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Recent studies suggest that a nitric oxide (NO) deficiency and ele-
vated arginase activity may play a role in the pathogenesis of
asthma. Although much attention has been directed toward mea-
surements of exhaled NO in asthma, no studies to date have evalu-
ated levels of plasma arginase or arginine, the substrate for NO
production, in patients with asthma. This study, therefore, mea-
sured amino acid levels, arginase activity, and nitric oxide metabo-
lites in the blood of patients with asthma, as well as NO in exhaled
breath. Although levels of virtually all amino acids were reduced,
patients with asthma exhibited a striking reduction in plasma argi-
nine levels compared with normal control subjects without asthma
(45 � 22 vs. 94 � 29 �M, p � 0.0001), and serum arginase activity
was elevated (1.6 � 0.8 vs. 0.5 � 0.3 �mol/ml/hour, asthma vs.
control, p � 0.0001). High arginase activity in patients with asthma
may contribute to low circulating arginine levels, thereby limiting
arginine bioavailability and creating a NO deficiency that induces
hyperreactive airways. Addressing the alterations in arginine me-
tabolism may result in new strategies for treatment of asthma.
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Inflammation plays a central role in the pathogenesis of asthma
(1, 2), a major disease that is characterized by a variable degree of
airflow obstruction, bronchial hyperresponsiveness, and airway
remodeling (1, 3, 4). Much of the inflammation can be attributed
to helper T cell type 2 cytokine activation (5, 6), the degree of
which strongly correlates to disease severity (7). One of the
inflammatory mediators that has received considerable attention
in asthma is nitric oxide (NO), which is produced from arginine
by NO synthases (8). NO is an important vasodilator of the
bronchial circulation (9), with both bronchodilatory (10–12) and
antiinflammatory properties (13). Recent studies suggest that
asthma may be a condition of decreased NO bioavailability
(14–18), rather than overproduction as a result of inflammation
(19–22). This may occur in part as a result of pathologically ele-
vated activity of arginase (23–25), an enzyme that hydrolyzes
arginine to ornithine and urea. Arginase expression is induced by
helper T cell type 2 cytokines (26–29), making it a potentially
important enzyme to study in asthma. As both arginase and NO
synthase use arginine as a common substrate, arginase may play a
role in regulating NO synthesis by modulating arginine availability
(27–29). In addition, arginase generates ornithine that can serve
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as a precursor for synthesis of proline and polyamines (30),
which can contribute to airway remodeling in chronic asthma by
supporting collagen synthesis and cell proliferation, respectively
(16, 25). Increased arginase activity or expression has been re-
ported in lungs of guinea-pig (24) and murine (25) models of
allergic asthma, and in lungs of individuals with asthma (25).
The recent discovery of “asthma signature genes” through mi-
croarray analysis identified overexpression of several genes in-
volved in arginine metabolism, including arginase (25), thus,
supporting a role for arginase and its metabolic products in
asthma.

Much attention has been directed toward measurements of
exhaled NO in asthma, as it is widely regarded as a marker of
airway inflammation, with high levels found in both children
and adults with asthma (21, 22, 31–33). NO synthase-dependent
generation of S-nitrosothiols, potentially the largest pool of NO
bioactivity in the lung (34, 35), has also been studied in asthma
as a noninvasive biomarker of nitrosative stress (36, 37). How-
ever, no studies of individuals with asthma to date have evaluated
circulating levels of arginine, the substrate for NO synthase,
together with arginese activity. Since decreased arginine bio-
availability may play a role in the pathophysiology of asthma
by contributing to an endogenous NO deficiency, we measured
amino acid levels and arginase activity in the blood of patients
with asthma, as well as NO in exhaled breath. Our results support
a role for reduced arginine bioavailability and increased arginase
activity in asthma.

Some results of this study have been previously reported in
abstract form (38, 39), and some of the control data were in-
cluded among control data in another manuscript (40).

METHODS

Patients

Twenty-six patients with a history of asthma in varying stages of exacer-
bation were enrolled in the study. Asthma was defined by a past history
of at least three episodes of wheezing. An asthma exacerbation was
characterized by a worsening of asthma symptoms, which included one
or more of the following: wheezing, tachypnea, shortness of breath,
cough, retractions, and/or hypoxia. No patients were on systemic ste-
roids at the time of enrollment, and no patients were receiving intrave-
nous crystalloid fluid at the time of the study blood draw. Only 5 of 26
patients were using controller medication, four of whom were on a
regimen of daily inhaled steroid (fluticasone propionate). Two of these
patients were also on the leukotriene inhibitor montelukast sodium,
one of whom had a history of a previous admission to the intensive
care unit and intubation for life-threatening asthma. One patient was
on montelukast monotherapy, and all patients reported using albuterol
as a rescue medication within 24 hours of presentation.

Treatment at the time of enrollment varied from albuterol adminis-
tration via meter dose inhaler and use of inhaled steroids, to continuous
albuterol nebulization (5 to 20 mg/hour), nebulized ipatropium bromide
(0.25–0.5 mg), and oral steroids (2 mg/kg prednisolone) as clinically
warranted. Patients not tolerating oral prednisolone due to emesis or
respiratory distress received intravenous methylprednisolone (2 mg/kg)
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or intravenous dexamethasone (0.3–0.5 mg/kg). All patients admitted to
the hospital received systemic steroids and at least 2 hours of continuous
nebulized albuterol in the emergency department. Steroids were contin-
ued throughout the hospital admission, and albuterol was used as
needed. One patient decompensated shortly after arriving on the ward
and was subsequently transferred to the intensive care unit. The mean
age was 14 � 12 years, with a median age of 10 years, and a range of
2 to 52 years. Fourteen patients were male, and 16 patients were admit-
ted to the hospital for status asthmaticus. Four families agreed to daily
venipuncture during hospitalization. Fifteen individuals without asthma
were enrolled as normal control subjects for comparison. Patients with
a history of allergies, atopy, nocturnal cough, coughing with upper
respiratory infections, or any chronic medical condition were excluded
from participation as a normal control. The mean age of normal control
subjects, nine of whom were male, was 14 � 9 years, with a median
age of 12 years and a range of 2 to 34 years. All control subjects
provided blood samples and 14 subjects provided exhaled NO samples.
The study protocol was approved by the Institutional Review Board
at Children’s Hospital and Research Center at Oakland, and informed
consent was obtained for all patients.

Study Design

Patients at least two years of age with asthma, defined by a past history
of three or more episodes of wheezing, were recruited for this study
from the Emergency Department or Pediatric Clinical Research Center
at Children’s Hospital and Research Center at Oakland during an acute
exacerbation of symptoms. Patients enrolled had a range of disease
activity and degree of exacerbation, from mild to severe. Treatment was
based on the severity of symptoms, and was not altered by enrollment in
this study. Clinical improvement was characterized by the ability to
wean from continuous nebulized albuterol to intermittent treatments
at least three hours apart, normalized oxygen saturation on room air,
and/or improved clinical respiratory status warranting discharge from
the hospital. Exhaled NO samples were obtained in triplicate from all
patients mature enough to properly perform the maneuver described
below, or whose respiratory distress did not prohibit an accurate sample
(n � 22). Blood was collected for determinations of amino acids, argi-
nase activity, and NO metabolite levels. Daily levels were followed in
consenting patients admitted to the hospital. Information on signs,
symptoms, asthma triggers, and medication use was obtained on patients
by the study nurse. Routine asthma care was not modified as a result
of study participation.

Amino Acid Measurement

Plasma amino acids were quantified at the Molecular Structure Facility,
University of California, Davis, California. Proteins were removed from
plasma samples by precipitation with sulfosalicylic acid. Plasma amino
acids were separated by ion exchange chromatography on a Beckman
model 6300 amino acid analyzer (Beckman, Fullerton, CA) using a
lithium citrate buffer system, and quantified by a post-column ninhydrin
detection system, using methods recommended by the manufacturer.

Arginase Activity

Arginase activity was determined as the conversion of [14C]guanidino-
l-arginine to [14C]urea, which was converted to 14CO2 by urease and
trapped as Na2

14CO3 for scintillation counting, as described previously
(41). Briefly, 50� aliquots of serum samples were incubated for 10
minutes at 55�C in complete assay mixtures lacking arginine. The reac-
tion was initiated by addition of labeled arginine, and incubation was
continued at 37�C for 2 hours. The reaction was terminated by heating
at 100�C for 3 minutes. Samples were incubated with urease at 37�C
for 45 minutes, and Na2

14CO3 was trapped on NaOH-soaked filters
following acidification of the samples with HCl to volatilize the 14CO2.

NO Metabolite Measurement

The formation of NO metabolites was measured by determination of
its stable end products in serum; nitrite (NO2

�) and nitrate (NO3
�)

in �mol/liter, according to manufacturer’s instructions using Sievers
NOAnalysis software for liquid sampling (Sievers Instruments, Boulder,
CO), as previously described (42).

Exhaled NO

NO was measured in exhaled air, using microprocessor-based chemilu-
minescent NOx analytical instrumentation (Sievers Instruments, Inc.),
as previously described (43, 44). Subjects inhaled to total lung capacity,
and then exhaled to residual volume into the Teflon tube, which enters
into a 1.5 liter Mylar balloon (Sievers Instruments, Inc.) at a pressure
of �20 mm Hg. Exhalation at this expiratory pressure without a nose
clip is a maneuver that closes the velum of the posterior nasopharynx
and excludes contamination by nasal NO (45). Balloons are then con-
nected to the Sievers NO Analyzer to measure the content of NO in
the trapped air sample by luminescence as above. The results are ex-
pressed as ppb. Triplicate balloon samples were obtained from each
patient. Time between collection and measurement did not affect results
up to a 24-hour period. The mean � SD was determined for each set
of three balloons.

Statistical Analysis

Results are expressed as means � SD. The unpaired and paired Stu-
dent’s t test and Pearson correlation were used when appropriate to
evaluate statistical significance. A p value 	 0.05 was considered statisti-
cally significant (46).

RESULTS

Amino Acid Levels

Reductions occurred in plasma levels of many amino acids in
patients with asthma experiencing an acute exacerbation of respi-
ratory symptoms (Table 1). Strikingly, the greatest decrease was
in plasma levels of arginine, which were approximately half those
of normal control subjects (45 � 22 �M vs. 94 � 29 �M; p �
0.0001) (Figure 1A).

As arginine, ornithine, and lysine are taken up by cells via
the same y� transport system (47), the ratio of arginine to orni-
thine plus lysine, i.e., arginine/ornithine � lysine, provides an
index of relative arginine availability at any given plasma arginine

TABLE 1. PLASMA AMINO ACIDS IN NORMAL CONTROLS
VERSUS PATIENTS WITH ASTHMA

Concentration (�M)

Controls Asthma
Amino Acid (n � 15) (n � 26) % Control p Value

Ornithine 64 � 21 49 � 24 77 NS
Citrulline 30 � 6 21 � 10 70 0.002
Proline 195 � 66 144 � 73 74 0.03
Hydroxyproline 29 � 14 19 � 9 66 0.02
Lysine 162 � 33 112 � 57 69 0.004
Glutamic Acid 55 � 29 40 � 16 73 0.04
Glutamine 554 � 86 466 � 148 84 0.04
Glycine 251 � 64 186 � 103 74 0.03
Alanine 369 � 104 292 � 96 79 0.02
Valine 223 � 52 161 � 51 72 � 0.001
Aspartic Acid 9 � 6 7 � 1 78 0.04
Threonine 136 � 29 99 � 58 73 0.02
Isoleucine 66 � 20 48 � 23 73 0.01
Leucine 126 � 32 96 � 45 76 0.03
Tyrosine 72 � 15 52 � 20 72 0.002
Histidine 75 � 10 57 � 20 79 0.003
Cysteine 22 � 13 20 � 16 90 NS
Asparagine 35 � 15 41 � 18* 118 NS
Serine 107 � 32 89 � 64 83 NS
Tryptophan 45 � 10 37 � 15 82 NS
Methionine 25 � 6 20 � 13 80 NS
Phenylalanine 57 � 13 56 � 17 98 NS

Definition of abbreviation: NS � not significant.
Concentrations of amino acids are expressed as means � SD.
% control values are the percent of the control for the asthma group.
* n � 25.
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Figure 1. Plasma arginine concentra-
tion and relative arginine availability in
normal control subjects compared with
patients with asthma. (A ) Plasma argi-
nine concentration (�M) was low in
patients with asthma experiencing an
acute exacerbation (n � 26) compared
with normal control subjects without
asthma (n � 15; p � 0.0001). (B ) Val-
ues of relative arginine availability, ex-
pressed as plasma arginine/ornithine �

lysine, in normal control subjects and
patients with asthma differed signifi-
cantly (p � 0.05). Mean values are indi-
cated by the horizontal lines.

concentration. Relative arginine availability also was signifi-
cantly lower in patients with asthma compared with normal
control subjects (0.30 � 0.13 vs. 0.42 � 0.14, p � 0.005) (Figure
1B), further limiting arginine availability in the asthma group.

Plasma levels of ornithine (Table 1), a product of arginine
catabolism, were generally lower in patients with asthma relative
to control subjects, and relative ornithine availability, ornithine/
arginine � lysine, was somewhat higher in patients with asthma
than in control subjects (0.25 � 0.07 for control subjects and
0.34 � 0.17 for patients with asthma), but neither of these trends
reached statistical significance. On the other hand, citrulline, the
precursor of endogenous arginine synthesis, was significantly
reduced in patients with asthma relative to normal control sub-
jects (Table 1), possibly contributing to the decrease in plasma
arginine levels in these patients.

Arginase Activity

Serum arginase activity was increased significantly in patients
with asthma versus normal control subjects (1.62 � 0.83 �mol/
ml/hour vs. 0.51 � 0.34 �mol/ml/hour, p � 0.0001) (Figure 2)
Although plasma arginine levels declined and plasma arginase
activities increased in patients with asthma as a group, no signifi-
cant correlations between arginase activity and arginine, orni-
thine, or other amino acids were identified when values for
individual patients were analyzed.

NO

Consistent with previously published data (21, 22, 31–33, 44),
exhaled NO levels in patients with asthma were significantly
higher than those of normal control subjects (36 � 18 ppb, n �
22 vs. 16 � 8 ppb, n � 14; p � 0.001), despite the paradoxical
decline in plasma arginine levels. There was no significant differ-
ence in NO metabolites in the serum of patients with asthma
versus normal control subjects (29.8 � 27 �M, n � 23 vs. 27.2 �
9 �M, n � 13).

Figure 2. Serum arginase activities
(�mol/ml/hour) in normal control
subjects (n � 15) and patients with
asthma (n � 21). Values are signifi-
cantly different (p � 0.0001). Mean
values are indicated by the horizontal
lines.

Admission versus Discharge

Ten patients were acutely treated and managed as outpatients,
and 16 patients were admitted to the hospital for respiratory
distress and status asthmaticus. Both groups had similar arginine,
ornithine, and arginase activity levels. Proline concentrations were
significantly lower in the group of patients with asthma admitted
to the hospital versus those discharged to home (120 � 79 �M
vs. 182 � 46 �M, p � 0.04). All other amino acids measured,
except cysteine (12 � 13 �M, n � 12 vs. 31 � 14 �M, n � 9;
p � 0.005) and lysine (93 � 52 �M, n � 16 vs. 144 � 52 �M,
n � 10; p � 0.02) (admit vs. discharge) were similar in both groups.

Sequential amino acid data was obtained on four of the admit-
ted patients. Plasma arginine levels were low on the day of
admission and consistently increased by discharge from the hos-
pital in all patients (Figure 3A). There were no consistent
changes in relative arginine availability; two patients had clear
increases, whereas two other patients exhibited no change (Fig-
ure 3B). Progressive increases in most individual amino acids
occurred during hospitalization. Serial arginase activities were
available for two patients and showed substantial declines into
the normal range by discharge in each case (Figure 3C), as serum
NOx levels increased (26.6 to 37.2 �M in Patient 1, and 23.9 to
70.7 �M in Patient 4).

DISCUSSION

This is the first report of a systemic arginine deficiency and
elevated serum arginase activity in asthma. Because arginine
deficiency is not confined to pulmonary tissue in this disease,
this suggests that consequences of such a deficiency also are not
confined to the lungs. It is important to note that relative arginine
availability, as well as absolute arginine availability, is reduced in
patients with asthma experiencing an acute clinical exacerbation.
Thus, the arginine to ornithine � lysine ratio also should be

Figure 3. (A) Changes in
plasma arginine concentra-
tion, (B ) relative arginine
availability, and (C) serum ar-
ginase activity, in patients
with asthma between admis-
sion (Day 1) and the day of
discharge from the hospital
(Discharge). Levels normal-
ized as the patients improved
clinically.High arginaseactiv-
ity in patients with asthma
may contribute to low circu-
lating arginine levels, thereby
limiting arginine bioavail-
ability and potentially ex-
acerbating a NO deficiency
that induces hyperreactive
airways.
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taken into account when evaluating overall arginine availability.
We cannot, however, conclude that intracellular pools of arginine
are everywhere reduced in asthma because the status of arginine
transport activity in patients with asthma is unknown. In fact,
expression of the arginine transporter CAT-2 (cationic amino
acid transporter) is increased in murine models of asthma (25),
suggesting that, at least in some cells, increased uptake may
offset reductions in circulating arginine levels. Consistent with
this notion, one study found that intracellular levels of arginine
in airway epithelial cells of patients with asthma were over three-
fold higher than in cells of healthy control subjects; however,
plasma arginine levels were not determined in this study (48).

With recent studies supporting the role of a NO deficiency
in airway hyperreactivity (14, 15), our findings have significant
clinical relevance and represent a new focus for asthma research
(16). Decreased arginine levels may reflect substrate depletion
owing to increased demand for NO in asthmatics to maintain
basal bronchodilator tone while compensating for increased NO
consumption during oxidative stress, combined with an inflam-
matory-mediated induction of arginase activity during exacerba-
tions. However, the data also illustrate a biological paradox in
that exhaled NO increases in acute asthma despite elevated
arginase activity and decreases in circulating arginine levels.
Increased levels of exhaled NO could reflect metabolism of argi-
nine from a compartmentalized pool in which arginine content
is not reflected by circulating arginine levels, as suggested by
increases in intracellular arginine levels in the study noted above
(48). An alternate explanation for increased levels of exhaled
NO independent of arginine availability is nonenzymatic genera-
tion of NO from nitrite due to airway acidification in asthmat-
ics (49).

Reduced arginine availability may also contribute to lung
injury by promoting formation of cytotoxic reactive NO species
such as peroxynitrite. As arginine levels decline, NO synthase
itself can begin to generate superoxide in lieu of NO (50), thereby
favoring NO consumption via the generation of peroxynitrite
that could induce lung injury (50–52). This reduction in bioavail-
ability of NO via formation of species such as peroxynitrite could
be further amplified by the rapid loss of superoxide dismutase
activity during the asthmatic response (53, 54). Such a model
would also help explain reduced NO bioavailability in the face
of increased expression of inducible NO synthase in asthma (55).

Increased catabolism of arginine via arginase in asthmatic
lungs may not only compromise the ability to synthesize NO,
but also may contribute to airway remodeling through increased
production of ornithine, a precursor for synthesis of proline and
polyamines (30). These downstream products of arginase activity
may play a role in the pathogenesis of asthma by promoting
collagen synthesis and cell proliferation (16, 25), processes that
occur in airway wall thickening and airway remodeling (1, 3, 4,
56). The increased production of ornithine also may be reflected
in the increased levels of polyamines found in peripheral blood
of asthmatics (57).

Although our present data on this point is anecdotal, it is of
interest to note that plasma arginase activity declined signifi-
cantly with treatment and improvement of symptoms. Additional
studies are needed to determine whether measurements of
plasma arginase activity will provide a useful marker for underly-
ing metabolic disorder and efficacy of treatment for this disease.
Although the patients were not controlled for diet, it is also
interesting to note that an increase in serum NO metabolites
occurred by discharge, despite the antiinflammatory effects of
steroid therapy, a treatment that suppresses inducible NO syn-
thase activity that patients with asthma routinely receive during
hospitalization. It is possible that the increase in NO metabolites

is a reflection of decreased arginase activity and improved argi-
nine bioavailability.

The arginase activity present in serum probably does not
accurately reflect whole body arginase activity or that compart-
mentalized in the lungs, since the arginases are intracellular
enzymes that appear in circulation only after cell damage or cell
death. The cell types that contribute to the elevated plasma
arginase in asthmatics have not been identified. However, as
arginase is induced in monocytes in response to helper T cell
type 2 cytokines (27, 28), we speculate that these cells are one
likely source of the elevated arginase in serum, consistent with
the localization of arginase expression within macrophages in
lungs of asthmatic mice (25).

Although the greatest amino acid deficiency occurred for
arginine, deficiencies of virtually all other amino acids also oc-
curred in the group with asthma, similar to previous findings
(58). A poor nutritional status at the time of analysis due to
illness could contribute to these deficiencies. However, it is also
possible that altered amino acid metabolism occurs during an
asthma exacerbation, perhaps as a consequence of inflammation.
Concentrations of amino acids rose during hospitalization, sug-
gesting that the altered amino acid profile occurs during the
acute event. Thus, patients with asthma may benefit from more
focused attention on a nutritional component of treatment. Al-
though the concept of dietary factors influencing the pathogene-
sis of asthma is not novel (59), the impact of multiple amino acid
deficiencies on asthma severity warrants further investigation.

It is worth noting that asthma occurs in 30–70% of patients
with sickle cell disease (60, 61), but is often unrecognized and
untreated by clinicians. Relevant to the present study, we have
recently demonstrated that elevated arginase activity and a low
arginine to ornithine ratio also are associated with pulmonary
complications of this disease (40), another inflammatory condi-
tion in which decreased arginine bioavailability contributes to
a NO deficiency (62–65). In sickle cell disease, an arginine defi-
ciency likely develops as a result of increased substrate demand
for NO synthesis, perhaps coupled with increased arginase activ-
ity. Although an explanation for the high incidence of asthma
in sickle cell disease has not been identified, we suggest that
decreased arginine bioavailability, elevated arginase activity, and
a NO deficiency may result in an asthma-like syndrome in sickle
cell disease. Further investigation of the asthmatic condition in
sickle cell disease may provide greater insight into the pathophys-
iology of asthma itself.

Asthma is estimated to affect 15 million people in the United
States, and it is the most frequent reason for preventable child-
hood hospitalizations, costing billions of dollars annually (1, 3).
It is a complex syndrome with many clinical phenotypes that
likely involve a multitude of mechanisms, influenced also by
genetic and environmental factors (4). As the incidence of
asthma rises to “epidemic levels” (66), new insights into the
pathogenesis of asthma are needed to identify new therapeutic
intervention strategies. New therapies that maximize both argi-
nine and NO bioavailability, including the use of arginase inhibi-
tors and arginine supplementation, warrant exploration.

Conflict of Interest Statement : C.R.M. does not have a financial relationship with
a commercial entity that has an interest in the subject of this article; M.P. does
not have a financial relationship with a commercial entity that has an interest in
the subject of this article; L.L. does not have a financial relationship with a commer-
cial entity that has an interest in the subject of this article; L.M. does not have a
financial relationship with a commercial entity that has an interest in the subject
of this article; F.A.K. does not have a financial relationship with a commercial
entity that has an interest in the subject of this article; S.M.M. does not have a
financial relationship with a commercial entity that has an interest in the subject
of this article.

Acknowledgment : The authors thank Srilakshmi Vemulakonda, M.D., and Jennifer

Sander
Markering

Sander
Markering

Sander
Markering

Sander
Markering

Sander
Markering



152 AMERICAN JOURNAL OF RESPIRATORY AND CRITICAL CARE MEDICINE VOL 170 2004

Gardner for their assistance with data processing, and Diane Kepka-Lenhart for
excellent technical assistance.

References

1. Elias JA, Zhu Z, Chupp G, Homer RJ. Airway remodeling in asthma.
J Clin Invest 1999;104:1001–1006.

2. Wenzel SE, Szefler SJ, Leung DY, Sloan SI, Rex MD, Martin RJ. Bron-
choscopic evaluation of severe asthma: persistent inflammation associ-
ated with high dose glucocorticoids. Am J Respir Crit Care Med 1997;
156:737–743.

3. Elias JA, Lee CG, Zheng T, Ma B, Homer RJ, Zhu Z. New insights into
the pathogenesis of asthma. J Clin Invest 2003;111:291–297.

4. Busse WW, Lemanske RF Jr. Asthma. N Engl J Med 2001;344:350–362.
5. Komai M, Tanaka H, Masuda T, Nagao K, Ishizaki M, Sawada M, Naga

H. Role of Th2 responses in the development of allergen-induced
airway remodeling in a murine model of allergic asthma. Br J Pharma-
col 2003;138:912–920.

6. Chung KF, Barnes PJ. Cytokines in asthma. Thorax 1999;54:825–857.
7. Robinson DS, Hamid Q, Ying S, Tsicopoulos A, Barkans J, Bentley AM,

Corrigan C, Durham SR, Kay AB. Predominant TH2-like bronchoal-
veolar T-lymphocyte population in atopic asthma. N Engl J Med 1992;
326:298–308.

8. Moncada S, Higgs A. The l-arginine-nitric oxide pathway. N Engl J Med
1993;329:2002–2012.

9. Barnes PJ, Liu SF. Regulation of pulmonary vascular tone. Pharmacol
Rev 1995;47:87–131.

10. Gaston B, Drazen JM, Loscalzo J, Stamler JS. The biology of nitrogen
oxides in the airways. Am J Respir Crit Care Med 1994;149:538–551.

11. Barnes PJ, Belvisi MG. Nitric oxide and lung disease. Thorax 1993;48:
1034–1043.

12. Kacmarek R, Ripple R, Cockrill B, Bloch K, Zapol W, Johnson D.
Inhaled nitric oxide: a bronchodilator in mild asthmatics with metha-
choline-induced bronchospasm. Am J Respir Crit Care Med 1996;153:
128–135.

13. Peng H-B, Spiecker M, Liao J. Inducible nitric oxide: an autoregulatory
feedback inhibitor of vascular inflammation. J Immunol 1998;161:
1970–1976.

14. de Boer J, Meurs H, Coers W, Koopal M, Bottone AE, Visser AC,
Timens W, Zaagsma J. Deficiency of nitric oxide in allergen-induced
airway hyperreactivity to contractile agonists after the early asthmatic
reaction: an ex vivo study. Br J Pharmacol 1996;119:1109–1116.

15. de Boer J, Duyvendak M, Schuurman FE, Pouw FM, Zaagsma J, Meurs
H. Role of l-arginine in the deficiency of nitric oxide and airway
hyperreactivity after the allergen-induced early asthmatic reaction in
guinea-pigs. Br J Pharmacol 1999;128:1114–1120.

16. Meurs H, Maarsingh H, Zaagsma J. Arginase and asthma: novel insights
into nitric oxide homeostasis and airway hyperresponsiveness. Trends
Pharmacol Sci 2003;24:450–455.

17. Ricciardolo FL, Geppetti P, Mistretta A, Nadel JA, Sapienza MA, Bellofiore
S, Di Maria GU. Randomized double-blind placebo-controlled study
of the effect of inhibition of nitric oxide synthesis in bradykinin-
induced asthma. Lancet 1996;348:374–377.

18. Ricciardolo FL, Di Maria GU, Mistretta A, Sapienza MA, Geppetti P.
Impairment of bronchoprotection by nitric oxide in severe asthma.
Lancet 1997;350:1297–1298.

19. Ashutosh K. Nitric oxide and asthma: a review. Curr Opin Pulm Med
2000;6:21–25.

20. Payne D. Nitric oxide in allergic airway inflammation. Curr Opin Allergy
Clin Immunol 2003;3:133–137.

21. Kharitonov SA, Yates D, Springall DR, Buttery L, Polak J, Robbins
RA, Barnes PJ. Exhaled nitric oxide is increased in asthma. Chest
1995;107 (Suppl):156S–157S.

22. Kharitonov SA, Barnes PJ. Clinical aspects of exhaled nitric oxide. Eur
Respir J 2000;16:781–792.

23. Meurs H, Hamer MA, Pethe S, Goff SV, Boucher J-L, Zaagsma J.
Modulation of cholinergic airway reactivity and nitric oxide production
by endogenous arginase activity. Br J Pharmacol 2000;130:1793–1798.

24. Meurs H, McKay S, Maarsingh H, Hamer M, Macic L, Molendijk N,
Zaagsma J. Increased arginase activity underlies allergen-induced de-
ficiency of cNOS-dervied nitric oxide and airway hyperresponsiveness.
Br J Pharmacol 2002;136:391–398.

25. Zimmermann N, King NE, Laporte J, Yoan M, Mishra A, Pope SM,
Muntel EE, Witte DP, Pegg AA, Foster PS, et al. Dissection of experi-
mental asthma with DNA microarray analysis identifies arginase in
asthma pathogenesis. J Clin Invest 2003;111:1863–1874.

26. Munder M, Eichmann K, Moran J, Centeno F, Soler G, Modolell M. Th1/

Th2-regulated expression of arginase isoforms in murine macrophages
and dendritic cells. J Immunol 1999;163:3771–3777.

27. Morris SM Jr. Regulation of enzymes of the urea cycle and arginine
metabolism. Annu Rev Nutr 2002;22:87–105.

28. Morris SM Jr. Regulation of arginine availability and its impact on NO
synthesis. In: Ignarro LJ, editor. Nitric oxide: biology and pathobiol-
ogy. San Diego: Academic Press; 2000. pp. 187–197.

29. Mori M, Gotoh T. Regulation of nitric oxide production by arginine
metabolic enzymes. Biochem Biophys Res Commun 2000;275:715–719.

30. Wu G, Morris SM Jr. Arginine metabolism: nitric oxide and beyond.
Biochem J 1998;336:1–17.

31. DeNicola L, Dissoon N, Duckworth L, Blake K. Exhaled nitric oxide as
an indicator of severity of asthmatic inflammation. Pediatr Emerg Care
2000;16:290–295.

32. Dupont LJ, Rochette F, Demedts MG, Verleden GM. Exhaled nitric
oxide correlates with airway hyperresponsiveness in steroid-naive pa-
tients with mild asthma. Am J Respir Crit Care Med 1998;157:894–989.

33. Kissoon J, Duckworth L, Blake K, Murphy S, Silkoff PE. Exhaled nitric
oxide measurements in childhood asthma: techniques and interpreta-
tion. Pediatr Pulmonol 1999;28:282–296.

34. Gaston B, Reilly J, Drazen JM, Fackler J, Ramdev P, Arnell D, Mullins
ME, Sugarbaker DJ, Chee C, Singel DJ, et al. Endogenous nitrogen
oxides and bronchodilator s-nitrosothiols in human airways. Proc Natl
Acad Sci USA 1993;90:10957–10961.

35. Gow AJ, Chen Q, Hess DT, Day BJ, Ischiropoulos H, Stamler JS. Basal
and stimulated protein S-nitrosylation in multiple cell types and tissues.
J Biol Chem 2002;277:9637–9640.

36. Corradi M, Montuschi P, Donnelly LE, Pesci A, Kharitonov SA, Barnes
PJ. Increased nitrosothiols in exhaled breath condensate in inflamma-
tory airway disease. Am J Respir Crit Care Med 2001;163:854–858.

37. Gaston B, Sears S, Woods J, Hunt J, Ponaman M, McMahon T, Stamler
J. Bronchodilator S-nitrosothiol deficiency in asthmatic respiratory
failure. Lancet 1998;351:1317–1319.

38. Morris CR, Kuypers FA, Lavrisha L, van Warmerdam J, Kepka-Lenhart
D, Machado L, Vichinsky E, Morris SM Jr. Elevated arginase activity
and limited arginine bioavailability: a common feature of asthma and
sickle cell disease [Abstract]. Blood 2003;102:764a.

39. Morris CR, Kuypers FA, Lavrisha L, van Warmerdam J, Kepka-Lenhart
D, Machado L, Vichinsky E, Morris SM Jr. Elevated arginase activity
and limited arginine bioavailability: a common feature of asthma and
sickle cell disease [Abstract]. Nitric Oxide 2004; (In press)

40. Morris CR, Morris SM Jr, Hagar W, van Warmerdam J, Claster S, Kepka-
Lenhart K, Machado L, Kuypers FA, Vichinsky EP. Arginine therapy:
a new treatment for pulmonary hypertension in sickle cell disease?
Am J Respir Crit Care Med 2003;168:63–69.

41. Morris SM Jr, Kepka-Lenhart D, Chen L. Differential regulation of
arginases and inducible nitric oxide synthase in murine macrophage
cells. Am J Physiol 1998;275:E740–E747.

42. Kumar A, Brar R, Wang P, Dee L, Skorupo G, Khadour F, Schulz R,
Parrillo J. Role of nitric oxide and cGMP in human septic serum-
induced depression of cardiac myocyte contractility. Am J Physiol
1999;276:R265–R276.

43. Nelson BV, Sears S, Woods J. Expired nitric oxide as a marker for
childhood asthma. J Pediatr 1997;130:423–427.

44. Kharitonov SA, Yates D, Barnes PJ. Increased nitric oxide in exhaled
air of normal human subjects with upper respiratory tract infections.
Eur Respir J 1995;8:295–297.

45. Silkoff PE, McClean PA, Slutsky AS. A flow rate standard for exhaled
nitric oxide measurements in lower airway inflammation. Am J Respir
Crit Care Med 1997;155:260.

46. Winer B. Statistical principles in experimental design, 2nd ed. New York:
McGraw-Hill; 1962.

47. Closs E. CATs, a family of three distinct mammalian cationic amino acid
transporters. Amino Acids 1996;11:193–208.

48. Guo FH, Comhair SA, Zheng S, Dweik RA, Eissa NT, Thomassen MJ,
Calhoun W, Erzurum SC. Molecular mechanisms of increased nitric
oxide (NO) in asthma: evidence for transcriptional and post-transla-
tional regulation of NO synthesis. J Immunol 2000;165:5970–5980.

49. Hunt JF, Fang K, Malik R, Snyder A, Malhotra N, Platts-Mills TA,
Gaston B. Endogenous airway acidification: implications for asthma
pathophysiology. Am J Respir Crit Care Med 2000;161:694–699.

50. Xia Y, Dawson V, Dawson T, Snyder S, Zweier J. Nitric oxide synthase
generates superoxide and nitric oxide in arginine-depleted cells leading
to peroxynitrite-mediated cellular injury. Proc Natl Acad Sci USA
1996;93:6770–6774.

51. Saleh D, Ernst P, Lim S, Barnes PJ, Giaid A. Increased formation of
the potent oxidant peroxynitrite in the airways of asthmatic patients



Morris, Poljakovic, Lavrisha, et al.: Arginine and Arginase in Asthma 153

is associated with induction of nitric oxide synthase: effect of inhaled
glucocorticoid. FASEB J 1998;12:929–937.

52. Demiryurek A, Dakici I, Danzik I. Peroxynitrite: a putative cytotoxin.
Pharmacol Toxicol 1998;82:113–117.

53. Kinnula VL, Crapo JD. Superoxide dismutases in the lung and human
lung diseases. Am J Respir Crit Care Med 2003;167:1600–1619.

54. Comhair SA, Bhathena PR, Dweik RA, Kavuru M, Erzurum SC. Rapid
loss of superoxide dismutase activity during antigen-induced asthmatic
response. Lancet 2000;355:624.

55. Hamid Q, Springall DR, Riveros-Morena V, Chanez P, Howarth P,
Redington A, Bousquet J, Godard P, Holgate S, Polak JM. Induction
of nitric oxide synthase in asthma. Lancet 1993;342:1510–1513.

56. Tanaka H, Masuda T, Tokuoka S, Komai M, Nagao K, Takahashi Y,
Nagai H. The effect of allergen-induced airway inflammation on airway
remodeling in a murine model of allergic asthma. Inflamm Res 2001;
50:616–624.

57. Kurosawa M, Shimizu Y, Tsukagoshi H, Ueki M. Elevated levels of
peripheral-blood, naturally occurring aliphatic polyamines in bronchial
asthmatic patients with active symptoms. Allergy 1992;47:638–643.

58. Inselman LS, Khan F, Evans HE. Alterations in plasma amino acid levels
in children with asthma: a preliminary investigation. Pediatr Pulmonol
1986;2:163–169.

59. Denny S, Thompson R, Margetts B. Dietary factors in the pathogenesis
of asthma and chronic obstructive pulmonary disease. Curr Allergy
Asthma Rep 2003;3:130–136.

60. Koumbourlis A, Zar H, Hurlet-Jensen A, Goldberg M. Prevalence and
reversibility of lower airway obstruction in children with sickle cell
disease. J Pediatr 2001;138:188–192.

61. Leong M, Dampier C, Varlotta L, Allen J. Airway hyperreactivity in
children with sickle cell disease. J Pediatr 1997;131:278–283.

62. Morris CR, Kuypers FA, Larkin S, Vichinsky E, Styles L. Patterns of
arginine and nitric oxide in sickle cell disease patients with vaso-
occlusive crisis and acute chest syndrome. J Pediatr Hematol Oncol
2000;22:515–520.

63. Morris CR, Kuypers FA, Larkin S, Sweeter N, Simon J, Vichinsky EP,
Styles L. Arginine therapy: a novel strategy to increase nitric oxide
production in sickle cell disease. Br J Haematol 2000;111:498–500.

64. Lopez B, Kreshak A, Morris CR, Davis-Moon L, Ballas S, Ma X.
l-arginine levels are diminished in adult acute vaso-occlusive sickle cell
crisis in the emergency department. Br J Haematol 2003;120:532–534.

65. Morris CR, Vichinsky EP, van Warmerdam J, Machado L, Kepka-Lenhart
D, Morris SM Jr, Kuypers FA. Hydroxyurea and arginine therapy:
impact on nitric oxide production in sickle cell disease. J Pediatr
Hematol Oncol 2003;25:629–634.

66. Holgate S. The epidemic of allergy and asthma. Nature 1999;402:B2–B4.


