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Abstract

Our recent studies on tobacco smoke carcinogen and toxicant biomarkers and cancer risk among
male smokers in the Shanghai Cohort Study showed that exposure to tobacco-specific
nitrosamines (TSNA) and polycyclic aromatic hydrocarbons (PAH) is prospectively associated
with the risk of cancer. These findings support the hypothesis that the smokers’ cancer risk is a
function of the dose of select tobacco carcinogens and highlight the importance of understanding
the factors that affect the intake of these carcinogens by smokers. Given that tobacco constituent
exposures are driven, at least in part, by the levels of these constituents in cigarette smoke, we
measured mainstream smoke TSNA and PAH levels in 43 Chinese cigarette brands that
participants of the Shanghai Cohort Study reported to smoke. In all brands analyzed here,
mainstream smoke levels of NNN and NNK, the two carcinogenic TSNA, were generally
relatively low, averaging (xSD) 16.8(+25.1) and 14.2(+9.5) ng/cigarette, respectively. The levels of
PAH were comparable to those found in U.S. cigarettes, averaging 15(£9) ng/cigarette for
benzo[4]pyrene, 119(+66) ng/cigarette for phenanthrene, and 37(x19) ng/cigarette for pyrene. Our
findings indicate that the generally low levels of NNN and NNK are most likely responsible for
the relatively low levels of the corresponding biomarkers in the urine of the Shanghai Cohort
Study participants as compared to those found in the U.S. smokers, supporting the role of the
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levels of these constituents in cigarette smoke in smokers’ exposures. Our findings also suggest
that, in addition to smoking, other sources contribute to Chinese smokers’ exposure to PAH.
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Introduction

Tobacco-specific A-nitrosamines (TSNA) and polycyclic aromatic hydrocarbons (PAH) are
believed to play important roles in the development of cancers associated with smoking. In
laboratory animals, the carcinogenic TSNA 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone
(NNK) and A -nitrosonornicotine (NNN) cause cancers of the lung, pancreas, oral cavity,
esophagus, and nasal cavity.1:2 Many PAH are also potent carcinogens or toxicants in
laboratory animals and are widely accepted as major contributors to lung cancer in
smokers.3# Based on the extensive laboratory animal, mechanistic, and epidemiological
evidence, NNN and NNK, as well as the prototypic PAH benzo[&]pyrene (BaP) are
classified by the International Agency for Research on Cancer (IARC) as Group 1
carcinogens (carcinogenic to humans).124-8

Our recent studies on tobacco smoke carcinogen and toxicant biomarkers and cancer risk
among male smokers in the Shanghai Cohort Study showed that the intake of TSNA and
PAH is prospectively associated with the risk of cancer, providing further support for the
role of these constituents in cancer development in smokers.® Specifically, we observed a
significant dose-dependent association between prospectively measured urinary total 4-
(methylnitrosamino)-1-(3-pyridyl)-1-butanol (NNAL), a biomarker of exposure to NNK, and
the risk of lung cancer in that cohort.10 This association was also found in a prospective
cohort of U.S. smokers.1! Similarly, urinary r1,£2,3,c-4-tetrahydroxy-1,2,3,4-
tetrahydrophenanthrene (PheT), a metabolite of the non-carcinogenic PAH phenanthrene,
was found to be significantly associated with lung cancer risk in the Shanghai Cohort
Study.1? Phenanthrene is structurally related to the carcinogenic BaP and is always part of
PAH mixtures present in various environmental sources, including cigarette smoke.3 In
addition, urinary total NNN — a biomarker of exposure to NNN — was shown to be a strong
predictor of esophageal cancer in smokers in the same cohort.14 All three biomarkers were
independently associated with cancer risk, even after adjustment for number of cigarettes
smoked per day, number of years of smoking, and nicotine intake.

The findings of the Shanghai Cohort Study strongly support the hypothesis that smokers’
cancer risk is a function of the dose of select tobacco carcinogens. Therefore, it is important
to understand factors affecting the intake of these carcinogens by smokers. Tobacco
constituent exposures in smokers are driven, at least in part, by the levels of these
constituents in cigarette smoke. Limited studies reported that Chinese cigarettes contain
relatively low levels of TSNA, 15 while information on PAH content is lacking. In this study
we analyzed TSNA, PAH, and nicotine in the smoke of 43 samples of Chinese cigarettes
representing 40 brands smoked by the smokers in the Shanghai Cohort Study. It has been
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previously shown that various cigarette brands generally deliver increased amounts of PAH
as TSNA levels decrease, which is suggested to be in part due to the contrasting effect of
nitrate content in tobacco on TSNA formation and PAH pyrosynthesis in smoke.16:17
Therefore, we also analyzed tobacco filler TSNA, nitrate, and nitrite levels, as factors known
to affect TSNA and PAH content in cigarette smoke.

Materials and Methods

Cigarettes

Analyses

The cigarettes were purchased in May 2011 from four shops across a wide area of the city of
Shanghai, China. Most of the common brands were manufactured in Shanghai, Beijing,
Tianjin, Qingdao, and Guizhou, China. These brands were chosen based on the in-person
interview results of all 1,356 male current smokers in 2010-2011 who were participants of
the Shanghai Cohort Study. Among all the brands, the Double Happiness brand
manufactured by the Shanghai Tobacco Co. (Shanghai, China) was most frequently smoked
brand (63.3% of the Shanghai Cohort Study smokers), followed by the Dagianmen brand
(7.5%).

The description of cigarette brands along with the frequencies of each brand use among the
Shanghai Cohort Study smokers are summarized in Table 1. Levels of tar, nicotine, and CO
printed on each pack are provided in Supplementary Table S1. Unopened sealed packs of the
purchased cigarettes were stored at —20 °C until the transport to the University of Minnesota
for analyses. The analyses were performed within a year from the time of their purchase.

Cigarettes were smoked under US Federal Trade Commission (FTC) standard conditions
and the mainstream smoke was collected on Cambridge filter pads as previously
described.18

TSNA analyses—The four commonly analyzed TSNA — NNN, NNK, A/-
nitrosoanatabine (NAT) and A/ -nitrosoanabasine (NAB) — were analyzed by liquid
chromatography (LC)-tandem mass spectrometry (MS/MS) in positive ion electrospray
mode as previously described.18 Briefly, internal standards [13Cg]NNN and [pyridine-
D4]NNK were added to either cigarette filler samples or smoke filter pads, followed by
extraction with citrate-phosphate buffer and purification of the extracts on ChemElut
cartridges (Varian, Harbor City, California, USA) and Sep-Pak Plus silica cartridges (Waters,
Milford, Massachusetts, USA). The purified samples were analyzed by LC-MS/MS in
selected reaction monitoring mode as described.18

PAH analyses—BaP, phenanthrene, and pyrene were analyzed using our previously
described gas chromatography (GC)-MS method.1® Briefly, an internal standard mix
containing [13C,4]BaP, [13Cg]phenanthrene, and [13Cg]pyrene was added to Cambridge filter
pads, and the pads were extracted with hexane on a benchtop shaker for 3 hours. The
extracts were purified on BondElut Silica cartridges (Varian), concentrated under a gentle
stream of N, to a final volume of 20 L, and analyzed by GC-MS as described.19
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Nicotine—Tobacco filler was extracted with methanol containing potassium hydroxide, and
an aliquot of the extract was diluted with 100 mM ammonium acetate. Smoke pads were
extracted with 15 mM ammonium acetate and an aliquot was diluted with 100 mM
ammonium acetate. [CDs]Nicotine internal standard was used for both sample types. The
prepared samples were analyzed by LC-MS/MS essentially as previously described, except
that samples were eluted isocratically with acetonitrile:water:formic acid (85.6:13:1.4)
containing 0.01% trifluoroacetic acid.2°

Nitrate and nitrite analyses—These were analyzed essentially as previously
described.?! Briefly, tobacco filler (~100mg) was extracted with deionized H,0 and purified
on C-18 SPE cartridges (Waters Corp., Milford, MA) prior to analysis by ion
chromatography at the University of Minnesota Geochemical Analysis Facility.

Moisture content—The moisture content of cigarette filler was analyzed by a gravimetric
method as previously described.??

Statistical analyses—Pearson correlations were determined using Sigma Plot 2001, v.
7.101 (SPSS, Inc., Chicago, IL).

The results of cigarette smoke analyses are summarized in Table 2, and the results of
tobacco filler analyses are summarized in Table 3.

The results for cigarette smoke in Table 2 are presented on a ‘per cigarette’ basis. The levels
of NNN ranged from 1.8 to 135 ng/cigarette, and the levels of NNK ranged from 3.3 to 63.9
ng/cigarette. There was also variation in the measured PAH levels, which ranged 4-44 ng/
cigarette, 34-307 ng/cigarette, and 11-91 ng/cigarette, respectively, for BaP, phenanthrene,
and pyrene. Nicotine levels in cigarette smoke ranged from 0.31 to 1.94 mg/cigarette.

All results for cigarette filler in Table 3 are presented per gram wet weight. Moisture content
in the filler of all brands averaged 14.8+1.7% (SD). NNN levels in the filler of tested
cigarettes ranged from 0.02 to 4.67 pg/g, and NNK levels ranged from 0.032 to 1.35 pg/g
tobacco. Total TSNA — the sum of all four nitrosamines analyzed here — varied from 0.103 to
6.38 g/g tobacco. The levels of nitrate and nitrite also varied widely: 0.2-32.8 mg/g
tobacco for nitrate and from non-detected to 0.099 mg/g tobacco for nitrite. Nicotine levels
in the filler ranged from 7.45 to 23.3 mg/g tobacco.

Relations among the tested constituents are presented in Table 4. The TSNA levels in the
tobacco filler correlated with TSNA levels in cigarette smoke and with tobacco filler nitrate,
but not nitrite, levels. Cigarette smoke TSNA levels also correlated with nitrate levels in
tobacco filler. The negative correlation between nitrate levels in tobacco filler and PAH
levels in the smoke was not statistically significant. Levels of NNN and total TSNA in
tobacco filler negatively correlated with PAH levels in cigarette smoke, while negative
relation between filler NNK and smoke PAH levels was not statistically significant. There
was no statistically significant relation between cigarette smoke TSNA and PAH levels.
Levels of various measured PAH strongly correlated with tobacco and smoke levels of
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nicotine and among each other. The positive correlation between nicotine levels in the
tobacco filler and smoke was not significant.

Discussion

Tobacco constituent intake in smokers can be affected by a variety of factors, including the
levels of the constituents in cigarette smoke, individual smoking topography, and other
individual characteristics of smokers. To provide insights into the potential contribution of
cigarette smoke content to carcinogen intake by smokers in the Shanghai Cohort Study, we
analyzed TSNA and PAH - the pertinent carcinogens — in cigarette brands smoked by the
cohort participants. This is the first study to characterize multiple constituents in both the
tobacco filler and the smoke of a wide range of Chinese cigarette brands.

The levels of TSNA in the smoke of cigarettes analyzed in this study were generally
relatively low, in the range that is typically associated with Virginia tobacco.23 A histogram
showing the distribution of smoke TSNA levels in the brands analyzed here is illustrated in
Figure 1A. It demonstrates that, while some of the analyzed brands contained higher levels
of NNN and NNK, the sum of these carcinogens in the smoke of 88% of the brands is less
than 50 ng/cigarette. These results are consistent with the levels reported in a previous study
that examined the smoke of 39 unspecified Chinese cigarette brands.1®> For comparison, we
recently reported that the sum of NNN and NNK in U.S. cigarettes ranged from 45 to 366
ng/cigarette, with 16 out of 17 brands containing these constituents at levels higher than 100
ng/cigarette.1® The range of PAH levels measured in this study was similar to that reported
for US cigarettes, 22425 with 93% of the tested brands containing BaP at levels below 30 ng/
cigarette (Figure 1B). These results are in agreement with the limited available data for
Chinese cigarettes.28 On the other hand, these results are in contrast with the general
expectation that lower levels of TSNA in cigarette smoke are necessarily accompanied by
increases in PAH levels, which is based in part on the contrasting effect of nitrate content in
tobacco on TSNA formation and PAH pyrosynthesis in smoke Nitrate is the source of
nitrosating species that react with tobacco alkaloids producing TSNA, and it has been shown
that TSNA levels in tobacco products depend on tobacco nitrate content.23:27:28 At the same
time, higher nitrate content generates higher amounts of nitrogen oxides during tobacco
combustion, and these oxides ‘capture’ and neutralize some radicals that otherwise could
form PAH.29 Indeed, it has been previously reported that various cigarette brands generally
delivered increased amounts of PAH as TSNA levels decreased.1’ However, brand-by-brand
examination of an international sample of cigarettes for which an overall negative
correlation between TSNA and PAH was observed shows that many individual brands do not
follow this pattern.1” In the present study, TSNA levels in both tobacco filler and cigarette
smoke correlated with nitrate levels in tobacco (Table 4). We also observed a slight negative
correlation between tobacco nitrate levels and the smoke PAH yields (Table 4). However,
there was no significant relationship between BaP and the sum of NNN and NNK in the
smoke (Figure 2). These findings suggest that TSNA levels in cigarette smoke can be
reduced without necessarily increasing PAH levels in the smoke of the same cigarettes.
Furthermore, TSNA levels in cigarette smoke strongly correlated with those in the tobacco
filler, consistent with previous findings that the levels of preformed TSNA in tobacco
determine yields in smoke.2:16.18.30 Together, these observations support the importance of
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tobacco processing and blending approaches which could be modified to reduce smoke
TSNA exposures.3!

The results of this study help to provide insights into the contribution of cigarette smoke
TSNA and PAH content to the biomarker-assessed exposure to these carcinogens in smokers
in the Shanghai Cohort Study. For instance, our previous research showed that urinary levels
of TSNA biomarkers were lower, and those of PAH higher, in the smokers from the
Shanghai Cohort Study as compared to the levels of corresponding biomarkers typically
reported for U.S. smokers. Urinary total NNN averaged 0.06 pmol/mg creatinine* and total
NNAL averaged 0.20 pmol/mg creatinine2 in the Shanghai Cohort Study smokers, while in
U.S. smokers these levels are 0.14 pmol/mg creatinine32 and approximately 1.0-1.5
pmol/mg creatinine,33:34 respectively. More than 95% of smokers in the Shanghai Cohort
Study smoked cigarette brands containing the sum of NNN and NNK at levels below 30 ng/
cigarette (see Tables 1 and 2). Taken together, our findings suggest that lower NNN and
NNK levels in mainstream smoke of cigarette brands used by smokers in the Shanghai
Cohort Study are most likely responsible for the lower urinary levels of total NNN and total
NNAL in these smokers as compared to the levels typically measured in U.S. smokers. This
is in agreement with a previous report showing that smokers of cigarettes with lower NNK
content have in their urine lower levels of NNAL as compared to smokers of high-NNK
cigarettes.3> In contrast, urinary PheT in the Shanghai Cohort Study averaged 28.1 pmol/mg
creatinine (95% confidence interval, 26.7-29.5),12 or approximately 10-fold higher than the
levels of this biomarker in U.S. smokers (ranging from 3.7 to 5 pmol/mg creatinine).36-38
Given that smoke PAH levels measured in this study are similar to those found in the U.S.
cigarettes, and that PAH are ubiquitous environmental contaminants, it is likely that
exposures from other sources, for instance air pollution, diet, or occupational exposures
contributed to the high levels of PAH exposure in the Shanghai Cohort Study smokers. In
support of this hypothesis, considerably higher levels of PheT were also observed in Chinese
non-smokers as compared to non-smokers from the US.39

In summary, we analyzed TSNA and PAH in cigarette brands that were used by smokers in
the Shanghai Cohort Study. Our findings support the role of NNN and NNK content in
cigarette smoke as an important factor influencing the exposures to these carcinogens in
smokers. The results of PAH analyses suggest that the high levels of PAH biomarkers
measured in the Shanghai Cohort Study are substantially affected by factors other than the
levels of these constituents in Chinese cigarettes. While these findings do not undermine the
importance of the association between urinary PheT and lung cancer risk in the Shanghai
Cohort smokers, further research is needed to understand the major factors affecting PAH
intake and the subsequent risk of lung cancer in this cohort.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Novelty and Impact

Biomarker-assessed levels of exposure to carcinogenic tobacco-specific A~nitrosamines
(TSNA) and polycyclic aromatic hydrocarbons (PAH) have been associated with the risk
of lung cancer in smokers from the Shanghai Cohort Study. Understanding the factors
contributing to these exposures could provide critical insights for the development of
preventive measures. We examined the levels of TSNA and PAH in Chinese cigarette
brands that were smoked by the Shanghai Cohort Study participants. This is the first
study to characterize multiple constituents in both the smoke and the tobacco filler of a
wide range of Chinese cigarette brands. The results indicate that smoke TSNA content
play an important role in smokers’ exposures to these constituents, while additional
sources of exposure most likely contributed significantly to PAH intake among the
Shanghai Cohort Study smokers.
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Distribution of carcinogenic constituents in the smoke of Chinese cigarettes analyzed in this
study: A, tobacco-specific A~nitrosamines; B, benzo[a]pyrene.
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Figure 2.

Relationship between levels of tobacco-specific AFnitrosamines and benzo[&]pyrene in the
smoke of cigarettes analyzed in this study.
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Table 1

Page 13

Cigarette brands analyzed in this study and frequency of their use by the Shanghai Cohort Study smokers.

No. | Brand namein Brand namein English (pack | Additional Frequency of
Chinese typeand cigarette size?) descriptors smokersin Shanghai
Cohort Study (%)
(n = 1356)
1 | IX=E Double Happiness (HP, KS) red/pink pack
858 (63.27)
2 LIINE Double Happiness (HP, KS) red/silver pack
3 | BRE Double Happiness (HP, KS) green pack 0
4 | Rail] DAQIANMEN (HP, KS) silver pack 102 (7.52)
5 | HF Peony (HP, KS) red pack 30 (2.21)
6 | LiBfe—<®BLTINE | Double Happiness (HP, KS) gold pack 150 (11.06)
7 e Chunghwa (HP, KS) red pack 55 (4.06)
8 | =Lk 555-Gold Pearl (HP, KS) white pack 14 (1.03)
9 | tIiE Hongmei (HP, KS) orange pack 11 (0.81)
10 | MEECD Ligun-Virginia type (HP, KS) silver pack
52 (3.83)
11 | FIEE(CE) Ligun-Virginia type (SP, KS) gold pack
12 | 1afE] Hatamen (HP, KS) gold pack 5(0.37)
13 | BEIB(E) Jhongnanhai (HP, KS) blue pack
14 (1.03)
14 | BEiEBa) Jhongnanhai/Five (HP, KS) white pack
15 | tTiED) Honghe (HP, KS) red/gold pack
4 (0.29)
16 | tIj(G) Honghe (HP, KS) white/red pack
17 | #EILED HuangShan (SP, KS) red/gold pack
9 (0.66)
18 | #EIL®GHF) HuangShan (SP, KS) black/red pack
19 | FRIECED Yuxi (SP, KS) red dot pack
7(052)
20 | ®iz(F) Yuxi (SP, KS) bronze pack
21 | LTH81L Hongtashan (HP, KS) white pack 4(0.29)
22 | EEWN Huangguoshu (HP, KS) red pack 9 (0.66)
23 | B¥(\) Baisha (HP, KS) white pack
4 (0.29)
24 | a5 Baisha (SP, KS) gold pack
25 | ZA(%) Yun Yan/Win (HP, 95mm) silver pack
8 (0.59)
26 | ZMRED) YunYan (HP, KS) black/red pack
27 | &=L Taishan (SP, KS) rose-gold pack 1(0.07)
28 | i+ Houwang (HP, KS) gold pack 1(0.07)
29 | Rt1EE Dohongying (HP, KS) pink/maroon pack 3(0.22)
30 | BXF Fiatianxia (HP, KS) pink stripe pack 2(0.15)
31 | &4 Five Bulls (HP, KS) gold pack 1(0.07)
32 | mRED NanJing (HP, KS) red pack
2(0.15)
33 | BR(ER) NanJing (HP, KS) green pack
34 | B&im Panda (HP, KS) orange pack 1(0.07)
3B | £E Mild Seven-Sky blue (HP, KS) | blue pack 2(0.15)
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No. | Brand namein Brand namein English (pack | Additional Frequency of
Chinese type and cigarette size?) descriptors smokersin Shanghai
Cohort Study (%)
(n = 1356)

36 | LIER Honggiqu (HP, KS) red/gold pack

- 1(0.07)
37 | LINER Hongqiqu (SP, KS) red pack
38 | &F[E ESSE Esse Blue (HP, SS, 100mm) white/blue pack 2(0.15)
39 | #Ert Goldenleaf (HP, KS) gold pack 1(0.07)
40 | T+ Furongwang (HP, KS) gold pack 1(0.07)
41 | AEXREE RenminDanuitang (HP, KS) red pack 1(0.07)
42 | KIttK(silver) Davidoff Neon silver (HP, KS) | silver pack

1(0.07)

43 | ARIktK(supreme) Davidoff supreme (HP, 95mm) | red pack

aHP — hard pack; SP - soft pack; KS — king size; SS — super-slim
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