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Abstract
Coronary heart disease (CHD) that is due to atheroscle-
rosis is associated with low-grade systemic inflamma-
tion. Congestive cardiac failure and arrhythmias that 
are responsible for mortality in CHD can be suppressed 
by appropriate vagal stimulation that is anti-inflamma-
tory in nature. Acetylcholine, the principal vagal neu-
rotransmitter, is a potent anti-inflammatory molecule. 
Polyunsaturated fatty acids (PUFAs) augment acetyl-
choline release, while acetylcholine can enhance the 
formation of prostacyclin, lipoxins, resolvins, protectins 
and maresins from PUFAs, which are anti-inflammatory 
and anti-arrhythmic molecules. Furthermore, plasma 
and tissue levels of PUFAs are low in those with CHD 
and atherosclerosis. Hence, vagal nerve stimulation 
is beneficial in the prevention of CHD and cardiac ar-
rhythmias. Thus, measurement of catecholamines, 
acetylcholine, various PUFAs, and their products lipox-
ins, resolvins, protectins and maresins in the plasma 
and peripheral leukocytes, and vagal tone by heart rate 
variation could be useful in the prediction, prevention 
and management of CHD and cardiac arrhythmias.
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INTRODUCTION
Coronary heart disease (CHD) is usually due to underly-
ing atherosclerosis and is the leading cause of  death in 
the United States and elsewhere. Both heart failure and 
cardiac arrhythmias are the common causes of  death 
due to CHD. It is interesting to note that both CHD and 
atherosclerosis are associated with low-grade systemic 
inflammation[1,2]. Diseases that predispose to the devel-
opment of  atherosclerosis and CHD, such as obesity, 
hypertension, type 2 diabetes mellitus and the metabolic 
syndrome, are also considered as low-grade systemic 
inflammatory conditions[3-8]. Thus, inflammation plays 
a significant role in CHD and cardiac arrhythmias and 
conditions that predispose to its development. Vagal 
stimulation has an antifibrillatory effect and is beneficial 
in animal models of  heart failure[9]. I propose that inflam-
mation plays a role in cardiac arrhythmias, and that vagal 
stimulation is beneficial because of  its anti-inflammatory 
actions. 

Previously, it has been reported that increasing heart 
rate within a physiological range by diminishing vagal 
tone during myocardial ischemia decreases ventricular 
electrical stability by increasing ischemia consequent to 
the rate-induced increase in myocardial oxygen require-
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ments, and a direct electrophysiological action of  the 
vagus on the ventricular myocardium[10]. The incidence 
of  ventricular arrhythmias is significantly higher and ven-
tricular fibrillation tends to occur more frequently in the 
atropine-treated group, while vagally mediated bradycar-
dia exerts a protective effect, which indicates that vagal 
stimulation per se (independent of  heart rate) increases 
ventricular electrical stability in non-ischemic and isch-
emic hearts[11]. In addition, acetylcholine, the principle 
vagal neurotransmitter, depresses the slope of  diastolic 
depolarization, and increases the rise time, amplitude, 
and conduction velocity of  action potentials recorded 
in the proximal portion of  the His-Purkinje system of  
the canine ventricle[12], and thus, in addition to its heart-
rate-mediated effects, atropine increases the incidence of  
arrhythmia by attenuating a stabilizing vagal influence. 
These and other studies have suggested that vagal nerve 
stimulation (VNS) could prevent or even abrogate cardiac 
arrhythmias[13-15]. 

VNS FAVORABLY INFLUENCES 
ENERGY PROVISION TO THE ISCHEMIC 
MYOCARDIUM
Vagal stimulation increases coronary resistance and de-
creases regional myocardial blood flow (RMBF) in non-
ischemic myocardium, while increasing endocardial 
RMBF, endo/epicardial ratio and ischemic/non-ischemic 
areas flow ratio, thus inducing a “reverse coronary steal 
phenomenon” in the ischemic myocardium. These ef-
fects are independent of  the induced bradycardia because 
they persist during atrial pacing, but result from musca-
rinic receptor activation because they are abolished by at-
ropine[16]. Vagal stimulation results in decreased collateral 
resistance in the ischemic area and a marked reduction 
of  myocardial oxygen requirement in non-ischemic and 
border zone myocardium, when myocardial ischemia 
produced by acute coronary occlusion during β-receptor 
blockade is examined[17]. This suggests that the provision 
of  energy to the ischemic myocardium is favorably bal-
anced with its actual demand during vagal stimulation.

Low-frequency electroneurostimulation (ENS) of  
the efferent vagus endings and brainstem structures via 
transauricular electroacupuncture increase the parasym-
pathetic tone of  the autonomic nervous system. ENS has 
a central vagotonic/sympatholytic influence on the heart, 
which leads to relief  of  anginal symptoms, diminution of  
biochemical myocardial signs of  disease, in the form of  
a decrease in heat shock protein 70 and myocardial ATP 
content, and an increase in cardiac tolerance of  operative 
reperfusion damage in patients with coronary artery dis-
ease (CAD) who underwent coronary artery bypass graft-
ing[18]. These results are supported by the observation 
that CAD is characterized by overactivity of  sympathetic 
cardiac tone, whereas vagal stimulation reduces sympa-
thetic inflow to the heart via inhibition of  norepinephrine 
release from sympathetic nerves. It has been noted that 

VNS induces sympatholytic/vagotonic dilation of  cardiac 
microcirculatory vessels and improves left ventricular (LV) 
contractility in patients with severe CAD[19]. 

VNS PREVENTS CARDIAC ARRHYTHMIAS
VNS exerts anti-arrhythmogenic effects by preventing the 
loss of  phosphorylated connexin (CX)43 during acute 
myocardial infarction[20], and ameliorates LV remodeling 
in heart failure by inducing tissue inhibitor of  matrix me-
talloproteinase (TIMP) expression and reducing matrix 
metalloproteinase (MMP)-9 in cardiomyocytes[21]. Cardiac 
microdialysis has demonstrated that topical perfusion of  
acetylcholine has similar actions on CX43, TIMP expres-
sion and MMP-9 protein level, which is suppressed by co-
perfusion of  atropine. The protective action of  VNS in 
CAD appears to be mediated by a vagus-nerve-mediated, 
brain cholinergic protective mechanism that is activated 
by melanocortin peptides[22], which suggests that melano-
cortins and pertinent compounds able to activate such a 
pathway may form a novel approach to management of  
ischemic heart disease. 

CARDIAC ARRHYTHMIAS ARE DUE TO 
LOCAL INFLAMMATION
Recent studies have suggested that cardiac arrhythmias 
are due to local inflammation, oxidative injury, altered 
myocyte metabolism, extracellular matrix remodeling, 
and fibrosis. This is because myeloperoxidase (MPO)-
deficient mice pretreated with angiotensin-Ⅱ have lower 
atrial tissue MPO, reduced activity of  MMPs, blunted 
myocardial fibrosis, and markedly reduced incidence of  
arrhythmias. Patients with cardiac arrhythmias had higher 
plasma concentrations of  MPO and larger MPO content 
in the myocardial tissue compared to the controls. These 
data support the mechanistic involvement of  MPO in the 
pathogenesis of  cardiac arrhythmias and suggest a strong 
association between cardiac arrhythmias and inflamma-
tion[22-24], and have led to the suggestion that the activa-
tion state of  leukocytes[25] (activation of  leukocytes leads 
to excess production of  MPO) could be secondary to a 
deficiency of  lipoxin A4 (LXA4), a potent anti-inflamma-
tory, organ-protective and antifibrotic molecule[24,25] and 
prostacyclin (PGI2), another anti-arrhythmic and anti-
inflammatory molecule[24,26]. 

Polyunsaturated fatty acids, PGI2 
AND LIPOXINS HAVE ANTIARRHYTHMIC 
ACTIVITY
Free polyunsaturated fatty acids (PUFAs) (10-15 μmol/L) 
eicosapentaenoic acid (EPA, 20:5 n-3), docosahexaenoic 
acid (DHA, 22:6 n-3), α-linolenic acid (18:3 n-3), ara-
chidonic acid (AA, 20:4 n-6) and linoleic acid (18:2 n-6) 
effectively prevent and terminate lysophosphatidylcho-
line- or acylcarnitine-induced arrhythmias of  cultured, 
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spontaneously beating, neonatal rat cardiomyocytes, while 
monounsaturated oleic acid (18:1 n-9) and saturated stea-
ric acid (18:0) are not effective[27]. Such antiarrhythmic 
actions of  n-3 PUFAs have been described in experimen-
tal animals and humans[28-31]. Among elderly adults, con-
sumption of  EPA/DHA-rich, fish-based diet lowers the 
incidence of  cardiac arrhythmias[32,33]. 

In adult dogs, intravenous infusion of  n-3 PUFAs (EPA 
1.25-2.82 g /100 mL, DHA 1.44-3.09 g /100 mL) signifi-
cantly reduces cardiac arrhythmias[34]. It is particularly 
interesting that CX40 and CX43 levels are lower[35] in 
n-3 PUFA-treated dogs, which suggests that n-3 PUFAs 
reduce vulnerability to induction of  cardiac arrhythmias 
by modulating cardiac CXs. Supplementation with n-3 
PUFAs not only reduces all-cause mortality and cardiac 
arrhythmias in patients with post-myocardial infarction[36], 
but also downregulates protein kinase B (Akt), epidermal 
growth factor, JAM3, myosin heavy chain α and CD99, 
and significantly decreases levels of  Smad6 compared 
with controls. This suggests that PUFA-mediated pre-
vention of  cardiac arrhythmias is due to attenuation of  
fibrosis, hypertrophy, and inflammation-related genes in 
response to mechanical stress[37].

MPO could mediate cardiac arrhythmias by augment-
ing myocardial fibrosis[23]. It is noteworthy that AA, EPA 
and DHA form precursors to anti-inflammatory prod-
ucts PGI2, lipoxins, resolvins, protectins and maresins[24], 
which stop leukocyte entry into the exudates as well as 
counter-regulate the signs of  inflammation. Leukocytes 
that enter an exudate interact with other cells such as 
monocytes, platelets, endothelial cells, mucosal epithelial 
cells, fibroblasts and myocardial cells in their immediate 
vicinity, and are able to perform transcellular biosynthesis 
of  these anti-inflammatory compounds, especially lipox-
ins. During the course of  inflammation and resolution, 
mediator switching occurs between families of  lipid me-
diators, namely from eicosanoids to lipoxins, resolvins as 
well as protectins; a process that depends on the availabil-
ity of  substrate within the evolving exudates. Thus, reso-
lution of  inflammation involves the appearance of  EPA 
and DHA, which follows the appearance of  unesterified 
AA that is transformed via enzymatic mechanisms to bio-
active compounds such as lipoxins, resolvins and protec-
tins that regulate the duration and magnitude of  inflam-
mation. Lipoxins, resolvins and protectins also increase 
the expression of  CCR5 receptors on T cells and aging 
leukocytes, which help clear local chemokine depots from 
the inflammatory site[24]. Lipoxins stimulate PGI2 genera-
tion by endothelial cells and nitric oxide production by 
vascular endothelial cells[38]; lipoxins and resolvins reduce 
neutrophil transendothelial migration, interleukin (IL)-12 
production, block tumor necrosis factor (TNF)-α, IL-8, 
interferon-γ, and IL-6 production, signal transduction by 
nuclear factor-κB, as well as intercellular adhesion mol-
ecule-1 expression[39-41]. Intravenous, oral and topical ap-
plication of  LXA4, lipoxin B4 and their synthetic analogs 
suppresses inflammation and lung and leukocyte MPO 
activity[42,43]. Furthermore, statins and thiazolidinediones 

that have anti-inflammatory properties increase the myo-
cardial content of  LXA4 and 15-epi-LXA4, which dem-
onstrates that myocardial cells are capable of  producing 
anti-inflammatory and antiarrhythmic lipid mediators[44]. 

These results suggest that inflammation plays a key 
role in the pathobiology of  cardiac arrhythmias. VNS 
also suppresses cardiac arrhythmias, therefore, it is likely 
that it has anti-inflammatory actions.

VAGUS STIMULATION SUPPRESSES 
INFLAMMATION
Wang et al[45] have shown that the vagus nerve can inhibit 
significantly and rapidly the release of  macrophage TNF, 
and attenuate systemic inflammatory responses, and have 
termed it as the “cholinergic anti-inflammatory pathway”. 
The essential macrophage acetylcholine-mediated (cho-
linergic) receptor that responds to vagus nerve signals 
has been identified as the nicotinic acetylcholine receptor 
α7 subunit that is required for acetylcholine inhibition of  
macrophage TNF release. Electrical stimulation of  the 
vagus nerve inhibits TNF synthesis in wild-type mice, but 
fails to do so in α7-deficient mice. It has been reported 
that stimulation of  cholecystokinin receptors leads to at-
tenuation of  the inflammatory response by way of  the 
efferent vagus nerve and nicotinic receptors[46]. Even 
the functional relationship between the cholinergic anti-
inflammatory pathway and the reticuloendothelial system 
has been found to be mediated via the vagus nerve. VNS 
fails to inhibit TNF production in splenectomized ani-
mals during lethal endotoxemia, whereas selective lesion-
ing of  the common celiac nerve abolishes TNF suppres-
sion by VNS, which suggests that the cholinergic pathway 
is functionally hard wired to the spleen via this branch of  
the vagus nerve[47]. These results indicate that electrical 
VNS or administration of  α7 agonists inhibits proinflam-
matory cytokine production. VNS strongly inhibits lipo-
polysaccharide (LPS)-induced procoagulant responses, 
attenuates the fibrinolytic response, and LPS-induced 
increases in plasma and splenic concentrations of  the 
proinflammatory cytokines TNF-α and IL-6, while not 
influencing the release of  the anti-inflammatory cytokine 
IL-10[48]. On the other hand, spleen vagal denervation 
inhibits the production of  antibodies to circulating anti-
gens[49]. Transcutaneous VNS dose-dependently reduces 
systemic TNF levels, inhibits high mobility group protein 
B1 (HMGB1) levels, and improves survival in mice with 
polymicrobial sepsis[50]. These observations attest to the 
fact that VNS suppresses inflammation. 

CONCLUSION
The observation that vagal tone is decreased, sympathetic 
tone is enhanced, production of  IL-6, TNF-α, migration 
inhibitory factor and HMGB1 is increased, and plasma 
and tissue concentrations of  AA and DHA and their 
products PGI2, lipoxins, resolvins, protectins and maresins 
are decreased in CHD, atherosclerosis and cardiac ar-
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rhythmias has important therapeutic implications. If  this 
is true, it implies that blockade of  α2-adrenoreceptors 
(blocking these receptor inhibits inflammation injury due 
to catecholamines[51]), stimulation of  the vagus nerve[52] 
and the nicotinic acetylcholine receptor α7 subunit[45], and 
administration of  AA, DHA, PGI2, lipoxins, resolvins, 
protectins and maresins, or their stable synthetic analogs, 
could be of  significant benefit in the prevention and 
management of  CHD and cardiac arrhythmias (Figure 1).  
It is also likely that acetylcholine and VNS enhance the 
production of  anti-inflammatory molecules such as 
lipoxins, resolvins, protectins and maresins by inducing the 
release of  PUFAs (such as AA, EPA and DHA) from the 
cell membrane lipid pool.

VNS is already in clinical use as an adjunctive treat-
ment for certain types of  intractable epilepsy and major 

depression[53-56]. VNS uses an implanted stimulator that 
sends electric impulses to the left vagus nerve in the neck 
via a lead wire implanted under the skin. The advantage 
of  VNS is that it can be performed as an outpatient pro-
cedure. It is possible to target pharmacologically the nico-
tinic acetylcholine receptor α7 subunit-dependent control 
of  cytokine release in CHD, cardiac arrhythmias and 
atherosclerosis. It is also likely that in future, the currently 
available treatment regimens for CHD, cardiac arrhyth-
mias and atherosclerosis could be combined with VNS 
and nicotinic acetylcholine receptor α7 subunit agonists. 
Another exciting possibility is that VNS might potentially 
enhance myocardial stem cell (progenitor cell) prolifera-
tion and thus augment myocardial healing and function in 
patients with CHD, as has been shown for hippocampal 
progenitor proliferation[57].
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Figure 1  Scheme showing relationship between vagal nerve stimulation, autonomic nervous system, inflammation, insulin resistance, metabolic syn-
drome and cardiac arrhythmias and cardiac failure. Inflammation plays a significant role in coronary heart disease (CHD) and cardiac arrhythmias and conditions 
that predispose to its development such as atherosclerosis. In contrast, vagal nerve stimulation (VNS) has anti-inflammatory activity, an antifibrillatory effect, and is 
beneficial in heart failure. Cardiac arrhythmias are due to local inflammation, oxidative injury, altered myocyte metabolism, extracellular matrix remodeling, and fibro-
sis. Myeloperoxidase (MPO)-deficient mice show reduced activity of matrix metalloproteinases (MMPs), blunted myocardial fibrosis, and markedly reduced incidence 
of arrhythmias. Patients with cardiac arrhythmias have higher plasma and myocardial concentrations of MPO compared to controls. Activation of leukocytes occurs 
in cardiac arrhythmias and congestive heart failure (CHF) that leads to excess production of MPO. Increased production of leukocyte MPO could be secondary to a 
deficiency of lipoxin A4 (LXA4) and prostacyclin (PGI2), which are potent anti-inflammatory, organ-protective, antifibrotic, and antiarrhythmic molecules. Thus, under 
normal physiological conditions, a delicate balance exists between proinflammatory molecules such as interleukin (IL)-6, tumor necrosis factor (TNF)-α, macrophage 
migration inhibitory factor (MIF), MPO and anti-inflammatory molecules such as IL-4, IL-10, NO, lipoxins, resolvins, protectins and maresins. Similarly, a balance ex-
ists between sympathetic tone and parasympathetic tone. Catecholamines (the neurotransmitters of the sympathetic nervous system) have proinflammatory actions, 
whereas acetylcholine (the principal neurotransmitter of the vagus nerve) has anti-inflammatory actions. Acetylcholine and VNS might augment the production of 
anti-inflammatory molecules lipoxins, resolvins, protectins and maresins. Thus, VNS is beneficial in cardiac arrhythmias, CHF and in other low-grade systemic inflam-
matory conditions such as obesity, hypertension, type 2 diabetes, metabolic syndrome, dyslipidemia, atherosclerosis and insulin resistance. Hence, measurement 
of plasma/leukocyte content of acetylcholine, catecholamines, IL-6, TNF-α, MIF, IL-4, IL-10, various PUFAs, lipoxins, resolvins, protectins, maresins and vagal tone 
could be used for prediction of disease progression, and assessing prognosis and response to treatment of CHF and cardiac arrhythmias.
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