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aerosolizer. When the device contains nicotine, the Food and Drug Administration (FDA) lists the product as
an electronic nicotine delivery system or ENDS device. Similar electronic devices can be used to vape cannabis
extracts. Over the past decade, the vaping market has increased exponentially, raising health concerns over the
number of people exposed and a nationwide outbreak of cases of severe, sometimes fatal, lung dysfunction
that arose suddenly in otherwise healthy individuals. In this review, we discuss the various vaping technologies,
which are remarkably diverse, and summarize the use prevalence in the U.S. over time by youths and adults. We
examine the complex chemistry of vape carrier solvents, flavoring chemicals, and transformation products. We
review the health effects from epidemiological and laboratory studies and, finally, discuss the proposed mecha-
nisms underlying some of these health effects. We conclude that since much of the research in this area is recent
and vaping technologies are dynamic, our understanding of the health effects is insufficient. With the rapid
growth of ENDS use, consumers and regulatory bodies need a better understanding of constituent-dependent
toxicity to guide product use and regulatory decisions.

© 2021 Elsevier Inc. All rights reserved.
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1. Introduction

Two distinct yet related epidemics are currently facing the na-
tion: the outbreak of e-cigarette or vaping product use-associated
lung injury (EVALI) and the increased use of electronic nicotine de-
livery system (ENDS) devices in young people (CDC, 2016; Fedt,
Bhattarai, & Oelstrom, 2020; King, Jones, Baldwin, & Briss, 2020;
NIDA, 2020). Intertwined among these is the assumed safety of
using ENDS compared to traditional combustible cigarettes. Regula-
tors walk a tight rope juggling the potential health benefit of these
devices for adult smokers trying to quit, reducing the appeal and
addictive potential for youth, and limiting the assumed culprit for
EVALI cases. The recent surge in EVALI cases has prompted federal
and local health organizations to issue health advisories aimed at
curbing both the youth vaping epidemic and the number of EVALI
cases (NIDA, 2020). Regulatory agencies at the local, state, and na-
tional levels have issued restrictions on the sale of certain types of
vaping products, aimed at reducing the prevalence of teen smoking
and access to ENDS products (Baker & Campbell, 2020; CDC, 2016).
To help combat EVALI, some states with legal cannabis markets
have established, or are considering, laws to limit the use of addi-
tives in tetrahydrocannabinol (THC)-containing vaping products
(King et al., 2020). Concurrently, research on ENDS use has in-
creased rapidly since 2010. A PubMed database search shows a dra-
matic increase in the number of publications containing the words
“vaping” or “e-cigarette” over the past decade (Fig. 1). Publications
containing the term “e-cigarette” have increased the greatest,
peaking at 1193 publications in 2020. The term “vaping” produced
1108 publications in 2020. This increase in relevant research is con-
sistent with the increased use of ENDS products over the past de-
cade and rising public concern over their potential health impacts.
While several excellent review articles have been published on
trends in ENDS use and its effects on human health, this review
takes a novel and inclusive approach, discussing many key aspects
of ENDS use, from trends in use over time to chemical transforma-
tions and possible mechanisms by which ENDS use induces toxicity.

500

Number of publications
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2. Commercially available vaping platforms and use prevalence
2.1. Vaping platforms

Alarge diversity of available vaping devices, spanning several gener-
ations of designs and produced by a variety of manufacturers, includes
e-cigarettes, vape pens, tanks, and ‘mod’-style devices. Customizability
of device components and settings makes these devices even more di-
verse. Despite this variability, vaping platforms generally consist of
three standard components: battery, atomizer, and fluid reservoir.
When the user inhales from a mouthpiece, either an airflow sensor or
button is used to heat a filament in the atomizer, which then generates
the e-liquid aerosol. The e-liquid stored in the fluid reservoir is delivered
to the filament by capillary action through wicks, usually made of silica
or cotton. Fluid reservoirs are replaceable or refillable tanks built into
the devices. The most recent fourth-generation devices all have a pre-
filled or refillable pod cartridge and a modifiable system (pod mod).
These devices provide users with the highest degree of modification
freedom, such as a mode for automated temperature control (Protano
etal,, 2018).

2.2. Vaping market and marketing

Since its inception in 2007, the vaping market has grown exponen-
tially. While it is difficult to know exactly how much is currently spent
on vaping marketing, because there is no requirement to report market-
ing expenditures to any regulatory agency, some estimations have been
made. Estimations for the value of the global market ranged from USD
12 to 14 billion in 2018 and 2019 (Grand-View-Research, 2020;
PRNewswire, 2019). Market research reports predict that increased
growth will continue, with estimated valuations of USD 29.39 billion
by 2022 (PRNewswire, 2019) and USD 67.31 billion by 2027 (Al Rifai
et al,, 2020). The U.S. currently has the largest vaping market in the
world (Jones, 2019), valued at USD 2.5 billion in 2014, and USD 3.5 bil-
lion in 2015 (CDC, 2016). The industry grew from USD 19 million in
retail sales in the first quarter of 2011 to up to USD 409 million in the

"vaping"
Hl "e-cigarette"

Fig. 1. Number of publications in PubMed database produced by the search terms “vaping” or “e-cigarette”, or from 2010 to 2020.
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last quarter of 2017 (Huang et al., 2019). In 2014, there were an esti-
mated 460 ENDS brands available selling thousands of flavor options
(Mackey, Miner, & Cuomo, 2015), and as many as 35,000 vape shops
in the U.S. alone (CDC, 2016). The online marketplace has also played
an important role; in early 2015, online sales comprised approximately
30% of the vaping market (Mackey, Miner, & Cuomo, 2015). One of the
most significant factors in rapid growth and product recognition has
been marketing campaigns. In 2012, ENDS companies began spending
millions on marketing, celebrity endorsements, and event sponsorships
targeted to younger audiences (e.g., music festivals) (Hess et al., 2017).
Data from Kantar Media, a media measurement company, shows that
advertisement spending for vaping jumped from just under USD 3 mil-
lion in 2010, to over USD 20 million in 2012, to an estimated USD 125
million in 2014 (Elliott, 2013; Kornfield, Huang, Vera, & Emery, 2015).

2.3. Prevalence of ENDS and electronic cannabis systems

Since their introduction in 2007, and especially since 2011, the use of
ENDS devices has ballooned among young users (CDC, 2011). The num-
ber of high school students in the U.S. using ENDS products increased
from approximately 660,000 to 2 million in just one year (2013-2014)
(CDC, 2015). Similarly, use among young adults (18-24 years old)
more than doubled from 2013 to 2014 (CDC, 2016). In fact, vaping
had such a surge in popularity that the term “vape” was selected as
the Oxford Dictionary's 2014 word of the year (Oxford, 2014), and the
FDA commissioner declared youth vaping an “epidemic” in 2018
(Gottlieb, 2018). Among adults, the most common motivators for use
include curiosity, smoking cessation, and perception of lower risk com-
pared to traditional tobacco products (Boyle, Richter, & Helgertz, 2019;
Pepper, Ribisl, Emery, & Brewer, 2014). A study published in 2017
assessed reasons for ENDS usage based on a content analysis of all En-
glish language public Twitter posts in 2012 and 2015 (Ayers et al.,
2017). The authors found that mentions of “social image and ENDS
use” increased from 21% of tweets in 2012 to 37% in 2015. While
ENDS use-related posts increased rapidly from 2009 to 2015, posts re-
lated to health concerns and smoking cessation decreased from 2013
to 2014, indicating shifting motivations for use over time.

2.3.1. ENDS use by youth

Studies tracking use of ENDS by youth began around 2010. At two
large suburban high schools in 2010 and 2011, the results of a self-
administered written survey indicated that the percentage of students
who had used ENDS products in the previous 30 days more than dou-
bled across sixteen months, and that current cigarette use strongly pre-
dicted ENDS use by adolescents (Camenga et al., 2014). On a larger scale,
the U.S. FDA and The Centers for Disease Control (CDC) report preva-
lence and trends of youth tobacco use through the annual National
Youth Tobacco Survey (NYTS) (CDC, 2019). Between 2014 and 2019,
the percent of youth who had ever used ENDS products, but no other to-
bacco products, steadily increased from 3.7% to 19.5% for high school
students and from 2.9% to 9.7% for middle school students (Tam,
2021). In the same study, for those who used both ENDS and other to-
bacco products, prevalence increased for both age groups between
2014 and 2019, but not consistently across individual years. Most re-
cently between 2019 and 2020, the NYTS showed a decrease in ENDS
current use from 27.5% to 19.6% among high school students, and
from 10.5% to 4.7% among middle school students (Wang et al., 2020).
While this decrease in use is significant, over 3.5 million middle and
high school students still used ENDS products in 2020.

There is evidence that ENDS use differs among youth demographics
including race/ethnicity and concurrent use of other tobacco products.
The U.S. Department of Health and Human Services compiled data
from nationally representative datasets and peer-reviewed literature
of subnational and international surveillance studies of ENDS use from
2011 through 2015 (CDC, 2016). These data showed a higher percent-
age of students who had used ENDS in the previous 30 days among
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high school students compared to middle school students. In middle
school, use was highest among Hispanic students. In high school, use
was higher among both White and Hispanic students compared to
Black students. For high school seniors who reported e-cigarette use in
the past 30 days, the frequency of use was almost twice as high for reg-
ular smokers of conventional cigarettes versus those who had never
smoked before. Newer studies continue to support these initial observa-
tions. One report demonstrated more e-cigarette use among high school
students than 8th-grade students from 2017 to 2019 (Miech, Johnston,
0'Malley, Bachman, & Patrick, 2019). A second 2019 report demon-
strated higher use among White and Hispanic students, and a higher
likelihood among White students to use flavored products (Wang
etal, 2019).

2.3.2. ENDS use by adults

Studies tracking ENDS use among adults also began in approxi-
mately 2010. Responses from a consumer survey from 2010 to 2013
showed different patterns of ENDS use across demographics and time
(King, Patel, Nguyen, & Dube, 2015). Across all adults surveyed, preva-
lence of those who had ever used ENDS products increased from 3.3%
(2010) to 8.5% (2013). When broken down by demographics, signifi-
cant increases were seen across all socio-demographics studied except
young adults aged 18-24, Hispanic users, those living in the Midwest,
and those who reported never smoking traditional cigarettes. This
study also indicated higher recent use (in previous 30 days) among
older adults, those with high school education or less, those located in
the South or Midwest U.S. regions, current smokers, and those with
lower incomes. Across all demographics, current or former cigarette
use was the greatest predictor of ENDS use (Brian A King et al., 2015).
Similar trends of higher use among smokers and former smokers were
observed in a 2013 study of young adults in metropolitan areas
(Biener, Song, Sutfin, Spangler, & Wolfson, 2015). As of 2019, 4.5% of
U.S. adults reported current ENDS use, with a skew toward males,
young adults 18-24 years old, those with annual household income <
$35,000, and lesbian, gay, or bisexual adults (Cornelius et al., 2020;
McMillen, Gottlieb, Shaefer, Winickoff, & Klein, 2014; Wang, Gentzke,
etal, 2019).

2.3.3. Second- and thirdhand exposure to ENDS

If the prevalence of vaping increases over time and across demo-
graphics, so too will unintentional exposures. Vaping aerosols often
produces pleasant smells which may make emissions seem benign.
Several studies have concluded that secondhand exposure, or
“passive vaping” is to be expected from nearby ENDS use (Czogala
et al., 2014; Schober et al., 2014; Schripp, Markewitz, Uhde, &
Salthammer, 2013; Sleiman et al., 2016). An additional potential
exposure posed by ENDS use is “thirdhand vaping,” or exposure to
residues deposited on surfaces after ENDS use. This residue is some-
times referred to as e-cigarette exhaled aerosol residue, or ECEAR,
and may contain tobacco-specific nitrosamines, nicotine, and other
alkaloids (Khachatoorian, Jacob lii, Benowitz, & Talbot, 2019).
ECEAR has been detected in homes of users, in vape shops, and
even in buildings near vape shops (Khachatoorian et al., 2019).
While the body of evidence on these unintended exposures is still
evolving, the potential for second- and thirdhand exposure to
ENDS aerosols and aerosol residues should be considered when
evaluating the health effects of ENDS use. Physicians, non-users,
and those living or working near areas with heavy ENDS use
(e.g., vape shops) should be aware of their potential exposure.

2.34. Electronic cannabis use by youth and adults

There is little information on youth use of electronic devices to va-
porize cannabis derivatives including THC e-liquids, hash oil, THC wax,
etc. Data collected from the 2016 NYTS indicated that prevalence of
use of these products was significantly higher among male students,
high school students, Hispanic students, current users of tobacco
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products (including ENDS), youth with a high frequency of e-cigarette
use (20-30 days in the past 30 days), and those who lived with a user
of tobacco products (Trivers, Phillips, Gentzke, Tynan, & Neff, 2018). Re-
searchers also found increased use prevalence among older high school
students (Kowitt et al., 2019). A study of high school e-cigarette users in
Connecticut found that aerosolized cannabis intake was common
among e-cigarette users (18%), lifetime cannabis users (18.4%), and
highest among lifetime dual users (26.5%) (Morean, Kong, Camenga,
Cavallo, & Krishnan-Sarin, 2015). Statistical analysis of survey responses
determined that males and younger high school students, lifetime e-
cigarette users, and lifetime cannabis users had higher odds of aerosol-
izing cannabis products.

When investigating trends of aerosolized cannabis use in adults,
Schauer, King, Bunnell, Promoff, and McAfee (2016) reported similar us-
ages across races and education. An online survey via Facebook adver-
tisements found no significant differences in use based on education
(McMillen et al., 2014). Cranford et al. examined the role of vaping as
a route of cannabis administration in medical cannabis patients and
found that while 39% of participants reported vaping cannabis in the
previous month, only 2.3% chose vaping as the sole route of cannabis ad-
ministration (Cranford, Bohnert, Perron, Bourque, & Ilgen, 2016). As of
2016, aerosolizing cannabis did not appear to be a primary method of
use among adults, with studies reporting only 2.2% (Earleywine &
Barnwell, 2007), 7.6% (Schauer et al., 2016), 11.2% (Hindocha,
Freeman, Ferris, Lynskey, & Winstock, 2016), and 12% (Lee, Crosier,
Borodovsky, Sargent, & Budney, 2016) of adult cannabis users preferring
aerosolizers.

2.4. ENDS risk perceptions

The first commercially viable e-cigarette was developed as a safer al-
ternative to combustible tobacco products. Now, over 15 years later, a
primary motivator for ENDS usage is still the perception that vaping
comes with a lower risk of adverse health effects than traditional to-
bacco smoking (Etter & Bullen, 2011; Farsalinos, Romagna, Tsiapras,
Kyrzopoulos, & Voudris, 2014). However, recent trends suggest that
perception is changing. A study published in 2019 reviewed trends in
risk perception of vaping versus smoking cigarettes from 2012 to 2017
across two surveys: the Tobacco Products and Risk Perceptions Survey
(TPRPS) and the Health Information National Trends Survey (HINTS).
The percentage of adults who perceived e-cigarettes as equally harmful
to traditional cigarettes increased from 46.4% to 55.6% (HINTS) and
11.5% to 36.4% (TPRPS), while the percentage who considered e-
cigarettes as more harmful than traditional cigarettes more than tripled
from 2.8% to 9.9% (HINTS) and 1.3% to 4.3% (TPRPS) from 2012 to 2017
(Huang et al., 2019).

As perceptions of the risks associated with vaping shift, it is relevant
to draw comparisons between ENDS usage and traditional tobacco
smoking, and the associated health effects. One survey of ENDS users
conducted at vape shops across Louisville, Kentucky indicated that
ENDS users who had decreased traditional cigarette use by greater
than two cartons/month since beginning ENDS use were significantly
more likely to report experiencing health improvements than those
who had reduced cigarette consumption by 1.5 cartons or less (Hart
et al,, 2018). A clinical study of traditional cigarette smokers who
switched to ENDS for 12 weeks showed no significant improvements
in vital signs, lung function, or electrocardiogram, but no additional ad-
verse long-term effects of ENDS were observed. Adverse acute effects
such as headache, sore throat, and cough were highest in the first
week after switching, and then reduced throughout the rest of the
study period. Nicotine withdrawal symptoms increased during the
first two weeks and then subsided, suggesting ENDS use offers smokers
a functional, if not a substantially safer, alternative to traditional ciga-
rettes (Cravo et al., 2016), though the long-term health effects are still
unknown.
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3. Regulatory actions

Recent federal and local health regulatory action has been aimed at
the outbreak of EVALI and the increased use of ENDS devices among
young people (FDA, 2016; Fedt et al., 2020; B. A. King et al., 2020;
NIDA, 2020). Such regulation often assumes benefit of ENDS devices
over traditional combustible cigarettes. Regulators juggle the potential
health benefit of these devices for adult smokers trying to quit, with re-
ducing the appeal and addictive potential to youth, and limiting the cul-
prit of EVALI (NIDA, 2020). Agencies at local, state, and national levels
have issued restrictions on the sale of certain vaping products to youths
(Baker & Campbell, 2020; FDA, 2016). To help combat EVALI, some
states with legal cannabis markets have established, or are considering,
laws to limit the use of additives in THC-containing vape products (CDC,
2020b; King et al., 2020). The need for regulation of ENDS devices and
vape products has become a key public health concern.

3.1. Federal regulations

In 2008, the FDA attempted to regulate ENDS devices under the Fed-
eral Food, Drug, and Cosmetic Act as a drug delivery device. Under this
classification ENDS devices would be required to have “pre-approval,
registration, and listing with the FDA” (Cox, Barry, & Glantz, 2016;
FDA, 2020a). This was challenged in court by Sottera, an ENDS product
company (PHLC, 2009). The court ruled that the FDA could only regulate
ENDS products as tobacco products under the 2009 Family Smoking and
Prevention Tobacco Control Act (FSPTCA) (Congress, 2009; Cox et al.,
2016). When it was enacted, the FSPTCA covered “cigarettes, cigarette
tobacco, roll-your-own tobacco, and smokeless tobacco, and required
that any tobacco product that appeared on the market after February
15, 2007... get approval from the FDA” (Congress, 2009). After a lengthy
review in 2016, the FDA extended its authority to cover “all products
that meet the statutory definition of ‘tobacco products... including elec-
tronic nicotine delivery systems (ENDS: e-cigarettes, e-hookah, e-cigars,
vape pens, advanced refillable personal vaporizers, and electronic
pipes) and other products such as dissolvable, gels, water pipe tobacco,
cigars, and pipe tobacco’™ (FDA, 2016). The FDA process for reviewing
premarket tobacco products includes consideration of: (1) the product's
components, ingredients, additives, and properties; (2) manufacturing
practices; and (3) any studies or investigations into the health risks of
the tobacco product (FDA, 2020c). The FDA stated in a Federal Register
notice that its enforcement of premarket approval is motivated by a
“dramatic increase in youth use of these products” (FDA, 2020c).

The FDA continued to extend the period in which it delayed enforce-
ment action for premarket review requirements under this final
Deeming Rule (FDA, 2020c¢), instead issuing numerous warning letters
and civil money penalty (CMP) complaints to manufacturers and re-
tailers (Gottlieb, 2018). This delay of enforcement was challenged in
federal court by the American Academy of Pediatrics in 2019 with the
court directing the FDA to require premarket authorization applications
for all new deemed tobacco products be submitted to the Agency by
May 12, 2020. This deadline was extended to September 9, 2020 due
to the novel Coronavirus outbreak. To date, no ENDS products have
been authorized by the FDA (FDA, 2020a). In December 2019, The
White House signed legislation amending the Food, Drug, and Cosmetic
Act which raised the federal minimum age of sale of tobacco products,
including ENDS, from 18 to 21 years old (FDA, 2019b).

Following a string of vaping-related illnesses that emerged in 2019,
the FDA issued updated guidance on unauthorized flavored cartridge-
based ENDS devices. Under this new policy, the manufacture, distribu-
tion, and sale of these products must cease. It is important to note that
this guidance does not apply to tobacco-, menthol-, or non-flavored
ENDS products and any non-cartridge based, flavored ENDS products
(FDA, 2020a; Gottlieb, 2018). Additionally, the use of the word “unau-
thorized” in the guidance leaves room for manufacturers to apply for
premarket approval for flavored cartridge-based ENDS devices. After
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receiving FDA approval, such products could then be legally sold. The
FDA has not stated whether they intend to give approval for such prod-
ucts. The guidance does not constitute a ban of any particular product or
flavoring.

Little federal regulation exists regarding the manufacture and
packaging of vaping products. Manufacturers are subject to FDA
premarket approval requirements. Furthermore, vape shops that
modify tobacco products can be considered manufacturers and
would then be subject to premarket approval for any modified prod-
uct they sell. Modification can take many forms and includes, but is
not limited to, refilling closed ENDS products, repairing or modifying
the atomizer, replacing the coil, or assembling a custom final prod-
uct. Modifying the e-liquid (i.e. mixing) is considered modification
as well (FDA, 2020a). Again, FDA's enforcement of premarket ap-
proval on manufacturers will focus efforts on two areas, (1) flavored
cartridge-based e-cigarettes, and (2) other ENDS products when the
manufacturer has not taken adequate measures to prevent minors'
access (FDA, 2020c¢). Packaging regulation is the same for tobacco
products: one cannot sell, distribute, or advertise e-cigarettes with-
out warning statements (FDA, 2020a, 2020c).

There is no current federal taxation specific to vaping products.
However, the House Ways and Means Committee passed a bill,
“Protecting American Lungs Act of 2019” (H.R.4742), that, if passed by
Congress, would make federal tobacco taxes apply to vaping products
that contain nicotine (H.R.4742, 2019). Additionally, no federal regula-
tions prohibit vaping in particular spaces or around specific groups of
individuals.

3.2. State/territory regulations

Currently, 33 states and territories require some form of a license to
sell ENDS products and e-liquids. Kansas became the first state to re-
quire such a license in July of 2012. The overwhelming majority of
these states require a license to sell ENDS products in a store; however,
some states such as Texas only require a sales license if the product is
sold via delivery. Other states, including California, have more specific
licenses depending on whether or not a business is a retailer or whole-
saler/distributer of ENDS products (PHLC, 2020).

As mentioned above, the federal government has recently enacted a
ban on the sale of nicotine products to anyone under the age to 21 (FDA,
2019b). However, it is important to note that this does not apply to
non-nicotine containing e-liquids or to the delivery systems, and these
restrictions still fall to states' discretion. Many states also regulate the
occurrence and placement of vending machines or other self-servicing
sales of ENDS devices. For example, Oregon prohibits the placement of
ENDS vending machines on any property or premise that are not per-
manently inaccessible to persons under the age of 21 (PHLC, 2020). In
comparison, Nevada has no laws in place restricting placement or access
to ENDS vending machines (PHLC, 2020). Meanwhile, only New York,
Massachusetts, Michigan, Montana, New Jersey, and Rhode Island pro-
hibit the sale of flavored ENDS devices (PHLC, 2020).

Thirty-one U.S. states and territories regulate the packaging of ENDS
products. South Dakota was the first of four states to introduce packag-
ing regulation in 2014. Since then, 27 more states and territories have
followed suit. Requirements for child-resistant packaging are by far
the most abundant regulations at the state/territory level. However,
many states such as Michigan exempt non-refillable devices from this
requirement and some, such as North Dakota, specify that this regula-
tion only applies to nicotine containing products, not specifically to
the devices (PHLC, 2020). Utah and Washington provide the most ex-
tensive set of regulations for ENDS product packaging, including decla-
ration of certain additives, maximum nicotine levels, warnings to keep
products away from children, and warnings that vaping is illegal for mi-
nors. The state of Oregon is the only state to specifically require packag-
ing to be “not attractive to persons under age 18” (PHLC, 2020).
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3.3. Regulation of cannabis E-liquids

Since ENDS devices were introduced, their use has evolved to in-
clude aerosol delivery of cannabidiol (CBD) and THC. Simultaneously,
an increasing number of states have legalized cannabis for recreational
and medical use, which has been associated with decreased public per-
ception of risk for these products (National Academies of Sciences &
Medicine, 2017). This has resulted in increased use of cannabis-related
products, particularly among youth (Hasin, 2018; National Academies
of Sciences & Medicine, 2017). Since THC products are legalized on a
statewide level, there are no federal regulations and all regulatory poli-
cies regarding THC e-liquid cartridges are specific to state cannabis laws.
Theoretically, if a THC e-liquid also contained nicotine, it could fall under
the FSPTCA and be subject to the same federal regulation as other nico-
tine devices. The CDC currently recommends against using any vaping
products containing THC (CDC, 2020a; Ind, 2020) and the FDA has is-
sued a warning to consumers to stop vaping products containing THC
(FDA, 2019c¢); however, the FDA has approved one cannabis-derived
drug product (FDA, 2018a) and three synthetic cannabis-related drug
products for medical purposes under the Federal Food, Drug, and Cos-
metic Act (FDA, 2020b).

To date, it is illegal to market CBD by adding it to a food or labeling it
as a dietary supplement (FDA, 2021), but no regulations currently exist
for e-liquids. The FDA has yet to issue regulations for these products as
they sit in a legal gray area (Kosecki, 2019), neither explicitly legal nor
prohibited under federal law as these products are both tobacco- and
nicotine-free, and therefore do not fall under the FSPTCA.

4. Complex chemical composition and transformations
4.1. Carrier solvents

The largest components of e-liquids are solvents, occasionally re-
ferred to as humectants or stabilizing agents. The purpose of the sol-
vents in e-liquid formulas is to keep the other chemical components
such as nicotine and flavorants in suspension (Wang et al., 2017), to en-
hance absorption of the wicking material in the devices, and to generate
aerosolized plumes of the e-liquid (Clapp & Jaspers, 2017). The two
most common solvents used in e-liquids are propylene glycol (PG)
and vegetable glycerin (VG), synonymous with glycerol or glycerin.
The FDA, under subchapter B for food and human consumption clas-
sifies propylene glycol as “generally recognized as safe” (GRAS) for in-
gestion, but not aerosolization (FDA, 2019a). It has defined maximum
levels in consumable products such as 2.5% in frozen dairy products,
up to 97% in seasonings and flavorings, and 2% in all other food catego-
ries (FDA, 2019a). Glycerol is also classified as GRAS under the same
subchapter, although maximum levels are not defined. Rather, the sub-
stance is GRAS when used in accordance with good manufacturing prac-
tice (FDA, 2007).

4.1.1. Solvent ratios

Although present in varying ratios, it is commonly accepted that pro-
pylene glycol and glycerol comprise 80% - 94.9% of the volume of e-
liquids (Dai et al., 2018; Lee, Na, Botao, Kim, & Son, 2020). Propylene
glycol and glycerol are three-carbon compounds with two and three al-
cohol groups, respectively. The additional alcohol group on glycerol
contributes to a higher boiling point, viscosity, aerosol density, and
lower vapor pressure than propylene glycol. Rather than drawing com-
parisons by these measures, many vaping blogs and merchants compare
propylene glycol and glycerol for criteria relevant to the consumer, such
as sensation in the throat (“throat hit”), residue build-up, and flavor in-
tensity. When over 17,000 reviews were collected from JuiceDB (a con-
sumer driven web site) over two years, it was noted that both glycerol
and propylene glycol were frequently discussed in the reviews. Glycerol
was reported to increase the flavor of an e-liquid and create a larger
amount of aerosol, while propylene glycol produced a greater “throat
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hit” (Chen & Zeng, 2017). These solvents are typically both present as a
mixture in e-liquid formulas, with common propylene glycol:glycerol
ratios of 10:90, 20:80, 50:50, and 80:20 (Ooi, Dutta, Kazipeta, &
Chong, 2019), although many other ratios exist on the market. The
ratio of propylene glycol to glycerol influences many aspects of the
vaping experience, such as nicotine yield (Kosmider et al., 2014), e-
liquid consumption (Lee et al., 2020), and generation of toxic thermal
decomposition products (Bitzer et al., 2018; Ooi et al., 2019; Wang
etal, 2017).

4.1.2. Carrier solvent toxicity

Propylene glycol and glycerol are both airway irritants (Callahan-
Lyon, 2014; Chun, Moazed, Calfee, Matthay, & Gotts, 2017). Occupational
exposure to aerosolized propylene glycol has been documented in theat-
rical workers (Fowles, Barreau, & Wu, 2020; Fowles & DiBartolomeis,
2017). Individuals exposed to propylene glycol reported experiencing
work-related chest tightness and wheezing in proportion to estimated
cumulative exposure. Propylene glycol also causes eye, throat, mucous
membrane, and respiratory irritation and constriction of peripheral
airways (Chun et al.,, 2017). The International Agency for Research on
Cancer (IARC) concluded the transformation product propylene oxide
has sufficient evidence in experimental animals for carcinogenicity
(Schulte, Hemminiki, & Hopf, 1994).

4.2. Nicotine

Nicotine is a natural alkaloid component of the nightshade
(Solanaceae) family. It is found at the highest concentrations in the
leaves of the tobacco plant, Nicotiana tabacum L (Qayyum, Fazal-ur-
Rehman, & Ibrahim, 2018). For vaping, the nicotine must be extracted
from the tobacco leaf prior to solubilization in the e-liquid solvent. Al-
ternatively, nicotine can be synthesized in a lab for use in e-liquids. Syn-
thesis has historically been more expensive than extracting nicotine and
can generate a racemic mixture of nicotine enantiomers (Zettler,
Hemmerich, & Berman, 2019). The speciation of nicotine is important
to the chemical composition of e-liquids. Naturally, nicotine exists
only as the (S)-nicotine enantiomer, which has two major sites for pro-
tonation to occur, with pKa values of approximately 3.1 and 8.0. The
mono-protonated form is most prevalent in tobacco leaves due to
their pH; however, the addition of nicotine extracts into more basic e-
liquid solvents results in higher proportions of the deprotonated spe-
cies. From a consumer standpoint, this difference is noticeable. The
deprotonated form tends to cause sensations in the throat described
as “harsh” or “intense” when inhaled, unlike the monoprotonated
form. Yet some consumers still prefer deprotonated nicotine because
it behaves differently in the body. The neutrality of the species makes
it more bioavailable, allowing higher concentrations to reach active
sites in the brain (El-Hellani et al., 2015).

E-liquid producers have noticed consumer-preferences related to
nicotine speciation and have altered the pH of their e-liquids accord-
ingly. The addition of benzoic acid or citric acid to the e-liquid lowers
the pH to the point where there is primarily mono-protonated nicotine
(El-Hellani et al., 2015; Jackler & Ramamurthi, 2019). As a result, there
are now both “freebase nicotine” (deprotonated) and “nic salts”
(mono-protonated) labeled e-liquids on the market, although the abun-
dance of nicotine species is variable (Jackler & Ramamurthi, 2019). El-
Hellani et al. (2015) concluded that freebase nicotine (as opposed to
other species) accounted for 18-95% of the total nicotine content de-
pending on the product. Marketed nicotine concentrations also change
with speciation. The lower bioavailability and potency of protonated
nicotine has led to major increases in nicotine concentrations in prod-
ucts. For traditionally deprotonated nicotine products, 0 mg/mL, 3
mg/mL (0.3%), 6 mg/mL (0.6%), and 12 mg/mL (1.2%) are common com-
mercially available nicotine contents in e-liquids, with concentrations of
3% marketed as ‘super high nicotine content’ (Stratton, Kwan, & Eaton,
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2018). In contrast, some suppliers sell “nic salts” products with a mini-
mum of 5% nicotine content (Jackler & Ramamurthi, 2019).

4.2.1. Nicotine toxicity

E-liquids can contain high concentrations of nicotine that can be
toxic to children and adults upon inhalation, dermal or ingestion routes
of exposure. Short term effects from exposure to nicotine include
tremors, increased heart and respiratory rate, increased blood pressure,
and increased level of alertness (Callahan-Lyon, 2014; Kim, Kabir, &
Jahan, 2016; Schober et al., 2014). The other effects of nicotine are
reviewed elsewhere (Scarpino et al., 2020), thus, we focus on the
other chemicals resulting specifically from ENDS use.

4.3. Cannabinoids

Vaping cannabinoids encompasses everything from heating dried
cannabis to solvent extracting cannabis and blending the extract with
carrier solvents and additives. The resulting exposures and implications
for toxicity differ dramatically between these activities, highlighting the
need for specific terminology. Even within extracts there are many
different techniques and solvents that can be applied, which result in
different chemical mixtures and leave behind varying amounts of resid-
ual solvents (Pegoraro, Nutter, Thevenon, & Ramirez, 2019; Ramirez,
Fanovich, & Churio, 2019). To further complicate matters, synthetic can-
nabinoids or “K2, Spice, Black Mamba” differ in functionality from natu-
rally occurring cannabinoids and are not regulated as they are often
marketed as “not for human consumption”(Spaderna, Addy, &
D'Souza, 2013). In addition to e-cigarette use, synthetic cannabinoids
have been found as adulterants in CBD vaping products (Horth et al.,
2018). Epidemiologists and medical professionals have recognized the
challenge posed by the diverse group of exposures that all fall under
the guise of ‘not for human consumption’. Many surveys seeking to un-
derstand the use of ENDS devices have used vague terminology that
could apply equally to cannabis or nicotine, resulting in increased un-
certainty about the specific products to which respondents were refer-
ring. Researchers have acknowledged that to study nicotine vaping,
we need a better understanding of cannabis vaping.

All EVALI patients have used e-cigarette, or vaping, products, and >
85% have reported using products containing THC, the principal psycho-
active component of cannabis (Ghinai et al., 2019; Moritz et al., 2019).
The Illinois Department of Public Health (IDPH) conducted an online
public survey of 4631 e-cigarette, or vaping, product users in Illinois
and 94% reported using any nicotine-containing e-cigarette, or vaping,
products in the past 3 months; 21% used any THC-containing products;
and 11% used both THC-containing products and nicotine-containing
products. When e-cigarette behaviors of 66 EVALI patients aged 18-44
interviewed as part of the 2019 outbreak investigation were compared
with a subset of 519 IDPH survey respondents aged 18-44 who reported
use of THC-containing e-cigarette, or vaping, products, the EVALI pa-
tients had higher odds of reporting exclusive use of THC-containing
products and more frequent use (more than five times per day) of
these products (Navon et al., 2019). IDPH concluded that their study re-
inforced recommendations not to use e-cigarette, or vaping, products
that contain THC.

A recent observational study of cannabis use and EVALI data from
U.S. states' health departments produced unexpected results. The
study concluded that states with higher rates of ENDS and cannabis
use prior to the 2019 EVALI outbreak had lower EVALI prevalence.
This suggested that EVALI cases did not arise from ENDS or cannabis
use per se, but rather from locally distributed e-liquids or additives
most prevalent in the affected areas (Friedman, 2020). Studies indicate
faster absorption and higher plasma THC concentrations for vaping THC
compared to smoking cannabis (Spindle et al., 2018). There is also
growing evidence that vaping solvent extracts of cannabis may be asso-
ciated with more behavioral and psychological issues than smoking
cannabis (Chan et al., 2017; Keller, Chen, Brodsky, & Yoon, 2016;
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Pierre, Gandal, & Son, 2016). Beyond understanding how vaping affects
people directly, a growing body of research suggests that vaping instead
of smoking cannabinoids can change an individual's co-consumption of
other drugs, such as nicotine (Apollonio et al., 2019; Hindocha et al.,
2016). Poly-substance use is an important factor in mediating individ-
uals' exposure to recreational drugs, and more work is needed to under-
stand how vaping cannabinoids changes use patterns of other drugs.
Addressing these knowledge gaps can inform policy decisions and im-
prove our understanding of the hazards presented by these compounds
and routes of exposure.

To date, approximately 120 different phytocannabinoids have been
documented, although there are likely others (Radwan, Wanas,
Chandra, & EISohly, 2017). These terpenophenolic compounds tend to
share a standard mode of action, interacting with cannabinoid receptors
to repress neurotransmitter release in the brain. The most well recog-
nized (and most heavily marketed) cannabinoids are cannabidiol
(CBD) and tetrahydrocannabinol (A9-THC, 1) (Radwan et al., 2017).
Growth in popularity of vaping cannabis products has led people to ex-
tract cannabinoids from the plant for use in vaping e-liquids (Giroud
et al., 2015). This process involves the drying and pulverization of the
flower buds, heat “activation” of cannabinoid acid precursors
(110-160 °C) to decarboxylated neutral forms, gas or solvent extraction,
and purification. In combustion, the cannabinoids are naturally
decarboxylated (e.g., tetrahydrocannabinolic acid A [THC-A] to psycho-
active THC), but vaping avoids combustion, so this transformation oc-
curs before the extract ends up in the e-liquid.

4.3.1. Cannabinoid toxicity

Synthetic cannabinoids are associated with much more morbidity
and mortality than the phytocannabinoids (Kelly & Nappe, 2020). Syn-
thetic cannabinoids are the most abused synthetic drug and second
most abused drug among adolescents (Cordeiro, Daro, Seung, Klein-
Schwartz, & Kim, 2018). The legalization of cannabis within the U.S.
has led to increased pediatric exposures to cannabinoid products in-
cluding e-liquids. Emergency room visits and poison control calls for un-
intentional pediatric exposure to cannabinoids have increased
considerably in the last 2 years (Wong & Baum, 2019). Outcomes from
exploratory or unintentional ingestion of cannabis-containing products
include respiration depression, encephalopathy, and coma (Blohm, Sell,
& Neavyn, 2019). Adolescent cannabis use has been linked to
short-term and long-term neurocognitive, academic, and health conse-
quences, though these studies are often inconclusive. Importantly de-
spite evidence suggesting cannabis use is harmful to adolescents,
youth in the U.S. perceive it as safe (Hasin, 2018). Reports of abuse
and toxicity are steadily growing as the number of synthetic cannabi-
noids produced increases. Geographic clusters of high use, toxicity,
and death have been reported. Despite known toxicity and increased
availability of cannabis, many people continue to abuse synthetic canna-
binoids for various reasons including lower cost as compared to canna-
bis and lack of detection on routine drug screening (Kelly & Nappe,
2020).

4.4. Metals

Various components of ENDS devices are sources of metal contami-
nation in e-liquids. Examples include the nicotine extract, as well as
physical components of ENDS devices including filaments, wicks and
sheath, solder joints, outer fibers, thick wire, brass clamps, and filters
(Gaur & Agnihotri, 2019). Metal concentrations in e-liquids from ENDS
device components are reportedly associated with specific vaping prac-
tices, such as increased voltages, resistance, and temperature, which can
contribute to the degradation of heating coils and other metal elements.
High variability in metal concentrations exists between brands of
vaping devices, potentially due to the heating element (Hess et al.,
2017; Olmedo et al., 2018) and/or poor manufacturing practices
which results in fraying at the soldered joints of the heating coils
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(Williams, To, Bozhilov, & Talbot, 2015). Comparison of metal concen-
trations found in e-liquids across 13 different studies identified nickel
(1.94 x 107 ppm), manganese (5.94 x 10° ppm), zinc (3.25 x 10°
ppm), copper (1.99 x 10° ppm), and iron (1.88 x 10° ppm) as the 5
most highly detected metals (Zhao et al., 2018). E-liquids may also con-
tain arsenic (As) and other metals/metalloids (Beauval et al., 2016;
Olmedo et al,, 2018; Zhao et al., 2020; Zhao et al., 2019).
Metals/metalloids may originate from the coil (Farsalinos, Voudris, &
Poulas, 2015; Olmedo et al., 2018) and from soldered joints and other
parts of the device (Williams, Bozhilov, Ghai, & Talbot, 2017). Com-
monly used coils are made of alloys such as kanthal [iron (Fe), chro-
mium (Cr), and aluminum (Al)], nichrome [nickel (Ni) and Cr], or
high-purity metals (e.g., Ni or titanium) (Farsalinos, Voudris, & Poulas,
2015; Olmedo et al., 2018). Tin (Sn) and other metals are used in sol-
dered joints (Williams, et al., 2015; Williams et al., 2017; Williams &
Talbot, 2019). Metal/metalloid contamination in e-liquids also depends
on the storage device of the e-liquid as it may come from a tank or a re-
fill cartridge (Olmedo et al., 2018; Zhao et al., 2018). Comparison of
metal/metalloid detection in tanks vs. refills found that both the num-
ber and concentrations were higher in the tank e-liquids than in the re-
fill e-liquids (Beauval et al., 2016; Hess et al., 2017; Kamilari, Farsalinos,
Poulas, Kontoyannis, & Orkoula, 2018; Olmedo et al., 2018; Zhao et al.,
2018), indicating that metal contamination is primarily from the
metal components of ENDS devices, and not from the added e-liquids.

4.4.1. Metal toxicity

The presence of metals and metalloids (e.g., arsenic, chromium, lead,
nickel) in ENDS aerosols is a major concern, given their serious health
effects, including cancer (Garcia-Esquinas et al., 2014; Kuo, Moon,
Wang, Silbergeld, & Navas-Acien, 2017), cardiovascular disease
(Chowdhury et al., 2018; Moon, Guallar, & Navas-Acien, 2012), renal
damage (Suwazono et al., 2006), and neurotoxicity (Caito & Aschner,
2015). For most of the detected metals/metalloids associated with
ENDS use, Zhao et al. (2020) found that levels were heterogeneous ac-
cording to sample (e-liquid, aerosol), source of the sample (bottle, car-
tridge, open wick tank), and device type (cig-a-likes and tank). Most
metal/metalloid levels in the biosamples of ENDS users, with the excep-
tion of Cd, were similar or even higher in ENDS users compared to con-
ventional cigarette users. Comparison of metal/metalloid aerosol levels
to human biosample levels (Aherrera et al., 2017) supported the hy-
pothesis that aerosol metals/metalloids are inhaled and absorbed by
ENDS users.

4.5. Flavoring chemicals

E-liquids come in many different flavors. Evaluation of nine different
studies that investigated the chemical composition of over 670 flavored
e-liquids identified ethyl maltol, ethyl vanillin, vanillin, cinnamaldehyde,
and menthol as the most common flavoring chemicals (Aszyk et al.,
2018; Behar, Luo, McWhirter, Pankow, & Talbot, 2018; Bitzer et al.,
2018; Czoli et al.,, 2019; Hua et al.,, 2019; Hutzler et al., 2014; Lisko,
Tran, Stanfill, Blount, & Watson, 2015; Omaiye et al., 2019; Tierney,
Karpinski, Brown, Luo, & Pankow, 2016). In these nine studies, there
were between 1 and 47 different flavoring chemicals detected in a single
e-liquid. Comparison of flavor chemical concentrations of 476 e-liquids
from seven individual studies identified concentrations from <5 to 1.55
x 10° ppm (Aszyk et al., 2018; Behar et al,, 2018; Bitzer et al., 2018;
Hua et al., 2019; Lisko et al., 2015; Omaiye et al., 2019; Tierney et al.,
2016). Cinnamaldehyde, menthol, ethyl maltol, benzyl alcohol, and van-
illin had the highest average reported concentrations which typically
exceeded reported concentrations found in food or consumer products
(Good-Scents-Company, 2021).

4.5.1. Flavoring chemical toxicity
While the flavoring compounds in vape products are generally con-
sidered safe for oral ingestion (Adams, et al., 2005), there is no evidence
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to indicate they are safe to inhale as aerosols. On the contrary, the lim-
ited evidence available would suggest that they pose significant inhala-
tion hazard. For instance, Erythropel et al. (2019) recently reported that
flavor aldehydes including benzaldehyde, cinnamaldehyde, citral,
ethylvanillin, and vanillin rapidly reacted with the e-liquid solvent PG
after mixing, with >40% of flavor aldehyde content converted to flavor
aldehyde PG acetals which in turn activated aldehyde-sensitive TRPA1
irritant receptors and aldehyde-insensitive TRPV1 irritant receptors
in vitro. When heated at high temperatures using ENDS devices, aero-
solized flavorants can form ultrafine particles that penetrate deeply
into the lung (Kim et al., 2016). The Flavor and Extract Manufacturers
Association (FEMA) of the United States released a report in 2012 iden-
tifying a list of 27 priority flavoring agents that may pose a risk to
workers' respiratory health when inhaled including acetaldehyde,
acetoin, benzaldehyde, diacetyl, cinnamaldehyde, and ethyl acetate
(FEMA, 2012). Nearly all aldehydes are respiratory irritants when in-
haled at significant concentrations (Fowles & DiBartolomeis, 2017).

Diacetyl and its structural analogs (2,3-pentadione, 2,3-hexanedione,
and 2,3-heptanedione) are commonly used in buttery or caramellic
flavored e-liquids (Ind, 2020). Diacetyl is associated with the severe
respiratory disease bronchiolitis obliterans observed in popcorn factory
workers (Barrington-Trimis, Samet, & McConnell, 2014; Fowles &
DiBartolomeis, 2017). Additionally, research by Potera (2012) suggests
that diacetyl substitutes may be just as toxic to the lung as diacetyl.
Diacetyl substitutes have also been associated with adverse respiratory
outcomes (Stratton et al., 2018). Another study by Farsalinos, Kistler,
Gillman, and Voudris (2015) concluded that daily inhaled exposures of
diacetyl and 2,3-pentadione in e-liquids exceeded NIOSH recommended
standards.

Pulegone, a component of mint oil extract, has been identified at
substantial concentrations in mint and menthol flavored e-liquids
(Lisko et al., 2015). In 2018, the FDA banned synthetic pulegone as a
food additive due to its association with several cancers in rodent
models (FDA, 2018b; NTP, 2011). A recent study calculated the margin
of exposure (MOE) for pulegone using FDA no-observed adverse effect
levels and average human exposure for five different e-liquids in three
different brands at variable levels of ENDS use. The pulegone MOE for
e-liquids in this study suggested an increased cancer risk associated
with exposure (Jabba & Jordt, 2019).

4.6. Transformation products

4.6.1. Device impacts on transformation products

Multiple device characteristics affect the rate of volatilization and
transformation of e-liquid into an aerosol, including wicking efficiency,
heating coil material and design, battery voltage, and temperature.
Higher wicking efficiency (how easily the e-liquid is transferred to the
heating coil) leads to aerosolization occurring faster than the liquid
transfer, solvent over-heating, and increased chemical transformations
(Gillman, Kistler, Stewart, & Paolantonio, 2016). The stability of the
wick temperature has been correlated with the degradation of propyl-
ene glycol and glycerol (Vreeke et al., 2018). Heating coils contribute
to variability in the produced chemical profile and concentrations of
transformation products, even in devices with similar components
(Jensen, Strongin, & Peyton, 2017). One study used an infrared camera
to monitor the temperature of heating coils, and found that temperature
was not evenly distributed among the coils, resulting in hot spots and
variability of formaldehyde formation (Z. Chen & Zeng, 2017). Talih
etal. (2017) studied the formation of volatile aldehydes in ENDS devices
and found that while no correlation was observed with power, there
was a correlation after power normalization by coil surface area.

Operational settings used in third and fourth generation vaping de-
vices influence chemical composition of vape aerosols. Variable power
devices allow the user to adjust wattage settings at preset increments
ranging from 5 to 25 W (Geiss, Bianchi, & Barrero-Moreno, 2016). At
lower wattage, the user experiences cooler, less dense aerosols. At a
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higher wattage, the user experiences warmer, more voluminous clouds
but also higher levels of carbonyl inhalation (Geiss et al., 2016). A more
recent study showed that higher wattage was positively correlated with
e-liquid and glycerol consumption, but was inversely related to con-
sumption of propylene glycol and nicotine, suggesting chemical trans-
formations of the latter (Lee et al, 2020). Epoxides have been
observed as transformation products at lower wattage and enols are ob-
served at higher wattage (Jensen et al., 2017).

4.6.2. Carrier solvents

In one of the first studies aimed at investigating the chemical
composition and transformation of carrier solvents in aerosol, the com-
position of the collected aerosol was found to be similar to that of the e-
liquid (Tayyarah & Long, 2014). A separate analysis identified transfor-
mation products of the carrier solvents including formaldehyde, acetal-
dehyde, acrolein, methyl glyoxal, and glyoxal (Margham et al., 2016).
Another study of three different e-liquids and two different aerosolizers
found that seven of the most abundant products found in ENDS aerosol
were carrier solvent transformation products (Sleiman et al., 2016).
Glycidol and acrolein were primarily produced by glycerol degradation,
while acetol and 2-propen-1-ol were produced mostly from propylene
glycol. Formaldehyde originated from both solvents. Based on detected
concentrations of formaldehyde, researchers calculated that the
estimated daily exposure to formaldehyde at 215 °C exceeded the U.S.
Environmental Protection Agency (EPA) and California Office of Envi-
ronmental Health Hazard Assessment acceptable cancer risk estimates
for ENDS users (Wang et al., 2017). A third study identified fifteen
breakdown products associated with both carrier solvents, many of
them being reported for the first time (Jensen et al., 2017).

4.6.3. Vitamin E acetate

Some of the most recent studies of aerosols of concern have focused
on vitamin E acetate (VEA) related to cannabinoid use (Duffy et al.,
2020; Wu & O'Shea, 2020). VEA can be used as a thickening agent or dil-
uent in THC and CBD products due to its oily consistency. Researchers
discovered that VEA has the potential to produce toxic ketene gas, as
well as carcinogenic benzene and alkenes (Wu & O'Shea, 2020). Other
researchers discovered that aerosols containing both THC and VEA
mixtures form a hydrogen-bonded complex of both compounds
(Lanzarotta, Falconer, Flurer, & Wilson, 2020). More research is needed
to assess the formation of products related to VEA. We discuss their re-
lation to toxic effects observed in users of cannabinoid vaping mixtures
in a later section of this review.

4.64. Flavoring chemical transformation products

Our understanding of the formation of flavoring chemical transfor-
mation products and their potential toxicity is improving. Free radical
formation during aerosolization was assessed in 49 e-liquid flavors, of
which 20 increased and one decreased radical production (Bitzer
et al,, 2018). Nearly 300 compounds were identified in the aerosols of
the 49 flavors, and the 10 compounds most highly correlated with rad-
ical production were selected for further investigation (Bitzer et al.,
2018). Results indicated that increased and decreased radical produc-
tion was concentration-dependent and identified ethyl vanillin as the
only flavoring compound that significantly decreased radical produc-
tion. This result correlated with decreased radical production associated
with other vanilla flavor mixtures (Bitzer et al., 2018). Degradation of
flavoring compounds to aldehydes and those containing aldehyde func-
tional groups was touched on in Section 4.5.1. Flavoring Chemical Toxic-
ity. Flavoring compounds are the primary source of aldehyde formation,
including acetaldehyde and formaldehyde, during aerosolization
(Khlystov & Samburova, 2016). Benzene formation has been observed
from the carboxylation and subsequent decarboxylation of benzalde-
hyde (a cherry flavor compound) during aerosolization (Pankow et al.,
2017). Researchers noted that this transformation pathway is likely to
occur for other flavor compounds with aldehyde functional groups.
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Formation of benzene ranged from 100 to 5000 upg/m> was
temperature-dependent, and was observed only in the variable power
aerosolizers tested (Pankow et al., 2017).

4.6.5. Transformation product toxicity

Toxic transformation products result predominantly from the trans-
formation of carrier solvents or flavoring agents. As mentioned above,
one such transformation product, formaldehyde, is classified as a carcin-
ogen to humans by IARC and a probable human carcinogen by the EPA
(ATSDR, 2020). Formaldehyde affects the gastrointestinal, immunolog-
ical, and respiratory systems (ATSDR, 2020). Exposure to formaldehyde
can irritate the skin, throat, lungs, and eyes, while repeated exposure to
formaldehyde can lead to certain types of cancers (NIOSH, 2014). Ben-
zene is also a classified carcinogen by the EPA and IARC (ATSDR,
2020). Health effects associated with exposure to benzene include ef-
fects on the hematological, immunological, and neurological systems.
Exposure to benzene affects the eyes, skin, airway, nervous system,
and lungs, and can result in blood cancers such as leukemia (Health,
2019). Acrolein is not a classifiable carcinogen by IARC or the EPA due
to the lack of available evidence to assess potential carcinogenicity
(ATSDR, 2020); however, health effects associated with exposure to
acrolein include effects on the cardiovascular, hematological, ocular,
and respiratory systems (ATSDR, 2020). Additionally, inhalation expo-
sure to acrolein can result in severe respiratory irritation, including irri-
tation of the nasal cavity, and is known to damage the lining of the lungs
(Clapp & Jaspers, 2017; Fowles & DiBartolomeis, 2017).

5. Clinical & epidemiological findings for ENDS adverse health
outcomes

ENDS use has been widely touted as less harmful than traditional to-
bacco cigarette use due to the formation of fewer carcinogenic
byproducts of combustion from ENDS use (Bhalerao, Sivandzade,
Archie, & Cucullo, 2019; Cooke, Fergeson, Bulkhi, & Casale, 2015; Meo
& Al Asiri, 2014; Mravec, Tibensky, Horvathova, & Babal, 2020). A
lower degree of harm is almost certainly real, but not easily quantified.
ENDS use affects the cardiovascular system, causing increased rates of
myocardial infarction (Lippi et al., 2014) and is clearly associated with
EVALI in human adolescents (Rao et al., 2020) and with impaired endo-
thelial function in rats (Rao, Liu, & Springer, 2020). Burns and addictive
behaviors are also associated with ENDS use (Dinardo & Rome, 2019).
The association between ENDS use and pulmonary difficulties is more
complicated. Before the emergence of EVALI as a public health threat,
pulmonary complaints including respiratory distress syndrome and
various types of pneumonias following ENDS use were reported infre-
quently and with varying levels of severity, currently making it impos-
sible to draw a definitive tie between ENDS use and damage to the
pulmonary system (Cooke et al., 2015; Meo & Al Asiri, 2014).

Other challenges in associating ENDS use to characteristic human
health effects include variability in device configuration, frequency
and duration of use, and confounding lifestyle habits of users, such as
co-use of combustible tobacco. Much of the data on the health effects
of vaping comes from self-reported responses to surveys that have in-
consistent language or insufficient data on participant lifestyles and pat-
terns of use to account for potential confounders. Frequency and
duration of ENDS use have the potential to alter the presentation and se-
verity of toxic effects, as demonstrated by a variety of case studies
(Fonseca Fuentes et al., 2019). Additionally, results of epidemiological
studies can be confounded by a current or previous smoking habit, use
of cannabis products, and simultaneous use of multiple ENDS products,
all of which may not be disclosed by study participants on question-
naires (Polosa et al., 2017; Staudt, Salit, Kaner, Hollmann, & Crystal,
2018). These issues, along with rapidly changing product designs and
a lack of long-term follow-up with test subjects, contribute to the diffi-
culty associated with characterizing the effects of acute and chronic
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ENDS use on human health (Agustin, Yamamoto, Cabrera, & Eusebio,
2018; Pisinger & Dossing, 2014; Polosa et al., 2017).

5.1. EVALI

An emerging and alarming health effect associated with vaping is
EVALI (sometimes called vaping-related acute lung injury, or VpALI)
(Fonseca Fuentes et al., 2019). EVALI is characterized by 1) respiratory
symptoms including cough, chest pain, and shortness of breath (experi-
enced by 95% of patients); 2) constitutional symptoms including fever,
chills, and weight loss (85% of patients); and 3) gastrointestinal symp-
toms including abdominal pain, nausea, vomiting, and diarrhea (77%
of patients) (Salzman, Algawasma, & Asad, 2019). Patients do not
need to exhibit all or most of the symptoms to be diagnosed and it is
typically diagnosed by the elimination of other illnesses in patients
who use vaping devices. EVALI has been associated with both nicotine
and cannabis products, though it has been more commonly associated
with cannabinoid vaping. While vaping results in lower exposure to
known toxic combustion products than smoking, vaping presents addi-
tional exposures to carrier solvents and additives as discussed above,
and the hazards of these compounds as aerosols are just starting to be
defined. Ongoing research strongly suggests additives, including VEA
and their transformation products, are responsible for EVALI (Blount
et al., 2020; Wu & O'Shea, 2020).

As of February 2020, the CDC had identified over 2800 cases of EVALI
in the U.S., 15% of which were under 18 years of age. Symptoms of EVALI
in adolescents were similar to those in adults (Cherian, Kumar, &
Estrada, 2020; Messina, Levin, Conrad, & Bidiwala, 2020; Thakrar,
Boyd, Swanson, Wideburg, & Kumbhar, 2020). In a series of case reports
presented by Kass, Overbeek, Chiel, Boyer, and Casey (2020), a spectrum
of clinical findings was reported, from a cough that resolved with dis-
continuation of ENDS use to respiratory failure with hypoxia requiring
prolonged intensive care. Carroll et al. (2020) reported a series of ado-
lescent case studies with confirmed EVALI Half of the patients required
intensive care, presenting with gross bronchio-pathologic abnormali-
ties. Despite improvement with treatment, residual airway reactivity
or diffusion abnormalities persisted when patients were re-evaluated
in the short-term (mean of 4.5 weeks). This outbreak highlights the ur-
gent need to better understand and safeguard against the hazards of
vaping (Blount et al., 2020; D. Wu & O'Shea, 2020), especially in the
young.

5.2. Acute & chronic health effects of ENDS use

5.2.1. Acute effects

Characterizing acute toxic effects of ENDS use in adults is an addi-
tional concern. Staudt et al. (2018) conducted a prospective observa-
tional epidemiological study that analyzed health outcomes from
acute exposures to ENDS. To avoid potential confounding variables,
such as a previous or current smoking habit, ten never smokers were
instructed to take ten puffs on an ENDS device, wait 30 min, and take an-
other ten puffs. Endpoints consisted of patients' perceived symptoms,
vital signs, lung function, and oxygen saturation. Researchers did not
find a consistent change in any of the endpoints; however, multiple
case studies have demonstrated the variety of toxic effects that can
occur because of acute exposures to ENDS (Attis, King, Hardison, &
Bridges, 2018; Fonseca Fuentes et al., 2019; Moore, Young, & Ryan,
2015; Thota & Latham, 2014). In a separate study evaluating pulmonary
effects of acute exposure, reductions in exhaled fractional nitric oxide
(FeNO), a common measure of airway inflammation, were measured
after five minutes of ENDS use. The authors also noted greater observed
respiratory resistance, respiratory impedance, and overall peripheral
airway resistance, similar to effects seen immediately after cigarette
smoking (Vardavas et al., 2012). Additional studies with well-defined
exposure regimens are necessary to further explore the acute effects
of ENDS use.
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5.2.2. Chronic effects

While arguably more challenging to study, identifying the chronic
effects of ENDS use in adults is essential if we are to understand the
range of toxic effects. Polosa et al. (2017) conducted a prospective ob-
servational epidemiological study that analyzed the health outcomes
of nine daily ENDS users over 3.5 years. Patients' vital signs, lung func-
tion, and respiratory symptoms were analyzed throughout the study
after 12, 24, and 48 months of daily ENDS use. While no consistent
changes in endpoints were observed, the authors suggested that these
endpoints might not be sensitive enough to show chronic effects. Due
to the small study size, additional studies with a larger sample size are
necessary to improve our understanding of the toxic effects of chronic
ENDS use in adults.

When studying the toxic effects of ENDS use in adults, it is essential
to recognize how the duration of exposure can alter the severity of ef-
fects. For example, a prospective observational study conducted by
Blagev et al. (2019) explored the range of sub-chronic effects from
ENDS use among hospital patients presenting with EVALI symptoms,
with a median exposure of 225 days and a maximum exposure of five
years. Because the chronic exposure regimen was not well-defined
within the study and inconsistent across patients, the frequency of
ENDS use ranged from one or two times per week to over 50 times
per day for varying durations. The varied frequency and duration of
ENDS use led to a range in severity of symptoms. While some individ-
uals were treated at hospitals as outpatients, the majority were admit-
ted to the Intensive Care Unit, and a small percentage of individuals
died. The deaths were of patients with underlying illness or patients
who continued using ENDS after they became sick. Patients experienced
respiratory and gastrointestinal symptoms consistent with EVALI, and
hospital data described high heart rates, high respiratory rates, and
low oxygen saturations, as well as abnormal chest radiographs. Pre-
scribed therapy included antibiotics, steroids, and supplemental oxy-
gen. Two-week follow-up appointments with the patients showed
substantially improved radiographic findings (Blagev et al., 2019). The
results of this study suggested that toxic effects from chronic ENDS
use can be reversed, assuming the patients cease ENDS use upon
experiencing symptoms.

5.3. Co-use of ENDS and traditional tobacco

A year-long study invited cigarette smokers to switch, either par-
tially or entirely, to ENDS products. Less fractional exhaled nitric oxide
and carbon monoxide were observed in exhaled breath from those
who had completely quit traditional cigarettes, but not from partici-
pants who continued to smoke cigarettes (Campagna et al., 2016). Sim-
ilarly, in a separate year-long study observing spirometric data,
participants who completely stopped smoking cigarettes showed im-
provements in mid-expiratory flow rate (FEF,5_75%) at week 52 com-
pared to week 1 (Cibella et al., 2016). Each of these measurements is
associated with improved lung function and may indicate long-term
health improvements of switching from traditional cigarettes to ENDS,
but only with complete tobacco cigarette cessation. Observed health im-
provements of switching from cigarettes to ENDS may largely be driven
by the cessation of tobacco cigarette smoking. Co-use of combustible to-
bacco with ENDS may eliminate the benefits and compound the health
concerns of the two methods. One longitudinal study on associations
between ENDS use and respiratory disease identified both traditional
cigarette and ENDS use as independent risk factors for respiratory dis-
ease, but dual use of both products increased risk of respiratory disease
greater than either product alone (Bhatta & Glantz, 2020). This result is
especially troubling because higher nicotine dependence has been ob-
served among dual users over those using only ENDS or tobacco ciga-
rettes. Dependence is even greater with the use of three or more
nicotine-containing products (Ali, Gray, Martinez, Curry, & Horn,
2016; Stanton & Halenar, 2018).
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Cigarette smoking is also strongly associated with reduced immune
function. Studies comparing immune effects between tobacco cigarette
smokers and ENDS users, or before and after switching from tobacco
cigarettes to ENDS, are largely biomarker-based. A short-term con-
trolled study on immediate effects of ENDS aerosol vs. cigarette smoke
on blood cell counts showed that exposure to ENDS aerosol (from
both active and passive use) did not significantly affect complete
blood counts, while exposure to cigarette smoke increased white
blood cell, lymphocyte, and granulocyte counts (Flouris et al., 2012). An-
other study found that genes repressed in nasal mucosa samples from
tobacco cigarette smokers were similarly repressed in samples from
ENDS users, though these genes were more highly repressed among
ENDS users. Samples from ENDS users also showed a greater number
of repressed genes than samples from cigarette smokers (Martin et al.,
2016). In a separate proteomics study, sputum samples were collected
from cigarette smokers, ENDS users, and non-users. Increases in pro-
teins associated with oxidative stress and aldehyde-detoxification
were observed in samples from ENDS users as well as innate defense
proteins associated with COPD. ENDS use and tobacco cigarette use al-
tered some similar and some unique proteomic profiles compared to
non-users indicating similar biological responses between traditional
cigarette smoking and ENDS use (Reidel et al., 2018).

5.4. Considerations for vulnerable populations

5.4.1. Adolescent health effects of ENDS use

As the prevalence of adolescent ENDS use increases, so does the ur-
gency to understand the hazards of ENDS use in this population. Toxicant
exposure from ENDS products may result in greater harm in adolescents
than in adults (Wild & Kleinjans, 2003). Rubinstein, Delucchi, Benowitz,
and Ramo (2018) indicated that while adolescent exposure to toxic vol-
atile organic compounds (VOCs) was decreased in e-cigarette-only users
versus dual users of e-cigarettes and traditional cigarettes, adolescent
e-cigarette-only users still had levels of five different VOC toxicants
detected in their urine in quantities up to three times greater than in
matched controls. In addition to EVALI, multiple adverse health out-
comes have also been associated with ENDS use, including bronchitic
symptoms (chronic cough, phlegm, and bronchitis) (McConnel, et al.,
2017), seizures, and acute esophageal injury (Bozzella, Magyar, DeBiasi,
& Ferrer, 2020).

Along with health effects associated with novel e-liquid constitu-
ents, nicotine itself is an extremely addictive substance known to affect
the developing adolescent brain. Seizures are a known potential side ef-
fect of nicotine toxicity and have been reported after vaping. Between
April 3 and June 30, 2019, the FDA, received reports of 117 cases of sei-
zures related to vaping, the majority of which were in adolescents or
young adults (Weidner, Rudy, & Faulcon, 2020). Adolescents who
smoke combustible cigarettes have more difficulty with working mem-
ory and attention than non-smokers (Jacobsen et al., 2005). The human
brain continues to develop until approximately age 25, so exposure to
nicotine during adolescence can impact brain development and affect
memory, attention, learning, and impulse control (Yuan, Cross,
Loughlin, & Leslie, 2015), making ENDS use among adolescents particu-
larly troubling.

5.4.2. Effects of ENDS use during pregnancy

Exposure to e-liquid components and transformation products is es-
pecially concerning during fetal and early childhood development. A pe-
riod of development in which nicotine exposure can be particularly
detrimental is in utero. ENDS use during pregnancy has been steadily in-
creasing due to the notion that it is safer than tobacco cigarette use
while pregnant (Whittington et al., 2018). Whittington et al. (2018)
reviewed 40 articles and found the prevalence of ENDS use during preg-
nancy was between 0.6% and 15%. Nicotine use during pregnancy can
have adverse health outcomes on the offspring's immune system,
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neural development, lung function, and cardiac function (England et al.,
2017).

5.4.3. Accidental ingestion of e-liquids in children

There has also been an increase in the number of unintentional ex-
posures to e-liquids, primarily among small children. A retrospective
analysis using the National Poison Data System published in 2016
found that the monthly number of exposures associated with ENDS
products increased by about 1500% from 2012 to 2015, including inges-
tion, dermal, inhalation/nasal, ocular, other, and unknown routes of
exposure. Children below two years old accounted for 44% of uninten-
tional exposures, and children accidentally exposed to ENDS as opposed
to traditional cigarettes had 5.2 times higher odds of a healthcare facility
admission and 2.6 times higher odds of having a severe outcome
(Kamboj, Spiller, Casavant, Chounthirath, & Smith, 2016; Quail, 2020).
A prospective observational study was conducted from 2014 to 2017,
in which 265 calls to the Oregon Poison Center were evaluated for char-
acteristics of exposure to ENDS devices and e-liquids among children
and adults. The majority of these cases were associated with mild symp-
toms and rare nicotine toxicity. Most children who ingested e-liquid
were exposed to only a small amount. The onset of symptoms occurred
almost immediately after ingestion in the majority of these cases. The
most commonly reported symptoms were vomiting, tachycardia, diar-
rhea, lethargy, jitteriness, agitation, nausea, and oral mucosal irritation
(Hughes & Hendrickson, 2019). Additional case studies have reported
symptoms including constitutional and gastrointestinal discomfort,
respiratory distress, and a decline of neurocognitive functioning after
ingestion of e-cigarette liquid (Bassett, Osterhoudt, & Brabazon, 2014;
Eggleston, Nacca, Stork, & Marraffa, 2016; Gill, Sangha, Poonai, & Lim,
2015; Noble, Longstreet, Hendrickson, & Gerona, 2017; Seo, Kim, Yu, &
Kang, 2016).

6. Animal models of ENDS use hazards

The latest research on effects of ENDS use suggests acute and chronic
toxicities from inhaling aerosols of glycerol, propylene glycol, nicotine,
and flavoring agents (Pulvers et al., 2018; Wang et al.,, 2020). The complex
nature of e-liquids makes it difficult to parse out which substances, or their
potential synergistic effects, are harmful (Fowles & DiBartolomeis, 2017).
Most flavoring agents and carrier solvents in e-liquids are considered
“food safe” for ingestion as minor ingredients (Barrington-Trimis et al.,
2014; Chun et al., 2017; Clapp, Peden, & Jaspers, 2020) or by dermal
exposure; however, these safety assessments for ingestion and dermal
exposure to not reflect the hazard of inhalation, which is inherent with
ENDS use. Exposure of different animal models to ENDS products via
various routes of exposure has informed the potential for adverse health
outcomes resulting from ENDS usage.

Animal evidence suggests that vaping of nicotine-containing e-
liquid mixtures affects numerous organ systems throughout the body,
including respiratory, cardiovascular, immune, and nervous systems.
Damage to the various body systems likely results from a combinatorial
effect of disrupting numerous molecular pathways and vital cellular
processes, as discussed in a later section of this review. Chamber expo-
sures to ENDS products are typically studied in mice as this method
most closely represents human vaping exposures. Nebulizers and
nose-only inhalation chambers are less commonly used (Garcia-Arcos
et al,, 2016; Husari et al,, 2016), and several studies have employed in-
traperitoneal injection of unheated e-liquids (El Golli et al., 2016; El
Golli et al., 2016; Golli et al.,, 2016; Rahali et al., 2018).

Acute and chronic studies have used mice and rats ranging in age
from 6 (Crotty Alexander et al., 2018) to 14 (Olfert et al., 2018;
Szostak et al., 2020) and 16 weeks (Schweitzer et al., 2015), with vary-
ing exposure frequencies, durations, and dosages of nicotine e-liquid
aerosols. Exposure durations vary across studies, with acute exposures
ranging from two individual doses (Schweitzer et al., 2015) up to 4
weeks of nearly daily exposure regimens (Canistro et al., 2017;
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Cardenia et al., 2018; Glynos et al., 2018; Hwang et al., 2016). Chronic
exposures have ranged from a few weeks (Laube et al., 2017), up to
3-8 months, depending on the outcome measured (Crotty Alexander
et al., 2018; Espinoza-Derout et al., 2019; Olfert et al., 2018; Szostak
et al., 2020). For this review, acute exposures were considered single
or repeated dosages up to 4 weeks in exposure period, and anything
longer than 4 weeks was considered chronic, generally following Orga-
nization for Economic Co-operation and Development (OECD) guide-
lines (OECD, 2018).

Rodent pre- and post-natal studies have also helped researchers un-
derstand how maternal ENDS use affects offspring health, a growing
concern as ENDS use during human pregnancy has become more prev-
alent, as discussed above. Animal studies have involved exposures that
are 1) preconception, where just the dams (Wetendorf et al., 2019) or
both the dams and males (Noel et al., 2020) were exposed before mat-
ing; 2) prenatal, where dams were exposed only during gestation
(Church et al., 2020; Noel et al., 2020; Orzabal et al., 2019); 3) pre-
and postnatal, where dams were exposed through gestation and lacta-
tion (H. Chen et al., 2018; T. Nguyen et al., 2018, 2019; Wetendorf
et al., 2019) or dams were exposed through lactation and pups were
also exposed postnatal (Lauterstein et al., 2016; Smith et al., 2015;
Zelikoff et al., 2018); or 4) postnatal (McGrath-Morrow et al., 2015),
during which only the pups were exposed.

6.1. Effects of acute exposure to ENDS aerosols

6.1.1. Pulmonary system

Several recent studies reported redox imbalance and increased
inflammatory response in the lungs of mice and rats exposed to e-
cigarette aerosols. 3-day exposures resulted in diminished lung gluta-
thione levels (Lerner et al., 2015), protein thiol oxidation and perturba-
tions in protein quality control (Wang, Zhang, et al., 2020), and
increased expression of pro-inflammatory cytokines (Lerner et al.,
2015). Glynos et al. (2018) reported that 3-day acute exposure, but
not 4-week subchronic exposure, significantly increased oxidative
stress in lung tissue. Cirillo et al. (2019) found exposure to e-cigarette
aerosol for 28 days altered lung structure, with large areas of airflow col-
lapse, and caused modulation of antioxidant and phase Il enzymes, sug-
gesting perturbation of the lung redox status. It would seem more than
plausible that e-cigarette aerosols present an oxidative stress and an in-
flammatory response hazard to human lungs.

Rodent studies evaluating the effects of ENDS use on the pulmonary
system have observed mixed effects on baseline lung mechanics and
airway responsiveness depending on the specific e-liquid treatment,
flavoring, and duration of exposure. After 18 days of exposure,
Chapman et al. (2019) found that e-cigarette treatments did not affect
baseline lung function or airway hyper-responsiveness, except for
ENDS aerosol containing cinnacide flavoring without nicotine, which in-
creased tissue elastance. Glynos et al. (2018) did observe a dose-
dependent increase in airway hyper-responsiveness after three days
of exposure to cigarette smoke and tobacco blend-flavored e-cigarette
treatment with nicotine, separately. No gross histopathological effects
were observed after any ENDS aerosol treatments tested (Glynos et al.,
2018; Laube et al., 2017); however, exposure to “banana pudding” fla-
vored e-cigarette aerosol without nicotine was shown to increase solu-
ble collagen in the lungs of house dust mite-treated mice (Chapman
et al,, 2019). Carrier solvent aerosols alone have been reported to alter
lung function following acute 3-day exposure (Glynos et al., 2018) and
to increase mucociliary clearance following chronic exposure (Laube
et al., 2017). Despite the lack of histological effects and mixed effects
on lung mechanics, different ENDS exposures clearly alter the pulmo-
nary system in various ways.

6.1.2. Cardiovascular system
Animal studies examining ENDS aerosol effects on the cardiovascu-
lar system have addressed multiple endpoints such as cardiac function,
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histology, thrombosis, and angiogenesis; however, there are insufficient
studies from which to draw a clear consensus. Acute ENDS exposure in
mice significantly decreased heart rate and slightly decreased heart
weight without changes in aortic dimensions and left ventricle size in
one study (Shi et al., 2019), but increased heart weight in another
(Chen, Huang, Sung, Lee, & Hsiao, 2019). Cardiac histological assess-
ment after exposure to various e-liquid aerosols with multiple nicotine
concentrations revealed no significant effects (Chen et al., 2019). Shi
et al. (2019) concluded that short-term e-cigarette exposure did not af-
fect cardiac fibrosis, but slightly increased the expression of collagen I
protein with no effect on alpha smooth muscle.

While little overlap exists between studies focused on thrombosis
and blood content, available studies showed that e-cigarette treatment
affected cardiovascular variables. Qasim et al. (2018) observed that ex-
posure of mice to ENDS aerosol caused a cessation of bleeding in signif-
icantly less time than for control mice. In a ferric chloride carotid artery
injury-induced thrombosis model, ENDS aerosol-exposed mice had
shortened occlusion times, attributed to hyperactive platelets (Qasim
et al., 2018). While e-cigarette exposure did not affect platelet count,
it did enhance agonist-induced platelet aggregation and secretion and
led to elevated integrin GPIIb-Illa activation, required for platelet aggre-
gation. Exposure also increased phosphatidylserine expression on plate-
let surfaces, which plays a role in the assembly of coagulation factor
complexes, and enhanced Akt and ERK phosphorylation, critical to
platelet function (Qasim et al., 2018). After analyzing the blood of rats
exposed to e-cigarettes, Canistro et al. (2017) found significantly in-
creased esterified cholesterol, total cholesterol, triglycerides, and satu-
rated fatty acids, decreased polyunsaturated fatty acids, and DNA
damage in leukocytes and reticulocytes (Canistro et al., 2017). Shi
etal. (2019) found that e-cigarette exposure significantly increased car-
diac angiogenesis with no change in vascular endothelial growth factor
levels. Nicotine has stimulatory effects on angiogenesis, while cigarette
smoke can cause angiogenesis dysfunction (Ejaz & Lim, 2005; Shi et al.,
2019). Impacts to a broad range of endpoints suggest that acute ENDS
exposure causes cardiovascular effects.

6.1.3. Nervous system

Kaisar et al. (2017) found evidence of integrity impairment of the
blood-brain barrier in mice acutely exposed to ENDS aerosol, which
could further harm the functioning of the cerebral vasculature. Interest-
ingly, the study did not identify significant differences between mice ex-
posed to tobacco smoke and mice exposed to ENDS aerosol, providing
preliminary evidence that tobacco smoking and vaping are associated
with similar nervous system toxicities. In a separate study, both ENDS
aerosol and cigarette smoke exposure altered the cognitive functioning
of mice, likely from an olfactory deficit typically seen in smokers
(Prasedya, Ambana, Martyasari, Aprizal, Nurrijawati, & Sunarpi, 2020).
When observed the following day, cigarette-exposed mice had greatly
improved cognitive memory functioning, while e-cigarette aerosol-
exposed mice had not yet recovered, indicating the potential for ENDS
exposure to reduce short-term memory functions.

6.1.4. Immune system

Increased immune cell recruitment and cytokine levels are widely
observed effects of acute ENDS exposure. Studies commonly investigate
bronchoalveolar lavage fluid (BALF) and lung homogenate after ENDS
exposure and have found mixed results regarding the recruitment of
immune cells and cytokine levels. Blount et al. (2019) noted an increase
in polymorphonuclear cells in BALF after 24 h of exposure. After three
days of exposure, Glynos et al. (2018) found an increase in BALF total
cell counts for all tested e-cigarette and cigarette smoke treatments, pri-
marily a result of macrophage influx; however, cell counts were only el-
evated in the cigarette smoke and flavored e-liquid groups after four
weeks. These results suggested that immune cell recruitment effects
only persisted during longer acute ENDS exposures because of flavoring
constituents. Elevated levels of oxidative stress in the lungs, and a
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modest inflammatory response in the airways were also observed
(Sussan et al., 2015), but with no difference in neutrophil, eosinophil,
or lymphocyte counts in mice exposed to e-cigarette aerosol (Hwang
et al.,, 2016; Sussan et al., 2015). In contrast, a mouse allergic airways
disease model revealed that the tested nicotine containing e-liquids
and the propylene glycol/glycerol control, dampened airway inflamma-
tion. The total number of leukocytes, eosinophils, and macrophages in
the BALF were reduced upon exposure to e-liquid aerosol containing
cinnacide without nicotine but was unchanged by propylene glycol/
glycerol alone and other flavored e-liquid aerosols. While the nicotine
e-cigarette treatments universally suppressed airway inflammation,
the effects of aerosolized e-cigarettes without nicotine were flavor-
specific (Chapman et al., 2019).

Several studies have investigated the susceptibility to infection after
ENDS exposure. In a recent study, ENDS-exposed mice infected with vi-
ruses or bacteria had reduced antiviral defenses with increased virus-
induced morbidity and mortality, or significantly increased pulmonary
bacterial burden due to suppression of bacterial clearance by alveolar
macrophages (Sussan et al., 2015). Defective phagocytic function was
observed, however, surface expression of CD36 and MARCO macro-
phage scavenger receptors were not altered by e-cigarette aerosol expo-
sure. In another study, S. pneumoniae strain TIGR4 was suspended in
either control, 25% cigarette smoke extract, or 100% e-cigarette extracts
(with and without nicotine) and then inoculated into mice (Bagale,
Paudel, Cagle, Sigel, & Kulkarni, 2020). Similar levels of total protein in
the BALF, and of cytokines IL-6 and IFN-y in lung tissue, were observed
from all treatment groups and no differences were observed for tran-
script levels of TNF-q, IL-6, IFN-y, CCL2, or CSCL10. These results led
the authors to conclude that the exposure of TIGR4 to both cigarette
and e-cigarette extracts did not significantly affect its virulence in a
mouse acute pneumonia model. However, in a similar study, mice in-
fected with methicillin-resistant S. aureus (MRSA) grown in medium
with e-cigarette aerosol extract exhibited higher mortality and ten-
fold higher bacterial burdens in the lungs compared to mice infected
with MRSA grown in control medium (Hwang et al., 2016). Effects rang-
ing from cytokine and immune cell recruitment to adverse immune de-
fense mechanisms at the organismal level were noted after ENDS
exposure in this study.

6.1.5. Whole organism effects

Several recent studies have observed that mice exposed to some
ENDS aerosols exhibit a significant decrease in weight gain, especially
among males (Chapman et al., 2019; Prasedya et al., 2020; Shi et al.,
2019). In one study, female mice exposed to aerosolized e-liquid (0.5
or 5 mg/mL) exhibited no significant change in body weight or food
and water consumption compared to controls after 14 days, though
heart weight was significantly increased with exposure (Chen et al.,
2019). Investigation of the effects of acute nicotine vaping on the
strength and energy of mice exposed to 5 mg/mL nicotine in this
study demonstrated decreased forelimb strength and a slight decrease
in time to fatigue during swimming compared to controls. The decrease
in energy was attributed to dose-dependent decreases in liver and mus-
cle glycogen stores upon exposure.

6.2. Effects of chronic exposure to ENDS aerosol

Chronic chemical exposures differ in their resulting health effects
from acute, high dose exposures. In terms of vaping e-liquid mixtures,
persistent exposure to lower doses of chemical toxicants can produce
both obvious manifestations of disease (i.e., respiratory disruption/
coughing) along with more subtle adverse health effects that may
only culminate in a poor health outcome later in life.

6.2.1. Pulmonary system
Chronic exposure studies in rodents have identified several pulmo-
nary effects of ENDS products, including the development of lung
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adenocarcinomas, suggesting carcinogenic potential (Tang et al., 2019).
In a study evaluating the relative impacts of ENDS versus traditional to-
bacco cigarette smoke exposure on pulmonary outcomes, female mice
exposed to ENDS aerosol had fewer emphysema-associated changes
measured by histological scoring and respiratory function (Olfert et al.,
2018). A separate study on ENDS-induced COPD-related endpoints
evaluated in a chronic exposure mouse model found that nicotine-
containing ENDS aerosol increased symptoms of COPD pathology, in-
cluding airway hyper-reactivity, distal airspace enlargement, increased
inflammatory cytokine and protease expression, and production of
mucin, while non-nicotine containing aerosol did not (Garcia-Arcos
et al., 2016). Additionally, nicotine-exposed mice exhibited lung tissue
destruction consistent with a COPD phenotype and increased phosphor-
ylation of MAP kinase pathway components PKCa and ERK. The authors
proposed a mechanistic model whereby this axis drives the increased
protease and cytokine expression observed in vitro. Rigorous work per-
formed by Madison et al. (2019) provided strong evidence that glycerol/
propylene glycol solvent, independent from nicotine, has a profound
impact on alveolar macrophage function. Glycerol/propylene glycol
inhibited the ability of macrophages to maintain proper surfactant and
lipid metabolism in metabolomics and functional assays and demon-
strated that this compromised metabolism led to attenuated macro-
phage function and reduced ability to fight off an infectious challenge.

Increased oxidative stress in the lungs and BALF has been a common
observation across studies (Blount et al., 2019; Glynos et al., 2018;
Sussan et al,, 2015; Wang, Zhang, et al., 2020), and one study noted a de-
crease in mucociliary clearance, an essential mechanism for lung de-
fense and health (Laube et al., 2017). Sprague Dawley rats exposed to
ENDS aerosol experienced dysfunction of lung redox homeostasis as
measured by a reduction in antioxidant enzymes (catalase, DT-
diaphorase, and superoxide dismutase), reduced systemic antioxidant
capacity, increased reactive oxygen species (ROS), and increased
8-OHdG, a marker of oxidative stress. Additionally, exposure increased
expression of cytochrome P450 enzymes, CYP1A1/2, CYP2B1/2, 2C11,
and CYP3A, which may further alter redox homeostasis (Canistro et al.,
2017). After three days of exposure, propylene glycol/glycerol and
nicotine-containing e-liquids with flavoring caused increased oxidative
stress in the BALF and lung tissue, which persisted after four weeks of
the same flavored e-liquid treatment. The authors suggested that nico-
tine seemed to mitigate solvent effects, but that the addition of flavoring
superseded this mitigation (Glynos et al., 2018). Lastly, after C57BL/6
mice were exposed to e-cigarette aerosol, mucociliary clearance was
significantly lower in the 2.4% compared to the 0% nicotine e-cigarette
group after a three-week exposure regimen, with no significant differ-
ence after one week (Laube et al., 2017). While no gross histological
effects were observed, altered pulmonary mechanics at the whole
organ scale, increased oxidative stress, and decreased mucociliary clear-
ance were caused by acute ENDS exposure, with notable variation caused
by the duration of exposure and addition of flavoring.

6.2.2. Other health effects

Effects of chronic nicotine vaping exposures on non-pulmonary sys-
tems have been documented less extensively. Crotty Alexander et al.
(2018) characterized the impact of inflammatory cytokines, produced
presumably in the lung, on other organ systems and tissues peripheral
to the lung. Chronic exposures of three and six months caused increased
fibrosis in the liver, kidney, and cardiovascular system, reduced renal
function, and gene expression signatures consistent with a pro-fibrotic
phenotype. Studies on the effects of chronic vaping exposure on the ner-
vous system found that mice exposed to a flavored e-liquid formulation
containing nicotine exhibited reduced food intake and increased
locomotor activity (Shao et al., 2019). In another study, exposure to
nicotine-containing e-cigarette aerosol drove a pro-inflammatory phe-
notype in mouse ventricular tissue as measured by transcriptomic pro-
filing. Further investigation demonstrated decreased cardiac fractional
shortening and ejection fractions, and increased atherosclerosis in the
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aortic root of exposed mice (Espinoza-Derout et al., 2019). In summary,
studies using rodent models to evaluate chronic vaping mixture expo-
sures point to both nicotine and carrier solvent components (glycerol/
propylene glycol) disrupting proper lung function. Vaping exposures
in these models negatively affect peripheral organ systems, either
through increased circulating inflammatory factors or through other
pathological mechanisms.

6.3. Effects of pre- and post-natal exposure to ENDS aerosol

6.3.1. Pulmonary system

Rodent maternal exposure to ENDS aerosols causes detrimental
health effects on the offspring's pulmonary system. Preconception and
prenatal exposures to cinnamon-flavored e-cigarettes caused structural
changes to the lung which were associated with the downregulation of
wnt and shh, involved in lung organogenesis (Noel et al., 2020). Neo-
nates exposed to e-cigarette aerosol from 24 h of life had diminished al-
veolar proliferation and impaired lung growth (McGrath-Morrow et al.,
2015). Additionally, maternal exposure to e-cigarette aerosol increased
proinflammatory cytokines (IL-1B, IL-6, TNF-a) in the lungs of both
mothers and offspring, and induced epigenetic changes in the
offspring's lungs (Chen et al., 2018). The pulmonary health effects ap-
pear to be driven, at least in part, by components other than nicotine
(Chen et al., 2018; Noel et al., 2020).

6.3.2. Cardiovascular and reproductive systems

Few studies have investigated the cardiovascular and reproductive
health effects of rodent maternal exposure to e-cigarette aerosol.
Dams exposed to nicotine-containing e-cigarette aerosol had signifi-
cantly reduced blood flow in both maternal uterine artery and the
fetal umbilical artery, signs of early-onset intrauterine growth restric-
tion (IUGR) (Orzabal et al., 2019). Maternal e-cigarette exposure also
significantly delayed the first litter, possibly due to the lack of implanta-
tion sites compared to control mice (Wetendorf et al., 2019). There was
also a non-significant reduction in pup numbers and a decrease in
fertility of male offspring, corroborating evidence from other studies
that e-cigarette aerosol exposure causes a variety of potentially long-
term detrimental health effects.

6.3.3. Nervous system

In general, developmental exposures of nicotine-containing e-
cigarette aerosol caused hyperactive behaviors in both male and female
mice in adulthood (Church et al., 2020; Nguyen et al., 2018, 2019; Smith
et al., 2015). Offspring of dams switched from cigarette to e-cigarette
exposure had more severe behavior deficits than offspring of dams ex-
posed to only e-cigarette aerosol, though the latter offspring were not
without significant behavior deficits (Nguyen et al., 2019). In addition
to hyperactivity, Nguyen et al. (2018) showed that the offspring of
dams exposed to nicotine-containing e-cigarette aerosol during and
after pregnancy had short-term memory deficits attributed to the
nicotine exposure. Additionally, upon maternal exposure, the other con-
stituents of the e-cigarette aerosol were associated with reduced
anxiety-like behavior in the offspring. Studies have identified significant
epigenetic changes including global DNA hypomethylation and alter-
ations to chromatin modifiers in offspring brains (Nguyen et al., 2018,
2019), and several global gene expression changes associated with ad-
verse neurobiological and behavioral outcomes (Lauterstein et al.,
2016). Increased levels of IL-6 and Iba-1 (markers for microglia) were
detected in the brains of adults and juveniles, respectively (Church
et al., 2020; Zelikoff et al., 2018). These studies highlight the long-
term neuroinflammatory consequences of developmental e-cigarette
exposure.

6.3.4. Whole organism effects
Studies on pre- and post-natal effects of exposure to ENDS aerosols
show a general lack of consensus on whether maternal ENDS exposure
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alters the body length and weight of the offspring. Some studies have
found that exposure to ENDS aerosols does not alter maternal weight
in mice (Church et al., 2020) or rats (Orzabal et al., 2019) but it may
alter offspring weight. Some studies have identified no change in
mouse birth length and weight (Chen et al., 2018; Lauterstein et al.,
2016; Nguyen et al., 2018), while others found that maternal mouse ex-
posure to e-cigarette aerosol, with or without nicotine, reduced off-
spring weight and length at birth and for up to four weeks after
(McGrath-Morrow et al., 2015; Nguyen et al., 2019; Noel et al., 2020;
Smith et al., 2015). One of these studies showed that the weight and
length returned to control levels by week 13 (Nguyen et al., 2019), how-
ever, another demonstrated that maternal e-cigarette induction of un-
derweight female offspring persisted until 8.5 months of age
(Wetendorf et al., 2019). The reduction in offspring length and weight
may be driven by nicotine in the e-cigarette aerosol (Nguyen et al.,
2019; Orzabal et al., 2019); however, other constituents may also be
driving the reduction (McGrath-Morrow et al., 2015).

6.4. Non-mammalian models

While rodents are the most commonly used animal models to study
effects of ENDS exposure, other model organisms have been leveraged
and can offer unique advantages.

6.4.1. Zebrafish model

Fish obviously cannot model the specifics of aerosolized insult, but
they can serve as a whole animal biosensor of e-cigarette ingredient
hazard in a model that is both faster and less expensive than rodents
(Holden, Truong, Simonich, & Tanguay, 2020; Truong et al., 2014).
Palpant, Hofsteen, Pabon, Reinecke, and Murry (2015) compared toxic-
ities of tobacco cigarette smoke extract to e-cigarette aerosol extracts
with equal nicotine concentrations of 6.8, 13.7, and 34 uM. Zebrafish
(Danio rerio) embryos were exposed in individual wells until 72 h
post-fertilization (hpf) when evidence of cardiotoxicity was measured.
Although both exposures produced significant cardiac developmental
deficiencies measured by phenotypic abnormalities and heart rate,
zebrafish exposed to tobacco smoke extracts had a higher percent oc-
currence and severity of heart defects, as well as several cardiac gene ex-
pression changes at 24 hpf compared to e-cigarette extract-exposed
zebrafish (Palpant et al,, 2015).

Studies have also utilized zebrafish to understand the developmen-
tal toxicity of individual components of e-cigarette liquid. The carrier
solvent, propylene glycol, caused reduced body size and morphological,
cardiovascular, and neurological effects at concentrations 20-40 times
lower than what is found in e-cigarette liquids (Lahnsteiner, 2008;
Massarsky, Abdel, Glazer, Levin, & Di Giulio, 2017). Propylene glycol
was also capable of causing long-term persistent neurological defects
in adult zebrafish (Massarsky, Abdel, Glazer, Levin, & Di Giulio, 2018).
Developing zebrafish appeared to tolerate propylene glycol, but this
might have been due to lower exposure concentrations (Holden et al.,
2020; Maes et al., 2012). Holden et al. (2020) investigated the toxicity
of several individual nicotine-containing, flavored e-liquid mixtures in
developing zebrafish. Developmental toxicity effects were driven by
the flavorings, not by nicotine, and cinnamaldehyde was the most bio-
active flavor in the model.

6.4.2. Other non-mammalian models

Only a limited number of studies have used other animal models to
understand the effects of chronic exposure to nicotine-containing e-
liquids. Kennedy, Kandalam, Olivares-Navarrete, and Dickinson (2017)
found that a variety of e-cigarette aerosol mixtures induced craniofacial
malformations and reduction of blood supply to the face of African
clawed frog (Xenopus laevis) embryos. The authors noted that nicotine
was not the primary chemical driving the malformations, but rather nic-
otine was exacerbating the effects caused by other e-liquid components
(Kennedy et al., 2017). Studies have also used the nematode
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Caenorhabditis elegans as a model to understand the toxic effects of
both e-liquids and aerosol extracts. Cai et al. (2020) discovered that
both exposures altered the head thrashing behavior and progeny num-
ber, while only the aerosol extract increased nematode body bend be-
havior. Panitz, Swamy, and Nehrke (2015) found that e-cigarette
liquids and their aerosols are capable of causing increased oxidative
stress in nematodes, with propylene glycol being the main driver
(Panitz et al., 2015). These studies demonstrate the cross-phyla cranio-
facial and neurological effects of e-cigarette ingredients.

6.5. Effects of cannabis-containing e-cigarette aerosol

Use of animal models to study the effects of cannabinoid vaping has
placed a greater emphasis on behavioral responses than on endpoints
such as histology and respiratory function. A common approach is to ex-
pose mice or rats to cannabinoids and observe behavioral changes de-
pendent on endogenous cannabinoid receptor CB-1. Rodents exposed
to cannabinoids generally exhibit decreased locomotor activity, body
temperature, and sensitivity to pain. This approach, known as the tetrad
test, assesses hypomotility, catalepsy, hypothermia, and analgesia, char-
acteristic responses to CB-1 agonists (Metna-Laurent, Mondesir, Grel,
Vallee, & Piazza, 2017). Studies that compared effects from traditional
rodent intraperitoneal injection to aerosol inhalation demonstrated dif-
ferent pharmacokinetics, underscoring the importance of inhalation
testing (Javadi-Paydar, Creehan, Kerr, & Taffe, 2019; Wiley, Lefever,
Glass, & Thomas, 2019). These studies found faster onset and shorter
duration for some effects when cannabinoids were vaped compared to
intraperitoneal injection, and that the potency of some compounds dif-
fered by route of administration (Lefever et al., 2017; Nguyen et al.,
2016; Wiley et al., 2019). Another area of active research is how canna-
binoids and other constituents of inhaled aerosols interact. It is known
that vaping exposures represent complex mixtures, but animal studies
are only beginning to explore binary mixtures such as THC and CBD
(Boggs, Nguyen, Morgenson, Taffe, & Ranganathan, 2018; Javadi-
Paydar et al., 2018; Russo & Guy, 2006; Russo, 2011). Because real
vaping exposures are inherently mixtures, modeling the hazard is chal-
lenging and important.

7. In vitro mechanisms of ENDS toxicity

Mechanisms of e-cigarette toxicity have been investigated by expos-
ing monocultures of different cell types directly to e-cigarette liquids.
Recent high-throughput technology improvements have enabled
screens of large e-liquid libraries (Sassano et al., 2018; Wang, Liu, &
Song, 2019). Although these studies are informative, they do not reca-
pitulate in vivo aerosol exposures which include particles and transfor-
mation products. Some studies overcome this limitation by exposing
cells to aerosol extracts (Anderson, Majeste, Hanus, & Wang, 2016;
Farsalinos et al., 2013), and with recent technological advancements, it
is now possible to conduct exposures to both cigarette smoke and e-
cigarette aerosols at the air-liquid interface (Bathrinarayanan, Brown,
Marshall, & Leslie, 2018; Leigh, Lawton, Hershberger, & Goniewicz,
2016; Neilson et al., 2015). In vitro studies are beginning to use more
physiologically relevant co-culture models for e-cigarette mechanistic
studies where the aerosol is delivered directly to the co-culture
(Bathrinarayanan et al., 2018).

The toxic mechanism in vitro is a function of exposure type (aerosol,
aerosol extract, or the e-liquid itself), and cell line (Leslie et al., 2017;
Scheffler, Dieken, Krischenowski, & Aufderheide, 2015), the product
type, voltage, aerosol output (Farsalinos et al., 2013; Leigh et al., 2016;
Leslie et al, 2017; Rowell et al, 2017), duration of exposure
(Bathrinarayanan et al., 2018), nicotine concentration (Cervellati et al,,
2014; Cudazzo, Smart, McHugh, & Vanscheeuwijck, 2019; Lerner et al.,
2015; Schweitzer et al., 2015), and the flavoring chemicals (Al-Saleh
et al.,, 2020; Bahl et al., 2012; Farsalinos et al., 2013; Leigh et al., 2016;
Leslie et al., 2017; Muthumalage, Lamb, Friedman, & Rahman, 2019;
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Romagna et al., 2013). There is plenty of evidence that in vitro cellular
effects are driven by components in the aerosols other than nicotine
(Al-Saleh et al., 2020; Farsalinos et al., 2013; Leigh et al., 2016; Leslie
et al,, 2017; Rowell et al., 2020; Ween et al., 2020). The predominant
mechanisms identified include cell viability and cytotoxicity, oxidative
stress and inflammation, barrier and membrane dysfunction, and
genotoxicity and DNA damage.

7.1. ENDS mixtures - liquids and aerosols
7.1.1. Cell viability and cytotoxicity

7.1.1.1. E-liquids. Numerous studies have found that e-liquid exposures
cause cytotoxicity, noting both nicotine- and flavor-driven effects (Al-
Saleh et al.,, 2020; Bahl et al., 2012; Cudazzo et al., 2019; Lerner et al.,
2015; Rowell et al,, 2017; Sassano et al., 2018). Both e-liquids and ciga-
rette smoke extracts induced cytotoxicity in human lung fibroblasts
causing reduced cell count and increased morphological abnormalities
(Lerner et al., 2015). Exposure to some e-liquids without nicotine re-
sulted in effects similar to propylene glycol exposure, whereas those
with nicotine caused changes more closely resembling those of cigarette
smoke extract (Lerner et al., 2015). Upon exposing BALB/c 3 T3 murine
cells to e-liquids, Cudazzo et al. (2019) observed a nicotine-driven cyto-
toxicity decrease at low concentrations and an increase at high concen-
trations, suggested to be the result of localized effects on acidic
organelles. E-liquids with nicotine decreased Cell Counting Kit-8
(CCK8) activity in rat lung endothelial cells, an indicator of endothelial
proliferation (Schweitzer et al,, 2015). On the other hand, several stud-
ies found that cytotoxicity was positively correlated with increasing
number and height of extract HPLC chromatographic peaks (Bahl
etal., 2012; Sassano et al,, 2018). Notably in one study, cytotoxicity pro-
files were similar when e-liquids were tested directly or first aerosol-
ized, suggesting that even after heating and chemical transformation,
similar toxic effects persisted (Rowell et al., 2017). Screening e-liquids
for cytotoxicity in multiple cell lines, Bahl et al. (2012) and Otero et al.
(2019) concluded that flavoring was the driving toxic factor, and high
nicotine concentration was not correlated with high toxicity. E-liquid
cytotoxicity was driven by both apoptosis and autophagy in human
middle ear epithelial cells (HMEECs), with observations of higher BAX
and caspase 3 expression, lower expression of Bcl-2 and other
anti-apoptotic genes, and accumulation of LC3, an endogenous sign of
autophagy (Go, Mun, Chae, Chang, & Song, 2020). A higher degree of cy-
totoxic effects was observed after the addition of S9 metabolic activating
agent to e-liquid exposed TK6 human lymphoblast cells, indicating
bioactivation of e-liquids to more cytotoxic metabolites (Al-Saleh
et al., 2020).

7.1.1.2. ENDS aerosols and extracts. ENDS aerosols and aerosol extracts
in vitro exert cytotoxicity and reduced viability, altered metabolic activ-
ity, and altered cellular morphology in various cell lines, but effects are
generally less severe than those of tobacco cigarette smoke (Anderson
et al., 2016; Cervellati et al., 2014; Farsalinos et al., 2013; Leigh et al.,
2016; Romagna et al., 2013); however, there are exceptions to ENDS
aerosol hazard. Several studies have reported ENDS aerosols that nei-
ther reduced cell viability nor cell junction integrity in tracheobronchial,
human alveolar basal epithelial, and human bronchial epithelial (HBEC)
cells (Antherieu et al., 2017; Husari et al.,, 2016; Neilson et al,, 2015). In
the larger picture of evidence, these results appear exceptional and
were ascribed to interstudy differences in cell line and exposure para-
digm, such as the number of puffs and duration of exposure used.
Cytotoxicity in many cell lines exposed to ENDS aerosol occurs via
apoptosis (Romagna et al.,, 2013; Rouabhia et al.,, 2017; Sancilio,
Gallorini, Cataldi, & di Giacomo, 2016; Ween et al.,, 2020; Yu et al,,
2016), and some studies have identified programmed necrosis in alveo-
lar macrophage and human umbilical vein endothelial cells (HUVECs)
(Anderson et al, 2016; Scott et al., 2018). Treatment with
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anti-oxidants prevented necrosis and partially rescued apoptosis,
demonstrating possible cell-line specific response profiles and mecha-
nisms of ENDS-induced cytotoxicity (Anderson et al., 2016). Adult
mice exposed to ENDS aerosols had increased levels of oxidative stress
as well as inflammatory responses in the cerebral vasculature (Kaisar
etal,, 2017; Kuntic et al., 2020), but due to the differences in experimen-
tal design, conclusions could not be drawn regarding the role of
nicotine. Another study in a co-culture of HBECs and pulmonary fibro-
blasts identified a caspase-independent mechanism for cytotoxicity in-
duced by e-cigarettes while tobacco cigarette smoke-induced cell death
is caspase-dependent (Bathrinarayanan et al., 2018). While both ENDS
aerosol and tobacco cigarette smoke can cause cell toxicity and have
probable mechanistic overlap, their mechanisms may also differ
substantially.

7.1.2. Oxidative stress and inflammation

7.1.2.1. E-liquids. From in vitro e-liquid exposures, it is still unclear
whether oxidative stress is the primary mechanism of toxicity (Aug
et al., 2015; Bharadwaj, Mitchell, Qureshi, & Niazi, 2017). Bharadwaj
et al. (2017) used whole-cell biosensors in the form of bioluminescent
recombinant E. coli designed to respond to oxidative stress, and noted
repression of sodA and a shift in the intracellular metabolome of
HBECs after e-liquid exposure; however, the addition of antioxidants
ameliorated the effect, suggesting that e-liquid toxicity is at least in
part a result of oxidant-driven mechanisms. The observed metabolome
shift partially overlapped the shift observed after exposure to tobacco
cigarette smoke condensate, indicating that ENDS and cigarette toxicity
mechanisms may share some modes of action (Aug et al., 2015).

E-liquid exposure alters pro-inflammatory cytokines and gene ex-
pression related to immune system defense. Nicotine concentration
and e-liquid flavor can drive e-liquid induced inflammatory responses
in human lung fibroblasts (Lerner et al., 2015). For instance, IL-8 and
IL-6 levels showed dose-dependent increases after exposure of human
tracheobronchial epithelial cells to non-nicotine e-liquid, and the addi-
tion of nicotine only slightly enhanced IL-6 response (Wu, Jiang, Minor,
& Chu, 2014). Exposure of HMEECs to propylene glycol/glycerol and fla-
vored e-liquids similarly increased expression of inflammatory cyto-
kines (COX-2 and TNF-a) and mucin production (Go et al., 2020).
Further, e-liquid exposures with and without nicotine promoted
human rhinovirus (HRV) infection, enhanced HRV-induced IL-6 pro-
duction, and inhibited expression of SPLUNC1, an antimicrobial protein
in the airways that contributes to lung immune defense. Inflammatory
and immune-response effects are important ENDS related stressors, es-
pecially when compounded with additional stressors such as infection
(Wuet al,, 2014).

7.1.2.2. ENDS aerosols and aerosol extracts. In vitro exposures to ENDS
aerosol produces ROS in multiple cell lines (Bathrinarayanan et al.,
2018; Lerner et al.,, 2015; Schweitzer et al., 2015), though a clear picture
of the amount of ROS and its ultimate effect on cells is lacking. Oxidative
stress as a function of ENDS aerosol toxicity is further evidenced by sig-
nificantly altered glutathione levels in the BALF of mice exposed to
ENDS aerosol (Lerner et al., 2015), and induction of various Nrf2 associ-
ated oxidative stress genes in normal human bronchial epithelial cells
(NHBEs) (Solleti et al., 2017). But there are exceptions. One study in
human coronary artery endothelial cells showed that tobacco cigarette
smoke activated Nrf2 and led to its nuclear translocation, while ENDS
aerosol did not (Teasdale, Newby, Timpson, Munafo, & White, 2016).
ENDS aerosols containing nicotine were not cytotoxic to HBECs and
did not increase glutathione levels, but induced IL-6, indicating an in-
flammatory response (Antherieu et al.,, 2017). Several studies detected
induction of both IL-6 and IL-8 (Bathrinarayanan et al., 2018; Lerner
et al., 2015; Muthumalage et al., 2019; Wu et al., 2014), and another
study showed decreased IL-6 in human keratinocyte and lung cancer
cell lines following ENDS aerosol exposure. It is difficult to gauge the
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significance of reductions in inflammatory cytokines following expo-
sure to some ENDS aerosols without further study in animals, or at
least careful comparison of ingredients among those that induce cyto-
kines versus those that do not. On the surface, inflammatory cytokine
reduction would seem a good thing, but it could also indicate an inade-
quate immune response to foreign agents (Cervellati et al., 2014). In ad-
dition to IL-8 and IL-6, several other pro-inflammatory cytokines were
altered in both cell lines as well as in mouse BALF upon exposure to e-
cigarette nicotine aerosols and aerosol extracts, demonstrating a critical
role of inflammation in overall ENDS toxicity (Cervellati et al., 2014;
Leigh et al,, 2016; Muthumalage et al., 2019; Ween et al., 2020; Wu
etal, 2014).

There is evidence that ENDS use adversely affects host defenses,
though the mechanistic basis is unclear. Exposure of isolated human
neutrophils to e-cigarette aerosol extract altered membrane fluidity,
inhibited chemotaxis, NET production, and ROS production (a key
driver of antibacterial activity), and reduced neutrophilic phagocytosis
by 40% (Corriden et al., 2020). The results were confirmed in vivo: in
the peritoneal lavage fluid of mice exposed to ENDS aerosol; the neutro-
phils demonstrated a decreased ability to travel to infection sites. Simi-
larly, other studies demonstrated suppression of macrophage bacterial
recognition receptors (SR-A1 and TLR-2) and apoptotic cell recognition
receptors (CD33 and CD36) (Ween et al., 2020; Ween, Whittall, Hamon,
Reynolds, & Hodge, 2017) and diminished phagocytosis of macrophages
following ENDS aerosol extract. These responses effectively increased
bacterial virulence (Hwang et al., 2016; Scott et al., 2018; Ween
et al.,, 2020). An increase in cell permeability was observed in
NHBEs following infection with Pseudomonas aeruginosa, which
suggested that both immune system and barrier dysfunction were
responsible for lowering host defenses (Crotty Alexander et al.,
2018). ENDS aerosol and aerosol extract exposures lead to dimin-
ished barrier function in other epithelial cell lines against pollutants
which could induce an inflammatory response (Crotty Alexander
et al.,, 2018; Gerloff et al., 2017; Muthumalage et al., 2019).

7.1.3. Barrier and membrane dysfunction

Studies have found that e-liquid exposure affects cellular membrane
integrity, specifically through calcium signaling pathways and transport
protein-related differential gene expression changes. Exposure to e-
liquid with and without nicotine caused general barrier dysfunction in
rat lung endothelial cells, a more potent effect than those seen from
aerosol condensate exposure (Schweitzer et al., 2015). One study dem-
onstrated that only the e-cigarette aerosol, but not the e-liquid, altered
ion transport by alternative chloride channels in CALU3 cells as well as
in HBECs (Lin et al., 2019). The effect was attributed to the production
of acrolein, which plays a role in acquired dysfunction of the cystic fibro-
sis transmembrane conductance regulator (CFTR). Both e-liquid and
aerosolized exposures induced cytosolic calcium (Ca?™) signaling re-
sponse in CALU3 cells, which suggests that this response was primarily
due to initial e-liquid constituents, not metabolites or thermal
degradants (Rowell et al., 2020). Ca®* replacement studies have demon-
strated that the underlying mechanism is an endoplasmic reticulum-
dependent store-operated Ca®* entry (SOCE) response.

7.1.4. Genotoxicity and DNA damage

There is some evidence indicating that e-liquids are genotoxic.
Human lymphoblastoid TK6 cells exposed to select e-liquids elicited
an increase in the median tail moment (TM), indicative of DNA frag-
mentation, with even higher measured DNA damage after the addition
of S9 metabolic agent (Al-Saleh et al., 2020). Using recA recombinant
E. coli that respond to single-stranded DNA breaks, e-liquid exposure
produced measurable DNA damage (Bharadwaj et al., 2017). Biolumi-
nescence of e-liquid-treated E. coli showed a dose-dependent decrease,
potentially from inhibited DNA repair. Interestingly, while e-liquid ex-
posure repressed recA, exposure to solubilized e-liquid aerosol had
the opposite effect and induced recA in a dose-dependent manner,
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suggestive of more DNA damage and corresponding induction of repair
mechanisms in response to aerosol (Bharadwaj et al., 2017).

Double-stranded breaks in DNA are produced in a variety of cell lines
exposed to ENDS mixtures (C. Anderson et al., 2016; Muthumalage
et al., 2019; Ween et al., 2020; Yu et al., 2016). DNA double-strand
breaks in leucocytes and micronuclei formation in reticulocytes have
been observed in vivo in mice exposed to ENDS aerosol, providing fur-
ther evidence for the genotoxic potential of ENDS products (Canistro
et al.,, 2017). Additional mechanisms may lead to DNA damage, such
as increased cellular ROS and decreased total antioxidant capacity
(Ganapathy et al., 2017). DNA damage in HUVECs has been associated
with increased ROS (Anderson et al., 2016). This result is supported by
Moses et al. (2017), who identified several transcriptomic changes asso-
ciated with DNA damage as well as oxidative stress and apoptosis in
HBECs exposed to ENDS aerosol. Notably, one study demonstrated oxi-
dative DNA damage by measuring significantly increased levels of 8-
0x0-dG, a significant ROS-induced DNA damage lesion that is highly
mutagenic. Interestingly, another study assessed genotoxicity of total
particulate matter from both e-cigarette aerosol and e-liquids and
found both to be non-genotoxic in a mouse lymphoma model (Thorne
etal, 2019). Variation in study results may be a product of the different
cell-types used or may simply be attributed to variation between indi-
vidual e-liquids with different constituents, such as flavorings. Overall,
DNA damage seems to be a player in ENDS toxicity by not only leading
to increased cytotoxicity but also by increasing the release of inflamma-
tory mediators (Muthumalage et al., 2019).

7.2. Component toxicity mechanisms
7.2.1. Carrier solvents

7.2.1.1. Liquids. E-liquid carrier solvents have been shown to be non-
cytotoxic across the different humectant ratios (Leslie et al., 2017) and
in multiple cell lines (Bahl et al., 2012). Carrier solvents generally caused
little to no cytotoxicity in these studies; however, mixed results have
been found regarding effects on specific cellular mechanisms. While
one study found that 1% pure humectants did not increase IL-8 release
in fetal human lung fibroblasts (Lerner et al., 2015), another found
that 50:50 propylene glycol:glycerol increased expression of the inflam-
matory cytokines COX-2 and TNF-q, and also increased expression of
MUC5B mRNA, a mucin-related gene in HMEECs (Go et al., 2020).
Rowell et al. (2020) concluded that while e-liquid mixtures induced
calcium-signaling effects in CALU3 cells, 3% propylene glycol/glycerol
(55:45) control exposure did not. Since ratios of humectants vary be-
tween ENDS products, a better understanding of how toxic effects can
change based on the humectant ratio is still needed.

7.2.1.2. Aerosols. Studies have demonstrated mixed results regarding the
mechanisms of toxicity of carrier solvents in various cell lines.
Transcriptomic analysis revealed aerosolized solvent exposures affected
predominantly inflammatory processes in buccal cultures, but cell fate,
cell stress, and inflammatory processes were similarly affected in small
airway cultures (Iskandar et al., 2019). Viability of cultured human
keratinocytes and lung epithelial cells did not change following expo-
sure to aerosolized humectants, but exposure to ENDS aerosol initiated
the release of cytokines and proinflammatory mediators (Cervellati
et al., 2014). HBECs from two different donors exposed to propylene
glycol or glycerol exhibited reduced viability, while only the cells ex-
posed to glycerol aerosols had increased oxidative stress (Scheffler
et al,, 2015). This suggested that propylene glycol aerosols elicit differ-
ent toxic effects compared to glycerol aerosols. Cultured HBECs had al-
tered cellular metabolic activity following exposures to propylene
glycol/glycerol and glycerol-only aerosols, but not propylene glycol-
only aerosols (Leigh et al., 2016). However, in this study, propylene
glycol-only exposures led to an increase in cytokine release compared
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with the other humectant treatment groups, further demonstrating dif-
ferences in propylene glycol and glycerol toxicities.

Collecting lung cells from individuals that have inhaled ENDS aero-
sols has the potential to provide the most accurate and representative
insight into in vivo effects of ENDS use. A recent study of the effects of
ENDS use on inflammatory processes in the human lung analyzed serial
bronchoscopies before and after four weeks of vaping a mixture of
50:50 propylene glycol:glycerol at least twice per day. Unexpectedly,
the results showed no change in inflammatory cell counts, cytokines,
or gene expression (Song et al.,, 2020). More research is necessary to de-
termine if and how inflammatory processes are affected by aerosolized
carrier solvents in ENDS mixtures.

7.2.2. Flavoring chemicals

Flavoring compounds have been identified as sources of toxicity
from ENDS devices; however, compared to the hundreds of flavoring
constituents found in e-liquids, there are relatively few studies address-
ing the specific flavoring chemicals driving ENDS toxicity. Fewer still
have addressed the hazard potential when these compounds are in
mixtures (Marescotti et al.,, 2020). What we know to date is that
cinnamaldehyde and diacetyl have emerged as some of the most haz-
ardous flavoring chemicals.

In one study, upon e-liquid exposure, AQP4, a water channel-related
gene, was significantly increased by 20-fold for propylene glycol/glyc-
erol, 40-fold for tobacco-flavored e-liquid, and 60-fold for menthol-
flavored e-liquid in HMEECs (Go et al., 2020). The epithelial sodium
channel family of genes had significantly decreased expression after
only menthol-flavored e-liquid exposure, suggesting that the e-liquid
effect on membrane function may be exacerbated by flavoring
constituents.

7.2.2.1. Cell viability and cytotoxicity. Certain flavors inhibit cell prolifer-
ation while others induce cytotoxicity, indicating that flavoring con-
stituents may perturb different cellular processes (Rowell et al.,
2017). Cinnamon flavored e-liquids were consistently ranked
among the most cytotoxic to multiple cell types (Bahl et al., 2012;
Otero et al., 2019). Aerosolized cinnamaldehyde resulted in in-
creased cytotoxicity in human pulmonary fibroblasts, human lung
epithelial cells, and human embryonic stem cells. While the lung
cells were unable to recover, the embryonic cells did recover after
exposure (Behar et al., 2016). In a separate study, HBECs exposed
to 2,5-dimethylpyrazine, damascenone, linalool, a-ionone, and
ethyl maltol, but not furancol and vanillin, resulted in decreased
cell index and increased cytotoxicity (Sherwood & Boitano, 2016).
2,5-dimethylpyrazine also altered cellular physiology and ion chan-
nel regulation, which increased ion conductance.

Flavoring compounds also disrupt other cellular functions.
Cinnamaldehyde exposures decreased signaling amplitude, beat rate,
and cell index in human stem cell-derived cardiac myocytes, though
when cinnamaldehyde was heated, the effects of exposure decreased,
suggesting chemical transformation (Nystoriak et al., 2019). In another
study, HBECs exposed to aerosolized cinnamaldehyde temporarily de-
creased ATP production, mitochondrial function, and ciliary activity;
however, all endpoints returned to control levels after 120 min of recov-
ery with no long-lasting effects on cell viability (Clapp et al., 2019). In
comparison, Park, et al. (Park et al., 2019) found that diacetyl and
2,3-pentanedione significantly downregulated genes involved in cilia
processes and significantly decreased the number of ciliated cells, sug-
gesting that both these compounds negatively affected cilia biogenesis.

7.2.2.2. Oxidative stress and inflammation. Multiple studies have
reported that flavoring compounds increase pro-inflammatory
cytokines. Of the commercially available e-liquids tested by Lerner
etal. (2015), Vape Dudes cinnamon roll flavor significantly increased
IL-8 release. Exposure of monocyte-macrophage cells to the flavoring
chemicals acetoin, diacetyl, pentanedione, maltol, ortho-vanillin,
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coumarin, and cinnamaldehyde revealed that all compounds
induced a dose-dependent increase in ROS production. All the tested
compounds resulted in an increase in the pro-inflammatory cyto-
kines IL-6 and IL-8, except for acetoin, which resulted in a statisti-
cally significant dose-dependent decrease in IL-8. Cinnamaldehyde
only resulted in an increase in IL-8 at a high concentration of 100 uM
(Muthumalage et al., 2017). A separate study that tested the same
suite of chemicals found that maltol, pentanedione, and o-vanillin
increased IL-8 levels in human lung fibroblasts (HFL), and acetoin,
diacetyl, o-vanillin, and maltol increased IL-8 levels in HBECs. None of
the tested chemicals increased IL-8 in human transformed lung
epithelial cells (H292) (Gerloff et al., 2017). Similarly, Hickman,
Herrera, and Jaspers (2019) found acetoin, pentanedione, maltol, and
ortho-vanillin induced IL-8 in HFL-1 cells but not in H292 cells. Clapp
et al. (2017) found that cinnamaldehyde was one of the main flavoring
compounds found in e-liquid whole mixtures that resulted in decreased
immune function and increased IL-8 expression. Further investigation
into the effects of cinnamaldehyde alone showed that exposure in
human alveolar macrophages, neutrophils, and natural killer cells re-
duced phagocytosis and cell viability, suggesting that cinnamaldehyde
negatively affects immune function.

7.2.2.3. Barrier dysfunction. HBECs exposed to diacetyl, coumarin,
acetoin, maltol, pentanedione, ortho-vanillin, or cinnamaldehyde re-
sulted in varying degrees of decreased epithelial barrier function. For
example, in one study, 20 min after exposure, diacetyl and coumarin
caused a decrease in trans-epithelial electrical resistance (TEER) and
two hours after exposure, acetoin, maltol, and cinnamaldehyde was as-
sociated with decreased epithelial barrier function (Gerloff et al., 2017).
McGraw et al. (2020) also found that diacetyl aerosol decreases barrier
function in HBECs as measured by decreased TEER, even after a 23-h re-
covery period for the highest exposure concentration (50 mM). Addi-
tionally, up to five days after the initial one-hour exposure to diacetyl
aerosol, the ubiquitin-proteasome system was activated, causing a de-
crease in keratin 5 (Krt5) and ANp63 expression. Inhibition of proteoly-
sis with MG132 prolonged Krt5 protein degradation and prevented
recovery, suggesting that the ubiquitin-proteasome pathway was re-
sponsible for the decrease in Krt 5 protein degradation and basal cell in-
jury (McGraw et al., 2020).

The studies to date suggest that flavoring compounds affect barrier
function, which is important for maintaining tight junctions and inter-
cellular contacts (Anderson & Van Itallie, 2009). More studies are neces-
sary to further understand the extent and the mechanisms by which
flavoring compounds alter barrier integrity.

7.2.24. Genotoxicity and DNA damage. Investigations into ENDS flavoring
chemicals causing DNA damage, or genotoxicity, are lacking. One study
screened flavored e-liquids representing 33 different brands and found
that loaded glazed donut flavor e-liquid induced a higher median tail
moment than the H,0, positive control, and four other e-liquid flavors
induced a higher median tail moment than pure nicotine. A micronu-
cleus (MN) assay revealed that “of the 63 flavored e-liquids, 26 showed
high %MN frequencies (>3-fold that of the untreated cells)” (Al-Saleh
et al., 2020). Ultimately, more research is needed to understand how
flavoring compounds interact with DNA.

7.3. Potential mechanisms of EVALI

Use of cannabinoid vaping mixtures is closely associated with EVALI,
as 80-95% of clinical cases detected THC or its metabolites in the BALF of
patients (Blount et al., 2020; Boudj, Patel, Boudi, & Chan, 2019). A major-
ity of EVALI cases present with characteristic exogenous lipoid pneumo-
nia due to the observation of foamy and vacuolated macrophages in the
BALF (Gay et al., 2020; Ind, 2020). Exogenous lipoid pneumonia is
caused by the accumulation of exogenous lipid molecules in the alveoli,
and the subsequent adverse reaction in lung tissue (Marchiori, Zanetti,
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Mano, & Hochhegger, 2011). Vitamin E acetate (VEA), coconut oil, and
limonene are used as fatty diluents in cannabinoid-vaping mixtures.
VEA is ubiquitous in the BALF of EVALI patients (Blount et al., 2020;
Ind, 2020). Despite the co-occurrence of VEA and THC in BALF from
EVALI patients, we still do not understand exactly how habitual canna-
binoid vaping results in EVALL

The presence of foamy, lipid-laden macrophages in the first reports
of EVALI led to the characterization of the event as an exogenous lipoid
pneumonia (Layden et al.,, 2020; Maddock et al., 2019). Mechanistically,
it is possible that VEA accumulation in the lung disrupts alveolar macro-
phage function and impairs proper homeostasis of surfactant lining the
alveoli, maintained by macrophages. This mechanistic phenomenon
was proposed for propylene glycol/glycerol, where these fatty solvents
caused severely attenuated macrophage function and increased suscep-
tibility to infection (Madison et al., 2019). Another possible mechanism
is that the long aliphatic tail of the vitamin E molecule disrupts surfac-
tant composition through the transition from a gel-like to crystalline
state as increasing concentrations of vitamin E accumulate in the lung
(Blount et al., 2020). A third proposed mechanism is that pyrolysis of
VEA can lead to the generation of highly toxic ketene gas, in addition
to carcinogenic benzene and alkene compounds (Wu & O'Shea, 2020).
The authors demonstrated that significant amounts of ketene gas
could be formed upon thermal decomposition of VEA at temperatures
achieved by vaping devices. At this stage, no single mechanism can be
conclusively distilled from the recent studies, and VEA, despite strong
correlation and a reasonable mechanistic basis, cannot be unambigu-
ously declared the sole agent of EVALI.

8. Summary

Vaping technology continues to expand and its use will grow with-
out strong regulation and public education that mirrors our history of
success in curbing tobacco use. Given that our understanding of the
health effects of vaping lags substantially behind consumer usage, it
would seem premature at best to take solace in the somewhat better
safety profile that e-cigarettes have over tobacco cigarettes. Unlike
many other toxicological challenges, vaping is an intentional exposure
driven by complex aspects of human adolescent and adult behavior.
As the literature overwhelmingly indicates, e-cigarette use can be pro-
foundly hazardous. Consumers deserve, and regulatory bodies require,
a more complete understanding of constituent-dependent toxicity to
their decisions.
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