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Abstract

Background: Electronic cigarettes, battery-powered nicotine delivery devices, have been 

increasingly used in the past decade. However, human health risks associated with E-vapor 

inhalation have not been fully characterized.

Aims: This critical review aims at revisiting the building blocks of human health risk assessment, 

summarizing the state of the science, and identifying major knowledge gaps in exposure 

assessment and toxicity assessment.

Approach: A qualitative research synthesis was conducted based on scientific findings reported 

to date in peer-reviewed publications and our own preliminary experimental results.

Results: There are a limited number of studies across all lines of evidence on E-vapor 

exposure and the health impacts of E-vapor inhalation. E-cigarette may be as efficient as 

traditional cigarettes in nicotine delivery, especially for experienced users, and studies suggest 

lower emissions of air toxics from E-cigarette vapor and lower second- and third-hand vapor 

exposures. But some toxic emissions may surpass those of traditional cigarettes, especially under 

high voltage vaping conditions. Experimentally, E-vapor/E-liquid exposures reduce cell viability 

and promote pro-inflammatory cytokine release. User vulnerability to concomitant environmental 

agent exposures, such as viruses and bacteria, may potentially be increased.

Conclusion: While evidence to date suggests that e-cigarettes release fewer toxins and 

carcinogens and compared to cigarettes, E-vapor is not safe and might adversely affect human 

immune functions. Major knowledge gaps hinder risk quantification and effective regulation of 

E-cigarette products including: 1) lack of long-term exposure studies; 2) lack of understanding 
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of biological mechanisms associated with exposure; and 3) lack of integration of exposure and 

toxicity assessments.,. Better data are needed to inform human health risk assessments and to 

better understand the public health impact of E-vapor exposures.
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INTRODUCTION

Electronic cigarettes (E-cigarettes), battery-powered devices that deliver nicotine vapor (E-

vapor) from refill liquids (E-liquids), have been increasingly used in the past decade as a 

substitute for tobacco products (King et al., 2013; McCarthy, 2013; Pepper et al., 2013; 

Sutfin et al., 2013). E-cigarette use increased from 1% to 6% from 2009 to 2011 among 

US adults, and increased from 4.7% to 10% from 2011 to 2012 among US high school 

students (King et al., 2013; McCarthy, 2013). The awareness of E-cigarettes among US 

adults increased from 40.9% in 2010 to 57.9% in 2011 (King et al., 2013).

While some research suggests that vaping E-cigarettes presents considerably lower health 

risks than smoking traditional combusted cigarettes (Benowitz et al., 2013), this does not 

mean that E-cigarettes are risk free. Indeed, the safety of E-cigarette products represents a 

major consideration for public health and regulatory authorities for the following reasons.

First, toxicants have been detected in E-liquids and E-vapors. Toxic chemicals in E-liquids 

or E-vapors include metals, aldehydes, nitrosamines, and volatile organic compounds 

(Hadwiger et al., 2010; Kim et al., 2013; Trehy et al., 2011; Williams et al., 2013). In 

addition, variations in nicotine contents have been observed across different commercial 

E-cigarette products, indicating lack of quality control of E-cigarette products (Etter et al., 

2013; Kirschner et al., 2013).

Second, adverse health effects associated with E-cigarette use, such as chest pain and cough 

with sputum expectoration, have been reported to the FDA and local poison centers (Chen, 

2013; Ordonez et al., 2013). These studies showed that short-term usage of E-cigarettes 

was associated with exogenous lipoid pneumonia (McCauley et al., 2012), a decrease in the 

fraction of exhaled nitric oxide, and an increase in respiratory impedance (Vardavas et al., 

2012).

Despite the cautionary statements issued by scientific societies and public health 

organizations (e.g., World Health Organization and American Heart Association) regarding 

E-vapor exposures (Bhatnagar et al., 2014; WHO, 2014; Pisinger, 2014), a recent semi-

quantitative risk assessment demonstrated lack of evidence that E-vapor exposure could 

cause health concerns (Burstyn, 2014) This risk assessment was conducted based on 

evaluating published E-vapor toxicants concentrations and comparing workplace exposure 

standards with estimated E-vapor exposures Others, reviewing much the same evidence, 

conclude that there is insufficient data to determine human risk especially in light of a 

number of factors.
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First, new emerging scientific data on both E-vapor exposure and E-vapor toxicity have 

been published since the release of the risk assessment report (Costigan, 2014; Costigan 

et al., 2014; Villa et al., 2012; Yang et al., 2014). These new data have advanced our 

understanding of both E-vapor exposure and E-vapor toxicity but have not been included in 

a risk assessment.

Second, the evolution of E-cigarette design, particularly the popularity of the second and 

third generation E-cigarette devices featuring a variable-voltage battery (i.e., the “tank 

system”) need to be considered as their use likely changes population exposure to E-vapor 

(Kosmider et al., 2014). Users of the tank system can, for example, increase inhalational 

nicotine delivery by increasing the battery output voltage, which results in higher E-liquid 

heating temperatures that lead to higher levels of toxicants in E-vapors (Kosmider et al., 

2014).

Third, the interaction of exposure assessment and toxicity assessment has been largely 

neglected in previous assessments, but needs to be considered in evaluating the risk of 

E-vapor exposure. Human exposure to air toxics emitted from E-cigarettes depends not only 

on the product itself (i.e. the type of E-juice and E-cigarette device) but also on the pattern 

of the usage of E-cigarette devices. Emerging data suggests that E-cigarette use patterns, 

including device settings and smoking topography (i.e. how a person smokes a cigarette), 

impact on the physicochemical properties of E-vapor (Farsalinos, Romagna, et al., 2013; 

Ingebrethsen et al., 2012). Therefore, exposure assessment and toxicity assessment need to 

be integrated in human health risk assessments.

Fourth, vulnerable and susceptible populations were not fully considered in previous risk 

assessment s.

This review revisits the building blocks of human health risk assessment for E-vapor 

exposures by integrating a qualitative research synthesis of scientific findings emerged in 

peer-reviewed publications with preliminary results of our own studies.

METHODS

A qualitative research synthesis of scientific findings was conducted for E-vapor exposure 

and toxicity assessments, based on scientific findings reported in peer-reviewed publications 

and our own preliminary experimental results. Literature search criteria for the review are 

first presented, followed by the experimental approaches used in our pilot studies.

Literature Search

A literature search was conducted using the following keywords and no other restrictions 

except: (electronic cigarette(s) OR e-cigarette(s) OR personal vaporizer OR electronic 

nicotine delivery system). The ISI Web of Knowledge and PubMed were employed as the 

search engines. Literature was first screened by titles and abstracts. Studies were selected 

for inclusion in this qualitative research synthesis which reported E-cigarette/E-liquid user 

preference, user settings, smoking topography, smoking frequency, and toxicity testing 
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results (in vitro, in vivo, and controlled human exposures). The selected publications were 

evaluated by reading the full text and abstracting key findings.

Experimental Approach

Smoking topography of E-cigarette users.—Following written informed consent, we 

recruited 10 healthy adult subjects (7 men and 3 women, 18-65 years of age), who were 

current E-cigarette smokers. Approval for these studies was obtained from the Rutgers IRB 

(Protocol Number: Pro20140000589). Study advertisements were posted on three Rutgers 

campuses in the student centers, bus stops, classroom buildings, and libraries. We defined 

current E-cigarette smokers as (1) having used E-cigarettes at least 50 times, (2) using 

E-cigarettes daily and (3) not using any other form of tobacco (e.g. water pipe, and 

combustion-based cigarette) in the past 30 days.

Eligible subjects participated in a 30-min study to record their E-cigarette smoking patterns. 

Subjects placed their E-cigarettes into a CReSS Pocket (Borgwaldt KC Incorporated, North 

Chesterfield, VA) measurement device and smoked the E-cigarettes as they usually do. 

During the 30-min studies, subjects’ smoking topography measures (i.e. puff volume, puff 

duration, puff flow, inter-puff interval) were recorded in the CReSS Pocket device. Data 

were then directly downloaded from the portable device to a computer. Additional data 

collected included the subject’s age, gender, race/ethnicity, and the measurement date and 

time.

Particles emitted from E-cigarette.—Apollo Vape, a tank system that is very popular 

among hard core E-cigarette users, was used for E-vapor generation. This tank system has a 

battery, an atomizer, and a cartridge (“tank”). The battery output voltage in this tank system 

ranges from 3 – 6 volts with possible increment steps of 0.1 volt, and can be set and adjusted 

by the user by pushing a button on the device. The cartridge can be filled using purchased 

E-liquids. In this study, only non-flavor E-liquid (Apollo Cape, Concord, CA) was tested.

E-vapor was generated with a smoking machine (Model LX1e, Borgwaldt KC, Richmond, 

VA), which was programmed to reflect and recreate the subject-derived E-cigarette smoking 

topography, i.e., puff duration, puff volume, and puff peak flow rate. E-vapor generated 

by the smoking machine was directly introduced into a series polypropylene dilution 

chambers, diluted with zero air. Particles were drawn from the chamber for particle number 

concentration measurements with a condensation particle counter (CPC Model 3700, TSI). 

The dilution ratio was set to be 1:250. Particle counts were made at room temperature.

Toxicity Testing.—PBMC (human peripheral blood mononuclear cells) and A549 cells 

(adenocarcinomic human alveolar basal Type II epithelial cell line) were used in the pilot 

study. Whole heparinized venous blood was obtained by venipuncture (80 mL) from one 

study subject at the Rutgers Environmental and Occupational Health Sciences Institute 

(EOHSI) occupational health clinic on the Rutgers campus. PBMC were generated from 

whole heparinized venous blood by ficoll gradient centrifugation (Sarkar et al., 2012). 

A549 cells were seeded in 24-well plates (150,000 cells/well, 95% confluency, 1 mL 

complete culture medium/well) and subsequently in vitro exposed to E-cigarette vapor-

derived particles.
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We conducted in vitro cell exposures to E-vapor (generated with our smoking machine as 

described above) in a BAT exposure chamber into which the E-vapor was introduced (Kaur 

et al., 2010; Phillips et al., 2005). The BAT exposure chamber enables direct exposure 

of cells to whole E-vapor at the air-liquid interface (Kaur et al., 2010). We used number 

of puffs to indicate exposure dose. E-vapor was generated under varying combinations of 

battery output voltage, smoking topography, and number of puffs. Cell viability and cytokine 

release were measured under different doses (200 puffs and 400 puffs) at designated time 

points (2, 4 and 24 hours) after E-vapor exposures.

We evaluated cell viability using MTS and LDH assays (see the manufacturer’s protocols, 

Promega, Madison, WI). mRNA expression was quantified for the cytokine IL-8 and the 

antimicrobial peptide human beta defensin 2 (HBD2). Real-time PCR was performed with 

Power SYBR Green PCR master mix. Briefly, 400 ng total RNA was used for the generation 

of cDNA in a 25-ml reaction (13 reverse transcription buffer, 5.5 mM MgCl2, 500 mM 

29-deoxynucleoside 59-triphosphate, 2.5 mM random hexamer, 0.4 U/ml RNAse inhibitor, 

1.25 U/ml Multiscribe Reverse Transcriptase, 0.4 M forward primer, and 0.4 M reverse 

primer). Thermal cycling parameters of the reverse transcription reaction was 25°C for 10 

min, 48°C for 10 min, and 95°C for 5 min. Real-time PCR was performed with Power 

SYBR Green PCR master mix in an ABI 7900HT (Applied Biosystems). A two-step cycling 

program followed by dissociation curve was used.

RESULTS AND DISCUSSION

In this section, state-of-the-science findings and knowledge gaps will be briefly summarized 

for exposure assessment and toxicity assessment, the building blocks of risk assessments. 

The results from our studies will also be integrated into the findings from the literature.

Exposure Assessment

Major findings from the literature and our study

The vaping device.: As vaping devices, E-cigarettes have been evolving, in terms of 

design features, since their first appearance on the US market in early 2000s. The first 

generation (e.g., Blu, Njoy, and V2) resembled and mimicked the sensation of smoking a 

regular cigarette. The second and third generation of the device used a tank system with 

higher battery capacity and larger E-liquid cartridge (Bhatnagar et al., 2014). Users of the 

second and third generation of the device can change the battery output voltage to achieve 

desired nicotine levels in E-vapor (Bhatnagar et al., 2014). The second and third generation 

device users can also fill the cartridge with their preferred E-liquid that for example can 

have a diversity of flavors, another attractive feature associated with E-cigarettes. The first 

generation of E-cigarette devices still accounts for about 65% of the current E-cigarette 

market share, with the remainder for the second and third generation, the market share of 

which keeps growing (Yingst et al., 2015).

Vaping frequency and smoking topography.: Vaping frequency and smoking topography 

determine the inhalation dosimetry of E-vapor. Unfortunately, there is little information 
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characterizing vaping frequency and topography in peer-reviewed publications. Available 

data and results from our study are summarized in Table 1.

On average, E-cigarette smokers vape 150-200 puffs per day, with a wide range from 10 to 

1000 puffs (Etter, 2010; Etter, 2014; Etter et al., 2011). E-cigarette puff duration is usually 

longer than that during traditional cigarettes smoking, and puff volumes are larger than that 

of traditional cigarette puffs (Farsalinos, Romagna, et al., 2013; Hua et al., 2013).

Vaping topography of the 10 E-cigarette users The mean ± SD of puff volume, puff duration, 

and puff peak flow across the 10 subjects were 70.6 ± 46.2 mL, 3.2 ± 1.2 s, and 30.6 ± 15.7 

mL/s, respectively. The battery output voltage of the tank system across the 10 subjects was 

4.0 ± 0.7 volts.

Given the diversity of flavored E-liquids on the market, it is worth noting that flavoring 

agents in E-liquids have a major impact on the vaping behavior. For example, Ha et 

al. (2015) suggest that L-menthol flavor suppresses the irritation respiratory responses 

to acrolein and particulate matter in cigarette smoke and therefore increase inhalation. 

Flavor also impacts on nicotine absorption in women: women who vape an E-cigarette with 

nonpreferred flavor had lower serum nicotine concentrations (Oncken et al, 2015). Choosing 

a preferred flavor is also gender-specific. In addition, flavored E-liquids attract young people 

or high school students to start using E-cigarettes (Moreno, 2014; McCarthy, 2013).

Chemicals emitted from E-cigarette.: E-cigarettes are not emission-free. In addition to 

the bulk components, such as nicotine (Goniewicz et al., 2013; Trehy et al., 2011), and 

propylene glycol and glycerin, various trace level toxicants/contaminants have been detected 

in E-liquid, including, tobacco-specific nitrosamines (Kim et al., 2013), nicotyrine (Martinez 

et al., 2014), amino-tadalafil and rimonabant (Hadwiger et al., 2010), sucrose (Kubica et al., 

2014), and flavoring compounds (e.g., cinnamaldehyde) (Kavvalakis et al., 2015; Lisko et 

al., 2015).

Toxic chemicals were also detected in E-vapor. Trace amounts of volatile organic 

compounds, aldehydes, metals, tobacco-specific nitrosamines, and tobacco alkaloids have 

been found in E-vapor (Cheng, 2014; Geiss et al., 2015; Goniewicz et al., 2013; McAuley et 

al., 2012; Williams et al., 2013). However, the levels of these toxic chemicals emitted from 

E-cigarettes were 9 to 450 times lower than that in the emissions from traditional cigarettes 

(Goniewicz et al., 2013).

The recent evolution of the vaping devices complicates the assessment of E-cigarette 

emission profiles. The “tank system” features a variable-voltage battery, ranging from 3to 

6 volts (Bhatnagar et al., 2014). Users of the tank system can increase the battery output 

voltage to get a “lung hit” of nicotine delivery. Higher battery voltage produces higher 

E-liquid heating temperatures and more toxicants are present in E-vapors. Indeed, the 

“tank system” at high voltage surpasses conventional cigarettes in formaldehyde release 

(Kosmider et al., 2014).

In addition, flavoring agents in E-liquid could be a potential source of harmful emissions. 

E-cigarette refill liquids (E-liquids) provide a wide suite of flavors for consumers to 

Meng et al. Page 6

Hum Ecol Risk Assess. Author manuscript; available in PMC 2023 December 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



choose from, ranging from traditional tobacco and menthol flavors, to more attractive 

fruity, popcorn, and bubble gum flavors (Choi et al., 2012). There is emerging evidence 

that flavored E-liquid might not be “safe”. First, the flavoring agents used in E-liquid 

and their safety are largely unknown. Most E-liquid labels list only carrier chemicals 

(propylene glycol, glycerin, and distilled water), and state only “natural and artificial 

flavors” in describing the flavoring agents. The American E-liquid Manufacturing Standards 

Association recommends that the flavoring agents used in E-liquid should be food-grade or 

on the FDA approved FEMA’s GRAS list (AMESA, 2015), which is a list of chemicals used 

in the food industry, “generally recognized as safe (GRAS)”, implemented by the Flavor 

and Extract Manufacturers Association (FEMA) (FEMA, 2014). But this doesn’t mean 

chemicals on the GRAS list are safe to be used as E-cigarette flavoring agents, because 

the GRAS chemicals were only evaluated for their safety through human food ingestion, 

rather than inhalation (FEMA, 2015). Second, it is still largely unknown which chemicals 

form from various flavored E-liquid through thermal degradation processes during vaping. 

In general, the research on the thermal stability of flavoring agents is sparse (BakerBishop, 

2004; Baker, da Silva, et al., 2004). Limited evidence suggests that some commonly used 

flavoring agents are heat labile. For example, vanillin can degrade under 100 °C and form 

multiple products, including some toxic chemicals, such as acetaldehyde (Weerawatanakorn 

et al., 2015). Furthermore, no studies to date have reported the degradation products 

from various flavored E-liquid under real-world use conditions, which impact on the 

physicochemical properties of degradation products in E-vapor (Lerner et al., 2015).

Particle size distribution and dosimetry.: E-vapor contains high concentrations (~ 109 

particles/puff) of nano-sized (~100 nm or less) particles, which, once inhaled, can reach 

the deepest regions of the lung (alveoli), where they can be deposited (Fuoco et al., 2014; 

Ingebrethsen et al., 2012). The size of the particles emitted from E-cigarettes depends 

on ambient temperature (Schripp et al., 2013), E-liquid content (Fuoco et al., 2014; 

Ingebrethsen et al., 2012; Zhang et al., 2013), and smoking topography (Fuoco et al., 

2014). In general, E-cigarette vaping and traditional cigarette smoking result in similar 

particle number concentration and particle size distribution (Burstyn, 2014). We studied the 

relationship between smoking topography and particle number concentrations. We observed 

that the total particle numbers were highly corrected with the puff duration (rs = 0.62; 

p-value <0.001).

A few of studies have modeled the particle deposition patterns in human lungs, using either 

the Mutiple-Path Particle Dosimetry (MPPD) model or the International Commission on 

Radiological Protection (ICRP) model. Manigrasso et al. (2015a) reported that each single 

puff of E-cigarette vaping results in the deposition of 1010 E-cigarette particles human lungs. 

E-cigarette particles were not evenly deposited in the human lungs. The highest particle 

deposition area was in the lobar bronchi (Manigrasso et al., 2015a; Manigrasso et al., 

2015b). Zhang et al. (2013) reported that 7 to 18% of E-cigarette particles were deposited in 

the alveolar region, 9%to 19% in the venous region (mostly in the head), and that 73 to 80% 

was lost by exhalation. These E-cigarette dosimetry predictions support the conclusion that 

particle deposition patterns are similar between E-cigarettes and traditional cigarettes.
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Second- and third-hand vapor exposure.: Evidence is limited for second-hand and 

third-hand vapor exposure from E-cigarettes. Since E-cigarettes don’t have a side stream, 

exhalation of inhaled E-vapor from E-cigarette users is the only source of second- and 

third-hand E-vapor exposure. Saffari et al. (2014) measured airborne second-hand emissions 

from E-cigarette users and toxic metals in second-hand vapor and found that the second-

hand vapor emission rate of nickel and silver from E-cigarettes was higher than that from 

traditional cigarettes (130.5 ng/hr for E-cigarettes vs. 36.4 ng/hr for nickel; 20.9 ng/hr for 

E-cigarettes vs. 14.7 ng/hr for silver). In a controlled exposure chamber study, Czogala et 

al. (2013) reported that E-cigarette vapor significantly elevated environmental nicotine and 

PM2.5 levels. After 10-min of vaping, airborne nicotine levels increased from < 0.22 μg/m3 

to 3.32 μg/m3, and PM2.5 levels increased from 32.4 μg/m3 to 151.7 μg/m3. In addition, the 

airborne nicotine could increase saliva/urine nicotine levels in nearby nonsmokers. Ballbe 

et al. (2014) compared saliva/urine nicotine levels of 54 non-smokers, 25 of which came 

from homes with traditional tobacco users, 5 from E-cigarette user only homes, and 24 

from homes without smokers. Saliva/urine nicotine levels for subjects from E-cigarettes user 

homes were much lower than those from traditional smokers homes, but higher than those 

from nonsmoker homes.

E-cigarettes may also be contributors to third-hand smoking. Bush and Goniewicz (2015) 

measured nicotine residues on the floor, wall and window from residential homes of 

E-cigarette users, traditional tobacco users, and nonsmokers. Nicotine was detected on 

the surfaces from half of the homes of E-cigarette users, although the nicotine levels in 

E-cigarette user homes (7.7 ± 17.2 μg/m2) were much lower than in traditional tobacco user 

homes (1303 ± 2676 μg/m2).

Limitations and knowledge gaps—The following data gaps need to be addressed 

further in order to draw evidence-based conclusions about the relative harm or safety of 

E-vapor exposure. First, data about the vaping behavior/topography is extremely limited. 

A related gap is factors that drive product preference and how vapor topography varies 

by products. It is unlikely that short-term and long-term doses of nicotine and toxicants 

emitted from E-cigarettes can be estimated without this detail information. Second, the 

emission profiles of E-cigarettes under various vapor inhalation patterns and battery output 

voltages are largely unknown. Similarly, emission profiles of various flavoring agents under 

real-world use conditions have not been studied. Third, current dosimetry estimates are 

not sound. Current dosimetry modeling is based on either the MPPD model or the ICRP 

model, both of which were designed to address exposures to diluted particles, a physical 

condition not applicable to E-cigarette vapor. Some critical physical processes (e.g., cloud 

effects, particle size growth, and coagulation) for E-vapor dosimetry estimates have not been 

built into the publicly available version of the models (Asgharian et al., 2014), leading to 

inaccurate dosimetry estimates.

Summary of findings—In general, the number of studies on exposure aspects of E-

cigarette vaping is limited. Existing studies suggest lower emissions of air toxics from 

E-cigarette vapor and lower second- and third-hand E-vapor exposures compared with those 

of traditional cigarettes. Certain toxic emissions (e.g. formaldehyde, nickel or Ni, and silver 
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or Ag) could, however, surpass that of traditional cigarettes, especially under high voltage 

vaping conditions. Existing studies suggest that lung deposition patterns of particles emitted 

from E-cigarette are similar to those of the traditional cigarette.

Toxicity Assessment

Regarding the health impacts of E-vapor exposures, there are three lines of evidence: in vitro 
studies, animal in vivo studies, and human health studies. Major findings and knowledge 

gaps are summarized below briefly for each type of evidence.

Major findings from the literature and our study

In vitro studies.: In vitro evidence is sparse for E-cigarette toxicity testing. To the best of 

our knowledge, there are only eight peer-reviewed publications reporting E-cigarette effects 

in in vitro studies, although a greater number of conference abstracts reports on ongoing 

cyto- and geno-toxicity studies of E-vapors. A summary of major findings from in vitro 
studies of E-vapor/E-liquid toxicity is presented in Table 1.

E-liquid/E-vapor exposure of cells in vitro reduces cell viability, and some of the flavored 
E-liquids are highly cytotoxic.: Cervellati et al. (2014) reported no change in cell viability 

or LDH release in A549 and HaCaT cells after exposure to E-vapor generated from 

nonflavored and nicotine-free E-liquid. Likewise, Farsalinos, Romagana, et al. (2013) found 

no change in viability of H9c2 cardiomyoblast cells following 24-hr exposures to E-liquid 

containing carrier chemicals only (50% propylene glycol and 50% glycerol). However, 

Willershausen et al. (2014) observed the viability (PrestoBlue assay) of human periodontal 

ligament fibroblasts decreased by a factor of 12 to 14 after exposure to various flavored 

E-liquids for 24to 96 hrs. Similar observations were made by Cervellati et al. (2014) who 

showed a 3- to 4 –fold increased cytotoxicity (LHD release) in A549 and HaCaT cells after a 

24-hr exposure to nicotine-containing flavored E-liquids.

The cytotoxicity of flavoring agents in E-liquid was further studied, with a focus on 

cinnamon flavor (Bahl et al., 2012; Behar et al., 2014; Cervellati et al., 2014; Farsalinos, et 

al., 2013). All studies reported that E-liquid with cinnamon flavor is cytotoxic. Farsalinos, 

et al. (2013) reported that the viability of myocardial cells was reduced to 64.8% after 

24-hr exposure to cinnamon-flavored E-vapor. Both Bahl et al. (2012) and Behar et 

al. (2014) observed toxicity (MTT assay) of cinnamon ceylon, cinnamaldehyde and 2-

methoxycinnamaldehyde for human embryonic stem cells and human pulmonary fibroblasts. 

Significantly decreased viability of periodontal ligament fibroblast was also observed after 

24-hr exposures to menthol-flavored E-liquid of (Willershausen et al., 2014).

Given the increasing popularity of the second and third generation of E-cigarette devices, 

it is worth noting that E-vapor cytotoxicity may be expected to increase as user-defined 

customized increases in E-cigarette battery output voltage become more frequent. Farsalinos 

et al. (2013) reported that myocardial cell viability decreased by 10 to 30% for various 

flavored E-liquids when the E-cigarette battery output voltage was increased from 3.7 to 4.5 

volts.
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E-liquid/E-vapor exposure increases the release of proinflammatory cytokines.: Wu et 

al. (2014) reported that E-liquid (with and without nicotine) doubled IL-6 production by 

primary human airway epithelial cells. A similar finding was reported by Cervellati et 

al. (2014), who observed a 3.5- and 1.6-fold increase, respectively, in the release of the 

pro-inflammatory cytokines IL-6 and IL-8 by A549 cells after E-vapor exposure. Lerner et 

al. (2015) reported a 22-fold increase in IL-8 release from human epithelial airway cells 

(H292) after exposure to E-vapor generated from cinnamon flavored E-liquid.

E-liquid/E-vapor exposure increases cell vulnerability to viral infection.: Wu et al. (2014) 

reported that nicotine-free E-liquid inhibited SPLUNC1 expression in primary human 

airway epithelial cells and the inhibition ability of E-liquid increased by adding 18 mg/mL 

nicotine into the E-liquid. Inhibition of SPLUNC1 expression increased the vulnerability to 

human rhino virus infection, as suggested by a SPLUNC1 deficiency mouse model (Wu et 

al., 2014).

Our study not only confirms findings from the literature, but also provides new insights 
into the impact of E-vapor on cellular host-defense functions.: Figure 2 illustrates dose-

response results of cell viability (MTS assay) and IL-8 and human beta defensin 2 (HBD2) 

mRNA expression from stimulated A549 cells. Cell viability decreased 20% and 60% after 

200 puff and 400 puff exposures, respectively. A 2- and 7-fold increase in IL-8 mRNA 

expression was observed after 200 and 400 puff exposures, respectively, while HBD2 

mRNA increased by 20-fold after 400 puff exposures. Figure 3 shows a decrease in IL-8 

and HBD2 mRNA expression levels upon a 5-hour incubation period of A549 cells in 

culture media following exposure to 400 puffs at “0 Hours”. Figure 4 shows the dose- and 

time-dependent cell viability results for PBMC. Cell metabolism, indicating cell viability, 

increased at low doses, but decreased by 60% after 24 hours of high dose exposures (400 

puffs).We observed this pattern of cell metabolism/viability change previously (Sarkar et al., 

2012). Another feature of our study is that we integrated measured human smoking patterns 

into toxicity testing to reflect cytotoxicity under real-world E-vapor exposure conditions.

In vivo studies.: To the best of our knowledge, there are only four peer-reviewed 

publications reporting E-cigarette health impacts using in vivo murine models. Two types 

of mice were used in these studies: C57BL/6J mice and BALB/c mice. Among the four 

studies, three assessed short-term (< 2 weeks) E-vapor exposures (Lerner et al., 2015; 

McGrath-Morrow et al., 2015; Sussan et al., 2015), and one long-term exposure (10 weeks) 

to E-liquid instillation (Lim et al., 2014). In vivo study findings are summarized in Table 2.

Both short-term and long-term exposures to E-vapor/E-liquid lead to oxidative stress and 
perinatal growth deficit.: Short-term (3 days) exposures to E-vapor increased the release of 

pro-inflammatory cytokines and reduced lung glutathione levels in C57BL/6J mice (Lerner 

et al., 2015), a finding that is consistent with the oxidative stress induced by short-term (2 

weeks) E-vapor observed by Sussan et al. (2015). Short-term (10 days) E-vapor exposure 

also reduced weight gain for neonatal C57BL/6J mice and impaired in postnatal lung growth 

(McGrath-Morrow et al., 2015). Long-term exposure (10 weeks) increased infiltration of 
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eosinophils into airways from blood and increased the production of IL-4, IL-5 and IL-13 

(Lim et al., 2014).

E-vapor exposure exacerbates allergy-induced asthma and increases the vulnerability of 
viral and bacterial infection.: Lim et al. (2014) reported that long-term exposure to E-vapor 

increased the production of OVA-specific IgE and exacerbated the allergy-induced asthma 

symptoms in BALB/c mice. Two-week co-exposures to E-vapor and Influenza A increased 

lung viral titers and enhanced virus-induced illness and mortality in C57BL/6J mice (Sussan 

et al., 2015). In addition, Sussan et al. (2015) reported that 2-week E- vapor exposure 

significantly impaired pulmonary bacterial clearance in C57BL/6J mice due to reduced 

phagocytosis by alveolar macrophages.

Human studies.: No long-term epidemiological studies have been published to date, and 

all human studies examining E-vapor health effects are short-term observational or clinical 

studies, focusing on the impact of E-vapor inhalation on 1) serum nicotine or cotinine 

concentrations, 2) lung function changes, and 3) cardiovascular effects. In addition, some 

clinical reports link E-cigarette use with various adverse health symptoms, such as cough 

and nausea.

Nicotine delivery efficiency of E-cigarettes is comparable to traditional cigarettes.: The 

efficiency of E-cigarettes to deliver nicotine depends on the users’ experience in handling 

their E-cigarette devices. Serum or saliva nicotine levels in experienced E-cigarette users can 

reach or exceed as in regular tobacco smokers (Jean-Francois Etter, 2014; J. F. Etter et al., 

2011; Flouris et al., 2013; Schroeder et al., 2014). For example, Flouris et al. (2013) reported 

that serum cotinine levels are similar for active E-cigarette users (60.6 ± 34.3 ng/mL) and 

traditional tobacco smokers (61.3 ± 36.6 ng/mL) after 30 min of vaping and smoking, 

respectively. In addition, it was shown that nicotine delivery efficiency of E-cigarettes is also 

determined by carrier chemicals in the E-cigarette liquid. Yan et al. (2015) reported that 

the combination of propylene glycol and glycerin (serum nicotine 20.4 ng/mL) can increase 

nicotine delivery beyond that of glycerin alone (serum nicotine 18.1 ng/mL).

E-cigarette use is linked with development of lipid pneumonia and various clinical 
symptoms.: E-cigarette vaping associated clinical reports on disease conditions and 

symptoms include acute eosinophilic pneumonitis, lipid pneumonia, vomiting, transient 

coughing, nausea, transient dizziness, and transient oral irritation (Hureaux et al., 2014; 

Thota et al., 2014). In addition, health effects of second-hand E-vapor exposure were 

reported in one study (Flouris et al., 2013). Flouris et al. (2013) reported that 1-hr passive 

vaping generated similar serum cotinine levels as regular smoking, and a similar decease in 

FeNO (2.3% for passive vaping vs. 3.4% for passive smoking).

Inconsistent findings are reported across three studies on the impact of E-vapor exposure 
on lung function.: Although Flouris et al. (2013) observed a 3% reduction and a 2.3% 

reduction in FEV1/FVC for 30 min active or 60 min passive E-vapor exposures, respectively, 

changes in FEV1/FVC were not statistically significant. In contrast, Vardavas et al. (2012) 

found 5-min E-cigarette vaping statistically significantly decreased FeNO by 2.1 ppb and 

increased total respiratory impedance by 0.033 kPa/(L/s). Interestingly, Schober et al. (2014) 
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observed a minor, but statistically significant, increase in FeNO (< 5 ppb) after 2-hr ad lib 
vaping.

The potential short-term and long-term effects of inhalation exposure to propylene glycol, 

one of the major components and carrier chemicals in theatrical fog that is also used in 

E-cigarette liquids, was illustrated in two occupational health studies on theatrical workers. 

Wieslander et al. (2001) reported a 2% reduction in FEV1/FVC, a 40-mL increase in FVC, 

and a 30-mL decrease in FEV1 after 1-min exposure to propylene glycol in 27 healthy 

subjects. Varughese et al. (2005) reported that theater employees working within 10 feet 

from fog-generating machines had 5% reductions in FEV1 and FVC compared with those 

working further away from fog-generating machines.

No acute cardiovascular effects are observed following short-term E-vapor exposures.: 
Four studies examined the cardiovascular and hematological effects of E-vapor exposure 

(Farsalinos et al., 2014; Flouris et al., 2012; Vansickel et al., 2010; Yan et al., 2015). The 

cardiovascular and hematological effects studied included left ventricular (LV) function, 

heart rate, systolic and diastolic blood pressure, and complete blood count (CBC). No 

significant effects were observed across the four studies.

Limitations and knowledge gaps.—First, the number of studies assessing E-vapor 

health effects is limited. To date there are only eight in vitro studies, four animal studies, 

three human lung function studies, and four human cardiovascular effect studies published.

Second, the experimental and exposure protocols vary significantly between studies 

disallowing direct comparisons. This includes E-vapor generation protocols and frequencies 

and length of exposure conditions in the studies.

Third, exposure assessments are not adequately integrated into the E-cigarette toxicity 

testing. Real-world exposure scenarios are not reflected in current toxicity testing protocols. 

Exposures to E-cigarette vapor not only depend on the E-cigarette product itself, but also on 

how E-cigarette consumers choose and use a product.

Among the eight in vitro studies in Table 1, cells were exposed to E-liquid and not E-vapor 

in four studies. The “tank system” can generate high amounts of toxicants and is very 

popular among “hard core” E-cigarette smokers, but has not been employed to generate 

E-vapors for toxicity testing. Real-world E-cigarette smoking topography (i.e. volume, 

flow rate, and during for each puff) is barely understood, and has not been integrated in 

assessments of E-vapor toxicity as of now. This represents a major knowledge gap, as 

E-vapor inhalation topography affects E-vapor properties, such as chemical composition, 

particle size distribution, and likely the resulting toxicity and bioreactivity. Although most 

of the in vitro studies reported the major components of E-liquids used for toxicity testing 

(i.e., propylene glycol, glycerin, and nicotine), a detailed list of components in E-liquid or 

E-vapor was reported in one study only (Behar et al., 2014). In seven of the eight studies, 

toxicity testing was conducted with various cell lines, and only one study used primary 

human lung cells (Wu et al., 2014).
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Forth, no chronic exposure studies have been conducted to date to understand the long-term 

impact of E-vapor exposure, except for one in vivo animal study, in which E-liquid instead 

of E-vapor was used.

Fifth, details about toxic agents in E-cigarette vapor and their molecular cytotoxicity 

mechanisms are still largely unknown (Bahl et al., 2012; Oldham et al., 2012; Romagna et 

al., 2013). The current efforts focused on cell viability and oxidative stress-related cytokine 

release. Other pathophysiological pathways have not been examined.

Last, gender and age differences in toxicological responses to E-vapor exposure have not 

been studied, although studies have suggested gender differences in E-cigarette vaping 

topography and nicotine metabolism rates. Women might be more vulnerable to E-vapor 

exposure than men (McKee et al., 2015). The health effects of E-vapor on other susceptible 

populations (e.g., children, older adults, and people with pre-existing diseases) have not 

been studied, except that one animal study suggests neonatal lung developmental effects of 

E-vapor exposure (McGrath-Morrow et al., 2015).

Summary of findings—Although the number of studies assessing health impacts of 

E-vapor inhalation is limited, existing studies have significantly advanced the knowledge 

base on E-vapor health effects in the following aspects. 1) E-vapor/E-liquid exposure can 

reduce in vitro cell viability and promote pro-inflammatory cytokine release. 2) Consistent 

with in vitro studies, in vivo mouse models show increased cytokine release after E-vapor 

exposures. 3) There is emerging evidence that E-vapor may increase the vulnerability to 

environmental agents, such as viruses and bacteria. 4) E-cigarettes are equally efficient as 

traditional cigarettes in nicotine delivery. 5) As study numbers are small and findings often 

contradictory, assessments of the human health impact from E-vapor use are not conclusive. 

More clinical studies are needed to assess health effects from E-cigarette use.

SUMMARY AND CONCLUSION

Given the increasing number of E-cigarette users, E-cigarette vaping has a potentially 

significant public health impact. However, human health risks associated with E-vapor 

inhalation have not been fully characterized.

Although current findings in both exposure assessments and toxicity assessments have raised 

human health concerns of E-vapor exposure, there are major knowledge gaps which hinder 

risk quantification and effective regulation of E-cigarette products. 1) All existing exposure 

and health studies are short-term studies. Health impacts associated with long-term E-vapor 

exposures are largely unknown. 2) Detailed biological mechanisms underlying E-vapor 

health effects are largely unknown. 3) Real-world exposure scenarios need to be integrated 

into toxicity assessments. E-cigarettes are a suite of products with various design features. 

Chemical emissions from E-cigarettes and personal exposures to E-vapor depend not only 

on the E-cigarette product itself, but also on how people choose and use a product. Toxicity 

assessments need to reflect real-world E-cigarette use patterns.

Given the preliminary findings reported at professional meetings (e.g. SOT and ATS), we 

expect that more findings on E-vapor inhalation will be published in the coming years. 
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Human health risk assessments need to be revisited to better understand the health risks of 

E-vapor exposures. E-vapor might be toxic and affect adversely human immune functions. 

Stay tuned.
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Figure 1. 
The distribution of number of puffs an E-cigarette smoker vape each day, by Monte Carlo 

simulation based on the data of number of vaping events per day and number of puffs per 

vaping event collected during our study.
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Figure 2. 
Cell viability (blue bar, left y-axis), IL-8 mRNA expression (red square, right y-axis), and 

HBD2 mRNA expression (black triangle, right y-axis) in A549 cells
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Figure 3. 
IL-8 and HBD2 mRNA expression in A549 cells at zero and 5 hours after 400 puffs of 

E-vapor exposure
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Figure 4. 
Cell viability of PBMC at 2, 4, and 24 hours after exposure to 100, 200, and 400 puffs of 

E-vapor
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