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Abstract:

We investigated the effects of LASSBio-998 (L-998), a compound designed to be a p38 MAPK (mitogen-activated protein kinase)
inhibitor, on lipopolysaccharide (LPS)-induced acute lung inflammation in vivo. BALB/c mice were challenged with aerosolized
LPS inhalation (0.5 mg/ml) 4 h after oral administration of L-998. Three hours after LPS inhalation, bronchoalveolar lavage fluid
was obtained to measure the levels of the proinflammatory cytokines TNF-� (tumor necrosis factor-�) and IL-1 (interleukin-1) and
the chemokines MCP-1 (monocyte chemoattractant protein-1) and KC (keratinocyte chemoattractant). In addition, neutrophil infil-
tration and p38 MAPK phosphorylation was measured. L-998 inhibited LPS-induced production of TNF-� and IL-1�� and did not
alter KC and MCP-1 levels. Furthermore, L-998 also significantly decreased neutrophil accumulation in lung tissues. As expected,
L-998 diminished p38 MAPK phosphorylation and reduced acute lung inflammation. Inhibition of p38 MAPK phosphorylation by
L-998 was also demonstrated in LPS-challenged murine C57BL/6 peritoneal macrophages in vitro, with concentration-dependent
effects. L-998 suppressed LPS-induced lung inflammation, most likely by inhibition of the cytokine-p38 MAPK pathway, and we
postulate that L-998 could be a clinically relevant anti-inflammatory drug candidate.
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Abbreviations: ALI – acute lung injury, ARDS – acute respi-
ratory distress syndrome, BALF – bronchoalveolar lavage
fluid, COX – cyclooxygenase, ICAM-1 – intercellular adhesion
molecule-1, IL – interleukin, KC – keratinocyte chemoattrac-
tant, LPS – lipopolysaccharide, MAPK – mitogen-activated
protein kinase, MCP-1 – monocyte chemoattractant protein-1,
MIP-2 – macrophage inflammatory protein-2, MTT – (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, NF-�B
– nuclear factor-�B; TNF-� – tumor necrosis factor �.

Introduction

Acute respiratory distress syndrome (ARDS) is char-
acterized by acute lung inflammation with local re-
cruitment and activation of polymorphonuclear neu-
trophils and release of proinflammatory mediators [5].
ARDS can lead to sepsis, trauma and severe pneumo-
nia; sepsis, and in particular pneumonia, can cause
acute lung injury (ALI). ARDS is associated with the
development of interconnected inflammatory cascades,
with proinflammatory cytokines playing a central role
in the initiation and propagation of the inflammatory
response leading to lung injury. In this respect, tumor
necrosis factor-� (TNF-�) and interleukin-1� (IL-1�)
are considered the pivotal mediators of lung inflam-
mation in ARDS [5].

The pulmonary inflammation model utilizing acute
aerosolized exposure to lipopolysaccharide (LPS) is
of significant clinical interest. In the single-exposure
murine model of LPS-induced pulmonary inflammation,
the maximal release of cytokines occurs within 4 h in
the airspaces. Aerosolized or intranasal administration
of LPS induces intense lung inflammation, with
macrophage activation and neutrophil recruitment to
the interstitium, alveoli and airways of guinea-pigs
[18], rats [44] and mice [17]. LPS is not an effective
chemoattractant for neutrophils, but it can trigger
a trophic inflammatory cascade via synthesis of cyto-
kines and other proinflammatory mediators by resi-
dent alveolar macrophages, local mast cells, fibro-
blasts, epithelia and endothelial cells [8, 16]. The re-
lease of TNF-� and neutrophil-directed chemokines,
such as IL-8, is essential to early LPS-mediated neu-
trophil recruitment [36, 43].

Infiltrating leukocytes are hallmarks of pulmonary
inflammation associated with ALI. The expression of
keratinocyte chemoattractant (KC), macrophage in-
flammatory protein-2 (MIP-2) or monocyte chemoat-
tractant protein-1 (MCP-1) in airway epithelial cells is

sufficient to elicit pulmonary inflammation. Early-
response cytokines, i.e., TNF-� and IL-1, can also
amplify this response by stimulating the nuclear fac-
tor-�B (NF-�B)-dependent induction of proinflamma-
tory mediators in cells [5]. More importantly, in the
setting of inflammation, the release of those cytokines
and other functional responses by pulmonary host de-
fense cells are regulated by p38 mitogen-activated
protein kinase (MAPK) and may be hampered by p38
MAPK inhibitors [37]. Different studies have shown
that inhibition of p38 MAPK blocks TNF-� and IL-8
release by LPS-stimulated monocytes/macrophages,
IL-8 release by bronchial epithelial cells, and up-
regulation of the intercellular adhesion molecule-1
(ICAM-1) in endothelial cells when exposed to in-
flammatory stimuli [21, 24, 31]. Neutrophil responses
to such cytokines and other mediators is also regu-
lated by p38 MAPK, which also affects cell adhesion,
NF-�B activation, TNF-�/IL-8 synthesis, superoxide
release, chemotaxis and apoptosis [11, 37].

Despite the recent development of various pharma-
cological therapies for the management of multiple
inflammatory disorders, including ALI, ARDS and
rheumatoid arthritis, none have been approved for
clinical use [13, 28]. Nevertheless, treatment with p38
MAPK inhibitors has been proposed as a selective in-
tervention to reduce LPS-induced lung inflammation
due to the ability of these inhibitors to decrease neu-
trophil recruitment to the airspaces [26]. These inhibi-
tors are being studied in initial clinical trials for
chronic obstructive pulmonary disease and rheuma-
toid arthritis [2, 28], and they are emerging as a new
class of potential therapies for inflammatory condi-
tions caused by excessive cytokine production.

In the present work, we report the anti-inflam-
matory effects of LASSBio-998 (L-998), a novel drug
candidate designed to be a p38 MAPK inhibitor (Fig. 1),
on LPS-induced acute lung inflammation.

Materials and Methods

Animals and reagents

Male BALB/c or C57BL/6 (for peritoneal macro-
phages assays) mice, weighing 20–25 g, were used for
experimentation. Animal holding rooms were kept at
21–24°C and 40–60% relative humidity with a 12 h
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light/dark cycle. Mice were cared for and handled in
accordance with the International Guide for the Care
and Use of Laboratory Animals, and protocols were
approved by the University Animal Care and Use
Committee.

Antibodies were purchased from Cell Signaling
(USA; anti-phosphorylated and anti-total p38 MAPK)
and Santa Cruz Biotechnology (USA; anti-rabbit IgG).
Celecoxib was obtained from Pfizer Pharmacia (USA),
thalidomide was obtained from Sigma Chemical Co.
(USA), and SB202190 was obtained from Tocris Bio-
science (USA). All other analytical grade chemicals
were from Sigma Chemical Co. (USA).

Chemistry

L-998 (ethyl 6-cyclohexylurea-[1,3]dioxolo[5,4-g]
quinoline-7-carboxylate) was designed as a novel anti-
inflammatory drug candidate. It was synthesized by
structural modifications on the prototype GK00687
(Fig. 1A), which was identified by high-throughput
screening of the Bayer compound library [40]. These
modifications were based on bioisosteric replacement
[29] of the thiophene ring, which is present in the
structure of the lead compound GK00687 (subunit A),
by a quinoline nucleus in L-998 (subunit A) (Fig. 1A).
A molecular modeling study utilizing 3D-quantitative

structure-activity relationship analysis associated with
a comparative molecular field assessment was used
earlier to predict p38 MAPK selectivity of L-998
[42]. The natural product safrole was used as the start-
ing material for L-998 synthesis (Patent. WO/2006/
128268, 2006).

Synthesis of ethyl 6-cyclohexylurea-[1,3]dioxolo-

[5,4-g]quinoline-7-carboxylate (LASSBio-998)

The synthesis procedure was adapted from Dumas et
al. [14]. In a reflux condenser system, a mixture of
ethyl 6-amino-[1,3]dioxolo[5,4-g]quinoline-7-carboxylate
(1.823 mmol; 0.5 g), obtained as previously described
[47], and cyclohexyl isocyanate (3.65 mmol) in anhy-
drous toluene (100 ml) was magnetically stirred at re-
flux temperature for 72 h. The reaction medium was
diluted with dichloromethane followed by rotary
evaporation. Then, ethyl acetate (100 ml) was added,
and the mixture was filtered, washed with a saturated
NaCl solution and washed again with water. The or-
ganic phase was dried with anhydrous Na2SO4, con-
centrated in rotary evaporator and purified by recrys-
tallization from a hydroalcoholic (70% ethanol) solution
(yield: 75%; m.p. 128–130°C). 1H-NMR (200 MHz,
DMSO-d6, �, ppm): 1.38 (t, 3H, J = 7 Hz, OCH2CH3);
1.04–1.88 (m, 10H, Hb e Hb’, Hc e Hc’, Hd); 3.71 (s,
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Fig. 1. (A) Bioisosteric strategy chart for the synthesis of
LASSBio-998 (2) using the lead compound GK00687 (1)
and safrole. (B) LASSBio-998 chemical structure
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1H, Ha); 4.39 (q, 2H, J = 7 Hz, OCH2CH3); 6.20 (s,
2H, H2); 7.08 (s, 1H, H4); 7.37 (s, 1H, H9); 8.75 (s, 1H,
H8); 9.72 (d, 1H, H1’); 9.83 (s, 1H, H3’). 13C-NMR (50
MHz, DMSO-d6, �, ppm): 14.7 (COOCH2CH3); 24.7
(Cc and Cc’); 25.9 (Cd); 33.1 (Cb and Cb’); 48.6
(Ca); 62.4 (COOCH2CH3); 103.2 (C2); 103.4 (C4);
104.9 (C9); 108.7 (C7); 119.7 (C10a); 141.9 (C8);
146.3 (C11a); 147.3 (NHCONH); 150.4 (C1a); 153.7
(C3a); 154.5 (C6); 166.7 (COOCH2CH3) (Fig. 1B).
Elemental analysis: for C20H23N3O5 (385.4 g/mol):
calcd. (%): C, 62.33; H, 6.01; N, 10.90; found (%): C,
62.79; H, 6.33; N, 9.74.

Drug treatment

Animals were pre-treated with carboxymethylcellulose
(vehicle), celecoxib (cyclooxygenase-2 inhibitor; 100 mg/
kg) or thalidomide (TNF-� inhibitor; 100 mg/kg) as
positive controls or L-998 (10, 100, 200 mg/kg) by
gavage, 4 h LPS inhalation. For in vitro experiments
with LPS-stimulated peritoneal macrophages, 0.5%
DMSO (vehicle) or L-998 (1, 10, 100 and 1,000 µM)
was incubated with LPS concurrently. No L-998-
induced gross behavioral or functional signs of acute
toxicity were detected in mice at the highest dose used
(200 mg/kg). Also, MTT tests showed no evidence of cy-
totoxicity at a dose of 1,000 µM during the time course
of the present experiments (data not shown).

LPS inhalation

Experiments were performed as described previously
[17]. Briefly, animals were randomly divided into 3
groups. In the first group, the animals inhaled 2 ml
aerosolized saline (NaCl 0.9%) for 10 min; in the sec-
ond group, the mice inhaled Escherichia coli LPS (lot
55:B5 from Difco Lab., USA) dissolved in 2 ml saline
at a concentration of 0.5 mg/ml for the same amount
of time. In the last group, the animals were treated
with L-998, via gavage, 4 h before the LPS inhalation
under the same conditions. The inhalation chamber
was made with a 1 l Büchner funnel adapted with
conical glass tubes coupled to a manometer. Mice
were put inside the tubes to inhale saline or LPS.

TNF instillation

In certain experiments, we utilized the lung inflam-
mation model induced by an intranasal instillation of
recombinant TNF-�. Animals were mildly anesthe-

tized with ether and were instilled with 50 µl TNF-�
(0.5 µg/mice) after reflex depression. In control ani-
mals, saline was instilled.

Bronchoalveolar lavage fluid (BALF)

Tracheas were cannulated, and BALF was obtained by
intratracheal instillation of 1.5 ml saline (pH 7.4) into
the exposed lungs maintained within the thoracic cav-
ity [9]. The lavage fluid was infused 3 times into the
lungs before final collection. The fluid was withdrawn
and stored on ice. Total cell number was determined
with a Z1 Coulter Counter (Beckman Coulter, USA).
Differential cell counts were performed on cytospin
preparations (Shandon Cytospin, Thermo Fisher Scien-
tific, USA) stained with Diff-Quik (Baxter Dade, Swit-
zerland). At least 200 cells/BALF sample were counted
using standard morphological criteria. Results are ex-
pressed as the numbers of cell populations per millili-
ter. The remaining BALF was centrifuged (400 × g for
10 min), and the supernatant was collected and stored
at –20°C for IL-1�, TNF-�, KC and MCP-1 assays.
For western blotting and NF-�B assays, lung tissues
were separated, and cytoplasmic and nuclear extracts
were prepared immediately.

Cytokines and chemokines

The levels of the proinflammatory cytokines TNF-�
and IL-1� and the chemokines KC and MCP-1 were
determined in BALF using commercially available
ELISA kits with rat anti-mouse monoclonal and poly-
clonal antibodies (detection limits of 10 pg/ml) ac-
cording to the manufacturer’s recommended protocol
(R&D Systems, UK). Mouse recombinant cytokine
standards were used in every assay. For the measure-
ments of proinflammatory cytokines and chemokines
in mice challenged with LPS, undiluted BALF was
assayed in all animals.

Preparation of tissue extracts

Whole lung nuclear extracts were performed as previ-
ously described [9]. After BALF withdrawal, per-
fused lungs were excised, homogenized and incubated
for 15 min in 500 µl buffer A [10 mM HEPES (pH
7.9), 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA,
1 mM DTT, 0.25% NP-40 v/v, 0.5 mM PMSF, 100 µM
orthovanadate, and 1 mM NaF] at 4°C. After centrifu-
gation (15,000 × g for 30 s), supernatants were col-
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lected and stored at –70°C for p38 MAPK detection.
Pellets were resuspended and incubated in buffer C
[20 mM HEPES (pH 7.9), 0.4 M NaCl, 0.1 mM EDTA,
0.1 mM EGTA, 10% glycerol v/v, 1 mM DTT, and
1 mM PMSF] at 4°C for 15 min. Extracts were centri-
fuged, and supernatants were frozen at –70°C. Cytoplas-
mic and nuclear protein levels were measured by the
Bradford method (Bio-Rad Laboratories, USA).

Isolation and treatment of peritoneal

macrophages

Cells from normal C57BL/6 mice were collected by
lavage of the peritoneal cavity with 5 ml RPMI
1640/sodium bicarbonate medium, then washed 3
times with the same medium and counted in a Neu-
bauer chamber. In order to isolate macrophages, 106

cells were resuspended in 24-well plates and allowed
to attach for 1 h at 37°C. Subsequently, the medium
was replaced to remove nonadherent cells. Adherent
macrophages were stimulated with 1 µg/ml LPS for
1 h in the presence of different concentrations of
L-998, SB202190 (10 µM) or vehicle, followed by the
addition of 100 µl sample buffer (20% glycerol, 10%
SDS, 20% �-mercaptoethanol, 1 mM Tris, pH 6.8) per
well, boiling for 5 min and centrifugation for 10 min
at 6,000 × g. The supernatants were saved and stored
at –20 °C for western blot assays.

Immunoblot assays

Whole cell lysates were separated by 10% SDS-
PAGE and then electro-transferred to nitrocellulose
membranes [9]. Membranes were pre-incubated for
1 h at room temperature in Tris-buffered saline, pH
7.6, containing 0.05% Tween-20 and 3% BSA. Nitro-
cellulose membranes were incubated with phosphory-
lated p38- or total p38-specific antibodies. Immunore-
active bands were then detected by incubation with
anti-rabbit IgG conjugated to horseradish peroxidase
and enhanced chemiluminescence reagents (Amer-
sham Biosciences, USA).

Statistical analyses

Data are presented as the means ± SEM. Comparisons
were made by analysis of variance (ANOVA). Post-

hoc tests, Dunnett’s T3 and Tukey’s, were also used to
identify differences between values. A value of p <

0.05 was considered statistically significant. In vitro

inhibitory effect of L-998 on p38 MAPK phosphory-
lation evaluated by immunoblot experiments was
graphically represented using a log concentration-
effect plot, and the curve fit and IC50 calculations
were performed by nonlinear regression analysis
(Prism 4.0, GraphPad Software, USA).

Results

L-998 inhibits LPS-induced neutrophil

accumulation in BALF

Acute lung inflammation induced by aerosolized bac-
terial LPS is characterized by the production of in-
flammatory mediators and neutrophil recruitment in
the BALF and can be used as a bioassay to evaluate
anti-inflammatory drug candidates [17]. In our experi-
ments, we found that inhalation of LPS elicited a mas-
sive recruitment of neutrophils when compared to sa-
line inhalation, and this effect was significantly inhib-
ited by the control anti-inflammatory drugs thalido-
mide (TNF-� inhibitor) or celecoxib (COX-2 selec-
tive inhibitor) (Fig. 2B). These results are similar to
what we [30, 33] and others [3, 4] have previously de-
scribed. In the case of L-998, preliminary experiments
using different doses 2 h before LPS challenge did not
result in decreased inflammation (Fig. 2A, maximal
dose of 200 mg/kg is shown). However, when admin-
istered 4 h prior to LPS treatment, an inhibitory effect
on neutrophil lung accumulation was evident with the
higher doses, and the effect was equivalent to that of
thalidomide and celecoxib treatment (Fig. 2B).

L-998 inhibits LPS-induced cytokine but not

chemokine release in BALF

Because oral administration of L-998 reduced neutro-
phil migration to the lungs, we investigated whether
the levels of important inflammatory mediators were
altered. In agreement with previous reports [17, 20,
25], the concentrations of the proinflammatory cytoki-
nes TNF-� (Fig. 3A) and IL-1� (Fig. 3B) and the che-
mokines KC (Fig. 3C) and MCP-1 (Fig. 3D) in the
BALF of mice that were exposed to aerosolized LPS
increased drastically (from 3- to 15-fold, depending on
the mediator). Interestingly, pretreatment with L-998
significantly prevented the upsurge of TNF-� and
IL-1� but not that of the chemokine levels (Fig. 3).
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Fig. 3. Cytokine and chemokine levels in the BALF of mice treated with L-998. BALB/C mice were pretreated with vehicle or L-998 (200 mg/kg)
by gavage 4 h before inhalation of aerosolized LPS (0.5 mg/ml). The concentrations of (A) TNF-�, (B) IL-1�, (C) KC and (D) MCP-1 were meas-
ured in the BALF 3 h later by ELISA. Control animals inhaled a saline aerosol. The results are expressed as the means ± SE (n = 6). * p < 0.05
compared to saline; ** p < 0.01 compared to vehicle

B

Fig. 2. L-998 inhibits LPS-induced neutrophilia in bronchoalveolar lavage fluid (BALF). Before the inhalation of aerosolized LPS (0.5 mg/ml),
BALB/c mice were pretreated (A) with vehicle or L-998 (200 mg/kg) by gavage for 2 or 4 h or (B) with vehicle, thalidomide (Tal, 100 mg/ml), ce-
lecoxib (Cel, 100 mg/ml) or L-998 (10, 100 and 200 mg/kg) by gavage for 4 h. BALF was analyzed 3 h later. Control animals inhaled a saline
aerosol. The results are expressed as the means ± SE (n = 6). * p < 0.05 compared to saline; ** p < 0.01 compared to vehicle



L-998 inhibits TNF-�-induced neutrophil

accumulation in BALF

To verify whether the effect of L-998 on neutrophil re-
cruitment involves a signaling component upstream or
downstream of TNF-� release by alveolar macrophages,
acute lung inflammation was induced by intranasal in-
stillation of recombinant TNF-�. Figure 4 shows that
the L-998 treatment significantly decreased neutrophil
accumulation (92%) in the BALF of TNF-�-treated
mice, indicating that pathways downstream of cytokine
secretion are also affected by L-998.

L-998 inhibits LPS-induced p38 MAPK

phosphorylation in lung tissue and in isolated

macrophages

Studies with monocytes and alveolar macrophages
have shown that the p38 MAPK signaling is critical
for LPS-induced cytokine release. Because L-998 was

synthesized as a p38 MAPK inhibitor and effectively
inhibited cellular migration and cytokine production,
we examined whether this compound could affect p38
phosphorylation in lung tissue lysates of mice that had
inhaled LPS. As illustrated in Figure 5, the phospho-
rylated (active) form of this MAPK was increased by
LPS stimulation, and this phosphorylation was sig-
nificantly prevented by L-998 treatment. In fact, there
was even a slight decrease in p38 MAPK activation
when compared to the saline inhalation group. No sig-
nificant changes were observed with regard to the lev-
els of total p38 MAPK (Fig. 5).

To further assess the pharmacological action of
L-998 as a p38 MAPK inhibitor, we evaluated the
ability of the drug to affect LPS-induced p38 MAPK
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Fig. 5. L-998 prevents LPS-induced p38 MAPK phosphorylation in
lung tissue. (A) Representative blot of phosphorylated and total p38
MAPK expression in the lung tissue of mice pretreated with vehicle or
L-998 (200 mg/kg) by gavage 3 h after aerosolized LPS inhalation.
Control animals inhaled a saline aerosol. (B) Relative values of phos-
phorylated p38 MAPK normalized to total p38 MAPK levels are indi-
cated. The results are expressed as the means ± SE (n = 3). * p <

0.05 compared to saline; ** p < 0.01 compared to vehicle

Fig. 4. L-998 inhibits TNF-�-induced neutrophilia in BALF. BALB/C
mice were pretreated with vehicle or L-998 (200 mg/kg) by gavage
4 h before intranasal TNF-� instillation (0.5 µg/mice), and BALF was
analyzed 3 h later. Control animals received intranasal saline instilla-
tion. The results are expressed as the means ± SE (n = 5–11). * p <

0.05 compared to saline; ** p < 0.01 compared to vehicle



activation in primary cultured peritoneal macrophages
in vitro. Figure 6 shows that L-998 can indeed inhibit
macrophage p38 MAPK stimulation, with an experi-
mental IC�� around 14 ± 9 µM. Therefore, these re-
sults demonstrate that L-998 antagonizes the activa-
tion of p38 MAPK by LPS in vitro and in vivo.

Discussion

The main findings of this study were that the orally
bioavailable compound L-998 exerted robust anti-
inflammatory effects in the lungs of mice exposed to
LPS. These effects were most likely mediated by the
inhibition of p38 MAPK activation.

Lung diseases, such as focal pneumonias, cystic fi-
brosis and ARDS, present important inflammatory
components [23], with local or systemic endotoxin re-
lease. Experimentally, LPS inhalation induces lung
inflammation, with a marked increase in neutrophil

recruitment in the airway tissue and lumen. This acute
inflammatory model is characterized by a time-
dependent release of TNF-�, and its synthesis pre-
cedes the influx of neutrophils. In addition to TNF-�,
LPS inhalation also induces IL-1� release [36]. Anti-
inflammatory drugs, as TNF-� antagonists and corti-
costeroids, inhibit those inflammatory mediators but
present numerous adverse effects and have failed to
produce more sustained benefits in vivo [15, 38].
Thus, it is important to design drugs that act on other
cellular targets. p38 MAPK has emerged as a central
kinase involved in signal transduction pathways that
lead to cytokine synthesis and inflammation induced
by different experimental conditions, e.g., LPS or
cigarette smoke [9, 27, 31]. Various p38 MAPK in-
hibitors, such as M39, SB239063 and SB203580,
have been shown to attenuate the production of in-
flammatory mediators, including TNF-�, MIP-2 and
IL-6. They also have been demonstrated to attenuate
neutrophil recruitment into the lungs in animal mod-
els of pulmonary inflammation [24, 31, 36]. Moreo-
ver, the ability of p38 MAPK inhibitors to block
TNF-� synthesis has been explored in the treatment
of other inflammatory diseases, and they have been
shown to impede the development of rheumatoid ar-
thritis in small-animal models [34].

Certain currently available p38 MAPK inhibitors
are in phase I or phase II clinical trials, but many oth-
ers have been withdrawn due to intolerable side ef-
fects and toxicity, which appear to be the result of
cross-reactivity with different off-target proteins, in-
cluding other kinases [10, 13, 28]. These facts moti-
vate the research and design of novel, orally active
p38 MAPK inhibitors.

In the present work, L-998 inhibited the release of
the cytokines TNF-� and IL-1� and did not interfere
with the chemokines KC and MCP-1. The recruited
neutrophils contribute to the local production of
TNF-� and KC [16]. Animals treated with L-998, de-
spite their lack of change in KC levels, have de-
creased alveolar neutrophil accumulation. In vivo leu-
kocyte migration is a complex event involving two
complementary steps: a) leukocyte locomotion in-
duced by chemoattractant factors, including chemoki-
nes, and b) adhesion molecule expression on endothe-
lial cells induced by inflammatory mediators, includ-
ing TNF-�. TNF-� is unable to promote chemotaxis
in vitro, although it is crucial for enhanced expression
of ICAM-1 [45]. These findings are in apparent con-
tradiction with the previous demonstration that ip ad-
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Fig. 6. L-998 prevents LPS-induced p38 phosphorylation in perito-
neal macrophages in a concentration-dependent manner. (A) Repre-
sentative blot of phosphorylated and total p38 MAPK expression in
peritoneal macrophages incubated with LPS and L-998 (1–1000 µM)
or SB202190 (10 µM). (B) Relative values of phosphorylated p38
MAPK normalized to total p38 MAPK levels, where 100% inhibition
was evaluated by incubation with LPS + SB202190 (100 µM) and 0%
by LPS alone. The fitted curve was obtained by nonlinear regression
using the model of one independent saturable process. Each point
corresponds to the mean ± SE (n = 3)



ministration of TNF-� induces neutrophil recruitment
[7]. A possible explanation for this contradiction is
that exogenous TNF-� induces adhesion molecule ex-
pression and the release of other mediators that are
able to induce neutrophil locomotion. Here, as de-
scribed by Canetti et al. [7], when TNF-� was in-
stilled, neutrophil migration was evident in BALF,
and L-998 also evoked a more striking inhibition of
this process, probably because the release of media-
tors induced by TNF-� was inhibited by L-998. Thus,
the inhibition of p38 signaling impairs the release of
TNF-� and secondary mediators, leading to lower al-
veolar neutrophil accumulation. A similar effect was
reported by Nick et al. [36, 37], who demonstrated
that the recovery of TNF-� in the airspaces was re-
duced by a p38 MAPK inhibitor, M39, while MCP-1
and KC levels were not affected. This p38 MAPK in-
hibitor also reduced KC-induced neutrophil lung in-
flux, and loss of neutrophil chemoattractant action of
KC and MIP-2 was achieved in vitro. Indeed, neutro-
phil activation by itself appears to be also selectively
impaired by p38 MAPK inhibition [37].

It is important to mention that these authors sug-
gested that the relative lack of p38 MAPK-dependent
KC and MCP-1 release would have a protective effect
because these chemokines contribute to the recruit-
ment of leukocytes that are involved in inflammation
resolution [38]. For instance, MCP-1 appears to be in-
volved in wound repair, and inhibition of MCP-1 may
also retard tissue healing and regeneration [12, 32,
40]. Conversely, it has been reported that MCP-1
plays no important role in ALI [6].

The time-dependent effects of L-998 on neutrophil
migration may be a consequence of drug pharmacoki-
netics. L-998 was administered by the enteral route;
therefore, it is conceivable that some delay may occur
when compared to other common experimental routes
of administration (e.g., intravenous, intraperitoneal).
Because L-998 distribution and biotransformation is
still unknown, it is important to note that a product of
L-998 metabolism might be the more pharmacologi-
cally active substance.

Using the synthetic strategy of bioisosterism, L-998
was designed to inhibit p38 MAPK [31]. The results
obtained in lung tissue as well as with isolated macro-
phages confirmed this mechanism of action. Addi-
tionally, our preliminary experiments that evaluated
the activation of lung NF-�B, a p38 MAPK-activated
factor critical for the expression of cytokines involved
in the pathogenesis of inflammatory diseases [1, 21,

24, 31], suggest that it is partially impaired by L-998
treatment (data not shown). Treatment of LPS-chal-
lenged peritoneal macrophages with L-998 in vitro re-
sulted in an approximate IC�� of 15 µM. Although
L-998 potency appears to be somewhat low compared
to other well-known p38 MAPK inhibitors, usually
the potency is estimated in protocols that measure p38
kinase activity. Interestingly enough, however, when
several studies have utilized immunoblot techniques
to detect phosphorylated p38 MAPK, they have shown
similar IC�� ranges (1–50 µM) for various distinct se-
lective p38 MAPK inhibitors (SB203580 [36], SB-
239063 and SD-282 [41], SB202190 [46]), at least in
macrophages.

Importantly, considering the anti-inflammatory ef-
fects of L-998 in acute lung inflammation models and
the key role of p38 MAPK activation in inflammation
and pain [22], experiments performed in a novel
model of experimental rheumatoid arthritis, in which
the dorsal flexion of inflamed tibiotarsal articulation
elicits an inflammatory process with hypernocicep-
tion [19], indicated that L-998-treated mice present
significantly higher mechanical thresholds than the
ones that received vehicle alone (data not shown).
The fact that L-998 produced significant analgesia
raises its potential as a novel drug.

Conclusion

LASSBio-998 is characterized by an anti-inflammatory
profile, and treatment with L-998 suppresses LPS-
induced lung inflammation. This is supported by a re-
duction in neutrophil infiltration, down-regulation of
inflammatory cytokines (i.e., TNF-� and IL-1�) and
inhibition of p38 MAPK phosphorylation in vitro and
in vivo. Therefore, our study revealed that LASSBio-998
could become a clinically relevant anti-inflammatory
drug candidate.
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