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Abstract
Background: In vitro toxicology studies of tobacco and
tobacco smoke have been used to understand why to-
bacco use causes cancer and to assess the toxicologic im-
pact of tobacco product design changes. The need for
toxicology studies has been heightened given the Food
and Drug Administration's newly granted authority
over tobacco products for mandating tobacco product
performance standards and evaluate manufacturers'
health claims about modified tobacco products. The
goal of this review is to critically evaluate in vitro toxi-
cology methods related to cancer for assessing tobacco
products and to identify related research gaps.
Methods: PubMed database searches were used to iden-
tify tobacco-related in vitro toxicology studies pub-
lished since 1980. Articles published before 1980 with
high relevance also were identified. The data were com-
piled to examine (a) the goals of the study, (b) the meth-
ods for collecting test substances, (c) experimental
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designs, (d) toxicologic end points, and (e) relevance to
cancer risk.
Results: A variety of in vitro assays are available to as-
sess tobacco smoke that address different modes of ac-
tion, mostly using non–human cell models. However,
smokeless tobacco products perform poorly in these
assays. Although reliable as a screening tool for quali-
tative assessments, the available in vitro assays have
been poorly validated for quantitative comparisons of
different tobacco products. Assay batteries have not
been developed, although they exist for nontobacco as-
sessments. Extrapolating data from in vitro studies to
human risks remains hypothetical.
Conclusions: In vitro toxicology methods are useful
for screening toxicity, but better methods are needed
for today's context of regulation and evaluation of
health claims. (Cancer Epidemiol Biomarkers Prev 2009;
18(12):3263–304)
Introduction

Tobacco is smoked and used orally by people worldwide,
and currently there are over 1.3 billion smokers (1, 2).
Burning tobacco results in combustion, pyrolysis, and
other chemical reactions that cause the smoker to be
exposed to thousands of chemicals (1, 3-5). The use of
smokeless tobacco (ST) also results in exposure to numer-
ous chemicals and carcinogens, although less than for
smoking. The attendant health consequences of using
tobacco products are numerous, including cancer and dis-
eases of the cardiovascular and respiratory systems (1, 6).
In June 2009, the Food and Drug Administration has been
granted legislative authority over all tobacco products.
They are now enabled to mandate tobacco product
performance standards and regulate advertising and
packaging. The Food and Drug Administration also must
evaluate health claims made by manufacturers in the con-
text of reduced health risks, and this is done in the context
of an Institute of Medicine study concluding that a feasi-
ble harm reduction strategy for smokers who will not
or cannot quit, albeit not proven, to reduce smoke expo-
sure through the use of modified tobacco products (7).
Every major tobacco manufacturer has introduced these
so-called potential reduced exposure products (PREP) in-
to the marketplace over the last several years. The Insti-
tute of Medicine, the World Health Organization Study
Group on Tobacco Product Regulation and others have
recognized that although there may be opportunities to
reduce smoking-related harm, there are also risks to
adopting harm reduction strategies (8-18). However, hu-
man studies supporting the use of exposure reduction to
reduce tobacco-related harm from cigarettes are almost
nonexistent, although toxicology studies have been used
for such purposes with numerous limitations. A similar
harm reduction strategy is ongoing for ST as well. Spe-
cifically, in the United States, major cigarette tobacco
manufacturers have begun to market ST modeled after
Swedish snuff (snus), which are low tobacco-specific
nitrosamine (TSNA) products. Importantly, the actual im-
pact of PREPs on human health would need to be assessed
in epidemiologic studies and clinical trials. However,
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before human use, laboratory tests with cell culture mod-
els can be used to screen products for changes in toxicity in
the context of relative safety assessments.

The mechanisms by which tobacco smoke cause can-
cer and other tobacco-related diseases have been stud-
ied intensively during the past decades. Much has
been learned through the use of toxicology methods,
particularly experimental in vitro (cell culture) and
in vivo (animal) studies. Compared with experimental
animals studies, assays based on in vitro systems can
be conducted quickly, are relatively inexpensive, and al-
low for the rapid screening of many samples (19, 20).
In vitro assays are relatively easy to customize for spe-
cific research questions, e.g., elucidating cell-specific ef-
fects (21-23). Over the years, a panoply of tests have
been used to asses tobacco toxicants; however, the inter-
pretation of the data generated is not trivial for any to-
bacco product and particularly if the goal is to compare
modified products. Almost all of the available in vitro
toxicology methods (a) were not developed for testing
tobacco and tobacco smoke toxicity, (b) are not reliably
quantitative to allow valid comparisons of substantially
different tobacco products with differing yields of com-
plex chemical mixtures, (c) provide data that cannot re-
liably be extrapolated to infer human cancer risk, and
(d) were intended primarily as screening methods for
chemicals to identify possible humans carcinogens.
Thus, existing methods need to be evaluated and vali-
dated, and new ones developed, to address these issues
related to tobacco products.

The purpose of this article is to review the current
state of the science on a compendium of in vitro toxicol-
ogy methods for cancer pathways, and provide guid-
ance about how they should be interpreted. This
review will provide a comprehensive survey of in vitro
toxicology methods that have been or could be applied
to the testing of tobacco products. It will identify those
assays that have been used for tobacco-related applica-
tions, identify the strengths and limitations of these
methods and how they can be used together to assess
tobacco products, and place these assays in the context
of human risk assessment. The review will begin with
discussing methods used for collecting tobacco smoke
and ST extract for analysis, followed by a critical review
of available methods for in vitro toxicology divided into
sections on cytotoxicity, cell proliferation, cell cycle con-
trol, apoptosis, and genotoxicity assays. There also is a
discussion on emerging technologies for in vitro toxicol-
ogy assays. Last, the results will include choices of cell
culture type and culture conditions, and the differing
toxicology effects using different smoking machine regi-
mens. The Discussion includes considerations for extrap-
olating in vitro results to human risk, the development
of batteries of testing, criteria for validating assays,
and research gaps. Several recent publications have re-
viewed in vitro toxicology for tobacco smoke and ST
(24-26). They do not, however, critique the methods
and/or identify research gaps in the context of compar-
ing tobacco products and regulation. Unrelated to tobac-
co toxicology, over the last several years, the Expert
Working Group on Hazard Identification has published
several reports that are useful in understanding the uses
and limitations of in vitro testing, which can be applica-
ble to tobacco (27-29).
Cancer Epidemiol Biomarkers Prev
Materials and Methods

Tobacco-related toxicology methods and studies were
identified through PubMed searches using the search
terms: cigarette smoke or smokeless tobacco, and key-
words related to the topic for each section, such as Ames,
Salmonella, cell cycle assay, etc. Searches were limited to
in vitro assays and to those published in the English lan-
guage. All studies identified that were published after
1980 were reviewed, and citation lists within those articles
were reviewed to ensure that the most complete list of
publications have been identified. Articles published be-
fore 1980 with high relevance to the study of PREPs or
low-yield cigarettes also were identified and reviewed.
Studies to be cited in this review were selected based on
whether or not they assessed a PREP or low-yield cigar-
ettes, or ST products. The data were compiled to examine
(a) the goals of the study, (b) the methods for collecting
test substances from tobacco and tobacco smoke, (c) the
experimental designs that were used, (d) the toxicologic
end points, and (d) the relevance to human disease risk.
Results

Collecting Tobacco Smoke for Toxicology Testing. A
prerequisite to the study of cigarette smoke toxicity is to
generate and collect the smoke for testing. Over the years,
this necessity has lead to the development of smoking ma-
chines of varying sophistication that use different puffing
protocols and a plethora of different approaches by which
to collect the smoke. In spite of several attempts over the
last 80 years to develop standards for smoke extract gen-
eration, there is still much discussion about the most ap-
propriate and best approaches, and the relevance of the
materials generated to what smokers are really exposed to.

Analytic smoking machines were initially developed in
the 1930s, when Pfyl et al. (30) observed that the smoking
process influences the amount of tobacco smoke aerosols
(Pfyl, 1933, cited in ref. 30). Since then, smoking machines
have undergone many modifications and improvements.
Commercially available smoking machines today are
designed to accommodate different puff parameters and
vary in the number of cigarettes that can be smoked con-
currently or consecutively. Different designs are typically
used for different purposes. Rotary machines smoke ci-
garettes consecutively and are ideally suited to smoking
large numbers of cigarettes per unit time to generate large
amounts of smoke for studies. In-line machines smoke
cigarettes concurrently, are better suited for replicate anal-
ysis, and provide more flexibility for the testing of smok-
ing regimens that better mimic more human-like puffing
profiles.

As early as 1936, Bradford et al. (31), who worked for
the American Tobacco Company, described the need for
standardized smoking parameters that would aid in the
characterization and reproducibility of cigarette smoke
experiments in the laboratory. It was not until 1967 that
the Federal Trade Commission (FTC) modified Bradford's
protocol and adopted it as the U.S. standard.3 A summary
of the commonly used machine smoking parameters used
2009;18(12). December 2009
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today are shown in Table 1. The FTC protocol has been
the most widely used puffing regimen since then, specify-
ing puffs of 35 mL of a 2-second duration and happening
every 60 seconds, until the length of the cigarette butt is
no less than 23 mm for nonfiltered cigarettes or the filter
overwrap plus 3 mm for filtered cigarettes (30). At that
time, it was considered that tar yields were meaningful
in terms of exposure and health risk, and there needed
to be a way for the smoker to compare one product to an-
other. The choice of this puff profile was, however, arbi-
trarily determined, being based on personal observations,
rather than being determined experimentally (30). Over
time, modifications to cigarettes to reduce tar yields, such
as filter ventilation and other novel designs, have ren-
dered the smoking machine and the FTC method less rel-
evant, or not relevant at all, to the estimation of human
smoking exposure (30, 32). These modifications have in-
fluenced how a smoker will smoke their cigarettes and
so any particular smoking machine protocol does not cap-
ture this effect, for example: current smokers puff cigar-
ettes of lower tar yield typically at higher puff volumes
and shorter intervals, and in some cases block filter ven-
tilation holes (33, 34). Given the relevance issues of the
FTC method to human smoking behavior, the FTC recent-
ly rescinded its guidance for using the FTC puffing meth-
ods.4 Thus, there is no current specified smoking machine
method used in the United States.

Outside the United States, specifications for the perfor-
mance and use of smoking machines also have been de-
veloped by organizations such as the International
Organization for Standardization (ISO)5 and Cooperation
Centre for Scientific Research Relative to Tobacco (COR-
ESTA).6 In addition to the puffing regimen, ISO also set
standard conditions for physical components of the smok-
ing machine: the cigarette holders, smoke traps, ports,
channels, and ashtray specifications, as well as standard
conditions for draw resistance, pressure drop, and com-
pensation. The ISO smoking method uses the same puff-
ing profiles as the FTC method.

Several attempts have been made to develop smoking
profiles with more relevance to how cigarettes are
smoked in the real world, such as those developed by
4 http://www.ftc.gov/opa/2008/11/cigarettetesting.shtm
5 http://www.iso.org
6 http://www.coresta.org
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the Massachusetts Department of Public Health (MDPH)
and Health Canada (HC). These profiles increase the puff
volumes to 45 and 55, respectively, keep the 2-second du-
ration, but reduce the time between each puff to 30 sec-
onds. The MDPH method blocks 50% of the filter
ventilation holes, whereas the HC method blocks 100%
of the holes. Importantly, how to mimic actual human
smoking behavior on a smoking machine has received
little attention, although some attempts had been made
(33-36). For regulatory purposes, The WHO TobReg
recommends using both ISO and HC machine smoking
methods to obtain the range of toxicant deliveries under
extreme conditions (37, 38). The application of smoking
machine studies to mimic human smoking behavior has
recently been reviewed (39).

After the smoke is generated by puffing, it can be col-
lected for analysis in various ways, e.g., on a filter pad, in
a cold trap, or as whole smoke (WS; see below). Over the
years, a bewildering range of methods have been used for
collecting smoke for toxicology studies, and the materials
generated have been labeled in different nonstandard
ways in the scientific literature. Table 2 summarizes the
terminology that is most commonly used to describe the
materials generated, and although some authors use
the terms interchangeably, for the purposes of this review,
we will adopt the definitions shown in Table 2. Most com-
monly, the terms total particulate matter (TPM) and ciga-
rette smoke condensate (CSC) are used, and these terms
are sometimes used synonymously. TPM is typically col-
lected on a Cambridge filter pads, which are glass fiber
filters required to retain at least 99.9% of all particles hav-
ing a diameter of ≥0.3 μm of a dioctyl phthalate aerosol at
a linear air velocity of 140 mm s−1 (40).7 Smoke is drawn
through the filter pad by the smoking machine pump con-
trolling the puffs. TPM is typically eluted off the pad us-
ing DMSO. The Cambridge filter method has been used to
collect TPM for a variety of in vitro toxicologic assays in-
cluding cell cycle analysis, cytotoxicity, sister chromatid
exchanges (SCE), chromosomal aberrations (CA), and
Ames testing (21, 41-62).

CSC is collected by drawing the smoke through cold
traps, as originally developed by Elmenhorst (63), and
the cold trap remains the most common and practical
method for collecting large quantities of smoke condensate.
Table 1. Smoking protocols for smoking machine
FTC*
 MDPH (271)
7 http://www.coresta.org/Recommen

2009;18(12). December 2009
HC†
Puff volume (mL)
 35
 45
 55

Puff duration (s)
 2
 2
 2

Mean flow rate (mL/s)
 17.5
 22.5
 27.5

Interpuff interval (s)
 60
 30
 30

Ventilation holes
(where applicable)
100%
 50%
 0 (all holes blocked)
Air flow (mm/s)
 Not specified
 Not specified
 200 ± 50

Butt length
 23 mm for nonfiltered

cigarettes or the length of
the filter overwrap plus
3 mm for filtered cigarettes
23 mm for nonfiltered
cigarettes or the length of
the filter overwrap plus 3 mm
for filtered cigarettes
23 mm for nonfiltered
cigarettes or the length of
the filter overwrap plus
3 mm for filtered cigarettes
*http://legacy.library.ucsf.edu/tid/jgx60a99.
†http://www.hs-sc.gc.ca/hc-ps/tobac-tabac/legislation/reg/indust/method/_main-principal/nicotine-eng.php.
ded_Methods/CRM_22.pdf
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The traps, which often contain glass beads, are typically
cooled in a dry ice-methanol mixture (−78°C). The low
temperatures cause the smoke and ice particles to form
a mat at the bottom of the trap. Large traps allow extracts
to be prepared from asmany as 5,000 cigarettes, as long as
the traps are kept cold (64). Cold traps have been used for
collection of CSC for in vitro toxicologic assays (65, 66)
and for in vivo testing (e.g., for use in skin painting stud-
ies; refs. 67-70). Another design is to have traps that con-
tain some type of liquid to dissolve smoke constituents.
The liquids used for the trap may be PBS (71-73), culture
media (74, 75), or acetone (76). The CSC collected from the
trap is either aliquoted and frozen, or concentrated by
heat evaporation, a stream of nitrogen gas, or by vacuum.
The residual condensate is then dissolved in DMSO and
stored until use (76, 77). Anothermethod for collectingCSC
is to use electrostatic precipitation (64), which uses a posi-
tive central electrode surrounded by a cylindrical negative
electrode. The positive electrode produces an electric field
that charges the smoke aerosol particles that are then col-
lected at the negative electrode. Electrostatic precipitation
ismost commonly used to collect CSC for fractionation and
trace metal studies (78-80), because glass and quartz filter
pads contain these trace impurities (81). It should be noted
that CSC and TPM do not contain all the chemical consti-
tuents from smoke, as various gases and volatile organic
compounds pass through these collection systems. Electro-
static precipitation devices are claimed to have better col-
lection efficiency because they are less flow and load
dependent than Cambridge filter pads. Cold traps, howev-
er, offer several advantages over filter pad and electrostatic
collection methods, including collecting from both the
vapor and particulate phases, and that no high voltage
electricity is used in the collection process that might
impact condensate chemistry (64).

Tobacco smoke also can be assayed directly as WS into
an assay vessel, or the constituents of smoke that pass
through the Cambridge filter pad can be assayed as the
gas/vapor phase (GVP). WS, when used directly into
the assay vessel, is diluted with filtered and humidified
8 http://www.coresta.org/Reports/IVT_TF_Report_Smoke_Air_Liquid_
Interface.pdf
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air injected through an exposure control system into a
containment chamber where cells are exposed at the air
liquid interface (59, 82-87). This has the disadvantage of
diluting the toxic effects of the smoke. Different WS expo-
sure systems from several laboratories were assessed by
the Cooperation Centre for Scientific Research Relative
to Tobacco In vitro Toxicology Task Force who found re-
markably similar results.8 GVP is collected by a cold trap
in vitro analyses (71, 74, 88, 89). For GVP experiments, a
similar apparatus is used but the smoke that passes first
through a filter pad is used (83, 90-94). The GVP also can
be directly used in cell culture systems.

Standardizing the reporting of results for cigarette
smoke toxicology studies can be done in different ways
and typically it is expressed per unit of weight (e.g., per
milligram of tar, TPM, or CSC) or per cigarette. The
per cigarette basis is derived mathematically from the
per milligram basis, e.g., the results per milligram of tar
multiplied by the tar yield from the whole cigarette. More
recently, yields per milligram of nicotine have been con-
sidered, which also is a mathematically derived result, but
in this case, the results of the yield per milligram of tar is
extrapolated to the nicotine content determined in a sep-
arate assay (95). There are rationales, merits, and limita-
tion for all these methods. The results on a per
milligram of tar basis reflects the potency of the nonvola-
tile fraction of the smoke, and can be considered as raw
data and the best direct comparison of tobacco products.
However, how a smoker will puff their cigarettes, includ-
ing ventilation hole blocking, can substantially change the
character and proportion of the chemical constituent
yields, and so the potency of the smoke only reflects that
particular puff profile used to generate the smoke. The
yield per cigarette seemingly makes sense for comparing
one cigarette to another, but its limitation is that a specific
number of puffs is assumed or related to changes in the
smoking parameters that is not representative of the num-
ber of puffs that a smoker would actually inhale. Also, the
same limitations as for the per milligram of tar basis apply
to the per cigarette basis. Thus, the per cigarette calculation
represents the limitations of the per milligram basis com-
pounded by variables that affect puff number. Reporting
results on a per nicotine basis is based upon the assump-
tion that people smoke their cigarette to titrate blood
Table 2. Smoking machine collection method terminology
Name
 Abbreviation
 Explanation
Total particulate matter or wet
total particulate matter
TPM or WTPM
 Smoke collected on a Cambridge Filter
pad that includes water and nicotine. TPM will
generally not include volatile compounds that
are in cigarette smoke. In the literature,
TPM is sometimes called CSC.
Tar or nicotine-free dry
particulate matter
Tar or NFDPM
 Smoke collected on a Cambridge Filter pad that is the
weight difference for TPM minus the nicotine and water
(determined analytically, often by gas chromatography).
In the literature, tar is sometimes called CSC.
Cigarette smoke condensate
 CSC
 Smoke fractions that are collected as a condensate, typically
in a cold trap, but sometimes in impaction traps and by electrostatic
precipitation. This method will collect some semivolatiles,
but CSC will not contain volatile compounds.
CSC is sometimes used interchangeably with TPM or tar.
Gas/vapor phase
 GVP
 Smoke emissions collected that passes through
a Cambridge filter pad or cold trap.
Whole smoke
 WS
 Smoke is not collected but used to directly expose cells,
e.g., the smoke is bubbled through media in a flask.
2009;18(12). December 2009
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nicotine levels and theoretically represents a calculation to
correct for a smoker's nicotine intake. However, this is a
similarly contrived calculation as the per cigarette analysis,
because the nicotine yields vary according to the machine
smoking parameters, just like tar yields vary, incorporating
the limitations of the per milligram of tar basis com-
pounded by the assumptions around the number of puffs.

Reference (Control Cigarettes). The availability of refer-
ence cigarettes to use as controls in experiments allows for
quality control within laboratories and for interpreting
data from different laboratories. Although some studies
have sought to use commercial cigarette as both test sam-
ples and controls, these are not common, and the composi-
tion of commercial cigarettes changes frequently with the
changing marketplace, making comparisons of results
difficult. To address this issue, a series of research cigarettes
have been made available through the University of
Kentucky Reference Cigarette Program, which are only
changed every several years.9 Table 3 provides a history
of the available Reference Cigarettes as compiled from var-
ious sources (30, 96).10 Currently, the following cigarettes
are available: 1R5F, cigarette designed with a tar and nico-
tine FTCdelivery of 1.67 and 0.16mg, respectively, and the
3R4F, which yields 9.4 mg tar and 0.726 mg nicotine.9

Preparation of ST Extract (STE) for Toxicology Test-
ing. There are many different approaches for analyzing
ST for in vitro studies that use some type of extraction
method to make STE. In general, the procedure begins
with grinding the tobacco to a fine powder, sometimes
following a freeze drying step, and then the powder is
suspended in extraction medium and centrifuged. The
STE is then filtered to remove the undissolved materials.
ST has been extracted with water (97-99), cell culture
media (100-111) or buffers such as HANKS-balanced salt
solutions (112, 113), PBS (114-116), or saline (117). Artifi-
cial saliva also is sometimes used (118). Such STEs can
then be lyophilized and redissolved to concentrate them
9 http://www.ca.uky.edu/refcig/
10 http://www.ca.uky.edu/refcig/; http://tobaccodocuments.org/ctr/
60039113-9121.html; http://tobaccodocuments.org/ctr/60039113-9121.
html
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(119, 120). Other methods for ST extraction include direct
extraction in DMSO (118) or solvents such as methylene
chloride. (118, 121-123), followed by evaporation under
reduced pressure and redissolution in ethanol (122) or
DMSO (121). Modifications to methylene chloride extrac-
tion protocols have also been made using additional ex-
traction in methanol and acetone before final dissolution
in DMSO, because methylene chloride can itself be muta-
genic (118, 123). Successive filtration can be used (115-
117), and the filtrate can be lyophilized to increase the
concentration (114-116). Some modifications have been
made to ST extraction for Ames testing (119, 122, 124).

Most STE toxicology assay results are reported on a dry
weight basis, as specified by the FTC.11 In these methods,
the dry weight is determined by drying the ST with heat,
although the original nondried ST actually is used to gen-
erate the extracts for assay. Calculating the dry weight,
however, only standardizes results based on water and
volatiles content, and does not account for differences in
humectant and solids levels, which can vary widely
among ST products. Currently, there are no published
methods or standards for assaying ST applying a correc-
tion for moisture and humectants. An alternative method
for reporting ST toxicology results would be on a per mil-
ligram of nicotine of wet ST, under the assumption that ST
users will titrate their ST use based on their nicotine
needs. Optimally, extracts would be prepared and ana-
lyzed using approaches that mimic human use. However,
ST topography studies have not been conducted on which
such methods could be based.

ST reference control products have been developed by
the University of Kentucky, Tobacco and Health Research
Institute in the late 1980s. These reference products were
custom made to mimic the chemical composition of com-
mercial moist snuff (1S3), dry snuff (1S2), and loose-leaf
snuff (1S1). The flavorings and additives, including those
included by the manufacturer to influence levels of unpro-
tonated nicotine, were not included. Today, these reference
products are old and have not been replaced, and are
only available from the North Carolina State University
Table 3. History of manufactured Kentucky reference cigarettes
Name
 Year
produced
Tar mg/
cigarette
Nicotine mg/
cigarette
11 h

20
Description
1R1
 1969
 30.1
 1.98
 Original reference cigarette

2R1
 1974
 32.9
 2.19
 Followed the 1R1

2R1F
 1974
 23.4
 1.74
 Filtered version of the 2R1

1R3
 1974
 20.3
 1.23
 Equivalent of the standard experimental

blend used by the National Cancer Institute

1R3F
 1974
 15
 1.16
 Filtered version of the 1R3

1R5F
 1989
 1.67
 0.16
 First ultralow yield cigarette

1A1
 1969
 N/A
 N/A
 Low nicotine yields

2A1
 1974
 31.8
 0.42
 Followed the 1A1

3A1
 1974
 26.8
 0.24
 Followed the 2A1

1A2
 1969
 29.5
 1.75
 High intermediate nicotine delivery, compared with 1A1

1A3
 1969
 25.8
 1.14
 High low intermediate nicotine delivery, compared with 1A1

1A4
 1969
 29.8
 2.2
 High nicotine delivery, compared with 1A1

1R4F
 1983
 9.2
 0.8
 Lower yield nicotine research cigarette

2R4F
 2001
 9.2
 0.8
 Follows the 1R4F

3R4F
 2008
 9.4
 0.72
 Follows the 2R4F
NOTE: http://www.ca.uky.edu/refcig/.
Abbreviation: N/A, not available.
ttp://edocket.access.gpo.gov/2009/pdf/E8-31465.pdf
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Department of Crop Sciences (P.O. Box 7620 4324Williams
Hall Raleigh, NC 27695-7620). Some specific characteris-
tics of each reference snuff type are indicated in Table 4
(121, 125, 126).

In vitro Toxicology Testing. A wide variety of in vitro
assays have been used over the years to assess the toxicity
of cigarette smoke and ST extracts. These assays have
amply shown that these materials can produce dramatic
effects on cells of various types, resulting in altered cellu-
lar viability and proliferation, inducing DNA damage,
altering cellular behavior, and changing the pattern of
gene expression and protein production. What is less
clear, however, is how the results from these assays
should be interpreted and what information they provide
in the context of human toxicity. In the following sections,
we examine various types of assays that have been used
in tobacco product testing. We describe what these assays
are intended to measure, how they work, and explore
considerations that impact assay design and the interpre-
tation of the data. As this publication will show, most
in vitro testing has been limited to a small number of cy-
totoxicity and genotoxicity assays. There are only isolated
studies that have compared one type of tobacco product
to another, including for PREPs, and virtually all studies
generate TPM or CSC using the FTC machine smoking
method. The choice of the cells to be used is a critical de-
terminant for the design and interpretation of in vitro tox-
icology assays. A separate consideration is that almost all
in vitro assays can be confounded by cytotoxicity, and
therefore these tests are usually conducted alongside
other assays, but there is little guidance on what is an
acceptable level of cytotoxicity.

Cytotoxicity. An evaluation of general toxicity through
cell death is probably the most common assessment made
for tobacco products. Typically, assays of this type are done
for one of two reasons: (a) to simply characterize the toxic-
ity of thematerials in one ormore cell culture systems or (b)
to determine the maximum doses of the test materials that
can be used in other assays without causing too much cell
death. In this review, assays that are designed to measure
the induction of programmed cell death (e.g., apoptosis)
will be considered separately; although there is consider-
able overlap between apoptosis assays and simple cyto-
toxicity assays, and the distinction between these
processes is much less clear than is frequently portrayed.

One rationale given for the measurement of the cyto-
toxic activity of cigarette smoke and ST extracts in the
context of cancer risk assessment is the notion that toxic-
ity is somehow related to the carcinogenic potential of the
material. This is based on the assumption that there are
some sharedmechanisms for cytotoxicity that relate tomu-
Cancer Epidemiol Biomarkers Prev
tagenicity and carcinogenicity. Cytotoxicity assays, how-
ever, measure insults that are sufficient to kill or severely
damage the cells, and dead cells cannot transform and
have malignant potential. Thus, they measure much more
than effects that contribute to carcinogenesis. For cytotoxi-
city assays to be useful tools for comparing the potency of
different tobacco products, one therefore has to make the
assumption that the level of sublethal (procarcinogenic)
damage produced by lower test doses is somehow propor-
tional to the dose required to produce overt cytotoxicity.
It is far from clear that this assumption is valid and is an
important issue that needs to be resolved, particularly if
assays of this type are to be used to evaluate the potential
for cancer risk reduction through the use of PREPs.

There are many approaches that can be used to mea-
sure cytotoxicity, accounting for a variety of cellular and
biological end points. These end points can include a loss
of plasma membrane (PM) integrity, damage to intracellu-
lar membranes, loss of intracellular biochemical functions,
degradation of intracellular biochemical gradients, and/
or a complex combinations of these and other effects.
Given the plethora of cytotoxicity outcomes that can be
assessed by various researchers, comparisons among
studies can be challenging. Thus, it is important to have
some understanding of the mechanisms upon which a
given assay is based, as well as how any given assay
can be affected by the experimental conditions and some
unforeseen effect by the test materials unrelated to cyto-
toxicity. For example, if cytotoxicity is assayed by measur-
ing active enzyme release into culture medium, then it is
important to know that the tobacco toxicants do not in-
hibit the activity of that enzyme. Similarly, assays that de-
pend on colorimetric or fluorescence-based end points can
be compromised if the tobacco extract absorbs or fluor-
esces at the same wavelengths as the assay's reporter
components. Such confounding effects can be controlled
if anticipated, e.g., by the use of several assays that de-
pend upon different mechanisms and modes of action.
A separate consideration is that cytotoxicity is almost al-
ways a function of both the dose of the material being
tested and the time for which the cells are exposed to
the test material, where longer exposures can affect the
dose-response relationship. Length of time for exposure
is rarely addressed in toxicology studies, rather the length
of time is usually arbitrarily determined. This effect is fur-
ther complicated by the possibility that metabolic process-
es can be affected directly or by changes in proliferation
rates or cell cycle, dependent on dose, so that the metab-
olism of tobacco toxins may be increased or decreased,
again affecting the cytotoxicity outcomes.

Table 5 provides a list of studies that have assessed cig-
arette smoke cytotoxicity, either as TPM, CSC, WS, or
GVP. (Because TPM and CSC have been used inconsis-
tently in the literature, we also include the actual method,
e.g., cold trap or filter pad). There are very different levels
of sensitivity for various assays and cell systems, and
doses range widely depending on the test system. As
shown in Table 5, most studies use TPM or CSC generated
by the FTC smoking machine method. Other puffing regi-
mens and comparisons of cigarettes with different filter
designs provide consistent results for the direction of
change, e.g., increased or decreased cytotoxicity for
changing parameters such as puff volume, but the in-
crease or decrease depends on how the data are reported
Table 4. Kentucky reference ST products (126)
Tobacco by
weight
Nicotine
 Year
1S1
 Loose-leaf
chewing tobacco
40%
 0.95
 1987

2S1
 40%
 0.84
 Current version

of 1S1

1S2
 Dry snuff
 75%
 1.60
 1987

1S3
 Moist snuff
 37%
 2.51
 1987

2S3
 37%
 1.34
 Current version

of 1S3
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2 http://www.hc-sc.gc.ca/hc-ps/tobac-tabac/legislation/reg/indust/
method/tox-eng.php
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(e.g., per milligram of tar or per cigarette basis). For exam-
ple, TPM and GVP from Marlboro ultralights had more
cytotoxicity than Marlboro Lights on a per milligram of
TPM basis, a trend that paralleled a statistically signifi-
cant increase of chemical constituents, but was statistical-
ly reduced on a per cigarette basis (127). Human studies,
however, do not show differences in exposure for these
types of cigarettes, indicating the complexity of extra-
polating in vitro cytotoxicity assays to human exposure
(33, 128). Several laboratories also have studied the cyto-
toxicity of GVP and WS, which are reported to be more
cytotoxic than TPM or CSC when using short-term expo-
sures, although other studies do not show this (72, 89, 129,
130). There are some publications from tobacco companies
showing that various tobacco ingredients and cigarette pa-
per design, such as licorice extracts, glycerin, vanillin, and
potassium sorbate have no effect on cytotoxicity for TPM,
CSC, GVP, or WS (68, 131-134). Internal company docu-
ments show that other ingredients and technologies can
affect cytotoxicity, but generally, these are not marketed.

Cytoxicity studies for STE are shown in Table 6. STE is
less cytotoxic than TPM and/CSC, but the cytotoxicity
varies among ST products.

Plasma Membrane Permeability Cytotoxicity Assays.
Probably the simplest types of cytotoxicity assays are
those that measure the permeability of the cellular PM,
a sign of dead cells. For the assessment of tobacco pro-
ducts, available studies are shown in Table 5. However,
the sensitivity and confounding variables for most avail-
able PM assays have not been tested. The classic way to
assess PM is by the trypan blue exclusion assay, where an
intact PM does not allow the dye to enter the cell, but the
dye diffuses in when damaged. Under the microscope, vi-
able cells remain clear, whereas those with compromised
PMs turn blue. This assay is simple and the reagents are
inexpensive, but it is relatively time consuming and not
readily adapted for use in high throughput assays. The
trypan exclusion assay has been used to asses both WS
and TPM, and dose-dependent results were found (55,
135). Similar assays have high throughput assays that also
assess dye exclusion using fluorescent DNA stains, such
as ethidium bromide or propidium iodide (PI), and mea-
sured by flow cytometry or in fluorescence-based 96-well
plate assays (76, 103, 113). Another approach for assessing
PM integrity is the lactate dehydrogenase (LDH) release
assay that measures the amount of LDH in the media that
has escaped through damaged membranes. In this case,
activity is measured by the reduction of NAD and stoi-
chiometric conversion of a tetrazolium dye measured at
a wavelength of 490 nm (44). The LDH release assay is
among the most sensitive cytotoxic methods for short ex-
posure times, for example when used in Chinese Hamster
ovary cells (CHO; ref. 44). An alternative to assessing
LDH activity in the medium is to remove the media
and measure the remaining LDH activity in the cells,
but this must be done with an assessment of cell number,
because lower numbers will lead to false negative results
(136). Another class of PM permeability assay depends on
the activity of nonspecific intracellular esterases within
the cell. Nonfluorescent esterase substrates such as Cal-
cein alveolar macrophage (AM) can passively diffuse into
viable cells and esterases convert them into charged flo-
rescent products that are trapped in the cell, but a dam-
aged PM allows these products to diffuse out of the cell
Cancer Epidemiol Biomarkers Prev
and so cell viability can be assessed by cell fluorescence
(137). These PM assays can be confounded by substances
that inhibit enzyme activity and also those that have ab-
sorbance at 490 nm, both of which can happen with TPM
and CSC.

Assays for pH Gradients as Cytotoxicity Assays—
Neutral Red Uptake. Probably the most widely used as-
say for the assessment of cytotoxicity in the context of to-
bacco product testing has been the neutral red uptake
(NRU) assay, as indicated in Table 5. Neutral red is an
acidotropic stain that is taken up by lysosomes. The main-
tenance of pH gradients within the cell requires intact
ATP-dependent proton pumps, and so cytotoxic insults
that damage lysosomal membranes or cause interruption
of normal energy-requiring cellular processes will de-
crease the uptake and binding of the dye (19, 44). In brief,
this assay is done by adding the neutral red solution to cul-
ture medium and incubating the cells. The cells are then
fixed and the dye is solubilized; the amount of uptake is
measured at a wavelength of 540 nm. This assay has been
recommended for inclusion in a battery of in vitro assays to
evaluate the biological activity of CSC (19). Protocols have
been written and reviewed (138).12 Many laboratories con-
duct this assay with CHO or Mouse embryo BALB/c cells
(43, 50, 59-61, 72, 86, 129, 139-141). In doing this assay, it
needs to be noted that prolonged exposure of the cells to
the fixative can result in leaching of the dye into the solu-
tion. Another limitation is that the neutral red may precip-
itate in solution and interfere with the assay, and again,
test materials that have absorbance maxima near 540 nm
may complicate assay design. Other acidotrophic stains
such as acridine orange and a range of newer fluorescent
probes can be used in a similar context and may allow the
use of wavelengths that can circumvent this problem, but
have not been widely used for tobacco assessments.

Redox Potential–Based Cytotoxicity Assays. Another
commonly used class of cytotoxicity assays is based on
the production of formazan dyes from tetrazolium salts
that are reduced by cellular dehydrogenase enzymes
(these same assays can be used to assess cellular prolifer-
ation, see below). Specifically, the MTT, 2-(4-iodophenyl)-
3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H tetrazolium
(WST-1), and 2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophe-
nyl)-5-(2,4-disulfophenyl)-2H-tetrazolium (WST-8) assays
incubate cells with MTT, WST-1, or WST-8, respectively.
Then, spectral absorbance at 450 nm is determined for
the release of formazan dye. These assays are easy to per-
form and are adaptable for high throughput analyses. An
advantage is that the assays do not need centrifugation or
fixation of cells, which can decrease random error and en-
hance reproducibility and reliability. The technical limita-
tions, however, relate to metabolic interference, such as
the generation of formazan by reducing agents and che-
micals that affect mitochondrial dehydrogenase activity
(142). The WST-1 and WST-8 assays are considered to
be advances on the MTT assay in general, because they
have fewer steps, are more stable, and have a wider linear
range of color; the WST-8 assay is more sensitive than the
1
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Table 5. Cytotoxicity assays for cigarette smoke (CSC/TPM), WS, and gas vapor phase smoke

Assay End point measured Cell studied Smoke conditions

Acid phosphatase
activity

Cell membrane acid
phosphatase activity

CHO WBL strain FTC

Alamar blue assay Mitochondrial dehydrogenase
activity

Human bronchial epithelial cell line HBE1 35-50 mL puffs
within 2 min

ATP bioluminescence
assay

Intracellular ATP content 3PC keratinocytes and J774A.1 macrophages FTC

3H-adenine release Membrane integrity Rat Alveolar type II cells N/A

Cell viability assay Count of live and dead
cells by automated counter

Human fetal bronchial epithelial cells FTC

CytoTox 96 cytotoxicity
assay

LDH release into medium Human aortic endothelial cells N/A

Dye-exclusion assay
ViaCount

Flow cytometry Human airway epithelial cells,
primary and transformed

MDPH

LDH release Amount of LDH released
as a result of
membrane damage

Guinea pig and human AMs FTC

Pig pulmonary artery endothelial cells N/A
Human foreskin, bronchial epithelial,
coronary endothelial, coronary smooth
muscle, and rat liver epithelial cells

FTC

Beas-2B cells N/A

CHO WBL strain FTC

Mouse lung epithelial cell line LA-4 cells ISO
Lung epithelial cells ISO

Murine 3T3 fibroblasts ISO and an
intense smoking
condition

Normal human bronchial epithelial cells FTC

Human gingival fibroblasts N/A

MTT Reduction of tetrazolium
salts to formazan dyes
by cellular enzymes

Human normal breast epithelial
cell line MCF10A

FTC

Human epidermal keratinocytes
and oral carcinoma cells

FTC

Human lung epithelial cell line A549 N/A

Human pulmonary artery endothelial cells N/A
Human lung epithelial cells A549 N/A

Neutral red Measure the amount of dye
incorporated into lysosomes

CHO-WBL FTC

CHO WBL strain FTC

CHO WBL strain FTC

CHO WBL strain FTC

Mouse embryo BALB/c 3T3 cells ISO

CHO WBL strain FTC

Mouse embryo BALB/c 3T3 cells FTC

Human lung epithelial cell line A549 ISO

(Continued on the following page)
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Table 5. Cytotoxicity assays for cigarette smoke (CSC/TPM), WS, and gas vapor phase smoke (Cont'd)

Cigarette type Test substance* Cytotoxicity reported in study Reference

1R4F TPM (Cambridge method) Cytotoxic effect observed Putnam, KP
2002 (44)

N/A GVP (Exposure chamber) Little effect at 1 h, but increased
response with greater dose at 24 h

Spencer, JP
1995 (93)

1R4F,ECLIPSE CSC (Cold trap) Concentration-dependent response
observed, eclipse CSC exhibited
reduced cytotoxicity

Curtin, GM
2004 (272)

1R1 cigarette WS (Solvent trap) Cigarette smoke treated medium
showed no cytotoxicity

Wirtz, HR
1996 (74)

Research cigarette
type A and B

WS (exposure chamber),
smoke diluted with
synthetic air

Different effects by air dilution
and cigarette type

Ritter, D 2003 (85)

1R4F TPM (Cambridge method) Minimal cytotoxicity Nordskog, BK
2003 (136)

Major U.S. brand of filtered,
“full-flavor” cigarette

WS (Jet impaction) and
GVP (Solvent trap)

Concentration-dependent response
differed by cell types

Hays, LE
2008 (162)

Commercial cigarette, brown
tobacco, without filter

GVP (exposure chamber) The LDH release from both
cells exposed to smoke and
to purified air were not
significantly different

Dubar, V
1993 (91)

Commercial Marlboro cigarette WS (Solvent trap) No cytotoxic effect was observed Su, Y 1998 (71)
1R4F, 1R5F, and a cigarette
that primarily heats
tobacco (TOB-HT)

TPM (Cambridge method) 1R4F and 1R5F increased cytoxicity.
TOB-HT did not show effect in
any of the cell types tested.

McKarns, SC
2000 (50)

Kentucky reference 1R3 GVP (exposure chamber) Gas phase smoke-induced
cytotoxicity

Arora, A 2001 (90)

1R4F TPM (Cambridge method) LDH release was most sensitive
assay after 1 h of exposure

Putnam, KP
2002 (44)

Cigarettes with different filters GVP (exposure chamber) Cytotoxicity differed by filter type Pouli, AE 2003 (94)
A major international brand GVP (exposure chamber) Dose- and time-dependent

response observed
Piperi, C 2003 (92)

Dark, American, and Virginian
with standard and modified
cellulose acetate filters

CS (Solvent trap) and
GPCS (Solvent trap)

Time-dependent response observed,
CS and GPCS induced
different cytotoxicities

Culcasi, M
2006 (88)

2R4F,Quest low nicotine
and nicotine free

TPM (Cambridge method) Dose response observed but no
significant difference
among cigarettes

Chen, J 2008 (146)

N/A CSC Dose-dependent increase in
cytotoxicity observed

Zhang,W
2009 (151)

1R4F TPM (Cambridge method) Concentration-dependent
response observed.

Narayan, S
2004 (21)

1R3F CSC (Cambridge method) Concentration- and time-dependent
response observed

Nagaraj,
NS 2006 (48)

An Indian cigarette with filter CSC (Solvent trap) Concentration response observed Kaushik, G
2008 (76)

Long Life cigarettes CSE (Cambridge method) Dose-dependent increase observed Hsu, CL 2009 (159)
Commercial filtered cigarette AECS (Solvent trap) Dose- and time-dependent

increase observed
Das, A 2009 (152)

Commercial and novel
carbon filter cigarettes

TPM (Cambridge method)
and WS (Exposure chamber)

Dose-response reported for CSC
but no difference between
cigarettes. WS of novel carbon
cigarettes was less cytotoxic.

Bombick,
DW 1997 (59)

1R4F, 1R5F, and a cigarette
that primarily heats
tobacco (TOB-HT)

WS (Exposure chamber) WS from the 1R4F cigarette was
significantly more cytotoxic
on a per cigarette basis than
the smokes from the 1R5F
and TOB-HT cigarettes

Bombick,
DW 1998 (86)

Kentucky 1R4F and 1R5F,
a cigarette primarily
heats tobacco (TOB-HT)

TPM (Cambridge method) Dose-dependent response
observed for reference cigarettes,
but not for TOB-HT

Bombick,
BR 1997 (60)

1R4F TPM (Cambridge method) Concentration-dependent
response observed

Putnam, KP
1999 (43)

1R4F, cigarettes with
different flavoring
and tobacco

TPM (Cambridge method)
and GVP (Solvent trap)

No differences in GVP cytotoxicity,
but there were some differences
for TPM among the cigarettes

Roemer, E
2002 (72)

1R4F TPM (Cambridge method) Cytotoxic effect observed.
Most sensitive following 24 h
of exposure.

Putnam, KP
2002 (44)

1R4F,an EHC(EHC) TPM (Cambridge method)
and GVP (Solvent trap)

TPM and GVP from EHC
were less cytotoxic than
1R4F on a per cigarette basis

Tewes, FJ 2003 (89)

2R4F, 2R4F with modified
acetate or charcoal filter

WS and GVP
(Exposure chamber)

GVP less cytotoxic than
WS. Charcoal filter decreased
the cytotoxicity of GVP

Fukano, Y
2004 (83)

(Continued on the following page)
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Table 5. Cytotoxicity assays for cigarette smoke (CSC/TPM), WS, and gas vapor phase smoke (Cont'd)

Assay End point measured Cell studied Smoke conditions

Neutral red Measure the amount of dye
incorporated into lysosomes

Mouse embryo BALB/c 3T3 cells FTC/ISO, MDPH

CHO-WBL cells FTC, HC, MDPH

BALB/c 3T3 ISO

BALB/c 3T3 ISO

Normal human bronchial epithelial cells FTC

Mouse embryo BALB/c 3T3 cells FTC

CHO K1 ISO

CHO FTC

CHO ISO, HC

CHO FTC

BALB/c 3T3 ISO

BALB/c 3T3 ISO

Human lung carcinoma
cell line NCI-H292
and A549

ISO

BALB/c 3T3 clone A31 ISO

Mouse embryo BALB/c 3T3 cells FTC/ISO, MDPH,
human puff
profile (HPP)

Mouse embryo BALB/c 3T3 cells ISO, HPPs

Human bronchial epithelial
cell line BEAS-2B

FTC

CHO FTC

Mouse embryo BALB/c 3T3 cells FTC with
modifications
for tar production

(Continued on the following page)
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Table 5. Cytotoxicity assays for cigarette smoke (CSC/TPM), WS, and gas vapor phase smoke (Cont'd)

Cigarette type Test substance* Cytotoxicity reported in study Reference

Eight commercial cigarettes,
three reference cigarettes, EHC

TPM (Cambridge method)
and GVP (Solvent trap)

MDPH showed higher cytotoxicity
on a per cigarette basis. The
opposite was found on a per
milligram basis, although the
results may not be stat. significant.
EHC less cytotoxic than commercial
cigarettes. GVP was more or less
cytotoxic than TPM depending on
the reporting method and product.

Roemer, E 2004 (139)

Ultralights and Eclipse TPM (Cambridge method) Ultralights were cytotoxic,
whereas Eclipse was not

Foy, JW 2004 (61)

1R4F, test cigarette containing
typical commercial tobacco
blend no additives with
cellulose acetate filters

TPM (Cambridge method)
and GVP (Solvent trap)

No difference seen between licorice
treated and control cigarettes

Carmines, EL 2005 (132)

1R4F, test cigarette containing
typical commercial tobacco
blend no additives with
cellulose acetate filters

TPM (Cambridge method)
and GVP (Solvent trap)

No difference seen between glycerin
treated and control cigarettes

Carmines, EL 2005 (131)

1R4F, Eclipse CSC (Cambridge method) Concentration dependent
decrease observed with 1R4F, no
decrease observed with Eclipse

Fields, WR 2005 (155)

1R4F and 2R4F TPM (Cambridge method)
and GVP (Solvent trap)

There were no statistically
significant differences between
the cigarettes

Counts, ME 2006 (130)

Dark, American, and
Virginian with standard
and modified cellulose
acetate filters

CS (Solvent trap) and
GPCS (Solvent trap)

Modified cellulose acetate filters
which included charcoal showed
significantly lower EC50 values than
modified cellulose acetate filters
without charcoal in GPCS

Culcasi, M 2006 (88)

Cigarettes with different
levels of fructose corn syrup
and reference cigarettes

CSC (Cambridge method),
WS (Exposure chamber)

No significant differences for CSC
and WS of cigarettes tested

Stavanja, MS 2006 (140)

Kentucky reference 1R4F and
2R5F,Canadian Monitor

TPM (Cambridge method)
and GVP (Solvent trap)

TPM for HC less cytotoxic on a
per milligram basis. GVP more
cytotoxic for HC

Rickert, WS 2007 (141)

Standard American tobacco blend,
three test cigarettes with banded
cigarette paper technologies
and control cigarette

CSC (Cambridge method)
and WS (Exposure chamber)

No significant difference in
cytotoxicity observed between
control and test cigarettes
in both CSC and WS

Theophilus, EH 2007 (68)

Typical American blend with
and without vanillin

TPM (Glass filter) and
GVP (Solvent trap)

No statistically significant
differences seen between test
and control cigarette

Lemus, R 2007 (134)

Typical American blend with
and without potassium
sorbate, 2R4F

TPM (Glass filter) and
GVP (Solvent trap)

No statistically significant
differences seen between test
and control cigarette

Gaworski, CL 2008 (133)

2R4F TPM (Cambridge method) Similar cytotoxicity was
observed for both cell lines at
highest test dose

Newland, N 2008 (273)

1R4F, three commercial cigarettes TPM (Cambridge method)
and GVP (Solvent trap)

TPM from two and GVP from one
of the commercial cigarettes were
observed to be significantly different
from the 1R4F when reported on
a per cigarette basis

Patskan, GJ 2008 (127)

Two EHC prototypes,
eight commercial
cigarettes, and K1R4F

TPM (Cambridge filters) Cytotoxicity from EHC was 50-75%
lower per milligram of TPM,
less than 50% per milligram
of nicotine, and 95% lower on
a per cigarette basis compared
with commercial cigarettes

Roemer, E 2008 (224)

Two Marlboro brands,
reference cigarette, EHC

TPM (Cambridge method)
and GVP (Solvent trap)

GVPs generated under ISO
conditions showed less
cytotoxicity than those by HPP on
a per cigarette basis. EHC GVP
and TPM less cytotoxic.

Werley, MS 2008 (129)

2R4F CSC (Cambridge method) Time- and concentration-dependent
decrease observed

Carter, CA 2009 (160)

Reference cigarette,
commercial tobacco blend,
with and without cast sheets

TPM (Cambridge Method)
and WS (Exposure chamber)

Concentration-dependent increase
observed with both CSC and WS.

Potts, RJ 2009 (84)

1R5F, 2R4F, 2R1F TPM (Glass fiber filter)
CSC (impaction trap)

Concentration-dependent decreases
in viability observed, cigarettes
smoked to the same TPM yield
showed different cytoxicities

Roemer, E 2009 (274)

(Continued on the following page)
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Table 5. Cytotoxicity assays for cigarette smoke (CSC/TPM), WS, and gas vapor phase smoke (Cont'd)

Assay End point measured Cell studied Smoke conditions

Nigrosin staining Dye enters damaged cells Polymorphonuclear blood cells FTC

Resazurin binding Metabolic activity of living cells CHO WBL strain FTC
Sulforhodamine B
binding

Amount of dye removed estimates
number of viable cells

CHO WBL strain FTC

trypan blue dye
exclusion

Dye enters damaged cells,
healthy cells stay white.

Mouse L-929 cells, a fibroblast-like
cell line

Puff number
and puff
volume varied

Human lung epithelial cell line A549 FTC
WST-1 Reduction of tetrazolium salts to

formazan dyes by cellular enzymes
Lung epithelial cells ISO

Mouse lung epithelial cell
line LA-4 cells

ISO

Human fetal bronchial epithelial cells FTC

Human lung epithelial cell line A549 ISO

Human gingival fibroblasts N/A

WST-8 Reduction of tetrazolium salts to
formazan dyes by cellular enzymes

Normal human bronchial epithelial cells FTC

XTT assay Activity of mitochondrial
dehydrogenases

CHO WBL strain FTC

*TPM and CSC as reported in publication, with the actual method indicated in parenthesis.

In vitro Toxicology of Tobacco3274
WST-1 assay (143). Although the MTT assay is less expen-
sive and the MTT may still be useful for tobacco studies
because the purple formazan produced by this reagent
allows for measurements at wavelengths less likely to
be confounded by tobacco extracts colors.

Novel cytotoxicity assays are being developed that
may be adaptable for the assessment of tobacco products.
For example, Lindl and coauthors (143) evaluated the
in vitro cytotoxicity of 50 chemicals using an electrical
current exclusion method that is based on the different
electrical properties of dead and viable cells. Cells are sus-
pended in an isotonic and iso-osmotic electrolyte solution,
separated, and exposed to a low-voltage field. The cells'
electrical signal is proportional to the cell volume and
membrane permeability; live cells act as insulators and
dead cells are permeable to the electric current. Therefore,
live and dead cells can be differentiated by the different
electrical signals generated per cell volume. Lindl (143) re-
ported that the electrical exclusion method was more sen-
sitive than the NRU and WST-8 assays, and found a high
correlation between the IC50 values obtained with these
assays.

STE Cytotoxicity Studies. Cytotoxicity for STE has
been studied in a number of cell lines as shown in Table 6,
and although there is some conflicting data depending on
the in vitro model, it is possible to elicit a cytotoxic re-
sponse. A few studies have used human cells, such as
lymphoblast cells lines, colon carcinoma lines, and skin
fibroblasts (98, 117). One study has used human oral ker-
atinocytes, which at least comes from the target organ
(144). Most studies investigate the cytotoxicity of the Ken-
tucky reference moist snuff or chewing tobacco, whereas
there have been only limited applications for commercial-
Cancer Epidemiol Biomarkers Prev
ly available products (98, 105, 107, 118). At this point,
there is very little information about the cytotoxicity of
products that are available on the market and currently
being used.

PREP Cytoxicity Studies. Cytotoxicity assays have
been applied to different combustible PREPs, and these
studies also are listed in Table 5; virtually all of the studies
were done at tobacco company laboratories. For example,
using the FTC smoking machine methods, Eclipse cigar-
ettes were reported to yield less or no cytotoxicity in
different cell types compared with reference or other
commercially available cigarettes (50, 60, 61, 86, 139,
145). Although the cytotoxicity of TPM, CSC, and GVP
generated from an electrically heated cigarette (EHC) pro-
totype under two different smoking machine conditions
were reported to be lower compared with conventional
and reference cigarettes on a per cigarette basis, but not
on per milligram TPM/CSC basis (139). In another study,
WS from the Eclipse cigarette under the FTC conditions
showed more cytotoxic activity in CHO cells than the
1R5F cigarette (an ultralight reference cigarette), although
it showed less cytotoxicity than a1R4F cigarette (86). Fur-
thermore, GVP from an EHC reportedly showed less cy-
totoxicity than that of 1R4Fon a per cigarette basis (89).
Assays also were done to evaluate the effect of new filter
designs on the cytotoxicity of cigarette smoke. It was
shown that the WS of a new carbon filter cigarette was
less toxic than cigarettes with other filters (59). In another
study, GVP from a cigarette with a cellulose acetate and
charcoal filter reportedly showed less cytotoxicity than
that from cigarette with a cellulose acetate filter (88). A
filter with three different types of activated carbon also
was reported to be capable of reducing cytotoxicity (94).
2009;18(12). December 2009



Table 5. Cytotoxicity assays for cigarette smoke (CSC/TPM), WS, and gas vapor phase smoke (Cont'd)

Cigarette type Test substance* Cytotoxicity reported in study Reference

British cigarette high tar,
middle tar, and low tar

CSC Control cells from heavy smokers
without respiratory disability were
more resistant to cytotoxicity than those
from heavy smokers with severe disease

Hopkin, JM 1981 (275)

1R4F TPM (Cambridge method) Cytotoxic effect observed Putnam, KP 2002 (44)
1R4F TPM (Cambridge method) Cytotoxic effect observed Putnam, KP 2002 (44)
Different filter types WS (Exposure chamber) Cytotoxicity decreased with increasing

smoke age and increased with puff
numbers and increasing amounts
of charcoal in filter

Sonnenfeld, G 1985 (135)

2R4F TPM (Cambridge method) Dose-dependent response observed Fukano, Y 2006 (55)
A major international
brand

GVP (Exposure chamber) Dose-dependent response observed Piperi, C 2003 (92)

Cigarettes with
different filters

GVP (Exposure Chamber) Cytotoxicity differed by filter type,
dose- and time-dependent
response observed

Pouli, AE 2003 (94)

Research cigarette
type A and B

WS (Exposure chamber),
smoke diluted with
synthetic air

Different effects by air dilution
and cigarette type

Ritter, D 2003 (85)

2R4F, 2R4F with
modified acetate
or charcoal filter

WS and GVP GVP less cytotoxic than WS,
charcoal filter decreased the
cytotoxicity of vapor phase.

Fukano, Y 2004 (83)

N/A CSC Cytotoxicity increased in a
dose-dependent manner

Zhang, W 2009 (151)

2R4F,Quest low
nicotine and
nicotine free

TPM (Cambridge method) Dose-response observed,
differences in cytotoxicity existed
at some concentrations

Chen, J 2008 (146)

1R4F TPM (Cambridge method) Cytotoxic effect observed after
12-24 h of exposure

Putnam, KP 2002 (44)
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In other studies, TPM/CSC from a nicotine-free product
were not less cytotoxic than reference or low-nicotine ci-
garettes (146). Thus, under FTC conditions, it is possible
to differentiate the cytotoxicity among different PREPs
and conventional products.

In comparison to PREP cigarette studies, there are even
fewer studies reporting the in vitro cytotoxicity of smoke-
less PREPs (107, 118, 147, 148). The low cytotoxic capacity
for ST using the NRU, and the low sensitivity of cytotoxi-
city assays, makes the study of STE cytotoxicity of limited
utility for comparison of ST products (118). Results can
differ when using wet or dry weights, and might be
affected as well by humectants. There are no published
studies for the cytotoxicity of STE prepared from low
TSNA tobacco (e.g., snus) manufactured in the United
States.

Cell Proliferation Assays. Cell proliferation reflects an in-
crease in cell numbers as the result of cell growth and di-
vision, which is normally tightly regulated. Uncontrolled
proliferation is one hallmark of malignant progression, al-
though proliferation itself may not be a marker of malig-
nant progression. Rapid proliferation exacerbates cell
damage as it reduces time for metabolism and DNA re-
pair between cell divisions, and so increases the risk for
a cell to accumulate mutations. Cell proliferation is affect-
ed by growth factors, growth factor receptors, and other
signaling and transcription factors, and so genotoxic dam-
age to genes controlling these pathways can alter cell pro-
liferation. Agents that can induce cell proliferation are
sometimes called mitogenic in the context of triggering
mitosis. Because proliferation rate is a function of cell di-
vision, a cell proliferation assay ideally measures the
number of cells that are dividing in a culture at a given
time. However, most commonly used proliferation assays
Cancer Epidemiol Biomarkers Prev
do not measure cell division directly but rather estimate
it, either by determining the number of cells that are syn-
thesizing new DNA (a prerequisite for cell division) or by
measuring the change in cell number in a culture over
time. This distinction is important because it has implica-
tions for how the data generated are interpreted.

The studies in which proliferation assays have been
used to asses cigarette products are shown in Table 7.
TPM and CSC have been reported to increase cell prolif-
eration at low concentrations, but it decreases at high con-
centrations due to cytotoxicity (149). Although there are
numerous studies about individual tobacco products,
and a few that assess different types of cigarette filters
as indicated in Table 7 (83, 94), there are almost no studies
of PREPs. In one study, Quest cigarettes have been tested
and the higher nicotine cigarettes had increased prolife-
ration (146). STEs, as shown in Table 8, also induce cell
proliferation with a dose-dependent effect at lower con-
centrations in lymphocytes, epidermal keratinocytes,
and fibroblasts, although proliferation also is reduced at
higher concentrations (113, 116). STE of Swedish snus in-
hibited proliferation of both rat spleen and T cells in a
dose-dependent manner (107). Although some of the as-
says might be easier to use than others, at the present
time, there is little basis to recommend one for tobacco
testing in particular, because there are no comparative
studies indicating similar or different results.

DNA Synthesis–Based Proliferation Assays. These
assays take advantage of the fact that a cell has to synthe-
size new DNA before replication. The level of new DNA
synthesis is, therefore, a measure of the proliferative ac-
tivity of a cell culture. Historically, the most commonly
used DNA synthesis assay is the tritiated thymidine
incorporation assay, where radioactive tritium-labeled
2009;18(12). December 2009



Table 6. Cytotoxicity assays used for ST extracts

Assay End point measured Cell studied Extraction solution ST product Cytotoxicity reported in study Reference

Cell survival
assay

Counting of mutant
cells resistant
to purine analogue 6TG

Human lymphoblasts
cell lines
AHH-1 and TK-6

H2O Two American
moist snuffs

Dose-dependent response.
Both cell lines
showed similar sensitivity

Shirname-More,
L 1991 (98)

DAPI staining Number of cells that
incorporate fluorescent
label

Human skin fibroblasts DMEM Commercial
chewing tobacco

Dose- and time-dependent
response observed, increase at
low concentrations, cytotoxicity
observed at higher concentrations

Coppe,
JP 2008 (105)

LDH release Amount of LDH released
as a result of membrane
damage

Macrophage J774A.1 cells Phosphate buffer Kentucky
moist snuff

Concentration- and
time-dependent
increase in cytotoxicity observed

Bagchi, D
1995 (244)

Golden Syrian hamster
oral epidermoid
carcinoma cell line

DMEM 1S3 No effect observed Mangipudy,
RS 1999 (103)

CHO cells H2O Kentucky Reference
chewing tobacco

No effect observed Yildiz,
D 1999 (99)

Neutral red Measure the amount of
dye incorporated into
lysosomes

CHO cells DMSO, DCM,
artificial saliva

11 ST products Concentration-dependent
increase in
cytotoxicity observed in DMSO
extracted STE, Artificial saliva, and
DCM showed no dose response

Rickert, WS
2009 (118)

MTS Reduction of tetrazolium
salts to formazan dyes by
cellular enzymes

Golden Syrian hamster
oral epidermoid
carcinoma cell line

DMEM 1S3 Concentration-dependent response
observed, differs by
exposure time

Mangipudy,
RS 1999 (103)

MTT Reduction of tetrazolium
salts to formazan dyes
by cellular enzymes

Normal human oral
keratinocytes

PBS Kentucky
moist snuff

Concentration- and
time-dependent response

Bagchi,
M 2001 (144)

Oral leukoplakia
cells (AMOL-III)

H2O Commercial khaini Cytotoxicity was observed
at higher concentrations

Rohatgi,
N 2005 (97)

Trypan blue
dye exclusion

Counting the number of
cells that incorporate dye

Golden Syrian hamster
oral epidermoid
carcinoma cell line

DMEM Reference
Kentucky 1S3

No effect observed Muns,
G 1994 (106)

Macrophage J774A.1 cells Phosphate buffer Kentucky
moist snuff

Concentration- and
time-dependent
increase in cytotoxicity observed

Bagchi, D
1995 (244)

HT-29 human colon
adenocarcinoma
epithelial cells

Saline Reference Kentucky
moist snuff

Concentration- and
time-dependent
response observed

Gregory,
RL 1996 (117)

Spleen cells, T cells and oral
epithelial cells from rat

DMEM Commercial
Swedish moist snuff

Concentration- dependent
response observed.

Hasseus,
B 1997 (107)

Normal human oral
keratinocytes

PBS Kentucky moist snuff Concentration- and
time-dependent response

Bagchi,
M 2001 (144)

Abbreviation: DAPI, 4′,6-diamidino-2-phenylindole.
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Table 7. Proliferation assays for cigarette smoke

Assay End point measured Cell studied Smoke
conditions

Cigarette type Test Substance* Proliferation results
reported in study

Reference

Attachment
assay

No. of cells that
detach after
treatment

Mouse embryonic
fibroblasts, D3 mice
embryonic stem cells

N/A 2R1, 1R4F, and
four commercial
cigarettes

MS (Solvent trap) Dose-dependent
response observed

Lin, S
2009 (161)

BrdUrd
incorporation
using Nova
RED

Cells counted
that dyed red

Human pulmonary
muco-epidermoid
carcinoma cell line
NCI-H292, primary
bronchial epithelial cells

N/A Commercial
cigarette
and 1R3

CSC (Solvent trap) Dose-dependent response
observed at lower
concentrations, proliferation
decrease at higher
concentrations

Luppi, F
2005 (73)

BrdUrd
incorporation
FACS analysis

Cells counted that
incorporate BrdUrd

T cells extracted from
peripheral blood
mononuclear cells

N/A 1R4F CSE (Solvent trap) CSE treatment resulted in a
significant reduction
in proliferation

Glader, P
2006 (75)

3H Thymidine
uptake

Counting the number
of cells that incorporate
radioactive label

Alveolar type II
epithelial cell line A549

N/A Commercial
medium tar
cigarette

CSC (Solvent trap) Dose-dependent response
observed at higher
concentrations

Lannan, S
1994 (150)

Human lung
epithelial cell line A549

N/A An Indian
cigarette
with filter

CSC (Solvent trap) Proliferation was increased
at lower concentrations
but was inhibited at
higher concentrations.

Kaushik, G
2008 (76)

MTT Reduction of
tetrazolium salts to
formazan dyes by
cellular enzymes

Human normal breast
epithelial cell line MCF10A

FTC 1R4F TPM
(Cambridge method)

Concentration-dependent
response observed.

Narayan, S
2004 (21)

Human epidermal
keratinocytes and
oral carcinoma cells

FTC 1R3F CSC
(Cambridge method)

Concentration- and
time-dependent
response observed

Nagaraj, NS
2006 (48)

Human lung epithelial
cell line A549

N/A An Indian cigarette
with filter

CSC (Solvent trap) Concentration
response observed

Kaushik, G
2008 (76)

Human pulmonary
artery endothelial cells

N/A Long Life cigarettes CSE
(Cambridge method)

Dose-dependent
decrease observed

Hsu, CL
2009 (159)

Human lung
epithelial cells A549

N/A Commercial
filtered cigarette

AECS (Solvent trap) Dose- and time-dependent
decrease observed

Das, A
2009 (152)

Survival/
Proliferation
assay

Count the number of cells
per colony using a
computerized image analyzer

Human bronchial
epithelial cells

N/A N/A CSC fractions Dose-dependent
inhibition of
proliferation observed

Willey, JC
1987 (23)

Survival/
Proliferation
assay

Counting colonies
and stained cells

Wild-type and mutated
CHO cell lines

N/A 1R4F TPM
(Cambridge method)

Concentration-dependent
response observed
differed by cell lines

Kato, T
2007 (52)

Survival/
Proliferation
assay

Cells counted by
Coulter counter

Normal human bronchial
epithelial cells

FTC 2R4F,Quest low
nicotine
and nicotine free

TPM (Cambridge method) Dose-dependent
suppression of cell
proliferation observed

Chen, J
2008 (146)

WST-1 Reduction of
tetrazolium salts to
formazan dyes by
cellular enzymes

Lung epithelial cells ISO A major
international brand

GVP (Exposure chamber) Dose-dependent
response observed

Piperi, C
2003 (92)

Mouse lung epithelial
cell line LA-4 cells

ISO Cigarettes with
different filters

GVP (Exposure chamber) Proliferation
differed by filter type

Pouli, AE
2003 (94)

Human fetal bronchial
epithelial cells

FTC Research cigarette
type A and B

WS (Exposure chamber),
smoke
diluted with synthetic air

Different effects by air
dilution and cigarette type

Ritter, D
2003 (85)

Human lung
epithelial
cell line A549

ISO 2R4F, 2R4F with
modified acetate
or charcoal filter

WS and GVP Viability decreased as
exposure increased, dose-
dependent response
observed

Fukano, Y
2004 (83)

Human gingival
fibroblasts

N/A N/A CSC Higher concentrations
decrease proliferation

Zhang, W
2009 (151)

WST-8 Reduction of tetrazolium
salts to formazan dyes
by cellular enzymes

Normal human
bronchial
epithelial cells

FTC 2R4F,Quest low
nicotine and
nicotine free

TPM
(Cambridge method)

Dose-response observed Chen, J
2008 (146)

XTT assay Activity of mitochondrial
dehydrogenases

CHO WBL strain FTC 1R4F TPM
(Cambridge method)

Proliferation observed
after1-6 h of exposure

Putnam, KP
2002 (44)

Abbreviations: FACS, fluorescence-activated cell sorting; HPAEC, human pulmonary artery endothelial cell.
*TPM or CSC indicated as reported in publication, but actual method shown in parenthesis.
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Table 8. Proliferation assays for ST extracts

Assay End point measured Cell studied Extraction
solution and time

ST product Results reported in study Reference

BrdUrd
incorporation

Proliferating
cells incorporate
BrdUrd label

Golden Syrian hamster oral
epidermoid carcinoma cell line

DMEM 1S3 No significant
differences observed

Mangipudy, RS
1999 (103)

Human oral keratinocytes
and fibroblasts

HBSS Kentucky loose-leaf
chewing tobacco,
dry snuff, moist snuff

Proliferation of keratinocytes
stimulated by low doses
and suppressed by
high doses, fibroblasts
showed increased
proliferation at all doses

Wang, Y
2001 (113)

Colony Formation
Assay

Counting
stained cells

CHO cells H2O Kentucky reference
chewing tobacco

Concentration-dependent
response observed

Yildiz, D
1999 (99)

3H Thymidine
uptake

Counting the number
of cells that incorporate
radioactive label

Embryonal mouse
tongue epithelial cells

Dichloromethane Snuff from Manglore STE reduced proliferation Gijare, PS
1989 (276)

Spleen cells, T cells, and
oral epithelial cells from rat

DMEM Commercial Swedish
moist snuff

Proliferation was inhibited
by STE for all cell types,
concentration-dependent
response observed.

Hasseus, B
1997 (107)

Human skin fibroblasts DMEM Commercial
chewing tobacco

Dose- and time-dependent
response observed.

Coppe, JP
2008 (105)

MTS Reduction of tetrazolium
salts to formazan dyes
by cellular enzymes

Golden Syrian hamster oral
epidermoid carcinoma cell line

DMEM 1S3 Concentration-dependent
response observed,
differs by exposure time

Mangipudy, RS
1999 (103)

MTT Reduction of
tetrazolium salts
to formazan dyes by
cellular enzymes

Normal human oral
keratinocytes

PBS Kentucky moist snuff Concentration- and
time-dependent response

Bagchi, M
2001 (144)

Oral leukoplakia
cells (AMOL-III)

H2O Commercial khaini Proliferation was observed
at lower concentrations,
cytotoxicity was observed
at higher concentrations

Rohatgi, N
2005 (97)
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CEBP Focus: Tobacco Research 3279
thymidine is added to the culture medium and incorpo-
rated into newly synthesized DNA. After the labeling
period, the unincorporated tritiated-thymidine is re-
moved by washing and the remaining radioactivity is
counted using a scintillation counter. For example, this
method has been used to show a dose-dependent re-
sponse in human cells (76, 150). Although this is a rela-
tively simple and reliable method that is amenable to
relatively high throughput screening, the use of radioac-
tivity raises safety and waste disposal issues. These as-
says also can have important confounding factors when
test substances affect the activity or expression of the en-
zymes involved in pyrimidine metabolism, which then
impacts the degree to which the tritiated-thymidine is in-
corporated into newly synthesized DNA. A nonradioac-
tive alternative involves the use of the thymidine
analogue 5-bromo-2′-deoxy-uridine (BrdUrd). Highly
specific antibodies that can recognize BrdUrd when in-
corporated into DNA are then used to identify cells that
have synthesized new DNA during the labeling, either
by immunostaining or flow cytometry. These assays also
have been applied to TPM and CSC showing a dose-
response effect (73, 75).

Cell Number–Based Proliferation Assays. Another
way to infer the proliferation rate in a culture is to mea-
sure the change in cell number over time, or to compare
the final cell numbers of different treatments. Although
this is a widely used approach, it should be remembered
that the number of cells in a culture is a function of both
the cell division rate (proliferation) and the rate of cell
death. This is particularly important to keep in mind
when potentially toxic materials (such as from cigarette
smoke) are being assayed for proliferative effects. Thus,
it is important to evaluate the effects of materials at mul-
tiple concentrations and to evaluate the assays for con-
comitant cell death. Although there are methods for
actually counting the numbers of cells in a culture, this
can be tedious, and so most commonly used proliferation
assays estimate the cell number by some indirect mea-
sures, e.g., the total amount of DNA or protein in the cul-
ture, or through some enzymatic assay of cell number.

One method commonly used to assess cell numbers in
96-well plates is the is the crystal violet assay, where the
cells are fixed and stained with crystal violet dye, washed,
and dried. The dye that diffused out of the cells is mea-
sured by absorbance at 540 nm. Dye uptake is proportion-
al to the amount of cellular material on the plate and so
gives a good estimate of cell number. Other popular as-
says make use of the same redox-activated tetrazolium
compounds used for the assessment of cytotoxicity de-
scribed above, e.g., WST-8. In this context, it is assumed
that the level of dehydrogenase activity is the same in
all cells and so total enzyme activity is a measure of cell
number. This assumption, however, needs to be validated
with appropriate controls because inhibitors of these en-
zymes within the test materials, or chemicals that have
overlapping absorbance characteristics, could confound
the interpretation of the assays. Using these assays, as
shown in Table 7, several methods show the effects of cig-
arette smoke, including TPM, CSC, WS, and GVP on cell
proliferation (21, 23, 44, 48, 52, 76, 83, 85, 146, 151, 152).

Cell Cycle Control. The cell cycle is tightly regulated
through a coordinated series of checkpoints that are de-
Cancer Epidemiol Biomarkers Prev
signed to ensure that the cell is ready to progress to the
next phase, e.g., critical cell functions such as mitosis, cell
replication, and detecting and repairing DNA damage.
The cycle is regulated by cyclins and cyclin-dependent ki-
nases, and other genes classified as tumor suppressor
genes and proto-oncogenes that can either stimulate or in-
hibit the cell cycle. The loss of cell cycle control and atten-
dant uncontrolled cell replication is a hallmark of cancer.
Chemical insults that adversely affect cell cycle check-
points can have profound effects on cell viability and
the incorporation of DNA damage due to decreased
DNA repair. Cell cycle assays provide information about
the number of cells within the various phases of the cell
cycle such as S phase (DNA synthesis), the function of the
various checkpoints such as the G1-S checkpoint (a pause
to ensure that the cell is ready to enter the S phase), and
the G2-M checkpoint (a pause to ensure that the cell is
ready to enter mitosis).

Cell cycle assays are typically conducted by harvesting
treated cells and either fixing and permeabilizing them di-
rectly, or by isolating the nuclei from the cells followed by
staining the DNA with a fluorescent dye and analysis by
flow cytometry. The assay reports the number of cells in
each phase of the cell cycle: G1-G0 with a DNA content of
2n, S phase with DNA content between 2n and 4n, and
G2-M phase with DNA content of 4n. The analysis of pri-
mary cell cultures is the most simple, but assays using
cells that are aneuploid can be done by determining the
DNA content and empirically determining the various
phases of the cell cycle. As shown in Table 9, although
CSC and TPM affect the cell cycle, the phases and check
points can be affected differently among studies. Thus,
due to differences in experimental conditions, there is lit-
tle consistency. Whereas some tobacco studies show in-
creases in the percentage of cells in G0-G1 phase and
decreases in the number of cells in S phase (146, 153,
154), others show the reverse effect (21, 146, 155). Differ-
ences also may be due to the choice of cell culture. At
present, it is unknown if TPM, CSC, GVP, or WS have dif-
ferent or similar effects on cell cycle in the same cell type.
For PREP combustible products, it was reported that
Eclipse cigarette TPM prepared by the FTC method had
no effect on cell cycle control of normal human bronchial
epithelial cells (155). However, both low-nicotine and
nicotine-free Quest TPM/CSC altered the number of
NHBE cells in different phases (146). There is only one
study that we are aware of for STE on the cell cycle, which
had an effect (114). There are no reports on cell cycle assay
by PREP ST products.

Apoptosis Assays. Apoptosis, which is a form of
programmed cell death, can be induced in response to a
variety of stimuli including conflicting cellular signals, cer-
tain types of toxic insults, and through the activation of
specific cell death receptors. Once initiated, programmed
cell death involves a coordinated series of biochemical
events that result in the sequential activation of lytic en-
zymes. These alterations can be observed with character-
istic morphologic changes to the cell membrane, cell
shrinkage, nuclear fragmentation, chromatin condensa-
tion, and chromosomal DNA fragmentation. Apoptosis,
in contrast to necrosis (traumatic cell death), is a normal
process that results in the remodeling of tissues as the
body protects itself from cells that have accumulated
2009;18(12). December 2009



Table 9. Cell cycle assays by flow cytometry for cigarette smoke

Cigarette Studies

Cell Model Machine
protocol

Cigarette type Test substance* Cell cycle effects
as reported

G0-G1 phase S phase G2-M Reference

Human normal
breast epithelial
cell line MCF10A

FTC 1R4F CSC
(Cambridge filter)

Dose-dependent
response observed

Decreases compared
with control at
higher
concentrations

Increase compared
with control

Increase compared
with control

Narayan, S
2004 (21)

Normal human
bronchial
epithelial cells

FTC Kentucky
1R4F, Eclipse

TPM
(Cambridge filter)

Dose-dependent
response observed
for 1R4F, but not for
Eclipse

Decline for 1R4F,
no change for
Eclipse

Increase 1R4F,
no change
for Eclipse

Increase for 1R4F,
no change for
Eclipse

Fields, WR
2005 (155)

RAT-1
immortalized
fibroblasts

ISO N/A TPM
(glass fiber filter)

G0-G1 and S affected,
but not G2M

Increased Decreased Unchanged Palozza, P
2005 (153)

RAT-1
immortalized
fibroblasts

ISO N/A TPM
(glass fiber filter)

G0/ G1 and S affected,
but not G2M

Increased Decreased Unchanged Palozza, P
2006 (154)

Human lung
epithelial
cell line A549

N/A Indian cigarette
with filter

CSC
(Solvent trap)

G0-G1 and S affected,
but not G2-M

Increased Increased with
lower CSC,
decreased at highest
concentration

Unchanged Kaushik, G
2008 (76)

Normal human
bronchial
epithelial cells

FTC Quest cigarette low
nicotine, nicotine
free and 2R4F

TPM
(Cambridge filter)

Dose-dependent
response observed f

Increased at 16 h,
decreased with both
products 48 h

Decreased at 16 h,
Increased with both
products 48 h

Decreased at 16 h,
Increased with
both products
48 h

Chen, J
2008 (146)

Human lung
epithelial
cells A549

N/A Commercial
filtered cigarette

AECS
(Solvent trap)

Time- and
dose-dependent
inhibition of cell cycle
progression observed

Sub-G0-G1 increased
as G0-G1 decreased
in a dose- and
time-dependent
manner

N/A N/A Das, A
2009 (152)

*TPM or CSC indicated as reported in publication, but actual method shown in parenthesis.
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Table 10. Apoptosis testing for cigarette smoke

Assay End point measured Cell studied Smoke
conditions

Cigarette type Test Substance* Cytotoxicity
reported in study?

Reference

Annexin V and PI
measured by FACS

Measure apoptotic
and necrotic cells

Human fetal lung fibroblasts
(HFL-1 lung, diploid, human)

N/A Unfiltered
cigarettes

CSE (Solvent trap) Dose-dependent increase Carnevali, S
2003 (157)

Human umbilical vein
endothelial cells

N/A Two commercial
filtered
cigarettes

CSE (Solvent trap) Increase in cell
death observed
compared with control

Bernhard, D
2004 (277)

Human lung
epithelial cells A549

N/A Commercial
filtered cigarette

AECS (Solvent trap) Dose-dependent increase Das, A
2009 (152)

Annexin V assay kit Annexin V binds
to apoptotic cells

Primary airway
epithelial cells,
some transformed with SV40

MDPH Commercial
brands

CSC (Jet impaction),
GVP (Solvent trap)

Dose-dependent increase Hays, LE
2008 (162)

Annexin V/7-AAD
flow cytometric
assay

Annexin/7-AAD
binds to
apoptotic cells

Immortalized human oral
keratinocytes cell line
OKF6/TERT1

FTC 2R4F CSE (Solvent trap) Reduced cell death
observed in
chronic (6 mo in culture)
CSE treatment

Chang, SS
2009 (158)

Caspase 3
Activation Assay

Measure
active caspase 3

Immortalized human oral
keratinocytes cell line
OKF6/TERT1

FTC 2R4F CSE (Solvent trap) Cells treated for extended
time periods were
observed to have chronic
Casepase-3 activation

Chang, SS
2009 (158)

Human pulmonary artery
endothelial cells

N/A Long Life
cigarettes

CSE
(Cambridge method)

Dose-dependent increase Hsu, CL
2009 (159)

Human bronchial epithelial
cell line BEAS-2B

FTC 2R4F CSC
(Cambridge method)

Dose-dependent increase Carter, CA
2009 (160)

Elisa kit for
nucleosome
detection

Detection of free
nucleosomes due
to apoptosis

Normal human bronchial
epithelial cells

FTC Quest low nicotine,
nicotine free,
and 2R4F

CSC
(Cambridge method)

Increased with higher
dose for Quest
nicotine-free but not
low-nicotine
or reference cigarette.

Chen, J
2008 (146)

FLICA Caspase
detection kit

Stain-activated
caspase 3 and 7

Mouse embryonic
fibroblasts

N/A 2R1, 1R4F and
four
commercial
cigarettes

MS (Solvent trap) Dose-dependent increase Lin, S
2009 (161)

Microscopy — Giemsa
and Acridine
orange

Morphologic
changes
associated
with apoptosis

Rat, mice, human, and murine
AMs, and human blood
monocyte– derived
macrophages

N/A Commercial
cigarette

CSE (Solvent trap),
GVP (Solvent trap)

AMs exposed to
CSE showed
morphologic
changes including
cellular shrinkage and
chromatin condensation

Aoshiba, K
2001 (156)

PI staining PI stains
necrotic cells

Human lung epithelial
type-II cells A549

N/A Indian cigarette
with filter

CSC (Solvent trap) Dose-dependent increase Kaushik, G
2008 (76)

TUNEL assay dUTP
labeling

Measure DNA
fragments
due to apoptosis

Rat, mice, human and
murine AMs
and human blood-monocyte
derived macrophages

N/A Commercial
cigarette

CSE (Solvent trap),
GVP (Solvent trap)

Dose- and time-dependent
increase observed. GVP
caused less apoptosis
than CSE. All cells
behaved similarly.

Aoshiba, K
2001 (156)

TUNEL staining Measure DNA
fragments
due to apoptosis

Primary airway epithelial cells,
some transformed with SV40

MDPH Commercial
brands

CSC (Jet impaction),
GVP (Solvent trap)

Dose-dependent increase Hays, LE
2008 (162)

Rat-1 Fibroblasts BAT
protocol (ISO)

N/A TPM
(Glass fiber filter)

Dose-dependent increase Palozza, P
2005 (153)

*TPM or CSC indicated as reported in publication, but actual method shown in parenthesis.

C
an

cer
Ep

id
em

io
l
B
io
m
arkers

Prev
2009;18(12).

D
ecem

b
er

2009 C
EB

P
Fo

cu
s:

To
b
acco

R
esearch

3281



In vitro Toxicology of Tobacco3282
genetic damage that cannot be repaired. Dysregulation of
normal apoptotic control is frequently considered to be an
important step in the carcinogenic process.

Assays for apoptotic cells typically take advantage of
one or more of the characteristic biochemical changes that
can distinguish them from cells undergoing necrotic cell
death. However, the ability to make such a discrimination
is highly time dependent, because cells at various points
within the apoptotic process can share the physical char-
acteristics of cells that are dying in other ways. Different
apoptosis assays have optimal application in different
contexts, depending on the design and timing of the as-
says. A common assay for the early stages of apoptosis
takes advantage of the fact that the loss of membrane
asymmetry is an early event that precedes loss of PM in-
tegrity, namely the flipping of phosphatidyleserine from
the inner to the outer face of the PM. This event can be de-
tected using fluorescent conjugates of the calcium-binding
protein Annexin V that binds tightly and specifically to
phosphatidyleserine. Cells to be assayed for apoptosis
are harvested, stained with Annexin V and PI, and the
staining is assessed by flow cytometry. Cells that are pos-
itive for Annexin Vand negative for PI are deemed to be in
the early stages of apoptosis. Other approaches that can be
used involve assays that assess the activation of lytic en-
zymes such as caspases. This can be done using fluores-
cent substrate probes or through the use of antibodies
specific to the cleaved form of the proteins. Other apopto-
sis assays, called DNA ladder assays, detect DNA frag-
ments by gel electrophoresis, because apoptotic cells
have DNA that are cleaved to 180 to 200 bp fragments
by nucleases in a characteristic way.

Other assays include the terminal deoxynucleotidyl
transferase-mediated dUTP nick end labeling (TUNEL)
assay that involves the enzymatic labeling of the cleaved
ends of the DNA and the Comet assay described below. It
has been shown that treatment of cells with CSC or STE
induces apoptosis, as indicated in Tables 10 and 11 (76,
100, 114, 146, 152, 153, 156-162). Only one study was
found to measure apoptosis using a PREP. Chen et al.
(146) reported that apoptosis was increased in the Quest
nicotine-free cigarette compared with Quest low-nicotine
Cancer Epidemiol Biomarkers Prev
or 2R4F reference cigarette. Few studies for STE have been
conducted on apoptosis and the results showed dose-
dependent increases with both reference STEs on normal
human oral keratinocytes and golden Syrian hamster oral
epidermoid carcinoma cells using the TUNEL assay (100,
103, 114). However, the results for commercial STE brands
have not been published.

Genotoxicity Assays. Genetic damage is a principle com-
ponent of carcinogenesis (although other mechanisms al-
so are required). All cancers display a variety of genetic
defects that range from individual base changes to gross
chromosomal or clastogenic effects. Cancer cells accumu-
late DNA damage, even before there are morphologic
changes to the cell; however, not all cells with genetic
damage transform into cancer. Given that cancer is a dis-
ease that includes genetic damage, it is therefore reason-
able that genotoxicity assays in in vitro systems are used
as a screening method for a potential mutagenic effect in
more complex biological systems, such as experimental
animals and humans. Given that the presence of DNA
damage does not necessarily indicate an effect on gene
function or activation of a pathway that leads to cancer,
and so direct extrapolation is not possible. There are
different ways to assess DNA damage in cultured cells.
Some genotoxicity methods detect gross chromosomal
or clastogenic changes, such as CA (e.g., chromosomal
breaks, gaps, and translocations), micronuclei, and SCE.
Other methods include the detection of specific base
mutations (i.e., insertions, deletions, transversions, and
transitions).

Several assays will not be reviewed here, because they
have not been widely applied to tobacco assessments,
although they may be useful for this purpose. These in-
clude the hypoxanthine-guanine-phosphoribosyl-trans-
ferase test conducted in CHO or Chinese hamster lung
V79 cells (163-165), a transgenic big blue mouse cell line
assay (166, 167), a high throughput GreenScreen HC
GADD45a-GFP assay using the human lyphoblastoid cell
line TK6 (168, 169), and a yeast cell line that induces
RAD54, a DNA repair gene, in response to mutagen ex-
posure (170-172).
Table 11. Apoptosis assays used for ST extracts
Assay
 End point measured
 Cell studied
 Extraction
solution
and time
ST product
2009;18(12). Decemb
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Reference
PI labeling
analyzed by
flow
cytometry
PI stains
DNA of
damaged
cells
Normal human
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PBS
 Reference smokeless
chewing
tobacco (2S1)
Concentration-dependent
response observed
Bagchi, M
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Dose-dependent
response observed
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1999 (103)
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 Dose-dependent
response observed
Banerjee, AG
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Dose-dependent
response observed
Mangipudy, RS
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carcinoma cells
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 Reference ST (2S3)
 Dose-dependent
response observed
Banerjee, AG
2007 (100)
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Chromosomal Aberration Assays. The detection of
CAs is one of the most commonly used cytogenetic as-
says, in part because CAs are frequently observed in can-
cer. Also, there is data to indicate that increased CAs
detected in humans might predict increased cancer risk
(173-178), and CAs are increased in the blood cells of smo-
kers (179, 180). DNA double strand breaks are the princi-
pal lesions in the process of CA formation, which are not
induced directly, but follow other types of chromosomal
damage and errors in DNA repair or synthesis (175).
There are several types of CAs that can be detected, in-
cluding chromosome breaks, gaps, acentric fragments,
centric rings, and dicentrics (interchange between two
separate chromosomes). These types of damage can be le-
thal to the cell. CAs also include translocations, but these
usually are not assessed in tobacco in vitro toxicology
tests. If not repaired properly, double strand breaks can
lead to chromosome rearrangements, mutations, and on-
cogenic transformation (122, 175, 178). There is a classic
methodology for detecting CAs that involves culturing
cells with the test materials, e.g., TPM, CSC or STE, treat-
ing the cells with colcemid to arrest the cells in meta-
phase, staining the cells with giemsa, and then visually
counting the CAs per cell (178, 181).

Typically, CHO cells are used, and sometimes human
lymphocytes, but this can be done with essentially any
rapidly proliferating cells. More recently, CAs have also
been detected using other techniques, such as chromo-
some painting by fluorescent in situ hybridization (FISH;
ref. 182). If translocations are of interest for assessing tox-
icity, then FISH methods can be used, which also will de-
tect other specific gross chromosomal changes. One of the
main advantages of FISH-based methods is that it is much
easier for the nonexpert observer compared with more
traditional CA detection techniques, but the FISH is more
expensive and time consuming.

CA assays are generally more tedious than other as-
says for genotoxicity, such as those for detecting SCE
and micronuclei (see below), and require special training
and expertise on the part of the observer. It should be
noted that some non–DNA-damaging agents can induce
CAs, because they induce cytotoxicity or inhibit DNA
synthesis, and so it has been suggested that the doses
of agents used in such assays be limited to minimize cy-
totoxicity and decreases in the mitotic index (183, 184).
Positive results are, however, sometimes only seen at high
doses that decrease the mitotic index by >50%, and hence,
as a screening test, it has been recommended that dose
levels of test substrates reduce mitotic indices by 50%
or more, although the false positive rate is increased
(185). Whether this is an appropriate strategy for compar-
ing tobacco products remains to be tested. Typically,
false-positive rather than false-negative rates are pre-
ferred for non-tobacco screening of genotoxic agents for
a qualitative assessment of possible human cancer risk,
but for comparison of different tobacco products, this
large decrease in high mitotic rates may not be optimal.
Separately, it has been proposed that population dou-
bling might be a more reliable criteria to use rather than
mitotic index (186). The advantages and disadvantages
of commonly used CA detection methods have been re-
cently reviewed (174, 175, 178).

Table 12 summarizes available studies for CA induc-
tion by CSC and TPM. Cigarette smoke from reference
Cancer Epidemiol Biomarkers Prev
and commercially available cigarette brands are well-
documented to induce CAs (60, 62, 163, 165, 187). There
are relatively few studies that compare CAs resulting
from in vitro exposure to different types of conventional
cigarettes, however, or by different smoking machine
regimens, although differences in potency have been
reported (62). PREPs also have received little attention,
although it was reported that Eclipse cigarettes do not
induce CAs in CHO cells (86). Very few studies of STE
have been conducted for CAs, although tobacco plus
lime and a Swedish moist snuff induce CAs in CHO cells
(122, 188).

Micronucleus Assay. A micronucleus results when the
spindle apparatus or DNA is damaged so that lagging
chromosomal fragments form micronuclei, which can be
visually observed and counted (19). The micronucleus as-
say has emerged as a commonly used method for asses-
sing chromosome damage (19, 178, 189), because it is
relatively inexpensive and quantifiable (178). The current
methodology is based on the cytokinesis-block micronu-
cleus assay, originally developed in 1985, in which cells
are cultured and the dividing cells are identified by their
binucleate appearance after treatment with a blocking
agent such as cytochalasin B (189, 190). Recently, kits
using automated methods have been developed for flow
cytometric assays (131) and these methods may be pre-
ferred over manual scoring (28). The underlying mecha-
nism, applicability, criteria for scoring, advantages, and
disadvantages have been reviewed (19, 189, 191). As with
other genotoxicity assays, there is some consideration that
too little or too much cytotoxicity can yield more false-
negative or positive results, and so the amount of cyto-
xicity needs to be determined (185). In several in vitro
experiments, cigarette smoke induced micronucleus in
BALB/c-3T3 cell line, Chinese hamster lung V79 cells,
Hepa1c1c7 cells, TAOc1BP(r)c1 cells, mouse lymphoma
L5178Y/Tk+/− 3.7.2C cells, and others (Table 12; refs.
62, 77, 87, 192). A recent publication has indicated that
the micronucleus assay using mouse lymphoma L5178/
TK+/− cells was sufficiently quantitative to detect differ-
ences in DNA damage capacity for different types of com-
mercial cigarettes with a 3-fold range in potency (62).
There are some studies that also indicate that STEs can
induce micronuclei (118, 193-195).

Sister Chromatid Exchange Assays. SCE occur when
there is a symmetrical exchange of DNA segments be-
tween two sister chromatids of a duplicating chromo-
some. Given that identical DNA is exchanged, there is
no known functional effect of this genotoxic damage.
SCEs are formed during the S phase of the cell cycle
and can be induced by chemicals that are S phase–depen-
dent DNA-damaging agents (178). An SCE is formed
from a delay in the spiralization pattern of the late repli-
cating regions along the chromosome following DNA
replication errors, but the molecular mechanism for this
is unknown (178). The most commonly used SCE assay
follows the original protocol of Perry and Wolff published
in 1974 (196). Recent reviews for the application of SCE
detection for different exposures and populations have
been published (19, 176, 178). The method is based on ex-
posing the test substance to a cell culture and then adding
BrdUrd for incorporation into replicating DNA strands.
The culture also is treated with colcemid to arrest cells
2009;18(12). December 2009



Table 12. Genotoxicity assays for CA, micronuclei, and SCE for cigarette smoke

Assay Cell studied Machine method Cigarette

Sister chromatid
exchange

CHO FTC European commercial cigarettes
Cultured human lymphocytes FTC British commercial cigarette

Cultured human lymphocytes N/A N/A
CHO, cultured human lymphocytes N/A Commercial British cigarette

Cultured human lymphocytes ISO; Coresta no. 10 Commercial nonfilter cigarettes of American blend
V79 Chinese hamster fibroblasts N/A N/A

CHO-K1 FTC An American blend cigarette
CHO-WBL FTC Kentucky 1R4F

V79 Chinese hamster lung cells N N/A
CHO WBL FTC Kentucky 1R4F, commercial cigarettes and

test cigarettes that heat tobacco with and
without menthol

CHO FTC 1R4F, a menthol and a regular cigarette
that heats tobacco

CHO-WBL FTC Commercial and novel carbon filter cigarettes

CHO-WBL FTC 1R4F, 1R5F, cigarette that primarily
heats tobacco (TOB-HT)

CHO FTC Kentucky 1R4F and 1R5F, cigarette
which primarily heats tobacco (TOB-HT)

CHO FTC Commercial blend with and without honey

CHO FTC Freon- or propane-expanded tobacco
blend and control cigarettes

CHO FTC Cigarettes containing increasing amounts
expanded shredded tobacco stems
and control cigarettes

CHO FTC Commercial cigarettes with and without
different amounts of fructose corn syrup

CHO FTC Reference cigarette, test cigarettes with different
levels of DAP, urea and cut rolled expanded stems

CHO FTC Standard American tobacco blend, three test
cigarettes with banded cigarette paper
technologies and control cigarette

CHO FTC Reference cigarette, commercial tobacco
blend, with and without cast sheets

CA CHO WBL FTC Kentucky 1R4F, commercial ultralow
tar and menthol, cigarettes that heat
tobacco with and without menthol

CHO WBL FTC Kentucky 1R4F, commercial cigarettes and test
cigarettes that heats tobacco with
and without menthol

CHO FTC 1R4F, regular cigarette that heats tobacco,
menthol cigarette that heats tobacco

CHO FTC Kentucky 1R4F and 1R5F, cigarette that
primarily heats tobacco (TOB-HT)

CHO-K1 FTC and MDPH 2R4F, commercial cigarettes and
cigarettes with single tobacco types

Micronuclei
formation

BALB/c-3T3 cell line N/A A commercial filtered brand

Chinese hamster lung V79 cells N/A Commercially available ultralow tar cigarettes

Chinese hamster lung V79 cells N/A N/A

Hepa1c1c7 cells and
TAOc1BP(r)c1 cells

N/A Kentucky 1R4F

Mouse lymphoma
L5178Y Tk+/− 3.7.2C cells

FTC and MDPH Commercial cigarettes, reference cigarettes,
and cigarettes with single tobacco types

*TPM or CSC indicated as reported in publication, but actual method shown in parenthesis.

In vitro Toxicology of Tobacco3284
in metaphase, which are then fixed and stained with
giemsa. BrdUrd, which is taken up in place of thymidine,
has weaker staining. This differential staining, detected
after two cell replications, will allow for SCEs to be ob-
served when a strand has both stained and unstained
DNA. SCE detection is less laborious than detecting
CAs, and similar to the micronucleus assay. Most studies
use cultured CHO cells or human lymphocytes for the
Cancer Epidemiol Biomarkers Prev
SCE assay, partly because it is a technical challenge to ob-
tain a high percentage of synchronized metaphases using
cell types that are slow to replicate. CSCs and TPM induce
SCEs in in vitro studies and concentration-dependent re-
sponses have been observed (refs. 59, 67, 70, 84, 140, 197,
198; Table 12). However, this assay has had been rarely
applied for the comparison of different tobacco products.
For PREPs, SCEs were assessed for Eclipse cigarette TPM
2009;18(12). December 2009



Table 12. Genotoxicity assays for CA, micronuclei, and SCE for cigarette smoke (Cont'd)

Test material* Reported Result Reference

CSC (Cambridge filter) Similar positive results for all cigarettes De Raat, WK 1979 (198)
CSC Dose-response reported for lymphocytes

cultured from different smokers
Hopkin, JM 1980 (278)

CSC Dose-response reported Vijayalaxmi, 1982 (252)
CSC (N/A) Dose-response reported for both cells, CSC

caused more SCE in CHO than lymphocytes
Perry, PE 1983 (251)

CSC (Cold trap) SCE frequency differed by fractionation of CSC Curvall, M 1985 (66)
CSC (N/A) Positive increase observed but no dose-response reported Jongen, WM 1985 (164)
CSC (Cambridge method) Dose-response reported Rutten, AA 1986 (279)
TPM (Cambridge method) Dose-response reported Lee, CK 1989 (280)
CSC (Solvent trap) Positive Xing, SG 1989 (281)
CSC (Cambridge method) Dose-response increase in SCE observed in reference and

commercial cigarettes, but not for
test cigarettes that heat tobacco

Doolittle, DJ 1990 (163)

MWS (Cambridge method),
GVP (Solvent trap)

Dose-dependent increases observed in 1R4F, neither regular
or menthol cigarettes which heat tobacco increased SCE frequency

Lee, CK 1990 (282)

TPM (Cambridge method) and
WS (Exposure chamber)

Dose-response reported for CSC but no difference between
commercial and novel carbon filter cigarettes, WS of
novel carbon cigarettes induced fewer SCE

Bombick, DW 1997 (59)

WS Reference cigarettes had higher SCE than
TOB-HT on a per cigarette basis

Bombick, DW 1998 (86)

CSC (Cambridge method) Dose-response reported for 1R4F and 1R5F, but not TOB-HT Bombick, BR 1998 (145)

TPM (Cambridge method) No statistically significant differences in were observed
between test cigarettes and reference cigarettes

Stavanja, MS 2003 (225)

CSC (Cambridge method) Dose-dependent increase observed, no differences
were detected between test and control cigarettes

Theophilus, EH 2003 (70)

CSC (Cambridge method) Dose-dependent increase observed, no differences
were detected between test and control cigarettes

Theophilus, EH 2004 (67)

TPM (Cambridge filter) Dose-response reported, no difference with fructose Stavanja, MS 2006 (140)

CSC (Cambridge method) Dose-response increase observed, no
difference between reference and test CSC

Stavanja, MS 2008 (197)

CSC (Cambridge method) and
WS (Exposure chamber)

No significant difference between
control and test cigarettes in both CSC and WS

Theophilus, EH 2007 (68)

TPM (Cambridge Method) and
WS (Exposure chamber)

Concentration-dependent increase
observed with both CSC and WS.

Potts, RJ 2009 (84)

CSC (Cambridge method) Dose-response reported for reference and commercial
cigarettes, but not for the heating cigarettes

Doolittle, DJ 1990 (163)

SSCS (Cambridge method) Dose-dependent increases in CAs observed for 1R4F and
commercial cigarettes but not for test cigarettes

Doolittle, DJ 1990 (165)

MWS (Cambridge method),
GVP (Solvent trap)

Dose-dependent increases observed in 1R4F, neither regular or
menthol cigarettes that heats tobacco increased aberration frequency

Lee, CK 1990 (282)

CSC (Cambridge method) Dose-response reported for reference cigarettes but not for TOB-HT Bombick, BR 1997 (60)

CSC (Cambridge method) Dose-response reported for all
cigarettes except 100% burley tobacco.

DeMarini, DM 2008 (62)

CSC (Solvent trap) Dose-response reported at lower concentrations,
highest concentration toxicity was observed.

GU, ZW 1992 (192)

CSC (Solvent trap) Dose-response reported for both kinetochore-positive
and kinetochore-negative micronucleus.

Channaraya, P 1992 (77)

CSC (Cambridge filter), WS and
GVP (Exposure chamber)

Dose-dependent response observed, WS increased
micronuclei formation more than GVP

Massey, E 1998 (87)

CSC (Glass fiber filter) Dose-response reported, but more in Hepa cells Dertinger, SD 1998 (283)

CSC (Cambridge method) All CSCs responded positively at the top concentration,
MDPH smoking condition produced similar results to FTC

DeMarini, DM 2008 (62)
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and WS, and reportedly the TPM generated using the
FTC method did not induce SCEs (59). For STEs, only lim-
ited studies have been applied for inducing SCE in vitro,
but positive studies are available, including for snus (122,
188, 199).

Comet Assay. The Comet assay, otherwise known as
the single-cell gel electrophoresis assay, detects single
and double strand chromosomal breaks by assessing
DNA size and fragmentation. Given that DNA fragmen-
Cancer Epidemiol Biomarkers Prev
tation also is a feature of apoptosis and other types of cell
death, interpretation of the data depends heavily on study
design and the timing of exposures. The assay involves
casting the exposed cells in a gel that is then treated with
solutions to induce cell lysis. The gel is then exposed to an
electrical field in a buffer system such that fragmented
DNA migrates out of the nucleus and forms a cometlike
tail, with small DNA fragments migrating faster than
larger ones. The tail can then be visualized by staining
2009;18(12). December 2009



Table 13. Salmonella strain specificity*

Compounds TA98 TA100

Sequence specificity Frameshift mutation Missense mutation
Special characteristics Parent strain TA1538,

with pKM101 plasmid,
ampicillin resistant

Parent strain TA1535
with pKM101 plasmid,
ampicillin resistant

BaP Benzo(a)pyrene Positive (+/−) Positive (+/−)
Trace metals Cadmium Negative Negative

Lead Negative Negative
Nickel Equivocal Equivocal
Chromium Positive (+/−) Positive (+/−)

Carbonyls Formaldehyde Positive (+) Positive (+)
Acetaldehyde Negative Negative
Acetaldehyde oxime Positive (+/−) Positive (+/−)
Crotonaldehyde Positive (+/−) Positive (+/−)

Humectants Glycerol Equivocal Equivocal
TSNAs N'-nitrosoanabasine (NAB) N/A N/A

4-(Methylnitrosamino)-
1-(3-pyridyl)-1-butanol
(NNAL/NNA)

N/A N/A

N'-nitrosonornicotine (NNN) N/A Reactive (285)
4-(N-methyl-N-nirtosamino)-
1-(3-pyridyl)-1-butanone (NNK)

N/A N/A

N'-nitrosoanabatine (NAT) N/A N/A
Volatile nitrosamines N'-nitrosodimethylamine (NDMA) Positive (+) Positive (+/−)

N-nitrosopyrrolidine (NPY) N/A Positive (287)
N-nitrosodiethanolamine (NDELA) Positive (+) Positive (+)
NDEA (289) Positive Positive (+/−)
NMOR (290) Positive (+) Positive (+/−)
Nitrosopiperidine (NPIP) Positive (−) Positive (+/−)
Nitrososarcosine (NSAR) N/A N/A

PAHs Phenanthrene N/A N/A
Pyrene Positive (+/−) Positive (+/−)
Napthalene N/A N/A
1-Methylphenanthrene Positive (+) Positive (+/−)
Benzo[k]fluoranthene Positive (+/−) Positive (+/−)
Benzo[b]fluoranthene Positive (+/−) Positive (+/−)
Chrysene N/A N/A
Dibenz(a,h)anthracene Positive (+/−) Positive (+)

Aromatic Amines O-Toluidine Positive (+/−) Positive (+)
1-Naphthylamine Positive (+/−) Positive (+/−)
2-Aminonapthlene
3-Aminobiphenyl
4-Aminobiphenyl Positive (+/−) Positive (+)
O-Anisidine Positive (+/−) Positive (+/−)

ROS
Other Chemicals Nitrate Negative N/A

3-(Methylnitrosamino)-propionic
acid (MNPA)

N/A N/A

4-(Methylnitrosamino)-butyric
acid (MNBA)

N/A N/A

Ammonia Negative Negative
Anthracene N/A N/A
Arsenic N/A N/A
Urethane Positive (+/−) Positive (+/−)

* All compounds marked as positive, negative or equivocal are listed as such by the National Toxicology Program (http://ntp-apps.niehs.nih.gov/ntp_tox).
Plus and minus symbols following all positive results indicate the following: (+/-) positive with and without S9, (+) only positive with S9, (-) positive
without S9 activation. Compounds marked as N/A were not listed in the NTP database.
Abbreviations: ROS, reactive oxygen species; TSNA, Tobacco-Specific Nitrosamines; PAH, polycyclic aromatic hydrocarbon.

In vitro Toxicology of Tobacco3286
the gel with ethidium bromide and observation under UV
illumination. The precise conditions for cell lysis and sub-
sequent electrophoresis steps are chosen based on what
type of DNA damage needs to be detected. A consensus
decision made by an international workshop on the
Comet assay was that the alkaline (pH >13) version of
the assay is the methodology of choice for assessing
genotoxicity in general (200). Because the Comet assay
is sensitive to cytotoxicity, it is recommended that this
also be assessed (28). There is some consideration that
too little or too much cytotoxicity can yield more false neg-
Cancer Epidemiol Biomarkers Prev
ative or positive results (185). There are automated meth-
ods to score the comets, and different ways to report the
scores are acceptable (28). The newer automated methods
allow for high throughput and better reproducibility.

TPM has been show to increase DNA damage mea-
sured by the Comet assay in a dose-dependent fashion
(62, 146, 201, 202). Using the Comet assay, STE from a
commercial snuff product was also reported to induce
concentration-dependent DNA damage in normal human
fibroblasts (105). Another model that can be assessed for
genotoxicity by Comet formation uses either cells or the
2009;18(12). December 2009



Table 13. Salmonella strain specificity (Cont'd)

TA1535 TA1537 TA102 YG1024

Missense mutation Frameshift mutation Missense mutation Frameshift mutation
Ampicillin resistant Ampicillin resistant pKM101 and pAQ1 plasmids,

tetracycline
and ampicillin resistant

Parent strain TA1538,
with pKM101 plasmid,
ampicillin resistant

Detects DNA cross-linking agents, e.g.,
formaldehyde and acrolein and ROS

O-acetyl transferase-
overproducing strain

Positive (+/−) Positive (+/−) N/A N/A
Negative Negative N/A N/A
Negative Negative N/A N/A
Negative N/A N/A
Positive (+/−) N/A N/A
Positive (+/−) Positive (+/−) Positive (+/−) N/A
Negative Negative N/A N/A
Positive (+) N/A N/A
Positive (+/−) Positive (+/−) N/A N/A
Negative Equivocal N/A N/A
N/A N/A
Reactive (284) N/A

Reactive (286) N/A
Reactive (286) N/A

N/A N/A
Positive (+/−)/Reactive (286) Positive (+/−) N/A
Reactive (288) N/A
Positive (+/−) N/A
Reactive (289) N/A
Reactive (290) N/A
Positive (+) Positive (+/−) N/A
N/A N/A
N/A N/A
Positive (+/−) Positive (+/−) N/A
N/A Negative N/A
N/A N/A
N/A N/A
N/A N/A
N/A N/A
N/A N/A
Positive (+/−) N/A Reactive (220, 221, 291)
N/A N/A

N/A
N/A

Positive (+/−) Positive (+/−) N/A
Negative Negative N/A

Reactive (292) N/A
N/A N/A N/A
N/A N/A N/A

N/A N/A N/A

Negative N/A N/A
N/A N/A N/A
N/A N/A N/A
Positive (+) Positive (+/−) N/A N/A
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whole insect of Drosophila melanogaster, but whether this
nonmammalian system leads to an improvement over
other cell systems for tobacco has not been tested (203).

Mouse Lymphoma Assay. The mouse lymphoma thy-
midine kinase (TK) assay (MLA) is another widely used
in vitro mutation assay that has an advantage because it
relies on mammalian cells and detects a wide range of
genetic modifications (i.e., point mutations, larger scale
chromosomal changes, recombination, and others; refs.
204, 205). Thus, another advantage is that it reports the
effects of mutagens that cause both point mutations and
clastogenic effects. The assay uses the L5178Y mouse lym-
phoma cell line that is genetically engineered to only have
Cancer Epidemiol Biomarkers Prev
one TK gene. It is relatively easy to perform, is sensitive,
and has been used for many different mutagens (205-207).
The assay is based on a treatment with a lethal chemical
metabolic substrate for TK, namely trifluorothymidine.
TK is not an essential enzyme, and the mutation of the
TK gene through the genotoxic actions of the test materi-
als resulting in its inactivation prevents the metabolism of
the triflourothymidine, thereby allowing the cells to sur-
vive in the presence of trifluorothymidine. Using this test,
the mutagenic activity of TPM prepared from an EHC
smoking system was lower than that from the other con-
ventional cigarettes (205). There are many factors that can
affect the performance of this assay, including the time be-
tween exposure and mutation formation and cell density,
2009;18(12). December 2009
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and as with other genotoxicity assays, the MLA may also
give false positive results (208).

Ames Mutagenicity. The most commonly used method
for the detection of mutagenicity is the Ames Test, named
for Bruce Ames, and also called the Salmonella histidine
reversion assay (209). This assay was designed to detect
a wide range of chemical substances that can produce
genetic damage that leads to gene mutations (210), in-
cluding for complex environmental and biological mix-
tures (209). The Ames test is inexpensive, rapid, and
easy to perform. It is based on inducing and then detect-
ing DNA base mutations, deletions, and insertions that
can be the cause of many human genetic diseases. The
Ames test uses Salmonella typhimurium bacteria that
have a genetic defect in one of the genes responsible for
histidine synthesis, such that the cells cannot survive
without histidine supplementation in their culture media
(209). Each strain is designed to be responsive to muta-
gens that act via a different mechanism, i.e., the induction
of frame shift or bp mutations. When the Salmonella bac-
teria are exposed to a mutagen, new mutations at or near
the original histidine site can occur, restoring the gene's
function and allowing the cell to grow normally and form
colonies. Hence, the mutation reverts the cell to a pheno-
type that no longer requires exogenous histidine. The re-
vertant colonies are counted and compared with those
found in positive and negative controls. Guidelines for
conducting the assay are available.13 The number of re-
vertant colonies per plate is increased by exposure to mu-
tagenic agents, usually in a dose-dependent manner (210).
Additional cell strains have been developed to enhance
the sensitivity for a wide variety of substances. For exam-
ple, the (rfa) mutation has increased permeability to large
molecules such as benzo(a)pyrene; the uvrB mutation that
causes a break in a gene coding for DNA excision repair
and causes the bacteria to be biotin-dependent; and the
addition of the pKM101 plasmid that enhances error-
prone DNA repair (209). The use of appropriate controls
is critical because several of the strains commonly used
have a significant spontaneous reversion rate, which also
can change over time. Databases for reporting Ames test
and other genotoxicity assay results of chemicals with
different physico-chemical properties show that many
chemicals that are positive in the Ames test also exhibit
mutagenicity in other tests.

The Ames assay routinely incorporates the use of ro-
dent liver fractions to allow for metabolic activation of
test substances, because most mutagens require metabolic
activation before they can damage DNA (211). The rodent
liver fractions are called S9, because this is the fraction of
liver homogenates that contain the metabolic enzymes.

Ames data, reported as revertants per some unit mea-
sure, can be analyzed in different ways to determine if
there is a positive result (212). In one method, a simple
doubling of the number of revertants can be considered
positive, although this is an arbitrary cutoff and many
have questioned this method (212-214). The two-fold rule
can be changed to a three-fold rule for strains that
have high mutagenic background (212). Alternatively,
the slope of the linear portion of the dose-response curve
13 http://www.oecd.org/dataoecd/18/31/1948418.pdf
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can be determined and reported as revertants per some
unit measure (e.g., per milligram of tar), also known as
the specific activity (215). Relative potencies of different
products can be assessed by using the method of Margo-
lin and Kaplan that assesses competing effects on
mutagenicity and cytotoxicity (216). This method also
incorporates an assessment of plate-to-plate variability,
and so laboratory variation is considered. The most
commonly used method is the two-fold rule, and then
the method for assessing slopes of the linear region,
although the two-fold rule is considered less than ideal
(212). Various software are available to analyze Ames
data, including in the public domain (212).

The choice of the optimal Salmonella strain for Ames test-
ing is determined by the test substance, as different strains
have different sensitivities and specificities. Table 13 pro-
vides a summary of some available Salmonella strains and
their sensitivities, although other strains are available
(82, 210). Whether one strain is more sensitive to others
has not been systematically determined and so currently
the only useful information is a yes/no designation. For
TPM and CSC, the strain TA98 is frequently used for
primary screening because it is sensitive to the basic
and neutral fractions, which contain the heterocyclic
amines and aromatic amines that are the primary source
of mutagenicity in TPM and CSC (62). However, be-
cause of the added sensitivities of TA100, it is frequently
used in addition to TA98, and is sometimes better able
to distinguish different products (127). For STE, TA100
has shown more mutagenicity than TA98 (124, 217).

Newer and more reactive strains have been developed
to add additional information for the assessment of ciga-
rette smoke in the Ames assay, namely the YG1024,
YG1029, YG1041, and YG1042 strains (218-220). An Es-
cherichia coli strain also has been developed, because this
strain has an AT bp at the primary reversion site, but a
deficient excision repair system. Strains TA102, E. coli
WP2, and E. coli WP2(pKM101) are known to detect cer-
tain oxidizing mutagens, cross-linking agents, and hydra-
zines. When the nature of the materials being tested is
unknown, a battery of strains should be tested, as will
be the case for complex mixtures generated from newly
developed tobacco products.

The Organization for Economic and Cooperative De-
velopment14 has issued guidelines calling for at least five
strains of bacteria to be used.15 These should include at
least four strains of S. typhimurium (TA1535, TA1537 or
TA97a or TA97, TA98, and TA100). However, these strains
may not detect certain oxidizing mutagens, cross-linking
agents, and hydrazines, and so either E.coliWP2 strains or
S. typhimurium TA102 are included. Alternatively newer
YG strains might be used that include plasmids carrying
a nitroreductase gene (YG1021 and YG1026) sensitive to
nitroarenes or an O-acetyltransferase gene (YG1024 and
YG1029) sensitive to aromatic amines (210, 219-221).16

Ames assays have been widely applied to assess the
mutagenicity of TPM, CSC, WS, and GVP from cigarettes
16 http://tobaccodocuments.org/rjr/508352445-2461.html; http://www2.
tobaccodocuments.org/pm/2023949728-9741.pdf; http://www2.
tobaccodocuments.org/pm/2501133413-3424.pdf; http://legacy.library.
ucsf.edu/tid/mxa35d00
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with varying tar yields and cigarette designs, with many
positive results (Table 14). The Ames assay has been
useful for identifying unpredicted paradoxical effects.
For example, there is substantial data from internal tobac-
co company documents to show that increasing filter ven-
tilation, which decreases tar yields, actually increases
Ames mutagenicity on a per milligram of tar basis.17

There are several possible reasons for this, including lon-
ger burn time for the tobacco.17 In a published study,
there were more revertants per milligram tar and TPM,
but less in a per cigarette basis, for TA100 comparing
Marlboro Lights to Regulars, and the results for TA98
trended in the same directions (127). The Ames test also
has been used to identify the effects of various changes in
tobacco constituents that vary nitrogen concentrations,
where low-nitrogen cigarettes with a carbon filter are re-
ported to generate extracts with reduced mutagenicity
compared with a commercial blend with a carbon filter
(59). For low-nicotine cigarettes, reducing nicotine had
no effect on Ames mutagenicity (146). Published studies
from tobacco company laboratories indicate that flavor-
ings and casing ingredients do not affect mutagenicity
(72, 78, 132, 222, 223), although other internal company
documents indicate that others can and these generally
have not been incorporated into market products. WS
injected over the assay plates were able to mutate TA98
and TA100, in the presence of S9, but the vapor phase
was only able to induce a mutagenic signal in TA100,
YG1029, YG1042, and the E. coli strain WP2uvrApKM101
in the absence of S9 mix (82).

The impact of smoking machine protocols on the muta-
genic potential of cigarettes has also been studied. Roemer
et al. (139) reported that when the same cigarette was
smoked with the FTC and MDPH method, the more in-
tense MDPH protocol resulted in condensates that were
four times more mutagenic. DeMarini et al. (62) reported
similar results. However, Rickert, et al. (141) reported that
although intensive smoking HC conditions compared
with FTC conditions gave higher TPM yields on a per cig-
arette basis, the mutagenicity reduced when the results
were reported on a per unit TPM basis. This was likely
due to the reduced ventilation when 100% of the holes
are blocked for the HC method.

The Ames test has been used to investigate the mutage-
nicity of some PREPS. The Premiere cigarette, developed in
the 1980s, reportedly did not increase the number of rever-
tants in four different salmonella strains compared with
K1R4F, ultralight tar cigarettes and ultralight tar-menthol
cigarettes (163, 165). Eclipse cigarettes, which purportedly
heat tobacco instead of burning it, when smoked under
FTC conditions, were reported to have reducedmutagenic-
ity compared with conventional low-tar burning cigarettes
(61). Experiments comparing the mutagenicity of EHC
against other types of cigarettes reported that these had
lower mutagenicity than Marlboro lights and Marlboro
Ultra Lights (129), and that two prototypes of EHCs were
90% less mutagenic than conventional cigarettes (224).
Recent studies have indicated that TPM from Quest
low-nicotine cigarettes and nicotine-free cigarettes
17 http://tobaccodocuments.org/rjr/508352445-2461.html; http://www2.
tobaccodocuments.org/pm/2023949728-9741.pdf; http://www2.
tobaccodocuments.org/pm/2501133413-3424.pdf
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showed no statistical difference compared with the
2R4F reference cigarette (146).

ST products variably show genotoxicity in the Ames
assay. Early tests showed positive results in TA98 and
TA100 with extracts of chewing tobacco, but only after
treatment with nitrite under acidic conditions (119, 225)
and TA102 (119). Aqueous extracts of five ST products
were positive with TA100, and based on that study, it
seemed that TA98 was not sufficiently sensitive for ST
evaluations (124). However, in another study, both the
aqueous and methylene chloride extracts of Swedish snuff
was tested, and only the methylene chloride extract was
found to be mildly mutagenic in TA98, TA100, and
TA1537 (122). More recently, pouched and loose wet snuff
from typical U.S. brands, tobacco tablets, loose dry snuff
made with low-TSNA tobacco, and two types of ST pro-
ducts from India (gutkha and zarda) were tested in the
Ames assay using a DMSO extraction method (217). The
dose response curves for tests with TA100 with S9 activa-
tion had variable slopes that were statistically significant-
ly different depending on the analysis method; but even
for TA100, none met the two-fold rule, and there was no
response for TA98. Thus, it is unclear what the best meth-
ods are to assess STE.

Epigenetic Assays. Although most toxicologic effects in-
volving cancer pathways that are studied focus on muta-
genic and clastogenic end points, nongenotoxic
mechanisms also can be studied. The most frequently
used method assesses gap junction intercellular commu-
nication (GJIC). GJIC normally allows direct exchange of
small water soluble molecules and ions between the cyto-
plasm of one cell and that of its neighbors; GJIC plays an
important role in the regulation of cell growth, differenti-
ation, oncogenic transformation, hormone secretion, and
electrical coupling (226). With increased inhibition, it is
considered by analogy to reflect tumor promotion me-
chanisms in experimental animal tumor initiation-promo-
tion studies. Gap junctions are composed of a family of
transmembrane proteins called the connexins, and the
alignment of two compatible hemichannels forms the
complete gap junction channel between two adjacent
cells. Each hemichannel is a hexamer of connexins, com-
posed by either homomers or heteromers (226). Connex-
ins are suggested to be a family of tumor suppressor
genes and most tumor cells have a reduced GJIC ability,
suggesting the importance of intact GJIC in growth and
differentiation control. Gap junction functionality can be
assessed in vitro by direct measurement of the transfer
of small molecules from one cell to another, for example,
the transfer of fluorescent dyes between cells. Dye transfer
can then be directly visualized and measured by micros-
copy, although flow cytometry methods are increasingly
being used (226). This method has the advantage that a
large cell population can be analyzed rapidly, has higher
sensitivity, and the assay can evaluate the communication
between the same or different cell types. In this assay, donor
cells are labeled with Calcein AM, and recipient cells
labeled with another dye (that is not subject to transfer
through gap junctions) or not labeled. Donor cells are then
parachuted on top of the recipient cells and dye transfer can
be detected by flow cytometry (226). Although through-put
is increased with flow cytometry, this assay overall is not
particularly amenable to high throughput analysis.
2009;18(12). December 2009



Table 14. Summary of Ames test done with cigarette smoke

Strains Smoking conditions Cigarettes

TA98 and TA100 FTC European commercial cigarettes
TA98 and TA100 ISO; Corresta no. 10 Commercial nonfilter cigarettes of American blend
TA100 and TA1538 FTC 16 low-tar cigarettes from 1-10 mg tar

and a high-tar cigarette
TA98, TA100, TA1535, TA1537,
and TA1538

FTC or until complete
consumption of heat source

1R4F reference cigarette, commercial cigarettes
and cigarettes that heat but do not burn

TA98 and TA100 FTC 1R4F, regular cigarette that heat tobacco,
menthol cigarette that heat tobacco

TA98 and TA100 FTC K1R4F and 73 brand styles of U.S. market cigarettes

TA98, TA100, YG1021,
YG1024, YG1026, YG1029,
TA98NR, TA100-DNP6,
TA98-1,8-DNP6,
and TA100NR

N/A Commercial cigarettes

TA98, TA100, and TA1538 IARC 2R1

TA98, TA100, TA1535,
TA1537, and TA1538

FTC 1R4F, 1R5F, and a cigarette that heats
tobacco (TOB-HT)

TA98 FTC Commercial cigarettes and cigarettes with a novel
carbon filter with varying nitrogen contents

TA98 and TA100 FTC K1R4F Kentucky Reference Cigarette
TA98 and TA100 FTC Cigarettes of 100% Flue cured or 100% burley

tobacco with and without treatment for
protein removal

TA98 and TA100 FTC K1R4F, K1R5F and commercial cigarettes
with different tar yields

TA98 and TA100 Different temperatures 0.25 g tobacco tablets
TA98, TA100, TA102, TA1535,
and TA1537

ISO K1R4F, cigarettes with different casing materials,
flavorings and tobacco, including menthol

TA98 and TA100 FTC Standard commercial blend with and without honey

TA98 and TA100 FTC Freon or propane expanded tobacco blend
and reference cigarettes

TA98, TA100, TA102,
TA1535 and TA1537

ISO Typical U.S. blends with different casings
and flavoring

TA98 FTC, FTC intense (50/30/2),
HC and MDPH

Eclipse and commercial ultralights

TA98 and TA100 FTC Cigarettes containing increasing amounts
expanded shredded tobacco stems

TA98, TA100, TA1535,
TA1537, and TA102

ISO 1R4F or 2R4F, test cigarettes containing typical
commercial tobacco blend no additives with
cellulose acetate filters

TA98, TA100, TA1535,
TA1537, and TA102

ISO 1R4F or 2R4F, test cigarettes containing typical
commercial tobacco blend no additives with
cellulose acetate filters

TA98 and TA100 FTC Commercial cigarettes and test cigarettes with
different fructose corn syrup amounts

TA98, TA100, and TA1537 FTC 1R4F and 2R4F

TA98 and TA100 ISO (modified for cigars,
bidis, and pipe tobacco)

2R4F, five commercial cigarettes, two brands of cigars,
two brands of cigarillos, two brands of bidis, and
two brands of pipe tobacco

TA98 and TA100 ISO 2R4F

TA98 and TA100 ISO and HCI K1R4F, K1R5F, and Canadian Monitor

TA98 and TA100 FTC Standard American tobacco blend, three test
cigarettes with banded cigarette paper technologies
and control cigarette

TA1535, TA1537, TA1538,
TA98, TA100, TA102,
WP2uvrApKM101, YG1026,
YG1029, YG1042

ISO K2R4F and commercially available light and
ultralight cigarettes

(Continued on the following page)
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Table 14. Summary of Ames test done with cigarette smoke (Cont'd)

Analyte* Results Reference

CSC (Cambridge method) S9 treated with Aroclor 1254 mutagenic in both strains. De Ratt, WK 1979 (198)
CSC (Cold trap) None of the fractions induced an increase in revertants. Curvall, M 1985(66)
WS (Solvent trap) WS from light tar cigarettes were less mutagenic compared

with high tar cigarettes on a revertant/milligram basis.
Chortyk, OT 1990 (293)

TPM (Cambridge method) CSC from 1R4F, ULT and ULT-menthol: concentration-dependent
increase in revertant number with TA98, TA100, TA1537,
and TA1538 CSC from TEST cigarettes did not cause an
increase in the number of revertants

Doolittle, DJ 1990 (163)

MWS (Cambridge method) 1R4F induced dose-dependent mutagenicity, neither
regular or menthol cigarettes that heat tobacco were
mutagenic in TA98 or TA100

Lee, CK 1990 (282)

TPM (Cambridge method) No significant differences between the mutagenicity of
U.S. market brand cigarettes and K1R4F

Steele, RH 1995 (294)

CSC (Solvent trap) All strains showed dose-dependent response with S9.
Strains were ranked according to mutagenic response.

De Flora, S 1995 (291)

MS and CSC (DCM-eluted
glass fiber filter)

Dose-response observed. Probe hybridization showed
different frequencies of mutational events. Two or three
freeze thaw cycles did not significantly alter mutagenicity.

DeMarini, DM 1995 (295)

CSC (Cambridge method) 1R4F induced concentration-dependent increases in all
strains except TA1535. 1R5F induced concentration-dependent
increases in TA98, TA100, TA1538. TOB-HT negative.

Bombick, BR 1997 (60)

CSC (Cambridge method) Tobacco nitrogen content modified the mutagenicity
more than filter type

Bombick, DW 1997 (59)

CSC (Cambridge method) CSC was mutagenic in both TA98 and TA100 Putnam, KP 1999 (43)
TPM (Cambridge method) Reduced mutagenicity was observed in cigarettes treated

for protein removal in both strains
Clapp, WL 1999

CSC (Cambridge method) No statistical differences between full flavor
low tar and 1R4F. Ultra low tar more mutagenic than
1R5F on a revertant/cigarette basis.

Chepiga, TA 2000 (296)

N/A Mutagenicity increases as temperature increases from 400-550°C White, JL 2001 (297)
CSC (Glassimpaction trap) Dose-response increase observed with TA98, TA100

and TA1537, and TA98 and TA100, there were no statistically
significant differences among the test cigarettes

Roemer, E 2002 (72)

TPM (Cambridge method) No statistically significant differences in mutagenicity
were detected between test cigarettes

Stavanja, MS 2003 (223)

CSC (Cambridge method) Dose-dependent increase observed, no differences were
detected between test and reference cigarettes

Theophilus, EH 2003 (70)

CSC (Cambridge method) Addition of ingredients to test cigarettes did not
increase the mutagenic activity

Baker, RR 2004 (78)

CSC (Cambridge method) Mutagenicity of Eclipse CSC was statistically lower
than the other cigarettes for almost all comparisons

Foy, JW 2004 (61)

CSC (Cambridge method) Dose-dependent increase observed, no differences were
detected between test and reference cigarettes

Theophilus, EH 2004 (67)

CSC (Glass impaction) No significant increase in mutagenicity in licorice treated
cigarettes compared with control cigarettes

Carmines, EL 2005 (132)

CSC (Glass impaction) No significant increase in mutagenicity in glycerin treated
cigarettes compared with control cigarettes

Carmines, EL 2005 (131)

CSC (Cambridge method) Dose response increase in mutagenicity observed,
no difference with fructose

Stavanja, MS 2006 (140)

TPM (Cambridge method) No significant differences between 2R4F and 1R4F
with TA100 and TA1537, 2R4F mutagenicity was lower
than 1R4F by revertant/milligram tar basis in TA98

Counts, ME 2006 (130)

TPM (Cambridge method) Concentration-dependent response observed.
Air-cured products showed higher mutagenicity on a
revertant/milligram nicotine basis.

Rickert, WS 2007 (217)

WS and GVP
(Exposure chamber)

Dose-dependent increase observed, highest response
observed with 30% S9 activation. Flow rate and dilution
rate influenced mutagenicity.

Aufderheide, M 2007 (298)

TPM (Cambridge method),
CSC (Electrostatic
collection method)

No significant effect on TPM activity between CFP method
and ESP method. Specific activity of TPM prepared under
ISO is greater than that prepared under HCI

Rickert, WS 2007 (141)

CSC (Cambridge method) Slopes of control and test cigarettes were similar Theophilus, EH 2007 (68)

WS and GVP Dose response reported for WS and GVP Aufderheide, M
2008 (82)

(Continued on the following page)
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Table 14. Summary of Ames test done with cigarette smoke (Cont'd)

Strains Smoking conditions Cigarettes

TA98 and TA100 FTC Quest low-nicotine and nicotine-free cigarettes and 2R4F

TA98, TA100, TA1535, TA1537,
and TA102

ISO Research cigarettes consistent with American tobacco
blends with and without potassium sorbate, 2R4F

TA98 and TA1041 FTC, MDPH 2R4F, six commercial, and three experimental cigarettes
with single tobacco types

TA98, TA100, TA102,TA1537,
and TA1535

FTC/ISO, MDPH, HPP Two EHC prototypes, eight commercial cigarettes,
and K1R4F

TA98, TA100, TA102,
TA1535, TA1537

ISO 1R4F, three commercial cigarettes

TA98 and TA100 FTC Reference cigarette, test cigarettes with different levels
of DAP, urea and cut rolled expanded stems

TA98, TA100, TA102, TA1535,
and TA1537

ISO, HPP Two Marlboro brands, 2R4F, and EHC

TA98 and TA100 FTC Reference cigarette, commercial tobacco blend,
with and without cast sheets

TA98 & TA100 FTC with modifications
for tar production

1R5F, 2R4F, 2R1F

*TPM or CSC indicated as reported in publication, but actual method shown in parenthesis.
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Careful experimental design and the use of appropriate
controls are important concerns for the use of GJIC
assays. Many of these assays are highly sensitive to the
density and health of the cells, and the cytotoxicity of
the test materials can be an important confounding factor.
Another limitation is that nonspecific dye transfer may
occur, and it has been suggested that GJIC inhibitors be
used to verify that the measurable dye transfer occurred
through GJIC, although a specific blocker is not yet avail-
able (226, 227). It also should be noted that TPM and CSC
produces a fluorescent background and so the cells
should be thoroughly washed before flow cytometry
analysis; this problem can be minimized by the judicious
choice of fluorescent dyes. TPM and CSC have been
shown to inhibit GJIC using a variety of different cell
models (22, 50, 146, 228, 229). For example, dose-response
studies have been conducted in primary hamster tracheal
epithelial, and human and rat smooth muscle cells by
microinjection-dye transfer techniques (22, 229) and in hu-
man bronchial epithelial cells, coronary artery endothelial
cells, coronary artery smooth muscle cells, foreskin kera-
tinocytes, WB-344 rat liver epithelial cell lines, and MSU-2
human skin fibroblasts (50, 228).

PREPs have received little attention for GJIC analysis.
Using a flow cytometry–based GJIC assay, CSC prepared
from low-nicotine or nicotine-free cigarettes under FTC
conditions induced greater inhibition than that prepared
from the reference cigarettes in normal human bronchial
epithelial cells (146). Currently, there are no reports test-
ing the effects of STE on GJIC.

Emerging Technologies for In Vitro Toxicology. Recent
advances in the “omics” technologies have the ability to
yield substantially more information about cellular
changes and mechanisms relating to tobacco toxicant ex-
posure. These assays conceptually can provide better data
Cancer Epidemiol Biomarkers Prev
for extrapolation from the in vitro cell setting to humans
by providing precise information about how a cell does
and does not compare to human cells. Included in this
category are genome-wide assessments of mRNA expres-
sion (transcriptomics), microRNA (miRNA), protein ex-
pression (proteomics), epigenetic changes (epigenomics),
and small metabolites (metabolomics). Each of these
methods produces large data sets, some with hundreds
of thousands of data points. Given the vast amount of da-
ta that are generated, it is hoped that the comparison of
effects in in vitro and in vivo laboratory studies, and in hu-
mans will be possible by elucidating the similarities and
differences in these experimental systems. Also, combin-
ing technologies leads to a systems biology approach that
determines the simultaneous effects on multiple 'omics
levels so that particular pathways can be studied from
different dimensions. A particular strength of these ap-
proaches is the ability to identify or refine pathways for
cancer generally, and those affected by tobacco smoke in
particular. This could then lead to the discovery of new
toxicology assays. Because this is an emerging field, there
are few agreed upon methods and methodologic studies
for validation. Also the bioinformatic and biostatistical
methods widely vary and can provide different results
from the same data set. Complicating the assessments
further is that the techniques to assess any individual
'omics differ bymanufacturer, making laboratory compar-
isons difficult. Also, the determination of genes, proteins,
and metabolic pathways of importance is dependent on
somewhat arbitrary criteria, e.g., changes with >2-fold
effect and a specific level of statistical significance. Howev-
er, there could be other analytes with lower fold reductions
that might play important regulatory roles, and so a
smaller quantitative increase could have a greater biologi-
cal effect.
2009;18(12). December 2009



Table 14. Summary of Ames test done with cigarette smoke (Cont'd)

Analyte* Results Reference

CSC (Cambridge method) On a revertant/milligram TPM basis there was no statistical
difference in the dose-response slopes of the three CSCs in TA98.
TA100 produced similar data.

Chen, J 2008 (146)

TPM (Cambridge method),
GVP (Solvent trap)

Mutagenic response observed in TA98, TA100, and TA1537.
No difference between test and control cigarettes.

Gaworski, CL 2008 (133)

CSC (Cambridge method) All 10 CSCs were mutagenic in both strains; the low-tar
cigarette smoked under the MDPH intense conditions
was four times more mutagenic than the same cigarette
smoked with the FTC method on a revertant/μg CSC basis

DeMarini, DM 2008 (62)

TPM (Cambridge filters) Mutagenic activity of the EHC–AMP per milligram TPM
was more than 90% lower than that of conventional cigarettes.

Roemer, E 2008 (224)

TPM (Cambridge method) Differences reported for some strains on a per milligram
TPM and per cigarette basis

Patskan, GJ 2008 (127)

CSC (Cambridge method) Dose-response increase in mutagenicity observed,
no difference when reported on a revertant/milligram tar
or cigarette between reference and test CSC

Stavanja, MS 2008 (197)

TPM (Cambridge method) Mutagenic activity of the mainstream smoke condensate
from the EHC was lower than Marlboro brands

Werley, MS 2008 (129)

TPM (Cambridge method) TA98- No statistically significant differences seen
between the reference and test cigarettes on either
revertant/milligram tar or revertant/cigarette. TA100-
cigarettes containing 15% cast sheet showed significantly
higher mutagenicity on a revertant/cigarette basis
but not a revertant/milligram TPM basis.

Potts, RJ 2009 (84)

TPM (Glass fiber filter)
CSC (impaction trap)

TPM smoked according to FTC showed dose-dependent
increases, different cigarettes smoked to the same
TPM yield showed no significant differences

Roemer, E 2009 (274)
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But these genes, proteins, or metabolites could be over-
looked. The power of these types of large-scale assess-
ments comes from the identification of effects that have
an unknown or unclear biological significance. This also
makes the interpretation of data hypothesis generating,
rather than hypothesis testing. It is likely, however, that
applications and standardization of the various 'omics ap-
proaches will improve in the coming years.

mRNA Expression Arrays. Arrays for mRNA expres-
sion are widely available for the high throughput analysis
of transcripts with the ability to identify specific genes.
However, it is difficult to compare array data across lab-
oratories because of the lack of standardization in analysis
protocols, assay methods, statistic analyses, and differ-
ences among commercially available chips by sensitivity
and the number/choice of genes. Given these issues,
many journals require authors to include this information
in articles with microarray results, via the Minimum
Information About a Microarray Experiment checklist,
available at MGED Web site.15

Changes in gene expression array profiles induced by
CSC has been investigated in several studies (42, 48, 230).
For example, CSCs prepared from two commercial Amer-
ican cigarette brands under FTC smoking machine condi-
tions were shown to alter the expression of 3,700 genes in
cultured normal human bronchial epithelial cells, among
21,329 human genes available on the chip (230). Each con-
densate changed a unique subset of 1,000 genes, and the
authors found that treatment with S9 microsomes re-
sulted in additional changes, including for genes involved
in apoptosis, adhesion, and cellular proliferation. In an-
other report, a microarray containing 597 toxicologically
relevant human genes, studied in quadruplicate, was
used to assess the gene expression changes in cultured
human peripheral blood mononuclear cells treated by dif-
ferent concentrations of CSC, TSNAs, benzo(a)pyrene,
Cancer Epidemiol Biomarkers Prev
and 4-aminobiphenyl (42). The CSC treatment changed
the expression of 260 genes when t tests were applied
but without a P value adjustment for multiple compari-
sons; this was reduced to 56 genes with a stringent
Holm's P value adjustment. The CSC changed the expres-
sion of many more genes than the other three chemicals,
especially for those involved in immune or stress re-
sponses, and there were 16 genes differentially expressed
by all agents. In another report, using the Affymetrix HG-
U133A arrays that assess 22,000 annotated genes, 232
genes were changed in normal human epidermal kerati-
nocytes and three oral cell lines and strains in response to
CSC exposure, with 35 genes showing a >2-fold change
(P < 0.005; ref. 48). These genes were related to xenobiotic
metabolism, transport, transcription regulation, and sig-
nal transduction. The significantly increased expression
of five genes (CYP1A1, CYP1B1, AKR1C1, AKR1C3, and
AKR1B10) also was confirmed by real-time reverse tran-
scription-PCR. No expression microarray studies have
been published for STE.

There is growing attention about the role of miRNAs,
which are single-strandedRNAmolecules controlling gene
regulation and carcinogenesis. miRNAs are transcribed,
but not translated, and are complementary to mRNA mo-
lecules so that protein expression can be downregulated.
This recently discovered mechanism is thought to be im-
portant for human carcinogenesis and drug discovery. It
may also be that that this mechanism is targeted by chemi-
cals, e.g., affected bymutations inDNA affecting transcrip-
tion of the bases ofmiRNA.However, the effects of tobacco
smoke and ST on miRNA have not been studied.

Proteomics. With the extensive development of protein
separation, mass spectrometry, and bioinformatics tech-
nologies, proteomics-based techniques are now applicable
for conducting toxicology studies for simultaneous
changes to a large number of proteins. Proteomics may
give a better understanding of an organism's response
2009;18(12). December 2009
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to toxic exposures than transcriptomics, because not all
transcripts are translated into proteins and proteins can
be modified and activated after translation. Approaches
for identifying protein markers can be categorized into
two principle methodologies: mass spectrometer–based
methods and antibody array–based methods. The most
commonly used mass spectrometer–based proteomics
methods, and their advantages and limitations, were re-
cently reviewed (231-233). TPM prepared from reference
2R4F cigarettes under FTC smoking conditions affected
1,677 unique peptide sequences in the culture superna-
tants secreted from human microvascular endothelial cells
treated using nano-liquid chromatography coupled with
high-resolution mass spectrometry (234). Some proteins
were significantly differentially expressed, which relate
to development, metabolism, communication, and re-
sponse to stimulus and stress. Other than this study, pro-
teomic approaches have not been used for conducting
tobacco toxicology studies, and no proteomic assays have
been identified for STE.

Metabolomics. Metabolomics is among the newest
'omic approaches that provides information about the
metabolic status of living systems. It therefore became
an important component of systems biology, whereby
data can be analyzed in the context of genomics, transcrip-
tomics, and proteomics (235-238). Currently available
technologies allow for determining the global metabolic
profile (a.k.a., the metabolome) by detecting 1,000s of
small and large molecules in various media from cell cul-
tures to human biological fluids (235, 238-240). The meta-
bolome consists of metabolic substrates and products,
lipids, sugars, small peptides, foreign chemicals (e.g.,
medicines, toxins, and carcinogens), vitamins and nutri-
ents, and protein cofactors. Therefore, metabolomics
provides phenotypic information about the cell's envi-
ronment and mechanistic pathways that genomics and
transcriptomics do not. Metabolomics can be done using
various chemical separation techniques (e.g., liquid or gas
chromatography or electrochemical array) and then de-
tection and quantitation using nuclear magnetic reso-
nance or mass spectrometry. Metabolomic profiling is
inexpensive.

There are generally two strategies for conducting meta-
bolomics studies. One is to conduct a targeted study,
where quantitative analysis for specific compounds in
various pathways is determined. The other is metabolic
profiling, where “fingerprints” of the metabolome are de-
termined to identify new compounds, study multiple
pathways, and identify compounds for further study.
The potential for metabolomics to study carcinogen and
complex human chemical exposures is great (239). Con-
ceptually, numerous tobacco smoke constituents and me-
tabolites can be detected, quantitated, and identified. As a
proof of principle using transgenic mice with knockouts
for the metabolizing gene CYP1A2, and mice with the
humanized CYP1A2 gene, the metabolic profile has been
determined for the ubiquitous dietary carcinogen 2-amino-
1-methyl-6-phenylimidazo[4,5-b]pyridine (241), revealing
17 urinary metabolites, 8 of which were novel (241).
Another example is the detection of the metabolic profil-
ing changes in radiation-exposed TK6 and fibroblast cells,
where treated cells had significantly depleted metabolites
relating to oxidative stress and DNA repair pathways
Cancer Epidemiol Biomarkers Prev
(242). To date, we are not aware of metabolomic toxicol-
ogy investigations for cigarette smoker or ST.

Choice of Cell Type and Culture Conditions for Toxicology
Studies. The types of cells used for in vitro toxicology test-
ing vary greatly from bacterial strains and mammalian
immortalized cells to human primary cell cultures. The
choice of cell model has many considerations, including
the ability to manipulate the cell (e.g., genetically modify
them), procurement (e.g., commercial or private availabil-
ity, and primary strains for humans require surgical tis-
sues or biopsies), replication rates (e.g., faster replicating
cells are easier to work with, but the metabolic mechan-
isms may be very different than in the in vivo state), sen-
sitivity and specificity to the test substance, stability of
cell lines (a cell line in one laboratory may be phenotyp-
ically different from cells with the same name in another
laboratory), and culture conditions (loss of function and
phenotype change may occur in primary culture; refs.
208, 243). For some assays, for example those that require
cells to be arrested in mitosis (22), a rapid proliferation
rate is required, and so this is limited to lymphocytes in
humans, some mammalian strains, and immortalized cell
lines (e.g., CHO cells). Also, the metabolites formed from
endogenous enzymes might be different for humans and
other cell models, and so these differences might hinder
accurate interpretations (28).

Conceptually, the cells that come from humans would
be the most informative to screen changes in tobacco pro-
ducts and smoke. It is possible to develop assays from
primary cell cultures from blood and target organs, such
as normal human bronchial epithelial cells or normal oral
keratinocytes (146, 162, 244). Obtaining fresh tissue to
develop normal cell primary cultures from human sub-
jects can be challenging for investigators without clinical
collaborations, but currently, normal human bronchial
epithelial cells, bronchial smooth muscle cells, oral kerati-
nocytes, and hepatocytes are available commercially from
several sources. A possible limitation for using primary
human cell cultures, or cell lines derived from a single
person, is that there is wide interindividual variation
among humans for essentially all cellular functions, so
that studying a cell strain from only one individual might
not yield the same results for cells from other people
(245-249). However, this human diversity also is a
strength for inferring human responses when strains
are tested simultaneously from different individuals.
Thus, there should be consideration to using cell strains
from several humans so that a range of in vitro toxico-
logic response can be offered. How the sensitivities
and specificities of cell lines and human cell strains com-
pare has not been well tested. Recent studies comparing
CAs in CHO cells and in cultured human lymphocytes
showed that the test substances were more commonly
positive in the CHO cells than the human cells (184).
This indicates that the former may be overly sensitive
to predicting genotoxic effects in humans. Given that im-
mortalized cell lines have various genetic defects that al-
low for immortalization, this is likely to be the case for
other comparisons.

Normal human primary cells have been successfully
used for tobacco research, such as for cytotoxicity (23,
48, 50, 105, 144, 146, 155, 162), cell cycle analysis, apopto-
sis (114, 146) and oxidative stress (250), GJIC (22, 50, 146),
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and Comet (146). Some assays, such as GJIC and apopto-
sis can only be done at very early passage of the primary
culture, making widespread applicability more difficult.
Cultured lymphocytes are frequently used to assess CA,
Comet, and SCE (66, 251, 252).

Immortalized normal human cell lines have been
established for the use in toxicology studies, such as the
immortalized human oral keratinocytes (253), the bron-
chial epithelial cell BEAS-2b (90), and the EBV-immortal-
ized lymphoblast (254), but the rapid proliferation rates
and other changes can provide very different results that
must therefore be interpreted with caution (253, 255). It
also is possible to establish in vitro toxicology assays from
human tumor cell lines, and these lines are often easy to
study, but their rapid proliferation rates and other genetic
abnormalities also can provide different results from
normal human primary cells. Cell lines transfected with
cytochrome P450 genes to enhance carcinogen metabo-
lism have been developed and can also be a good model
to study the role of P450 metabolism in the toxicity of
cigarette smoke (98, 256). This obviates the need for
adding S9 metabolic enzymes and provides some level
of specificity for a class of toxins within the test substrate.
Cells have been transfected with specific cytochrome
P450s, such as CYP3A4,CYP2E1, CYP1A1,CYP1A2,
and CYP2A6 (257). Although these assays can focus
metabolic assessments and implicate specific mechanisms
through cytochrome P450s, the relation to the in vivo set-
ting is unclear because a number of cytochrome P450s can
be induced or inhibited by cigarette smoke (258).

Among the most commonly used cell lines from non-
human sources are immortalized from experimental ani-
mals, especially the CHO cells. The advantages of this cell
line are that the protocols for SCE, CA, and neutral red
assays are well established and that this cell line has
shown sensitivity in detecting cigarette smoke–related
toxicity. Other cell lines that are available are the Syrian
hamster embryo, Chinese hamster lung, and the mouse
lymphoma lines. Recently, a transgenic big blue mouse
cell line has become available for genotoxicity testing
(259). The disadvantages of immortalized cell lines are
that their changes in cell function, metabolism, and genet-
ic makeup may provide different results from normal pri-
mary cell cultures or false-positive results. In a report of
an recent European Centre for the Validation of Alterna-
tive Methods workshop, cell lines such as the CHO cells
and mouse lymphoma TK cells were found to have a high
false-positive rate (low specificity; refs. 208, 260). The rea-
son for this is that these cells have certain characteristics
making them prone to DNA damage, such as altered p53
status, chromosome instability, and DNA repair deficien-
cies (208). To reduce false positives in genotoxicity tests, it
is recommended to use the cell systems that are p53 and
DNA repair proficient, have defined phase 1 and phase 2
metabolism and a broad set of enzyme forms, and can be
used within the appropriately set limits of concentration
and cytotoxicity (208).

Effects on Toxicology Studies for TPM/CSC Generated by
Different Machine Smoking Conditions. Smoking machine
puff profiles can affect toxicology results because they al-
ter how the tobacco burns. Foy and coworkers (61) tested
ultralight cigarettes and Eclipse with a variety of toxicol-
ogy assays and used different smoking machine regi-
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mens. Tar yields and toxicity increased with increasing
puff volume and frequency, except for the HC method
that also has 100% ventilation hole blocking. Ames mu-
tagenicity followed similar patterns. Rickert and cowor-
kers (141, 217) compared cytotoxicity and mutagenicity
between CSCs generated by the ISO and HC methods.
They reported that although the more intensive HC
smoking conditions gave higher mainstream TPM yields
on a per cigarette basis, the CSC from three reference ci-
garettes generated under ISO conditions were more cy-
totoxic and more mutagenic than those generated under
the HC conditions, when the results were reported on a
per milligram TPM basis, likely due to the effects of in-
creased ventilation (217). Similarly, Roemer and cowor-
kers (139) reported that cytotoxicity by the neutral red
assay and mutagenicity using both mainstream TPM
and the GVP were higher for eight commercial cigar-
ettes, three reference cigarettes, and one prototype ciga-
rette smoked under MDPH conditions compared with
FTC/ISO conditions, on a per cigarette basis, but the op-
posite effects were reported on a per milligram TPM ba-
sis. In a study using the MLA, TPM generated under
FTC and MDPH smoking conditions did not indicate
statistically significant differences in the mutagenic activ-
ity between the two sets of smoking conditions on a per
milligram TPM (205). Thus, although the studies indicate
that there are differences among these smoking protocols,
it is unclear from the published literature if these differ-
ences are due to puff volume, puff frequency, or ventila-
tion. Internal tobacco company documents indicate that
all of these have an effect, where in addition to increased
ventilation and increasing mutagenicity per milligram
of tar as discussed above, changing puff volume and
puff frequency affects mutagenicity.16 Foy and coworkers
simultaneously assessed increased puff volume and puff
frequency without changing ventilation on cytotoxicity
and mutagenicity (61). They reported that there was
little difference on a per milligram TPM basis, but
was increased on a per cigarette basis for mutagenicity,
and no change for cytotoxicity for either reporting
method.
Discussion

In vitro toxicology assays have been extensively used over
several decades to assess the biological effects of chemical
exposures in general, and for cigarette smoke in particular.
The effects of STEs have been less thoroughly investigated.
The most commonly used assays have differing mode of
actions, assessing effects on cytotoxicity, proliferation, cell
cycle control, genotoxicity, and epigenetic effects. TPM,
CSC, and STE can be used as test substances, often with
the addition of metabolizing enzymes. Cell models that
have been used range from yeast and bacteria to primary
human cell strains. Most smoking machine protocols used
for toxicology studies are limited to the FTC regimen, and
it is unkown how TPM or CSC can provide different tox-
icological results. Different extraction methods have not
been sufficiently tested for ST. Intuitively, the assessment
of tobacco products will need a battery of assays that as-
sess different modes of action with several smoking ma-
chine protocols, but specific recommendations for this
cannot be made at this time; such a battery will need to
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be developed using validated assays for the assessment of
tobacco product comparisons.

Extrapolating In vitro Toxicologic Studies to
Experimental Animals and Humans. In vitro toxicologic
analyses have been developed for two primary purposes,
which are to screen for chemical exposures that might
cause disease in humans, and to test hypotheses about
mechanisms of disease etiology. For tobacco product de-
sign changes, product comparisons have been done, but is
almost a unique application. Generally, toxicology assays
provide little information about toxic potency of test sub-
stances because the results may be particular to the test
system. Moreover, they are not designed to compare rel-
ative toxic potencies, but rather were developed with high
sensitivity and low specificity for detecting harmful
signals (149). For example, it is known that in vitro tests
frequently yield false-positive results compared with
in vivo animal studies (28, 29, 185). Although in some reg-
ulatory contexts, dose-response effects are considered in
the context of potency (261), there has only been limited
study for tobacco products. DeMarini and coworkers (24)
recently assessed the relative potency of CSC from differ-
ent cigarettes and found that the relative ranking of tox-
icity by the type of assay was highly variable.

The extrapolation of in vitro toxicology data to human
risk is complicated. Some of the reasons for this include
the use of cells and modes of action where: (a) the mode
of action and/or metabolic conditions in the cell culture
model may not exist in humans; (b) chemicals may exert
Cancer Epidemiol Biomarkers Prev
their carcinogenic effects in humans via nongenotoxic
mechanisms for which there are very limited toxicology
assays; (c) many cell models have mutations and in-
creased cell proliferation that are not present in normal
human cells; (d) many cell models do not have cellular
processes that are present in humans (e.g., DNA repair
or detoxification pathways); and (d) the effects in cell
cultures and humans occur at different levels of ex-
posure (27, 29). Another important limitation is that
toxicology assays assess short-term exposures and im-
mediate effects, whereas cancer develops in humans
over a long exposure and latency period. Omics ap-
proach have an appeal because cellular changes can be
assessed at lower levels of exposures in human cell
strains at early time points without too much perturba-
tion of normal cell function.

To assess the extrapolation potential from the in vitro
setting to human cancer risk, studies generally consider
several steps separately, namely how predictive are
in vitro tests of in vivo animal tumorigenesis studies, and
then in vivo studies to human risk. In vitro models that
provide positive results for genotoxic damage best predict
tumorigenesis outcomes in experimental animal studies
qualitatively, or semiquantitatively (29). But, a negative
result in an in vitro toxicology study is less reliable (262,
263). For example, mutations found in the Ames test pre-
dicted carcinogenicity in laboratory animals with only a
47.5% sensitivity and an 88% specificity, and genotoxic
carcinogens were more likely to be rodent carcinogens,
but many rodent carcinogens are nongenotoxic (264).
Figure 1. Proposed algorithm for using a toxicologic battery. 1This algorithm only applies to in vitro toxicology testing, and it is
assumed that other studies will be done assessing the physical design and chemical analyses. 2Choice of assays may be informed by
smoke chemistry testing.
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Some studies suggest that consideration of multiple as-
says yields greater predictivity (265), but only if these
compounds are mutagenic, which of course is the case
for many, but not all, tobacco smoke and ST constituents
(265-268). Chemicals that do not react with DNA and are
nonmutagenic are carcinogenic in experimental animals
<5% of the time.

Developing Batteries of Testing and Interpretations
for Assessing Tobacco Products. A battery of assays is
needed to assess tobacco product changes because no
single assay can detect all genotoxic or nongenotoxic
compounds (28). If in vitro toxicology tests become suf-
ficiently sensitive to report relative potency, then this
could be done with a higher level of confidence to assess
tobacco product design changes. To do this, there are
several considerations that need to be made about the
individual assays within a battery, namely (a) reproduc-
ibility, (b) level of cytotoxicity that may confound assay
results, (c) number of pathways under study and if these
represent both genotoxic and nongenotoxic mechanisms,
and (d) how the results compare to prior assessments
(e.g., quantitative levels).

The sensitivity and specificity of batteries for compar-
ing tobacco products is dependent on a number of factors
in addition to the choice of particular assays. These relate
to how they are interpreted when integrating the data,
which can lead to a false negative or positive conclusion,
e.g., a compound is considered to be genotoxic or more
genotoxic when any result for a single assay within a bat-
tery is positive, rather than if a compound is considered
genotoxic only when several assays are positive (207). For
example, when assessing combinations of 4 genotoxic
tests, Kirkland and coworkers (207) showed that for 202
animal carcinogens, a sensitivity value ranged from 46.3%
to 92.6%, depending on if one, two, or three assays were
positive, but the specificity for the battery to be negative
for 96 noncarcinogens was low, especially if the evalua-
tion criteria included only some of the tests being posi-
tive. In a recent review about tobacco products by
DeMarini et al. (24), it was concluded that the Ames test-
ing and the Comet assay provided sufficient data qualita-
tively in a combined assessment, where micronucleus,
MLA, and CA had no additional value. However, in that
article, the assays provided different relative potencies
and how this would impact the assessment of a tobacco
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product design change was not considered. Recommen-
dations for non-tobacco chemical and medication assess-
ments have been made, which might be useful to inform a
process for tobacco, although relative potencies are not a
consideration. The International Conference on Harmoni-
zation of Technical Requirements issued a useful guid-
ance for in vitro assessments of medications that can
inform tobacco studies (269). The battery recommended
by them is (a) a test for gene mutation in bacteria, (b) an
in vitro test with cytogenetic evaluation of chromosomal
damage with mammalian cells or an in vitro mouse lym-
phoma tk assay, and (c) an in vivo test for chromosomal
damage using rodent hematopoietic cells (the latter
in vivo mutation assays are not reviewed herein). How-
ever, this battery, as described above, is overly sensitive and
have reduced specificity. Other recommended batteries
require as many as six assays, such as by the European
Scientific Committee on Cosmetics and Non-Food Pro-
ducts, although the basis for the recommendation for
six assays versus some other number is not clear (207).
For tobacco studies, a CORESTA In vitro Toxicology Task
Force in 2002 provided guidelines to the tobacco industry
for product stewardship (62). The recommended tests in-
cluded the Ames assay, MLA, micronucleus or CA, and
theneutral red uptake assay. However, for any of these
batteries, an important aspect of developing a battery of
in vitro tests is to develop standardized methods to apply
those assays, which have been recommended in a variety
of regulatory contexts (207).

An algorithm would need to be developed for the
interpretation of a battery of in vitro tests for tobacco
product toxicity. The goal of the algorithm would be
to identify concerns that would preclude human testing,
allow for the choice of experimental animal models
based on mechanistic data identified from the batteries,
and ultimately inform human testing and the choice of
biomarkers based on modes of action (e.g., specific gen-
otoxic mechanisms). The decision process following the
testing can occur in one of several ways, as previously
described (29, 270). However, there would be a funda-
mental difference for tobacco products compared with
previously developed algorithms, because one tobacco
product would be compared with another, and the bat-
teries would be repeated through an iterative process
where a product would be tested under arbitrary smok-
ing machine conditions before human testing, and then
Table 15. Criteria for validating an assay
Criteria
 Explanation
Sensitivity
 This is the limit of detection for the assay that is
reproducible. Often it includes 95% confidence intervals.
Specificity
 This is a measure of how accurate the test is for quantifying a result. For example,
if there are interfering substances or multiple contributors to the mode of action
result due to test conditions, then the specificity is reduced.
Precision
 This is measure of reproducibility. For example, does the assay results
similar on different days. Often this is reported as a coefficient of variation.
Accuracy
 This is a measure of how close the results are compared with some
known true value, assuming that this can be determined.
Ruggedness
 This is another measure of reproducibility, but includes as assessment
of results by different technicians, machines, columns, etc.
Linearity
 This is a measure of the dose responsiveness of the assay. For example,
it assesses the performance of an assay over a range of exposures
that overlap the expected range of exposure for a particular test
condition. Linearity tends to decrease off at the high and low end of exposures.
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again under human smoking conditions. For example, if
the smokers' actual use of a product results in very dif-
ferent puff profiles than originally tested, then the bat-
tery would be repeated and include the generation of
CSC, TPM, WS, and GVP under those conditions. The
decision tree would be based on a safety assessment fo-
cused on whether the new design is more toxic than the
comparator (e.g., the original design, a conventional
product, or a PREP). An increase in toxicity could lead
to the abandonment of the product design or additional
animal testing to provide a basis for continuing the
product design change. In the latter case, the experi-
mental animal studies would provide evidence for
why the in vitro results would not be predictably im-
portant for mammalian and human risk. Fig. 1 provides
a framework for assessing in vitro batteries that indi-
cates increasing levels of concern based on assay results
and interpretations, including structure activity relation-
ships and weight of evidence, as suggested by Thybaud
and coworkers (29). For tobacco product design
changes, the algorithm would include comparisons to
other products, and increasing concerns would lead to
abandoning the design. It also is assumed that there
will be other studies that include physical design anal-
ysis and chemical analyses.

Proposed Criteria for Assay Validation. Validation of
an assay can mean different things to different people.
There are generally two types of validation. The first is
for validation of an assay from a laboratory perspective
and is quantitative, e.g., sensitivity, specificity, precision,
accuracy, ruggedness, and linearity (dose response). The
second type of validation refers to relevance, namely
how informative is the assay from a biological perspective.

Table 15 indicates various criteria to consider for lab-
oratory validation. To assist with precision and rugged-
ness, controls that do not vary over time due to storage
or handling conditions are needed (e.g., Kentucky refer-
ence cigarettes and smokeless tobacco products, chemi-
cal standards, and solvent carriers). The type and
number of positive and negative controls used for each
assay to determine if the assay is still performing in
accordance with the above assessments must be deter-
mined. Also, there should be quality control and assur-
ance methods for ensuring that the laboratory staff are
properly trained and are conducting the assays accord-
ing to specified protocols (ruggedness). Ultimately, a
validated assay from a laboratory perspective should
provide similar results for different laboratories. Thus,
interlaboratory comparisons also need to be conducted
to validate an assay.

The second type of validation refers to the biological
relevance of the assay predictivity and the interpretation
of the assay. For most contexts and uses of in vitro
toxicology assays, this is qualitative analysis, but for
comparing tobacco products, it would also include a
quantitative assessment. This process will consider if
the assay accurately represents a mode of action that
would be present in humans, if there are confounding
variables that affect the results, and how useful are the
results for conducting weight-of-evidence decisions. The
assessment is mostly qualitative or intuitive because
the types of studies needed to show predictivity, e.g.,
extrapolation of changes in results from in vitro cell
Cancer Epidemiol Biomarkers Prev
culture studies to human cancer risk, cannot be scientif-
ically studied.

Research Gaps. Toxicologic analyses of cigarette smoke
and ST provide a basis for assessing how tobacco product
design changes might adversely impact tobacco users.
The available assays assess different modes of action,
but each assay presents methodologic challenges and lim-
itations for interpretation. Although a battery of tests that
can provide complementary data is needed, which tests
will be the most informative and how to interpret the re-
sults of a battery are unknown. An important limitation in
the available assays is the lack of validation to assess
relative potencies of tobacco products. Thus, the applica-
tion of in vitro assays for the assessment of cigarette or
ST product design changes, such as for PREPs, is insuf-
ficiently developed. There are many research gaps that
exist for the evaluation of tobacco product toxicological
effects. Although this review has identified numerous re-
search gaps for both cigarette smoke and ST, the major
ones include the following:

• The lack of sufficiently validated and sensitive

in vitro toxicology assays representing a range of
modes of action;

• What constitutes the best battery of assays and how
to interpret them, including the weighting of assays
with different modes of action and reporting of re-
sults on a per milligram of tar or ST, per cigarette,
or per milligram of nicotine basis;

• What criteria define a validated toxicology assay;
• Whether human cells (primary cultures, genetically

engineered cells, or immortalized cells) provide for
better sensitivity and specificity for assessing relative
potency compared with the commonly used non-
human and nonmammalian cell assays;

• What are the best ways to mimic human smoking
behavior in the laboratory, e.g., use of smoking
machine puff profiles for smoking and WS models
rather than TPM or CSC;

• Are available assays sufficient to detect changes in
unknown toxicity, or are additional assays needed;

• What are the interactions of different chemicals in
the complex mixtures of cigarette smoke or STE
(e.g., additive, synergistic, and antagonistic effects);
and

• Are newer technologies, such as the 'omics assess-
ment, more informative then currently available
assays, and can these technologies better inform
how an in vitro assay might be similar or different
compared with human responses.

Perspectives. The tobacco industry regularly makes
product design changes to their currently marketed pro-
ducts and are developing PREPs with novel designs. Reg-
ulatory authority over tobacco products has recently been
given to the Food and Drug Administration, which in-
cludes the mandate to evaluate manufacturers' claims,
and the authority to mandate performance standards for
smoke emissions and exposure. In vitro toxicology meth-
ods will be needed to evaluate the impact of these in the
context of safety evaluations and ensuring that new pro-
ducts are not more toxic than existing products. But there
is limited information about how to compare products
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with in vitro assays and interpret results in the context of
both performance standards and health claims. Although
the concept of harm reduction for tobacco products is fea-
sible, significant research is needed to develop the labora-
tory methods to assess changes in specific modes of action
and inform decisions about human studies and human
cancer risk.

Disclosure of Potential Conflicts of Interest
P.G. Shields serves as an expert witness in tobacco litigation cases
on behalf of plaintiffs. The other authors disclosed no potential
conflicts of interest.
Acknowledgments
We thank Dr. Harvey Clewell (The Hamner Institutes for Health
Sciences, Research Triangle Park, NC) for his advice on this
manuscript.
References
1. International Agency for research on cancer. Tobacco smoke and

involuntary smoking. IARC Monographs on the Evaluation of Car-
cinogenic Risks to Humans. 83rd ed Lyon (France): IARC; 2004.

2. Mackay J, Eriksen M. Tobacco Atlas. 2002.
3. Smith CJ, Hansch C. The relative toxicity of compounds in main-

stream cigarette smoke condensate. Food Chem Toxicol 2000;38:
637–46.

4. Hoffmann D, Djordjevic MV, Hoffmann I. The changing cigarette.
Prev Med 1997;26:427–34.

5. Fowles J, Dybing E. Application of toxicological risk assessment prin-
ciples to the chemical constituents of cigarette smoke. Tob Control
2003;12:424–30.

6. Office on Smoking and Health. The Health Consequences of Smoking:
A Report of the Surgeon General. 2004.

7. Stratton K, Shetty P, Wallace R, Bondurant S (editors). Clearing the
smoke: the science base for tobacco harm reduction–executive summa-
ry. Tob Control 2001;10:189–95.

8. Warner KE. Tobacco harm reduction: promise and perils. Nicotine Tob
Res 2002;4:S61–71.

9. Zeller M, Hatsukami D. The Strategic Dialogue on Tobacco Harm
Reduction: a vision and blueprint for action in the US. Tob Control
2009;18:324–32.

10. Britton J. Smokeless tobacco: friend or foe? Addiction 2003;98:1197–207.
11. Ramstrom L. Snus: part of the problem or part of the solution? Addic-

tion 2003;98:1198–9.
12. Fagerstrom KO, Schildt EB. Should the European Union lift the ban

on snus? Evidence from the Swedish experience. Addiction 2003;98:
1191–5.

13. Pierce JP. Harm reduction or harm maintenance. Nicotine Tob Res
2002;4:S53–54.

14. Fox BJ, Cohen JE. Tobacco harm reduction: a call to address the ethical
dilemmas. Nicotine Tob Res 2002;4:S81–87.

15. Hatsukami DK, Slade J, Benowitz NL, et al. Reducing tobacco
harm: research challenges and issues. Nicotine Tob Res 2002;4:
S89–101.

16. Gartner CE, Hall WD, Chapman S, Freeman B. Should the health com-
munity promote smokeless tobacco (snus) as a harm reduction mea-
sure? PLoS Med 2007;4:e185.

17. Foulds J, Kozlowski L. Snus–what should the public-health response
be? Lancet 2007;369:1976–8.

18. Scientific Advisory Committee on Tobacco Product Regulation.
Statement of Principles Guiding the Evaluation of New or Modified
Tobacco Products. Geneva, Switzerland: World Health Organization,
2002.

19. Andreoli C, Gigante D, Nunziata A. A review of in vitro methods to
assess the biological activity of tobacco smoke with the aim of reduc-
ing the toxicity of smoke. Toxicol In vitro 2003;17:587–94.

20. Eisenbrand G, Pool-Zobel B, Baker V, et al. Methods of in vitro toxicol-
ogy. Food Chem Toxicol 2002;40:193–236.

21. Narayan S, Jaiswal AS, Kang D, et al. Cigarette smoke condensate-
induced transformation of normal human breast epithelial cells
in vitro. Oncogene 2004;23:5880–9.

22. Rutten AA, Jongen WM, de Haan LH, Hendriksen EG, Koeman JH.
Cancer Epidemiol Biomarkers Prev
Effect of retinol and cigarette-smoke condensate on dye-coupled inter-
cellular communication between hamster tracheal epithelial cells.
Carcinogenesis 1988;9:315–20.

23. Willey JC, Grafstrom RC, Moser CE, Jr., et al. Biochemical and mor-
phological effects of cigarette smoke condensate and its fractions on
normal human bronchial epithelial cells in vitro. Cancer Res 1987;47:
2045–9.

24. DeMarini DM. Genotoxicity of tobacco smoke and tobacco smoke con-
densate: a review. Mutat Res 2004;567:447–74.

25. Rodu B, Jansson C. Smokeless tobacco and oral cancer: a review of the
risks and determinants. Crit Rev Oral Biol Med 2004;15:252–63.

26. Warnakulasuriya KA, Ralhan R. Clinical, pathological, cellular and
molecular lesions caused by oral smokeless tobacco–a review. J Oral
Pathol Med 2007;36:63–77.

27. Kirkland DJ, Aardema M, Banduhn N, et al. In vitro approaches
to develop weight of evidence (WoE) and mode of action (MoA)
discussions with positive in vitro genotoxicity results. Mutagenesis
2007;22:161–75.

28. Kirkland DJ, Hayashi M, Jacobson-Kram D, et al. Summary of major
conclusions from the 4th IWGT, San Francisco, 9-10 September, 2005.
Mutat Res 2007;627:5–9.

29. Thybaud V, Aardema M, Clements J, et al. Strategy for genotoxicity
testing: hazard identification and risk assessment in relation to in vitro
testing. Mutat Res 2007;627:41–58.

30. National Cancer Institute. The FTC Cigarette Test Method for
Determining Tar, Nicotine, and Carbon Monoxide Yields of U.S.
Cigarettes: Monograph 7. 1996, Report No.: Mongraph 7.

31. Bradford JA, Harlan WR, Hanmer HR. Nature of cigarette smoke:
technique of experimental smoking. Indus Eng Chem 1936;836–9.

32. NCI Expert Committee. Risk Associated with Smoking Cigarettes
with Low Machine-Measured Yields of Tar and Nicotine. 2001 Oct
13, Report No.: Monograph 13.

33. Djordjevic MV, Stellman SD, Zang E. Doses of nicotine and lung car-
cinogens delivered to cigarette smokers. J Natl Cancer Inst 2000;92:
106–11.

34. Melikian AA, Djordjevic MV, Hosey J, et al. Gender differences rela-
tive to smoking behavior and emissions of toxins from mainstream
cigarette smoke. Nicotine Tob Res 2007;9:377–87.

35. Djordjevic MV, Fan J, Ferguson S, Hoffmann D. Self-regulation of
smoking intensity. Smoke yields of the low-nicotine, low-'tar' cigar-
ettes. Carcinogenesis 1995;16:2015–21.

36. Melikian AA, Djordjevic MV, Chen S, Richie J, Jr., Stellman SD. Effect
of delivered dosage of cigarette smoke toxins on the levels of urinary
biomarkers of exposure. Cancer Epidemiol Biomarkers Prev 2007;16:
1408–15.

37. Burns DM, Dybing E, Gray N, et al. Mandated lowering of toxicants
in cigarette smoke: a description of the World Health Organization
TobReg proposal. Tob Control 2008;17:132–41.

38. WHO Study Group on Tobacco Product Regulation. The Scientific
Basis of Tobacco Product Regulation. Geneva (Switzerland): World
Health Organization; 2008.

39. Marian C, O'Connor RJ, Djordjevic MV, et al. Reconciling human
smoking behavior and machine smoking patterns: implications for un-
derstanding smoking behavior and the impact on laboratory studies.
Cancer Epidemiol Biomarkers Prev 2009;18:3305–20.

40. ISO Standard 3308. ISO 3308:2000, Routine Analytical Cigarette-
Smoking Machine—Definitions and Standard Conditions. Geneva
(Switzerland): International Organization for Standardization; 2000.

41. Zhang L, Wu R, Dingle RW, et al. Cigarette smoke condensate and
dioxin suppress culture shock induced senescence in normal human
oral keratinocytes. Oral Oncol 2007;43:693–700.

42. van Leeuwen DM, Gottschalk RW, van Herwijnen MH, et al. Differ-
ential gene expression in human peripheral blood mononuclear cells
induced by cigarette smoke and its constituents. Toxicol Sci 2005;86:
200–10.

43. Putnam KP, Bombick DW, Avalos JT, Doolittle DJ. Comparison of the
cytotoxic and mutagenic potential of liquid smoke food flavourings,
cigarette smoke condensate and wood smoke condensate. Food Chem
Toxicol 1999;37:1113–8.

44. Putnam KP, Bombick DW, Doolittle DJ. Evaluation of eight in vitro
assays for assessing the cytotoxicity of cigarette smoke condensate.
Toxicol In vitro 2002;16:599–607.

45. Puppala D, Gairola CG, Swanson HI. Identification of kaempferol
as an inhibitor of cigarette smoke-induced activation of the aryl hy-
drocarbon receptor and cell transformation. Carcinogenesis 2007;28:
639–47.

46. Preciado D, Lin J, Wuertz B, Rose M. Cigarette smoke activates NFκB
and induces Muc5b expression in mouse middle ear cells. Laryngo-
scope 2008;118:464–71.

47. Nordskog BK, Fields WR, Hellmann GM. Kinetic analysis of cytokine
2009;18(12). December 2009



In vitro Toxicology of Tobacco3300
response to cigarette smoke condensate by human endothelial and
monocytic cells. Toxicology 2005;212:87–97.

48. Nagaraj NS, Beckers S, Mensah JK, et al. Cigarette smoke condensate
induces cytochromes P450 and aldo-keto reductases in oral cancer
cells. Toxicol Lett 2006;165:182–94.

49. Nagaraj NS, Zacharias W. Cigarette smoke condensate increases
cathepsin-mediated invasiveness of oral carcinoma cells. Toxicol Lett
2007;170:134–45.

50. McKarns SC, Bombick DW, Morton MJ, Doolittle DJ. Gap junction
intercellular communication and cytotoxicity in normal human cells
after exposure to smoke condensates from cigarettes that burn or
primarily heat tobacco. Toxicol In vitro 2000;14:41–51.

51. Kundu CN, Balusu R, Jaiswal AS, Gairola CG, Narayan S. Cigarette
smoke condensate-induced level of adenomatous polyposis coli
blocks long-patch base excision repair in breast epithelial cells. Onco-
gene 2007;26:1428–38.

52. Kato T, Nagasawa H, Warner C, Okayasu R, Bedford JS. Cytotoxicity
of cigarette smoke condensate is not due to DNA double strand
breaks: Comparative studies using radiosensitive mutant and wild-
type CHO cells. Int J Radiat Biol 2007;83:583–91.

53. Hellermann GR, Nagy SB, Kong X, Lockey RF, Mohapatra SS.
Mechanism of cigarette smoke condensate-induced acute inflam-
matory response in human bronchial epithelial cells. Respir Res
2002;3:22.

54. Gao S, Chen K, Zhao Y, et al. Transcriptional and posttranscriptional
inhibition of lysyl oxidase expression by cigarette smoke con-
densate in cultured rat fetal lung fibroblasts. Toxicol Sci 2005;
87:197–203.

55. Fukano Y, Oishi M, Chibana F, Numazawa S, Yoshida T. Analysis of
the expression of heme oxygenase-1 gene in human alveolar epithelial
cells exposed to cigarette smoke condensate. J Toxicol Sci 2006;31:99–109.

56. Chen LJ, Zhao Y, Gao S, et al. Downregulation of lysyl oxidase and
upregulation of cellular thiols in rat fetal lung fibroblasts treated with
cigarette smoke condensate. Toxicol Sci 2005;83:372–9.

57. Castro SM, Kolli D, Guerrero-Plata A, Garofalo RP, Casola A. Ciga-
rette smoke condensate enhances respiratory syncytial virus-induced
chemokine release by modulating NF-κB and interferon regulatory
factor activation. Toxicol Sci 2008;106:509–18.

58. Bose M, Whittal RM, Gairola CG, Bose HS. Molecular mechanism of
reduction in pregnenolone synthesis by cigarette smoke. Toxicol Appl
Pharmacol 2008;229:56–64.

59. Bombick DW, Bombick BR, Ayres PH, et al. Evaluation of the genotoxic
and cytotoxic potential of mainstream whole smoke and smoke con-
densate from a cigarette containing a novel carbon filter. Fundam Appl
Toxicol 1997;39:11–7.

60. Bombick BR, Murli H, Avalos JT, et al. Chemical and biological studies
of a new cigarette that primarily heats tobacco. Part 2. In vitro toxicol-
ogy of mainstream smoke condensate. Food Chem Toxicol 1997;36:
183–90.

61. Foy JW, Bombick BR, Bombick DW, et al. A comparison of in vitro
toxicities of cigarette smoke condensate from Eclipse cigarettes and
four commercially available ultra low-"tar" cigarettes. Food Chem
Toxicol 2004;42:237–43.

62. DeMarini DM, Gudi R, Szkudlinska A, et al. Genotoxicity of 10 ciga-
rette smoke condensates in four test systems: comparisons between
assays and condensates. Mutat Res 2008;650:15–29.

63. Elmenhorst H. Eine neue Kältefalle zur Gewinnung groβer Mengen
von Tabakrauchkondensat. Beiträge zur Tabakforshung 1965.

64. Dube MF, Green CR. Methods of collection of smoke for analytical
purposes. Recent Adv Tob Sci 1982;8:42–102.

65. Curvall M, Enzell CR, Jansson T, Pettersson B, Thelestam M. Evalua-
tion of the biological activity of cigarette-smoke condensate fractions
using six in vitro short-term tests. J Toxicol Environ Health 1984;14:
163–80.

66. Curvall M, Jansson T, Pettersson B, Hedin A, Enzell CR. In vitro stud-
ies of biological effects of cigarette smoke condensate. I. Genotoxic and
cytotoxic effects of neutral, semivolatile constituents. Mutat Res 1985;
157:169–80.

67. Theophilus EH, Pence DH, Meckley DR, et al. Toxicological evaluation
of expanded shredded tobacco stems. Food Chem Toxicol 2004;42:
631–9.

68. Theophilus EH, Pence DH, Meckley DR, et al. Toxicological evaluation
of cigarettes with two banded cigarette paper technologies. Exp Tox-
icol Pathol 2007;59:17–27.

69. Theophilus EH, Poindexter DB, Meckley DR, et al. Toxicological eval-
uation of dry ice expanded tobacco. Toxicol Lett 2003;145:107–19.

70. Theophilus EH, Bombick BR, Meckley DR, et al. Toxicological eval-
uation of propane expanded tobacco. Food Chem Toxicol 2003;41:
1771–80.

71. Su Y, Han W, Giraldo C, De LY, Block ER. Effect of cigarette smoke
Cancer Epidemiol Biomarkers Prev
extract on nitric oxide synthase in pulmonary artery endothelial cells.
Am J Respir Cell Mol Biol 1998;19:819–25.

72. Roemer E, Tewes FJ, Meisgen TJ, Veltel DJ, Carmines EL. Eval-
uation of the potential effects of ingredients added to cigarettes.
Part 3: in vitro genotoxicity and cytotoxicity. Food Chem Toxicol
2002;40:105–11.

73. Luppi F, Aarbiou J, van WS, et al. Effects of cigarette smoke conden-
sate on proliferation and wound closure of bronchial epithelial cells
in vitro: role of glutathione. Respir Res 2005;6:140.

74. Wirtz HR, Schmidt M. Acute influence of cigarette smoke on secretion
of pulmonary surfactant in rat alveolar type II cells in culture. Eur
Respir J 1996;9:24–32.

75. Glader P, Moller S, Lilja J, et al. Cigarette smoke extract modulates
respiratory defence mechanisms through effects on T-cells and airway
epithelial cells. Respir Med 2006;100:818–27.

76. Kaushik G, Kaushik T, Khanduja S, Pathak CM, Khanduja KL. Ciga-
rette smoke condensate promotes cell proliferation through distur-
bance in cellular redox homeostasis of transformed lung epithelial
type-II cells. Cancer Lett 2008;270:120–31.

77. Channarayappa , Nath J, Ong T. Clastogenic and aneuploidogenic
effects of cigarette smoke condensate, mitomycin C and vincristine
sulfate. Mutagenesis 1992;7:457–60.

78. Baker RR, Pereira DS, Jr., Smith G. The effect of tobacco ingredients on
smoke chemistry. Part I: flavourings and additives. Food Chem Toxi-
col 2004;42 Suppl:S3–37.

79. Counts ME, Hsu FS, Laffoon SW, Dwyer RW, Cox RH. Mainstream
smoke constituent yields and predicting relationships from a world-
wide market sample of cigarette brands: ISO smoking conditions.
Regul Toxicol Pharmacol 2004;39:111–34.

80. Lee CK, Munoz JA, Fulp C, et al. Inhibitory activity of cigarette-smoke
condensate on the mutagenicity of heterocyclic amines. Mutat Res
1994;322:21–32.

81. Chang MJ, Walker K, McDaniel RL, Connell CT. Impaction collection
and slurry sampling for the determination of arsenic, cadmium, and
lead in sidestream cigarette smoke by inductively coupled plasma-
mass spectrometry. J Environ Monit 2005;7:1349–54.

82. Aufderheide M, Gressmann H. Mutagenicity of native cigarette main-
stream smoke and its gas/vapour phase by use of different tester
strains and cigarettes in a modified Ames assay. Mutat Res 2008;
656:82–7.

83. Fukano Y, Ogura M, Eguchi K, Shibagaki M, Suzuki M. Modified pro-
cedure of a direct in vitro exposure system for mammalian cells to
whole cigarette smoke. Exp Toxicol Pathol 2004;55:317–23.

84. Potts RJ, Bombick BR, Meckley DR, Ayres PH, Pence DH. A summary
of toxicological and chemical data relevant to the evaluation of cast
sheet tobacco. Exp Toxicol Pathol, Epub 2009 Apr 7.

85. Ritter D, Knebel JW, Aufderheide M. Exposure of human lung cells to
inhalable substances: a novel test strategy involving clean air exposure
periods using whole diluted cigarette mainstream smoke. Inhal Toxi-
col 2003;15:67–84.

86. Bombick DW, Ayres PH, Putnam K, Bombick BR, Doolittle DJ. Chem-
ical and biological studies of a new cigarette that primarily heats to-
bacco. Part 3. In vitro toxicity of whole smoke. Food Chem Toxicol
1998;36:191–7.

87. Massey E, Aufderheide M, Koch W, et al. Micronucleus induction in
V79 cells after direct exposure to whole cigarette smoke. Mutagenesis
1998;13:145–9.

88. Culcasi M, Muller A, Mercier A, et al. Early specific free radical-related
cytotoxicity of gas phase cigarette smoke and its paradoxical tempo-
rary inhibition by tar: an electron paramagnetic resonance study with
the spin trap DEPMPO. Chem Biol Interact 2006;164:215–31.

89. Tewes FJ, Meisgen TJ, Veltel DJ, Roemer E, Patskan G. Toxicological
evaluation of an electrically heated cigarette. Part 3: Genotoxicity and
cytotoxicity of mainstream smoke. J Appl Toxicol 2003;23:341–8.

90. Arora A, Willhite CA, Liebler DC. Interactions of β-carotene and cig-
arette smoke in human bronchial epithelial cells. Carcinogenesis 2001;
22:1173–8.

91. Dubar V, Gosset P, Aerts C, et al. In vitro acute effects of tobacco smoke
on tumor necrosis factor α and interleukin-6 production by alveolar
macrophages. Exp Lung Res 1993;19:345–59.

92. Piperi C, Pouli AE, Katerelos NA, et al. Study of the mechanisms
of cigarette smoke gas phase cytotoxicity. Anticancer Res 2003;23:
2185–90.

93. Spencer JP, Jenner A, Chimel K, et al. DNA damage in human respi-
ratory tract epithelial cells: damage by gas phase cigarette smoke
apparently involves attack by reactive nitrogen species in addition
to oxygen radicals. FEBS Lett 1995;375:179–82.

94. Pouli AE, Hatzinikolaou DG, Piperi C, et al. The cytotoxic effect of
volatile organic compounds of the gas phase of cigarette smoke on
lung epithelial cells. Free Radic Biol Med 2003;34:345–55.
2009;18(12). December 2009



CEBP Focus: Tobacco Research 3301
95. O'Connor RJ, Hurley PJ. Existing technologies to reduce specific
toxicant emissions in cigarette smoke. Tob Control 2008;17 Suppl
1:i39–48.

96. Chen PX, Moldoveanu SC. Mainstream smoke chemical analysis for
2R4F Kentucky reference cigarette. Beiträge zur Tabakforshung Inter-
national/Contributions to Tobacco Research 2003;20:448–58.

97. Rohatgi N, Kaur J, Srivastava A, Ralhan R. Smokeless tobacco (khaini)
extracts modulate gene expression in epithelial cell culture from an
oral hyperplasia. Oral Oncol 2005;41:806–20.

98. Shirname-More L. Smokeless tobacco extracts mutate human cells.
Carcinogenesis 1991;12:927–30.

99. Yildiz D, Liu YS, Ercal N, Armstrong DW. Comparison of pure nico-
tine- and smokeless tobacco extract-induced toxicities and oxidative
stress. Arch Environ Contam Toxicol 1999;37:434–9.

100.Banerjee AG, Gopalakrishnan VK, Vishwanatha JK. Inhibition of nitric
oxide-induced apoptosis by nicotine in oral epithelial cells. Mol Cell
Biochem 2007;305:113–21.

101.Bernzweig E, Payne JB, Reinhardt RA, Dyer JK, Patil KD. Nicotine and
smokeless tobacco effects on gingival and peripheral blood mono-
nuclear cells. J Clin Periodontol 1998;25:246–52.

102.Lindemann RA, Park NH. Inhibition of human lymphokine-activated
killer activity by smokeless tobacco (snuff) extract. Arch Oral Biol
1988;33:317–21.

103.Mangipudy RS, Vishwanatha JK. Role of nitric oxide in the induction of
apoptosis by smokeless tobacco extract. Mol Cell Biochem 1999;200:51–7.

104.Merne M, Heikinheimo K, Saloniemi I, Syrjanen S. Effects of snuff
extract on epithelial growth and differentiation in vitro. Oral Oncol
2004;40:6–12.

105.Coppe JP, Boysen M, Sun CH, et al. A role for fibroblasts in mediating
the effects of tobacco-induced epithelial cell growth and invasion. Mol
Cancer Res 2008;6:1085–98.

106.Muns G, Vishwanatha JK, Rubinstein I. Effects of smokeless tobacco
on chemically transformed hamster oral keratinocytes: role of angio-
tensin I-converting enzyme. Carcinogenesis 1994;15:1325–7.

107.Hasseus B, Wallstrom M, Osterdahl BG, Hirsch JM, Jontell M. Immu-
notoxic effects of smokeless tobacco on the accessory cell function of
rat oral epithelium. Eur J Oral Sci 1997;105:45–51.

108.Petro TM, Zhang S. The effect of smokeless tobacco extract on murine
T cell cytokine production. Immunopharmacology 1997;36:17–26.

109.Petro TM, Schwartzbach SD, Zhang S. Smokeless tobacco and nicotine
bring about excessive cytokine responses of murine memory T-cells.
Int J Immunopharmacol 1999;21:103–14.

110.Petro TM, Anderson LL, Gowler JS, Liu XJ, Schwartzbach SD. Smoke-
less tobacco extract decreases IL-12 production from LPS-stimulated
but increases IL-12 from IFN-γ-stimulated macrophages. Int Immuno-
pharmacol 2002;2:345–55.

111.Rubinstein I, Gao XP, Pakhlevaniants S, Oda D. Smokeless tobacco-
exposed oral keratinocytes increase macromolecular efflux from the
in situ oral mucosa. Am J Physiol 1998;274:R104–111.

112.Dabelsteen S, Christensen S, Gron B, Bardow A, Dabelsteen E. HGF is
released from buccal fibroblasts after smokeless tobacco stimulation.
Oral Oncol 2005;41:509–14.

113.Wang Y, Rotem E, Andriani F, Garlick JA. Smokeless tobacco extracts
modulate keratinocyte and fibroblast growth in organotypic culture.
J Dent Res 2001;80:1862–6.

114.Bagchi M, Balmoori J, Bagchi D, et al. Smokeless tobacco, oxidative
stress, apoptosis, and antioxidants in human oral keratinocytes. Free
Radic Biol Med 1999;26:992–1000.

115.Hassoun EA, Bagchi D, Bagchi M, Stohs SJ. Effect of vitamin E succi-
nate on smokeless tobacco-induced production of nitric oxide by rat
peritoneal macrophages and J774A.1 macrophage cells in culture. Free
Radic Biol Med 1995;18:577–83.

116.Seyedroudbari SA, Khan MM. In vitro effects of smokeless tobacco
extract on tumor necrosis factor-α (TNF-α) and interleukin-1β (IL-
1β) production, and on lymphocyte proliferation. Toxicon 1998;36:
631–7.

117.Gregory RL, Gfell LE. Effect of nicotine on secretory component syn-
thesis by secretory epithelial cells. Clin Diagn Lab Immunol 1996;3:
578–83.

118.Rickert WS, Joza PJ, Trivedi AH, et al. Chemical and toxicological
characterization of commercial smokeless tobacco products avail-
able on the Canadian market. Regul Toxicol Pharmacol 2009;53:
121–33.

119.Niphadkar MP, Bagwe AN, Bhisey RA. Mutagenic potential of Indian
tobacco products. Mutagenesis 1996;11:151–4.

120.Henderson JS, Johnson RB. The effects of smokeless tobacco extract
on bone nodule formation and mineralization by chick osteoblasts
in vitro. Arch Oral Biol 1995;40:615–21.

121.International Agency for research on cancer. Smokeless Tobacco and
SomeTobacco-specificN-Nitrosamines. 2006, ReportNo.:Monograph89.
Cancer Epidemiol Biomarkers Prev
122. Jansson T, Romert L, Magnusson J, Jenssen D. Genotoxicity test-
ing of extracts of a Swedish moist oral snuff. Mutat Res 1991;261:
101–15.

123.Stamm SC, Zhong BZ, Whong WZ, Ong T. Mutagenicity of coal-dust
and smokeless-tobacco extracts in Salmonella typhimurium strains
with differing levels of O-acetyltransferase activities. Mutat Res
1994;321:253–64.

124.Guttenplan JB. Mutagenic activity in smokeless tobacco products sold
in the USA. Carcinogenesis 1987;8:741–3.

125.Djordjevic MV, Brunnemann KD, Hoffmann D. Identification and
analysis of a nicotine-derived N-nitrosamino acid and other nitrosami-
no acids in tobacco. Carcinogenesis 1989;10:1725–31.

126.North Carolina Agricultual Research Service. Smokeless Tobacco Re-
search Products. Raliegh (NC): North Carolina State University Crop
Science Department; 2005.

127.Patskan GJ, Podraza KF, Meurrens K, et al. Toxicological comparisons
of three styles of a commercial U S cigarette (Marlboro with the 1R4F
reference cigarette). Inhal Toxicol 2008;20:695–721.

128.Hecht SS, Murphy SE, Carmella SG, et al. Similar uptake of lung car-
cinogens by smokers of regular, light, and ultralight cigarettes. Cancer
Epidemiol Biomarkers Prev 2005;14:693–8.

129.Werley MS, Freelin SA, Wrenn SE, et al. Smoke chemistry, in vitro and
in vivo toxicology evaluations of the electrically heated cigarette smok-
ing system series K. Regul Toxicol Pharmacol 2008;52:122–39.

130.Counts ME, Hsu FS, Tewes FJ. Development of a commercial cigarette
"market map" comparison methodology for evaluating new or non-
conventional cigarettes. Regul Toxicol Pharmacol 2006;46:225–42.

131.Carmines EL, Gaworski CL. Toxicological evaluation of glycerin as a
cigarette ingredient. Food Chem Toxicol 2005;43:1521–39.

132.Carmines EL, Lemus R, Gaworski CL. Toxicologic evaluation of
licorice extract as a cigarette ingredient. Food Chem Toxicol 2005;
43:1303–22.

133.Gaworski CL, Lemus-Olalde R, Carmines EL. Toxicological evaluation
of potassium sorbate added to cigarette tobacco. Food Chem Toxicol
2008;46:339–51.

134.Lemus R, Carmines EL, Van ME, et al. Toxicological comparisons of
cigarettes containing different amounts of vanillin. Inhal Toxicol 2007;
19:683–99.

135.Sonnenfeld G, Griffith RB, Hudgens RW. The effect of smoke genera-
tion and manipulation variables on the cytotoxicity of mainstream
and sidestream cigarette smoke to monolayer cultures of L-929 cells.
Arch Toxicol 1985;58:120–2.

136.Nordskog BK, Blixt AD, Morgan WT, Fields WR, Hellmann GM.
Matrix-degrading and pro-inflammatory changes in human vascular
endothelial cells exposed to cigarette smoke condensate. Cardiovasc
Toxicol 2003;3:101–17.

137.Clunes LA, Bridges A, Alexis N, Tarran R. In vivo versus in vitro air-
way surface liquid nicotine levels following cigarette smoke exposure.
J Anal Toxicol 2008;32:201–7.

138.Babich H, Stern A, Munday R. In vitro cytotoxicity of methylated phe-
nylenediamines. Toxicol Lett 1992;63:171–9.

139.Roemer E, Stabbert R, Rustemeier K, et al. Chemical composition,
cytotoxicity and mutagenicity of smoke from US commercial and ref-
erence cigarettes smoked under two sets of machine smoking condi-
tions. Toxicology 2004;195:31–52.

140.Stavanja MS, Ayres PH, Meckley DR, et al. Safety assessment of high
fructose corn syrup (HFCS) as an ingredient added to cigarette tobac-
co. Exp Toxicol Pathol 2006;57:267–81.

141.Rickert WS, Trivedi AH, Momin RA, Wright WG, Lauterbach JH.
Effect of smoking conditions and methods of collection on the muta-
genicity and cytotoxicity of cigarette mainstream smoke. Toxicol Sci
2007;96:285–93.

142.Hayon T, Dvilansky A, Shpilberg O, Nathan I. Appraisal of the MTT-
based assay as a useful tool for predicting drug chemosensitivity in
leukemia. Leuk Lymphoma 2003;44:1957–62.

143.Lindl T, Lewandowski B, Schreyogg S, Staudte A. An evaluation of the
in vitro cytotoxicities of 50 chemicals by using an electrical current
exclusion method versus the neutral red uptake and MTT assays.
Altern Lab Anim 2005;33:591–601.

144.Bagchi M, Kuszynski CA, Balmoori J, et al. Protective effects of anti-
oxidants against smokeless tobacco-induced oxidative stress and
modulation of Bcl-2 and p53 genes in human oral keratinocytes. Free
Radic Res 2001;35:181–94.

145.Bombick BR, Avalos JT, Nelson PR, Conrad FW, Doolittle DJ. Compar-
ative studies of the mutagenicity of environmental tobacco smoke
from cigarettes that burn or primarily heat tobacco. Environ Mol
Mutagen 1998;31:169–75.

146.Chen J, Higby R, Tian D, et al. Toxicological analysis of low-nicotine
and nicotine-free cigarettes. Toxicology 2008;249:194–203.

147.Andersson G, Wahlin A, Bratthall G. The effect of Swedish and
2009;18(12). December 2009



In vitro Toxicology of Tobacco3302
American smokeless tobacco extract on periodontal ligament fibro-
blasts in vitro. Swed Dent J 2006;30:89–97.

148.Osterdahl BG, Jansson C, Paccou A. Decreased levels of tobacco-
specific N-nitrosamines in moist snuff on the Swedish market. J Ag-
ric Food Chem 2004;52:5085–8.

149.O'Brien J, Renwick AG, Constable A, et al. Approaches to the risk as-
sessment of genotoxic carcinogens in food: a critical appraisal. Food
Chem Toxicol 2006;44:1613–35.

150.Lannan S, Donaldson K, Brown D, MacNee W. Effect of cigarette
smoke and its condensates on alveolar epithelial cell injury in vitro.
Am J Physiol 1994;266:L92–100.

151.Zhang W, Song F, Windsor LJ. Cigarette smoke condensate affects the
collagen-degrading ability of human gingival fibroblasts. J Periodon-
tal Res 2009;44:704–13.

152.Das A, Bhattacharya A, Chakrabarti G. Cigarette smoke extract
induces disruption of structure and function of tubulin-microtubule
in lung epithelium cells and in vitro. Chem Res Toxicol 2009.

153.Palozza P, Sheriff A, Serini S, et al. Lycopene induces apoptosis in
immortalized fibroblasts exposed to tobacco smoke condensate
through arresting cell cycle and down-regulating cyclin D1, pAKT
and pBad. Apoptosis 2005;10:1445–56.

154.Palozza P, Serini S, Curro D, et al. β-Carotene and cigarette smoke
condensate regulate heme oxygenase-1 and its repressor factor Bach1:
relationship with cell growth. Antioxid Redox Signal 2006;8:1069–80.

155.Fields WR, Leonard RM, Odom PS, et al. Gene expression in normal
human bronchial epithelial (NHBE) cells following in vitro exposure to
cigarette smoke condensate. Toxicol Sci 2005;86:84–91.

156.Aoshiba K, Tamaoki J, Nagai A. Acute cigarette smoke exposure in-
duces apoptosis of alveolar macrophages. Am J Physiol Lung Cell Mol
Physiol 2001;281:L1392–1401.

157.Carnevali S, Petruzzelli S, Longoni B, et al. Cigarette smoke extract
induces oxidative stress and apoptosis in human lung fibroblasts.
Am J Physiol Lung Cell Mol Physiol 2003;284:L955–963.

158.Chang SS, Jiang WW, Smith I, et al. Chronic cigarette smoke extract
treatment selects for apoptotic dysfunction and mitochondrial muta-
tions in minimally transformed oral keratinocytes. Int J Cancer 2009.

159.Hsu CL, Wu YL, Tang GJ, Lee TS, Kou YR. Ginkgo biloba extract
confers protection from cigarette smoke extract-induced apoptosis in
human lung endothelial cells: Role of heme oxygenase-1. Pulm Phar-
macol Ther 2009;22:286–96.

160.Carter CA, Hamm JT. Multiplexed quantitative high content screen-
ing reveals that cigarette smoke condensate induces changes in cell
structure and function through alterations in cell signaling pathways
in human bronchial cells. Toxicology 2009;261:89–102.

161.Lin S, Tran V, Talbot P. Comparison of toxicity of smoke from tradi-
tional and harm-reduction cigarettes using mouse embryonic stem
cells as a novel model for preimplantation development. Hum Reprod
2009;24:386–97.

162.Hays LE, Zodrow DM, Yates JE, et al. Cigarette smoke induces genetic
instability in airway epithelial cells by suppressing FANCD2 expres-
sion. Br J Cancer 2008;98:1653–61.

163.Doolittle DJ, Lee CK, Ivett JL, et al. Comparative studies on the geno-
toxic activity of mainstream smoke condensate from cigarettes which
burn or only heat tobacco. Environ Mol Mutagen 1990;15:93–105.

164.Jongen WM, Hakkert BC, van der Hoeven JC. Genotoxicity testing of
cigarette-smoke condensate in the SCE and HGPRT assays with V79
Chinese hamster cells. Food Chem Toxicol 1985;23:603–7.

165.Doolittle DJ, Lee CK, Ivett JL, et al. Genetic toxicology studies com-
paring the activity of sidestream smoke from cigarettes which burn or
only heat tobacco. Mutat Res 1990;240:59–72.

166.Bielas JH, Heddle JA. Proliferation is necessary for both repair and
mutation in transgenic mouse cells. Proc Natl Acad Sci U S A 2000;
97:11391–6.

167.Dycaico MJ, Provost GS, Kretz PL, et al. The use of shuttle vectors for
mutation analysis in transgenic mice and rats. Mutat Res 1994;307:
461–78.

168.Hastwell PW, Chai LL, Roberts KJ, et al. High-specificity and high-
sensitivity genotoxicity assessment in a human cell line: validation
of the GreenScreen HC GADD45a-GFP genotoxicity assay. Mutat
Res 2006;607:160–75.

169.Billinton N, Hastwell PW, Beerens D, et al. Interlaboratory assessment
of the GreenScreen HC GADD45a-GFP genotoxicity screening assay:
an enabling study for independent validation as an alternative meth-
od. Mutat Res 2008;653:23–33.

170.Cahill PA, Knight AW, Billinton N, et al. The GreenScreen genotoxicity
assay: a screening validation programme. Mutagenesis 2004;19:
105–19.

171.van GJ, Woestenborghs F, Beerens D, et al. An assessment of the utility
of the yeast GreenScreen assay in pharmaceutical screening. Mutagen-
esis 2005;20:449–54.
Cancer Epidemiol Biomarkers Prev
172.Knight AW, Billinton N, Cahill PA, et al. An analysis of results from
305 compounds tested with the yeast RAD54-GFP genotoxicity assay
(GreenScreen GC)-including relative predictivity of regulatory tests
and rodent carcinogenesis and performance with autofluorescent
and coloured compounds. Mutagenesis 2007;22:409–16.

173.Boffetta P, van der HO, Norppa H, et al. Chromosomal aberrations
and cancer risk: results of a cohort study from Central Europe. Am J
Epidemiol 2007;165:36–43.

174.Tucker JD, Preston RJ. Chromosome aberrations, micronuclei, aneu-
ploidy, sister chromatid exchanges, and cancer risk assessment. Mutat
Res 1996;365:147–59.

175.Obe G, Pfeiffer P, Savage JR, et al. Chromosomal aberrations: forma-
tion, identification and distribution. Mutat Res 2002;504:17–36.

176.Norppa H, Bonassi S, Hansteen IL, et al. Chromosomal aberrations
and SCEs as biomarkers of cancer risk. Mutat Res 2006;600:37–45.

177.Hagmar L, Stromberg U, Tinnerberg H, Mikoczy Z. The usefulness of
cytogenetic biomarkers as intermediate endpoints in carcinogenesis.
Int J Hyg Environ Health 2001;204:43–7.

178.Garcia-Sagredo JM. Fifty years of cytogenetics: a parallel view of the
evolution of cytogenetics and genotoxicology. Biochim Biophys Acta
2008;1779:363–75.

179.Milic M, Kasuba V, Orescanin V, et al. Chromosome damage in work-
ers in cigarette manufacturing industry. J Appl Toxicol 2008;28:
399–404.

180.Sierra-Torres MS, Arboleda-Moreno YY, Hoyos LS, Sierra-Torres CH.
Chromosome aberrations among cigarette smokers in Colombia. Mu-
tat Res 2004;562:67–75.

181.Evans HJ, O'Riordan ML. Human peripheral blood lymphocytes for
the analysis of chromosome aberrations in mutagen tests. Mutat Res
1975;31:135–48.

182.Nishioka H, Nishi K, Kyokane K. Human saliva inactivates mutage-
nicity of carcinogens. Mutat Res 1981;85:323–33.

183.Galloway SM, Miller JE, Armstrong MJ, et al. DNA synthesis inhibi-
tion as an indirect mechanism of chromosome aberrations: compari-
son of DNA-reactive and non-DNA-reactive clastogens. Mutat Res
1998;400:169–86.

184.Hilliard C, Hill R, Armstrong M, et al. Chromosome aberrations in
Chinese hamster and human cells: a comparison using compounds
with various genotoxicity profiles. Mutat Res 2007;616:103–18.

185.Blakey D, Galloway SM, Kirkland DJ, MacGregor JT. Regulatory
aspects of genotoxicity testing: from hazard identification to risk
assessment. Mutat Res 2008;657:84–90.

186.Greenwood SK, Hill RB, Sun JT, et al. Population doubling: a simple
and more accurate estimation of cell growth suppression in the in vitro
assay for chromosomal aberrations that reduces irrelevant positive re-
sults. Environ Mol Mutagen 2004;43:36–44.

187.Luo LZ, Werner KM, Gollin SM, Saunders WS. Cigarette smoke in-
duces anaphase bridges and genomic imbalances in normal cells. Mu-
tat Res 2004;554:375–85.

188.Trivedi AH, Dave BJ, Adhvaryu SG. Genotoxic effects of tobacco ex-
tract on Chinese hamster ovary cells. Cancer Lett 1993;70:107–12.

189.Fenech M. Biomarkers of genetic damage for cancer epidemiology.
Toxicology 2002;181–182:411–6.

190.Fenech M, Morley AA. Measurement of micronuclei in lymphocytes.
Mutat Res 1985;147:29–36.

191.Mateuca R, Lombaert N, Aka PV, Decordier I, Kirsch-Volders M. Chro-
mosomal changes: induction, detection methods and applicability in
human biomonitoring. Biochimie 2006;88:1515–31.

192.Gu ZW, Whong WZ, Wallace WE, Ong TM. Induction of micronuclei
in BALB/c-3T3 cells by selected chemicals and complex mixtures.
Mutat Res 1992;279:217–22.

193. Jaju RJ, Patel RK, Bakshi SR, et al. Chromosome damaging effects of
pan masala. Cancer Lett 1992;65:221–6.

194.Trivedi AH, Dave BJ, Adhvaryu SG. Monitoring of smokeless tobacco
consumers using cytogenetic endpoints. Anticancer Res 1993;13:
2245–9.

195.Patel RK, Jaju RJ, Bakshi SR, et al. Pan masala—a genotoxic menace.
Mutat Res 1994;320:245–9.

196.Perry P, Wolff S. New Giemsa method for the differential staining of
sister chromatids. Nature 1974;251:156–8.

197.Stavanja MS, Curtin GM, Ayres PH, et al. Safety assessment of dia-
mmonium phosphate and urea used in the manufacture of cigarettes.
Exp Toxicol Pathol 2008;59:339–53.

198.de Raat WK. Comparison of the induction by cigarette smoke conden-
sates of sister-chromatid exchanges in Chinese hamster cells and of
mutations in Salmonella typhimurium. Mutat Res 1979;66:253–9.

199.Tucker JD, Ong T. Induction of sister chromatid exchanges by coal
dust and tobacco snuff extracts in human peripheral lymphocytes. En-
viron Mutagen 1985;7:313–24.

200.Tice RR, Agurell E, Anderson D, et al. Single cell gel/comet assay:
2009;18(12). December 2009



CEBP Focus: Tobacco Research 3303
guidelines for in vitro and in vivo genetic toxicology testing. Environ
Mol Mutagen 2000;35:206–21.

201.Wolz L, Krause G, Scherer G. The comet assay with MCL-5 cells as an
indicator of genotoxic treatment with chemicals and cigarette smoke
condensates. Altern Lab Anim 2002;30:331–9.

202.Yang Q, Hergenhahn M, Weninger A, Bartsch H. Cigarette smoke in-
duces direct DNA damage in the human B-lymphoid cell line Raji.
Carcinogenesis 1999;20:1769–75.

203.Siddique HR, Chowdhuri DK, Saxena DK, Dhawan A. Validation of
Drosophilamelanogaster as an in vivomodel forgenotoxicity assessment
using modified alkaline Comet assay. Mutagenesis 2005;20:285–90.

204.Combes RD, Stopper H, Caspary WJ. The use of L5178Y mouse lym-
phoma cells to assess the mutagenic, clastogenic and aneugenic prop-
erties of chemicals. Mutagenesis 1995;10:403–8.

205.Schramke H, Meisgen TJ, Tewes FJ, Gomm W, Roemer E. The mouse
lymphoma thymidine kinase assay for the assessment and compari-
son of the mutagenic activity of cigarette mainstream smoke particu-
late phase. Toxicology 2006;227:193–210.

206.Rivedal E, Sanner T. Potentiating effect of cigarette smoke extract on
morphological transformation of hamster embryo cells by benzo[α]
pyrene. Cancer Lett 1980;10:193–8.

207.Kirkland D, Aardema M, Henderson L, Muller L. Evaluation of the
ability of a battery of three in vitro genotoxicity tests to discriminate
rodent carcinogens and non-carcinogens I. Sensitivity, specificity and
relative predictivity. Mutat Res 2005;584:1–256.

208.Kirkland D, Pfuhler S, Tweats D, et al. How to reduce false positive
results when undertaking in vitro genotoxicity testing and thus avoid
unnecessary follow-up animal tests: report of an ECVAM Workshop.
Mutat Res 2007;628:31–55.

209.Maron DM, Ames BN. Revised methods for the Salmonella mutage-
nicity test. Mutat Res 1983;113:173–215.

210.Mortelmans K, Zeiger E. The Ames Salmonella/microsome mutage-
nicity assay. Mutat Res 2000;455:29–60.

211.Hakura A, Shimada H, Nakajima M, et al. Salmonella/human S9 mu-
tagenicity test: a collaborative study with 58 compounds. Mutagenesis
2005;20:217–28.

212.Kim BS, Margolin BH. Statistical methods for the Ames Salmonella
assay: a review. Mutat Res 1999;436:113–22.

213.Carnes BA, Dornfeld SS, Peak MJ. A quantitative comparison of a
percentile rule with a 2-fold rule for assessing mutagenicity in the
Ames assay. Mutat Res 1985;147:15–21.

214.Cariello NF, Piegorsch WW. The Ames test: the two-fold rule revisited.
Mutat Res 1996;369:23–31.

215.Bernstein L, Kaldor J, McCann J, Pike MC. An empirical approach to
the statistical analysis of mutagenesis data from the Salmonella test.
Mutat Res 1982;97:267–81.

216.Margolin BH, Kaplan N, Zeiger E. Statistical analysis of the Ames
Salmonella/microsome test. Proc Natl Acad Sci U S A 1981;78:
3779–83.

217.Rickert WS, Wright WG, Trivedi AH, Momin RA, Lauterbach JH. A
comparative study of the mutagenicity of various types of tobacco
products. Regul Toxicol Pharmacol 2007;48:320–30.

218.Carroll CC, Warnakulasuriyarachchi D, Nokhbeh MR, Lambert IB.
Salmonella typhimurium mutagenicity tester strains that overexpress
oxygen-insensitive nitroreductases nfsA and nfsB. Mutat Res 2002;501:
79–98.

219.Hagiwara Y, Watanabe M, Oda Y, Sofuni T, Nohmi T. Specificity and
sensitivity of Salmonella typhimurium YG1041 and YG1042 strains
possessing elevated levels of both nitroreductase and acetyltransferase
activity. Mutat Res 1993;291:171–80.

220.Watanabe M, Ishidate M, Nohmi T. Sensitive method for the detection
of mutagenic nitroarenes and aromatic amines: new derivatives of Sal-
monella typhimurium tester strains possessing elevated O-acetyl-
transferase levels. Mutat Res 1990;234:337–48.

221.Watanabe M, Sofuni T, Nohmi T. Comparison of the sensitivity of Sal-
monella typhimurium strains YG1024 and YG1012 for detecting the
mutagenicity of aromatic amines and nitroarenes. Mutat Res 1993;
301:7–12.

222.Carmines EL. Evaluation of the potential effects of ingredients added
to cigarettes. Part 1: cigarette design, testing approach, and review of
results. Food Chem Toxicol 2002;40:77–91.

223.Stavanja MS, Ayres PH, Meckley DR, et al. Toxicological evaluation of
honey as an ingredient added to cigarette tobacco. J Toxicol Environ
Health A 2003;66:1453–73.

224.Roemer E, Stabbert R, Veltel D, et al. Reduced toxicological activity
of cigarette smoke by the addition of ammonium magnesium phos-
phate to the paper of an electrically heated cigarette: smoke chem-
istry and in vitro cytotoxicity and genotoxicity. Toxicol In vitro 2008;
22:671–81.

225.Whong WZ, Stewart JD, Ong T. Formation of bacterial mutagens
Cancer Epidemiol Biomarkers Prev
from the reaction of chewing tobacco with nitrite. Mutat Res 1985;
158:105–10.

226.Fonseca PC, Nihei OK, Savino W, Spray DC, Alves LA. Flow cytome-
try analysis of gap junction-mediated cell-cell communication: advan-
tages and pitfalls. Cytometry A 2006;69:487–93.

227.Rudkin GH, Carlsen BT, Chung CY, et al. Retinoids inhibit squamous
cell carcinoma growth and intercellular communication. J Surg Res
2002;103:183–9.

228.McKarns SC, Doolittle DJ. A quantitative approach to assessing inter-
cellular communication: studies on cigarette smoke condensates. Tox-
icol Appl Pharmacol 1991;111:58–68.

229.Zwijsen RM, de Haan LH, Oosting JS, Pekelharing HL, Koeman JH.
Inhibition of intercellular communication in smooth muscle cells of
humans and rats by low density lipoprotein, cigarette smoke conden-
sate and TPA. Atherosclerosis 1990;85:71–80.

230. Jorgensen ED, Dozmorov I, Frank MB, Centola M, Albino AP. Global
gene expression analysis of human bronchial epithelial cells treated
with tobacco condensates. Cell Cycle 2004;3:1154–68.

231.Colantonio DA, Chan DW. The clinical application of proteomics. Clin
Chim Acta 2005;357:151–8.

232.He QY, Chiu JF. Proteomics in biomarker discovery and drug devel-
opment. J Cell Biochem 2003;89:868–86.

233.Latterich M, Abramovitz M, Leyland-Jones B. Proteomics: new tech-
nologies and clinical applications. Eur J Cancer 2008;44:2737–41.

234.Flora JW, Edmiston J, Secrist R, et al. Identification of in vitro differen-
tial cell secretions due to cigarette smoke condensate exposure using
nanoflow capillary liquid chromatography and high-resolution mass
spectrometry. Anal Bioanal Chem 2008;391:2845–56.

235.Griffin JL. The Cinderella story of metabolic profiling: does metabolo-
mics get to go to the functional genomics ball? Philos Trans R Soc
Lond B Biol Sci 2006;361:147–61.

236.Nicholson JK, Wilson ID. Opinion: understanding 'global' systems
biology: metabonomics and the continuum of metabolism. Nat Rev
Drug Discov 2003;2:668–76.

237.Fernie AR, Trethewey RN, Krotzky AJ, Willmitzer L. Metabolite pro-
filing: from diagnostics to systems biology. Nat Rev Mol Cell Biol
2004;5:763–9.

238.Lewis GD, Asnani A, Gerszten RE. Application of metabolomics to
cardiovascular biomarker and pathway discovery. J Am Coll Cardiol
2008;52:117–23.

239.Idle JR, Gonzalez FJ. Metabolomics. Cell Metab 2007;6:348–51.
240.Lawton KA, Berger A, Mitchell M, et al. Analysis of the adult human

plasma metabolome. Pharmacogenomics 2008;9:383–97.
241.Chen C, Ma X, Malfatti MA, et al. A comprehensive investigation of

2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP) metabolism
in the mouse using a multivariate data analysis approach. Chem Res
Toxicol 2007;20:531–42.

242.Patterson AD, Li H, Eichler GS, et al. UPLC-ESI-TOFMS-based meta-
bolomics and gene expression dynamics inspector self-organizing me-
tabolomic maps as tools for understanding the cellular response to
ionizing radiation. Anal Chem 2008;80:665–74.

243.Guillouzo A. Liver cell models in in vitro toxicology. Environ Health
Perspect 1998;106 Suppl 2:511–32.

244.Bagchi D, Hassoun EA, Bagchi M, Stohs SJ. Protective effects of free
radical scavengers and antioxidants against smokeless tobacco extract
(STE)-induced oxidative stress in macrophage J774A.1 cell cultures.
Arch Environ Contam Toxicol 1995;29:424–8.

245.Santella RM, Grinberg-Funes RA, Young TL, et al. Cigarette smoking
related polycyclic aromatic hydrocarbon-DNA adducts in peripheral
mononuclear cells. Carcinogenesis 1992;13:2041–5.

246.Coller JK, Krebsfaenger N, Klein K, et al. Large interindividual
variability in the in vitro formation of tamoxifen metabolites rel-
ated to the development of genotoxicity. Br J Clin Pharmacol
2004;57:105–11.

247.Gomez-Lechon MJ, Castell JV, Donato MT. Hepatocytes—the choice to
investigate drug metabolism and toxicity in man: in vitro variability as
a reflection of in vivo. Chem Biol Interact 2007;168:30–50.

248.Mennes WC, van Holsteijn CW, van Iersel AA, et al. Interindividual
variation in biotransformation and cytotoxicity of bromobenzene as
determined in primary hepatocyte cultures derived from monkey
and human liver. Hum Exp Toxicol 1994;13:415–21.

249.Hu Z, Wells PG. Human interindividual variation in lymphocyte
UDP-glucuronosyltransferases as a determinant of in vitro benzo(α)
pyrene covalent binding and cytotoxicity. Toxicol Sci 2004;78:32–40.

250.Bagchi M, Balmoori J, Bagchi D, et al. Role of reactive oxygen species
in the development of cytotoxicity with various forms of chewing to-
bacco and pan masala. Toxicology 2002;179:247–55.

251.Perry PE, Thomson EJ, Vijayalaxmi , et al. Induction of SCE by opium
pyrolysates in CHO cells and human peripheral blood lymphocytes.
Carcinogenesis 1983;4:227–30.
2009;18(12). December 2009



In vitro Toxicology of Tobacco3304
252.Vijayalaxmi , Evans HJ. In vivo and in vitro effects of cigarette smoke
on chromosomal damage and sister-chromatid exchange in human
peripheral blood lymphocytes. Mutat Res 1982;92:321–32.

253.Lee HJ, Guo HY, Lee SK, et al. Effects of nicotine on proliferation, cell
cycle, and differentiation in immortalized and malignant oral kerati-
nocytes. J Oral Pathol Med 2005;34:436–43.

254.Lin J, Kadlubar FF, Spitz MR, Zhao H, Wu X. A modified host cell
reactivation assay to measure DNA repair capacity for removing
4-aminobiphenyl adducts: a pilot study of bladder cancer. Cancer Epi-
demiol Biomarkers Prev 2005;14:1832–6.

255.Selicharova I, Smutna K, Sanda M, et al. 2-DE analysis of a new hu-
man cell line EM-G3 derived from breast cancer progenitor cells and
comparison with normal mammary epithelial cells. Proteomics 2007;7:
1549–59.

256.Metry KJ, Zhao S, Neale JR, et al. 2-Amino-1-methyl-6-phenylimidazo
[4,5-b] pyridine-induced DNA adducts and genotoxicity in chinese
hamster ovary (CHO) cells expressing human CYP1A2 and rapid or
slow acetylator N-acetyltransferase. Mol Carcinog 2007;46:553–63.

257.Guengerich FP, Shimada T, Yun CH, et al. Interactions of ingested
food, beverage, and tobacco components involving human cyto-
chrome P4501A2, 2A6, 2E1, and 3A4 enzymes. Environ Health Per-
spect 1994;102 Suppl 9:49–53.

258.Van Vleet TR, Bombick DW, Coulombe RA, Jr. Inhibition of human
cytochrome P450 2E1 by nicotine, cotinine, and aqueous cigarette tar
extract in vitro. Toxicol Sci 2001;64:185–91.

259.Erexson GL, Cunningham ML, Tindall KR. Cytogenetic characteriza-
tion of the transgenic Big Blue Rat2 and Big Blue mouse embryonic
fibroblast cell lines. Mutagenesis 1998;13:649–53.

260.Tweats DJ, Gatehouse DG. Further debate of testing strategies. Muta-
genesis 1988;3:95–102.

261.Bolt HM, Foth H, Hengstler JG, Degen GH. Carcinogenicity categori-
zation of chemicals-new aspects to be considered in a European per-
spective. Toxicol Lett 2004;151:29–41.

262.Zeiger E. Carcinogenicity of mutagens: predictive capability of the
Salmonella mutagenesis assay for rodent carcinogenicity. Cancer Res
1987;47:1287–96.

263.Mahgoub A, Idle JR, Dring LG, Lancaster R, Smith RL. Polymorphic
hydroxylation of Debrisoquine in man. Lancet 1977;2:584–6.

264.Lee Y, Buchanan BG, Klopman G, Dimayuga M, Rosenkranz HS. The
potential of organ specific toxicity for predicting rodent carcinogenic-
ity. Mutat Res 1996;358:37–62.

265.Tennant RW, Ashby J. Classification according to chemical structure,
mutagenicity to Salmonella and level of carcinogenicity of a further 39
chemicals tested for carcinogenicity by the U.S. National Toxicology
Program. Mutat Res 1991;257:209–27.

266.Gold LS, Slone TH, Stern BR, Bernstein L. Comparison of target or-
gans of carcinogenicity for mutagenic and non- mutagenic chemicals.
Mutat Res 1993;286:75–100.

267.Cunningham AR, Rosenkranz HS, Zhang YP, Klopman G. Identifica-
tion of ‘genotoxic’ and ‘non-genotoxic’ alerts for cancer in mice: the
carcinogenic potency database. Mutat Res 1998;398:1–17.

268.Tennant RW. Stratification of rodent carcinogenicity bioassay results to
reflect relative human hazard. Mutat Res 1993;286:111–8.

269.Muller L, Kikuchi Y, Probst G, et al. ICH-harmonised guidances on
genotoxicity testing of pharmaceuticals: evolution, reasoning and im-
pact. Mutat Res 1999;436:195–225.

270.Kasper P, Uno Y, Mauthe R, et al. Follow-up testing of rodent carcino-
gens not positive in the standard genotoxicity testing battery: IWGT
workgroup report. Mutat Res 2007;627:106–16.

271.Borgerding MF, Bodnar JA, Wingate DE. The 1999 Massachusettes
Benchmark Study—Final Report. A Research Study Conducted after
Consultationwith theMassachusettesDepartment ofPublicHealth. 2000.

272.Curtin GM, Hanausek M, Walaszek Z, Mosberg AT, Slaga TJ.
Short-term in vitro and in vivo analyses for assessing the tumor-
promoting potentials of cigarette smoke condensates. Toxicol Sci
2004;81:14–25.

273.Newland N, Richter A. Agents associated with lung inflammation in-
duce similar responses in NCI-H292 lung epithelial cells. Toxicol
In vitro 2008;22:1782–8.

274.Roemer E, Ottmueller TH, Zenzen V, et al. Cytotoxicity, mutagenicity,
and tumorigenicity of mainstream smoke from three reference cigar-
ettes machine-smoked to the same yields of total particulate matter
per cigarette. Food Chem Toxicol 2009;47:1810–8.

275.Hopkin JM, Tomlinson VS, Jenkins RM. Variation in response to
Cancer Epidemiol Biomarkers Prev
cytotoxicity of cigarette smoke. Br Med J (Clin Res Ed) 1981;283:
1209–11.

276.Gijare PS, Rao KV, Bhide SV. Effects of tobacco-specific nitrosamines
and snuff extract on cell proliferation and activities of ornithine decar-
boxylase and aryl hydrocarbon hydroxylase in mouse tongue primary
epithelial cell cultures. J Cancer Res Clin Oncol 1989;115:558–63.

277.Bernhard D, Huck CW, Jakschitz T, et al. Development and evaluation
of an in vitro model for the analysis of cigarette smoke effects on cul-
tured cells and tissues 1 3. J Pharmacol Toxicol Methods 2004;50:45–51.

278.Hopkins JM, Evans HJ. Cigarette smoke-induced DNA damage and
lung cancer risks. Nature 1980;283:388–90.

279.Rutten AA, Wilmer JW. Effect of cigarette-smoke condensate and nor-
harman on the induction of SCEs by direct and indirect mutagens in
CHO cells. Mutat Res 1986;172:61–7.

280.Lee CK, Brown BG, Rice WY, Jr., Doolittle DJ. Role of oxygen free ra-
dicals in the induction of sister chromatid exchanges by cigarette
smoke. Environ Mol Mutagen 1989;13:54–9.

281.Xing SG, Wu ZL, Whong WZ, Ong T. Enhancing effect of tetrandrine
on sister-chromatid exchanges induced by mitomycin C and cigarette-
smoke condensate in mammalian cells. Mutat Res 1989;226:99–102.

282.Lee CK, Doolittle DJ, Burger GT, Hayes AW. Comparative genotoxi-
city testing of mainstream whole smoke from cigarettes which burn or
heat tobacco. Mutat Res 1990;242:37–45.

283.Dertinger SD, Silverstone AE, Gasiewicz TA. Influence of aromatic hy-
drocarbon receptor-mediated events on the genotoxicity of cigarette
smoke condensate. Carcinogenesis 1998;19:2037–42.

284.Brown B, Avalos J, Lee C, Doolittle D. The effect of tobacco smoke,
nicotine, and cotinine on the mutagenicity of 4-(methylnitrosamino)-
1-(3-pyridyl)-1-butanol (NNAL). Mutat Res 2001;494:21–9.

285.Chen CB, Hecht SS, Hoffmann D. Metabolic α-hydroxylation of the
tobacco-specific carcinogen, N'-nitrosonornicotine. Cancer Res 1978;
38:3639–45.

286.Lee CK, Fulp C, Bombick BR, Doolittle DJ. Inhibition of mutagenicity
of N-nitrosamines by tobacco smoke and its constituents. Mutat Res
1996;367:83–92.

287.Mori Y, Koide A, Kobayashi Y, et al. Effect of ethanol treatment on
metabolic activation and detoxification of esophagus carcinogenic
N-nitrosamines in rat liver. Mutagenesis 2002;17:251–6.

288.Gold B, Brunk G. The effect of pyrazole, phenobarbital, ethanol and
3-methylcholanthrene pretreatment on the in vivo and in vitro geno-
toxicity of N-nitrosopyrrolidine. Carcinogenesis 1988;9:1001–5.

289.Westphal GA, Bunger J, Schulz TG, Muller MM, Hallier E. Mutagenic-
ity of N-nitrosodiethylamine in the Ames test with S. typhimurium
TA1535 is due to volatile metabolites and is not dependent on cyto-
chrome P4502E1 induction. Arch Toxicol 2000;74:638–41.

290.Borzsonyi M, Surjan A, Pinter A, et al. Endogenous formation of N-
nitrosomorpholine from a new fungicide. IARC Sci Publ 1980;:677–83.

291.De Flora S., Balansky R., Gasparini L., Camoirano A. Bacterial muta-
genicity of cigarette smoke and its interaction with ethanol. Mutagen-
esis 1995;10:47–52.

292.Camoirano A, Bagnasco M, Bennicelli C, et al. Oltipraz chemopreven-
tion trial in Qidong, People's Republic of China: results of urine gen-
otoxicity assays as related to smoking habits. Cancer Epidemiol
Biomarkers Prev 2001;10:775–83.

293.Chortyk OT, Chamberlain WJ. A study on the mutagenicity of
tobacco smoke from low-tar cigarettes. Arch Environ Health 1990;
45:237–44.

294.Steele RH, Payne VM, Fulp CW, et al. A comparison of the mutage-
nicity of mainstream cigarette smoke condensates from a representa-
tive sample of the U S cigarette market with a Kentucky reference
cigarette (K1R4F). Mutat Res 1995;342:179–90.

295.DeMarini DM, Shelton ML, Levine JG. Mutation spectrum of cigarette
smoke condensate in Salmonella: comparison to mutations in smoking-
associated tumors. Carcinogenesis 1995;16:2535–42.

296.Chepiga TA, Morton MJ, Murphy PA, et al. A comparison of the main-
stream smoke chemistry and mutagenicity of a representative sample
of the US cigarette market with two Kentucky reference cigarettes
(K1R4F and K1R5F). Food Chem Toxicol 2000;38:949–62.

297.White JL, Conner BT, Perfetti TA, et al. Effect of pyrolysis temperature
on the mutagenicity of tobacco smoke condensate. Food Chem Toxicol
2001;39:499–505.

298.Aufderheide M, Gressmann H. A modified Ames assay reveals the
mutagenicity of native cigarette mainstream smoke and its gas vapour
phase. Exp Toxicol Pathol 2007;58:383–92.
2009;18(12). December 2009


