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Both active and second-hand exposure can be measured and controlled using specific biomarkers of tobacco and
its derivatives, allowing the development of more efficient public health policies. Exposure to these compounds can
be measured using different methods (involving for instance liquid- or gas-chromatographic procedures) in a wide

range of biological specimens to estimate the type and degree of tobacco exposure.

tobacco smoke biomarkers biological specimens sample preparation

analytical developments

| 1. Introduction

Tobacco is the only hazardous product legally available that is harmful to everyone exposed to its action 1. Despite
the awareness to the risks entailed to tobacco use, there are more than 1.3 billion users worldwide and over 8
million deaths per year due to tobacco smoke (TS) [&. However, the health issues related to TS are not limited to
active smokers, but also to those exposed to passive or second-hand smoke [&. The term “passive smoking” is
associated with the involuntary inhalation of TS within the immediate surroundings, generally formed as a result of
the burning of a cigarette (side-stream smoke 57-85%) or the inhalation of the smoke from a smoker (mainstream
smoke 15-43%) W. On the other hand, the exposure to environmental tobacco smoke (ETS), also called second-
hand smoke, has been associated with an increased risk of developing cardiovascular diseases Ei} lung cancer,
and other respiratory diseases 4. Nowadays, more than 5000 constituents have been identified in TS, including a
wide variety of inorganic substances, such as ethers, hydrocarbons, phenols, alcohols, ketones, aldehydes,
carboxylic acids, and amines, including at least 60 different carcinogenic products 2. Depending on the amount of
smoke present, the type of ventilation, along with other environmental conditions and the level of exposure, many
countries have developed restricted smoking policies and active strategies to decrease exposure to ETS in
workplaces and homes.

| 2. Biomarkers

Typically, biomarkers can give a useful insight into environmental exposures, and in this particular case, into
tobacco-related exposure €. The levels of these substances can be determined by measuring either the parent
molecule or its metabolites in biological matrices [¢. To be considered an ideal ETS biomarker the substance

should be highly sensitive, specific, have a usable biological half-life and should allow distinguishing between
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active and non-tobacco users . The following sections summarize the most commonly-used biomarkers related to
tobacco smoking and ETS from several chemical classes.

2.1. Nicotine and Tobacco Alkaloids

Nicotine is the most abundant alkaloid found in the tobacco leaf and the primary reason for tobacco dependence,
due to its addictiveness 8. Despite the existing evidence of the presence of nicotine in certain fruits and
vegetables, for example, tomatoes and potatoes, the difference in the magnitude of concentrations by comparison
with those in cigarette smoke or in nicotine replacement therapy (NRT) (e.g., chewing gum or nicotine patches) are
much lower B9 One cigarette contains in average from 7 to 24 mg of nicotine and the average nicotine air
concentration ranges from 1 to 10 ug/m? in indoor smoking environments, with approximately 0.3 to 3.0 mg being
absorbed into the body per cigarette consumed via inhalation or absorbed through the skin . Thus, nicotine was
one of the first tobacco biomarkers used to access ETS, due to its high concentrations in the organism and its
specificity (. However, its half-life is short (~2 h) and the metabolism rate is variable, limiting the time-window for
its monitoring [, Considering all these factors, multiple nicotine metabolites started to be studied as biomarkers of
ETS exposure 1. It was reported that approximately 70/80% of the nicotine absorbed by the body was rapidly
metabolized into cotinine [& by cytochrome P450 2A6 (CYP2A6), whose values described in the literature are
above 70% [1213] Additionally, cotinine can be further metabolized by the UGT enzymes into cotinine-N-
glucuronide; nicotine is also converted by these enzymes into nicotine-N-glucuronide. Both nicotine and cotinine,
as well as their glucuronides can be detected and measured in biological fluids . Other compounds are formed in
the metabolization process, such as trans-3'-hydroxycotinine, norcotinine, nornicotine, and the glucuronized
compounds, among others [12I131114]I15] Figure 1 resumes the metabolic profile of nicotine.
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Figure 1. Metabolic profile of nicotine. Legend: (UGT-UPD-glucuronosyltransferases; FMO3-Flavin-containing
monooxigenase 3; CYP2A6- cytochrome P450 2A6).

Cotinine has a half-life of about 18 h in the organism and persists in biological matrices due to its poor lipid

solubility, facilitating its identification in several tissues and biological fluids, including hair, blood, oral fluid, urine,
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and breast milk, making it an efficient and widely used biomarker [Z6IL718I19N20]  pegpite cotinine levels are
affected by several factors, such as gender, genetic variability, pregnancy, as well as certain diseases, generally
active smokers display two to three times higher concentrations of cotinine than non-smokers, allowing a simple
differentiation between active- and non-smokers 21, Although cotinine is considered an efficient biomarker to
measure nicotine consumption, it does not provide information regarding the remaining metabolites. Thus,
researchers usually measure the total nicotine equivalents (TNE), which is the sum of urinary nicotine, cotinine, as
well as several other metabolites in the nicotine metabolic profile, to fully evaluate nicotine intake; as such,
compounds as hydroxy-PAHs and 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol (NNAL) may be measured [221123],
Trans-3'-hydroxycotinine is, in most individuals, the major metabolite of cotinine, making it an important biomarker
to measure the ETS exposure 24, |n urine, the levels of trans-3'-hydroxycotinine surpass those of cotinine by about
three to four fold, but in plasma and oral fluid cotinine levels are higher than the former’s, allowing the
differentiation between smokers and non-smokers. 23, Other substances, like anabansine and anatabine, minor
tobacco alkaloids, are also established tobacco intake biomarkers. Additionally these compounds are not present in

NRT, and therefore may be used to indicate tobacco use by individuals undergoing NRT (28],

2.2. Carbon Monoxide (CO)

CO is a product generated by incomplete combustion of organic materials during combustions, both from tobacco
and non-tobacco sources, for example motor vehicles, forest fires, etc. [27], Exposure to CO can be measured by
measuring the concentration of carboxyhemoglobin (COHb), a complex formed from carbon monoxide and
hemoglobin in red blood cells (percent of hemoglobin saturation) and the concentration of CO in exhaled breath
(COex) 24, Both are valid markers to identify individuals that recently used a combustible tobacco product [&l.
Despite the short half-life of COHb (1 to 4 h) and COex (5 to 55 min), these biomarkers allow distinguishing
between tobacco users and non-users and are considered to be the most useful biomarkers for verifying smoking
cessation in clinical trials (281, For instance, COex concentration in non-smokers ranges from 4 to 7 ppm, while
levels from 20 to 30 ppm are seen in smokers (over 50 ppm in heavy smokers). Concerning COHb, non-smokers

present values from 1 to 2%, smokers from 4 to 7% and heavy smokers higher 12% [27],

2.3. Tobacco-Specific N-Nitrosamines (TSNA)

TSNAs are formed from tobacco alkaloids during the curing process and are present in tobacco and TS, being
mostly nicotine and nornicotine derivatives [22. The most studied TSNAs are nicotine-derived nitrosamine ketone
(NNK), a potent lung carcinogenic, and N’-nitrosonornicotine (NNN), an oral cavity and esophageal carcinogenic
(89 This class of compounds and their metabolites (Figure 2), which include NNK, NNN, NNN-glucuronide, NNAL-
N-glucuronide, NNAL-O-glucuronid; the glucuronide metabolites, also referred to as NNAL-Gluc, and N'-
nitrosoanabasine (NAB), NAB-glucuronide, N'-nitrosoanatabine (NAT), and NAT-glucuronide, are considered the
most relevant biomarkers for ETS monitoring 2281321 From these, NNAL and NNAL-Gluc, the main metabolites of
NNK, are the most widely studied biomarkers of this class, displaying a long half-life in biological fluids (~10 to 45
days), they are completely tobacco specific and may be detected in urine 334l |n several studies ranges of 1-2

pmol NNAL/mL of urine in smokers have been reported, while in non-smokers exposed to ETS the concentrations
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were 1-5% of the amount found in smokers B3I28] |n addition, this biomarker is never found in non-tobacco users
that are not exposed to ETS, and correlates well with other tobacco-specific markers such as cotinine and TNE &,
Monitoring NNAL has already been used in investigations regarding exposure to NNK in non-smokers, for example
in newborns, children and women living with smoking partners BZ[38l For instance, NNN and its glucuronides, can
also be measured in urine and in toenails. However, due to differences in their biological pathways, these
compounds exist in lower concentrations than NNAL in the organism, which can difficult their monitoring 2. In
urine, it is possible to distinguish smokers from non-smokers based on the levels of NNN, and it was also

demonstrated that it correlates with increasing cigarettes per day and the total levels of cotinine found in urine 32,
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Figure 2. Chemical structures and metabolism of Tobacco-Specific N-Nitrosamines (TSNA). Legend: (UGT-UPD-

glucuronosyltransferases).
2.4. Polycyclic Aromatic Hydrocarbons (PAHSs)

PAHs are chemicals formed by the incomplete combustion and pyrolysis of tobacco and other organic matter, such
as pyrene, fluorene, phenanthrene, and naphthalene #9. Therefore, both non- and carcinogenic PAHs exhibit high
correlation with TS [, PAHs biomarkers include 1-hydroxypyrene, less used due to its low specificity to ETS,
tetrols of benzo[a]pyrene and phenanthrene, considered effective biomarkers of PAH uptake and metabolic
activation 21 In several studies it was demonstrated that the levels of PAHs biomarkers are higher in smokers
when compared to non-smokers 42l Specifically, the levels of benzo[a]pyrene and phenanthrene-tetrols are two to

three times higher in smokers than in non-smokers [43],
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2.5. Volatile Organic Compounds (VOCs)

VOCs are substances that are generally formed by the incomplete combustion of organic materials, such as some
components of paint, cleaning supplies, pesticides, and are also present in TS 4l This class includes a wide
variety of compounds that can be measured in biological fluids 4. In blood, 2,5-dimethylfuran, which is
comparable to serum cotinine in sensitivity and specificity, benzene, toluene, ethylbenzene, xylene, and styrene
are directly correlated with active smoking and have dose-response relationships with cigarettes-per-day 2. The
main VOCs found in urine are mercapturic acids of ethylene oxide, acrolein, crotonaldehyde, butadiene, benzene,
acrylonitrile, and acrylamide; these compounds are present in higher amounts in smokers that non-smokers 48],
Particularly, the concentration of 3-hydroxypropylmercapturic acid, a mercapturic acid metabolite of acrolein, is
present in smokers at concentrations four times higher than those of non-smokers 47, Most mercapturic acid
metabolites of VOCs present in urine only remain for one day following smoking cessation, making them good

biomarkers to distinguish between active and non-smokers &,

2.6. Aromatic Amines and Heterocyclic Amines

Both aromatic and heterocyclic amines are combustion products that are present in the particulate phase of TS
with great potential for evaluation of the exposure to ETS 481491 Most of the amines identified as ETS biomarkers
are found in small amounts in biological fluids, often in the low part per billion (ppb) range 2, and therefore hardly
differentiate between smokers and non-smokers 8. Indeed, urinary levels of 1-naphthylamine, 2-naphthylamine,
ortho-toluidine, 3-aminobiphenyl, 4-aminobiphenyl and the majority of heterocyclic amines are generally low, with
the exception of 2-amino-1,7-dimethylimidazo[4,5-b]pyridine (DMIP) and 2-amino-9H-pyrido[2,3-blindole (AaC),
that can be used to distinguish smokers from non-smokers 49,

2.7. Metals

Metals, such as lead and cadmium, may be also considered ETS biomarkers, despite being widespread in the
environment, since the tobacco plant can absorb these metals from the soil 8. Previously, arsenic was also
considered a tobacco biomarker because of the use of arsenic pesticides in tobacco cultivation, but this action was
discontinued recently. Cadmium exhibits elevated levels in smokers compared to non-smokers in biological fluids
like blood and urine, presenting very long half-lives (urine—11 to 30 years/blood—7 to 16 years) B9BL, Hence,
urine cadmium is a biomarker of cumulative and long-term ETS. On the other hand, lead is mostly detected in
blood and urine, and many studies associate exposure to this metal to increased risks to develop cardiovascular

diseases [22],

2.8. Thiocyanates

One of the first biomarkers of exposure to ETS discovered in biological fluids was thiocyanate ion (SCN™); indeed,
it was demonstrated that this ion was found at higher concentrations in smokers than in non-smokers 24, This ion
is a metabolite of cyanides (HCN), which are found in foods like almonds, nuts, leguminous plants, cow’s milk, etc.,

however in small quantities 24, However, larger concentrations are produced by the metabolism of some
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constituents of TS 53], SCN~ exhibits a longer half-life than most biomarkers (~6 days) and the levels of this

compound in urine and serum are two to three times higher in smokers than in non-smokers 24, The average

concentration of SCN™ in serum and urine samples is 150 pmol/dm? in smokers, compared to 50 umol/dm? in non-

smokers, while in oral fluid the levels are in the order of 3000 pmol/dm? in smokers and 1200 pmol/dm?2 in non-

smokers 24,
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