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Antipsoriatic effects of avarol-30-thiosalicylate are
mediated by inhibition of TNF-a generation and
NF-jB activation in mouse skin
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Background and purpose: Avarol is a marine sesquiterpenoid hydroquinone with anti-inflammatory and antipsoriatic
properties. The aim of this study was to evaluate the in vitro and in vivo pharmacological behaviour of the derivative avarol-30-
thiosalicylate (TA) on some inflammatory parameters related to the pathogenesis of psoriasis.
Experimental approach: Human neutrophils and monocytes as well as the human keratinocyte cell line HaCaT were used to
study the effect of TA on oxidative stress, the arachidonic acid pathway, tumour necrosis factor-a (TNF-a) release and nuclear
factor-kB (NF-kB) activation. All these parameters were also determined in vivo using the zymosan induced mouse air pouch
model and the 12-O-tetradecanoylphorbol-13-acetate (TPA) induced mouse epidermal hyperplasia model.
Key results: TA showed antioxidant properties in human neutrophils and in the hypoxanthine/xanthine oxidase assay.
This compound reduced, in a concentration-dependent manner, leukotriene B4, prostaglandin E2 and TNF-a production in
activated leukocytes. Oral and intrapouch administration of TA in the mouse air pouch model produced a dose-dependent
reduction of all these inflammatory mediators. TA also inhibited secretory phospholipase A2 activity and NF-kB DNA-binding in
HaCaT keratinocytes. In TPA-induced mouse epidermal hyperplasia, topical administration of TA reduced oedema, leukocyte
infiltration, eicosanoid levels and TNF-a in skin. In addition, interleukin (IL)-1b and IL-2 production were also inhibited. Finally,
TA was also capable of suppressing NF-kB nuclear translocation in vivo.
Conclusions and implications: TA inhibited several key biomarkers up-regulated in the inflammatory response of psoriatic skin
and this compound could be a promising antipsoriatic agent.
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Introduction

Psoriasis is a chronic inflammatory skin disorder character-

ized by inflammation in dermis and epidermis, keratinocyte

hyperproliferation and leukocyte infiltration (Lizzul et al.,

2005). Immune-mediated inflammatory processes, involving

both innate and adaptative immunity effector mechanisms

drive this pathology (Gaspari, 2006). It has recently been

suggested that innate immune responses driven by neutro-

phils, macrophages or keratinocytes play an important role

in the pathogenesis of psoriasis (Bos et al., 2005). Early and

active psoriatic lesions are characterized by intra-epidermal

penetration of activated polymorphonuclear leukocytes,

which cause uncontrolled production of reactive oxygen

species (ROS), leading to peroxidative damage to membranes

of the skin and contributing to the exacerbation of lesions

(Briganti and Picardo, 2003; Yildirim et al., 2003; Okayama,

2005). ROS may also activate phospholipase A2 (PLA2) and

thus increase the release of mediators of arachidonic acid
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(AA) (Yildirim et al., 2003). Psoriatic patients present elevated

levels of leukotriene B4 (LTB4) (Ikai, 1999), a potent chemoat-

tractant molecule formed by 5-lipoxygenase (5-LO)-dependent

metabolism. Prostaglandin E2 (PGE2) produced by the cycloox-

ygenase (COX) pathway also contributes by dilating capillaries

in the dermis, increasing leukocyte infiltration and stimulating

keratinocyte cell growth (Ikai, 1999; Rys-Sikora et al., 2000).

Mammalian PLA2 are now classified into 12 groups (I–XII)

that are further subdivided in terms of their substrate

specificities, calcium sensitivity and cellular location (Mur-

akami and Kudo, 2004). In psoriatic skin, an increased

expression of the secretory phospholipase, sPLA2-IIA, in the

basal epidermal layer and in the dermis has been observed

(Andersen et al., 1994; Haas et al., 2005), contributing to the

sustained activation of mitogen-activated protein (MAP)

kinases, as well as nuclear factor-kappa B (NF-kB) in

keratinocytes (Thommesen et al., 1998; Anthonsen et al.,

2001; Haase et al., 2001).

NF-kB is a crucial factor for the immunoinflammatory

responses implicated in various skin diseases including

psoriasis (Banno et al., 2005). In fact, several antipsoriatic

drugs such as tacrolimus, dimethylfumarate, calcipotriol or

corticosteroids act in part by inhibition of this nuclear factor

(Bell et al., 2002; Lan et al., 2005; Mrowietz and Asadullah,

2005; Norris, 2005). Activation of the NF-kB pathway

leads to the transcription of numerous genes, regulating

the production of cytokines, chemokines and growth factors,

which are involved in the initiation of the inflammatory

response (Courtois, 2005; De Vry et al., 2005). Remarkably,

activation of NF-kB induces the production of proteins, such

as TNF-a, which are, in turn, able to stimulate the signal

transduction pathway to activate NF-kB, thus constituting a

proinflammatory positive feedback (Quivy and Van Lint,

2004). In this way, a crucial link between high levels of TNF-a
and NF-kB activation has been found in the skin of psoriatic

patients and a potential mechanism of action for TNF-

targeting agents is the downregulation of NF-kB tran-

scriptional activity (Bos et al., 2005; Gottlieb, 2005; Lizzul

et al., 2005). Recently, anti-inflammatory therapies based

on blocking TNF-a signalling were shown to be effective in

the treatment of psoriasis and could become a highly

promising option for the treatment of this skin condition

(Asadullah et al., 2002; Gottlieb, 2005).

Avarol is a marine sesquiterpenoid hydroquinone with

interesting pharmacological properties including anti-

inflammatory and antipsoriatic effects (Ferrándiz et al.,

1994; De Rosa, 2002; Sipkema et al., 2005). In a recent study,

we reported that its derivative avarol-30-thiosalicylate

(TA) (Figure 1) inhibited superoxide anion generation in

stimulated human neutrophils and PGE2 release in the

human HaCaT keratinocyte cell line (Amigó et al., 2004).

In the present study, we investigate the effect of TA on

some inflammatory parameters upregulated during the

innate immune response in psoriasis. In vitro studies

performed in human neutrophils, monocytes and keratino-

cytes have been corroborated in vivo using the zymosan-

stimulated mouse air pouch model and the TPA-induced

murine hyperplasia skin model. The ability of TA to inhibit

NF-kB activation and TNF-a generation in vitro and in vivo has

been demonstrated.

Methods

Animals

Female Swiss CD-1 mice (25–30 g) were obtained from Harlan

(Spain). The mice were kept at room temperature and had

free access to food and water. All studies were performed in

accordance with European Union regulations for the hand-

ling and use of laboratory animals. The protocols were

approved by the Institutional Animal Care and Use Com-

mittee of the University of Valencia.

Chemiluminescence by human neutrophils

A suspension of human neutrophils was obtained from the

citrated blood of healthy volunteers after sequential cen-

trifugation as described previously (Bustos et al., 1995).

Neutrophils (2.5�106 cells ml�1) were incubated with lumi-

nol (40 mM) and stimulated with 1 mM 12-O-tetradecanoyl

phorbol 13-acetate (TPA). Chemiluminescence was recorded

with a Microbeta trilux counter (Wallac, Turku, Finland). The

mitochondrial-dependent reduction of 3-(4,5-dimethyl-

thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) to

formazan (Borenfreund et al., 1988) was used to assess the

possible cytotoxic effects of compounds.

Chemiluminescence by the hypoxanthine/xanthine oxidase

system

Superoxide anions were generated by the hypoxanthine/

xanthine oxidase system to assess a possible direct scavenging

activity of the test compound (Betts, 1985). The reaction

mixture contained 50mM KH2PO4–KOH (pH 7.4), 1 mM

ethylenediaminetetraacetic acid (EDTA), 100mM hypoxanthine

and luminol (40mM) in a total volume of 250ml. The reaction

was started by adding 76.8mUml�1 of xanthine oxidase.

Chemiluminescence was recorded with a Microbeta trilux

counter (Wallac, Turku, Finland). We had previously found

that this compound did not inhibit xanthine oxidase activity,

by following the formation of uric acid (Paya et al., 1992).

Synthesis and release of LTB4 by human neutrophils

A suspension of human neutrophils obtained as above, was

resuspended at 5�106 cells ml�1. Cells were preincubated

OH

HO

H

S

COOH

Figure 1 Chemical structure of avarol-30-thiosalicylate.
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with test compound or vehicle for 5 min and then stimulated

with calcium ionophore A23187 (1 mM) for 10 min at 371C.

LTB4 levels in supernatants were measured by radioimmu-

noassay (Moroney et al., 1988). To assess 5-LO activity, high-

speed (100 000� g) supernatants from sonicated human

neutrophils were obtained. Aliquots (50 mg of protein/tube)

in PBS containing 2 mM CaCl2 were incubated with 5mM AA

at 371C for 5 min in the presence of test compounds or

vehicle. The samples were then heated at 901C and

centrifuged at 10 000� g at 41C for 10 min (Tateson et al.,

1988). LTB4 levels in supernatants were measured by radio-

immunoassay.

TNF-a and PGE2 production in intact human monocytes

Human monocytes were obtained from peripheral blood

taken from healthy volunteers, as described previously

(Bustos et al., 1995; Rioja et al., 2002). Cells (2�106 cells ml�1)

were coincubated in 96-well culture plate (200ml) with

1mg ml�1 of Escherichia coli (serotype 0111:B4) lipopoly-

saccharide (LPS) at 371C for 20 h in the presence of test

compounds or vehicle. PGE2 levels were determined in culture

supernatants by radioimmunoassay (Moroney et al., 1988).

The MTT assay (Borenfreund et al., 1988) was also used to

assess the possible cytotoxic effects of compounds on mono-

cytes. In a parallel experiment, TNF-a levels were determined

by time-resolved fluoroimmunoassay (Pennanen et al., 1995)

in supernatants of zymosan-stimulated monocytes during 3 h

(0.1 mg ml�1).

COX-1/COX-2 activity in intact human monocytes

To assess the effects of compounds on COX-2 activity,

aspirin-treated human monocytes were incubated with LPS

(1 mg ml�1) for 24 h to induce COX-2. Cultured medium was

changed and test compounds, indomethacin, NS398 or

vehicle were added for 15 min preincubation at 371C.

Arachidonic acid (10 mM) was then added and the cells were

incubated for further 2 h. In parallel experiments, untreated

monocytes (without aspirin) were preincubated for 15 min

with test compounds or vehicle. Afterwards, arachidonic

acid (10 mM) was then added and the cells were incubated for

2 h at 371C to assess the effects of compounds on COX-1

activity. After the incubation period, supernatants were

collected for the measurement of PGE2 levels as above.

Western blot assay of COX-2

Cellular lysates from human monocytes (10�106 cells ml�1

in 6-cm Petri dishes) incubated for 20 h with LPS were

obtained with lysis buffer (1% Triton X-100, 1% deoxycholic

acid, 20 mM NaCl and 25 mM Tris, pH 7.4). Following

centrifugation (10 000� g, 15 min), supernatant protein

was determined by the DC Bio-Rad protein reagent (Rich-

mond, CA, USA). Equal amounts of protein (30 mg) were

loaded on 12.5% SDS–PAGE and transferred onto polyviny-

lidene difluoride membranes (Amersham Biosciences, Barce-

lona, Spain) for 90 min at 125 mA. Membranes were blocked

in PBS (0.02 M, pH 7.0)-Tween-20 (0.1%), containing 3%,

wv�1, defatted milk and incubated with specific poly-

clonal antibody against COX-2 (1/1,000 Cayman Chemical

Company, Ann Arbor, MI, USA) or anti-b-actin (1:1,000

Sigma Chemical Co., St Louis, MO, USA). Finally, membranes

were incubated with peroxidase-conjugated goat anti-

rabbit IgG (1:10 000 DakoCytomation, Glostrup, Denmark).

The immunoreactive bands were visualized using an en-

hanced chemiluminescence system (UV Transilluminator,

AutoChemi System, UVP Bioimaging System).

Human recombinant sPLA2-IIA assay

Secretory phospholipase A2 was assayed by using a modifica-

tion of the method of Franson (Franson et al., 1974). Human

recombinant enzyme was diluted in 10 ml of 100 mM Tris-

HCl, 1 mM CaCl2 buffer, pH 7.5, and preincubated at 371C for

5 min with test compound or vehicle in a final volume of

250 ml. Incubation proceeded for 15 min in the presence of

10 ml of [3H]oleic-Escherichia coli membranes and was termi-

nated by addition of 100 ml ice-cold solution of 0.25% BSA in

saline to a final concentration of 0.07%, wv�1. After

centrifugation at 2500 g for 10 min at 41C, the radioactivity

in the supernatants was determined by liquid scintillation

counting.

cPLA2 assay

Cytosolic phospholipase A2 (cPLA2) was determined from

cytosolic fraction of sonicated RAW 264.7. macrophages.

Enzymatic activity was measured as the release of radiola-

belled arachidonic acid (Clark et al., 1990). The substrate

consisted of 5ml of micelles (104 c.p.m.) containing

1-palmitoyl-2-[14C]arachidonyl-sn-glycero-3-phosphocholine.

HaCaT cell culture

The human keratinocyte cell line HaCaT was provided by

Dr N E Fusenig (Heidelberg, Germany) (Boukamp et al.,

1988). The cells were cultured in modified Eagle’s medium

with 10% fetal calf serum (FCS), 100 U ml�1 penicillin

and 100 mg ml�1 streptomycin, in a humidified incubator

(5% CO2 at 371C).

For sPLA2 activity, keratinocytes (2�105 cells/well) were

grown for 24 h on six-well culture plates. The medium was

replaced (5% FCS) and test compounds or vehicle (1% EtOH)

were added for a further 24 h incubation. Finally, super-

natants were collected for the determination of sPLA2

activity as above (Franson et al., 1974).

For assessment of NF-kB activation, HaCaT cells (106 cells/

well) were grown for 24 h on six-well culture plates.

Cells were preincubated with test compound or vehicle

for 30 min and then stimulated with TNF-a (2 ng ml�1) for

45 min (Moustafa et al., 2002).

Electrophoretic mobility shift assay

HaCaT cells were preincubated with test compound or

vehicle for 30 min and then stimulated with TNF-a
(2 ng ml�1) for 45 min (Moustafa et al., 2002). Cells were

washed twice with ice-cold phosphate-buffered saline, and

then treated with 0.2 ml of buffer A (10 mM 4-(2-hydro-

xyethyl)-1-piperazineethanesulfonic acid (HEPES), pH 8,

1 mM EDTA, 10 mM KCl, 1 mM ethylene glycol bis(b-ami-
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noethylether)-N,N,N’,N’,-tetraacetic acid (EGTA), 1 mM

dithiothreitol (DTT), 0.5 mM phenylmethyl sulphonyl fluor-

ide (PMSF) and a protease inhibitor cocktail) for 15 min

followed by addition of Nonidet P-40 (0.5%, w v�1). The

tubes were vortexed for 5 s, and nuclei were sedimented by

centrifugation at 15 500 g for 1 min. Aliquots of the super-

natant were stored at �801C (cytoplasmic extract), and the

pellet was resuspended in 50 ml of buffer C (20 mM HEPES, pH

8, 1 mM EDTA, 0.4 M NaCl, 1 mM EGTA, 1 mM DTT, 0,5 mM

PMSF and protease inhibitors cocktails) and incubated at

41C for 30 min with constant shaking. After centrifugation at

15 500 g for 5 min, aliquots of the supernatant (nuclear

extract) were stored at �801C. Protein was determined by

the DC Bio-Rad protein reagent (Richmond, CA, USA). The

double-stranded oligonucleotide containing the consensus

NF-kB sequence (Promega Corp., Madison, WI, USA) was

end-labelled using T4 polynucleotide kinase (Amersham

Biosciences, Barcelona, Spain) and [g-32P]ATP, followed

by purification using G-50 microcolumns (Amersham

Biosciences). The binding reaction was carried out in buffer

C containing 10 mg of nuclear extracts, 1 ml of 2 mg ml�1

poly(dI-dC) (Amersham Biosciences, NJ, USA), 4 ml of 0.1%

bromophenol blue and 200 000 c.p.m. of the end-labelled

oligonucleotide probe. After 20 min of incubation at room

temperature, samples were loaded onto a 6% polyacrylamide

gel (37.5:1) in 0.5�TBE (prerun for 30 min) and run at 150 V

for 2 h. Finally, complexes were analysed by autoradiography

of the dried gel using a Typhoon Imager-9400. The identity

of the NF-kB complex was confirmed by the disappearance

of the band upon competition with 50-fold unlabelled

NF-kB consensus probes.

Mouse air pouch model

The air pouch model was in female Swiss mice (25–30 g), as

described previously (Posadas et al., 2000). Six days after the

initial air injection, 1 ml of sterile saline or 1 ml of 1%, w v�1,

zymosan in saline was injected into the air pouch. Products

were administered at the same time as zymosan or orally

1 h before zymosan injection. After 4 h, the animals were

killed by cervical dislocation and the exudate in the pouch

was collected with 1 ml of saline. After centrifugation of the

exudates, the supernatants were used to determine LTB4 and

PGE2 by radioimmunoassay and TNF-a and IL-1 b by time-

resolved fluoroimmunoassay.

TPA-induced epidermal hyperplasia model

We evaluated the effect of TA on TPA-induced hyperplasia

in murine skin used as a possible psoriatic model (Sawa

et al., 2002; Sato et al., 2004). The back of female Swiss mice

were shaved by an electric clipper and treated with

depilatory cream (Deliplus, Barcelona, Spain). One day later,

the animals that displayed no evidence of hair regrowth were

used for the experiment. A total of 20 ml of TPA 100 mM

(2 nmol per site) or vehicle (acetone) was applied to the skin

surface of the backs in an area of 1 cm2 using a micropipette.

One hour before, test compound or vehicle (acetone) was

topically applied to the area to be treated with TPA (day 0).

The treatment of the test compound or vehicle was repeated

on days 1 and 2. On day 3, the mice were killed by cervical

dislocation and 1 cm2 punch biopsies were taken from the

treated dorsal skin and weighed. Skin sections were homo-

genized in 750 ml saline, and after centrifugation at 1372 g

for 8 min at 41C, supernatants were used for determination

of PGE2 and LTB4 content by radioimmunoassay, and for

determination of IL-1b and IL-2 by ELISA. To measure

myeloperoxidase (MPO) activity, skin punches were homo-

genized in 750 ml of 80 mM sodium phosphate buffer (pH 5.4)

containing 0.5% of hexadecyltrimethylammonium bromide

(HTAB) (Sato et al., 2004).

For assessment of NF-kB activity, animals were killed 1.5 h

after TPA treatment. The treated area of skin was excised and

placed in chilled Petri dishes with the epidermis side up (Han

et al., 2001). The epidermis was removed by gentle scraping

with the razor blade and placed in 1 ml of hypotonic buffer A

(as above) and homogenized in an ice bath using a Polytron

tissuemizer. To the homogenates was added 63 ml of 10%

Nonidet P-40 (NP-40) solution and the mixture was then

centrifuged for 30 s at 14 800 g. The pelleted nuclei were

washed once with 400 ml of buffer A plus 25 ml of 10% NP-40,

centrifuged, resuspended in 50 ml of a high-salt buffer

consisting of 50 mM HEPES (pH 8), 50 mM KCl, 300 mM

NaCl, 0.1 mM EDTA, 1 mM DTT, 0.5 mM PMSF, protease

inhibitors cocktails and 10% glycerol, mixed for 30 min

and centrifuged for 5 min at 41C. The supernatant contain-

ing nuclear proteins was collected and stored at �801C after

determination of the protein concentration. Electrophoretic

mobility shift assay (EMSA) was performed as above.

Histochemical study

Tissue samples from murine skin were fixed in 4% neutral-

buffered formalin and embedded in paraffin. The formalin-

fixed, paraffin-embedded, tissue sections (4–6mm) were

mounted on slides, deparaffinized with xylene, rehydrated

through graded alcohols, and stained with hematoxylin and

eosin. Immunohistochemical detection of TNF-a in skin, was

carried out in deparaffinized and rehydrated sections using

the HRP-DAB Cell & Tissue Staining Kit (R&D Systems,

Minneapolis, USA) according to the manufacturer’s protocol.

Samples were incubated overnight at 41C with 20 mg ml�1

anti-mouse TNF-a antibody (R&D Systems). Finally, samples

were counterstained with hematoxylin, mounted with Dako

paramount aqueous mounting medium (DakoCytomation)

and observed with a Nikon Eclipse E600FN microscope

(Nikon Instruments Inc., Melville, USA).

Statistical analysis

Results are presented as mean7s.e.mean of n separate

experiments. IC50 values and their 95% confidence limits

were calculated from at least four concentrations (n¼6).

Statistical analyses were performed using one-way ANOVA

followed by Dunnett’s t-test for multiple comparisons.

Chemicals and reagents

Avarol-30-thiosalicylate was synthesized following published

procedures (Amigó et al., 2004). [5,6,8,11,12,14,15(n)-3H]PGE2
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was from Amersham Biosciences and [5,6,8,9,11,12,14,

15(n)-3H]LTB4 was from PerkinElmer (Boston, USA).

[9,10–3H]oleic acid and 1-palmitoyl-2-[14C]arachidonyl-

sn-glycero-3-phosphocholine were purchased from Du Pont,

(Itisa, Madrid, Spain). Escherichia coli strain CECT 101 was a

gift from Professor Uruburu, Department of Microbiology,

University of Valencia, Spain. N-(2-cyclohexyloxy-4-nitro-

phenyl) methanesulphonamide (NS398) and COX-2 poly-

clonal antiserum were purchased from Cayman Chemical

Co. The peroxidase-conjugated goat anti-rabbit IgG was

purchased from Dako Co. (Denmark). Anti-mouse IL-1b and

TNF-a kits for ELISA and anti-mouse TNF-a antibody for

immunohistochemistry were from R&D Systems. ELISA kit

for IL-2 was obtained from eBioscience (San Diego, CA, USA).

Antibody against LTB4 and ZM 230,487 were kindly provided

by Zeneca Pharmaceuticals (Macclesfield, Cheshire, UK).

The other reagents were from Sigma Chem.

Results

Effect on chemiluminescence generated by human neutrophils and

by the hypoxanthine–xanthine oxidase system

No cytotoxic effects of TA were observed on neutrophils at

the concentrations used in our study, as assessed by

mitochondrial reduction of MTT after 30 min challenge

(data not shown). Figure 2a shows the inhibitory effect

of TA on chemiluminescence responses induced by TPA-

stimulated human neutrophils in comparison to the cell-free

hypoxanthine–xanthine oxidase system. IC50 values were

3.40 (2.70–4.30) mM for intact cells and 1.00 (0.60–1.80) mM

for the cell-free assay, indicating a scavenging effect of TA on

reactive oxygen species. Fraxetin was tested as a reference

scavenger compound, showing IC50 values of 1.00 (0.70–

1.80) mM for stimulated neutrophils and 0.97 (0.57–1.78) mM

for the hypoxanthine–xanthine oxidase system. A possible

direct inhibition of xanthine oxidase activity by TA was

discounted (data not shown).

Effect on LTB4 release by human neutrophils

Figure 2b shows the concentration-dependent inhibition of

LTB4 generation produced by TA in A23187-stimulated

human neutrophils. IC50 value was 1.79 (1.43–2.16) mM.

The compound ZM 230487 was also tested as a specific

inhibitor of 5-lipoxygenase activity, showing an IC50 value of

0.06 (0.03–0.09) mM. To evaluate whether TA directly inhi-

bited 5-LO activity, neutrophil cytosol was prepared to study

the synthesis of LTB4. Results indicated that TA did not exert

significant inhibitory effects in this cell-free system assay

(Table 1).

Effect on PGE2 production in LPS-stimulated human monocytes

As shown in Figure 3a, TA inhibited in a concentration-

dependent manner the generation of PGE2 during 20 h of

coincubation with LPS-stimulated monocytes. The IC50

value was 17.30 (11.70–23.10) nM. TA did not exert cytotoxic

effects at the concentrations tested during the 20 h incuba-

tion period with human monocytes, as indicated by the MTT

reduction assay (data not shown).

Effect on COX-2 protein expression in human monocytes

Western blot analysis for COX-2 was carried out on lysates

of monocytes to evaluate if the inhibition of PGE2 observed

in cultured cells was related to the reduction in protein

expression. As expected, the reference inhibitor dexametha-

sone (1 mM) powerfully inhibited the induction of this

enzyme, whereas in cells treated with TA (5 mM), protein

expression was unaffected (Figure 3b).

Effect on COX-1/COX-2 activity in human monocytes

The following experiments were designed to determine if the

reduction of PGE2 production in monocytes was due to a

direct inhibition of enzyme activities. COX-2 was induced in

aspirin-treated monocytes by 24 h LPS stimulation. Cultured

medium was then changed and test products were added

and incubated during 2 h in presence of arachidonic acid. In
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Figure 2 Effect of avarol-30-thiosalicylate on stimulated human
neutrophils. (a) Inhibitory effect on chemiluminescence generated
by human neutrophils stimulated with 12-O-tetradecanoylphorbol-
13-acetate and by the cell-free hypoxanthine–xanthine oxidase
system. Control chemiluminescence values were 48937174 uni-
ts min�1106 cells for stimulated neutrophils and 1047769 uni-
ts min�1 for the hypoxanthine–xanthine oxidase assay. (b) Effect
on leukotriene B4 generation by human neutrophils stimulated
with calcium ionophore A23187. B: non stimulated cells. ZM:
ZM230,487. All data represent mean7s.e.mean., n¼6–8. *Po0.05,
**Po0.01 significantly different from control values.
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a parallel experiment, COX-1 activity was studied in non-

induced cells after 2 h incubation with arachidonic acid.

As expected, the reference compounds indomethacin and

NS-398 reduced PGE2 levels generated by COX-1 and

COX-2 activities. Nevertheless, no significant inhibition

was observed for TA after this 2 h period (Table 1).

Effect on TNF-a generation in human monocytes

Monocytes were stimulated with zymosan during 3 h

and TNF-a levels were determined in supernatants by

time-resolved fluoroimmunoassay. As shown in Figure 3c,

coincubation of stimulated cells with TA reduced in a

concentration-dependent manner the generation of this

cytokine, with an IC50 value of 4.18 (2.42–8.86) mM.

Effect on sPLA2 and cPLA2 activities

To study if the inhibitory response on PGE2 and LTB4

production in intact cells could be related to interference

with the release of arachidonic acid, we assayed the effect of

TA on sPLA2 and cPLA2 activities. As shown in Figure 4a, TA

and the reference inhibitor of sPLA2 LY311727, reduced the

amount of [3H]oleic acid released from E. coli membranes by

human synovial recombinant sPLA2 activity. IC50 values

were 5.90 (2.57–12.59) mM and 0.30 (0.10–0.80) mM respec-

tively. The inhibition of sPLA2 activity was also determined

in intact cells using the HaCaT human keratinocyte cell

line. After 24 h of coincubation with cells, TA and LY311727

(5 mM) significantly reduced sPLA2 activity determined in cell

supernatants (Figure 4b). No inhibition by TA was observed

on cPLA2 activity obtained from the RAW 264.7 cell line

(Table 1).

Effect on NF-kB binding to DNA in HaCaT keratinocytes

Analysis of DNA binding was performed by EMSA in nuclear

extracts from HaCaT human keratinocytes stimulated with

2 ng ml�1 TNF-a for 45 min in the absence or presence of

compounds. As expected, the proteasome inhibitor MG132

reduced the TNF-a -induced NF-kB binding activity (Figure 5).

TA also inhibited the binding of NF-kB to DNA at 5mM.

Effect on mouse air pouch

We assessed the in vivo effect of TA on PGE2, LTB4, TNF-a and

IL-1b generation in the 4 h zymosan-stimulated mouse air

pouch. Indomethacin, ZM230.487 and dexamethasone, were

used as reference inhibitors of PGE2, LTB4 and cytokine levels

respectively. All compounds were given locally (intra-pouch)

or orally. As shown in Figure 6a, c and d, PGE2, TNF-a and

IL-1b release in pouch exudates was significantly reduced by

TA at 100 and 10 nmol per pouch. The dose-dependent study

at 1000, 100, 10 and 1 nmol per pouch showed ED50 values

of 136.1 nmol per pouch, 4.1 nmol per pouch and 89,9 nmol

per pouch for PGE2, TNF-a and IL-1b respectively. LTB4

generation in exudates was also reduced by TA at 100 nmol

per pouch (Figure 6b).

In a parallel experiment, TA was given orally (10 or

20 mg kg�1) 1 h before zymosan injection and the levels

of the same proinflammatory mediators were determined

in pouch exudates 4 h after stimulation. As shown in Figure

6e–h, TA significantly reduced PGE2, LTB4, TNF-a and IL-1b
production at both doses.

Effect on the TPA-induced epidermal hyperplasia model

As determined by the weight of a 1 cm2 punch biopsy of

dorsal skin, application of TPA to mouse skin resulted in a

development of skin oedema, measured 72 h after the first

application of TPA. Topical application of 20 ml of TA (10 and

20 mgml�1) or the reference compound dexamethasone

(10 mgml�1), 30 min before TPA, significantly reduced the

skin punch weight (Figure 7a). This effect was accompanied

by a clear inhibition of MPO activity and LTB4 levels in

punch homogenates (Figure 7c–d). In addition, PGE2 levels

were also strongly inhibited by TA at both assayed doses

(Figure 7b).

We examined hematoxylin and eosin-stained sections of

mouse skin (Figure 8). TPA application results in a marked

increase in skin thickness, with clear evidence of oedema,

epidermal hyperplasia and large numbers of infiltrating

inflammatory cells, compared with the effects of acetone

treatment. The skin of mice treated with TA and TPA

presented significantly less epidermal hyperplasia and

dermal inflammation than TPA-treated animals. In addition,

Table 1 Effect of TA on COX-1, COX-2, 5-LO and cPLA2 activities

COX-1 PGE2 (ngml�1) COX-2 PGE2 (ng ml �1) 5-LO LTB4 (ng ml�1) cPLA2 AA (pmol mg�1 min�1)

Basal 0.8670.10** 0.2470.02 ** 0.9770.09** 4.5170.12**
Control 5.1070.38 2.3870.22 8.9470.8 12.9171.42
TA (5 mM) 4.8270.43 2.5670.12 7.0871.6 10.3470.38
NS-398 (1 mM) ND 0.3270.01** ND ND
Indomethacin (1 mM) 1.2770.11** ND ND ND
ZM 230,487 (1 mM) ND ND 1.2170.03** ND
PTK (10 mM) ND ND ND 3.4 7 0.7**

Abbreviations: AA, arachidonic acid; COX-1, cyclooxygenase-1; COX-2, cyclooxygenase-2; cPLA2, secretory phospholipase A2; ND, not determined; PGE2,

prostaglandin E2; TA, avarol-30-thiosalicylate.

PGE2 levels were measured in supernatants of intact human monocytes as index of COX-1 and COX-2 activity. LTB4 generation was determined from high-speed

supernatants from sonicated human neutrophils. cPLA2 activity was determined from cytosolic fraction of sonicated RAW 264.7 macrophages. Indomethacin,

NS398, palmityl trifluoromethyl ketone (PTK) and ZM 230487 were used as reference inhibitors of COX-1, COX-2, cPLA2 and 5-LO respectively.

Values are represented as mean7s.e.mean; n¼ 8.

**Po0.01 compared with control values.
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a marked decrease in the number of cells infiltrating the

epidermal and dermal microenvironment was observed

microscopically. The reference compound dexamethasone

also significantly reduced hyperplasia and the degree of TPA-

induced epidermal and dermal infiltrate. IL-1b and IL-2

levels in tissue homogenates were also determined by ELISA

in this model. As shown in Table 2, administration of TA and

dexamethasone at 10 mg ml�1 significantly reduced the levels

of both cytokines with respect to the TPA-treated animals.

Immunohistochemical analysis was used to determine the

possible effect of compounds on TNF-a release in skin.

Representative photographs depicting the TNF-a staining

pattern observed for the different treatment groups are

shown in Figure 9. TNF-a protein was strongly increased in

TPA-treated skin mainly around epidermal keratinocytes,

while little protein was detected in the normal skin sample.

Animals treated with TA presented a clear reduction of

TNF-a protein levels within the epidermis as compared with

TPA-treated group. Similar results were obtained with dexa-

methasone, which also reduced the levels of this cytokine in

skin.

Effect on TPA-induced NF-kB activation in the epidermal

hyperplasia model

In a parallel experiment, the animals were killed 1 h after a

single application of TPA (10 nmol per site) and epidermal

nuclear lysates were prepared to determine the activation of

NF-kB. As shown in Figure 10, there was relatively low

nuclear NF-kB binding activity detected in the epidermal

extracts from acetone-treated animals, whereas treatment

with TPA caused a marked increase of NF-kB binding to DNA.

This effect was clearly reduced by topical application of TA

(10 mgml�1) 30 min before TPA.

Discussion

The psoriatic process is driven by a complex interplay

between innate immunity (neutrophils, macrophages, den-

dritic cells and keratinocytes) and activated T lymphocytes

(Arthur and Darragh, 2006; Gaspari, 2006). In addition to the

recruitment of T cells, one of the primary abnormalities in

developing lesions of psoriasis is the perivascular accumula-

tion of neutrophils and their influx into the epidermis,

leading to microscopically detectable microabcesses (Bos

et al., 2005). The phagocytic reaction of neutrophils causes

an abundant superoxide anion production, which induces

oxidative damage as well as the expression of redox sensitive

transcription factors implicated in inflammatory skin dis-

eases (Briganti and Picardo, 2003; Yildirim et al., 2003). ROS

may also activate PLA2 and thus cause overproduction of

many mediators of arachidonic acid metabolism. In fact,

leukotrienes are elevated in psoriatic epidermis and patient

serum, stimulating chemokinesis, aggregation and degranu-

lation (Ikai, 1999; Yildirim et al., 2003). In the present study,

we have demonstrated that TA inhibits LTB4 synthesis as well

as the respiratory burst elicited in human neutrophils,

exerting at the same time, potent scavenging effects in the

hypoxanthine–xanthine oxidase system. As a consequence,

TA could contribute to the attenuation of the formation, or

the exacerbation of neutrophil-mediated psoriatic lesions.

Blocking neutrophil functions has already been suggested as

having therapeutic benefit in psoriatic disease (Rocha-Pereira

et al., 2004; Bos et al., 2005).

PGs also play an important role in the pathophysiology of

psoriasis, affecting blood vessels and inflammatory cells,

contributing to vasodilatation in the dermis and increased

leukocyte infiltration and epidermal cell growth (Ikai, 1999).

Our previous results indicated that TA inhibited the genera-

tion of PGE2 in human HaCaT keratinocytes (Amigó et al.,

2004). Now, we have shown that TA also strongly reduced

the production of PGE2 in activated human monocytes,
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(PGE2) generation, cyclooxygenase-2 (COX-2) protein expression
and tumour necrosis factor-a (TNF-a) production in stimulated
human monocytes. (a) Concentration–effect relationship for the
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without affecting either COX-1/COX-2 activity or COX-2

protein expression. Because TA also reduced LTB4 release in

neutrophils without affecting 5-LO activity, we studied a

possible effect of this compound on the release of arachi-

donic acid, showing a direct blockade of human sPLA2-IIA

activity by TA. This effect was also observed in HaCaT

keratinocytes, where inhibition of sPLA2 activity by this

avarol derivative could explain the reduction of PGE2 release

by TA, reported previously in these cells (Amigó et al., 2004).

It is interesting to note that a marked upregulation of

sPLA2-IIA has been observed in keratinocytes of the hyper-

proliferative psoriatic epidermis (Andersen et al., 1994; Haas

et al., 2005). sPLA2-IIA activity participates in keratinocyte

motility and migration (Rys-Sikora et al., 2003), contributes

to the sustained activation of MAP kinase in keratinocytes

(Haase et al., 2001), activates phosphorylation of cPLA2, and

amplifies cytokine-stimulated NF-kB activation in HaCaT

cells (Thommesen et al., 1998; Anthonsen et al., 2001). In

this regard, the inhibition of sPLA2-IIA activity by TA could

also play a beneficial role in the treatment of psoriasis, as

already suggested for other sPLA2 inhibitors (Sjursen et al.,

2000).

In this study, TA also reduced TNF-a release in stimulated

human monocytes. TNF-a is one of the most important

cytokines associated with innate immunity. It controls and

regulates the expression of numerous genes, and in doing so

leads to cutaneous responses in psoriasis (Victor et al., 2003;

Nickoloff and Nestle, 2004; Schottelius et al., 2004). It has

been postulated that TNF-a produced locally in psoriatic

lesions creates a TNF-a positive feedback loop that amplifies

and sustains the inflammatory process within plaques

(Banno et al., 2004). In fact, recently developed anti-

inflammatory therapies based on blocking TNF-a signalling

have been shown to be effective in the treatment of psoriasis

and could become a highly promising option for this

pathology (Asadullah et al., 2002; Gottlieb, 2005).

A crucial link between high levels of TNF-a and NF-kB

activation has been found in psoriatic patients, suggesting

an important role of this nuclear factor in the pathogenesis

of the disease (Johansen et al., 2005; Lizzul et al., 2005). The

Rel/NF-kB proteins belong to a family of related transcription

factors, which regulates the expression of a large number of

genes, including proinflammatory cytokines (for example,

IL-1, IL-2, IL-6, TNF-a, etc.), and has a well-characterized role

in immune and inflammatory responses (Tak and Firestein,

2001). The intracellular events from the TNF-a receptor to

NF-kB activation in epidermal keratinocytes have been

extensively studied (Umezawa and Chaicharoenpong,

2002; Banno et al., 2005). In addition, the involvement

of intracellular redox-systems and the arachidonic acid

cascade in the TNF-signal transduction pathway leading to

the activation of NF-kB in skin have also been described

(Thommesen et al., 1998; Kohler et al., 2001; Briganti and

Picardo, 2003; Mrowietz and Asadullah, 2005). Thus, on the

basis of anti-oxidative properties of TA and its inhibitory
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Figure 5 Effect of avarol-30-thiosalicylate (TA) on NF-kB-DNA
binding in nuclear extracts of HaCaT keratinocytes. Cells were
preincubated with TA (5mM) or the reference compound MG132
(MG 10mM) for 30 min before tumour necrosis factor-a stimulation
(2 ng ml�1) for 45 min. NF-kB-DNA-binding activity was assayed by
electrophoretic mobility shift assay. Results are representative of
three independent experiments. B: non stimulated cells. C:
stimulated cells. In lane c*, a 50-fold excess of unlabelled
oligonucleotide was added to the reaction mixture.
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Figure 6 Effect of avarol-30-thiosalicylate (TA) on prostaglandin E2, leukotriene B4, tumour necrosis factor-a and IL-1b release in the 4 h
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behaviour against TNF-a release and PLA2 activity, we

determined the possible effect of this compound on NF-kB

activation, showing that TA inhibited TNF-a-induced DNA

binding of nuclear NF-kB in human HaCaT keratinocytes.

Thus, by interfering with NF-kB activation, TA could act not

only as an inhibitor of TNF-a-induced cellular functions, but

also as an inhibitor of TNF-a production, because its trans-

cription is, at least partly, dependent on the NF-kB pathway.

It is interesting to note that although activation of the

NF-kB transcription factor system has been implicated in

the induction of COX-2 gene expression in many cell types

(Yamamoto and Gaynor, 2001), TA did not inhibit the

expression of this enzyme in stimulated human monocytes

and similar results were obtained in RAW 264.7 macrophages

(data not shown). It is relevant to note that inhibition of

NF-kB activation had no repressive effect on transcrip-

tional activation at the COX-2 promoter level in LPS-

stimulated macrophages, suggesting the existence of a

NF-kB-independent pathway that regulates COX-2 gene

activation (Wadleigh et al., 2000; Lo, 2003).

For the in vivo studies, we first determined the effect of TA

in the 4h-zymosan-injected mouse air pouch, an acute

model of inflammation, which allows measurement of a
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Figure 7 Effect of avarol-30-thiosalicylate (TA) on 12-O-tetradecanoylphorbol-13-acetate (TPA)-induced epidermal hyperplasia model. TA
(10–20 mg ml�1), dexamethasone (Dexa) (10 mg ml�1) or vehicle (acetone) were topically applied 1 h before TPA (2 nmol per site) during three
consecutive days. (a) skin oedema, assayed as punch weight. (b) Prostaglandin E2 levels in homogenates. (c) MPO activity determined in
punch homogenate. (d) Leukotriene B4 release. Data represent means7s.e.mean (n¼6 animals). *Po0.05, **Po0.01 significantly different
from TPA-treated group (C). B: animals only treated with acetone.

Figure 8 Photomicrographs of eosin-haematoxylin staining of skin
biopsies from 12-O-tetradecanoylphorbol-13-acetate (TPA)-induced
hyperplasia in mice. (a) Acetone treatment alone; (b) TPA (2 nmol
per site); (c) TPAþ avarol-30-thiosalicylate 10mg ml�1; (d) TPAþ
dexamethasone 10mg ml�1. Original magnification �200.

Table 2 Effect of TA on IL-1b and IL-2 levels in skin homogenates from
the TPA-induced epidermal hyperplasia model

Acetone TPA TPAþ TA TPAþDexa

IL-1b (pg ml�1) 955718** 41947320 23037235** 19287285**
IL-2 (pg ml�1) 120714** 403776 121713** 148725**

Abbreviations: IL-1b, interleukin-1b; TA, avarol-30-thiosalicylate; TPA, 12-O-

tetradecanoylphorbol-13-acetate.

TA and dexamethasone (Dexa) were topically applied at 10 mg ml�1 1 h before

TPA (2 nmol per site) during three consecutive days.

Data represent means7s.e.mean (n¼6 animals).

**Po0.01, significantly different from TPA group.
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range of proinflammatory metabolites, including eicosa-

noids and cytokines, in pouch exudates (Posadas et al.,

2000). In this model, the avarol derivative exhibited an

inhibitory behaviour that correlated well with its in vitro

effects, reducing in a dose-dependent manner and by both

local (intra-pouch) and systemic (oral) routes, the levels of

PGE2, LTB4 and TNF-a. It is interesting to note that TA also

inhibited IL-1 b release in pouch exudates, suggesting the

ability of this compound to reduce other inflammatory

cytokines regulated by NF-kB activation.

The pathogenic mechanism of psoriasis is unclear, and

good animal models do not yet exist. However, there are

some similarities between human psoriatic lesions and

mouse skin following a topical application of TPA (Reynolds

et al., 1997; Moriyama et al., 2004; Sato et al., 2004; Pittelkow,

2005). TPA induces biochemical and histopathological

changes in mouse skin, such as cell infiltration within the

dermis and epidermis, oedema, epidermal hyperplasia,

production of proinflammatory cytokines and chemokines

and activation of the NF-kB pathway (Han et al., 2001; Afaq

et al., 2005). Thus, we investigated the effects of TA on the

TPA-induced hyperplasia in murine skin. Our results demon-

strated that topical treatment with TA strongly reduced

cutaneous oedema and MPO activity, determined in skin

homogenates as an index of cell infiltration (Sato et al.,

2004). This feature correlated well with the histopathological

study, which showed a clear reduction of epidermal hyper-

plasia, associated ridges and pegs and cell infiltration in skin

of mice treated with TA. As expected, the inhibitory effect of

TA on PGE2 and LTB4 levels in skin homogenates correlated

with the ability of this compound to reduce the release of

both eicosanoids, by different routes of administration.

The involvement of TNF-a in the TPA-induced hyperplasia

was also investigated by immunohistochemical staining of

skin. TPA-induced TNF-a was mainly localized in or close to

the epidermis, which is in agreement with other suggested

reports (Oberyszyn et al., 1998; Murakawa et al., 2006).

Results obtained in animals treated with TA demonstrated

the ability of this compound to decrease TNF-a in mouse

skin. It is interesting to note that TA also reduced IL-1b
and IL-2 levels in skin homogenates. In this regard, psoriasis

is characterized by a type 1 cytokine pattern, IL-2, IL-1 and

TNF-a being predominantly expressed (Krueger, 2002). All

these cytokines are induced by TPA in skin (Pittelkow, 2005)

and are largely released by T cells activated in psoriasis. As

we have mentioned above, both adaptative and innate

immunity share common effector molecules, particularly

cytokines and chemokines, and recruitment of lymphocytes

in skin also plays a relevant role in initiating and amplifying

the inflammatory process in psoriatic lesions (Cribier, 2006;

Gaspari, 2006). Thus, the ability of TA to decrease the

production of TNF-a, IL-1b and IL-2 in mouse skin may be

Figure 9 Immunohistochemical detection of tumour necrosis
factor-a (TNF-a) protein in mouse skin biopsies from 12-O-
tetradecanoylphorbol-13-acetate (TPA)-induced hyperplasia in mice.
TNF-a staining gives brown reaction products. Sections were
counterstained with haematoxylin. (a) acetone treatment; (b) TPA
(2 nmol per site); (c) TPAþ avarol-30-thiosalicylate 10mgml�1; (d)
TPAþDexamethasone 10mgml�1 (e) TPA-treated animals with
second antibody only. Original magnification �200.

NF-κκB

TACc*B

Figure 10 Inhibitory effect of avarol-30-thiosalicylate (TA) on 12-O-
tetradecanoylphorbol-13-acetate (TPA)-induced nuclear factor-kap-
pa B (NF-kB) DNA binding activity in mouse skin. Nuclear extracts
were isolated from skin topically treated with acetone (B), TPA (C)
(10 nmol per site), or TA (10mgml�1) 30 min before application of
TPA. NF-kB-DNA binding activity was assayed by electrophoretic
mobility shift assay. In lane c*, a 50-fold excess of unlabelled
oligonucleotide was added to the reaction mixture.
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relevant to the control of inflammatory processes observed

in psoriatic lesions.

Finally, we demonstrated that TA was capable of suppres-

sing TPA-stimulated NF-kB activation in mouse skin. It is

noteworthy that this nuclear factor controls the expression

of genes encoding IL-2, IL-1 and TNF-a. In addition, TNF-a
can likewise induce IL-1b and IL-2 in psoriatic skin (Bos et al.,

2005; Kim et al., 2006). From the present data, the inhibition

of NF-kB activation and downstream NF-kB-dependent pro-

inflammatory pathways could be the hallmarks of the mode

of action of TA. A complex regulatory scheme controls Rel/

NF-kB transcriptional activity in skin. One of the most well

characterized mechanism is the control of NF-kB subcellular

localization by IkB family proteins. Phosphorylation of the

inhibitory proteins, the initial regulated step of IkB degrada-

tion and thus of NF-kB activation, is mediated by cytosolic

high molecular weight complexes, collectively termed the

IkB kinase complex (Yamamoto and Gaynor, 2001; Lizzul

et al., 2005). Beside this classical activation, alternative

pathways have also been described (Bell et al., 2002; Gloire

et al., 2006). Therefore, further studies will be required to

clarify whether TA specifically blocks activation of epidermal

NF-kB and the upstream intracellular signal-transduction

pathways that are influenced by TA.

In summary, our results suggest that TA could be a

promising antipsoriatic agent because it inhibits, in vitro

and in vivo, several biomarkers related to the inflammatory

response of psoriatic skin. Its mechanism of action is related

to the inhibition of NF-kB activation and can be mediated by

the downregulation of intracellular signal-transduction

pathways influenced by ROS, TNF-a and arachidonic acid

metabolism.
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