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Abstract: Tobacco smoking remains one of the leading causes of premature death worldwide. Elec-
tronic Nicotine Delivery Systems (ENDSs) are proposed as a tool for smoking cessation. In the last
few years, a growing number of different types of ENDSs were launched onto the market. Despite
the manufacturing differences, ENDSs can be classified as “liquid e-cigarettes” (e-cigs) equipped
with an atomizer that vaporizes a liquid composed of vegetable glycerin (VG), polypropylene glycol
(PG), and nicotine, with the possible addition of flavorings; otherwise, the “heated tobacco products”
(HTPs) heat tobacco sticks through contact with an electronic heating metal element. The presence of
some metals in the heating systems, as well as in solder joints, involves the possibility that heavy
metal ions can move from these components to the liquid, or they can be adsorbed into the tobacco
stick from the heating blade in the case of HTPs. Recent evidence has indicated the presence of heavy
metals in the refill liquids and in the mainstream such as arsenic (As), cadmium (Cd), chromium
(Cr), nickel (Ni), copper (Cu), and lead (Pb). The present review discusses the toxicological aspects
associated with the exposition of heavy metals by consumption from ENDSs, focusing on metal

carcinogenesis risk.

Keywords: ENDS; cancer; oxidative stress

1. Introduction

Although there has been a significant decrease in the overall tobacco consumption
in several countries, smoking still remains one of the main health issues worldwide [1],
making smoking cessation a critical world health priority [2]. Multi-level campaigns to
discourage this habit aim to prevent non-smokers from starting smoking and encourage
active smokers to stop smoking [3], but most smoking-cessation attempts end in failure,
with less than 10% of smokers successful for at least 12 months [4]. Electronic Nicotine
Delivery Systems (ENDSs) give the possibility to inhale nicotine, maintaining the typical
gestures associated with tobacco smoking, without the exposure to whole toxic combustion
by-products, and it is little wonder that it has received great attention as a putative aid to
stop smoking [5]. Although e-cigarette (e-cig) companies continually release innovative
products onto the market, two main classes of these devices are identified: “liquid e-
cigs” that include an atomizer that vaporizes a liquid composed of vegetable glycerin
(VG), polypropylene glycol (PG), and nicotine with the possible addition of flavorings,
and the “Heat-not-Burn systems” (HnB) or “Heated Tobacco Products” (HTPs) that heat
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tobacco sticks through contact with an electronic heating metal blade [5]. Recent evidence
showed that both liquid e-cigs and Heat-not-Burn systems release toxic compounds such
as aldehydes, carbonyls, and free radicals mainly derived from the thermal degradation of
VG and PG [6].

The ENDS systems contain elements that include the same harmful constituents of
conventional cigarettes (CCs), such as polycyclic aromatic hydrocarbons (PAHs), aldehydes,
and carbonyls derived from incomplete pyrolysis and the thermogenic degradation of
tobacco [7]. Heavy metals have also been detected in the ENDS mainstream [8-10], raising
significant concerns for their potential oncogenic role. The present review discusses the
toxicological aspects associated with the exposition to heavy metals by consumption from
ENDSs, focusing on cancer risk.

2. The ENDS Devices

Worldwide, the tobacco epidemic has caused the death of more than 8.7 million people
per year, among which more than seven million are caused by direct tobacco use, whilst
around 1.2 million are caused by second-hand smoke in non-smokers. It is commonly
known that tobacco smoke is one of the risk factors for several diseases that can be easily
removed [2], such as respiratory and cardiovascular disease, as well as cancer [11]. Its
impact on chronic diseases is well proven and undeniable [1]; hence, in the 1950s, tobacco
industries made efforts to reduce the toxicants, especially the overall tar and nicotine yields
of CCs, through the introduction of filters, to try to decrease their negative effects [12].

Unfortunately, those changes were not effective, as tobacco smokers found ways to
compensate for them; for instance, smokers covered the ventilation holes introduced in
CCs so that smoke exposure was no longer reduced [13,14]. Furthermore, it became clear
there was no direct relationship between tar and nicotine levels and risks for CC-related
diseases [15]. In addition, lower nicotine or tar contents cannot be translated into a risk
reduction, since nicotine addiction leads smokers to consume a great number of “light
cigarettes” [16].

As modifications to CCs were unsuccessful, the World Health Organization (WHO)
proposed guidelines to discourage the use of tobacco, including the use of pictorial health
warnings on the packaging, smoke-free laws to protect the health of non-smokers, bans
on tobacco advertising to reduce consumption, and the introduction of tobacco taxes [2].
The success of these measures has been shown in several studies, which have revealed
that significant reductions in smoking have been caused by higher taxes on CCs and
that restrictions on sponsorship and smoking indoors and in the workplace also showed
advantages [17,18].

With WHO oversight, in 2005, the world’s first international treaty for the protection
of public health was established and named “Framework Convention on Tobacco Control”.
It aims to reaffirm the right to the highest standards of health for all people, and to do
s0, it challenges some of the causes of the tobacco epidemic previously described. The
Framework Convention establishes the objectives and legally binding principles that the
signatories (countries or organizations for economic integration, such as the European
Union) are required to respect [19,20].

2.1. E-Cigs

Liquid e-cigs are battery-operated devices that release nicotine by heating a solution
containing vegetable glycerin (VG) and propylene glycol (PG). In the following, we refer
to emissions from different devices as “mainstream”. The typical components of an e-cig
include a mouthpiece, a cartridge/tank holding the e-liquid, an atomizer or heating coil
that aerosolizes the e-liquid, a battery, and a sensor or user-actuated button to activate the
atomizer [21] (Figure 1). E-cigs conventionally vaporize the e-liquid through an atomizer
powered by a rechargeable lithium battery. The most appealing feature is the possibility
to customize these devices with different PG/ VG ratios combined with the possibility of
choosing from a wide range of flavored liquids with different nicotine concentrations [22].
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The standard power supply voltage is 3.7 V, although on the market, it is possible to find
models called “BB” (big battery) which allow a greater heating of the liquid to make the
aerosol denser and more concentrated. It is possible to distinguish two main classes of
e-cigs: “closed” e-cigs, which cannot be refilled, nor can any fundamental part of the
device (battery or atomizer) be replaced by the customer; or “open” systems, which allow
the users to customize the device, namely by replacing several components such as the
atomizer (single or multiple coil) with a range of electrical resistances in terms of Ohms,
voltage applied, and composition of the e-liquid with more than 15,586 e-liquid flavors
reported [23-27].
Electronic Cigarettes
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Figure 1. Schematic representation of e-cig and HTP components. E-cigs are characterized by a
refillable tank (holding the e-liquid), an atomizer (activated by a button to aerosolize the e-liquid), and
the battery. In HTPs, the disposable tobacco stick is heated thanks to an electronic blade, manually
activated through a button (a). Alternatively, other devices use an induction heating chamber, where
tobacco sticks are inserted into it (b).

The voltage of the battery can be regulated by the users through a large selection of
atomizers with electrical resistance values ranging from sub-Ohm (<0.5 Q) up to >2.8 ()
coils [28]. The low voltage was perceived as safer; however, in vitro models have demon-
strated that the use of sub-Ohm atomizers leads to a lower cell viability and higher lev-
els of reactive oxygen species [29]. In addition, data from in vivo models indicate that
the use of sub-Ohmic coil resistance is associated with a greater impairment of lung tis-
sue [22,30]. Again, nicotine-free liquids, initially advertised as almost risk-free, can induce
some changes in gonadal function that are typically observed in smoking models. In fact,
in an exposed group of alveolar collapse, a reduction in ciliated cells in the trachea and the
presence of necrotic and apoptosis bodies was observed; however, these alterations were
more evident in the 1.5 Q) group than in the 0.25 Q) group [22,29,30].

The composition of the e-liquid can vary in terms of the percentage of VG, PG, and
nicotine, with the latter usually ranging from 0 to 36 mg/mL, but it can reach a concen-
tration of 90 mg/mL in some cases. The level of nicotine is of great relevance since it can
affect plasma nicotine levels. The lower temperature reached by e-cigs promotes the dehy-
drogenation of nicotine into nicotyrine, which causes the inhibition of cytochrome P450
isoforms and increases the levels of nicotine in the serum [31]. In addition, the ratio of PG
and VG can impact the concentration of nicotine and nicotyrine in e-cigs: higher nicotine
concentrations were found in PG-based e-liquids than VG-based e-liquids [31,32], as well
as more toxic chemicals including formaldehyde, acrolein and acetaldehyde, polycyclic
aromatic hydrocarbons (PAHs), as well as volatile organic compounds (VOCs), which are
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classified as carcinogenic to humans [33-35]. Furthermore, it has been reported that the
chemical transformation of flavors may generate free radical species [36-38].

2.2. Heated Tobacco Products (HTPs)

HTPs or Heat not-Burn (HnB) tobacco products are hybrids between CCs and e-
cigs. CCs volatilize nicotine through tobacco combustion, at temperatures around 700 °C.
HTPs use electronics to heat tobacco, but at significantly lower temperatures than CCs
(about 300 °C) [39]. HTPs consist of a tobacco stick (designated HEETS or HeatStick), a
battery-operated holder which heats tobacco, and a charger where the holder is kept and
recharged after each use (Figure 1). HeatSticks are composed of ground tobacco that is
reconstituted into sheets with water, cellulose fibers, guar gum, and glycerin, which are
then fashioned into small plugs. The heater is composed of platinum, gold, silver, and a
ceramic coating [40,41]; moreover, the emission of some substances depends on the device
cleaning strategy [42]. In fact, as discussed below, the use of a metal blade as a tobacco
heating element in the case of HTPs normally releases significant amounts of debris, fluids,
and fragments of cast left in the holder and, for this reason, it is necessary to clean the
devices after 20 tobacco sticks. The most common devices use the blade to heat the tobacco
sticks; however, new heating systems have been developed, such as an induction heating
chamber (Glo™), where tobacco sticks are placed inside the device, and the use of an
external resistive heater made of stainless-steel tracks is utilized [43].

Data from manufacturers report a 90% to 95% reduction in the toxic chemicals com-
pared to CC smoke, and some independent studies confirmed the results. However,
harmful chemicals are not absent and, in fact, have been suggested to emit more PAHs,
carbonyls, and submicron particles than e-cigs [44—49].

In addition, the number, duration, and volume of puffs are also suggested to affect
the exposure to toxic chemicals, such as carbonyls. A more intense puffing regiment
was found to enhance the inhalation of formaldehyde, acetaldehyde, crotonaldehyde, or
propionaldehyde [50].

3. Heavy Metals in Tobacco, CC Smoke, E-Cig, and HTP Mainstream

Heavy metals are hazardous compounds for human health and might lead to patho-
logic conditions, as well as cancer [51]. It is known that some metals are more associated
with health issues than others, such as arsenic (As), cadmium (Cd), chromium (Cr), nickel
(Ni), copper (Cu), and lead (Pb) [52,53]. Although the precise mechanisms of oncogenesis
remain to be fully elucidated, some of the postulated ones include oxidative stress by means
of free-radical generation (at the level of the electron transport chain in the mitochondrion),
direct genotoxicity by metals/metal ions, and alterations in stem cell function/gene ex-
pression [10]. A putative metal contamination during the ENDS manufacturing processing
or an endogenous mobilization from the heating elements were hypothesized from the
early years of their market launch. Since the heating element is usually made of a metal,
and other metals are also frequently present, including solder joints, and considering the
temperatures along with the concurrent generation of volatile organic compounds, heavy
metal ions can move from these components to the liquid, or they can be adsorbed onto the
tobacco stick. Again, considering the significant number of organic compounds present
in ENDSs, such as aldehydes and ketones, the formation of complexes with metals ions
is highly likely [40,41]. As recently reviewed [10], CCs report an average metal content
(expressed as ug/g of tobacco dry weight) around 0.14 for As, 0.79 for Cd, 1.39 for Cr, 2.10
for Ni, and 0.55 for Pb. The rate of metal transfer from tobacco to CC smoke (expressed
as percentage of metals migrating from tobacco matrix to smoke) ranges from 33 to 44%
for As, 69 to 85% for Cd, 20% for Cr, 56.3 to 65.5% for Ni, and 54.3 to 67.1% for Pb [52]. A
recent study reports the following concentrations for e-cigs expressed in ng/m?3: 6.86 for Cr,
0.01 for Cd, 0.30 for Ni, and 0.19 for Pb [54]. HTPs present concentrations <0.36 nug/stick
for As, <0.28 pg/stick for Cd, <15.9 ug/stick for Ni, and 2.23 ug/stick for Pb [51]. These
data are summarized in Table 1.
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Table 1. Average content of heavy metals in tobacco, CC smoke, e-cig, and HTP mainstream.
Metals Content in Rate of Metals Transfer Metals Content HTP Metals Content in E-Cig
Tobacco from Tobacco to CC Mainstream Mainstream Refs.
(ug/g, Dry Weight) Smoke (%) (ug/Stick) (ng/m?)
As 0.14 33-44% <0.36 - [51,52,54]
Cd 0.79 69-85% <0.28 0.01 [51,52,54]
Cr 1.39 20% <15.9 6.86 [51,52,54]
Ni 2.10 56.3 65.5% - 0.30 [51,52,54]
Pb 0.55 54.3-67.1% 2.23 0.19 [51,52,54]
3.1. E-Cigs

Several studies have reported the presence of all the heavy metals mentioned above in
the e-cig mainstream, as well as in the refill liquids used with such devices [8,9]. Hess and
colleagues analyzed, with Inductively Coupled Plasma Mass Spectrometry (ICP-MS), ten
refill liquids for five different brands of e-cigs, and they reported the presence of Cd, Cr,
Pb, Ni, and manganese (Mn), with large concentration ranges among the liquids examined
(3.2-1960 ng/L for Pb, 53.9-2110 pg/L for Cr, 115-22,600 ng/L for Ni, 28.7-6919 ug/L
for Mn) [8]. Similarly, Kamilari detected heavy metals in the twenty refill liquids studied
through Total Reflection X-Ray Fluorescence Spectroscopy (TXRF), even though they high-
lighted that the concentrations were below the limit defined by the regulatory authorities
and lower than what was reported by Hess [9]. Another study, conducted by Olmedo and
colleagues using ICP-MS, shows evidence of heavy metals in e-liquids of e-cigs. Specifically,
this study found eleven metals with a wide range of concentrations in the tank samples,
as well as in the mainstream generated by the devices [55]. Their concentrations, as well
as those detected by Kamilari, were considered significantly lower than the ones found in
CCs. In particular, Pb, Ni, and Cr appear on the FDA’s “harmful and potentially harmful
chemicals” list [56] and, notably, Pb and Cr concentrations in e-cigs were within the range
of CCs, while Ni likely originated from the nichrome wire, and some particles in the wire
were about 2-100 times higher in the e-cig mainstream than in Marlboro brand CCs [57].
However, since e-cigs vaporize a liquid, one of the main variables in the presence or not of
heavy metals is, indeed, the liquid composition [58].

3.2. HTPs

Concerning HTPs, only a few research studies have been conducted by investigating
the content of heavy metals in the sticks. In 2020, Koutela and colleagues showed that Cr,
Cu, Nj, selenium (Se), Cd, mercury (Hg), and Pb are present in both used and unused HTP
sticks in a significantly lower concentration than CCs [59]. However, this study did not
discuss the rate of metals transferred in the mainstream. The study conducted by Amorés-
Pérez and colleagues found in the HTP mainstream that mainly organic compounds (C
and O) were identified, and these are usually also recorded in CC smoke. Moreover,
in HTPs, they detected using ICP-MS the presence of As (0.05 ppb) in a much lower
concentration when the ratio of its concentration in CCs and in HTPs was calculated
(1.33 ratio Ccig/CHTP) [60]. So far, our research group published data on the chemical
analysis of the HTP mainstream, investigating the presence of heavy metals as well, and
Cu was detected at a concentration of 350 & 53 ug/stick [61].

Interestingly, in HTPs, the presence of a- and f3- particles, namely polonium-210
(210Po) and lead-210 (210Pb), has recently been identified [62,63]. These radioactive parti-
cles are naturally present on tobacco leaves [64], and their presence in tobacco smoke has
been demonstrated by Little et al. [65-67], as well as their preferential localization in the
bronchial epithelium of smokers. Some studies indicate that the level of radioactive Pb
released by HTP was higher than in CC smoke, probably due to the humectant glycerol
used in HTP that could be more efficient in carrying 210Pb-bearing particles at lower
temperatures than CCs [63]. Worryingly, even though, in 1974, Little and O"Toole [67]
found proof that these particles cause lung cancer, the tobacco industry has done nothing to
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remove them from tobacco [64] and it is concerning how their presence persists in these new
device sticks. Furthermore, as mentioned above, the HTP mainstream contains elements
from pyrolysis and thermogenic degradation that are the same harmful constituents of CC
smoke, such as aldehydes and PAHs, as recently reported [7] and summarized in Table 2.

Table 2. Concentrations of VOCs and PAHs in the mainstream of the HTP IQOS and tobacco smoke.
The data reported in the table compare the contents of the HTP IQOS mainstream with the contents
of conventional cigarettes (Lucky Strike Blue Lights).

HTPs CCs HTPs CCs

VOGs (ug/Stick) (ug/Cigarette) PAHSs (ng/Stick) (ug/Cigarettes) Ref.
Acetaldehyde 133 610 Naphthalene 1.6 1105 [7]
Acetone 12.0 95.5 Acenaphthylene 1.9 235 [7]
Acroleine 0.9 1.1 Acenaphtene 145 49 [7]
Benzaldehyde 1.2 24 Fluorene 1.5 371 [7]
Crotonaldehyde 0.7 17.4 Anthracene 0.3 130 [71
Formaldehyde 32 43 Phenanthrene 2.0 292 [7]
Isovaleraldehyde 3.5 8.5 Fluoranthene 7.3 123 [7]
Propionaldehyde 7.8 29.6 Pyrene 6.4 89 [7]
Benz[a]anthracene 1.8 33 [71
Chrysene 1.5 48 [7]
Benzo|[b]fluoranthene 0.5 24 [7]
Benzo[k]fluoranthene 0.4 4.3 [71
Benzo[a]pyrene 0.8 20 [7]
Indeno[1,2,3-cd]pyrene - - [7]
Benzo[ghi]perylene - - [7]
Dibenzo[a,h]anthracene - - [7]

4. Metals and Molecular Carcinogenesis

The International Agency for Research on Cancer (IARC) has classified tobacco smok-
ing as carcinogenic to humans (classified as group 1) [68]. The smoke produced by tobacco
combustion in CCs is a “concentrate of liquid particles suspended in an atmosphere consist-
ing mainly of nitrogen, oxygen, carbon monoxide and carbon dioxide” [69]. Innumerable
studies have examined the toxicity of individual chemicals found in smoke, identifying
more than 70 as carcinogens, such as aromatic amines, PAHs, and, in particular, some heavy
metals [40,52]. Among these harmful compounds, the metals seem to be crucial for the
toxicity of tobacco smoke, with metal exposure potentially increasing the risk of cancer in
the users at different sites.

Currently, the potential danger of e-cigs is challenging to define, due to the wide
variability and constant modification of existing devices, resulting in differences in engi-
neering and ingredients, in addition to the users’ possibility of personalizing the vaping
experience, as previously described. Given that the range of metals is variable across the
e-cig brands [8,70], Cr and Ni are the most abundant in the e-cig mainstream; in particular,
these metals occur in higher concentration than in CC smoke due to their leaching from
the core assembly [71]. This is especially relevant since Ni and Cr are classified in group 1
carcinogens for humans by IARC [72].

Due to the recent introduction of ENDS on the market, knowledge of their long-term
effects is limited; however, in vitro and in vivo studies have reported an increased risk
of cancer development [5]. The first in vitro studies demonstrated that human bronchial
epithelial cells, exposed to the e-cig mainstream, showed gene expression pathway changes
similar to those elicited by conventional smoke, supported by the observation of malignant
transformation features in airway epithelial cells exposed to e-cig emission [73]. Moreover,
e-cigs could promote the epithelial-mesenchymal transition (EMT) and the release of
oncogenic cytokines or microRNA from pulmonary and breast cancer cells, thus supporting
the association between ENDS use and cancer [74-76].
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In vivo studies showed that e-cig exposure promotes carcinogenesis by the upregula-
tion of the carcinogen-metabolizing enzymes and inducing oxygen free radical production,
leading to oxidative damage to macromolecules including lipids, proteins, and DNA. Fur-
thermore, the results of mutagenesis tests supported the hypothesis that the use of e-cigs
can promote genotoxic effects [5]. In this regard, a critical role is played by the presence of
heavy metals in the ENDS mainstream (Figure 2).

N
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Figure 2. Effects of heavy metals released by e-cigarettes. The users are exposed to many heavy
metals (such as As, Cd, Cr, Ni, and Pb). These metals participate in the development of cancer, by
increasing the epithelial-mesenchymal transition translocation, tumor-promoting microenvironment,
and DNA mutagenesis leading to lung, breast, bladder, and oral cancer.

It has been shown that the presence of metals in e-cigs could contribute to a five-
fold increase in lung cancer for smokers versus nonsmokers [77,78]. It has also been
suggested that e-cig use could contribute to the development of basaloid squamous cell
carcinoma (BSCC) in humans, after using e-cigs every day for 13 years [79], and could
cause severe lung and liver inflammation, stimulating metastatic disease by promot-
ing epithelial-mesenchymal transition translocation and interfering with DNA repair
mechanisms [75]. Moreover, different aromatic amines and aldehydes, among other
bladder carcinogens, have been found higher in the urine of e-cig users when compared
to non-smokers [80]. In fact, a case report showed that many carcinogens in ENDS can be
metabolized into different compounds that could induce lung or bladder malignancies or
heart disease [81,82].

In addition, exposure to these devices also enhances the development of breast
cancer and metastasis, through the regulation of myeloid cells; in fact, a state of chronic
inflammation results in a tumor-promoting microenvironment, promoting a progression
of tumor and also lung metastasis of human breast cancer cells [83,84]. Interestingly, Cd
and Ni could act as metalloestrogens and play a critical role in breast cancer development.
Epidemiological studies have found higher concentrations of Cd in the tissue, blood, and
urine of patients with malignant breast cancer than those with benign tumors [85]. In
particular, Erx-positive breast cancers had higher Cd concentrations than Erx-negative
cancers; in fact, Cd is able to mimic the estrogens and active Ero [86,87].

The precise mechanism of ENDS-induced cancer is not completely understood.
Below, the main hypothesized mechanisms and the contribution of metals are discussed
(Figure 3).
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Figure 3. Molecular mechanisms of ENDS-induced cancer and the contribution of metals. The
presence of many heavy metals (such as As, Cd, Cr, Ni, and Pb) in the ENDS mainstream contributes
to the carcinogenic effects of these devices. In particular, metals are able to increase the production
of ROS and oxidative stress, leading to DNA damage as well as activating cancer cell markers (like
EGFR and MAP kinases) and oncogenes (c-Myc).

4.1. Metal Carcinogenesis Mechanisms: Oxidative Stress and DNA Damage

It is known that the increased production of reactive oxygen species (ROS) and the
consequent higher levels of oxidative stress contribute to the development of tumorigenic
processes [88,89]. Although the exact molecular mechanism of metal-induced carcinogene-
sis remains unclear, a vast body of evidence indicates that the metal-induced generation of
oxidative stress may play a central role in this process [90]. Metal ions for As, Cr, Ni, Cu, and
iron (Fe) are capable of interfering with redox reactions in biological systems and they are
considered an important source of ROS where the highly reactive hydroxyl radical (¢OH)
is generated via Fenton and/or Haber—Weiss reactions by the breakdown of H,O; [77].
The superoxide anion and hydrogen peroxide are two types of reactive oxygen species
that are created when human keratinocytes are exposed to As. This pathway is crucial for
As-induced carcinogenesis: the reaction between ROS and DNA leads to the formation of
8-hydroxy-29-deoxyguanosine (8-OHdG), which can cause G > T conversions, which can
lead to G > C — T > A transversions that are associated with As-related carcinogenesis [91].
Furthermore, Pb can cross-link proteins and DNA, attach to the phosphate groups of DNA,
and modify its shape in vitro, but only at relatively high Pb/DNA ratios. In vitro stud-
ies showed how Pb exposure can cause chromosomal abnormalities, micronuclei, sister
chromatid exchanges, and, in some studies, point mutations [92]. Cd has been found to
generate oxidative stress by inhibiting the antioxidant enzyme machinery such as catalase,
superoxide dismutase, and glutathione peroxidase [93], whereas Cr, As, and Ni result in the
generation of a whole spectrum of ROS, including the superoxide radical (O2e ™), hydrogen
peroxide (H»0,), and the hydroxyl radical (¢OH), which appear to play a role in malignant
transformation [77]. Exposure to metals can affect the normal balance between ROS and
antioxidant defenses, resulting in an excessive ROS production and subsequent damage
to lipids, proteins, and DNA. On the other hand, reduced oxidative stress can also act
as signaling molecules in the maintenance of antioxidant and antiapoptotic conditions, a
process called apoptosis resistance, resulting in a lower oxidative stress environment that
enables tumor cell survival and proliferation [94].



Int. J. Mol. Sci. 2024, 25, 2737

90f19

The exposure of both e-cigs and HTPs is associated with increased levels of mito-
chondrial ROS due to the disruption of the electron transport chain in vitro [95]. This is
confirmed by in vivo studies that show boosted reactive radicals, especially in the lung,
liver, and testis [30,44,61]. In addition, several studies have reported pro-inflammatory
effects, similar to those induced by CCs. The over-production of ROS leads to an activation
of NF-kB, a transcriptional factor involved in the regulation of many pro-inflammatory
genes, including cytokines and chemokines [96,97]. These results are associated with a
reduction in glutathione (GSH), one of the most important scavengers of reactive species,
and increased levels of antioxidant response element (e.g., NRF2, interleukin (IL)-6, and
TNf-o) production [96,98].

Intriguingly, NRF2 induction, which would neutralize further oxidative stress and
restore the cellular redox balance, appears to be beneficial during premalignant states in
which cells have not yet reached a level of DNA damage that makes them malignant. On
the contrary, NRF2 becomes undesirable in the late stage due to the ability of constitutively
activated NRF2 to ultimately play an oncogenic role and cause malignant cancer cells resis-
tant to apoptotic cell death and/or treatments. As-, Cd-, Cr-, and Ni-transformed cells show
NREF?2 constitutively activated with an upregulation of NRF2 antioxidant and antiapoptotic
target genes [95]. This leads to a decrease in ROS level, maintaining a favorable environ-
ment for the progression of transformed cells and tumor formation [99]. Furthermore, the
proinflammatory effects associated with e-cig exposure can also be attributable to metal
presence since Cr- and As-transformed cells exhibit higher levels of COX-2, TNF-«, and
NF-«B due to the constitutive activation of NRF2 that regulates the expression of these
inflammatory mediators [100].

Additional studies have evaluated the toxicological outcomes derived from e-cig
use, both in vitro and in vivo, highlighting their mutagenic potential. In vitro systems
revealed cell cytotoxicity and genotoxicity triggered by e-cigs [101,102]. Inflammation is
known to aggravate DNA damage in a synergistic way, which can result in mutations and
altered proteins and, ultimately, increase the risk of cancer development [103]. ENDSs
release compounds able to induce DNA damage, as single- or double-stranded breaks,
DNA fragmentation, and mutations [81,104]. Data from in vivo models have shown a
decrease in the expression of XPC and OGG1/2 in lung tissue, key enzymes involved in
DNA nucleotide and base excision repair [81]. Additionally, exposed cell lines expressed
increased H2A histone family member X (-H2AX), a recognizable indicator of double-
stranded DNA breakage [105].

In this regard, the metals found in the e-cig mainstream, possibly by contamination
from the metal components of devices, such as the battery and the atomizer, may contribute
to DNA damage and mutagenesis [106,107]. However, most metals, like Cd and As, are
not direct mutagens. In fact, the induction of oxidative stress by metal ions (such as Cr, Ni,
and As) could explain the mutagenic and carcinogenic effects of these metals [77]. Data
from cell models have shown an increased production of ROS after exposure to different
metals, including the superoxide radical and hydrogen peroxide, in human lung bronchial
epithelial cells (BEAS-2B) [108,109]. Moreover, metal ions can inhibit the repair of DNA
damage, through the interference with base and nucleotide excision repair and with the
repair of stable DNA products. Interestingly, data from in vitro models of exposure to
different brands of e-cigs with or without nicotine, as well as heavy metals (like Ni and Pb),
showed decreased cell viability and apoptosis compared to the control group [105].

4.2. Epigenetic Mechanisms and Gene Expression Regulation

Epigenetic modifications of the genome commonly include DNA and RNA methy-
lations, histone modifications, and non-coding RNAs. These modifications regulate gene
expression by altering the local structural dynamics of chromatin, primarily regulating its
accessibility and compactness [110]. DNA methylation and demethylation are dynamic
processes, which harbor a fundamental function in regulating gene expression. In general,
DNA methylation leads to gene silencing by inhibiting the transcriptional factors from
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binding to DNA, remodeling chromatin to make it less accessible [111]. In lung cancer
tissues of mice exposed to As, a high prevalence of promoter hypermethylation of the tumor
suppressors p16INK4A and RASSF1A was observed [112]. Since aberrant DNA promoter
hypermethylation is significantly associated with the silencing of cancer-promoting genes,
this could represent a further carcinogenesis mechanism linked to As exposure. Consis-
tently, the malignant transformation of human non-tumorigenic cell lines by As compounds
has also been linked to DNA promoter methylation, and decreased expression of the DBC1,
FAMS3A, ZSCAN12, and C1QTNF6 genes [113]. Again, As can also cause interference with
microtubule assembly, increasing the number of micronuclei, which has been associated
with new cancer occurrences [114]. Aberrant H3K9 and H3K27 methylation patterns are
associated with various forms of cancer [115]. Cr exposure caused globally increased levels
of H3K9me2/3 in human lung cancer cells. Cr also induces an increment in H3K9me?2 in
the promoter tumor suppressor MLH1, contributing to Cr-associated carcinogenesis [10].
Also, Ni significantly increases global levels of H3K9me2 and H3K4me3 [116]. H3K27me3
is involved in Ni-induced in vitro EMT through the irreversible activation of ZEB1 as the
master EMT driver [116].

Emerging evidence indicates how the activation of some stress response elements,
such as metallothionein (MT) and heat shock proteins (HSPs), plays a key role in Cd
carcinogenesis [117]. Furthermore, exposure to Cd can increase the expression of several
translation factors including the eukaryotic translation initiation factor 4E (elF4E) and
eukaryotic translation elongation factor 1A2 (eEF1A2). These elements might contribute to
the onset of cancer [117].

4.3. microRNAs

MicroRNAs (miRNAs) are large groups of small non-coding RNAs that negatively
regulate the coding protein expression. Several studies have shown that non-coding RNAs
are dysregulated in cells exposed to heavy metals and play important roles in metal-
induced carcinogenesis [111]. As recently reviewed, Hg Cd, and As exposure significantly
affects microRNA expression levels in vitro and in vivo in different tissues, and some of
these can play a key role in tumorigenesis. In particular, miR-190 expression increases in
response to As exposure, resulting in the downregulation of PH domain and Leucine rich
repeat Protein Phosphatases (PHLPP) and Tumor Protein P53-Inducible Nuclear Protein 1
(TP53INP1), two essential tumor suppressors [118]. A reduced PHLPP expression results
in an extended Akt target gene activation including vascular endothelial growth factor
(VEGEF) that correlates with malignant transformation [118]. As, Cr, and Ni can upregulate
miR-21, promoting angiogenesis and increasing the cell invasive potential [119], and can
directly downregulate programmed cell death 4 (PDCD4), as a tumor suppressor [120]. Ni
exposure induced miR-21 expression via activating the epidermal growth factor receptor
EGFR/NF-kB signaling pathway; upregulated miR-21, in turn, suppressed the expression
of two miR-21 target genes, SPRY2 and reversion-inducing cysteine-rich protein with kazal
motifs (RECK), and promoted lung cancer cell invasiveness [10]. Cd exposure also impairs
miRNA expression, including the upregulation of miR-124-3p and miR-370-3p that promote
Cd-induced apoptosis by directly targeting Bcl-2 as an apoptosis suppressor [10].

4.4. EGFR and MAP Kinase

The EGFR is implicated in the carcinogenesis of different types of cancer, such as lung
cancer. The overexpression ranges from 43% to 89% in non-small cell lung cancer [121]. It
has been reported that patient-derived glioblastoma stem-like cells exposed to e-liquids
showed an increased level of phospho-EGFR, leading to autophagy deficiency and to
the activation of ERK [122,123]. In addition, in vivo studies showed that the injection of
patient-derived brain tumor cells into mice brains accelerated tumor growth and the poor
prognosis in the e-liquid-treated group compared to the control group [94,95]. In addition,
the exposure to Cr activates EGFR in the lung tissue of animals, as well as in non-smoking
people exposed to Cr [77,124].
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Recently, it was shown that MAP kinase pathways (ERK1/2, JNKs, p38) are involved in
tobacco-smoke-induced EMT, a critical regulator of cancer initiation and development [125].
EMT induction results in the downregulation of epithelial cadherin, loss of cell-cell adhe-
sion, as well as increased mobility of cells, all identified as early events in carcinogenesis.
The exposure to ENDS can activate the MAPK pathways, resulting in the increased phos-
phorylation of ERK, both in cell lines and animals exposed to these devices [61,126]. In
addition, the exposure to Ni, Cr, and Cd induced the activation of this latter signaling
pathway [127,128], suggesting that the presence of heavy metals in the ENDS mainstream
could participate and contribute to the alteration in cancer molecular markers.

4.5. c-Myc and Cell Cycle

Many heavy metals, such as Ni, Cd, and Cr, are able to alter cell apoptosis, in addition
to the activation of some oncogenes. The exposure to Cd alters the expression of immediate
early genes, in particular c-Myc, leading to cellular proliferation. The resistance to apoptosis
is determined by the mutations of genes, such as BCL-2, p53, and BAX, and it can contribute
to the Cd-malignant transformation of epithelial cells [129,130]. Many studies have reported
higher levels of c-Myc in tumorigenic cells, while low levels have been found in normal
proliferating cells. The exposure of normal BEAS-2B cells to nickel chloride (100 uM)
resulted in an induction of c-Myc and an increased number of anchorage-independent
colonies, suggesting that Ni ions may promote BEAS-2B cell transformation [131].

5. Exposure to Metals Delivered from ENDS and Lung Cancer Risk

The lung is the main target organ of volatile toxicants and there is growing concern
that e-cig consumption may increase the risk of lung cancer, although the relationship is still
not well established, and the long-term effects will take years to develop [132]. The putative
oncogenicity associated with e-cig consumption has been attributed to several distinct
molecular pathways, including oxidative stress, the epithelial-mesenchymal transition,
and mitochondrial DNA genotoxicity [133]. Data from the literature suggest that some
metals, such as Ni, Cd, Cr, and As detected in the e-cig mainstream, can play a key role in
lung cancer etiology or contribute to its progression [53].

5.1. Nickel

Evidence of increased lung cancer risk in Ni high-exposure cohorts is unequivocal,
with a 3-4-fold excess. Furthermore, a significant increase in nasal sinus cancer that is
quite rare in the general population has been reported [134]. These data are of particular
interest considering that some e-cig devices release a higher concentration of Ni compared
to CCs [132]. Nickel ions are able to induce heterochromatinization by binding to DNA-
histone complexes and initiating chromatin condensation. Nickel compounds can produce
histone hyperphosphorylation (H3510), hypermethylation (H3K4), and hyperubiquitina-
tion (H2A and H2B), inducing epigenetic effects that can act on gene expression. Some
authors hypothesized that the Ni-condensing effect on chromatin could be followed by
DNA methylation, leading to cell transformation, and tumor progression and oncogenesis,
if these silenced chromatin regions contained tumor-suppressor- or senescence-related
genes. Interestingly, nickel sulfide induces the hypermethylation of the p16 suppressor
gene, leading to malignant histiocytomas in a mice model [134]. In addition, Ni may
interfere with the microRNA network to degrade mRNA or block protein synthesis [134].
Since the dysregulation of DNA methylation and histone modifications are key epigenetic
mechanisms implicated in tumor initiation, cancer progression, and metastasis, exposure
to Ni, along with toxic aldehyde and PAHs recorded in the e-cig mainstream, represents
a non-negligible risk factor for cancer incidence. Furthermore, recent data from in vitro
studies show how Ni exposure suppresses the expressions of GST-M2 through epigenetic
regulation. The GST-M2 enzyme is involved in cellular detoxification processes, and it is
associated with cancer in multiple ways, including the inhibition of tumor metastasis and



Int. J. Mol. Sci. 2024, 25, 2737

12 of 19

invasion in lung cancer. It also protects against DNA damage and exhibits high methylation
levels in human lung tumor tissue [135].

5.2. Cadmium

It is known that smoking CCs and ENDSs are some of the most common sources of Cd
exposure [136], data from clinical trials indicate that patients who live in highly polluted
zones suffered from an increased prevalence of lung cancer, and the prognosis worsens
in patients with higher urinary concentrations of Cd [137]. Cd increases oxidative stress
which, in turn, contributes to lung inflammation with irritation of the respiratory tract
and lung edema [138]. Interestingly, an animal model shows how Cd exposure induces
genotoxicity via DNA strand breaks, mutations, chromosomal damage, impaired DNA
repair, and cell transformation [139].

5.3. Chromium

Cr occurs mostly in tri (III)- and hexavalent (VI) states in the environment. Occupa-
tional exposure to Cr (VI) compounds is a well-documented cause of respiratory cancers,
whereas Cr (III) was initially considered a relatively nontoxic agent [93]. However, recent
evidence suggests that both tri- and hexavalent states can significantly induce genetic
mutations in yeast and cause DNA damage [140], increasing mutational rates and causing
DNA degradation. Cr (III) can bind DNA and irreversibly destroys the molecule, and it
can interfere with the stacking mode of the base pairs. These results highlight the health
relevance of the presence of Cr in e-cigs.

5.4. Arsenic

Another heavy metal detected in ENDSs is As, which is a highly toxic category I
carcinogen metal, and the lung represents the main target organ [141]. As exposure can
occur through ingestion and inhalation, respectively, in the form of soluble arsenite and
particulate arsenic trioxide. Soluble arsenite has been proven to induce lung tumors [142],
and various studies suggest that exposure to As during gestation and childhood could
result in lung cancer in adulthood [143]. Tumor-suppressive miR-218-5p has a known role
in regulating cancer proliferation, migration, and angiogenesis and recent evidence has
shown that As exposure inhibits miR-218-5p. In addition, miR-218-5p specifically targets
EGEFR, regulating its expression, and the downregulation of this signaling pathway results
in an overexpression of EGFR, a known lung cancer biomarker [144]. Chronic As exposure
is also associated with an upregulation of programmed death-1 (PD-1)/programmed death-
ligand 1 (PD-L1) (PD-1/PD-L1), increased regulatory T cells, and decreased CDS8 cells as
an anti-tumor immunosuppressor, along with higher levels of oxidative stress and DNA
damage in lung epithelial cells via strand breaks [145,146].

6. Conclusions

Due to their recent release on the market, epidemiological data on the toxicological
risk associated with the long-term use of e-cigarettes are not yet available. However, a
growing number of preclinical evidence indicates that their use could represent a risk factor
for several chronic pathologies, including cancer. The present article reviews the metal
carcinogenesis risk associated with e-cig consumption. Both e-cig and HTP mainstreams
present toxic metals at higher concentrations than those recorded in CC smoke. Cd, Ni, Pb,
and Cr are the most common and they have been detected in different e-cig models/brands.
Importantly, the exposure to these metals is associated with an increased cancer risk at
different sites. The metals can, in fact, act as ROS generators by affecting the mitochondrial
function and redox reactions in biological systems, which in turn lead oxidative DNA
damage, and the deregulation of several cellular signaling pathways involved in cell cycle
control and inflammation, which are common mechanisms of carcinogenesis.

Furthermore, by contrast to CCs, ENDSs, due to their many differences in terms of
manufacturing, materials, and liquid composition, present significant differences in toxic
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compounds released, especially metals. Importantly, the customization of these devices
by the consumers (battery output, temperature, and atomizer setting) generates different
amounts of toxics and significantly affects the leaching of metals.

To date, we are far from definitively identifying the health impact of e-cigarettes and
their putative role as smoking cessation support. As recently reiterated by the World Health
Organization, both tobacco products and e-cigs pose risks to health, and we have no strong
evidence supporting the harmless nature of electronic devices compared to tobacco smoke.
More research should be conducted to clarify the content of these metals in the liquids of
e-cigs and in the tobacco sticks of HTPs, as well as the mainstream they generate, in order
to give a better understanding of potential metal exposure and subsequent implications.

Author Contributions: Conceptualization, S.G. and L.C.F,; methodology, S.G., EV.,, CM. and D.C;
writing—original draft preparation, S5.G., EV,, CM,, D.C., M.P. and L.C.E; writing—review and
editing, S.G., EV,, CM,, D.C., M.P. and L.C.E; funding acquisition, D.C., M.P,, EV. and L.C.E. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding. The APC was funded by RFO to D.C., M.P.
and EV.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: New data were not created.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Jha, P; Ramasundarahettige, C.; Landsman, V.; Rostron, B.; Thun, M.; Anderson, R.N.; McAfee, T.; Peto, R. 21st-century hazards
of smoking and benefits of cessation in the United States. N. Engl. ]. Med. 2013, 368, 341-350. [CrossRef] [PubMed]

2. WHO. 2021. Available online: https:/ /www.who.int/news-room/fact-sheets/detail /tobacco (accessed on 15 December 2023).

3.  Buczkowski, K.; Dachtera-Frackiewicz, M.; Luszkiewicz, D.; Klucz, K.; Sawicka-Powierza, J.; Marcinowicz, L. Reasons for
and scenarios associated with failure to cease smoking: Results from a qualitative study among polish smokers who had
unsuccessfully attempted to quit. Patient Prefer Adherence 2021, 15, 2071-2084. [CrossRef] [PubMed]

4. Babb, S.; Malarcher, A.; Schauer, G.; Asman, K.; Jamal, A. Quitting smoking among adults—United States 2000-2015. MMWR
Morb. Mortal. Wkly. Rep. 2017, 65, 1457-1464. [CrossRef] [PubMed]

5. Vivarelli, F; Granata, S.; Rullo, L.; Mussoni, M.; Candeletti, S.; Romualdi, P.; Fimognari, C.; Cruz-Chamorro, I.; Carrillo-Vico, A.;
Paolini, M.; et al. On the toxicity of e-cigarettes consumption: Focus on pathological cellular mechanisms. Pharmacol. Res. 2022,
182, 106315. [CrossRef] [PubMed]

6.  Bitzer, Z.T.; Goel, R.; Reilly, S.M.; Foulds, J.; Muscat, ].; Elias, R.J.; Richie, J.P., Jr. Effects of Solvent and Temperature on Free
Radical Formation in Electronic Cigarette Aerosols. Chem. Res. Toxicol. 2018, 31, 4-12. [CrossRef]

7. Auer, R,; Concha-Lozano, N.; Jacot-Sadowski, I.; Cornuz, J.; Berthet, A. Heat-Not-Burn Tobacco Cigarettes: Smoke by any other
name. JAMA Intern. Med. 2017, 177, 1050-1052. [CrossRef] [PubMed]

8.  Hess, C.A.; Olmedo, P.; Navas-Acien, A.; Goessler, W.; Cohen, ].E.; Rule, A.M. E-cigarettes as a source of toxic and potentially
carcinogenic metals. Environ. Res. 2017, 152, 221-225. [CrossRef]

9. Kamilari, E.; Farsalinos, K.; Poulas, K.; Kontoyannis, C.G.; Orkoula, M.G. Detection and quantitative determination of heavy
metals in electronic cigarette refill liquids using Total Reflection X-ray Fluorescence Spectrometry. Food Chem. Toxico 2018, 116 Pt B,
233-237. [CrossRef]

10. Rastian, B.; Wilbur, C.; Curtis, D.B. Transfer of Metals to the Aerosol Generated by an Electronic Cigarette: Influence of Number
of Puffs and Power. Int. |. Environ. Res. Public Health 2022, 19, 9334. [CrossRef]

11.  U.S. Department of Health, Education, and Welfare. Smoking and Health: Report of the Advisory Committee to the Surgeon General of
the Public Health Service; PHS Publication No 1103; U.S. Department of Health, Education, and Welfare; Public Health Service,
Center for Disease Control: Washington, DC, USA, 1964.

12.  Evans-Reeves, K.; Lauber, K.; Hiscock, R. The “filter fraud’ persists: The tobacco industry is still using filters to suggest lower
health risks while destroying the environment. Tob. Control 2022, 31, e80-e82. [CrossRef]

13.  Kozlowski, L.T.; O’Connor, R.J. Cigarette filter ventilation is a defective design because of misleading taste, bigger puffs, and
blocked vents. Tob. Control 2002, 11 (Suppl. S1), 140-150. [CrossRef] [PubMed]

14. Kozlowski, L.T.; O’Connor, R.]J.; Giovino, G.A.; Whetzel, C.A.; Pauly, J.; Cummings, K.M. Maximum yields might improve

public health—If filter vents were banned: A lesson from the history of vented filters. Tob. Control 2006, 15, 262-266. [CrossRef]
[PubMed]


https://doi.org/10.1056/NEJMsa1211128
https://www.ncbi.nlm.nih.gov/pubmed/23343063
https://www.who.int/news-room/fact-sheets/detail/tobacco
https://doi.org/10.2147/PPA.S320798
https://www.ncbi.nlm.nih.gov/pubmed/34556977
https://doi.org/10.15585/mmwr.mm6552a1
https://www.ncbi.nlm.nih.gov/pubmed/28056007
https://doi.org/10.1016/j.phrs.2022.106315
https://www.ncbi.nlm.nih.gov/pubmed/35724819
https://doi.org/10.1021/acs.chemrestox.7b00116
https://doi.org/10.1001/jamainternmed.2017.1419
https://www.ncbi.nlm.nih.gov/pubmed/28531246
https://doi.org/10.1016/j.envres.2016.09.026
https://doi.org/10.1016/j.fct.2018.04.035
https://doi.org/10.3390/ijerph19159334
https://doi.org/10.1136/tobaccocontrol-2020-056245
https://doi.org/10.1136/tc.11.suppl_1.i40
https://www.ncbi.nlm.nih.gov/pubmed/11893814
https://doi.org/10.1136/tc.2006.016501
https://www.ncbi.nlm.nih.gov/pubmed/16728759

Int. J. Mol. Sci. 2024, 25, 2737 14 of 19

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

Thun, M.J.; Burns, D.M. Health impact of “reduced yield” cigarettes: A critical assessment of the epidemiological evidence. Tob.
Control 2001, 10 (Suppl. S1), i4-i11. [PubMed]

National Center for Chronic Disease Prevention; Health Promotion (US) Office on Smoking and Health. The Health Consequences
of Smoking—D50 Years of Progress: A Report of the Surgeon General; Centers for Disease Control and Prevention (US): Atlanta, GA,
USA, 2014.

Chaloupka, EJ.; Yurekli, A.; Fong, G.T. Tobacco taxes as a tobacco control strategy. Tob. Control 2012, 21, 172-180. [CrossRef]
[PubMed]

Warner, K.E. Tobacco control policies and their impacts. Past, present, and future. Ann. Am. Thorac. Soc. 2014, 11, 227-230.
[CrossRef] [PubMed]

WHO. FCTC. 2015. Available online: https://www.who.int/fctc/about/WHO_FCTC_summary_January2015.pdf?ua=1 (ac-
cessed on 25 January 2022).

Polosa, R.; Rodu, B.; Caponnetto, P.; Maglia, M.; Raciti, C. A fresh look at tobacco harm reduction: The case for the electronic
cigarette. Harm. Reduct. ]. 2013, 10, 19. [CrossRef] [PubMed]

National Academies of Sciences, Engineering, and Medicine; Health and Medicine Division, Board on Population Health and
Public Health Practice; Committee on the Review of the Health Effects of Electronic Nicotine Delivery Systems; Eaton, D.L.; Kwan,
L.Y;; Stratton, K. (Eds.) Public Health Consequences of E-Cigarettes; National Academies Press (US): Washington, DC, USA.; 2018.
Cirillo, S.; Vivarelli, F.,; Turrini, E.; Fimognari, C.; Burattini, S.; Falcieri, E.; Rocchi, M.B.L.; Cardenia, V.; Rodriguez-Estrada, M.T,;
Paolini, M.; et al. The customizable E-cigarette resistance influences toxicological outcomes: Lung degeneration, inflammation,
and oxidative stress-induced in a rat model. Toxicol. Sci. 2019, 172, 132-145. [CrossRef] [PubMed]

Breland, A.; Soule, E.; Lopez, A.; Ramoa, C.; El-Hellani, A.; Eissenberg, T. Electronic cigarettes: What are they and what do they
do? Ann. N. Y. Acad. Sci. 2017, 1394, 5-30. [CrossRef]

United States Public Health Service Office of the Surgeon General; National Center for Chronic Disease Prevention; Health
Promotion (US) Office on Smoking and Health. Smoking Cessation: A Report of the Surgeon General; US Department of Health and
Human Services: Washington, DC, USA, 2020.

Miyashita, L.; Foley, G. E-cigarettes and respiratory health: The latest evidence. J. Physiol. 2020, 598, 5027-5038. [CrossRef]
Rankin, G.D.; Wingfors, H.; Uski, O.; Hedman, L.; Ekstrand-Hammarstrom, B.; Bosson, J.; Lundbéck, M. The toxic potential of a
fourth-generation E-cigarette on human lung cell lines and tissue explants. J. Appl. Toxicol. 2019, 39, 1143-1154. [CrossRef]

Hsu, G.; Sun, ].Y; Zhu, S.H. Evolution of Electronic Cigarette Brands From 2013-2014 to 2016-2017: Analysis of Brand Websites. J.
Med. Internet Res. 2018, 20, €80. [CrossRef]

Soulet, S.E.; Duquesne, M.; Toutain, J.; Pairaud, C.; Lalo, H.E. Influence of coil power ranges on the E-liquid consumption in
vaping devices. Int. |. Environ. Res. Public Health 2018, 15, 1853. [CrossRef] [PubMed]

Cirillo, S.; Urena, ].F.,; Lambert, ].D.; Vivarelli, F.; Canistro, D.; Paolini, M.; Cardenia, V.; Rodriguez-Estrada, M.T; Richie, J.P, Jr.;
Elias, R.J. Impact of electronic cigarette heating coil resistance on the production of reactive carbonyls, reactive oxygen species and
induction of cytotoxicity in human lung cancer cells in vitro. Regul. Toxicol. Pharmacol. 2019, 109, 104500. [CrossRef] [PubMed]
Vivarelli, F.; Canistro, D.; Cirillo, S.; Cardenia, V.; Rodriguez-Estrada, M.T.; Paolini, M. Impairment of testicular function in
electronic cigarette (e-cig, e-cigs) exposed rats under low-voltage and nicotine-free conditions. Life Sci. 2019, 228, 53—-65. [CrossRef]
[PubMed]

Son, Y.; Wackowski, O.; Weisel, C.; Schwander, S.; Mainelis, G.; Delnevo, C.; Meng, Q. Evaluation of E-vapor nicotine and
nicotyrine concentrations under various E-liquid compositions, device settings, and vaping topographies. Chem. Res. Toxicol.
2018, 31, 861-868. [CrossRef] [PubMed]

Kosmider, L.; Kimber, C.E; Kurek, J.; Corcoran, O.; Dawkins, L.E. Compensatory puffing with lower nicotine concentration
e-liquids increases carbonyl exposure in E-cigarette aerosols. Nicotine Tob. Res. 2018, 20, 998-1003. [CrossRef] [PubMed]
Kosmider, L.; Sobczak, A.; Fik, M.; Knysak, J.; Zaciera, M.; Kurek, J.; Goniewicz, M.L. Carbonyl compounds in electronic cigarette
vapors: Effects of nicotine solvent and battery output voltage. Nicotine Tob. Res. 2014, 16, 1319-1326. [CrossRef]

Canistro, D.; Vivarelli, E; Cirillo, S.; Babot Marquillas, C.; Buschini, A.; Lazzaretti, M.; Marchi, L.; Cardenia, V.; Rodriguez-Estrada,
M.T.; Lodovici, M.; et al. E-cigarettes induce toxicological effects that can raise the cancer risk. Sci. Rep. 2017, 7, 2028. [CrossRef]
IARC Monographs Vol 128 Group. Carcinogenicity of acrolein, crotonaldehyde, and arecoline. Lancet Oncol. 2021, 22, 19-20.
[CrossRef]

Bitzer, Z.T.; Goel, R.; Reilly, S.M.; Elias, R.J.; Silakov, A.; Foulds, J.; Muscat, J.; Richie, ].P,, Jr. Effect of flavoring chemicals on free
radical formation in electronic cigarette aerosols. Free Radic. Biol. Med. 2018, 120, 72-79. [CrossRef]

Salam, S.; Saliba, N.A.; Shihadeh, A.; Eissenberg, T.; El-Hellani, A. Flavor-Toxicant Correlation in E-cigarettes: A Meta-Analysis.
Chem. Res. Toxicol. 2020, 33, 2932-2938. [CrossRef] [PubMed]

Grana, R.; Benowitz, N.; Glantz, S.A. E-cigarettes: A scientific review. Circulation 2014, 129, 1972-1986. [CrossRef] [PubMed]
Bitzer, Z.T.; Goel, R.; Trushin, N.; Muscat, J.; Richie, J.P,, Jr. Free radical production and characterization of Heat-Not-Burn
cigarettes in comparison to conventional and electronic cigarettes. Chem. Res. Toxicol. 2020, 33, 1882-1887. [CrossRef] [PubMed]
Smith, M.R,; Clark, B.; Liidicke, E; Schaller, J.P.; Vanscheeuwijck, P.; Hoeng, J.; Peitsch, M.C. Evaluation of the tobacco heating
system 2.2. Part 1: Description of the system and the scientific assessment program. Regul. Toxicol. Pharmacol. 2016, 81 (Suppl. S2),
517-526. [CrossRef] [PubMed]


https://www.ncbi.nlm.nih.gov/pubmed/11740038
https://doi.org/10.1136/tobaccocontrol-2011-050417
https://www.ncbi.nlm.nih.gov/pubmed/22345242
https://doi.org/10.1513/AnnalsATS.201307-244PS
https://www.ncbi.nlm.nih.gov/pubmed/24575991
https://www.who.int/fctc/about/WHO_FCTC_summary_January2015.pdf?ua=1
https://doi.org/10.1186/1477-7517-10-19
https://www.ncbi.nlm.nih.gov/pubmed/24090432
https://doi.org/10.1093/toxsci/kfz176
https://www.ncbi.nlm.nih.gov/pubmed/31388676
https://doi.org/10.1111/nyas.12977
https://doi.org/10.1113/JP279526
https://doi.org/10.1002/jat.3799
https://doi.org/10.2196/jmir.8550
https://doi.org/10.3390/ijerph15091853
https://www.ncbi.nlm.nih.gov/pubmed/30154301
https://doi.org/10.1016/j.yrtph.2019.104500
https://www.ncbi.nlm.nih.gov/pubmed/31629780
https://doi.org/10.1016/j.lfs.2019.04.059
https://www.ncbi.nlm.nih.gov/pubmed/31029780
https://doi.org/10.1021/acs.chemrestox.8b00063
https://www.ncbi.nlm.nih.gov/pubmed/30080399
https://doi.org/10.1093/ntr/ntx162
https://www.ncbi.nlm.nih.gov/pubmed/29065196
https://doi.org/10.1093/ntr/ntu078
https://doi.org/10.1038/s41598-017-02317-8
https://doi.org/10.1016/S1470-2045(20)30727-0
https://doi.org/10.1016/j.freeradbiomed.2018.03.020
https://doi.org/10.1021/acs.chemrestox.0c00247
https://www.ncbi.nlm.nih.gov/pubmed/33185445
https://doi.org/10.1161/CIRCULATIONAHA.114.007667
https://www.ncbi.nlm.nih.gov/pubmed/24821826
https://doi.org/10.1021/acs.chemrestox.0c00088
https://www.ncbi.nlm.nih.gov/pubmed/32432464
https://doi.org/10.1016/j.yrtph.2016.07.006
https://www.ncbi.nlm.nih.gov/pubmed/27450400

Int. J. Mol. Sci. 2024, 25, 2737 15 of 19

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.
59.

60.

61.

62.

63.

64.

65.

Eaton, D.; Jakaj, B.; Forster, M.; Nicol, J.; Mavropoulou, E.; Scott, K.; Liu, C.; McAdam, K.; Murphy, J.; Proctor, C.]. Assessment of
tobacco heating product THP1.0. Part 2: Product design, operation and thermophysical characterisation. Regul. Toxicol. Pharmacol.
2018, 93, 4-13. [CrossRef] [PubMed]

Kopa, P.N.; Pawliczak, R. IQOS—A heat-not-burn (HnB) tobacco product—Chemical composition and possible impact on
oxidative stress and inflammatory response. A systematic review. Toxicol. Mech. Methods 2020, 30, 81-87. [CrossRef] [PubMed]
Peruzzi, M.; Cavarretta, E.; Frati, G.; Carnevale, R.; Miraldi, F.; Biondi-Zoccai, G.; Sciarretta, S.; Versaci, F.; Cammalleri, V.;
Avino, P; et al. Comparative Indoor Pollution from Glo, Iqos, and Juul, Using Traditional Combustion Cigarettes as Benchmark:
Evidence from the Randomized SUR-VAPES AIR Trial. Int. |. Environ. Res. Public Health 2020, 17, 6029. [CrossRef] [PubMed]
Vivarelli, F.,; Canistro, D.; Cirillo, S.; Elias, R.J.; Granata, S.; Mussoni, M.; Burattini, S.; Falcieri, E.; Turrini, E.; Fimognari, C.;
et al. Unburned Tobacco cigarette smoke alters rat ultrastructural lung airways and DNA. Nicotine Tob. Res. 2021, 23, 2127-2134.
[CrossRef]

Jaccard, G.; Tafin Djoko, D.; Moennikes, O.; Jeannet, C.; Kondylis, A.; Belushkin, M. Comparative assessment of HPHC yields in
the Tobacco Heating System THS2.2 and commercial cigarettes. Regul. Toxicol. Pharmacol. 2017, 90, 1-8. [CrossRef]

Buratto, R.; Correia, D.; Parel, M.; Crenna, M.; Bilger, M.; Debrick, A. Determination of eight carbonyl compounds in aerosols
trapped in phosphate buffer saline solutions to support in vitro assessment studies. Talanta 2018, 184, 42-49. [CrossRef]

Li, X.; Luo, Y,; Jiang, X.; Zhang, H.; Zhu, F; Hu, S.; Hou, H.; Hu, Q.; Pang, Y. Chemical Analysis and Simulated Pyrolysis of
Tobacco Heating System 2.2 Compared to Conventional Cigarettes. Nicotine Tob. Res. 2019, 21, 111-118. [CrossRef]

Bekki, K; Inaba, Y.; Uchiyama, S.; Kunugita, N. Comparison of Chemicals in Mainstream Smoke in Heat-not-burn Tobacco and
Combustion Cigarettes. |. UOEH 2017, 39, 201-207. [CrossRef] [PubMed]

Protano, C.; Manigrasso, M.; Avino, P,; Sernia, S.; Vitali, M. Second-hand smoke exposure generated by new electronic devices
(IQOS®and e-cigs) and traditional cigarettes: Submicron particle behaviour in human respiratory system. Ann. Ig. 2016, 28,
109-112. [PubMed]

Farsalinos, K.E.; Yannovits, N.; Sarri, T.; Voudris, V.; Poulas, K.; Leischow, S.J. Carbonyl emissions from a novel heated tobacco
product (IQOS): Comparison with an e-cigarette and a tobacco cigarette. Addiction 2018, 113, 2099-2106. [CrossRef] [PubMed]
St Helen, G.; Liakoni, E.; Nardone, N.; Addo, N.; Jacob, P,, 3rd; Benowitz, N.L. Comparison of systemic exposure to toxic and/or
carcinogenic Volatile Organic Compounds (VOC) during vaping, smoking, and abstention. Cancer Prev. Res. 2020, 13, 153-162.
[CrossRef] [PubMed]

Pinto, E.; Cruz, M.; Ramos, P,; Santos, A.; Almeida, A. Metals transfer from tobacco to cigarette smoke: Evidences in smokers’
lung tissue. |. Hazard. Mater. 2017, 325, 31-35. [CrossRef] [PubMed]

Xu, X.; Liao, W.; Lin, Y.; Dai, Y.; Shi, Z.; Huo, X. Blood concentrations of lead, cadmium, mercury and their association with
biomarkers of DNA oxidative damage in preschool children living in an e-waste recycling area. Environ. Geochem. Health 2018, 40,
1481-1494. [CrossRef]

Ting, C.Y.; Ahmad Sabri, N.A.; Tiong, L.L.; Zailani, H.; Wong, L.P.; Agha Mohammadi, N.; Anchah, L. Heavy metals (Cr, Pb, Cd,
Ni) in aerosols emitted from electronic cigarettes sold in Malaysia. J. Environ. Sci. Health A Tox. Hazard. Subst. Environ. Eng. 2020,
55,55-62. [CrossRef]

Olmedo, P.; Goessler, W.; Tanda, S.; Grau-Perez, M.; Jarmul, S.; Aherrera, A.; Chen, R.; Hilpert, M.; Cohen, ].E.; Navas-Acien, A.;
et al. Metal concentrations in E-cigarette liquid and aerosol samples: The contribution of metallic coils. Environ. Health Perspect.
2018, 126, 027010. [CrossRef]

Administration FaD Harmful and potentially harmful constituents in tobacco products and tobacco smoke: Established list. In
Services DoHaP; FDA: Rockville, MD, USA, 2012.

Braz, G.E.R. A Market Research on the Tobacco Consumers in Portugal: What Explains the Success of IQOS and Will It Sustain in
the Future? Ph.D. Thesis, Nova School of Business and Economics (NSBE), Carcavelos, Portugal, 2020.

Cheng, T. Chemical evaluation of electronic cigarettes. Tob. Control 2014, 23 (Suppl. S2), ii11-iil7. [CrossRef]

Koutela, N.; Fernandez, E.; Saru, M.L.; Psillakis, E. A comprehensive study on the leaching of metals from heated tobacco sticks
and cigarettes in water and natural waters. Sci. Total Environ. 2020, 714, 136700. [CrossRef] [PubMed]

Amorés-Pérez, A.; Cano-Casanova, L.; Roman-Martinez, M.D.C.; Lillo-Rédenas, M.A. Solid matter and soluble compounds
collected from cigarette smoke and heated tobacco product aerosol using a laboratory designed puffing setup. Environ. Res. 2022,
206, 112619. [CrossRef] [PubMed]

Granata, S.; Canistro, D.; Vivarelli, F.; Morosini, C.; Rullo, L.; Mercatante, D.; Rodriguez-Estrada, M.T.; Baracca, A.; Sgarbi, G.;
Solaini, G.; et al. Potential harm of IQOS smoke to rat liver. Int. J. Mol. Sci. 2023, 24, 12462. [CrossRef] [PubMed]

Desorgher, L.; Berthet, A.; Rossier, J.; Bochud, F,; Froidevaux, P. Dosimetry in the lungs of a-particles (210Po) and 3-particles
(210Pb) present in the tobacco smoke of conventional cigarettes and heated tobacco products. . Environ. Radioact. 2023, 263,
107178. [CrossRef] [PubMed]

Berthet, A.; Butty, A.; Rossier, J.; Sadowski, L].; Froidevaux, P. 210Po and 210Pb content in the smoke of Heated Tobacco Products
versus conventional cigarette smoking. Sci. Rep. 2022, 12, 10314. [CrossRef] [PubMed]

Laking, G.R. Human xxposure to radioactivity from Tobacco Smoke: Systematic review. Nicotine Tob. Res. 2019, 21, 1172-1180.
[CrossRef] [PubMed]

Little, J.B.; Radford, E.P, Jr.; McCombs, H.L.; Hunt, V.R. Distribution of polonium-210 in pulmonary tissues of cigarette smokers.
N. Engl. ]. Med. 1965, 273, 1343-1351. [CrossRef]


https://doi.org/10.1016/j.yrtph.2017.09.009
https://www.ncbi.nlm.nih.gov/pubmed/29080851
https://doi.org/10.1080/15376516.2019.1669245
https://www.ncbi.nlm.nih.gov/pubmed/31532297
https://doi.org/10.3390/ijerph17176029
https://www.ncbi.nlm.nih.gov/pubmed/32825020
https://doi.org/10.1093/ntr/ntab108
https://doi.org/10.1016/j.yrtph.2017.08.006
https://doi.org/10.1016/j.talanta.2018.02.048
https://doi.org/10.1093/ntr/nty005
https://doi.org/10.7888/juoeh.39.201
https://www.ncbi.nlm.nih.gov/pubmed/28904270
https://www.ncbi.nlm.nih.gov/pubmed/27071321
https://doi.org/10.1111/add.14365
https://www.ncbi.nlm.nih.gov/pubmed/29920842
https://doi.org/10.1158/1940-6207.CAPR-19-0356
https://www.ncbi.nlm.nih.gov/pubmed/31554628
https://doi.org/10.1016/j.jhazmat.2016.11.069
https://www.ncbi.nlm.nih.gov/pubmed/27914289
https://doi.org/10.1007/s10653-017-9997-3
https://doi.org/10.1080/10934529.2019.1665950
https://doi.org/10.1289/EHP2175
https://doi.org/10.1136/tobaccocontrol-2013-051482
https://doi.org/10.1016/j.scitotenv.2020.136700
https://www.ncbi.nlm.nih.gov/pubmed/32028551
https://doi.org/10.1016/j.envres.2021.112619
https://www.ncbi.nlm.nih.gov/pubmed/34971599
https://doi.org/10.3390/ijms241512462
https://www.ncbi.nlm.nih.gov/pubmed/37569836
https://doi.org/10.1016/j.jenvrad.2023.107178
https://www.ncbi.nlm.nih.gov/pubmed/37060833
https://doi.org/10.1038/s41598-022-14200-2
https://www.ncbi.nlm.nih.gov/pubmed/35725999
https://doi.org/10.1093/ntr/nty111
https://www.ncbi.nlm.nih.gov/pubmed/30060241
https://doi.org/10.1056/NEJM196512162732501

Int. J. Mol. Sci. 2024, 25, 2737 16 of 19

66.
67.

68.

69.

70.

71.

72.

73.
74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Little, J.B.; Radford, E.P, Jr. Polonium-210 in bronchial epithelium of cigarette smokers. Science 1967, 155, 606—607. [CrossRef]
Little, J.B.; O'Toole, W.F. Respiratory tract tumors in hamsters induced by benzo(a)pyrene and 210Po alpha-radiation. Cancer Res.
1974, 34, 3026-3039.

IARC. Tobacco smoke and involuntary smoking. In IARC Monographs on the Evaluation of Carcinogenic Risks to Humans; IARC:
Lyon, France, 2004; Volume 83, pp. 1-1452.

GBD 2019 Tobacco Collaborators. Spatial, temporal, and demographic patterns in prevalence of smoking tobacco use and
attributable disease burden in 204 countries and territories 1990-2019: A systematic analysis from the Global Burden of Disease
Study 2019. Lancet 2021, 397, 2337-2360. [CrossRef]

Putzhammer, R.; Doppler, C.; Jakschitz, T.; Heinz, K.; Forste, ].; Danzl, K.; Messner, B.; Bernhard, D. Vapours of US and EU market
leader electronic cigarette brands and liquids are cytotoxic for human vascular endothelial cells. PLoS ONE 2016, 11, e0157337.
[CrossRef] [PubMed]

Fowles, ].; Barreau, T.; Wu, N. cancer and con-cancer risk concerns from metals in electronic cigarette liquids and aerosols. Int. .
Environ. Res. Public Health 2020, 17, 2146. [CrossRef] [PubMed]

IARC. Chromium, Nickel and Welding. In Monographs on the Evaluation of Carcinogenic Risks to Humans; IARC: Lyon, France, 1990;
Volume 49.

Cressey, D. E-cigarettes affect cells. Nature 2014, 508, 159. [CrossRef]

Sahu, R.; Shah, K.; Malviya, R.; Paliwal, D.; Sagar, S.; Singh, S.; Prajapati, B.G.; Bhattacharya, S. E-Cigarettes and associated health
risks: An update on cancer potential. Adv. Respir. Med. 2023, 91, 516-531. [CrossRef] [PubMed]

Ring Madsen, L.; Vinther Krarup, N.H.; Bergmann, T.K; Beerentzen, S.; Neghabat, S.; Duval, L.; Knudsen, S.T. A cancer that went
up in smoke: Pulmonary reaction to e-cigarettes imitating metastatic cancer. Chest 2016, 149, e65—-e67. [CrossRef] [PubMed]
Ryu, A.R,; Kim, D.H.; Kim, E.; Lee, M.Y. The potential roles of extracellular vesicles in cigarette smoke-associated diseases. Oxid.
Med. Cell. Longev. 2018, 2018, 4692081. [CrossRef] [PubMed]

Xu, J.; Wise, ].T.F,; Wang, L.; Schumann, K.; Zhang, Z.; Shi, X. Dual roles of oxidative stress in metal carcinogenesis. J. Environ.
Pathol. Toxicol. Oncol. 2017, 36, 345-376. [CrossRef]

Agudo, A.; Ahrens, W.; Benhamou, E.; Benhamou, S.; Boffetta, P.; Darby, S.C.; Forastiere, F.; Fortes, C.; Gaborieau, V.; Gonzélez,
C.A,; et al. Lung cancer and cigarette smoking in women: A multicenter case-control study in Europe. Int. J. Cancer 2000, 88,
820-827. [CrossRef]

Nguyen, H.; Kitzmiller, ].P.; Nguyen, K.T.; Nguyen, C.D.; Bui, T.C. Oral Carcinoma Associated with Chronic Use of Electronic
Cigarettes. Otolaryngol 2017, 7, 304. [CrossRef]

Fuller, TW.; Acharya, A.P; Meyyappan, T.; Yu, M.; Bhaskar, G.; Little, S.R.; Tarin, T.V. Comparison of bladder carcinogens in the
urine of E-cigarette users versus non E-cigarette using controls. Sci. Rep. 2018, 8, 507. [CrossRef]

Lee, HW,; Park, S.H.; Weng, M.W.; Wang, H.T.; Huang, W.C.; Lepor, H.; Wu, X.R.; Chen, L.C.; Tang, M.S. E-cigarette smoke
damages DNA and reduces repair activity in mouse lung, heart, and bladder as well as in human lung and bladder cells. Proc.
Natl. Acad. Sci. USA 2018, 115, E1560-E1569. [CrossRef] [PubMed]

Bjurlin, M.A.; Matulewicz, R.S.; Roberts, T.R.; Dearing, B.A.; Schatz, D.; Sherman, S.; Gordon, T.; Shahawy, O.E. Carcinogen
biomarkers in the urine of Electronic Cigarette users and implications for the development of bladder cancer: A systematic review.
Eur. Urol. Oncol. 2021, 4, 766-783. [CrossRef]

Pham, K.; Huynh, D.; Le, L.; Delitto, D.; Yang, L.; Huang, J.; Kang, Y.; Steinberg, M.B.; Li, ].; Zhang, L.; et al. E-cigarette promotes
breast carcinoma progression and lung metastasis: Macrophage-tumor cells crosstalk and the role of CCL5 and VCAM-1. Cancer
Lett. 2020, 491, 132-145. [CrossRef] [PubMed]

Riss, P; Asari, R.; Scheuba, C.; Niederle, B. Current trends in surgery for renal hyperparathyroidism (RHPT)—An international
survey. Langenbecks Arch. Surg. 2013, 398, 121-130. [CrossRef] [PubMed]

Bloomfield, M.; Louie, M.C. Chronic cadmium exposure decreases the dependency of MCF7 breast cancer cells on ER«. Sci. Rep.
2019, 9, 12135. [CrossRef] [PubMed]

Strumylaite, L.; Bogusevicius, A.; Abdrachmanovas, O.; Baranauskiene, D.; Kregzdyte, R.; Pranys, D.; Poskiene, L. Cadmium
concentration in biological media of breast cancer patients. Breast Cancer Res. Treat. 2011, 125, 511-517. [CrossRef] [PubMed]
McElroy, J.A.; Shafer, M.M.; Trentham-Dietz, A.; Hampton, ].M.; Newcomb, P.A. Cadmium exposure and breast cancer risk. J.
Natl. Cancer Inst. 2006, 98, 869—-873. [CrossRef]

Hayes, ].D.; Dinkova-Kostova, A.T.; Tew, K.D. Oxidative stress in cancer. Cancer Cell 2020, 38, 167-197. [CrossRef]

Azmanova, M.; Pitto-Barry, A. Oxidative stress in sancer therapy: Friend or enemy? Chembiochem 2022, 23, €202100641. [CrossRef]
Leonard, S.S.; Bower, ].]J.; Shi, X. Metal-induced toxicity, carcinogenesis, mechanisms and cellular responses. Mol. Cell Biochem.
2004, 255, 3-10. [CrossRef]

Qin, X.J.; Hudson, L.G.; Liu, W.; Ding, W.; Cooper, K.L.; Liu, K.J. Dual actions involved in arsenite-induced oxidative DNA
damage. Chem. Res. Toxicol. 2008, 21, 1806-1813. [CrossRef] [PubMed]

Silbergeld, E.K.; Waalkes, M.; Rice, ]. M. Lead as a carcinogen: Experimental evidence and mechanisms of action. Am. |. Ind. Med.
2000, 38, 316-323. [CrossRef] [PubMed]

Stohs, S.J.; Bagchi, D.; Hassoun, E.; Bagchi, M. Oxidative mechanisms in the toxicity of chromium and cadmium ions. J. Environ.
Pathol. Toxicol. Oncol. 2000, 19, 201-213. [CrossRef] [PubMed]


https://doi.org/10.1126/science.155.3762.606
https://doi.org/10.1016/S0140-6736(21)01169-7
https://doi.org/10.1371/journal.pone.0157337
https://www.ncbi.nlm.nih.gov/pubmed/27351725
https://doi.org/10.3390/ijerph17062146
https://www.ncbi.nlm.nih.gov/pubmed/32213824
https://doi.org/10.1038/508159a
https://doi.org/10.3390/arm91060038
https://www.ncbi.nlm.nih.gov/pubmed/37987300
https://doi.org/10.1016/j.chest.2015.09.003
https://www.ncbi.nlm.nih.gov/pubmed/26965975
https://doi.org/10.1155/2018/4692081
https://www.ncbi.nlm.nih.gov/pubmed/30524655
https://doi.org/10.1615/JEnvironPatholToxicolOncol.2017025229
https://doi.org/10.1002/1097-0215(20001201)88:5%3C820::AID-IJC21%3E3.0.CO;2-J
https://doi.org/10.4172/2161-119X.1000304
https://doi.org/10.1038/s41598-017-19030-1
https://doi.org/10.1073/pnas.1718185115
https://www.ncbi.nlm.nih.gov/pubmed/29378943
https://doi.org/10.1016/j.euo.2020.02.004
https://doi.org/10.1016/j.canlet.2020.08.010
https://www.ncbi.nlm.nih.gov/pubmed/32829009
https://doi.org/10.1007/s00423-012-1025-6
https://www.ncbi.nlm.nih.gov/pubmed/23143163
https://doi.org/10.1038/s41598-019-46912-3
https://www.ncbi.nlm.nih.gov/pubmed/31431634
https://doi.org/10.1007/s10549-010-1007-8
https://www.ncbi.nlm.nih.gov/pubmed/20607602
https://doi.org/10.1093/jnci/djj233
https://doi.org/10.1016/j.ccell.2020.06.001
https://doi.org/10.1002/cbic.202100641
https://doi.org/10.1023/B:MCBI.0000007255.72746.a6
https://doi.org/10.1021/tx8001548
https://www.ncbi.nlm.nih.gov/pubmed/18707137
https://doi.org/10.1002/1097-0274(200009)38:3%3C316::AID-AJIM11%3E3.0.CO;2-P
https://www.ncbi.nlm.nih.gov/pubmed/10940970
https://doi.org/10.1615/JEnvironPatholToxicolOncol.v20.i2.10
https://www.ncbi.nlm.nih.gov/pubmed/10983887

Int. J. Mol. Sci. 2024, 25, 2737 17 of 19

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

Wang, L.; Wise, ].T.; Zhang, Z.; Shi, X. Progress and prospects of reactive oxygen species in metal carcinogenesis. Curr. Pharmacol.
Rep. 2016, 2, 178-186. [CrossRef]

Sivandzade, E.; Cucullo, L. Assessing the protective effect of rosiglitazone against electronic cigarette /tobacco smoke-induced
blood-brain barrier impairment. BMC Neurosci. 2019, 20, 15. [CrossRef] [PubMed]

Ma, T.; Wang, X.; Li, L.; Sun, B.; Zhu, Y.; Xia, T. Electronic cigarette aerosols induce oxidative stress-dependent cell death and
NF-«B mediated acute lung inflammation in mice. Arch. Toxicol. 2021, 95, 195-205. [CrossRef] [PubMed]

Sivandzade, F.; Alqahtani, F; Sifat, A.; Cucullo, L. The cerebrovascular and neurological impact of chronic smoking on post-
traumatic brain injury outcome and recovery: An in vivo study. J. Neuroinflammation. 2020, 17, 133. [CrossRef]

Munakata, S.; Ishimori, K.; Kitamura, N.; Ishikawa, S.; Takanami, Y.; Ito, S. Oxidative stress responses in human bronchial
epithelial cells exposed to cigarette smoke and vapor from tobacco- and nicotine-containing products. Regul. Toxicol. Pharmacol.
2018, 99, 122-128. [CrossRef]

Calvert, J.W,; Jha, S.; Gundewar, S.; Elrod, ].W.; Ramachandran, A.; Pattillo, C.B.; Kevil, C.G.; Lefer, D.J. Hydrogen sulfide
mediates cardioprotection through Nrf2 signaling. Circ. Res. 2009, 105, 365-374. [CrossRef]

Chang, Q.; Pan, J.; Wang, X.; Zhang, Z.; Chen, F,; Shi, X. Reduced reactive oxygen species—generating capacity contributes to the
enhanced cell growth of arsenic-transformed epithelial cells. Cancer Res. 2010, 70, 5127-5135. [CrossRef]

Scott, A.; Lugg, S.T.; Aldridge, K.; Lewis, K.E.; Bowden, A.; Mahida, R.Y.; Grudzinska, ES.; Dosanjh, D.; Parekh, D.; Foronjy, R.;
et al. Pro-inflammatory effects of e-cigarette vapour condensate on human alveolar macrophages. Thorax 2018, 73, 1161-1169.
[CrossRef]

Vasanthi Bathrinarayanan, P; Brown, ].E.P.; Marshall, L.J.; Leslie, L.J. An investigation into E-cigarette cytotoxicity in-vitro using
a novel 3D differentiated co-culture model of human airways. Toxicol. Vitr. 2018, 52, 255-264. [CrossRef] [PubMed]
Merecz-Sadowska, A.; Sitarek, P.; Zielinska-Blizniewska, H.; Malinowska, K.; Zajdel, K.; Zakonnik, L.; Zajdel, R. A Summary of
in vitro and in vivo studies evaluating the impact of E-cigarette exposure on living organisms and the environment. Int. . Mol.
Sci. 2020, 21, 652. [CrossRef] [PubMed]

Behar, R.Z.; Wang, Y.; Talbot, P. Comparing the cytotoxicity of electronic cigarette fluids, aerosols and solvents. Tob. Control 2018,
27,325-333. [CrossRef] [PubMed]

Yu, V.; Rahimy, M.; Korrapati, A.; Xuan, Y.; Zou, A.E; Krishnan, A.R.; Tsui, T.; Aguilera, J.A.; Advani, S.; Crotty Alexander, L.E.;
et al. Electronic cigarettes induce DNA strand breaks and cell death independently of nicotine in cell lines. Oral. Oncol. 2016, 52,
58-65. [CrossRef]

Seiler-Ramadas, R.; Sandner, I.; Haider, S.; Grabovac, I.; Dorner, T.E. Health effects of electronic cigarette (e-cigarette) use on
organ systems and its implications for public health. Wiener Klin. Wochenschr. 2021, 133, 1020-1027. [CrossRef] [PubMed]

Gaur, S.; Agnihotri, R. Health effects of trace metals in electronic cigarette aerosols-a systematic review. Biol. Trace Elem. Res. 2019,
188, 295-315. [CrossRef]

Wang, X.; Son, Y.O.; Chang, Q.; Sun, L.; Hitron, J.A.; Budhraja, A.; Zhang, Z.; Ke, Z.; Chen, E; Luo, J.; et al. NADPH oxidase
activation is required in reactive oxygen species generation and cell transformation induced by hexavalent chromium. Toxicol. Sci.
2011, 123, 399-410. [CrossRef]

Hartwig, A.; Schwerdtle, T. Interactions by carcinogenic metal compounds with DNA repair processes: Toxicological implications.
Toxicol. Lett. 2002, 127, 47-54. [CrossRef]

Della Chiara, G.; Gervasoni, E.; Fakiola, M.; Godano, C.; D’Oria, C.; Azzolin, L.; Bonnal, R.J.P.; Moreni, G.; Drufuca, L.; Rossetti,
G.; et al. Epigenomic landscape of human colorectal cancer unveils an aberrant core of pan-cancer enhancers orchestrated by
YAP/TAZ. Nat. Commun. 2021, 20, 2340. [CrossRef]

Zhao, L.; Islam, R.; Wang, Y.; Zhang, X.; Liu, L.Z. Epigenetic Regulation in Chromium-, Nickel- and Cadmium-Induced
Carcinogenesis. Cancers 2022, 14, 5768. [CrossRef] [PubMed]

Cui, X.; Wakai, T.; Shirai, Y.; Hatakeyama, K.; Hirano, S. Chronic oral exposure to inorganic arsenate interferes with methylation
status of p16INK4a and RASSF1A and induces lung cancer in A /] mice. Toxicol. Sci 2006, 91, 372-381. [CrossRef] [PubMed]
Jensen, T]J.; Novak, P.; Eblin, K.E.; Gandolfi, A.]J.; Futscher, B.W. Epigenetic remodeling during arsenical-induced malignant
transformation. Carcinogenesis 2008, 29, 1500-1508. [CrossRef]

White, W.L. Erratum to: Why I hate the index finger. Hand 2011, 6, 233. [CrossRef] [PubMed]

Sasidharan Nair, V.; El Salhat, H.; Taha, R.Z.; John, A; Ali, B.R,; Elkord, E. DNA methylation and repressive H3K9 and H3K27
trimethylation in the promoter regions of PD-1, CTLA-4, TIM-3, LAG-3, TIGIT, and PD-L1 genes in human primary breast cancer.
Clin. Epigenetics 2018, 10, 78. [CrossRef]

Jose, C.C.; Jagannathan, L.; Tanwar, V.S.; Zhang, X.; Zang, C.; Cuddapah, S. Nickel exposure induces persistent mesenchymal
phenotype in human lung epithelial cells through epigenetic activation of ZEB1. Mol. Carcinog. 2018, 57, 794-806. [CrossRef]
[PubMed]

Joseph, P.; O’Kernick, C.M.; Othumpangat, S.; Lei, Y.X.; Yuan, B.Z.; Ong, T.M. Expression profile of eukaryotic translation factors
in human cancer tissues and cell lines. Mol. Carcinog. 2004, 40, 171-179. [CrossRef] [PubMed]

Aalami, A.H.; Hoseinzadeh, M.; Hosseini Manesh, P; Jiryai Sharahi, A.; Kargar Aliabadi, E. Carcinogenic effects of heavy metals
by inducing dysregulation of microRNAs: A review. Mol. Biol. Rep. 2022, 49, 12227-12238. [CrossRef]

Cardoso, A.PF,; Al-Eryani, L.; States, ].C. Arsenic-Induced Carcinogenesis: The Impact of miRNA Dysregulation. Toxicol. Sci.
2018, 165, 284-290. [CrossRef]


https://doi.org/10.1007/s40495-016-0061-2
https://doi.org/10.1186/s12868-019-0497-5
https://www.ncbi.nlm.nih.gov/pubmed/30947684
https://doi.org/10.1007/s00204-020-02920-1
https://www.ncbi.nlm.nih.gov/pubmed/33159582
https://doi.org/10.1186/s12974-020-01818-0
https://doi.org/10.1016/j.yrtph.2018.09.009
https://doi.org/10.1161/CIRCRESAHA.109.199919
https://doi.org/10.1158/0008-5472.CAN-10-0007
https://doi.org/10.1136/thoraxjnl-2018-211663
https://doi.org/10.1016/j.tiv.2018.06.020
https://www.ncbi.nlm.nih.gov/pubmed/29940344
https://doi.org/10.3390/ijms21020652
https://www.ncbi.nlm.nih.gov/pubmed/31963832
https://doi.org/10.1136/tobaccocontrol-2016-053472
https://www.ncbi.nlm.nih.gov/pubmed/28596276
https://doi.org/10.1016/j.oraloncology.2015.10.018
https://doi.org/10.1007/s00508-020-01711-z
https://www.ncbi.nlm.nih.gov/pubmed/32691214
https://doi.org/10.1007/s12011-018-1423-x
https://doi.org/10.1093/toxsci/kfr180
https://doi.org/10.1016/S0378-4274(01)00482-9
https://doi.org/10.1038/s41467-021-22544-y
https://doi.org/10.3390/cancers14235768
https://www.ncbi.nlm.nih.gov/pubmed/36497250
https://doi.org/10.1093/toxsci/kfj159
https://www.ncbi.nlm.nih.gov/pubmed/16543296
https://doi.org/10.1093/carcin/bgn102
https://doi.org/10.1007/s11552-011-9321-0
https://www.ncbi.nlm.nih.gov/pubmed/21776199
https://doi.org/10.1186/s13148-018-0512-1
https://doi.org/10.1002/mc.22802
https://www.ncbi.nlm.nih.gov/pubmed/29528143
https://doi.org/10.1002/mc.20033
https://www.ncbi.nlm.nih.gov/pubmed/15224349
https://doi.org/10.1007/s11033-022-07897-x
https://doi.org/10.1093/toxsci/kfy128

Int. J. Mol. Sci. 2024, 25, 2737 18 of 19

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

Luo, E; Ji, J.; Liu, Y.; Xu, Y.; Zheng, G,; Jing, J.; Wang, B.; Xu, W.; Shi, L.; Lu, X,; et al. MicroRNA-21, up-regulated by arsenite,
directs the epithelial-mesenchymal transition and enhances the invasive potential of transformed human bronchial epithelial cells
by targeting PDCDA4. Toxicol. Lett. 2015, 232, 301-309. [CrossRef]

Scagliotti, G.V.; Selvaggi, G.; Novello, S.; Hirsch, ER. The biology of epidermal growth factor receptor in lung cancer. Clin. Cancer
Res. 2004, 10 Pt 2, 4227s-4232s. [CrossRef] [PubMed]

Kwon, H]J.; Oh, Y.T,; Park, S.; Kim, S.S.; Park, J.; Yin, J.; Hong, ].H.; Kim, C.I.; Ryu, H.; Park, ]J.B.; et al. Analysis of electric
cigarette liquid effect on mouse brain tumor growth through EGFR and ERK activation. PLoS ONE 2021, 16, €0256730. [CrossRef]
[PubMed]

Togashi, Y.; Hayashi, H.; Okamoto, K.; Fumita, S.; Terashima, M.; de Velasco, M. A ; Sakai, K.; Fujita, Y.; Tomida, S.; Nakagawa, K.;
et al. Chronic nicotine exposure mediates resistance to EGFR-TKI in EGFR-mutated lung cancer via an EGFR signal. Lung Cancer
2015, 88, 16-23. [CrossRef] [PubMed]

Kim, D.; Dai, J.; Fai, L.Y.; Yao, H.; Son, Y.O.; Wang, L.; Pratheeshkumar, P.; Kondo, K.; Shi, X.; Zhang, Z. Constitutive activation of
epidermal growth factor receptor promotes tumorigenesis of Cr(VI)-transformed cells through decreased reactive oxygen species
and apoptosis resistance development. J. Biol. Chem. 2015, 290, 2213-2224. [CrossRef] [PubMed]

Song, S.Y.; Na, H.G.; Kwak, S.Y.; Choi, Y.S.; Bae, C.H.; Kim, Y.D. Changes in mucin production in human airway epithelial cells
after exposure to electronic cigarette vapor with or without nicotine. Clin. Exp. Otorhinolaryngol. 2021, 14, 303-311. [CrossRef]
Qasim, H.; Karim, Z.A ; Silva-Espinoza, ].C.; Khasawneh, FT.; Rivera, ].O.; Ellis, C.C.; Bauer, S.L.; Almeida, I.C.; Alshbool, F.Z.
Short-term e-cigarette exposure increases the risk of thrombogenesis and enhances platelet function in mice. J. Am. Heart Assoc.
2018, 7, €009264. [CrossRef]

Ke, Q.; Li, Q.; Ellen, T.P; Sun, H.; Costa, M. Nickel compounds induce phosphorylation of histone H3 at serine 10 by activating
JNK-MAPK pathway. Carcinogenesis 2008, 29, 1276-1281. [CrossRef]

Chen, F; Ding, M.; Lu, Y.; Leonard, S.S.; Vallyathan, V.; Castranova, V.; Shi, X. Participation of MAP kinase p38 and IkappaB
kinase in chromium (VI)-induced NF-kappaB and AP-1 activation. J. Environ. Pathol. Toxicol. Oncol. 2000, 19, 231-238.
Achanzar, W.E.; Achanzar, K.B.; Lewis, ].G.; Webber, M.M.; Waalkes, M.P. Cadmium induces c-myc, p53, and c-jun expression in
normal human prostate epithelial cells as a prelude to apoptosis. Toxicol. Appl. Pharmacol. 2000, 164, 291-300. [CrossRef]
Achanzar, W.E.; Webber, M.M.; Waalkes, M.P. Altered apoptotic gene expression and acquired apoptotic resistance in cadmium-
transformed human prostate epithelial cells. Prostate 2002, 52, 236—244. [CrossRef]

Li, Q.; Suen, T.C.; Sun, H.; Arita, A.; Costa, M. Nickel compounds induce apoptosis in human bronchial epithelial Beas-2B cells by
activation of c-Myc through ERK pathway. Toxicol. Appl. Pharmacol. 2009, 235, 191-198. [CrossRef] [PubMed]

Bracken-Clarke, D.; Kapoor, D.; Baird, A.M.; Buchanan, PJ.; Gately, K.; Cuffe, S.; Finn, S.P. Vaping and lung cancer—A review of
current data and recommendations. Lung Cancer 2021, 153, 11-20. [CrossRef] [PubMed]

Petrella, E; Rizzo, S.; Masiero, M.; Marzorati, C.; Casiraghi, M.; Bertolaccini, L.; Mazzella, A.; Pravettoni, G.; Spaggiari, L. Clinical
impact of vaping on cardiopulmonary function and lung cancer development: An update. Eur. J. Cancer Prev. 2023, 32, 584-589.
[CrossRef] [PubMed]

Seilkop, S.K.; Oller, A.R. Respiratory cancer risks associated with low-level nickel exposure: An integrated assessment based on
animal, epidemiological, and mechanistic data. Regul. Toxicol. Pharmacol. 2003, 37, 173-190. [CrossRef]

Tang, S.C.; Wu, C.H,; Lai, C.H.; Sung, W.W.; Yang, W.J; Tang, L.C.; Hsu, C.P; Ko, J.L. Glutathione S-transferase mu2 suppresses
cancer cell metastasis in non-small cell lung cancer. Mol. Cancer Res. 2013, 11, 518-529. [CrossRef]

Taha, M.M.; Mahdy-Abdallah, H.; Shahy, E.M.; Ibrahim, K.S.; Elserougy, S. Impact of occupational cadmium exposure on bone in
sewage workers. Int. J. Occup. Environ. Health 2018, 24, 101-108. [CrossRef] [PubMed]

Lee, N.W.; Wang, H.Y.; Du, C.L,; Yuan, T.H.; Chen, C.Y;; Yu, C.J.; Chan, C.C. Air-polluted environmental heavy metal exposure
increase lung cancer incidence and mortality: A population-based longitudinal cohort study. Sci. Total Environ. 2022, 810, 152186.
[CrossRef]

Genchi, G.; Sinicropi, M.S.; Lauria, G.; Carocci, A.; Catalano, A. The effects of cadmium toxicity. Int. ]. Environ. Res. Public Health
2020, 17, 3782. [CrossRef]

Waisberg, M.; Joseph, P.; Hale, B.; Beyersmann, D. Molecular and cellular mechanisms of cadmium carcinogenesis. Toxicology
2003, 192, 95-117. [CrossRef]

Fang, Z.; Zhao, M.; Zhen, H.; Chen, L.; Shi, P.; Huang, Z. Genotoxicity of tri- and hexavalent chromium compounds in vivo and
their modes of action on DNA damage in vitro. PLoS ONE 2014, 9, e103194. [CrossRef]

Rao, C.V,; Pal, S.; Mohammed, A.; Farooqui, M.; Doescher, M.P,; Asch, A.S.; Yamada, H.Y. Biological effects and epidemiological
consequences of arsenic exposure, and reagents that can ameliorate arsenic damage in vivo. Oncotarget 2017, 8, 57605-57621.
[CrossRef]

Smith, A.H.; Ercumen, A.; Yuan, Y.; Steinmaus, C.M. Increased lung cancer risks are similar whether arsenic is ingested or inhaled.
J. Expo. Sci. Environ. Epidemiol. 2009, 19, 343-348. [CrossRef] [PubMed]

Dauphiné, D.C.; Ferreccio, C.; Guntur, S.; Yuan, Y.; Hammond, S.K.; Balmes, J.; Smith, A.H.; Steinmaus, C. Lung function in adults
following in utero and childhood exposure to arsenic in drinking water: Preliminary findings. Int. Arch. Occup. Environ. Health
2011, 84, 591-600. [CrossRef] [PubMed]


https://doi.org/10.1016/j.toxlet.2014.11.001
https://doi.org/10.1158/1078-0432.CCR-040007
https://www.ncbi.nlm.nih.gov/pubmed/15217963
https://doi.org/10.1371/journal.pone.0256730
https://www.ncbi.nlm.nih.gov/pubmed/34495991
https://doi.org/10.1016/j.lungcan.2015.01.027
https://www.ncbi.nlm.nih.gov/pubmed/25704955
https://doi.org/10.1074/jbc.M114.619783
https://www.ncbi.nlm.nih.gov/pubmed/25477514
https://doi.org/10.21053/ceo.2020.01907
https://doi.org/10.1161/JAHA.118.009264
https://doi.org/10.1093/carcin/bgn084
https://doi.org/10.1006/taap.1999.8907
https://doi.org/10.1002/pros.10106
https://doi.org/10.1016/j.taap.2008.12.005
https://www.ncbi.nlm.nih.gov/pubmed/19135467
https://doi.org/10.1016/j.lungcan.2020.12.030
https://www.ncbi.nlm.nih.gov/pubmed/33429159
https://doi.org/10.1097/CEJ.0000000000000797
https://www.ncbi.nlm.nih.gov/pubmed/36942844
https://doi.org/10.1016/S0273-2300(02)00029-6
https://doi.org/10.1158/1541-7786.MCR-12-0488
https://doi.org/10.1080/10773525.2018.1518745
https://www.ncbi.nlm.nih.gov/pubmed/30222069
https://doi.org/10.1016/j.scitotenv.2021.152186
https://doi.org/10.3390/ijerph17113782
https://doi.org/10.1016/S0300-483X(03)00305-6
https://doi.org/10.1371/journal.pone.0103194
https://doi.org/10.18632/oncotarget.17745
https://doi.org/10.1038/jes.2008.73
https://www.ncbi.nlm.nih.gov/pubmed/19190673
https://doi.org/10.1007/s00420-010-0591-6
https://www.ncbi.nlm.nih.gov/pubmed/20972800

Int. J. Mol. Sci. 2024, 25, 2737 19 0f 19

144. Zhu, K,; Ding, H.; Wang, W.; Liao, Z.; Fu, Z.; Hong, Y.; Zhou, Y.; Zhang, C.Y.; Chen, X. Tumor-suppressive miR-218-5p inhibits
cancer cell proliferation and migration via EGFR in non-small cell lung cancer. Oncotarget 2016, 7, 28075-28085. [CrossRef]
[PubMed]

145. Xu, W,; Cui, J.; Wu, L.; He, C.; Chen, G. The role of PD-1/PD-L1 checkpoint in arsenic lung tumorigenesis. Toxicol. Appl. Pharmacol.
2021, 426, 115633. [CrossRef] [PubMed]

146. Cooper, K.L.; Liu, R.; Zhou, X. Particulate arsenic trioxide induces higher DNA damage and reactive oxygen species than soluble
arsenite in lung epithelial cells. Toxicol. Appl. Pharmacol. 2022, 457, 116320. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.18632/oncotarget.8576
https://www.ncbi.nlm.nih.gov/pubmed/27057632
https://doi.org/10.1016/j.taap.2021.115633
https://www.ncbi.nlm.nih.gov/pubmed/34166680
https://doi.org/10.1016/j.taap.2022.116320

	Introduction 
	The ENDS Devices 
	E-Cigs 
	Heated Tobacco Products (HTPs) 

	Heavy Metals in Tobacco, CC Smoke, E-Cig, and HTP Mainstream 
	E-Cigs 
	HTPs 

	Metals and Molecular Carcinogenesis 
	Metal Carcinogenesis Mechanisms: Oxidative Stress and DNA Damage 
	Epigenetic Mechanisms and Gene Expression Regulation 
	microRNAs 
	EGFR and MAP Kinase 
	c-Myc and Cell Cycle 

	Exposure to Metals Delivered from ENDS and Lung Cancer Risk 
	Nickel 
	Cadmium 
	Chromium 
	Arsenic 

	Conclusions 
	References

