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Abstract

Nicotine from cigarette smoke is a biologically active molecule that has pleiotropic effects in the airway, which could play a role
in smoking-induced lung disease. However, whether nicotine and its metabolites reach sustained, physiologically relevant con-
centrations on airway surfaces of smokers is not well defined. To address these issues, concentrations of nicotine, cotinine, and
hydroxycotinine were measured by mass spectrometry (MS) in supernatants of induced sputum obtained from participants in the
subpopulations and intermediate outcome measures in COPD study (SPIROMICS), an ongoing observational study that included
never smokers, former smokers, and current smokers with and without chronic obstructive pulmonary disease (COPD). A total of
980 sputum supernatants were analyzed from 77 healthy never smokers, 494 former smokers (233 with COPD), and 396 active
smokers (151 with COPD). Sputum nicotine, cotinine, and hydroxycotinine concentrations corresponded to self-reported smoking
status and were strongly correlated to urine measures. A cutoff of ~8-10 ng/mL of sputum cotinine distinguished never smokers
from active smokers. Accounting for sample dilution during processing, active smokers had airway nicotine concentrations in the
70-850 ng/mL (~0.5-5 uM) range, and concentrations remained elevated even in current smokers who had not smoked within
24 h. This study demonstrates that airway nicotine and its metabolites are readily measured in sputum supernatants and can
serve as biological markers of smoke exposure. In current smokers, nicotine is present at physiologically relevant concentrations
for prolonged periods, supporting a contribution to cigarette-induced airway disease.

COPD; cotinine; sputum

INTRODUCTION

Nicotine is the major biologically active alkaloid found in
cigarette smoke, and its neurophysiological effects underlie
its addictive potential (1). The systemic pharmacokinetics of
nicotine have been extensively studied, with blood and cen-
tral nervous system concentrations rapidly increasing with
inhalation of cigarette smoke, then falling with an acute
half-life of ~2 h as nicotine is metabolized and excreted (2,
3). An additional component of nicotine clearance with a
much longer half-life (11-17 h) has also been identified (2, 4),
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which likely reflects absorption and delayed release of nico-
tine by other tissues such as lung, liver, kidney, and spleen
(3). Nicotine is extensively metabolized, primarily in the
liver, with cotinine and hydroxycotinine the primary metab-
olites. Cotinine in particular has been widely utilized as a
biomarker of smoking since it has a long half-life, and con-
centrations of cotinine in plasma, saliva, and urine are
strongly associated with nicotine exposure (3-5).

Although the impact of smoking on systemic concentra-
tions of nicotine and its metabolites is well understood,
much less is known about the airway concentrations of these
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compounds with cigarette exposure, particularly in chronic
smokers. Nicotine concentrations in induced sputum have
been reported to be in the ~50 uM range 5 min after exposure
to a conventional cigarette (6) or e-cigarette (7), with signifi-
cantly lower concentrations of cotinine. However, studies
have not assessed the persistence of airway nicotine follow-
ing acute or chronic exposures. The relevance of airway nico-
tine has become increasingly apparent, as numerous studies
have documented adverse effects of nicotine on epithelia
and other cell types within the airway (8-11).

To assess concentrations of nicotine and its metabolites in
airway samples in smokers, we applied a mass spectrometric
(MS) method to measure nicotine, cotinine, and hydroxycoti-
nine in 980 sputum supernatants collected as part of a multi-
center observational study of chronic obstructive pulmonary
disease (COPD), the subpopulations and intermediate out-
come measures in COPD study (SPIROMICS; ClinicalTrials.
gov NCT019693447T4; 12). Analysis of samples from this study
allowed us to assess sputum nicotine and its metabolites in
active smokers, former smokers, as well as never smoker con-
trols whose smoking history was well documented both by
history and through measurement of established biomarkers
of cigarette exposure in urine.

METHODS

Subject and Samples

Subjects were part of the SPIROMICS observational study
that included a healthy nonsmoking control cohort as well
as former or active smokers. All former or active smokers
had at least a 20 pack-year history of smoking and included
subjects with preserved spirometry as well as subjects with
COPD stratified by global initiative for chronic obstructive
lung disease (GOLD) status (12). During the study visit, par-
ticipants completed questionnaires that documented any
smoking in the past month, average number of cigarettes
smoked per day, as well as the number of cigarettes smoked
in the past 24 h, 2 h, and 1/2 h. Sputum was collected and
processed using standard methods (13, 14) that included
incubations with weight-based volumes of a reducing agent
that resulted in an eightfold dilution of sputum contents in
the final processed sputum supernatant. Former smokers
were defined as those who self-reported abstinence for >6
mo with normal spirometry. Sputum values were compared
with urine nicotine, cotinine, and hydroxycotinine that were
measured as part of SPIROMICS from spot collected, clean
catch urine. Selection of the analytic cohort was as previ-
ously described (13, 15). The SPIROMICS protocol was
approved by the participating universities, and participants
provided written informed consent. More information about
the study and how to access SPIROMICS data is available at
WwWw.spiromics.org.

Nicotine Metabolite and Other Biomarker
Measurements

Concentrations of urea, nicotine, cotinine, 3'-hydroxycoti-
nine, adenosine, and adenosine metabolites were measured
in sputum supernatants prepared as previously described
(13-15) using a MS method (7). Because internal standard for
nicotine and its metabolites were not routinely added to all
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samples at the time of the study, matrix effects and run-to-
run variability were controlled by assessing all nicotine
metabolites as ratios to the isotopically labeled leucine inter-
nal standard, which had a similar column run time. The va-
lidity of this approach was assessed in a subset of samples
(n = 137) that were prepared with nicotine metabolite inter-
nal standards (7). Nicotine metabolite concentrations calcu-
lated using the matching internal standards were strongly
correlated (» > 0.9) to those calculated using the leucine in-
ternal standard for all compounds. This substudy using nico-
tine metabolite internal standards also confirmed that the
reducing agents added during sputum processing did not
interfere with the MS method. The lower limit of quantification
was calculated as 0.5 ng/mL for all nicotine metabolites based
on standard curves and analysis of signal from sample blanks,
and a value of 0.5 ng/mL was imputed to all samples with no
signal or calculated concentrations below this threshold.

Statistical Analyses

Correlations were performed using linear regression or
Spearman correlation depending on the normality of the data.
Group comparisons were performed using ANOVA with postt-
est analysis by Tukey’s multiple comparisons test. Analyses
were performed using GraphPad Prism 9.2 (San Diego, CA).

RESULTS

Nicotine, cotinine, and hydroxycotinine were measured
in 980 sputum supernatants collected during the initial
SPIROMICS study visit, including samples from 77 healthy
never smokers (NSs), 500 former smokers (20 + pack/year his-
tory, no smoking within 30 days of study visit), and 403 active
smokers (20 + pack/year history, active smoking within 30
days of study visit; Table 1). The vast majority of active smokers
(376/403, 93%) reported smoking within the 24 h before the
study visit, though most (302/403, 75%) denied smoking within
2 h of the visit. Signal was above the detection limits for nico-
tine in 773 samples, with detectable signal for cotinine in 602
samples and hydroxycotinine in 632 samples.

All three sputum nicotine metabolites readily distin-
guished active smokers from never smokers and former
smokers (Fig. 1, A-C). The interquartile range (IQR) of spu-
tum nicotine concentrations in active smokers was 9-107
ng/mL, which translates to airway concentrations of 70-850
ng/mL (0.4-5.3 uM) after taking into account the eightfold

Table 1. Study demographics

Nonsmokers Former Smokers Active Smokers

n 77 500 403
Age, yr + SD 55.4+10.2 66.8+7.5 58.7+8.9
Sex, male (%) 42 (55%) 186 (37%) 164 (41%)
Race

White, % 51(66%) 425 (85%) 251(62%)

African American, % 21(27%) 53 (11%) 130 (32%)

Other, % 5 (6%) 22 (4%) 22 (5%)
COPD*, % 0 (0%) 349 (70%) 213 (50%)
FEV1, %predicted + SD 103+£12% 80+21% 84+21%
Cig smoked per day + SD 0+0 0+0 15.6+10.3

*Chronic obstructive pulmonary disease (COPD) defined as
global initiative for chronic obstructive lung disease (GOLD) stage
1 or greater. Cig, cigarettes; FEV1, forced expiratory volume in 1s.
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Figure 1. Nicotine metabolites in sputum and urine. A: sputum nicotine
was elevated in active smokers relative to never or former smokers. B:
sputum cotinine was elevated in active smokers relative to never or former
smokers. C: sputum hydroxycotinine was elevated in active smokers rela-
tive to never or former smokers. D: urine cotinine as measured through
the SPIROMICS core laboratory for comparison. Data are depicted in violin
plots as nanograms per milliliter, with lines indicating median and IQR.
Note scale differences in A. **P < 0.01 by ANOVA with Tukey’s posttest
analysis. IQR, interquartile range.

sample dilution of sputum during processing (14). Within
the active smoking population, 62% had calculated airway
nicotine concentrations >1 uM (160 ng/mL), whereas 16%
had airway nicotine concentrations >10 pM (1,600 ng/mL) at
the time of sample collection, concentrations commonly
used for in vitro studies of nicotine in airway epithelia (16—
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20). Findings for sputum cotinine were very similar to those
for urine cotinine (Fig. 1D), though with lower overall coti-
nine concentrations in sputum.

Sputum cotinine was strongly correlated with urine coti-
nine measured independently as part of the SPIROMICS pro-
tocols (12; » = 0.95, P < 0.001, Fig. 2A). Strong correlations
were also noted between sputum and urine nicotine (» =
0.81, P < 0.001) and sputum and urine hydroxycotinine (r =
0.87, P < 0.001). Analysis of the frequency distribution of all
sputum cotinine values indicated a break point at 8 ng/mL
(0.9 log units; Fig. 2B), similar to the 5th percentile value
within the active smoker group (10 ng/mL). For urine coti-
nine, the break point based on frequency distribution was at
100 ng/mL (2.0 log units), with the 5th percentile of the
active smoker group at 130 ng/mL (Fig. 2C). A total of nine
subjects (<1%) had discordant results in which cotinine con-
centrations exceeded the break point in one sample type but
not the other. Of the five subjects who had substantial urine
cotinine (>130 ng/mL) despite undetectable sputum coti-
nine, one was a former smoker and four were active smokers,
though only one reported cigarette smoking within 24 h of
the study visit. Of the four subjects with sputum cotinine >8
ng/mL but no urine cotinine, three reported being former
smokers though one was an active smoker who reported 10
cigarettes within the past 24 h.

To assess whether airway nicotine persists after acute cig-
arette smoke exposure, we examined sputum nicotine in the
subset of active smokers who did not report active smoking
within 24 h of the study visit (AS 0). Despite not smoking for
24 or more hours, median sputum nicotine was 7.8 ng/mL,
which translates to airway nicotine concentrations of 63 ng/
mL (0.4 pM) with an IQR of 22-220 ng/mL (0.1-1.4 uM) in the
AS 0 group when accounting for dilution. These values were
higher than those measured in the NS group though lower
than the calculated airway concentrations of 390 ng/mL (2.4
uM) with IQR 120-1,200 ng/mL (0.7-7.4 pM) from a control
group who smoked heavily in that interval (10 or more ciga-
rettes within 24 h, AS >10; P < 0.001 for both comparisons
by Tukey’s posttest after ANOVA; Fig. 3A). Some of the dif-
ferences between the AS 0 and AS >10 groups reflected lower
overall smoking intensity in the AS O group, as reflected in
lower sputum and urine cotinine (Fig. 3, B and C) and lower
reported average cigarettes smoked per day (Fig. 3D).
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Figure 2. Sputum vs. urine cotinine. A: strong correlation was observed between sputum and urine cotinine values (r = 0.95, P < 0.0001). B: frequency
analysis suggested two populations of sputum cotinine concentrations with a cut-off at 0.8 log units (6 ng/mL). C: frequency analysis of urine cotinine

suggested a cut-off between populations of 2.0 log units (100 ng/mL).
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Figure 3. Nicotine metabolites and recent smoking. A: sputum nicotine
was increased in active smokers who reported smoking >10 cigarettes
within 24 h before the study visit (AS >10, n = 227) vs. active smokers who
reported no smoking within 24 h before the study visit (AS O, n = 20).
Sputum nicotine was increased in both groups relative to never smokers
(NSs). B: similar pattern for sputum cotinine, with increases in both the AS
0 and AS >10 groups relative to NS, with the AS >10 group higher than
the AS 0. C: the pattern for urine cotinine was similar to that for sputum
cotinine. D: subjects in the AS O group reported fewer average cigarettes
smoked per day than those in the AS >10 group. ***P < 0.001 by ANOVA
with Tukey’s posttest (A—C) or Student’s t test (D). Cig, cigarettes.

The MS panel utilized in this study also included measure-
ment of a number of metabolites, including those in the
adenosine metabolic pathway that have been associated
with smoking in prior studies (13, 21). To assess whether the
intensity of acute smoking affected these physiological air-
way responses, we examined the relationship between spu-
tum nicotine as an index of recent smoke exposure and
sputum adenosine and its metabolites. To eliminate the
chronic disease as a potential confounder, we only examined
the subset of active smokers with preserved spirometry (n =
192). In this subset, we observed a modest but statistically
significant relationship between sputum nicotine and self-
reported number of cigarettes smoked in the prior 24 h (Fig.
4A). Sputum nicotine was significantly correlated with spu-
tum adenosine (Fig. 4B), as well as the adenosine metabo-
lites hypoxanthine and xanthine (Fig. 4, C and D).

DISCUSSION

Using a mass spectrometric method, we successfully
measured nicotine and its primary metabolites in sputum
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collected from a large, multicenter study that included for-
mer smokers, active smokers, and never-smoking controls.
Nicotine metabolites in sputum corresponded very well to
self-reported smoking status and were strongly correlated to
urine nicotine metabolites measured independently, sup-
porting the overall validity of the method. Sputum nicotine
is also correlated to airway adenosine and its metabolites as
marKkers of cigarette smoke exposure.

These findings provide new insights into the role of airway
nicotine in active smokers. In particular, our findings sug-
gest that the airway nicotine concentrations typically
observed in active smokers are within the range reported to
cause adverse physiological effects in human airway epithe-
lia in vitro (8). A meaningful fraction of subjects had airway
nicotine concentrations that met or exceeded the 10 pM con-
centration commonly utilized for in vitro studies (16-18),
with even more reaching the low and even submicromolar
concentrations of nicotine that have been reported to alter
airway cellular signaling and mucus rheology (19, 20).

Although we did not directly measure the pharmacokinetics
of airway nicotine, our analyses suggest that airway nicotine
remains persistently elevated in active smokers well after
acute exposures. As the majority of active smokers denied
smoking within 2 h before the study visit, the measured spu-
tum nicotine concentrations are not likely transient increases
from acute exposures, Furthermore, sputum nicotine concen-
trations were elevated even in the small subset of active smok-
ers who denied any cigarette use within 24 h despite this
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Figure 4. Relationships of sputum nicotine to other measures in active
smokers with preserved spirometry. A: a modest but statistically significant
correlation was observed between sputum nicotine and reported ciga-
rettes smoked in the 24 h before the study visit (Spearman r = 0.28, P <
0.0001). B-D: weak but statistically significant correlations were noted
between sputum nicotine and sputum adenosine (r=0.18, P < 0.02; B); hy-
poxanthine (r = 0.26, P < 0.001; C), and xanthine (r = 0.32, P < 0.001; D).
Cig, cigarettes.
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group having much lower overall cigarette exposure. Our find-
ings are most consistent with the presence of a long half-life
component of nicotine clearance that has been described in
other studies (2, 4). Whether this reflects accumulation and
release of nicotine within the airway or replenishment of air-
way nicotine from systemic sources is unknown. The latter
mechanism more likely explains the sputum concentrations
of cotinine and hydroxycotinine, since these compounds are
formed primarily in the liver and not the lung (3).

Our findings suggest that sputum cotinine can serve as a
valid biomarker of tobacco smoke exposure, similar to
cotinine measured in blood, urine, or saliva. The cut-point
of ~8-10 ng/mL in processed sputum that effectively dis-
tinguished smokers from nonsmokers is similar to the pre-
viously reported cut-point of 15 ng/mL in saliva (22),
though it should be noted that the sputum cut-point is
depressed by sample dilution during processing. Although
sputum is a noninvasive sample, collection challenges
make it unlikely that sputum would replace saliva or urine
as a routine choice for noninvasive smoking biomarker
measurement. However, measurement of sputum cotinine
could replace separate cotinine measures in studies in
which sputum is already being collected for other bio-
marker measurements. Importantly, we were able to mea-
sure cotinine and other relevant metabolites in sputum
processed using standardized methods within a large,
multicenter observational study (12, 15), demonstrating
the feasibility of this approach for other observational or
interventional trials.

One limitation of this study is our inability to rule out the
possibility that some subjects were obtaining nicotine from a
source other than smoking; e.g., from nicotine supplements
utilized for smoking cessation. Use of nicotine supplements
or electronic nicotine delivery devices was not routinely
recorded in SPIROMICS, and it is possible that these contrib-
uted to the elevated nicotine metabolite concentrations
observed in a small number of subjects who did not report
active smoking. We also cannot eliminate the possibility that
some subjects misreported their smoking status or intensity.
In addition, our MS method detected low concentrations of
nicotine and metabolites in many subjects who did not
report active smoking or detectable urine cotinine. It is not
clear if this represents the ability of MS to detect low-level
environmental nicotine exposure; e.g., from secondhand
smoke; or if the signal represents background or contami-
nant peak. As secondhand smoke exposure was not routinely
recorded in SPIROMICS, we could not distinguish between
these possibilities.

In summary, our analysis demonstrates that active smok-
ers have elevated, physiologically relevant concentrations of
nicotine on airway surfaces that persist for prolonged peri-
ods even without active smoking. Thus, the pharmacological
effects of nicotine on airway epithelia should be considered
as a potential contributor to cigarette smoking-induced lung
disease. Furthermore, sputum cotinine can be considered as
a valid biomarker of nicotine exposure from cigarette smok-
ing and likely other nicotine delivery devices.

DATA AVAILABILITY

Data will be made available from SPIROMICS on request.
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