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ABSTRACT:

Tobacco-specific nitrosamines (TSNAS) are emitted during smoking and form indoors

by nitrosation of nicotine. Two of them, A/ -nitrosonornicotine (NNN) and 4-
(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK), are human carcinogens with No
Significant Risk Levels (NSRLs) of 500 and 14 ng day ™1, respectively. Another TSNA, 4-
(methylnitrosamino)-4-(3-pyridyl) butanal (NNA), shows genotoxic and mutagenic activity /n
vitro. Here, we present additional evidence of genotoxicity of NNA, an assessment of TSNA
dermal uptake, and predicted exposure risks through different pathways. Dermal uptake was
investigated by evaluating the penetration of NNK and nicotine through mice skin. Comparable
mouse urine metabolite profiles suggested that both compounds were absorbed and metabolized
via similar mechanisms. We then investigated the effects of skin constituents on the reaction of
adsorbed nicotine with nitrous acid (epidermal chemistry). Higher TSNA concentrations were
formed on cellulose and cotton substrates that were precoated with human skin oils and sweat
compared to clean substrates. These results were combined with reported air, dust, and surface
concentrations to assess NNK intake. Five different exposure pathways exceeded the NSRL
under realistic scenarios, including inhalation, dust ingestion, direct dermal contact, gas-to-skin
deposition, and epidermal nitrosation of nicotine. These results illustrate potential long-term health
risks for nonsmokers in homes contaminated with thirdhand tobacco smoke.
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INTRODUCTION

Tobacco smoke contains hundreds of toxic chemicals, of which 72 have been identified by
the International Agency for Research on Cancer (IARC) as known or possible carcinogens.
Among these, 16 compounds are carcinogenic to humans (Group 1).1 They are shown in
Table S1 of the Supporting Information. Considering their physical-chemical properties,
not all of these carcinogens are expected to be persistent indoors. Volatile compounds such
as formaldehyde are removed effectively by ventilation after smoking has ended and do

not accumulate on indoor surfaces.? While levels of concern of these chemicals have been
reported in freshly emitted secondhand smoke (SHS), low residual air concentrations were
measured up to 18 h postsmoking, which did not result in increased cancer risk3# Other
Group 1 carcinogens such as 1,3-butadiene and ethylene oxide are not only volatile but are
also reactive, and their residence time is expected to be short (minutes to hours). By contrast,
long-term exposures can be expected from semivolatile organic compounds (SVOCs) and
inorganic species that can deposit on indoor surfaces and adsorb to aerosol particles and
dust, thus remaining in the environment for extended time periods.

Tobacco-specific nitrosamines (TSNAs) are SVOCs of particular interest because they are
unique to tobacco, and there is strong evidence of their role in the induction of cancer.® Their
presence in freshly emitted tobacco smoke is well documented. These compounds have also
been identified in the residues left behind in indoor air, dust, and surfaces after smoking, or
thirdhand smoke (THS).87 TSNAs can be produced continuously after smoking has ended
as the product of nitrosation of nicotine accumulated in the indoor environment. Polycyclic
aromatic hydrocarbons (PAHSs) are another major group of SVOCs present in THS, from
which benzo[a]pyrene is listed by IARC in Group 1. Unlike TSNAs, PAHSs are emitted
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by multiple combustion sources and are ubiquitous in the environment. For that reason, an
association of PAH exposure with smoking is weaker than for TSNAs.8 IARC Group 1 also
includes several inorganic carcinogens such as cadmium that have been reported in fresh,
secondhand, and thirdhand tobacco smoke.%-12

Two semivolatile TSNAS, 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK,
C1oH13N305) and A -nitrosonornicotine (NNN, CgH11N30), have high cancer potency
factors of 49 and 1.4 kg day mg~1, respectively, and, in addition to their IARC Group

1 classification, are “reasonably anticipated to be human carcinogens” by the U.S.

National Toxicology Program.13 A description of their known mutagenic and carcinogenic
mechanisms is provided in Section S1 (Supporting Information). Several studies linked
exposure to these two compounds with human cancer in smokers.>14 In the State of
California, the Office of Environmental Health Hazard Assessment (OEHHA) established a
Prop. 65 No Significant Risk Levels (NSRLs) of 14 ng day~! for NNK, and 500 ng day~2 for
NNN.15 The formation of these nitrosamines, as well as 4-(methylnitrosamino)-4-(3-pyridyl)
butanal (NNA, C1gH13N305), from the reaction of nicotine with atmospheric nitrous acid
(HONO) has been reported on model indoor surfaces.”16 As a consequence of the large
amount of nicotine present on THS-laden indoor surfaces and the constant presence of
HONO (generated in combustion sources of indoor and outdoor origin and from NO
heterogeneous chemistry),17<1® TSNAs are expected to be produced continuously in indoor
environments where tobacco smoke is present.

Integrated exposure to NNK is primarily assessed by quantifying its major metabolite (and
also a carcinogen), the urine biomarker 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol, or
NNAL.8:19.20 Dye to its specificity to NNK and its relatively long half-life (10 days to 3
weeks), NNAL provides a good measure of total NNK intake. However, urinary NNAL

does not allow differentiating between secondhand smoke (SHS) and THS exposures in
nonsmokers, nor does it provide information on the exposure route. For SHS, it is reasonable
to assume that the primary pathway is inhalation. While there is no sharp transition between
SHS and THS, and both exposures can coexist in smoking environments, in most cases, THS
exposures become more prevalent 2-3 h after active smoking ended.3 In conditions in which
THS predominates, such as nonsmokers inhabiting a formerly-smoked-in environment,

we hypothesize that dermal uptake and dust ingestion are likely to be comparable with
inhalation, contributing to total exposure to TSNAs.

In this study, we provide additional insights into the mutagenicity and genotoxicity

of NNA, on dermal uptake of TSNAs, and on the role of epidermal chemistry. We
calculated how much TSNAs nonsmokers take in through different pathways of exposure,
and compared it with established health-based guidelines. The relative contributions to
total TSNA intake were estimated for inhalation, ingestion, and different dermal uptake
pathways, considering realistic indoor scenarios. The inputs used in this analysis were
TSNA concentrations measured in different indoor media, along with kinetic data generated
in our own experiments. In addition, the correlations between TSNAs and nicotine in
different media were evaluated. This information is critical to develop metrics of THS
contamination that can support the implementation of effective protective measures and
remediation approaches.
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MATERIALS AND METHODS

Immunofluorescent DNA Damage.

Human nontumorigenic lung epithelial BEAS-2B cells were grown overnight in 4-well
chamber slides (Nunc Lab-Tek). The cells were exposed to 1 M NNA or control (DMEM
media only) for 24 h and then washed three times with phosphate-buffered saline (PBS)
solution. Cells were fixed and processed for immunofluorescence microscopy following

an established method.2! Incubation with rabbit anti-53BP1 antibody (A300-272A, Bethyl
Laboratories) was followed by washes and incubation with secondary antibodies conjugated
to Alexa Fluor 488 (Molecular Probes) and with 4”,6-diamidino-2-phenylindole (DAPI) to
stain nuclear DNA. Slides were mounted in VECTASHIELD (Vector Labs), and images
were captured using a Zeiss LSM 710 confocal microscope (Carl Zeiss Inc.). Images within
the same data set were captured with the same exposure time so that the intensities were
within the linear range and could be compared across samples.

Dermal Intake of Nicotine and NNK in Animal Model.

Nicotine and NNK were applied dermally to mice to determine the rate of elimination of
these compounds when taken through chronic dermal exposure. Nicotine (50 /g per cm?)
and NKK (50 ng per cm2) were applied once daily to the shaved backs of 2-month-old
C57BL/6 mice for seven consecutive days. The nicotine and NNK doses were adjusted to
reproduce their ratio in thirdhand smoke while ensuring that metabolites could be detected.
Compounds were dissolved in 100% ethanol, and control animals were exposed to solvent
only. Briefly, 100 £ of freshly prepared solutions (2 mg mL™1 nicotine and 2 zg mL™1
NNK) were applied daily in a 2 x 2 cm spot on the neck that does not allow for the

mice to lick, to avoid possible confounding oral exposures. The daily doses were 200

g of nicotine and 200 ng of NNK. Ethanol is a commonly used vehicle for dermal

delivery, which evaporates faster than water avoiding possible runoff and enabling consistent
dosage. Alternatives such as hydrocarbons, surfactants, or essential oils generally would
have been more disruptive to the lipid bilayer structure in the stratum corneum.22 Mice
were fed a standard chow diet and single-housed in Tecniplast metabolic cages under similar
conditions. Three animals were exposed to NNK, three were exposed to nicotine, and three
were nonexposed controls. Urine was collected at the end of each day during the seven

days of application, and an additional period of seven days after dermal uptake had stopped.
Urine samples from different mice were not pooled and were immediately frozen at =80 °C.
All animal experimental protocols were approved by the University of California, Riverside,
Institutional Animal Care and Use Committee. Urine samples (300 £L) were analyzed using
Liquid Chromatography with tandem mass spectrometry (LC-MS/MS) by modification of a
previously described method.2% The modification involved including the ion transition /2
291 — 175 to simultaneously measure concentrations of 3’-hydroxycotinine (3HC) using
the method developed for NNAL. The limit of quantification (LOQ) was 148 ng mL™1 for
3HC and 7 pg mL~1 for NNAL.

Simulated Epidermal Nitrosation of Nicotine.

The reaction of surface-bound nicotine with HONO in the presence of skin oils and
sweat was tested in the laboratory using the experimental system described in Figure S1
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(Supporting Information). HONO was generated following a method previously used in

our laboratory,”2425 by mixing 1 mM NaNO, (aq) and 20 mM H,SO, (aq) delivered

with syringe pumps at a constant rate to a continuously stirred tank, from which excess
liquid was removed with a third syringe pump to maintain a steady state. Clean air was
delivered to the tank at 55 mL min~1, and the displaced headspace was mixed with dry air
(50 mL min~1) to adjust the relative humidity to 50% and the target HONO concentration
to 500 ppb before the mixture was introduced into a flow exposure chamber. Individual
specimens containing a known nicotine surface concentration were placed inside the flow
chamber and exposed to the flow of HONO-enriched air for 1 h. The residence time of
HONO (g) inside the chamber was 8.1 s. The concentration of HONO exiting the flow
chamber was determined immediately prior to, during, and after each determination, by
passing it through two impingers in series filled with 5 mL of 0.1 mM NaOH (ag). HONO
was quantified by measuring the concentration of nitrite anions present in the impinger
solutions by ion chromatography (Dionex 1CS-2000). The tested specimens are described
in Table S2 and illustrated in Figure S2 (Supporting Information). Specimens of cellulose
and cotton were used as substrates to systematically evaluate the effect of skin oils and
sweat on the nitrosation reaction. Cellulose and cotton strips (1 x 3 cm) were cut from
chromatography paper and undyed clean cloth, respectively. Specimens were held in close
contact with the forearm of a volunteer to transfer skin oils and sweat using a bandage

that kept the materials firmly pressed against the skin during 8 h immediately prior to their
use in each test. Other cellulose and cotton substrates were modified by addition of 250

(L of an artificial sweat surrogate mixture adapted from Pavilonis et al.26 and described

in Table S3 (Supporting Information). Two sets of specimens were prepared, in which the
sweat surrogate mixtures had been adjusted to pH = 4 and 7, respectively, corresponding to
the two extremes of the range of acidity observed in human sweat. Nicotine was added to
each specimen by addition of 100 zL of a methanolic solution allowing for the solvent to
evaporate, which resulted in surface concentrations of 33 g cm™2. After exposure to HONO,
the specimens were extracted twice with acetic acid solution in water (0.1 mM), and extracts
were split into two aliquots for the analysis of nicotine/NNN/NNK and NNA, respectively.
Aliquots were alkalinized and extracted with a 40:40:15:5 pentane/dichloromethane/ethyl
acetate/isopropanol mixture, preconcentrated, and analyzed by LC-MS/MS. Nicotine from
the same extracts was analyzed by Gas chromatography/mass spectrometry (GC/MS). NNA
was analyzed separately after being derivatized with pentafluor-ophenylhydrazine (PFPH).
Additional details on the TSNA and nicotine quantification are provided in Section S2
(Supporting Information).

Predicting TSNA Daily Doses.

The following equations were used to predict the TSNA daily doses (expressed in ng

day~1) corresponding to different exposure pathways for a typical US adult of 80 kg body
weight. The choice of concentration ranges and other inputs are described in the Results and
Discussion section.

Inhalation.—The average daily dose of each TSNA (/) via inhalation (Di,,) was
determined as follows2’
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i i i
Dinnar = Cinnar X Vip X innal

@

where Ci,, is the concentration of the i-th nitrosamine in gas phase (indoor air, expressed
in pg m=3), ¥, = 15m3day~ ! is the daily breathing volume,28 and o, is the fraction of the
compound retained during normal respiration (unitless).

Dust Ingestion.—The average daily TSNA dose corresponding to ingestion of dust (Dj,.)
was calculated as

Dy = Caug X TR X agug

@

where Ci, is the concentration of the i-th nitrosamine in indoor dust (expressed in ng per

gram of dust), 7R = 20mgday ™" is the indoor settled dust ingestion rate (central tendency

for adults and youth >12-year old),2° and o’ is the bioavailability of the compound in the
gastrointestinal tract (unitless).

Direct Dermal Contact.—The average daily TSNA dose from direct dermal contact with
contaminated materials (D}...) was calculated for a scenario in which an adult spends 8 h
sleeping, in close contact with bedding materials contaminated with THS, as follows30

i i i
Dmmer - Cmaler X Smaler X T X amater

©)

where C;... is the surface concentration of the i-th nitrosamine on materials that are in direct
contact with the skin (expressed in ng m=2), S,.. = 2m? is the estimated skin surface in
direct contact with THS-contaminated materials, = is the fraction of the day spent in bed (in
this scenario, = = 0.33 day_l), and a;,. is the efficiency of transfer from the material to the
skin and its absorption at the epidermis (unitless).

Air-to-Skin Deposition.—In addition to direct contact with materials, air-to-skin
transport is another source of dermal exposure to contaminants.27:31-34 For this analysis,
we used the model developed by Weschler and Nazaroff.34 The daily dose for this route
(D) Was calculated as follows

i i i i
Dijr—gin = Ciir X kp,g X Sair X Oyir

©

where C;, is the gas phase concentration of the i-th nitrosamine in the proximity of the
body. This value may be equal to or higher than the concentration used to predict the
inhalation dose (C...), depending on the proximity of the skin to contaminated materials.
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The parameter ; , is the indoor air transdermal permeability coefficient, S, is the body
surface area in contact with indoor air, and «;, is the deposition efficiency.

Epidermal Chemistry.—For TSNAs forming /n situ on the skin as a byproduct of the
nitrosation of adsorbed nicotine, the average daily dose (D.....) was estimated as follows

MWrsna
MWy

Dijem = k; X [HONO] X Cy X X Siir X Qern

®)

where k; is the estimated rate constant of the surface reaction of nicotine with HONO
expressed in ppb~1 day~1, [HONO] is the concentration of HONO in indoor air (in ppb),

Cy is the concentration of nicotine on the skin (expressed in ng m=2), MWysnya/MWy

is the molecular weight ratio between byproduct and precursor (unitless), S,; is the above-
mentioned body surface area (in m2), and o, is the efficiency of absorption at the epidermis
(unitless).

RESULTS AND DISCUSSION
DNA Damage Caused by NNA.

Exposure of BEAS-2B human lung epithelial cells to NNA induced a significant increase
in DNA strand breaks, including double-strand breaks (DSBs), the most deleterious type
of DNA damage. Figure S3 (Supporting Information) illustrates DNA double-strand breaks
visualized by immunofluorescence staining of P53 binding protein 1 (53BP1, green) 24 h
after exposure to 1 M NNA or control (no NNA exposure). Nuclei were visualized with
DAPI staining (blue). A 3-fold increase in the number of DSBs (53BP1 foci) was observed
in the NNA-exposed cells compared to the control (= 0.006). These results, together with
previously published experiments showing that NNA is mutagenic and genotoxic,24:35:36
suggest that NNA can contribute to tobacco-induced cancer risk. Further evidence linking
NNA with DNA damage and impaired replication and transcription in the same lung cell
lines has been recently published.3’

Nitrosamine Dermal Uptake.

Results from the mouse dermal exposure experiment are shown in Figure 1. Dermal uptake
was quantified by measuring urinary levels of the nicotine and NNK metabolites 3HC and
NNAL, respectively. Both 3HC and NNAL reached a steady-state concentration in urine
within 24 h after the first dermal application, which was sustained during seven days of
continuous dermal exposure. By contrast, in the control samples, the levels of both 3HC
and NNAL were below the detection limit at all times. While nicotine levels applied to the
skin were three orders of magnitude higher than NNK, the steady-state urine concentrations
did not reflect that ratio. The maximum 3HC urine concentration (10 zg mL™1) was less
than one order of magnitude higher than that of NNAL (3.5 zg mL™1). This difference
could be attributed to a more effective uptake of NNK. The formation of additional nicotine
metabolites (other than 3HC) was not evaluated. However, Raunio et al.38 reported that 3HC
represents 77% of the total amount of nicotine-related material in mice urine, which makes
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it a good proxy for nicotine excretion. After seven daily dermal exposures, applications
were discontinued, and a decrease in the concentration of both metabolites was observed
at relatively similar rates. After dermal application ended on the 7th day, 3HC followed a
zero-order loss kinetics, while NNAL followed first-order Kinetics (Figure S4, Supporting
Information). Since elimination of drugs from the body usually follows first-order kinetics,
it is possible that the loss of 3HC reflected the presence of a reservoir in the skin with slow
release into the circulation, as observed in a clinical case.3° This effect could be magnified
by the larger doses of nicotine applied on the skin, with respect to NNK. On the last day
of measurements (day 14), urine concentrations had dropped three orders of magnitude for
each of the compounds but were still excreted at significant levels in comparison to the
control group. These results suggest that, in mice, the direct dermal contact of nicotine and
NNK resulted in the accumulation and circulation of these chemicals and their metabolites
in the body for days after exposure, potentially causing damage and alterations to the body
and its organ systems.

These results are comparable to reported dermal uptake of THS components by healthy
nonsmoker volunteers wearing cotton clothing that had been exposed to cigarette smoke.40
A description of these experiments is provided in Section S3 (Supporting Information),
along with a summary of nicotine and NNK biomarkers (cotinine and NNAL, respectively)
detected in participants’ urine (Table S4). Urinary levels of NNAL were found to increase
86-fold 8 h after exposure, whereas cotinine increased 18-fold compared to background
levels.

Simulated Epidermal Nitrosation of Nicotine.

The HONO deposition onto each specimen over the 1 h exposure period (auono, %) Was
determined as

QHONO = 7CUP ECdOW" x 100

(6)

where C,, is the concentration of HONO entering the flow chamber (determined as the
average of the levels determined before and after each test) and C,.,, is the concentration
of HONO measured downstream of the flow chamber during the exposure period, resulting
from deposition and reaction on the specimen. The results corresponding to the different
specimens tested are presented in Figure 2. The HONO deposition onto each specimen

was measured in duplicate determinations, with very good agreement between replicates.
A small fraction of HONO (awono = 10 — 12 %) Was retained by clean cellulose and cotton
specimens at 50% RH without the addition of nicotine. When nicotine was added to the
clean substrates, the HONO deposition increased to ayono = 55 — 56 % for cellulose and 46—
48% for cotton. In cellulose, the presence of added skin oils and sweat did not result in a
major change in HONO deposition (aono = 36 — 54 %). However, cotton specimens that had
been applied to the skin showed a dramatic drop to auono = 1 — 5 %. One possible reason for
such difference with respect to cellulose is the presence of a significantly larger amount

of embedded water in cotton. In cellulose and cotton specimens with added artificial sweat
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at pH 4, results were comparable to the specimens applied to the skin (aono = 43 — 46 and
3-9%, respectively). When the sweat surrogate mixture was adjusted to pH 7, a significantly
larger HONO deposition was observed on both materials (auono = 72 — 76 % for cellulose and
35-66% for cotton), consistent with the expected larger degree of dissociation of HONO
(pK; = 3.16) in less acidic conditions. In summary, HONO deposition varied with the
substrate, the presence of skin liquids, the water content, and surface acid—base properties.

The surface concentration of TSNASs determined in each of the tests is shown in Figure 3.
There was overall good reproducibility in duplicate determinations. There was no formation
of these compounds in the absence of nicotine, nor in most cases when HONO was absent
(only low levels of NNN and NNA in a few specimens). While a small fraction of HONO
may dismutate to form NO and NO,, our previous work has shown negligible nitrosamine
formation from the reaction of nicotine with NO or NO,.” When both nicotine and HONO
were present in clean substrates, the formation of NNK, NNN, and NNA was observed. The
results on clean cellulose reproduce well our previously reported experiments under similar
conditions, both in actual concentrations and relative levels among the three TSNAs.” NNA
levels were highest, while NNK was present at a higher concentration than NNN. Overall
concentrations were higher on cotton than on cellulose surfaces. In the presence of skin

oils and sweat, several differences were observed with respect to the clean substrates.

In cellulose, even if the skin liquids had not affected HONO deposition, they resulted in
increased NNA concentrations by a factor ~2 and small changes in NNK and NNN levels.
In cotton, even though the HONO deposition was reduced dramatically, the yield of TSNAs
increased with respect to the clean material, with NNK, NNN, and NNA all growing by a
factor of ~2. It should be kept in mind that the concentrations of nicotine and HONO were
between 103 and 10° times higher than the concentrations of TSNAs formed. A reduction
of one order of magnitude in HONO deposition onto cotton did not translate into a reduction
in TSNA concentration. On the contrary, the apparent increased acidity of the cotton sample
containing skin oils and sweat contributed to a more extensive nitrosation reaction.

The quantitative determination of nicotine, HONO, and TSNA concentrations allowed for the
calculation of the reaction rates r, corresponding to each TSNA and an estimation of the rate
constant k, for the formation of each TSNA through epidermal chemistry. The reaction rates
were determined by computing the amount of each compound formed per unit surface per
hour, and the rate constants were determined as follows

r

ki = [HONOJ x Cy

0]
The corresponding r, and k; values are presented in Table S5, with more details on the
calculation of k. outlined in Section S4 (Supporting Information).

The role of skin liquids in modulating the surface chemistry was further investigated
in experiments where clean substrates were modified by the addition of sweat surrogate
mixtures containing a few water-soluble constituents. This approach illustrated the role of
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specific inorganic (NaCl, NH4CI) and organic species (lactic acid, urea) and allowed for

a controlled adjustment of the surface acidity. In cellulose and cotton samples to which
sweat surrogate mixtures were added, practically no TSNA formation was observed except
for a small amount of NNA, the most prevalent reaction product (Figure S5, Supporting
Information). In most specimens in which NNA was quantified, levels were close to the
LOQ When the artificial sweat was adjusted to pH 4, significant levels of NNA were
observed in cellulose, but it was below LOQ in cotton. At pH 7, from the five determinations
(a duplicate for cellulose and triplicate for cotton), only two were barely above the LOQ,
with others not being able to be detected in both materials. The results suggest that one or
several constituents of the sweat surrogate formulation inhibited the nitrosation of nicotine.
In particular, lactic acid forms a strong adduct with nicotine that can interfere with the
nitrosation reaction because it involves the same pyrrolidinic nitrogen atom that reacts with
HONO. The formation of 1:1 nicotine adducts not only with lactic acid but also with benzoic
and other carboxylic acids used as additives in the formulation of refill liquids for electronic
cigarettes (often referred to as “nicotine salt”) enables increasing nicotine concentrations
while avoiding harshness on the throat and upper respiratory system.4L In our experiments,
the nicotine-to-lactic acid ratio was 1:100, suggesting that, with lactic acid in a significant
excess, the nitrosation of nicotine was fully inhibited. However, these concentration ratios
may be far from those found in human skin. A comprehensive review of lactate in human
sweat reports multiple measurements of sweat composition from different parts of the body
and related to different stimuli such as exercise and heat, with lactate concentrations in

the single-digit to low two digits, expressed in millimoles.#2 This is one to two orders of
magnitude lower than the concentration in the sweat surrogate mixture used in the present
study. In addition to lactic acid, other factors contributing to inhibiting the nitrosation could
be the presence of urea in the sweat surrogate mixture and the relatively large amount of
added liquid water (250 mg per specimen). In vivo spectroscopic studies have shown that the
amount of moisture on the outermost layers of the epidermis (20-100 wm depth, depending
on the part of the body being analyzed) is between 20 and 40% in weight.#3 Such water
activity is comparable to that on cellulose and cotton specimens exposed to HONO-enriched
air at 50% RH but lower than specimens that were loaded with 250 z1 of aqueous sweat
surrogate.

The critical role of important nonaqueous constituents, such as skin oils (or sebum), was
not addressed by tests using a water-soluble surrogate mixture. Skin oils can adsorb to
cotton and other textiles when worn.#4 In our experiments, skin oils were transferred to the
cellulose and cotton specimens applied to the skin, as described in Figures 2 and 3. Lipids
can modify the structure of the substrate and participate in HONO chemistry.4>46 Such
effects of skin oils and other constituents, which could not be observed here using aqueous
sweat surrogates, warrant further investigation.

Predicted Contributions to NNK Intake from Different Exposure Pathways.

Since NNK is considered to significantly contribute to cancer risk and is more carcinogenic
than NNN, we performed an analysis of the predicted contributions to total NNK intake
from different routes of exposure. The predicted range of daily doses for inhalation, dust
ingestion, direct dermal contact, air-to-skin deposition, and epidermal chemistry are shown
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in Figure 4. The figure also includes the OEHHA NSRL value for NNK as a reference.

For each exposure route, the range of doses spanned several orders of magnitude due to the
variability in NNK concentrations in air, dust, and surfaces that were used as inputs to the
calculation, as described in the following subsections.

Inhalation.—Table S6 (Supporting Information) summarizes reported TSNA
concentrations in indoor air. In general, TSNAs in indoor air are associated with particulate
matter. However, as levels of particles decrease after smoking due to ventilation removal
and deposition, a persistent low level of these compounds can be found in the gas phase.*
The range of NNK concentration in indoor air, CXX, was between 40 and 50,000 pg m=3,
reflecting different smoke aging stages and smoking prevalence. An average NNK retained
fraction of oYX = 0.74 was reported in determinations with smokers.#’ The predicted NNK
daily intake through inhalation was between 0.44 and 560 ng day 1, exceeding in many
cases the NSRL. Table S6 also reports outdoor air NNK and NNN levels, which can be
considered background concentrations in urban areas. Studies carried out in the US, UK,
China, and Malta suggest that such background levels are in many cases below pg m=3 levels
(parts-per-quadrillion).

Dust Ingestion.—Table S7 (Supporting Information) summarizes reported TSNA levels
measured in settled indoor dust from different indoor spaces. The range of NNK
concentration in settled dust, CyY*, was from 1.5 to 1190 ng g~1 for NNK. Studies in
California included samples collected in smoker and nonsmoker homes and in a casino.
Studies from Asia and Europe report significantly higher levels of TSNAs in dust from
homes, government buildings, nurseries, hotel rooms, and schools compared to California.
While limited in the number of samples and tested sites, these observations suggest that
California results may be on the low end of a broad spectrum of values, possibly due to the
successful implementation of tobacco control initiatives over the past three decades. Even
considering the higher levels reported in Asia and Europe, the predicted NNK daily intake
through dust ingestion for maximum bioavailability (ajiy* = 1) was between 0.03 and 24 ng
day~1 and did not exceed the NSRL in most cases. If the analysis was based only on the
California results (including those from a casino), daily NNK intake from dust ingestion
would not exceed 1.7 ng day~2. This analysis is based on adult dust ingestion rates, but

it should be noted that exposure to children through dust ingestion may lead to a more
substantial intake and risk (not included in this analysis).

Direct Dermal Uptake.—Table S8 (Supporting Information) summarizes reported TSNA
levels measured on indoor surfaces of smokers’ and nonsmokers’ homes, along with
surface concentrations determined on model materials exposed in the laboratory. To the
best of our knowledge, TSNA surface concentration on human skin has not been reported.
Published results on surface-bound TSNAs are fewer than those for air and dust. In these
measurements, CX¥* was between 3.2 and 220 ng m~2. The predicted daily NNK intake
through dermal transfer to the skin in direct contact with bedding materials is between 2
and 145 ng day~1, assuming efficient transfer from the materials to the skin and subsequent
absorption (amat = 1). Under these conditions, the NNK daily dose could exceed the NSRL.
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Air-to-Skin Deposition.—The Weschler/Nazaroff model used to estimate air-to-skin
deposition3* considers only compounds present in the gas phase, because particles diffuse
at a slower rate than gases. The model also assumes that clothing presents negligible
resistance to transport and that the flux through the skin reaches steady-state conditions.
However, the effect of clothing was further investigated in a recent study, observing that
clothes that were not previously contaminated with nicotine provided a degree of protection
with respect to deposition from indoor air onto the skin.*® For this analysis, we used our
recently reported TSNA concentrations in the gas phase (denuder) and particle phase (filter)
determined in a room-sized chamber in which samples were collected during different
postsmoking times.* This data, along with the calculation of the gas-phase fraction (r,)
corresponding to each sample, is presented in Table S9 (Supporting Information). TSNAs
were mostly particle-bound in samples collected a short time after smoking, but the
opposite (f, ~ 1) was observed for THS samples collected at times ¢ > 4 h after smoking
ended. For NNK, an indoor air transdermal permeability coefficient ™, = 6.0 m h~! was
estimated with a model described in the Weschler/Nazaroff study3* as a resistor in series
(1/k,p)=(/v)+ 1/ k,s), where v, is the mass-transfer coefficient for the transport of
NNK from the gas phase through the skin boundary layer and , , is the permeability
coefficient through the stratum corneum/viable epidermis composite when the vehicle in
contact with the skin was air. In turn, k, , was derived from the same parameter when the
vehicle was water (k, ), multiplying by NNK’s Henry’s law constant. The value of k, ,,

was calculated from its MW and octanol-water partitioning coefficient using an empirical
relationship. For the calculation of the daily NNK doses, we used a typical adult body
surface area of .S, = 2m?2.34 By applying a deposition efficiency «}"* = 1, the predicted
values can be considered upper limit estimates as they neglect losses through desquamation
and the protective effect of clothing.

For the relatively low NNK concentrations measured in chamber air at periods in which
f. was close or equal to 1 ([NNK] = 0.04-0.2 ng m~3), the predicted daily intake through

air-to-skin transport was D}, = 12 — 58 ng day ™.

Epidermal Chemistry.—The daily amount of NNK formed on the skin through
nitrosation of adsorbed nicotine by HONO was calculated for a reaction rate constant kyyx
between 5.5 x 1077 and 1.6 x 1076 ppb~1 day™1 (Table S5, Supporting Information),

a typical indoor concentration of [HONO] = 50 ppb, and S,, = 2 m2. Nicotine skin
concentrations reported in Table S8 (Supporting Information) varied from Cy = 0.3 ygm=2 in
the case of children living in THS-free homes to Cy = 157 ugm~2 for smokers’ hands. Other
reported values are within this range, as well as nicotine surface concentrations on silicone
wristbands used as exposure samplers (Cy = 167 ugm~2). Considering all this variability, the
in situformation of NNK could represent a daily dose DYY* = 0.1 — 85ng day™ !, potentially
exceeding the OEHHA NSRA under some conditions and representing a significant NNK
exposure route. This analysis assumes that once formed, the absorption of TSNA through
the epidermis is efficient (afX = 1), which is consistent with the mouse dermal intake results
presented above.
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Implications.

One important conclusion of this study is that exposure to NNK via multiple pathways
likely contributes to elevated cancer risk for adult nonsmokers exposed to THS indoors.
Children are likely exposed to a greater risk, given their increased dust ingestion compared
to adults, their thinner dermis, and immature organ systems. Three different dermal uptake
pathways (by direct contact, air-to-skin deposition, and epidermal chemistry) are predicted
to significantly contribute to total NNK intake at levels that are comparable to or even
higher than inhalation. This result is in line with recent observations of higher nicotine
dermal uptake vis-a-vis inhalation.2” In relative terms, dust ingestion for adults seems to
have a lower impact than other pathways. However, it may play a significant role for
babies and toddlers, who are estimated to eat more dust than adults by being in closer
proximity to the floor and mouthing objects. They are less able to metabolize, detoxify,
and excrete contaminants than adults, are more easily affected at low doses, and may
develop sensitization to some compounds due to early exposure, potentially leading to the
development of chronic conditions.4® While the available data set is limited, dust samples
collected in California have significantly lower NNK levels with respect to studies carried
out in Asian and European countries. This may be due to differences in the prevalence

of smoking, weather, and building characteristics, among other factors. Further research is
needed to explore these effects.

Nicotine is a widely used environmental marker of THS contamination. Comparing NNK
and nicotine concentrations reported in different indoor media can provide practical
correlations to predict NNK intake based on nicotine levels in studies where only nicotine

is measured. The NNK/nicotine ratios from the compiled studies are plotted in Figure S6
(Supporting Information). These were derived from determinations of both compounds made
in indoor air, settled dust, and indoor surfaces. One preliminary observation is that, in many
cases, the NNK/nicotine ratios were in the order of 1/1000, suggesting that a quantitative
correlation could be established. A similar comparison was carried out on hair that had

been exposed to tobacco smoke and resulted in a similar NNK/nicotine ratio.> Given the
large (and growing) data set available in the literature on indoor nicotine concentrations,
establishing a correlation with NNK and other health-relevant THS contaminants could be of
great interest to advance health risk predictions.

Considering the three studied TSNAs, NNK drives the predicted health effects based on
available information. NNN is present at lower levels, and, given its lower cancer potency
factor, it is reasonable to assume that its total contribution to cancer risk will be smaller
than that of NNK. In the case of NNA, while its health effects are not fully assessed, a
growing body of evidence suggests that it constitutes a THS contaminant of concern due to
its mutagenic and genotoxic activity and because it can be formed on the skin and indoor
materials at concentrations that exceeded those of NNK and NNN. More studies on the
relative stability of NNA with respect to the other TSNAs are warranted. While the three
TSNAs studied here are not equally carcinogenic, their combined effects may be increased
from those determined for individual nitrosamines. As people are exposed to THS as a
mixture, the combined effects should be considered in assessing risks associated to this
preventable exposure. Tobacco control efforts should build upon knowledge of these cancer
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risks in indoor environments, e.g., by promoting prompt and effective remediation to reduce
contact with TSNAs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Nicotine or NNK applied to the skin
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Figurel.
Concentration of 3"-hydroxycotinine (3HC) and NNAL in urine during an initial 7-day

period of continuous application of nicotine or NNK onto mice skin, followed by a 7-day
clearance period. Levels of both compounds in control (nonexposed) mice were below the
limit of detection. Data points represent the average from three mice and the error bars, their
standard deviation.
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Figure 2.

HONO deposition onto different specimens of (A) cellulose and (B) cotton samples. Bars
represent the average of two measurements, and the error bars show the absolute difference
between determinations.
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TSNA surface concentration determined in experiments performed with (A) cellulose and
(B) cotton specimens. Bars represent the average of two measurements, and the error bars
show the absolute difference between determinations.
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Figure 4.

Predicted daily NNK dose from typical exposures through different pathways. The bars
represent the range of values to be expected based on the variability of inputs used in the
calculation.

Environ Sci Technol. Author manuscript; available in PMC 2024 September 29.



	ABSTRACT:
	Graphical Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Immunofluorescent DNA Damage.
	Dermal Intake of Nicotine and NNK in Animal Model.
	Simulated Epidermal Nitrosation of Nicotine.
	Predicting TSNA Daily Doses.
	Inhalation.
	Dust Ingestion.
	Direct Dermal Contact.
	Air-to-Skin Deposition.
	Epidermal Chemistry.


	RESULTS AND DISCUSSION
	DNA Damage Caused by NNA.
	Nitrosamine Dermal Uptake.
	Simulated Epidermal Nitrosation of Nicotine.
	Predicted Contributions to NNK Intake from Different Exposure Pathways.
	Inhalation.
	Dust Ingestion.
	Direct Dermal Uptake.
	Air-to-Skin Deposition.
	Epidermal Chemistry.

	Implications.

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.

