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Smoking is one of the major lifestyle-related risk factors for periodontal diseases. Modified risk tobacco
products (MRTP) offer a promising alternative in the harm reduction strategy for adult smokers unable to
quit. Using a systems toxicology approach, we investigated and compared the exposure effects of a
reference cigarette (3R4F) and a heat-not-burn technology-based candidate MRTP, the Tobacco Heating
System (THS) 2.2. Human gingival epithelial organotypic cultures were repeatedly exposed (3 days) for
28 min at two matching concentrations of cigarette smoke (CS) or THS2.2 aerosol. Results showed only
minor histopathological alterations and minimal cytotoxicity upon THS2.2 aerosol exposure compared to
CS (1% for THS2.2 aerosol vs. 30% for CS, at the high concentration). Among the 14 proinflammatory
mediators analyzed, only 5 exhibited significant alterations with THS2.2 exposure compared with 11
upon CS exposure. Transcriptomic and metabolomic analysis indicated a general reduction of the impact
in THS2.2 aerosol-exposed samples with respect to CS (~79% lower biological impact for the high THS2.2
aerosol concentration compared to CS, and 13 metabolites significantly perturbed for THS2.2 vs. 181 for
CS). This study indicates that exposure to THS2.2 aerosol had a lower impact on the pathophysiology of

human gingival organotypic cultures than CS.
© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

and ultimately alter the structure of the mucosal epithelium at the
surface of the gingiva (Coppe et al., 2008; Semlali et al., 2011; Villar

Periodontal diseases are inflammatory disorders that may lead
to the destruction of periodontal tissues and eventually tooth loss.
One of the major lifestyle-related risk factors for these diseases is
smoking (Genco and Borgnakke, 2013). It is reported in several
in vitro and in vivo studies that smoking can induce oxidative stress
(D'aiuto et al., 2010, Chapple et al., 2007; Tsai et al., 2005; Carnevali
et al., 2003), increase inflammatory responses and reduce the im-
mune response to microorganisms (Genco, 1996; James et al., 1999),
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and de Lima, 2003). The risk for a destructive periodontal disease
can be 5- to 20-fold greater for a smoker compared with a person
who has never smoked (Bergstrom, 2004).

While stopping smoking would clearly avoid further smoke-
related challenge and damage to the gingival epithelium as well
as to the respiratory tract and other organ systems such as the
blood vessels and the heart, not all adult smokers are able or willing
to quit. For these smokers, harm reduction through the develop-
ment of Modified Risk Tobacco Products (MRTP), such as e-ciga-
rettes and tobacco-heating devices, provides a promising
opportunity to deliver nicotine in an aerosol that contains less
harmful and potentially harmful constituents (HPHCs) than smoke

0278-6915/© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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from a tobacco burning cigarette (Rodu, 2011; Mejia et al., 2010;
Sweanor et al., 2007; Zeller et al., 2009; Stratton et al., 2001).
Specifically, the U.S. Family Smoking Prevention and Tobacco Con-
trol Act defines a Modified Risk Tobacco Product (MRTP) as any
tobacco product that is sold or distributed for use to reduce harm or
the risk of tobacco related disease associated with commercially
marketed tobacco products (Family Smoking Prevention And
Tobacco Control ACT, 2009).

The Tobacco Heating System (THS) 2.2! is such a candidate
Modified Risk Tobacco Product (MRTP), developed by Philip Morris
International, which is based on heating, rather than burning,
specifically designed tobacco sticks (Smith et al., 2016). Because of
the prevention of combustion, the THS2.2 aerosol contains greatly
reduced levels of the harmful and potentially harmful constituents
found in CS (Phillips et al., 2015; Schaller et al., 2016).

Over the past years, there has been a tremendous effort to
substitute animal models with in vitro experimental systems, in
line with the 3Rs principle (replacement, reduction, and refine-
ment) (Balls, 2010; Flecknell, 2002; Russell et al., 1959). For the
in vitro study of biological processes in the gingival epithelium,
human gingival epithelial organotypic cultures have been devel-
oped, in which normal human gingival keratinocytes form a fully
differentiated three-dimensional epithelial tissue (EpiGingival™s;
MatTek, Ashland, MA, USA) (Hai et al., 2006). Several aspects of
the in vivo situation are recapitulated by these gingival cultures:
EpiGingival™ cultures resemble the in vivo paradigm under
cytomegalovirus infection (Hai et al., 2006), they show good
reproducibility of the human situation for carcinogenic studies
(Agrawal et al., 2013; Mitchell et al.,, 2012), and they are suitable
for oral care product testing (Yang et al., 2011). In a recent study,
we found that gingival cultures also recapitulate several effects of
in vivo CS exposure, including the release of inflammatory medi-
ators and activation of cell stress networks (Schlage et al., 2014).

In the present study, we compared how THS2.2 aerosol and CS
affect the gingival epithelium of the EpiGingival™ system. To
better mimic the in vivo situation, the gingival cultures were
expose to cigarette smoke (CS) or the THS2.2 aerosol at the air-
liquid interface using a dedicated aerosol generation and expo-
sure equipment (Vitrocell). We assessed the impact of repeated (3
days) exposure at comparable concentrations of CS and THS2.2
aerosol matched by delivered nicotine dose. The endpoints of our
systems toxicology approach included cytotoxicity, histopathology,
inflammatory mediators, and molecular investigations using
transcriptomics (mRNA and miRNA) and metabolomics — com-
plemented by computational network biology analyses.

Overall, our findings elucidated the complex biological re-
sponses of gingival cultures to CS exposure in the EpiGingival™
model, providing evidence that the THS2.2 aerosol has lower bio-
logical effects than 3R4F CS on histopathology, gene expression,
inflammatory mediator secretion, and oxidative-stress related
metabolism.

2. Materials and methods
2.1. Vitrocell® 3R4F smoke and THS2.2 aerosol exposure

Two items were used for the exposures administered in this
study: 3R4F cigarettes (reference item) (University of Kentucky,
Kentucky Tobacco Research and Development Center, www.ca.uky.
edu/refcig) and THS2.2 sticks (test item) (PMI R&D, Neuchatel,
Switzerland). 3R4F cigarettes and THS2.2 sticks were conditioned
for at least 48 h and up to 21 days at 22 + 1 °C with a relative

1 THS is a patented novel tobacco product with the commercial name of iQOS™.

humidity of 60+ 3%, according to ISO standard 3402 (International
Organization for Standardization, 1999).

CS was generated from 3R4F reference cigarettes and the test
aerosol was generated from THS2.2, each inserted into a dedi-
cated 30-port carousel smoking machine SM 2000 (PMI R&D,
Neuchatel, Switzerland). For each exposure run, 10 3R4F ciga-
rettes were smoked for 10—11 puffs each to a standard butt
length (approximately 35 mm) and 10 THS2.2 sticks were aero-
solized up to 12 puffs each. These conditions were in accordance
with the Health Canada smoking regimen, with a 55 mL puff over
2 s, twice per min, with an 8 s pump exhaust time (Health
Canada, 1999).

3R4F CS or THS2.2 aerosol exposures were conducted via two
separate Vitrocell® 24/48 dilution and exposure systems (Vitro-
cell 24/48 for 24 well sized inserts; Vitrocell Systems GmbH,
Waldkirch, Germany). Inserts were placed in the climatic cham-
ber of the Vitrocell® exposure system and directly exposed to
diluted 3R4F CS or THS2.2 aerosol. Dilution was achieved with
filtered air conditioned to 60% relative humidity in the dilution
and distribution systems, as illustrated in Fig. S1.

A dose range finding (DRF) experiment, metabolomics in-
vestigations, and three experimental repetitions were performed
over a period of 4 months. For each repetition of the study, three
28-min exposures were performed over 3 days, one per day. For a
given exposure run, a paired design was implemented in which the
samples were exposed together with their corresponding air con-
trols during each exposure run (Fig. S1). Various endpoints were
measured for each group at different time points (Fig. 1).

2.2. Organotypic culture model

The human gingival epithelial organotypic culture model Epi-
Gingival™ (Gin-100) was purchased from MatTek (Ashland, MA,
USA). Undifferentiated epithelial cells were used to construct the
EpiGingival™ models. The gingival epithelial cells used throughout
the study were isolated from the same donor, a healthy non-
smoking male, age 46 years.

Upon delivery, gingival cultures had been grown for 14 days
after seeding. In order to complete the differentiation at the air-
—liquid interface according to the supplier's instructions, the
organotypic cultures were maintained in-house in fresh medium
(GIN-100-DM4a; MatTek) at 37 °C for 3 days before the exposure
experiments. After differentiation, organotypic cultures were
incubated in maintenance medium (GIN-100-MM; MatTek). Cells
were submersed in 100 pL phosphate buffered saline (PBS) on the
apical side, to mimic the moistening of saliva in vivo
(Moharamzadeh et al., 2009), and cultured with 0.7 mL medium in
24-well plates with Transwell® inserts (6.5 mm diameter, 0.4 pm
pore size; Greiner Bio-One, Monroe, NC, USA). Both media used in
the study (differentiation and maintenance) were produced by
MatTek and their composition has not been disclosed. 3 days after
arrival, organotypic cultures were exposed to 3R4F CS or THS2.2
aerosol according to the experimental design (Fig. 1).

Cultures were maintained until the following exposure (24 h) or
the final collection (4 h or 24 h post exposure) without changing
the medium and PBS; for the adenylate kinase (AK) assay and
collection of proinflammatory markers, medium was collected and
frozen before the second and third exposure and at the final
collection time point. The integrity of cultures was assessed
microscopically throughout the study by assessing hematoxylin/
eosin stained incubator controls at different days during the week
of experiment.
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Fig. 1. Study design. Human gingival epithelial organotypic cultures were exposed for 3 consecutive days to 28 min 3R4F CS or THS2.2 aerosol at two matching concentrations.
Before each exposure, basolateral medium was collected for different assays (AK and cytokine assays) and replaced with fresh medium; apical PBS was replaced before each
exposure. Different endpoints were analyzed at the indicated time points during three experimental repetitions (with three independent exposure runs each, n = 9 total). (v) for
24 h mRNA/miRNA endpoint indicates that only one experimental repetition (n = 3) was performed. 1, aerosol inlet; 2, culture well; 3, culture insert; 4, apical PBS; 5, organotypic

culture; 6, membrane; 7, medium.

2.3. Matching of 3R4F CS and THS2.2 aerosol concentrations by
deposited nicotine amount

We used nicotine as the internal reference compound to
compare and normalize the concentrations of THS2.2 aerosol with
those of 3R4F CS. Nicotine deposition was measured in CS-/aerosol-
exposed PBS samples. Briefly, 100 uL PBS was placed into steel in-
serts and exposed for 28 min to 3R4F CS or THS2.2 aerosol using the
Vitrocell® system. Nicotine concentrations were measured using
liquid chromatography (LC)—high-resolution accurate-mass—mass
spectrometry (MS) (Q Exactive™; Thermo Fisher Scientific, Wal-
tham, MA, USA). Nicotine quantitation was performed using iso-
topic dilution technique with nicotine-(methyl-d3) as internal
standard.

To derive nicotine-matched concentrations of 3R4F CS and
THS2.2 aerosol, the amounts of PBS-deposited nicotine were
measured in a DRF experiment in which different concentrations/
dilutions of 3R4F CS and THS2.2 aerosol were tested. From this, two
3R4F CS and two THS2.2 aerosol concentrations were selected
based on histopathological modifications and cytotoxicity, each
pair-matched for the delivered nicotine doses. By diluting 3R4F CS
with air to 25% we obtained an average concentration of 49.4 mg
nicotine/L, corresponding to a delivered dose of 4.94 ug nicotine/
100 pL PBS (or pg/insert, being the insert covered by 100 uL PBS).
This concentration, indicated in the text as 3R4F (Low) was selected
to induce limited cell damage and to support a more detailed
investigation of toxicity-related mechanisms associated with
exposure (Davis et al., 2013); THS2.2 aerosol was diluted with air to
75%, resulting in a delivered dose of 5.46 pg nicotine/insert (THS2.2
(Low)). For the high matching concentrations, 3R4F CS was diluted
to 35% yielding a deposited dose of 8.46 ug nicotine/insert (3R4F
(High)). This concentration was selected to cause marked histo-
logical alterations and to allow for investigations of what is
observed at the earlier 4 h time point at the gene transcription
level. THS2.2 aerosol was applied undiluted (100%) corresponding
to 10.04 pg nicotine/insert (THS2.2 (High)). The respective sham
groups for 3R4F and THS2.2 are defined as 3R4F (Air) or THS2.2
(Air) (Table 1).

2.4. Deposited carbonyls in the Vitrocell® base module following
3R4F CS and THS2.2 aerosol exposures

Carbonyls were measured in PBS following a 28-min exposure to
smoke or aerosol, 10 sticks per item, according to the Health Canada
smoking regimen described above. Briefly, before exposure, each
row in the cultivation base module of the Vitrocell® 24/48 was filled
with 18.5 mL PBS. Following exposure to a range of 3R4F CS and
THS2.2 aerosol concentrations, acetaldehyde, acetone, acrolein,
methyl ethyl ketone, crotonaldehyde, and propionaldehyde were
measured in a 1.2 mL aliquot collected from each PBS-exposed
sample (per row) and analyzed by high-performance LC coupled
with tandem MS, as previously reported (Majeed et al., 2014)
(Fig. S2).

2.5. AK-based cytotoxicity assay

AK release was used as a marker of cytotoxicity. AK was sampled
in a set of inserts 24 h after the first and second exposure sessions
and 4 h after the third or, in another set of inserts, 24 h after the
first, second and third exposure, according to the study design
(Fig. 1). Cell viability was assessed in basolateral medium of 3R4F
CS-exposed and THS2.2 aerosol-exposed organotypic cultures us-
ing an AK assay kit (ToxiLight™ bioassay kit; Lonza, Rockland, MA,
USA) according to the manufacturer's instructions. Luminescence
signals were measured with a FluoStar Omega reader (BMG Labtech
GmbH, Ortenberg, Germany). The three aliquots collected at
different time points were measured independently and then the
values of AK summed to indicate cumulative cytotoxicity through
the whole experimental session. AK values were calculated by
normalizing the average of the positive control (cultures treated
with 1% Triton X-100 for 24 h at the basolateral side) and the
negative control (untreated cultures). AK values from samples
treated with 1% Triton X-100 were considered as 100% cytotoxicity
(complete lysis of cells).

2.6. Histological analysis

Histological assessment was performed 24 h after the last
exposure to 3R4F CS or THS2.2 aerosol. Organotypic cultures were
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Table 1
Selected CS/aerosol concentrations and matching to delivered nicotine doses.

Group Name Smoke/aerosol Nicotine concentration measured in PBS (mg/L; Nicotine dose deposited in 100 pL PBS (pg/insert/28 min;
reported  concentration (%) average + SEM) average + SEM)
3R4F low 3R4F (Low) 25 494 + 1.89 4.94 + 0.189
concentration
3R4F high 3R4F 35 84.6 + 143 8.46 + 0.143
concentration (High)
THS2.2 low THS2.2 75 54.6 + 2.60 5.46 + 0.260
concentration (Low)
THS2.2 high THS2.2 100 100.4 + 4.83 10.04 + 0.483
concentration (High)

washed three times with PBS and fixed for 2 h in freshly prepared
4% (w/|v) paraformaldehyde. They were washed again at room
temperature, both apically and basally, three times with PBS once
fixation was completed. After this process, fixed cultures were
separated from the inserts by detaching the membrane from the
plastic with forceps and were bisected through the middle. Sections
were then processed with a Leica ASP300S tissue processor (Leica
Biosystem Nussloch GmbH, Nussloch, Germany). The two bisected
pieces/sample were embedded into one paraffin block. Five pm-
thick sections were obtained using a microtome and mounted on
glass slides. Slides were then transferred to an automated slide
stainer (Leica ST5020; (Leica Biosystem Nussloch GmbH)). Sections
were stained with a standard hematoxylin (Merck Millipore,
Schaffhausen, Switzerland) and eosin (Sigma-Aldrich, St. Louis, MO,
USA) (H&E) procedure. The stained slides were covered with a glass
coverslip using a Leica CV5030 fully automated coverslipper (Leica
Biosystem Nussloch GmbH).

For immunohistochemical staining, slides were incubated at
60 °C for a minimum of 30 min. They were then transferred to a
Leica Bond-Max autostainer for immunohistochemistry using a
Leica Bond™ polymer refine detection kit (#DS9800; Leica Bio-
system Nussloch GmbH). Slides were treated with ethyl-
enediaminetetraacetic acid, incubated with an E-cadherin antibody
(undiluted PA0387; Leica Biosystem Nussloch GmbH) and coun-
terstained with hematoxylin.

Three slides per condition/experimental replicate were stained.
A Hamamatsu NanoZoomer slide scanner (Hamamatsu Photonics,
K.K., Japan) was used to generate digital images of each slide. Im-
ages were acquired at 10 x , 63 x and 100 x magnification. The
digital images of the hematoxylin and eosin-stained sections were
independently assessed in a blinded manner by a certified pa-
thology. The findings were reported in a descriptive manner.

2.7. Cytochrome P450 (CYP) activity

The activity (combined) of cytochrome P450 (CYP) 1A1/1B1 was
measured 24 h after the last exposure in basolateral medium of
gingival cultures using the P450-Glo™ assay (Promega, Madison,
WI, USA), according to the manufacturer's instructions. Briefly,
organotypic cultures were incubated for 24 h prior to sample
collection in medium with luminogenic luciferin-CEE, a substrate
for both CYP1A1 and CYP1BI1. For this reason, it was not possible to
measure CYP1A1/1B1 activity at the 4 h post exposure time point.
Light was emitted upon addition of the luciferin detection reagent
and quantified after a 20-min incubation at room temperature in a
FluoStar Omega reader (BMG Labtech GmbH). For each of the three
experimental repetitions, three organotypic culture inserts were
treated with 30 nM 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) as
a positive control, added to the basolateral medium 48 h before
sample collection and replenished after 24 h. Three other inserts
per experimental repetition were treated with PBS in basolateral

medium for use as a negative control (0% activity).

2.8. Metabolomics data generation and analysis

Metabolomics was performed in collaboration with Metabolon
(Durham, NC, USA). Briefly, organotypic cultures were exposed to
fresh air, 3R4F CS (High), and THS2.2 aerosol (High). For each
sample, five organotypic cultures were pooled to obtain sufficient
cellular material for the assay (approximately 25 mg). The assay
was performed in five replicates (i.e. five separate exposure repe-
titions for each sample type) and metabolic alterations were
measured 4 h after the last exposure using Metabolon's global
untargeted biochemical profiling platform. More details are given
in the Supplementary Materials and Methods; an earlier version of
the profiling platform was described by Evans et al. (2009). Briefly,
metabolites were extracted from each sample (normalized by tis-
sue weight) with methanol and analyzed with four different MS-
based methods: two separate reverse phase (RP)/ultra perfor-
mance (UP)LC—MS/MS methods with positive ion mode electro-
spray ionization (ESI), one for analysis by RP/UPLC—MS/MS with
negative ion mode ESI, and one for analysis by hydrophilic inter-
action liquid chromatography/UPLC—MS/MS with negative ion
mode ESI. Raw data was extracted, peak-identified, and quality
control (QC) processed using Metabolon's software. Peaks were
quantified using the area-under-the-curve. A global variance sta-
bilizing normalization of the raw abundance data was performed
with the corresponding Bioconductor package in R (Huber et al.,
2002; Hultin-rosenberg et al, 2013). Following the common
approach taken by Metabolon (Fok et al., 2014; Saito et al., 2016),
missing values were assumed to be missing due to low abundance
and were imputed as the minimum value separately for each
metabolite (Fig. S7A shows the percent imputed values per
metabolite). A linear model was fitted for each exposure condition
and the corresponding air-exposed group, and p-values from a
moderated t-statistic were calculated using the empirical Bayes
approach (Gentleman et al., 2004). The Benjamini—Hochberg false
discovery rate (FDR) method was used to correct for multiple
testing effects. Metabolites with an adjusted p-value <0.05 were
considered differentially abundant. For comparison, the differential
abundance results without imputation are also shown in Fig. S7B.
The data is available as Table S4.

2.9. Transcriptomics data generation and analysis

Total RNA from 72 samples was isolated and purified (9 bio-
logical replicates for 4 h and 3 biological replicates for 24 h; for six
sample groups including paired controls: THS2.2 (Low, High, sham
control), 3R4F (Low, High, sham control) (Supplementary Materials
and Methods: RNA and miRNA purification). The resulting cocktail
was successfully hybridized into Affymetrix GeneChip® HG U133
Plus 2.0 arrays for 69 samples to generate CEL files containing the
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probe set intensity values (three 3R4F (High) 24 h samples had to
be discarded due to too low RNA concentration) (Supplementary
Materials and Methods: mRNA microarrays). The raw data contained
in the CEL files underwent quality controls, discarding three addi-
tional CEL files (three 3R4F (High), 4 h samples), before being
transformed into the normalized expression matrix used to calcu-
late the gene differential expressions (Supplementary Materials and
Methods: mRNA differential expression calculation). To perform a
comparative systems toxicology assessment of exposures to 3R4F
CS and THS2.2 aerosol, a collection of 28 causal biological networks
covering the main biological processes in the pulmonary system
(Boue et al.,, 2015) was used, which were a priori considered as
relevant to capture the response of exposed gingival cultures. Gene
differential expression values were computed using the 28 network
models to derive the network perturbation amplitude (NPA) and
biological impact factor (BIF), which quantify the systems response
in terms of network perturbations (Martin et al., 2014) (Supple-
mentary Materials and Methods: Network-based systems toxicology
assessment). Gene set analysis (GSA) was included as a widely used
approach for interpreting gene differential expressions and aimed
at confirming and possibly complementing NPA results (Supple-
mentary Materials and Methods: Gene-set analysis).

2.10. miRNomics data generation and analysis

Mature microRNAs (miRNAs) from the same 72 samples as for
transcriptomics were isolated and purified (Supplementary Mate-
rials and Methods: miRNA purification). The resulting cocktail was
successfully hybridized into Affymetrix GeneChip® miRNA 4.0 ar-
rays for 69 samples to generate the CEL files containing probe set
intensity values (three 3R4F (High) 24 h samples had to be dis-
carded due to too low RNA concentration) (Supplementary Materials
and Methods: miRNA microarrays). The raw data contained in the
CEL files underwent quality controls, discarding four additional CEL
files (three sham and one 3R4F (Low) 24 h sample), and several
detection call-based filtering steps before being transformed into
the final normalized expression matrix used to calculate miRNA
differential expressions (Supplementary Materials and Methods:
miRNA differential expression calculation). Three candidate inte-
grated miRNA-mRNA networks for relevant biological processes
(oxidative stress, xenobiotic metabolism, and inflammation) were
generated through the use of QIAGEN's Ingenuity® Pathway Anal-
ysis (IPA®; QIAGEN Redwood City, www.qiagen.com/ingenuity)
using the differential expression data (Materials and Methods: In-
tegrated analysis of miRNA and mRNA expression profiles). The NPA
formula (1/Nedges) *+ > miRNA-mRNA edges (BmiRrNA - BrnRNA)2 was eval-
uated using miRNA and mRNA differential expressions (Pmirna and
Bmrna) and the three candidate integrated miRNA-mRNA networks
assembled previously. Similarly to the comparative network-based
systems toxicology assessment described above, the miRNPA values
quantify network-level activity changes between exposed and
control sample groups (Supplementary Materials and Methods:
Network-based integrated miRNA-mRNA assessment).

2.11. Integrated analysis of miRNA and mRNA expression profiles

To determine mRNA-miRNA interactions, we analyzed the
target genes of differentially expressed miRNA using QIAGEN's IPA®
(QIAGEN Redwood City) tools (version March 2016). We set the cut-
off for up-regulated miRNAs at >1.2-fold change and <0.83 for
down-regulated miRNAs. No significant number of differentially
expressed miRNA was found for the low 3R4F CS and THS2.2
aerosol concentrations. Therefore, we decided to use only the high
doses of nicotine in 3R4F CS and THS2.2 aerosol, 4 h post exposure.
We generated high confidence miRNA target predictions as well as

experimentally observed miRNA-mRNA interactions using the IPA®
tool called “MicroRNA Target Filter”, which integrates multiple
target prediction algorithms such as TargetScan, TarBase, miR-
ecords, and the Ingenuity Knowledge Base. Opposite expression
pairing between miRNA and mRNA levels was implemented to
further refine the analysis. Further filtering options, such as specific
tissues/cell lines related to the epidermis, were applied as confi-
dence parameters. The resulting miRNA-mRNA interaction pairs
were mapped with the previously identified differentially
expressed mRNAs, for which a FDR threshold was set at 0.05. The
resulting interaction networks of differentially expressed miRNAs
and mRNAs were visualized by IPA®.

To identify the most relevant canonical pathways affected in our
biological system, we excluded some pathways not related to
gingival biology, these being cancer, cardiovascular signaling,
pathogen-influenced signaling, and neurotransmitters and other
nervous system signaling. Using the “Build-Path Explorer” option in
IPA®, we identified all the relationships among genes and miRNAs
in the cluster. The following option was selected:
Interactions = Only “direct”, and all other options were left as
default. Subsequently, using the “Path Designer” tool in IPA® and
using the “Overlay-Canonical Pathways” option, we added all the
canonical pathways involved in oxidative, xenobiotic, and inflam-
mation stress.

2.12. Luminex-based measurement of secreted analytes

Measurement of secreted proinflammatory mediators was per-
formed 24 h after each exposure session (Fig. 1) by collecting 200-
uL aliquots of basolateral medium from organotypic culture inserts.
Profiling was done using Luminex® xMAP® technology (Luminex,
Austin, TX, USA) with commercially available assay panels (EMD
Millipore Corp., Schwalbach, Germany) to detect the following
mediators: TNFa, chemokine (C-C motif) ligand (CCL)2, CCL5,
colony-stimulating factor (CSF)2, CSF3, IL-6, IL-8, IL-1A, IL-1B,
chemokine (C-X-C motif) ligand (CXCL)1, CXCL10 (named also
Interferon gamma-induced protein 10 (IP-10)), MMP-1, MMP-9,
and vascular endothelial growth factor alpha (VEGFA). The assay
was performed according to the manufacturer's instructions.
Briefly, 25 pL diluted or undiluted sample was used for each
detection and analysis was conducted on a Luminex®, 200™, or
FLEXMAP 3D® reader, equipped with XPONENT software (Lumi-
nex). Three samples were treated for 24 h with TNFA and IL-1B
(each at a 10 ng/mL final concentration) in basolateral medium as
a positive control. As a negative control, a second set of triplicate
samples was treated for 24 h with PBS in basolateral medium.
Positive and negative controls were used fresh for each experi-
mental repetition. Whenever measured concentrations fell below
the limit of quantitation, a constant value was used (i.e. half of the
lower limit of detection).

2.13. Statistical and reproducibility analysis

Statistical analysis was performed using SAS software version
9.2 (SAS, Wallisellen, Switzerland) on data from AK assays, CYP
activities, and Luminex-based measurements of secreted media-
tors. Mean and standard error of the mean (SEM) values are re-
ported unless otherwise specified. Comparisons of data from an
exposed sample vs. its air control (i.e. the paired-sample from the
same exposure run) were performed using a paired t-test. Com-
parison of data from a tissue exposed to 3R4F CS vs. THS2.2 aerosol
was performed after appropriate air controls (i.e. using paired
samples) had been subtracted, using a t-test corrected for non-
equal variance (Satterthwaite correction). The raw p-values ob-
tained are reported. Before applying the paired t-test to data from
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secreted mediator analyses (Luminex assay), values were trans-
formed using natural log transformation.

3. Results

3.1. Effects of 3R4F CS and THS2.2 aerosol on culture viability and
morphology

Using a 3-day repeated exposure regime, the effects of 3R4F CS
and THS2.2 aerosol on human gingival epithelial organotypic cul-
tures were tested at two pair-matched concentrations by delivered
nicotine dose: 4.94 and 8.46 ug nicotine/insert for 3R4F (Low) and
3R4F (High) and 5.46 and 10.04 pg nicotine/insert for THS2.2 (Low)
and THS2.2 (High), respectively (Table 1). To mimic the moistening
of gingival mucosa in the oral cavity, we wetted the gingival cul-
tures with PBS on the apical side during the experiments (see
methods for details).

To assess the effects on cell viability, we measured AK (adenylate
kinase) release into basolateral media over the whole period of

A

4 h Post-Exposure

exposure and 4 and 24 h after the last exposure. The results in
Fig. 2A report the cumulative AK release and indicate that gingival
cultures were not damaged by either 3R4F CS or THS2.2 aerosol up
to 4 h after the last exposure (see also Fig. S3 for AK release results
after each exposure). In contrast, cytotoxicity was detected 24 h
after the last exposure (Fig. 2B), proportionally to the 3R4F CS
concentration applied (nearly 9% for 3R4F (Low) and around 30% for
3R4F (High)); no major cytotoxicity was observed for THS2.2
aerosol-exposed cultures at both concentrations tested.

Epithelia commonly respond to topical irritation challenges
through morphological adaptations (e.g., keratinization, meta-
plasia), while strong irritation and toxicological challenges result in
morphologically visible tissue damage. To detect irritation-related
morphological alterations due to CS or THS2.2 aerosol exposure,
we performed histopathological analysis of the gingival cultures
(Fig. 2C). Gingival cultures exposed to air (sham) for both 3R4F and
THS2.2 groups maintained the physiological structure of the cor-
nified, stratified squamous epithelium, where distinct cell layers
were observable, these being stratum basale, stratum spinosum,

24 h Post-Exposure

*
N Eso . X s 30 []
z 9 20
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X e 3 £ *
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= ©10 4 s o 104 I
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3R4F (Air)

Fig. 2. Cytotoxicity and tissue morphology of organotypic gingival cultures exposed to 3R4F CS and THS2.2 aerosol. Mean cumulative cytotoxicity levels were assessed using
the AK assay at 4 h (A) and 24 h (B) post exposure time points. AK levels were normalized to values of the positive control (Triton-X-treated cultures, considered 100% cytotoxicity).
Error bars indicate SEM (n = 9). *p < 0.05, compared with the corresponding air control; #p < 0.05, compared with matching concentrations of 3R4F CS. (C) Representative images of
H&E-stained gingival cultures after 24 h from the last exposure to 3R4F CS (left) or THS2.2 aerosol (right). Abbreviations indicate different layers of gingival cultures: M, membrane;
SB, stratum basale, SS, stratum spinosum; SG, stratum granulosum; SC, stratum corneum. H&E images show 20 x magnification, and 63 x magnification for image insets. n = 9.
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Biological Impact Factor (all 28 networks)
Cell Fate (CFA - 5 networks)

Cell Proliferation (CPR - 15 networks)
Cellular Stress (CST - 6 networks)
Inflammation (IPN - 2 networks)

Apoptosis (CFA-1)

Autophagy (CFA-2)

Necroptosis (CFA-3)

Response To DNA Damage (CFA-4)
Senescence (CFA-5)

Calcium (CPR-1)

Cell Cycle (CPR-2)

Cell Interaction (CPR-3)

Clock (CPR-4)

Epigenetics (CPR-5)

Growth Factor (CPR-6)

Hedgehog (CPR-7)

Hox (CPR-8)

Jak Stat (CPR-9)

Mapk (CPR-10)

MTor (CPR-11)

Notch (CPR-12)

Nuclear Receptors (CPR-13)

PGE2 (CPR-14)

Wnt (CPR-15)

Endoplasmic Reticulum Stress (CST-1)
Hypoxic Stress (CST-2)

NFE2L2 Signaling §CST—3)

Osmotic Stress (CST-4)

Oxidative Stress (CST-5)

Xenobiotic Metabolism Response (CST-6)
Epithelial Innate Immune Activation (IPN-1)
Tissue Damage (IPN-2)

KEGG collection — Q1, (FDR<0.05)*|stat| (209 pathways)
KEGG collection — Q2, (FDR<0.05)*|stat| (209 pathways)
Network-matching subset - Q1, (FDR<0.05)*|stat| (22 pathways)
Network—matching subset — Q2, (FDR<0.05)*|stat| (22 pathways)
Immune-related subset — Q1, (FDR<0.05)*|stat| (8 pathways)
Immune-related subset — Q2, (FDR<0.05)*|stat| (8 pathways)
Metabolism subset - Q1, (FDR<0.05)*|stat| (44 pathways)
Metabolism subset - Q2, (FDR<0.05)*|stat| (44 pathways)
Metabolism/Signaling subset — Q1, (FDR<0.05)*|stat| (7 pathways)
Metabolism/Signaling subset — Q2, (FDR<0.05)*|stat| (7 pathways)
Signaling subset — Q1, (FDR<0.05)*|stat| (145 pathways)
Signaling subset — Q2, (FDR<0.05)*|stat| (145 pathways)
Stress Response subset — Q1, (FDR<0.05)*|stat| (5 pathways)
Stress Response subset - Q2, (FDR<0.05)*|stat| (5 pathways)

Differentially Expressed Genes — (FDR<0.1)*|FC| [maximum=11641
Differentially Expressed Genes — (FDR<0.05)*|FC| [maximum=10196
Differentially Expressed Genes — (FDR<0.01)*|FC| [maximum=7683]
Differentially Expressed Genes — (FDR<0.001)*|FC| [maximum=5487

Differentially Expressed microRNAs - (FDR<0.1)*|FC| [maximum=185
Differentially Expressed microRNAs — (FDR<0.05)*|FC| [maximum=148
Differentially Expressed microRNAs — (FDR<0.01)*|FC| [maximum=104
Differentially Expressed microRNAs — (FDR<0.001)*|FC| [maximum=67

Normalized value

Low
High
Low
High

3R4F THS2.2

Fig. 3. Overview of the impact of 3R4F CS or THS2.2 aerosol exposures on differential expression of genes. Values are normalized to the interval [0, 1] in a row-wise manner.
Details of their calculations and meanings are given in the Materials and Methods section. The uppermost panel displays the biological impact factor (BIF), which quantifies the
overall impact of the exposures using the full suite of networks. It also includes the contribution of the four network families to the overall BIF (cell fate and angiogenesis (CFA), cell
proliferation (CPR), cellular stress (CST), and pulmonary inflammation (IPN)). The contributions of network families result from aggregation of network perturbation amplitudes
(NPA) for each single network; these are shown for each relevant network in the middle panel. The “*” indicates statistically significant network perturbations, as explained in the
Materials and Methods section. Overall results of gene set analyses (GSA) are displayed in the next panel for KEGG collection and the two standard statistical tests (Q1 and Q2). Also
shown are specific subsets of KEGG collection: first, the 22 pathways matching the mechanistic networks, and second, the five broad categories of the 228 pathways contained in
the KEGG collection. To enhance the differences between the columns, displayed values were defined as sums of absolute values of gene set-level statistics (i.e. fold-change mean)
for the statistically significant gene sets in each category. The two lower panels show the number of differentially expressed genes (DE) and miRNAs (miRDE) for four distinct
statistical significance thresholds, to identify possible threshold effects. Again, sums of absolute values of fold-changes of statistically significant genes or miRNAs are displayed to
enhance differences between columns. n = 6-9.
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List of miRNAs affected by 3R4F CS and THS2.2 aerosol exposure.

3R4F Symbol Log2 Ratio 3R4F (High)
miRNA up-regulated miR-149-3p (and other miRNAs w/seed GGGAGGG) 1.069
miR-4454 (miRNAs w/seed GAUCCGA) 0.971
miR-762 (and other miRNAs w/seed GGGCUGG) 0.776
miR-1343-5p (and other miRNAs w/seed GGGGAGC) 0.741
miR-150-3p (miRNAs w/seed UGGUACA) 0.740
miR-92b-5p (miRNAs w/seed GGGACGG) 0.721
miR-572 (miRNAs w/seed UCCGCUC) 0.618
miR-292b-5p (and other miRNAs w/seed CUCAAAA) 0.600
miR-4734 (miRNAs w/seed CUGCGGG) 0.591
miR-4707-5p (miRNAs w/seed CCCCGGC) 0.574
miR-4467 (miRNAs w/seed GGCGGCG) 0.568
miR-1908-5p (and other miRNAs w/seed GGCGGGG) 0.552
miR-1275 (and other miRNAs w/seed UGGGGGA) 0.544
miR-4634 (miRNAs w/seed GGCGCGA) 0.491
miR-4651 (and other miRNAs w/seed GGGGUGG) 0.485
miR-1207-5p (and other miRNAs w/seed GGCAGGG) 0.473
miR-3473b (and other miRNAs w/seed GGCUGGA) 0.448
miR-3937 (miRNAs w/seed CAGGCGG) 0.448
miR-29b-1-5p (miRNAs w/seed CUGGUUU) 0.423
miR-4676-5p (and other miRNAs w/seed AGCCAGU) 0.410
miR-3648 (miRNAs w/seed GCCGCGG) 0.385
miR-320b (and other miRNAs w/seed AAAGCUG) 0.384
miR-4690-5p (miRNAs w/seed AGCAGGC) 0.381
miR-665 (and other miRNAs w/seed CCAGGAG) 0.357
miR-2861 (and other miRNAs w/seed GGGCCUG) 0.323
miR-375-3p (and other miRNAs w/seed UUGUUCG) 0.309
miR-3187-3p (miRNAs w/seed UGGCCAU) 0.308
miR-194-5p (miRNAs w/seed GUAACAG) 0.307
miR-4508 (and other miRNAs w/seed CGGGGCU) 0.305
miR-3621 (miRNAs w/seed GCGGGUC) 0.296
miR-675-5p (and other miRNAs w/seed GGUGCGG) 0.286
miR-658 (miRNAs w/seed GCGGAGG) 0.278
miR-224-5p (miRNAs w/seed AAGUCAC) 0.274
miR-324-5p (miRNAs w/seed GCAUCCC) 0.269
miR-24-1-5p (and other miRNAs w/seed GCCUACU) 0.265
miRNA down-regulated miR-30c-5p (and other miRNAs w/seed GUAAACA) —0.269
miR-342-3p (miRNAs w/seed CUCACAC) -0.432
miR-423-3p (miRNAs w/seed GCUCGGU) —0.466
miR-4710 (miRNAs w/seed GGUGAGG) -0.471
miR-125b-5p (and other miRNAs w/seed CCCUGAG) -0.497
miR-3935 (miRNAs w/seed GUAGAUA) —0.542
THS2.2 Symbol Log2 Ratio THS2.2 (High)
miRNA up-regulated — —
miRNA down-regulated miR-23a-5p (and other miRNAs w/seed GGGUUCC) —0.299
3R4F + THS2.2 Symbol Log2 Ratio 3R4F (High) Log2 Ratio THS2.2 (High)
miRNA up-regulated miR-4530 (miRNAs w/seed CCAGCAG) 1.75 0.306
miR-4443 (miRNAs w/seed UGGAGGC) 1117 0.466
miR-494-3p (miRNAs w/seed GAAACAU) 0.564 0.37
miR-642a-3p (and other miRNAs w/seed GACACAU) 0.461 0.275
miRNA down-regulated miR-296-3p (miRNAs w/seed AGGGUUG) -1.835 —0.696
miR-4669 (miRNAs w/seed GUGUCCG) —1.505 -0.625
miR-3141 (miRNAs w/seed AGGGCGG) -1.415 —0.602
miR-188-5p (and other miRNAs w/seed AUCCCUU) -1.27 —0.551
miR-3682-3p (miRNAs w/seed GAUGAUA) —1.242 —0.555
miR-3911 (and other miRNAs w/seed GUGUGGA) -1.236 -0.576
miR-4462 (miRNAs w/seed GACACGG) -1.113 -0.428
miR-4459 (miRNAs w/seed CAGGAGG) -0.994 -0.521
miR-1268a (and other miRNAs w/seed GGGCGUG) —0.952 —0.387
miR-1302 (and other miRNAs w/seed UGGGACA) —0.888 -0.315
miR-617 (miRNAs w/seed GACUUCC) —0.862 -0.277
miR-1306-3p (miRNAs w/seed CGUUGGC) -0.824 -0.276
miR-193a-5p (miRNAs w/seed GGGUCUU) -0.812 -0.273
miR-4521 (miRNAs w/seed CUAAGGA) -0.77 —0.368
miR-1224-5p (and other miRNAs w/seed UGAGGAC) -0.728 —0.406
miR-3613-5p (miRNAs w/seed GUUGUAC) —0.448 —-0.281
miR-4750-5p (miRNAs w/seed UCGGGCG) -0.324 -0.263

The upper table describes the miRNA impacted only by 3R4F CS, the middle table indicates the miRNA impacted only by THS2.2 aerosol, while the bottom table
(3R4F + THS2.2) indicates miRNA regulated by both 3R4F CS and THS2.2 aerosol. Log2 Ratio indicates the logarithm to base 2 of the fold change difference with the respective

air control.

stratum granulosum, and stratum corneum. Twenty-four hours
post exposure to 3R4F CS, clear histological modifications were

observed: at the low 3R4F CS concentration (middle left panel) the
distinction between stratum granulosum and stratum corneum
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became blurry or completely lost with the presence of keratohya-
line granules in both layers; occasional atrophy of the stratum
spinosum was observed. At the high 3R4F CS concentration (lower
left panel), the tissue models appeared severely damaged, showing
complete loss of the stratum spinosum (atrophy), keratinization
extending until the stratum basale or even the membrane; overt
apoptosis/karyorrhexis/pyknosis was present.

THS2.2 aerosol-exposed samples (Fig. 2C, right panels) showed
minor changes, with only sporadic atrophy observed and loss of
clear distinction between stratum granulosum and stratum cor-
neum proportional to the THS2.2 aerosol concentration; the
morphological alterations observed were clearly less pronounced
with respect to the corresponding 3R4F CS-exposed counterparts.

3.2. Biological impact of 3R4F CS and THS2.2 aerosol based on
transcriptional changes

Measurement of cytotoxicity using the AK assay indicated that
4 h after the repeated exposures to 3R4F CS and THS2.2 aerosol cell
death was very limited; whereas at 24 h, we observed extensive
morphological alteration and cytotoxicity following 3R4F CS
exposure, (Fig. 2A and B). The absence of overt cell death allows the
investigation of toxicity-specific mechanisms associated with
exposure, instead of effects reflecting morphological alterations
associated only with severely damaged tissue (Davis et al., 2013).
Therefore, we focused on the 4 h post exposure time point to
measure transcriptional changes and perform a systems
toxicology-based assessment of 3R4F CS and THS2.2 aerosol ex-
posures. We also measured transcriptional changes 24 h after the
last exposure in a more exploratory manner, as only three replicates
were produced (rather than nine) and no data were available for
the more toxic high 3R4F CS concentration.

Our pipeline inputting transcriptomic profiles and yielding
network-based systems toxicology assessment is based on standard
microarray technologies and operates in an open-source compu-
tational environment to quantify the systems response in terms of
network perturbations (Martin et al., 2014) represented by the BIF
and the NPA scores (see Materials and Methods).

The BIF panel illustrated in Fig. 3 quantifies the overall biological
impact of 3R4F CS and THS2.2 aerosol and can be broken down into
the contributions of four network families (cell fate and angio-
genesis (CFA), cell proliferation (CPR), cell stress (CST), and in-
flammatory process network (IPN)). The heatmap shows that, at
both the overall and network-family levels, the impact of 3R4F CS
was higher than THS2.2 aerosol, and increasing with CS
concentration.

In the NPA panel (Fig. 3) these quantitative results are broken
down into the effects of 3R4F CS and THS2.2 aerosol for all net-
works of the collection (Table S1). The major changes were induced
by 3R4F CS exposure and were impacting almost all networks, with
a concentration-dependent effect. The most significant alterations
were observed for networks belonging to the CFA-, CST-, and IPN-
related families. Differently to the other networks, the “Xenobi-
otic Metabolism Response” network was equally perturbed by the
exposures to 3R4F CS low and high concentrations, while the
reduction upon exposures to THS2.2 aerosol was less pronounced
than for other networks. Some of the networks were exclusively
impacted by 3R4F CS, like “Calcium”, “Hedgehog”, “PGE2”, “Endo-
plasmic Reticulum Stress”, and “Hypoxic Stress”. Overall, the
response to THS2.2 aerosol was always much lower than to 3R4F CS
at comparable concentrations, except for the xenobiotic meta-
bolism network.

We completed our network-based systems toxicology assess-
ment by performing common gene-set analysis GSA to confirm and
possibly extend the obtained results (see Materials and Methods).

GSA involves gene sets covering biological processes that are not
necessarily included in the networks used in NPA/BIF calculations
and is therefore also suitable for exploratory investigations. We first
extracted 22 “confirmatory” KEGG pathways overlapping with key
molecules belonging to our network list. Then five broad pathway
categories were defined by grouping the 209 KEGG pathways by
gene content and biological processes (Zanetti et al., 2016). Two
standard GSA statistical tests were applied: the competitive Q1
(permutation of genes) and the self-contained Q2 (permutation of
samples) (Nam and Kim, 2008). The GSA panel (Fig. 3) shows that
the Q2 results exhibit the same pattern as the network-based sys-
tems toxicology results: strong dose-dependent enrichments for
gingival cultures exposed to 3R4F CS, whereas exposure to THS2.2
aerosol did not return comparable values. These results support the
suitability of the GSA Q2 test as a confirmatory quantification of the
biological impact of exposure. They reflect the fact that Q2 specif-
ically tests the association between one gene set and the treatment
effects, whereas Q1 compares one gene set with another. A detailed
illustration of the 22 network-matching pathways of the KEGG
collection can be found in Fig. S4.

The differentially expressed genes shown in the respective panel
(DE) of Fig. 3 indicate that the impact of 3R4F CS on gene expression
was higher than THS2.2 aerosol at all the concentrations tested.
Moreover, the impact on gene expression was concentration-
dependent.

Twenty-four hours after the last exposure, the low concentra-
tion of 3R4F CS and both concentrations of THS2.2 aerosol were
assessed for a reduced number of replicates using our network-
based systems toxicology approach to investigate the tissue re-
covery phase. However, to make fair comparisons between the
three replicates at 24 h and the nine replicates at 4 h post exposure,
we split the 4 h samples into three groups of three samples
matching the batches of the experiment execution (Fig. S5). For the
low 3R4F CS concentration, results showed an increase in values of
the BIF, the network-family BIFs, and most of the 28 network NPAs
with respect to the 4 h post exposure time point. One notable
exception is the “Xenobiotic Metabolism Response” network,
where a decrease in NPA was observed. For THS2.2 aerosol-exposed
samples, all BIF/NPA values were lower. Globally, the lower impact
of exposure to THS2.2 aerosol compared with 3R4F CS was
confirmed. Interestingly, the differentially expressed gene panel
(Fig. 3 and Fig. S5, DE panel) shows decreased values upon the 4 h-
to-24 h recovery period for both 3R4F and THS2.2 treatments. This
result demonstrates the power of the multivariate network-based
approach, which captures collective effects beyond individual
gene measurements provided by transcriptomics data. In summary,
including the 24 h data indicated that while the CS-exposed cul-
tures showed an exacerbation of the response at 24 h, those
exposed to THS2.2 aerosol resulted in a slightly less impacted BIF
panel, indicating a recovery trend over time.

The analysis of miRNAs focused on all the networks and high-
lighted 66 differentially expressed miRNAs (FDR < 0.05), 41 regu-
lated only by 3R4F CS, one miRNA regulated only by THS2.2 aerosol,
and 21 commonly regulated by both treatments (Table 2). The
number of significantly regulated miRNAs was higher for 3R4F
compared with THS2.2 at 4 h post exposure (Fig. 3, miRDE panel),
without any differential expression for the low concentration at
24 h post exposure (Fig. S5).

In the next paragraphs, we focus our analysis on selected net-
works relevant to smoking- and periodontal disease-induced
alterations.
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3.3. Oxidative stress response upon 3R4F CS and THS2.2 aerosol
exposure

To assess the induction of an acute oxidative stress response, we
first evaluated differential gene expression for the reactive oxygen
species pathway (Liberzon et al., 2015) 4 h after the third 3R4F CS or
THS2.2 aerosol exposure. 3R4F CS broadly affected this pathway,
with an especially strong up-regulation of the oxidative stress
response genes glutamate-cysteine ligase modifier subunit (GCLM),
thioredoxin reductase 1 (TXNRD1), NAD(P)H quinone dehydroge-
nase 1 (NQO1), sulfiredoxin 1 (SRXN1), glutaredoxin (GLRX), and
ATP binding cassette subfamily C member 1 (ABCC1) (Fig. 4A).
THS2.2 aerosol also clearly induced this oxidative stress gene
expression response program at the 4 h time point. Generally, the
response to THS2.2 aerosol exposure was reduced, e.g., by 48%
(GCLM), 20% (TXNRD1), 22% (NQO1), 21% (SRXN1), 41% (GLRX), and
34% (ABCC1) for low concentration comparisons of the above-
mentioned group of strongly responding genes.

To better quantify this oxidative stress response, we leveraged a
previously described oxidative stress causal network model and
scored its perturbation based on downstream affected gene
expression; all exposure conditions resulted in significant pertur-
bation of this network, but perturbation amplitudes were lower for
THS2.2 aerosol than for 3R4F CS exposure (with approximately a
70% reduction in NPA values for THS2.2 vs. 3R4F for both matched
concentrations) (Fig. 4B). Gene expression data for the 24 h time
point after exposure were also investigated in an exploratory
manner, with a limited number of replicates (n = 3 instead of 9; see
above) (Fig. S6B and S6C). We observed that 24 h after the last
exposure, the general gene expression response decreased, with
few significant gene alterations observed for THS2.2 aerosol-
exposed cultures at the matching concentration and a much
reduced NPA score.

For the miRNA analysis, we focused on the commonly regulated
miRNAs and selected the corresponding mRNA targets as described
in the Materials and Methods section. Since miRNAs are known to
effect relatively small changes in target mRNA expression, we
analyzed only the most significantly regulated target genes, with a
FDR <0.05. To further understand their functional involvement, the
group of differentially expressed target genes was used for IPA®
Canonical Pathways analysis. Selected cellular functions signifi-
cantly enriched in the differentially expressed genes are listed in
Table S2. IPA® analysis revealed that 13 commonly regulated miR-
NAs could also have a role in the regulation of different target genes
involved in oxidative stress (miRNA target panel and Fig. S6A), such
as glutathione peroxidase 4 (GPX4), nitric oxide synthase 1 (NOS1),
gamma-glutamyl hydrolase (GGH), and autophagy-related 13
(ATG13). In line with the mRNA analysis, the quantitative differ-
ences between exposure conditions were also reflected by the
oxidative-stress related miRNPA values measuring the induced
activities in a candidate integrated miRNA-mRNA network (Fig. 4C

and S6A).

We complemented these mRNA and miRNA expression analyses
with metabolic profiling, for which we focused on the high 3R4F CS
and THS2.2 aerosol concentration 4 h after the third exposure
(Fig. 4D—F, Fig. S6D—E, and Fig. S7B). The 4 h time point was chosen
to capture the direct effects of CS and THS2.2 aerosol on the
metabolome and to allow for comparison with the robust gene
expression statistics. 3R4F (High) CS exposure significantly affected
several metabolites that directly reflect the oxidative challenge
induced by CS (Fig. 4D): Methionine is prone to oxidation and both
increased levels of methionine sulfoxide and of N-acetyl-methio-
nine-sulfoxide were observed upon 3R4F CS exposure; 3R4F CS
shifted the balance from reduced cysteine to oxidized cysteine
(cystine); 2-hydroxy fatty acids have been used previously as
oxidative stress markers (Tucci et al.,, 2013; D'alessandro et al.,
2015) and both 2-hydroxypalmitate and 2-hydroxystearate signif-
icantly increased upon 3R4F CS exposure. The data also indicated an
effect of 3R4F CS exposure on antioxidants: vitamin E (gamma-/
beta-tocopherol) and threonate (a vitamin C metabolite) increased
and the antioxidant urate decreased in the 3R4F CS group (Ames
et al., 1981; Battino et al., 2002). In contrast to 3R4F CS, THS2.2
aerosol exposure showed only limited effects on levels of these
metabolites, e.g., a non-significant increase in threonate.

Reduced glutathione (GSH) is a central player in the cellular
response to oxidative stress as well as in periodontal diseases
(Bains and Bains, 2015). Four hours after 3R4F CS exposure, GSH
levels were significantly reduced (Fig. 4E and F, for gene expression
see Fig. S6F). Several metabolites interlinked with glutathione were
altered by 3R4F CS exposure: we observed depletion of cysteine
and glycine, increases in y-glutamyl amino acids, 5-oxoproline, S-
adenosyl homocysteine (SAH), and 2-hydroxybutyrate, and, finally,
a decrease in S-adenosyl methionine (SAM) and serine.

Cells exposed to THS2.2 aerosol exhibited only a significant in-
crease in cysteinylglycine and gamma-glutamyl threonine and a
decrease in guanidinoacetate, but in contrast to 3R4F CS exposure,
were still able to maintain high GSH levels and, for example,
showed less depletion of cysteine and glycine (see Fig. 4F and
Discussion for details).

3.4. Impact of 3R4F CS and THS2.2 aerosol on xenobiotic
metabolism

Among the networks presented in this study, xenobiotic meta-
bolism exhibited a strong perturbation after 3R4F CS exposure and
a relatively higher impact of THS2.2 aerosol with respect to the
other networks (Fig. 3, NPA panel). We investigated in detail which
genes were impacting this network the most. The results shown in
the heatmap (Fig. 5A) indicate strong up-regulation at all concen-
trations for both 3R4F CS and THS2.2 aerosol of the CYP1A1/CYP1B1,
Aldo-keto reductases (AKR) 1C1/1C2/1C3, TCDD inducible
poly(ADP-ribose) polymerase (TIPARP), and aryl-hydrocarbon

Fig. 4. Differential induction of oxidative stress by 3R4F CS and THS2.2 aerosol. (A) Induction of oxidative stress response program: differential expression heatmap for genes of
the reactive oxygen species pathway (HALLMARK_REACTIVE_OXIGEN_SPECIES_PATHWAY; M5938) (Liberzon et al., 2015), as well as for genes and miRNAs belonging to the
“Oxidative Stress” candidate miRNA-mRNA network (Fig. S6A). The “*” indicates statistically significant differential expression (FDR <0.05), as explained in the Materials and
Methods section. n = 6—9. (B) Assessment of exposure effects on the “Oxidative Stress” network. Bars show overall network perturbation amplitudes (NPA scores) based on
transcriptomics data. Error bars delimit their 95% confidence intervals. Three statistics are shown: the red star indicates statistical significance with respect to the biological
replication (i.e. 95% confidence intervals do not contain the 0 value), while the green and red stars indicate significant specificity statistics with respect to the network structure (“0”
and “K” statistics; see the Materials and Methods section). n = 6—9. (C) Assessment of exposure effects on the candidate integrated miRNA-mRNA network for oxidative stress based
on the miRNomics and transcriptomics data (miRNPA scores). Error bars delimit the 95% confidence intervals (see the Materials and Methods section). n = 6—9. (D) Metabolomics
profiling was conducted 4 h after exposure of the tissue to high 3R4F CS and THS2.2 aerosol concentrations. Boxplots summarize the response of metabolites sensitive to oxidative
stress (blue dots indicate individual samples, n = 5). Significant differences between exposed groups and their respective sham groups are indicated by filled colored boxes and a
star (“*” means FDR <0.05). (E) Summary of exposure effects on glutathione and related metabolic reactions. Relevant metabolic reactions of the glutathione pathway, including the
gamma-glutamyl cycle, cysteine and methionine metabolism, and glycine, serine, and threonine metabolism (Kanehisa et al., 2014). Significantly up- or down-regulated metabolites
and genes are marked with red and green, respectively. See Fig. S7 for details on metabolite expression changes. (F) Boxplots for metabolites from (E). Note that 2-hydroxybutyrate

is isobar with 2-hydroxyisobutyrate.
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Fig. 5. Xenobiotic metabolism and CYP activity in 3R4F CS- and THS2.2-exposed gingival cultures. (A) Heatmap shows differential expression for genes representative of
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receptor repressor (AHRR) genes.

Biological function analysis of target genes of miRNAs from the
IPA® database showed that xenobiotic metabolism was one of the
main regulated pathways. The filtering used in IPA® allowed us to
connect two up-regulated and six down-regulated miRNAs (Fig. 5A,
miRNAs panel, and Fig. S8A) with target genes involved in xeno-
biotic signaling, such as aryl hydrocarbon receptor nuclear trans-
locator (ARNT), nuclear factor I B (NFIB), protein kinase C epsilon
(PRKCE), transcription factor MAF, and fibroblast growth factor re-
ceptor 2 (FGFR2). Interestingly, miRNA were less affected in THS2.2
aerosol-exposed cultures.

The gene expression response at 24 h after the last exposure
resulted in an increased impact in 3R4F CS-exposed cultures
compared with the 4 h time point, while a general decreased
response was recorded for THS2.2 at the low comparable concen-
tration (Fig. S8B). Although the latter results are obtained with a
lower number of replicates (n = 3), they indicate that gingival
cultures could recover from THS2.2 aerosol exposure while 3R4F CS
showed persisting perturbations.

These differences between the exposure conditions were also
confirmed for the xenobiotic metabolism-related networks (the
actual causal network as well as the candidate integrated miRNA-
mRNA network (Fig. S8A)), as illustrated in the bar graphs
showing (miR)NPA scores for the different time points (Fig. 5B and
C, and Fig. S8C).

We analyzed the combined activity of CYP 1A1 and 1B1
(CYP1A1/1B1), which are involved in phase I metabolism of

xenobiotics and whose mRNA was shown to be highly up-regulated
by both 3R4F CS and THS2.2 aerosol. These CYPs are of particular
importance since they metabolize several toxicants present in CS,
such as polycyclic aromatic hydrocarbons, nitrosamines, acryl-
amines, and nicotine, and they can also be induced in buccal and
gingival epithelium in vivo and in vitro (Vondracek et al., 2001;
Schlage et al., 2014). The results in Fig. 5D show that the activity
of CYP1A1/1B1 was not altered by 3R4F CS, whereas high rates of
activity (~40% of the positive control), although not statistically
different from 3R4F CS-exposed cultures, were observed 24 h after
the 3-day exposure to THS2.2 aerosol (see Discussion for details).

3.5. Expression and secretion of proinflammatory mediators in
3R4F CS- and THS2.2 aerosol-exposed cultures

We analyzed the expression of inflammatory response genes in
gingival cultures exposed to 3R4F CS and THS2.2 aerosol. The
heatmap in Fig. 6A shows the inflammation-related gene expres-
sion changes measured 4 h after exposure. Among these genes,
IL1A, IL1B, MMP1, MMP3, MMP10, IL24, early growth response 1
(EGR), connective tissue growth factor (CTGF), and prostaglandin-
endoperoxide synthase 2 (PTGS2) showed considerably high up-
regulation following 3R4F CS exposure, whereas only CXCL14 was
found to be severely down-regulated by 3R4F CS. In general, we
observed the same regulation patterns in THS2.2-exposed gingival
cultures, although to a reduced extent.

We found that 11 of the 3R4F CS and THS2.2 aerosol-regulated
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miRNAs might also have an impact in the inflammatory response
(Fig. 6A, miRNA panel, and Fig. S9A). IPA® analysis showed that
some of these miRNA-mRNA target genes are associated with
cytokine-mediated inflammatory responses: NFxB, IL1, IL6, IL8
(CXCL8), GMCSF (CSF2), VEGF, CXCR4, and TNFR1. Among these
genes, we found interleukin 6 signal transducer (IL6ST) (Scheller
et al., 2011), toll like receptor 4 (TLR4), and CD 40 ligand (CD40LG)
(Fig. 6A, miRNA targets panel).

In line with the results obtained for oxidative stress and xeno-
biotic metabolism genes, we also observed a reduction in gene al-
terations in THS2.2 aerosol-exposed cultures at 24 h post exposure
(except for MMP1 and MMP10), whereas in 3R4F CS-exposed
counterparts, changes were still greater and, in some cases, exac-
erbated when compared with the 4 h post exposure (Fig. S9B).

NPA scores for “Epithelial Innate Immune Activation” and “Tis-
sue Damage” networks (Fig. 6B and C, and Fig. S9C and D) as well as
miRNPA scores for a candidate integrated miRNA-mRNA network
(Fig. 6D) all indicated a concentration-dependent effect in both
3R4F CS and THS2.2 aerosol-exposed cultures, although reduction
in the impact was marked for THS2.2 aerosol-exposed cultures.

15-hydroxyeicosatetraenoic acid (15-HETE) is generated by
oxidation of arachidonic acid by lipoxygenase 15 (LOX-15) enzymes
and has been associated, for example, with immuno-regulatory
effects and atherosclerotic processes (Powell and Rokach, 2015;
Henriksson et al., 1985; Kundumani-Sridharan et al., 2013; Serhan
et al., 2003). Metabolomics analysis performed on the high 3R4F CS
and THS2.2 aerosol concentrations 4 h after the last exposure
showed a significant increase in the regulation of 15-HETE by 3R4F
CS but not by THS2.2 aerosol (Fig. 6E).

Fig. 6F illustrates the secretion of different proinflammatory
mediators over the three exposures to 3R4F CS and THS2.2 aerosol
(see Materials and Methods for the sampling procedure). In gen-
eral, major changes were observed in the proinflammatory medi-
ators that accumulated in media for 24 h after the last exposure to
3R4F CS (see also Fig. S10); the secretion of different proin-
flammatory mediators (MMP-1, IL-8, IL-1A, CSF2, and CSF3)
increased slightly with respect to the air control after the second CS
exposure but became markedly higher after the third (TNFA, MMP-
1, CXCL1, IL-8, IL-1A, CSF2, and CSF3), with values reaching 16-fold
of the control (IL-1A). VEGFA, CCL5, MMP-9, and IL-6 were down-
regulated after 3R4F CS exposure. In contrast with what was
observed for the increased secretion of the inflammatory media-
tors, mostly observable after the third exposure, inhibition of
secretion of these markers did not follow a trend, leading to mixed
responses over the exposure period.

There was not always a clear dose-dependency in the amplitude
of the release; this might be due to the damage observed at the high
3R4F CS concentration, which might indicate a reduced number of
viable cells and/or an impairment in the capability of the cells to
secrete inflammatory mediators.

Responses of gingival cultures exposed to THS2.2 aerosol were
milder or none, with the same trend of release observable for a few
proinflammatory markers (CSF2, CSF3, CCL5, MMP-1), although to a
much lower level than observed in 3R4F CS-exposed counterparts.

3.6. Keratinization and cell—cell adhesion upon 3R4F CS and THS2.2
aerosol exposure

Overt keratinization of gingival cultures was observed after
exposure to 3R4F CS, in particular, after exposure to the high con-
centration. Hyperkeratinization of oral epithelia can occur in
response to chemical inducers, like CS (Gualerzi et al., 2012;
Orellana-bustos et al., 2004), and keratohyalin granules are often
an indication of keratinizing epithelia (Muller and Schroeder, 1980;
Plackova and Skach, 1975; Singh et al., 1979).

Fig. 7A illustrates that, 24 h after three repeated exposures to
3R4F CS at the low concentration, hypergranulosis with coarse
keratohyalin granules spreading both in the stratum granulosum
and the stratum corneum (arrows) was present. The high 3R4F CS
concentration showed complete keratinization of the epithelium,
extending until the membrane, along with overt parakeratosis
(arrows). THS2.2 aerosol-exposed cultures also showed the pres-
ence of keratohyalin granules at both high and low concentrations,
although hyperkeratinization of the epithelial cells was not
detected.

Fig. 7B shows the expression profiles for genes, measured 4 h
after repeated exposures, that were reported as markers of normal
oral epithelial differentiation or previously described in non-
neoplastic lesions and in reconstituted in vitro tissues (Donetti
et al,, 2010; Kimball et al., 2006; Su et al., 1993; Yoshizawa et al.,
2012; Bloor et al., 1998; Mahoney et al., 2006; Mirowsk et al.,
1996; Kose et al., 2007). The majority of the represented keratin
(KRT) genes were down-regulated with exposure to 3R4F CS, with
almost no difference between low and high concentrations (KRT1, 5,
10, 13, 14, 15, 19). Among the KRT genes analyzed, only KRT2, 17, 76
were up-regulated. mRNAs of the keratinization-related genes
involucrin (IVL) and filaggrin (FLG) were up-regulated differentially
with low and high 3R4F CS concentrations. MKI67, a marker of cell
cycle activation, and proliferating cell nuclear antigen (PCNA), were
both found to be significantly down-regulated. MAPK14, defensin
beta 1 (DEFB1), and pleckstrin homology like domain family a
member 1 (PHLDA1) were up-regulated in both 3R4F CS-exposed
and THS2.2 aerosol-exposed samples. The overall impact of
THS2.2 aerosol was reduced compared with 3R4F CS-exposed
cultures.

We performed staining at 24 h after the last exposure with an
antibody for E-cadherin, a well-studied adhesion molecule in
epithelial tissues with important functions in cell—cell adhesion
and cell signaling (van Roy and Berx, 2008; Tsang et al., 2012). The
pictures in Fig. 7C show that E-cadherin abundance was highly
reduced by 3R4F CS exposure, proportionally to the CS concentra-
tion applied. THS2.2 aerosol was found to slightly reduce E-cad-
herin expression only at the high concentration.

We investigated the expression of some representative genes
involved in cell adhesion and junction formation after 4 h from the
last exposure (Fig. 7D). In agreement with what was observed for E-
cadherin staining, we observed that CDH1, the gene encoding E-
cadherin, was significantly down-regulated by 3R4F CS. The
expression of other cadherins was, however, not unequivocal; only
CDH3 was down-regulated, while CDH2, 4, 5 were all up-regulated.
Overall, the cell adhesion genes were mostly down-regulated by
3R4F CS with the exception of PVRL2 and the more general regu-
lators MAPKS, and JUN. The heatmap representing tight junction-
related genes (Fig. 7E) showed general up-regulation, with only
claudin 1 (CLDN1) and F11 receptor (F11R) exhibiting reduced
expression upon 3R4F CS exposure.

The fewer THS2.2 aerosol-induced alterations, where present,
were reduced with respect to the corresponding 3R4F CS
counterparts.

We also measured gene expression changes at 24 h after the last
exposure (Fig. S11). The heatmap shows that there was no signifi-
cant alteration in gene expression, except for sporadic cases in 3R4F
CS-exposed samples (PHLDA1, PCNA, desmocollin (DSC) 1, DSC3,
NOTCH3, and CLDN4) and for only two genes upon high THS2.2
aerosol exposure (KRT13 and DCS1).

4. Discussion

In the present study, we investigated and compared the impact
of the aerosol from the candidate MRTP, THS2.2, with that of CS, on
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human gingival epithelial organotypic cultures. The employed
EpiGingival™ model reproduces aspects relevant to periodontal
diseases, fulfils the 3Rs principle (replacement, reduction, and
refinement), and is in line with 21st century toxicology approaches
(see introduction) (Balls, 2010; Sheldon and Cohen Hubal, 2009;
Berg et al., 2011; Rovida et al., 2015).

4.1. Exposure design

To allow for a physiologically relevant comparison between CS
and THS2.2 aerosol, concentrations were matched by delivered
dose of nicotine (see methods). To mimic the moistening of gingival
mucosa in the oral cavity, the gingival cultures were wetted with
PBS on the apical side during the experiments. PBS has a similar
composition as artificial saliva, but does not contain the commonly
included biological additives (Moharamzadeh et al., 2009). Many
different types of artificial saliva with greatly varying compositions
are available, of which some do not meet the biophysical properties
of real saliva and even induce an inflammatory response in some
cell types (Malpass et al., 2013; Kho, 2014; Preetha and Banerjee,
2005).

The deposited nicotine concentrations in PBS for the selected
aerosol/CS concentrations (50—100 pg/mL) are 2 orders of magni-
tude higher than what is observed in human saliva (Jacob et al.,
2015; Yuki et al., 2013). However, rapid equilibration with the
culture medium likely results in an approx. 10-fold dilution and the
measurements for human saliva might — due to rapid equilibration
against the blood flow—underestimate the peak concentrations
that hit the gingiva during each puff (Yuki et al., 2013). In sum, the
applied exposure concentrations in the Vitrocell system are likely
to represent the upper range (or above) when compared to the
in vivo exposure, and higher concentrations are standard for toxi-
cological testing.

4.2. Effects on keratinization

As reported for native gingival epithelium, the gingival cultures
underwent extensive hyperkeratinization in response to CS, which
extended into deeper layers, such as the stratum spinosum (Villar
and Lima, 2003; Shetty and Gokul, 2012; Shirani et al., 2014). This
morphological alteration was evidenced by the accumulation of
nuclei in the stratum corneum (parakeratinization), which in-
dicates a lack of balance between keratinization and proliferation
and is associated with inflammatory infiltrates (Andreescu et al.,
2013).

CS-mediated keratinization was further supported by increased
gene expression of crosslinking proteins, such as FLG and IVL, which
are expressed in keratohyaline granules in Kkeratinizing tissues
(Shetty and Gokul, 2012; Toulza et al., 2007; Candi et al., 2005;
Henry et al,, 2012; Koster and Roop, 2007). In contrast, other
genes involved in Kkeratinization, such as several keratin family
members (KRT13, KRT19), were down-regulated. As terminal
cellular differentiation can further decouple mRNA and protein
levels, in future studies, protein expression and localization anal-
ysis of these markers might help to elucidate the cellular and mo-
lecular basis of these changes. Importantly, supporting the
translatability potential of our model, the observed down-
regulation of certain keratin genes is consistent with previous
studies (Donetti et al., 2010; Alharbi and Rouabhia, 2016).

4.3. Effects on cellular adhesion
Down-regulation of E-cadherin (CDH1) protein/mRNA and of

other cell adhesion-related mRNAs (DSC1, 3, DSG1, 2, 3) indicated an
effect of CS on cellular adhesion processes. These data are in line

with previously published results showing that exposure to CS
disturbs the gingival epithelial structure, resulting in significant
tissue desquamation, particularly with longer exposure periods
(Semlali et al., 2011). Down-regulation of E-cadherin by CS in oral
mucosa cells has been found in previous studies (Hasegawa et al.,
2002; Coppe et al., 2008) and has been associated with tissue
dysfunction similar to that in cancer and periodontal diseases
(Hirohashi and Kanai, 2003; Arun et al, 2010). In our study,
expression of N-cadherin (CDH2) was up-regulated, which overall
indicates an epithelial to mesenchymal shift in the epithelium
(CDH1 down-regulated, CDH2 up-regulated) upon CS exposure
(Huang et al., 2013).

Further supporting an effect on cellular adhesion, tight junction-
related genes were mostly up-regulated upon CS exposure — except
CLDN1, whose depletion has been linked to hyperkeratosis in mice
(Morita et al., 2011; Zhou et al., 2013; Furuse et al., 2002) and which
was found to be decreased in human biopsies from patients with
periodontitis (Ye et al., 2000). Our previous study, focused on
buccal organotypic cultures exposed to CS and THS2.2 aerosol
(Zanetti et al., 2016), reported similar results, which indicates a
common response of oral tissues despite the different exposure
regimen applied (acute vs. repeated exposures).

4.4. Activation of cellular response programs

Our multi-omics approach (mRNA, miRNA, and metabolite
analysis) showed perturbation of three biological processes that are
commonly perturbed by CS exposure and periodontal diseases
(Guentsch et al., 2008; Giannopoulou et al., 2003a; Babu et al.,
2013; Conard et al, 1975): oxidative stress, xenobiotic meta-
bolism, and inflammation. These three response programs were
also highly impacted in previous studies, in which ourselves and
others found that CS exposure led to several changes in these core
processes in buccal and gingival organotypic cultures (Zanetti et al.,
2016; Kirkham and Barnes, 2013; Iskandar et al., 2013; Goldkorn
et al., 2014; Schlage et al., 2014).

4.4.1. Oxidative stress

Both CS and THS2.2 aerosol affected the expression of genes
involved in the reactive oxygen species pathway — with only a
slightly reduced effect for THS2.2 aerosol compared with CS at the
4 h post exposure time point. However, the quantified impact at the
causal oxidative stress network level, which represents a prediction
of the activity state of this process, was much reduced for THS2.2
aerosol-exposed cultures. This difference in the (predicted) acti-
vation state of the oxidative stress response was supported by
metabolomics data, which clearly showed a reduced perturbation
of metabolites by THS2.2 aerosol than CS, especially for the gluta-
thione pathway.

Reduced glutathione is a pivotal player in periodontal diseases
(Bains and Bains, 2015). The observed concomitant depletion of
cysteine and glycine, two of the building blocks for glutathione,
after CS exposure likely indicate the (insufficient) attempt of the
cells to regenerate glutathione. The increase in the glutathione
regeneration pathway (increases in y-glutamyl amino acids and the
pathway intermediate 5-oxoproline) (Inoue, 2016) and in the SAM
cycle and the transsulfuration pathway (Beatty and Reed, 1980;
Mosharov et al, 2000) (e.g., increase in SAH and 2-
hydroxybutyrate; decrease in SAM and serine) might indicate an
attempt to restore the levels of cysteine and glycine to replenish
glutathione levels.

In contrast to 3R4F CS exposure, cells exposed to THS2.2 aerosol
were still able to maintain high glutathione levels. This effect is
likely ascribable to the lower oxidative challenge of THS2.2 aerosol
compared with 3R4F CS. In addition, gene expression
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measurements at the 24 h time point showed that the response to
THS2.2 aerosol diminished with post exposure duration, indicating
that the cells can more easily cope with the reduced oxidative
challenge of THS2.2 aerosol than CS.

IPA® analysis suggested that 13 commonly regulated miRNAs
might also play a role in the regulation of important pathways
related to oxidative stress in the context of gingival pathologies,
such as: NRF2-mediated oxidative stress (Tamaki et al., 2014),
glutathione redox reactions I, glutathione-mediated detoxification,
both important antioxidant mechanisms in the periodontitis (Bains
and Bains, 2015), and HMGBI1 signaling, which is activated by
oxidative stress and is involved in inflammation and cell death (YU
et al,, 2015; Luo et al,, 2011; Nogueira et al., 2014). Notably, the
majority of the miRNAs and their corresponding target genes were
less impacted by THS2.2 aerosol.

4.4.2. Xenobiotic metabolism

Xenobiotic metabolism represents the first line of defense
against inhaled toxicants (Omiecinski et al., 2011) and was the most
clearly impacted network by CS exposure according to NPA analysis
and IPA® investigation. Overall gene expression at 4 h after
repeated exposures showed marked differences between 3R4F CS-
exposed cultures and THS2.2 aerosol-exposed cultures. The NPA
score was much lower for THS2.2 aerosol-exposed cultures for both
miRNA and mRNA subsets of data. IPA® analysis on the miRNA
dataset confirmed lower alterations in common miRNAs and gene
targets in cultures exposed to THS2.2 aerosol. Among the predicted
genes modulated by miRNAs, we found ARNT, required for the
proper functioning of the aryl hydrocarbon receptor and a mediator
of xenobiotic toxicity (Monnouchi et al., 2016), and NFIB, which
binds to the ARNT complex (Ingenuity® database).

Exploratory analysis at 24 h post-exposure indicated a recovery
trend for THS2.2 aerosol-exposed cultures. Analysis at later post
exposure time points could have better highlighted the different
recovery potential of cells exposed to 3R4F CS and THS2.2 aerosol,
as already shown in our previous work (Zanetti et al., 2016).

THS2.2 aerosol-exposed cultures exhibited a higher CYP1A1/
1B1 enzyme activity than 3R4F CS, in spite of similarly high in-
duction of gene expression. The differential activity of this CYP has
already been observed in our previous study and an extensive
discussion has been provided on this result (Zanetti et al., 2016).
One of the possibilities is that metal-induced heme oxygenase
potently inhibited CYP1A1 enzyme activity, as it is reported for
TCDD-induced CYP1A1 in human and rat hepatocytes (Amara et al.,
2010; Anwar-mohamed et al., 2012; Korashy and El-Kadi, 2012).
Interestingly, in our results, the heme oxygenase 1 (HMOX1) gene
was up-regulated by CS (1.39 and 1.86 folds for low and high 3R4F
CS respectively, data not shown) and decreased by THS2.2 aerosol
(0.51 and 0.77 for low and high THS2.2 CS respectively, data not
shown) at 4 h post exposure. Moreover, other prototypic heat-not-
burn products are reported to induce CYPIA1 expression in rat
lungs (Kogel et al, 2014), as did an aerosol of nicotine in PBS
(Phillips et al., 2015). Further studies are needed to clarify the
mechanism behind THS2.2 aerosol-mediated activation of CYP.

4.4.3. Inflammation

Inflammation is one of the pivotal processes in the context of
periodontal diseases (Giannopoulou et al., 2003a; Guentsch et al.,
2008). CS exposure resulted in a significant higher impact on
proinflammatory mediators than THS2.2 aerosol exposure, with
peak alterations 24 h after the last exposure session.

IL-8 secretion was significantly up-regulated by CS. Exacerba-
tion of IL-8 secretion has been shown in a model of bacterial
infection employing human gingival epithelial cells exposed to CS
extract (Mahanonda et al., 2009) and increased levels of IL-8 were

found in gingival crevicular fluid of smokers (Giannopoulou et al.,
2003a, 2003b).

Up-regulated expression of MMP1, 2, 3, 10 was measured along
with increased expression, although to a lower fold-change, of
MMP inhibitor TIMP1, but not TIMP2. MMPs are important players
in periodontitis, in which their main role is in matrix degradation
(Popat et al., 2014; Sapna et al., 2014) and they can be activated by
CS in gingival tissues (Ozcaka et al., 2011). Luminex-based analysis
revealed strong up-regulation by 3R4F CS of MMP-1 and down-
regulation of MMP-9. MMP-1 has been proposed as a potential
marker of tissue repair in periodontitis patients because of its
function in tissue remodeling (Romanelli et al., 1999), and it was
found to be increased in oral inflammatory models (Kim et al,,
2006). MMP-9 is mostly secreted by fibroblasts, which might
explain the discrepancy in the high levels of MMP-9 observed in
smokers (Ozcaka et al., 2011). In our previous study on CS-exposed
organotypic gingival cultures, only VEGF and MMP-1 secretion
were increased and MMP-9 and IP-10 were decreased (Schlage
et al., 2014); this limited response could be due to the presence
of fibroblasts and a single-day exposure.

Secretion of CSF2 (also named GM-CSF), TNFA, and IL-1A was
also strongly increased by CS. Stimulation of CSF2 production by
gingival keratinocytes might cause accumulation and activation of
neutrophils in the epithelium and could contribute to the initiation
and development of inflammation in periodontal tissues (Sugiyama
et al., 2002). TNFA levels have been reported to be up-regulated in
gingival tissues of smokers (Bostrom et al., 1998, 1999; Ojima and
Hanioka, 2010). IL-1A (together with IL-1B) may have multiple
adverse effects on periodontal tissues including increased bone
resorption, increased collagen turnover, and stimulation of other
inflammatory cytokines (De Nardin, 2001). In contrast, THS2.2
aerosol exerted only a weak response for MMP-1 and CSF2 and 3
and an attenuated gene expression profile modulation compared to
CS.

IPA® analysis suggested that some miRNA target genes could be
associated, predominantly upon CS exposure, with the inflamma-
tory response. Among these genes, we found IL6ST, which is
important for IL-6 signaling (Scheller et al., 2011), TLR4, which
enhances inflammatory cytokine production in gingival tissue
(Eskan et al., 2008), and CD40LG, whose activation leads to secre-
tion of cytokines by epithelial cells (Dallman et al., 2003).

Metabolomics showed that the lipid mediator 15-HETE was up-
regulated by 3R4F CS but not THS2.2 aerosol. 15-HETE is generated
by oxidation of arachidonic acid by the enzyme ALOX-15 and is
associated with immuno-regulatory effects and atherosclerotic
processes (Powell and Rokach, 2015; Henriksson et al., 1985;
Kundumani-Sridharan et al., 2013; Serhan et al., 2003). Overex-
pressed activity of ALOX-15 has been associated with bone loss and
inflammation in a rabbit model of periodontitis (Serhan et al.,
2003). Interestingly, mRNA expression of ALOX-15 was up-
regulated in our experimental model after CS exposure but not
THS2.2 aerosol.

4.5. Study limitations

The employed organotypic culture system represents the
gingival epithelium formed by keratinocytes. Other cell types
relevant to the pathogenesis of periodontal diseases (Di Benedetto
et al.,, 2013), notably fibroblasts in the periodontal soft connective
tissue and immune-cells were not included in our model. Thus, our
model is focused on the initial mechanisms centered on the
epithelium. As, for example, shown in our previous publication
(Schlage et al., 2014), these cultures can be further complemented
by additional cell types, including fibroblasts. Especially, in a study
with an extended repetitive exposure regime, such a more complex
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tissue culture system could yield further insights into the role of
regulatory interactions between different cell types in the CS
exposure response — however, such a multi cell type system would
also make the assignment of transcriptome and metabolome ef-
fects to specific cell types more challenging. Also, as discussed for
the observed downregulation of several keratin family members
(KRT13, KRT19), tight coupling of mRNA and protein levels cannot
always be expected. Thus, future studies could benefit from more
extensive protein expression measurements. Similarly, to further
our understanding on how the observed gene expression changes
relate to the tissue architecture, more extensive protein/gene
localization studies could be performed. In addition, in the current
study design we mostly focused on the early exposure effects (4 h)
for the transcriptomics and metabolomics analyses. This did not
allow us to fully compare the recovery potential of the observed
effects over time. Finally, multiple donors would be helpful to
further confirm these results.

5. Conclusions

In this study, we provide a large body of results highlighting a
reduced impact for the candidate MRTP, THS2.2, compared with
3R4F CS on human gingival epithelial organotypic cultures. We
observed no cytotoxicity, and reduced impact on the release of
proinflammatory mediators and on the pathophysiology of the
gingival cultures after repeated THS2.2 aerosol exposure compared
with CS. Computational analysis of transcriptomics data also sup-
ported a general lower effect of THS2.2 aerosol on mRNA and
miRNA levels — with possible correlations between miRNAs and
putative target genes —for the “oxidative stress”, “xenobiotic
metabolism” and “inflammation” networks. The 4 h post-exposure
response of the transcriptome to THS2.2 aerosol was not only lower
than for 3R4F CS, but also more transient as evaluated by the
transcriptome response 24 h after exposure. This result is consis-
tent with our previous investigations with buccal (Zanetti et al.,
2016) and nasal organotypic cell culture models (Iskandar et al.,
2016).

Taken together, this study indicates that exposure to THS2.2
aerosol had no obvious acute toxicity and a lower impact on the
pathophysiology of human gingival organotypic cultures. The ef-
fects of CS on gingival cultures mirrored several pathophysiological
conditions and molecular changes observed in the native gingival
mucosa of smokers, making this model a potential tool for pre-
clinical predictive in vitro research.
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AK adenylate kinase

ALOX/LOXE lipoxygenase
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CST cellular stress
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IL interleukin
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IPN inflammatory process network

IPA Ingenuity® Pathway Analysis
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KEGG  Kyoto encyclopedia of genes and genomes

LC liquid chromatography

M membrane

MAP multi-analyte profiling
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miRNA micro RNA

MMP matrix metalloproteinase
MRTP  modified risk tobacco product
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SEM standard error of the mean

SG stratum granulosum
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TNF tumor necrosis factor

UP ultra performance
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VEGFA vascular endothelial growth factor alpha
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