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a b s t r a c t

5-[4-Acridin-9-ylamino]phenyl]-5-methyl-3-methylenedihydrofuran-2-one (CYL-26z)

inhibited the polymorphonuclear leukocyte (PMNL) infiltration and protein leakage into

the lungs in lipopolysaccharide (LPS)-induced acute lung injury (ALI) in mice as determined

on the basis of PMNL and protein contents in bronchoalveolar lavage (BAL) fluid and

myeloperoxidase (MPO) content in whole lung extracts. CYL-26z also attenuated the for-

myl-Met-Leu-Phe (fMLP)-induced neutrophil chemotaxis and respiratory burst in vitro (IC50

8.4 � 0.9 mM and 2.0 � 0.6 mM, respectively). CYL-26z had no effect on superoxide anion

(O2
��) generation during dihydroxyfumaric acid autoxidation or on the NADPH oxidase

activity in two cell-free systems (the arachidonic acid-induced assembly of NADPH oxidase

and the preassembled oxidase caused by phorbol ester treatment), whereas it inhibited NaF-

induced respiratory burst. Inhibition of respiratory burst by CYL-26z was readily reversible

by washing. Only slight, but significant, inhibition of extracellular signal regulated kinase

(ERK) phosphorylation and p38 mitogen-activated protein kinase (MAPK) activation in

response to fMLP by CYL-26z up to 30 mM was obtained. CYL-26z effectively blocked the

formation of phosphatidylinositol-3,4,5-trisphosphate (PtdIns(3,4,5)P3) as determined by

immunofluorescence microscopy and flow cytometry assays and the dual phosphorylation

of protein kinase B (PKB/Akt) on S473 and T308 residues in fMLP-stimulated neutrophils. The

membrane recruitment of p110g and Ras, the Ras activation, and the association between

p110g and Ras were also attenuated by CYL-26z. These results indicate that the blockade of

Ras activation by CYL-26z attenuated the downstream phosphoinositide 3-kinase (PI3K) g

signaling, which is involved in chemoattractant-induced neutrophil chemotaxis and

respiratory burst, and may have a beneficial anti-inflammatory effect on ALI.
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MAPKAPK-2, MAPK-activated

protein kinase-2

MPO, myeloperoxidase

O2
��, superoxide anion

PDK, 30-phosphoinositide-dependent

kinase

PI3K, phosphoinositide 3-kinase

PKB/Akt, protein kinase B

PMA, phorbol 12-myristate 13-acetate

PtdIns(3,4,5)P3, phosphatidylinosi-

tol-3,4,5-trisphosphate
1. Introduction

Neutrophils are cells of the innate immune system, which are

recruited to sites of acute inflammation in response to

chemoattractants. Most chemoattractants bind to a Gi-coupled

receptor to elicit a range of responses in leukocytes including

chemotaxis and respiratory burst [1]. Chemotaxis is a complex

process that involves the functional coordination of a diverse

array of proteins to induce morphological changes character-

ized by cell elongation and formation of lamellae at the leading

edge and to produce cellular movement via rearrangements of

the actin cytoskeleton [2]. The recruitment of neutrophils into

inflamed tissues is dependent upon a series of sequential

adhesive events that occur between neutrophils and the

microvasculature. This includes up-regulation of adhesion

molecules on the luminal surface of blood vessels and on the

circulating neutrophils to promote rapidattachment and rolling

of these cells in preparation for transendothelial migration

toward inflammatory foci [3]. However, the abnormal accumu-

lation of neutrophils has implicated in several diseases.

The rapid accumulation of neutrophils in the lung in

response to inflammatory stimuli is one of the first recogniz-

able events and plays a critical role in the pathogenesis of

many pulmonary diseases such as acute lung injury (ALI) and

acute respiratory distress syndrome [4], through the release of

reactive oxygen species and lysosomal enzymes. These

pulmonary diseases are clinical syndromes characterized by

an excessive inflammatory response that ultimately leads to a

disruption of alveolar-capillary integrity with severe conse-

quences for pulmonary gas exchange. At present, no specific

therapy is available for these syndromes. The process by

which neutrophils cross the pulmonary vasculature, migrate

through the lung interstitium, and ultimately accumulate in

the airways requires complex interactions between circulating

leukocytes and the cells of the lung [5]. Although interactions

between leukocytes and endothelium have been well char-

acterized in the systemic microcirculation, molecular require-

ments in the lung are not well defined yet.

5-[4-Acridin-9-ylamino]phenyl]-5-methyl-3-methylenedi-

hydrofuran-2-one (CYL-26z) has been found to inhibit phos-

pholipase D activity through the blockade of RhoA activation

in rat neutrophils [6] and to down-regulate the tumor necrosis

factor-a-induced intercellular adhesion molecule-1 (ICAM-1)

expression through suppression of IkB kinase activity and NF-

kB activation in human A549 alveolar epithelial cells and the
adhesion of human U937 monocytic leukemia cells to A549

cells [7]. Since the reorganization of actin filament to

formation of the leading edge in neutrophils is modulated

by Rho family G proteins [8] and by the participation of ICAM in

the recruitment of neutrophils to the endothelium [3], we

decided to investigate the in vivo as well as in vitro effect of

CYL-26z on neutrophil chemotaxis in the present study.
2. Materials and methods

2.1. Materials

Dextran T-500, enhanced chemiluminescence reagent, and

protein A agarose beads were purchased from Amersham

Pharmacia Biotech. Hanks’ balanced salt solution (HBSS) and

calcein-AM were obtained from Invitrogen. Mouse monoclo-

nal PtdIns(3,4,5)P3 antibody was obtained from Echelon

Research Laboratories. Rabbit polyclonal antibodies to Akt1/

2, CD88, and goat polyclonal p110g antibodies were obtained

from Santa Cruz Biotechnology. Rabbit polyclonal antibodies

to phospho-p44/42 MAPK, phospho-p38 MAPK, phospho-

Akt(S473) and phospho-Akt(T308) were purchased from Cell

Signaling Technology. Mouse monoclonal GST antibody was

obtained from Abcam. Secondary antibodies were obtained

from Jackson ImmunoResearch Laboratories. 2-(4-Morpholi-

nyl)-8-phenyl-4H-1-benzopyran-4-one (LY 294002) and 4-(4-

fluorophenyl)-2-(4-methylsulfinylphenyl)-5-(4-pyridyl)-1H-

imidazole (SB 203580) were obtained from Calbiochem-

Novabiochem. Polyvinylidene difluoride membrane was

obtained from Millipore. Ras activation assay kit was

purchased from Upstate. Liu’s stain kit was purchased from

Tonyar Biotechnology (Taiwan). FluoroBlokTM Insert System

was obtained from BD Biosciences. Other chemicals were

purchased from Sigma–Aldrich. CYL-26z (purity > 99%) was

dissolved in dimethyl sulfoxide (DMSO). The final volume of

DMSO in the reaction mixture was <0.5%.

2.2. Murine model of ALI

BALB/c mice (20–25 g), obtained from the National Laboratory

Animal Center (Taiwan), were divided into five experimental

groups. CYL-26z or vehicle was intraperitoneally administered

0.5 h before a single intratracheal injection of saline (50 ml) or

lipopolysaccharide (LPS) (100 mg/50 ml) [9]. Animals received
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DMSO followed by saline (group A, n = 16) or LPS (group B,

n = 19) challenge. In other three groups, animals received

3 mmol/kg (group C, n = 16), 10 mmol/kg (group D, n = 18) or

30 mmol/kg (group E, n = 18) of CYL-26z followed by LPS

challenge. Six hours after saline or LPS administration, mice

were anesthetized with sodium pentobarbital (60 mg/kg, i.p.).

The lungs of half of mice in each group were lavaged in situ via

tracheal cannula with five 1-ml aliquots of sterile saline. The

total cell count and the populations of macrophage and

polymorphonuclear leukocytes (PMNLs) (in a total of 200 cells)

in bronchoalveolar lavage (BAL) were determined. Protein

concentrations in the cell-free BAL were determined using Bio-

Rad protein assay reagents. A standard curve was generated in

the same fashion using bovine serum albumin. The lungs of

the rest of the mice in each group were isolated and

homogenized in 0.1 M phosphate buffer (pH 7.0) supplemen-

ted with 0.5% cetyltrimethylammonium bromide for myelo-

peroxidase (MPO) analysis [10]. Briefly, the supernatant was

added into a 1.5 ml phosphate buffer containing 0.2%

cetyltrimethylammonium bromide in the presence of

10 mM guaiacol. Reaction was stated by the addition of

0.01% H2O2 and the absorbance change was monitored at

470 nm. All experiments were approved by the Institutional

Animal Ethics Committee and conducted in accordance with

the principles and guideline of the U.S. National Institute of

Health Guide for the Care and Use of Laboratory Animals.

2.3. Isolation of neutrophils

Rat (Sprague–Dawley, 350–400 g) blood was collected from the

abdominal aorta and the neutrophils were purified by dextran

sedimentation, centrifugation through Ficoll-Paque, and

hypotonic lysis of erythrocytes [11]. Purified neutrophils

containing >95% viable cells were resuspended in HBSS

containing 10 mM HEPES, pH 7.4, and 4 mM NaHCO3, and

kept in an ice bath before use.

2.4. Chemotaxis assay

Neutrophils chemotaxis was performed by FluoroBlok Insert

Systems according to the instructions of the manufacturer.

Briefly, neutrophils (107 cells) were incubated with 5 mM calcein-

AM for 15 min at 37 8C. After being washed, cells were resus-

pended in HBSS containing 1% bovine serum albumin. Calcein-

loaded cells were placed in FluoroBlok Inserts in the presence or

absence of 0.1 mM formyl-Met-Leu-Phe (fMLP). Chemotaxis was

measured by detecting the fluorescence of cells migrating

through the pores (3 mm) to the lower chamber. Fluorescence

changes, termed as relative fluorescence units (RFUs), were

monitoredwithafluorescencemicroplatereaderat485/530 nm.

2.5. Measurement of superoxide anion (O2
�S) generation

Neutrophil O2
�� generation was determined by the superoxide

dismutase-inhibitable reduction of ferricytochrome c [11].

Briefly, the assay mixture contained neutrophil suspension

(2 � 106 cells) and 40 mM of ferricytochrome c in a final volume

of 1.5 ml. For the determination of O2
�� scavenging activity,

the O2
�� generation in a cell-free system was assessed by

measuring the reduction of nitroblue tetrazolium during
dihydroxyfumaric acid (1.78 mM) autoxidation. Absorbance

changes in the reduction of ferricytochrome c and nitroblue

tetrazolium were monitored continuously at 550 and 560 nm,

respectively, in a double-beam spectrophotometer.

2.6. Measurement of NADPH oxidase activity in cell-free
systems

Neutrophils (1 � 108 cells) were treated with 2.5 mM diisopropyl

fluorophosphate, then disrupted in Tris buffer by sonication,

and fractionated by centrifugation as described previously [11].

Briefly, supernatants were pooled as the cytosolic fractions.

Pellets were collected and resuspended in Tris buffer as the

membrane fractions. Plasma membrane and cytosolic fractions

weremixedin1.5 mlofassaybuffer (0.17 Msucrose,2 mMNaN3,

1 mM MgCl2, 1 mM EGTA, 65 mM KH2PO4–NaOH, pH 7.0)

supplemented with 10 mM FAD, 3 mM GTPgS, 0.25 mg/ml of

ferricytochrome c, 50 mM NADPH, and activated by 100 mM

arachidonic acid. Phorbol 12-myristate 13-acetate (PMA)-acti-

vated NADPH oxidase was isolated and the activity was

determined as described previously [11]. Briefly, the assay

mixture contained 0.04% (w/v) sodium deoxycholate, 12.5 mM

FAD, 0.25 mg/ml of ferricytochrome c, particulate protein

solution, and 62.5 mM NADPH in a finalvolume of 1.6 ml. NADPH

oxidase activity was measured spectrophotometrically by

continuous detection of the absorbance changes of superoxide

dismutase-inhibitable ferricytochrome c reduction at 550 nm.

2.7. Immunoblot analysis of protein phosphorylation

The reactions of neutrophil (2 � 107 cells) suspension were

terminated by the addition of a stop solution containing 20%

(w/v) trichloroacetic acid, 1 mM phenylmethylsulphonyl

fluoride, 2 mM N-ethylmaleimide, 10 mM NaF, 2 mM Na3VO4,

2 mM p-nitrophenyl phosphate, and 10 mg/ml each of leupep-

tin and pepstatin A. Proteins (60 mg per lane) were resolved by

10% SDS-PAGE (for MAPK) or 7.5% SDS-PAGE (for PKB/Akt), and

then transferred to polyvinylidene difluoride membrane [11].

The membranes were blocked with 5% (w/v) nonfat dried milk

and probed with anti-phospho-p38 MAPK, anti-phospho-

MAPKAPK-2, anti-phospho-Akt(S473) or anti-phospho-

Akt(T308) antibodies. The blots were then stripped and

reprobed with anti-p38 MAPK or anti-Akt antibody to

standardize protein loading. Detection was performed with

the enhanced chemiluminescence reagent. Quantification

was by Luminescent Image Analyzer (Fujifilm LAS-3000).

2.8. Detection of phosphatidylinositol-3,4,5-trisphosphate
(PtdIns(3,4,5)P3) formation by immunofluoroscence
microscopy and by flow cytometry

Neutrophils (5 � 105 cells) were fixed with 4% paraformalde-

hyde in TBS (150 mM NaCl, and 10 mM Tris–HCl, pH 7.5) and

plated onto poly-L-lysine coated coverslips. Cells were then

thoroughly washed twice and permeabilized with saponin

solution (0.2% saponin, 100 mM NaCl, 10 mM Tris–HCl, pH 7.5,

2% fetal bovine albumin, and 1% bovine serum albumin) at

room temperature for 30 min. After blocking with 10% bovine

serum albumin, anti-PtdIns(3,4,5)P3 antibody was added and

incubated at 4 8C overnight. Cells were then washed three
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Fig. 1 – Effect of CYL-26z (CYL) on LPS-induced ALI in mice.

(A) DMSO or 3–30 mmol/kg of CYL were intraperitoneally

injected 0.5 h prior to intratracheal instillation of LPS

(100 mg/50 ml saline) or saline in BALB/c mice. Six hours

later, half of the mice in each group were anesthetized and

used to collect the BAL fluid for PMNL and macrophage

count. (B) The lungs of the rest of the mice in each group

were removed for the measurement of MPO activity. (C)

Lung permeability was determined by quantitating the

protein content in the cell-free BAL. Values are

means W S.D. of 8–10 mice per group. *p < 0.05, as

compared with the corresponding vehicle control values

(column 1). #p < 0.05, as compared with the corresponding

LPS-challenged control values (column 2).
times with TBS, and rhodamine-labeled anti-mouse IgM

antibody was added and incubated at room temperature for

30 min. The fluorescence in the cells was observed using a

confocal laser-scanning microscope (Leica TCS NT).

After fixation, permeabilization and blocking of neutro-

phils with 2% bovine serum albumin, anti-PtdIns(3,4,5)P3

antibody was added and incubated for 2 h at room tempera-

ture. After being washed with TBS, the secondary antibody

was added and incubated at room temperature for 1 h and

counted on a FACSCalibur flow cytometry system in both side

and forward scatter using Cell-FIT software. The mean

fluorescence intensity (MFI) of the control group was sub-

tracted from the MFI of the specific antibody-treated groups.

2.9. Membrane association of p110g and Ras

Neutrophils (2 � 107 cells/ml) were suspended in ice-cold

extraction buffer (50 mM Tris–HCl, pH 7.5, 2 mM EGTA,

50 mM 2-mercaptoethanol, 1 mM phenylmethylsulphonyl

fluoride, 1 mM benzamidine, and 10 mg/ml each of aprotinin,

leupeptin and pepstatin A). After sonication, the lysates were

centrifuged (800 � g for 10 min at 4 8C) to remove the unbroken

cells and nuclei, and then further centrifuged (150,000 � g for

90 min at 4 8C) to collect pellets as membrane fractions.

Proteins were resolved by 10% SDS-PAGE (for p110g) or 15%

SDS-PAGE (for Ras), and probed with antibodies against p110g

and Ras, respectively, and also with CD88 antibody to

standardize the protein loading.

2.10. Ras activation assay

Ras activation was determined by using a Ras activation assay

kit according to the instructions of the manufacturer. Neu-

trophils (2 � 107 cells) were washed twice with ice-cold HBSS

containing 25 mM NaF and 1 mM Na3VO4, and then resus-

pended in Mg2+ lysis/wash buffer (25 mM HEPES, pH 7.5, 150 mM

NaCl, 1%IgepalCA-630, 10 mMMgCl2, 1 mMEDTA, 10% glycerol,

10 mg/mleach of aprotinin and leupeptin, 25 mMNaF, and 1 mM

Na3VO4) on ice for 15 min. After centrifugation (14,000 � g for

5 min at 4 8C), the cell lysate was incubated with GST fusion Raf-

1 Ras-binding domain (RBD) agarose for 1 h at 4 8C with constant

mixing. The beads were then washed three times with lysis

buffer and eluted by boiling in Laemmli sample buffer. Ras was

detected by immunoblotting with anti-Ras antibody, and the

blots above were also probed with antibody against GST to

standardize the protein loading in each lane.

2.11. Immunoprecipitation of p110g

Neutrophils (2 � 107 cells) were suspended in 0.5 ml lysis

buffer (50 mM Tris–HCl, pH 8.0, 100 mM NaCl, 1 mM EGTA,

1 mM EDTA, 1% Nonidet P-40 (v/v), 0.05% SDS, 0.5% sodium

deoxycholate, 2 mM Na3VO4, 1 mM dithiothreitol, and 1 mg/ml

each of leupeptin, aprotinin, and pepstatin A) on ice for 30 min

[12]. Cell debris was sedimented (12,000 � g for 10 min at 4 8C).

Lysates (0.5 mg protein) were precleared by incubation with

protein A-Sepharose (10 ml of a 1:1 slurry). Supernatants were

then incubated with an anti-p110g antibody for 2 h at 4 8C with

constant mixing. Protein A-Sepharose was added and after

overnight incubation at 4 8C, the immunocomplexes were
sedimented and washed twice with lysis buffer. The samples

were then used in Western blot analysis.

2.12. Statistical analysis

Statistical analyses were performed using ANOVA followed by

the Bonferroni t-test for multigroup comparisons; p < 0.05 was

considered significant for all tests. The curve estimation

regression analysis with logarithmic model (SPSS) was used to

calculate IC50 values.
3. Results

3.1. Effect of CYL-26z on LPS-induced ALI in murine model

The murine model of ALI, which uses a single intratracheal

administration of LPS, the major structural component of the

outer wall of gram-negative bacteria, to induce an acute
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inflammatory response, was designed to study the critical

early stages of lung inflammation in which neutrophil

recruitment is a central feature [9]. PMNL migration into the

lungs in response to LPS was determined on the basis of BAL

fluid PMNL content and MPO, an azurophil granule constituent

of neutrophils, content in whole lung extracts. A significant

increase was found in PMNL, but not macrophages, and MPO

contents from mice 6 h after airway instillation of LPS, which

is in line with the results of previous reports [13,14].

Pretreatment of mice with CYL-26z evoked a dose-dependent

attenuation of both responses (Fig. 1A and B), and a statistical

significance began at 3 and 10 mmol/kg of CYL-26z for PMNL

and MPO contents, respectively. Moreover, after LPS challenge,

protein levels in the cell-free BAL as an index of vascular

leakage were significantly increased compared with uninjured

(control) lungs (Fig. 1C). This response was also attenuated by

CYL-26z in a dose-dependent manner. CYL-26z might have
Fig. 2 – Effects of CYL-26z (CYL) on chemotaxis and respiratory bu

were incubated with DMSO, 3–30 mM CYL, 30 mM SB 203580 (SB) o

FluoroBlok Inserts in the presence or absence of 0.1 mM fMLP for

expressed as means W S.D. of four independent experiments. *p <

1). #p < 0.05, as compared with the activated control values (colum

for the indicated time, or (C) with DMSO, 0.3–10 mM CYL for 10 m

dihydrocytochalasin B (5 mg/ml) before stimulation with 1 mM fM

expressed as means W S.D. of 4–5 independent experiments. *p <

values.
beneficial anti-inflammatory effects on ALI as evidenced from

the parallelism of the inhibition of both PMNL influx and

protein leakage into the lung.

3.2. Effect of CYL-26z on neutrophil chemotaxis

Since neutrophils infiltrate into the lung via chemotaxis, we

next examined the effect of CYL-26z on neutrophil chemotaxis

in vitro. Addition of chemoattractant fMLP, which activates G

protein-coupled receptor, significantly evoked calcein-loaded

neutrophils migrating from the FluoroBlok Inserts to the lower

chamber as assessed by detecting the increase in fluorescence

intensity. This response was attenuated by SB 203580 (30 mM),

the p38 mitogen-activated protein kinase (MAPK) inhibitor,

and LY 294002 (30 mM), the phosphoinositide 3-kinase (PI3K)

inhibitor, and by CYL-26z in a concentration-dependent

manner with an IC50 value of 8.4 � 0.9 mM (Fig. 2A). Cell
rst in fMLP-stimulated neutrophils. (A) Calcein-loaded cells

r 30 mM LY 294002 (LY) for 10 min. Cell were then placed in

2 h. The fluorescence intensity was determined. Values are

0.05, as compared with the vehicle control values (column

n 2). Cells were preincubated (B) with DMSO or 10 mM CYL

in, or 1 mM trifluoperazine (TFP) for 3 min in the presence of

LP. The O2
�S generation was then determined. Values are

0.05, as compared with the corresponding vehicle control
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viability was >95% during the incubation with 30 mM CYL-26z

at 37 8C for 20 min [6] as well as for 2 h (assessed by trypan blue

exclusion and lactate dehydrogenase release). Thus the

inhibition of neutrophil chemotaxis may account for the

attenuation of neutrophil infiltration into the lung.

3.3. Effect of CYL-26z on O2
�S generation

Lung injury is related to the production of reactive oxygen

species [15], which play a key role in microvascular perme-

ability in acute inflammation. Activated neutrophils release

reactive oxygen species (O2
�� and its metabolites) through

NADPH oxidase [16], which catalyzes the reduction of

extracellular O2. This O2 consumption process is termed

respiratory burst. Stimulation of neutrophils with 1 mM fMLP

evoked a rapid and transient O2
�� generation, which was

abolished by pretreatment of cells with 1 mM trifluoperazine,

the NADPH oxidase inhibitor. CYL-26z caused a time-depen-
Fig. 3 – Effect of CYL-26z (CYL) on O2
�S generation. (A) The reactio

or (B) the PMA-activated neutrophil particulate NADPH oxidase

CYL, or 1 mM diphenylene iodonium (DPI) for 10 min, and then N

100 mM arachidonic acid. Values are expressed as means W S.D

with the corresponding control values (column 1, 2.6 W 1.2 nmo

DMSO (as control), 0.3–10 mM CYL or 30 mM LY 294002 (LY) for 10

stimulation with 10 mM NaF. Values are expressed as means W

compared with the control values (5.2 W 1.1 nmol O2
�S/10 min).

10 mM CYL for 10 min before being washed twice or not being w

dihydrocytochalasin B (5 mg/ml). Values are expressed as mean

compared with the corresponding control values. #p < 0.05.
dent inhibition of O2
�� generation in response to fMLP,

significant inhibition was detected at 3 min (54.7 � 4.2%,

p < 0.05) and maximal inhibition was detected after 10 min

pretreatment (Fig. 2B). CYL-26z also resulted in a concentra-

tion-dependent inhibition of O2
�� generation with an IC50

value of 2.0 � 0.6 mM (Fig. 2C). The lack of difference in the

absorbance change between the presence and the absence of

30 mM CYL-26z during O2
�� generation in a dihydroxyfumaric

acid autoxidation cell-free system, even though SOD (2.5 mg/

ml) completely abolished the O2
�� generation (OD560

0.092 � 0.005 for control versus 0.002 � 0.001), preclude the

O2
�� scavenging activity of CYL-26z.

Addition of 100 mM arachidonic acid to the mixture of

neutrophil membrane and cytosol fractions leads to the

assembly of NADPH oxidase [17], whereas the NADPH oxidase

is already assembled in a PMA-activated neutrophil particu-

late NADPH oxidase preparation [18]. In the presence of

NADPH the O2
�� generation in both cell-free systems was
n mixtures of neutrophil cytosolic and membrane fractions

preparations were preincubated with DMSO, 30 or 50 mM

ADPH was added in the presence (for A) or absence (for B) of

. of four independent experiments. *p < 0.05, as compared

l O2
�S/10 min for B). (C) Neutrophils were pretreated with

min, or with 1 mg/ml of pertussis toxin (PTX) for 1 h before

S.D. of 4–5 independent experiments. *p < 0.05, as

(D) Neutrophils were incubated with DMSO (as control) or

ashed, then stimulated with 1 mM fMLP in the presence of

s W S.D. of 4–5 independent experiments. *p < 0.05, as
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Fig. 4 – Effect of CYL-26z (CYL) on p38 MAPK activation in

fMLP-stimulated neutrophils. Cells were preincubated

with DMSO, 1–30 mM CYL or 30 mM SB 203580 (SB) for

10 min in the presence of dihydrocytochalasin B (5 mg/ml)

before stimulation or no stimulation with 1 mM fMLP for

1 min. Cell lysates were immunoblotted with anti-

phospho-p38 MAPK (P-p38) and anti-phospho-MAPKAPK-

2 (P-MK2) antibodies. The blot above was then stripped

and reprobed with anti-p38 MAPK (p38) antibody. The

ratio of immunointensity between the p38 and P-p38 or P-

MK2 was calculated. Values are expressed as

means W S.D. of 3–4 independent experiments. *p < 0.05,

as compared with the corresponding control values (lane

1). #p < 0.05, as compared with the corresponding activated

control values (lane 2).

Fig. 5 – Effect of CYL-26z (CYL) on PKB/Akt phosphorylation

in fMLP-stimulated neutrophils. Cells were preincubated

with DMSO, 1–50 mM CYL or 30 mM LY 294002 (LY) for

10 min in the presence of dihydrocytochalasin B (5 mg/ml)

before stimulation or no stimulation with 1 mM fMLP for

1 min. Cell lysates were immunoblotted with anti-

phospho-Akt(T308) (P-T308) or anti-phospho-Akt(S473) (P-

S473) antibodies. The blots above were then stripped and

reprobed with anti-Akt antibody. The ratio of

immunointensity between the phospho-Akt and Akt was

calculated. Values are expressed as means W S.D. of 3–4

independent experiments. *p < 0.05, as compared with the

corresponding activated control values (lane 2, ratio values

of 1.10 W 0.34 for P-S473 and 0.69 W 0.18 for P-T308,

respectively).
abolished by 1 mM diphenylene iodonium, the NADPH oxidase

inhibitor, but was not affected by CYL-26z up to 50 mM (Fig. 3A

and B), excluding a target role of oxidase for CYL-26z. NaF has

been reported to directly activate G protein, bypassing fMLP

receptor, and to induce O2
�� generation in neutrophils [19].

This response was nearly abolished by 30 mM LY 294002 and

1 mg/ml of pertussis toxin, a Gi/o inhibitor. The ability of CYL-

26z (IC50 value of 3.4 � 1.2 mM) to inhibit NaF-induced O2
��

generation (Fig. 3C) supports a post-receptor level of inhibition

of signal transduction. The inhibitory effect of CYL-26z on

fMLP-induced O2
�� generation in neutrophils was reversed by

washing (36.2 � 4.7% for washing twice versus 90.3 � 3.9%

inhibition) (Fig. 3D).

3.4. Effect of CYL-26z on MAPK activation

At least three distinct mammalian MAPKs have been

identified, including extracellular signal regulated kinase

(ERK), c-Jun NH2-terminal kinase, and p38 MAPK [20]. p38

MAPK and ERK participate in LPS-induced ALI [21] and in

chemoattractant-induced neutrophil chemotaxis and respira-

tory burst [22,23]. However, the role of ERK is controversial.

The requirement of p38 MAPK signaling is supported by the
results that SB 203580 inhibited chemotaxis as shown in

Fig. 2A and O2
�� generation in our previous report [12].

Activation of p38 MAPK occurs after dual phosphorylation of

T/Y residues within the TGY motif by the upstream MAPK

kinases [24], which in turn stimulates phosphorylation and

activation of its downstream target, MAPK-activated protein

kinase-2 (MAPKAPK-2). Stimulation of neutrophils with fMLP

results in a rapid phosphorylation of p38 MAPK [25]. CYL-26z

had no effect on the phosphorylation of p38 MAPK and

MAPKAPK-2, except at the concentration of CYL-26z up to

30 mM (45% and 54% inhibition, respectively) (Fig. 4). A similar

inhibitory effect was obtained in ERK phosphorylation (data

not shown), obviating the role of MAPK. This notion is in line

with a previous report in human A549 alveolar epithelial cells

[7].

3.5. Effects of CYL-26z on protein kinase B (PKB/Akt)
phosphorylation and PtdIns(3,4,5)P3 formation

PI3K, the lipid kinase that phosphorylates the D-3 position of

the inositol ring of phosphoinositides, has been implicated in
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LPS-induced ALI [4] and plays a critical role in neutrophil

chemotaxis and respiratory burst [26]. This notion is consistent

with the results that LY 294002 inhibited chemotaxis as shown

in Fig. 2A and respiratory burst in our previous report [27]. PKB/

Akt, the effector of PI3K, is activated by ligation of PI3K product,

3-phosphoinositides, and subsequent phosphorylation on both

T308 and S473 residues by 30-phosphoinositide-dependent

kinases (PDK) for maximal activation [28]. Stimulation of

neutrophils with fMLP results in a rapid phosphorylation of

PKB/Akt [27]. CYL-26z inhibited the phosphorylation of both

T308 and S473 residues in a concentration-dependent manner

with IC50 values of 7.5 � 3.0 mM and 15.7� 2.0 mM, respectively

(Fig. 5). The parallelism of the inhibition of neutrophil activation

and PKB/Akt(T308) phosphorylation by CYL-26z implies a key

role for PI3K/Akt signaling.

The cellular PtdIns(3,4,5)P3 levels, the major product of class I

PI3Ks, serve as a convenient marker for PI3K activity and reflect

the level of lipid-dependent signaling inside cells. Stimulation

of neutrophils with fMLP resulted in PtdIns(3,4,5)P3 formation

that rapidly reached a peak at around 15 s [27]. Pretreatment of

cells with CYL-26z resulted in concentration-dependent

decrease in PtdIns(3,4,5)P3 formation, significantly at 3 mM

CYL-26z, with an IC50 value of 4.9� 1.5 mM as assessed by
Fig. 6 – Effect of CYL-26z (CYL) on PtdIns(3,4,5)P3 formation in fM

or 1–30 mM CYL for 10 min in the presence of dihydrocytochala

1 mM fMLP for 15 s. After fixation and permeabilization, cells we

counted in flow cytometry and observed by immunofluorescen

expressed as means MFI W S.D. of 4–5 independent flow cytom

control value; #p < 0.05, as compared with the activated control
confocal microscopy and flow cytometry (Fig. 6). These results

confirm the relevance of PI3K/Akt signaling to the CYL-26z

inhibition of neutrophil activation.

3.6. Effects of CYL-26z on membrane association of PI3Kg
and Ras activation

PI3Ks are categorized as class I (A and B), II and III, depending

on their subunit structure, regulation, and substrate selectiv-

ity [29]. Class I has been well characterized, whereas little is

known about the functions of class II and III PI3Ks. Class I

PI3Ks in resting cells are cytoplasmic proteins. Rat neutrophils

express the catalytic subunits of both class IA (p110a, p110b,

and p110d) and IB PI3K (p110g) [27]. Recent evidence showed

that PI3Kg deficiency impaired the migration of neutrophils in

vitro and the infiltration of neutrophils in vivo [30,31] and

inhibited neutrophil O2
�� generation [30]. Upon activation,

p110g is recruited into contact with membrane, where its lipid

substrates reside [32]. The membrane recruitment of p110g in

response to fMLP is detectable at 5 s and maximal within 15 s

[27]. CYL-26z showed a concentration-dependent inhibition of

fMLP-induced response with an IC50 value of 4.1 � 1.0 mM

(Fig. 7A), suggesting the involvement of PI3Kg.
LP-stimulated neutrophils. Cells were incubated with DMSO

sin B (5 mg/ml) before stimulation or no stimulation with

re probed with anti-PtdIns(3,4,5)P3 antibody. Samples were

ce confocal microscopy (scale bar is 8 mm). Values are

etry experiments. *p<0.05, as compared with the vehicle

value.
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Fig. 7 – Effect of CYL-26z (CYL) on the membrane recruitment of p110g and Ras activation in fMLP-stimulated neutrophils.

Cells were incubated with DMSO or 0.3–30 mM CYL for 10 min in the presence of dihydrocytochalasin B (5 mg/ml) before

stimulation with 1 mM fMLP for (A) 15 s, and then the cell membrane fractions were immunoblotted with anti-p110g

antibody, or for (B) 1 min, after which the cell lysates were precipitated with GST fusion Raf-1 RBD agarose, and then

immunoblotted with anti-Ras antibody. (C) The cell membrane fractions were immunoblotted with anti-Ras antibody. (D)

Cell lysates were immunoprecipitated with anti-p110g antibody, and then immunoblotted with anti-Ras antibody. The

blots above were also probed with anti-CD88, anti-GST or anti-p110g antibody as the protein loading control. The ratio of

immunointensity between the p110g and CD88 or between the Ras and GST, CD88 or p110g was calculated. The fold

increase in the immunointensity is expressed as means W S.D. of 4–5 independent experiments. *p < 0.05, as compared

with the corresponding vehicle control values (lane 1); #p < 0.05, as compared with the activated control values (lane 2).
The p110g contains Ras-binding domain for GTP form of

activated Ras, and signal downstream of Ras [32]. Stimulation

of neutrophils with fMLP evoked a rapid Ras activation

(assessed by precipitating Ras-GTP with GST-Ras-binding

domain agarose) and the recruitment of Ras to membrane

[27]. Both responses were concentration-dependently attenu-

ated by CYL-26z with IC50 values of 3.6 � 0.7 mM and

4.5 � 0.4 mM, respectively (Fig. 7B and C). In addition, the

association between Ras and p110g as assessed by immuno-

precipitation with anti-p110g antibody was inhibited by CYL-

26z with an IC50 value of 4.2 � 1.8 mM (Fig. 7D). Thus, the

blockade of Ras activation is likely involved in CYL-26z

inhibition of PI3Kg activation.
4. Discussion

In the present study, we found that CYL-26z inhibited PMNL

influx and lung permeability in LPS-induced ALI in mice as

evidenced from the decrease in PMNL and protein contents in

BAL fluid and MPO content in the lung extracts. PMNL

recruitment into the lung occurs in a cascade-like sequence

of activation, sequestration in pulmonary vessels, transen-

dothelial migration (from blood to interstitium), which is

dependent upon a series of sequential adhesive events that

occur between PMNL and the microvasculature, and transe-

pithelial migration (from interstitium to alveolar airspace),

which requires complex interactions between PMNL and the
cells of the lung [33]. In the setting of lung injury, effective

migration and accumulation of PMNL into the airspaces

requires coordinated responses including up-regulation of

adhesion molecules, cytoskeletal rearrangement, increases in

cell size and stiffness, and chemotaxis. Each migration step is

regulated by distinct adhesion molecules [34]. It is likely that

CYL-26z preferentially inhibited the transepithelial rather

than transendothelial migration step because a lower dosage

was required for inhibition of the PMNL content in BAL fluid

than the MPO content in lung extracts. CYL-26z has been

reported to suppress the ICAM-1 expression in alveolar

epithelial cells in vitro [7]; however, whether this action is

also carried on in vivo is far from clear. Further study will be

needed to clarify the exact mechanism and the target

molecule(s) whereby CYL-26z inhibits PMNL infiltration.

LPS is not an effective chemoattractant for neutrophils in

vitro [35], but can trigger an inflammatory cascade via the

synthesis of cytokines and other proinflammatory mediators,

such as TNF-a and chemokines, by the resident and infiltrated

inflammatory cells, which serve to amplify and perpetuate the

recruitment of leukocytes to the airspaces, in lung [36]. The

combined effects of TNF-a and chemokines on neutrophil

recruitment are complex and incompletely understood,

including activation of endothelial cells to express adhesion

molecules and induction of an array of secondary inflamma-

tory mediators [37]. TNF-a alone does not induce chemotaxis

of neutrophils in vitro [38]. We therefore examined the effects

of CYL-26z on neutrophil functions in response to fMLP, the
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most intensely studied chemoattractants from bacterial

proteins. Both PI3K and p38 MAPK signalings have been

implicated in LPS-induced ALI [4,21] and in chemoattractant-

induced neutrophil chemotaxis [22,26]. The results that SB

203580 and LY 294002 inhibited the fMLP-induced neutrophil

chemotaxis are compatible with this notion. Thus the

inhibition of neutrophil chemotaxis by CYL-26z may account

for the attenuation of PMNL infiltration in ALI.

The multicomponent NADPH oxidase consists of both

membrane-bound cytochrome b558 (p22phox and gp91phox),

which contains FAD and heme redox centers, and cytosolic

factors (p40phox, p47phox, p67phox and Rac) in the resting state.

These cytosolic factors translocate and interact with cyto-

chrome b558 to enter a functional state upon neutrophil

activation [16]. Assembly of the oxidase component, probably

through conformational change, is essential for the activation

of electron flow within cytochrome b558. In the present study,

two cell-free NADPH oxidase systems were studied. Protein

kinase C, which is directly activated by PMA, plays a role in the

phosphorylation of oxidase components and assembly of the

active NADPH oxidase complex in the membrane fraction [18].

Addition of arachidonic acid to the cytosolic and membrane

fractions mimics the effect of phosphorylation of p47phox upon

cell activation, and leads to assembly and activation of NADPH

oxidase [17]. CYL-26z attenuated the fMLP- and NaF-induced

respiratory burst but had no effect on O2
�� generation in

dihydroxyfumaric acid autoxidation and two cell-free NADPH

oxidase systems, suggesting interference with the cellular

signal transduction step(s) downstream of membrane recep-

tor activation. The parallel inhibition of neutrophil chemo-

taxis and respiratory burst by CYL-26z implies a beneficial

anti-inflammatory effect on ALI.

fMLP stimulates an array of signaling cascades that

culminate in the activation of neutrophils, in which phos-

pholipase D, phospholipase C, protein kinase C and Src family

tyrosine kinases pathways are essential for O2
�� generation

but not required for chemotaxis in neutrophils [30,39-41],

whereas p38 MAPK and PI3K pathways play important roles in

both responses [22,26]. The results that higher concentration

of CYL-26z was required to inhibit the phosphorylation of p38

MAPK and MAPKAPK-2 preclude the involvement of p38 MAPK

signaling. The PI3K product, PtdIns(3,4,5)P3, mediated the

recruitment of constitutively active PDK1 and inactive PKB/

Akt via the PH domain in both molecules from the cytosol to

the plasma membrane, and PKB/Akt was subsequently

phosphorylated on T308 by PDK1. Maximal activation of

PKB/Akt also requires phosphorylation of S473 in the hydro-

phobic motif, and phosphorylation by an unidentified kinase

called PDK2, the nature of which is controversial [28]. The

compelling candidates for PDK2 include rictor-mTOR com-

plex, PDK1, MAPKAPK-2, integrin-linked kinase, PKC-bII, and

DNA-dependent protein kinase [42,43]. Both T308 phosphor-

ylation and PtdIns(3,4,5)P3 formation were attenuated by CYL-

26z in a parallel concentration-dependent manner with

similar IC50 values, whereas inhibition of S473 phosphoryla-

tion had a higher IC50 value, suggesting that PI3K/PDK1/Akt

signaling plays a pivotal role.

In vitro and in vivo studies using PI3Kg knockout

neutrophils demonstrated a major role for the g isoform in

chemotactic events and no other class I PI3K isoform seems to
be involved in these chemotactic processes [31]. PI3Kg consists

of the p110g catalytic subunit complexed to the p101

regulatory subunit, and signals downstream of G protein-

coupled receptor and Ras [44]. Upon cell activation, the Gbg-

p101 interaction serves to recruit PI3Kg to the cell membrane,

and PI3Kg activation is the consequence of the interaction of

p110g with Gbg and active Ras [45]. In the Ras bound structure,

the catalytic domain undergoes significant molecular rear-

rangement that affects the conformation of the phosphoino-

sitide-binding site. The results that the membrane

recruitment of p110g and Ras, the Ras activation, and the

association between p110g and Ras in response to fMLP were

effectively attenuated by CYL-26z with IC50 values similar to

the concentration required for the inhibition of Akt(T308)

phosphorylation and PtdIns(3,4,5)P3 formation support the

involvement of Ras/PI3Kg/Akt signaling pathway.

In conclusion, CYL-26z inhibits PMNL influx into the lungs

and lung permeability in LPS-induced ALI in mice and

attenuates the neutrophil chemotaxis and respiratory burst

in response to fMLP in vitro. These inhibitory effects appear

largely attributable to the blockade of PI3Kg activation via the

suppression of Ras activation. Since CYL-26z has been

reported to inhibit NF-kB activation in human A549 alveolar

epithelial cells [7], we do not exclude the possibility that the

anti-inflammatory effects observed in vivo could be also

related to the inhibition of local production of inflammatory

cytokines and chemokines in the lung. In the present study,

we report our efforts to evaluate the compound CYL-26z as a

potential candidate for pre-clinical management of ALI.

Whether this compound has a beneficial anti-inflammatory

effect in the medical management of ALI remains to be

investigated.
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