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Abstract

Recently, potential health concerns have been raised about thirdhand smoke (THS), a much less
well-understood type of smoke exposure defined as residual tobacco smoke sorbed onto indoor
surfaces after active smoking has ceased.THS exposure is derived from the involuntary inhalation,
ingestion, or dermal uptake of indoor pollutants. The timescale for exposure to THS pollution is
generally much longer than secondhand smoke, and could stretch to days, months, or years (long-
term, low-level exposure). Recent studies showed that exposure to THS at early age in mice can
affect body weight, immunity, and lung cancer development. However, adverse health effects of
THS in human populations remain poorly understood and many questions remain unanswered.
One major question is how genetic factors influence susceptibility to THS-induced health effects,
especially tumor development and whether there is an age-specific window of susceptibility for
these effects. By addressing these questions, we will provide a better understanding of the effects
of THS on human health and disease. This information would address critical knowledge gaps that
are required for the formulation of policies related to indoor air quality.

Implications: THS, the residual tobacco smoke remaining in the environment after tobacco has
been smoked, represents an underestimated public health hazard. Evidence supports its wide-
spread presence in indoor environments. Vulnerable populations are believed to include infants
and children living in a smoking household exposed toTHS and/or secondhand smoke, and expos-
ure has been identified as a risk factor for lung cancer later in life. These and future studies will pro-
vide novel and important evidence of how early-life exposure to THS affects cancer development
and other diseases, which should be useful for framing and enforcing new policies against passive
smoking in the world.

Thirdhand smoke (THS) has gained wide attention in the last ten
years as a previously overlooked source of exposure to toxicants
in secondhand tobacco smoke (SHS). The US Surgeon General
Reports of 1964 (on active smoking)! and 1986 (on passive smok-
ing)? warned the public about what is known about the dangers of
exposure to cigarette tobacco smoke. What is THS? THS includes
tobacco chemicals that remain on surfaces and in dust after active
smoking has ceased, as well as constituents that are reemitted
back into the gas phase and/or react with environmental pollut-
ants to produce secondary toxicants.> Many toxic compounds in

THS, including those produced de novo, have been identified in
laboratory systems and in field studies.’” In comparison to its
precursor SHS, THS accumulates over time, and exposure occurs
through different routes including inhalation, ingestion, and der-
mal contact. Therefore, THS exposure occurs through routes not
previously recognized. Inhalation of tobacco smoke, both by
active smokers and by nonsmokers involuntarily, has been caus-
ally linked to a wide range of adverse biological endpoints and
diseases. However, the adverse health effects of THS exposure
remain largely unclear.
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Given that young children are considered to be an at-risk popu-
lation for adverse health effects associated with THS exposure due
to both physiological and behavioral reasons,> we evaluated the
tumorigenic potential of short-term early-life THS exposure using a
mouse model. To mimic indoor surface exposure, mice were exposed
to THS materials generated using a laboratory smoking chamber.
The concentrations of THS constituents in these materials were
measured and estimated to be comparable to the ingestion exposure
of a toddler.® We observed a significant increase in the lung can-
cer incidence in exposed mice compared to control treated mice.
Cell culture studies using human lung cancer cell lines showed that
THS exposure induced tumorigenic phenotypes including increased
cell proliferation and colony formation. Mechanistically, our data
suggest that THS exposure increases lung cancer risk through the
induction of DNA double-strand breaks.®* Taken together, our data
indicate that early-life exposure to THS could be associated with
increased risk of human lung cancer (Figure 1).

Many of the toxic chemical compounds in THS are also found
in SHS?; it is believed that THS could cause biological and health
effects similar to those from exposure to SHS, a known carcino-
gen. In spite of these similarities, THS components can react with
its environment to generate secondary toxicants. Human exposures
to THS often consist of mixtures also containing SHS. This makes
characterizing the human health risks associated with THS exposure
alone challenging. Genetic and life-style heterogeneities in humans
are further confounding THS exposure effect studies in human pop-
ulations. Studies in model systems can bridge this knowledge gap
and help build a risk assessment model and identify biomarkers of
THS exposure, which can then be translated to human to estimate
the risk of THS exposure for human disease development.

In humans, although cigarette smoking is the primary risk factor
for lung cancer, recent data show that there is a distinct population
of patients with lung cancer among never smokers and the number of
such patients is increasing in the United States and other countries.”!
In the United States, approximately 10% of patients with lung can-
cer are never smokers,!! whereas in Asia, >30% of patients with lung
cancer have never smoked and this percentage is significantly higher
in Asian women.!> Men are more likely to develop squamous cell lung
cancer, while in women lung adenocarcinoma, which is strongly asso-
ciated with tobacco smoke exposure, is the most common type.'>!?
Currently there is a strong inquiry with regard to the etiology or risk
factors of this type of lung cancer. It is known that, among other
factors such as air pollution and radon, SHS is a major risk factor
for lung cancer in never smokers.'!S In the United States, exposure
to SHS caused more than 7300 lung cancer deaths each year dur-
ing 2005-2009 among adult nonsmokers.'* However, a recent study
showed that the high incidence of lung cancer in Asian never smokers
seems unlikely to be due to SHS.!” Whether THS exposure is a con-
tributing factor to these observations requires further investigations.

Aged THS presents a new or hidden danger to nonsmokers.
Compared to fresh SHS, THS may become more toxic during its
evolution from SHS. Secondary analysis of unpublished 1980s ani-
mal data from Philip Morris Tobacco Company concluded that
fresh SHS can become more toxic as it ages and that concentrations
of carcinogenic tobacco-specific nitrosamines (TSNAs) increased
over time in aging SHS.!* Moreover, studies found that com-
pounds in SHS sorbed onto indoor surfaces can react with common
indoor pollutants and generate new and even more toxic species.'®
For example, chemical transformation in SHS, that is, the reaction
of nicotine with indoor nitrous acid, can form TSNAs, including
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Figure 1. Schematic overview of interaction of thirdhand smoke (THS) with
its environment and associated lung cancer risk. Compounds in secondhand
smoke sorbed onto indoor surfaces can react with common indoor pollutants,
including ozone (O,) and nitrous acid (HONO), to produce new and even
more toxic species that are components of THS. These chemicals can induce
DNA double-strand break (DSB) and increase lung cancer risk.

NNA (1-(N-methyl-N-nitrosamino)-1-(3-pyridinyl)-4-butanal), NNK
(4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone), and NNN (N’
nitrosonornicotine). Nitrous acid can be generated from unvented
gas appliances as well as vehicle engines. NNK and NNN are known
human lung carcinogens.!” The levels of TSNAs found on indoor sur-
faces are hundreds of nanograms per square meter, which can further
increase with frequent smoking. Therefore, we speculate that exposure
to THS toxins in never smokers may contribute to the risk or develop-
ment of lung cancer.

Future directions of research should include biomarker identifi-
cation, genetic predisposition, and human population studies. First,
it is critical to identify THS-specific exposure biomarkers. In add-
ition to further characterizing THS to identify novel carcinogens,
other biomarkers of exposure should also be explored including
THS metabolites, THS-specific DNA-adducts, and THS-specific gen-
etic and epigenetic biomarkers. Second, host genetics can influence
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gene expression patterns, which can help identify susceptible popu-
lations. Finally, we will need to define the window of susceptibil-
ity of THS-induced health outcomes. These studies can be initiated
in population-based model systems, which can then guide human
genome-wide association studies. Data from these studies will be
important to formulate novel cancer preventive strategies including
educating health practitioners, families, and public health provid-
ers and organizations regarding the potential risks of environmental
THS exposures and should be useful for framing and enforcing new
policies against passive/indoor smoking.
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