Original Research

@ Therapeutic Advances in Chronic Disease

Impact of exclusive e-cigarettes
and heated tobacco products use
on muco-ciliary clearance

R. Polosa

, R. Emma, F. Cibella, M. Caruso, G. Conte, F. Benfatto,

S. Ferlito, A. Gulino, M. Malerba and P. Caponnetto

Abstract

Background: Tobacco smoking impairs mucociliary clearance (MCC] efficiency as shown
by prolonged saccharin test transit time (STTT). Avoiding exposure to tobacco smoke from
combustible cigarettes may restore MCC function and former smokers have been shown to
exhibit similar STTT as never smokers. The impact on STTT of switching from smoking to
combustion-free tobacco products such as e-cigarettes (ECs) and heated tobacco products

(HTPs) is not known.

Methods: We report STTT of exclusive EC and HTP users. Test results were compared with
those obtained in current, former, and never smokers.

Results: STTT were obtained from 39 current, 40 former, 40 never smokers, and from 20 EC
and 20 HTP users. Comparison of STTT values showed significant difference among the five
study groups (p < 0.00001) with current smokers having a median [interquartile range (IQR]]
STTT of 13.15min, which was significantly longer compared with that of all other study groups.
In particular, compared with former (7.26 min) and never smokers (7.24 min), exclusive EC
users and exclusive HTP users had similar STTT at 7.00 and 8.00 min, respectively.
Conclusion: Former smokers who have switched to exclusive regular use of combustion-free
nicotine delivery systems (i.e., ECs and HTPs) exhibit similar saccharin transit time as never
and former smokers. This suggests that combustion-free nicotine delivery technologies are
unlikely to have detrimental effects on MCC function.
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Introduction

In addition to causing cardiovascular diseases,
cancer, and chronic obstructive pulmonary dis-
eases (COPD),!? chronic exposure to a range of
toxic chemicals in the cigarette smoke can cause
progressive structural damage and functional
alterations of the airways, with loss of cilia,*
reduced ciliary beating,>® and airway epithelial
mucus cell hyperplasia causing mucus hypersecre-
tion.”-8 Tobacco combustion in conventional ciga-
rettes is known to release a multitude of harmful
and potentially harmful chemical constituents
including phenol, formaldehyde, and acrolein,’
which have been shown to be cilia-toxic.!?
Disruption of the mucociliary clearance (MCC)

function may contribute to inflammation and
obstruction of the small airways,!! and increased
susceptibility to respiratory infections.12-14

Abstaining from tobacco smoking may reduce
structural damage and restore cilia-mucus interac-
tion. Former smokers have been shown to exhibit
similar MCC transit time (MCCTT) as never
smokers,!> and smoking cessation studies have
demonstrated that MCC impairment can be
reversed rapidly in quitters.!®!7 The demonstration
that the cilia-mucus functional framework of smok-
ers can be restored soon after stopping exposure to
smoke toxicants suggests that measurement of
MCCTT can be used as a sensitive biomarker of
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physiological effect for the detection of early res-
piratory health changes in smoking cessation stud-
ies and switching trials of combustion-free nicotine
delivery systems [e.g., e-cigarettes (EC), heated
tobacco products (HTDPs)].

Products that do not require combustion to deliver
nicotine such as ECs and heated tobacco products
(HTDPs) are substituting conventional cigarettes
globally.'® Compared with conventional cigarettes,
they offer substantial reduction in exposure to
harmful and potentially harmful chemical constit-
uents including phenol, formaldehyde, and acr-
olein'®22 and, for this reason, combustion-free
nicotine delivery systems are have been considered
for smoking harm reduction.??

A significant reduction in combustion toxicants
when stopping smoking can reverse the impair-
ment of the cilia-mucus functional structure and
exposure to aerosols generated from combustion-
free nicotine delivery technologies is expected to
be considerably less cilia-toxic. It is therefore
hypothesized that substitution of cigarette smok-
ing with the use of combustion-free nicotine
delivery technologies may lead to faster MCCTT
compared with current smokers.

To test this hypothesis, we carried out Saccharin
tests — a non-invasive, well tolerated and simple to
perform method that measures MCCTT - in a
group of exclusive e-cigarettes and heated tobacco
products users.?* Test results were compared
with data of current, former, and never smokers
from our previous work with saccharin test.?>

Methods

Study population

Smokers who attended a smoking cessation clinic
(CPCT, Centro per la Prevenzione e Cura del
Tabagismo of the University of Catania), or never
smokers contacted among hospital staff, or
through social media, were recruited. Study par-
ticipants were defined as follows:

1. Current smokers: people smoking =10 cig-
arettes per day, and with an exhaled carbon
monoxide (eCO) level of =7 ppm;

2. Former smokers: people not smoking for at
least 3—6 months at the time of screening,
and with an eCO level of <7 ppm;

3. Never smokers: people reporting having
smoked less than 100 cigarettes in their life-
time,2% and with an eCO level <7 ppm (to
exclude subjects significantly exposed to
environmental cigarette smoke);

4. EC users: people exclusively using vaping
products daily and not smoking for at least
3—-6months after switching to their device,
and with an eCO level of <7 ppm;

5. HTP wusers: people exclusively puffing
HTPs daily and not smoking for at least
3—6 months after switching to their device,
and with an eCO level of <7 ppm.

Study participants had to satisfy the following
exclusion criteria:

o Any conditions that could impair cilia-
mucus interaction or interfere with
MCCTT measurements, such as:

s Recent (less than 14 days) history of viral
infection of the upper respiratory tract;

s Conditions that may damage nasal
mucosa (e.g., chronic rhinosinusitis,
infectious rhinitis, allergic rhinitis,
atrophic rhinitis, vasomotor rhinitis);

m Respiratory conditions that may inter-
fere with MCCTT measurements (e.g.,
COPD, asthma, bronchiectasis, cystic
fibrosis);

m Significant exposure to passive smoking
(excludes current smokers);

m Significant environmental/occupational
exposure to pollution or chemicals (e.g.,
living in proximity of areas characterized
by heavy vehicles traffic, or by presence
of industrial fumes; employment in
chemical/metallurgy industries);

m Medications such as pain killers, sleep-
ing pills, antihistamines.

o Poor individual ability to detect sweetness
[i.e., being below the 25 mm mark on the
0—100 mm paper visual analog scale (VAS)
for sweetness intensity rating];

o Current use of EC or HTPs (for current,
former and never smokers only);

o Pregnancy.

The study was approved by the local Ethical
Review Board (number 125/2019/empo, Comitato
Etico Catania 1. AOU Policlinico Vittorio
Emanuele) and participants gave written informed
consent prior to participation in the study.
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Study design

This cross-sectional study was designed to assess
and compare MCCTT among five study popula-
tions: (1) current smokers; (2) former smokers;
(3) never smokers; (4) exclusive EC users (former
smokers); and (5) exclusive HTP users (former
smokers). Study groups were matched for age
and gender by using a dedicated macro in the
SAS software. After a screening visit, subjects
were invited to attend for a saccharin test.

At screening, eligibility criteria (socio-demo-
graphic data, medical history, medication usage,
and tobacco products history) were verified.
Potential participants were tested for exhaled CO
and their ability to detect sweetness. Perception
of sweetness intensity was rated by using a 0-100
mm paper VAS. After rinsing the mouth with tap
water and wiping the tongue dry with a paper
towel, subjects were instructed to smear a crushed
saccharin tablet (Mini-sweeteners; Hermesetas;
Switzerland) all around the surface of their
tongue. The sodium saccharin content for
Hermesetas mini tablets is 11.8 mg/tablet.

They then were asked to rate the intensity of
sweetness perception on a 0-100 mm paper VAS.
Sweetness intensity ratings ranged from “not at
all sweet” (at 0 mm) to “extremely sweet” (at 100
mm). Anybody below the 25 mm mark on the
VAS was excluded from participation. Eligible
subjects were then invited to attend the saccharin
test visit. They were asked to refrain from drink-
ing coffee/caffeinated drinks for at least 4h prior
to the study visit. Smokers were asked not to
smoke, EC users not to vape, and HTDP users not
to puff their device for at least 1 h prior to the sac-
charin test visit. At saccharin test visits, eligibility
criteria were verified once again. Before com-
mencing the saccharin test, subjects’ nose was
rinsed with warm saline (NaCl 0.9% solution).
After asking participants to acclimate at con-
trolled environmental conditions (temperature
21-24°C; relative humidity 30-50%) for at least
45 min, saccharin test transit times (STTT) were
measured.

Saccharin test method

After nasal washing with warm saline, participants
were invited to acclimate in an examination room
optimized for ambient temperature and humidity
(i.e., temperature 21-24°C; relative humidity

40-60%). After 45min acclimation, participants
were invited to slightly raise and tilt the head back-
wards. Whilst illuminating a nostril (indicated by
the subject as the one allowing better nasal breath-
ing — the same nostril will be used for all tests pro-
viding patency is maintained throughout study
visits) with a medical headlight and widening it
using a nasal speculum, the research investigator
(or ENT research nurse) identified the small crest
that marks the tip of the inferior turbinate. A nip-
per clasping a saccharin tablet was guided through
the speculum and the tablet was gently placed
horizontally on the medial face of the inferior tur-
binate, about 1 cm behind its anterior end. The
nipper and nasal speculum were withdrawn, pay-
ing attention not to trigger any sneezing. Subjects
were then invited to return their heads to a straight
position and a chronometer was started. Subjects
were asked to swallow some saliva a couple of
times every minute until perceiving the “sweet
taste” of saccharin. Subjects were instructed to
avoid to sniff, sneeze, eat, drink, walk, talk, cough,
scratch, or blow their nose. The STTT has been
shown to have significant short- and long-term
reproducibility.?5-27-29

Statistical analysis

Based on data from previous saccharin test stud-
ies comparing current, former, and never smok-
ers, we estimated that a sample of at least 20
subjects for each group was adequate to obtain a
power greater than 90% with a type I error (alpha)
smaller than 0.05 (5%) in an equivalence com-
parison. The upper limit of normality (ULN) was
calculated by computing the value corresponding
to the mean + standard deviation (SD) X 1.64
from the distribution curve of the results of the
MCCTT measurements in never smokers.
Kolmogorov—Smirnov test was performed to
assess the data distribution. Categorical data were
summarized by counts and percentages; continu-
ously distributed data, with symmetrical distribu-
tion, were summarized using the mean [standard
error (SE)]; continuously distributed data, with
skewed distribution, were summarized using the
median [interquartile range (IQR)]. Study groups
comparisons were carried out by Chi-square test,
ANOVA, and Kruskal-Wallis test for categorical,
continuously symmetric, and continuously
skewed datasets, respectively. Moreover, cross-
comparison between groups were calculated
using pairwise Wilcoxon test with Holm
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Table 1. Baseline characteristics of study subjects. Data are reported as mean = SD, median [IQR), n/N unless otherwise stated.

Never Current Former smokers Exclusive HTP Exclusive EC p value
smokers smokers users users?
Age 32.5 (25-41) 31 (24.5-44) 33(25.75-41.25)  34.5(26.5-44.75)  33.5(25.75-42) 0.979
Female/Male 20/20 19/20 20/20 10/10 10/10 0.991
BMI 234 =32 249 %50 240 = 44 25.2 = 4.5 240 = 4.8 0.092
Exhaled CO 3 (2-4) 19 (15-22.5) 2.5(1.8-5.0) 3(2-5) 3(1.8-4.3) <0.0001
Pack/years NA 12.5(6.2-20.4) 15 (5.1-25.4) 16.3 (9.2-26.6) 12 (7.0-28.0) 0.954
Cigarettes/day NA 15 (11-20) 20 (15-25])* 20 (12-25)* 16 (11-20) 0.268
Smoking duration in NA 14.5(7.25-21)*  15.5(8.75-23)* 15 (9.25-20)* 14 (7.75-24)* 0.810
years
FTND NA 6 (5-7) NA NA NA -
E-liquid/day (ml) NA NA NA NA 27 +1.0 -
Consumption
E-liquid nicotine NA NA NA NA 13.6 + 2.7 -
strength (mg/ml)
Vaping duration in NA NA NA NA 7.5 (6-8.0) -
months
Tobacco sticks/day NA NA NA 14 + 2.05 NA =
HTP use duration in NA NA NA 7 (6-7.5) NA -

months

2aAll e-cigarette users had devices with refillable tanks/pods.
*Refers to previous smoking (prior to quitting).

BMI, body mass index; CO, carbon monoxide; EC, e-cigarette; FTND, Fagerstrom test for nicotine dependence; HTP, heated tobacco product; IQR,
interquartile range; NA, not available; SD, standard deviation.

correction for multiple testing. All analyses were
considered significant with a p value < 0.05. R
version 3.4.3 was utilized for data analysis and
generation of graphs.

Results

Study participants

Complete analysis on the saccharin test was car-
ried out in 159 subjects: 79F/80M with a median
(IQR) age of 32 (25-42) years (Table 1). No sig-
nificant differences were observed among the
study groups, with the exception of exhaled eCO
levels, which were significantly (p < 0.0001) ele-
vated in current smokers compared with never
smokers, former smokers, exclusive HTP users,
and exclusive EC users.

MCCTT comparison between study groups
Comparison of MCCTT values showed signifi-
cant difference among the five study groups
(p < 0.00001); current smokers had a median
(IQR) MCCTT of 13.15 (9.89-16.08) min,
which was significantly longer compared with
that of never smokers at 7.24 (5.73-8.73) min,
former smokers at 7.26 (6.18-9.17) min, exclu-
sive EC users at 7.00 (6.38-9.00) min, and
exclusive HTP users at 8.00 (6.00-8.00) min
(Figure 1).

Pairwise comparisons between each study group
showed that significant differences occurred only
when current smokers were compared with any
other study group, whereas no significant differ-
ences were observed for any other between-group
comparisons (Table 2).
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Figure 1. STTT measurements among never smokers (closed circles), current smokers (open diamonds),
former smokers (closed squares), exclusive EC users (open circles), and exclusive HTP users (closed
triangles). The median STTT (IQR) was prolonged only in current smokers, compared with other study groups.
The calculated ULN was 10.99 min. The overall p value was calculated by Kruskal-Wallis test.

EC, e-cigarette; HTP, heated tobacco product; IQR, interquartile range; STTT, saccharin test transit time; ULN, upper limit of

normality.

The calculated ULN of 10.99 min in never smok-
ers was used as a cut-off point for abnormal
MCCTT measurements. As expected, most of
current smokers (27/39; 69.2%) had an MCCTT
value above the ULN, whereas only 12.5% (5/40)
former smokers, 10% (2/20) exclusive EC users,
and 10% (2/20) exclusive HTP wusers had
MCCTT values above the ULN.

Discussion
This is the first study to investigate saccharin
transit time in EC and HTP users. Compared

with never and former smokers, saccharin transit
time in current cigarette smokers was nearly twice
as long (7.24 and 7.26 min versus 13.15min) and
remarkably similar transit times were also
observed in ECs (7.00min) and HTPs users
(8.00min). Moreover, 90% of transit time meas-
urements taken from EC users or HTP users were
well within the upper limit of normal.

With a saccharin transit time that is similar to that
of former and never smokers, EC and HTDP users
exhibit no significant impairment of MCC.
Considering that exclusive EC and HTP users in
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Table 2. Pairwise comparisons between study groups.

Pairwise adjusted EC users HTP users Never Former Current

p values? smokers smokers smokers
EC users - 1 1 1 0.00016
HTP users 1 - 1 1 <0.0001
Never smokers 1 1 - 1 <0.00001
Former smokers 1 1 1 = <0.00001
Current smokers 0.00016 <0.0001 <0.00001 <0.00001 -

aAdjusted p values were calculated using Kruskal-Wallis test with Holm correction for multiple testing. p values < 0.05
were considered significant. p value = 1 indicates no difference between each pairwise comparison.

EC, e-cigarette; HTP, heated tobacco product.

our study have been abstaining from smoking only
recently (3-36 months), MCC restoration after
smoking cessation appears to occur within a rela-
tively short time period after quitting. Prospective
studies are required to clarify the time-course of
MCCTT restoration after smoking cessation.

In agreement with the findings of this paper, ciga-
rette smoking slows down MCCm and abstaining
from smoking quickly restores MCC effi-
ciency.!%!” However, that regular users of ECs
and HTPs exhibited no lengthening of STTT
indicates that combustion-free nicotine delivery
technologies are unlikely to have detrimental
effects on MCC function. This is a novel finding
and requires explanation.

Whereas chronic exposure to toxic chemicals
generated during tobacco combustion is known
to cause functional alterations and structural
damage of ciliated airway epithelial cells,?® very
little is known about the effect of aerosol emis-
sions from combustion-free nicotine delivery
technologies. By completely substituting ECs for
combustible tobacco cigarettes, users’ exposure
to numerous toxicants and carcinogens present
in combustible tobacco cigarettes is greatly
reduced.!®2?! Same marked reductions in toxi-
cants exposures have been reported for HTPs
compared with cigarettes.?2-30,31

Primary human bronchial epithelial cells exposed
to cigarette smoke showed a clear reduction in
mucus-secreting cells and their secretion activity
as well as in cilia beating, with much less pro-
nounced effects for the cells treated with EC aer-
osol.32 In an experimental model of excised
bullfrogs’ palates, although exposure to EC

aerosol emission had a modest inhibitory effect
on mucus transport velocity, tobacco smoke
exposure of the palates had a remarkable inhibi-
tory effect.3® In a whole-body intense exposure
protocol, no significant slowing in MCC by radi-
oisotope technique was observed in mice exposed
for 1 week to high levels of EC emission aerosols,
and trachea histology of sacrificed animals
showed no apparent damage of the ciliated epi-
thelial cells.3* Under normal condition of use, the
level of cilia-toxic chemicals (including phenol,
formaldehyde, and acrolein) in EC and HTP
aerosol emissions are 80-99% lower compared
with cigarette smoke.!°-22 Accordingly, exposure
to aerosols generated from combustion-free nico-
tine delivery technologies is expected to be con-
siderably less cilia-toxic. These observations may
suggest that combustion-free nicotine delivery
technologies are unlikely to have adverse effects
on MCC function, and add to the evidence that
these products do not appear to pose a significant
respiratory health hazard.?>

Please note this study is about relative (not abso-
lute) MCCTT changes from smoking when com-
pletely substituting conventional cigarettes for
non-combustible sources of nicotine. Findings
were not unexpected. The conclusion is consist-
ent with what we have learned about tobacco
smoke chemical composition and cilia dysfunc-
tion/destruction over the last 40-50years, that we
are almost certain that stopping smoking (includ-
ing by substituting tobacco cigarettes with non-
combustible sources of nicotine) would produce
substantial improvement in MCCTT.

Some of the strengths of this study included: (1)
exclusion of participants with any condition that
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could interfere with the results of saccharin test;
(2) careful characterization of participants via
detailed smoking, vaping, and HTP use history;
(3) biochemical verification of participants’ smok-
ing status by exhaled CO; (4) meticulous prepa-
ration and competent conduct of our standardized
saccharin test; and (5) being one of the largest
MCCTT study ever conducted.

When interpreting the study findings, many fac-
tors need to be considered. First, the reported
lack of difference when comparing small study
groups (i.e., EC and HTDP) should be interpreted
with caution. Yet, power analysis of the collected
data indicates that a sample of at least 20 subjects
for each group is adequately powered to detect
significant differences in MCCTT. Moreover,
careful examination of the individual saccharin
test data on a case-by-case basis revealed identi-
cal 90% distribution of the measurements within
the ULN value for both EC and HTP.
Remarkably, significant differences were always
reported when current smokers were included in
all pairwise comparisons, confirming the superior
discriminatory capability of the saccharin test.
Second, EC and HTP users in this study had
relatively short duration of exposure (vaping and
HTP usage history ranging from 3 to 36 months)
that may have not been sufficient to show an
effect. In addition, no EC user consumed more
than 5 ml e-liquid/day and no HTP users puffed
more than 15 sticks/day. Duration (years) and
intensity of smoking (cigarettes/day) are signifi-
cant predictors of MCCTT impairment among
smokers, with high intensity smoking (average of
39 cigarettes/day) nearly doubling MCCTT, low
smoking intensity (average of 9 cigarettes/day)
not having much of an effect?® and smoking dura-
tion >5years showing twice the STT compared
with smokers with a much shorter smoking his-
tory and to non-smokers.37 It is possible that the
reported lack of impact on STT among EC and
HTP user could have been due to low-intensity
aerosol exposure, but switching from combus-
tion wversus no-combustion consistently restores
MCC to near-normal STTT values. Third, study
samples consisted of relatively young subjects
and their response to the saccharin test may not
be representative of the general population; addi-
tional studies with more representative age
groups are needed. Fourth, with the exception of
a single GLO user, all other participants in the
HTP study group were using IQOS; HTDP results
are essentially product specific. Conversely, EC

users were consuming different types of vaping
products. Last but not least, it is acknowledged
that cross-sectional studies have limitations when
trying to establish a causal relationship.
Nonetheless, we provided enough information
on temporal relations and “dose” of smoking
exposure (i.e., absence of smoking exposure) for
the populations under investigation to infer cau-
sality. Moreover, near-normal STTT values were
consistently found in all study groups not exposed
to combustion toxicants.

In relation to the wider implications of this study,
it is our opinion that measurement of saccharin
transit time can be used as a sensitive biomarker
of physiological effect for the detection of early
respiratory health changes in smoking cessation
studies and switching trials. In addition, the sac-
charin test may represent a unique valuable end-
point for medical and regulatory research applied
to combustion-free tobacco products (e.g., e-cig-
arettes, heated tobacco products, oral tobacco/
nicotine products, etc.), smoking cessation medi-
cations, and pharmacological interventions for
lung diseases characterized by defective mucus
clearance.
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