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Abstract
The effect of electronic cigarette (E-cig) vaping on cardiac and vascular function during the healing phase of myocardial 
infarction (MI), and post-MI remodeling was investigated. Sprague Dawley rats were subjected to left coronary artery ligation 
to induce MI. One week later, rats were randomized to receive either 12 weeks of exposure to purified air (n = 37) or E-cig 
vapor (15 mg/ml of nicotine) (n = 32). At 12 weeks, cardiac and vascular function, and post-MI remodeling were assessed. 
Baseline blood flow in the femoral artery did not differ between groups, but peak reperfusion blood flow was blunted in the 
E-cig group (1.59 ± 0.15 ml/min) vs. the air group (2.11 ± 0.18 ml/min; p = 0.034). Femoral artery diameter after reperfusion 
was narrower in the E-cig group (0.54 ± 0.02 mm) compared to the air group (0.60 ± 0.02 mm; p = 0.023). Postmortem left 
ventricular (LV) volumes were similar in the E-cig (0.69 ± 0.04 ml) and air groups (0.73 ± 0.04 ml; p = NS); and myocar-
dial infarct expansion index did not differ between groups (1.4 ± 0.1 in E-cig group versus 1.3 ± 0.1 in air group; p = NS). 
LV fractional shortening by echo did not differ between groups at 12 weeks (E-cig at 29 ± 2% and air at 27 ± 1%; p = NS). 
Exposure to E-cig during the healing phase of MI was associated with altered vascular function with reduced femoral artery 
blood flow and diameter at reperfusion, but not with worsened LV dilation or worsened cardiac function.

Keywords Electronic cigarettes · Myocardial infarction · Left ventricular remodeling

Introduction

Electronic cigarettes (E-cig) are devices that can be used to 
deliver nicotine without combustion products, and their use 
has grown exponentially in the past decade. While probably 

being safer than smoking combustion cigarettes, many of 
the health implications with these devices remain unknown. 
Some of the specific components of E-cig vaping aerosols 
with known or suspected health effects, include nicotine, 
propylene glycol, and glycerol (and their heat degradation 
or other reaction products), various flavoring additives, 
sweeteners, and metals released from the heating elements 
(atomizer). Limited clinical studies have reported deleterious 
cardiovascular effects of E-cig vaping, including increases in 
blood pressure and heart rate, impaired endothelium-medi-
ated dilation, vascular remodeling, and sympathetic over-
activation. In addition, there have been reports of increased 
platelet activation, reactivity, and aggregation which have 
implications for heart attacks and strokes and strong asso-
ciations of systemic inflammation and oxidative stress in 
vaping individuals (for review, see [1]). Animal studies have 
also provided experimental evidence that exposure to E-cig 
impairs cardiovascular function [2, 3].

Clinical studies reported that many patients with an acute 
coronary syndrome continue to smoke tobacco cigarettes 
after discharge from the hospital [4–6]. Continuous tobacco 
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smoking after acute coronary syndromes was an independ-
ent predictor of total mortality and associated with greater 
mortality in patients [7, 8]. In recent years, the use of E-cig 
as a potential aid for smoking cessation has risen dramati-
cally in post-acute coronary syndrome patients because 
they believe that E-cig are similarly or less harmful than 
FDA-approved tobacco smoking cessation treatments [9, 
10]. Whether patients with myocardial infarction may be 
the same or less susceptible to the negative health effects 
of E-cig vaping as tobacco smoking remains unknown. 
Therefore, the purpose of the present study was to investi-
gate the effect of E-cig exposure during the healing phase 
of myocardial infarction and to determine whether vaping 
during and after the immediate recovery period altered post-
myocardial infarction remodeling and impaired cardiac and 
vascular function in an experimental left coronary artery 
permanent occlusion model in the rat. The clinical relevance 
of the permanent ligation of left coronary artery in rat was to 
mimic the patients in which timely reperfusion did not occur 
or reperfusion failed [11]. Although the reperfusion therapy 
is fundamental for ST-segment elevation myocardial infarc-
tion in clinical practice, the reperfusion rate varied among 
countries, for example, the reperfusion rate varied across 
geographical regions from 48.0% to 73.5% in China [12].

Methods

All experimental protocols were approved by the Institu-
tional Animal Care and Use Committees at the Huntington 
Medical Research Institutes, and the University of Califor-
nia, Irvine. Both institutes are accredited by the Associa-
tion for Assessment and Accreditation of Laboratory Ani-
mal Care International. The experiments were performed in 
accordance with the “Guide for the Care and Use of Labora-
tory Animals” (NIH publication No. 85–23, National Acad-
emy Press, Washington DC, revised 2011).

Myocardial infarction (MI) was performed by ligation of 
the proximal left coronary artery through a left thoracotomy 
under anesthesia with ketamine (90 mg/kg i.p.) and xylazine 
(10 mg/kg i.p.) in Sprague Dawley rats (10 weeks old, both 
sexes) as described previously [13]. In brief, a left thora-
cotomy was performed to expose the heart. The pericardium 
was opened, and the proximal left coronary artery was encir-
cled with a 4–0 silk suture and permanently ligated. Success-
ful occlusion was confirmed by cyanosis and akinesis of the 
LV anterior wall. The left thoracotomy was then closed in 
layers, and the rat was allowed to recover from anesthesia 
and returned to a clean cage.

At one week after MI, rats were randomized to receive 
either 12 weeks of exposure to purified air (n = 20 male/17 
female) or E-cig vapor plus 15 mg/ml of nicotine (n = 16 
male/16 female) using the methods described previously 

[14]. In brief, at the Air Pollution Health Effects Labora-
tory at the University of California, Irvine, the rats were held 
in individual exposure tubes using a nose-only inhalation 
exposure system (In-Tox Products, Clinton MS) to minimize 
dermal exposure. The exposure tubes were connected to an 
exposure manifold, into which a custom-made vaping system 
injected E-cig aerosols using a puff protocol mimicking a 
standard human protocol with a puff frequency of 2 s per 
30 s (2 puffs/minute) with a dilution flow rate of 1.67 L per 
minute (equating to a 35 mL puff volume as described in the 
International Organization for Standardization (ISO) smok-
ing conditions). The aerosol was delivered by individual jets 
to the nose of each animal. A series of exhaust ports in the 
front of each animal nose cone eliminated exhaled air and 
minimized the potential re-breathing with  CO2 buildup. The 
rats were exposed to air or E-cig aerosol 5 h/day, 4 days/
week (Monday through Thursday) for a total of 12 weeks.

The E-cig vaporizer contained a 50/50 (vol/vol) propyl-
ene glycol/vegetable glycerin (PG/VG) matrix to which were 
added tobacco flavor (www. Vapor Fi. Com) and 15 mg/mL 
pure nicotine (L-Nicotine, Acros Organics, Lot: A0382410). 
The vaporizers used were commercially available mod-style 
vape units with stainless steel atomizers, and the 15 mg/mL 
dosage of nicotine  matched  for the original NIDA Stand-
ard Research E-cigarette (SREC) used for many human 
exposures.

The rats were exposed for 12 weeks, after which they 
were transferred to Huntington Medical Research Institutes 
(Pasadena, CA) and allowed to acclimate for 2 to 4 days 
before cardiovascular function assessment. The rats were 
anesthetized with an intraperitoneal injection of ketamine 
(90 mg/kg) and xylazine (10 mg/kg), intubated and then 
mechanically ventilated. The chest and neck areas were 
shaved, and an echocardiogram was obtained (15-MHz 
transducer and Sonos 5500 ultrasound system, Philips Medi-
cal System, Andover, MA). LV end-diastolic and end-sys-
tolic internal diameters were measured at the mid-papillary 
muscle level, and LV fractional shortening was calculated. 
A 2F high-fidelity catheter-tipped micromanometer (model 
SPR-869, Millar, Inc.) was inserted into the right carotid 
artery and advanced into the ascending aorta to obtain the 
arterial blood pressure (BP) and heart rate (HR). The cathe-
ter-tipped micromanometer was then advanced into the left 
ventricular (LV) cavity to measure LV end-systolic pressure 
(LVESP), LV end-diastolic pressure (LVEDP), the maximal 
slope of LV systolic pressure increment (dP/dtmax), dias-
tolic pressure decrement (dP/dtmin), and Tau (a measure of 
diastolic function).

Cardiac output was measured using a thermodilution 
technique previously described [15]. In brief, a thermocou-
ple catheter was introduced into the right carotid artery and 
advanced to the aortic arch, and the tip of the temperature 
probe remained positioned in the aortic arch immediately 

http://www.VaporFi.Com
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distal to the aortic valve. A catheter (PE-50) was inserted 
through the right jugular vein and its tip placed into the right 
atrium for future bolus saline injection. Cold saline solution 
(0 °C, 0.2 ml) was injected into the right atrium through 
the catheter within the jugular vein and the thermodilution 
curve was recorded. Cardiac output was measured using 
the PowerLab system (LabChart 8.0, PowerLab, ADInstru-
ments). The results of 3 measurements were averaged for 
each animal.

After completion of the aforementioned cardiac function 
evaluation and still under anesthesia, the vascular function 
was assessed through measurement of internal diameter, 
blood flow velocity, and flow rate in the left femoral artery. 
The femoral artery was occluded by placing the blood pres-
sure cuff at the inguinal level, and ischemia was induced 
by inflating the cuff to 200 mmHg for 5 min according to 
the methods introduced by Brandli [16]. The cuff was rap-
idly deflated to induce a brief high-flow reperfusion state 
through the femoral artery (reactive hyperemia). The base-
line femoral artery diameter and blood flow velocity were 
measured prior to occlusion and again at 3 min after artery 
reperfusion. The femoral artery diameter was measured 
using a M-mode display, and the blood flow velocity was 
measured using Doppler signal with high-resolution ultra-
sound (15-MHz transducer and Sonos 5500 ultrasound sys-
tem, Philips Medical System, Andover, MA). The femoral 
artery blood flow rate (mL/min) was measured using an 
ultrasound perivascular flow probe (TS410, Transonic Sys-
tems Inc., NY, USA) using  methods described by Kenwright 
et al. [17]. In brief, a transverse incision (~ 2 cm) was made 
below the left inguinal ligament, and a short segment of the 
left femoral artery distal to the superficial circumflex iliac 
artery was carefully exposed and isolated from the nerve and 
vein using fine forceps. Ultrasound gel was applied to the 
ultrasonic flow probe's sensor, which was then attached to 
the exposed segment of the femoral artery.  Femoral artery 
flow rate measurements were continuously recorded during 
resting conditions, during a 5 minutes acute clamping of the 
left femoral artery, and during 5 minutes after reperfusion.

Following the cardiovascular assessments, 1 mL of potas-
sium chloride (149 mg/mL) was intravenously injected to 
stop the hearts in their relatively diastolic or relaxed state 
while the rats were under deep anesthesia. The rats were 
weighed. The tibia length was measured. The hearts were 
excised, washed in saline, and weighed. The left and right 
ventricles were weighed separately. The LVs were pressure 
fixed (pressure equal to 13 cm water column) in formalin, 
and the volumes of LV were measured by filling the cavity 
with water and weighing, repeated three times. The lungs 
were harvested, and the lung wet/dry weight was determined.

Four hearts in each group were flush frozen for future 
biochemistry studies; all other hearts were fixed for histol-
ogy. Formalin-fixed hearts were cut into 3 transverse slices. 

The middle slice was embedded in paraffin for histology. The 
paraffin embedded tissue was sectioned (5 μm thickness) 
and stained with hematoxylin and eosin, and picrosirius red. 
Histological images of the stained sections were traced with 
computerized planimetry and the following parameters were 
measured: (1) scar thickness (average of 5 equidistant meas-
urements) and septum thickness (average of 3 equidistant 
measurements); (2) Total LV epicardial circumference and 
endocardial circumference; and (3) circumference occupied 
by infarcted wall (infarct size was expressed as percentage 
of total LV circumference); (4) expansion index, as defined 
by Hochman and Choo [5], which is expressed as [LV cavity 
area/total LV area × septum thickness/scar thickness].

Statistical Analysis

Prior to analyses, data were first inspected for normality, 
homogeneity of variance, and other assumptions to ensure 
suitability for parametric statistical tests. All data were 
reported as mean ± SEM. Outcome measures were com-
pared between the 2 exposure groups using Student's t-test. 
The significance threshold was set at p < 0.05. We also pre-
sent effect size estimates (Cohen’s d) for all comparisons. 
In order to examine whether there were sex-dependent 
effects of vaping, we conducted ANOVAs for all outcomes, 
where we included exposure group, sex, and the interaction 
between exposure group and sex as predictors. Since these 
analyses were not a priori hypothesized, we consider these as 
exploratory; hence, we present the results of these analyses 
(data in 4 groups: (1) air/male; (2) air/female; (3) E-cig + /
male; and (4) E-cig + /female) in Supplementary Material.

Results

A total of 40 male and 40 female rats were used in this study. 
Four out of 40 male (10%) and 7 out of 40 (17.5%) female 
rats died within 1 day after left coronary artery ligation. 
Therefore, 36 male and 33 female rats were randomized to 
receive either exposure to purified air or E-cig vapor. There 
were no rats died during the air or E-cig exposure period.

Cardiac function was assessed by echocardiogram 
12 weeks after the E-cig exposures. The data (Table 1) dem-
onstrate that LV end-diastolic internal diameter, LV end-
systolic internal diameter, LV fractional shortening, and left 
ventricular wall thickness were all comparable between the 
2 groups. Cardiac output measured by thermodilution was 
similar in E-cig group (44.6 ± 2.5 ml/min) and control group 
(42.1 ± 1.5 ml/min, p = 0.4).

Hemodynamic data (Table 2) acquired by catheter-tipped 
micromanometer showed that arterial blood pressure was 
significantly reduced after E-cig exposure. There were 
no significant differences in heart rate, LV end-diastolic 
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pressure (Ped), LV end-systolic pressure (Pes), dP/dt max, 
dP/dt min, or Tau between the exposed and control groups.

Vascular function was assessed by measurements of 
internal diameter, blood flow velocity, and flow rate in 
the left femoral artery in femoral artery, and the data are 
presented in Table 3 and Fig. 1. Femoral artery diameter 
measured by echo M-mode was comparable in the E-cig 
group (0.57 ± 0.02 mm) and air group (0.61 ± 0.02 mm) 
before artery occlusion but was narrower in the E-cig group 
(0.54 ± 0.02 mm) compared to the air group (0.60 ± 0.02 mm; 

p = 0.023) after reperfusion. Baseline blood flow rate meas-
ured by ultrasound perivascular flow probe technology did 
not differ between E-cig group (0.47 ± 0.06 ml/min) and air 
group (0.60 ± 0.06 ml/min, p = 0.134); but, post-occlusion, 
the peak reperfusion blood flow rate was blunted in the E-cig 
group (1.59 ± 0.15 ml/min) vs. the air group (2.11 ± 0.18 ml/
min; p = 0.034).

Postmortem parameters including LV volume, body 
weight, heart weight, tibia length, lung wet, and dry weight 
are summarized in Table 4. The E-cig group tended to have 

Table 1  Cardiac function 
assessed by echocardiography 
at 12 weeks of air or E-cig 
exposure

LV left ventricular, ID internal diameter, LVFS left ventricular fractional shortening

Air E-cig Nic + p value Effect size
n = 37 n = 32 (Cohen’s d)

LV Diastolic ID (mm) 7.85 ± 0.18 8.03 ± 0.17 0.478 0.17
LV Systolic ID (mm) 5.74 ± 0.17 5.77 ± 0.23 0.918 0.03
LVFS 27.11 ± 1.00 28.85 ± 1.75 0.395 0.21
LV systolic wall thickness (mm) 3.74 ± 0.14 3.88 ± 0.18 0.562 0.14
LV diastolic wall thickness (mm) 2.91 ± 0.12 2.87 ± 0.14 0.835 0.05

Table 2  Hemodynamic 
parameters at 12 weeks of air or 
E-cig exposure

BPM beats per minute, LV Pes left ventricular end-systolic pressure, LV Ped left ventricular end-diastolic 
pressure

Air E-cig Nic + p value Effect size
n = 37 n = 32 (Cohen’s d)

Systolic Pressure (mmHg) 87 ± 2 81 ± 2 0.023 0.55
Diastolic Pressure (mmHg) 68 ± 2 62 ± 2 0.004 0.73
Mean Pressure (mmHg) 77 ± 2 70 ± 2 0.010 0.63
Pulse Pressure (mmHg) 18 ± 1 19 ± 1 0.425 − 0.20
Heart Rate (BPM) 233 ± 6 220 ± 7 0.157 0.35
LV Pes (mmHg) 85 ± 2 87 ± 3 0.659 − 0.11
LV Ped (mmHg) 5 ± 0 5 ± 0 0.867 0.04
dP/dt max (mmHg/s) 4446 ± 132 4692 ± 144 0.230 − 0.29
dP/dt min (mmHg/s) 3674 ± 113 3808 ± 172 0.537 − 0.15
Tau (ms) 15.6 ± 0.5 15.8 ± 0.6 0.775 − 0.07

Table 3  Parameters of vascular 
function assessed by flow-
mediated vasodilation of 
femoral artery at 12 weeks of 
air or E-cig exposure

Δ% = percentage of change from baseline to post-reperfusion

Air E-cig Nic + p value Effect size
n = 37 n = 32 (Cohen’s d)

Artery ID (mm) before occlusion 0.61 ± 0.02 0.57 ± 0.02 0.213 0.31
Flow velocity (CM/S) before occlusion 49.67 ± 2.45 52.21 ± 3.91 0.585 − 0.14
Flow rate (ml/min) before occlusion 0.60 ± 0.06 0.47 ± 0.06 0.134 0.36
Artery ID (mm) after reperfusion 0.60 ± 0.02 0.54 ± 0.02 0.023 0.56
Flow velocity (CM/S) after reperfusion 54.86 ± 3.29 48.45 ± 3.61 0.197 0.32
Peak flow rate (ml/min) after reperfusion 2.11 ± 0.18 1.59 ± 0.15 0.034 0.51
Δ% of artery ID 39 ± 2% 59 ± 15% 0.020 0.58
Δ% of flow velocity 46 ± 2% 47 ± 4% 0.205 0.31
Δ% of flow rate 111 ± 18% 59 ± 15% 0.034 0.51
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lower values than the control group; however, other than 
the right ventricular weight, the differences between the 2 
groups were not statistically significant.

Table 5 summarizes the histological data of the post-
infarcted heart (Fig. 2). The results showed that infarct size 
(% of LV circumference, Fig. 3) and infarct expansion index, 

Fig. 1  The femoral artery diameter (mm) was measured using a 
M-mode display (panel D), and blood flow velocity (CM/S) was 
measured using Doppler signal (panel E) with high-resolution ultra-
sound (15-MHz transducer and Sonos 5500 ultrasound system, 
Philips Medical System, Andover, MA). The femoral artery blood 
flow rate (mL/min) was measured using an ultrasound perivascular 
flow probe (panel F) (TS410, Transonic Systems Inc., NY, USA). 
A The femoral artery internal diameter (mm) before artery occlu-
sion and at 3 min after reperfusion. There was a significantly smaller 
diameter (*: p = 0.023) in the E-cig compared with air exposure 
group. B The femoral artery blood flow velocity (CM/s) before artery 

occlusion and at 3 min after reperfusion. C The femoral artery blood 
flow rate (ml/min) before artery occlusion and after reperfusion (peak 
flow rate). The peak blood flow rate was measured immediately after 
reperfusion. There was a significantly lower flow rate (#: p = 0.034) 
in the E-cig compared with air exposure group. D Representative pic-
ture of femoral artery (red arrows). E Doppler signal of flow veloc-
ity of femoral artery (red arrows). F Continuous tracing recording of 
flow rate at baseline before femoral artery occlusion, during 5  min 
of occlusion, and after reperfusion (red arrows point different time 
points, separately)

Table 4  Postmortem parameters 
at 12 weeks of air or E-cig 
exposure

LV left ventricular, BW Body weight

Air E-cig Nic + p value Effect size
n = 33 n = 28 (Cohen’s d)

Postmortem LV volume (ml) 0.7333 ± 0.0373 0.6874 ± 0.0404 0.407 0.21
BW (grams) 415 ± 22 368 ± 18 0.109 0.41
Tibia length(mm) 43.0576 ± 0.5202 41.7075 ± 0.5151 0.070 0.47
Heart weight (grams) 1.1277 ± 0.0541 1.0118 ± 0.0463 0.109 0.41
Left ventricle weight (grams) 0.9372 ± 0.0450 0.8488 ± 0.0387 0.142 0.38
Right Ventricle Weight (grams) 0.1923 ± 0.0106 0.1614 ± 0.0095 0.034 0.55
Heart weight/BW 0.0028 ± 0.0001 0.0028 ± 0.0001 0.779 0.07
LV weight/BW 0.0023 ± 0.0001 0.0023 ± 0.0001 0.550 0.16
Heart weight/Tibia 0.0259 ± 0.0010 0.0241 ± 0.0009 0.181 0.34
LW weight/tibia 0.0215 ± 0.0009 0.0202 ± 0.0008 0.252 0.29
Lung wet weight (grams) 1.3556 ± 0.0438 1.3724 ± 0.0530 0.808 0.06
Lung dry weight (grams) 0.2110 ± 0.0080 0.2052 ± 0.0069 0.586 0.14
Lung wet/dry weight ratio 6.4863 ± 0.1059 6.7351 ± 0.2047 0.287 − 0.29
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as well as the LV infarcted and non-infarcted wall thickness 
were similar between the 2 groups.

Exploratory analyses examining interaction of sex and 
exposure group on effects of vaping are presented in the 
Supplementary Material. Most measures were not differen-
tially affected in males vs. females.

Discussion

The main findings of the present study are that exposure 
to E-cig with nicotine during healing phase of MI did not 
worsen post-MI remodeling and cardiac function but altered 
vascular function with reduced femoral artery blood flow 
and diameter at reperfusion.

E-cig vaping is known to cause vascular dysfunction 
in healthy humans and animals [18]. Mohammadi et al. 
[19] recruited a total of 120 healthy volunteers to assess 
the effects of chronic E-cig use (current use of E-cig > 5 
times/week for > 3 months) on vascular function. Arterial 

Table 5  Post-infarction LV 
remodeling parameters at 
12 weeks of air or E-cig 
exposure

LV left ventricular

Air E-cig Nic + p value Effect size
n = 33 n = 28 (Cohen’s d)

Total LV area  (mm2) 98.5 ± 3.7 93.6 ± 3.1 0.310 0.26
LV cavity area  (mm2) 48.7 ± 2.6 44.7 ± 2.1 0.239 0.30
Infarct size (% of LV circumference) 42.4 ± 1.6 40.2 ± 2.0 0.391 0.22
LV infarcted wall thickness (mm) 0.78 ± 0.03 0.78 ± 0.06 0.998 0.00
LV non-infarcted wall thickness (mm) 1.98 ± 0.05 2.02 ± 0.06 0.558 − 0.15
Infarct expansion index 1.3 ± 0.1 1.4 ± 0.1 0.481 − 0.18

Fig. 2  Representative slices of 
hearts stained with picrosirius 
red staining. Muscle cells stain 
yellow while collagen (scar) 
stains red. A Air-exposed heart 
with myocardial infarct scar 
as control; B E-cig-exposed 
heart with myocardial infarct 
scar. Note that scar circumfer-
ence was comparable in the 
air-exposed heart compared to 
the E-cig-exposed heart, and 
the scar thickness and total LV 
circumference were also com-
parable between the two groups. 
(Scale bar = 5 mm)

Fig. 3  Infarct size, expressed as % of left ventricular circumference, 
was comparable between air or E-cig group after 12 weeks of expo-
sure. The infarct size varied from 29.2% to 71.0% in the air group, 
and from 17.9% to 64.7% in the E-cig group. The inherent variability 
of infarction size of in rat model is caused by the facts of the incapac-
ity of occluding the left coronary artery exactly at the same point in 
all rats, as well as the anatomic variations of coronary artery among 
the rats
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flow-mediated dilation was calculated in 51 participants 
using a standard clinical ultrasound-based method. After the 
baseline B-mode ultrasound images of the brachial artery 
and spectral Doppler images of flow velocity were recorded,  
a forearm cuff was inflated to 250 mmHg for five minutes 
to induce transient ischemia. Then the cuff was deflated, 
and Doppler images were immediately obtained to measure 
reactive hyperemia. The results demonstrated  that vascular 
function was injured in E-cig users relative to the nonus-
ers. Olfert et al. [2] randomly subjected healthy female mice 
(C57BL/6) to chronic daily exposure to E-cig vapor, stand-
ard cigarette smoke, or filtered air for 8 months. Changes in 
thoracic aortic tension in response to vasoactive-inducing 
compounds were measured using ex vivo wire tension myo-
graphy and force transduction after 8-mo exposure. Chronic 
exposure to E-cig vapor significantly impairs aortic endothe-
lial function and induces cardiovascular dysfunction. Con-
sistent with these studies, our present results also support 
that chronic E-cig exposure impaired the vascular function 
in the post-MI healing phase in rats. Note that in our experi-
mental myocardial infarction model, post-MI pathophysi-
ological conditions itself can induce vascular dysfunction 
[20]. The underlying mechanism may involve the decrease 
in the bioavailability of NO, accumulation of ROS, chronic 
low-grade inflammation, and enhanced sympathetic vasomo-
tor tone, and needs to be further investigated.

Martinez-Morata et al. [21] summarized 14 published 
E-cig studies (including 13 experimental studies and 1 
observational study) that evaluated the potential effects of 
E-cig use on systolic and diastolic blood pressure. In all 
experimental studies, systolic and diastolic blood pressure 
levels were measured at pre-intervention baseline and up to 
4 h after the intervention. The results demonstrated that the 
short-term effects of E-cig use showed a consistent increase 
of blood pressure immediately to several hours after expo-
sure to e-cigs containing nicotine. The short-term increases 
in blood pressure for the nicotine E-cig groups may be due 
to the activation of the sympathetic nervous system mediated 
by nicotine in the e-cig aerosol that is dependent on plasma 
levels of nicotine. The sympathetic activation is dependent 
on concentration of plasma nicotine. In our present study, 
arterial blood pressure went down in the E-cig group. The 
explanation may be that blood pressure was measured at 
2–4 days after the last vaping. Our results were consistent 
with the observed reduction in blood pressure after the first 
few days of smoking cessation [22]. Ward et al. [22] reported 
that both systolic blood pressure (SBP) and diastolic blood 
pressure (DBP) decreased from baseline to day 8 of post-
smoking cessation and then increased back toward base-
line from days 8 to 90 days.  This suggested that the initial 
reduction in blood pressure after cessation may be due to 
the cardiovascular system  making functional adaptations to 
chronic nicotine intake and  requiring a period of time after 

cessation to achieve a new homeostasis. Another explana-
tion is that the acute response to E-cig exposure on blood 
pressure may be very different than a chronic response. After 
an acute first exposure of E-cig, the body may respond with 
a sympathetic response with an elevation of BP. However, 
after chronic exposure, the body may become desensitized 
and there is less of a sympathetic response.

Experimental studies provide evidence that tobacco 
smoking is harmful to post-MI remodeling and recom-
mended smoking cessation. Duarte et al. [23]  induced MI 
in Wistar rats by ligation of the left coronary artery. Two 
days after MI, the rats were exposed to tobacco smoke for 
6 months. After 6 months of exposure, echocardiographic 
and histological data demonstrated that tobacco smoke sig-
nificantly intensified left ventricular remodeling following 
MI compared with controls. In contrast, our current study 
demonstrated that exposure to E-cig with nicotine during 
healing phase of MI did not worsen post-MI remodeling 
and cardiac function in rats. Our data may seem  to provide 
evidence for the use of E-cigs among post-acute coronary 
syndrome patients.  These patients perceived E-cigs as less 
harmful to cardiac health than tobacco smoking [24]. How-
ever, in the literature, there are no existing data regarding 
the safety of E-cig use among the post-acute coronary syn-
drome patients. We  cannot conclude from our present data 
that E-cig could be used as tobacco-cessation products for 
the post-acute coronary syndrome patients, because (1) our 
present data showed that E-cig exposure negatively affected 
endothelial function, suggesting vascular dysfunction [24]; 
(2) our 12 weeks of E-cig exposure is relatively short, long-
term studies, such as 1 year of exposure or longer as the full 
length of a rat lifetime, are needed to delineate whether E-cig 
use is less hazardous to cardiovascular health than cigarette 
smoking [25]; (3) the components of electronic nicotine 
delivery system products contain various kind of flavors, 
have different types of device and device features (e.g., 
power, voltage), and add different concentration of nicotine. 
These variables may be expected to affect the impacts of 
E-cig on cardiovascular health and should be considered in 
future experimental design [1]; (4) young healthy rats were 
used in the present study. It is important to note that post-
acute coronary syndrome patients are often older and with 
multiple co-morbidities, such as diabetes mellitus, hyperten-
sion, atherosclerosis, etc; (5): there are no existing clinical 
studies that have assessed the impact of E-cig exposure on 
post-acute coronary syndrome patients. Large clinical sur-
vey studies are needed. The safety of nicotine-containing 
E-cig as tobacco-cessation products in post-acute coronary 
syndrome patients remains to be determined and needs more 
investigations in both clinical and experimental situation.

Our research group [14] previously reported the effects 
of chronic E-cig usage on acute myocardial infarct size. In 
that study, rats were exposed to E-cig vaping for 8 weeks, 
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followed by 30 min of left coronary artery occlusion and 
3 h of reperfusion. This study mimicked an E-cig user who 
then develops an acute myocardial infarction. The results 
demonstrated that 8-week exposure to E-cig vaping with 
or without nicotine did not increase myocardial infarct 
size or worsen the no-reflow phenomenon in the setting of 
acute myocardial infarction. However, the relatively short-
term E-cig exposure did induce cardiovascular dysfunction 
including reduced cardiac output and reduced LV positive 
and negative dp/dt, consistent with a reduction in cardiac 
contractility and relaxation, and increased systemic arterial 
resistance in these rats after coronary artery occlusion and 
reperfusion. In contrast, E-cig exposure starting at 1 week 
after myocardial infarction did not affect cardiac function 
assessed by echocardiography, thermodilution technique, 
and catheter-tipped micromanometer in our present study. 
The differences between the present results and our previ-
ous results can be explained by the fact that healthy rats 
were exposed to E-cig in our previous study, while rats with 
myocardial infarction were exposed to E-cig in the present 
study. Myocardial infarction injury itself can severely affect 
the cardiac and vascular function.

Whether cigarette smoking or vaping affects the post-MI 
remodeling in a sex-dependent way remains controversial. 
Kaplan et al. [3] exposed male and female C57BL/6 J mice 
(5 months old) to 3R4F cigarettes smoking for 2 weeks, fol-
lowed by surgical permanent left coronary artery ligation 
and then 1 additional week post-MI smoking. In this study, 
compared to their nonsmoking counterpart, cigarette smok-
ing significantly worsened both left and right ventricular 
remodeling only in males, but not in females, within 7 days 
of post-MI. Our exploratory analyses examining sex dif-
ferences indicated that vaping did not affect the post-MI 
remodeling in a sex-dependent way. The difference between 
our current findings and Kaplan’s study may be related to 
different species (mice and rat) exposed to different smok-
ing (cigarette and E-cig) in different exposure protocols. We 
emphasize that these findings are preliminary and need to 
be validated in a future study designed to examine sex dif-
ferences upon cigarette and E-cig exposure.

There are some limitations in our study. First, we only 
measured arterial blood pressure, cardiac and vascular 
functions one time at the end of study, and did not fol-
low the cardiovascular function changes before and after 
MI (before and after E-cig exposure). Second, we used 
a permanent ligation of the left coronary artery model, 
not a more clinically relevant ischemia/reperfusion model. 
However, the key goal of our present study design aimed 
to determine whether E-cig exposure could worsen the 
post-myocardial infarction remodeling, cardiac and vas-
cular function. The rats were subjected to permanent liga-
tion of left coronary artery to induce myocardial infarction 

model. This is a model known to induce remodeling of the 
left ventricle and that is why we chose it. It results in con-
sistent substantial infarct with a well-delineated scar and 
expansion of the infarct, and our group has had extensive 
experience with this model and it is very reproducible [26, 
27]. On the other hand, in clinical practices, reperfusion 
therapy is performed in only ~ 70% of patients after heart 
attack. There are ~ 30% of patients in which timely reper-
fusion did not occur or reperfusion failed. Therefore, sur-
gical permanent occlusion of the left descending coronary 
artery in rats, modeling acute STEMI in patients, is also 
commonly widely used to model these ~ 30% of patients 
(For review, please read [11]). Third, in this particular 
study we did not include a group of healthy rats exposed to 
e-cigarettes; however, in previous studies we did examine 
the effect of e-cigarettes on otherwise healthy rats.

Conclusions

Nicotine-containing E-cig is often touted as a potential 
tobacco-cessation product. Our present study provides 
evidence that exposure to E-cig during the healing phase 
of MI was associated with altered vascular function with 
reduced femoral artery blood flow and diameter at reper-
fusion, but not with worsened LV dilation or worsened 
cardiac function. Although our present results and other 
studies [25, 28] suggest that E-cig may be less hazardous 
to cardiovascular health than tobacco smoking, and some 
reports favor E-cig helping smokers quit tobacco [9], the 
utility of E-cig for long-term tobacco smoking cessation 
remains to be determined and needs further experimental 
and clinical studies.
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