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Vagal nerve stimulation protects the heart against myocardial

ischemia-reperfusion injury

La estimulacion vagal protege contra la lesion por isquemia-reperfusion

ATTILA KISS', BRUNO K. PODESSER!

Despite significant improvements in medical therapy,
acute myocardial infarction (MI) is still the major
contributor to mortality and morbidity worldwide. (1)
Although timely reperfusion of the occluded coronary
artery is necessary for salvage of cardiac cells and
function, reperfusion of the jeopardized myocardium
results in a cascade of harmful events, referred to as
reperfusion injury. (2) In addition, reperfusion-injury
itself contributes to the increase of myocardial infarction,
and consequently plays a major role in the progression
of adverse left ventricular remodeling as well as chronic
heart failure. (3) Of importance, the treatment of heart
failure patients represents a huge socioeconomic burden
on individuals and health care systems. Therefore, there
is need to identify novel clinically feasible, cost-effective
intervention(s) and targets which reduce infarct size
as well as the progression of adverse left ventricular
remodeling.

Recent studies demonstrated that reduced para-
sympathetic activity and counterbalancing sympathetic
hyperactivity in myocardial ischemia-reperfusion (IR)
is associated with cell necrosis as well as contractile
dysfunction. (4) In addition, there is considerable
autonomic disturbance in heart failure; the excess of
sympathetic activity and the withdrawal of vagal activ-
ity clearly contribute to the progression of ventricular
remodeling as well as worse outcome of heart failure.
(4) Therefore, therapeutic approaches acting on either
reduced sympathetic hyperactivity or enhanced para-
sympathetic activity might represent novel strategies
to reduce myocardial IR injury. Recent pioneering
studies demonstrating a number of device-based neu-
romodulation interventions targeting specific aspects
of autonomic imbalance (e.g. renal denervation, cardiac
contractility modulation, spinal cord stimulation, and
carotid sinus nerve and vagal nerve stimulation) are
being actively investigated in experimental and clini-
cal studies. (5)

Vagal nerve stimulation (VNS) is a promising novel
therapeutic approach to enhance cardiac parasympa-
thetic activity. The safety and efficacy of VNS for the

treatment of epilepsy and depression are well estab-
lished. (6). Preclinical studies have shown the benefit
of VNS to improve LV function and reduce infarct size
and mortality in a variety of animal models of myo-
cardial IR and heart failure. (7, 8) These studies have
demonstrated the pleiotropic effects of this therapy,
involving heart rate lowering, reduction of inflamma-
tion and apoptosis as well as inhibition of sympathetic
hyperactivity. There is evidence that stimulation of
the vagal nerve releases acetylcholine (Ach) which acts
on both muscarinic and nicotinic receptors, initiating
cellular and subcellular signaling pathways associated
with cardioprotection, such as activation of the Akt-
GSK-3p protection pathway. (7) In addition, similarly
to VNS, ischemic preconditioning, which is one of the
most powerful cardioprotective phenomena, whereby
brief cycles of ischemia to a coronary bed renders it
less susceptible to subsequent IR-injury, releases Ach
as well as ultimately reducing infarct size. (9)

Emerging evidence also points towards an immu-
nomodulatory function of the vagal nerve in the regu-
lation of cytokine production, termed the ‘cholinergic
anti-inflammatory pathway. (10) Recently, it was dem-
onstrated that electrical VNS decreased serum and
cardiac TNF-a in wild type mice, but not in alpha-7
nicotinic acetylcholine receptor (a7 nAChR) deficient
mice, emphasizing that the cholinergic anti-inflamma-
tory pathway is strictly dependent on a7 nACh. (11) Of
additional interest is the finding that electrical VNS
protects from myocardial and remote vascular injury
following myocardial IR via a mechanism that involves
activation of the 07 nAChR. (12)

Most of the studies above mentioned have investi-
gated the potential effect of VNS, applied throughout
the entire IR period to achieve maximal cardiovascular
protection. There are controversial data on the efficacy
of VNS in terms of 1) duration of the stimulation and
2) on the identification of the effects of ischemia and
reperfusion regarding infarct size limitation. A recent
study demonstrated that the infarct size limiting effect
of VNS was abolished when VNS was started at the
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onset of reperfusion. (13) In contrast, Uitterdijk et al.
(14) found.that VNS reduced infarct size when stimula-
tion was started 5 min prior to the onset of reperfusion
and continued until 15 min of reperfusion. Thus, the
optimal time window for the beneficial effect of VNS
seems to need clarification. Moreover, despite previous
studies showing the benefit of VNS on limiting infarct
size, there is a gap in our knowledge regarding the
activation of muscarinic and/or nicotinic receptors by
VNS applied prior ischemia to as well as at the onset
of reperfusion.

In this issue of the Argentine Journal of Cardiology,
Kelly et al. (15) demonstrated for the first time that a
single short period (10 minutes) of vagus nerve stimu-
lation applied either prior to ischemia or at the onset
of reperfusion effectively and with similar magnitude
reduced infarct size in a mice model of acute myocardial
IR. Of importance, the cardioprotective mechanisms
are different; while VNS applied prior to ischemia
activates muscarinic signaling pathways, VNS applied
at the onset of reperfusion depends on the activation
of nicotinic receptors. This finding leads to the conclu-
sion that infarct size reduction by VNS is mediated via
different signalling pathways. Interestingly, similar
to ischemic pre- or postconditoning, a short single
period of VNS resulted in a robust cardioprotective
effect. In a recent pioneering study, Basalay et al. (16)
demonstrated that the infarct size limiting effect of
remote ischemic conditioning requires intact vagal in-
nervation of the visceral organs and recruitment of a
GLP-1R-mediated signaling pathway via M3 muscarinic
receptors. However, the authors of the present study
focused on the mechanism only at the level of receptors
and speculated on the downstream signaling pathways.
Therefore, further studies are warranted to explore
the potential downstream signaling pathways, e.g. the
activation of Akt-GSK-3p and release of GLP-1, as well
as the reduction of inflammation due to the application
of VNS. Additionally, in contrast to previous studies,
the authors did not observe beneficial effects of VNS on
myocardial function, e.g. contractility parameters and
left ventricular end-diastolic pressure. Thus, it would
be interesting in the future to examine whether this
is due to the short time of VNS application or to other
mechanisms. Finally, in agreement with the authors
VNS is not practical to be used clinically in patients
with acute MI. However, the potency of cardioprotection
resulting from a short period of VNS provides a use-
ful tool to better understand the physiological basis of
cardioprotection, as well as a novel therapeutic strategy
to protect the heart against IR injury.

Conflicts of interest

None declared.

(See authors’ conflicts of interest forms on the website/Sup-
plementary material).

REFERENCES

1. White HD, Chew DP  Acute myocardial infarction. Lancet
2008;372:570-84. http://doi.org/cpm6r9

2. Yellon DM, Hausenloy DdJ. Myocardial Reperfusion Injury. N Engl
J Med 2007; 357: 1121-35. http://doi.org/dc76hb

3. Pfeffer MA, Braunwald E. Ventricular Remodeling After Myo-
cardial Infarction Experimental Observations and Clinical Implica-
tions. Circulation. 1989;81:1161-72. http://doi.org/b4v23t

4. Florea VG, Cohn JN. The autonomic nervous system and heart
failure. Circ Res. 2014;114:1815-26. http://doi.org/f55m4d

5. Byku M, Mann DL. Neuromodulation of the Failing Heart: Lost
in Translation? JACC Basic to Transl Sci. 2016;1:95-106. http://doi.
org/b4d8

6. De Ferrari GM, Schwartz P Vagus nerve stimulation: from pre-
clinical to clinical application and future directions. Heart Fail Rev
2011;16: 195-203. http://doi.org/fqt6xt

7. Buchholz B, Donato M, Perez V, Deutsch AC, Hocht C, Del Mauro J,
et al. Changes in the loading conditions induced by vagal stimulation
modify the myocardial infarct size through sympathetic-parasympa-
thetic interactions. Pflugers Arch Eur J Physiol. 2014;467:1509-22.
http://doi.org/bzgb

8. Beaumont E, Southerland EM, Hardwick JC, Wright GL, Ryan S,
LiY, et al. Vagus nerve stimulation mitigates intrinsic cardiac neuro-
nal and adverse myocyte remodeling postmyocardial infarction. Am
J Physiol - Hear Circ Physiol. 2015;309:H1198-H1206.

9. Pickard JMJ, Burke N, Davidson SM, Yellon DM. Intrinsic car-
diac ganglia and acetylcholine are important in the mechanism of
ischaemic preconditioning. Basic Res Cardiol. 2017;112:11. http://
doi.org/b4d9

10. Tracey KJ. The inflammatory reflex. Nature. 2002;420:853-9.
http://doi.org/bk2w8g

11. Wang H, Yu M, Ochani M, Amella CA, Tanovic M, Susarla S, et al.
Nicotinic acetylcholine receptor alpha7 subunit is an essential regu-
lator of inflammation. Nature. 2003;421:384-8. http://doi.org/bqdpdz
12. Kiss A, Tratsiakovich Y, Mahdi A, Yang J, Gonon AT, Podesser
BK, et al. Vagal nerve stimulation reduces infarct size via a mech-
anism involving the alpha-7 nicotinic acetylcholine receptor and
down-regulation of cardiac and vascular arginase. Acta Physiol
(Oxf). 2017; [Epub ahead of print]. http://doi.org/b4fb

13. Shinlapawittayatorn K, Chinda K, Palee S, Surinkaew S, Kumfu
S, Kumphune S, et al. Vagus nerve stimulation initiated late dur-
ing ischemia, but not reperfusion, exerts cardioprotection via
amelioration of cardiac mitochondrial dysfunction. Hear Rhythm.
2014;11:2278-86. http://doi.org/bzhb

14. Uitterdijk A, Yetgin T, te Lintel Hekkert M, Sneep S, Krabben-
dam-Peters I, van Beusekom HM, et al. Vagal nerve stimulation
started just prior to reperfusion limits infarct size and no-reflow.
Basic Res Cardiol. 2015;110. http://doi.org/bzg9

15. Kelly J, Buchholz B, Bernatene EA, Méndez Diodati N, Casa-
nova VC, Cicale EM, et al. Myocardial protection by Vagal Stimula-
tion in Ischemia-Reperfusion Injury in Mice Rev Argent Cardiol,
2017;85:6-12.

16. Basalay MV, Mastitskaya S, Mrochek A, Ackland GL, Del Ar-
royo AG, Sanchez J, et al. Glucagon-like peptide-1 (GLP-1) mediates
cardioprotection by remote ischaemic conditioning. Cardiovasc Res.
2016;1:cvw216. http://doi.org/b4fc





