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Abstract Inosine, a naturally occurring purine formed from

the breakdown of adenosine, is associated with immunoregu-

latory effects. Evidence shows that inosine modulates lung

inflammation and regulates cytokine generation. However, its

role in controlling allergen-induced lung inflammation has yet

to be identified. In this study, we aimed to investigate the role of

inosine and adenosine receptors in a murine model of lung

allergy induced by ovalbumin (OVA). Intraperitoneal adminis-

tration of inosine (0.001–10 mg/kg, 30 min before OVA chal-

lenge) significantly reduced the number of leukocytes,

macrophages, lymphocytes and eosinophils recovered in the

bronchoalveolar lavage fluid of sensitized mice compared with

controls. Interestingly, our results showed that pre-treatment

with the selective A2A receptor antagonist (ZM241385), but not

with the selective A2B receptor antagonist (alloxazine), reduced

the inhibitory effects of inosine against macrophage count,

suggesting that A2A receptors mediate monocyte recruitment

into the lungs. In addition, the pre-treatment of mice with

selective A3 antagonist (MRS3777) also prevented inosine

effects against macrophages, lymphocytes and eosinophils.

Histological analysis confirmed the effects of inosine and

A2A adenosine receptors on cell recruitment and demonstrated

that the treatment with ZM241385 and alloxazine reverted

inosine effects against mast cell migration into the lungs.
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Accordingly, the treatment with inosine reduced lung ela-

stance, an effect related to A2 receptors. Moreover, inosine

reduced the levels of Th2-cytokines, interleukin-4 and

interleukin-5, an effect that was not reversed by A2A or A2B

selective antagonists. Our data show that inosine acting on

A2A or A3 adenosine receptors can regulate OVA-induced

allergic lung inflammation and also implicate inosine as an

endogenousmodulator of inflammatory processes observed in

the lungs of asthmatic patients.
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Introduction

Extracellular signalling nucleosides, such as adenosine and

inosine, have important and diverse roles in biological pro-

cesses, including neurotransmission in the peripheral and

central nervous system, exocrine and endocrine secretion,

platelet aggregation, smooth muscle contraction, pain sensa-

tion and modulation of cardiac function. Evidence has shown

that these purines also modulate immune responses and in-

flammation [1, 2] by acting on G-protein-coupled adenosine

receptors [3]. Classified as A1, A2A, A2B and A3 [3], these

receptors differ in their affinities and intracellular signalling

pathways and are widespread in organs and cells [3–5], as well

as in immune cells and the respiratory tract [6, 7]. The nucle-

oside adenosine, a well-characterized purine, is generated

from adenosine triphosphate by cells under certain physiolog-

ical conditions and can be produced in elevated concentrations

in response to tissue injury during hypoxia and inflammation

[7, 8]. The potential role of adenosine triphosphate and aden-

osine in the pathogenesis of asthma has been supported by the

bronchoconstrictor effects observed after their topical admin-

istration in the airways of patients with asthma and chronic

obstructive pulmonary disease but not in those of healthy

subjects [9–12]. In contrast, experimental data demonstrated

that adenosine and its analogues have also been shown to

exert protective and anti-inflammatory effects in the airways,

reducing the leukocyte cell count in bronchoalveolar lavage

fluid (BALF) and decreases airway remodelling in murine

models of asthma, an effect related to adenosine A2 receptors

activation [13, 14].

Inflammation, hypoxia and tissue injury cause adenosine

degradation and the generation of its metabolite inosine [15], a

process mediated by adenosine deaminase [7, 16]. Inosine has

been reported, for a long time, to be an inert metabolite devoid

of relevant biological effects [17]. Recent studies indicate,

however, that similar to adenosine, inosine exerts immunomod-

ulatory actions throughout the heterogeneous family of G-

protein-coupled adenosine receptors. Studies had shown that

like adenosine, inosine also presents anti-inflammatory effects

related with the activation of adenosine receptors, mainly the

A2A and A3, that include reduction of pro-inflammatory cyto-

kine production, and protective tissue effects from endotoxin-

induced [4, 18] and 2,4,6-trinitrobenzene sulphonic acid

(TNBS)-induced inflammation [19]. In contrast, other experi-

mental studies have demonstrated that inosine appears to have a

dual effect, stimulatingmast cell degranulation via A3 receptors

and possibly accounting for allergic inflammatory responses

[5, 20].

In the airways, it has been demonstrated that inosine exerts

anti-inflammatory and protective effects, reducing the levels

of pro-inflammatory cytokines including tumour necrosis

factor-α, interleukin (IL)-1β, IL-6 and macrophage inflam-

matory protein-2, decreasing leukocyte recruitment into lung

tissue and alveolar spaces [21]. In addition, inosine appears to

prevent changes in airway morphology after lipopolysaccha-

ride (LPS) exposure [21]. Moreover, INO-2002, an inosine

analogue, demonstrated similar effects after intratracheal LPS

administration [22]. Despite all that is known about the effects

of inosine, the mechanisms underlying its role in controlling

the lung repercussions of allergic inflammation are still un-

known. Recent data obtained from our group showed that

inosine reduced carrageenan-induced acute pleural inflamma-

tion, an effect that involves A2A and A2B adenosine receptors

[23]. Accordingly, literature data indicates that the activation

of A2 adenosine receptors subtypes is related with down-

regulation of inflammation and immune responses [4, 24,

25]. Conversely, the adenosine A3 receptor activation have a

enigmatic role in inflammation, increasing allergic inflamma-

tion activating mast cells or reducing inflammatory process

inhibiting eosinophils chemotaxis and degranulation [5, 20].

Considering these evidences, in the current study, we aimed to

investigate the anti-inflammatory effects of inosine in a mu-

rine experimental asthma model, as well as the role of the A2

and A3 adenosine receptor in mediating inosine effects.

Materials and methods

Ethics statement

The experiments were conducted according to the ethical state-

ments established by the national guidelines for the use of

experimental animals Colégio Brasileiro de Experimentação

Animal (COBEA) and performed after approval by the ethics

committee at the Institute of Biomedical Sciences of the Uni-

versity of São Paulo (approval protocol number 58/2009) and

Federal University of Paraná (approval protocol number

320/2008). Before the procedures to collect the animal samples,

mice were anesthetized with ketamine and xylazine, and all

efforts were made to minimize suffering.
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Animals

Experiments were conducted with female BALB/c mice

(25–35 g) from the pharmacology departmental animal fa-

cilities at the Institute of Biomedical Sciences of the Uni-

versity of São Paulo. The animals were housed at 22±2 °C

under a 12-h light/dark cycle (lights on at 6 a.m.), and food

and water were provided ad libitum.

Materials

The following substances were used: inosine, caffeine,

methacholine, chicken egg ovalbumin (OVA) grade V (Sigma

Chemical Co., St. Louis,MO, USA), 8-cyclopentyl-1,3-dipro-

pylxanthine (DPCPX), 4-(2-[7-amino-2-(2-furyl)[1,2,4]tria-

zolo[2,3-a][1,3,5]triazin-5-ylamino]ethyl)phenol (ZM241385),

alloxazine (Tocris Bioscience, Park Ellisville, MO, USA), 2-

Phenoxy-6-(cyclohexylamino) purinehemioxalate (MRS3777;

Santa Cruz Biotechnology, Santa Cruz, CA, USA), Dulbecco’s

modified Eagle’s medium (DMEM; Cultilab, Campinas, Bra-

zil), aluminium hydroxide (Sanofi-Synthélabo, São Paulo, Bra-

zil), ketamine, and xylazine (Vetbrands Saúde Animal, Brazil).

Drug treatments

Mice were treated intraperitoneally (i.p.) with inosine (0.001–

10 mg/kg) 30 min before the OVA challenge. Selective aden-

osine A2A receptor antagonist ZM241385 (1.5 mg/kg, i.p.),

selective adenosine A2B receptor antagonist alloxazine

(5 mg/kg, i.p.) and selective adenosine A3 receptor antagonist

MRS3777 (5 mg/kg, i.p.) were administered 30 min before

inosine treatment. The same selective antagonists were given

in absence of inosine to evaluate the per se effects. The doses

of antagonists used here were based on previous in vivo

studies [23, 26].

The treatments were carried out twice a day, on days14

and 15, before each antigen challenge [OVA, 1 %, aerosol,

15 min, in phosphate-buffered saline (PBS)]. Inosine and

the adenosine-receptor antagonists were diluted in Tween 20

plus sterile PBS. The final concentration of Tween 20 did

not exceed 10 % and caused no effects per se.

Experimental procedures

OVA-induced allergic inflammation

Female BALB/c mice 6–8 weeks were immunized subcuta-

neously on days0 and 7 with 10μg of chicken egg OVA grade

V absorbed in 0.4 ml of a saturated aluminium hydroxide

solution (2.5 mg/kg). On days14 and 15, mice were placed

in a 12-L Plexiglas container and exposed twice a day

(15 min) to an aerosol solution of OVA (1 %/PBS). To study

the inosine effects on bronchial responsiveness to methacho-

line, the protocol adopted was the same, but on day15, mice

were exposed twice a day (15 min) to OVA 3 %/PBS, to

ensure the airway hyperactivity. Negative control mice re-

ceived no treatment. All measurements were performed 24 h

after the last aerosol challenge.

BALF leukocytes count

Mice were euthanized via aorta exsanguination after anaes-

thetisation with ketamine (100 mg/kg, i.p.) and xylazine

(20 mg/kg, i.p.). A plastic cannula connected to a plastic

syringe containing sterile saline salt solution was inserted into

the trachea to obtain BALF. To quantify the total cells recov-

ered, an aliquot of BALF (90μL)was added to 10μL of violet

crystal solution (0.2 % violet crystal plus 30 % acetic acid).

Total cells in BALF were determined using optical microsco-

py with an improved Neubauer haemocytometer (Fisher Sci-

entific, Loughborough, UK). Differential cell counts in BALF

were determined with cytospin preparations of BALF aliquots

(100 μL) centrifuged at 300×g for 1 min using a Shandon

Cytospin 2 (Shandon Southern Instruments, Sewickley, PA,

USA) at room temperature. Differential blood leukocytes

were identified in blood smears. Differential cells were quan-

tified using optical microscopy in samples stained with Diff-

Quick (DADEBehring, Marburg, Switzerland). A total of 200

cells were quantified, and the numbers of neutrophils, eosino-

phils and mononuclear cells were determined using standard

morphological criteria [27].

Ex vivo lung release of cytokines

Lung fragments from allergic mice and controls were collect-

ed and prepared for organ culture as described by Proust et al.

[28]. In brief, 24 h after the last antigen challenge, the lungs of

euthanized mice, either treated or not treated with inosine or

adenosine-receptor antagonists, were perfused through the

right ventricle with 5 ml of PBS to remove intravascular

blood. Thereafter, four fragments with the same weight were

separated and cultured in 24-well plastic plates (Falcon-Bec-

ton Dickinson, Lincoln Park, NJ, USA) containing 1 ml of

DMEM at 37 °C in 5 % CO2/air for 24 h. The DMEM was

prepared with 0.5 % penicillin-streptomycin (10 mg/kg). Con-

ditioned media from all cultures were collected and stored at

−80 °C for cytokine determinations.

Cytokine measurements

Cytokine assays were conducted in cell culture supernatants

obtained from lung explants. IL-4 and IL-5 levels were

measured using a conventional commercial enzyme-linked
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immunosorbent assay kit (BioLegend, San Diego, CA,

USA), following the instructions of the manufacturer.

Lung histology

Lungs ofmice were removed and fixed in 10% formaldehyde,

and embedded in paraffin. The block was cut into sections

3-μm thick, and the tissue sections were stained with haema-

toxylin and eosin for morphologic analysis and with toluidine

blue for quantification of lung mast cells. The analysis of

airway area or mast cell quantification was performed using

ImagePro Plus software (Media Cybernetics Inc., Bethesda,

MD, USA). The epithelial cell proliferation was determined as

the ratio between the airway area occupied by epithelial cells

to basement membrane and the airway diameter. The results

were expressed square micrometre per micrometre. Mast cell

quantification was expressed in cells per square millimetre. At

least five to six bronchioles were evaluated per slide.

Bronchial responsiveness to methacholine “in vivo”

The bronchial responsiveness to methacholine (MCh) was

measured 24 h after the challenge with aerosolized OVA and

treated with inosine, ZM241385 or ZM241385 plus inosine.

The trachea was cannulated with a 20-gauge tube under

anaesthesia with 100 mg/kg of ketamine and 20 mg/kg of

xylazine, i.p., and the animals were ventilated at 450 cycles/-

min, with a computer-controlled, small animal ventilator (flex-

iVent 5.2; SCIREQ, Montreal, QC, Canada), with a tidal

volume of 10 ml/kg, against an artificial positive end-

expiratory pressure of 3 cm H2O. Before the measurement

of airway resistance (R) and elastance (E), the lungs were

inflated two times to total lung capacity (TLC) to standardize

the volume among animals and to establish the baseline.

Freshly prepared methacholine in PBS, in dose of 100 mg/ml,

were subsequently delivered to the airway by transiently

diverting the inspiratory limb of the ventilator through the

reservoir of an ultrasonic nebulizer for 30 s. The resistance

and elastance were measured at 30-s intervals for 5 min after

methacholine delivery, and the maximum value following

each measurement was used to establish the difference be-

tween the groups. To assess the relaxation effects of inosine,

ZM241385 or the involvement of A2A receptors, where the

inosine and ZM241385 were co-administered, the constrictive

response to methacholine was determined as described above.

The pressure–volume and flow data were fit to a single-

compartment model to derive the measurements of airway

resistance and elastance.

Statistical analysis

The results are presented as mean±SEM, excluding the ID50

values, which are reported as geometric means accompanied

by their respective 95 % confidence limits. The ID50 value

was determined by nonlinear regression from individual

experiments using GraphPad software (GraphPad, San

Diego, CA, USA). The statistical significance of the differ-

ences between groups was determined using analysis of

variance followed by the Newman–Keuls test. P values less

than 0.05 (P<0.05) were considered significant.

Results

Effect of inosine treatment on OVA-induced allergic lung

inflammation

Figure 1a shows that the total number of leukocytes recovered

in the BALF of mice challenged with OVAwas significantly

higher than that of the basal group. This increase was primar-

ily attributable to macrophages (Fig. 1b), lymphocytes and

eosinophils (Fig. 1c). Inosine significantly decreased the num-

ber of cells collected in BALF after the OVA challenge [ID50=

0.094 mg/kg (confidence interval, 0.023–0.37)], reaching a

maximal inhibitory response at dose of 1 mg/kg. The differ-

ential cell count revealed that inosine at this same dose re-

duced the macrophages, lymphocytes and eosinophils cell

counting. The dose of 10 mg/kg exhibited a similar effect

against the total cell count and the number of macrophages.

Interestingly at dose of 10mg/kg, inosine almost abolished the

lymphocyte and eosinophil count in the BALF, being more

effective than the dose of 1 mg/kg. Taking into account these

results, the dose of 10 mg/kg was chosen to study the involve-

ment of adenosine receptors in inosine effects. Neutrophils

accounted for less than 6 % of BALF cells collected after the

OVA challenge and were unaffected by inosine.

Adenosine receptors and inosine effects

Figure 2 shows that ZM241385, a selective A2A receptor

antagonist, given 30 min before inosine treatment, reversed

the inosine effects. Furthermore, pre-treatment with alloxa-

zine (5 mg/kg, i.p.), a selective adenosine A2B receptor

antagonist, did not change the effects of inosine on total or

differential cell counts (Fig. 2a–c), whereas treatment with

ZM241385 reversed the inhibitory effect of inosine on mac-

rophage counts in the BALF of allergic mice (Fig. 2b). The

administration of ZM241385 or alloxazine alone did not

affect the total or differential leukocyte counts in the BALF

(Table 1).

Examination of lung tissue stained with haematoxylin

and eosin (Fig. 3a–g) revealed an increased number of

leukocytes in the peribronchial and perivascular areas of

the lungs of allergic mice (Fig. 3b). Inosine clearly pre-

vented the leukocyte accumulation in lungs (Fig. 3f, g),

which was not observed after inosine vehicle treatment
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(Fig. 3c). The basal control group showed no significant

increase in leukocyte accumulation. Moreover, ZM241385

(Fig. 3d) prevented the anti-inflammatory effects of inosine,

whereas alloxazine did not interfere with its effects (Fig. 3e).

Finally, epithelium hypertrophy was also observed (Fig. 3g)

in OVA-challenged mice and was prevented by inosine and

reversed by ZM241385 pre-treatment, suggesting the A2A

receptor participation.

Accordingly, mast cells count were also increased in the

peribronchial and perivascular areas of the airways of aller-

gic mice stained with toluidine blue, but were not detected

in lungs from basal group (Fig. 4a, c). The treatment with

inosine reduced significantly the mast cell counting in aller-

gic group (Fig. 4f), an effect reversed with ZM241385 and

alloxazine pre-treatment (Fig. 4b, d, g).

In a different set of experiments, the participation of A3

receptors in inosine effects was investigated by the pre-

treatment with MRS3777, a selective adenosine A3 receptor

antagonist. The administration of MRS3777 prevented com-

pletely the inosine effects against total cell count and against

macrophages, lymphocytes and eosinophils cell count in the

BALF (Fig. 5a–c). This additional data suggest that inosine

might act through A3 receptors to reduce inflammation.

Interaction of inosine with adenosine receptors and its effect

on the ex vivo release of IL-4 and IL-5 in lungs

As shown in Fig. 6a, b, a significant increase in IL-4 and IL-

5 levels was found in the supernatant of the lung tissue of

allergic mice (OVA) and inosine treatment effectively pre-

vented this IL-4 and IL-5 increase. Neither the A2A nor A2B

adenosine receptor antagonist effectively modified inosine-

induced reduced levels of IL-4 and IL-5 in lung tissue.

Inosine effects on bronchial responsiveness “in vivo”

After demonstrating that inosine reduce the allergic lung

inflammation and that A2A adenosine receptor antagonist

reversed this effect, we examined the effects of inosine

treatment onMCh responsiveness in vivo. The lung resistance

to methacholine at concentration of 100 mg/ml was not sig-

nificantly increased in the ovalbumin (OVA)-sensitized and

Fig. 1 Effects of inosine on OVA-induced inflammation. Immunized

mice were treated with inosine 30 min before the challenge with OVA,

and 24 h after, the total leukocyte counting (a) and the differential

counting of macrophages (b), lymphocytes, neutrophils and eosino-

phils (c) were performed in the BALF. B basal group not immunized,

challenged or treated; OVA OVA-immunized and challenged mice;

doses of 0.001–10 mg/kg correspond to the OVA-immunized and

challenged mice treated with inosine before each challenge. Each

column represents the mean of the values obtained in five to eight

animals, and the error bars indicate the SEM. *P<0.05; **P<0.01;

***P<0.001 when compared with the allergic control group (OVA);
#P<0.001 when compared with the basal group (B)
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challenged mice when compared to basal group (Fig 7a).

However, significant augmentation of elastance was observed

after methacholine challenge in allergic group (Fig. 7b). Ino-

sine treatment reduced this effect, and the treatment with

ZM241385 reversed the inhibitory effect of inosine. Addition-

ally, the treatment only with ZM241385 did not cause any

effect per se.

Discussion

Asthma immunopathology is dominated by a T helper (Th)

cell response skewed towards a Th2 cytokine/chemokine pat-

tern that also involves airway smooth muscle (ASM) cells and

tissue remodelling. The research on asthma over the past

decade has expanded the complex repertoire involved in its

Table 1 Effects of selective adenosine receptor antagonists in OVA-induced allergic lung inflammation

Leukocyte count (×104/ml) Totals Macrophages Lymphocytes Eosinophils Neutrophils

Control groups

Basal 7.2±0.6 6.6±0.4 0.7±0.2 0.0±0.0 0.0±0.0

OVA (1 %) 24.7±0.8* 17.5±0.7* 5.4±0.5* 1.8±0.4* 0.5±0.1*

Vehicle (Tween 20) 24.4±1.2* 16.4±1.0* 5.6±0.7* 1.9±0.0* 0.9±0.3*

Group treated with antagonists

ZM241385 (1.5 mg/kg, i.p.) 23.0±1.7 14.2±0.7 5.6±1.9 3.0±0.3 0.5±0.2

Alloxazine (5.0 mg/kg, i.p.) 21.3±0.9 14.6±0.8 5.6±0.8 2.0±0.7 0.5±0.3

MRS3777 (5.0 mg/kg, i.p.) 22.1±1.7 18.8±1.7 4.2±0.8 1.0±0.1 0.4±0.1

The difference between groups was determined by ANOVA followed by Newman–Keuls multiple comparison test

*P<0.001 when compared to basal group

Fig. 2 Effects of A2 adenosine receptors antagonists on inosine effects

in the OVA-induced inflammation. Immunized mice were pre-treated

with ZM241385 (ZM) or alloxazine (Al), 30 min before inosine. The

treatments were performed 30 min before the challenges. After 24 h,

the total leukocyte counting (a) and the differential counting of macro-

phages (b), lymphocytes, neutrophils and eosinophils (c) were per-

formed in the BALF. B basal group not immunized, challenged or

treated; OVA ovalbumin-immunized and challenged mice; V ovalbu-

min-immunized and challenged mice treated with vehicle used to dilute

the antagonists; ZM+Ino ovalbumin-immunized and challenged mice

pre-treated with ZM241385 and treated with inosine; Al+Ino ovalbu-

min-immunized and challenged mice pre-treated with allozaxine and

treated with inosine; Inosine ovalbumin-immunized and challenged

mice treated with inosine. Each column represents the mean of the

values obtained in five to eight animals, and the error bars indicate the

SEM. *P<0.05; **P<0.01; ***P<0.001 when compared with vehicle

group (V); #P<0.001 when compared with the basal group (B); +P<0.05;
+++P<0.001 when compared with the inosine-treated group
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pathophysiology to include inflammatory, immune and struc-

tural cells as well as a wide range of mediators [29].

Some studies have been shown that adenosine is a pro-

inflammatory mediator involved in the pathogenesis of asth-

ma [7], since recent research have demonstrated that elevat-

ed levels of adenosine induces bronchoconstriction and was

found in the airways of patients with asthma [7, 30]. The

bioavailability of adenosine is an important determinant of

its biological functions and deleterious effects in the lung.

Adenosine is quickly converted into inosine, by the enzyme

adenosine deaminase, during inflammation, hypoxia or

whenever the energy demand is greater [7, 8, 30, 31].

Therefore, to limit adenosine effects in lungs, the adenosine

metabolism generates inosine that recently was reported to

exert protective effects during airway inflammation [7, 15,

18, 21, 22, 25, 32]. Thus, in the present study, we evaluated

the inosine effects in allergic lung inflammation.

Accordingly, inosine treatment before antigen challenge

resulted in a diminished number of inflammatory cells in the

BALF, characterized mainly by a reduction in macrophage,

lymphocytes and eosinophil differential cell count, when

compared with the allergic group, 24 h after antigen (OVA)

Fig. 3 Effects of inosine on histopathological changes in allergic lung

inflammation. Lungs tissues of immunized and challenged mice, pre-

treated with adenosine receptors antagonists and treated with inosine,

were stained with haematoxylin and eosin. a Basal naive group, not

immunized or challenged with OVA. b OVA-immunized and chal-

lenged mice (allergic group). c OVA-immunized and challenged mice

treated with the vehicle (Tween 20) used to administer the adenosine

receptor antagonists and inosine. d, e OVA-immunized and challenged

mice pre-treated with A2 adenosine receptors antagonists and treated

with inosine (10 mg/kg, i.p.). f OVA-immunized and challenged mice

treated only with inosine (10 mg/kg, i.p.). g Epithelial cell prolifera-

tion. Data are presented as mean±SEM; n=5 for each group. ***P<

0.001 when compared with the allergic control group (V); #P<0.001

when compared with the basal group (B); +++P<0.001 when compared

with the inosine-treated group
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challenge. This notion was confirmed by histological exami-

nation of lungs from inosine-treated mice. Notably, similar

protective effects of inosine have been described in a model of

acute lung injury, in which rodents are exposed to LPS [21]. In

addition, an inosine analogue (INO-2002) demonstrated sim-

ilar anti-inflammatory properties in an acute respiratory

distress syndrome model [22]. In agreement, a recent study

from our group have revealed that inosine significantly

reduces pleural acute inflammation, reducing pleural leakage,

neutrophil count, TNF-α and IL-1β levels in pleural exudates,

an effect dependent onA2A adenosine receptor activation [23].

Because inosine exerts regulatory effects on immune response

Fig. 4 Mast cell count in lung tissues of allergic mice treated with

inosine. Lungs tissues of immunized and challenged mice, pre-treated

with adenosine receptor antagonists and treated with inosine, were

stained with toluidine blue. Some of the metachromatic mast cells were

indicated with arrows. a Basal naive group, not immunized or chal-

lenged with OVA. b OVA-immunized and challenged mice (allergic

group). c OVA-immunized and challenged mice treated with the vehi-

cle (Tween 20) used to administer the adenosine receptor antagonists

and inosine. d, e OVA-immunized and challenged mice pre-treated

with adenosine receptor antagonists and treated with inosine (10 mg/

kg, i.p.). f OVA-immunized and challenged mice treated only with

inosine (10 mg/kg, i.p.). g Mast cell count represented as cells per

square millimetre. Data are presented as mean±SEM; n=5 for each group.

*P<0.05; ***P<0.001 when compared with the allergic control group

(V); #P<0.001 when compared with the basal group (B); ++P<0.01;
+++P<0.001 when compared with the inosine-treated group
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[5] and increased tissue inosine levels are quantified in the

inflamed sites [4, 32], our data suggest that purines constitute

a target pathway for the control of allergic asthma. To this end,

our study speculates the interaction between inosine and

adenosine receptors in our model. This approach relied on

the hypothesis that the inosine anti-inflammatory effects are

Fig. 5 Effects of A3 adenosine receptor antagonist on inosine effects

in the OVA-induced inflammation. Immunized mice were pre-treated

with MRS3777, 30 min before inosine. The treatments were performed

30 min before the challenges. After 24 h, the total leukocyte counting

(a) and the differential counting of macrophages (b), lymphocytes,

neutrophils and eosinophils (c) were performed in the BALF. B basal

group not immunized, challenged or treated; OVA ovalbumin-immu-

nized and challenged mice; V ovalbumin-immunized and challenged

mice treated with vehicle used to dilute the antagonists; MRS+Ino

ovalbumin-immunized and challenged mice pre-treated with

MRS3777 and treated with inosine; Inosine ovalbumin-immunized

and challenged mice treated with inosine. Each column represents the

mean of the values obtained in five to eight animals, and the error bars

indicate the SEM. **P<0.01; ***P<0.001 when compared with vehicle

group (V); #P<0.001 when compared with the basal group (B); +P<0.05,
++P<0.01, +++P<0.001 when compared with the inosine-treated group

Fig. 6 Effects of inosine on production of interleukin IL-4 and IL-5

cytokines by lung explants. The lungs of immunized and challenged

mice, pre-treated with ZM241385 or alloxazine and treated with ino-

sine, were removed and cultured for 24 h to measure the ex vivo

release of IL-4 and IL-5 in lungs. B basal group not immunized,

challenged or treated; OVA ovalbumin-immunized and challenged

mice; V ovalbumin-immunized and challenged mice treated with vehi-

cle used to dilute the antagonists; ZM+Ino ovalbumin-immunized and

challenged mice pre-treated with ZM241385 and treated with inosine;

Al+Ino ovalbumin-immunized and challenged mice pre-treated with

allozaxine and treated with inosine; Inosine ovalbumin-immunized and

challenged mice treated with inosine. Each column represents the mean

of the values obtained in five to eight animals, and the error bars

indicate the SEM. ***P<0.001 when compared with vehicle control

group (V); #P<0.001 when compared with the basal group (B)
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mediated by adenosine A2 receptors [5, 18, 27] and that the

adenosine receptors A2A and A3 are targets of inosine in

concanavalin A-induced liver damage and endotoxin-

induced sepsis [4]. Our study shows that treatment of mice

with the selective adenosine A2A receptor antagonist,

ZM241385, reversed the protective effect of inosine on the

accumulation of cells, notably macrophages, in the BALF after

OVA challenge. Conversely, blocking adenosine A2B receptors

with alloxazine did not modify these effects of inosine. In

agreement, the histological analysis of lung tissue stained with

haematoxylin and eosin confirmed these results. Overall, these

findings support our hypothesis that adenosine A2A receptors

mediate the effects of inosine on the leukocyte recruitment

observed in allergic lung disorders. Immunosuppressive and

anti-inflammatory properties observed after activation of A2A

receptors in the airways are well documented. Indeed, it was

recently shown that the treatment with CGS21680, a selective

agonist of the adenosine A2A receptor, attenuates acute

carrageenan-induced pleural and lung inflammation [33] and

allergic pulmonary inflammation in rats [13]. Some studies also

demonstrated that A2A receptor activation may cause suppres-

sion of the recruitment of T lymphocytes to the lungs [34, 35].

Additionally, increased expression of A2A adenosine receptors

has been described in macrophages during the inflammatory

process [36] and has been linked to the suppression of macro-

phage function and inhibition of immune-associated inflamma-

tion [36]. Accordingly, our results demonstrated that inosine

controls macrophage access to lung compartments via a mech-

anism involving A2A receptors. Conversely, our data for

ZM241385 were unable to identify the role of A2A receptors

in lymphocyte recruitment. This data led us to hypothesize that

inosine could, directly or indirectly through A2A adenosine

Fig. 7 Effects of inosine

treatment on airway

responsiveness to methacholine

(MCh) in vivo. Immunized

mice were treated with

ZM241385 or inosine or pre-

treated with ZM241385 and

treated with inosine and

challenged with OVA, 30 min

later. After 24 h, the airway

resistance (a) and elastance (b)

were measured in the presence

of methacholine. Basal group

represents mice not challenged

withMCh; PBS group represent

mice challenged with PBS and

MCh 100 correspond to the

group challenged with

methacholine at concentration

of 100 mg/ml. Dotted bars

represent the basal group not

immunized, challenged or

treated; closed bars represent

the allergic group treated with

vehicle used to dilute the

antagonist; hatched bars

represent the allergic group

treated with ZM241385; open

bars represent the allergic

group treated with ZM241385

plus inosine; chess bars

indicate the allergic group

treated with inosine. Each

column represents the mean of

the values obtained in five to

six animals, and the error bars

indicate the SEM. *P<0.05

when compared with the

vehicle group (V); #P<0.05

when compared with basal

group
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receptors, modulate macrophage activation, decreasing lung

inflammation. Moreover, the results obtained in this study

demonstrated that the adenosine A3 receptors might also mod-

ulate the inosine effects. The functional role of adenosine A3

receptors in the lungs seems to be unclear, as both the pro-

inflammatory and anti-inflammatory properties of these recep-

tors have been identified. Some studies have demonstrated that

inosine and adenosine bind to A3 receptors and prime mast cell

degranulation in “in vitro” [5, 20]. Conversely, adenosine A3

receptors seem to inhibit the activation and migration of eosi-

nophils [5]. Our results corroborate with literature data and

demonstrate that pre-treatment with MRS3777 reverted the

inhibitory effects of inosine against eosinophils, lymphocytes

and macrophages mobilization into lungs. Taking into account

these evidences, we speculate that inosine can act through A2A

and A3 receptors to reduce inflammation. This notion is in

agreement with that reported byOtha and Sitkovisky [4], which

showed that both A2A and A3 adenosine receptors were re-

quired for inosine to protect tissue, in a model of LPS-induced

endotoxaemia.

Our results also demonstrated that inosine reduces mast cell

recruitment to the lungs of allergic mice, an effect reversed by

ZM241385 and alloxazine pre-treatment. Some studies have

identified the expression of both adenosine A2A and A2B

receptors in mast cells [37]. It has been proposed that the

inosine precursor, adenosine, acting through these receptors,

can respectively suppress or stimulate mast cells activation

being the latter related with bronchoconstrictor effects [37].

In contrast, it is described that inosine has no effect on airway

calibre, and it is suggested that bronchoconstriction is a re-

sponse specific to adenosine [38]. These results suggest that

the activation of adenosine A2A and A2B receptors is involved

in the inosine modulation of mast cell mobilization into in-

flamed lungs. Taking into account the above-mentioned and

that mast cells are able to elicit contraction of bronchial smooth

muscle due to release of pro-inflammatory mediators [30, 39,

40], we further evaluate the effects of inosine in bronchial

responsiveness induced by aerosolized MCh. In agreement

with the previous results obtained here, our results showed that

inosine treatment significantly prevented the augmentation of

elastance induced by antigen challenge, an effect that was

reversed by ZM241385, reinforcing the hypothesis that aden-

osine A2A receptors activation mediates inosine protective

effects in allergic lungs, improving lung function.

Our data show that inosine significantly reduces the levels of

IL-4 and IL-5 in lung tissue explants of allergic mice. Because

Th2 cytokines such as those quantified in this study are related

to recruitment of mast cells, maturation of eosinophils, IgE

synthesis and cell mobilization in allergic asthma [29], and

considering that elevated levels of inosine are found at inflamed

sites [4, 32], we have inferred possible auto-control of allergic

lung inflammation that might bemediated by purines, however,

through a mechanism that seems to be independent of A2A or

A2B receptor activation, since ZM241385 and alloxazine did

not interfere with the effects of inosine on IL-4 and IL-5 levels.

Besides that inosine is reported to bind to adenosine

receptors, other additional mechanisms were also described.

Inosine may partially act by interfering with the activation

of the nuclear enzyme poly(adenosine diphosphate-ribose)

polymerase [41, 42], which was involved in the regulation

of inflammatory processes in acute lung injury [42]. Inosine

may also enhance endogenous antioxidant systems because

inosine breakdown releases urate, a scavenger of oxyradi-

cals and peroxynitrite [17, 41, 43]. Thus, we can not discard

that these mechanisms are involved and contributes with

inosine effects observed in the current study.

Conclusions

The results reported herein provide an experimental demon-

stration of inosine role in allergic inflammation and add infor-

mation on the understanding of purinergic signalling in the

airway. This study showed that inosine exerts an interesting

effect in suppressing some of the classic features of allergic

lung inflammation decreasing leukocytes migration to the

lung that can be directly associated with Th2-cytokine, IL-4

and IL-5 release. In addition, the fact that some inosine effects

were abolished by selective A2A and A3 antagonists suggests

the possible involvement of these receptors in inosine activity.

These findings expand the literature data and may be impor-

tant to the understanding of purinergic pathways and the role

of adenosine receptors in the pathogenesis of asthma.
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