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Electronic cigarettes (e-cigarettes) came on the market in 
2003, and since that time, their popularity has increased 

dramatically. The majority of adult e-cigarette users are cur-
rent or former combustible cigarette smokers, which has gar-
nered interest on whether e-cigarettes may aid in smoking 
cessation or be a harm-reduction tool in smokers.1–3 In addi-
tion, e-cigarette use by youth is rising rapidly with ≈16% of 
high school students having used an e-cigarette in the past 30 
days, whereas 37% of high schoolers reported ever use of an 
e-cigarette in 2015.4–7 Importantly, studies have shown that 
youth who try e-cigarettes are at a 3- to 5-fold greater risk 
for combustible cigarette smoking, suggesting that e-ciga-
rettes are serving as a gateway to other tobacco product use.6,8 
Further, e-cigarettes are marketed and perceived as being safer 
than combustible cigarettes because of the limited number of 
ingredients in the  electronic liquid (primarily nicotine, pro-
pylene glycol/glycerin, and often contain flavorings).

Although combustible cigarettes are prohibited from 
containing characterizing flavors, with the exception of men-
thol, other tobacco products including e-cigarettes, cigars, 
little cigars, cigarillos, smokeless tobacco, and hookah are 
unrestricted regarding flavoring addition. Electronic liquids 
are available in a wide variety of flavorings with ≈7000 on 
the market with menthol, sweet, and fruity electronic liquids 
being the most popular.9 The flavorings used in tobacco prod-
ucts, including electronic liquids, greatly increase the appeal 
of tobacco products and mask the harshness associated with 
use.9–13 In 2014, of the high school students who reported use 
of a tobacco product, an estimated 73% reported using a fla-
vored tobacco product,10 and among youth, flavorings are cited 
as a primary reason for use of alternative tobacco products, 
including e-cigarettes, hookah, and cigars.10,14,15 Although the 
majority of the morbidity and mortality burden of combustible 
cigarette smoking is attributable to cardiovascular disease, the 
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Objective—Use of alternative tobacco products including electronic cigarettes is rapidly rising. The wide variety of flavored 
tobacco products available is of great appeal to smokers and youth. The flavorings added to tobacco products have been 
deemed safe for ingestion, but the cardiovascular health effects are unknown. The purpose of this study was to examine 
the effect of 9 flavors on vascular endothelial cell function.

Approach and Results—Freshly isolated endothelial cells from participants who use nonmenthol- or menthol-flavored 
tobacco cigarettes showed impaired A23187-stimulated nitric oxide production compared with endothelial cells from 
nonsmoking participants. Treatment of endothelial cells isolated from nonsmoking participants with either menthol (0.01 
mmol/L) or eugenol (0.01 mmol/L) decreased A23187-stimulated nitric oxide production. To further evaluate the effects 
of flavoring compounds on endothelial cell phenotype, commercially available human aortic endothelial cells were 
incubated with vanillin, menthol, cinnamaldehyde, eugenol, dimethylpyrazine, diacetyl, isoamyl acetate, eucalyptol, and 
acetylpyrazine (0.1–100 mmol/L) for 90 minutes. Cell death, reactive oxygen species production, expression of the 
proinflammatory marker IL-6 (interleukin-6), and nitric oxide production were measured. Cell death and reactive oxygen 
species production were induced only at high concentrations unlikely to be achieved in vivo. Lower concentrations 
of selected flavors (vanillin, menthol, cinnamaldehyde, eugenol, and acetylpyridine) induced both inflammation and 
impaired A23187-stimulated nitric oxide production consistent with endothelial dysfunction.

Conclusions—Our data suggest that short-term exposure of endothelial cells to flavoring compounds used in tobacco 
products have adverse effects on endothelial cell phenotype that may have relevance to cardiovascular toxicity.

Visual Overview—An online visual overview is available for this article.   (Arterioscler Thromb Vasc Biol. 2018;38: 
1607-1615. DOI: 10.1161/ATVBAHA.118.311156.)

Key Words: endothelial cells ◼ eugenol ◼ inflammation ◼ nitric oxide ◼ tobacco

Flavorings in Tobacco Products Induce  
Endothelial Cell Dysfunction

Jessica L. Fetterman, Robert M. Weisbrod, Bihua Feng, Reena Bastin, Shawn T. Tuttle,  
Monica Holbrook, Gregory Baker, Rose Marie Robertson, Daniel J. Conklin, Aruni Bhatnagar,  

Naomi M. Hamburg

Arterioscler Thromb Vasc Biol is available at https://www.ahajournals.org/journal/atvb DOI: 10.1161/ATVBAHA.118.311156

Translational Sciences

D
ow

nloaded from
 http://ahajournals.org by on February 14, 2021

mailto:jefetter@bu.edu


1608  Arterioscler Thromb Vasc Biol  July 2018

effects of tobacco product flavorings on the cardiovascular 
system are largely unknown.

The cardiovascular system is exposed to circulating toxins, 
and measures of vascular function are rapidly altered in response 
to environmental exposures. The endothelium plays a key role in 
maintaining vascular homeostasis, which has been shown to be 
disrupted by several cardiovascular risk factors, including com-
bustible cigarette smoking.16–18 Endothelial dysfunction not only 
precedes the development of atherosclerosis but also predictive 
of worse outcomes, including myocardial infarction and car-
diac death.19,20 Combustible cigarette smoking has been shown 
to induce endothelial dysfunction characterized by increased 
oxidative stress, a loss of nitric oxide signaling, inflammation, 
oxidative stress, and a prothrombotic phenotype.16–18 Several 
studies in endothelial cells suggest that acrolein, an aldehyde 
found in combustible cigarette smoke and e-cigarette aerosol, 
induces inflammation and oxidative stress.21–23 A recent study 
showed that flow-mediated vasodilation was impaired in young, 
healthy tobacco naïve individuals and combustible cigarette 
smokers 30 minutes after the use of an e-cigarette, suggest-
ing that acute e-cigarette use impairs endothelial function.24 
However, the mechanisms underlying e-cigarette–induced vas-
cular injury are largely unknown, and whether tobacco product 
flavorings induce endothelial dysfunction is unclear.

In this study, we developed an in vitro screening panel to 
identify whether flavorings added to tobacco products are toxic 
to endothelial cells and, if so, what levels induce toxicity. We 
selected a panel of measures of endothelial function, including 
measures of cell death, oxidative stress, inflammation, and nitric 
oxide bioavailability. Under pathological conditions, endothelial 
cells undergo cell death, have increased oxidative stress, decrease 
production or lose bioavailable nitric oxide, and become proin-
flammatory. We tested the vascular endothelial cell toxicity of 
common flavoring compounds in tobacco products across many 
different chemical classes. The flavorings vanillin, cinnamalde-
hyde, eugenol, acetylpyridine, and menthol impaired A23187-
induced nitric oxide production and increased expression of the 
proinflammatory mediator, IL-6 (interleukin-6), suggesting that 
these flavors are harmful to the endothelium (Table 1).

Materials and Methods
Data available upon request from the authors.

Study Participants
We enrolled age- and sex-matched nonsmokers who do not use any 
tobacco products, nonmenthol cigarette smokers, and menthol cigarette 
smokers. All participants enrolled had no risk factors (diabetes mellitus, 
smoking, hypertension, dyslipidemia) or known cardiovascular disease. 
All participants provided written consent, and all study protocols were 
approved by the Boston Medical Center Institutional Review Board.

Flow-Mediated Vasodilation
Endothelial function was evaluated using flow-mediated vasodilation 
in which hyperemic flow stimulates endothelial nitric oxide produc-
tion and subsequent vasodilation. As previously described, hyperemic 
flow was induced by proximal forearm cuff occlusion of the upper 
arm for 5 minutes, and a Toshiba SSH-140A ultrasound system was 
used to measure brachial artery diameter at baseline and 1 minute 
after the 5-minute occlusion.25 The commercially available software, 
Brachial Analyzer version 3.2.3 (Medical Imaging Applications), was 
used to assess flow-mediated dilation data. Flow-mediated vasodila-
tion is expressed as percent dilation.

Venous Endothelial Cell Biopsy
Venous endothelial cells were freshly isolated from nonsmokers, non-
menthol cigarette smokers, and menthol cigarette smokers without 
cardiovascular disease, as previously described.26–28 A 0.018-inch 
J-wire (Arrow International, Reading, PA) was inserted through a 20 
or 22 gauge catheter in a vein of the forearm and used to gently rub 
the inside of the vessel. After removal, the J-wire was rinsed several 
times with red blood cell lysis and dissociation buffer. The sample 
was then centrifuged and cells applied to poly-l-lysine–coated slides 
(Sigma, St Louis, MO). Nitric oxide production and bioavailability 
were then assessed immediately after isolation as outlined below.

Cell Culture Conditions and Tobacco 
Flavorings Exposures
Commercially available (Lonza Inc, Walkersville, MD) human aortic 
endothelial cells (HAECs) were cultured from passage 4 to 7 (EGM-2 
[endothelial cell growth medium] complete media, Lonza). When the 
cells were near confluent, serum was withdrawn for 4 hours, and the 
cells were exposed to a flavoring compound diluted in media (phenol 
red–free EGM-2, Lonza) for 90 minutes at 37°C before measurement 
of apoptosis, oxidative stress, inflammation, and nitric oxide produc-
tion as outlined below. Controls were vehicle matched to flavoring. 
All flavors are food safe grade, production lot consistent, and obtained 
from Sigma-Aldrich (St Louis, MO; Table I in the online-only Data 
Supplement for catalog numbers).

The flavoring compounds were heated at temperatures achieved 
using e-cigarette tank devices to test the potential toxicity of thermal 
degradation productions. A drop-tube furnace consisting of a quartz 
tube was configured in a vertical position and set to temperatures 
200°C±50°C or 700°C±50°C. Vanillin, menthol, or eugenol were 
added dropwise into the heated area of the furnace where the flavoring 
compound was quickly aerosolized. The aerosol then moved through 
a glass impinge for collection in an ethanol solution (55% in PBS). 
Test concentrations of thermal product solutions were determined 
from the volume of flavoring compound initially added to the furnace 
before heating and collection. All cell exposures to the aerosolized 
flavoring compounds were compared with ethanol vehicle control.

Measurement of Nitric Oxide Bioavailability
HAECs were grown on 8-well slides, and after a 90-minute flavoring 
exposure, the cells were incubated with 3 µmol/L 4,5-diaminofluo-
rescein diacetate (Calbiochem) for 30 minutes. After 2 washes with 
Hanks’ balanced salt solution, cells were stimulated with 1 µmol/L 
A23187 (Sigma) for 15 minutes and fixed with 2% paraformalde-
hyde. Mean fluorescence intensity (excitation of 498 nm) of indi-
vidual cells (20 cells per condition) was measured on a fluorescence 
microscope (Nikon Eclipse TE2000). Data are expressed as percent 
increase in 4,5-diaminofluorescein diacetate fluorescence stimulated 
by A23187 compared with unstimulated cells.

Quantification of Cell Death
HAECs were grown on 8-well slides, incubated with flavoring com-
pounds for 90 minutes, fixed with 2% paraformaldehyde, and stored at 
−80°C. A commercially available TUNEL assay (terminal deoxynu-
cleotidyl transferase dUTP nick-end labeling; Roche) was performed, 

Nonstandard Abbreviations and Acronyms

DHE  dihydroethidium

e-cigarettes  electronic cigarettes

eNOS  endothelial NO synthase

HAEC  human aortic endothelial cell

ICAM-1  intercellular adhesion molecule-1

IL-6  interleukin-6

D
ow

nloaded from
 http://ahajournals.org by on February 14, 2021



Fetterman et al  Flavorings in Tobacco Products Induce Endothelial Cell Dysfunction  1609

and cells were imaged on a fluorescence microscope (Nikon Eclipse 
TE2000) for fluorescein and DAPI (4’,6-diamidino-2-phenylindole; 
Vector Laboratories). DNAse 1 (Sigma) was used as a positive con-
trol for apoptosis. A minimum of 50 cells were quantitated for each 
condition. Data are presented as % TUNEL-positive cells.

Assessment of Oxidative Stress
HAECs were grown on 96-well plates and, after flavoring exposure, 
were incubated with dihydroethidium (DHE, 10 µmol/L, Thermo 
Fisher) for 30 minutes. Cells were washed 3× to remove DHE with 
Hanks’ balanced salt solution. Fluorescence was measured on a 
plate reader with an excitation of 518 nm and emission of 606 nm 
(Molecular Devices). Antimycin A (50 µmol/L; Sigma) treatment for 
30 minutes was used as a positive control. Data are presented as fold 
change in DHE fluorescence compared with vehicle control.

Quantification of IL-6 and ICAM-1 (Inflammatory)  
Activation
HAECs were grown on 6-well plates and were incubated an additional 
90 minutes in media after flavoring exposure, allowing for a total time 
of 180 minutes for changes in RNA expression. Cells were scraped 
into Qiazol (Qiagen), frozen, thawed, chloroform (1/5 of the Qiazol 
volume) extracted, and shaken for 15 seconds. After a 5-minute incu-
bation at room temperature, the samples were centrifuged at 12 000g 
for 15 minutes at 4°C. The aqueous phase was collected and RNA was 
extracted with a kit (miRNeasy Micro Kit, Qiagen) according to the 
manufacturer’s instructions. RNA was eluted in 14 µL of water and 
quantified with a Nanodrop spectrophotometer (Thermo Fisher, aver-
age of 200 ng RNA/µL). cDNA synthesis of mRNA was performed 

with a cDNA reverse transcription kit (Quanta Bio, Beverly, MA). 
Reverse transcription-quantitative polymerase chain reaction was 
performed with a Viia7 (Applied Biosystems) thermal cycler using 
TaqMan Master Mix and TaqMan primers for IL-6 and ICAM-1 
(intercellular adhesion molecule-1; Thermo Fisher). The 2−∆Ct was cal-
culated from threshold Ct values using GAPDH as a reference gene. 
Data are expressed as relative quantification to matched control.

Statistical Analysis
Statistical analyses were performed using SPSS version 24.0 (IBM 
Corp, Armonk, NY). Data are expressed as mean±SD, unless other-
wise indicated. We evaluated each measure for normality using the 
Shapiro–Wilk test. For between group comparisons, variables with 
normal distribution were compared using a 1-way ANOVA using post 
hoc Dunnett 2-sided tests with contrasts to control (vehicle alone) or 
χ2 testing for continuous or categorical data, respectively. For variables 
that were not normally distributed, we used Kruskal–Wallis tests. For 
2-group comparisons before and after treatment, we used paired t tests, 
and for variables not normally distributed, we used Wilcoxon signed-
rank tests. A P<0.05 was considered to be statistically significant.

Results
In a healthy endothelium, stimulation with eNOS (endothelial 
NO synthase) agonists, such as A23187, induces an increase in 
nitric oxide which in vivo results in vasodilation and is indica-
tive of cardiovascular health.19,29 Venous endothelial cells were 
freshly isolated by venous biopsy from nonsmokers (n=9), 
nonmenthol cigarette smokers (n=6), and menthol cigarette 

Table 1. Tobacco Product Flavorings Tested

Tobacco Product Flavoring Class Subgroup Characterizing Flavor

Eugenol Alcohols, phenols Phenol Clove

Vanillin Aldehyde Aromatic aldehyde Vanilla

Cinnamaldehyde Aldehyde Aromatic aldehyde Cinnamon

Menthol Alcohols, phenols Cyclic terpene Mint, cooling effect

2,5-dimethylpyrazine Pyrazine Alkyl pyrazine Strawberry

Diacetyl Ketone Diketone Butter

Isoamyl acetate Ester Aliphatic esters Banana

Eucalyptol Ether Ether Spicy, cooling effect

Acetylpyridine Pyridine Pyridine Burnt

Table 2. Clinical Characteristics

 Nonsmokers (n=9)
Nonmenthol Cigarette 

Smokers (n=6)
Menthol Cigarette 

Smokers (n=6)

Age, y 29±4 40±10 39±14

Female sex, n (%) 5 (55) 2 (33) 2 (33)

Black race, n (%) 6 (66) 5 (83) 5 (83)

Body mass index, kg/m2 26.3±2.9 28.9±7.3 26.9±4.4

Systolic blood pressure, mm Hg 115±11 123±6 128±23

Diastolic blood pressure, mm Hg 65±6 73±9 77±10

Heart rate, bpm 59±6 64±9 57±8

Packs per day, n  0.7±0.2 1.4±0.7

Pack years  21±10 27±22

Data are expressed as mean±SD.
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smokers (n=6) of similar age and sex (Table 2). Nonmenthol 
and menthol cigarette smokers had a similar number of packs 
smoked per day (0.7±0.2 versus 1.4±0.7; P=0.4) and pack 
years (21±10 versus 27±22; P=0.7). As part of larger, on-going 
study of vascular function and smoking, we evaluated flow-
mediated vasodilation in the patients recruited for endothelial 
cell biopsy. We found a trend for lower flow-mediated vasodi-
lation between the smoking groups and nonsmokers (Figure I 
in the online-only Data Supplement; P=0.12 between groups).

Freshly isolated endothelial cells collected from nonmenthol 
and menthol cigarette smokers had lower nitric oxide production 
in response to A23187 stimulation compared with cells from 
nonsmokers (P=0.003 nonsmokers versus nonmenthol cigarette 
smokers; P=0.012 nonsmokers versus menthol cigarette smok-
ers; Figure 1A). The impairment in A23187-stimulated nitric 
oxide production was similar between nonmenthol cigarette 
smokers and menthol cigarette smokers (P=0.86; Figure 1A). 
The absence of a difference in A23187-stimulated nitric oxide 
production is likely because of the overwhelming toxicity of the 
many components of tobacco smoke that are already maximally 
impairing nitric oxide bioavailability. Consistent with this, we 
observed that the treatment of endothelial cells from nonm-
enthol cigarette smokers with 0.01 mmol/L menthol did not 
further impair nitric oxide production in response to A23187 
(2.1±2.4 versus −2.6±5.1; P=0.5). Treatment of freshly isolated 
endothelial cells from healthy participants with 0.01 mmol/L 
menthol (Figure 1B) or 0.01 mmol/L eugenol (Figure 1C) 
impaired nitric oxide production in response to A23187 stimu-
lation. These findings suggest that flavoring compounds induce 
endothelial cell dysfunction in human cells similarly to the 
abnormal function in active cigarette smokers.

To further characterize the acute effects of several flavoring 
compounds on a broad set of endothelial phenotypes, we stud-
ied commercially available endothelial cells. Several tobacco 
product flavorings and doses induced cell death measured by 
TUNEL assay (Figure 2). Specifically, all flavorings tested 
induced cell death at the highest concentration tested (10–100 
mmol/L). Cinnamaldehyde precipitated out of solution at con-
centrations >10 mmol/L; therefore, all experiments were per-
formed at 10 mmol/L or lower concentrations. Cinnamaldehyde, 
eugenol, dimethylpyrazine, isoamyl acetate, and eucalyptol 
treatment at 10 mmol/L increased cell death compared with 
vehicle control. Treatment of HAECs with 1 mmol/L dimeth-
ylpyrazine also increased cell death, suggesting that endothelial 
cells are especially sensitive to dimethylpyrazine exposure.

Oxidative stress was assessed using the fluorescent dye 
DHE after treatment of HAECs with flavorings across several 
concentrations (Figure 3). As expected, the positive control, 
antimycin A, increased the levels of oxidants as measured 
by an increase in DHE fluorescence. Vanillin and eugenol 
increased oxidative stress at the highest concentration tested 
(10 mmol/L vanillin, 10 mmol/L eugenol), whereas all other 
flavorings tested had no effect on oxidative stress. The con-
centrations of vanillin and eugenol that increased oxidative 
stress were also the same concentrations that caused cell 
death, suggesting significant damage to endothelial cells at 
these levels. The concentrations of flavorings for all additional 
assays tested were performed at concentrations below the dose 
observed to induce cell death.

Expression of a proinflammatory mediator, IL-6, was quan-
tified in HAECs 3 hours after exposure to flavoring compounds 
(Figure 4). Vanillin, cinnamaldehyde, eugenol, and acetylpyri-
dine increased IL-6 expression at most concentrations tested, 
even in the 0.001 to 0.01 mmol/L range. Menthol increased 
IL-6 expression at 10 and 100 mmol/L but not at the lower con-
centrations (0.01–1 mmol/L). Dimethylpyrazine, diacetyl, iso-
amyl acetate, and eucalyptol had no effect on IL-6 expression 
in HAECs. Expression of the adhesion molecule, ICAM-1, 
was quantified in HAECs after a 3-hour exposure to flavoring 
compounds (Figure II in the online-only Data Supplement). 
Vanillin at a concentration of 10 mmol/L increased ICAM-1 

A

B

C

Figure 1. Menthol and eugenol impair nitric oxide production in freshly 
isolated endothelial cells from human participants. Endothelial cells from 
menthol (n=6) and nonmenthol cigarette smokers (n=6) had a lower change 
in nitric oxide measured by 4,5-diaminofluorescein diacetate (DAF-2DA) 
fluorescence in response to A23187 stimulation compared with endothelial 
cells from nonsmokers (n=9, ‡P<0.01, †P<0.05; A). Treatment of endothe-
lial cells freshly isolated from healthy participants with 0.01 mmol/L men-
thol (B) or eugenol (C) decreased DAF-2DA fluorescence in response to 
A23187 stimulation (n=5, ‡P<0.01 for menthol; n=5, ‡P<0.01 for eugenol). 
Data are expressed as mean±SEM.
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expression in HAECs whereas other concentrations and flavor-
ing compounds had no effect on ICAM-1 expression.

HAECs treated with the selected flavorings vanillin, men-
thol, cinnamaldehyde, eugenol, or acetylpyridine displayed a 
loss of nitric oxide production in response to A23187 stimula-
tion at all the tested concentrations of tobacco product flavor-
ing (Figure 5). In HAECs exposed to varying concentrations of 
eugenol for 90 minutes, phosphorylation of eNOS at its acti-
vation site, Serine 1177, in response to A23187 was impaired 
(Figure III in the online-only Data Supplement), suggesting 
that eugenol-induced decrease in nitric oxide bioavailability 
is due, in part, to an impairment in eNOS activation. Further, 
HAECs were treated with vanillin, eugenol, and menthol that 
had been aerosolized at temperatures designed to simulate those 
achieved using e-cigarette devices (200°C and 700°C) for 90 

minutes and then A23187-stimulated nitric oxide was assessed. 
Treatment of HAECs with vanillin aerosolized at 200°C but 
not 700°C decreased nitric oxide production in response to 
A23187 stimulation (Figure 6). HAECs treated with eugenol at 
200°C and 700°C impaired nitric oxide production in response 
to A23187 stimulation while aerosolized menthol treatment 
had no effect (Figure 6). Collectively, these data suggest that 
heating of the flavoring compounds alters their toxicity.

Discussion
Our study provides evidence that flavoring additives in tobacco 
products induce acute alterations in endothelial function. 
Treatment of endothelial cells from nonsmokers with men-
thol and eugenol resulted in a loss of nitric oxide signaling, 
recapitulating the phenotype observed in endothelial cells 

Figure 2. Tobacco flavoring compounds induce cell death. The percentage of cells staining positive for DNA strand breaks (TUNEL positive [terminal deoxy-
nucleotidyl transferase dUTP nick-end labeling]) after a 90 min incubation with varying concentrations of flavor compounds were detected using immunofluo-
rescence (n=3–4, *P<0.001, ‡P<0.01, †P<0.05 compared with vehicle control). Data are expressed as mean±SEM.

Figure 3. Tobacco flavoring compounds increase oxidative stress. Oxidative stress was measured by quantifying the fluorescent dye dihydroethidium after 
exposure of human aortic endothelial cells to flavoring compounds at varying concentrations (n=3, *P<0.001). Antimycin A (AA), a stimulus for mitochondrial 
oxidant generation, served as a positive control. Data are expressed as mean±SEM.
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from nonmenthol and menthol cigarette smokers. We found 
a similar degree of impairment in nitric oxide bioavailability 
in endothelial cells from nonmenthol and menthol cigarette 
smokers, which is consistent with prior literature showing 
that nonmenthol and menthol cigarette smokers have a simi-
lar degree of cardiovascular risk.30–34 We then systematically 
assessed the impact of several flavoring compounds, in the 
absence of combustion products, on a panel of measures of 
endothelial function, including nitric oxide production, oxida-
tive stress, inflammation, and cell death. The unique chemi-
cal characteristics of each flavoring compound led to variable 
changes in different outcomes whereas at some concentrations, 
all tobacco product flavoring compounds induced cell death. 
Oxidative stress was induced by the flavoring compounds but 
at concentrations that are likely supraphysiological. Notably, 

the flavorings vanillin, cinnamaldehyde, eugenol, and acetyl-
pyridine impaired A23187-induced nitric oxide production and 
increased expression of the proinflammatory mediator, IL-6, 
across all concentrations tested, suggesting that the endothelium 
is particularly sensitive to these flavors. Menthol also increased 
IL-6 expression at the higher concentrations tested (10 and 100 
mmol/L) and impaired nitric oxide production in response to 
A23187 at doses as low as 0.01 mmol/L. Treatment of HAECs 
with flavoring additives vanillin and eugenol aerosolized at 
temperatures achieved using e-cigarettes, impaired nitric oxide 
production in response to A23187 stimulation whereas aerosol-
ized of menthol had no effect on nitric oxide production. The 
impairment in nitric oxide bioavailability observed after treat-
ment with native and aerosolized flavoring additives suggests 
that the heating process alters the flavoring-induced endothelial 

Figure 4. Tobacco flavoring compounds increase endothelial cell inflammation. IL-6 (interleukin-6) expression was quantified using reverse transcription-
quantitative polymerase chain reaction 3 h after initial flavoring exposure in human aortic endothelial cells. All data are expressed as the relative quantification 
compared with vehicle alone treated cells (n=3–6, ‡P<0.01, †P<0.05). Data are expressed as mean±SEM.

Figure 5. Tobacco flavoring compounds impair nitric oxide production in human aortic endothelial cells (HAECs). Nitric oxide production (4,5-diaminofluo-
rescein diacetate [DAF-2DA] fluorescence) in response to A23187 stimulation was decreased in HAECs treated with flavoring compounds (n=3, *P<0.001, 
‡P<0.01, †P<0.05 compared with untreated control). Data are presented as percent change in DAF-2DA fluorescence in response to A23187 stimulation. 
Data are expressed as mean±SEM.
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dysfunction for some flavors but not others. Collectively, our 
data suggest that acute exposure to flavoring additives used in 
tobacco products induce characteristics of endothelial dysfunc-
tion at potentially physiologically relevant concentrations.

Although several studies have investigated the toxicity of 
tobacco product flavorings on pulmonary epithelial cells, few 

studies have assessed flavoring toxicity on the vascular endo-
thelium. In human umbilical vein endothelial cells, treatment 
with vapor extract from different e-cigarette devices for 24 to 
48 hours decreased endothelial cell viability and proliferation 
and altered endothelial cell morphology to varying degrees 
across the products, but to less of an extent that combustible 
cigarette smoke extract.35 Among the e-cigarette products used 
to generate the vapor extracts, all contained flavorings, but the 
authors did not provide product information.35 Thus, differ-
entiating which flavored products were toxic on endothelial 
cells in this study was not possible.35 In another study, e-cig-
arette condensate treatment of rodent pulmonary endothelial 
cell lines increased monolayer permeability, decreased cel-
lular metabolic activity, and reduced cellular proliferation.36 
Interestingly, exposure to e-cigarette condensate without nico-
tine had a similar effect on endothelial barrier function as the 
e-cigarette condensate with nicotine, suggesting the effects 
of e-cigarette condensate are independent of nicotine.36 In 
healthy nonsmokers and combustible cigarette smokers, use 
of an e-cigarette with unflavored electronic liquid impaired 
flow-mediated vasodilation, a measure of endothelial function 
and nitric oxide bioavailability, and increased measures of oxi-
dative stress.24 However, measures of oxidative stress (serum 
Nox2 [NADPH oxidase 2]-derived peptide and 8-isoPGF2α 
[8-iso-prostaglandin F2 alpha]) and nitric oxide bioavailabil-
ity were less impacted by a single e-cigarette use compared 
with smoking a single combustible cigarette, suggesting 
that e-cigarettes could be a reduced harm tobacco product.24 
Hence, several studies have tested the toxicity of e-cigarette 
generated vapor on endothelial cell phenotype, but few have 
determined whether the flavor additives induce endothelial 
cell toxicity.

We measured the acute effects of flavoring compounds 
used in tobacco products on a select panel of measures of 
endothelial cell function in vitro to rapidly screen for fla-
vor toxicity. Moreover, acute endothelium dysfunction is 
often observed immediately after smoking (cigarettes and 
e-cigarettes) and is recognized as a predictor of increased 
cardiovascular risk and disease.19,20,24,37 We found differential 
effects of the flavoring compounds on nitric oxide bioavail-
ability, cell death, oxidative stress, and IL-6 expression that 
may be related to their different chemical properties. All of 
the flavoring compounds tested impaired nitric oxide pro-
duction, which may be the result of reactive oxygen species 
scavenging nitric oxide and reduced eNOS activation. Nitric 
oxide is a cardioprotective signaling molecule that inhibits 
vascular inflammation and thrombosis and plays a key role in 
regulating vascular tone.19,29 The loss of nitric oxide signaling 
is known to promote a proinflammatory and prothrombotic 
endothelium, resulting in vascular dysfunction and athero-
sclerotic plaque formation.19,38 The flavoring compounds 
that impaired nitric oxide production also upregulated IL-6 
which is consistent with oxidative stress, a known stimulus 
of inflammatory signaling pathways. Treatment of freshly 
isolated endothelial cells from nonsmokers with menthol or 
eugenol recapitulated the loss of nitric oxide bioavailability 
observed in endothelial cells from nonmenthol and menthol 
cigarette smokers, suggesting an effect of menthol exposure 
separate from cigarette smoke. Our studies are strengthened 

A

B

C

Figure 6. Differential effects of aerosolizing tobacco flavoring compounds 
on A23187-stimulated nitric oxide production in human aortic endothelial 
cells (HAECs). Treatment of HAECs with vanillin aerosolized at 200°C 
impaired A23187-stimulated nitric oxide production (4,5-diaminofluo-
rescein diacetate [DAF-2DA] fluorescence), but this impairment was not 
observed with vanillin aerosolized at 700°C (n=3, †P<0.05 compared with 
untreated vehicle control, A). HAECs treated with menthol aerosolized at 
200°C or 700°C had no effect on A23187-stimulated nitric oxide produc-
tion (n=3, B). Treatment of HAECs with eugenol aerosolized at 200°C and 
700°C impaired nitric oxide production in response to A23187 stimulation 
(n=3, *P<0.001, ‡P<0.01, compared with vehicle control, C). Data are pre-
sented as percent change in DAF-2DA fluorescence in response to A23187 
stimulation. Data are expressed as mean±SEM.
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by the application of only the flavoring compounds to the 
cells, allowing us to isolate the effects of individual flavors 
on endothelial function. Other pathways may be impacted in 
endothelial cells by flavoring compound exposure, and the 
mechanisms are yet to be explored.

Our study has many limitations. We incubated endothelial 
cells with tobacco product flavoring compounds suspended in 
media without heating or addition of other typical electronic 
liquid constituents, such as the solvents propylene glycol and 
glycerol. Heating or combustion of the flavoring compounds 
likely alters the compounds, making them more or less toxic.39 
Consistent with this hypothesis, aerosolization of select fla-
voring compounds, vanillin and eugenol, did not alter their 
effects on nitric oxide bioavailability. However, aerosoliza-
tion of menthol reduced menthol’s inhibition of A23187-
induced nitric oxide production. Similarly, we studied only 
the acute effects of flavoring compounds on endothelial cell 
function, and the effects associated with chronic use of fla-
vored tobacco products need to be addressed. In addition, 
the in vitro effects may be different than the in vivo effects 
observed after flavored tobacco product use. The impairment 
in nitric oxide production in the endothelial cells from men-
thol cigarette smokers may not be directly attributable to the 
presence of menthol and is likely the result of the combined 
effects of multiple constituents in menthol cigarette smoke. 
This is consistent with the epidemiological evidence, showing 
that both menthol and nonmenthol cigarettes increase cardio-
vascular risk to a similar extent.30–34 A study evaluating the 
pharmacokinetics of menthol estimated the daily exposure 
of menthol to be ≈80 µmol for an individual who smokes 20 
mentholated cigarettes and estimated an absorption of ≈20% 
of the menthol in a combustible cigarette.40 In our study, at a 
dose comparable to this estimated daily exposure, we found 
that treatment of endothelial cells from healthy, nonsmokers 
with 10 µmol/L menthol impaired A23187-stimulated nitric 
oxide production, suggesting that the concentrations evalu-
ated in vitro are likely to be achieved in vivo. However, further 
work is needed to evaluate the levels of flavoring compounds 
and their metabolites in the circulation after use of flavored 
tobacco products.

We provide evidence that flavoring additives to tobacco 
products impair stimulated nitric oxide production and inflam-
mation suggestive of endothelial dysfunction across a range 
of concentrations likely to be achieved in vivo. All flavorings 
tested impaired A23187-induced nitric oxide production, sug-
gesting that measures of eNOS activation and nitric oxide 
production are sensitive measures of endothelial cell toxicity 
in vitro. The toxicity data generated herein, using a variety 
of common flavorings, provide quantitative support for the 
regulatory prohibition or the establishment of limitations on 
allowable levels of these flavorings in electronic liquids and 
other tobacco products. Future studies will focus on how the 
toxicity of the flavorings is altered with heating and charac-
terization of the levels obtained in the circulation after use of 
an e-cigarette.
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Highlights
• The cardiovascular health effects of flavoring additives used in tobacco products, including electronic cigarettes, have not yet been studied.
• Our data suggest that short-term exposure of endothelial cells to flavoring compounds used in tobacco products have adverse effects on 

endothelial cell phenotype that may have relevance to cardiovascular toxicity.
• The toxicity data generated herein, using a variety of common flavorings, provide quantitative support for the regulatory prohibition or the 

establishment of limitations on allowable levels of these flavorings in electronic liquids and other tobacco products.
• Future studies will focus on how the toxicity of the flavorings is altered with heating and characterization of the levels obtained in the circulation 

after use of an electronic cigarette.
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