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Abstract Keywords

Context: Electronic cigarettes (ECs) are used as alternatives to smoking; however, data on their  Cytotoxicity, electronic cigarette, fibroblasts,
cytotoxic potential are scarce. in vitro, nicotine, smoking, tobacco harm
Objective: To evaluate the cytotoxic potential of 21 EC liquids compared to the effects of reduction

cigarette smoke (CS).

Methods: Cytotoxicity was evaluated according to UNI EN ISO 10993-5 standard. By activating
an EC device, 200 mg of liquid was evaporated and was extracted in 20 ml of culture medium.
CS extract from one cigarette was also produced. The extracts, undiluted (100%) and in
five dilutions (50%, 25%, 12.5%, 6.25% and 3.125%), were applied to cultured murine
fibroblasts (3T3), and viability was measured after 24-hour incubation by 3-[4,5-dimethylthiazol-
2-yl]-2,5-diphenyltetrazolium bromide assay. Viability of less than 70% was considered
cytotoxic.

Results: CS extract showed cytotoxic effects at extract concentrations above 12.5% (viability:
89.14+3.5% at 3.125%, 77.8+1.8% at 6.25%, 72.8+£9.7% at 12.5%, 59+0.9% at 25%,
9.4+ 5.3% at 50% and 5.7 +0.7% at 100% extract concentration). Range of fibroblast viability
for EC vapor extracts was 88.5-117.8% at 3.125%, 86.4-115.3% at 6.25%, 85.8-111.7% at 12.5%,
78.1-106.2% at 25%, 79.0-103.7% at 50% and 51.0-102.2% at 100% extract concentration. One
vapor extract was cytotoxic at 100% extract concentration only (viability: 51.0 £ 2.6%).
However, even for that liquid, viability was 795% higher relative to CS extract.

Conclusions: This study indicates that EC vapor is significantly less cytotoxic compared tobacco
CS. These results should be validated by clinical studies.
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Introduction resistance that gets warm by activation of the battery and
evaporates the liquid. The liquid usually contains glycerol,
propylene glycol, water, nicotine and a variety of flavors that
the user can choose.

It is estimated that millions of people are using EC, and
surveys suggest that they may be effective in smoking
cessation (Etter, 2010). Although they do not contain or burn
tobacco, which seems promising in avoiding delivery of
harmful substances, no studies have specifically evaluated
their toxicity. This has raised serious public health concerns
(Cobb et al., 2010). Our research team has developed a series
of protocols called ‘‘ClearStream’’ (CLarifying Evidence and
Research on the Safety and The Risks of Electronic AtMos;
atmos =vapor in Greek), to evaluate the toxicological,
environmental and clinical effects of ECs. The purpose of
this study (ClearStream-LIFE; LIFE =Living In-vitro
Fibroblasts’ Exposure) was to evaluate the in vitro cytotox-
icity of vapor extract of 21 commercially available liquids
used for EC and to compare it with the cytotoxicity of

There is overwhelming evidence that smoking is a major cause
of respiratory and cardiovascular disease (Bartecchi et al.,
1995). Even low cigarette consumption has significant effects
on human health (Bjartveit & Tverdal, 2005). Complete
cessation is the goal for all smokers; however, many of them
are unwilling or unable to quit. Therefore, harm reduction
strategies have been developed, aiming at substituting tobacco
cigarettes with other products that deliver less harmful
constituents to human organism (Stratton et al., 2001).
Electronic nicotine-delivery devices, commonly called
electronic cigarettes (ECs), were invented in China and have
been recently introduced to the market worldwide
(Henningfield & Zaatari, 2010; Pauly et al., 2007) as an
alternative and potentially safer habit. They consist of a
battery-part, a cartridge containing liquid and an electrical
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Materials and methods
Materials

A commercially available tobacco cigarette containing 1 mg
of nicotine, 10 mg of tar and 10 mg of carbon monoxide was
used for this experiment. Twenty-one commercially available
liquids used for EC were obtained from the market in sealed
bottles, each containing 10ml of liquid (manufactured by
FlavourArt s.rl., Oleggio, Italy).The composition of EC
liquids, as reported by the manufacturer, was (w/w) 46.17%
propylene glycol USP, 44.92% glycerol USP, 8.11% water,
0.8% nicotine USP and <0.5% flavorings. The only difference
between liquids composition was the flavorings used
(Table 1). Twelve of the flavors were tobacco-like, while
the rest were mostly fruit and sweet flavors. Each flavoring
(including tobacco-like flavors) is a complex mixture of
several physically extracted or chemically produced sub-
stances approved for use in food industry, for which no
additional information was provided by the manufacturer. A
commercially available EC device (510 T, Omega Vape,
Manchester, UK) was used for vapor production. The device
consists of a 3.7-volt lithium battery, an atomizer with a
resistance of 2.2 Ohms wrapped over a fiberglass wick and a
cartridge attached to the mouthpiece with a capacity of 1 ml
of liquid. Care was taken to have the battery fully charged
before each vapor extract was produced. Vacuum produced by
inhalation (and by the vacuum pump during the experiment)
leads to automatic activation of the battery, delivering
3.7 volts until the battery is discharged. The battery voltage
was checked before and after use for the production of each
EC extract with a digital voltmeter. A new atomizer was used
for each vapor extract production; its resistance was measured
with a digital multimeter and it was discarded if the resistance
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was found to differ by more than 0.1volt. By applying
3.7 volts to a 2.2 Ohm resistance, the total energy for liquid
evaporation in the experiment was 6.2 Watts.

An important issue was to test the function of the atomizer
in conditions similar to the experimental setting, in order to
ensure that no ‘‘dry puff’ occurs. ‘“‘Dry puff’ is a
phenomenon that occurs when the wick is insufficiently
supplied with liquid, so that the evaporation rate is higher
than the liquid supply rate to the wick; this leads to higher
temperature of evaporation that is detected by the user as an
unpleasant burning taste. This cannot be detected during any
laboratory experiment. In addition, it is possible that the
unpleasant taste is caused by substances that may form as a
result of evaporation and that may or may not be toxic. Since
the user detects and then avoids this phenomenon (by
lowering device activation time and increasing puff intervals),
the value of the experiment would be significantly under-
mined if ‘‘dry puff’’ was reproduced during the laboratory
study. The only realistic way we found of testing this was to
assign one of the researchers (who is a regular EC user) to test
the EC device with three randomly selected atomizers from
the pack delivered to the laboratory, using them in the same
manner as during the experiment (2-second puffs, one puff
every 60s; see section ‘‘Production of extracts’’). Testing
revealed that ‘‘dry puff’” phenomenon was not reproduced
when the EC atomizers were used in a way similar to the
experimental setting.

Cell cultures

Cytotoxicity was measured by 3-[4,5-dimethylthiazol-2-yl]-
2,5-diphenyltetrazolium bromide (MTT) assay on monolayer-
cultured mouse BALB/3T3 fibroblasts derived from Swiss

Table 1. Fibroblast viability in electronic cigarette vapor and cigarette smoke extracts.

Dilutions

Extracts 100%* 50%" 25%° 12.5%° 6.25%° 3.125%" p*

Tuscan® 94.5+2.8 99.8 +5.7 104+1.5 101.4+4.1 100.7+5.9 98.6+3.8 0.216
Black fire® 96.3+9.9 934425 944416 104.64+2.9 953+43 97432 0.159
Ozone® 90.7+9.9 95.9+9.1 96.2+4.3 949+6 96.7+5.1 97 +4.9 0.879
Reggae night® 81345.1 90.3+3.7 89.5+4.2 89.7+3.4 90.2+5.7 91.6+42 0.132
Vanilla 100+2.4 98.5+3.5 100.342.0 100.140.8 104.1+3.1 983433 0.183
Tfoglie® 814429 8754+ 1.5 89.4+4.0 87.1+83 89.64 12.1 9324107 0.587
Max blend® 96.2+6.0 97+6.9 102.1+7.4 1118445 1143417 1155453 0.003
Virginia® 784+ 14.4 86.1+13.5 91.3+15.6 96.4+16.2 106.349.7 104.4 4 10.7 0.478
Perique black® 793+15 89.8+2.4 947412 953452 95.1+24 93.9+3.4 <0.001
Layton blend® 101.1+1.0 103.7+0.8 102.7+2.8 100.6+2.1 103.4+5.5 97.9442 0.295
Hypnotic® 93.8+10.8 952+ 14.0 106.2+6.5 97.4+5.1 100.6+7.4 98.5+3.9 0.579
Hazelnut 88.7+1.4 90.145.6 93.54+6.7 915415 1153+8.0 117.8+£13.4 0.001
Shade® 83.645.1 92.5+39 94.6+5.0 97.8+59 101.542.5 101.9+1.3 0.002
RY48 88.4+38.1 96.1+3.7 98.74+6.4 95.8+7.4 98.9+6.3 98.945.9 0.378
Strawberry 85.84+2.8 954423 97.5+1.5 104.046.2 99.6 + 1.4 107.5+1.2 <0.001
Managua 79.1+24 799433 79.1+3.1 85.8+2.0 86.4+1.7 88.5+3.5 0.002
Burley 102.243.4 95.8+2.9 97.6+1.3 97.3+3.4 106.248.3 100.5+6.2 0.171
Apple 952412 87.4+2.7 100.8+8.2 95.6+3.9 101.8+3.1 106.6+15.6 0.106
Licorice 954439 939428 96.542.6 98.5+4.4 98.942.0 99.6+2.5 0.252
Chocolate 87.6+22 89.6+0.6 932413 934+1.5 93.7+19 989+ 1.2 <0.001
Coffee 51.042.6 85.9+11.8 920489 101.5+3.1 1122436 1145+1.1 <0.001
Cs 5.740.7 9.4+53 59409 72.849.7 77.8+1.8 89.143.5 <0.001

Values are presented as mean =+ standard deviation. Viability is expressed as percent, compared to untreated cells.

CS =cigarette smoke.

For electronic cigarette liquid extracts, dilutions represent (w/v): *1%, 0.5%, ©0.25%, %0.125%, ©0.0625% and 10.03125%.
*p value for comparison between different extract concentrations in each liquid and in tobacco cigarette (ANOVA).

€Tobacco flavors.
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albino mouse embryos (NIH 3T3 Batch 2 051163, NIH AIDS
Research & Reference Reagent Program), according to UNI
ISO 10993-5 standard. Cells were grown in Dulbecco’s basal
medium (Euroclone), supplemented with fetal bovine serum
(Euroclone), penicillin—streptomycin 0.1 mg/ml (Euroclone),
kanamycin 0.1 mg/ml (SIGMA, St Louis, MO), non-essential
amino acid 0.1mg/ml (SIGMA) and 4mM glutamine
(Euroclone). The doubling time of this cell line was 16-20h.

Production of extracts

Vapor extract was produced by simulating EC use. The EC
device was connected to a flask containing culture medium
through a sealed tube. Horizontal orientation of the device
was chosen, because this is the orientation of the device
during real EC use. The other end of the tube was inside the
flask, just above the culture medium level. A vacuum pump
was connected to the flask; vacuum from the pump automat-
ically triggered the EC device. The vapor was allowed to flow
into the flask, over the medium. The EC cartridge was filled
with 400 mg of liquid, and a number of inhalation simulations
were performed in order to consume 200mg of liquid,
therefore having a theoretical concentration of 1% (w/v) into
the culture medium of the flask (denoted as 100% EC extract).
Weighting of the EC cartridge was performed before and
during the experiment by a precision scale (Mettler, model
AB104-S, precision of 0.1 mg), in order to make sure that the
quantity of liquid consumed did not exceed 200 mg. Each
inhalation simulation lasted 2 s, with 60 s between inhalations.
The medium inside the flask was kept swirling during the
experiment. CS extract was produced by using a similar
method. Inhalation simulations, consisting of 2-second puffs
every 60 s, were performed until one cigarette was consumed.
The resulting solution was denoted as 100% CS extract.
Immediately after preparation, all EC vapor and CS extracts
were used in cell cultures.

Treatment and exposure

Cells were seeded in 96-well plate with Dulbecco’s basal
medium plus 10% fetal bovine serum and maintained in
culture for 24 h (5% CO,, 37°C, >90% humidity) in order to
form a semi-confluent monolayer. In each well, 100 ul of a
cell suspension of 1 x 10° cells/ml was dispensed. A different
plate was prepared for each extract testing. On the next day,
each plate was examined under the microscope to ensure that
cell attachment was even across the plate. Then, the medium
was aspirated and replaced by medium containing the CS and
EC liquid extracts in one undiluted (100%) and five diluted
samples (50%, 25%, 12.5%, 6.25% and 3.125%). For the EC
extract, 100% EC extract equals to a vapor extract concen-
tration of 1%. Three different wells were treated with each
dilution, and columns 2 and 11 were used to culture cells with
normal medium (without extract, untreated cells); then, they
were incubated for 24 h at 37°C. Subsequently, cells were
tested for viability by MTT assay. Untreated cells were used
as controls.

MTT assay

The assay was performed according to the method developed
by Mossman (1983). After incubation, the culture medium
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was removed and replaced with 10pl of 1mg/ml MTT.
The cells were then incubated for 2h. MTT is cleaved
by mitochondrial dehydrogenases of viable cells, leading to
the formation of purple crystals, representing formazan
metabolism, which are insoluble in aqueous solutions.
The solution was then removed and replaced with 200 pl/
well of isopropanol to extract and solubilize the formazan.
It was incubated for 30min at room temperature under
medium speed shaking. Then, the solution was measured
spectrophotometrically. The absorbance at 570nm was
measured with a microplate reader (Tecan, model Sunrise
Remote), and background subtraction was adjusted with
absorbance readings at 690nm. The absorbance values
were normalized by setting the negative control group
(untreated cells) in each row to 100%. Subsequently, the
viability of the treated cells was expressed as a percent of
untreated cells.

Quality check of assay

According to UNI ISO 10993-5 standard, a test meets
acceptance criteria if the left (column 2) and the right
(column 11) mean of the blanks do not differ by more than
15% from the mean of all blanks; this criterion was met in all
our experiments. Sodium lauryl sulfate (SLS; SIGMA) was
used as positive control in order to demonstrate an appropri-
ate test system response. Historically, inhibitory concentration
50 (ICsp) of SLS is 0.093 mg/ml with 95% CI of 0.070-
0.116 mg/ml (Spielmann et al., 1991). A test meets accept-
ance criteria if ICsy for SLS is within the 95% CI; in our
experiment, ICsy for SLS was 0.100 mg/ml. Finally, the
absolute value of optical density, ODs;y, obtained in the
untreated wells indicates whether the 1 x 10* cells seeded per
well have grown exponentially with normal doubling time
during the 2 days of the assay. In our experiments, ODs7, of
untreated cells were >0.2, meeting the acceptance criteria of
UNI ISO 10993-5.

Statistical analysis

All data are reported as mean =+ standard deviation. One-way
analysis of variance (ANOVA) was used for comparison of
percent viability between different extract concentrations of
the same liquid. If statistically significant differences were
found, post-hoc analysis was performed with Bonferroni test
to determine which extract concentrations had different
effects on viability. No observed adverse effects level
(NOAEL) was defined as the lowest extract concentration
that showed statistically significant lower viability compared
to the 3.125% extract concentration. The difference in percent
viability between CS extract and each EC vapor extract was
also assessed with one-way ANOVA. Linear regression
analysis was used to determine whether tobacco flavoring
was associated with a statistically significant difference in
viability. ICs, (the concentration of extract that produced 50%
viability) was estimated from regression plots. According to
UNI ISO 10993-5 standard, viability of less than 70% by
MTT assay was considered cytotoxic. All analyses were
performed with commercially available software (SPSS v18,
Chicago, IL), and a two-tailed P value of <0.05 was
considered statistically significant.
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Results

Fibroblast viability measurements for each EC liquid and CS
extracts at different dilutions are displayed in Table 1. From
the 21 samples examined, only ‘‘Coffee’” exhibited a
cytotoxic effect; this was observed at the highest extract
concentration only. Figures S1-S7 (supplemental material)
display fibroblast viability for all EC liquids together with the
respective viability for CS extract. The range of fibroblast
viability for all EC liquids was 88.5-117.8% at 3.125%, 86.4—
115.3% at 6.25%, 85.8-111.7% at 12.5%, 78.1-106.2% at
25%, 79.0-103.7% at 50% and 51.0-102.2% at 100% extract
concentration. CS extract exhibited significant cytotoxicity at
extract concentrations>12.5%. The viability rate of CS
extract at each dilution was 89.1+£3.5% at 3.125%,
77.8+1.8% at 6.25%, 72.8£9.7% at 12.5%, 5.9+0.9% at
25%, 9.4+£5.3% at 50% and 5.7+0.7% at 100% (p <0.001
compared to every EC liquid extract at 100%, 50% and 25%
concentration). Viability rate of ‘‘Coffee’” flavor, the only EC
liquid that showed cytotoxic potential (according to ISO
10993-5  definition), was 114.5+2.0% at 3.125%,
1122 4+3.6% at 6.25%, 101.5+3.1% at 12.5%, 92.0 £ 8.9%
at 25%, 85.9 £ 11.8% at 50% and 51.0 £2.6% at 100% extract
concentration. Figure 1 displays the relative difference in
viability between CS extract and ‘‘Coffee’’ extract at each
dilution; statistically significant higher fibroblast viability
was observed for ‘‘Coffee’” extract at all extract concentra-
tions. ICsy and NOAEL for each EC and for the CS extracts
are displayed in Table 2. ICs, could not be determined for EC
vapor extracts, since viability was >50% at all extract
concentrations. For the majority of EC liquids (13 of 21),
viability was not statistically different between extract
concentrations, thus NOAEL for these samples was defined
as 100% concentration. Twelve of the EC liquids tested were
flavors mimicking tobacco. However, they were not
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associated with a statistically significant difference in fibro-
blast viability.

Discussion

This is the first study that has evaluated the cytotoxic effects
of vapor produced from commercially available EC liquids.
The main result of our study is that the vapor from only 1 of
the 21 EC liquids examined had cytotoxic effects on cultured
fibroblast according to protocol definition. CS extract had
significant cytotoxic effects, and fibroblast viability was
significantly lower at all extract concentrations compared to
EC vapor extracts. It is important to note that, we tested the
EC liquids by simulating the way they are used by every user,
that is, by activating a commercially available EC device and
producing vapor, which was subsequently tested. In addition,
we used standardized protocols and procedures such as UNI
ISO 10993-5 standard and MTT-assay, with cytotoxicity
defined according to UNI ISO 10993-5 standard as viability
<70% compared to untreated cells. Moreover, we used cells
that have been commonly used in studies evaluating tobacco
cigarette cytotoxicity (Lu et al., 2007; Yu et al.,, 2006).
Finally, we performed a cytotoxic study on CS extract using
the same methodology to generate the test article. This is
particularly important since EC are marketed for the smokers
only as an alternative option. Therefore, the main scientific
question is whether the EC is less harmful compared to
regular tobacco cigarette, and this was evaluated in our study.

CS is a complex suspension that contains more than 4000
chemicals according to EPA report (1992). Several of these
are linked to cancer or cardiovascular and lung disease from
in vitro studies, including tobacco-specific nitrosamines
(Hecht & Hoffmann, 1988; Wu et al., 2003), polycyclic
aromatic hydrocarbons (Besaratinia et al., 2002; Zedeck,
1980), metals like cadmium and lead (Ronco et al., 2005) and
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Figure 1. Relative mean differences between cigarette smoke extract viability and electronic cigarette ‘‘Coffee’” vapor extract viability. Coffee was the
only electronic cigarette liquid that showed cytotoxic effects according to the definition of UNI ISO 10993-5 standard.
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Table 2. Inhibitory concentration 50 (ICsp) and no adverse effect level
(NOAEL) for each electronic cigarette vapor extract and for the cigarette
smoke (CS) extract.

Extracts 1Cso NOAEL
Tuscan® >100% 100%
Black fire® >100% 100%
Ozone® >100% 100%
Reggae night” >100% 100%
Vanilla >100% 100%
Tfoglie* >100% 100%
Max blend® >100% 25%
Virginia® >100% 100%
Perique black® >100% 50%
Layton blend" >100% 100%
Hypnotic® >100% 100%
Hazelnut >100% 6.25%
Shade® >100% 50%
RY4* >100% 100%
Strawberry >100% 12.5%
Managua >100% 12.5%
Burley >100% 100%
Apple >100% 100%
Licorice >100% 100%
Chocolate >100% 3.125%
Coffee >100% 12.5%
CS 16% 6.25%

“Tobacco flavors.

other compounds like acrolein, formaldehyde and phenol
(Risner & Martin, 1994; Smith & Hansch, 2000). The major
contributors to the in vitro cytotoxic effects of smoke are also
responsible for the respiratory tract irritation in experimental
animals and humans and cause histopathological changes in
the upper respiratory tract (Lu et al., 2007). Therefore, in vitro
cytotoxicity screening represents an important initial step in
the toxicological evaluation of tobacco products.

There may be multiple mechanisms that lead to CS extract-
induced cytotoxicity. For example, oxidative stress is an
important mechanism that alters the balance between prolif-
eration and apoptosis in fibroblasts (Miiller & Gebel, 1998).
Genetic damage is also induced by CS extract (Cui et al.,
2012). Depletion of antioxidants by several CS extract
components like acrolein and aldehydes compromises the
defensive mechanisms of fibroblasts and promotes cell
damage (Colombo et al., 2012; Ishii et al., 2003). Other
chemicals cause direct cell-membrane damage (Thelestam
et al., 1980). The end-result is fibroblast apoptosis and death
(Kim et al., 2011; Park et al., 2010, 2008). This has important
implications in the development of lung disease like emphy-
sema (Baglole et al., 2006; Rennard et al., 2006).

We did not find any significant cytotoxic effects by any of
the EC vapor extracts studied, except for ‘‘Coffee’’ at the
highest extract concentration. Liquids consist mainly of
glycerol, propylene glycol, water and nicotine; a wide variety
of flavors are also available. Both glycerol and propylene
glycol are classified by Food and Drug Administration and
Flavor and Extracts Manufacturer Association (FEMA) as
additives that are ‘‘generally recognized as safe’’ for use in
food (FDA, 2012a,b-revised; FEMA GRAS numbers 2525
and 2940, respectively). Glycerol is also present in tobacco
cigarettes and it is the main source of acrolein, produced
by pyrolysis due to combustion. Acrolein has well-established
cytotoxic effect on fibroblasts (Cattaneo et al., 2000;
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Jia et al., 2009). It is unlikely that acrolein can be produced
by EC use because the temperature of liquid evaporation is
considerably lower compared to combustion when smoking
tobacco cigarette. Propylene glycol is a solvent used in oral,
intravenous and topical pharmaceutical products. One study
showed moderate cytotoxic effect on skin fibroblasts (Ponec
et al., 1990). However, an animal study found that exposure to
significant amounts of propylene glycol in air had no adverse
effects on the respiratory system (Robertson et al., 1947).
Propylene glycol is also present in tobacco cigarettes and is
pyrolyzed to acetaldehyde during smoking, which has
significant cytotoxic effects (Cattaneo et al., 2000; Krokan
et al., 1985). Considering the fact that almost half of EC
liquids content we examined was propylene glycol, the results
of our study indicate that it is unlikely for propylene glycol to
be pyrolyzed to acetaldehyde by EC use or to have any
significant cytotoxic effect by itself. Concerning nicotine,
there are studies showing that, at levels commonly found in
cigarettes, it does not induce cell death (Laytragoon-Lewin
et al., 2011) and may even have anti-apoptotic effects
(Argentin & Cicchetti, 2006, 2004). It should be mentioned,
however, that these effects have been suggested to facilitate
the growth of tumors already initiated (Davis et al., 2009).
Nicotine is not classified as a carcinogen by the International
Agency for Research on Cancer (WHO-IARC, 2004), and the
results of this study show that nicotine does not produce
cytotoxic effects at the level present in the liquids tested.

Regarding the cytotoxicity observed for ‘‘Coffee’’, the
manufacturer indicated that this flavor is a complex mixture
of several natural and synthetic substances. Most of the
natural substances come from roasted coffee beans. This
processing of coffee beans may itself lead to production of
some toxic elements, like ochratoxin A degradation products,
which have cytotoxic and apoptotic properties (Cramer et al.,
2008). Hegele et al (2009) found that coffee beans extract
contains significant amounts of hydrogen peroxide, inducing
cell death in vitro. It is possible that these substances are also
present in the flavor used for preparing the ‘‘Coffee’” EC
liquid. However, we cannot exclude that the process of vapor
formation from heating of the ‘‘Coffee’’” EC liquid may lead
to production of other substances that have cytotoxic proper-
ties. It should be mentioned that the cytotoxic effect of this
EC liquid extract was found only at the highest extract
concentration, and, even at this concentration, fibroblast
viability was 795% higher compared to CS extract.

Only one study has been published evaluating the cytotoxic
effects of EC liquids (Bahl et al., 2012). Some of the liquids
tested were found cytotoxic, mostly in embryonic cells and to
a lesser extend in adult cells. This discrepancy in results may
be attributed to several fundamental differences between the
study by Bahl et al. and the study herein. The most crucial
difference is that Bahl et al. tested the EC liquids in liquid
form. It should be emphasized that the approach used by Bahl
et al. does not deliver the EC liquid in the designated manner,
which is less relevant than vapor generation of the liquid via
activation of the electronic device. Herein, we simulated the
exact mode of function of the EC and tested the extract of
the resulting vapor. This may have significant implications
on the results. Second, it is possible that not all liquid
constituents evaporate at the same manner or in similar
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concentrations. Furthermore, the concentrations of various
constituents (for example, flavorings) may be different in
vapor compared to liquid, and this may influence the results.

From a public health perspective, the field of tobacco harm
reduction is particularly important. Smoking can produce
subclinical dysfunction even at a young age (Farsalinos et al.,
2013); therefore, attempts to quit smoking should be
performed as soon as possible. However, quitting rates are
relatively low with currently approved means (Rigotti et al.,
2010). Until recently, only products containing tobacco were
available in tobacco harm reduction (smokeless tobacco, like
snus). Epidemiological studies have shown that use of such
products is promising regarding cancer and cardiovascular
disease risk reduction (Janzon & Hedblad, 2009; Lee &
Hamling, 2009). Likewise, EC may have an important role in
harm reduction. Unlike other products, EC contain no
tobacco. In addition, the fact that nicotine is administered
by a method that resembles tobacco cigarette use (hand-to-
mouth movement, visible ‘‘smoke’” exhaled) make them
unique in dealing both with the chemical and psychological
(behavioral) addiction to smoking. Several studies have
characterized the chemicals contained in EC, with results
showing that they do not contain any toxic substances
(Ellicott, 2009; Tytgat, 2007; Valance & Ellicott, 2008).
Even in studies where nitrosamines were detected (Laugesen,
2008; Westenberger, 2009), the levels were similar to a
nicotine patch and 500 to 1400-fold lower compared to
tobacco cigarettes (Stepanov et al., 2006). The results of this
study are in line with these findings, showing significantly
higher cytotoxicity of CS extract compared to EC vapor
extracts.

Limitations

There are some limitations applicable to this study.
Cytotoxicity studies on cultured cells have been developed
in order to reduce the use of experimental animals.
Extrapolating these results to the human in vivo toxicity
should be done with caution. There is no consensus on the
methodology of preparing and testing EC vapor extracts, and
this is the first study that has attempted to evaluate the
cytotoxic potential of EC vapor. However, we provided a
comparative measure of toxicity with CS extract, which has
well-established in vivo toxic effects. We did not use
automated whole smoke exposure systems such as VitroCell
or RM20s Borgwaldt systems, which offer more in vivo-like
exposures since the cells are present inside the chamber where
CS is delivered (Fukano et al., 2006; Maunders et al., 2007).
Moreover, we did not use the standardized ISO method
for CS extract (35 ml of air aspirated in 2-second per puff).
This was done because we wanted to produce CS extract with
the same method as EC liquid extract; aspiration of 35 ml air
from the EC device produced very small amount of vapor,
which was minimal compared to the amount generated by real
EC use. Therefore, we preferred to use the same methodology
in both EC and CS extract production. It should be mentioned
that the ISO method for CS production significantly under-
estimates real smokers’ exposure (Djordjevic et al., 2000).
We compared vapor extract from 200 mg of liquid with CS
extract that was generated from one cigarette, both dissolved
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in 20 ml of culture medium. These are not similar exposure
levels. In fact, there is no established method for comparing
the amount of EC liquid and number of tobacco cigarettes.
A practical and pragmatic way of comparing the two would be
to measure how much liquid is consumed by users after using
the EC device for similar time to that needed to smoke one
cigarette. We have measured this as part of another protocol
and we have found that the average EC liquid consumption
was 60mg. Therefore, we should have used the smoke
extract of at least three cigarettes dissolved in 20 ml of culture
medium in order to have a comparable exposure level to
that of EC liquid extract we used. Unfortunately, this
measurement was performed after the completion of this
study. If three cigarettes had been used in this protocol, it is
probable that the cytotoxicity of CS extract and the resulting
differences in cell viability compared to effects induced by
the EC liquid extracts would have been even higher than what
was observed. However, this is an assumption and cannot be
inferred unless explicitly tested.

It should be emphasized that our results do not necessarily
apply to all EC liquids marketed. Nicotine is extracted from
tobacco; therefore, if liquids contain non-pharmaceutical
grade nicotine, several tobacco impurities may be present
and adversely affect the results. The same applies for all
other liquid constituents (Cahn & Siegel, 2011). We did
not find an association between EC tobacco flavors and
fibroblast viability. This was probably due to the fact that
substances approved for food industry were used even for
these flavors (according to manufacturer’s report). However,
it is possible to use natural tobacco extract to mimic tobacco
flavor, and some companies may use or produce themselves
such extracts for use in EC liquids. The cytotoxicity potential
of these extracts is currently unknown, and they are not
approved for use in food industry. In any case, regulation is
needed and specific standards should be implemented in
order to ensure that quality products are available in the
market. Although no standards have been implemented
by public health authorities, several industry associations
like Electronic Cigarette Industry Trade Association and
American E-Liquid Manufacturing Standards Association
have developed such standards.

Finally, another important issue not addressed in this study
is the effect of different, modified EC devices that deliver
higher voltage and wattage to the resistance. This would
accelerate the rate of evaporation; and if the resistance is not
sufficiently supplied with liquid, it might possibly result in
overheating and production of toxic chemicals. We tested the
EC device used in the experiment to make sure that no “‘dry
puff’” phenomenon occurs, but it remains to be examined
whether this phenomenon is associated with the production of
toxic substances.

Conclusions

In conclusion, from the 21 commercially available EC liquids
we tested in vapor form, only one was found to have cytotoxic
effects on cultured mammalian fibroblast cells according to
ISO 10993-5 definition. Overall, EC vapor extracts showed by
far higher fibroblast viability compared to CS extract. This
supports the concept that EC may be less harmful compared

RIGHTS LI N Hiy



Inhalation Toxicology Downloaded from informahealthcare.com by K U Leuven on 06/06/13
For personal use only.

360 G. Romagna et al.

to tobacco cigarettes and could be useful products in tobacco
harm reduction. However, more research is needed, both in
the laboratory with different cell lines and in clinical level,
in order to better understand and evaluate the effects of EC
use on human health.

Declaration of interest

No author has any financial interest in the outcome of this
study.

The study was funded by FlavourArt s.r.l. No author has
received any financial compensation for this study. The study
was investigator-initiated and investigator-driven. The sponsor
had no involvement in the study design, data collection,
analysis and interpretation, writing or approving the manu-
script and decision to submit the manuscript for publication.

References

Argentin G, Cicchetti R. (2004). Genotoxic and antiapoptotic effect of
nicotine on human gingival fibroblasts. Toxicol Sci 79:75-81.

Argentin G, Cicchetti R. (2006). Evidence for the role of nitric oxide in
antiapoptotic and genotoxic effect of nicotine on human gingival
fibroblasts. Apoptosis 11:1887-97.

Baglole CJ, Bushinsky SM, Garcia TM, et al. (2006). Differential
induction of apoptosis by cigarette smoke extract in primary human
lung fibroblast strains: implications for emphysema. Am J Physiol
Lung Cell Mol Physiol 291:L19-29.

Bahl V, Lin S, Xu N, et al. (2012). Comparison of electronic cigarette
refill fluid cytotoxicity using embryonic and adult models. Reprod
Toxicol 34:529-37.

Bartecchi CE, MacKenzie TD, Schrier RW. (1995). The global tobacco
epidemic. Sci Am 272:44-51.

Besaratinia A, Kleinjans JC, Van Schooten FJ. (2002). Biomonitoring of
tobacco smoke carcinogenicity by dosimetry of DNA adducts and
genotyping and phenotyping of biotransformational enzymes: a
review on polycyclic aromatic hydrocarbons. Biomarkers 7:209-29.

Bjartveit K, Tverdal A. (2005). Health consequences of smoking 1-4
cigarettes per day. Tob Control 14:315-20.

Cahn Z, Siegel M. (2011). Electronic cigarettes as a harm reduction
strategy for tobacco control: a step forward of a repeat of past
mistakes? J Public Health Policy 32:16-31.

Cattaneo V, Cetta G, Rota C, et al. (2000). Volatile components of
cigarette smoke: effect of acrolein and acetaldehyde on human
gingival fibroblasts in vitro. J Periodontol 71:425-32.

Cobb NK, Byron MJ, Abrams DB, Shields PG. (2010). Novel nicotine
delivery systems and public health: the rise of the ‘‘e-cigarette’’. AmJ
Public Health 100:2340-2.

Colombo G, Dalle-Donne I, Orioli M, et al. (2012). Oxidative damage in
human gingival fibroblasts exposed to cigarette smoke. Free Radic
Biol Med 52:1584-96.

Cramer B, Konigs M, Humpf HU. (2008). Identification and in vitro
cytotoxicity of ochratoxin A degradation products formed during
coffee roasting. J Agric Food Chem 56:5673-81.

Cui J, Zhao W, Xu X, et al. (2012). DNA polymerase beta is involved in
the protection against the cytotoxicity and genotoxicity of cigarette
smoke. Environ Toxicol Pharmacol 34:370-80.

Davis R, Rizwani W, Banerjee S, et al. (2009). Nicotine promotes tumor
growth and metastasis in mouse models of lung cancer. PLoS One 4:
e7524.

Djordjevic MV, Stellman SD, Zang E. (2000). Doses of nicotine and lung
carcinogens delivered to cigarette smokers. J Natl Cancer Inst 92:
106-111.

Ellicott M. (2009). Analysis of components from ‘‘e-Juice XX HIGH
36 mg/ml Rated Nicotine Solution’ ref S 55434. Lancashire, UK:
Blackburn MicroTech Solutions. Available from: http://truthaboute-
cigs.com/science/11.pdf. [Last accessed: 6 Aug 2012].

EPA EPA Report/600/6-90/006F. (1992). Respiratory health effects of
passive smoking: lung cancer and other disorders. Washington, DC.
Etter JF. (2010). Electronic cigarettes: a survey of users. BMC Public

Health 10:231.

Inhal Toxicol, 2013; 25(6): 354-361

Farsalinos K, Tsiapras D, Kyrzopoulos S, Voudris V. (2013). Acute and
chronic effects of smoking on myocardial function in healthy heavy
smokers: a study of Doppler flow, Doppler tissue velocity and two-
dimensional speckle tracking echocardiography. Echocardiography
30:285-92.

FDA. (2012a) (revised). Code of federal regulations, Title 21, Part 184:
direct food substances affirmed as generally recognized as safe.
Section 184.1666 Propylene glycol. Available from: http://www.ac-
cessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/cfrsearch.cfm?fr=184.1666.
[Last accessed: 6 Aug 2012].

FDA (2012b) (revised). Code of federal regulations Title 21, Part 182:
substances generally recognized as safe. Section 182.90 Substances
migrating to food from paper and paperboard products. Available
from: http://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfefr/
CFRSearch.cfm?fr=182.90. [Last accessed: 2 Apr 2013].

Fukano Y, Yoshimura H, Yoshida T. (2006). Heme oxygenase-1 gene
expression in human alveolar epithelial cells (A549) following
exposure to whole cigarette smoke on a direct in vitro exposure
system. Exp Toxicol Pathol 57:411-8.

Hecht SS, Hoffmann D. (1988). Tobacco-specific nitrosamines, an
important group of carcinogens in tobacco and tobacco smoke.
Carcinogenesis 9:875-84.

Hegele J, Miinch G, Pischetsrieder M. (2009). Identification of hydrogen
peroxide as a major cytotoxic component in Maillard reaction
mixtures and coffee. Mol Nutr Food Res 53:760-9.

Henningfield JE, Zaatari GS. (2010). Electronic nicotine delivery
systems: emerging science foundation for policy. Tob Control 19:
89-90.

Ishii T, Fujishiro M, Masuda M, et al. (2003). Depletion of glutathione
S-transferase P1 induces apoptosis in human lung fibroblasts. Exp
Lung Res 29:523-36.

Janzon E, Hedblad B. (2009). Swedish snuff and incidence of
cardiovascular disease: a population-based cohort study. BMC
Cardiovasc Disord 9:21.

Jia L, Zhang Z, Zhai L, Bai Y. (2009). Protective effect of lipoic acid
against acrolein-induced cytotoxicity in IMR-90 human fibroblasts.
J Nutr Sci Vitaminol (Tokyo) 55:126-30.

Kim SY, Lee JH, Huh JW, et al. (2011). Cigarette smoke induces Akt
protein degradation by the ubiquitin-proteasome system. J Biol Chem
286:31932-43.

Krokan H, Grafstrom RC, Sundqvist K, et al. (1985). Cytotoxicity, thiol
depletion and inhibition of O6-methylguanine-DNA methyltransferase
by various aldehydes in cultured human bronchial fibroblasts.
Carcinogenesis 6:1755-9.

Laugesen M. (2008). Safety report on the Ruyan e-cigarette cartridge and
inhaled aerosol. Christchurch, New Zealand: Health New Zealand.
Available from: http://www.healthnz.co.nz/RuyanCartridgeReport30-
Oct-08.pdf. [Last accessed: 6 Aug 2012].

Laytragoon-Lewin N, Bahram F, Rutqvist LE, et al. (2011). Direct
effects of pure nicotine, cigarette smoke extract, Swedish-type
smokeless tobacco (snus) extract and ethanol on human normal
endothelial cells and fibroblasts. Anticancer Res 31:1527-34.

Lee PN, Hamling J. (2009). Systematic review of the relation between
smokeless tobacco and cancer in Europe and North America. BMC
Med 7:36.

Lu B, Kerepesi L, Wisse L, et al. (2007). Cytotoxicity and gene
expression profiles in cell cultures exposed to whole smoke from three
types of cigarettes. Toxicol Sci 98:469-78.

Maunders H, Patwardhan S, Phillips J, et al. (2007). Human bronchial
epithelial cell transcriptome: gene expression changes following acute
exposure to whole cigarette smoke in vitro. Am J Physiol Lung Cell
Mol Physiol 292:1.1248-56.

Mossman T. (1983). Rapid colorimetric assay for cellular growth and
survival: application to proliferation and cytotoxicity assays. J
Immunol Methods 65:55-63.

Miiller T, Gebel S. (1998). The cellular stress response induced by
aqueous extracts of cigarette smoke is critically dependent on the
intracellular glutathione concentration. Carcinogenesis 19:797-801.

Park JW, Kim HP, Lee SJ, et al. (2008). Protein kinase C alpha and zeta
differentially regulate death-inducing signaling complex formation in
cigarette smoke extract-induced apoptosis. J Immunol 180:4668-78.

Park JW, Yoon JY, Kim Y], et al. (2010). Extracellular signal-regulated
kinase (ERK) inhibition attenuates cigarette smoke extract (CSE)
induced-death inducing signaling complex (DISC) formation in
human lung fibroblasts (MRC-5) cells. J Toxicol Sci 35:33-9.

RIGHTS LI N Hiy



Inhalation Toxicology Downloaded from informahealthcare.com by K U Leuven on 06/06/13
For personal use only.

DOI: 10.3109/08958378.2013.793439

Pauly J, Li Q, Barry MB. (2007). Tobacco-free electronic cigar-
ettes and cigars deliver nicotine and generate concern. Tob Control
16:357.

Ponec M, Haverkort M, Soei YL, et al. (1990). Use of human
keratinocyte and fibroblast cultures for toxicity studies of topically
applied compounds. J Pharm Sci 79:312-6.

Rennard SI, Togo S, Holz O. (2006). Cigarette smoke inhibits alveolar
repair: a mechanism for the development of emphysema. Proc Am
Thorac Soc 3:703-8.

Rigotti NA, Pipe AL, Benowitz NL, et al. (2010). Efficacy and safety of
varenicline for smoking cessation in patients with cardiovascular
disease: a randomized trial. Circulation 121:221-9.

Risner CH, Martin P. (1994). Quantitation of formaldehyde, acetalde-
hyde, and acetone in sidestream cigarette smoke by high-performance
liquid chromatography. J Chromatogr Sci 32:76-82.

Robertson OH, Loosli CG, Puck TT, et al. (1947). Tests for the chronic
toxicity of propylene glycol and triethylene glycol on monkeys and
rats by vapor inhalation and oral administration. J Pharmacol Exp
Ther 91:52-76.

Ronco AM, Arguello G, Munoz L, et al. (2005). Metals content in
placentas from moderate cigarette consumers: correlation with new
born birth weight. Biometals 18:233—41.

Smith CJ, Hansch C. (2000). The relative toxicity of compounds in
mainstream cigarette smoke condensate. Food Chem Toxicol 38:
637-46.

Spielmann H, Gerner I, Kalweit S, et al. (1991). Interlaboratory
assessment of alternatives to the Draize eye irritation test in
Germany. Toxicol In Vitro 5:539-42.

Stepanov I, Jensen J, Hatsukami D, Hecht SS. (2006). Tobacco-
specific nitrosamines in new tobacco products. Nicotine Tob Res 8:
309-13.

Cytotoxicity of electronic versus tobacco cigarettes 361

Stratton K, Shetty P, Wallace R, Bondurant S. (2001). Clearing the
smoke: the science base for tobacco harm reduction-executive
summary. Tob Control 10:189-95.

Thelestam M, Curvall M, Enzell CR. (1980). Effect of tobacco smoke
compounds on the plasma membrane of cultured human Ilung
fibroblasts. Toxicology 15:203-17.

Tytgat J. (2007). ““Super Smoker’’ expert report. Leuven, Belgium:
Catholic University of Leuven. Available from: http://truthaboutecigs.
com/science/15.pdf. [Last accessed: 6 Aug 2012].

Valance C, Ellicott M. (2008). Analysis of chemical components from
high, med & low nicotine cartridges. Lancashire, UK: Blackburn
MicroTech Solutions. Available from: http://truthaboutecigs.com/
science/12.pdf. [Last accessed: 6 Aug 2012].

WHO-IARC. (2004). IARC monographs on the evaluation of carcino-
genic risks to humans. Volume 83, tobacco smoke and involuntary
smoking. Avaialble from: http://monographs.iarc.fr/ENG/
Monographs/vol83/mono83.pdf. [Last accessed: 2 March 2013].

Westenberger BJ. (2009). Evaluation of e-cigarettes. St Louis, MO:
Department of Health and Human Services, Food and Drug
Administration, Center for Drug Evaluation and Research, Division
of Pharmaceutical Analysis. Available from: http://truthaboutecigs.
com/science/2.pdf. [Last accessed: 6 Aug 2012].

Wu W, Ashley DL, Watson CH. (2003). Simultaneous determination of
five tobacco-specific nitrosamines in mainstream cigarette smoke by
isotope dilution liquid chromatography/electrospray ionization tandem
mass spectrometry. Anal Chem 75:4827-32.

Yu R, Wu M, Lin S, Talbot P. (2006). Cigarette smoke toxicants alter
growth and survival of cultured mammalian cells. Toxicol Sci 93:
82-95.

Zedeck MS. (1980). Polycyclic aromatic hydrocarbons: a review.
J Environ Pathol Toxicol 3:537-67.

RIGHTS LI N Hiy



