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A B S T R A C T   

Electronic cigarettes are constantly gaining ground as they are considered less harmful than conventional cig-
arettes, and there is also the perception that they may serve as a potential smoking cessation tool. Although the 
acute effects of electronic cigarette use have been extensively studied, the long-term potential adverse effects on 
human health remain largely unknown. It has been well-established that oxidative stress is involved in the 
development of various pathological conditions. So far, most studies on e-cigarettes concern the effects on the 
respiratory system while fewer have focused on the vascular system. In the present study, we attempted to reveal 
the effects of electronic cigarette refill liquids on the redox state of human endothelial cells (EA.hy926 cell line). 
For this purpose, the cytotoxic effect of three e-liquids with different flavors (tobacco, vanilla, apple/mint) and 
nicotine concentrations (0, 6, 12, 18 mg/ml) were initially examined for their impact on cell viability of EA. 
hy926 cells. Then, five redox biomarkers [reduced form of glutathione (GSH), reactive oxygen species (ROS), 
total antioxidant capacity (TAC), thiobarbituric acid reactive substances (TBARS) and protein carbonyls 
(CARBS)] were measured. The results showed a disturbance in the redox balance in favor of free radicals in 
tobacco flavored e-liquids while vanilla flavored e-liquids exhibited a more complex profile depending on the 
nicotine content. The most interesting finding of the present study concerns the apple/mint flavored e-liquids 
that seemed to activate the cellular antioxidant defense and, thus, to protect the cells from the adverse effects of 
free radicals. Conclusively, it appears that the flavorings and not the nicotine content play a key role in the 
oxidative stress-induced toxicity of the e-liquids.   

1. Introduction 

Smoking is one of the leading risk factors for cardiovascular diseases 
and other pathological conditions (e.g., insulin resistance, inflamma-
tion, dyslipidemia) worldwide [1,2]. Moreover, it is one of the top 
causes for early death [3]. The smoke generated by conventional 

cigarettes contains over 4,000 chemical substances including carbon 
monoxide (CO), hydrogen cyanide (HCN), acetaldehyde, nitrogen ox-
ides, heavy metals and other volatile compounds with potential detri-
mental outcome on human health (e.g., alcohols, quinones, amines, 
aldehydes) [4]. The harmful effects caused by the exposure to the toxic 
substances of cigarette smoke depends mainly on the duration of the 
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exposure. HCN is one of the most dangerous compounds of cigarette 
smoke since the long-term exposure at low doses can cause damage to 
lung, heart and brain [5]. Also, exposure to low doses of CO for long time 
periods has been associated with increased risk of heart disease. CO 
enters the bloodstream through the lungs and with hemoglobin prevents 
the transport of oxygen to the cells [6]. It also contains several major 
carcinogenic and mutagenic agents, such as benzo [a] pyrene and other 
polycyclic aromatic hydrocarbons, nitrosamines, N-heterocyclic amines 
and benzene [7]. 

The effects of cigarette smoke on human health have been exten-
sively studied. Cigarette smoking can lead to lung diseases, diabetes, 
periodontitis, cancer, vascular diseases, and rheumatoid arthritis. It has 
also been associated with oxidative damage to macromolecules, reduced 
antioxidants reserves, inflammation and impaired immune status [8]. 
Specifically, cigarette smoke contains an abundant amount of free rad-
icals (1015/single puff) and oxidants that can cause oxidative damage to 
proteins, lipids and DNA [9]. Many studies have shown that levels of 
isoprostanes and thiobarbituric acid–reactive substances (TBARS), both 
as biomarkers of lipid peroxidation, are higher in smokers compared to 
nonsmokers [10–12]. The concentrations of protein carbonyls (CARBS), 
as a biomarker of protein oxidation and 8-hydroxy-deoxyguanosine, as a 
biomarker of DNA oxidative damage, were higher in smokers than in 
nonsmokers [13]. A direct consequence of the exposure to oxidative 
stress is the depletion of the body’s circulating antioxidant micro-
nutrients (carotenoids, vitamin C, provitamin A,) in order to encounter 
the oxidative damage [14,15]. Furthermore, the relationship between 
tobacco smoke, oxidative stress and associated endothelial dysfunction 
has been thoroughly investigated [16–17,18,19,20,21]. 

Over the last decade, due to the above mentioned harmful effects of 
conventional cigarette, a rapid increase in the use of electronic nicotine 
delivery systems (ENDS) has been observed. Indeed, a continuously 
increasing number of individuals throughout the world tend to use 
electronic cigarettes and, thus vaping as a substitute for smoking [22]. 
According to the literature, vaping is considered safer for human health 
compared to tobacco smoking [23,24]. It has been reported that the 
liquids used for the refill of electronic cigarettes contain 4 main in-
gredients, namely propylene glycol (PG), vegetable glycerin (VG), 
nicotine and flavorings [25]. PG and VG serve as solvents and their 
mixtures are chemically stable. They are commercially available in a 
variety of ratios with 50 PG/50 V G being the most common. Different 
PG/VG ratios exert different effects on cloud production and throat hit. 
PG is responsible for the throat hit feeling, highlights the flavors of 
e-liquids and has reduced cloud production in relation to VG. On the 
other hand, VG is characterized by a more smooth texture and increased 
steam production, compared to PG, however it has a reduced flavor yield 
[26]. Both substances are organic compounds that are widely used in the 
food and pharmaceutical industry. Interestingly, although a number of 
toxic substances is produced during vaping due to thermal decomposi-
tion, such as acetone, acetaldehyde, acrolein and formaldehyde, their 
levels are notably lower compared to the conventional cigarette smoke 
[27–30]. The vapor produced by electronic cigarette devices is consid-
ered safer than the cigarette smoke since it is claimed to contain 9–450 
times fewer toxic substances [31]. in vitro experiments have shown that 
e-cigarette aerosols induce less cytotoxicity than cigarette smoke [32]. A 
study that compared the effects of tobacco smoke vs e-cigarette on the 
cell viability of 3T3-L1 cells has reported that only cigarette smoke 
decreased cell viability [33]. 

As mentioned above, although the role of the smoke produced by 
conventional cigarettes on oxidative stress is well studied and the 
findings are not optimistic, the available experimental data in the 
literature concerning the effects of e-cigarettes on blood, tissue or cell 
redox status and the redox-related diseases are scarce. However, it is 
believed that the levels of ROS, and reactive species in general, in the 
vapor of e-liquids are major determinants for the overall toxicity of 
electronic cigarettes. The production of ROS during the vaping pro-
cedure depends on specific factors, the most important of them being the 

brand of the cigarette, the composition of the flavorings, the voltage and 
the nicotine concentration of the liquid [34,35]. According to electronic 
paramagnetic resonance spectroscopy studies, the existence of drastic, 
low-half-life free radicals in the vapor of e-liquids has been confirmed 
[36]. A common model in which studies of the toxicological effects of 
electronic cigarettes focus are lung cells and tissues. Researchers have 
shown that aerosols induce cytotoxicity and induce oxidative stress and 
inflammation in both human lung cells and mice lungs [37]. Perme-
ability of lung endothelial cells, measured by the cell-substrate imped-
ance assay method, is also increased after exposure to electronic 
cigarette aerosols, regardless of nicotine concentration [38]. In addition, 
a study in human bronchial epithelial cells (Beas2B) and human pul-
monary fibroblasts (HFL-1) has demonstrated that their exposure to 
standard chemicals used as flavorings in electronic cigarette refill liquids 
had similar detrimental effects causing inflammation and loss of 
epithelial function barrier [39]. Therefore, flavorings used in e-liquids 
may generally trigger ROS-mediated inflammatory responses, as also 
found in a study conducted on monocytes (MM6 and U937 cell lines) 
[40]. 

On the basis of the above, it becomes evident that the smoke 
generated by the conventional cigarettes is a redox altering stimuli that 
causes oxidative stress and several serious health problems. However, 
regarding electronic cigarette, although there is limited evidence in 
differential in vitro models pointing out that its vapor leads to free 
radical production, it is not yet known how they affect cell redox status. 
Thus, the main objective of the present study was to investigate the ef-
fects of three common liquids with ranging nicotine concentrations used 
as refill for electronic cigarettes on the redox status of human vascular 
endothelial cells. Five redox biomarkers, i.e., GSH, ROS, TAC, TBARS 
and CARBS levels were evaluated in order to acquire a holistic clue 
regarding the role of the tested e-liquids on cell redox equilibrium [41]. 

2. Materials and methods 

2.1. The e-cigarette liquids (e-liquids) 

Three e-liquid brands with different flavors and nicotine concentra-
tions were tested (seven e-liquid samples in total). Specifically, three 
tobacco-flavored e-liquids (propylene glycol, vanillin, propionic acid, 
propenyl guaethol, linalool) with 50/50 ratio of PG/VG and nicotine 
concentrations equal to 0 mg/ml, 12 mg/ml and 18 mg/ml, two apple/ 
mint-flavored e-liquids (propylene glycol, water, vanillin, menthol, 
mint, hexyl acetate, ethyl acetate, ethyl butyrate) with 70/30 ratio of 
PG/VG and nicotine concentrations equal to 12 mg/ml and 18 mg/ml 
and two vanilla-flavored e-liquids (propylene glycol water, vanillin, 
acetoin, maltol, vanilla extract, 2,3-Pentanedione) with 70/30 ratio of 
PG/VG and nicotine concentrations equal to 6 mg/ml and 12 mg/ml) 
were examined for their effects on the redox status of endothelial cells (i. 
e., Ea.hy926 cell line). 

2.2. Cell culture 

The EA.hy926 endothelial cell line examined in the present study is a 
hybrid cell line derived from human umbilical vein endothelial cells 
(HUVECs) and epithelial cells from human lung carcinoma (A549). The 
cells were cultured in normal Dulbecco’s modified Eagle’s medium 
(DMEM) containing 10 % (v/v) fetal bovine serum, 2 mM L-glutamine, 
100 units/ml penicillin and 100 units/ml streptomycin in tissue culture 
flasks at 37 ◦C in 5 % CO2. 

2.3. The cell viability assay 

Cell viability was assessed using the XTT Cell Proliferation Assay. 
Endothelial cells were subcultured in 96-well plates with 1 × 104 cells 
per well in DMEM medium. After 24 h of incubation, the cells were 
treated with increasing concentrations of each e-liquid sample (0.3 %, 1 
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%, 2.5 %, 5 %, 10 % and 20 %) in serum-free medium for 24 h. Then, the 
XTT test solution was added to each well and after a 4 h-incubation the 
absorbance was measured at 450 nm and also at 630 nm as a reference 
wavelength in a Bio-Tek ELx800 microplate reader (Winooski, VT, USA). 
Cells incubated in DMEM serum-free medium only were used as the 
negative control. The absorbance of each e-liquid concentration alone in 
DMEM serum-free medium and XTT solution was also measured at 
450 nm and 630 nm. The absorbance values of each e-liquid sample 
alone were subtracted from those derived from the cells treated with e- 
liquids. The cell viability was expressed as percentage of inhibition of 
cell viability, according to the following formula:  

Inhibition (%) = [(O.D.control − O.D.sample) / O.D.control] × 100,                    

where O.D.control and O.D.sample indicate the optical density of the 
negative control and the tested compounds, respectively. All samples 
were measured in triplicate and at least in three independent 
experiments. 

2.4. Treatment of the cells with e-liquids 

The cells were seeded in 25 cm2 culture flasks for GSH and ROS 
determination and 75 cm2 culture flasks for the measurement of TAC, 
TBARS and protein carbonyl levels and were incubated for 24 h at 37 ◦C 
in 5 % CO2. Then, at a cell confluency of 70–80 %, the medium was 
removed and replaced with serum-free medium containing the e-liquid 
samples at different concentrations followed by incubation for 24 h. The 
untreated cells were considered as controls. Then, the cells were tryp-
sinized, collected and centrifuged twice (300 g, 10 min, 5 ◦C). Each 
centrifugation was followed by supernatant dismissal and resuspension 
of cellular pellet in phosphate buffered saline (PBS). After the last 
centrifugation the cellular suspension was collected for the measure-
ment of the above mentioned redox biomarkers. 

2.5. Determination of GSH and ROS levels by flow cytometry (FC) 

The assessment of intracellular GSH and ROS levels in the cells was 
carried out using flow cytometry. Mercury orange and 2’ ,7’-dichlor-
odihydrofluorescein diacetate (DCF-DA) were used for the detection of 
intracellular GSH and ROS, respectively. Mercury orange is a fluorescent 
dye that directly binds to GSH, while DCF-DA is non-fluorescent but 
after entering the cell it is deacetylated by cellular esterases and is 
converted to its fluorescent form (DCF), which binds to intracellular 
ROS. A 400 μM stock solution of mercury orange was prepared using 
acetone as a solvent and stored in 4 ◦C, while a fresh 400 μM stock so-
lution of DCF-DA in ethanol was prepared. In order to determine the 
GSH and ROS levels, the cells were firstly re-suspended in PBS (1 × 106 

cells/ml) and were then treated with mercury orange (40 μM) or DCF- 
DA (10 μM) followed by a 30 min-incubation in the dark at 37 ◦C. 
Then, the cells were washed out, resuspended in PBS and submitted to 
the flow cytometric analysis using a FACScan flow cytometer (Becton 
Dickinson, NJ, USA). The excitation and emission wavelengths for ROS 
were at 488 nm and 530 nm, respectively and for GSH they were at 488 
and 580 nm, respectively. Also, forward light scattering (FSC) and side 
light scattering (SSC) that are indicators of cell size and cellular internal 
complexity, respectively were measured. The cells were analyzed at a 
flow rate of 1000 events per sec. Analyses were performed on 10,000 
cells per sample and fluorescence intensities were measured. Data 
analysis was made using the BD Cell Quest software (Becton Dickinson). 
Each experiment was performed at least three times. 

2.6. The protocol for the determination of TBARS levels 

The determination of TBARS was performed according to Keles et al. 
[42] with slight modifications as described by Kerasioti et al. [43]. Four 
hundred microliters of the cell suspension (or 400 μl of PBS for the 

blank) was mixed with 500 μl of trishydroxymethylaminomethane hy-
drochloride (Tris-HCl) (200 mM, pH = 7.4) and 500 μl of 35 % TCA and 
after a 10 min-incubation at room temperature, 1 ml of 2 M Na2SO4– 
thiobarbituric acid (TBA) (55 mM) solution was added and the samples 
were incubated for 45 min at 95 ◦C. Then, the samples were cooled on 
ice for 5 min followed by addition of 1 ml of trichloroacetic acid (TCA) 
70 % and vortexing. Finally, the samples were centrifuged (15.000 g, 
3 min, 25 ◦C) and the absorbance was monitored at 530 nm. The assay 
requires >30 μg protein for each sample. Total protein in cellular sus-
pension was determined using the Bradford reagent. The concentration 
of TBARS is expressed in terms of malondialdehyde (MDA) equivalents 
based on the molar extinction coefficient of MDA (155 mM− 1 ∙ cm-1). 

2.7. The protocol for the determination of TAC 

The determination of TAC was based on the method of Janaszewska 
and Bartosz [44]. Briefly, 200 μl of the cell suspension was mixed with 
500 μl of phosphate buffer (10 mM, pH = 7.4) and 500 μl of 2,2-diphe-
nyl-1-picrylhydrazyl (DPPH) (0.1 mM) followed by incubation in the 
dark at RT for 45 min. Afterwards, the samples were centrifuged 
(20.000 g, 3 min, 25 ◦C) and the absorbance of the supernatant was 
monitored at 520 nm. TAC is presented as mmol of DPPH• reduced to 2, 
2-diphenyl-1-picrylhydrazine (DPPH:H) by the antioxidants of the 
samples. 

2.8. The protocol for the determination of protein carbonyls 

For the assessment of protein carbonyl levels, the cellular suspension 
was homogenized by sonication on ice. Then, the protein carbonyl 
concentration was measured in the homogenate spectrophotometrically 
according to Patsoukis et al. [45] with slight modifications as previously 
described by Veskoukis et al. [46]. In this assay, 200 μl of 20 % TCA was 
added to 200 μl of the cellular suspension and this mixture was incu-
bated in an ice bath for 15 min and centrifuged (15,000 g, 5 min, 4 ◦C). 
The supernatant was discarded and 500 μl of 2,4-dinitrophenylhydra-
zine (DNPH) [in 2.5 N hydrochloric acid (HCL)] for the sample or 
500 μl of 2.5 N HCL for the blank was added in the pellet. Then, the 
samples were centrifuged (15.000 g, 5 min, 4 ◦C), the supernatant was 
discarded and 100 μl of TCA 100 % was added. The mixture was 
centrifuged (15.000 g, 5 min, 4 ◦C), the supernatant was discarded and 
1 ml of ethanol/ethyl acetate solution (1:1 v/v) was added followed by 
centrifugation (15.000 g, 5 min, 4 ◦C) in order to wash out the DNPH 
excess. This washing step was repeated twice. After discarding the su-
pernatant, 1 ml of urea (5 M, pH = 2.3) was added to the samples and 
then they were incubated for 15 min at 37 ◦C. The samples were 
centrifuged again (15.000 g, 3 min, 4 ◦C) and the absorbance of the 
supernatant was monitored at 370 nm. The assay requires > 30 μg of 
protein for each sample. Total protein was assayed using the Bradford 
reagent. The calculation of protein carbonyl concentration was based on 
the molar extinction coefficient of DNPH (22 mM− 1 ∙ cm-1). 

2.9. Statistical analysis 

The results were analyzed by one-way ANOVA followed by Tukey’s 
test multiple comparisons test. The results are expressed as mean-
± SEM. The level of statistical significance was set at p < 0.05. All 
statistical analyses were performed using the SPSS software (version 
20.0; SPSS, Inc., Chicago, IL, USA). 

3. Results 

3.1. Determination of the cytotoxic effects of e-liquids 

The results from the cell viability assay show that all e-liquids 
exhibited toxic action on EA.hy926 endothelial cells. Specifically, all 
three tobacco-flavored e-liquids with nicotine levels equal to 0, 12, 
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18 mg/ml exerted cytotoxic effect at 2.5 %, 5 %, 10 % and 20 % (Fig. 1A, 
B, C). The two vanilla-flavored e-liquids with nicotine levels at 6 and 
12 mg/ml showed cytotoxic effect at concentrations equal to 5 %, 10 % 
and 20 % (Fig. 2A, B). Finally, the two examined apple/mint-flavored e- 
liquids (nicotine levels: 12 and 18 mg/ml) showed cytotoxic effect at 
concentrations equal to 2.5 %, 5 %, 10 % and 20 % (Fig. 2D, E). Sub-
sequently, a cytotoxic concentration of each e-liquid sample was used 
for the evaluation of their effects on GSH, ROS, TBARS, TAC and CARBS 
levels. 

3.2. The effects of the e-liquid samples on GSH levels 

The vanilla-flavored sample with nicotine concentration equal to 
12 mg/ml increased GSH levels of the cells by 110 % at the cytotoxic 
concentration compared to the control (Fig. 3A). The apple/mint- 
flavored sample with nicotine concentration equal to 12 mg/ml 
increased the levels of GSH by 107 % at the cytotoxic concentration. 
(Fig. 3A). 

3.3. The effects of the e-liquid samples on ROS levels 

The tobacco-flavored sample with nicotine concentration equal to 
0 mg/ml, 12 mg/ml and 18 mg/ml and the vanilla-flavored sample 
(nicotine concentration: 6 mg/ml) increased ROS levels at the cytotoxic 
concentration by 59 %, 57 %, 54 % and 40 %, respectively compared to 
the control (Fig. 3B). In contrast, the apple/mint-flavored sample with 
nicotine concentration equal to 12 mg/ml decreased ROS levels at the 
cytotoxic concentration by 44 % compared to the control (Fig. 3B). 

3.4. The effects of the e-liquid samples on TAC levels 

As it is shown in Fig. 3C, no statistically significant alterations in TAC 
levels were observed after incubation of the cells with the e-liquid 
samples. 

3.5. The effects of the e-liquid samples on TBARS levels 

The tobacco-flavored samples with nicotine concentrations equal to 
0 mg/ml, 12 mg/ml and 18 mg/ml increased TBARS levels at cytotoxic 
concentration by 40 %, 38 % and 53 % respectively compared to the 
control (Fig. 4B). The vanilla-flavored sample with nicotine concentra-
tions equal 12 mg/ml increased TBARS levels at the cytotoxic concen-
tration by 71 % compared to the control. Finally, the 12 mg/ml- apple/ 
mint-flavored sample decreased TBARS levels at the cytotoxic concen-
tration by 22 % compared to the control (Fig. 4B). 

3.6. The effects of the e-liquid samples on protein carbonyls levels 

The vanilla-flavored sample with nicotine concentration 12 mg/ml 
decreased protein carbonyls levels at the cytotoxic concentration by 41 
% compared to the control (Fig. 4A). The 18 mg/ml- apple/mint- 
flavored sample decreased protein carbonyls levels at the cytotoxic 
concentration by 32 % compared to the control (Fig. 4A). 

4. Discussion 

The present study examined the role of three flavored electronic 
cigarette refill liquids on the redox state of human endothelial cells. 
Regarding the cytotoxicity of the e-liquids on the Ea.hy926 cell line, we 
have observed a dose-dependent action since increasing e-liquid con-
centrations led to decreased cell viability. Specifically, we report that 
tobacco-flavored and apple/mint-flavored e-liquids started exhibiting 
cytotoxic action at the concentration of 2.5 % while vanilla-flavored e- 
liquid started inhibiting cell viability at the concentration of 5 %, indi-
cating that tobacco-flavored and apple/mint-flavored e-liquids elicit 
more toxic effects on endothelial cells. Rowell et al. [47] have found that 
4 out of the 13 different flavors tested exhibited more harmful effects on 
the viability of CALU3 airway epithelial cell line. In addition, while 
comparing apple/mint-flavored and vanilla-flavored at the same nico-
tine concentration (12 mg/ml) and the same solvent ratio (50 % 
PG/VG), it became evident that the observed difference at the starting 
cytotoxic concentration is attributed to the different flavoring com-
pounds of each product. Another observation is that different nicotine 
concentrations between the same e-liquid had no effect on the starting 
cytotoxic concentration. In detail, tobacco-flavored e-liquid at nicotine 
concentrations of 0, 12 and 18 mg/ml started inhibiting cell viability at 
the concentration of 2.5 %. Vanilla-flavored e-liquid at nicotine con-
centrations of 6 and 12 mg/ml started inhibiting cell viability at the 
concentration of 5 %. Finally, apple/mint-flavored e-liquid at nicotine 
concentrations of 12 and 18 mg/ml started inhibiting cell viability at the 
concentration of 2.5 %. From the above, it is also noted that the absence 
of nicotine, in the tested e-liquids, does not affect the cytotoxic action as 
it is shown from the results in tobacco-flavored e-liquid. It can be 
concluded that, the three specific flavors of e-liquids used in this study, 
contribute to the observed differences in cytotoxic action rather than 
nicotine concentration and solvent ratio. Similarly, the treatment of 
human MG-63 and Saos-2 osteoblast-like cells with e-liquids have 
revealed a decrease of cell viability in a dose dependent-manner and a 
flavor-dependent degree of osteotoxicity independently of nicotine [48]. 

It has been shown that aerosols derived from electronic cigarette 
refill liquids exhibit similar toxicity profiles with non-vaporized refill 
liquids, rendering direct exposure of cells to e-liquids reliable for the 
determination of the relative toxicity [47]. In fact, a specific framework 
has been proposed for the toxicological assessment of the effect of 

Fig. 1. The effects of the three tobacco-flavored e-liquid samples with nicotine concentrations equal to 0 mg/ml, 12 mg/ml and 18 mg/ml on the viability of the EA. 
hy926 cells presented as % of control (untreated sample). *: Statistically significant compared to the control (P < 0.05). 
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Fig. 2. The effects of the two vanilla-flavored e-liquid samples with nicotine concentrations equal to 6 mg/ml and 12 mg/ml (A) and the two apple/mint-flavored e- 
liquid samples with nicotine concentrations equal to 12 mg/ml and 18 mg/ml (B) on the viability of the EA.hy926 cells presented as % of control (untreated sample). 
*: Statistically significant compared to the control (P < 0.05). 

Fig. 3. The effects of the tested e-liquid samples on GSH (A), ROS (B) and TAC (C) levels at the cytotoxic concentration. *: Statistically significant compared to the 
control (untreated sample) (P < 0.05). 
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electronic cigarette refill liquids for in vitro systems [49]. Based on the 
above, the overall redox status of the endothelial cells was evaluated 
after exposure to the e-liquids by measuring biomarkers of oxidative 
damage and antioxidant molecules [41]. Concerning tobacco-flavored 
e-liquid, it was found that independently of nicotine concentration, 
ROS levels were increased at the cytotoxic concentration. This effect 
probably led to damage in cell membranes, which was confirmed by the 
increased TBARS (a biomarker of lipid peroxidation) levels. The 
vanilla-flavored e-liquid, with nicotine concentration equal to 6 mg/ml 
at the cytotoxic concentration induces the production of ROS and exerts 
a trend to increase TBARS levels. When it contains 12 mg/ml nicotine, 
vanilla-flavored e-liquid increases GSH levels accompanied by a con-
current increase of TBARS and a decrease of protein carbonyls levels 
both at the cytotoxic concentration. Apple/mint-flavored e-liquid with 
nicotine concentration equal to 12 mg/ml increased GSH levels and this 
subsequently led to decreased ROS levels and lipid peroxidation. As for 
apple/mint-flavored e-liquid with nicotine concentration equal to 
18 mg/ml, a tendency for increase in GSH and a protection in favor of 
proteins (reduced protein carbonyl levels) were observed. From the 
above, it is concluded that the pattern of the effect on the 5 redox bio-
markers is different among e-liquids. Specifically, tobacco-flavored 
e-liquid promotes ROS production and lipid peroxidation while 
apple/mint-flavored e-liquid enhances GSH production, which can lead 
to decreased ROS levels and protects against lipid and protein oxidation. 
Concerning vanilla-flavored e-liquid a different effect was observed as it 
increased GSH, ROS and TBARS levels while protected from protein 
oxidation. In general, the two e-liquids (tobacco-flavored and 
vanilla-flavored) increase ROS production and promote lipid peroxida-
tion, except for apple/mint-flavored e-liquid as it protects endothelial 
cell membranes from oxidative stress. 

From the above results it can be deduced that the specific flavorings 
appear to play an important role in free radical generation, as some 
flavored e-liquids seem to induce ROS production and others to inhibit 
it, which is also confirmed by the literature. Specifically, Bitzer et al. 
[50] have examined the effect of 49 different flavoring chemicals in the 
production of free radicals in e-cigarette aerosols. They resulted that 
flavoring substances play a significant role either in enhancing or in 
inhibiting free radical production. They also related the production of 
free radicals to the ability to oxidize biologically relevant lipids, as 
tested by the TBARS method. In addition, findings from free radical 
determination have shown enhanced release of ROS from vaporized 
e-liquids in both cellular and non-cellular systems, which is associated 
with an increase in lipid peroxidation as determined by measuring 
TBARS levels in lung homogenates from mice that were exposed to 
e-cigarette vapor [51]. It has also been shown that aerosols produced by 
electronic cigarette refill liquids induce ROS production, DNA destruc-
tion and cell death in vascular endothelial cells [52]. In an attempt to 
assess the vascular safety of electronic cigarettes, a randomized 

single-blind cross-over study was conducted by Carnevale et al. [53] that 
involved 40 healthy adults (smokers and non-smokers) and the effects of 
conventional cigarettes and electronic cigarettes on oxidative stress and 
endothelial function were studied and compared. After the measure-
ment of redox biomarkers, both conventional and electronic cigarettes 
have been found to have adverse effects with respect to oxidative stress 
and endothelial function, with the electronic cigarette causing less 
damage. 

Regarding the cytotoxicity and the biological roles of e liquids, 
several studies have appeared in the literature during the last decade. To 
begin with, a relevant study reported the capacity of electronic cigarette 
to be approximately 10 fold less toxic in an in vivo model than conven-
tional cigarettes [54], whereas it has also been demonstrated that the 
electronic cigarettes are less mutagenic that conventional ones [55]. So 
far, many different flavoring substances with different flavor composi-
tion and concentration are used in e-liquids [56], as it has also been 
analysed with chormatographic tools [57]. Some of these flavoring 
substances, have already been reported to be harmful when inhaled 
[58]. Specifically, when citronellol, a natural acyclic monoterpenoid, is 
removed from the e-liquid mixture, the cytotoxic effects were decreased 
[59]. Another study examined the potential of cinnamon flavored 
e-liquids to induce oxidative stress and demonstrated that both unvaped 
and aerosolized cinnamon-flavored e-liquids increased the production of 
ROS, whereas flavorless e-liquids did not significantly alter the levels of 
ROS [60]. In general, conventional smoking induces several detrimental 
effects on human organism [61] and the use of antioxidants as potential 
therapeutic agents has been proposed [62]. The impact of most of these 
flavoring substances, alone or in a mixture, is still unclear, and addi-
tional experimental evidence should be generated to support the regu-
latory framework. E-liquid manufacturers are currently able to diminish 
the toxicological hazards of their products by identifying potential 
harmful flavoring substances or combinations of them as well as their 
toxic doses. Therefore, the know-how on toxicological data from the use 
of such e-liquids in in vitro and in vivo models is of utmost importance for 
tobacco industry. 

The present study aspires to shed light on how three specific flavored 
e-liquids interact with endothelial cells by affecting their redox status. 
At present, there is limited literature evidence regarding the effects of 
the e-liquids on the redox status of endothelial cells. We report herein 
that the role of three specific e-liquids (tobacco, vanilla, apple/mint) on 
cell redox status depends highly on their flavor and, therefore, their 
chemical composition and not their nicotine content. The overall 
toxicity resulting from the use of e-liquids in electronic cigarettes is a 
multi-factorial phenomenon, in which many variables are involved and 
therefore this study may at present merely give indications about the 
effect of three specific flavored e-liquids on the redox state of the 
endothelial cells. It is therefore necessary to further research on this 
subject to elucidate the mechanisms governing the toxicological effects 

Fig. 4. The effects of the tested e-liquid samples on protein carbonyls (A) and TBARS (B) levels at the cytotoxic concentration. *: Statistically significant compared to 
the control (untreated sample) (P < 0.05). 
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of refill liquids. 
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