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Abstract

Electronic cigarettes (E-cig) use is increasing rapidly, particularly among youths. Animal models 

for E-cig exposure with pharmacokinetics resembling human E-cig users are lacking. We 

developed an E-cig aerosol exposure system for rodents and a chronic intermittent delivery method 

that simulates E-cig users who vape episodically during wakefulness and abstain during sleep. 

Mice were exposed to E-cig in a programmed schedule at very low, low, medium, and high doses 

defined by duration of each puff, number of puffs per delivery episode and frequency of episodes 

in the dark phase of a 12/12-h circadian cycle for 9 consecutive days. The plasma nicotine/cotinine 

levels and their time courses were determined using LC/MS-MS. We assessed the body weight, 

food intake and locomotor activity of Apolipoprotein E null (ApoE−/−) mice exposed to chronic 

intermittent E-cig aerosol. Plasma nicotine and cotinine levels were positively correlated with 

exposure doses. Nicotine and cotinine levels showed a circadian variation as they increased with 

time up to the maximum nicotine level of 21.8 ± 7.1 ng/mL during the daily intermittent E-cig 

exposure in the 12-h dark phase and then declined during the light phase when there was no E-cig 

delivery. Chronic E-cig exposure to ApoE−/− mice decreased body weight, food intake and 

increased locomotion. Our rodent E-cig exposure system and chronic intermittent exposure 

method yield clinically relevant nicotine pharmacokinetics associated with behavioral and 

metabolic changes. The methodologies are essential tools for in vivo studies of the health impacts 
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of E-cig exposure on CNS, cardiovascular, pulmonary, hepatic systems, metabolism and 

carcinogenesis.

Graphical Abstract
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1. Introduction

Electronic cigarettes (E-cigs) are increasing dramatically in popularity, especially among 

young adults in the US (The Surgeon General, 2016). E-cigs initially emerged in 2003 as an 

alternative to conventional cigarettes and have become widely accessible internationally, 

particularly over the Internet. As a result of this popularity, E-cig sales are part of a multi-

billion dollar industry. E-cigs are battery-powered devices that use a resistive heating coil to 

aerosolize E-liquid containing propylene glycol, glycerin, artificial flavors, typically nicotine 

and sometimes ethanol as well as water (The Surgeon General, 2016). E-cig devices come in 

varying nicotine concentrations that typically range from 0 to 36 mg/mL and in many flavors 

that often appeal to children and young adults. E-cigs generate a visible and inhalable 

aerosol, not a simple nicotine vapor as incorrectly claimed by the E-cig industry. 

Mainstream and second-hand E-cig aerosols contain, in addition to nicotine, detectable 

levels of toxins including carcinogens and heavy metals such as formaldehyde, benzene, 

acetaldehyde, acrolein, nitrosamines, nickel, cadmium and lead (Goniewicz et al., 2014; 

Salamanca et al., 2018; Williams et al., 2013). More research is urgently needed to examine 

whether E-cigs are a safer alternative to combustible cigarettes (Flint and Jones, 2018).

In human vapers, exposure to E-cigs is chronic and intermittent with episodic vapings during 

wakefulness and abstinence during sleep leading to circadian variations of blood nicotine 

levels. As with conventional cigarette smoking, the episodic inhalation patterns of E-cig 

users produce a distinct nicotine Pharmacokinetics (PK) profile (Lopez et al., 2016; Ramoa 

et al., 2016) that induces cycles of activation, desensitization and resensitization of nicotinic 

acetylcholine receptors (nAChRs) that contribute to a number of different aspects of nicotine 

effects, such as addiction and cardiac and blood pressure effects compared to acute or 

continuous exposure (Benowitz et al., 2002; Matta et al., 2007). For animal models to be 

relevant to the health of human vapers, the route of administration, the animal exposure 

doses and the patterns of E-cig exposure should be similar to those of human vapers. We 

propose that when the nicotine levels in the animal blood are similar to that of human 

vapers, animal models would have similar exposure to, not only nicotine, but entire E-cig 

aerosol containing the E-liquid major components propylene glycol and/or glycerin, flavors, 
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other chemicals and toxins (Goniewicz et al., 2014; Salamanca et al., 2018; Williams et al., 

2013).

In vivo and in vitro studies recently reported that exposure to E-cig aerosol boosts 

carcinogen-bioactivating enzymes and increases oxygen free radical production, induces 

DNA damage in different tissues and inhibits DNA repair as well as induces a dose-

dependent increase in the number of revertants in Ames test. This suggests that E-cig 

exposure enhances the risk of cancers (Canistro et al., 2017; Lee et al., 2018). The American 

Association for Cancer Research (AACR., 2015) and the American Society of Clinical 

Oncology (ASCO, 2016) both recognize that E-cigs can have detrimental consequences as 

tobacco use and should be further researched to understand their harmful effects (England et 

al., 2015; The Surgeon General, 2016). With this regard, clinically-relevant in vivo E-cig 

exposure methods and animal models to mimic the effects of E-cigs on human health have 

been limited. We developed and filed a patent on an E-cig aerosol generation and exposure 

system that delivers aerosol to rodents with characteristics comparable to those inhaled by 

human vapers. We developed a mouse chronic intermittent E-cig aerosol delivery method 

correlating blood nicotine/cotinine levels and chronic E-cig exposure doses. We examined 

the nicotine circadian PK in mice to resemble that of human vapers. To test the 

methodology, we examined the effects of chronic intermittent E-cig exposure on body 

weight, food intake and local motor activity using ApoE−/− mice on a western diet (WD) 

that have been well characterized for studying the cardiovascular effects of conventional 

cigarettes (Lo Sasso et al., 2016). We aimed to develop a mouse model for studying the 

effects of complex E-cig aerosol as that in genuine E-cigs obtained in the market. This 

model can thus be used for different research needs such as the consequences and the 

pathophysiology of chronic E-cig exposure on cardiovascular, pulmonary and hepatic 

systems, CNS, metabolism as well as carcinogenesis, toxicology and teratogenicity.

2. Materials and Methods

2.1. Animal handling

Animal handling and experimentation were in accordance with the recommendation of the 

American Veterinary Medical Association and were approved by the Charles R. Drew 

University School of Medicine and Science Institutional Animal Care and Use Committee. 

Male adult (8 - 12 weeks old) C57BL/6J wild-type and ApoE−/− mice on a C57BL/6J 

background were purchased from the Jackson Laboratory (Bar Harbor, ME). Mice were 

housed 5 per cage under controlled temperature (22°C) and photoperiod (12-h light and 12-h 

dark cycle).

2.2. E-cig aerosol generation and exposure system

We developed an E-cig aerosol generation and rodent exposure system (patent number PCT/

US17/54133) (Fig. 1). The product EcigAero (3 eCig mouse model) is available from our 

collaborator at AutoMate Scientific, Inc. (Berkeley, CA). The system includes an aerosol 

exposure chamber that holds up to 5 unrestrained, unanesthetized, freely-moving mice, E-cig 

holders and programmable E-cig activation control unit. The device was connected to a 

pressurized air source. The air pressure activates the E-cigs and generates an appropriate 
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flow of E-cig aerosol to the mouse exposure chamber. The E-cig aerosol concentrations in 

air in the animal exposure chamber were controlled by the number of activated E-cigs, the 

air pressure and air-flow rate as well as puff duration and frequency of puffs. The air 

pressure and flow can be readily regulated and were continuously monitored with pressure 

gauges and flow meters during experiments. We adjusted the flow to 0.8 to 1.0 L/min when 

E-cigs were activated. When the E-cigs were not activated, fresh air-flow was maintained at 

a rate of ~40 air change per hour (ACH) based on the volume of the rodent exposure 

chamber. This air flow eliminates residue aerosol from the chamber and provides fresh air 

for the mice to breath. Classic tobacco flavor bluCig PLUS E-cig tanks containing high 

(2.4%) nicotine were used in all experiments. All E-cigs and supplies were purchased on the 

bluCig website. Batteries were charged every day and were replaced every other week for 

the chronic experiments. During the light phase of 12-h time (0900 to 2100), mice were 

returned to their home cages, no aerosol was delivered, and the E-cig chambers were 

cleaned. Food and water were provided ad lib during both light and dark phases.

2.3. Dose-response and time-course of plasma nicotine/cotinine levels

The E-cig system was programmed to generate E-cig aerosol exposure at the following 

doses during the dark phase of 12/12-h dark/light cycles for 9 days: Very low dose: Puff 

duration was 3 seconds with 2 puffs with an inter-puff interval of 30 sec per episode, 1 

episode per hour amounting to a total 12 episodes during the 12-h dark phase of 12/12-h 

dark/light cycles. Low dose: Puff duration was for 4 seconds with 3 puffs with an inter-puff 

interval of 30 sec per episode, 1 episode per hour amounting to a total of 12 episodes during 

the 12-h dark phase. Medium dose: Puff duration was for 4 seconds with 3 puffs with an 

inter-puff interval of 30 sec per episode, 1 episode per 30 min amounting to a total 24 

episodes during the 12-h dark phase. High dose: Puff duration was for 4 seconds with 8 

puffs with an inter-puff interval of 25 sec per episode, 1 episode per 20 min amounting to a 

total of 36 episodes during the 12-h dark phase. Blood was collected 30 to 60 min after the 

last exposure.

For the time-course experiment, we used the medium dose as defined above. Mice were 

exposed to E-cig aerosol every day for 9 days from 0 to 12 h (the dark phase of 12/12-h 

dark/light cycles) and the blood was collected at 3, 6, 12, 18 and 24 h.

2.4. Chronic Long-term Exposure Studies

For the chronic long-term exposure studies, eight-week old ApoE−/− male mice were fed 

with a WD containing 40% of calories from fat, 43% calories from carbohydrate, and 17% 

of calories from protein (D12079B; Research Diets, New Brunswick, NJ) and exposed to 

aerosol from bluCig PLUS Classic tobacco E-cigs containing 2.4% nicotine for 12 weeks. 

Our chronic intermittent E-cig exposure protocol was: puff duration, 4 sec; 8 puffs per 

vaping episode with an inter-puff interval of 25 sec; one vaping episode every 30 min during 

the 12-h dark phase of 12/12-h dark/light cycle. Control mice were exposed to saline aerosol 

(Shao et al., 2013) with an aerosol generation and exposure device (AeroDeliver™ Afasci 

Inc., Burlingame, CA) in a chronic intermittent schedule comparable to the E-cig exposure.
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2.5. Plasma Nicotine and Cotinine Assays

Thirty to 60 min after the last exposure (Fig. 2) and at the time points indicated in Fig. 3, 

blood samples were collected into an EDTA-containing tube by cardiac puncture and 

centrifuged within 15 min. Plasma was collected and stored at −20° C until they were 

shipped to NMS Labs (Willow Grove, PA) for measurements of nicotine and its metabolite, 

cotinine. The analysis was performed on a Waters TQD MS with ACQUITY UPLC system 

equipped with an ACQUITY HSS T3 2.1 × 50mm, 1.8 μm analytical column, with in-line 

filter and positive-ion electrospray mass spectrometry (LC-MS/MS). The detection limit for 

nicotine is 2.5 ng/mL and for cotinine is 5 ng/mL.

2.6. Locomotion Assay

Mice were tested for locomotor activity in the open field following a 10-week E-cig 

exposure at a chronic intermittent E-cig exposure protocol. Two h after the last exposure, 

mice were placed in a clean mouse cage that used as the open field arena. The distance 

traveled, used as a measure of motor activity, was recorded for 5 min using a video camera 

placed above the arena. The videos were then analyzed using the TopScan software (Clever 

Sys. Inc., Reston, VA, USA).

2.7. Statistical analyses

Statistical analyses were performed using GraphPad Prism 5 (GraphPad Software, Inc., San 

Diego, CA). Data are expressed as mean ± SD in text. The data of plasma nicotine and 

cotinine levels vs. doses were analyzed with the multivariate analysis of variance 

(MANOVA) method since there are two dependent variables. For the effect of E-cigs on 

body weight (Fig. 4A), data were analyzed using two-way repeated measures analysis of 

variance (ANOVA) followed by Holm-Sidak method for multiple comparison (Aickin and 

Gensler, 1996). For the effect of E-cigs on cumulative food intake (Fig. 4B), data were 

analyzed using multiple linear regression and the slopes of the two groups were compared. 

Student t test was used for analyzing the locomotion activities in Fig 4C. P ≤ 0.05 was 

considered statistically significant. For PK parameters, the area under concentration-time 

curve (AUC) was estimated with the linear trapezoidal method. The half-life (t1/2) was 

estimated by the linear regression of the semi-logarithmic concentrations versus time data.

3. Results

Since rodents are nocturnal animals, we exposed mice to E-cig aerosol when they are active 

during the dark phase of their circadian cycle. No E-cig aerosol was delivered during the 12-

h light phase when mice slept.

We adjusted the chronic intermittent E-cig aerosol delivery parameters to produce different 

exposure doses (refer to Materials and Methods) that resulted in very low, low, medium and 

high plasma nicotine and cotinine levels (Fig. 2). The medium dose yielded nicotine/cotinine 

levels comparable to the blood nicotine concentrations found in E-cigs vapers. These results 

suggest that our system can produce mouse models with various nicotine/cotinine levels that 

positively correlate to E-cig exposure doses defined by duration of each puff, number of 

Shao et al. Page 5

J Neurosci Methods. Author manuscript; available in PMC 2020 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



puffs per delivery episode and frequency of episodes in the dark phase of a 12/12-h circadian 

cycle including a medium dose that generates clinically relevant nicotine/cotinine levels.

Fig. 3 shows the time course of nicotine and cotinine levels at 0, 3, 6, and 12 h during 

chronic intermittent E-cig exposure and then 6 and 12 h after the exposure on the 9th day of 

the experiment. Nicotine and cotinine levels increased during E-cig exposure from 3 h to the 

nicotine levels (at 12 h) of 18.4 ± 5.9 ng/mL with cotinine levels rising to 85.4 ± 35 ng/mL 

and then declined to baseline following removal from the E-cig exposure system. We 

analyzed the PK parameters based on the nicotine concentration vs. time data. The 

maximum nicotine concentration Cmax was 21.75 ± 7.1 ng/mL, the time to reach Cmax 

(Tmax) was 10.5 ± 3.0 h, the AUC from 0 to 24 h (AUC0-24 h) was 239 ± 56 ng/mL and the 

t1/2 was 2.1 h. These data suggest that our chronic intermittent E-cig dosing method that 

simulates human vaping behavioral pattern can produce the PK in mouse models with 

nicotine and cotinine levels similar to human vapers.

Fig. 4 shows the effects of E-cigs (with 2.4% nicotine for 12 weeks) on body weight, food 

intake and locomotion in ApoE−/− mice. Chronic exposure to E-cigs led to decreased body 

weight (4A) and food intake (4B) compared to saline aerosol-treated mice. Fig. 4C shows 

that mice with chronic exposure to E-cig aerosol had increased locomotor activity, as 

evidenced by more distance traveled by these mice compared to saline aerosol-exposed 

controls. These results demonstrate that chronic intermittent E-cig exposure alters 

physiologic parameters of caloric intake, weight gain and locomotor activity similar to 

nicotine in long-term chronic exposure studies (Welzl et al., 1988).

4. Discussion

Although previous rodent nicotine inhalation exposure models have been developed such as 

conventional smoking machines where rodents are exposed to tobacco cigarettes (Beven, 

1976; Moir et al., 2008), nicotine vapor (George et al., 2010) and nicotine aerosol (Shao et 

al., 2018; Shao et al., 2013), our E-cig aerosol generation and exposure system is 

specifically designed for studying the effects of E-cigs in vivo. The exposure system is 

efficient, programmable and non-invasive that minimizes distress in mice during exposure. 

The exposure doses for rodent models are regulated by varying the number of E-cig 

simultaneously activated, puff duration, inter-puff interval and puff frequency using 

software. The system ensures an adequate and controllable amount of exposure of E-cig 

aerosol components including nicotine that enters the circulation and the brain quickly 

thereby achieving blood nicotine concentrations/PK in rodents comparable to human E-cig 

users making it clinically relevant. E-cig holders to fit different brands and different sizes of 

E-cigs can be provided to meet investigators’ needs for studies of, in addition to nicotine, 

potential toxins contained in a variety of “real” E-cigs available in the market. The system 

provides an important methodology for studying both acute effects (e.g., vaping one E-cig) 

and chronic effects of E-cigs, such as multiple E-cigs a day for a long period of time in a 

home cage-like environment.

The typical peak venous plasma nicotine concentrations in chronic conventional cigarette 

smokers range between 19 to 50 ng/mL (Hukkanen et al., 2005) and typical plasma cotinine 
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levels are 100 to 300 ng/mL (Benowitz et al., 2009). The peak venous plasma nicotine 

concentrations in E-cig vapers range between 8 to 30 ng/mL (Farsalinos et al., 2014; St 

Helen et al., 2016; Vansickel and Eissenberg, 2013) depending on the nicotine 

concentrations in the E-liquid, puff topography, and whether vapers are experienced or 

inexperienced. Cotinine levels reported in E-cig users were 60.6 ± 34 ng/mL (Flouris et al., 

2013). These studies are, however, for a short duration, e.g., within 1-3 h exposure 

(Farsalinos et al., 2014; St Helen et al., 2016; Vansickel and Eissenberg, 2013). Circadian 

PK for chronic E-cig exposure have not been reported, although there are reports for PK of 

chronic tobacco cigarette smokers (Benowitz et al., 1983) and we reported circadian PK in 

rats exposed to chronic intermittent nicotine aerosol (Shao et al., 2018). Here we report 

circadian nicotine PK in mice exposed to chronic intermittent E-cig aerosol and show a 

pattern similar to tobacco smokers with the peak nicotine/cotinine levels within the range of 

E-cig vapers. We designed our experiment to expose mice to E-cigs at night when mice are 

active, and use the term circadian PK to refer to daily variation of plasma nicotine levels 

with the higher levels at night as others have (Satoh et al., 2006).

Elimination half-life t1/2 is a measure of the rate of removal of drug from the systemic 

circulation, t1/2 changes as a function of both clearance and volume of distribution. Drug 

concentrations in plasma often follow a multicomponent pattern (mostly bi-exponential) of 

decline. When the dosing stops, the drug will be initially cleared from plasma as expected 

while the drug distributes into secondary body compartments (tissues), but will eventually 

drop to a point at which net diffusion from the secondary compartments to the blood begins. 

This slow equilibration produces a prolongation of the half-life of the drug, referred to as the 

terminal half-life (Laurence L. Brunton et al., 2018). It has been reported that plasma 

nicotine t1/2 is much shorter in rodents than in primates; 45 min in the rat and 6-7 min in the 

mouse vs 2 h in humans and nonhuman primates (Matta et al., 2007). This notion is based 

on PK parameters estimated by acute single dose administration (i.v. i.p. or i.c.) of nicotine 

in rats (Harris et al., 2008; Lesage et al., 2007) and in mice (Alsharari et al., 2015; Damaj et 

al., 2007; Zhou et al., 2010). These analyses did not differentiate initial (α phase) t1/2 (t1/2α) 

and terminal t1/2 (t1/2β). Jung and colleagues (Jung et al., 2001) differentiated t1/2α and 

terminal t1/2β, and found t1/2β to be 144 min in rats if nicotine base is injected (i.v.). In our 

chronic intermittent E-cig delivery conditions, the decline phase is a function of clearance 

and redistribution of nicotine from the tissue to the blood which would start immediately 

after the end of the dosing. Therefore, we expect a prolonged t1/2 as t1/2β, without t1/2α. The 

volume of distribution of nicotine in rats is 4.7 to 5.7 L/Kg (Craig et al., 2014; Kyerematen 

et al., 1988) compared to human values of 2.2 to 3.3 L/Kg with the volume of distribution in 

mice not reported in the literature. A high volume of distribution shortens the initial t1/2α in 

the blood due to quick distribution into the tissue and prolongs terminal t1/2β due to slow 

equilibration as nicotine distributes out of storage tissue (Benowitz et al., 1990). Therefore, 

it enlarges the difference in t1/2 between rodents and humans if t1/2α and t1/2β are not 

differentiated in an acute single bolus dose of nicotine delivery in rodents. In contrast, in 

chronic intermittent exposure conditions, the high volume of distribution reduces the 

difference in t1/2 between rodents and humans. By inspecting Fig 1 in Benowitz et al. 

(Benowitz et al., 1982), t1/2 in human chronic smoking conditions is ~ 4 h. We showed that 

t1/2 in chronic intermittent nicotine aerosol exposure conditions in rats is 4.5 h (Shao et al., 
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2018). In this study, we report t1/2 to be 2.1 h in chronic intermittent E-cig exposure in mice. 

Another PK parameter AUC represents total drug exposure across time. We found the AUC 

from 0 to 24 h (AUC0-24 h) of 239 ± 56 ng/mL in daily chronic intermittent E-cig exposure. 

This value is lower than those of smokers who smoked their usual brands of tobacco 

cigarettes and higher than those who smoked low-nicotine tobacco cigarettes (Benowitz et 

al., 1982). This is consistent with published data in the literature that blood nicotine levels 

are lower in E-cig users than conventional cigarette smokers (Farsalinos et al., 2014; St 

Helen et al., 2016; Vansickel and Eissenberg, 2013). Our PK study in chronic intermittent E-

cig exposure conditions in rodents is more clinically relevant as the nicotine exposure 

pattern of tobacco and E-cig users is chronic and intermittent. Our findings of PK circadian 

variation and estimated PK parameters are similar to those of tobacco and E-cig users.

In most previous E-cig exposure animal studies, blood or urine cotinine levels were reported 

(Lerner et al., 2015; Smith et al., 2015; Sussan et al., 2015). Lerner and colleagues reported 

on using a commercially available Teague smoking machine modified to generate E-cig 

“vapor” (Lerner et al., 2015). Cotinine levels of 10.8 ng/mL were reported in mice exposed 

to bluCig E-cigs on the 3rd day after a 5 h exposure/day for 3 consecutive days, while 

nicotine levels were not reported. As blood cotinine levels in E-cig users are 60.6 ± 34 ng/ml 

(Flouris et al., 2013), their cotinine result suggests that their method of E-cig exposure does 

not lead to relevant levels of cotinine. Alasmari and colleagues (Alasmari et al., 2018) 

described a nicotine exposure system developed by SCIREQ Scientific Respiratory 

Equipment Inc., capable of delivering E-cigs to rodents, but did not report nicotine and 

cotinine levels. Sussan and colleagues (Sussan et al., 2015) used a modified Jaeger-

Baumgartner Cigarette Smoke Machine 2080 and found that serum cotinine reached 267±17 

ng/mL immediately after the final E-cig exposure. Nicotine levels were not reported. 

Nicotine is the ligand of nAChRs that mediates most of its actions on health. For E-cig 

exposure in animal models, exposure dose is affected by many experimental conditions such 

as nicotine concentrations in the E-liquid, components in the E-liquid from different brands 

of E-cigs, the power of the E-cig batteries, volume of the animal exposure chamber, patterns 

and timing of E-cig activations, air flow that activates E-cigs and emission flow from E-cigs 

as well as air flow between E-cig activations. Reporting only cotinine levels and correlating 

them to human E-cig users is probably inaccurate to reflect nicotine exposure, and therefore, 

E-cig exposure. To evaluate E-cig exposure in animal models, blood nicotine levels need to 

be reported so that clinical relevance of the study can be evaluated and compared among 

research laboratories.

In previous studies, investigators used room air flow as a control for E-cig aerosol (Lerner et 

al., 2015; Sussan et al., 2015). In the current study, we used saline aerosol as a control. 

Aerosol and vapor are physically different. Based on the particle size distribution, aerosol 

deposits in different parts of the respiratory tracts and that is of important significance in 

pulmonary physiology and in hemodynamics (Patton and Byron, 2007; Shao et al., 2017). 

As E-cig emission is an aerosol, not a simple vapor (Ji et al., 2016; Mikheev et al., 2016), 

saline aerosol is a physiologically more compatible control for studies of the health effects 

of E-cigs.
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Our findings of decreased body weight and food intake in mice exposed to E-cigs are 

consistent with our previous findings of a decrease in these parameters found when mice 

were given intraperitoneal injections of nicotine (Mangubat et al., 2012). The nicotine-

induced changes in body weight may be due to decreased energy intake, increased energy 

expenditure, or a combination of the two processes (Tweed et al., 2012). Increased 

locomotion reflects an increase in dopamine in the reward pathways (Welzl et al., 1988), 

which is implicated in the rewarding and reinforcing actions of nicotine (Bromberg-Martin 

et al., 2010; Clarke, 1990). Together, these results on body weight, food intake and 

locomotion confirm that our E-cig exposure system is capable of delivering adequate amount 

of nicotine that has effects on various biological systems.

Potential limitations to the current study are that in freely moving whole body E-cig 

exposure, E-cig aerosol could condense on the fur of mice or inner surface of the chamber 

that leads to possible dermal and/or oral exposure, e.g., by licking their fur. We estimate that 

this contributes insignificantly to the blood nicotine levels as we obtained a circadian PK 

pattern similar to human smokers and as the blood nicotine was undetectable toward the end 

of the 12-h light phase. We used ApoE−/− mice, a well characterized model to study the 

effects of conventional cigarettes on cardiovascular diseases, to study body weight, food 

intake and locomotion. We plan to perform these experiments in wild-type mice, but expect 

similar results. Another limitation to the study was the exclusion of other brands of E-cigs 

that may give different levels. Nevertheless, our model is relevant as we used the bluCig E-

cigs that are a widely used brand of E-cigs (Wagener et al., 2014). We plan to study other 

types of E-cigs, including those in the form of pods with Juul being the most popular brand 

(Kavuluru et al., 2019).

We have reported on the effects of long-term E-cig exposure using our unique E-cig 

exposure system on cardiac and cardiovascular diseases (Espinoza-Derout et al., 2019a) and 

hepatic steatosis (Espinoza-Derout et al., 2019b; Hasan et al., 2019). We also are studying 

the effects of chronic E-cig exposure on breast cancer proliferation. Our E-cig exposure 

system is capable of studying the effects of gestational exposure of E-cigs on neonatal mice 

and its longterm cardiac consequences in the adults.

5. Conclusions

In summary: (i) we developed an E-cig aerosol generation and exposure system that ensures 

adequate and well controlled E-cig aerosol delivery to free-moving rodents through 

inhalation, (ii) our chronic intermittent E-cig exposure method simulates the circadian 

smoking pattern of E-cig users, with exposure when mice are awake, (iii) the plasma 

nicotine/cotinine levels are positively correlated with E-cig exposure doses that is 

determined by programmed E-cig aerosol generation, (iv) circadian PK in mice with 

nicotine/cotinine concentrations resembling human vapers can be achieved using our chronic 

intermittent E-cig exposure method, and (v) chronic intermittent E-cig exposure alters 

metabolism and locomotion. The rodents in our exposure chamber are not only exposed to 

nicotine, but also other chemicals contained in commercially available E-cigs, such as 

propylene glycol and/or glycerin, flavors, and other harmful and potentially harmful 

chemicals. Our rodent model can be used to study the health effects of these other 
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components of E-cigs. The E-cig aerosol system and the chronic intermittent E-cig exposure 

method developed in current study can generate clinically relevant rodent models for studies 

of the impact and the underlying mechanisms of E-cig exposure on addiction, the brain, 

cardiovascular, pulmonary, and hepatic systems as well as metabolism, carcinogenesis, 

toxicology and fetal development during pregnancy.
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Highlights

• An E-cigarette aerosol exposure system for rodents is developed.

• A chronic intermittent delivery method for mice simulates human vaping 

behavior.

• Plasma nicotine/cotinine levels are positively correlated with exposure doses.

• Clinically relevant circadian pharmacokinetics in mice is achieved.

• E-cigarette exposure induces metabolic and behavioral changes.

• The methods can be used for diverse in vivo studies of health impacts of E-

cigarettes.
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Fig. 1: 
A. E-cigarette aerosol generation and exposure system for mice. Chamber with mouse 

without E-cig aerosol (B) and with E-cig aerosol (C). D. Blu-cig E-cigs used in the study.
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Fig. 2: 
Plasma nicotine (left panel) cotinine (right panel) concentrations (mean ± SE) as a function 

of E-cig dose. Mice were exposed to different doses of E-cigs as defined in the Methods 

section during the dark phase of 12/12-h circadian dark/light cycles for 9 days. Mice were 

sacrificed 30-60 min following the last exposure and plasma nicotine and cotinine were 

measured (n = 4-5 mice per group, *P < 0.05 vs very low dose with MANOVA analysis).
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Fig. 3: 
Plasma nicotine and cotinine concentrations (mean ± SE) as a function of time. Mice were 

exposed to intermittent E-cig aerosol for 0 to 12 h in the dark phase of 12/12-h circadian 

dark/light cycle (shaded area indicates exposure to E-cigs) for 9 consecutive days. The 

exposure dose: puff duration = 4 sec; 3 puffs per episode with an inter-puff interval = 30 sec; 

one episode per 30 min amounting to a total 24 episodes during the 12-h dark phase. Mice 

were returned to their home cages without E-cig exposure during the 12-h light phase of the 

dark/light cycles. Blood samples were taken in day 9 by the end of the h time point 

indicated. Time point 0 is the time right before the first episode of daily 12 h exposure of 

day 9. It is equivalent to time point 24 h of day 8. Plasma nicotine and cotinine levels were 

measured (n = 3 - 5 mice per time point).
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Fig. 4. 
Effects of E-cigs exposure on body weight, food intake and locomotion in Apo E null mice. 

A) Body weight; data were analyzed using repeated measures ANOVA, P = 0.0046 for 

Group x time interaction term showing a significant difference in the time trend between the 

two groups: E-cig exposed vs. saline aerosol exposed as control with an aerosol generation 

and exposure device. e-cig: E-cig. B) Cumulative food intake; data were analyzed with 

multiple linear regression, showing a highly significant difference in slope between the two 

groups, P < 0.00001. C) Locomotor Activity (travel distance) analyzed by Student t test. All 

values are means ± SE (n = 5 mice per group, *P < 0.05).
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