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New therapeutic key for cystic fibrosis: a role for

lipoxins

Daiya Takai, Takahide Nagase & Takao Shimizu

One of the hallmarks of cystic fibrosis is the propensity of patients to develop lung infections with Pseudomonas
aeruginosa, which eventually compromises lung function. New data suggest loss of CFTR impairs lipoxin production,
thus preventing resolution of lung inflammation and creating an environment susceptible to further infection.

[AUTHORS: PLEASE NOTE THAT SOME
SECTIONS OF YOUR TEXT WERE
REARRANGED AND REWORDED TO
INCREASE CLARITY. AS A RESULT, THE
REFERENCES HAD TO BE RENUM-
BERED; PLEASE CHECK THE REFS AND
THE REF LIST CAREFULLY TO ENSURE
THIS IS CORRECT. ALSO CAN ONE REEF
BE OMITTED? WE TRY TO LIMIT REES
TO 12. ALSO THE SECOND PART OF THE
ORIGINAL TITLE WAS UNCLEAR; DO
YOU HAVE ALTERNATIVE SUGGES-
TIONS?]

ystic fibrosis (CF) is an autosomal reces-

sive disorder characterized by progressive
lung disease and multiple organ dysfunction
caused by abnormal electrolyte transport. CF
patients show pancreatic insufficiency,
increased sweat electrolyte concentrations
and lung pathologies with recurrent bacterial
infections. The CF transmembrane conduc-
tance regulator (CFTR) was identified as the
causal genel. Soon after the identification of
CFTR, the molecule encoded was found to be
a cyclic AMP-activated chloride ion trans-
porter? whose altered function after CFTR
mutation [AUTHOR: CORRECT?] can
account for the dysfunction of most organs
affected in CF. However, this specific molecu-
lar defect [AUTHOR: OK? OR WHICH
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DEFECT?] cannot explain the lung pathol-
ogy, as CF patients maintain normal chloride
ion concentrations in their lungs®. No med-
ication can complement the functional loss of
CFTR molecule. Several trials of gene therapy
to transfer wild-type CFTR nucleotide
sequences into the airway epithelium have
faced many difficulties, resulting in insuffi-
cient CFTR expression to achieve clinical ben-
efit!. In this issue of Nature Immunology,
Karp et al® provide insight into another CF
therapeutic approach from the viewpoint of
the lipid mediators that regulate inflamma-
tory responses.

CFTR maps to the long arm of chromo-
some 7, where it spans 250 kilobases (kb), and
consists of 27 exons. The gene is transcribed
into a 6.5-kb mRNA that encodes a
1,480-amino acid membrane protein.
Although the clinical course of the disease
varies with the type of mutation in CFTR
(800 independent mutations have been iden-
tified so far), the estimated median survival
age of patients of CF was still only 33.4 years
in the US in 2001 (ref. 2). More than 70% of
CF patients have alleles with deletion of the
three base pairs encoding phenylalanine at
position 508 (AF508)* [AUTHORS: PLEASE
CLARIFY THE FOLLOWING STATEMENT;
ARE YOU DISCUSSING THE MUTATION
ON THE OTHER ALLELE IN THESE
PATIENTS?] and ones but 22 mutations
include AF508 are rare, with a frequency of
less than 0.1 % of known alleles. In the AF508
mutation, mutant CFTR protein is misfolded,
leading to rapid ubiquitinylation and protein
degradation. Thus, affected cells completely
lack CFTR molecules. In some types of muta-
tions (for example, R347P), mutant mole-
cules can reach the cell membrane and show
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partial chloride conductance. Hence, the clin-
ical manifestations of CF are thought to be
related to the type of mutation in CFTR.

That CF patients maintain normal chloride
concentrations in their lungs indicates
another mechanism must exist to explain
how the functional loss of CFTR in affected
cells results in the pathophysiology leading to
progressive lung disease. CF patients are espe-
cially prone to chronic aivway bacterial infec-
tion with pathogens such as Pseudomonas
aeruginosa and neutrophilic bronchitis and
brochiolitis.

To understand the new findings from Karp
et al.%, a discussion of how the onset and reso-
lution of inflammation is regulated by lipid
mediators is required. A group of eicosonoid
lipid mediators known as lipoxins are anti-
inflammatory  molecules  similar  to
prostaglandin E2 that are synthesized during
multicellular responses such as inflammation,
atherosclerosis and thrombosis (reviewed in
ref. 6). In the airway system, activated epithe-
lial cells generate 15S-hydroxyeicosate-
traenoic acid (HETE) from arachidonic acid
with 15-lipoxygenase and release 15S-HETE’.
Polymorphonuclear neutrophils (PMNs)
quickly take up 15S-HETE and convert it to
155-epoxytetraene with 5-lipoxygenase. The
15S-epoxytetraene is then hydrated into
58,6R,158-trihydroxy-7,9,13-trans-11-cis-
eicosatetraenoic acid (LXA,) and its posi-
tional isomer 55,14R,15S-trihydroxy-6,10,12-
trans-8-cis-eicosatetraenoic acid (LXBy). In
addition to these native lipoxins, aspirin
(acetylsalicylic acid) triggers the endogenous
generation of 15-epimeric lipoxins (15-epi-
LXA, and 15-epi-LXB;) by the enzyme
cyclooxygenase-2.

LXA, and LXB, have an inhibitory effect on
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Figure 1 The pathophysiology of CF-affected airway systems and bacterial infection. Top: In the CF airway, because of decreased concentrations of lipoxins,
bacterial infection results in an ‘overshooting’ of inflammation, with excessive numbers of PMNs and interleukin 8 (IL-8), tissue damage and failure to
remove bacteria. Bottom: After supplementation with LXA, analog, bacterial infection causes ‘controlled’ inflammation with a moderate number of PMNs,

and successful removal of the bacteria results.

PNMs and eosinophils and also activate
monocytes and macrophages. Thus, these
lipoxins are proposed to be involved in resolv-
ing inflammation. LXA, and LXB, avoid
unwanted effects elicited by PMNs such as
PMN-dependent vascular injury and further
release of chemoattractants after the initial
steps of inflammation. The 15-epi-lipoxins
have also inhibitory effect on PNMs. The
lipoxin receptor was identified as a seven-
transmembrane receptor [AUTHOR: PLEASE
SPECIFY BY NAME.] that belongs to the G;-
coupled chemoattractant receptor family.

Recently, another class of anti-inflamma-
tory lipid mediators, resolvins, which ave pro-
duced from @-3 polyunsaturated fatty acids
such as eicosapentaenoic acid or docosa-
hexaenoic acid, was identified®. Although the
production of resolvins seem to be regulated
through the availability of ®-3 polyunsatu-
rated fatty acids, thus using a different mech-
anism than the tightly regulated production
of lipoxins, competition with ‘pro-anti-
inflammatory’ mediators among chemicals
sharing structural similarity indicates that
inflammatory reaction is highly regulated and
balanced by interactions among cells partici-
pating in the inflammation process at each
stage. A similar well-known example of such
balancing interaction occurs between prosta-
cyclin and thromboxane: both are produced
from the same precursor but have diametri-
cally opposite functions in platelet activation,
vasoconstriction and possibly in immunolog-
ical reactions®10.

The enzyme phospholipase A, (PLA,) is
essential in the production of proinflamma-
tory mediators, which also include various
eicosanoids. Although many distinct types of

PLA, have been reported, cytosolic PLA, is
thought to be particularly important. Cyto-
solic PLA, preferentially hydrolyzes phospho-
lipids containing arachidonic acid and is
activated by submicromolar concentration of
calcium and by phosphorylation of serine
residues. Lung inflammatory diseases, includ-
ing acute lung injury and pulmonary fibrosis,
are attenuated in mice with discuptions in the
gene encoding cytosolic PLA, (refs. 11,12).
Given that lipoxins belong to the ‘down-
stream’ mediators of cytosolicPLA,, these
observations may indicate the complexity of
the regulation of lipid mediators in the lung. Is
the chronic airway infection and inflamma-
tion of CF due to disruption of this regulation?

Karp et al.® found decreased concentrations
of LXA, in airway fluids of CF patients. In a
mouse airway infection model, supplementa-
tion with LXA, analogs attenuates PMN accu-
mulation in airway and improves resolution of
P aeruginosa infections®, although those
[AUTHOR: WHICH IS “those”?] authors
used C57BL/6 mice, not Cﬁf" mice, which
are susceptible to P aeruginosa-induced
inflammation. These results together demon-
strate a previously unknown pathophysiology
in the airway system in CF: because of
decreased concentrations of lipoxins, bacterial
infection results in ‘overshooting’ of inflam-
mation, tisste damage and failure to remove
bacteria (Fig. 1, top). However, after supple-
mentation with LXA, analogs, bacterial infec-
tion causes inflammation but is well
controlled and bacteria are successfully
removed [AUTHOR: CORRECT?] (Fig. 1,
bottom). Karp et al also demonstrated
increased lymphocyte recruitment by LXA,
analogs®. This result is consistent with the
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hypothesis that lipoxins and resolvins make
regional inflammation matute from the
‘acute’ phase to the ‘chronic phase®.
Ibuprofen, a nonsteroidal anti-inflammatory
drug like aspirin, has been used clinically for
the management of CE There was a substan-
tial reduction in the rate of decrease in lung
function in children with CF who were treated
with high-dose ibuprofen'®, although this
drug does not produce 15-epi-LXA,.
Although lipoxins’ antagonistic effects on
cysteinyl leukotriene receptors have been
clearly demonstrated, a complete view of the
anti-inflammatory mechanisms of lipoxins
and resolvins has not been achieved. Do they
regulate small GTPase proteins, protein
kinase A or transcription factor NF-kB in
inflammatory cells? Karp et al® did not
demonstrate such an ‘exorbitant’ connection
of an ion channel to a lipid mediator in this
study. However, electrolyte and/or pH imbal-
ance might affect the production, export and
uptake of lipid mediators. The catalytic activ-
ities of various enzymes (such as leukotriene
A4 hydrolase-aminopeptidase, a zinc-con-
taining chloride-sensitive enzyme) might be
affected by local electrolyte concentrations.
Alternatively, mutant CFTR molecules might
directly regulate the expression of 5-lipoxyge-
nase and/or 15-lipoxygenase, which are
essential  for production of lipoxins.
Nevertheless, the present obsetvations and
the authors’ interpretation of CF-associated
lung disease as a deficiency of maturation of
regional inflammation might produce new
possibilities for therapeutic intervention in
this intractable disease. Furthermore, in a
more fundamental and broader sense, this
study provides a hint for the elucidation of
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the molecular ‘switch’ governing how acute
inflammation matures and finally resolves.
Cleatly, these findings bear clinical relevance
for the modulation of lipid mediators in CF-
affected airways and for our understanding of
the relationship between CFTR deficiency
and selective inhibition of anti-inflammatory
lipid mediators.
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Nagase, Takahide, Naonori Uozumi, Tomoko Aoki-
Nagase, Kan Terawaki, Satoshi Ishii, Tetsuji Tomita,
Hiroshi Yamamoto, Kohei Hashizume, Yasuyoshi Ou-
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uates LPS-induced lung injury in mice. Am J Physiol Lung
Cell Mol Physiol 284. L.720-1726, 2003. First published
December 27, 2002; 10.1152/ajplung.00396.2002.—Acute re-
spiratory distress syndrome (ARDS) is an acute lung injury of
high mortality rate, and sepsis syndrome is one of the most
frequent causes of ARDS. Metabolites of arachidonic acid, in-
cluding thromboxanes and leukotrienes, are proinflammatory
mediators and potentially involved in the development of
ARDS. A key enzyme for the production of these inflammatory
mediators is cytosolic phospholipase As (cPLAg). Recently, it
has been reported that arachidonyl trifluoromethyl ketone
(ATK) is a potent inhibitor of ¢cPLAg. In the present study, we
hypothesized that pharmacological intervention of ¢cPLAg could
affect acute lung injury. To test this hypothesis, we examined
the effects of ATK in a murine model of acute lung injury
induced by septic syndrome. The treatment with ATK signifi-
cantly attenuated lung injury, polymorphonuclear neutrophil
sequestration, and deterioration of gas exchange caused by
lipopolysaccharide and zymosan administration. The current
observations suggest that pharmacological intervention of
cPLA; could be a novel therapeutic approach to acute lung
injury caused by sepsis syndrome.

acute respiratory distress syndrome; lipopolysaccharide; sep-
sis; eicosanoid; leukotriene

ACUTE RESPIRATORY DISTRESS SYNDROME (ARDS) is charac-
terized by acute lung injury, and severe sepsis is one of
the most important causes of ARDS (9, 10, 31). Al-
though patients with ARDS are intensively treated
with currently available drugs, the mortality rate for
ARDS remains high, and it ranges from 40 to 70%.
Potential mechanisms that cause ARDS include damage
to the alveolar-capillary membrane and polymorphonu-
clear neutrophil (PMN) adhesion, activation, and seques-
tration, leading to respiratory failure (9, 10, 31).
Platelet-activating factor (PAF) and metabolites of
arachidonic acid are potentially involved in the devel-

opment of ARDS (23, 30, 32). PAF is a proinflammatory
mediator produced from phospholipids (12~14).
Thromboxanes (TXs) and leukotrienes (LTs) are potent
mediators generated from arachidonic acid by cycloox-
ygenase and b-lipoxygenase (7), respectively. TXA,
may increase lung permeability, whereas LTB, is a
potent neutrophil chemoattractant. Phospholipase Ay
(PLA) is a key enzyme for the production of proinflam-
matory mediators, including eicosancids and PAF. Al-
though a number of distinct types of PLAg have been
reported to be characterized, cytosolic PLAs (cPLAs) is
thought to be particularly important (29, 30, 34, 36,
37). The cPLA; preferentially hydrolyzes phospholipids
containing arachidonic acid and is activated by submi-
cromolar concentration of Ca?* and by phosphoryla-
tion of a serine residue (5, 16, 18, 33). Recently, it has
been reported that an analog of arachidonic acid in
which the —COOH functionality is replaced by
—COCF3, named arachidonyl trifluoromethyl ketone
(ATK), is a potent and selective slow-binding inhibitor
of ¢cPLAs (33, 35).

In the present study, we hypothesized that pharma-
cological intervention of ¢cPLA2 could affect acute lung
injury. To test this hypothesis, we chose to use ATK as
an inhibitor of cPLAy and examined the effects of ATK
in a murine model of acute lung injury induced by
lipopolysaccharide (LPS) and zymosan administration.

METHODS

Animal preparation. We used male C57TBL/6 mice (7-8 wk
old). Animals were anesthetized with pentobarbital sodium
(25 mg/kg ip) and ketamine hydrochloride (25 mg/kg ip) in
combination and then paralyzed with pancuronium bromide
(0.3 mg/kg ip). Anesthesia and paralysis were maintained by
supplemental administration of 10% of the initial dose every
hour. After tracheostomy, a metal endotracheal tube (inside
diameter 1 mm, length 8 mm) was inserted in the trachea.
Animals were mechanically ventilated (model 683; Harvard
Apparatus, South Natick, MA) with tidal volumes of 10 ml/kg
and frequencies of 2.5 Hz. We opened the thorax widely by
means of midline sternotomy and applied a positive end
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ATK ATTENUATES LUNG INJURY

expiratory pressure of 2 emH»0 by placing the expired line
underwater. During the experiments, oxygen gas was contin-
uously supplied to the ventilatory system (Fio, = 1.0). A heating
pad was used to maintain the body temperature of animals. To
assess the development of lung injury physiologically, we mea-
sured lung elastance (Er) and resistance (Ry) as previously
described (1, 21-27). Briefly, we measured the tracheal pres-
sure (Ptr), flow, and volume (V). We calculated Er, and Ry, by
adjusting the equation of motion: Ptr = E1.-V -+ Rp(dV/de) + K,
where K is a constant. Changes in Ep, and Ry reflect lung
parenchymal alterations and stiffening of the lungs.

Experimental acute lung injury induced by LPS/zymosan
administration. One minute before intravenous administra-
tion, two deep inhalations (three times tidal volume) were
delivered to standardize volume history and measurements
were made as baseline. In the physiological study, mice were
divided into four experimental groups, i.e., saline-treated
(n = 6), ATK/saline-treated (n = 4), LPS/zymosan-treated
(n = 7), and ATK/LPS/zymosan-treated groups (n = 5). In the
LPS/zymosan-treated group, mice received 3 mg/kg LPS from
Escherichia coli 0111:B4 (Sigma Chemical, St. Louis, MQ)
intravenously. Two hours later, 10 mg/kg of zymosan A from
Saccharomyces cerevisiae (Sigma) were intravenously admin-
istered (19, 30). In the saline-treated group, animals received
saline instead of LPS and zymosan in the same manner and
served as controls. In the ATK-treated group, 20 mg/kg ATK
(Cayman Chemical, Ann Arbor, MI) were administered in-
traperitoneally 30 min before saline or LPS administration.
The current dose of ATK and timing of ATK administration
were applied on the basis of previous reports (11, 20) and our
preliminary experiments. In all groups, measurements were
made at 30-min intervals for 4 h.

Assessment of respiratory failure. At the end of experiment,
blood samples for gas analysis were obtained from the left
ventricle. We then measured Pao,, Paco,, and pH to assess
the extent of respiratory failure (blood gas analyzer; AVL
Medical Systems, Schaffhausen, Switzerland).

Bronchoalveolar lavage fluid. At the end of the experi-
ment, bronchoalveolar lavage (BAL) was performed (1 ml of
phosphate-buffered saline five times) in saline-treated (n =
6), LPS/zymosan-treated (n = 7), and ATK/LPS/zymosan-
treated groups (n = 5). In each animal, 90% (4.5 ml) of the
total injected volume was consistently recovered. After BAL
fluid (BALF) was centrifuged at 450 g for 10 min, total and

SAL
SAL+ATK
LPS/Z
LPS/Z+ATK

50

40 4

30 -

20 4

Elastance {(cmH20/mi)
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differential cell counts of the BALF were determined from
the cell fraction (29, 30). The supernatant was stored at
—70°C until measurement of protein was performed. The
concentration of protein was measured by Lowry’s method
with bovine serum albumin as a standard.

TX and LT assay. TXA, (measured as TXB;), LTB,, and
LTC4/D4/E4 in the BALF were determined by enzyme immu-
noassay (EIA) kits (Amersham Pharmacia Biotech, Piscat-
away, NJ). The detection limits of the EIA assays for TXBsg,
LTB,4, and LTC4/D4E4 were 3.6, 6, and 10 pg/ml, respec-
tively. .

Myeloperoxidase activity assay. At the end of experiments,
the left lungs were removed from mice of each group (n = 4,
respectively). Myeloperoxidase (MPO) activity was measured
as previously reported (3, 15). Briefly, the frozen lungs were
weighed and homogenized in hexadecyltrimethylammonium
bromide (HTAB) buffer (0.5% HTAB in 50 mM phosphate’
buffer, pH 6.0). The homogenates were sonicated and centri-
fuged at 40,000 g for 15 min. The supernatant was mixed
with assay buffer containing potassium phosphate buffer,
H:05, and o-dianisidine hydrochloride. Then, the superna-
tant was placed in a spectrophotometer for reading at 460 nm
as previously described (3, 15).

Histological study. At the end of experiments, the right
lungs of the mice were removed and fixed with 10% formalin.
After fixation, the tissue blocks obtained from midsagittal
slices of the lungs were embedded in paraffin. Blocks were
cut 4 pm thick with a microtome, and then hematoxylin-
eosin staining was performed.

Data analysis. Comparisons of data among each experi-
mental group were carried out with analysis of variance. If
statistical significances were detected, a Scheffé test was
then applied as a post hoc test. Data are expressed as
means *+ SE. P values <0.05 were taken as significant.

RESULTS

Physiological data following LPS/zymosan or saline
administration. There were no significant differences
in baseline Er, and R, among each group. Fig. 1 and
Table 1 demonstrate the physiological data after LPS/
zymosan or saline administration. As shown, Er, and
R;, in LPS/zymosan-treated group were significantly
increased compared with saline-treated group, which

Fig. 1. The time course of response in lung elastance
in saline-treated (SAL, n = 6), arachidonyl trifluorom-
ethyl ketone (ATK)Y/saline-treated (SAL+ATK, n = 4),
LPS/zymosan-treated (LPS/Z, n = 7), and ATK/LPS/
zymosan-treated groups (LPS/Z+ATK, n = 5). In
LPS/zymosan-treated groups, zymosan was admin-
istered 2 h after LPS treatment, whereas saline was
treated in the same fashion in the saline-treated
groups. *P < 0.001 vs. saline-treated group; #P <
0.001 vs. LPS/zymosan-treated group.

0 0.5 10 1.5 2.0 2.5 3.0
' Time (hr)

35 4.0
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Table 1. Physiological results

ATK ATTENUATES LUNG INJURY

Table 2. Total cell counts and cell fractions in BALF

PaCOsg, Ri, Total cell Macrophages, PMNs, Lymphocytes,

pH mmHg emH20 -ml-1-s7 counts X 108 % % %
Saline, ip 7.492 £0.041 27.7+3.7 0.412=0.004 Saline, ip 1.12+0.05 95.7+0.3 0401 3.9+0.3
Saline, iv : Saline, iv
ATK, ip 7.4565 +0.049 29.5+3.3 0.418 =0.007 Saline, ip 3.56x0.13* 93.4+06 3.3x0.5* 3.3x0.5
Saline, iv LPS/zymosan,
Saline, ip 7.134%+0.060* 48.6+4.6% 0.539%0.020% iv
LPS/zymosan, iv ATK, ip 2.28+0.321F 94.7+05 1.1+0.1tF 42+04
ATK, ip 7.444 +0.041F 32.2+3.4% 0.459+0.0141t LPS/zymosan,

LPS/zymosan, iv

v

Values are means + SE., Ry, lung resistance; ATK, arachidonyl
trifluoromethyl ketone. *P < 0.01 vs. saline-treated group. [P <
0.05, P < 0.01 vs. LPS/zymosan-treated group.

reflects physiological alterations in lung parenchyma.
The administration of ATK significantly reduced LPS/
zymosan-induced responses in E; and Rp, whereas
there were significant differences between saline-
treated and ATK/LPS/zymosan-treated groups.

Administration of LPS/zymosan elicited respiratory
failure, which was not observed in saline-treated
groups. Hypoxemia was prominent in LPS/zymosan-
treated mice, whereas ATK administration reduced
LPS/zymosan-induced hypoxemia (Fig. 2). After LPS/
zymosan treatment, increases in Paco, and decreases
in pH were observed, although there were no differ-
ences in Paco, or pH levels between saline-treated and
ATK/LPS/zymosan-treated groups. As shown, ATK
had little effect on physiological data in saline-treated
groups.

Analyses of BALF. Table 2 and Figs. 3 and 4 sum-
marize the analyzed data of BALF. As shown, LPS/
zymosan administration increased protein amount and
number of PMN in BALF, indicating LPS/zymosan
induced protein leakage and PMN infiltration. The
protein leakage and PMN sequestration were signifi-
cantly attenuated by the treatment of ATK. Mean-
while, there were significant differences in BALF pro-
tein amount and number of PMN between saline-
treated and ATK/LPS/zymosan-treated groups.

TX and LT assay. To assess the biosynthesis of
cPLAg products, we performed TXA, (measured as

500 1

400

L
>
(=3

*

SAL SAL+ATK LPs/Z LPS/Z+ATK

Fig. 2. Effects of cytosolic phospholipase Az (¢PLAg) inhibitor ATK in
hypoxemia induced by LPS/zymosan treatment. *P < 0.001 vs.
saline-treated group; #P < 0.001 vs. LPS/zymosan-treated group.

Pa0, (mmHg)

o
(=)
L

Values are means = SE. BALF, bronchoalveolar lavage fluid,;
PMN, polymorphonuclear neutrophil. *P < 0.01 vs. saline-treated
group. 1P < 0.05, +P < 0.05 vs. LPS/zymosan-treated group.

TXB2), LTBy, and LTC4/D4/E, assay of the BALF. Fig-
ures 5—7 summarize the results of BALF TXBs, LTB,,
and LTC4/Dy/E, assay in each experimental group.
LPS/zymosan administration markedly increased
TXBg, LTB4, and LTCy/Dy/E, levels in BALF compared
with the saline-treated group, whereas the levels of
these eicosanoids were significantly reduced in the
ATK/LPS/zymosan-treated group. However, there
were significant differences in BALF TXBgy, LTB,, and
LTC/D4/E, levels between saline-treated and ATK/
LPS/zymosan-treated groups.

MPO activity assay. To assess the PMN infiltration
in the lung, we performed MPO activity assay. Figure
8 shows the results of MPO activity in lung tissue.
LPS/zymosan administration markedly increased
MPO activity in lungs compared with the saline-
treated group, whereas the MPO activity was signifi-
cantly attenuated in the ATK/LPS/zymosan-treated
group. However, no significant difference in lung MPO
activity was observed between saline-treated and ATK/
LPS/zymosan-treated groups.

Histological study. Figure 9 represents lung histol-
ogy following LPS/zymosan administration. As shown,
LPS/zymosan administration induced prominent le-
sions, as well as alveolar thickening, distortion, and
cellular infiltration. In contrast, the alveolar architec-
ture is well preserved and histological changes are
minimal in ATK-treated animals.

— -
(=T Y

o
o0

o
o

BALF- Protein {(mg}
o
~

o
o

LPSZ+ATK

Fig. 3. Effects of cPLA» inhibitor ATK in protein leakage induced by
LPS/zymosan treatment. BALF, bronchoalveolar lavage fluid. *P <
0.01 vs. saline-treated group; #P < 0.01 vs. LPS/zymosan-treated

group.
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Tig. 4. Effects of ¢PLAz inhibiter ATK in neutrophil infiltration
induced by LPS/zymosan treatment. PMN, polymorphonuclear neu-
trophil. *P < 0.001 vs. saline-treated group; #P < 0.001 vs. LPS/
zymosan-treated group.

SAL LPSIZ

DISCUSSION

The results of the current study show that ¢cPLAs is

:dl tors mc]udmg TXS and LTS
The sepsis syndrome is the most frequent cause of
S and is associated with 35—45% incidence of
ARDS development (9, 10). 1t is postulated that both
endotoxemia and phagocytesis of bacteria are invelved
in the pathogenesis of ARDS associated with septic
syndrome (6). Therefore, we used the current model of
acute lung injury induced by combined administration
of LPS and zymosan (19). In this mede eulating

L.PS and phagocytosis of bacterial particles by LPS-
primed PMN lung injury, whiech may mimic

sepsis-associated .acute lung injury.

2000 ‘

1500 4

BALF- TXB, (pg)
E

vy
=1
=)

RUR

LPSEZAATK

Fig. 5. Effects .of €PLAy inhibitor ATK in thromboxane (TX) Bs
production induced by LiPS/zymosantreatment. *P <005 vs. saline-
treated .group; #P < 001 vs. LPS/zymasan-treated .group.
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2000 A

SAL  LPSEZ  LPSEZATK

Fig. 6, Effects of ¢PLA, inhibitor ATK in LTB4 production induced
by LPS/zymosan treatment. #P < 0.001 vs, saline-treated group;
#P < Q05 vs. LPS/zymosan-treated group.

After LPS/zymosan administration, we Qbserved in-
creases in B, protein leakage, and PMN 1 ‘
and severe exacerbatlon of gas exchange ]

also ae "vatlon of PMN in lungs may be essential to
induce
ePLAs-initiated pathways may mediate both infiltra-

The

he development of agute lung ir ury.

tion and activation of PMN triggered by septic syn-

drome, resulting in sepsis-associated ARDS. In human

44000
12000 !
0000
800 .

16000

BALE LTC.,;*I‘"‘D;IEA (b9

Fig. 7. REffects of cPLAg inhibitor ATK in leukot1 1ene(( L) (CafD By
produgtion induced by LiPS/zymosan treatment. #P -<.0:001 vs. sa-
line-treated group; #P < 0.05-vs. LPS/zymosan-treated group.
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Fig. 8. Effects of ¢PLA2 inhibitor ATK in lung myeloperoxidase
(MPO) activity induced by LPS/zymosan treatment (n = 4 for each
group). *P < 0.05 vs. saline-treated group; #P < 0.05 vs. LPS/
zymosan-treated group.

neutrophils during sepsis, elevated cPLAg expression and
activity have been recently reported, suggesting that
cPLA, plays a major role in neutrophil function in septic
syndrome (17).

Tig. 9. Photomicrograph of lung tissues from LPS/zymosan-treated (4, C), and ATK/LPS/zymosan-treated (B, D)

ATK ATTENUATES LUNG INJURY

Of note, it has been recently shown that acute lung
injury induced by LPS/zymosan administration is at-
tenuated in cPLAg gene-disrupted mice (30). It seems
that the effects of ATK administration are similar to
those of ¢PLA; gene disruption in terms of inhibiting
lung injury. This observation may further confirm that
the intervention of cPLAg could be an effective ap-
proach to treat acute lung injury. However, differences
were also found between these two studies. In this
study, we measured TXBg, LTB4, and cysteinyl LTs
(LTC4/D4/E4) in BALF to confirm the generation of
c¢PLAg products. Although the ATK administration sig-
nificantly attenuated LPS/zymosan-induced produc-
tion of TXBg, LTB,4, and cysteinyl LTs, the ATK admin-
istration reduced each eicosanoid by 73, 47, and 27%,
respectively, compared with LPS/zymosan administra-
tion. In contrast, cPLAs gene disruption reduced each
eicosanoid by >90% in this model, compared with LPS/
zymosan administration in wild-type mice. This find-
ing suggests that the present manner of ATK admin-
istration may still be insufficient to inhibit ¢cPLA com-
pletely. Because it is postulated that pharmacological
intervention of cPLAs could be useful in the manage-

mice 4 h after LPS administration. Hematoxylin-eosin stain. Scale bar in A represents 200 pm in A and B and 50

pm in C and D.
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ment of ARDS, the development of novel ¢cPLAg inhib-
itors warrants future research.

In the present model of acute lung injury, we observed
that the levels of Paco, and pH in the ATK/LPS/zymosan-
treated group were the same as in saline-treated controls.
However, LPS/zymosan-induced increases in Ex, severity
of hypoxia, BALF protein, PMN, and eicosanoids were
significantly attenuated but not eliminated by the treat-
ment of ATK. These observations indicate that factors
other than ¢PLAz may also play a role and contribute to
physiological alteration. Recently, it has been demon-
strated that secretory PLAs (sPLAj), the other type of
PLA;, mediates LPS-induced lung injury and that the
inhibition of sPLA; may also represent a therapeutic
approach to acute lung injury (2). In addition, it has been
suggested that oxygen radicals, adhesion molecules, and
cytokines are also involved in this mechanism (8, 28).
Recently, it was reported that cPLAg activation is essen-
tial for integrin-dependent adhesion of leukocytes (39). If
one considers that there are as yet no pharmacological
agents to reverse pulmonary edema and increase sur-
vival rates, these factors are potential targets to develop
agents. The current study suggests that the intervention
of cPLAg could be a promising clue to improve manage-
ment of ARDS.

In summary, the inhibition of ¢PLA, significantly
attenuated lung damage and respiratory failure in-
duced by LPS/zymosan treatment. The current obser-
vations suggest that ¢cPLA» products are involved in
the pathogenesis of acute lung injury caused by septic
syndrome. Inhibition of cPLAg-initiated pathways
might provide a novel and potential therapeutic ap-
proach to ARDS, to which no pharmaceutical agents
are currently available.
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Effects of obstructive sleep apnea on circulating ICAM-1, T1-8,
and MCP-1. J Appl Physiol 94: 179~184, 2003. First published
September 27, 2002; 10.1152/fapplphysiol.00177.2002.—Ob-
structive sleep apnea syndrome (OSAS) is one of the most
important risk factors of cardiovascular disorders. In the
treatment of ‘OSAS, nasal continuous positive airway pres-
gure (nCPAP) has been widely used and found to be effective.
In the present study, we hypothesized that the hypoxic stress
caused by obstructive sleep apnea would increase circulating
intercellular adhesion molecule-1 (ICAM-1), interleukin-8
(I1-8), and monocyte chemoattractant protein-1 (MCP-1) in
untreated OSAS patients compared with an age-matched
control group. In addition, we hypothesized that nCPAP may
decrease OSAS-induced hypoxic stress and mediators. To
examine these hypotheses, we measured circulating ICAM-1
and I1.-8 before and after nCPAP therapy in OSAS patients.
We observed that nCPAP decreased apnea, desaturation, and
the circulating ICAM-1 and IL-8 levels in OSAS patients.
The circulating levels of ICAM-1, IL-8, and MCP-1 in un-
treated OSAS patients were significantly greater than those
in the controls. These observations suggest that nCPAP ther-
apy could reduce OSAS-induced hypoxia and generation of
inflammatory mediators. Treatment of OSAS using nCPAP
can be, therefore, a potential approach to decrease risk of the
progression of OSAS-associated disorders.

cytokines; cardiovascular disorders; ischemic heart disease;
desaturation magnitude; hypoxic stress; intracellular adhe-
sion molecule-1; monocyte chemoattractant protein-1; inter-
leukin-8

RECENTLY, IT HAS BEEN SHOWN that obstructive sleep ap-
nea syndrome (OSAS) is related to obesity, insulin
resistance, and diabetes mellitus (17, 28, 33). More-
over, OSAS could be one of the most important risk
factors of cardiovascular disorders, including hyper-
tension, ischemic heart disease, and cerebrovascular
events (12, 15, 23, 25), whereas hypoxic stress elicited
by OSAS may be involved in the development of car-
diovascular disorders. However, the exact mechanism
remains to be elucidated.

One of the potential mechanisms is that OSAS-in-
duced hypoxic stress increases circulating inflamma-
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tory mediators, leading to cardiovascular lesions. It
has been recently suggested that atherosclerosis is
related to inflammatory process induced by activation
of proinflammatory mediators, including adhesion mol-
ecules (11) and cytokines (10, 31). To induce leukocyte
migration to inflamed tissue, it is essential for leuko-
cytes to adhere to microvascular endothelium (32).
Potential mediators responsible for leukocyte attach-
ment to endothelium include intercellular adhesion
molecule-1 (ICAM-1), interleukin-8 (IL-8), and mono-
cyte chemoattractant protein-1 (MCP-1). It has been
reported that ICAM-1, a member of the immunoglob-
ulin superfamily, is required for leukocyte migration
into inflamed area (3, 6, 35) and plays an important
role in inflammatory disease, including bronchial
asthma, lung injury, and ischemic heart disease (18—
22). I.-8, a CXC chemokine that induces the migration
and proliferation of endothelial cells and smooth mus-
cle cells, is a potent angiogenic factor that may play a
substantial role in atherosclerosis (4, 31). Increased
expression of I1.-8 has been reported in atherosclerotic
lesions and circulating macrophages from patients
with atherosclerosis (31). MCP-1 is upregulated in hu-
man atherosclerotic plaques, suggesting a role for
MCP-1 in the development of early atherosclerotic le-
sions (5, 10).

Hypoxic stress increases the adherence of neutro-
phils to endothelial cells, and this increased adherence
is mediated by proinflammatory mediators, including
ICAM-1 (2) and IL-8 (13, 30). Furthermore, it has been
reported that hypoxia induces the synthesis and ex-
pression of both ICAM-1 and IL-8 via the activation of
nuclear transcription factor (NF)-«B (7, 36, 37).

In the treatment of OSAS, the efficacy of nasal con-
tinuous positive airway pressure (nCPAP) has been
reported (8, 27). nCPAP improves sleepiness and qual-
ity of life in patients with OSAS, probably because
nCPAP intervention removes sleeping upper airway
collapse and decreases apnea episode (27). Although it
is expected that nCPAP may ultimately improve the
prognosis of various disorders associated with OSAS,
its exact mechanism is not yet proven.

The costs of publication of this article were defrayed in part by the
payment of page charges. The article must therefore be hereby
marked “advertisement” in accordance with 18 U.S.C. Section 1734
solely to indicate this fact.
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Fig. 1. Baseline levels of (A) circulating intercellular adhesion mol-
ecule-1 (cICAM-1) and (B) circulating interleukin-8 (cIL-8) in the
control and obstructive sleep apnea syndrome (OSAS) groups. *P <
0.05 vs. normal controls.

Control

In the present study, we hypothesized that nCPAP
may decrease OSAS-induced hypoxic stress and the
generation of proinflammatory mediators. To examine
this hypothesis, we measured circulating ICAM-1 and
1L-8 before and after nCPAP therapy in OSAS pa-
tients.

METHODS

Subjects. Among patients diagnosed as OSAS in our de-
partment, 20 male subjects participated in the present study.

600 4
Fig, 2. Correlation between cICAM-1 and ap-
nea-associated parameters, i.e., apnea index
(AI; A) and desaturation magnitude (DM; B).

400

200 -

ciCAM-1{ng/mi)

EFFECTS OF APNEA ON ICAM-1 AND IL-8

Table 1. Characteristics of the subjects

Group n Age, yr Body Mass Index Apnea Index
0OSAS 20 47.8+2.2 294+14 38.9+3.1%
Control 10 48.9x2.9 284+29 3.1+04

Values are means + SE; n, no. of subjects. OSAS; obstructive sleep
apnea syndrome. ¥*P < 0.001 vs. control group.

As age-matched controls, 10 male subjects were chosen and
studied. No subjects had any history of cardiovascular, pul-
monary, metabolic, or neuromuscular diseases. All subjects
were in a stable condition for 1 mo before the study. The
characteristics of the subjects in the OSAS and normal
groups are shown in Table 1. There were no significant
differences in age and body mass index (BMI) between the
two groups, whereas apnea index (AI) in the OSAS group was
markedly greater than that in the control.

After the polysomnography study, the patients with OSAS
underwent therapeutic nCPAP treatment, and eight subjects
continued to receive nCPAP successfully for 8—18 mo.

Polysomnography. The subjects underwent polysomnogra-
phy for 2 consecutive nights. The polysomnography included
an electroencephalogram, an electrooculogram, an electro-
myogram of the chin, and an electrocardiogram (DG Com-
pact32, Medelec, Surrey, UK). We monitored ventilation and
airflow using inductive plethysmography (Respitrace, Ambu-
latory Monitoring, Ardsley, NY) and thermistors (Fukuda-
Sangyo, Chiba, Japan) placed at the nostril and mouth.
Arterial oxygen saturation (Sap,) was continuously mea-
sured via pulse oxymeter (Datex, Helsinki, Finland). Data
acquisition was performed overnight from 9:00 PM to 6:00
AM the next morning.

Assessment of hypoxic episodes. To assess OSAS-induced
hypoxia, we applied desaturation magnitude (DM) in this
study. Desaturation episodes were defined as hypoxia of Sao,
<90%. We defined DM as

DM = >} (90 — Sag)t

where ¢ is time of desaturation (in h). As shown in the
equation, DM expresses the severity of hypoxic stress quan-
titatively.

Measurements of circulating ICAM-1, IL-8, and MCP-1.
We obtained peripheral blood from the subjects at 9:00 AM
before and after the nCPAP treatment. The blood samples
were centrifuged at 250 g and 4°C for 10 min. The serum
samples were then stored at —80°C until measurements. The
concentrations of ICAM-1, IL-8 and MCP-1 in the serum
were measured by ELISA method. The data are defined as

R=0.62 R=0.55
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Fig. 8. Correlation between circulating IL-8
(cIL-8) and apnea-associated parameters, i.e.,
Al (A) and DM (B) desaturation magnitude
(DM).

circulating ICAM-1 (cICAM-1), circulating IL-8 (cIL-8), and
circulating MCP-1 (cMCP-1), respectively.

Data analysis. Comparisons of data between each experi-
mental group were carried out with Student’s ¢-test. Data are
expressed as means * SE. P values <0.05 were taken as
significant.

RESULTS

Assessment of hypoxic episodes. There were signifi-
cant differences in baseline DM between the OSAS and
normal groups (2.01 * 0.66 and 0.02 + 0.01, respec-
tively; P < 0.001), suggesting that the OSAS patients
were exposed to significantly greater degree of hypoxia
compared with the control subjects.

Baseline measurements of cICAM-1 and cIL-8. Fig-
ure 1 summarizes the cICAM-1 and cIL-8 levels in the
baseline measurements..The levels of both cICAM-1
and cIL-8 in the OSAS group were significantly greater
than those in the normal group.

Figure 2 demonstrates the relationships between
cICAM-1 and AT and between cICAM-1 and DM. As
shown, significant correlations are observed between
cICAM-1 and apnea episodes. Similarly, significant
correlation between cIL-8 and DM is detected, whereas
the positive correlation is suggested between cIL-8 and
Al (Fig. 3).

As indicated in Fig. 4, cICAM-1 is significantly cor-
related with cIL-8.

Effects of nCPAP on physiological parameters and
circulating mediators. After nCPAP, the improvement
in sleepiness was observed in all of the OSAS patients

R=0.56

80 P=0.001

60 -

clL-8 ( pg / mi)

600
cICAM-1 (ng / ml)
Fig. 4. Correlation between ¢cICAM-1 and cIL-8.

0 200 400

who successfully received therapeutic nCPAP. Conse-
quently, nCPAP significantly decreased apnea and de-
saturation (Fig. 5).

Figure 6 summarizes the effects of long-term nCPAP
on cICAM-1 and cIL-8 levels. As shown, nCPAP longer
than 8 mo significantly decreased the levels of both
cICAM-1 and cIL-8 in the treated OSAS group.

Figure 7 summarizes the cMCP-1 level in the OSAS
group and normal group. The level of ¢cMCP-1 in the

50 -
40
30
P
20
10
Ed
0
baseline after nCPAP
3
2
=
[}
1
*

0
after nCPAP

Fig. 5. Effects of nasal continuous positive airway pressure (nCPAP)
on apnea-associated parameters, i.e., Al (A) apnea index and DM (B).
*P < 0.05 vs. baseline.

baseline
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>

Fig. 6. Effects of nCPAP on cICAM-1
(A) and cIL-8 (B). *P < 0.05 vs. base-
line.

ciCAM-1(ng /mi)

Baseline

OSAS group was significantly greater than that in the
normal group.

DISCUSSION

The results of the present study demonstrate that
nCPAP decreased apnea, desaturation, and the circu-
lating ICAM-1 and IL-8 levels in the OSAS patients. In
the baseline measurements, the levels of both ICAM-1
and IL-8 in the OSAS group were significantly greater
than those in the control group. These observations
suggest that nCPAP therapy could reduce OSAS-in-
duced hypoxia and generation of inflammatory media-
tors, leading to the possible prevention of cardiovascu-
lar disorders.

Several issues warrant consideration before the re-
sults are discussed. First, we measured circulating
ICAM-1 and IL-8 to assess the expression of cell-asso-
ciated adhesion molecule and chemokine. Whereas this
approach has been widely used (11, 20), it remains
unclear whether the circulating levels of these media-
tors might precisely reflect the real expression of mol-
ecules attached to the endothelium or leukocytes. Sec-
ond, the number of subjects in this study is relatively
low, although the characteristics of the subjects were

200 -

%

4

100

cMCP-1 (pg/mi)

—_

[

0OSAS

Control

Fig. 7. Baseline levels of circulating monocyte chemoattractant pro-
tein-1 (¢cMCP-1) in the control and OSAS groups. *P < 0.05 vs.
normal controls.
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well matched. Increasing the number of subjects may
be required to confirm the interpretation of the present
results, and we should acknowledge this point.

It has been recently postulated that inflammatory
process has a crucial role in the pathogenesis of ath-
erosclerosis, leading to the various cardiovascular dis-
orders (1, 9). To promote migration of leukocytes from
circulation to inflamed areas, it is essential for leuko-
cytes to adhere to vascular endothelium via adhesion
molecules (32). Especially, ICAM-1 has been reported
to play important roles in leukocyte migration to in-
flamed area (2, 3, 29). ICAM-1 is an 80- to 110-kDa
glycoprotein consisting of five immunoglobulin-like do-
mains and a ligand for LFA-1a (18, 32). It has been
demonstrated that the ICAM-1/LFA-la pathway
evolves to function in cell-cell adhesion (33) and medi-
ates various inflammatory diseases (16, 19, 21, 22, 35).
Recently, it has been reported that the circulating
ICAM-1 levels are higher in patients with ischemic
heart disease than those in controls (20). Moreover, the
circulating ICAM-1 level may indicate a risk of future
myocardial infarction, suggesting that antiadhesion
therapies can be considered as a novel therapeutic
means of cardiovascular disease (26). In the previous
study, we have demonstrated that the circulating
ICAM-1 level is significantly increased compared with
the control group, suggesting that OSAS-induced hyp-
oxia may induce the activation of ICAM-1 and the
inflammation of endothelium in patients with OSAS
(24). This observation may give rise to a hypothesis
that the therapy for OSAS might be a potential ap-
proach to prevention of cardiovascular disorders via
antiadhesion mechanism.

Recently, it has been demonstrated that IL-8 may
play an important role in the development of athero-
sclerosis (4, 10, 31). Although monocytes contribute to
the development of atherosclerotic lesions, IL-8 is a
powerful  trigger for firm adhesion of monocytes to
vascular endothelium (10). It has been shown that
hypoxia induces expression and/or generation of IL-8
(13, 30), indicating that OSAS-associated desaturation
could lead to upregulatation of IL-8 expression. In
addition, one could presume that the effective therapy

J Appl Physiol « VOL 94 « JANUARY 2003 « www.jap.org
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for OSAS may attenuate hypoxic stress, which may
prevent the development of vascular lesions via the
reduction of IL-8 production.

To treat patients with OSAS, nCPAP therapy is
widely used, because nCPAP reduces excessive day-
. time sleepiness and improves quality of life (8, 27).
Based on the recent studies, beneficial effects of
nCPAP on the prognosis of OSAS-associated diseases
are anticipated, but there exists little evidence to prove
this notion. We therefore performed this study to ad-
dress the question whether nCPAP could affect physi-
ological phenomena and production of proinflamma-
tory mediators. We observed that long-term nCPAP
was effective to improve sleepiness, nocturnal apnea,
and desaturation and that the levels of circulating
mediators were reduced after nCPAP. One of the pos-
sible explanations is that nCPAP decreases hypoxic
episodes, resulting in the reduction of hypoxia-induced
inflammation and expression of ICAM-1 and IL-8. Con-
sidering the proinfiammatory effects of ICAM-1 and
IL-8, the attenuated production of these mediators
elicited by nCPAP may suggest a novel approach to
manage OSAS and prevent OSAS-associated inflam-
matory diseases.

To assess the severity of hypoxia induced by OSAS,
we used DM. Possibly, this parameter may reflect
OSAS-induced hypoxic stress more directly than Al
The usual way to assess the degree of OSAS includes
the number of apnea episodes, but DM could reflect
both decreases in Sap, and time spent below 90%.
However, to accurately analyze the hypoxic stress,
exploring other indexes of hypoxic stress may be im-
portant and helpful.

We observed that there was a significant correlation
between circulating ICAM-1 and IL-8 in the population
studied. It has been demonstrated that nuclear tran-
scription factor (NF)-«B regulates the synthesis and
expression of both ICAM-1 and IL-8 (26, 27). In addi-
tion, NF-«B is upregulated by hypoxia, leading to the
increased expression of both ICAM-1 and IL-8 (7, 37).
These reports may explain the present findings that
there were significant correlations between desatura-
tion and mediators measured.

We further investigated the level of circulating
MCP-1 in the normal and OSAS groups. Recently, it
has been reported that the level of MCP-1 is increased
in patients with coronary heart disease (14). In the
present study, we observed that the level of MCP-1 in
the OSAS group was increased compared with that of
the normal group. Possibly, the increases in the circu-
lating chemokines, including MCP-1, may play an im-
portant role in the pathogenesis in OSAS patients
complicated with cardiovascular disease.

In summary, the circulating ICAM-1, IL-8, and
MCP-1 levels increased in the OSAS patients com-
pared with the normal subjects. After nCPAP therapy,
significant decreases in the levels of ICAM-1 and IL-8
were observed in the OSAS group. Taken together,
OSAS-induced hypoxia activates ICAM-1 and IL-8, re-
sulting in the important risk factor of cardiovascular
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disorders. Treatment of OSAS with the use of nCPAP
can be, therefore, a potential approach to decrease risk
of the progression of OSAS-associated disorders.

This work was supported in part by Grant-in-Aid for Scientific
Research from the Ministry of Education, Science, Sports, and Cul-
ture of Japan and by Grant-in-Aid for Comprehensive Research on
Aging and Health from the Ministry of Health, Labour and Welfare
of Japan. .
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Aoki-Nagase, Tomoko, Takahide Nagase, Yoshio Oh-
hashi, Takayuki Shindo, Yukiko Kurihara, Yasuhiro
Yamaguchi, Hiroshi Yamamoto, Tetsuji Tomita, Eijiro
Ohga, Ryozo Nagai, Hiroki Kurihara, and Yasuyoshi
Ouchi. Attenuation of antigen-induced airway hyperrespon-
siveness in CGRP-deficient mice. Am J Physiol Lung Cell Mol
Physiol 283: 1.963-1.970, 2002. First published June 21,
2002; 10.1152/ajplung.00130.2002.—Bronchial hyperrespon-
siveness and eosinophilia are major characteristics of
asthma. Calcitonin gene-related peptide (CGRP) is a neu-
ropeptide that has various biological actions. In the present
study, we questioned whether CGRP might have pathophys-
iological roles in airway hyperresponsiveness and eosino-
philia in asthma. To determine the exact roles of endogenous
CGRP in vivo, we chose to study antigen-induced airway
responses using CGRP gene-disrupted mice. After ovalbumin
sensitization and antigen challenge, we assessed airway re-
sponsiveness and measured proinflammatory mediators. In
the sensitized CGRP gene-disrupted mice, antigen-induced
bronchial hyperresponsiveness was significantly attenuated
compared with the sensitized wild-type mice. Antigen chal-
lenge induced eosinophil infiltration in bronchoalveolar la-
vage fluid, whereas no differences were observed between the
wild-type and CGRP-mutant mice. Antigen-induced in-
creases in cysteinyl leukotriene production in the lung were
significantly reduced in the CGRP-disrupted mice. These
findings suggest that CGRP could be involved in the antigen-
induced airway hyperresponsiveness, but not eosinophil in-
filtration, in mice. The CGRP-mutant mice may provide ap-
propriate models to study molecular mechanisms underlying
CGRP-related diseases.

asthma; bronchial hyperreactivity; eosinophilia; leukotriene;
knockout mouse

BRONCHIAL HYPERRESPONSIVENESS and inflammation, in-
cluding eosinophilia, are major characteristics of
asthma (11, 12, 23). Recent studies have shown that
various mediators, including cytokines, eicosanoids,
and adhesion molecules, are involved in the develop-

ment of asthma. Genetic features are also potentially
associated with the etiology of asthma. On the basis of
the inheritance pattern, a number of genes could have
substantial roles in the pathogenesis of bronchial
asthma (43). However, the exact molecular mecha-
nisms of bronchial asthma remain to be elucidated.

Calcitonin gene-related peptide (CGRP), a 37-amino
acid neuropeptide, has various biological actions, in-
cluding responses to sensory stimuli, cardiovascular
regulation, and vasodilation (2, 3, 19, 20). CGRP be-
longs to the calcitonin family of peptides, which in-
cludes calcitonin, amylin, and adrenomedullin. The
calcitonin receptor-like receptor functions as a CGRP
receptor in the presence of receptor activity-modifying
protein 1 (RAMP1) (24). There are two CGRP isoforms:
a-CGRDP, which is present in the central and peripheral
nervous system (42), and B-CGRP, which is expressed
in specific neuronal sites (1). It has been shown that
CGRP, a potent vasodilator (22), modulates hypoxic
pulmonary vasoconstriction (17). Recent studies using
genetically engineered mice have shown that CGRP-
knockout mice exhibit increased blood pressure and
overactivation of the sympathetic nervous system (38).

In the respiratory system, CGRP is synthesized by
sensory C-fibers throughout the respiratory tree (47).
CGRP is alsgo found in neuroepithelial cells of the lung
and coexists with tachykinins in many airway sensory
nerves (20), and CGRP receptors have been found to
densely populate lung vessels (17). In terms of its
physiological role, it has been reported that CGRP
potently constricts airway smooth muscle in humans
(89) and guinea pigs (41). In addition, it has been
shown that CGRP has a significant role in eosinophilia
in allergic inflammation (7, 37). On the basis of these
observations, it is assumed that CGRP might be in-
volved in the pathogenesis of bronchial asthma.

In the present study, we questioned whether
o-CGRP might have pathophysiological roles in airway
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