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Abstract

Electronic cigarettes (ECs) are essentially nicotine delivery devices that mimic the appearance of a conventional cigarette (CC).
Lately, they have been marketed as tools for quitting smoking. Even though they are promoted as safe alternatives to CC, they are
not devoid of hazardous components. Literature reveals that the EC aerosols and e-liquids are a potential source of elements that
induce and promote development of chronic conditions. These include trace metals which are leached from their core assembly.
Some of these metals like nickel, chromium, cadmium, tin, aluminum, and lead are potential carcinogens. They have been
associated with fatal conditions like lung and sinonasal cancer. Besides, they may have adverse effects on oral tissues like
periodontal ligament and mucosa where they may trigger chronic periodontitis and oral cancer. However, there is only trivial
evidence related to health hazards of metals released from ECs. With this background, the present review first focuses on the
structure of the ECs followed by an appraisal of the data from experimental studies about the metals released in EC aerosols and

their associated health hazards.
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Introduction

Electronic cigarettes (ECs) also called as e-cigarettes, e-cig,
electronic vaping device, or personal vaporizer or vaping are
essential nicotine delivery devices proposed for long-term
smokers or individuals who wish to quit smoking [1]. They
were developed and patented in 2003 in Beijing, China, and
then launched in Europe and the USA in 2006 [2, 3]. They
were marketed as “cheaper and safer smokeless alternative” to
traditional cigarettes [1]. In 2014, the US National Health
Interview Survey (NHIS) reported that among the 146 million
working adults, 3.8% (5.5 million) used ECs [4, 5]. The usage
was high among the male, non-Hispanic whites, aged 18—
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24 years, with an annual household income of less than
$35,000 [5].

The EC is an electronic nicotine delivery device that
mimics the appearance of a conventional cigarette (CC) [5].
It consists of a battery, a heating element, and a liquid-
containing cartridge. The liquids are vaporized by the heating
element. Even though ECs are claimed to be safe, the FDA has
reported that their cartridges and solutions contain nitrosa-
mines, diethylene glycol, heavy metals, and other contami-
nants potentially harmful to humans [6]. As they deliver nic-
otine and chemicals with established adverse effects on
humans, their promotion as a safe alternative to CC or as a
smoking cessation device is questionable [6].

Several trace metals including aluminum (Al), arsenic
(As), cadmium (Cd), chromium (Cr), copper (Cu), iron
(Fe), manganese (Mn), nickel (Ni), lead (Pb), and zinc
(Zn) are released from ECs [7]. Their concentration is
higher in the aerosolized e-liquids as compared to the
non-aerosolized forms. Moreover, the concentration of
some of these metals was higher in EC aerosol when com-
pared to conventional tobacco smoke [8]. For instance, the
levels of Ni and Cr have been found to be very high in
aerosols due to their leaching from the core assembly [9].
It was proposed that these metals could be trapped in
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respiratory tissues and could induce pathologies [10].
Additionally, their increased concentration in body fluids
may induce systemic and oral conditions.

As the manufacturing process for e-liquids is not standard-
ized, there is a heightened risk that carcinogenic substances
may be included. A recent study showed that 10 to 81% of the
nicotine (about 2.1 to 15.1 mg) from the cartridges was vapor-
ized [2, 11]. Although precise data regarding EC-induced car-
cinomas is not available, the elevated levels of nicotine and
heavy metals heighten the risk of cancer.

There is immense data related to harmful health effects of
carbon monoxide, nicotine, tar, irritants, and other noxious
gases present in the conventional tobacco smoke. However,
those due to heavy metals and other toxic elements in tobacco
smoke are not sufficiently emphasized. Nevertheless, litera-
ture reveals that tobacco smoking influences the concentra-
tions of several elements like Al, As, Cd, Cr, Cu, Pb, Mn,
Hg, Ni, Po, Se, and Zn in the organs [12]. It is a substantial
source of these hazardous elements, not only to the current
smoker but also to the passive smokers and non-smokers.
Their adverse effects on the fetus through maternal smoking,
and on infants through parental smoking, are of special
concern.

As the concentration of metals is elevated in EC aerosol
when compared to CC smoke, it may be inferred that chronic
long-term exposure to these metals, through inhalation of EC
smoke, may have a negative impact on humans [8].
Unfortunately, there is insufficient data evaluating these ef-
fects. Therefore, the ECs which were introduced as a “healthy
alternative” to conventional smoking contain e-liquids supple-
mented with nicotine, and heavy metals released from the core
assembly and liquid vaporization [13]. They may pose health
risks similar to conventional tobacco consumption. With this
background, the aim of the present work is to first provide an
overview of the ECs followed by an insight into the plausible
adverse health effects of trace metals released in their aerosol.

Structure of Electronic Cigarettes
and Plausible Sources of Trace and Toxic
Elements in Electronic Cigarettes

As already stated, the EC has three basic components: a bat-
tery, a heating element, and a liquid-containing cartridge
(Fig. 1). The secondary parts include an airflow sensor, a
microchip for controlling the heating element, and a light-
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emitting diode at the tip that simulates a burning cigarette [14].
The air holes in the devices control the pressure drop and
facilitate the air flow required for puffing. The batteries in
ECs may be activated automatically through inhalation or
manually by pressing the activating button.

The structure of ECs has undergone tremendous change
since their introduction in 2003. This includes changes in their
size, nicotine concentrations, e-liquid composition, the atom-
izer, and the type of batteries. There are three generations of
ECs [15]. The second- and third-generation devices allow user
customization, which influences aerosol production, nicotine
delivery, and risk associated with the use of the product [15].

There are three stages in aerosol production [14]. These
include preprocessing, aerosol generation, and
postprocessing. During the first stage, the e-liquid is
transported to the aerosol generator either by capillary action,
through a wick, or by mechanically controlled pumps, noz-
zles, and diaphragms. Other methods of transport include fluid
jet, micromesh, microetched screen, or electro-permeable
membranes [14]. Some ECs utilize micropumps on
microelectro-mechanical systems to deliver predetermined
quantities and combinations of e-liquids to an aerosol genera-
tor [14]. In some customizable forms, the user may directly
drip the liquid onto the heating element before puffing.

In the second stage, aerosol is generated when the e-liquid
contacts the heated element [14]. An ultrasonic generator pro-
duces aerosol by mechanical dispersion. The final stage in-
cludes aerosol processing, as it travels through the central air
passage to the consumer [14]. If the aerosol temperature is
low, condensation may occur on the inner surface of the pas-
sage. These condensed droplets are either removed or
reprocessed into aerosol.

Due to the structure and design of ECs, involving a large
number of metal components in conjunction with cyclic tem-
perature changes, some metallic compounds may be delivered
to the aerosol from the atomizer, batteries, or e-liquids. Studies
have reported the presence of metals in EC aerosol at levels
higher than that in CC smoke [9, 16, 17]. Various structural
components of ECs that may contribute metal particles in
aerosols are as follows.

Atomizer

The atomizer is a chamber consisting of a resistance wire
encircling the wicking device that draws in the fluid. The
smoke is generated through the activation of atomizer by the
sensing device. Subsequently, the resistance wire is heated up,
and e-liquid vapors are released, which are inhaled by the user.
This part of ECs has undergone numerous modifications
resulting in the development of “cartomizers” (cartridge plus
atomizer), which are a combination of e-liquid distribution
system, the wick, and heating element [15, 18]. The second-
and third-generation ECs are also called “clearomizers,”

“tankomizers,” or “carotanks,” as they can hold several milli-
liters of fluid in refillable reservoirs [18].

The quantity and quality of aerosol, including the concen-
tration of metals, is dependent on the material of the heating
element, its inherent resistance, voltage applied, and temper-
ature. The latter even influences the size of the particles and
their generation rate. Warmer air can hold greater quantity of
e-liquid per unit volume. The heating element is customarily
made of nichrome (an alloy of Ni and Cr) or a combination of
nichrome and Kanthal (an alloy of Fe, Cr, and Al) [8].
Therefore, Ni and Cr are most often leached from this unit.
Additionally, metals like Cu, Ag, Zn, Sn, Pb, Ca, Mg, Fe, and
Al may also be released from the other components of ECs.
Their detailed analysis is discussed in a later section.

Batteries

The ECs may be powered by a permanent rechargeable bat-
tery or a non-rechargeable battery or a user-replaceable battery
[14]. These batteries include metals like Ni-Cd, Ni metal-hy-
dride, lithium (Li) alkaline, Li-polymer, and Li-Mn [14].
These metals may leach into the aerosol from batteries.

E-Liquid

The cartridge can be filled with different e-liquid solutions.
They are vaporized by the heating element, and the cigarette is
consumed by inhaling the aerosol mist [2]. This simulates the
act of real tobacco smoking. The diluents in e-liquid vaporize
upon heating. The most common chemicals used are propyl-
ene glycol and vegetable or aqueous glycerin, in the ratio of
4:1 [2]. Besides, flavors are added to improve the taste of the
liquid. Nicotine is added to propylene glycol in concentrations
up to 70 mg/mL [2]. Although propylene glycol is a safe,
colorless, and odorless food additive, nicotine is very harmful
to both general and oral health.

Metals like Cd, Cr, Pb, Mn, and Ni have been identified in
the e-liquids. The nicotine in e-liquids is derived from
Nicotiana tabacum (cultivated tobacco), a potent bio-
accumulator [19, 20]. It absorbs pollutants including the
heavy metals from the immediate growing environment.
Therefore, Pb may be introduced into the e-liquids during
the extraction of nicotine from tobacco leaves [19].
Furthermore, heating coil, wick, and other internal compo-
nents of ECs may introduce Pb into the e-liquid [9, 21].

The packaging and design of ECs is an important contrib-
utor to metal exposure [19]. This was commonly seen in the
disposable electronic nicotine delivery system (ENDS) with
open-wick designs. Here, the e-liquid was deposited on a fab-
ric pad tightly packed inside the device. Further, it maintained
a continuous direct contact with the heating element.
Conversely, in the cartridge designs, the liquid is encased in
an interchangeable metal chamber. It contacts the chamber but
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not the heating element. Moreover, the e-liquid may be avail-
able as refill solutions packaged in glass or plastic bottles.
Therefore, unless the e-liquid was removed from these con-
tainers, they could not be contaminated by the metallic com-
ponents [19].

When activated, the heating coil directly contacts the
e-liquid. Higher temperatures may cause leaching of the
coil metals into the liquid. Therefore, mere screening of
liquids for metals prior to the assembly of the device is
insufficient. It is imperative that the design characteris-
tics as well as the formulation of e-liquids be standard-
ized to avoid metallic contamination. Additionally, stan-
dard protocols have to be followed in the experimental
trials, as determination of metals in aerosols may be
affected by the method of collection, the brand of e-
liquid (commercially prepared or home brewed), as well
as the EC [21]. The following section would describe
evidence related to trace metals in EC aerosols and their
health effects.

Evidence on the Release of Trace Metals
from Electronic Cigarettes

The Preferred Reporting Items for Systematic Reviews
and Meta-analyses (PRISMA) guidelines were followed
to identify the research publications on trace metals asso-
ciated with ECs and their influence on general and oral

Fig. 2 Evidence search for trace

health. The databases searched were Medline (PubMed),
Scopus, and Web of Science. A combination of keywords
like “metals” AND “electronic cigarette” OR “e-cigarette”
OR “electrically heated cigarette” OR “ENDS and ciga-
rette” OR “electronic nicotine delivery system” OR “elec-
tronic nicotine delivery device” OR “e-liquid” OR
“Vaping” AND “health” was used. They were verified in
the titles, abstracts, or keywords during the initial search.
It resulted in a total of 95 articles (Fig. 2). The data was
screened for duplicates which resulted in 61 articles
wherein the titles and abstracts were read. The eligibility
criteria included free full-text original studies related to
the trace metals in ECs and their influence on oral and
general health. Only articles in English language were
included. Any kind of recommendations, expert state-
ments, reviews, technical reports, and non-original papers
was excluded. This resulted in 16 original research arti-
cles of which three were excluded due to non-availability
of free full text. Full texts of 13 original studies were
evaluated. One study was excluded as it did not mention
the trace metals evaluated in e-liquid or its aerosol.
Finally, full texts of 12 studies were included in the re-
view [8-10, 19, 21-28]. Their salient features, metals
evaluated, and results and conclusions were recorded
(Table 1). The level of metals in EC aerosols was record-
ed separately. These concentrations were converted into
nanograms/10 puffs, wherever possible, for the ease of
comparison of results between the studies [7] (Table 2).

Evidence search for trace metals released from E cigarettes and their health effects

16 documents in Medline (Pubmed) + 52
documents in Scopus and 27 documents in
Web of Science through primary search

61 documents

34 documents removed due to
overlapping

45 documents excluded after

reading titles and abstracts :

* Not in English language

* Reviews/short surveys/ case
reports or series experimental
studies / editorials/conference

16 Original research articles

papers/ Non human studies/
pediatric patients

3 documents removed due to

13 original research articles
selected for full text reading

non availability of free full texts

1 document removed (lack of
information required)

12 original research articles
included in the systematic
review
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The method used for estimating the levels of metals was
also noted.

Results

About 12 studies were included in the review. They were all
experimental research that simulated the EC smoking. These
studies analyzed an array of metals in EC aerosols, ranging
from potentially toxic heavy metals like Ni, Cd, Cr, Mn, Pb,
As, B, Sn, Ba, Al, Zr, Ti, Ag, and Li to metals which may not
have adverse health effects in low concentrations like Ca, K,
Zn, Fe, Na, Mg, and Cu. Additionally, Si was also identified in
a study [8]. The salient features of these studies may be sum-
marized as follows.

Sampling of EC Aerosol

The sampling methods for EC aerosols varied in different
studies. For instance, in a study, e-vapors were generated with
a smoking machine and the Cooperation Centre for Scientific
Research Relative to Tobacco (CORESTA) approach was
used for mimicking the vaping (55 mL puff over 3 s, twice a
minute) [26]. E-vapors were collected from 96 puffs of ECs.
Another study imitated conditions reflecting the actual manner
of ECs to generate the aerosol. Results of inhalation topogra-
phy measurement among 10 “e-smokers” who regularly used
ECs (> 1 month) were used [22]. The testing procedures used
averaged puffing conditions, i.c., puff duration (1.8 s), inter-
vals between puffs (10 s), puff volume (70 mL), and the num-
ber of puffs taken in one puffing session as 15. A total of 150
puffs were taken from each EC in a 10 series of 15 puffs with
an interval of 5 min between the series. Each EC was tested
three times on three following days after batteries were
recharged during nights. Vapors were visible during the full
150 puffs taken from each tested product. The metals were
collected through absorption into the indoor air in gas washing
bottles containing methanol. Their quantization was done with
inductively coupled plasma with mass spectrometry (ICP-
MS) technique.

Method for Detection

The studies utilized either ICP-MS or inductively coupled
plasma optical emission spectrometry (ICP-OES) to quantify
the metals released in the aerosols (Table 2) [8, 9, 21-23]. One
study used atomic absorptiometry for analysis [24].

Metals Analyzed

Most of the studies showed the presence of Ni, Cr, Pb, Sn, Al,

Cd, and Cu [8-10, 19, 21-23, 25-27]. Relatively small levels
of other metals like As, Fe, and Zn were reported [8-10, 21,

@ Springer

23, 25-27]. The presence of Ni in EC aerosol was reported in
nine studies [8—-10, 21-23, 25, 27, 28]. Its levels varied be-
tween 5 and 7.33 ng/10 puffs [9, 22]. Cr was reported in six
studies [9, 10, 21, 25, 26, 28] with levels ranging from 7 to <
200 ng/10 pufts in two studies [9, 23]. Pb with levels ranging
from 2 to 38 ng/10 puffs was reported in six studies [9, 19, 21,
22,26, 27]. Likewise, Al was reported in about five studies in
concentrations ranging from 266 to 394 ng/10 puffs [9, 10, 21,
26, 28]. Cd was reported in four studies with levels ranging
from 0.66 to 14.6 ng/10 puffs [21, 22, 26, 28]. Sn was reported
in six studies [8-10, 23, 25, 28] with a concentration ranging
from 36 to <6000 ng/10 puffs in three studies [8, 9, 23]. Cu
was observed in eight studies [8-10, 18, 21, 24, 25, 28] with
levels ranging from 11 to 2247 ng/10 puffs in two studies [21,
24]. Similarly, Mn was reported in four studies [9, 10, 21, 28]
at a concentration of 2 to 35 ng/10 puffs in two studies [9, 21].

Source of Metals in Electronic Cigarettes

About five studies investigated the sources of metals in aero-
sols from ECs [8, 9, 23, 26, 27]. One study investigated metal
substrates in different components of atomizer [8]. It was re-
ported that metals like Ni and Cr were released from the ni-
chrome filament [8, 9, 23, 26, 27], Cu and Ag from the thick
wire [8, 9, 23], Cu and Zn from the brass clamp, Sn and Pb
from solder joints, and Si, oxygen, Ca, Mg, and Al from the
wick and sheath [8, 9]. The elemental analysis of the core
assembly revealed the presence of trace metals, especially
Al, Fe, Ni, and Zn [21]. EC batteries and cartomizer were
reported as sources of Cu in one study [24].

High levels of Sn were reported to be released from friable
solder joints and Cu wires coated with Sn [8, 23]. In one study,
Sn was reported in the pellets derived from the centrifugation
of the outer and inner fibers of the cartomizer [8]. Sn “whis-
kers” (microscopic, conductive crystals that emanate sponta-
neously from pure Sn) were present on the solder joints and on
wires near the joints. Centrifugation of outer and inner fibers
of cartomizer produced large pellets of white and black Sn,
respectively. The black pellets contained tin oxide, which is
usually produced when the metal is heated. Therefore, its de-
position near the filament actually confirmed its source.
Additionally, green coloration was observed in some
cartomizer fibers. These were mainly Cu particles that migrat-
ed from the solder or the large wire. The authors concluded
that Sn in the centrifuged pellets percolated from the solder
joints or from the solder that escaped into the cartomizers
during manufacturing or presale testing. They suggested that
as the solder joints were Pb free, they were more fragile and
susceptible to cyclic temperature changes. Small amounts of
Ni and Cr from the nichrome wire, Ag from the coatings on
Cu wire, and Fe from the mouthpiece and/or metallic base at
the battery interface were also reported. Besides, silicate beads
from the fiberglass wick were found in the aerosol. The
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elemental analysis of wick showed the presence of silicon, Ca,
Al, and Mg. Furthermore, boron, which is used for the man-
ufacture of glass wick, was also reported.

An earlier detailed analysis of the core assembly by the same
authors revealed that the inner and outer surfaces of the casing
comprised of Fe and Mn [9]. The core tip consisted of Ni, Cu,
and Zn. The upper core was composed of Si while Zn and Pb
were present in the gasket. The fabric material contained high
percentages of Cu and Ni. The outer and inner surfaces of the
woven tube comprised primarily of Si, Sn, and Al. The upper
and lower halves of the core were coated with Ag, with under-
lying metal compositions of Ni and Cu. The wick fibers within
the surrounding resistance coil consisted mainly of Si while the
coil filament around the wick fibers contained high quantities of
Ni, with less amounts of Si and Mn. The weld joint connecting
the coil with the thick extension wire was made up of high
amounts of Ni and some Si. The thick extension wire beyond
the weld joint consisted of Ni with minimal amounts of Cu. The
juncture of thick extension wire, coil, and weld joint contained
mainly Ni (53%) and Cr (18%). The levels of the latter were
beyond the acceptable threshold of 5%.

Quantifiable levels of Pb were reported in the open-wick
ENDS devices in another study, and it was suggested that the
design characteristics of ECs were responsible for its presence
[19]. Furthermore, the direct contact between the coil and e-
liquid was reported as a cause in another study [28].

Some studies compared the metals in different components
of various EC brands [9, 23]. For instance, a study reported
that for most brands (BluCig, NJOY King, Mistic, V2 Cigs,
Luxury Lites, Smooth, Tsunami, and Imperial Hookah), the
filament comprised of Ni and Cr [9]. In one brand (Square 82),
the filament mainly consisted of Cr, Fe, and Al (Kanthal)
along with Mo, Ti, and Cu. Brands like Vype and Starbuzz
had Fe, Cr, and Ni in their filaments. The thick wire was made
of Cu coated with Ag in the brand BluCig while in NJOY
King, Tsunami, and Starbuzz, these wires comprised of Cu
and Ni coated with Ag. In the brand Smooth, the Cu wire
was coated with Sn. The thick wire and filaments were joined
with either clamps or solder. In five brands (BluCig, NJOY
King, Mistic, Vype, and Starbuzz), these wires were joined by
Cu/Zn (brass) clamps, while in other brands (Square 82, V2
Cigs, Luxury Lites, Smooth, Tsunami, and Imperial Hookah),
they were joined with a solder, predominantly made of Sn.
The electronic hookahs contained both Sn and Pb in their
solder joints, and Pb was detected in their acrosols. The joints
between the thick wire and battery were made of Sn solder in
all brands, except in Luxury Lites and Imperial Hookah,
where Pb was present. The sheaths comprised of Si, oxygen,
Ca, Al, and Mg in all the brands.

A similar work was reported by these authors in which they
compared four brands of ECs [23]. Although the names of the
brands were not revealed, three brands (A, B, and C) had a
cartomizer while one brand (D) was a disposable device.

Acrosol from brand A had high levels of Sn. Further analysis
of this brand revealed that Sn concentrations varied by approx-
imately 30-fold between its cartomizers. Therefore, two
cartomizers (Al and A2), representing the high and low end
ranges for Sn, in brand A, were analyzed. The thin wires in both
the cartomizers were made of Ni and Cr while the thick Cu wire
was coated with Ag. The clamps joining the two wires in
cartomizer Al comprised mainly of Cu while in A2, they
contained Ni with some Cu and Zn. In brand A, the thick wire
was attached to the air tube via Sn solder joints. The fibers in
cartomizer Al were coated with Sn and Cu. It was suggested
that unstable solder joints were a source of Sn in the cartomizer
of brand A. The basic design of the cartomizers in brands B, C,
and D was similar to that of brand A. The thin wire was made of
nichrome. It coiled around a loop of thick wire, made of Cu,
coated with Ag in brand B and Sn in brand C. In all the three
brands, the thin and thick wires made of Ni and Cr were
crimped together inside a metal casing. The thick Cu wire
was coated with Ag. The joints between the thick and thin wires
in brand B comprised of Sn solder, and those in brand C are
mainly of Cu and Cr while in brand D, they were joined togeth-
er by a Cu-Zn alloy (brass) clamp. In cartomizers from brand B,
the thick wire was joined to the air tube and mouthpiece by Sn
solder. However, in brand D, they were attached directly to the
battery by the Sn solders.

Concentrations of Metals in Conventional Cigarette
Smoke and Electronic Cigarette Aerosol

About 10 studies compared metals among different brands of
ECs [8, 9, 19, 21-27] while five studies included comparison
of'their levels between the CC smoke and EC aerosol [8, 9, 22,
24, 26].

The CC smoke is a substantial source of hazardous metals
not only to the smoker but also to the passive non-smokers
[29]. Smoking alters metal homeostasis in the body, resulting
in a number of diseases. Metals like Al, Cd, Cr, Cu, Pb, Mn,
Hg, Se, and vanadium have been reported in cigarette smoke.
It is generally accepted that Cd and Pb concentrations in CCs
range from 1 to 3 pg/g and from 1 to 2 pg/g, respectively
[29-31]. In filter cigarettes, the Cd and Pb concentrations were
about 1.7 and 2.4 pg/g, respectively [31]. On an average,
cigarettes contain 1-2 pg of Cd and a person smoking
20 cigarettes/day may inhale up to 1 pg of Cd/day [29].

As already stated, tobacco grown in soils with higher avail-
able Cd and Pb may show their increased levels in the tobacco
lamina. Therefore, cigarette brands with similar tar measure
could yield different levels of heavy metals, depending on the
growth conditions of tobacco. This was seen in a study evalu-
ating levels of heavy metals in 20 popular cigarette brands, in
Saudi Arabia [29]. The levels of Cd inhaled from smoking one
pack (20 cigarettes) of different brands were about 1.40—
2.70 ug. This value was very close to cigarettes from the
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United Kingdom (UK) (1.32-2.64 pg) and Korea (1.54—
3.08 ug). However, the amount of Pb inhaled from these brands
was four times higher when compared with the UK and Korean
cigarettes. It was suggested these variations could be attributed
to the metal content in the soil, type of tobacco, growth condi-
tions, and tobacco treatment process.

Likewise, in another study, the levels of As, Cd, Cr, Ni, and
Pb were estimated in cigarettes obtained from adult smokers
participating in the 2009 wave of the International Tobacco
Control (ITC) United States Survey [32]. Differences in the
metal concentrations between different cigarette brands were
attributed to the source of tobacco. For Ni, significant pairwise
differences were seen between Philip Morris USA (PMUSA)
and R. J. Reynolds (RJR) brands as well as between these and
other brands. The RJR brand had higher levels of Cr than any
other brand. However, the levels of As, Cd, and Pb did not
differ significantly across the brands.

In the studies included in the present review, the concen-
tration of metals in EC aerosols varied within and between the
brands. Further, differences were present when EC aerosols
were compared to CC smoke. For instance, a comparative
analysis of metals in the aerosols of branded ECs (Vype,
BluCig, NJOY King, Square 82, Mistic, and V2 Cigs), dis-
posable electronic hookahs, and CCs (Marlboro Red ciga-
rettes) revealed an inter- and intrabrand variation in the levels,
despite similar design characteristics of ECs [8]. Their total
concentration in the aerosol ranged from 1.778 pg/10 puffs
(BluCig) to 7.257 ug/10 puffs (Vype). Metals like Ca, Cu, Sn,
K, B, and Zn were present in concentrations >0.01 pg/10
puffs in EC aerosols. When these concentrations were com-
pared to mainstream smoke from conventional branded ciga-
rette (Marlboro Red), 15 elements were found in CC smoke as
opposed to 35 in EC aerosol. Surprisingly, Pb was not detect-
ed in the branded CC. However, it was present in the two
brands of electronic hookahs. Twelve of these elements (K,
iridium, Zr, tungsten, lanthanum, Ba, indium, vanadium, Cr,
Mo, Mn, Ti) were present in seven brands of ECs but were not
significantly different from the CCs. Further, 16 elements (sil-
icon, Ca, Na, Cum Mg, Sn, Pb, Zn, B, Se, Al, Fe, germanium,
Sb, Ni, Sr) were present in most of the brands of ECs, except
for Pb which was present only in two brands. In some EC
brands, these elements were significantly higher than in the
branded CC. Greater inter- and intrabrand variability was seen
in the elemental composition of ECs than the branded CCs.

Another study examined vapors generated from 12 brands of
ECs (11 Polish and 1 British). They identified only Ni, Cd, and
Pb in EC aerosols. Their concentrations were similar to those of a
commercially available nicotine inhaler (Nicorette) [22]. The
concentrations of Ni ranged from 0.11 to 0.29 ug/EC (150 puffs)
while Pb ranged from 0.03 to 0.57 nug/EC. However, Cr or Mn
was not reported in any brand.

An evaluation of four brands of ECs (three with cartomizer
and one disposable device) for the presence of Sn, Cu, Zn, Ag,
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Ni, and Cr in their aerosols revealed that, except for Sn, con-
centrations of all the metals were generally below 0.20 p1g/10
puffs [23]. Sn was not detected in the aerosol of two brands (C
and D). The levels of Cu, Zn, and Sn differed significantly
within the ECs of the same brands, purchased at different
times, within 2 years. Cu concentrations were higher in brands
B and D than in brand A. Cr and Ni were either not detected
(brand C) or were negligible (brand D). The concentration of
Sn in brands B and D ranged from 0 to 0.036 pg/10 puffs,
while in brand A, the levels were 100 to 1000 times that of the
other three brands. Interestingly, the levels of Sn varied within
the cartomizers of brand A (range = 0.398 to 11.3 ng/10 puffs).

A study compared the oxidant activity between branded
ECs (BluCig ECs, eGO Vision® Spinner) and CCs
(Marlboro 100s, Kentucky 3R4F). It revealed that the dispos-
able components of ENDS (batteries and cartomizers) and CC
filters harbored oxidative properties [24]. The oxidants were
present inside the cartomizer and outside an EC puff. The
amount of Cu in branded EC aerosols was 116.79 +
83.59 ng/puff (range from 24.3 to 224.7 ng/puff). It was about
6.1 times higher than that reported for CC smoke.

Furthermore, a study evaluated the particle size generated by
three branded non-refillable ECs (NJOY King, V2 Cigs, and
BluCig brands) [25]. A standard CC (Kentucky 3R4F) enabled
comparison of aerosol size distributions between ECs and com-
bustible tobacco products. Significant variations in the levels of
As, Cr, Ni, Cu, Sb, Sn, and Zn were reported across the
nicotine- and non-nicotine-containing ECs. The EC aerosols
exhibited a bimodal particle size distribution, i.e., nanoparticles
(1125 nm count median diameter) and submicron particles
(96-175 nm count median diameter). Each mode had compa-
rable concentrations (10’—10® particles/cm®). The ECs generat-
ed high concentrations of nanoparticles, and at high dilution,
their fraction increased but the submicron fraction decreased.
This behavior was different from the CC where at both low and
high dilutions, most of the particles remained in the submicron
range. It was suggested that even though the mass of nanopar-
ticles was small, their toxicological impact could be significant.
Moreover, the toxic chemicals attached to the small nanoparti-
cles could produce greater adverse health effects than when
attached to larger submicron particles.

Likewise, about six e-liquid refills (NHOSS® brand) and
their resultant vapor emissions were compared to tobacco
smoke in a study [26]. Two flavored e-liquids (chlorophyll
mint and blond flavor without nicotine or with 16 mg/mL
nicotine) and a “control” e-liquid (unbranded, flavorless, con-
taining a mixture of propylene glycol/glycerol, without nico-
tine or with 16 mg/mL of nicotine) were analyzed.
Quantifiable concentrations of Al, Co, Mn, Ni, and Pb were
found in several e-vapor samples in both the test and controls.
Only increased concentrations of Cd, Cr, and Sb were seen in
some e-vapors. Heavy metals like As, Cd, Pb, and Ti were
quantified in branded CC smoke (Kentucky 3R4F).
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Furthermore, the metal emanation from cartomizer liquid
was analyzed in a recent work that characterized and quantified
toxic metal concentrations in five popular brands of cig-a-like
ECs in the USA [27]. The evaluation of cartomizer liquid in 10
cartomizer refills for five brands revealed the presence of Cd,
Cr, Pb, Mn, and Ni. Brand A had the highest mean concentra-
tions of all the metals. In brand A, the mean Ni concentration
was nearly 400 times that of brand D (lowest Ni concentration).
Likewise, the mean Cr concentration in brand A was 39 times,
and the mean Mn concentration was 240 times that of the low-
est Cr and Mn concentrations (brand E). Cd levels were fairly
low, except in brand A, while Pb concentrations, although low
in brands C and D, were highly variable in other brands. It was
suggested that the source of Ni and Cr was nichrome-heating
elements while Pb and Mn were plausibly present due to con-
tamination of the heating coil during manufacturing.

Similar analysis of metal release from branded e-liquids
and their comparison with the branded CC smoke showed that
the concentrations of Al, As, Cd, Cu, Fe, Mn, Ni, Pb, and Zn
in e-liquid (ng/L) were higher than those in the tobacco and
paper of CC (Marlboro brand) [21]. Although the content of
As in the e-liquid was quite low, it was below the detection
limit in tobacco and paper.

Additionally, the e-liquids may be a source of Pb as was
reported in the analysis of branded e-liquids of different pack-
aging and product designs (11 nicotine-free disposable devices
and 12 bottled refill solutions containing nicotine), commercial-
ly available in the USA and Canada [19]. It was observed that
none of the bottled e-liquids contained quantifiable levels of Pb.
However, Pb was present in certain disposable EC devices.

The above data shows that further research is required to
evaluate metal exposure in the generated aerosol. There was high
variability in the levels of metals within the products
manufactured at different times in the same brands as well as
between the brands. Significant differences were also reported
when EC aerosols were compared to CC smoke. Their concen-
tration was more in the EC aerosols which could be related to
differences in the design characteristics. Besides, non-
standardization of e-liquid compositions and lack of strict proto-
cols to evaluate the aerosols may also be responsible for these
variations. Therefore, it is difficult to determine which brands or
devices may be less harmful than others with regard to toxic
metal exposure.

Diseases Caused by Electronic Cigarettes

EC aerosols have been associated with diseases like bronchial
asthma, diabetes, kidney, and cardiovascular problems, and
they are hazardous during pregnancy [33-38] (Fig. 1). There
is very little awareness regarding the health issues related to
ECs despite their growing popularity. A recent study involv-
ing 35,904 high school students in South Korea investigated

the association between EC use and asthma [33]. It was found
that the prevalence of asthma in “current EC users,” “former
EC users,” and “never EC users” was 3.9, 2.2, and 1.7%,
respectively. The odds for asthma in current EC user was very
high when compared to non-EC users. It was concluded that
EC usage was strongly associated with asthma. Besides, ECs
have been shown to increase glycated hemoglobin levels in e-
smokers with no history of diabetes [34, 35]. This is mainly
related to nicotine present in both CCs and ECs. Studies have
shown that nicotine adversely affects the blood sugar levels
[39]. There is also a negative impact of ECs on the cardiovas-
cular system. The ECs increase arterial stiffness, blood pres-
sure, and heart rate in humans [36]. They increase the endo-
thelial progenitor cells (EPCs) within the first hour of using
one EC [40]. Elevated EPCs signify damage to the inner lining
of blood vessels. The EPC levels may return to normal within
24 h of usage. Additionally, the e-liquids have been demon-
strated to be nephrotoxic in rats [37]. Reduced levels of uric
acid and urea but increased oxidative stress (reduced superox-
ide dismutase and catalase activities) were reported in rats
exposed to these liquids [37]. Many renal collecting ducts
showed signs of damage. It was concluded that e-liquids al-
tered the anti-oxidant defense mechanisms and promoted mi-
nor changes in renal function parameters. ECs have been re-
ported to be unsafe during pregnancy owing to nicotine and
other chemical constituents [38].

The health effects of various components of ECs were
discussed in a recent work which suggested that factors like
climate conditions, air flow, room size, number of users in the
vicinity, type and age of systems being used, battery voltage,
puff length, interval between puffs, and user characteristics
(e.g., age, gender, experience, health status) may contribute
to inhalation effects of ECs [41]. Additionally, particle size
may affect the site and pulmonary absorption [41, 42].
Components like glycol and glycerol vapors, which are
known upper airway irritants, may dry the mucous mem-
branes and eyes [41, 43]. Furthermore, ECs may be associated
with an increased risk of nicotine toxicity due to its high avail-
ability in the cartridges [41]. An acute exposure to ECs or EC
aerosol may result in mouth and throat irritation and dry cough
at initial use, decrease in fractional exhaled nitric oxide
(FeNO), and increase in the respiratory impedance and respi-
ratory flow resistance similar to cigarette use [41].

The following section would describe the health issues re-
lated to inhalation of toxic metals reported in EC aerosols.

Evidence on Adverse Health Effects of Trace
Metals in Electronic Cigarette Aerosols

The results from the experimental studies included in this

review show that EC aerosol is a concoction of potentially
toxic trace metals. The main source of these metals is the core
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assembly. Further, the solder joints and composition of the e-
liquids before aerosolization also influence the type and con-
centration of metals released [19, 21, 26, 27] (Table 1). One
study reported a difference in the levels of trace metals be-
tween nicotine- and non-nicotine-based ECs [25]. The con-
centration of metals released in EC aerosols was reported to be
expressed in nanograms/10 puffs for the ease of comparison
[7] (Table 2). However, due to the difference in the units in
which the concentrations were reported in various studies, this
conversion was applied only for six studies [8, 9, 21-24].
Some of these metals (Ni, Cr, Cd, Pb, Al, Sn, Cu, and Mn)
have numerous negative influences on human health. They

Table 3 Adverse health effects of trace metals in e-cigarettes

produce direct effects on vital organs like the lungs, liver,
kidney, and brain and indirectly lead to immunologic, neuro-
logic, reproductive, developmental, and carcinogenic effects
(Fig. 1, Table 3). These may be acute or chronic, depending
upon the duration of exposure.

Unlike the conventional tobacco smoking, studies
reporting the direct health effects of trace metals in EC
aerosols are negligible. Therefore, the following section
would describe the general evidence related to the influ-
ence of some of these heavy metals (Ni, Cr, Cd, Pb, Cu,
Al, Sn, and Mn), on systemic and oral health (Fig. 1,
Table 3).

Metal Source of the metal in EC [Ref] Adverse health effects
Nickel Filament [8, 9, 21, 23, 27] Exposure to high levels of nickel
E-liquid [27] * Lung, nasal, and paranasal cancers
* Kidney toxicity, genotoxicity, hematoxocity, neurotoxicity, reproductive toxicity
* Changes in heart rate
* Oxidative stress
* Nickel dermatitis
Chromium Filament [8, 9, 23, 26, 27] Short-term effects on
* Respiratory system: shortness of breath, coughing, wheezing
* Gastrointestinal system: abdominal pain, vomiting, and hemorrhage
Chronic long-term inhalation:
* Respiratory system: perforations and ulcerations of the septum, bronchitis, decreased pulmonary
function, pneumonia, asthma, nasal itching, soreness, lung cancer
* Negative impact on the liver, kidney, immune systems, and blood
» Complications during pregnancy and childbirth
Lead E-liquid [19, 27] * Children: impaired cognition, reduced growth, low birth weight, slowed postnatal
neurobehavioral development, and developmental defects
* Adults: slowed nerve conduction in peripheral nerves, hearing loss, decreased sperm count,
spontaneous abortions, anemia, hypertension, carcinogenesis
Aluminum Wick and sheath [8] * Slow bone growth in infants
Core assembly [21] » Mental impairments
* Degenerative brain diseases (Alzheimer’s and Parkinson’s)
* Microcytic anemia
* Osteomalacia
Cadmium  E-liquid [22, 26] Short-term effects:
* Bronchial and pulmonary irritations
* Acute exposure: impairment of the lung
Long-term effects:
« Inhalation and ingestion: accumulation in the kidneys and negative impact on the liver, lung,
bone,
immune system, blood, and nervous system
» [tai-itai disease (cadmium poisoning due to mining in Toyama, Japan)
* Lung cancer
Tin Solder joints [8] * Anemia
Cartridge fluid and outer fibers [9] * Stannosis
Copper Thick wire [8, 9, 23] » Irritation of the nasal mucous membranes, eyes, upper respiratory tract, metallic taste, nausea

Brass clamp [8]
Filters [25]

* Acute copper poisoning: liver injury, methemoglobinemia, hemolytic anemia, epigastric pain,
headache, nausea, dizziness, vomiting and diarrhea, tachycardia, respiratory difficulty, massive

gastrointestinal bleeding, liver and kidney failure, and death
* Chronic overexposure: damage to the liver and kidneys, anemia

Manganese E-liquid [27]

* Neurological problems, impaired pulmonary function, pneumonia, and cough
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Influence of Trace Metals in Electronic Cigarette
Aerosol on Systemic Health

Nickel

The exposure to Ni, based on duration, may be classified as
acute (1 day), subchronic (10-100 days), and chronic (>
100 days) [44]. Its exposure limit varies between 0.015 and
1.5 x 10° ng/m® while the indoor air levels after 2 h of vaping
may range between 8.1 and 356 ng/m?> [7, 10]. This shows that
chronic long-term inhalation of Ni from EC aerosol may dam-
age the lungs, liver, and kidneys in a manner similar to drink-
ing water contaminated with Ni or inhalation as seen in refin-
ery workers [44, 45]. Even though the exposure to Ni through
chronic EC smoking is trivial when compared to refinery
fumes, its effects on the lungs cannot be annulled completely.
Furthermore, the second hand aerosols may have adverse ef-
fects on other individuals, for instance the children [10].

Many studies have suggested a close relationship between
Ni exposure and lung and sinonasal cancer [46]. It was sug-
gested that in workers exposed to Ni at concentrations of >
15 mg/m3, the risk of sinonasal cancer was higher than that of
lung cancer. Additionally, a dose-dependent gradient for both
Ni oxide and soluble Ni was reported. The risk was multiplied
in workers who were heavy smokers [47]. This association
between occupational Ni exposure and sinonasal cancer has
been seen in Swedish battery workers, Finnish Cu/Ni smelter
workers, and Clydach refiners [48-50].

The inhalation of Ni causes chronic active inflammation in
the lungs, leading to alveolar epithelium hyperplasia, fibrosis,
bronchiolization, alveolar proteinosis, and atrophy of the nasal
olfactory epithelium [44, 51]. The Ni carcinogenicity has also
been related to genetic and/or epigenetic factors which may be
direct (e.g., conformational changes) or indirect (e.g., genera-
tion of oxygen radicals) [44]. Furthermore, it causes signifi-
cant oxidative stress in the lung tissue. This was revealed by
increased levels of lipid peroxides with simultaneous reduc-
tion of superoxide dismutase, catalase, and glutathione perox-
idase enzymes in the lungs [44, 52].

The Ni toxicity may affect the genes, blood, and nervous
and reproductive systems [44]. The genetic abnormalities are
mainly related to DNA damage (DNA strand breaks and
cross-links, infidelity of DNA replication, inhibition of DNA
repair, and the helical transition of B-DNA to Z-DNA) by
binding to DNA and nuclear proteins [53]. It is immunotoxic
as it suppresses natural killer cells and interferon production
[54]. Besides, Ni ion may produce systemic allergic reactions
by oxidizing to a low molecular weight protein called hapten.
The latter modifies the native protein configuration. It is rec-
ognized as a non-self-antigen by the hapten-specific T cells
which trigger the immune reaction [44, 55]. A study reported a
significant increase in the levels of immunoglobulin (Ig)G,
IgA, and IgM after Ni exposure [56]. Further, increased levels

of other serum proteins, involved in cell-mediated immunity
like ocl-antitrypsin, «2-macroglobulin, and ceruloplasmin,
have also been reported [56]. Both Ni and Cr depress the
circulating antibody response to viral antigens [44].
Neurological signs like lethargy, ataxia, and reproductive tox-
icity, leading to spontaneous abortions and testicular degener-
ation, have also been reported [44].

Chromium

The presence of Cr in EC smoke, although not widely
interpreted, is definitely a health concern. There was a very
wide range of Cr in EC aerosol as reported in the studies
included in the present review [9, 10, 23, 25, 26, 28]. The
general effects of Cr inhalation are mentioned in Table 3. Cr
can exist in several oxidation states, although only the triva-
lent, Cr(IIT), and hexavalent, Cr(VI), forms are common in the
natural environment [12]. The levels of Cr in mainstream cig-
arette smoke range from 0.0002 to 0.5 mg/cigarette [57]. In
smokers, its concentration in the lung tissue may be about
4.3 mg/kg (dry weight) as compared to 1.3 mg/kg in non-
smokers [58]. Accumulation of Cr in the lung tissue has been
directly correlated with duration of smoking, age, and
smoking time [58]. Its concentrations have been reported to
be significantly higher in all five lobes of smokers’ lungs
when compared to non-smokers [59]. The Cr(VI) is recog-
nized by the International Agency for Research on Cancer
(IARC) as a group 1 carcinogen [57]. It induces DNA damage
(single-strand breaks) and has potential cell-transforming ef-
fects [12]. It may cause ulceration, chronic rhinitis and phar-
yngitis, impaired lung function, and emphysema.

Lead

As already stated, exposure to Pb may occur through inhala-
tion of tobacco smoke including the EC aerosol. Pb is a major
neurocognitive and kidney toxicant for children at a relatively
low concentration (10 pg/dL) [60, 61]. It is present in both
mainstream (exhaled by the smoker) and sidestream (from the
burning cigarette) smoke, including the gas phase [60]. A
study reported that from 1988 to 1994, the US children ex-
posed to second hand smoke had increased blood Pb levels
[62]. The latter was directly correlated to serum cotinine levels
and the number of smokers at home. Furthermore, children
living in urban areas or young adults of low socioeconomic
status had high Pb exposure. The second hand smoke expo-
sure is an “unrecognized” source of relatively small particles
of Pb which are more easily absorbed in the bronchial-alveolar
region [60, 63, 64]. In the present review, one study reported
the presence of Pb in the open-wick ENDS devices [19] while
another study reported e-liquid to be the major source of Pb in
EC aerosols [27].
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The various health effects of Pb in tobacco smoke are given
in Table 3. Its effect on the nervous system has been explained
here. The neurotoxic effects of Pb may range from alteration
of nerve conduction velocity to encephalopathy [65—-67]. The
symptoms may worsen to paralysis, convulsions, delirium,
coma, or death.

The nervous system is affected through a combination of
mechanisms, direct or indirect. It may directly alter the devel-
opment of the system. This involves disruption of vital mole-
cules during neuronal migration and differentiation or an in-
terference with synapse formation (mediated by a reduction in
neuronal sialic acid production) or a premature differentiation
of glial cells [65]. Besides, Pb may substitute for Ca and Zn in
the central nervous system [65]. This inappropriately triggers
the processes dependent on calmodulin [66]. It further inter-
feres with the neurotransmitter release, energy metabolism (by
activating protein kinase C), and Na*/K* ATPase enzyme sys-
tem in the cell membranes [66, 68, 69]. Additionally, it accel-
erates the mitochondrial self-destruction and primes its apo-
ptosis by inhibiting the Carelease [66, 70]. The indirect effects
result from interference with other body systems; for instance,
Pb exposure causes hypertension and impairs the renal and
thyroid function [66].

A study in the present review reported that the design of
ECs was a major source of Pb in aerosols [19]. Therefore, it is
imperative to incorporate Pb testing during chemical analyses
of EC devices.

Aluminum

The higher permissible limit for Al in the work environment is
107 ng/m® [7]. This level can be easily reached in smoking
rooms or rooms with poor ventilation. After inhalation, Al
accumulates in the kidneys, brain, lungs, liver, and thyroid.
It competes with Ca for absorption and affects the skeletal
mineralization. A study evaluated indoor levels of Al due to
EC vaping [10]. It involved six vaping sessions by nine vol-
unteers who consumed ECs in a thoroughly ventilated room
for 2 h. The authors reported a 2.4-fold increase in the con-
centration of Al after 2 h of vaping [10]. The levels reached to
483 ng/m’ from the initial 203 ng/m>. The Al content of to-
bacco is about 0.37% by weight [71]. Al whether actively
(drawn) or passively inhaled accumulates significantly in sur-
rogate lung fluids and causes respiratory, neurological, and
other smoking-related diseases [71]. The various health effects
of Al are listed in Table 3.

Cadmium
Cigarette smoke is one of the major sources of airborne Cd
[12]. Smokers have twice the amount of Cd in their bodies as

compared to non-smokers. A single cigarette contains about
1-3 pg of Cd [29]. Approximately 40 to 60% of the Cd
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inhaled from cigarette smoke passes through the lungs and
body. Therefore, for every 20 cigarettes smoked, approximate-
ly 2-4 ug of Cd is inhaled by the smoker and approximately a
microgram spreads into the environment [29]. Since Cd was
present in EC aerosols at levels very close to those observed in
urban and industrial areas, it may pose a health issue [21, 22,
26, 28].

Its health effects include alteration of immune response at
very low concentrations (0.1-10 uM). Cd inhibits the produc-
tion of IgE in a concentration-dependent manner [72]. Further,
an exposure for more than 24 h diminishes the activated B
cells paralleled by a concomitant decrease in their viability
and proliferation [72]. Therefore, Cd may be both
immunotoxic and immunomodulatory.

Tin

In the present review, two studies extensively evaluated the
sources of Sn in EC aerosol and strategies to reduce its levels
by changing the design characteristics [9, 23]. The authors
suggested that Sn in EC was mainly emitted from the metal
coating the thick Cu wires or the solder joints. It was trapped
in the Poly-Fil fibers of the cartomizer. They revealed that
both large-sized (> 500 nm) and nanometer-sized (< 0.1 mm)
Sn and Ni particles were present in the aerosol. Besides, the
coarse particles (> 1 mm) also included Ag, Fe, Al, and silicate
and nanoparticles of Cr. Its concentration varied between and
within the brands of EC. It was suggested that Sn could be
reduced in aerosol by coating the thick wires with Ag and
placing stable Sn solder joints outside the atomizing chamber.
Further, joining the wires with brass clamps or brazing was
more beneficial rather than soldering wires [23]. Changing the
design was considered ideal to reduce leaching of Sn into the
EC aerosol. The cartomizer fluid with Sn particles inhibited
both attachment and proliferation of human pulmonary fibro-
blasts in a dose-dependent manner in this study [9]. This
shows that Sn in EC aerosols can affect the lung tissue.

Exposure to Sn(IV) oxide dust and fumes for more than
3 years results in benign pneumoconiosis called stannosis
[73]. Furthermore, animal studies have shown that Sn may
cause anemia as indicated by decreased hematocrit, total
erythrocyte, and hemoglobin levels [74]. This was related to
the negative influence of Sn on Fe and Cu metabolism. It
reduced their levels in the blood, leading to anemia.

Copper

In one study, the main source of Cu was the thick wires in the
cartomizer [9]. Another study detected the presence of Cu and
reactive oxygen species in the EC aerosol [24].

Cu is essential at low concentrations. However, inhaled Cu
is a respiratory irritant which causes alveolar migration of
macrophages, eosinophilia, and formation of histiocytic and
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non-caseating granulomas [75, 76]. Furthermore, pulmonary
fibrosis and fibrohyaline nodules may be formed. In animal
studies, Cu strongly induced pulmonary inflammation than
other transition metals [77]. It is an active oxidation-
reduction (redox) metal that has been determined at a signifi-
cantly higher concentration in the blood of smokers [78].
However, the influence of Cu inhaled from EC aerosol is yet
to be investigated.

Manganese

Mn in EC smoke was reported in four studies [9, 10, 21, 28].
The Mn(Il) complexes have been reported in CC smoke [76,
79]. It is proposed that the Mn oxides oxidize Cr(III) to Cr(VI)
and potentiate Cr toxicity [80]. Compounds of Mn may induce
or exacerbate asthma. Besides, Mn(II) has been associated
with pulmonary inflammation in rats [ 76, 77]. Like Cu, further
research is required to verify the adverse health effects of Mn
in EC aerosol.

Influence of Trace Metals in Electronic Cigarette
Aerosols on Oral Health

Even though there is immense literature describing the poten-
tial harmful effects of conventional tobacco smoking on oral
health, the influence of ECs on oral tissues has received very
little attention. This is highly unusual as the EC aerosols first
contact the oral tissues when they are most concentrated.
Likewise, the heavy metals present in them may produce both
direct and indirect effects in oral cavity.

The oral tissues most likely to be affected are periodontal
ligament and oral epithelium. The role of CC smoke in pro-
moting chronic periodontitis and oral cancer is well
established. However, there is negligible evidence on the role
of ECs on oral tissues.

A study demonstrated that ECs with flavorings increased
the oxidative/carbonyl stress and inflammatory cytokine re-
lease in human periodontal ligament fibroblasts, human gin-
gival epithelium progenitors pooled (HGEPp), and
epigingival 3D epithelium [81]. Furthermore, increased levels
of prostaglandin E2 and cycloxygenase-2 were demonstrated.
They upregulated the receptor for advanced glycation end
products (RAGEs) through EC-mediated carbonyl stress in
the gingival epithelium. They even increased DNA damage
along with histone deacetylase 2 (HDAC2) reduction via
RAGE-dependent mechanisms in the gingival epithelium.
This suggests that increased oxidative stress, pro-inflammato-
ry, and pro-senescence responses are induced by ECs that
deregulate repair in periodontal ligament cells. Further, the
menthol derivatives in e-liquids reduced the fibroblastic pro-
liferation [81].

Another study investigating the effects of EC vapor on
human gingival epithelial cells demonstrated altered

morphology of cells from small cuboidal to large undefined
shapes [82]. Both single and multiple exposures led to bulky
morphology with large faint nuclei and enlarged cytoplasm. It
also increased L-lactate dehydrogenase (LDH) activity in the
targeted cells, specifically with repeated exposures. The per-
centage of apoptotic/necrotic epithelial cells was also in-
creased. This was attributed to over activity of the caspase-3
pathway. These morphological and functional changes in gin-
gival cells could enhance progression of oral cancer.

Specific metals like Ni, Pb, and Cr are more concentrated
in EC aerosol than in burnt tobacco [14]. Therefore, they are
highly likely to influence the gingival epithelium, periodon-
tal ligament, and oral mucosa. Unfortunately, this area has
not been explored. However, their adverse effects on oral
tissues when released from the CCs have been widely dem-
onstrated. For instance, a study reported that cigarette
smoke was a major source of Cd [83]. Chronic low levels
of Cd were linked to decreased bone mineral density and
osteoporosis [84]. It was suggested that Cd increased the
serum concentration of cross-linked telopeptide of type 1
collagen (a marker of bone resorption) and decreased the
activity of serum alkaline phosphatase (a marker of bone
formation) [85]. This disturbed the normal bone metabolism
and enhanced the levels of inflammatory mediators
(prostanoids, cytokines, MMPs, and prostaglandin E2) in
osteoblasts. It even caused Ca release from cells at very
low concentrations. Therefore, Cd might disturb alveolar
bone remodeling in periodontal disease, favoring the re-
sorption [83].

Another study compared toxic heavy metal accumulation
in the supragingival dental calculus of smokers and non-
smokers [86]. It was found that the levels of metals like As,
Cd, Pb, Mn, and vanadium were significantly higher in the
dental calculus of smokers than non-smokers. Their overex-
pression was significantly correlated to chronic tobacco
smoke exposure. Similarly, accumulation of Cd and Pb has
been reported in the teeth of smokers [87]. As already stated,
these metals are carcinogenic and may trigger oral cancer by
impairing pathways for the anti-oxidative metabolism, Ca-
dependent apoptotic cell death, stimulating free radical pro-
duction (damages DNA and cell membranes), and inducing
oxidative stress. Another study evaluated the concentrations
of As, Cd, Cr, and Ni in healthy and tumor tissues of patients
with head and neck cancer [88]. Their levels were about 1.3 to
3.4 times higher in tumor tissues than in healthy tissues. As
and Cd levels were also significantly higher than those of non-
smokers.

The elevated levels of serum Cd and Pb have been signif-
icantly associated with chronic periodontitis in studies on
Korean and American populations [89, 90]. It was suggested
that Cd altered bone remodeling and apoptosis due to intracel-
lular induction of reactive oxygen species while Pb promoted
periodontal inflammation.
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Besides, Ni has been associated with oral cancer [91].
Although this association was seen with Ni present in soil,
water, and air, the linkage between Ni from inhaled EC aerosol
and oral cancer is yet to be investigated.

Albeit, there is scant data on the amount of metals aerosol-
ized in the ECs and their health effects; even if a fraction of
these metals were vaporized and transferred into the lungs,
they could produce health issues [44, 51]. Unfortunately, the
limits for inhaled metals are generally set for occupational
exposure and measured in milligrams/cubic meter over a set
period of time [92]. An EC user exposed to these metals
through aerosols may not exceed the National Institute for
Occupational Safety and Health (NIOSH) recommended ex-
posure limits as well as the Agency for Toxic Substances and
Disease Registry (ATSDR) maximum recommended limit.
Therefore, further research, specifically involving the bio-
specimens of EC users, is desirable. This would help in deter-
mining the permissible levels of exposure to these metals from
ECs.

Comparison of Harmful Effects
of Conventional Cigarettes and Electronic
Cigarettes

The results from the present review suggest that the concen-
tration of metals in EC aerosols may be more than that in CC
smoke [8]. This is related to the fact that ECs are an assembly
of numerous metallic components which are highly suscepti-
ble to cyclic temperature changes. Besides, ECs increase the
risk of nicotine toxicity due to its high concentrations in the
cartridges. The exposure levels of nicotine from EC usage
may vary due to the difference in aerosolization, inaccurate
product labeling, and inconsistent nicotine delivery during the
product use [41]. The e-liquids obtained in retail stores and via
the Internet may contain about 14.8 to 87.2 mg/mL of nicotine
which may differ from the declared levels by about 50% [5,
41, 93]. Even the FDA has found nicotine levels ranging from
26.8 to 43.2 ug nicotine/100 mL puff in branded ECs [41].

Recent studies suggest that the adolescents and first-time
users are attracted to ECs because they are considered to be
less harmful [94]. However, various chemical substances and
ultrafine particles like metals known to be toxic/carcinogenic
may cause respiratory and heart distress. They have been iden-
tified in EC aerosols, cartridges, refill liquids, and environ-
mental emissions.

Overall, the existing studies provide certain insights about
ECs, but critical information gaps remain. These are mainly
related to device designs, chemical substance release, effects
of carrier solvents and additives, aerosol generation, aerosol
physical properties, and the chemical profiles of EC emis-
sions. Although the evaluations of other EC components have
not found serious health effects, it is difficult to accept these

@ Springer

facts due to limited data and lack of standardized testing
methods. Moreover, as CCs have been used for more than a
century, there are many more CC than EC users worldwide.
Therefore, far more information is available about the harmful
effects of CCs. This makes it difficult to suggest that ECs have
less product-specific mortality/morbidity. Finally, it is ques-
tionable to suggest ECs as smoking cessation devices as they
are associated with health risks.

Conclusion

It is clearly evident from the studies included in the review that
the ECs are a source of hazardous trace metals. The exposure
limits to these metals may be easily exceeded due to
prolonged indoor vaping in poorly ventilated rooms or
through passive inhalation. As EC aerosols are a major source
of toxic heavy metals, marketing the ECs as a safe alternative
to CCs is debatable. It is imperative to reconsider their design
characteristics and composition of e-liquids to minimize the
associated health hazards.

Compliance with Ethical Standards

Conflict of Interest The authors declare that they have no conflict of
interest.

References

1. Palazzolo DL (2013) Electronic cigarettes and vaping: a new chal-
lenge in clinical medicine and public health. A literature review.
Front Public Health. https://doi.org/10.3389/fpubh.2013.00056

2. Willershausen I, Wolf T, Weyer V, Sader R, Ghanaati S,
Willershausen B (2014) Influence of E-smoking liquids on human
periodontal ligament fibroblasts. Head Face Med. https://doi.org/
10.1186/1746-160X-10-39

3. Yamin CK, Bitton A, Bates DW (2010) E-cigarettes: a rapidly
growing internet phenomenon. Ann Intern Med 153:607—609.
https://doi.org/10.7326/0003-4819-153-9-201011020-00011

4. Syamlal G, King BA, Mazurek JM (2017) Tobacco use among
working adults—United States, 2014-2016. MMWR Morb
Mortal Wkly Rep 66:1130—1135. https://doi.org/10.15585/mmwr.
mm6642a2

5. Goniewicz ML, Kuma T, Gawron M, Knysak J, Kosmider L (2013)
Nicotine levels in electronic cigarettes. Nicotine Tob Res 15:158—
166. https://doi.org/10.1093/ntr/nts 103

6. Orr MS (2014) Electronic cigarettes in the USA: a summary of
available toxicology data and suggestions for the future. Tob
Control 23:1118-i22. https://doi.org/10.1136/tobaccocontrol-2013-
051474

7. Mishra VK, Kim KH, Samaddar P, Kumar S, Aggarwal ML,
Chacko KM (2017) Review on metallic components released due
to the use of electronic cigarettes. Environ Eng Res 22:131-140.
https://doi.org/10.4491/eer.2017.056

8.  Williams M, Bozhilov K, Ghai S, Talbot P (2017) Elements includ-
ing metals in the atomizer and aerosol of disposable electronic
cigarettes and electronic hookahs. PLoS One. https://doi.org/10.
1371/journal.pone.0175430


https://doi.org/10.3389/fpubh.2013.00056
https://doi.org/10.1186/1746-160X-10-39
https://doi.org/10.1186/1746-160X-10-39
https://doi.org/10.7326/0003-4819-153-9-201011020-00011
https://doi.org/10.15585/mmwr.mm6642a2
https://doi.org/10.15585/mmwr.mm6642a2
https://doi.org/10.1093/ntr/nts103
https://doi.org/10.1136/tobaccocontrol-2013-051474
https://doi.org/10.1136/tobaccocontrol-2013-051474
https://doi.org/10.4491/eer.2017.056
https://doi.org/10.1371/journal.pone.0175430
https://doi.org/10.1371/journal.pone.0175430

Health Effects of Trace Metals in Electronic Cigarette Aerosols—a Systematic Review

313

10.

11.

12.

13.

14.

15.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Williams M, Villarreal A, Bozhilov K, Lin S, Talbot P (2013) Metal
and silicate particles including nanoparticles are present in electron-
ic cigarette cartomizer fluid and aerosol. PLoS One 8:¢57987.
https://doi.org/10.1371/journal.pone.0057987

Schober W, Szendrei K, Matzen W, Osiander-Fuchs H, Heitmann
D, Schettgen T, Jorres RA, Fromme H (2014) Use of electronic
cigarettes (e-cigarettes) impairs indoor air quality and increases
FeNO levels of e-cigarette consumers. Int J Hyg Environ Health
217:628-637. https://doi.org/10.1016/j.ijheh.2013.11.003
Goniewicz ML, Hajek P, McRobbie H (2014) Nicotine content of
electronic cigarettes, its release in vapour and its consistency across
batches: regulatory implications. Addiction 109:500-507. https://
doi.org/10.1111/add.12410

Bernhard D, Rossmann A, Wick G (2005) Metals in cigarette
smoke. [UBMB Life 57:805-809

Cooper M, Harrell MB, Perry CL (2016) Comparing young adults
to older adults in e-cigarette perceptions and motivations for use:
implications for health communication. Health Educ Res 31:429—
438. https://doi.org/10.1093/her/cyw030.

Brown CJ, Cheng JM (2014) Electronic cigarettes: product charac-
terization and design considerations. Tob Control 23:ii4—iil0.
https://doi.org/10.1136/tobaccocontrol-2013-051476

Farsalinos KE, Polosa R (2014) Safety evaluation and risk assess-
ment of electronic cigarettes as tobacco cigarette substitutes: a sys-
tematic review. Ther Adv Drug Saf 5:67-86. https://doi.org/10.
1177/2042098614524430

Flouris AD, Oikonomou DN (2010) Electronic cigarettes: miracle
or menace? BMJ 340:¢311. https://doi.org/10.1136/bmj.c311
Laugesen M (2008) Safety report on the Ruyan e-cigarette cartridge
and inhaled aerosol. Health New Zealand, Christchurch http://
www.healthnz.co.nz/RuyanCartridgeReport30-Oct-08.pdf.
Accessed 4 June 2018

Bhatnagar A, Whitsel LP, Ribisl KM, Bullen C, Chaloupka F, Piano
MR, Robertson RM, McAuley T, Goff D, Benowitz N (2014)
Electronic cigarettes: a policy statement from the American Heart
Association. Circulation 130:1418-1436. https://doi.org/10.1161/
CIR.0000000000000107

Dunbar ZR, Das A, O’Connor RJ, Goniewicz MJ, Wei B, Travers
MJ (2018) Brief report: lead levels in selected electronic cigarettes
from Canada and the United States. Int J Environ Res Public
Health. https://doi.org/10.3390/ijerph 15010154

Boonyapookana B, Parkpian P, Techapinyawat S, DeLaune RD,
Jugsujinda A (2005) Phytoaccumulation of lead by sunflower
(Helianthus annuus), tobacco (Nicotiana tabacum), and vetiver
(Vetiveria zizanioides). J Environ Sci Health A Tox Hazard Subst
Environ Eng 40:117-137

Palazzolo DL, Crow AP, Nelson JM, Johnson RA (2016) Trace
metals derived from electronic cigarette (ECIG) generated aerosol:
potential problem of ECIG devices that contain nickel. Front
Physiol. https://doi.org/10.3389/fphys.2016.00663

Goniewicz ML, Knysak J, Gawron M, Kosmider L, Sobczak A,
Kurek J, Prokopowicz A, Jablonska-Czapla M, Rosik-Dulewska C,
Havel C, Jacob P 3rd, Benowitz N (2014) Levels of selected car-
cinogens and toxicants in vapour from electronic cigarettes. Tob
Control 23:133-139. https://doi.org/10.1136/tobaccocontrol-2012-
050859

Williams M, To A, Bozhilov K, Talbot P (2015) Strategies to reduce
tin and other metals in electronic cigarette aerosol. PLoS One 10:
e0138933. https://doi.org/10.1371/journal.pone.0138933

Lerner CA, Sundar IK, Watson RM, Elder A, Jones R, Done D,
Kurtzman R, Ossip DJ, Robinson R, McIntosh S, Rahman R (2015)
Environmental health hazards of e-cigarettes and their components:
oxidants and copper in e-cigarette aerosols. Environ Pollut 198:
100-107. https://doi.org/10.1016/j.envpol.2014.12.033

Mikheev VB, Brinkman MC, Granville CA, Gordon SM, Clark PI
(2016) Real-time measurement of electronic cigarette aerosol size

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

distribution and metals content analysis. Nicotine Tob Res 18:
1895-1902. https://doi.org/10.1093/ntr/ntw 128

Beauval N, Antherieu S, Soyez M, Gengler N, Grova N, Howsam
M, Hardy EM, Fischer M, Appenzeller BMR, Goossens JF, Allorge
D, Garcon G, Lo-Guidice JM, Garat A (2017) Chemical evaluation
of electronic cigarettes: multicomponent analysis of liquid refills
and their corresponding aerosols. J Anal Toxicol 41:670-678.
https://doi.org/10.1093/jat/bkx054

Hess CA, Olmedo P, Navas-Acien A, Goessler W, Cohen JE, Rule
AM (2017) E-cigarettes as a source of toxic and potentially carci-
nogenic metals. Environ Res 152:221-225. https://doi.org/10.1016/
j.envres.2016.09.026

Olmedo P, Goessler W, Tanda S, Grau-Perez M, Jarmul S, Aherrera
A, Chen R, Hilpert M, Cohen JE, Navas-Acien A, Rule AM (2018)
Metal concentrations in e-cigarette liquid and aerosol samples: the
contribution of metallic coils. Environ Health Perspect. https://doi.
org/10.1289/EHP2175

Ashraf MW (2012) Levels of heavy metals in popular cigarette
brands and exposure to these metals via smoking. Sci World J
2012:1-5. https://doi.org/10.1100/2012/729430

Watanabe T, Kasahara M, Nakatsuka H, Ikeda M (1987) Cadmium
and lead contents of cigarettes produced in various areas of the
world. Sci Total Environ 66:29-37

Mussalo-Rauhamaa H, Leppénen A, Salmela SS, Pyysalo H (1986)
Cigarettes as a source of some trace and heavy metals and pesticides
in man. Arch Environ Health 41:49-55

Caruso RV, O’Connor RJ, Stephens WE, Cummings KM, Fong GT
(2014) Toxic metal concentrations in cigarettes obtained from U.S.
smokers in 2009: results from the International Tobacco Control
(ITC) United States Survey cohort. Int J Environ Res Public
Health 11:202-217. https://doi.org/10.3390/ijerph110100202.

Cho JH, Paik SY (2016) Association between electronic cigarette
use and asthma among high school students in South Korea. PLoS
One 11:¢0151022. https://doi.org/10.1371/journal.pone.0151022
Clair C, Bitton A, Meigs JB, Rigotti NA (2011) Relationships of
cotinine and self-reported cigarette smoking with hemoglobin Alc
in the U.S. results from the National Health and Nutrition
Examination Survey, 1999-2008. Diabetes Care 34:2250-2255.
https://doi.org/10.2337/dc11-0710

Kaisar MA, Villalba H, Prasad S, Liles T, Sifat AE, Sajja RK,
Abbruscato TJ, Cucullo L (2017) Offsetting the impact of smoking
and e-cigarette vaping on the cerebrovascular system and stroke
injury: is metformin a viable countermeasure? Redox Biol 13:
353-362. https://doi.org/10.1016/j.redox.2017.06.006

Qasim H, Karim ZA, Rivera JO, Khasawneh FT, Alshbool FZ
(2017) Impact of electronic cigarettes on the cardiovascular system.
J Am Heart Assoc 6:¢006353. https://doi.org/10.1161/JAHA.117.
006353

Golli NE, Jrad-Lamine A, Neffati H, Dkhili H, Rahali D, Dallagi Y,
El May MV, El Fazaa S (2016) Impact of e-cigarette refill liquid
exposure on rat kidney. Regul Toxicol Pharmacol 77:109-116.
https://doi.org/10.1016/j.yrtph.2016.02.012

Suter MA, Mastrobattista J, Sachs M, Aagaard K (2015) Is there
evidence for potential harm of electronic cigarette use in pregnan-
cy? Birth Defects Res A Clin Mol Teratol 103:186-195. https://doi.
org/10.1002/bdra.23333

Xie X, Liu Q, Wu J, Wakui M (2009) Impact of cigarette smoking
in type 2 diabetes development. Acta Pharmacol Sin 30:784-787.
https://doi.org/10.1038/aps.2009.49

Antoniewicz L, Bosson JA, Kuhl J, Abdel-Halim SM, Kiessling A,
Mobarrez F, Lundback M (2016) Electronic cigarettes increase en-
dothelial progenitor cells in the blood of healthy volunteers.
Atherosclerosis 255:179—185. https://doi.org/10.1016/j.
atherosclerosis.2016.09.064

@ Springer


https://doi.org/10.1371/journal.pone.0057987
https://doi.org/10.1016/j.ijheh.2013.11.003
https://doi.org/10.1111/add.12410
https://doi.org/10.1111/add.12410
https://doi.org/10.1093/her/cyw030.
https://doi.org/10.1136/tobaccocontrol-2013-051476
https://doi.org/10.1177/2042098614524430
https://doi.org/10.1177/2042098614524430
https://doi.org/10.1136/bmj.c311
https://doi.org/10.1161/CIR.0000000000000107
https://doi.org/10.1161/CIR.0000000000000107
https://doi.org/10.3390/ijerph15010154
https://doi.org/10.3389/fphys.2016.00663
https://doi.org/10.1136/tobaccocontrol-2012-050859
https://doi.org/10.1136/tobaccocontrol-2012-050859
https://doi.org/10.1371/journal.pone.0138933
https://doi.org/10.1016/j.envpol.2014.12.033
https://doi.org/10.1093/ntr/ntw128
https://doi.org/10.1093/jat/bkx054
https://doi.org/10.1016/j.envres.2016.09.026
https://doi.org/10.1016/j.envres.2016.09.026
https://doi.org/10.1289/EHP2175
https://doi.org/10.1289/EHP2175
https://doi.org/10.1100/2012/729430
https://doi.org/10.3390/ijerph110100202.
https://doi.org/10.1371/journal.pone.0151022
https://doi.org/10.2337/dc11-0710
https://doi.org/10.1016/j.redox.2017.06.006
https://doi.org/10.1161/JAHA.117.006353
https://doi.org/10.1161/JAHA.117.006353
https://doi.org/10.1016/j.yrtph.2016.02.012
https://doi.org/10.1002/bdra.23333
https://doi.org/10.1002/bdra.23333
https://doi.org/10.1038/aps.2009.49
https://doi.org/10.1016/j.atherosclerosis.2016.09.064
https://doi.org/10.1016/j.atherosclerosis.2016.09.064

314

Gaur and Agnihotri

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Callahan-Lyon P (2014) Electronic cigarettes: human health effects.
Tob Control 23:ii36-ii40. https://doi.org/10.1136/tobaccocontrol-
2013-051470

Etter JF, Bullen C, Flouris AD, Laugesen M, Eissenberg T (2011)
Electronic nicotine delivery systems: a research agenda. Tob
Control 20:243-248. https://doi.org/10.1136/tc.2010.042168
Kienhuis AS, Soeteman-Hernandez LG, Bos PM, Cremers HW,
Klerx WN, Talhout R (2015) Potential harmful health effects of
inhaling nicotine-free shisha-pen vapor: a chemical risk assessment
of the main components propylene glycol and glycerol. Tob Induc
Dis 13:15. https://doi.org/10.1186/s12971-015-0038-7

Das KK, Das SN, Dhundasi SA (2008) Nickel, its adverse health
effects & oxidative stress. Indian J Med Res 128:412-425
Enterline PE, Marsh GM (1982) Mortality among workers in a
nickel refinery and alloy plant in West Virginia. J Natl Cancer Inst
68:925-933

Binazzi A, Ferrante P, Marinaccio A (2015) A systematic review
and meta-analysis. BMC Cancer 15:49. https://doi.org/10.1186/
s12885-015-1042-2

Andersen A, Berge SR, Engeland A, Norseth T (1996) Exposure to
nickel compounds and smoking in relation to incidence of lung and
nasal cancer among nickel refinery workers. Occup Environ Med
53:708-713. https://doi.org/10.1136/0em.53.10.708

Jarup L, Bellander T, Hogstedt C, Spang G (1998) Mortality and
cancer incidence in Swedish battery workers exposed to cadmium
and nickel. Occup Environ Med 55:755-759. https://doi.org/10.
1136/0em.55.11.755

Anttila A, Pukkala E, Aitio A, Rantanen T, Karjalainen S (1998)
Update of cancer incidence among workers at a copper/nickel
smelter and nickel refinery. Int Arch Occup Environ Health 71:
245-250. https://doi.org/10.1007/s004200050276

Grimsrud TK, Peto J (2006) Persisting risk of nickel related lung
cancer and nasal cancer among. Occup Environ Med 63:365-366.
https://doi.org/10.1136/0em.2005.026336.

National Toxicology Programme (1996) NTP toxicology and car-
cinogenesis studies of nickel oxide (CAS no. 1313-99-1) in F344
rats and B6C3F1 mice (inhalation studies). Natl Toxicol Program
Tech Rep Ser 451:1-381

Gupta AD, Patil AM, Ambekar JG, Das SN, Dhundasi SA, Das KK
(2006) L-ascorbic acid protects the antioxidant defense system in
nickel-exposed albino rat lung tissues. J Basic Clin Physiol
Pharmacol 17:87-100

Shen HM, Zhang QF (1994) Risk assessment of nickel carcinoge-
nicity and occupational lung cancer. Environ Health Perspect
102(Suppl 1):275-282

Smialowicz RJ, Rogers RR, Riddle MM, Garner RJ, Rowe DG,
Luebke RW (1985) Immunologic effects of nickel: II. Suppression
of natural killer cell activity. Environ Res 36:56-66

Das KK, Buchner V (2007) Effect of nickel exposure on peripheral
tissues: role of oxidative stress in toxicity and possible protection by
ascorbic acid. Rev Environ Health 22:133-149

Bencko V, Wagner V, Wagnerova M, Reichrtova E (1983) Immuno-
biochemical findings in groups of individuals occupationally and
non-occupationally exposed to emissions containing nickel and co-
balt. ] Hyg Epidemiol Microbiol Immunol 27:387-394

Smith CJ, Livingston SD, Doolittle DJ (1997) An international
literature survey of “IARC Group I carcinogens” reported in main-
stream cigarette smoke. Food Chem Toxicol 35(10-11):1107-1130
Péaakko P, Kokkonen P, Anttila S, Kallioméki PL (1989) Cadmium
and chromium as markers of smoking in human lung tissue.
Environ Res 49:197-207

Tsuchiyama F, Hisanaga N, Shibata E, Aoki T, Takagi H, Ando T,
Takeuchi Y (1997) Pulmonary metal distribution in urban dwellers.
Int Arch Occup Environ Health 70:77-84

Apostolou A, Garcia-Esquinas E, Fadrowski JJ, McLain P, Weaver
VM, Navas-Acien A (2012) Second hand tobacco smoke: a source

@ Springer

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

of lead exposure in US children and adolescents. Am J Public
Health 102:714-722. https://doi.org/10.2105/AJPH.2011.300161
Fadrowski JJ, Navas-Acien A, Tellez-Plaza M, Guallar E, Weaver
VM, Furth SL (2010) Blood lead level and kidney function in US
adolescents: the third National Health and Nutrition Examination
Survey. Arch Intern Med 170:75-82. https://doi.org/10.1001/
archinternmed.2009.417

Mannino DM, Albalak R, Grosse S, Repace J (2003) Second-hand
smoke exposure and blood lead levels in U.S. children.
Epidemiology 14:719-727

Kalcher K, Kern W, Pietsch R (1993) Cadmium and lead in the
smoke of a filter cigarette. Sci Total Environ 128:21-35

Abadin H, Ashizawa A, Stevens YW, Llados F, Diamond G, Sage
G, CitraM, Quinones A, Bosch SJ, Swarts SG (2007) Toxicological
profile for lead. Agency for Toxic Substances and Disease Registry
(US), Atlanta (GA) www.ncbi.nlm.nih.gov/books/NBK158766/.
Accessed 20 March 2018

Silbergeld EK (1992) Mechanisms of lead neurotoxicity, or looking
beyond the lamppost. FASEB J 6:3201-3206

Mason LH, Harp JP, Han DY (2014) Pb neurotoxicity: neuropsy-
chological effects of lead toxicity. Biomed Res Int 2014:1-8.
https://doi.org/10.1155/2014/840547

Ehle AL (1986) Lead neuropathy and electrophysiological studies
in low level lead exposure: a critical review. Neurotoxicology 7:
203-216

Guilarte TR, Miceli RC, Altmann L, Weinsberg F, Winneke G,
Wiegand H (1993) Chronic prenatal and postnatal Pb2+ exposure
increases [3H] MK801 binding sites in adult rat forebrain. Eur J
Pharmacol 248:273-275

Markovac J, Goldstein GW (1988) Lead activates protein kinase C
in immature rat brain microvessels. Toxicol Appl Pharmacol 96:14—
23

Brookes PS, Yoon Y, Robotham JL, Anders MW, Sheu SS (2004)
Calcium, ATP, and ROS: a mitochondrial love-hate triangle. Am J
Physiol Cell Physiol 287:C817-C833. https://doi.org/10.1152/
ajpcell.00139.2004

Exley C, Begum A, Woolley MP, Bloor RN (2006) Aluminum in
tobacco and cannabis and smoking-related disease. Am J Med 119:
276.€9-276.11. https://doi.org/10.1016/j.amjmed.2005.08.004
Jelovcan S, Gutschi A, Kleinhappl B, Sedlmayr P, Barth S, Marth E
(2003) Effects of low concentrations of cadmium on immunoglob-
ulin E production by human B lymphocytes in vitro. Toxicology
188:35-48

Gilli E, Karnak D, Kayacan O, Beder S (2005) A tinner with
stannosis and tuberculosis (2005). Case Rep Clin Pract Rev 6:73-76
Chmielnicka J, Zareba G, Polkowska-Kulesza E, Najder M,
Korycka A (1993) Comparison of tin and lead toxic action on
erythropoietic system in blood and bone marrow of rabbits. Biol
Trace Elem Res 36:73-87

ATSDR Toxicological profile for copper (2004). http://
www.atsdr.cdc.gov/ToxProfiles/tp132-c3.pdf. Accessed 20 March
2018

Pappas RS (2011) Toxic elements in tobacco and in cigarette
smoke: inflammation and sensitization. Metallomics 3:1181—
1198. https://doi.org/10.1039/c1mt00066g

Rice TM, Clarke RW, Godleski JJ, Al-Mutairi E, Jiang N-F, Hauser
R, Paulauskis JD (2001) Differential ability of transition metals to
induce pulmonary inflammation. Toxicol Appl Pharmacol 177:46—
53

Massadeh A, Gharibeh A, Omari K, Al-Momani I, Alomary A,
Tumah H, Hayajneh W (2010) Simultaneous determination of Cd,
Pb, Cu, Zn, and Se in human blood of Jordanian smokers by ICP-
OES. Biol Trace Elem Res 133:1-11. https://doi.org/10.1007/
s12011-009-8405-y.


https://doi.org/10.1136/tobaccocontrol-2013-051470
https://doi.org/10.1136/tobaccocontrol-2013-051470
https://doi.org/10.1136/tc.2010.042168
https://doi.org/10.1186/s12971-015-0038-7
https://doi.org/10.1186/s12885-015-1042-2
https://doi.org/10.1186/s12885-015-1042-2
https://doi.org/10.1136/oem.53.10.708
https://doi.org/10.1136/oem.55.11.755
https://doi.org/10.1136/oem.55.11.755
https://doi.org/10.1007/s004200050276
https://doi.org/10.1136/oem.2005.026336.
https://doi.org/10.2105/AJPH.2011.300161
https://doi.org/10.1001/archinternmed.2009.417
https://doi.org/10.1001/archinternmed.2009.417
https://doi.org/10.1155/2014/840547
https://doi.org/10.1152/ajpcell.00139.2004
https://doi.org/10.1152/ajpcell.00139.2004
https://doi.org/10.1016/j.amjmed.2005.08.004
https://doi.org/10.1039/c1mt00066g
https://doi.org/10.1007/s12011-009-8405-y.
https://doi.org/10.1007/s12011-009-8405-y.

Health Effects of Trace Metals in Electronic Cigarette Aerosols—a Systematic Review

315

79.

80.

81.

82.

83.

84.

85.

86.

Morsy MA, Khaled MM (2001) Direct electron paramagnetic res-
onance study of tobacco. 1. Manganese (II) as a marker. J Agric
Food Chem 49:683-686

Kim JG, Dixon JB, Chusuei CC, Deng Y (2002) Oxidation of
chromium (III) to (VI) by manganese oxides. Soil Sci Soc Am J
66:306-315

Sundar IK, Javed F, Romanos GE, Rahman I (2016) E-cigarettes
and flavorings induce inflammatory and pro-senescence responses
in oral epithelial cells and periodontal fibroblasts. Oncotarget 7:
77196-77204. https://doi.org/10.18632/oncotarget. 12857
Rouabhia M, Park HJ, Semlali A, Zakrzewski A, Chmielewski W,
Chakir J (2017) E-cigarette vapor induces an apoptotic response in
human gingival epithelial cells through the caspase-3 pathway. J
Cell Physiol 232:1539-1547. https://doi.org/10.1002/jcp.25677
Arora M, Weuve J, Schwartz J, Wright RO (2009) Association of
environmental cadmium exposure with periodontal disease in U.S.
adults. Environ Health Perspect 117:739-744. https://doi.org/10.
1289/ehp.0800312

Wallin M, Barregard L, Sallsten G, Lundh T, Karlsson MK,
Lorentzon M, Ohlsson C, Mellstrom D (2016) Low-level cadmium
exposure is associated with decreased bone mineral density and
increased risk of incident fractures in elderly men: the MrOS
Sweden study. J Bone Miner Res 31:732-741. https://doi.org/10.
1002/jbmr.2743

Brzéska MM, Moniuszko-Jakoniuk J (2004) Low-level lifetime
exposure to cadmium decreases skeletal mineralization and en-
hances bone loss in aged rats. Bone 35:1180-1191

Yaprak E, Yolcubal I, Sinanoglu A, Dogrul-Demiray A,
Guzeldemir-Akcakanat E, Marakoglu I (2017) High levels of
heavy metal accumulation in dental calculus of smokers: a pilot
inductively coupled plasma mass spectrometry study. J Periodontal
Res 52:83-88. https://doi.org/10.1111/jre.12371

87.

88.

89.

90.

91

92.

93.

94.

Alomary A, Al-Momani IF, Massadeh AM (2006) Lead and cad-
mium in human teeth from Jordan atomic absorption spectrometry:
some factors influencing their concentrations. Sci Total Environ
369:69-75

Khlifi R, Olmedo P, Gil F, Hammami B, Chakroun A, Rebai A,
Hamza-Chaffai A (2013) Arsenic, cadmium, chromium and nickel
in cancerous and healthy tissues from patients with head and neck
cancer. Sci Total Environ 452-453:58—67. https://doi.org/10.1016/j.
scitotenv.2013.02.050

Won YS, Kim JH, Kim Y'S, Bae KH (2013) Association of internal
exposure of cadmium and lead with periodontal disease: a study of
the fourth Korean National Health and Nutrition Examination
Survey. J Clin Periodontol 40:118-124. https://doi.org/10.1111/
jepe.12033

Saraiva MCP, Taichman RS, Braun T, Nriagu J, Eklund SA, Burt
BA (2007) Lead exposure and periodontitis in US adults. J
Periodont Res 42:45-52

Su CC, Lin YY, Chang TK, Chiang CT, Chung JA, Hsu YY, Lian
1B (2010) Incidence of oral cancer in relation to nickel and arsenic
concentrations in farm soils of patients’ residential areas in Taiwan.
BMC Public Health 10. https://doi.org/10.1186/1471-2458-10-67
Smith TJ (1992) Occupational exposure and dose over time: limi-
tations of cumulative exposure. Am J Ind Med 21:35-51

Cheah NP, Chong NW, Tan J, Morsed FA, Yee SK (2014)
Electronic nicotine delivery systems: regulatory and safety chal-
lenges: Singapore perspective. Tob Control 23:119-125. https://
doi.org/10.1136/tobaccocontrol-2012-050483

Pepper JK, Ribisl KM, Brewer NT (2016) Adolescents’ interest in
trying flavored e-cigarettes. Tob Control 25(Suppl 2):1162—i66.
https://doi.org/10.1136/tobaccocontrol-2016-053174.

@ Springer


https://doi.org/10.18632/oncotarget.12857
https://doi.org/10.1002/jcp.25677
https://doi.org/10.1289/ehp.0800312
https://doi.org/10.1289/ehp.0800312
https://doi.org/10.1002/jbmr.2743
https://doi.org/10.1002/jbmr.2743
https://doi.org/10.1111/jre.12371
https://doi.org/10.1016/j.scitotenv.2013.02.050
https://doi.org/10.1016/j.scitotenv.2013.02.050
https://doi.org/10.1111/jcpe.12033
https://doi.org/10.1111/jcpe.12033
https://doi.org/10.1186/1471-2458-10-67
https://doi.org/10.1136/tobaccocontrol-2012-050483
https://doi.org/10.1136/tobaccocontrol-2012-050483
https://doi.org/10.1136/tobaccocontrol-2016-053174.

	Health Effects of Trace Metals in Electronic Cigarette Aerosols—a Systematic Review
	Abstract
	Introduction
	Structure of Electronic Cigarettes and Plausible Sources of Trace and Toxic Elements in Electronic Cigarettes
	Atomizer
	Batteries
	E-Liquid

	Evidence on the Release of Trace Metals from Electronic Cigarettes
	Results
	Sampling of EC Aerosol
	Method for Detection
	Metals Analyzed
	Source of Metals in Electronic Cigarettes
	Concentrations of Metals in Conventional Cigarette Smoke and Electronic Cigarette Aerosol

	Diseases Caused by Electronic Cigarettes
	Evidence on Adverse Health Effects of Trace Metals in Electronic Cigarette Aerosols
	Influence of Trace Metals in Electronic Cigarette Aerosol on Systemic Health
	Nickel
	Chromium
	Lead
	Aluminum
	Cadmium
	Tin
	Copper
	Manganese

	Influence of Trace Metals in Electronic Cigarette Aerosols on Oral Health

	Comparison of Harmful Effects of Conventional Cigarettes and Electronic Cigarettes
	Conclusion
	References


