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Abstract

Exposure to cigarette smoke (CS) is associated with an increased risk of several neurological diseases such as stroke, Alz-
heimer’s disease, and dementia. At present, commercialization of E-cigarettes (ECs) is increasing, and they are advertised
as a less harmful nicotine-delivery system. There are, however, limited studies regarding the neurotoxicity effects of ECs on
the brain, which remains a subject of debate. In the present study, we aimed to evaluate the in vivo effects of short-term EC
vapor exposure on the brain and compare them with the effects of cigarette smoke (CS). BALB/c mice were exposed to air,
CS, and EC for 14 days. We then assessed the inflammatory responses, oxidative stress, and cognitive functions of the mice
by using maze tests. Cognitive spatial tests showed that the mice exposed to CS and ECs had delayed time in finding food
rewards. EC exposure demonstrated no improvement in spatial memory learning to find the food reward on the next day.
This implies that CS and EC exposure possibly causes damage to the olfactory system. Notably, EC exposure potentially
causes abnormalities in mice memory functions. Histological staining of the cerebral cortex of mice brain in the EC-exposed
group demonstrated inflammatory responses such as necrosis and cytoplasm vacuolization. Immunohistochemical staining
revealed high expression of proinflammatory cytokine TNF-a in both the EC- and CS-exposed groups. Hence, we conclude
that ECs share similar toxicity profiles as CS, which potentially negatively impact brain function.
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Introduction

Cigarette smoking (CS) has been reported to be associated
with numerous negative outcomes including possible effects
on the brain [1-3]. Evidence suggests that smokers experi-
ence decreased functions in several cognitive domains such
as cognitive flexibility and memory [4-6]. Several stud-
ies have also reported that smoking is associated with an
increased risk of dementia, and it is estimated that nearly
14% of Alzheimer’s disease cases worldwide could be attrib-
utable to smoking [7-9]. Electronic cigarettes (ECs) are a
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recent innovation that are advertised as a safe way to help
people quit smoking tobacco cigarettes [10]. However, stud-
ies regarding the effects of ECs on brain cognitive functions
remain limited.

ECs are devices that effectively deliver vaporized liquid
nicotine to the lungs. The user can choose nicotine concen-
tration of the EC liquid that is loaded into the device’s car-
tridge [11]. When the user inhales, the e-liquid, which is
primarily nicotine in propylene glycol (PG) and vegetable
glycerin (VG), is heated to produce a vapor that is inhaled
into the lungs. ECs are assumed to generate fewer noxious
materials/toxicants, but they are not emission-free devices
[12-14]. Hence, ECs could possibly share some of the toxi-
cant profiles of CS and may expose users to similar health
risks.

Although ECs are marketed as perfectly harmless nico-
tine-delivery devices, emerging evidence implies that ECs
may cause damage to biological systems [15-17]. Recent
in vitro studies demonstrated that although ECs are less
cytotoxic than CS, they can promote cytotoxicity in human
pulmonary fibroblasts cells, primary human bronchial
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epithelial cells, and human gingival fibroblasts (HGFs)
[18-20]. In vivo studies in mice show that EC exposure
stunts growth and induces an allergy-based asthma inflam-
matory response [21, 22]. Furthermore, ECs enhance oxi-
dative stress and inflammation in mice and impair immune
defenses against bacterial and viral infections [23]. To the
best of our knowledge, studies on the effects of ECs on cog-
nition remain lacking. Exposure to CS has reportedly been
linked to neurodevelopmental delays and cognitive impair-
ment, including attention deficit disorder and lower 1Q [24].

The present study examined the effects of short-term
EC exposure over 14 days on brain inflammatory responses
associated with cognitive spatial and memory functions in
mice. We found that inhaled EC vape triggered neurotoxic-
ity that induces brain inflammatory effects similar to those
observed in the CS-exposed group. We posit that these toxi-
cological effects are associated with decreased cognitive
spatial and memory functions of EC and CS as compared
to control mice. The current data provide direct evidence of
the potential harmful neurotoxicity effects of ECs on brain
inflammation associated with cognitive memory functions.

Materials and methods
Chemicals

The e-liquid mixture brand Zero e-liquid (18 mg/mL nico-
tine, 30% PG, 70% VG, with a grape flavor) was obtained
from Vape Clinic. Joyetech 510-T ECs were used for all
the experiments with 510-T tank cartridges, atomizers, and
batteries. Primary antibodies against TNF-a were acquired
from Fine Biotech (Wuhan, China). All the other chemicals
were purchased from Sigma Aldrich (St. Louis, MO, USA).

Animals

Three-month-old male BALB/c mice were purchased from
the Medical Faculty, University of Mataram (Mataram,
Indonesia) and were housed in groups of 3—6 at room tem-
perature (24 °C) under 12/12 h light/dark cycles with access
to water and food ad libitum. Body weight was measured
daily during the 14 days of CS and EC exposure. All the

Fig.1 Schematic diagram of
smoke and vapor from EC/CS
pumped into the chamber by
electric air pump (Agptek co.,
Ltd., USA)
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animal experimental protocols were approved by the ethics
committee of the Faculty of Medicine, University of Mata-
ram, Indonesia.

CS and EC exposure protocol

CS and EC exposure on the mice was conducted in a smoke/
vapor whole body exposure chamber system (Fig. 1). A total
of 18 rats exposed to CS and ECs were randomized into
three groups of 6 animals each as follows: group 1: con-
trol group with no CS and EC treatment in which the mice
were exposed to clean air; group 2: cigarette-treated group
in which the mice were exposed to tobacco smoke of six
simultaneously lit cigarettes; and group 3: EC-treated group
in which the mice were exposed to a total of 150 puffs per
day. The puff duration was 3 s, the puff interval was 1 min,
and the puff volume was 50 mL, all of which mimic real-life
exposure scenarios.

Learning and memory assessment

Learning and memory functions of the mice were evaluated
with buried food as a reward in maze tests [25]. Prior to
training, the mice were placed on a food-restricted schedule
for 2 days to maintain them at 80-85% of their free feeding
weight. The next day, the subjects were placed in the maze
apparatus (50 x 50 cm) to find the location of the buried food
as a reward. The time for the mice to find the reward was
measured as the cognitive spatial learning ability. Before
conducting each test, the maze apparatus was cleaned with
alcohol. The next day (24 h) the mice were reintroduced into
the maze apparatus to evaluate their cognitive memory func-
tions. The time for the mice to find the reward was assessed
as their short-term memory functions. This procedure was
performed on the last day of treatment.

Hematoxylin and eosin (H&E) staining

Brain tissue specimens were fixed in 4% formaldehyde and
embedded in paraffin. The brain sections were then depar-
affinized in xylene, rehydrated through a graded alcohol
series, and stained with H&E (Biosharp, Wuhan, China)
according to the manufacturer’s protocol. Pathological
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changes were observed under an inverted microscope (Zeiss,
Gottingen, Germany).

Immunohistochemistry (IHC)

The mouse brains were isolated, fixed in 4% paraformal-
dehyde (PFA) overnight at 4 °C, and embedded in paraffin
[26]. The brain sections were then de-paraffinized in xylene,
rehydrated through a graded ethanol series, and subjected to
antigen retrieval by boiling the slices in citrate buffer (pH
6.0) with high heat for 15 min and medium heat for 15 min
in a microwave oven. For the IHC analysis, the sections
were treated with 3% H,0, for 10 min to remove endog-
enous peroxidase, blocked with 1% bovine serum albumin
(BSA) in PBS (blocking solution) at room temperature for
1 h, and incubated with anti-TNF-a antibodies (Fine Bio-
tech, Wuhan, China) diluted (1:200) in a blocking solution
at 4 °C overnight. After washing 3 times in PBS, the sec-
tions were incubated with HRP-conjugated secondary anti-
body (DAKO, Glostrup, Denmark) at room temperature for
30 min and then stained with 3’-diaminobenzidine (DAB)
for 15 s. Hematoxylin was used for cell nuclei detection. The
stained sections were visualized and digitally scanned with
an inverted light microscope (Zeiss).

Statistical analyses

Statistical analyses were conducted using KaleidaGraph
4.5.4 (Synergy Software, Reading, PA, USA) with a two-
tailed unpaired Student’s ¢ test and one-way analysis of vari-
ance (ANOVA) followed by the Tukey—Kramer test. The
data are presented as mean =+ standard deviation (SD). Dif-
ferences among comparisons were considered statistically
significant for p-values less than 0.05.

Results

CS and EC exposure causes weight loss of mice body
and brain

Three-month-old BALB/c mice were exposed for 14 days
to CS and ECs. On the first 6 days of treatment, the mean
weight of mice in all the treatment groups was similar. Start-
ing on day 7, the body weights of the CS- and EC-exposed
mice slowly declined compared to that of the untreated con-
trols. This condition persisted throughout the 14 days of CS
and EC exposure (Fig. 2).

Evaluation of cognitive memory functions

The evaluation of cognitive functions was performed on the
last day of treatment in the maze apparatus (Fig. 3). Analysis
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Fig.2 Body weight of mice during the experimental period (14
days). Body weight was measured every day (n = 6 per group)

of the spatial learning functions showed a statistically signif-
icant group effect (Fig. 3a). As expected, the control group
exhibited a significantly shorter time to find the buried food
reward than the CS- and EC-exposed groups. The CS- and
EC-exposed groups required a significantly longer time to
find the reward. CS is reported to cause nearly six-fold more
olfactory deficits in smokers than in nonsmokers [27]. The
current result implies that ECs possibly induce negative
effects on olfactory functions similar to those by CS. How-
ever, the EC-exposed groups required a significantly longer
time to find the reward the next day (Fig. 3b), indicating that
ECs potentially cause reduced cognitive memory functions.

Histopathological injuries in the brains of mice
exposed to CS and EC as determined by H&E
staining

H&E staining reflected the histopathological injuries and
inflammation of the mice brains exposed to CS and ECs.
No histopathological injuries or inflammatory response were
observed in the untreated group, as normal neurons were
found to be abundant in the brains of the untreated mice.
Inflammatory characteristics such as necrotic cells and cyto-
plasmic vacuolization were present in the brain tissues of
both CS- and EC-exposed groups. A significant amount of
apoptotic cells and dead neurons were also observed (Fig. 4).

TNF-a was highly expressed in the brain tissues
of CS- and EC-exposed groups as detected by IHC

Brain inflammation is reportedly associated with loss of
memory functions. Furthermore, proinflammatory cytokine
TNF-a is reported to play a critical role in brain immune and
inflammatory activities. Therefore, we used IHC to investi-
gate the expression and localization of TNF-« in the cerebral
cortex brain sections of the CS- and EC-exposed mice. As
shown in Fig. 5, proinflammatory cytokine TNF-o immuno-
reactivity significantly increased in the CS- and EC-exposed
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Fig.3 a Maze apparatus for assessment of cognitive learning and
memory functions (50cm X 50cm). b CS and EC effects on cogni-
tive learning test. Values are mean + SEM, n = 6 animals per group.

Fig.4 Hematoxylin and Eosin (H&E)-stained brain sections from
mice treated for 14 days with a, b. Clean air (Control) showing Nor-
mal Cells (N); ¢, d. Cigarette Smoking (CS) showing signs of early
neuronal injury, vacuolated cells (V), Apoptotic cells (A), and vas-

groups compared to the control. Based on this result, ECs
have similar toxicity profiles to CS. Hence, EC exposure
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**p < 0.01 vs control. *p < 0.05 vs control. ¢ CS and EC effects on
short term memory test. Values are mean + SEM, n = 6 animals per
group. *¥¥*p < 0.01 vs control. *p < 0.05 vs control

cular congestion (long arrow); e, f. E-Cigarette (EC) showing hyper-
chromatic cells (arrow head), cellular atrophy, shrinkage apoptotic
cells (A), Vacuolated cells (V), cellular infiltration (long arrow), and
Nuclear Swelling (thick arrow). Scale: 20 pM

could potentially correlate with a loss of learning ability and
memory functions.
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Fig. 5 Immunohistochemical (IHC) staining of proinflammatory cytokine TNF-a in the cerebral cortex brain tissue of CS and EC exposed mice
for 14 days. Brown indicates a positive result of TNF-o immunoreactivity. Scale: 20 pM

Discussion

CS is associated with the cause of several diseases and
accounts for more than 18% of annual deaths worldwide
[28]. Consequently, because ECs are perceived to have a
higher safety profile, their use has markedly increased in
the past decade [29]. These devices emit considerable levels
of toxicants, some of which are common to tobacco smok-
ing. Thus, their harm should not be underestimated [30].
However, in contrast to the well-known negative effects of
tobacco smoking and despite the increase in EC research, the
safety profile of ECs has not been fully studied in the context
of their effects on brain cognitive functions and memory.
Based on these considerations, in the present study, we
aimed to evaluate the potential toxicity effects of ECs on
mice brain and the associated neurobehavioral features.
Exposure to CS and ECs was adjusted to real-life smoking
and puffing topography experimental conditions. At the end
of 14 days of treatment, the body weights of the EC-exposed
group showed similar profiles to those of the CS-exposed
group. Numerous studies have examined the relationship
between smoking and body weight [31, 32]. Current smok-
ers tend to have lower BMIs and body weights than former
or nonsmokers [33]. In addition, former smokers report
gaining weight after quitting smoking [34]. In both humans
and rats, nicotine administration or CS has been shown to
induce weight loss [35]. Our present study found that expo-
sure to ECs caused significant inhibition of body weight gain
in these animals. This effect was clearly seen on day 7 of
treatment. However, because our initial experiment was not
designed to study body weight changes, we did not measure
the food and water consumption of these animals. Therefore,
it is unclear whether the effect of ECs on body weight loss is
through decreased food intake or through other mechanisms.
Recent research indicates that CS is associated with an
increased risk for many biomedical conditions that may
directly or indirectly compromise brain neurobiology and
neurocognition [8, 36, 37]. However, at present, the neuro-
toxicity effect of ECs remains a subject of debate. Wistar
rats exposed to CS demonstrated a reduction of body and

brain weight [38]. Changes in cortical thickness and struc-
ture have been reported to correlate with neurocognitive
functioning [39]. Our findings show that the CS- and EC-
exposed mice had reduced cognitive spatial learning abilities
and memory functions. Previous studies assumed that CS is
adversely associated with cognitive functioning, fine motor
speed, flexibility, memory, and sleep quality [40, 41]. The
possible mechanism may be the toxic effects of cigarette
smoke components, including oxidative stress and inflam-
mation of the human brain [42]. In the current study, the EC
group demonstrated similar performance to the CS group
in learning the spatial maze apparatus and finding the bur-
ied food as a reward. Hence, ECs could potentially share
similar neurotoxicity effects as CS. This result also overlaps
with previous findings that reported attention and working
memory deficits in cigarette smoke-exposed mice [43]. In
addition, EC exposure showed no improvement in finding
the reward the next day after cognitive spatial learning. This
implies that the short-term EC group potentially had reduced
memory functions compared to the CS and control groups
(Fig. 3b). Previous research reported that memory deficits in
Alzheimer’s patients are often correlated with their history
of smoking habits [44]. Other evidence suggests that smok-
ers experience poorer global cognitive flexibility and mem-
ory [45]. However, the effects of CS on memory functions
were not observed during a short-term exposure period. Our
study showed the effects of ECs on memory functions during
a 14-day exposure period. Previous research also reported
that ECs may affect the central nervous system and alter
brain functions, which affects the mood, learning abilities,
and memory and can even induce drug dependence in both
humans and animals [46].

Inflammation is an immune response to injury, patho-
gens, irritants, or oxidative stress [47]. Accumulating evi-
dence has linked inflammation to cognitive decline and risk
of dementia [48]. Normally, inflammation is a protective
response that facilitates the healing process [49]. However,
prolonged inflammation can cause tissue damage. Several
studies have reported evidence that cigarette smoke induces
brain inflammation and oxidative stress [50]. Inflammation
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in specific regions of the brain can potentially induce sev-
eral neurological diseases. ECs have been advertised as
safe nicotine-delivery systems for those who want to quit
cigarette smoking. Our current results show that necrotic
cells were abundant in the EC brain section, similar to CS.
Cells undergoing necrosis lose membrane integrity and
leak their intracellular components, some of which serve as
danger signals that stimulate inflammation [51]. Apoptotic
cells may not stimulate inflammation if they are ingested
by phagocytes before they release their intracellular con-
tents [52]. Furthermore, EC brain injury is also revealed
by the presence of vacuolization, which is also known to
cause caspase-independent cell death including methuosis,
paraptosis, oncosis, and necroptosis [53].

To confirm the specific events of inflammation, we exam-
ined the expression of inflammatory marker TNF-a in the
brain tissue of the CS- and EC-exposed mice. Cigarette
smoking is often associated with increased inflammatory
cytokines such as TNF-a, IL-p, and IL-6 in the blood and
organs [54, 55]. Our findings showed that TNF-a immuno-
reactivity increased in the brain sections of the EC-exposed
mice. Hence, EC exposure could potentially induce brain
inflammation, which leads to deficits in cognitive functions.
In a previous clinical study, TNF-a did not emerge as a sig-
nificant marker of cognitive function [56]. However, another
study reported that proinflammatory cytokines IL-1 and
TNF-a could stimulate the hypothalamic—pituitary—adrenal
(HPA) axis, further contributing to stress-induced cognitive
deficits [57]. Hence, it appears that the increased expression
of TNF-a as a proinflammatory cytokine may also mediate
the effects of stress, which alters cognitive function.

In conclusion, these findings are not only expected to
increase awareness of the negative health consequences of
increasingly popular e-cigarettes but also to add information
for consideration of their safety profile. Overall, our current
results provide evidence of an association of EC-induced
inflammation in the brain, which potentially correlates with
a deficit in cognitive and memory functions. Whether ECs
are a safer substitute for tobacco needs further investigation
and will be the subject of future studies.
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