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ABSTRACT
Background: The use of electronic cigarettes has dramatically increased recently, especially
among teenagers where it has overtaken traditional cigarettes in popularity. While it is
considered a safer alternative and also a smoking cessation device, its biological effects on
oral tissues are not well characterized.

Aim: To test whether E-cigarette vapor is less harmful than cigarette smoke on gingival
fibroblasts in an in vitro wound-healing model.
Materials and Methods: Human gingival fibroblasts (HGF) were cultured in cell culture
medium. E-cigarette vapor extract (ECV) and cigarette smoke extract (CSE) were prepared
by drawing E-cigarette vapor or cigarette smoke through a flask containing culture medium.
Gingival fibroblasts were exposed to culture media conditioned with 0.5-8% ECV or CSE.
Fibroblast proliferation, attachment and migration were assessed in vitro between the two
conditions and compared to control cells (grown in growth media).

Results: Fibroblast proliferation was inhibited by both ECV and CSE. The dose-response
curve of ECV was shifted to the left compared to that of CSE, indicating that ECV inhibits
gingival fibroblast proliferation more effectively than CSE. The difference in the dose
response curve between ECV compared to CSE was statistically significant (p= 0.02).
Fibroblast attachment to the culture dish was inhibited more effectively by CSE than ECV
(p<0.001) at both 1% and 4% concentrations tested compared to control. At 4%, ECV had
affected HGF attachment negatively and it was statistically significant when compared to
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control. ECV had diminished effect on fibroblast migration in an in vitro wound assay when
compared to CSE. At 4% concentration CSE had significantly more inhibiting effect on
wound closure compared to control and ECV (p=0.02)

Conclusion: Both ECV and CSE affect gingival fibroblast behavior in vitro. ECV’s
inhibitory action on fibroblast proliferation is greater than that of CSE. Fibroblast attachment
is inhibited by both extracts but CSE has significantly more negative effect than ECV. HGF
migration was minimally affected by ECV when compared to CSE. These data do not support
the notion that ECV is safer than CSE with regards to oral wound healing.
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Effects of Electronic Cigarette Vapor and Cigarette
Smoke on Gingival Fibroblasts in Wound Healing

Introduction
Cigarette smoking and periodontal health
Smoking is the most important modifiable risk factor for periodontal disease.1 Smokers are
at about three times greater risk for developing periodontal disease compared to non-smokers. 2
Periodontitis, characterized by gingival inflammation, attachment loss and bone loss is
significantly more severe in smokers compared to non-smokers.3,4 Smoking is strongly
associated with alveolar bone loss, deep probing depth (PD) and tooth loss.5 Smoking increases
the pathogenic microflora including Bacteroides Forsythus and Porphyromonas Gingivalis.
Smokers are at 2.3 times more susceptible to develop B. forsythus infections in comparison to
former smokers and non-smokers.6 A longitudinal study where smokers were followed for 10
years concluded that smoking is a risk factor for teeth loss in addition to high plaque score7.
Some authors argue that smoking has minimum effect in subjects with similar oral hygiene while
others claim a direct relationship between smoking and periodontal disease, regardless of oral
hygiene levels.8,9,10 Bergstrom and Eliasson in their study examined clinical parameters in
smokers and non-smokers. They standardized all patients in terms of oral hygiene and then
recorded probing depth, furcation involvement and mobility. Probing depth of 4 mm or more
was recorded in 36 sites in smokers and only in 21.8 sites in non-smokers. Similarly furcation
involvement and mobility were more pronounced in smokers. They concluded that regardless of
plaque control smoking leads to progression of periodontal disease. 11
Smokers show less favorable response to non-surgical periodontal therapy.12,13
Following periodontal non-surgical therapy, bleeding score in smokers was 36.5% compared
to 22.7% in non-smokers. The mean PD reduction in smokers was 1.9 mm compared to 2.5
mm in non-smokers, confirming the challenge to control disease process in smokers.
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Periodontal ligament (PDL) fibroblast attachment to root surface after scaling and root planing
(SRP) in vitro was significantly less on root surfaces of smokers compared to non smokers and
healthy controls.14 Cigarette smoking also affects the healing and the surgical outcome after
periodontal surgery. A study by Preber and Bergström comparing healing after periodontal
surgery in smokers and non-smokers found that there was statistically significant difference in
healing after modified Widman flap between the two groups. Probing depths reduction in
smokers was 0.76 mm compared to 1.27 mm in non-smokers.15 Smokers have less root
coverage following free gingival graft placement; similarly smokers have lower success rates
after subepithelial connective tissue grafting. 16,17After regenerative surgery smokers gain less
clinical attachment than non-smokers.18 Many factors can affect the process of periodontal
wound healing including tissue perfusion, age, smoking, diabetes and immune function.19

Wound healing
Wound healing is a complex biological process involving multiple cells and molecular
pathways. It starts with hemostasis, followed by inflammation, proliferation and finally
maturation. These four phases of wound healing overlap to assure optimal transition from
one phase to another.19 Hemostasis, the first phase of wound healing starts within minutes
of injury and lasts up to a day. Vasoconstriction is the first step of hemostasis followed by
platelet aggregation and fibrin clot formation. The hemostasis phase ends by fibrolysis,
which allows cells to migrate through the blood clot during the inflammatory phase.
Stimulation and recruitment of cells at the wound site in the phase of inflammation is the
second step. Profound inflammation is unfavorable as it may delay the healing process. An
appropriate amount of inflammation is needed to allow for optimal healing. Neutrophils and
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macrophages colonize the wound site followed by lymphocytes. The process of cell
chemotaxis is regulated by cytokines and chemokines. At the end of the inflammatory
phase, lymphocytic infiltrate is noticeable at the wound site. Inflammation starts in the first
hour and lasts for a duration of three weeks. The wound site after the inflammatory stage is
in need for nutrients and blood perfusion when the process of angiogenesis takes place as
first sign of the proliferation phase. Proliferation starts in the second to third week and
continues through the sixth week. At this stage, fibroblasts play a major role as they
proliferate and migrate into the wound. Fibroblasts play a key role in collagen synthesis
and deposition of extracellular matrix (ECM). Epithelial cells proliferate as well to
complete the repair process. The wound healing ends by maturation and remodeling. This
involves formation of collagen type I by fibroblasts and cross-linking of the collagen
molecules. The process of maturation is the longest in duration among all other phases. It
starts at the sixth week and lasts nine months to one year.20

Fibroblast Function in Wound Healing
Fibroblast is the principal cell type in the later phases of the wound healing process.
It regulates the biological functions for tissue repair by the production of extracellular
matrix (ECM) molecules and growth factors. Proliferation, attachment and migration of
fibroblast are critical features among the physiological phenomena of wound healing.21
Fibroblasts regulate the process of wound repair by producing growth factors such as
Fibroblasts Growth Factors (FGF). The basic FGF is FGF2, which stimulates cell
proliferation, migration and angiogenesis. FGF2 enhances fibroblasts as well as other cell
types including epithelial cells and inflammatory cells (mast cells, microphages and T-
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lymphocytes) to migrate to the wound site and proliferate to form granulation tissue and
repopulate at the involved site. 21 This as a result of cell to cell communication via the
release of cytokines and growth factors as well as interaction between ECM and different
cell types.22
Gingival fibroblasts are the most prevalent type of cells in gingival connective tissue.
It constitutes 5.6% of the volume of the gingiva and of the periodontal ligament.23 They play
an important role in wound healing after periodontal therapy. One of the main outcome
measurements after periodontal therapy is attachment level, which is a connective tissue
attachment that is enhanced by cellular mechanisms involving fibroblasts.24 Fibroblasts have
distinct migration properties. They are able to migrate through the ECM and create
granulation tissue that forms the main bulk of the wound closure. This process is accelerated
in vivo by cell migration stimulating factor which is secreted by epithelial cells.22
Immune-regulation is another function of fibroblasts. They enhance cytokine
production, especially pro-inflammatory cytokines such as interleukin (IL)-1, Tissue
Necrosis Factor-α, and IL-6. Indeed, fibroblasts are capable of recruiting immune cells to the
wound site. In addition, fibroblasts have the potential to induce the production of
osteoprotegerin, which is a main factor in bone metabolism that affects wound healing after
periodontal therapy.25 Gingival fibroblasts possess immunosuppression properties as well,
including inhibition of differentiation of monocytes to dendritic cells, which in turn reduces
the innate immune reaction at the early stages of wound healing. This regulates immunemodulation because mild immunological reaction is needed for optimal wound healing.26

Cigarette smoke and fibroblast function
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It is not clear which of the several thousand compounds found in cigarette smoke are
responsible for cigarette’s adverse effects in the periodontium.16 Peacock and others showed
that nicotine concentrations of ≥ 0.1µm stimulate fibroblast reproduction.3 This suggests that
smoke components other than nicotine are responsible for the negative wound healing effect
of smoking. Giannopoulou and co-workers studied the effects of nicotine on periodontal
fibroblasts and found that nicotine at its lowest concentration (50 ng/ml) and highest
concentration (5 mg/ml) had a negative effect on PDL fibroblast proliferation, attachment,
migration and alkaline phosphatase production.27 These physiological functions involving
fibroblasts are basic events during wound healing. The effect of CSE on fibroblasts is well
documented in the literature. Volatile compounds in CS inhibited gingival fibroblast
adhesion by alteration of the cellular cytoskeleton, thus impairing cellular adhesion.28
Semlali and co-workers reported that exposure to whole cigarette resulted in inhibition of
cellular adhesion and growth.29 This happened as a result from decreased β1-integrin
expression and increased LDH activity, indicating cellular toxicity.29 Other authors reported
that smoking extract affects fibroblasts adhesion, structure and shape.30

Electronic cigarette
The electronic cigarette (E-cigarette) was introduced in the U.S. in 2007. It offers
nicotine-addicted individuals an alternative to smoking tobacco. The use of E-cigarettes has
increased dramatically recently. In 2012 the prevalence of E-cigarette use among high school
students reached 10%.31 In 2014, 12.4% of adults have tried E-cigarette at least once. The
percentage of current E-cigarette users is 3.4%, most of them being young adults age 18-24.
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The tendency to use E-cigarette is higher among current conventional cigarette smokers and
smokers who recently quit smoking.32
E-cigarettes contain E-solution that is heated by atomizer to produce aerosol (Evapor). The atomizer is capable of heating the e-solution to 200 °C. E-solutions are typically
composed of diluents, flavorings and nicotine. The diluents are carriers, typically propylene
glycol and glycerin.33,34 The nicotine concentration varies among different products with a
range of 0-36 mg/ml. 35 To attract users and to appeal to the youth companies have added
countless flavorings including tobacco, menthol, coffee, fruit, candy, and alcohol, among
others.36
While E-cigarettes are promoted as healthier alternative to cigarette smoking, they do
not have a substantial safety record to support that claim. E-cigarettes are considered by
some as a smoking cessation aid34, but there is an increased trend to use E-cigarette by
never-smokers, suggesting that E-cigarettes may serve as a gateway to nicotine addiction and
cigarette smoking.33 It is thought that E-cigarette users including young adults and
adolescence are not using E-cigarette as smoking cessation aid and they are using it in
combination with other tobacco products.31 There are an increasing numbers of studies about
the hazardous effect of E-cigarettes with regards to general health. It has been demonstrated
that E-cigarettes have adverse effect on respiratory system including asthma and increase
respiratory resistance.34,37,38Absorption of nicotine into oral tissues precedes its deposition in
the respiratory tract. Questionnaire studies have shown that dry mouth and throat are the
most commonly reported side effect of e-vapor.35
The most persuasive health claim for E-cigarette vapor is that it does not contain tar
and carbon monoxide, two common byproducts of conventional cigarette smoke. Other toxic
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chemicals found in cigarette smoke that are absent in E-cigarettes are benzopyrene,
benzoanthracene, dibenzoanthracene, free radicals, methyl radical, hydroxyl radical, nitrogen
monoxide, hydrogen sulfide, ammonia, sulphur dioxide, hydrogen cyanide, cadmium, lead,
and mercury35. Goniewicz and co-workers compared the amounts of volatile compounds in
E-cigarette vapor and conventional cigarette smoke and found that on average conventional
cigarette smoke contains nine times more formaldehyde, 450 times more acetaldehyde, 15
times more acrolein, 120 times more toluene, 380 times more N’-nitrosonornicotine (NNN)
and 40 times more 4- (methylonitrosoamino)-1-(3-pirydyl)-l-butanone (NNK).36
Moe and co-workers reviewed the available literature on E-cigarette hazards on
human health.39 They found that glycol and glycerol products in E-liquid cause irritation of
the upper respiratory tract and dryness of the mucous membranes.39 In addition, GI tract
symptoms including nausea and vomiting has been reported. E-liquids containing nicotine
have the ability to decrease the production of nitric oxide which increases respiratory
impedance and broncho-restriction. E-liquid aerosols and chemicals can affect the eyes; the
most commonly reported effect is eye dryness and irritation. Moreover, E-liquid stimulates
allergic reaction and the release of pro-inflammatory mediators.39 A recently published paper
on the effect of E-cigarette on gingival fibroblasts reported that E-cigarette causes changes in
cellular morphology and collagen production. They concluded that E-cigarette is cytotoxic to
fibroblasts and it may contribute to the pathogenesis of periodontal disease. 40
Although it appears that E-cigarette vapor has significantly fewer toxic chemicals and
those are delivered at much lower concentrations than cigarette smoke, E-cigarettes safety is
not proven. The aim of the current study is to evaluate specific fibroblast functions such as
proliferation, attachment and migration in the presence of ECV and CSE to test the
8

hypothesis that E-cigarette vapor is safer for fibroblasts than cigarette smoke.
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Aim and Hypothesis
- The objective of this study is to compare and contrast the effect of E-cigarette vapor
and conventional cigarette smoke on wound healing response of fibroblasts.

- The hypothesis is that the wound healing response is less impaired in fibroblasts
treated with E-cigarette vapor compared to those treated with conventional cigarette smoke.
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Experimental Design
This is an in vitro study on cultured fibroblasts. The human gingival fibroblast cell
line HGF-1 was obtained from a nonprofit repository (CRL-2014, ATCC, Manassas, VA).
HGF-1 is a primary (non-tumor) cell line derived from the healthy gingiva of a 28 year-old
Caucasian male. HGF-1 cells were cultured in cell culture medium conditioned with either
cigarette smoke extract (CSE) or E-cigarette vapor (ECV). Human Gingival Fibroblast
(HGF) proliferation, attachment, migration was assessed in vitro and compared under the two
conditions.
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Materials and Methods
Cell Culture:
HGF-1 cells (CRL-2014, ATCC, Manassas, VA) were grown in 75cm2 tissue culture
flasks in growth media consisting of Dulbecco's Modified Eagle's Medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) and 5% Penicillin-Streptomycin (P/S).
Cells were incubated in a cell culture incubator set at 37°C temperature in 5% CO2
atmosphere, according to ATCC instructions. Culture media was replaced 2-3 times a week.
HGF were sub-cultured by trypsinization when cells reached 90% confluency. All
experiments were performed at the third passage of the cell culture.

Smoke Generation:
CSE and ECV were prepared in a chemical hood according to published procedures.41
ECV extract was produced by drawing E-cigarette vapor through a flask containing 100 mL
DMEM culture medium through a sealed tube. The EC device (ProVari 2.5 vaporizer,
Provape®) was oriented horizontally to mimic the orientation during real EC use. A vacuum
pump was connected to the flask and the vacuum from the pump automatically triggered the
EC device. The EC cartridge was filled with E-liquid containing 0.6% nicotine with no added
flavorings according to the manufacturer (ProVape®). Ten inhalations were performed, each
lasting two seconds at one minute intervals for a total of 10 minutes. The vapor was bubbled
through the culture medium. The resulting conditioned DMEM media was denoted as 100%
ECV extract. The production of CSE involved a similar setup, with a filtered cigarette (Pall
Mall®) connected to the vacuum device. Inhalation simulations, consisting of two second
puffs every minute, were performed for 10 minutes. The resulting conditioned DMEM
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medium was denoted as 100% CSE. After preparation ECV and CSE aliquots were frozen at
-20oC. Figure 1 shows the ECV generation setup. The same setup was used for CSE
generation.

Proliferation Assay
HGF were plated in 96-well plates at 5000 cells/well density and incubated in growth
media for 24 hours. On the day of the experiment 100% CSE and ECV stocks were diluted
in growth media to generate conditioned media at 0, 0.5, 1, 2, 4 and 8% CSE or ECV
concentrations. HGF cells were washed with phosphate buffered saline (PBS) solution and
conditioned media was added in duplicate wells. The plates were incubated at 37°C in 5%
CO2 for 24 hours. Following incubation viable cells were quantified using the Cell Counting
Kit-8 (CCK-8, DOJINO® Molecular Technology Inc.). CCK-8 solution (10% of the media
volume) was added to each well and incubated at 37°C in 5% CO2 for two hours. The number
of viable cells was determined based on the optical density at 450nm using a
spectrophotometer. Absorbance is directly proportional to the number of viable cells.
Proliferation of the experimental cells is expressed as a percentage of the proliferation of the
untreated control cells, which was considered 100% proliferation. The experiment flow chart
is shown in Figure 2.

Attachment assay
HGF were seeded in 24-well plates at 20,000 cells/well in growth media conditioned
with 4% or 1% ECV or CSE extract. Control cells were seeded in regular growth media
containing no ECV or CSE extract. Cells were incubated at 37°C in 5% CO2 and allowed to
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attach to the bottom of the culture plate for 4 hours. Following the incubation, unattached
cells were washed off with PBS. HGF cells remaining attached to the bottom of the well
were collected by trypsinization (200 µl/well) and cell counting was performed using trypan
blue exclusion assay. In brief, 10 µl of trypan blue dye were added to 10 µl of the trypsinized
HGF cell suspension. From of this mixture 10 µl was used to count the viable cells using a
hemocytometer under the light microscope (4X magnification). The assay steps are
illustrated in Figure 3.

Migration assay
Horizontal grids separated by one mm gap were drawn on the bottom of a 24-well
plate to aid in orientation during cell migration analysis. HGF were plated in 24 well plates at
a density of 6x105 cells/well. Inserts (CytoselectTM, 24 Well Healing Assay, Cell Biolabs
Inc., San Diego, CA) were placed in each well to form a gap in which no cells could grow.
Cells were seeded and allowed to grow until they reached 100% confluency. Next, the
CytoselectTM inserts were removed to expose a 0.9 mm wide cell-free area on the bottom of
each well. Mitomycin C was added (20 mg/ml final concentration) to each well to stop cell
division. In six wells the growth media was conditioned with the following treatments: 4%
CSE, 1%CSE, 4% ECV, 1% ECV. Two control wells received growth media without any
CSE or ECV extract. The conditioned media was prepared by diluting 100% CSE and ECV
in growth media as described above. Microscopic images of the cell-free area were taken on
live cultures at day 0 using light microscopy at 4X magnification. Additional images were
captured every 24 hours for two days (day 1 and day 2). Wound closure was then quantified
by measuring the distance between the wound edges. Wound edges were established by
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drawing a line between the confluent parts of the digital image of the cell culture. The
outcome measurement was expressed by the percentage of wound closure in relation to the
distance at day 0 for each wound. Measurements of wounds closure were performed in a
blinded fashion, using image analysis software (Image J, NIH, Bethesda, MD). Figure 4 is a
diagram showing the steps involved in the migration assay.
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Sample size and Statistical Analysis
Each assay was performed three times. Proliferation assay and migration assay were
performed in triplicates, while attachment assay included four replicates each time. The mean
of the replicates within each experiment was considered as an individual data point.
Statistical analysis was performed using SPSS software (IBM SPSS statistics version 24. 0).
One Way or Two Way ANOVA was used for normally disturbed data. In the absence of
normal data distribution Kruskal-Wallis test was performed. P-value was considered
significant at values less than 0.05.
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Results
Proliferation Assay
Both ECV and CSE inhibited fibroblast proliferation in comparison to the growth
media alone (negative control). HGF proliferation at various smoke concentrations was
expressed as a percentage of proliferation of the control group, which was considered as
100%. The mean proliferation of both ECV and CSE at each concentration and the control
group is shown in Table 1. The higher the concentration of both ECV and CSE, the lower the
HGF proliferation. The proliferation was highest at 0.5% followed by all other concentration
gradually in a dose dependent way except for 1% CSE which was slightly higher than 0.5%
CSE. Gingival fibroblast proliferation in 8% of ECV was the lowest among all other
concentrations. Statistical analysis was performed to compare the proliferation for each
concentration comparing ECV to CSE and Control. One Way ANOVA test revealed no
statistically significant difference between ECV and CSE compared to control at all
concentration (p > 0.05). At 8% ECV, proliferation of HGF was 29.5±32.3 % (mean± SD)
and for 8% CSE it was 42.8±21.8 % of the proliferation in the control group. This difference
did not reach statistical significance when compared to each other and to the control (p=
0.06, Kruskal-Wallis test). The pattern of ECV and CSE was dose dependent as indicated in
Figure 5. The difference between dose-dependent effect of both ECV and CSE was
statistically significant (p=0.02, Two-way ANOVA).

Attachment Assay
The number of attached HGF was counted after allowing the cells to attach to the
bottom of the culture dish in different conditioned media (ECV and CSE) at 1% and 4%
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concentrations compared to unconditioned media as negative control. HGF attachment was
inhibited markedly by CSE compared to ECV and growth media. The number of attached
fibroblasts seeded in 4% CSE was 7,666±629 out of 20,000 cells seeded originally. This
number was lower compered to fibroblasts attached after seeding them in the control group
(growth media) where 18,305 had attached. This difference is statistically significant
(p=0.03, Kruskal-Wallis test). The number of attached fibroblasts in 1% CSE was higher
than 4% CSE but lower than the control group. This difference is statistically significant
(p=0.03, Kruskal-Wallis test).
In 4% ECV media 12,277±947 cells had attached. In comparison, in 1% ECV media
17,083±2322 cells had attached compared to 18,305±366 cells attached in growth media. The
difference between the number of attached cells in 4% ECV compared to 1% ECV and
control is not statistically significant (p=0.06, Kruskal-Wallis test). The difference between
the mean number of attached cells in ECV and CSE concentrations and the control group is
illustrated in Figure 6.
As mentioned above, in 4% CSE media 7,666 cells attached compared to 12,277 in
4% ECV media. The difference is statistically significant when the two conditioned media
are compared to each other or to the control (p<0.001, One-way ANOVA). When 1% ECV is
compared to 1% CSE, the differences between either conditioned media and the control
group were not statistically significant (p=0.06, Kruskal-Wallis test).
Percent inhibition was calculated for each concentration by dividing the cell number
in each group over the number of attached cells in control group and the percentage was
subtracted from 100. The highest percent inhibition was in CSE 4% followed by CSE 1%,
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ECV 4% and ECV 1%. Percent inhibitions and the means of numbers of attached cells for
different extracts and growth media (control) are shown in Table 2.

Migration Assay
Human gingival fibroblast migration was analyzed after exposing the cells to ECV
and CSE at 4% and 1% conditioned growth media as well as conditioned media alone
(control). Cell migration was determined as the percentage of wound mean closure compared
to the original wound on day 0. Following exposure to conditioned media, HGF migration
and thereby the rate of wound closure, was inhibited by 4% CSE media. At day 1 CSE 4%
closed by 45.98±13.00 % compared to 73.97±2.75% closure of wounds in the control media
and 80.51±7.09% closure in ECV 4% media. Wounds closure of different categories is
illustrated In Figure 7 in microscopic images. Statistical analysis was performed comparing
wound closure in CSE 4% to all other groups. The difference was between CSE4% and
ECV4% at day 1 was close statistical significance (p=0.05, One-way ANOVA). At day 2, the
wound closure was 64.35±18.2% in 4% CSE media compared to 95.16±2.06 % in ECV 4%
(p=0.03, One-way ANOVA). In the growth media (control) wound closure at day 2 was
96.59±1.31%. The difference between CSE4 % and control is statistically significant
(p=0.02, One-way ANOVA). Wounds exposed to CSE 1%, ECV 4%, ECV1%, were almost
completely closed at day 2 (92.52±3.84%, 95.16±2.06 %, 96.10±2.02%, respectively). HFG
migration in all groups except CSE 4% was very similar to control group and the difference
between them was not statically significant. As mentioned, the mean wound closure in CSE
1% was slightly less than control and the difference was close to significant (p-value slightly
above 0.05, Kruskal Wallis test)
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The mean percentages of wound closure under different concentrations at day 1 and
day 2 are shown in Table 3 and Figure 8.
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Discussion
Smoking is a significant etiological factor in the development of many human
diseases. Smoking is considered a main etiological factor in the development of lung cancer,
emphysema, atherosclerosis, low birth weight and several malignancies.42 In the oral cavity
smoking is a major risk factor for the development of oral cancer, periodontal disease and
tooth loss.1 It reduces patient potential for healing following periodontal therapy as smokers
show less improvement in clinical parameters following periodontal treatment compared
non-smokers.9,12,16,17,43
The E-cigarette was introduced as an alternative for the conventional cigarette. The
device operates by heating a liquid that contains glycerol and propylene glycol as the main
components in addition to nicotine and flavors. Some E-cigarette liquids are available with
no nicotine. When it was first introduced to the market, the main marketing point for Ecigarette was the fact that it is smoke-free and it can be used in non-smoking areas.
Moreover, it has the advantage that it is free of combustion products such as carbon
monoxide generated during regular smoking. As a result, E-cigarette use has increased
dramatically, especially among adolescents and young adults. Unfortunately it appears that it
is used along with cigarette smoke rather than as a replacement.35
In the present study, we tested the effects of E-cigarette on HGF behavior in vitro in
comparison to conventional cigarette. HFG proliferation, attachment and migration were
studied after exposure to ECV and CSE compared to growth media as control. We found that
HGF proliferation is affected by both ECV and CSE. When dose-dependent curves were
compared, the difference was statistically significant between ECV and CSE. The inhibitory
effect of ECV was more than CSE with regards to cell proliferation. HFG attachment was
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minimally inhibited by ECV 1% compared to CSE. However, ECV had a significant effect
on HGF at 4% in regards to attachment. HGF migration in ECV conditioned media was
similar to the control. However, CSE had a significant inhibition on cellular migration
represented by wound closure.
Wound healing is a complex biological process that involves cellular mechanisms
and behaviors. The physiological phases of wound healing; hemostasis, inflammation,
proliferation and maturation all have to be in the optimum function to assure a normal wound
healing.
The fibroblast has several physiological functions during wound healing. It is
involved in crucial steps such as breaking down the fibrin clot, creating new extracellular
matrix and collagen structures to support other cells associated with wound healing.
Moreover, it coordinates with other cells for wound contractility.22 Tobacco products could
affect mature and competent cells by inhibiting the process of cell proliferation and
repopulation of the healing site. Tipton and co-workers showed in an in vitro study that
nicotine has a negative impact on fibroblast proliferation and collagen production. This
finding may explain the exaggerated collagen breakdown in smokers compared to nonsmokers.44
Cigarette smoke has a negative effect on human cells. In addition to nicotine,
cigarette smoke contains toxins (pyridine, nicotine, 2-ethylpyridine, 3-ethylpyridne, p-cresol
and pyrazine) that affect endothelial cell proliferation and growth.30 CSE can injure airway
epithelial cells by alteration of E-cadherin expression.45
The effect of cigarette smoke on gingival fibroblasts is reported in the literature.
Volatile compounds, acrolein and acetaldehyde in cigarette smoke decrease HGF adhesion
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and viability. In addition, fibroblast cytoskeleton is affected by these toxic compounds,
resulting in disrupted fibroblast morphology as they lose their elongated shape and change to
a round shape. In addition vacuoles and nonspecific structures appear after exposure to
cigarette smoke.46 Similarly, these compounds show damaging effects on wound healing
capability of gingival fibroblast, which influence oral health and periodontal health.47 The
effect of nicotine on human fibroblasts is controversial. Several investigators reported on the
effect of nicotine on human fibroblasts. Nicotine inhibits fibroblast proliferation and collagen
production and impairs wound healing.27,44 Tipton and co-workers reported that nicotine
inhibits gingival fibroblast proliferation at low concentrations (0.001-0.075%). At higher
concentrations (0.05-0.075%) nicotine causes vacuolization of gingival fibroblasts. The most
toxic effect was at concentrations above 0.075% where cell death occurred. Other
investigations reported that nicotine at low concentrations (0.025µM) has stimulatory effect
on HGF proliferation, while high concentrations had no significant effect on proliferation of
HGF.3
Our results show that CSE inhibits fibroblasts proliferation, attachment and
migration. These finding are consistent with other reports in the literature. Semlali and coworkers reported that exposure to whole cigarette resulted in inhibition of cellular adhesion
and growth. This happened as a result of decreased β1-integrin expression and increased
LDH activity, indicating cellular toxicity.29 Similarly, volatile compounds in CS inhibit
gingival fibroblast adhesion by alteration of cellular cytoskeleton, thus impairing cellular
adhesion.28 Another in vitro study on the effect of nicotine and its metabolite cotinine on
human gingival fibroblast attachment to root surfaces indicated that nicotine between 1 nM
and 5 mM concentrations inhibit HGF attachment to root surface. This finding is in
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agreement with our findings, since CSE inhibited HGF attachment at both 1% and 4%
concentrations.48
Human gingival fibroblast migration in our in vitro wound model was inhibited
markedly by 4% CSE where wound closure was delayed compared to 1% CSE, 1% ECV, 4%
ECV and growth media. This confirms results from a recent study where HGF migration was
weakened by CSE in a concentration-dependent manner.49 This may explain our observation
that 1% CSE had no effect on HGF migration in comparison to 4% CSE.
E-cigarette use has increased dramatically in the past few years. Some authors
reported negative effects of E-cigarette on pulmonary function; they concluded that Ecigarette has hazardous effect on human health including mucus membrane dryness and
stimulation of immune response.37,39 Regarding the effect of E-cigarette at the cellular level,
an in vitro study was conducted to asses cytotoxicity, mutagenicity, genotoxicity and
inflammatory effects of E-cigarette in comparison to the effects of conventional cigarette,
smokeless tobacco and nicotine replacement therapy on human lung epithelial carcinoma
cells. They reported that E-cigarette, smokeless tobacco, and nicotine replacement therapy
has no toxic effect in comparison to conventional cigarette. In the same study, E-cigarette
fluids with nicotine and without nicotine both showed no effect. Different E-liquid flavors
had no impact on cytotoxicity and mutagenicity and inflammatory responses.50
In the present study ECV inhibited fibroblast proliferation at 8% concentration, while no
statistically significant effect was found with concentrations less than 8%. Sancilio and coworkers have recently reported results regarding the effect of E-cigarette on HGF. This study
tested the behavior of E-cigarette on HGF in vitro. E-cigarette fluids containing nicotine
exhibited cytotoxic effects on HGF and led to changes in cellular morphology, which
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suggested that E-cigarette use could be a risk factor for developing periodontitis and other
oral diseases.40 In our study, E-cigarette had an inhibitory effect on HGF attachment at 4%.
The number of HGF attached in ECV 4% was significantly lower than the number of
attached cells growth media (control group).
HGF migration as expressed by wound closure was similar in ECV media compared
to control. This finding agrees with other reports regarding safety of E-cigarette on cellular
behavior, as they reported that E-cigarette has no effect cytotoxicity and mutagenicity of
epithelial cells.50
In our wound healing model HGF migration was tested in the presence of an inhibitor
of cellular division. This enabled us to accurately measure migration. The aim was to have
the wound close by migration, not by cellular division. In our study ECV inhibited cellular
proliferation but had minimal effect on migration. If the migration assay was performed in
the absence cell division inhibitor, we could have noticed an additional effect of ECV on
wound closure as result of an inhibition of proliferation.
ECV and CSE conditioned media both had an effect on HGF proliferation in a dose
dependent manner: 8% concentration was cytotoxic for both ECV and CSE. The difference
between 8% extracts and the control was notable but not statistically significant. This can be
due to the low sample size. Lower concentrations (0.5%, 1%, 2% and 4%) of ECV and CSE
extracts showed an effect similar to the growth media. However, ECV showed more
inhibitory effect on HGF proliferation than CSE at all concentrations. This suggests that an
ECV component is a potent inhibitor of HGF proliferation. Alternatively, this result may be
due to the observation that CSE at lower concentrations can stimulate cellular proliferation.
An in vitro study on the effect of cigarette smoke condensate on bronchial epithelial cells
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indicated that low smoke concentrations increased cellular proliferation.51 However, in our
study we did not observe any stimulatory action of CSE on HGF proliferation. Yet, another
alternative explanation is that nicotine by itself stimulates HGF proliferation.3 Although the
nominal amount of nicotine was standardized in both extracts, the actual amount could be
imprecise and CSE could contain more nicotine than ECV which resulted in a less net
inhibitory effect of CSE than ECV in terms of HGF proliferation.
We hypothesized that E-cigarette vapor is less harmful than conventional cigarette
vapor on gingival fibroblasts in regards to wound healing. Our findings indicate that ECV
has no significant inhibitory effect on HGF migration. However, ECV inhibited HGF
proliferation more potently than conventional cigarette. We found that ECV had inhibitory
effect on HGF attachment compared to the control. The idea that E-cigarette is less harmful
on HGF is not acceptable. Thus the null hypothesis is rejected.
The present study has several limitations. It is an in vitro study conducted on cultured
gingival fibroblasts isolated from a single human donor. The observed results may depend on
the donor genotype. Also, heterogeneity of cellular behavior should be considered. Another
limitation is that cells might behave differently in vivo. Findings of our results should be
interpreted with caution. In the preparation of ECV and CSE, standardization was performed
to achieve comparable extracts. There is no consensus on the methodology of preparing and
testing equivalent amounts of ECV extracts and CSE. We prepared the two extracts similarly,
mimicking10 minutes of smoking. The method used in our study followed previously used
methods in the literature for CSE, and we prepared ECV in similar manner. ECV liquid used
in our study contains 0.6 nicotine /ml, and similarly the cigarette contains 0.6 mg/cigarette;
however the exact volume of E-liquid used can only be estimated. Another limitation is the
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accuracy of the chemical contents of both E-liquid and the conventional cigarette, as these
amounts cannot be confirmed. We used E-liquid form one company; however our findings
may not apply to all E-liquids available in the market. More research is needed both in the
laboratory with different cell lines, and in clinical setting, in order to better understand and
evaluate the effects of E-cigarette use on oral health and general human health.

27

Conclusion
Both ECV and CSE affect gingival fibroblast behavior in an in vitro wound-healing model.
ECV had greater inhibitory action on fibroblast proliferation compared to CSE. Fibroblast
attachment was inhibited by both extracts but CSE had significantly more negative effect
than ECV. HGF migration was minimally affected by ECV when compared to CSE. These
data do not support the notion that ECV is safer than CSE with regards to oral wound
healing.

28

References
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.

Grossi SG, Skrepcinski FB, DeCaro T, Zambon JJ, Cummins D, Genco RJ. Response
to periodontal therapy in diabetics and smokers. J. Periodontol. 1996;67(10s):10941102.
Position paper: tobacco use and the periodontal patient. Research, Science and
Therapy Committee of the American Academy of Periodontology. J. Periodontol.
Nov 1999;70(11):1419-1427.
Peacock ME, Sutherland DE, Schuster GS, et al. The effect of nicotine on
reproduction and attachment of human gingival fibroblasts in vitro. J. Periodontol.
1993;64(7):658-665.
Alexander AG. The relationship between tobacco smoking calculus and plaque
accumulation and gingivitis. Dent. Health (London). Jan-Mar 1970;9(1):6-9.
Knight ET, Liu J, Seymour GJ, Faggion CM, Cullinan MP. Risk factors that may
modify the innate and adaptive immune responses in periodontal diseases.
Periodontol. 2000. 2016;71(1):22-51.
Zambon JJ, Grossi SG, Machtei EE, Ho AW, Dunford R, Genco RJ. Cigarette
smoking increases the risk for subgingival infection with periodontal pathogens. J.
Periodontol. Oct 1996;67(10 Suppl):1050-1054.
Holm G. Smoking as an additional risk for tooth loss. J. Periodontol. Nov
1994;65(11):996-1001.
Ismail A, Morrison E, Burt B, Caffesse R, Kavanagh M. Natural history of
periodontal disease in adults: findings from the Tecumseh Periodontal Disease Study,
1959-87. J. Dent. Res. 1990;69(2):430-435.
Bergström J. Cigarette smoking as risk factor in chronic periodontal disease.
Community Dent. Oral Epidemiol. 1989;17(5):245-247.
Jones JK, Triplett RG. The relationship of cigarette smoking to impaired intraoral
wound healing: a review of evidence and implications for patient care. J. Oral
Maxillofac. Surg. 1992;50(3):237-239.
Bergstrom J, Eliasson S. Noxious effect of cigarette smoking on periodontal health. J.
Periodontal Res. Nov 1987;22(6):513-517.
Preber H, Bergström J. The effect of non‐surgical treatment on periodontal pockets in
smokers and non‐smokers. J. Clin. Periodontol. 1986;13(4):319-323.
Renvert S, Dahlen G, Wikstrom M. The clinical and microbiological effects of nonsurgical periodontal therapy in smokers and non-smokers. J. Clin. Periodontol. Feb
1998;25(2):153-157.
Gamal AY, Bayomy MM. Effect of cigarette smoking on human PDL fibroblasts
attachment to periodontally involved root surfaces in vitro. J. Clin. Periodontol.
2002;29(8):763-770.
Preber H, Bergström J. Effect of cigarette smoking on periodontal healing following
surgical therapy. J. Clin. Periodontol. 1990;17(5):324-328.
Harris RJ. The connective tissue with partial thickness double pedicle graft: the
results of 100 consecutively-treated defects. J. Periodontol. 1994;65(5):448-461.
Miller Jr PD. Root coverage with the free gingival graft: factors associated with
incomplete coverage. J. Periodontol. 1987;58(10):674-681.

29

18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.

Zucchelli G, Clauser C, De Sanctis M, Calandriello M. Mucogingival versus guided
tissue regeneration procedures in the treatment of deep recession type defects. J.
Periodontol. 1998;69(2):138-145.
Guo Sa, DiPietro LA. Factors affecting wound healing. J. Dent. Res. 2010;89(3):219229.
Velnar T, Bailey T, Smrkolj V. The wound healing process: an overview of the
cellular and molecular mechanisms. J. Int. Med. Res. 2009;37(5):1528-1542.
Barrientos S, Stojadinovic O, Golinko MS, Brem H, Tomic‐Canic M. Growth factors
and cytokines in wound healing. Wound Repair Regen. 2008;16(5):585-601.
Häkkinen L, Larjava H, Fournier BP. Distinct phenotype and therapeutic potential of
gingival fibroblasts. Cytotherapy. 2014;16(9):1171-1186.
Schroeder H, Lindhe J, Hugoson A, Münzel-Pedrazzoli S. Structural constituents of
clinically normal and slightly inflamed dog gingiva. A morphometric study. Helv.
Odontol. Acta. 1973;17(2):70-83.
Oyarzun A, Arancibia R, Hidalgo R, et al. Involvement of MT1-MMP and TIMP-2 in
human periodontal disease. Oral Dis. May 2010;16(4):388-395.
Costa-Rodrigues J, Fernandes MH. Paracrine-mediated differentiation and activation
of human haematopoietic osteoclast precursor cells by skin and gingival fibroblasts.
Cell Prolif. Jun 2011;44(3):264-273.
Seguier S, Tartour E, Guerin C, et al. Inhibition of the differentiation of monocytederived dendritic cells by human gingival fibroblasts. PLoS One. 2013;8(8):e70937.
Giannopoulou C, Geinoz A, Cimasoni G. Effects of nicotine on periodontal ligament
fibroblasts in vitro. J. Clin. Periodontol. 1999;26(1):49-55.
Rota MT, Poggi P, Boratto R. Human gingival fibroblast cytoskeleton is a target for
volatile smoke components. J. Periodontol. Jun 2001;72(6):709-713.
Semlali A, Chakir J, Rouabhia M. Effects of whole cigarette smoke on human
gingival fibroblast adhesion, growth, and migration. J. Toxicol. Environ. Health A.
2011;74(13):848-862.
Yu R, Wu M, Lin S, Talbot P. Cigarette smoke toxicants alter growth and survival of
cultured mammalian cells. Toxicol. Sci. Sep 2006;93(1):82-95.
Carroll Chapman SL, Wu LT. E-cigarette prevalence and correlates of use among
adolescents versus adults: a review and comparison. J. Psychiatr. Res. Jul
2014;54:43-54.
Schoenborn CA, Gindi RM. Electronic cigarette use among adults: United States,
2014. NCHS data brief. 2015;217:1-8.
Hon L. Electronic atomization cigarette. Google Patents; 2010.
Grana R, Benowitz N, Glantz SA. E-cigarettes. Circulation. 2014;129(19):19721986.
Grana R, Benowitz N, Glantz SA. Background paper on e-cigarettes (electronic
nicotine delivery systems). 2013.
Goniewicz ML, Knysak J, Gawron M, et al. Levels of selected carcinogens and
toxicants in vapour from electronic cigarettes. Tob. Control. 2013:tobaccocontrol2012-050859.
Vardavas CI, Anagnostopoulos N, Kougias M, Evangelopoulou V, Connolly GN,
Behrakis PK. Short-term pulmonary effects of using an electronic cigarette: impact on

30

38.
39.
40.

41.
42.
43.
44.
45.
46.
47.
48.
49.
50.

51.

respiratory flow resistance, impedance, and exhaled nitric oxide. Chest Journal.
2012;141(6):1400-1406.
Carnevali S, Nakamura Y, Mio T, et al. Cigarette smoke extract inhibits fibroblastmediated collagen gel contraction. American Journal of Physiology-Lung Cellular
and Molecular Physiology. 1998;274(4):L591-L598.
Meo S, Al Asiri S. Effects of electronic cigarette smoking on human health. Eur. Rev.
Med. Pharmacol. Sci. 2014;18(21):3315-3319.
Sancilio S, Gallorini M, Cataldi A, Sancillo L, Rana RA, di Giacomo V.
Modifications in Human Oral Fibroblast Ultrastructure, Collagen Production and
Lysosomal Compartment in Response to E-Cigarette Fluids. J. Periodontol.
2017(0):1-15.
Adamson J, Haswell LE, Phillips G, Gaça MD. In vitro models of chronic obstructive
pulmonary disease (COPD). Bronchitis: InTech; 2011.
Wald NJ, Hackshaw AK. Cigarette smoking: an epidemiological overview. Br. Med.
Bull. Jan 1996;52(1):3-11.
Linden GJ, Mullally BH. Cigarette smoking and periodontal destruction in young
adults. J. Periodontol. Jul 1994;65(7):718-723.
Tipton DA, Dabbous MK. Effects of nicotine on proliferation and extracellular matrix
production of human gingival fibroblasts in vitro. J. Periodontol. 1995;66(12):10561064.
Wong LS, Martins-Green M. Firsthand cigarette smoke alters fibroblast migration
and survival: implications for impaired healing. Wound Repair Regen. Jul-Aug
2004;12(4):471-484.
Poggi P, Rota MT, Boratto R. The volatile fraction of cigarette smoke induces
alterations in the human gingival fibroblast cytoskeleton. J. Periodontal Res. Jun
2002;37(3):230-235.
Rota MT, Poggi P, Baratta L, Gaeta E, Boratto R, Tazzi A. Tobacco smoke in the
development and therapy of periodontal disease: progress and questions. Bull. Group.
Int. Rech. Sci. Stomatol. Odontol. Oct-Dec 1999;41(4):116-122.
Esfahrood ZR, Zamanian A, Torshabi M, Abrishami M. The effect of nicotine and
cotinine on human gingival fibroblasts attachment to root surfaces. J. Basic Clin.
Physiol. Pharmacol. Sep 2015;26(5):517-522.
Qin Z, Ruinan S, Zhenkun Z. [Expression of heat shock protein 27 in cigarette smoke
extract-induced injury of human gingival fibroblasts]. Hua Xi Kou Qiang Yi Xue Za
Zhi. Feb 2016;34(1):17-22.
Misra M, Leverette RD, Cooper BT, Bennett MB, Brown SE. Comparative in vitro
toxicity profile of electronic and tobacco cigarettes, smokeless tobacco and nicotine
replacement therapy products: e-liquids, extracts and collected aerosols. Int. J.
Environ. Res. Public Health. Oct 30 2014;11(11):11325-11347.
Luppi F, Aarbiou J, van Wetering S, et al. Effects of cigarette smoke condensate on
proliferation and wound closure of bronchial epithelial cells in vitro: role of
glutathione. Respir. Res. Nov 25 2005;6:140.

31

APPENDICES
Appendix A: Tables
Appendix B: Figures

32

Appendix A: Tables
Table 1: Proliferation Assay- Mean Proliferation of HGF as a Percentage of the Control

Group

Control
ECV

CSE

Extract
Concentration
(%)
0

Mean HGF
Proliferation
(%)
100

SD

SEM

12.0

6.9

0.5
1
2
4
8
0.5
1
2
4
8

71.1
70.5
60.8
63.9
29.5
86.1
97.6
89.2
91.6
42.8

35.5
42.0
44.6
37.6
32.3
25.7
16.6
18.2
10.0
21.8

20.5
24.3
25.7
21.7
18.7
14.8
9.6
10.5
5.7
12.6

N=3 for all groups
P=0.02 between ECV and CSE dose–response curve, Two-Way ANOVA
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Table 2: Attachment Assay –Number of Attached HGF

Group

Mean
Attached
HGF (n)
18,305

SD

SEM

Median

Control

Extract
Concentration
(%)
0

366

149

18,250

0.0

ECV

1

17,083

2322

1342

17,750

2.7

CSE

4
1

12,277a
9,166c

947
144

547
83

12,000
9,250

34.3
49.3

4

7,666b

629

363

7,750

57.5

N=3 for all groups
Statistically significant difference in the mean number of attached HGF was found between the following groups:
a: ECV 4% vs. Control (P<0.001, One Way ANOVA)
b: CSE 4% vs. Control, CSE vs. ECV 4% (P<0.001, One Way ANOVA)
c: CSE 1% vs. Control (P=0.03, Kruskal-Wallis test)
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Inhibition
(%)

Table 3: Migration Assay – Percentage of Wound Closure

Group

Control
ECV
CSE

Extract
Conc. (%)
0
1
4
1
4

Mean % Wound Closure
Day 1
73.97
61.14
80.51
66.08
45.98

Day 2
96.59
96.10
95.16a
92.52
64.35 b

SD
Day 1
2.75
15.85
7.09
10.70
13.06

SEM
Day 2
1.31
2.02
2.06
3.84
18.2

N=3 for all groups
Statistically significant difference in the mean wound closure was found between the following groups:
Day 2
a: CSE 4% vs. ECV 4% (P=0.03, One Way ANOVA)
b: CSE 4% vs. Control (P=0.02, One Way ANOVA)
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Day 1
1.59
9.15
4.09
6.17
13.06

Day 2
0.76
1.16
1.19
2.22
10.56

Appendix B: Figures
Figure 1: Smoke-Conditioned Media Generation Set Up
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Figure 2: Schematic of the Proliferation Assay Steps
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Figure 3: Schematic of the Attachment Assay Steps

38

Figure 4: Schematic of the Migration Assay Steps
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Figure 5: Mean Proliferation as a Percentage of Control, After Exposure of HGF to ECV &
CSE.

* Statistically significant difference between ECV and CSE dose–response curve (P=0.02,
Two-Way ANOVA)
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Figure 6: HGF Attachment with CSE, ECV and Control Media

* Statistically significant difference between CSE 1%, CSE 4%, and ECV 1% compared to
control
# Statistically significant difference between CSE 4% and ECV 4%
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Figure 7: Wound Closure Under CSE, ECV and Control Media (phase-contrast images, 4x
magnification).
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Figure 8: Wounds closures under CSE, ECV and Control Media

* Statistically significant difference CSE 4% and ECV 4%
# Statistically significant difference between CSE 4 and Control
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