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ABSTRACT
Electronic cigarette(s) (EC) becoming a preferred replacement for nicotine delivery
among many smokers in recent years. However, the effect of EC on human health is
inconclusive due to a lack of empirical research investigating EC-induced health hazard
or benefit. In this study, we examine the effect of vapor produced by EC on exercise
performance and health-related profiles in a mouse model. Female ICR mice were
divided into five groups (n = 6 per group) and exposed for 14 days. Our results indicate
that EC exposure leads to dose-dependent decrease in the grip strength and swimming
time of the mice. The EC-treated groups also showed a dose-dependent decrease in liver
and muscle glycogen storage. In addition, EC treatment had no negative effect on levels
of biochemical indices. We also did not detect any adverse effect or gross abnormalities
on the morphology of the major organs.
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Electronic cigarette(s) (EC), also referred to as vapor-
izers, have been promoted to help with abstinence
from cigarette [1–5] and are readily available in many
countries [6,7]. Although ECs are forbidden in
Taiwan, they are commercially readily available
through online shopping, shopping malls and local
shops in the United States. An EC comprises
a Temperature Control System (TCR) and an atomi-
zer with a tank to refill liquid containing flavoring,
a humectant (such as propylene glycol or vegetable
glycerin) and nicotine. TCR is battery-operated and
upon activation, the heating element/atomizer heats
up the liquid to make vapor or aerosol [8]. The
health-related ramifications of EC have not been
well researched and there is a need for more evidence
to support EC as an effective and safe cigarette sub-
stitute. Some studies have highlighted the toxicity
concerns of EC [1,2], while others acknowledge that
although EC are addictive and may not be completely
safe, are still considered less harmful than conven-
tional cigarettes [9].

Cigarettes are the most common source of nico-
tine. Although nicotine could induce stimulation of
the sympathetic nervous system leading to increased
heart rate, blood pressure and muscle blood flow
[10,11], the question of whether nicotine directly
enhances exercise performance still remains partially
answered. On one hand, some research have shown

that nicotine patch application could increase exer-
cise performance [12,13], but on the other hand,
conventional cigarettes smoker may increase exercise
fatigue and decrease average performance [14] due to
greater dependency on the use of glucose as a fuel
source during submaximal steady-state exercise [15].
Thus, research on EC is urgently needed in order to
ensure that the decisions of regulators, health-care
providers, and consumers are based on science. In
general, the health effects of EC have not been well
studied and the potential harm of exercise perfor-
mance incurred by short-term use of these devices
remains completely unknown. On the other hand,
smokeless tobacco that is sniffed through the nose
or placed between the cheek and gum. Same as EC,
smokeless tobacco is a gateway to induce addiction.
Furthermore, EC and smokeless tobacco have dele-
terious effects on human health, including exercise
performance. Therefore, we conducted this study to
evaluate the exercise performance and health-related
profiles of EC treatment using our previously estab-
lished in vivo platform [16,17]. Few reports have
addressed the effect of EC intervention on exercise
performance and health-related biochemical index.
We aim to evaluate the effect of EC after 14 days of
intervention in mice and examine the subchronic
toxic effects of the different dose of EC for exercise
performance and basic health parameters.
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Materials and methods

Preparation of electronic cigarette (EC) exposure
equipment

EC devices used in this study consist of two parts:
a temperature control system (TCR; Joyetech Co.,
Ltd., China) and a vaporizer (Geek Vape, MI, USA.)
(Figure 1). Vanilla-flavored refillable E-liquid was
purchased from NAKED FISH® (CA, USA). The
concentration of E-liquid was adjusted with vegeta-
ble glycerin, odorless liquids and flavor additives.
The EC vapor was produced and pumped using an
electric air pump (0.5 ohm, 50 watt, and 4.7 V, Lisan
Co., Ltd., Taiwan) into a chamber (20x15x15 cm3).
Each mouse stayed in the vapor-exposed chamber
until the E-liquid, which was pre-loaded in the
vaporizer tank, was exhausted (4 mL) (Figure 2).

Materials, animals, and experiment design

Female ICR mice (8-weeks old) grown under specific
pathogen-free conditions were purchased from
BioLASCO (Yi-Lan, Taiwan). All mice were provided
a standard laboratory diet (No. 5001; PMI Nutrition
International, Brentwood, MO, USA), distilled
water ad libitum and housed at 12-h light/12-h dark
cycle at room temperature (22°C ± 1°C) and 50–60%
humidity. The Institutional Animal Care and Use
Committee (IACUC) of National Taiwan Sport

University (NTSU) inspected all animal experiments
and the study conformed to the guidelines of protocol
IACUC-10519 approved by the IACUC ethics com-
mittee. Thirty mice were randomly assigned to five
groups (6 mice/group): (1) vehicle; (2) air; (3) EC-0X;
(4) EC-1X; and (5) EC-10X. The EC-0X (0 mg/day)
mouse group used the E-liquid without nicotine. The
EC-1X mice were given E-liquid with 4 mL vegetable
glycerin and 0.5 mg/mL nicotine final concentration.
The EC-10X mouse had 4 mL vegetable glycerin with
5 mg/mL nicotine final concentration. Mice were
exposed daily to the chamber with vapor pumped in
by an electric air pump with the cigarette (contain
E-liquid 4 mL) per day that was pre-loaded in the
vaporizer tank. The vehicle group received the same
volume in the chamber without vapor exposure. The
air group received the same volume in the chamber
with air exposure. Exposure time was about 30 min
for 14 days and mice were randomly housed in
groups of 2 per cage.

Forelimb grip strength test

A low-force testing system (Model-RX-5, Aikoh
Engineering, Nagoya, Japan) was used to measure
the forelimb grip strength of treated mice as we pre-
viously described [18,19].

Swimming exercise performance test

The swim-to-exhaustion test involved loads correspond-
ing to 5% of the mouse BW (bodyweight) attached to the
tail to evaluate endurance time as we previously
described [19,20]. The swimming endurance time of
each mouse was recorded from beginning to exhaustion,
determined by observing the loss of coordinated move-
ments and failure to return to the surface within 7 s.

Tissue glycogen determination and visceral organ
weight

The stored form of glucose is glycogen, which exists
mostly in liver and muscle tissue. Liver and muscle
tissues were excised after the mice were sacrificed and
weighed for glycogen content analysis as we described
previously [17,18]. The weights of the related visceral
organs were recorded.

Clinical biochemical profiles

At the end of the experimental period, mice were
sacrificed by 95% CO2 asphyxiation and blood col-
lected immediately. Serum was separated by centrifu-
gation and levels of the clinical biochemical variables,
including aspartate aminotransferase (AST), alanine
aminotransferase (ALT), albumin, creatinine, blood
urea nitrogen (BUN), total protein (TP), uric acid

Figure 1. Representative diagram of the temperature control
system (TCR; Joyetech Co., Ltd., China) and vaporizer (Geek
Vape, MI, USA.) found in electronic cigarettes.
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(UA), total cholesterol (TC), triacylglycerols (TG)
and lactic dehydrogenase (LDH) were measured by
using an autoanalyzer (Hitachi 7060).

Histology of tissues

All tissues were carefully removed and fixed in 10%
formalin. Samples were embedded in paraffin and cut
into 4-μm thick slices for morphological and histo-
pathological evaluations. Tissues were stained with
hematoxylin and eosin (H&E) and examined by
a veterinary pathologist using an optical microscope
equipped with a CCD camera (BX-51, Olympus,
Tokyo).

Statistical analysis

All data are expressed as mean ± SEM, n = 6 mice/
group. Statistical differences among groups were ana-
lyzed by one-way analysis of variance (ANOVA),
followed by Duncan’s post-hoc test for differences
between two groups. Dose-effect trend analysis was

conducted using the Cochran-Armitage test. All ana-
lysis was performed using the SAS 9.0 software (SAS
Inst., Cary, NC, USA) with p values < 0.05 considered
significant.

Results

Effect of EC-exposure on exercise performance in
forelimb grip strength and weight-loaded
swimming test

After exposure to ECs for 14 days, we examined the
effect of EC on forelimb grip strength in the mice
(Figure 3). The forelimb grip strengths for the control,
air, EC-0X, EC-1X, and EC-10X groups were found to
be 135 ± 4, 130 ± 9, 134 ± 5, 122 ± 6 and 86 ± 7 g,
respectively. Except for the highest dose (EC-10X), all
the other EC doses showed statistically insignificant
differences in the forelimb grip strength compared
with the vehicle or air-exposed controls. We further
evaluated the anti-fatigue effects of EC exposure using
exercise endurance as an index (Figure 4). Endurance
swimming times were 69 ± 16, 67 ± 17, 62 ± 20, 59 ± 15

Figure 3. Effect of 14 days of EC exposure on forelimb grip strength.
Mice were treated with control, air, EC-0X, EC-1X, and EC-10X for 14 days before forelimb grip strength was tested. Data are expressed as mean ± SEM, 6
mice/group and analyzed by one-way ANOVA. Different letters (a, b) indicating a significant difference at p < 0.05.

Figure 2. Schematic diagram of vapor from EC pumped into the chamber by the electric air pump (Lisan Co., Ltd., Taiwan).

2320 Y.-M. CHEN ET AL.



and 41 ± 9min with the control, air, EC-0X, EC-1X, and
EC-10X treatment groups, respectively. The forelimb
grip strength was lower by 36.21% in the EC-10X
group compared to the control group (p < 0.0001). In
the trend analysis, absolute exhaustive swimming time
showed a slight, though not reaching significance, dose-
dependent decrease with EC exposure (p = 0.0873).

Effect of EC emission for 14 days on hepatic and
muscle glycogen level

We measured glycogen content of liver and muscle
tissues (Figure 5). The liver glycogen levels in the
control, air, EC-0X, EC-1X, and EC-10X groups
were 10.05 ± 0.50, 10.41 ± 1.31, 9.73 ± 1.33, 8.08 ±
3.03 and 5.95 ± 0.65 mg/g, respectively. The EC-10X
group showed a decrease of 40.78% (p = 0.0042) of
liver glycogen content compared with the control
group. The muscle glycogen levels in control, air,
EC-0X, EC-1X, and EC-10X groups were 1.69 ±
0.07, 1.74 ± 0.11, 1.71 ± 0.05, 1.62 ± 0.08 and 1.26
± 0.08 mg/g, respectively. The muscle glycogen con-
tent for the EC-10 group was significantly lower by
25.60% (p = 0.0007) than the control group. In the
trend analysis, both liver and muscle glycogen con-
tent dose-dependently decreased with EC exposure
(p = 0.0009; p = 0.0003). Our data suggest that EC
emission could decrease both liver and muscle gly-
cogen storage in the mice, leading to a significant
effect on exercise performance.

General characteristics of mice with EC emission
for 14 days

Initial BW (bodyweight) and final BW of the mice
did not differ among the control, air, EC-0X, EC-

1X and EC-10X groups (Table 1). The BW of the
mice in each group steadily increased throughout
the 14 days testing period. Similarly, daily intake of
diet and water were no different between all the
treatment groups. Analysis of the mice body com-
position after 14 days of EC exposure showed no
significant difference in weights of liver, muscle,
kidney, lung and ovarian fat pad (OFP). Trend
analysis showed dose-dependent heart weight
increase with increased EC exposure (p = 0.0448).

We also examined the relative tissue weights at
the end of 14 days of EC exposure, calculated by %
of the different tissue weights adjusted for by indi-
vidual BW. The relative weights of liver, muscle,
kidney, and lung were also not affected by the EC
exposure. However, the relative heart weight of the
EC-1X and EC-10X groups were 1.12- (p = 0.0207)
and 1.13- (p = 0.0153) fold higher than the control
group. The relative ovarian fat pad (OFP) weight of
EC-10X was significantly decreased compared with
vehicle (p = 0.0483), EC-0X (p = 0.0233) and EC-1X
(p = 0.0276). In the trend analysis, relative heart
weight enhanced in a dose-dependent manner with
increased EC dose (p = 0.0032). Taken together, our
results suggest that EC exposure may be associated
with an increased risk of heart disease.

Effect of 14 days EC exposure on biochemical
indices

The biochemical analyses were carried out at the end of
the treatment period. Levels of AST, ALT, albumin,
creatinine, BUN, TP, TC, TG and LDH were examined
and found not to differ significantly among the groups
(Table 2). Level of UA was significantly higher by 1.63-
(p < 0.0001) and 1.65-fold (p < 0.0001) in the EC-1X

Figure 4. Effect of 14 days of EC exposure on swimming exercise performance.
Mice were treated with control, air, EC-0X, EC-1X, and EC-10X for 14 days. One hour later after the last dose administration, mice were subjected to an
exhaustive swimming exercise with loads equivalent to 5% of bodyweight attached to their tails. Data are expressed as mean ± SEM, n = 6 mice/group
and analyzed by one-way ANOVA. Different letters (a, b) indicate a significant difference at p< 0.05.
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Table 1. Characteristic and tissue weights at the end of the experiment.
Characteristic Control CA EC-0X EC-1X EC-10X Trend Analysis

Initial BW (g) 29.1 ± 0.0 29.2 ± 0.0 29.1 ± 0.0 29.3 ± 0.0 29.2 ± 0.0 0.8089
Final BW (g) 29.8 ± 0.0 29.6 ± 0.0 29.7 ± 0.0 29.9 ± 0.0 28.4 ± 0.0 0.0750
Food intake (g/day) 4.22 ± 0.11 4.21 ± 0.02 4.13 ± 0.08 4.25 ± 0.12 4.26 ± 0.08 0.6075
Water intake (mL/day) 5.18 ± 0.19 5.04 ± 0.04 5.14 ± 0.31 5.17 ± 0.02 5.14 ± 0.08 0.6621
Organ weight (g)
Liver 1.30 ± 0.03 1.32 ± 0.04 1.32 ± 0.06 1.29 ± 0.03 1.33 ± 0.06 0.5447
Kidney 0.34 ± 0.01 0.33 ± 0.01 0.34 ± 0.01 0.32 ± 0.01 0.32 ± 0.01 0.6229
Heart 0.15 ± 0.00a 0.16 ± 0.00 ab 0.16 ± 0.01 ab 0.17 ± 0.01b 0.16 ± 0.01ab 0.0448
Lung 0.20 ± 0.01 0.19 ± 0.01 0.20 ± 0.00 0.19 ± 0.01 0.20 ± 0.01 0.7163
Muscle 0.29 ± 0.01 0.30 ± 0.01 0.30 ± 0.01 0.29 ± 0.00. 0.30 ± 0.01 0.6897
OFP 0.32 ± 0.04 0.31 ± 0.08 0.34 ± 0.04 0.32 ± 0.03 0.22 ± 0.01 0.3095
BAT 0.07 ± 0.00 0.07 ± 0.00 0.07 ± 0.00 0.07 ± 0.00 0.08 ± 0.01 0.4139
Relative Weight (%)
Liver 4.37 ± 0.07 4.47 ± 0.17 4.44 ± 0.16 4.33 ± 0.12 4.68 ± 0.20 0.5763
Kidney 1.16 ± 0.04 1.10 ± 0.05 1.15 ± 0.05 1.07 ± 0.04 1.13 ± 0.02 0.7203
Heart 0.50 ± 0.01a 0.55 ± 0.02ab 0.53 ± 0.02ab 0.57 ± 0.02b 0.57 ± 0.02b 0.0032
Lung 0.66 ± 0.02 0.65 ± 0.02 0.69 ± 0.01 0.63 ± 0.03 0.69 ± 0.02 0.5676
Muscle 0.99 ± 0.04 1.00 ± 0.05 1.01 ± 0.03 0.99 ± 0.03 1.07 ± 0.03 0.3181
OFP 1.07 ± 0.13b 1.05 ± 0.27ab 1.14 ± 0.14b 1.09 ± 0.12b 0.76 ± 0.04a 0.3229
BAT 0.22 ± 0.02 0.23 ± 0.01 0.22 ± 0.01 0.23 ± 0.01 0.26 ± 0.02 0.2180

Data are mean ± SEM, n = 6 mice/group. Different superscript letters (a, b) in the same row indicate a significant difference at p < 0.05. Food efficiency
ratio: body weight (BW) gain (g/day)/food intake (g/day). Muscle mass includes both gastrocnemius and soleus muscles at the back part of the lower
legs. BAT: brown adipose tissue; OFP: ovarian fat pad. Mice were pretreated with control, air, EC-0X, EC-1X or EC-10X for 14 days.

Figure 5. Effect of EC exposure on glycogen levels in (a) liver and (b) muscle.
Data are expressed as mean ± SEM, n = 6 mice/group. The analysis was performed using one-way ANOVA with different letters (a, b) indicating
a significant difference at p < 0.05.

2322 Y.-M. CHEN ET AL.



and EC-10X group, respectively, compared with the
control group. Trend analysis also revealed significant
(p < 0.0001) dose-dependent increase on serum UA
levels. As the risk of obesity, cardiovascular disease,
hypertension, chronic kidney disease, and even diabetes
are closely related with an increase in UA level, our
results suggest that EC exposure may increase this risk.

Effect of EC exposure on tissue histology

Figure 6 shows the representative histology of the liver,
muscle, heart, kidney, lung and ovarian fat tissues
taken at the end of treatment period from all the five
mice groups (control, air, EC-0X, EC-1X, and EC-
10X). Results indicate that there were no histopatholo-
gical differences among the groups. Additionally, the

Table 2. Biochemical analysis of the EC treatment groups at the end of experiment.
Parameters Control Air EC-0X EC-1X EC-10X Trend Analysis

AST (U/L) 149 ± 14 148 ± 14 151 ± 10 167 ± 10 143 ± 10 0.6848
ALT (U/L) 49 ± 7 50 ± 4 48 ± 5 51 ± 3 48 ± 1 0.6169
Albumin (g/dL) 3.8 ± 0.0 3.8 ± 0.0 3.8 ± 0.0 3.9 ± 0.0 3.8 ± 0.0 0.4534
Creatinine (mg/dL) 0.38 ± 0.02 0.40 ± 0.00 0.40 ± 0.00 0.40 ± 0.00 0.38 ± 0.02 0.8964
BUN (mg/dL) 20.5 ± 0.8 20.6 ± 0.9 19.9 ± 0.7 20.8 ± 0.8 19.4 ± 0.4 0.4941
TP (g/dL) 6.1 ± 0.0 6.1 ± 0.0 6.1 ± 0.0 6.1 ± 0.0 6.0 ± 0.1 0.8809
UA (mg/dL) 1.08 ± 0.07a 1.07 ± 0.08a 1.08 ± 0.07a 1.77 ± 0.10b 1.78 ± 0.07b 0.0002
TC (mg/dL) 124 ± 3 126 ± 7 128 ± 6 125 ± 3 124 ± 5 0.5782
TG (mg/dL) 159 ± 5 161 ± 4 165 ± 2 150 ± 5 156 ± 12 0.8130
LDH (U/L) 531 ± 41 595 ± 33 542 ± 59 622 ± 39 561 ± 31 0.9683

Data are expressed as mean ± SEM with n = 6 ICR mice per group. Groups with different superscripts letters (a, b) are significantly different (p < 0.05) by
one-way ANOVA. AST, aspartate aminotransferase; ALT, alanine aminotransferase; BUN, blood urea nitrogen; TP, total protein; UA, uric acid; TC, total
triglycerides; TG, total cholesterol; LDH, lactate dehydrogenase.

Figure 6. Effect of EC exposure on the histology of different tissues: liver (a); skeletal muscle (b); heart (c); kidney (d); lungs (e)
and OFP (f).
Specimens were photographed by light microscopy. H&E stain, magnification: ×200 (a-e) and ×100. OFP: Ovarian fat pad.
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examination of the tissues showed that EC treatment
did not result in any toxic effects on the major organs
such as the liver, skeletal muscles, heart, or kidney.

Discussion

In the current study, glycogen content and hepatic
protein levels were found to significantly decrease
after e-liquid or nicotine exposure [21]. In this
study we did not find histopathological abnormalities
in the tissues or organs of the mice exposed to 14
days EC with the vanilla-flavored E-liquid, suggesting
non-toxicity at the dose used. The previous study
suggests that additional regulation may be required
to ensure that cytotoxic chemicals such as cinnamal-
dehyde are not used in EC products, or if used, are at
doses that are non-toxic or non-damaging to cells.

We found that EC exposure for 14 days could
significantly reduce explosive exercise and endurance
exercise performance. EC exposure did not influence
BW, food, water intake, organ weights of liver, kid-
ney, lung, muscle, OFP, and BAT. However, heart
weight and relative heart weight were significantly
increased in the EC-exposed groups. A few studies
have reported the cardiovascular effects of e-cigar-
ettes, with the studies suggesting that e-cigarettes
can increase heart rate and blood pressure, as should
be expected with systemic absorption in nicotine [22].
Although the adverse health effects of e-cigarettes are
not known, they are likely to be much less than those
of tobacco smoking. Our results show that EC expo-
sure leads to increased uric acid levels, associated
with a higher risk of heart disease and obesity. This
is in agreement with other studies that suggest that
the effect of EC exposure could be significant in
individuals with heart disease [22]. Many of these
health concerns are related to the ability of nicotine
to release catecholamines, increase heart rate, transi-
ently increase blood pressure, coronary vasoconstric-
tion, and other vascular beds, as well as the adverse
effects on lipids and induction of insulin resistance
[22]. According to our results, nicotine is the main
hazardous substances in EC to affect exercise perfor-
mance. Although average maximum serum nicotine
concentration in experienced EC users appears to be
generally lower than what has been reported from
tobacco cigarette use [23], the recommendation is
still that EC-delivery of nicotine could have
a negative effect on exercise performance. In previous
studies, nicotine intoxication has been shown to be
associated with dizziness, nausea, vomiting, pallor,
tachycardia, sweating, abdominal pain, salivation,
lacrimation, diarrhea and possibly death in cases of
severe poisoning, due to hypotension and respiratory
muscle weakness [24].

EC exposure also has negative effects on liver and
muscle glycogen content. Our data suggest that

muscle glycogen levels were dose-dependently
decreased with 14 days of EC exposure. A previous
study has demonstrated that cigarette smoking leads
to an impairment of insulin-dependent muscle glyco-
gen recovery from exercise in a young healthy popu-
lation [25]. There is much evidence pointing to the
deleterious effects of nicotine during exercise [26].
Nicotine could induce the rise in blood pressure
that accompanies tachycardia and stimulate the cen-
tral sympathetic nervous system to locally release
catecholamines from the cardiac sympathetic nerve
terminals. Higher plasma catecholamine levels are
associated with nicotine infusion during exercise
and may lead to hemodynamic modifications effects
that can compromise myocardial and muscular vas-
cularization. Muscular strength may be impaired and
the anaerobic threshold reached earlier [27].
Similarly, we also found that EC exposure decreased
liver glycogen storage, in agreement with a previous
study demonstrating that diabetic rats exposed to
cigarette during pregnancy were impaired in their
liver glycogen storage [28]. In addition, Pitzer et al.
[29] found that EC exposure could increase basal
metabolic activity in mice, a possible reason for the
decrease in liver and muscle glycogen storage. This
raises the possibility that decreased liver and muscle
glycogen storage could be the primary reason for the
decrease in explosive and endurance exercise perfor-
mance. In this study, we have provided conclusive
evidence of EC’s effect in decreasing explosive and
endurance exercise performance, decreasing muscle
glycogen and effecting changes in biochemical indices
with 14 days short-term exposure. Even though there
were no obvious adverse effects seen on the major
organs and tissues, our results do point to short-term
nicotine delivery having a negative effect on exercise
performance.

Nicotine and nicotine-associated stimuli have been
shown to play divergent roles in maintaining smok-
ing behavior in men and women. Females are able to
metabolize nicotine faster than males, and therefore,
would require more nicotine medication to achieve
the same pharmacologic benefit. Additionally, it is
possible that the presence of estrogen may block
sensitization to nicotine [30–32].

The safety and health effects of e-cigarettes have
been reviewed previously elsewhere [33]. Past stu-
dies have concluded that tobacco smoking could
have relatively little impact on the development of
sarcopenia [34] and loss of exercise capacity.
Although it has been reported that tobacco smoke
could induce muscular atrophy and loss of oxidative
muscle capacity through dysregulation of several
metabolic pathways [35], to our knowledge, there
has yet not been a study discussing the impact of
EC on muscle strength. Our current study provides
preliminary data showing a significant effect on
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exercise performance, accompanied with certain
biochemical changes, in mice exposed to EC.
Future research is still needed to evaluate the effect
of EC on exercise performance in athletics and
assess the health impact of long-term exposure to
EC. This study and others would contribute
towards determining the overall impact and hazards
of e-cigarettes on the human population.
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