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Abstract

Background Electronic (e-) cigarettes are increasingly popular tobacco products on the US market. Traditional tobacco
products are known to cause vascular dysfunction, one of the earliest indicators of cardiovascular disease (CVD) develop-
ment. However, little is known about the effect of regular e-cigarette use on vascular function. The purpose of this study was
to investigate the impact of regular e-cigarette use on vascular function and cardiovascular health in young, healthy adults.
Methods Twenty-one regular users of e-cigarettes (ECU) and twenty-one demographically matched non-users (NU) com-
pleted this study. Vascular health was assessed in the cutaneous microcirculation through different reactivity tests to evalu-
ate overall functionality, endothelium-dependent vasodilation (EDD), and endothelium-independent vasodilation (EID).
Macrovascular function was assessed using flow-mediated dilation (FMD).

Results Our results suggest that regular users of e-cigarettes present with premature microvascular impairment when
compared to non-users. Specifically, they exhibit lower hyperemic (p =0.003), thermal (p =0.010), and EDD (p =0.004)
responses. No differences in EID between the groups were identified. We also identified that individuals who use e-cigarettes
for longer than 3 years also present with systemic manifestations, as observed by significantly reduced macrovascular
(»=0.002) and microvascular (p <0.044) function.

Conclusions Our novel data suggests that young, apparently healthy, regular users of e-cigarettes present with premature
vascular dysfunction in the microcirculation when compared to non-users. We have also identified systemic vascular dys-
function affecting both the micro and macrovasculature in those young individuals who used e-cigarettes for longer than
3 years. Taken together, these findings associate regular e-cigarette use with premature vascular dysfunctions and adverse
cardiovascular outcomes.
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Introduction
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work and shares first authorship Electronic nicotine device systems, commonly known as
electronic (e-) cigarettes, or vapes, are battery-powered
devices that deliver vapor containing a flavoring compo-
nent and nicotine. These products officially entered the U.S.
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tions [1]. While e-cigarettes are often marketed as a safer

alternative to traditional cigarettes [2], their impact on car-
diovascular health is still a topic of active research.

The association between traditional tobacco use and
increased cardiovascular risk is well-documented, with
tobacco being recognized as one of the major contributors
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to heart disease. Early observations, primarily from pre-
clinical models, have linked e-cigarette usage with differ-
ent cardiovascular disease risk markers [3-5]. More recent
studies have also shown that acute exposure to e-cigarettes
may impact cardiovascular health in humans [6, 7] caus-
ing reduced vascular function [8—10] and an associated
increase in oxidative damage [8, 11]. Comparable results
have also been identified in the macrovasculature of chronic
adult users of e-cigarettes, with a similar dysfunction as that
observed in traditional tobacco users [12], although opposite
results have been also described [13-15].

Microvascular function plays a pivotal role in cardiovas-
cular health and dysfunctions in the microcirculation are
considered among the earliest indicators of cardiovascular
disease risk that can be identified prior to traditional clinical
markers [16]. In fact, microvascular dysfunction is a crucial
mechanism in the development and progression of cardio-
vascular disease and often precedes other macrovascular
pathological processes [17, 18]. A recent study has shown
reduced microvascular function, particularly endothelium-
dependent, in chronic users of e-cigarettes [19]. Despite
these early findings, the regular effects of e-cigarette usage
on vascular function are still not yet well understood. Thus,
this study aims to investigate the relationship between micro
and macrovascular function, cardiovascular health, and
e-cigarette usage in young adults. We hypothesized that reg-
ular users of e-cigarettes, who are otherwise healthy young
adults, will exhibit reduced micro- and macrovascular func-
tion when compared to demographically matched non-users.

Material and methods
Experimental design

Volunteers presented to the Vascular and Integrative Physi-
ology (VIP) Laboratory on two separate occasions: a pre-
liminary day and an experimental day. The preliminary day
consisted of assessing body composition, blood pressure,
medical history, and overall health status. For the experi-
mental day, participants reported to the VIP Laboratory fol-
lowing an overnight fast, having abstained from e-cigarette
usage and caffeine for 12 h, vigorous physical activity for
24 h, and vitamin supplementation for 72 h. Vascular health
through evaluation of macro- and microvascular function
was completed.

Participants
A total of forty-two young adult men and women, ages
21-31 years were enrolled in the present study, follow-

ing the principles of the Declaration of Helsinki and after
approval by the Institutional Review Board at Virginia
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Commonwealth University. Among the participants, 21
young adults were regular users of e-cigarettes (> 3 times/
week for > 3 months) while 21 young adults were non-users
demographically matched considering age, sex, and body
mass index. Participants from both groups were excluded
if they used (1) cigarettes or other tobacco products (cigars,
hookahs, smokeless) in the past 60 days, (2) any illicit or
prescription drugs for non-medical used weekly or more
frequently in the past 60 days, (3) were diagnosed with any
cardiovascular, pulmonary, renal, hepatic, metabolic, and
cerebral diseases, or (4) were currently pregnant or nursing.

Participants completed self-reported questionnaires,
including the Short Form Vaping Consequences Question-
naire, E-Cigarette Dependent Scale, and the NIDA Quick
Screen to report type of e-cigarette products or usage of
other tobacco products as well as alcohol and drug use. Out
of 21 regular users of e-cigarettes, 20 self-identified as sole
users of e-cigarettes, never smokers, primarily using fourth
generation e-cigarettes. All participants were informed of
the objectives, and possible risks of the investigation before
written consent for participation was obtained.

Demographic characteristics

Demographic characteristics were evaluated in all the par-
ticipants during the preliminary visit. Volunteers completed
a standard anthropometric assessment of height, weight, and
calculated body mass index (BMI). A self-reported evalua-
tion of e-cigarette usage was obtained from each participant
using the E-Cigarette Dependence Scale [20] and the Penn
State Electronic Cigarette Dependence Index [21].

Clinical laboratory values

A venous blood sample was collected for the assessment
of a complete blood count and a comprehensive metabolic
panel by standard core laboratory techniques (Laboratory
Corporation of America Holdings, Burlington, NC). Fasting
concentrations of lipids (total cholesterol (TC), high-density
lipoproteins (HDL), low-density lipoproteins (LDL), and tri-
glycerides) and glucose were obtained using the Cholestech
LDX analyzer (Alere, Providence, RI). Hemoglobin and
hematocrit values were obtained using the HemoPoint H2
analyzer (Stanbio Laboratory, Boerne, TX).

Microvascular function

Microvascular function was evaluated using a laser speckle
contrast imager (MoorFLPI2, Moor Instruments, DE) of the
cutaneous circulation of the forearm. Briefly, the right arm
of each participant was extended laterally, and the distal
forearm was secured in a vacuum-packed pillow (Vacpac,
MD). A forearm cuff was placed immediately distal to the
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medial epicondyle, and three chambers were placed on the
ventral surface of the forearm. The placement was carefully
selected, avoiding any area with hair, broken skin, areas of
skin pigmentation (or tattoos), and visible veins.

After a 20 min acclimation period and in a temperature-
controlled room (22+2 °C) to achieve a hemodynamic
steady state, baseline (B, ) flux was determined by calculat-
ing a 30-s average. A biological zero (B), to control for
the Brownian movement of macromolecules in cutaneous
interstitial space, was also determined during a reduction of
blood flow in the forearm and subtracted from both baseline
and peak responses. Then, four different reactivity tests and
control were completed:

(1) Local thermal hyperemia (LTH) was completed to
determine maximal microvascular dilation [22] in all
the participants. A chamber (Moor VHP3) was attached
to the volar surface of the forearm and filled with 2 ml
of deionized water and heated at > 0.1 °C/s to 44 °C for
25 min [22]. This protocol elicits a biphasic response
with an initial dilation primarily mediated by axon
reflex [23] and a second dilation primarily mediated by
nitric oxide [23] and endothelial-derived hyperpolari-
zation factors (EDHF) [24]. Maximal dilation achieved
during this protocol was used to compare the relative
response to other protocols [23]. All variables related
to this protocol are defined with the subscript LTH.

(2) Post-occlusive reactive hyperemia (PORH) was com-
pleted in all the participants to evaluate microvascular
shear-stress response primarily mediated by sensory
nerves and EDHF [25, 26]. A forearm cuff was inflated
to 250 mmHg for 5 min. After the occlusion period, the
release of the pressure elicited a hyperemic response.
All variables related to this protocol are defined with
the subscript PORH.

(3) lIontophoresis of acetylcholine (ACh) to assess micro-
vascular endothelial-dependent vasodilation through
nitric oxide, EDHF, and prostaglandins mediators
[22, 27]. A chamber with an internal platinum wire
electrode (Moor MIC-ION 6) was attached to the skin
of the volar aspect of the forearm by a double-sided
adhesive disk filled with a solution of 2% ACh in 0.5%
NaCl. The drug was delivered in the dermis using an
incremental current delivery with three scans of 20 s at
5 pA, 10 A, 15 pA, 20 pA, and 25 pA, giving a total
charge of 4.5 mC. Short scan times and low currents
were used to minimize non-specific vasodilation [22,
28]. All variables related to this protocol are defined
with the subscript ACH. Due to technical issues, all
participants minus two from the ECU group completed
this test.

(4) lIontophoresis of sodium nitroprusside (SNP) to evalu-
ate microvascular endothelial-independent response

through the delivery of nitric oxide to the smooth
muscle cells [29]. A second chamber with an internal
platinum wire electrode (Moor MIC-ION 6) was also
attached to the volar aspect of the forearm. A solution
of 2% SNP in 0.5% NaCl was used and delivered to the
dermis using the same protocol previously described
for Ach. All variables related to this protocol are
defined with the subscript SNP. Due to technical issues
with the delivery chamber, sixteen participants from
the ECU and eighteen from the NU group completed
this test.

(5) A non-reactive site was monitored as a control site all
the participants. An arbitrary area of the skin between
the three chambers was used to evaluate non-specific
vasodilation and/or movement for 30 min. All variables
related to this assessment are defined with subscript C.

For each test, cutaneous blood flow was indexed as red
blood cell flux (RBF) in perfusion units (PU) and as cutane-
ous vascular conductance (CVC) when RBF was controlled
by mean arterial blood pressure. Results are presented as
(1) the overall hyperemic response (Response), (2) the
area under the curve (Area), (3) the relative change in flux
expressed as a percentage of maximal dilation (%,,,,) and (4)
the time-to-peak (TTP) which represents the time from the
start of the stimuli to the maximal hyperemic response. Skin
resistance values were calculated from the recorded voltages
using Ohm’s Law at each of the iontophoresis scans [30].

Macrovascular function

Brachial artery macrovascular function was evaluated in all
the participants using the flow-mediated dilation (FMD) test.
A detailed explanation of the technique has been described
previously [31]. Briefly, using a 12-MHz linear transducer,
simultaneous B-mode and blood velocity profiles of the
brachial artery were evaluated through ultrasound imag-
ing (Logiq 9 XD Clear, G.E. Medical Systems, Milwaukee,
WI). After an initial baseline, a forearm occlusion cuff (D.E.
Hokanson, Bellevue, WA) placed immediately distal to the
medial epicondyle, was rapidly inflated to 250 mmHg for
5 min (E-20 rapid cuff inflator, D.E. Hokanson,) to induce
arterial occlusion. Then, the pressure of the cuff was released
inducing reactive hyperemia of the brachial artery [31].
Automated offline analysis of brachial artery vasodilation
was completed (FMD Studio, Quippu, Italy). Peak diameter
was determined by the highest five-second average follow-
ing cuff release. FMD is expressed as the percent increase in
peak diameter from baseline diameter. The cumulative shear
rate (area under the curve, AUC) was determined every 4 s
for the first 20 s, and every 5 s thereafter for the remainder
2-min data collection period using the trapezoidal rule. FMD
was normalized by shear rate and presented as FMD/shear
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[32]. Low flow-mediated constriction (L-FMC) was calcu-
lated to evaluate resting arterial tone as the percent decrease
in diameter in the last 30 s prior cuff release and compared
with baseline diameter [33]. A composite endpoint (c-FMD)
was also calculated as the sum of the absolute values of
FMD and L-FMC [33].

Statistical analysis

The data were analyzed using SPSS version 29 (SPSS Inc.,
Chicago, IL) and expressed as mean =+ standard error of
mean (SEM) unless otherwise noted. An initial power cal-
culation was performed based on the anticipated effect size
estimated for the primary outcome (n=15, power > 0.80).
The initial proposed sample size yielded a power > 0.88
in the primary outcome for the present study (microvascu-
lar function). A power analysis and sample size calculation
were performed before initiating the study, considering that
under most circumstances, an a=0.05 and a statistical power
> 0.80 is well accepted.

For all statistical analyses, significance was set at p <0.05.
The Shapiro—Wilk test was used to analyze the normality
of the measurement distribution. When normality was met,
independent group ¢ tests were performed to identify group
differences between users of e-cigarettes and non-users. If
normality was not met, Mann—Whitney U tests were com-
pleted. Results are illustrated with box-and-whisker plots
with minimum and maximum values. Effect size calcula-
tions using Cohen’s d were reported for primary outcomes to
represent small Cohen’s d=0.2), medium Cohen’s d=0.5),
and large Cohen’s d=0.8) effect sizes [34, 35]. Relationships
between vascular function and e-cigarette usage including
frequency, length of usage, and nicotine content were evalu-
ated using Pearson’s correlation coefficients (r). To further
compare the effects of e-cigarette usage on vascular health,
we divided e-cigarette users based on the median e-cigarette
use duration (3 years) into those that have used e-cigarettes
for longer than 3 years (> 3 year: n=10) and those that
have used these products for shorter than 3 years (< 3 year:
n=11).

Results
Participant characteristics

Demographic characteristics and clinical laboratory val-
ues for users of e-cigarettes and non-users are presented
in Table 1. No differences in subject demographics and
anthropometrics were observed between participants from
both groups. Similarly, no differences were identified in the
clinical laboratory values between the groups. As expected,
significant (p <0.009) differences between the groups were
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identified in both nicotine and cotinine concentrations. Par-
ticipants biological sex was considered during data analysis
and no statistical differences were present between male and
female participants.

Microvascular function

Data for users of e-cigarettes (ECU) and non-users (NU)
for red blood flux (RBF) and cutaneous vascular conduct-
ance (CVC) is presented in Table 2. Baseline flux and con-
ductance were similar (p >0.098) between groups for all
completed reactivity tests. Participants from both groups
also showed similar Brownian movement of macromol-
ecules in the cutaneous interstitial space (B,, ECU: 14 +2
PU vs. NU: 18 +£21 PU, p=0.107). In addition, no differ-
ences (p=0.673) in skin resistance were identified between
participants from both groups (ECU: 2.9+0.2 Q vs. NU:
2.7+0.2Q).

Local thermal hyperemia

The overall microvascular response to local thermal hyper-
emia was different between the users of e-cigarettes and
non-users. During the initial peak in response to the ther-
mal provocation, the ECU group exhibited a higher CVC
response than the non-users (RBF, ECU: 159+ 8 PU vs. NU:
148+9 PU, p=0.373; CVC, ECU: 1.9+0.1 PU/mmHg vs.
NU: 1.4+0.1 PU/mmHg, p=0.013). During the longer
phase of the thermal challenge, the ECU group achieved a
significantly lower maximal response than the NU for both
RBF (ECU: 190+ 8 PU vs. NU: 222+7 PU, p=0.004)
and CVC (ECU: 2.3+0.1 PU/mmHg vs. NU: 2.6 +0.1
PU/mmHg, p=0.023, Fig. 1A). Similarly, a significantly
(p=0.022) lower response was observed when considering
the area under the curve in response to the thermal chal-
lenge. In addition, the overall plateau response to the thermal
challenge was significantly lower in the ECU group than in
the NU (RBF: p=0.010, Cohen’s d=0.71; CVC, p=0.029,
Cohen’s d=0.62, Fig. 1B).

Post-occlusive reactive hyperemia

For the post-occlusive reactive hyperemia test, the users
of e-cigarettes showed a significantly lower overall hyper-
emic response compared to the non-users (RBF: p=0.003,
Cohen’s d=1.07; CVC: p=0.016, Cohen’s d=0.94,
Fig. 1C). In addition, the maximal hyperemic response was
also significantly lower in the ECU when compared to the
NU group for RBF (ECU: 134 +8 PU vs. NU: 161 +6 PU,
p=0.008) and CVC (ECU: 1.6 +0.1 PU/mmHg vs. NU:
1.9+0.1 PU/mmHg, p=0.003). Even when considering the
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Table 1 I.Da.r.ticipant Variable Users of e-cigarettes Non-users p value

characteristics and laboratory

values of young users of N 21 21 _

e-cigarette and non-users Sex (M/F) 1011 9/12 0.624
Age (years) 23+3 25+5 0.126
Height (cm) 172+ 9 169 +9 0.313
Weight (kg) 69 + 15 70 +20 0.911
BMI (kg/m?) 232 +4.0 22.9+9.1 0.843
Waist/hip ratio 0.8+ 0.1 0.7+ 0.1 0.423
Heart rate (bpm) 65 +7 67 +7 0.448
SBP (mmHg) 116 + 11 114 £ 12 0.521
DBP (mmHg) 72 +5 69 + 10 0.289
MAP (mmHg) 85+7 83+12 0.539
0, sat (%) 98 + 1 99 + 1 0.151
E-cigarette usage (years) 35+ 1.7 0+0 <0.001
E-cigarette frequency (days/month) 25+5 0+0 <0.001
Nicotine (ng/mL) 3.8+4.7 0.0+0.0 0.009
Cotinine (ng/mL) 156.3 + 192.6 0.0+ 0.0 0.007
TC (mg/dL) 136 +73 121 +79 0.554
HDL (mg/dL) 54+ 14 40 £ 25 0.065
LDL (mg/dL) 92 +32 64 + 51 0.107
TRIG (mg/dL) 104 + 61 88 +92 0.608
GLU (mg/dL) 90 +9 91 +7 0.878
HbA, (%) 5.1+1.1 52+04 0.356
hs-CRP (mg/L) 1.9+338 21+3.7 0.740
Estradiol (pg/mL) 72 + 27 62 + 18 0.755

Values are mean + standard deviation (SD). Boldfaced value indicates statistical significance

M male, F female, BMI body mass index, SBP systolic blood pressure, DBP diastolic blood pressure, MAP
mean arterial blood pressure, O, sat oxygen saturation, 7C total cholesterol, HDL high-density lipopro-
teins, LDL low-density lipoproteins, TRIG triglycerides, GLU glucose, HbAIc hemoglobin Alc, hs-CRP

high sensitivity C-reactive protein

area under the curve in response to this test, users of e-ciga-
rettes showed a significantly (p =0.023) lower response than
the non-users. Overall, the response to the post-occlusive
reactive hyperemia test was proportionally lower in the users
of e-cigarettes than in the non-users when compared to the
maximal response (ECU: 57 +3% maximal dilation vs. NU:
69 +4% maximal dilation, p=0.044).

Endothelial-dependent dilation

During the endothelium-dependent dilation test, both
groups showed similar (p >0.064) responses to the delivery
of acetylcholine at a lower charge (0.2-2.3 mC). However,
the ECU group showed a significantly (p <0.043) reduced
response rate at charges equal to or greater than 2.5 mC
when compared to the NU group (Fig. 2A). Specifically, the
response to the iontophoresis of acetylcholine at the highest
cumulative charge (4.5 mC) was significantly lower in the
e-cigarette group than in the non-users for both RBF (ECU:
72+5 PU vs. NU: 98+9 PU, p=0.012, Cohen’s d=1.15)

and CVC (ECU: 0.8+0.1 PU/mmHg vs. NU: 1.1+0.1
PU/mmHg, p=0.034, Cohen’s d=1.01). In addition, the
response to this reactivity test was proportionally lower in
the users of e-cigarettes than in the no users when compared
to the maximal response (ECU: 32 +3% maximal dilation
vs. NU: 41 +3% maximal dilation, p=0.034; Fig. 2B).

Endothelial-independent dilation

During iontophoresis with SNP, no differences (p >0.092)
were observed in the overall or maximal response between
both groups at any charge (Fig. 2C). The response observed
at 4.5 mC was similar for both groups both at RBF (ECU:
101 £ 10 PU vs. NU: 95+ 9 PU, p=0.622, Cohen’s d=1.01)
and CVC (ECU: 1.1 +0.1 PU/mmHg vs. NU: 1.1 +0.1 PU/
mmHg, p=0.773, Cohen’s d=0.89). However, when consid-
ering the maximal dilatory capacity, the ECU group showed
an overall higher proportional response to SNP than the NU
group (ECU: 47 +4% maximal dilation vs. NU: 35+4%
maximal dilation, p =0.036, Fig. 2D).
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Table 2 Microvascular function
in young users of e-cigarettes
and non-users

Control site

Variable Users of e-cigarettes Non-users p value

Local thermal hyperemia

Baseline; 1 (PU) 31+1 34+2 0.098
RBF, 1y (PU) 144 +7 167+5 0.010
Area;pyy (PUs™h 183,501 +12,110 221,238+10,244 0.022
Baseline; r;; (PU/mmHg) 0.33+0.02 0.38+0.03 0.147
CVCi 1y (PU/mmHg) 1.73+0.09 1.98+0.07 0.046
TTP 1y (s) 976 +60 1030+78 0.726
CVC,,.x (PU/mmHg) 2.3+0.1 2.6+0.1 0.023
Post-occlusive reactive hyperemia
Baselinepggy (PU) 34+1 38+2 0.117
RBFpory (PU) 62+3 76+3 0.003
Areapopy (PUs™h) 11,913 +523 15,459+ 1412 0.023
Baselinepggy (PU/mmHg) 0.41+0.01 0.43+0.02 0.109
CVCpory (PU/mmHg) 0.74+0.03 0.89+0.05 0.016
TTPpogry (8) 15+1 15+1 0.868
CVCporau (%may) 57+13 69+4 0.004
Iontophoresis acetylcholine
Baseline -y (PU) 31+2 3743 0.097
RBF,y (PU) 91+6 114+9 0.044
Area,oy (PU s™h) 3,420+371 2,898 +£390 0.241
Baseline y oy (PU/mmHg) 0.37+0.02 0.39+0.03 0.116
CVC,cy (PU/mmHg) 1.01£0.07 1.24+0.07 0.037
TTPycy (5) 70+8 63+7 0.512
CVCepp (%max) 32+3 41+3 0.034
Iontophoresis sodium nitroprusside
Baselinegyp (PU) 32+2 37+4 0.104
RBFg\p (PU) 82+10 68+9 0.328
Areagyp (PU s71) 4,660+475 4,363 +331 0.603
Baselinegyp (PU/mmHg) 0.39+0.03 0.41+0.04 0.135
CVCyyp (PU/mmHg) 0.93+0.10 0.77+0.10 0.248
TTPgyp (5) 78+8 66+9 0.333
CVCqip (%omay) 47+4 35+4 0.036
Control
Baseline. (PU) 39+2 40+3 0.173
RBEF. (PU) 38+5 39+3 0.253
Baseline. (PU/mmHg) 0.38+0.02 0.41+0.05 0.198
CVC (PU/mmHg) 0.45+0.06 0.49+0.07 0.969

Values are mean =+ standard error of mean (SEM). Boldfaced value indicates statistical significance. For
each test, cutaneous blood flow as red blood cell flux (RBF) was expressed perfusion units (PU) and cuta-
neous vascular conductance (CVC; CVC =RBF/MAP) was expressed in perfusion units per millimeters of
mercury (PU/mmHg)

LTH local thermal hyperemia, PORH post-occlusive reactive hyperemia, ACh acetylcholine, SNP sodium
nitroprusside, TTP time to peak, PU perfusion units, EDD endothelial-dependent dilation, EID endothelial-
independent dilation

period. The non-specific response observed was similar
between both groups when considering maximal response
(ECU: 16 +2% maximal dilation vs. NU: 16 +2% maximal

Non-specific vasodilation was monitored in a control site. dilation, p=0.781).
No differences (p >0.114) were identified between either
group at any point during the thirty-minute monitoring
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Fig. 1 Microvascular function in regular users of E-cigarettes (ECU)
and Non-users (NU). Individual data illustrated as Box-and-Whisker
plots with minimum and maximum values for A overall cutaneous
vascular conductance response (CVC, ), B response to local ther-
mal hyperemia (CVC; ), and C response to post occlusive reactive

Macrovascular function

Table 3 presents vascular function in the brachial artery in
users of e-cigarettes and non-users. The baseline diameter
was similar (p =0.336) between groups. The FMD response
was similar (p =0.086; Cohen’s d=0.70) between both
groups. No differences (p =0.091; Cohen’s d=0.96) in FMD
normalized for shear rate were identified. In addition, the
cumulative response when controlling for low flow-mediated
constriction was similar (p =0.068) in both groups.

Relationship between E-cigarette usage
and vascular health

A secondary analysis was completed to evaluate the poten-
tial relationship between e-cigarette usage and vascular
health assessments. Table 4 and Fig. 3 summarize micro
and macrovascular results based on length of e-cigarette
usage. Significant negative associations have been identi-
fied between years of e-cigarette usage and the microvas-
cular hyperemic response (r=—0.421; p=0.001). Indeed,
the PORH response was significantly (p <0.044) lower in
those individuals that used e-cigarettes for longer than three
years when compared to shorter length of usage (>3 year:
51+5%ax Vs- < 3 year: 64 +3%,...; p=0.039, Fig. 3A).
Those that used e-cigarettes for longer than 3 years also
exhibited a significantly (p <0.044) lower maximal hyper-
emic response both in RBF (> 3 year: 56+ 3 PU vs. <3 year:
68 +4 PU, p=0.044) and CVC (> 3 year: 0.70+0.03 PU/
mmHg vs. < 3 year: 0.80+0.04 PU, p=0.036). To note,
differences were independent of nicotine usage, and only

T
ECU NU

, 0.0 ,

T
ECU NU

hyperemia (CVCpggry). Group differences were determined by inde-
pendent group ¢ tests and denoted by * when p < 0.05 in users of
E-Cigarettes (ECU) vs. Non-Users (NU). CVC: Cutaneous Vascular
Conductance; PU: perfusion units

moderate associations between cotinine concentrations and
endothelial-independent response (r=0.326; p=0.031)
have been observed. On the other hand, no relationships
have been observed between length of usage or frequency
of usage and maximal dilation, endothelial-dependent and
endothelial-independent mechanisms. We also evaluated
the response of larger vessels and identified that macrovas-
cular health was negatively associated with cotinine levels
(r=-0.490; p=0.002), frequency of usage (r=-0.537;
p=0.015), and length of usage (r=-0.309; p=0.049).
Indeed, those individuals that used e-cigarettes for longer
than 3 years present a significantly lower macrovascu-
lar response than those users for a shorter time (> 3 year:
6.9+0.9% vs. < 3 year: 10.1 £1.0%, p=0.002, Fig. 3B). To
note, no differences (p >0.236) in demographics, or clinical
laboratory values were identified between individuals that
used e-cigarettes for longer or shorter than 3 years and both
nicotine and cotinine concentrations were similar (p >0.312)
between both groups.

Discussion

Impaired vascular health is a predictive marker of future
cardiovascular dysfunction. Early evidence supports that the
use of e-cigarettes may damage the vasculature and increase
the risk of CVD development. The present investigation has
expanded prevailing results and identified the presence of
premature vascular dysfunction in young and apparently
healthy regular users of e-cigarettes, specifically within the
microvasculature. An interesting finding is that vascular
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Fig.2 Endothelial-Dependent (EDD) and Endothelial-Independent
(EID) dilation in regular users of E-cigarettes (ECU) and Non-users
(NU). Endothelial Dependent (EDD) and Endothelial Independent
(EID) dilation in users of E-cigarettes (ECU) and Non-Users (NU).
Individual data is illustrated as Box-and-Whisker plots with minimum
and maximum values as well as dose response based on an incremen-

Table 3 Macrovascular function in young users of e-cigarettes and
non-users

Variable Users e-cigarettes Non-users p value
Baseline diameter (mm) 3.47+0.10 3.31+0.12 0.336
Peak diameter (mm) 3.77+0.12 3.67+0.13 0.541
FMD (%) 8.5+0.8 10.7+0.9 0.086
L-FMC (%) -1.8+0.7 -1.9+0.8 0.864
c-FMD (%) 10.1+0.8 12.7+1.1 0.068
Shear (s~!, AUC) 52,075 +4610 44,781 +4041 0.490
FMD (%)/shear (s, 0.282+0.04 0.360+0.03  0.091
AUC)
Time to peak (s) 52+17 35+76 0.327

Values are mean =+ standard error of mean (SEM)

FMD flow-mediated dilation, L-FMC low flow-mediated constriction,
¢-FMD composite FMD, AUC area under the curve

@ Springer

tal current. A Dose response to acetylcholine; B Maximal endothe-
lial-dependent dilation; C Dose response to sodium nitroprusside; D
Maximal endothelial-independent dilation. Differences were deter-
mined by independent group ¢ tests and denoted by * when p < 0.05
in users of E-Cigarettes vs. Non-Users. CVC cutaneous vascular con-
ductance, PU perfusion units

damage in smaller blood vessels preceded damage in larger
blood vessels in those that have been regularly using e-ciga-
rettes for longer than three years. The findings of this inves-
tigation also identified that different molecular mechanisms
are involved in the diminished vascular response observed
in users of e-cigarettes including both endothelial-depend-
ent and independent mechanism. Thus, the present study
provides novel information on the link between e-cigarette
usage and premature vascular damage and expands current
knowledge related to a use timeline.

E-cigarette usage and vascular health
Currently, e-cigarettes are primarily used by young indi-

viduals who have never smoked combustible tobacco but
frequently use these newer and more attractive products [36].
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Table 4 Mi“‘." ar}d macro- Variable <3 years >3 years p value
vascular function in young users
of e-cigarettes based on length Microvascular function
of usage Local thermal hyperemia
Baseline; 1y (PU) 30+2 30+2 0.627
RBF, yy (PU) 143+ 6 148 +5 0.726
Area ry (PUs™) 179,851 + 12,328 196,824 + 14,652 0.414
Baseline; 1y (PU/mmHg) 0.33 +0.02 0.35+0.03 0.846
CVC, g (PU/mmHg) 1.70 £ 0.12 1.78 £ 0.15 0.683
TTP 1y (5) 885 + 98 1066 + 73 0.156
Post-occlusive reactive hyperemia
Baselinepgry (PU) 34 +1 34+2 0.608
RBFpory (PU) 68 +4 56+3 0.044
Areapory (PUs™) 12,649 + 891 11,071 + 779 0.058
Baselinepggy (PU/mmHg) 0.41 +0.01 0.41 +0.01 0.809
CVCpory (PU/mmHg) 0.80 + 0.04 0.70 + 0.03 0.036
TTPpory () 17+2 14+1 0.250
Iontophoresis with acetylcholine
Baseline,cy; (PU) 29+2 34+3 0.712
RBF, ¢y (PU) 91+ 10 92+8 0.904
Areacy (PUs™) 3175 + 414 3403 + 336 0.563
Baselineq; (PU/mmHg) 0.35 +0.02 0.39 +0.04 0.131
CVC,cy (PU/mmHg) 0.99+0.11 1.05 + 0.07 0.698
TTPycy (5) 78 + 10 64 +7 0.371
Iontophoresis with sodium nitroprusside
Baselinegyp (PU) 31+2 34+6 0.436
RBFg\p (PU) 69 + 10 96 + 12 0.166
Areagyp (PUs™h) 4135 £ 494 5250 + 828 0.253
Baselinegyp (PU/mmHg) 0.37 +0.03 0.41 +0.04 0.425
CVCgyp (PU/mmHg) 0.85+0.11 1.04 +£0.17 0.349
TTPgyp () 70 + 10 89 +7 0.273
Control
Baseline. (PU) 39+2 39+3 0.515
RBEF. (PU) 37+6 42 +3 0.787
Baseline. (PU/mmHg) 0.37 +£0.01 0.38 +0.02 0.634
CVC( (PU/mmHg) 0.44 + 0.09 0.45 + 0.06 0.884
Macrovascular function
Baseline diameter (mm) 349 +0.16 345 +0.17 0.812
Peak diameter (mm) 3.85+0.17 3.69 + 0.17 0.509
FMD (%) 10.1 £1.0 69+09 0.002
L-FMC (%) -1.5+038 -21+11 0.685
c-FMD (%) 11.2+14 9.1+£0.7 0.090
Shear (s™!, AUC) 51,903 + 6193 48,862 + 7349 0.755
FMD (%)/shear (s™!, AUC) 0.326 + 0.06 0.294 + 0.06 0.366
Time to peak (s) 50+3 54+7 0.554

Values are mean =+ standard error of mean (SEM). Boldfaced value indicates statistical significance. For
each test, cutaneous blood flow as red blood cell flux (RBF) was expressed in perfusion units (PU) and
cutaneous vascular conductance (CVC; CVC=RBF/MAP) was expressed in perfusion units per millim-
eters of mercury (PU/mmHg)

LTH local thermal hyperemia, PORH post-occlusive reactive hyperemia, ACh acetylcholine, SNP sodium
nitroprusside, TTP time to peak, PU perfusion units, FMD flow-mediated dilation, L-FMC low flow-medi-
ated constriction, c-FMD composite FMD, AUC area under the curve
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Fig.3 Micro (A) and Macro (B) Vascular Function in Young Users
of E-Cigarettes Based on Length of Usage. Differences in A micro-
vascular function assessed through post-occlusive reactive hyperemia
and B macrovascular function assessed through flow-mediated dila-
tion in users of e-cigarettes for shorter than three years (< 3 year) and
for longer than three years (> 3 year). Differences were determined
by independent group ¢ tests and denoted by * when p < 0.05 in > 3
year vs. < 3 year of usage

With the rapid increase in usage, there are rising concerns
regarding the impact of the consumption of these products
on users’ health. Recent studies have provided information
related to the effects of these products on the health of adult
users supporting that a single exposure to e-cigarettes caused
a reduction in either micro [37, 38] or macro [8, 10, 11,
39] vascular function. Our results expand previous findings
and identify that young regular users of e-cigarettes exhibit
reduced vascular function primarily in the microvasculature,
while the response of larger vessels still appears apparently
preserved when length of use was not considered. It is
important to note that the functionality of the small ves-
sels plays a pivotal role in cardiovascular health and their
dysfunction is considered one the earliest indicators of car-
diovascular disease risk [17, 18]. Indeed, alterations in the
microvasculature often precede dysfunctions observed in
larger vessels [40] and are commonly considered a better
predictor of long-term outcomes and adverse cardiovascular
events [41-43]. Similar to our findings, studies completed in
animal models exposed to e-cigarettes also described dam-
age in smaller arteries prior to larger ones [44]. Thus, our
data identifies, for the first time, that young users of e-cig-
arettes exhibit premature microvascular dysfunction when
compared to demographically matched non-users that may
precede damage in larger blood vessels.

Vascular function is governed by different mechanisms,
with endothelial function as one of the main ones. The
endothelium, a key regulator of vascular tone and blood
flow, controls vasodilatory and vasoconstrictive mecha-
nisms by synthesizing mediators such as nitric oxide, a
potent vasodilator [45—-47]. Reduced bioavailability of this
vasodilator is associated with lower endothelial-dependent

@ Springer

vasodilation and is considered a marker of poor cardio-
vascular health [48]. It is well established that traditional
combustible tobacco usage is associated with worse
endothelial function and lowered nitric oxide levels
[49-51]. Preliminary evidence in the microvasculature
[19] and other vascular beds [12] supports that e-cigarette
use also leads to a reduction of this mediator [12]. Our
results align with previous observations and support that
regular consumers of e-cigarettes exhibit a reduction of
this essential vasodilator also in the microcirculation, as
evaluated through LTH. In addition, other critical media-
tors including prostaglandins and EDHF [52] are also
involved in the endothelial-mediated response of the small
vessels and may be also impaired in those that consume
e-cigarettes, as suggested by our data from the PORH,
LTH and iontophoresis with ACh reactivity tests. Our
results support reduced endothelial-dependent microvas-
cular function which was described in another cohort of
users of e-cigarettes [19]. Recently, a study completed in
a preclinical model exposed to e-cigarette vapor has also
identified impaired endothelial-independent mechanisms
[53]. In our study, endothelial-independent vasodilation,
evaluated through iontophoresis with SNP, was similar
between the groups or even higher (when percentage of
maximal dilation was evaluated) in the ECU group, sug-
gesting intact vascular smooth muscle function and even
a potential overcompensation for impaired endothelial-
dependent function in those young adults that are regular
users of e-cigarettes. While nicotine has the ability to dim-
mish endothelium-independent vasodilation via interaction
with ATP-sensitive K* channels located on the vascular
smooth muscle [54], studies evaluating the functionality
of smooth muscle in users of cigarettes have mixed results
showing reduced [55-57] or unchanged [58] endothelial-
independent vasodilation. It is possible that length of
tobacco usage may play a role in the development of
general vascular dysfunction, evident first by endothelial
impairments and then, by reduced vascular smooth mus-
cle vasodilation. Analyzing the observed microvascular
responses, we should also consider the possibility that
e-cigarette usage hyperactivates the response initiated by
sensory nerves, as evaluated via the initial response to
thermal challenge, particularly due to their involvement in
the initial response to the thermal challenge [59]. Prevail-
ing data also support that acute exposure to e-cigarettes,
as well as to traditional combustible tobacco, increases
skin sympathetic nerve activity [60] that could lead to a
poor vasodilatory response. In summary, findings from
the present study expand current knowledge and demon-
strate that young individuals that are regular e-cigarette
users present with early alterations in different molecular
mechanisms that govern microvascular function, one of
the earliest markers of CVD.
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E-cigarette usage length and vascular health

In the present study, we observed preserved macrovascular
function in users of e-cigarettes, similar [15] and opposite
[12] results have been described. Interestingly our study
identified that young adults that have been using e-cigarettes
for longer time also present with reduced functionality of
larger vessels when compared to more recent users. Particu-
larly, we have observed that flow-induced vasodilation in the
micro- and macrovasculature, as evaluated by post-occlusive
reactive hyperemia and flow-mediated dilation respectively,
was reduced in those who used e-cigarette products for a
longer time, while other vasodilatory mechanisms were
similar between the subgroups. It is possible that over time,
impairment in the microcirculation can increase vascular
resistance to flow, resulting in greater retrograde and oscil-
latory shear in conduit arteries [61], potentially triggering
an increase in oxidative stress and associated reduction in
the synthesis of vasodilatory mediators [62, 63]. It is also
possible that the endothelial glycocalyx, an essential mech-
anotransductor of shear stress that initiates intracellular
signaling to promote vasodilation, will be deteriorated by
the prolonged use of e-cigarettes, as previously observed in
cigarette smoking [64]. In fact, recent studies have shown
that endothelial glycocalyx integrity can be improved after
three months of smoking cessation [65] while no changes
have been observed in traditional tobacco users that switch
to e-cigarettes [66]. Thus, it is possible that prolonged use of
e-cigarette damages the endothelial glycocalyx resulting in
decreased flow-induced vasodilation in both the micro and
macro circulation. Independent of the mechanisms, the pre-
sent results propose a link between length of usage and vas-
cular damage denoting that the observed deleterious effects
are not just associated with nicotine usage, as others have
also identified [44, 67, 68]. Indeed, several preclinical stud-
ies reported impaired endothelial function following expo-
sure to nicotine-free aerosol [4, 69, 70]. To note, thermal
degradation of common e-liquid solvents (propylene glycol
or vegetable glycerin) and the subsequent formation of dif-
ferent aldehydes [71, 72] have also been linked to vascular
impairments [68]. In addition, early observations have also
identified that certain flavor additives (i.e. cinnamon, men-
thol) may increase oxidative stress [73, 74] and diminish the
synthesis of vasodilators in endothelial cells [75].

Study limitations

Despite the novel findings of the present study, there are
also several limitations that should be considered. The study
was purposely conducted in young, apparently healthy adults
to eliminate the potential negative effects of aging on the
vasculature. Physical activity levels, dietary intake, current
and previous alcohol and drug use, or sleep patterns were

similar between users and non-users. In addition, similar
number of participants from both groups self-reported hav-
ing consumed cannabis ever in the lifetime. However, we
cannot conclude that some of these lifestyle choices or other
factors not measured could influence the vascular response
observed. Another limitation is related to the evaluation of
microvascular function using reactivity tests. Despite pro-
viding very early insights into cardiovascular health, the
technical complexity of the assessments limits the possibility
to easily translated this testing into clinical settings, mini-
mizing the ability of identifying early damage in larger and/
or other populations. Another important limitation to con-
sider is the rapidly changing market related to e-cigarettes.
Indeed, from 2020 to 2022, the total number of e-cigarettes
brands on the US market increased from 184 to 269 [76],
providing a large variety of flavors and device types, esti-
mated to offer 20,000 different types of e-liquids [77]. Thus,
we should consider that the diversity of e-cigarette products
might result in unique effects on users’ vascular health that
may differ from the present findings.

Conclusion

In conclusion, results from the present study demonstrate
that young and apparently healthy adults that regularly use
e-cigarettes exhibit reduced vascular function that initially
impacts the microcirculation. Our findings identified that
those who have been users of e-cigarettes for a longer time
also exhibit reduced functionality of larger blood vessels,
independent of nicotine content, denoting the appearance
of systemic vascular damage. We have also identified dif-
ferent molecular mechanisms that govern vascular health
as impaired in regular users of e-cigarettes representing
the multifaceted nature of the observed damage. Results
from the present study add to the growing body of literature
emphasizing that the usage of e-cigarettes is not a harmless
action and could contribute to the onset of premature car-
diovascular diseases.
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