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ABSTRACT
Background: Tobacco cigarette smoking is on the decline, but the usage of electronic nicotine
delivery systems (ENDS) is gaining popularity, specifically in the teen and young adult age
groups. While the cardiac toxicity of tobacco cigarette smoking has been widely studied and is
well established, the possible cardiac toxicity of ENDS products and their design
characteristics, such as added flavorings, are largely underexplored. Vaping, a form of
electronic nicotine delivery, uses “e-liquid” to generate “e-vapor”, a smoke-like aerosolized
mixture of nicotine and flavors. Here, we tested the hypothesis that vaping results in cardiac
electrophysiological instability and arrhythmogenesis. We thus investigated how e-liquids with
different flavors affect cardiac in-vitro and in-vivo toxicity, in cell culture and in animals.
Methods: Three e-liquids with vanilla, cinnamon or fruit flavors were studied. We quantified
apoptosis and oxygen consumption rate in HL-1 cells cultured with e-vapors extracts. In
human iPSC derived ventricular cardiomyocytes (hiPSC-CM) cultured with e-vapor extract,
beating frequency and repolarization duration were measured using multiple electrode arrays
(MEA). Mass spectrometry (GC-MS) was used to analyze the composition of the e-vapors.
Telemetric ECGs were obtained in freely moving C57BL/6J mice exposed to vanilla flavored evapor for 10 weeks and heart rate variability was analyzed (HRV). In-vivo inducibility of
ventricular tachycardia as well as optical mapping of voltage in isolated Langendorff- perfused
hearts were also carried out.
Results: E-vapor caused a dose dependent increase in toxicity in Hl-1 myocytes and e-vapors
containing vanilla and cinnamon flavorings, as indicated by GC-MS, were more toxic, and
inhibited cellular respiration more than the fruit flavored e-vapor. In hiPSC-CM cultured with
25% cinnamon flavored e-vapor for 24 hours, beating frequency increased, and the field
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potential duration significantly increased compared to air control. Inhalation exposure to vanilla
flavored e-vapor for 10 weeks caused significant effects on HRV. Additionally, inducible VT
was significantly longer, and in optical mapping, the magnitude of ventricular action potential
duration alternans was significantly larger in the exposed mice compared to control
Conclusion: The widely popular flavored ENDS are not harm free, and they show potential
toxicity to the heart, in-vitro, and in vivo. Further studies are needed to further assess their
cardiac safety profile, and long- term health effects.
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INTRODUCTION
The use of electronic nicotine delivery systems (ENDS) has been proliferating. It was
recently shown that among high school students, ENDS use increased from 1.5% in 2011 to
20.8% in 20181. Alarmingly, from 2017 to 2018 alone, there was a 75% increase in ENDS use
by high school students1. The popularity of flavored ENDS likely fueled the proliferation of
manufacturers, and the surge in sales of these products2. In 2014, it was estimated that there
were more than 7600 different flavored ENDS products from 466 brands3, and as of this date,
these numbers have only increased. The demand for ENDS continues to grow4 as evident by a
dynamic market3,

5

which is projected to surpass $6 billion in the next couple of years.

However, the health effects and particularly, the cardiac toxicity of ENDS remain incompletely
understood.
It has been argued that ENDS use might be less harmful in some ways compared to
combustible tobacco cigarettes, however, ENDS products are not harm free. Data suggests
that in young people, ENDS consumption instead of the traditional tobacco cigarettes
paradoxically puts the user at a significantly greater risk of later initiation of combustible
tobacco cigarette smoking1, 6.
Vaping is a form of electronic nicotine delivery, where the vaping device heats the “eliquid” via a coil, in order to generate “e-vapor”, an inhalable smoke-like aerosolized mixture
containing nicotine and flavors. E-liquids are usually a mixture of propylene glycol and
vegetable glycerin, flavors, and either nicotine salt or free base nicotine. E-liquids can be used
with different ENDS devices such as the pod-based system that requires the use of e-liquid
with nicotine salt, or the tank-based vaping system, where a “tank” holds the e-liquid with free

bioRxiv preprint doi: https://doi.org/10.1101/862441; this version posted December 3, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC-ND 4.0 International license.

base nicotine. Both pod-based and tank-based systems are popular among different age
groups4.
Several studies investigated the toxicity of e-liquids, and it was shown that flavoring
aldehydes

could

be

harmful

in

cell

culture7-18,

however,

the

possible

cardiac

electrophysiological toxicity of vaping has not been systematically examined and is not
completely understood. Here, we will assess the cardiac electrophysiological toxicity of 3 eliquids of different flavors and we will test the hypothesis that vaping results in cardiac
electrophysiological instability and arrhythmogenesis.
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METHODS
Vaping chamber: A rat housing cage (Techniplast GR900) was modified, were the bottom
was fitted for the introduction of the mouthpiece of Smok Species Baby V2, SMOKTech,
vaping device. We used the Baby V2 A2 dual sub-coils with a total resistance of 0.2 ohms, at
85 Watts. An inlet and outlet openings were created in the cage’s lid. The inlet opening was
used to connect the mouthpiece via a plastic tube (Fisherbrand ¼ ID, 3/8 OD), to an air flow
meter, 4 L/ minute (Western Medica), which in turn, was connected to a silent fish tank air
pump. The outlet opening was fit with a plastic tube (Fisherbrand) that served as exhaust. A
Universal High-powered Door Actuator (ZoneTech)- car door locking mechanism- was fixed
alongside the vaping device, aimed at the device’s firing button. The actuator was connected
to an AC/DC power adapter. Both, the actuator’s power adapter and the air pump were wired
into the same cycle timer. Every 2 minutes, the cycle timer turns on for 5 seconds. This causes
the actuator to push the vaping device’s firing button, and simultaneously, air flows into the
mouthpiece, expelling, for 4.7 seconds, an e-vapor puff at 4L/minute inside the cage. The
vaping device touch screen displays the duration of the device’s activation every time the firing
button is pressed. A total of 60 puffs, over a 2-hour period was delivered. This is consistent
with the topography of vaping in ENDS users, where studies indicated that users could engage
in an average of 50 puffs per day19-21. Figure 1 A is the tank- based vaping device used, and B
is a diagram the exposure system.
Exposure of animals to e-vapor: The animals were exposed to 4.7 second puffs of e-vapor
at 4L/minute, every 2 minutes for a total of 60 puffs in a 2-hour period. Mice were exposed 5
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days a week, for a period of 10 weeks. Control mice experienced the same handling of the
experimental animals and were placed in a similar modified chamber in the same environment
where the only difference is that they were exposed to normal room air.
Preparation of e-vapor extracts: A 10cm x 10cm x 7cm chamber was modified with a bottom
opening fitted for the mouthpiece of the Smok Species Baby V2, SMOKTech, vaping device,
and an inlet and outlet openings were introduced in the chamber’s sealing top lid. The inlet
tube was connected by plastic tubing (Fisherbrand) into the vaping device’s mouthpiece and
the flow meter and air pump, as done for the vaping cage above. The outlet was passed
through the cap of a 50 ml conical tube containing cell culture media. Another tube was passed
into the 50 mL conical tube cap and connected to a liquid trap flask, then to an air flow meter at
4L/ minute, and finally to a vacuum. Similar to the vaping machine, every 2 minutes, the cycle
timer turns on for 5 seconds causing the actuator to push the vaping device’s firing button, and
simultaneously, air flows into the mouthpiece, expelling a 4.7 seconds e-vapor puff at
4L/minute inside the chamber. The vacuum pump draws the e-vapor from the chamber at
4L/minutes, leading to its bubbling into the medium. 10mL of medium was bubbled with 15
puffs of vapor, considered to be 100% e-vapor extract. For air control, the exact procedure was
performed, however, the vaping device was powered off. Dilutions of e-vapor, or air extracts
were then made with non-treated cell culture media. Figure 1C is a diagram of the e-vapor
extract system.
E-liquids: The flavors used in this study were, Hawaiian POG (POG), and Vanilla Custard
(VC) by USA Vape Labs, CA, and Apple Jax (AJ), by Epic Juice, LLC. The manufacturer
labeled POG flavor as passion fruit, orange and guava, Vanilla Custard, as vanilla custard, and
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Apple Jax as milky cinnamon apple cereal. These e-liquids are 70% vegetable glycerin/ 30%
propylene glycol (70VG/30PG) and stated to contain 6mg/ml free base nicotine.
HL1 cell culture: HL-1 cells were obtained from the laboratory of Dr. Claycomb (Louisiana
State University), and cultured following the recommended protocol22. Briefly, cells were grown
in Claycomb medium (Sigma) supplemented with 10% FBS (Sigma), 0.1 mM norepinephrine
(Sigma), 2mM L-Glutamine (Sigma), and penicillin/streptomycin (100U/ml/100µ/mL) on tissue
culture plates (Corning), coated with fibronectin/gelatin (Sigma).
Apoptosis flow cytometry: Apoptosis was measured using the FITC annexin V staining
assay (BD Pharmingen).

HL-1 cells were plated in 12 well plates, and when confluency

reached approximately 70%, they were cultured with air bubbled control medium, or with
medium with e-vapor extracts. After the incubation period, the cells in each well were lifted
with Accutase and re-suspended in 5 mL PBS. Cells were pelleted by centrifugation, and
washed with PBS and stained with FITC labeled annexin V according the manufacturer’s
recommendation. DAPI (3 µM) was added immediately before reading the samples on a BD
LSRII Cytometer using the 488-nm and 405-nm lasers for excitation of FITC annexin V and
DAPI respectively. The following controls are included in each experiment: unstained cells,
cells stained with FITC annexin V, but not with DAPI, and cells stained with DAPI, but not with
FITC annexin V. Data analysis was carried out using the FlowJo software.
Human induced pluripotent stem cells derived cardiomyocytes culture and extracellular
potentials recording: The iCell Cardiomyocytes2 (Fujifilm) were thawed according to the
manufacturer’s protocol, and 50,000 cells/well are plated on the fibronectin (50 µg/ml) coated
24 wells multiple electrode array (MEA) plates (24well plate-eco, MED64). Plated cells were
incubated at 37°C, 5% CO2 for one hour to allow attachment of the cells, after which, pre-
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warmed maintenance medium (Fujifilm) was added to the wells. The maintenance medium
was changed every three days, and after day 7, cells began to beat synchronously, periodically
and spontaneously. The Presto Multielectrode Array (MED64) was used to record extracellular
potentials of the spontaneously hiPSC derived cardiomyocytes. The Presto is equipped with an
environmental chamber (37°C and 95% O2/ 5% CO2). After the plate was placed on top of the
recording electrodes, 2-minute recordings of the extracellular potentials were obtained using
the MED64’s MEA Symphony software interface at base line before addition of the vapor
extracts, then 24 h and 48 h after addition of the extracts. Data was filtered offline with a 200
Hz low pass Butterworth filter and a 0.1 Hz high pass Butterworth filter. For each well, the
beating rate, and the field potential durations were calculated in the MED64’s MEA Symphony
analysis software.
Mass spectrometry: E-vapors were generated using the same setup described in Figure 1.
The 10cm x 10cm x 7cm chamber was slightly altered, where the outlet tube was replaced with
a septum. 5 puffs were generated, each for 4.7s at an interval of 10s, at a flow rate of 4 L/min.
Immediately after the smoke was generated, a 2.5mL Hamilton glass syringe was introduced
through the septum to extract 250uL of e-vapor from the chamber. The smoke was then
immediately injected manually into the Aglient 7890B GC- MS 5977B. The headspace syringe
was cleaned between sample by rinsing repeatedly in pesticide grade methanol and then
thoroughly dried in an incubator for 30mins at 70 C. The GC-MS parameters were optimized
based on previous studies17,

23

and are reported in Table 1. MassHunter Workstation

Qualitative Analysis Software (Version B.07.00 SP2) in conjunction with NIST MS Search 2017
Library wereu sed for analysis. Peaks were identified based on a match score factor higher
than 700.
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Oxygen consumption rate measurement: The oxygen consumption rate (OCR) of HL-1
cardiomyocytes was measured using the XFp Cell Mito Stress Test by Agilent Seahorse24.
Modulators of cellular respiration are employed to quantify ATP-linked respiration with 1.5 μM
of oligomycin, maximal respiration, with carbonyl cyanide-4-(trifluoromethoxy) 1.5 μM
phenylhydrazone (FCCP), and nonmitochondrial respiration driven by processes outside the
mitochondria with 0.5 μM Rotenone, and Antimycin. Two days prior to the experiment, 40,000
cells/well were plated in a gelatin/fibronectin precoated XFp mini cell culture plate (11.4 mm2
area) at 37 °C. Cells were treated with 25% e-vapor extract for 24 h. Right before the
measurement, the culture medium was replaced with the prewarmed assay medium (Agilent)
containing (in mM) Glucose 10, Pyruvate 1, and L-Glutamate 200. Oligomycin, FCCP, and
Rotenone/Antimycin are added to the cells in 20 minutes intervals, according to the essay’s
manufacturer’s instruction in order to measure ATP linked, maximal, and non-mitochondrial
oxygen consumption rates24. Soon after the experiment was completed, media was gently
removed, and 40µl of RIPA lysis buffer was added, and cells were lysed using a 1 ml syringe.
Protein concentration was quantified by BCA protein assay (Thermo Fisher Scientific) for
normalization of the respiration parameters.
Telemetry and HRV analysis: Wild type C56bl/6J (males and females,3 to 5 months of age),
were implanted with ECG telemetric devices (ETA-F10, DSI) using sterile equipment, under
general anesthesia with 2% Isoflurane, and body temperature maintained at 37°C on with a
heating pad. Manufacturer’s recommendation for subcutaneous transmitter placement along
the lateral flank were followed. The animals were allowed to recover for fourteen days after the
implantation procedure. ECG recordings in freely moving animals, were done using the
PhysioTel RPC-3 (DSI) receivers, after 1, 5, or 10 weeks of exposure to e-vapor. Two minutes
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ECG strips were analyzed in the Lab Chart 8 (AD Instruments) HRV analysis software as
previously done for mice25. In the Fast Fourier Transforms, very low frequency was defined as
0hz to 0.15hz, low frequency as 0.15 Hz to 1.5 Hz, and high frequency as 1.5 Hz to 5 Hz
similarly to what is done in mouse HRV studies25, 26
In vivo VT inducibility: Mice were anesthetized (2% isofluorane), and a 1.2 French octapolar
catheter (Millar) placed transvenously into the right atrium. Electrograms were recorded using
the PowerLab platform from Advanced Instruments. Programmed electrical stimulation for VT
induction was performed at twice diastolic threshold with 1 second burst pacing from 20 to 50
Hz, in 2 Hz increments25, 27.
Optical imaging: Isolated Langendorf perfused mouse hearts were retrogradely perfused with
Tyrode’s solution. The preparations were maintained at 37°C and stained with a bolus of
voltage sensitive dye (0.25 ml, 10 μM Di 4 ANEPPS, Molecular Probes). Blebbistatin (7 μM,
Tocris) was used as an excitation- contraction uncoupler. Mapping was carried out as we have
done extensively. We quantified the action potential duration at 75% repolarization (APD) as
we previously did28, 29. A bipolar, silver tip stimulation electrode was used to pace the ventricles
(5ms pulses, 2x diastolic threshold) at different frequencies (from 8 to 15 Hz).
Statistics: Data are presented as average ± standard error. Student’s t-test, one way analysis
of variance (ANOVA) with Bonferroni correction, or Kruskal-Wallis test with multiple
comparisons were used as appropriate and significance was taken at p<0.05.
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RESULTS
HL-1 mouse atrial cardiomyocytes22 were cultured for 48 h with 5, 10, 25 and 50% air or
with vanilla custard (USA Vape Lab, CA) e-vapor extract. Cells were then dissociated with
Accutase and stained with FITC labeled annexin V, a widely used apoptotic marker, and DAPI,
a cell viability marker. Figure 2 A, left panel, shows a flow cytometry analysis of air controls.
The majority of cells are in the low annexin V and low DAPI live quadrant. Apoptotic cells
show high annexin V (right lower and upper quadrants). Necrotic cells show low annexin V and
high DAPI labeling. In vanilla custard e-vapor treatment, there was a significant shift of the
population, from the live quadrant, to the necrotic and apoptotic quadrants. Panel B is a
quantification of the percentage of live cells at 5, 10, 25 and 50% treatment with air, or vanilla
custard e-vapor.

There was a dose dependent decrease in the live population as the

concentration of vanilla custard e-vapor increased. The percentage of necrotic (panel C) and
apoptotic (panel D) cells increased with increasing vanilla custard e-vapor extract. Panel E is
a plot of the toxicity index (TI) which we calculated as

  % %%  where %DC is

percentage of dead cells, %AC is the percentage of apoptotic cells, and %LC is percentage of
live cells per well. The TI was normalized to that of air at each treatment condition. Figure 2E is
the TI normalized to that of air at 5, 10, 25 and 50% vanilla custard extract, where TI was 1.3 ±
0.04, 1.4 ± 0.03, 4.3 ± 0.13, and 13.6 ± 3.5 respectively.
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Figure 3A compares the effects of 48 h, 50% e-vapor extracts of Hawaiian POG (POG),
vanilla custard (VC) and apple jax (APJ) or air on HL-1 myocytes. Flow cytometry of annexin V
and DAPI staining showed that all three e-liquids decreased viability (top panel) and increased
apoptosis (middle panel) to different extents (*p<0.01, vs air). The bottom panel shows that
vanilla custard and apple jax were more toxic compared to POG (*p<0.01). We then used gas
chromatography mass spectrometry (GC/MS) to analyze the chemical composition of these eliquids. Figure 3 B shows the chromatograms of vanilla custard (VC), apple jax (APJ) and
POG. The complete list of identified constituents in these e-liquids is presented in Table 2. The
propylene glycol peak was trimmed to enhance visibility of the smaller peaks of flavorings as
done elsewhere17,23. The glycerin and nicotine peaks are evident. In vanilla custard and apple
jax, but not in POG, flavorings peaks corresponding to aldehydes products such as
cinnamaldehyde (red arrow), vanillin, and ethyl vanillin (green arrows) are present. This is
consistent with reports in cell culture, showing that vanilla, and cinnamon containing flavors
cause higher toxicities17.
We compared cellular respiration in HL-1 cells after 24h treatment with 25% e-vapor
from an e-liquid with a higher toxicity (apple jax, APJ) or lower toxicity (POG) as determined in
Figure 3. Oxygen consumption rate (OCR) was measured by the Agilent Seahorse24. Figure
4A is a graph of OCR versus time in 25% air, APJ or POG treated cells. ATP-linked respiration
was inhibited by addition of 1.5 μM oligomycin24 (Oligo) then maximal respiration occurred
after injection of 1.5 μM phenylhydrazone24 (FCCP). The OCR remaining after addition of 0.5
μM rotenone + antimycin (A/R) is due to non-mitochondrial respiration24. Panel A curves
indicated that apple jax depressed oxygen consumption more significant than air or POG
(Kruskal-Wallis test with multiple comparisons, p<0.01). Panel B quantifies basal OCR (OCR
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before addition of Oligo), ATP linked OCR (OCR after FCCP minus OCR after Oligo), and
maximal OCR (OCR before A/R minus after A/R ). Basal and ATP linked OCR were
significantly depressed with apple jax and POG treatment versus air, but maximal OCR was
significantly lower in air versus apple jax only (one way ANOVA, Bonferroni correction,
p<0.05). As a whole, this experiment suggests that flavored e-liquids impair the cardiac
myocyte’s respiratory process24 and an e-liquid with a higher toxicity depresses the respiratory
processes more that an e-liquid with a lower toxicity.
Next, we tested in spontaneously beating hiPSC derived ventricular cardiomyocytes, the
effects of 5, 25 and 50% apple jax e-vapor extract or air on beating rate and field potential
durations. hiPSC cardiomyocytes were seeded in 24 well multiple electrode array (MEA)
plates. Each well contains 16 electrodes in a 4x4 configuration, 100 μm interelectrode
distance. The Presto Multielectrode Array was used to simultaneously record the 16 unipolar
extracellular potentials in each well. Only wells that showed spontaneous activity were used.
50% Apple Jax e-vapor completely suppressed the spontaneous beating of the cells, but not
50% air. Figure 5 A shows the electrograms recorded before and after treatment with 25%
Apple Jax e-vapor for 24 hours. 25% apple jax treatment for 24 hours accelerated the beating
rate from 27 ± 1 in air control, to 60 ± 4 beats per minutes in apple jax (*p<0.01), and
increased the field potential duration from 152.1 ± 10.1 ms in air to 270.6 ± 13.064 ms in evapor treated cells (*p<0.01). 5% apple jax e-vapor did not significantly affect beating rate or
the field potential duration.
We investigated the effects of 10 weeks inhalation exposure to vanilla custard e-vapor,
or air control, on heart rate variability parameters in wild type C56bl/6J mice instrumented with
telemetric ECG. HRV parameters were measured at baseline, 1, 5, and 10 weeks exposure.
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The RR intervals were not different in the two groups at any of the time points. In Figure 10 A,
the low frequency (LF)nu component was significantly increased after 5 and 10 weeks of
vaping compared to baseline (*p<0.05, One way ANOVA with Bonferroni correction). In Panel
B, the high frequency (HF)nu component was significantly decreased at 5 and 10 weeks
compared to baseline. In Panel C, the LF/HF ratio significantly increased at 5 and 10 weeks of
vaping compared to baseline. None of the parameters changed in air control mice. The HRV
changes in vaped mice are consistent with what has been shown in human subjects who use
tobacco cigarettes and electronic cigarettes30. Such changes in HRV are indicative of
sympathovagal disbalance in the control of heart rate which is clinically linked to poor
cardiovascular outcomes31. Next, we studied the in vivo inducibility of VT in 5 wild type
C56bl/6J mice exposed to vaping with vanilla custard for 10 weeks versus 7 mice exposed to
air control, using in vivo programmed electrical stimulation. The ECGs of Figure 6B show that
a 1 second, 36 Hz burst stimulus at 1 mA, induced a short lived ventricular tachycardia (VT)
episode, after which the heart reverted back to sinus rhythm. In the vaped mouse, a similar
burst stimulus induced a longer VT episode. Six out of 7 air control mice had VT, while 5 out of
5 vaped animals had VT, however, as shown in the bar graph, the duration of VT episodes
was significantly longer in vaped compared to WT mice (t-test, p<0.05).
Subsequently, in 4 air control and 3 vaped mice we conducted epicardial optical
mapping of voltage. Figure 12 panels A and B show maps of action potential duration at 75%
repolarization (APD75) of the anterior surface of the ventricles at 10 and 15 Hz pacing
respectively. Pacing was done from the apex as indicated by the white stair symbol. RV and
LV are the right and left ventricles. In A, the top maps are representatives of paced beat 1, and
the middle maps are representatives of the subsequent paced beat 2 in control and vaped
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hearts. Single pixel recordings of the action potentials are underneath the top maps, and they
show beat 1 and beat 2. The action potential duration was not different between beat 1, and
the subsequent beat 2, as evidenced by the difference map in bottom (map 1 minus map 2). In
panel B, the hearts were paced at 15 Hz. It can be appreciated from the single pixel recordings
of the optical action potential, and from the APD maps, that while in control the APD did not
change considerably between beat 1 and 2, action potential duration alternans occurred in the
vaped heart, where one beat is long (beat 1), while the successive beat is short (beat 2).
These APD alternans can be visualized in the difference map (bottom). Panel C plots the
averaged action potential durations in 4 control hearts, quantified from the APD maps at
different pacing frequencies (from 10 to 15 Hz). No significant alternans occurred. Panel D is
the averaged action potential durations in 3 vaped hearts, paced from 10 to 15 Hz. Significant
alternans occurred at 15 Hz (*p<0,01, t-test), indicating that vaping induces action potential
changes in the heart. It has been shown that alternans are indicators of cardiac
electrophysiological instability and could lead to arrhythmogenesis32.
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DISCUSSION
Flavored ENDS are very popular, and it has been argued that the appeal of flavored
ENDS products has fueled the rapid and spectacular growth of this industry3, 5. Thus, our
objective was to investigate the in vitro and in vivo cardiac electrophysiological toxicity of
flavorings in vaping. Our study showed that vaping results in cellular and whole organ
electrophysiological toxicity that includes action potential instability and reduction in heart rate
variability parameters. Therefore, although ENDS could be less harmful than traditional
cigarette33, they are not harm free to the electrophysiological function of the heart.
In HL-1 mouse atrial cardiomyocytes22 the 3 e-liquids tested were toxic, however to
different extents, where aldehyde containing vanilla custard and apple jax flavors, as
determined by GC-MS, were more detrimental compared to the fruity flavored e-liquid. This is
independent of nicotine content, since these e-liquids are stated to contain 6 mg/ml nicotine.
These findings are consistent with similar studies conducted in many other cell lines, however,
these cell lines are not relevant to cardiac electrophsyiology11, 13-15, 17, 18. Additionally, vaping
reduced cellular respiration in HL-1 cells, where basal, ATP linked and maximal rates of
oxygen consumption were significantly reduced, similarly to what has been reported with
tobacco cigarette smoke in airway smooth muscle cells34. In spontaneously beating hiPSC
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derived ventricular cardiomyocytes, e-vapor increased the beating rate as well as the corrected
field potential duration (a surrogate for the QTc interval)35, raising the possibility that vaping
could be arrhythmogenic since in the heart, prolongation of the QT interval is associated with
the development of fast ventricular rhythms that include tachycardia and fibrillation36.
HRV analysis revealed patterns of change indicative of sympathovagal disbalance in
the control of the mouse heart due to vaping where LF was increased, HF was decreased and
LF/HF ratio increased. These changes are in line with what has been shown in human subjects
who use tobacco cigarettes and electronic cigarettes30. HF is considered an index of
parasympathetic modulation of the heart rate, and LF is considered an index of sympathetic
modulation, but the actual contribution of the sympathetic and parasympathetic systems to
HRV parameters in normal and abnormal physiology are still being dissected26. Nevertheless,
it is accepted that an increase in the LF to HF ratio of HRV is indicative of sympathovagal
disbalance, and usually correlates with development of arrhythmias and poor cardiovascular
outcome26, 31. This is in line with the in vivo VT inducibility studies which we conducted, where
in vaped mice, inducible VT was more sustained compared to air control mice, and where in
optical mapping, vaping resulted in action potential instability which manifested as action
potential alternans.
In conclusion, our study is the first to show that vaping produces cardiac
electrophysiological toxicity that include prolongation of the QT interval, reduced heart rate
variability, inducibility of VT, and action potential alternans. The respiratory system is the
major route of ENDS smoke entry into the body, and vaping related pulmonary illnesses are
increasingly documented in the clinic37. However, similarly to combustible tobacco smoking,
ENDS use could have potentially serious and harmful effects on the heart. Our work is the first
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demonstration that vaping compromises the cardiac electrophysiological integrity, and further
studies are needed to further assess the long- term cardiac safety profile of ENDS products.
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FIGURE LEGENDS
Figure 1: A: Picture of the Smok Species Baby V2 vaping device. The black screen displays
the duration of the activation every time the firing button is pressed. B: Vaping chamber design.
C: E-vapor extract generation.
Figure 2: Quantification of Annexin V staining in HL-1 cells with flow cytometry. A: Flow
cytometry analysis of live, apoptotic, and necrotic HL-1 cells cultured for 48 h with 50% air
(left), or 50 % Vanilla Custard e-vapor extract. B,C,D: Flow cytometry quantification of the
percentage of live (B), necrotic (C), and apoptotic (D) cells, in air or Vanilla Custard e-vapor
bubbled medium at 5, 10, 25 and 50%. E. Toxicity index normalized to that of air. N= 3 in each
condition.
Figure 3: A: Toxicity of Air, POG, Vanilla Custard (VC), and Apple Jax (AJ) e-liquid vapor
extracts at 50%, for 48h in HL1 cells using flow cytometry and Annexin V staining. N=3 in each
condition. B: GC-MS chromatograms of vanilla custard (VC), apple jax (APJ) and POG.
Propylene glycol, glycerin and nicotine peaks are evident in addition to flavorings peaks
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corresponding to aldehydes products such as cinnamaldehyde (red arrow), and vanillin and
ethyl vanillin (green arrows). The list of identified constituents is in Table 2.
Figure 4: Effects of apple jax and POG e-vapors on oxygen consumption rate (OCR) in HLcells. A: Plot of normalized OCR versus time in HL-1 cells cultured for 24 hours with 25% air or
25% apple jax or POG e-vapor extracts. The curve shows the change in OCR after injections
of Oligo (oligomycin), FCCP (phenylhydrazone) and A/R (Antimycin and Rotenone). B:
Quantification of normalized basal, ATP linked and maximal OCR.
Figure 5: Effects of apple jax e-vapor on beating rate and field potential duration in human
iPSC derived cardiomyocytes. A: Multiple electrodes array (MEA) recording of extracellular
potentials in the spontaneously beating myocytes before, and after 24 hours of incubation with
25% e-vapor. B: quantification of beating rate and field potential duration (FPD) after 24 hours
culture with air, or 25% e-vapor medium. N=3 wells each. White scale bar: 2 seconds.
Figure 6: Heat rate variability (HRV) and in vivo inducibility of VT in mice exposed to air or
vanilla custard e-vapor. A: Low frequency (LF)nu, high frequency (HF)nu, and ratio of low to
high frequency (LF/HF) in mice exposed to air or vaping at baseline, and after 1 week (1w), 5
weeks (5W), and 10 weeks (10W). B: ECG traces of inducible VT in conrol and vaped mice.
The bar graph compiles the duration of inducible VT episodes in 6 out of 7 control and 5 out of
5 vaped mice.
Figure 7: Optical mapping in isolated langendorff- perfused mouse hearts. First (beat 1) and
second (beat 2) rows: APD75 maps of 2 consecutive beats in pacing at 10 (first 2 columns) and
15 Hz. Single pixel optical action potential traces are shown. Thrid row: difference maps of
APD75 maps of beats 1 minus beat 2. Bottom panels: average APD75 at different pacing
frequencies (8 to 15 Hz). RV; right ventricle. LV; left ventricle.
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Table 1: GC-MS settings used for qualitative analysis of the e-vapors.
GC-MS Parameter
Capillary Column (GC)
Helium Flowrate (GC)
Inlet Temp. (GC)
Oven Program (GC)
Split Ratio (GC)
Auxiliary Temp. (MS)
Solvent Delay (MS)
Total Ion Scan (MS)

HP-5MS UI (30m x 250 mm x 0.25μm)
1.00 mL/min
250°C
Ramp 1: 40°C to 170°C @ 10°C/min; hold 2 min; Ramp 2:
8°C/min to 250°C; Ramp 3: 25°C/min to 320°C; hold 5 min.
20:1
290°C
1.00 min
m/z = (30-450) from 1 min to 32.80 min
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Table 2: GC-MS peaks analysis of the e-vapors.

Vanilla Custard

Apple Jax

Hawaiian POG

2(3H)-Furanone, dihydro-5-pentyl-

2-Propenoic acid

2(3H)-Furanone, 5-hexyldihydro

Acetoin

2(3H)-Furanone, 5-hexyldihydro-

3-Hexenol

Anisyl alcohol

Benzyl alcohol

Cinnamic acid, methyl ester

Benzaldehyde, 4-methoxy

Butanoic acid, 3-methyl-, ethyl ester

D-Limonene

Benzene, 1,4-dimethoxy

Cinnamaldehyde

Furaneol

Butanoic acid, 3-methyl-, 3-methylbutyl ester

Coumarin

Gylcerin

Butanoic acid, ethyl ester

Cyclopentanol, 1-(1-naphthalenyl)-

Maltol

Cyclotene

Ethyl maltol

Proplene glycol

Ethyl maltol

Ethyl Vanillin

Pyridine

Ethyl Vanillin

Gylcerin

Gylcerin

Maltol

Phenol, 2-methoxy

Piperazine

Propylene Glycol

Propylene Glycol

Pyridine

Pyridine

Sulfurol
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Vanillin

Vanillin propylene glycol acetal

Vanillin propylene glycol acetal
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