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Abstract

Cigarette smoke condensate (CSC) is genotoxic in nearly all assays in which it has been tested. In 

this study, we investigated the mutagenicity of 11 CSCs using the microwell and soft-agar versions 

of the mouse lymphoma assay (MLA). These CSCs were prepared from commercial or 

experimental cigarettes, 10 of them were produced using International Organisation for 

Standardisation (ISO) conditions and one CSC was generated using intense Massachusetts 

Department of Public Health (MDPH) conditions. In the presence of rat liver S9, the L5178Y/Tk
+/− mouse lymphoma cells were treated with 11 CSCs at different concentrations (25–200 μg/ml) 

for 4 h. All CSCs resulted in dose-dependent increases of both cytotoxicity and mutagenicity in 

both versions of the MLA. The mutagenic potencies of the CSCs were calculated as mutant 
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frequency per microgram CSC from the slope of the linear regression of the dose–response curves 

and showed no correlations with the tar yield of the cigarette or nicotine concentrations of the 

CSCs. Comparing two CSCs produced from the same commercial cigarettes using two different 

smoking conditions, the one generated under ISO conditions was more mutagenic than the other 

generated under intense conditions on a per microgram CSC basis. We also examined the loss of 

heterozygosity (LOH) at four microsatellite loci spanning the entire chromosome 11 for the 

mutants induced by 11 CSCs. The most common type of mutation observed was LOH with 

chromosome damage spanning less than ~34 Mbp. These results indicate that the MLA identifies 

different genotoxic potencies among a variety of CSCs and that the results from both versions of 

the assay are comparable.

Introduction

Tobacco smoking remains a major public health problem by threatening the lives of 1 billon 

people during this century. The World Health Organisation Report on the Global Tobacco 

Epidemic showed that it is a risk factor for six of the eight leading causes of death in the 

world. Tobacco use is estimated to kill >5 million people each year worldwide, and by 2030, 

there will be >8 million deaths every year unless urgent action is taken (1). There is a causal 

relationship of cigarette smoking in the aetiology of heart disease and cancers at 11 organ 

sites in humans, and therefore tobacco smoking is considered as the most extreme example 

of a systemic human mutagen and carcinogen (2,3).

Research on smoking behaviour and pharmacology has demonstrated that most smokers 

smoke to maintain nicotine levels in the brain to avoid the negative effects of nicotine 

withdrawal and to modulate mood (2). Unfortunately, using cigarettes as a nicotine delivery 

system exposes humans to many cytotoxic and carcinogenic chemicals because cigarette 

mainstream smoke is comprised >4000 chemicals. At least 200 of them are toxic to humans 

and/or experimental animals, and >50 are recognised as known or probable human 

carcinogens (4,5). Short-term in vitro genotoxicity assays have been widely conducted over 

decades to evaluate the toxicity of cigarette mainstream smoke, with a large number of 

studies using bacteria cells (6–8) and a relatively small number of studies using mammalian 

cells (9–11). Recently, several comparative studies have been performed confirming that 

cigarette mainstream smoke from a variety of cigarette types is mutagenic. Total particulate 

matter (TPM) from the smoke of 10 blended cigarettes was mutagenic in the Ames test (12) 

and mouse lymphoma assay (MLA) (13). The cigarette smoke condensates (CSCs) from 12 

brands of cigarettes produced positive responses in human B lymphoblastoid cells for DNA 

damage using the comet assay and for micronuclei using the cytokinesis-block assay (14). 

Ten CSCs from commercial or experimental cigarettes were positive in the Ames test using 

two tester strains, in the comet assay and micronucleus assay using mouse lymphoma cells, 

and in the chromosome aberration assay using Chinese hamster ovary cells (15). Different 

genotoxicity assays have different sensitivities, specificities and genotoxic end points. 

Therefore, more comparative genotoxic studies as well as biological and chemical studies of 

cigarette mainstream smoke are needed to expand the available database and to evaluate the 

mutagenic potency of TPM/CSC and the quantitative detection of the overall toxicity of 

cigarette smoke, which will give more confidence in the interpretation of the results.
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The MLA using the thymidine kinase (Tk) gene of the L5178Y/Tk+/−-3.7.2C mouse 

lymphoma cell line is used internationally as an in vitro mammalian genetic toxicology 

assay for regulatory decision-making (16,17). The MLA was originally developed using 

cloned cells immobilised in soft agar to enumerate mutants (18). In 1983, an alternative 

method of cloning with medium in 96-well microwell plates was developed for mutant 

frequency (MF) determination (19). During the last decade, the MLA Workgroup, as a part 

of the International Workshop for Genotoxicity Testing (IWGT), has reached consensus on a 

number of important issues for the appropriate approach to data evaluation and has 

developed acceptance criteria for both the microwell and soft agar versions of the MLA 

assay (20–24). In this study, we investigated the cytotoxicity and mutagenicity of 11 CSCs 

(including the 2R4F Kentucky reference cigarette) using both the microwell and soft agar 

versions of the MLA. To our knowledge, it is the first time for these CSCs (Table I), except 

2R4F, were tested in the MLA and there is no mutagenicity data available for two CSCs 

(LVB and LCF) from other assays in the published literature. In addition, the underlying 

mechanisms for mutation induction by these CSCs were explored by the loss of 

heterozygosity (LOH) analysis of the induced mutants.

Materials and methods

Materials

Trifluorothymidine (TFT) and dimethyl sulfoxide (DMSO) were purchased from the Sigma 

Chemical Company (St Louis, MO, USA). Fischer’s medium was obtained from Quality 

Biological Inc. (Gaithersburg, MD, USA), and all other cell culture supplies were acquired 

from Invitrogen Life Technologies (Carlsbad, CA, USA). The Difco Noble Agar used for 

cloning was obtained from Becton Dickinson (Sparks, MD, USA). Aroclor 1254 induced 

male Sprague–Dawley rats liver post-mitochondrial fraction (S9) was purchased from 

Moltox (Boone, NC, USA). PCR Master Mix was from Promega Company (Madison, WI, 

USA). The primers used for detection of LOH at the Tk locus and the D11Mit36, D11Mit20 
and D11Mit74 loci were synthesised by Invitrogen Life Technologies.

Preparation of the CSCs

Detailed information about cigarette collection, smoking conditions and preparation of CSCs 

was described previously (15). Briefly, the commercial cigarettes were purchased at retail 

outlets in Atlanta, GA, and the 2R4F reference cigarettes were purchased from the 

University of Kentucky Tobacco and Health Research Institute (Lexington, KY, USA). 

Custom unfiltered research cigarettes containing 100% reconstituted tobacco, burley or flue-

cured tobaccos were obtained from Murty Pharmaceuticals (Lexington, KY, USA). Cigarette 

smoke was generated by automated smoking on a linear 16-port ASM 500 smoking machine 

(Cerulean, Milton Keynes, UK). Ten cigarettes (Table I) were smoked according to the US 

Federal Trade Commission/International Organisation for Standardisation (ISO) conditions 

(35 ml puff volume, 2 sec duration, 60-sec puff interval, with the ventilation holes 

unblocked). One commercial US light non-menthol cigarette brand was also smoked 

according to the Massachusetts Department of Public Health (MDPH) intense conditions (45 

ml volume, 2 sec duration, 30-sec puff interval and with 50% blockage of filter ventilation 

holes) to generate LTMAS (Table I). After smoking, the cigarette filter pads were extracted 
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with DMSO to yield a concentration of 20 mg tar/ml DMSO. Tar is defined as the mass of 

wet total particulate matter (TPM) minus the mass of nicotine and water. All CSC samples 

were generated at the US Centers for Disease Control and Prevention (CDC) (Atlanta, GA, 

USA), shipped on dry ice to the National Center for Toxicological Research (Jefferson, AR, 

USA) and stored at -70°C until analysis. The concentrations of smoke tar and CSC nicotine 

of the 11 CSCs are shown in Table I.

Cells and culture conditions

The L5178Y/Tk+/–-3.7.2C mouse lymphoma cell line was used for the mutation assay. Cells 

were grown according to the methods described previously (25). The basic medium was 

Fischer’s medium for leukaemic cells of mice with L-glutamine supplemented with pluronic 

F68 (0.1%), sodium pyruvate (1 mM), penicillin (100 U/ml) and streptomycin (100 μg/ml). 

The treatment medium (F5p), growth medium (F10p) and cloning medium (F20p) were the 

basic medium supplemented with 5, 10 and 20% heat-inactivated horse serum, respectively. 

The cultures were gassed with 5% (v/v) CO2 in air and were maintained in a shaker 

incubator at 37°C.

S9 mix preparation

All CSCs were studied in the presence of metabolic activation. The S9 fraction of livers 

from male Sprague–Dawley rats treated with Aroclor 1254 (Moltox) was mixed with a 

nicotinamide adenine dinucleotide phosphate-generating system. Glucose-6-phosphate (180 

mg/ml), NADP+ (25 mg/ml), 150 mM KCl and rat liver S9 were mixed in the ratio 1:1:1:2, 

and 250 μl of S9 mix were added to 10 ml of treatment medium. In all cases, including the 

solvent controls (DMSO) and positive controls [0.3 μg/ml benzo[a]pyrene (BP)], the final S9 

concentration in the treatment medium was 1%.

Cell treatments with CSCs

The CSC working solution (100×) was prepared just prior to use by a series of dilutions 

using DMSO from original stocks generated at CDC. The mouse lymphoma cells were 

suspended in 50-ml centrifuge tubes containing 6 × 106 cells in 10 ml of treatment medium. 

In the dose range finding tests, the cells were exposed to each CSC at the concentrations of 

25, 50, 75 and 100 μg/ml. In the mutation assays, four or five concentrations (25–200 μg/ml) 

were selected for each CSC based on the dose range finding tests. One hundred microlitres 

of CSC working solutions and 250 μl of S9 mix were added to the cell cultures and then the 

cells were gassed with 5% (v/v) CO2 in air and placed on a roller drum (15 r.p.m.) in a 37°C 

incubator for 4 h. In all cases, the final concentration of DMSO in the medium was 1%, 

including the solvent controls (DMSO) and positive controls (BP). After treatment, the cells 

were centrifuged and washed twice with fresh medium and then were resuspended in growth 

medium at a density of 3 × 105 cells/ml. The culture tubes were placed on a roller drum in a 

37°C incubator to begin the 2-day phenotypic expression.

The microwell and soft-agar versions of the MLA

Following the 2-day expression period, the treated cultures were divided to perform mutant 

selection using both the microwell and soft-agar versions of the MLA (25). In the microwell 
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version, 3 μg/ml of TFT was added to the cells in the cloning medium for mutant 

enumeration, and the cells were seeded into four 96-well flat-bottom microtitre plates using 

200 μl/well and a final density of 2000 cells per well. For the determination of plating 

efficiency, the cultures were adjusted to 8 cells/ml medium and aliquoted in 200 μl/well into 

two 96-well flat-bottom microtitre plates. In the soft-agar version, 1 μg/ml of TFT was 

added in the cloning medium to enumerate the mutants. Cells were suspended in 100 ml of 

cloning medium with 0.28% agar and poured onto three 100-mm diameter tissue culture 

dishes to give a final density of 30 000 cells/ml. Six hundreds cells were suspended in 100 

ml of 0.28% soft agar cloning medium for determining plating efficiency.

All 96-well plates and 100-mm tissue culture dishes were incubated at 37°C in a humidified 

incubator with 5% CO2 in air. After 11 days of incubation, colonies were counted and 

mutant colonies were categorised as small or large (25). For the microwell version, counting 

was done visually and the small colonies were defined as those smaller than 25% of the 

diameter of the well. MFs were calculated using the Poisson distribution (25). For the soft-

agar version, colony counting and sizing was performed using an automatic colony counter 

(Microbiology International, Frederick, MD, USA) fitted with the capability to evaluate the 

size of the colonies. Mutant colonies approximately <0.6 mm in diameter were considered to 

be small-colony mutants. Cytotoxicity was measured using relative total growth (RTG) that 

includes a measure of growth during treatment, expression and cloning (25). The potencies 

of the CSCs to induce MF were calculated from the slope of the linear regression of the 

dose–response curves (15).

LOH evaluation of the Tk mutants

The mutant colonies for the LOH analysis were collected from each of the CSC treatment 

cultures giving an RTG of about 10–20%. Forty-eight large and 48 small mutant colonies 

from each CSC treatment and negative control (DMSO) were analysed. Mutant clones were 

directly taken from the TFT-selection 96-well plates and washed once with 200 μl of 

phosphate-buffered saline by centrifugation. The cell pellets were quickly frozen and stored 

at -20°C until analysis. Genomic DNA was extracted by digesting the cells in lysis buffer 

[10 mM Tris–HCl (pH 7.5), 5 mM MgCl2, 1% (v/v) Triton X-100 and 1% (v/v) Tween 20] 

with 200 μg/ml of proteinase K at 60°C for 90 min, followed by inactivation of proteinase K 

at 95°C for 10 min. The procedure for the polymerase chain reaction (PCR) analysis of LOH 

using allele-specific PCR at the Tk locus and other three microsatellite loci (D11Mit36, 

D11Mit20 and D11Mit74) spanning the entire chromosome 11 was previously described 

(26). The amplification reactions were carried out in a total volume of 20 μl using 2× PCR 

Master Mix, and pairs of primer sequences for specific loci showed in Table II. The thermal 

cycling conditions were as follows: initial incubation at 94°C for 3 min, 35 cycles of 94°C 

denaturation for 30 sec, 55°C annealing for 30 sec and 72°C extension for 30 sec and a final 

extension at 72°C for 7 min. The amplification products were analysed by 3.5% agarose gel 

electrophoresis for D11Mit36 locus or 2% gel electrophoresis for the other three loci, 

stained with 1 μg/ml of ethidium bromide and scored as LOH (presence of one band) or non-

LOH (retention of two bands at the given locus). Figure 1 shows a representative 

electrophoresis image of PCR analysis of LOH.
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Data analysis

The data evaluation criteria developed by the MLA Expert Workgroup of IWGT were used 

to determine whether a specific treatment condition was positive. Positive responses were 

defined as those where the induced MF in one or more treated cultures exceeded the global 

evaluation factor (126 or 90 mutants per 106 cells for the microwell or soft agar version, 

respectively) and where there was also a dose-related increase with MF (22). LOH patterns 

of mutants obtained from each CSC were compared using the computer program written by 

Cariello et al. (27) for the Monte Carlo analysis developed by Adams and Skopek (28).

Results

Dose range finding tests for each CSC were conducted using the same dose range (25, 50, 75 

and 100 μg/ml) in both the microwell and soft agar versions. The 11 CSCs displayed 

different cytotoxic and mutagenic potencies in both versions, and the dose-related increases 

in MF were associated with the dose-related increases in cytotoxicity in all CSCs (data not 

shown). When expressed on a per condensate basis, three CSCs (LT, BRI and REC) 

exhibited greater cytotoxic and mutagenic effects than the other CSCs in both the microwell 

and soft agar versions of the assay, with RTGs <10% at the concentration of 100 μg/ml. LIP 

showed the least cytotoxic and mutagenic potency among the 11 CSCs, with an RTG of 56–

60% at a concentration of 100 μg/ml in both versions of the assay.

The main experiments were conducted with each CSC using four or five selected 

concentrations based on the dose range finding tests. Table III shows the detailed 

information for RTG, MF and the percentage of small colonies in both the microwell and 

soft agar versions. Using the data evaluation criteria developed by the IWGT–MLA 

workgroup (22), all 11 CSCs induced dose-related cytotoxic and mutagenic effects in mouse 

lymphoma cells in both the microwell and soft agar versions. The lowest concentration that 

resulted in a positive response was 40 μg/ml in three CSCs (LT, LCF and REC) with an RTG 

of 54–67% for the microwell version and in two CSCs (BRI and REC) with an RTG of 54–

56% for the soft agar version. On the other hand, LIP required the highest concentration 

(125 μg/ml), which began to give a positive response with an RTG of 44–47% in both 

versions. Based on the concentrations required to give an RTG between 20 and 10% in both 

versions, the highest concentration ranged from 70 to 200 μg/ml and the 11 CSCs were 

divided into three groups. Three CSCs (LT, BRI and REC) induced higher MFs at lower 

concentrations (70–80 μg/ml), four CSCs (2R4F, LTMAS, LVB and LCF) showed moderate 

mutagenicity at the concentrations around 100–125 μg/ml and the other four CSCs (FF, LIP, 

BUR and UL) displayed relatively lower MFs at higher concentrations (150–200 μg/ml). All 

11 CSCs induced both large-colony mutants and small-colony mutants in both versions of 

the MLA, and the proportion of small-colony mutants increased with increasing CSC 

concentrations (Table III).

In order to confirm the results shown in Table III, additional experiments using five CSCs 

(BRI, BUR, LIP, LTMAS and REC) were conducted using both versions of the MLA. These 

five CSCs resulted in dose-dependent cytotoxicity and mutagenicity (data not shown), which 

were similar to the main experiments shown in Table III.

Guo et al. Page 6

Mutagenesis. Author manuscript; available in PMC 2019 February 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The mutagenic potencies of the CSCs were calculated using the slope of the linear 

regression of the dose–response curves (R2 = 0.786–0.911), based on the data in Table III. 

The genotoxic potencies (ranking) of 11 CSCs as an MF per microgram of CSC in both 

versions of the MLA are listed in Table IV. The potency values are also expressed per 

microgram of nicotine (Table IV). Among the 11 CSCs, LT, BRI and REC were the three 

most potent CSCs in both versions when calculated per microgram of CSC. LT and REC 

remained among the top three most potent after adjusting for the nicotine content of the 

CSCs. BUR was the least mutagenic in both versions when calculated per microgram of 

nicotine. Expressed per microgram of CSC, LIP and FF were the least mutagenic in the 

microwell or soft agar version, respectively. In both versions, the mutagenic potencies 

spanned a 3.5- to 4.1-fold or a 12.3- to 13.1-fold range when expressed as MF per 

microgram CSC or per microgram nicotine, respectively (Table IV). In addition, the 

mutagenic potencies of the CSCs did not show a correlation with the tar or nicotine 

concentrations in the cigarettes.

Comparing two CSCs produced from the same commercial cigarette (US light non-menthol 

brand) under two sets of smoking conditions, the smoke condensate of LT smoked under 

ISO conditions was more cytotoxic and mutagenic than LTMAS produced under MDPH 

conditions in both versions of the MLA on a per microgram CSC basis (Figure 2). 

Expressed per microgram of CSC, the potency of LT was ranked first and third and the 

potency of LTMAS was sixth and fourth in the microwell and soft agar versions, 

respectively. Expressed per microgram of nicotine, the potency of LT was ranked second and 

third and the potency of LTMAS was fifth and fourth in the microwell and soft agar 

versions, respectively. Most of the CSC rankings did not change when comparing the MF 

potency expressed per microgram of CSC with the MF potency expressed per microgram of 

nicotine. Possible exceptions are BRI that decreased in potency when expressed per 

microgram of nicotine in both versions and 2R4F that increased in potency ranking in the 

soft agar version when expressed per microgram of nicotine.

LOH analysis of the mutants was conducted using four microsatellite loci, Tk locus, 

D11Mit36, D11Mit20 and D11Mit74, to determine the types of the mutations. These four 

polymorphic markers were almost evenly distributed along the full length of chromosome 

11. DNA samples were isolated from 48 large and 48 small-mutant colonies for each CSC 

treatment using the highest dose (see Table III) and DMSO-negative control. More than 900 

mutants (92%) from 11 CSC treatments lost heterozygosity at the Tk locus. The percentages 

of the different types of mutations in all (large and small) mutant colonies are displayed in 

Figure 3. The mutational spectra induced by each CSC treatment were significantly different 

than the negative control. The most common type of mutation for all the CSCs was LOH 

involving only the Tk locus, indicating most mutants had chromosome damage less than ~34 

Mbp of chromosome 11. The second most common type of mutation was LOH involving 

both Tk and D11Mit36 loci, suggesting chromosome damage between 34 and 73 Mbp 

(Figure 3).

To compare the results of the two equally acceptable MLA methodologies, both the 

microwell and soft agar versions were conducted for all 11 CSCs. It should be noted that in 

all cases, the cell treatment and mutant expression were conducted using a single culture. 
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Each CSC-treated cell culture was used for the two different selection methods, 96-

microwell plates and soft agar petri dishes. Therefore, the relative suspension growth 

calculated during the 2-day phenotypic expression in both versions of the MLA was same 

for each CSC. As seen in Table III, the RTG of the two versions were similar. Although the 

absolute values of MFs (especially in high doses) in the microwell version were higher than 

those in the soft agar version at the same dose-treated cultures, dose-related increases in 

MFs were seen for all tested CSCs in both versions of the assay (Table III). While the order 

of genotoxic potencies appears a little bit different in the two versions of the MLA expressed 

either as MF per microgram of CSC or nicotine, the mutagenic potencies of all CSCs were 

strongly correlated (R2 = 0.772 or 0.888, respectively) between the two versions of the MLA 

(Figure 4), indicating that the two versions give comparable results.

Discussion

Tobacco smoke, including involuntary smoking, is classified by the International Agency for 

Research on Cancer as a Group 1 carcinogen (sufficient evidence of carcinogenicity) (29). 

Smoking is the single most preventable cause of disease, disability and death in the USA, 

and >400 000 people die prematurely from smoking or exposure to second-hand smoke each 

year (30). Cigarettes deliver toxic chemicals to smokers and non-smokers exposed to 

second-hand smoke. In this regard, it is appropriate to evaluate standardised toxicity tests for 

the ability to distinguish between cigarettes with differing characteristics (e.g. charcoal 

filters) and also to investigate the contribution of different tobacco types to the overall 

toxicity of the product. In vitro short-term tests have always been considered prior to other 

assays because of their rapid, inexpensive yet standardised data. Previous studies 

demonstrated that in vitro toxicology tests have been successfully used for better 

understanding of the biological activity of CSCs (5).

The MLA has been widely used for short-term mutagenicity tests (16,17) and is capable of 

evaluating the ability of mutagens to induce a wide variety of mutational events, i.e. point 

mutations, large-scale chromosomal changes, recombination and mitotic non-disjunction 

(31–35). This assay has been considered as the most sensitive in vitro mammalian cell gene 

mutation assay and therefore is especially useful in evaluating substances with unknown or 

multiple genotoxic mechanisms (13).

When the mouse lymphoma cells were exposed to CSC, all 11 CSCs were cytotoxic and 

mutagenic (Tables III) by causing LOH involving chromosome 11, the location of the Tk 
gene (Figure 3). About 60–87% of mutants induced by 11 CSCs were small colonies in both 

versions. The dose-related increases in MFs were associated with dose-related increases in 

cytotoxicity for all tested CSCs. The mutagenic potencies observed among the 11 CSCs 

produced from 10 diverse cigarette types varied by 12- to 13-fold when expressed per 

microgram of nicotine allowing better separation than the potencies when expressed on a per 

microgram of CSC basis (Table IV). In the soft agar version, the potencies of CSCs as MF 

per microgram of CSC basis suggested three groups of cigarettes, REC and BRI > LT, 

LTMAS and 2R4F > LVB, LIP, UL, BUR, LCF and FF. These results suggest that the MLA 

is capable of discriminating the mutagenic activity of different CSCs. It is worth noting that 

these differences were not related to the tar concentrations in the cigarettes. For example, 
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UL contained the lowest tar of 5 mg/cigarette and showed even higher cytotoxicity and 

mutagenicity than LT or 2R4F with 10 and 8.9 mg of tar/cigarette. This finding is supported 

by epidemiologic studies that demonstrate no difference in uptake of lung carcinogens and 

lung cancer risk among smokers of cigarettes having tar levels of regular (>14.5 mg), light 

(6.5–14.5 mg) and ultralight (<6.5 mg) (36,37), indicating that cigarette properties other than 

a single tar value influence the genotoxicity of the cigarettes. In fact, there are >4000 

individual constituents identified in cigarette smoke and the chemical composition of the tar 

likely varies based on the tobacco blend, physical and chemical characteristics of the 

cigarette and smoking topography (i.e. how a person smokes a cigarette including the 

number of puffs, puff volume and puff duration) (38).

The MLA results presented here indicate some differences in the mutagenic potencies of the 

11 CSCs (Table IV) than the genotoxic potencies found in the Ames test, the comet assay, 

the micronucleus assay and the chromosome aberration assay (15). However, there is some 

agreement between the two studies. For example, when expressed on a per microgram of 

CSC basis, the potency rankings of four CSCs (UL, FF, LT and LTMAS) were similar to 

their potency rankings in the micronucleus assay and of REC, FF, LT and LTMAS with the 

potency rankings in the chromosomal aberration assay in the DeMarini study (15). The 

biological relevance of the similarities and differences across assays warrant further study. It 

has long been recognised that the in vitro genotoxic test systems measure different 

biological end points and therefore would be expected to respond differently to different 

chemical classes or constituents of cigarette smoke. There are at least 106 chemicals present 

in tobacco that have been tested in the MLA. Sixty of them belonging to several different 

chemical classes were evaluated as limited or definitive positives in the MLA assay (13,39). 

Due to the chemical complexity of tobacco smoke, the quantitative contribution of any 

particular smoke constituent and their contribution to the overall mutagenicity and 

carcinogenicity of cigarette smoke remain to be elucidated.

It is recognised that not all smokers smoke their cigarettes in the same way. Numerous 

studies have shown that some smokers take larger puffs and/or more frequent puffs than the 

machine smoked under ISO conditions (40–42). Therefore, a CSC produced from a cigarette 

machine smoked under more intense conditions was included in this study to compare the 

mutagenicity of cigarette smoke under both standard and more intense smoking conditions. 

LT and LTMAS were produced from the same US ‘light’ non-menthol brand. LTMAS 

generated under MDPH condition had a higher tar concentration than LT generated under 

ISO conditions (21.7 versus 10 mg/cigarette, Table I). LT showed more cytotoxicity and 

mutagenicity than LTMAS in both versions of the MLA (Figure 2), with ~1.8-fold and 1.2-

fold higher MFs in the microwell and soft agar versions, respectively (Table IV). Similarly, 

in a previous study which tested the mutagenicity of cigarette mainstream smoke particulate 

phase from eight US commercial cigarettes plus two reference cigarettes using the MLA, the 

mutagenic activity expressed on a per milligram TPM basis was in general slightly lower 

under MDPH conditions than those under ISO conditions, especially ‘Parliament Lights 

100’s and Marlboro’ (13). Roemer et al. (12) also reported that the mutagenic activity as a 

function of TPM delivery was lower using MDPH conditions when compared to ISO 

conditions in the Ames assay.
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While there have been a few previous studies using the MLA to evaluate cigarette 

mainstream smoke with one or more CSC/ TPM samples (13,43–45), none has analysed the 

mutants for LOH beyond the Tk locus on chromosome 11. In our study, four microsatellite 

loci (Tk locus, D11Mit36, D11Mit20 and D11Mit74) were selected that were almost evenly 

distributed along the full length of chromosome 11. The mutational spectra induced by each 

CSC treatment were significantly different from the negative control (Figure 3), with the 

most common type of mutation for all CSCs being LOH at the Tk locus alone. That is, the 

LOH did not extend to D11Mit36 so the chromosome damage involved <34 Mbp of 

chromosome 11. These results indicate that CSC-induced mutagenicity likely occurs through 

a clastogenic mode of action. Massey et al. (46) observed that micronuclei induced by whole 

cigarette smoke occurred primarily from whole chromosome loss (aneuploidy). Recently, 

DeMarini et al. (15) reported chromosomal aberration data using CHO cells for 10 CSCs 

and the clastogenic potencies ranged 4-fold based on per microgram CSC. LOH is 

frequently observed in a variety of human cancers at loci that are tumour suppressor genes 

and thus is an important mutational event in tumorigenesis. LOH can result from any of the 

several mechanisms, including large deletions, mitotic recombination and whole 

chromosome loss (34).

In this study, both the microwell and soft agar versions of the MLA were performed with 11 

CSCs. These results (Table III) demonstrated that the cytotoxic and mutagenic effects of 11 

CSCs were comparable in both versions. The RTG of the two versions were similar, 

suggesting that these two versions have the same potential to evaluate the cytotoxicity of the 

chemicals. With regard to the MFs, the microwell procedure yielded slightly higher 

background MFs than the soft agar version. The CSC-induced MFs in the microwell version 

were somewhat greater than those in the soft agar version at the lower treatment 

concentrations and were about two times greater in the higher treatment concentrations 

(Table III). These results are in agreement with a previous study, which compared the two 

methodologies using model chemical compounds, such as ethyl methanesulfonate, methyl 

methanesulfonate and dimethylbenzanthracene (47). The difference between the two 

versions of the MLA probably results from the cell culture medium, particularly the 

presence or absence of agar, and the methods for calculating MF. The cell growth is likely a 

little bit faster in the cloning medium without agar (microwell version) than those growing in 

the cloning medium including agar (soft agar version). The Poisson distribution is used to 

calculate the plating efficiencies and MFs in the microwell version of the MLA, while the 

absolute colony numbers are employed to directly calculate MFs in the soft agar version 

(25). We plotted the mutagenic potencies of the 11 CSCs generated using the two versions of 

the MLA either in MF per microgram of CSC or nicotine (Table IV). Although the order of 

genotoxic potencies showed some differences in both versions of the MLA, the mutagenic 

potencies of all CSCs were strongly correlated (Figure 4) between the two versions of the 

MLA when expressed as MF per microgram of CSC (R2 = 0.772) or nicotine (R2 = 0.888), 

indicating that the two versions give comparable results.

In summary, the results of this study demonstrate that CSCs produce dose-related cytotoxic 

and mutagenic effects in mouse lymphoma cells using both the microwell and soft agar 

versions of the MLA, with the mutagenic potencies spanning about a 4-fold or a 12- to 13-

fold range when expressed as MF per microgram CSC or per microgram nicotine, 
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respectively. The major type of the mutations induced by the 11 CSCs was LOH involving 

<34 Mbp of chromosome 11, indicating a clastogenic mode of action. The MLA is capable 

of assessing and comparing the cytotoxic and mutagenic activities of complex mixtures of 

chemicals such as CSC, and the results from both versions of this assay are comparable.
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Fig. 1. 
Representative electrophoresis image of PCR analysis of LOH at the D11Mit36 
microsatellite locus of mouse lymphoma cells. While the Lanes 2, 4 and 6 show LOH 

(presence of one band), and the others indicate non-LOH (retention of two bands at the 

given locus).
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Fig. 2. 
Comparison of cytotoxic and mutagenic effects in mouse lymphoma cells treated with CSCs 

from same cigarette machine smoked under the different conditions. The CSCs of US ‘light’ 

non-menthol brand cigarettes were produced under ISO conditions (LT) or MDPH 

conditions (LTMAS), respectively. (A) the microwell version of the MLA; (B) the soft agar 

version of the MLA; (filled circles) LT; (inverted triangles), LTMAS; solid line, mutagenic 

effects presented as mutant frequency per million cells; dashed line, cytotoxic effects 

presented as relative total growth (%).
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Fig. 3. 
(A) Comparison of the percentage of mutational types for all (large and small) colonies 

produced in mouse lymphoma cells treated with 11 CSCs or control (DMSO). The mutants 

were obtained from the highest dose of 11 CSCs with RTG of 12–27% in Table III. The data 

are the weighted sum of mutation percentages from large and small colonies (see Table III 

for the proportion of small-colony mutants). The ‘→’ indicates the LOH extends from Tk 
locus to other three loci (D11Mit36, D11Mit20 and D11Mit74). (B) The loci that were 

analysed for LOH (Tk1, D11Mit36, D11Mit20 and D11Mit74) are marked on the 

chromosome 11, and the locus of D11Mit74 is located at the top of the chromosome 11.
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Fig. 4. 
Correlations between the mutagenic potencies of 11 CSCs. The data for mutagenic potencies 

were shown in Table IV. The top panel, the potencies per microgram of CSC; the bottom 

panel, the potencies per microgram of nicotine.
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Table II.

Primer pairs used for PCR amplification to determine LOH at four loci along chromosome 11

Locus Position (Mbp)
a Sequences of forward and reverse primers

D11Mit74 5.2 5ˊ-AAAACCTGAGTTCGACCCCT-3ˊ

5ˊ-ATAAAGCCTCATCTACATGGGC-3ˊ

D11Mit20 44.6 5ˊ-CCTGTCCAGGTTTGAGAGGA-3ˊ

5ˊ-CTTGGGAGCCTCTTCGGT-3ˊ

D11Mit36 83.7 5ˊ-CCAGAACTTTTGCTGCTTC-3ˊ

5ˊ-GTGAGCCCTAGGTCCAGTGA-3ˊ

Tk1 117.7 5ˊ-AGGGAGGTGCCTGGCTAACTGACCGCA-3ˊ

5ˊ-GCGGGACACGGAGTGATACTTGTCGGC-3ˊ

a
Locus positions on chromosome 11 in megabase pairs according to the database (http://www.informatics.jax.org), and the chromosome 11 has 122 

Mbp (http://www.ncbi.nlm.nih.gov/mapview/maps.cgi?TAXID=10090&MAPS=assembly,cntg-r,ugMm,genes&CHR=11).
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Table III.

RTG, MF and the percentage of small colonies induced by 11 CSCs

CSC Dose (μg/ml) Nicotine (μg/ml)
a Microwell version Soft- agar version

RTG (%) MF (×10−6) % of small 
colony

RTG (%) MF (×10−6) % of small 
colony

2R4F 0 0 100 76 50 100 50 43

25 1.14 99 150 53 100 70 43

50 2.28 68 231 62 63 129 64

75 3.41 37 506 65 41 252 68

100 4.55 19 972 60 21 451 82

PC 43 874 53 42 387 62

LT 0 0 100 100 65 100 80 57

30 1.73 76 221 66 86 126 68

40 2.30 67 319 71 84 145 74

50 2.88 44 617 70 48 271 80

60 3.45 39 772 71 39 355 83

70 4.03 27 1204 65 24 399 71

PC 30 1167 64 43 349 65

LTMAS 0 0 100 69 40 100 70 54

50 2.90 75 186 60 96 123 65

75 4.35 54 334 59 65 260 76

100 5.80 35 610 57 48 362 79

125 7.25 17 1172 63 26 594 87

PC 26 825 57 30 695 76

FF 0 0 100 88 26 100 87 33

50 2.45 92 191 46 78 147 33

75 3.68 72 279 50 67 159 47

100 4.90 42 517 62 41 252 38

125 6.13 29 581 64 26 301 51

150 7.35 16 1003 70 16 420 54

PC 64 952 52 62 356 37

LIP 0 0 100 87 29 100 67 39

100 5.80 52 203 59 59 153 67

125 7.25 47 324 56 44 284 68

150 8.70 34 522 67 35 363 75

175 10.15 23 761 60 22 544 75

200 11.60 19 771 61 19 566 84

PC 40 1290 48 39 664 72

LVB 0 0 100 100 65 100 80 57

25 1.23 89 134 65 99 99 51

50 2.45 79 199 68 71 111 54

75 3.68 43 497 76 39 222 76

100 4.90 14 1151 73 15 368 80
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CSC Dose (μg/ml) Nicotine (μg/ml)
a Microwell version Soft- agar version

RTG (%) MF (×10−6) % of small 
colony

RTG (%) MF (×10−6) % of small 
colony

PC 30 1167 64 43 349 65

LCF 0 0 100 80 36 100 62 26

40 2.30 54 229 48 63 106 29

60 3.45 50 276 63 45 133 54

80 4.60 34 434 64 35 220 57

100 5.75 13 772 67 17 277 70

PC 55 832 50 52 373 38

BUR 0 0 100 93 33 100 87 32

50 5.83 75 235 38 84 144 45

75 8.74 47 239 53 48 157 52

100 11.65 28 276 59 29 234 58

125 14.56 20 612 68 25 260 72

150 17.48 13 699 60 13 471 77

PC 37 1396 39 56 398 76

BRI 0 0 100 96 35 100 53 30

40 4.68 64 202 45 54 170 59

50 5.85 37 444 62 39 245 73

60 7.02 18 885 59 23 343 75

70 8.19 11 996 60 12 467 81

PC 45 999 40 41 482 61

REC 0 0 100 96 35 100 53 30

40 1.28 58 255 52 56 157 56

60 1.92 33 584 54 31 325 72

70 2.24 17 1036 53 16 558 80

80 2.56 12 1319 56 10 701 85

PC 45 999 40 41 482 61

UL 0 0 100 93 33 100 87 32

75 3.79 62 273 50 67 180 53

100 5.05 45 344 50 46 254 65

125 6.31 21 602 68 22 403 80

150 7.58 14 892 66 16 470 75

PC 37 1396 39 56 398 76

RTG, relative total growth that includes a measure of growth during treatment, expression and cloning; MF, mutant frequency per 106 cells; PC, 
positive control of 0.3 μ/ml benzo[a]pyrene in each experiment.

a
Converted from CSC mass concentration according to the nicotine concentration in each CSC shown in Table I, in order to adjust the toxicity 

value for compensatory smoking.
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