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Abstract
Vagus nerve stimulation (VNS) has been shown to exert cardioprotection against myocardial ischemia/reperfusion (I/R) 
injury. However, whether the cardioprotection of VNS is mainly due to direct activation through its ipsilateral efferent 
fibers (motor) rather than indirect effects mediated by the afferent fibers (sensory) have not been clearly understood. We 
hypothesized that VNS exerts cardioprotection predominantly through its efferent vagal fibers. Thirty swine (30–35 kg) were 
randomized into five groups: I/R no VNS (I/R), and left mid-cervical VNS with both vagal trunks intact (LC-VNS), with 
left vagus nerve transection (LtVNX), with right vagus nerve transection (RtVNX) and with atropine pretreatment (Atro-
pine), respectively. VNS was applied at the onset of ischemia (60 min) and continued until the end of reperfusion (120 min). 
Cardiac function, infarct size, arrhythmia score, myocardial connexin43 expression, apoptotic markers, oxidative stress 
markers, inflammatory markers (TNF-α and IL-10) and cardiac mitochondrial function, dynamics and fatty acid oxidation 
(MFN2, OPA1, DRP1, PGC1α and CPT1) were determined. LC-VNS exerted cardioprotection against myocardial I/R injury 
via improvement of mitochondrial function and dynamics and shifted cardiac fatty acid metabolism toward beta oxidation. 
However, LC-VNS and LtVNX, both efferent vagal fibers are intact, produced more profound cardioprotection, particularly 
infarct size reduction, decreased arrhythmia score, oxidative stress and apoptosis and attenuated mitochondrial dysfunction 
compared to RtVNX. These beneficial effects of VNS were abolished by atropine. Our findings suggest that selective efferent 
VNS may potentially be effective in attenuating myocardial I/R injury. Moreover, VNS required the contralateral efferent 
vagal activities to fully provide its cardioprotection.
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Introduction

Acute myocardial infarction (AMI) is a major cause of mor-
bidity and mortality worldwide [59]. Although early and 
rapid reperfusion is the most effective strategy to reduce 
myocardial injury and limit the infarct size, reperfusion 
itself can induce cardiomyocyte death. This phenomenon 
is known as myocardial ischemia/reperfusion (I/R) injury 
[59]. During I/R, reactive oxygen species (ROS) is dramati-
cally increased [31], which causes oxidative damage and cell 
apoptosis [43]. Moreover, I/R injury can induce mitochon-
drial dysfunction and structural change including impaired 
mitochondrial dynamics and metabolism [11]. These delete-
rious effects lead to myocardial cell death, increased infarct 
size, cardiac arrhythmia and impaired left ventricular and 
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hemodynamic parameters [46, 47]. Therefore, cardioprotec-
tion beyond that by timely reperfusion is needed to reduce 
infarct size and improve the prognosis of the affected AMI 
patients [26]. Previous study demonstrated that myocardial 
infarction increases sympathetic tone, especially the rela-
tive ischemia distal to a severe coronary stenosis which in 
turn results in poststenotic vasoconstriction and an aggrava-
tion of ischemia, and decreases parasympathetic tone [28]. 
Therefore, rebalanced autonomic activity by augmenting 
vagal activity may be a potential therapeutic intervention 
for the affected MI patients. A growing body of literature 
has shown that enhancing parasympathetic activity by elec-
trical stimulation of the cervical vagus nerve (both afferent 
and efferent fibers) has emerged as a promising therapy for 
various conditions, including brain and heart diseases [15, 
44]. Specifically in the heart, both invasive and non-invasive 
vagus nerve stimulations (VNS) have been shown to exert 
cardioprotection in patients with chronic heart failure (the 
ANTHEM-HF trial) and ischemic heart diseases [22, 25, 
27, 45, 60].

The vagus nerve is a mixed nerve which contains 80% 
afferent fibers (sensory) and 20% efferent fibers (motor) [61]. 
Recently, in I/R swine model, we have demonstrated that 
left cervical VNS (anode cephalad to cathode to stimulate 
cardiac efferent vagal fibers) applied at the onset or during 
the ischemic periods can improve cardiac function, decrease 
myocardial infarct size, reduce dispersion of repolarization 
via amelioration of cardiac mitochondrial dysfunction [46, 
47]. Moreover, VNS (caudal end to stimulate cardiac effer-
ent vagal fibers) can improve mitochondrial function through 
the activation of  M3 receptor/CaMKKβ/AMPK pathway in 
isoproterenol-induced cardiac damage in rats [55]. In addi-
tion, previous study demonstrated that VNS also activated 
the ipsilateral afferent vagal fibers, which reflexively reduced 
cardiac efferent parasympathetic effects [56]. Although VNS 
has been shown to exert cardioprotection against myocardial 
I/R injury in both preclinical and clinical studies, it is still 
remained unclear whether the cardioprotection of VNS is 
mainly due to direct vagal activation through its ipsilateral 
efferent vagal fibers (motor) or indirect effects mediated by 
the afferent vagal fibers (sensory). Additionally, the majority 
of publications describing cardioprotection by VNS were 
performed in small animals (rodents or rabbits), which are 
sympathetically dominant [18, 19]. However, the importance 
of vagal tone for the heart in small animal is less than that 
in larger mammals (canine or pigs) or humans [16]. Thus, 
it is important to study the role of vagus nerve activation in 
cardioprotection in a larger mammal model. Therefore, the 
objectives of this study were to determine whether the car-
dioprotective effects against myocardial I/R injury of VNS 
were mainly due to direct ipsilateral efferent vagal fibers 
activation or indirect effects mediated by the afferent vagal 
fibers in a large animal model of AMI. Furthermore, roles of 

the contralateral efferent vagal fibers during VNS were also 
investigated. We hypothesized that VNS exerts cardioprotec-
tion against myocardial I/R injury predominantly through its 
ipsilateral efferent vagal fibers.

Methods

Animal preparation

All experiments were approved by the Institutional Animal 
Care and Use Committees of the Faculty of Medicine, Chi-
ang Mai University, Chiang Mai, Thailand. Thirty domes-
tic pigs (30–35 kg) were anesthetized by an intramuscular 
injection of a combination of 4.4 mg/kg  zoletil® (Virbac 
Laboratories, Carros, France) and 2.2 mg/kg xylazine (Labo-
ratorios Calier, S.A., Barcelona, Spain). After endotracheal 
intubation, anesthesia was maintained by 1.5–3.0% isoflu-
rane (Abbott Laboratories Ltd., Queenborough, UK) deliv-
ered in 100% oxygen. Surface electrocardiogram (lead II), 
femoral arterial blood pressure (BP), heart rate (HR), and 
rectal temperature were continuously monitored, and all 
data were recorded for subsequent analysis. Arterial blood 
gases and electrolytes were also monitored every 30 min 
and maintained within acceptable physiological ranges [14]. 
Furthermore, under fluoroscopic guidance, platinum-coated 
titanium coil electrodes (34- and 68-mm) were advanced 
into and positioned at the right ventricular apex and the 
junction between the right atrium and superior vena cava, 
respectively, to deliver electrical shocks when malignant 
ventricular arrhythmias spontaneously occurred during I/R 
periods [14].

Ischemia/reperfusion (I/R) protocol

The heart was exposed through a left thoracotomy. The 
left anterior descending artery (LAD) were isolated and 
occluded by ligature (3–0 silk) 3 cm from the left main 
coronary artery. Ischemia was confirmed by an ST eleva-
tion on the ECG (lead II) and the change in color of myo-
cardial tissues on the ischemic area. I/R were performed by 
60 min of a complete LAD occlusion followed by 120 min 
of reperfusion.

Vagus nerve stimulation (VNS) protocol

The left vagus nerve was surgically isolated (~ 3  cm 
length, at C5–C6 level) from the carotid sheath. A VNS 
lead (Model 304, Cyberonics, Houston, TX, USA) with 
bipolar electrodes (platinum–iridium, 4  mm2 surface 
area, 6-mm interelectrode spacing) were attached to the 
vagus nerve using helical fixation elements to assure 
electrode stability. The cathodic electrode was oriented 
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closest to the heart. The proximal terminal pin of VNS 
lead was attached to a pulse generator (Demipulse, Model 
103, Cyberonics) for delivery of VNS. Prior to onset of 
ischemia, the mean PR interval was determined from an 
average of ten consecutive sinus beats. We verified that 
VNS was engaging the autonomic nervous system by 
briefly stimulating the vagus nerve and observing a sig-
nificant increase in the PR intervals. In the present study, 
we sought to determine whether the cardioprotection of 
VNS is mainly due to direct activation through its ipsilat-
eral efferent fibers (motor) or through the indirect effects 
mediated by the afferent fibers (sensory) using infarct 
size as the primary endpoint. Thus, we intended to use 
the I/R protocol and the VNS parameters (3.5 mA, 500 μs 
pulse width, 20 Hz and continuous recurring cycles of 
21-s ON and 30-s OFF) which provided the most potent 
anti-infarct effect (about 89% reduction) based on our 
previous studies [46, 47].

Experimental protocols

Pigs were randomly divided into five groups (n = 6/group) as 
shown in Fig. 1. All pigs in each group were subjected to I/R 
protocol. Group 1 (I/R): pigs were sham operated without 
VNS. Group 2 (LC-VNS): the vagal nerve was left intact 
for combined afferent and efferent stimulations, pigs were 
received intermittent left cervical VNS at the onset of LAD 
occlusion and continued until the end of reperfusion. Group 
3 (LtVNX): pigs were assigned to left vagus nerve transec-
tion at middle cervical level and received intermittent left 
cervical VNS 2 cm under the point of cut for selective effer-
ent vagal nerve stimulation. Group 4 (RtVNX): to study the 
roles of the contralateral efferent vagal fibers during VNS, 
pigs were assigned to right vagus nerve transection at middle 
cervical level and received intermittent left cervical VNS. 
Group 5 (Atropine): pigs were received Atropine (1 mg/kg) 
by administered intravenous 15 min prior to initiation of 
left cervical VNS to inhibit parasympathetic actions on the 
heart.

Fig. 1  Schematic representa-
tion of the study protocols. a 
Diagram of the I/R induction 
surgery. The ischemic period 
(60 min) was induced by 
complete LAD coronary artery 
ligation, followed by 120 min of 
reperfusion. VNS was applied at 
the onset of the ischemic period. 
b Diagram of the experimental 
protocol. I/R ischemia/reperfu-
sion, LAD left anterior descend-
ing, LC-VNS left cervical vagus 
nerve stimulation, LtVNX left 
vagus nerve transection, RtVNX 
right vagus nerve transection
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Evaluation of ECG parameters

Heart rate (HR), PR interval, QRS complex duration (an 
indicator of ventricular activation time), QT interval (an 
indicator of ventricular repolarization time), time from 
T-wave peak to end (Tpe; an indicator of transmural dis-
persion of repolarization), and T-wave peak to end per QT 
interval ratio (Tpe/QT ratio; an indicator of dispersion of 
repolarization relative to the total duration of repolariza-
tion) were measured. ECG traces were analyzed with Chart 6 
(AD Instruments). The mean baseline all of parameters was 
determined from an average of twenty sinus beats just prior 
to LAD occlusion. The mean parameters during the ischemia 
and reperfusion periods were analyzed from an average of 
twenty consecutive beats before the end of occlusion and the 
end of reperfusion, respectively.

Evaluation of rhythm disturbances

Premature ventricular contractions (PVC), ventricular 
tachycardia (VT), and ventricular fibrillation (VF) were 
defined according to the Lambeth Convention criteria [17] 
with more rigorous modifications for the entire 180 min I/R 
period. Specifically, PVC was defined as ventricular contrac-
tions without atrial depolarization. VT was defined as more 
than six consecutive PVC. VF was characterized by a loss 
of synchronicity of electrocardiogram plus decreased ampli-
tude and a precipitous fall in blood pressure (BP) for more 
than one second. ECG traces were analyzed with Chart 6 
(AD Instruments). Furthermore, the arrhythmia scores and 
mortality rate were determined. The arrhythmia scores all 
correlated with the incidences of PVC, VT, and VF [8].

Evaluation of left ventricular (LV) function 
parameters

During the I/R periods, the left ventricular function includ-
ing stroke volume (SV), ejection fraction (EF), end-systolic 
pressure (ESP), and end-diastolic pressure (EDP), and stroke 
work (SW) were continuously monitored and recorded using 
the pressure–volume (P–V) loop recording system (Model 
ADV500/ADVantage System, Scisense Inc., London, Can-
ada) as described previously [40].

Infarct size determination

After 120 min of reperfusion, the LAD were re-occluded 
by the LAD ligation, and the heart was removed and irri-
gated with normal saline to wash out blood from chambers 
and vessels. The infarct size was assessed with 0.5% Evans 
Blue and 1.0% triphenyltetrazolium chloride (TTC) staining 
as previously described [47]. The area at risk (AAR) was 
defined as the area not stained by the Evan blue dye, and the 

infarcted area was defined as the area not stained by TTC. 
An area measurement was performed using the Image Tool 
software version 3.0. The area of infarct size was normal-
ized to the AAR and calculated as %infarct size/AAR as 
described previously [47].

Isolated cardiac mitochondria

Cardiac mitochondria were isolated from the ischemic 
and non-ischemic regions, using the technique previously 
described [50], and the protein concentration was deter-
mined according to the bicinchoninic acid assay. Cardiac 
mitochondrial functions were determined by measuring the 
cardiac mitochondrial reactive oxygen species (ROS) pro-
duction, cardiac mitochondrial membrane potential change 
(ΔΨm) and cardiac mitochondrial swelling. Cardiac mito-
chondrial ROS production was determined using a fluores-
cent microplate reader in all groups. The dye dichloro-dihy-
dro-fluorescein diacetate (DCFDA) was used to determine 
the level of ROS production in cardiac mitochondria. The 
DCFDA can pass through the mitochondrial membrane, 
and was oxidized by ROS in the mitochondria into the fluo-
rescent form of DCF. Thus, increased fluorescent intensity 
indicates increased ROS production in the mitochondria. 
A cardiac mitochondrial membrane potential change was 
determined using a fluorescent microplate reader in all 
groups. The dye 5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethyl-
benzimidazolcarbocyanine iodide (JC-1) was used to deter-
mine the change in the mitochondrial membrane potential. 
JC-1 is characterized as a cation and remains in the mito-
chondrial matrix as a monomer (green fluorescence) form. 
However, it can interact with anions in the mitochondrial 
matrix to form an aggregate (red fluorescence) form. Cardiac 
mitochondrial depolarization was indicated by a decrease 
in the red/green fluorescence intensity ratio. Cardiac mito-
chondrial swelling was assessed by measuring changes in the 
absorbance of the suspension wavelength at 540 nm using 
a microplate reader. Cardiac mitochondria (0.4 mg/ml) 
were incubated in 2 ml of respiration buffer: KCl 150 mM, 
HEPES 5 mM,  K2HPO4·3H2O 5 mM, l-glutamate 2 mM 
and pyruvate sodium salt 5 mM. Mitochondrial swelling was 
indicated by a decrease in the absorbance of the mitochon-
drial suspension. Isolated cardiac mitochondrial morphology 
was confirmed using a transmission electron microscope.

Transmission electron microscopy for cardiac 
mitochondrial morphology

Cardiac mitochondrial morphology was determined by 
transmission electron microscopy. Isolated cardiac mito-
chondria from both ischemic and remote areas were fixed 
overnight by mixing 2.5% glutaraldehyde in 0.1 M caco-
dylate buffer, pH 7.4 at 4 °C. Then, the pellets were post 
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fixed in 1% cacodylate-buffered osmium tetroxide for 2 h at 
room temperature. The pellets were dehydrated in a graded 
series of ethanol and embedded in Epon-Araldite and cut by 
a diamond knife into ultra-thin sections (60–80 nm thick), 
placed on copper grids and stained with the combination of 
uranyl acetate and lead citrate. Finally, the mitochondrial 
morphology was observed with a transmission electron 
microscope [58].

Western blot analysis

At the end of each experiment, the hearts were rapidly 
excised, and then the remote and ischemic areas of ventricu-
lar tissues were collected, quickly frozen in liquid nitrogen, 
and stored at − 80 °C until analysis. Heart proteins were 
lysed with extraction buffer (Tris–HCl 20 mmol/l,  Na3VO4 
1 mmol/l, and NaF 5 mmol/l) and separated by electrophore-
sis on 10% sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis, and then were transferred onto nitrocellulose 
membranes. After immunoblots were blocked for 1 h with 
5% nonfat dry milk in Tris-buffer saline (pH 7.4) containing 
0.1% Tween 20, they were probed overnight at 4 °C with 
the primary antibodies that recognize phospho-connexin43 
(P-Cx43)(Ser 368) and total connexin43 (Total-Cx43) 
(1:1000 dilution, Cell Signaling Technology, Danvers, MA, 
USA); a marker of intercellular electrical communication, 
Bax, Bcl-2, Pro caspase-3 and Cleaved caspase-3 (1:1000 
dilution, Cell Signaling Technology, Danvers, MA, USA); 
a marker of apoptosis, Mitofusin-2 (MFN2), optic atrophy 
protein 1 (OPA1), dynamin-related protein 1 (DRP1), phos-
pho-dynamin-related protein 1 at serine 616 (P-DRP1 Ser 
616) and serine 637 (P-DRP1 Ser 637) (1:1000 dilution, 
Cell Signaling Technology, Danvers, MA, USA); a marker 
of mitochondrial fission and fusion, phospho-AMPK-acti-
vated protein kinase (P-AMPK) and total AMPK (1:1000 
dilution, Cell Signaling Technology, Danvers, MA, USA); 
a marker of cardiac cellular energy homeostasis, peroxisome 
proliferator-activated receptor-gamma coactivator 1 alpha 
(PGC1α), carnitine palmitoyltransferase 1 (CPT1) (1:200 
dilution, Santa Cruz biotechnology, TX, USA); a marker 
of mitochondrial biogenesis and fatty acid oxidation, mito-
chondrial complex I–V (1:2000 dilution, Cell Signaling 
Technology, Danvers, MA, USA); a marker of cardiac mito-
chondrial respiration and actin (1:4000 dilution, Santa Cruz 
biotechnology, TX, USA); a loading control, followed by 
1 h of incubation at room temperature with the horseradish 
peroxidase-conjugated secondary antibody (1:2000 dilution, 
Cell Signaling Technology, Danvers, MA, USA). The blots 
were visualized by ECL reagent (Bio-Rad Laboratories, CA, 
USA). The western blot pictures were carried out using the 
ChemiDoc Touching system (Bio-Rad Laboratories, CA, 
USA). The densitometric analysis was performed using NIH 
Image J analysis software. For quantitation of the proteins 

of interest, the ratio of ischemic (I) area per remote (R) area 
was determined, and normalized with actin.

HPLC‑based assay of malondialdehyde (MDA) 
concentration

Malondialdehyde (MDA) concentration in cardiac tissue was 
measured by HPLC system [37]. A 0.5 ml aliquot of samples 
were mixed with 1.1 ml of 10% trichloroacetic acid (TCA) 
containing BHT (50 ppm), heated at 90 °C for 30 min and 
cooled down to room temperature. The mixture was centri-
fuged at 6000 rpm, 10 min. The supernatant (0.5 ml) was 
mixed with 0.44 M  H3PO4 (1.5 ml) and 0.6% thiobarbituric 
acid (TBA) solution (1.0 ml) and then incubated at 90 °C for 
30 min to generate a pink-colored products called thiobar-
bituric acid reactive substances (TBARS). The solution was 
filtered through a syringe filter (polysulfone-type membrane, 
pore size 0.45  µm, Whatman International, Maidstone, 
United Kingdom) and analyzed with HPLC system. The 
TBARS was fractionated on the adsorption column (Water 
Spherisorb ODS2 type, 250 × 4.3 mm, 5 µm), eluted with 
mobile-phase solvent of 50 mM  KH2PO4: methanol at flow 
rate 1.0 ml/min and online detected at 532 nm. Data were 
recorded and analyzed with BDS software (BarSpec Ltd., 
Rehovot, Israel). A standard curve was constructed from the 
peak from height of standard 1,1,3,3-tetramethoxypropane 
(standard reagent for malondialdehyde) at different concen-
trations (0–10 µM). TBARS concentration was determined 
directly from standard curve and reported as MDA equiva-
lent concentration. MDA concentration was expressed in µM 
[37].

Cardiac inflammatory and anti‑inflammatory 
cytokine assay

Myocardial protein was extracted by the homogenization of 
myocardial tissues in a homogenization buffer (PBS contain-
ing 0.5% Triton X-100 and a protease inhibitor cocktail, pH 
7.2 at 4 °C), and subsequently be centrifuged at 14,359g for 
10 min. Then, the supernatant and plasma were collected to 
measure the level of tumor necrosis factor-α (TNF-α) and 
interleukin-10 (IL-10), a marker of pro-inflammatory and 
anti-inflammatory cytokines, using an enzyme-linked immu-
nosorbent assay (ELISA) kit (Biosource International, Inc., 
Camarillo, CA, USA).

TUNEL

To quantitatively determine cardiomyocyte apoptosis, 
TUNEL staining (terminal Deoxynucleotidyl trans-
ferase-mediated dUTP nick end labeling) was performed. 
TUNEL staining of cardiomyocyte was performed with 
a TdT Blue Label apoptosis detection kit. The enzyme 



 Basic Research in Cardiology (2018) 113:22

1 3

22 Page 6 of 20

terminal deoxynucleotidyl transferase was used to incor-
porate biotinylated-conjugated dUTP to the ends of DNA 
fragments. At the end of the experiment, the hearts were 
perfused first with 0.9% NaCl for 5 min and then with 4% 
paraformaldehyde in PBS (pH 7.4) for 20 min. The ven-
tricles were removed and further fixed in 4% paraformal-
dehyde in PBS (pH 7.4) for 20 h at room temperature. The 
ventricles were cut into 10 µm sections for the TUNEL 
assay in a cryostat. Immunohistochemical procedures for 
detecting apoptotic cardiomyocytes were performed using 
an In Situ Apoptosis Detection Kit (Trevigen, Maryland, 
USA) according to the manufacturer’s instructions. For 
the negative control, TdT was omitted from the reaction 
mixture. After washing, the label incorporated at the 
damaged sites of the DNA was visualized by fluorescence 
microscopy. Five images per heart (3–5 hearts per geno-
type group) were acquired and positive cells were counted 
individually. Results were expressed as the percentage of 
apoptotic cells among the total cell population [33].

Statistical analysis

Data were expressed as mean ± standard error. The normal-
ity and equality of variance were tested using the Shap-
iro–Wilk test and Levene’s test, respectively. For mortality 
rate, differences between groups were evaluated with Chi-
square test followed by Bonferroni correction. The mean 
values between the two groups were compared using the 
paired student’s t-test. One-way ANOVA with Dunnett’s 
multiple-comparison or LSD tests using the statistical pro-
gram SPSS22 (SPSS, Inc., Chicago, IL, USA) were used 
for multiple sets of data. A value of p < 0.05 was considered 
statistically significant.

Results

Effects of VNS on the ECG parameters during I/R

Figure 2a shows examples of ECG tracing at baseline, a 
marked elevation of the ST segment after 5 min of LAD 

Fig. 2  The electrocardiographic parameters during the ischemic and 
the reperfusion periods. a Representative ECG at the baseline, 5 min 
after LAD ligation and 5 min before end of reperfusion. b Effects of 
VNS on the heart rate. c Effects of VNS on the mean PR interval. 

d Effects of VNS on the mean QRS duration. Data are presented as 
mean ± SE. *p < 0.05 vs baseline within group. I/R ischemia/reperfu-
sion, LC-VNS left cervical vagus nerve stimulation, LtVNX left vagus 
nerve transection, RtVNX right vagus nerve transection
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occlusion and ECG tracing returned to baseline after reper-
fusion. The electrophysiological effects of VNS were exam-
ined in 30 pigs in which heart rate (HR), PR interval, QRS 
duration, QT interval, T-wave peak to end (Tpe), and Tpe/
QT ratio were continuously measured during the I/R period. 
In I/R group, HR during the ischemic period increased sig-
nificantly compared with the baseline and returned to the 
baseline after reperfusion (Fig. 2b). HR at the baseline, 
during ischemia, and reperfusion periods was not different 
in all VNS-treated groups. Interestingly, HR significantly 
increased in the LtVNX group during ischemia. In contrast, 
HR significantly increased during reperfusion period in the 
RtVNX group. However, in the atropine group, HR during 
ischemic and reperfusion periods significantly increased 
when compared with baseline. PR interval was no significant 
difference among all groups at the baseline, ischemic, and 
reperfusion periods (Fig. 2c). In contrast, PR interval in the 
atropine group significantly decreased PR during ischemic 
and reperfusion periods when compared with baseline. QRS 
duration was not significant difference among all groups at 
the baseline, ischemic, and reperfusion periods (Fig. 2d). QT 
interval during ischemia and reperfusion was significantly 

decreased in all groups (Fig. 3b). Tpe were significantly 
decreased in all VNS-treated groups, except during ischemic 
period in RtVNX group and this effect was abolished by 
atropine (Fig. 3c). Tpe/QT ratio in the I/R group during the 
ischemic period increased significantly compared with the 
baseline and atropine significantly increased Tpe/QT ratio 
during both ischemic and reperfusion periods (Fig. 3d). 
Interestingly, there was no significant difference in Tpe/QT 
ratio during the baseline, ischemic, and reperfusion periods 
in all VNS-treated groups (Fig. 3d).

Effects of VNS on the occurrence of cardiac 
arrhythmia and mortality rate during/after 
myocardial I/R

Representative tracings of premature ventricular contrac-
tions (PVC), ventricular tachycardia (VT), and ventricu-
lar fibrillation (VF) have been shown in Fig. 4a. The total 
number of PVC markedly decreased in both LC-VNS and 
LtVNX groups, but not RtVNX group, compared with the 
I/R group (Fig. 4b) The total number of VT/VF episodes was 
significantly reduced in all VNS-treated groups compared 

Fig. 3  The electrocardiographic parameters during the ischemic and 
the reperfusion periods. a Representative of the Tpe interval in LC-
VNS group. b Effects of VNS on the QT interval. c Effects of VNS 
on the Tpe interval. d Effects of VNS on the Tpe/QT ratio. Data 

are presented as mean ± SE. *p < 0.05 vs baseline within group. I/R 
ischemia/reperfusion, LC-VNS left cervical vagus nerve stimulation, 
LtVNX left vagus nerve transection, QT QT interval, RtVNX right 
vagus nerve transection, Tpe T-wave peak to end
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with the I/R group (Fig. 4c). However, time to first VT/VF 
onset was not significantly different among groups (Fig. 4d). 
The arrhythmia scores were significantly decreased in both 
LC-VNS and LtVNX groups compared with the I/R group 
(Fig. 5a). The mortality rate after I/R induction surgery was 
significantly lower only in the LC-VNS group compared 
with the I/R group (Fig. 5b), with all mortality occurring 
during ischemia or immediately on reperfusion. The effect 
of VNS on connexin43 phosphorylation at serine 368 has 
been shown in Fig. 5c. The connexin43 phosphorylation was 
significantly increased only in the LC-VNS group compared 
with the I/R group.

Effects of VNS on LV function and myocardial infarct 
size

The effect of VNS on LV function has been shown in 
Table 1. In the I/R group, the stroke volume, ejection frac-
tion and stroke work were significantly decreased and the 

end-diastolic pressure was significantly increased during 
the ischemic and reperfusion periods compared with the 
baseline. Interestingly, all VNS-treated groups, the LV 
functions were preserved during the ischemic and reperfu-
sion periods. The beneficial effects of VNS on LV function 
were completely abolished by atropine. The percentage of 
the area at risk (AAR), a percentage of the total ventricular 
mass, was used to indicate myocardial infarct size. The 
AAR was not different among groups (I/R 32.8% ± 1.8%; 
LC-VNS 35.6% ± 2.4%; LtVNX 32.2% ± 1.7%; RtVNX 
32.9% ± 0.8%; Atropine 38.1% ± 1.9%; p > 0.05) (Fig. 6a). 
All VNS-treated groups significantly reduced myocardial 
infarct size compared with the I/R group and this effect was 
reversed by atropine. Interestingly, the myocardial infarct 
size was significantly increased in the RtVNX group when 
compared with the LC-VNS and the LtVNX groups. In 
contrast, the infarct sizes were not different between the 
LC-VNS and the LtVNX groups (I/R 45.7% ± 5.4%; VNS 

Fig. 4  Effects of VNS on the incidence of cardiac arrhythmias. a 
Representative morphology of the PVC, VT and VF. b Effects of 
VNS on the total number of PVC. c Effects of VNS on the total num-
ber of VT/VF. d Effects of VNS on the time to first VT/VF. Data are 
presented as mean ± SE. *p < 0.05 vs I/R group; †p < 0.05 vs RtVNX 

group; ‡p < 0.05 vs Atropine group. I/R ischemia/reperfusion, LC-
VNS left cervical vagus nerve stimulation, LtVNX left vagus nerve 
transection, RtVNX right vagus nerve transection, PVC premature 
ventricular contraction, VF ventricular fibrillation, VT ventricular 
tachycardia
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5.1% ± 1.3%; LtVNX 7.1% ± 1.8%; RtVNX 17.6% ± 1.4%; 
Atropine 52.9% ± 3.5%; p < 0.05) (Fig. 6b). 

Effects of VNS on cardiomyocyte apoptosis

TUNEL staining was performed to detect cardiomyocyte 
apoptosis. TUNEL positive cells, reported as the percentage 
of total nuclei, were significantly increased in ischemic area 
when compared with remote area in the I/R injury group. In 
contrast, TUNEL positive cells were significantly decreased 
in all VNS-treated groups and this effect was reversed by atro-
pine (Fig. 6c, d, and Supplemental Fig. S1). Interestingly, % 
TUNEL positive cell was significantly increased in the RtVNX 
group when compared with the LC-VNS and the LtVNX 
groups. In contrast, % TUNEL positive cell was not differ-
ent between the LC-VNS and the LtVNX groups (Fig. 6c, 
d, and Supplemental Fig. S1). Additionally, the mechanism 
underlying the anti-infarct effect of VNS was determined by 
measuring the key apoptotic markers (Fig. 7). The expression 
of Bax and the Cleaved caspase-3/Pro caspase-3 ratio was sig-
nificantly decreased in the VNS-treated groups. However, the 
levels of Bcl-2 were significantly increased in the LC-VNS and 
the LtVNX groups, but not in the RtVNX, compared with the 
I/R group. The administration of atropine totally abolished the 
anti-apoptotic effects of VNS.

Effects of VNS on oxidative stress activity (MDA) 
and inflammation

The changes of MDA levels in myocardium between 
ischemic and remote areas have been shown in Fig. 8a. VNS 

significantly decreased the level of MDA in the myocardium 
compared with the I/R group. However, there was a statisti-
cal difference between the RtVNX group compared with the 
LC-VNS and LtVNX groups. This effect was abolished by 
atropine. Figure 8b shows the changes of TNF-α levels in 
myocardium between ischemic and remote areas. Only the 
LC-VNS group significantly decreased the levels of TNF-α 
in the myocardium compared with the I/R group. There was 
no statistically significant difference among the groups with 
respect to the IL-10 levels (Fig. 8c).

Effects of VNS on mitochondrial function

All VNS-treated groups significantly decreased mitochon-
drial ROS production (Fig. 9a) and prevented mitochondrial 
membrane depolarization (Fig. 9b). However, only LC-VNS 
and LtVNX groups could prevent mitochondrial swelling 
after I/R (Fig. 9c). Electron photomicrographs demonstrated 
that in the ischemic area of the I/R group, severe mitochon-
drial damage was observed as demonstrated by marked mito-
chondrial swelling accompanied by a disruption in mem-
brane integrity (Fig. 9d).

Effects of VNS on cardiac mitochondrial dynamics

The expression level of MFN2, OPA1, and DRP1 pro-
teins was determined to evaluate mitochondrial dynamics 
(Fig. 10). Both LC-VNS and LtVNX significantly increased 
the expression of MFN2, OPA1, and the phosphorylation of 
DRP1 at Ser 637 as well as significantly decreased phospho-
rylation of DRP1 at Ser 616 compared with the I/R group. 

Fig. 5  Effects of VNS on arrhythmia score, percent mortality dur-
ing I/R induction and myocardial connexin43 expression. a Effects of 
VNS on the arrhythmia score. b Percent mortality during I/R induc-
tion. c Effects of VNS on the phosphorylation of connexin43 at serine 
368 in the ischemic myocardium. Data are presented as mean ± SE. 

*p < 0.05 vs I/R group; †p < 0.05 vs RtVNX group; ‡p < 0.05 vs Atro-
pine group. I/R ischemia/reperfusion, LC-VNS left cervical vagus 
nerve stimulation, LtVNX left vagus nerve transection, RtVNX right 
vagus nerve transection, PVC premature ventricular contraction, VF 
ventricular fibrillation, VT ventricular tachycardia
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The RtVNX significantly increased OPA1 but not MFN2 
and phosphorylation of DRP1 at Ser 637 compared with 
I/R group. In addition, the RtVNX significantly decreased 
phosphorylation of DRP1 at Ser 616 compared with the I/R 
group. The effects of VNS on cardiac mitochondrial dynam-
ics were abolished by atropine.

Effects of VNS on cardiac mitochondrial biogenesis 
and fatty acid oxidation

The biogenesis of the cardiac mitochondria and fatty acid 
oxidation were studied by determining the key markers for 
cellular energy metabolism and fatty acid oxidation (AMPK 
phosphorylation, PGC1α and CPT1) (Fig. 11). Both LC-
VNS and LtVNX significantly increased the expression of 
AMPK phosphorylation, PGC1α and CPT1 compared with 
the I/R group. However, there was no statistically significant 
difference in AMPK phosphorylation and PGC1α levels in 
the RtVNX group. These effects were abolished by atropine.

Effects of VNS on cardiac mitochondrial oxidative 
phosphorylation

The expressions of cardiac mitochondrial complex I, III and 
IV were significantly increased in all VNS-treated groups 
when compared with the I/R group (Fig. 12b, d, e). However, 
the level of cardiac mitochondrial complex II was signifi-
cantly increased only in the LC-VNS when compared with 
the I/R group (Fig. 12c). The level of mitochondrial com-
plex V was not significantly different in all groups (Fig. 12f). 
These effects were abolished by atropine.

Discussion

In this present study, we sought to investigate whether the 
cardioprotective effects against myocardial I/R injury of 
VNS were mainly due to direct ipsilateral efferent vagal 
fibers activation or indirect effects mediated by the affer-
ent vagal fibers using myocardial infarct size as the primary 
endpoint. Furthermore, roles of the contralateral efferent 
vagal fibers during VNS were also investigated. The major 
findings of this study are as followed: (1) VNS-exerted 
cardioprotection against myocardial I/R injury via attenua-
tion of mitochondrial dysfunction, improved mitochondrial 
dynamics and shifted cardiac fatty acid metabolism toward 
beta oxidation; (2) LC-VNS and LtVNX produced more 
profound cardioprotection, particularly infarct size reduc-
tion, decreased arrhythmia score, oxidative stress and apop-
tosis and attenuated mitochondrial dysfunction compared to 
RtVNX; (3) VNS required both ipsilateral and contralateral 
efferent vagal activities to fully provide its cardioprotection. Ta
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These findings suggest that selective efferent VNS may 
potentially be effective in attenuating myocardial I/R injury.

Impact of VNS during intact, after ipsilateral 
and contralateral vagus nerve transection 
on reperfusion arrhythmia and myocardial infarct 
size

Since both reperfusion arrhythmia [7] and infarct size [39] 
are the potential serious complications after myocardial rep-
erfusion, strategies to limit these two components of I/R 
injury have significant therapeutic potential. In the present 
study, we found that LC-VNS prevented cardiac arrhyth-
mias during I/R as indicated by decreasing the total number 
of PVC, VT/VF incidence, arrhythmia score, Tpe and pre-
serving Tpe/QT ratio, suggesting that LC-VNS decreased 
heterogeneity of ventricular repolarization. It is well recog-
nized that increased myocardial infarct size and decreased 
phosphorylation of connexin43 play an important role in 
the development of cardiac arrhythmias, including VT/VF, 

during I/R [2]. Thus, the anti-arrhythmic effects of VNS 
might be due to its potential to decrease the arrhythmogenic 
substrates during I/R by reducing myocardial infarct size 
and increasing the phosphorylation of connexin43 at the 
serine 368 residue. In the present study, we found that VNS 
significantly reduced myocardial infarct size and increased 
phosphorylation of connexin43 compared with the I/R 
group, which are consistent with our previous studies in 
swine model [46] and other studies in rat model [2, 54]. 
Furthermore, LC-VNS also preserved LV function in the 
heart subjected to I/R injury when compared with baseline, 
which might be due to its ability to reduce myocardial infarct 
size. Because the vagal trunk consists primarily of affer-
ent fibers (80%) [61], the role of these fibers, particularly 
during VNS, needs to be clearly assessed. Previous study 
reported that vagal afferent fibers are activated during VNS 
and decrease efferent parasympathetic electrophysiologi-
cal and hemodynamic effects of electrical stimulation [56]. 
However, it is still remained unclear whether the cardiopro-
tection against myocardial I/R injury of VNS is mainly due 

Fig. 6  Effects of VNS on infarct size and the TUNEL positive cells. 
a The total of area at risk. b Effects of VNS on the myocardial infarct 
size per the area at risk (AAR). The inset shows representative pho-
tographs obtained after Evan Blue and triphenyltetrazolium chloride 
staining. Blue indicates the non-threatened myocardium, red indicates 
the non-infarcted area within the AAR, and white indicates myo-

cardial infarction. c Effects of VNS on the TUNEL positive cells. d 
Representative TUNEL assay. Arrow head represented TUNEL posi-
tive cell. Data are presented as mean ± SE. *p < 0.05 vs I/R group; 
†p < 0.05 vs RtVNX group. ‡p < 0.05 vs Atropine group. I/R ischemia/
reperfusion, LC-VNS left cervical vagus nerve stimulation, LtVNX left 
vagus nerve transection, RtVNX right vagus nerve transection
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to direct vagal activation through its ipsilateral efferent vagal 
fibers (motor) or indirect effects mediated by the afferent 
vagal fibers (sensory). Thus, roles of the ipsilateral afferent 
vagal fibers during VNS were also investigated by LtVNX 

2 cm above the stimulation probe. Interestingly, we found 
that LtVNX exerted the anti-infarct and anti-arrhythmic 
effects similar to LC-VNS, suggesting that the anti-infarct 
effect of VNS was driven primarily through its efferent vagal 

Fig. 7  Effects of VNS on cardiomyocyte apoptosis. a Representative 
bands for Bax, Bcl-2, cleaved caspase-3 and pro-caspase-3. Actin 
was used as a loading control. b, c Western blot analysis of Bax and 
Bcl-2. d The ratio between cleaved caspase-3 and pro-caspase-3 

expression. Data are presented as mean ± SE. *p < 0.05 vs I/R group; 
†p < 0.05 vs RtVNX group; ‡p < 0.05 vs Atropine group. I/R ischemia/
reperfusion, LC-VNS left cervical vagus nerve stimulation, LtVNX left 
vagus nerve transection, RtVNX right vagus nerve transection

Fig. 8  Effects of VNS on oxidative stress biomarker in myocardium. 
a Myocardium MDA ratios between ischemic and remote areas. 
b Myocardium TNF-α ratios between ischemic and remote areas. c 
Myocardium IL-10 ratios between ischemic and remote areas. Data 

are presented as mean ± SE. *p < 0.05 vs I/R group; †p < 0.05 vs 
RtVNX group; ‡p < 0.05 vs Atropine group. I/R ischemia/reperfusion, 
LC-VNS left cervical vagus nerve stimulation, LtVNX left vagus nerve 
transection, RtVNX right vagus nerve transection
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fibers, rather than the indirect afferent vagal activation in the 
ipsilateral vagal trunk.

Although all VNS-treated groups exerted cardioprotec-
tion against myocardial I/R injury, LC-VNS and LtVNX pro-
duced more profound cardioprotection, particularly infarct 
size reduction (by 89% for LC-VNS and 84% for LtVNX), 
compared to RtVNX (by 63% reduction). Moreover, for the 
anti-arrhythmic effect, RtVNX did not significantly decrease 
the total number of PVC and arrhythmia score, but signifi-
cantly decreased VT/VF incidence when compared with I/R 
and atropine groups. Interestingly, RtVNX also preserved 
LV function similar to the LC-VNS and LtVNX groups. 
These beneficial effects of VNS were abolished by atropine. 
Previous study demonstrated that bilateral cervical or sub-
diaphragmatic vagotomy can also abolish the infarct size 
reduction by remote ischemic conditioning with one cycle 
of ischemia (15 min) and reperfusion (10 min) on both hind 
limbs in rats [4], suggesting the important role of efferent 
vagal tone to the heart. Moreover, VNS can mimic the effect 

of remote ischemic conditioning in rabbits [23] and pigs 
[51] and reduced infarct size. Interestingly, a previous study 
using an optogenetic approach to recruit vagal efferent fib-
ers clearly demonstrated that stimulation of vagal efferent-
exerted cardioprotection against I/R injury [36]. Thus, these 
findings suggest that selective efferent VNS may potentially 
be effective in attenuating myocardial I/R injury partly 
through mimicking the effect of remote ischemic condition-
ing [27, 30]. Moreover, our finding also suggested that VNS 
required the contralateral efferent vagal activities to fully 
provide its cardioprotection. A recent study in an in vivo 
rat model of acute myocardial I/R injury demonstrated that 
infarct size and serum cTnI and CK-MB levels were mark-
edly lower in the combined vagal stimulation percondition-
ing (VSPerC) and limb remote ischemic perconditioning 
(LRIPerC) group compared to the use of either treatment 
alone [52], which indicated that the combination of the two 
interventions significantly improved cardioprotection com-
pared to the use of either treatment alone.

Fig. 9  Effects of VNS on cardiac mitochondria function and mor-
phology. a Mitochondrial ROS production. b Mitochondrial mem-
brane depolarization. c Mitochondrial swelling. d Representative 
electron photomicrographs of a cardiac mitochondrial ultrastructure. 
Data are presented as mean ± SE. #p < 0.05 vs remote area within 

group; *p < 0.05 vs I/R group; †p < 0.05 vs RtVNX group; ‡p < 0.05 
vs Atropine group. I/R ischemia/reperfusion, LC-VNS left cervical 
vagus nerve stimulation, LtVNX left vagus nerve transection, RtVNX 
right vagus nerve transection
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Impact of VNS during intact, after ipsilateral 
and contralateral vagus nerve transection 
on myocardial apoptosis during I/R

In the present study, we found that all VNS-treated groups 
markedly decreased the expression of Bax (a pro-apoptotic 
protein), Cleaved caspase-3/Pro caspase-3 ratio, and % 
TUNEL positive cells. However, only LC-VNS and LtVNX 
significantly increased the expression of Bcl-2 (an anti-apop-
totic protein) when compared with other groups. Moreover, 
% TUNEL positive cell of RtVNX significantly increased 
when compared with LC-VNS (both intact and LtVNX), 
which also consistent with myocardial infract size. Myocar-
dial I/R injury leads to the activation of program cell deaths, 
including cell apoptosis and necrosis [53]. Specifically, the 
decrease in an anti-apoptosis Bcl-2 and the increase in a pro-
apoptosis Bax expression are the underling of myocardial 
ischemia-induced apoptosis [29]. Moreover, a recent study 
demonstrated that overexpression of cardiac specific caspase 
3, a key molecule in the execution of apoptosis, decreased 
cardiac function and caused abnormality of ultrastructural 

damage to the nucleus as measured by the TUNEL-staining 
method [33]. These results suggested that the anti-apoptosis 
Bcl-2 molecule could be responsible for the reduction of % 
TUNEL positive cells observed in both LC-VNS and LtVNX 
groups. Previous study in rat model demonstrated that VNS 
prevents downregulation of the anti-apoptotic protein Bcl-2 
[29], which consistent with our finding. Thus, our results 
suggested that VNS reduced myocardial infarct size through 
the anti-apoptotic effect. Moreover, VNS also required the 
contralateral efferent vagal activities to fully provide its 
cardioprotection.

Impact of VNS during intact, after ipsilateral 
and contralateral vagus nerve transection 
on cardiac mitochondrial function and inflammation 
during I/R

Furthermore, accumulating evidence has demonstrated that 
myocardial ischemia and post-ischemic reperfusion cause 
a wide array of functional and structural alterations of car-
diac mitochondria [6, 9, 21, 46, 47]. Our previous studies 

Fig. 10  Effects of VNS on cardiac mitochondrial dynamics. a–d Rep-
resentative immunoblots (top) and densitometric analysis (bottom) of 
the mitochondrial dynamic proteins (OPA1, MFN2, P-DRP1 at Ser 
616 and Ser 637). Data are presented as mean ± SE. *p < 0.05 vs I/R 

group; †p < 0.05 vs RtVNX group; ‡p < 0.05 vs Atropine group. I/R 
ischemia/reperfusion, LC-VNS left cervical vagus nerve stimulation, 
LtVNX left vagus nerve transection, RtVNX right vagus nerve transec-
tion
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have shown that one potential possible mechanism under-
lying the pronounced cardioprotection of VNS against I/R 
injury is through the prevention of cardiac mitochondrial 
dysfunction [46, 47]. Increasing the ROS production and the 
oscillation of mitochondrial membrane potential have been 
shown to play an important role in the genesis of cardiac 
arrhythmias and myocardial infarction [9]. In the present 
study, all VNS-treated groups significantly reduced cardiac 
mitochondrial ROS production and prevented depolarization 
of mitochondrial membrane potential. These results could be 
responsible for the anti-infarct, anti-arrhythmia and the pres-
ervation of cardiac function of VNS in the heart subjected to 
myocardial I/R. Interestingly, we found that both LC-VNS 
and LtVNX, but not RtVNX, could prevent mitochondrial 
swelling after I/R injury. This result might explain why LC-
VNS and LtVNX have higher efficiency on infarct size and 
prevention of cardiac arrhythmia than RtVNX.

In addition to cardiac mitochondrial dysfunction dur-
ing I/R, inflammatory processes have been shown to play 
a critical role during myocardial I/R injury [35]. In the 

present study, only LC-VNS significantly decreased the 
expression level of myocardial TNF-α (a pro-inflamma-
tion marker) after I/R injury. However, the level of tissue 
TNF-α was not changed after vagus nerve transection, sug-
gesting that VNS required both ipsilateral and contralateral 
efferent vagal activities to fully exert the anti-inflamma-
tion. Thus, it is reasonable to speculate that LC-VNS, both 
efferent vagal fibers are intact, provides the vagal tone that 
high enough to reach the activation threshold of the anti-
inflammatory signaling pathway. However, the expression 
level of myocardial IL-10 (anti-inflammation) tended to 
increase in all VNS treatments after I/R injury, but did not 
reach the statistically significant level. Additionally, both 
LC-VNS and LtVNX significantly decreased the oxidative 
stress level as shown by the reduction in myocardial MDA 
levels after I/R when compared with RtVNX and atropine 
groups. Again, this result suggests that both efferent vagal 
fibers are required for VNS to provide the vagal tone that 
high enough to reach the activation threshold of the anti-
oxidative effect.

Fig. 11  Effects of VNS on proteins related to cardiac metabolism. 
a Representative immunoblots of key proteins involved in cardiac 
metabolism. b Quantitative analysis of AMPK phosphorylation in the 
ischemic area normalized with that in the remote area, n = 6/group. c 
Myocardial PGC1α expression in the ischemic area normalized with 
that in the remote area, n = 6/group. d Cardiac mitochondrial CPT1 

expression in the ischemic area normalized with that in the remote 
area, n = 6/group. Data are presented as mean ± SE. *p < 0.05 vs I/R 
group; †p < 0.05 vs RtVNX group; ‡p < 0.05 vs Atropine group. I/R 
ischemia/reperfusion, LC-VNS left cervical vagus nerve stimulation, 
LtVNX left vagus nerve transection, RtVNX right vagus nerve transec-
tion



 Basic Research in Cardiology (2018) 113:22

1 3

22 Page 16 of 20

Impact of VNS during intact, after ipsilateral 
and contralateral vagus nerve transection 
on cardiac myocardial dynamics and fatty acid 
oxidation during I/R

Mitochondria are dynamic organelles that continually 
undergo fusion and fission [11, 12, 33, 55, 66]. Generally, 
mitochondrial outer and inner membrane fusion events are 
mediated by MFN1/2 and OPA1 protein [13]. In contrast, 
phosphorylation of DRP1 on Ser 616 promotes mitochon-
drial fission and phosphorylation of DRP1 on Ser 637 inhib-
its mitochondrial fission [12]. A growing body of literature 
has shown that enhancing mitochondrial dynamics and 
reducing mitochondrial oxidative stress have emerged as 
crucial therapeutic strategies to ameliorate myocardial I/R 
injury [48, 57]. In the present study, LC-VNS and LtVNX, 
but not RtVNX, significantly increased mitochondrial fusion 
protein (MFN2 and OPA1) expression, increased phospho-
rylation of DRP1 on Ser 637, and decreased the phospho-
rylation of DRP1 on Ser 616 when compared with I/R group.

Additionally, previous studies demonstrated that AMPK 
activation played an important role in ACh-mediated cell 
survival via an AMPK-induced cardiomyocyte autophagy 
pathway during cardiomyocyte hypoxia/reoxygenation 
injury [64]. Interestingly, AMPK activation can prevent 
mitochondrial fission by decreasing DRP1 and Fis1 levels 
in high glucose-induced endothelial apoptosis [5]. In the 
present study, LC-VNS and LtVNX, but not RtVNX, signifi-
cantly increased the phosphorylation of AMPK when com-
pared with I/R group, suggesting that AMPK was indeed 
involved in VNS-mediated protection of mitochondrial 
dynamics and function. Furthermore, it has been shown 
that pathological stressors for the heart, such as ischemia, 
are associated with a downregulation of mitochondrial bio-
genesis via PGC1α activity [1], and the impairment of the 
PGC1α-mediated mitochondrial biogenesis increased heart 
vulnerability to myocardial I/R injury [57]. Accordingly, 
upregulation of the PGC1α pathway has been shown to con-
fer protection against simulated I/R in cardiomyoblast cells 
[48]. Previous studies in skeletal muscle have demonstrated 

Fig. 12  The effects of VNS on proteins related to cardiac mitochon-
drial oxidative phosphorylation in pigs with cardiac I/R injury. a Rep-
resentative Western blot bands of cardiac mitochondrial complexes I, 
II, III, IV and V in the ischemic area and the remote area. b Cardiac 
mitochondrial complex I expression in the ischemic area normalized 
with that in the remote area, n = 6/group. c Cardiac mitochondrial 
complex II expression in the ischemic area normalized with that in 
the remote area, n = 6/group. d Cardiac mitochondrial complex III 
expression in the ischemic area normalized with that in the remote 

area, n = 6/group. e Cardiac mitochondrial complex IV expression 
in the ischemic area normalized with that in the remote area, n = 6/
group. f Cardiac mitochondrial complex V expression in the ischemic 
area normalized with that in the remote area, n = 6/group. Data are 
presented as mean ± SE. *p < 0.05 vs I/R group; †p < 0.05 vs RtVNX 
group; ‡p < 0.05 vs Atropine group. I/R ischemia/reperfusion, LC-
VNS left cervical vagus nerve stimulation, LtVNX left vagus nerve 
transection, RtVNX right vagus nerve transection
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that pharmacological- or exercise-induced AMPK activa-
tion increased PGC1α to promote mitochondrial biogenesis 
[3, 49, 65]. In the present study, LC-VNS and LtVNX, but 
not RtVNX, significantly increased the expression level of 
AMPK phosphorylation and PGC1α. Moreover, VNS signif-
icantly increased CPT1 expression in the heart subjected to 
I/R injury and this effect was abolished after administration 
of atropine, suggesting that VNS exerts its cardioprotection 
against I/R injury through muscarinic receptors (mAChR). 
At cellular level, acetylcholine (ACh), a neurotransmitter 
of the cardiac vagus nerve has been shown to replicate the 
effect of cardiac ischemic conditioning, a therapeutic strat-
egy for protecting organs or tissue against the detrimental 
effects of myocardial I/R injury. ACh, a non-selective ligand, 
initiates its downstream signal by activating G-protein-cou-
pled mAChR or by binding to nicotinic receptors (nAChR) 
that are ligand-gated ion channels, and both receptors are 
present in the heart [24, 32, 38]. Interestingly, previous study 
demonstrated that both mAChR and nAChR significantly 
increased after I/R, suggesting the compensatory response 
to myocardial I/R injury [38]. Although the effects of ACh 
on both electrical and mechanical properties of the heart are 
well known and have been attributed to mAChRs activation, 
including our present study, the effects of the action of ACh 
on α7nAChRs cannot be excluded. In an isolated perfused 
rat heart, GTS21 (α7nAChR agonist) administration at the 
initiation of reperfusion provided therapeutic benefit by 
improving cardiac contractile function through stimulating 
prosurvival signaling pathways, leading to the preservation 
of mitochondrial function, maintaining intracellular ATP 
and reducing ROS production, thus limiting infarct size 
[38]. Moreover, during ischemia, VNS exhibited a signifi-
cant reduction in the number of apoptotic cells [10]. Interest-
ingly, this beneficial effect was abrogated by mecamylamine 
(MEC), a non-selective α7nAChR antagonist [10]. Addition-
ally, VNS has been shown to protect against remote vascular 
dysfunction, through the cholinergic anti-inflammatory path-
way which is dependent on α7nAChR [63]. These findings 
suggest that not only the activation of the mAChRs, but the 
activation of α7nAChRs can also trigger cardioprotective 
signaling cascades which are effective against I/R injury. 
Thus, the distinct role of mAChR versus nAChR on these 
mechanisms in the heart remains to be determined.

The observed elevation of AMPK phosphorylation, 
PGC1α and CPT1 expression suggests that cardiac fatty 
acid metabolism is shifted toward mitochondrial beta oxi-
dation. Furthermore, increased levels of cardiac mitochon-
drial complexes I, II (only in the LC-VNS), III and IV of 
the electron transport chain were significantly increased in 
VNS-treated groups. Therefore, increased levels of cardiac 
mitochondrial complexes by VNS may also be responsible 
for the preservation of cardiac function in the heart sub-
jected to I/R injury. In summary, we have demonstrated that 

the mechanism underlying the cardioprotection of VNS was 
associated with anti-apoptosis, anti-oxidative stress, anti-
inflammation, prevent cardiac mitochondrial dysfunction, 
improved mitochondrial dynamic (increased mitochondrial 
fusion and decreased mitochondrial fission), improved mito-
chondrial biogenesis, shifted cardiac fatty acid metabolism 
toward beta oxidation and increased levels of cardiac mito-
chondrial complexes. Finally, VNS required both ipsilateral 
and contralateral efferent vagal activities to fully provide its 
cardioprotection against myocardial I/R injury, suggesting 
the important role of maintaining cardiac vagal tone during 
I/R (Supplemental Fig. S2).

Conclusions and clinical implications

Our study has shown that VNS-exerted cardioprotection 
against myocardial I/R injury via attenuation of mitochon-
drial dysfunction, increased mitochondrial fusion, decreased 
mitochondrial fission and shifted cardiac fatty acid metabo-
lism toward beta oxidation. However, LC-VNS and LtVNX 
produced more profound cardioprotection, particularly 
infarct size reduction, decreased arrhythmia score and apop-
tosis and attenuated mitochondrial dysfunction compared to 
RtVNX. Our findings suggest that selective efferent VNS 
may potentially be effective in attenuating myocardial I/R 
injury. Moreover, VNS also required the contralateral effer-
ent vagal activities to fully provide its cardioprotection. It is 
important to note that most of the current devices implanted 
in animal and clinical investigations, activate both afferent 
and efferent pathways [20, 22, 25, 34, 42, 60, 62]. Recently, 
Patel and colleagues have developed a kilohertz electrical 
stimulation (KES) nerve block technique to preferentially 
activate efferent pathways while blocking afferent pathways 
without the need to transect the vagus nerve [41]. Thus, 
using KES nerve block that selectively stimulates the effer-
ent vagal nerve fibers, VNS may potentially be an attrac-
tive potential adjuvant therapy to limit reperfusion injury in 
patients with acute MI. However, further clinical studies are 
needed before we can conclude that VNS is a viable clinical 
treatment in the affected MI patients.
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