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Abstract

Electronic cigarettes (e-cigarette) have emerged as a popular electronic nicotine delivery system 

(ENDS) in the last decade. Despite the absence of combustion products and toxins such as carbon 

monoxide (CO) and tobacco-specific nitrosamines (TSNA), carbonyls including short-chain, toxic 

aldehydes have been detected in e-cigarette-derived aerosols up to levels found in tobacco smoke. 

Given the health concerns regarding exposures to toxic aldehydes, understanding both aldehyde 

generation in e-cigarette and e-cigarette exposure is critical. Thus, we measured aldehydes 

generated in aerosols derived from propylene glycol (PG):vegetable glycerin (VG) mixtures and 

from commercial e-liquids with flavorants using a state-of-the-art carbonyl trap and mass 

spectrometry. To track e-cigarette exposure in mice, we measured urinary metabolites of 4 

aldehydes using ULPC-MS/MS or GC-MS. Aldehyde levels, regardless of abundance (saturated: 

formaldehyde, acetaldehyde >> unsaturated: acrolein, crotonaldehyde), were dependent on the 

PG:VG ratio and the presence of flavorants. The metabolites of 3 aldehydes - formate, acetate and 

3-hydroxypropyl mercapturic acid (3-HPMA; acrolein metabolite) -- were increased in urine after 

e-cigarette aerosol and mainstream cigarette smoke (MCS) exposures, but the crotonaldehyde 

metabolite (3-hydroxy-1-methylpropylmercapturic acid, HPMMA) was increased only after MCS 

exposure. Interestingly, exposure to menthol-flavored e-cigarette aerosol increased the levels of 

urinary 3-HPMA and sum of nicotine exposure (nicotine, cotinine, trans-3’-hydroxycotinine) 

relative to exposure to a Classic Tobacco-flavored e-cigarette aerosol. Comparing these findings 

with aerosols of other ENDS and by measuring aldehyde-derived metabolites in human urine 
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following exposure to e-cigarette aerosols will further our understanding of the relationship 

between ENDS use, aldehyde exposure and health risk.
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INTRODUCTION

Electronic cigarettes (e-cigarette) are battery-powered devices that produce heated, not 

burned (non-combusted) aerosols, and are one of many electronic nicotine delivery systems 

(ENDS). E-cigarette devices aerosolize an “e-liquid” solution that contains a variable 

percentage of nicotine (Siegel, Tanwar and Wood 2011) and flavorants. In recent years, the 

number of e-cigarette adult and youth users has increased rapidly in the United States 

(Bunnell et al. 2015; Jamal et al. 2017; King et al. 2015). The growing popularity of e-

cigarettes has raised serious public health concerns of potential harm to e-cigarette users 

(Benowitz 2014; Bhatnagar et al. 2014; Gostin and Glasner 2014). For example, the 

exponential rise of e-cigarette use amongst youth likely increases nicotine addiction and 

transition to tobacco cigarettes (Bunnell et al. 2015; National Academy of Sciences 2018). A 

link between e-cigarette use and risk stems from the presence of harmful and potentially 

harmful constituents (HPHC) identified in aerosols of e-cigarettes, including metals, 

particles, carbonyls and flavoring compounds (Allen et al. 2016; Farsalinos et al. 2015a; 

Fuoco et al. 2014; Goniewicz et al. 2014; Jensen et al. 2015; Kosmider et al. 2014; 

Ogunwale et al. 2017). Some of the aldehydes, acrolein, acetaldehyde and formaldehyde, are 

considered the most significant cardiovascular and pulmonary toxins in tobacco smoke 

(Haussmann 2012).

The type of ENDS device, e-liquid composition and puff topography are the principal 

factors that determine the extent of toxic carbonyl compound generation in the aerosol. The 

temperature of the heating coil for aerosolization of an e-liquid is a function of the battery 

power output determined by the battery voltage output and the coil resistance. The 

temperature of the heating coil is also affected by the amount of heat transferred to vapor or 

aerosol as determined by the puff volume or air flow rate, puff duration and the puff 

frequency, and a theoretical model has been developed to predict the coil temperature of the 

atomizer (Talih et al. 2015). The battery power output is the critical factor for determining 

the coil temperature, and several publications have indicated that the battery power output 

dramatically affects generation of aldehydes in aerosols (El-Hellani et al. 2016; Jensen et al. 

2015; Kosmider et al. 2014; Shihadeh, Talih and Eissenberg 2015). Moreover, high battery 

power output could cause wick starvation and lead to a “dry puff” wick that exponentially 

increases the generation of formaldehyde, acetaldehyde and acrolein (Jensen et al. 2015; 

Nitzkin, Farsalinos and Siegel 2015).

Thousands of e-liquids are commercially available. In addition to small amounts of water, 

nicotine and flavoring compounds, the two main components of e-liquids are propylene 

glycol (PG) and vegetable glycerin (VG, glycerol). Beyond sensorial attributes of PG (a 
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“throat hit” sensation) and VG (naturally sweet taste, larger, thicker aerosol “cloud”), there 

is concern that the significant amounts of humectant-derived carbonyls that are generated 

may elevate health risk. Similar to humectants that are generally regarded as safe (GRAS) 

for ingestion, flavoring chemicals added to e-liquids are detected in e-cigarette-derived 

aerosols that for which health risk estimates upon inhalation exposure are unknown (Allen et 

al. 2016; Farsalinos et al. 2015b). Because carbonyls and flavorants are ubiquitous in the 

environment, including in foods and beverages as well as endogenous products of 

metabolism, it is difficult to estimate in humans how much exposure is derived from each 

specific source. Several cross-sectional population-based studies have linked conventional 

tobacco exposures with select urinary aldehyde (e.g., acrolein, crotonaldehyde) metabolites 

(see Alwis et al., 2005; Jain, 2015), yet there remains a need to link biomarkers of e-

cigarette exposure (e.g., specific aerosol components) in order to refine estimates of 

exposure (Schick et al., 2017) and risk of cardiovascular harm.

To address these unmet needs, our study compares carbonyl compounds generated from 

varying mixtures of humectants PG and VG with corresponding compounds in aerosols of 

select, popular e-liquids. We also looked at urinary metabolites of 4 common aldehydes in 

tobacco-product exposed mice to evaluate their potential utility as biomarkers of exposure. 

While e-cigarette aerosols contain variable amounts of aldehydes dependent on constituents 

and device/use characteristics, the use of common urinary aldehyde metabolites to estimate 

both exposure and health risks of e-cigarettes, in general, remains a challenging endeavor.

MATERIALS AND METHODS

Materials

Propylene glycol (PG; >99.5%) and vegetable glycerin (VG; 99.5%), as well as LC-MS 

grade methanol were purchased from Sigma-Aldrich (Milwaukee, WI). Several brands of e-

cigs and e-liquids were purchased locally or online: Set I (blu®: Classic Tobacco, CT; 

Magnificent Menthol, MM; Vivid Vanilla, VV; Cherry Crush, CC) and Set II (Halo®: 

Menthol, Mocha Café, Southern Ice). As labeled by vendor, Set I e-cartridges contained 13–

16 mg nicotine, whereas Set II e-liquids contained 6 mg/mL nicotine. Ultra-pure water was 

used in making solutions (Milli-Q system; Millipore Corporation; Bedford, MA). KY 

reference cigarettes, 3R4F, were purchased from the Center for Tobacco Reference Products 

(Univ. Kentucky; Lexington, KY). Isotopically-labeled standards (IS) for UPLC-MS/MS 

analysis: d3-nicotine, d3-cotinine, d3-3-hydroxycotinine (d3-3HC), d3-3-hydroxypropyl 

mercapturic acid (d3-3HPMA), and d3-N-Acetyl-S-(3-hydroxypropyl-1-methyl)-L-cysteine 

(d3-HPMMA) were purchased from Toronto Research Chemicals (Toronto, Canada).

E-cigarette Aerosol and Tobacco Smoke Generation and Exposures

E-Cigarette Aerosol Generation: A software-controlled (FlexiWare) cigarette-smoking 

robot (CSR)(SCI-REQ; Montreal, CAN) system regulated the mechanical generation of 

aerosols from KY Reference cigarettes (3R4F), e-cigarette cartridges (blu®), e-liquids and 

carrier solutions (PG, VG, PG:VG mixtures). To quantify and better understand the source 

of aldehydes in e-cigarette aerosols, we used commercial blu® e-cig cartridges (first 

generation), e-liquids and defined PG:VG mixtures. For analyses of aldehydes in e-cig/e-
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liquid-generated aerosols, a total of 10 puffs was collected into a 10 L Tedlar bag. A total 

volume of about 5 L was dilution air. A sample (500 mL) was transferred to a 1 L Tedlar bag 

for flow through a silicon microreactor, which was performed <2h after aerosol collection. 

For analysis of aldehydes in blu e-cigarette cartridges (i.e., CT; MM; VV; CC) generated 

aerosols, multiple puffs (from first half of e-cigarette contents by weight) were collected. 

The battery of blu® e-cig has a voltage output of 3.7 V along with the cartridges with a coil 

resistance of 3.0-Ohm (power output 4.56 W). To generate aerosols from e-liquids and 

carrier solutions, e-liquids, PG or VG (or mix of PG:VG) were loaded into a refillable, clear 

tank (≈0.5 mL) atomizer with a coil resistance of 1.8-Ohm (Mistic Bridge; purchased 

online) coupled with a rechargeable bluPLUS+™ (3.7 V) battery (power output 7.6 W). The 

cartridge or tank was weighed before and after sessions to calculate solution consumption. 

Neat (100%) PG and VG (physical chemistry of PG and VG in Suppl. Table 1) as well as PG 

and VG mixtures consisting of 25:75 wt%, 50:50 wt% and 75:25 wt% PG:VG were used for 

carrier-derived aerosols.

Mice and Exposures: Male C57BL6/J mice are used widely in tobacco exposure and 

aldehyde metabolism studies (Conklin et al. 2009a; Conklin et al. 2009b) and were obtained 

from The Jackson Laboratories (Bar Harbor, ME). Mice were treated according to the Guide 
for the Care and Use of Laboratory Animals, and all protocols were approved by University 

of Louisville Institutional Animal Care and Use Committee (IACUC). Mice were housed 

under pathogen-free conditions in a University of Louisville vivarium under controlled 

temperature and a 12h:12h light:dark cycle. Mice were provided a standard chow diet 

(Rodent Diet 5010, 4.5% fat by weight, LabDiet; St. Louis, MO) and water ad libitum.

Mice (12–20 weeks old; n=5–6 per exposure) were exposed whole body to mainstream 

cigarette smoke (MCS; 3R4F; 6h) or e-cig aerosol (blu; 4h) generated using a CSR as 

described above. The exposure system schematic, exposure protocols, estimated mass 

concentration and particle size data are shown in Suppl. Fig. 1. Reference 3R4F tobacco 

cigarettes were humidified (24h; 60+/−1% RH; Boveda Inc., Minnetonka, MN) prior to each 

day’s exposure (12 cigarettes) following International Standard of Organization (ISO) 

protocol (i.e., 2 s puff, 35 mL puff, 1 puff/min, 9 puffs/cigarette; 2 cigarettes/h; Suppl. Table 

2). The e-cig exposure consisted of 13 e-cig sessions per 4h exposure. Each session (9 min; 

same duration as 1 cigarette) had 18 puffs (4 s puff, 91 mL puff, 2 puffs/min; Suppl. Fig. 1B; 

Suppl. Table 2) and the protocol was derived, in part, on real world observations (Evans and 

Hoffman 2014; Robinson et al. 2016). Because 3R4F produces a high amount of CO and e-

cigs produce low to undetectable levels of CO (Tayyarah and Long 2014), the 3R4F 

mainstream smoke was diluted into 2 exposure chambers (3 LPM per chamber; 5 L chamber 

volume) while e-cig aerosol was delivered to only 1 exposure chamber (Suppl. Fig. 1A). In 

both designs, total suspended particulate (TSP) matter was monitored real time with an in-

line infrared forward scattering monitor (MicroDust Pro; Casella CEL Ltd., Bedford, UK) 

(Suppl. Fig. 1A) and gravimetrically using thimble filters post-exposure chamber (Suppl. 

Table 2). Particle size mass measurements were made gravimetrically using a seven-stage, 

Mercer style, low-flow (5 LPM) cascade impactor (Suppl. Fig. 1D,E) (Mercer 1964).
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Aerosol-derived Carbonyl Collection and Quantification

Microreactors and Carbonyl Mass Spectrometry: We used a silicon microreactor 

coated with 4-(2-aminooxyethyl)-morpholin-4-ium chloride (AMAH) to covalently trap the 

aerosolized carbonyl compounds via oximation reactions (Suppl. Fig. 2)(Knipp et al. 2015; 

Li et al. 2012). The AMAH-carbonyl adducts derived from formaldehyde, acetaldehyde, 

acetone, acrolein, and crotonaldehyde were eluted from the microreactor and then measured 

by gas chromatography-mass spectrometry (GC-MS) and/or Fourier transform ion cyclotron 

resonance mass spectrometry (FT-ICR-MS) as described in Supplemental Information.

Quantification of Aldehyde-derived Metabolites in Urine as Biomarkers of Exposure

Urine collection: On day 1, mice were weighed and briefly exposed to D-glucose/

saccharin solution (w/v; 3.0%/0.125%; Sigma) immediately prior to HEPA- and charcoal-

filtered air exposure (6h), and then placed singly per metabolic cage (Harvard Apparatus) 

with glucose/saccharin solution in drinking water without food to collect urine (in graduated 

cylinders in 4°C water-jacketed organ baths) for a continuous 3h collection post-exposure. 

After urine collection, mice were placed in home cages overnight with food and water per 

normal housing arrangements. On day 2, the same mice were exposed to aerosols of KY 

Reference cigarette mainstream smoke (3R4F cigarettes: 12 cigarettes/6 h) or an e-cig 

(blu®; Classic Tobacco, CT; Magnificent Menthol, MM; 13–16 mg nicotine; 4h) and then 

placed singly per metabolic cage with glucose/saccharin solution to collect urine (without 

food) in 1 h increments over the 3 h post-exposure followed by an overnight (O/N; with 

food) urine collection. Urine samples were collected, decanted, and stored at −80 °C 

(Conklin et al. 2017).

Urinary metabolites of nicotine and unsaturated aldehydes: Metabolites of 

unsaturated aldehydes and tobacco alkaloids in urine were analyzed using a slightly 

modified UPLC-MS/MS method described previously (Malovichko et al. 2017). Briefly, 

urine (25 µL) was diluted with solvent A (15 mM ammonium acetate, pH 6.8) spiked with IS 

and then applied on a UPLC-MS/MS instrument (ACQUITY UPLC coupled with a Quattro 

Premier XE triple quadrupole MS (Waters Inc, MA). Separation was performed on a 

Acquity UPLC HSS T3 (150 mm × 2.1 mm, 1.8 μm) column with a binary gradient (solvent 

A and solvent B - acetonitrile) at a flow rate of 0.45 mL/min. For each analyte, three 

multiple reaction monitoring (MRM) transitions were set up: one for quantification, one for 

confirmation, and one for the IS. Nicotine, cotinine (COT) and trans-3’-hydroxycotinine 

(3HC) were analyzed on the mass spectrometer in the positive ionization mode as described 

above. The metabolites, 3-hydroxypropylmercapturic acid (3HPMA; acrolein) and 3-

hydroxy-1-methylpropylmercapturic acid (HPMMA; crotonaldehyde)(Suppl. Fig. 3), were 

analyzed in the negative ionization mode. Analytes were quantified using peak area ratio 

based on 10 point-standard. Peak integration, calibration, and quantification were performed 

using TargetLynx software. Values for all the urinary metabolites were normalized to urinary 

creatinine.

Urinary formate and acetate: Metabolites of formaldehyde (formate) and acetaldehyde 

(acetate)(Suppl. Fig. 3) were measured in the urine by GC-MS as described previously 

(Kage et al. 2004; Lamarre et al. 2014) with slight modifications. Briefly, urine (50 µL) was 
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mixed with sodium phosphate (20 µL 0.5M, pH 8.0) containing internal standards: 13C-

formate (2.3 mM) and 13C-acetate (0.23 mM). Samples were incubated with PFBBr (130 

µL, 0.1M) for 15 min at 60°C, extracted with hexane (330 µL), and analyzed by GC-MS in 

electron ionization (EI) mode. Six-point calibration curves were used to calculate the 

concentrations of formate and acetate. Results were corrected for the natural abundance of 
13C isotopes. Values for all the urinary metabolites were normalized to urinary creatinine.

Statistics

Data are expressed as the mean ± SD or SEM (where indicated). Statistical significance was 

accepted at the P<0.05 level. Statistical analyses were performed using SAS 9.4 software. 

Student’s t-test was used for data analyses when the data were restricted to two groups (e.g., 

CT vs MM), and Oneway ANOVA with Tukey adjustment when more than 2 groups were 

compared (e.g., aerosol carbonyl levels; see Figs. 1–3). For hypothesis testing of urinary 

metabolites, the urinary aldehyde and nicotine metabolite excretion were compared between 

e-cigarette groups only. For acetate, formate and the total nicotine equivalents (TNE), the 

sum of the 3h post-exposure (minus baseline) was calculated, e.g., (∑Nic+Cot+3HC), and used 

for comparison between e-cigarette groups only. For 3HPMA and HPMMA, the peak level 

post-exposure (i.e., 0–1h) minus individual baseline level was compared between e-cigarette 

treatments. The nicotine metabolite ratio (NMR) was defined as 3HC/COT (Dempsey et al. 

2004). The mean NMR across post-exposure collections (0–3h) was calculated and used for 

statistical comparison between e-cigarette groups only.

RESULTS

Carbonyls in aerosols of PG and VG.

To understand the contributions of thermal decomposition of PG or VG to carbonyl 

generation and for comparison with carbonyls generated from commercial e-liquids, we 

measured carbonyl compounds in aerosols made from neat PG (100%), neat VG (100%), 

and PG:VG mixtures, e.g., 25:75, 50:50 and 75:25. The amounts of formaldehyde, 

acetaldehyde, acetone, acrolein and crotonaldehyde were measured (and compared) as a 

function of the percentage of PG in the mixtures (Fig. 1AB; Suppl. Table 3). E-liquid fluid 

consumption varied from 4.0 to 6.9 mg/puff at a puff volume of 91 mL. Neat PG generated 

measurable formaldehyde (0.25±12 μg/puff), acetaldehyde (1.01±0.34 μg/puff), acetone 

(0.11±0.007 μg/puff) and low levels of crotonaldehyde (0.25±0.12 ×10−3 μg/puff) yet above 

the LoD (LoD<0.03 ×10−3 μg/puff). The acrolein level was below the limit of detection 

(LoD<0.03 ×10−3 μg/puff). Neat VG (100 %), on the other hand, produced measurable 

levels of formaldehyde (0.59±0.11 μg/puff), acetaldehyde (0.70±0.03 μg/puff), acetone 

(0.11±0.01 μg/puff), and the highest level of acrolein (0.08±0.002 μg/puff) but not 

crotonaldehyde (below the LoD)(Fig. 1AB). Acrolein and crotonaldehyde formation, thus, is 

dependent significantly on the specific PG:VG proportion.

Carbonyls in aerosols of commercial e-cigs and e-liquids with flavorants.

We also measured generation of carbonyl compounds in aerosols generated from 

commercial e-cigarettes (Set I, blu®) and e-liquids (Set II, Halo®) with flavoring chemicals 

using a ‘typical’ e-cigarette puff profile (Table 2). Acetaldehyde and formaldehyde levels in 
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aerosols of Classic Tobacco (CT) e-cigarette (blu®) were lower than in aerosols of neat PG 

and neat VG, while acrolein and crotonaldehyde were below the LoD (Fig. 2; Suppl. Table 

4). Formaldehyde levels in aerosols of MM, VV and CC Set I e-cigarettes (blu®) were in the 

range generated from neat PG and neat VG (Fig. 2). On the other hand, acetaldehyde levels 

in aerosols of all 4 Set I e-cigarettes were lower than the levels generated from either neat 

PG or neat VG (Fig. 2). Acrolein levels in aerosols of 3 Set I e-cigs (MM, VV, CC but not 

CT) were higher than that in aerosol from pure VG (Fig. 2). Moreover, the highest levels of 

both acrolein (1.90±0.20 µg/puff) and crotonaldehyde (0.007±0.006 µg/puff; note: too low to 

be seen on graph but above the LoD) were generated from Cherry Crush (CC; Fig. 2). 

Acetone (a ketone) was present in aerosols of all Set I e-cigarettes, pure PG, and pure VG 

(Fig. 2).

Aldehydes also were measured in aerosols generated from Set II e-liquids. Menthol and 

Southern Ice e-liquids (but not Mocha Café) generated much higher aerosol levels of 

formaldehyde and acrolein but not of crotonaldehyde than levels from pure PG or pure VG 

(Fig. 3; Suppl. Table 5). For example, formaldehyde in aerosols from Menthol and Southern 

Ice e-liquids were 8.1- to 8.7-times greater than that produced from pure PG and 3.4- to 3.7-

times greater than that of pure VG and produced from any of the Set I e-cigs. The increases 

in levels of acetaldehyde, formaldehyde and acrolein (but not crotonaldehyde) in aerosols of 

Set II e-liquids (Menthol and Southern Ice and to a lesser extent from Mocha Café) in 

comparison with pure PG and pure VG and Set I e-cigs likely resulted from decomposition 

of flavoring chemicals. Acetone was measureable in aerosols of all Set II e-liquids (Fig. 3).

Quantification of Aldehyde-derived Metabolites in Urine as Biomarkers of Exposure.

We focused on the measurement of urinary metabolites of 4 aldehydes present in aerosols of 

conventional tobacco and e-cigarettes: acetaldehyde, formaldehyde and two unsaturated 

aldehydes, acrolein and crotonaldehyde. Metabolites of 3 of the 4 aldehydes were present at 

relatively high levels basally in murine urine, and the metabolites of acetaldehyde (acetate) 

and formaldehyde (formate) were increased to their highest levels in urine collected 

overnight likely due to food consumption (Table 1). Basal urine levels of the main 

crotonaldehyde metabolite (HPMMA), however, was low (slightly above LoD) making this 

metabolite potentially a useful biomarker of exposure to tobacco-derived aerosols containing 

crotonaldehyde. Using a time-sensitive urine collection protocol in mice, the levels of 

aldehyde-derived metabolites as well as nicotine, COT and 3HC were quantified. Despite the 

high levels of acetaldehyde and formaldehyde measured in tobacco product aerosols (see 

Figs. 1–3), the levels of the primary metabolites, formate and acetate, respectively, in urine 

were increased modestly. For example, formate was increased only by 30–50%, while 

acetate was increased more substantially (over 2x). Within the first 1–3h post-exposure, 

however, neither metabolite had a consistent excretion pattern (Table 1). Surprisingly, MCS 

exposure had an even more mixed effect on urinary levels of both formate and acetate (Table 

1). As mentioned, acetate and formate levels in urine increased more substantially overnight: 

acetate by 6–10 times and formate more modestly (Table 1) -- both metabolites increased 

likely due to food consumption.

Conklin et al. Page 7

Aerosol Sci Technol. Author manuscript; available in PMC 2019 August 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Urinary metabolites of unsaturated aldehydes were increased by tobacco products. For 

example, 3HPMA levels were significantly increased at 1h by Magnificanet Menthol blu e-

cig and conventional tobacco cigarette but not Classic Tobacco. Magnificent Menthol (MM) 

significantly increased urinary excretion of 3HPMA (123±22% over baseline) within the 

first 1h post-exposure (Fig. 4). Classic Tobacco aerosol did not increase urninary levels of 

3HPMA (12±12% more than baseline; see Figs. 4–5; Table 2). The declines in urinary 

3HPMA levels from peak were similar in conventional tobacco and MM e-cigarette 

exposures (Fig. 4BC). The urine level of the crotonaldehyde metabolite (HPMMA), 

however, was only increased by exposure to MCS (Fig. 4) and mirrored the quantitative 

measurements of crotonaldehyde present in tobacco smoke (16.96±5.59 µg per 1 cigarette). 

Crotonaldehyde was below the level of detection (LoD) in e-cigarette aerosols (Figs. 2&3). 

Thus, the primary urine metabolite of crotonaldehyde, HPMMA, was a more selective 

biomarker of exposure to conventional mainstream cigarette smoke compared with e-

cigarette aerosol. The urinary excretion pattern of nicotine and its metabolites was similar in 

mice exposed to the 3 tobacco products, yet the level of nicotine and its metabolites (0–3h 

post-exposure; total nicotine equivalents, TNE) was higher in the urine of MCS-exposed 

mice compared with levels in mice exposed to either e-cigarette aerosol (CT or MM; Fig. 5). 

The TNE level in MM-exposed mice was significantly greater than TNE level in CT-exposed 

mice (Fig. 5AB).

DISCUSSION

Biomarkers of ENDS exposure that can distinguish between different tobacco products must 

first be determined in order to properly assess specific exposures and ultimately to address 

estimating health risks of e-cigarette use. To this end we performed measurements of 

aldehydes in the e-cigarette-generated aerosols (with variations in PG/VG and flavors) and 

compared these aerosols with conventional tobacco smoke. Second, we measured the urinary 

metabolites of 4 aerosol aldehydes from mice exposed to e-cigarettes or conventional 

tobacco smoke. Thus, for the first time, we assessed whether 4 aldehydes formed in e-

cigarette aerosols could be linked in a time-sensitive manner with excretion of their primary 

urinary metabolites. It is increasingly important to provide real world biomarkers of 

exposure to e-cigarette aerosols because of the growing use and diversity of e-cigs (e.g., 

flavoring compounds, device characteristics, use patterns). All of these features can 

influence nicotine, carbonyl and volatile organic compound (VOC) formation (El-Hellani et 

al. 2016; Goniewicz et al. 2014; Jensen et al. 2015; Kosmider et al. 2014). For example, 

Pankow et al., (2017) show that benzoic acid or benzaldehyde (common flavor additives) 

increase formation of benzene, a hematological toxin, in e-cigarette aerosol (Pankow et al. 

2017). Similarly, flavorants in e-cigarette liquids likewise can increase aldehyde formation 

in aerosols (Khlystov and Samburova 2016). Thus, by tracking the urinary excretion of 4 

aldehyde metabolites as well as of nicotine and metabolites, we provide a time-sensitive 

relationship between aerosol aldehyde content and urinary biomarkers of exposure in 

C57BL/6J mice.

Aldehydes are present in high concentrations in tobacco product-derived aerosols, including 

conventional cigarettes (700–800 µg/cigarette mainstream; 50–70 ppm per puff)(Dong and 

Moldoveanu 2004; Ghilarducci and Tjeerdema 1995), cigars (Cecil et al. 2017), waterpipe 
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(hookah)(Kassem et al. 2014), heated cigarette (deBethizy et al. 1990; Shihadeh et al. 2012; 

Stanfill et al. 2003; Stepanov et al. 2008) and in electronic cigarettes (El-Hellani et al. 2016; 

Goniewicz et al. 2014; Kosmider et al. 2014; McAuley et al. 2012; Ogunwale et al. 2017). 

The Institute of Medicine ranks aldehydes as the most significant cardiovascular toxins in 

tobacco smoke (Institute of Medicine 2010). Indeed, a risk analysis suggests that aldehydes 

account for over 91% of the total non-cancer risk of smoking that includes cardiovascular 

and pulmonary diseases, (i.e., acrolein, 88.5%; acetaldehyde, 2.4%; formaldehyde, 0.4%)

(Haussmann 2012). This is supported by associations between 3HPMA (primary urine 

acrolein metabolite) and cardiovascular disease risk (DeJarnett et al. 2014). Moreover, mice 

exposed acutely or chronically to acrolein alone have altered cardiovascular biomarkers of 

harm (Conklin et al. 2017; Wheat et al. 2011). We used a state-of-the-art carbonyl trapping 

system that allowed us to quantify individual aldehydes such as acrolein and crotonaldehyde 

to quite low levels (0.003 ng/puff) that are otherwise missed in studies using 

dinitrophenylhydrazine (DNPH) cartridges (El-Hellani et al. 2016). Although a reduction in 

exposures to harmful toxicants such as acrolein and carbon monoxide occur with e-cigarette 

use, exposures to even low levels of unsaturated aldehydes such as acrolein likely carry 

some health risk (Woodruff et al. 2007).

Ostensibly, aldehydes are formed from heating PG, VG and flavorants in e-cigarette liquids, 

and mechanisms forming these carbonyl compounds have been proposed previously (Laino 

et al. 2011; Sleiman et al. 2016). Regardless of the theoretical paths to aldehyde generation, 

our research shows that PG and VG (as well as added flavorants) in e-liquids can affect 

formation of aldehydes in aerosols. Based on their molecular structures (see Fig. 6), VG 

generates higher levels of formaldehyde and acrolein, whereas PG leads to a higher level of 

acetaldehyde (Fig. 1), and, theoretically, crotonaldehyde may be formed (Fig. 6). Lower 

levels of carbonyls were generated from mixtures of the carriers, notably 25% PG:75% VG, 

likely due to multiple factors including mass and heat transfer as well as rate-determining 

dehydration kinetics associated with the mixture composition (Courtney et al. 2012). 

Because PG has a lower boiling point as well as a higher saturation vapor pressure than VG, 

PG is easier to atomize (Suppl. Table 1). Of greatest concern is that higher levels of VG in e-

liquids led to greater formation of the toxic, unsaturated aldehyde acrolein (Fig. 1B; Fig. 6). 

Because newer generation e-cigs atomizers have sub-ohm coils that increase battery power 

output, this may lead to greater aldehyde generation, and thus, aldehyde exposures from new 

generation e-cigarette devices will need to be systematically tested for an overall evaluation 

of health risk.

In addition to demonstrating the application of a sensitive ‘aldehyde capture and 

quantification’ method (oximation reaction in microreactor chip) for e-cig aerosols (Knipp et 

al. 2015; Ogunwale et al. 2017), we also detail a time-sensitive methodological approach to 

assess whole body exposure to 4 toxic aldehydes (formaldehyde, acetaldehyde, acrolein, 

crotonaldehyde) as well as to nicotine present in tobacco product aerosols at variable levels. 

Surprisingly, quantification of the primary metabolites of these 4 aldehydes in urine of 

exposed mice (Suppl. Fig. 2), did not necessarily reflect the abundance of the aldehydes in 

either e-cig aerosol or conventional tobacco smoke. Most notably, the metabolites of 

formaldehyde and acetaldehyde, formate and acetate, respectively, are increased modestly 

(or not at all for formate) following tobacco product exposures (see Table 1). Likely there 
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are several explanations for these results, but perhaps most important is that basal urinary 

levels of formate and acetate are abundant and variable dependent on metabolic state (e.g., 

eating food increased formate and acetate – the latter more obviously and by 6–10x; see 

Table 1) in mice. Similarly, the basal level of 3HPMA (primary acrolein metabolite) is 

relatively high in C57BL/6 mice (Conklin et al. 2009a) but is increased further by exposures 

to MM e-cigarette and MCS exposure but not by CT e-cigarette in mice (Fig. 5BC). The 

increase in 3HPMA induced by MCS or MM e-cigarette is similar to increases observed 

following a 6h exposure to 0.5 or 1 ppm acrolein in C57BL/6 mice (Conklin et al. 2017). 

Unlike the other 3 aldehyde metabolites, the crotonaldehyde metabolite, HPMMA, is basally 

low/undetectable in murine urine and increases more dramatically with MCS exposure and, 

unsurprisingly, not at all by either e-cigarette exposure (see Fig. 4) or smokeless tobacco 

exposure in mice (Malovichko et al. 2017). This makes HPMMA a potentially more 

selective biomarker of exposure to combustion-dependent tobacco products (and even better 

than 3HPMA) as observed in NHANES cohorts (Alwis et al. 2015; Jain 2015). Similarly, 

switching from cigarettes to e-cigarettes in humans reduces urinary HPMMA level by a 

greater amount than the reduction in 3HPMA (Goniewicz et al. 2017).

There are important caveats in this study to consider. Although our exposure aerosol 

conditions were highly controlled, it should be recognized that mice are obligate nose 

breathers and are “involuntary smokers.” This is important because mice respond to some 

inhaled toxins that are irritants (e.g., acrolein, by rapidly decreasing breathing rate and 

depth)(Conklin et al. 2016) – an irritant receptor-mediated reflex known as the “respiratory 

braking response,” which obviously decreases but does not eliminate overall exposure to 

aerosolized toxins (Alarie 1973). So, the relationship between the levels of aerosolized 

aldehydes and aldehyde metabolites in urine is affected by how strongly the ‘braking 

response’ is/is not stimulated – a reflex dampened/overridden in voluntary smoking. Thus, 

the uptake of nicotine (and appearance of nicotine metabolites) is modulated by the 

respiratory braking response. For example, menthol in mainstream cigarette smoke increases 

nicotine uptake in mice via inhibition of the respiratory braking response (Ha et al. 2015). 

Our data support this possible mechansim because exposure of mice to Magnificent Menthol 

(MM) led to significantly greater urinary excretion of both total nicotine equivalents (TNE; 

+41.6±13.5%) and 3HPMA (+624±113%) within the first 3h or 1h post-exposure, 

respectively, when compared with mice exposed to Classic Tobacco e-cigarette (see Figs. 

4AB; 5AB; Table 2). However, the increase in excreted 3HPMA in MM-exposed mice also 

may be greater because MM aerosol contains more acrolein than Classic Tobacco aerosol 

(see Fig. 2). The source of acrolein in MM aerosol could be due to the quantity of VG in the 

carrier solvent, although we did not measure this. Thus, perhaps, the presence of certain 

flavorants, e.g., menthol, in e-cigarette aerosols may substantially increase both risk of 

addiction liability as well as exposure to toxic aldehydes (Benowitz and Samet 2011; 

Khlystov and Samburova 2016).

In our murine exposures, we used a first-generation, e-cigarette (i.e., blu®) that has similar 

carbonyl yields as many e-cigarettes (El-Hellani et al. 2016) but it is not necessarily 

representative of all e-cigarettes. E-cigarettes of 1st generation (aka “Cigalikes”) are less 

effective at delivering nicotine (roughly 33% as effective), which is clearly supported by our 

data (see Fig. 5; Table 2), despite increasing e-cigarette aerosol exposure intensity (TSP 
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increased 21x; Suppl. Table 2) via increasing e-cigarette puffs [by 2.17x; 234 vs 108 puffs], 

volume per puff [by 2.6x; 91 mL vs 35 mL puff volume], and chamber dilution (factor of 2; 

Suppl. Fig. 1) compared with conventional tobacco cigarettes (3R4F), respectively. Thus, 

although a first-generation e-cigarette may appear less harmful by having a lower battery 

power output, for example, it may lead to greater exposures due to altered use topography in 

those who try to extract more nicotine (Talih et al. 2015). It is documented that experienced 

e-cigarette users adjust their topography in order to derive the nicotine necessary to meet 

their addiction needs (Ramoa et al. 2016). So, far from being irrelevant, first-generation e-

cigarettes likely just represent “the tip of the iceberg” because the ever-evolving complexity 

and functionality of e-cigarettes (e.g., sub-ohm, multiple coil, JUUL) spawn more, not 

fewer, questions regarding the health risks of using e-cigarettes (Benowitz 2014; Bhatnagar 

et al. 2014; Carnevale et al. 2016).
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Figure 1. 
Formation of aldehydes as a function of the percentage of propylene glycol (PG) in a 

mixture with vegetable glycerin (VG). A) Saturated aldehydes: formaldehyde and 

acetaldehyde; B) Unsaturated aldehyde acrolein and acetone (ketone for comparison). To 

generate aerosols from PG:VG, either neat or mix was loaded into a refillable, clear tank 

(≈0.5 mL) atomizer with a coil resistance of 1.8-Ohm (Mistic Bridge) coupled with a 

rechargeable bluPLUS+™ (3.7 V) battery (power output 7.6 W; where puff volume = 91 

mL, puff duration = 4 s, frequency = 2 puff/min). Values are means±SD (n=3). In A, 

*P<0.05: 100% VG vs all % PG ; 75, 50, and 25% PG; + P<0.05: 100% PG vs 75, 50, and 

25% PG. In B, *P<0.05: 100% VG vs all % PG; + P<0.05 100% PG vs all % VG.
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Figure 2. 
Aldehyde levels generated from Set I e-cigarettes or from PG and VG. To genereate 

aerosols, Set 1 e-cigarettes (blu battery, 3.7V, 4.56 W) or a refillable, clear tank (≈0.5 mL) 

atomizer with a coil resistance of 1.8-Ohm (Mistic Bridge) for carrier solutions (PG, VG; 

bluPLUS+ battery, 7.6 W; where, puff volume = 91 mL, puff duration = 4 s, frequency = 2 

puff/min). Values are means±SD (n=3). Abbreviations: CT, Classic Tobacco; MM, 

Magnificent Menthol; VV, Vivid Vanilla; CC, Cherry Crush; PG, 100% propylene glycol; 

VG, 100 % vegetable glycerin. *P<0.05: Formaldehyde: MM=CC>PG; Acetaldehyde: 

MM=PG=VG>CT; Acetone: CT=MM=VV=CC>PG=VG; Acrolein: 

CC=MM=VV>CT=PG; CC>VG.
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Figure 3. 
Aldehyde levels generated from Set II e-liquids or from PG and VG. To generate aerosols 

from e-liquids e-liquids were loaded into a refillable, clear tank (≈0.5 mL) atomizer with a 

coil resistance of 1.8-Ohm (Mistic Bridge) coupled with a rechargeable bluPLUS+™ (3.7 V) 

battery (7.6 W; where puff volume = 91 mL, puff duration = 4 s, frequency = 2 puff/min). 

Values are means±SD (n=3). Abbreviations: PG, 100% propylene glycol; VG, 100% 

vegetable glycerin. *P<0.05: Formaldehyde: Menthol=Southern Ice>Mocha Café=PG=VG; 

Acetaldehyde: No statistically siginificant differences; Acetone: Mocha Café=Southern 

Ice≥Menthol=PG=VG; Acrolein: Southern Ice>Menthol=Mocha Café=VG>PG.
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Figure 4. 
Time-sensitive urinary excretion of metabolites of two unsaturated aldehydes, acrolein 

(3HPMA) and crotonaldehyde (HPMMA), from mice exposed to e-cigarette aerosols or 

reference tobacco cigarette smoke. A) Classic Tobacco (CT); B) Magnificent Menthol 

(MM); C) KY Reference Cigarette, 3R4F. Values are means±SE (n=5 different mice per 

exposure). *P<0.05 between 0–1h level – baseline for CT and MM; Conditions of 4h (e-

cigarette) or 6h (3R4F) exposure are shown in Suppl. Fig. 1 & Suppl. Table 2.
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Figure 5. 
Time-sensitive urinary excretion of nicotine (NIC) and its metabolites, cotinine (COT) and 

trans-3-hydroxycotinine (3HC), from mice exposed to e-cigarette aerosols or reference 

tobacco cigarettes. A) Classic Tobacco (CT); B) Magnificent Menthol (MM); C) KY 

Reference Cigarette, 3R4F, shown as positive control. Values are means±SE (n=5 different 

mice per e-cigarette exposure and n=3 for MCS exposure). Conditions of 4h (e-cigarette) or 

6h (3R4F) exposure are shown in Suppl. Fig. 1 and Suppl. Table 2.
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Figure 6. 
Theoretical thermal- and/or heating coil-induced generation of carbonyl compounds from 

propylene glycol (PG) and vegetable glycerin (VG) (compare with data in Fig. 1).
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Table 1.

Urinary metabolites (formate, acetate) of saturated aldehydes (formaldehyde, acetaldehyde) as biomarkers of 

exposure to tobacco products aerosols in mice.

Prod.:Metab.
Air Control

(bsl)
Post-Exp.

0–3h
Delta Change

0–3h-bsl
Post-Exp.

3–16h

e-cig CT:formate 3.094±0.344 3.077±0.232 0.791±0.213 4.546±0.338

e-cig MM:formate 2.535±0.451 2.499±0.403 0.230±0.312 3.041±0.128

MCS: formate 3.857±0.635 3.065±0.335 -- 5.722±0.734

e-cig CT:acetate 7.227±1.331 9.430±0.823 3.337±0.825 31.670±6.577

e-cig MM:acetate 6.349±0.965 17.620±2.205 6.003±2.682 14.355±1.601

MCS: acetate 7.788±0.860 11.518±0.687 -- 24.451±3.962

Abbr: bsl, baseline; Post-Exp., timed urine collection post 6h exposure; Delta Change 0–3h, Post-Exp 0–3h level minus bsl level; e-cig CT, Classic 
Tobacco; e-cig MM, Magnificent Menthol; MCS, mainstream cigarette smoke of KY Reference cigarette, 3R4F; --, below zero due to high 
variability and low n. Values = means±SE in ng/mg creatinine; n=5 for e-cig products and n=3 for MCS. No statistically significant differences 
obeserved between e-cig CT vs e-cig MM.
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Table 2.

Sum of urinary nicotine and nicotine metabolites (cotinine, COT; trans-3’-hydroxycotinine, 3HC; 

∑NIC+COT+3HC) and the 3HC/COT ratio (marker of CYP2A6 activity) as time sensitive markers of overall 

tobacco exposure and metabolism in mice.

Product
0–1h Post-Exposure 1–2h Post-Exposure 2–3h Post-Exposure 3–16h Post-

Exposure
0–3h Post-Exposure

e-cig CT: ∑ 11.02±0.53 4.86±0.78 2.61±0.60 0.58±0.38 18.48±1.32*

e-cig MM: ∑ 14.12±0.78 5.98±1.84 6.08±1.16 0.36±0.18 26.18±2.49*

MCS: ∑ 66.06±6.76 47.52±8.86 36.27±4.88 3.13±0.51 --

e-cig CT: 3HC/COT 7.40±0.80 11.13±3.05 12.65±6.17 15.59±6.97 9.71±1.44

e-cig MM: 3HC/COT 8.78±0.41 11.63±4.15 13.98±3.81 NA 11.26±1.40

MCS: 3HC/COT 4.27±0.48 6.47±0.98 17.69±5.01 10.15±2.46 8.89±1.85

Abbr: e-cig CT, Classic Tobacco; e-cig MM, Magnificent Menthol; MCS, mainstream cigarette smoke of KY Reference cigarette, 3R4F; --, not 

calculated; NA, not applicable due to zero denominator). Values = means±SE in ng/mg creatinine (for ∑NIC+COT+3HC data only); n=4–5 

for all products at all time points (except for product ratios at 3–16h post-exposure where n=1, 0, and 4 for CT, MM, and MCS, respectively). 
*P<0.05 between e-cig CT and e-cig MM by t-test.
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