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RESEARCH ARTICLE Integrative Cardiovascular Physiology and Pathophysiology
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Espinoza-Derout J, Hasan KM, Shao XM, Jordan MC, Sims C,
Lee DL, Sinha S, Simmons Z, Mtume N, Liu Y, Roos KP,
Sinha-Hikim AP, Friedman TC. Chronic intermittent electronic
cigarette exposure induces cardiac dysfunction and atherosclerosis in
apolipoprotein-E knockout mice. Am J Physiol Heart Circ Physiol
317: H445–H459, 2019. First published June 7, 2019; doi:10.1152/
ajpheart.00738.2018.—Electronic cigarettes (e-cigarettes), also known as
electronic nicotine delivery systems, are a popular alternative to
conventional nicotine cigarettes, both among smokers and those who
have never smoked. In spite of the widespread use of e-cigarettes and
the proposed detrimental cardiac and atherosclerotic effects of nico-
tine, the effects of e-cigarettes on these systems are not known. In this
study, we investigated the cardiovascular and cardiac effects of
e-cigarettes with and without nicotine in apolipoprotein-E knockout
(ApoE�/�) mice. We developed an e-cigarette exposure model that
delivers nicotine in a manner similar to that of human e-cigarettes
users. Using commercially available e-cigarettes, bluCig PLUS,
ApoE�/� mice were exposed to saline, e-cigarette without nicotine
[e-cigarette (0%)], and e-cigarette with 2.4% nicotine [e-cigarette
(2.4%)] aerosol for 12 wk. Echocardiographic data show that mice
treated with e-cigarette (2.4%) had decreased left ventricular frac-
tional shortening and ejection fraction compared with e-cigarette (0%)
and saline. Ventricular transcriptomic analysis revealed changes in
genes associated with metabolism, circadian rhythm, and inflamma-
tion in e-cigarette (2.4%)-treated ApoE�/� mice. Transmission elec-
tron microscopy revealed that cardiomyocytes of mice treated with
e-cigarette (2.4%) exhibited ultrastructural abnormalities indicative of
cardiomyopathy. Additionally, we observed increased oxidative stress
and mitochondrial DNA mutations in mice treated with e-cigarette
(2.4%). ApoE�/� mice on e-cigarette (2.4%) had also increased
atherosclerotic lesions compared with saline aerosol-treated mice.
These results demonstrate adverse effects of e-cigarettes on cardiac
function in mice.

NEW & NOTEWORTHY The present study is the first to show that
mice exposed to nicotine electronic cigarettes (e-cigarettes) have
decreased cardiac fractional shortening and ejection fraction in com-
parison with controls. RNA-seq analysis reveals a proinflammatory
phenotype induced by e-cigarettes with nicotine. We also found
increased atherosclerosis in the aortic root of mice treated with
e-cigarettes with nicotine. Our results show that e-cigarettes with
nicotine lead to detrimental effects on the heart that should serve as a
warning to e-cigarette users and agencies that regulate them.

atherosclerosis; cardiomyopathy; cardiovascular disease; inflamma-
tion; myocardial biology

INTRODUCTION

Without combusting tobacco, electronic cigarettes (e-ciga-
rettes, also called electronic nicotine delivery systems) are
becoming a popular world-wide alternative to conventional
tobacco cigarettes, both in smokers and people who have never
smoked (60). Among United States adolescents, e-cigarettes
are the most frequently used tobacco product (41). Addition-
ally, in the belief that e-cigarettes are harmless, people addicted
to nicotine use e-cigarettes as a way to avoid combustion-
generated toxicants or to aid in smoking cessation (8). E-cig-
arettes are battery-powered devices resembling a cigarette that
contains a circuit activated by drawing on the mouthpiece (78).
A recent study found that e-cigarettes help with decreasing the
use of combustible cigarettes (30), although a review article
suggested that they may increase smoking rates by appealing to
young consumers (27). Therefore, there is an urgent need for a
better understanding of the health effects, including cardiovas-
cular effects, of e-cigarette use to inform regulatory agencies,
medical practitioners, and the general public.

Conventional cigarettes affect two distinct cardiac processes
(8): 1) heart failure, which is characterized by decreased
cardiac output, and 2) atherosclerosis or coronary artery dis-
ease, in which atherosclerotic lesions build up in coronary
arteries, leading to blockage of one or more coronary arteries
that results in myocardial infarction. Smoking is an indepen-
dent risk factor for heart failure (8). In rodent models, nicotine
can trigger cardiomyocyte (CM) apoptosis (75). In spite of the
widespread use of e-cigarettes and the detrimental cardiac and
cardiovascular effects of nicotine, systematic evaluation of the
chronic effects of e-cigarettes on these outcomes is lacking.
Epidemiological cross-sectional studies have shown an inde-
pendent association with increased odds of myocardial infarc-
tion in e-cigarette users (3). Although there is experimental
evidence that nicotine contributes to accelerating atherosclero-
sis and cardiovascular changes (80), these effects do not take
into consideration of the different delivery systems of e-ciga-
rettes. Also, these studies do not examine the unknown cardio-
vascular effects of substances present in e-cigarettes but absent
in conventional cigarettes, such as aldehydes, propylene gly-
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col/glycerol particulates, and flavors as well as the atomizer
system in which e-cigarettes are heated to a high temperature
(9). Therefore, it is crucial to test the effects of e-cigarettes on
the cardiovascular system in animal models using a vaping-
relevant delivery system.

Several interacting pathways have a role in the nicotine’s
effects on cardiovascular damage, including exacerbation of
oxidative stress, chronic inflammation, and insulin resistance
(12, 81). In adipocytes, nicotinic acetylcholine receptor sub-
unit-�7 mediates nicotine-stimulated AMP-activated protein
kinase activation that leads to release of free fatty acids (FFAs)
(82). FFAs are one of the key elements in ectopic lipid
accumulation, lipotoxicity, mitochondrial dysfunction (18, 33,
35), and cardiomyopathy (14, 17). FFAs can increase mito-
chondrial generation of reactive oxygen species (ROS), which
have been implicated as a major mechanism of metabolic
syndrome and cardiomyopathy (20, 71). Mitochondrial ROS
generation contributes to the activation of maladaptive signal-
ing, including leading to impaired calcium handling, a funda-
mental feature of most forms of systolic dysfunction and heart
disease (51).

Apolipoprotein-E knockout (ApoE�/�) mice, a widely used
murine model of atherosclerosis (65), have been used to study
the cardiovascular effects of conventional cigarettes (50).
ApoE�/� mice share greater degrees of similarity in the ath-
erosclerotic development with humans compared with wild-
type models (25) that are resistant to cardiovascular inflamma-
tion and atherosclerosis (84). Wild-type C57Bl/6 mice have
been exposed to e-cigarettes with nicotine for 8 mo without
showing a significant change in fractional shortening or ejec-
tion fraction (63). Therefore, we used an ApoE�/� mouse
model to study the effects of e-cigarettes with and without
nicotine on cardiovascular function and pathophysiology as
compared with wild-type C57BL/6J mice (63).

METHODS

Animals. Animal handling and experimentation were in accordance
with the recommendation of the current National Institutes of Health
guidelines and were approved by the Charles R. Drew University
School of Medicine and Science Institutional Animal Care and Use
Committee. Male C57BL/6J ApoE�/� mice were purchased from the
Jackson Laboratory (Bar Harbor, ME). At 8 wk of age, mice were
started on a Western diet (WD) containing 40% calories from fat, 43%
calories from carbohydrate, and 17% calories from protein (D12079B;
Research Diets, New Brunswick, NJ). Mice were exposed to e-ciga-
rette aerosol from bluCig PLUS Classic tobacco e-cigarettes contain-
ing 2.4% nicotine (purchased on the bluCig website) for 12 wk.
Control mice were exposed to a bluCig PLUS e-cigarette containing
Gold Leaf tobacco (0% nicotine) or saline aerosol (74) (Afasci,
Burlingame, CA). Classic tobacco and Gold Leaf tobacco flavors are
similar except for their nicotine content.

E-cigarette aerosol generation and rodent exposure system. We
developed an e-cigarette aerosol generation and free-moving rodent
exposure system (patent number PCT/US17/54133). The system in-
cludes an aerosol exposure chamber that holds up to five free-moving
mice, e-cigarette holders, and an e-cigarette activation control unit.
The device is connected to a pressurized air source, and we adjust the
air pressure that activates the e-cigarettes and generates an appropriate
flow of e-cigarette aerosol to the mouse exposure cage. E-cigarette
aerosol concentration in air is controlled by the number of activated
e-cigarettes and the air pressure. The air pressure and flow are
monitored with pressure gauges and flow meters during experiments.
Since e-cigarette activation is intermittent, fresh air flow is maintained

when e-cigarette aerosol flow stops, which eliminates residue aerosol
from the chamber and provides fresh air for normal mice breathing.
Our chronic intermittent e-cigarette exposure protocol was: an acti-
vation for 4 s is a puff; 8 puffs per vaping episode with an interpuff
interval of 25 s; 1 vaping episode every 30 min. Mice were exposed
to intermittent e-cigarette aerosol (24 vaping episodes) for 12 h (“on”)
from 2100 to 0900 the next morning. During the 12-h “off” period
from 0900 to 2100, mice were returned to their home cages without
any aerosol exposure. Food and water were provided ad libitum
during both light and dark phases.

Saline aerosol, as a control for e-cigarette aerosol, was generated
with an aerosol generation and rodent exposure system described
before (73, 74). This system is now commercially available (Afasci,
Burlingame, CA). The aerosol particle size distribution was shown to
be within the respirable size range recommended by the United States
Environmental Protection Agency (79) and the Organization for
Economic Co-operation and Development (62).

Serum FFA quantification. For tail blood collection, mice were
fasted for 16 h. For serum preparation, the blood was allowed to clot
before centrifugation at 10,000 g for 10 min. FFA levels were quan-
tified using the manufacturer’s protocol (BioVision, cat. no. K612-
100).

Echocardiography. Following the 12-wk exposure period, mice
were screened by echocardiography at the Mouse Physiology Core
Laboratory at the UCLA Department of Physiology. Cardiac function
was evaluated by noninvasive ultrasound echocardiography under
light isoflurane sedation (0.5–1.0%) to prevent movement and car-
diodepression. Data were acquired using a two-dimensional-guided
M-Mode and spectral Doppler imaging with a Siemens Acuson
Sequoia Model C256 equipped with a 15L8 15-MHz probe (Siemens
Medical Solutions, Malvern, CA). Mice were evaluated to obtain heart
dimension and function measurements, including left ventricle (LV)
chamber size, wall thickness, end-diastolic dimension, end-systolic
dimension, LV fractional shortening, velocity of circumferential fiber
shortening, and LV ejection fraction (70, 72).

Measurements of cotinine levels. Following the 12-wk experiment,
and 15–60 min after the last exposure to the e-cigarette aerosol,
mouse blood was collected, and plasma was used for determination of
cotinine levels at the UCSF Clinical Pharmacology Laboratory using
LC-LC/MS (39).

RNA-seq analysis. RNA was isolated from LVs (n � 5 in each
group). RNA quality was assessed with an Agilent 2100 Bioanalyzer.
RNA samples exhibited clear 28S and 18S rRNA peaks and demon-
strated an RNA integrity number �8. Libraries for RNA-seq were
prepared with KAPA Stranded RNA-Seq Kit. The workflow consists
of mRNA enrichment, cDNA generation, and end repair to generate
blunt ends, A-tailing, adaptor ligation, and PCR amplification. Dif-
ferent adaptors were used for multiplexing samples in one lane.
Sequencing was performed on Illumina HiSeq 3000 for a single-read
50 run. Data quality check was done on Illumina SAV. Demultiplex-
ing was performed using the Illumina Bcl2fastq2 v 2.17 program.

Reads were first mapped to the latest UCSC transcript set using
Bowtie2 version 2.1.0 (43), and the gene expression level was esti-
mated using RSEM v1.2.15 (48). Trimmed mean of M-values was
used to normalize the gene expression. Differentially expressed genes
were identified using the edgeR program (69). Genes showing altered
expression with P � 0.05 and � 1.5-fold changes were considered
differentially expressed. Differentially expressed genes were analyzed
to predict changes in canonical pathways using Ingenuity Pathway
Analysis (IPA) software (Ingenuity Systems). The RNA-seq data have
been deposited in the NCBI Sequence Read Archive under BioProject
accession number PRJNA504919 (https://www.ncbi.nlm.nih.gov/sra/
PRJNA504919).

Real-time PCR. Left ventricular RNA from mice treated with saline
aerosol, e-cigarette (0%), or e-cigarette (2.4%) was extracted with
TRIzol Reagent (Invitrogen) using a Pyrex homogenizer. A 260/280
ratio greater than 1.9 using NanoDrop 2000 (Thermo Fisher Scien-
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tific) was considered as purified RNA. The cDNA was prepared using
the High Quality RNA-to-cDNA Kit (Applied Biosystems). The
quantitative PCR (qPCR) was done using Step-One plus RT-PCR
system (Life Technology) with an SYBR Green PCR Master Mix
(Applied Biosystems). All reactions were analyzed in triplicate, and
4–5 mice from each group were tested. Data were normalized to 18S
RNA transcripts using the 2-��Ct method for relative quantitation of
gene expression. The primers used for real-time PCR are as follows:
COL1a1: forward (F) 5=-GCGAAGGCAACAGTCGATTC-3= and
reverse (R) 5=-CCCAAGTTCCGGTGTGACTC-3=; COL3a1: (F)
5=-GGGTTTCCCTGGTCCTAAAG-3= and (R) 5=-CCTGGTTTC-
CCATTTTCTCC-3=; collagen type V �3 (COL5a3): (F) 5=-GAT-
GAACCAGAAACCCCTGC-3= and (R) 5=-AGCACCAGGAAA-
GATCTGGA-3=; DNA damage inducible transcript 4 like (Ddit4L):
(F) 5=-CTTCAGCGTCTGGTGAAATCC-3= and (R) 5=-ATGCTG-
GCCGTGTTCTTACTG-3=; harakiri: (F) 5=-GAAACCCTGTGTC-
CTTGGAG-3= and (R) 5=-TGTCTGTGTTTCCACCATCA; neuronal
PAS domain protein 2 (Npas2): (F) 5=-TCCCTGGTAACACTCG-
GAAA-3= and (R) 5=-GCCATCTAATGCCTCCAACA-3=; period
circadian protein homolog 2 (Per2): (F) 5=-TGTTCCGACATGCTT-
GCG-3= and (R) 5=-GAAACAGCTTCCTCTGCTCCAG-3=; period
circadian protein homolog 3 (Per3): (F) 5=-GTGTACACAGTGTG-
CAAGCAAACA-3= and (R) 5=-ACGGCCGCGAAGGTATCT-3=;
stearoyl-CoA desaturase 1 (SCD1): (F) 5=-CCTTCCCCTTCGAC-
TACTCTG-3= and (R) 5=-GCCATGCAGTCGATGAAGAA-3=; tis-
sue inhibitor of metalloproteinase 4 (Timp4): (F) 5=-ACTTGCTAT-
GCAGTGCCATG-3= and (R) 5=-TCGGTACCAGCTGCAGATG-3=;
TNF RSM 12A: (F) 5=-CTGGTTTCTAGTTTCCTGGT-3= and (R)
5=-CTTGTGGTTGAAAGAGTCTG-3=; WNT1-inducible signaling
pathway protein 2 (Wisp2): (F) 5=-GTACCTGGATGGGGAG-
ACCT-3= and (R) 5=-GTTGGATACTCGGGTGGCTA-3=; and 18s:
(F) 5=-GTAACCCGTTGAACCCCATT-3= and (R) 5=-CCATC-
CAATCGGTAGTAGCG.

MtDNA damage assay. Briefly, in this assay, the polymerase binds
to undamaged DNA (mice receiving saline aerosol) and replicates a
full-length PCR product. In the presence of damaged DNA [mice
receiving e-cigarettes (2.4%)], the polymerase has a higher probability
to stop, preventing full replication, and thereby resulting in decreased
amplification. The “long PCR” amplification product (16,000 bp) has
increasing probability for detection of mtDNA lesions. This fragment
was normalized to mtDNA copy number via a “short-range” PCR
amplification product (80 bp) of the mitochondrial genome in which
the polymerase has a low probability of having lesions (because of its
small amplification size). Genomic DNA was isolated from ventric-
ular of ApoE�/� mice using the Genomic-tip 20/G and Qiagen DNA
Buffer Set (Qiagen, MD) as per the manufacturer’s instruction. Eluted
DNA was incubated with isopropanol overnight at 80°C and centri-
fuged 12,000 g for 60 min. DNA was washed with 70% ethanol and
dissolved in Tris-EDTA buffer. For long PCR product, we used the
following primer sequences: 5=-CCCAGCTACTACCATCATTCA-
AGTAG-3= for long forward and 5=-GAGAGATTTTATGGGTGTA-
ATGCGGTG-3= for long backward. The short PCR product was
amplified using the following primer sequences: 5=-GCAAATC-
CATATTCATCCTTCTCAAC-3= for short forward and the reverse
primer sequence was the same as long backward (57, 67). For each
primer set, the reaction was conducted in triplicate in a 25-ml final
volume containing 1X SYBR green master mix, 500 nM each primer,
and 4 ng of genomic DNA. Lesion frequency per amplicon was
determined assuming a random distribution of lesions calculated as:
lesion rate � 1 � 2(�CT long � �CT short) � (10,000 bp/16,000 bp) (64).

Electron microscopy. For transmission electron microscopic stud-
ies, portions of the LVs were fixed in 2.5% glutaraldehyde in 0.05 M
sodium cacodylate buffer (pH 7.4) and then further diced into small
pieces, postfixed in 1% osmium tetroxide, and embedded in Epon 812
as described previously (23, 76). Thin sections from selected tissue
blocks were cut with an LKB Ultramicrotome, stained with uranyl
acetate and lead citrate, and examined with a Hitachi electron micro-

scope (Hitachi, Indianapolis, IN). Special emphasis was given to key
structural changes associated with dilated cardiomyopathy (66).

Atherosclerotic lesions. To analyze atherosclerotic lesions, the
basal portion of the heart and proximal aorta were embedded in OCT
compound (Tissue-Tek, Elkhart, IN), frozen on dry ice, and then
stored at �80°C until sectioning. Serial 10-	m-thick cryosections
(50–60 sections per mouse) were cut through the ventricle from the
appearance to the disappearance of the aortic valves. Every other
section was collected on poly-D-lysine-coated slides. The sections
were stained with Oil Red O and counterstained with hematoxylin and
fast green for visualization of atherosclerotic lesions. Lesion areas
were quantified with Image-Pro Plus (5). Briefly, the lesions were
circled, and the area of each lesion for the quantified section on the
slide was exported to a spreadsheet (in 	m2). This was repeated for
each of the slides, and the sum of the lesions area was calculated
(	m2/section) for each mouse.

Lipid peroxidation. Thiobarbituric acid reactive substances assay to
measure malondialdehyde (MDA) in tissue was determined by the
procedure described by the manufacturer (700870, Cayman Chemical,
Ann Arbor, MI).

Statistical analyses. Statistical analyses were performed using
Prism 8 (GraphPad Software, San Diego, CA). Data are expressed as
means 
 SE. The effects of e-cigarettes (2.4%) versus saline or
e-cigarette (0%) were determined using two-way, repeated-measures
ANOVA, followed by the Holm-Sidak method for multiple compar-
ison (1).

RESULTS

Characterization of ApoE�/� mice exposed to saline aero-
sol, e-cigarette (0%), and e-cigarette (2.4%). ApoE�/� mice
on a WD were exposed to saline aerosol and e-cigarette with
nicotine (2.4%) and without nicotine (0%) for 12 wk. The
solvents in e-cigarettes, including propylene glycol and
glycerol, have been shown to produce free radicals in a
temperature-dependent manner (13). Therefore, non-nico-
tine e-cigarette (0%) was used to control for the effects of
the solvents of nicotine e-cigarette (2.4%) on the heart.
After 12 wk of treatment with e-cigarette (2.4%), the con-
centration of plasma cotinine was 611 
 54 ng/ml. This is in
the range of heavy smokers who had smoked at least 18
cigarettes a day (11). In contrast, the concentration of
plasma cotinine in mice that received saline aerosol and
e-cigarette (0%) was undetectable.

Figure 1A shows that mice exposed to e-cigarette (2.4%) had
increased levels of serum FFAs in comparison with both
saline-treated (P � 0.01) and e-cigarette (0%)-treated mice
(P � 0.05). In contrast, FFA levels of mice exposed to saline
aerosol and e-cigarette (0%) were similar. Although, in the first
8 wk, there was a trend toward a decrease in body weight in
mice treated with e-cigarette (2.4%), overall there was not a
statistically significant difference in body weight among these
groups (Fig. 1B).

Echocardiographic analysis from mice treated with e-cigarettes.
We assessed the cardiac function in mice treated with saline
aerosol, e-cigarette (0%), and e-cigarette (2.4%) in ApoE�/�

mice using echocardiographic analysis. M-mode measure-
ments of LV dimensions revealed no differences among saline
aerosol, e-cigarette (0%), and e-cigarette (2.4%) -exposed
groups (Table 1). Similarly, heart/body ratio and heart rate
were unchanged after 12 wk of e-cigarette treatment (Table 1).
LV fractional shortening, LV ejection fraction, and velocity of
circumferential fiber shortening were all decreased in mice
exposed to e-cigarette (2.4%) compared with those in saline
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aerosol- and e-cigarette (0%)-treated groups. We observed no
difference between e-cigarette (2.4%) versus saline aerosol and
e-cigarette (0%) in the left ventricular diastolic function pa-
rameters such as peak early diastolic (E), atrial filling velocity
(A), and E/A ratio. Therefore, at 12 wk, mice exposed to
e-cigarette (2.4%) developed impaired ventricular systolic
function without change in diastolic function. The lack of an
effect of e-cigarette (0%) shows that nicotine is necessary for
the induction of systolic dysfunction induced by e-cigarette
(2.4%). In the ApoE�/� mice before the treatment, we did not
observe any significant difference in the echocardiographic
data among various treatment groups.

RNA-seq analysis from ventricles of mice treated with e-cig-
arettes with (2.4%) and without nicotine (0%). To understand
this phenotype with greater details, e-cigarette (2.4%) and
saline aerosol mice were transcriptome profiled by RNA-seq.
Of the 24,054 genes analyzed, 109 were differentially ex-
pressed. Figure 2A shows the 2-dimensional hierarchical clus-
tering of 109 differentially expressed genes with P � 0.05 and
�1.5-fold changes (for full list of genes, see Tables 2 and 3).
In Fig. 2A, each column represents one mouse and each row a
gene probe set. Probe set signal values were normalized to the
mean across the animals, and the relative level of gene expression
is depicted from the most downregulated (green) to the most
upregulated (red), according to the scale shown on the left. Of the
109 genes differentially expressed in e-cigarette (2.4%) hearts, 48
(44%) were upregulated [for full list, see Table 2, saline aerosol
vs. e-cig (2.4%) column] and 61 (56%) were downregulated
[for full list, see Table 3, saline vs. e-cig (2.4%) column]. The
RNA-seq examination using IPA software revealed dysregula-
tion of inflammatory, circadian rhythm, and leukocyte extrav-
asation signaling in e-cigarette-exposed hearts (Table 4). The
proinflammatory phenotype induced by e-cigarette (2.4%) was
associated with an increase in expression of inflammatory
molecules Col5a3 (59), tumor necrosis factor receptor super-
family member 12a (TNFRSF12A) (61), and selectin E (31). In
terms of circadian rhythm genes, RNA-seq data showed de-
creased expression in Per2 and Per3 genes and increased

expression of NPAS2 and glutamate ionotropic receptor
NMDA type subunit 2C genes. Furthermore, RNA-seq profil-
ing showed that myocardial damage induced by e-cigarette
(2.4%) was associated with changes in leukocyte extravasation
signaling. Taken together, the gene expression fingerprint
shows a cardiac proinflammatory phenotype induced by nico-
tine e-cigarette (2.4%) in the ApoE�/� model. We also tested
by qPCR two genes that did not have a change in the RNA-seq
analysis, collagen type I and collagen type III (Fig. 3). We did
not observe a change in collagen type I/collagen type III ratio,
a marker for cardiac fibrosis, with this qPCR data (data not
shown). Therefore, qPCR analysis of collagen suggests the
induction of inflammatory changes without fibrosis by e-ciga-
rette (2.4%).

To understand which genes were nicotine independent, we
studied the transcriptomic changes induced by saline aerosol
versus e-cigarettes (0%). We observed 226 cardiac genes that
were differentially expressed between saline and e-cigarette
(0%). Figure 2B shows the two-dimensional hierarchical clus-
tering of the comparison between saline versus e-cigarettes
(0%). The Venn diagram (Fig. 2D) depicts 29 differentially
expressed genes that were similarly expressed (P � 0.05,
�1.5-fold changes, and in similar direction) in the saline-
treated group when compared with non-nicotine e-cigarette
(0%)- or nicotine e-cigarette (2.4%)-exposed groups. The fold
changes of these 29 nicotine-independent genes have been
underlined in Tables 2 and 3 [saline vs. e-cigarette (0%)
column].

To understand which genes were nicotine dependent, we
studied the transcriptomic changes induced in the heart by
treatment with e-cigarette (0%) versus e-cigarette (2.4%). We
found 241 genes that were differentially expressed between
e-cigarette (0%)- and cigarette (2.4%)-exposed hearts. Figure
2C shows the two-dimensional hierarchical clustering of the
comparison between e-cigarettes (0%) versus e-cigarettes

Table 1. Echocardiographic data of mice treated with e-
cigarette (2.4% nicotine), e-cigarette (0% nicotine), and
saline at 12 wk

Saline E-cigarette (0%) E-cigarette (2.4%)

VST, mm 0.50 
 0.3 0.49 
 0.4 0.53 
 0.4
EDD, mm 4.16 
 0.24 4.42 
 0.50 4.06 
 0.21
PWT, mm 0.53 
 0.03 0.49 
 0.02 0.53 � 0.03
ESD, mm 2.72 
 0.26 2.92 
 0.42 2.96 
 0.15
Ao-ET, ms 50 
 5 48 
 2 55 � 2
HR 535 
 45 479 
 99 479 
 36
LV% FS 35 
 3 34 
 4 27 
 1**,##
VCF 7.1 
 1.2 7.05 
 0.9 5.0 
 0.2**,##
LVEF 69 
 4 70 
 7 60 
 2*,#
LV mass 72 
 8 76 
 16 71 
 8
E 0.71 
 0.1 0.82 
 0.2 0.68 
 0.1
A 0.36 
 0.1 0.49 
 0.1 0.34 
 0.1
E/A ratio 2.0 
 0.1 1.65 
 0.2 2.1 
 0.1
H/B ratio 2.27 
 0.45 2.40 
 0.42 2.26 
 0.32

Values are means 
 SD; statistical analysis by covariant analysis. n � 5 per
group, saline vs. e-cigarette (2.4%). A, atrial systole; Ao-ET, aortic ejection
time; E, early diastole (LV filling); e-cigarette, electronic cigarette; EDD,
end-diastolic dimension; ESD, end-systolic dimension; H/B ratio, heart wt/
body wt ratio; HR, heart rate; LVEF, left ventricle ejection fraction; LV% FS,
left ventricle fractional shortening; LV mass, left ventricle mass; PWT,
posterior wall thickness; VCF, velocity of circumferential fiber shortening;
VST, ventricular septal thickness. *P � 0.05, **P � 0.01, e-cigarette (0%) vs.
e-cigarette (2.4%), #P � 0.05, ##P � 0.01.

Fig. 1. Effects of electronic cigarettes (e-cigarettes) on serum free fatty acid
(FFA) levels (A) and body weight (B) in apolipoprotein-E knockout mice. All
values are means 
 SE; n � 5 per group; saline vs. e-cigarette (2.4%), **P �
0.01; e-cigarette (0%) vs. e-cigarette (2.4%), #P � 0.05. Time by group
interaction was not significant for the effects of e-cigarettes on body weight.
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(2.4%). As shown in the Venn diagram (Fig. 2E), there were 40
genes showing the similar changes (P � 0.05, �1.5-fold
changes, and in the similar direction) caused by nicotine
e-cigarette (2.4%) compared with non-nicotine e-cigarette
(0%) or saline aerosol. The fold changes of these 40 nicotine-
dependent genes are now marked in boldface in Tables 2 and
3 [e-cigarette (0%) vs. e-cigarette (2.4%) column].

To determine whether saline aerosol and e-cigarette (2.4%)
RNA-seq expression data have a clear segregation, we per-
formed principal component analysis (PCA). Figure 2F shows
PCA performed on filtered gene expression data, with circles
representing individual samples that are visualized according
to treatment. Figure 2F shows that each treatment [saline
aerosol or e-cigarette (2.4%)] is distinctly clustered. Therefore,

Fig. 2. Transcriptomic changes induced by elec-
tronic cigarette (e-cigarette) (0%) and e-cigarette
(2.4%). A: 2-dimensional hierarchical clustering
showing 109 differentially expressed genes be-
tween saline and e-cigarette (2.4%). Blue arrows
point to genes associated with the Ingenuity
Pathway Analysis. B: 2-dimensional hierarchical
clustering showing 226 differentially expressed
genes between saline and e-cigarette (0%). C:
2-dimensional hierarchical clustering showing
241 differentially expressed genes between e-
cigarette (0%) and e-cigarette (2.4%). A–C: each
column represents an animal and each row a
gene probe set. Probe set signal values were
normalized to the mean across. The relative level
of gene expression is depicted from the most
downregulated (green) to the most upregulated
(red), according to the scale shown on the left. D:
Venn diagram representing data summary of dif-
ferentially expressed genes in saline vs. e-ciga-
rette (0%) and saline vs. e-cigarette (2.4%). E:
Venn diagram representing data summary of dif-
ferentially expressed genes in e-cigarette (0%)
vs. e-cigarette (2.4%) and saline vs. e-cigarette
(2.4%). F: principal component analysis (PCA)
of heart samples treated with saline (yellow) and
heart samples treated with e-cigarette (2.4%),
which are independently clustered.
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PCA indicates a differential transcriptional response to saline
aerosol and e-cigarette (2.4%) in the heart of ApoE�/� mice.

Validation by qPCR. To validate the results of the genome-
wide analysis, we performed qPCR on a set of genes altered by
e-cigarette (2.4%) as shown in RNA-seq. We analyzed the
RNA expression of hearts exposed to saline, e-cigarette (0%),

and e-cigarette (2.4%). Figure 3 shows 8 genes from 10 with a
significant change in the RNA-seq data [e-cigarette (2.4%) vs.
saline or e-cigarette (0%)] that showed a significant change
(P � 0.05) in the qPCR data for e-cigarette (2.4%). Since we
studied the phenotype dependent of nicotine, we validated by
qPCR eight genes that were differentially expressed in saline

Table 2. Upregulated genes in RNA-seq data

Gene Symbol Name

Saline vs.
E-cigarette (2.4%)

Saline vs.
E-cigarette (0%)

E-cigarette (0%) vs.
E-cigarette (2.4%)

Fold change P value Fold change P Value Fold change P value

Npas2 Neuronal PAS domain protein 2 1.78 3.97 � 10�8 �1.62 1.10 � 10�4 2.90 2.52 � 10�18

Dixdc1 DIX domain containing 1 1.54 9.50 � 10�7 1.88 2.96 � 10�11 �1.35 0.13
Gm13889 Predicted gene 13889 1.63 7.83 � 10�6 1.10 0.45 1.49 0.00
Mt2 Metallothionein 2 1.82 3.21 � 10�5 1.33 0.03 �1.12 0.01
Hba-a2 Hemoglobin �, adult chain 2 1.77 4.36 � 10�5 1.85 3.29 � 10�4 �1.04 0.82
Col5a3 Collagen, type V, �3 1.56 4.70 � 10�5 �1.05 0.69 1.64 1.58 � 10�5

Igfals Insulin-like growth factor binding
protein, acid labile subunit

1.68 1.18 � 10�4 1.34 0.05 1.26 0.10

Ccnf Cyclin F 2.36 2.82 � 10�4 1.33 0.24 1.78 7.97 � 10�3

Timp4 Tissue inhibitor of metalloproteinase 4 1.55 4.46 � 10�4 1.07 0.61 1.45 0.004
Dynlt1b Dynein light chain Tctex-type 1B 1.51 6.64 � 10�4 1.40 0.01 1.08 0.55
Nrn1 Neuritin 1 2.06 1.04 � 10�3 1.53 0.08 1.35 0.21
Socs3 Suppressor of cytokine signaling 3 3.03 1.25 � 10�3 1.52 0.18 1.99 2.94 � 10�2

Tnfrsf12a Tumor necrosis factor receptor
superfamily, member 12a

1.55 1.26 � 10�3 �1.02 0.90 1.59 1.05 � 10�3

Adamts4 A disintegrin-like and
metallopeptidase with
thrombospondin type 1 motif, 4

2.06 1.69 � 10�3 �1.24 0.37 2.56 5.68 � 10�5

Gprc5a G protein-coupled receptor, family C,
group 5, member A

3.30 3.30 � 10�3 �1.47 0.32 4.86 5.47 � 10�5

Rasgrp1 RAS guanyl-releasing protein 1 2.61 3.56 � 10�3 1.30 0.40 2.02 1.77 � 10�2

Sema5b Semaphorin 5B 1.55 5.58 � 10�3 1.13 0.38 1.37 0.02
Cdo1 Cysteine dioxygenase 1, cytosolic 2.43 5.60 � 10�3 1.77 0.06 1.38 0.27
Grin2c Glutamate receptor, ionotropic,

NMDA2C (ε3)
1.88 5.60 � 10�3 1.07 0.77 1.76 1.24 � 10�2

Cd4 CD4 antigen 2.92 5.86 � 10�3 1.15 0.71 2.56 8.02 � 10�3

Chst3 Carboh���ydrate (chondroitin 6/
keratan) sulfotransferase 3

1.79 6.07 � 10�3 1.21 0.32 1.48 0.04

Mki67 Antigen identified by monoclonal
antibody Ki 67

1.51 8.11 � 10�3 1.97 3.83 � 10�5 �1.30 0.10

Kcnc1 Potassium voltage gated channel,
Shaw-related subfamily, member 1

1.55 8.33 � 10�3 �1.18 0.38 1.83 8.67 � 10�4

Top2a Topoisomerase (DNA) II� 1.65 9.06 � 10�3 1.58 0.02 1.04 0.82
Akap5 A kinase (PRKA) anchor protein 5 1.57 9.40 � 10�3 1.84 1.72 � 10�4 �1.16 0.34
Hrk Harakiri, BCL2 interacting protein

(contains only BH3 domain)
1.74 1.10 � 10�2 1.00 0.99 1.74 6.80 � 10�3

2210011C24Rik RIKEN cDNA 2210011C24 gene 1.55 1.13 � 10�2 1.02 0.91 1.52 5.94 � 10�3

Gm11992 Predicted gene 11992 1.69 1.19 � 10�2 �1.00 0.98 1.70 1.05 � 10�2

Kif11 Kinesin family member 11 1.61 1.32 � 10�2 1.79 2.73 � 10�3 �1.11 0.59
Prc1 Protein regulator of cytokinesis 1 1.61 1.34 � 10�2 1.80 1.12 � 10�3 �1.02 0.75
Gvin1 GTPase, very large interferon

inducible 1
1.60 1.44 � 10�2 1.17 0.42 1.37 0.11

Nnat Neuronatin 1.95 1.46 � 10�2 1.75 2.81 � 10�2 1.12 0.65
Scd1 Stearoyl-Coenzyme A desaturase 1 2.12 1.52 � 10�2 1.19 0.52 1.78 3.65 � 10�2

Ccl2 Chemokine (C-C motif) ligand 2 1.81 1.86 � 10�2 1.82 1.55 � 10�2 �1.00 0.99
Sele Selectin, endothelial cell 2.28 2.01 � 10�2 1.58 0.16 1.45 0.24
Epb4.1l4b NA 1.53 2.71 � 10�2 1.32 0.12 1.16 0.39
Prx Periaxin 2.13 2.77 � 10�2 �1.19 0.59 2.53 3.21 � 10�3

Fam150b Family with sequence similarity 150,
member B

1.67 2.80 � 10�2 �1.34 0.22 2.23 0.00

Olfr78 Olfactory receptor 78 1.60 3.01 � 10�2 1.17 0.48 1.38 0.11
Cdc20 Cell division cycle 20 1.63 3.15 � 10�2 1.60 3.20 � 10�2 1.02 0.92
Scgb1a1 Secretoglobin, family 1A, member 1

(uteroglobin)
3.31 3.21 � 10�2 �11.79 0.00229 39.22 2.67 � 10�5

Itgal Integrin �L 1.66 4.08 � 10�2 �1.16 0.54 1.92 6.21 � 10�3

Cd22 CD22 antigen 2.31 4.35 � 10�2 �1.14 0.74 2.63 1.35 � 10�2

Cntn2 Contactin 2 2.00 4.45 � 10�2 1.01 0.98 1.99 0.11
Scnn1a Sodium channel, nonvoltage-gated 1� 2.04 4.50 � 10�2 1.06 0.86 1.94 3.91 � 10�2
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aerosol versus e-cigarette (2.4%) and e-cigarette (0%) versus
e-cigarette (2.4%) but not in saline aerosol versus e-cigarette
(0%) (Tables 2 and 3, in boldface). For example, SCD1, the
rate-limiting enzyme in synthesis of monounsaturated fatty
acids was increased in hearts of mice exposed to e-cigarette
(2.4%) in comparison with saline (P � 0.01) and e-cigarette
(0%) (P � 0.05). Col5a3, a gene activated in the inflammatory
process (59), was increased in e-cigarette (2.4%)-treated mice
in comparison with saline (P � 0.05) and e-cigarette (0%)
(P � 0.05). TNFRSF12A/Fn14, a gene associated with ROS
induction in vascular damage (52) and apoptosis (68), was
increased in e-cigarette (2.4%)-treated mice in comparison
with saline (P � 0.05) and e-cigarette (0%) (P � 0.05). Hrk
mRNA, a proapoptotic gene activated by cigarettes (7, 22, 38),
was increased in hearts of mice exposed to e-cigarette (2.4%)
in comparison with saline (P � 0.01) and e-cigarette (0%)
(P � 0.01). Consistent with the fact that the onset of systolic
dysfunction is associated with changes in circadian genes in the
heart (21), Npas2, a gene that controls glucose and lipid
metabolism (29), was increased in comparison with saline
(P � 0.05) and e-cigarette (0%), whereas Per2 and Per3 were
decreased in e-cigarette (2.4%)-treated mice in comparison
with saline (P � 0.05) and e-cigarette (0%) (P � 0.05 for Per2
and P � 0.01 for Per3). Wisp2/CCN5, a cardiac protective
gene, was downregulated in mice exposed to e-cigarette (2.4%)
in comparison with saline (P � 0.05) and e-cigarette (0%)
(P � 0.05).

For additional validation, we performed qPCR analysis of
genes that were differentially expressed in saline aerosol-
treated versus e-cigarette (2.4%)-treated but not in saline aero-
sol versus e-cigarette (0%) or e-cigarette (0%) versus e-ciga-
rette (2.4%)-treated (Tables 2 and 3, regular type). As ex-
pected, cardiac expression of TIMP4, a gene that controls
extracellular matrix remodeling in the heart (40), and DDIT4L/
REDD2, an inhibitor of mammalian target of rapamycin sig-
naling (58), were not different between e-cigarette (2.4%)
versus e-cigarette (0%) or saline-exposed mice. Taken to-
gether, RNA-seq analysis and its validation by qPCR unveils
that e-cigarette (2.4%) induced inflammatory and circadian
rhythm signaling dysregulation in ApoE�/� mice.

E-cigarette (2.4%) induces cardiac ultrastructural abnormalities.
Next, we tested if e-cigarette (2.4%) induced systolic dysfunc-
tion coupled with altered gene expression was associated with
structural changes. CMs from saline-treated ApoE�/� mice
showed normal myofibrillar architecture and sarcomeric pat-

tern with normal nuclei and abundant mitochondria as shown
by electron microscopy (Fig. 4A). In contrast, CMs from
e-cigarette (2.4%)-exposed mice exhibited varying degrees of
both nuclear as well as cytoplasmic abnormalities (Fig. 4,
B–F), indicative of cardiomyopathy (66). The most predomi-
nant nuclear abnormalities included shrunken nuclei with chro-
matin condensation and fragmentation, as seen in apoptosis
(Fig. 4, B and C), and nuclear malformation with extensively
convoluted nuclear membrane (Fig. 4, D and E). The most
prominent cytoplasmic abnormalities were myofibrillar de-
rangement, thinning, and destruction (Fig. 4, B–F). Other
cytoplasmic abnormalities included intramyocardial lipid ac-
cumulation and mitophagy (Fig. 4, G–I).

Effect of e-cigarettes (2.4%) on ROS generation and mtDNA
mutations. Inflammation and ROS are important in induction
of atherosclerotic lesions and cardiomyopathy (12, 81). In-
crease in mitochondrial ROS can lead to mtDNA damage (45).
Figure 5A shows that e-cigarette (2.4%) induced an increase in
MDA levels in comparison with saline (P � 0.05) or e-ciga-
rette (0%) (P � 0.05). There was an increase in 0.96 lesion/
10,000 bases (P � 0.05) in mice exposed to e-cigarette (2.4%)
compared with that of saline-exposed mice (lesions set at 0) or
e-cigarette (0%) (P � 0.01). Therefore, e-cigarette (2.4%)
treatment leads to ROS generation and mtDNA damage.

E-cigarettes induce atherosclerotic lesion formation. To
determine the effects of e-cigarettes (2.4%) on atherosclerotic
lesion formation, we performed Oil Red O staining counter-
stained with hematoxylin and fast green. E-cigarette (2.4%)
administration resulted in an increase in atherosclerotic lesions
in the aortic root (Fig. 6A). Quantification of the lesion area
with Image-Pro Plus of e-cigarette-treated versus saline aero-
sol-treated mice shows a significant increase in atherosclerotic
formation (53.6 
 7.5 � 105 	m2 vs. 103.9 
 12.9 � 105

	m2, P � 0.01; Fig. 6B).

DISCUSSION

In the current study, ApoE�/� mice were exposed to e-cig-
arette aerosol in a chronic intermittent protocol with 2.4%
nicotine for 12 wk. At the end of the treatment period, plasma
cotinine levels were in the range of plasma concentrations
found in heavy smokers (10, 36), showing the relevance to
human smokers and potentially e-cigarette users.

E-cigarettes produce an increase in IL-1�, IL-6, TNF-�,
oxidative stress (37), ROS, and sympathetic predominance as

Table 2.—Continued

Gene Symbol Name

Saline vs.
E-cigarette (2.4%)

Saline vs.
E-cigarette (0%)

E-cigarette (0%) vs.
E-cigarette (2.4%)

Fold change P value Fold change P Value Fold change P value

Cdk1 Cyclin-dependent kinase 1 1.63 4.54 � 10�2 1.57 4.93 � 10�2 1.04 0.85
Irx2 Iroquois-related homeobox 2 (Drosophila) 1.56 4.83 � 10�2 �1.15 0.65 1.79 0.05
cl7 Chemokine (C-C motif) ligand 7 1.77 4.96 � 10�2 2.48 5.30 � 10�4 �1.39 0.18

Saline vs. electronic cigarette (e-cigarette) (2.4%) columns show the fold changes and P value of the differentially upregulated genes between saline aerosol
and e-cigarette (2.4%). Saline vs. e-cig (0%) columns show all the changes between saline and e-cigarette (0%) for the listed genes. In the saline vs. e-cig (0%)
columns, the changes underlined are similar to column saline vs. e-cigarette (2.4%). The similar upregulation gene expression (underlined) suggests that the
changes saline vs. e-cigarette (2.4%) column are nicotine independent for the associated gene. E-cigarette (0%) vs. e-cigarette (2.4%) columns show all the
changes and between e-cigarette (0%) and e-cigarette (2.4%) in the listed genes. In the e-cigarette (0%) vs. e-cigarette (2.4%) columns, the changes marked in
boldface are similar to the saline vs. e-cigarette (2.4%) column. These similar changes in gene expression (in boldface) suggest that changes in the saline vs.
e-cigarette (2.4%) column are dependent of nicotine for the associated genes. Genes showing altered expression with P � 0.05, �1.5-fold changes in the same
direction, were considered differentially expressed in similar way.
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Table 3. Downregulated genes in RNA-seq data

Gene Symbol Name

Saline vs.
E-cigarette (2.4%)

Saline vs.
E-cigarette (0%)

E-cigarette (0%) vs. E-cigarette
(2.4%)

Fold change P value Fold change P value Fold change P value

Tfrc Transferrin receptor �2.58 1.95 � 10�23 �1.21 0.04 �2.13 2.73 � 10�16

Svep1 Sushi, von Willebrand factor type A, EGF
and pentraxin domain containing 1

�1.51 1.95 � 10�12 1.05 0.61 �1.58 2.01 � 10�6

Per3 Period circadian clock 3 �1.89 1.55 � 10�11 1.09 0.38 �2.04 1.11 � 10�13

Wisp2 WNT1 inducible signaling pathway protein 2 �2.22 1.22 � 10�10 1.11 0.44 �2.46 2.50 � 10�10

Smtnl2 Smoothelin-like 2 �1.53 6.54 � 10�10 �1.20 0.01 �1.27 1.56 � 10�3

Per2 Period circadian clock 2 �2.14 1.67 � 10�9 1.12 0.44 �2.39 2.19 � 10�8

Ano5 Anoctamin 5 �1.85 1.83 � 10�8 �1.12 0.40 �1.65 1.48 � 10�4

Cys1 Cystin 1 �2.00 2.75 � 10�7 �1.73 2.07 � 10�4 �1.15 0.34
Phlda1 Pleckstrin homology-like domain, family A,

member 1
�1.65 3.56 � 10�7 �1.52 1.21 � 10�2 �1.08 0.64

Hsph1 Heat shock 105kDa/110kDa protein 1 �1.59 5.79 � 10�7 1.16 0.244 �1.84 2.10 � 10�6

Itgbl1 Integrin, �-like 1 �1.64 1.20 � 10�6 1.02 0.872 �1.66 2.20 � 10�5

Ppl Periplakin �1.52 2.62 � 10�6 1.05 0.634 �1.59 1.09 � 10�6

Wif1 Wnt inhibitory factor 1 �2.13 2.78 � 10�6 1.01 0.854 �1.26 0.41
Hspa1b Heat shock protein 1B �4.04 4.19 � 10�6 1.15 0.732 �4.66 4.64 � 10�4

Ccr2 Chemokine (C-C motif) receptor 2 �1.71 2.51 � 10�5 �1.77 2.36 � 10�6 1.04 0.75
Hspa1a Heat shock protein 1A �3.60 2.58 � 10�5 1.11 0.803 �3.98 9.62 � 10�4

Fcrls Fc receptor-like S, scavenger receptor �1.57 2.66 � 10�5 �1.24 0.041 �1.27 0.03
C7 Complement component 7 �1.65 3.21 � 10�5 �1.16 0.261 �1.41 0.01
G0s2 G0/G1 switch gene 2 �1.56 3.39 � 10�5 1.03 0.805 �1.60 7.33 � 10�6

Srpx Sushi-repeat-containing protein �1.78 6.07 � 10�5 �1.79 1.26 � 10�4 1.01 0.94
Cilp Cartilage intermediate layer protein,

nucleotide pyrophosphohydrolase
�1.92 7.23 � 10�5 1.08 0.661 �2.07 5.54 � 10�5

Cngb3 Cyclic nucleotide gated channel �3 �1.76 1.27 � 10�4 �1.43 0.012 �1.22 0.17
Smoc1 SPARC related modular calcium binding 1 �1.84 2.97 � 10�4 �1.89 9.42 � 10�3 1.03 0.91
Slc5a3 solute carrier family 5 (inositol transporters),

member 3
�1.66 6.14 � 10�4 �1.13 0.429 �1.47 0.01

H19 H19, imprinted maternally expressed
transcript

�1.84 6.24 � 10�4 �2.13 8.45 � 10�3 1.16 0.60

Dbp D site albumin promoter binding protein �1.64 7.69 � 10�4 3.20 1.81 � 10�16 �5.22 4.41 � 10�30

Lrrc17 Leucine rich repeat containing 17 �1.54 9.28 � 10�4 �1.23 0.106 �1.25 0.08
Masp1 Mannan-binding lectin serine peptidase 1 �1.54 9.92 � 10�4 �1.16 0.270 �1.32 0.05
Vwf von Willebrand factor homolog �1.83 9.95 � 10�4 �1.78 1.77 � 10�3 �1.03 0.89
Sfrp2 Secreted frizzled-related protein 2 �1.91 1.07 � 10�3 �1.37 0.108 �1.39 0.10
Ccl11 Chemokine (C-C motif) ligand 11 �1.58 1.43 � 10�3 1.09 0.556 �1.73 4.37 � 10�4

Bst1 Bone marrow stromal cell antigen 1 �1.74 2.64 � 10�3 �1.45 0.034 �1.19 0.33
Cntfr Ciliary neurotrophic factor receptor �1.57 2.80 � 10�3 �1.77 1.26 � 10�4 1.13 0.41
Ptgfr Prostaglandin F receptor �1.55 3.03 � 10�3 �1.15 0.413 �1.35 0.08
Inmt Indolethylamine N-methyltransferase �1.66 3.84 � 10�3 �1.46 0.021 �2.13 2.73 � 10�16

Aqp4 Aquaporin 4 �1.51 4.77 � 10�3 �1.39 0.069 �1.08 0.66
Dlg2 Disks, large homolog 2 (Drosophila) �1.51 5.23 � 10�3 �1.00 0.974 �1.49 0.01
Tmem119 Transmembrane protein 119 �1.51 7.18 � 10�3 �1.13 0.426 �1.33 0.07
Comp Cartilage oligomeric matrix protein �1.61 7.24 � 10�3 1.37 0.180 �2.20 9.30 � 10�4

Tmem108 Transmembrane protein 108 �1.56 8.66 � 10�3 �1.96 2.85 � 10�3 1.25 0.32
Gm14391 Predicted gene 14391 �2.25 9.13 � 10�3 1.30 0.386 �2.91 5.62 � 10�4

Tnfrsf25 Tumor necrosis factor receptor superfamily,
member 25

�1.66 9.63 � 10�3 �1.52 3.76 � 10�2 �1.09 0.68

Bmx BMX nonreceptor tyrosine kinase �1.69 1.24 � 10�2 �1.14 0.457 �1.47 0.04
Six1 Sine oculis-related homeobox 1 �1.67 1.27 � 10�2 �4.58 1.94 � 10�10 2.74 1.96 � 10�5

Ism1 Isthmin 1 homolog (zebrafish) �1.59 1.66 � 10�2 �2.16 1.83 � 10�4 1.37 0.13
Sall1 Sal-like 1 (Drosophila) �1.81 1.75 � 10�2 �2.07 2.56 � 10�2 1.14 0.68
Ddit4l DNA damage inducible transcript 4-like �1.51 1.89 � 10�2 �1.27 0.113 �1.18 0.27
Hhipl1 Hedgehog interacting protein-like 1 �1.55 1.90 � 10�2 �1.05 0.769 �1.48 0.02
Clvs1 clavesin 1 �1.75 1.93 � 10�2 �1.68 2.07 � 10�2 �1.04 0.87
310015D24Rik RIKEN cDNA 2310015D24 gene �1.52 2.08 � 10�2 �1.02 0.894 �1.48 0.02
Ccl19 Chemokine (C-C motif) ligand 19 �1.72 2.35 � 10�2 �1.23 0.325 �1.39 0.13
Gdf6 Growth differentiation factor 6 �1.62 2.43 � 10�2 �1.55 3.63 � 10�2 �1.04 0.86
Kif1a Kinesin family member 1A �1.57 2.56 � 10�2 �1.47 0.044 �1.07 0.73
Adam33 A disintegrin and metallopeptidase domain 33 �1.63 2.90 � 10�2 �1.45 0.090 �1.13 0.60
Pamr1 Peptidase domain containing associated with

muscle regeneration 1
�1.59 3.28 � 10�2 1.07 0.713 �1.71 6.92 � 10�3

Neb Nebulin �1.71 3.64 � 10�2 �1.01 0.962 �1.68 0.07
Enpp6 Ectonucleotide

pyrophosphatase/phosphodiesterase 6
�1.51 3.78 � 10�2 �1.64 2.43 � 10�2 1.09 0.69

Gm3776 Predicted gene 3776 �1.58 3.95 � 10�2 1.35 0.149 �2.12 3.49 � 10�4
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well as vascular inflammation (9). Impairment of systolic
function often appears early in the course of heart disease. For
example, impaired left ventricular dysfunction is already pres-
ent in patients with metabolic syndrome (42). ApoE�/� mice
exposed to e-cigarette (2.4%) show a marked decrease in
systolic function without changes in diastolic parameters.
Heart size and heart/body ratio did not change. We did not
observe development of systolic dysfunction in mice exposed
to e-cigarette (0%). Therefore, nicotine is the main origin of the
induction of systolic dysfunction in this model. Altogether,
these data suggest an early stage of cardiac dysfunction before
fibrosis and heart failure develops.

ApoE�/� mice were euthanized immediately after the first
detection of systolic dysfunction since we desired to under-
stand the mechanisms underlying the onset of e-cigarette
(2.4%)-induced cardiac dysfunction without the plethora of
changes produced by cardiac remodeling (17). To distinguish
different etiologies of cardiac dysfunction by their gene ex-
pression fingerprint, we performed an RNA-seq analysis. IPA
analysis revealed dysregulation in gene clusters of inflamma-
tory, circadian rhythm, and leukocyte extravasation signaling.
The mechanism triggering these cardiac alterations appears to
be the proinflammatory environment promoted by FFA release
induced by nicotine. For instance, we observed increases of
COL5A3 and TNFRSF12A. COL5A3 is increased in inflam-
matory processes (53) including atherosclerotic lesions (59)
and extracellular matrix remodeling (53). TNFRSF12A mRNA
level is increased in an ROS-induced heart failure model (61).

Consistent with our data, Per2 knockout mice have an in-
creased inflammatory response in the heart (15). Interestingly,
Per2 and Per3 mRNA expressions are altered in streptozotocin-
induced diabetic rats, associating these changes either directly
or indirectly with changes in insulin levels (83). Additionally,
an increased leukocyte extravasation signaling has been asso-
ciated with detrimental effects in atherosclerosis and cardiac
dysfunction (77). For example, RNA-seq analysis shows an
increase in expression of Ras guanyl-releasing protein 1, which
is necessary for the angiotensin II-induced cardiac dysfunction
(49). We observed increased levels of SCD1 mRNA, which is
associated with decreased contractile function in obese hearts
(24). We did not observe any changes in collagen in type
I/collagen type III ratio mRNA, which is increased in fibrosis.
In accordance, fibrosis is a late consequence of cardiac dys-
function in a diet-induced model of cardiac dysfunction (28)
that was not present in the 12-wk exposure period of these
experiments.

Intriguingly, we also found 226 genes that were differen-
tially expressed between saline aerosol and non-nicotine e-cig-
arette (0%) exposed hearts. Furthermore, 29 differentially ex-
pressed genes were similarly expressed in the nicotine e-ciga-
rette (2.4%)-treated group when compared with non-nicotine
e-cigarette (0%) or saline-exposed groups (Tables 2 and 3,
underlined). Thus, although our data show that e-cigarettes
only in the presence of nicotine (2.4%) have detrimental effects
on cardiac function, we cannot rule out the possibility that
other substances in the e-cigarettes other than nicotine may

Table 3.—Continued

Gene Symbol Name

Saline vs.
E-cigarette (2.4%)

Saline vs.
E-cigarette (0%)

E-cigarette (0%) vs. E-cigarette
(2.4%)

Fold change P value Fold change P value Fold change P value

Nmb Neuromedin B �1.54 4.01 � 10�2 1.02 0.907 �1.31 0.12
Rorb RAR-related orphan receptor-� �1.50 4.10 � 10�2 �1.22 0.252 �1.23 0.25
Ahsg �2-HS-glycoprotein �1.64 4.97 � 10�2 �1.91 3.66 � 10�2 1.17 0.62

Saline vs. electronic cigarette (e-cigarette) (2.4%) columns show the fold changes and P value of the differentially downregulated genes between saline aerosol
and e-cigarette (2.4%). Saline vs. e-cigarette (0%) columns show all the changes between saline and e-cigarette (0%) for the listed genes. In the saline vs.
e-cigarette (0%) columns, the changes underlined are similar to the saline vs. e-cigarette (2.4%) column. The similar downregulation in gene expression
(underlined) suggests that the changes in the saline vs. e-cigarette (2.4%) column are nicotine independent for the associated gene. E-cigarette (0%) vs. e-cigarette
(2.4%) columns show all the changes between e-cigarette (0%) and e-cigarette (2.4%) in the listed genes. In the e-cigarette (0%) vs. e-cigarette (2.4%) columns,
the changes marked in boldface are similar to the saline vs. e-cigarette (2.4%) column. These similar changes in gene expression (in boldface) suggest that
changes in the saline vs. e-cigarette (2.4%) column are dependent of nicotine for the associated genes. Genes showing altered expression with P � 0.05, �1.5-fold
changes in akin direction, were considered differentially expressed in a similar way.

Table 4. Canonical pathways tested by IPA

IPA Category Gene Symbol Gene Name

Inflammatory
signaling

CCR2
COL5A3
TNFRSF12A
CCL11
SELE

Chemokine (C-C motif) receptor 2
Collagen, type V, �3
Tumor necrosis factor receptor superfamily, member 12a
Chemokine (C-C motif) ligand 11
Selectin E

Circadian rhythm
signaling

PER3
PER2
GRIN2C

Period circadian regulator 3
Period circadian regulator 2
Glutamate receptor, ionotropic, NMDA2C (ε3)

Leukocyte extravasation
signaling

ITGAL
BMX
TIMP4
RASGRP1

Integrin �L
BMX nonreceptor tyrosine kinase
Tissue inhibitor of metalloproteinase 4
RAS guanyl-releasing protein 1

Most representative canonical pathways deregulated in mice exposed to electronic cigarettes (2.4%). We have added blue arrows pointing to genes associated
with the IPA analysis in Fig. 2A. IPA, Ingenuity Pathway Analysis.
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have some detrimental health effects. This nicotine-indepen-
dent transcriptomic effect clearly merits further investigation.
We also observed 241 genes that were differentially expressed
between e-cigarettes with (2.4%) and without (0%) nicotine.
There were 40 genes showing the similar changes caused by
nicotine e-cigarette (2.4%) compared with non-nicotine e-cig-
arette (0%) or saline (Tables 2 and 3, in boldface).

We observed an increase in serum FFA levels in mice
treated with e-cigarette (2.4%). FFAs released into circulation

have been extensively studied in their contribution to the
induction of metabolic changes that lead to metabolic syn-
drome and adverse cardiovascular outcomes (56). Inhibition of
adipose tissue lipolysis using acipimox-reduced nicotine plus
high-fat diet (HFD)-induced hepatic steatosis (23), a common
antecedent of metabolic syndrome. FFA generation is likely
one of the key elements in ectopic lipid accumulation, lipotox-
icity, mitochondrial dysfunction (18, 33, 35), and cardiomyop-
athy (14, 17). In e-cigarette (2.4%)-treated mice, we observed

Fig. 3. Validation of relative expression of
genes obtained from RNA-seq by quantitative
PCR. Relative quantification normalized to
18s. [n � 5 per group; saline vs. electronic
cigarette (e-cigarette) (2.4%), *P � 0.05,
**P � 0.01; e-cigarette (0%) vs. e-cigarette
(2.4%), #P � 0.05, ##P � 0.01]. COL1a1,
collagen type I �1; COL3a1, collagen type III
�1; Col5a3, collagen type V �3; Hrk, harakiri;
Npas2, neuronal PAS domain protein 2; Per2,
period circadian protein homolog 2; Per3, pe-
riod circadian protein homolog 3; Ddit4m,
DNA damage inducible transcript 4 like;
SCD1, stearoyl-CoA desaturase-1; Timp4, tis-
sue inhibitor of metalloproteinase 4; TNF
RSM 12A, Tumor necrosis factor receptor
superfamily member 12A; Wisp2, WNT1
inducible signaling pathway protein 2.
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increased intramyocardial lipid accumulation and mitophagy
abnormalities by ultrastructural analysis. FFAs can increase
mitochondrial generation of ROS, and increased ROS by
FFA-induced mitochondrial dysfunction has been postulated as
a major mechanism of metabolic syndrome (20, 71).

Of note, in this study, we elect to use ApoE�/� mice to study
the effects of e-cigarettes (2.4%) on cardiovascular function
and pathophysiology, as these mice on a WD (40% calories

derived from fat) as opposed to an HFD with 60% of calories
derived from fat, are a widely used murine model of athero-
sclerosis (65) and have been used to study the cardiovascu-
lar effects of conventional cigarettes (50). In this context, it
is worth noting that in an earlier report, we found no
differences in plasma FAA levels in C57BL/6 mice on a
normal diet in the absence of the presence of nicotine (76).
Although an HFD alone, as opposed to a WD, resulted in a
modest increase in plasma FFA levels, nicotine, when com-
bined with an HFD, caused a striking increase in plasma
FFA levels (82). This is also consistent with a pervious
study showing that nicotine, when combined an HFD, pro-
motes lipolysis and increases in serum FAA levels (82). We
observed a tendency of nicotine to decrease ApoE�/� body
weight that was not statistically significant. Since nicotine
has been reported to reduce body weight gain in HFD-fed
mice (23, 55, 76), a significant effect of nicotine on body
weight may not be ruled out using more mice with a
different experimental design.

E-cigarettes produce oxidative stress in both in vitro and in
vivo models (47, 81). Here, we show a proinflammatory
cardiac phenotype with increased MDA and mtDNA mutation
levels in mice exposed to e-cigarette (2.4%). MDA is used as
a marker of increased ROS generation, and MDA levels have
been applied as an indicator of lipid peroxidation and oxidative
stress in a number of cardiovascular disease models (34).
Smokers show increased levels of mtDNA damage (6), humans
and mouse models of metabolic disease also have increased
cardiac mtDNA mutations (32), and we observed increased
levels of mtDNA mutations in mice treated with e-cigarettes
(2.4%). The mtDNA mutations can lead to mitochondrial
dysfunction and insufficient energy production of cardiac
cells (45).

Fig. 4. Electronic cigarette (e-cigarette) (2.4%) causes
cardiomyocyte (CM) nuclear and myofibrillar abnormal-
ities. A–F: representative transmission electron micros-
copy (TEM) images of left ventricles from apolipopro-
tein-E knockout mice on a Western diet exposed to
e-cigarette (2.4%). A: representative CMs from mice
exposed to saline aerosol showing normal myofibrillar
architecture and sarcomeric pattern with a normal nu-
cleus and abundant mitochondria. B–F: nuclear and cy-
toplasmic abnormalities observed in e-cigarette (2.4%)-
treated mice. The most prominent nuclear abnormalities
include shrunken nuclei, showing characteristic of apo-
ptosis, and nuclei with extensively convoluted nuclear
membrane (white arrowhead). The most striking cyto-
plasmic abnormalities include myofibrillar derangement,
thinning, and destruction (black arrow). Scale bar � 2
	m. G–I: representative higher magnification of TEM
images of left ventricles. G: normal mitochondrial ultra-
structure observed in mice exposed to saline aerosol. H
and I: TEM images show mitophagy (white asterisks)
and intramyocardial lipid accumulation (black asterisks)
in e-cigarette (2.4%)-treated mice. Scale bar � 0.2 	m.

Fig. 5. Electronic cigarette (e-cigarette) (2.4%) effects on reactive oxygen
species induction and mitochondrial dysfunction. A: malondialdehyde (MDA)
generation associated with e-cigarette (2.4%) exposure. B: mtDNA lesions in
cardiac cells (n � 5 per group; saline vs. e-cigarette (2.4%), *P � 0.05, **P �
0.01; e-cigarette (0%) vs. e-cigarette (2.4%), #P � 0.05, ##P � 0.01).
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We show that e-cigarettes (2.4%) lead to plaque formation in
the aortic root of ApoE�/� mice. Although nicotine-induced
release of FFAs from adipocytes has a role in communication
between adipocyte tissue and the vascular walls (2, 26), nico-
tine also accelerates atherosclerosis by direct activation of
nicotinic receptors in endothelial, vascular smooth muscle, and
mast cells (44, 80). Further experiments are needed to define
the precise contribution of these mechanisms in the atheroscle-
rotic phenotype observed in mice exposed to nicotine e-ciga-
rettes.

E-cigarettes are associated with increased risk of myocardial
infarction (3). ROS production correlates with development of
atherosclerosis, and cardiomyopathy. Increased levels of ROS
are a common characteristic of the development of atheroscle-
rosis and cardiomyopathy (16, 81). Endothelial cells play a
critical role in maintaining the integrity of the vessel wall, and
in healthy voluntaries, 10 puffs of e-cigarettes produce an
increase of endothelial progenitor cells and circulating mi-
crovesicles, which are markers of endothelial dysfunction (4).
In the current study, we show that e-cigarettes (2.4%) exacer-
bate spontaneous plaque formation in the aortic root of
ApoE�/� mice. Further experiments are planned with e-ciga-
rette (0%) to confirm that the nicotine in e-cigarettes leads to
the atherogenic phenotype. Our data provide evidence of the
proatherosclerotic property of nicotine e-cigarettes. Further
experiments are needed to define the precise contribution of
mechanisms involved in the atherosclerotic phenotype ob-
served in mice exposed to e-cigarettes (2.4%).

This study is primarily focused to determine the detrimental
cardiac and atherosclerotic effects of e-cigarettes, as these
products are relatively new and studies are needed to determine
their long-term detrimental effects, some of which may be
similar to the long-term detrimental effects of nicotine. Our
results demonstrate adverse effects of e-cigarettes on cardiac
structure and function in mice. The results of the present study
also confirm and extend our earlier study (75) in which we
demonstrated that intraperitoneal injections of nicotine gener-
ate oxidative stress and trigger CM apoptosis, which has been
implicated as a potential mechanism in the development of
cardiomyopathy and heart failure (46, 54) in obese mice.
Available evidence also suggests that nicotine delivered via
mini osmotic pump can exacerbate angiotensin II-induced
cardiovascular remodeling in a mouse model of systemic
hypertension (19). Taken together, these results suggest that
nicotine is most likely responsible for the observed cardiac

effects. However, further work will be needed to understand if
nicotine delivered by another route, such as gums or transder-
mal patch, yields similar effects.

The strengths of our study include using a novel e-cigarette
delivery technology mimicking human vaping and using a
leading brand of e-cigarettes that achieved serum cotinine
levels in the range found in heavy smokers. E-cigarettes (2.4%)
also caused CMs ultrastructural abnormalities indicative of
cardiomyopathy and contractile dysfunction. The ultrastruc-
tural changes in CMs are structural manifestations of altered
cardiac LV function in response to the e-cigarettes (2.4%)
exposure. We used a 12-wk treatment period that did not lead
to hypertrophy; a longer period may lead to a more severe
phenotype with ventricular hypertrophy and fibrosis (23).

In conclusion, nicotine e-cigarettes (2.4%) induce a proin-
flammatory phenotype associated with cardiac dysfunction and
atherogenesis, in which ROS levels are abnormally increased
and an increase in mtDNA mutations occur. Our results high-
light multiple detrimental effects of nicotine e-cigarettes on the
cardiovascular system. Increased ROS and impaired mitochon-
drial function and its targets likely contribute to the etiology of
cardiovascular system dysfunction. Our findings question the
claim that nicotine e-cigarettes are safe.
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Fig. 6. Electronic cigarette (e-cigarette) (2.4%) induces athero-
sclerotic lesion formation. A: Oil Red O counterstained with
hematoxylin and fast green for visualization. Scale bar � 200
	m. B: atherosclerotic lesions quantified with Image-Pro Plus
(n � 5 per group; **P � 0.01).
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