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Abstract

JUUL is a brand of e-cigarette popular with both smokers and those who have never smoked,
including teenagers. Despite the widespread use of JUUL and the anticipated negative
cardiovascular effects of nicotine, no data exist on the impact of JUUL vaping on the
development of atherosclerosis. The aim of this study was to evaluate whether exposure to JUUL
e-cigarette aerosols induced early pro-atherogenic alterations in young murine atherosclerotic
models. To do so, the effects of vaping mango-flavored JUUL aerosols was compared to room
air and vehicle (polyethylene glycol: vegetable glycerin; PG/VG) in an inducible murine model
of atherosclerosis. Here, adeno-associated viral particles containing the human protein
convertase subtilisin/kexin type 9 (PCSK9) variant were injected in male C57BL/6J mice to
promote degradation of the low-density lipoprotein receptor in the liver, resulting in
hyperlipidemia and atherosclerosis in mice. Mice were fed a high-fat diet and exposed to room
air or commercially-available JUUL pods containing only PG/VG or 5% nicotine with mango
flavor at a rate of 4 puffs/min, 3 times a day for 4 weeks, an exposure scenario that mimics
human cotinine levels in moderate users. Early vascular toxicities were evaluated including pro-
atherogenic circulatory markers and atherosclerotic plaque. In addition, immune outcomes were
examined including changes in lymphoid and myeloid cells composition. Our results showed that
exposure to either PG/VG or mango-flavored JUUL prevented mice from gaining weight.
Although quite early in atherogenesis, PG/VG-containing JUUL trended towards increased
plaque size, although this was not observed with mango-flavored JUUL. In contrast, mango-
flavored JUUL, but not air or PG/VG, decreased circulating HDL and glucose levels. Finally,
immunophenotyping of the spleen following inhalation of JUUL aerosols showed that mango-
flavored JUUL decreased CD4+ T cells, while PG/VG tended towards increased CD8+ T cells,
although the latter wasn’t significant. These results demonstrate that JUUL exposure can induce
early pro-atherogenic alterations in young hyperlipidemic mice, suggesting there could be

increased cardiovascular disease later in life.
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Résumé
JUUL est une marque de cigarette électronique populaire auprés des fumeurs et de ceux qui
n’ont jamais fumé, y compris les adolescents. Malgré 1'utilisation généralisée de JUUL et les
effets cardiovasculaires négatifs anticipés de la nicotine, aucune donnée n’existe sur I’impact du
vapotage JUUL sur le développement de 1’athérosclérose. L’objectif de cette étude était
d’évaluer si I’exposition aux aérosols de cigarettes électroniques JUUL induitdes altérations pro-
athérogenes précoces dans de jeunes modeles athérosclérotiques murins. Pour ce faire, les effets
du vapotage d’aérosols JUUL aromatisés a la mangue ont ét€¢ comparés a 1’air ambiant et au
véhicule (polyéthyléne glycol: glycérine végétale; PG/VG) dans un modéle murin inductible
d’athérosclérose. Ici, des particules virales adéno-associées contenant I’humain (protéine
convertase subtilisine/kexine de type 9; PCSK9) ont été injectés chez des souris males C57BL/6J
pour favoriser la dégradation du récepteur des lipoprotéines de basse densité dans le foie,
entrainant une hyperlipidémie et une athérosclérose chez la souris. Les souris ont été nourries
avec un régime riche en graisses et exposées a I’air ambiant ou a des gousses JUUL disponibles
dans le commerce contenant uniquement du PG / VG ou 5% de nicotine avec une saveur de
mangue a raison de 4 bouffées / min, 3 fois par jour pendant 4 semaines, un scénario
d’exposition qui imite les niveaux de cotinine humaine chez les utilisateurs modérés. Les
toxicités vasculaires précoces ont eté évaluées, y compris les marqueurs circulatoires pro-
athérogenes et la plaque athéroscléreuse. En outre, les résultats immunitaires ont été examinés, y
compris les changements dans la composition des cellules lymphoides et myéloides. Nos
résultats ont montré que ’exposition a JUUL empéchait les souris de prendre du poids. De plus,
apres quatre semaines d’exposition et un régime riche en graisses, JUUL a entrainé une tendance
a I’augmentation des résultats athérosclérotiques de maniére indépendante de la nicotine. Ceci,
accompagné de JUUL, a entrainé une diminution des niveaux de HDL et de glucose. Enfin,
I’inhalation d’aérosols JUUL a augment¢ les indices d’inflammation systémique modélisés par
une diminution des CD4 et une augmentation des CD8 dans la rate. Ces résultats démontrent
que I’exposition a JUUL peut induire des altérations pro-athérogenes précoces chez les jeunes
souris hyperlipidémiques, suggérant qu’il pourrait y avoir une augmentation des maladies

cardiovasculaires plus tard dans la vie.
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Chapter One: Introduction and background
1. Electronic Cigarette- overview
1.1 Historical context of electronic cigarette use

Tobacco smoking remains the leading cause of preventable death worldwide (1). Its
considered one of the greatest risk factors in developing chronic diseases, such as chronic
obstructive pulmonary disease (COPD) and lung cancer (1). As people became more attentive to
the negative health effects of tobacco use, the concept of developing a technique mimicking
smoking emerged. As such, about a decade ago, the employment of emerging nicotine-based
products, such as heat-not-burn products (IQOS) and electronic cigarettes (e-cigarettes),
increased among smokers worldwide (1, 2). E-cigarettes initially hit the market in the United
States in 2006 and were designed to mimic the act of smoking but limit tobacco consumption and
combustion, which is associated with carcinogen release (3). This feature contributed to their
gain in popularity as a smoking cessation tool and an improved alternative to conventional
cigarettes (4). In fact, in keeping with multiple surveys, the bulk of e-cigarette users feel that not
only are e-cigarettes less dangerous than regular tobacco cigarettes, but that these devices may
additionally help people quit smoking traditional cigarettes (5, 6). The literature shows that while
e-cigarettes may be effective smoking cessation aids, abstinence rates are significantly lower
than those seen in studies employing traditional smoking cessation methods (7).

E-cigarettes have developed from early generation cigarette look-a-likes (cigalikes), to
customizable tank-style e-cigarettes, to the latest, more unobtrusive gadget type known as pod
mods or "pods". JUUL is the most well-known pod mod, initially being introduced in 2015 (4).1In
2019, JUUL was the most popular brand of e-cigarette in North America, accounting for over

70% of the US and Canadian e-cigarette market (8, 9). Its sleek design, user-friendly function,
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desirable flavors, and ability to be used discreetly in places where smoking is forbidden are all
appealing features resulting in JUUL gaining popularity among adolescents and young adults (4).
The results of a survey done in 2017 found that 19% of individuals aged 15-24 were regular
JUUL users (10). Moreover, according to the American National Youth Tobacco Survey done in
2019, 27.5% of high school students and 10.5 % of middle school students were current users of
e-cigarettes (defined as usage in the last 30 days) (7, 11). Despite the dramatic increase in e-
cigarette use among teens and young adults in the US and Canada (2), the health effects of e-

cigarette use among never-smokers continues to be largely unknown.

1.2 Electronic cigarette components

Currently, there are more than 460 e-cigarette brands with more than 8000 unique e-
liquid flavors available on the market (12). The basic components of these e-cigarette brands
include the rechargeable battery, the atomizer (or heating element/coil) and the liquid cartridge
that holds the e-liquid. E-liquids contain a solvent (usually propylene glycol [PG] and vegetable
glycerin [VG]), nicotine and various additives including flavors (7). When an e-cigarette user
takes a puff via the mouthpiece, an air-flow sensor is activated, allowing the atomizer to heat the
e-liquid and generate an aerosol for inhalation into the lungs (7). As previously mentioned,
JUUL is a pod style e-cigarette, and one pod contains the same amount of nicotine as two packs
of cigarettes (13). JUUL e-liquids contain a nicotine base and a weak organic acid (e.g., benzoic
acid) that forms a nicotine salt, which is more tolerable to the lungs when inhaled resulting in
delivery of higher amount of nicotine into the lungs when compared to previous free-base
nicotine (14, 15). Nicotine and its primary metabolite cotinine are widely utilized as objective
biomarkers of exposure, with cotinine being preferred due to its longer half-life in vivo (ti2=2
hours for nicotine vs 16-18 hours for cotinine in humans)(16). CYP2A5, a mouse cytochrome
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P450 monooxygenase that shows high similarity to human CYP2AG6, is responsible for
metabolizing nicotine into cotinine (17). For e-cigarette users, cotinine levels can range from
13.9-300 ng/mL (18, 19). Mango, mint, and tobacco flavors are among the most popular flavors
in JUUL pods (20).

E-liquids also contain traces of many inorganic elements and toxic metals, such as
sodium, bromine, gold, scandium, iron, and cobalt (7). Moreover, in JUUL e-cigarettes, the
heating coil is usually made of nichrome (a combination of nickel (Ni) and chromium (Cr)) and
stainless steel). Toxic metals from heated coils can leach into the e-liquids then into vaping
aerosols (7). A study published in 2017 sought to determine if e-cigarette usage related to
increased Ni and Cr exposure (21). In the study, they measured Ni and Cr levels in urine, saliva,
and exhaled breath condensate (as non-invasive biomarkers) from 64 e-cigarette users. They
found positive correlations between Ni and Cr aerosol concentrations found in the aerosol with
Ni and Cr concentrations found in the tested biomarkers, indication that e-cigarette emissions
enhance metal internal dosage. Furthermore, they found that greater e-cigarette usage and
consumption are associated with higher Ni biomarker levels. Additionally, another study
published in 2018 sought to determine if metals from the heating coil leach into the e-liquid in
the e-cigarette tank and the generated aerosol (22). In the study, they assessed the concentration
of metals, such as Ni and Cr, in samples collected from the refilling dispenser, aerosol, and
leftover e-liquid in the tank using 56 e-cigarette devices from daily e-cigarette users. They
discovered remarkable increases in metal concentrations in the aerosol and tank samples
compared to the refilling dispenser (22). Their findings revealed that coil contact caused e-liquid
contamination, implying that e-cigarettes are a possible source of harmful metal exposure such as

Crand Ni (22).
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As such, utilizing both e-cigarette devices and its e-liquid at the same time in
investigations is of a great value in understanding their aggregate adverse effects. In addition,
while many of the components in e-liquids are 'Generally Recognized as Safe' for oral

consumption, there is limited information on their safety when aerosolized and inhaled (23).

1.3 Health impact of electronic cigarettes

The widespread usage of e-cigarettes among non-smokers and teens raised concerns over the
health effects from vaping. While statistics on the health effects of traditional tobacco are vast,
research on e-cigarettes and vaping devices is less established. The assessment of the health
impact of vaping is challenged by the existence of 460 e-cigarette brands with over 8000 distinct
e-liquid flavors along with the rapid evolution of vaping devices (12).

The emergence of a serious lung condition known as e-cigarette or vaping use-associated lung
injury, “EVALI”, or “vape lung” has piqued the interest of scientists. EVALI has been linked to
symptoms such as shortness of breath, coughing, and hypoxemia (24). In addition, lipid-laden
macrophages were found present in bronchoalveolar lavage (BAL) of many patients diagnosed
with EVALLI (25). Interestingly, lipid-laden macrophages are also a major feature in
atherosclerosis, which is a chronic inflammatory response in the walls of arteries characterised
by macrophage accumulation (the pathogenesis of atherosclerosis will be discussed in detail in
section 2.2) (26). As a result, it cannot be ruled out that EVALI patients are more prone to
developing atherosclerosis. Furthermore, the most likely causative factor for EVALI is currently
assumed to be vitamin E acetate, which is utilised as a thickening ingredient in counterfeit THC-
containing goods in the United States (27). Although, JUUL products do not include vitamin E

acetate, there is limited information on their safety when aerosolized and inhaled (23).
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The exposure to currently available JUUL flavored pods negatively impacts health in a
flavour-dependent manner. The bulk of current research on the cytotoxic effects of various JUUL
flavours (creme brulee, cool mint, fruit medley, tobacco, menthol, etc.) on respiratory system
cells, conducted in vitro, indicate that JUUL aerosols are cytotoxic and impede cell function, the
significance of which is dependent on the flavour used (12, 15, 28-33). Furthermore, in a study
conducted by our group, we sought to assess acute exposure (3-days) to JUUL e-cigarette
aerosols in three popular flavours (mint, tobacco, and mango) using a mouse model (34).
According to our findings, even short-term inhalation of flavoured JUUL e-cigarette aerosols
promoted differential immunological regulation and oxidative stress responses. Moreover,
flavours were found to differentially impact the extent of these modulations (34).

Research also looked at the effects of chronic aerosol inhalation on cardiopulmonary function
and inflammation across organ systems using the JUUL device. In the study, female mice were
placed in individual sections of a full-body exposure chamber, where they were exposed to either
mint or mango flavoured aerosols daily for either four weeks or three months to assess the effect
of JUUL on the brain, lung, heart, and colon (35). According to the findings, chronic JUUL
inhalation is associated with neuroinflammation in the brain, alters inflammatory- and fibrosis-
associated gene expression in cardiac tissue, and alters pro-inflammatory markers in the colon
(35). On the other hand, the study also found that daily JUUL aerosol inhalation does not alter
heart rate and blood pressure or alter pulmonary physiology (35). Additionally, chronic JUUL
inhalation does not change the inflammatory state of lungs under both homeostatic and
lipopolysaccharide (LPS) challenge conditions, and does not induce cardiac, renal or liver

fibrosis (35).
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In contrast, a study published in 2018 evaluated the health impact of repetitive, chronic
inhalation of e-cigarette vapor from devices other than JUUL (36). In the study, mice were
exposed to e-cigarette vapor (E liquid containing PG/VG and nicotine with no flavor) daily for
either three or six months. The findings showed that chronic e-cigarette vapor inhalation
increased the levels of circulating inflammatory cytokines, altered cardiovascular function, as
well as inducing cardiac, hepatic, and renal fibrosis (36).

Furthermore, in a comparative study, two identical devices were employed with the same e-
liquid (PG/VG ratio, nicotine concentration, and flavors) but mounted with two different coils
(1.5 and 0.25 ohm) to obtain total wattages of 8 = 2W and 40 + 5W, respectively (37).
Interestingly, the study found that aerosols generated at higher wattages caused substantially
more robust inflammatory responses in rats than aerosols generated at lower wattages (37). All
of which indicate that the chemical profile created by each e-cigarette device and e-liquid, as
well as the temperature and wattage applied to the e-liquid throughout the vaping and
aerosolization process, all play important roles in modifying metabolic and immunologic

profiles.

2. Cardiovascular Diseases-overview
2.1. Stroke & myocardial infarction

Cardiovascular diseases (CVD) remain a global disease burden with increasing incidence of
prevalence, mortality and are a major contributor to disability over the last ten years of which,
ischemic heart disease (IHD), clinically known as myocardial infarction (MI) and ischemic
cardiomyopathy, and stroke are the most prevalent. More importantly, the number of CVD cases
from 1990 to 2019 have doubled from 271 million to 523 million cases (38). MI occurs when

blood flow to a region of the heart is disrupted, and the heart muscle is harmed due to a lack of
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oxygen delivery and/or one of the coronary arteries that delivers blood to the heart becomes
blocked as a result of an unstable buildup of plaques, white blood cells (WBCs), cholesterol, and
fat (39). An underlying cause of acute myocardial infarct (AMI), as well as stroke, is
atherosclerosis, which is a thickening of the arteries due to lipid deposition that can result in
arterial narrowing as well as blood flow disturbance (26).
2.2. Atherosclerosis

2.2.1. Pathogenesis of atherosclerosis

Atherosclerosis is a multifactorial disease involving the interplay of genetic and
environmental factors. Hyperlipidemic states, diabetes mellitus, smoking and hypertension are
some of the risk factors for atherosclerosis (40). Dyslipidemia plays a central role in the
development of atherosclerosis, which is characterized by increased low-density lipoprotein
(LDL) levels and decreased high density lipoprotein (HDL) levels (40). HDL is known to be a
key element in atherosclerosis because of its role in reverse cholesterol transport (40). In general,
atherosclerosis is characterized by an accumulation of cholesterol, infiltration of macrophages,
proliferation of smooth muscle cells (SMC), accumulation of extracellular matrix components
and formation of thrombus (41)(Figure 1). The progression of atherosclerosis begins when the
endothelial cells (EC) of the arterial wall become damaged, which can be caused by several
factors including hypercholesterolemia. EC damage increases the permeability of the arterial
wall allowing the LDL to enter the tunica intima. Normally, WBCs, such as monocytes, move
freely through the blood vessels and do not attach to EC as the blood flows across them.
However, when ECs are exposed to irritating stimuli, such as oxidised lipid, they become
activated and express selectins and cell adhesion molecules (26). Selectins bind to their

predominant ligand expressed on monocytes. This binding allows circulating monocytes to be
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tethered and roll along the endothelium. Firm adhesion between monocytes and ECs is
accomplished by the subsequent ligation of monocyte integrins with cell adhesion molecules on
the ECs (26). This will be expanded upon in greater detail in section 2.2.2. Monocytes then
migrate into the subendothelial space, where they differentiate into macrophages. Macrophages
become activated and scavenge the oxidised lipoprotein particles and turn into foam cells that
eventually accumulate and form the plaque. Vascular smooth muscle cells (VSMCs)then

proliferate and eventually form a fibrous cap over the plaque, which results in a stable plaque

TN yT r Adapted from Xu, H., et al. (2019). "Vascular Macrophages in Atherosclerosis." Journal of
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Macrophage infiltration is the initial step toward the development of an atherosclerotic

Figure 1. The Pathogenesis of Atherosclerosis. Atherosclerosis is caused by lipid buildup in
the subendothelial space. By attaching to active endothelial cells (ECs) and accessing the
subendothelial cell space, circulating monocytes are attracted to the lesion site. Macrophages
within the plaque absorb lipid deposit particles and convert into foam cells, resulting in the
formation of early atherosclerotic lesions. Lesional macrophages cause a cascade of
inflammatory reactions, including increased lipoprotein retention, extracellular matrix (ECM)
modification, and long-term chronic inflammation. Oxidized LDL (oxLDL) also causes foam
cell necrosis, which leads to the formation of a necrotic core and the instability and rupture of
advanced plaques. Abbreviations: ER: endoplasmic reticulum; ICAM: intercellular adhesion
molecule; IFN: interferon; IL: interleukin; MMP: matrix metalloproteinase; oxLDL.: oxidized

plaque (42); their conversion into foam cells is responsible for the distinctive fatty streak seen in
the early stages of atherosclerosis (43). The migration of SMC from the medial layer of the blood
vessel wall into the intima marks the change from fatty streak to a more complicated lesion (44).
Matrix metalloproteinase family (MMPs), particularly MMP-9, which is primarily generated by
activated macrophages and VSMCs, are negatively linked to the stability of atherosclerotic
plaques (45). As the atherosclerotic plague grows, MMPs and other matrix-degrading proteases
released mostly by inflammatory cells thin the fibrotic cap, increasing its fragility (46).
Furthermore, when plaques develop necrotic cores (gruel plaques), the lesion's free cholesterol
concentration rises while cholesterol esters fall; an increase in free cholesterol linked to lesion
instability (47). Eventually, when the damaged plaque can no longer withstand the hemodynamic
load, it ruptures, exposing its debris into the artery lumen and causing thrombus development

(46).

2.2.2. Markers in the Development of Atherosclerosis Inflammation

There are various biomarkers that reflect early pro-atherogenic processes, including

endothelial damage and activation mediated by adhesion molecules, which may be observed at
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both cellular and circulation levels, and immune cell infiltration. When EC are activated, they
produce monocyte chemoattractant protein-1, interleukin (IL)-8, intracellular cell adhesion
molecule-1(ICAM-1), vascular cell adhesion molecule-1 (VCAM-1), E-selectin, P-selectin, and
other inflammatory factors that attract lymphocytes and monocytes that bind to the endothelium
and infiltrate the arterial wall, causing inflammation (48).This process involves several cells and
cytokines, including macrophages, lymphocytes (T and B cells), dendritic cells (DCs), EC,
VSMCs, IL , adhesion molecules, and tumour necrosis factor (TNF-a) (49). Among all these
proinflammatory messengers that are released by immune and vascular ECs, herein, we are only

addressing the few that have been investigated in our project.

A. Adhesion molecules

Adhesion molecules are proteins that have a role in cell identification, activation, and
proliferation, as well as mediating tissue inflammation and immunological responses and
participating in and regulating thrombosis (50). The adhesion molecules linked to atherosclerosis
are in the immunoglobulin superfamily (IgSF), selectin family, and integrin family.

The IgSF has a chemical structure that is similar to immunoglobulins, and they operate as a
receptor and ligand for the integrin family of adhesion molecules, which are important in cell
identification and adhesion (50). Moreover, ICAM-1, VCAM-1, and platelet endothelial cell
adhesion molecule-1 (PECAM-1) are the three primary types of IgSF. High levels of VCAM-1
and ICAM-1 enhance macrophage proliferation, resulting in a high number of macrophages
aggregating in the plaque, thus enhancing plaque instability (51). PECAM-1 has the ability to

oligomerise, which influences cellular activation and integrin activities. As a result, PECAM-1
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plays a role in endothelial integrity and cell extravasation from the blood compartment into the

artery and underlying tissue (52).

Selectins are transmembrane glycoproteins that primarily contribute to leukocyte rolling
and adherence. Endothelium-selectin (E-selectin), platelet-selectin (P-selectin), and leukocyte
selectin (L-selectin) are the three selectin types. P-selectin glycoproteinligand-1 (PSGL-1) is the
main ligand of selectin. It is a dimeric polymer rich in O- and N-glycans that is expressed on
nearly all leukocytes (53). The three selectins are named for their dominant site of expression: L-
selectin is present in leukocytes, E-selectin in endothelial cells, and P-selectin on platelets but
also in endothelial cells (54). Lymphocyte rolling is mediated by L-selectin, whereas P-selectin
and E-selectin are largely produced during endothelial inflammation and assist monocyte,
neutrophil, and lymphocyte rolling (55). Selectin activation, notably P-Selectin and E-Selectin,
has been shown to have a role in both the early and late phases of atherosclerotic lesion
formation (56). P-selectin expression is strongly linked with the degree of atherosclerotic lesions
and plaques in clinical investigations (57, 58).

The integrin family is a glycoprotein receptor present on numerous cell surfaces, and as
transmembrane receptors, integrins can connect the internal actomyosin cytoskeleton to IgSF
counter-receptors (VCAM-1 and ICAM-1) on neighbouring cells (59). Very late antigen-4
(VLA-4) integrin -expressed on circulating monocytes- is a ligand of the VCAM-1 that is
expressed on the surface of the EC and is activated by cytokines, while lymphocyte function-
associated antigen-1 (LFA-1) is a ligand of the ICAM-1 (26). Integrin signalling may influence
numerous facets of atherosclerosis, from the onset of inflammation to the formation of advanced

fibrotic plaques (50).
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B. Soluble adhesion molecules

Many cellular adhesion molecules have soluble forms in the circulation, such as sSICAM-
1, sSPECAM-1, sP-selectin, and sE-selectin. Even though their pathogenic significance is
unknown, levels of soluble adhesion molecules have been proposed to be helpful risk predictors
of cardiovascular events in healthy populations and diverse disease contexts (60). Increased
soluble form synthesis might be due to increased gene transcription, changes in mRNA stability,
changes in translation, generation of alternatively spliced forms, or increased proteolytic
cleavage from the cell surface (54). However, there is yet limited evidence on the link between
the degree of cellular expression and the number of soluble forms (54).

Soluble adhesion molecule levels have been linked to a variety of cardiovascular risk factors,
including smoking (61), hypertension (62), low HDL cholesterol (63), and hypercholesterolemia
and/or hypertriglyceridemia (64, 65). Soluble adhesion molecules have been proposed as
biohumoral indicators of the extent and severity of atherosclerosis. SICAM-1 has a strong
relationship with carotid intima-media thickness, an indicator of early atherosclerosis (66).
sICAM-1 was predictive of stroke risk in the Bezafibrate Infarction Prevention (BIP) trial of
individuals with CAD (67). Furthermore, in a prospective epidemiological study of apparently
healthy women, high baseline levels of soluble P-selectin were related with increased risks of
future myocardial infarction, stroke, coronary revascularization, and cardiovascular mortality
(68). In the same study, cigarette smoking was directly related to higher levels of soluble P-
selectin (68). Furthermore, elevated sE-selectin levels predict restenosis following percutaneous

transluminal angiography (69).

C. Inflammatory components
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Over the last several decades, research has revealed that an atherosclerotic lesion is distinguished
not only by cell proliferation and cholesterol accumulation, but also by immune cell infiltration,
mostly of monocyte-derived macrophages, T cells, and myeloid lineage cells such as DCs and
neutrophils. Macrophages, the main immune cell population in arterial plaques, have been found
to be associated in the immunological responses and development of atherosclerosis (70, 71).
Macrophages are mainly generated from circulating monocytes generated from the bone marrow
(72) or spleen (73) in response to tissue damage, infections, or proinflammatory cytokines and
chemokines (26). Macrophages are categorised into immune-activated proinflammatory
macrophages (M1) and immunomodulatory alternatively-activated macrophages (M2). M1
macrophages are commonly polarised by Thl cytokines, such as interferon (IFN-y) and TNF, as
well as pathogen-associated molecular complexes (PAMPS), such as lipopolysaccharides and
lipoproteins (74), while M2 macrophages are mostly activated in response to Th2-related
cytokines, such as IL-4, 1L-33, and I1L-13 (75). M1 macrophages generate proinflammatory
cytokines, such IL-6, IL-12, IL-23, TNF-a and IL-14, and low levels of IL-10 (76, 77). Persistent
M1 macrophage activation can activate the NADPH oxidase system and create ROS and nitric
oxide, causing chronic tissue damage and impeding wound healing (78). M2 macrophages are
required at this stage to counteract the proinflammatory response and control inflammation,
scavenge apoptotic cells, accelerate angiogenesis and fibrosis, and promote tissue repair (75).
Furthermore, recent research has discovered that M1/M2 macrophage ratio influences
atherogenicity. Cells in mouse atherosclerotic plaques show M1 and/or M2 markers, and it has
been proposed that plaque progression is associated with phenotypic shift from M2 to M1 (79,
80). On the other hand, studies in hypercholesterolemic mice showed that decreased

atherosclerosis was associated with shifting from M1 to M2 (81, 82), whereas knocking down
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the IL4 gene, that is known to promote M2 polarisation, causes plaque regression (83). Together,
this suggests that the ratio of M1 and M2 macrophages is critical for plaque

progression/regression.

DCs are antigen-presenting cells (APCs) that play a role in the genesis and progression of
atherosclerosis. They are seen in healthy aorta but increase in number as the illness progresses
(84, 85). CD11b* DCs are the most prevalent DC subgroup observed in the mouse aorta,
especially in the intima (86). CD11b* DCs are distinguished by the production of cytokines, such
as IL-6 (87) and 1L-23 (88). Furthermore, during atherogenesis, CD11b* DCs have been
observed to quickly proliferate in mice atherosclerotic plaques (89).

Neutrophils, the most common and essential cells in innate immune responses, have long
been thought to be indicators of cardiovascular disease. Circulating neutrophil levels in humans
are predictive of future unfavourable cardiovascular events (90, 91). In mice, the quantity of
circulating neutrophils corresponds with the size of growing lesions (92). In atherosclerotic
settings, neutrophils were found to accelerate all phases of atherosclerosis by promoting
monocyte recruitment, macrophage activation, and cytotoxicity (93).

T cells consist mainly of CD4" and CD8" cells. CD8" T cells and CD4" T cells induce
immunological responses to peptides presented by Major Histocompatibility Complex (MHC)
Class I on all nucleated cells and MHC Class Il on APCs, respectively. T cell activation and
clonal proliferation are caused mainly by the simultaneous binding of a particular T cell receptor
(TCR) with co-stimulatory signals produced by APCs (94). Besides its adhesion functions
(discussed in section 2.2.2A), PSGL-1 interacts with chemokine ligand (CCL) 21 or CCL19 and
efficiently attracts activated CD4" and CD8" T cells, that produce IFN-y and TNF-a contributing

in the proinflammatory environment (95, 96).
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CD4+ T cells are classified into subpopulations of helper T (Th), and for the purpose of this
thesis, we will focus on Thl, Th2, and regulatory T cells (Tregs) only. Several investigations
have indicated that Th1l cells aggravate atherosclerosis and are the most prevalent Th cell
subgroup in plaque (97, 98). Thl cells secrete IFNy and express T-box transcription factor
TBX21 (T-bet) and chemokine receptors (CCR), such as CXC- CXCR3 and CC- CCR5 (99).
Furthermore, many CD4" T cells in the atherosclerotic plaque also express other Thl-associated
pro-inflammatory cytokines, such as IL-2, IL-3, TNF-a, and lymphotoxin, all of which can
activate macrophages, T cells, and other plaque cells and thus, accelerate the inflammatory
response (100). IFNy may diminish plaque stability directly by decreasing VSMC proliferation
(101), affecting macrophage polarization (102), and regulating cardiovascular risk factors (103).

Th2 cells produce atheroprotective cytokines including IL-4, IL-5, and I1L-13(99). In
apolipoprotein E (Apoe) knockout mice (Apoe ™), IL-4 inhibits Th1 cell responses and reduces
atherosclerotic lesion formation (104). Furthermore, in LDLr~~ mice fed a high-fat diet, 1L-13
administration was found to modulate established atherosclerotic lesions by increasing lesional
collagen content and decreasing VCAM-1 expression, leading to decreased macrophage
infiltration in plaques compared to the control group (105). In humans, plasma IL-5 levels were
found to be inversely related to carotid intima media thickness (106, 107).

The suppressive function of Tregs is achieved through the expression of the forkhead/winged
helix transcription factor FOXP3 (108, 109). Tregs have the distinct impact of impairing T cell
proliferation and cytokine generation from other T cell subsets, despite activation of their
antigen-specific T-cell receptors. Tregs carry on their inhibition function through a variety of
ways, including the production of suppressive cytokines, such as IL-10, TGF-a, or IL-35 (110).

Tregs are powerful atheroprotective cells; they play essential roles in the suppression of
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inflammation and the control of adaptive immune responses (111). Tregs have been found in
normal aortic tissues of mice and humans, and their levels are lower in atherosclerotic animals
and cardiovascular patients when compared to healthy controls (112, 113).

CD8" T cells, the other major subset of T cells, differentiate into cytotoxic T cells when
they recognize their antigens (114). CD8 cytotoxic activity is associated with cytokine release,
mainly IFN-y and TNF-q, to induce apoptosis and inflammation. In addition, CD8" T cells
secrete cytotoxic granules, in particular perforin and granzymes, inducing lysis of target cells
(114). CD8+ cells, but not CD4+ cells, were activated and produced cytokine in the spleen of
Apoe "~ mice on a high-fat diet for a month. This suggests that CD8" T cell activation
predominates early immune responses to hypercholesterolemia (115). CD8* T cells promote
atherosclerotic lesion development in a variety of ways, including mobilising granulocyte and
monocyte progenitors in the bone marrow and spleen through IFN-y. This action results in
increases in circulating Ly6C monocytes, which then moves into vascular tissues and develops
into proatherogenic macrophages (116). Together, atherosclerosis progression and regression are

highly associated with pro-inflammatory and anti-inflammatory markers, respectively.

2.2.3. Atherosclerotic mouse models

The pathogenesis of atherosclerosis in humans is a complicated process driven by a
variety of risk factors such as ageing, hyperlipidemia, hypertension, and diabetes, which results
in immunometabolic dysregulation (40). Thus, the investigation of the immunometabolic
processes and molecular mechanisms underlying atherosclerosis demands the use of animal
models that replicate human pathophysiology. However, due to their drastically different lipid

profile from humans, mice are highly resistant to the development of atherosclerosis (117, 118).
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As a result, genetic modification of their lipid metabolism is required. Over the last few decades,
several animal models for atherosclerosis research have been investigated. Although each model
has strengths and weaknesses, depending on the focus of the research, different animal models
can be chosen.

Atherosclerosis-prone mouse models were created by targeting various genes. All these
mouse models cause atherosclerosis by changing the lipoprotein profile toward increasing
VLDL- and LDL-cholesterol content, resulting in a lipoprotein profile equivalent to humans
(119-123). The most well-known atherosclerotic mouse models are Apoe™~ mice, low density
lipoprotein (LDL) receptor deficient mice (LDLr™"), and the (PCSK9) mouse model (124). Each

of these models are further described below.

(Apoe™") mice model: Apoe is a glycoprotein synthesized mainly in the liver, which
acts as a structural component of all lipoprotein particles except low-density lipoproteins.
Moreover, it is involved in cholesterol homeostasis, local redistribution of cholesterol within
tissues, immunoregulation as well as dietary absorption and biliary excretion of cholesterol (125,
126). In Apoe ™ mice, the deletion of the Apoe gene was carried out in mouse embryonic stem
cells by homologous recombination (127). This process is utilised just once for producing these
mice, after which, users can breed the mice to produce more generations. Deletion of the Apoe
gene impairs the ability of mice to clear plasma lipoproteins resulting in plasma cholesterol
levels of 400-800 mg/dl even when mice are on normal rodent chow diets. In addition, plasma
cholesterol is increased fourfold in Apoe™ mice fed Western-type diets (128). As a result, Apoe-
deficient mice develop hyper- and dyslipoproteinemia, severe hypercholesterolemia, and
atherosclerotic lesions as soon as a few weeks after birth (129). Another advantage in

Apoe"mice is the presence of the whole series of atherosclerotic lesions (127). After 6 weeks of
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age, the attachment of monocyte to endothelial cells was observed, while after 8 weeks the
development of foam cell lesion was noticed. In addition, the presence of intermediate lesions
was detected after 15-20 weeks, largely containing SMC and fibrous plaques that were composed
of SMCs, extracellular matrix and a necrotic core covered with a fibrous cap (128).

Although this mouse model is used by many research groups, it has some drawbacks.
Apoe is synthesized not only in the liver, but also in the brain, where it is involved in neural
health and damage recovery (130). In vitro, Apoe has been shown to impact neuronal survival
(131), morphology (132, 133), and adhesion (133), as well as increase smooth muscle cell
proliferation and supress microglia inflammatory responses (134, 135). In vivo, a study
published in 2001 sought to investigate the functions of Apoe within the nervous system by
examining Apoe™ mice (130). In the study, they observed functionally compromised blood—
nerve and blood—brain barriers (BNB,BBB) in Apoe " mice, highlighting the significance of
Apoe in BNB/BBB integrity (130). It has recently been demonstrated that the impact of Apoe on
BBB integrity and cerebral blood flow is isoform-dependent (136-138). Apoe4, one of the Apoe
isoforms, has been linked to increased risk and decreased age of onset of familial and late-onset
Alzheimer disease (AD) (139). This interplay of Apoe activities in the liver and brain makes
distinguishing the distinctions in CVD and other systems challenging.

Moreover, in Apoe”~ mice, the most abundant lipoprotein is VLDL, unlike in humans
where LDL is the most abundant (140). Finally, it was found that the incidence of plaque rupture
and thrombosis is negligible in Apoe™ mice (140). These events are one of the common
underlying causes of Ml and stroke in humans (127), thus this is a barrier in understanding the

concepts of plaque rupture and its complications in humans.
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LDL receptor-deficient (LDLr") mice model: The LDL receptor is a membrane receptor that
mediates the endocytosis of cholesterol-rich LDL, hence maintaining LDL levels in the plasma
(129). To produce mice that lack a functional LDL receptor, homologous recombination
technique was used in cultured embryonic stem cells (120). LDLr”- mice have human-like lipid
profiles as plasma cholesterol is mostly carried by LDL particles in this model (129). Another
strength of LDLr~~ mice is that the omission of the LDL receptor has no effect on inflammation
when compared to Apoe deficiency. As a result, the development of atherosclerotic plaque is
based primarily on increased lipid levels in plasma with no regard to any other functions related
to LDLr (117, 141).

Although this mouse model is widely used in research, it has some disadvantages. When
fed a chow diet, LDLr™~ mice have only slightly higher plasma cholesterol levels than wild-type
mice and develop no or very moderate atherosclerosis (129). To overcome such limitations, mice
must be fed high-fat/high cholesterol Western-type diets as they are found to significantly
increase lipoprotein levels with great incidence for atherosclerotic lesion development (129).
Moreover, as in the case with Apoe™ mice, this model lacks spontaneous plaque rupture,
thrombosis, and complications (129).

PCSK9-AAV mice model: PCSK9 is a serine protease that is highly expressed in the liver and
intestine with lower levels of expression observed in the kidney, spleen, and aorta (142). It
functions by regulating lipid metabolism by binding to the epidermal growth factor-like-A
domain of the LDLr on the hepatocyte surface, where it is endocytosed along with the receptor,
interfering with its ability to recycle to the plasma membrane. Instead, the receptor is directed to
the lysosome where it is degraded, leading to decreased levels of the receptor thus decreased

internalization of LDL (142). Dysregulation of this pathway by gain-of-function mutations in
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PCSKQ, such as amino acid substitution of Asp374 by Tyr (D374Y or DY), that increases the
affinity of PCSK9 for the LDLr by >10-fold (143), is linked to hypercholesterolemia and
atherosclerosis in humans and mice (144-146). Expression of recombinant AAV vectors
containing the human PCSK9PY variant results in long-term transgene expression in many
animal models (147-149). Therefore, a single injection of recombinant adeno-associated virus
(rAAV) encoding gain-of-function mutant forms of PCSKO is sufficient to cause downregulation
of LDLr inducing hyperlipidemia and atherosclerosis in mice, in which plaque formation is
similar to what is found in humans (123, 150). One major advantage of AAV-mediated
transexpression is its robust stability after a single administration. Furthermore, the clear
association between hyperlipidemia and atherosclerotic lesion development in the AAV-
PCSK9PY model could be easily used to test different scientific questions without the need for
tedious, costly, and time-consuming backcrosses (123). Another advantage of the AAV-PCSK9
model that we are particularly interested in is that we can control the time of atherosclerosis
induction to evaluate the impact of JUUL in various scenarios that mimic human outcomes.
Despite the appealing advantages of this model, it does have some limitations. PCSK9
model is slower than other models to develop atherosclerotic plaques. Two months following a
single intravenous injection and on a chow diet, PCSK9PY-AAV mice plasma cholesterol levels
were found to barely reach 316 mg/dl (123), whereas Apoe~ mice (age 6-10 weeks) on a chow
diet had plasma cholesterol levels averaging 600 mg/dl (128). However, in PCSK9 mice fed
Western-type diets for 2 weeks, their hyperlipidemia was found to be exacerbated with plasma
cholesterol levels up to 1165 mg/dl (123); indicating that high fat diets could be used to

overcome such limitation. Another limitation is that this model is incapable of simulating
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genuine late-stage atherosclerosis events in terms of plaque rupture, thrombosis, and

consequences (129), a limitation shared with Apoe™ and LDLr~~ mice models (127, 129).

3. Electronic Cigarette and Atherosclerosis

Tobacco use is responsible for more than one out of every ten fatalities from cardiovascular
disease each year (151). Given the close link between tobacco cigarette smoking and
cardiovascular illness, there is reason to be concerned about the cardiovascular risks of e-
cigarettes. Increased oxidative stress and inflammation are key processes in the development of
atherosclerosis and cardiovascular risk (152). Recent studies have found that acute and chronic
exposure to e-cigarette aerosol induced lung and systemic inflammation, respectively (34, 36).
Furthermore, many e-cigarette and JUUL pod flavours were shown to enhance cellular ROS and
mitochondrial superoxide generation in bronchial epithelial cells and monocytes, resulting in
elevated inflammatory mediators such IL-6, 1L-8, and prostaglandin E2 (PGE2) (12, 153).
Similarly, flavored JUUL exposure was found to alter the levels of oxidative markers in the
circulation, 8-hydroxy-2'-deoxyguanosine (8-OHdG) and malondialdehyde (MDA), thus
inducing systemic oxidative stress in flavoured-based manner (34).

A few studies have found that e- cigarettes correlate with M1 (154, 155), yet no causation
was defined. Moreover, little knowledge exists on the impact of JUUL vaping on the
cardiovascular system. In addition, the effects of vaping in mouse models of atherosclerosis
remain controversial. Interestingly, Apoe™” mice exposed to vaping a nicotine-containing
product and fed high fat diets for 12 weeks showed a striking increase in plaque size (156).
Controversially, another study (funded by the tobacco conglomerate Philip Morris) showed no

significant difference in plaque size after 3 and 6 months of vaping exposure (157).
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In many studies using in vitro cell-based approaches and animal models, interpretation is
confounded because of differing regimes of exposure and device/e-liquids used. Moreover, most
studies fail to report on correlation with human puff topography (i.e., puff volume, puff interval,
etc.) and objective measurements of exposure (e.g., cotinine) (7). In short, there is a paucity of
studies using JUUL that have rigorously evaluated the health risk associated with product use.
Therefore, we will use our preclinical exposure model to test whether inhalation of aerosolized

JUUL e-liquids causes cardiovascular damage.

4. Rational and Hypothesis statement

Despite the increase in pod-style e-cigarette (i.e. JUUL) use among youth, the health effect of
JUUL use among never-smokers continues to be largely unknown (2). In addition, e-cigarette
vascular effects, in particular atherosclerosis, remain controversial (156, 157). JUUL product
exposure has never been studied in a pre-clinical model of atherosclerosis. We recently reported
that a short (3 day) inhalation exposure of flavoured JUUL e-cigarette aerosols alters the basal
immune cell components and induces oxidative stress responses, both of which could be pro-
atherogenic (34). At this early time (4 week), pro-atherogenic changes would be predicted to
enhance CVD later in life and add to other risk factors contributing to atherosclerosis. Having
established our exposure model of human vaping, we hypothesized that there will be early
adverse pro-atherogenic outcomes following JUUL aerosol exposure including vascular and

immune modifications in a hyperlipidemic mouse model.
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Chapter Three: Methods and Materials
3.1 Animals.

C57BL/6J mice were purchased from the Jackson Laboratory and bred in-house. Male mice
were used in these experiments since they have higher levels of plasma PCSK9 than females and
require less amount of virus to be injected (10 mice per group were used, 4 weeks old) (142).
The McGill University Animal Care Committee authorised all operations, which were carried
out in compliance with the Canadian Council on Animal Care Committee.

3.2 JUUL products.

For this study, we used commercially available JUUL products containing 59 mg/mL nicotine.
Mango-flavored pod cartridges were obtained from a local vape store. For all exposures, a
regular commercial JUUL device was utilised. The vehicle control, which was made up of a
30:70 ratio of propylene glycol (PG) and vegetable glycerin (VG), was purchased from Fusion

Flavours (fusionflavours.ca).

3.3 Animal exposures.

Mice were injected intraperitoneally with 3 x 10'° AAV-PCSKO viral particles (GeneCopoeia,
Inc., Cat# AA08-50004-01-1000) , which was generated from a MegaPrep of plasmid (Addgene,
pAAV/D377Y-mPCSK9, Cat# 58376),(Omega, Plasmid DNA Maxi kit, Lot# D692218341-28) .
On the same day as injection, mice were started on a high-fat diet (ENVIGO high fat diet,
TD.10825). One week following the injection, mice were randomly allocated to one of three
groups: air, vehicle (PG/VG) or JUUL (Mango). Air-exposed mice did not receive any other
exposures in the system except for air. Exposures were performed using the SCIREQ®

inExposem™ system equipped with an extension for JUUL (Figure 2). Exposure parameters and the
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puff profile were programmed using the flexiWare software. Mice were exposed to a puff regime
consisting of three 20-minute exposures per day for 4 weeks. The puff regime was 4 puffs per
minute with a 78 mL puff volume, 2.4 second puff duration, and three hours between exposure
sessions. These puff topography and usage parameters are consistent with human use patterns of
e-cigarettes (18, 158, 159). To establish a baseline for the hyperlipidemic mice, wild-type
C57BL/6J mice exposed to air only were used to serve as a negative control group for some

findings. Following the 4 weeks of exposure, mice were euthanized with isoflurane, and the

Figure 2. Inhalation exposure system. JUUL extension (1), pump unit (2) and nose-only tower for mice (3).

aorta, heart, spleen, liver, and kidneys were dissected and collected.

3.4 Assessment of atherosclerotic lesion.
The atherosclerotic lesions and lipid content were evaluated within the heart aortic sinus. The
heart was removed, rinsed in PBS, fixed in 4% paraformaldehyde for 24 hours, then incubated

overnight in a 30% sucrose solution. The tissues were then cut horizontally with the sinus facing
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up when embedded in Tissue Tek OCT reagent, and serial cryosections of 7-pum thickness were
cut from the origin of the aortic root throughout the aortic sinus. Seven to ten sections per animal
were placed on 10 different slides. Thus, individual slides contained between 7 and 10 slices
stained with oil red O (Electron Microscopy Sciences, 0.5%500ml, Cat#266090) for 40 minutes,
rinsed with deionized water, then mounted with Immunomount (Thermo scientific #9990402).
Images were obtained using INFINITY CAPTURE software and camera (Lumenera) and
analysed by calculating the mean lesion area using ImageJ software (National Institute of
Health). Percentage of lesion area was evaluated relative to the total aortic sinus area. Percentage
of lipid content in sinus plaque was evaluated with ImageJ by evaluating the percentage of oil
red O staining per plaque area.

3.5 Immunohistochemistry (IHC) staining.

VCAM-1 expression on the endothelial walls of the carotid and brachiocephalic artery (BCA)
arteries was evaluated using IHC staining. Arteries were dissected and rinsed with PBS and fixed
in 4% paraformaldehyde, embedded longitudinally in paraffin, and processed. Then, consecutive
4 um ring sections of the arteries were sliced. Paraffin embedded arteries slices were
deparaffinized with xylene 3 times for 5 minutes each and hydrated with an ethanol gradient
(100%-70%). Slides were dipped 2 times in 100% EtOH for 5 minutes each, one time in 95%
EtOH and one time in 70%EtOH for 5 minutes each, then washed under running tap water for 5
minutes and MQ H20 for 2 minutes. Antigen retrieval was performed using antigen retrieval
solution (1X TRIS/EDTA pH 9 and Tween-20(100%)) in a pressure cooker for 20 min. After,
slides were washed twice 5 minutes each with wash buffer (TBS plus 0.025% Triton X-100).
Slides were then incubated in 4.5% H20. in 24 mM NaOH for 30 minutes and then rinsed 3

times with the wash buffer 5 minutes each. Then, slides were blocked in 10% goat serum
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(Jackson Immuno Research, Lot no. 141655) with 1% BSA in TBS for 30 min and washed once.
Atfter, slides were incubated in Fc block plus mouse HRP (NA931V ECL antibodies, lot no.
17288406) (1:100) for 30 min followed by incubation with the primary antibody VCAM-1
(1:400) (Abcam, Cat#Ab134047) diluted in TBS with 1% BSA at room temperature for 30 min.
After, slides were rinsed with wash buffer twice 5 minutes each and incubated with the
corresponding secondary antibody (DAKO Envision+ HRP-ani rabbit) (DAKO, Cat# K4003) for
one hour then washed 4 times with wash buffer 5 minutes each. Next, a short incubation of 1
minute with DAB substrate was used to visualize the VCAM-1 staining, followed by 20 sec of
hematoxylin to counterstain. Finally, slides were dehydrated by being dipped once in 95% EtOH
for 1 minute, twice in 100% EtOH 30 seconds each and 3 times in xylene 15 second each, then
slides were mounted using Permount mounting media. Tissues were visualized using automated
digital microscopy system (AxioScan slide scanner, Serial# 4631000289) and analyzed using

(QuPath-0.2.3) by measuring the mean DAB Optical Density exclusively in the ECs.

3.6 Measurement of endothelial cell activation markers.

Blood (=0.4 ml) was drawn by cardiac puncture and plasma samples were isolated using
EDTA-coated tubes. E-selectin, P-selectin, ICAM-1, and Pecam-1 levels were assessed using an
immunoassay kit (multiplex bead-based, mouse Cardiovascular Disease Panel 1 7-Plex

Discovery Assay® Array (MDCVD1); EVE technology, Calgary, AB. Canada).

3.7 Measurement of total cholesterol and LDL levels.

Blood (=0.4 ml) was drawn by cardiac puncture and plasma samples were isolated using EDTA-
coated tubes. Total cholesterol, LDL, HDL, triglyceride, and glucose were assessed using Bio-
Rad Liquid Assayed Multiqual kit ( The Centre for Phenogenomics, Cat# 694 and 696, Toronto,
Canada).
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3.8 Measurement of cotinine levels.

Blood (=0.4 ml) was drawn by cardiac puncture and plasma samples were isolated using EDTA-
coated tubes. Serum cotinine levels were measured using an ELISA (Origene) as per the

manufacturer’s instructions.

3.9 CYP2A5 western blot.

CYP2A5 levels in the liver were investigated using western blot. Frozen liver samples were
ground to powder using liquid nitrogen, then incubated for 30 minutes in RIPA lysis buffer (Bio
Basic, cat# RB4478) containing protease (Roche, cat# 11873580001) and phosphatase inhibitors
(Roche, cat#04906837001). After preclearing the lysates with centrifugation for 20 min at 13000
rpm, the amount of protein in each tissue lysate was quantified using a Bradford assay (Bio Rad,
cat# 5000006). Then, an equal amount of protein (25 pg) from each sample was loaded and
electrophoresed through a 7.5% SDS-PAGE polyacrylamide gel overnight. Proteins were then
transferred to a P\VVDF membrane, which was previously activated by soaking it in methanol for 5
minutes, and blocked for 1 hour with 5% fat free milk in Tris-buffered saline with Tween-20
(TBST). Membranes were then incubated with human CYP2A6 primary antibody, which cross-
reacts with murine CYP2AS5 (1:500) (Proteintech, Cat# 21721-1-AP) at 4°C overnight, and
rabbit anti-GAPDH (1:3000; used as a control loading protein, Cell Signaling Technologies, cat#
2118S). Membranes were then washed three times with TBST for 10 minutes each. Membranes
were then incubated with secondary antibody (HRP-conjugated anti-rabbit, Cytiva cat#NA934V)
(2:3000) for 2 hours at room temperature followed by washing three times with TBST for 10
minutes each. Signals were detected using prime ECL plus (Cytiva, cat# RPN2106) and the
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membrane was exposed to an X-ray film (Thermo Scientific). Quantification and analysis of the

expression of CYP2A5 and GAPDH were performed using ImageJ software.

3.10 Isolation of immune cells.
The spleen was dissected and placed in a 1.5 ml Eppendorf filled with cold PBS. A single cell
suspension was obtained by gentle pressure-dissociation of spleen in PBS using a pestle, and
then passed through a 70-um sterile cell strainer. Spleen cells were centrifuged 10 min at 300 x
g, 4°C after the filtration step. The pellet was resuspended in 1ml freezing media (10% DMSO,

90% FBS), then were cryopreserved at -80°C.

3.11 Immunophenotyping by Flow cytometry.
Two panels were used to study both the myeloid and lymphoid lineages of hematopoietic
immune cells: Myeloid and T-cell panels. Anti-mouse antibodies used for flow cytometric
analyses are described in Table 1. Unstained cells were used as a negative control in all
experiments. Unstained controls and fluorophore-minus-one (FMO) controls were utilized to
establish baseline gate settings for each respective antibody-fluorophore. The correct dilutions of

the antibodies to give efficient staining were established by titration of the antibodies.
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Myeloid Panel

Antigen Clone Fluorochrome Supplier, cat. no.
CD45 30-F11 BUV395 BD Biosciences, 564279
CDl11b M1/70 e450 eBioscience, 48-0112-82
MHCII M5/114.15.2 BV650 BD Biosciences, 563415
CDll1c HL3 BV786 BD Biosciences, 563735
Ly6G 1A8 FITC BD Biosciences, 561105
F4/80 BMS& PE eBioscience, 12-4801-80
Ly6C AL-21 PE-CF594 BD Biosciences, 562728
CD19 MB19-1 APC eBiosciences, 17-0191-81

Extended T-Cell Panel

Antigen Clone Fluorochrome Supplier, cat. no.
CD25 PC61 BV786 BD Biosciences, 564023
CD4 RM4-5 PerCP-e710 eBioscience. 46-0042-80
CD3 145-2C11 FITC BD Biosciences, 553062
CDS8 53-6.7 APC-e780 eBioscience, 47-0081-82
FoxP3 FIK-16s APC eBioscience, 17-5773-82

Table 1: Flow Panels Antibodies

3.11.1 Extracellular and intracellular staining.

Cells were defrosted and rinsed in cold PBS, centrifuged at 1500 rpm for 5 minutes at
4°C, and decanted. Cells were counted using trypan blue and then seeded at 1x 108 live cells per
well using 96-well VV-bottom plate. Each sample was then incubated with 50 ul Live/Dead stain
(Thermo Fisher Scientific, L34966) for 30 minutes in dark at 4 °C. An amount of 100 ul PBS
buffer was then added to each sample. Samples were centrifuged for 5 minutes at 1500 rpm and
decanted. Samples were then blocked in 25 ul Fc blocking solution for 30 minutes in the dark at
4 °C; Fc block was used to block binding of antibodies to Fc receptors. Next, 25 ul of the
respective extracellular antibodies of full stain or FMO’s were added to the blocking solution
(Table 1) and 25 pl FACS buffer was added to the well with the unstained sample. Samples were
then incubated for 30 minutes in the dark at 4 °C. PBS (100 pl) buffer was then added to each
sample. Samples were centrifuged for 5 minutes at 1500 rpm and decanted. After the samples

were washed with FACS buffer, 100 ul Cyto Fix/Perm solution was added (Invitrogen, cat# 00-
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5523-00). Samples were centrifuged for five minutes at 1500 rpm and decanted. of PBS buffer
(100 pl) was then added to each sample. Samples were centrifuged for 5 minutes at 1500 rpm
and decanted. Permwash solution (100 pl) was then added to each sample (Invitrogen, cat# 00-
8333-56). Samples were centrifuged for 5 minutes at 1500 rpm and decanted. Next, 50 ul of the
respective intracellular antibodies diluted in permwash solution was added and incubated for 30
minutes in the dark. Permwash solution (100 pl) was then added to each sample. Samples were
centrifuged for 5 minutes at 1500 rpm and decanted. Samples were then washed with 100 ul
FACS buffer, centrifuged for 5 minutes at 1500 rpm and decanted. Finally, pellets were
resuspended in 150 pl FACS buffer and were then acquired using the BD LSRFortessa (BD
Biosciences, Lady Davis Institute Flow Cytometry Core). Flow cytometry data were then
analyzed using Flowjo 10.7.

3.11.2 Immune cell markers and Gating strategy.

For both Myeloid and T cell panels, forward scatter-H vs forward scatter-A were used to gate out
single cells only. In the initial staining we tried cryopreservation then stain with Live/Dead to
discriminate dead cells. However, we found that slightly overestimated the number of dead cells
due to cryopreservation. So, in later runs we stained with Live/Dead prior cryopreservation and
results were equivalent between runs. The expanded gating strategy schemes for immune-cell

types are shown in Figures 3 and 4, and Table 2.
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Marker

CDl11b
MHCII

CDl1c
Ly6C

F4/80
Ly6G
CDS86
CD19

CD4
CD8
CD3

CD4, CD25, and
FOXP3

Myeloid panel
Used To
Define the myeloid lineage cells

Separate different populations of macrophages and
dendritic cells

Marker for dendritic cells
Separate out monocytes and early-stage macrophages
from mature macrophages

Marker for macrophages
Marker for neutrophils
Marker for activated macrophage populations
Marker for B cells
T cell panel
Marker for T helper cells
Marker for cytotoxic T

Isolate T-cells from the lymphocyte
Identify regulatory T cells

Table 2: Flow Panels gating strategy

3.12 Statistical analyses.

Statistics were performed using GraphPad Prism, version 8.00 (GraphPad Software, San Diego
CA). The Shapiro-Wilk test was used to determine whether the data were normally distributed. A
one-way or two-way ANOV A was used to indicate a significant difference as appropriate.
Differences between groups were examined using multiple comparison test with Tukey

correction for multiple comparisons. Data are shown as means + SD. P < 0.05 was considered

statistically significant in all tests.
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Chapter Three: Results
3.1. Characterization of murine atherosclerotic model post-JUUL exposure

Wild-type mice do not develop atherosclerosis, even on a high-fat diet (117). Thus, in
order to test whether JUUL exposure enhanced early pro-atherogenic changes, we utilized an
inducible hyperlipidemic mouse model. C57BL/6 male mice were injected with AAV-PCSK9PY
virus at 4-weeks of age, and on the same day, were started a high fat diet. One week following
injection, the mice were exposed to either room air, JUUL containing PG/VG solvent only or
JUUL aerosol with mango flavour and 59 mg/ml nicotine (Fig.5A). Increased lipid levels are a
blood biomarker for adequate AAV-PCSK9 expression and LDL-r knock-down.
Hypercholesterolemia (with total cholesterol levels > 200 mg/dl) reflects appropriate AAV-
PCSKOPY function (160). Thus, plasma lipid levels were evaluated and only those mice with
total cholesterol levels higher than 200 mg/dl (Fig. 5B) were further analyzed as reflection of
appropriate AAV-PCSK9PY function. Additionally, we measured the weight of mice before and
after the experiment. After 4 weeks of exposure, we noticed significant increases in the weight of
mice exposed to room air compared to day 0 of exposure (P=0.005; Fig. 1C), while the exposure
in PG/VG and JUUL mango groups failed to gain weight (Fig. 1C). We have previously
established this model of moderate JUUL exposure in C57BL/6 mice, based on the levels of the
nicotine metabolite cotinine (34). Here, cotinine was measured 24 hours after the last exposure in
all mice using ELISA. As expected, we found significant increases in cotinine level in the JUUL
mango group compared to Air and PG/VG groups (P<0.0001; Fig.5E) with levels ranging
between 10-40 ng/ml, although we did not observe changes in the hepatic CYP2A5 protein

expression among exposure groups (Fig.5E).
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Fig.5. Exposure design and mouse model. (A) C57BL/6 male mice (N=10 per group) were
injected with AAV-PCSKO virus at 4-week of age, at the same day of injection mice were started
on high fat diet. One week following injection mice were exposed to either room air, JUUL
containing PG/VG solvent only or JUUL aerosol with mango flavour and 59 mg/ml nicotine.
Mice were exposed to 4 puffs per min for 20 minutes 3times a day for 4 weeks. (B) Serum
cholesterol level of mice injected with PCSK9 virus. Samples with total cholesterol level less
than 200 mg/dl were excluded. (C) Mice weight were measured before and after the exposure.
There was a remarkable but not significant gain of weight in air group but not JUUL groups after
4 weeks of exposure. (D) Serum cotinine level was measured by ELISA after 24hours of last
exposure in hyperlipidemic mice. There was a significant increase in cotinine level in the JUUL
mango group compared to Air and PG/VG groups (P<0.0001). (E) Liver was harvested at the
end point. Later, protein was extracted, and Western Blot was performed to quantify the
expression of CYP2A5. (E) CYP2AS5 relative protein expression is shown no difference among
exposure groups. Results are expressed as the mean + SD; individual data points represent
individual mice from two separate experiments (N= 6-9 per group).

3.2. Inhalation of JUUL aerosols in hyperlipidemic mice results in pro-atherogenic changes

Although at this early time point, the plaques were anticipated to be quite small, we
evaluated the size and lipid content of the atherosclerotic plaques, (128). After oil red O staining,
the percentage of plaque size per sinus area was calculated within the aortic sinus. As expected,
the atherosclerotic plaques in all mice were small and no significant changes were observed
between groups, although there was a trend of increased plaque size in the PG/VG group
compared to the control group (P=0.1; Fig.6A). Moreover, the percentage of lipid content within
plaque was not statistically different between groups, although the same trend of increased lipid

content in the PG/VG-exposed group compared to the control group was observed (Fig. 6B).
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Fig.6. JUUL aerosol exposure tend to increase plaque formation and lipid deposition on aortic
sinus in hyperlipidemic mice in nicotine-independent manner. Mice were exposed to air or JUUL
aerosols with or without nicotine (4puffs/min) for four weeks. (A) Plaque size and (B) lipid
content were quantified in the aortic sinus after oil red O staining and imaging. Representative
images from each group are shown in(C1-C3). Results are expressed as the mean + SD;
individual data points represent individual mice from two separate experiments(N= 6-9 per

group).
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Next, we evaluated earlier markers of vascular outcomes. First, we assessed soluble
markers of endothelial cell activation (ICAM-1, PECAM-1, E-selectin, and P-selectin) in the
serum, comparing AAV-PCSK9PY-infected C57BL/6 mice exposed to air, PG/VG and JUUL
mango with unexposed, uninfected wild-type mice. As expected, the levels of all markers were
remarkably higher in the hyperlipidemic mice compared to wild type mice (Fig.7A-D). However,
no changes were observed amongst exposure groups (Fig. 7A-D). In addition, we assessed
VCAM-1 expression in the brachiocephalic arch (BCA) and carotid endothelial walls of the
AAV-PCSK9P"-infected mice using IHC. No significant differences were observed in either the

in BCA (Fig.8A) or carotid tissues (Fig.8B).
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Fig.7. JUUL aerosol exposure in hyperlipidemic mice does result in a pattern of increase in some
of the pro-atherogenic endothelial cell activation markers comparing with wild-type mice.
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Fig.8. JUUL aerosol exposure show no effect on VCAM-1 expression in BCA and Carotid
endothelial walls. VCAM-1 expression on the (A)BCA and (B) Carotid endothelial walls was
evaluated using IHC staining and quantified by measuring Mean DAB OD. BCA representative
images from each group are shown in (A.1-A.4), Carotid representative images from each group
are shown in (B.1-B.4). . Results are expressed as the mean + SD; individual data points
represent individual mice from two separate experiments (N= 2-5 per group).

Finally, dyslipidemia is associated with atherosclerosis and is an early risk factor for
CVD (161). We measured circulating triglyceride, LDL, HDL, and glucose levels. Significant
decreases in both HDL and glucose levels were observed in the JUUL mango group compared to
the control group (P<0.05; Fig. 9A,9B), while no changes were observed in triglyceride and LDL

levels among exposure groups (Fig. 9C,9D).
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Fig.9. Serum lipid levels of mice injected with PCSK9 virus. (A)There was a significant
decrease in HDL-Chol and (B) Glucose levels in the Mango group compared to control (*=
p<0.05). (C,D) Single PCSKO virus injection resulted in increased lipid levels in all the exposure
groups. Results are expressed as the mean + SD; individual data points represent individual mice
from two separate experiments (N= 6-9 per group).
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3.3. Inhalation of JUUL aerosols increases indices of systemic inflammation

Given that atherosclerosis is caused by systemic inflammation, we sought to assess
whether JUUL exposure would result in modulation of immune cells. To do so, we performed
immunophenotyping on splenic cells, where we assessed lymphoid and myeloid lineages of
immune cells. The percentage of total CD3* T cells was decreased in the JUUL Mango group
compared to PG/VG (P<0.05; Fig. 10A). Furthermore, total CD4" cells and CD4+ Th cells were
significantly decreased following JUUL mango exposure compared to both control and PG/VG
groups (P<0.05, P<0.005; Fig. 10B,10C). On the other hand, the percentage of CD4* Tregs was
not altered (Fig. 10D). Finally, the percentage of CD8" cytotoxic T cells in the PG/VG group
was increased compared to the control (P=0.05; Fig.10E) and JUUL mango exposures groups
(P<0.05; Fig.10E), although only statistically significant when compared to JUUL mango group.
No significant changes were observed either in myeloid cell or B cell populations within the
spleen (Fig.11A-G). Together, our data showed that vaping JUUL does cause changes in immune

cell compositions increasing indices of systemic inflammation.
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Fig.10. JUUL aerosol exposure does cause changes in immune cell compositions. Using
immunophenotyping, lymphoid lineages of immune cells were assessed by performing Extended
T-cell panel. Cell suspension of spleen were isolated from mice after 4 weeks exposure.

The cells were stained with (A) CD3 antibody for total T-cells. (B) CD3 and CD4 antibodies for
CD4+ T cells. (C) CD3, CD4, CD25 and FoxP3 antibodies for CD25- FoxP3- Th-cells and (D)
CD25+ FoxP3+Tregs. (E) CD3 and CD8 antibodies for CD8+ T cells. The cells were then
subjected to flow cytometry to determine cell-type percentages. Results are expressed as the
mean = SD; individual data points represent individual mice from two separate experiments(N=

6-9 per group). (*= p<0.05, **= p<0.005)

55



Myeloid DCs

Neutrophils

@ © < N 0O
(@) (@] (@] @] (@)
(31 JO 96)+9TTAD+IDHW
-99471-0947"-08/74'+0TTAD

<< A_

o
)

]
1
&
@’b’

AN
QCQ

2_
=

(811 Jo %)
+9947 ‘+0947 -08/¥4 '+q1TAD

Immature MACs

Monocytes

< < - o
_ %«@@
[ |
. _..__u i
u OA\O
%4
. N by
| I 1 I
o n o n o
N — — o o
(811 10 %)

+I OHIN “+2947 9947 *+0TTAD

:
ﬁ_|+_|‘¢ = O
Q«\

S)
T 4

..uT. -«\VQ

| 1 | | I
0 < ™ N I o

(a1 Jooy)
+2947-9947'+q17QD

0

o

(@)]

®

s

o r-_-Lm -

o %
[ ]

m o_o ‘ |4.\\v‘

o S A

N N ! ! (@] @]

(8] Jo %)

-l DHW -2947 -9947 ‘+aTTAD

(8] Jo %)
+I QHIN 0947 -9947 +q1TQD

A
-
AEA
1
O
)

M1 Macrophages
%
. s
1
$©

CD19+ B cell

(31| J0%)+6TAD ‘+5AD

56



Fig.11. Effect of JUUL aerosol exposure on immune cell distribution of myeloid cells and B
cells. Using immunophenotyping, myeloid lineages of immune cells and B cells were assessed
by performing myeloid panel. Cell suspension of spleen were isolated from mice after 4 weeks
exposure. The cells were stained with (A) CD11b, Ly6C and Ly6G antibodies for neutrophils,
(B) CD11b and CD11c antibodies for myeloid DCs, (C) CD11b and Ly6C antibodies for
monocyte, (D-F) CD11b, Ly6G, Ly6C, and MHCII antibodies for immature, M1, and M2
macrophages, and (G) CD19 for B cells. The cells were then subjected to flow cytometry to
determine cell-type percentages. Results are expressed as the mean + SD; individual data points
represent individual mice from two separate experiments (N= 6-9 per group).
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Chapter Four: Discussion

The use of e-cigarettes has been associated to negative cardiovascular (162) and
immunological responses (163, 164). Despite the surge in e-cigarette usage among teenagers,
particularly the use of the JUUL brand, the health effects of JUUL use among never-smokers
remain mostly unclear (2). Furthermore, the vascular consequences of e-cigarettes, particularly
atherosclerosis, remain debatable (156, 157). In this study, our findings showed that the AAV-
PCSK9 model is a working model for studying the pro-atherogenic effects of vaping JUUL in
hyperlipidemic mice. Additionally, we showed that even a modest exposure (4 puffs per minute)
for a relatively short length of time (4 weeks) is enough to observe early proatherogenic
indicators.

The pathogenesis of atherosclerosis in humans and mice is a complicated process driven by a
variety of risk factors such as ageing, hyperlipidemia, hypertension, and diabetes, which results
in immunometabolic dysregulation (40). Thus, the investigation of the immunometabolic
processes underlying atherosclerosis requires the use of animal models that replicate human
pathophysiology. However, due to their drastically different lipid profile from humans, mice are
highly resistant to the development of atherosclerosis (117, 118), therefore, genetic modification
of their lipid metabolism is required. In this study, we used AAV-PCSK9PY-infected C57BL/6
mice as our atherosclerotic model, and we used a single injection of recombinant adeno-
associated virus (rAAV) encoding gain-of-function mutant forms of PCSK9. A single injection is
known to be sufficient to cause downregulation of LDLr inducing hyperlipidemia and
atherosclerosis in mice, where plaque formation is similar to what is found in humans (123, 150).

Using this model allowed us to control the time of atherosclerosis induction to evaluate the
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impact of JUUL in various scenarios that mimic human outcomes. Establishing this exposure
model was a first step toward developing these unique exposure scenarios. For instance, in the
future, we can test if excessive JUUL use in adolescence predisposes them to cardiovascular risk
later in life, where bad lifestyle choices, such as a high fat diet and smoking, combine to raise the
risk. Using this model will allow us to start an exposure in which young mice are only exposed
to JUUL for 8 weeks before being injected with AAV-PCSKO to induce hyperlipidemia (with
and without a high fat diet) and see whether there are any variations in cardiopulmonary
outcomes. Furthermore, we can explore whether switching from cigarette smoking to JUUL (in
conjunction with the AAV-PCKS9) reduces cardiovascular risk and reduces pulmonary and
systemic inflammation.

To ensure that our exposure correlated with human exposure, in addition to our designed puff
topography (i.e., puff volume, puff interval, etc.), we tested cotinine levels in the blood. We
chose cotinine over nicotine to be assessed since it has a longer half-life in vivo (t2 = 7 minutes
for nicotine vs ~ 40 minutes for cotinine) (165). We found blood cotinine level (10-40 ng/ml) to
be lower than what was found in the saliva (122 ng/ml) in a study conducted on human JUUL
users (pods containing 5% nicotine) (166). However, we are comparing blood to saliva, and
while cotinine levels in blood and saliva are substantially related, saliva levels are typically 15-
20% greater than plasma levels (167). In addition, this discrepancy corresponded to the kinetics
of cotinine metabolism, which is faster in mice than in humans (t12 = 2 hours for nicotine vs 16-
18 hours for cotinine in humans) (16, 165). Furthermore, the time course of cotinine in the body
and the resulting pharmacologic effects are highly dependent on species, dose, route, and rate of
dosing (16). With these considerations in mind, the exposure is most likely comparable to what

is observed in humans.
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Dyslipidemia is associated with atherosclerosis and is an early risk factor for CVD (161),
thus we measured triglyceride, LDL, HDL, and glucose levels. We observed a significant
decrease in HDL levels in the JUUL mango group compared to the control group. Curiously,
another study conducted on Apoe™~ mice, funded by a tobacco company, found no changes in
HDL levels after three- and six-months of exposure to e- cigarette aerosols containing PG/VG,
4% nicotine, and flavor mix (157). Despite the differences between their exposure (i.e., full body
exposure system, longer exposure time, and different strain) and our exposure, our finding of just
after 4 weeks of exposure is concerning, given that HDL plays an important role in the clearance
of cholesterol from tissues (168). In addition, HDL maintains plaque stability by inhibiting
degradation of the fibrous cap extracellular matrix through its anti-elastase activity (169). Thus,
decreased HDL levels could imply that JUUL mango results in insufficient clearance of
cholesterol from tissues, causing excess cholesterol to accumulate in the arteries, thus increasing
the risk of atherosclerosis. Ultimately, exposure to JUUL flavored mango for a prolong period of
time, could contribute to decreased plaque stability resulting in plague prone to rupture.

Furthermore, when comparing the JUUL mango group to the control group, we saw a
substantial drop in glucose levels. This discovery contrast with findings of a population study
that found nicotine from tobacco smoking caused increases in blood glucose concentrations
(170). Furthermore, a study published in 2022, discovered that e-cigarette usage resulted in
elevated glucose levels in humans, which led to a higher risk of prediabetes (171). The
discrepancies in these results may be due to several factors, including species, brand of e-

cigarettes used, addition of flavoring, the dose of nicotine, and the hyperlipidemic profile.
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Interestingly, after 4 weeks of JUUL exposure and high-fat diet consumption, we observed
significant increases in the weight of mice exposed to room air, but mice exposed to PG/VG or
JUUL mango failed to gain weight. Our findings are consistent with a previous report on the
effect of short (2 weeks) e-cigarette exposure on cardiac function and body weight in C57BL/6
mice, where they found that e-cigarette vaping significantly inhibited the bodyweight gain (172).
Moreover, our findings are similar to what was observed early (4 weeks) in Apoe™~ mice
exposed to e-cigarette aerosols and fed high fat-diet for 12 weeks, although the decrease in
weight was only observed in the nicotine (2.4%) group (156). However, considering their data,
the change in weight maybe transient, suggesting that the weight of mice exposed to JUUL
products may alter over a longer duration of exposure. Because the purpose of our experimental
design was not to evaluate bodyweight change, we did not quantify food and water intake in
these animals. We also did not measure any metabolic markers for weight increase, such as
leptin and peroxisome proliferator-activated receptors (PPARS). Leptin is a hormone largely
generated in adipose cells that controls food intake, metabolic rate, and body weight. It is
hypothesized to assist weight reduction by decreasing hunger and boosting metabolism in rats
(173). PPARs are ligand-activated transcription factors that are activated by endogenous ligands
obtained from the metabolism of fatty acids and other dietary components (174). This is in
accordance with the fact that PPARs govern the expression of several genes involved in glucose
and lipid metabolism. As a result, it is unclear whether the effect of e-cigarettes on bodyweight
gain is due to reduced food consumption (supressed appetite) or other processes. More research
is needed to determine the specific processes or explanations of weight maintenance in mice

exposed to JUUL products.
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To our knowledge, ours is the first study using the PCSK9 mouse model to study the effects
of JUUL products on atherosclerotic outcomes. First, we measured the size and lipid content of
the atherosclerotic plaques, which were expected to be fairly tiny at this early stage (128) . A
previous study demonstrated that Apoe™~ mice exposed to vaping a nicotine-containing product
and fed a high fat diet for 12 weeks resulted in a striking increase in plaque size (P < 0.01) (156).
On the other hand, another study (funded by a tobacco company) showed no significant
difference in plaque size after 3 and 6 months of vaping exposure compared to the control group
(157). In our study, we found that simply 4 weeks of JUUL use did not significantly enhance
plaque size or lipid content, although there was a trend of increased plaque size and lipid content
in the PG/VG group when compared to the control group. The comparison of our findings to
earlier studies is complicated by the different exposure regimens and device/e-liquids used. This
was clearly manifested in our prior work, where we saw varied results by varying the exposure
regimes (1 puff vs 4 puffs) and utilising various e-liquid components (i.e., flavours), despite the
fact that we utilised the same device (JUUL) (34). Our data however suggests that the possible
effect of JUUL aerosols on plaque size and lipid content is highly dependent on the presence/
absence of some of the e-liquid components (e.g., PG/VG, nicotine, and flavour).

In atherogenesis, in hyperlipidemic mice (Apoe " mice) fed western diets, the attachment of
monocyte to endothelial cells was observed after 6 weeks (128). Then, a time course of 8 weeks
was required to observe the fatty streak seen in the early stages of atherosclerosis, a net product
of macrophage conversion into foam cells (43, 128). Where after 15-20 weeks, intermediate
lesions were detected composing of SMCs, extracellular matrix and a necrotic core covered with
a fibrous cap. Thus, whereas our data showed short JUUL exposure (4 weeks) in conjunction

with hyperlipidemic condition resulted in tiny plaques with no significant differences between
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groups, extended exposure (i.e., 12 weeks or 6 months) may result in a considerable increase in
plaque size.

Next, we evaluated earlier markers of vascular outcomes. First, we assessed soluble markers
of endothelial cell activation: ICAM-1, PECAM-1, E-selectin, and P-selectin levels in the serum.
Secondly, we assessed VCAM-1 expression in the brachiocephalic arch (BCA) and carotid
endothelial walls. Soluble adhesion molecule levels have been linked to a variety of
cardiovascular risk factors, including smoking (61), hypertension (62), low HDL cholesterol
(63), and hypercholesterolemia and/or hypertriglyceridemia (64, 65). Soluble adhesion molecules
have been postulated as an index for the degree and severity of atherosclerosis. VCAM-1 plays
an important role in the firm adhesion between monocyte and ECs (26). In addition, elevated
levels of VCAM-1 enhance macrophage proliferation, resulting in a high number of
macrophages aggregating in the plaque, thus enhancing plaque instability (51). In our study, we
found that a 4-week exposure to JUUL aerosols caused no changes in the soluble adhesion
molecule levels and resulted in no significant differences in VCAM-1 expression in either the
BCA or carotid tissues. Occurrence of high adhesion molecule levels were mainly reported after
long stimuli exposure, although elevated levels are observed early in pathogenesis (66-68).

We found by immunoprofiling that PG/VG and JUUL exposure altered specific splenic
immune cell populations. The spleen, being the largest lymph node, is the primary filter for
blood-borne infections and antigens, and because more cells pass through the spleen than
through all other secondary lymphoid organs combined, its contribution to cell recirculation is
critical (175, 176). All of which, in addition to its importance in controlling systemic immunity,
the spleen was chosen as the target organ, despite the fact that its lymphoid and myeloid

populations do not represent what may be seen inside the plaque (175). Our findings support the
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notion that JUUL has a remarkable impact on adaptive cells in the spleen. In this study, mango-
flavored JUUL significantly decreased CD3+ and CD4+ T cells. This indicates the presence of
interference in the immune response, as CD4 T cells play a central role in immune protection
through their capacity to help B cells make antibodies, to induce macrophages to develop
enhanced microbicidal activity, and to recruit granulocytes to sites of infection and inflammation
(177). In addition, CD4* T cells can be found in the atherosclerotic plaque where they release
Thl-associated pro-inflammatory cytokines, such as IL-2, IL-3, TNF-a, and lymphotoxin, all of
which can activate macrophages, T cells, and other plaque cells resulting in acceleration of the
inflammatory response (100). Thus, impaired CD4+ T cell function in the spleen may increase
infection susceptibility and might play an indirect role in the absence of plaque size growth
found in the JUUL mango group. Unlike T cells, myeloid lineage cells such as neutrophils,
monocytes, and macrophages, as well as B cells, did not change after vaping. Together, our
findings suggest that vaping JUUL produces changes in immune cell composition, which could
interfere with the host defence mechanism. Further studies could be conducted to deeply
investigate T cells functionality after JUUL vaping to better understand such observations. For
instance, T cell activation markers ( i.e., CD134 and Inducible costimulatory molecule) and
inhibition markers (i.e., CD210 and programmed death-1) could be evaluated by
immunophenotyping as a straightforward approach. In addition, proliferation of T cells and the
amount of INF-y secreted could be tested using proliferation assay (178). Another approach
would be isolating the peripheral blood mononuclear cells (PBMCs) then performing IFN-y

ELISpot assay to test the immune response after vaping (179).
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Although many of the substances in e-liquids are '‘Generally Recognized as Safe' for oral intake
(e.g., PG/VG and flavours), there is little data on their safety when aerosolized and inhaled (23).
Unexpectedly, our data revealed some alterations observed exclusively in the PG/VG group.
Previous findings reported a decrease in mice weight exposed to vaping aerosol containing nicotine
(156, 172). Nicotine is known to play a role in appetite suppression thus decreasing / inhibiting
bodyweight (180), however, in our findings, suppressed weight gain was observed also in the
PG/VG group. Moreover, our findings from plaque size and CD8+ T cell population, showed a
trend of increase in PG/VG group alone. This increase was suppressed in mango-flavored JUUL
possibly due to the presence of nicotine, the flavoring, or both. Although, we only detected a trend
of increase at this early time point, it might be exacerbated later with prolonged exposure.
Together, our findings suggest that PG/VG is not inert and however, these mice were not just
exposed to PG/VG. Another important factor is the metal coil, which is often constructed of
nichrome (a mix of Ni and Cr) and stainless steel. Toxic metals from heated coils have previously
been shown to leak into e-liquids and ultimately into vaping aerosols (7). A study revealed that
coil contact produced e-liquid contamination, meaning that e-cigarettes might be a source of
harmful metal exposure such as Cr and Ni (22). This was demonstrated by a study that discovered
a link between increased e-cigarette usage and consumption and higher Ni and Cr biomarker
concentrations (21). As such, metals can not be ruled out as a synergistic factor in the case of

PG/VG, or as an inhibitor factor in the context of mango flavored JUUL.
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4.1.Limitations

Our study's strengths include the use of a distinctive e-cigarette delivery method that mimics
human vaping and the use of a leading brand of e-cigarettes that produced serum cotinine levels
in the range reported in moderate smokers; nonetheless, our study has several drawbacks. The
use of just male mice, the period of exposure, and the small sample size in this study might all be
considered limitations. Because our study was done on male mice, the results may not be
generalized for females. We only investigated the impact of daily JUUL aerosol inhalation for
four weeks and it might be possible that other/worse effects would be observed with longer-term
exposures. While individuals use e-cigarettes throughout the day, repeatedly pulling out their e-
device and vaping, this usage pattern was not adequately replicated in our study where the
exposures were done three times daily. However, this time constraint of 20 minutes, three times
per day, was required to provide mice access to food and water while keeping their stress levels
to a minimum. Any future research might be hampered by the fact that the mango JUUL flavour
does not reflect any other flavors. However, it was made up of compounds that are often present
in other flavours, therefore these findings could be applicable to other vapes. Finally, the
manufacturing and design of e-cigarettes appear to be constantly evolving, making it difficult to
rigorously and systematically investigate the devices while keeping up with the constant
advancements; we began this study with JUUL being the dominant brand in the market, but this
is no longer the case. To address the rapid surge in JUUL usage among teens, Health Canada has
set limitations on some e-cigarette flavours, limiting them to tobacco and mint/menthol. In fact,
the newest FDA investigations discovered that JUUL purposefully promoted its products to
adolescents, despite the fact that e-cigarette sales to children are illegal. As a result of the present

settlement, JUUL's sales and marketing capabilities will be limited, including prohibitions on
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marketing to individuals under the age of 35, limits on in-store displays, online and retail sales
limits, and a retail compliance check methodology. The latest regulations resulted in an increase
in the usage of disposable e-cigarettes (such as Puff Bar™) since they are available in flavours
that were previously prohibited in pod-based e-cigarettes (JUUL) (181). This adds to the
difficulty of evaluating the health effects of different devices (pod-based versus disposable e-
cigarette devices) and hence establishing regulations. E-cigarette device and liquid combinations
that yield a higher nicotine emission rate (i.e., higher nicotine flux) result in increased e-cigarette
dependency. Preliminary research revealed that pod-based e-cigarettes had lower nicotine flux
and concentration when compared to disposable e-cigarettes (182). Because e-cigarette devices
and liquid properties are linked to nicotine dependency, the constant change of the e-cigarette

landscape makes drawing health consequence conclusions problematic.
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4.2. Conclusion

In conclusion, our results demonstrate that JUUL products are not harmless. In fact,
JUUL exposure can induce early pro-atherogenic alterations in young hyperlipidemic mice,
suggesting there could be increased cardiovascular disease later in life. These findings are
alarming as e-cigarettes gain massive popularity among nonsmokers in teens and young adults.
Appropriate awareness is demanded not only regarding the harmful effects of e-cigarettes (even
without nicotine), but also regarding the implications of poor lifestyle choices early in life
including consumption of high fat diets. Finally, these findings, combined with the constant
evolution of e-cigarettes, highlight the significance of further studies on the effects of e-

cigarettes from various devices containing different flavours.
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