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Swedish snus is a smokeless tobacco product that contains reduced levels of harmful compounds compared with 
cigarette smoke. In Sweden, where snus use exceeds smoking among men, relatively low rates of major smoking­
related diseases have been recorded. To better understand how snus use could align with current tobacco harm 
reduction strategies, its potential mechanisms of toxicity must be investigated. 

This study aimed to determine, via a systems toxicology approach, the biological impact of repeated 72-hour 
exposure of human gingival epithelial organotypic cultures to extracts from both a commercial and a reference 
snus and the total particulate matter (TPM) from cigarette smoke. At concentrations relevant for human use, 
cultures treated with snus extracts induced mild, generally reversible biological changes, while TPM treatment 
induced substantial morphological and inflammatory alterations. Network enrichment analysis and integrative 
analysis of the global mRNA and miRNA expression profiles indicated a limited and mostly transient impact of 
the snus extracts, in particular on xenobiotic metabolism, while the effects of TPM were marked and sustained 
over time. High-confidence miRNAs that might be related to pathological conditions in vivo were identified. 

This study highlights the limited biological impact of Swedish snus extract on human organotypic gingival 
cultures. 

1. Introduction 

Swedish snus is a type of moist snuff, an air-cured, heat-pasteurized 
oral smokeless tobacco product (STP), widely used in Sweden. Snus is 
generally used in form of 1-g pouches, which are placed between the 
gingiva and upper lip, often for 11-14 h daily (IARC, 2007). Exposure 
to nicotine in snus users is similar or even greater than that from 
smoking (Holm et al., 1992). Compared with other Western European 
countries, Sweden shows a lower rate of manufactured cigarette 
smoking in males. In addition, Sweden exhibits a relatively low rate of 
major smoking-related diseases compared to other European and non­
European countries (Foulds et al., 2003; Lee, 2011 ). 

The tobacco harm reduction strategy, which was defined by the 
Institute of Medicine (IoM) as "decreasing total morbidity and mor­
tality, without the complete elimination of tobacco and nicotine use'', is 
aimed at decreasing smoking and hence smoking-related population 

harm (Stratton et al., 2001). According to the IoM, products that pro­
vide a reduction in exposure to one or more tobacco constituents are 
part of this strategy. As the tobacco in snus is not burned, and its spe­
cific manufacturing process does not involve fermentation, snus has 
significantly lower levels of harmful and potentially harmful con­
stituents (HPHC). For example, the carcinogenic tobacco-specific ni­
trosamines (TSNAs) are lower than the TSNAs in cigarette smoke and in 
other STPs, such as American moist snuff (!ARC, 2007; Seidenberg 
et al., 2016). 

A substantial number of studies provided conflicting evidence on 
the adverse effects of snus use on oral health, mainly due to con­
founding factors in epidemiological data, specific data selection for 
meta-analyses, and lack of distinction between oral tobacco products 
with widely varying composition (Bergstrom et al., 2006; Carlens et al., 
2010; Gustafsson et al., 2011 ; Kallischnigg et al., 2008; Lee, 2013a, 
2013b; Modeer et al., 1980; Persson et al., 1993, 2000). In vitro studies 
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Abbreviations 

2D 
3D 
3R4F 
BIF 
cDNA 
CFA 
CPR 
CRPl.1 
cRNA 
CSF 
CST 
CXCL 
DEG 
EtOH 
FC 
FDR 
GCW 
GSA 
H&E 
HPHC 
IFNy 
IL 
IoM 
IPN 
KEGG 
LC 
miRNA 
MMP 

Two-dimensional 
Three-dimensional 
Reference cigarette 
Biological impact factor 
Complementary DNA 
Cell fate 
Cell proliferation 
CORESTA Reference Product 1.1 
Complementary RNA 
Colony stimulating factor 
Cell stress 
Chemokine (C-X-C motif) ligand 
Differentially expressed genes 
Ethanol 
Fold change 
False discovery rate 
General Classic White snus 
Gene set analysis 
Hematoxylin and eosin 
Harmful and potentially harmful constituents 
Interferon gamma 
Interleukin 
Institute of Medicine 
Inflammatory process network 
Kyoto Encyclopedia of Genes and Genomes 
Liquid chromatography 
Micro RNA 
Matrix metalloproteinase 

performed by administering snus extracts to cell cultures have shown 
only weak adverse effects of snus at concentrations relevant for human 
use. Swedish snus was broadly showing negative results in the Salmo­
nella reverse mutation (Ames), mouse lymphoma mutagenicity, and in 
vitro micronucleus assays, whereas an American-type reference product 
was weakly positive (Coggins et al., 2012). Acute exposure (1 h) of 
primary human endothelial cells and oral fibroblasts to high con­
centrations (100 µM nicotine) of Swedish snus extract or nicotine alone 
(up to 400 µM) induced abnormalities in the cytoplasm without any 
significant degree of cell death; some gene expression changes were 
observed on a complementary DNA (cDNA) array of 100 selected genes, 
displaying diverse responses between both cell types (Laytragoon­
Lewin et al., 2011 ). In a comparative study on Sudanese toombak 
versus Swedish snus, oral fibroblasts and keratinocytes exposed to snus 
displayed less impairment of cell viability, morphology, growth, se­
nescence, and DNA double-strand breaks (Costea et al., 2010). Woo 
et al. investigated the gene expression profiles in normal gingival ker­
atinocytes and tumor-derived oral cell lines following a 24-hour ex­
posure to an extract from an American-type reference STP and observed 
mainly activation of genes related to xenobiotic metabolism (Woo et al., 
2017). 

The manufacture of snus products evolved in recent years, leading, 
for example, to a reduction in TSNA levels (Rutqvist et al., 2011 ). 
Therefore, effects such as cellular damage, impairment of cell cycle, and 
cell death observed in previous studies may not reflect the effects re­
ported in more recent studies (Coggins et al. , 2012). 

Most snus in vitro studies were performed on two-dimensional (2D), 
often tumor-derived or immortalized, culture models, which are grown 
as a monolayer in a non-physiologic medium-submerged environment 
and do not retain the organization of human tissues. A culture grown to 
form a three-dimensional (3D) structure is expected to be more relevant 
than a 2D culture, as it retains many properties of the native tissue 
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Messenger RNA 
Modified risk tobacco product 
Mass spectrometry 
Not applicable 
N-Nitrosoanabasine 
N-Nitrosoanatabine 
N-Nitrosonornicotine 
4-(N-nitrosomethylamino )-1-(3-pyridyl)-1-butanone 
Network perturbation amplitude 
Normalized-unscaled standard errors 
Phosphate-buffered saline 
Post-exposure 
Parallel reaction monitoring 
Quality control 
Relative biological impact factor 
Reference 
Relative log expressions 
Room temperature 
Standard error of the mean 

s!CAM-1 Soluble intercellular adhesion molecule-1 
STE Smokeless tobacco extract (American-type reference moist 

snuff) 
STP Smokeless tobacco product 
TIMP-1 Tissue inhibitor of metalloproteinases-1 
TNFA Tumor necrosis factor alpha 
TPM Total particulate matter 
TSNA Tobacco-specific nitrosamine 
VEGF Vascular endothelial growth factor 
WS Whole smoke 

(Mulhall et al., 2013). We leveraged these properties of a gingival 
human epithelial organotypic culture that is made of primary normal 
human gingival keratinocytes cultured in a serum-free medium, which 
form 3D differentiated tissues. This tissue structure is very similar to the 
native human gingival epithelium (Hai et al., 2006; Zanetti et al., 
2017). To our knowledge, this is the first study to assess the impact of 
Swedish snus on fully differentiated gingival organotypic cultures. 

Systems toxicology integrates systems biology into toxicity assess­
ment; functional changes are studied as well as alterations in cellular 
and molecular entities. The essence of a systems toxicology approach is 
switching from qualitative-descriptive to quantitative-predictive sci­
ence (Sauer et al., 2016; Sturla et al., 2014). In recent years, we suc­
cessfully combined a systems toxicology approach with the use of 3D 
organotypic buccal and gingival cultures to investigate the effects of 
different tobacco products (Schlage et al., 2014; Zanetti et al., 2016, 
2017, 2018). 

In the current study, we used systems toxicology to characterize the 
effects of apical exposure to aqueous snus extracts obtained from a 
commercially available Swedish snus brand and from a Swedish snus 
reference product on organotypic gingival epithelial cultures. Three 
concentrations of each product were tested and matched for their ni­
cotine content, which was considered as internal reference compound. 
Total particulate matter (TPM) extracted from reference cigarette 
smoke was used as a positive control and representative smoke fraction 
to assess the effects of combusted tobacco on gingival cells. The con­
centrations of secreted inflammatory mediators were measured and 
culture morphology was investigated by evaluating the hematoxylin/ 
eosin (H&E)-stained sections and E-cadherin immunostaining. 
Microarrays were used to obtain gene expression profiles (messenger 
RNA [mRNA] and microRNA [miRNA]), and computational modeling, 
including our previously established causal network approach, was 
conducted to analyze the expression profiles under a mechanistic 
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context. We also applied our causal network modeling approach to the 
transcriptomics data set by (Woo et al., 2017), underlining the utility of 
this tool as well as the robustness of our findings. 

2. Materials and methods 

2.1. Organotypic culture model 

Human gingival organotypic epithelial cultures (EpiGingival'", GIN-
100) were purchased from MatTek (Ashland, MA, USA). Gingival cul­
tures were derived from a 46-year-old nonsmoker male donor with no 
reported pathologies and were handled and maintained as described 
previously (Zanetti et al., 2017). Briefly, the cells were grown in 
Transwell" inserts (with a diameter of 6.5 mm and a pore size of 0.4 µm) 

and maintained in 12-well culture plates for three days to complete 
differentiation at the air-liquid interface. After differentiation, cultures 
were incubated in 24-well plates. 

2.2. Tobacco product preparations 

Swedish snus extracts were obtained from the CORESTA Reference 
Product 1.1 (CRPl.1, Tobacco Analytical Services Laboratory, North 
Carolina State University, Raleigh, NC, USA) or the General Classic 
White (GCW, Swedish Match, Stockholm, Sweden). Upon receipt, 
CRPl.1 and GCW packages were stored at - 20 °C. The snus boxes were 
placed at + 4 °C for a minimum of 24 h prior to the experiments. One 
hour before the extraction, snus pouches were placed at room tem­
perature (RT) to equilibrate. Five snus pouches of each type were cut in 
half, and the pouch material and content (5 g) were extracted with 
25 mL PBS (1/5 dilution) for 1 hat 37 °C under agitation (400 rpm). 
The extract was then centrifuged at 2500 rpm for 5 min at RT, and the 
supernatant was subsequently centrifuged into a second centrifuge tube 
equipped with a centrifuge glass filter (Labo Service Belgium bvba, 
Kontich, Belgium). The glass filter was protected with an F44 mm glass­
fiber filter pad (0.45 µm pore size syringe filer, Fisher Scientific, 
Waltham, MA, USA) and the extract was centrifuged for 10 min at 
2400 rpm. The centrifuged/pre-filtered extract was filled into a 10-mL 
glass syringe with a polytetrafluoroethylene head and filtered through a 
0.22-µm pore size syringe filter (Fisher Scientific; PES membrane, 
33 mm diameter, sterile). The snus preparation obtained were referred 
to as 100% concentrated. Further dilutions were performed in PBS. PBS 
was used as solvent control (sham). 

TPM was prepared according to a standard procedure by collecting 
mainstream smoke from 3R4F reference cigarettes (University of 
Kentucky, Kentucky Tobacco Research and Development Center, 
Lexington, KY, USA). TPM samples were generated according to the 
Health Canada Intense smoking protocol (55 mL puff over 1. 9 s, twice 
per min). Each 3R4F cigarette was smoked to a standard butt length 

CRPl.1 GCW TPM 

Exposure 

24 
0 • 

48 • 
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(approximately 35 mm) through a RM20H Rotary smoking machine 
(Borgwaldt, Hamburg, Germany). Two separate glass fiber filters 
( 44 mm diameter) were used for the collection of the TPM. The smoke 
from three 3R4F cigarettes was trapped per each filter. TPM was ex­
tracted from the first glass fiber filter with 5 mL of pure ethanol 
(99.9%). The second filter was extracted with the first crude extract. 
Samples were finally shaken for 10 min at 400 rpm. Further dilutions 
were performed in phosphate-buffered saline (PBS) (for the TPM high 
concentration) or PBS-2% ethanol (for the TPM low concentration). 
PBS-2% ethanol was used as solvent control (sham). 

2.3. Nicotine determination in snus and TPM extracts 

Nicotine content was determined directly in the TPM (extracted in 
ethanol) and in the snus extract (in PBS) stock solutions. The nicotine 
concentrations were measured using liquid chromatography (LC) high­
resolution accurate-mass mass spectrometry (MS) (MicroTOF QII, 
Bruker Daltonik GmbH, Bremen, Germany). A high-throughput method 
in full-scan positive electrospray ionization mode, using reverse-phase 
mode chromatography, was used to perform the analysis. The de­
termination of nicotine was achieved using an eight-point calibration 
curve generated by the area ratio between the analyte of interest and its 
isotopic-labelled internal standard as a function of concentration. 
Quantification was performed using an isotopic dilution technique with 
nicotine-(methyl-d3) as internal standard (Zanetti et al ., 2017). 

2.4. Determination of TSNAs in snus extracts and TPM 

Aliquots (50 µL) of the snus extracts or of diluted TPM (1: 10 in 
methanol) were mixed with a solution of isotopically labelled internal 
standards 4-(N-nitrosomethylamino)-1-(3-pyridyl)-1-butanone 
(NNK)-d4, N-nitrosonornicotine (NNN)-d4, N-nitrosoanatabine (NAT)­
d4, and N-nitrosoanabasine (NAB)-d4 - each 25 ng/mL in 50 mM Tris­
HCI buffer pH 7.5. These diluted samples, and a series of calibration 
samples containing the same levels of internal standards together with 
known concentrations of TSNAs, were analyzed using LC/MS on an 
Ultimate 3000 ultra-high performance liquid chromatography system 
coupled to a Q-Exactive mass spectrometer (Thermo Fisher Scientific, 
Santa Clara, CA, USA). Chromatographic separation was performed 
using an Acquity Ultra Performance Liquid Chromatography" Ethylene 
Bridged Hybrid™ C18 column (1.7 µm, 150 x 2.1 mm; Waters, Milford, 
MA, USA); the column temperature was set to 55 °C. Eluents were 
10 mM ammonium bicarbonate in water + acetonitrile (5% v/v; eluent 
A) and methanol (eluent B) applied as a gradient (0 min-6% B; 
1 min-6% B; 5 min-100% B; 6 min-100% B; flow: 0.4 mL/min). The 
injection volume was 6 µL. In these conditions, NNK, NNN, NAT, and 
NAB were eluted after 3.81, 3.61, 4.32, and 4.22 min, respectively. For 
MS detection, electrospray ionization was applied with a capillary 

Post exposure Endpoints 

,/ ,/ Inflammatory mediators 
,/ ,/ Histology and lmmunohistochemistry 
,/ ,/ mRNA/miRNA 
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Fig. 1. Scheme of the study design. EpiGingival™ cultures were apically exposed for 72 h to CRPl. l and GCW extracts, and 3R4F TPM, as described. Basolateral 
medium for inflammatory mediator assessment was collected ( 400 µL per sample) at the indicated time points and replaced with fresh medium. Inserts for histo­
logical and transcriptomics analysis were collected at the indicated time points. Abbreviations: CRPl.l, CORESTA Reference Product 1.1; GCW, General Classic 
White; h, hour; PBS, phosphate-buffered saline; PE, post-exposure; TPM, total particulate matter. 
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voltage of 3.7 Vin positive mode, and two functions were acquired: a 
full-scan function (2.2-4.0 min; 145-220 m/z) and a parallel reaction 
monitoring (PRM) function (3.9-5.0 min, collision of m/z 183 to 2013 
ion with normalized collision energy of 15 V). For the detection of NNK, 
NNK-d4, NNN, and NNN-d4, the signals of their [M + H] + pseudomo­
lecular ions at m/z 208.10805, 212.13316, 178.09749, and 182.12260, 
respectively, in the full-scan mode were used. For the detection of NAT, 
NAT-d4, NAB, and NAB-d4, the signals of their [M-NO + H] + fragment 
ions at m/z 160.09950, 164.12461, 162.11515, and 166.14026, re­
spectively, in the PRM mode were used. 

2.5. Study design 

Three independent preparations of CRPl.1, GCW extracts, and 3R4F 
TPM, were freshly made within the week before each experimental 
repetition. A series of three experimental repetitions was conducted. 
For each experimental repetition, three independent exposures with 
three independently prepared TPM, CRPl.1, and GCW extracts were 
performed. A pair design was implemented where the exposed samples 
(to either CRPl.1, GCW extract, and TPM) were exposed together with 
their corresponding sham controls during a given exposure session. 
During the week of experiments, EpiGingival'" cultures were subjected 
to an apical continuous 72-hour exposure to CRPl.1, GCW extracts, 
TPM, or their corresponding shams. The apical exposure solution was 
replaced once a day for all inserts. After the 72-hour exposure, the 
cultures were covered by PBS for a post-exposure (PE) period of up to 
24 h. Endpoints were assessed at various time points during exposure or 
PE to assess the responses of the cultures to CRPl.1, GCW extracts, and 
TPM (Fig. 1). 

2.6. Histology processing and analysis 

Histological assessment was performed at 4 and 24 h after the 72-
hour exposure to 3R4F TPM, CRPl.1, or GCW extracts. H&E and E­
cadherin staining were performed as previously described (Zanetti 
et al., 2017). Three tissue sections per condition/experimental replicate 
were stained. Images were acquired at 40 x magnification. Digital 
images of the H&E-stained sections (acquired with Nanozoomer 2.0 HT 
Slide Scanner, Hamamatsu, Hamamatsu City, Japan) were assessed 
independently in a blinded manner by a certified pathologist (Unilabs 
Independent Histopathology Services, London, UK). 

2.7. Luminex-based measurement of secreted inflammatory mediators 

Concentrations of secreted inflammatory mediators were measured 
in the basolateral medium using Luminex • xMAP

0 

technology 
(Luminex, Austin, TX, USA) with commercially available assay panels 
(EMD Millipore Corp., Schwalbach, Germany). Basolateral medium 
samples were collected at 24, 48, and 72 h during exposure, and media 
were replaced after each sample collection. Single inserts were dedi­
cated to each PE time point (4, 24 h) (e.g. for one insert, the basolateral 
medium was sampled during exposure and at 4 h PE, and for another 
insert, the basolateral medium was sampled during exposure and at 
24 h PE). For the measurements, the three aliquots collected during 
exposure were pooled: the pooling was performed as previous experi­
ments using a similar design (Zanetti et al., 2017) with cigarette smoke 
did not induce marked inflammatory response before the third ex­
posure. The aliquots collected at 4 and 24 h PE were measured in­
dependently. The concentration of each inflammatory mediator at 4 
and 24 h PE was summed with the respective concentration measured 
during exposure to determine the cumulative release throughout the 
experimental session. The following mediators were measured: colony­
stimulating factor (CSF) 2, CSF3, chemokine (C-X-C motif) ligand 
(CXCL) 1, CXCLlO, CXCL8, interferon gamma (IFNy), interleukin (IL)-6, 
IL-13, IL-IA, IL-lB, matrix metalloproteinase (MMP)-1, MMP-9, soluble 
intercellular adhesion molecule (sICAM)-1, tissue inhibitor of 
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metalloproteinases-1 (TIMP-1), tumor necrosis factor alpha (TNFA), 
and vascular endothelial growth factor (VEGF). Briefly, 25 µL of diluted 
or undiluted sample were used for each detection and analysis was 
conducted on a Luminex" 200™, or FLEXMAP 3D

0 

reader, equipped 
with xPONENT

0 

software (Luminex). Three samples were treated for 
24 h with TNFA and IL-lB (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 ba­
solateral medium. Positive and negative controls were used fresh for 
each experimental repetition. Whenever measured concentrations fell 
below the limit of quantitation, a constant value was used (i.e. half of 
the lower limit of detection). 

2.8. RNA/miRNA isolation and data generation 

Total RNA, including miRNA, was isolated from gingival cultures 
collected 4 and 24 h PE as described previously (Zanetti et al., 2018). 
The RNA integrity number values of the 180 gingival samples (three 
experimental repetitions) were distributed between 8.9 and 10, in­
dicating a high quality. For the mRNA array, 100 ng of total RNA were 
reverse-transcribed to cDNA using the Affymetrix" HT 3'-IVT PLUS kit 
(Thermo Fisher Scientific). The cDNA was labelled and amplified to 
complementary RNA (cRNA). The fragmented and labelled cRNA was 
hybridized to GeneChip · Human Genome U133 Plus 2.0 arrays (Thermo 
Fisher Scientific) in a GeneChip • Hybridization Oven 645 (Thermo 
Fisher Scientific) according to the manufacturer's instructions. Arrays 
were rinsed and stained on a GeneChip • Fluidics Station FS450 DX 
(Thermo Fisher Scientific) using the Affymetrix • GeneChip • Command 
Console· Software (AGCC software v-3.2, protocol FS450_0001). 

For the miRNA array, 200 ng of total RNA containing low-molecular 
weight RNA were biotinylated using the FlashTag'" Biotin HSR kit 
(Affymetrix) and hybridized to GeneChip" miRNA 4.0 arrays (Thermo 
Fisher Scientific) in a GeneChip • Hybridization Oven 645 (Thermo 
Fisher Scientific) according to the manufacturer's instructions. Arrays 
were rinsed and stained on a GeneChip • Fluidics Station FS450 DX 
(Thermo Fisher Scientific) using the Affymetrix • GeneChip • Command 
Console· Software (AGCC software v-3.2, protocol FS450_0002). 

Finally, the arrays were scanned using a GeneChip • Scanner 3000 
7G (Thermo Fisher Scientific). Raw images from the scanner were saved 
as DAT files. The AGCC software automatically gridded the DAT file 
images and extracted probe cell intensities into the CEL files. 

2. 9. Preprocessing of the mRNA data 

The raw CEL files were processed using software packages from the 
Bioconductor suite of microarray analysis tools for the R statistical 
software environment (Huber et al., 2015; R Core Team, 2013). Back­
ground correction and frozen-robust multi-array quantile normalization 
were applied to generate microarray expression values from the 179 
arrays that passed the quality controls (QC) (McCall et al. , 2010). The 
QC metrics examined the distributions of the log-intensities, the nor­
malized-unscaled standard errors (NUSE), the relative log expressions 
(RLE), and the median absolute value RLE, as well as the general aspect 
of the array pseudo- and raw images, and were obtained using the af­
fyPLM package (Brettschneider et al., 2008). Additionally, the Brai­
narray Custom CDF environment HGU133Plus2_Hs_ENTREZG v16.0 
was used for probeset-level summarization (Dai et al., 2005), as pre­
viously described (Iskandar et al., 2017a; Zanetti et al. , 2017). 

2.10. Statistical analysis of mRNA data 

For each experimental factor combination (exposure item, con­
centration, and PE duration), a statistical model to estimate the treat­
ment effects was fitted with the limma package (Smyth, 2004). The 
model included the exposure run identifier as a blocking variable to 
account for the paired experimental design of exposure (exposed and 
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sham control, see the Study Design Section). The p-values for each 
treatment effect were adjusted across genes using the Benjamini­
Hochberg false discovery rate (FDR) method (Benjamini and Hochberg, 
I 995). Differentially expressed genes (DEG) were defined as genes with 
an FDR < 0.05. The mRNA array data were deposited in the Ar­
rayExpress public repository (ID: E-MTAB-7579). 

Gene set analysis (GSA) was performed with pathway maps from the 
Kyoto Encyclopedia of Genes and Genomes (KEGG) knowledge base 
(Kanehisa et al., 20I4). The significance of the gene set enrichment was 
assessed using a competitive null hypothesis (QI) as well as a self­
contained null hypothesis (Q2) (Ackermann and Strimmer, 2009). 
Whereas QI tests for the significance of genes in the set versus those not 
in the set, Q2 tests for a significant difference between the conditions. 
As a consequence, Q2 is more appropriate in the context of comparative 
toxicity assessment (e.g. to reveal a significant effect on a given gene set 
compared with sham-exposed controls), while QI can highlight gene 
sets that dominate these responses (Iskandar et al., 20I 7c). Concretely, 
the QI statistics were calculated with the CAMERA approach (Wu and 
Smyth, 20I2), and the Q2 statistics were calculated with the ROAST 
approach (Wu et al., 20IO), which takes the gene correlation structures 
into account. Signed means were used as the gene set-level scores, and 
the statistical significance p-values were obtained for two-tailed tests. 
Finally, the Benjamini-Hochberg adjustment procedure yielded the FDR 
p-values (Benjamini and Hochberg, I 995). 

2.11. Network analysis of the mRNA data 

While GSA represents the usual way of interpreting mRNA data in 
terms of pathways enrichments, our Systems Toxicology approach aims 
at quantifying the exposure-induced changes in the activities of a 
variety of biological mechanisms using the "reverse-causal reasoning" 
(Catlett et al., 20I3). Specifically, the network perturbation amplitude 
(NPA) is a network enrichment approach to quantify the treatment­
induced effects in terms of the perturbations of biological mechanisms 
described by causal network models (Martin et al., 20I2, 20I4). Briefly, 
the methodology aims to contextualize the treatment effects by com­
bining the alterations in gene expression into differential node values 
(e.g. one value for each node of a causal network model). The differ­
ential node values are determined by fitting procedures inferring the 
values that best satisfy the directionality of the edges of the network 
model (e.g. positive or negative signs). NPA scores are associated with a 
confidence interval accounting for experimental variation, and the as­
sociated p-values are computed. In addition, companion statistics, 
called "O" and "K'', and their p-values are derived to test the specificity 
of the NPA scores to the biological structure of the network models. A 
network is considered significantly perturbed by the exposure if the 
three p-values (experimental variation, 0, and K) are below 0.05 
(Martin et al., 20I4). A systems-wide metric for biological impact, the 
biological impact factor (BIF) (Hoeng et al., 20I2; Thomson et al., 
20I3), summarizes the impact of the exposure on the cellular system 
into one single number enabling a simple, high-level quantification of 
the treatment effects across multiple time points. The calculation of the 
BIF requires the collection of all 28 applicable, hierarchically structured 
causal network models (Boue et al., 20I5) (Supplementary Table I ) and 
consists of a suitable aggregation of the NPA values of the individual 
networks (Hoeng et al., 20I4). 

2.12. Preprocessing of miRNA data 

The CEL files were read using the oligo package in the Bioconductor 
suite of microarray analysis tools for the R statistical software en­
vironment (Carvalho and Irizarry, 2010; Huber et al., 20I5; R Core 
Team, 20I 3). QC of the raw data was performed for each experimental 
repetition using the arrayQualityMetrics package (Kauffmann et al., 
2009) and based on the following four metrics: the distances between 
arrays for raw data, the distances between arrays for normalized data, 

256 

Food and Chemical Toxicology 125 (2019) 252- 270 

the NUSE, and the array intensity distributions. Arrays that were out­
liers in at least two of the metrics were discarded. This process was 
rerun on the remaining arrays until all were accepted (176 out of I80), 
as previously described (Iskandar et al., 20I 7a). Normalized probe-level 
data were obtained by applying robust multi-array normalization and 
summarized at the probeset level with the median polish method 
(Bolstad et al., 2003). Using the annotation provided by Affymetrix and 
the latest miRNA nomenclature according to miRBase v2I (Kozomara 
and Griffiths-Jones, 20I4), only probesets mapping to human miRNAs 
were kept in the expression matrix. Additionally, only the miRNA 
probesets with significantly higher intensity values than their matched 
background probes were considered as "detected" (Affymetrix miRNA 
QCT Tool, 20I 1). Ap-value threshold of O.OOI was chosen to determine 
the detection calls based on Wilcoxon tests. If a miRNA probeset was 
detected in more than 75% of the samples in at least one experimental 
group (exposed or sham control), it was kept for further analysis; 
otherwise, it was discarded. This process led to final expression ma­
trices containing 533 rows. The miRNA array data are available in the 
ArrayExpress repository (ID: E-MTAB-7580). 

2.13. Statistical analysis of miRNA data 

For each experimental factor combination (exposure item, con­
centration, and PE duration), a submatrix was extracted from the 
overall expression matrix by selecting only the paired samples matching 
the factor values as well as the miRNA probesets that were detected in 
more than 75% of samples of the corresponding two experimental 
groups. To estimate the treatment effects, the same statistical model as 
the one used for mRNA data was applied to the submatrix using the 
limma package (Smyth, 2004). Adjusted p-values were obtained fol­
lowing multiple testing corrections with the Benjamini-Hochberg FDR 
(Benjamini and Hochberg, I 995). MicroRNAs below the FDR threshold 
of 0.05 were considered as differentially expressed. 

2.14. Functional analysis of miRNA data 

The approach used to functionally analyze the miRNA data is an 
adaptation of the computational pipeline applied previously (Zanetti 
et al., 20I8). First, the potential miRNA-mRNA interacting pairs were 
obtained by filtering the mRNA and miRNA differential expression re­
sults for the most promising candidates using reasonable criteria 
(mRNAs: at least one FDR value smaller than 0.05; miRNAs: at least one 
FDR value smaller than 0.05 together with an absolute fold change (FC) 
value larger than 0.5 as well as a mean expression value larger than 7; 
the miRNAs were additionally filtered for high-confidence mature se­
quences (Kozomara and Griffiths-Jones, 20I4)). The corresponding 
miRNA-mRNA pairs were first selected based on the PC-based Pearson 
correlation values smaller than - 0.5; they were then intersected with 
the multiple source-based sets of experimentally validated and high­
confidence computationally predicted miRNA-mRNA target pairs em­
barked in the multiMiR package (Ru et al., 20I4). This first filtering step 
yielded a total of I63 potential miRNA-mRNA interacting pairs (10 
miRNAs and I43 mRNAs). The relevant pathways regulated by the 
differentially expressed miRNAs were identified based on enrichment 
calculations for the mRNAs contained in the sets of potential miRNA­
mRNA interacting pairs derived in the first step. These calculations 
were performed using the hypergeometric distribution-based over­
representation statistics implemented in the Piano package (Varemo 
et al., 20I3). The pathways were taken from the generic MSigDB C2CP 
collection (1320 gene sets (Liberzon, 20I4)) and then restricted to the 
Reactome subset (674 gene sets), which turned out to be its most bio­
logically insightful non-redundant subset (Liberzon, 20I4). The p-va­
lues were adjusted by the Benjamini-Hochberg procedure (Benjamini 
and Hochberg, I 995). 
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2.15. Statistical analysis 

Mean and standard error of the mean (SEM) values are reported 
unless otherwise specified. Comparisons of data from an exposed 
sample versus its sham control (i.e. the paired sample from the same 
exposure run) were performed using a paired t-test, and the raw p-va­
lues obtained are reported. Before applying the paired t-test to data 
from secreted inflammatory mediator analyses (Luminex assay), the 
values were transformed using the natural log transformation. 

Statistical analysis was performed using R-3.1.2 on data from 
Luminex-based measurements of secreted mediators, while R-3.1.2 and 
Bioconductor 3.0 were used to perform mRNA/miRNA analysis 
(Gentleman et al., 2004). 

Histopathology scores have been attributed to the cultures after 
their exposure to the study treatments (TPM and snus). Score attributes 
related to tissue atrophy, parakeratosis, etc. have been given to each 
tested sample. These were ordinal categorical outcomes taking integer 
values from 0 (minimum) up to a maximum depending on the attribute. 
Relative frequencies of these scores were used to describe the histo­
pathological state of the cultures after exposure. 

3. Results 

3.1. Chemical analysis of the snus and TPM samples 

Chemical analyses were performed on the respective stock pre­
paration (100% snus extract and 3R4F TPM) to determine the levels of 
nicotine and the selected TSNAs, which were considered as re­
presentative compounds for exposure calibration (Table 1). The con­
centrations of nicotine in CRPl.1 and GCW extracts were similar 
(1477.11 and 1351.73 mg/ L PBS, respectively); the nicotine con­
centration measured in 3R4F TPM was 2533.39 mg/L ethanol. The le­
vels for selected TSNAs were in the low-ng range for CRPl .1 and GCW 
extracts, with slightly higher values for the GCW than CRPl.1 extracts, 
and approximately one/two orders of magnitude higher for TPM than 
for the snus extracts. 

The concentrations for the experimental treatments were selected 
based on measured nicotine and TSNA concentrations. First, the con­
centrations of CRPl .1 and GCW extracts were selected to achieve target 
nicotine and TSNA concentrations in the range measured in the saliva of 
moist snuff users and therefore relevant to the human situation (i.e. 
73-1560 mg nicotine/L saliva, maximum 16 µg/L NNK, 3-140 µg/L 
NNN, and 4-85 µg/L NAT (Hoffmann and Adams, 1981)). These con­
centrations are indicated in the study as "high" and correspond to a 
50% (738.6 mg nicotine/L PBS) and 60% extract solution (811.0 mg 
nicotine/L PBS) for CRPl.1 and GCW extracts, respectively (Table 2). 
Second, CRPl .1 and GCW extracts were diluted to yield comparable 
nicotine concentrations to TPM, which was selected as a positive con­
trol treatment to measure morphological/molecular alterations derived 
from a smoke fraction. A dose range finding experiment was conducted 
to determine a toxic TPM concentration, which would induce visible 
morphological alterations to gingival cells, and a lower concentration, 
which would cause less cellular damage but measurable molecular 
changes (data not shown). As the nicotine concentration in the 100% 
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TPM preparations was approximatively 1.6-fold higher than that of 
CRPl.1 and GCW extracts, different dilutions were applied to obtain 
comparable nicotine concentrations. The two selected TPM dilutions for 
the study were 0.5% and 2% (12.7 and 50.7 mg nicotine/L PBS, in­
dicated as low and high, respectively [Table 2]), which were compar­
able to 1 % and 4% CRPl.1 (14.8 and 59.1 mg nicotine/L PBS, indicated 
as low and medium, respectively [Table 2]) or 1% and 5% GCW (13.5 
and 67.6 mg nicotine/L PBS, indicated as low and medium, respectively 
[Table 2]). 

3.2. Histological assessment 

The impact of exposure on tissue morphology was evaluated by 
histological assessment in cultures collected 4 and 24 h PE to CRPl.1 
and GCW extracts or 3R4F TPM. CRPl.1 extract exposure did not cause 
major alterations to the culture morphology: gingival cultures, even 
those exposed to 738.6 mg/L concentration, resembled the PBS-exposed 
controls at both PE time points (Fig. 2A and Supplementary Fig. 1). 

GCW extract-exposed samples also resembled the PBS-exposed controls. 
Only following exposure to the high GCW extract concentration 
(811.0 mg/L), at 24 h PE, were there signs of atrophy, cell alterations, 
hypergranulosis, and parakeratosis (Fig. 2A). 

TPM induced pronounced morphological alterations at the 50.7 mg/ 
L concentration starting from 4 h PE (Supplementary Fig. 1), and in­
creasing up to 24 h PE (Fig. 2A). In particular, marked atrophy, hy­
pergranulation, and parakeratosis were observed. Cell alterations, in­
cluding nuclear changes with loss of cell polarity and increased 
nuclear/cytoplasmic ratio, were also observed. The four-fold lower 
TPM concentration caused less marked changes, showing increased 
keratinisation, mildly increased atrophy, hypergranulosis, and para­
keratosis only at 24 h PE. The score distribution for these histological 
findings are illustrated in Fig. 2B; for a more comprehensive view of all 
histological findings and their distribution, see Supplementary Fig. 2. 

Controls treated with PBS and those exposed to PBS containing 2% 
ethanol had similar morphology, indicating that the concentration of 
ethanol in the TPM dilutions and the corresponding sham did not affect 
the epithelial structure of gingival cultures. 

To investigate possible effects on cell-cell adhesion in gingival cultures 
exposed to CRPl.1 and GCW extracts, and TPM, we assessed the expression 
of E-cadherin by inununostaining. E-cadherin is a calcium-dependent ad­
hesion molecule (van Roy and Berx, 2008) and acts as a receptor in cell 
junctions, with important functions in adhesion and signaling (Tsang et al., 
2012; van Roy and Berx, 2008). As more pronounced morphological al­
terations were observed 24 h PE, we focused on this time point for our 
analysis of the of E-cadherin expression. Fig. 2C illustrates that there was no 
major alteration in E-cadherin expression at 24 h following exposures to 
CRPl.1 and GCW extracts at low and medium nicotine concentrations. 
However, there was a slight loss of apical E-cadherin expression following 
exposure to the high CRPl.1 and GCW extract concentrations (738.6 and 
811.0 mg/L, respectively). TPM-exposed cultures showed a progressive 
apical decrease in E-cadherin staining at the high concentration, con­
comitant with the atrophy of the non-keratinized suprabasal layers. 

The controls exposed to PBS and those exposed to PBS-2% ethanol 
did not exhibit differences in E-cadherin staining. 

Summary of chemical analyses for nicotine and TSNAs in the tobacco product preparations (100% concentrated). 

Sample Nicotine (mg/ L NNN (ng/ mL NNK (ng/ mL NAT (ng/ mL NAB (ng/ mL 
PBS/ EtOH ± SEM) PBS/ EtOH ± SEM) PBS/ EtOH ± SEM) PBS/ EtOH ± SEM) PBS/ EtOH ± SEM) 

CRPl.l 1477.11 ± 26.75 29.28 ± 0.36 7.88 ± 0.08 24.09 ± 0.28 0.99 ± 0.03 
GCW 1351.73 ± 63.26 40.26 ± 0.50 11.99 ± 0.11 27.61 ± 0.21 1.45 ± 0.06 
TPM 2533.39 ± 130.48 459.67 ± 10.24 343.52 ± 7.12 389.80 ± 7.01 33.16 ± 0.48 

Abbreviations: CRPl.1, CORESTA Reference Product 1.1; EtOH, ethanol; GCW, General Classic White; TPM, total particulate matter; NNN: N'-nitrosonornicotine; 
NAT: N'-nitrosoanatabine; NAB: N'-nitrosoanabasine; NNK: 4-(methylnitrosamino)-1 -(3-pyridyl)-1-butanone; PBS, phosphate-buffered saline; SEM, standard error of 
the mean; TPM, total particulate matter. N = 9. 
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Table 2 
Experimental groups and concentrations. 

CRPl.l group (Nicotine concentration in mg/ L PBS) GCW group (Nicotine concentration in mg/ L PBS) TPM group (Nicotine concentration in mg/ L PBS) 

Sham · 0% * (0) 
Low · 1 % CRPl.l (14.8) 
Medium - 4% CRPl.l (59.1) 
High · 50% CRPl.l (738.6) 

Sham · 0% * (0) 
Low - 1% GCW (13.5) 
Medium - 5% GCW (67.6) 
High · 60% GCW (811.0) 

Sham - 0% TPM (0) 
Low · 0.5% TPM (12.7) 
High - 2% TPM (50.7) 
NA 

The comparable concentrations of the different products are based on the nicotine concentrations (indicated in parenthesis) and displayed on the same rows. * The 
shams used for the snus products extracts were the same for CRPl.1 and GCW groups. Abbreviations: CRPl.1, CORESTA Reference Product 1.1; GCW, General Classic 
White; NA, not applicable; PBS, phosphate-buffered saline; TPM, total particulate matter. The concentrations were calculated based on the values indicated in 
Table 1. 

3.3. Snus extract and TPM impact on the transcriptome 

To comparatively quantify the biological impact of the various ex­
posure, we employed the network-based systems toxicology approach 
that was used previously for the evaluation of a candidate modified risk 
tobacco product (MRTP) in the same and other organotypic models 
(Iskandar et al., 2017a, 2017b; Zanetti et al., 2016, 2017). This ap­
proach complements classical toxicological measurements by ex­
amining perturbations of the underlying molecular mechanisms based 
on genome-wide profiling of RNA transcripts. Additionally, the fact of 
including an a priori set collection of biological mechanisms (28 causal 
network models) enabled a less targeted evaluation of the relevant 
exposure effects, which contributes to a more objective assessment of 
the biological impact. 

To obtain a comprehensive view of the cellular and molecular al­
terations induced by Swedish snus extracts and 3R4F TPM in the gin­
gival cultures, we quantified mRNA alterations at 4 and 24 h PE. Snus 
exposure was associated with a maximum of 2385 and 2783 differen­
tially expressed genes, for CRPl.1 and GCW extracts, respectively. A 
larger number of differentially expressed genes (maximum 6952) were 
instead observed following TPM exposure (Supplementary Fig. 3). 

To quantitatively assess the perturbation of toxicologically relevant 
causal networks, we analyzed the transcriptomics data by a network­
based systems toxicology impact assessment (Hoeng et al., 2014; 
Iskandar et al., 2017c; Martin et al., 2014). The hierarchical organiza­
tion of the networks allowed for the quantitative assessment of the 
overall perturbation of the system by a given exposure (represented as 
the Relative Biological Impact Factor [RBIF]); of the perturbation of the 
four constituting network families (cell fate [CFA], cell proliferation 
[CPR], cellular stress [CST], and inflammatory process networks [IPN] 
(Boue et al., 2015)); and of the perturbation of each causal biological 
network within each network family. 

Fig. 3A shows the overall biological impact, in the context of the 
biology covered in the network models, for each exposure condition 
compared with the respective sham controls (PBS for CRPl.1 / GCW and 
PBS-2% ethanol for TPM). At the 4 h PE time point, TPM (50. 7 mg/ L) 
exposure produced the highest impact on the cultures; thus, the RBIF 
was set to 100% as the reference (REF). At 24 h PE, the BIF decreased, 
whereas the opposite trend was observed for exposure to low TPM 
concentration (12.7 mg/ L). At low and medium concentration, the 
CRPl .1 and GCW extract exposure did not exert a significant biological 
impact, whereas at the high nicotine concentrations, a BIF value similar 
to that elicited by the low TPM concentration was observed. It should 
be noted that BIF was reduced with increasing PE time in cultures ex­
posed to either CRPl.1 or GCW extracts. No relevant alteration was 
observed by the exposure with the PBS-2% ethanol (sham for TPM). 

The pie charts below the BIF barplot (Fig. 3B) show the contribution 
of the different biological processes (network families) to the overall 
BIF for each exposure. The network families affected mostly by TPM 
exposure were CST (in yellow), CFA (in green), and IPN (in violet), 
compared with the PBS-2% ethanol controls. 

After exposure to the low concentration of CRPl .1 and GCW ex­
tracts, the were no noticeable effects on the network families of interest 
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(CRPl.1 [ 4 h PE]), in accordance with the absence of BIF, or a marginal 
effect concerning only one network family was observed (IPN for 
CRPl.1 [24 h PE], CST for GCW [4 h PE], and CFA for GCW [24 h PE]). 
Following exposures to the medium and high concentrations of CRPl .1 
and GCW extracts, the proportional contribution of the network fa. 
milies composing the BIF were similar to that observed following TPM 
treatment, indicating a similar pattern of response to snus extracts and 
TPM (as indicated also by the 8 values above each bar). 

Each network family comprises a set of network models and can be 
decomposed further to network level. Fig. 3C shows the perturbation of 
each network (as indicated by the NPA) across the comparisons (i.e. for 
the different exposure conditions compared with the corresponding 
sham control at a given PE time point). 

TPM exposure affected the majority of networks analyzed sig­
nificantly. In the CFA family, the networks significantly perturbed were 
Senescence, Necroptosis, and Apoptosis; CST- and JPN-related networks 
were also severely perturbed by TPM exposure, independent of con­
centrations, with Xenobiotic Metabolism Response and Oxidative Stress 
primarily affected among the other networks. CPR-related networks 
(e.g. Hox, Hedgehog, Cell Cycle, Calcium) showed, in many cases, an 
exacerbation of the response with the PE time. 

At the low and medium nicotine concentrations (14.8, 59.1, 13.5, 
and 67.6 mg/ L), CRPl.1 and GCW extracts had a minimal impact, if 
any, for any contrast and PE time point. Following exposure to the high 
CRPl.1 and GCW extract concentrations (738.6 and 811.0 mg/ L), the 
impact on the networks was instead similar to that caused by exposure 
to the low TPM concentration. Xenobiotic Metabolism Response was the 
only network much less affected in samples exposed to the high con­
centrations of snus extract compared with those exposed to the low 
concentration of TPM (12. 7 mg/ L). The possible genes/ mechanisms 
underlying this differential perturbation are analyzed in more details in 
Section 3.6. 

The perturbation scores following the PBS-2% ethanol treatment 
were comparable to those following PBS only treatment, although a few 
minor alterations were observed (i.e. Senescence, Necroptosis, Apoptosis, 
Mapk, Jak Stat, Growth Factor, Cell Cycle, Oxidative Stress, Hypoxic Stress, 
Endoplasmic Reticulum Stress, and Epithelial Innate Immune Activation 
networks exhibited weak perturbations, particularly at the 24 h PE time 
point). 

3.4. Snus extract and TPM impact on miRNA expression 

We complemented the network-based biological impact analyses by 
miRNA expression profiling and functional inferences to assess the ex­
tent to which miRNA-based transcription and regulatory programs were 
engaged by the different exposures. The miRNA microarray technology 
used in this study quantified the expression differences of 533 detected 
human miRNAs. CRPl.1 and GCW extracts at the high concentrations 
(738.6 and 811.0 mg/ L, respectively) induced 139 and 122 differen­
tially expressed miRNAs, respectively, while 3R4F TPM exposure re­
sulted in a maximum of 236 differentially expressed miRNAs (Fig. 4A, 
50.7 mg/ L). Interestingly, while miRNA expression in cultures exposed 
to TPM was exacerbated with time, in the CRPl.1 and GCW extract-
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Fig. 2. Histological assessment of gingival 
organotypic cultures following exposure to 
CRPl.1 , GCW extracts, and 3R4F TPM. (A) 
Representative images of H&E-stained gingival 
cultures 24 h following exposure to CRPl.1 , 
GCW extracts, and TPM. Images were captured 
at a 40 x magnification. N = 9. (B) Relative 
frequencies of the histology scores attributed to 
the experimental groups 24 h following exposure 
to the different study treatments. Color scaling is 
based on the score level indicated above each 
finding. (C) E-cadherin-stained gingival cultures 
24 h following exposure to CRPl.1, GCW ex­
tracts, and TPM. Images were captured at a 
40 x magnification. N = 9. Concentrations are 
indicated in parentheses (mg nicotine/ L). 
Abbreviations: Cntr, control; CRPl.1 , CORESTA 
Reference Product 1.1; EtOH, ethanol; GCW, 
General Classic White; PBS, phosphate-buffered 
saline; TPM, total particulate matter. 
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Fig. 4. Results of the inference of relevant 
miRNAs with biological functions . (A) Numbers 
of differentially expressed miRNAs in exposed 
cultures relative to sham-exposed controls. Each 
bar displays the numbers of miRNAs significantly 
altered for each exposure condition indicated in 
the x-axis (the positive values correspond to in­
creased expression and the negative values to de­
creased expression compared with the sham-ex­
posed controls). Times represented ( 4, 24) refer to 
hours PE. Concentrations are indicated in par­
entheses (mg nicotine/L). (B) Heatmap displaying 
the miRNA-target mRNA-pathway associations 
obtained from the integrated computational pipe­
line (see the Materials and Methods). To select the 
most reliable associations, we restricted the results 
from (A) to the high-confidence miRNAs defined 
by miRBase (Kozomara and Griffiths-Jones, 2014), 
which are more likely to effectively exert a biolo­
gical function. The mRNAs expected to be regu­
lated by a given miRNA for a given pathway are 
represented in the cell intersecting the respective 
pathway row and the miRNA column. 
Supplementary Fig. 4 contains the complete ver­
sion of this heatmap, which includes a few addi­
tional miRNAs and pathways that were removed 
for insufficient support and non-relevant biology, 
respectively. Abbreviations: FDR, false discovery 
rate; CRPl.l , CORESTA Reference Product 1.1; 
EtOH, ethanol; GCW, General Classic White; PBS, 
phosphate-buffered saline; TPM, total particulate 
matter. N = 8--9. 
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Fig. 5. Inflammatory response upon exposure to CRPl .1, GCW extracts, and 3R4F TPM. (A) The heatmap on the left shows the differential expression of the 10 
most altered genes related to inflammation in gingival cultures; the heatmap on the right shows the differential expression of selected inflammatory genes. x and * 
indicate statistically significant differential expression (FDR < 0.05 or FDR < 0.01 , respectively), as explained in the Materials and Methods. Times represented (4, 
24) refer to hours PE. Concentrations are indicated in parentheses (mg nicotine/L). N = 8-9. (B) Heatmap showing the fold changes of mean concentrations of 
secreted inflammatory mediators in the basolateral media a t the completion of the 72-hour exposure to TPM, CRPl.1, and GCW extracts "During Exposure", and 4 
and 24 h PE, relative to the concentrations of the corresponding sham controls. Concentrations are indicated for each group (mg nicotine/L, x-axis). + indicates 
statistically significant differential expression (p ,,; 0.05), as explained in the Materials and Methods. N = 9. (C) Heatmap displaying the characteristic exposure 
responses of an inflammation-associated high-confidence miRNA, miR-125b-5p, its inferred target mRNAs (IL6R, NUP37, and NUP93), and the pathway Cytokine 
Signaling in Immune System (cluster "Immune System" in Fig. 4B). For miRNAs and mRNAs, the exposure response corresponds to the differential expression values 
and their associated FDR, whereas for pathways, the row normalized scores are shown, accompanied by their Q2 FDR (Materials and Methods). Times represented ( 4, 
24) refer to hours PE. Concentrations are indicated in parentheses (mg nicotine/L). N = 8-9. Abbreviations: FDR, false discovery rate; CRPl.1 , CORESTA Reference 
Product 1.1; EtOH, ethanol; GCW, General Classic White; PBS, phosphate-buffered saline; PE, post-exposure; TPM, total particulate matter. 
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exposed cultures, the number of impacted miRNA was reduced to 46 
and 14, respectively, at 24 h PE. 

Similarly to our previous study (Zanetti et al., 2018), we applied an 
integrated computational analysis to identify candidate biological 
functions regulated by miRNAs and categorized the implicated miRNAs 
according to their specific association with pathway categories (see 
Materials and Methods). These results revealed 10 high-confidence re­
sponding miRNAs that could collectively downregulate up to 143 target 
mRNAs corresponding to 57 significantly enriched Reactome pathways 
grouped in 11 high-level categories (Fig. 4B, which displays selected 
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miRNA-mRNA-pathway extracted associations relevant for the biolo­
gical context; for the complete list, see Supplementary Fig. 4). The af­
fected pathway categories included processes relevant to oral disease 
pathology, such as Cytokine Signaling, Cytochrome P450, and processes 
related to the cell cycle. Often, multiple pathways were associated with 
the same miRNAs: this reflects the fact that the intermediate target 
mRNAs were included in multiple pathways and that a closer ex­
amination of the biological context is necessary to determine which 
ones are the most relevant. 

Given the inferred associations between relevant subsets of miRNAs, 
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Fig. 6. Differential regulation ofmRNA/miRNA involved in xenobiotic metabolism processed by CRPl.1, GCWextracts, and 3R4F TPM exposures. (A) The 
gene set response comparison identified a group of gene sets that is, relative to that perturbed by exposure to TPM at the high concentration, less perturbed by 
exposure to TPM at low concentrations or to CRPl.1 and GCW extracts at high concentrations at 24 h PE. Each point represents the relative gene set effect for low­
concentration TPM (x-axis) and high-concentration snus extracts (y-axis) for a gene set from the c2. cp collection (Liberzon et al., 2011) at 24 h PE. Gene set effects 
are estimated as the group-averaged first principal component score of the gene set. The group of candidate outlying gene sets is marked with a black box. (B) 
Identified gene sets less activated by exposure to CRPl.1 and GCW extracts at high concentrations than by exposure to TPM at low concentrations at 24 h PE. On the 
y-axis, the gene sets are reported; the x-axis reports genes dominantly contributing to the gene set scores (leading genes marked by red cells) that were identified for 
at least two of these gene sets. (C) Identified mRNA (reported in (B)) from gene sets less activated by exposure to CRPl.1 and GCW extracts at high concentrations 
than by exposure to TPM at low concentrations at 24 h PE. x and • indicate statistically significantly differential expression of mRNA and miRNA (FDR < 0.05 or 
FDR < 0.01, respectively), as explained in the Materials and Methods. (D) Network perturbation amplitude (NPA) scores for the Xenobiotic Metabolism Response 

network. The Xenobiotic Metabolism network was considered significantly perturbed if the NPA score was significant for all three associated statistics (i.e. the 95% 
uncertainty interval of the biological variability does not contain the zero value, and the "*0" /"K*" network specificity statistics have a p-value smaller than 0.05). 0 
and K statistics indicate the specificity of the NPA score with respect to the biology represented by each network. (E) Heatmap displaying the exposure responses of 
the xenobiotic metabolism-specific ("Reactome Cytochrome P450 Arranged by Substrate Type" in Fig. 4B) high-confidence miRNA, miR-125b-5p, and its inferred target 
mRNAs and associated pathways. For miRNAs and mRNAs, the exposure response corresponds to differential expression values and associated FDR, whereas for the 
pathways the mean score is shown, accompanied by the overrepresentation FDR (shown in Fig. 4B). x and * indicate statistically significantly differential expression 
(FDR < 0.05 or FDR < 0.01, respectively), as explained in the Materials and Methods. Concentrations are indicated for each group (mg nicotine/ L, x-axis) . Times 
represented (4, 24) refer to hours PE. Abbreviations: FC, fold change; FDR, false discovery rate; CRPl.1, CORESTA Reference Product 1.1; EtOH, ethanol; GCW, 
General Classic White; NPA, network perturbation amplitude; PBS, phosphate-buffered saline; PE, post-exposure; TPM, total particulate matter. N = 8-9. 

target mRNA, and pathways, we returned to the overall study purpose 
of biological impact assessment and examined how these coordinated 
molecular responses were differentially activated following exposure to 
CRPl.1 , GCW extracts, and TPM. Clearly, the strongest effects resulted 
from exposure to TPM (Supplementary Fig. 5). These are explained in 
more detail in the following paragraphs, where we analyzed in greater 
depth the contributions of selected high-confidence triplets (miRNA, 
target mRNA, pathways) to different biological processes involved in 
oral health and tobacco product response. 

3.5. Snus extract and TPM exposure-induced inflammatory response 

Inflammation is a pivotal process in the context of periodontal diseases 
(Giannopoulou et al., 2003; Guentsch et al., 2008) with cigarette smoking 
being a known risk factor. So far, we have established that the impact of 
Swedish snus exposure and 3R4F TPM on the IPN differed and implicated 
miRNAs in the regulation of the inflammatory response. 

In this section, we investigate the effect of Swedish snus and TPM on 
the inflammatory response in more detail. For this, we complemented 
inflammation-related gene/ miRNA expression profiling with profiles of 
inflammatory mediators in the basolateral media collected during ex­
posure (three aliquots pooled together, see the Materials and Methods) 
and at 4 and 24 h PE. 

The heatmap in Fig. SA (left panel) illustrates the 10 most altered 
inflammation-related genes (by FC) in gingival organotypic cultures 
following exposure to CRPl.1 and GCW extracts, or TPM (see 
Supplementary Fig. 6 for a larger gene set). ILIB was the most upre­
gulated inflammatory gene, significantly higher than controls, parti­
cularly following exposure to CRPl.1 and GCW extracts at the high 
concentrations (738.6 and 811.0 mg/ L), and to TPM at both con­
centrations (12.7 and S0.7mg/ L). PLAU, PLAUR, PLA2G4A, ARPCIB, 
SPHKl, and ITGA2 were also among the most upregulated genes, fol­
lowing the same pattern described for ILlB. PLCB4, CTSB, and NOD2 
were instead downregulated by exposure to the high concentrations of 
CRPl.1 and GCW extracts and TPM (12.7 and S0.7mg/ L). 

To further evaluate the inflammatory response, we selected a panel 
of inflammatory mediators that are important in the context of oral 
diseases (Barros et al., 2016; Isaza-Guzman et al. , 201S; Rathnayake 
et al., 2013) and examined their gene expression (Fig. SA, right panel) 
as well as protein secretion in the basolateral medium (Fig. SB). MMP-1 
was the inflammatory mediator most upregulated by exposure to the 
high CRPl .1 and GCW extract concentrations and TPM and at both the 
gene expression and protein secretion levels. IL-lB secretion exhibited a 
different trend compared with its gene expression, increasing only 
following TPM exposure (SO. 7 mg/ L, 24 h PE), whereas it decreased 
during exposure to CRPl.1 (S9. l mg/ L) and GCW (67.6 and 811.0 mg/ 
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L) extracts. IL-lA was mainly increased by TPM exposure (12.7 and 
S0.7 mg/ L) at both the gene expression and protein secretion levels. 
TIMP-1 gene expression ( 4 and 24 h PE) and protein secretion (24 h PE) 
were instead increased by exposure to CRPl .1 and GCW extracts (738.6 
and 811.0mg/ L, respectively) and TPM (12.7 and 50.7mg/ L). 

In summary, at the low and medium concentrations, CRPl .1 and 
GCW extracts exerted a limited effect on the secretion of inflammatory 
mediators, whose medium levels remained close to control levels, sig­
nificantly affecting the secretion of only few analytes during exposure 
(e.g. IFNy by CRPl.1 [S9.l mg/ L]) and PEs (e.g. CSF2 by CRPl.1 
[14.8]). In contrast, the high concentrations elicited a more marked 
effect, with significant alteration in the secretion of several mediators. 
In general, the impact of CRPl.1 and GCW extracts on the secretion of 
inflammatory mediators tended to decrease or remain stable with PE 
time, whereas the effects of TPM further increased over time. No 
mediator was significantly altered in PBS-2% ethanol controls com­
pared with PBS controls. 

To better compare the inflammatory response, we also directly 
contrasted the FC response of the secreted mediators (Supplementary 
Fig. 7): CRPl .1 and GCW extract showed a comparable response and 
TPM induced a stronger response than snus extracts, particularly for 
CSF2/ 3, CXCLl, IL-lA, IL-8, MMP-1 , TNFA, and VEGF. 

Finally, one of the identified high-confidence miRNAs (Fig. 4B), 
miR-12Sb-Sp, was inferred to be involved in regulation of the in­
flammatory response by modulating the Cytokine Signaling in Immune 
System pathway, with IL6R, NUP37, and NUP93 as its predicted target 
genes (Fig. SC). The levels of miR-12Sb-Sp negatively correlated with 
an increased expression of NUP37 and NUP93, but not IL6R, upon ex­
posure to the high CRPl .1 and GCW extract concentrations (738.6 and 
811.0 mg/ L); notably, NUP37 and NUP93 were not upregulated by the 
low TPM concentration (12.7 mg/ L), while IL6R was affected by both 
TPM concentrations. These results may indicate a threshold effect in the 
regulation of target genes by miR-12Sb-Sp. 

3.6. Xenobiotic metabolism activation by snus extract and TPM 

When testing the high snus extract concentrations, both CRPl.1 and 
GCW extracts induced a clear molecular response that reached (e.g. 
with respect to the BIF) the amplitude of the response observed for the 
low TPM concentration. Notably, this effect was induced at an at least 
58-fold higher nicotine concentration for snus extracts (738.6 mg/ L for 
CRPl.1, 811.0mg/ L for GCW) than for TPM (12.7mg/ L). At these 
concentrations, the engaged biological processes following CRPl.1 and 
GCW extracts and TPM exposure appeared generally similar (Fig. 3C), 
indicating activation of a generic exposure response involving a broad 
range of biological processes. 
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As a follow up, we investigated whether any biological process 
would be more distinctly associated with snus extract or TPM exposure 
at these exposure concentrations with overall similar amplitudes of the 
biological responses. We compared the 24 h PE impact of the high 
CRPl.1 and GCW extract concentrations (73S.6 and Sl 1.0 mg/L) with 
that of the low TPM concentration (12.7mg/L) on the dominant di­
rections of change for a large gene set collection (c2. cp collection from 
MSigDB (Liberzon et al. , 201 1)) (Fig. 6A). While the majority of eval­
uated gene sets demonstrated a similar response following exposure to 
the snus extract and TPM at these concentrations, a small subset 
showed a substantially lower engagement following snus extract 
( < 25% of high TPM) than following low TPM ( > 60% of high TPM) 
exposure (Fig. 6A, black rectangle). 

Interestingly, these outlying gene sets were dominantly associated 
with the xenobiotic metabolism response (Fig. 6B), prominently in­
cluding CYPlAl and CYPlBl. Confirming this observation for the 24-
hours PE time point, 10 of these 11 gene sets were also identified as an 
outlying group for the 4-hours PE time point (Supplementary Figs. SA 
and B). Furthermore, lower engagement of xenobiotic metabolism gene 
sets following exposure to high snus extract concentrations than fol­
lowing low concentration TPM exposure was also supported by an al­
ternative gene set scoring approach (Supplementary Figs. SC and D) 
and by the causal network enrichment approach: although the majority 
of evaluated biological networks was similarly perturbed following 
these exposures, the Xenobiotic Metabolism Response network showed a 
much lower (relative) activation by snus than by TPM (Figs. 3C and 
6D). This finding confirms the lower engagement of xenobiotic meta­
bolism-related processes in cultures following exposure to snus extracts 
(high concentration) that were different from the activation of xeno­
biotic metabolism response following TPM treatment. 

Among the xenobiotic genes driving these differences, CYPlAl and 
CYPlBl showed the most pronounced differences following the ex­
posure conditions, with the highest FCs (versus sham) among all con­
tributing genes (Fig. 6C). 

Among the high-confidence miRNAs represented in Fig. 4B, miR-
125b-5p was inferred to be involved in the regulation of the cytochrome 
P450 signaling pathway and the target gene CYPlAl (Fig. 6E). The 
downregulation of this miRNA was observed mainly in gingival cultures 
exposed to TPM, proportional to the concentration and PE time. CRPl.1 
and GCW extracts slightly downregulated miR-125b-5p at high con­
centrations (73S.6 and Sl 1.0 mg/L). 

Taken together, the results presented in this section support a clear 
mechanistic difference in the exposure response, with a much lower 
engagement of xenobiotic metabolism processes (particularly, CYPlAl 
and CYPlBl activation) by CRPl.1 and GCW extracts than by TPM 
exposure. 

4. Discussion 

Swedish snus is considered a less harmful alternative to tobacco 
smoking, as 1) the tobacco is not burned, thus reducing the formation of 
HPHCs (Asplund et al., 2003); 2) this product is manufactured with a 
procedure that minimizes the level of toxicant compounds (Rutqvist 
et al. , 2011 ); 3) epidemiological studies conducted since the 1970s have 
indicated no association of snus with oral and pancreatic cancers 
(Bertuccio et al., 2011 ; Lewin et al., 199S); and 4) a recent study by 
Ramstriim and colleagues (Ramstrom et al., 2016) indicates that 
switching to snus can help accomplish smoking cessation. 

In vitro studies investigating the impact of snus thus far often lacked 
the use of cellular models resembling the human situation, as, for ex­
ample, organotypic culture models do. In addition, exposures to snus 
were frequently performed in the lower range of the nicotine con­
centration measured in the saliva of snus users, and the exposure 
usually was not administered for longer than 24 h. 

The current study analyzed the effects of a 72-hour continuous ex­
posure to Swedish snus extracts and those induced by TPM on human 
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gingival epithelial organotypic cultures. We compared the effects of 
extracts from a commercial snus, GCW, to those of the extract from 
CRPl.1; TPM from cigarette smoke was used as a positive control in­
dicative of the biological impact of a combusted tobacco fraction, al­
though we acknowledge that TPM does not fully represent whole ci­
garette smoke exposure. Gingival epithelial organotypic cultures were 
used as in vitro model, as they better resemble the structure and the 
response to toxicants of the native gingival epithelium compared with 
2D models. To our knowledge, this is the first study to assess the impact 
of Swedish snus on fully differentiated gingival organotypic cultures. 

To be as close as possible to the human situation, we developed a 
protocol for snus extraction that resembles the characteristics of snus 
use in the oral cavity of snus consumers. Temperature and time of ex­
traction were tested to ensure sufficient yields of nicotine and TSNAs 
(measured under different conditions in a previous experiment, data 
not shown) and to be in the range of those found in the saliva of moist 
snuff users: 73-1560 mg/L nicotine, maximum 16 µg/L NNK, 3-140 µg/ 
L NNN, and 4-S5 µg/L NAT (Hoffmann and Adams, 19Sl ). The tem­
perature and duration of extraction were also comparable with what is 
observed for snus users (i.e. at 37 °C [mouth temperature] for around 
1 h (Digard et al., 2009)). Our results show that the nicotine and TSNA 
concentrations among the different preparations were reproducible 
over multiple experimental repetitions. PBS was selected as snus solvent 
because it retains a similar composition to artificial saliva but does not 
include biological additives that can be responsible of adverse outcomes 
in cell cultures (Moharamzadeh et al., 2009; Malpass et al., 2013). We 
also observed adverse effects on gingival cell cultures by applying 
apically an artificial saliva preparation (Zanetti et al., 201S). Moreover, 
the selection of an artificial saliva that is closely resembling the real 
saliva may be challenging due to the many different types of compo­
sitions available, of which some do not meet the biophysical properties 
of real saliva (Kho, 2014; Preetha and Banerjee, 2005). 

The cultures were exposed to a high concentration of snus extracts 
that was in the range of the nicotine and TSNA concentrations mea­
sured in the saliva of moist snuff dippers (Hoffmann and Adams, 19Sl ) 
and two concentrations matched by nicotine level with TPM. A study 
more recently conducted by British American Tobacco considered the 
salivary nicotine concentration in Swedish snus users specifically. The 
authors reported that a 1-h use would transfer 3.44 mg nicotine from a 
snus pouch (Gale et al., 2011 ). Considering that the average amount of 
saliva produced in 1 h is around 20-30 mL (Puy, 2006), the theoretical 
concentration of nicotine in saliva would be around 115-172 mg/L 
(assuming balanced mixing of saliva), which is in the lower range of 
what was described by Hoffmann and Adams for moist snuff users 
(Hoffmann and Adams, 19Sl). However, considering that the snus 
pouch placed below the upper lip is not close to the salivary glands and 
hence less exposed to saliva (Rutqvist et al., 2011 ), it can be assumed 
that the concentration of nicotine in the proximity of the pouch will be 
higher and more similar to the high snus extract concentrations used in 
our study. 

The high nicotine concentration ofTPM used in this study was about 
12 times higher than the maximum measured in the saliva of smokers 
(Robson et al., 2010), or three times higher than the medium-inhaling 
smokers' salivary nicotine range from an older study (Feyerabend et al. , 
19S2). 

While the snus extract was prepared to closely mimic the human 
situation, TPM only represents the particulate fraction of the whole 
smoke, and requires an organic solvent (ethanol in our case) for effi­
cient dissolution of the captured smoke components. Therefore, the 
direct comparison of the effects of these tobacco products brings some 
challenges. While TPM represents the constituents of the particulate 
phase of the smoke aerosol (including the nicotine), the hydrophilic 
constituents from the gas-vapor phase (including most carbonyls) can 
be trapped in aqueous solvents (for in vitro testing). However, since in 
the mainstream smoke nicotine mostly distributes to the particulate 
phase (Seeman et al., 2004), such a gas-vapor phase extract contains 
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only a minimal amount of nicotine, and the other nonvolatile TPM 
constituents, such as TSNAs, would also be underrepresented (Gao 
et al., 2013; Kogel et al., 2015). TPM extracted with organic solvents 
has the advantage of being stable and represents a known standard 
cigarette smoke fraction used in many in-vitro assays used in various 
regulatory guidelines (CORESTA, 2004; Crooks et al., 2013) and, thus, 
allows comparisons with previously published studies (Gao et al., 2013; 
Malpass et al., 2014; Woo et al., 2017). Guided by these considerations, 
we selected TPM extracted with ethanol as a positive control and re­
presentative cigarette smoke fraction in the current study that would 
allow the normalization to a similar nicotine concentration used for the 
snus products. In this context it also important to note that, while the 
TPM extracts contained a residual amount of 2% (v/v) ethanol from the 
extraction, its presence was found not to influence the response of the 
cultures significantly. 

The biological effects elicited by exposure to snus were assessed by a 
systems toxicology approach. This is the first time this approach has 
been applied in the context of snus research. Systems toxicology pro­
vides a mechanistic understanding of the processes underlying toxicity 
by complementing classical systems biology with computational ana­
lyses. The resulting integrated data analysis indicates how biological 
pathways are perturbed by the exposure (Sauer et al. , 2016; Sturla 
et al., 2014). Systems toxicology has the potential to reduce animal 
testing by combining in vitro testing on human-relevant models and 
computational methods within the framework described by the 21" 
Century Toxicology paradigm (Andersen and Krewski, 2009; NRC, 
2007). 

In humans, the effects of prolonged exposure to snus have been well 
studied for many years, describing increased epithelial thickness and 
keratinisation (Meme et al., 2002; Wedenberg et al., 1996) and rare 
dysplastic changes, which are normally resolved after snus cessation 
(Roosaar et al., 2006; Wood et al. , 1994). Our results show that CRPl.1 
and GCW extracts induced a minimal impact on culture morphology 
and E-cadherin expression at relevant concentrations for human ex­
posure. These results differ from previous studies using 3D oral models, 
observing loss of cellular adhesion and severe morphological changes 
following 2 (Wang et al., 2001 ) and 12 (Meme et al., 2004) days of 
exposure. Of note, the study by Wang et al. employed 3D cultures of 
human foreskin keratinocytes, while the Meme et al. study employed 
immortalized skin keratinocytes, which may not resemble the char­
acteristics and response to injury of human oral keratinocytes 
(Turabelidze et al., 2014). Moreover, in Meme et al. the 3D cultures 
were exposed at the beginning of the stratification phase, a setting that 
resembles a wound-healing situation rather than exposure of a mature 
tissue, as would be the case in the oral cavity of snus users. The effects 
of TPM on culture morphology illustrated in this study were instead 
very marked, independent from its nicotine concentration which was at 
least 14 times lower than that of the high snus extracts. These effects on 
gingival organotypic cultures resemble those that we previously 
showed for the exposure to whole cigarette smoke (Zanetti et al. , 2017, 
2018). 

Inflammation is one of the main processes contributing to cigarette 
smoke-induced oral tissue damage. Epithelial cells participate in tissue 
innate immunity and respond to cigarette smoke exposure by inducing 
the expression of several inflammatory mediators (Johannsen et al., 
2014; Lee et al., 2012; Semlali et al., 2012). Accordingly, we measured 
a progressive inflammatory response at the level of gene expression and 
- on the protein level - secretion of inflammatory mediators in TPM­
exposed samples. Following exposure to snus extract, the inflammatory 
responses and gene expression changes were proportional to the ex­
posure concentration. For example, we detected increased MMP-1 gene 
expression and protein secretion at different levels in snus and TPM­
exposed cultures. The main role of MMPs is in matrix degradation and 
proteolytic activation of inactive inflammatory mediators (Popat et al., 
2014; Sapna et al., 2014), and MMP-1 was found to be increased in oral 
inflammation models (Kim et al., 2006); different MMPs were activated 
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by cigarette smoke in gingival tissues (Ozcaka et al., 2011 ) and in or­
ganotypic buccal and gingival epithelial cultures in vitro (Schlage et al. , 
2014; Zanetti et al. , 2016, 2017, 2018). MMP-9 was downregulated by 
the high concentration of snus extracts and by TPM, concomitantly with 
an upregulation of MMPs inhibitor TIMP-1. This effect was observed 
previously in gingival cultures following cigarette smoke exposure 
(Zanetti et al., 2017). 

To further complement the transcriptomics results, we investigated 
a possible modulation of gene expression by miRNA. To our knowledge, 
this is the first time that miRNAs have been investigated in relation to 
the effect of an STP. MicroRNA-125b-5p was predicted to modulate the 
expression of IL6R, NUP37, and NUP93, all of which are involved in 
cytokine signaling. The interrelationship between miR-125b-5p and 
IL6R was already described by Morelli et al. to affect growth and sur­
vival in the context of multiple myeloma (Morelli et al. , 2015); IL6R 
was also a validated target of miR-125b-5p in liver cancer cells, where 
the pair promoted apoptosis (Gong et al., 2013). Interestingly, IL6R 
expression was not modulated by snus extracts but only by TPM; ac­
cordingly, the modulation of miR-125b-5p was higher in TPM-exposed 
samples than in those exposed to snus extracts. 

Our network-based approach entailed in the Systems Toxicology 
analysis identifies processes rather than single molecules and their 
characterization using reverse causal reasoning goes beyond the sin­
gular measurement of transcripts in the context of biological networks 
(Boue et al. , 2015; Catlett et al., 2013). The network nodes are not 
assigned mRNA differential expression values but activity "perturbation 
amplitudes", which are inferred from the transcriptional effects of the 
genes causally affected by the changes of the activity of the network 
node (see Materials and Methods). This approach evidenced that, 
among the different networks analyzed, Xenobiotic Metabolism Response 
was the only network that exhibited markedly lower NPA scores for the 
cultures exposed to high-concentration snus extract than those exposed 
to TPM at the low concentration. Nonetheless, xenobiotic metabolism 
was the most perturbed process by TPM. A deeper investigation at the 
gene expression level revealed that this effect was driven by a group of 
genes that exhibited a differential response to the two different stimuli. 
Among those, CYPlAl and CYPlBl were the most altered by both TPM 
concentrations, while they were minimally affected by snus extracts. 
Polycyclic aromatic hydrocarbons and other often carcinogenic con­
stituents, such as aldehydes and aromatic amines, are highly re­
presented in tobacco smoke, but not in STP preparations due to the 
absence of combustion (Borgerding et al. , 2012; Stepanov et al., 2010); 
it is possible that the differential activation of the xenobiotic metabo­
lism-related genes is attributed to the reduction/absence of these tox­
icants in the snus extracts. This effect may also have been caused, at 
least in part, by the downregulation of miR-125b-5p, which was pre­
dicted to inhibit CYPlAl in silica (Gill et al., 2017) and was observed in 
the human liver (Burgess et al., 2015). This finding is further 
strengthened by our recent report of the same correlation in buccal and 
gingival cultures exposed to 3R4F cigarette smoke or to an aerosol from 
another potential MRTP (Zanetti et al., 2018). MicroRNA-125b-5p was 
also downregulated at later PE time points by cigarette smoke in the 
buccal, nasal, and bronchial organotypic cultures tested previously 
(Iskandar et al., 2017c). These findings indicate a common mechanism 
for the regulation of miR-125b-5p among different organotypic cultures 
representing target tissues exposed to tobacco products, in support of 
the "field of injury" concept (Steiling et al., 2008). 

The study by Woo and colleagues also highlighted a higher impact 
on the xenobiotic metabolism process by combustible tobacco product 
fractions (i.e. TPM and whole smoke [WS] extracts) vs. a smokeless 
tobacco extract ([STE], an American-type reference moist snuff) at the 
gene expression level in submerged gingival cell cultures (Woo et al., 
2017). The study described a strong upregulation of CYPlAl and 
CYPlBl genes by smoke fractions but much lower by the American 
snuff extract. The study indicated AKRlCl as a potential biomarker for 
differentiating the biological effects of combustible and noncombustible 
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products; in our study, AKRl Cl was slightly upregulated by Swedish 
snus extracts (Supplementary Fig. 9). Although the design of the Woo 
et al. study was different compared with ours concerning the nicotine 
concentrations of snus extracts (474mg/L maximum), exposure dura­
tion (24 h), and culturing conditions (20 monolayer gingival cells), 
some other characteristics were generally comparable (i.e. use of TPM 
and STP, gingival cultures, and assessment of subtoxic and toxic con­
centrations); hence, we performed a comparative analysis integrating 
their transcriptomics data with our network-based systems toxicology 
approach. The results shown in Fig. 7 evidence several instructive 
findings: 1) our network-based approach for the quantification of bio­
logical impact is the most sensitive to assess the effect of these products, 
as both differential gene expression and GSA could not otherwise detect 
the TPM effects in the Woo et al. dataset; 2) subtoxic/toxic con­
centrations of Swedish snus and the STE yield similar RBIF values, 

although the nature of the perturbations they cause (i.e. the statistical 
significance of the perturbations of the underlying networks) are 
slightly different according to the 8 values, as may be expected by 
products with a different composition; 3) the pure nicotine effect is 
smaller than the corresponding dose-matched STE effect; 4) TPM and 
WS, within the Woo et al. dataset, exert a similar impact profile (RBIF) 
as indicated by the 8 values (0. 93 vs. 100 for TPM and WS, respec­
tively); and 5) the xenobiotic metabolism response is weaker in Swedish 
snus extract-exposed cultures than those exposed to the American type 
moist snuff, even at a higher nicotine concentration. This suggests that 
the xenobiotic metabolism response may not be driven by nicotine 
within the experimental conditions tested, though the findings would 
be consistent with the lower nitrosamine concentrations in Swedish 
snus compared with American snuff. 
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Fig. 7. Gene set comparison with the Woo 
et al., (2017) dataset. The raw data were 
downloaded from the GEO website (acces­
sion = GSE89923) and reprocessed exactly as 
the transcriptomics data of our study (see the 
Materials and Methods). The resulting multiple­
part figure enables a comparison of the biolo­
gical impacts from different but complementary 
points of view. (A) Gene-level: numbers of dif­
ferentially expressed mRNAs (DEGs) in exposed 
gingival cultures relative to sham-exposed con­
trols. (B) Overall network-level: RBIF, similar to 
Fig. 3A, which quantifies the global impact in 
the context of the biology contained in the net­
work models. The II values above the bars in­
dicate the similarity of the underlying network 
perturbations to the reference treatment "REF". 
( C) Overall gene set level: numbers of enriched 
KEGG gene sets according to the GSA score signs 
and statistics (the self-contained Q2 results are 
more appropriate for between-treatment com­
parisons, see the Materials and Methods). (D) 
Biologically relevant NPA of the Xenobiotic Me­
tabolism Response network. Times represented 
( 4, 24) refer to hours PE. Concentrations are 
indicated in parentheses (mg nicotine/ L). Ab­
breviations: BIF, biological impact factor; 
CRPl.1 , CORESTA Reference Product 1.1; DEG, 
differentially expressed genes; GCW, General 
Classic White; GS, gene set; KEGG, Kyoto En­
cyclopedia of Genes and Genomes; NIC, nico­
tine; NPA, network perturbation amplitude; STE, 
smokeless tobacco extract (American-type re­
ference moist snuff); TPM, total particulate 
matter; WS, whole smoke. N = 8-9 for the Za­
netti et al. dataset, N = 3 for the Woo et al. 
dataset. 
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5. Limitations of the study 

This study employs gingival organotypic cultures, which are the 
state-of-the-art model for in vitro research. However, the cultures used 
in this study are composed entirely of keratinocytes; therefore, the re­
sponses to the stimuli are mediated solely by this single cell type. 
Moreover, the use of cultures derived from a single donor allows for a 
better experimental reproducibility but may mask donor-specific fac­
tors, such as genetic variations. However, in one of our previous stu­
dies, Iskandar et al. (2017b) showed with a systems toxicology ap­
proach that in bronchial organotypic cultures from two different donors 
the basic responses to cigarette smoke were quite reproducible; this 
suggests a common pattern of response to tobacco products between 
different donors. 

As discussed, the different solvents and preparation methods make 
the direct comparison of the effects of snus extracts and TPM challen­
ging. The extraction protocol used for snus and the exposure of cells to 
snus high concentrations ensure a situation as close as possible to 
human consumption; TPM, instead, contains only a fraction of the 
constituents of cigarette smoke, such as nicotine, polycyclic aromatic 
hydrocarbons, and TSNAs, but not most volatile compounds, as car­
bonyls and reactive oxygen species, present instead in the gas vapor 
phase. In future studies, comparison of liquid snus extract exposure 
with direct cigarette smoke exposure at the air-liquid interface (Zanetti 
et al., 2017) can support more relevant comparisons for the human 
situation. 

The replacement of the snus treatment was performed every 24 h for 
a continuous 72-hour exposure. This exposure regimen does not re­
semble that of snus users, which is on average around 11-12 h per day 
(Digard et al., 2009). 

Finally, the selection of 50% and 60% as maximum concentrations 
for the snus extracts (CRPl.1 and GCW, respectively) may not fully 
cover the high toxicological stimulus range, but it ensures that the 
molecular modifications observed are driven by toxicity-related me­
chanisms associated with exposure rather than overt morphological 
alterations associated with damaged tissues. This approach is in line 
with the systems toxicology paradigm. 

6. Conclusions 

At concentrations relevant for snus use in humans, snus extracts 
from CRPl.1 and GCW exerted similar biological effects on the gingival 
cultures, e.g. a minimal impact on the cellular morphology. The al­
terations observed in the gene expression networks in response to snus 
exposure generally tended to revert with time. While high-concentra­
tion snus extract and low-concentration TPM exposure were associated 
with similar network responses, the xenobiotic metabolism network 
was less impacted by snus extract, with minimally upregulated CYPlAl 
and CYPlBl. 

For the first time, to our knowledge, the biological effects of snus 
were investigated by integrating the miRNA profiles with tran­
scriptomics data, showing 1) that a consistently lower number of 
miRNAs were altered in gingival cultures by snus extract exposure 
while the positive control, TPM, exerted a marked response; and 2) 
identification of high-confidence miRNAs (i.e. mir-125b-5p) that might 
be related to pathological conditions in vivo. 

Finally, our data highlight the importance of a network-based 
analysis by investigating the transcriptomics gene set by Woo et al. with 
our systems toxicology approach, showing a previously undetected 
network response to TPM. 
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