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Nicotine increases the
collagen-degrading ability of
human gingival fibroblasts

Zhou J, Olson BL, Windsor LJ. Nicotine increases the collagen-degrading ability of
human gingival fibroblasts. J Periodont Res 2007, 42: 228-235. © 2007 The Authors.
Journal compilation © 2007 Blackwell Munksgaard

Background and Objective: The objective of this study was to determine the effects
that nicotine and the combination of nicotine and Porphyromonas gingivalis
supernatant have on human gingival fibroblast-mediated collagen degradation.

Material and Methods: Human gingival fibroblasts were cultured with

25-500 pg/ml of nicotine in collagen-coated six-well plates. On days 1-5, the
conditioned media was collected for zymography and western blot analyses of matrix
metalloproteinases (MMPs) and tissue inhibitors of metalloproteinases (TIMPs).
The cells were then removed and the collagen cleavage visualized by Coomassie blue
staining. To examine the combined effect, 250 pg/ml of nicotine and 10% v/v culture
supernatant of P. gingivalis ATCC 33277 were added to the human gingival fibro-
blasts. The mRNA levels of multiple MMPs and TIMPs were monitored.

Results: Nicotine increased the human gingival fibroblast-mediated collagen
cleavage. The MMP-14 and MMP-2 produced by the nicotine-treated human
gingival fibroblasts more readily underwent zymogen activation. Nicotine treat-
ment resulted in TIMP-2 redistribution to the cell surface. The mRNAs of multiple
MMPs and TIMPs were unaltered by nicotine. An additive collagen cleavage effect
was observed when the human gingival fibroblasts were treated with both nicotine
and P. gingivalis.

Conclusion: Nicotine increased human gingival fibroblast-mediated collagen
degradation, in part through the activation of membrane-associated MMPs.
Nicotine and P. gingivalis had an additive effect on human gingival fibroblast-
mediated collagen degradation.

© 2007 The Authors.
Journal compilation © 2007 Blackwell Munksgaard
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Tobacco use has been recognized to be
a significant risk factor for the devel-
opment and progression of periodontal
disease. The relative risk for perio-
dontal disease in tobacco users is con-
siderably higher than in nontobacco
users (1). Tobacco use is associated
with increased probing depths, loss of
periodontal attachment, loss of alveo-
lar bone and a higher rate of tooth loss
(1). There are over 4000 harmful
chemicals and gases in cigarette smoke

(2). Nicotine is a major component and
the most pharmacologically active
agent in tobacco. It is likely to be a
major contributing factor to the initi-
ation and/or exacerbation of perio-
dontal disease.

Previous studies have demonstrated
that nicotine affects gingival blood flow
(3-5), cytokine production (6), and the
functions of neutrophils and other im-
mune cells (7-9). Nicotine has also
been reported to affect connective

tissue cells, such as fibroblasts, in re-
gard to cell morphology, attachment to
substrates, and protein synthesis and
secretion (10-12). Yet, limited infor-
mation is available about how nicotine
influences the collagen-degrading abil-
ity of gingival fibroblasts. Gingival
fibroblasts are the major connective
tissue cells in the gingiva (13). These
cells are responsible for the synthesis
and degradation of the extracellular
matrix and thus play a major role in



maintaining the health and integrity of
the gingiva. The major extracellular
matrix-degrading enzymes produced
by these fibroblasts are the matrix
metalloproteinases (MMPs). These
enzymes are a group of zinc-dependent
endopeptidases that include the colla-
genases, gelatinases, stromelysins,
membrane-associated MMPs  and
other MMPs (14). The MMPs are
regulated at the level of expression
and activation, as well as by the tis-
sue inhibitors of metalloproteinases
(TIMPs) (14). Several studies have
shown that nicotine can modulate the
mRNA expression and enzymatic
activity of MMPs (15-20).

Clinically, smoking is consistently
associated with poor oral hygiene.
Smokers usually have an increased
accumulation of plaque and calculus
(21). Interestingly, smoking does not
increase the presence of periodontal
pathogens (22). However, whether
smoking enhances the detrimental
effects of the periodontal pathogens is
presently unknown. One of the major
pathogens implicated in adult perio-
dontitis is Porphyromonas gingivalis, a
gram-negative, anaerobic, nonmotile
and nonsporulating  coccobacillus
(23). P. gingivalis culture supernatant,
which contains numerous virulence
factors, has been reported to stimulate
epithelial and fibroblast cells to
degrade an underlying collagen Type I
fibril bed (24-26) and to increase the
expression and/or activation of certain
MMPs from the host cells (26-29).

Therefore, the objective of this study
was to examine the effects that nicotine
and the combination of nicotine and
P. gingivalis supernatant have on the
collagen-degrading ability of human
gingival fibroblasts. The expression of
multiple MMPs and TIMPs were also
monitored.

Material and methods

Cell culture and bacteria supernatant

Human gingival fibroblast cells were
cultured from healthy gingival tissue
explants, as described previously (26).
The cells were cultured in low-glucose
(1 g/) Dulbecco’s modified Eagle’s
medium (Hyclone, Logan, UT, USA)

Nicotine increases collagen degradation

supplemented with 15% fetal bovine
serum (Hyclone), 4 mm L-glutamine
(Hyclone), 100 U/ml penicillin, 50 pg/
ml gentamicin and 2.5 pg/ml fungizone
(Invitrogen, Carlsbad, CA, USA).
Cells at passages 3—12 were utilized in
these experiments. Cells at these pas-
sages displayed normal growth rates,
and there were no passage-dependent
variations in the results.

P. gingivalis ATCC 33277 superna-
tant was obtained as a generous gift
from Dr J. Katz (University of Ala-
bama at Birmingham School of Den-
tistry, Birmingham, AL, USA).
P. gingivalis were cultured in supple-
mented brain heart infusion growth
medium, as described previously (26).
The collected supernatant was filtered
twice through 0.2-um membranes and
then stored at —20°C until utilized.
A previous study (26) has shown that
this supernatant can enhance human
gingival fibroblast-mediated collagen
degradation. Although bacterial cul-
tures might also enhance this degra-
dation, they introduce more
variability into the system. Therefore,
supernatant was utilized in these
studies.

Collagen-degradation assays

Human gingival fibroblast-mediated
collagen degradation was assessed with
a reconstituted collagen Type I assay
system, as described previously (26).
Briefly, a thin layer of rat tail tendon
Type I collagen was coated on six-well
plates (450 pg of collagen per well).
Human gingival fibroblasts at 90%
confluence were collected and seeded
as single colonies (50,000 cells per well)
in the center of the collagen-coated
wells. After the cells attached, 2 ml
of serum-free Dulbecco’s modified
Eagle’s medium containing nicotine
(Sigma Chemical Co., St Louis, MO,
USA) at different concentrations (0,
25, 50, 100, 150, 250 and 500 pg/ml)
was added. After 4 d, the conditioned
media from the human gingival fibro-
blasts was collected for zymography
before the cells were removed with
500 pl of 0.1% Triton X-100 (Sigma
Chemical Co.) and 200 pl of 0.25%
trypsin (Invitrogen). The plates were
then stained with Coomassie blue to
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visualize collagen cleavage. In certain
wells, an MMP inhibitor (GM6001,
100 nm; Chemicon, Temecla, CA,
USA) was also included in the cell-
mediated collagen-degradation assays.
A previous study demonstrated that
10% (v/v) P. gingivalis culture super-
natant increases the collagen-degra-
ding ability of human gingival
fibroblasts (26). Nicotine at 250 pg/ml
was demonstrated to be able to in-
crease the human gingival fibroblast-
mediated collagen degradation without
obvious cell damage. Therefore, 10%
(v/v) P. gingivalis culture supernatant
and 250 pg/ml of nicotine were utilized
to analyze the combined effect of
P. gingivalis and nicotine on human
gingival fibroblast-mediated collagen
degradation. Human gingival fibro-
blasts were cultured in serum-free
Dulbecco’s modified Eagle’s medium
(C), in serum-free medium containing
10% (v/v) P. gingivalis supernatant
(P), in serum-free medium containing
250 pg/ml of nicotine (N), and in ser-
um-free medium containing both 10%
(v/v) P. gingivalis supernatant and
250 pg/ml of nicotine (N+P). The
combination of 150 pg/ml of nicotine
and 10% (v/v) P. gingivalis superna-
tant was also examined. The human
gingival fibroblasts were removed and
the collagen degradation visualized
with Coomassie blue staining on day 1
through to day 5. The experiments
were repeated at least three times.

Zymography

After a 4-d experimental period, the
conditioned media from the human
gingival fibroblasts were collected for
zymography, as described previously
(26). Briefly, the human gingival
fibroblast-conditioned media were
mixed with nonreducing loading buffer
(without  o-mercaptoethanol) and
resolved at 200 V in 10% sodium
dodecyl sulfate polyacrylamide gels
copolymerized with 1 mg/ml of gelatin.
The gels were then washed before
incubation in 1x Tris buffer (50 mm
Tris, pH 7.5, 3 mm NaN;, 5 mm
CaCl,, 1 um ZnCl,) at 37°C overnight.
These gels were then stained with
Coomassie blue to visualize the pro-
teolytic bands.
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Western blot analyses

Western blots were performed to
examine the levels of MMP-1, MMP-2,
MMP-3, MMP-14, TIMP-1 and
TIMP-2 in conditioned media, as well
as to examine the levels of MMP-2,
MMP-14 and TIMP-2 in cell mem-
brane extracts. Human gingival fibro-
blasts were cultured for 2 d, with or
without nicotine (250 pg/ml), before
the conditioned media were collected
and concentrated 16-fold with Centri-
prep centrifugal filters (Millipore,
Bedford, MA, USA). Cell membrane
extracts were prepared utilizing the
Mem-PER Mammalian Membrane
Protein  Extraction Reagent Kit
(Pierce, Rockford, IL, USA). The
concentrations of the total protein in
the samples were determined with the
Bio-Rad Protein Assay (Bio-Rad
Laboratories, Hercules, CA, USA).
Samples with equal amounts of total
protein were mixed with reducing
loading dye and then denatured by
boiling before being resolved in 10%
sodium dodecyl sulfate polyacrylamide
gels at 200 V. The proteins on the gels
were transferred to nitrocellulose
membranes at 0.3 A for 1 h in blotting
buffer (25 mm Tris-HCI, pH 8.3,
192 mm glycine and 10% methanol).
The membranes were then blocked
with 5% milk for 1h in phosphate-
buffered saline containing 0.1%
Tween-20 (pH 7.4) and then incubated
overnight at 4°C with the following
primary antibodies: monoclonal Ab-5
(5 pg/ml, Clone III12b; NeoMarkers,
Fremont, CA, USA) for MMP-I1,
monoclonal Ab-2 (5 pg/ml, Clone
VB3; NeoMarkers) for MMP-2,
monoclonal Ab-2 (5 pg/ml, Clone
IID4; NeoMarkers) for MMP-3,
monoclonal Ab-2 (5 pg/ml, Clone IC3;
NeoMarkers) for TIMP-2, polyclonal
Ab 815 (0.3 pg/ml; Chemicon) for
MMP-14, and polyclonal Ab 2315
(5 pg/ml; a gift from Dr K. Bodden,
Daphne, AL, USA) for TIMP-1. After
washing three times with phosphate-
buffered saline (pH 7.4) containing
0.1% Tween-20, the membranes were
incubated with antimouse or antirabbit
secondary antibodies (Amersham, Pis-
castaway, NJ, USA) for 1 h at room
temperature. An ECL™ kit (Amer-

sham) was utilized to develop the
membranes according to the manufac-
turer’s protocol. Western blot analyses
were repeated three to five times for
each protein.

Reverse transcription—polymerase
chain reaction

Total RNA was extracted according to
the protocol of the Qiagen RNeasy
mini kit (Qiagen, Valencia, CA, USA)
after culture of the human gingival
fibroblasts, with or without nicotine
(250 pg/ml), for 24 h. The mRNA and
primers, as described previously (30),
were mixed with the Qiagen OneStep
RT-PCR mix (Qiagen), according to
the manufacturer’s protocol. Reverse
transcription—polymerase chain reac-
tion (RT-PCR) was performed using a
Bio-Rad iCycler (Bio-Rad Laborator-
ies). The RT was accomplished at 50°C
for 30 min and terminated at 95°C for
15 min. PCR was then performed for
30 cycles with denaturation at 95°C,
annealing at 50°C and extension at
72°C, for 1 min each. The PCR prod-
ucts were then resolved in 1% (w/v)
agarose gels at 120 V and stained with
ethidium bromide. The gels were pho-
tographed under ultraviolet light and
then analyzed with NIH SCION IMAGE
software (Version beta 4.03). The cy-
clophilin bands were utilized for stan-
dardization of the RT-PCR results.
The relative expression levels between
the nicotine-treated and untreated cells
were then determined.

Cell viability assays

Cell viability assays were performed
based on the cleavage of water-soluble
tetrazolium by mitochondrial dehy-
drogenases in viable cells. After cul-
turing the human gingival fibroblasts
on collagen-coated plates with nicotine
and/or P. gingivalis supernatant for
3d, 10% water-soluble tetrazolium-1
(Roche Diagnostics, Mannheim, Ger-
many) was added and incubated at
37°C for another 4 h. The medium was
then collected and triplets of 100 pl/
well of each sample were distributed in
96-well plates. The absorbance in
the 96-well plates was then detected
with an enzyme-linked immunosorbent

assay (ELISA) reader (Molecular
Devices Co., Sunnyvale, CA, USA) at
a wavelength of 450 nm. Absorbance
values of each sample were compared
with the untreated cell control by per-
centage and then the standard devi-
ation was calculated. Means of the
treatment groups (n = 9) were com-
pared by one-way analysis of variance
and Tukey’s tests, at a significance level
of 0.05. Statistical analyses of the data
were performed utilizing SIGMASTAT
software (version 3.0).

Results

Collagen degradation and
zymography

Nicotine increased the collagen-degra-
ding ability of the human gingival
fibroblasts in a dose-dependent manner
(Fig. 1A). The increase in collagen
degradation was especially evident
when the human gingival fibroblasts
were treated with 150 and 250 pg/ml of
nicotine (Fig. 1A). The collagen deg-
radation decreased, as a result of cell
death, when the human gingival fibro-
blasts were treated with 500 pg/ml of
nicotine (data not shown). The MMP
inhibitor, GMo6001, completely
blocked the collagen cleavage mediated
by the human gingival fibroblasts
treated with or without 150 pg/ml of
nicotine (Fig. 1B).

Zymography of the conditioned
media revealed that proMMP-2
(72 kDa) underwent activation more
readily when the human gingival fi-
broblasts were treated with nicotine at
150 pg/ml or higher (Fig. 1C), as evi-
dent by the appearance of the activated
form of MMP-2 (62 kDa).

Western blot

Western blot analyses were performed
to monitor certain MMPs and TIMPs
that were secreted into the media by
human gingival fibroblasts which were
either untreated or treated with
250 pg/ml of nicotine for 48 h. ProM-
MP-1 and proMMP-3 were detected in
the conditioned media from the un-
treated control cells and were basically
unaltered in the conditioned media
from the nicotine-treated human
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Fig. 1. Effect of nicotine on the collagen-degrading ability of human gingival fibroblasts.
Human gingival fibroblasts were seeded as single colonies (50,000 cells/well) in six-well plates
coated with Type I collagen. (A) Nicotine was added at different concentrations (25-250 pg/

ml). On day 4, the human gingival fibroblasts were removed and the collagen cleavage
visualized by Coomassie blue staining. (B) GM6001 inhibition of nicotine-stimulated colla-
gen degradation by human gingival fibroblasts. — Nicotine, human gingival fibroblasts cul-

tured in serum free media without nicotine. Nicotine, human gingival fibroblasts were
cultured in media containing 150 pg/ml of nicotine. Nicotine + GM6001, human gingival
fibroblasts were cultured in media containing nicotine (150 pg/ml) and GM6001 (100 nm).
(C) Gelatin zymography of the human gingival fibroblast-conditioned media treated with/

without nicotine (0-250 pug/ml) for 4 d.

gingival fibroblasts (Fig. 2). The
TIMP-1 level was slightly decreased in
the presence of nicotine (Fig. 2).
MMP-14, MMP-2 and TIMP-2 were
detected in both the conditioned media
and membrane extracts from the trea-
ted and the untreated human gingival
fibroblasts (Fig. 3). Both the pro-en-
zymes and activated forms of MMP-14
and MMP-2 were detected in the con-
ditioned media from the human gingi-
val fibroblasts in the absence or

presence of nicotine. However, a low-
er-molecular-weight ~ fragment  of
MMP-14 (43 kDa) was detected only
in the membrane extracts of the nico-
tine-treated human gingival fibroblasts
(Fig. 3). Also, a partially activated
form of MMP-2 (68 kDa) was more
prevalent in the membrane extracts of
the nicotine-treated human gingival
fibroblasts than in the untreated con-
trol (Fig. 3). TIMP-2, which plays a
role in the MMP-2 activation mediated

MVP-1 | e e  57/52 kDa
MVP-3 | - - 60/54 kDa
TIMP-1 “ 28.5 kDa

c

Fig. 2. Western blot analyses for matrix metalloproteinase (MMP)-1, MMP-3 and tissue
inhibitor of metalloproteinase-1 (TIMP-1) in the conditioned media from human gingival
fibroblasts treated without (C) and with 250 pg/ml of nicotine (N) for 48 h.
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by MMP-14, was increased in the
membrane extracts and decreased in
the conditioned media from the human
gingival fibroblasts treated with
250 pg/ml of nicotine (Fig. 3).

RT-PCR

RT-PCR was performed on the RNA
extracted from the human gingival
fibroblasts cultured for 24 h in the
absence and presence of 250 ug/ml of
nicotine. The mRNAs for MMP-I,
MMP-2, MMP-3, MMP-10, MMP-11,
MMP-7, MMP-12, MMP-14, MMP-
15, MMP-16, TIMP-1 and TIMP-2
were detected in both the untreated
and treated human gingival fibroblast
cells (Fig. 4). The mRNAs of the
MMPs and TIMPs from the treated
human gingival fibroblasts were basic-
ally unaltered when compared with
those from the untreated human gin-
gival fibroblasts (Table 1).

Combined effect of nicotine and
P. gingivalis on cell-mediated
collagen degradation

Compared with the untreated control,
P. gingivalis supernatant increased the
human gingival fibroblast cell-medi-
ated collagen degradation, as evident
by the fact that all the collagen in the
wells was dissolved on day 5 (Fig. 5,
panel P). The increase in collagen
cleavage induced by nicotine was lim-
ited to the area of collagen underneath
the human gingival fibroblast cell col-
onies (Fig. 5, panel N). The combined
treatment of 10% P. gingivalis super-
natant and 250 pg/ml of nicotine
resulted in a collagen cleavage pattern
that was additive (Fig. 5, panel N +P).
The combined treatment of 10%
P. gingivalis supernatant and 150 pg/
ml of nicotine also resulted in an
additive effect in regard to collagen
cleavage (data not shown).

Cell viability tests

Compared with the untreated control,
91.68% and 70.36% of human gingival
fibroblast cells were viable after 3 d of
treatment with 10%  P. gingivalis
supernatant and 250 pg/ml of nicotine,
respectively (Fig. 6). After treatment
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Fig. 3. Western blot analyses for matrix metalloproteinase (MMP)-14, MMP-2 and tissue
inhibitor of metalloproteinase-2 (TIMP-2) in the conditioned media and membrane extracts
from human gingival fibroblasts treated without (C) and with 250 pg/ml of nicotine (N) for
48 h.
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Fig. 4. Reverse transcription—polymerase chain reaction results of the RNA extracted from
human gingival fibroblasts treated without (A) and with 250 pg/ml of nicotine (B) for 24 h.

Table 1. Reverse transcription—polymerase chain reaction results of the RNA extracted from
the human gingival fibroblasts cultured in the absence and presence of nicotine (250 pg/ml)

Treated/untreated®

Cyclophilin 1.00

MMP-1 (collagenase-1) 1.03 £ 0.055
MMP-8 (collagenase-2) ND

MMP-13 (collagenase-3) ND

MMP-2 (gelatinase-A) 0.95 + 0.093
MMP-9 (gelatinase-B) ND

MMP-3 (stromelysin-1) 1.06 £ 0.110
MMP-10 (stromelysin-2) 1.14 £ 0.298
MMP-11 (stromelysin-3) 0.96 = 0.081
MMP-7 (matrilysin) 0.67 £ 0.635
MMP-12 (macrophage MMP) 1.01 £ 0.078
MMP-14 (MT MMP-1) 1.09 + 0.150
MMP-15 (MT MMP-2) 1.02 £+ 0.038
MMP-16 (MT MMP-3) 1.04 + 0.073
TIMP-1 1.02 + 0.043
TIMP-2 0.95 + 0.089

MMP, matrix metalloproteinase; MT, membrane type; ND, not detected; TIMP, tissue
inhibitor of metalloproteinase.
#Average + standard deviation (n = 6).

with both nicotine and P. gingivalis
supernatant, 58.11% of cells were vi-
able. The combination of both treat-
ments significantly decreased cell
viability when compared with either
treatment alone (p = 0.038 to nicotine
and p < 0.001 to P. gingivalis super-
natant).

Discussion

Nicotine enhances the collagen-degra-
ding ability of human gingival fibro-
blasts. This was evident by the fact that
nicotine increased the cleavage of Type
I collagen coated on the six-well plates
by the human gingival fibroblasts in a
dose-dependent manner. The collagen
degradation was limited to the area
underneath the cell colonies, which
suggests that the increased collagen
cleavage was cell membrane associ-
ated. Before this study, Tipton &
Dabbous (31) used [*H]-gly and ["*C]-
pro-labeled Type I collagen gels as
substrates and demonstrated a signifi-
cant increase in the collagenase activity
of nicotine-treated gingival fibroblasts.
However, the treatment of cardiac
fibroblasts with nicotine led to a
decrease in collagenase activity (19).
These conflicting results may be caused
by differences in the fibroblast type, the
nicotine concentration, the treatment
period and/or the detection method
utilized.

The nicotine concentrations utilized
in this study ranged from 25 to 500 pg/
ml. This concentration range was cho-
sen based on a previous study on cell
tolerance (32) and the range of con-
centrations of nicotine detected in sal-
iva from tobacco users. Although
plasma nicotine levels measured after
the use of tobacco products are only in
the range of 15 to 73 ng/ml (33-38),
saliva samples from smokeless tobacco
users have been found to contain as
much as 1560 pg/ml of nicotine (39).
Smoking one cigarette can expose the
oral cavity to 1000 pg/ml of nicotine
(40). Therefore, the concentrations
used in this study were closer to the
saliva concentrations and more rele-
vant to the local effect on the oral
tissues.

The human gingival fibroblast-
mediated collagen degradation was
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Fig. 5. Effect of nicotine and Porphyromonas gingivalis supernatant on the collagen-
degrading ability of the human gingival fibroblasts. Human gingival fibroblasts were
cultured in control serum-free Dulbecco’s modified Eagle’s medium (C), in medium con-
taining 10% P. gingivalis supernatant (P), in medium containing 250 pg/ml of nicotine (N)
or in medium containing 10% P. gingivalis supernatant plus 250 pg/ml of nicotine (N + P)
for 5d on six-well plates coated with Type I collagen. The human gingival fibroblasts
were removed at days 1 through day 5, and the collagen cleavage visualized by Coomassie

blue staining.
] I I |
Cc P N N+P

Fig. 6. Viability test for nicotine and/or Porphyromonas gingivalis supernatant-treated
human gingival fibroblasts. Human gingival fibroblasts were cultured in control serum-free
Dulbecco’s modified Eagle’s medium (C), in medium containing 10% P. gingivalis super-
natant (P), in medium containing 250 pg/ml of nicotine (N) or in medium containing 10%
P. gingivalis supernatant plus 250 pg/ml of nicotine (N +P) for 3 d. Water-soluble tetrazo-
lium (10%) was added to the cultures which were incubated for 4 h before the light
absorbance of the culture media was measured using an enzyme-linked immunosorbent assay
(ELISA) plate reader at a wavelength of 450 nm. Values for the absorbance from the samples
were compared with the untreated cell control to determine percentage viability (n = 9).
*The combination of both treatments significantly decreased cell viability when compared
with nicotine (p = 0.038) and P. gingivalis supernatant (p < 0.001).
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mediated by the MMPs, as evident by
the fact that it could be completely
inhibited by the MMP inhibitor,

(68 kDa), were detected in the mem-
brane extracts of the nicotine-treated
human gingival fibroblasts. In addi-

GM6001. Western Dblot analyses
revealed that the levels of the mem-
brane-associated MMP-14, MMP-2
and TIMP-2 changed upon nicotine
treatment. A low-molecular-weight
fragment of MMP-14 (43 kDa), and a
partially activated form of MMP-2

tion, the fact that TIMP-2 was detected
at a higher level in the membrane
extracts suggests that a redistribution
of TIMP-2 to the cell membrane had
occurred. These findings can be inter-
preted utilizing the MMP-2 activation
model proposed by Strongin et al. (41).
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According to this model, the TIMP-2
molecule serves as a bridging molecule
for the binding of latent proMMP-2 to
active MMP-14 on the cell membrane.
Subsequently, another active MMP-14
molecule on the cell membrane
approaches this trimolecular complex
and activates the proMMP-2 by clea-
ving its propeptide domain. Therefore,
more TIMP-2 would be recruited to
the cell membrane in order to enhance
MMP-2 activation.

The mechanisms by which nicotine
regulates the activation of the mem-
brane-associated MMPs are presently
unknown. One hypothesis is that
nicotine affects the cytoskeleton and/or
cell attachment receptors that may
subsequently influence the distribution
of the membrane-associated MMPs. It
should be noted that the human gin-
gival fibroblasts exposed to nicotine
had more rounded edges (data not
shown), which supports this hypothe-
sis. Previous data suggest that nicotine
modulates the expression and distri-
bution of gingival fibroblast cell sur-
face proteins, such as ol integrin
(42,43) and o2 integrin (44). It has also
been shown that the activation of
latent MMP-2 by MMP-14 is regulated
by the organization of the actin cyto-
skeleton (45) and surface proteins,
including the oSol integrin receptors
(46). Therefore, nicotine might cause
the re-organization of the cytoskeleton
and/or the redistribution of the cell
surface proteins, such as the integrins
and membrane type-MMPs, which
could subsequently affect the activa-
tion of latent MMP-2.

Although MMP-1 is believed to be
the major collagenase produced by
fibroblasts, and MMP-3 is involved in
the superactivation of MMP-1, neither
the amount nor the level of activation
of MMP-1 or MMP-3 changed upon
nicotine treatment. These findings help
to explain why the coated collagen
around the cell colonies was intact and
only the collagen underneath the cell
colonies was degraded.

The mechanisms of how nicotine
affected the TIMP-1 level are un-
known. The decreased TIMP-1 level in
the conditioned media could be an
indirect effect of nicotine that may be
mediated through some TIMP-1-



234  Zhou et al.

degrading enzyme(s) that are induced
by the nicotine treatment. The mech-
anism for the recruitment of TIMP-2
on the cell membrane is also unclear. It
could simply be a response to the
clustering of the MMP-14 to certain
areas of the human gingival fibroblast
cell surface, which could provide a
higher MMP-14 concentration loc-
ally and increase the number of
TIMP-2-binding sites. Alternatively,
the increase of membrane-associated
TIMP-2 could be attributed to integrin
binding of TIMP-2 (47). It should be
noted that a higher MMP-14 concen-
tration could also result in enhanced
collagen degradation, because MMP-
14 has collagenolytic activity.

The mRNA profiles of multiple
MMPs and TIMPs expressed by the
human gingival fibroblasts were
examined in the absence and presence
of nicotine. Nicotine did not drastically
affect the mRNA expression of the
examined MMPs or TIMPs after 24 h,
which suggests that the regulation of
MMPs by nicotine may mainly be
limited to the activation of the MMPs.
Previous data vary about how nicotine
affects MMP mRNA expression in
other cell types. Nicotine has been
reported to up-regulate MMP-1,
MMP-2 and MMP-3 gene expression
in arterial smooth muscle cells (16).
Cigarette smoke condensate has been
reported to up-regulate MMP-1,
MMP-8 and MMP-9 gene expression
in vascular endothelial cells (15).
However, nicotine had no effect on the
MMP-2 gene expression in artery
endothelial cells (20). The regulation of
MMPs by nicotine in different types of
cells may vary according to the func-
tions of these cells. As enzyme activity
can also be regulated by processing
and inhibitor levels and location, lack
of change in expression does not
necessarily equate with enzyme activity
level.

The combined effect of nicotine and
P. gingivalis supernatant on human
gingival fibroblast-mediated collagen
degradation was examined. An addit-
ive effect of this combination on the
cell-mediated collagen degradation was
observed. This can be explained by the
fact that nicotine + P. gingivalis
supernatant increase collagen degra-

dation through different MMPs. As
demonstrated previously (26), and in
this study, the treatment of human
gingival fibroblasts with P. gingivalis
supernatant resulted in the degradation
of all the collagen in the well. This is
believed to be accomplished mainly
through the activation of secreted
MMP-1, MMP-2, MMP-3 and MMP-
14, as well as by the degradation of
TIMP-1 (26). Although there are mul-
tiple virulence factors in P. gingivalis
supernatant, the major virulence fac-
tors that are responsible for the regu-
lation of the MMPs and TIMP-1 are
believed to be the cysteine proteinases
(gingipains) (24,26,48). Nicotine ap-
peared mainly to regulate the activa-
tion of membrane-associated MMP-2
and MMP-14, as well as the redistri-
bution of TIMP-2. A combined effect
of nicotine + P. gingivalis supernatant
on reducing the cell viability was also
observed. This agrees with a previous
study that reported a lethal enhance-
ment of toxins from putative perio-
dontal pathogens by nicotine (49). It
should be noted that this increase in
collagen degradation, coupled with a
decrease in cell viability, indicates an
even greater increase in collagen-
degrading capacity per cell.

In summary, nicotine appears to in-
crease the collagen-degrading ability of
the human gingival fibroblasts, in part
through the activation of membrane-
associated MMP-2 and MMP-14, as
well as by the redistribution of TIMP-2
to the cell surface. Nicotine and
P. gingivalis supernatant appear to af-
fect host-mediated collagen degrada-
tion through different MMPs, and an
additive effect was observed. These
findings add to the body of knowledge
about the roles that nicotine or to-
bacco use plays in the development of
periodontal disease. In addition to
interfering with host inflammatory
processes and immune responses,
nicotine promotes the degradation of
collagen. This effect of nicotine would
alter the connective tissue turnover rate
and disrupt the normal wound healing
process. Nicotine and P. gingivalis
might also add to each other’s detri-
mental effects on the extracellular
matrix and enhance their destructive
effects on the gingiva. These findings

help to explain why tobacco use is a
major contributing factor to the initi-
ation and/or exacerbation of perio-
dontal disease.
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