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Gonzalez R, Arancibia R, Cáceres M, Martı́nez J, Smith PC. Cigarette smoke

condensate stimulates urokinase production through the generation of reactive oxy-

gen species and activation of the mitogen activated protein kinase pathways in human

gingival fibroblasts. J Periodont Res 2009; 44: 386–394. � 2009 The Authors.

Journal compilation � 2009 Blackwell Munksgaard

Background and Objective: Tobacco smoking is a significant risk factor for

periodontal disease. It has been suggested that smoking may alter connective tissue

remodeling in the periodontium. In the present study, we investigated whether

cigarette smoke condensate modulates the production of the serine protease

urokinase in human gingival fibroblasts.

Material and Methods: Primary cultures of human gingival fibroblasts were

stimulated with cigarette smoke condensate. Urokinase production was evaluated

through casein zymography and western blotting. Plasmin activation was assessed

by means of a radial diffusion assay. The roles of extracellular signal-regulated

kinase (ERK), c-Jun N-terminal kinase (JNK) and reactive oxygen species in

cigarette smoke condensate-stimulated urokinase production were studied using

distinct selective inhibitors (SP600125, PD98059, N-acetyl cysteine). Reactive

oxygen species production was determined using a fluorometric assay. Activation

of ERK and JNK pathways were evaluated using western blots.

Results: In gingival fibroblasts, cigarette smoke condensate potently stimulated

urokinase production and plasmin activation. Cigarette smoke condensate-

stimulated urokinase production was dependent on the activity of ERK/JNK

pathways and was inhibited by the reactive oxygen species scavenger, N-acetyl

cysteine. Cigarette smoke condensate strongly stimulated ERK and JNK

phosphorylation and the generation of reactive oxygen species.
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Tobacco smoking has been recognized

as an important risk factor for the

development and progression of perio-

dontal disease (1,2). Smoking is

associated with an increased risk for

loss of periodontal attachment and

bone destruction (1,2). Smoking also

has negative effects on the response to

surgical and nonsurgical periodontal

therapy, regenerative procedures and

dental implants (3,4).

Fibroblasts are the predominant cell

type in gingival connective tissues and

are actively involved in the formation

and destruction of connective tissue in

both health and disease (5). To achieve

these functions, fibroblasts secrete a

large repertoire of proteolytic enzymes

and extracellular matrix glycoproteins

and proteoglycans (5). Extracellular

matrix is actively degraded by several

groups of enzymes, which include the

serine protease urokinase-type plas-

minogen activator. Urokinase-type

plasminogen activator is able to con-

vert plasminogen into plasmin, another

serine protease with a wide spectrum of

activity and responsible for the

degradation of fibrin matrices and

conversion of latent matrix metallo-

proteinases (MMPs) into their active

forms (6,7). Urokinase-type plasmino-

gen activator is expressed by gingival

fibroblasts during wound healing and

in periodontitis-affected gingival tis-

sues (8–10). It has been observed that

altered production of urokinase-type

plasminogen activator may lead to

aberrant wound repair or to the per-

petuation of chronic inflammatory

reactions in several diseases or condi-

tions in which connective tissue

remodeling plays a significant role

(9,11,12). Therefore, factors regulating

the production of urokinase-type plas-

minogen activator may critically mod-

ulate the evolution of tissue repair and

inflammation.

The effects of smoking on perio-

dontal tissues have been attributed to

several mechanisms, including a

decreased immune response (13),

altered neutrophil function (14),

decreased blood flow of gingival tissues

(15) and an altered metabolism of

molecular components of the extracel-

lular matrix (16). These cellular effects

also extend to other important func-

tions of fibroblasts, such as cell adhe-

sion, cell migration, cell proliferation

and collagen synthesis (16–18). More

recent studies have identified several

effects of the components of nicotine

and cigarette smoke on the activity and

expression of extracellular matrix-

degrading enzymes (19–21). Gingival

fibroblasts exposed to nicotine show

increased levels of collagenase activity

(16). Neutrophil elastase activity is also

increased in the gingival crevicular

fluid of smokers when compared with

that of nonsmokers (22). Moreover,

nicotine may also stimulate the colla-

gen-degrading activity of human gin-

gival fibroblasts (21). Cigarette smoke

contains more than 4000 different

constituents, which could act individ-

ually or collectively as pathogenic

agents for different diseases (23) The

particulate phase, or cigarette smoke

condensate, is composed of major

toxicants such as nicotine, phenol,

anthracyclic hydrocarbons, nitrosam-

ines, heavy metals and chemical

carcinogens, such as 4-(methylnitrosa-

mino)-1-(3-pyridyl)-1-butanone. Sev-

eral previous studies have analysed the

effect of isolated nicotine on gingival or

periodontal ligament fibroblasts under

cell culture conditions (16,17,24).

However, the contribution of cigarette

smoke to periodontal tissue damage

has not been studied in detail.

Although urokinase-type plasmino-

gen activator is a physiologically rele-

vant source of extracellular proteolysis,

studies evaluating the effect of cigarette

smoke components on urokinase-type

plasminogen activator expression or

activity are limited. The present study

was designed to evaluate the effects of

cigarette smoke condensate on uro-

kinase-type plasminogen activator

production in primary cultures of

human gingival fibroblasts. Because

urokinase-type plasminogen activator

production is tightly regulated by the

mitogen-activated protein kinase

pathways (9,25,26), we explored the

role played by these signaling routes in

cigarette smoke condensate-stimulated

urokinase-type plasminogen activator

production.

Material and methods

Cell culture

Primary cultures of human gingival

fibroblasts were established using the

explant method (27). Tissue explants

were obtained from the retromolar

tissue of two female and two male

nonsmoking donors (average age

20 ± 3 years) undergoing extraction

of third molars at a private dental

practice in Santiago, Chile. Informed

consent was obtained from all

patients before biopsy was performed.

The protocols utilized in this study

were approved by the Ethics Com-

mittee of the Faculty of Dentistry of

the University of Chile. No previous

history of inflammation in the

retromolar tissue was reported. No

relevant pre-existing medical or drug

histories were cited during the last

6 mo. Cells were cultured in alpha-

minimal essential medium (Gibco

Invitrogen, Grand Island, NY, USA)

containing 10% fetal bovine serum

(Gibco BRL, Hyclone, Logan, UT,

USA), 100 lg/mL of penicillin

(Sigma, St Louis, MO, USA), 100 lg/

Conclusion: Cigarette smoke condensate stimulates urokinase production and

plasmin activation in gingival fibroblasts. Moreover, cigarette smoke condensate-

stimulated urokinase production depends on both the activation of ERK/JNK

pathways and on the generation of intracellular reactive oxygen species. These

results show that cigarette smoke may alter connective tissue remodeling by

inducing production of the urokinase-type plasminogen activator through specific

signaling pathways.
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mL of streptomycin (Sigma) and

50 lg/mL of gentamycin (Sigma) at

37�C in a 5% CO2 atmosphere. All

experiments were performed using

cells between the fourth and tenth

passages.

Cigarette smoke condensate
preparation

Cigarette smoke condensate (Murty

Pharmaceutical, Lexington, KY, USA)

was prepared using a Phipps-Bird

20-channel smoking machine. The par-

ticulate matter from a Kentucky stan-

dard cigarette 1R3F was collected on

Cambridge glass fiber filters, and the

amount obtainedwas determined by the

weight increase of the filter. Cigarette

smoke condensate thus prepared was

dissolved in dimethylsulfoxide to give a

final concentration of 4% (w/v). Aliqu-

ots of cigarette smoke condensate were

kept at )80�C before experimental use.

Reactive oxygen species
determination

Production of reactive oxygen species

was detected using a fluorescence as-

say. Briefly, cells were loaded with

10 lM 2¢,7¢-dicholoro-dihydrofluores-
cein diacetate (DCDHF-DA; Gibco

Invitrogen) in serum-free phenol-red-

free medium (Gibco Invitrogen) for

30 min at 37�C. Then, cells were

stimulated with cigarette smoke

condensate and lysed with 0.1 N

NaOH at different time points. Flu-

orescence was monitored using a

microplate fluorometer (Spectra Max;

Molecular Devices, Sunnyvale, CA,

USA) using wavelengths of 480 and

530 nm for excitation and emission,

respectively (28). DCDHF-DA is an

uncharged cell-permeable molecule.

Inside cells, this probe is cleaved by

nonspecific esterases, forming carbo-

xydichlorofluoroscein, which is oxi-

dized in the presence of reactive

oxygen species.

Casein zymography and radial
diffusion assay

For these assays, cells were plated in

24-well plates (60,000 cells per each

experimental condition). The day

after plating, cells were left in serum-

free medium and, after 18 h, were

stimulated with the appropriate

inhibitors and cigarette smoke con-

densate for 48 h. Control cells were

stimulated with the vehicle (dimeth-

ylsulfoxide). Urokinase-type plasmin-

ogen activator-secreted activity of cell

cultures was determined by caseino-

lytic zymography (29). Briefly, aliqu-

ots of culture medium, normalized for

the protein content measured in the

cell lysate, were subjected to electro-

phoresis in a 10% sodium dodecyl

sulfate-polyacrylamide gel under

nonreducing conditions. Sodium

dodecyl sulfate was removed by

extensive washing in 2.5% Triton

X-100. To detect degradation of

casein after plasminogen activation,

gels were placed over a 1% agarose

gel containing 0.5% casein and 1 lg/
mL of plasminogen (Calbiochem, San

Diego, CA, USA) and then incubated

in a humidified chamber at 37ºC for

24 h. This two-step procedure allows

the reduction, in a plasminogen-inde-

pendent manner, of nonspecific bands

that may degrade casein. Plasmin-

dependent proteolysis was detected as

a clear area in a white–blue field after

staining with 2% CuSO4. Quantifica-

tion of these bands was performed by

densitometric analysis. In selected

experiments, cells were previously

exposed to SP600125 (Biolmol,

Plymouth Meeting, PA, USA) [a

c-Jun N-terminal kinase (JNK)

inhibitor, 1–5 lM for 30 min before

stimulation with cigarette smoke

condensate)], PD98059 (Sigma) (a

mitogen-activated protein kinase

kinase-1 inhibitor, 5–25 lM for

30 min before stimulation with ciga-

rette smoke condensate) or N-acetyl

cysteine (Sigma) (a reactive oxygen

species quencher, 5 and 10 lM before

stimulation with cigarette smoke

condensate). A radial diffusion assay

to study plasminogen activation was

carried out in 1% agarose gels con-

taining 0.5% casein and 2 lg/mL of

plasminogen. In brief, aliquots of

culture medium, normalized for the

number of cells, were applied to holes

previously punched in the gels and

the gels were incubated at 37�C for

16 h. Gels lacking plasminogen were

used as controls. The diameters of the

radial zones of caseinolysis were

measured using densitometric analysis

(30).

Detection of mitogen-activated
protein kinase activation through
western blotting

Gingival fibroblasts were plated in

six-well plates (400,000 cells per each

experimental condition). The day

after plating, cells were left in serum

free-medium and then stimulated with

cigarette smoke condensate at differ-

ent time points. Then, cells were lysed

in buffer containing 1% Nonidet

P-40, 0.5% sodium deoxycholate,

0.2% sodium dodecyl sulfate, 150 mM

NaCl, 50 mM Tris–HCl, pH 7.4, in

the presence of 2 mM phenylmethyl-

sulfonyl fluoride (Sigma), 2 lg/mL of

pepstatin (Sigma), 2 lg/mL of leu-

peptin (Sigma) and 1 mM sodium

orthovanadate (Sigma), at 4ºC. The

cell lysate was centrifuged (19,000 g,

10 min, 4ºC). Proteins were resolved

by electrophoresis through a 10%

sodium dodecyl sulfate–polyacryl-

amide gel and transferred to

poly(vinylidene difluoride) transfer

membranes (Perkin Elmer Life Sci-

ences, Boston, MA, USA). The

membranes were blocked by incuba-

tion in a Tris-buffered saline solution

containing 5% nonfat dry milk and

0.1% Tween 20. Then, membranes

were exposed to primary antibodies

against extracellular signal-regulated

kinase (ERK), phospho-ERK, phos-

pho-JNK (all from Santa Cruz Bio-

technology, Santa Cruz, CA, USA),

JNK (Upstate Biotechnology, Lake

Placid, NY, USA) and b-actin (Sigma).

Membranes were washed for 5 min

three times in Tris-buffered saline/

0.1% Tween 20 before addition of

the specific horseradish peroxidase-

conjugated secondary antibody. The

membranes were incubated for 1 h

and washed three times, for 5 min

each wash, in Tris-buffered saline/

0.1% Tween 20. Binding was detected

using an enhanced chemiluminescence

kit (Perkin Elmer Life Sciences). The

autoradiograms were scanned and

analysed using molecular imaging

software (Eastman Kodak Company,
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Rochester, NY, USA) that can

calculate relative quantity using the

corresponding lane background signal

for normalization.

Detection of urokinase-type
plasminogen activator production
through western blotting

To evaluate the production of uro-

kinase-type plasminogen activator at

the protein level, 1 · 106 cells were

plated in 60-mm culture dishes and

stimulated with cigarette smoke con-

densate or the appropriate inhibitors in

the absence of serum. After 48 h the

cell culture media (2 mL/treatment)

were collected and concentrated up to

200 lL in an ultracentrifuge tube

(Millipore, Bedford, MA, USA) at

1500 g for 20 min at 4ºC. Concen-

trated media were resolved by electro-

phoresis on a 10% sodium dodecyl

sulfate–polyacrylamide gel under

reducing conditions and transferred to

a poly(vinylidene difluoride) transfer

membrane (Perkin Elmer Life Sci-

ences). Membranes were exposed to

primary antibodies against urokinase-

type plasminogen activator (American

Diagnostica, Temecula, CA, USA) and

to secondary antibodies coupled to

horseradish peroxidase, and then

developed using an enhanced chemilu-

minescence kit (Perkin Elmer Life Sci-

ences), as previously described.

Statistics

Statistical significance for each data set

was tested using the Student�s t-test,

analysis of variance and the Kruskall–

Wallis test, with the significance level

set at p < 0.05.

Results

Cigarette smoke condensate
stimulates urokinase-type
plasminogen activator activity and
plasmin generation in gingival
fibroblasts

Human gingival fibroblasts were stim-

ulated with a range of cigarette smoke

condensate concentrations in serum-

free alpha-minimal essential medium

for 48 h, and cell culture media were

analysed using casein zymography. As

shown in Fig. 1A, cigarette smoke

condensate stimulated a dose-depen-

dent increase in urokinase-type plas-

minogen activator activity. This

stimulus reached statistical significance

after analysing this response in three

independent experiments (p < 0.05;

Fig. 1B). To identify whether this effect

on the activity of urokinase-type plas-

minogen activator might induce plas-

min activation, cell culture media

derived from control and cigarette

smoke condensate-stimulated cells were

analysed using the radial diffusion

assay. As shown in Fig. 1C,D, cigarette

smoke condensate stimulated plasmin

activation in the conditioned media of

human gingival fibroblasts (p < 0.05).

Reactive oxygen species, stimulated
by cigarette smoke condensate,
regulate urokinase-type plasminogen
activator production

To identify the generation of intracel-

lular reactive oxygen species by cigarette

smoke condensate, gingival fibroblasts

were loaded with DCDHF-DA. Then,

the cells were stimulated with 4 lg/mL

of cigarette smoke condensate in serum-

freemediumand reactive oxygen species

generation was detected in the cell

lysate, as described in the Material and

methods. After 30 min of stimulation

with cigarette smoke condensate, we

observed a statistically significant

increase in the fluorescence activity

detected in the cell lysate when com-

pared with unstimulated cells

(p < 0.05) (Fig. 2A). After this time

point, a decrease in the generation of

intracellular reactive oxygen specieswas

detected up to 3 h of observation.

To identify the role of reactive oxy-

gen species generation in cigarette

smoke condensate-stimulated uro-

kinase-type plasminogen activator

production, gingival fibroblasts were

incubated for 1 h with the reactive

oxygen species quencher, N-acetyl

cysteine, and then stimulated with

4 lg/mL of cigarette smoke conden-

sate. After 48 h, the cell culture

A C

B

D

Fig. 1. Cigarette smoke condensate stimulates urokinase-type plasminogen activator pro-

duction and plasmin activation in human gingival fibroblasts. (A) Serum-starved human

gingival fibroblast cultures were stimulated with a range of cigarette smoke condensate

concentrations (0.04–4 lg/mL). After 48 h, urokinase-type plasminogen activator activity

present in the cell culture media was analysed using casein zymography, as described in the

Material and methods. (B) A quantitative analysis of urokinase-type plasminogen activator

bands was performed. Data obtained from three independent experiments were expressed as

the average and standard error. Statistical analysis was performed using the Student�s t-test.
The asterisk indicates statistically significant differences. (C) Cell culture media derived from

control and cigarette smoke condensate-stimulated cells (4 lg/mL), from three independent

experiments, were analysed using the radial diffusion assay as described in the Material and

methods. (D) A quantitative analysis of the plasmin-derived proteolytic activity was

performed. Data were expressed as the average and standard error. The asterisk indicates

statistically significant differences. CSC, cigarette smoke condensate; uPA, urokinase-type

plasminogen activator.
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media were analysed using casein

zymography. In accordance with the

results observed in Fig. 1A, cigarette

smoke condensate induced a significant

increase in urokinase-type plasminogen

activator activity (Fig. 2B,C). As

shown in Fig. 2B,C, in the absence of

cigarette smoke condensate stimula-

tion, 10 lM N-acetyl cysteine induced a

statistically significant decrease in

urokinase-type plasminogen activator

activity when compared with control

cells (p < 0.05). When cells were

stimulated with 4 lg/mL of cigarette

smoke condensate, both 5 and 10 lM

N-acetyl cysteine induced a statistically

significant decrease in urokinase-type

plasminogen activator activity when

compared with cigarette smoke con-

densate-stimulated cells (p < 0.05). To

confirm the role of reactive oxygen

species in cigarette smoke condensate-

stimulated urokinase-type plasminogen

activator production, cells were

exposed to 10 lM N-acetyl cysteine and

the production of urokinase-type plas-

minogen activator was assessed in the

cell culture media through western

blotting. As demonstrated in Fig. 2D,

cigarette smoke condensate induced an

increase in urokinase-type plasminogen

activator production that was effec-

tively inhibited by N-acetyl cysteine.

ERK and JNK activities regulate
cigarette smoke condensate-
stimulated urokinase-type
plasminogen activator production in
gingival fibroblasts

To identify the role of the ERK and

JNK pathways in cigarette smoke

condensate-stimulated urokinase-type

plasminogen activator production,

serum-starved gingival fibroblasts were

exposed to a range of concentrations

of the selective inhibitors for mitogen-

activated protein kinase kinase-1

(PD98059; 10–30 lM) and JNK

(SP600125; 1–5 lM). After 30 min of

incubation with the above-mentioned

inhibitors, gingival fibroblasts were

stimulated with 4 lg/mL of cigarette

smoke condensate for 48 h and the cell

culture was analysed using casein

zymography. In the absence of ciga-

rette smoke condensate stimulation,

treatment with 5 lM SP600125 was

able to inhibit urokinase-type plas-

minogen activator production at sta-

tistically significant levels (p < 0.05).

However, 30 lM PD98059 did not af-

fect the basal urokinase-type plasmin-

ogen activator level at significant levels

(Fig. 3A–C). Cigarette smoke conden-

sate-stimulated urokinase-type plas-

minogen activator production was

inhibited by 30 lM PD98059 and by 5

and 2.5 lM SP600125 (p < 0.05)

(Fig. 3B,C).

To confirm the role of the ERK and

JNK pathways in cigarette smoke

condensate-stimulated urokinase-type

plasminogen activator production,

cells were exposed to 5 lM SP600125

and 30 lM PD98059 and urokinase-

type plasminogen activator production

was assessed in the conditioned media

by western blotting. As demonstrated

in Fig. 3D, cigarette smoke condensate

induced an increase in urokinase-type

plasminogen activator production

that was down-regulated by both

inhibitors.

A

C

B

D

Fig. 2. Cigarette smoke condensate stimulates urokinase-type plasminogen activator pro-

duction through the generation of reactive oxygen species. (A) Serum-starved gingival

fibroblasts were stimulated with 4 lg/mL of cigarette smoke condensate and the production

of reactive oxygen species was detected using a fluorescence assay, as described in the

Material and methods. The asterisk indicates statistically significant differences between

control and cigarette smoke condensate-stimulated cells. Data were derived from three

independent experiments and are expressed as the average and standard error. (B) Serum-

starved gingival fibroblasts were incubated in the presence of 5 and 10 lM N-acetyl cysteine

and consequently stimulated with 4 lg/mL of cigarette smoke condensate. After 48 h, cell

culture media were analysed using casein zymography. (C) A quantitative analysis of uro-

kinase-type plasminogen activator bands, displayed in (B), was performed. Data from three

independent experiments were expressed as the average and standard error. *, statistically

significant differences between control and N-acetyl cysteine-treated cells (p < 0.05).

**, statistically significant differences between N-acetyl cysteine + cigarette smoke conden-

sate and cigarette smoke condensate-stimulated cells. (D) Serum-starved gingival fibroblasts

were incubated in the presence of 10 lM N-acetyl cysteine and consequently stimulated with

4 lg/mL of cigarette smoke condensate. After 48 h, the presence of urokinase-type plas-

minogen activator in the cell culture media were determined by western blotting, as described

in the Material and methods. b-actin, determined in the cell lysate by western blotting, was

used as a loading control. CSC, cigarette smoke condensate; NAC, N-acetyl cysteine; uPA,

urokinase-type plasminogen activator.
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Cigarette smoke condensate
stimulates ERK and JNK activation in
gingival fibroblasts

To identify whether cigarette smoke

condensate may stimulate the activa-

tion of the ERK and JNK pathways,

serum-starved gingival fibroblasts were

treated with 4 lg/mL of cigarette

smoke condensate and phosphoryla-

tion of the above-mentioned kinases

was evaluated at several time points by

western blotting. As shown in Fig. 4A,

cigarette smoke condensate induced a

rapid increase in the phosphorylation

of ERK, which lasted between 15 and

60 min of stimulation. In the case of

JNK, cigarette smoke condensate

induced the phosphorylation of JNK

after 5 min of stimulation and this

response was observed for up to

180 min of exposure to this compound.

Discussion

Regulation of urokinase-type plasmin-

ogen activator production is a critical

step in the turnover of extracellular

matrix proteins (31). Tobacco smoking

is considered to be a significant risk

factor for periodontal disease progres-

sion and also adversely affects the host

response to periodontal therapy. Con-

sidering this evidence, we analysed

whether cigarette smoke condensate

may modulate urokinase-type plas-

minogen activator production in gin-

gival fibroblasts. To our knowledge,

the present study is the first to show

that urokinase-type plasminogen acti-

vator production and plasmin activa-

tion are significantly stimulated by

cigarette smoke condensate in primary

cultures of human gingival fibroblasts.

Our results also show that this effect is

mediated by variations in the intracel-

lular redox state of gingival fibroblasts

and through the activation of the

ERK1/2 and JNK signaling pathways.

Increased expression of urokinase-

type plasminogen activator has been

associated with aberrant or altered tis-

sue repair (32,33). Periodontal tissue

destruction has also been attributed to

increased levels of tissue-degrading en-

zymes, such as serine proteases and

MMPs (34,35). The present study shows

that cigarette smoke condensate may

stimulate urokinase-type plasminogen

activator production in gingival fibro-

blasts.We also observed that urokinase-

type plasminogen activator production

was associated with the generation of

active plasmin. Several in vitro studies

have evaluated whether nicotine or cig-

arette smoke condensate may stimulate

the production of proteolytic enzymes

in different cell types. Nicotine stimu-

lates the expression ofMMPs in arterial

smooth muscle cells (20) and cigarette

smoke condensate increases MMP lev-

els in vascular cells (19,36). In lung epi-

thelial cells and fibroblasts, cigarette

smoke condensate stimulates the pro-

duction of several MMPmembers, such

as MMP-1 and MMP-14 (37,38). Stim-

ulation of gingival fibroblasts with nic-

otine increases collagenase secretion

(16) and the ability of these cells to de-

grade collagen matrices (21), suggesting

that cigarette components may stimu-

late extracellular matrix remodelling.

Plasmin has been identified as a potent

source of MMP activation (7). There-

fore, it could be proposed that cigarette

smoke condensate-stimulated uro-

kinase-type plasminogen activator pro-

duction may constitute the first step of

an amplifying signal that, by means of

plasmin generation, might activate

A

B C

D

Fig. 3. Mitogen-activated protein kinase kinase-1 and c-Jun N-terminal kinase inhibitors

interfere with the production of cigarette smoke condensate-stimulated urokinase-type

plasminogen activator. (A) Serum-starved gingival fibroblasts were incubated in the presence

of SP600125 or PD98059 and subsequently stimulated with 4 lg/mL of cigarette smoke

condensate. Conditioned media derived from each experimental condition were analysed

using casein zymography, as described in the Material and methods. Serum-starved gingival

fibroblasts were incubated in the presence of a range of concentrations of SP600125 (1–5 lM)

(B) or PD98059 (10–30 lM) (C) and subsequently stimulated with 4 lg/mL of cigarette

smoke condensate. Conditioned media derived from each experimental condition were

analysed using casein zymography. Caseinolytic bands were digitalized and quantified, and

are expressed in the graphs as the average and standard error. Data were obtained from three

independent experiments. *, statistically significant differences between control cells and

SP600125-treated cells (p < 0.05). **, statistically significant differences between cigarette

smoke condensate and SP600125-treated or PD98059-treated cells (p < 0.05). (D) Serum-

starved gingival fibroblasts were incubated in the presence of 5 lM SP600125 or 30 lM

PD98059 and consequently stimulated with 4 lg/mL of cigarette smoke condensate. After

48 h, the presence of urokinase-type plasminogen activator in the conditioned media was

determined using western blotting, as described in the Material and methods. b-actin,
determined in the cell lysate using western blot, was used as a loading control. CSC, cigarette

smoke condensate; uPA, urokinase-type plasminogen activator.
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other proteolytic events in smoke-

affected gingival tissues.

A significant finding of the present

study is that cigarette smoke con-

densate stimulates the generation of

reactive oxygen species at the intra-

cellular level. Reactive oxygen species

act as cellular messengers in diverse

processes such as signal transduction,

cell adhesion, gene expression, senes-

cence and apoptosis (39). Both pro-

tein tyrosine kinases and protein

tyrosine phosphatases are regulated

by reactive oxygen species. Transient

oxidation of thiols in protein tyrosine

phosphatases leads to inhibition of

these enzymes. Conversely, oxidation

of protein tyrosine kinases leads to

their activation by direct thiol group

(SH) modification (40). Therefore, an

increase in reactive oxygen species

production after stimulation with

cigarette smoke condensate might

alter the balance between protein

tyrosine kinases and protein tyrosine

phosphatases, leading to activation of

diverse signaling pathways. Our

observations provide evidence that

upon exposure to cigarette smoke

condensate, both ERK and JNK

pathways are activated. Previous

studies have identified that cigarette

smoke condensate may stimulate di-

verse signaling pathways, including

ERK, nuclear factor-jB and early

growth response factor-1, in epithelial

cells and fibroblasts derived from the

lung (37,41,42) Our results show that

cigarette smoke condensate may

stimulate the generation of reactive

oxygen species and the activation of

specific members of the mitogen-acti-

vated protein kinases to regulate

urokinase-type plasminogen activator

production in gingival fibroblasts.

Intracellular reactive oxygen species

have been implicated in urokinase-type

plasminogen activator production in

carcinoma cells and human fetal

membranes (43,44). In gingival fibro-

blasts and gastric cancer cells, exposure

to H2O2 stimulates urokinase-type

plasminogen activator expression,

demonstrating that reactive oxygen

species are involved in urokinase-type

plasminogen activator production in

these cells (45,46). It is well known that

urokinase-type plasminogen activator

production is tightly regulated at the

transcriptional level. The urokinase-

type plasminogen activator promoter

contains an activator protein-1 (AP-1)

enhancer element that is known to

respond to diverse extracellular stimuli

(47). AP-1 molecular components cor-

respond to murine osteosarcoma viral

oncogene (c-Fos) and c-Jun, and both

of these transcription factors may

associate to regulate urokinase-type

plasminogen activator production (25).

Previous studies have identified that

both ERK and JNK pathways may

also regulate urokinase-type plasmin-

ogen activator production in different

cell lines and primary cultures

(26,48,49). In the case of human gin-

gival fibroblasts, we identified that

urokinase-type plasminogen activator

production, stimulated by epidermal

growth factor and transforming

growth factor-b, is dependent on the

ERK and JNK pathways (9,50). The

results of the present study, obtained

under the stimulus of cigarette smoke

condensate, confirm the role of ERK

and JNK activity in urokinase-type

plasminogen activator production. In

the case of ERK activity, our results

suggest that this pathway is mostly

involved in the cigarette smoke con-

densate-stimulated response, in view of

the fact that the higher concentration

of PD98059 utilized did not affect the

basal urokinase-type plasminogen

activator production. By contrast,

using SP600125, both basal and ciga-

rette smoke condensate-stimulated

urokinase-type plasminogen activator

production were inhibited. Further

studies should be carried out to estab-

lish the specific role of these signaling

pathways in the control of urokinase-

type plasminogen activator production

in gingival fibroblasts.

In conclusion, the present study is

the first to report that cigarette smoke

components may stimulate urokinase-

type plasminogen activator production

in a reactive oxygen species and

mitogen-activated protein kinase-

dependent manner in vitro. The above-

described pathways should be

considered as potential targets to con-

trol the effects of cigarette smoke in

gingival cells or tissues.
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A B

Fig. 4. Cigarette smoke condensate stimulates extracellular signal-regulated kinase (ERK)

and c-Jun N-terminal kinase (JNK) activation in gingival fibroblasts. (A) Serum-starved

gingival fibroblasts were stimulated with 4 lg/mL of cigarette smoke condensate, and

phosphorylated forms of both ERK and JNK were estimated in the cell lysate using western

blotting, as described in the Material and methods. As a loading control, the presence of total

ERK and JNK was determined in the cell lysate. (B) After image analysis, phosphorylated

ERK and phosphorylated JNK bands were normalized against total ERK or JNK bands and

expressed as the average and standard error. These data were derived from three independent

experiments (B). CSC, cigarette smoke condensate; pERK, phosphorylated ERK; pJNK,

phosphorylated JNK; uPA, urokinase-type plasminogen activator.
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