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Abstract: Electronic cigarettes (e-cigs) have increased in popularity and usage over the last few decades.
There is rising concern regarding the long-term effects of e-cigs on human health, considering their
relatively recent introduction to the market. E-cigs are generally composed of a liquid that contains
nicotine and a variety of chemicals, along with a battery, a vaporization chamber, and a coil that serves to
heat the liquid upon inhalation of the mouthpiece [1]. While e-cigs were originally introduced as a
healthy alternative to cigarette smoking, recent research has demonstrated the cytotoxic effects of nicotinic
e-cig devices on multiple cell types, including epithelial and endothelial cells, along with causing
dysregulation of inflammatory pathways. This review will discuss the harmful effects of e-cigs on the
human body, highlighting the physiological effects of e-cigs on pulmonary, cardiovascular, and
cerebrovascular health. Moreover, this review will highlight the potential therapeutic effects of bixin, an
apocarotenoid found in the seeds of Bixa orellana, also known as the achiote tree, due to its innate anti-
inflammatory, antioxidant, and anti-cancer activities that have been demonstrated in recent
research. Nanotechnology has surfaced in the past few decades as a powerful tool for medicinal practice.
Specifically, nanoparticles serve as a potential method for treating a wide variety of conditions and
diseases. Bixin nanoparticles show promise as a viable method for the treatment of e-cig induced damage
due to the innate properties of bixin along with the advantages of using nanoparticles compared to
conventional medicinal interventions.
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1. Introduction: Electronic Cigarettes vs. Conventional Cigarettes

Electronic cigarettes (e-cigs) were first introduced to the market in the early 2000s as a “healthy”
alternative to cigarettes and as a viable method to quit smoking conventional cigarettes.
Consequently, companies in the United States and United Kingdom altered their marketing strategies
between the years of 2014 and 2017, leading to an increase in sales of e-cigs by 146% [2]. As e-cigs
became more popular, companies attempted to increase the addictive nature of these devices by
increasing the nicotine content. As a result, the JUUL pod was introduced, resulting in a 640%
increase in e-cig sales [2]. These nicotinic devices are now available in a wide variety of sizes with
differing nicotine concentrations and flavors, allowing e-cigs to cater to a wide audience.

Despite the introduction of e-cigs as a “healthy” alternative to conventional cigarette users,
research has shown that “some e-cig users were able to attain tobacco cigarette-like peak plasma
nicotine levels” [3]. This notion suggests that similar amounts of nicotine are delivered systemically
by both e-cigs and conventional cigarettes. However, similar nicotinic delivery may be an incentive
for conventional tobacco cigarette users to quit smoking with the knowledge that “over 4000 harmful
and potentially harmful constituents (HPHCs) have been identified in traditional cigarette smoke”
while the HPHCs in e-cig aerosol are between 9 and 450 times lower than within conventional tobacco
cigarettes [1].
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Although the harmful constituents found in conventional tobacco cigarettes are at lower levels
in e-cigs, the pharmacokinetic parameters of e-cigs are very similar to that of tobacco cigarettes [3].
An important parameter is maximum drug concentration in plasma (Cmax) that represents the
amount/concentration of drug observed in plasma or blood samples [4]. Previous research shows that
the average Cmax of nicotine after e-cig use was 8.4ng/mL, which is lower than the average Cmax
range in tobacco cigarette users (approximately 11 ng/mL); however, some users in the study
achieved Cmax levels within the typical range of tobacco cigarette smokers [3]. The systemic retention
of nicotine from e-cigs was found to be higher (94%) than the average retention of nicotine from
tobacco cigarettes (which ranges between 80-90%). Additionally, a significant amount of nicotine
from e-cigs is absorbed in sites other than the lungs such as the “buccal mucosa and gastrointestinal
tract following swallowing” [3]. This systemic absorption explains the lower Cmax nicotine levels of
e-cig users compared to tobacco cigarette users.

The systemic absorption of nicotine from e-cigs into areas other than the lungs presents the
possibility that metal particles, silica particles, and harmful aldehydes are also absorbed into other
tissues, causing systemic inflammation and ROS generation. For example, research confirmed the
presence of toxic chemicals such as iron, manganese, zinc, and copper in both the e-liquid and
aerosolized e-liquid; iron and copper can cause respiratory irritation while manganese and zinc can
cause reduced lung function [5]. These researchers suggest that metals are transferred from the e-cig
coil to the e-liquid and subsequently from the e-liquid to the aerosolized vapor following the heating
of the coil upon inhalation [5]. Collectively, these research findings stress the dangers of e-cigs
compared to conventional tobacco cigarettes, regardless of the lower average e-cig Cmax nicotine
values following inhalation.

2. Nicotinic Damage on the Lungs

Nicotine is the major component of e-cig and cigarette smoke (CS); it is metabolized into other
constituents which further affects the body. The majority (80%) of the inhaled nicotine is metabolized
to cotinine, excreted into urine, and considered non-toxic and non-carcinogenic [6]. However, a
portion of the inhaled nicotine is metabolized into nicotine-derived nitrosamine ketone (NNK) and
nitrosonornicotine (NNN). NNK is further metabolized into methyldiazohydroxide (MDOH), a
pyridyl-butyl derivative (PBD), and formaldehyde, while NNN is degraded into hydroxyl or keto
PBDs [6]. These metabolites can interact with DNA and other molecules, further causing damage. For
example, researchers observed that mice exposed to 12 weeks of e-cig vapor showcased DNA damage
in both human lung epithelial and bladder urothelial cells [7]. Furthermore, these metabolites are
highly carcinogenic compounds within the systemic circulation, causing “mutations to critical human
DNA genes” [8]. Furthermore, the levels of two crucial proteins for nucleotide-excision repair (NER)
and base excision repair (BER) have been found to significantly decrease in the lung tissues of mice
exposed to CS [6].

Research has found that the small size of e-cig aerosol allows for its deep penetration into lung
tissues, causing DNA damage in bronchoalveolar cells [7]. This DNA damage can be quantified by
measuring levels of nicotine metabolites in different organs. One study found mutagenic guanosines
in the lungs, bladder, and heart following e-cig exposure in mice [6]. These results showcase that the
metabolization of nicotine into harmful nitrosamines occurs in vivo in mice. Additionally, researchers
found that nicotine and its metabolite NNK impact human bronchial epithelial and urothelial cells
by enhancing their “mutational susceptibility and tumorigenic transformation” [6]. The damage
found in mice following e-cig exposure combined with the impact of nicotine metabolites on cultured
epithelial cells potentiate the possibility of tumorigenesis within in vivo humans exposed to e-cigs.

The introduction of nicotine to the human body results in a cascade of harmful effects, regardless
of whether the nicotine is inhaled through an e-cig or a conventional tobacco cigarette. Recent
research on e-cigs has demonstrated that both the e-liquid and the aerosolized e-vapor cause damage
to lung tissue and cells, regardless of the presence of nicotine. This research investigated the effects
of e-cig vapor extract and nicotine-free e-cig vapor extract (NF ECV) to both epithelial cells and
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pulmonary arterial smooth muscle cells [9]. Significant changes occur in lung structure and function
after e-cig usage, independent of the presence of nicotine.

While the inflammatory effects and structural alterations occurred to a lesser degree with the
introduction of nicotine free e-cig vapor extract (NF ECV), the components of NF ECV still induce
“cell type-specific effects and mild pulmonary alterations” [9]. The inhalation of NF ECV and ECV
increases endothelial permeability and induces inflammatory responses in the lungs; this
inflammatory response includes increased levels of neutrophils and lymphocytes following both NF
ECV and ECV exposure [9]. Additionally, a longitudinal cohort pilot study found that “circulating
monocytes from e-cig users had alterations in their inflammatory phenotype” even with reduced e-
cig usage [10]. These studies suggest that e-cig users have a decreased ability to respond to infection
even after a decrease in e-cig usage.

Additionally, research revealed that when a normal epithelial cell line (HaCaT) and head and
neck squamous cell carcinoma cell (HNSCC) lines are exposed to e-cig vapor in the absence of
nicotine, the e-cig aerosol induced a 5-fold increase in cell death [11]. Comparatively, exposure of e-
cig vapor containing nicotine induced a 10-fold increase in cell death in these cell lines. Furthermore,
significant DNA strand breaks were observed even in the absence of nicotine [11]. E-cig vapor extract
induces “significant endothelial damage, inflammation, and parenchymal alterations,” holistically
demonstrating that the inclusion of nicotine magnifies the damaging components of nicotine-free e-
cigs [9].

In turn, a similar experiment, in which mice were exposed to e-cig aerosol and CS, the
researchers found that the “peripheral vasoconstriction response was similar between mice exposed
to e-cig aerosol or e-cig [vapor]” in a nicotine independent response, regardless of whether the base
solution of the e-cig [12]. These research studies showcase that even without nicotine, e-cigs still cause
damage to the respiratory tract and induce functional alterations in important anti-inflammatory
molecules. Furthermore, these studies demonstrate components of nicotine-free e-cigs can cause
harmful physiological responses to vasculature and immunomodulatory molecules.

3. E-cig Flavoring Chemicals

Recent researchers have highlighted the relationship between e-cig flavorings and harmful
chemicals associated with these different flavors [12-14]. Typically, e-cigs contain a base solution that
consists of a mixture of propylene glycol and vegetable glycerin, along with nicotine [12]. Several
chemicals can then be added to propylene glycol, vegetable glycerin, and nicotine mixtures to
introduce flavoring to the e-liquid [12]. The different flavoring of e-cigs has served to attract younger
users, especially if these flavors are sweet without the harsh smell associated with traditional
cigarettes [15] . Researchers investigated the change in traditional cigarette usage as a function of e-
cig flavor and found that chocolate-flavored e-cigs were associated with the lowest drop in e-cig
usage amongst traditional cigarette smokers, while menthol-flavored e-cigs contributed to the largest
drop in traditional cigarette usage [13]. Conversely, tobacco- and cherry-flavored e-cigs resulted in
the highest levels of e-cig usage [13].

Traditional smokers typically have an increased usage of menthol-flavored e-cigs due to the
nature of menthol and its action on nicotinic acetylcholine (nACh) receptors [16]. Menthol modulates
the function of a7-nACh receptors by potentially acting as a non-competitive antagonist, suggesting
that menthol flavorings are more attractive to both traditional cigarette and e-cig users due to its
ability to trigger the cold-sensitive transient receptor potential melastatin (TRPM) receptor [16]. This
action is the primary mechanism in which menthol provides a cooling sensation when inhaled or
applied to the skin. Upon chronic or acute administrations of menthol, the normal nicotine-induced
decreases in body temperature are diminished [16]. While the usage of menthol-flavored e-cigs may
contribute to a decrease in traditional cigarette usage, the composition of e-liquids that result in
different flavors are full of harmful chemicals.

The flavoring chemicals within e-cigs are biologically active compounds called aldehydes,
where different chemicals can cause differential damage to human macrophages and bronchial
epithelial cells [14]. For example, 2,3-butanedione, a commonly used chemical to provide a buttery
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flavoring, “was found to cause severe inflammation and scarring of the bronchioles when inhaled,”
while ethyl maltol (sweet, sugary) was “found to generate free radicals when vaporized” [14]. These
researchers investigated the cytotoxic and inflammatory effects of thirty different e-cig flavoring
chemicals, showcasing the generation of reactive oxygen species (ROS), heightened inflammation,
and cytotoxicity of these chemicals. Their findings stressed the importance of understanding how the
aerosolization of these chemicals can differentially affect epithelial cells and macrophages in vivo on
a long-term scale, especially considering that this study was conducted with the chemicals in liquid
form.

While studies have determined the effects of e-cig flavoring chemicals in their liquid form, other
researchers have showcased how the aerosolization of e-liquids causes the generation of new
components. The heating of the e-liquid and the device itself can lead to inhalation of acetaldehyde,
formaldehyde, metal particles, and silicate particles that are not detected within the cooled e-liquid
[17].

In turn, the “levels of aldehydes and methyl ethyl ketone [are] significantly higher (2-125) times
in exhaled e-cig breaths” compared to prior to e-cig inhalation [18]. E-cig breath refers to the exhale
of a user following inhalation from an e-cig device; these researchers collected human breath of
participants following e-cig inhalation and without e-cig inhalation to measure the differences in
aldehyde presence between e-cig and non-e-cig users. They also determined that the “mean retention
of formaldehyde in the respiratory tract was 99.7% for all participants while acetaldehyde retention
was 91.6%” [18]. These generated components from e-cig inhalation are of greatest concern, as they
cause increased respiratory complications and cardiovascular risk due to the generation of ROS, the
stiffening of arterioles, and impairment of both epithelial and endothelial function [17]. Due to the
hydrophilic properties of aldehydes and formaldehydes, they are rapidly taken up by the respiratory
tract because of its hydrophilic surface [18]. This rapid uptake of aldehydes and formaldehydes
induces a pulmonary inflammation response.

Aerosolization of e-cig liquid introduces various metal particles to lung tissue, such as copper,
nickel, and silver, along with silicate particles which contribute to lung injuries [17]. Inhalation of
silica particles causes “prolonged cycles of massive inflammation, epithelial hyperplasia and the
formation of dense nodules with a central hyalinized whorled collagen in the lungs”
[19]. Furthermore, within the lungs, alveolar macrophages are responsible for eliminating harmful
substances from epithelial tissue along the respiratory tract; however, when the silica particles are
taken up and phagocytosed by macrophages, there is an increased generation of reactive oxygen
species (ROS), which further contribute to increased inflammation in the lungs [19]. Even without the
knowledge of how usage of these devices can affect health over a longer period the current
understanding of using e-cig suggests dangerous consequences for e-cig users.

4. Effects of E-cigs on Adolescents & Young Adults

Since the introduction of e-cigs as an alternative to cigarettes, e-cigs have been generally
consumed by younger populations. With the concurrent rise and ease of social media, e-cig
consumption by younger populations has had a negative effect on the health of adolescents. A logistic
regression model analysis was conducted on adolescent vaping status through adolescent usage of
social media platforms (Instagram, Snapchat, Twitter, and Facebook) [20]. The model analysis
demonstrated that the usage of these platforms was significantly associated with vaping status [20].
The usage of e-cigs by younger populations is a major concern because of the lack of knowledge
regarding long-term effects of e-cig usage on developmental health.

During development, human brains undergo synaptic pruning, in which neuronal connections
change over time, eliminating connections that are no longer necessary and building new
connections. The brain is not fully developed until approximately twenty-five years of age. However,
this process can be affected by a variety of factors, such as the environment, epigenetics, and drug
usage, highlighting the colloquial phrase “nature vs. nurture” [1].

Nicotine, a highly addictive chemical, and its introduction and usage of nicotine by adolescents,
may disrupt the process of synaptic pruning, potentially disrupting the proper development of
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important neuronal circuitry, such as the reward system [1]. Studies have shown that adolescents
may demonstrate greater sensitivity to the effects of nicotine (along with other addictive chemicals)
because their neuronal circuitry is not fully matured [1]. This developmental disruption can be
further magnified by the usage of alcohol along with nicotinic e-cigs [21].

One study investigated the perceived pleasure reported by young adults when using e-cigs and
drinking alcohol; the young adults in this study reported that they felt increased pleasure from using
e-cigs in combination with alcohol usage [21]. Interestingly, they reported a greater sense of pleasure
from using cigarettes compared to e-cigs with alcohol consumption [21]. Furthermore, this increase
in rewarding effects may also increase the likelihood of abusing both substances.

The potential abuse of e-cigs is already high due to the addictive nature of nicotine, yet the
combined usage of e-cigs and alcohol suggests the risk of developing long-term substance abuse
problems. The relationship between e-cig usage and alcohol consumption could potentiate that “e-
cig users are more likely to participate in hazardous drinking and are at higher risk for alcohol use
disorder” [22]. The results from these studies highlight the importance of implementing health
interventions regarding the harmful effects and abuse liability of e-cigs amongst younger
populations.

Health interventions primarily involve informational sessions for students and younger
populations, but it can also include parent education on the harmful effects of e-cig usage on
adolescent brain development. In the early 1990s, similar informational sessions were implemented
in primary educational settings with the campaign “Just Say No” to discourage adolescents from
participating in drug use [23]. The lack of success associated with these campaigns is attributed to the
lack of education regarding how these drugs negatively affect young minds [23]. Additionally, these
campaigns did not provide information on how young people can safely use drugs if they decide to
do so. To learn from the mistakes of these unsuccessful campaigns, it is important to implement
educational resources on precisely why and how e-cig usage is harmful and dangerous in order to
stress non-usage in younger populations.

In addition to the general harmful effects of nicotinic e-cig usage on adolescents, research has
also shown that there are neuronal sexual differences in the withdrawal effects of e-cig users [24]. The
sexual differentiation of withdrawal from nicotine can be studied focusing on Fos expression within
the interpeduncular nucleus (IPN) [24]. The IPN is “a midbrain structure situated in the ventral
portion of the tegmentum... where the ventral portion modulates negative affective states, whereas
the rostral portion modulates physical signs produced by nicotine withdrawal” [24]. The IPN has
been linked to addiction and anxiety-like behaviors through addiction and withdrawal research of
substances such as methamphetamines and nicotine [25].

This portion of the brain is a valuable source of information to deduce the degree in which
withdrawal occurs. The expression of Fos is commonly used in neurobiological research due to the
correlation of activated neurons and increased Fos expression in response to specific stimuli [26]. In
the IPN, increased Fos expression or increased presence of Fos-positive cells indicates higher levels
of IPN activity [24]. One research study found that physical withdrawal symptoms in mice resulting
from mecamylamine-precipitated withdrawal is associated with increased levels of Fos expression in
the IPN [27]. In turn, this increased Fos expression is associated with higher levels of GABAergic
neuron activity in the IPN, where GABAergic neurons in the IPN are involved with regulating drug
withdrawal symptoms and anxiety-like behaviors [27].

Research has shown that while both male and female mice display observable Fos expression in
the IPN , female mice exhibited higher levels of Fos-positive cells [24]. This research suggests that
there is a portion of the IPN that “plays a role in modulating sex differences in negative affective
states produced by withdrawal” [24]. Even though it has been demonstrated that nicotinic e-cigs are
addictive and induce withdrawal-like behaviors in both male and female mice, research suggests that
female e-cig users may face a greater challenge in cessation of e-cig usage [24]. Female e-cig users
may struggle more with e-cig usage cessation due to the increased levels of Fos expression and its
consequential association with increased GABAergic neuron activity. This heightened GABAergic
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neuronal activity is linked to greater instances of drug withdrawal symptoms and anxiety-like
behaviors.

There have already been reports of extreme damage in young adults caused by high e-cig usage
[28]. A case study demonstrated the incredibly harmful effects of nicotine by describing the rapid and
fatal progression of HPV-negative squamous cell carcinoma in a young adult [29]. The study revealed
a patient with an oral cavity typically seen in older patients with long histories of alcohol and tobacco
use, as compared to the normal presentation of HPV-positive patients seen more commonly in
younger populations [29]. Although this patient did have an extensive history of cigarette and e-cig
usage, the potential for developing such a condition remains prevalent as current e-cig users are
generally unaware of the long-term effects of e-cig usage [28].

Nicotinic e-cigs cause pro-oncogenic activity due to the activation of epidermal growth factor
(EGF) activation [30]. Researchers investigated the modulation in fatty acid synthase (FASN) activity
in response to nicotine [30]. FASN is an enzyme that controls the final step of de novo lipogenesis,
contributes to “membrane biosynthesis, energy storage and lipid signaling necessary for malignant
cell growth” and may also activate epidermal growth factor receptors (EGFR), which is a common
event in oral carcinogenic patients [30]. They observed that the introduction of nicotine to oral
dysplastic cells caused a significant upregulation of FASN, leading to the activation of EGFR and
increased cell migration [30]. Collectively, this research further suggests that e-cig usage contributes
to pro-oncogenic activities, even in young adults, specifically regarding oral squamous cell carcinoma
[29,30].

5. E-cig-mediated Oxidative Stress: NRF2 & iNOS Pathways

To properly understand harmful effects of e-cig-induced oxidative stress on physiological
function, on cardiovascular, pulmonary, and cerebrovascular systems, it is necessary to provide an
overview of the nuclear factor erythroid 2-related factor 2 (NRF2) and nitric oxide synthase (NOS)
pathways.

There are multiple signaling pathways in the human body designed to protect the introduction
of oxidative stress. Specifically, the Kelch-like ECH-associated protein 1 (KEAP)-NRF2 pathway
serves as the “principal protective response to oxidative and electrophilic stresses” [31]. NRF2 also
serves as “one of the most functionally important transcription factors related to the endogenous
antioxidant defense system” due to its “crucial role in the neutralization of ROS [33]. The NRF2
pathway achieves neutralization of ROS through the regulation of anti-oxidative genes such as NQO1
and heme-oxygenase-1 (HO-1) [34] (Dang et al, 2020). This pathway can respond to different stimuli
to activate its cytoprotective activity: “1) chemical inducers of NRF2 activity, 2) KEAP1, the protein
sensor of these components, 3) the transcription factor NRF2, which modulates the transcriptional
response to inducers and oxidative stress, and 4) the target genes which provide the cytoprotective
output of the pathway” [31].

Chemical inducers of NRF2 activity can include dietary compounds, pharmaceuticals,
oncometabolites, and endogenous signaling compounds such as hydrogen peroxide and nitric oxide
[31]. KEAP1 was found to be the protein sensor of chemical inducers through experimentation
involving the consequences of its overexpression and downregulation: the overexpression of KEAP1
represses the activity of NRF2 while chemical inducers reverse this repression [31]. NRF2 was
determined to be the primary factor in the antioxidant response through various experiments; one
experiment showed that the induction of an antioxidant stress response was eliminated without the
presence of NRF2 [31].

Additionally, activity of NRF2 directly correlates with the expression of target genes, allowing
for antioxidant and cytoprotective activities as a function of the immune response [31]. Furthermore,
the expression of antioxidant-generating enzymes and xenobiotic-metabolizing enzymes caused by
NREF2 expression allows for the antioxidative response to occur [31]. Under homeostatic conditions,
NRF2 is bound to KEAP1, maintaining what is known as the KEAP1-NRF2 complex, and glutathione
functions as an ever-present scavenger of naturally produced ROS. Under oxidative or electrophilic
stress, “NRF2 dissociates from KEAPI1, translocates into the nucleus, and binds to the antioxidant
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response element (ARE), promoting the transcription of the target gene” [32]. The target gene, after
transcription, will introduce antioxidant and detoxifying proteins and molecules that will ameliorate
the oxidative stress presented to the system.

The NOS pathway can be divided into different components based on its differential
mechanisms of action in response to various stimuli including e-cigs. The body produces endothelial
NOS (eNOS), neuronal NOS (nNOS), and inducible NOS (iNOS). The main commonality between
these pathways is that “in the presence of nicotinamide adenine dinucleotide phosphate (NADPH),
a proton, tetrahydrobiopterin (H4B) and dioxygen, NOS catalyzes the generation of nitric oxide (NO)
from natural substrate L-arginine, where NO and L-citrulline are produced after arginine oxidation”
[35]. Nitric oxide is an important vasoprotective cellular signaling molecule that plays a role in the
regulation of vascular tone [36]. NO serves as an important cellular signaling molecule at low
concentrations; the dysregulation of NO production can result in oxidative stress because “the
production of adequate levels of NO in the vascular endothelium is critical for the regulation of blood
flow and vasodilation” [37].

Neuronal NOS plays a role in “synaptic plasticity in the central nervous system, central
regulation of blood pressure, smooth muscle relaxation, and vasodilation via peripheral nitrergic
nerves” [38]. Endothelial NOS helps maintain the homeostasis of endothelial cells as it “keeps blood
vessels dilated, controls blood pressure, and has numerous other

vasoprotective and anti-atherosclerotic effects” [38]. In basal conditions, eNOS is the primary
contributor of NO to the body [37]. Finally, the inducible NOS is typically activated because of a
harmful stimulus, as it “contributes to the pathophysiology of inflammatory diseases” and “can be
expressed in many cell types in response to lipopolysaccharide, cytokines, or other agents” such as
ROS [38]. The nuclear factor-kappa B (NF-xB) pathway acts upstream of the iNOS pathway and
“plays a crucial role in inflammatory response and production of pro-inflammatory molecules”
including iNOS [39].

Importantly, the eNOS and iNOS pathways are essential to regulating the generation of ROS
throughout the body, especially the lungs. While these NOS pathways are active throughout the
body, for the purpose of this literature review, the focus will be predominantly on the activities of
eNOS and iNOS in the lungs in response to nicotine- and nicotine-free e-cigs along with traditional
cigarettes.

6. Effects of E-cigs on the NRF2 & iNOS Pathways

Cigarette smoke enhances iNOS expression through activation of the NF-xB pathway while
cigarette smoke extract (CSE) induces inhibition of the NRF2/HO-1 pathway and activation of the
NF-«B pathways [34,36]. Comparable effects on both the NRF2 pathway and NF-xB pathway occur
after exposure to e-cig vapor.

Under oxidative stress following exposure to e-cig vapor, glutathione levels are diminished,
NRF2 separates from KEAP1 and binds to ARE to promote antioxidant transcription, iNOS
expression is enhanced, and eNOS expression is repressed. While the separation of NRF2 from
KEAP1 and subsequent antioxidant transcription indicates the activation of the KEAP1-NRF2
pathway, following e-liquid aerosolization and inhalation, NRF2 antioxidative function and KEAP1
expression is disrupted [1]. Similarly, cigarette extract exposure suppresses the protein expression of
NRF2 and further downstream expression of the HO-1 gene [34].

The NRF2 and iNOS pathways are designed to reduce levels of oxidative stress, but the
inhalation of e-cig vapor 1) decreases the antioxidative regulatory mechanisms of the KEAP1-NRF2
pathway and 2) causes overproduction of NO through the upregulated expression of iNOS [40]. The
iNOS pathway can generate higher levels of NO compared to both eNOS and nNOS [37]. The
overproduction of NO by iNOS enzymes is supposed to serve as an immune response to restore basal
conditions. However, the continuous upregulation of iNOS as an inflammatory response to e-cig-
induced damage leads to impairment of vascular function because the excess amounts of circulating
NO decreases NO sensitivity [37].
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Without the activation of the KEAP1-NRF2 pathway, ROS accumulate within the human body,
in which prolonged periods of oxidative stress can cause DNA damage and can lead to the
development of many diseases including cancer, atherosclerosis, and neurodegeneration [40]. The
downregulation of HO-1 expression leads to an increase in ROS generation, increasing oxidative
stress and consequential inflammatory damages [41].

Furthermore, the concurrent repression of eNOS and enhanced expression of iNOS causes
imbalances. This dysregulation of eNOS expression has been linked to “disorders including oxidative
stress, endothelial dysfunction, [and] vascular diseases,” especially considering that eNOS play a
pivotal role in the in regulation of cardiovascular anti-proliferative and anti-apoptotic actions [35].
Reduced eNOS expression mediated by CS exposure revealed “endothelial pyroptosis and impaired
vascular relaxation” [36]. Pyroptosis is a cell mediated necrosis and is a function of both enhanced
iNOS expression and inhibited eNOS expression [36]. It has been found that CS exposure-induced
pyroptosis occurs in endothelial cells as a response to impaired aorta relaxation and vascular
dysfunction [36]. The simultaneous reduction in eNOS expression and enhancement of iNOS
expression, along with increased levels of oxidative stress resulting from CS exposure, induces
pyroptosis in endothelial cells and increases vascular damage.

Research has been conducted to focus on how CS impairs cardiovascular function, along with
investigations of the differential endothelial responses from e-cig and conventional cigarette users
using non-users as a control [36,42]. Findings revealed that e-cig usage, but not cigarette usage,
“causes changes in the blood that increase microvascular endothelial permeability and may have a
vaping-specific effect on intracellular oxidative state” [42]. Additionally, cells treated with sera from
e-cig users contained less eNOS protein than cells treated with sera from conventional cigarette
smokers [42]. At the same time, the enhanced activation of iNOS suggests greater production of NO
to ameliorate the increase in ROS, in which “overproduction of NO by iNOS has been implicated in
inflammation, rheumatoid arthritis, infection susceptibilities, irritable bowel syndrome (IBS),
immune-type diabetes, stroke, sepsis, thrombosis, cancer, and multiple sclerosis (MS)” [35].

Research regarding the damaging effects of e-cig aerosol on vascular function and endothelial
cells showcase many similarities between that of cigarette smoke exposure [42]. The NRF2 and iNOS
pathways have been consistently indicated as important mediators of oxidative stress and vascular
function, and the research mentioned has shown that e-cig aerosol exposure dysregulates both
pathways along with eNOS production. The long-term effect of this dysregulation is unknown, but
the short-term consequences of e-cig aerosol exposure demonstrate heightened ROS levels, decreases
in antioxidative mechanisms, and increases in vascular, epithelial, and endothelial damage [35,36,40]
[42].

More research is needed to understand the underlying mechanisms in which the NRF2 pathway
and simultaneous iNOS enhancement and eNOS repression occur following e-cig exposure. Most
current research describes the effects of cigarette smoke or cigarette smoke extract on these pathways,
but even so, little information is present to describe how conventional cigarettes affect these pathways
in tandem. A greater understanding of these underlying mechanisms will allow for a greater
likelihood of therapeutic intervention to ameliorate the damages that occur following e-cig exposure,
regardless of the presence of nicotine.

7. Physiological Effects of E-cigs on Systemic Function

A. Cytokines

It is important to understand the physiological effects on how e-cigs alter the immune functions
of pulmonary, cerebrovascular, and cardiovascular systems as well as its ability to induce DNA
damage. A longitudinal study was conducted to explore the changes in the inflammatory state and
monocyte function following e-cig exposure compared to non-user controls [10]. The researchers
quantified the presence of 38 different proteins and found that “airway samples from e-cig users
tended to have decreased levels of immunomodulatory proteins relative to healthy controls, whereas
levels of cytokines, chemokines, and growth factors in circulation tended to be elevated” [10].
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Inflammatory cytokines include molecules like tumor necrosis-factor alpha (TNF-«), interleukin (IL)-
6, IL-8, and IL-1, in which increased levels of both cytokines and chemokines indicate a physiological
attempt to decrease an inflammatory stimulus. A greater understanding of the role of these cytokines
and chemokines and their inflammatory response caused my nicotinic e-cig-induced damage. Recent
research has shown dysregulation of cytokine and chemokine activity following e-cig exposure,
particularly including downregulation of important receptors [43,44].

The IL-22 receptor (IL-22R-al) is downregulated in the presence of nicotine [43]. IL-22 helps
maintain lung homeostasis while the IL-22 pathway as a whole “protects lung function by increasing
transepithelial resistance and epithelial cell regeneration and repair” [43]. IL-6 and IL-8 have a more
general role in mediating inflammation. E-cig vapor exposure “increases the levels of damaged
mtDNA in circulating blood and induces expression of TLR9, which elevates the expression of
proinflammatory cytokines in monocytes and macrophages,” consequently leading to atherosclerosis
in mice [44]. Similarly, toll-like receptor 9 (TLR-9) activation by circulating mitochondrial DNA
(mtDNA) “triggers an intracellular signaling cascade” that has been found to “contribute to elevated
arterial pressure and vascular dysfunction in spontaneously hypertensive rats” [44].

The simultaneous downregulation of IL-22 and increase in proinflammatory cytokine
expression following e-cig exposure demonstrates a systemic dysregulation of the inflammatory
response. These decreased levels of immunomodulatory proteins and an increase in cytokine levels
mediate dysregulation of the fundamental host response to inflammatory stimuli. This imbalance of
immune system responses due to e-cig exposure suggests greater susceptibility of infection and
disease for e-cig users, along with increased risk of atherosclerosis and epithelial cell degradation
[10,43,44]. E-cig exposure disrupts intracellular signaling cascades by dysregulating the production
of anti-inflammatory chemokines and cytokines and contributes to vascular dysfunction.

Other studies have investigated the release of endothelin-1 (ET-1), a potent pro-inflammatory
cytokine, in response to e-cig exposure. Researchers have isolated endothelial cell-derived
microvesicles (EMVs) from e-cig users and determined their effects on NO and ET-1 production
within human cerebral microvascular endothelial cells (hCMECs) [45]. Importantly, ET-1 serves as
an inhibitor of eNOS activity and induces vascular smooth muscle inflammation [45]. Therefore, it is
expected that e-cig exposure will increase levels of ET-1 as a pro-inflammatory mediator and
subsequently decrease eNOS activity (which will further decrease endothelial NO), based on the
results presented earlier in this review.

The EMVs isolated from e-cig users “reduced brain microvascular endothelial NO production,
decreased eNOS activation [and] enhanced ET-1 production” [45]. These modulatory responses
mirror that from previous research studying the effects of CS on EMVs [45]. This research specifically
highlights the damage that occurs to brain microvasculature because of e-cig exposure. However,
these findings stress the importance of understanding the mechanisms involved in changes
associated with EMV phenotypic composition.

B. NADPH Oxidase

Researchers have also investigated the role that NADPH oxidase (NOX-2) plays in mediating
vascular damage following e-cig exposure with and without the presence of nicotine [46]. Typically,
NOX-2 is an enzyme that produces ROS within phagosomes as an immune system defense
mechanism; once the phagosomes burst, microbial pathogens are eliminated in respiratory pathways
[47]. In this study, they determined that “NOX-2 is responsible for e-cig vaping-induced vascular
damage,” especially since mice lacking the NOX-2 gene had preserved endothelial function following
nicotine-free vapor exposure while “wild-type mice exhibited profound endothelial dysfunction”
[46].

In further support of these earlier findings, pharmacological inhibition of NOX-2 resulted in
lesser levels of ROS formation in the frontal cortex of the brain. Importantly, this study demonstrates
that oxidative and inflammatory stress in the brain following e-cig exposure is a function of NOX-2
activity. Evidence suggests the NOX-2-dependent mechanism of oxidative stress may be because
once NOX-2 generates ROS, eNOS uncoupling occurs, which consequently results in mitochondrial
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dysfunction [48]. The relatively simultaneous increase in ROS and uncoupling of eNOS contributes
to the overall increase in oxidative stress.

Even without the presence of nicotine, oxidative stress, lipid peroxidation, and dysregulation of
endothelial function occurs. This research supports the notion that even e-cigs without nicotine still
induce cerebral and cardiovascular damages to immunological pathways [9]. Furthermore, consistent
with previous research, acrolein, a toxic aldehyde, is greatly responsible for the damaging vascular
consequences of e-cig usage [14,22,46]. This damage supports the opinion_that the aerosolization of
e-cigs presents a greater danger than the e-liquid itself, because the aerosolization of the e-liquid
introduces toxic chemicals that are not present prior to vaporization [1]. Additionally, an underlying
mechanism may occur in which increased oxidative stress occurs because e-cig exposure holistically
causes endothelial dysfunction and arterial stiffness at a systemic level [46].

E-cig exposure regardless of the presence of nicotine causes a milieu of damages through the
increased generation of ROS and increased pro-inflammatory cytokine and chemokine levels, along
with holistically dysregulating major pathways responsible for mediating oxidative stress. E-cig
exposure also damages DNA through the downregulation of DNA repair proteins as increased
nicotine metabolites induce methylation and histone modifications [16]. Therapeutic interventions
should target e-cig induced dysregulation focusing on these major anti-oxidative pathways to
promote a cascade of repair throughout systemic vascular pathways [45]. However, more research is
still necessary to understand how anti-oxidative and anti-inflammatory molecules can adequately
ameliorate the damages caused by e-cigs.

8. Introduction to Bixin

Recent research has revealed the promise of using bixin, a natural apocarotenoid component
found in Bixa orellana seeds within achiote trees located in Central and South America [49]. Bixin is
an orange-red colored component within B. orellana seeds found to possess antioxidant, anti-
inflammatory, and anticancer characteristics through its actions on the NRF2/HO-1,
phosphatidylinositol 3-kinase protein kinase B (PI3K/Akt), and toll-like receptor 4 (TLR4)/NF-xB
pathways [50-52]. The NRF2 and NF-«kB pathways have already been discussed in this review, but
the actions of bixin on these pathways along with the PI3K/Akt pathway introduce bixin as a
therapeutic potential for the treatment of e-cig induced damage [51]. The actions of bixin on these
pathways will be discussed in order, showcasing research that demonstrates the antioxidative, anti-
inflammatory, and anti-cancer actions of bixin.

The NRF2 pathway has been demonstrated as an important cellular defense mechanism against
oxidative stress. Bixin-induced antioxidative and anti-inflammatory effects occur in a NREF2-
dependent manner by displaying molecular activities including: “sacrificial antioxidant [and]
excited state quencher [53]. These actions are due to the molecular structure of bixin, where bixin is
characterized as an “unsaturated liner carotenoic acid, a dicarboxylic monoester and a methyl ester
with 9 conjugated double bonds” with a triglyceride layer [41,54]. These structural components allow
bixin to serve as a free radical scavenger through canonical and non-canonical NRF2 induction: its
canonical mechanism enhances the stability of NRF2 while the non-canonical mechanism leads to
increased NRF2 release which upregulates HO-1 and “directly quenches ROS in the tissue to
attenuate oxidative stress and inflammatory damages” [41].

Additionally, the high conjugation of bixin allows for “sweeping free radicals during their
transition states” while also generating the inactivation of microbial cell membranes [55]. Due to the
polyphenol compounds in the structure of bixin, this substance can “denature the proteins of
microbial cell membranes and thus generate their inactivation or death without being affected by the
medium pH” [55]. These characteristics of bixin have increased interest in utilizing its properties for
treatment of a variety of conditions and diseases.

Research has shown that bixin suppresses oxidative stress by causing NRF2 translocation in mice
with renal damage; this NRF2 translocation allowed for an increase in HO-1 levels and reduction in
cytokines such as TNF-a and IL-1f [56]. Bixin nanoparticles decrease levels of TNF-a in a dose-
dependent manner [33]. Additionally, bixin was found to inhibit the activation of NF-kB and TLR-4
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[56]. Bixin induces antioxidant activity in a dose-dependent manner, where decreased NRF2 and HO-
1 levels in mice with high fat diets were reversed following bixin treatment [50]. Since increased NF-
kB activity subsequently represses eNOS expression, enhances iNOS expression, and further
overproduces NO, the inhibition of this pathway by bixin will help regulate both the iNOS and eNOS
pathway following exposure to e-cig vapor [37]. Bixin increases the stability of the NRF2 pathway
and subsequently increases NRF2 production to elicit free radical scavenging and antioxidative
activities while inhibiting the activation of pro-inflammatory pathways such as NF-kB [53,56]

Bixin has also been shown to reverse glucocorticoid resistance and suppress allergic airway
inflammation by acting as an antagonist to the PI3k/Akt pathway within asthmatic mice [57]. The
PI3K/Akt pathway is generally responsible for “cell differentiation and proliferation, inflammation,
metabolism, and apoptosis” by providing downstream signaling for the tumor growth factor-beta
(TGF-B) pathway [57].

In fact, carotenoids have shown reductions in “tumor cell initiation, progression, and
metastasis” by blocking this PI3K/Akt pathway through NRF2 overexpression of antioxidant
enzymes [51]. This inactivation of the PI3K/Akt pathway not only will inhibit the metastasis of pro-
oncogenic activities due to e-cig exposure, but also of its innate anti-cancer actions. For example,
EGEFR activation has been shown to cause increased cell migration and malignant cell growth through
the EGFR/PIBK/mTOR pathway following e-cig exposure [30]. The inhibitory actions of bixin on the
PI3K pathway results in downregulation of P13K targets and a subsequent decrease in metastasis
[51]. The effects of bixin on the NRF2, NF- kB, and PI3K allow for decreased metastasis of cancer cell
lines [51,53,56]. In this manner, bixin also impacts the cell cycle of tumor cells.

Researchers found that bixin treatment caused cell cycle arrest in Hep3B hepatocellular
carcinoma cells and suggested that bixin induces both extrinsic and intrinsic apoptosis mechanisms
[58]. Similarly, another study found that bixin inhibits TNF expression and provides anti-viral
properties through its biological activities [59]. Additionally, bixin showcases anti-proliferative
activity on A549 (lung cancer), HeLa (cervical cancer) and MCF-7 (breast cancer) cell lines [60]. The
molecular mechanisms in which bixin exhibits anti-cancer activities still remain unclear, but the way
bixin induces multi-apoptotic signaling and cytokines downregulation in cancer cells suggests a
promising therapeutic target for reducing oxidative stress and cancer treatments [60].

9. Bixin Nanoparticles

Bixin is an apocarotenoid that is generally insoluble in water and showcases high lipophilicity
and low bioaccessibility and bioavailability due to its instability in the presence of oxygen, light, heat,
and high pHs [41]. Although bixin serves as a promising therapeutic agent for the treatment of a wide
variety of inflammatory vascular conditions, its physiological properties are not ideal. Multiple kinds
of carotenoids have been encapsulated into different forms of nanoparticles including
nanoliposomes, quantum dots, and polymeric nanoparticles to “enhance the water solubility, storage
stability, controlled and sustained release, bioaccessibility, bioavailability, and bioactivity” of these
molecules [51].

Bixin has been encapsulated in various nanocarriers to counteract these bioavailability issues
[33]. By encapsulating bixin into a water-soluble and biodegradable compound, interactions between
bixin and the encapsulating material allow for bixin stabilization and allow for its subsequent release
promotion in the desired water-soluble medium [61]. Bixin encapsulation allows it to serve as a
common food additive, providing red hues to foods and cosmetic products [41]. The encapsulation
of bixin into polymeric nanoparticles has been found to increase bixin stabilization by promoting
water solubilization in hydrophilic regions [33].

Nanocarriers have been introduced in the past few decades as a promising therapeutic delivery
system for lung issues such as asthma and other forms of pulmonary inflammation
[63]. Nanomedicines allow for “targeted drug delivery to enhance the efficacy and alleviate adverse
side effects” of the administered drug [62]. Nanoparticles also allow for a combinatorial therapeutic
approach because they can be loaded with multiple drugs or functionalized to provide a more
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targeted effect for the tissues in question [63]. Traditional drug delivery mechanisms can include
intravenous, oral, or inhalation administration.

The modification of these drugs to involve nanoparticle carriers can allow for targeted drug
delivery and reduction of side effects [63]. Nano-drugs can include the nano-modification of
currently used drugs or the development of brand-new nano-drugs [63]. Both kinds of nanoparticles
have been used to treat asthma [64]. For example, a telomere dendrimer was developed to deliver
hydrophobic drugs into the lungs directly, which allowed for a reduction in “allergic pulmonary
inflammation” and a decrease in “eosinophils and inflammatory cytokines” [64]. The same approach
can be used to develop nanocarriers for the targeted delivery of bixin to treat e-cig-induced damage
in lung tissues.

A viable approach for treating e-cig induced damage would be the delivery of NRF2 activators
or NF-kB inhibitors to ameliorate oxidative stress [32]. Research has demonstrated the positive effects
of nanocarriers on the lungs by designing an “advanced inhalable therapeutic micro/nanoparticle
powder delivery method to the lungs via the NRF2/KEAP1 pathway” [32]. This inhalable
micro/nanoparticle powder showcased high permeability into lower lung tissues, allowing for the
capability to treat inflammation such as acute lung injury and chronic obstructive pulmonary disease
in lower areas of the lungs [32]. The same approach could be implemented to treat e-cig induced
inflammation due to the dysregulation of the NRF2 pathway caused by e-cigs. Carotenoid-based
nanoparticles have been developed, but there is little research involving the application of bixin
nanoparticles specifically [51].

However, bixin-polymeric nanoparticles have been created to treat acute lung injury caused by
exposure to cigarette smoke to investigate how bixin may ameliorate the generation of ROS and
increase in cytokine levels [33]. These bixin-polymeric nanoparticles possessed antioxidant and anti-
inflammatory properties that prevented the typical cigarette smoke-induced increases in ROS levels
and leukocyte numbers in bronchoalveolar lavage fluid (BALF) [33]. The resulting amelioration of
cigarette-induced damage highlighted the therapeutic potential of utilizing bixin-polymeric
nanoparticles to ameliorate the structural and functional damages upon cerebrovascular,
cardiovascular, and pulmonary tissues following e-cig exposure.

More research must be conducted to properly understand the underlying mechanisms in which
bixin exhibits its therapeutic action. Gaining a better understanding will allow for targeted
therapeutic approaches to provide systemic relief for those who have been exposed to e-cig vapor.
Ideally, the synthesis and characterization of these nanoparticles would successfully ameliorate
damages induced by e-cig vapor and be subsequently used to treat other vascular diseases that result
from ROS generation and oxidative damage.

10. Conclusions

The introduction and recent research of e-cigs has resulted in an increased sense of urgency to
uncover the underlying mechanisms of e-cig induced damage. This damage causes a slew of systemic
issues, most importantly pertaining to cerebrovascular, cardiovascular, and pulmonary damages
because of increased oxidative stress and DNA damage [45]. E-cig mediated injuries are associated
with the dysregulation of important anti-inflammatory and anti-oxidative pathways including the
NRF2 pathway and NF-kB pathway, which inherently affects the release of NO and generation of
ROS [6,14,46]. Multiple research investigations have concluded that e-cigs are in fact not a healthy
alternative to conventional cigarettes due to these deleterious inflammatory, pro-oncogenic, and
deregulatory effects on the body [10,22,48].

The long-term effects of e-cigs are of utmost concern, considering that these devices have only
been on the market within the past two decades. There is a heightened concern for adolescents and
young adults who have partaken in e-cigs because of their potential for disrupting normal
neurological development [1]. More research is necessary to understand the mechanisms in which e-
cigs can disrupt development of adolescents and how they induce structural and functional damages
to tissues and cells [45].
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Recent research has highlighted the potential for utilizing bixin as a promising therapeutic agent
for the treatment of e-cig induced damage [33,41,49] [58]. Bixin has showcased anti-oxidative, anti-
inflammatory, and anti-cancer activities through relatively unknown mechanisms on the NRF2, NF-
kB, and PI3K/Akt pathways [53,56,58]. A greater understanding of the beneficial actions of bixin
will allow for efficient therapeutic treatment for e-cig induced damage. Particularly, the usage of
bixin nanoparticles will counteract the innate low bioavailability of bixin and subsequently promote
its advantageous anti-oxidative, anti-inflammatory, and anti-cancer characteristics [33]. Future
research should focus on the mechanisms in which bixin exhibits these immunomodulatory effects
while exploring the potential of bixin nanoparticles for treatment of e-cig induced damage.
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