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Abstract

Objectives The primary objective of this in vitro experiment was an assessment of proliferative capacity, metabolic activity,
and potential cellular detriment of human periodontal ligament cells (hPDL) exposed to cigarette smoke (CS), electronic
cigarette vapor (eCV), and heated tobacco product aerosol (HTP), or air (control).

Materials and methods Using a CAD/CAM-designed exposition chamber, hPDL were exposed to CS, eCV, HTP, or air
(control) based on the Health Canada Intense Smoking Regime. Cell proliferation, metabolic activity, and cellular detriment
were assessed at various time points.

Results Compared to the control, hPDL exposed to CS exhibited significantly decreased cell numbers at all time points.
HTP exposure led to reduced cell numbers 48 h and 72 h post-exposure, while eCV-exposed cells showed no significant
decrease. The metabolic activity of eCV-treated hPDL was slightly reduced at 7 h but recovered at 24 h and 48 h. In contrast,
CS-treated cells exhibited significantly decreased metabolic activity at 24 h and 48 h, and HTP-exposed cells showed a sig-
nificant decrease after 48 h. Flow cytometry indicated both apoptotic and necrotic cell death following CS exposure, with
necrotic cell death being more pronounced.

Conclusions ¢CV and HTP demonstrated comparatively reduced detrimental effects on hPDL compared to CS.

Clinical relevance : The findings suggest that conventional cigarette smoke poses a substantial risk to periodontal health by
significantly impairing cell proliferation and metabolic activity. However, alternatives such as eCV and HTP may offer a
comparatively reduced risk.
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Introduction

Smoking adversely affects oral and periodontal health
through various mechanisms, including compromised
immune responses, impaired tissue healing, reduced muco-
sal blood flow, and altered bacterial colonization in the oral
cavity. These factors collectively contribute to an increased
risk of periodontal diseases, tooth loss, and oral cancers
among smokers [1].

In conventional cigarettes, the combustion of tobacco
leaves reaches temperatures ranging from 600 °C to 900 °C,
resulting in the release of more than 9,500 chemicals, of
which over 80 are classified as carcinogenic [2, 3]. Seek-
ing alternatives to traditional smoking, Electronic Nicotine
Delivery Systems (ENDS) have emerged as cessation aids.
E-cigarettes operate by vaporizing a liquid solution known
as “e-liquid” using a heating coil, producing inhalable vapor
devoid of combustion by-products [4]. Due to the dissimilar
composition of e-liquids compared to conventional ciga-
rette tobacco, and the absence of combustion in e-cigarette
vapor production, these devices are generally perceived as
posing fewer risks to health, including periodontal health
[5—-10]. “Heat-not-burn” devices operate by heating tobacco
to approximately 350 °C, producing a nicotine-containing
aerosol without combustion. Numerous independent stud-
ies have indicated a significant reduction—up to 90%—in
certain carcinogenic compounds present in heated tobacco
aerosol compared to traditional cigarette smoke, while nico-
tine levels remain unchanged. This evidence suggests that
transitioning from traditional cigarettes to heated tobacco
products could potentially mitigate the risk of chronic dis-
eases such as cardiovascular and respiratory conditions, as
well as oral diseases, e.g., periodontitis or oral cancer [4, 8,
11-15].

Human periodontal ligament cells (hPDL) have shown
sensitivity to chemical substances and inflammatory fac-
tors, among other exogenous stimuli [16]. Since many of the
molecules contained in both conventional cigarette smoke
and Electronic Nicotine Delivery Systems (ENDS) end up
in the oral cavity, their levels increase in saliva relative to
blood levels. They appear relevant among the molecules
suspected to represent a potential threat to the regenerative
potential of hPDL and possibly aggravate periodontitis [ 17—
19]. However, to date, no studies have directly compared
the effects of direct exposure of human periodontal ligament
cells (hPDL) to conventional cigarette smoke, electronic
cigarette vape, and the aerosol from tobacco “heat-not-
burn” devices in vitro.

This in vitro study was specifically designed to address
this gap in research by comprehensively examining the
potential risks associated with smoking replacement prod-
ucts. The primary objective was to investigate the impact
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of cigarette smoke (CS), e-cigarette vapor (eCV), heated
tobacco product (HTP) aerosol, and ambient air on key
cellular parameters including cell proliferation, metabolic
activity, as well as the induction of apoptosis and necrosis in
hPDL. The null hypothesis was that there are no significant
differences in the detrimental impact on h hPDL between
CS, HTP, or eCV.

Materials and methods
Cell culture

Human periodontal ligament cells (hPDL) were provided by
the research team led by Prof. Nicolai Miosge and isolated
following established protocols as previously outlined. In
brief, they were harvested from caries-free and periodon-
tally healthy teeth, which were removed during wisdom
tooth surgery or which had to be extracted for orthodon-
tic reasons [20]. Cultivation was conducted using a stan-
dard medium composed of Dulbecco’s Modified Eagle’s
Medium supplemented with 10% fetal calf serum, 1%
Penicillin/Streptomycin, and 1% L-glutamine (Gibco Invi-
trogen, Darmstadt, Germany). The cells were maintained
at 37 °C under conditions of 95% humidity and 5% CO?2.
Subsequent to reaching 80-90% confluence, hPDL passag-
ing was executed using Accutase Enzyme Cell Detachment
Medium (Sigma-Aldrich, St. Louis, MO, US) until the sev-
enth passage. Following cell counting, they were allocated
into four subgroups (eCV, CS, HTP, ambient air (control
group)), and seeded into 6-well plates at a density of 50,000
cells per well.

Exposure chambers and process of smoke and
aerosol exposure

To facilitate the exposure of cells to smoke and aerosols, cus-
tom-designed computer-aided manufactured (CAD/CAM)
exposure chambers were created in-house using FreeCAD
software (Version 0.20.1) and manufactured with MED610
material (Stratasys, Minnesota, United States) via Objet
Eden 260 3D-printer (Stratasys, MN, US). Each chamber
features four outlets, converging into a single tube connected
to a Watson-Marlow 530 S vacuum pump (Watson-Marlow,
Rommerskirchen, Germany) (Fig. 1). Smoke diffusers were
integrated into each chamber to ensure uniform distribution
of smoke and aerosols among the cells. The smoking device
was linked to an individual adapter connecting the chamber,
with a closable outlet tube for suction. The pump’s volume
flow rate was fixed at 1,650 ml/min [21]. hPDL cells pre-
pared in 6-well plates were positioned within the chamber at
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Fig. 1 Experimental setup. A On the left, the
exposition chamber with an attached cigarette

is shown. It is connected via a tubing system
with a three-way valve to a peristaltic pump (on
the right), which generates negative pressure to
produce equal puffs. B The aerosol flows into
the exposition chamber through two inlets and
is evenly distributed to the cells at the top of the
chamber by a two-stage system of smoke diffus-
ers. C and D Two-stage system of smoke diffus-
ers. E At the bottom of the chamber, the aerosol
is also channeled out evenly through a diffuser
and discharged at all four corners

predetermined locations, guided by markers on the chamber
base to ensure reproducibility.

Cigarette smoke (CS) was generated using Marlboro Red
cigarettes (Philip Morris, Munich, Germany). An SMOK
G-PRIV 2 Mod 230 W smoking device (Smok, Smoktech,
Shenzhen IVPS Technology Co. Ltd., Shenzhen, China)
operating at 30 W in conjunction with a Melo 2 clearomizer
and a Ni 0.15-ohm coil produced e-cigarette vapor (eCV).
The e-cigarette liquid composition included a base consist-
ing of 55% propylene glycol E1520, 35% glycerin E433,
and 10% H20O (Advanced Base Liquid), combined with
3 mg/ml nicotine, along with passion fruit/peach liquid
(both Riccardo Retail, Neubrandenburg, Germany). For
the generation of heated tobacco product aerosol (HTP),
HEETS were utilized in combination with an IQOS 3 Multi
tobacco heating system (both Philip Morris International,
New York) [11, 22]. The Health Canada Intense Smoking
Regime [23] was strictly adhered to for cell exposure to the
different aerosols. This regime specifies a puff volume of
55 ml over 2 s for each puff, with twelve puffs executed
over 6 min, corresponding to one puff every 30 s. A timer
regulated each puff by closing the three-way valve connect-
ing the device, smoking chamber, and air supply for 2 s,
ensuring consistent exposure to CS, eCV, or HTP. Follow-
ing exposure, samples were stored separately in incubators
set at 37 °C and 5% CO2 to prevent contamination, mutual
interference, or distortion of results.

Cell proliferation

The hPDL were stained with a fluorescent dye (Cell Tracker™
Red CMTPX dye, Invitrogen, Darmstadt, Germany; cata-
log number: C34552) at 24 h, 48 h, and 72 h post-exposure
to CS, eCV, HTP, or ambient air. Of importance is that an

flow towards the cells

negative pressure
provided by the pump

assessment of the early proliferative response following
exposure can be taken immediately after 24 h. This gives a
clear idea of the instant effect of the exposure on cell divi-
sion and early cellular behavior changes. The time point at
48 h is significant in comprehending whether the initially
observed changes at 24 h will be sustained, grow, or decline
with time. The later time point of 72 h is important to assess
the sustained impact of the exposure to cell proliferation. It
helps determine longer-term trends and potential cumula-
tive effects, giving a more complete picture of the cellular
response over several cell cycles.

Following the manufacturer’s staining protocol, the
supernatant was aspirated, and 3.6 pl of dye solution was
added to 1 ml of serum-free culture medium in each well.
The solution was replaced with a fresh medium after a
30-minute incubation period at 37 °C and 5% CO2. Sub-
sequently, four predetermined areas within each well were
selected and examined using a fluorescence microscope
(Biorevo BZ-9000, Keyence, Neu Isenburg, Germany) at
10x magnification, utilizing the corresponding software
(BZ-II Viewer Biorevo BZ-9000, Keyence). Cell quantifica-
tion was performed using ImagelJ software (NIH, Bethesda,
MD, USA).

Cellular metabolic activity

A resazurin-based colorimetric agent (AlamarBlue™ Cell
Viability Reagent, Invitrogen, Darmstadt, Germany; catalog
number: A50100 and A50101) was employed at 7 h, 24 h,
and 48 h time points, following the manufacturer’s instruc-
tions. Here, the 7 h, 24 h, and 48 h time points were selected
based on several combined factors that captured immediate
and longer-term cellular responses to exposure. More pre-
cisely, the 7 h early time point was determined to measure
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the immediate reaction of cells to exposure in terms of ini-
tial changes in metabolism and early markers of cell stress
or damage. This is because, at 24 h, continuing cellular
metabolic effects of the exposure would be considered mea-
surable. So, this time point would help verify whether meta-
bolic changes that appear at 7 h are a transient response or
remain permanent. Using the later time point of 48 h, we
tried to give a complete overview of dynamic changes in
cellular activities with metabolism, starting from immediate
reactions to more sustained effects.

Briefly, the cell culture medium was replaced with
medium containing 10% AlamarBlue™ 5 h before each
measurement, and cells were subsequently incubated at
37 °C and 5% CO2. Emission was then measured at a wave-
length of 600 nm with excitation at 538 nm using a Multi-
Mode Microplate Reader (SpectraMax iD5, Molecular
Devices, San Jose, CA, US) along with the corresponding
software (SoftMax Pro Version 7, Molecular Devices, San
Jose, CA, US).

Flow cytometric (FACS) assessment of apoptosis and
necrosis

After cellular exposure, followed by a 24-hour incubation
period at 37 °C and 5% CO?2 in the incubator, hPDL were
detached using Accutase Enzyme Cell Detachment Medium
and stained with propidium iodide (PI) (Thermo Fisher Sci-
entific, Waltham, MA, US) and Annexin V-APC (Thermo
Fisher Scientific, Waltham, MA, US) according to the man-
ufacturer’s protocol. Subsequently, 10,000 cells per sample
were analyzed using a BD FACS Canto II flow cytometer
(Becton Dickinson, Franklin Lakes, NY, US). Annexin
V-APC served as a fluorescence marker for the exposure of
phosphatidylserine, located on the outer cellular membrane
during apoptotic processes. Pl was utilized as a fluorescence
marker for the integrity of the outer cellular membrane,
indicative of necrosis or late cell death. Cells lacking stain-
ing were categorized as alive, those stained solely by PI as
necrotic, stained exclusively by Annexin V-APC as apop-
totic, and stained by both PI and Annexin V-APC as dead.
Two positive controls were incorporated into the measure-
ment: one for apoptosis (incubation with 10 uM staurospo-
rine for 14 h) and one for necrosis (incubation with 2,400
uM H202 for 2 h) to validate the correct staining of the
cell panel. Additionally, corresponding unstained controls
and single stains were conducted to correct for autofluores-
cent effects post-treatment with the indicated aerosols. The
acquired data were analyzed using the cytobank platform
(https://www.cy-tobank.org/, Cytobank, Inc., Santa Clara,
CA, US).
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Statistical analysis

Each experiment was conducted in a minimum of three
independent runs. Data were evaluated for minimum,
maximum, median, mean values, skewness, quartiles, and
standard deviations. Illustrations were conducted using
boxplots and bar charts. In further exploratory data analysis,
the Kolmogorov-Smirnov test assessed differences between
groups. The Mann-Whitney-U test was employed for p-val-
ues less than 0.05, whereas for p-values greater than 0.05,
a Student’s t-test for independent samples was utilized. A
multivariable analysis was conducted for confirmatory
evaluation, incorporating Bonferroni correction for multiple
testing. A p-value below 0.05 was considered statistically
significant. All statistical analyses and graphical represen-
tations were carried out using GraphPad Prism, Version 6
(GraphPad Software, Inc., San Diego, CA, US).

Results
Cell proliferation

Human periodontal ligament cells (hPDL) were stained at
24 h, 48 h, and 72 h post-exposure to cigarette smoke (CS),
e-cigarette vapor (eCV), heated tobacco product (HTP), or
ambient air using CellTracker Red to assess cell proliferation
(Fig. 2). Cells exposed to CS exhibited significantly lower
cell numbers, indicating reduced proliferation, compared to
control cells at all investigated time points (24 h, 48 h, and
72 h: p<0.001). Similarly, HTP-treated cells demonstrated
significantly reduced cell numbers after 48 h (» <0.001) and
72 h (p<0.001) compared to control cells. In contrast, there
was no significant reduction in cell numbers observed in
eCV-treated cells compared to cells exposed to ambient air.

Cellular metabolic activity

To evaluate cellular metabolic activity, hPDL were analyzed
using the resazurin-based AlamarBlue™ assay at 7 h, 24 h,
and 48 h post-exposure to CS, eCV, HTP, or ambient air
(Fig. 3). Cells exposed to cigarette smoke exhibited signifi-
cantly decreased metabolic activity after 24 h and 48 h com-
pared to control (p <0.001), indicating a substantial loss in
cellular viability. HTP-treated cells also displayed a notable
decline in cellular metabolic activity after 48 h (» <0.001),
consistent with the cell count findings. Conversely, cells
exposed to eCV demonstrated an initial decrease in cellular
viability after 7 h (p=0.023). However, no significant dif-
ference was observed at 24 h and 48 h post-exposure com-
pared to control cells.
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Apoptosis and necrosis

Flow cytometry (FACS) was utilized to evaluate apoptosis
and necrosis of hPDL exposed to CS, eCV, HTP, or ambient
air, analyzed at 24 h post-exposure via staining with prop-
idium iodide for cellular integrity and AnnexinV-APC to
assess apoptotic processes. Figure 4B and C depict a rep-
resentative panel of stained cells treated with the indicated
aerosols. The intact, living cells are situated in the lower
left quadrant, while the (early) apoptotic cells are located
in the upper left quadrant, dead cells (either late apoptotic
or necrotic) are positioned in the upper right quadrant, and
necrotic cells reside in the lower right quadrant. Two posi-
tive controls, one for apoptosis (staurosporine) and one
for necrosis (H202), were included in the measurement to
ensure correct staining of the cell panel (Fig. 4B). Although
not statistically significant, there was an observable decrease
in living cells following exposure to CS (Fig. 4A), along

\X > AN
A o &

with a notable increase in dead cells and a slight elevation
in apoptotic and necrotic cell death. In contrast, minimal to
no shift in the ratio between different cell populations was
observed in cells treated with eCV and HTP.

Discussion

The effects of cigarette smoke (CS) compared to various
commercially available tobacco substitutes on human peri-
odontal ligament cells (hPDL) remain unexplored. Thus,
the aim of this study was to investigate how exposures to
electronic cigarette vapor (eCV) and heated tobacco product
(HTP), in comparison to CS and air, impact hPDL in terms
of their proliferation, metabolic activity, and cell death.
Periodontal ligament cells play a crucial role in periodon-
tal health by producing collagen and contributing to forming
and regenerating periodontal connective tissue. They also
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Fig. 4 Flow cytometry was used to assess and understand the mecha-
nism of cell death following exposure to the different aerosols. A
shows the ratios between living, dead, apoptotic, and necrotic cells in
the cell population as columns. Shown are mean values, while stan-

function as essential immune system components, releas-
ing cytokines in response to pathogenic exposure, such as
those found in CS or eCV [17-19]. The metabolic function
of hPDL can significantly impact the success of systematic
periodontal therapy [24, 25].

In this study, we observed a notable reduction in the
metabolic activity of hPDL cells exposed to CS within
24 h, with levels dropping to less than 50% compared to
the air-exposed control by the 48-hour mark. These findings
underscore the sensitivity of hPDL to CS and suggest that
CS exposure could significantly impede periodontal regen-
eration. Similarly, the metabolic activity of cells exposed
to HTP was significantly diminished after 48 h compared
to the control group, although no significant differences
were observed at earlier time points. This indicates that the

@ Springer

dard deviations were not plotted in favor of clarity. B shows a panel of
stained cells of the two cell death controls, and C represents the stained
cells of the treatment groups under investigation. No significant differ-
ences between the groups were seen

impact of HTP on hPDL may be less severe than that of
CS. Conversely, in the group exposed to eCV, we noted a
decrease in metabolic activity after 7 h, with no significant
changes observed at 24 and 48 h. Considering the in vitro
nature of this study, these results align with existing find-
ings suggesting that eCV may primarily contribute to acute
damage, such as acute nicotine poisoning, rather than caus-
ing prolonged effects [6, 26]. A systematic review indicated
that nicotine concentrations encountered in in vitro studies
generally lack cytotoxicity on hPDL, suggesting that nico-
tine may not be the primary factor responsible for cellular
damage [27]. In contrast, the levels of nicotine found in the
saliva of users of smokeless tobacco products have been
shown to reach cytotoxic thresholds [28]. Despite this, the
injurious consequences of conventional tobacco smoking
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remain the most severe. For patients with periodontitis who
continue to smoke and are unable to quit, the use of eCV or
HTP may present a relatively milder alternative to conven-
tional CS.

Cell proliferation was significantly reduced in the CS-
treated cells at all measurement times, massively after 48 h
and even to less than 10% after 72 h compared to the con-
trol group. After 48 h and 72 h, the HTP group showed sig-
nificantly reduced cell proliferation compared to the control
group but remained at an average of over 50% even after
72 h. In the eCV group, the relative cell number was not
reduced at all. A comparable study by Pagano et al. dem-
onstrated a proliferation stimulation of oral fibroblasts and
keratinocytes by HTP [29]. In one of our previous studies,
a metabolic stimulation of human gingival fibroblasts by
eCV was also detectable [21]. In the context of interpreting
the findings from this study, it is conceivable that reduced
metabolic activity may impede the regenerative capac-
ity of the periodontal tissues. Nevertheless, it is essential
to acknowledge that an elevated proliferation rate, albeit
only occasionally observed in this study and without sta-
tistical significance, is recognized as a (soft) criterion for
malignancy. This aspect warrants further investigation in
future research endeavors. It may be imperative to ascertain
whether specific components present in HTP and eCV have
the potential to induce an elevated proliferation rate.

To realistically simulate the process of smoking and inha-
lation in vitro, a whole smoke exposure chamber was first
developed for use in early tests. CS, eCV, HTP, and air were
introduced into the square-bottomed chamber via two tubes
attached directly above the wells. The standardized protocol
was additionally supported by the strict use of The Health
Canada Intense Smoking Regim [23]. A counterargument to
this model could be that hPDL in the human body are not
covered with a liquid medium as in cell cultures. On the
other hand, PDL cells, at least in healthy human individu-
als, are usually not directly exposed to harmful substances
but are still covered by sulcus fluid, which in turn comes
very close to the simulation through the exposition cham-
ber. Another established method consists of first preparing
a smoke extract. Here, smoke is passed through a filter, and
the filtered substances are converted into a liquid, which is
then added to the cell culture [30]. The major disadvantage
of this conventional method is that the cells to be exam-
ined are only exposed to the particle phase, not the vapor
phase of the smoke. However, the smoke extract is not rep-
resentative of the entire smoke aerosol. In contrast, in whole
smoke exposure systems, where the particulate and vapor
phases are considered, the smoke’s physiological composi-
tion is considered [30-32]. St-Laurent et al. showed in a
standardized in vitro design that the choice of experimental
setup (cigarette smoke extract versus smoking chamber) has

a decisive influence on the test results [33]. The presence
of diverse and heterogeneous experimental designs poses
challenges when comparing the outcomes of various smok-
ing studies. Particularly within e-cigarettes and their vapor,
the wide range of available vaporizers, each offering adjust-
able settings, and the multitude of e-liquids on the market
contribute to the complexity and variability in research
protocols.

In summary, the findings from this in vitro study pro-
vide evidence to reject, at least partially, the null hypoth-
esis, asserting no significant differences in the detrimental
impact on hPDL between CS, HTP, or eCV. The most pro-
nounced proliferation-inhibiting and cytotoxic effects were
observed in response to exposure to conventional cigarette
smoke. Conversely, tobacco-free eCV exhibited the least
pronounced impact on hPDL in vitro. The adverse effects
of heated tobacco product aerosol fell intermediate between
the two. It is essential to note that, in contrast to e-cigarettes,
heated tobacco products are subject to standardization and
legal regulation, and users must adhere to specified techni-
cal settings.

In the clinical context, this in vitro study’s findings align
with and provide mechanistic insights that could elucidate
various clinical observations in periodontal health. Firstly,
our results corroborate findings from clinical studies indi-
cating that smokers exhibit poorer responses to periodontal
therapy compared to non-smokers [34]. Secondly, the direct
positive impact of smoking cessation on periodontal con-
ditions following therapy, as observed in former smokers
compared to non-smokers, is supported by our data [34].
Additionally, our study adds nuance to the understanding
of electronic cigarette use, as evidenced by comparable
clinical periodontal findings between e-cigarette smokers
and non-smokers [9, 10]. Furthermore, the hierarchy of
clinical outcomes following periodontal therapy—wherein
non-smokers demonstrate superior or comparable results to
e-cigarette smokers, who in turn fare better than smokers—
is substantiated by our findings [9, 10, 35, 36].

Conclusion

The study thus underlines the clinical importance of under-
standing the differential impact of CS, eCV, and HTP aero-
sols on hPDL cells. Periodontal ligament cells are in the
front line while maintaining periodontal health and tissue
regeneration. Data suggests relative risks in periodontal
health: CS causes substantial impairment of cell prolifera-
tion and metabolic activity; relative risks from alternatives
are likely to be less. These data would be significant for
dental clinicians and public health decision-makers, who
can warn people about the prospective risks accompanying
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smoking products. Additionally, awareness of these differ-
ent impacts can help develop targeted therapies and preven-
tive strategies for smokers, which may improve periodontal
treatment and oral health outcomes.
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