 15, and 16. On days 15 and 16, after 2 h of the

challenge with OVA, mice received 1 mg/mL of rhDNase

in the lungs. Bronchoalveolar lavage fluid and lung tissue

were obtained on day 17, for inflammatory and oxidative

stress analysis. We showed that rhDNase did not alter the

population of inflammatory cells, such as eosinophil cells,

in OVA-treated rhDNase group but significantly improved

oxidative stress in lung tissue, by decreasing oxygen

reactive species and increasing superoxide dismu-

tase/catalase ratio, glutathione peroxidase activity, and

thiol content. Our data provide the first evidence that

rhDNase decreases some measures of oxidative stress and

antioxidant status in a murine model of asthma, with a

potential antioxidant effect to be further studied in human

asthma.
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Introduction

Asthma is a complex inflammatory disorder characterized

by airway inflammation, intermittent reversible airway

obstruction, airway hyperreactivity (AHR), excessive

mucus production, and elevated levels of immunoglobulin

E (IgE), Th2 cytokines, and increased levels of reactive

oxygen species (ROS) [1–3].

Reactive oxygen species generation occurs through

various enzymatic pathways, which are essential in many

physiological reactions such as killing invading microor-

ganisms [4]. ROS can be produced endogenously within

locations including mitochondria and phagocytes, whereas

exogenous sources of ROS production have been linked to

ozone, diesel fuels, and cigarette smoke [5].

Studies have shown that increases in ROS that occur

during asthma are associated with damage to a wide range

of biologic molecules in the lungs, and that oxidative stress

plays a role in the pathogenesis of asthma [6–8]. ROS that

have biological importance include superoxide anion rad-

ical (O2�-), hydrogen peroxide (H2O2), and hydroxyl
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radical (OH�). Nitrogen reactive species (RNS) and

derivatives of nitric oxide (NO), including peroxynitrite

(ONOO-), have also been implicated in oxidation (nitra-

tion) of proteins and lipids. ROS and RNS can lead to cell

injury through several mechanisms, including direct dam-

age to DNA, lipid peroxidation generating proinflamma-

tory molecules (such as cytokines), and protein oxidation

(primarily in sulfhydryl groups) leading to altered protein

activity [9, 10]. Under physiological conditions, reactive

species are maintained in balance due in large by the

neutralization capacity of the non-enzymatic and/or enzy-

matic antioxidant defense systems, including superoxide

dismutase (SOD), catalase (CAT), and glutathione perox-

idase (GPx). An imbalance between the production of

reactive species and antioxidant defense capacity tissue can

induce oxidative stress [11]. In this context, it is known that

excessive ROS production in asthma trigger key enzymatic

and non-enzymatic alterations, leading to an antioxidant-

oxidant imbalance in respiratory airways [12]. Therefore,

antioxidant treatment of asthma has long been a subject of

interest in asthma.

Airway obstruction in severe acute asthma is character-

ized by bronchoconstriction, airway edema, and mucus

plugging [13]. In this context, sputum in asthmatic patients

is known to be composed of activated and degenerated

inflammatory cells, mucoproteins, and free DNA, released

from disintegrated inflammatory cells. Recombinant human

DNase (rhDNAse) is a mucolytic agent that reduces sputum

viscosity by hydrolyzing extracellular DNA in sputum [14].

The efficacy of rhDNase has been well documented in

patients with cystic fibrosis [15], and this therapy may be

effective in children with severe acute asthma [16, 17].

Another mucolytic therapy is available, including thiol

derivatives such as N-acetylcysteine (NAC). NAC is a thiol

derivative endowed with antioxidant and anti-inflammatory

properties [18] that reduce oxidant-induced lung damage in

a variety of experimental models [19, 20].

This sulfhydryl group present in thiols enables thiol

derivatives to break down the gel structure of mucus, by

substituting sulfhydryl groups for the disulfide bonds con-

necting mucin proteins [21], and seems to show antioxidant

activity in lung injury [22]. Therefore, the aim of this study is

to verify whether rhDNase presents antioxidant effect in

asthma, evaluatingwhether rhDNase administration improves

oxidative stress in the lungs of a murine model of asthma.

Materials and methods

Animals

Thirty-two female adult BALB/c mice (6–8 weeks old)

were used for all experiments (CeMBE, PUCRS). Animals

were fed with a balanced chow diet with access to water

ad libitum, housed in cages and maintained on a 12/12-h

light/dark cycle.

Mice sensitization and challenge

Mice were sensitized by two subcutaneous injections of

20 lg OVA (Grade V, Sigma, USA), diluted in Dulbecco’s

phosphate-buffered saline (DPBS; 200 lL), on days 0 and

7, followed by three intranasal challenges, under general

anesthesia with isoflurane, with OVA (100 lg), in DPBS

(50 lL), on days 14, 15, and 16. A control group, replacing

OVA by PBS only, was included. On days 15 and 16, after

2 h of the OVA challenge, mice received, intranasally and

under general anesthesia with isoflurane, 1 mg/mL of

rhDNase (Roche UK, Welwyn Garden City, UK). The

protocol of the study is illustrated in Fig. 1.

Bronchoalveolar lavage fluid (BALF)

Bronchoalveolar lavage fluid (BALF) was performed on

day 17. Mice were anesthetized with intraperitoneal

administration of a solution of ketamine (0.4 mg/g) and

xylazine (0.2 mg/g), and the trachea was cannulated with a

blunt needle. Lungs were then washed twice with DPBS

(1 mL) and aspirated. BALF was centrifuged, and the

pellet was resuspended, and total and differential cell

counts of BALF were analyzed.

Tissue preparation

Lungs were homogenized in ten volumes (1:10, w/v) of

20 mM sodium phosphate buffer, pH 7.4, containing

140 mM KCl. The homogenates were centrifuged at

7509g for 10 min., at 4 �C, to separate nuclei and cell

debris. The pellet was discarded, and the supernatant was

immediately separated and used for analysis.

Fig. 1 Protocol used to induce acute allergic response in the lungs of

BALB/c mice and treatment with rhDNase. OVA ovalbumin,

rhDNase recombinant human deoxyribonuclease
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Total and differential cell counts from BALF

BALF was centrifuged at 2.000 rpm, for 4 min., at 4 �C.
The supernatant was collected and the pellet was resus-

pended in 350 lL of DPBS. Total cell count (TCC) and

cell viability were determined by trypan blue exclusion test

with a Neubauer chamber (BOECO, Hamburg, Germany).

For the differential cell analysis, slides of BALF suspen-

sion were obtained by cytospin preparations stained with

H&E (Panótico Rápido—Laborclin, Brazil).

Reactive oxygen species (ROS) assay

ROS production was measured according to the method of

LeBel et al. [23], based on the oxidation of 2070-dichlo-
rofluorescein (H2DCF). The sample was incubated in a

medium containing 100 lM of 2070-dichlorofluorescein
diacetate (H2DCF-DA) solution. The reaction produces the

fluorescent compound dichlorofluorescein (DCF), which is

measured at kem = 488 nm and kex = 525 nm. Results

were presented as nmol DCF/mg protein.

Thiol content assay

This assay is based on the reduction of 5,50-dithio-bis (2-

nitrobenzoic acid) (DTNB) by sulfhydryl groups, which in

turn become oxidized (disulfide), generating a yellow

derivative, equivalent to the amount of sulfhydryl groups

(TNB), whose absorption is measured spectrophotometri-

cally at 412 nm. TNB levels are inversely correlated to

oxidative damage to proteins. Results were reported as

nmol of TNB levels per milligram of protein [24].

Nitrite assay

Nitrite levels were measured using the Griess reaction. The

sample was incubated in a medium contained Griess

reagent (1:1 mixture of 1 % sulfanilamide in 5 % phos-

phoric acid and 0.1 % naphthylethylenediamine dihy-

drochloride in water). The absorbance was measured at a

wavelength of 543 nm. Nitrite concentration was calcu-

lated using sodium nitrite standards [25].

Glutathione peroxidase assay (GPx)

Glutathione peroxidase (GPx) activity wasmeasured using tert-

butyl-hydroperoxide as substrate [26]. NADPH disappearance

was monitored at 340 nm. The medium contained 2 mM glu-

tathione, 0.15 U/mL glutathione reductase, 0.4 mM azide,

0.5 mM tert-butyl-hydroperoxide and 0.1 mM NADPH. One

GPxunit is definedas1 lmolofNADPHconsumedperminute.

The specific activity is presented as GPx units/mg protein.

Superoxide dismutase assay (SOD)

Superoxide dismutase (SOD) activity assay is based on the

capacity of pyrogallol to autoxidize, a process highly

dependent on superoxide, which is a substrate for SOD.

The inhibition of autoxidation of this compound occurs in

the presence of SOD, whose activity was then indirectly

assayed at 420 nm [27]. A calibration curve was performed

with purified SOD as standard, in order to calculate the

activity of SOD present in the samples. The results were

presented as SOD units/mg protein.

Catalase assay (CAT)

Catalase (CAT) activity was assayed using a SpectraMax

M5/M5 Microplate Reader (Molecular Devices, MDS

Analytical Technologies, Sunnyvale, California, USA).

The method used is based on the disappearance of H2O2 at

240 nm, in a reaction medium containing 20 mM H2O2,

0.1 % Triton X-100, 10 mM potassium phosphate buffer

pH 7.0, and 0.1–0.3 mg protein/ml [28]. One CAT unit is

defined as 1 lmol of hydrogen peroxide consumed per

minute, and the results were presented as CAT units/mg

protein.

Protein determination

Protein was measured according to Lowry et al. [29] for

all techniques. Serum bovine albumin was used as a

standard.

Statistical analysis

Data are presented as mean ± SD. Results were analyzed

using Statistical Package for the Social Sciences, version

20.0 (SPSS Inc., Chicago, IL, USA). One-way ANOVA

followed by Tukey post hoc test was used. p B 0.05 was

considered statistically significant.

Ethics

The study was conducted under ethical standards for

research in animal models, following the recommenda-

tions of the Brazilian Society of Laboratory Animal Sci-

ence (SBCAL), advocating the use of fewer animals and

adequate management of pain and suffering, during the

study procedures and euthanasia. This study was approved

by the Animal Ethics Committee of our Institution (#14/

00387).
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Results

Total and differential cells count in BALF

Firstly, we investigated the effect of rhDNase on the total

cell count in BALF of mice. Figure 2a shows that

rhDNase-treated OVA group did not alter total cell counts

from BALF, compared to the OVA group [F(3,28) =

16.72, p[ 0.05]. In addition, Fig. 2b shows that treatment

with rhDNase did not decrease eosinophil counts

[F(3,28) = 16.61, p[ 0.05]. Also, Fig. 2c–e shows that

treatment with rhDNase did not decrease macrophage

[F(3,28) = 13.12, p[ 0.05], neutrophil [F(3,28) = 5.82,

p[ 0.05], and lymphocyte [F(3,28) = 8.51, p[ 0.05]

counts.

Oxidative stress parameters and nitric oxide levels

in lung tissue

Next, we evaluated the effect of rhDNase on oxidative

stress in OVA-induced asthma in mice. Figure 3a demon-

strates that OVA significantly increased the levels of

reactive species in the lungs, as indicated by DCF formed

from the oxidation of H2DCF, compared to the DPBS

control group [F(3,28) = 16.20, p\ 0.01]. On the other

hand, rhDNase-treated mice significantly decreased DCF

Fig. 2 Total and differential

cell counts on BALF between

the groups studied. Results are

expressed as mean ± SD, for

eight animals in each group.

Different from DPBS group,

**p\ 0.01; different from

DPBS ? rhDNase group

***p\ 0.001 (one-way

ANOVA followed by Tukey

test). BALF bronchoalveolar

lavage fluid, OVA ovalbumin,

rhDNase recombinant human

deoxyribonuclease
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content, compared to the OVA control group [F(3,28) =

16.20, p\ 0.05]. In addition, we investigated the effect of

rhDNase on RNS. Figure 3b shows that nitrite levels in

lung tissue were not altered by rhDNase treatment, as

compared to DPBS and OVA control groups [F(3,28) =

2.17, p[ 0.05].

Antioxidant defenses parameters in lung tissue

We also tested the effect of rhDNase treatment on the

enzymatic antioxidant defenses (SOD and CAT) and SOD/

CAT ratio. Figure 4a shows that rhDNase treatment did not

alter SOD activity [F(3,28) = 1.18, p[ 0.05], compared

to the OVA group. On the other hand, we demonstrated

that rhDNase treatment decreased CAT activity

[F(3,28) = 12.32, p\ 0.05], compared to the OVA group

(Fig. 4b). Also, rhDNase per se decrease CAT activity

[F(3,28) = 12.32, p[ 0.05], compared to the DPBS group

(Fig. 4b). In addition, Fig. 4c shows that rhDNase per se

increases SOD/CAT ratio in lung tissue, compared to the

control group [F(3,28) = 93.66, p\ 0.001]. rhDNase-

treated mice also increased SOD/CAT ratio in lung tissue,

Fig. 3 Effect of rhDNase treatment on reactive species levels (a) and
nitrite levels (b) in lung tissue between the groups studied. Results are
expressed as mean ± SD for eight animals in each group. Different

from DPBS group, **p\ 0.01; different from OVA group, *p\ 0.05

(one-way ANOVA followed by Tukey test). DCF dichlorofluorescein,

OVA ovalbumin, rhDNase recombinant human deoxyribonuclease

Fig. 4 Effect of rhDNase treatment on SOD and CAT activity and

SOD/CAT ratio in lung tissue between the groups studied. Results are

expressed as mean ± SD for eight animals in each group. Different

from DPBS group, ***p\ 0.001; different from OVA group,

*p\ 0.05 (one-way ANOVA followed by Tukey test). SOD super-

oxide dismutase, CAT catalase, OVA ovalbumin, rhDNase recombi-

nant human deoxyribonuclease
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compared to OVA [F(3,28) = 93.66, p\ 0.05]. Finally,

Fig. 5 demonstrates the levels of other enzymatic antioxi-

dant defenses in lung tissue. Figure 5a shows that GPx

activity was significantly increased in OVA mice treated

with rhDNase, compared to the OVA group

[F(3,28) = 31.48, p\ 0.05] and DPBS group treated with

rhDNase [F(3,28) = 31.48, p\ 0.001].

Figure 5b then shows that rhDNase per se significantly

increased thiol content [F(3,28) = 28.06, p\ 0.001],

compared to the DPBS group. Furthermore, the animals

treated with rhDNase also increased thiol content

[F(3,28) = 28.06, p\ 0.01], compared to the OVA group.

On the other hand, OVA-treated mice significantly reduced

thiol content [F(3,28) = 28.06, p\ 0.05], compared to the

DPBS control group.

Discussion

Asthma is a chronic inflammatory lung disease involving

complex interactions between numerous cell types and

mediators, resulting in bronchial hyperreactivity and air-

flow limitation. Evidence for the antioxidant imbalance in

asthmatic airways has been shown in several studies, which

show alterations not only in the non-enzymatic but also in

the enzymatic antioxidants, in different components such

as BALF and sputum [30–32].

Sputum in asthmatic patients is known to be composed

of activated and degenerated inflammatory cells, muco-

proteins, and free DNA, released from disintegrated

inflammatory cells. rhDNAse is a mucolytic agent that

reduces sputum viscosity by hydrolyzing extracellular

DNA in sputum. Several studies demonstrated that

rhDNAse reduces DNA fragment length and decreases the

viscosity of purulent cystic fibrosis secretions [16, 33, 34].

DNA from mucous plugs following lysis of inflammatory

cells contributes to increased viscosity and adhesiveness of

the mucus. In addition, our group demonstrated that in a

murine asthma model, there is a significant increase in

DNA extracellular trap production in BALF and lung tis-

sue, and that these traps were dismantled by DNase treat-

ment in vitro [35]. In this context, we investigated the

effect of rhDNAse treatment on oxidative stress in an

experimental model of eosinophilic pulmonary response.

Hence, in the present study, we initially investigated the

effect of rhDNase on total cell count in BALF of mice.

Interestingly, our results showed that rhDNase treatment

did not decrease total cell and inflammatory cell counts in

BALF in our murine asthma model. However, oxidative

stress analysis showed distinct effects of rhDNAse treat-

ment in lung tissue. A ROS increase was observed, as

measured by the DCF fluorescence assay in the OVA

group, compared to the control group. These results are in

agreement with other studies showing that asthma

increased oxidative stress in lung tissue [36–39]. Patients

with asthma have shown increased airway ROS generation,

such as O2
�- and H2O2 [8, 40]. Moreover, oxidative stress in

asthma increases the production of lipid peroxidation,

products, and protein carbonyls in plasma and oxidized

glutathione in BALF [41]. ROS also reacts with lipids to

liberate isoprostane and ethane. As a result, 8-isoprostane,

a biomarker of lipid peroxidation, is elevated in the exhaled

breath condensate in adults and children with asthma [42–

45]. In addition, ROS-mediated damage may result in

increased vascular permeability, mucus hypersecretion and

smooth muscle contraction, with impairment in the

responsiveness of b-adrenergic receptors [42–45].

Thus, new strategies aimed to decrease ROS and

increase endogenous antioxidants through pharmacological

Fig. 5 Effect of rhDNase treatment on GPx activity (a) and thiol

content (b) in lung tissue between the groups studied. Results are

expressed as mean ± SD for eight animals in each group. Different

from DPBS ? rhDNase group, ***p\ 0.001; different from OVA

group, *p\ 0.05 (one-way ANOVA followed by Tukey test). GPx

glutathione peroxidase, OVA ovalbumin, rhDNase recombinant

human deoxyribonuclease
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interventions to redress oxidant-antioxidant imbalance in

asthma is a field of investigation in many research labo-

ratories [39]. In this context, in order to prevent the

undesirable effects of ROS, various endogenous antioxi-

dant strategies have evolved, incorporating both enzymatic

and non-enzymatic mechanisms. For instance, several non-

enzymatic antioxidant species are present within the lung

lining fluid such as glutathione, uric acid, albumin, vitamin

C, and vitamin E [46]. In our study, rhDNAse reduced DCF

fluorescence assay (a measure of reactive species levels) in

rhDNase treated, compared to the control group.

Nitrite, which is present in low micromolar concentra-

tions in the airway lining fluid, is a highly diffusible free

radical, formed by the conversion of arginine to citrulline,

via a family of nitric oxide synthase isoenzymes [47]. We

did not find any difference between the animals treated

with rhDNase. Asthmatics patients have increased markers

of oxidative stress, including nitric oxide, carbon monox-

ide, xanthine oxidase activities, and 3-nitrotyrosine in

sputum, but there are no previous studies about the effect

of rhDNase in nitrite levels in a murine model of asthma

[48].

Homeostasis of cellular functions during oxidative stress

depends on the appropriate induction of protective

antioxidant mechanisms. Antioxidants are major in vivo

defense mechanisms of the cells against oxidative stress

[37, 49–51]. The major enzymatic antioxidants of the lungs

are superoxide dismutase (SOD), catalase (CAT), and

glutathione peroxidase (GPx) [52], and the non-enzymatic

antioxidants include vitamin C, glutathione, albumin,

vitamin E, uric acid, and b-carotene [52, 53]. An imbalance

of the airways reducing state is a determinant of asthma

initiation and severity [31, 32].

We also evaluated the effect of rhDNase on enzymatic

antioxidant systems. SOD catalyzes the dismutation of

superoxide anion (O2
�2), and CAT catalyzes the reduction

of hydrogen peroxide (H2O2) [54]. In our study, we

observed that rhDNase decreased CAT activity, but did not

alter SOD activity. In this context, rhDNase treatment

increased SOD/CAT ratio in rhDNase-treated and OVA-

treated rhDNase. We demonstrated for the first time the

antioxidant effect of rhDNase in the lungs of a murine

asthma model. We suggest that the DCF formed was

decreased in the lungs of animals treated with rhDNase,

probably because ROS are being effectively neutralized by

antioxidant enzymes, shown by the increase in SOD/CAT

ratio in this study.

Based on these data, we then investigated the effect of

rhDNase on GPx activity and thiol content in our model.

We have shown that rhDNase treatment significantly

increased GPx activity. Levels of the enzymes GPx and

SOD and of the non-enzymatic components of the

antioxidant system, including reduced glutathione (GSH),

were significantly lower in children with asthma, when

compared to healthy controls [55]. In addition, GSH/GSSG

homeostasis, which is critical to normal cellular physio-

logical processes, represents one of the most important

antioxidant defense systems in lung cells. This system uses

GSH as a substrate in the detoxification of peroxides, such

as H2O2, a reaction that involves GPx [56]. In our study,

rhDNase treatment improved this parameter. Decreased

activity of GPx has been well documented [57, 58]. GPX is

also essential for removing toxic oxidant products, which

are continuously generated as a result of sequestration and

infiltration of inflammatory leukocytes in the lung [41].

Previous studies have demonstrated alterations in dif-

ferent antioxidants in clinical and experimental asthma.

Interestingly, alterations in antioxidant defenses might be

increased or decreased, depending on whether the changes

are due to a defense response (increase) or neutralizing

effect by oxidants (decrease), whereas if the reserves are

sufficient, there might be no alteration [41].

Finally, we investigated the effect of rhDNase treatment

on thiol content (equivalent to the amount of sulfhydryl

groups) in our model. rhDNase per se increased thiol

content in our study. Oxidation of sulfhydryl groups of

proteins causes conformational changes, protein unfolding,

and degradation, inhibiting their activities [59, 60].

Decreased levels of thiol content is a measure of protein

damage and the increase of the sulfhydryl groups is

important to antioxidant effect since this group is suscep-

tible to oxidation for free radical. In support of this, protein

sulfhydryls were found to be decreased in asthmatic

patients [61]. Thus, it might be expected that protein

sulfhydryls are the main targets of ROS-mediated attack,

reducing their levels [62].

Several mucolytic therapies are available for use in lung

disease such as rhDNase [15], hypertonic saline [63], and

thiol derivatives (NAC) [18]. NAC enables thiol deriva-

tives to break down the gel structure of mucus, by substi-

tuting sulfhydryl groups for disulfide bonds, connecting

mucin proteins. In vitro, NAC has been demonstrated to

reduce the viscosity and elasticity of mucus, when directly

in contact with airway secretions [64]. This effect was

similar to the one found with rhDNase in our study, since

the sulfhydryl groups interact directly with oxidants,

functioning as an oxidant scavenger [65]. The present study

is the first to evaluate the changes in some measures of

oxidative stress and antioxidant status in rhDNase-treated

mice in a model of asthma. Lastly, Fig. 6 summarizes the

oxidant-antioxidant status present in the lungs treated with

rhDNase.

One limitation of our study is that we did not assess lung

function and bronchial hyper-responsiveness to metha-

choline. Given that the aim of our study was to investigate

the antioxidant effect of rhDNase in a model of
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eosinophilic pulmonary response in mice, and its anti-in-

flammatory effect, the authors believe that this analysis

may be further explored in future studies.

In conclusion, our data provide the first experimental

demonstration that rhDNase decreases oxidative stress in

the lungs and present a potential antioxidant effect in

asthma, which could be further explored in future experi-

mental and clinical studies in asthmatic patients, analyzing

different doses and applying in particular clinical situa-

tions, such as severe exacerbations.
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