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Towards a systems toxicology-based risk assessment, we investigated molecular perturbations accompa-
nying histopathological changes in a 28-day rat inhalation study combining transcriptomics with classi-
cal histopathology. We demonstrated reduced biological activity of a prototypic modified risk tobacco
product (pMRTP) compared with the reference research cigarette 3R4F. Rats were exposed to filtered
air or to three concentrations of mainstream smoke (MS) from 3R4F, or to a high concentration of MS
from a pMRTP. Histopathology revealed concentration-dependent changes in response to 3R4F that were
irritative stress-related in nasal and bronchial epithelium, and inflammation-related in the lung paren-
chyma. For pMRTP, significant changes were seen in the nasal epithelium only. Transcriptomics data
were obtained from nasal and bronchial epithelium and lung parenchyma. Concentration-dependent
gene expression changes were observed following 3R4F exposure, with much smaller changes for pMRTP.
A computational-modeling approach based on causal models of tissue-specific biological networks iden-
tified cell stress, inflammation, proliferation, and senescence as the most perturbed molecular mecha-
nisms. These perturbations correlated with histopathological observations. Only weak perturbations
were observed for pMRTP. In conclusion, a correlative evaluation of classical histopathology together
with gene expression-based computational network models may facilitate a systems toxicology-based
risk assessment, as shown for a pMRTP.
� 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/3.0/).
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1. Introduction

Historically, cigarettes and other tobacco products have been
exempt from the health and safety standards governing contents
and design that are typically applied to other consumer products
including food and drugs (World Health Organization, 2007).
‘‘Unlike most products regulated by the Food and Drug Administra-
tion (FDA), tobacco is inherently hazardous and offers primarily
risks rather than any significant physiological benefit to the user’s
health’’ (Institute of Medicine, 2012).

Recently, the Family Smoking Prevention and Tobacco Control
Act of 2009 granted the FDA authority to regulate the manufactur-
ing, distribution, and marketing of tobacco products, including
‘‘modified risk tobacco products’’ (MRTPs). An MRTP is defined by
the Family Smoking Prevention and Tobacco Control Act as any
tobacco product that is sold or distributed for use that reduces harm
or the risk of tobacco-related disease associated with commercially
marketed tobacco products (Food and Drug Administration, 2012a).
MRTP applications must provide scientific evidence to demonstrate
that the product significantly reduces harm and the risk of tobacco-
related disease to individual users and benefits the health of the
population as a whole, taking into account both users and non-
users of tobacco products (Food and Drug Administration, 2012b).
In this context, nonclinical studies play an integral role in the eval-
uation of MRTPs (Food and Drug Administration, 2012b).

The generation of tobacco smoke in a conventional lit-end cig-
arette is based upon an exothermic, self-sustaining combustion
process generating some 6000 chemical compounds (Rodgman
and Perfetti, 2013). Novel tobacco product designs have been
developed that use distillation technology to heat rather than burn
tobacco, thus lowering the extent of pyrolysis and quantity of com-
bustion products (Coggins et al., 1989; Werley et al., 2008). We
have previously reported on an electrically heated tobacco product
(Schorp et al., 2012; Werley et al., 2008) but the prototypic MRTP
(pMRTP) assessment reported here relates to a carbon heated to-
bacco product which contains a column of tobacco that is con-
nected to a carbon heat source and is lit by the smoker via a
standard lighter for use. The aerosol is created by gentle and con-
trolled heating of the tobacco, which yields a smoke aerosol com-
posed primarily of water and a humectant, for example glycerol,
with reduced concentrations of combustion-related constituents
such as aldehydes and polycyclic aromatic hydrocarbons.

Systems toxicology concepts such as the ‘‘21st Century Toxicol-
ogy’’ (Mahadevan et al., 2011; Stephens et al., 2012) have recently
been suggested to augment current toxicological risk assessment
and to facilitate an understanding of the molecular mechanisms
underlying the impact of biologically active substances/toxicants
and associated disease risks.

With a view to developing a systems toxicology-based product
risk assessment approach, the aims of this study were to: (a) dem-
onstrate that the correlative evaluation of histopathology with
gene expression analysis and advanced modeling tools is feasible
within a classical Organization for Economic Co-operation and
Development (OECD) inhalation study and can provide additional
details about the molecular mechanisms underlying the test sub-
stance-related morphological changes, and (b) demonstrate re-
duced exposure effects for a single high dose of pMRTP
compared with a conventional reference cigarette using this com-
bined approach. To this end, the classical OECD TG 412 toxicolog-
ical end points were combined with a transcriptomics analysis.

In this 28-day rat repeated dose inhalation toxicity study based
on a modification of the Test Guideline 412 established by the
OECD (OECD TG 412) (Organization for Economic Cooperation
and Development, 2005), the biological activity of mainstream
smoke (MS) from the pMRTP was determined and compared with
that from the University of Kentucky Reference Cigarette 3R4F.
OECD TG 412 studies are designed to characterize test article tox-
icity following repeated daily inhalation exposure, and assayed
parameters were as specified in the OECD TG 412 (Organization
for Economic Cooperation and Development, 2005) (in draft at
the time the study was performed) and supplemented with pul-
monary inflammation parameters from bronchoalveolar lavage
(BAL). The required three dose levels were included for the refer-
ence cigarette, while only a single high dose of pMRTP was tested
in this context to gain an initial understanding of the biological im-
pact reduction potential of the pMRTP.

Within the same inhalation study, gene expression data were
generated from the respiratory tract sites that were expected to be
impacted by cigarette smoke (CS) and to show histopathological
changes (Terpstra et al., 2003; Vanscheeuwijck et al., 2002). A novel
computational-modeling approach based on our recently built tis-
sue-specific networks (Gebel et al., 2013; Hoeng et al., 2012; Park
et al., 2013; Schlage et al., 2011; Westra et al., 2011; Westra et al.,
2013) was applied to place the molecular profiling data into the con-
text of known biology. The mechanisms leading to perturbations in
these networks were further analyzed with algorithms that quantify
the amplitude of perturbed networks and provide an overall Biolog-
ical Impact Factor (BIF) (Martin et al., 2012; Thomson et al., 2013).

2. Materials and methods

2.1. Experimental design

The study was designed and conducted according to OECD TG 412 with special
emphasis on the histopathological evaluation of the respiratory tract. As an addi-
tional molecular end point to OECD TG 412, gene expression was investigated to
further assess the exposure effects of MS from the 3R4F cigarette and potential dif-
ferences between MS from the pMRTP and 3R4F. This analysis is therefore referred
as the ‘‘OECD plus’’ part. Gene expression data were generated from tissue sites
where histological changes are expected (Terpstra et al., 2003; Vanscheeuwijck
et al., 2002) and from which sufficient tissue can be obtained for gene expression
analysis, i.e., the respiratory nasal epithelium (RNE), lung bronchus, and lung paren-
chyma tissues. Thus, OECD TG 412 requirements were fulfilled for 3R4F, including
the three dose levels tested, but we deviated from the guideline recommendation
by testing only one high dose level of the pMRTP.

2.2. Cigarettes

Reference research cigarettes 3R4F were purchased from the University of Ken-
tucky (http://www.ca.uky.edu/refcig/). pMRTP test articles were provided by Philip
Morris Products S.A., Neuchâtel, Switzerland. The pMRTP is based on a design in
which a carbon tip serves as a fast-lighting heat source for generating an aerosol
containing water, glycerin, nicotine, and tobacco flavors, as well as reduced concen-
trations of tobacco pyrolysis products. 3R4F was selected as representative of a con-
ventional cigarette and was compared with the pMRTP test article. Supplemental
Table 1 shows the quantification of 51 harmful and potentially harmful constitu-
ents, water, and the humectant glycerol in 3R4F and pMRTP. Comparison of MS
yields between pMRTP and 3R4F expressed and normalized to an equal nicotine ba-
sis showed that 33 constituents were reduced in pMRTP to less than 10% of 3R4F or
to undetectable amounts (smoking was under Health Canada conditions (Health
Canada, 1999)). Carbon monoxide (CO), acetaldehyde, acrolein, acetamide, 2-nitro-
propane, and catechol were reduced in pMRTP to 6–21% of that in 3R4F, whereas
TPM increased to 131%, water to 277%, and glycerol to 507%. Thus, the yields of
pMRTP were lower than 3R4F for all constituents except water and glycerol.

2.3. Animals

The study was conducted in an AAALAC-accredited facility (Association for
Assessment and Accreditation of Laboratory Animal Care International, 2006)
where the care and use of rats was conformed to the American Association for Lab-
oratory Animal Science Policy (www.aalas.org). The study was approved by the lo-
cal Institutional Animal Care and Use Committee according to Belgian legislation. It
was conducted in compliance with the OECD Principles on Good Laboratory Practice
(GLP) (as revised in 1997), with the exception of bronchoalveolar lavage fluid (BALF)
analytics and transcriptomics investigations.

Outbred male and female Sprague–Dawley rats (Crl:CDBR), bred under specified
pathogen-free conditions, were obtained from Charles River (L’ Arbresle Cedex,
France). Upon arrival, the health status was verified (by histopathological examina-

http://www.ca.uky.edu/refcig/
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tion and serological screening) of a group of six animals per gender (for details, see
Vanscheeuwijck et al., 2002). The rats were kept and exposed in an animal labora-
tory with restricted access under controlled conditions of good hygiene. The labo-
ratory air was filtered and positive pressure was maintained inside the
laboratory. The room temperature was maintained at 22 ± 3 �C and the relative
humidity between 42% and 51%. The light/dark cycle was 12 h/12 h. Identification,
housing, feeding, and watering were performed as described previously
(Vanscheeuwijck et al., 2002).

The acclimatization period was 8 days. For the OECD part, 50 male and 50 nul-
liparous and non-pregnant female rats were randomly allocated the day before the
first exposure to either the filtered, conditioned air group (sham) or four smoke
exposure groups: low 3R4F MS (3R4F(L), 8 lg nicotine/l), medium 3R4F MS
(3R4F(M), 15 lg nicotine/l), high 3R4F MS (3R4F(H), 23 lg nicotine/l), or MS from
the pMRTP at a target concentration of 23 lg nicotine/l (pMRTP). For the molecular
end points (‘‘OECD plus’’ part), an additional five male rats were allocated to each
group. The age of the rats at the start of the inhalation period was 7 weeks. The
body weights were within 20% of the mean weight for each gender (approximately
185 g for females and 280 g for males). In-life observations were recorded as
described in Supplemental Methods S1.1.

2.4. Smoke generation and exposure

Before being used for smoke generation, pMRTP items were conditioned in
sealed containers for at least 60 h, and 3R4F cigarettes for 7–21 days, between
21.8 and 22.7 �C and under uncontrolled humidity conditions (relative humidity,
53.0–58.2%). 3R4F cigarettes and pMRTP items were smoked in basic conformity
with the Health Canada intense smoking protocol, i.e., puff duration, 2.0 s; puff vol-
ume, 55 ml; puff frequency, 2/60 s (Burns et al., 2008; Health Canada, 1999), with
some minor deviations (e.g., smoking whole puffs instead of rounding to the nearest
tenth of a puff) necessary for technical reasons on a 30-port rotary smoking ma-
chine (15 ports blocked) with active sidestream smoke exhaust. The reference cig-
arette 3R4F was smoked (vent holes 100% blocked) to a mean butt length of
35 ± 1 mm, and the pMRTP test article was smoked to 12 puffs per article. The
MS was diluted with filtered, conditioned air to obtain the target nicotine concen-
trations (8, 15, or 23 lg nicotine/l). These concentrations were expected to elicit
histopathological effects in the respiratory tract, which is the main focus of the
OECD study. The nicotine concentration in pMRTP MS was targeted to match that
in the high 3R4F group (23 lg nicotine/l), because this was considered suitable
for detecting possible pMRTP-related differences throughout the respiratory tract.
The rats were nose-only exposed to MS or to filtered, conditioned air (sham expo-
sure group) for 6 h/day, 7 day/week for 28 days. The nose-only exposure mode was
used to ensure maximum reproducibility of test substance uptake by inhalation, i.e.,
to minimize test substance deposition on the fur that could be subsequently taken
up by grooming. Each group was exposed in a separate exposure chamber. A 5-day
dose-adaptation regimen was applied at the start of the inhalation period. On study
days 1 and 2, the rats were exposed to 1/3 of the target concentrations. On study
days 3 and 4, they were exposed to 2/3 of the target smoke concentrations. From
day 5 onward, they were exposed to target concentrations. The 28-day exposure
period is defined in the draft OECD TG 412 (Organization for Economic Cooperation
and Development, 2005).

2.5. Analytical characterization of the test atmosphere

To monitor the stability and reproducibility of smoke generation, total particu-
late matter (TPM), carbon monoxide (CO), nicotine, aldehydes (formaldehyde, acet-
aldehyde, and acrolein), catechol, glycerol, particle size distribution, temperature,
and relative humidity in the exposure chambers (at the breathing zone of the rats)
were determined according to previously described analytical methods (Hauss-
mann et al., 1998; Stabbert et al., 2003).

2.6. Biological parameters

All parameters specified in the draft OECD TG 412 were assayed with a focus on
local effects in the respiratory tract. To provide an estimate of the smoke concentra-
tion and dose inhaled, the steady-state blood carboxyhemoglobin (COHb) concen-
tration, respiratory physiology parameters, and representative urine nicotine
metabolites were determined (for a detailed description of the methodology, see
Supplemental Methods S1.2). Feed consumption and body weight as well as hema-
tological, clinical-chemical, gross pathological (see Supplemental Methods S1.3 and
S1.4), histopathological, and pulmonary inflammation parameters (described be-
low) were determined to characterize the biological activity of the smoke.

2.6.1. Lung lavage and analysis
BALF was collected from the right lung at the end of the 28-day inhalation

period using five consecutive cycles of filling and emptying. For the first cycle,
pre-warmed calcium- and magnesium-free phosphate-buffered saline (PBS) was
used. For cycles 2–5, bovine serum albumin (BSA) was added to the PBS. The lavage
fluid of the first cycle was collected separately, centrifuged, and the supernatant
fraction was frozen in aliquots (below �60 �C) and analyzed at Aushon Searchlight
(Billerica, MA, USA) for fractalkine (CXC3L1), growth-regulated protein (GRO)a/
CXCL1), monocyte chemoattractant protein (MCP1/CCL2), macrophage-derived
chemokine (MDC/CCL22), macrophage inflammatory protein (MIP)1a/CCL3), MIP2
(CXCL2), granulocyte–macrophage colony-stimulating factor (GM-CSF/CSF2), inter-
leukin (IL)1a, and tumor necrosis factor (TNF)a levels. Cell pellets were resus-
pended in ice-cold PBS/BSA and pooled into the BALF from cycles 2–5. The
number and viability of the free lung cells was determined and they were further
differentiated by flow cytometry into alveolar macrophages, neutrophils, lympho-
cytes, and eosinophils after staining with cell-type specific antibodies; for details,
see (Friedrichs et al., 2006).

2.6.2. Necropsy, gross pathology, and organ weights
Full necropsy was performed without prior fasting the day after the last expo-

sure, according to previously described methods (Vanscheeuwijck et al., 2002). The
weight of the spleen, thymus, lung with larynx and trachea, heart, kidneys, adrenal
glands, testis, brain, and liver was determined.

2.6.3. Histopathology
To assess systemic effects including immunotoxicity, histological examinations

of the following non-respiratory tract organs were performed (sham, 3R4F(H) and
pMRTP): liver, kidney, adrenal glands, heart, brain, testes, spleen, thymus, lymph
nodes (bronchial, mediastinal, and mesenterial), sternum with bone marrow, jeju-
num (including Peyer’s patches), and skin. Non-respiratory tract organs were fixed
in 4% formaldehyde, except for the sternum and testes, which were fixed in Schaf-
fer’s and Bouin’s solution, respectively.

Histopathological evaluation was performed to investigate local effects in respi-
ratory tract organs, i.e., nasal passages with nasal-associated lymphoid tissue,
larynx, trachea, and lungs. After weight determination, the right lung was separated
for BAL. Fixation and histoprocessing of the left lung was performed as described
previously (Vanscheeuwijck et al., 2002), although the fixative was replaced by eth-
anol glycerol acetic acid formaldehyde saline (EGAFS) solution. Histological sections
of respiratory tract organs were prepared at defined levels (see below) and stained
with hematoxylin-eosin (HE) (Terpstra et al., 2003). Sections from the nose at level
1-4, the larynx, the trachea at level 4 (bifurcation), and the left lung stained with
Alcian blue/periodic acid Schiff’s reagent were evaluated histopathologically. The
laryngeal epithelial thickness was determined at two different sites from a defined
level.

Histopathological evaluation of the respiratory tract was performed according
to a defined grading system (0 = no finding; 1 = slight; 2 = slight/moderate;
3 = moderate; 4 = moderate/marked; 5 = marked) (Terpstra et al., 2003). The nature
of some of the end points only allowed the evaluation of incidences which were re-
corded separately. Slides were evaluated in a blinded manner (without knowledge
of treatment groups) by a board-certified veterinary pathologist with experience in
CS-related changes in the respiratory tract of rodents.

2.6.4. Statistical evaluation
Statistical significance in differences from sham for all treatments and statisti-

cal significance in difference from pMRTP to 3R4F high concentration was analyzed
using pairwise tests. For example, t-tests were used for continuous data, with the
Satterthwaite correction for heterogeneous variance; the Cochran–Mantel–Haens-
zel test was used on ordinal data; and the Fisher’s exact test was used for incidence
data. Related p-values were asterisked (�) if below 0.05 between sham and treat-
ment groups, and marked with an addition sign (+) if below 0.05 between pMRTP
and 3R4F(H). p-Values were not adjusted, so assessed significances should be
understood in an exploratory context.

For descriptive statistics of continuous data (e.g., body weight), the number of
values, the arithmetic mean, and the standard error (SE) were typically given. For
chemical-analytical or physical data describing the test atmosphere, the standard
deviation (SD) was calculated. For samples including at least one measured value
below the limit of quantitation (LOQ), only the median or the LOQ are given,
depending on whether the median was above or below the LOQ. Values below
the quantification limit were presented as <LOQ and computed as LOQ values. For
ordinal data (e.g., histopathological data), the arithmetic mean, the SE, and the inci-
dences were given.

2.7. Transcriptomics endpoints

2.7.1. Tissue preparation
Dissection took take place immediately after the last exposure. For transcripto-

mics analysis, RNE was isolated from the left side of the nose and homogenized in
QIAzol Lysis buffer (Qiagen, Hilden, Germany) according to the miRNeasy Mini
Handbook (Qiagen). Left and right lungs were separately snap-frozen immediately
after dissection. To collect parenchyma and airway tissues, laser capture microdis-
section (LCM) was performed on 20-lm cryosections (PALM Microbeam, Carl Zeiss
Microscopy GmbH, Jena, Germany). The areas of interest (parenchyma, main bron-
chus, and first generation main branch) were excised by LCM and transferred using
forceps into QIAzol lysis buffer. The samples were frozen on dry ice and stored at
�80 �C until further processing.
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2.7.2. RNA preparation and whole genome expression arrays
RNA from the RNE and LCM-derived samples was isolated using the miRNAeasy

Mini Kit (Qiagen, Hilden, Germany). The resulting RNA quality and quantity were
analyzed using an Agilent 2100 BioAnalyzer (Agilent, Waldbronn, Germany) and a
NanoDrop ND-1000 (PeqLab, Erlangen, Germany). GeneChip

�
Rat Genome 230 2.0

Arrays (Affymetrix, Santa Clara, CA, USA), and hybridization, staining, and washing
of RNA samples (100 ng RNA per sample) were performed as described in the
Affymetrix user manuals. The arrays were further analyzed in the Affymetrix�

Expression Console software application using the MAS5 algorithm to create CHP
files, and checked for several quality parameters provided in the Affymetrix data
analysis software package. Gene arrays of 75 samples were conducted. All samples
passed the Affymetrix quality check.

2.8. Computational methods and analysis

2.8.1. Gene expression array data
Raw Affymetrix data (.CEL files) were processed using the GC-Robust Micro-

array Analysis (GCRMA) algorithm (Wu et al., 2005). Each single probe was anno-
tated using NetAffx (Liu et al., 2003). A quality check was performed with the R
package affyQCReport (Parman and Halling, 2011) and affyPLM (Bolstad et al.,
2005). R package limma (Smyth, 2005) was used for differentially expressed gene
identification. Raw RNA expression data were analyzed using the affy and gcrma
packages of the Bioconductor suite of microarray analysis tools available in the R
statistical environment. GCRMA background correction and quantile normalization
were used to generate probe set expression values. Gene expression datasets,
including meta information, CEL files, and processed gene expression matrix were
submitted to ArrayExpress (http://www.ebi.ac.uk/arrayexpress/) and GEO (http://
www.ncbi.nlm.nih.gov/geo/) and are accessible through accession codes E-MTAB-
1842 and GSE50254, respectively.

2.8.2. Gene set enrichment analysis
Up- and down-regulated pathways were identified by applying gene set enrich-

ment analysis (GSEA) in the rank list for every change in gene expression data. GSEA
was performed using the MSIgDB database (Mootha et al., 2003; Subramanian et al.,
2005), using the threshold for gene sets with a false discovery rate (FDR) < 0.05.

2.8.3. Heat maps
A heatmap of log2-based fold change (FC) was generated using the R function

heatmap.2 in R package gplots (Warnes, 2012), (http://CRAN.R-project.org/pack-
age=gplots). For differentially expressed genes, a cutoff FDR of 0.05 to correct for
multiple comparisons was used. FC was set to be zero if the associated FDR
was >0.05. Only genes differentially expressed in at least one comparison are dis-
played in the heatmap plot.

2.8.4. Network-based analysis
2.8.4.1. Network perturbation amplitudes (NPA). Leveraging ‘‘cause-and-effect’’ net-
work models (Gebel et al., 2013; Schlage et al., 2011; Westra et al., 2011; Westra
et al., 2013) together with NPA algorithms (Martin et al., 2012; Thomson et al.,
2013), the gene expression fold-changes were translated into differential values
for each node of the network. The node differential values were in turn summarized
into the NPA of the respective (sub)network (for details on the algorithm see Sup-
plemental Methods S1.5). The network was considered to be specifically perturbed
if both p-values were low (typically <0.05), and this perturbation was considered to
be significant if, in addition, the confidence interval was above zero. The NPAs of the
various network models represent perturbations of functionally distinct biological
processes characterizing the systems under consideration.

2.8.4.2. BIF calculations. The BIF is an aggregated measure of the NPAs. To objec-
tively evaluate the overall biological impact relative to a reference (here,
3R4F(H)), the sum of the significant network perturbations is normalized to the
overall perturbation of the reference, resulting in the generation of relative BIF
(RBIF). For details of the algorithm, see Supplemental Methods S1.6). In the star plot
diagrams, the RBIF is decomposed into its network components (namely cell stress,
pulmonary inflammation, cell proliferation, apoptosis, necroptosis, senescence,
DNA damage, and autophagy (Gebel et al., 2013; Schlage et al., 2011; Westra
et al., 2011; Westra et al., 2013).

3. Results and discussion

3.1. OECD part

3.1.1. Smoke composition in the test atmosphere
Smoke was reproducibly generated and delivered to the expo-

sure chambers with relative standard deviations of less than 10%
for TPM, CO, and nicotine (Table 1) in the test atmospheres. The
concentrations of additional smoke constituents in the diluted
MS were similarly reproducible (within 10%) (Table 1). The target
nicotine concentrations (8, 15, 23 lg/l) were well met for all study
groups, with deviations of less than 7%. All test atmospheres were
respirable with a particle size smaller than 1 lm (Vanscheeuwijck
et al., 2002). The particle size for the pMRTP test atmosphere was
slightly smaller (0.43 lm) than that for the 3R4F test atmospheres
(0.65 lm). The TPM concentration in the pMRTP test atmosphere
was 26% lower than in the corresponding 3R4F(H) group. The CO
concentration was reduced by more than 90% for pMRTP compared
with the 3R4F(H) test atmosphere, formaldehyde in the pMRTP
was reduced by about 30%, and acrolein by more than 90%. The
glycerol concentration in the pMRTP test atmosphere was four
times higher than in the corresponding 3R4F(H) test atmosphere.
3.1.2. Biomonitoring
To monitor smoke uptake and exposure, we investigated respi-

ratory physiology, the blood COHb concentration, and representa-
tive urine nicotine metabolites.
3.1.2.1. Respiratory physiology. In male and female rats exposed to
3R4F, a significant and concentration-dependent reduction was ob-
served for respiratory frequency, minute volume, and peak inspira-
tory flow compared with sham (Table 2). The reduction observed in
respiratory frequency is typical for MS inhalation studies (Terpstra
et al., 2003; Vanscheeuwijck et al., 2002) and is a robust parameter
to assess the irritant potency of different test substances (Alarie,
1973). Significant differences in the pMRTP group were observed
for minute volume and inspiratory flow rate of the female rats,
compared with sham. In male rats, no significant differences versus
sham were seen in these respiratory physiology parameters for the
pMRTP group. When comparing the effects of pMRTP with those of
the 3R4F(H) group, significant differences were observed for the
three parameters in both males and females. The reduced effect
of pMRTP on respiratory physiology may reflect the lower irritative
potential of the pMRTP atmosphere, as previously reported for an
electrically heated cigarette (Terpstra et al., 2003).
3.1.2.2. Carboxyhemoglobin. The steady-state concentration of
COHb in the blood of both male and female rats (Table 2) showed
a good linear relationship with the CO concentration in the expo-
sure chamber (Table 1). These values are in line with our historical
data for 3R4F MS inhalation (COHb %Saturation = 0.13 CO [ppm] + 0.2,
r2 = 0.97) (Terpstra et al., 2003).
3.1.2.3. Urinary nicotine metabolites. For both male and female rats,
the relative urinary nicotine metabolite profiles (nornicotine, nor-
cotinine, 30-hydroxycotinine, cotinine, and nicotine-N0-oxide) were
similar in all smoke-exposed groups (Supplemental Fig. 1 and
Table 2). The excreted amounts were proportional to nicotine con-
centrations in the test atmospheres (Table 1), suggesting similar
pharmacokinetics and bioavailability of nicotine for both 3R4F
and pMRTP. The total amount of the determined metabolites ex-
creted over 24 h increased with rising 3R4F MS concentrations
for both genders (Table 2). No nicotine metabolites were detected
in the urine of rats in the sham group. There was a trend towards
higher levels of nicotine metabolites in the urine of pMRTP-
exposed rats compared with the 3R4F(H) group; however, signifi-
cance was only reached for 30-hydroxycotinine in female rats
(Table 2). A similar effect was previously reported for a tobacco-
heating test cigarette (Coggins et al., 1989). The potential higher
nicotine uptake in pMRTP-exposed compared with 3R4F(H) rats
may at least in part be explained by the higher respiratory minute
volume, which likely reflects the lower irritative potential of
pMRTP MS.

http://www.ebi.ac.uk/arrayexpress/
http://www.ncbi.nlm.nih.gov/geo/
http://www.ncbi.nlm.nih.gov/geo/
http://CRAN.R-project.org/package=gplots
http://CRAN.R-project.org/package=gplots


Table 1
Characterization of test atmospheres at the breathing zone in the exposure chambers.

Parameter Unit Exposure groups

N SHAM 3R4F N pMRTP

N Low N Medium N High

MMAD lm ND 0.65 0.43
Carbon monoxide ll/l 25 <LOQ 25 111 ± 1.6 25 225 ± 2.5 25 359 ± 2.1 25 31 ± 0.4
Nicotine lg/l 12 <LOQ 12 7.5 ± 0.1 12 15 ± 0.4 12 22 ± 0.3 13 22 ± 0.6
TPM lg/l 25 <LOQ 25 89 ± 1.3 25 194 ± 2.7 25 328 ± 2.5 25 242 ± 6.6
Glycerol lg/l ND 2 11 2 21 2 32 2 138
Catechol lg/l ND 2 0.326 2 0.719 2 1.266 2 0.172
Formaldehyde lg/l ND 8 0.23 ± 0.012 8 0.39 ± 0.011 8 0.64 ± 0.026 8 0.45 ± 0.013
Acetaldehyde lg/l ND 8 6.0 ± 0.2 8 12 ± 0.3 8 19 ± 0.7 8 1.6 ± 0.0
Acrolein lg/l ND 8 0.65 ± 0.027 8 1.24 ± 0.027 8 1.99 ± 0.07 8 0.14 ± 0.004

Values represent means ± standard deviations. Abbreviations: LOQ, Limit of Quantitation; ND, not determined; MMAD, Mass Median Aerodynamic Diameter; TPM, total
particulate matter.

Table 2
Biomonitoring parameters.

Parameter Unit Exposure groups

N SHAM 3R4F N pMRTP

N Low N Medium N High

Female
Respiratory frequency 1/min 8 140 ± 9 8 129 ± 7 8 101 ± 4 * 8 86 ± 4 */+ 8 122 ± 4
Respiratory minute volume ml/min 8 189 ± 16 8 124 ± 7 * 8 119 ± 7 * 8 98 ± 8 */+ 8 143 ± 9 *

Peak inspiratory flowrate ml/s 8 10 ± 0.6 8 6 ± 0.4 * 8 6 ± 0.3 * 8 5 ± 0.4 */+ 8 7 ± 0.4 *

Tidal volume ml 8 1.4 ± 0.1 8 1.0 ± 0.1 * 8 1.2 ± 0.1 8 1.1 ± 0.1 * 8 1.2 ± 0.1
COHb % 6 0.9 ± 0.0 6 14.0 ± 0.3 * 6 26.2 ± 0.8 * 6 40.5 ± 2.0 */+ 6 4.6 ± 0.1 *

Cotinine lmol/l 8 0.0 ± 0.0 8 21.0 ± 2.7 * 7 29.2 ± 5.2 * 8 36.5 ± 5.7 * 8 48.5 ± 3.9 *

30Hydroxycotinine lmol/l 8 0.0 ± 0.0 8 4.3 ± 0.4 * 7 5.6 ± 0.9 * 8 5.4 ± 0.8 */+ 8 9.0 ± 1.0 *

Norcotinine lmol/l 8 0.0 ± 0.0 8 5.6 ± 0.6 * 7 8.8 ± 2.0 * 8 8.3 ± 1.4 * 8 12.5 ± 1.4 *

Nornicotine lmol/l 8 0.0 ± 0.0 8 6.1 ± 0.7 * 7 8.5 ± 1.4 * 8 11.8 ± 2.2 * 8 13.0 ± 1.3 *

Nicotine-N0-oxide lmol/l 8 0.0 ± 0.0 8 12.5 ± 1.5 * 7 20.4 ± 4.0 * 8 28.1 ± 5.9 * 8 29.8 ± 3.7 *

Male
Respiratory frequency 1/min 8 138 ± 9 8 131 ± 6 8 101 ± 4 * 9 95 ± 3 */+ 8 134 ± 6
Respiratory minute volume ml/min 8 195 ± 12 8 176 ± 10 8 132 ± 8 * 9 124 ± 8 */+ 8 189 ± 11
Peak inspiratory flowrate ml/s 8 10 ± 0.9 8 8 ± 0.4 * 8 5 ± 0.3 * 9 5 ± 0.3 */+ 8 10 ± 0.7
Tidal volume ml 8 1.4 ± 0.1 8 1.4 ± 0.1 8 1.3 ± 0.1 9 1.3 ± 0.1 8 1.5 ± 0.1
COHb % 6 0.8 ± 0.0 6 13.6 ± 0.4 * 6 28.3 ± 0.9 * 6 41.2 ± 1.3 */+ 6 4.8 ± 0.1 *

Cotinine lmol/l 8 0.0 ± 0.0 8 19.5 ± 3.7 * 8 27.0 ± 3.6 * 8 40.2 ± 5.2 * 8 59.6 ± 12.1 *

30Hydroxycotinine lmol/l 8 0.0 ± 0.0 8 7.7 ± 1.4 * 8 9.0 ± 1.4 * 8 10.9 ± 1.2 * 8 18.6 ± 3.4 *

Norcotinine lmol/l 8 0.0 ± 0.0 8 6.9 ± 1.4 * 8 10.1 ± 1.8 * 8 13.5 ± 1.7 * 8 19.5 ± 4.3 *

Nornicotine lmol/l 8 0.0 ± 0.0 8 7.0 ± 1.3 * 8 9.9 ± 1.4 * 8 13.8 ± 1.6 * 8 18.2 ± 3.7 *

Nicotine-N0-oxide lmol/l 8 0.0 ± 0.0 8 24.1 ± 3.9 * 8 39.9 ± 6.6 * 8 42.8 ± 6.0 * 8 61.1 ± 10.2 *

Data are given as mean ± standard error.
COHb, carboxyhemoglobin concentration in blood.

* Statistically significantly different from sham.
+ Statistically significantly different from pMRTP.
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3.1.3. Other systemic exposure effects
Body weight development revealed an exposure-related reduc-

tion for 3R4F(H)-exposed male rats (Fig. 1). The absence of an
MS-related decrease in body weight gain in female rats is consis-
tent with results from previous studies (Coggins et al., 1989;
Coggins et al., 1993; Vanscheeuwijck et al., 2002). Feed consump-
tion was in the normal range and no consistent exposure-related
effects were observed (Supplemental Table 2 and Supplemental
Results S2.1.1).

Hematology analysis revealed expected MS exposure-related
effects, predominantly in the 3R4F(H) group. Hematocrit values,
the hemoglobin concentration (both genders), and the number of
erythrocytes (males only) were significantly increased while leu-
kocytes (both genders) were decreased in the 3R4F(H) group com-
pared with the sham group (Supplemental Table 3); similarly, the
number of lymphocytes was decreased (Supplemental Table 4). For
the pMRTP group, female rats showed a slight smoke effect for the
red blood cell parameters, but no significant exposure-related
effects were observed in male rats (Supplemental Table 3). The
number of leukocytes was also significantly decreased in male rats,
and slightly (but not significantly) in female rats versus sham
(Supplemental Table 4, Supplemental Results S2.1.2).

Clinical chemistry also demonstrated typical MS exposure ef-
fects, of which only total cholesterol concentrations were consis-
tently significantly decreased in both genders versus sham. In all
3R4F concentration groups as well as in the pMRTP group, other
sporadic effects were seen in either males or females (Supplemen-
tal Table 5, Supplemental Results S2.1.3).

Organ weights exhibited typical MS-exposure-related effects
such as reduced weight of the thymus and higher weight of the
heart, the adrenals, and the lungs in 3R4F groups; this is in accor-
dance with previously reported findings (Carmines and Gaworski,
2005; Terpstra et al., 2003; Vanscheeuwijck et al., 2002). In the
pMRTP group, such changes (in the spleen, thymus, lungs with lar-
ynx and trachea, and adrenals) were generally less pronounced
than in the 3R4F(H) group (Supplemental Table 6). For a more



Fig. 1. Mean body weight development of male and female rats.
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detailed presentation of these systemic effect results, see Supple-
mental Results S2.1.
Fig. 2. Differentiation of cells in bronchoalveolar lavage. (A) Male rats, (B) female
rats; values are absolute numbers per lung (means ± standard error). �Significantly
different from sham; +significantly different from pMRTP.
3.1.4. Free lung cell differentiation in BALF
Male and female rats of the 3R4F groups showed a concentra-

tion-dependent increase in absolute numbers of neutrophils, mac-
rophages, lymphocytes, and eosinophils (Fig. 2, Supplemental
Table 7), with a mean viability above 90% (data not shown). How-
ever, a significant increase for 3R4F-exposed rats was only ob-
served for neutrophils (both genders, all concentration groups).
The absolute cell numbers of neutrophils, macrophages, and lym-
phocytes indicated a lower biological activity of the pMRTP expo-
sure; no effect was significantly different from sham.

The increase in neutrophil counts is the main indicator of lung
inflammation. Similar increases in absolute neutrophil counts
(30- to 200-fold) have previously been observed in rat inhalation
studies of similar duration with MS from the reference cigarettes
2R1 and 1R4F (Friedrichs et al., 2006; Stevenson et al., 2007). The
neutrophil increase was shown to depend on the dose of the in-
haled particulate-phase (Friedrichs et al., 2006). Similar increases
in the number of lymphocytes were also observed in this previous
study; however, no significant increase in the number of macro-
phages has been reported. In the current study, an increase in
the number of macrophages by up to 2-fold was observed for both
genders of the 3R4F(H) group, although this was only significant in
male rats. Because macrophages play a pivotal role in the defense
against inhaled contaminants of the lung, changes in macrophage
numbers can be indicative of an altered lung (inflammatory) sta-
tus. Similar changes in lymphocyte numbers have been repeatedly
observed in the BAL analysis of MS-exposed rats (Friedrichs et al.,
2006; Smith et al., 2002; Werley et al., 2008).
3.1.5. Cytokines and chemokines in BALF
The concentrations of nine analytes in the BALF are given in

Table 3. Both male and female rats exposed to 3R4F showed con-
centration–response relationships for MCP-1 (CCL2), MDC
(CCL22), and MIP1a (CCL3) while these effects were markedly
lower in the pMRTP group. MCP-1 is a monocytic chemotactic acti-
vation factor while MDC is a potent granulocyte chemoattractant.
Yang et al. also observed elevated levels of pro-inflammatory
mediators, including MCP-1, MDC, and MIP-2 (CXCL2), in the BALF
of rats after 3 days or 8 weeks of CS exposure (Yang et al., 2007);
similarly, smoke exposure-induced up-regulation of CX3CL1,
CXCL1, and CCL3 genes in rat lungs has been reported (Stevenson
et al., 2007).

3.1.6. Gross pathology
A macroscopical investigation of the organs was performed dur-

ing rat dissection. However, the type, incidence, and severity of the
observations were not regarded as related to the exposure of 3R4F
or pMRTP. No significant exposure-related effects were observed
(data not shown).

3.1.7. Histopathology of non-respiratory tract organs
Histopathological evaluation of non-respiratory tract organs re-

vealed no consistent or relevant differences between exposure
groups (data not shown).

3.1.8. Histopathology of respiratory tract organs
To investigate the morphological effects on respiratory tract or-

gans after exposure to MS from 3R4F and pMRTP, a semi-quantita-
tive histopathological assessment was performed for the nose,
larynx, trachea/bifurcation, and left lung. Histopathological scores
(ranked data) are given in Supplemental Table 8, and incidence val-
ues in Supplemental Table 9. The effects on the nose and lung are
addressed in greater detail below, while the effects on the larynx
and trachea are shown in Supplemental Results S2.2.

3.1.8.1. Nose. Significant MS-exposure-related effects, e.g., reserve
cell hyperplasia, and squamous metaplasia with and without
cornification, were seen in the respiratory epithelium (nose levels



Table 3
Analysis of selected chemokines in the bronchoalveolar lavage fluid (BALF).

Parameter Unit Exposure groups

N SHAM 3R4F N pMRTP

N Low N Medium N High

Female
CX3CL1 pg/ml 8(1) 13.0 ± 4.65 8 22.7 ± 4.17 10 19.0 ± 2.38 10 13.7 ± 1.37 8(1) 9.61 ± 1.89
GM-CSF pg/ml 8(8) 8 < LOQ 8(8) 8 < LOQ 10(10) 10 < LOQ 10(10) 10 < LOQ 8(8) 8 < LOQ
IL1A pg/ml 8(8) 8 < LOQ 8(8) 8 < LOQ 10(8) 8 < LOQ 10(7) 7 < LOQ 8(8) 8 < LOQ
CXCL1 ng/ml 8 39.6 ± 13.0 8 81.6 ± 17.2 10 52.0 ± 7.87 10 42.4 ± 5.21 8 45.6 ± 18.2
MCP-1 pg/ml 8 10.8 ± 3.62 8 65.3 ± 15.2 * 10 301 ± 106 * 10 435 ± 81.7 */+ 8 30.3 ± 11.1
MDC pg/ml 8(6) 6 < LOQ 8 1.25 ± 0.28 * 10 3.09 ± 1.02 * 10 5.33 ± 0.58 */+ 8(4) 4 < LOQ
MIP-1A pg/ml 8(5) 5 < LOQ 8 4.86 ± 1.24 * 10 10.6 ± 1.66 * 10 17.0 ± 3.99 */+ 8(3) 3 < LOQ
MIP-2 pg/ml 8 4.44 ± 0.97 8 8.81 ± 2.17 10 4.25 ± 0.73 10 2.39 ± 0.31 8 4.81 ± 1.16
TNF-a pg/ml 8(8) 8 < LOQ 8(8) 8 < LOQ 10(10) 10 < LOQ 10(10) 10 < LOQ 8(8) 8 < LOQ

Male
CX3CL1 pg/ml 10(1) 8.89 ± 1.22 10 17.5 ± 1.40 * 9 16.9 ± 1.93 * 9 12.5 ± 1.11 */+ 10 7.37 ± 1.12
GM-CSF pg/ml 10(9) 9 < LOQ 10(10) 10 < LOQ 9(9) 9 < LOQ 9(9) 9 < LOQ 10(9) 9 < LOQ
IL1A pg/ml 10(10) 10 < LOQ 10(8) 8 < LOQ 9(7) 7 < LOQ 9(5) 5 < LOQ 10(10) 10 < LOQ
CXCL1 ng/ml 10 36.6 ± 3.73 10 59.5 ± 6.85 * 9 60.9 ± 3.23 * 9 54.7 ± 7.62 10 35.3 ± 6.61
MCP-1 pg/ml 10 16.3 ± 7.42 10 49.9 ± 9.07 * 9 121 ± 38.7 * 9 283 ± 50.6 */+ 10 16.0 ± 6.65
MDC pg/ml 10(6) 6 < LOQ 10 1.18 ± 0.23 * 9 2.25 ± 0.74 * 9 3.21 ± 0.43 */+ 10(9) 9 < LOQ
MIP-1A pg/ml 10(5) 5 < LOQ 10 3.73 ± 0.65 * 9 5.85 ± 1.19 * 9 11.7 ± 1.71 */+ 10(6) 6 < LOQ
MIP-2 pg/ml 10 4.24 ± 0.79 10 9.52 ± 1.98 * 9 7.65 ± 2.49 9 3.22 ± 0.55 10 7.97 ± 3.96
TNF-a pg/ml 10(9) 9 < LOQ 10(8) 8 < LOQ 9(9) 9 < LOQ 9(9) 9 < LOQ 10(10) 10 < LOQ

Samples from the first lavage cycle were analyzed by Aushon Biosystems (non-GLP). Values represent means ± standard error. T-test adjusted for unequal variance. Values
below the limit of detection have been imputed to 0.5 � limit of detection. Parenthesis in the N column means the number of samples below the limit of detection; if 3 or more
values are below the limit of detection the mean is not computed and replaced by the text ‘‘N value < LOQ’’.
Abbreviations: DL limit of detection; CX3CL1 fractalkine; GM-CSF granulocyte/macrophage colony stimulating factor; IL1A interleukin-1 alpha; CXCL1 melanoma growth
stimulating activity (KC), alpha; MDC macrophage-derived chemokine (CCL22); MCP-1 Monocyte chemoattractant protein 1 (CCL2); MIP-1A chemokine (C-C motif) ligand 3;
MIP-2 macrophage inflammatory protein 2; TNF-a tumor necrosis factor alpha

* Statistically significantly different from sham.
+ Statistically significantly different from pMRTP.

Fig. 3. Histopathological findings from nose level 1, respiratory epithelium. The
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1–2) as well as atrophy in the olfactory epithelium (nose levels 2–
4) for both male and female rats of the 3R4F group. The effects
mostly followed a monotonic dose–response or were at saturation,
especially for the medium- and high-concentration groups in the
anterior nose levels. For the pMRTP, MS-exposure-related effects
were only observed in the respiratory epithelium (nose levels 1–
2), and were consistently lower than those in the 3R4F(H) group
(reserve cell hyperplasia at level 1, loss of goblet cells, squamous
epithelial metaplasia at nose level 1) or showed no significant
MS-exposure-related effects (amount of cornification at nose level
1, inflammatory cell infiltration in the lamina propria at nose level
1, reserve cell hyperplasia at nose level 2, findings at the olfactory
epithelium at nose levels 2–4) (see Fig. 3, Supplemental Fig. 2A and
Supplemental Table 8).
amount of cornification was scored. Values are mean scores ± standard error. Solid
bars: female rats, patterned bars: male rats. �Significantly different from sham;
+significantly different from pMRTP. For a compilation of all histopathological
results, see Supplemental Tables 8 and 9.
3.1.8.2. Lung. Goblet cell hyperplasia of the main bronchus followed
a monotonic concentration-dependent response in the 3R4F group
(Fig. 4, Supplemental Fig. 2B and Supplemental Table 8), although
there was no significant difference from sham in the pMRTP group.
However, the histopathological assessment of goblet cells was lim-
ited because of a reduced number of lung sections being available
for evaluation (valid n per group, all >5).

Inflammatory changes in the lung parenchyma were observed
as monotonic concentration-dependent responses for the 3R4F-
exposed groups. These included the accumulation of pigmented
and unpigmented macrophages in the alveolar lumen, the presence
of only a few scattered neutrophilic and lymphocytic inflammatory
cells, and pigmented macrophage nests associated with focal
hyperplasia/hypertrophy of the alveolar epithelium (Fig. 5,
Supplemental Fig. 2C and Supplemental Table 8). A similar accu-
mulation of macrophages and other inflammatory cells in the alve-
olar spaces (from 2R1 reference cigarette) has previously been
described following MS exposure (Stevenson et al., 2007). No
exposure-related inflammatory cell reactions in the lung were ob-
served in pMRTP-exposed rats in the present study.

Histopathological findings such as a minimal focal or multifocal
perivascular cell reaction, osseous metaplasia of the alveolar epi-
thelium, the presence of single erythrocytes in the alveolar lumen,
and a thickened and cell-rich alveolar interstitium were regularly
observed in all groups (Supplemental Table 8). The type, incidence,
and severity of these findings were not considered to be related to
CS exposure and were interpreted as chance findings.

The changes observed in 3R4F group respiratory tract organs
were analogous to those reported in the literature for subchronic
MS inhalation studies from conventional reference cigarettes, e.g.,
2R4F or 1R4F (Coggins et al., 1989; Coggins et al., 1980; Gaworski
et al., 1997; Vanscheeuwijck et al., 2002).



Fig. 4. Histopathological findings from left lung, main bronchus, respiratory
epithelium. Goblet cell hyperplasia was scored. Values are mean scores ± standard
error. Solid bars: female rats, patterned bars: male rats. �Significantly different from
sham; +significantly different from pMRTP. For a compilation of all histopatholo-
gical results, see Supplemental Tables 8 and 9.

Fig. 5. Histopathological findings from left lung, parenchyma. The number of
alveolar macrophages and macrophage nests were scored in (A) male rats and (B)
female rats. Values are mean scores ± standard error. � Significantly different from
sham; +significantly different from pMRTP. For a compilation of all histopatholo-
gical results, see Supplemental Tables 8 and 9.
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3.1.9. Exposure effect reduction in pMRTP vs 3R4F
In the OECD part of the present study, we investigated whether

the pMRTP has reduced exposure properties compared with the
conventional reference cigarette, 3R4F, using traditional toxicity
endpoints. The biomonitoring parameters for 3R4F were consistent
with the results of previous subchronic MS inhalation studies from
reference cigarettes, e.g., 2R4F or 1R4F, and reflected the markedly
reduced concentrations of irritating constituents for pMRTP and CO
at a nicotine concentration that matched that of 3R4F(H). Body
weight, hematology, clinical chemistry, and organ weights exhib-
ited typical CS-related effects that were often weak and/or
observed in one gender only. For the pMRTP, these effects were
generally less pronounced or absent.

The concentration-dependent increase in the number of neutro-
phils, lymphocytes, and macrophages in the BALF (within a range
that was previously reported for CS exposure), combined with
the increase in pro-inflammatory mediators MCP-1, MDC, and
MIP1a was indicative of a marked inflammatory reaction in the
lung following MS exposure from 3R4F. No significant change in
BAL cell numbers was observed for pMRTP, and the levels of pro-
inflammatory mediators in BALF was significantly reduced for
pMRTP.

For most histopathological endpoints, a monotonic concentra-
tion-dependent response was observed for the 3R4F cigarette, or
the effects were at saturation of the scoring system especially for
the medium- and high-dose groups, while the effects for pMRTP
were significantly reduced or absent. As observed previously
(Friedrichs et al., 2006; Terpstra et al., 2003), the adaptive changes
in response to irritative effects were more pronounced in upper
respiratory tract sites and the main bronchus, while inflammatory
effects dominated in the lung alveolar region. This distribution of
effects has been attributed to a higher impact of volatile gas phase
constituents on the nasal passages compared with the mainly par-
ticulate phase-driven effects in the larynx and lung (Friedrichs
et al., 2006).

In conclusion the OECD part of the study demonstrated that the
biological activity of pMRTP was consistently lower in the respira-
tory tract, i.e., it induced significantly fewer adaptive and inflam-
matory changes compared with the typical MS inhalation effects
from the reference cigarette 3R4F at equal nicotine concentrations.
This is consistent with an anticipated reduced exposure to harmful
MS constituents. Several histopathological end points, especially in
the nose and lung, were below the observation limit. Moreover, the
semi-quantitative histopathological evaluation of the respiratory
tract revealed no new effects for pMRTP-exposed rats that were
not previously seen after 28 days of exposure with reference
cigarettes.

3.2. OECD plus part

3.2.1. Systems response profiling
Systems response profiles are presented as volcano plots to pro-

vide an overview of differentially expressed genes (DEG) in 3R4F
versus sham groups (Fig. 6A). Volcano plots obtained from the
three tissues, RNE, bronchi, and the parenchyma, of rats exposed
to low, medium, and high concentrations of 3R4F showed an
increased systems response with increased 3R4F exposure. The
response profile after exposure to pMRTP was lower than that for
3R4F(L).

The results of pair-wise comparisons of smoke treatments ver-
sus the sham reference are shown as a heat map (Fig. 6B) and sup-
port the volcano plot results. Each row corresponds to a specific
gene that is above the cutoff of 0.05 for the FDR in at least one
treatment group. Clustering was performed on the distribution of
expression values across the treatments. In general, 3R4F-exposed
tissue showed a concentration-dependent response with the stron-
gest effects seen for 3R4F(H). DEG for 3R4F(H) were most abundant
in the bronchi, followed by the parenchyma, with fewest in the
RNE. Interestingly, approximately 20% of DEG found in the RNE
were also differentially expressed in the bronchus or the paren-
chyma, while only 7.5% were also differentially expressed in both
of the other two tissues (Supplemental Fig. 3). Thus, the majority
of DEG can be regarded as tissue-specific after 28 days of exposure
to a high concentration of 3R4F MS. By contrast, under the applied
thresholds, pMRTP-exposed tissue showed no significant DEG in
any of the three tissues.

3.2.2. Gene expression analysis of pMRTP-exposed tissues
Because no significant DEG could be detected for pMRTP using

the applied statistical thresholds, we examined them in a less
restrictive manner using a raw p-value < 1e�4. This approach has
a higher sensitivity and thus identified some genes that were



Fig. 6. Volcano plot (A) and heatmap (B) of gene expression data. (A) Volcano plots representing the SRPs obtained from the RNE, bronchi, and parenchyma of rats exposed to
low, medium, and high doses of CS and pMRTP. The log2 fold change is plotted on the x-axis and the negative log10-adjusted p-value is plotted on the y-axis. (B) Pair-wise
comparisons of smoke treatments versus the sham reference visualized in a heatmap. Up-regulated genes are shown in red and down-regulated genes in green.
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influenced by pMRTP exposure while taking false positive results
into account. This approach identified genes which had a high
fold-change in expression compared to sham: two (Hmox1 and
Srxn1) in the RNE, eight (including Cyp1a1 and Prr5l) in the bronchi,
and five (including Fam46b and Nrcam) in the parenchyma; the
expression of most of these genes were also seen in the 3R4F com-
pared with the sham group in the respective tissues (Supplemental
Table 10). For a more detailed description, see Supplemental Re-
sults S2.3.

GSEA was used to detect biological activity unique to pMRTP
exposure. GSEA provides enhanced sensitivity and is more compre-
hensive than relaxing the statistical threshold because it focuses on
groups of genes (so-called gene sets) that share common biological
functions (Subramanian et al., 2005). Under the applied threshold
(gene set with FDR < 0.05), 128, 102, and nine pathways listed in
KEGG, BioCarta, or Reactome pathway databases were impacted
by 3R4F(H) exposure in the RNE, bronchi, and parenchymal tissue,
respectively. Only 45, 29, and four pathways in the corresponding
tissue types in the pMRTP group were significantly impacted. Most
pathways overlapped between 3R4F- and pMRTP-exposed groups,
but GSEA identified nine, 13, and two unique pathways for pMRTP
in the RNE, bronchi, and parenchyma, respectively (Supplemental
Table 11). An overall heatmap (Supplemental Fig. 4) and a detailed
description of GSEA results are provided in Supplemental Results
2.3. A detailed analysis of unique pMRTP-related pathways re-
vealed that most leading edge genes were also present in the com-
monly activated pathways with only minor differences in their
gene combination. Because of this high overlap, it is difficult to
evaluate why a certain pathway is addressed in a certain tissue.
However, it is conceivable that the addressed pathways, as anno-
tated in these databases, are in an inappropriate tissue context be-
cause none are from normal respiratory tract tissues.

3.2.3. Tissue-specific network models
3.2.3.1. Translation of gene expression into network perturbations. To
overcome the lack of tissue specificity observed in GSEA, the pertur-
bations of molecular pathways induced by MS exposure were inves-
tigated by leveraging a collection of tissue-specific computational
network models we have recently published. Cell Proliferation Net-
work (Westra et al., 2011), Cell Stress Network (Schlage et al., 2011),
DNA Damage, Autophagy, Cell Death (Apoptosis, Necroptosis), and
Senescence (DACS) Networks (Gebel et al., 2013), and the Pulmonary
Inflammatory Processes Network (Westra et al., 2013) were built on
the basis of a priori knowledge of cause-and-effect relationships to
assess the biological impact of a variety of stressors including MS,
and were mainly derived from non-diseased mammalian pulmon-
ary and cardiovascular tissues using systems biology data sets.
These models capture mechanistic details of various biological
processes that can be separated for a more detailed interpretation
into 55 sub-networks (Supplemental Table 12).

While these cause-and-effect network models can be used as an
exploratory tool to qualitatively identify relevant perturbed biolog-
ical mechanisms, additional approaches have been developed to
quantify these mechanisms, i.e., the relative strength of the pertur-
bations (Network Perturbation Amplitude, NPA) and the overall
impact on the biological system (Biological Impact Factor, BIF).
The rationale for this approach and the underlying methodological
details have previously been published (Hoeng et al., 2012; Martin
et al., 2012; Thomson et al., 2013). In brief, to quantitatively
measure the perturbation of biological networks, a computational
approach translates gene fold-changes into NPA scores. These
correspond to the resulting changes in activity of the cellular pro-
cesses described by the network model. As indicated by its name,
the BIF aims to quantify the overall biological impact resulting
from the exposure of a biological system; it represents a holistic
score that describes the systems-wide effect of all processes
captured in the underlying network models (Hoeng et al., 2012;
Martin et al., 2012; Thomson et al., 2013). Since the BIF aggregates
NPA scores that have already greatly reduced the uncertainty con-
tained in gene expression fold-change profiles, it is expected to
produce results of higher sensitivity and increased robustness
against technical and biological sources of variability.

3.2.3.2. Quantification of the biological impact of MS from 3R4F and
pMRTP. The gene expression datasets obtained from the RNE, bron-
chi, and parenchyma were evaluated against up to 55 sub-network
models and quantified by measuring perturbation using NPA and
BIF approaches. Thus, gene expression fold-changes were trans-
lated into NPA scores, which were further aggregated to quantify
the overall biological impact (BIF scores). Supplemental Table 12
shows all sub-networks applied to evaluate the three tissues, as
well as those that were significantly perturbed in at least one expo-
sure group. As denoted in this table, nine of the lung-focused sub-
networks with a questionable tissue/cell type relevance to the na-
sal epithelium were excluded from analysis of the RNE samples. In
exposed RNE, NPA scores were significant for 26 perturbed sub-
networks, compared with 14 in bronchi and 25 in parenchyma un-
der at least one exposure condition (Supplemental Table 13).

The impact of 3R4F and pMRTP exposure on biological pro-
cesses in the three tissues is visualized in Fig. 7 at its highest level
of aggregation as relative BIF (RBIF), assigning 100% to the impact
of the 3R4F(H) group. The RBIF for 3R4F-exposed RNE (Fig. 7A)
shows a concentration-related response with a steep increase from
3R4F(M) to 3R4F(H), while 3R4F(L) and pMRTP show less than 2%
of the biological impact of 3R4F(H). For the bronchi (Fig. 7B), the
RBIF has no clear concentration-related response, and the value
for 3R4F(M) is 20% higher than that of 3R4F(H); pMRTP has an RBIF
of approximately 7%. For the parenchyma (Fig. 7C), the RBIF for
3R4F(L) and (M) is 70% that of 3R4F(H), and the RBIF of pMRTP is
less than 5% that of 3R4F(H) (see also Supplemental Results 2.4.1).

At the next level of granularity, the BIF components were repre-
sented as a star plot (Fig. 8). The multiple axes display the aggregated
NPA scores computed for each of the considered biological network
model groups. The NPA calculation returned major perturbations of
regulatory networks related to cell stress, inflammation, senescence,
and cell proliferation. As described above, the overall BIF (repre-
sented by the size of the ‘‘pie’’) was small in pMRTP-exposed tissues
when compared with any of the 3R4F-exposed tissues.

Cell Stress was the major BIF component in the RNE of the
3R4F(L) and 3R4F(M) groups, but its relative contribution de-
creased to rank 4 in the 3R4F(H) group after Senescence, Inflamma-
tory Processes, and Cell Proliferation (Fig. 8A). The same networks,
with the exception of DNA Damage, were also affected by pMRTP
exposure, but to a lesser extent. Star plots showing relative contri-
butions of the perturbed networks suggest a disproportionate con-
centration-related increase in Senescence, Inflammatory Processes,
Cell Proliferation, and Apoptosis compared with the continuously
increasing Cell Stress component. This may indicate an increase
in toxicity that cannot be compensated by stress response
mechanisms.

In the bronchi (Fig. 8B), exposure to 3R4F had a pronounced im-
pact on Cell Stress, which was almost equally high at all 3R4F con-
centrations, followed by perturbations of Cell Proliferation and
Inflammatory Processes networks that were significant only at
3R4F(M) and 3R4F(H) with no obvious concentration-related re-
sponse, and small contributions of Senescence and DNA Damage
in the 3R4F(M) group. In the case of pMRTP, the NPAs of Cell Stress
and Inflammatory Processes were smaller than that of 3R4F, and
the contribution from Cell Stress was twice that of Inflammatory
Processes.

At low, medium, and high concentrations of 3R4F exposure in
the parenchyma (Fig. 8C), Inflammatory Processes was the most



Fig. 7. Relative BIF (RBIF). (A) RNE, (B) Bronchi, (C) Parenchyma. 3R4F(H) was set by default to 100% biological impact. The percentages show the relative perturbance
observed in tested networks in relation to 3R4F(H). d represents the direction in which the networks are perturbed. A d value of 1 indicates that all networks are perturbed in
the same direction.

Fig. 8. BIF displayed in star plots. Network-level BIFs are given per tissue as relative quantity with respect to their corresponding high-dose group BIF weighted by network-
level contributions (in %) to the overall BIF of each treatment group. (A) RNE, (B) bronchi, (C) parenchyma, (D) color code. The multiple axes show the aggregation of NPA
scores computed for each family of biological network models (e.g., cell stress, inflammation). For each dose group, the relative contribution of the individual network NPA to
the aggregated BIF is given as a percentage value.
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affected network (by almost 50% at all concentrations), followed by
Cell Stress, Senescence, and Cell Proliferation, while the DNA Dam-
age network was slightly affected by 3R4F(M) and 3R4F(H) only. By
contrast, the BIF for pMRTP-exposed animals was much smaller
than that of any of the 3R4F-exposed animals, with contributions
from Cell Stress, Inflammatory Processes, and Cell Proliferation
networks.
3.2.3.3. Network perturbation amplitude and mechanistic insights.
The single NPA scores from the significantly perturbed networks
described above can be further broken down to the sub-network
level (Fig. 9), and finally to the leading nodes driving the NPA score.
Two typical examples for this backbone analysis of sub-networks,
one for the RNE and one for the lung parenchyma, are presented
here, and four additional perturbed sub-networks for the RNE,
bronchus, and parenchyma, and their leading nodes are presented
in Supplemental Results 2.4.2.

For the RNE, the NPA of the Neutrophil response sub-network
(Fig. 9A) exhibited a steep significant concentration response for
3R4F(M) and 3R4F(H), and lower response for pMRTP. The signifi-
cantly perturbed backbone nodes and causal edges involved in the
signaling perturbation are shown in Supplemental Fig. 5A. These
represent mechanisms that characterize the neutrophil response,
e.g., the respiratory burst and the production of inflammatory
mediators. One main perturbed pathway is the Tlr4-induced sig-
naling with Tnf, N-formyl-methionyl-leucyl-phenylalanine (FMLP),
and colony stimulating factor (Csf)3 being additional triggers. Their
receptors activate MAP kinases leading to increased activity of nu-
clear factor (Nf)kB and activator protein (AP)1. In turn, these acti-
vate secreted mediators such as Tnf, interleukin Il1b, Il8, and Ccl2.
Additionally, superoxides are generated by the NADPH oxidase
complex. As depicted by the bar graphs, the steep increase in
NPA seen for the aggregated network at 3R4F(H) is also reflected
by the NPA values of most of the individual nodes. The enhanced
neutrophil activation in the smoke-exposed RNE may well corre-
spond to the histologically observed increased incidence of inflam-
matory cell infiltrates in the nasal mucosa (Supplemental Table 9).
Although the adaptive epithelial changes, such as hyperplasia and
metaplasia, are histopathologically the most abundant responses
to CS in the nasal epithelium, mixed cell-type inflammatory infil-
trates including neutrophils are common in the anterior nasal
respiratory mucosa of rats exposed to inhaled irritants, e.g., CS
and ozone (Cho et al., 2000; Mauderly et al., 2004; Polosa et al.,
2004). The same networks are perturbed for pMRTP at a similar
or lower level than 3R4F(L), corresponding with the weak
Fig. 9. Single NPAs. (A) Neutrophil response in the RNE. (B) Macrophage a
histopathological changes (hyperplasia, metaplasia, but no inflam-
matory infiltrates) seen at this site.

In the lung parenchyma where the NPAs of Inflammatory Pro-
cesses sub-networks are the strongest contributors to the CS-in-
duced BIF (Fig. 8C), high NPAs were seen for Epithelial
Proinflammatory Signaling, Neutrophil Chemotaxis and Response,
NK Cell Activation, Macrophage Activation, and Mast Cell Activa-
tion sub-networks (Supplemental Table 13). In Fig. 9B, the aggre-
gated NPAs for the Macrophage Activation sub-network
demonstrate a flat dose response with no difference between the
low and medium 3R4F concentration, only a small increase for
3R4F(H), and a very small but significant NPA for pMRTP. In the
backbone diagram (Supplemental Fig. 5B), the transcriptional
activity of the NfkB complex is the central node integrating input
from activating pathways such as the Stat1– Ifng axis and Tlr2-,
Tlr3- and Tlr4-signaling, as well as inhibitory input from Cd44,
vasoactive intestinal peptide receptor (Vipr)1, and Sirt1. Down-
stream of the node, the interleukins Il1b, Il6, Il8, and reactive oxy-
gen species, Ccl5, and Tnf are activated. In addition, there is also an
Ap1-mediated contribution to node activation for Il1b, Il10, Ccl2,
and Tnf. Further examples are given in the Supplemental Results
S2.4.2 and shown in Supplemental Figs. 5C–F and 6A–D.

Histologically, the findings of increased alveolar macrophages,
macrophage nests in the lung parenchyma (Fig. 5, Supplemental
Figure 2), and increased levels of neutrophils, macrophages, and
inflammatory mediators in BALF (Fig. 2, Supplemental Table 7) cor-
respond to the NPA scores for the perturbed sub-networks of the
Inflammatory Process network (IPN) (Fig. 8). As shown in Supple-
mental Table 13, the NPA scores for Epithelial Pro-inflammatory
Signaling, Macrophage Activation, and Neutrophil Response sub-
networks were significantly perturbed for the lung parenchyma
but not for the bronchial epithelium for which this type of inflam-
matory response to CS inhalation has not been reported in the rat
model (Stevenson et al., 2007; Terpstra et al., 2003;
Vanscheeuwijck et al., 2002; Werley et al., 2008). While the prom-
inent role of neutrophils, macrophages, and T-cells in inflamma-
tory reactions of the lung parenchyma of CS-exposed rats is a
well-recognized phenomenon (Friedrichs et al., 2006; Stevenson
et al., 2007), our lung-focused network approach also points to
the occurrence of perturbations of the mast cell response (see
Supplemental Results).

3.2.4. OECD plus provides additional mechanistic insights and
increased sensitivity for pMRTP effects

The systems response profiles obtained from the three major CS
target tissue sites showed a dose-dependent response for the CS
ctivation in the parenchyma. �O < 0.05; �K < 0.05, for �O/�K see 2.8.4.1.
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effects and a weak response for pMRTP. The qualitative gene
expression analysis, including GSEA, confirmed the toxicological
mechanisms and pathways involved in the response to reference
CS exposure and demonstrated a weak activity for tissues exposed
to pMRTP MS. Information about gene sets involved in the tissue
responses to smoke exposure provides only a limited insight into
the toxicological mechanisms involved because the available GSEA
annotations were often from unrelated tissue and disease contexts.
Therefore, we applied a novel computational method, based on
lung-focused causal network models, to the gene expression data-
sets. The applied NPA/BIF scoring is an integrated approach that
combines gene expression data with a knowledge-driven cause-
and-effect network model to provide a mechanistically driven
quantitative measure of the amplitude of perturbation in a biolog-
ical network caused by a targeted impact. This approach can pro-
vide a quantitative, system-wide understanding of the biological
mechanisms underlying the experimental outcome. The NPA
scores are expected to correspond to the resulting changes in the
quality and activity of the cellular processes described by the net-
work model.

This NPA analysis of CS effects induced by 3R4F exposure re-
vealed dose-dependent activation of cell stress- and inflamma-
tion-related mechanisms in three different compartments of the
respiratory tract: the RNE, the bronchial epithelium, and the bron-
chiolo-alveolar lung parenchyma. The NPA/BIF dose response for
3R4F has a threshold-like appearance for the RNE, particularly in
the single NPA (see Fig. 9) and RBIF charts (Fig. 7), while the
dose–response is rather continuous in the lung parenchyma and
bronchi. No such threshold was observed for the histopathological
findings in the nasal epithelium, which suggested a saturation of
the effects at medium and high 3R4F concentrations.

The overall contribution of the various networks in the RNE, as
in the bronchi, was stress-dominated. This contrasts with the
parenchyma, in which inflammation had the highest contribution.
This is in full accordance with our histopathological evaluation and
BALF analysis in this study, as well as with previously published ef-
fects of CS exposure (Friedrichs et al., 2006; Stevenson et al., 2007;
Terpstra et al., 2003; Vanscheeuwijck et al., 2002). Moreover, the
comparative NPA analysis was sufficiently sensitive to show some
pMRTP-induced perturbations in these tissues.
4. Summary and conclusion

With regard to the first aim of our study we demonstrated that,
within a classical OECD inhalation study, the correlative evaluation
of the classical respiratory tract end points (histopathology, analy-
sis of BAL cells, and BALF inflammatory mediators) and gene
expression analysis with advanced molecular modeling approaches
(OECD plus part) is feasible and provides complementary mecha-
nistic information. Our results demonstrated that the histopatholo-
gical and BAL-related changes correlated with perturbed molecular
mechanisms identified by gene expression analysis. The qualitative
and quantitative network modeling results exemplify how this ap-
proach can leverage a correlative evaluation of the histopatholo-
gical changes and provide an insight into the molecular
mechanisms perturbed by MS from different types of tobacco prod-
ucts. Examples demonstrated that our modular network approach
enabled cell-type specific signaling contributions to be resolved
from transcriptomics data at the level of inflammatory- and cell
stress-related toxicological sub-processes, and that the applied
NPA- and BIF scoring provided a quantitative estimate of the sever-
ity of individual and aggregated molecular pathway perturbations.

With regard to the second aim, this correlative approach was used
to demonstrate in both parts of the study that a high concentration of
pMRTP MS had reduced exposure effects than 3R4F MS. In general, the
NPAs for pMRTP, when significant, were smaller than those of 3R4F,
and showed stress-related rather than inflammatory perturbations
in all three tissues. No networks were significantly perturbed by
pMRTP that were not also perturbed by conventional MS.

In conclusion, we demonstrated the feasibility and usefulness of
our correlative approach by combining the toxicological endpoints
of a 28-day OECD study with an in-depth computational modeling
of gene expression analysis from responsive histological sites. This
approach also provided evidence for reduced exposure effects fol-
lowing the inhalation of a high concentration of MS from a pMRTP.

We expect that this modeling-enhanced molecular extension of
the classical OECD study design (termed OECD plus) could be used
not only to better understand the mechanisms leading to adaptive
and inflammatory changes for conventional products, but also to in-
crease the sensitivity and context specificity that is needed to inves-
tigate the risk reduction potential of novel MRTPs and/or to exclude
the activation of previously unobserved toxicological pathways.
Such approaches may thus facilitate the understanding of the impact
of biologically active substances / toxicants and associated disease
risks, as outlined in systems toxicology concepts such as ‘‘21st Cen-
tury Toxicology’’ (Mahadevan et al., 2011; Stephens et al., 2012).

Conflict of Interest

The authors declare that there are no conflicts of interest.

Transparency Document

The Transparency document associated with this article can be
found in the online version.
Acknowledgements

We would like to acknowledge Michael Peck and Ignacio Gonz-
alez-Suarez for reviewing the manuscript, and Anita Iskandar for
graphical support.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.fct.2014.02.034.

References

Alarie, Y., 1973. Sensory irritation by airborne chemicals. Crit. Rev. Toxicol. 2, 299–
363.

Association for Assessment and Accreditation of Laboratory Animal Care
International, A., 2006. Guide to the Care and Use of Laboratory Animals.
AAALAC, Frederick, MD.

Bolstad, B., Collin, F., Brettschneider, J., Simpson, K., Cope, L., Irizarry, R., Speed, T.,
2005. Quality assessment of Affymetrix GeneChip data.

Burns, D.M., Dybing, E., Gray, N., Hecht, S., Anderson, C., Sanner, T., O’Connor, R.,
Djordjevic, M., Dresler, C., Hainaut, P., Jarvis, M., Opperhuizen, A., Straif, K., 2008.
Mandated lowering of toxicants in cigarette smoke: a description of the World
Health Organization TobReg proposal. Tobacco Control 17, 132–141.

Carmines, E.L., Gaworski, C.L., 2005. Toxicological evaluation of glycerin as a
cigarette ingredient. Food Chem. Toxicol. 43, 1521–1539.

Cho, H.Y., Hotchkiss, J.A., Bennett, C.B., Harkema, J.R., 2000. Neutrophil-dependent
and neutrophil-independent alterations in the nasal epithelium of ozone-
exposed rats. Am. J. Respir. Crit. Care Med. 162, 629–636.

Coggins, C.R.E., Morgan, K.T., Lam, R., Fouillet, X.L.M., 1980. Cigarette smoke induced
pathology of the rat respiratory tract: a comparison of the effects of the
particulate and vapour phases. Toxicology 16, 83–101.

Coggins, C.R., Ayres, P.H., Mosberg, A.T., Sagartz, J.W., Burger, G.T., Hayes, A.W., 1989.
Ninety-day inhalation study in rats, comparing smoke from cigarettes that heat
tobacco with those that burn tobacco. Fundam. Appl. Toxicol. 13, 460–483.

Coggins, C.R.E., Ayres, P.H., Mosberg, A.T., Sagartz, J.W., Hayes, A.W., 1993.
Subchronic inhalation study in rats using aged and diluted sidestream smoke
from a reference cigarette. Inhalation Toxicol. 5, 77–96.

http://dx.doi.org/10.1016/j.fct.2014.02.034
http://dx.doi.org/10.1016/j.fct.2014.02.034
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0005
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0005
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0020
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0020
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0020
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0020
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0025
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0025
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0030
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0030
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0030
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0045
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0045
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0045
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0035
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0035
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0035
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0040
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0040
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0040


U. Kogel et al. / Food and Chemical Toxicology 68 (2014) 204–217 217
Food and Drug Administration, F., 2012a. Federal Food, Drug, and Cosmetic Act. In:
F. Food and Drug Administration (Ed.), 18 FDC Act as amended by the Family
Smoking Prevention and Tobacco Control Act (Public Law 111–31), p. 21 U.S.C
387 k.

Food and Drug Administration, F., 2012b. Modified Risk Tobacco Product
Applications: Draft Guidance for Industry.

Friedrichs, B., Miert, E., Vanscheeuwijck, P., 2006. Lung inflammation in rats
following subchronic exposure to cigarette mainstream smoke. Exp. Lung Res.
32, 151–179.

Gaworski, C.L., Dozier, M.M., Gerhart, J.M., Rajendran, N., Brennecke, L.H., Aranyi, C.,
Heck, J.D., 1997. 13-week inhalation toxicity study of menthol cigarette smoke.
Food Chem. Toxicol. 35, 683–692.

Gebel, S., Lichtner, R.B., Frushour, B., Schlage, W.K., Hoang, V., Talikka, M.,
Hengstermann, A., Mathis, C., Veljkovic, E., Peck, M., Peitsch, M.C., Deehan, R.,
Hoeng, J., Westra, J.W., Gebel, S., Lichtner, R.B., Frushour, B., Schlage, W.K.,
Hoang, V., Talikka, M., Hengstermann, A., Mathis, C., Veljkovic, E., Peck, M.,
Peitsch, M.C., Deehan, R., Hoeng, J., Westra, J.W., 2013. Construction of a
computable network model for DNA damage, autophagy, cell death, and
senescence. Bioinform. Biol. Insights 7, 97–117.

Haussmann, H.J., Gerstenberg, B., Goecke, W., Kuhl, P., Schepers, G., Stabbert, R.,
Stinn, W., Teredesai, A., Tewes, F., Anskeit, E., Terpstra, P., 1998. 12-month
inhalation study on room aged cigarette sidestream smoke in rats. Inhalation
Toxicol. 10, 663–697.

Health Canada, 1999. Health Canada Test Method T-115, Determination of ‘‘Tar’’
and Nicotine in Sidestream Tobacco Smoke.

Hoeng, J., Deehan, R., Pratt, D., Martin, F., Sewer, A., Thomson, T.M., Drubin, D.A.,
Waters, C.A., de Graaf, D., Peitsch, M.C., 2012. A network-based approach to
quantifying the impact of biologically active substances. Drug Discov. Today 17,
413–418.

Institute of Medicine, I., 2012. Scientific Standards for Studies on Modified Risk
Tobacco Products. The National Academies Press, Washington, DC.

Liu, G., Loraine, A.E., Shigeta, R., Cline, M., Cheng, J., Valmeekam, V., Sun, S., Kulp, D.,
Siani-Rose, M.A., 2003. NetAffx: affymetrix probesets and annotations. Nucl.
Acids Res. 31, 82–86.

Mahadevan, B., Snyder, R.D., Waters, M.D., Benz, R.D., Kemper, R.A., Tice, R.R.,
Richard, A.M., 2011. Genetic toxicology in the 21st century: reflections and
future directions. Environ. Mol. Mutagen. 52, 339–354.

Martin, F., Thomson, T.M., Sewer, A., Drubin, D.A., Mathis, C., Weisensee, D., Pratt, D.,
Hoeng, J., Peitsch, M.C., 2012. Assessment of network perturbation amplitudes
by applying high-throughput data to causal biological networks. BMC Syst. Biol.
6, 54.

Mauderly, J.L., Gigliotti, A.P., Barr, E.B., Bechtold, W.E., Belinsky, S.A., Hahn, F.F.,
Hobbs, C.A., March, T.H., Seilkop, S.K., Finch, G.L., 2004. Chronic inhalation
exposure to mainstream cigarette smoke increases lung and nasal tumor
incidence in rats. Toxicol. Sci. 81, 280–292.

Mootha, V.K., Lindgren, C.M., Eriksson, K.-F., Subramanian, A., Sihag, S., Lehar, J.,
Puigserver, P., Carlsson, E., Ridderstrale, M., Laurila, E., Houstis, N., Daly, M.J.,
Patterson, N., Mesirov, J.P., Golub, T.R., Tamayo, P., Spiegelman, B., Lander, E.S.,
Hirschhorn, J.N., Altshuler, D., Groop, L.C., 2003. PGC-1[alpha]-responsive genes
involved in oxidative phosphorylation are coordinately downregulated in
human diabetes. Nat. Genet. 34, 267–273.

Organization for Economic Cooperation and Development, O., 2005. Draft proposal
for a revised guideline: 412. Repeated dose inhalation toxicity: 28-day or 14-
day study., Draft guideline (1st version), 22 December, 2005. OECD, Paris.

Park, J.S., Schlage, W.K., Frushour, B.P., Talikka, M., Toedter, G., Gebel, S., Deehan, R.,
Veljkovic, E., Westra, J.W., Peck, M.J., Boue, S., Kogel, U., Gonzalez-Suarez, I.,
Hengstermann, A., Peitsch, M.C., Hoeng, J., 2013. Construction of a computable
network model of tissue repair and angiogenesis in the lung. J. Clinic. Toxicol.
2013, S12-002.

Parman, C., Halling, C., 2011. affyQCReport: A Package to Generate QC Reports for
Affymetrix Array Data.

Polosa, R., Sapsford, R.J., Dokic, D., Cacciola, R.R., Prosperini, G., Devalia, J.L., Holgate,
S.T., Howarth, P.H., Davies, D.E., 2004. Induction of the epidermal growth factor
receptor and its ligands in nasal epithelium by ozone. J. Allergy Clin. Immunol.
113, 120–126.

Rodgman, A., Perfetti, T.A., 2013. The Chemical Components of Tobacco and Tobacco
Smoke, second ed. CRC Press, Boca Raton, FL.

Schlage, W.K., Westra, J.W., Gebel, S., Catlett, N.L., Mathis, C., Frushour, B.P.,
Hengstermann, A., Van Hooser, A., Poussin, C., Wong, B., Lietz, M., Park, J.,
View publication stats
Drubin, Veljkovic, E., Peitsch, M.C., Hoeng, J., Deehan, R., 2011. A computable
cellular stress network model for non-diseased pulmonary and cardiovascular
tissue. BMC Syst. Biol. 5, 168.

Schorp, M.K., Tricker, A.R., Dempsey, R., 2012. Reduced exposure evaluation of an
electrically heated cigarette smoking system. Part 1: non-clinical and clinical
insights. Regulat. Toxicol. Pharmacol.: RTP 64, S1–S10.

Smith, K.R., Uyeminami, D.L., Kodavanti, U.P., Crapo, J.D., Chang, L.Y., Pinkerton, K.E.,
2002. Inhibition of tobacco smoke-induced lung inflammation by a catalytic
antioxidant. Free Radic. Biol. Med. 33, 1106–1114.

Smyth, G., 2005. Limma: linear models for microarray data.
Stabbert, R., Voncken, P., Rustemeier, K., Haussmann, H.J., Roemer, E., Schaffernicht,

H., Patskan, G., 2003. Toxicological evaluation of an electrically heated cigarette.
Part 2: chemical composition of mainstream smoke. J. Appl. Toxicol. 23, 329–
339.

Stephens, M.L., Barrow, C., Andersen, M.E., Boekelheide, K., Carmichael, P.L.,
Holsapple, M.P., Lafranconi, M., 2012. Accelerating the development of 21st-
century toxicology: outcome of a Human Toxicology Project Consortium
workshop. Toxicol. Sci. 125, 327–334.

Stevenson, C.S., Docx, C., Webster, R., Battram, C., Hynx, D., Giddings, J., Cooper, P.R.,
Chakravarty, P., Rahman, I., Marwick, J.A., Kirkham, P.A., Charman, C.,
Richardson, D.L., Nirmala, N.R., Whittaker, P., Butler, K., 2007. Comprehensive
gene expression profiling of rat lung reveals distinct acute and chronic
responses to cigarette smoke inhalation. Am. J. Physiol. Lung Cell. Mol.
Physiol. 293, L1183–L1193.

Subramanian, A., Tamayo, P., Mootha, V.K., Mukherjee, S., Ebert, B.L., Gillette, M.A.,
Paulovich, A., Pomeroy, S.L., Golub, T.R., Lander, E.S., Mesirov, J.P., 2005. Gene set
enrichment analysis: a knowledge-based approach for interpreting genome-
wide expression profiles. Proc. Natl. Acad. Sci. USA 102, 15545–15550.

Terpstra, P.M., Teredesai, A., Vanscheeuwijck, P.M., Verbeeck, J., Schepers, G.,
Radtke, F., Kuhl, P., Gomm, W., Anskeit, E., Patskan, G., 2003. Toxicological
evaluation of an electrically heated cigarette. Part 4: subchronic inhalation
toxicology. J. Appl. Toxicol. 23, 349–362.

Thomson, T.M., Sewer, A., Martin, F., Belcastro, V., Frushour, B.P., Gebel, S., Park, J.,
Schlage, W.K., Talikka, M., Vasilyev, D.M., Westra, J.W., Hoeng, J., Peitsch, M.C.,
2013. Quantitative assessment of biological impact using transcriptomic data
and mechanistic network models. Toxicol. Appl. Pharmacol. 272, 863–878.

Vanscheeuwijck, P.M., Teredesai, A., Terpstra, P.M., Verbeeck, J., Kuhl, P.,
Gerstenberg, B., Gebel, S., Carmines, E.L., 2002. Evaluation of the potential
effects of ingredients added to cigarettes. Part 4: subchronic inhalation toxicity.
Food Chem. Toxicol. 40, 113–131.

Warnes, G.R., Bolker, B., Bonebakker, L, Gentleman, R., Huber, W., Liaw, A., Lumley,
T., Maechler, M., Magnusson, A., Moeller, S., Schwartz, M., Venables, B., 2012.
gplots, Various R programming tools for plotting data.

Werley, M.S., Freelin, S.A., Wrenn, S.E., Gerstenberg, B., Roemer, E., Schramke, H.,
Van Miert, E., Vanscheeuwijck, P., Weber, S., Coggins, C.R., 2008. Smoke
chemistry, in vitro and in vivo toxicology evaluations of the electrically
heated cigarette smoking system series K. Regul. Toxicol. Pharmacol.: RTP 52,
122–139.

Westra, J., Schlage, W., Frushour, B., Gebel, S., Catlett, N., Han, W., Eddy, S.,
Hengstermann, A., Matthews, A., Mathis, C., Lichtner, R., Poussin, C., Talikka, M.,
Veljkovic, E., Van Hooser, A., Wong, B., Maria, M., Peitsch, M., Deehan, R., Hoeng,
J., 2011. Construction of a computable cell proliferation network focused on
non-diseased lung cells. BMC Syst. Biol. 5, 105.

Westra, J.W., Schlage, W.K., Hengstermann, A., Gebel, S., Mathis, C., Thomson, T.,
Wong, B., Hoang, V., Veljkovic, E., Peck, M., Lichtner, R.B., Weisensee, D., Talikka,
M., Deehan, R., Hoeng, J., Peitsch, M.C., 2013. A modular cell-type focused
inflammatory process network model for non-diseased pulmonary tissue.
Bioinform. Biol. Insights 7, 167–192.

World Health Organization, 2007. The scientific basis of tobacco product regulation:
report of a WHO study group, WHO technical report series The National
Academies Press, Washington, DC.

Wu, C., Irizarry, R., Macdonald, J., Gentry, J., 2005. gcrma: Background Adjustment
Using Sequence Information. R package version 2.22.0.

Yang, S.R., Wright, J., Bauter, M., Seweryniak, K., Kode, A., Rahman, I., 2007. Sirtuin
regulates cigarette smoke-induced proinflammatory mediator release via RelA/
p65 NF-kappaB in macrophages in vitro and in rat lungs in vivo: implications
for chronic inflammation and aging. Am. J. Physiol. Lung Cell. Mol. Physiol. 292,
L567–L576.

http://refhub.elsevier.com/S0278-6915(14)00114-8/h0060
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0060
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0060
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0065
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0065
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0065
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0070
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0070
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0070
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0070
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0070
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0070
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0070
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0075
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0075
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0075
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0075
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0085
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0085
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0085
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0085
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0235
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0235
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0095
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0095
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0095
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0100
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0100
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0100
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0105
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0105
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0105
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0105
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0110
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0110
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0110
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0110
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0115
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0115
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0115
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0115
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0115
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0115
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0125
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0125
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0125
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0125
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0125
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0135
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0135
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0135
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0135
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0140
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0140
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0145
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0145
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0145
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0145
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0145
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0150
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0150
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0150
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0155
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0155
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0155
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0165
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0165
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0165
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0165
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0170
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0170
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0170
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0170
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0175
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0175
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0175
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0175
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0175
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0175
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0180
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0180
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0180
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0180
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0185
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0185
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0185
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0185
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0190
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0190
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0190
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0190
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0195
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0195
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0195
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0195
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0205
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0205
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0205
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0205
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0205
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0210
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0210
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0210
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0210
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0210
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0215
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0215
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0215
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0215
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0215
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0230
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0230
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0230
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0230
http://refhub.elsevier.com/S0278-6915(14)00114-8/h0230
https://www.researchgate.net/publication/260841183

	A 28-day rat inhalation study with an integrated molecular toxicology endpoint demonstrates reduced exposure effects for a prototypic  modified risk tobacco product compared with conventional cigarettes
	1 Introduction
	2 Materials and methods
	2.1 Experimental design
	2.2 Cigarettes
	2.3 Animals
	2.4 Smoke generation and exposure
	2.5 Analytical characterization of the test atmosphere
	2.6 Biological parameters
	2.6.1 Lung lavage and analysis
	2.6.2 Necropsy, gross pathology, and organ weights
	2.6.3 Histopathology
	2.6.4 Statistical evaluation

	2.7 Transcriptomics endpoints
	2.7.1 Tissue preparation
	2.7.2 RNA preparation and whole genome expression arrays

	2.8 Computational methods and analysis
	2.8.1 Gene expression array data
	2.8.2 Gene set enrichment analysis
	2.8.3 Heat maps
	2.8.4 Network-based analysis
	2.8.4.1 Network perturbation amplitudes (NPA)
	2.8.4.2 BIF calculations



	3 Results and discussion
	3.1 OECD part
	3.1.1 Smoke composition in the test atmosphere
	3.1.2 Biomonitoring
	3.1.2.1 Respiratory physiology
	3.1.2.2 Carboxyhemoglobin
	3.1.2.3 Urinary nicotine metabolites

	3.1.3 Other systemic exposure effects
	3.1.4 Free lung cell differentiation in BALF
	3.1.5 Cytokines and chemokines in BALF
	3.1.6 Gross pathology
	3.1.7 Histopathology of non-respiratory tract organs
	3.1.8 Histopathology of respiratory tract organs
	3.1.8.1 Nose
	3.1.8.2 Lung

	3.1.9 Exposure effect reduction in pMRTP vs 3R4F

	3.2 OECD plus part
	3.2.1 Systems response profiling
	3.2.2 Gene expression analysis of pMRTP-exposed tissues
	3.2.3 Tissue-specific network models
	3.2.3.1 Translation of gene expression into network perturbations
	3.2.3.2 Quantification of the biological impact of MS from 3R4F and pMRTP
	3.2.3.3 Network perturbation amplitude and mechanistic insights

	3.2.4 OECD plus provides additional mechanistic insights and increased sensitivity for pMRTP effects


	4 Summary and conclusion
	Conflict of Interest
	Transparency Document
	Acknowledgements
	Appendix A Supplementary data
	References


