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 1.
Introduction
The sixth meeting of the World Health Organization (WHO) Study Group on Tobacco Product Regulation (TobReg) was held in Buenos Aires, Argentina, on 22–24 November 2010. TobReg is mandated to provide the WHO Director-General with scientifically sound, evidence-based recommendations for Member States about tobacco product regulation. In line with the provisions of Articles 9 and 10 of the WHO Framework Convention on Tobacco Control (FCTC), TobReg identifies approaches for regulating tobacco products that pose significant public health issues and raise questions for tobacco control policy.
At its sixth meeting, after reviewing background documents and obtaining clarifications from the presenters, the Study Group discussed heavy metals in tobacco and cigarette smoke, generational and trans-generational tobacco-induced pathogenesis and evidence on epigenetic mechanisms, cigarette butt pollution, a novel environmental approach to reducing tobacco consumption and the rationale for a regulatory framework to reduce the dependence potential of tobacco products.
Regulation of tobacco products is essential for tobacco control and is endorsed by the WHO FCTC in provisions of its Articles 9, 10 and 11. Regulation serves public health goals by meaningful surveillance of the manufacture, packaging, labelling and distribution of tobacco products. Scientifically based principles for implementing the articles create synergy and mutual reinforcement of the regulatory practices described in each article.
Tobacco product regulation includes regulating their contents and emissions by testing, measuring and mandating disclosure of the results, and regulating their packaging and labelling. Government supervision is required for manufacture and for enforcement of regulations on the design, contents and emissions of tobacco products, as well as their distribution, packaging and labelling, with the aim of protecting and promoting public health.
Chemical consumer products are usually regulated after a review of the scientific evidence on the hazards associated with the product, the exposure likely to occur, the patterns of use and the marketing messages of the manufacturer. Many jurisdictions require manufacturers to classify and label products according to their hazardous properties, to control the hazardous contents or to limit the advertising, promotion and sponsorship of such products.
TobReg reviews the scientific evidence on topics related to tobacco product regulation and identifies the research needed to fill regulatory gaps in tobacco control. The Study Group is composed of national and international scientific experts on product regulation, treatment of tobacco dependence and laboratory analysis of tobacco ingredients and emissions. As a formalized entity of WHO, the Study Group reports to the WHO Executive Board through the Director-General to draw the attention of Member States to the Organization’s work in tobacco product regulation, which is a complex area of tobacco control.
This report presents the conclusions and recommendations of the Study Group at its sixth meeting on toxic elements in tobacco and in cigarette smoke and on the basis for a regulatory framework to reduce the dependence potential of tobacco products. The following two sections present the recommendations, and the overall recommendations are summarized in section 4. This volume also includes the full background document that served as the basis for TobReg’s deliberations on heavy metals.
The Study Group hopes that the recommendations contained in this report, as well as its other recommendations and advisory notes, will be useful to countries in implementing the product regulation provisions of the WHO FCTC.


 2.
Recommendations on toxic elements in tobacco and in cigarette smoke
This advisory is based on a comprehensive review provided as a background paper (Annex 1). Heavy metals are found in tobacco leaf, processed tobacco (both cigarettes and smokeless tobacco) as well as tobacco smoke and smokeless tobacco emissions. These metals are absorbed from the soil, occur in air pollution and derive from agricultural treatments during tobacco growing, curing and processing. The amounts of the metals in tobacco products vary widely, depending on the geographical location in which the tobacco leaf is grown.
Much of the evidence for the toxicity of individual metals comes from studies of occupational exposure to levels much higher than those that are likely to occur from tobacco use. The biological effects of metals with carcinogenic and other toxic effects delivered directly to the lung or oral mucosa is, however, of concern, especially when they are delivered in combination with other known carcinogens, sensitizers (such as polycyclic aromatic hydrocarbons, nickel, cobalt and some forms of chromium) and toxicants in smoke. These factors may contribute to the differences in disease risks associated with different tobacco products and with the same type of tobacco product in different geographical regions.
The exposures of concern for human toxicity depend on the metal, as some are acutely toxic and are cleared by the body, whereas others accumulate over time and may become increasingly toxic with increasing duration of exposure. Still others may sensitize various organ systems to the actions of other tobacco or non-tobacco toxicants and allergens. Some metals found in tobacco are essential human nutrients, including iron, copper, chromium and manganese, but high levels of these elements in certain organ systems may contribute to injury in some people.
Among the metals identified in tobacco products that have been shown to be carcinogenic are arsenic, cadmium, lead, nickel and the radioactive substances polonium-210 and lead-210 (1). Arsenic, cadmium and nickel can cause lung injury. Cadmium and lead are of particular concern because of their long-term storage in the body. Other concerns include the capacity of some metals to sensitize tissues to immune response, cellular injury and tissue repair processes.
Metals to which smokers have been shown to be more highly exposed than nonsmokers include aluminium, arsenic, cadmium and lead.
 Levels of toxic elements of greatest concern by tobacco product type and geographical region
 Arsenic
Arsenic concentrations of 0.13–0.29 µg/g dried tobacco were found in popular brands of moist snuff sold in the United States, and a mean of 0.19 µg/g tobacco was reported in 17 samples of leaf tobacco sold for chewing (2). Arsenic concentrations of 0.143–0.437 µg/g were found in popular brands of smokeless tobacco available on the Canadian market (3). Concentrations of 0.1–1.2 µg/g arsenic were found in samples of Indian chewing tobacco (4) and 0.11–3.5 µg/g in a variety of Indian smokeless tobacco products (5). Local Ghanaian snuff contained 0.108–0.256 µg/g arsenic (6).
Arsenic has been reported to be present in tobacco at mean concentrations of 0.151 µg/g tobacco in Canadian domestic cigarettes (7) and 0.73–0.86 µg/g tobacco mass in cigarettes in Pakistan (8). Arsenic concentrations of 0.250 µg/g tobacco were measured in two domestic United States cigarette brands and 0.370–1.07 µg/g tobacco in three corresponding counterfeits (9). Arsenic concentrations of < 0.1–0.7 µg/g were reported in tobacco from legally purchased cigarettes in the United Kingdom and < 0.1–2.1 µg/g in tobacco from corresponding counterfeit cigarettes (10).
The mean arsenic levels in smoke delivered from 48 Philip Morris USA and Philip Morris International commercial and exploratory brands were found to be from ‘below detection limit’ to 0.0055 µg/cigarette with the International Standards Organization (ISO) smoking regimen and from ‘below detection limit’ to 0.0145 µg/cigarette with the Health Canada Intense regimen (11).

 Cadmium
Cadmium was found at mean concentrations of 0.66–1.88 µg/g dried tobacco in popular brands of moist snuff sold in the United States and 1.44 µg/g tobacco in 17 samples of leaf tobacco sold for chewing (2), while concentrations of 0.73–1.58 µg/g dried tobacco were found in eight brands of moist and dry snuff (12). Cadmium concentrations of 0.300–1.086 µg/g tobacco were found in popular brands of smokeless tobacco available on the  Canadian market (3). Concentrations of 0.3–1.5 µg/g cadmium were reported in samples of Indian chewing tobacco (4) and 0.1–3.1 µg/g in a variety of Indian smokeless tobacco products (5); Verma et al. (13) reported 0.25–0.60 µg/g mean cadmium concentrations in snuff and chewing tobacco in India. Concentrations of 1.056–1.105 µg/g cadmium were measured in local Ghanaian snuff (6).
The extractable cadmium concentrations in artificial saliva were 0.302–0.342 µg/g dried tobacco for five popular brands of moist snuff sold in the United States (21–47% of total) and a mean of 0.351–0.508 µg/g (23–30% of total) for three samples of leaf tobacco sold for chewing (2).
Cadmium has been reported to be present at a mean concentration of 0.930 µg/g tobacco in Canadian domestic cigarettes (7) and 2.2–4.5 µg/g tobacco mass in cigarettes in Pakistan (8). Cadmium concentrations of 0.5–0.8 µg/g were reported in tobacco from legally purchased cigarettes in the United Kingdom and < 0.2–6.1 µg/g in tobacco from corresponding counterfeit cigarettes (10). Mean concentrations of 0.28–0.87 µg/g cadmium were found in tobacco from cigarettes available in India (13).
The mean concentrations of cadmium in cigarette smoke particulate matter generated by the ISO smoking regimen from cigarettes available in the United States in 2002 were 0.0138–0.0183 µg/cigarette (ultralight), 0.0184–0.0324 µg/cigarette (light) and 0.0384–0.0624 µg/cigarette (full flavour) (14). The mean deliveries of cadmium in smoke from 48 Philip Morris USA and Philip Morris International commercial and exploratory brands were 0.0016–0.101 µg/cigarette with the ISO smoking regimen and 0.0435–0.1971 µg/cigarette with the Health Canada Intense regimen (11). The mean delivery of cadmium in smoke generated by the ISO smoking regimen from 247 cigarette brands in Canada in 2004, including 15 imported brands, was 0.0576 µg/domestic cigarette and 0.0523 µg/imported cigarette. With the Health Canada Intense regimen, the reported mean cadmium delivery was 0.1608 µg/domestic cigarette and 0.1571 µg/imported cigarette (7).

 Lead
Mean lead concentrations of 0.28–0.85 µg/g dried tobacco were reported in popular brands of moist snuff sold in the United States and a mean of 0.55 µg/g tobacco in 17 samples of leaf tobacco sold for chewing (2), while levels of 0.27–2.96 µg/g dried tobacco were found in eight brands of moist and dry snuff available at that time (12). Lead concentrations of 0.233–1.202 µg/g were found in popular brands of smokeless tobacco available on the Canadian market (3). Concentrations of 0.03–33.3 µg/g lead were found in a variety of Indian smokeless tobacco products (5), and 1.76–13 µg/g mean lead concentrations were found in snuff and chewing tobacco available in India (13).
The extractable lead concentration in artificial saliva for Kentucky reference moist snuff tobacco 1S3 was 0.153 µg/g dried tobacco (8.0% of total). The concentrations of other extractable materials were < 0.13 µg/g (2).
Lead has been reported at mean concentrations of 0.257 µg/g tobacco from Canadian domestic cigarettes (7) and 1.1–1.6 µg/g tobacco mass in cigarettes in Pakistan (8). Lead concentrations of 0.604 and 0.607 µg/g tobacco were reported in two domestic United States cigarette brands and 4.54–7.93 µg/g tobacco in three corresponding counterfeits (9). Lead concentrations of 0.4–0.9 µg/g were reported in tobacco from legally purchased cigarettes in the United Kingdom and < 0.1–10.3 µg/g in tobacco from corresponding counterfeit cigarettes (10). The mean lead concentrations in tobacco from cigarettes available in India were 0.79–5.79 µg/g (13).
The mean concentrations of lead in cigarette smoke particulate matter generated with the ISO smoking regimen from domestic brands purchased in the United States in 2002 were < 0.0071–0.0075 µg/cigarette (ultralight), 0.0096–0.0172 µg/cigarette (light) and 0.0166–0.0289 µg/cigarette (full flavour) (14). The mean lead deliveries in smoke from 48 Philip Morris USA and Philip Morris International commercial and exploratory brands were 0.0039–0.0392 µg/cigarette with the ISO smoking regimen and 0.0257–0.0932 µg/cigarette with the Health Canada Intense regimen (11). The mean lead deliveries in smoke from 247 cigarette brands obtained in Canada in 2004, including 15 imported brands, were 0.0167 µg/domestic cigarette and 0.0113 µg/imported cigarette with the ISO smoking regimen and 0.0372 µg/domestic cigarette and 0.0342 µg/imported cigarette with the Health Canada Intense regimen (7).

 Nickel
Mean nickel concentrations of 1.39–2.73 µg/g dried tobacco were reported in popular brands of moist snuff sold in the United States and a mean of 2.32 µg/g tobacco in 17 samples of leaf tobacco sold for chewing (2). Nickel concentrations of 0.844–2.045 µg/g were found in popular brands of smokeless tobacco available on the Canadian market (3). The mean nickel concentrations in snuff and chewing tobacco available in India were 1.33–13.05 µg/g (13).
The extractable nickel concentrations in artificial saliva were 0.554–1.153 µg/g dried tobacco for five popular brands of moist snuff sold in the United States (31–46% of total) and a mean of 0.370–0.739 µg/g (30–40% of total) for three samples of chewing tobacco (2). 
Nickel has been reported to be present at a mean concentration of 0.250 µg/g tobacco from Canadian domestic cigarettes (7) and at mean concentrations of 1.2–1.8 µg/g tobacco mass in cigarettes from Pakistan (8). Nickel concentrations of 1.132 and 1.180 µg/g tobacco were found in two domestic United States cigarette brands and 0.358–0.554 µg/g tobacco in three corresponding counterfeits (9). Nickel concentrations of 1.1–2.7 µg/g were reported in tobacco from legally purchased cigarettes available in the United Kingdom and 0.9–9.2 µg/g in tobacco filler from counterfeit cigarettes (10). The mean nickel concentrations in tobacco from cigarettes available in India were 7.21–10.24 µg/g (13).

 Polonium-210 and lead-210
Activities of 0.16–0.64 pCi/g (5.9–24 mBq/g) polonium-210 were measured in dried tobacco from eight brands of moist and dry snuff available in the United States in 1987 (12). A mean extractable polonium-210 activity in human saliva of 8.7–13.9 mBq/g dried tobacco and a mean extractable lead-210 activity of 8.6–11.6 mBq/g dried tobacco were reported for six brands of moist snuff sold in the United States (15).
A mean polonium-210 activity of 10.9–27.4 mBq/g and a lead-210 activity of 11.9–30.2 mBq/g were reported in Brazilian cigarette tobacco (16). Lead-210 activity was found to be 6.3–18.2 mBq/g in Greek tobacco (17), while a mean polonium-210 activity of 3.6–17.0 mBq/g and a mean lead-210 activity of 7.3–16.7 mBq/g were found in Greek cigarette tobacco filler (18). Mean activities of 6.84–17.49 mBq/cigarette were reported for polonium-210 in Italian cigarette brands, including some imports (19), and a mean polonium-210 activity of 18–29 mBq/g and a mean lead-210 activity of 17–24 mBq/g were found in Chinese cigarette tobacco (20).
Schayer et al. (20) reported transfer of polonium-210 and lead-210 from two Chinese cigarettes into smoke and an estimated mean intake (based on smoking 20 cigarettes/day) of 1.85 mBq/cigarette of lead-210 and 3.0 mBq/cigarette of polonium-210. Cigarette smoking in China may therefore be a major source of people’s daily intake of lead-210 and polonium-210.


 Research requirements
• Further studies are required on the concentrations of metals in smokeless tobacco, smokeless tobacco additives and smoked tobacco products, including cigarette tobacco, cigars, pipes, rolling tobacco and waterpipe tobacco, produced in all geographical regions. Results should be acquired with standardized methods, certified standards and certified or standard reference materials, such as tobacco and other leaf reference materials, to assure the reproducibility and accuracy of data.
• Further studies are required on the concentrations of metals in tobacco smoke obtained with the ISO and Intense regimens in order to maintain current knowledge on the physical transport of metals into smoke.
• Studies in experimental animals are needed on the cumulative effects of long-term inhalation of fine and ultrafine particulate containing neurotoxic metal ions at concentrations similar to those delivered in cigarette smoke (individually and combined). Studies should be conducted on the interactions among aluminium, cadmium, lead, copper, iron, manganese and zinc in the brain.
• Studies are required on the possible relations among metals in smokeless tobacco in producing or exacerbating lesions of the oral mucosa and submucosa. Studies should be conducted on cumulative concentrations of metals in oral epithelial cells as a consequence of smokeless tobacco use.
• Biomonitoring should be conducted to measure the rates of systemic absorption, distribution, metabolism and clearance of metals in smokeless tobacco.
• The rates of systemic absorption, distribution, metabolism and clearance of metals in smokeless tobacco used in different geographical regions should be compared.
• Further studies are needed of the relations between inhalation of metal ions (alone and in combination with other smoke constituents that sensitize the lung) and chronic obstructive and interstitial lung disease.
• Studies should be conducted on the etiological role of the metals in second-hand smoke and the prevalence of asthma in children.
• Studies are needed on the relation between manganese oxidation state,  chromium oxidation state and lung pathophysiology.
• Studies should be conducted to define the agricultural practices necessary to minimize absorption of metals from soil, including appropriate control of pH and phosphate fertilizers.
• Appropriate standards, reference tobacco products and appropriate examples of commercial products to be used for comparison should be developed, made available and used in studies. The methods and standards used should be reported in all publications to account for the variations in tobacco products in different geographical areas.


 Regulatory recommendations
• Regulatory authorities should consider requiring manufacturers to test cured tobacco purchased from each new agricultural source for levels of arsenic, cadmium, lead and nickel. The results of testing should be reported to regulatory authorities and verified by those authorities as appropriate.
• Regulatory authorities should consider monitoring the tobacco blends in both combustible and noncombustible products offered for sale by requiring testing for levels of arsenic, cadmium, lead and nickel by brand periodically and whenever the source of the tobacco shows substantial increases in the concentrations of any of the metals tested. The results of testing by manufacturers should be reported to regulatory authorities and verified by those authorities as appropriate.
• When the levels of metals found in different brands of the same tobacco product vary widely, regulatory authorities might consider establishing limits on concentrations or take other actions to limit human exposure.




 3.
Recommendations on the basis for a regulatory framework to reduce the dependence potential of tobacco products
 Preface
This scientific advisory addresses the rationale for a regulatory framework for reducing the dependence (‘addiction’) potential of tobacco products. These recommendations specifically address Article 9 of the FCTC:
 Regulation of the contents of tobacco products
The Conference of the Parties, in consultation with competent international bodies, shall propose guidelines for testing and measuring the contents and emissions of tobacco products, and for the regulation of these contents and emissions. Each Party shall, where approved by competent national authorities, adopt and implement effective legislative, executive and administrative or other measures for such testing and measuring, and for such regulation.

The advisory will also comply with Article 14, which is intended to reduce tobacco product demand by more effective prevention and cessation initiatives.
These recommendations were made because tobacco companies design and manufacture their products to increase their dependence potential and attractiveness; the intent of the companies is to increase tobacco product use and dependence by undermining prevention, cessation and tobacco control measures (21–25). A regulatory framework designed to reduce the dependence potential and attractiveness of tobacco products could improve public health, as it would strengthen tobacco control initiatives to reduce the prevalence of tobacco use and the resulting morbidity and mortality.
Policy-makers and regulatory agencies in States Parties to the WHO FCTC have increasingly sought guidance from WHO on the scientific foundation of and potential approaches to a regulatory framework for reducing the dependence potential of tobacco products. This scientific advisory is intended to provide a basis for further discussion and the development of a regulatory framework. The specific purpose of regulating dependence potential is to reduce the prevalence of tobacco use and harm by reducing the risk and severity of dependence as a biological force that contributes to the perpetuation of tobacco use.

 Background
The basis of a regulatory framework for reducing tobacco product dependence potential is scientific understanding of the determinants and evidence that the design and manufacture of tobacco products can increase or decrease dependence potential. The primary dependence-producing drug in tobacco is nicotine, and the way in which nicotine is delivered to the user through tobacco maximizes its dependence potential (22,26). Several decades of research have shown that the dependence-producing effects of nicotine are directly influenced by the dose and speed of delivery and by associated sensory and environmental stimuli (26–28). Many of the design features of tobacco products can be controlled, such as nicotine content, tobacco pH, smoke particle size and other factors that can affect the speed of nicotine release and absorption. Additionally, other contents and nicotine metabolites, including anabasine, nornicotine and monoamine oxidase-inhibiting substances, could add to the dependence potential of the products (29–31).
Experience with pharmaceutical nicotine and other drug delivery systems (e.g. for delivering opioids, stimulants and cannabinoids) has demonstrated that dependence potential can be altered by the design and contents of the product (32–35). In the case of prescription pharmaceuticals, regulatory frameworks function to reduce dependence potential by predicating approval on both the dependence potential and other possible harmful effects. Decisions regarding drug approval include restrictions to limit access and marketing if the drug is approved (36). This gives a powerful incentive to drug manufacturers to design and market their drugs so as to minimize abuse, dependence and use by unintended populations (33,37–39). Drugs with design features that contribute unnecessarily to dependence potential may be denied approval by regulatory agencies or approved with controls, including post-marketing restrictions intended to mitigate risks and to detect them should they occur. (For discussion and examples, see 38–42.)
The release of millions of previously secret tobacco industry documents in the 1990s revealed that the tobacco industry did much more than manufacture and sell inherently addictive tobacco products. It is now clear that the industry actively investigated the effects of nicotine and other substances on the nervous system in an effort to increase the addictiveness (hereafter referred to by the more technically acceptable term ‘dependence potential’) of their products (21–25). For example, the British American Tobacco company was exploring the neurophysiological effects of nicotine in the 1950s (24,43). The first successful rodent model of nicotine self-administration was developed by Philip Morris in about 1981. The results raised such critical issues that Philip Morris closed the laboratory and acted to prevent dissemination of its findings when its legal counsel became aware of the research (44–46). These studies were only the tip of the tobacco research ‘iceberg’—the industry’s work in designing increasingly more dependence-producing products. Tobacco litigation and investigations by the United States Food and Drug Administration and WHO unveiled decades of such industry research (21,24,25,43,47–51).
The approaches used by the tobacco industry included manipulation of the nicotine dosing capacity of its products, products designed to increase the speed of nicotine delivery and hence its addictive ‘impact’ or ‘kick’, control of tobacco and smoke pH to increase the unprotonated (‘free base’) fraction of nicotine in the smoke, control of smoke particle size to increase lung penetration efficiency, product engineering to increase stimulation of the trigeminal nerves of the oral cavity and upper airways, and the use of a broad range of chemical additives to make smoke feel smoother, cooler and more pleasant, in order to facilitate deep inhalation and the transition to addiction (35,43,50–55). These approaches to increase tobacco dependence potential are targets for regulation that could be used within a regulatory framework, in which limits are set or the changes in the product are reversed.
In apparent coordination with product designs intended to increase dependence potential, design has also been used to increase the attractiveness of the products to target populations. These included ‘starter’ smokeless tobacco products, with a lower nicotine delivery than maintenance products but flavoured, packaged and marketed to be more attractive to young people (25,30). Other initiatives have been the design, packaging and marketing of cigarettes to be particularly attractive to certain populations in many countries on the basis of gender, socioeconomic status and racial or ethnic affiliation. They include cigarettes designed to promote the illusion that they are less harmful to health. Increasing the attractiveness and appeal of a product to a target population can involve adding flavour and smell, the use of colours and graphics on the product and packaging, express or implicit claims, and a broad range of additional marketing tools. These are beyond the scope of this report, but many aspects have been addressed elsewhere (25,30,56).
At its fourth session, the Conference of the Parties to the FCTC accepted the goal of “reducing tobacco-attributable disease and premature death by reducing the attractiveness of tobacco products, reducing their addictiveness (or dependence liability) or reducing their overall toxicity” (57). These three aspects of product regulation can be addressed in various ways, according to the requirements of different countries. The Parties to the FCTC differ in the approaches they will take in the near term; for example, Canada has banned selected additives, such as most flavouring preparations, from cigarettes and little cigars, to help reduce their attractiveness (58).
Regulatory action can be taken now, because scientific knowledge about tobacco products and about regulatory measures to control the dependence potential of pharmaceutical products has been increasing rapidly since the 1990s. Precedents for a regulatory framework include national and international initiatives to control drug abuse and dependence by regulation. These precedents include aspects of drug control that are applicable to tobacco product regulation, while other aspects would appear not to be feasible or appropriate. As discussed below, tobacco products pose complex challenges that may be more difficult to address than those posed by regulated drug products.
This advisory includes conclusions that can guide regulatory policy for a framework to reduce the dependence potential of tobacco products. It is an extension of earlier recommendations of the Scientific Advisory Committee on Tobacco Product Regulation and TobReg documents and is designed to provide a foundation for regulation to advance tobacco control in general (25, 59–63). Specifically, it extends the earlier WHO TobReg advisory on reducing dependence potential and the attractiveness of tobacco  products (25).

 Terminology and definitions
Dependence potential: the term preferred by the WHO Expert Committee on Drug Dependence; often used interchangeably with ‘addictiveness’, used by the Scientific Committee on Emerging and Newly Identified Health Risks, ‘abuse liability’, generally used by the College on Problems of Drug Dependence, and ‘abuse potential’ (30,42,64); refers to the pharmacological properties of a drug that can lead to abuse and dependence
Abuse liability: the operational term used by the WHO Expert Committee on Drug Dependence to assess the pharmacologically determined risk for abuse and dependence
Attractiveness or appeal of products to potential and current consumers: often referred to as ‘consumer appeal’, ‘product appeal’ or ‘product attractiveness’. It is related to many factors, including product design features, the sensory characteristics of products such as taste and smell, advertising and promotion, image, cost, the targeted population, positioning among other products and claims for benefits and risks (56,65–68). 

 Precedents and experience in the regulation of pharmaceutical products
Regulation of manufactured products on the basis of their dependence potential is not a new concept but has been a systematic approach of medicines regulatory agencies worldwide and by WHO since at least the 1960s. For example, the WHO Expert Committee on Drug Dependence evaluates dependence potential on the basis of scientific evidence from laboratory and epidemiological studies in order to regulate drugs in accordance with three international drug control treaties: the 1961 Single Convention on Narcotic Drugs, which addressed opium-, coca- and marijuana-based substances; the 1971 Convention on Psychotropic Substances; and the 1988 Convention against Illicit Traffic in Narcotic Drugs and Psychotropic Substances (36,42). These treaties exempt tobacco, and it is not recommended in this advisory that tobacco should be subject to such regulation. If tobacco products were regulated on the basis of these treaties, they would have to be either banned or exempted, because most if not all meet the criteria for high dependence potential and have no approved medical use. Nonetheless, experience in drug regulation under these treaties has given WHO and medicines regulatory agencies considerable expertise in identifying the characteristics of substance and drug formulations that influence dependence potential.
It has long been understood that the formulation and route of administration of a drug can influence its dependence potential (27,33,69,70). Perhaps the most dramatic example was crack cocaine, developed and marketed in the 1980s by illicit drug manufacturers and purveyors. Increasing abuse of prescription medicines in many countries since the 1990s has, however, stimulated research, expert conferences and the attention of medicines regulatory agencies on the importance of formulations in the dependence potential and attractiveness of drugs (e.g. 34). Opioid analgesic formulations are of particular interest because factors such as the ease with which formulations can be manipulated so as to yield smokable and injectable products or crushed to produce more rapid effects by the oral route are major determinants of their attractiveness to drug abusers and their dependence potential (69–71). As these examples illustrate, dependence is not due simply to the dependence-producing drug but also to its route of delivery, dosage, formulation and many other factors that affect its pharmacological effects, and also behavioural factors, including product attractiveness. On the basis of such understanding, medicines regulatory authorities are requiring more restrictive risk management in the formulation of drugs with high dependence potential and attractiveness and finding ways to reduce restrictions on formulations that have less dependence potential. Pharmaceutical regulation has led to half a century of experience in scientific evaluation of dependence potential. Guidance documents for research, the pharmaceutical industry and regulatory agencies have been updated every few years since the 1980s (e.g. 72). Since 2003, the College on Problems of Drug Dependence has issued three updates (37,39,73,74). The WHO Expert Committee on Drug Dependence publishes annual evaluations and has issued reviews of methods less frequently (42). The most recent comprehensive guidance document on dependence potential is from the United States (73). Use of these methods to evaluate tobacco products showed that these products do meet the criteria for addictive drugs and that the dependence potential of nicotine varies widely, from minimally dependence-producing transdermal patches and nicotine chewing-gum to the most highly addictive route of nicotine delivery, cigarette smoke (32,75). In 2010, a conference of experts in dependence potential assessment and consumer product attractiveness issued a report to guide research, testing and regulation of tobacco products as a function of their dependence potential and attractiveness (65).

 Dependence potential and product attractiveness and other factors that modulate tobacco product use, risk for dependence and harm
The risk for initiation, development of dependence and persistence of use of a tobacco product is related to both its dependence potential and attractiveness (25,30,35,42,65). These conclusions are based both on examination of tobacco industry documents, which revealed the efforts of the industry to design and manufacture products to increase their dependence potential and attractiveness, and WHO assessments, as discussed earlier. For a regulatory framework to reduce dependence potential, the evaluation should include an examination of the factors that influence attractiveness. Both tobacco industry documents and some non-industry research indicate that certain factors that increase dependence potential may also increase attractiveness and certain factors that increase attractiveness could increase the risk for dependence, even if they do not alter the pharmacological effects of the product. For example, there is no evidence that the manipulation or addition of acetaldehyde and ammonia compounds to cigarettes would increase their attractiveness, but these compounds could increase the pharmacological impact and dependence potential of cigarettes (45,51,53). Similarly, manipulation of pH to modify buffering chemicals in smokeless tobacco products is a key to manipulating the nicotine delivery of many such products, with the intent of developing and maintaining dependence, even though these substances are not known to be attractive to consumers (25,76,77).
Conversely, many factors in the design of tobacco products make them more attractive to targeted consumer populations and could increase the risk for dependence by encouraging use and repeated use. These include  manipulating the sensory characteristics of tobacco products by the addition of colours and flavourings, packaging, marketing promotions and implicit claims of health effects (30,56,67,68,78,79). Menthol is clearly an important branding tool, which makes certain cigarette brands more attractive to many young people and targeted populations (e.g. African Americans in Canada and the United States); it may facilitate the development of dependence and increase smoke intake due to its throat-soothing effect. It is not clear, however, whether menthol directly increases the pharmacological impact of nicotine in the way that acetaldehyde and ammonia compounds appear to do (79,80). Many other substances added to tobacco products, such as laevulinic acid and urea, may contribute to smoke inhalation and dependence by making the smoke feel smoother and less irritating; chocolate may be added in such small amounts that the consumer does not characterize the smoke as ‘chocolate’ but finds the smoke more attractive (52,79,81). Physical design features may also contribute to dependence by making smoke easier to inhale and nicotine transfer to target receptors more efficient (e.g. by increasing the free base fraction of nicotine in the smoke), such as filter ventilation and smoke particle size (35,51,53,54,82).
In addition to product design and content, which modify dependence potential and attractiveness, marketing strategies such as advertising, price promotion, package size and access have been used by the tobacco industry to increase opportunities for initiation and dependence. Tobacco control strategies, including those embodied by the WHO FCTC, are increasingly designed to counteract these approaches and have been effective in reducing initiation and dependence and supporting cessation. The factors include increasing the cost (e.g. by increasing taxes on tobacco), decreasing access to and the number of places in which tobacco use is allowed (such as by banning sales to minors and enacting clean air laws), effective communication about harm, denormalizing and removing images of glamour and desirability, and providing treatment for dependent people.

 Challenges in regulating tobacco products as compared with drug products
Evaluation of the dependence potential of pharmaceuticals is based on half a century of studies in experimental animals and humans, resulting in validated methods and also understanding of the limits of their generalizability (37,73). Most of the pharmaceuticals that have been evaluated for dependence potential have one active ingredient that is presumed to account for the most of the problems of abuse and dependence in the real world. Studies of how combinations of drugs increase or decrease dependence-producing and reinforcing effects have also been conducted with a variety of addictive drugs, including nicotine (33,45,83–86), and these methods could be used to examine the combinations of substances found in tobacco products more systematically (75). Furthermore, during the past decade, the importance of how a drug is formulated was increasingly recognized by regulatory agencies and pharmaceutical companies as a determinant of its attractiveness and dependence-producing effects.
Evaluating how the design of a complex pharmaceutical product can contribute to its attractiveness is more challenging than evaluating a relatively simple product that immediately releases its drug after oral, injected or other route of administration (33). Cigarettes and smokeless tobacco products are complex formulations, with physical design factors such as the size of the tobacco cutting, the size of smoke particles and diverse components that may have their own pharmacological effects or modulate the speed and impact of delivered nicotine (25,62). Furthermore, the emissions of smoked products contain many substances that are not present in unburnt tobacco products but are produced by pyrolysis (e.g. carbon monoxide and ‘tar’) and substances that are present in the unburnt product but are altered or increased in concentration in the smoke (e.g. acetaldehyde) (25,62,75).
The dependence potential of tobacco products has been studied for several decades, and the scientific basis for evaluating these products is increasing rapidly (25,75). Furthermore, recent reports have elucidated the diversity of the factors that contribute to tobacco product dependence potential and attractiveness, illustrating the challenges to their assessment (30,53,75). Although tobacco product dependence potential is generally more complex and more challenging to evaluate than that of pharmaceutical products, this need not delay the development of a regulatory framework. The science in this area is becoming stronger, and science-based regulation should proceed, with appropriate caution depending on the limits of the evidence.
The application of drug regulations differs from the proposed framework for reducing tobacco product dependence potential. In the case of pharmaceutical products, the regulations are used primarily to guide control in accordance with international treaties and national regulatory frameworks. The United States Controlled Substances Act drug scheduling provisions and similar frameworks in many other countries provide an incentive for pharmaceutical developers to design products with the lowest possible dependence potential, so as to meet the highly restrictive regulatory requirements and receive approval of their products for marketing (36). In the case of tobacco products, the regulatory framework is not proposed as a basis for approval or controlled substances scheduling but rather to guide regulators in setting standards for products and emissions (see also 25,62). Countries are taking various approaches to such regulation. For example, Canada already bans many ingredients that are accepted in most other countries (41). The United States, in accordance with the law establishing regulation of tobacco by its Food and Drug Administration, evaluates product contents for regulation on the basis of their potential to contribute to dependence and harm (73,87).
The law establishing Food and Drug Administration regulation of tobacco in the United States, the Family Smoking Prevention and Tobacco Control Act (Tobacco Control Act), has provisions to guide the evaluation of products with respect to dependence potential and to provide the basis for detecting the potential impact of the regulation, so that the approach can be modified if necessary. In setting performance standards and evaluating new and modified products, the Food and Drug Administration must consider:
• the risks and benefits to the population as a whole, covering users and nonusers of tobacco products;
• the increased or decreased likelihood that existing users of tobacco products will stop using such products; and
• the increased or decreased likelihood that those who do not use tobacco products will start using them.

The law requires that the effects be evaluated at population level by surveillance to ensure timely detection of public health consequences, intended and unintended, in order to avoid repeating the devastating problem posed by ‘light’ cigarettes, which persisted for several decades. Regulation therefore proceeds on the basis of the available scientific information, recognizing that the consequences, desired and undesired, might not be accurately predicted, but, if they are not, that they will be detected in a timely manner.

 Nicotine policy
The main addictive substance that accounts for the dependence potential of tobacco products is nicotine. Therefore, it is vital that regulatory agencies establish guidance and standards for nicotine regulation, in order to prevent the development of dependence in new users and to achieve abstinence in current users by stopping the tobacco industry from including nicotine at levels that maintain or increase dependence potential. Nicotine is already regulated in pharmaceutical products for treating tobacco dependence and withdrawal. Although the content and delivered dosage of any pharmaceutical product is critical for product approval and acceptability for marketing, there are no such standards for nicotine in tobacco products. In the absence of standards and guidance, the nicotine levels in marketed products vary by more than 500 times (25,77). Tobacco companies have thus been free to set any nicotine level they choose to serve their end of increasing tobacco use and dependence, regardless of the harm to public health. Furthermore, tobacco companies have exploited the nicotine and ‘tar’ smoking machine test methods of the ISO and United States Federal Trade Commission to obtain nicotine and ‘tar’ ratings that mislead consumers, as they are much lower than those that can easily be obtained from smoking (62,88,89).
The level and speed of nicotine delivery from smokeless tobacco products, such as ‘chewing tobacco’, snuff and snus, is further controlled by the tobacco industry by use of pH-modifying buffers, which has resulted in products that vary widely in their dependence-producing effects (76,90). Thus, the industry makes and markets low-dose ‘starter’ products intended to initiate tobacco use and dependence and makes and markets very high-dose ‘maintenance’ products to maximize dependence and the difficulty of achieving abstinence (25,77,90). This is not acceptable.
There are no standards for tobacco product content, although some countries and the European Union have established upper limits on the amounts of ‘tar’ and nicotine that can be delivered, as measured by the ISO method. Insofar as this method is not recognized as valid by WHO (88,91) and its equivalent in the United States was rescinded by the Federal Trade Commission (92), this is not considered a valid approach for regulating nicotine.
The scientific basis for nicotine regulation has been evaluated by researchers participating in a series of meetings (29). Furthermore, methods exist to measure nicotine accurately in a wide range of tobacco products and emissions (82,90). It is therefore possible to regulate nicotine on the basis of its actual content and to provide consumers with information about nicotine content in measures such as the amount by weight in the product. Thus, there is a scientific foundation for developing policies to regulate nicotine content and emissions, so as to reduce or at least not enhance dependence potential.
The report of Hatsukami et al. (29) outlined a nicotine reduction strategy in which the nicotine content of cigarettes would eventually be reduced to levels that could not sustain pharmacological dependence, as discussed in earlier proposals (93,94). These reports discussed the limitations of the scientific understanding, the social acceptability and the preparedness of countries for such a strategy; they also identified areas in which research is needed. The research areas identified include determining the threshold dose of nicotine necessary to produce dependence, evaluating the effects of cigarettes with reduced nicotine on the brains of people who use them, examining potential public acceptance and evaluating unintended consequences. Henningfield et al. (94) described initiatives that would prepare countries for such a policy, including educating health professionals and tobacco users and ensuring that people who need treatment have access to it.
Regardless of whether a global nicotine policy reduces the amount to levels that do not produce dependence or allows a content that could sustain dependence but with reduced dependence potential and attractiveness, many of the scientific issues and research are the same. They include better understanding of the dose–response relation between nicotine administration and dependence and how various pharmacological and non-pharmacological factors alter dependence potential and the risk for dependence. This document does not recommend adoption of the approach of reducing nicotine to non-dependence-producing levels. The first step will be to exert regulatory control over nicotine content and communications, as discussed in this report and elsewhere (25,59,95). This will represent important progress towards a global nicotine policy.

 Conclusions
• Tobacco products are designed and manufactured to increase their dependence potential.
• The dependence potential of tobacco products is due mainly to their delivery of nicotine.
• The dependence-producing effect of nicotine can be manipulated by designs that increase or decrease the amount and speed of nicotine delivery and absorption.
• The dependence potential of a product can be manipulated by designs that add ingredients with dependence-producing effects to the product and emissions, in addition to nicotine.
• Tobacco products have been extensively manipulated to make them attractive to target populations, to promote initiation and maintenance of tobacco use.
• Reducing the dependence potential and attractiveness of tobacco products would contribute to overall efforts to reduce tobacco use and disease.
• A regulatory framework to reduce dependence potential is vital to reducing tobacco use and disease.
• A regulatory framework to reduce dependence potential should include a framework for reducing product attractiveness.
• Although reliable scientific research on the dependence potential of drugs has been applied to tobacco products, they are more complex than most drug products, and it might be difficult to test the dependence potential of products such as those that are smoked and to address questions such as the contribution of ventilation and smoke particle size manipulation to dependence potential.
• Nicotine content and delivered doses in marketed products vary by more than 500 times, as the doses and delivery characteristics set by tobacco manufacturers are not subject to guidance or standards (with the exception of limits on machine-delivered ratings according to the flawed and misleading ISO method).
• Nicotine content and the doses delivered by tobacco products are selected by the tobacco industry to increase dependence potential and persistent use, without consideration for public health goals.
• Unregulated nicotine manipulation by the tobacco industry can undermine tobacco control efforts to support prevention and foster cessation of tobacco use.
• The pharmacological dependence potential of tobacco products would probably be largely eliminated by reducing nicotine to trace or non-dependence-producing levels; however, scientific studies are needed before decisions are made about how to reduce tobacco product dependence potential most effectively.


 Recommendations for regulatory policy
• A regulatory policy is needed to reduce tobacco product dependence potential, which should include a reduction in tobacco product attractiveness.
• Regulation of dependence potential should include guidance and standards for nicotine content and emissions.
• The standards and approaches should be specific for each product category. For example, smokeless tobacco products characterized as low-dose nicotine ‘starter’ products might be banned, insofar as their  purpose is not to satisfy the needs of existing users but to draw new users  (primarily young people) into long-term nicotine use and dependence.
• Regulatory standards for product design, contents (including nicotine),  emissions and attractiveness should be guided by their predicted public health impact, in which the overall goal is to reduce tobacco use and attributable disease and death.
• Regulation to reduce dependence potential should be accompanied by population surveillance to identify the effects, desired and undesired, in a timely manner in order to allow any modifications to the regulation as appropriate to protect public health. New surveillance should be set up as required.
• Regulatory approaches should include mechanisms for modifying standards and approaches on the basis of the results of surveillance and epidemiological studies.
• Regulatory policy for tobacco products should be harmonized as appropriate with regulatory policy to reduce drug and alcohol dependence and disease, recognizing differences in products, health effects and sociocultural factors.
• This advisory does not recommend specific approaches to be used by States Parties to the FCTC, because the most appropriate, most viable policy will vary by country as a function of the nature of their tobacco problem, resources and other factors. This advisory does, however, recommend that a nicotine policy be set on the basis of emerging knowledge and the predicted impact on public health.
• Laboratory methods to assess the impact of tobacco product contents and design features on dependence potential should be similar to those established as valid for evaluating drugs other than tobacco (73,75).
• WHO and national frameworks for regulating and controlling the dependence potential of drugs should be evaluated in order to understand their application and limitations from the perspectives of science, law and the potential to improve public health.


 Recommendations for research to guide and evaluate regulatory actions and implementation to reduce tobacco product dependence potential
• Quantitative studies should be conducted to determine the content and emissions of dependence potential-enhancing substances (e.g. acetaldehyde, ammonia compounds, anabasine, nornicotine) and physical characteristics that could affect dependence potential, such as the fraction of unprotonated (free base) nicotine in products and their emissions, the pH of the contents and emissions, and the size and aerodynamics of smoke particles.
• In vitro studies might be conducted to better understand the mechanisms of action of dependence, e.g. with nicotine receptor subpopulations and other neuronal pathways.
• Studies of behavioural pharmacology in experimental animals could be used to study the reinforcing effects of target constituents singly or in combination with nicotine and other components.
• Clinical studies should be conducted as far as ethically possible to evaluate the overall dependence potential of various products, perhaps modified by the presence or absence of designs and components of concern.
• Studies should be conducted in a population of the effectiveness on dependence potential of various approaches to nicotine regulation (including nicotine reduction, placing upper limits on content and nicotine supplementation).
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Overall recommendations
The WHO Study Group on Tobacco Product Regulation has launched a series of reports to provide a scientific foundation for tobacco product regulation. In line with Articles 9 and 10 of the WHO FCTC, these reports identify approaches for the regulation of tobacco products. Such products pose significant issues for public health and tobacco control policy.
The report of the sixth meeting deals with two important aspects of tobacco product regulation: the dependence potential of tobacco products, and health risks from exposure to toxic metals in smokeless tobacco products and from cigarette smoke. Of the topics discussed at the meeting, these issues were deemed by the experts to be the most critical for the issuance of recommendations for regulation.
 Recommendations regarding toxic elements in tobacco and in cigarette smoke
 Main recommendations
Toxic metals and metalloids constitute one of the least studied major carcinogenic chemical classes in smokeless tobacco products and tobacco smoke. The analysis of toxic metals in tobacco is of concern to health. This report summarizes the available evidence on the health risks from exposure to toxic metals in smokeless tobacco products and from cigarette smoke. Given the number of metals or metalloids found in tobacco, owing in part to the incorporation into the tobacco plant of the metallic elements in soil where tobacco is grown, this report is limited to a discussion of toxic or carcinogenic metals reported at significant concentrations. Thus, although there are other toxic metals in tobacco that warrant investigation, the metals described in this report are considered of greatest concern due to their concentrations in tobacco or smoke, their carcinogenicity and other toxic effects. In this regard, a number of research recommendations are presented.

 Significance for public health policies
The extent to which consumption of a particular tobacco product confers additional risks for exposure to toxic metals is an important question. Smokeless tobacco products are consumed in different ways from cigarette tobacco or other tobacco products that are smoked. Whether the product is consumed in a smokeless form or by smoking influences overall exposure and the subsequent associated health risks directly to the tobacco consumer and possibly to people in close proximity who are exposed in the form of second-hand smoke. For example, some of the metals found in tobacco and tobacco smoke are known carcinogens. There is also strong biochemical and pathological evidence for airway sensitization and inflammation, including atopic inflammation, as a consequence of exposure to tobacco smoke particulate. Studies have also demonstrated that metals present in the particulate matter induce the production and release of inflammatory mediators by the respiratory tract. Similarly, oral exposure to individual metals may have an impact on health.

 Implications for the Organization’s programmes
There are five major classes of carcinogens in tobacco smoke, of which some have been carefully studied, contributing to a strong weight of evidence for associated health risks. Exposure to toxic metals from smokeless tobacco products and the associated health risks have been studied much less than inhalation of particulate metals. It is recognized that toxic metals and metalloids constitute one of the least studied major carcinogenic chemical classes in smokeless tobacco products and tobacco smoke. Thus, in order to provide better policy guidance to Member States in relation to smokeless tobacco products, the report recommends further studies on metal concentrations in smokeless tobacco, smokeless tobacco additives, and cigarette and waterpipe tobacco produced in all geographical areas. In addition, research should be conducted to determine the factors, including soil levels and environmental conditions, that lead to higher constituent levels of metals in tobacco products. Recommendations should be made to restrict the growth of tobacco in regions with a high soil metal content. Given that the consumption of a particular tobacco product confers additional risks for exposure to toxic metals, WHO should recommend a broader research agenda, including the study of metals or metalloids that are, according to the classifications of the International Agency for Research on Cancer, group 1 human carcinogens, group 2A probable human carcinogens, or group 2B possible human carcinogens.


 Recommendations on the basis for a regulatory framework to reduce the dependence potential of tobacco products
 Main recommendations
The foundation for a regulatory framework to reduce tobacco-product dependence potential is scientific understanding of the determinants of tobacco dependence and evidence that the design and manufacture of tobacco products can increase or decrease dependence potential. The primary dependence-producing constituent of tobacco is nicotine. Tobacco products are designed to optimize the addictive effects of nicotine, whereas nicotine replacement therapy products are designed to minimize them. Several decades of research have shown that the dependence-producing effects of nicotine are directly influenced by the dose and speed of nicotine absorption, by other ingredients and design features, and by associated sensory and environmental stimuli. Tobacco companies have understood this for many decades and used this knowledge to optimize dosing characteristics and employ ingredients and designs to optimize dependence potential. Designs and ingredients were also intended to increase product attractiveness to and ease of initiation of young people, women and other target populations. This recommendation has been prepared because tobacco companies have not been restricted in their ability to design and manufacture products to increase dependence potential and attractiveness; the intent of the companies is to increase tobacco product use and dependence by undermining prevention and cessation tobacco control measures. This recommendation provides specific conclusions and recommendations for regulatory policies addressing a framework for reducing the dependence potential of tobacco products.

 Significance for public health policies
Experience with pharmaceutical nicotine delivery systems and other drug delivery systems has demonstrated that dependence potential can be altered by the design of the product. For drug products, including smoking cessation medications, minimizing dependence potential is an explicit goal of manufacturers and regulators. Although tobacco products are exempt from such international and national drug regulatory controls and frameworks, such regulatory approaches demonstrate that dependence potential and attractiveness can be regulated. The principles and experience applied to drug regulation could be applied to tobacco product regulation in order to ensure that they are no longer designed and manufactured to optimize dependence potential and attractiveness. The WHO Study Group on Tobacco Product Regulation maintains that a regulatory framework to reduce the dependence potential and attractiveness of tobacco products could improve public health by contributing to more effective tobacco control to reduce initiation, the prevalence of tobacco use and resulting morbidity and mortality.

 Implications for the Organization’s programmes
In the light of strategies employed by the tobacco industry to manipulate the nicotine-dosing capacity of its products and, consequently, increase tobacco-product dependence potential, WHO should promote approaches that could be used to reduce dependence potential under a regulatory framework. In so far as the main addictive substance in tobacco is nicotine, WHO should provide guidance to Member States concerning the scientific foundation and potential approaches for a regulatory framework to reduce the dependence potential of tobacco products. This should be undertaken with the aim of reducing the prevalence of tobacco use and harm by reducing the risk and severity of dependence as a biological force that contributes to the perpetuation of tobacco use. As tobacco products pose certain challenges that are more complex and may be more difficult to address than those posed by regulated drug products, WHO should support better understanding of the dose–response relation between nicotine administration and dependence and how various pharmacological and non-pharmacological factors alter dependence potential and the risk for dependence.
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 Annex 1
   Toxic elements in tobacco and in cigarette smoke
R.S. Pappas, PhD, Team Lead, Tobacco Inorganic Group, Emergency Response and Air Toxicants Branch, Centers for Disease Control and Prevention, Atlanta, Georgia, United States of America
 Preface
The extent to which consumption of a particular tobacco product poses additional risks for exposure to toxic metals is an important question. Many factors must be considered, such as the form of the product, where and under what conditions the tobacco in the product was cultivated, the manufacturing processes and treatments it underwent before marketing, the way the product is consumed and individual differences in consumption habits. Smokeless tobacco products are consumed differently from cigarettes and other smoking products, and the way in which a tobacco product is consumed determines the type of exposure and associated health risks for both the consumer and perhaps people in close proximity, such as by inhalation of second-hand smoke. This report summarizes the evidence on certain health risks associated with exposure to toxic metals in smokeless tobacco products and cigarette smoke.

 Background
Nicotine is the most commonly known addictive, neuroteratogenic, toxic substance biologically available from tobacco, regardless of the manner in which the tobacco is consumed. Nicotine is, however, only one of many substances of concern in tobacco. Tobacco smoke contains five major classes of carcinogen (1), some of which have been carefully studied, providing a strong weight of evidence for the associated health risks (2). Tobacco-specific nitrosamines, for example, are a well-known group of toxic and carcinogenic substances that are biologically available from tobacco. Although present in all tobacco products, tobacco-specific nitrosamines have been found in especially high concentrations in certain smokeless products (3,4). Other constituents that are biologically available from all tobacco products are metals and metalloid ions. 
Toxic metals and metalloids in smokeless tobacco products and tobacco smoke have not been widely studied. Eight of the 40 substances in Fowles and Dybing’s (1) table of cancer risk indices are metals or metalloids, although silicates were not included. In their summary table of non-cancer risk chemical constituents of mainstream cigarette smoke, based on a smoking rate of a single cigarette per day, three of the eight substances with respiratory effects, cadmium, hexavalent chromium and nickel, are metals. One of the seven substances that pose a cardiovascular risk is arsenic, a metalloid.
Metals and metalloids in tobacco are generally present in ionic form and can therefore be present as positively charged ions or polyatomic species with a positive or a negative electrical charge. Metals and metalloids in smoke from biomass combustion, including tobacco, are generally considered to be present in ionic form as oxides, chlorides, carbonates, silicates or organic complexes, but may also occur in gaseous elemental form, as is the case for mercury (5) and gaseous complexes such as nickel and iron carbonyls, or possibly in elemental metallic form in aerosol particulate. Toxic metals and metalloids are often loosely called ‘heavy metals’, regardless of their atomic or molecular mass.
Some ions, such as sodium, potassium, magnesium, calcium, selenite, iodide, molybdenum, cobalt, copper, chromium in its +3 oxidation state (chromium [III]), manganese in its +2 oxidation state, nickel, zinc and others in trace amounts are considered to be nutrients and are necessary for cell and organ function in the body. At higher concentrations, however, many of the ions considered essential nutrients are toxic, carcinogenic or both. Other ions, such as aluminium, antimony, arsenic, barium, beryllium, bismuth, cadmium, chromium in its +6 oxidation state (chromium [VI]), lead, manganese in high oxidation states, mercury, nickel, polonium and thallium, are not known to be beneficial and are toxic (chemically or radioactively), carcinogenic or both.
The risks presented by metals in their elemental form has been incompletely evaluated. For example, inhaled metallic mercury rapidly enters the bloodstream; unoxidized mercury is hydrophobic and can cross membranes, including the blood–brain barrier. Elemental mercury is only partially oxidized to mercury [II] in the lungs and erythrocytes and, after clearance from the blood, may be oxidized by the brain and liver (6). Metallic forms of other metals may occur in smoke particulate, but no studies of other metallic forms were found in peer-reviewed literature.

 Scope
Whether a tobacco product is consumed by smoking or in a smokeless form, exposure to toxic metals is directly related to the concentration in the tobacco leaf, assuming no metal-containing additives are added during manufacture (7–9). It is beyond the scope of this annex to discuss every metal and metalloid found in tobacco, because every metallic element in the soil in which tobacco is grown is likely be incorporated into the plants. It is more important to consider metals or metalloids that have been classified by working groups convened by the International Agency for Research on Cancer (IARC) in group 1, human carcinogens (such as arsenic, cadmium and nickel), group 2A, probable human carcinogens (such as lead), or group 2B, possible human carcinogens (such as cobalt), than more benign metals, such as calcium, magnesium, strontium, potassium and sodium. The discussion is therefore limited to toxic or carcinogenic metals reported to occur at significant concentrations in tobacco products or their emissions.
Although metal ions can be deposited on tobacco leaves from airborne particulate fall-out, and some toxic metal-containing fungicides and pesticides were, in the past, sprayed on tobacco leaves or soils (10), most of the metal content of tobacco plants is absorbed directly from the soil (11–15). Soil and any amendments to soil, such as sludge (which acidifies the soil), fertilizers and irrigation with polluted water are the predominant sources of the characteristic metal content of tobacco, which varies by geographical area (16–22). Therefore, high metal concentrations in soil or its amendments will result in high concentrations in tobacco crops grown on the soil.
For example, in 1980, almost 80% of cropland soil in China was deficient in phosphate, containing less than 10 mg/kg of soil. Over the past 30 years, the Government has put in place policies to encourage the use of phosphate fertilizers, and, as a result, the average phosphate content of the soil has nearly tripled (23). While this has increased crop production, phosphate, an excellent chelator of many metal ions, adds metals to the soil. Fertilization with animal waste, which acidifies the soil and has high concentrations of excreted toxic metals, increases the availability of metals from the soil. Together, these two practices have increased the levels of phosphate and metals in runoff wastewater, which is sometimes used for irrigation. As would be anticipated, the arsenic, cadmium and lead concentrations in Chinese cigarette tobacco are two to three times higher than those in Canadian cigarettes (9).

 Instrumentation commonly used to analyse tobacco and smoke
Analytical methods for tobacco, except for neutron activation, generally require some sample preparation before quantification. The preparation often involves microwave digestion under pressure with nitric acid and other reagents, usually in a medium-to-high pressure system. The analysis of smoke requires the generation and collection of tobacco smoke samples. Mainstream smoke is usually divided into the gas phase and the particulate phase, although whole smoke is sometimes trapped. The concentrations of metals and other constituents in tobacco smoke generated by standardized smoking machines depend on the smoking regimen, which is defined by puff volume, puff frequency, puff duration and physical design parameters, including tobacco weight, paper porosity, filter efficiency and filter ventilation. The particulate phase is trapped on glass or, preferably, quartz fibre filters or by electrostatic precipitation. A smoking machine for the analysis of tobacco smoke should have enough flexibility to operate under standard machine smoking regimens, such as those specified by ISO or intense regimens such as that used by Health Canada.
Previously, tobacco and smoke were generally analysed by flame or graphite furnace atomic absorption spectrophotometry. The advantages of this instrumentation, especially graphite furnace atomic absorption, are low equipment cost and reliability; the disadvantages include less sensitivity than more recent instrumentation and lack of multi-element capability, so that the same sample must be analysed several times for different metals, which may lower throughput. The advantages of neutron activation analysis over atomic absorption are greater sensitivity and multi-element capability; however, a high-energy neutron source, such as a reactor, or highly regulated radio-nuclides are required, in addition to operator expertise, prohibiting its use for most analysts. Furthermore, the sample becomes highly radioactive and requires proper disposal. Inductively coupled plasma–mass spectrometry is currently the preferred instrumentation for laboratories that have sufficient funding and facilities, high-purity liquefied gas resources and the necessary expertise. It has multi-element capability and allows higher throughput than the other instrumentation described.

 Toxic metals in smokeless tobacco products
Smokeless tobacco was evaluated by an IARC working group as a group 1 carcinogen, which is to say, carcinogenic to humans beyond a reasonable doubt (24). The pathological risks to which a consumer is exposed by consumption of smokeless tobacco arise from cumulative exposure to all the toxic, irritant and carcinogenic substances that are biologically available from the products; however, as toxicity and carcinogenesis are complex processes, different substances are usually studied individually. This annex focuses on the consequences of exposure to metals and metalloids in tobacco products.
Toxic metal concentrations in smoking tobacco have been reported more frequently than those in smokeless tobacco, and exposure to toxic metals from consumption of smokeless tobacco and the potential associated health risks have been studied even less. The epithelial tissues of the oral cavity have high proximal transfer potential, which permits absorption and transfer of toxic metals from smokeless tobacco products across the epithelial tissue, as illustrated for cadmium below. The oesophagus and stomach are exposed to metals dissolved in saliva and swallowed; systemic exposure probably occurs from direct oral absorption or absorption of swallowed saliva or tobacco particulate in the digestive tract. Exposure depends on the total concentration of a toxic metal in tobacco, direct transfer by contact with the oral mucosa, the transfer rates from the products and their solubility in saliva and digestive fluids. Therefore, estimates of exposure based on mean concentration in tobacco, extract or saliva may not represent the actual oral or body burden.
A few authors have reported the concentrations of extractable toxic metals in artificial or human saliva exposed to smokeless tobacco. The results of studies of metal extraction from artificial saliva indicate that metals are toxicants and carcinogens that are biologically available in the oral cavity. The artificial saliva used for extracting toxic metals from tobacco has included 0.1 mol/l phosphate buffer and several strong chelating agents (25) or saturated calcium phosphate, inorganic salts, sugars, enzymes and mucin (26). Rickert et al. (27) cited a formulation used by van Ruth et al. (28) but did not specify which of three artificial saliva model formulations (distilled water; inorganic salts in water; and inorganic salts, mucin and [image: ]-amylase) described by van Ruth et al., which were designed for extraction in various toxicity assays, rather than for quantitative analysis.
There is no standardized saliva formulation for tobacco extraction. The more closely the formula resembles average human saliva, the more meaningful the results in biological terms. Given sufficient extraction time, strong chelating agents like ethylenediaminetetraacetic acid (EDTA) or diethylene triamine pentaacetic acid (DTPA) can be used to extract many toxic metals in tobacco almost quantitatively into solution, but little is known about their extraction efficiency from human saliva. Water alone does not adequately reflect saliva; the addition of salts more closely imitates saliva, but, if phosphate is added without proteins and mucin, some metals may be undetected, as several of them co-precipitate as insoluble phosphates when tobacco is centrifuged or filtered from solution. As the mucin and protein functional groups can chelate metals, a formulation including these elements is more representative. Nevertheless, although a formulation containing appropriate salts, saturated or supersaturated calcium phosphate, proteins and mucin better represents saliva (26), the difficulty of preparing saturated or supersaturated calcium phosphate and the time required each day make it an impractical component of frequent analyses. A useful compromise formulation might contain calcium and phosphate at 25% or more below saturation to permit refrigeration without precipitation. 

 Toxic metals in smoked tobacco products
Inhaled mainstream cigarette smoke transports many substances through the mouth and throat and into the lungs, where a substantial portion of the particulate matter and volatiles are absorbed or deposited internally. Many of these substances are rapidly absorbed through the lungs, transferred efficiently to the bloodstream and distributed quickly through the circulatory system. Other smoke constituents, including 60–80% of particulate (29), are retained, accumulate in the lungs and gradually partition between the lung airways, tissue and the circulatory or lymphatic system.
Most metal and metalloid ions are relatively nonvolatile at room temperature. Mercury is volatile in the pure metal form, but only a few ionic forms of mercury are volatile at temperatures less than 100 °C. The temperature of tobacco burning at the tip of a cigarette may reach over 900 °C. Smoke inhaled into the mouth (mainstream smoke) is at approximately 30 °C, and the temperature of sidestream smoke leaving the burning tip falls below 100 °C about 10 cm from the tip (30). Thus, a burning cigarette tip is hot enough to volatilize many metal ions or to cause them to react with other substances to form volatile compounds and complexes. As a consequence, some metals may be present in the gas phase in metallic or compound form, whereas others may condense into a particulate phase of the smoke. Although the exact composition depends on individual smoking habits, a puff of cigarette smoke might consist of approximately 70% air, 17% gas phase species, 8% particulate matter and 5% miscellaneous components (31). By the time the smoke is inhaled or rises in a plume from the cigarette as sidestream smoke, most of the metal ions are condensed with other materials, forming aerosol particles, which comprise much of the particulate matter of the smoke aerosol (30).
Cigarette smoke is a major source of exposure to ultrafine and fine particulate matter. Most of the particulate mass occurs in particles with diameters of 0.1–1.3 µm, the lower half of the fine particle diameter range (32,33). Although ultrafine particulate from tobacco smoke is not the particulate fraction with the greatest mass, its small size facilitates uptake into cells, and it is much more toxic and induces more oxidative stress per unit mass because of its greater surface area-to-mass ratio (34).
Exposure to a given toxic metal or metalloid is limited by its concentration in the tobacco product. Therefore, the concentrations of metals and metalloids in tobacco are proportional to the amounts transported in smoke from combustion products (7–9). Analysis of toxic metals in tobacco is easier because the concentrations are higher than in smoke and a smoking machine is not required. Although many studies on metals in tobacco (cigarette filler) have been published, many poorly describe the analytical methods used and provide little or no information for evaluating the accuracy of the method; few describe proper calibration, use of certified standards or certified or standard reference tobacco or other leaf, which are necessary to assure the accuracy or quality of the data. This annex includes the most recent reports of metal concentrations in tobacco in which at least a minimal effort was made to demonstrate analytical accuracy, with a few exceptions. This overview should therefore not be construed as exhaustive or comprehensive.
In most published reports of metal concentrations in cigarette smoke, standardized machine smoking regimens were used, based on the standard ISO conditions (35-ml puff volume, 2-s puff duration, 60-s puff frequency). Few results have been obtained under intense smoking conditions (50-ml puff volume, 2-s puff duration, 30-s puff frequency with any ventilation holes blocked).
Once a metal or metalloid is absorbed into the lung, its fate determines much of its health impact. Metals such as cadmium and chromium may accumulate and remain predominantly in lung tissue for a long biological lifetime (35), although some may be trapped in mucus, coughed up and swallowed. Second-hand smoke from cigarettes is a source of exposure to toxic substances for people in an unventilated room with a smoker. It is also possible that people in close proximity to a smoker, such as small children held close to the smoker, might be exposed to low concentrations of toxic substances, including aluminium, cadmium, lead and other metals, that are exhaled in moist aerosols for some time after smoking (36).

 Selected biological and public health effects of metals
 Dose–response relations
A dose–response relation is a mathematical characterization of the effect on an organism of exposure to a chemical, radiation or other stressor. The characterization may be made on the basis of various levels of exposure for a specific duration. If the duration is relatively short, it is described as ‘acute’ exposure. The corollary is that, at a given level of exposure, the dose–response relation depends on the duration of exposure. If the duration of exposure is relatively long or repeated frequently, it may be described as ‘chronic’. The biological response to exposure to a stressor therefore depends on both the level and duration of exposure. The response to acute exposure may not be proportionally the same as the response to chronic exposure.
Examples of biological responses to both acute and chronic exposures to toxic metals as a consequence of the use of tobacco products and as a consequence of occupational exposures are given below. In many cases, the consequences of short, low-level, chronic exposure would not be expected to result in all the pathological manifestations of acute high-level exposure, nor to the same intensity. Thus, some of the consequences of exposure to metals discussed below may not be due to lower chronic exposure to toxic metals in tobacco products. Other factors that must be considered, however, when evaluating the effects of exposure to toxic metals are bioaccumulation and sensitization. Although a single acute exposure or low-level chronic exposure may not result in clinical effects, bioaccumulation may increase the pathological response over time. Several metals and metalloids described below bioaccumulate in the lung and other tissues as a consequence of tobacco use. If a tissue is sensitized to a metal, a biological response will often subsequently be observed at much lower concentrations. Several metals described below are known to be potent sensitizers, and some of them also bioaccumulate.

 Aluminium
A working group convened by the IARC found sufficient evidence for the carcinogenicity to humans of certain exposures occurring during aluminium production (group 1), although this does not apply to all exposure to aluminium (37). Occupational exposure to aluminium in some chemical forms has occasionally been reported to result in chronic bronchitis, aluminium pneumoconiosis, pulmonary fibrosis and granulomatosis, and anaphylactic responses (38–41). Aluminium has been shown to be toxic to lung, bone and nervous tissue in experimental animals. Sensitivity to the toxicity of aluminium may be age-dependent in humans, children being the most vulnerable (42).
Aluminium has been found at significantly higher concentrations in the exhaled breath condensate of patients with chronic obstructive pulmonary disease (COPD) than that of nonsmoking healthy controls. When the COPD patients who were smokers were compared with ex-smokers and nonsmokers, they had statistically significantly higher concentrations of aluminium in exhaled breath condensate (36).
Selected results of analyses of aluminium concentrations in smokeless tobacco and cigarette filler tobacco are summarized in Tables 1 and 2.

 Arsenic
Arsenic is an IARC group 1 human carcinogen (52). It is extensively absorbed after oral or inhalation intake, and, depending on the route of exposure, can cause lung cancer, skin cancer, dermal sensitization and cardiovascular effects. It is difficult to correlate exposure to arsenic with levels measured during biomonitoring, as arsenic is rapidly cleared from the blood, with a half-life of 3–4 h. Excretion in urine is also transient (53).
In an epidemiological study of arsenic-induced skin lesions in an area of Bangladesh where well-water has high arsenic concentrations, 157 women who chewed tobacco had statistically significantly higher levels of urinary methylarsonic acid metabolite than 352 who did not use tobacco (at the 99% confidence interval). The median total urinary arsenic of women who chewed tobacco was 20 µg/l higher than that of those who did not use tobacco, although the difference was not statistically significant. The mean odds ratios for arsenic-induced skin lesions among women who used chewing tobacco as compared with those who did not were 3.8 for those with urinary methylarsonic acid in the lowest tertile and 7.3 and 7.5 for those with urinary methylarsonic acid or inorganic arsenic in the highest tertile, respectively (54). Although arsenic in water can be considered the cause of the skin lesions, smokeless tobacco products appeared to potentiate this endpoint. Biologically available arsenic from the tobacco products was not considered to be the sole cause of the increased incidence, but it is possible that arsenic in the products and other toxic substances contributed. In this study, the mean odds ratios for skin lesions in male cigarette smokers (only two were female) were 4.1 for those who did not use tobacco in any form and 2.3 for those who used chewing tobacco in comparison with people who did not use tobacco in any form. Both were statistically significant.
 Table 1. Concentrations of metals and yields of extractable metals reported in smokeless tobacco (µg/g tobacco)
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 Table 2. Concentrations of metals reported in cigarette tobacco (µg/g tobacco) 
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Selected results of analyses of arsenic concentrations in smokeless tobacco and cigarette tobacco are summarized in Tables 1 and 2. Selected results of analyses of arsenic concentrations in cigarette smoke particulate obtained with ISO and Health Canada Intense smoking regimens are summarized in Table 3.

 Barium
The best-known toxic effect of barium is hypokalaemia, as barium is a potassium channel antagonist, which blocks the passive efflux of intracellular potassium. When ingested orally or inhaled, barium can cause tachycardia, hypertension and granulomatous pneumoconiosis. Barium is also a dermal chemical irritant and may cause dermal lesions, depending on the exposure concentration (57,58).
Selected results of analyses of barium concentrations in smokeless tobacco and cigarette tobacco are summarized in Tables 1 and 2. One study in which artificial saliva was used to mimic human uptake of extractable barium in smokeless tobacco showed that it was readily extracted (26). Although the extraction efficiency from smokeless tobacco shown in Table 1 was low in some cases, the net mass of artificial saliva-extractable barium was the highest of all the metals examined.

 Beryllium
Beryllium is an IARC group 1 human carcinogen (59). It is also known to cause inflammation and sensitization reactions after dermal or inhalation exposure. Chronic pulmonary exposure may result in the granulomatous and fibrotic lung disease, berylliosis, which further presents with interstitial oedema and progresses to fibrotic obstructive disease (60).
 Table 3. Concentrations of metals reported in cigarette smoke (µg/cigarette)
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Because the concentration of beryllium in tobacco, and consequently in smoke particulate, is lower than those of other metals, its concentration in tobacco smoke is generally below the detection limit of analytical methods. The concentrations of beryllium in tobacco smoke reported in the literature have been tabulated (61); however, examination of the original references reveals that the reported concentrations in cigarette smoke were the limits of detection of the methods cited. Thus, it is difficult to assess the significance to health of beryllium in tobacco smoke. In a study of beryllium sensitization and chronic beryllium disease in a beryllium machining plant, 20 of 235 people with a lifetime weighted average airborne exposure of 0.024–0.6 µg/m3, well below the 2 µg/m3 occupational exposure limit intended to prevent chronic beryllium disease, were found to be sensitized to beryllium (62). Sensitization occurs after both pulmonary and dermal exposure. Once sensitization is detectable, the obstructive disease progresses at a rate depending on the level of exposure (63).
Beryllium sulfate is an insoluble ionic form, as is the oxide. Beryllium ion in poorly soluble form tends to accumulate in the lung to a concentration plateau, when equilibrium is reached between deposition and clearance during continuous exposure. About half the concentration is cleared rapidly, predominantly via the lymphatic system, while the more slowly cleared portion may remain in the lungs for longer and be involved in toxic challenge. Exposed female rats had less efficient clearance and earlier morbidity and mortality than unexposed animals (64). Rhoades and Sanders (65) reported a 400-day half-life for clearance of beryllium oxide from rat lung. Thus, inflammation due to beryllium may be a concern for people who smoke or use smokeless tobacco. 
Selected results of analyses of beryllium concentrations in smokeless tobacco and cigarette tobacco are summarized in Tables 1 and 2; however, the concentrations reported in the original references were the limits of detection for the methods cited (61). Extraction from smokeless tobacco into artificial saliva resulted in a measurable concentration of extractable beryllium for only one brand of moist snuff and three samples of leaf tobacco sold for chewing in the United States. The other four had less than 0.003 µg/g extractable beryllium (the limit of detection; 26). The extraction efficiency for beryllium was higher than that for barium.

 Cadmium
Cadmium is an IARC group 1 human carcinogen (59). It is highly toxic to kidney, bone and the nervous, respiratory and circulatory systems (66), and its accumulation in the lens is associated with cataracts (67–69). Increased blood cadmium levels are strongly associated with an increased prevalence of peripheral artery disease (70). Cadmium occurs at among the highest concentrations of all the toxic and carcinogenic metals in tobacco, and, once absorbed, it is not quickly excreted, with a biological half-life of 13.6–23.5 years (71), and bioaccumulates over time (72). As a consequence, cadmium is one of the most commonly studied metals in tobacco (22,73–76).
Cadmium competes with zinc for biological binding sites. The serum and prostate tissue cadmium-to-zinc ratios in healthy men and those with benign prostatic hypertrophy were always lower than those in men with prostate cancer (77). Kazi et al. (78) reported statistically significantly higher blood and scalp hair cadmium and lower zinc concentrations (at the 99.9% confidence interval) in male patients with oral cancer than in ‘referents’. They further reported that users of chewing tobacco with areca nut or betel quid had higher blood and scalp hair cadmium and lower zinc concentrations than those who did not use chewing tobacco. The same was true of tobacco smokers, for whom the cadmium-to-zinc ratios were even higher. Exposure to tobacco smoke is associated with elevated exposure to cadmium, reflected by elevated urine cadmium concentrations (72).
Associations have been reported between increased urinary cadmium concentration and periodontal disease (79); exposure to cadmium, smoking and pancreatic cancer (80); and exposure to cadmium, smoking and diabetes (81). Increased cadmium levels in lung tissue have been correlated with smoking history, showing that cadmium in some form reaches the lung (35). Tissue cadmium concentrations were statistically significantly higher in four of five lobes of smokers’ lungs than in those of nonsmokers, and the mean cadmium concentration was higher in the remaining lobe of smokers than of nonsmokers, although the difference was not statistically significant (82). Elevated cadmium levels in body fat (83), blood (84–86), urine (72,84,87) and amniotic fluid (85,88) have been attributed to smoking or exposure to second-hand smoke, indicating systemic absorption from the lungs.
Pulmonary exposure to nebulized cadmium compounds was shown to induce emphysema (89). Cadmium has been found at higher concentrations in the exhaled breath condensate of people with COPD than that of nonsmoking healthy controls and at higher concentrations in current control smokers than control nonsmokers. When the COPD patients who were smokers were compared with ex-smokers and nonsmokers, they had statistically significantly higher concentrations of cadmium in exhaled breath condensate. The concentration of cadmium in exhaled breath condensate positively correlated with smoking history in pack-years (36).
Selected results of analyses of cadmium concentrations in smokeless tobacco and cigarette tobacco are summarized in Tables 1 and 2. One study in which artificial saliva was used to mimic human uptake of extractable cadmium in smokeless tobacco showed that cadmium was readily extracted. The results, with extraction efficiency, are shown in Table 1. The Table also includes extraction efficiency values from Maier et al. (25), who used phosphate buffer or 0.001 mol/l of the chelating agents dihexylhexanamide (DHHA), EDTA and DTPA in phosphate buffer. Selected results of analyses of cadmium concentrations in cigarette smoke particulate obtained with ISO and Health Canada Intense smoking regimens are summarized in Table 3.
Normalization of the cadmium deliveries from United States cigarettes to tar delivery eliminated all significant differences between smoke delivery categories (56). Differences in delivery can therefore be attributed to differences in filter ventilation levels. The levels of cadmium transported in smoke particulate matter from 21 counterfeits of two popular United States brands seized in 2003 in six length and nominal smoke delivery categories were 2.0–6.5 times higher than in the authentic brands purchased in 2003, and the differences were all significant (90). Stephens et al. (91) reported significantly higher cadmium concentrations in tobacco from counterfeit cigarettes seized in the United Kingdom than in authentic brands.

 Chromium
Chromium [VI] is an IARC group 1 human carcinogen (59). It also causes oral and epidermal allergic contact dermatitis and pulmonary sensitization (92–97). As chromium [VI] is found in cigarette smoke and ash (98), it is not clear whether all chromium [VI] is formed during combustion or whether some is already present in tobacco as a consequence of absorption from soil. 
Although chromium [III] is required nutritionally at low concentrations, some reports indicate that high exposure might also result in contact allergic sensitization (95). Sógor et al. (98) reported chromium [VI] in cigarette ash and found that chromium [III] was quantitatively oxidized to chromium [VI] when ashed at 800 °C in a muffle furnace, although digestion in acid reduced it to chromium [III]. Most chromium [VI] was found in the ash. While it is generally presumed that most of the chromium in tobacco is in the chromium [III] oxidation state (98), manganese oxides are known to oxidize chromium [III] to chromium [VI] in soil and solutions (99). As manganese in one or more oxidation states is transported in smoke particulate matter, it might also occur at some level in saliva, in moist smoke particulate droplets and on moist surfaces in the lungs.
Accumulation of chromium in lung tissue has been correlated with smoking history, confirming that it reaches the lung in some form (35). The concentrations of chromium in excised tissue from smokers’ lungs were significantly higher than in nonsmokers’ lungs in all five lobes examined (82). It is not clear, however, in what proportions chromium [III] and chromium [VI] accumulate. The studies to date have been based on analyses by difference, giving some confidence that the results actually do show chromium [VI] formation and possible transport in smoke particulate. Derivation of a result by differences between analyses of separate components or the results of separate analytical procedures is often used as a substitute when a method for direct measurement is not available. Chromium in tobacco smoke is therefore a health concern, but it is currently difficult to determine the full health consequences of oral, pulmonary and systemic exposure in view of insufficient characterization of the oxidation state of chromium.
Selected results of analyses of chromium concentrations in smokeless tobacco and cigarette tobacco are summarized in Tables 1 and 2.

 Copper
Copper is required nutritionally at low concentrations. Inhaled copper is a respiratory irritant, causing alveolar migration of macrophages, eosinophilia, formation of histiocytic and noncaseating granulomas containing copper inclusions, pulmonary fibrosis, and formation of fibrohyaline nodules similar to those found in silicosis as a consequence of high industrial inhalation exposure (100). Copper is an oxidation–reduction (redox) active metal, as is iron. As iron is found at higher concentrations in tobacco than is copper, the relevance of redox activity is discussed only for iron.
Although copper has been reported at significantly lower concentrations in the exhaled breath condensate of people with COPD than that of  nonsmoking healthy controls (36), it has been found at statistically significantly higher concentrations in the blood of smokers than of nonsmokers (101).
Selected results of analyses of copper concentrations in smokeless tobacco and cigarette tobacco are summarized in Tables 1 and 2. Table 1 also shows the extraction efficiency with phosphate buffer or 0.001 mol/l of the chelating agents DHHA, EDTA and DTPA in phosphate buffer.

 Iron
Iron is required nutritionally at low concentrations; however, it is known to catalyse highly reactive hydroxyl radical formation from superoxide ion and hydrogen peroxide by the two-step Fenton reaction (102). As a consequence, inhaled iron contributes to free radical-induced lung injury.
Thompson et al. (103) found that the intracellular iron burdens in both bronchial and alveolar lavage samples from asymptomatic smokers and smokers with chronic bronchitis were much higher than those of nonsmoking study participants. The extracellular iron burden of alveolar lavage samples from people with chronic bronchitis was also higher than that of nonsmokers. Alveolar macrophages act to diminish heavy lung iron burdens by taking up extracellular free iron and sequestering iron [III] bound to ferritin and, to a lesser degree, transferrin. As the intracellular iron burden increases, iron-saturated ferritin precipitates intracellularly in the form of haemosiderin. Wesselius, Nelson and Skikne (104) showed that iron-loaded alveolar macrophages from light and heavy smokers released higher concentrations of both iron and soluble ferritin in vitro than did macrophages from nonsmokers. Moreno et al. (105) showed the physiological relevance of iron and ferritin release from alveolar macrophages by demonstrating that aqueous extracts of cigarette smoke could reduce iron [III] and cause its release from ferritin. Addition of superoxide dismutase increased the rate of iron release. Boyer, Clarke and LaRoche (106) modelled the effects of polycyclic hydroxy aromatic compounds in cigarette smoke and found that plant phenolics cause reduction and release of ferritin iron. Ghio et al. (107) found that the concentrations of iron, ferritin, serum ferritin and non-haem iron in lung and liver increased after exposure of rats to cigarette smoke. Iron has been reported at statistically significantly lower concentrations in the exhaled breath condensate of people with COPD than that of nonsmoking healthy controls (36), but Padmavathi et al. (108) found iron at statistically significantly higher concentrations in the serum of long-term smokers than of nonsmokers, in agreement with the findings in rats and humans of Ghio et al. (107). These studies demonstrate that potentiation of iron oxidation–reduction chemistry contributes to the oxidative stress and damage in the lung caused by  smoking. The presence of traces of iron in particulate has been shown to augment the pulmonary inflammatory response to silica (109–112).
Selected results of analyses of iron concentrations in smokeless tobacco and cigarette tobacco are summarized in Tables 1 and 2.

 Lead
Lead is an IARC group 2A probable human carcinogen (113). It is also highly neurotoxic, and low levels of exposure to lead are associated with detrimental prenatal neurological and other developmental effects. Even in adults, blood lead concentrations considered to be acceptably low (< 10 µg/dl) have been associated with raised systemic blood pressure and reduced glomerular filtration rate (114). Lead accumulates over a lifetime in bone. Although bone lead concentrations are more closely correlated with its pathological effects, few results are available for bone, because obtaining such samples is more invasive than obtaining blood or urine.
Tissue lead concentrations were statistically significantly higher in four of five lobes of smokers’ lungs than in those of nonsmokers; although the mean lead concentration was higher in the remaining lobe of smokers than of nonsmokers, the difference was not statistically significant (82). Lead accumulation in blood and amniotic fluid from women (85) and in cord blood from newborns (115,116) has been associated with smoking, and high blood lead levels in children in the United States were associated with exposure to second-hand smoke (117).
Lead has been reported at higher concentrations in the exhaled breath condensate of people with COPD than that of nonsmoking controls and at higher concentrations in that of current normal smokers than in that of nonsmokers. When the COPD patients who smoked were compared with ex-smokers and nonsmokers, they had statistically significantly higher concentrations of lead in exhaled breath condensate (36).
Normalization of the lead delivery in the smoke of United States cigarettes to that of tar eliminated all the statistically significant differences between smoke delivery categories; however, although the differences between full flavour and ultralight smoke delivery categories in the nicotine-normalized concentration of lead in smoke particulate were still significant, they were not statistically significantly different for full flavour and ultra-light or light and ultra-light categories. A comparison of lead concentrations in identical varieties purchased in 2004 were not statistically significantly different from the comparable 2002 varieties of the brands tested, with one exception (56). The lead in mainstream smoke particulate matter from 21 counterfeits of two popular United States brands seized in 2003 in six different length and nominal smoke delivery categories were 3.0–13.8 times higher than in the authentic brands purchased in 2003, and the differences were statistically significant (90). Stephens et al. (49) reported significantly higher lead concentrations in tobacco from counterfeit cigarettes seized in the United Kingdom than in authentic brands.
Selected results of analyses of the lead concentrations in smokeless tobacco and cigarette tobacco are summarized in Tables 1 and 2. One study in which artificial saliva was used to mimic human uptake of extractable lead in smokeless tobacco showed that lead was not readily extracted (26). The results, including extraction efficiency values, are shown in Table 1. Selected results of analyses of lead concentrations in cigarette smoke particulate obtained with ISO and Health Canada Intense smoking regimens are summarized in Table 3.

 Manganese
Although manganese is required nutritionally at low concentrations, it is neurotoxic at high concentrations. The symptoms of neurotoxicity may not be observed immediately but often become clinically detectable with long-term exposure (118). Leikauff (119) cited United States Environmental Protection Agency reports that compounds of manganese are suspected of inducing or exacerbating asthma.
The commonest oxidation states of manganese are its +2, +3, +4, +6 and +7 states (manganese [II], [III], [IV], [VI] or [VII]), although its +5 oxidation state is also observed as a consequence of disproportionation from the +4 and +6 states. Manganese [II] is the most stable oxidation state (120) and one of the states involved in the Mn [III]–Mn [II] redox cycle of manganese as a cofactor in metalloenzymes, such as human superoxide dismutase. Manganese [II] complexes have been found in tobacco (121). Although manganese [II] is typically found at higher concentrations than other metals, it is less frequently reported in studies of tobacco products because it is difficult to analyse. Manganese [IV] is less common in biological systems but exists in complex-bound forms, such as plant photosystem II proteins (122) and some bacterial systems in which manganese is enzymatically oxidized (123,124). The [III] and [IV] oxidation states are generally more toxic, as are other higher oxidation states in uncomplexed forms. The manganese [III], [IV], [V], [VI] and [VII] oxidation states are strongly oxidizing: in soil, manganese oxides oxidize chromium [III] to chromium [VI] (99). More studies are needed to elucidate the complex relations between tobacco, manganese oxidation and metabolism in tobacco smoke, circulation, brain uptake and neurological effects. 
Matusch et al. (125) showed that manganese is concentrated in the medial hypothalamus, the nucleus ruber, the accessory oculomotor nucleus and the substantia nigra in normal mouse brain. Reaney et al. (126) showed that manganese [II] accumulates in whole rat brain, but Gómez et al. (127) found that the manganese concentrations in whole rat brain decreased with length of exposure to very high aluminium concentrations. Cigarette smoke transports both aluminium and manganese, and Uz et al. (128) reported that the serum manganese level was generally lower in smokers than nonsmokers. The poorly characterized nature of the relation between use of tobacco products, circulating manganese concentrations and possible interactions between manganese and other metals with regard to neurotoxicity requires further investigation.
Bast-Pettersen and Ellingsen (129), in a generally well-designed study, found increased tremor among smokers exposed occupationally to manganese as compared with nonsmokers. They could distinguish clinically between the tremor attributable to manganese alone and smokers’ tremor.
Selected results of analyses of manganese concentrations in smokeless tobacco and cigarette tobacco are summarized in Tables 1 and 2.

 Mercury
Mercury is not generally considered to be carcinogenic, but it is strongly toxic to the reproductive and nervous systems in its metallic, organic and inorganic forms (6,130). Mercury from dental amalgam is associated with sensitization and intraoral lichenoid lesions in some cases (131,132). Metallic mercury and mercury compounds were included on a list of 33 air pollutants of concern because of their toxicity and as respiratory tract irritants that might exacerbate asthma (119).
Selected results of analyses of mercury concentrations in smokeless tobacco and cigarette tobacco are summarized in Tables 1 and 2. Selected results of analyses of mercury concentrations in cigarette smoke particulate obtained with ISO and Health Canada Intense smoking regimens are summarized in Table 3.

 Nickel and cobalt
Although both cobalt and nickel are required nutritionally at trace concentrations, nickel is an IARC group 1 human carcinogen (133), and cobalt is an IARC group 2B possible human carcinogen (134,135). The two metals are discussed together because, although cobalt is not considered as potent a carcinogen as nickel and is not generally present in tobacco at concentrations as high as those of nickel, they both cause immunological sensitization, including epidermal and oral allergic contact sensitization, contact dermatitis, pulmonary inflammation, pneumoconioses and asthma (93,96,97,136–138). Once a person is sensitized to one of these metals, immunological cross-sensitization to the other is often observed, as they share an endothelial inflammatory activation pathway (136,139–141). Although lipopolysaccharide is the natural ligand for human Toll-like receptor 4, which is involved in the inflammatory response, nickel [II] directly activates proinflammatory signal cascades by binding to this receptor (142). Dolovich, Evans and Nieboer (143) identified an additional mechanism by which nickel sensitization-induced inflammation occurs: binding to the copper-binding site of human serum albumin and sensitization to the resulting metal–protein complex. Cobalt could compete for nickel binding to serum albumin and to the antibody complex.
Tissue nickel concentrations were reported to be significantly higher in all five lobes of smokers’ lungs than in nonsmokers’ lungs (82). Nickel has been found in significantly higher concentrations in placenta samples from smokers than in those from nonsmokers (88), indicating probable systemic absorption from the lungs.
Selected results of analyses of cobalt and nickel concentrations in smokeless tobacco and cigarette tobacco are summarized in Tables 1 and 2. One study in which artificial saliva was used to mimic human uptake of extractable cobalt and nickel from smokeless tobacco showed that both were readily extracted (26). The results for extraction efficiency are shown in Table 1, with the values for phosphate buffer and 0.001 mol/l of the chelating agents DHHA, EDTA and DTPA in phosphate buffer.

 Polonium-210 and lead-210
Polonium has been shown to be transported in tobacco smoke (144,145). Calculations by Desideri et al. (146) based on minimal filter retention of polonium-210 and lead-210 from cigarette smoke suggested that smoking could provide a considerable portion of the whole dose resulting from avoidable exposure to natural radioactivity.
Polonium-210 and lead-210, radioactive daughters of radon, are IARC group 1 human carcinogens (147). Polonium-210 is the only polonium isotopic descendant of radon with a half-life greater than 1 s (138 days). Lead-210 is predominantly a [image: ]-radiation emitter and the only lead isotopic descendant with a half-life greater than 11 h (22.26 years). Thus, these isotopes are the only radioactive isotopes of polonium and lead that can feasibly be studied in tobacco or smoke. The [image: ]-radiation emitted by polonium-210 consists of very high-energy particles and is therefore an ionizing, mutagenic threat to epithelial, lung and other tissues after absorption. As a result,  polonium-210 accounts for the largest proportion of the health threat associated with exposure to radon and its daughters. Although they are found at low concentrations in tobacco smoke, polonium-210 and lead-210 are severe health  concerns (147,148).
Selected results of analyses of polonium-210 and lead-210 concentrations in smokeless tobacco and cigarette tobacco are summarized in Table 4. The concentrations extractable from smokeless tobacco in human saliva are also summarized in Table 4. Calculations of exposure based on the deliveries of polonium-210 and lead-210 in smoke from Chinese cigarettes showed that cigarette smoking is the main source of exposure to these radioactive metals for people who smoke.

 Silicon
Silicon is taken up from soil by plants in the available form, generally as kaolin (aluminium silicate). Kaolin accumulates in higher plants and appears to have both structural and stress resistance roles in plant physiology (154). The concentration of silicate in plants exceeds its solubility, and it forms biogenic ‘phytoliths’ (155), which are predominantly silica (SiO2) polymers.
Crystalline silica inhaled in the form of quartz or cristobalite (forms of SiO2) is an IARC group 1 human carcinogen (156). When tobacco smoke is inhaled, it carries with it silicates in the form of aluminium silicate and silica particles, and aluminium silicate particles are found in smokers’ lungs at high concentrations (157). Lynn et al. (158) reported that bronchoalveolar lavage samples from a patient with pulmonary disease contained 1011 black macrophages with prominent lysosomes containing amorphous carbon, round dense particles and needle-like crystals of aluminium silicate, for which no source except smoking was found. Choux et al. (159) described the composition of numerous silicate particles in alveolar macrophages from a patient with tobacco-associated pulmonary fibrosis as fibre-, needle- or laminar-like inclusions measuring 0.2–2 µm. Aluminium and silicon were the major elemental components, corresponding to the composition of kaolinite; iron and sulfur were also found. Brody and Craighead (160) described lysosomal ‘smokers inclusions’ in interstitial and alveolar macrophages and lymphocytes as consisting predominantly of aluminium silicate with plate-like structures and suggested their involvement in pulmonary fibrosis. Heckman and Lehman (161) reported that rat lung epithelial cells exposed chronically to tobacco smoke contained elongated cytoplasmic inclusions. Macrophages had similar but larger inclusions composed of silicon, aluminium, phosphorus, iron and sulfur. Thus, silicate metal-bearing particulate is a major component of the particulate found in smokers’ lungs. As described above, the presence of traces of iron augments the pulmonary inflammatory response to silica (109–112). Nonsmokers may also be exposed to environmental silica but to a much lower extent, unless they are exposed occupationally to high concentrations (162).
 Table 4. Polonium-210 and lead-210 concentrations in mBq/g tobacco and deliveries from smokeless and cigarette tobacco
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Silicon in tobacco or smoke is difficult to analyse on many instruments. Rhoades and White (163) reported levels of < 0.07–0.39 µg/cigarette of silicon in particulate matter transported in smoke from three different cigarettes, including a 1R4F reference cigarette and one light and one ultralight cigarette smoked under ‘extreme’ conditions.

 Possible involvement of metals in oral inflammation after use of smokeless tobacco
Exposure to some of the metals discussed above in relation to tobacco consumption causes adverse health effects other than carcinogenicity. Beryllium, chromium, cobalt, mercury and nickel, as discussed earlier, are known to cause sensitization, resulting in allergic contact inflammation. Oral exposure to some metals can also affect health. In particular, oral sensitization to cobalt, nickel, mercury and other metals in dental materials has been shown to result in allergic contact stomatitis, joint pain, positive allergic skin patch tests to the metals and other systemic manifestations in some people (132). Amini et al. (164) showed that the concentrations of nickel in oral mucosal cells of patients with fixed orthodontic appliances were statistically significantly higher than in people without such appliances. Their results demonstrated that oral exposure to nickel is not only superficial, but that the mucosal cells absorb nickel from saliva.
Kazi et al. (78) reported statistically significantly higher blood and scalp hair cadmium and lower zinc concentrations in male oral cancer patients than in ‘referents’. Furthermore, users of chewing tobacco with areca nut or betel quid had higher blood and scalp hair cadmium and lower zinc concentrations than people who did not use chewing tobacco. In a separate study, similar findings were reported for female mouth cancer patients (167). These studies indicate that oral or alimentary absorption of cadmium from smokeless tobacco products results in high blood and hair cadmium-to-zinc ratios in smokeless tobacco consumers. These studies also illustrate the health risk due to cumulative absorption of a carcinogenic metal from smokeless tobacco or from tobacco smoke, whereas a single exposure (sometimes discussed as a means of minimizing health risks) would probably pose a minimal risk.
Some combination of irritants, toxins and allergens in smokeless tobacco causes the contact inflammation observed as a consequence of its use. The oral cavity has a lining of highly vascular mucosa, parts of which are uniquely sensitive to irritants that can penetrate the tissue easily (166). Metal sensitization or toxicity resulting from exposure to metals extracted by saliva from tobacco held close to oral tissues might contribute appreciably to the hyperkeratosis, leukoplakia, erythroplakia and other oral inflammatory lesions observed as a consequence of smokeless tobacco use, as the lesions caused by metals alone and by smokeless tobacco are similar. Additional evidence to support this possibility is the finding that the concentration and distribution of metallothionein in oral mucosa change with development of the dysplasia that is characteristically observed with leukoplakia. Cellular concentrations of metallothionein and its cellular and intracellular distribution from the superficial to the basal mucosal layers differ markedly in non-dysplastic oral mucosa and in moderate dysplasia observed with leukoplakia (167). In inflammation, the oral mucosa apparently protects itself from the binding of toxic metals to metallothionein. Feron et al. (168) and Mueller (169) described the risk for carcinogenesis resulting from chronic inflammation of various epithelial and mucosal tissues, whether the cause was irritant, allergic or other. Thus, chronic oral inflammation is a consequence of smokeless tobacco consumption due to acute or chronic exposure to metals alone or to metals in combination with other components.

 Smoking, metals, inflammation and sensitization
Geiser et al. (170) exposed rat lung to 4–5 µg of insoluble ultrafine (< 0.1 µm) titanium oxide particles and found that the particles were widely distributed on the luminal sides of the airways and alveoli in all tissue compartments and cells and within capillaries. They concluded that the ultrafine particles were not taken up by endocytic processes but by diffusion. Ferin and Oberdörster (171), however, concluded that particles that are not phagocytized by alveolar macrophages are taken up by endocytosis in alveolar epithelial cells. They found that increasing the particle number (essentially a condition of particle overload) or increasing particle size promoted interstitialization associated with inflammation. Therefore, particle dose, size and composition (discussed below) may affect the response and clearance mechanism to some degree. As discussed earlier, smaller particle size increases the potential for oxidative stress per unit mass of particulate matter as a consequence of the greater surface area-to-mass ratio of ultrafine particulate and its greater uptake and transcytosis by epithelial cells (34).
There is strong biochemical and pathological evidence that airway sensitization and inflammation, including atopic inflammation, are consequences of exposure to tobacco smoke particulate. There is growing evidence for a relation between exposure to mainstream and sidestream smoke and diseases resulting from oxidative challenge and inflammation, directly as a consequence of the activity of neutrophils, macrophages, dendritic cells, eosinophils and basophils and as a humoral immunological consequence of sensitization. 
Rumold et al. (174) studied the sensitization of immunologically low-responder (C57BL/6) mice exposed to nebulized ovalbumin with and without concurrent inhalation of sidestream smoke. Exposure to sidestream smoke induced sensitization to ovalbumin, as seen from antigen-specific immunoglobulin E, whereas no detectable sensitization was seen in mice exposed to ovalbumin alone. Upon rechallenge, significantly increased levels of proinflammatory GM-CSF and IL-2 cytokines were detected in bronchoalveolar lavage samples, even in animals exposed to sidestream smoke alone.
Goel et al. (175) reported significantly higher serum immunoglobulin E concentrations in smokers than in ex-smokers and nonsmokers in a study of 70 people. The absolute eosinophil counts of smokers and ex-smokers did not differ significantly, but both were significantly higher than those of nonsmokers. No significant airway obstruction was measured in nonsmokers, but both smokers and ex-smokers had significantly greater obstruction than nonsmokers. Ex-smokers showed significantly more airways obstruction than current smokers.
Gilmour et al. (176) reported that intratracheal exposure of rats to residual oil fly ash particulate or its constituent metals (nickel and vanadium) caused significant pulmonary inflammation (increased protein levels and TNF-[image: ], monocyte and granulocyte migration) and had an adjuvant effect on sensitization to dust mite, with immunoglobulin E production. Lambert et al. (177) showed that the enhanced sensitization was mediated by the soluble metal constituents of the particulate. Specifically, increased eosinophil numbers in bronchoalveolar lavage fluid were observed in response to either particulate or iron during sensitization. Dust mite-specific immunoglobulin E activity was greater in groups exposed to particulate, nickel or vanadium.
Carter et al. (178) studied the inflammatory effects of 5–200 µg/ml environmental particulate matter on normal human bronchial epithelial cells and found induction and expression of the pro-inflammatory cytokines TNF-[image: ], IL-6 and IL-8. The particulate matter consisted of 2.6% carbon and hydrogen by mass, 18.8% vanadium, 3.75% nickel, 3.55% iron, and miscellaneous substances. Two hours after exposure, IL-6 and IL-8 mRNA was detected at significantly higher concentrations in cells exposed to 5 µg/ml particulate or more than in cells exposed to buffer alone. At 24 h, IL-8 protein was detected at a significantly higher level in cells exposed to 5 µg/ml particulate or more; IL-6 protein was found at a significantly higher level in cells exposed to 50 µg/ml particulate or more than in cells exposed to buffer alone. TNF-[image: ] mRNA was increased after a 2-h exposure to particulate at 50 µg/ml or more and TNF-[image: ] protein after 24 h. Cytokine production was inhibited by inclusion of the metal chelator deferoxamine. The authors concluded that metals present in particulate matter are responsible for inducing the production and release of inflammatory mediators by the respiratory tract.
Schaumann et al. (179) instilled suspensions of environmentally relevant concentrations of 100 µg of particulate matter (PM2.5) collected in two German cities into contralateral lung segments of 12 healthy volunteers. Both instillations increased the numbers of leukocytes in bronchoalveolar lavage after 24 h, while the particulate matter from one city also significantly increased monocyte influx, TNF-[image: ] and IL-6 in lavage fluid and increased oxidant radical generation by the lavage cells. The authors concluded that the higher concentration of transition metals in PM2.5 from the second city was responsible for the increased inflammation. The mean metal concentrations in the PM2.5 suspension from this city were 692 µg/l zinc, 124 µg/l copper, 94 µg/l iron, 17 µg/l nickel, 9 µg/l vanadium, 8 µg/l lead, 3 µg/l chromium and 0.4 µg/l cadmium. Thus, the concentrations of metals that would be expected to induce inflammation were low.
Sanders et al. (180) showed that nickel [II] oxide and chromium [III] oxide dust particles were predominantly engulfed by alveolar macrophages in hamsters, with a smaller fraction in the alveolar lumen. A still smaller fraction was found in neutrophils of hamsters that were also exposed to cigarette smoke and in type I but not type II alveolar epithelium. The authors reported that neutrophils were rarely observed in the alveolar lumina of hamsters exposed only to nickel oxide and that vacuolization was more common in macrophages from animals also exposed to cigarette smoke. Alveolar macrophages may act as antigen-presenting cells. Regland et al. (181) reported a strong relation between smoking and nickel allergy.
The excessive lung burden of particulate iron as a consequence of smoking was examined in bronchoalveolar lavage samples from 27 healthy people, comprising nine nonsmokers, nine light smokers and nine heavy smokers (104). The authors recovered more than three times the number of macrophages from light smokers and more than eight times the number from heavy smokers than from nonsmokers. None of the nonsmokers had detectable iron (detection limit in lavage fluid, 10 ng/ml), whereas the mean iron concentration in fluid from light smokers was 12.5 ng/ml and that in lavage fluid from heavy smokers was 49.7 ng/ml. The authors found 7.7 times more ferritin in lavage fluid from light smokers and 31.3 times more in heavy smokers than in nonsmokers. Surface iron has been shown to increase the inflammatory response to silica in rat lung over that with silica alone (109–112).
Lin et al. (182) studied obstructive lung disorder in 6726 people in the National Health Assessment Nutrition Examination Survey (III) published by the United States Centers for Disease Control and Prevention, after exclusions for various conditions. The adjusted odds ratio was approximately 1.9 for an increased prevalence of obstructive lung disorder among people in the lowest zinc-intake tertile versus those in the highest tertile, regardless of smoking status. The authors reported relative mean odds ratios for obstructive lung disease of 1.00 for people who had never smoked, 2.60 and 3.37 for former smokers and 4.38 and 7.66 for active smokers in two regression models. After adjustment for creatinine-corrected urine cadmium concentration, the effect of smoking on the risk for lung disorder decreased considerably, suggesting that the cadmium intake from the smoke and not necessarily smoking status itself was a major risk factor for obstructive lung disorder.
Using X-ray microanalysis, Terzakis (183) identified particulate compounds in peripheral lung obtained at autopsy from two nonsmokers and one cigar smoker and compared the results with those for 15 people with peripheral lung carcinoma, 10 of whom were smokers. All 15 cancer cases were associated with fibrosis. None of the patients had been exposed occupationally, and none had asbestos bodies in the lung tissue examined. The cancer cases had more carbonaceous pigment in fibrotic tissue vicinal to tumours and more particulate material than the autopsy samples. The particulate material contained silicon, aluminium, phosphorus, vanadium, chromium, iron, nickel, copper, arsenic, cadmium and lead. In all samples examined, silicon was the main element in particles. Silicates in forms consistent with kaolinite, feldspar, talc, muscovite and silica were described.
Although Lynn et al. (158), Choux et al. (159), Brody and Craighead (160) and Heckman and Lehman (161), cited above, described extensive aluminium silicate inclusions in alveolar macrophages of smokers, Becker et al. (184) found that neutrophils have a stronger oxidative response to silicate than alveolar macrophages, which have a stronger response to oil fly ash particulate (higher in transition metals, lower in silicate, consistent with the data of Sanders et al. [180]). They suggested that the wide variation in macrophage response to metal oxides and silica is due to particle composition and concluded that oxidant activation as a consequence of particulate matter is cell specific and that inflamed lung is more susceptible to harm from a broader range of particulate size and composition because of the oxidant stress.
Both airway epithelial cells and alveolar macrophages can phagocytize irritant particles and, as a result, synthesize pro-inflammatory cytokines that induce airway inflammation and consequently contribute to airway lesions in asthma and chronic obstructive pulmonary disorder (185). Goto et al. (186) showed that alveolar macrophages release macrophage colony-stimulating factor, macrophage inflammatory protein-1[image: ], GM-CSF, IL-6, TNF-[image: ], IL-1[image: ], IL-8 and monocyte chemotactic protein in response to PM10 particulate. Monocytes, which can differentiate into macrophages or dendritic cells, are the main inflammatory cells recruited from bone marrow to the alveoli after exposure to particulate matter, especially that with high metal concentrations.
Beamer and Holian (187) found that large numbers of granulocytes were recruited to the lungs of C57BL6 mice in response to exposure to silica, consistent with the findings of Becker et al. (184). They also found that the alveolar macrophage-to-dendritic cell ratio was noticeably altered in favour of dendritic cells in comparison with unexposed mice, although a subset of inflammatory CD11bhigh alveolar macrophages appeared. Beamer and Holian (187) suggested that silica-induced apoptosis of alveolar macrophages was one explanation for their decrease in number with time after exposure. The appearance of a new phenotype, and other data, suggested recruitment of this population from peripheral sources. Both alveolar macrophages and dendritic cells may act as antigen-presenting cells. In response to silica exposure, some macrophages and dendritic cells migrated to the interstitium, but only the dendritic cells increased the numbers of CD3+ and CD4+ lymphocytes, suggesting that these cells are the major antigen-presenting cells in this case. Although tobacco smoke transports silicates to the lungs, smoke decreases the number of mouse dendritic cells in the lungs (188). Migration of dendritic cells to the interstitium (187) may explain their decreased number. Robbins et al. (188), however, showed that cigarette smoke compromised antiviral immune responsiveness, perhaps as a consequence of preoccupation of both alveolar macrophages and dendritic cells with inflammatory response and adaptive immunity to the insult from the plethora of tobacco smoke constituents, including metals and silicates.
The TNF-[image: ] and IL-1[image: ] signals induced by exposure to tobacco smoke, particulate and metals themselves are also indirectly involved in stimulating the fibrotic response to inflammation. TNF-[image: ] stimulates production of TGF-[image: ]1, which in turn increases the production of connective tissue growth factor, both of which are major stimulators of collagen production (189,190). IL-1[image: ] increases expression of platelet-derived growth factor-AA and its [image: ] receptor on lung fibroblasts. This hormone system is in turn involved in metal-induced airway fibrosis (191).

 Inflammation, sensitization and pulmonary disease
The prevalence of asthma is increasing worldwide (192). Second-hand tobacco smoke has been associated with the development of asthma in children (119,193,194). Gavet and Koren (195) reported that environmental  airborne particulate matter promotes allergic sensitization and increases allergic inflammation and airway hyperresponsiveness. They also reported that exposure of human volunteers to emission source particulate matter samples with high concentrations of iron, nickel and vanadium increased the indices of pulmonary oxidant formation, which in turn correlated with the quantity of transition metals in the samples. Particulate samples with high concentrations of transition metals appeared to be most active in promoting sensitization and exacerbating existing asthma, and they concluded that samples with high concentrations of transition metals enhance sensitization, promote the formation of reactive oxygen species and cause subsequent lung injury, inflammation and airway hyperresponsiveness, leading to airflow limitation and symptoms of asthma. Mutti et al. (36) further reported that the median nickel concentrations in exhaled breath condensate were higher in people with asthma than in controls and higher even than in smokers without COPD. Therefore, some of the same transition metals in tobacco smoke particulate may play a role in sensitization. Metal sensitization must thus be considered one of the mechanisms by which atopic asthma and possibly COPD (described as chronic bronchitis, chronic asthma and emphysema) are initiated and progress, with other sensitizing compounds such as polycyclic aromatic hydrocarbons.
Willers et al. (193) investigated associations between exposure to environmental tobacco smoke, ‘heavy metals’ and nicotine (as the urinary metabolite, cotinine) in the households of 23 children with asthma. They found strong associations between the data-based tobacco smoke exposure index and urinary cotinine, indicating inhalation of second-hand smoke. Strong associations were also found between these parameters and nicotine in house dust. Urinary cadmium correlated well with urinary cotinine, as did lead, although the correlation between cotinine and lead was not statistically significant. The authors concluded that the children with asthma were being exposed to ‘heavy metals’ in sidestream smoke. In a report by the United States Environmental Protection Agency, 2% of the PM10 values and 17% of the PM2.5 values exceeded the proposed national ambient air quality standards (196). The most important contributor to the high levels of indoor particulate matter was environmental tobacco smoke. Each cigarette smoked was estimated to contribute approximately 1 µg/m3 of airborne particulate matter.
Leikauff (119) reported that complex mixtures, including fine particulate matter and tobacco smoke, are associated with respiratory symptoms and hospital admissions for asthma. The hazardous air pollutant components of particulate matter were reported to include ‘occupational asthmagens’ or components that act as adjuncts during sensitization. Once sensitized, a person may respond to remarkably low concentrations of such compounds. Irritants may also lower the bronchoconstrictive threshold. Of the 33 hazardous air pollutants of greatest concern for exposure in Environmental Protection Agency reports were compounds of cadmium, chromium, manganese and nickel described as ‘suspected of inducing or exacerbating asthma’. Cobalt compounds were also listed as hazardous air pollutants that can exacerbate or induce asthma, although they were not on the list of compounds of greatest concern. Metallic mercury and mercury compounds were included on the list because of their toxicity but were described as respiratory tract irritants that may exacerbate rather than induce asthma.
The prevalence of COPD is increasing worldwide, and it is estimated that it will rise from the fourth leading cause of death in 2004 to the third leading cause by 2030 (197). Like atopic asthma, allergic sensitization is often associated with COPD. Itabashi et al. (198) showed that, although allergen skin test scores were higher in patients with asthma than in those with COPD, serum immunoglobulin E was significantly higher in elderly patients with COPD or asthma than in healthy people. Although asthma is a distinct disease from COPD, some patients with asthma develop irreversible airway obstruction characteristic of COPD (199). Pacheco et al. (200) concluded that at least 17.6% of patients who had emphysema associated with smoking had a clear asthmatic profile, consistent with the hypothesis that chronic obstructive diseases have a common origin in underlying sensitization. Silva et al. (201) found that active asthma was associated with a mean risk factor of 10 for developing chronic bronchitis, 17 for developing emphysema and 12.5 for ‘fulfilling COPD criteria’.
The projected increase in the prevalence of COPD is based mainly on projected increases in tobacco consumption (197). As stated above, aluminium, cadmium and lead have been found at higher concentrations in the exhaled breath condensate of patients with COPD than that of nonsmoking healthy controls and at higher levels in current smokers than nonsmokers. COPD patients who smoked had statistically significantly higher concentrations of several metals in their exhaled breath condensate than ex-smokers and nonsmokers with or without COPD (36). The role of metals in sensitization and exacerbation of existing COPD warrants further study, and further investigation of the relations between metals in mainstream and sidestream smoke, their potential for sensitization, consequent development of asthma and COPD and exacerbation of both diseases are needed.
Both asthma and COPD are inflammatory disorders. Feron et al. (168) and Mueller (169) described the risk for carcinogenesis resulting from chronic inflammation of various epithelial and mucosal tissues. Thus, the roles of metals in sensitization and the inflammatory processes of asthma and COPD and exacerbation of both diseases pose carcinogenic risks beyond the immediate pulmonary pathology. 
Several of the metals discussed, especially those that strongly induce inflammation or sensitization, such as beryllium, chromium [VI], cobalt, nickel, silicate and those that are toxic chemical irritants perhaps acting by the production of reactive oxygen species, cause interstitial lung disease after occupational exposure (136). The concept of tobacco smoking-related interstitial lung disease (characterized by dyspnoea, restrictive pulmonary function, impaired gas exchange and diffuse lung eosinophilic oedematous infiltrates) is relatively recent (202). Although the topic remains controversial, numerous authors have reported the clinical symptoms, underlying pathology and radiological observations related to smoking-related interstitial lung disease. Selman (203) listed these disorders as including respiratory bronchiolitis, desquamative interstitial pneumonia and pulmonary Langerhans cell histiocytosis, the symptomology and pathology including dyspnoea, cough, restrictive pulmonary function, bronchiole-centred lesions, interstitial and airspace inflammation and fibrosis extending to the alveoli. Caminati and Harari (204) further described smoking-related interstitial lung disease with regard to symptoms, smoking history, radiology and pathology. Attili et al. (205) described the radiological pathological manifestations. As metals and silicates in industrial exposures, independently of tobacco smoke, and tobacco smoke containing metals and silicate cause inflammation and sensitization and may cause interstitial lung diseases, it is reasonable to consider that these substances are involved in smoking-related interstitial diseases.
An increasing number of non-cancer lung diseases are associated with smoking. In some cases, the data on causes related to tobacco smoking overlap with those on the same or similar diseases caused by metals alone or in particulate matter, including environmental and tobacco smoke. Chronic inflammatory response may, in turn, increase cancer risk.


 Summary
Because of space limitations, only the metals described above are included, because they are considered to be of greatest concern due to their concentrations in tobacco or smoke, their carcinogenicity and other toxic effects. Thallium and bismuth, for example, are neurotoxic but are generally found at far lower concentrations in tobacco than aluminium and lead, which are also neurotoxic.
Toxic metals and metalloids are one of the main categories of carcinogen transported in tobacco smoke. The toxicity of metals in smoke is not limited to carcinogenicity but extends to immunological effects. The immunological toxicity of tobacco smoke manifests itself as pulmonary inflammatory response. Industrial exposures to some metals, even at very low concentrations, causes pulmonary inflammation, and exposure to very low concentrations in environmental particulate also causes pulmonary inflammation. Some metals bioaccumulate in the lung and other tissues. Inhalation of tobacco smoke causes pulmonary inflammation. There is evidence that the metals in tobacco smoke particulate play the same role in causing inflammation as do the metals in environmental particulate.
The immunological toxicity of tobacco smoke manifests itself as sensitization responses. Industrial exposure to some metals, even at very low concentrations, causes pulmonary sensitization, and exposure to very low concentrations of environmental particulate rich in metals causes airway sensitization in some people, who, subsequently, may respond to much lower concentrations of the metal or other particulate components. The metal concentration in particulate has been shown to be a major factor in the response. Inhalation of tobacco smoke causes topic or atopic sensitization in some people. There is evidence that the metals in tobacco smoke particulate play the same role in causing sensitization as do the metals in environmental particulate.
Sensitization responses are not limited to responses to the metals themselves. Some metals, such as aluminium in the form of aluminium oxide or hydroxide, are used as adjuvants in inoculations against certain microbial and viral pathogens. There is evidence that mainstream and sidestream smoke have adjuvant effects in sensitization to common allergens, as do the metals themselves in environmental or tobacco smoke particulate. Enhanced sensitization to allergens, whether to metal allergens or to biological allergens as a consequence of the metal adjuvant effect from smoke, may result in asthma. Sensitization also appears to be a factor in the fibrotic progression observed in COPD.
The type of immunological manifestation of exposure to tobacco smoke inhalation depends to some degree on the susceptibility of a person to topic or atopic sensitization. It also appears to depend on the degree of exposure. Suppression of the immune response, especially to pulmonary pathogens, has been observed as a consequence of heavy smoking.
Toxic metals are available in saliva and are transmitted to oral epithelial tissues when smokeless tobacco is used. Oral contact inflammation is known to be a consequence of smokeless tobacco use. Metal sensitization or toxicity resulting from exposure to metals extracted by saliva from tobacco held close to oral tissues might contribute to the oral stomatitis inflammatory lesions observed as a consequence of smokeless tobacco use. The lesions caused by metals alone and by smokeless tobacco are similar. The concentration and distribution of metallothionein in oral mucosa change with the development of the dysplasia that is characteristically observed with leukoplakia, and the cellular metallothionein concentration and distribution in mucosal layers  differ dramatically in non-dysplastic oral mucosa and mucosa with moderate dysplasia. Under inflamed conditions, the oral mucosa apparently acts to protect itself from the binding of toxic metals to metallothionein. This is strong evidence for a role of toxic metals in oral inflammation.
The conclusions in this report are those of the author and do not necessarily represent the official position of the United States of Centers for Disease Control and Prevention or the Agency for Toxic Substances and Disease  Registry.
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