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ABSTRACT  31 

The usage of flavored electronic nicotine delivery systems (ENDS) is popular, specifically in 32 

the teen and young adult age groups. The possible cardiac toxicity of the flavoring aspect of 33 

ENDS is largely unknown. Vaping, a form of electronic nicotine delivery, uses “e-liquid” to 34 

generate “e-vapor”, an aerosolized mixture of nicotine and/or flavors. We report our 35 

investigation into the cardio-toxic effects of flavored e-liquids. E-vapors containing flavoring 36 

aldehydes such as vanillin and cinnamaldehyde, as indicated by mass spectrometry were 37 

more toxic in HL-1 cardiomyocytes than fruit flavored e-vapor. Exposure of human induced 38 

pluripotent stem cells derived cardiomyocytes to cinnamaldehyde or vanillin flavored e-vapor 39 

affected the beating frequency and prolonged the field potential duration of these cells more 40 

than fruit flavored e-vapor. Additionally, vanillin aldehyde flavored e-vapor reduced the hERG 41 

current in transfected human embryonic kidney cells. In mice, inhalation exposure to vanillin 42 

aldehyde flavored e-vapor for 10 weeks caused increased sympathetic predominance in heart 43 

rate variability measurements. In vivo inducible ventricular tachycardia was significantly longer, 44 

and in optical mapping, the magnitude of ventricular action potential duration alternans was 45 

significantly larger in the vanillin aldehyde flavored e-vapor exposed mice compared to control. 46 

We conclude that the widely popular flavored ENDS are not harm free, and they have a 47 

potential for cardiac harm. More studies are needed to further assess their cardiac safety 48 

profile and long- term health effects.   49 
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 55 
 56 
NEW & NOTEWORTHY 57 
 58 
The use of electronic nicotine delivery systems (ENDS) is not harm free. It is not known if 59 

ENDS negatively affect cardiac electrophysiological function. Our study in cell lines and in 60 

mice shows that ENDS can compromise cardiac electrophysiology, leading to action potential 61 

instability and inducible ventricular arrhythmias. Further investigations are necessary to assess 62 

the long term cardiac safety profile of ENDS products in humans, and to better understand 63 

how individual components of ENDS affect cardiac toxicity. 64 
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NON- STANDARD ABBREVIATIONS 81 

APJ: Apple jax 82 

APD: Action potential duration 83 

ENDS: Electronic nicotine delivery systems 84 

HF: High frequency 85 

hiPSC: Human induced pluripotent stem cells 86 

HRV: Heart rate variability 87 

GC-MS: Gas chromatography mass spectrometry  88 

LF: Low frequency 89 

MEA: Multiple electrode array  90 

NN: Time separation between consecutive R peaks of the ECG. 91 

pNN06: Percentage of adjacent NN intervals that differ from each other by more than 6 ms. 92 

POG: Hawaiian POG  93 

PSD: Power spectral density 94 

SDNN: Standard deviation of the normal sinus beats. 95 

VC: Vanilla custard  96 
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INTRODUCTION 104 

The use of electronic nicotine delivery systems (ENDS) has been growing. It was 105 

recently shown that among high school students, ENDS use increased from 1.5% in 2011 to 106 

20.8% in 2018(18). From 2017 to 2018 alone, there was a 75% increase in ENDS use by high 107 

school students(18).  108 

The popularity of flavored ENDS likely fueled the proliferation of manufacturers, and the 109 

surge in sales of these products(32). In 2014, it was estimated that there were more than 7600 110 

different flavored ENDS products from 466 brands(46), and as of this date, these numbers 111 

have only increased. The demand for ENDS continues to grow(44) as evident by a dynamic 112 

market(9, 46) which is projected to surpass $6 billion in the next couple of years. However, the 113 

health effects and particularly the cardiac toxicity of ENDS remain incompletely understood.  114 

Vaping is a form of electronic nicotine delivery. The vaping device heats the “e-liquid” 115 

via a coil in order to generate “e-vapor”, an inhalable smoke-like aerosolized mixture 116 

containing nicotine, flavors and solvent particles and their aldehydes  . E-liquids are usually a 117 

mixture of propylene glycol and vegetable glycerin, flavors, and either nicotine salt or free base 118 

nicotine. E-liquids can be used with different ENDS devices such as the pod-based system 119 

that requires the use of e-liquid with nicotine salt, or the tank-based vaping system, where a 120 

“tank” holds the e-liquid with free base nicotine. Both pod-based and tank-based systems are 121 

popular among different age groups(44).  122 

Several studies investigated the toxicity of e-liquids, and it was shown that flavoring 123 

aldehydes could be harmful in cell culture(4, 7, 11, 12, 16, 29, 31, 35-38, 43) however, the 124 

possible cardiac electrophysiological toxicity of vaping has not been systematically examined 125 

and is not completely understood. Here, we will assess the cardiac electrophysiological toxicity 126 
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of 3 e-liquids of different flavors, and we will test the hypothesis that vaping can result in 127 

cardiac electrophysiological instability and inducible arrhythmogenesis. 128 

 129 
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MATERIALS AND METHODS 150 

Vaping chamber: A rat housing cage GR900 (width= 34.6 cm, length= 39.5 cm L, and height= 151 

22.7 cm) (Techniplast, Buguggiate, Italy) was modified, where the bottom was fitted for the 152 

introduction of the mouthpiece of Smok Species Baby V2, (SMOKTech, Shenzhen, China) 153 

vaping device (Figure 1 A). We used the Baby V2 A2 dual sub-coils with a total resistance of 154 

0.2 ohms, at 85 Watts.  Inlet and outlet openings were created in the cage’s lid. The inlet 155 

opening was used to connect the mouthpiece via a plastic tube ¼ ID, 3/8 OD (Fisher Scientific, 156 

Waltham, MA) to a flow meter, 1.4 L/ minute, which was connected to a silent fish tank air 157 

pump. The outlet opening was fitted with a plastic tube that served as exhaust. A Universal 158 

High-powered Door Actuator (ZoneTech, New York, NY)- car door locking mechanism- was 159 

fixed alongside the vaping device, aimed at the device’s firing button. The actuator was 160 

connected to an AC/DC power adapter. Both, the actuator’s power adapter and the air pump 161 

were wired into the same cycle timer. Every 2 minutes, the cycle timer turns on for 5 seconds. 162 

This causes the actuator to push the vaping device’s firing button, and simultaneously, air 163 

flows into the mouthpiece, expelling, for 4.7 seconds, an e-vapor puff at 1.4 L/ minute inside 164 

the cage. The vaping device touch screen displays the duration of the device’s activation every 165 

time the firing button is pressed. A total of 60 puffs, 110 ml puff volume, over a 2-hour period 166 

were delivered. This is consistent with the topography of vaping in ENDS users(8, 17, 23, 34). 167 

Figure 1 B is the tank-based vaping device used, and B is a diagram of the exposure system. 168 

Exposure of animals to e-vapor: All animal experiments were approved by the IACUC at the 169 

University of South Florida. Ten, 5 months old, C57BL/6J mice (Jackson Laboratory, Bar 170 

Harbor, ME) of both sexes were used for air control, and 10 mice (5 months old, of both sexes) 171 

were used for vaping exposure. Mice were individually housed in ventilated racks, with ad 172 
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libitum access to food and water. For vaping exposure, the ten mice were transferred to the 173 

vaping cage, and the mice were simultaneously exposed to 4.7 second puffs of vanilla custard 174 

flavored e-vapor at 1.4 L/ minute, every 2 minutes for a total of 60 puffs in a 2-hour period. 175 

Mice were exposed 5 days a week, for a period of 10 weeks. Control mice experienced the 176 

same handling of the experimental animals. They were placed in a similarly modified chamber, 177 

in the same environment, where the only difference was that they were exposed to normal 178 

room air. Ten weeks of vaping did not affect the body weight of the animals which was 29.8g ± 179 

0.9 in vaped, and 29.6g ± 0.5 in air control mice. 180 

Preparation of e-vapor extracts: A 10cm x 10cm x 7cm chamber was modified with a bottom 181 

opening fitted for the mouthpiece of the Smok Species Baby V2, SMOKTech, vaping device, 182 

and inlet and outlet openings were introduced in the chamber’s sealing top lid. The inlet tube 183 

was connected by plastic tubing into the vaping device’s mouthpiece and the flow meter and 184 

air pump, as done for the vaping cage above. The outlet was passed through the cap of a 50 185 

ml conical tube containing cell culture media. Another tube was passed into the 50 mL conical 186 

tube cap and connected to a liquid trap flask, then to an air flow meter at 1.4 L/ minute, and 187 

finally to a vacuum. Similar to the vaping machine, every 2 minutes, the cycle timer turns on for 188 

5 seconds causing the actuator to push the vaping device’s firing button; simultaneously, air 189 

flows into the mouthpiece, expelling a 4.7 seconds e-vapor puff at 1.4 L/ minute inside the 190 

chamber. The resulting puff volume is 110 ml, within the limits of reported ENDS user puff 191 

size(34). The vacuum pump draws the e-vapor from the chamber at 1.4 L/ minutes, leading to 192 

its bubbling into the medium. 10mL of medium was bubbled with 15 puffs of e-vapor, resulting 193 

in an e-vapor concentration of 1.5 puffs per ml of media. For air control, the exact procedure 194 

was performed, however, the vaping device was powered off. Dilutions of extracts were 195 
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performed with fresh, untreated media. We then tested several concentrations of extracts 196 

expressed in puffs/ml as previously done(28).  The tested concentrations were 0.075, 0.15, 197 

0.375, and 0.75 puffs/ ml. Figure 1 C is a diagram of the e-vapor extract system.  198 

E-liquids: The flavors used in this study were, Hawaiian POG (POG), and Vanilla Custard 199 

(VC) (USA Vape Labs, Huntington Beach, CA), and Apple Jax (APJ) (Epic Juice, Santa Ana, 200 

CA). The manufacturer labeled POG flavor as passion fruit, orange and guava, Vanilla 201 

Custard, as vanilla custard, and Apple Jax as milky cinnamon apple cereal. These e-liquids are 202 

70% vegetable glycerin/ 30% propylene glycol (70VG/30PG) and are stated by the 203 

manufacturer to contain 6mg/ml free base nicotine. We prepared inhouse, base only (70% 204 

vegetable glycerin/ 30% propylene glycol) (Sigma-Aldrich) and base plus 6mg/ ml nicotine free 205 

base (Sigma-Aldrich).  206 

Total particulate matter measurements: We measured total particulate matter (TPM) 207 

generated from the 3 different e-liquids using a 25 mm membrane filter (PALL Life Science) 208 

placed into a stainless-steel filter holder (Cole-Parmer). E-vapor was generated using the 209 

same method and setup used to bubble cell culture medium, but instead of bubbling the vapor 210 

in the medium, the 15 puffs were passed through the filter paper. Filter papers were weighed 211 

before and after the procedure.  212 

HL1 cell culture: HL-1 cells (mouse atrial myocytes) were obtained from the laboratory of Dr. 213 

Claycomb (Louisiana State University) and cultured following the recommended protocol(5). 214 

Briefly, cells were grown in Claycomb medium (Sigma, St. Louis, MO) and supplemented with 215 

10% FBS (Sigma, St. Louis, MO), 0.1 mM norepinephrine (Sigma, St. Louis, MO), 2mM L-216 

Glutamine (Sigma, St. Louis, MO), and penicillin/streptomycin (100U/ml/100µ/mL) on tissue 217 

culture plates (Corning, Corning, NY), coated with fibronectin/gelatin (Sigma, St. Louis, MO). 218 
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Apoptosis flow cytometry: Apoptosis was measured using the FITC annexin V staining 219 

assay (BD, Franklin Lakes, NJ).  HL-1 cells were plated in 12 well plates, and when confluency 220 

reached approximately 70%, they were cultured with control medium, or with e-vapor extracts.  221 

The tested concentrations were 0.075, 0.15, 0.375, and 0.75 puffs/ml, and the duration of 222 

exposure was 24 or 48 hours. After the incubation period, the cells in each well were lifted with 223 

Accutase and re-suspended in 5 mL PBS.  Cells were pelleted by centrifugation, washed with 224 

PBS and stained with FITC labeled annexin V according to the manufacturer’s 225 

recommendation. DAPI (3 µM) was added immediately before reading the samples on a BD 226 

LSRII Cytometer using the 488-nm and 405-nm lasers for excitation of FITC annexin V and 227 

DAPI respectively.  The following controls are included in each experiment: unstained cells, 228 

cells stained with FITC annexin V, but not with DAPI, and cells stained with DAPI, but not with 229 

FITC annexin V.  Data analysis was carried out using the FlowJo software. 230 

Human induced pluripotent stem cells derived cardiomyocytes (hiPSC) culture and 231 

extracellular potentials recording: The iCell Cardiomyocytes2 (Cellular Dynamics, Madison, 232 

WI) were thawed according to the manufacturer’s protocol, and 50,000 cells/well were plated 233 

on the fibronectin (50 µg/ml) coated 24 wells multiple electrode array (MEA) plates (24well 234 

plate-eco), (MED64, Osaka, Japan).  Plated cells were incubated at 37°C, 5% CO2 for one 235 

hour to allow attachment of the cells, after which, pre-warmed maintenance medium (Cellular 236 

Dynamics, Madison, WI) was added to the wells.  The maintenance medium was changed 237 

every three days, and after day 7, cells began to beat synchronously, periodically and 238 

spontaneously. The Presto Multielectrode Array (MED64, Osaka, Japan) was used to record 239 

extracellular potentials of the spontaneously beating hiPSC derived cardiomyocytes. The 240 

Presto is equipped with an environmental chamber (37°C and 95% O2/ 5% CO2). After the 241 
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plate was placed on top of the recording electrodes, 2-minute recordings of the extracellular 242 

potentials were obtained using the MED64’s MEA Symphony software interface at baseline 243 

before addition of the vapor extracts, and after addition of the extracts. For each well, the 244 

beating rate, and the Bazett corrected field potential durations were calculated in the MED64’s 245 

MEA Symphony analysis software.  246 

Patch clamp: Human embryonic kidney (HEK 293) cells were co- transfected with wild type 247 

hERG and GFP in pcDNA3. 48h post-transfection, cells were cultured with 0.375 puffs/ml 248 

vanilla custard e-vapor or with air control. The hERG current (IKr) was measured by whole-cell 249 

configuration as usually done(1), using an Axon 700B amplifier and (Digidata 1550B A/D 250 

converter). The bath solution contained 140 mM NaCl, 2 mM CaCl2, 4 mM KCl, 1 mM MgCl2, 5 251 

mM glucose, and 10 mM HEPES buffer (pH 7.4). The internal solution contained 126 mM KCl, 252 

4 mM Mg-ATP, 2 mM MgSO4, 5 mM EGTA, 0.5 mM CaCl2, and 25 mM HEPES buffer (pH 253 

7.2). Voltage protocol: 10 mV steps from -60 to 60 mV for 3 s, then step to - 40 mV for 1 s, and 254 

finally hyperpolarized to -120 mV for 0.5 s. Tail current amplitude was quantified and 255 

normalized to cell capacitance (nA/pF) and presented in an IV curve. 256 

Mass spectrometry: E-vapors were generated using the same setup described in Figure 1. 257 

The 10cm x 10cm x 7cm chamber was slightly altered, where the outlet tube was replaced with 258 

a septum. 5 puffs were generated, each for 4.7s at an interval of 10s, at a flow rate of 1.4 259 

L/min. Immediately after the smoke was generated, a 2.5mL Hamilton glass tight syringe was 260 

introduced through the septum to extract 250 µL of e-vapor from the chamber. The smoke was 261 

then immediately injected manually into the Aglient 7890B gas chromatography, mass 262 

spectrometer (GC-MS) 5977B. The headspace syringe was cleaned between samples by 263 

rinsing repeatedly in pesticide grade methanol and then thoroughly dried in an incubator for 30 264 
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mins at 70ºC. The GC-MS parameters were optimized based on previous studies(10, 37) and 265 

are reported in Table 1. MassHunter Workstation Qualitative Analysis Software (Version 266 

B.07.00 SP2) in conjunction with NIST MS Search 2017 Library were used for analysis. Peaks 267 

were identified based on a match score factor higher than 700. 268 

Telemetry and HRV analysis: Mice were implanted with ECG telemetric devices (ETA-F10, 269 

Data Sciences International, St. Paul, MN) using sterile equipment, under general anesthesia 270 

with 2% Isoflurane, and body temperature maintained at 37°C on a heating pad.  The 271 

manufacturer’s recommendation for subcutaneous transmitter placement along the lateral flank 272 

was followed. The animals were allowed to recover for fourteen days after the implantation 273 

procedure. ECG recordings in freely moving animals were done using the PhysioTel RPC-3 274 

(Data Sciences International, St. Paul, MN) receivers, after 1, 5, or 10 weeks of exposure to 275 

vanilla custard e-vapor. The ECGs were recorded using the Ponemah Software (Data 276 

Sciences International, St. Paul, MN), at 1kHz sampling rate, about 4 hours after conclusion of 277 

the vaping session, in order to allow the animals to settle in their cages, after handling and 278 

exposure. Thirty minutes ECG strips were prepared and analyzed in MatLab. Pan-Tompkins 279 

algorithm was used to extract the time separation between consecutive R peaks of the ECG. 280 

R-R values not contained between mean R–R interval +/- 2 standard deviation were  inspected 281 

for arrhythmias (no arrhythmias were observed) and excluded in order to obtain normal R-R 282 

intervals (NN intervals) (33, 41). Parametrization of HRV was performed in LabView (National 283 

Instruments) as previously done (33, 41).  Two temporal and two spectral parameters were 284 

subsequently further analyzed. The temporal parameters were standard deviation of the 285 

normal sinus rhythm beats (SDNN) and the percentage of adjacent NN intervals that differ 286 

from each other by more than 6 milliseconds (pNN06). pNN is an indicator of cardiac 287 
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parasympathetic activity (39, 41) which in humans is usually 50 ms, but was adapted to 6 ms 288 

in mouse studies due to the high heart rate of the mouse (41). Spectral parameters were 289 

calculated from the unmodified periodogram as an estimator of the power spectral density 290 

(PSD). Low frequency was defined as 0.15 Hz to 1.5 Hz, and high frequency as 1.5 Hz to 5 291 

Hz, similarly to what is done in mouse HRV studies (33, 39, 41). 292 

In vivo VT inducibility: Mice were anesthetized (2% isofluorane), and a 1.2 French octapolar 293 

catheter (Millar, Houston, TX) was placed transvenously into the right atrium, and advanced 294 

into the right ventricle. Electrograms were recorded using the PowerLab platform (AD 295 

Instruments, Colorado Springs, CO). Programmed electrical stimulation for VT induction was 296 

performed by pacing the right ventricle at twice diastolic threshold with 1 second bursts from 297 

20 to 50 Hz, in 2 Hz increments(14, 33). 298 

Optical imaging: Isolated Langendorf perfused mouse hearts were retrogradely perfused with 299 

Tyrode’s solution. The preparations were maintained at 37°C and stained with a bolus of 300 

voltage sensitive dye (0.25 ml, 10 μM Di 4 ANEPPS, Sigma, St. Louis, MO). Blebbistatin (7 301 

μM, Sigma, St. Louis, MO) was used as an excitation-contraction uncoupler. Mapping was 302 

carried out as we have done extensively. We quantified the action potential duration at 75% 303 

repolarization (APD) as we previously did(30, 45). A bipolar, silver tip stimulation electrode was 304 

used to pace the ventricles (5ms pulses, 2x diastolic threshold) at different frequencies (from 8 305 

to 15 Hz). 306 

Statistics: Data are presented as average ± standard error. Student’s t-test, one way analysis 307 

of variance (ANOVA) with Bonferroni correction were used as appropriate and significance 308 

was taken at p<0.05. 309 

 310 
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 311 

 312 

RESULTS 313 

HL-1 mouse atrial cardiomyocytes(5) were cultured for 48 h with  air or with 0.075, 0.15, 314 

0.375, and 0.75 puffs/ml vanilla custard (USA Vape Lab, CA) e-vapor extract. Cells were then 315 

dissociated with Accutase and stained with FITC labeled annexin V, a widely used apoptotic 316 

marker, and DAPI, a cell viability marker. Figure 2 A, left panel, shows a flow cytometry 317 

analysis of air controls. The majority of cells are in the low annexin V and low DAPI live 318 

quadrant.  Apoptotic cells show high annexin V (right lower and upper quadrants). Necrotic 319 

cells show low annexin V and high DAPI labeling. In vanilla custard e-vapor treatment, there 320 

was a significant shift of the population from the live quadrant, to the necrotic and apoptotic 321 

quadrants. Panel B quantifies the percentage of live cells at 0.075, 0.15, 0.375, and 0.75 322 

puffs/ml treatment with air, or vanilla custard e-vapor.  There was a dose dependent decrease 323 

in the live population as the concentration of vanilla custard e-vapor increased. The 324 

percentage of necrotic (panel C) and apoptotic (panel D) cells increased with increasing vanilla 325 

custard e-vapor extract.  Panel E is a plot of the toxicity index (TI) which we calculated as 326 𝑇𝐼 =  %   % %   where %DC is the percentage of dead cells, %AC is the percentage of 327 

apoptotic cells, and %LC is the percentage of live cells per well. The TI was normalized to that 328 

of air at each treatment condition. Figure 2E is the TI normalized to that of air at 0.075, 0.15, 329 

0.375, and 0.75 puffs/ml vanilla custard extract, where TI was 1.3 ± 0.04, 1.4 ± 0.03, 4.3 ± 330 

0.13, and 13.6 ± 3.5 respectively.  331 

Figure 3A compares the effects of 48 h, 0.75 puffs/ml e-vapor extracts of Hawaiian POG 332 

(POG), vanilla custard (VC) and apple jax (APJ) or air on HL-1 myocytes. Flow cytometry of 333 
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annexin V and DAPI staining showed that all three e-liquids decreased viability (top panel) and 334 

increased apoptosis (middle panel) to different extents (*p<0.01, vs air). The bottom panel 335 

shows that VC and APJ were more toxic compared to POG (*p<0.01), where the respective 336 

toxicities were 22.7 ± 1.75, 185 ± 29.9, and 1.53 ± 0.09.  24h exposures resulted in lower 337 

toxicities compared to 48h, and the respective toxicities of VC, APJ, and POG at 24h were 8.9 338 

± 2.2, 5.3 ± 0.8 and 2.3± 0.6.  339 

We measured the total particulate matter (TPM) generated from the 3 different e-liquids. 340 

TPM measurements were not different between the 3 e-liquids. For vanilla custard, apple jax, 341 

and POG, the measured respective TPM values were 2.74 mg/puff ± 0.075, 2.67 mg/puff ± 342 

0.060, and 2.66 mg/puff ± 0.067, n=3 each. 343 

We then used gas GC-MS to analyze the chemical composition of these e-liquids. 344 

Figure 3 B shows the total ion chromatograms of vanilla custard (VC), apple jax (APJ) and 345 

POG. The complete list of identified constituents in these e-liquids is presented in Table 2. The 346 

propylene glycol,  glycerin, and nicotine peaks are evident(37),(10). In vanilla custard and 347 

apple jax, but not in POG, flavorings peaks corresponding to aldehydes products such as 348 

cinnamaldehyde, vanillin, and ethyl vanillin (black arrows) are present. This is consistent with 349 

cell culture studies, showing that vanilla, and cinnamon containing flavors cause higher 350 

toxicities(37), however, in non-cardiomyocyte cell lines were used(37). Here we show that in a 351 

cardiac myocyte cell line, vanilla and cinnamon flavored e-liquids also cause higher toxicities 352 

compared to fruit flavored e-liquids.  353 

Next, we tested in spontaneously beating hiPSC derived cardiomyocytes, the effects of the 3 354 

e-liquids on beating rate and corrected field potential durations. hiPSC cardiomyocytes were 355 

seeded in 24 well MEA plates. Each well contained 16 electrodes in a 4x4 configuration, 100 356 
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μm interelectrode distance. The Presto Multielectrode Array was used to simultaneously record 357 

the 16 unipolar extracellular potentials in each well. Only wells that showed spontaneous 358 

activity were used. 48 h exposure to the e-vapors at 0.75 puffs/ml was deadly to the cells. We 359 

thus reduced the exposure duration and concentration. At 24 h, and 0.15 puffs/ml, VC and APJ 360 

reduced the beating rate (Figure 4A) and prolonged the corrected field potential duration (FPD) 361 

(Figure 4B) more significantly than POG (*p<0.05 vs air, and #p<0.05 vs VC and APJ). We 362 

then conducted a series of experiments comparing the effects of 0.15 puffs/ml of base only 363 

(70VG/30PG), base with nicotine (70VG/30PG plus 6mg/ml nicotine base), and vanilla custard 364 

e-liquid (stated by manufacturer to contain 6mg/ml nicotine free base) on beating rate and on 365 

the field potential duration in hiPSC derived cardiomyocytes. Our results showed that base 366 

only had no significant effects on the beating rate or the FPD versus air control (Figure 4C, first 367 

2 traces, and Figures 4D and E). Base with 6mg/ml nicotine (Base+Nic) significantly decreased 368 

the beating rate and tended to increase the FPD versus control (Figure 4C third trace, and 369 

Figures 4D and E) and vanilla custard (base plus 6mg/ml nicotine plus flavorings) further 370 

decreased the beating rate and further increased the FPD (Figure 4C fourth trace, and Figures 371 

4D and E) (*p<0.05 vs air, and #p<0.05 vs Base+Nic). This experiment suggested that 372 

flavorings in vanilla custard increased the toxicity of base with nicotine. We then tested a 373 

higher concentration of vanilla custard (0.375 puffs/ml). 7 of 10 treated wells stopped beating, 374 

while the 3 remaining cells showed tachycardia like activity (74.5 beats per minute ± 12.3 375 

versus 39 beats per minute ± 3 at baseline, p<0.05). The last trace of Figure 4C shows such 376 

tachycardic activity. The prolongation of the FPD suggested that vaping could affect ion 377 

channels including the hERG current (IKr). It has been shown in hiPSC cardiomyocytes that IKr 378 

block reduces beating rate and increases field potential duration(24). Additionally, block of IKr 379 
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can lead to tachyarrhythmias. Thus, we investigated whether the IKr current is affected by 380 

vanilla custard flavored e-vapor and we assessed the effects of 0.375 puffs/ml vanilla custard 381 

e-vapor on IKr in HEK293 cells transfected with hERG. In Figure 5 A, 24 hours treatment with 382 

vanilla custard e-vapor caused a reduction in the currents elicited in response to voltage steps 383 

from -60 to +60mV compared to control.  In B, the IV relationship of the tail currents indicated 384 

that vanilla custard e-vapor significantly inhibited IKr (*p<0.01, air control vs VC, t-test). As a 385 

whole, this set of experiments suggested that flavorings increase the toxicity of base with 386 

nicotine, and that vaping can affect the human cardiac electrophysiology in part through 387 

possible modulation of IKr.  388 

Next, we investigated the effects of 10 weeks inhalation exposure to vanilla custard e-389 

vapor, an e-liquid with high toxicity (Figures 3 and 4) versus air, on heart rate variability 390 

parameters in mice instrumented with telemetric ECG. HRV parameters were measured at 391 

baseline, 1, 5, and 10 weeks exposure. Figure 6A shows the histograms of successive 392 

differences in NN. The left graph is from an air control mouse. There were no differences 393 

between the histograms at baseline (blue trace) and at week 10 (orange trace) of air exposure. 394 

The right graph is from a vaped mouse, and shows less variation in successive NN differences 395 

after 10 weeks of vaping (orange histogram) compared to baseline (blue histogram). The 396 

dashed lines indicate the marks for 6 ms increase or decrease in successive NN differences.  397 

The histograms were then used to calculate SDNN, which was not different in mice 398 

exposed to air (black circles) versus vaped mice (gray circles) at 0, 1, 5, and 10 weeks (Figure 399 

6B, left panel). Another temporal HRV parameter that computes the percentage of adjacent 400 

NN intervals that differ from each other by more than 6 ms (pNN06) was investigated (Figure 401 

6B, right panel). There were no statistically significant differences in pNN06 in mice exposed to 402 
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air (black circles) versus vaped mice (gray circles) at 0, and 1 week. However, pNN06 was 403 

significantly decreased in vape versus air at 5 and 10 weeks (*p<0.05, vape versus air, 5 404 

weeks. #p<0.05, vape versus air, 10 weeks). pNN is an indicator of cardiac parasympathetic 405 

activity (39, 41) which in humans is usually 50 ms, but 6 ms was used in mouse studies due to 406 

the high heart rate of the mouse(41). These data suggest that vaping decreased cardiac 407 

parasympathetic activity leading to a sympathetic predominance, and thus sympathovagal 408 

disbalance. 409 

Spectral analysis was also carried out. Figure 6C shows periodograms as estimators of 410 

the PSD. PSD from a mouse exposed to air (left graph) is similar at baseline (blue line) and 411 

after 10 weeks (orange line). The PSD from a vaped mouse (right graph) shows a visible 412 

decrease in the high frequency band after 10 weeks of exposure to e-vapor. Quantification of 413 

the spectral HRV parameters (low frequency; LF and high frequency; HF), are shown in panel 414 

D. The LF component did not significantly change, however, HF was significantly lower in vape 415 

versus air at 5 and 10 weeks (*p<0.05, vape versus air, 5 weeks. #p<0.05, vape versus air, 10 416 

weeks). The reduction in HF parallels the finding in the temporal analysis, which showed 417 

reduction in pNN06 in vaped mice. This is not surprising since both of these parameters are 418 

correlated(39, 41). Furthermore, HRV changes in vaped mice are consistent with what has 419 

been shown in human subjects who are habitual electronic cigarette users (26) as well as in 420 

the setting of acute use(25). Such changes in HRV due to vaping, are indicative of possible 421 

sympathovagal disbalance in the control of heart rate, which is clinically linked to poor 422 

cardiovascular outcomes(6, 39). 423 

 We studied the in vivo inducibility of VT in 5 wild type mice exposed to vaping with 424 

vanilla custard for 10 weeks versus 7 mice exposed to air control, using in vivo programmed 425 



 19

electrical stimulation. The ECGs of Figure 7 show that a 1 second, 36 Hz burst stimulus at 1 426 

mA, induced a short-lived ventricular tachycardia (VT) episode, after which the heart reverted 427 

back to sinus rhythm. In the vaped mouse, a similar burst stimulus induced a longer VT 428 

episode. Six out of 7 air control mice had VT, while 5 out of 5 vaped animals had VT, however, 429 

as shown in the bar graph, the duration of VT episodes was significantly longer in vaped 430 

compared to WT mice (t-test, p<0.05).  431 

Subsequently, in 4 air control and 3 vaped mice we conducted epicardial optical 432 

mapping of voltage. Figure 8 panels A and B show maps of action potential duration at 75% 433 

repolarization (APD75) of the anterior surface of the ventricles at 10 and 15 Hz pacing 434 

respectively. Pacing was done from the apex as indicated by the white stair symbol. RV and 435 

LV are the right and left ventricles. In A, the top maps are representatives of paced beat 1, and 436 

the middle maps are representatives of the subsequent paced beat 2 in control and vaped 437 

hearts. Single-pixel recordings of the action potentials are underneath the top maps, and they 438 

show beat 1 and beat 2. The action potential duration was not different between beat 1, and 439 

the subsequent beat 2, as evidenced by the difference map in the bottom (map 1 minus map 440 

2). In panel B, the hearts were paced at 15 Hz. It can be appreciated from the single pixel 441 

recordings of the optical action potential, and from the APD maps, that while in control the APD 442 

did not change considerably between beat 1 and 2, action potential duration alternans 443 

occurred in the vaped heart, where one beat is long (beat 1), while the successive beat is short 444 

(beat 2). These APD alternans can be visualized in the difference map (bottom). Panel C plots 445 

the averaged action potential durations in 4 control hearts, quantified from the APD maps at 446 

different pacing frequencies (from 8 to 15 Hz). No significant alternans occurred. Panel D is the 447 

averaged action potential durations in 3 vaped hearts, paced from 8 to 15 Hz.  Significant 448 
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alternans occurred at 15 Hz (*p<0,01, t-test), indicating that vaping induces action potential 449 

changes in the heart. It has been shown that alternans are indicators of cardiac 450 

electrophysiological instability and could lead to arrhythmogenesis(42). 451 

 452 

DISCUSSION 453 

 Flavored ENDS are very popular, and it has been argued that the appeal of flavored 454 

ENDS products has fueled the rapid and spectacular growth of this industry(9, 46). Thus, our 455 

objective was to investigate the in vitro and in vivo cardiac electrophysiological toxicity of 456 

flavorings in ENDS. Our study showed that exposure to ENDS aerosols could result in cellular 457 

and whole organ electrophysiological toxicity that includes action potential instability and 458 

reduction in heart rate variability parameters. Therefore, it is possible that ENDS are not harm 459 

free to the electrophysiological function of the heart.     460 

In HL-1 mouse atrial cardiomyocytes(5) the 3 e-liquids tested were toxic, however to 461 

different extents. Aldehyde containing vanilla custard and apple jax flavors, as determined by 462 

GC-MS, were more detrimental compared to the fruity flavored e-liquid. This is independent of 463 

nicotine content, since these e-liquids are stated to contain 6 mg/ml nicotine.  These findings 464 

are consistent with similar studies conducted in many other cell lines, however, these cell lines 465 

are not relevant to cardiac electrophysiology(11, 29, 31, 36-38). In spontaneously beating 466 

hiPSC derived cardiomyocytes, e-vapor affected the beating rate , prolonged the corrected 467 

field potential duration (a surrogate for the QTc interval)(22), and inhibited IKr. This raises the 468 

possibility that vaping could be arrhythmogenic since in the heart, prolongation of the QT 469 

interval is associated with the development of fast ventricular rhythms that include tachycardia 470 

and fibrillation(2).  471 
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 HRV analysis revealed patterns of change indicative of sympathovagal disbalance in 472 

the control of the mouse heart due to exposure to ENDS aerosols where temporal and spectral 473 

indices of parasympathetic modulation of heart rate variability were decreased. These changes 474 

are consistent with what has been shown in human subjects who are habitual electronic 475 

cigarette users (26) as well as in the setting of acute electronic cigarette use(25). It is generally 476 

accepted that in HRV measurements, sympathovagal disbalance could correlate with the 477 

development of arrhythmias and poor cardiovascular outcome(6, 39). This is in line with the in 478 

vivo VT inducibility studies which we conducted, where in vaped mice, inducible VT was more 479 

sustained compared to air control mice, and where in optical mapping, vaping resulted in 480 

action potential instability which manifested as action potential alternans. It has been shown in 481 

human subjects that the use of electronic cigarettes with nicotine affected repolarization 482 

indices on the ECG(13), and in mice, it was shown that  ENDS constituents including 483 

vegetable glycerin caused prolongation of the QT interval(3).    484 

In conclusion, our study suggests that exposure to ENDS aerosols could result in 485 

cardiac electrophysiological toxicity that includes prolongation of repolarization, hERG block, 486 

sympathovagal disbalance, inducibility of VT, and action potential alternans.  The respiratory 487 

system is the major route of ENDS smoke entry into the body, and vaping related pulmonary 488 

illnesses are increasingly documented in the clinic(27). However, similarly to combustible 489 

tobacco smoking, ENDS use could have potentially harmful effects on the heart. Our work 490 

demonstrates that vaping compromises the cardiac electrophysiological integrity, and further 491 

studies are needed to further assess the long-term cardiac safety profile of ENDS products. 492 

 493 

LIMITATIONS: 494 
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Our results in the mouse hearts suggested that vaping can lead to inducible ventricular 495 

tachyarrhythmias. Other than a case report that attributed the occurrence of atrial fibrillation to 496 

vaping in an otherwise healthy teen(21), arrhythmias have not yet been directly linked to the 497 

use of ENDS in the young population. Therefore, caution should be exercised when 498 

extrapolating the findings in the mouse heart to the human heart due to the presence of many 499 

obvious differences including those related to important species differences in the ionic bases 500 

of the action potential(15). In the in-vitro experiments, we do not know if the concentrations of 501 

ENDS constituents in the bubbled media are similar to those that could actually reach the heart 502 

through inhalation exposure to ENDS aerosols. When generating the e-vapor, the full impact of 503 

reversing airflow through the mouthpiece is unknown. Plasma or urine nicotine levels were not 504 

measured in the vaped mice. HRV measurements were performed 4 hours after vaping. The 505 

reported nicotine half- life in C57BL/6 mice is about 9 minutes(40). Studies have shown that 506 

the manufacturer stated nicotine levels in some ENDS products have been inaccurate(20). The 507 

stated nicotine level of 6mg/ml in the e-liquids we used are not verified, and are reported in this 508 

manuscript, as printed on the products’ labels. Additionally, it is not inconceivable that that 509 

there may be contaminants(19) or variable grades of nicotine and/or solvents used by different 510 

companies. Such possible confounders have not been tested in this work. Further 511 

investigations are necessary to assess the long- term cardiac safety profile of ENDS products 512 

in humans, and to better understand how individual components of ENDS affect cardiac 513 

toxicity. 514 
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FIGURE LEGENDS 694 

Figure 1: A: Picture of the Smok Species Baby V2 vaping device. The black screen displays 695 

the duration of the activation every time the firing button is pressed. B: Vaping chamber design. 696 

C: E-vapor extract generation.  697 

Figure 2: Quantification of Annexin V staining in HL-1 cells with flow cytometry. A: Flow 698 

cytometry analysis of live, apoptotic, and necrotic HL-1 cells cultured for 48 h with 0.75 699 

puffs/ml air, or  0.75 puffs/ml vanilla custard (VC) e-vapor extract. B,C,D: Flow cytometry 700 

quantification of the percentage of live (B), necrotic (C), and apoptotic (D) cells, in air or Vanilla 701 

Custard e-vapor bubbled medium at 0.075, 0.15, 0.375 and 0.75 puffs/ml. E. Toxicity index 702 

normalized to that of air. N= 3 in each condition. (#p<0.05 vs air, and *p<0.01 vs air, t-test) 703 

Figure 3: A: Toxicity of Air, POG, Vanilla Custard (VC), and Apple Jax (APJ) e-liquid vapor 704 

extracts at 0.75 puffs/ml, for 48h in HL1 cells using flow cytometry and Annexin V staining. N=3 705 

in each condition. (#p<0.05 and *p<0.01 versus air, and **p<0.01 vs POG, one way ANOVA, 706 

Bonferroni correction). B: GC-MS chromatograms of vanilla custard (VC), apple jax (APJ) and 707 
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POG. Propylene glycol, glycerin and nicotine peaks are evident in addition to flavorings peaks 708 

corresponding to aldehydes products such as cinnamaldehyde, vanillin and ethyl vanillin (black 709 

arrows). The list of identified constituents is in Table 2. 710 

Figure 4: Effects of 24 h, 0.15 puffs/ml e-vapor exposure on beating rate and corrected field 711 

potential duration in human iPSC derived cardiomyocytes. Quantification of (A) beating rate 712 

and (B) field potential duration (FPD) after 24 h, 0.15 puffs/ml exposure to air control and POG, 713 

vanilla custard (VC), and apple jax (APJ) e-vapors (*p<0.05 vs air, and #p<0.05 vs VC and 714 

APJ, one way ANOVA, Bonferroni correction. N= 4 each). C: Multiple electrodes array (MEA) 715 

recordings of extracellular potentials in the spontaneously beating myocytes after 24 h, 0.15 716 

puffs/ml exposure to: air control (trace 1), 70VG/ 30PG base alone (trace 2), 70VG/ 30PG 717 

base plus 0.6mg/ml nicotine (trace 3), and VC (trace 4).  Trace 5 is 24 h treatment with 0.375 718 

puffs/ml VC. Scale bar= 500 ms.  D: Quantification of (D) beating rate and (E) field potential 719 

duration (FPD) after 24 h, 0.15 puffs/ml exposure to air control (N=10) and base alone (N=8), 720 

base plus 0.6mg/ml nicotine (N=5), and vanilla custard (VC, N=10) e-vapors (*p<0.05 vs air, 721 

and #p<0.05 vs VC and APJ, one way ANOVA, Bonferroni correction). 722 

Figure 5: Patch clamp measurement of hERG in transfected HEK293 cells exposed to vanilla 723 

custard. HEK293 cells were cotransfected with hERG and GFP, and exposed for 24 hours to 724 

0.375 puffs/ml vanilla custard e-vapor. A: Current traces elicited in response to voltage step 725 

protocol (10 mV steps from -60 to 60 mV for 3 s, then step to -40 mV for 1 s, and 726 

hyperpolarized to –120 mV for 0.5 s) in an air control (top) and a VC exposed cell. B: IV curve 727 

of the IKr tail current from air (n=8) and VC (n=7) exposed cells. *p<0.05, t-test. 728 

Figure 6: Assessment of heart rate variability in mice exposed to air or vanilla custard e-vapor. 729 

A: Histograms of the successive differences in NN segments in an air control (left) and a vaped 730 



 29

mouse (right) at baseline (blue) and at 10 weeks exposure (prange). B: Temporal parameters 731 

SDNN(ms) and pNN06(%) at baseline, 1 week, 5 weeks and 10 weeks exposure to air (black 732 

circles, N= 5 animals) or vaping (gray circles, N= 5 animals). C. Periodograms as estimators of 733 

the PSD in an air control (left) and a vaped mouse (right) at baseline (blue) and at 10 weeks 734 

exposure (orange). D: Spectral parameters LF (nu) and HF (nu) at baseline, 1 week, 5 weeks 735 

and 10 weeks exposure to air (black circles, N= 5 animals) or vaping (gray circles, N= 5 736 

animals). *p<0.05, t- test, vape versus air at 5 weeks, and #p<0.05, t- test, vape versus air at 737 

10 weeks. 738 

Figure 7: In- vivo inducibility of VT in mice exposed to air or vanilla custard e-vapor. ECG 739 

traces of inducible VT in air control (top trace) and vaped (bottom trace) mice are shown. The 740 

bar graph compiles the duration of inducible VT episodes in 6 out of 7 control and 5 out of 5 741 

vaped mice (*p<0.05, t-test). Stim: Burst pacing stimulation.   742 

Figure 8: Optical mapping in isolated Langendorff- perfused mouse hearts. A and B: First (beat 743 

1) and second (beat 2) rows: APD75 maps of 2 consecutive beats in pacing at 10 (A) and 15 Hz 744 

(B). Single pixel optical action potential traces are shown. Third row: difference maps of APD75 745 

maps of beats 1 minus beat 2. C and D: Average APD75 at different pacing frequencies (8 to 746 

15 Hz) in air control (C, N=4) and VC exposed (D, N=3) mice. *p<0.05, t-test. RV; right 747 

ventricle. LV; left ventricle. White step symbol: pacing site. 748 
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 750 
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 752 

 753 
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 755 

 756 

 757 
 758 
 759 
 760 
 761 
 762 
 763 
 764 
 765 
 766 
 767 
 768 
 769 
 770 
 771 
Table 1: GC-MS settings used for qualitative analysis of the e-vapors. 772 

Instrument parameters 
Column  HP-5MS UI (30m x 0.250 mm x 0.25μm) 

Carrier gas flow He @ 1.00 mL/ min (constant flow) 
Inlet temperature  250°C 

Oven program 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. 

Injection volume 250 μL, split (20:1) 
Transfer Line temperature 290°C 

MS source Single quadrupole, EI @ 250°C 
Solvent delay  1.00 min 

MS acquisition range   30-450 amu from 1 min to 32.80 min 
 773 

 774 
 775 
 776 
 777 
 778 
 779 
 780 
 781 
 782 
 783 
 784 
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 785 
 786 

 787 
 788 
 789 
 790 
 791 
 792 
 793 
 794 
 795 
 796 
 797 
 798 
 799 
 800 
 801 
 802 
 803 
 804 
 805 
Table 2: GC-MS peaks analysis of the e-vapors. 806 

Retention 
Time (RT) 

Constituents a Retention 
Index a,b (RI) 

Vanilla 
Custard 

Apple 
Jax 

 
POG 
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  “a” NIST 2017 MS database. “b” Semi-standard nonpolar value. 807 
 808 
 809 

 810 

 811 

2.392 Acetoin 713     
2.961 Propylene Glycol 740     
3.59 3-Hexenol 857   
3.633 Butanoic acid, ethyl ester 802    
4.32 Butanoic acid, 3-methyl-, 

ethyl ester 
854     

6.005 Glycerin -     
6.102 Piperazine -     
6.915 Cyclotene 1034    
6.988 Benzyl alcohol 1036    
7.183 Furaneol 1070   
7.762 D-Limonene -   
7.908 Phenol, 2-methoxy 1090     
8.127 Butanoic acid, 3-methyl-, 

 3-methylbutyl ester 
1104     

8.254 Maltol 1110   
9.038 Benzene, 1,4-dimethoxy 1168     
9.593 Ethyl maltol 1199     
10.401 Benzaldehyde, 4-methoxy 1251     
10.625 Cinnamaldehyde 1270    
10.703 Sulfurol 1288     
10.776 Anisyl alcohol 1290     
11.725 Pyridine 1361     
11.881 2(3H)-Furanone, dihydro-5-

pentyl- 
1363     

12.105 2-Propenoic acid -    
12.154 Cinnamic acid, methyl ester 1379   
12.397 Vanillin 1404     
12.942 Coumarin 1441     
13.118 Ethyl Vanillin 1453     
13.244 2(3H)-Furanone, 5-

hexyldihydro- 
1470    

16.691 Vanillin propylene glycol 
acetal 

1686      
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