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BACKGROUND: Electronic cigarettes (e-cigarettes) have been proposed as a potential harm reduction tool for combustible
cigarette smokers. The majority of adult e-cigarette users continue to smoke combustible cigarettes and are considered dual
users. The vascular impact of e-cigarettes remains incompletely defined.

METHODS AND RESULTS: We examined the association of e-cigarette use with measures of vascular function and tonometry,
preclinical measures of cardiovascular injury. As part of the CITU (Cardiovascular Injury due to Tobacco Use) study, we per-
formed noninvasive vascular function testing in individuals without known cardiovascular disease or cardiovascular disease
risk factors who were nonsmokers (n=94), users of combustible cigarettes (n=285), users of e-cigarettes (n=36), or dual users
(n=52). In unadjusted analyses, measures of arterial stiffness including carotid-femoral pulse wave velocity, augmentation
index, carotid-radial pulse wave velocity, and central blood pressures differed across the use groups. In multivariable models
adjusted for age, sex, race, and study site, combustible cigarette smokers had higher augmentation index compared with
nonusers (129.8+1.5 versus 118.8+2.7, P=0.003). The augmentation index was similar between combustible cigarette smok-
ers compared with sole e-cigarette users (129.8+1.5 versus 126.2+5.9, P=1.0) and dual users (129.8+1.5 versus 134.9+4.0,
P=1.0). Endothelial cells from combustible cigarette smokers and sole e-cigarette users produced less nitric oxide in response
to A23187 stimulation compared with nonsmokers, suggestive of impaired endothelial nitric oxide synthase signaling.

CONCLUSIONS: Our findings suggest that e-cigarette use is not associated with a more favorable vascular profile. Future
longitudinal studies are needed to evaluate the long-term risks of sustained e-cigarette use.
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smokers seeking to reduce their consumption of or

quit combustible cigarettes.”® Many users and
public health activists view e-cigarettes as safer alter-
natives to combustible cigarettes because these prod-
ucts contain a limited number of ingredients (nicotine,
propylene glycol/glycerin, and in many cases flavoring
additives) compared with combustible tobacco prod-
ucts. The perception that e-cigarettes are safer than
combustible cigarettes is widespread, with the majority

E—cigarettes have gained popularity among adult

of adult e-cigarette users reporting that the primary
reason for use is the perception that e-cigarettes pose
less of a health risk than combustible cigarette smok-
ing.! Consequently, e-cigarettes have drawn significant
attention as a potential way to reduce harm. However,
it is unclear whether e-cigarettes are a safer alternative
to combustible cigarettes.

Cardiovascular disease (CVD) is the primary cause
of morbidity and mortality among combustible ciga-
rette smokers.*® Smoking combustible cigarettes
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CLINICAL PERSEPCTIVE
What Is New

Augmentation index, a measure of vascular
stiffness, was similar between sole combustible
cigarette users compared with sole e-cigarette
users and compared with dual users, suggest-
ing that e-cigarette use is not associated with a
more limited arterial stiffening impact than com-
bustible cigarette smoking.

e |n endothelial cells freshly collected from study
participants, stimulated nitric oxide produc-
tion was diminished in both combustible and
e-cigarette users, suggesting the presence of
endothelial cell dysfunction.

What Are the Clinical Implications?

e Our study suggests that e-cigarette use is asso-
ciated with a similar vascular profile compared
with combustible cigarette use.

Nonstandard Abbreviations and Acronyms

Alx augmentation index

BP blood pressure

CVD cardiovascular disease

DAF-2 DA 4,5-diaminofluorescein diacetate
EC endothelial cell

eNOS endothelial nitric oxide synthase

NO nitric oxide
PWV  pulse wave velocity

exposes the cardiovascular system to inhaled toxins
and leads to widespread changes in vascular func-
tion that are associated with adverse cardiovascular
outcomes.®° Vascular dysfunction, associated with
smoking combustible cigarettes, is characterized by
impaired endothelial function and increased vascu-
lar stiffness, both of which are predictive of adverse
cardiovascular outcomes and mortality.'~"2 Although
smoke generated from combustible cigarettes gener-
ates a wide range of harmful or potentially harmful sub-
stances, the increased cardiovascular risk associated
with smoking has largely been attributed to reactive
aldehydes such as acrolein, formaldehyde, and acetal-
dehyde.”® Importantly, such aldehydes have also been
found in e-cigarette—generated aerosol,’®~'6 although
their contribution to the cardiovascular effects of
e-cigarette use remains unknown.

To gain early evidence of the cardiovascular effects
of e-cigarettes, we performed a cross-sectional study
(the CITU [Cardiovascular Injury due to Tobacco Use]
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study) of nonsmokers, combustible cigarette users,
e-cigarette users, and dual combustible and e-
cigarette users. The objective of this study was to
compare vascular function between combustible cig-
arette users and users of e-cigarettes, alone or with
contemporaneous use of combustible cigarettes.

METHODS

Primary de-identified data supporting the findings of
this study are available through the American Heart
Association Tobacco Regulation and Addiction Center
upon request.

Study Participants

We recruited male and female participants between
the ages of 21 and 45 years from Boston University
Medical School and the University of Louisville who
were without established CVD or CVD risk factors
(dyslipidemia, hypertension, diabetes mellitus), as pre-
viously described."” Participants were classified as
nonsmokers if they were not current smokers or users
of other tobacco products, smoked fewer than 100
cigarettes in their lifetime, and had a urinary cotinine
level <10 ng/mL. Combustible cigarette smokers were
defined based on current smoking of at least 5 days
per week, having smoked >100 cigarettes in their
lifetime, and no current e-cigarette use. E-cigarette
users were defined as participants who currently use
e-cigarettes at least 5 days per week and do not cur-
rently use combustible cigarettes. Dual combustible
and e-cigarette users were defined as participants
who reported current use of both combustible and
e-cigarettes, at least 5 days per week, with a lifetime
usage of >100 cigarettes. All inclusion and exclusion
criteria can be found in Table S1. All participants gave
written informed consent and all study protocols were
approved by the Boston Medical Center and University
of Louisville institutional review boards.

Vascular Function Testing

Noninvasive vascular function was measured as
previously described to calculate 5 measures: base-
line brachial artery diameter, baseline flow veloc-
ity, hyperemic flow velocity, flow-mediated dilation,
and hyperemic shear stress.%'"'® Participants were
asked to fast from food and tobacco products over-
night, 8 to 12 hours before the study visit. Brachial
artery diameter was measured at baseline and after
a 5-minute occlusion (blood pressure [BP] cuff at-
tached to the lower arm inflated to 200 or 50 mm Hg
higher than the systolic pressure) to determine flow-
mediated dilation, a noninvasive measure of conduit
artery endothelial-dependent vasodilation. Resting
and hyperemic flow velocities and shear stress were
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measured in the brachial artery using Doppler ul-
trasound. Shear stress (dynes/cm?) was calculated
as 8 pV/diameter, where p was blood viscosity (as-
sumed to be 0.035 dyne-s/cm?) and V was brachial
velocity (cm/s) at baseline.'® All vascular images
were analyzed at Boston University using Vascular
Research Tools Brachial Analyzer for Research
V.6.8.5 (Medical Imaging Applications, LLC) by a
technician blinded to tobacco product use group.

Tonometry Measurements

Arterial tonometry and waveform analysis were used
to determine carotid-femoral pulse wave velocity
(PWV), carotid-radial PWV, augmentation index (Alx),
central systolic BP, central diastolic BP, and heart rate
using (SphygmoCor, Atcor).2°?! Participants rested
supine for at least 5 minutes before measurement. A
tonometer was used over 3 locations (radial, carotid,
femoral arteries) sequentially and the R wave from the
ECG was used to measure transit time with a caliper
used to measure distance between locations. Pulse
waveform analysis was performed from the radial
artery recordings with a validated transfer function
along with brachial BP readings used to determine
central BPs. Alx was assessed from the radial artery
waveform by comparing the augmentation pressure
divided by the pulse pressure and is expressed as a
percentage.?!

EC Collection

Venous endothelial cells (ECs) were collected as previ-
ously described.? In brief, a 0.018 inch J-wire (Arrow
International) was inserted into a forearm vein through a 20
or 22 gauge intravenous catheter and used to gently rub
the endothelial surface. ECs were recovered from the wire
in red blood cell lysis/dissociation buffer, centrifuged, and
applied to poly-L-lysine—coated slides (Sigma). Nitric oxide
(NO) bicavailability was assessed immediately after isola-
tion as described below. All other cells were fixed onto the
slides using 4% paraformaldehyde, dried, and frozen at
—80°C before staining and immunofluorescence imaging
to quantify protein expression as described below.

Fluorescence Imaging and Quantification

To evaluate NO production, freshly isolated ECs were in-
cubated with 3 pmol/L 4,5-diaminofluorescein diacetate
(DAF-2DA; Calbiochem) for 30 minutes. After 2 washes
with Hanks balanced salt solution, cells were stimu-
lated with 1 pmol/L A23187 (Sigma) for 15 minutes and
fixed with 2% paraformaldehyde. Mean fluorescence
intensity at an excitation of 498 nm was measured on
a fluorescence microscope (Nikon Eclipse TE2000),
quantified for 20 cells, and averaged for each condition.
Data are expressed as percent increase in DAF-2DA
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fluorescence stimulated by A23187 compared with un-
stimulated cells.

Protein levels of endothelial NO synthase (eNOS)
were quantified using immunofluorescence micros-
copy. Cells were permeabilized with 0.1% triton-X in
50 mmol/L glycine for 10 minutes, washed 3 times
with 50 mmol/L glycine in 1X PBS, and blocked
for 10 minutes with 0.5% bovine serum albumin in
50 mmol/L glycine/1X PBS. Slides were stained with
primary antibody against eNOS (1:100 dilution, BD
Transduction, catalog #610296) for 3 hours at 37°C.
Following 3 washes with 50 mmol/L glycine/1X
PBS, the cells were incubated with secondary anti-
body for 45 minutes at 37°C. The fluorescence in-
tensity was quantified in 20 ECs and averaged for
each condition. To control for batch-to-batch vari-
ability, fluorescence intensity was normalized to the
intensity in human aortic ECs, which were stained
simultaneously. Final intensity was calculated by
dividing the average fluorescence intensity for the
patient sample by the average fluorescence inten-
sity of the human aortic EC sample and multiplying
by 100. The intensity is expressed in arbitrary units.
All quantification for all measures was performed
blinded to participant identity and tobacco product
status.

Statistical Analyses

Clinical characteristics and vascular function meas-
ures were compared across the 4 groups (nonsmok-
ers, combustible cigarette users, e-cigarette users,
and dual combustible and e-cigarette users) using
1-way ANOVA or chi-square testing for continuous or
categorical data, respectively. Using a generalized lin-
ear model, we compared means while adjusting for
age, sex, race, and study site. We performed post
hoc analyses comparing combustible cigarette use
with nonuse and with e-cigarette use alone or dual
use with Bonferroni correction for multiple testing.
Data are reported as mean+SD. Two-sided P0.05
was considered statistically significant. All statistical
analyses were peformed using SAS 9.4 (TSTM3; SAS
Institute).

RESULTS

Clinical Characteristics

Combustible cigarette and dual users were older
than nonsmokers and e-cigarette users (Table 1).
E-cigarette users were more likely to be younger, men,
and white. The number of pack-years or average num-
ber of cigarettes smoked per day were similar for both
combustible cigarette smokers and dual users (15+13
versus 13«10, respectively; P=1.0). All e-cigarette users
were former smokers.



Fetterman et al

Electronic Cigarettes and Vascular Function

Table 1. Clinical Characteristics and Vascular Measures of the CITU Study Cohort
Combustible
Cigarette Users E-Cigarette Users
Nonsmokers (n=94) (n=285) (n=36) Dual Users (n=52) P Value
Clinical characteristics
Age, y 2916 32+7 2916 33+7 <0.0001
Women, % 56 42 28 47 0.01
Black race, % 65 61 28 54 <0.01
Average number of cigarettes per d, %
<5 100 10 100 16 <0.0001
>5 90 84
Urinary cotinine, 3+2 917+879 856+959 775+740 <0.0001
mg/dL
Vascular function and tonometry measures
Baseline brachial 3.8+0.8 4.0+£0.7 3.8+0.7 3.9+0.6 0.28
diameter, mm
Baseline mean flow 12.7+5.6 15.3+8.9 15.1+9.2 14.9+10.0 0.61
velocity, cm/s
Hyperemic mean flow 77.6+19.1 72.8+19.0 70.3+17.5 73.9+20.2 0.21
velocity, cm/s
Flow-mediated dilation, 7.0+4.1 6.2+3.9 7.5+4.9 5.9+5.2 0.16
%
Shear stress, dyne/cm? 60.3+19.6 53.8+18.3 53.6+14.2 54.7+20.1 0.14
Carotid-femoral PWV, 5.6+1.1 6.0+1.2 5.8+0.6 6.4+1.2 0.004
m/s
Carotid-radial PWV, m/s 6.7+1.8 7.4+1.8 5.9+1.0 7.4+1.8 0.0001
Alx 116.7£17.5 130.9+25.8 118.3+9.0 137.2+29.3 <0.0001
Central systolic BP, 119412 122413 118+10 127+15 0.003
mm Hg
Central diastolic BP, 72+9 7610 716 79413 <0.001
mm Hg
Heart rate, beats per 69+10 66+11 64+8 69+13 0.12
min

Values are expressed as mean+SD or percentage. Alx indicates augmentation index; BP, blood pressure; CITU, Cardiovascular Injury due to Tobacco Use;

and PWYV, pulse wave velocity.

E-Cigarette Product Characteristics

All e-cigarette users reported using second- or third-
generation devices (Table 2). Among dual users, 9 par-
ticipants reported using first-generation devices and 40
reported use of second- or third-generation devices.
Only 2 e-cigarette users and 6 dual users reported never
using e-liquids containing nicotine. Most e-cigarette and
dual users reported using flavored e-liquids (Table 2).
The majority of e-cigarette and dual users reported
using fruit-flavored e-liquids. Use of menthol or mint
flavored e-liquids were frequently reported among dual
users. Among the e-cigarette users, 93% reported quit-
ting smoking combustible cigarettes for months or years
at the time of the study visit, with only 2 participants re-
porting quitting combustible cigarettes for weeks.

Vascular Function and Tonometry

In unadjusted analyses, baseline brachial diameter and
flow velocity, flow-mediated dilation, shear stress, re-
active hyperemia, and heart rate were similar across
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the tobacco product users and the nonsmokers
(Table 1). Carotid-femoral PWYV, carotid-radial PWV,
and Alx were different across the groups suggestive
of alterations in vascular stiffness. Both central systolic
and diastolic BPs were different across the groups
(P=0.003 and P<0.001, respectively). Heart rate was
similar across all groups.

In multivariable models adjusting for age, sex, race,
and study site, the association of Alx persisted with
tobacco product use (overall P=0.0008) (Table 3).
In post hoc analyses, combustible cigarette users
had higher Alx values compared with nonsmokers
(129.8+1.5 versus 118.8+2.7, respectively; P=0.003).
Dual users had Alx values similar to combustible cig-
arette users (134.9+4.0 versus 129.8+1.5, respec-
tively; P=1.0) as did sole e-cigarette users (126.2+5.9
versus 129.8+1.5, respectively; P=1.0) in post hoc
analyses (Figure 1). Collectively, these data suggest
that e-cigarette use is associated with measures of
vascular stiffness, which has direct relevance to CVD.
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Table 2. E-cigarette Product Characteristics

E-Cigarette Users Dual Users
Type of e-cigarette device used
First-generation 0 9
Second- or 24 40
third-generation
Types of flavored e-liquids used
Unflavored 0 6
Tobacco 0 2
Fruit 12 17
Candy or other dessert 6 5
Vanilla 2 3
Mint or menthol 2 15
Other 2 1

EC Phenotype

In a cross-sectional cohort of nonsmokers (n=21),
combustible cigarette users (n=22), and sole e-
cigarette users (n=14), we evaluated EC phenotype
of freshly collected ECs. All groups were similar for
sex (P=0.7), and e-cigarette users were younger and
the majority were former smokers (93%) (Table 4).
Combustible cigarette smokers were more likely to
be black.

In ECs, NO (DAF-2DA fluorescence) production in re-
sponse to A23187 stimulation differed across the groups
(P=0.03). In post hoc analyses, combustible cigarette
users had lower A23187-induced NO production com-
pared with nonsmokers (2.8+2.2% versus 14.1+1.5%,
P=0.003) (Figure 2A) consistent with EC dysfunction.
E-cigarette users also had lower A23187-induced NO
production compared with nonsmokers (2.6+3.0%
versus 14.1+1.5%, P=0.018). A23187-stimulated NO
production in ECs from combustible and e-cigarette

Electronic Cigarettes and Vascular Function

users was not different (P=0.828), suggesting similar
impairment in NO signaling. eNOS levels quantified
using immunofluorescence imaging differed across
the groups (Figure 2B, P=0.033). E-cigarette users had
lower eNOS levels compared with combustible ciga-
rette users (10.7+2.2 arbitrary units versus 22.1+3.6
arbitrary units, P=0.03) and trended to have lower lev-
els compared with nonsmokers (Figure 2B, P=0.122).
Consequently, the differences in NO production could,
in part, be caused by differential expression of eNOS.
Collectively, these studies suggest that ECs from com-
bustible and e-cigarette users have similar alterations
in EC phenotype indicative of a loss of NO signaling.

DISCUSSION

We performed noninvasive vascular testing in a cohort
of young adults without CVD risk factors or CVD, con-
sisting of nonsmokers, combustible cigarette users,
e-cigarette users, and dual users. In agreement with
national surveys, adult e-cigarette users were pre-
dominately white and male who were current or former
smokers. Many measures of vascular health did not
differ between tobacco product users and nonusers
including measures of large and small vessel vasodi-
lator response. In unadjusted models, tobacco prod-
uct use was associated with higher arterial stiffness
by multiple measurements. Furthermore, in adjusted
models, combustible cigarette use was associated
with a higher Alx compared with nonusers. Alx was
not different in users of e-cigarettes alone or in con-
junction with combustible cigarette use compared
with combustible cigarette use alone. ECs freshly col-
lected from combustible cigarette smokers and sole
e-cigarette users produced less NO in response to
A23187 stimulation compared with nonsmokers, sug-
gestive of impaired eNOS signaling. The lower NO

Table 3. Vascular Function and Tonometry Measures Adjusted for Age, Sex, Race, and Study Site

Combustible

Nonsmokers Cigarette Users E-Cigarette Users Dual Users P Value
Baseline brachial diameter, mm 3.8+0.08 3.9+0.04 3.8+0.1 3.9+0.1 0.63
Baseline mean flow velocity, 13.0+1.2 16.1+0.6 13.5+1.9 156.5+1.5 0.1
cm/s
Hyperemic mean flow velocity, 73.8+2.7 72.2+1.4 68.9+4.1 73.0+£3.3 0.79
cm/s
Flow-mediated dilation, % 6.6+0.6 6.3+0.3 7.3+0.8 6.1+0.7 0.68
Shear stress, dyne/cm? 57.0+2.4 541+1.3 54.4+3.7 54.8+3.0 0.73
Carotid-femoral PWV, m/s 5.7+0.1 6.0+0.08 6.1+0.3 6.3+£0.2 0.12
Carotid-radial PWV, m/s 6.8+0.2 7.2+0.1 6.8+0.4 7.3+0.2 0.2
Alx 118.4+2.6 129.8+1.5 126.2+5.9 134.9+4.0 0.0008
Central systolic BP, mm Hg 1056+2 1101 106+4 114+2 0.007
Central diastolic BP, mm Hg 74+1 76+1 72+3 78+2 0.14
Heart rate, beats per min 69.6+1.2 66.6+0.7 66.5+2.0 68.8+1.6 0.1

Values are expressed as least square mean+SEM. Alx indicates augmentation index; BP, blood pressure; and PWV, pulse wave velocity.
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1404

Augmentation Index

Non-Smokers Combustible E-cig Users Dual Users
Cig Users

Figure 1. Augmentation index (Alx) is associated with
tobacco product use.

Alx for nonsmokers, combustible cigarette users, e-cigarette users,
and dual users following adjustment for age, sex, race, and study
site. Data are expressed as least square meanz+standard error.

production in the cells from e-cigarette users could, in
part, be explained by lower eNOS expression. These
findings suggest that there was not a vascular benefit
to the addition or substitution of e-cigarettes. In ad-
dition, several measures of vascular function may be
relatively insensitive to detect the vascular effects of
chronic tobacco product use in healthy young individu-
als. Measures of vascular stiffness may be more sensi-
tive than measures of vasodilation for detecting effects
associated with chronic tobacco use, and measures of
the response to acute use may be needed to enhance
the detection of vascular effects of specific products.
Previous work has shown that increased vascu-
lar stiffness and sympathetic regulation of BP and
heart rate are associated with the use of combusti-
ble cigarettes.'0-1222-24 Among younger individuals, a
higher Alx is associated with early alterations in vas-
cular remodeling and is thought to be an early indi-
cator of arterial remodeling and future central aortic
stiffness.?® In a cross-sectional study, Alx in young
chronic smokers was found to be higher than that
in age- and sex-matched nonsmokers, and smok-
ing a single combustible cigarette led to an acute in-
crease in the carotid-femoral PWV.?* It has also been

Electronic Cigarettes and Vascular Function

reported that in smokers acute use of an e-cigarette
with nicotine or smoking a single combustible cig-
arette increased carotid-femoral PWV, when com-
pared with the use of an e-cigarette without nicotine.
These findings suggest that nicotine is a contributor
to the hemodynamic effects associated with acute
e-cigarette use.?®

Our study provides additional insights into the
chronic effects of e-cigarette use. We found that
chronic e-cigarette use, alone or in conjunction with
combustible cigarette use, was associated with a sim-
ilar impairment of selected arterial stiffness measures.
There is no evidence from our study that e-cigarettes
are a harm reduction tobacco product as compared
with combustible cigarettes. Our observation of the
association of higher Alx and impaired eNOS signaling
with e-cigarette use could indicate adverse vascular re-
modeling, which, with continued tobacco product use,
may lead to hypertension. The cross-sectional nature
of our study precludes direct evaluation of the effect of
switching from combustable cigarette use to e-cigarette
use. However, we required a minimum of 3 months of e-
cigarette use to classify patients as e-cigarette users; e-
cigarette use had to be exclusive for at least 3 months
in the exclusive e-cigarette use group. Prior studies
have shown a reduction in Alx with smoking cessation
in healthy tobacco users in as litte as 4 weeks.?® Thus,
our findings are consistent with the possibility that e-
cigarette use does not confer the same benefit as com-
plete cessation of tobacco products.

Our finding that endothelial function was similar
in tobacco product users compared with nonusers
is in contrast to prior reports. Several large cohort
studies, including the Framingham Heart Study, have
shown lower flow-mediated dilation associated with
active combustible cigarette use.'®?” In addition, the
acute use of combustible cigarettes or e-cigarettes
has been reported to impair endothelial function that
may be in part attributable to nicotine exposure.?82°
In our study we did not observe a difference in flow-
mediated dilation in tobacco product users. Many
factors may account for the apparent contradiction
of the prior literature. It may be, at least in part, attrib-
utable to tobacco product abstinence 8 to 12 hours
before the study visit. Another reason for this lack of
difference may be lower exposure (fewer pack-years)

Table 4. Clinical Characteristics of Participants With EC Phenotype Data

Nontobacco Product Users Combustible Cigarette Users E-Cigarette Users
(n=21) (n=22) (n=14) P Value
Clinical characteristics
Age,y 38+13 40+11 2916 <0.01
Women, % 43 32 21 0.65
Black race, % 62 91 36 0.011

Values are expressed as mean+SD or percentage. EC indicates endothelial cell.
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Figure 2. Tobacco product use is associated with impaired endothelial cell (EC) phenotype.

A, Nitric oxide (NO) production (4,5-diaminofluorescein diacetate [DAF-2DA] fluorescence) in response to
A23187 stimulation in ECs freshly isolated from combustible cigarette users (n=11) and e-cigarette users
(n=5) was lower compared with nontobacco product users (n=10). B, Endothelial NO synthase (eNOS) levels
quantified by immunofluorescence in ECs from nontobacco product users (n=11), combustible cigarette
users (n=13), and e-cigarette users (n=12) were similar. Data are expressed as meanztstandard error.

in our cohort. Indeed, previous studies have found
a consistent inverse association between flow-
mediated dilation with the number of pack-years.?? In
addition, many of the prior studies involved cohorts
with a greater burden of cardiovascular risk factors

and more advanced age. However, in our study, the
ECs from combustible cigarette and sole e-cigarette
users had impaired NO production in response
to A23187, suggestive of endothelial dysfunction.
Nevertheless, further work is required to assess how
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the duration and the intensity of use affect vascular
function, and whether there is a threshold of expo-
sure at which the use of tobacco products signifi-
cantly and chronically affect endothelial function.

Despite its many strengths related to the concur-
rent evaluation of several vascular measures across
users of tobacco products, our study has several lim-
itations. The study groups were inherently different
regarding age, race, and sex. For example, the sole
e-cigarette users were predominantly white males
and former smokers, which is consistent with national
surveys of tobacco use."? Consequently, residual
confounding can not be fully excluded. Additionally,
it remains possible that longer time periods of ex-
clusive e-cigarette use would be required to observe
improvements in cardiovascular health metrics, al-
though, as noted, prior studies have suggested that
improvements in Alx occur in as little as 4 weeks.
Further, most of the e-cigarette users in our study re-
ported using nicotine in their devices and it is possible
that products with less or no nicotine may be asso-
ciated with reduced cardiovascular harm. However,
a number of studies indicate that e-cigarette users
self-titrate in order to obtain similar levels of nicotine,
regardless of the product nicotine content. Moreover,
even though we measured urinary cotinine to validate
self-reported tobacco product use, we were unable
to differentiate between combustible and e-cigarette
use with urinary cotinine as both products contain
nicotine. Therefore, we are unable to validate that
sole e-cigarette users are completely abstaining from
combustible cigarettes. Additionally, our study co-
hort consisted primarily of healthy, young adults, and
it is likely that they may have responded differently
compared with individuals with cardiovascular risk
factors. We examined venous ECs rather than arterial
ECs, which may be more relevant to CVD. However,
previous studies have shown correlated findings in
arterial and venous ECs collected using similar meth-
odology.®%3! Finally, e-cigarettes represent a diverse
class of tobacco products with a wide range of op-
erating conditions, use patterns, product character-
istics, and e-liquid constituents, which often include
varying levels of nicotine, several flavors, and differ-
ent ratios of the vehicles—glycerin and propylene
glycol. Thus, it appears likely that the use of different
products may be associated with exposure to differ-
ent toxicants that exert different toxicities.

CONCLUSIONS

Our study provides new insights into the effects
of tobacco product use on measures of vascular
function in young, healthy adult individuals with-
out CVD risk factors. The most recent nationally
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representative sample shows that the majority of
adult e-cigarette users are either former (36.5%)
or current (22.1%) combustable cigarette smok-
ers emphasizing the importance of understanding
cardiovascular health measures in these groups.®?
Significantly, we found that e-cigarette use either
with or without combustible cigarette use was as-
sociated with a similar elevation of Alx, a measure
of vascular stiffness, as compared with users of
combustible cigarettes alone. Several measures of
vascular function did not distinguish between to-
bacco product users and nonusers in young healthy
adults. These data suggest that the abnormalities
in vascular stiffness persist in e-cigarette users and
that, at least within the limitations of our cohort and
measurement approaches, there was no evidence
that the use of e-cigarettes reduces cardiovascular
injury, dysfunction, or harm associated with the use
of combustible tobacco products. Further, ECs from
combustible cigarette and e-cigarette users had
impaired A23187-induced NO production, sugges-
tive of EC dysfunction. With the diversity of tobacco
products available and continuing to increase,
methods to evaluate tobacco product-induced car-
diovascular toxicity are needed. Our study suggests
that measures of vascular stiffness, such as Alx,
may be useful methods in evaluating novel tobacco
product cardiovascular toxicity.
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Table S1. Inclusion and Exclusion Criteria.

Inclusion Criteria for Non-Smokers

No current tobacco product use
Smoked <100 cigarettes in their lifetime
Urinary cotinine level <10 ng/mL

Inclusion Criteria for Combustible Cigarette Users

Smoked 2100 cigarettes in their lifetime
Current combustible cigarette smoking of = 5 cigarettes/day

Inclusion Criteria for E-Cigarette Users

No current combustible cigarette smoking for 23 months
Current e-cigarette smoking of = 5 days/week

Inclusion Criteria for Dual Users

Current e-cigarette smoking of =5 days/week
Current traditional cigarette smoking of = 5 cigarettes/day
Smoked 2100 cigarettes in their lifetime

Exclusion Criteria for All Study Participants

No history of diabetes, hypertension, or cardiovascular disease. Fasting blood sugar <100 mg/dL,
LDL<130mg/dL, triglycerides <150 mg/dL, blood pressure <140/90 mmHg.

Clinically evident major illness, including cancer, end-stage renal disease, hepatic failure.
Women who are lactating or pregnant. Pregnancy will be excluded by a urine pregnancy test.




