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Abstract

Use of smokeless tobacco products (STPs) is associated with oral cavity cancer and other health
risks. Comprehensive analysis for chemical composition and toxicity is needed to compare
conventional and newer STPs with lower tobacco-specific nitrosamines (TSNAS) yields. Seven
conventional and 12 low-TSNA moist snuff products purchased in the U.S., Sweden, and South
Africa were analyzed for 19 chemical constituents (International Agency for Research on Cancer
classified carcinogens), pH, nicotine, and free nicotine. Chemicals were compared in each product
using Wilcoxon rank-sum test and principle component analysis (PCA). Conventional compared to
low-TSNA moist snuff products had higher ammonia, benzo[a]pyrene, cadmium, nickel, nicotine,
nitrate, and TSNAs and had lower arsenic in dry weight content and per mg nicotine. Lead and
chromium were significantly higher in low-TSNA moist snuff products. PCA showed a clear
difference for constituents between conventional and low-TSNA moist snuff products. Differences
among products were reduced when considered on a per mg nicotine basis. As one way to
contextualize differences in constituent levels, probabilistic lifetime cancer risk was estimated for
chemicals included in The University of California's Carcinogenic Potency Database (CPDB).
Estimated probabilistic cancer risks were 3.77-fold or 3-fold higher in conventional compared to
low-TSNA moist snuff products under dry weight or under per mg nicotine content, respectively.
In vitrotesting for the STPs indicated low level toxicity and no substantial differences. The
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comprehensive chemical characterization of both conventional and low-TSNA moist snuff
products from this study provides a broader assessment of understanding differences in
carcinogenic potential of the products. In addition, the high levels and probabilistic cancer risk
estimates for certain chemical constituents of smokeless tobacco products will further inform
regulatory decision makers and aid them in their efforts to reduce carcinogen exposure in
smokeless tobacco products.

Graphical Abstract
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1. INTRODUCTION

Smokeless tobacco products (STPs) have been increasingly promoted in recent years by
major tobacco companies as an alternative to smoking (Hatsukami et al., 2007), and the
global market has grown considerably (Delnevo et al., 2014). STPs includes chewing
tobacco (loose leaf, plug, or twist), snuff (moist and dry), and dissolvable (lozenges, sticks,
strips, and orbs) (IARC, 2007). On the U.S. market, conventional and low-TSNA moist snuff
products are most popular forms of STPs (Stepanov et al., 2008a; Xue et al., 2014). Moist
snuff products are sold as small pouches or powder and are held in the mouth between the
lip or cheek and gum or sniffed up the nose, rather than smoking (Stepanov et al., 2008a).
Tobacco companies are marketing these products with colorful packages and sweet flavors,
which make them more attractive to youth, young adults, and women as a substitute for
smoking (Adkison et al., 2014).

Low-TSNA moist snuff products sold in the recent within Sweden, the US, and elsewhere
are distinguished from conventional moist snuff products because they are produced using
different curing methods that greatly reduce TSNAs, namely air- and sun-cured in contrast to
conventional moist snuff STPs that tent to include blends in fire-cured tobacco (Foulds et al.,
2003; Rutqvist et al., 2011). In addition to these differences, low-TSNA moist snuff products
contain pasteurized tobacco and generally refrigerated immediately after production to help
minimize of the risk of the formation of TSNAs and other toxicants in the product during
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storage, whereas conventional moist snuff products are mostly fermented, allowing
continued formation of TSNAs (Foulds and Furberg, 2008; Osterdahl and Slorach, 1983;
Twombly, 2010).

Although the use of the STPs is considered less harmful than smoking for exclusive users
because STPs do not yield combustion products when used, they still contain a large number
of chemicals and carcinogens (IARC, 2007). By The Food and Drug Administration (FDA)
under The Family Smoking Prevention and Tobacco Control Act of 2009 (Tobacco Control
Act or TCA), a tobacco product including the STPs standard, what is put into STPs, has
been established (Section 907)

(http://www.fda.gov/TobaccoProducts/GuidanceComplianceRegulatoryInformation/
ucm263053.htm). Moreover, The FDA Center for Tobacco Products current Research
Priorities include the study of smokeless tobacco toxicity (https://prevention.nih.gov/
tobacco-regulatory-science-program/research-priorities), and has established a list of
harmful and potentially harmful constituents (HPHCSs) in tobacco including STPs (http://
www.fda.gov/downloads/TobaccoProducts/GuidanceComplianceRegulatoryInformation/
UCM297981.pdf). Nine constituents in STPs are currently in enforcement discretion to
require reporting for industry (http://www.fda.gov/downloads/TobaccoProducts/
GuidanceComplianceRegulatorylnformation/UCM297981.pdf).

Scientific evidences have shown that health risks associated with snus use are lower than
those associated with cigarette smoking (Lewin et al., 1998; Schildt et al., 1998; Ye et al.,
1999), but it should be noted that there are some population studies for adverse effects of
STPs use (Hecht et al., 2007; Luo et al., 2007; Martin et al., 1999; Zhou et al., 2013). A
large study found that exposure levels of 4-(Methylnitrosamino)-1-(3-pyridyl)-1-butanone
(NNK) in STPs users (n=182) were comparable to those in cigarette smokers (n=420)
(Hecht et al., 2007). Clinical outcomes for oral leukoplakia showed association with use of
U.S. conventional moist snuff products including Copenhagen, Skoal, and Kodiak (Martin et
al., 1999). In a case-control study, individuals who reported 10 or more years of STPs use
had a significantly increased risk of head and neck squamous cell carcinoma (HNSCC),
suggesting adverse effects of long-term use of STPs(Zhou et al., 2013). Another study
showed that use of Swedish snus could heighten a user's risk for pancreatic cancer (Luo et
al., 2007)

According to The International Agency for Research on Cancer (IARC), approximately 30
known or probable human carcinogens in STPs are identified (IARC, 2007). A number of
studies have reported chemical composition of STPs worldwide, but the majority of the
studies have limited on dry snuff, chewing tobacco, plug, tobacco pellets, conventional moist
snuff, or Swedish snus (Hoffmann and Djordjevic, 1997; IARC, 2007; Lawler et al., 2013;
Rodu and Jansson, 2004). Recently, some studies have reported large variation in the levels
of some toxicants in low-TSNA moist snuff products; however, these studies have mainly
focused on a limited range of toxicants such as polycyclic aromatic hydrocarbons (PAHS)
(Stepanov et al., 2008a; Stepanov et al., 2010) and TSNAs (Lawler et al., 2013; Stepanov et
al., 2008a).
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Smokeless tobacco is classified as a known human carcinogen by IARC, and various
constituents are similarly classified (http://monographs.iarc.fr/). Currently, there is no way to
relate a particular level of a chemical constituent in STPs to cancer risk. The University of
California's Carcinogenic Potency Database (CPDB) provides a carcinogenic potency from
systematic and unifying analysis of chronic and long-term animal cancer tests in literature
through 2001 and by the National Cancer Institute/National Toxicology Program through
2004, which can be used to contextualize the magnitude for differences among risk by
individual constituents . This approach has been done for cigarette smoke by Fowles and
Dybing (Fowles and Dybing, 2003) using the US Environmental Protection Agency (EPA)'s
cancer potency values, analogous to what is available from the CPDB (USEPA, 1991), and
probabilistic lifetime cancer risk for selected Swedish snus and moist snuff products were
estimated by Ayo-Yusuf and Connolly using CPDB's carcinogen potency values (Ayo-Yusuf
and Connolly, 2011). These databases somewhat assign cancer risks based on experimental
animal studies and safety quotients to account for uncertainty. Thus, while they are a means
to compare exposures, it is unknown if the risk estimates provided from these methods
reflect actual differences in risk to humans.

Due to several advantages of /n vitro studies(i.e., relatively inexpensive and rapid screening
of many samples) (Johnson et al., 2009) to assess the toxicological impact of tobacco
products, /n vitrotoxicology tests including Ames testing, Neutral Red cytotoxicity, and
micronucleus assay have been wildly used in STPs, but it has been limited on the number of
conventional moist snuff, chewing STPs, or Swedish STPs (Johnson et al., 2009; Rickert et
al., 2009).

Here, we aimed to comprehensively determine the wide range of chemical constituents
including FDA's HPHCs in most popular moist snuff tobacco products used in the U.S.,
Sweden, and South Africa. We further compared chemical compounds and provide some
context for risk related to differences of chemical levels by a classification of the products
into two groups, conventional and low-TSNA moist snuff products.

2. MATERIALS AND METHODS

2.1. Smokeless tobacco products

We used 19 most popular moist snuff products including 7 conventional (Husky Straight
Long-cut, Grizzly Fine Cut Wintergreen Fine cut, Timber Wolf Fine Cut Natural Fine cut,
Copenhagen Mid-Cut Black Bourbon Flavored, Copenhagen Pouches, Copenhagen Snuff,
Skoal Bandits Mint) and 12 low-TSNA moist snuff tobacco products. The latter includes 7
U.S. products (Camel Frost Snus, Camel Spice Snus, Camel Original Snus, Marlboro Mild
Snus, Marlboro Mint Snus, Marlboro Rich Snus, and Marlboro Spice Snus), 3 Swedish
products (Ettan Lossnus, General Mini Portion, and Skruf Stark Portion), and 2 South Africa
products (Taxi Super Snuff Gwayi and Peter Stuyvesant Coffee Snus). These products were
purchased in local retail outlets in USA (Washington, D.C. and Connersville, IN), Sweden,
and South Africa between 2007 and 20009.

The Kentucky reference materials 251 loose-leaf chewing tobacco, 1S2 dry snuff, 253 moist
snuff, and 2R4F cigarette also were analyzed (Supporting Table 1) (Johnson et al., 2009).
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2.2. Smokeless tobacco chemical analysis

The chemical constituents were analyzed by Arista Laboratories (Richmond, VA, USA); a
commercial laboratory experienced in tobacco analysis. Each product was analyzed in
triplicate for chemical analysis, and results are reported as the mean of these values. We
analyzed pH, nicotine, free nicotine, and 19 chemical constituents including 4 TSNAs (V-
Nitrosoanabasine [NAB], A/-Nitrosoanatabine [NAT], 4-(Methylnitrosamino)-1-(3-
pyridyl)-1-butanone [NNK], A/-Nitrosonornicotine [NNN]), 6 metals (arsenic, cadmium,
chromium, lead, nickel, and selenium), 3 humectants (propylene glycol, glycerol, and
triethylene glycol), and 6 others (ammonia, benzo[a]pyrene, formaldehyde, N-
nitrosodimethylamine (NDMA), and nitrate). The results presented were on a dry weight
and per mg of nicotine content as indicated. The detailed chemicals and analytical method is
provided in Supporting Table 2. The chemical levels were normalized to uniform tobacco
content by correcting for moisture through drying to a constant weight. Results were
reported on a dry weight content which was calculated from wet weight content. The per mg
of nicotine content was then calculated by dividing the dry weight content concentration by
a nicotine level.

2.3. In vitro toxicity

All products were extracted with dimethyl sulfoxide (DMSO) using an ultrasonic
homogenizer, filtered, and stored at —80 °C prior to assays. The assays performed were the
Ames Salmonella reverse mutation assay, Neutral Red Uptake (NRU) Cytotoxicity assay,
and the micronucleus (MN) assay using the Health Canada Official Method T-501, T-502,
and T-503 (Canada, 2004a, b, c), respectively by Labstat International Inc. (Kitchener,
Ontario). Each product was assayed in triplicates from 3 separate extractions. The detailed
information for a strain or cell line, treated doses, and controls is provided in Supporting
Table 2. The absorbance readings of the NRU assay were expressed relative to negative
control absorbance reading in the result. In the /n7 vitro MN assay, 1,000 randomly selected
cells were scored for the presence of micronuclei.

2.4. 1ARC Group Carcinogens

Smokeless tobacco is declared as a known human carcinogen by the IARC Monographs
Working Group (IARC, 2007). IARC classifies carcinogens into five groups; Group 1
(carcinogenic to humans), Group 2A (probably carcinogenic to humans), Group 2B
(possibly carcinogenic to humans), Group 3 (unclassifiable as to carcinogenicity in humans),
and Group 4 (probably not carcinogenic to humans). Here, we assessed all chemicals
previously identified in conventional and low-TSNA moist snuff tobacco products within
Groups 1-3 for which we could develop a CPDB potency factor.

2.5. CPDB Carcinogenic Potency Factor

Probabilistic cancer risk estimates were calculated using the method applied by Ayo-Yusuf
and Connolly for STPs using CPDB's carcinogenic potency factor (CPF) (Ayo-Yusuf and
Connolly, 2011), based on the toxicological risk assessment principles to cigarette smoke
chemical constituents developed by Fowles and Dybing (Fowles and Dybing, 2003). The
risk calculations were limited to selected constituents for which the CPF is available in the
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CPDB. The CPF is based on the daily dose rate in mg/kg-bodyweight/day to induce tumors
in half of test animals that would have remained tumor-free at zero dose. For the purposes of
this study, it was arbitrarily assumed that 10 grams dry weight product per day was
consumed by a 70 kg adult STPs user over a 30 year period during a 70-year lifetime (Ayo-
Yusuf and Connolly, 2011; Prabhakar et al., 2013; Zakiullah et al., 2012). The equation used
was: incremental lifetime cancer risk=ADE |ifetime X CPF (Where ADEjjfetime=lifetime
average daily oral exposure (mg/kg bodyweight/day) and CPF=carcinogenic potency factor
((mg/kg bodyweight/day)~1)). The formula for estimating the lifetime ADE was: ADEjietime
= ADE x number of years snuffing/average lifetime. The probabilistic lifetime cancer risk
estimates for per mg nicotine content was also estimated based on levels of chemicals on the
per mg nicotine. The probabilistic lifetime cancer risk for potential toxicity was then
estimated based on the reported bioavailability of each carcinogen (transferrable to body, the
amounts that can be absorbed by body) (Ayo-Yusuf and Connolly, 2011; Jarup et al., 1998;
Stepanov et al., 2008b); 85% transfer for NNN, NNK, and NAB; 36% transfer for
formaldehyde and NDMA; 6% transfer for benzo[a]pyrene, cadmium, and lead.

2.6. Statistical analysis

To determine similarity and differences in features of chemicals in the conventional and low-
TSNA moist tobacco products, we used unsupervised clustering analysis, Principal
Components Analysis (PCA), using JIMP® v10 (Cary, NC). PCA is a procedure for finding
hypothetical variables called components which account for as much of the variance in
multidimensional data as possible (Abdi, 2010). It produced linear combinations of the
variables (chemicals) to generate the axes known as principal components, or PCs. In this
study, PC1 and PC2 were shown in the results. Factor analysis was performed using Varimax
as a rotation method. The most variable chemical in PC1 and PC2 was given in a PCA
rotated factor loading. To determine the significant difference on the chemical levels
between conventional and low-TSNA moist snuff tobacco products, the Wilcoxon rank-sum
test was used. Chemical concentrations below the limit of detection (LOD) or limit of
quantification (LOQ) were substituted for one half of LOD or LOQ for statistical analysis,
respectively (Musharraf et al., 2012; Navas-Acien et al., 2004). The Wilcoxon rank-sum test
was also used to evaluate differences in in vitro toxicity among products. JMP® v10 was
used for all statistical analyses. All statistical tests were two-sided and £ values <0.05 were
considered statistically significant.

3. RESULTS

3.1. pH, Nicotine, and Free nicotine

The nicotine levels in low-TSNA moist snuff products (mean 18.77 mg/g + SD 4.89) were
significantly lower than conventional products (mean 24.48 mg/g + SD 3.39) at p<0.05
(Supporting Table 1). One of the low-TSNA moist snuff tobacco products (Skruf Stark
Portion, Sweden) showed the highest nicotine level (31.6 mg/g), followed by the
conventional products (Supporting Table 1). There were no statistical differences for pH
(mean 7.83 in conventional vs. 7.59 in low-TSNA moist snuff products) and free nicotine
(mean 9.27 mg/g in conventional vs. 6.15 mg/g in low-TSNA moist snuff products) between
the two groups. The four U.S. Marlboro low-TSNA moist snuff products (Mild, Mint, Rich,
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and Spice) had the lowest pH (6.53-6.84) and free nicotine (0.49-0.99 mg/g) (Supporting
Table 1).

3.2. Application of Principal Component Analysis to chemical constituents

To explore the variance of chemical composition of 19 products, we performed Principal
Component Analysis (PCA) using all chemicals analyzed in order to describe the group of
the products by different country, as shown in Figure 1. Each closed dot, open dot, triangle,
or star indicates each product. Products were grouped into two groups, conventional and
low-TSNA moist snuff products. PCA showed that two principal components (PC1 and
PC2) explained about 70% of variance in the data under both dry weight (Figure 1A) and per
mg nicotine content (Figure 1B). NNN and lead was the most variable chemical under both
dry weight and per mg nicotine content for PC1 and for PC2, respectively (Supporting Table
3) The result showed the clear separation between conventional and low-TSNA moist snuff
products at PC 1, indicating the variations on chemical levels between groups under both dry
weight and per mg nicotine content (Figure 1). A larger variation in the levels of chemicals
was observed within low-TSNA moist snuff products compared to conventional products at
PC2. The PCA under per mg nicotine (Figure 1B) showed a tighter clustering (less variation)
among the products. Only Grizzly Fine Cut Wintergreen, a conventional moist snuff product,
showed a different PC1 value from the other conventional moist snuff products (Figure 1B).
Additionally, one of the South African products, Taxi Super Snuff Gwayi, behaved
differently from other products under both dry weight and per mg nicotine content (Figure
1). U.S. low-TSNA moist snuff products were shown to have similar chemical levels by
brands (Camel Snus or Marlboro Snus) regardless of flavors under dry weight (Figure 1A).
Each chemical constituent for conventional and low-TSNA moist snuff products according
to both dry weight and per mg nicotine content on average along with the standard deviation
(SD) is presented in Table 1. The detailed chemical levels on dry weight and per mg nicotine
content for the each products analyzed are provided in Supporting Table 1.

3.3. IARC Group 1 Carcinogens

Six of the investigated chemicals are classified as Group 1 known carcinogens (Table 1 and
Supporting Table 1) and all chemicals have identified as HPHCs by FDA in STPs. Under dry
weight content, benzo[a]pyrene, cadmium, NNK, and NNN, on average, higher in
conventional than low-TSNA moist snuff products (p=0.00004); whereas arsenic was
significantly higher (2.74-fold) in low-TSNA moist snuff than conventional products
(p=0.017). The significant differences of these chemicals were also found under per mg
nicotine (Table 1).

Formaldehyde did not differ significantly between the groups under both dry weight and per
mg nicotine content. The greatest difference between conventional and low-TSNA moist
snuff products were found with benzo[a]pyrene by 52.9-fold under dry weight and 43-fold
under per mg nicotine content (Table 1).

3.4. IARC Group 2 Carcinogen

Two of IARC Group 2A probable human carcinogens (NDMA and nitrate) and 2 of IARC
Group 2B carcinogens (lead and nickel) were measured in this study (Table 1 and
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Supporting Table 1). Under both dry weight and per mg nicotine content, a wide range of
NDMA levels was found in both conventional and low-TSNA moist snuff products (Table
1), but no significant difference was observed (p>0.05). The concentration of nitrate was
significantly higher (2.86-fold) in conventional compared to low-TSNA moist snuff products
under dry weight (p=0.00004) and a slightly less difference (2.26-fold) was found under per
mg nicotine content (p=0.0001). There was no difference of lead under dry weight content in
low-TSNA compared to conventional moist snuff products (p=0. 39), but significant higher
(1.90-fold) in low-TSNA moist snuff products under per mg nicotine content (p=0.001). We
also observed a significantly higher level of nickel under both dry weight and per mg
nicotine content in conventional than low-TSNA moist snuff products (p<0.05) (Table 1).

3.5. IARC Group 3 Carcinogen

Chromium, NAB, NAT, and selenium were in IARC Group 3. Chromium concentrations
varied widely within low-TSNA moist snuff products in the range of 0.82-6.09 pg/g, while
its levels were very similar among conventional moist snuff products (1.10-1.80 ug/g) under
dry weight content (Supporting Table 1). There was no statistical difference for the level of
chromium between conventional and low-TSNA moist snuff products under dry weight
content (p=0.08), but on average 2.3-fold higher in low-TSNA moist snuff products under
per mg nicotine content (p=0.0037). Unlike chromium, the levels of NAB and NAT varied
among conventional moist snuff products, being more homogeneous among low-TSNA
moist snuff products under both dry weight and per mg nicotine content (Supporting Table
1). The levels of NAB and NAT were significantly higher in conventional compared to low-
TSNA moist snuff products (p=0.00004 for both NAB and NAT under both dry weight and
per mg nicotine content) (Table 1). Selenium in low-TSNA moist snuff products varied in
the range of 0.14-0.49 ug/g under dry weight and 0.01-0.03 pg/g under per mg nicotine, but
no statistical different was found compared to conventional moist snuff products in both dry
weight and per mg nicotine content (Supporting Table 1).

3.6. Other chemicals

Other potential toxicants, but not classified by IARC as known, probably or possible human
carcinogens were determined (Table 1). Ammonia and three humectants including glycerol,
propylene glycol, and triethylene glycol were analyzed (Supporting Table 1). Ammonia was
present approximately 7-fold higher in conventional (mean: 8.92 mg/g + SD 3.25) compared
to low-TSNA moist snuff products (mean: 1.34 mg/g + SD 0.59) under dry weight, but less
difference was found under per mg nicotine content (Table 1). Ammonia levels were
significantly different under both bases (p=0.00004). Glycerol was lower (below 0.25 mg/g)
in all conventional moist snuff products except Copenhagen Mid-Cut Black (U.S., 2.6
mg/g), but higher in low-TSNA moist snuff products with a wide range of concentrations
(0.05-62.90 mg/g) under dry weight (Supporting Table 1). Propylene glycol was highly
present in all 12 low-TSNA moist snuff products while it was only detected in 2 out of 9
conventional moist snuff products (Supporting Table 1). Triethylene glycol had a lower than
LOQ in all products analyzed in this study (Data not shown).
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3.7. Probabilistic Cancer Risk Estimate Yield Comparisons

The calculated probabilistic cancer risk estimates for conventional and low-TSNA moist
snuff products analyzed, using the CPDB methodology and under both dry weight and per
mg nicotine base are shown in Table 2. Probabilistic cancer risk estimates of eight chemicals
for which CPF data are available in CPDB were calculated. It included five of IARC Groupl
(benzo[a]pyrene, cadmium, formaldehyde, NNK, and NNN), two of Group2 (lead and
NDMA), and one of Group 3 (NAB). In PCA, the less variation (closer together) on
probabilistic cancer risk estimates for 8 chemicals between conventional and low-TSNA
moist snuff products was observed in per mg nicotine (Figure 2A) compared to dry weight
content (Figure 2B). Although probabilistic cancer risk for conventional products was
different from low-TSNA moist snuff products by clear separation, two conventional moist
snuff products (Grizzly Fine Cut Wintergreen and Timber Wolf Fine Cut Natural) behaved
differently from other conventional products under both dry weight and per mg nicotine
content (Figure 2). Under both dry weight and per mg nicotine content, the probabilistic
cancer risk estimate of NAB and cadmium was the most variable based on PC1 and PC2
(Supporting Table 4), respectively.

Conventional moist snuff products had statistically significantly higher probabilistic cancer
risks for five chemicals compared to low-TSNA moist snuff products analyzed
(0.01<p<0.0001); benzo[a]pyrene (52.98-fold and 44.33-fold), NAB (6.16-fold and 4.09-
fold), NNK (5.04-fold and 4.09-fold), NNN (3.94-fold and 3.15-fold), and cadmium (1.77-
fold and 1.33-fold) under both dry weight and per mg nicotine content, respectively. Under
dry weight, low-TSNA moist snuff products had a relatively higher probabilistic cancer risks
for formaldehyde (1.97-fold), and lead (1.42-fold) compared to conventional products, but
were not statistically different (Table 2). Under per mg nicotine content, low-TSNA moist
snuff products had significantly higher probabilistic cancer risk estimate for lead (1.85-fold)
(p=0.009) compared to conventional products in addition to the five chemicals that had
different probabilistic cancer risks under dry weight content between groups (above).
Among low-TSNA moist snuff products, U.S. products had a significantly lower level of
benzo[a]pyrene compared to non-U.S. products under both dry weight (4.12-fold and per mg
nicotine content (3.2-fold) (p=0.0025 for both). Probabilistic cancer risk for cadmium was
only statistically higher (1.45-fold) based on per mg nicotine (p=0.005) in U.S. low-TSNA
than non-U.S. low-TSNA moist snuff products. Overall combined estimated probabilistic
cancer risks were 3.77-fold or 3-fold higher in conventional compared to low-TSNA moist
snuff products under dry weight and per mg nicotine content, respectively (Table 2).

Total probabilistic cancer risk estimates showed the large difference among the products
under both dry weight and per mg nicotine content, up to about 9-fold when comparing the
lowest probabilistic cancer risk estimate (Taxi Super Snuff Gwayi) to the highest
probabilistic cancer risk (Grizzly Fine Cut Wintergreen).

3.8. In vitro toxicity of STPs

Ames test showed a dose-related positive increase in the number of mutation revertants per
plate. The largest increase (average 22%) in mutagenicity was observed in Swedish low-
TSNA moist snuff products with the highest addition of the extracted products (1.1 mg/mL)
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compared to its absence (p=0.049). The number of reverse mutants was shown to be slightly
increased as the dose increased in the other products as well (8-12%), but no significant
increase in the number of reverse mutants with S9 activation was found (Figure 3A). Loss of
cell viability was observed by NRU Cytotoxicity test in CHO cells with exposure of 2.2 mg/
mL of extracts in all products (Figure 3B). Statistically significant difference of cytotoxicity
was observed between conventional and low-TSNA moist snuff products (p=0.045) although
Swedish low-TSNA moist snuff products showed the similarly lower cytotoxicity to
conventional moist snuff products. The statistically significantly higher cytotoxicity was
observed in South Africa and U.S. low-TSNA moist snuff products compared to
conventional products (p=0.04) and the mean of % of cell death was 56.5%, 50%, and

34.8 %, respectively.

The genotoxicity test of the moist snuff products, /7 vitro MN, showed that the mean of % of
micronuclei observed was statistically significantly increased (122%-127%) (p=1.47x10"")
with treatment of the products in all products compared to controls (Figure 3C), but no
differences were observed among the products.

4. DISCUSSION

The study presented herein characterized a variety of chemicals contained in 7 popular
conventional moist snuff products and 12 popular low-TSNA moist snuff products
manufactured in the U.S., Sweden and South Africa. The results show that chemical levels
are clearly different between conventional and low-TSNA moist snuff products under dry
weight content, but there is less variation when considering a per mg nicotine content.
Moreover, a larger variation among low-TSNA moist snuff products compared to
conventional products for chemical levels were observed. Relative probabilistic cancer risk
estimates were 3.77-fold higher under dry weight and 3-fold higher under per mg nicotine
content in conventional than low-TSNA moist snuff products. Furthermore, we observed that
all analyzed moist snuff products presented some low level of /n vitrotoxicity through cell
death, genetic damage, and chromosome damage, but no substantial differences across the
products.

PCA analysis showed that the chemical levels of the tested products were very similar by
brands as they were clustered in the group of Camel snus or Marlboro snus, and flavors
apparently has little overall effect. Moreover, U.S. low-TSNA moist snuff products were
similar to Swedish low-TSNA moist snuff products as they were closely located in PCA.
One of the South African low-TSNA moist snuff products in this study, Taxi Super Snuff
Gwayi, is manufactured by Swedish Match and has lower TSNAs levels. However, this
product proved to be an outlier in PCA analysis, showing different characteristics from other
products analyzed.

Some previous studies have reported that conventional STPs have higher pH than snus
products, which in turn leads to higher levels of free nicotine delivery (Pappas et al., 2008).
In this study, there was a large variation in the level of free nicotine across the brands, and
this is similar to a prior study in selected U.S. STPs (Stepanov et al., 2008a). This is due to
varying ammonia levels that are known to affect pH by converting nicotine to free nicotine
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(Domino, 1998); substantially higher amounts of ammonia was found in conventional
compared to low-TSNA moist snuff products in this study. The variation for free nicotine
presumably affects the addictive potential and the risk of nicotine-related adverse effects,
where U.S. low-TSNA moist snuff products are designed to be lower.

The most abundant and strongest carcinogens in STPs are TSNAs (IARC, 2007), and they
are considered important for developing oral cancer in STP users (Hoffmann et al., 1991).
Nitrate content is the main factor contributing to an increase and accumulation of TSNAs
(Fischer et al., 1989). Overall, the results herein showed a relatively lower amount of nitrates
and TSNAs in low-TSNA moist snuff products compared to in conventional products, due to
reduced TSNAs formation during tobacco processing. To contextualize the difference in
TSNAs levels among the moist snuff products, the probabilistic cancer risk estimates for
TSNAs varied as much as approximately 10-fold. This indicates that there can be further
industry changes in STP production to minimize differences among the various high-
containing TSNA products. Importantly, per mg nicotine based chemical constituents and
estimated probabilistic cancer risk closes the gap between the STPs, indicating the
importance of consideration as raw data and the best direct comparison of STPs.

Although the World Health Organization study stresses the importance for heavy metals and
the regulation of tobacco products (World Health Organization Study Group on Tobacco
Product, 2012), there have been few reports and limited comparisons for heavy metals
between conventional and low-TSNA moist snuff products (Borgerding et al., 2012; Rickert
et al., 2009). The concentrations of metals in this study are comparable to popular brand of
moist snuff products from the Canadian market reported in a previous study (World Health
Organization Study Group on Tobacco Product, 2012), but their levels were generally higher
in our study. It may be because metal contents in the products widely vary by geographic
regions.

The STPs tested here had minimal /n vitro toxicity, and the observed different levels through
increasing mutagenicity, less cell viability, and genetic damage across the moist snuff
products were small. While overall a linear increase of cell viability and genetic damage by
treatments of STP extracts was observed, a relatively large variation was found in a
mutagenicity test. A similar dose dependent /n vitro toxicity results were also previously
observed in low activities of extracts of moist snuff products sold on Canadian market
(Rickert et al., 2009). Although we compared the toxicity results across STPs, the results
were not overall greatly different, indicating that STPs may not be toxic, carcinogenic, or
mutagenic enough to be detected using this method or these assays have limited or no
usefulness to comparing toxicity of different STPs /in vitro.

This study had several strengths. This is the first, to our knowledge, to apply
multidimensional data analysis to determine the similarity and differences in features of
chemicals and probabilistic cancer risks among the most popular moist snuff products
worldwide. In order to compare the products, we analyzed a wider range of toxic and
carcinogenic elements including all except two Harmful and Potentially Harmful
Constituents established by FDA. In addition to the chemical analysis, we provide some
insight to compare potential toxicity in terms of /n vitro toxicity of moist snuff tobacco
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products worldwide. Additionally, we were able to assess the relative differences among the
products in terms of probabilistic cancer risk.

It is important to note some limitations of this study. This study did not include all, or many
of the commercial brands of moist snuff STPs, so this study may not be representative of all
brands. Another limitation is a choice of brands of moist snuff products worldwide. The
amount of metals in tobacco products could widely vary depending on the environmental
conditions and geographic regions where the tobacco is grown. Also, it is known that
products with a given name can be formulated differently over time. Another limitation of
this study is the use of the CPDB's carcinogenic potency factors to provide a context to the
different levels of chemical constituents among the products analyzed because the
relationship to actual human cancer risk is unknown, and the CPDB values are only intended
to provide regulatory guidance for allowable environmental exposure and not intended to
provide quantitative differences in risk among various exposures. Since use of STP involves
an exposure to a complex mixture of chemical constituents, it is difficult to understand how
a difference in a particular level of a constituent would affect differences in cancer risks for
the complex mixture. Finally, although /n vitro toxicology tests allowed us to gain insights
into the adverse effects of moist snuff products on /n vitro setting, it is difficult to apply
these data to human risk because the cell culture conditions do not exist in humans.

In conclusion, the comprehensive chemical and toxicological analysis of moist snuff
products as done here provides a broader assessment of understanding differences in
carcinogenic potential of conventional and low-TSNA moist snuff products. Potentially, this
study would help for informing regulatory decision makers in their efforts.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS
CPDB California’s Carcinogenic Potency Database
CPF carcinogenic potency factor

DMSO dimethyl sulfoxide

EPA Environmental Protection Agency
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FDA Food and Drug Administration
HNSCC head and neck squamous cell carcinoma
HPHCs harmful and potentially harmful constituents
IARC International Agency for Research on Cancer
LOD limit of detection
LOQ limit of quantification
MN micronucleus
NAB N~Nitrosoanabasine
NAT N’-Nitrosoanatabine
NDMA N~nitrosodimethylamine
NNK nicotine-derived nitrosamine ketone
NNK 4-(Methylnitrosamino)-1-(3-pyridyl)-1-butanone
NNN N~Nitrosonornicotine
NRU Neutral Red Uptake
PAHs polycyclic aromatic hydrocarbons
PCA principle component analysis
SD standard deviation
STPs smokeless tobacco products
TSNAs tobacco-specific N-nitrosamines
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Research highlights

The first study to apply multidimensional data analysis to determine the
similarity and differences in features of chemicals and cancer risks among
the most popular moist snuff products worldwide.

Identification of clearly different toxicant constituents through
multidimensional data approach for a wide range of chemicals.

Differences in toxicant levels when expressed on a dry weight basis, but less
variation when results are normalized for nicotine content.

Higher cancer risk estimates for dry weight determinations than nicotine
normalized determination.
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Figure 1. Principle Component Analysis (PCA)
Two dimensional PCA of 19 chemical levels on dry weight basis (A) and per mg nicotine

basis (B). x axis, first principal component 1; y axis, second principal component 2. The
ellipses are 95% confidence limits of each group.
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Figure 2. Principle Component Analysis (PCA) of probabilistic cancer risk estimates under dry
weight (A) and per mg nicotine basis (B)

Two dimentional PCA of probabilistic cancer risk estimate from eight carcinogens
(benzo[a]pyrene, cadmium, Formaldehyde, NDMA, NNN, NNK, NAB, and lead). x axis,
first principal component 1; y axis, second principal component 2. The ellipses are 95%

confidence limits of each group.
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Figure 3. In vitro toxicity results
(A) Ames Salmonella reverse mutation assay performed using Sa/monella typhimurium

TA102 strain. (B) Cytotoxicity evaluated by Neutral Red Uptake Cytotoxicity assay. (C)
Genotoxic test carried out by /n Vitro Micronucleus assay. All experiments were performed
in triplicates. Data is the meansz standard deviation of measurements from triplicates.
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