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BACKGROUND AND PURPOSE
Among the pathogenic mechanisms of asthma, a role for oxidative/nitrosative stress has been well documented. Recent
evidence suggests that histamine H4 receptors play a modulatory role in allergic inflammation. Here we report the effects of
compound JNJ 7777120 (JNJ), a selective H4 receptor antagonist, on antigen-induced airway inflammation, paying special
attention to its effects on lipocortin-1 (LC-1/annexin-A1), a 37 kDA anti-inflammatory protein that plays a key role in the
production of inflammatory mediators.

EXPERIMENTAL APPROACH
Ovalbumin (OA)-sensitized guinea pigs placed in a respiratory chamber were challenged with antigen. JNJ (5, 7.5 and
10 mg·kg−1) was given i.p. for 4 days before antigen challenge. Respiratory parameters were recorded. Bronchoalveolar lavage
(BAL) fluid was collected and lung specimens taken for further analyses 1 h after antigen challenge. In BAL fluid, levels of
LC-1, PGD2, LTB4 and TNF-α were measured. In lung tissue samples, myeloperoxidase, caspase-3 and Mn-superoxide
dismutase activities and 8-hydroxy-2-deoxyguanosine levels were measured.

KEY RESULTS
OA challenge decreased LC-1 levels in BAL fluid, induced cough, dyspnoea and bronchoconstriction and increased PGD2,
LTB4 and TNF-α levels in lung tissue. Treatment with JNJ dose-dependently increased levels of LC-1, reduced respiratory
abnormalities and lowered levels of PGD2, LTB4 and TNF-α in BAL fluid.

CONCLUSIONS AND IMPLICATIONS
Antigen-induced asthma-like reactions in guinea pigs decreased levels of LC-1 and increased TNF-α and eicosanoid production.
JNJ pretreatment reduced allergic asthmatic responses and airway inflammation, an effect associated with LC-1 up-regulation.
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Abbreviations
8-OHdG, 8-hydroxy-2'-deoxyguanosine; BAL, bronchoalveolar lavage; eMBP, eosinophilic major basic protein; JNJ,
JNJ7777120, 1-[ (5-chloro-1H-indol-2-yl)carbonyl]-4-methylpiperazine; LC-1, lipocortin-1; MDA, malondialdehyde;
Mn-SOD, Mn-superoxide dismutase; MPO, myeloperoxidase; NBT, nitro blue tetrazolium; OA, ovalbumin; PAO, pressure
at the airway opening; TBA, 2-thiobarbituric acid.

Introduction

Bronchial hyper-responsiveness and inflammation are char-
acteristic of acute asthma and serve to trigger events of
adverse airway remodelling, which include loss of airway
epithelium, goblet cell and smooth muscle cell hyperplasia,
and fibrosis (Rennard, 1996). Within the complex framework
of mechanisms involved in the pathogenesis of asthma, a key
role for oxidative/nitrosative stress, epithelial cell apoptosis
and airway inflammation has been well documented
(Andreadis et al., 2003). Besides the classical allergen-
dependent pathways, reactive oxygen and nitrogen species
produced during airway inflammation activate neutrophils,
eosinophils and mast cells to release histamine, prostanoids
and cytokines, which exacerbate airway hyperresponsiveness
and favour the transition to subacute/chronic disease
(Comhair et al., 2005).

The inflammatory responses resulting from the release of
histamine have, for many years, been thought to be mediated
by histamine H1 receptors (receptor nomenclature follows
Alexander et al., 2011). Consequently, H1 receptor antago-
nists have been used as major components of the treatment
of allergies. Recent evidence suggests that histamine can play
diverse roles in inflammation and immune responses
through the activation of another histamine-activated GPCR,
the H4 receptor, expressed on dendritic and inflammatory
cells (Thurmond et al., 2008).

The discovery of the histamine H4 receptors has given
investigators new tools to further address the function of
histamine and its receptors in allergic and inflammatory pro-
cesses. Thus, histamine, acting through H4 receptors, induces
chemotaxis of murine mast cells in vitro (Hofstra et al., 2003),
and leads to changes of their tissue localization in vivo
(Thurmond et al., 2004). Both effects are consistent with the
previously reported distribution of mast cells in the epithelial
lining of nasal mucosa in patients with rhinitis induced by
allergen (Slater et al., 1996). Activation of histamine H4 recep-
tors also induces chemotaxis of human eosinophils, enhances
the effect of chemotactic agents and stimulates up-regulation
of adhesion molecules (Ling et al., 2004). Indeed, H4 receptor
expression and function on mast cells, eosinophils, baso-
phils, dendritic and T-cells suggests that this receptor may
play a role in allergen-induced asthmatic responses.

In a murine model of ovalbumin (OA)-induced asthma-
like reaction, H4 receptors were involved in the activation of
CD4+ cells by dendritic cells (Dunford et al., 2006). The
administration of JNJ7777120 (JNJ), a novel selective H4

receptor antagonist, showed significant anti-inflammatory
effects during both the sensitization and effector phases.
These findings indicate that H4 receptors are also involved in
the initial priming of the immune system after allergen chal-
lenge (Thurmond et al., 2008).

Indeed, the poor clinical efficacy of H1 receptor blockers
in asthma would suggest the possible involvement of other
histamine receptors in this disease and H4 receptor-deficient
mice show reduced lung inflammation and Th2-derived
cytokine production upon allergen challenge (Dunford et al.,
2006). Moreover, the recent finding that resolution of an
inflammatory reaction is an active phenomenon brought
out by endogenous anti-inflammatory mediators, such as
lipocortin-1 (LC-1), also known as annexin-A1, has opened
new pathways to understand the mechanism of action of
anti-inflammatory drugs (D’Acquisto et al., 2008). LC-1, a
glucocorticoid-modulated protein, was initially characterized
by its ability to inhibit prostanoid release (Cirino et al., 1987).
Further studies indicated that LC-1 also inhibited leukocyte
migration, reduced fluid extravasation and exhibited anti-
nociceptive activity (Cirino et al., 1989; Perretti and Flower,
1993; Ayoub et al., 2008). The allergic guinea pig model is an
old model, still largely used to reproduce the different syn-
dromes presented by human asthma. The animals are sensi-
tized to OA and the bronchial responsiveness, as well as the
cough reflex response, is measured after antigen inhalation
and this model has been widely used to evaluate the anti-
asthmatic effect of class of compounds (Masini et al., 2005;
2007; Giannini et al., 2008; Cinci et al., 2010; Evans et al.,
2012).

In this study we investigate the effects of a selective his-
tamine H4 receptor antagonist in reducing airway inflamma-
tion and hyper-responsiveness, oxidative stress and epithelial
cell apoptosis and the possible interactions with LC-1.

Methods

Animals
All animal care and experimental protocols complied with
the Italian and the European Community regulations on
animal experimentation for scientific purposes (D.M. 116192;
O.J. of E.C. L358/1 12/18/1986) and in agreement with the
Good Laboratory Practice. The protocols were approved by
the animal care committee of the University of Florence (Flor-
ence, Italy). All studies involving animals are reported in
accordance with the ARRIVE guidelines for reporting experi-
ments involving animals (Kilkenny et al., 2010; McGrath
et al., 2010). Sixty male Hartley albino guinea pigs were used.
They were purchased from a commercial dealer (Rodentia,
Bergamo, Italy) and housed in a controlled environment for
7 days at 22°C with a 12-h light/12-h dark cycle before use.
During the experimental time, the animals were maintained
under the same conditions and provided with standard chow
and water ad libitum. At the end of the treatments, the
animals weighed 350 to 400 g.
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Animal sensitization and treatment
The guinea pigs were randomly divided into six experimental
groups, with 10 animals in each group.

Group 1. Animals were injected with phosphate-buffered
saline (PBS, 5 mL·kg−1, i.p., plus 5 mL·kg−1 s.c.) and, 18–21
days later, received an aerosol of OA (Fluka, Buchs, Switzer-
land) dissolved in saline (5 mg·mL−1). They are referred to as
naïve OA-challenged animals and used as negative controls.

Other guinea pigs were sensitized with 100 mg·kg−1, i.p.,
plus 100 mg·kg−1 s.c. OA dissolved in saline (20 mg·mL−1).
After 18–21 days, they were challenged with an OA aerosol
(5 mg·mL−1 saline) to check for sensitization by evaluation of
allergen-elicited respiratory changes, as described later. The
animals were withdrawn from antigen exposure at the first
signs of respiratory abnormalities. The guinea pigs reactive to
the inhaled antigen were used for the further experiments.
Three days after the challenge, the sensitized guinea pigs were
randomly divided in the following groups, 10 animals each.

Group 2. Animals were treated with s.c. injections (0.5 mL)
of PBS for 4 days before challenge with an aerosol of saline
alone. These are referred to as sensitized, unchallenged
controls.

Group 3. Animals were treated with s.c. injections (0.5 mL)
of PBS for 4 days before challenge with aerosolized OA
(5 mg·mL−1 saline). These are referred to as the sensitized,
OA-challenged group.

Groups 4–6. Animals were treated with s.c. injections
(0.5 mL) of the selective H4 receptor antagonist JNJ7777120
(JNJ; kindly provided by Johnson & Johnson, San Diego, CA,
USA; Hill et al., 1997). JNJ was dissolved in PBS as vehicle and
tested over three daily doses (5, 7.5 and 10 mg·kg−1) for 4 days
before challenge with aerosolized OA. These are referred to as
sensitized, JNJ-treated OA-challenged group.

Challenge with inhaled OA and evaluation of
respiratory activity
Five guinea pigs from all groups were individually placed
in an airtight transparent whole-body plethysmographic
chamber, as described previously (Suzuki et al., 2004; Masini
et al., 2005). The changes in inner pressure in the respiratory
chamber induced by breathing were monitored with a
high-sensitivity pressure transducer (P75 type 379, HSE, Hei-
delberg, Germany) connected to a polygraph (Universal oscil-
lograph, Harvard, Edenbridge, UK). Animals from the naïve
group were included in the aerosol challenge to reveal possi-
ble breath alterations due to non-specific stimulation of the
airways by the aerosol droplets. The respiratory activity of the
animals subjected to the different treatments was monitored
for 5 min after the onset of aerosol administration and clas-
sified according to the previously reported criteria (Suzuki
et al., 2004; Masini et al., 2005). In particular, cough was
assumed as a transient change in the pressure (a rapid inspi-
ration followed by a rapid expiration), whereas dyspnoea was
assumed as a series of irregular breaths of abnormally elevated
frequency (tachypnoea) and amplitude or as repeated
gasping.

The following parameters were evaluated: (i) latency time
for the first cough stroke (s); (ii) cough severity, the product of
cough frequency (cough strokes per min) and mean cough
amplitude (excess pressure over the normal breath); and (iii)
latency time for the onset of dyspnoea (s).

Measurement of airway bronchoconstriction
Anaesthesized guinea pigs from each group (n = 4) were
mechanically ventilated by a constant volume method, as
reported previously (Masini et al., 2005). Animals were
injected with 100 mg·kg−1 b. wt. sodium pentobarbital
(Abbott, Latina, Italy) to induce anaesthesia and abolish
natural respiration. Body temperature was maintained con-
stant at 37°C. The trachea was cannulated with polyethylene
tube (inner diameter, 2 mm), and the animals ventilated with
a small-animal respirator (Harvard), adjusted to deliver a tidal
volume of 10 mL at a rate of 45 strokes per min. Changes in
lung resistance to inflation (as the pressure at the airway
opening, PAO) were evaluated as previously reported (Masini
et al., 2005). Changes in inflation pressure, which are directly
related to airway resistance, were recorded for 5 min after the
beginning of OA aerosol and expressed as percentage changes
over the basal values. These animals were also used for col-
lection of bronchoalveolar lavage (BAL) fluid, as detailed
later.

Post mortem analysis
At the end of the breath recording period, the animals were
killed 1 h after aerosol administration with a lethal dose of
sodium pentobarbital. No macroscopic alterations in liver or
kidney, which could be related to a toxic effect of JNJ treat-
ment, was observed. Lung tissue samples from each animal
from the middle and the lower lobes were taken for biochemi-
cal and morphological analyses, as described below. BAL fluid
was collected by insertion of a cannula into the trachea and
instillation of 3 mL of PBS, pH 7.4, with three flushes, into
the bronchial tree. BAL fluid was centrifuged at 1100× g for
30 min, the cell-free supernatant was collected, its volume
measured and frozen at-70°C until needed.

Histological and morphometrical analysis
Three or four samples of lung tissue from each animal (about
150 mg each) were fixed by immersion in Mota fluid, dehy-
drated in graded ethanol and embedded in paraffin. Tissue
sections, 5 μm thick, were stained with hematoxylin and
eosin and used to evaluate the surface area of alveolar air
spaces, as described (Masini et al., 2005). Four randomly-
chosen microscopical fields per animal (2 fields per section)
were analysed. At the chosen magnification, each field corre-
sponds to a tissue area of 570 224 μm2 that includes an
average of 300 alveolar profiles. The same tissue sections were
used to evaluate the surface area of bronchial lumina, selected
by: (i) histological appearance of small-sized, muscular
bronchi; and (ii) transverse or slightly oblique cross-section.
In each guinea pig, measurements were carried out on four to
six randomly chosen bronchi from the tissue sections cut
from the two different lung samples, examined with a ×20
objective (test area: 125 400 μm2). For both alveolar and
bronchial lumenal areas, digital micrographs of the micro-
scopical fields to be analysed were taken and surface area
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measurements were carried out using the ImageJ 1.33 free-
share image analysis software (http://rsb.info.nih.gov/ij)
upon appropriate threshold to include only blank, tissue-free
air spaces. The mean values (±SEM) of alveolar and bronchial
luminal areas were then calculated for each experimental
group.

Immunohistochemistry for eosinophilic major
basic protein (eMBP)
Immunohistochemistry for eosinophil identification was
carried out on histological sections, 5 μm thick, of Mota-
fixed, paraffin-embedded lung tissue fragments. Sections were
rehydrated, treated with 0.1% trypsin for 10 min to retrieve
antigen, then with 0.3% (v/v) H2O2 in 60% (v/v) methanol to
quench endogenous peroxidase, and, finally, incubated over-
night with mouse monoclonal anti-human eMBP antibodies
(clone BMK13, Chemicon, Temecula, CA, USA; 1:50 working
dilution in PBS). Immune reaction was revealed by indirect
immunoperoxidase method (Vectastain Elite kit, Vector, Bur-
lingame, CA, USA), using 3,3'-diaminobenzidine as chromo-
gen. As negative controls, sections incubated with only the
primary or the secondary antisera were used.

Observations were carried out with a Reichert–Jung
Microstar IV light microscope (Cambridge Instruments,
Buffalo, NY, USA). In each guinea pig, the number of MBP-
positive eosinophils was counted in 10 randomly chosen
microscopical fields at a ×200 final magnification (test area:
72 346 μm2). Values obtained from two different observers
were averaged.

Evaluation of mast cell granule release
This assay was carried out on histological lung tissue sections,
5 μm thick, stained with Astra blue (Fluka, Buchs, Switzer-
land). This cationic dye binds specifically to heparin contain-
ing mast cell granules and can be used as a probe to evaluate
the cells’ content of secretion granules by optical density
measurements. Digital images of individual mast cells, ran-
domly taken from the two different lung samples using a
×100 oil immersion objective, were analysed with the ImageJ
1.33 software. In each animal, 30 different mast cells were
analysed and the mean optical density value (±SEM) was then
calculated for the entire experimental group.

Determination of myeloperoxidase
(MPO) activity
MPO, a tissue indicator of leukocyte accumulation into the
pulmonary tissue was determined as previously described
(Mullane et al., 1985). Frozen lung tissue samples of about
100 mg were homogenized in a solution containing 0.5%
hexadecyltrimethyl-ammonium bromide dissolved in 10 mM
potassium phosphate buffer (pH 7) and then centrifuged for
30 min at 20 000 g at 4°C. An aliquot (100 μL) of the super-
natant was used to determine MPO activity using an Immu-
noassay kit following the instructions of the manufacturer
(PrognostiX Inc., Cleveland, OH, USA). The rate of change in
absorbance was measured spectrophotometrically at 450 nm.
MPO activity was expressed in mU·mg−1 wet tissue.

Determination of malondialdehyde (MDA)
MDA an end-product of cell membrane lipid peroxidation by
reactive oxygen species (ROS), was determined by measure-

ment of the chromogen obtained from the reaction of MDA
with 2-thiobarbituric acid (TBA; Aruoma et al., 1989). About
100 mg of lung tissue were homogenized with 1 mL of
50 mM Tris-HCl buffer containing 180 mM KCl and 10 mM
EDTA, final pH 7.4. Then, 0.5 mL of TBA (1% w/v) in 50 mM
NaOH and 0.5 mL of HCl (25% w/v in water) were added to
0.5 mL of sample. The mixture was placed in test tubes and
heated in boiling water for 10 min. After cooling, the chro-
mogen was extracted in 3 mL of 1-butanol, and the organic
phase was separated by centrifugation at 2000× g for 10 min.
The absorbance of the organic phase was read spectrophoto-
metrically at 532 nm wavelength. Values are expressed as
nmol of TBA reactive substances (MDA equivalents) mg−1 of
protein, using a standard curve of 1,1,3,3- tetramethoxypro-
pane. Protein concentrations of the homogenates were deter-
mined with the Bradford method (Bradford, 1976).

Determination of 8-hydroxy-2'-
deoxyguanosine (8-OHdG)
Lung tissue DNA isolation was performed according to Masini
et al. (2005). Lung samples were homogenized in 1 mL of
10 mM PBS, pH 7.4, sonicated on ice for 1 min, added with
1 mL of 10 mM Tris-HCl buffer, pH 8, containing 10 mM
EDTA, 10 mM NaCl and 0.5% SDS, incubated for 1 h at 37°C
with 20 μg·mL−1 RNase 1 (Sigma-Aldrich, Milano, Italy) and
overnight at 37°C under argon in the presence of 100 μg·mL−1

proteinase K (Sigma-Aldrich). The mixture was extracted with
chloroform/isoamyl alcohol (10/2 v/v). DNA was precipitated
from the aqueous phase with 0.2 volumes of 10 M ammo-
nium acetate, solubilized in 200 μL of 20 mM acetate buffer,
pH 5.3, and denatured at 90°C for 3 min. The extract was
then supplemented with 10 IU of P1 nuclease (Sigma-
Aldrich) in 10 μL and incubated for 1 h at 37°C with 5 IU of
alkaline phosphatase (Sigma-Aldrich) in 0.4 M phosphate
buffer, pH 8.8. All of the procedures were performed in the
dark under argon. The mixture was filtered by an Amicon
Micropure-EZ filter (Millipore Corporation, Billerica, MA,
USA), and 50 μL of each sample was used for 8-OHdG deter-
mination using a Bioxytech enzyme immunoassay kit (Oxis,
Portland, OR, USA), following the instructions provided by
the manufacturer. The values are expressed as ng 8-OHdG
mg−1 protein. Protein concentrations of the homogenates
were determined with the Bradford method (Bradford, 1976).

Measurement of Mn-superoxide dismutase
(Mn-SOD) activity
The frozen lung samples were homogenized with 10 mM
phosphate buffered saline, pH 7.4, sonicated on ice for 1 min,
and centrifuged at 100× g for 10 min. Supernatants were used
for SOD measurement. The assay of Mn-SOD activity was
carried out based on SOD-induced inhibition of the conver-
sion of nitro blue tetrazolium (NBT) into formazan mediated
by O2

•– generated by xanthine–xanthine oxidase mixtures
(Nishida et al., 2002). The reaction was performed in sodium
carbonate buffer, 50 mM, pH 10.1, containing 0.1 mM EDTA,
25 μM NBT (Sigma), 0.1 mM xanthine and 2 nM xanthine
oxidase (Sigma). The rate of reduction of NBT was monitored
with a spectrophotometer (Lambda 5, Perkin Elmer, Monza,
Italy) set at 560 nm wavelength. The amount required to
inhibit the rate of reduction of NBT to formazan by 50% was
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defined as 1 unit of SOD activity. Specific Mn-SOD activity
was determined by preincubating the sample for 30 min with
2 mM NaCN to inhibit total SOD activity. Values are
expressed as mU·mg−1 proteins. Protein concentrations of the
homogenates were determined with the Bradford method
(Bradford, 1976).

Determination of caspase-3 activity
The enzymatic activity of caspase-3 was determined using
the Ac-Asp-Glu-Val-Asp-AMC (Ac-DEVD-AMC, Bachem,
Bubendorf, Switzerland) fluorescent substrate (Stennicke and
Salvesen, 1997). Lung tissue samples were homogenized with
10 mM HEPES (pH 7.4), containing 0.5% 3-[ (3-cholamido-
propyl)dimethylammonio]-1-propane-sulfonate (CHAPS),
42 mM KCl, 5 mM MgCl2, 1 mM DTT, 1 mM PMSF, 2 μg·mL−1

leupeptin and 1 μg·mL−1 pepstatin A. The homogenate was
then centrifuged at 10 000× g for 10 min. The supernatants
(containing 250 μg total protein) were incubated with 40 μM
of Ac-DEVD-AMC for 60 min at 37°C. Substrate cleavage was
monitored fluorometrically (Spectrofluo JY3 D, Jobin Yvon,
Paris, France) at 380 nm excitation and 460 nm emission
wavelengths. Data are expressed as arbitrary units mg−1

protein. One unit of enzyme activity is defined as the amount

of enzyme required to liberate 40 μmol of Ac-DEVD-AMC
upon 60 min at 37°C. Protein concentrations of the homoge-
nates were determined with the Bradford method (Bradford,
1976).

Reverse transcriptase-PCR (RT-PCR)
Total RNA was isolated according to the manufacturer’s pro-
tocol (Trireagent, Sigma, Milano, Italy) and reverse tran-
scribed (Omniscript, Qiagen, Milano, Italy) by using random
primers. The RNA purity was validated by PCR and gel elec-
trophoresis by using primers for the GAPDH gene. A typical
PCR reaction (HotStarTaq, Qiagen) was prepared for amplifi-
cation of LC-1, TNFα and IL-4 mRNA, and calibration was
performed by amplification of the same cDNA sample with
primers for GAPDH mRNA. Primer sequences were as follows:
LC-1 5-AAGCCGGAGAAAGGAGAAAG-3 (sense) and 5-TCT
CCCTTGGTTTCATCCAG-3 (antisense), product size 379 pb;
TNF-α 5-CTCATGTTGTGGCAAACCAG-3 (sense) and 5-CTC
CCAGGTAGATGG TTCA-3 (antisense) product size 321 pb;
IL-4 5-CATCGGCATTTTGAACGAGNG TCA-3' (sense) 5'-CTT
ATCGATGAATCCAGGCATCG-3' (antisense) GAPDH, 5-GTC
GGTTGTGGATCTGACCT-3 (sense) and 5-TGCTGTAGCCG
AACTCATTG-3 (antisense) product size 245 pb (Public
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Figure 1
Evaluation of respiratory activity in animals from different experimental groups. Latency for the onset of bronchospasm (A); cough severity (B);
latency for the onset of dyspnoea (C). Treatment with increasing doses of JNJ reduces the alterations found in sensitized guinea pigs challenged
with OA. Bronchoconstriction, evaluated as PAO (D), was significantly reduced by treatment with increasing doses of JNJ. Values are the mean ±
SEM per group, n = 10. *P < 0.05, **P ≤ 0.01 and ***P ≤ 0.001, significantly different from OA.
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Software Primer3; Baguet and Bix, 2004). Amplification was
performed as follows: 30 s denaturation at 94°C, 30 s anneal-
ing at 56°C, 1 min extension at 72°C for 30 cycles for LC-1,
TNF-α and GAPDH genes; 30 s annealing at 60°C, and 1 min
extension at 72°C for 45 cycles for IL-4 gene. Amplification
products were highlighted with ethidium bromide on 1.5%
agarose gel. The intensities of the bands were quantified by
densitometric analysis using the ImageJ 1.33 software.

Western blot analysis for LC-1 and
TNF-α protein
Total proteins from the lung samples were obtained as
described previously (Cianchi et al., 2006). Lung tissues were

placed in lysis buffer (0.9% NaCl, 20 mmol·L−1 Tris-HCl
pH 7.6, 0.1% Triton X-100, 1 mmol·L−1 PMSF, and 0.01% leu-
peptin) and homogenized. The total proteins (70 μg, as meas-
ured by the bicinchoninic acid assay) were subjected to
Western blotting analysis as previously described (Cianchi
et al., 2004). The primary antibodies used were rabbit
polyclonal anti-LC-1 (Alexis Biochemicals; 1:250 working
dilution), mouse monoclonal anti–TNFα (Santa Cruz Biotech-
nology; 1:500 working dilution), and goat polyclonal anti-β
actin (Santa Cruz Biotechnology; 1:1000 working dilution).
Binding of each primary antibody was determined by
the addition of suitable peroxidase-conjugated secondary
antibodies (Amersham; anti-mouse and anti-rabbit anti-
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Figure 2
Sections of lung tissue from different experimental groups examined by light microscopy. Non-sensitized guinea pigs (A) and sensitized animals
not exposed to OA (B) showed normal histological features. Conversely, in the sensitized guinea pigs challenged with OA aerosol (C), the lumen
of bronchioles is considerably reduced and the alveolar spaces greatly increased. In the guinea pigs treated with JNJ at doses of 5, 7.5 and
10 mg·kg−1 (D–F), the intrapulmonary bronchioles and most of the alveolar spaces appear regular. Haematoxylin-eosin staining, bars = 100 μm.
Morphometric analysis of bronchial (G) and alveolar (H) luminal areas in lung tissue sections. The samples from sensitized guinea pigs challenged
with OA show a significant increase of decrease in mean luminal bronchial and alveolar areas. These changes were significantly reduced in the
animals treated with increasing doses of JNJ. Values are the mean ± SEM per group, n = 6. *P ≤ 0.05 and ***P ≤ 0.001, significantly different
from OA.
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bodies, 1:5000 working dilution; anti-goat antibody, 1:10 000
working dilution). Densitometric analysis was carried out
with the ImageJ software.

Determination of LC-1, TNF-α, IL-4 PGD2,
LTB4 in BAL fluid
The levels of LC-1, PGD2, LTB4 and the Th1/Th2 prototypic
cytokines TNF-α and IL-4 were measured in BAL fluid of four
animals per group using commercial ELISA kits (Cayman
Chemical, Ann Arbor, MI, USA), following the protocol pro-
vided by the manufacturer. Results are expressed as ng sub-
stance mL−1 BAL fluid.

Data analysis
Data are expressed as mean ± SEM. Statistical analysis was
performed by one-way ANOVA, followed by Student’s-
Newman–Keuls multiple comparison post hoc test; P < 0.05
was considered significant. Calculations were done using a
Graph-Pad Prism 2.0 statistical program (GraphPad Software,
San Diego, CA, USA).

Results

Evaluation of respiratory activity
The results of the plethysmographic assay are shown in
Figure 1A–C. The non-sensitized guinea pigs (group 1) after
inhalation of OA aerosol showed no abnormal breathing.
Similar results were obtained with the sensitized guinea pigs
exposed to aerosolized saline (group 2). The sensitized,
vehicle-treated animals (group 3) showed significant altera-
tions of breathing pattern after exposure to OA aerosol, char-
acterized by severe cough episodes and early onset of
dyspnoea. On the contrary, the sensitized animals treated
with increasing doses of JNJ before exposure to OA showed a
significant reduction in respiratory alterations compared with
the vehicle-treated animals. An increase in the latency for
dyspnea and a decrease in cough severity was observed.

Bronchoconstriction, assessed as airflow resistance to
passive ventilation (as PAO) in the anaesthetized animals, was
a prominent feature in the sensitized, vehicle-treated animals
(group 3), and was significantly and dose-dependently
decreased by treatment with JNJ (Figure 1D).

Histological and morphometric analysis
Microscopic evaluation of lung tissue in non-sensitized
guinea pigs (Figure 2A) and in those sensitized, but not
exposed to OA (Figure 2B) showed normal histological fea-
tures, while the sensitized, vehicle-treated animals exposed to
OA (group 3) showed a reduction of the bronchiolar lumen
and dilatation of the alveolar air spaces (Figure 2C). These
changes were not present in histological sections from the
sensitized animals treated with increasing doses of JNJ
(Figure 2D–F). The morphometric analysis of the bronchial
and alveolar area confirmed the visual observations: JNJ treat-
ment significantly inhibited the bronchial lumen constric-
tion and the alveolar inflation observed in the sensitized,
vehicle-treated animals (Figure 2G,H). The morphometric
analysis of lung mast cells revealed a significant reduction in

optical density – related to granule discharge – in the sensi-
tized, vehicle-treated, OA-challenged animals (group 3) com-
pared with the controls of groups 1 and 2 (Figure 3A–G). In
the animals treated with increasing JNJ doses, the optical
density of lung mast cells was significantly increased com-
pared with the animals of group 3, clearly indicating that JNJ
significantly reduced mast cell granule secretion.

Immunohistochemistry of eMBP and
evaluation of MPO activity
As shown in Figure 4, the number of eMBP-positive eosino-
phils and the activity of MPO, a marker of leukocyte infiltra-
tion in lung tissue were significantly increased in the lungs
from sensitized, vehicle-treated, OA-challenged animals
(group 3) compared with the control groups 1 and 2. Treat-
ment of the animals with JNJ decreased the inflammatory
response, as indicated by the significant reduction in the
number of immunoreactive eosinophils and the values of the
MPO.
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Figure 3
Astra-blue staining (A–F) and densitometric analysis (G) of lung mast
cells. Compared with the controls (A,B), a prominent reduction of
mast cells staining, directly related to granule discharge, is clearly
visible in sections from the sensitized guinea pigs challenged with OA
(C). These changes were significantly reduced in animals treated with
JNJ at doses of 5, 7.5 and 10 mg·kg−1 (D–G). Values are the mean ±
SEM per group, n = 6. *P ≤ 0.05, significantly different from OA. Bars
= 10 μm.
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Determination of MDA production, 8-OHdG
levels and Mn-SOD activity
The production of MDA (Figure 5A) evaluated as TBA equiva-
lent, a marker of ROS-induced lipoperoxidation damage, was
markedly increased in the lung tissue of sensitized, vehicle-
treated guinea pigs exposed to OA (Group 3) compared with
the control groups 1 and 2. In the animals treated with JNJ,
the production of MDA was significantly decreased compared
with the animals of group 3. Similar results were also
observed by evaluation of the tissue levels of 8-OHdG
(Figure 5B), a marker of oxidative DNA damage, while
Mn-SOD activity (Figure 5C), which is inversely related to
ROS-mediated tissue injury, was significantly increased by JNJ
treatment.

Determination of caspase-3 activity
The activity of caspase-3 (Figure 6), a marker of apoptosis, was
significantly increased in the lung tissue of sensitized, vehicle
treated guinea pigs exposed to OA (Group 3) compared with
the control groups 1 and 2. In the samples from guinea pigs
treated with JNJ, caspase-3 activity was significantly
decreased compared with group 3.

Evaluation of LC-1 expression
The levels of LC-1 transcript, evaluated by RT-PCR, were sig-
nificantly decreased in lung tissue of sensitized, vehicle-
treated guinea pigs exposed to OA (group 3) compared with
the control groups 1 and 2. In the samples from guinea pigs
treated with JNJ (10 mg·kg−1) the expression of LC-1 mRNA
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Figure 4
eMBP immunostaining (A–F) and relative densitometric analysis (G); MPO activity quantification (H). The treatment with JNJ at doses of 5, 7.5 and
10 mg·kg−1 body weight (D–F), attenuated the inflammatory response induced by OA challenge (C) in sensitized guinea pigs, reducing the
number of eosinophils positive for eMBP (indicated by arrows) (G) and the activity of neutrophil marker MPO (H). Values are the mean ± SEM per
group, n = 6. *P ≤ 0.001 , significantly different from OA. Bars = 100 μm.
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and protein was significantly increased compared with group
3 (Figure 7A). Consistently, the levels of LC-1 in BAL fluid
were significantly and in a dose-related way increased in the
samples taken from animals treated with JNJ (Figure 7B).

Concentration of TNF-α, PGD2, LTB4 and
IL-4 in BAL
As shown in Figure 8A–D, the levels of the inflammatory
cytokines TNF-α and IL-4, the chemotactic agent LTB4 and
the mast cell-derived PGD2 were elevated in BAL fluid taken
from sensitized, vehicle treated guinea pigs exposed to OA
(group 3) compared with the control groups 1 and 2. In the
animals treated with JNJ the BAL levels of TNFα, IL-4, PGD2

and LTB4 were significantly and dose-dependently decreased,
compared with the vehicle-treated counterparts.

The anti-inflammatory effect of JNJ was confirmed by
RT-PCR for TNF-α and IL-4 performed in BAL fluid, showing
a decrease in mRNAs for these pro-inflammatory cytokines in
the guinea pigs treated with JNJ (10 mg·kg−1) compared with
the vehicle-treated counterparts (Figure 9).
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Figure 5
Lung tissue levels of MDA (A) and 8-OHdG (B), key markers of
oxidative injury, are significantly increased, while the activity of
Mn-SOD (C) is significantly decreased in the sensitized guinea pigs
challenged with OA, compared with the controls. Treatment with
increasing doses of JNJ caused a significant, dose-related reversal of
the noted parameters. Values are the mean ± SEM per group, n = 10.
*P ≤ 0.01, ***P ≤ 0.001, significantly different from OA.
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Figure 6
Lung tissue caspase-3 activity, a marker of apoptosis, is significantly
increased in the sensitized guinea pigs challenged with OA as com-
pared with the controls. Treatment with increasing doses of JNJ
caused a significant, dose-related reversal of the noted parameters.
Values are the mean ± SEM per group, n = 6. *P ≤ 0.01, significantly
different from OA.
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Discussion
The results of this study show that JNJ, a selective antagonist
of the histamine H4 receptor, blocked the functional, histo-
pathological and biochemical changes induced by OA chal-
lenge in an in vivo model of allergic asthma in guinea pigs and
suggest that these effects are mediated by down-regulation of
key pro-inflammatory cytokines, such as TNF-α and IL-4 and,
at least in part, up-regulation of LC-1. This last protein, also
known as annexin A1, was originally identified as a
corticosteroid-regulated protein and involved in the anti-
inflammatory effects of the corticosteroids (D’Acquisto et al.,
2008). However, more recent observations have shown that
its anti-inflammatory actions are much broader. In fact, LC-1

inhibits the activity of cytoplasmic phospholipase A2, thus
playing a key role in down-regulation of inflammatory lipid
mediators such as PGs and LTs, and inhibits the extravasation
of leukocytes and release of inflammatory mediators
(D’Acquisto et al., 2008). Further studies are required to
unveil the exact mechanisms linking blockade of H4 receptors
by JNJ and LC-1 up-regulation, but it is possible that JNJ
could reduce proteolytic cleavage of LC-1 induced by allergen
challenge (Chung et al., 2004), thereby extending LC-1 bio-
activity. Mast cells contains abundant LC-1 located in, or on,
the α-granules and these cells are an active site of LC-1 syn-
thesis (Oliani et al., 2000). Moreover, mast cells in the LC-1
null animal exhibit histological signs of constitutive activa-
tion being partially degranulated and there is evidence that
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Figure 7
mRNA for lipocortin-1 and protein levels in lung tissue samples (A), assessed by RT-PCR and Western blotting, respectively, are significantly
decreased in the sensitized guinea pigs challenged with OA, but not in those treated with 10 mg·kg−1 JNJ. Similarly, lipocortin-1 levels
immunodetected in BAL fluid (B) are markedly decreased in the sensitized guinea pigs challenged with OA, while JNJ at the doses of 7.5 and
10 mg·kg−1 reversed such decreases. Values are the mean ± SEM per group, n = 6. *P ≤ 0.01, significantly different from OA.
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LC-1 inhibits mast cell granule release in vitro or in models of
allergic inflammation (Bandeira-Melo et al., 2005). Given that
histamine H4 receptors are expressed by various immune and
inflammatory cells, such as dendritic cells, CD4+ and CD8+
T-cells (Zampeli and Tiligada, 2009), it seemed logical to
assume that JNJ could reduce the complex cytokine interplay
involved in the pathogenesis of allergic asthma. Asthma is
characterized by infiltration of leukocytes, especially eosino-
phils, in the lung tissue, which produce large amounts of
superoxide anion and other harmful mediators, which are
responsible for bronchoconstriction and airway remodelling
(Jarjour and Calhoun, 1994). In fact, the forced expiratory
volume is inversely correlated with the increased production
of superoxide by leukocytes (Jarjour and Calhoun, 1994). In
addition, superoxide and peroxynitrite can promote the
expression of genes encoding pro-inflammatory cytokines,
IL-1, TNF-α and IL-6, which can spark endothelial cell
damage (Ndengele et al., 2005). We have previously shown
that superoxide and peroxynitrite promote mast cell
degranulation and histamine release (Masini et al., 2005), as
well as activation of COX and PG production (Mollace et al.,
2005).

The present results show that treatment with JNJ signifi-
cantly reduced overall leukocyte infiltration in the lung
tissue, measured as MPO activity and particularly eosino-
phils, measured as eMBP-positive cells. It also reduced the
release of proinflammatory cytokines and prostanoids, for
example TNF-α, IL-4, PGD2 and LTB4, in the BAL fluid. These
results are in agreement with previous data showing marked
anti-inflammatory properties of JNJ in vitro and in vivo models
(Thurmond et al., 2004; 2008). As mentioned earlier, eosino-
phils also play a key role in the pathogenesis, symptoms and
severity of allergic asthma (Fujimoto et al., 1997; Bousquet
et al., 2000). Eosinophils are involved in adverse airway
remodelling through the release of TGF-β, which shifts
stromal cells towards the myofibroblastic pro-fibrotic pheno-
type (Kisseleva and Brenner, 2008). Eosinophils, together
with mast cells, also play a key role in angiogenesis (Nissim
Ben Efraim and Levi-Schaffer, 2008). In particular, stimula-
tion of H4 receptors on eosinophils triggers cellular changes
required for chemotaxis, actin polymerization, shape changes
and expression of adhesion molecules involved in cell migra-
tion such as CD11b and ICAM-1 (Ling et al., 2004). Treatment
with JNJ effectively reduced eosinophil chemotaxis, confirm-
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Figure 8
BAL levels of the pro-inflammatory cytokines TNF-α (A) and IL-4 (B), the chemoattractant LTB4 (C), and the mast cell-derived PGD2 (D) are
significantly increased in the sensitized guinea pigs challenged with OA as compared with the controls. Treatment with increasing doses of JNJ
caused a significant, dose-related reversal of the noted variables. Values are the mean ± SEM per group, n = 5. *P ≤ 0.001, significantly different
from OA.
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ing the notion mentioned earlier that that this process
involves histamine H4 receptors (Ling et al., 2004; Zampeli
and Tiligada, 2009).

It is well known that mast cells play a crucial role in the
pathogenesis of allergic asthma in humans. Mast cell-released
mediators are implicated in the mechanisms of bronchocon-
striction, smooth muscle cell proliferation and inflammatory
cell recruitment, which in turn maintain and amplify the
inflammatory signalling (Wardlaw et al., 1988). Of note,
treatment with JNJ prevented activation of lung mast cells, as
demonstrated by the significant reduction of anaphylactic
granule discharge.

Our results show that JNJ was able to counteract the
allergic inflammatory process through the up-regulation of
LC-1. In turn, the reduction of the lung inflammatory
response was associated with diminished oxidative damage,
as assessed by measurements of the tissue levels and activity
of MDA, 8-OHdG and Mn-SOD. Moreover, the decreased lung
inflammatory response and oxidative injury induced by JNJ
treatment resulted in a decreased activity of caspase-3, the
key enzyme of cell apoptosis, thus decreasing the conditions
for airway remodelling.

It is currently believed that allergic asthma is a multifac-
torial process in which multiple inflammatory and immune
cells cooperate through reciprocal interactions. The expres-
sion of H4 receptors by many of these cells indicates its
involvement in the modulation of allergic inflammatory lung
response and suggests that targeting this receptor could be a
novel causative therapeutic strategy for asthmatic and allergic
diseases (Zhang et al., 2006).

In conclusion, this study provides further support to the
concept that histamine H4 receptors can play a major role in
the modulation of immune and inflammatory response in
allergic asthma and suggests that H4 receptor antagonists can
be viewed as novel drugs to down-regulate eosinophil and
mast cell activation and the downstream events leading to
airway dysfunction and remodelling.
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