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I 

The purpose of this study was to ~nvestigate cell proliferation and wound 

repopulation by human gingival fibrobla~ts (GF) in the presence of nicotine in an in vitro 

wound-healing model. ·Tlle·hypothesis Jas that without nicotine present, GF and 
, . I 

. I 

periodontalligainent fibroblasts (PDLF) may have a greater proliferation rate and wound 

repopulation rate than do cells in the presence of nicotine. 
I 

- I .. 

Nicotine concentrations used wette 0, 1 f..LM, 1 mM, 2, 4, and 8 mM. The in vitro 
. I -

wound healing model consisted of GF til~ seeded into twelve-well culture plates, grown 

to confluence, synchronized as to cell division and wounded using a rubber policeman. 
I 
I 
r 

Cells were fixed at 24-hour interval tim~ points, stained with crystal violet, and analyzed 
. I 

I 

with histomorphometry of microscopic ikages for wound repopulation. In other 

experiments, cells \Vere treated with BrdU and the absorbance determined with a 

! 

spectrophotometer to ·estimate cell proli~eration. The nicotine challenge resulted in dose-
. I 

i 
dependent resp~nses in all effects meas~red. 

Conclusions ·reached in this stud~ were as follows: 
! 

1) GF cells showed greater cell proliferation and cell migration rates than PDLF cells, 
. I 

as estimated by rate~ of confluency and ~igital images from light microscope. 

i 
2) Vacuolization and other cytotoxic effects occurred with concentrations of 4-8 mM 

of nicotine in both cell types. 

3)' There was a trend toward stimulato;rY e~fects at a low dose of nicotine. However, at 

higher concentrations, a dose-dependent; ipbibition in cell proliferation and cell migration · 

in GF cells was seen/ 
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INTRODUCTION 

Statement of the Problem 

Tobacco smoking has a significant influence on the prevalence and severity of 

periodontal disease (Bergstrom and Preber· 1994). A recent evaluation of the National 

Health and Nutrition Exa~ination Survey Til, focused on the prevalence of periodontitis. 

The authors of the evaluation estimated;'til'at at ·least 35% of dentate adults ih America, 

age 30 to 90 years old, have periodontitis .CDrisko 2000; Tomar and Asma 2000). 

Periodontal disease in many smokers was attributed to their smoking habit (Tomar and 

Asma 2000). One estimate is that 52% of the periodontitis that occurs in the entire U.S. 
··-:·· ····; .. '· 

adult dentate population is attributable to smoking: 41.9% to current smokers and 10.9% 

to former smokers (Tomar and Asma2000). Tobacco smokers have an estimated 2.5 tp 

. 6.0 times~: or even· greater, ·chance of. deveioping periodontitis (Bergstrom and Preber 

1994). 

Curren~ information indicates t~at the effects of t~bacco · s~oking on periodontal . 

disease involve more than just envirm.Unental factors such as dental plaque, some spe:cifi'c 

micro flora, or poor oral hygiene. Tobacco ~moking se~ms to have a systemic influence 

on the host's respon.~e and susceptibility (Bergstrom ancl .. Preber 1994). Nicotine, which 

is a primary constituent in tobacco smoke, is believed to adversely affect the wound 

healing process of tissue repair. Gingival fibroblasts (GF) and periodontal ligament cells 

(PDLF) are central to the wound-healing process in periodont~l disease. Nicotine has 

1 



2 

bee!i shown to affect periodontal ligament cells and gingival fibroblasts in a variety of 

Ways.· In these two, cell types, nicotine was reported to cause transient vacuolization, 

decreased proliferation, inhibition of fibtonectin and type I collagen, increased. 

collagenase activity and cell death, all of which were dose-dependent (Tipton and 

Dabbous 1995; Alpar et aL,' 1997; James et al., 1999). Understanding the behavior of 

gingival fibroblasts and periodontal ligament cells in the presence of nicotine, will bring 

us one step closer toward improving treatment in patients who smoke tobacco. With this 

knowledge, evidence can be compiled that may help motivate smokers to stop their habit. 

Review of the Related Literature 

. Periodontal disease results in destruction of the supporting tissues around teeth. 

These tis~ues include connecti~e-tissue and gingival epithelium, alveolar bon~, 

. pe~odontalligament, and cementum. Regen~ration and reattachment of these tissues to 

teeth is. the primary goalirt the·healing process·. Two cell types actively inv~lved ifi 
. . 

. . 

periodontal regeneraiio11 in the wound healing process are PDLF and GF (Mariotti and 
. . 

Cochr.an, 1990; Hoang· et al., 2000; Lackl~r et al., 2000). Periodontal ligament cells are 

considered t,o be the primary source of periodontal regeneration .. These cells have the 

ability to inigrate,· proliferate, and differentiate into other cell forms that produce 

periodontalligament,:·bone,'and cem~ntum (Nyman S., Gottlow i., Karring T., Liridhe J. 

1982; Gottlow, J., Nyman, S. and Kaning, T. 1984; Meyer 1986; Mariotti and Cochran, 

. 1990; Hoang, ·aate·s, and Cochran, 2000). Gingival fibroblasts are capable of regeneratirig 

connective tissue of gingiva only (Nyman, Karririg~ Lindhe, Planten, 1980; Nyman, 

Gottlow, Karring, Lindhe, 1982; Got~low, Nyman, Karring, 1984; Davidson, McCulloch, 
. . - ' 

1986; Becket; Becker; a~d Berg, et al.,1988; Mariotti, and Cochran, 1990; Cho, Matsuda, 

,I ... 
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Lin, Moshier, Ramakrishnan, 1992; Hoang, O~tes, and Cochran, 2000) Due to a greater 

migration andproliferatiot{rate into a ~ound site, GF :can COplpetitively inhibit PDLF 

cells fro~-cbntributing fully to periodontal_ regeneration and attachment (Mariotti and 

Cochran, 1990; Hoang et al., 2000; Lackler et al., 2000). Root surfaces exposed directly 

to gingival fibrob_lasts dunrtg healing generally did not exhibit reattachment of a 
. . . 

functional periodoritalligament, but instead ~howed extensive root resorption or 

development of long junctional epithelium (Nyman et al., 1980; Gottlow et al., 1984; 

Becker et al., 1988). Regulation of a particular cell type for migration and proliferation 
. .. 

into a wound site is paramount if full reg'eheration of the periodontium is desired. -

Wound-healing in the Periodontal Milieu 

The stages· of wound healing have been described in varying details of a 

mucoperiosteal flap, p·edicle·graft, free soft tissue graft or subconnective tissue-graft to 
• ·::. ~- . .J".. ~- ~:..:.';. . 

-·-·~ ·· .-.-.i.;+~~~··. · ·.4.·-: · '(··.·"t:~r; . .l.,'l·: ... -...": .... ..:.~·!r· .• : ··:··-~. . ·.-.. ~ ".-~.·){._ 

the surface of a tooth root, composed of surface cementum or dentin. Wilden.TI.an and 

Wentz (1965) described four stages ofwound-healing on a tooth surface, including an 

adaption stage (0-4) days, a proliferation stage (4-21 days), ah attachment stage (21-28 

days), ·and a maturation stage (28-180 days). Greater detail of the eai-ly healing events ·at 

3 

the dentin-connective tissue interface were described by Wikesjo et al., 1991, and shall be 

briefly described. 

The adaption stage begins at wounding, where the formation of an attachment is 

initiated by a granular precipitate, thought to be plasmatic proteins, which appears on -

exposed dentin or cementum surface. At 1-6 hours, the intercellular matrix is organized _ 
- . 

with ted blood cell aggregates and the formation of a fibrin clot fontlation at the tooth . 

Surface .. Neutrophils _are- observed throughout the fibrin clot and ort the tooth SUrface, 
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forming an initial line of cellular defense against the external envir6nment irl the form of 

a polyband layer. The degradation of. the red blood cells occur.s during the first day. As 

early as the first da~, further.m~turation. ofthe:flbri~·clot ~s characterized by the presence 

ofmacrophages, providing phagocytosis of debris and a. ~eady sour~e .of cytokines, and 

fibroblasts, providing a source of collagenase artd the ability to produce collagen. 

The proliferation stage is typified l?y the invasion of granulation tissue through the 

fibrin clot,· denoting ·the beginning of neovascularlization. This stage was observed over 

the period.of 4 to 21 days· after wounding. Fibroblasts were noted on the tooth surface at 
. . . . 

6:..1 0 days, epithelium migrated apically between 10-14- days, and an average of 1 ~ ·of 

crestal bone resorbed~ Wij eskq et ai. (i 991) described the 7~day specimens intheir study, I 

as "exhibiting areas of cell rich connective tissue without"inflanimatory cells as well.as 

. :. areas· sho~ing the. fibrin clot i.n various':stages ot decomposition·. and •fibrobasts ·could be 

identified in the me1:turing blood clot arid at the dentin surface." These observations 

suggested that connective' tissue· attachment to dentin surfaces was· mediated by 

adsorption of plasma proteins to the surface, subsequent development and maturation of a 

fibrin clot,· and that fibroblasts were involved with the comiective tissu~ ~ttachment to the 

tooth· surface . 

. the attachment stage, described over a period of21.to'28 days, is charactenzed 

bythe fonliatio'n of~isi~le collagen, cementum formation, with osteoblastic activity 

reaching a peak at this time. 

· At 28 to 180 days, the final stage of maturation showed ~ew, perpendicularly 

oriented, PDLF fibers attached to the root surfaces as Sharpey's fibers. The combination 
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of a long junctional epithelium (approx. 2.0 mm average)·and a connective tissue 

attachment (approx. 2.1 nun average) makes up this new attachment to· the tooth surface. 
. . . 

The origin of the fihroblasts on the tooth surface determines the makeup of this 

new attachment. Pl)LF contacting the tooth surface result in periodontal regeneration of 

connective tissue of the PDL, cementum and alveolar bone. Should GFs reach the tooth 

surface, a long junctional epithelium or possible root resorption could result (Nyman et 

al., 1980; Gottlow etal., 1984; Becker et al., 1988; Hoang, A.M., Oates, T.W. and 

Cochran, D.L., 2000). 

W ound~he1lling and the In Vitro Wouna::healing Model 

. _ In order to. directly 'compare two important cell types, GFs and PD LF, involved 

with periodontal. wound healing ·events, the in yitro wound-healing model developed in 

the research hy Lackler et al. (2000) and subsequently applied to various cell lines (Oates 

et al., 2001; ·Mumford et al., 2001; and Fi:~ang et al.; 2000)-.was used herefn. Cell 

proliferation arid wound repopulation .(wound fill) are important ~o periodontal wound 

healing and may reflect cell-specific differences in cellular activity of these two cell 

types .. This iifvitro· wound-healing model required·a_confluent monolayer of cells, which. 

were synchronized, wounded (disrupted with a rubber policeman), stained according to 

the cellular activity selected for observation, and measured with light microscope and 

histomorphometric analysis. 

Results from Lackler et al. (2000), fro~ which the. the in vitro wound model was 
. . 

derived-tor this study, showed interesting comparisons between GF and PDLF. In the 

wound-healing model, GF were found to repopulate the wound area at a greater rate than 

PDLF, when considering wound fill as a measure of both migration and proliferation. 

~. :-."' ... : 
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Their · study demonstrated that the in vitro model has the ability to detect cellular 

differences In· response to varying concentrations of growth and ·differentiation factors. 
. . 

Different concentrations of FBS in the culture medium were used to demonstrate that 

PD;LF responded in a concentration-dependent manner, whereas GF responded in an all-

or-nothing fashion. · From ·the· BrdU ·utilization in that study, proliferation activity 

occurred following wounding, within 10. cell layers adjacent to the wound margin 

(similar for both PDLF and GF), with the exception that after day 2, GF demonstrated a 

large number of proliferating cells well beyond the wound margin throughout the 

confluent layer. Explanations given in tht~ study were·tt~at possibly time points selected 

missed the "amplified proliferation:. re~ponse" of PDLF or that this phenomenon was 
. ~-· .. 

unique to GF.·-· By either explanation proliferation rates ofboth cell types were inherently 

different. Mechanisms reported in the literature of how surviving cells cominunicate or 

signal from. a wound ~argin suggest dir~ct. cell-to~cell interactions, ·or may indirectly 

involve signals ·that are· releas·ed into .the extracellular environment. (Abercrombie and 
. . 

', •.·,_ . ' .. '· 

Heaysman, 1953; Sammak et aL, 1997). 

Tobacco Smoking as a Major Risk Factor in Periodontal Disease 

A primary factor that affects the -balance between periodontal disease and 

periodontal regeneration in healing is tobacco smoking. Several studies demonstrated 

that smoking was a major risk factor for development and progression- of periodontal 

disease (Bergstrom and Preber, 1994; Clarke· and Hirsch, 1995; Linden and Mtill~lly, 

1994). Longitudinal follow-up studies indicated that smoking impaired the outcome of 

periodontal therapy (Tonetti et al. 1995, Khadal et al. 1996, Trombelli et al. 1997, 

Jansson and Hagstrom 2002) . These studies showed that smokers exhibited greater bone 
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loss post-operatively, more pockets, deeper probing depths, and less clinical regeneration, 

than did non-smokers (Preber and Bergstrom, ·1990; Ah et al., 1994; Bergstrom and 

Preber, 1994; Alpar etal., 1"997). 

' . . ... 

. Chemical, Structural and Biological aspects of Nicotine In Tobacco _Smoke 

:, The term for the alkaloid, nicotine, is .derived from "nicotiana", a genus · 

established in 1773 by the Swedish botanist Linnaeus. He named it after Jean Nicot, the 

French Ambassador to Portugai who first arranged for seed~ to be bought as a gift for the 

French Queen mother, Catherine de Medici (Barclays Bank DCO, 1961 ). Nicotine is a 

poisonous alkaloid· found in all parts of t11e ;'tobacco plant, but especially in the leaves. 

When pure, it is a colorless, ·oily· fluid with little odor but a sharp ·burning taste. On 

exposure": to 'air or' hi crude materials h becomes deep brown with the characteristic 

tobacco-like smell. Nicotine is one of the· mo"st toxic and addictive of all poisons. The 
l ~ ..... . 

...... ~ ~ .... ·....., '\ ';.. ,- ~ . ·.¥· 

chemical structure ~f nicotine is seen in Figtrr~ 1 .. 
: ·~ -~ . 

:Nicotine· is the major addi~tive reason·why people consume tobacco products, and 

. . 

it m·ay c-ontribute etiologically to tobacco-related diseases. For hundreds of years, 

nicotine has been consumed from various forms of tobacco . and frorri many other plants: 

Currently, nicotine has been made available in the form of a nicotine-containing chewing 

gum as a drug therapy for tobacco addiction (Benowitz 1986). Nicotine is one. of marty 

organic compounds contained in the particulate phase of tobacco smoke. This particulate 

phase. accounts for 8% by ~eight of tobacco smoke,' artci the remai~der·of the'.smoke is 

made up of gases (nitrogen, oxygen, catbon dioxide, carbon monoxide, etc.) together 

with volatile organic compounds and water vapor. Nicotine is regarded as the most 

pharmacologically-active comp<>"und in tobacco smoke (Cohen· and Roe 1981) .. 



• ' .. •! I .. ~.'". ·~ :: • ~ ' >>I' I •. 

Fig. 1 Structural Formula of Nicotine. 
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The actual nicotine intake from smoking is a complex determination, with many 

variables involved. The nicotine content of the tobacco. product, being the limiting factor 

in self-dosing, is not defined by manufacturers or by government agencies. There are 

differences according to ventilation holes in the filter, the nicotine content among 

different strains of tobacco, and the pH of the smoke from flue-cured versus air-cured 

tobaccos. The average nicotine content of modem cigarettes· is 8-9 mg. In the USA, the 

most popular cigarettes (filtered) were reported in 1975 to deliver 15-25 mg of tar and 

1-1.5 mg of nicotine (Wynder et al., 1976, US Public Health Service, 1979). :Benowitz 

and Jacob (1984) found on average that- smokers absorb 1 mg of nicotine per modem 

cigarette. A s'moker' s average daily nicotine intake varies with the depth of inhalation,. 

puff volume, extent ·of dilution with room air, puffing rate, intensity-· of puffing, 

,_percenta~e of each cigarette smoked, .and total number of cigarettes sinoked (Benowitz et 
~· '.I ; ~ . '• ~ 

al., 1986; Heming et al., 1983; Kozlowski et al., 1982). In a burning cigarette, 15% of 

the nicotine content is transferred unchanged into the particulate phase of the 

mainstream smoke, although this portion varies with a cigarette's parameters and an 

individual's own· smoking behavioral characteristics. About 40% of the nicotine is 

transferred into the sidestream smoke particulates, and about 15-20% is deposited in the 

cigarette butt, although this figure particularly is dependent on the smoker's own 

characteristics and on particular cigarette parameters such as efficiency of the filter, type 

of tobacco and processing method (curing) used. The remaining 30% is degraded into· 

various products of pyrolysis (Cohen and Roe 1991). ·Nicotine is distilled from burning 

tobacco and is carried on tar droplets (0.1-0.4 J.lm), which are inhaled. Nicotine 

absorption across membranes is pH -dependent. Flue-cured tobaccos, which is found in 
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most cigarettes yields smoke ofpli 5.5. · A.tthis pH, nicotine is only partially ionized and 
. . 

. . . 

does not· cross membran~s welL· On· the. other hand, air-cured tobaccos, such as pipes, 

cigars, a~d· 'smokeless tobaccos, produce an ·alkaline p~ of 8.5, that renders· nicotin~ 

primarily un-ionized which facilitates nicotine absorption into bloodstream (Benowitz. et 

al. 1986). Measured blo~d l~vels of nicotine in smokers ranged fro~ 0.1 to 0.45 J!M 

(Tippon and Dabbous 1995). The habit of smoking result's in intermittent dosing of 

nicotine. Since nicotine is eliminated from the body ,(via blood, urine, and feces) very 

rapidly, primarily being metabolized in the liver, large changes or oscillations co:uld 

occur in nicotine concentrations during. tli~' smoking of evert one cigarette. · Considering 

that t~e half-life of nicotine is somewhere between 1-4 hours (Kyerematen and Vessel, 

1991; Benowitz eta(, 1986; tippon ~nd Dabbous, 1995; Coh~n and, Roe, 1981), nicotine 

. - . . . ' -

accumulates · over six to·· eight hours of regular smoking, and nicotine levels persist 
\.~ .• ' ,•' I~ ' ·.' 

overnight, even as the smoker sleeps. · Some reasons· associ~ted with. this phenomenon are 

the existence of an "additional slower, terminal elimination phase" not readily detectable 

fro~· pl~stna data, brtt rev~aled from urinary excretion profiles of nicotine in smokers arid. 

non-smokers (De Scliepper, et al., 1987). · Avid uptake and localization of this highly.;: 

lipid solubi~ alkaloid hy many tissues of the body ·reflects a very large volume· of 

distribution of .nicotine (Feyetabetid, et al., 1985). . Thus, smoking results not in 

intermittent exposure, but in exposure to nicotine that lasts 24 . hours . each day 

(K.yerematen ~nd Vesell, 1991; Benowitz etal., 1982; Cohen and Roe, 1981). · 

·Nicotine 'is· extensively metabolized, primarily in the liver, but also to· a small 

extent in the lungs and kidney.' Renal excret~on depends on urinary pH and urine flow, 

and accounts fot 2~35% of total elimination. Major metabolites are cotinine, nicotine-1 '-
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, N-oxide, nomicotine, N-methylnicotium, nicotine· glucuronide, and nicotine- 11 4
•
5 

-

enamine.. T~e two major metabolites are cotinine and nicointe-N-oxide, and neither 

metabolite appears to· be pharmacologically active. Cotinine is commonly used as a in 

vivo marker for nicotine due to .its long half life (Benowitz et al., 1986; Gorrod: and 

Jenner, 1975; Rosenberg et al., 1980; Benowitz et aL, 1982). 

An important route for nicotine excretion is saliva. On exposirre of humans and 

monkeys to a nicotine challenge, the ratio of nicotine concentration (per ml) in saliva· to 

plasma generally exceeds 10 (Russell ~~ Feyerabend, 1978; Tsujimoto et al., 1975). 

Lahmouze · et al. (2000) esthnated their range of nicotine levels in saliva of human 

smokers to be 0.5 ·J.LM to 19 rhM and plasma levels of 0.1 to 0.45 J.LM. The study by 

Hanes et ·al., (19~.1) ·showed that nicotine \vas nonspeeifically bound to gingival 

- .. fibroblasts arid tpat the uptak~ "·of nidotin~ .. by these· cells was continuous ov~r. a 4 hour <'" 

period; thus producing high Intracellular concentrations · c~pable . of interfering with 

intracelluhtr functions. These qells released unmetabolized nicotine·" back into the 

trtedium~ thus prolonging the presence of nicotine in the intercellular environment. 

As a rriajo~. component of the particulate phase· of tobacco smoke, nicotine can 
. . . ' 

' ' • I ' ' 

alter numerous cellular-functions (Fang et al.,-1991; Hanes ~t· al., 1991; Hasseus ·et al., 

1997; Leone ·et al., 1995; Martinez-Canut, 1995; Pappaioaimou, 1998; Payne, 1996; 

Raulin, 1988; Tomek et al., 1994). Nicotine cytotoxicity with gingival fibroblasts has 

been demonstrated by the presence of intracellular vacuoles (Raulin et al. 1988, Alpatet 

al., Hanes et al. 1991, Pappaioaimou 1998), decreased protein content, damaged cell 

inembrari.es, morphological alterations of microtubules artd vimentin filaments, and 
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atypical cell shapes (Raulin et al.1988, Fang ·et al. 1991, Hanes et al.-1991, Tomek et al. 

1994, Leone et al. 1995, Ma~inez-Canut 1995, Alpar et al., 1997, Hasseus 1997). 

Depen.ding on exposure duration,. different nicotine concentrations were reported 

as stimulatory or inhibitory to GFs. In the study by Papaioannou (1998), the 

concentrations of nicotine incubated DMEM with 10% cell serum plus antibiotics were 0, 

0.06, 6 and 60 Jlg/ml (=0.37 mM = 0.006). Stimulatory effects on cell proliferation were 

seen at 0.06 Jlg/ml compared with controls. In contrast, the higher concentrations were 

inhibitory, with the maximum effect seen at 60 Jlg/ml. Compared to cells continually · 

exposed to'nicotine, the withdtawalofth~niigher nicotitie doses showed increased cell 

proliferati~l1itias few· as four days. L~w-level ~icotine exposure also enhanced gingival 

fibroblast attachment and replication rate in the presence of serum, depending on dose of 

concentration (Peacock et al., 1993). Concentrations of nicotine used were 0.025, 0.05, 

0.1, 0.2, and 0 . .4 JlM, of which 0.025 JlM was found to be stimulatory to ·cell proliferation 

after 24 hours and all other ;concentrations had no ~ignificant effect on GFs. Cell 

attachment was enhanced in the presence of increasing rtico.tine concentrations up to 0.4 

JlM. Th~s, the effects of nicotine· on ·ap :are pot~ntially very important when considering 

periodontal regeneration in wound healing. 

Alpar et. al. (1998) showed that dose-dependent toxic effects of nicotine in 

gingival fibroblasts, such as decreased intracellular protein content, damaged cell 

membranes~ ·morphological alterations ·ofmicrotubules and vimentin filaments, 'atypical 

cell shapes, arid vacuolization, were measured within a rarige of 0.48 mM to 62 mM. 

Irreversible toxic effects became apparent in the range between 10.5 and 15.5 mM. At 

lower concentrations, cells recovered after. withdrawal o"rnicotine. -_Atypical shapes, 
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. . 

vacuoles, and moq)hological alterations ofmicrotubules and vimentin filaments 

(intermediate ftbers for fibrq~lasts) were observed at concentrations greater than 3.9 111M .. 

At concentrations weater than 7.8 inM, gro~h ~fflbroblasts was decreased. Leonardi et 

al. (1999) showed that a dose and time-dependent nicotinic influence could be 

demonstrated on the.irnniunocytochemical expression of the a2 integrin chain, promoting 

a collagen breakdown via an increase of a 2 integrin chain expression. 

In a study by Checchi et al. (1998), the concentrations of 6 J..Lg/ml, 60 J..Lg/ml, and 

600 J..Lg/ml were used to test cytotoxic effects in human GFs in smokers and non-smokers 

of ages between 25 - 40 years old. They conCluded that after 48 hours, 600 ~g/ml 

nicotine was cytotoxic to GFs of all groups with significant reduction of both 

ptoliferatibn and viability of cells relative to the control. tt"also was concluded that 
~ .. 

smoking history and the patient age could be significant factors for final evaluation of the · 

results, "since human GFs from smokers ar·e ies~ sensitive to nicotine than human GFs 

from non-smokers, and cells from older donors are more resistant to nicotine than cells 

from younger donors." 

Nicotine and Cellular and Intracellular Events 

Nicotine has been associated with numerous cellular events across a wide range of 

. . ' . 

cell types. With regards to fibroblasts, as used in this study, nicotine can affect cellular .. 

attachment, proliferation, wound repopulation, morphological and ultrastructural 

change·s, and numerous processes of receptor binding and intracellular signaling. · 

Nicotine is released by GFs at a slower rate than the rate of uptake, and after two hours, 

the intracellular concentrations are presen~ as one-third free or unmetabolized nicotine 
. . 

. . 

(Hanes et al. 1991 ). Nicotine can affect both alpha and beta chains of integrins. 
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"Whereas some integrlns seem to bind only one matrix macromolecule, such as 

nbronectin. or laminin, others bind more than one; an integrin that is present on' 

fibroblasts, 'for example, binds collagen, fibtonectin, and lamimn" (Alberts et al.; 1994). 

The alpha integrin chain i~ associated with ligand specificity and the beta integrin chain · 

has intracellular attachffient protein binding sites that link the integrin to actin filaments 

in the cell cortex. It: was shown that nicotine concentrations of 0.2 to 0.4 ~-tM can-

significantly decrease beta-1 integrin expression with human GFs (Austin et al., 2001). 

It was recently suggested that nicotine itself may augment the destruction of the 

periodontium ass-ociated with cigarette smoking, by exerting inhibitory effects associated 

with intra~eliular thiollevels, as well as demonstrating inhibition to' cell growth, 
. . 

proliferation, and protein sythesis on-human PDLF with nicotine concentrations in the 

rangeof2.5. mM to ro·mM (Chang et a1.'2002). · 
.... : ' ' ~ 

Other effects· of nicotine hav~ bee~ cite-d in'recent literature. Demonstration of 

suppression of nicotine by certain inflamm·atory proteins, such as microsomal heme 

oxygenase-! (r~te-limiting enzyme ofheme cat~bolism) and interluekin~6 mRNA, 

'· ' ' . . . . 

suggested that nicotine may be involved in the down~regulatiori of inflammatory · 

processes {Takamiyagi ·and Sassa 1999). 

The study by Sabban ·and Gueorguiev (2002), suggested that nicotine may trigger 

different signaling pathways depending ort the c6ncentration. The short- and long-term 

effects 'with nic-otine' on signaling pathways_ jnyolve changes in intracellular calcium and 

the ind~ction. of tyrosine hydroxylase ge~~ expression. The ·proposed mechanism leading 

to incre~sed gene expression, was the sustained elevation of calciiun,due.to ~ctivation of 

alpha 7 acetylcholine receptors. 



15 

Nicotine and the Wound Healing Model 

· Measurement of cellular migration and p~oliferation, as well as the effects of 

actual wounding or disruption of the cell layer in the presence· of various concentrations 
. . 

(0, 1 J.LM, 1 mM, 2 mM, 4 roM, 8 mM) of nicotine were collected. The in vitro wound- · 

healing model selected was shown to allow investigation of periodontal wound healing 

on a cellular level that in vivo experiments camiot provide (Hoang et al., 2000, Lackler et 

al., 2000). The hyppthesis was that without nicotine present, GF and periodontal 
. . . - . . 

. . . . . 

ligament fibroblasts (PDLF) ~ay have a ·gteater proliferation:rate and wound 

repopulation rate than do cells iri the presence of nicotine. · :In the presence of nicotine, 

gingival flbrobiasts would de~oristrate a ·dose-dependent decrease in ·c~ll proliferation 

and migration, and perhaps, at high nicotine concentrations, deleterious cellular effects 

would occur that would result'in toxicity and:cell'd¢'ath (totalinhibition). 



;1' 

I. . MATERIALS AND METHODS 

Establishment of Cell Cultures 

Human GF and PDLF. cells were provided by ·nr Carol A. Lapp at the Medical 

College of Georgia- (MCG) .. The teeth were obtained. from systemically healthy patients 

requiring extraction of fully erupted pre~qlars for orthodontic reasons, or froni impacted 

. . . 

molars, in accordance with an MCG-approved internal review board protocol. Teeth to. 

be extracted showed no signs of gingival· inflammation, and no evidence of periodontal 

attachment loss. 

All tissue samples were handled using aseptic techniques, and placed directly into 

tissue cu1ture tubes' 'containing. ·m~dium ., for transport to the laboratory for explanting. 
.._ • • . • I.~.' ' , . , . '>:. ' ' •, ' 

Transport· medium· consisted of Dtilbecco' s modified ·Eagles -·me'diuin · (DMEM) 

containing 100 unitS/ml penicillin, 100 ;ug/ml streptomycin, and 50 ug/ml amphotericin 

B. . All subsequent. procedures were conducted. in a sterile enviroriinent wider. a laminar 

flow hood. Uitder ~terile conditions, and immedi~tely after "ext~actiori, human PDLF cells 

were mechanically temoved by geritly'straping themiddle third' of the root ~urface with'a 

' ' 

sterile 'scalpel blade. For human GF cells, clinically healthy marginal gingival tissues 

were excised from 'the . inferproxintal premolar and molar papillae of patients without 

periodontal disease. The gingival tissues ~ere minced into 2 x 2 x 3 mni2 pieces and 
' . 

placed in 6-well·culture plate.s in DMEM containing 10% fetal bovine sertim'(FBS), 100 

linits/nil. pencillin, 100 ug/ml streptomycin, -and 50. ug/nil amphotericin B (see Appendix 

A). Explants wer~ incubated ~t 37° C in an atmosphere of 5% C02: .95% air, and 100% 
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humidity for 2 - 4 weeks. Medium was replaced after one week and every 3 days 

thereafter until confluency was observed. Cells migrating from tissue explants were 

released from the tissue culture surface using 0.25% trypsin-EDTA {fuvitrogen/GIBCO, 

Gaithersburg MD) and replated into 75. cm2 ·flasks in the same DMEM but without. 

amphotericin B. These cells were designated passa&e #1, maintained in culture medtum, 

and subcultured weekly or as needed for experimentation. All cells were utilized 

between passages four through ten. Cell cultures were monitored for confluency using 

phase contrast microscopy. 

In vitro Wound Establishment 

Hriman GF and PDLF cells were seeded into twelve-well tissue culture plates at a 

density of about 1 x 105 cells per well in plating medium, con.sistirtg of DMEM with 

phenol red, 10% FBS and antibiotics· as·:above .. The seeded cells were incubated in this 
. . 

medium until cultures reached about 90% confluency. The culture medium was then 

replaced with phenol red-free DMEM with reduced serum content (1.5% FBS) for a 24-

hour period to achieve cell synchronization. A 3-mm· wide Wound (a void in the cell 

nionolayer) was created in each well by disrupting the confluent cell layer with the tip of 

a rubber policeman fixed inside a disposab~e 5-ml pipette tip {Figure 2). Suction from the 
. . . 

pipette removed some cells that were _left in the wound 'area' ot that' piled up on the wound 

margin. · After wound site preparation, each well was rinsed twice with phenol red-free · 

Hank's balanced salt solution· (HBSS) to eliminate any residual_ cells before the riext 

experimental step. The wound site was examined under a microscope to ensure that all 

cellular and extracellular materials were removed. Coordinates of wound boundaries 



Fig 2. The Rubber Policeman Used For Wounding Top: Rubber policeman with 5 ml 
pipette plastic tip separate and assembled; Bottom: 5 ml pipette with rubber policeman 
and pipette tip assembled 
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·were recorded on a computerized table with a light microscope and the use of ImagePro 

Plus software. Wells were scanned using the Simple PCI by Compix Inc., 

(hnagingsystems, Cranberry Township, P A) to create a montage of each specimen using 

a Photometrice Coolsnap Fx Camera (Roer Scientfic Inc., Tucson, AZ) attached to a 

Nikon diaphot 300 inverted microscope (Southern Micro Instruments, Atlanta, GA) with 

a programmable table. 

Nicotine Treatments 

Human GF and PDLF cells were treated with nicotine, and used for wound 

repopulation and cell proliferation studies. Both cell types received one of the following 

treatments: 0 (control), 1 J.LM, 1 mM, 2 mM, 4 mM, 8 mM nicotine in phenol red-free 

DMEM (Gibco BRL) with 5% PBS plus insulin-transferrin-selenium (ITS2; Sigma 

Chemical Co, St. Louis, Mo.). Total volume (2 ml per well) media changes occurred 

daily to simulate repeated dosage of nicotjne from tobacco smoking. Nicotine 

concentrations were prepared from nicotine tartrate salt (formula weight of 462.4 grams). 

Concentrations of nicotine were prepared in water at 1 OOx the desired final 

concentrations. The vehicle control (water) was added to control medium in the same 

volume as the nicotine addition. 

Wound Repopulation Measured with Crystal Violet Stain 

In preparation for determining wound repopulation (via cell migration) of GF and 

PDLF cells in the in vitro wound healing model, ten 12-well plates were seeded (about 1 

x 1 05 cells per well) and confluency was verified by light microscope. The ten plates 



Fig 3. Plate Configuration for Wound Repopulation. Two plates correspond to one 
24-hour time data point for the nicotine concentrations ofO mM, 1 pM, 1 mM, 2 mM, 4 
mM, 8 mM. The DMEM without Phenol Red and with 5% FBS was used to feed cells 
during experimentation after the nicotine challenge was introduced. 
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were configured to assign two plates per 24-hour period for five days of measurement 

(see Figure 3). Concentrations of nicotine were as listed above. The first plate of every 

pair per 24-hour period containe~ increasing concentrations of nicotine from top row (n = 

four wells per concentrations) to bottom row with concentrations of 0, 1 J!M 

and· 1 mM. The second plate of every set per 24-hour period had concentrations of 

nicotine at 2, 4, and 8 mM assigned to each row of four wells. Figure 3 shows the 

standard format for these experiments. 

Ten plates of confluent cells per trial were prepared, and each of two plates per 

24-hour time period was used to measure .the wound repopulation for that 24-hour period, 

for a total of at least five 24-hour periods. 

Quantification of Wound Repopulation 

For each of the two cell types, nicotine-treated cells were fixed and stained 

" ' 

at 0 hrs, and at consecutive 24-hour periods after wounding, for a total of at least five 

days. To measure wound repopulation, cells were· fixed and stained with crystal violet 

(CV) stain at all nicotine concentrations (Lackler et al., 2000). Wotind areas were 

evaluated for CV -stained cells that migrated into the wound site. To calculate percentage 

of wound fill to represent ':Vound repopulation (i.e. appearanc·e or migration of cells into 

the wound), coordinates were empirically determined for the center of each well. The x-

coordinate for the center of each well for a particular column remained constant due to 

the nature of the in vitro wound healing model. Since· the wound area ran lengthwise on 

the plate, only the y-coordinates· of the ~ound area varied due to creating the wound "by 

hand". The approximate center of each ·well was determ:ined and used throughout all 

stages of the experiment. Using ,·'simplePCI" software and a programmable table with a 
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light microscope, a montage of digital images of 40 areas of interest (AOI of 0.38 mm x 

0.5 mm) across the center of each wound in each well was captured for each well. This 

allowed an unbiased capture of data across the wound area in detertninirtg the appropriate 

area of representation of cell fronts on migration inward to the center of each wound. 

1n Figure 4, the cell fronts of migration were outlined from wound border to the 

leading edge of migrating cells and designated as Areas Al and A2.· The total wound 

area designated as A total was outlined from border to border. Simple PCI software was 

calibrated prior to measuring original images. Areas A1, A2, and A total were calculated 

by software, based on a factor of 1. 71819 pixels/micron. Three trials of ten plates resulted 

in a total of 360 montages for each cell line. 

Proliferation Measured With BrdU ELISA 

Principle of the Assay 

The evaluation of cell proliferation of GF was· accomplished with the Oncogene 

Research Products Proliferation Assay (Cat# QIA58). This assay involves the 

incorporation ofBrdU into DNA, during DNA synthesis in "S" phase of the cell cycle 

(Alberts et al., 1994). Unless specified in the mo·dified protocol, a factor of 12 :(3.8 cm2 

surface area for 12-well plate/0.32 cm2 surface area for 96-well plate) was used to 

determine the volume·of solutions for the BrdU kit needed for a ·12-well plate, relative to 

the 96-well plate for which the kit was designed 

During the 24~hour period of culture before harvest, BrdU was added to medium 

in each well, where it was incorporated into the DNA of dividing cells. After the cells 



Figure 4. Digital Montage for Wound Fill Calculation. AI and A2 represent 
areas of migrating cell fronts of wound fill. A total represents the total area of the 
wound captured in the montage. · Percentage of wound fill was calculated and is 
represented by (AI + A2)/ Atotal x I 00. 
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were fixed and permeabilized, the DNA was denatured. The detector anti-BrdU 

monoclonal antibody was pipetted into the wells. During one hour of incubation, the 

anti-BrdU antibody was bound to incorporated BrdU. Unbound antibody was washed 

away with a phosphate-buffered saline solution (PBS), and the horseradish perioxidase

conjugated goat anti-mouse antibody was added, to bind to the detector antibody (atiti

BrdU antibody). The conjugated enzyme, horseadish peroxidase, catalyzed the 

conversion of the c~omogenic substrate tetramethylbenzidine (TMB) from a colorless 

solution to a blue solution (or yellow after the addition of the stop reagent), the intensity 

of which was proportional to the amount of antibody-bound BrdU in the cells. The 

colored reac!ion product was quantified using a spectrophotometer (FL600 'by Bio-tek). 

in Vitro Wo~nd Protocol for BrdU 

Eight 12-well plates were seeded ( 1-2 X. 105 cells per well) as described earlier. 

Cells were brought to confluence by alternate day replacement of2 ml ofDMEM with 

supplements and 10% FBS as previously described. Synchronization (24 hour period) 

was initiated once the cell layers were determined to be confluent, by observation with a 

light microscope. Using DMEM and 1.5% FBS, the goal was to achieve synchronization 

of cells into.the "Go or G1" phase of the cell growth cycle prior to starting the study. 

Tho~e concen~rations of nicotine which demonstrated an apparent dose-dependent 

relationship using the "percentage of wound-fill" technique, were 2, 4 and 8 mM, and 

these doses were used for the BrdU ELISA. Figure 5 shows the format for these 

experiments. The first plate of every pair per 24-hour period, was configured with 

increasing concentrations of nicotine (n = 3 per group) fron{ left to right and designated 

as columns "A" through "D". The second plate of every pair per 24-hour period, was 



Fig 5. Plate Configuration For Cell Proliferation. Columns A - D corresponding to 0, 
2, 4, 8 mM Nicotine for the first plate of a set of plates, and for the second plate columns 
E- H correspond to "No Wound" control, "No BrdU" control, ·"Reagents Only", 0 mM 
(control), and 8 mM nicotine. 
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configured with· additional controls for this study, designated as columns "E" through 

"H". Column "E" designated the unwounded control, where the confluent cell layer 

remained intact, and cells were given .media without nicotine. Co1Ull1il "F" wells were 

wounded, treated with medium as a vehicle control, but BrdU labeling agent was not 

added, to control for nonspecific binding of the antibodies in the BrdU kit. On the last 

day of measurement, cell-free wells of columns "G" and "H" were prepared with 0 mM, 

and 8 mM concentrations of nicotine in medium respectively, and treated as the other 

groups for the BrdU test. These two columns were prepared at a single time point 

' . 

(during "day 5" of measurement) to determine any influence of nonspecific binding of 

medium or of nicotine to the BrdU assay·( see Figure 5). 

At the beginning of the study, cell layers were wounded as above and fresh 

DMEM with 5% FBS +/- nicotine was added. Based on data from studies on percentage 

of wound.: fin, the dose-dependent effects were not apparent until "Day 2" (i.e. 48 hours 

after wounding). Therefore proliferation was measured with the BrdU ELISA begiiming 

48 hours after wounding. Thus the first measurement represented the period between 24 

and 48 hours after wounding of cell layers and was denoted as Day 2. Stock nicotine 

concentrations were prepared (200 mM, 400 mM artd 800 mM) and diluted 1: 100 into 

the same 'phenol red-free DMEM with 5% FBS. · · 

At the end of the first 24 hours. after wounding, 2 ml of freshly diluted medium, 

with or without nicotine:, containing BrdU label as per manufacturer's instruction, was 

added to the first set of plates. The.other plates received fresh media without BrdU. At 

the end of the .second 24: hours, .the first set ofplates was. harvested, media were changed 
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on the other plates, and BrdU was added to the second set of plates. This protocol was 

repeated until the last set was harvested 120 hours (5 days) after wounding. 

At the end of the BrdU incorporation period, spent media were gently removed 

with suction, 2.4 ml of fixative/denaturing solution was added to each well, and plates 

were incubated for 30 minutes at room temperature. The plates were inverted over the 

sink to remove liqui~, blotted dry on paper towels and were stored after this step at 4°C, 

after being wrapped in Saran wrap or parafilm. Within 1 week of fixation of set #1, all 

eight plates were processed for the ELISA assay. 

To the previously-fix.ed cells, 1.2· ml per well of diluted anti-BrdU (1st antibody) 

was added. ·Each set of plates was allowed to incubate at room tempera~re for one hour. 

After incubation, the liquid was removed and each well was washed four times 

with 2.5 ml of wash (PBS) buffer. Diluted, 'filtered and reconstituted Goat Anti-Mouse 

' .. 
IgG HRP Conjugate (1.2 ml per well) was added to each well and allowed to incubate 

for 30 minutes. After incubation, the liquid,·was removed, and each well was again 

washed four times with 2.5 ml of wash buffer solution. Each plate was then flooded with 

distilled water. The plate was inverted over the sink to remove liquid and blotted dry on. 

paper towels. TMB substrate solution (1.2 ml per well) was added and allowed to 

incubate for 15 .rni~utes in the dark. Finally, 1.2 ml of stop ·solution (sulfuric acid) was 

added per well, ·in the same order as the substrate solution was added. The solutions in 

each plate were swirled gently to equalize .the dye. The absorbance in each well was read 
. . 

at ..460 nm and then at 590 · nm, using a microplate reader ,FL600 from Bio-

Tek®instrunients (with KC4-gene~al data reduction software package) .. Absorbance was 

calculated by first subtracting .the "no~Brdu·· control" ''Wells' average absorbance from 
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eaqh of the separate signals obtained, at wayelengths o~ 460 nm and 590 nm. Ne~t the 

corrected absorbance at 590 nm was subtracted from that at 460 nm to give the specific 

signal of absorbance from BrdU, which represented cell proliferation. during the 24 hour 

test period. 

Statistical Determination of Wound Repopulation and Cell Proliferation. 

Analysis was performed using a series of Two-way ANOV As, treating days as a 

"Within-subject-variable" and the amount of nicotine as· a "between~subject-variable". 

Separate analyses were .·performed· on. the first· and second data· sets for cell proliferation . . 

and for three data sets for ·woimd repopulation. All alpha level of 0.05 was used for ail 

comparisons to_ determine significance of ~omparisons. Statistical analysis ·was 

performed by Dr. Richard Topolski of Augusta St~te University. ~· 

·Scanning Electron Microscopy . 

After the wi~dow ofa,dose-dependent relationship with nicotine on wound 

repopulation in GF was determined to be associated with concentrations of 2, 4 and 8 

mM of nicotine, the cells were fixed in glutaraldehyde (8% solution). Glutaraldehyde 

was ;mixed with sodium cacoaldehydrate buffer of0.2 M (pH 7.4) in a 1: 1 mixture and 1 

nil/well was added, then shaken for 10 minutes (solutions. prepared by Electron 

Microscope Sciences, Ft. Washington, PA 19034). The standard protocol for scanning 

. . . . 

electron microscope (SEM) processing was followed by the technician, and digital 

images were captured in the wound area to show the effects of nicotine on the cells at 

various concentrations. 



II. RESULTS 

Wound repopulation with gingival fibroblasts 

Light microscope pictures. of GF after 6 days of nicotine challenges of 0, 2, 4, 8 

mM and application of crystal violet stain, showed clearly an invyrse dose~dependent 

relationship of decreased wound fill with increased nicotine concentrations (an alpha of 

0.05 was used for an• quantitative compati~oils). As cari be seen in Figure 6, the dose

dependent effects of nicotine on wound repopulation were readily apparent during the 

later days of these experiments. The closure of the '\~ound" in the control well (A) was 

sharply different from the unfilled wound in 8 mM nicotine-treated cells (D) on day 6. 

The intermediate wound refill in the 2·andA mM nicotine-treated wells (Band C) 

illustrate the dose-dependency of these results ( demonstratable but not statistically 

significant due to a small n sample size). 

Graphically, a trend was noticed in all three trials after day two (refer to Figures 

7-9, 48 hours after wounding). There· appeared to be ari inverse trend for the 

concentrations of 2, 4, 8 mM :of nicotine on percentage of wound fill over time; however 

this trend failed to reach statistical significance with a p-value > 0.05 (presumeably due 

to a small n of 4 wells per concentration). If data were combined for all three trials, 

which may not be considered valid due to use of different cell lines, an indication of 

higher probability of achieving statistical significance with this effect may be seen with a 

possible n= 12 wells per concentration (Figure 10). Between.days 1 and 2, 2 mM 

29 



Figure 6. Wound repopulation witlt gingival fibroblasts. Nicotine challenges of 
concentrations 0, 2, 4, 8 mM, after 6 days . 
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Figure 7. Quantitative Demonstration of GF Wound Repopulation: First 
Experilnent. An inverse dose-dependent relationship with nicotine and percentage of 
wound fill over time was significant with concentrations of 2 ~' 4 mM and 8 mM. 
Except for 1 !J.M nicotine concentration with decreased percentage of wound fill on day 
4, there seems to be a progressive fill of the wound for each concentration with time. A 
decrease in the rate of wound fill with increasing nicotine concentrations C~;bove 2 mM 
was observed. 
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Effect of Nicotine on Wound Fill 
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Figure 8 . Quantitative Demonstration of GF Wound Repopulation: Second 
Experiment. There. appeare~ to be \an overall progression in wound refill with all 
nicotine concentrations except w~th 8 mM. 
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Figure 9. Quantitative Demonstration of GF Wound Repopulation: Third 
Experiment. After day 4, a decrease in percentage of wound fill for nicotine
concentrations 2 mM, 4 mM.and 8 mM was observed. 
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Figure 10. Quantitative Demonstration of GF Wound Repopulation: Combined 
Quantitative Data From Experiments 1-3. Quantitative analysis of wound repopulation 
by GF, studying the percentage of wound-fill across a five day period of time, is shown in. 
Figures 8-11. Three experiments were conducted by introducing nicotine challenges of 0 
mM, 1 J..LM, 1 mM, 2 mM, 4 mM, 8 mM to GFs, measured from Day 1 to Day 5; these are 
shown in Figures 8, 9 and 10. Crystal violet stain was applied, and wound repopulation 
was analyzed histomorphometry using Simple PCI software. This figure shows the 
combination of all thr~e trials of data. 
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concentrations yielded greater wou,nd fill rates than the 0 mM control in all three trials of 

wound repopulation, as shown in :figures 7-9. This stimulatory effect was found to be 

statistically significant when compared to the concentrations of 1 J..LM and 1 mM 

conditions (p < 0.05). For each of the three trials, the 4 and 8 mM were consistently 

significantly less the other concentrations of nicotine. 

Wound repopulation With periodontal ligament cells 

The initial intent of this research was to compare the effects of nicotine on PDLF · 

and GF cells, but this goal was not feasible using this in vitro cell model. Whereas 

achieving confluency of cultured GFs was a predictable and repeatable event, 

consistently requiring only 4-7 days, the same c·ould not be said ofPDLF. A minimum 

of 3-4 ·weeks incubation were required to achieve a fraction of the confluency that was 

achiev.ed with GF.· Yet with similar concentrations of nicotine challenge delivered to 

wounded PDLF, an inverse dose-dependent relationship with nicotine and wound-fill 

over time was seen 'qualitatively, even· though it required almost twice the amount of 

time. Cytotoxicity was evident with the 8 mM nicotine treatment. 

Figure 11 demonstrates decreasing wound repopulation by PDLF with. increasing 

nicotine concentratio'ns, from 0 mM to· 8 mM. By day 11, a clear difference was seen, as 

for the GFs. However, this figure illustrates the reason that PDLF were not included in 

this study after the pilot data were collected. Note that the degree of confluence with 

PDLF cells is much less than that seen in the· gingival fibroblast layer (compared with 

Figure 6). Thus it proved technically impractical to attempt to gather quantitative· data 

using montages for these cells ... 



Fig 11. Wound repopulation with periodontal ligament cells (PDLF). Nicotine 
challenges of concentrations 0, 2, 4, 8 mM, shown after 11 days (Note that for almost 
twice the length of time the level of conjluency was at best half of what was seen with the 
gingival fibroblasts in Figure 6). 
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Results of Statistical Analysis of Wound Repopulation 

For wound repopulation, results are presented as a mean± SEM of 3 repetitions 

of experiments individually, then collectively. For each of the three trials, Mauchly's test 

for sphericity (basic normal_ distribution of variance) revealed that a violation of 

normality occurred between the days. Thus a Greenhouse-Geisser test was used to 

examine the main effects of days and the interaction between nicotine and days. For each 

of the three trials, the 4 mM and 8 mM were consistently statistically reduced (p < 0.005) 

below the other levels of nicotine (seen in Figlires 8-11). Deleterious effects were 

den1onsttated, at 4 mM and 8 mM, by reduced wound repopulation; and by day 4, an · 

inverse dose relationship· with nicotine and percentage wound fill was significant with 

time. Each trial showed significant main effects for both nicotine and days, as well as an 

interaction between those variables. In the third experiment (Figure 9), the wound fill for 

cells treated with the 2 mM dose were also significantly greater than the 0, 1 J!M and 1 

mM treatments by day 2. 

Cell proliferation with gingival fibroblasts ·measured with BrdU ELISA 

The BrdU ELISA experiment was performed twice, using two diffe~ent cell lines. 

For both trials, the usable absorbance data are shown in Figure 12 A and Figure 13 A. 
. . . 

BrdU incorporation into the nicotine-treated cells, relative to.the wounded control, (0 inM 

nicotine) is shown in Figures 12 B and 13 :i3 as ·"Fraction Wounded Control". Relative to· 

the unwounded control ("Fraction Unwounded Control"), the results are presented in 
. . 

Figures 12 C and 13 C. Compared to the unwounded control, an increase in the cell 

proliferation rate at the 2 and 4 mM nicotine concentrations (and variably at 0 mM 



Figure 12A Quantitative Demonstration of GF Cell Proliferation Using BrdU 
Experiment 1; Absorbance: Net absorbance (460 nm- 590 nm.). 
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Figure 12B Quantitative Demonstration of GF Cell Proliferation Using BrdU 
Experiment 1: Fraction Wounded Control (ratio of absorbance in wounded, treated 
cells to absorbance of wounded control). 
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Figure 12C Quantitative Demonstration of GF Cell Proliferation Using BrdU 
Experiment 1: Fraction Unwounded Control (ratio of absorbance of wounded wells to 
absorbance of unwounded control). 
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Figure 13A Quantitative Demonstration of GF Cell Proliferation Using BrDU 
Experiment 2; Absorbance: Net absorbance (460 nm- 590 nm). 
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Figure 13B Quantitative Demonstration of GF Cell Proliferation Using BrdU 
Experiment 2: Fraction Wounded Control (ratio of absorbance of wounded, treated 
cells to absorbance of wounded control). 
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Figure 13 C Quantitative Demonstration of GF Cell Proliferation Using BrdU 
· Experiment 2: Fraction Unwounded Control (ratio of absorbance of wounded wells to 

absorbance of unwounded control). 



e -c: 
0 0 _u 
Q)~ 
(.) Q) 
c:~ 
~ c: 
.Q ::s 
a.. 0 
0 ~ 
~ c: 
<t::l 
oo 
0 Q) ·- (.) 

- c: ~ ~ 
o:::.Q 

a.. 
0 
In 
.Q 

2 

1.5 

1 

0.5 

< 0 

Day 2 

43 

Fraction Unwounded Control 

• omM 

• 2 mM 
D4mM 
08mM 

• No Wound 

Day 3 Day 4 Day 5 

Time c 



44 

nicotine control), can be seen on Day 5 for experiment 1, and on Day 3 and Day 5 for. 

experiment 2 in Figures 12 C and 13 C. 

Another point of interest is that the stimulatory effects from 0 mM, 2 mM and 4 

mM nicotine seen on day 3 and day 5 for experiment 2 are greater than the "expected 

value" of the unwounded control. The wounded control and nicotine-challenged wells . 

had 15-16% fewer cells than the unwounded control wells (by calculated areas), due to 

the presence of the 3 .mm wide wound in the confluent monolayer of cells. Therefore, if 

wounding had no effect, BrdU incorporation should have been 15-16% less in wounded 

wells. Th~se results· showed that the woundirtg of a cell monolayer stimulated the rate of 

cell proliferation, presumably by intracellular signaling to repopulate the wound site. In 

the wounded wells., the rate of DNA synthesis exceeded the rate in. unwounded controls, 

which was sufficient to maintain confluency or integrity of cell layer. By either 

experiment, the 2 mM nicotine concentration appea:r.ed to have a stimulatory effect on 

cell proliferation at least by the last day of treatment (Day 5), if the reduced cell number 
. ~ . . ~ ' 

is considered. For the cell proliferation pari of the experiment, only 8 mM nicotine 

significantly decreased cell division in both experiments. 

Results of Statistical Analysis For Cell Proliferation 
\ 

For cell proliferation data,· data froni day 4 were deleted from the first analysis 

due to operator error. In the first trial, significant main effects of nicotine level and days 

were obser.Ved: F(5,11) =165.08 and F(10,22) = 16.52, respectively, p <O.OOt for both 

measures. In addition, a significant interaction was shown between nicotine level and 

days. Using Tukey's HSD ("honestlysignificant.difference") test for pairwise 

comparisons, proliferation with the 8 mM nicotine treatment was significantly different 
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from the other levels of nicotine across all days of the study. Overall, the 2 mM nicotine 

treatment suggested some level of stimulatory effect as compared to the control level; 

however this difference was found to be not statistically significant. The 2 mM nicotine 

treatment did approach significance, p= 0.058, when compared to the "No-Wound" 

condition, over all days. 

In the second experiment, significant main effects of nicotine and days were 

observed F(5,15)=149.25 and F(3,36)=33.50, respectively, both p <0.001 for each. As 

with the first ELISA trial, there was a significant interaction between nicotine and days, 

F(15,36)=3.64, p<o~ol.· Tukey's HSD test·showed that 8 mM nicotine significantly 

reduced DNA replication compared to the other levels of nicotine across all days of the 

study. Both the 2 and 4 mM showed some stimulatory effect (on day 5 of the first 

experiment, and days 3 and 5 of second experiment), but the effect was not statistically 

significant, possibly due to a small sample size (p > 0.005). 

. . ' . 

Vacuolization With Nicotine Challenges 

. As shown in .. Figures 14, A-F, vacuolization ofGF was obsel'Ved starting with 2 
' ' 

mM nicotine treatment, and these vacuoles increased in intracellular density with 

increasing concentrations of nicotine. The SEM. pictures demonstrated intracellular 

vacuolization between 2 mM and 8 mM nicotine concentrations, and the· absence of 

vacuoles in the 0 mM (vehicle-treated) control. These pictures were taken after four days 

of GF monolayer exposure to nicotine.· Observations made dUring the three experiments 

with wound repopulation, using the lighfmicroscope, showed that vacuolization with the 

8 mM nicotine challenge appeared as early as 24 to 48 hours after nicotine challenge was 

introduced. Lower concentrations, such as 2 mM and 4 mM, required more time for 
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vacuoles to become visible. It was also observed that, upon removal of the nicotine from 

medium, the vacuoles disappeared between a few hours to 24 hours later; the cells then 

assumed a "normal" GF appearance. This suggested that these cells were not irreversibly 
, , 

damaged by up to 8 mM nicotine exposure, although further testing would be necessary 

to confirm this idea. 



Figure 14: A-D: Vacuolization of Human Gingival Fibroblasts With Nicotine 
Challenges of 0-8 mM After Four Days of Exposure: A-: 0 mM control (vehicle
treated) cells (500x); B: 2 mM nicotine (500x); C: 4 mM (500x); D: 4 mM nicotine 
(lOOOx). 
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Figure 14: E and F: Vacuolization of Human Gingival Fibroblasts With Nicotine 
Challenges of 0-8 mM after Four Days of Exposure: E: 8 mM nicotine (500x); F: 8 
mM nicotine (lOOOx). 



48 



.. ·, ' ' 

III. DISCUSSION 

the original intent of this study was a direct comparison of the two cell lines, 

GFs and PDLF, regarding cell proliferation and wound repopulation in the complex 

process of periodontal wound-healing, using nicotine exposures to reflect the oral 

environment of smokers. Qualitatively,. it was shown herein that there exists an inverse 

dose-dependent relationship with nicotine and wound-fill with either cell type, regardless 

of degree of confluence of the cell monolayer in this in vitro model. However, due to the 

inability to achieve a comparable degree of confluence with PDLF, the main focus of this 

study became the effects of nicotine on gingival fibroblasts with regards to wound 

repopulation ·and cell proliferation ili vitro. 

Wound Repopulation of Gingival Fibroblasts with Nicotine Challenge 

In all three trials of wound repopulation, a "biphasic" response" with wound 

repopulation of GF was suggested with time and c·oncentration of nicotine after Day 2. 

As the. concentration of nicotine increased, wound repopulation decreased, showing that a 

trend ·of an inverse dose-dependent relations~p occurred with 4 and 8 mM nicotine. 

Statistically significant progression of wound-fill was showri for ... e.ach nicotine 
. ·• . . . . ~' 

concentration with time, except with 8 mM nicotine~ which at times demonstrated 

decreased wound-fill, implying cytotoxicity (p < 0.05). 

49 
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Dose-dependent effects of nicotine on gingival fibroblasts were reported in the 

range of 0.48 mM to 62 mM (Alpar et al1998); at concentrations higher than 3..9 mM, 

intracellular protein content was decreased and damage to cell membranes with 

morphological alterations of micro tubules and vim en tin filaments became evident. 

Concentrations higher than 7.8 mM produced slower growth rates, and irreversible toxic 

effects of nicotine were manifested in the range of 10.5 and 15.5 mM, whereas at lower 

concentrations cells recovered after the withdrawal of nicotine. In the present study of 

wound repopulation, a trend toward a dose-dependent effect of an inverse relationship 

(inhibition) of concentrations of2, 4, and 8 mM of nicotine with percentage of wound 

fill over time was seen qualitatively in Figure 6 and 7, and seen iri the graphs in figures 8 

and 10. 

Signaling pathways for short-term and long-term nicotit?ic stimulation likely 

differ from those required for changes in gene expression, as discussed by Sabba~ and 

Gueorguiev (2002). In that report, with increased concentrations of nicotine, the 

sustained elevation ·of intracellular calcium via_activation of alpha-7 acetylcholine 

receptors was the pr()posed me"chanism leading to in9reased tyrosine hydroxylase gene 

expr~~sion. Those results indicated that, depending on nicotine concentration, different 

. . ' 

signaling pathways could be elicited. Although it is not known whether GF have nicotine 

acetycholine receptors, such work demonstrated how a biphasic response could be 

initiated in so:tne (PC 12) cells. 

Another aspect of wound-healing that drives emigration· and proliferation of 

fibroblasts in the site of injury to produce collagen and c?mponents of the extracellular 

matrix (ECM) is the presence of growth factors. Inflammatory cells, such as 
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macrophages, artd proteoglycans from the ECM, are reservoirs for gr~wth factors which 

drive wound repopuhttion and proliferation of fihroblctsts. Qr6wth factors responsible for 

effecting fibroblast migration are pl~s~a-derived growth factor (PDGF), epidermal 

growth factor (EGF), fibroblast growth factor (FGF), transforming growth factor-~ (TGF-

~)and tumor necrosis factor (TNF). Fibroblast proliferation involves most of the same 

list of growth factors with the exception ofTGF- ~. ECM interactions and growth factors 

interact with integrins and surface receptors of fibroblasts which can influence cell 

growth, motility, differentiation, and protein synthesis. Integrins bind ECM and interact 

with the cytoskeleton at focal adhesion complexes (protein groups that include vinculin,_ 
\ 

alpha-actinin, and talin, which are intercellular proteins involved with the 

transmembrane ~-chain portion ofintegrins). These interactions can initiate the 

production of intracellular second messengers or can directly mediate nuclear signals·. 

Cell surface receptors for growth factors also initiate intracellular signals. The 

ir~tegration of these signals can cause various cellul~r responses, to include cell growth, 

physical migration, proliferation and differentiation (Robbins et al., Basic Pathology, 7th 

Edition, 2003). 

In addition to microtubules (of the protein tubulin) and intermediate filaments (8-

10 nm) composed of the protein vimentin, fibroblasts contain microfilaments composed 

of the contractile protein actin which are associated with soluble myosin. The 

cytoskeleton of fibroblasts, containing these contractile protein groupings allows the · 

fibroblasts to contract and elongate thus becoming mobile (Ten Cate 1998). 

Another aspect of the nicotine challenge observed was the accumulation of 

vacuoles (discussed below) \\,'ith incre"asing concentrations ofnicotine over time. It is 
I ' . .'- !: 
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tempting to speculate that these vacuoles may mechanically impede migration. Quite 

possibly with enough accumulation of nicotine, vacuoles could reduce the elasticity of 

the cellular membranes of the fibroblast to the point where inadequate contraction and 

extension of actin-soluble myosin complexes would reduce or halt migration. 

Cellular Proliferation of Gingival Fibroblasts With Nicotine Challenge 

The two trials of cellular prolifer~tion, as measured with the BrdU ELISA, 

demonstrated a "biphasic response" across the nicotine concentrations. By Day 5, a 

stimulatory effect was seen, primarily at 2 mM nicotine in the first trial, and at 2 and 4 

mM nicotine in the second trial, which did not reach statistical significance (p> 0.05). 

However 0 (the wounded control), 2, and 4 mM nicotine-treated cells demonstrated 

greater rates of cellular proliferation than the unwounded control by Day 5, with the 2 

mM nicotine in the first trial (see Figures 12 and 13) approaching statistical significance 

'. . ·~ . : . . ·.· ·. . . . 

at a p-value =0.058.· This result implies increased cellular proliferation with the wounded 

wells containing nicotine with fewer cells as compared to the unwounded controls. The 

inhibitory effect at the higher concentration of 8 mM nicotine on cellular proliferation 

was statistically significant (P< 0.05). There was a statistically significant interaction 

between nicotine and time (p<O.OOl), to indicate that an effect of nicotine was present on 

cellular proliferation and that proliferation occurred at all concentrations. 

Two cellular phenomena are involved with cellular proliferation, and to some 

degree with migration of fibroblasts in the confluent monolayer found in an in vitro 

environment, that being "density-dependent inhibition" and "anchorage dependence" of 

cellular proliferation (Alberts et al. 1994). Density-dependent inhibition of cell division. 

can be seen when dis-associated fibroblasts on a dish, in the presence_ofmedia with 
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serum (as 5% FBS in the current study) will attach to the surface of the well, spread out, 

and undergo proliferation until contact with neighboring cells on all sides will cause cell 

proliferation to cease (or at least greatly diminish). Growth factors reintroduced iri serum 

of fresh media will cause exposed cells to increase cell proliferation. However, as· cells 

deplete the medium locally of growth factors, proliferatio~ will decrease as neighboring 

cells are deprived access to growth factors. Should the monolayer be disrupted 

(resembling wounding, wherein growth factors would be released by the ECM al}d 

inflammatory cells) with less cells and cellular contact at the wound border, the presence 

of growth factors present from fresh media- (in vitro· model) would trigger increased 

proliferation of the remaining cells until c.onfluenced is restored. This would explain, in 

part, increased cellular proliferation of 0, 2, and 4 mM nicotine as compared to the 

wounded control. 

Although the 0 mM nicotine colitroi, as compared to the unwounded·~~ntrol,. 

showed greater cellular proliferation.(see.Figures 12 and 13) at various times which were 

·, ·' 

not statistically significant, the _increased proliferation could be linked to the wounding 
. . 

process if one_could assume standardization of the amount_of growth factors presented to 

each control, wounded or unwounded. 'The observation that 2 and 4 mM nicotine 
. .... ·. 

showed stimulatory effects as compared to the wounded control (for which 2 mM 

nicotine did approach statistical significance) suggests that the total stimulation of 

proliferation was greater than that provided by the wounding process alone, and was due 

to the presence of nicotine. With approximately 16% fewer cells in the wounded control 

wells, the DNA synthesis in these wells was nearly equivalent to that in the unwounded 

wells. 
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The other process, known as "anchorage dependence" of cell division, can be seen 

with fibroblasts or other cells that, if cultured in suspension and unattached, will round up 

and almost never divide. The frequency of cell proliferation increases as cells attach and 

spread out, increasing surface.area to quite possibly capture more ·growth factor and.thus 

increase cellular proliferatio·n. Therefore cell division is somehow coupled with the 

cytoskeleton or is dependent on intracellular signals generated at sites of attachment or 

both (Alberts et al. 1994). 

A confluent monolayer of GF tends to maintain a quiescent level of cell 

proliferation so as to maintain cell-to-cell·contact with cell surface receptor proteins such · 

as "contactinhibirt" (Cochran et al2001). When that cell layer is disrupted, a change in 

cell-to-cell contact occurs and an increase in cell migration and cell proliferation occurs 

in the wounded control groups to restore the confluency of the cell layer. Such an 

increase in cell proliferation was observed on Day 5 in the first study and on Days 3 and 

5 in the second BrdU study when compared the unwounded controls. 

In the BrdU assays, 2 mM nicotine appeared to be equal to or slightly stimul~tory 

to cell proliferation as compared to the wounded control, but only on the last day did the 

difference in the rate of cell proliferation become significantly greater, in the first study 

(Figure 12C) . On Day 3 in both studies, 4 mM nicotine consistently appeared more 

stimulatory than 0 or '2 :t:nM. Yet with ~xpos~e to in~reasing concentration of nicotine, 
,,_ \ :;; 

cell proliferation rates did decrease. Thus intracellular stimulatory and inhibitory 

mechanisms are more complex than just a function of concentration gracl.ients . 

.Peacock et al (1993) and Papaio.annou (1998) demonstrated nicotine's stimulatory 

effects on c·~lf proliferation of gingival fibr~bl~sts up to 48' hours, using nicotine 
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concentration ranges of0.025 to 0.4 j.tM (or 0 to 60 j.tmg/ml) of nicotine, for 4 days. 

However at higher concentrations, no effect or inhibitory effects were observed. Thus 

. continuous exposure of GF to nicotine could be stimulatory or inhibitory depending on 

the nicotine concentration and the duration of exposure to the nicotine challenge. In this 

work, low doses of nicotine (up to 2 mM), for short durations of time, suggested 

stimulatory ·effects, reaching statistical signifipance at 2 mM in at least one trial in 

wound repopulation (Figure 9). At higher doses of nicotine ( 4 to 8 mM), a decrease in 

repopulation was observed which was less than the wounded control, in the absence of 

nicotine. Our observed inverse relationship of increasing nicotine concentration with 

decreasing wound population was consistent with the results of Alpar et al. (1998). In 

that study, changes in the cytoskeletal elements ofvimentin and microtubules as well as 

damaged cell membranes were observed at concentrations higher than 3.9 mN.l;. 

During repetitions of the current experiment, 4-5 days exposure to the 8 mM 

nicotine concentration produced decreased cell confluency and obliteration of the 

monocellular layer of GF and PDLF as seen in Figures 6 and 7. When describing 

"irreversible cytotoxic" effects, one must consi~er the du~ation of exposure as well as the 

intensity of exposure. Cell darriage, ~s evidenced by vacuoli~ation, was demonstrated at 

.. 8 mM in ·an trials, and frequently at concentrations of 2 and 4 mM nicotine for both 

wound repopulation and cell proliferation~ All the differences in results for 8 mM 

nicotine for 'cell proliferation and wound repopulatio~, were statistically' significant as' 

compared to the lower concentrations ofnicotipe, with p <0.001 . Thus, 8 mM nicotine 

significantly inhibited the cellular processes necessary for successful wound repair. 
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Other factors affecting the local concentration of nicotine and exposure of 

gingival fibroblasts to toxic effects include the nonspecific binding ofthis compound to 

GF (Hanes, et al., 1991) and the continuous uptake ofunmetaholized nicotine over a 4 

hour period, pr~viding high intracellular levels. Gingival fibroblasts also release nicotine 

at a much slower rate, apparently unmetabolized, thus possibly increasing the local 

concentration and half-life of nicotine. 

Gingival fibroblast attachment·ofthe monolayer of cells was occurring to tissue 

culture-treated plastic. The manner in which nicotine binds to such material is unkown, 

but such "binding could create a positively charged surface effect, resulting in increased 

binding of cells by electrostatic forces" (Peacock et al., 1993). Since vacuolization of 

fibroblasts seem more numerous over plastic as opposed to glass (data not shown), 

concentration gradients may be higher over the surface of plastic to which gingival 

fibroblasts were attached. 

' . 

As seen in the SEM pictures (Figures 14 A-F), vacuolization occurred at 2, 4 and 

8 m.M, and the number of intracellular vacuoles increased with .time. One pilot study of 
' ,· 

recovery after nicotine exposury of 8 mM demonstrated complete disappearance of 

. vacuoles three days after nicotine was removed. However,,vacuolization, or the 

disappearance of this phenom~non, did not predict the potential rate of wound 

repopulation or cell proliferation of the affected cells, nor' reveal the possible cell 

membrane damage incurred. This observation simply represents an occurrence of 

apparent recovery with removal of the nicotine challenge. The maintenance ofvacuole·s 

at 8 mM and apparent cell lysis after 4-5 days in this in vitro wound healing model 

demonstrates measurable cell toxicity at this concentration. Interestingly, although DNA 
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synthesis was significantly inhibited, it was not totally abolished by 8 mM nicotine; by 

Day 5, wells containing this dose still had 32- 36% of the DNA synthesis seen in the 

wounded control wells. Increase in vacuolization over time was also observed at 2 and 4 

mM, but cell lysis did not occur at these concentrations for the time periods selected. 

Perhaps cytotoxicity could be demonstrated at these concentrations as well if the 

experimental time period had been extended. 

Numerous cellular responses have been associated with nicotine. In a recent 

report on antioxidants, superoxide dismutase (SOD), catalase and 2-oxothiazolidine-4-

carboxylic acid (OTZ) and buthionine sulfoximine (BSO) were applied to PDLF with 

nicotine-induced cytotoxicity. With OTZ, a precursor of cysteine that promotes 

glutathione synthesis, a protective effect was demonstrated, whereas BSO, a cellular GSH 

synthesis inhibitor, enhanced.the nicotine-induced cytotoxicity. Glutathione synthesis 

- . ~~· .. -:..... ~ ~·'' 

was suggested to provide a protective intracellular effect against cytotoxicity. In a 

followup study, Chang et al. (2003) correlated the induction arid expression of the c-fos 

early stress response gene(s) with cellular thiollevels in human PDLF. Nicotine 

significantly depleted intracellular GSH in adose-dependent manner, and the increased 
-. . 

levels of the c-fos mRNAs increased about 2.5 and 4.8-fold after exposure to 2.5 mM to 

10 ~ of nicotine at two hours, with a peak at 5 mM. The "nicotine-depen~ent stress

specific e?'pression" of the c-fos gene may be one signal trapsduction pathway linked to 

the expression of early response genes by cigarette smoking.,. Nicotine was shown to 

induce apoptosis, possibly by heat shock protein 90 alpha expression in human cells (Wu 

et al., 2002). Nicotine, due to its inhibition of alkaline phosphatase activity, can inhibit 

the formation of matrix -stimulatory steroid metabolites in fibroblasts (Soory and Suchak, 
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20Q3). Nicotine has been shown to readily penetrate skin and mucos~l membranes to 
. ' 

suppress.iminunologic defenses (Pabst et al., 1995; Chamso~.et al., '1982). Nicotine has 

deleterious effects ort in vitro fibroblastfU.nction (Raulin et at, 1988) and on normal 

wo'und healing ( Tonetti, 1988; Fang et al., 1991"; Leone et al., 1995; Alpar et al., 1997; 

Hasseus et al., 1997; Tonetti et al., 1995). In both normal processes of metabolism and 

wound-healing, the GF and PDLF are important key cells of the periodontal connective · 

tissues involved in these processes. 

Other limitations of this in vitro wound-healing model should be considered. 

Nort-uniforin wounding of the cellular layer, as well as variability of cell lines among 

v·arious trials in the current report, may have substantially affected cells in this in vitro 

model. Variability in outlining cell fronts and populations with software for calculation 

of a percentage of wound fill provided additional source of error and possible limitation. 

of measurement. A quantative comparison for the time period given for the in vitro 

wound healing involves cell signaling and cellular contact in two dimensions. In this 

model, every cell has .at least one surface in contact with a flat plastic, electrostatically 

charged surface which defines cell morphology and signaling. Synchronization did not 

hold these cells in perpetual quiescent state indefinitely, and thus wound repopulation 

would have a component of cell proliferation over the time period of observation. Cell 

proliferation measurements achieved with BrdU-labeling and ELISA procedures were · 

performed with cells less than 100% synchronized, due to the presence of 1.5% FBS in 

DMEM m~dia, required to maintain cell attachment of the monolayer (in serum-free 

medium cell monolayers detached in all pilot studies). However this simplified in vitro 
. . . 

model of a comple~· process of peri'odontal Wound .healing, w~th all the limitations 
• 'I : -< ' 
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mentioned, was effective in demonstrating cell-specific activities of cell proliferation and 

wound repopulation. 

General Effects of Nicotine on Patients 

Other effects of nicotine that justify its significance fo·r study in wound-healing, 

can be seen with smokers who are patients that we may treat periodontally. These effects 

are intiated as nicotine rapidly crosses the blood-brain barrier by route of the ·pulmonary 

beds. Nicotine mimics and competes with the neurotransmitter acetylcholine for 

nicotinic acetylcholine receptors and activates k~y brains regions such as the nucleus 

accumbens and the ventral tegmental area {VTA). Once the VT A is activated, 

projections into the nucleus accumbens cause receptors to fire causing the release of 

dopamine, which is a neurotransmitter associated with pleasure and I or addiction. Other 

mechanisms associated w~th nicotine all Work to increase and maintain brain dopamine 

~ ' . 

levels, making this addiction more insidious. These mechanisms include reduction in 

monoamine oxidase B (which breaks down dopamine) and increased expression of nitric 

oxide (inhibits dopamine reuptake ). Neurotransmitters other than dopamine are also 

affected by nicotine and add to the addiction process, such as acetylcholine (excitatory 

when responding to nicotine), gamma amino butyric acid (a dopamine regulator), 

serotonin (involved in mood), norepinephine (involved in feeling of energy), and 

glutamate (involved in memory) (Fogarty, 2003; Lerman C. et. al., 2001; and 2002; Hu 

S. et al. 2000, .McKinney E.F .. et al. 2007, Leonard S .· et al. 2000, Tercyak K.P. et al. . 

2002, and American Lung Association 2002). 

According to Lerman's studies (2001, 2002) as much as 50% of the variability in 

smoking initiation; and 70% of the variation in nicotine dependeri~e, may be attributable 
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to genetic factors in dopamine-reward pathways or serotoniu pathways, increasing risk of 

d:r:ug dependence. There are dopamine receptor genes (D2) that are down regulated with 

addiction to various drugs such as obesity, alcoholism, cocaine and possibly nicotine 

. addiction (McKinney et al., 2000).CYP2~6 enzymes (Lerman C. et al. 2002). 

Nicotine increases the number of nicotinic acetylcholine re~eptots in response to 

daily levels, adding to the effect of withdrawal should a smoker quit (Lerman et al. 2001, . 

2002). An effect called "reinstatement" results from neurologic changes, such as 

dopamine signaling, which can lead to an increased desire for a drug when an ex -addict 

is reexposed to only small amounts (Fogarty 2003; Lerman 2001 and 2002). Lerman et . 

al. (2002), studied polymotphisms of gene CYP2B6, which is responsible for proteins 

that metabolize nicotine into the inactive metabolite, cotinine, in the brain. Greater 

cigarette cravings and higher relapse rates have been reported among smokers with less 
. . ' ' 

active CYP2B6 enzymes (Lernian C. etal. 2002}. 

Nearly 33 million smokers in the United States alone desire to quit, arid thus there 

is a great interest in nicotine addiction (tobacco cessation) therapies .. SQme of these 

therapies inClude nicotine replacement therapies such as the continuous-dose nicotine 

patch and nicotine containing .gums, plus use of antidepressant therapies such as with 

Zyban, new so-called harm-reduction products such as "nitrosamine Snus" from Sweden, 

and even a vaccine approach to block nicotine actions on the brain. The vaccine 

basically works to make the small molecule of nicotine, that mainly goes unnoticed by 

the immune system, more immunogenic. A vaccine is manufactured by fusing a carrier 

protein which a chemical-linker protein, and the nicotine molecule is attached to this. 

macromolecule. This vaccine is processed in the lymph nodes to produce nicotine-
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specific antibodies. These antibodies bind with nicotine and prevent nicotine from 

. 
crossing the blood-brain barrier. The net result is that the addict no longer gets the 

"buzz" or reinstatement effect that produces nicotine cravings (American Lung 

Association 2002). 

- In addition to nicotine, tobacco smoke contains many other biologically active 

components such as cyanide, carbon monoxide, nitrates, nitrosamines, nitrogen, carbon 

dioxide, polycyclic hydrocarbons and approximately 4000 other known compounds, to · 

include some 43 carcinogens, which could contribute to the inflammatory destruction 

seen in periodontal.disease. 

This research brings the practice of dentistry one step closer towards improving 

the treatment of periodontal disease, as well as the overall health of patients who smoke 

tobacco. By demonstrating the adverse effects of nicotine o~ wound healing, we can 

inform healthcare providers and smokers of the importance of tobacco cessation. 
. ' . 
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SUMMARY 

The .hypothe_~is was that without nicotine present, GF and periodontal ligament 
. . 

fibroblasts (PDLF) would hav:e· a gre~ter proliferation rate and wound repopulation rate 

than do cells in the presence of nicotine. In the· presence of nicotine, gingival fibroblasts 

would demonstrate a dose-dependent decrease in cell proliferation and migration, and 

perhaps, at high nicotine concentrations, deleterious cellular effects would occur that 

would result in toxicity and cell death (total inhibition). 

· By histomorphometric analysis, an inverse dose-related effect of nicotine on 

wound repopulation was demonstrated between concentrations of 2 to 8 mM, after.48 

hours. This effect seemed somewhat independent of cell proliferation, at lower 

concentrations of nicotine (below 8 mM), since inhibition of DNA synthesis was only 

seen at 8 mM nicotine. 

In this in vitro wourid healing cell proliferation model, concentrations of nicotine 

in the range of 0 to 2 mM demonstrated possible variable stimulation of DNA synthesis 

for short durations of time. The actual wounding of a cell monolayer in this model, 

demonstrated variable stimulation of cell proliferation that was transient (Day-3 and Day_ 

5 in 2nd repetition) or sustained (Day-3 to Day-5 in 1st repetition) when comparing the 

wounded and unwounded control groups. 

Cell toxicity was demonstrated by 8 mM of nicotine, and duration of exposure 

was key to this observation. After shorter durations of time at this concentration, GF 

62 
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could demonstrate recovery from vacuolization, should the nicotine challen~e be 

removed. Lower concentrations with increasing periods of time manifested increased 

vacuolization and could prove to be toxic with longer exposure periods. Thus it was 

concluded that the effects of nicotine on wound repopulation and cell proliferation of 

gingival fibroblasts, being a function of concentration and duration of exposure, are 

multivariate in nature, ranging from possible stimulatory effects at lower dosages, dose-

dependent responses at mid-range dosages and cytotoxic effects at higher dosag~s of 

nicotine exposure. Further studies are warranted to delineate these cellular effects and 

ranges of nicotine concentrations. 
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'APPENDIX A 

Plate 8 x 12-wellplates withDMEM + 10% FBS 

Grow to confluence · ~ 4-7 days 

I "Synchronize" in DMEM + 1.5% FBS 

~ 24 hrs 

Wound mono layers~ add nicotine treatments in DMEM + 5% FBS 

Add BrdU to 2 I 24 hrs I Refresh treatments . I 
l ~ ~ 

I H~est "day 2" I I'---'-_A_d_d_B_r_d_U_t_o_2 _ __. 

~ 
24 hrs I Refresh medium I 

~ ~ 
Harvest "day 3" I I Add BrdU to 2 124 hrsl Refresh medium 

Harvest "day 4" 
Refresh mediuin & 24 h 

add Rrdl T to 2 

Harvest "day 5" 

.. 71 
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APPENDIXB 

TABLE 1: 
CELL ~ROLIFERATION: EXPERIMENT 1; PLATE 1/DAY 2 

8rdU assay 
460nm Minus 8 590nm Minus 8 DELTA 

Plate 1 A1 1.961 1..677333 0.128 0.077667 1.599666 
DAY2 · 81 1.889 1.605333 0.057 0.006667 1.598666 
CONT C1 1.637 1.353333 0.091 0.040667 1.312666 
OmM AVG 1.829 1.545333 0.092 0.041667 1.503666 
Control SEM 0.098227 0.098227 0.020503 0.020503 0.095503 

2mM A2 1.923 1.639333 0.056 0.005667 1.633666 
82 1.87 1.586333 0.075 0.024667 1.561666 
C2 1.842 1.558333 0.042 -0.00833 1.566666 
AVG 1.878333 1.594666 0.057667 0.007334 1.587333 
SEM 0.023752 0.023752 0.009563 0.009563 0.023212 

4mM A3 1.629 1.345333 0.063 0.012667 1.332666 
83 1.611 1.327333 0.093 0.042667 1.284666 
C3 .1.595 1.311333 0.045 -0.00533 1.316666 
AVG 1.611667 1.328 0.067 0.016667 1.311333 
SEM 0.009821 0.009821 0.014 0.014 0.014111. 

8mM A4 0.382 0.098333 0.065 0.014667 0.083666 
84 0.641 0.357333 -0.017 -0.06733 0.424666 
C4 0.412 0.128333 0.047 -0._00333 0.131666 
AVG 0.478333 0.194666 0.031667 -0.01867 0.213333 
SEM 0.081795 0.081795 0.024883 0.024883 0.106574 

NO E1 2.055 1.771333 0.143 0.092667 1.678666 
Wound E2 -1.868 1.584333 0.074 0.023667 1.560666 
Control E3 1.981 1.697333 0.121 0.070667 1.626666 

AVG 1.968 1.684333 0.112667 0.062334 1.621999 
SEM 0.054374 0.054374 0.02035 0.02035 0.034144 
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TABLE2: .. 

CELL PROLIFERATION: EXPERIMENt: 1;_ PLATE 2/DAY 3 

460nm Minus 8 590nm Minus 8 DELTA 
Plate 2 A1 1.204 1.061333 0.133 0.091667 0.969666 
DAY3 81 1.061 0:918333 0.058 0.016667 0.901666 
CONT. C1 1.237 1.094333 0.13 0.088667 1.005666 
OmM AVG 1.167333 1.024666 0.107 0.065667 0.958999 

SEM 0.054015 0.054015 0.02451.6 0.02451'6 0.030493 

2mM A2 1.146 1.003333 0.058 0.016667 0.986666 
82 1.354 1.211333 0.08 0.038667 1.172666 
C2 1.183 1.040333 0.043 0.001667 1.038666 
AVG 1.227667 1.085 0.060333 0.019 1.065999 
SEM 0.064065 0.064065 0.010745 0.010745 0.055407 

4mM A3 1.329 1.186333 0.065 0.023667 1.162666 
83 1.63 1.487333 0.094 0.052667 1.434666 
C3 1.168 1.025333 0.057 0.015667 1.009666 
AVG 1.375667 1.233 0.072 0.030667 1.202333 
SEM 0.135398 0.135398 0.01124 0.01124 0.124283 

8mM A4 0.531 0.388333 0.082 0.040667 0.347666 
84 0.426 0.283333 -0.02 -0.06133 0.344666 
C4 0.507 0.364333 0.044 0.002667 0.361666 
AVG 0.488 0.345333 0.035333 -0.006 0.351333 
SEM 0.031766 0.031766 0.029763 0.029763 0.0'05239 

No E1 1.195 1.052333 0.139 0.097667 0.954666 
Wound 
Control E2 1.469 1.326333 0.067 0.025667 1.300666 

E3 1.264 1.121333 0.12 0.078667 1.042666 
AVG 1.309333 1.166666 0.108667 0.067334 1.099333 
SEM 0.082283 0.082283 0.021544 0.021544 0.103826 
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TABLE3: 
CELL PROLIFERATION: EXPERIMENT 1; PLATE 3/DAY 4 

460nm Minu·s 8 590nm Minus 8 DELTA 
Plate 3 A1 2.251 2.053571 0.118 0.0735 1.980071 
DAY4 81 2.492 2.294571 0.056 0.0115 2.283071 
CONT C1 2.487 2.289571 0.093 0.0485 2.241071 
OmM AVG 2.41 2.212571 0.089 0.046667 2.168071 
Control SEM 0.079515 0.079515 0.01801 0.01801 0.094781 

2mM A2 2.474 2.276571 0.066 0.0215 2.255071 
82 2.336 2.138571 0.074 0.0295 2.109071 
C2 2.828 2.630571 0.05 0.0055 2.625071 
AVG 2.546 2.348571 0.063333 0.021 2.329738 
SEM 0.146524 0.146524 0.007056 0.007056 0.153568 

4mM A3 2.396 2.198571 0.016 0.0315 2.167071 
83 2.235 2.037571 0.058 0.0135 2.024071 
C3 2.116 1.918571 0.052 0.0075 1.911011 
AVG 2.249 2.051571 0.062 0.019667 2.034071 
SEM . 0.081134 0.081134 0.007211 0.007211 0.074072 

8mM A4 0.544 0.346571 0.081 0.0365 0.310071 
84 0.264 0.066571 -0.022 -0.0665 0.133071 
C4 0.195 -0.00243 0.058 0.0135 -0.01593 
AVG 0.334333 0.136904 0.039 -0.00333 0.142404 
SEM 0.106712 0.106712 0.031215 0.031215 0.094226 

No E1 1.824 1.626571 0.15 0.1055 1.521071 
Wound E2 1.884 1.686571 0.073 0.0285 1.658071 
Control E3 1.958 1.760571 0.123 0.0785 1.682071 

AVG 1.888667 1.691238 0.115333 0.073 1.620404 
SEM 0.038754 0.038754 0.022557 0.022557 0.050149 
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TABLE 4: 
CELL PROLIFERATION: EXPERIMENT 1; PLATE 4/DAY 5 

460nm·· Minus-8 590nm Minus 8 DELTA 
Plate 4 A1 1.492. 1.4015 0.12t 0.0865 1.315 
DAYS 81 1.299 1.2085 0.055 0.0145 1.194 
CONT C1 1.319 1.2285 0.122 0.0815 1.147 
OmM AVG 1.37 . 1.2795 0.101333 0.060833 1.218667 
Control SEM 0.061274 0.061274 9.023212 0.023212 0.050043 

2mM. A2 1.753 1.6625 0.053 0.0125 1.65 
82 1.828 1.7375 0.066 0.0255 1.712 
C2 . 1.513 1.4225 0.048 0.0075 1.415 
AVG 1.698 1.6075 0.055667 0.015167 1.592333 
SEM 0.095003 0.095003 0.005365 0.005365 0.090458 

4mM· A3 1.439 1.3485 0.064 0.0235 1.325 
83 1.247 1.1565 0.09 0.0495 1.107 
C3 1.039 0.9485 0.053 0.0125 0.936 
AVG 1.241667 1.151167 0.069 0,0285 1.122667 
SEM 0.115504 0.115504 0.01097 0.01097 0.112571 

8mM A4 0.757 0.6665 0.075 0.0345 0.632 
84 0.37 0.2795 -0.032 -0.0725 0.352 
C4 0.302 0.2115 0.048 0.0075 0.204 
AVG 0.476333 0.385833. 0.030333 -0.01017 0.396 
SEM 0.141704 0.141704 0.032127. 0.032127 0.1255 

No E1 1.115 1.0245 0.133 0.0925 0.932 
Wound E2 1.059 0.9685 0.057 0.0165 0.952 
Control E3 1.101 ~ .0105 0.124 0.0835 0.927 

AVG 1.091667 1.001167 0.104667 0.064167 0.937 
SEM 0.016826 0.016826 0.023975 0.023975 0.007638 
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TABLE 5: 
CELL PROLIFERATION: EXPERIMENT 2; PLATE 1/DAY:2 

.490nm Minus 8 590nm Minus B ... DELTA 

Plate 4 A1 1.897 1.267667 0.1 05 0.053333 1.214334 
DAY5 81 2.07 1.440667 . 0.056 o:oo4333 1.436334 
CONT C1 2.228 1.598667 0.1.21 0.069333 1.529334 
OmM AVG 2.065 1.435667 0.094 0.042333 1.393334 
Control SEM 0.095587 0.095587 0.019554 0.019554 0.093443 

2mM A2 2.181 1.551667 0.068 0.016333 1.535334 
82 2.3 1.670667 0.062 0.010333 1.660334 
C2 2.09 1.460667 0.046 -0.00567 1.466334 
AVG 2.190333 1.561 0.058667 0.007 1.554001 
SEM 0.060803 0.060803 0.006566_ 0.006566 0.056777 

4mM ·A3 2.22 1.590667 0.06 0.008333 1.582334 
83 2.297 1.667667 0.046 -0.00567 1.673334 
C3 2.256 1.626667 . 0.049 -0.00267 1.629334 
AVG 2.257667 1.628334 0.051667 -3.3f;-07 1.628334 
SEM 0.022244 0.022244 0.004256 0.004256 0.026275 

8mM A4 .1.265 0.635667 0.054 0.002333 0.633334 
84 1.023 0.393667 -0.016 \ -0.06767 0.461334 
C4 1.073 0.443667 0.05 -0.00167 0.445334 
AVG 1.120333 0.491 0.029333 -0.02233 0.513334 
Sf;M 0.073762 0.073762 0.022697 0.022697 0.060179 

No E1 2.024 1.394667 0.137 0.085333 1.309334 
Wound E2 2.11 1.480667 0.068 0.016333 1.464334 
Control E3 . 2.257 1.627667 0.116 0.064333 1.563334 

AVG 2.130333 1.501 0.107 0.055333 1.445667 
SEM 0.068027 0.068027 0.020421 0.020421 0.073917 
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TABLE 6: 
CELL PROLIFERATION: EXPERIMENT 2; PLATE 2/DAY 3 

460nm Minus 8 590nm · Minus 8 .· DELTA 
Plate 2 A1 1.986 1·:459667 :.0;1:,4 0.085 1.374667 
DAY3 81 2.121 1.594667 ' 0.066· 0:011 1.583667 
CONT C1 2.234 1.707667 0.118 0.063 1.644667 
OmM AVG 2.113667 1 .. 587333 0.108 0.053 1.534333 

SEM 0.071687 0.071687' 0.02194 0.02194 0.081755 

2mM· A2 2.38 1.8536ai· 0.062 0.007 1.84.(3667 
82 2.366-: 1.839667 0.053 -0.002 t.841667 
C2 1.823 1.296667 0.037. -0.01,8 ·1.314667 
AVG . 2.189667 1.663333. 0.050667 . -0:00433 1.667667 
SEM- 0.183383 0.183383 0.007311 0.007311 0.176511 

4mM A3 2.384 1.857667 0.056 0.001 1.856667 
83 2.268 1.741667 0.081 0.026 1.715667 
C3 2.057 1.530667 0.045 -0.01 1.540667 
AVG 2.236333 1.71 0.060667 0.005667 1.704333 
SEM 0.095718 0.095718 0.010651 0.010651 0.0914 

8mM A4 1.448 0.921667 0.066 0.011 0.910667 
84 1.336 0.809667 -0.032 -0.087 0.896667 
C4 1.463 0.936667 0.049 -0.006 0.942667 
AVG 1.415667 0.889333 0.027667 -0.02733 0.916667 
SEM 0.040069 0.040069 0.030235 0.030235 0.013614 

NOWND E1 2.141 1.614667 0.147 0.092 1.522667 
E2 2.175 1.648667 0.071 0.016 1.632667 
E3 1.761 1.234667 0.125 0.07 1.164667 
AVG 2.025667 1.499333 0.114333 0.059333 1.44 
SEM 0.132701 0.132701 0.022579 0.022579 0.141286 
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TABLE7 
CELL PROLIFERATION: EXPERIMENT 2; PLATE 3/DAY 4 

460nm Minus 8 590nm Minus 8 DELTA 
Plate 3 A1 1.986 1.287 0.06 0.011667 1.275333 
DAY4 81 2.191 1.492 0.054 0.005667 1.486333 
CONT C1 2.042 1.343 0.043 -0.00533 1.348333 
OmM AVG 2.073 1.374 0.052333 0.004 1.37 

SEM 0.061176 0.061176 0.004978 0.004978 0.061868 

2mM A2 2.06 1.361 '0.054 0.005667 1.355333 
82 2.283 1.584 0.054 0.005667 1.578333 
C2 1.819 1.12 0.055 0.006667 1.113333 
AVG 2.054 1.355 0.054333 0.006 1.349 
SEM 0.133983 0.133983 0.000333 0.000333 0.134275 

4mM ·A3 2.062 1.363 0.066 0.017667 1.345333 
-83 1.906 1'.207. 0.079 0.030667 1.176333 
C3 2.064 1.365 0.052 0.003667 1.361333 
AVG 2.010667 1.311667 0.065667 0.017334 1.294333 
SEM 0.052338 0.052338 0.007796 0.007796 0.059182 

8mM A4 1.048 0.349 0.077 0.028667 0.320333 
84 1.054 0.355 -0.019 -0.06733 0.422333 
C4 1.188 0.489 0.071 0.022667 0.466333 
AVG 1.096667 0.397667 0.043 -0.00533 0.403 
SEM 0.045701 0.045701 0.0310,49 0.031049 0.043242 

NOWND E1 2.064 1.365 0.132 0.083667 1.281333 
E2 2.047 1.348 0.054 0.005667 1.342333 
E3 2.035 1.336 0.043 '-0.00533 1.341333 
AVG 2.048667 1.349667 0.076333 0.028 1.321666 
SEM 0.008413 0.008413 0.028015 0.028015 0.020169 
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TABLE 8: 
CELL PROLIFERATION: EXPERIMENT 2; PLATE 4/DAY 5 

460nm Minus 8 590nm Minus 8 DELTA 
Plate 4 A1 1.897 1.267667 0.105 0.053333 1.214334 
DAY5 81 2.07 1.440667 0.056 0.004333 1.436334 
CONT C1 2.228 1.598667 0.121 0.069333 1.529334 
OmM AVG . 2.065 1.435667 0.094 0.042333 .1.393334 
Control SEM 0.095587 0.095587 0.019554 0.019554 0.093443 

2mM A2 2.181 1.551667 0.068 0.016333 1.535334 
82 2.3 1.670667 0.062 0.010~33 1.660334 
C2 2.09 1.460667 0.046 -0.00567 1.466334 
AVG 2.190333 1.561 0.058667 0.007 1.554001 
SEM 0.060803 0.060803 0.006566 0.006566 0.056777 

4mM A3 2.22 1.590667 0.06 0.008333 1.582334 
83. 2.297 1.667667 0.046" -0.00567 1.673334 
C3 2.256 1.626667 0.049 -0.00267 1.629334 
AVG 2.257667 1.628334 0.051667 -3.3E-07 1.628334 
SEM 0.022244 0.022244 0.004256 0.004256 0.026275 

8mM A4 1.265 0.635667 0.054 0.002333 0.633334 
84 1.023 0.393667 -0.016 -0.06767 0.461334 
C4 1.073 0.443667 0.05 -0.00167 0.445334 
AVG 1.120333 0.491 0.029333 -0.02233 0.513334 
SEM 0.073762 0.073762 0.022697 0.022697 0.060179 

No E1 2.024 1.394667 0.137 0.085333 1.309334 
Wound E2 2.11 1.480667 0.068 0.019333 1.464334 
Control E3 2.257 "1.627667 0.1.16 0.064333 1.563334 

AVG :: 2.130333 1.501 . 0.107. 0.055333 1.445667 
SEM 0.068027 0.068027 0.020421 0.020421 0.073917 




