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Lung Cell Mol Physiol 318: L331-L.344, 2020. First published No-
vember 13, 2019; doi:10.1152/ajplung.00268.2019.—Propylene gly-
col and glycerol are e-cigarette constituents that facilitate liquid
vaporization and nicotine transport. As these small hydrophilic mol-
ecules quickly cross the lung epithelium, we hypothesized that short-
term cessation of vaping in regular users would completely clear
aerosol deposit from the lungs and reverse vaping-induced cardiore-
spiratory toxicity. We aimed to assess the acute effects of vaping and
their reversibility on biological/clinical cardiorespiratory parameters
[serum/urine pneumoproteins, hemodynamic parameters, lung-func-
tion test and diffusing capacities, transcutaneous gas tensions (primary
outcome), and skin microcirculatory blood flow]. Regular e-cigarette
users were enrolled in this randomized, investigator-blinded, three-
period crossover study. The periods consisted of nicotine-vaping
(nicotine-session), nicotine-free vaping (nicotine-free-session), and
complete cessation of vaping (stop-session), all maintained for 5 days
before the session began. Multiparametric metabolomic analyses were
used to verify subjects’ protocol compliance. Biological/clinical car-
diorespiratory parameters were assessed at the beginning of each
session (baseline) and after acute vaping exposure. Compared with the
nicotine- and nicotine-free-sessions, a specific metabolomic signature
characterized the stop-session. Baseline serum club cell protein-16
was higher during the stop-session than the other sessions (P < 0.01),
and heart rate was higher in the nicotine-session (P < 0.001).
Compared with acute sham-vaping in the stop-session, acute nicotine-
vaping (nicotine-session) and acute nicotine-free vaping (nicotine-
free-session) slightly decreased skin oxygen tension (P < 0.05). In
regular e-cigarette-users, short-term vaping cessation seemed to shift
baseline urine metabolome and increased serum club cell protein-16
concentration, suggesting a decrease in lung inflammation. Addition-
ally, acute vaping with and without nicotine decreased slightly trans-

* M. Chaumont and V. Tagliatti contributed equally to this work.

Address for reprint requests and other correspondence: M. Chaumont,
Dept. of Cardiology, Erasme University Hospital, Université Libre de
Bruxelles, 808 Route de Lennick 1070, Brussels, Belgium (e-mail: martin.
chaumont@ulb.ac.be).

http://www.ajplung.org

Licensed under Creative Commons Attribution CC-BY 4.0: © the American Physiological Society. ISSN 1040-0605.

cutaneous oxygen tension, likely as a result of lung gas exchanges
disturbances.

electronic nicotine delivery systems; metabolomics; nicotine; pneu-
moproteins; transcutaneous oxygen tension

INTRODUCTION

Propylene glycol and glycerol, the main constituents of
electronic-cigarette (e-cigarette) liquid (e-liquid), produce an
aerosol when heated that carries flavoring and nicotine. High-
wattage vaping, which enhances heat and aerosol production, is
the modality of choice for regular users (vapers) (10-12, 57).
High-wattage vaping, with and without nicotine, has been
shown to induce transcutaneous hypoxia, constriction of the
airways, and lung inflammation in healthy naive vapers (10,
12). The latter was marked by a rise in serum club cell
secretory protein-16 (CC16) without a change in surfactant
protein-D (10—12). Acute nicotine-free-vaping decreased par-
tial pressure of arterial oxygen (O,) and the oxyhemoglobin
fraction in heavy tobacco smokers (naive vapers), suggesting
lung gas exchange disturbances (12).

Propylene glycol and glycerol are small hydrophilic mole-
cules that swiftly cross the lung epithelium (19, 21, 42). When
vaped in large amounts, however, this aerosol can transiently
accumulate deep in the lungs (42) and interact with the epi-
thelium (50). This hygroscopic and hyperosmolar deposit
could theoretically disrupt the rheological properties of surfac-
tant and mucus (21, 23, 31, 49, 50, 52), resulting in bronchiolar
and alveolar collapse and therefore impairments to lung gas
exchange (40). This possibility is supported by in vitro and
animal studies (26, 42, 43, 58, 59), but it is not known if it also
occurs in humans (44). We hypothesized that short-term ces-
sation of vaping in regular heavy e-cigarette-users would
completely clear aerosol deposit from the lungs, with subse-
quent recovery of gas exchange and restoration of biological/
clinical cardiorespiratory parameters. We also explored whether
e-cigarette cessation for 5 days could shift serum and urine
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metabolomes toward a healthier cardiorespiratory profile.
These unanswered questions are important because an increas-
ing proportion of users choose to vape after successfully giving
up tobacco smoking (57).

METHODS
FParticipants

Deemed healthy, former tobacco smokers with exclusive nicotine
e-cigarette use for at least 1 yr were recruited via a Belgian vaping
forum (UBV-BDB-Union-Belge-Pour-La-Vape/Belgische-Damp-Bond).
Participants were excluded if they had used chronic medication or
recreational drugs. A medical history and physical examination were
obtained before enrollment in the study. Healthy participants had the
following: /) no acute or chronic illness; 2) no past or present
symptoms of cardiopulmonary disease; 3) no medication use; and 4)
no hypertension as defined by clinical guidelines (57). Participants
were also systematically screened for urine tetrahydrocannabinol
(semiquantitative detection threshold of 50 ng/mL; NarcoCheck),
which had to be negative before each session for inclusion. The study
was performed at Erasme University Hospital, Brussels, Belgium
between January 2018 and November 2018. Written informed consent
was obtained from all the study participants, and the study was
approved by the local Ethics Committee (Hopital-Erasme-CCB-
B406201629930) and conformed to the Declaration of Helsinki. The
study is registered at ClinicalTrials.gov-identifier-NCT03410511.

Study Design, Randomization, and Masking

A randomized, investigator-blinded, three-period crossover study
was carried out. Allocation to the sequence order was performed by a
computer-generated randomization list (Supplemental Fig. S1; all
supplemental material is available at https://doi.org/10.5281/zenodo.
3478423). A minimum of 7 days separated each period. The periods
included: 7) regular vaping of e-cigarettes containing nicotine for 5
days and until 2 h before the experimental session (nicotine-session);
2) nicotine-free-vaping for 5 days and until 2 h before the experimen-
tal session (nicotine-free-session); and 3) complete cessation of e-cig-
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arette vaping for 5 days before the experimental session (stop-
session).

Baseline blood/urine samples and clinical cardiorespiratory param-
eters were collected at the beginning of each experimental session.
Participants were then invited to vape acutely as follows: /) 10
nicotine puffs at 60 W (mean = SE, 1 £ 0.05 g) (acute nicotine-
vaping in the nicotine-session); 2) 10 nicotine-free puffs at 60 W
(1 = 0.04 2) (acute nicotine-free-vaping in the nicotine-free-session);
and 3) 10 sham puffs (acute sham-vaping in the stop-session) (Fig. 1).
The e-liquid base of propylene glycol/glycerol was mixed by the
pharmacy at Erasme University Hospital (50:50 vol/vol; pharmaceu-
tical grade; Fagron, Waregem, Belgium). One e-liquid lacked nico-
tine, and the other contained nicotine at a concentration of 1.5 mg/mL.
We used a fourth-generation e-cigarette set at 60 W [Alien 220 box
mod, TFV8 baby beast tank and a dual Kanthal coil (V8 Baby-Q2
Core; 0.4€Q) dual coils); Smoke, Shenzen, China) with MXJO (Mxjo-
tech, Shenzen, China) IMR 18650 3000 mAh 35A variable voltage/
variable wattage batteries. Airflow was set at the maximum. The
manufacturer’s recommendations were followed for the preparation of
the vaping devices; they were cleaned and filled with e-liquid before
each exposure. Batteries were fully charged before use, and the coil
was replaced after two exposures. E-cigarette exposure was carefully
controlled: every 30 s, the participant inhaled vaporized aerosol for 3
s, held the aerosol for 2 s, then exhaled. Visual verification of vapor
exhalation was used to avoid superficial vaping. This procedure was
repeated for 10 puffs. Subjects were asked about symptoms (e.g.,
cough/throat irritation) following vaping. Sham-vaping was identical
to active vaping but with the e-cigarette turned off; this was strictly
supervised. The device was weighed before and after each exposure to
assess the quantity of e-liquid consumed (10-12). Volunteers were
unmasked so they could notice if the vaping device was turned on or
off. The investigators were blinded to the experimental session, as
both allocation and exposure to the sessions were supervised by an
unblinded member who did not participate in any other aspect of the
study (10—-12). The acute vaping/sham-vaping exposure was followed
by blood/urine sampling, clinical cardiorespiratory parameter assess-
ment, lung function tests, and diffusing capacity evaluation.
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Fig. 1. Typical course of the three experimental periods. The periods consisted of regular nicotine e-cigarette vaping for 5 days before the experimental session
(nicotine-session) (A); nicotine-free-vaping for 5 days before the experimental session (nicotine-free-session) (B); and complete cessation of e-cigarette vaping
for 5 days before the experimental session (stop-session) (C). Biological/clinical cardiorespiratory parameters (serum/urine pneumoproteins, continuous
hemodynamic parameters, transcutaneous gas tensions, and skin microcirculatory blood flow) were assessed at the beginning of each session and after acute
vaping exposure: 10 nicotine puffs (acute nicotine-vaping in the nicotine-session) (A); 10 nicotine-free puffs (acute nicotine-free-vaping in the nicotine-free-

session) (B); and 10 sham puffs (acute sham-vaping in the stop-session) (C).
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Study Assessments

The measurements were carried out with the participant in the
semi-supine position after 30 min of rest in a quiet-room maintained
at 23 = 1°C. Speaking and sleeping were not permitted throughout
the sessions. The three sessions for each participant commenced at the
same time of the day to avoid confounding by nychthemeral variation
of cutaneous temperature and club cell protein-16 (CC16) concentra-
tion (1, 5). Participants refrained from caffeine, alcohol, and exercise
for at least 48 h before each study period. The latter was to avoid the
short-term impact of exercise on cutaneous microcirculatory function.
Fasting for at least 12 h preceded each experiment; however, water
intake was permitted to promote euhydration. Participants were
screened for urine tetrahydrocannabinol (semiquantitative detection
threshold of 50 ng/mL; NarcoCheck); a positive test resulted in
exclusion from the study (10-12).

Transcutaneous gas tensions, respiratory parameters, skin micro-
circulatory blood flow, and hemodynamic parameters throughout the
session. The following parameters were assessed: transcutaneous O»
(TcpO») and carbon dioxide (TcpCO,) tensions, respiratory parame-
ters [pulse oximetry (Spo,)s end-tidal CO,, respiratory rhythm], skin
microcirculatory blood ﬂow cutaneous vascular conductance, and
hemodynamic parameters [systolic (SBP) and diastolic (DBP) blood
pressure, heart rate].

A PeriFlux system 5000 (Perimed, Jdrfilla, Sweden) was used to
monitor TcpO, and TcpCOs tensions by means of a PF 5040 unit and
a dual TcpO,/CO, E5280 electrode. The E5280 electrode, covered by
a membrane permeable to oxygen (O) and carbon dioxide (CO>)
heated (44°C) the underlying tissue to maximize gas diffusion through
the skin. Direct polarography was used to compute TcpO- tension.
The electrode, which consists of a silver anode and a platinum
cathode, generates a current when the O is reduced. This current is
subsequently converted into voltage and digitalized. TcpCO- tension
was measured electrochemically through a change in pH of the
electrolyte solution located between the electrode and the membrane.
A TC 550 fixation ring (Perimed, Jirfilla, Sweden) was applied to the
skin on the anterior side of the right forearm (lower third, 5 cm distal
to the antecubital fossa) at the level of the heart after the area was
wiped with ethyl alcohol. Four drops of contact liquid (TC 560,
Perimed, Jérfilla, Sweden) were instilled on the inside of the TC 550
fixation ring. The electrode was placed, avoiding superficial vessels
and body hair, at the same location for each of the three sessions. This
was based on multiple images taken during the first experimental
session. Calibration was carried out before each session as recom-
mended by the manufacturer. When variations did not exceed * 2
mmHg within 1 min, TepO,/CO, values were considered stable.
Every two sessions, electrode re-membraning was performed (45,
53, 65).

Continuous monitoring of Spo,» end-tidal carbon dioxide pressure,
respiration rhythm, and heart rate were assessed with the Capnos-
tream-35-monitor (Oridion Medical, Jerusalem, Israél).

A PeriFlow system 5000, PF 5010/5020 with the thermostatic
probe 457 (Perimed, Jérfilla, Sweden) at least 5 cm from the PF 5040
TcepO2/TepCO» unit, was used to assess skin microcirculatory blood
flow. The thermostatic probe 457 emits a laser beam that penetrates
skin tissue. A change in wavelength occurs by Doppler shift when the
beam encounters a moving cell within cutaneous vessels. The probe
was heated to 33°C during the study sessions to avoid modifications
in microcirculatory blood flow induced by cutaneous temperature
changes (62). Cutaneous vascular conductance was calculated by
dividing skin microcirculatory blood flow by mean arterial pressure
obtained by a Finometer device (15). SBP and DBP waveforms were
obtained throughout the sessions from the right middle finger using
Finometer Pro (FMS, Amsterdam, The Netherlands) (27).

Humeral blood pressure was determined after 30 min of rest in the
supine position (Omron, Kyoto, Japan) according to guidelines (66).
Blood pressure was taken before (baseline) and immediately follow-
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ing vaping or sham-vaping sessions. A cuff was placed on the middle
phalanx of the right middle finger to obtain a finger blood pressure
waveform with a beat-to-beat hemodynamic monitoring system (Fin-
ometer Pro, FMS, Amsterdam, The Netherlands). Humeral blood
pressure waveforms were reconstructed simultaneously via a gener-
alized transfer function. Thus, continuous monitoring of the humeral
SBP and DBP throughout all the experimental sessions was enabled.
Finometer recordings were used to monitor pulse rates throughout the
study (27).

Lung function and diffusing capacity. Lung function tests were
performed in accordance with guidelines 3 h after acute vaping
exposure using Hyp’ Air-Compact+ (Medisoft, Sorinnes-Dinant, Bel-
gium). Flow volume curves (forced expiration and inspiration), body
plethysmography (lung volumes), and measurements of lung diffusing
capacities for carbon monoxide (DLCO) and nitric oxide (DLNO)
measured with a double NO/CO single breath technique were ob-
tained (2, 18).

Blood and urine samples at baseline and after acute exposure.
Blood was drawn from the left antecubital at the beginning of the
session (baseline) and 60 min after acute vaping or sham-vaping.
After being drawn, blood was immediately centrifugated at 3,500 g
for 10 min to obtain the supernatant. This was then aliquoted. Urine
specimens were collected at the beginning of the session and 90 min
after acute exposure. Immediately after centrifugation and aliquoting,
serum, plasma, and urine samples were frozen and stored at —80°C.

PNEUMOPROTEINS, CREATININE, AND RETINOL BINDING PROTEIN.
Latex immunoassay using a rabbit anti-CC16-antibody (Dakopatts,
Glostrup, Denmark) was used to measure CC16 in serum and urine
(63), while standard CC16 was assessed at the Louvain Centre for
Toxicology and Applied Pharmacology, Faculty of Medicine, Catho-
lic University of Louvain. Urine retinol binding protein and urine and
serum creatinine were quantified by the Beckman-Synchron-CX5-
Delta-Clinical System (Beckman Coulter, Fullerton, CA) (63). Con-
centrations of serum and urine CC16 were adjusted for serum and
urine creatinine, respectively. A commercially available ELISA kit
(Biovendor, Karasek, Czech Republic) was used to determine the
serum concentration of surfactant protein-D (SP-D), as previously
described (63).

MEASURES TO ENSURE STRICT COMPLIANCE OF THE STUDY PRO-
TOCOL: URINE COTININE, EXHALED CARBON MONOXIDE, SERUM NIC-
OTINE, AND PROPYLENE GLYCOL. Each participant signed a declara-
tion at the beginning of each experimental session confirming adher-
ence to the study protocol. Serum nicotine and propylene glycol at
baseline and urine cotinine (semiquantitative detection threshold of
600 ng/mL; NarcoCheck, Paris, France) and fractional concentration
of carbon monoxide (CO) during expiration were also measured to
ensure strict compliance to the protocol.

Serum nicotine was assessed before and 60 min after the nicotine-
vaping by means of a mass spectrometer (Agilent QQQ 6490, Agilent,
Santa Clara, CA) with a jet stream electrospray ion source, as
previously described (11).

Serum propylene glycol was assessed using gas chromatography
with a flame ionization detector (Agilent; ref: GC HP 6890-FID)
following precipitation with acetonitrile (Biosolve; ref: UN1648), as
previously described (12, 46).

SERUM AND URINE METABOLOMICS ANALYSIS. Urine samples
were centrifuged at 1,600 g for 5 min at 4°C. Then, 500 wL of urine
were mixed with 250 wL of phosphate buffer (0.04 M Na,HPO,, 0.2
M NaH,PO,, pH 7.4) and prepared in H>O/D,0O (80:20; vol/vol) to
minimize pH variation (PB). The samples were then centrifuged at
13,000 g for 10 min. Fifty microliters of a 14 mM solution of
3-TrimethylSilyl Propionic-2,2,3,3-d4 acid solution prepared in 100%
deuterium oxide (TSP) were added to 650 wL of the supernatant. Of
this mixture, 700 pL were then transferred into 5-mm NMR tubes,
and "H-NMR spectra were recorded at 300° K using a Bruker Avance
500 spectrometer working at 11.8 T. One-dimensional spectroscopy
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Table 1. Baseline clinical and usual consumption trends of
the study participants

Participants (n = 30)

Age, yr 382
Size, cm 181 = 1
Weight, kg 88 £ 4
BMI, kg/m? 26 + 1
Past history of tobacco smoking (pack-years) 18 +2
Years of tobacco abstinence, yr 3.1 =03
E-cigarette consumption, month 383
Direct inhale, % 83 +7
Usual e-liquid nicotine strength, mg/mL 29 *0.3
Usual e-liquid consumption per day, mL 172
Usual e-liquid PG/GLY ratio, % 60 = 8
Usual e-cigarette resistance, () 0.3 = 0.03
Usual e-cigarette power, W 535

BMI, body mass index; e-cigarette, electronic cigarette; PG, propylene
glycol; GLY, glycerol.

was performed using a NOESYPRESAT-1D pulse sequence, 64
scans, 54,832 data points, a spectral width of 10,330.578 Hz, an
acquisition time of 2.65 s, and a pulse recycle delay of 3 s. FIDs were
Fourier transformed, and a line broadening of 0.3 Hz was applied (54).

Serum samples (250 nL) were mixed with 500 pL of PB and
centrifuged at 13,000 g for 10 min. Then, 50 p.L of a 14 mM solution
of TSP were added to 650 wL of the supernatant. Of this mixture, 700
wL were then transferred into 5-mm NMR tubes, and 'H-NMR
spectra were recorded at 300°K using a Bruker Avance 500 spectrom-
eter working at 11.8 T. One-dimensional spectroscopy was performed
using a CPMGPR1D pulse sequence, 128 scans, 54,832 data points, a
spectral width of 10,330,578 Hz, an acquisition time of 1.99 s, and a
pulse recycle delay of 1 s. FIDs were Fourier transformed, and a line
broadening of 0.3 Hz was applied (60).

Data Management

Data analysis was carried out blindly. The details regarding missing
data are provided in Supplemental Tables S.1.1, S.1.2, and S.1.3.
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Transcutaneous gas (O, and CO.) readings were recorded and
analyzed offline (Perisoft 2.5.5, Perimed, Jirfilla, Sweden). Thirty
minutes after sensor fixation, TcpO, and TcpCO, recordings began
and continued throughout the exposure session. The mean of the
recordings taken in the 5-min interval from 30-35 min after the sensor
was fixed in place represented the baseline values. Recording of
baseline values occurred immediately before vaping or sham-vaping.
Recordings taken over the full duration of e-cigarette exposure were
recorded as a single average value. Transcutaneous gas parameters
were then followed over the next 60 min; these were grouped and
averaged over 6 successive 10-min intervals.

The Capnostream 35 (Oridion Medical, Jerusalem, Israel) was used
to continuously monitor Spoz, end-tidal carbon dioxide, respiratory
rhythm, and heart rate. Baseline values were obtained as the mean of
5-min recordings taken from 30-35 min after sensor fixation. Record-
ing of baseline values immediately preceded vaping or sham-vaping
exposure. Recordings obtained during the entire period of e-cigarette
exposure were averaged to a single value. Thereafter, we followed
these parameters over the next 60 min, which were grouped and
averaged over 6 successive 10-min intervals.

Skin microcirculatory blood flow readings were recorded and
analyzed offline (Perisoft 2.5.5, Perimed, Jérfdlla, Sweden). Skin
microcirculatory blood flow recordings began 30 min after sensor
fixation and continued for the duration of the session. The mean of the
recordings taken in the 5-min interval from 30-35 min after sensor
fixation represented the baseline values. Recording of baseline values
occurred immediately before vaping or sham-vaping. Recordings
taken over the full duration of e-cigarette exposure were recorded as
a single average value. Skin microcirculatory blood flow was then
followed over the next 60 min; these measurements were grouped and
averaged over 6 successive, 10-min intervals.

Hemodynamic measurements were taken using the Finometer Pro.
Finometer values were recorded and analyzed offline (Beatscope 1.1a,
FMS, Amsterdam, The Netherlands). The baseline period and vaping
exposure were summarized using one value. We subsequently re-
corded hemodynamic parameters for 60 min. Averages were taken of
6 successive periods of continuous recording lasting 10 min each.

Table 2. Baseline parameters according to nicotine-session, nicotine-free-session, and stop-session

Nicotine-Session’ Nicotine-Free-Session> Stop-Session? plvs3 p2vs3 Plvs2

E-cigarette use biomarkers

Serum propylene glycol by GC-FID, mmol/L+ 0.1 [0-0.15] 0.09 [0-0.14] 0[0-0] <0.001 <0.001 0.19

Serum propylene glycol by 'H-NMR, AUC 0.07 [0.04-0.12] 0.12 [0.03-0.16] 0.01 [0-0.05] 0.003 0.008 0.752

Urine propylene glycol by 'H-NMR, AUCY 1[0.4-1.8] 0.9 [0.6-2.2] 0.2[0.1-0.2] <0.001 <0.001 0.698

Serum nicotine, ng/mL¥ 3.9[1.7-8.2] 0 [0-0.7] 0 [0-0] 0.001 0.366 <0.001

Urine cotinine > 600 ng/mL, %% 100 11 0 0.001 0.246 <0.001

Fraction exhaled carbon monoxide 4 [3-5] 4.5 [3-5.8] 3.5[3-5] 0.217 0.087 0.622
Respiratory parameters

Peripheral pulse oximetry, %* 96.3 £ 0.4 96.2 £ 0.4 95.7 £ 0.5 0.006 0.016 0.672

Transcutaneous oxygen tension, mmHg* 76.1 = 1.9 76 + 1.7 75322 0.435 0.37 0.915

Transcutaneous carbon dioxide tension, mmHg* 37.1 £0.5 372 0.5 379 £ 0.6 0.109 0.255 0.606

End-tidal carbon dioxide, mmHg* 37704 38.1 = 0.5 37.7+0.7 0.633 0.807 0.446

Respiratory rate, min~'* 15*1 15*1 15*1 0.628 0.647 0.97
Hemodynamic parameters

Heart rate, beats/min* 66 =2 63+ 1 63 +2 <0.001 0.851 <0.001

Humeral systolic blood pressure, mmHg* 1173 116 =3 1153 0.497 0.602 0.863

Humeral diastolic blood pressure, mmHg* 79 *+2 78 =2 77 =2 0.242 0.545 0.547
Cutaneous blood flow

Skin microcirculatory blood flow, PU* 14 =2 13+1 12+1 0.958 0.55 0.496

Cutaneous vascular conductance, PU/mmHg* 0.15 = 0.02 0.15 = 0.01 0.14 = 0.01 0.8 0.515 0.345
Pneumoproteins

Serum CC16, pg/LT 7.6 [6.1-9.4] 6.5[5.2-9.4] 8.1[6.8-10.3] 0.011 0.004 0.685

Serum SP-D, pg/L{ 97 [69-140] 107 [81-146] 105 [73-138] 0.768 0.164 0.252

Urine CCl16/urine creatinine, ng/mg¥ 12.6 [9-26.6] 18.1[10-32.2] 16.4 [7.7-36.1] 0.062 0.745 0.103

'"H-NMR, nuclear magnetic resonance spectroscopy; AUC, area under the curve; CC16, club cell protein-16; GC-FID, gas chromatography with a flame
ionization detector; PU, perfusion unit (arbitrary unit); SP-D, surfactant protein-D. *The data are the mean * SE; {The data are the median [interquartile range];

#Categorical variables were studied using the chi-square test.
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Finometer hemodynamic values were adjusted for humeral blood
pressure values.

For serum and urine metabolomic data management, the spectra
were automatically phase- and baseline-corrected using MestReNova
10.0 software (Mestrelab Research, Santiago de Compostela, Spain).
Spectral chemical shifts were calibrated according to the resonance of
TSP and arbitrarily fixed at 0.00 parts per million (ppm), and all peak
intensities were normalized to the reference, whose intensity was
arbitrarily fixed at a value of 100. The spectral region ranging from
0.08-10.00 ppm was binned 0.04-ppm stepwise into 248 subregions.
The regions ranging from 4.50—6 ppm were excluded from the analysis
to remove the residual water signal and the contribution of the urea
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resonance that may fluctuate due to daily variations. Each integrated
region was normalized to the total spectrum area to compensate for
possible variations in urine dilution/concentration effects among the
samples. The final data set was imported into SIMCA-P+12.0 soft-
ware (Umetrics, Umea, Sweden). After mean-centering of the data, a
partial least squares discriminant analysis (PLS-DA) was performed.
The obtained scores’ scatter plots and their corresponding loading
scatter plots facilitated the global view on the relationships between
observations and the determination of spectral area possibly differing
between sessions. The variables of importance in the projection (VIP)
lists were established. Using a cutoff value of VIP = 1, discriminant
metabolites were pinpointed for each session. The VIP = 1 metabo-
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Fig. 2. Baseline values of serum nicotine (A), semiquantitative assessment of urine cotinine (COT) (B), serum propylene glycol (PG) assessed by gas
chromatography with a flame ionization detector (C), area under the curve (AUC) of serum PG assessed by 'H-NMR spectroscopy (D), AUC of urine PG
("H-NMR spectroscopy) (E), and exhaled carbon monoxide (CO) (F). Horizontal brackets represent the P values for the comparison between baseline values
in each session. A mixed-effects linear model analysis was performed with experimental sessions and time points as fixed effects and baseline values as random

effects (random intercept model). **P < 0.01, ***P < 0.001. Data represent the mean = SE.
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lites were then identified using in-house references, ChenomX (Ver-
sion 8.1, ChenomX, Canada), and the Human Metabolome DataBase
and classed in a heatmap plot using Morpheus (https://software.broa-
dinstitute.org/morpheus) (42).

Outcome Measures

The primary outcome was the impact of vaping on TcpO». Sec-
ondary outcomes included TcpCO», continuous respiratory parame-
ters, skin microcirculatory blood flow, cutaneous vascular conduc-
tance, hemodynamic parameters, lung function/diffusing capacity
evaluation, serum/urine pneumoproteins, and baseline serum/urine
metabolomes.

Statistical Analysis

After internal discussion, we reported in the trial registration an
anticipated enrollment of at least 21 participants, who had to perform
the 3 experimental sessions.

Continuous data were tested for normality using the Kolmogorov—
Smirnov test. The mean = SE is reported if data were normally
distributed or otherwise median [interquartile range, P25-P75]. An
intention-to-treat analysis was performed. The baseline data were

A

VAPING CESSATION AND CARDIORESPIRATORY FUNCTION

compared between the three sessions, and the differences between
baseline and the post-acute exposure value (A) were compared to
assess the effects of acute nicotine- and nicotine-free-vaping com-
pared with acute sham-vaping. Mixed linear models were used with
experimental sessions and time points as fixed effects and subjects’
baselines as random effects (random-intercept-model) variables. Po-
tential autocorrelation and heteroscedasticity were included in the
model. The Bonferroni-Holm method was used to counteract the
problem of multiple comparisons. Correlation analyses used the Pear-
son’s correlation coefficient. The R-software was used, with statistical
significance set at 0.05 (two-tailed) (13). Multivariate data analyses
(PLS-DA) were performed on urine and serum metabolomic final data
set. A false discovery rate procedure correction was not conducted in
the metabolomic study. Discriminant metabolites (variables of impor-
tance) were pinpointed for each session, identified, and classed in a
heatmap plot using Morpheus (42).

RESULTS

The study included 30 male participants with a mean age of
38 = 2 yr. They were regular and exclusive e-cigarettes users
since 38 = 3 mo, with a mean daily e-liquid consumption of
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A Acute nicotine vaping
B Acute nicotine free vaping
® Acute sham-vaping

>
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ATcpCO, (mm Hg)

Time post exposure (min)

Fig. 4. Absolute changes over time in transcutaneous partial pressures of
oxygen (TcpO2) (A) and carbon dioxide (TcpCOz) (B) after acute nicotine-
vaping (nicotine-session) (red triangles), acute nicotine-free-vaping (nicotine-
free-session) (black squares), and acute sham-vaping (stop-session) (blue
dots). Compared with acute sham-vaping, acute nicotine- and nicotine-free-
vaping were associated with slight decreases in TcpO- for 10 min postexpo-
sure. Compared with acute sham-vaping, acute nicotine-vaping was associated
with significant decreases in TcpCO- that persisted for 40 min postexposure.
The red asterisks represent significant P values from the comparison of acute
nicotine-vaping vs. acute sham-vaping, and the black asterisks represent
significant P values from the comparison of acute nicotine-free-vaping vs.
acute sham-vaping. A mixed-effects linear model analysis was performed with
experimental sessions and time points as fixed effects and baseline (BSL)
values as random effects (random intercept model). *P < 0.05. Data are the
mean * SE.

17 =2 mL (Table 1). Whereas the baseline level of serum
nicotine and urine cotinine were in accordance with the study
protocol for 72 (95%) study sessions, abnormally high levels of
baseline serum nicotine (>2 ng/mL) (20) and urine cotinine
(>600 ng/mL) (32) were found in 3 nicotine-free-sessions and
in 1 stop-session (further details in Table 2 and Fig. 2).

Transcutaneous Gas Tensions, Respiratory Parameters, and
Skin Microcirculatory Blood Flow Throughout the Session

Effect of vaping cessation on baseline values. The Spg
baseline value was lower in the stop-session (95.7 = 0.5%)
compared with the nicotine-session (96.3 = 0.4%; P = 0.006)
and the nicotine-free-session (96.2 = 0.4%; P = 0.016; Fig.
3A). In contrast, baseline values of TcpO,, TcpCO,, end-tidal

L337

COo, respiratory rhythm, skin microcirculatory blood flow, and
cutaneous vascular conductance did not change (Table 2).
Acute vaping exposure. A-TcpO, decreased 10 min after
acute nicotine-vaping (—4.1 = 1.1 vs. +1.4 = 0.8 mmHg;
= 0.016) and acute nicotine-free-vaping (—3.7 = 0.8 vs.
+1.4 £ 0.8 mmHg, P = 0.039) compared with acute sham-
vaping (Fig. 4A). Additionally, A-TcpCO, decreased 40 min

A Acute nicotine vaping
B Acute nicotine free vaping
16 @® Acute sham-vaping

>

A SpO, (%)
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A Et CO, (mm Hg)
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Fig. 5. Absolute changes over time in saturation of hemoglobin with oxygen as
measured by pulse oximetry oxygen (Spoz) (A), end-tidal carbon dioxide
(EtCO>) (B), and respiratory rhythm (RR) (C) in case of acute nicotine-vaping
(nicotine-session) (red triangles), acute nicotine-free-vaping (nicotine-free-
session) (black squares), and acute sham-vaping (stop-session) (blue dots). In
comparison to acute sham-vaping, neither acute nicotine-vaping nor nicotine-
free-vaping modified Spoz, EtCOs, or RR. A mixed-effects linear model
analysis was performed with experimental sessions and time points as fixed
effects and baseline (BSL) variables as random effects (random intercept
model). Data are presented as the mean = SE.
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Fig. 6. Absolute changes over time in skin microcirculatory blood flow (SkBF)
(A) and cutaneous vascular conductance (CVC) (B) in case of acute nicotine-
vaping (nicotine-session) (red triangles), acute nicotine-free-vaping (nicotine-
free-session) (black squares), and acute sham-vaping (stop-session) (blue
dots). In comparison to acute sham-vaping, neither acute nicotine-vaping nor
acute nicotine-free-vaping modified SKBF and CVC. A mixed-effects linear
model analysis was performed with experimental sessions and time points as
fixed effects and baseline (BSL)variables as random effects (random intercept
model). Data are presented as the mean = SE. PU, perfusion unit (arbitrary
unit).

after nicotine-vaping (—1.7 = 1.4 vs. —0.05 £ 0.32 mmHg;
P = 0.045; Fig. 4B) compared with acute sham-vaping. Acute
nicotine-vaping, nicotine-free-vaping, and sham-vaping re-
sulted in similar changes in terms of A—Spoz, A-end-tidal CO,,
A-respiratory rhythm, A-skin microcirculatory blood flow, and
A-cutaneous vascular conductance (Figs. 5 and 6). Positive
correlations were found between A-Spozand A-TcpO, after
acute nicotine-vaping (r = 0.610; P = 0.004) and acute nico-
tine-free-vaping (r = 0.687; P < 0.001).

Hemodynamic Parameters Throughout the Session

Effect of vaping cessation on baseline values. Baseline heart
rate values were higher in the nicotine-session (66 * 2 beats/
min) compared with the nicotine-free-session (63 % 1 beats/
min; P < 0.001) and stop-session (63 = 2 beats/min; P <
0.001; Table 2 and Fig. 3B).

Acute vaping exposure. In comparison to acute sham-vaping,
20 min after acute nicotine-vaping, A-SBP increased from
5%+ 1to 13 =2 mmHg (P < 0.001), A-DBP increased from
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Fig. 7. Absolute changes over time in systolic blood pressure (SBP) (A),
diastolic blood pressure (DBP) (B), and heart rate (HR) (C) after acute
nicotine-vaping (nicotine-session) (red triangles), acute nicotine-free-vaping
(nicotine-free-session) (black squares), and acute sham-vaping (stop-session)
(blue dots). In comparison to acute sham-vaping, acute nicotine-vaping in-
creased SBP, DBP, and HR for 40, 30, and 60 min postexposure, respectively.
In comparison to acute nicotine-free-vaping, acute nicotine-vaping increased
SBP, DBP, and HR for 30, 30, and 60 min postexposure, respectively. The red
asterisks represent significant P values from the comparison of acute nicotine-
vaping vs. acute sham-vaping, the black asterisks represent significant P values
from the comparison of acute nicotine-free-vaping vs. acute sham-vaping, and
the gold asterisks represent significant P values from the comparison of acute
nicotine- and nicotine-free-vaping. A mixed-effects linear model analysis was
performed with experimental sessions and time points as fixed effects and
baseline (BSL) values as random effects (random intercept model). *P < 0.05,
¥p < 0.01, #*P < 0.001. Data represent the mean * SE.
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Table 3. Functional pulmonary variables (flow-volume curves and diffusion capacity of nitric oxide and carbon monoxide)

in the study population according to the experimental sessions

Nicotine-Session'

Nicotine-Free-Session?

Stop-Session®

Value % Pred Value % Pred Value % Pred plvs3 p2vs3 plvs2
Spirometry
FEV 1s, L 4.3[3.6-4.8] 106 [87-112] 4.3 [3.5-5] 104 [88-110] 4.3 [3.5-4.7] 106 [89-112] 037 0512 0.779
FEV 1 s/FVC, % 79 [72-85] 98 [92-104] 78 [73-81] 97 [90-100] 79 [73-83] 100 [90-102] 0.616 0.19  0.061
PEF, L/s 8.8 [7.2-9.8] 92 [78-104] 8.9 [6.4-10.2] 90 [69-105]  7.8[6.9-9.9] 84 [68-101] 0.398 0.433 0.931
FEF-75%, L/s 8.2 [6-9] 97 [72-106] 8.2 [5.5-9.7] 8 [68-115] 6.9 [5.6-9.5] 85[67-113] 0.353 0.222 0.777
FEF-50%, L/s 5.3 [4.1-6.5] 95 [75-127] 5[3.7-6.4] 96 [76-118]  5.5[4.3-6.4] 104 [83-124]  0.395 0.129 0.494
FEF-25%, L/s 2.3[1.7-3] 99 [72-117] 2 [1.6-2.8] 85[69-107]  2.5[1.9-3.3] 102 [79-135]  0.535 0.001 0.002
Lung diffusing capacity
DLCOcor, mL-min~"mmHg~"' 30.4 [26.9-38.5] 7 [70-83] 33.9[29.1-36.6] 76 [62-83]  31.7 [27.2-38.3] 73 [66-83] 0.214 0.182 0971
DLNO, mL-min~'\mmHg ! 165.3 [143.4-185.9] 85 [80-96] 165 5[149-178.1] 84 [67-93] 156.4[146.8-185.1] 86 [79-99] 0.403 0.284 0.849
Dmco, mL/min~'-mmHg ! 83.9 [72.8-94.7] 86 [80-97] 4[76.2-91.6]  83[17-93]  79.2[72.5-92] 84 [78-96] 0.538 0.143 0411
Veeor, mL 85.1[71.8-99] 71 [64-81] 7[77.4-96.11 69 [15-77] 82.7 [72.6-95.8] 71 [64-81] 046 0976 0413
VA, L 7.416.9-8.2] 101 [96-110] 416.7-8.3] 98 [24-103]  7.5[6.9-8.3] 102 [100-109] 0.995 0.487 0.482
DLNO/DLCOcor 5.1[4.8-5.5] - 1[4.6-5.5] - 4.8 [4.7-5.3] - 0.924 0.559 0.49

Data are the median [interquartile range]. DLCOvcor, diffusing capacities for carbon monoxide corrected for hemoglobin concentration; DLNO, lung transfer
capacity for nitric oxide; Dm.,, membrane diffusion factor; FEF, forced expiratory flow; FEV 1 s, forced expiratory volume in 1 s; FVC, forced vital capacity;
PEF, peak expiratory flow; VA, alveolar volume; VCecor, lung capillary blood volume corrected for hemoglobin concentration.

4 £ 1to8 = 1 mmHg (P < 0.001), and A-heart rate increased
from —1 = 1 to 4 = 1 beats/min (P < 0.001). Compared with
acute nicotine-free-vaping, acute nicotine-vaping increased
A-SBP from 5 = 2to 11 £ 1 mmHg (P < 0.001), A-DBP from
3+x1to7=*1 mmHg (P = 0.007), and A-heart rate from
—1 = 1to1 = 1 beats/min (P < 0.0001), 30-, 50-, and 60-min
postexposure, respectively (Fig. 7).

Lung Function Tests and Diffusing Capacity After Acute
Exposure

Forced expiratory flow-25% (FEF-25%) was higher in the
stop-session compared with the nicotine-free-session (2.5 [0.7—
3.2] vs. 2.0 [0.6-2.7] L/s; P = 0.001; Fig. 3C). All other
parameters of lung function and diffusing capacities were not
modified by any of the three experimental sessions (Table 3).

Lung Injury Biomarkers Before and After Exposure

Effect of vaping cessation on baseline values. The baseline
serum CC16 concentration was higher in the stop-session (8.1
[6.8-10.3] wg/L) compared with the nicotine-session (7.6
[6.1-9.4] ng/L; P = 0.011) and the nicotine-free-session (6.5
[5.2-9.4] ng/L; P = 0.004; Table 2; Fig. 3D).

Effect of acute vaping exposure. During the nicotine-session,
serum nicotine increased after acute nicotine-vaping compared
with its baseline (5.5 [4.3-7.3] vs. 3.9 [2-8]; P = 0.025,
respectively). A-serum/urine creatinine, A-serum/urine CC16,
A-serum surfactant protein-D, and A-urine retinol-binding-
protein did not vary after acute nicotine- and nicotine-free
vaping compared with acute sham-vaping (Table 4).

Effects of a Short-Term E-Cigarette Cessation on Baseline
Serum and Urine Metabolome

PLS-DA performed on baseline serum metabolome did not
allow us to split up any of the three experimental sessions.
PLS-DA performed on baseline urine metabolome allowed to
split up the nicotine and the stop sessions (Fig. 8C), the nicotine-
free and the stop sessions (Fig. 8D), but not the nicotine from the
nicotine-free-session (Fig. 8B) as well as all three sessions (Fig.
8A). Heatmap (Fig. 9) outlines the main metabolites with variables
of importance values = 1 of both sessions as well as those
identified by the PLS-DA. Baseline urine propylene glycol was
lower in the stop-session compared with the nicotine- and nico-
tine-free-sessions. Baseline urine 3-hydroxyisovalerate and urine
pyruvate were higher in the nicotine session vs. the nicotine-free

Table 4. Serum and urine pneumoprotein concentrations according to the experimental sessions

Nicotine-Session'

Nicotine-Free-Session?

Stop-Session?®

BSL T60MIN BSL T60MIN BSL T60MIN plvs3 p2vs3 plvs2

Serum creatinine, mg/dL. 0.99 [0.9-1.1] 0.95[0.83-1.02] 0.94 [0.88-1.03] 0.93 [0.84-1.01] 1[0.86-1.09] 0.91[0.81-1.08] 0.823 0.827 0.992
Serum CC16, pg/L 7.6 [6.2-9.4] 6.3 [5.4-8.6] 6.5[5.2-9.4] 6.8 [4.8-8.4] 8.1[6.8-10.3] 6.1[5.3-8.1] 0.979 0.585 0.588
Serum CC16/serum

creatinine 7.3 [6-9.4] 6[5.1-8.8] 71[5.2-9.6] 7.3 [5.5-8.6] 8.8 [6.9-10.2] 6.5 [5-9.4] 0.907 0.725 0.624
Serum SP-D, pg/L 97 [69-140] 2 [61-141] 1()7 [81-146] 102 [73-151] 105 [73-138] 97 [67-139] 0.881 0.65 0.529
Urine creatinine, g/L. 1[1.3-2.8] 5[1-1.9] 6 [1-2] 1.1[0.8-1.7] 1.8 [1.1-2.2] 1.3 [1-2] 0.427 0.099 0.363
Urine CC16, ng/mL 30 6[14.7-41.7] 22 4 [15.1-38.5] 27 9 [13.5-46.2] 21.3[14.6-33.3] 20 [17.4-42.5] 20[13.2-38.2] 0.885 0.679 0.775
Urine RBP, wg/L 189 [107-307] 155 [73-255] 159 [56-253] 136 [53-221] 196 [84-253] 158 [97-218] 0.345 0.021 0.151
Urine CC16/urine

creatinine 12.6 [9-26.6] 17.2[12.3-27.2] 18.1[10-32.2] 20.2 [10.5-30.9] 16.4[7.7-36.1] 16.8 [8.1-30.2] 0.994 0.519 0.491
Urine CC16/urine RBP  0.12 [0.09-0.25] 0.14 [0.08-0.35] 0.16 [0.1-0.45]  0.14[0.1-0.56]  0.15[0.09-0.34] 0.13 [0.08-0.27]  0.639 0.106 0.225
Serum nicotine, ng/mL 39[1.7-8.2] 5.5[4.2-7.4] 0 [0-0.7] 0 [0-0] 0.025

Data are the median [interquartile range]. BSL, baseline; CC16, club cell protein-16; RBP, retinol binding protein; SP-D, surfactant protein-D; T60OMIN, 60
min after exposure. P value in bold denotes the comparison between serum nicotine after vaping with nicotine compared with baseline.
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Fig. 8. A-D: partial least squares discriminant analysis (PLS-DA) on baseline urine spectra. Patient clusters defined by classes: nicotine-session (red triangles),
nicotine-free-session (black squares), and stop-session (blue dots). PLS-DA performed on baseline urine metabolome allowed us to split up the nicotine- and the
stop-sessions (C) and the nicotine-free- and the stop-sessions (D) but not the nicotine- from the nicotine-free-session (B) or the other 3 sessions (A). A: model
parameters: R?Xcum = 0.247; R*Ycum = 0.211; Q2cum = —0.00412; Hotelling T2 = 0.95, Two proposed principal components. B: model parameters:
RZXcum = 0.266; R?Ycum = 0.257; Q%>cum = —0.21; Hotelling’s T2 = 0.95, Two proposed principal components. C: model parameters: R>Xcum = 0.306;
R*Ycum = 0.464; Q*cum = 0.135; Hotelling’s T2 = 0.95, two proposed principal components. D: model parameters: R*Xcum = 0.253; R*Ycum = 0.511;

Q2cum = 0.155; Hotelling’s T2 = 0.95, two proposed principal components.

and the stop-sessions. Compared with the stop-session, baseline
urine trimethylamine oxide and hippurate were lower in the
nicotine-session. Finally, baseline N-Phenylacetyl-glycine was
lower in the nicotine-session when compared with the stop-
session. Supplemental Figure S2 shows representative 500-MHz-
"HNMR spectra of urine samples from the three experimental
sessions in the same subject.

DISCUSSION

Our randomized crossover study presents these new find-
ings: short-term e-cigarette cessation by regular users de-
creases baseline heart rate and lung inflammation and increases
FEF-25%, suggesting that high-wattage vaping alters airway
function. The urine metabolomic signature was also slightly
modified by this short-term e-cigarette cessation. Acute nico-
tine- and nicotine-free-vaping decreased TcpO,, likely as a
result of gas exchange disturbances. Finally, only acute nico-
tine-vaping increased SBP, DBP, and heart rate.

Vaping Cessation Slightly Increases Serum CCI16

Of interest is our observation that serum CC16 concentration
increased after short-term e-cigarette cessation (stop-session).
Current knowledge of serum CCI16 kinetics after acute lung
injury remains limited (30). Although the serum CC16 varia-
tions we observed were relatively small, large epidemiological
studies have shown that serum CC16 variations of comparable
magnitude are associated with more severe respiratory out-
comes (28, 29). Low CC16 concentration in the serum has been
associated with accelerated decline in forced expiratory vol-
ume in 1 s (FEV)) in chronic obstructive pulmonary disease
(COPD) patients and development of moderate airflow limita-
tion in the general population (28). Moreover, a low serum
CC16 concentration can predict mortality risk, predominantly
driven by lung cancer, in the general adult population (29).
Recurrent exposure to noxious environmental factors, such as
cigarette smoke, results in a decrease of serum CC16 (7, 69).
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Fig. 9. Heatmap plot using metabolites with variables of importance (VIP)
values = 1. 3-Hydroxyisoval, 3 — Hydroxyisovalerate; Ach, acethylcholine;
Bet, betaine; DMA, dimethylamine; Hipp, hippurate; Methylhist, m-Methyl-
histidine; N-PAG, N- phenylacetylglycine; PG, propylene glycol; Pyr, pyru-
vate; TMAO, trimethylamine oxide.

Recently, the gene encoding for the CC16 protein has been
found to be one of the top hypermethylated genes in airway
epithelial cells in smokers compared with nonsmokers. This
possibly supports an epigenetic mechanism for the shutdown of
CC16 gene expression by chronic exposure to cigarette smoke
(7, 69). Serum CC16 concentration increases after giving up
tobacco (69), as also seen in the present study with vaping,
suggesting that vaping triggers inflammation in the small
airways (10, 12). This is also consistent with the lung inflam-
mation we observed previously following acute vaping in naive
vapers (10, 12).

Vaping and Lung-Function Tests

Whereas short-term vaping cessation seemed to improve the
lung’s inflammation profile, it did not modify spirometry
variables associated with pulmonary morbidity and mortality,
such as FEV, or lung-diffusion capacity (55). The diffusion
capacity of the pulmonary membrane and the pulmonary cap-
illary volume also remained unaffected by short-term vaping
cessation (stop-session). FEF-25% was the only functional
variable that slightly improved after 5 days of e-cigarette
cessation compared with nicotine-free-vaping. The signifi-
cance of the reduction in only FEF-25% is unclear but sugges-
tive of changes in overall airway function. Although this
change is probably clinically irrelevant, this observation is in
line with our previous finding that acute vaping induced airway
constriction in naive vapers (10, 12). Although scant data exist
on FEF, it appeared to be lower in tobacco smokers (26). It has
been shown that spirometry and diffusing capacity improved 6
wk after cessation of tobacco smoking. However, there was no
further improvement in these variables 1 yr later, suggesting
irreversible lung lesions induced by tobacco smoke (17). Al-
though our participants stopped tobacco smoking more than
two years ago, their FEF-25% improved after short-term e-cig-
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arette cessation. This FEF-25% improvement, together with a
serum CC16 increase, suggests that chronic aerosol inhalation
can have deleterious effects on the lung. Surprisingly, nicotine-
vaping did not decrease FEF-25% compared with e-cigarette
cessation in our study. Because of its properties as an airway
irritant (38), nicotine could act as a safeguard to prevent
excessive daily vehicle/aroma consumption during the 5 days
before the experimental sessions (14). This safeguarding action
could also modify the depth of inhalation and thus the amount
and area of aerosol deposits in the lungs (36). This could also
explain the absence of a superimposed effect on TcpO; in cases
of acute nicotine-vaping compared with acute nicotine-free-
vaping.

Acute Vaping Decreases Transcutaneous Oxygen Tension

Only a slight decrease in TcpO, was observed in regular
vapers in this study compared with the striking decrease
previously shown in naive e-cigarette-users after vaping (10,
12). This could result from adaptation of the lung to chronic
exposure or relate to the smaller dose inhaled and the shorter
puff time (3 s vs. 4 s) and vapor retention time (2 s vs. 4 s) in
the present study (3). As in our previous investigations, the
decrease in TcpO, observed here was not accompanied by skin
microcirculatory constriction, suggesting that vaping decreased
arterial O, partial pressure (10, 12). This is likely due to
transient lung gas exchange disturbances induced by vaping
(12, 48). Despite the lack of sensitivity of SpO, to small
changes in arterial O, partial pressure in the anticipated ranges
(33), it correlated with TcpO, before and after acute exposure
in this study, further indicating potential disturbances in lung
gas exchanges caused by vaping (12, 33). Also, as previously
shown, acute nicotine-vaping did not further decrease TcpO,
compared with nicotine-free-vaping (10, 12). Thus, the effects
of vaping on TcpO, appear largely attributable to propylene
glycol and glycerol rather than nicotine. The small changes in
TcPO, we observed after acute vaping certainly do not have an
acute clinical significance. However, these modifications
could reflect, as previously postulated (12), airway collapses
(ventilation/perfusion mismatches). We think that in case of
repeated exposure (20 or 30 times per day) (35) over many
years, this small phenomenon could be deleterious for the
lungs. For instance, short-term effects of air pollution also
induce very small variations in blood oxygenation without
acute clinical significance (16, 40). However, long-term
effects of air pollution are known to induce serious lung
diseases, such as COPD (39). The large amount of hyper-
osmolar/hygroscopic propylene glycol/glycerol aerosol re-
leased during high-wattage vaping (19, 61) could induce
inflammation and alter the properties of mucus/surfactant
31, 47, 50, 52, 58, 59), with subsequent acute transient
perturbations in pulmonary gas exchange due to the under-
lying presence of areas with low ventilation-to-perfusion
ratios comparable to those induced by nebulized hypertonic-
saline and mannitol challenge tests (43). Finally, only acute
nicotine-vaping induced a sustained TcpCO, decrease,
likely as a result of an increase in minute ventilation induced
by nicotine, as previously observed in naive e-cigarette-
users (12).
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Nicotine-Vaping Modifies Hemodynamic Parameters

Only acute nicotine-vaping increased SBP, DBP, and heart
rate compared with nicotine-free-vaping and sham-vaping.
This is in accordance with known cardiovascular effects of
nicotine resulting from activation of the sympathetic nervous
system and subsequent chronotropic and inotropic effects (11).
In our study, short-term e-cigarette cessation (stop-session) and
nicotine-free-vaping also decreased baseline heart rate com-
pared with nicotine-vaping. This is the first study to demon-
strate that nicotine-cessation decreases heart rate in e-cigarette-
users. Over 10% of users vape without nicotine when they give
up tobacco (11, 57). In this small subpopulation of nicotine-
free vapers, this may therefore decrease baseline heart rate and
improve cardiovascular risk profile (22).

Compliance to the Study Protocol

As nicotine and propylene glycol have a short serum half-
life (2 and 4 h, respectively), their serum measurement was
insufficient to certify that vaping had been stopped for 5 days
(4, 20, 21). In contrast, urine cotinine has a long half-life
(16—19 h) (32), and one recent study showed that propylene
glycol was eliminated relatively slowly and persisted in the
urine for up to 3 days after vaping (37). Altogether, it is
reasonable to assume that measurements of serum nicotine and
propylene glycol combined with urine cotinine and propylene
glycol ascertain that the majority of our participants complied
with the protocol. The modifications in urine metabolomics
signature also argue in favor of sustained behavioral changes
in our short-term vaping cessation versus pursuit groups sim-
ilar to those seen after major changes, such as 4 days of
bariatric surgery (24) or after 4 days (6) and 30 days (25) of
smoking cessation (8, 56). The urine metabolomics variations
we observed need to be confirmed by targeted metabolomics
analyses and assessed in cell and animal models (9, 41, 67, 68).
It should be noted that three participants in the nicotine-free-
session and one other in the stop-session had abnormally high
levels of serum nicotine and urine cotinine, which likely
reflected a breach of the protocol but could also be explained
by a slower nicotine metabolism in these four participants or
secondhand tobacco exposure (not controlled for in this study)
(4, 20).

Limitations

This is the first study to test the effects of short-term
e-cigarette cessation on regular heavy users. Although the
vaping weaning period was short, most of the biological/
clinical cardiorespiratory parameters we assessed shifted to-
ward a healthier profile. There are some limitations, however.
First, we did not monitor vaping conditions during the 5 days
before the experimental sessions. Each e-cigarette device emits
a specific profile of heavy metals, carbonyls, and even carbon
monoxide (CO) (19, 61); all these are able to modify the
absorbance properties of hemoglobin (33). The latter phenom-
enon could explain why baseline SpO, was higher in the
nicotine- and nicotine-free-sessions compared with the stop-
session. It should be noted that although baseline CO did not
correlate with baseline Spg_, it tended to be higher in the active
vaping sessions compared with the stop-session, suggesting
that in some cases high-wattage vaping can induce combustion
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rather than simple vaporization (19, 61). This could also
modify Spozabsorbance (33). Because this study enrolled only
male participants, our results should be replicated in female
particpants, who may exhibit other vaping behaviors (51).
Finally, as participants were former tobacco smokers, baseline
Spoz, DLCO, and DLNO were abnormally low relative to age
(34, 64). In future studies, these exclusive e-cigarette-users
should also undergo serial lung-function tests and computed
tomography to quantify the possible progression of lung-
diffusion abnormality and detect lung emphysema and its
progression under chronic vaping exposure. The present results
should also be confirmed in regular vapers without a past
history of tobacco smoking.

Conclusions

In conclusion, our study reveals that short-term e-cigarette
cessation in regular users decreases baseline heart rate and
increases CC16 and FEF-25%, suggesting a slight improve-
ment of airway status. Five days of vaping cessation also
modified the urine metabolomic signature. Acute nicotine- and
nicotine-free-vaping decreased TcpO2, likely as a result of
transient lung gas exchange disturbances. Finally, only acute
nicotine-vaping increases SBP, DBP, and heart rate.
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