
RESEARCH PAPER

Inhibition of glycogen synthase kinase-3b
attenuates the development of carrageenan-
induced lung injury in mice
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Background and purpose: Glycogen synthase kinase-3 (GSK-3) is a ubiquitous serine-threonine protein kinase that
participates in a multitude of cellular processes and has recently been implicated in the pathophysiology of a number of
diseases. The aim of this study was to investigate the effects of GSK-3b inhibition in a model of acute inflammation. Here, we
have investigated the effects of TDZD-8, a potent and selective GSK-3b inhibitor, in a mouse model of carrageenan-induced
pleurisy.
Experimental approach: Injection of carrageenan into the pleural cavity of mice elicited an acute inflammatory response
characterized by: accumulation of fluid containing a large number of neutrophils (PMNs) in the pleural cavity, infiltration of
PMNs in lung tissues and subsequent lipid peroxidation, and increased production of nitrite/nitrate (NOx), prostaglandin E2

(PGE2), tumour necrosis factor-a, (TNF-a) and interleukin-1b (IL-1b). Furthermore, carrageenan induced an upregulation of the
adhesion molecules ICAM-1 and P-selectin, iNOS, COX-2 as well as nitrotyrosine as determined by immunohistochemical
analysis of lung tissues.
Key results: Administration of TDZD-8 (1, 3 or 10 mg kg�1, i.p.), 30 min prior to injection of carrageenan, caused a dose-
dependent reduction in all the parameters of inflammation measured.
Conclusions and Implications: Thus, based on these findings we propose that inhibitors of the activity of GSK-3b, such as
TDZD-8, may be useful in the treatment of various inflammatory diseases.
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Introduction

Glycogen synthase kinase (GSK)-3 was first identified in 1980

as a ubiquitous serine-threonine protein kinase involved in

glycogen metabolism (Frame and Cohen, 2001; Van Wauwe

and Haefner, 2003). It has since been implicated in a

multitude of cellular processes, ranging from cell mem-

brane-to-nucleus signalling, gene transcription, translation

and cytoskeletal organization to cell cycle progression and

survival (Embi et al., 1980; Cohen and Abraham, 1999;

Woodgett, 2001). Two isoforms have been isolated in

mammals, GSK-3a and GSK-3b. GSK-3 is constitutively active

in cells, although phosphorylation of a specific serine residue

(Ser21 in GSK-3a and Ser9 in GSK-3b) located in its

N-terminal domain inhibits GSK-3 activity and, hence, reduces

its activity to alter cell function (Woodgett, 2001). A wide

variety of extracellular stimuli, including insulin, epidermal

growth factor, and fibroblast growth factor, exert their effects

by inhibiting GSK-3 activity (Cross et al, 1995).
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Unique to GSK-3b is its reported ability to influence the

activity of the transcription factor nuclear factor (NF)-kB (Ali

et al., 2001; Frame and Cohen, 2001). This concept was based

on the findings that GSK-3b knockout mice showed a similar

phenotype to mice in which the gene for p65 or IkB kinase 2

(and hence, NF-kB activation) had been deleted (Hoeflich

et al., 2000). In both cases, disruption of the p65 gene and

disruption of the murine GSK-3b gene resulted in embryonic

lethality caused by severe liver degeneration (Beg et al., 1995;

Li et al., 1999; Hoeflich et al., 2000). The regulatory influence

of GSK-3b on the activity of NF-kB, which has since been

confirmed in a range of systems (Schwabe and Brenner, 2002;

Demarchi et al., 2003; Buss et al., 2004; Takada et al., 2004), is

the basis for the hypothesis that GSK-3b may play a key role

in the regulation of the inflammatory response.

Recent in vivo studies have demonstrated that 4-benzyl-2-

methyl-1,2,4-thiadiazolidine-3,5-dione (TDZD-8) and SB

415286, potent selective inhibitors of GSK-3b reduced the

renal and liver dysfunction caused by both endotoxaemia

and administration of endotoxin and peptidoglycan (Dugo

et al., 2005). This study proposed that the protective effect of

the GSK-3b inhibitors was due to inhibition of the phos-

phorylation of Ser536 on p65 (Dugo et al., 2005). In

agreement with these findings, it was recently reported that

GSK-3b-deficient mice challenged with LPS and given a GSK-

3b inhibitor showed a reduced mortality and a decreased

production of proinflammatory cytokines (Martin et al.,

2005). In addition, there is also evidence that TDZD-8

reduces the development of colon injury associated with

experimental colitis (Whittle et al., 2006), as well as the

development of arthritis in mice (Cuzzocrea et al., 2006b, in

press), and modulates secondary damage following spinal

cord injury (Cuzzocrea et al., 2006b).

In the present study, to explore further the possible role of

GSK-3b in the modulation of different inflammatory condi-

tions in vivo, the effects of the selective GSK-3b inhibitor,

TDZD-8 were evaluated in a well-established murine model

of carrageenan-induced pleurisy. Carrageenan-induced local

inflammation is a useful model to assess the contribution of

mediators involved in the vascular changes associated with

acute inflammation and is commonly used in the evaluation

of nonsteroidal anti-inflammatory drugs. Here, we have

investigated the effects of the GSK-3b inhibitor TDZD-8 on

(i) polymorphonuclear (PMN) infiltration (assessing myelo-

peroxidase (MPO) activity), (ii) lipid peroxidation (as

malondialdehyde (MDA) levels), (iii) cycloxygenase (COX)-

2 expression (by immunohistochemistry), (iv) nitration of

tyrosine residues as an indicator of peroxynitrite (by

immunohistochemistry), (v) inducible nitric oxide synthase

(iNOS) expression, (vi) NF-kB expression, (vii) apoptosis

(TUNEL staining), (viii) Bax and Bcl-2 expression and (ix)

lung damage (by histology).

Methods

Animals

Male CD mice (weight 20–25 g; Harlan Nossan, Milan, Italy)

were used in these studies. The animals were housed in a

controlled environment and provided with standard rodent

chow and water. Animal care was in compliance with Italian

regulations on the protection of animals used for experi-

mental and other scientific purposes (D.M. 116192) as well as

with EEC regulations (O.J. of E.C. L358/1 12/18/1986).

Carrageenan-induced pleurisy

Carrageenan-induced pleurisy was induced as previously

described (Cuzzocrea et al., 2000). Mice were anaesthetized

with isoflurane and subjected to a skin incision at the level of

the sixth left intercostal space. The underlying muscle was

dissected and saline (0.1 ml) or saline containing 2%

l-carrageenan (0.1 ml) was injected into the pleural cavity.

The skin incision was closed with a suture and the animals

were allowed to recover. At 4 h after the injection of

carrageenan, the animals were killed by inhalation of CO2.

The chest was carefully opened and the pleural cavity rinsed

with 1 ml of saline solution containing heparin (5 U ml�1)

and indomethacin (10 mg ml�1). The exudate and washing

solution were removed by aspiration and the total volume

measured. Any exudate, which was contaminated with blood

was discarded. The amount of exudate was calculated by

subtracting the volume injected (1 ml) from the total volume

recovered. The leukocytes in the exudate were suspended in

phosphate-buffer saline (PBS) and counted with an optical

microscope in a Burker’s chamber after staining with

Toluidine blue.

Experimental design

A dose–response curve was performed investigating the

effect of TDZD-8 (1, 3 or 10 mg kg�1) on the development

of carrageenan-induced pleurisy. Mice were randomized into

eight groups. Sham animals were subjected to the surgical

procedure alone, receiving a bolus injection of saline

(1 mg kg�1 i.p.) instead of carrageenan, and pretreated

30 min prior with either vehicle (10% dimethylsulphoxide

(DMSO) 1 mg kg�1 i.p.) or TDZD-8 (1, 3 or 10 mg kg�1 i.p.).

The remaining mice were subjected to carrageenan-induced

pleurisy (as described above) and pretreated with an

intraperitoneal (i.p.) bolus of vehicle (10% DMSO 1 ml kg�1)

or 1, 3 or 10 mg kg�1 TDZD-8. N¼ 10 per group. The doses of

TDZD-8 1, 3 and 10 mg kg�1 used here were based on

previous in vivo studies (Dugo et al., 2005, Cuzzocrea et al.,

2006a, b)

Histological examination

Lung tissues samples were taken 4 h after injection of

carrageenan. Lung tissues samples were fixed for 1 week in

10% (w/v) PBS-buffered formaldehyde solution at room

temperature, dehydrated using graded ethanol and

embedded in Paraplast (Sherwood Medical, Mahwah, NJ,

USA). Sections were then deparaffinized with xylene, stained

with hematoxylin and eosin. All sections were studied using

Axiovision Ziess (Milan, Italy) microscope.

Measurement of cytokines

Tumour necrosis factor-a (TNF-a) and interleukin-1b (IL-1b)

levels were evaluated in the exudates, 4 h after the induction
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of pleurisy by carrageenan injection, as previously described

(Cuzzocrea et al., 1999a). The assay was carried out using

a colorimetric commercial ELISA kit (Calbiochem-Novabio-

chem Corporation, Milan, Italy).

Measurement of nitrite–nitrate concentration

Total nitrite in exudates, an indicator of nitric oxide (NO)

synthesis, was measured as previously described (Cuzzocrea

et al., 2001). Briefly, the nitrate in the sample was first

reduced to nitrite by incubation with nitrate reductase

(670 mU ml�1) and NADPH (160 mM) at room temperature

for 3 h. The total nitrite concentration in the samples was

then measured using the Griess reaction, by adding 100 ml of

Griess reagent (0.1% (w/v) naphthylethylendiamide dihy-

drochloride in H2O and 1% (w/v) sulphanilamide in 5%

(v/v) concentrated H3PO4; vol. 1:1) to the 100 ml sample. The

optical density at 550 nm (OD550) was measured using ELISA

microplate reader (SLT-Lab Instruments, Salzburg, Austria).

Nitrite concentrations were calculated by comparison

with OD550 of standard solutions of sodium nitrite prepared

in H2O.

Measurement of PGE2 in the pleural exudate

The amount of prostaglandin E2 (PGE2) present in the pleural

fluid of mice, collected 4 h after carrageenan administration,

was assayed with a colorimetric, commercial kit (Calbio-

chem-Novabiochem Corporation, La Jolla, CA, USA).

Immunohistochemical localization of ICAM-1, P-selectin, iNOS,

nitrotyrosine, COX-2, Bax and Bcl-2

At the end of the experiment, the tissues were fixed in 10%

(w/v) PBS-buffered formaldehyde and 8mm sections were

prepared from paraffin embedded tissues. After deparaffini-

zation, endogenous peroxidase was quenched with 0.3%

(v/v) hydrogen peroxide in 60% (v/v) methanol for 30 min.

The sections were permeablized with 0.1% (w/v) Triton

X-100 in PBS for 20 min. Nonspecific adsorption was

minimized by incubating the section in 2% (v/v) normal

goat serum in PBS for 20 min. Endogenous biotin- or avidin-

binding sites were blocked by sequential incubation for

15 min with biotin and avidin (DBA, Milan, Italy), respec-

tively. Sections were incubated overnight with (1) purified

goat polyclonal antibody directed towards P-selectin which

reacts with mice; or (2) with purified hamster anti-mouse

ICAM-1 (CD54) (1:500 in PBS, w/v) (DBA, Milan, Italy) or (3)

with anti-nitrotyrosine rabbit polyclonal antibody (1:500 in

PBS, v/v) or with anti-COX-2 antibody (1:500 in PBS, v/v) or

(4) with anti-iNOS antibody (1:500 in PBS, v/v) or (5) with

anti-Bax antibody (1:500 in PBS, v/v) or (6) with anti-Bcl-2

antibody (1:500 in PBS, v/v). Sections were washed with PBS,

and incubated with secondary antibody. Specific labelling

was detected with a biotin-conjugated goat anti-rabbit IgG

and avidin–biotin peroxidase complex (DBA, Milan, Italy). In

order to confirm that the immunoreaction for the nitrotyr-

osine was specific some sections were also incubated with

the primary antibody (anti-nitrotyrosine) in the presence of

excess nitrotyrosine (10 mM) to verify the binding specificity.

To verify the binding specificity for ICAM-1, P-selectin, COX-

2, Bax or Bcl2, some sections were also incubated with only

the primary antibody (no secondary) or with only the

secondary antibody (no primary). In these situations, no

positive staining was found in the sections indicating that

the immunoreaction was positive in all the experiments

carried out.

MPO activity

Myeloperoxidase (MPO) activity, an indicator of PMN

accumulation, was determined as previously described

(Mullane et al., 1985). At the specified time following

injection of carrageenan, lung tissues were obtained and

weighed, each piece homogenized in a solution containing

0.5% (w/v) hexadecyltrimethyl-ammonium bromide dis-

solved in 10 mM potassium phosphate buffer (pH 7) and

centrifuged for 30 min at 20 000 g at 41C. An aliquot of the

supernatant was then allowed to react with a solution of

tetramethylbenzidine (1.6 mM) and 0.1 mM hydrogen per-

oxide. The rate of change in absorbance was measured

spectrophotometrically at 650 nm. MPO activity was defined

as the quantity of enzyme degrading 1 mmol of peroxide

min�1 at 371C and was expressed in milliunits per gram

weight of wet tissue.

MDA measurement

Malondialdehyde (MDA) levels in the lung tissue were

determined as an indicator of lipid peroxidation as pre-

viously described (Ohkawa et al., 1979). Lung tissue collected

at the specified time, was homogenized in 1.15% (w/v) KCl

solution. A 100 ml aliquot of the homogenate was added to a

reaction mixture containing 200 ml of 8.1% (w/v) SDS, 1.5 ml

of 20% (v/v) acetic acid (pH 3.5), 1.5 ml of 0.8% (w/v)

thiobarbituric acid and 700 ml distilled water. Samples were

then boiled for 1 h at 951C and centrifuged at 3000 g for

10 min. The absorbance of the supernatant was measured

using spectrophotometry at 650 nm.

Western blot analysis

Lung tissues were disrupted by homogenization on ice in

a buffer containing: HEPES 20 mM, MgCl2 1.5 mM, NaCl

420 mM, EDTA 1 mM, EGTA 1 mM, ditiothreitol 1 mM,

phenylmethyl sulphonylfluoride 0.5 mM, trypsin inhibitor

15 mg ml�1, pepstatin 3 mg ml�1, leupeptin 2 mg ml�1, benzi-

damin 40 mM, nonidet P-40 1% and glycerol 20%. Protein

concentration was estimated by the Bio-Rad protein assay

using bovine serum albumin as standard. Equal amounts of

protein (70 mg) were dissolved in Laemmli’s sample buffer,

boiled and subjected to sodium dodecylsulphate-polyacryla-

mide gel electrophoresis minigel (8% polyacrylamide). The

blot was performed by transferring proteins from a slab gel

to nitrocellulose membranes at 240 mA for 40 min at room

temperature. The filter was then blocked with 1� PBS, 5%

(w/v) nonfat dried milk for 40 min at room temperature and

subsequently probed with specific mAbs against iNOS (BD

Laboratories, 1:2000), or COX-2 (Cayman Chemical, 1:500),

or Bax (Santa Cruz Biotechnology, 1:100), or Bcl-2 (Santa

Cruz Biotechnology Inc., CA, USA, 1:100), or IkB-a (Santa
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Cruz Biotechnology, 1:1000), or Phospho-NF-kB p65 (serine

536) (Cell Signaling, 1:1000) in 1� PBS, 5% w/v nonfat dried

milk, 0.1% Tween-20 at 41C, overnight. The secondary

antibody (anti-mouse IgG or anti-rabbit IgG or anti-goat

IgG peroxidase conjugated, Jackson Immuno Research,

Laboratories Inc. 1:5000) was incubated for 1 h at room

temperature. Subsequently, the blot was extensively washed

with PBS, developed using enhanced chemiluminescence

detection reagents (Amersham), according to the manufac-

turer’s instructions and exposed to Kodak X-Omat film. The

protein bands of iNOS (B130 kDa), COX-2 (B70 kDa), on

X-ray film were scanned and densitometrically analysed with

a model GS-700 imaging densitometer (Bio-Rad Laboratories,

Segrate, Milan, Italy).

Figure 1 Effect of TDZD-8 on histological alterations of lung tissue 4 h after carrageenan-induced injury. No histological alterations were
observed in lung sections taken from sham mice treated with TDZD-8 (10 mg kg�1 a). Lung sections taken from carrageenan-treated mice pre-
treated with vehicle demonstrated oedema, tissue injury (b) as well as infiltration of the tissue with neutrophils (see arrows b1). Carrageenan-
treated animals pretreated with TDZD-8 (5 mg kg�1 i.p.) (d) or at (10 mg kg�1 i.p.) (e) demonstrated reduced lung injury and neutrophil
infiltration. On the contrary, TDZD-8 (1 mg kg�1) did not reduce the degree of lung injury (c). Original magnification: �125. The figure is
representative of at least three experiments performed on different experimental days.
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TUNEL assay

Terminal deoxynucleotidyltransferase-mediated UTP end

labelling (TUNEL) assay was conducted by using a TUNEL

detection kit according to the manufacturer’s instructions

(Apotag, HRP kit DBA, Milan, Italy). Briefly, sections were

incubated with 15 mg ml�1 proteinase K for 15 min at room

temperature and then washed with PBS. Endogenous

peroxidase was inactivated by 3% H2O2 for 5 min at room

temperature and then washed with PBS. Sections were

immersed in terminal deoxynucleotidyltransferase (TdT)

buffer containing deoxynucleotidyl transferase and biotiny-

lated dUTP in TdT buffer, incubated in a humid atmosphere

at 371C for 90 min, and then washed with PBS. The sections

were incubated at room temperature for 30 min with anti-

horseradish peroxidase-conjugated antibody, and the signals

were visualized with diaminobenzidine.

Materials

Unless otherwise stated, all compounds were obtained from

Sigma-Aldrich Company Ltd (Poole, Dorset, UK). TDZD-8

was obtained from Calbiochem (Merck Biosciences Ltd,

Beeston, Nottingham, UK). All other chemicals were of the

highest commercial grade available. All stock solutions were

prepared in non-pyrogenic saline (0.9% NaCl; Baxter, Italy).

Statistical evaluation

All values in the figures and text are expressed as mean7
standard error of the mean (s.e.m.) of n observations. For the

in vivo studies n represents the number of animals studied. In

the experiments involving histology or immunohistochem-

istry, the figures shown are representative of at least three

experiments (histological or immunohistochemistry colora-

tion) performed on different experimental days on the tissue

sections collected from all the animals in each group. The

results were analysed by one-way ANOVA followed by a

Bonferroni posthoc test for multiple comparisons. A P-value

o0.05 were considered significant. and individual group

means were then compared with Student’s unpaired t test.

A P-value o0.05 was considered significant.

Results

Effects of TDZD-8 on carrageenan-induced pleurisy

When compared with lung sections taken from saline-

treated animals (sham group Figure 1a), histological exam-

ination of lung sections taken from mice treated with

carrageenan revealed significant tissue damage and oedema

(Figure 1b), as well as infiltration of PMNs within the tissues

(see arrows Figure 1b1). TDZD-8 (3, 10 mg kg�1) reduced the

degree of lung injury (Figure 1d–e respectively). However,

the lowest dose of TDZD-8 (1 mg kg�1) did not reduce the

degree of lung injury (Figure 1c). Furthermore, injection of

carrageenan elicited an acute inflammatory response char-

acterized by the accumulation of fluid (oedema) in the

pleural cavity (Table 1) containing large amounts of PMNs

(Table 1). Pretreatment with TDZD-8 attenuated carragee-

nan-induced oedema formation and PMN infiltration in a

dose-dependent manner (Table 1). The reductions in oedema

formation and PMN infiltration were significant at the

higher doses of TDZD-8 (3 and 10 mg kg�1; Table 1).

Effects of TDZD-8 on the expression of adhesion molecules

(ICAM-1, P-selectin)

Staining of lung tissue sections obtained from saline-treated

mice with anti-ICAM-1 antibody showed a specific staining

along bronchial epithelium demonstrating that ICAM-1 is

constitutively expressed (Figure 2a). No positive staining for

P-selectin was found in lung tissue sections from saline-

treated mice (Figure 2a). At 4 h after carrageenan injection,

the staining intensity for ICAM-1 substantially increased

along the vessels (Figure 2b) mainly localized in the vascular

endothelium (Figure 2b1). Lung tissue sections obtained

from carrageenan-treated mice showed positive staining for

P-selectin localized in the vessels (Figure 3b). No positive

staining for ICAM-1 or P-selectin was observed in the lungs

of carrageenan-treated mice pretreated with TDZD-8

(10 mg kg�1) (Figures 2c and 3c, respectively). As this

expression of adhesion molecules appeared to correlate with

an influx of leukocytes into the lung tissue, we investigated

the effect of TDZD-8 on neutrophil infiltration by measure-

ment of MPO activity. This activity was significantly elevated

at 4 h after carrageenan administration in vehicle-treated

mice (Figure 3d). Pretreatment with TDZD-8 attenuated

neutrophil infiltration into the lung tissue in a dose-

dependent fashion, and was significant at the 3 and

10 mg kg�1 doses (Figure 3d).

Effects of TDZD-8 on carrageenan-induced NO production

No positive staining for iNOS was observed in the lung

tissues obtained from the sham group (Figure 4a). Immuno-

histochemical analysis of lung sections obtained from

Table 1 Effect of TDZD-8 on carrageenan-induced inflammation, TNF-a and IL-1b production in the pleural exudate

Volume exudate (ml) PMNs infiltration (million cells/mouse) TNF-a (pg/ml) IL-1b (pg/ml)

Shamþ vehicle 0.0770.06 0.670.2 5.070.6 7.072.3
Shamþ TDZD-8 (1 mg kg�1) 0.0970.07 0.870.12 8.070.4 9.073.2
Shamþ TDZD-8 (3 mg kg�1) 0.170.05 0.570.15 6.070.5 11.072.9
Shamþ TDZD-8 (10 mg kg�1) 0.1170.04 0.770.13 7.070.4 8.074.2
CARþVehicle 1.070.1* 9.070.5* 4775* 13179*
CARþ TDZD-8 (1 mg kg�1) 0.970.11* 8.070.35* 4273* 112711**
CARþTDZD-8 (3 mg kg�1) 0.670.05** 5.070.3** 2174.5** 8275.0**
CARþTDZD-8 (10 mg kg�1) 0.2470.09** 3.570.28** 1772.5** 4576.5**

Abbreviations: IL-1b, interleukin-1b; PMN, polymorphonuclear; TDZD-8, 4-benzyl-2-methyl-1,2,4-thiadiazolidine-3,5-dione; TNF-a, tumour necrosis factor-a.

Data are means7s.e. m. of 10 mice for each group. *Po0.01 versus sham. **Po0.01 versus carrageenan.
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carrageenan-treated mice revealed positive staining for iNOS

(Figure 4b). In contrast, no staining for iNOS was found in

the lungs of carrageenan-treated mice that had been treated

with TDZD-8 (10 mg kg�1) (Figure 4c). A significant increase

in iNOS expression 4 h after carrageenan injection, as

assayed by Western blot analysis, was also detected in lungs

obtained from mice subjected to carrageenan-induced

pleurisy (Figure 5a, see densitometry analysis Figure 5a1).

TDZD-8 (10 mg kg�1) treatment significantly attenuated this

iNOS expression (Figure 5a, see densitometry analysis Figure

5a1). NO levels were also significantly increased in the

exudate obtained from mice administered carrageenan

(Figure 4d). Pretreatment of mice with TDZD-8 significantly

reduced (in a dose-dependent fashion) NO exudates levels

(Figure 4d). No significant reduction of NO exudates levels

was found in the animal treated with TDZD-8 at the lower

dose (1 mg kg�1; Figure 4d).

Effects of TDZD-8 on carrageenan-induced nitrotyrosine

formation and lipid peroxidation

Immunohistochemical analysis of lung sections obtained

from mice treated with carrageenan revealed positive stain-

ing for nitrotyrosine (Figure 6b). In contrast, no positive

staining for nitrotyrosine was found in the lungs of

carrageenan-treated mice, which had been treated with

TDZD-8 (10 mg kg�1) (Figure 6c). There was no staining for

nitrotyrosine (Figure 6a) in lungs obtained from the sham

group of mice. In addition, at 4 h after carrageenan-induced

pleurisy, MDA levels were also measured in the lungs as an

indicator of lipid peroxidation. As shown in Figure 6d, MDA

levels were significantly increased in the lungs of carragee-

nan-treated mice. Lipid peroxidation was significantly

attenuated in a dose-dependent fashion by the i.p. injection

of TDZD-8 (Figure 6d). No significant reduction of MDA

levels was found in the animal treated with TDZD-8 at the

lowest dose (1 mg kg�1; Figure 6d).

Effects of TDZD-8 on carrageenan-induced prostaglandin

formation

Although staining was absent in tissue obtained from the

sham group of animals (Figure 7a), immunohistochemical

analysis of lung sections obtained from carrageenan-treated

mice revealed positive staining for COX-2, which was

primarily localized in alveolar macrophages (Figure 7b). In

Figure 2 Effect of TDZD-8 on the immunohistochemical localization of ICAM-1 expression in the lung after carrageenan injection. No positive
staining for ICAM-1 was observed in lung sections taken from sham mice treated with TDZD-8 (10 mg kg�1 a). Lung sections taken from
carrageenan-treated mice pretreated with vehicle showed intense positive staining for ICAM-1 along the vessels (b) as well as the bronchial
epithelium (b1). The degree of positive staining for ICAM-1 was markedly reduced in lung sections obtained from mice pretreated with
10 mg kg�1 TDZD-8 mice (c). Original magnification: �125. The figure is representative of at least three experiments performed on different
experimental days.
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contrast, no positive COX-2 staining was found in the lungs

from carrageenan-treated mice that had been treated with

TDZD-8 (10 mg kg�1) (Figure 7c). Western blot analysis of

lung homogenates obtained from carrageenan-treated mice

also revealed an increase of COX-2 expression, which was

significantly attenuated in the lungs of mice treated with

TDZD-8 (10 mg kg�1) (Figure 5b, see densitometry analysis

Figure 5b1). In addition, COX-2 activity was also assessed by

measurement of the increased formation of PGE2 in the

pleural exudate. The level of PGE2 found in the pleural

exudate of carrageenan-treated mice pretreated with vehicle

was significantly greater than in those treated with the

higher doses of TDZD-8 (Figure 7d). COX-1 was also detected

by immunohistochemical analysis in the lung sections

obtained from mice treated with carrageenan, however, the

degree of staining was similar to that observed in the lungs of

sham animals (data not shown). The degree of staining for

COX-1 in lungs of carrageenan-treated mice treated with

TDZD-8 (10 mg kg�1) was similar to those observed in lungs

obtained from carrageenan-treated mice and sham mice

(data not shown).

Effects of TDZD-8 on the release of proinflammatory cytokine

induced by carrageenan

When compared to sham animals, injection of carrageenan

resulted in an increase in the levels of TNF-a and IL-1b in the

pleural exudates (Table 1). The release of TNF-a and IL-1b
was attenuated, in a dose-dependent manner, by treatment

with TDZD-8 (Table 1). This reduction in TNF-a and IL-1b
exudate levels was significant at the 3 and 10 mg kg�1 doses

(Table 1).

Effect of TDZD-8 on IkB-a degradation and phosphorylation

of Ser536 on p65

To investigate the cellular mechanisms by which treatment

with TDZD-8 may attenuate the development of carragee-

nan-induced pleurisy, we evaluated both IkB-a degradation

and phosphorylation of Ser536 on the NF-kB subunit p65.

The presence of IkB-a in homogenates of lung tissues was

investigated by immunoblot analysis at 4 h after carrageenan

administration. A basal level of IkB-a was detected in the

lung tissues of sham-animals (Figure 8a, see densitometry

Figure 3 Effect of TDZD-8 on carrageenan-induced P-selectin expression and PMN infiltration in the lung. No positive staining for P-selectin
was observed in lung sections taken from sham mice treated with TDZD-8 (10 mg kg�1 a). Lung sections taken from carrageenan-treated mice
pre-treated with vehicle showed intense positive staining for P-selectin along the vessels (b). The degree of positive staining for P-selectin was
markedly reduced in tissue sections obtained from mice pre-treated with 10 mg kg�1 TDZD-8 (c). MPO activity, index of PMN infiltration, was
significantly elevated at 4 h after carrageenan (CAR) administration in vehicle-treated mice (d). TDZD-8 (1, 3 and 10 mg kg�1 i.p.) significantly
reduced MPO activity in the lung in a dose-dependent fashion (d). The figure is representative of at least three experiments performed on
different experimental days. Data are expressed as mean7s.e.m. from n¼10 mice for each group. *Po0.01 versus sham group. 1Po0.01
versus carrageenan.
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analysis, Figure 8a1), whereas in carrageenan-treated mice

IkB-a levels were substantially reduced (Figure 8a, see

densitometry analysis, Figure 8a1). TDZD-8 (10 mg kg�1)

prevented carrageenan-induced IkB-a degradation, the IkB-a
levels observed in these animals were similar to those of

the sham group (Figure 8a, see densitometry analysis,

Figure 4 Effect of TDZD-8 on carrageenan-induced iNOS expression and NO formation in the lung. No positive staining for iNOS was
observed in lung sections taken from sham mice treated with TDZD-8 (10 mg kg�1 a). Lung sections taken from carrageenan-treated mice
pretreated with vehicle showed positive staining for iNOS, localized mainly in inflammatory cells (b). The degree of positive staining for iNOS
was markedly reduced in tissue sections obtained from mice pretreated with 10 mg kg�1 TDZD-8 (c). Nitrite and nitrate levels, stable NO
metabolites, were significantly increased in the pleural exudates at 4 h after carrageenan (CAR) administration (d). TDZD-8 (1, 3 and
10 mg kg�1i.p.) significantly reduced the carrageenan-induced elevation of nitrite and nitrate exudates levels in a dose dependent manner. The
figure is representative of at least three experiments performed on different experimental days. Data are expressed as meanc7s.e.m. from
n¼10 mice for each group. *Po0.01 versus sham group. 1Po0.01 versus carrageenan.

Figure 5 A representative blot of iNOS (a) and COX-2 (b) expression in the lung after carrageenan (CAR) injection. A significant increase in
iNOS (a, a1) and COX-2 (b, b1) expression, assayed by Western blot analysis, was detected in lungs obtained from mice subjected to
carrageenan-induced pleurisy. Pretreatment with TDZD-8 10 mg kg�1 significantly attenuated iNOS (a, a1) and COX-2 (b, b1) expression in
the lung tissues. A representative blot of tissue lysates (a and b) obtained from five animals per group is shown and densitometry analysis of all
animals is reported. The results in panel a1 and b1 are expressed as mean7s.e.m. from n¼5/6 lungs for each group. *Po0.01 versus
carrageenan.
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Figure 8a1). We also evaluated the phosphorylation of Ser536

on the NF-kB subunit p65 by Western blot analysis in lung

samples collected 4 hours after carrageenan administration.

A significant increase in the phosphorylation of Ser536 was

observed in lung tissues collected from carrageenan-treated

mice (Figure 8b, see densitometry analysis, Figure 8b1).

Treatment with the GSK-3b inhibitor significantly reduced

the phosphorylation of p65 on Ser536 (Figure 8b, see

densitometry analysis, Figure 8b1).

Effects of TDZD-8 on apoptosis in lung tissues after carrageenan-

induced pleurisy

To investigate whether acute lung inflammation is associated

with apoptotic cell death we measured TUNEL-like staining

in lung tissues. At 4 h after carrageenan administration,

lung tissues demonstrated a marked appearance of dark

brown apoptotic cells and intercellular apoptotic fragments

(Figure 9a, a1,a2,a3). In contrast, no apoptotic cells or

fragments were observed in the tissues obtained from

carrageenan-mice treated with TDZD-8 10 mg kg�1

(Figure 9b). Similarly, no apoptotic cells were observed in

lungs of sham-treated mice (Figure 9c). A positive control is

also included (Figure 9d).

Western blot analysis and immunohistochemistry for Bax and

Bcl-2

The presence of Bax in lung homogenates was investigated

by Western blot 4 h after carrageenan administration. A basal

level of Bax was detected in lung tissues obtained from sham-

treated animals (Figure 10a, see densitometry analysis, Figure

10a1). Bax levels were substantially increased in the lung

tissues from carrageenan-treated mice (Figure 10a, see

densitometry analysis, Figure 10a1). On the contrary,

TDZD-8 (10 mg kg�1) treatment prevented the carrageenan-

induced Bax expression (Figure 10a, see densitometry

analysis, Figure 10a1).

Figure 6 Effect of TDZD-8 on carrageenan-induced nitrotyrosine formation and lipid peroxidation in the lung. No positive staining for
nitrotyrosine was observed in lung sections taken from sham mice treated with TDZD-8 (10 mg kg�1 a). Lung sections taken from carrageenan-
treated mice pre-treated with vehicle showed positive staining for nitrotyrosine, localized mainly in inflammatory cells (b). There was a marked
reduction in the immunostaining for nitrotyrosine in the lungs of carrageenan-treated mice pretreated with 10 mg kg�1 TDZD-8 (c). MDA
levels, an index of lipid peroxidation, were significantly increased in lung tissues 4 h after carrageenan (CAR) administration (d). TDZD-8 (1, 3
and 10 mg kg�1i.p.) significantly reduced the carrageenan-induced elevation of MDA tissues levels in a dose-dependent manner. The figure is
representative of at least three experiments performed on different experimental days. Data are expressed as mean7s.e.m. from n¼10 mice
for each group. *Po0.01 versus sham group. 1Po0.01 versus carrageenan.
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To detect Bcl-2 expression, whole extracts from lung

tissues of mice were also analysed by Western blot analysis.

A basal level of Bcl-2 expression was detected in lung tissues

from sham-treated mice (Figure 10b, see densitometry

analysis, Figure 10b1). At 4 h after carrageenan administra-

tion, Bcl-2 expression was significantly reduced (Figure 10b,

see densitometry analysis, Figure 10b1). Treatment of mice

with TDZD-8 (10 mg kg�1) significantly attenuated carragee-

nan-induced inhibition of Bcl-2 expression (Figure 10b, see

densitometry analysis, Figure 10b1).

Figure 7 Effect of TDZD-8 on carrageenan-induced COX-2 expression and PGE2 production in the lung. No positive staining for COX-2 was
observed in lung sections taken from sham mice treated with TDZD-8 (10 mg kg�1 a). Lung sections taken from carrageenan-treated mice
pretreated with vehicle showed positive staining for COX-2, localized mainly in inflammatory cells (b). There was a marked reduction in the
immunostaining for COX-2 in the lungs of carrageenan-treated mice pretreated with 10 mg kg�1 TDZD-8 (c). PGE2 levels were significantly
increased in the pleural exudates at 4 h after carrageenan (CAR) administration (d). TDZD-8 (1, 3 and 10 mg kg�1i.p.) significantly reduced the
carrageenan-induced elevation of PGE2 exudate levels in a dose-dependent manner. The figure is representative of at least three experiments
performed on different experimental days. Data are expressed as mean7s.e.m. from n¼10 mice for each group. *Po0.01 versus sham group.
1Po0.01 versus carrageenan.

Figure 8 Representative Western blots showing the effects of TDZD-8 on IkB-a degradation (a, a1) and phosphorylation of Ser536 on NF-kB
subunit p65 (b, b1) after carrageenan (CAR) injection. A representative blot of lysates (a, b) obtained from five animals per group is shown and
densitometry analysis of all animals is reported. The results in panel a1, b1 are expressed as mean7s.e.m. from n¼5/6 lung tissues for each
group. *Po0.01 versus carrageenan.
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Lung samples were also collected 4 h after carrageenan

administration in order to determine the immunohistologi-

cal staining for Bax and Bcl-2. Lung tissues taken from sham-

treated mice did not stain for Bax (Figure 11a) whereas lung

sections obtained from carrageenan-treated mice exhibited

positive staining for Bax (Figure 11b and b1). TDZD-8

Figure 9 Effect of TDZD-8 on carrageenan-induced apoptosis as measured by TUNEL-like staining. Positive staining was observed in lung
sections taken from carrageenan-treated mice pretreated with vehicle (a, a1, a2, a3). In contrast, tissues obtained from carrageenan-treated
mice pretreated with 10 mg kg�1 TDZD-8 demonstrated no apoptotic cells or fragments (b). Almost no apoptotic cells were observed in lungs
of sham mice treated with TDZD-8 (10 mg kg�1 c). A positive control is also included (d). The figure is representative of at least three
experiments performed on different experimental days.
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(10 mg kg�1) treatment reduced the degree of positive

staining for Bax in the lung of mice subjected to carragee-

nan-induced pleurisy (Figure 11c).

In addition, lung sections from sham-treated mice demon-

strated positive staining for Bcl-2 (Figure 12a and a1) whereas

in carrageenan-treated mice Bcl-2 staining was significantly

reduced (Figure 12c). TDZD-8 (10 mg kg�1) treatment sig-

nificantly attenuated the loss of positive staining for Bcl-2 in

mice subjected to carrageenan-induced pleurisy (Figure 12b

and b1).

Discussion and conclusions

This study provides evidence that TDZD-8 attenuates: (i) the

development of carrageenan-induced pleurisy, (ii) the

Figure 10 Representative Western blots showing the effects of TDZD-8 on Bax (a, a1) and Bcl-2 (b, b1) expression in lung tissue after
carrageenan (CAR) injection. A representative blot of lysates (a, b) obtained from five animals per group is shown and densitometry analysis of
all animals is reported. The results in panel a1, b1 are expressed as mean7s.e.m. from n¼5/6 lung tissues for each group. *Po0.01 versus
sham group. 1Po0.01 versus carrageenan.

Figure 11 Effect of TDZD-8 on carrageenan-induced Bax expression in the lung. No positive staining for Bax was observed in lung sections
taken from sham mice treated with TDZD-8 (10 mg kg�1 a). Lung sections taken from carrageenan-treated mice pretreated with vehicle
showed positive staining for Bax (b) localized mainly in the inflammatory cells (b1). The degree of positive staining for Bax was markedly
reduced in lung sections obtained from mice pretreated with 10 mg kg�1 TDZD-8 mice (c). The figure is representative of at least three
experiments performed on different experimental days.
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infiltration of the lung with PMNs, (iii) the degree of lipid

peroxidation in the lung, (iv) the expression of ICAM-1 and

P-selectin, (v) COX-2 expression (by immunohistochemistry

and western blot analysis), (vi) the nitration of tyrosine

residues, (vii) iNOS expression (vii) NF-kB expression (ix)

apoptosis (x) Bax and Bcl-2 expression and (xi) the degree of

lung injury caused by injection of carrageenan. All of these

findings support the view that TDZD-8 attenuates the degree

of acute inflammation in the mouse. What, then, is the

mechanism by which TDZD-8 reduces acute inflammation?

The proof of a role of GSK-3b in the regulation of acute

lung injury is of special interest because several transcription

factors important to the regulation of acute inflammation

serve as substrates for GSK-3b. Among these is the transcrip-

tion factor NF-kB, whose function is strikingly altered by

GSK-3b (Hoeflich et al., 2000; Buss et al., 2004). NF-kB plays

Figure 12 Effect of carrageenan and TDZD-8 on Bcl-2 expression in the lung. Positive staining for Bcl-2 was observed in lung sections taken
from sham mice treated with TDZD-8 (10 mg kg�1 a, a1). The degree of positive staining for Bcl-2 was markedly reduced in lung sections
obtained from carrageenan-mice treated with vehicle (c). Pretreatment with TDZD-8 10 mg kg�1 significantly attenuated the reduction in Bcl-2
expression caused by carrageenan (b, b1).
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a central role in the regulation of many genes responsible for

the generation of mediators or proteins in inflammation.

These include the genes for TNF-a, IL-1b, iNOS and COX-2

(Verma, 2004). The discovery in 1997 that inhibition of the

activation of NF-kB may be useful in conditions associated

with local or systemic inflammation (Ruetten and Thiemer-

mann, 1997) stimulated the search for agents that prevent

the activation of NF-kB. The extent to which GSK-3b
activates or blocks NF-kB signalling remains unclear. Hoe-

flich et al. (2000) first demonstrated that deletion of GSK-3b
had no effect on the TNF-a-induced IkB-a degradation or on

the nuclear translocation of the subunit p65, but prevented

the activation of NF-kB by an unknown mechanism. On the

other hand, other studies provided evidence for an inverse

association between the activity of GSK-3b and NF-kB

signalling. A recent study has shown that GSK-3b-dependent

phosphorylation of a specific serine residue (Ser468) on p65

blocks the activation of NF-kB and that inhibition of GSK-3b
was associated with increased p65 activity (Buss et al., 2004).

We report here that carrageenan caused a significant increase

in the phosphorylation of Ser536 on p65 in the lung tissues

at 4 h, whereas treatment with the GSK-3b inhibitor TDZD-8

significantly reduced this phosphorylation. Moreover, we

also demonstrate that the selective and potent GSK-3b
inhibitor TDZD-8 inhibited IkB-a degradation. Taken

together, the balance between pro-inflammatory and pro-

survival roles of NF-kB may depend on the phosphorylation

status of p65 and GSK-3b may play a central role in this

process. However, the reasons for the apparent discrepancies

in the modulatory effects of GSK-3b on NF-kB activity

remain to be fully elucidated.

There is good evidence that TNF-a and IL-1b help to

propagate the extension of a local or systemic inflammatory

process (Saklatvala, 1986; Henderson and Pettipher, 1989;

Piguet et al., 1992; Wooley et al., 1993). Various studies have

clearly reported that inhibition of TNF-a formation signifi-

cantly prevent the development of the inflammatory process

(Mageed et al., 1998; Mukherjee et al., 2005). This study

demonstrates that TDZD-8 attenuates the production of

TNF-a and IL-1b in pleural exudates of carrageenan-treated

mice. Therefore, the inhibition of the production of TNF-a
and IL-1b by TDZD-8 described in the present study most

likely reflects its inhibitory effects on the activation of NF-

kB. Indeed, the expression of MCP-1 and IL-6 were reduced

in TNF-a stimulated mouse embryonic fibroblasts lacking

GSK-3b, however, restoration of GSK-3b activity in these cells

was able to in turn restore responsiveness to TNF-a treatment

and elevate levels of these NF-kB regulated genes (Stein-

brecher et al., 2005).

The promoter regions of murine and human COX-2 genes

contain binding sites for NF-kB (Sirois et al., 1993; Appleby

et al., 1994). Expression of the COX-2 gene is activated by

oxidant stress (Feng et al., 1995) and reactive oxygen

intermediates cause activation of NF-kB (Schreck et al.,

1991), suggesting NF-kB is one of the transcription factors

involved. The increase in prostaglandin formation (COX

activity) by murine osteoblasts (cell line MC3T3-E1) involves

activation of NF-kB (Wadleigh and Herschman, 1999). There

is good evidence that an enhanced formation of prostanoids

following the induction of COX-2 contributes to the

pathophysiology of local inflammation (Salvemini et al.,

1995; Sautebin et al., 1998) and also that selective inhibitors

of COX-2 exert potent anti-inflammatory effects (Cuzzocrea

et al., 2002). We demonstrate here that the carrageenan-

induced increase in PGE2 levels is attenuated by pretreat-

ment with TDZD-8. The enhanced formation of PGE2 is

secondary to the expression of COX-2 protein, as (i) there

was no increase in the expression of COX-1 protein (detected

by immunohistochemistry) after carrageenan injection and

(ii) selective inhibitors of COX-2 activity including NS-398

and SC-58125 (celecoxib) abolished the increase in PGE2

caused by carrageenan (Cuzzocrea et al., 2002). Thus, we

propose that TDZD-8 reduced the expression of COX-2

protein in the lung caused by carrageenan.

Furthermore, we observed that acute lung inflammation

(4 h after carrageenan administration) induced the appear-

ance of P-selectin on the endothelial vascular wall and

upregulated the surface expression of ICAM-1 on endothelial

cells. Treatment with TDZD-8 abolished the expression of

P-selectin and the upregulation of ICAM-1 without effecting

constitutive levels of ICAM-1 on endothelial cells. These

results demonstrate that inhibition of the GSK-3b pathway

may interrupt the interactions between neutrophils and

endothelial cells both at the early rolling phase mediated by

P-selectin and at the late firm adhesion phase mediated

by ICAM. The lack of increased expression of the adhesion

molecule in the lung tissue of carrageenan-treated mice

given TDZD-8 correlated with the reduction of leucocyte

infiltration, as assessed by the specific granulocyte enzyme

MPO, and with the attenuation of the lung tissue damage

as evaluated by histological examination. Activation and

accumulation of leukocytes is one of the initial events of

tissue injury due to release of oxygen free radicals, arachi-

donic acid metabolites and lysosomal proteases (Salvemini

et al., 2002).

Enhanced formation of NO by iNOS may contribute to the

inflammatory process (Tracey et al., 1995; Wei et al., 1995;

Salvemini et al., 1996; Cuzzocrea et al., 1999b). This study

demonstrates that TDZD-8 attenuates the expression of iNOS

in the lung in carrageenan-treated mice. This reduction in

the expression of iNOS by TDZD-8 may contribute to the

attenuation of nitrotyrosine formation and lipid peroxida-

tion in the lung in carrageenan-treated animals. Nitro-

tyrosine formation, along with its detection by

immunostaining, was initially proposed as a relatively

specific marker (‘footprint’) for the detection of the en-

dogenous formation of peroxynitrite (Beckman, 1996). There

is, however, recent evidence that certain other reactions can

also induce tyrosine nitration for example, reaction of nitrite

with hypochlorous acid and the reaction of MPO with

hydrogen peroxide can both lead to the formation of

nitrotyrosine (Eiserich et al., 1998). Increased nitrotyrosine

staining is therefore considered as an indicator of ‘increased

nitrosative stress’ rather than a specific marker of the

generation of peroxynitrite.

Generation of free radicals and nitric oxide by activated

macrophages has also been implicated in causing oligoden-

drocyte apoptosis (Merrill et al., 1993). We have demon-

strated that treatment with TDZD-8 attenuates the degree of

apoptosis, measured by TUNEL detection kit, in the lung at
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4 h after carrageenan administration. There is evidence that

direct overexpression of GSK-3b is known to induce

apoptosis in different cell lines, and specific inhibitors of

GSK-3b are able to ameliorate this apoptotic response (Pap

and Cooper, 1998).

It is known that pathways which inhibit GSK-3b activity,

such as PI-3K or Wnt signalling, often lead to the induction

of the NF-kB cell survival pathway (Bournat et al., 2000).

Indeed, GSK-3b is a major target of Akt/PKB (van Weeren

et al., 1998), which is activated by the PI-3K-mediated

signalling pathway (Ozes et al., 1999). Cellular systems that

have been implicated in the regulation of astrocyte apoptosis

include the PI-3K pathway (Kim et al., 2001). Inhibition of

this signalling cascade has been shown to lead to cell death

in several models (Carbott et al., 2002), and this has been

attributed, at least in part, to the reduction in activity of

PI-3K’s major physiological target, Akt. Loss of Akt activity

in turn results in the transduction of several proapoptotic

signals including sequestration of Bcl-2 and enhanced

activation of an Akt substrate, GSK-3b (Pap and Cooper,

1998). We identified proapoptotic transcriptional changes,

including upregulation of proapoptotic Bax and down-

regulation of antiapoptotic Bcl-2, using Western blot assay

and by immunohistochemical staining. We report in the

present study for the first time that the treatment with

TDZD-8 in acute lung injury decreased features of apoptotic

cell death after carrageenan administration, suggesting that

protection from apoptosis may be a prerequisite for anti-

inflammatory approaches. In particular, we demonstrated

that the treatment with TDZD-8 lowered the signal for Bax in

treated group when compared with lung sections obtained

from carrageenan-treated mice, while on the contrary, the

signal for Bcl-2 was more highly expressed in TDZD-8-treated

mice than in carrageenan-treated mice. This means that

TDZD-8 by inhibiting NF-kB prevents the loss of the

antiapoptotic pathway. It also reduced the activation of the

proapoptotic pathway through a mechanism that is still to

be discovered. Taken together, the results of the present

study enhance our understanding of the role of GSK-3b in

the pathophysiology of acute inflammation. Our results

imply that inhibitors of the activity of GSK-3b may be useful

in the therapy of inflammation.
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