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Competition of NO synthases and arginase in the airways 
hyperreactivity
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Abstract. The competition between arginases and NO synthases (NOS) for their common substrate
L-arginine can be important in the airways hyperreactivity. We investigated the effect of the simul-
taneous modulation of arginase and NOS activities in allergen-induced airways hyperreactivity. 
We analysed the response of tracheal and lung tissue smooth muscle to histamine or acetylcholine 
after administration Nω-nitro-L-arginine methyl ester (L-NAME), aminoguanidine (AG) and 
Nω-hydroxy-L-arginine (NOHA) in the combinations in in vitro conditions. The results show the
decrease of ovalbumin-induced hyperreactivity after inhibition of arginase activity with NOHA.
A supplementation of L-arginine caused favourable effect on the airway smooth muscle response.
We found the airway reactivity decrease on the whole if we used the combination of NOS and ar-
ginase inhibitors. The inhibition of both types of enzymes caused more expressive effect in tracheal
smooth muscles. We recorded the difference in the response to histamine or acetylcholine. The
simultaneous inhibition of iNOS (with AG) and arginase (with NOHA) evoked the most expressive 
effect. Results show the importance of competition of both types enzymes – NOS and arginase for
the balance of theirs activities in the control of airways bronchomotoric tone in the conditions of the 
airways hyperreactivity. 
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Introduction

Some of the airway diseases (asthma, chronic obstructive 
pulmonary disease) are characterized by the airway inflam-
mation and airway hyperresponsiveness. The prevalence of
these diseases is increasing on regardless of new therapeutic 
approaches (Stirling and Chung 2000). New insights into 
the pathophysiology of airway diseases could lead to addi-
tional effective therapeutic approaches for their treatment
(Ten Broeke et al. 2004). Nitric oxide (NO) might be one of 
“new” targets, as an extraordinary important bio messenger 

for a number of inter- and intracellular signalling pathways, 
including function of respiratory system (Redington 2006). 
Here, NO causes bronchodilation, vasodilation, it partici-
pates in the regulation of gas exchange, blood flow, mucocili-
ary transport, surfactant production and also represents an 
important non-specific defence mechanism in the airways.

Nitric oxide is produced by family of enzymes NO syn-
thase (NOS) isoforms that utilize the semi-essential amino 
acid L-arginine as a substrate for the NO and L-citrulline 
production (Moncada et al. 1989). In the airways the con-
stitutive NOS (cNOS) isoforms are mainly expressed in the 
neurons of inhibitory nonadrenergic noncholinergic (iN-
ANC) nervous system (nNOS), in the endothelium (eNOS) 
and in the epithelium (nNOS and eNOS), whereas inducible 
NOS (iNOS) induced by proinflammatory cytokines during
airway inflammation is expressed mainly in macrophages
and epithelial cells (Ricciardolo 2003).
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The availability of L-arginine-NO synthesis precursor in
the airways is also under control of arginase that hydrolyzes 
L-arginine to L-ornithine and urea. Arginase 1 is classically 
considered to be an enzyme of the urea cycle in the liver, but 
also occurs in extrahepatic tissues including the lung (Wu 
and Morris 1998). It is a cytosolic isoform that is expressed 
mainly in the liver and constitutes more than 98% of the total 
body arginase activity. Arginase 2 is a mitochondrial isoform 
that contributes to the remaining 2% of the total body argi-
nase activity. It is present in many non-hepatic tissues such 
as the lung, kidney, prostate, brain, intestine and mammary 
gland. Both arginase isoforms are constitutively expressed 
in the airways particularly in the bronchial epithelium and 
in fibroblasts of peribronchial connective tissue (Que et al.
1998), although Carraway et al. (1998) consider location of 
isoforms 2 activity predominantly to the lung. Endogenous 
arginase activity is functionally involved in both the neural 
and non-neural regulation of the airway smooth muscle 
tone (Meurs et al. 2000; Antošová et al. 2005) and can impair 
a neuronal NO-mediated airway smooth muscle relaxation 
in defined conditions (Maarsingh et al. 2005, 2006).

Since NOS enzymes are expressed in the lung too, this 
can result in the cross-interaction between both types of 
enzymes. Both groups – NOS and arginase – use the same 
substrate therefore simultaneous expression of both enzymes 
should result in the competition for substrate and thus limit 
the availability of L-arginine for NO synthesis in optimal 
quantities. At the same time a maximum activity of arginase 
is more than 1000-fold higher that of NOS, although the af-
finity of L-arginine is much higher for NOS than for arginase
(Wu and Morris 1998). 

There are several lines of evidence suggesting that the
NOS/arginase balance in the smooth muscle cell may be 
involved in the regulation of both bronchial reactivity and 
airway remodelling. This enzymatic balance regulates both
smooth muscle cells proliferation and extracellular matrix 
deposition, and NO is involved in smooth cell relaxation via 
cGMP activity. These facts lead to the increasing interest in
arginase activity and a potential relevance of competition be-
tween arginases and NOS for their common substrate in the 
airway physiology and pathophysiology, as well (Grasemann 
et al. 2005; Tadié et al. 2008). Relatively few studies have 
dealt with the association of NOS – arginases competition 
in the airway hyperreactivity. The present study investigated
the effect of the simultaneous modulation of arginase and
NOS activities or an involvement of both enzyme types in 
the conditions of experimental allergen-induced airways 
hyperreactivity. We proposed that changed arginase activ-
ity could modulate the availability of L-arginine for NOS in 
these conditions as was documented in some paper (Meu-
ers et al. 2003). How the airways smooth muscle response 
would be changed if activity of both enzymes was influenced
simultaneously? To test this hypothesis we have conducted 

the study employing the inhibition of both NOS and arginase 
activity. The non-selective inhibitor Nω-nitro-L-arginine 
methyl ester (L-NAME) was used to block activity of pre-
dominantly cNOS isoforms, and relatively selective inhibitor 
aminoguanidine (AG) was used to block the activity of iNOS 
isoform. The Nω-hydroxy-L-arginine (NOHA) was used to 
block the activity of arginase. It is known that NOHA is an 
intermediate in the biosynthesis of NO by NOS and has been 
found to be a physiological competitive inhibitor of arginase 
(Daghigh et al. 1994). Agents were applied in the combina-
tions in in vitro conditions using a method of organ baths. 

Materials and Methods

Animals and agents

Pathogens-free adult male Trik strain guinea pigs weighing 
200–250 g were used in our study from approved breeding 
facility (Department of Toxicology and Breeding of Experi-
mental Animals, Department of Experimental Pharmacology 
Slovak Academy of Sciences, Dobrá Voda, Slovak Republic). 
Animals were group-housed in individual cages in climate-
controlled animal quarters and received water and food 
ad libitum. Room temperature was maintained at 21 ± 1°C 
upon a 12/12 h light/dark regimen. The study protocol was
approved by the local Ethical Committee of Jessenius Faculty 
of Medicine. Animal care, procedures of allergen-induced 
airways hyperreactivity and euthanasia with small guil-
lotine were performed in accordance with internationally 
accepted recommendations – Helsinki declaration World 
Medical Association, Direction of European Commission on 
the protection of animals used for experimental and other 
scientific purposes (86/609/EHS, 1986) and statute valid in
Slovak Republic (Law No. 289/2003 Statute-book Regulation 
of Slovak Republic). 

In our experiments six groups of samples of tracheal and 
lung tissue smooth muscles from animals with ovalbumin-
induced airways hyperreactivity were designed as follows 
(NOHA was administered in equal dose (10 µmol/30 ml 
organ bath) to all Groups 1–5):

Group 1  – NOHA (n = 8)
Group 2 – NOHA+L-arginine (10-4 mol/l) (n = 8)
Group 3 – NOHA+L-NAME (10-4 mol/l) (n = 6)
Group 4 – NOHA+AG (10-4 mol/l) (n = 6)
Group 5 – NOHA+L-NAME (10-4 mol/l)+AG (10-4 mol/l)
  (n = 6)
Control group – saline (0.2 ml) (n = 8). 

Model of allergen-induced hyperreactivity

The modified method of Fraňová et al. (2001), the senzibi-
lization of guinea pigs by allergen (ovalbumin) was used to 
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induce the airways hyperreactivity. The allergen solution
containing 100 µmol ovalbumin in saline was injected in 
exact time interval – at the 1st day 0.5 ml administered 
intraperitoneally and 0.5 ml subcutaneously, at the 3rd day 
1 ml was administered intraperitoneally and at the 14th day 
1 ml of solution was nebulized and inhaled into the respira-
tory system. The inhalation of ovalbumin was performed in
a body plethysmograph (Hugo Sachs Electronic, type 885, 
Germany) for rodents and small animals. 

Airway responsiveness

Animals were euthanized 24 hours after the inhalation of
ovalbumin. Strips were prepared from trachea and lung tissue 
and placed into organ bath with Krebs-Henseleit solution (in 
mol/l: 110.0 NaCl, 4.8 KCl, 2.35 CaCl2, 1.20 MgSO4, 1.20 
KHPO4, 25.0 NaHCO3 and 4 g glucose in glass-distilled 
water). The solution was continuously aerated with mixture
of 95% O2 and 5% CO2 at pH 7.5 ± 0.1 and temperature 
36 ± 0.5°C. One of the strip endings was connected to a force 
transducer (TSR 10G, Vývoj Martin, Slovak Republic) and 
an amplifier (M1101 SUPR, Mikrotechna Praha, Czech Re-
public) and tension records were made on a Line Recorder 
TZ 4620 (Laboratorní přístroje Praha, Czech republic). 
The changes of tension were recorded on a computer with
specific software (RES s.r.o, Martin, Slovak Republic). The
tissue strips were exposed initially to the tension of 4 g (30 
minutes – loading phase). Then, the tension was readjusted
to a baseline of 2 g (30 minutes – adaptive phase). The Krebs-
Henseleit solution was changed every 10 minutes. Inhibitors 
of arginase and NO synthases were added to organ baths 30 

minutes before the evaluation of smooth muscles responses 
to bronchoconstrictive mediators. The strips contraction was
induced by cumulative doses (10–8–10–3 mol/l) of histamine 
or acetylcholine (Sigma Aldrich).

Statistical analysis

All data are expressed as the mean ± S.E.M. The data for
each group and differences between the groups were ana-
lyzed using the ANOVA test. p < 0.05 was considered to be 
statistically significant.

Results

The difference in the airway reactivity between guinea pig
sensitized with ovalbumin and non-sensitized control ani-
mals challenged with histamine were described in our previ-
ous papers. The sensibilization with ovalbumin caused the
statistically significant increase of the tracheal as well as lung
tissue smooth muscle reactivity (Strapková et al. 2008a).

We have found that NOHA – arginase inhibitor, in a dose 
of 10 µmol/organ bath significantly reduced tracheal smooth
muscle reactivity to histamine at the concentration 10–6 mol/l 
(p < 0.05) and 10–5–10–3 mol/l (p < 0.01) when comparing to 
control group. Interestingly, NOHA (10 µmol) added to the 
organ bath did not evoke a statistically significant response
of lung tissue smooth muscle (Fig. 1).

It is evident that 10 µmol NOHA also caused statistically 
significant decrease (p < 0.05) of the tracheal smooth muscle 
contraction amplitude as a response to acetylcholine at the 
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Figure 1. Effect of NOHA (10 µmol/organ bath in vitro) on the reactivity of tracheal (left) and lung (right) tissue smooth muscle to
histamine. * p < 0.05; ** p < 0.01.
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concentration 10–6–10–3 mol/l in comparison with the group 
of animal without NOHA. Similar response to acetycholine 
was detected for lung tissue smooth muscle. The fall of the
contraction amplitude was statistically significant in acetyl-
choline concentration 10–6 mol/l (p < 0.05) and 10–5–10–3 
mol/l (p < 0.01) (Fig. 2). 

Combination of L-arginine (10–4 mol/l) + NOHA in 
a dose of 10 µmol decreased the tracheal smooth muscle 
contraction amplitude more significantly than NOHA alone
(10 µmol) at the concentration of histamine 10–5–10–3 mol/l 
(p < 0.05) (Fig. 3). The response of tracheal smooth muscle

to another bronchoconstrictive mediator – acetylcholine was 
similar but not significant.

All combinations of inhibitors evoked the decrease of the 
tracheal smooth muscle contraction amplitude to histamine 
on the whole (Fig. 4), when comparing to baseline reactiv-
ity using saline. The most effective was the combination
of NOHA+AG that caused statistically significant fall in
all histamine concentrations 10–8–10–6 mol/l (p < 0.05), 
10–5–10–4 mol/l (p < 0.01) and 10–3 mol/l (p < 0.001). The
decrease was similar (mainly at higher histamine concentra-
tion: 10–6–10–3 mol/l) if the combination NOHA+L-NAME 
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Figure 2. Effect of NOHA (10 µmol /organ bath in vitro) on the reactivity of tracheal (left) and lung (right) tissue smooth muscle to
acetylcholine. * p < 0.05; ** p < 0.01.
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and NOHA+L-NAME+AG were used. The decrease of the
contraction amplitude was statistically significant using
histamine concentration 10–6–10–3 mol/l (p < 0.05) if com-
bination NOHA+L-NAME+AG was used. The combination
NOHA+L-NAME caused the decrease of trachea response in 
the histamine concentration 10–6–10–5 mol/l (p < 0.05). 

The response of lung tissue smooth muscle (Fig. 4) in
the same conditions was less expressive in general than 

in the tracheal smooth muscle. We recorded statistically 
significant decrease only in the combination of NOHA+L-
NAME to adding of histamine (10–4–10–3 mol/l) (p < 0.05). 
The response of lung tissue smooth muscle to combination
NOHA+AG and NOHA+L-NAME+AG was statistically 
non-significant.

The response of tracheal smooth muscle to acetylcholine
was significantly increased in the concentration 10–6–10–5 

Figure 4. Effect of combination of NOHA (10 µmol /organ bath in vitro)+L-NAME (10–4 mol/l), NOHA+AG (10–4 mol/l) and NOHA+L-
NAME+AG on the reactivity of tracheal (left) and lung (right) smooth muscle to histamine. * p < 0.05; ** p < 0.01; *** p < 0.001.  control; 
 NOHA+L-NAME;  NOHA+AG; x NOHA+L-NAME+AG.
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mol/l (p < 0.05) if the combination of NOHA+L-NAME was 
added to organ bath. The combination of NOHA+AG caused
the most expressive decrease of the response of tracheal 
smooth muscle in concentration 10–6–10–4 mol/l (p < 0.05) 
and 10–3 mol/l (p < 0.01) of acetylcholine. Similar tendency 
of the response, but statistically non-significant to the control
group, was showed if we added the combination NOHA+L-
NAME+AG into organ bath. The responses of lung tissue
smooth muscles to acetylcholine had similar shape in all 
groups but were statistically non-significant (Fig. 5).

Discussion

NOS and arginase compete for the common substrate, L-
arginine. In addition to the NO synthases some of the cells 
of respiratory system involving the bronchial smooth muscle 
cells express one or both of arginase isoenzymes (1 and 2) 
that represent a major alternate route of arginine metabolism 
(Wu and Morris 1998). The activity and role of arginase in the
airway (in the health or in the diseases) is interesting and not 
completely clear and is thus constantly discussed. A growing 
number of studies have found induction of arginase activity 
and its expression in a variety of inflammatory conditions
suggesting that the arginase may play important role in the 
pathophysiology of inflammatory respiratory diseases (Tadié
et al. 2008). 

It is proposed that mainly three enzymes are up-regu-
lated in model of allergic airway disease and in patients 
with asthma – arginase 1, arginase 2 and iNOS that result 
to a change in NO homeostasis. Several reports have dem-
onstrated the significant increase in both isoforms arginase
activity. Takemoto et al. (2007) found a significant transient
increase in both arginases activity after sensitization in
mice not only in the lung but also in serum. Expression of 
arginase 1 was modestly increased in bronchiolar epithelium 
and was highly expressed in inflammatory cells in response
to sensitization. They found simultaneous upregulation of
iNOS mRNA expression in the lung tissue. Thus, the course
of iNOS mRNA expression paralleled that of arginase. No 
change was found in the eNOS and nNOS.

Therefore, we followed in our experiments the changes
in ovalbumin-induced hyperreactivity after inhibition
of both – NOS and arginase. In previous experiment we 
inhibited arginase by NOHA in two doses 5 or 10 µmol ad-
ministered into organ baths to airway specimens (Strapková 
and Antošová 2009). The inhibition of arginase activity by
NOHA produced the dose-dependent effect if higher dose
of arginase inhibitor NOHA provoked more expressive 
effect. We propose that a potency of lower dose was prob-
ably weak for full inhibition of arginase activity and for 
inhibition of its detrimental effects. In addition, reduced
L-arginine availability for NOS by arginase may lead to an 

increased production of peroxynitrite, contributing to cell 
damage and increased airway smooth muscle contractil-
ity (Maarsingh et al. 2009). Similar results were obtained 
by Ckless et al. (2008) who reported that the inhibition 
of arginase led to an augmentation of the inflammatory
response and bronchial hyperreactivity in mouse model. 
Therefore we used higher dose of NOHA (10 µmol) for
inhibition arginase in our experiment.

The interest in arginase activities is growing because
limitation of L-arginine bioavailability by arginase for NO 
synthesis from constitutive NOS can contribute to asthma 
and airway hyperreactivity. It is interesting that pathway of 
arginine metabolism may differ in different types of aller-
gen-induced bronchial hyperreactivity and the importance 
of NO may differ in different asthma triggers. That can be 
due to contrasting levels of arginase activity (Greene et al. 
2005). Arginase has been implicated in the pathogenesis 
of asthma in several ways. First is reduction of L-arginine 
availability that can limit NO production. This assumption
we documented in part of experiments where we used sup-
plementation of L-arginine in the concentration 10–4 mol/l 
together with NOHA in a dose of 10 µmol. We recorded the 
relaxant response of the airways smooth muscle to arginase 
inhibition and a potentiation of this response by supplemen-
tation of L-arginine that confirms thesis of a decrease in NO
bioavailability in the airway dysfunction. The inhibition of
arginase can restore NO signalling role and airway tone by 
regulating of L-arginine availability for NOS activity, cGMP 
production and smooth muscle relaxation (Berkowitz et al. 
2003). 

Other hypothesis of the arginase participation in the 
airways smooth muscle control proposes that the increased 
L-arginine content in the airway can control arginase ex-
pression directly or indireactly through iNOS, specifically
through NOHA production. So, effect of arginase inhibition
on the development of airway hyperreactivity may be iNOS-
dependent (Bratt et al. 2010). The inhibition of arginase
activity that occurs by NOHA during marked iNOS induc-
tion may be a mechanism to ensure sufficient arginine avail-
ability for high-output production of NO (Buga et al. 1996). 
Arginase also redirects the metabolism of L-arginine to 
L-ornithine and the formation of polyamines and L-proline 
that are essential for airway remodelling that play important 
role in bronchial hyperreactivity, too (Durante et al. 2007). 
Competition or balance between NOS and arginase activi-
ties is important factor. This question we tried to clarify by
using of combination of NOS and arginase inhibitors. We 
found the airway reactivity decrease on the whole. The effect
of inhibition of both types of enzymes was more expressive 
at level of tracheal smooth muscles. The results show fall of
the contraction amplitude of tracheal smooth muscles in 
histamine mainly. The effect was the most expressive at the
inhibition of iNOS (AG) and arginase (NOHA). The inhi-
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bition of cNOS (L-NAME) and arginase (NOHA) caused 
only weak reactivity changes (weak decrease of tracheal 
smooth muscle response to histamine). The response of
tracheal smooth muscle to acetylcholine was different. The
combination NOHA+L-NAME caused the increase in the 
trachea response, NOHA+AG caused the expressive decrease 
and combination NOHA+L-NAME+AG was without effect.
So, in our study, inhibition of both “detrimental” enzymes 
(iNOS and arginase) caused a beneficial effect. We can see
different results in same papers that can be caused by species
differences, too (Kitowska et al. 2008). Singh et al. (2007)
shows that selective iNOS inhibition effectively reduces
exhaled NO but does not affect airway hyperreactivity or
airway inflammatory cell numbers after allergen challenge
in subjects with asthma. 

The lung tissue smooth muscle responded very weakly
(only to combination of NOHA with L-NAME that pro-
voked a decrease of contraction amplitude). We assume 
that the difference in the affection of used agents at differ-
ent levels of airway can arise from the different localization
of enzymes utilizing L-arginine as well as the antioxidant 
mechanisms in the upper and lower airway (Strapková et al. 
2008b). Another fact can be important that NOS neurons 
utilizing L-arginine are higher in number in proximal than 
distal airways and NO acts as bronchodilator mainly in 
proximal airways (Prado et al. 2005). It is probably a reason 
why NO prevents more the contraction of the large airways 
than small ones (Dewachter et al. 1997). Also, North et al. 
(2009) obtained different response of the central and pe-
ripheral airways. They determined expression of arginase 1,
arginase 2 and NOS isoenzymes in asthma patients and in 
murine model of ovalbumin-induced airway inflammation.
Expression of arginase 1 was increased in human asthma, 
whereas arginase 2 and NOS isoforms were unchanged. In 
the acute allergic airway inflammation arginase 1, arginase 2,
nNOS and iNOS were increased, whereas eNOS expression 
was decreased. Arginase inhibition in vivo attenuated the 
methacholine responsiveness of the central airways in acute 
model. In the chronic model only arginase 1 expression was 
increased. Interestingly, in the chronic model, which gener-
ates an airway remodeling, arginase inhibition attenuated 
methacholine responsiveness of the central and peripheral 
airways. Another possible clarification for different effect of 
lung tissue is possibility that lung can respond to ovalbumin 
challenge with an adaptive response of the large airways 
that includes regulation of the concentration of arginine 
within cells of the airway epithelium and subepithelial layer 
(Kenyon et al. 2008).

We recorded the difference in the response of the airways
to used mediators of bronchoconstriction – histamine or 
acetylcholine. This difference is likely due to differences in 
the contribution of a neural reflex mechanism. Histamine
causes bronchoconstriction not only directly by inducing 

the contraction of airway smooth muscle through its recep-
tors but also indirectly via the excitation of a cholinergic 
pathway by neural reflex. Acetylcholine, in contrast, is less
effective in eliciting bronchoconstriction by neural reflex.
We can suppose that differences in the localization of differ-
ent receptors for these mediators or an alternative nervous 
system of airway (iNANC nervous system with vasoactive 
intestinal polypeptide, sympathetic nervous system etc.) 
could be due to these responses (Matsumoto et al. 1997). 
Ckless et al. (2008) speculate that changes in respiratory 
mechanics in their study are due to altered permeability 
of the airways in association with enhanced inflammation,
which could perhaps allow increased access of methacholine 
to smooth muscle cells.

Our experiments show the effect of the modulation of
NOS and arginase activity in the conditions of ovalbumin-
induced airway hyperreactivity. Results point out to the 
importance of optimal balance in the activity of NOS and 
arginase. They confirm that competition of NOS and arginase
in common substrate L-arginine may be one of important 
factors influencing the condition of the bronchomotoric
tone in the airway hyperreactivity. Both types of enzymes, 
but arginase mainly, offer another possibility for therapeutic
intervention in respiratory diseases attending with bronchial 
hyperreactivity. Further studies will be required to determine 
how the balance of metabolism of arginine is regulated in 
airway cells, and which of these metabolic pathways (argi-
nase, NOS pathways) are critical in arginine metabolism in 
airway hyperreactivity.
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