ERRATUM
The publisher would like to apologize for an error that occurred in the article Nicotine & Tobacco Research,
Volume 8, Number 2, 169—191. The correct article follows on the next page.

Nicotine & Tobacco Research Volume 8, Number 4 (August 2006) 600–622

Review

Biomarkers to assess the utility of potential reduced
exposure tobacco products
Dorothy K. Hatsukami, Neal L. Benowitz, Stephen I. Rennard, Cheryl Oncken,
Stephen S. Hecht
[Received 10 December 2004; accepted 30 June 2005]

To date, we have no valid biomarkers that serve as proxies for tobacco-related disease to test potential reduced
exposure products. This paper represents the deliberations of four workgroups that focused on four tobacco-related
heath outcomes: Cancer, nonmalignant pulmonary disease, cardiovascular disease, and fetal toxicity. The goal of
these workgroups was to identify biomarkers that offer some promise as measures of exposure or toxicity and
ultimately may serve as indicators for future disease risk. Recommendations were based on the relationship of the
biomarker to what is known about mechanisms of tobacco-related pathogenesis, the extent to which the biomarker
differs among smokers and nonsmokers, and the sensitivity of the biomarker to changes in smoking status. Other
promising biomarkers were discussed. No existing biomarkers have been demonstrated to be predictive of tobaccorelated disease, which highlights the importance and urgency of conducting research in this area.

Introduction
Biomarkers for disease risk are critical in the
assessment of potential reduced exposure products
(PREPs; Stratton, Shetty, Wallace, & Bondurant,
2001). Because of the long exposure time necessary to
determine the effects of PREPs on actual harm and
the use by smokers of multiple products for different
amounts of time, short-term proxies for disease that
can be used in laboratory studies, clinical trials, and
population studies are necessary. Biomarkers can be
classified as a measure of (a) chemical exposure, that
is, a direct or indirect measure of a tobacco-derived
constituent or metabolite, that ideally can provide a
quantitative estimate of tobacco exposure; (b)
toxicity, including biologically effective dose, that
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is, ‘‘the amount that a tobacco constituent or
metabolite binds to or alters a macromolecule either
in target or surrogate tissue’’ (Stratton et al., 2001);
(c) injury or potential harm, that is, ‘‘a measurement
of an effect due to exposure; these include early
biological effects, alterations in morphology, structure or function, and clinical symptoms consistent
with harm’’ (Stratton et al., 2001); and (d) direct
measures of health outcome. Genetic biomarkers
for disease susceptibility also exist that may play a
significant role in whether or not a smoker develops
a disease.
The criteria for evaluating the utility of a
biomarker in determining the effects of PREPs have
been described in the Institute of Medicine report
Clearing the Smoke (Stratton et al., 2001) and
elsewhere (Shields, 2002). These criteria include
target tissue and outcome relationship (e.g., the
extent to which the biomarker reflects a measurement of pathogenesis), dose-response data for harm
(e.g., the relationship between amount of tobacco
smoke or constituent exposure and biomarker of
potential harm), dose-response data for harm reduction (e.g., predictive validity of the biomarker, that
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is, change in a biomarker is associated with change in
disease risk), specificity (e.g., biomarkers that are
specific for exposure to tobacco toxicants), sensitivity
(i.e., the degree of detection), and reproducibility
(e.g., intrasubject reliability).
For the purposes of this paper, we describe
potential biomarkers of exposure or toxicity related
to four disease states or adverse health outcomes:
Cancer, neoplastic pulmonary disease, cardiovascular disease, and fetal toxicity. Some of the biomarkers overlap across disease states. To facilitate
writing this paper, a conference, sponsored by the
National Cancer Institute, the National Institute on
Drug Abuse, the National Institute on Alcohol
Abuse and Alcoholism, and the Centers for Disease
Control and Prevention, was held in February 2004
to address methods and biomarkers to assess PREPs
(Hatsukami et al., 2005). In addition to methods
workgroups, biomarker workgroups were established
to address each of these disease areas. Each workgroup (see acknowledgments for members of the
respective workgroups) was asked to identify biomarkers based on their mechanistic relationship to
pathogenesis and evidence showing (a) differences
between smokers and nonsmokers; (b) change as a
consequence of cessation; (c) a dose-response relationship between extent of exposure and level of the
biomarker; and (d) change as a result of tobacco use
reduction.
The evaluation of predictive validity of these
biomarkers is critical in determining their utility in
assessing PREPs. Although we have a good understanding of the mechanisms associated with tobaccorelated disease, the current state of our science on
biomarkers is limited and minimal information is
available on the dose-response relationship to harm
of most, if not all, of the existing biomarkers.
Furthermore, changes in biomarkers according to
changes in smoking status does not provide information on the extent of quantitative change needed to
reduce disease risk, particularly in an individual with
a long history of tobacco use. With these caveats in
mind, based on the existing data, the workgroup for
each disease state made recommendations of biomarkers that can be useful for studying PREPs with
the clear understanding that none of these biomarkers indicate reduced disease risk. Recommendations
also were made for promising biomarkers that can be
considered in future research for reliability and
validity testing.

Cancer-related biomarkers
The cancer-related biomarkers are summarized in
Table 1. They are divided into two categories:
Chemical biomarkers and cellular biomarkers.
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Chemical biomarkers are specifically related to
tobacco carcinogens and are reflective of exposure
but not necessarily harm. Cellular biomarkers are
biomarkers of biologically effective dose, toxicity,
and injury. Cigarette smoke contains over 60 known
carcinogens, and unburned tobacco contains over 15
(Hecht, 2003). Carcinogens are mainly responsible
for the cancer-causing effects of tobacco products,
although irritation, inflammation, tumor promotion,
and cocarcinogens probably play a role. Some
tobacco carcinogens bind directly to DNA whereas
most require enzymatic activation. The resulting
covalent binding products, called DNA adducts,
are central to the carcinogenic process and most
likely cause the multiple mutations found in specific
growth control genes in tumors. The chronic barrage
of DNA damage from years of use of tobacco
products is consistent with the multiple genetic
changes observed in tobacco-associated cancers
(Hecht, 2003). Chemical biomarkers measure carcinogen uptake and some measure metabolic activation and binding to DNA. Cellular biomarkers
measure biological effects associated with cancer.
These include genetic damage of various types and
other cellular changes.
Within each category, the biomarkers are listed
roughly in order of their present utility in studies
evaluating new products with the most useful ones
listed first. Utility is based on considerations of
analytical specificity and sensitivity and relationships
of the biomarker to tobacco product use. The latter
category is particularly important in the present
context and is divided into four subcategories
illustrated in Table 1.
Among the chemical biomarkers, we consider 4(methylnitrosamino)-1-(3-pyridyl)-1-butanol (NNAL)
and 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol glucuronides (NNAL-Glucs) in urine and aminobiphenyl/aromatic amine hemoglobin (Hb) adducts to be
the most useful at the present time for studies
evaluating new products. NNAL and NNAL-Glucs
are metabolites of the tobacco-specific lung carcinogen 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone
(NNK; Hecht, 1998). NNK is widely considered to
play an important role as a cause of lung cancer in
smokers and also may be involved in the etiology of
several other tobacco-related cancers (Hecht, 2003).
NNAL and NNAL-Glucs are found in the urine of
all people who use tobacco products but never in
nonusers unless they are exposed to environmental
tobacco smoke (Hecht, 2002). In the latter case,
levels are one-twentieth or less than those found in
the urine of smokers or users of smokeless tobacco
products. The specificity of NNAL and NNALGlucs to tobacco exposure and their direct relationship to a lung carcinogen, NNK, are highly
attractive features of these biomarkers. Currently
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Table 1. Cancer-related biomarkers.

Biomarker
1. Chemical biomarkers
NNAL and NNAL-Glucs in urine

Measurement of

Difference: users vs. nonusers

Dose response
with use

Change with cessation

Carcinogen (NNK) uptake

x (Carmella et al., 1993)

x (Hecht et al., 1999)

3-Aminobiphenyl, 4 aminobiphenyl,
and other aromatic amine-Hb adducts

Carcinogen (aromatic amines)
uptake plus metabolic activation

x (Castelao et al., 2001)

1-Hydroxypyrene in urine

Carcinogen (PAH) uptake

x (Hecht, 2002)

x (Maclure et al., 1990;
x (Castelao et al., 2001;
Skipper & Tannenbaum,
Skipper & Tannenbaum,
1990)
1990)
x (Hatsukami et al., 2004)
x (Hecht,
Carmella
et al., 2004)

Trans, trans-muconic acid in urine
S-phenylmercapturic acid

Carcinogen (benzene) uptake
Carcinogen (benzene) uptake

Benzene and other volatile organic
carcinogens (VOCs) in exhaled air
Ethylene oxide-Hb adducts
Other N-terminal valine adducts in Hb
Cadmium and other metals in blood
and urine
Acetaldehyde-DNA and protein adducts
F2-isoprostanes and oxidized proteins

Volatile organic carcinogens

x (Scherer et al., 1998)
x (Hecht, 2002; Lin et al., 2004;
Maestri et al., 2005; Melikian et al.,
2002; Tharnpoophasiam et al.,
2004)
x (IARC, 2004)

Carcinogen (ethylene oxide) uptake
Carcinogen uptake
Carcinogen uptake

x (Fennell et al., 2000)
x (Carmella et al., 2002)
In parta (IARC, 2004)

8-OxoG or 8-oxo-dG in DNA or urineb
Mercapturic acids of acrolein and
related compounds in urine
Benzo[a]pyrene diol epoxide-DNA
and Hb adducts
NNK and NNN-DNA and Hb adducts
Apurinic sites in DNA
32
P-postlabelling of DNA
Immunoassays for DNA damage
2. Cellular biomarkers
Urine mutagenicity
Sister chromatid exchange in
peripheral lymphocytes
Chromosomal aberrations and
micronuclei frequency in lymphocytes
HPRT mutant frequency in cultured
lymphocytes

Carcinogen uptake
Oxidative damage, inflammationc
Oxidative damage, inflammationc
Toxin uptake and metabolism
Carcinogen (BaP) uptake
and metabolic activation
Carcinogen (NNK/NNN) uptake
and metabolic activation
DNA damage
Carcinogen uptake and
metabolic activation
Carcinogen (mainly PAH) uptake
and metabolic activation

x (Joseph et al., 2005)

Change with
reduced use
x (Hecht, Murphy
et al., 2004)

x (IARC, 2004)

x (J. D. Morrow et al., 1995; Pignatelli
et al., 2001)
In part (Hecht, 2002; IARC, 2004)
In part (Hecht, 2002)
In part (Boysen & Hecht, 2003)
In part (IARC, 2004)
x (IARC, 2004; Kriek et al., 1998;
Phillips, 2002)
x (IARC, 2004; Kriek et al., 1998;
Phillips, 2002)

x (IARC, 2004; Kriek
et al., 1998; Phillips, 2002)
x (IARC, 2004; Kriek et al.,
1998; Phillips, 2002)

Mutagen uptake

x (IARC, 2004)

x (IARC, 2004)

x (IARC, 2004)

DNA damage

x (IARC, 2004)

x (IARC, 2004)

x (Barale et al., 1998)

DNA damage

In part (IARC, 2004)

Gene mutations

In part (IARC, 2004)

x (Benowitz
et al., 1986)

BIOMARKERS OF TOBACCO EXPOSURE & TOXICITY

Relation to tobacco product use

Inflammation
Others (see text)

Note. x, relation observed. a"in part", some studies support change in biomarkers by smoking status. bPublished values may be unreliable due to unrecognized artifact formation. cUncertainty exists
over whether the biomarker is a measurement of inflammation.

Effects on proteins
Effects on gene expression
Inflammationc
Proteome differences
Promoter methylation
Carcinoembryonic antigen

In part (Ohwada et al., 1995;
Stockley et al., 1986)

DNA damage
Comet assay-DNA strand breaks

No consistent effect (Moller
et al., 2000)

Preneoplastic changes
Bronchial metaplasia and dysplasia,
sputum atypia

In part (Khuri et al., 2001; Lam
et al., 1999; Lam et al., 2002;
Prindiville et al., 2003)

In part (Khuri et al., 2001;
Lam et al., 1999; Lee
et al., 1994; Prindiville
et al., 2003)

Dose response
with use
Change with cessation
Biomarker

Table 1. (Continued.)

Measurement of

Difference: users vs. nonusers

Relation to tobacco product use

Change with
reduced use
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available methods have high analytical specificity and
sensitivity (Byrd & Ogden, 2003; Carmella, Han,
Fristad, Yang, & Hecht, 2003). Differences between
tobacco users and nonusers, relatively rapid decreases
with cessation of tobacco use, dose-response relationships, and changes with reduced smoking are all
established features of the NNAL and NNAL-Glucs
biomarkers (Table 1). Hb adducts of aromatic amines
are well established biomarkers of their uptake and
metabolic activation (Castelao et al., 2001; Skipper &
Tannenbaum, 1990). One of these compounds, 4aminobiphenyl, is a known human bladder carcinogen
and a likely cause of bladder cancer in smokers (Hecht,
2003). Although aromatic amines are not specific to
cigarette smoke exposure, levels of 4-aminobiphenyl
and, in particular, 3-aminobiphenyl-Hb adducts are
considerably higher in smokers than in nonsmokers
(Castelao et al., 2001). Adduct levels decrease with
cessation and increase with cigarette consumption
(Table 1). Highly sensitive and specific analytic methods are available for quantitation of these adducts.
1-Hydroxypyrene in urine, a biomarker of uptake
of carcinogenic polycyclic aromatic hydrocarbons
(PAHs), has been widely used in studies of smokers
as well as in occupational studies (Jongeneelen,
2001). Considerable evidence indicates that PAHs
are important causes of lung cancer and cancers of
other tissues caused by cigarette smoking (Hecht,
2003). A drawback of this biomarker is its lack of
specificity to tobacco exposure. Levels of 1-hydroxypyrene in urine are two to three times higher in
smokers than in nonsmokers, with diet thought to
contribute significantly to the levels in nonsmoker
(Hecht, 2002). 1-Hydroxypyrene in urine also
decreases with smoking cessation (Hatsukami et al.,
2004). The benzene metabolite trans, trans-muconic
acid is a widely used uptake biomarker for benzene, a
known human leukemogen, and a quantitatively
significant constituent of cigarette smoke (Scherer,
Renner, & Meger, 1998). Like 1-hydroxypyrene, this
biomarker is often elevated in smokers but lacks
specificity to tobacco products (Scherer et al., 1998).
Effects of smoking cessation on levels of trans,
trans-muconic acid in urine have not been reported.
S-Phenylmercapturic acid (S-PMA) is another biomarker of benzene exposure, which is elevated in
smokers and appears to have higher specificity than
trans, trans-muconic acid (Hecht, 2002; Lin, Tyan,
Shih, Chang, & Liao, 2004; Maestri, Negri, Ferrari,
Ghittori, & Imbriani, 2005; Melikian et al., 2002;
Tharnpoophasiam, Kongtip, Wongwit, Fungladda,
& Kitayaporn, 2004). Hb adducts of the carcinogens
ethylene oxide, acrylamide, acrylonitrile, and of an
unknown ethylating agent are higher in smokers than
in nonsmokers but are not specific to tobacco use
(Bergmark, 1997; Carmella et al., 2002; Fennell et al.,
2000). Effects of smoking cessation have not been
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reported. Several of the other chemical biomarkers
listed in Table 1 similarly are elevated in smokers but
either lack specificity to tobacco use or have not been
developed fully enough to be considered as having
high priority for current use in product evaluation
studies.
Several entries deserve special comment. Hb
adducts of NNK and N9-nitrosonornicotine (NNN)
are tobacco specific and have the potential to
measure uptake plus metabolic activation of these
carcinogens. Robust and sensitive methods are
available for their quantitation, but their levels are
quite low and undetectable in many active smokers
(Atawodi et al., 1998; Falter, Kutzer, & Richter,
1994; Hecht, Carmella, & Murphy, 1994). This
creates practical problems when designing studies
for evaluation of tobacco products. Similar considerations apply to benzo[a]pyrene diol epoxide-Hb
and DNA adducts. Although these DNA adducts are
undoubtedly important in cancer induction by
tobacco products, they are difficult to detect even
with highly sensitive methods, and many active
smokers will not have detectable adduct levels
(Boysen & Hecht, 2003). 32P-Postlabelling and
immunoassays have been widely used to quantify
DNA adducts in smokers (International Agency for
Research on Cancer [IARC], 2004; Kriek, Rojas,
Alexandrov, & Bartsch, 1998; Phillips, 2002). These
methods are highly sensitive and require only small
amounts of DNA. Many studies have shown higher
adduct levels in smokers than in nonsmokers.
However, the methods have drawbacks. It is not
clear what is being measured in the 32P-postlabelling
assays other than unspecified DNA-reactive material. They may be DNA adducts of hydrophobic
compounds such as PAHs, but little definitive
evidence supports this possibility. There can also be
problems with quantitation, particularly with known
adduct standards being unavailable. Immunoassays
are sensitive and convenient, but problems exist with
quantitation and specificity to particular PAHs.
Among the cellular biomarkers, detection of
mutagens in urine with S. typhimurium strains has
been the most widely applied. Many studies have
demonstrated the dependency of urinary mutagenicity on cigarette smoking (IARC, 2004). Urinary
mutagenicity could be considered as a chemical
marker, because it is responding mainly to aromatic
amines and their metabolites, and related compounds, that originate in cigarette smoke. The
presence of these compounds in a smoker’s urine
causes a biological response in the test system, S.
typhimurium, thus indicating their potential for DNA
damage, but it is not clear that the damage also
occurs in the smoker’s bladder epithelium. A confounding factor in this assay that affects its specificity
is diet, which can also affect urinary mutagenicity.

Sister chromatid exchanges in peripheral lymphocytes are consistently elevated in smokers (IARC,
2004). This assay therefore provides a reasonably
reliable measure of DNA damage in smokers and
may be quite useful in studies of tobacco product
effects. A limitation is that it is not clear which
compounds in cigarette smoke cause sister chromatid
exchanges. Data from other biological assays of
genetic effects such as chromosomal aberrations,
micronuclei, hypoxanthine guanine phosphoribosyl
transferase (HPRT) mutations, and the Comet assay
are much less consistent with respect to the effects of
smoking (IARC, 2004; Moller, Knudsen, Loft, &
Wallin, 2000).
Direct measurement of changes in the lungs of
smokers, using modern bronchoscopy and sputum
analysis techniques, may be the best approach to
evaluating effects of tobacco products on lung cancer
given that pulmonary metaplasia and dysplasia of the
airway epithelium are known to be precursor lesions
(Khuri et al., 2001; Lam et al., 1999, 2002; Lee et al.,
1994; Prindiville et al., 2003). However, these
methods are still invasive and somewhat subjective
and will present significant problems with respect to
participant recruitment.
In summary, NNAL and NNAL-Glucs in urine,
aromatic amine-Hb adducts, urinary mutagenicity,
and sister chromatid exchanges are presently the
most practical biomarkers for use in studies evaluating new tobacco products. However, although the
relationship of these biomarkers to cancer risk is
highly plausible, in no case has it been demonstrated.
Furthermore, even though measures of exposure to
individual carcinogens or the presence of DNA
adducts are useful tools for research, a difference in
a single measure is not predictive of a difference in
individual or population disease risk. To date, we
have no comprehensive set of biomarkers of carcinogen exposure or biological effects as a predictive
measure of the total carcinogenicity related to
exposure to tobacco or tobacco smoke.

Nonmalignant pulmonary disease biomarkers
Cigarette smoking is associated with an increased
incidence and severity of several nonmalignant lung
diseases. These conditions have complex etiologies,
and for the most part they occur in nonsmokers as
well as smokers, although with reduced frequency
and severity in nonsmokers. Available evidence does
not permit a definitive overall pathogenesis of
cigarette smoke-induced lung disease, but most of
these tobacco-related diseases, such as chronic
obstructive pulmonary disease (COPD), respiratory
bronchiolitis, and pneumococcal infection, share
features of increased inflammation or altered
immune response. The relationship of smoking to
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these disorders, therefore, has often been suggested
to depend on the ability of cigarette smoke to initiate
or amplify an inflammatory or immune response.
Because of the complex pathophysiology of the
various diseases, a large number of biomarkers have
been explored. These biomarkers fall into several
large categories: Measures of inflammation, alterations in tissue structure, and physiological alterations. No biomarkers have been established as
specific for cigarette smoke-induced nonmalignant
lung disease. Moreover, no markers have been
validated as surrogate measures that can predict
disease progression or response for any of the
diseases related to smoking, with the exception of
rate of progression of lung function decline, which is
a marker for COPD risk. Finally, few of the markers
have been studied specifically as they relate to
smoking, smoking cessation, or harm reduction.
With this limited scientific literature in mind,
Table 2 includes chemical and cellular as well as
functional and directly observed biomarkers that
have been reported to be altered in smokers versus
nonsmokers. They are grouped, for convenience, by
analytic method. Endobronchial biopsy is becoming
an increasingly important means to assess the
airways in patients with asthma and COPD
(Hattotuwa, Gamble, O’Shaughnessy, Jeffery, &
Barnes, 2002; Jeffery, Holgate, & Wenzel, 2003;
Kavuru, Dweik, & Thomassen, 1999; Tashkin,
2002). Histological assessments, however, have
been relatively limited in normal healthy smokers,
and the many potential histological markers,
which may eventually prove useful as biomarkers
relevant for harm reduction, are not specifically
included in Table 2 owing to the current lack
of data.
The least invasive method to assess biomarkers in
the lung is the analysis of exhaled breath. This is the
most recently developed method, as obtaining
samples free of oral contamination was difficult
prior to the advent of specialized equipment. The
technique is now readily applied and studies are
being performed in a number of settings (Kharitonov
& Barnes, 2001, 2002). Although a number of
biomarkers have been reported to be increased in
the exhaled breath condensate of smokers
(Table 2.1), none are well validated. In addition,
controversy exists about the most appropriate
method to express data obtained from exhaled breath
condensate (Effros et al., 2002).
Sputum analysis is only slightly more invasive than
exhaled breath condensate collection. The samples,
however, can be difficult to obtain and must be
processed rigorously to yield suitable results.
Analysis of inflammatory markers has been performed in sputum, either produced spontaneously or
following induction with hypertonic saline (Fahy,
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Liu, Wong, & Boushey, 1993; Hargreave, 1999).
Induced sputum analysis has also been applied to
smokers, and one study specifically analyzed sputum
specimens in ex-smokers (Hill, Bayley, Campbell,
Hill, & Stockley, 2000) and another study following
smoking cessation (Swan et al., 1992). Most readily
assessed in sputum are cell numbers and differential
counts. These studies have consistently demonstrated
increased numbers of neutrophils and, in sufficiently
large studies, increased eosinophils. Analyses of
cytokines in the sputum and of specific measures of
cellular activity have been performed, but these
studies require specialized methods and some controversy exists about the best method to process
specimens.
The nonsputum method with the longest experience for sampling the lung is bronchoalveolar lavage
(BAL; Klech & Pohl, 1989; Linder & Rennard, 1988;
Reynolds, 1987). Though invasive and relatively
expensive, the procedure is reasonably well tolerated.
It has been used to study most of the lung diseases
associated with smoking. Much of the current
understanding of the pathophysiology of these
diseases derives, at least in part, from BAL studies.
Any of the measures made as part of these studies
could be a biomarker of biological response and
potentially of injury related to smoking. BAL also
has been used to assess changes following smoking
cessation and with smoking reduction (Table 2.1).
The most reliable biomarker of smoke exposure is an
increase in the number of alveolar macrophages
recovered. These cells are characteristically filled
with pigment thought to be derived from the smoke
and from the cellular debris caused by smokeinduced injury. The increased recovery of BAL
macrophages corresponds well to the increased
macrophages present in histological studies
(Niewoehner, Kleinerman, & Rice, 1974).
Decreased recovery of macrophages has been
reported within a month of cessation (Skold, Hed,
& Eklund, 1992). The pigment-laden macrophages
persist after cessation for a much longer time (Agius,
Rutman, Knight, & Cole, 1986; Skold, Hed et al.,
1992). This persistence is thought to result from
recycling of the pigmented material within the lung
(Marques, Teschler, Guzman, & Costabel, 1997;
Skold, Eklund, Hed, & Hernbrand, 1992). The total
number of neutrophils also is reported to be
increased in the lungs of smokers. However, the
number of neutrophils increases less than the number
of macrophages. As a result, in the lungs, the
neutrophil percentage may decrease when expressed
as a differential count. A large variety of cytokines
and mediators have been assessed in BAL fluid. The
application of proteomic and genomic methodology
to specimens obtained from the lower respiratory
tract by bronchoscopy or collection of sputum
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Table 2. Nonmalignant lung disease biomarkers.

Biomarker
1. Chemical and cellular biomarkers
Exhaled breath
Hydrogen peroxide
Heptanal
Hexanal
Interleukin-1
Interleukin-6
Isoprostanes
Leukotriene B4
Malondialdehyde
Neutrophil chemotactic activity
Nitric oxide
Nitrite
Nitrate
Nitrite + nitrate
Nitrotyrosine
Nonanal
S-Nitrosothiols
Thiobarbituric acid reactive material
Tumor necrosis factor alpha
Total protein
(Induced) sputum
Neutrophils

Measurement of

x
x
x
x
x

Oxidative stress
Inflammatory cell activation
Oxidative stress
Inflammation
Inflammation

x
x
x
x
x

(D. Nowak et al., 2001)
(Corradi, Rubinstein et al., 2003)
(Corradi, Rubinstein et al., 2003)
(Garey et al., 2004)
(Bucchioni et al., 2003; Carpagnano
et al., 2003)
(Montuschi et al., 2000)
(Carpagnano et al., 2003)
(Corradi, Rubinstein et al., 2003)
(Garey et al., 2004)
(Robbins et al., 1997)

Oxidative stress/ inflammation
Oxidative stress
Oxidative stress
Oxidative stress/ inflammation
Oxidative stress
Oxidative stress
Oxidative stress
Inflammatory cell activation
Capillary/epithelial leak

x
x
x
x
x
x
x
x
x

(Balint et al., 2001; Garey et al., 2004)
(Corradi, Pesci et al., 2003)
(Balint et al., 2001)
(Balint et al., 2001)
(Corradi, Rubinstein et al., 2003)
(Balint et al., 2001)
(D. Nowak et al., 2001)
(Garey et al., 2004)
(Garey et al., 2004)

Inflammation

x (Chalmers et al., 2001; Traves
et al., 2002)
x (Chalmers et al., 2001; Dippolito
et al., 2001; Petays et al., 2003)
x (Yamamoto et al., 2003)
x (Chalmers et al., 2001; Keatings
et al., 1996)

x (Swan et al., 1992)

Inflammation

x (Reynolds, 1987)

x (Skold, Hed et al., 1992)

Inflammation
Inflammatory cell activation
Inflammatory cell activation

x (Reynolds, 1987)

Inflammation

Eotaxin
Interleukin-8

Inflammatory cell activation
Inflammatory cell activation

Neutrophils
Cytokines
Elastase
Proteins
Goblet cell metaplasiad
2. Functional biomarkers
Spirometry
[99m]Tc DTPA clearance

Change with cessation

Inflammationa
Oxidant
Oxidative stress
Oxidative stress
Inflammatory cell activation
Inflammatory cell activation

Eosinophils

Bronchoalveolar lavage (BAL)b
Macrophages

Difference: users vs. nonusers

Altered tissue structure
Airflowe
Permeability

Change with
reduced use

x (Hogman et al., 2002;
Robbins et al., 1997)

x (Hill et al., 2000)

x (Rennard et al., 1990)
x (Mio et al., 1997)
x (Roth et al., 1998; Spurzem
et al., 1991)
x (Kennedy et al., 1984)

Dose response
with use

x (Rennard et al., 1990,
1994, 2002c)
x (Rennard et al., 2002c)
x (Rennard et al., 1990)
x (Rennard et al., 2002c)

x (Anthonisen et al., 1994)
x (Minty et al., 1981)

BIOMARKERS OF TOBACCO EXPOSURE & TOXICITY

Relation to tobacco product use

Note. x, relation observed. aWhile primarily relevant for COPD, these markers are also relevant for interstitial lung disease, asthma, and the like. bA large number of parameters have been measured in
BAL fluid. The ones listed here have been selectively studied in smokers. Many have been studied in smokers in comparison to nonsmokers in studies of specific diseases. No difference was often
found, but the limited size of most of the studies precludes definitive conclusion. cChanges associated with PREP use. dGoblet cells have been assessed in both BAL specimens and in endobronchial
biopsy specimens. eThis is the defining progressive feature of COPD. Improvement following cessation has been demonstrated, but only in patients with COPD.

x (Thompson et al., 1989, 1993)
Inflammation
3. Directly observed biomarkers
Visual inspection of airways

Mucociliary clearance

Mucus secretion and cilia beating x (Isawa et al., 1984; Pavia
et al., 1971)

Change with cessation
Biomarker

Table 2. (Continued.)

Measurement of

Difference: users vs. nonusers

Relation to tobacco product use

Dose response
with use

Change with
reduced use

x (Rennard et al., 1990,
1994, 2002c)
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promises to define hundreds of potential biomarkers,
but it will be a challenge to demonstrate their
specificity.
As noted above, the cellular and chemical biomarkers assessed in the lung are believed to relate to
disease pathogenesis. Most reflect inflammation, as a
measure of inflammatory cells, their mediators, or
the factors that lead to their recruitment and
activation. Because these processes are not specific
to cigarette smoke-induced disease, it seems unlikely
that any of these markers will be specific to the
effects from smoking. By contrast, high levels and
patterns of biomarkers seen in smokers may lead to
indices with greater specificity.
Biomarkers in addition to chemical and cellular
ones also are relevant for nonmalignant lung disease.
Physiological measures have been used (Table 2.2
and 2.3). Measures of airflow are well established.
Progressive loss of lung function is the defining
feature of COPD (NHLB/WHO Workshop Panel,
2003). Improvement in lung function following
smoking cessation has been reported, but a large
number of subjects were required because of the
variance in the airflow measure (Anthonisen et al.,
1994). Smoking also is associated with an increase in
airway permeability that normalizes rapidly following smoking cessation (Minty, Jordan, & Jones,
1981). Mucociliary clearance is abnormal in smokers
(Isawa, Teshima, Hirano, Ebina, & Konno, 1984;
Pavia, Thomson, & Pocock, 1971). Other physiological or adaptive lung responses could be explored as
biomarkers of cigarette smoke effect.
Imaging methods may also be used to assess
biomarkers. Inflammation visualized at the time of
bronchoscopy has been used in a variety of studies
and has been applied to harm reduction (Thompson
et al., 1993). Routine chest radiography is not
sensitive enough to detect the abnormalities caused
by smoking until they become severe. Thus routine
chest radiography is not of much utility to gauge the
effect of smoking and is unlikely to be helpful to
assess harm reduction. More recent imaging modalities, such as computed tomography (CT) scanning
or hyperpolarized gas imaging, show promise for
emphysema and assessment of airways; however,
their utility in any setting remains to be determined.

Cardiovascular disease biomarkers
Cigarette smoking accelerates atherosclerosis, producing premature atherosclerosis in coronary arteries,
the aorta, the carotid and cerebral arteries, and the
large arteries in the peripheral circulation (Burns,
2003). Smoking is also associated with an increased
risk of acute cardiovascular events, including
acute myocardial infarction, sudden death, and
stroke (Burns, 2003). Other effects include aggrava-
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tion of angina pectoris, intermittent claudication and
vasospastic angina, rethrombosis after thrombolysis,
and restenosis after coronary bypass surgery or
angioplasty (Burns, 2003).
Biomarkers for cardiovascular disease risk can be
divided into three categories: (a) Constituents of
cigarette smoke that contribute to cardiovascular
disease; (b) physiological changes that involve
potential mechanisms of cardiovascular disease; and
(c) biomarkers of cardiovascular dysfunction and
disease. Table 3 shows the biomarkers for potential
risk for cardiovascular disease. Although cigarette
smoking has been shown to alter a number of
cardiovascular biomarkers, as evidenced by comparisons of smokers versus nonsmokers versus exsmokers, far fewer studies have prospectively
examined the reversal of such changes after smoking
cessation. More important, no data are available on
how changes in smoking-related biomarkers predict
future disease risk.
Three constituents of cigarette smoke have
received the greatest attention as potential contributors to cardiovascular disease. These are carbon
monoxide (measured as exhaled carbon monoxide or
blood carboxyhemoglobin), nicotine/cotinine, and
oxidant chemicals (Benowitz, 2003). These constituents are widely used as biomarkers of tobacco or
tobacco smoke exposures generally; anatabine and
anabasine also would fit in this category (Jacob et al.,
2002). We are aware of no direct measures of
concentrations of oxidizing chemicals in the body,
although there are a number of measurements of
biological consequences of exposure to oxidizing
chemicals, as discussed below. A lesser body of
research suggests that PAHs and other constituents
of tobacco smoke may contribute to atherogenesis
(Benowitz, 2003). Urine concentrations of PAHs,
particularly 1-hydroxypyrene, can be measured in
smokers (Table 1).
A number of physiological changes involving
potential mechanisms of smoking-induced cardiovascular disease have been observed in cigarette smokers
compared with nonsmokers. Some of these changes
are associated with specific smoke constituents, such
as oxidant chemicals, and others are associated with
specific cardiovascular disease pathways. The main
mechanisms currently believed to be involved include
oxidative stress (Burke & Fitzgerald, 2003), hemodynamic effects (Czernin & Waldherr, 2003),
endothelial damage or dysfunction or both
(Puranik & Celermajer, 2003), enhanced thrombosis
(Benowitz, 2003), inflammation (Benowitz, 2003),
insulin resistance (Eliasson, 2003), and adverse
effects on lipids (Benowitz, 2003).
Cigarette smoke exposes an individual to high
concentrations of potentially oxidizing chemicals.
Cigarette smoking increases levels of lipid peroxida-

tion products, such as F2 isoprostanes, in the plasma
and urine. Other markers of oxidative stress include
higher plasma levels of oxidized low-density lipoprotein (LDL) and oxidized fibrinogen, as well as higher
levels of thiobarbituric acid reactive substances in the
urine. As a reflection of oxidative stress, plasma
levels of antioxidant vitamins such as vitamin E,
vitamin C, and beta-carotene are reduced (Burke &
Fitzgerald, 2003).
Hemodynamic effects of cigarette smoking may be
observed while an individual is smoking. These
effects include elevations in heart rate, blood
pressure, and cardiac output. Coronary blood flow,
as assessed by coronary perfusion studies, may
increase or decrease, depending on underlying
atherosclerosis and endothelial function (Czernin &
Waldherr, 2003).
A number of biomarkers have been proposed to
measure endothelial dysfunction, and many of these
biomarkers are affected by cigarette smoking. The
most widely used functional study is flow-mediated
dilation (Puranik & Celermajer, 2003). This test
involves the measurement of brachial artery diameter
in response to changes in forearm blood flow. The
brachial artery is imaged using Doppler ultrasound
techniques before and after release of a blood
pressure cuff that is inflated over the forearm to
occlude arterial blood flow. With the release of the
cuff, the increase in blood flow triggers an increase in
brachial artery diameter that is mediated by the
release of nitric oxide and prostacyclin by endothelial
cells. Many researchers have shown impairment of
flow-mediated dilation in populations of active and
passive smokers, although considerable overlap
exists with estimates of these parameters obtained
in nonsmokers. Other potential markers of endothelial dysfunction can be measured in the blood,
including asymmetric dimethylarginine (ADMA),
Von Willebrand factor, tissue plasminogen activator
(t-PA), E-selectin, and P-selectin, as well as prostacyclin metabolites in the urine (Cooke, 2000). The
selectins are adhesion molecules that are released
both by endothelial cells and by platelets (Ley, 2003).
Markers of a hypercoagulable state include
increased urine concentrations of thromboxane A2
metabolites. Thromboxane A2 is released when
platelets aggregate in vivo, and its metabolites in
urine represent a useful noninvasive measure of point
of activation (J. Nowak, Murray, Oates, &
FitzGerald, 1987). Other relevant biomarkers of a
hypercoagulable state include fibrinogen, red blood
cell mass, blood viscosity, t-PA, plasminogen activator inhibitor (PAI-1), homocysteine, and P-selectin
(Benowitz, 2003).
A number of biomarkers are used to assess
inflammatory states (Pearson et al., 2003). These
biomarkers include total leukocyte and neutrophil

Table 3. Cardiovascular disease biomarkers.
Relation to tobacco product use

Biomarker

Measurement of

Difference: users vs. nonusers

Change with cessation

Dose response with use

Change with
reduced use

1. Chemical biomarkers
x (SRNT Subcommittee on
Biochemical Verification, 2002)
x (SRNT Subcommittee on
Biochemical Verification, 2002)

x (SRNT Subcommittee on Biochemical
Verification, 2002)
x (SRNT Subcommittee on Biochemical
Verification, 2002)

Oxidative stress
Oxidative stress

x (J. D. Morrow et al., 1995)

x (Pilz et al., 2000)

Oxidative stress
Hemodynamic effects
Hemodynamic effects
Hemodynamic effects

x
x
x
x

x (Benowitz et al., 1984)
x (Benowitz et al., 2002)
–

Endothelial function

x (Czernin & Waldherr, 2003)

x (Czernin & Waldherr, 2003)

Endothelial function

x (Kondo et al., 2004)

x (Kondo et al., 2004)

Endothelial function
Endothelial function
Endothelial function
Hypercoagulable state

x
x
x
x

(Blann et al., 1997)
(Bazzano et al., 2003)
(Bazzano et al., 2003)
(J. Nowak et al., 1987)

x
x
x
x

Hypercoagulable
Hypercoagulable
Hypercoagulable
Hypercoagulable
Inflammation
Inflammation
Inflammation
Inflammation

x
x
x
x
x
x
x
x

(Bazzano et al., 2003)
(Blann et al., 1997)
(Bazzano et al., 2003)
(Simpson et al., 1997)
(Jensen et al., 1998)
(Bazzano et al., 2003)
(Bermudez et al., 2002)
(Scott et al., 2000)

x (Bazzano et al., 2003)
x (Blann et al., 1997)
x (Bazzano et al., 2003)

x
x
x
x
x
x
x

(Sargeant et al., 2001)
(Zavaroni et al., 1994)
(Eliasson et al., 1997)
(Stubbe et al., 1982)
(Panagiotakos et al., 2004)
(Axelsen et al., 1995)
(Wallenfeldt et al., 2001)

Carbon monoxide

Potential chemical toxins

Nicotine/cotinine

Potential chemical toxins

2. Biomarkers of smoking effects
Urine F2- isoprostanes
Thiobarbituric acid reactive
substances
Serum levels of vitamin C
Heart rate
Blood pressure
Nuclear coronary
perfusion studies
Flow-mediated dilation

state
state
state
state

Insulin resistance
Insulin resistance
Insulin resistance
Lipid marker
Oxidative stress/lipid marker
Lipid marker
Atherosclerosis

Note. x, relation observed. HDL, high-density lipoprotein; LDL, low-density lipoprotein.

x
x
x
x

x (Hecht, Murphy
et al., 2004)
x (Benowitz
et al., 1983)

–

x (Mahmarian
et al., 1997)

x (Czernin & Waldherr,
2003)
x (Kondo et al., 2004)

(Blann et al., 1997)
(Bazzano et al., 2003)
(Bazzano et al., 2003)
(Saareks et al., 2001)

(Jensen et al., 1998)
(Bazzano et al., 2003)
(Bermudez et al., 2002)
(Scott et al., 2000)

x (Eliasson et al., 1997)
x (Stubbe et al., 1982)
x (Panagiotakos et al., 2004)

x (Bazzano et al., 2003)
x (Bazzano et al., 2003)
x (Jensen et al., 1998)
x (Bazzano et al., 2003)
x (Scott et al., 2000)

x (Eliasson et al., 1997)
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Circulating endothelial
precursor cells
von Willebrand factor
P-selectin
E-selectin
Urine thrombaxane
A2-metabolite
Fibrinogen
Red blood cell mass
Homocysteine
Tissue plasminogen activator
White blood cell count
C-reactive protein
Interleukin-6
Soluble intracellular adhesion
molecule-1 (sICAM-1)
Hemoglobin A1C
Insulin/glucose ratio
Glucose-clamping studies
HDL cholesterol
Oxidized LDL cholesterol
Serum triglycerides
Carotid and femoral artery
intima-media thickness

(Lykkesfeldt et al., 2000)
(Benowitz et al., 1984)
(Benowitz et al., 2002)
(Czernin & Waldherr, 2003)

x (Benowitz & Jacob,
1984)
x (Benowitz & Jacob,
1984)
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counts, C-reactive protein, fibrinogen, and
interleukin-6. In addition, a number of cell surface
adhesion molecules are increased in inflammatory
states, including soluble intracellular adhesion
molecule (sICAM), soluble vascular cell adhesion
molecule (sVCAM-1), and monocyte chemoattractant
protein-1 (MCP-1).
A number of markers are useful to assess insulin
resistance (Eliasson, 2003). Fasting and 2-hr postprandial plasma glucose may be elevated in the
presence of insulin resistance. Hemoglobin A1C
levels, reflecting plasma glucose throughout the
day, would be expected to be elevated if hyperglycemia is present. The ratio of insulin to glucose after
glucose load is useful as an index of insulin
sensitivity. The most definitive studies are glucoseclamping studies, in which insulin levels are measured when a constant concentration of glucose is
present or vice versa.
Several standard markers assess lipid levels, which
may be altered in cigarette smokers. These include
high-density lipoprotein (HDL) cholesterol, LDL
cholesterol, total cholesterol/HDL ratio, and serum
triglycerides (Table 3).
Functional studies are useful in assessing the
presence of cardiovascular dysfunction or disease.
These assessments include nuclear coronary perfusion studies, without and with exercise. Such studies
indicate that cigarette smoking reduces cardiac
perfusion in patients with coronary disease (Czernin
& Waldherr, 2003). Endothelial function reserve can
be assessed by studying flow-mediated dilation, as
described previously. An assessment of vascular
disease can be achieved by measuring carotid and
femoral artery intima-media thickness (de Groot
et al., 2004) by ultrasonography, which provides a
direct measurement of early atherosclerotic changes
of blood vessels.
We have mentioned a number of cardiovascular
biomarkers that might be used to assess effects of
cigarette smoking and that are expected to increase
the risk of cardiovascular disease. Many biomarkers
are not reflective of causal pathways related to the
development of cardiovascular disease but rather
reflect pathophysiological effects of cigarette smoke
constituents. Another problem is that many biomarkers are influenced by processes and risk factors
independent of cigarette smoking. Many of the same
abnormalities produced by smoking also are produced by diabetes, hypercholesterolemia, and hypertension. Thus it is unclear which biomarkers are most
specific to cigarette smoking. Also unclear is which
biomarkers best predict the risk of cardiovascular
diseases
attributable
to
cigarette
smoke.
Additionally, with a given biomarker profile, marked
differences exist in individual susceptibility to cardiovascular disease.

Improved biomarkers for cardiovascular disease
could potentially be developed using advances in
high throughput genomics and by examining the
relationships of gene polymorphisms or alterations in
protein expression or activity to smoking-induced
disease (Zhang, Day, & Ye, 2001). Emerging
genomic and proteomic technologies may cast light
on the signaling pathways activated by smoking and
constituents of smoke that culminate in cardiovascular dysfunction. Such approaches may contribute
to our understanding of interindividual differences in
susceptibility to cardiovascular complications of
smoking.
A number of studies of clinical genetics have
examined differences in susceptibility to smokinginduced cardiovascular disease as a function of
different genetic variants (Wang, Raveendran, &
Wang, 2003). Such studies, combined with genomic
and proteomic approaches, may provide both
mechanistic information on pathogenesis and—
in combination with other biomarkers—better
prediction of cardiovascular risk in smokers.

Prenatal tobacco exposure and fetal toxicity
biomarkers
Cigarette smoking adversely affects many aspects of
reproduction including an increased risk of delayed
conception and infertility, ectopic pregnancy, spontaneous abortion, preterm premature rupture of
membranes, placental complications, premature
delivery, low-birth-weight infants, abnormalities in
fetal lung development, stillbirth, and neonatal and
perinatal mortality (Stratton et al., 2001; U.S.
Department of Health & Human Services
[USDHHS], 2001). Moreover, prenatal tobacco
exposure is associated with an increased risk of
sudden infant death syndrome (Milerad, Vege,
Opdal, & Rognum, 1998), childhood cognitive and
behavioral abnormalities (Fried & Watkinson, 1988,
2001; Linnet et al., 2003), childhood asthma
(Stratton et al., 2001), nicotine dependence in the
offspring (Kandel, Wu, & Davies, 1994), and
childhood obesity (Ong, Preece, Emmett, Ahmed,
& Dunger, 2002; Wideroe, Vik, Jacobsen, &
Bakketeig, 2003). Some evidence indicates that
prenatal tobacco exposure increases the risk of
childhood cancers, but the results are not consistent
(Bofetta, Tredaniel, & Greco, 2000).
Smoking may cause fetal toxicity by direct toxic
effects of a number of chemicals, fetal hypoxia,
inappropriately timed and excessive stimulation of
nicotinic receptors, oxidative stress, DNA damage,
inflammation, alterations in endothelial function,
hemodynamic effects or reduced placental blood
flow, placental alterations and function, or hormonal
changes. A detailed review of the mechanisms by
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which smoking causes fetal harm can be found
elsewhere (Dempsey & Benowitz, 2001). This section
addresses biomarkers of fetal toxicity exclusively
from prenatal exposure via maternal smoking. Three
categories of outcomes that show the most promise
as biomarkers for fetal toxicity that may be sensitive
to tobacco reduction include birth weight, lung
function, and neurotoxicity in the offspring
(Table 4.1). Other biomarkers potentially associated
with these outcomes are listed in Table 4.2.

Birth weight
Many studies show a dose-response relationship
between measures of tobacco exposure and infant
birth weight (USDHHS, 2001; Walsh, 1994). The
average weight difference in the offspring of smokers
compared with nonsmokers is about 250 g
(USDHHS, 2001). Maternal smoking doubles the
risk of delivering a low-birth-weight infant (i.e.,
,2,500 g; Li, Windsor, Perkins, Goldenberg, &
Lowe, 1993; Sexton & Hebel, 1984; USDHHS,
2001; Walsh, 1994). Moreover, evidence indicates
that smoking reduction improves birth weight. A
60 mg/ml reduction in maternal cotinine levels during
pregnancy results in a 92-g increase in birth weight
(Sexton & Hebel, 1984). A reduction in nine
cigarettes smoked per day or more than 8 ppm
exhaled carbon monoxide is associated with a 100-g
increase in birth weight (Li et al., 1993). However,
numerous confounders may influence the association
between smoking and birth weight (Walsh, 1994).
Moreover, the association between maternal smoking and birth weight may not be linear, and large
reductions in exposure may be necessary to produce
measurable effects on birth weight.
Although birth weight or birth weight corrected
for gestational age are the best indicators of fetal
growth, maternal smoking also has measurable
effects on crown-heel length, abdominal circumference, and head circumference (Cliver et al., 1995;
Goldenberg et al., 1993; Wang, Tager, Van Vunakis,
Speizer, & Hanrahan, 1997). Fetal growth can be
assessed by serial ultrasound measurements,
although the effects of smoking on growth are not
detected by this method until late in the third
trimester (Goldenberg et al., 1993). One disadvantage of using birth weight or ultrasound
measurements as biomarkers of fetal growth is
that they reflect tobacco exposure primarily in the
latter half of pregnancy. Quitting smoking at
16 weeks’ (MacArthur & Knox, 1988) and even as
late as 30 weeks’ gestation produces offspring of
similar weight compared with the offspring of
nonsmokers (Ahlsten, Cnattingius, & Lindmark,
1993).
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Several mechanisms may lead to cigarette-related
reduced birth weight and may serve as biomarkers
associated with low weight. These biomarkers
are indicators of the extent of oxygen transport,
vasoconstriction, oxidative stress, endothelial dysfunction, blood flow, and nutrient exchange.
However, no single biomarker may be sufficiently
predictive of low birth weight.
Carbon monoxide in cigarette smoke binds to fetal
hemoglobin and reduces the availability of oxygen to
the fetus (Harrison & Robinson, 1981; SeckerWalker, Vacek, Flynn, & Mead, 1997a, 1997b),
which could adversely affect fetal growth. Indeed,
animal studies show that pregnant rats exposed to
carbon monoxide have measurable reductions in fetal
growth (Lynch & Bruce, 1989). Nicotine could
theoretically affect fetal growth through vasoconstrictive effects on the placenta or through direct
toxic effects, although an effect of nicotine on fetal
growth has not been demonstrated in human
research (Oncken et al., 1996; Wisborg, Henricksen,
Jespersen, & Secher, 2000). Nicotine as well as
oxidant gases also could impair endothelial function
(Ahlsten, Ewald, & Tuvemo, 1986). Alterations in
endothelial function (i.e., reduced cellular fibronectin
and increased intracellular adhesion molecule) have
been demonstrated in pregnant smokers (Lain,
Wilson, Crombleholme, Ness, & Roberts, 2003).
Endothelial dysfunction in the placental circulation
affects release of vasodilating compounds such as
prostacyclin (PGI2) and nitric oxide, which are
important in regulating the placental blood flow
necessary for oxygen and nutrient exchange
(Obwegeser, Oguogho, Ulm, Berghammer, &
Sinzinger, 1999). Reduced release of prostacyclin
(Ahlsten et al., 1986; Dadak, Kefalides, Sinzinger, &
Weber, 1982; Obwegeser et al., 1999; Ulm,
Plockinger, Pirich, Gryglewski, & Sinzinger, 1995)
and nitric oxide (Obwegeser et al., 1999; Ozerol,
Ozerol, Gokdeniz, Temel, & Akyol, 2004; Ulm et al.,
1995) have been observed in umbilical cord blood in
smokers versus nonsmokers.
Although smoking is commonly theorized to
reduce uteroplacental blood flow, Doppler studies
have demonstrated conflicting results (Bruner &
Forouzan, 1991; Castro, Allen, Ogunyemi, Roll, &
Platt, 1993; Lindblad, Marsal, & Andersson, 1988;
R. J. Morrow, Ritchie, & Bull, 1988; Oncken et al.,
1996), which may be related to the limitation of the
measure (Castro et al., 1993). Radionucleotide
studies, however, suggest that placental perfusion is
decreased in smokers versus nonsmokers (Philipp,
Pateisky, & Endler, 1984). Placental pathology
studies also suggest hypoperfusion of the placenta
from the maternal circulation (Naeye, 1978).
Other hemodynamic effects occur with smoking
cessation; however, whether they influence fetal

612

Table 4. Prenatal tobacco exposure and fetal toxicity biomarkers.

Biomarker
1. Directly observed biomarkers
Birth weight
Pulmonary function tests
Auditory habituation/orientation
in offspring
Neurocognitive impairments
in offspring
2. Chemical and cellular biomarkers
Maternal exhaled carbon
monoxide
Maternal carboxyhemoglobin,
carboxyhemoglobin in cord blood
Increased fetal hemoglobin levels
NNAL in amniotic fluid, and
NNAL and NNAL-Glucs in infant
urine after delivery
PAH DNA adducts in white
blood cells
4-Aminobiphenyl Hb adducts
(umbilical vein)
Maternal cotinine (urine,
saliva, plasma)
Cotinine in meconium
Nicotine and cotinine in infant
hair after delivery
F2 isoprostanes in cord blood
Amniotic fluid and plasma
vitamin C
Thiocyanate in maternal saliva
and in maternal/umbilical cord blood
Cadmium in placenta and
maternal and cord blood
Maternal: intracellular adhesion
molecule 1 (ICAM)
cFN (cellular fibronectin)
Fetal: prostacyclin, L-arginine,
L-citrulline in umbilical arteries
and veins
Total serum nitrite
Placental pathology

Measurement of

Difference: users vs. nonusers

Change with cessation

Outcome: fetal growth

x (USDHHS, 2001; Walsh, 1994)

Outcome: lung function
Outcome: neurotoxicity
Outcome: neurotoxicity

x (Gilliland et al., 2003)
x (Fried & Makin, 1987; Picone
et al., 1982; Saxton, 1978)
x (Fried & Watkinson, 2001; Fried
x (Sexton et al., 1990)
et al., 1998; Fried et al., 1997;
McCartney et al., 1994; Naeye &
Peters, 1984)

Potential chemical toxin

x (Christensen et al., 2004)

Potential chemical toxin

x (Harrison & Robinson, 1981)

x (Li et al., 1993;
x (USDHHS, 2001;
Sexton & Hebel, 1984)
Walsh, 1994)
x (Stick et al., 1996)

x (Secker-Walker et al.,
1997a, 1997b)

Carboxyhemoglobin exposure x (Naeye & Peters, 1984)
Carcinogen (NNK) uptake

x (Lackmann et al., 1999; Milunsky
et al., 2000)

Carcinogen uptake and
metabolic activation
Carcinogen uptake and
metabolic activation
Potential chemical toxin

x (Perera et al., 1999)

Potential chemical toxin
Potential chemical toxin
Oxidative stress
Oxidative stress
Hydrogen cyanide uptake
Metal uptake
Endothelial function
Endothelial function
Endothelial function
Endothelial function
Tissue biomarkers

x (Coghlin et al., 1991; Myers
et al., 1996)
x (Oncken et al., 2003)

x (Li et al., 1993)

x (Derauf et al., 2003; Ostrea
et al., 1994)
x (Eliopoulos et al., 1994)
x (Obwegeser et al., 1999)
x (Barrett et al., 1991; Cogswell
et al., 2003a)
x (McMahon et al., 1997)
x (Falcon et al., 2002; Larsen
et al., 2002; Piasek et al., 2001)
x (Lain et al., 2003)
x (Lain et al., 2003)
x (Ahlsten et al., 1986; Dadak
et al., 1982; Obwegeser et al.,
1999; Ulm et al., 1995)
x (Ozerol et al., 2004)
x (Naeye, 1978)

Dose response

Change with reduced use
x (Li et al., 1993; Secker-Walker
et al., 1997b)

x (Fried et al., 1997,
1998)

x (Secker-Walker
x (Secker-Walker et al.,
et al., 1997a, 1997b)
1997a, 1997b)
x (Harrison & Robinson,
1981)
x (Naeye & Peters,
1984)

x (Coghlin et al., 1991;
Myers et al., 1996)
x (Wang et al., 1997)
x (Ostrea et al., 1994)

x (Sexton & Hebel, 1984) x (McMahon
et al., 1997)
x (Larsen et al., 2002)
x (Lain et al., 2003)

x (Naeye, 1978)

x (Li et al., 1993)
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Relation to tobacco product use

Dose response

Note. x, relation observed areview article, most studies show relationship.

Other biomarkers
Hormonal concentrations

x (Ozerol et al., 2004)
x (Cogswell et al., 2003a; Ozerol
et al., 2004)
x (Oncken et al., 2003)
x (Kaijser et al., 2000; Petridou
et al., 1990)
Hypercoagulable state
Other biomarkers

Change with cessation
Difference: users vs. nonusers

x (Goldenberg et al., 1993)
x (Philipp et al., 1984)
Radiologic biomarkers
Radiologic biomarkers

Measurement of
Biomarker

Table 4. (Continued.)

Serial ultrasound for fetal growth
Placental flood flow measurement
(radioisotopes)
Homocysteine
Folate vitamins B12 and B6
concentrations
Fetal catecholamine levels
Maternal estrogen levels

Relation to tobacco product use

Change with reduced use
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growth is not known. For example, morning baseline
fetal heart rate decreases after 1 week of maternal
smoking cessation with nicotine patch (Ogburn
et al., 1999), presumably reflecting reduced fetal
sympathetic nervous system activation. Fetal breathing movements and fetal heart rate variability are
acutely altered by smoking. The mechanism may be
either fetal hypoxia or direct effects of nicotine
(Oncken, Hardardottir, & Smeltzer, 1998).
Hydrogen cyanide (HCN) in tobacco smoke could
contribute to low birth weight by interfering with
fetal tissue oxygen utilization (Walsh, 1994) and
decreasing levels of vitamin B12 (Cogswell,
Weisberg, & Spong, 2003; Walsh, 1994). Vitamin
B6 and folate concentrations also are decreased, and
homocysteine concentrations are increased in pregnant smokers, which could affect fetal growth
(Cogswell et al., 2003; Ozerol et al., 2004). Plasma
homocysteine levels are elevated in folate deficiency
as well as in vitamin B12 deficiency because these
vitamins function as coenzymes in the metabolism of
total homocysteine. It is not known whether vitamin
deficiencies and increased homocysteine concentrations observed in some studies of pregnant smokers
affect growth independently or if the effects are
additive.
Other chemicals in tobacco smoke such as
cadmium and lead could have deleterious effects on
fetal growth (Falcon, Vinas, Osuna, & Luna, 2002).
Cadmium levels are increased in the placentas of
smokers compared with nonsmokers, which may
affect placental function (Falcon et al., 2002; Piasek,
Blanusa, Kostial, & Laskey, 2001). Studies in
animals show that cadmium accumulation in the
placenta impairs transfer of essential minerals and
nutrients for fetal growth (Piasek et al., 2001).
Stereologic examination of placentas of smokers
shows reduced volume, surface area, and length for
villous capillaries possibly as a result of cadmium
exposure (Larsen, Clausen, & Jonsson, 2002). The
authors suggest that cadmium has a direct toxic
effect on placental tissue, causing a decrease in the
volume density of the placental vasculature necessary
for oxygen and nutrient exchange.
Cigarette smoking may affect birth weight by
reducing estrogen levels. Although the mechanisms
of the relationship among smoking, estrogen levels,
and birth weight are not known, estrogens are
established growth factors in many biological
systems (Kaijser, Granath, Jacobsen, Cnattingius,
& Ekbom, 2000; Petridou, Panagiotopoulou,
Katsouyanni, Spanos, & Trichopoulos, 1990).
Pregnant smokers have 10%–20% lower estrogen
levels compared with nonsmokers (Kaijser et al.,
2000; Petridou et al., 1990), and the placental
progesterone concentrations also are reduced compared with nonsmokers (Piasek et al., 2001). Whether
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the effects of smoking on maternal estrogen are
independent of the effects on placental progesterone
are unknown because studies have focused on one or
the other.
Carcinogens have been hypothesized to contribute
to low birth weight via DNA damage or oxidative
stress (Wang et al., 2002). Metabolites and adducts of
several tobacco smoke carcinogens are detectable in
tissues of women who smoked during pregnancy and
in tissues of fetuses and offspring of women who
smoked during pregnancy. Levels of metabolites of
NNK (NNAL and NNAL-Glucs) are higher in the
amniotic fluid of smokers versus nonsmokers
(Milunsky, Carmella, Ye, & Hecht, 2000) and in
first urine from infants of mothers who smoke
(Lackmann et al., 1999). 4-Aminobiphenyl-Hb
adduct levels are higher in maternal and fetal blood
in smokers versus nonsmokers at the time of delivery
(Coghlin et al., 1991; Myers et al., 1996). PAH
DNA adduct levels in maternal white blood cells are
higher in smokers versus nonsmokers (Perera,
Jedrychowski, Rauh, & Whyatt, 1999). In one study
of 741 pregnant women (Wang et al., 2002), those
with polymorphisms of CYP1A1 or GSTT1 (phase 1
and phase 2 enzymes of xenobiotic metabolism that
may affect activation or elimination of carcinogens
such as PAHs) had significantly lower-birth-weight
infants if they smoked during pregnancy. Genetic
polymorphisms had no effect on birth weight in the
offspring of nonsmokers, suggesting a gene-environment interaction (Wang et al., 2002).
Lung function
Because exposures during pregnancy are likely to be
similar to early childhood exposures, available
epidemiological data relating specifically to fetal
exposure are limited. Nevertheless, several studies
suggest that fetal exposure to smoke could contribute
to the development of COPD and asthma. Prenatal
exposure to smoke increases rates of respiratory tract
infection and otitis media. Additionally, lung function is reduced (Dezateux, Stocks, Wade, Dundas, &
Fletcher, 2001; Gilliland et al., 2000; Stick, Burton,
Gurrin, Sly, & Le Sour, 1996) and airway resistance
increased (Kooi, Vrijlandt, Boezen, & Duiverman,
2004), an effect that may be related to impaired lung
development. Reduced lung function in children
exposed to maternal smoking during pregnancy also
is observed into adulthood (Svanes et al., 2004). A
reduction in alveolar attachment in infants exposed
to smoke in utero (Elliot, Carroll, James, &
Robinson, 2003) may both contribute to the development of COPD and predispose to wheezing (Saetta
et al., 1985). Consistent with an effect on lung
development is an increased risk for bronchopulmonary dysplasia in children born to smoking

mothers (Antonucci, Contu, Porcella, Atzeni, &
Chiappe, 2004). Asthma is increased in children
whose mothers smoked during pregnancy (Ehrlich
et al., 1996), and even passive smoke exposures of
pregnant women have been reported to have an effect
(Barber, Mussin, & Taylor, 1996).
As mentioned earlier, maternal cigarette smoking
is also a cause of low birth weight (USDHHS, 2004).
This is a separate risk factor for asthma (DiFranza,
Aligne, & Weitzman, 2004) and, while controversial,
has been suggested to be a risk factor for the
development of COPD (Barker et al., 1991). Lung
function is maximal in young adulthood, and a low
birth weight is associated with lower maximally
attained function (Barker et al., 1991). A lower
maximally attained lung function in turn has been
reported to increase risk for COPD (Sherrill,
Lebowitz, Knudson, & Burrows, 1991; Tager,
Segal, Speizer, & Weiss, 1988).
Neurotoxicity
Age-appropriate neurocognitive and developmental
outcomes may also serve as biomarkers of potential
harm for prenatal tobacco smoke exposure.
Although it is debatable whether neurocognitive
and developmental tests should be labeled ‘‘outcomes’’ or ‘‘biomarkers,’’ the fetal toxicity workgroup considers them to be both. The effects of
prenatal tobacco exposure on neurocognitive and
developmental tests are subtle and do not necessarily
indicate a disease (i.e., attention deficit hyperactive
disorder [ADHD], mental retardation) or even
impairment in school performance. Because the
effects of prenatal tobacco exposure on neurocognitive and developmental tests can be viewed as a
continuum, and because these outcomes are reliable
(although not necessarily robust or dramatic) across
studies, we feel it is appropriate to view developmental, neurocognitive, and behavioral tests in the
offspring of mothers who smoke as biomarkers of
potential harm.
Newborns exposed to tobacco prenatally exhibit
impaired auditory habituation (an indication of
nervous system integrity) (Fried & Makin, 1987;
Picone, Allen, Olsen, & Ferris, 1982; Saxton, 1978)
and increased tremors, hypertonicity, and nervous
system excitation compared with offspring of nonsmokers (Fried, Watkinson, Dillon, & Dulberg,
1987). Maternal cigarette smoking during pregnancy
is associated with decreased verbal comprehension in
children aged 1–2 years (Fried & Watkinson, 1988).
Longitudinal studies show a dose-dependent association between prenatal tobacco exposure and auditory-related cognitive deficits in children and
adolescents (Fried & Watkinson, 2001; Fried,
Watkinson, & Gray, 1998; Fried, Watkinson, &
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Siegel, 1997; McCartney, Fried, & Watkinson, 1994;
Naeye & Peters, 1984). Additionally, cohort studies
suggest a dose-dependent relationship between
maternal smoking and attention (freedom from
distractibility index) in the offspring (Fried &
Watkinson, 2001). Because neurocognitive and behavioral outcomes are dose related to maternal smoking, and evidence indicates that smoking cessation
during pregnancy improves neurocognitive outcomes
(Sexton, Fox, & Hebel, 1990), age-appropriate
developmental and cognitive tests assessing overall
IQ, auditory processing, and attention are important
outcome biomarkers to consider in PREP studies.
Carbon monoxide, nicotine, HCN, lead, arsenic,
cadmium, and potential carcinogens such as PAHs
have been theorized to contribute to fetal and
childhood neurotoxicity associated with tobacco
smoke. Carbon monoxide and HCN interfere with
oxygen delivery and tissue utilization in the developing brain, leading to hypoxic cell injury (Mactutus,
1989). The fetal brain is sensitive to hypoxic cell
injury because of high relative oxygen consumption
and low concentrations of natural antioxidant
molecules (Hamrick & Ferriero, 2003). Nicotine,
which is structurally similar to acetylcholine, inhibits
neural cell replication and differentiation, leading to
cell loss, disruption of brain architecture, and
miswiring of neural connections in animal models.
The mechanism appears to be inappropriately timed
and excessive stimulation of nicotinic cholinergic
receptors involved in trophic effects of acetylcholine
in the developing brain (Slotkin, Lappi, McCook,
Lorber, & Seidler, 1995). One study reported a
decreased catecholamine response to delivery in the
offspring of smokers versus nonsmokers (Oncken
et al., 2003). The third trimester in humans is when
ingrowth of thalamocortical axon terminals, transient expression of nicotinic receptors in the auditory
cortex of nicotinic receptors, and the onset of hearing
occur. Findings of decreased auditory habituation in
the offspring of mothers who smoke, and of longterm auditory-related cognitive deficits in children
exposed prenatally to tobacco, suggest that the fetal
brain is vulnerable to exogenous nicotine (Metherate
& Hsieh, 2003). Lead, arsenic, and cadmium could
damage developing neurons through multiple
mechanisms; indeed, these metals share the ability
to elicit oxidative stress and consequent damage in
nucleic acids and membrane lipids (Olanow &
Arendash, 1984). Additionally, PAHs have been
implicated in decreased head circumference and
potentially decreased long-term intelligence by direct
DNA damage in utero (Perera et al., 1999).
Potential mechanisms by which prenatal nicotine
exposure could contribute to neurobehavioral
abnormalities similar to ADHD include modulation
of the dopaminergic system and an increased
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number of nicotinic receptors (Linnet et al., 2003).
Elevated fetal hemoglobin concentrations at birth
are associated with behavioral abnormalities in
children aged 7 years who were born to smokers,
suggesting that fetal hypoxemia may be the mechanism by which maternal smoking contributes to
the genesis of behavioral abnormalities (Naeye &
Peters, 1984).
Studies of PREPs and neurotoxicity should
include biomarkers of tobacco exposure and assessment of neurocognitive and behavioral outcomes
previously discussed. Markers of oxidative stress in
maternal circulation throughout pregnancy as well as
in the cord blood at the time of delivery also may be
informative. Markers of tobacco exposure in the
mother (as a surrogate measure of fetal exposure)
could include exhaled carbon monoxide, thiocyanate,
cotinine, and carcinogen exposure throughout pregnancy. Overall nicotine exposure can be measured by
cotinine. Because nicotine has been implicated in the
neurotoxicity of tobacco, measurements of long-term
fetal nicotine exposure (i.e., hair analyses or meconium) should be considered in neurological studies
where nicotine replacement therapy is used as a
PREP.
In summary, some biomarkers (particularly health
outcome biomarkers) are sensitive to tobacco exposure in pregnancy. However, many biomarkers are
not specific for tobacco-related fetal toxicity.
Moreover, research is needed to identify biomarkers
of injury or potential harm that can be predictive of
various adverse pregnancy and infant outcomes.

Conclusions
Several biomarkers show sufficient sensitivity to
changes in smoking status to suggest that they may
be useful to assess constituent exposure with PREP
use in a research setting. Table 5 lists current
biomarkers that show differences between smokers
and nonsmokers, change with cessation, and exhibit
a dose-response relationship or that respond to
reductions in cigarette consumption. The biomarker,
1-HOP, was excluded from this list because it does
not exhibit a clear dose-response relationship with
numer of cigarettes smoked (Joseph et al., 2005).
This table by no means describes biomarkers that can
be used to assess disease risk for PREPs. The limited
number of biomarkers listed in the table highlights
the need for more systematic research to determine
biomarkers that are reproducible, that show a doseresponse relationship to exposure to tobacco and
cigarette smoke toxins, that reflect the spectrum of
tobacco-related disease states and mechanisms, and
that are predictive of diseases (Hatsukami, Hecht,
Hennrikus, Joseph, & Pentel, 2003; Hatsukami et al.,
2002; Shields, 2002; Stratton et al., 2001). The
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Table 5. Panel of biomarkers.
Biomarkers

Measurement of

Cancer
NNAL and NNAL-Glucs in urine
3-Aminobiphenyl, 4 aminobiphenyl, and other aromatic
amine-Hb adducts
Urine mutagenicity
Sister chromatid exchange in peripheral lymphocytes

Mutagen uptaked
DNA damagec

Nonmalignant lung disease
Macrophages

Inflammationd

Cardiovascular disease
Carbon monoxidea
Nicotine/cotininea
Flow-mediated dilation
Circulating endothelial precursor cells
Fibrinogen
Homocysteine
White blood cell count
C-reactive protein
slCAM1
Glucose-clamping studies

Chemical uptakeb
Chemical uptake and metabolismb
Endothelial functiond
Endothelial functiond
Hypercoagulable stated
Hypercoagulable stated
Inflammationd
Inflammationd
Inflammationd
Insulin resistanced

Fetal toxicity
Birth weight
Neurocognitive impairments in offspring
Maternal exhaled carbon monoxide
Maternal cotinine
Maternal thiocyanate

Outcomee
Outcomee
Chemical uptakeb
Chemical uptake and metabolismb
Chemical uptake and metabolismb

Carcinogen (NNK) uptakeb
Carcinogen (aromatic amines) uptake plus metabolic activationc

Note. aShould be included in all studies as general measures of tobacco constituent uptake. bBiomarker for exposure. cBiomarker for
toxicity including biologically effective dose. dBiomarker for injury or potential harm. eHealth outcome.

challenges associated with assessing harmful effects
of PREPs include the potential introduction of new,
unknown toxicants; the contribution of new toxicants
to the inherent toxicity of tobacco and tobacco smoke;
and a need for greater understanding of specific
tobacco-related mechanisms associated with pathogenesis. We are also limited in understanding the
intra- and interindividual differences in physiology,
the complex physiological interactions, and the
interactions between susceptibility to disease and the
effects from tobacco. Developing a knowledge base in
these areas will require systematic and comprehensive
research across a multitude of disciplines. Investment
in this area is of utmost importance because biomarkers form the basis of evaluating PREPs and, for that
matter, tobacco products in general.
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