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Abstract

Tobacco and tobacco smoke contain a complex mixture of over 9500 chemical compounds, many 

of which have been recognized as hazardous to human health by regulatory agencies. In 2012, 

the U.S. Food and Drug Administration established a list of harmful and potentially harmful 

constituents in unburned tobacco and tobacco smoke, 79 of which are considered as carcinogens. 

Over the past 10 years, with advancing analytical technology, significant amounts of new data 

have been published, increasing our understanding of levels of carcinogens in tobacco products. 

The International Agency for Research on Cancer (IARC) has released 35 monographs since 2012, 

with an increasing number of compounds in unburned tobacco and tobacco smoke classified as 

carcinogens. In this paper, we provide an updated list of IARC-classified carcinogens in unburned 

tobacco and tobacco mainstream smoke. A total of 83 carcinogens has been identified – 37 in 

unburned tobacco and 80 in tobacco smoke – with their occurrence levels reported since 2012. No 

clear decreasing trends were observed for any of these carcinogens in recent years. Surveillance of 

the levels of tobacco carcinogens as well as regulatory actions are needed to ensure control of their 

levels so that potential reduced risks of cancer and other diseases may be achieved.
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1. Introduction

Tobacco has been cultivated and used for millennia by humans, with applications ranging 

from original use in religious ceremonies and medicinal practices to social needs and 

consequences to addictive tobacco products in modern society (Slade, 1997). Pioneering 

work from Wynder and Graham (Wynder and Graham, 1950) and Doll and Hill (Doll and 

Hill, 1954) related cigarette smoking to bronchogenic carcinoma. In 1964, when Dr. Luther 

L. Terry released the first Surgeon General’s report on smoking and health, the harmful 

impact of cigarette smoking as a cause of lung cancer and chronic bronchitis became 

apparent to U.S. society (Centers for Disease Control and Prevention, 2006). Since then, 

epidemiological studies have demonstrated that tobacco smoking increases the risks of many 

types of cancer in humans, including cancers of the lung, larynx, esophagus, oral cavity 

and pharynx, bladder, liver, uterine cervix, kidney, stomach, colorectum, pancreas, and 

myeloid leukemia (Islami et al., 2018). Chronic diseases such as stroke, chronic obstructive 

pulmonary disease (COPD), atherosclerotic peripheral vascular disease, and others are also 

causally linked to tobacco use (American Cancer Society, 2019).

A wide variety of tobacco products is currently available on the market, including 

cigarettes, cigars, smokeless tobacco and water pipes. Great progress has been made 

in understanding the chemistry of tobacco products as related to their toxicity and 

carcinogenicity (International Agency for Research on Cancer, 1986, 2004). Suitable 

biomarkers for monitoring human exposure and uptake of some tobacco toxicants have also 

been developed for clinical and epidemiologic studies (Benowitz et al., 2020). This research 

taken together has significantly contributed to tobacco-associated disease etiology studies, 

tobacco-caused disease control and prevention, and clinical treatment of addicted tobacco 

users.

One important aspect of research on tobacco products is the identification of tobacco 

and tobacco smoke components that are capable of inducing cancer. Beginning with the 

“Hoffmann list” (Hoffmann and Hoffmann, 2001; International Agency for Research on 

Cancer, 2004), various authors and groups have published lists of carcinogens in tobacco 

and tobacco smoke (Hecht, 2003, 2012; Smith et al., 1997; Smith et al., 2000a; Smith et 

al., 2000b; Talhout et al., 2011; U.S. Food and Drug Administration, 2012), while the book 

by Rodgman and Perfetti catalogued all known constituents (Rodgman and Perfetti, 2013). 

Our review in 2012 recognized 72 carcinogens in mainstream smoke (Hecht, 2012). In the 

same year, the U.S. Food and Drug Administration (FDA) established a list of 93 harmful 
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and potentially harmful constituents in tobacco smoke and tobacco products. That list 

included carcinogens (79 compounds), respiratory and cardiovascular toxicants, addictive 

compounds, and others (U.S. Food and Drug Administration, 2012). As of 2022, the 

International Agency for Research on Cancer (IARC) has provided a list of 533 compounds 

with confirmed, probable or possible carcinogenicity to humans. Since 2012, 35 monographs 

(Volumes 100 – 128 and 100A – F) have been released with much new data added to the 

understanding of tobacco carcinogens (International Agency for Research on Cancer). For 

example, acrolein – one of the most abundant hazardous components in tobacco smoke – 

was recently categorized as a Group 2A carcinogen, “probably carcinogenic to humans”. 

In this paper, we provide an updated review of IARC carcinogens identified in unburned 

tobacco and tobacco smoke, with a focus on their occurrence in recent reports since 2012.

2. Overview of Tobacco Carcinogens

Tremendous analytical chemistry research over the past decades has identified continually 

increasing numbers of compounds in tobacco and tobacco smoke. A 1959 review 

summarized 220 constituents in tobacco and tobacco smoke (Johnstone and Plimmer, 1959). 

This number was later upgraded to over 1200 in 1968 (Stedman, 1968), 2549 in 1982 (Dube 

and Green, 1982), 3044 in 1988 (Roberts, 1988) and 8622 in 2008 (Rodgman and Perfetti, 

2008). A comprehensive review of chemical components of tobacco and tobacco smoke 

was published in 2013 by Rodgman and Perfetti (Rodgman and Perfetti, 2013). The total 

number of compounds identified in tobacco plus tobacco smoke reached 9582 (including 

292 partially identified isomers); of which, the chemical components identified in tobacco 

smoke numbered 6010. The chemical components identified in tobacco numbered 5595, 

which does not include tobacco ingredients (Baker and Bishop, 2004; Baker et al., 2004a, b) 

or hundreds of enzymes and other proteinaceous components. With the advance of analytical 

technologies, and in particular mass spectrometry, the number of compounds to be identified 

in tobacco and tobacco smoke will probably continue this increasing trend.

Tobacco and tobacco smoke components can be generally classified as hydrocarbons 

(0.71%), oxygen-containing components (75.70%), nitrogen-containing components 

(12.98%), and miscellaneous components (10.61%) (Rodgman and Perfetti, 2013). A more 

specific classification based on their functional groups has been described by Roberts 

(Roberts, 1988) and modified by Hoffmann (Hoffmann et al., 2001). Adopted from their 

work, we have classified all the tobacco carcinogens (with the exception of carcinogens 

derived from pesticides and growth regulators in tobacco products) into 10 subgroups with 

minor modifications. As shown in the Table, they are (1) hydrocarbons, (2) amines, (3) 

N-nitrosamines, (4) ethers, (5) aldehydes, (6) halogenated compounds, (7) nitro compounds, 

(8) phenolic compounds, (9) miscellaneous compounds, and (10) inorganic compounds. 

For each subgroup, carcinogens are organized based on increasing structural complexity 

(Figure).

It is noteworthy that IARC-classified carcinogens only comprise a portion of the potentially 

toxic compounds in tobacco and tobacco smoke. There are multiple compounds that cause 

human health problems other than cancer (Talhout et al., 2011). For example, carbon 

monoxide causes cardiotoxicity; ammonia leads to respiratory effects; manganese has been 
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linked to lung fibrosis and neurotoxicity. Their risks to humans have been evaluated by 

environmental protection agencies (Talhout et al., 2011). The toxicants proposed to be 

mandated for lowering by the World Health Organization Study Group on Tobacco Product 

Regulation are not limited to tobacco carcinogens NNK, NNN, benzene, benzo[a]pyrene 

(B[a]P), 1,3-butadiene, formaldehyde, acrolein, acetaldehyde, but also include carbon 

monoxide (World Health Organization, 2019).

3. Occurrence trends of selected tobacco carcinogens in recent years

3.1 Polycyclic aromatic hydrocarbons (PAH)

The formation of PAH results primarily from incomplete combustion of tobacco components 

during smoking. They are also present at relatively low levels in unburned tobacco. Of the 

~510 PAH reported in cigarette mainstream smoke (Rodgman and Perfetti, 2013), 16 have 

been classified as carcinogenic to humans by the IARC as summarized in the Table. One 

study analyzed 14 PAH from selected cigarettes purchased from the U.S. market between 

2002 and 2011(Hearn et al., 2018). The overall average occurrence of these compounds in 

the mainstream smoke using the ISO smoking regimen showed no significant change during 

the multiple year study period. Naphthalene, benz[a]anthracene and chrysene appear to be 

the 3 most abundant among the 16 carcinogenic PAH in the mainstream smoke of cigarettes 

(Jeffery et al., 2018).

Among these 16 PAH, B[a]P is the most extensively investigated compound due to its strong 

carcinogenicity, early identification, and common occurrence as a combustion product. 

Quantitation of B[a]P in cigarette smoke and unburned tobacco has been consistently 

reported (Soleimani et al., 2022). Statistical analysis for both single-year and multiple-

year sampling of PAH emissions in U.S. cigarette mainstream smoke suggested a strong 

correlation between B[a]P and other PAH (Hearn et al., 2018; Vu et al., 2015). These results 

supported the use of a limited set of PAH, or even a single PAH such as B[a]P, to predict 

overall PAH exposure in cigarette smokers. However, precautions are required when using 

B[a]P data collected in the presence of other combustion sources in addition to cigarette 

smoking (Gao et al., 2015).

3.2 Tobacco-specific N-nitrosamines (TSNAs)

N-Nitrosamines are one of the most important groups of carcinogenic components in 

unburned tobacco and tobacco smoke. NDMA, NSAR, and NPYR were consistently 

detected in tobacco products at generally low levels; NEMA, NDEA, NDBA, NDELA, 

NPIP and NMOR were only reported in limited numbers of recent reports at very low 

concentrations. However, TSNAs including NNN, NNK, N'-nitrosoanabasine (NAB) and N'-
nitrosoanatabine (NAT) (the latter two being Group 3 compounds that are “not classifiable 

as to their carcinogenicity to humans”), occur in relatively high amounts in both unburned 

tobacco and tobacco smoke. The level of total TSNAs in tobacco filler of U.S. commercial 

cigarettes was (mean ± SD) 3.88 ± 0.69 μg/g. Levels of total TSNAs in the mainstream 

smoke of the same cigarettes were 232 ± 80 and 521 ± 122 ng/cigarette under the ISO 

machine-smoking regimen and the Canadian intense machine-smoking regimen, respectively 

(Edwards et al., 2017).
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Convincing evidence in laboratory animals in combination with an understanding of their 

carcinogenic mechanisms support the Group 1 classification of NNN and NNK by the IARC 

(Hecht, 1998; International Agency for Research on Cancer, 2007; Li and Hecht, 2022). 

Exposure to NNN and NNK in smokers of the Shanghai Cohort study showed a remarkable 

coherence with the risk of developing esophageal and lung cancer, respectively (Stepanov 

et al., 2014b; Yuan et al., 2011). Smokeless tobacco has been established as a cause of oral 

cancer; NNN is consistently found to be the most abundant oral carcinogen in these products 

(Hecht, 2020). It is thus critical to regulate the levels of NNN and NNK in tobacco products 

to reduce potential cancer risks in tobacco users who are unwilling to quit.

Unfortunately, there is no clear trend suggesting a continuing significant decrease of NNN 

and NNK in U.S. cigarette products (Gunduz et al., 2016; Stepanov et al., 2012). For 

example, in the tobacco filler of 50 U.S. commercial brands of cigarettes purchased in 2011, 

the mean ± SD levels of NNN and NNK were 1.90 ± 0.36 and 0.52 ± 0.16 μg/g, respectively 

(Edwards et al., 2017). These numbers are fairly close to the values reported in 1979, with 

NNN and NNK amounting to 1.4 and 0.7 μg/g, respectively, in an unidentified filtered U.S. 

commercial cigarette (Hoffmann et al., 1979). However, the overall mean values of NNN 

and NNK (n = 1809) in tobacco fillers of 1809 brands of cigarettes sold in Canada from 

2005 to 2012 were dramatically lower, amounting to mean ± SD concentrations of 92.8 ± 

230.4 and 29.5 ± 79.6 ng/cig, respectively (Czoli and Hammond, 2018).

The same trend with no obvious decrease of NNN and NNK levels in smokeless tobacco 

products also holds true in the U.S. market. Considerable variability of NNN and NNK 

levels (n = 5008) in 9 smokeless tobacco products from 2008 to 2017 was observed, ranging 

from approximately 2 – 10 and 0.5 – 3.5 μg/g dry weight, respectively. No decreasing trend 

was noted in these products over the tested time period (Oldham et al., 2020). The median 

values of NNN and NNK yields in 31 top-selling brands of smokeless tobacco purchased in 

2011 from the U.S. market were 0.48 – 11.11 and 0.15 – 3.44 μg/g wet weight (Hatsukami 

et al., 2015). The numbers remained in the same range in 8 U.S. snus products purchased 

in 2013 – 2014, with the mean ± SD levels of NNN and NNK being 1.05 ± 1.68 and 0.32 

± 0.07 μg/g wet weight (Lawler et al., 2020). The concentrations of NNN and NNK in 6 

common U.S. brands of snuff purchased in 2016 were 1.9 – 3.9 and 0.65 – 1.9 μg/g wet 

weight, respectively (Nasrin et al., 2020). More strikingly higher concentrations of NNN and 

NNK were found in some smokeless tobacco products such as Zarda and Gul in South-East 

Asia, in which NNN and NNK reached 59 and 34 μg/g wet powder (Nasrin et al., 2020; 

Stanfill et al., 2018).

It is possible to reduce the levels of NNN and NNK in smokeless tobacco products, as has 

been demonstrated in some northern European snus products that contained significantly 

lower levels of these carcinogenic N-nitrosamines. For example, the sum of NNN and NNK 

in 56 northern Europe snus products purchased in 2013 – 2014 was ~2.1 times lower than 

that in the U.S. snus (Lawler et al., 2020). The average content of NNN plus NNK in snus 

manufactured by Swedish Match in 2021 was 0.51 μg/g (Swedish Match AB, 2021). The 

U.S. FDA has proposed a product standard requirement of a maximum mean level of NNN 

at 1.0 μg/g (on a dry weight basis) in any batch of finished smokeless tobacco products in 

2017 (U.S. Food and Drug Administration, 2017). The application of the proposed standard 
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should hopefully decrease the levels of NNN in smokeless tobacco in the U.S. market, 

resulting in a decrease in the incidence of oral cancers and other associated health damage in 

smokeless tobacco users.

3.3 Aldehydes

Aldehydes identified in tobacco smoke that are classified as carcinogenic by IARC 

as of 2022 include formaldehyde (Group 1), acrolein (Group 2A), acetaldehyde and 

crotonaldehyde (Group 2B). They generally occur in much higher levels than PAH and 

TSNAs, ranging from μg/cigarette to mg/cigarette. The formation of aldehydes primarily 

results from tobacco combustion and pyrolysis, since these compounds were barely detected 

in unburned tobacco. The yields of aldehydes in cigarette smoke are dependent on the sugar 

and humectant content in tobacco (Pennings et al., 2020; Talhout et al., 2006). Cigarette 

filter ventilation as well as smoking protocol also affect the yields (Pauwels et al., 2018). 

Among the aldehydes, smoke levels of acetaldehyde and acrolein were strongly correlated, 

and can be used as representatives for other volatile aldehydes (Pauwels et al., 2018). As 

shown in the Table, no clear declining trend has been observed in the occurrence of these 

carcinogenic aldehydes in tobacco smoke in recent reports.

It is important to note that exposure to aldehydes in smokers may also result from 

other pathways (Esterbauer et al., 1991). For example, acrolein exposure may also result 

from dietary sources such as fried food, and exogenous sources such as secondhand 

cigarette smoke and incomplete combustion of fuels, and endogenous sources such as lipid 

peroxidation, polyamine and hydroxyl-amino acid (such as threonine) metabolism (Stevens 

and Maier, 2008). Oxidative ring opening of certain drugs such as cyclophosphamide and 

ifosfamide also leads to the release of acrolein in patients (Brock et al., 1979). Lipid 

peroxidation is an additional source of formaldehyde and crotonaldehyde (Esterbauer et 

al., 1991). Endogenous sources of formaldehyde include amino acid metabolism, methanol 

metabolism and demethylation of nucleic acids and histone (Zhang, 2018).

3.4 Others

Tobacco carcinogens occurring in relatively high abundance (μg/g or μg/cigarette) also 

include the volatile hydrocarbons 1,3-butadiene, isoprene, styrene, benzene, ethylbenzene 

and cumene; the ether furan; nitro compounds such as nitromethane and 2-nitropropane; 

phenolic compounds such as catechol, also a powerful co-carcinogen (Hecht et al., 

1981; Melikian et al., 1986; Van Duuren et al., 1973); and the miscellaneous 

compounds acetamide, acrylamide, vinyl acetate and acrylonitrile. Some carcinogens 

with relatively low concentrations are of great interest with respect to regulation due to 

their strong carcinogenicity. The Group 1 carcinogens detected in tobacco and tobacco 

smoke also include ortho-toluidine, 4-aminobiphenyl, 2-naphthylamine from the class 

of aromatic amines; ethylene oxide from the class of ethers; vinyl chloride, 2,3,4,7,8-

pentachlorodibenzofuran from the class of halogenated compounds; inorganic compounds 

containing arsenic, beryllium, cadmium, chromium(VI), nickel and polonium-210. Similar 

to the occurrence trends of the carcinogens discussed above, no clear decreases were noticed 

in recent reports on their concentrations in tobacco products as suggested by the Table.
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4. Concluding remarks

Reductions in smoking have contributed significantly to an overall decrease of 32% in 

cancer deaths in the U.S. compared to nearly 30 years ago (Siegel et al., 2022). However, 

tobacco use remains the leading preventable cause of death in the United States and 

worldwide. While current smoking in U.S. adults decreased to 14% in 2019 (Centers for 

Disease Control and Prevention, 2019), the prevalence of tobacco use globally remains 

high, with 36.7% of men and 7.8% of women having used tobacco in 2020 (World Health 

Organization, 2021). The highest tobacco use rate was reported among men from the 

Western Pacific Region which largely reflects the high prevalence of current tobacco use 

among males in China (47.8%) (World Health Organization, 2021).

Tobacco and tobacco smoke contain a very complex mixture of over 9500 compounds 

(Rodgman and Perfetti, 2013). Carcinogens identified in tobacco and tobacco smoke have 

drawn much attention by the U.S. FDA as well as other authorities including the World 

Health Organization. There are 93 harmful and potentially harmful constituents included in 

the U.S. FDA list established in 2012, 79 of which are considered to be carcinogens (U.S. 

Food and Drug Administration, 2012). The total number of IARC-classified carcinogens 

in tobacco and tobacco smoke has increased to 83 as of 2022, which is mainly due to 

the increased number of compounds reviewed by the IARC and possibly also to better 

methods for the analysis of tobacco components. It is noted that some chemicals included 

in the FDA carcinogen list such as 1-aminonaphthalene, dibenzo[a,e]pyrene (classified to 

be “reasonably anticipated to be a human carcinogen” by the U.S. National Toxicology 

Program)(NTP (National Toxicology Program), 2021) and mercury and inorganic mercury 

are “not classifiable as to their carcinogenicity to humans” by the IARC. Cresols and 

uranium-235 and −238 have not been evaluated by the IARC regarding their carcinogenicity 

to humans. The Group 1 carcinogen aflatoxin B1 is generally considered as a contaminant of 

tobacco products, and is not discussed here as a tobacco carcinogen.

As reflected by the levels of tobacco carcinogens summarized in the Table, no clear 

decreasing trends were observed in any of them in recent years. A very high variation was 

observed regarding total nicotine content, product pH which affects the percentage of un-

ionized nicotine, and TSNAs in oral tobacco products (Stanfill et al., 2011). Similar results 

were also noted in TSNAs and PAH levels of cigarette products (Czoli and Hammond, 2018; 

Hearn et al., 2018). Surveillance of the levels of carcinogens discussed above along with 

nicotine and other factors such as pH should be conducted on a regular basis to provide 

quality-controlled products (Lawler et al., 2017).

In summary, we updated the list of IARC-classified carcinogens identified in tobacco and 

tobacco smoke and provided a summary of recent data on their levels in tobacco products 

since 2012. There were no clear decreasing trends in levels of these tobacco carcinogens 

such as PAH and TSNAs in recent years. Surveillance of the quality of tobacco products as 

well as regulatory actions are needed to ensure relatively low levels of carcinogens so that 

potential reduced risks of cancer and other diseases may be achieved.
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ABBREVIATIONS

B[a]P benzo[a]pyrene

COPD chronic obstructive pulmonary disease

FDA Food and Drug Administration

IARC International Agency for Research on Cancer

NAB N'-nitrosoanabasine

NAT N'-nitrosoanatabine

NDBA N-nitrosodi-n-butylamine

NDEA N-nitrosodiethylamine

NDELA N-nitrosodiethanolamine

NDIPA N-nitrodiisopropylamine

NDMA N-nitrosodimethylamine

NDPA N-nitrosodi-n-propylamine

NMEA N-nitrosomethylethylamine

NMOR N-nitrosomorpholine

NNK 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone

NNN N2-nitrosonornicotine

NPIP N-nitrosopiperidine

NPYR N-nitrosopyrrolidine

NSAR N-nitrososarcosine

PAH polycyclic aromatic hydrocarbons

SD standard deviation

TSNAs tobacco-specific N-nitrosamines
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Highlights:

1. Carcinogens in tobacco and tobacco smoke are proposed to be closely 

monitored by the U.S. Food and Drug Administration.

2. Many new data have been published since 2012, increasing our understanding 

of carcinogen levels in tobacco products.

3. A total of 83 carcinogens have been identified with their occurrence levels 

reported since 2012.

4. No clear decreasing trends were observed for any of these carcinogens in 

recent years.
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Figure: 
Chemical structures of IARC-classified carcinogens identified in unburned tobacco and 

tobacco smoke.
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