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Electronic-cigarettes (E-cigs) are marketed as a safe alternative to
tobacco to deliver the stimulant nicotine, and their use is gaining
in popularity, particularly among the younger population. We
recently showed that mice exposed to short-term (12 wk) E-cig
smoke (ECS) sustained extensive DNA damage in lungs, heart, and
bladder mucosa and diminished DNA repair in lungs. Nicotine and
its nitrosation product, nicotine-derived nitrosamine ketone, cause
the same deleterious effects in human lung epithelial and bladder
urothelial cells. These findings raise the possibility that ECS is a
lung and bladder carcinogen in addition to nicotine. Given the fact
that E-cig use has become popular in the past decade, epidemio-
logical data on the relationship between ECS and human cancer
may not be known for a decade to come. In this study, the
carcinogenicity of ECS was tested in mice. We found that mice
exposed to ECS for 54 wk developed lung adenocarcinomas (9 of
40 mice, 22.5%) and bladder urothelial hyperplasia (23 of 40 mice,
57.5%). These lesions were extremely rare in mice exposed to
vehicle control or filtered air. Current observations that ECS in-
duces lung adenocarcinomas and bladder urothelial hyperplasia,
combined with our previous findings that ECS induces DNA
damage in the lungs and bladder and inhibits DNA repair in lung
tissues, implicate ECS as a lung and potential bladder carcinogen in
mice. While it is well established that tobacco smoke poses a huge
threat to human health, whether ECS poses any threat to humans
is not yet known and warrants careful investigation.
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Tobacco smoke (TS) is a traditional way of delivering nicotine,
which is a powerful central nervous system stimulant that

provides smokers with instantaneous gratification and leads to
long-term tolerance and addiction (1). Unfortunately, in addi-
tion to nicotine, TS contains numerous carcinogens generated
during tobacco curing and burning (2, 3). For the past few de-
cades, TS has been the leading cause of human cancers (4). In
fact, up to 85% of lung cancers and 50% of bladder cancers can
be linked to TS (4). Electronic-cigarettes (E-cigs) are an inven-
tion designed to deliver nicotine in aerosols via the controlled
heating of an organic solution containing nicotine (5). This pro-
cess avoids tobacco leaves and burning, and generates only
aerosols composed of nicotine and the relatively harmless solvents
isopropylene glycol and vegetable glycerin. Because of this, E-cigs
are promoted as delivering a TS “high” without the known ad-
verse effects, and E-cigs have been adopted as a safe replacement
for conventional cigarettes. E-cigs are widely used as a gateway for
TS cessation and have even been applied as a therapeutic alter-
native for reducing TS-related respiratory diseases (5, 6).
It is well established that during the curing and burning of to-

bacco, nicotine can be transformed into nitrosamines via nitrosation,
and that many of these nitrosamines, such as nicotine-derived ni-
trosamine ketone (NNK) and nitrosonornicotine (NNN), are potent

human and animal carcinogens (2, 3, 7). Hence, measuring ni-
trosamine levels in body fluids has become a gold standard for
assessing the potential carcinogenic effect of TS (7, 8). This
method has been adapted to address the potential carcinogenic
effects of E-cig smoke (ECS) (9). It has been found that the level
of 4-(methylnitrosoamino)-4-(3-pyidyl)-1-butanol (NNAL), an
NNK derivative, in the urine and saliva of E-cig smokers is only
5% of the levels found in comparable tobacco smokers (9). This
has led to the assumption that nicotine nitrosation does not take
place in ECS and that only a minute quantity of nitrosamines is
present in ECS (9). This finding has supported the recommen-
dation from public health experts, including Public Health
England, that E-cigs are 95% safer than conventional cigarettes
(10), and has prompted many epidemiologists to speculate that
switching from TS to ECS could save millions of lives (11).
Likely as a result of this reasoning, the popularity of E-cig

smoking is rising rapidly. Currently 3.2% of adults in the United
States and 3.6 million junior-high and high-school students
have embraced E-cig smoking (10). Given the widespread use of
E-cigs, their health effects—particularly their carcinogenicity—
deserve careful scrutiny (10). Assessing the safety of E-cigs must
examine 3 critical issues. First, is the level of nitrosamines in
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the E-cig smokers’ urine, saliva, or blood representative of the
carcinogenic effects of ECS? Second, while it is established that TS
contains substantial amounts of nitrosamines from nicotine
nitrosation during tobacco curing and burning, it is unknown if
inhaled nicotine in ECS can be nitrosated and transformed into
nitrosamines. In light of the findings that human cells have
ample cytochrome p450 enzymes that are able to metabolize
nitrosamines rapidly into DNA-damaging products (7, 8), we
are confronted with the third and the most important question:
Can nitrosamine level in the urine, saliva, and blood represent
the extent of nitrosation of inhaled ECS nicotine in vivo?
These questions led us to assess the effects of ECS and nico-

tine by determining the DNA damage induced by ECS in dif-
ferent organs rather than measuring NNK, NNN, and NNAL in
the blood and urine of a mouse model (12). We previously ob-
served that ECS induces mutagenic DNA adducts (cyclic 1,N2-
γ-hydroxy-propano-deoxyguanosine [γ-OH-PdG] and O6-methyl-
dG) in the lungs, heart, and bladder mucosa and inhibits DNA
repair in the lungs in a mouse model (12). We also found that
nicotine and NNK both induce the same DNA adducts, impair
DNA repair functions, and enhance cell mutational and tumor-
igenic transformation susceptibility in human lung and bladder
epithelial cells (12). Based on these observations, we propose
that ECS, as well as nicotine, may induce lung and bladder
cancer (12). In this study, we examined the tumorigenicity of
ECS in mice.

Methods
ECS Exposure. A total of 85 male FVB/N mice (6 to 8 wk old; The Jackson
Laboratory) were randomly placed into 3 groups. One group (n = 45) was
exposed to ECS generated from e-juice (nicotine [36 mg/mL] dissolved in
vehicle [Veh; isopolypropylene glycol and vegetable glycerin at a 1:1 ratio]).
We maintained the particulate matter concentration in the chamber at 130
mg/m3 and the aerosol nicotine concentration at 0.196 mg/m3 (SI Appendix,
Table S1). The second group (n = 20) was exposed to Veh. Aerosols for both
groups were generated using an automated 3-port E-cig aerosol generator
(e∼Aerosols) set at a constant voltage (1.9 A, 4.0 V) (SI Appendix, Table S1),
the same as is done in commercial E-cigs (12, 13). Mice were subjected to
whole-body exposure. The exposure conditions were the same as previously
described (12). Mice were exposed for 4 h per day and 5 d per week for 54 wk.
The third group (n = 20) remained housed in the animal room, exposed to

the ambient filtered air (FA). During the 54-wk period, 3 ECS mice were
found dead and 2 ECS mice had to be killed because of inactiveness. No lung
tumor was observed in these 5 mice, and 1 was found to have a large in-
testinal polyp. One Veh-exposed mouse was found dead, and 1 was killed
due to a paralyzed leg. Two FA-exposed mice were also found dead. No lung
tumor was observed in these 2 Veh and 2 FA mice. At the end of the 54-wk
exposure, 40 ECS-exposed, 18 Veh-exposed, and 18 FA-exposed mice sur-
vived. The average body weights among these 3 groups were similar (FA
group, 34.4 ± 5.84 g; Veh group, 34.0 ± 2.78 g; and ECS group, 35.1 ± 2.99 g;
ECS vs. FA, P = 0.67; ECS vs. Veh, P = 0.1998), and all mice appeared healthy.
These mice were killed to examine tumor formation in different organs.

Histopathology. The mice were killed at the end of 54 wk of exposure in
accordance with New York University Institutional Animal Care and Use
Committee protocols IA17-00048 and 170313-01. The lungs, heart, liver,
kidneys, intestine, pancreas, brain, spleen, and bladder were harvested and
examined with the naked eye for tumor formation. All organs were imme-
diately fixed in and stored in a 10% formalin solution until section prepa-
ration. Slides of lung and bladder samples were prepared and stained with
hematoxylin and eosin (H & E) at the Histology Core, New York University
Langone Medical Center. In addition to H & E staining, bladder tissue slides
were stained with antibodies for the proliferation markers MCM-2 and
PCNA and the basal cell marker KRT5 at the New York University Urology
Histology Core. All slides were examined independently by 3 pathologists.

Statistical Analysis. GraphPad Prism 7.0 and 1-way ANOVA with the least
significant difference (LSD) post hoc test were used for statistical analysis of
lung adenocarcinoma and bladder urothelium hyperplasia formation, re-
spectively, in the 3 groups (ECS, Veh, and FA) of mice.

Results
ECS Induces Lung Adenocarcinoma. Because it takes over 2 decades
for tobacco smokers to develop lung and bladder cancer, and
because TS is also related to other human cancers, we examined
the tumor formation in different organs after 54 wk of exposure
(4, 14, 15). An examination of the gross anatomy of the mice
revealed tumor-like growth in the skin, abdominal cavity, intes-
tines, and lungs. A summary of tumor formation observed in all
experimental mice is presented in Table 1. These tumor-like tis-
sues were further examined microscopically. The results show that
9 of 40 (22.5%) mice exposed to ECS developed lung tumors. All
lung tumors, subjected to histological examination by 3 patholo-
gists, were identified as adenocarcinomas (Fig. 1). Of these 9 lung

Table 1. Tumor-like growth found in different organs of mice exposed to FA, Veh, and ECS*

No. of mice with tumor

Treatment (n = total mice receiving treatment)

Organs FA (n = 18) Veh (n = 18) ECS (n = 40)

Lung† 1 0 9‡

Bladder§ 0 0 0
Intestine{ 1 1 1
Abdominal Cavity# 0 1 2
Skink 0 1 1
Liver, heart, brain, spleen, and kidney 0 0 0

*Exposure conditions are described in the main text.
†A single lung adenocarcinoma tumor was found in 8 ECS-exposed mice and 1 FA-exposed mouse. Multiple lung
adenocarcinomas were found in 1 ECS-exposed mouse (Fig. 1).
‡Eight of 9 lung tumors were further identified by H & E staining and examined microscopically (Fig. 1). One lung
tumor was inadvertently misplaced during the sample preparation.
§Hyperplasia was found in Veh-exposed (1 of 16) and ECS-exposed (23 of 40) mice. H & E and immunohistological
staining results are presented in Fig. 2.
{Adenomatous polyps with high-grade dysplasia were found in 1 FA-exposed mouse, 1 Veh-exposed mouse, and
1 ECS-exposed mouse.
#A single cystic salivary benign tumor was found in 1 Veh-exposed mouse and 1 ECS-exposed mouse. One benign
epidermal inclusion cyst was found in 1 ECS-exposed mouse.
kThe tumor-like growth in the skin of the Veh-exposed mouse was necrotic tissue and cannot be further
characterized; in the ECS-exposed mouse, it was identified as skin with muscle and a small piece of bone and was
negative for tumor.
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tumor-bearing mice, 8 had a single lung adenocarcinoma and 1
formed multiple ipsilateral lung adenocarcinomas (Fig. 1). None
of the mice exposed to Veh developed lung tumors. Only 1 of 18
(5.6%) mice exposed to FA had 1 adenocarcinoma formed in the
lung. The statistical analyses of lung adenocarcinoma occurrence
in ECS-, Veh-, and FA-exposed mice are presented in Tables 2
and 3 and SI Appendix, Table S2 A–E. The results show that the
higher lung adenocarcinoma incidence in ECS-exposed versus
Veh-exposed mice (P = 0.0454), versus the combination of Veh-
and FA-exposed mice (P = 0.0154), and versus Veh- and FA-
exposed mice (P = 0.0352) is statistically significant.

ECS Induces Bladder Urothelial Hyperplasia. Although no visible
tumors were detected in the urinary bladders of any of the ex-
perimental groups, hyperplastic changes to the bladder urothelium
were evident in mice exposed to ECS upon histological exami-
nation (Fig. 2). These lesions were either simple or nodular hy-
perplasia, characterized by a significant increase of urothelial
layers (5 to 8 layers compared with 3 layers in the control groups),
expansion of Krt5-positive basal urothelial cells, and a distinct
elevation of the cell proliferation markers MCM-2 and PCNA (16,

17). Overall, 23 of 40 (57.5%) ECS-exposed mice, 1 of 16 (6.3%)
Veh-exposed mice, and none of 17 (0%) FA-exposed mice
developed urothelial hyperplasia (P < 0.001) (Fig. 2). Notably,
the frequency of urothelial hyperplasia is slightly higher in mice
with lung tumors (6 of 9, 67%) than in mice without lung tu-
mors (18 of 31, 58%), although the difference is not statistically
significant (P = 0.64).

Discussion
Nicotine carcinogenicity in animal models has been controversial
owing to a large number of conflicting results (18–20). While
different tumor types, including leiomyosarcoma, were observed
in animals treated with nicotine via drinking water and sub-
cutaneous injection (19, 20), many of these results were criticized
for their experimental shortcomings and were deemed to be
inadequate evidence for an association between nicotine ex-
posure and its effect on carcinogenesis (19). On the other hand,
rats exposed to stream air-vaporized nicotine via inhalation for
2 y showed no significant different tumor formation, including
lung tumors (21). However, this particular study was also
criticized for lacking necessary bioassays and the small number of

Fig. 1. ECS exposure induces lung tumor formation in mice. Mice were exposed to FA (n = 20) and aerosols generated by Veh (isopropylene glycol and
vegetable glycerin at a 1:1 ratio, n = 20) and ECS (36 mg/mL nicotine in Veh, n = 45) for 4 h per day and 5 d per week for 54 wk as described in the main text.
Surviving mice at the end of exposure are as follows: FA-exposed (n = 18), Veh-exposed (n = 18), and ECS-exposed (n = 40). All mice dying before the 54-wk
exposure time were lung tumor-free. (A) Lung tumor tissues. Gross anatomy photographs (Left) of ECS-induced lung adenocarcinoma tissues (28-2, 28-4, 30-1,
30-2, 36-1, 38-2, 39-2, 39-5, 40-2) and a lung adenocarcinoma from an FA-exposed mouse (101-1), and histological slides of H & E staining of these lung
adenocarcinomas (Center and Right, 100× and 400× magnification, respectively) are presented. (B) Normal lung tissue (Left, 100× magnification; Right, 400×
magnification). Notes: (1) Veh exposure does not induce lung tumor. (2) Only a gross anatomy photograph of the lung tumor of ECS-exposed mouse 28-2 is
shown.

Table 2. Lung adenocarcinoma incidence in ECS-, Veh-, and FA-exposed mice

Exposure Mice with tumor* Mice without tumor*
No. of dead mice

before final killing† Total Tumor incidence, %

FA 1 17 2 20 5.6
Veh 0 18 2 20 0
ECS 9 31 5 45 22.5

*Surviving mice with tumor or tumor-free up to 54 wk.
†All dead mice were lung tumor-free.
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experimental animals (22 exposed versus 6 control) (19). Despite
of all these inconclusive results, the prevailing thinking remains
that nicotine is noncarcinogenic (18). In contrast to the results
showing that stream air-vaporized nicotine is not lung carcino-
genic in rats (21), our results showed that E-cig nicotine induces
lung adenocarcinoma in mice. The sources of this discrepancy
are unclear. It has been found that the aerosol size of ECS is
smaller than the aerosols generated in TS (22). It is likely that
the small size of E-cig aerosol allows the ECS nicotine in it to
penetrate deeply into lung tissues, inducing DNA damage in

bronchioloalveolar cells, whereas the stream air vapors are mainly
deposited in the upper aerodigestive linings and tissues, which are
rich in antioxidants such as glutathione, glutathione peroxidase, and
superoxide dismutase and can effectively neutralize the metabolites
of nitrosamines.
We believe that our results support the conclusion that γ-OH-

PdG and O6-methyl-dG, the DNA damage induced by metabo-
lites of nicotine nitrosation products, are likely the major causes
for lung as well as bladder carcinogenesis in mice (12, 23, 24).
Although no bladder cancers/urothelial carcinomas have been
observed, flat and/or papillary urothelial hyperplasia with in-
creased mitotic activity was observed in some of the ECS-
exposed mice (SI Appendix, Fig. S1). It should be noted that
we found the levels of ECS-induced γ-OH-PdG and O6-methyl-
dG in bladder mucosa were only one-fourth and one-fifth of the
amount found in the lung tissues, respectively, in mice (12).
These results raise the possibility that a longer exposure and/or
higher doses of ECS are needed in order for the bladder mucosa
to accumulate a sufficient level of γ-OH-PdG– and O6-methyl-
dG–induced mutations that could trigger bladder tumorigenesis
compared with lung carcinogenesis. We previously observed that
mice with increased susceptibility to ECS-induced DNA adduct
formation in the lungs are also more susceptible to ECS-induced
DNA damage in the bladder (12). In the present study, mice
more susceptible to ECS-induced lung tumorigenesis were not
more prone to developing urothelial hyperplasia, suggesting that
ECS-induced lung tumorigenesis and urothelial hyperplasia are
divergent events.
In summary, we showed that ECS exposure of mice induces

lung cancer and bladder urothelial hyperplasia. These observations,

Table 3. Statistical analysis of lung adenocarcinoma incidence in
mice exposed to ECS, Veh, and FA*

Comparison P value† Relative risk‡ 95% CI§

ECS vs. FA 0.1498 4.05 0.7733 to 24.14
ECS vs. Veh 0.0454 Infinity 1.22 to infinity
ECS vs. (FA + Veh) 0.0154 8.1 1.445 to 48.43
ECS vs. FA vs. Veh 0.0352 Unpredictable Unpredictable

P value, relative risk, and 95% confidence interval (CI) were calculated
according to the factors of “mice with tumor” and “mice without tumor”
using GraphPad Prism 7.0 software.
*Statistic considerations and calculations are presented in SI Appendix, Table
S2 A–E.
†If we count 8 mice with lung adenocarcinoma (by eliminating the 1 mouse
[28-2] that had a lung tumor; however, the tumor was not examined
microscopically) for further statistic consideration, then the P values are as
follows: ECS vs. FA: 0.2467, ECS vs. Veh: 0.0463, ECS vs. (FA + Veh): 0.0295,
and ECS vs. FA vs. Veh: 0.054.

A B

Fig. 2. ECS exposure induces bladder urothelial hyperplasia in mice. Bladder tissues were harvested from the same mice exposed to ECS, Veh, and FA for 54 wk
as described in Fig. 1. The tissue slides were prepared for histology examination and stained by H & E or antibodies for proliferation markers MCM-2 and PCNA
and basal cell marker KRT5 (200×magnification). (A) Typical staining result of bladder tissues of mice exposed to FA, Veh, and ECS. (B) Histogram presentation
of bladder urothelial hyperplasia in mice exposed to FA (n = 17), Veh (n = 16), and ECS (n = 40). Notes: (1) While we were able to examine bladder tissue
samples from all 40 ECS-exposed mice, during sample preparation, 1 bladder from FA-exposed mice and 2 from Veh-exposed mice were inadvertently
destroyed. (2) The simple (ECS1 mouse) and nodular (ECS2 mouse) hyperplasia had markedly thickened urothelial layers and strong expression of MCM-2,
PCNA, and KRT5 (with the latter indicating expansion of basal cells), compared with FA- and VEH-exposed mice, which had very thin urothelial layers with low
expression of the proliferation markers.
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combined with our previous findings (12) that ECS induces
γ-OH-PdG and O6-methyl-dG adducts in the lungs and bladder
urothelium and inhibits DNA repair in lung tissues in mice, and
that nicotine and NNK induce the same types of DNA adducts
and DNA repair inhibition effect and sensitize mutational and
tumorigenic cell transformation susceptibility in the human
lung epithelial and urothelial cells, indicate that ECS, as well
as nicotine and NNK, is a lung carcinogen and a potential
bladder carcinogen in mice. It should be noted that TS is a most
dangerous environmental agent to which humans are commonly

exposed and that ECS may or may not pose any danger to hu-
mans. The public should not equate the risk of ECS with that of
TS. Our data simply suggest, on the basis of experimental data
in model systems, that this issue warrants in-depth study in
the future.
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