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ARTICLE INFO ABSTRACT

Keywords: Asthma is characterized by airway inflammation, hyper-responsiveness, symptoms of dyspnea, wheezing and
Nitroxide coughing. In most patients, asthma is well controlled using inhaled corticosteroids and bronchodilators. A mi-
Chronic asthma nority of patients with asthma develop severe disease, which is frequently only partially responsive or even
iftfoxi dant resistant to treatment with corticosteroids. Severe refractory asthma is associated with structural changes in the

airways, termed “airway remodeling”, and/or with neutrophilic rather than eosinophilic airway inflammation.
While oxidative stress plays an important role in the pathophysiology of asthma, cyclic nitroxide stable radicals,
Collagen content which are unique and efficient catalytic antioxidants, effectively protect against oxidative injury. We have
Protein nitration demonstrated that the nitroxide 3-carbamoyl proxyl (3-CP) attenuates airway inflammation and hyper-
TGF- responsiveness in allergic asthma as well as bleomycin-induced fibrosis both using murine models, most probably
through modulation of oxidative stress. The present study evaluates the effect of 3-CP on airway inflammation
and remodeling using two murine models of severe asthma where mice are sensitized and challenged either by
ovalbumin (OVA) or by house dust mite (HDM). 3-CP was orally administered during the entire period of the
experiment or during the challenge period alone where its effect was compared to that of dexamethasone. The
induced increase by OVA and by HDM of BALf cell counts, airway hyperresponsiveness, fibrosis, transforming
growth factor-beta (TGF-B) levels in BALf and protein nitration levels of the lung tissue was significantly reduced
by 3-CP. The effect of 3-CP, using two different murine models of severe asthma, is associated at least partially
with attenuation of oxidative stress and with TGF-f expression in the lungs. The results of this study suggest a
potential use of 3-CP as a novel therapeutic agent in different forms of severe asthma.

Oxidative stress
Oxidative injury

1. Introduction airway inflammation. In recent years several biological agents have

become available for the treatment of severe refractory asthma, but

Asthma affects over 300 million people worldwide, and disease
prevalence in some Western countries is greater than 20%. Asthma is a
chronic disease characterized by airway hyper-responsiveness (AHR),
reversible airflow obstruction, airway inflammation and development of
structural changes in the airways. Although mostly responsive to treat-
ment with bronchodilators and corticosteroids [1-3], 5-10% of patients
develop severe disease, characterized by the development of refracto-
riness to therapy, frequent hospitalization and increased risk of
asthma-related death [4-7]. Severe refractory asthma is thought to be
related to development of airway remodeling and/or neutrophilic

these drugs only target T2-high asthma, characterized by eosinophilia
and/or atopy [8,9]. However, many patients remain inadequately
controlled despite optimal treatment [10]. The development of novel
drugs that target both chronic inflammation and remodeling is an
important unmet need in severe asthma management.

Our understanding of the disease mechanisms underlying severe
asthma remains incomplete [6]. Oxidative and nitrosative stress, are a
central pathophysiological component in several respiratory diseases
including asthma [11-13], idiopathic pulmonary fibrosis (IPF) [14,15]
and chronic obstructive pulmonary disease (COPD) [16]. This revelation
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H&E, hematoxylin and eosin; IP, intraperitoneal; IV, intravenous; MCH, methacholine; 3-NT, 3-nitrotyrosine; OVA, ovalbumin; TGF, transforming growth factor.
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Scheme 1. Structure of 3-CP.

has resulted in evaluation of a variety of antioxidant therapies [13,17,
18], however, to date, the therapeutic efficacy of common antioxidants
has been disappointing [19,20].

We have demonstrated that the 5-membered ring nitroxide 3-carba-
moyl-proxyl (3-CP, Scheme 1) markedly reduces airway inflammation,
airway hyperresponsiveness, and protein nitration of the lung tissue in a
mouse model of ovalbumin-induced allergic asthma [21].

Recently, 3-CP was found to reduce the severity of bleomycin-
induced lung fibrosis in mice, providing protection when administered
either before or after the onset of lung injury [22]. These results led us to
investigate, using mouse models, whether 3-CP may be of value for the
treatment of severe asthma too.

2. Methods
2.1. Materials

3-CP, Grade V chicken ovalbumin (OVA) and dexamethasone (Dex)
were purchased from Sigma-Aldrich, Methacholine from MP Bio-
medicals, Santa Ana, CA, House dust mite (HDM) from Greer labora-
tories INC. (NC, USA). Mouse chow supplemented with nitroxide was
prepared by soaking normal food pellets in a minimal volume of water
containing nitroxide (1% w/w) and commercial chicken soup powder
(1% w/w), and drying it at 37 °C while preparing new chow pellets.
Animals were reluctant to eat nitroxide-containing chow unless chicken
soup powder was added. The weight of the mice was monitored daily
throughout the experiment, and during a period of 3-5 weeks they
gained weight. EPR spectroscopy was used to assay the residual levels of
3-CP and its reduced form as previously described [21].

2.2. Mouse models

Male C57Bl/6 and Balb/c mice were purchased from Envigo and held
in a specific pathogen-free animal facility at Hadassah-Hebrew Univer-
sity Medical Center with unlimited access to sterile chow and water. The
Hebrew University—Hadassah Medical School Animal Ethics Committee
approved all experimental protocols.

(i) “Chronic” OVA model with airway remodeling. Mice aged 8-10
weeks were sensitized and challenged with OVA. The mice received IP
injections of 10 pg OVA and 1 mg Al (OH)3 in 0.5 mL saline at Days1 and
11. Subsequently, the mice were challenged with OVA aerosol (2% in
saline) for 20 min (3 times a week for 4 weeks) on Days 17-19, 24-26,
30-32 and 37-39 while animals of the control group were challenged by
saline alone. The experiment ended on Day 40 (Scheme 2). We have
previously found that remodeling changes are already present at 4
weeks and are not significantly greater when inhalations are performed
for up to ten weeks. Mice were fed ad-libitum with either standard or
with nitroxide-containing standard mouse chow (1% (w/w)). The effect
of 3-CP was investigated by feeding the mice ad libitum diet of nitroxide-
containing chow either during OVA-induced sensitization and challenge
stages (Days -2 — 40) or during the challenge stage alone (Days 17-40)
(Scheme 2). Dex, as positive control, was administered via IP injections
(1 mg/kg) 0.5 h prior to each challenge by OVA aerosol. Each group
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contained 8-10 mice excluding the Saline-CP group, which included 5
mice.

(ii) HDM model. Balb/C mice aged 8-10 weeks were sensitized and
challenged with HDM, which was delivered into the airways by intra-
nasal administration (IN) of 60 pL saline solution containing 100 pg
allergens. The mice were sensitized on Days 1-4 and challenged on Days
10, 11,14 and 15 while animals of the control group were sensitized and
challenged by saline alone. The experiment ended on Day 16. The effect
of 3-CP was investigated by feeding the mice ad libitum diet of nitroxide-
containing chow (1% (w/w)) during both HDM-induced sensitization
and challenge stages (Days 1-16) or during the challenge period alone
(Days 8-16). Each group contained 8-10 mice excluding the Saline
group, which included 5 mice.

2.3. Assessment of airway hyperresponsiveness (AHR)

At the end of the experiment, mice were anesthetized using keta-
mine/xylazine, tracheostomized, and ventilated with a FlexiVent
(SCIREQ, Montreal, Quebec, Canada). After baseline determination of
airway resistance, mice were challenged by methacholine (0-64 mg/
mL) nebulized directly into the ventilatory circuit using an AeroNebLab
nebulizer (SCIREQ). Two models of respiratory mechanics were used to
assess lung resistance (R), lung elastance (E) and lung compliance (C),
namely the linear first-order single compartment model and the
constant-phase model. All data points were collected using FlexiVent
software (SCIREQ). Results were expressed as relative change in R/C/E
over baseline values.

2.4. Analysis of the bronchoalveolar lavage fluid (BALf)

BALf was centrifuged at 1000 rpm for 10 min and the supernatants
were stored at —20 °C for further examination. Cell pellets were resus-
pended in 1 mL saline and aliquots of 100 pL were sampled for cytospin
preparations using a Shandon cytospin (Thermo Fisher Scientific, Wal-
tham, MA, USA), and stained by Diffquik stain (Dade Diagnostica,
Munich, Germany). A total of 200 cells were counted and classified for
each slide. Total BALS cells were counted using a Newbawer Chamber
(Marien-feld, Lauda-Konigshofen, Germany). Results are expressed as
number of cells per mL of BALf.

2.5. Lung collagen levels

Soluble collagen content was determined using commercially avail-
able Sircol collagen assay kit (Biocolor, Ireland). Briefly, the lung tissue
was processed overnight with pepsin, collagen precipitated and the re-
sults are presented as pg collagen per 50 mg tissue.

2.6. TGF- f and protein nitration

TGF—p levels in BALf and in lung tissue were measured by ELISA
using commercially available kits (R&D Systems, Minneapolis, MN).
Protein nitration assay in lung tissue was carried out using a commer-
cially available kit (Abcam, USA) according to manufacturer recom-
mendations. Lung tissue was homogenized in ELISA buffer, centrifuged
and supernatant was used for examination. BALf measurements were
performed without any additional modification.

2.7. Histology

The left lung lobe was fixed by intrabronchial infusion with 4%
formaldehyde. Cross-sections were prepared from the lobe of the lung,
and were stained with hematoxylin & eosin (H&E) and Periodic acid-
Schiff to evaluate inflammation and mucus producing cells, respec-
tively. For Masson’s Trichrome staining, the sections were stained with
Masson’s Trichrome staining Kit (ScyTek Laboratories, Inc.) according
to the manufacturer’s instructions. The degree of inflammation and
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Scheme 2. Schematic overview of 3-CP administration protocols.

amount of mucus producing epithelial cells were graded on a numeric
scale of 0-5.

2.8. Data analysis

Means and standard error of mean (SEM) values are given for each
group. Either one-way or two-way ANOVA followed by Bonferroni
posttest were used to compare groups. P < 0.05 was considered statis-
tically significant.

3. Results

All classes of nitroxides and most of their respective hydroxylamines
possess antioxidant properties [23,24]. In our study of allergic asthma,
3-CP demonstrated a better protective efficacy than TEMPOL [21] and
3-carbamoyl-2,2,5,5-tetramethyl-3-pyrrolin-1-oxyl (unpublished re-
sults), and therefore our research was narrowed down to 3-CP in the
present chronic asthma model.

3.1. “Chronic” asthma with airway remodeling

Sensitization and subsequently challenge of the mice by OVA induce
hallmark features of allergic asthma, including production of antigen-
specific IgE, mucous hypersecretion, airway hyperresponsiveness
(AHR) and eosinophilic infiltration. In long-term exposure models,
prolonged OVA challenge also induces features of airway wall remod-
eling (e.g. thickening of the basement membrane, fibrosis and epithelial
cell hyperplasia and hypertrophy) [25]. Two sets of experiments were
carried out where (i) 3-CP was administered orally during the entire
period (S&C) and (ii) only during the challenge period where the effect
of 3-CP was compared to that of Dexamethasone.

3.1.1. BALf cell counts

BALf and bronchial submucosal inflammation are characteristic
features of asthma. OVA inhalation markedly increased total cell and
eosinophil counts compared with those in mice treated by aerosol of
saline alone, i.e., (3.99 + 0.25)x10° vs. (2.30 + 0.19)){104 cells/mL and
(2.05 + 0.23)x10° vs. zero cells/mL, respectively) (Fig. 1). Oral
administration of 3-CP attenuated the increase in the total inflammatory
cell count when delivered during the sensitization and challenge ((1.38
+ 0.11)x10° cells/mL) or during the challenge phase alone ((2.12 +
0.27)x10° cells/mL) and specifically eosinophil count in BALf, i.e., (3.11
+ 0.66)x10* and (1.22 + 0.25)x10° cells/mL, respectively) (Fig. 1). The
efficacy of 3-CP delivered during the entire period (S&C) was signifi-
cantly higher than that achieved by 3-CP delivered during the challenge
stage alone (C). Dexamethasone led to partial attenuation of the increase
in inflammatory cell counts in BALf in a manner similar to that seen
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Fig. 1. Inflammatory cell counts in mice sensitized and challenged by OVA
without and with 3-CP administered orally (1% w/w) either during the sensi-
tization and challenge periods (S&C) or during the challenge stage alone (C).
Dex was delivered via IP injection (1 mg/kg) 0.5 h prior to each challenge by
OVA. Saline represents untreated mice and Saline-CP represents mice that un-
derwent inhalation of saline together with orally delivered drug. Values pre-
sented are mean + SEM. *p < 0.05 compared to OVA group.

when 3-CP was delivered during the challenge state alone ((2.57 + 0.27)
x10° total cells/mL, (1.30 + 0.18)x10° eosinophil cells/mL) (Fig. 1).

3.1.2. Effect of 3-CP on lung histopathology

Upon histopathological examination, intense inflammation accom-
panied with infiltrating eosinophils and mononuclear cells surrounding
the bronchi was evident in the lungs of asthmatic mice, and this was
greatly diminished by the oral administration of 3-CP delivered through
the entire experiment period (Fig. 2). There was no significant effect on
periodic acid-schiff for mice treated with 3-CP and Dex (results not
shown).

3.1.3. Pulmonary function tests

OVA-CP mice showed a statistically significant improvement vs. OVA
mice for measures of lung resistance, lung compliance and lung ela-
stance in response to methacholine (Fig. 3).

3.1.4. Biochemical assessment of soluble collagen content
Airway remodeling constitutes subepithelial fibrosis, deposition of
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Fig. 2. Effect of 3-CP on H&E staining and

smooth muscle width smooth muscle width (tri-chrome) of lung

tissue in mice sensitized and challenged by
ud OVA without and with 3-CP administered
orally (1% w/w) either during the challenge
% stage (C) or during both sensitization and
challenge stages (S&C). Dex was delivered
via IP injection (1 mg/kg) 0.5 h prior to each
challenge by OVA. Saline represents un-
treated mice and Saline-CP represents mice
that received inhaled saline together with
orally delivered 3-CP. Values are mean +
SEM. *p < 0.05 compared to OVA group.

Resistance at 64 mg MCH/mL

Fig. 3. Baseline Pulmonary function
tests. Resistance in response to methacho-
line (MCH) (A), resistance in response to 64
mg MCH/mL (B), elastance in response to
64 mg MCH/mL (C), compliance in response
to 64 mg MCH/mL (D) all measured in mice
sensitized and challenged by OVA with and
without 3-CP administered orally (1% w/w)
during the entire period (S&C). Saline rep-
resents untreated mice and saline-CP repre-
sents mice that underwent inhalation of
saline together with oral 3-CP drug for

baseline drug effect. Values are mean =+
SEM. *p < 0.05 compared to OVA groups.
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extracellular matrix protein, goblet cell hyperplasia, mucus gland and
smooth muscle hypertrophy, and epithelial damage where inflammatory
pathways regulate all such features [26]. Airway remodeling is associ-
ated with the accumulation of extracellular matrix proteins, such as
collagens. Lung collagen content was lower in mice receiving 3-CP
compared to OVA group when 3-CP was delivered either during the
challenge stage or during both sensitization and challenge stages
(Fig. 4).

3.1.5. TGF-§ levels

TGF-p, which is an important mediator involved in fibrogenesis and
tissue remodeling within the asthmatic lung, also plays a central role in
the complex relationship between the propagation and dampening of
inflammation. The latter occurs via multiple mechanisms, including
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enhanced suppressor T cell immune function. The possibility of target-
ing TGF- as a therapeutic option remains controversial [27]. TGF-B
levels in BALf were significantly lower in OVA-CP mice compared to
those in Saline and Saline-CP groups (Fig. 5). The effect of 3-CP deliv-
ered during the entire period was significantly greater than that of 3-CP
delivered during the challenge stage alone, which was similar to that of
Dex. OVA increased somewhat the TGF-f levels in lung tissue but had no
significant effect on TGF-p levels among all treated mice groups.

3.1.6. Protein nitration levels

Lung homogenates were assayed for 3-nitrotyrosine (3-NT) levels.
OVA challenge significantly increased pulmonary levels of 3-NT
compared to those in mice of saline control group without and with 3-
CP. The drug administered during the entire experiment (S&C) or
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Fig. 4. Collagen in Lung tissue. Collagen content in lung tissue of mice
sensitized and challenged by OVA without and with 3-CP administered orally
(1% w/w) either during the sensitization and challenge periods (S&C) or during
the challenge stage alone (C). Dex was delivered via IP injection (1 mg/kg) 0.5 h
prior to each challenge by OVA. Saline represents untreated mice and Saline-CP
represents mice that underwent inhalation of saline together with orally
delivered 3-CP. Values are mean + SEM. *p < 0.05 compared to OVA group.
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Fig. 5. TGF-p levels in BALf in mice sensitized and challenged by OVA without
and with 3-CP administered orally (1% w/w) either during the sensitization and
challenge periods (S&C) or during the challenge stage alone (C). Dex was
delivered via IP injection (1 mg/kg) 0.5 h prior to each challenge by OVA.
Saline represents untreated mice and Saline-CP represents mice that underwent
inhalation of saline together with orally delivered 3-CP. Values are mean =+
SEM. *p < 0.05 compared to OVA group.

during the challenge phase alone (C) markedly suppressed 3-NT levels
compared to those in mice of the control groups (Fig. 6). Surprisingly,
treatment with Dex also reduced the levels of 3-NT (Fig. 6), although in
previous studies, it had no significant effect in mouse model of allergic
asthma [21].

3.2. HDM model

Murine models of HDM-induced asthma more closely approximate
the allergic response seen in human asthma than do models using OVA.
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Fig. 6. 3-NT levels in lung tissue in mice sensitized and challenged by OVA
without and with 3-CP administered orally (1% w/w) either during the sensi-
tization and challenge periods (S&C) or during the challenge stage alone (C).
Dex was delivered via IP injection (1 mg/kg) 0.5 h prior to each challenge by
OVA. Saline represents untreated mice and Saline-CP represents mice that un-
derwent inhalation of saline together with orally delivered 3-CP. Values are
mean + SEM. *p < 0.05 compared to OVA group.

The HDM mouse model is also associated with a mixed eosinophilic and
neutrophilic inflammatory response seen in patients with severe asthma.
Using this model, we have tested the effect of oral administration of 3-CP
on BALf cell counts (Fig. 7). Total cell counts were significantly
increased in response to HDM as compared to the saline group ((8.31 +
1.30)x10° vs. (2.64 £ 0.51)x10* cells/mL). Treatment with 3-CP both
during sensitization and challenge with HDM ((3.80 + 0.48)x10° cells/
mL) or during the challenge phase ((4.97 + 1.22)x10° cells/mL),
reduced total cell counts relative to that induced by HDM alone. Abso-
lute number of lymphocytes were also significantly reduced in mice
treated by HDM plus 3-CP delivered during the challenge stage alone
((4.42 + 0.47)x10% vs. (2.17 =+ 0.80)x10* cells/mL). Eosinophil counts
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Fig. 7. Inflammatory cell counts in mice sensitized and challenged by HDM
without and with 3-CP administered orally (1% w/w) either during the chal-
lenge period (C) or during both sensitization and challenge periods (S&C).
Saline represents untreated mice and saline-CP represents mice that underwent
inhalation of saline together with orally delivered 3-CP. Values are mean +
SEM. *P < 0.05 compared to HDM group.
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Fig. 8. Effect of 3-CP on H&E staining of lung tissue in mice sensitized and
challenged by HDM without and with 3-CP administered orally (1% w/w)
either during the challenge stage alone (C) or during both sensitization and
challenge stages (S&C). Saline represents untreated mice and saline-CP repre-
sents mice that underwent inhalation of saline together with orally delivered 3-
CP. P < 0.05 for all groups vs. HDM.

were significantly reduced in mice treated by HDM plus 3-CP adminis-
tered during sensitization and challenge groups relative to treatment by
HDM alone ((3.80 + 0.48)x10° vs. (4.25 + 0.96)x10* cells/mL).
Although not statistically significant, eosinophil counts were also
reduced in the HDM-CP during challenge-only group ((1.07 + 0.23)x10°
vs. (7.92 + 0.22)x104. Neutrophil counts were significantly increased in
response to HDM as compared to saline groups (4.00 + 1.14)x10° vs.
(1.41 + 1.39)x10? cells/mL). Treatment with 3-CP both during sensiti-
zation and challenge phase ((1.35 + 0.40)x10° cells/mL) or during the
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challenge phase only (1.81 + 0.69)x10° cells/mL), reduced neutrophil
counts relative to treatment by HDM alone.

Histological changes evident upon H&E staining of lung tissue are
shown in Fig. 8. Peribronchial inflammation was significantly reduced in
mice treated with 3-CP for both sensitization and challenge and during
the challenge phase alone compared to mice treated by HDM alone.

The effect of 3-CP on various parameters of AHR are shown in Fig. 9.
AHR is increased more dramatically in the HDM model than in the
chronic OVA model due to the mouse strain used as well as the allergen.
AHR was reduced to levels seen with saline when 3-CP was delivered
during the entire period or during the challenge phase only.

TGF-p levels in BALf were increased in response to HDM but
increased less in groups receiving 3-CP (Fig. 10). HDM did not induce
significant increase of TGF-p levels in lung tissue and there was no sig-
nificance difference in TGF-f levels within lung tissue among all mice
experimental groups (data not shown).

The results demonstrate that the efficacy of 3-CP as a preventive drug
(delivered during the sensitization and challenge stages) or as a thera-
peutic drug (delivered during the challenge stage alone) are similar.

4. Discussion

The results of the present study using two murine models of “severe
asthma” demonstrate that 3-CP reduces inflammation, AHR, parameters
of airway remodeling and protein nitration in lung tissue.

Severe asthma is defined as asthma, which requires treatment with
guidelines suggested medications for GINA (Global initiative for
Asthma) steps 4-5 asthma (high dose ICS and second controller) for the
previous year or systemic corticosteroids for 50% of the previous year to
prevent it from becoming “uncontrolled’”” or which remains uncon-
trolled despite this therapy [28]. There have been significant advances
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Fig. 10. TGF-p levels in BALf in mice sensitized and challenged by HDM with
and without 3-CP administered orally (1% w/w) either during the challenge
stage (C) or during both sensitization and challenge stages (S&C). Saline rep-
resents untreated mice and saline-CP represents mice that underwent inhalation
of saline together with orally delivered 3-CP. Values are mean + SEM. *p <
0.05 compared to HDM group.

in the understanding of the molecular mechanisms of severe asthma,
and, in particular, in the characterization of different “endotypes” of
severe asthma patients. The “T2-high” asthma endotype is characterized
by elevated T2 inflammatory markers (eosinophilia, elevated exhaled
nitric oxide, markers of atopy, elevated IL-4, IL-5, IL-13). There are five
monoclonal antibody therapies now approved by the FDA for the
treatment of severe T2-high asthma patients [29]. “T2-low” asthma is
much more poorly characterized and no biological therapy has been
approved for this condition. T2-low asthma is a heterogeneous entity
and includes patients with “neutrophilic” asthma and “pauci-cellular”
asthma, in which airway remodeling may be the predominant feature
[30]. “T2-low” asthmatics may often be refractory to corticosteroids and
the development of novel and effective therapeutic options for patients
who suffer from this condition remains a major unmet medical need
[31-33].

Despite justified reservations regarding the relevance of animal
models of asthma to human disease, the use of murine models has been
key to understanding the molecular biology of asthma and to develop-
ment of new therapies [34-36]. The most widely used model is the OVA
model, in which eosinophilic inflammation is the predominant feature.
We have previously shown that 3-CP attenuates airway inflammation
and AHR in this model [21]. Several models of severe/refractory asthma
are in use. Prolonged exposure to OVA induces airway remodeling
changes including increased airway smooth muscle and extracellular
matrix deposition. The HDM asthma model is characterized by a mixed
neutrophilic and eosinophilic inflammatory response, considered less
responsive to corticosteroid therapy. 3-CP was effective for both models,
raising the possibility that this drug may be effective in patients with
both pauci-cellular and neutrophilic asthma. We have previously shown
that 3-CP attenuates pulmonary fibrosis in a bleomycin mouse model of
lung fibrosis. The protective effect was at least as great as that provided
by nintedanib, a drug approved by the FDA for the treatment of pul-
monary fibrosis [21]. The efficacy of 3-CP in the prolonged OVA expo-
sure murine model may be via attenuation of airway remodeling and
extra cellular matrix deposition in the airways.

As regards the HDM model, treatment with 3-CP markedly reduced
the induced increase in number of both eosinophils and neutrophils in
BALf. While treatment with corticosteroids is extremely effective in
reducing eosinophilic inflammation, they are ineffective in reducing
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neutrophilic inflammation. The mechanism whereby 3-CP reduces
neutrophilic inflammation is not known but suggests that 3-CP may be a
better option for the treatment of neutrophilic asthma.

There is extensive evidence that reactive oxygen and nitrogen species
play a role in multiple pathophysiological features of asthma, including
enhanced airway inflammation, cell proliferation, enhanced smooth
muscle contraction and airway AHR [37]. Oxidative stress is a major
contributing factor to resistance to steroid therapy [38].

TGF-p is a key modulator in the pathogenesis of pulmonary fibrosis in
IPF and of airway remodeling in asthma. This cytokine is produced by
several cell types in the airways and lungs, including eosinophils, fi-
broblasts, smooth muscle and airway epithelial cells. TGF-f} expression is
increased in response to oxidative stress, this interaction is bidirectional
and has been described in multiple cell types and disease states [39]. In
the present study, 3-CP reduced expression of TGF-f in both asthma
models, and in a previous study, we found a similar reduction in TGF-p
by 3-CP in bleomycin-induced pulmonary fibrosis [40-42].

Identification of the specific molecular targets, proteins or lipids,
that are protected from oxidative or nitrative damage by treatment with
3-CP is the focus of further investigation that will help clarify which
molecules are most relevant in the pathogenesis of severe asthma.

Evidently, 3-CP is effective not only when given with allergen
sensitization, but even when given after sensitization, at the time of
allergen challenge. This makes 3-CP a more realistic and promising drug
option for asthmatic patients, in whom treatment is obviously initiated
only when disease is already established.

The present study shows that 3-CP is effective in attenuating disease
in two different models of “severe asthma” characterized by both airway
remodeling and neutrophilic airway inflammation. This observation
extends and strengthens our previous findings showing that 3-CP is
effective in a classic OVA murine asthma model, and in a bleomycin-
induced pulmonary fibrosis model [21,22]. This agent thus combines
a broad anti-inflammatory effect together with anti-fibrotic activity
suggesting that 3-CP may be a promising therapeutic option for patients
with severe asthma, regardless of molecular endotype.
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