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ABSTRACT

Electronic cigarettes (ECs) are purported to be tobacco harm-reduction products whose degree of
harm has been highly debated. EC use is considered less hazardous than smoking but is not
expected to be harmless. Following the banning of e-liquid flavors in countries such as the US,
Finland, Ukraine, and Hungary, there are growing concerns regarding the safety profile of e-liquid
flavors used in ECs. While these are employed extensively in the food industry and are generally
regarded as safe (GRAS) when ingested, GRAS status after inhalation is unclear. The aim of this
review was to assess evidence from 38 reports on the adverse effects of flavored e-liquids on the
respiratory system in both in vitro and in vivo studies published between 2006 and 2021. Data
collected demonstrated greater detrimental effects in vitro with cinnamon (9 articles), strawberry (5
articles), and menthol (10 articles), flavors than other flavors. The most reported effects among
these investigations were perturbations of pro-inflammatory biomarkers and enhanced cytotoxi-
city. There is sufficient evidence to support the toxicological impacts of diacetyl- and cinnamalde-
hyde-containing e-liquids following human inhalation; however, safety profiles on other flavors are
elusive. The latter may result from inconsistencies between experimental approaches and uncer-
tainties due to the contributions from other e-liquid constituents. Further, the relevance of the
concentration ranges to human exposure levels is uncertain. Evidence indicates that an adequately
controlled and consistent, systematic toxicological investigation of a broad spectrum of e-liquid
flavors may be required at biologically relevant concentrations to better inform public health
authorities on the risk assessment following exposure to EC flavor ingredients.

Introduction )
of most of the 93 chemicals of concern, are used as

Tobacco smoking remains the leading cause of
preventable deaths globally (World Health
Organization 2019). Tobacco smoke contains
approximately 7000 different chemicals, including
nicotine (National Center for Chronic Disease
Prevention and Health Promotion (US) Office on
Smoking and Health 2014), of which 93 chemicals
of concern are proposed to produce direct/ indirect
harm through inhalation, ingestion, or absorption
into the body (FDA 2012; Hoffmann and
Hoffmann 1997). Some of these toxicants are
responsible for the onset of life-threatening medical
conditions that affect the cardiovascular (Frost-
Pineda et al. 2011), respiratory (Buist, Vollmer,
and McBurnie 2008; Vestbo et al. 2013), and diges-
tive (Doll et al. 2005; El-Zayadi 2006) systems.
Nicotine is responsible for tobacco dependence;
thus, nicotine replacement therapies (NRT), void

smoking cessation aids. It is noteworthy that addi-
tion smoking cessation aids also contain low levels
of volatile organic compounds (VOCs) which may
initiate adverse health effects (Kim, Kim, and Shin
2022). Further, traditional NRTs have protracted
nicotine absorption profiles that take several min
to reach peak plasma concentrations, creating an
unpopular choice for cigarette smoking cessation
aids. Alternatively, electronic cigarettes (ECs) or
electronic nicotine delivery systems (ENDS) are
battery-powered devices designed to vaporize
a nicotine-containing solution (known as e-liquid)
for a relatively rapid and efficient nicotine delivery
system to the brain, which is more comparable to
traditional cigarettes. E-liquids contain propylene
glycol (PG) and/or vegetable glycerin (VG) and
may contain nicotine and/or flavors. ECs, provide
reinforcing sensory and behavioral cues in addition
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to nicotine, which (1) aids in alleviating withdrawal
symptoms, (2) reduce nicotine craving, and (3)
decreases relapse to smoking (Wadgave and
Nagesh 2016).

Nicotine in e-liquids may exist in two distinctive
forms: free-base nicotine or nicotine salts, and the
state of one or the other is determined by the pH of
the e-liquid (Duell, Pankow, and Peyton 2020).
Interestingly, the pharmacokinetics of ECs with
nicotine salts typically match the absorption profile
of a traditional pyrogenic cigarette, thus making
them the most utilized non-tobacco nicotine deliv-
ery systems in the UK (ASH 2021).

There are many variations of EC devices on the
market which are characterized into 4 generations
based upon the device’s structure, reusability, and
voltage (Figure 1). First-generation ECs are dispo-
sable devices that resemble cigarettes. Certain types
resemble pens, screwdrivers, or hookah tips, aiming
to imitate the conventional way of smoking
(Hiemstra and Bals 2016). Compared to the first
generation, the second generation is slightly larger
in shape with a higher voltage lithium battery, and
comprised of a heating element called an atomizer
used to heat e-liquids into vapor (i.e. aerosols) and
a replaceable cartridge or tank to hold refill

solutions (Talih et al. 2015). Third-generation EC
devices are comparable to second-generation; how-
ever, these provide the user more freedom to cus-
tomize components of the device (i.e., low
resistance ‘sub-ohm’ heating coils) and adjust tem-
perature and power. Low resistance, high power
settings enable vapers to ‘cloud-chase’ - consuming
greater volumes of e-liquid to generate higher
amounts of aerosol. Finally, the fourth generation
of ECs is referred to as pod mods, which resemble
some of the first EC devices in shape; however,
these items are refillable and rechargeable using
a USB cable. These e-liquids predominantly con-
tain nicotine salts permitting a quicker nicotine
delivery to the brain.

Electronic cigarette use, recent trends, effectiveness
& potential hazards

In 2021, after 16 years of commercial availability,
an estimated 3.6 million adults comprising ex-
smokers (64.6%) or dual users (30.5%) and rela-
tively few never-smokers (4.9%) were EC consu-
mers in Great Britain (ASH 2021). An increase in
the proportion of ex-smokers and a fall in current
smokers using EC over time is thought to be due to

1 & ! I

First generation

Second generation

Third generation  Fourth generation

(Cig-a-Like) (Vape-Pen) (Box Mod) (Pod Mod)
Design CC Style Pen Style Tank Style Pod Mods
Battery Voltage ~3.7-4.2V ~3.7-6V ~6-8V ~3-8V
Disposable v X X
Refillable cartridge X v v
Components X v X
customization
Voltage-Wattage setup X v X

Figure 1. Different generations of EC devices and their main differences. The figure was produced with Biorender.com.



the general perception that ECs are a safer alter-
native to tobacco smoking and therefore used as
a smoking cessation aid (ASH 2020). A review com-
missioned by Public Health England of available
evidence suggested that ECs are at least 95% less
harmful to health than tobacco smoking (McNeill
et al. 2018). Therefore, smokers who switched com-
pletely to EC-only use are expected to improve their
long-term health compared with those that con-
tinue to smoke (McNeill et al. 2018).

Although ECs are considered less hazardous
than cigarettes, it is less clear how harmful EC use
as evidenced by oncogenicity (Bracken-Clarke et al.
2021) is compared with not using EC, especially in
former smokers. EC users avoid or reduce exposure
to most of the 93 toxicants in combusted tobacco
smoke. It is considered that approximately 80% of
cigarette smoke-induced cardiovascular toxicity is
attributed to the first 1-3 cigarettes per day
(Gallucci et al. 2020). This is likely in contrast to
vaping because carbon monoxide (CO) and many
other toxicants are not generated during vaping.
However, in addition to nicotine, EC users are
also exposed to PG, VG, flavor compounds, VOCs
and both degradation and condensation bypro-
ducts formed during the heating of e-liquid to gen-
erate an inhalable aerosol (Kim, Kim, and Shin
2022; Schick et al. 2017). It appears that the com-
position of the e-liquid and repeated dosing or
vaping “behavior” may be responsible for the
observed toxicity. Burgwardt et al. (2020) reported
that Valsalva vaping may enhance exposure to
harmful constituents such as flavoring in the EC
aerosol vaper. Valsalva vaping is achieved when EC
users over-inhale and then forcefully exhale to
eliminate the vapor, which is usually produced in
greater quantities than that generated by
a conventional cigarette. Concerns exist that EC
use may be associated with the onset of various
adverse health effects related to the cardiovascular
(Bhatnagar 2016; Schweitzer, Wills, and Behner
2017) and lung diseases (Chun et al. 2017;
Moazed and Calfee 2017). Data in animals suggest
that short-term or long-term exposures to EC aero-
sols might result in cardiovascular remodeling dri-
ven by PG/VG vehicles, with nicotine potentially
playing a protective role (Neczypor et al. 2022).
Analyses of the variety and concentrations of EC
aerosol toxicants infer that EC aerosol is less
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harmful than tobacco smoke (Azzopardi et al.
2016); however, the presence of lower concentra-
tions of tobacco-related toxicants indicates these
substances are not likely to be risk-free.

Several investigators reported the presence of
hazardous carbonyl compounds such as formalde-
hyde, acetaldehyde, glyoxal, and acrolein in EC
aerosol (Bekki et al. 2014; Etter, Zither, and
Svensson 2013; Ogunwale et al. 2017; Schober
et al. 2014) and tobacco-specific N-nitrosamines
(TSNA) in e-liquids and their aerosols (Farsalinos
et al. 2015). Acetaldehyde and formaldehyde are
recognized carcinogens (Feron et al. 1991; Roe
and Wood 1992), and acrolein is a cardiovascular
toxicant (Arman and Isisag Ugiincii 2020;
DeJarnett et al. 2014). Tobacco-specific
N-nitrosamines are carcinogenic compounds
formed from the curing and processing of tobacco
leaves through nitrosation of nicotine and related
tobacco alkaloids (Bush et al. 2001; Wang et al.
2017). Conflicting evidence exists from (Farsalinos
et al. 2015; Goniewicz et al. 2014a; Kim and Shin
2013; Laugesen 2008; U.S. Food and Drug
Administration 2009) to suggest that ECs are
a source of TSNA exposures; however, it is physio-
logically possible that endogenous formation might
originate from nicotine through nitrite exposure in
the saliva (Knezevich et al. 2013), acidic stomach, or
microbiome-mediated nitrosation at different sites
(Ziebarth 1997). Traces of toxic metals such as
cadmium, nickel, and lead originating from EC
devices (Goniewicz et al. 2014a) are also found in
the blood and urine of EC users (Aherrera et al.
2017; Badea et al. 2018; Goniewicz et al. 2018; Jain
2019;). Exposure to these metals is known to induce
nasal and lung cancers and developmental defects
(Hsueh et al. 2017; Jaishankar et al. 2014; Son
2020). Further, EC refills and aerosols contain vola-
tile organic chemical compounds like benzene,
toluene, xylene, and styrene (BTXS) (Schober
et al. 2014), albeit at substantially lower concentra-
tions than in tobacco smoke (Margham et al. 2016).
Previous epidemiological studies found that indivi-
duals who are chronically exposed occupationally
to BTXS (individuals or mixtures) exhibit a lower
peak expiratory flow [PEF, litter per second (L/s)]
and 25-75% of forced expiratory flow (FEF25~75%,
L/s) (Liao et al. 2022). In addition, occupational
exposure to BTXS was linked to risks of prostate
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(Blanc-Lapierre, Sauvé, and Parent 2018) and lung
cancer (Warden et al. 2018). In addition to this
evidence, concerns over increasing utilization by
young individuals and the potential for youth EC
use to progress to tobacco smoking led to regula-
tions restricting their use in many countries. In the
UK alone, there has been a 3% rise in EC use among
young people between the ages of 11-17 from 2020
to 2022 (ASH 2022). Although there are some reg-
ulations regarding the use of EC in the EU, the
Tobacco Products Directive 2014/14/EU (TPD)
introduced new restrictions on nicotine concentra-
tion and size of EC refill containers, the govern-
ment needs to ensure existing laws are enforced and
identify where regulations could be extended.

Electronic cigarette flavorings

The flavoring compounds used in EC e-liquids are
generally regarded as safe (GRAS) for ingestion and
employed extensively in the food industry.
However, there are concerns regarding EC flavor-
ing toxicity following inhalation using EC as evi-
dence for safety following has not been extensively
investigated (Farsalinos et al. 2013; Khlystov and
Samburova 2016; Leigh et al. 2016; Sundar et al.
2016). In 2014, there were an estimated 8000 fla-
vored e-liquids on the market, which has likely
increased significantly (Zhu et al. 2014). Initially,
the most popular EC flavors in the UK mimicked
the flavors of tobacco products including cigarettes,
cigars, or pipe tobacco and menthol (ASH 2021).
However, preferences have shifted more recently to
fruity flavors, and the popularity of other flavors
such as desserts, candy or beverages has also risen
(ASH 2021). Unfortunately, some product names
and flavors provide little information regarding the
flavor category such as unicorn blood, truth serum
or snake oil let alone their likely constituents. The
vast number of products and presence of hard-to-
categorize product names led the Dutch National
Institute for Public Health and the Environment
(RIVM) to develop a flavor wheel (Kriisemann
et al. 2019),which groups e-liquids into 13 flavor
categories: candy, dessert, other sweets, fruit, alco-
hol, coftee/tea, other beverages, spices, nuts,
menthol/mint, tobacco, and unflavored, based
upon the chemical composition of the e-liquid.

Table 1 presents the main flavoring chemicals in
several flavors in e-liquids.

Flavor additives in food may undergo enzymatic
metabolism, which might produce fewer toxic
metabolites due to phase I and II metabolism (Del
Olmo, Calzada, and Nuifiez 2017). In contrast,
exposure to GRAS-like substances by inhalation
after thermal degradation may produce pharmaco-
logically active compounds that produce severe
adverse health effects (Fedan et al. 2006). Rose
(2017) reported that occupational diacetyl inhala-
tion exposure might lead to bronchiolitis obliterans
(BO), more commonly referred to as “popcorn
lung.” Bronchiolitis obliterans induced severe
coughing, wheezing, and shortness of breath,
symptoms resembling chronic obstructive pulmon-
ary disease (COPD) (Aguilar, Michelson, and
Isakow 2016). van Rooy et al. (2007) conducted an
epidemiological study in the Netherlands suggest-
ing a causal link between BO and chemical workers
producing diacetyl for food flavorings. The British
Medical Association (BMA) believes flavors’ safety
should be closely monitored as evidence for poten-
tial adverse effects are emerging after heating and
inhalation of e-liquid aerosol (Sassano et al. 2018).
The medicines and healthcare products regulatory
agency (MHRA) collects UK reports of EC’s harm-
ful effects and safety concerns through their yellow-
card scheme (https://yellowcard.mhra.gov.uk/).

The EU TPD established a priority list of 15
potentially harmful additives (Havermans et al.
2022) that needs to not be contained in EC based
upon the published literature. These include flavor-
ing additives and chemicals such as guaiacol, ger-
aniol, menthol, ethyl maltol, and diacetyl. Since
2016, diacetyl has also been banned from e-liquids
in the UK, whereas flavors containing menthol and
ethyl maltol are still available.

Flavors in e-liquids, as mentioned earlier, may
contain pharmacologically active compounds
(Clapp et al. 2019). Several investigators found
that mint flavors contain menthol or menthone
(Pereira et al. 2013), and candy flavors including
vanillin and cinnamaldehyde (Kriisemann et al.
2019). Fruit flavors might contain 3-hexen-1-ol
(apple) or methyl anthranilate (berry), and others
(Tierney et al. 2016) (Table 1). Menthone is the
ketone analog of menthol. Menthol (I-menthol) is
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Table 1. Flavors in e-liquid and some of the main flavoring chemicals they are composed of.

Common flavors with chemical

Flavoring chemical

agents

References

Cinnamaldehyde, 2-methoxycinnamaldehyde Cinnamon
3,4-Dimethoxybenzaldehyde Cherry
2,5-dimethylpyrazine Chocolate

Maltol, ethyl maltol

Menthol, Menthone Mint

p-Anisaldehyde Anise

Benzaldehyde Almond

Vanillin, O-vanillin Vanilla

Hexyl acetate, Apple
3-Hexen-1-ol

Isoamyl acetate Banana

Methyl cinnamate

Methyl anthranilate

Other flavoring agents less known: Damascenone (a or f),
3-methyl-1,2- cyclopentanedione, acetamide, linalool,
terpineol, citral, corylon, anisaldehyde, trimethylpyrazine,
eugenol, benzaldehyde, limonene

Berry

Caramel, Vanilla

Balsamic, Strawberry

Miscellaneous

Behar et al., 2014; Gerloff et al., 2017)

Kavvalakis et al., 2015)

Kavvalakis et al., 2015)

Gerloff et al., 2017; Tierney et al.,2016)

Berkelhamer et al., 2019)

Behar et al., 2018a; Berkelhamer et al., 2019;
Noél et al. 2020b)

(Behar et al., 2018a; Berkelhamer et al., 2019)

(Behar et al., 2014; Gerloff et al., 2017; Muthumalage
et al. 2018)

(Kerasioti et al., 2020; Kim et al., 2018)

(
(
(
(
(
(

Fetterman et al., 2018)
Berkelhamer et al., 2019; Leigh et al,,2016)
Tierney et al. 2016)

(
(
(
(Gerloff et al., 2017; Tierney et al., 2016)

a naturally-occurring agonist for the cold transient
receptor potential melastatin 8 (TRPMS8), which is
functionally expressed in the airways (Sabnis et al.
2008). Due to the efficacy of menthol in inhibiting
cigarette-induced cough via the TRPMS, it was
added to tobacco as a ‘flavoring’ (Lin et al. 2018).
Moreover, the masking of the harshness and irri-
tancy of tobacco underpins the initiation of more
intense and protracted smoking (Wickham 2020).
This effect contributes to the inclusion of menthol
in the EU TPD list of potentially harmful tobacco
additives, yet there is a widespread use of menthol
in e-liquids.

Vanillin and cinnamaldehyde are TRPV1 and
TRPA1 agonists, respectively, which are also func-
tional in the airways (Wang et al. 2019). Therefore,
activation of TRPMS8, TRPA1, and TRPV1 through
EC usage may alter normal physiological responses
of the airways. The effects of other chemical con-
stituents of flavors, such as 3-hexen-1-ol and
methyl anthranilate, warrant further investigation.
Unsurprisingly, the largest category on the flavor
wheel, given its popularity in the UK, is fruit, which
the National Institute for Public Health and
Environment (RIVM) in the Netherlands subcate-
gorized into groups (tropical, citrus, berries, and
others) in the flavor wheel (Kriissemann et al.
2019). Not explicitly covered by the flavor wheel,
tobacco e-liquids may be sub-divided into those
that extract flavor compounds directly from
tobacco and those using synthetic flavorings to
simulate tobacco taste.

There is little to no direct evidence of the tox-
icological effects of EC flavors in humans. To date,
studies of EC flavor-induced are primarily in vitro
studies in human cell lines, with a handful of inves-
tigations conducted in vivo. Therefore, this review
aimed to systematically synthesize and critically
evaluate published data on flavored e-liquids and
their effects on the respiratory system to identify
EC flavors and flavor chemicals most associated
with adverse respiratory effects. A secondary aim
was to investigate whether the outcomes observed
in vitro are reflected by adverse effects reported
in vivo. Finally, a potential ‘gold standard’ approach
is proposed for future EC investigations regarding
the experimental method, which may help reduce
inter studies discrepancies. This is the first systema-
tic review to focus specifically on the toxicity of EC
flavors on the respiratory system. It may help
researchers identify the essential EC flavors and
chemicals that need to be the focus of further
investigations, including risk assessments that may
advise regulators on meaningful and appropriate
e-liquid ingredient regulation.

We acknowledge that Stefaniak et al. (2021) pub-
lished a systematic review with a search engine
dating only 8 months prior to our search com-
mencement. Although their review contained
a comprehensive description of EC and of pub-
lished evidence on flavored-e-liquid toxicity across
different in vitro biological models and in vivo sys-
tems, our review focuses on the effects specifically
on the pulmonary system. Although the Stefaniak
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et al. (2021) review summarized the published data,
our aim was to be more critical and questioning of
the published data, including 1) contributions of
nicotine and inconsistencies across studies, 2) effect
of vehicle/PG/VG, and lack of appropriate controls
in many studies 3) potential additive effects of
nicotine 4) although a mention of primary cells
being more sensitive than immortalized cell lines
was made, no differentiation between normal and
cancer-derived cell lines was done 5) there was no
discussion on the appropriate dose and minimal
discussion on the dose-response relationship and
improvement this gives to overcoming uncer-
tainty 6) there were little interstudy comparisons 7)
there was little explanation for differences in obser-
vations between air-liquid interface (ALI) and sub-
merged cultures. It is appreciated that several of
these points were raised in their knowledge gaps
section, but a critique of the current evidence
regarding these gaps was not provided. Therefore,
a critical assessment of the literature was under-
taken and where the results allow for a misleading
interpretation of flavor toxicity, this has been dis-
cussed this in detail, which separates our approach
significantly from that of Stefaniak et al. (2021).

Methods
Data sources and searches

A literature search was completed in
November 2020, which was updated in
November 2021, using Scopus and healthcare data-
base advanced search (HDAS) (including CINAHL,
EMBASE, MEDLINE, PsychINFO, PubMed.
Retrieved articles on in vitro and in vivo studies
were published between 2006 and 2021 Keywords
included terms to capture concepts associated with
e-cigarettes, flavors, and the respiratory system.
The search stream here pasted was used for
HDAS search - (((((electronic cigarette OR electro-
nic nicotine delivery system OR electronic non-
nicotine delivery system OR e cigarette OR e-cigar-
ette OR e-cig OR e cig) AND (flavor OR flavor OR
flavoring OR flavoring OR flavoring agents OR
Flavoring agents OR Flavored OR Flavored))
AND (lung OR alveolar OR bronchial OR pulmon-
ary)).title, abstract, key. Whereas the search stream
below was used for our Scopus search — ((TITLE-

ABS-KEY (“electronic cigarette”)) OR (TITLE-ABS
-KEY (“electronic nicotine delivery system”)) OR
(TITLE-ABS-KEY (“electronic (non) nicotine
delivery system”)) OR (TITLE-ABS-KEY (“e cigar-
ette”)) OR (TITLE-ABS-KEY (“e-cigarette”)) OR
(TITLE-ABS-KEY (“e-cig”)) OR (TITLE-ABS-
KEY (“e cig”))) AND ((TITLE-ABS-KEY (flavor))
OR (TITLE-ABS-KEY (flavor)) OR (TITLE-ABS-
KEY (flavoring)) OR (TITLE-ABS-KEY (flavor-
ing)) OR (TITLE-ABS-KEY (“Flavouring agents”))
OR (TITLE-ABS-KEY (“Flavoring agents”)) OR
(TITLE-ABS-KEY (“Flavoured”)) OR (TITLE-ABS
-KEY (“Flavored”)) AND (TITLE-ABS-KEY
(lung)) OR (TITLE-ABS-KEY (alveolar))) AND
((TITLE-ABS-KEY (lung)) OR (TITLE-ABS-KEY
(alveolar)) OR (TITLE-ABS-KEY (bronchial)) OR
(TITLE-ABS-KEY (pulmonary))) AND (LIMIT-
TO (DOCTYPE, “ar’)) AND (LIMIT-TO
(LANGUAGE, “English™)))))).

Selection and exclusion criteria

Retrieved articles were screened, duplicates were
eliminated, and remaining citations were organized
in Zotero (George Mason University, Virginia) fol-
lowing Preferred Reporting Items for Systematic
Reviews (PRISMA) guidelines. Only primary arti-
cles published in English were included. After
a manual screening of titles and abstracts within
the 225 and 74 records from HDAS and Scopus,
respectively, 38 primary articles (one paper outside
the search string) met the inclusion criteria for this
systematic review (Figure 2).

Results

The search stream included 28 in vitro studies
where human cell lines were exposed to flavored
e-liquids, 5 articles were e-liquid chemical compo-
sition studies, and 5 reported studies where rodents
(mice and rats) were exposed to flavored e-liquids.
Analysis of the 38 included reports and their
reported adverse effects of flavors are summarized
in Tables 2,3,4,5, and 6.

Most in vitro investigations on cells were carried
out on at least two different cell lines belonging to
one of the three classes of the cell line: primary (5
articles), immortalized normal (15 articles), and
cancerous pulmonary cells (13 articles). Therefore,
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225 records

(Initial Search
October 2020)

identified from HDAS

74 records identified
from Scopus
(Initial search

October 2020)

Manual screening to
exclude 149 records.
Duplicates were eliminated | _
and only primary research
articles were included.

Y

screened

76 titles and abstracts

|

| cross \
" SCREENING [*

37 Publications

excludes:
» Conference abstracts
* Non peer-reviewed articles

\

included

1 Publication
- added

5 in vitro
chemical
components
studies

Y A

28 in vitro cell 5 in vivo
studies animal
studies

Figure 2. PRISMA flowchart. Articles were retrieved from HDAS and Scopus databases. Primary research articles that met the selection
criteria were included irrespective of the year of publication. The figure was created with Lucidchart.com.

we have subdivided the reporting of these papers
based on the cell lines used in Tables 2, 3 and 4. The
mint/menthol (10 articles) was the most frequently
reported to demonstrate harmful effects, followed
by cinnamon flavor (9 articles) and strawberry (5
articles) in cytotoxicity assays, metabolic activity
assays, and pro-inflammatory biomarkers assays.
Similarly, cinnacide (cinnamon-contained),
black licorice, banana pudding, vanilla, and
tobacco-induced differential toxicity in vivo
(Table 6). Toxic effects observed in vivo include
but are not limited to increased levels of pro-
inflammatory cells in bronchial alveolar lavage
(BAL), MUC5AC (the predominant mucin glyco-
protein produced by respiratory epithelium that
normally protects against infection but when over-
expressed is associated with respiratory diseases
like asthma and COPD) production, and oxidative
stress markers. There were no human studies where

the effects of flavors on the respiratory system were
investigated.

Discussion

This systematic review screened literature to deter-
mine which e-liquid flavors and flavoring agents (if
any) elicit adverse effects in the airways. The studies
identified several flavor categories demonstrating
toxicity (Tables 2, 3 and 4), suggesting that several
flavor chemicals might adversely affect respiratory
cells. However, the most frequently reported e-liquids
eliciting adverse responses were cinnamon, menthol,
and strawberry flavors. It is unclear whether these
flavors are the most frequently reported toxic as
these are the most investigated. Further, it is unclear
which flavoring chemical plays the critical role in the
toxicity of strawberry-induced pulmonary cells; none-
theless, cinnamaldehyde and menthol are the primary
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components of cinnamon and menthol flavors,
respectively (Clapp et al. 2017; Omaiye et al. 2019),
which were found to activate TRPS. Several investiga-
tors showed induction of oxidative stress, inflamma-
tion and disruption of pulmonary barrier
functionalities following e- liquids flavor exposure
(Behar et al. 2014; Clapp et al. 2019, 2017; Lamb,
Muthumalage, and Rahman 2020; Muthumalage
et al. 2019, 2018). The mode of toxicological actions
for many of the flavors in e-liquids is elusive. Still,
evidence suggests that flavors such as cinnamon,
menthol, strawberry, tobacco, and many others either
induce one or more of the following adverse effects:
mitochondrial dysfunction, cell death, ROS produc-
tion, and dysregulation of inflammatory cytokines
(Tables 2, 3, 4 and 6). Given that cinnamaldehyde
and menthol might activate TRPA1 and TRPMS,
respectively, the adverse effects observed attributed
to cinnamon and menthol may occur via the TRPs.
Nonetheless, a few omissions were identified such as
(1) absence of appropriate controls, (2) lack of valida-
tion for the experimental model, and (3) justification
for concentrations used, which may impact inter-
study comparisons and variability and hinder accu-
rate interpretation of results. As such, it is recom-
mended that experimental approaches be employed
to reduce discrepancies in the toxicity testing of EC
flavorings in future studies.

Adverse effects of flavored e-liquids

The evidence presented in this review suggests that
flavors in e-liquids are not non-hazardous.
Evidence regarding the risk of e-liquids might be
biased or affected due to the limited number of
appropriate toxicological studies. The most fre-
quently reported adverse effects are reduced cell
count and viability, altered pro-inflammatory bio-
markers, cytokine release, and increased oxidative
stress (Figure 3 for a schematic overview). These
effects mentioned are consistent across pulmonary
cell types, including normal and cancerous cells,
large and small airway epithelial cells, alveolar
epithelial cells, pulmonary smooth muscle, fibro-
blasts, and alveolar macrophages. Although there
are no apparent studies where the sensitivity to
different flavored e-liquids across primary, normal
immortalized, and cancerous cells are simulta-
neously probed; nonetheless, in this review,

primary cells and normal immortalized cells are
seemingly more susceptible to the adverse effects
of flavored e-liquid exposures than cancerous cell
lines (Tables 3 and 4) (Leslie et al. 2017; Pinkston
et al. 2020).

Immortalized human cell lines are normal cells
artificially manipulated to proliferate indefinitely.
In contrast, cancer cell lines are transformed cells
with mutations in oncogenes and tumor suppressor
genes. There is evidence to suggest that cancer cells
have increased levels of antioxidant enzymes such
as superoxide dismutase and catalases compared to
healthy cells, potentially as a defense mechanism
against oxidative stress or to promote DNA damage
and cancer progression (Asaduzzaman Khan et al.
2010; Chung-man Ho et al. 2001; Sun et al. 1989).
Given the differential expression of antioxidant
enzymes in cancer cells vs. primary and normal
cells, this may contribute to the inter-studies varia-
bility conducted on EC flavors toxicity. Therefore,
caution needs to be taken in interpreting and draw-
ing conclusions regarding findings obtained from
experimental models that may not reflect normal
human cellular physiology.

Currently, there is no standardized protocol for
physiologically relevant EC exposure dosage ranges
in vitro or in vivo. Most studies carried out dose-
response investigations (Behar et al. 2018a; Bengalli
et al. 2017; Ganguly et al. 2020; Leslie et al. 2017;
Lucas et al. 2020; Rowell et al. 2017). Decrease in
cell proliferation and viability are indicative of
increased cytotoxicity. A concentration-dependent
decrease in cell proliferation and cell viability was
observed (Tables 2, 3 and 4) with a mixture of
tobacco, coconut, vanilla, and cookie (Lucas et al.
2020), hot cinnamon, menthol tobacco, black cigar
(Rowell et al. 2017), butter finger and caramel
(Behar et al. 2018a) following cellular exposure.
Further, a combination of single-dose and multi-
ple-dose studies reported that menthol (Czekala
et al. 2019; Lamb, Muthumalage, and Rahman
2020; Muthumalage et al. 2019), blueberry and
tobacco (Czekala et al. 2019), cinnamon (Behar
et al. 2014; Rowell et al. 2017), menthol tobacco
and kola (Rowell et al. 2017), and creamy/buttery
and caramel (Behar, Wang, and Talbot 2018b)
demonstrated the most significant effects were
mitochondrial dysfunction in airway epithelial
cells suggesting some role for induction of



mitochondrial-induced apoptosis. In addition, cin-
namon (Noél et al. 2020b), menthol (Muthumalage
et al. 2019), and créme bralée flavor (Pinkston et al.
2020) showed the most significant increase in pro-
duction of markers of oxidative stress such as reac-
tive oxygen species (ROS) and reactive nitrogen
species (RNS) in bronchial epithelial cells
(Figure 2). ROS and RNS are highly reactive che-
mical molecules intrinsic to cellular functioning
when maintained at low normal cell levels. Still,
excess ROS and RNS formation induces damage
to cellular macromolecules, including DNA affect-
ing normal cell functions (O’Farrell et al. 2021).
Several studies investigated the ability of flavored
e-liquids to induce differential expression of pro-
inflammatory cytokines in pulmonary epithelial
cells (Clapp et al. 2019; Pinkston et al. 2020; Ween
et al. 2020b), basal cells (Zahedi et al. 2018), and
lung fibroblasts (Behar et al. 2014; Lucas et al. 2020;
Omaiye et al. 2019b). Although Bahl et al. (2012);
Leigh et al. (2016); Lucas et al. (2020); Rowell et al.
(2017) explored different ranges of flavored e-liquid
concentration, none of these justified the relevance
of the applied dosages concerning human exposure.
Lucas et al. (2020) investigated the concentration-
dependent effects on IL-8 release but found that the
highest concentrations of flavor e-liquid (0.5% or
1%) did not induce a marked change in IL-8
whereas 0.25% elevated the levels. It is unclear
why this ‘bell-shaped’ effect was noted with
a mixture of tobacco, coconut, vanilla, and cookie.
However, it might be that higher concentrations
failed to induce a rise in IL-8 as a consequence of
enhanced cytotoxicity (Lucas et al. 2020). IL-8 is
a potent chemokine that is critical in leukocyte
infiltration during inflammation. IL-8 levels were
elevated by chocolate, banana, cinnamon, tobacco,
and a mixture of tobacco, coconut, vanilla, and
cookie flavors in lung epithelial cells and pulmon-
ary fibroblast. In Tables 2, 3 and 4, menthol, cinna-
mon, cool cucumber, classic menthol, and caffe’
latte flavored e-liquids produced increased release
of pro-inflammatory biomarkers (IL-183, IFN-vy, IL-
17) in lung epithelial cells. Coffee enhanced the
release of IL-6, CXCL1, and CXCL2, whereas straw-
berry elevated the release of IL-1£3, IL-10, CYCLI,
CXCL2, and CXCL10. IL-1{3, CXCL1, and CXCL2
which are pro-inflammatory cytokines (Leigh et al.
2016). IL-10 is an anti-inflammatory cytokine, and
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IL-6 functions as either pro- or anti-inflammatory
depending upon the phase of inflammation at
which it is released. In contrast, in a separate
study, apple flavor reduced the pro-inflammatory
cytokines secretion of TNF-a, IL-6, IP-10, MIP-1a,
and MIP-1 (Ween et al. 2020b). Tables 2, 3 and 4
show that EC liquid flavors increased pro-
inflammatory biomarkers, predominantly in pul-
monary epithelial and fibroblast cells. The release
of cytokines by the lung epithelium leads to recruit-
ment, activation, and differentiation of innate and
adaptive inflammatory cells: macrophages, neutro-
phils, B cells, and T cells. Although not many
investigators  assessed flavor-induced pro-
inflammatory cytokines in immune cells in vitro,
cinnamon suppressed alveolar macrophage phago-
cytosis in vitro (Clapp et al. 2017), suggesting pro-
longed exposure to cinnamon flavor may impact
the resolution of lung inflammation. The proposed
mechanism for this effect is elusive but likely via
might involve one its predominant constituents,
cinnamaldehyde. The latter was found to inhibit
the toll-like receptor (TLR) subtype 4 activation
(Youn et al. 2008), which subsequently might play
a key role in macrophage phagocytosis (Skjesol
et al. 2019). In alveolar macrophages, phagocytosis
is critical for (1) defense against invading patho-
gens, (2) removal of dead cells or foreign particles,
and (3) resolution of inflammatory responses and
tissue remodeling, processes that are mediated by
various surface receptors, including TLRs (Micera
et al. 2016; Paradowska-Gorycka 2015). Evidence
suggests that the resolution of respiratory inflam-
mation may be altered in users of cinnamon flavors.

In vitro observations following flavored-e-liquid
exposures were mirrored in the few in vivo animal
studies on EC-mediated toxicity. Cinnacide, whose
active flavor ingredient is cinnamaldehyde, and
black licorice produced alterations in airways
inflammation in vivo (Chapman et al. 2019)
(Table 6) by lowering numbers of eosinophils and
increasing number of macrophages, respectively, in
BAL in allergenic airways disease utilizing adult
Balb/c mouse model (males and females). In con-
trast, vanilla elevated number of dendritic cells,
CD4+ cytotoxic T cells, and CD19 + B cells infiltra-
tion in the C57BL/6 mouse (female) lungs (Szafran
et al. 2020). Further, the effects of cinnamon-flavor
exposure in Balb/c pregnant mice and their
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offspring showed that preconception flavor expo-
sure increases lung tissue fraction at birth com-
pared to non-exposed groups (Noél et al. 2020a),
suggesting that cinnamaldehyde may be terato-
genic. Glynos et al. (2018) noted a flavor effect on
broncoalveolar lavage fluid (BALF) markers, such
as elevation in malondialdehyde and BALF protein
carbonyls levels, increased BALF macrophages
number, elevated IL-1P and IL-6 levels, and rise in
BALF total cell count in an acute C57BL/6 male
mice exposure. Werley et al. (2016) demonstrated
that addition of flavor (flavor type unknown) did
not impact pulmonary toxicity in a chronic
Sprague-Dawley rat (female and male) exposure
study. However, the effects observed were driven
by the PG/VG vehicle (Table 6). Taken together,
the reported in vivo animal studies suggest poten-
tial adverse lung effects for at least some flavored-
e-liquids on the pulmonary system in rodents irre-
spective of strain and/or gender.

It is recognized that caution needs to be taken in
interpreting the in vivo studies on EC-initiated toxi-
city (Marczylo 2020) where whole-body exposures
were performed. Animal experimentation does not
mimic human exposure models as these rodents are
exposed through inhalation and the oral route via
grooming. Further in vivo studies examining the
influence of different flavors are warranted to enable
for comparisons between flavors. The above evi-
dence points toward potential harm from exposure
to EC flavors. Some e-liquids induce oxidative stress,
release of pro-inflammatory mediators, and cyto-
toxicity (Figure 3), which may exert implications
for healthy lungs and might exacerbate inflamma-
tory-mediated lung diseases such as COPD
(O’Farrell et al. 2021), emphysema, and pneumonia.
However, some uncertainties need addressing. Some
studies did not provide sufficient detail on exposure
dose, nicotine concentrations, and exposure dura-
tions to enable investigations to be reproduced. In
addition, most studies (Table 2, 3, 4, 5 and 6) were
not designed to include appropriate controls (PG/
VG, nicotine) to enable an assessment of the specific
contributions of flavor components to observed toxi-
city. These findings are important because studies,
where PG/VG and nicotine controls were included,
showed that these alone exert some adverse

consequences that may account for at least some of
the observed toxicities of the flavored e-liquids.

Additive effects of nicotine and PG/VG on
flavor-induced toxicity

Nicotine is a potent stimulator of cell proliferation
and may stimulate cancer development and growth
(Dasgupta 2006; Khalil et al. 2013; Lee et al. 2005;
Mravec et al. 2020). Nicotine is an agonist for the
nicotinic acetylcholine receptors (nAChRs) (Dani
2015; Victoria et al. 2022), which are functionally
expressed in the non-neuronal tissues of the lung
(Chernyavsky et al. 2015; Improgo, Tapper, and
Gardner 2011;). There are more than a dozen dif-
ferent nAChR subunit proteins, subdivided into a
and P subfamilies, which form pentameric ion
channels consisting of either a single type of a
subunit (homopentamers) or a combination of a
and P subunits (heteropentamers) (Shahsavar et al.
2016). As ligand-gated ion channels, nAChRs
undergo complex allosteric changes in response to
binding either the endogenous ligand acetylcholine
(Ach) or exogenous ligands, including nicotine.
nAChRs are classically linked to the plasma mem-
brane depolarization required for neurotransmis-
sion; however, non-neuronal nAChRs in the lung
act most frequently as calcium channels and were
reported to activate numerous cellular pathways
upon binding to either adrenergic receptors, nico-
tinic receptors, or by direct action within the cyto-
plasm (Wen et al. 2011) which regulate cell
proliferation. Nicotine alone is not a carcinogen
but is a tumor promoter (Ping Wu 2019). High
doses of nicotine induce multi-organ toxicity and
perhaps death from paralysis of respiratory muscles
via the nAchRs (Mishra et al. 2015).

Most commercially available e-liquids contain
nicotine; therefore, it is understandable that most
studies report using nicotine-containing products
(Voos, Goniewicz, and Eissenberg 2019). There is
conflicting evidence regarding the additive effects
of nicotine to flavor-induced toxicity. Only 4 (Bahl
et al. 2012; Leigh et al. 2016; Rowell et al. 2017;
Ween et al. 2020a) out of the 28 in vitro studies in
Tables 2, 3 and 4 that reported adverse flavor effects
in nicotine-containing e-liquids had included



appropriate controls for both nicotine content and
PG/VG to isolate flavor-effects. (Leigh et al. 2016)
and (Bahl et al. 2012) showed that nicotine exerted
no additive effects on strawberry, coffee (Leigh et al.
2016), menthol, and cinnamon (Bahl et al. 2012)
flavor-dependent toxicity in H929 cells and HPF
cells, respectively. In contrast, (Rowell et al. 2017;
Ween et al. 2020a) noted the effects of nicotine-
alone controls on cell proliferation inhibition,
decreased cell viability flavor (Rowell et al. 2017a),
and necrosis by Sytox Green (Ween et al. 2020a) in
Calu3 and NHBE cells, respectively. These discre-
pancies may arise from 1) variability in nicotine
concentrations and/or 2) differential expression of
nAchRs or (-adrenergic receptors in the sub-
merged models used. Because nAChR activation
often leads to a positive feedback loop that induces
receptor expression, high-concentration stimula-
tion of nAChRs might lead to channel desensitiza-
tion and decreased activity. Thus, elucidating
functional roles for nAChRs is particularly complex
and requires consideration of subunit composition,
dose response, and duration of ligand stimulation.
Further, undifferentiated bronchial epithelial cells
in submerged cultures may be considered uni-
formly basal. In contrast, validated ALI models of
bronchial epithelium represent a model of differ-
entiated airway cells, including ciliated epithelial
cells and goblet cells. Therefore, the lack of
a nicotine effect in submerged cell cultures may be
attributed to low expression levels or absence of cell
surface receptors, including nAChRs and pB-
adrenergic receptors. Ganguly et al. (2020) reported
additive effects of nicotine in reducing inflamma-
tory levels of cytokines of IL-1{3, 1 L-10, IL-13, and
IL-6 in a validated NCI-H441 ALI model, which
probably expressed nAChRs. In contrast, (Wang
et al. 2020) showed that in vivo EC exposure with
or without nicotine affected lung inflammation,
repair responses, and extracellular matrix remodel-
ing mediated by the a7 nicotinic acetylcholine
receptor (nAChRa7) in a gender-dependent man-
ner. In addition, Glynos et al. (2018) detected no
nicotine-dependent effects on inflammatory mar-
kers (IL-6, IL-1B, TNF-a) release and MUC5AC
score in acute or chronic C57BL/6 mouse exposure
models. However, Glynos et al. (2018) noted
a nicotine plus flavor-dependent effect suggesting
that e-liquid toxicity may not be associated with
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nicotine but rather the flavor content. No nicotine-
related adverse pulmonary effects were observed in
male or female Sprague-Dawley rats following
chronic exposures, but a PG/VG effect was
observed. Although there is contrasting evidence
on the adverse health effects of nicotine in vitro
against in vivo EC studies, the non-harmful effects
of nicotine via inhalation were proven in a two-year
survey by Waldum et al. (1996). Therefore, evi-
dence indicates that nicotine may promote EC-
related adverse pulmonary effects when these are
initiated by the flavor or vehicle component of the
e-liquid.

Four studies enabled assessment of PG/VG com-
ponents alone by including that as vehicle control.
Evidence showed that PG/VG-alone decreased
metabolic activity in H929 (Leigh et al. 2016),
H441, and HBECs (Woodall et al. 2020) via
a mechanism that likely involves the blockade of
glucose transporter uptake. Woodall et al. (2020)
showed that PG/VG reduced glucose uptake and
metabolism via the glucose transporters (GLUT1,
GLUT2, and GLUT10) in human bronchial epithe-
lial cells. In comparison, Bahl et al. (2012), Leigh
et al. (2016), and Ween et al. (2020a) reported that
PG/VG exerted no marked adverse effects on the
pulmonary cells. Therefore, based on the contrast-
ing evidence provided above, potentially stemming
from methodological differences including the
choice of cell line and dosage, attributing the
adverse effects observed with flavored nicotine-
contained e-liquids to the presence of nicotine by
comparison to their nicotine-free e-liquid equiva-
lents (Table 2, 3, 4, 5 and 6), without appropriate
nicotine- and PG/VG-alone control may be
misleading.

As such, future studies on flavors and/or flavor-
ing ingredients of e-liquids might be improved by
including appropriate controls: (1) cell-only for
submerged exposures and air-only controls for air-
liquid interface (ALI) exposures, (2) PG/VG/vehi-
cle alone controls, and (3) PG/VG + nicotine con-
trols to better inform on the contributions of the
flavor compounds. In addition, justifications for
e-liquid dosages might improve the interpretation
of the relevance of the findings for health of indi-
viduals that vaper. These would lead to a better
understanding of the relative contributions of fla-
vor compounds, vehicles, and nicotine to the
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observed adverse effects of e-liquids and aid the
ongoing debate over the safety and banning of
flavored-e-liquids.

Recommended approach to reduce uncertainty in EC
investigation in vitro and in vivo models

This review note the following: 1) lack of appropriate
controls in many studies to enable reliable interpre-
tation of data for identification of hazards and risks
due to flavor components, 2) ambiguity over physio-
logically relevant doses of e-liquid/flavor used,
and 3) lack of assessments of multiple dosing to
establish the presence of dose-dependent relation-
ships. Therefore, this section proposes an approach
to reduce discrepancies among EC investigations,
whether in vitro or in vivo.

In vitro submerged culture models are extensively
employed in EC-induced toxicity screening.
Evidence suggests that cytotoxicity of e-liquids in
submerged models accurately predicts aerosol cyto-
toxicity 74% of the time (Behar, Wang, and Talbot
2018b; Sassano et al. 2018). Behar, Wang, and Talbot
(2018b) conducted a pattern of cytotoxicity study on
35 e-liquids. The patterns were characterized as fol-
lows: (1) both the refill fluid and its aerosol were
non-cytotoxic (7 of 35 = 20%) (2) both the refill fluid
and its aerosol were cytotoxic (19 of 35 = 54%) (3)
the refill fluid was cytotoxic, but the aerosol was not
(1 of 35 = 3%) (4) the aerosol was cytotoxic, but the
refill fluid was not (8 of 35 = 23%) Collectively when
combining patterns (1) and (2), 74% of the 35
unheated refill fluids correctly predicted cytotoxicity
of their corresponding aerosol. The remaining 26%
did not reliably predict cytotoxicity because: (1) cer-
tain flavors (i.e., menthol artic) were cytotoxic in
submerged cultures but not in their aerosol expo-
sures in the ALI model (2) other flavors are cytotoxic
in their aerosolized form (i.e., butter finger and car-
amel) but not in their liquid form (Behar, Wang, and
Talbot 2018b). Although primary human bronchial
epithelial cells in submerged cultures are basal cells
and do not recapitulate the microenvironment of
in vivo lung epithelial structures, using e-liquid
with submerged models with the inclusion of appro-
priate controls: nicotine-alone, PG/VG-alone, and
physiologically relevant range of flavor doses may
help high-throughput screening of the extensive

library of flavored e-liquids for toxicity.
Subsequently, the most revealing e-liquids might be
progressed into aerosol exposures using air-liquid
interface (ALI) systems with standardized puff pro-
files suggested by CORESTA (CORESTA 2015) to
eliminate potential variability within EC vapor
toxicity.

In contrast to the submerged models, ALI lung
cell models that have been validated for adequate
transepithelial membrane resistance (TEER) mea-
surements, expression of differential markers for
goblet cells (MUC5AC), ciliated cells (FOX]J1),
Clara cells (SCGB1A1), and basal cells (KrT5)
may be used to investigate physiological and patho-
physiological responses of the respiratory tract,
molecular events, modes of action and interactions
of different cell types. Potentially, these cell models
mimic the in vivo microenvironment of cells in the
respiratory tract more closely, namely, being api-
cally exposed to air. In addition, these cells generate
airway surface liquid (ASL), and the apical surface
may be exposed directly to EC vapor. It is probably
a better model than adding e-liquid in submerged
basal cell culture. Such ALI models focus on anato-
mical regions of the lung or molecular pathways
and aim to model relevant processes in vivo. Pairing
this with analytical approaches to identify potential
chemical compositions and concentrations (espe-
cially in flavors where toxicity is observed) for
further investigation may eventually lead to limits
on specific flavor chemical concentrations or out-
right bans from e-liquids. In addition, studies asses-
sing the usefulness of ECs in risk and harm
reduction needs to consider comparing e-cigarette
data against conventional cigarettes before con-
cluding the relative safety of these devices. This
could be a gold-standard protocol to screen
e-liquids toxicity that minimizes uncertainties.

To date, no apparent human studies have
explored the toxicological effects of flavors in
e-liquids on the respiratory system. Nonetheless,
results such as inflammatory biomarkers, gene
expression and cytotoxicity from either in vitro
studies where the experimental model used to
assess the safety of EC flavors closely recapitulates
the microenvironments of the 3D human lung
(ALL or lung-on-chip) or in vivo animal testing
may help discuss the potential extrapolation of EC
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Figure 3. The effects of flavors in e-liquids reported in different experimental models. The figure was produced with Biorender.com.

toxicity to humans, taking into consideration
dosage and exposure times required to mimic
human exposures (Figure 3).

Conclusions

Some flavors in e-liquids may elicit pulmonary
toxicity. However, these flavors are generally
believed to attract long-time tobacco cigarette smo-
kers to switch to EC use. As such, imposing restric-
tions on the use of flavors based upon reported
evidence may be counterproductive. This is
because 1) several in vitro studies demonstrated
that EC-mediated toxicity to be related to PG/VG
and nicotine rather than flavors per se, 2) not all
flavors produce toxicity, and 3) more evidence-
based risk assessments need to be used for those
flavors that induced some toxicity to set concentra-
tion limits to reduce the potential for causing harm
in humans. Although no apparent human studies
data accounted for potential adverse pulmonary
effects of flavored e-liquids, in vitro and in vivo
studies reported toxicity attributed to cinnamon,
strawberry, menthol, and other flavors. Therefore,
public health authorities need to extrapolate data
from these studies to predict risks posed by flavors
to human health.
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