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Abstract

Background: Smoking is the main preventable cause of death in the United States and worldwide and is associated with serious
cardiovascular health consequences, including thrombotic diseases. Recently, electronic cigarettes (e-cigarettes) and, in particular
JUUL, have attained wide popularity among smokers, nonsmokers, pregnant females, and even the youth, which is alarming.
Interestingly, there is/are no information/studies regarding the effect of JUUL on cardiovascular diseases, specifically in the
context of modulation of platelet activation. Thus, it is important to discern the cardiovascular disease health risks associated with
JUUL. Methods and Results: We used a passive e-vape vapor inhalation system where C57BL/6) mice (10-12 weeks old) were
exposed to JUUL e-cigarette vape. Menthol flavored JUUL pods containing 5% nicotine by weight were used as the e-liquid. Mice
were exposed to a total of 70 puffs daily for 2 weeks; 3-second puff duration, and 25-second puff interval. The effects of JUUL
relative to clean air were analyzed, on mouse platelet function in vitro (eg, aggregation) and in vivo (eg, FeClz-induced carotid
artery injury thrombosis model). Our results indicate that short-term exposure to JUUL e-cigarette causes hyperactivation of
platelets and shortens the thrombus occlusion as well as hemostasis/bleeding times, relative to clean air (medians of 14 vs. 200
seconds, P < .01 and 35 vs. 295 seconds, P < .001, respectively). Conclusion: Our findings document—for the first time—that
short-term exposure to the JUUL e-cigarette increases the risk of thrombotic events, in part by modulating platelet function, such
as aggregation and secretion, in mice.
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has a novel slim USB-like design that makes it easy to use and
carry, and it also comes with prefilled e-liquid pods that are
available in various flavors.'*'? The unique design and
appealing nature of the device and flavors along with the

Introduction

It is well known that tobacco smoking is associated with
cardiovascular disease (CVD), with the latter being the pri-
mary cause of death worldwide.' In fact, tobacco smoking is
the single most preventable risk factor for the development of
CVD.?* While traditional cigarette smoking has been
declining, new tobacco products have been, and continue to
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be introduced into the market.>° To this end, electronic cigar-
ettes (e-cigarettes) have attained wide popularity in recent
years, due to the perception of being a “safer” alternative to
tobacco smoking.” Thus, while usage of cigarettes is on the
decline, the marketing of e-cigarettes, which deliver a similar
addictive component and other toxicants, seems to have offset
this decline. As the e-cigarette market keeps growing at a fast
pace, hundreds of devices/models continue to emerge. One
particular e-cigarette device that has gained significant popu-
larity over the past 2 years is known as “JUUL,”®'? reaching
more than 50% of the retail market share of e-cigarettes.'" It

2 Department of Kinesiology, University of Texas at Arlington, Arlington, TX,
USA

3 Department of Pharmaceutical Sciences, Irma Lerma Rangel College of
Pharmacy, Texas A&M University, Kingsville, TX, USA

* Department of Pharmacy Practice, Irma Lerma Rangel College of Pharmacy,
Texas A&M University, Kingsville, TX, USA

Manuscript submitted: January 22, 2020; accepted: May 26, 2020.

Corresponding Author:

Fatima Z. Alshbool, Department of Pharmacy Practice, Irma Lerma Rangel
College of Pharmacy, Texas A&M University, Kingsville, TX 78363, USA.
Email: falshbool@tamu.edu


https://orcid.org/0000-0001-9376-551X
https://orcid.org/0000-0001-9376-551X
https://orcid.org/0000-0002-2765-3250
https://orcid.org/0000-0002-2765-3250
mailto:falshbool@tamu.edu
https://sagepub.com/journals-permissions
https://doi.org/10.1177/1074248420941681
http://journals.sagepub.com/home/cpt

Ramirez et al

579

advertisement/marketing campaign have been attracting smo-
kers, nonsmokers, and even the youth.'*'> Of particular con-
cern is the fact that the youth has the highest increase in
e-cigarettes usage,'®!” especially JUUL.'*'%:1°

JUUL has certain/unique features and does not resemble other
traditional e-cigarette devices. For example, compared with other
products in the market, the e-liquid composition of the JUUL pods
contains nicotine salt and higher concentrations of nicotine (3%
and 5% by volume).'*?° It has been claimed that these devices are
“totally safe” and “much safer than cigarettes.”?' However,
despite these claims, converging lines of evidence indicate that
the concentrations of chemicals in the JUUL pods are cytotoxic
and may have detrimental effects on human health.*°

Based on these considerations, it is paramount to establish
the safety of exposure to JUUL e-cigarette, particularly in the
context of CVD. To this end, limited studies have evaluated
the impact of traditional e-cigarettes on the genesis of
thrombosis-based CVD. Nonetheless, we have previously
shown—in mice—that short-term e-cigarette exposure mod-
ulates physiological hemostasis and elevates the risk of
thrombosis via altering platelet function.?” In addition, a
recent crossover study that was conducted on tobacco smo-
kers and nonsmokers found that acute use of e-cigarettes
enhanced platelet aggregation.”> However, to the best of our
knowledge, there is no information regarding the impact of
JUUL exposure on the cardiovascular system, particularly in
the context of platelet function. Therefore, this study aims to
characterize the impact of JUUL exposure on thrombogenesis
and platelet function by using a mouse whole-body exposure
system and a protocol that mimics real-life exposure scenarios
of daily JUUL user(s). Our findings demonstrate that 2-week
exposure to the JUUL e-cigarette does indeed enhance the risk
of thrombosis and potentiate hemostasis and that this is due to
its capacity to enhance platelet activity. These findings indi-
cate that the JUUL e-cigarette is not safe as people curently
believe.

Materials and Methods

Materials and Reagents

JUUL device and JUUL Pods (5% nicotine and menthol fla-
voring) were purchased from the JUUL official website.
Absolute 0 e-liquid (18-mg Nicotine, 30% PG, and 70% VG
with a menthol flavor) was obtained from The Vapor Chef.
Adenosine diphosphate (ADP) and thrombin were purchased
from Sigma Aldrich. The anti-P-selectin and Annexin V anti-
bodies were fluorescein isothiocyanate (FITC)-conjugated
and purchased from Cell Signaling Technology, Inc. The
JON/A antibody was purchased from Emfret analytics. The
Mouse/Rat Cotinine enzyme-linked immunosorbent assay
(ELISA) kit was from Calbiotech. The stir bars and other
experimental disposable material was obtained from
Chrono-Log Corporation. The rest of the reagents were of
analytical grade.

Animals

C57BL/6J (10- to 12-week-old male) mice were obtained from
Jackson Laboratory. The mice were housed under standard
conditions (24 °C; 12/12 light/dark cycles; ad libitum access
to water and food), with 1 to 5 mice in each group. The Insti-
tutional Animal Care and Use Committee of The University of
Texas at El Paso approved all of our animal experimental
protocols.

JUUL E-Cigarette and Traditional E-Cigarette
Exposure Protocol

We exposed the C57BL/6 mice (10-12 weeks old males) to
70 puffs/day of JUUL for a period of 2 weeks. The duration
of each puff was 3 seconds (with a puff volume of 50 mL) with
puff intervals of 25 seconds. These experimental variables were
designed in order to mimic real-life exposure scenarios.”> With
regard to the control mice—which were exposed to clean air—
they were males and matched in terms of age to the JUUL
e-cigarette exposed mice. The JUUL e-cigarette exposed and
control mice were deprived of food and water during exposure.
The apparatus used to generate the aerosol (e-vape) is a bench-
top e-Vape™ vapor inhalation system for rodents (custom-made
by the La Jolla Alcohol Research, Inc). The system has 4 cham-
bers each connected to its own “mode box.” The “mode box” is
custom made with a USB outlet to be compatible with the JUUL
device and is connected to a controller that allows us to auto-
matically predetermine the following experimental conditions:
the puff time/duration, puff interval (time between puffs), and
number of puffs. In terms of the JUUL pods, they contain
0.7 mL of e-liquid, and the nicotine concentration was 5%
(by weight) with menthol flavoring.*** Of note, the menthol
flavor was chosen for consistency with our previous study on
traditional e-cigarettes,** as well as the fact that it is one of the 3
flavors still available in the market and has been used by adults.
The traditional e-cigarette exposure protocol was similar to the
JUUL protocol in terms of the number of puffs per day, the puff
duration, and exposure duration. As for the device, we used the
third-generation device as described previously,”” namely the
SMOK TFV4 Mini Tanks, whereas we used the Vapor Chief
e-liquid (18 mg/mL nicotine content) with a menthol flavor.

Cotinine Assay

The urinary cotinine levels, a known nicotine metabolite, were
measured in both JUUL and clean air-exposed mice, by using an
ELISA kit (the Cotinine Direct ELISA kit) as per the manufac-
turer’s (Calbiotech) instructions and as described previously.>

In Vivo Thrombosis Model

This experiment was performed as previously described.***>*
JUUL e-cigarette and clean air-exposed mice were anesthe-
tized by IP injections of avertin. Next, we exposed/cleaned the
left carotid artery, before measuring its baseline blood flow
using a 0.5-mm micro-flow probe (Transonic Systems Inc).
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After the blood flow stabilized, 7.5% ferric chloride (FeCls)
was applied onto a 1-mm diameter filter paper disc. The filter
paper was placed immediately onto the left carotid artery for a
total of 3 minutes. The carotid artery blood flow was monitored
until its stoppage ([stable occlusion] ie, zero blood flow for a
total of 2 minutes), with the monitoring lasting no longer than
30 minutes. The findings were documented, with the time to the
carotid artery blockade (occlusion) calculated as the difference
in time between stable occlusion and removal of the FeCl; filter
paper. As indicated, a 30-minutes occlusion time served as the
cutoff time for statistical analysis purposes.

Tail Bleeding Time

Physiological hemostasis was assessed by using the standard
tail bleeding/transection method.”?*>2” Briefly, mice were
anesthetized before 5 mm of their tail was transected from the
tip, using a scalpel. Immediately afterward, the tail was
immersed in 37 °C saline, and the time it took for the bleeding
to stop was measured, with 10-minute bleeding time serving as
the cutoff for statistical analysis purposes.

Peripheral Blood Cell/Platelet Counts

The hematology profile, including platelets and white blood
cells of the JUUL/clean air-exposed mice was performed on
whole blood using a HEMAVET 950FS Multi-Species Hema-
tology System (Erba Diagnostics).

Murine Platelet-Rich Plasma Preparation

The clean air-, the JUUL e-cigarette-, or the traditional
e-cigarette-exposed mice (C57BL/6J; 10-12 weeks old) were
anesthetized before their blood was harvested from the heart.
A sodium citrate solution (0.38%; from Fisher Scientific) was
used to inhibit blood coagulation. Next, the blood was centri-
fuged for 15 minutes, 237 g at room temperature (RT), before
the platelet-rich plasma (PRP) was collected. The platelets in
PRP were counted by using the HEMAVET and their count
adjusted (7 x 107 platelets/mL) before initiating each of the
specific experiments.

Washed Platelet Preparation

Washed platelets were prepared as described previously.>>=®

Blood was drawn from mice as described earlier, and it was
mixed with phosphate-buffered saline (pH 7.4), incubated with
PGI, (10 ng/mL; 5 minutes), to ensure there is no platelet
activation. Platelets underwent centrifugation (10 minutes,
RT; at 237g). Platelet-rich plasma was then collected before
pelleting the platelets at 483g for 10 minutes at RT. Next, the
platelet pellet was resuspended in HEPES/Tyrode buffer that
was mixed with 1 mmol/L EGTA, 0.37 U/mL apyrase, as well
as PGI, (10 ng/mL). Platelets were washed and resuspended in
HEPES/Tyrodes (pH 7.4) without EGTA, apyrase, or PGI,.
Finally, the platelets were counted using the HEMAVET and
the counts were adjusted.

In Vitro Platelet Aggregation

The PRP from the exposed mice (clean air, JUUL e-cigarettes,
or traditional e-cigarettes) was activated using either 1 pM
ADP or 0.1 U/mL thrombin. The aggregation of platelets was
assessed using an aggregometer (turbidimetric method; model
700; Chrono-Log Corporation). Each experiment was repeated
at least 3 times, with blood pooled from 5 to 8 mice each time.

Dense Granule/Adenosine Triphosphate Secretion

The PRP (250 pL) with count adjusted to 7 x 107/mL was
placed into siliconized cuvettes and stirred at 37 °C for 5 min-
utes. Next, we added 12.5 pL of the Chrono-Log luciferase
substrate/luciferase cocktail, which was followed by the addi-
tion of 1 uM ADP or 0.1 U/mL thrombin.

Flow Cytometric Analysis

The flow cytometry experiments were conducted using washed
platelets as described previously.>> Thus, platelets were acti-
vated using 1 pM ADP or 0.1 U/mL thrombin for 3 minutes,
after which the reactions were stopped using 2% formaldehyde
(30 minutes; RT) to fix the platelets. Next, platelets were incu-
bated with one of the following antibodies (in the dark at RT)
for 30 minutes: JON/A/phycoerythrin-conjugated allbB3,
FITC-conjugated anti-P-selectin, or FITC-conjugated Annexin
V. Platelets were diluted using HEPES/Tyrode buffer (pH 7.4;
2.5-fold), before being transferred to FACS tubes. Finally, the
fluorescent intensities were measured by using a BD Accuri C6
flow cytometer. The data were analyzed using the CFlow Plus
software (BD Biosciences).

Statistical Analysis

Experiments were conducted at least 3 times, as applicable.
The data were analyzed using the GraphPad PRISM statistical
software, version 7.0 and presented as mean + SD. The dif-
ference in the mean of the bleeding and occlusion times was
evaluated using the Mann—Whitney U test. Of note, the ¢ test
and/or 1-way analysis of variance (with Tukey’s multiple
regression comparison as post hoc) were also used as applica-
ble for comparative analysis purposes and comparable results
were observed. The significance was accepted at P < .05,
unless otherwise is stated.

Results

JUUL E-Cigarette Exposure Results in the Systematic
Delivery of Nicotine

To verify that the whole-body exposure model does system-
atically deliver nicotine to the mice, cotinine, the major meta-
bolite of nicotine, was measured, thus serving as a marker of its
delivery.?® Therefore, ELISA was used to measure the urinary
levels of cotinine, which was analyzed “immediately” after the
conclusion of the 2-week exposure, and our data showed
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Figure 1. JUUL exposure results in delivering nicotine (cotinine)
systemically. Urinary cotinine levels from JUUL and clean air-
exposed mice (clean air, n = 5; and JUUL, n = 5; **P < .0001; data
are presented as mean + SD).

significantly elevated levels of cotinine in the urine of JUUL
e-cigarette exposed mice, whereas it was undetectable in the
control clean air mice (Figure 1).

JUUL E-Cigarette-Exposed Mice Exhibit Enhanced
Physiological Hemostasis and Thrombus Formation

In terms of characterizing the negative cardiovascular
effects of JUUL e-cigarette, we initially investigated its
capacity to modulate physiological hemostasis by using the
tail bleeding time assay. Our findings show that JUUL-
exposed mice have significantly shortened tail bleeding time
compared to mice exposed to clean air (Figure 2A; median
of 35 vs. 295 seconds, respectively; P < .001). Next, the
thrombotic effect of JUUL e-cigarette exposure was exam-
ined by performing the carotid artery injury-induced throm-
bosis model. It was observed that JUUL-exposed mice have
remarkably shortened occlusion time compared to their con-
trols (Figure 2B; median of 14 vs. 200 seconds, respec-
tively; P < .01). Notably, there was no difference in the
platelet and/or other blood cell counts between the JUUL
and clean air-exposed mice (Table 1).

JUUL E-Cigarette Exposure Enhances ADP- and
Thrombin-Induced Platelet Aggregation

We next sought to investigate whether the JUUL e-cigarette
exposure would also produce platelet effects. Consequently, the
effects of the JUUL e-cigarette exposure on ADP- and thrombin-
induced platelet aggregation were assessed. Our data revealed
that exposure to JUUL e-cigarettes results in higher ADP (1
pM)-induced platelet aggregation, in comparison to clean air
control platelets (Figure 3A; inset shows data quantification).
Similarly, 0.1 U/mL thrombin-induced platelet aggregation was
also elevated/enhanced in the JUUL e-cigarette exposed plate-
lets (Figure 3B; inset shows data quantification). Interestingly,
furthermore, when compared with traditional e-cigarettes, it was
found that JUUL enhances 1pM ADP-triggered aggregation to a
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Figure 2. JUUL exposure shortens the bleeding time in the tail
bleeding time assay, and the time to occlusion in the ferric chloride
in vivo thrombosis model. A, The tail bleeding time assessment was
performed on the clean air and JUUL e-cigarette exposed mice. Each
point represents the tail bleeding time of a single animal (clean air, n =
7; and JUUL, n = 7; *P < .001). B, The ferric chloride-induced
thrombosis model was performed on the JUUL e-cigarette and clean
air-exposed mice. Each point represents the occlusion time of a single
animal (clean air, n = 5; and JUUL e-cigarette, n = 5; *P < .0l).

Table . Peripheral Blood Cell Counts in JUUL- and Clean Air-
Exposed Mice.”

Cell type Clean air JUUL P value
Platelets 519 + 1152 535 + 133 .86
MPV 463 + 0.21 468 + 0.17 72
Red blood cells 581 + 1.38 647 + 1.73 .58
Lymphocytes 2.79 + 0.89 1.78 + 0.58 1
Monocytes 0.18 + 0.03 0.15 + 0.08 .50
Granulocytes 443 + 2.15 34 + 083 41
HCT 27.75 + 6.92 314 £ 9.16 .55

Abbreviation: MPV, mean platelet volume.

*Blood cells were counted as described in Methods. The counts are expressed
as thousands per microliter, with the exception of the red blood cells that are
expressed as millions per microliter. The data are presented as mean + SD.

much larger extent than traditional e-cigarettes (Figure 3C; inset
shows data quantification).

JUUL E-Cigarette Exposure Enhances ADP- and
Thrombin-Induced Platelet Secretion
It was also determined if JUUL e-cigarette exposure exerts any

impact on dense and a-granule secretion. In line with our
aggregation data, ATP secretion from platelets obtained from
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Figure 3. Platelet aggregation is potentiated in JUUL exposed mice.
Platelets from JUUL e-cigarette and clean air-exposed mice were sti-
mulated with | pM ADP (A) or 0. U/mL thrombin (B). Platelets from
JUUL, a traditional e-cigarette (indicated as “E-Cig”) and clean air-
exposed mice, were stimulated with | uM ADP (C). Aggregation was
measured using an aggregometry system. Inset shows quantification of
data; **P < .0l and ****P < .000|. Experiments were repeated 3 times,
using blood that was pooled from 5 to 8 mice each time.

the JUUL e-cigarette-exposed mice in response to ADP (1 pM;
Figure 4A; inset shows data quantification) and thrombin (0.1
U/mL; Figure 4B; inset shows data quantification) agonist sti-
mulation were found to be enhanced, when compared to
platelets from the clean air-exposed mice. Moreover, JUUL
e-cigarette exposed platelets had significantly higher ADP- and
thrombin-triggered P-selectin expression (Figure 5A).
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Figure 4. Platelet dense granule secretion is enhanced in JUUL
exposed mice. Platelets from clean air- or JUUL e-cigarette-exposed
mice were incubated with 12.5 pL of luciferase luciferin, before activa-
tion with | M ADP (A) or 0.1 U/mL thrombin (B). Dense granule/
ATP release was assessed by a lumi-aggregometer and detected as
luminescence. Inset shows quantification of data; **P < .0l and **P <
.0001.These experiments were repeated 3 times, using blood that was
pooled from 5 to 8 mice each time.

JUUL E-Cigarette Exposure Enhances Agonist-Induced
Integrin GPIIb/llla Activation and Phosphatidylserine
Expression

The next set of studies investigated if there is a commensurate
increase in integrin GPIIb/IIa (aIIbP3) activation in the JUUL
e-cigarette exposed platelets, given their increased aggregation
phenotype. It was found that JUUL e-cigarette-exposed plate-
lets had an enhanced agonist-mediated activation of GPIIb/Ila,
when compared to clean air-exposed platelets (Figure 5B).
Moreover, agonist-mediated phosphatidylserine (PS) expres-
sion, which is a critical element for efficient activation of the
coagulation cascade and an essential aspect of clot formation,
was also found to be enhanced in the JUUL platelets
(Figure 5C).

Discussion

The JUUL e-cigarette has been gaining popularity at an alarm-
ing rate since its introduction into the US market in 2015 and by
2018 has overtaken more than half of the e-cigarette mar-
ket.>'*!2 In this connection, it was marketed by JUUL Labs,
the manufacturer, as an e-cigarette device with a higher safety
profile than traditional cigarettes,” which we know is not sup-
ported by evidence. Its appealing USB-like design and pre-
filled pods led to increased use, especially and of more concern,
among the youth.?**° It is also important to note that the usage
of these devices is fundamentally different than traditional
cigarettes. Thus, in traditional cigarettes, the cigarette burns
away after a while and there is nothing “left” for the user to
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Figure 5. Platelets o granule secretion, integrin GPIlIb/llla activation,
and phosphatidylserine (PS) exposure are increased in JUUL-exposed
mice. Washed platelets from clean air-exposed and JUUL e-cigarette-
exposed mice were washed and activated with | pM ADP or 0.1 U/mL
thrombin. Next, these platelets were incubated with FITC-conjugated
CD62P antibody, before the fluorescence intensity was measured by
flow cytometry (A). The average of the mean fluorescence intensities
is shown (¥*¥P < 0001). Platelets were incubated with phycoerythrin-
conjugated JON/A antibody, before the fluorescence intensity was
measured by flow cytometry (B). The average of the mean fluores-
cence intensities is shown (****P < 0001). Platelets were incubated
with fluorescein isothiocyanate—conjugated Annexin V antibody,
before the fluorescence intensity was measured by flow cytometry

consume unless they light another cigarette, which provides a
check/decision point for the user. On the other hand,
JUUL/e-cigarettes do not have this checkpoint, until the pod/
e-liquid is consumed. This means that with JUUL/e-cigarette,
the user may consume the amount of nicotine in 1 pack of
traditional cigarettes in a much shorter time (puffing behavior).

In terms of the cardiovascular safety of e-cigarettes, while
we recently showed that exposure to traditional e-cigarettes
enhances physiological hemostasis and increases the risk of
thrombosis via modulating platelet function, in adult mice,**
whether JUUL exerts similar negative health effects remains to
be investigated. This is important given its wide popularity and
unique features. Thus, this issue was investigated by using a
mouse whole-body in vivo exposure model and a protocol that
mimics real-life exposure scenarios of a daily JUUL user.'® It
has been recently reported that daily JUUL users consume 10
pods per 1 month, which equals 1 pod every 3 days. Since each
pod can generate 200 puffs, it was decided to expose mice to 70
puffs per day to resemble human settings.'® Given that the
JUUL e-cigarette has only recently been introduced into the
market, human studies related to its effect on the general
health, and the cardiovascular system in specific are nonexis-
tent. Thus, mouse models can serve as “readily available” and
practical tools to provide rather rapid answers to some of the
safety questions, which may involve years of use for human
studies. Furthermore, human studies are complicated by the
variability of e-liquids and flavors, patterns of use, user’s expe-
rience, and the concomitant use of other tobacco products; all
of which would make it difficult to draw conclusions. Notably,
given these challenges in human studies, the current mouse
model gives flexibility in mimicking many aspects of human
use, and the literature does support the fact that mouse studies
“map” very well to humans in the context of tobacco
exposure.?

Initially, our model was validated by measuring the levels of
cotinine, a key biomarker of nicotine exposure,*' in urine sam-
ples of JUUL e-cigarette and clean air-exposed mice. The coti-
nine levels increased significantly in JUUL e-cigarette-exposed
mice, whereas it was undetectable in those exposed to clean air.
Indeed, these high cotinine levels are not surprising given the
fact that each JUUL pod (200 puffs) contains a high concen-
tration of nicotine (5% by weight), which is equivalent to 1
pack of cigarettes.>**? Furthermore, the use of nicotine salt
results in high amounts of nicotine being delivered to users
as the salt masks the bitter taste of nicotine.*® Consistent with
our finding, a recent study showed that youth are exposed to
higher concentrations of nicotine when they use JUUL, com-
pared to combustible cigarettes.** Taken together, JUUL
e-cigarette delivers a high amount of nicotine to users, which
raises concerns regarding the potential negative impact of

Figure 5. (Continued). (C). The average of the mean fluorescence
intensities is shown (¥***P < .0001). These experiments were
repeated 3 times, using blood that was pooled from 5 to 8 mice each
time. Data are presented as mean + SD.



584

Journal of Cardiovascular Pharmacology and Therapeutics 25(6)

nicotine, especially among youth users,** which warrants
investigation. Since JUUL exposure can increase the plasma
levels of nicotine by many folds, this would be of particular
concern in individuals with preexisting CVD. Additionally, one
should also consider the concomitant use of other substances
(eg, alcohol, stimulants, etc) and/or medications (eg, a-block-
ers, hormonal contraceptives, etc) that could potentiate nico-
tine’s negative effects.>> Of note, while e-cigarettes have
(potential) toxicants such as nicotine, propylene glycol/gly-
cerol, and flavors,>® as mentioned before, the JUUL pods con-
tain nicotine salts, whose toxicity is virtually unknown.
Notably, the effect of nicotine on thrombus formation is con-
troversial, with some studies showing it to be increased,’’
decreased,® or even unaffected.* However, our recent water-
pipe/hookah exposure studies showed that nicotine does have
the capacity to enhance biochemical markers of platelet activa-
tion.%* It is also important to note that nicotine has a short half-
life in vivo, and hence it is rapidly metabolized, particularly
into cotinine, and the latter was shown to enhance platelet
activation.”> Also, while the toxicity of e-cigarettes continues
to be under investigation, there is evidence suggesting that they
may have become a gateway to the known and harmful tobacco
cigarettes.**4!

As for the effects of JUUL on the genesis of thrombosis-
dependent CVD, our mouse model data demonstrated for the
first time that exposure to JUUL (2 weeks) does increase the
risk of thrombosis, as reflected by the prolonged occlusion
time, when compared to the clean air controls. In addition,
JUUL exposure altered physiological hemostasis as evidenced
by the shortened tail bleeding time. A similar prothrombotic
phenotype was also observed in short-term exposure to tradi-
tional e-cigarettes.”” In support of these findings, a recent meta-
analysis concluded that e-cigarettes should not be marketed as
“cardiovascularly” safe devices as more evidence needs to be
collected.* It is noteworthy that endothelial cell dysfunction
and oxidative stress, which also play important roles in the
pathogenesis of cardiovascular/thrombotic disease, were also
found to be associated with e-cigarettes.**** Collectively, our
findings clearly indicate that JUUL e-cigarettes pose a negative
cardiovascular (thrombotic) health impact, contrary to the
claimed safety by JUUL Labs.’

In light of the observed prothrombotic phenotype and since
platelets are key players in thrombus formation, we sought to
investigate the impact/effects of JUUL e-cigarette on platelet
function. Our data revealed that JUUL exposure enhances pla-
telet function, including aggregation, secretion, integrin GPIIb/
[Ila activation, and PS exposure, compared to the control.
Furthermore, our studies also revealed that JUUL’s capacity
to enhance platelet aggregation was significantly higher than
that of traditional e-cigarettes. While the underlying cause(s) of
these effects is/are unknown, they could derive from the dif-
ferent devices and/or concentrations of nicotine. These data
indicate that JUUL e-cigarette-exposed platelets are hyperac-
tive, which could explain, at least partially, the observed pro-
thrombotic phenotype. Supportingly, our previously published
data with traditional e-cigarette exposure showed similar trends

of increased platelet function, in mice.** These data are also
consistent with a recent human study in which acute e-cigarette
use was found to increase platelet activation.”*> In addition, a
separate in vitro study found that e-cigarette vapor extracts
enhanced aggregation and adhesion responses*’ of platelets
from healthy humans. Of note, while our data clearly revealed
a detrimental effect for JUUL, it does not address the role of
nicotine, solvent and/or flavor, if any, which will be the scope
of a future investigation.

In conclusion, our study documents for the first time that
whole-body JUUL e-cigarette exposure alters physiological
hemostasis and increases the risk of thrombosis, in mice, in
part by modulating platelet function. Importantly, these find-
ings provide clear/initial evidence that the JUUL e-cigarette is
not safe as currently claimed and should be the focus of further
investigations. In addition, our study is expected to promote
public awareness of the negative health impact of these
devices, especially among the youth, including those who had
never smoked before but tried JUUL with the perception that
these devices are safe. Given the current epidemic of
e-cigarette use, specifically JUUL, our data are expected to
inform and guide the FDA in developing scientifically/
evidence-driven regulations to limit the use of JUUL devices.
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