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Cooling Down Inflammation in the Cardiovascular System
via the Nicotinic Acetylcholine Receptor
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Abstract: Inflammation is a major player in many cardiovascular
diseases including hypertension, atherosclerosis, myocardial infarc-
tion, and heart failure. In many individuals, these conditions coexist
and mutually exacerbate each other’s progression. The pathophysi-
ology of these diseases entails the active involvement of both innate
and adaptive immune cells. Immune cells that possess the o7 subunit
of the nicotinic acetylcholine receptor on their surface have the
potential to be targeted through both pharmacological and electrical
stimulation of the cholinergic system. The cholinergic system regu-
lates the inflammatory response to various stressors in different
organ systems by systematically suppressing spleen-derived mono-
cytes and chemokines and locally improving immune cell function.
Research on the cardiovascular system has demonstrated the poten-
tial for atheroma plaque stabilization and regression as favorable
outcomes. Smaller infarct size and reduced fibrosis have been asso-
ciated with improved cardiac function and a decrease in adverse
cardiac remodeling. Furthermore, enhanced electrical stability of
the myocardium can lead to a reduction in the incidence of ventric-
ular tachyarrhythmia. In addition, improving mitochondrial dysfunc-
tion and decreasing oxidative stress can result in less myocardial
tissue damage caused by reperfusion injury. Restoring baroreflex
activity and reduction in renal damage can promote blood pressure
regulation and help counteract hypertension. Thus, the present
review highlights the potential of nicotinic acetylcholine receptor
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activation as a natural approach to alleviate the adverse consequen-
ces of inflammation in the cardiovascular system.

Key Words: cholinergic anti-inflammatory pathway, heart failure,
cardiac remodeling, parasympathetic nervous system, atherosclero-
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INTRODUCTION

The concept of a cholinergic anti-inflammatory path-
way (CAIP) was first introduced by Kevin Tracey and his
research team, who demonstrated the efficacy of vagal nerve
stimulation (VNS) in attenuating excessive immune cell acti-
vation and proinflammatory cytokine production in a murine
model of sepsis.!™ The vagus nerve is the longest cranial
nerve in the parasympathetic system, providing innervation
to numerous organs and controlling a variety of physiological
functions such as digestion, heartbeat, immune responses,
hormone secretion, and respiratory function.> The vagus
nerve modulates the immune system by regulating innate
and adaptive immune cell-mediated responses.*¢ The cholin-
ergic system plays a crucial role in the proliferation, differ-
entiation, cytokine secretion, and antigen presentation of
immune cells in either innate or adaptive immunity.” As a mat-
ter of fact, VNS can effectively suppress inflammation in
a range of conditions, including rheumatoid arthritis, ischemia
reperfusion injury, septic shock, and inflammatory bowel dis-
ease.® In addition, clinical use of VNS was approved by the
Food and Drug Administration for refractory partial epileptic
seizures and resistant depression.® Furthermore, the therapeu-
tic potential of VNS has been explored in other conditions,
such as pain, obesity, cognitive impairment, and anxiety.’

The CAIP is a complex network that consists of afferent
vagus nerve fibers, brainstem nuclei, efferent nerve fibers, the
neurotransmitter acetylcholine (ACh), and the a7 subunit of
nicotinic acetylcholine receptor (27-nAChR) (Table 1).10:1!
The sensory afferent vagus nerve fibers are responsible for
detecting peripheral inflammatory stimuli and conveying sig-
nals to the brainstem nuclei.!! In the context of sepsis, the
spleen is considered a crucial target organ, where VNS has
been shown to suppress cytokine production.'>!3 According
to the disynaptic model, preganglionic fibers, which originate
in the dorsal motor nucleus of the vagus nerve, synapse with
postganglionic sympathetic neurons located in the celiac gan-
glion. These neurons subsequently project through the splenic
nerve to innervate the spleen.!>-'4 Norepinephrine released
from splenic nerve fiber activates P2 adrenergic receptors
on CD4" T cells expressing choline acetyltransferase
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(ChAT) and synthesizing ACh.37-15 ACh subsequently binds
to a7-nicotinic acetylcholine receptors (nAChRs) expressed
by macrophages, thus inhibiting the production of excessive
inflammatory mediators, and consequently reducing systemic
or local immune-mediated damage (Fig. 1).37 The thymus,
the organ of lymphocyte maturation and release, is also sup-
plied by nerve fibers of the parasympathetic and sympathetic
divisions of the autonomic nerve system.!® Vagal fibers are
involved in lymphocyte maturation and/or their export from
the thymus to the blood circulation, which is mediated
through nicotinic receptors.!%-17

nAChRs comprise 5 subtypes: a, B, v, 8, and €, with the
o class further divided into 10 subunits (e1-210) and the
B class into 3 (B1-f4).!"! Various combinations of o and [ sub-
units determine the pharmacologic properties of the different
nAChRs, and therefore, the chemical structure of a drug can
make it highly selective for a subtype-specific nAChR.!® In
fact, @3 and P4 subunits are the predominant nAChR sub-
types located in the autonomic ganglia and brainstem nuclei
that play a vital role in regulating cardiovascular functions.!®
According to the literature, the major nAChR subtypes pres-
ent in cardiac tissue include a5 and o7 subunits.?%2! In addi-
tion to a neuronal source, cardiomyocytes possess a non-
neuronal cardiac cholinergic system (NNCCS), which is
involved in the regulation of cardiac homeostasis.?>23
NNCS is an intrinsic cholinergic machinery in the cardiomyo-
cytes possessing enzymes and transporters for ACh synthesis,
storage, degradation, and reuptake of choline.?* On the other
hand, intrinsic cardiac nervous system is a neuronal network
comprising afferent, interconnecting, and cardiomotor (effer-
ent sympathetic and parasympathetic) neurons, which can
regulate cardiac function on a beat-to beat basis even without

TABLE 1. Pharmacological Modulators of Cholinergic
Receptors and their Functions

Drug Function
AR-R17779

Potent and selective full agonist for the a7-
nAChR

Atropine Competitive, reversible antagonist of the
muscarinic acetylcholine receptors

AZ6983 Selective agonist and modulator for the a.7-
nAChR

Carbamylcholine Agonist for nicotinic and muscarinic
acetylcholine receptors

Donepezil Cholinesterase inhibitor

Galantamine Cholinesterase inhibitor

GTS-21 Partial selective a7-nAchR agonist

Mecamylamine Nonselective, noncompetitive antagonist of

the nAChRs

Methyllycaconitine Selective antagonist for the «7-nAChR

Neostigmine Cholinesterase inhibitor

Oxotremorine Selective muscarinic acetylcholine receptor
agonist

PNU-282987 Potent and selective agonist for the a7-
nAChR

PNU-120596 Potent and selective positive allosteric
modulator for the a7-nAChR

Pyridostigmine Cholinesterase inhibitor
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central nerve system impact.?>-27 It is important to note that
the o7-nAChR is essential for the anti-inflammatory actions
mediated by both the neuronal and non-neuronal cholinergic
systems.?® The present review studies the impacts of the
CAIP and cholinomimetic drugs, that mainly bind the a7-
nAChR, on the cardiovascular system (Fig. 1).

ATHEROSCLEROSIS

Atherosclerosis is the underlying cause of most cardio-
vascular diseases including coronary artery disease, periph-
eral artery disease, and cerebrovascular disease.?3!
Atherosclerosis is a chronic systemic inflammatory disease
in which endothelial dysfunction, dyslipidemia, and altered
inflammatory response are involved.3%3! During the course of
the disease, both the innate and adaptive immune responses
are elicited.3? Expression of o.7-nAChR by T cells and macro-
phages in atherosclerotic plaques enables cholinergic agents
to modulate the regulation of inflammation in this pathol-
ogy.33* A selective o.7-nAChR agonist AR-R17779 was
tested for this purpose in apolipoprotein E (ApoE)-deficient
mice that develop marked atherosclerosis with the combined
stress of high-fat diet and angiotensin II. Treatment signifi-
cantly reduced atherosclerotic plaque area and enhanced sur-
vival of mice.?> However, reductions in blood pressure (BP)
and serum lipid levels, 2 major factors contributing to athero-
sclerotic plaque formation, left the study inconclusive regard-
ing the direct impact of the drug on plaques (Fig. 2).3° It is
worth noting that in an earlier study, pharmacological stimu-
lation of the cholinergic system by donepezil in ApoE-
deficient mice significantly attenuated atherogenesis without
meaningful changes in BP and total cholesterol levels
(Fig. 2).3¢ The cholinergic system involvement in atheroscle-
rosis is increasingly drawing attention; moreover, additional
supportive data were provided by an experiment where
lethally irradiated hypercholesterolemic low-density lipopro-
tein receptor-deficient (Ldlr—/'~) mice were transplanted with
bone marrow from wild type or a7-nAChR-deficient animals.
The absence of a7-nAChR from bone marrow cells increased
aortic atherosclerosis by 72%. Furthermore, increased aortic
interferon-y mRNA inferred the involvement of Thl activity
in the absence of a7-nAChR signaling.?? Interestingly, an
experiment with the same mouse model demonstrated signif-
icant increases in the numbers of leukocytes in the perito-
neum, blood, mesenteric lymph node, and spleen. However,
neither development of atherosclerosis nor composition of
lesions were affected by hematopoietic o7-nAChR defi-
ciency.’” The discrepancy between these similar studies
might be explained by the interventions during the time
course of the studies.

Subendothelial lipoprotein sequestration and subse-
quent modification render them proinflammatory, leading to
the recruitment of monocyte-derived cells. Monocyte-derived
macrophages clear the accumulated lipoproteins, and over
time, this primarily beneficial effect is subverted by accumu-
lation of cholesterol-laden macrophage foam cells that pro-
mote plaque formation.?® The absence of o7n-AChR on
macrophages in ApoE-deficient mice led to a reduction in
macrophage antioxidant capacity and an increase in
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-Clinical use of VNS was FDA approved for refractory
epileptic seizures and treatment resistant depression.
‘VNS has been shown to suppress inflammation in
various conditions such as IBD, RA and septic shock.
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FIGURE 1. The effect of CAIP and VNS on cytokine synthesis in the spleen. This schematic diagram provides a comprehensive
illustration of the CAIP mediated through VNS. This pathway outlines key components, including the vagus nerve, celiac gan-
glion, splenic nerve, ACh, and the «7-nAChR. The diagram highlights the activation of the vagus nerve and subsequent release of
ACh, which interacts with a7-nAChRs expressed on macrophages in the spleen. This interaction ultimately leads to the down-
regulation of inflammatory mediators, illustrating the immune regulatory role of the CAIP in inflammation modulation. a7 nAChR,
alpha-7 nicotinic receptor; FDA, Food and Drug Administration; IBD, inflammatory bowel disease; RA, rheumatoid arthritis.

macrophage oxidized low-density lipoprotein uptake.>® In
a recent study, a novel a7-nAChR agonist, AZ6983, showed
antiatherosclerotic effects in ApoE-deficient mice through
reducing inflammation locally in the atherosclerotic lesion,
as well as systemically lowering circulating chemokines with
recognized proatherogenic effects. Importantly, AZ6983

Copyright © 2023 Wolters Kluwer Health, Inc. All rights reserved.

improved phagocytosis of apoptotic macrophages, specifi-
cally efferocytosis.*® Of note, macrophage apoptosis occurs
in early lesion formation, plaque progression, and plaque sta-
bility. Removal of apoptotic macrophages by efferocytosis is
crucial to the reduction of the atherosclerotic plaque progres-
sion and vulnerability (Fig. 2).4!

www.jcvp.org | 243

Copyright © 2023 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.



Kaplan et al | Cardiovasc Pharmacol™ e Volume 82, Number 4, October 2023

AR-R17779 Q ‘ ‘# Atherosclerosis

Atherosclerotic plaque

IApoE—/ - with a high fat diet |

’ ‘# Serum lipids

Blood vessel Blood vessel
’ }| Atherosclerosis > Q
Atherosclerotic plaque @
° > - ‘ T i Efferocytosis
X Macrophage Apoptotic
macrophage

B ﬂ Apoptotic macrophage
T-cell

T-cell
ApoOE-/- l ‘ ¢¢ Chemokine producti>

O ’ ‘l Atherosclerosis

Atherosclerotic plaque

—®

<
o
=
Qo
)
=
=)
kel
=
Q
(]
[¢]
i
=
Lol
=
o
=)
=
()

Macrophage

FIGURE 2. Effects of drug interventions on atherosclerosis and inflammatory responses in experimental animal models. This figure
illustrates cholinergic modulation in atherosclerosis. In experimental studies using ApoE-deficient mice fed a high-fat diet, the o.7-
nAChR agonists AR-R17779 and AZ6983 demonstrated positive effects on reducing atherosclerotic plaque area, serum lipid levels,
and improving efferocytosis. Stimulation of the cholinergic system by donepezil also showed attenuation of atherogenesis in
ApoE-deficient mice. Furthermore, activation of the «7-nAChR using GTS-21 decreased the abundance of splenic Ly6-Chi
monocytes and macrophages in plaques. These findings highlight the potential of cholinergic modulation as a therapeutic
approach in atherosclerosis. ApoE (—/—), apolipoprotein E deficient.
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The role of the cholinergic system in atherosclerosis has
mainly focused on macrophages, but recent studies have also
investigated monocytes. Some of these studies have reported
a correlation between higher levels of blood monocytes and
increased recruitment, leading to larger atherosclerotic lesions
in mice.*>*3 It was further reported that monocytes originat-
ing in extramedullary niches such as the spleen circulate and
accumulate abundantly in atherosclerotic  plaques.**
Stimulation of o7-nAChR with GTS-21, a selective agonist,
alleviated splenic Ly6-Chi monocytes and significantly
decreased macrophages in plaques along with a reduction in
atherosclerosis in the aorta of ApoE-deficient mice (Fig. 2).
Although this study revealed that the spleen is an important
site of action for GTS-21 in diminishing myelopoiesis, it was
not designed to investigate the direct effects of the cholinergic
system in the lesion.*?

In summary, macrophages play a pivotal role in the
formation and progression of atherosclerotic plaques, and the
presence of a7-nAChR on these cells provides an opportunity
to manipulate them through various cholinergic agents. So
far, the agents that have been used are able to reduce both
local and systemic inflammation that promote plaque devel-
opment. Enhanced phagocytic activity of macrophages and
efferocytosis serves to improve plaque stability and regres-
sion. Systematic repression of spleen-derived monocytes and
chemokines limit recruitment of inflammatory cells in the
plaque. Further studies are required to fully understand the
importance of a7-nAChR stimulation for treating atheroscle-
rosis in all aspects (Table 2).

HYPERTENSION

The autonomic nervous system (ANS) plays a crucial
role in controlling the cardiovascular system, but this control
is impaired in hypertension. In addition, this condition is
associated with a reduced parasympathetic tone and an
increased sympathetic input to the heart and peripheral
vessels.!! This imbalance increases the risk of morbidity
and mortality in patients with hypertension.*> Although the
cholinergic nerve endings function through muscarinic recep-
tors on the muscular and endothelial layers of blood vessels to
provide vasorelaxation,!'! there are numerous studies showing
an association between a7-nAChR and hypertension,?846-48
The immune system has a role in the development of hyper-
tension,*® and the CAIP might be a therapeutic tool (Table 3).

The role of a7-nAChR dysfunction in hypertension has
been investigated in spontaneously hypertensive rats in which
expression of the vesicular acetylcholine transporter and the
o7-nAChR in cardiovascular tissues were reduced.*® Early-
organ damage was observed along with elevated tissue levels
of proinflammatory cytokines in the heart, kidney, and aorta.
Treatment with a7-nAChR agonist PNU-282987 relieved
end-organ damage and reduced tissue levels of proinflamma-
tory cytokines (Fig. 3). More supporting data came from
a study that used the 2-kidney 1-clip hypertensive rat
model.?® After the development of hypertension, vagus nerve
function was significantly decreased in the study group.
Furthermore, a7-nAChR expression was downregulated in
the aorta and kidney, whereas the serum tumor necrosis factor

Copyright © 2023 Wolters Kluwer Health, Inc. All rights reserved.

o (TNF-a) level was increased. Baroreflex sensitivity is
another marker of autonomic function having an important
role in long-term development of hypertension.>%>!
Administration of GTS-21 to rats with angiotensin II-
induced hypertension improved baroreflex sensitivity and
attenuated BP. Moreover, excessive renal fibrosis and over-
expression of inflammatory cytokines were reduced (Fig. 3).
In vitro investigations revealed that GTS-21 repressed nuclear
factor KB (NF-kB) activation, decreased angiotensin II-
induced epithelial-—mesenchymal transition, and lowered
inflammation and fibrosis in NRK-52E cells.’! Similar to
a7-nAChR agonists, the acetylcholinesterase inhibitor done-
pezil produced beneficial effects for hypertension.>> While
both donepezil and pyridostigmine were able to improve car-
diac vagal tone and prevent cardiac remodeling, only done-
pezil could reduce high BP and plasma cytokine levels in
spontaneously hypertensive rats. The difference between
these 2 agents could be due to the fact that donepezil can
cross the blood-brain barrier and potentially hinder the
renin—angiotensin system and oxidative stress in the central
nervous system (Fig. 3).32 The absence of change in serum
norepinephrine levels by donepezil indicated that the antihy-
pertensive effect is not apparently mediated by a reduction in
sympathetic hyperactivity.>? Interestingly, an experiment with
a7-nAChR knockout mice showed unexpected outcomes
where the absence a7-nAChR manifested protective effects
against angiotensin IlI-induced hypertension. The author
attributed this result to the impaired communication between
the brain and spleen by synaptic connection between vagal
preganglionic and splenic sympathetic postganglionic neu-
rons in which a7-nAChR is known to play a crucial role.>?
Denervation of the splenic nerve also showed the same pro-
tective effects. It was indicated that both approaches protected
mice from hypertension by hampering T-cell activation,
T-cell exit from the spleen, and consequent infiltration of
target organs.>> Of note, T cells and various T-cell-derived
cytokines have been shown to have an important role in sev-
eral models of experimental hypertension.>* This result con-
tradicts the theory that enhanced splenic nerve activity by the
vagus nerve inhibits the release of proinflammatory cytokines
from splenic macrophages and other immune cells.3-7-12:13.15

Ghrelin is an endogenous 28 amino acid peptide that
binds the growth hormone secretagogue-receptor (GHS-R) in
various human tissues including the heart and vasculature.
Ghrelin exerts widespread cardioprotective effects, including
improvement of endothelial and vascular function, suppres-
sion of sympathetic drive, regulation of BP, prevention of
atherosclerosis, and the attenuation of adverse cardiac remod-
eling.>> Ghrelin is also capable of activating the efferent arm
of the vagus nerve.>®>7 In ghrelin knockout mice with trans-
verse aortic constriction, significant cardiac hypertrophy was
observed.’” This result and increased proinflammatory cyto-
kines in serum was associated with suppression of the CAIP
which was reversed by administration of nicotine or ghrelin.

The pathogenesis of systemic lupus erythematosus
(SLE), a chronic autoimmune disease, involves multiple
cellular components of the immune system, which can affect
several organs and tissues.>® SLE is associated with increased
cardiovascular risk factors, including atherosclerosis, arterial
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TABLE 2. Effects of Drug Application on Atherosclerosis and Inflammation in Experimental Animal Models

Ref/Year Animal/Method Drug/Application Result
19785985/2009 Peritoneal macrophages harvested from — T Macrophage cholesterol mass, oxidized
ApoE-deficient mice and «7nAChR-deficient LDL uptake, and total peroxide levels in
mice macrophage
< TBARS and paraoxonasel activities
<> Serum cholesterol
| Macrophage paraoxonase2 mRNA
1 Serum CRP and IL-6
20723895/2010 ApoE-deficient mice fed HFD and received Donepezil < Heart rate, BP, and total cholesterol levels
infusion of angiotensin II J TNF-a
I NADPH oxidase activity
| Atherogenesis
| Expression of MCP-1
LROS in the aorta
24685818/2014 ApoE-deficient mice fed HFD and received AR-R17779 | Aortic abdominal aneurysm formation
Ang I | Serum lipid levels
|BP
JIL-1B, IL-6, and NOX2
| Atherogenesis
25324572/2014 Ldlr(-/-) mice irradiated and reconstituted — 1 Aortic atherosclerosis by 72%
with bone marrow from a7nAChR-deficient 1 Aortic interferon-y
animals fed with HFD
25345495/2015 Ldlr(-/-) mice irradiated and reconstituted — 1 Leukocytes in the peritoneum, blood,
with bone marrow from a7nAChR-deficient mesenteric lymph nodes, and spleen
animals fed with HFD 1 TNFa and TNFa in the spleen
TCRP in peritoneal leukocytes
1 Active integrin allb B3 on stimulation by
ADP on the platelets
<> Atherosclerosis/composition of lesions
28858686/2017 ApoE-deficient mice fed with HFD GTS-21 | Atherosclerosis in the aorta
| Blood monocytes, splenic monocytes, and
macrophages in the plaque
| Inflammatory cytokines
| Extramedullary hematopoiesis in the spleen
31260875/2019 In vitro in LPS-challenged mouse and human AZ6983 | Proinflammatory cytokines in acute

blood

In vivo using the acute inflammatory air
pouch model

ApoE-deficient mice

stimulation of human and mouse blood in
vitro, as well as in vivo using the air pouch
model

| Atherosclerosis by 37%—49%

| Serum cytokine levels

1 Phagocytosis in bone marrow—derived
macrophages

Ang II, angiotensin II; HFD, high-fat diet; MCP-1, chemoattractant protein-1; NADPH, nicotinamide adenine dinucleotide phosphate; NOX, NADPH oxidase; TBARS,

thiobarbituric acid reactive substances.

hypertension, and chronic kidney disease.>>% Aberrant
immune function and systemic inflammation are known to
cause the development of renal injury and hypertension in
SLE. Moreover, impaired autonomic function has also been
implicated in the pathogenesis of these cardiovascular com-
plications.®! Administration of nicotine to the female
NZBWF1 mice, a model of murine SLE, blunted TNF-
o expression in the spleen and renal cortex. These changes
coincided with lower BP and reduced renal injury in the
treatment group.®! Similarly, chronic administration of gal-
antamine, an inhibitor of acetylcholine breakdown, to female
NZBWF1 mice showed anti-inflammatory, antihypertensive,

246 | www.jcvp.org

and renoprotective effects. In addition, plasma concentrations
of anti-double-stranded DNA (dsDNA) autoantibody, a diag-
nostic and prognostic indicator of the severity of SLE, was
significantly reduced (Fig. 3).°> Remarkably, treatment of the
same model of mice with either GTS-21 or PNU-120596 did
not show any improvement in the increased plasma dsDNA
autoantibody levels, splenic and renal inflammation, renal
injury, or hypertension (Fig. 3). These unexpected results
were explained as follows: for PNU-120596, a basal cholin-
ergic tone is required to achieve an effect, which might not
have been sufficient in the advanced stage. GTS-21 is specific
for a7-nAChR, unlike nicotine, which affects the other
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TABLE 3. Effects of Drug Application on Hypertension and Inflammation in Experimental Animal Models
Ref/Year Animal/Method Drug/Application Result

21173343/2011 Spontaneously hypertensive rats PNU-282987 | TNF-a, IL-1, and IL-6
| End-organ damage
I NF-kB activation

22682236/2012 2-kidney 1-clip hypertensive rat model — 1l @7nAChR expression in the aorta and
kidney
| Vagal function
1Serum TNF-a
<o 7nAChR mRNA in the heart
25758777/2015 Spontaneously hypertensive rats Donepezil | Cardiomyocyte diameter and collagen
Pyridostigmine density
|BP
1 Serum TNF-a, IL-6, and IFN-y levels
| Cardiomyocyte diameter and collagen

density
<> Serum TNF-a, IL-6, and IFN-y levels
< BP
25870195/2015 Transverse aortic constriction in ghrelin — 1 Vagal function
knockout mice Ghrelin 1 Serum IL-1B and IL-6 and cardiac
hypertrophy
1 Vagal function
1 Serum IL-1B and IL-6 and cardiac
hypertrophy
27676657/2016 (1) 7nAChR knock out mice — Both models showed
Ang II-induced hypertension — |BP
(2) Cut celiac branch of the subdiaphragmatic 1 T-cell activation, T-cell egression from the
vagus of WT mice spleen, and T-cell infiltration of target organs
Ang Il-induced hypertension
28400502/2017 Female NZBWF1 mice, a model of murine Nicotine < Renal cortical IL-10 and renal cortical
SLE MCP-1
1 Splenic TNF-a and renal cortical TNF-o
|BP
30332305/2018 Female NZBWF1 mice, a model of murine Galantamine | Glomerulosclerosis and fibrosis and BP
SLE 1 dsDNA autoantibodies
Renal cortical:
| TNF-a.
< HMGB-1, BAFF, and IL-1§
32538149/2020 Female NZBWF1 mice, a model of murine — <> dsDNA autoantibodies
SLE_, were subjected to a right unilateral | Glomerulosclerosis, BP, and BAFF
cervical vagotomy 1 CD4+ T cells in the spleen and renal TNF-
o
33928103/2021 Female NZBWF1 mice, a model of murine PNU-120596 For both drugs
SLE GTS-21 <> Splenic, renal cortical, and renal

medullary TNF-o
< dsDNA autoantibodies
< BP and renal function
33815099/2021 Ang Il-induced hypertension in Sprague— GTS-21 1 Baroreflex sensitivity
Dawley rats | BP and renal fibrosis

| Epithelial-mesenchymal transition and NF-
KB activation

Ang II, angiotensin II; BAFF, B-cell activating factor; MCP-1, monocyte chemoattractant protein; NF-kB, nuclear factor kappa B; SHR, spontaneously hypertensive rat; WT, wild
type.

nicotinic receptors that may have beneficial effects.®3 It is which may contribute to vagal anti-inflammatory pathway. In
noteworthy that alongside cholinesterase inhibition, galant- addition, receptors other than o.7nAChRs presenting on a vari-
amine is capable of acting on nicotinic acetylcholine receptors ety of both innate and adaptive immune cells modulate
a4P2, a3P4, and 264, and o7 in certain areas of the brain,®*  inflammation and immunity.%°
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FIGURE 3. Effects of drug interventions on hypertension and inflammatory responses in experimental animal models. This figure
demonstrates the role of a7-nAChR dysfunction in hypertension and presents various therapeutic interventions. Chronic
administration of galantamine exhibits anti-inflammatory and BP-lowering effects in mice. In addition, the a7-nAChR agonists,
PNU-282987 and GTS-21, show effectiveness in reducing inflammation and improving BP control in hypertensive rats.
Acetylcholinesterase inhibitors, donepezil and pyridostigmine, improve cardiac function and reduce high BP in hypertensive rat
models. These findings highlight the potential of targeting a7-nAChR and cholinergic pathways for hypertension management.
dsDNA autoantibody, double-stranded DNA antibody; BBB, blood-brain barrier.

Although most studies increase vagus signaling for
suppressing inflammation, the authors of a recent study
showed an attenuated inflammatory response by reducing
vagus signaling. Unilateral vagotomy dampened SLE-
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induced hypertension, albumin excretion rate, and glomerulo-
sclerosis. These protective effects were associated with
reduced splenic T cells and renal inflammation.®® Crosstalk
between the central nerve system and innate immune system
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is dysregulated in SLE as a result of constant activation of
vagal afferents because of excessive uncontrolled inflamma-
tion resulting in efferent vagal tone. Unilateral vagotomy may
minimize the afferent signaling and so reduce the efferent
signaling.®%-%7 Further supporting data were provided by flow
cytometry that showed decreased CD4" T cells in the spleen
after unilateral vagotomy, supporting a reduced inflammatory
environment.®® Of note, vagal—coeliac—splenic nerve connec-
tions regulate BP mediated by a7nAChR, where T-cell acti-
vation, egression from the spleen, and infiltration of target
organs is influenced.

In summary, because the etiology of hypertension is
multifaceted, its solution ought to involve more than a single
system.>3 By improving baroreflex activity, enhancing vagal
function, and suppressing inflammation, the CAIP seems to
be functional in hypertension. In addition, improving renal
function and reducing renal damage support the control of
BP regulation. However, regarding hypertension secondary
to chronic autoimmune diseases such as SLE, preclinical
studies show less consensus on the beneficial effects of
CAIP. The stage of chronic disease, the method of enhancing
cholinergic activity, and other undiscovered factors may play
a role in this discrepancy. Another interesting point is that
long-term enhanced vagal afferent signaling due to chronic
inflammation may dampen efferent vagal tone. Unilateral
vagotomy may break the vicious circle leading to an improve-
ment in CAIP. It is worth mentioning that hypertension ac-
companies numerous chronic diseases and the role of CAIPs
needs to be investigated in each of them individually.

ISCHEMIA/REPERFUSION INJURY

Acute myocardial infarction (MI) is the principal cause
of acute myocardial injury, and the most effective treatment
for it is to reperfuse the ischemic area. However, reperfusion
itself can cause myocardial injury by multifaceted mecha-
nisms.” A sterile inflammatory response is a well-known con-
sequence of reperfusion injury contributing to the final infarct
size.%® Approximately 50% of the final infarcted myocardial
area after acute MI can be attributed to reperfusion injury.%%-7°
Thus, application of novel therapeutic interventions before or
at the onset of reperfusion are needed to protect the ischemic
myocardium from further injury.”!

In recent years, VNS has provided promising results in
different species such as mice, rats, rabbits, pigs, and dogs
with ischemia and heart failure (HF) models.”?> Results
regarding the therapeutic effects of CAIP were reported in
a study in cats where VNS reduced myocardial injury after
ischemia and reperfusion (I/R).”> Further supportive data
were provided in another study with rabbits in which VNS
improved cardiac remodeling, in conjunction with less
inflammatory cell recruitment and matrix metalloproteinase
production.”* Similar results were reproduced in dogs follow-
ing right VNS in the setting of myocardial I/R.” The timing
of VNS can activate different protective mechanisms in the
setting of the myocardia I/R model. Mice that received 10 mi-
nutes of VNS before ischemia or at the onset of reperfusion
had comparable myocardial infarct sizes, mimicking ischemic
classic preconditioning and postconditioning, respectively.”?

Copyright © 2023 Wolters Kluwer Health, Inc. All rights reserved.

In the preischemic treatment group, the protection was attrib-
uted to the activation of muscarinic acetylcholine receptors
(mAChRs) and the intracellular PI3K/Akt and glycogen syn-
thase kinase-3p (GSK-3P) signaling pathway. Specifically,
VNS during reperfusion seemed to reduce infarct size by
involvement of a7-nAChRs and activation of the JAK2 intra-
cellular pathway. Notably, these protective effects were found
to be independent of local or systemic anti-inflammatory re-
sponses because neither in mice subjected to dorsal vagus
nerve section at a subdiaphragmatic abdominal level nor sple-
nectomy eliminated the protection exerted by VNS.72
Pharmacologic postconditioning of rats subjected to I/R with
a o7-nAChR agonist, PNU282987, attenuated the systemic
inflammatory response and infarct size.”>

Limb remote ischemic postconditioning also provides
protection against myocardial I/R injury by reducing regional
and systemic inflammatory responses.’®”7 In a rat model of
I/R, either postconditioning with PNU282987 or remote
ischemic limb showed cardioprotective effects. The combina-
tion of the 2 interventions provided further protection.”’
Another novel finding of this study was the demonstration
of a link between CAIP and GSK-3f, which is a widely ex-
pressed serine—threonine kinase that can modulate many fac-
tors involved in the inflammatory response and the activity of
NF-kB.77-7°

The inhibition of GSK-3f activity by phosphorylation
of Ser9 may be one of the cardioprotective mechanisms of
o7-nAChR agonist postconditioning.”” Similar to ischemic
preconditioning and post-conditioning, anesthetic precondi-
tioning was shown to protect the heart against /R injury
through the involvement of cholinergic receptors. A recent
study provided evidence that both mAChRs and nAChRs
contribute to anesthetic preconditioning-induced cardiopro-
tection in isolated rat hearts after I/R.8° Equivalent to ische-
mic preconditioning, anesthetic preconditioning exerts
protective effects against I/R injury by activating intrinsic
cardiac cholinergic receptors. Furthermore, the results of
a recent study suggested that nitric oxide synthase (NOS)
phosphorylation and activation of CaMKKf/adenosine
monophosphate-activated protein kinase (AMPK) signaling
takes place in the downstream pathways of anesthetic precon-
ditioning—induced cholinergic receptor activation and
cardioprotection.®°

Mitochondrial dysfunction and the related oxidative
stress are the main underlying mechanisms of myocardial
injury during I/R.81:82 In swine models of /R, VNS attenu-
ated the production of cardiac mitochondrial reactive oxygen
species (ROS), prevented mitochondrial depolarization and
swelling, and inhibited cytochrome c release.?3-%4 On musca-
rinic blockade, these beneficial effects were nullified, indicat-
ing the involvement of muscarinic receptor during VNS.
Interestingly, the cardioprotective effects of this approach
were observed when nerve stimulation was initiated during
ischemia, but not after reperfusion.®* Oxidative stress—
induced intracellular Ca®>" overload can result in cardiac dys-
function. Both the amplitude of intracellular Ca®* transients
and the rate of systolic Ca?>" removal can be suppressed by
oxidative stress.®>-8¢ In isolated cardiomyocytes from adult
male rats, ACh application before, but not after, hydrogen
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peroxide (H,0,) treatment improved Ca?* handling.®¢ These
protective effects of ACh decreased on administration of
either atropine (mAChR blocker) or mecamylamine
(nAChR blocker) This study did not mention a specific nic-
otinic receptor. Because mecamylamine is a nonselective,
noncompetitive antagonist of the nicotinic acetylcholine re-
ceptors, receptors other than a7nAChRs may play a role in
suppression of inflammation in this experiment. Moreover,
the combination of both blockers (atropine and mecamyl-
amine) completely abolished the protective effects of ACh
on intracellular Ca?* regulation. It is worth noting that ACh
has a role in the maintenance of cardiac Ca®" handling
proteins.’”

Earlier investigations suggested that postganglionic
cholinergic nerve fibers in the ventricular epicardium are a local
source of ACh.88-90 Current knowledge highlights the impor-
tance of non-neuronal cholinergic signaling mechanisms that
secrete ACh from cardiomyocytes and act in an autocrine/
paracrine manner to exert cardioprotection under stressful con-
ditions.®®°2 In agreement with this, the ex vivo perfused heart
preparation, which is isolated from peripheral immune and
central nervous system inputs, demonstrated a reduction in
infarct size and preservation of mitochondrial membrane
potential in response to treatment with a selective a7nAChR
agonist (GTS21).°° I/R-induced activation of 2 stress kinase
pathways, p38MAPK and JNK, and suppression of phosphor-
ylation of ERK1/2 were attenuated by GTS21. Furthermore,
cultured cells treated with GTS21 during the reoxygenation
period normalized adenosine triphosphate (ATP) content, and
this effect was not observed with methyllycaconitine (a selec-
tive antagonist of o7nAChR) pretreatment, supporting an
o 7nAChR-mediated effect in mitochondria.’® It is worth noting
that previous reports showed the importance of nicotinic recep-
tors on the mitochondrial membrane playing a role in mito-
chondrial pathophysiology beyond inflammation.®3-94

Another proposed mechanism responsible for the pro-
tective effect of a7-nAChR against I/R injury is the suppres-
sion of arginase activity. Emerging evidence has shown that
the upregulation of arginase in the myocardium contributes to
I/R injury by reducing NO bioavailability.”>°¢ In addition,
upregulation of arginase expression under inflammatory con-
ditions leads to coronary endothelial dysfunction during
I/R.°%%7 The upregulation of arginase activity can lead to
enhanced ROS emission from uncoupled NOS%8; ROS, in
turn, can directly quench NO,% thus explaining endothelial
dysfunction, especially at reperfusion. In a rat model of /R
injury, VNS reversed I/R-induced arginase upregulation, not
only in the myocardium but also in the aorta.°® In the pres-
ence of the arginase inhibitor nor-NOHA (N-hydroxy-nor-
L-arginine), VNS did not show any favorable effects on the
infarct size. Furthermore, it has been demonstrated that TNF-
o has an important role in enhancing arginase activity, which
has been also reduced by VNS.

In the setting of myocardial I/R, autophagy occurs as an
adaptive response with cardioprotective effects; however,
high levels or sustained autophagy after reperfusion is
associated with Beclin-1 upregulation and cell injury.!00-102
In a rat model of I/R, activating a7-nAChR with PNU-
282987 at the beginning of reperfusion improved the
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dysfunction in autophagy.!%? Further evidence has revealed
that the JAK2/Bcl-2 and PI3K/Bcl-2 cascades were intricately
linked to the ability of a7-nAChR activation to suppress
Beclin-1-associated excessive autophagy. The same results
were obtained with choline (an a7nAChR agonist) treatment,
in which the inhibition of excessive autophagy was addition-
ally attributed to activation of the Akt/mTOR pathway.!%

Cardiomyocytes and endothelial cells conduct an
essential crosstalk for development, growth, and homoeo-
stasis of cardiovascular systems.!%105 Many molecules
derived from endothelial cells such as NO, endothelin-1,
and prostaglandins modulate the function of cardiomyo-
cytes.!04:106 On the other hand, cytosolic molecules released
from cardiomyocytes after cell injury elicit a systemic
immune response including the activation of endothelial
cells.104.107.108 Plagma miR-499 is an example of such a mol-
ecule that is released after cardiomyocyte injury and is
directly correlated with plasma thrombomodulin, a marker
for endothelial cell injury. Using in silico analysis, investiga-
tors showed that o7-nAChR is a direct target of miR-499.104
In other words, miR-499 released from cardiomyocytes on
I/R injury contributes to endothelial dysfunction by decreas-
ing expression of &7-nAChR and amplifying vascular inflam-
mation. It is worth noting that a7-nAChR expressed on the
surface of endothelial cells has a role in maintaining the
integrity of the endothelium and moderating the recruitment
of immune cells during inflammation.!94-109-111 Another
intracellular molecule high mobility group box-1 (HMGB1),
a chromatin structural protein, functions as a damage-
associated molecular pattern molecule or danger signal on
reperfusion, activating inflammatory cascades and enhancing
myocardial injury.!!?-113 The cholinesterase inhibitor neostig-
mine reduced HMGBI release from the myocardium sub-
jected to ischemia reperfusion injury. Moreover,
acetylcholine treatment of isolated neonatal cardiomyocytes
inhibited hypoxia-induced release of HMGB1 by a a7-
nAChR—dependent pathway.!!3

In summary, restoration of blood flow to the myocar-
dium under ischemic conditions may activate complex
mechanisms leading to reperfusion injury. A sterile inflam-
matory response is one of the well-known consequences of
reperfusion injury, which can be suppressed by the stimula-
tion of the cholinergic system. The activation of both
mAChRs and a7-nAChR, either by pharmacological or elec-
trical stimulation, is involved in the cardioprotective effects of
the cholinergic system against I/R injury (Table 4). VNS,
either before ischemia or at the onset of reperfusion, mimics
ischemic classic preconditioning and postconditioning,
respectively. Remarkably, these protective effects are inde-
pendent of any alteration in the inflammatory response.
Mitochondrial dysfunction and oxidative stress are other me-
diators of reperfusion injury, which are improved by nerve
stimulation initiated during ischemia but not after reperfusion.
Studies show inconsistencies for the favorable effects of VNS
application either at the onset of or after reperfusion.
Pharmacological activation of the cholinergic system has
been shown to improve intracellular Ca®" overload induced
by oxidative stress and subsequent cardiac dysfunction. The
ex vivo perfused heart isolated from the systemic immune and
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central nervous system showed favorable results after treat-
ment with an a7-nAChR agonists, indicating the importance

of non-neuronal cholinergic signaling. Suppression of argi-
nase activity and excessive autophagy can be regarded as the
cardioprotective effects of the cholinergic system against re-

perfusion injury. The expression o.7-nAChR on the surface of
endothelial cells can be a target for miR-499 released from

cardiomyocytes on I/R injury, contributing to endothelial dys-
function and vascular inflammation.

HEART FAILURE

Autonomic dysregulation accompanies congestive HF
and increased sympathetic and decreased parasympathetic

TABLE 4. Effects of Drug Application and VNS on Experimental Animal Models Subjected to I/R

Ref/Year

Animal/Method

Drug/Application

Result

20670848/2010

22391744/2012

25093803/2014

25356117/2014

28598489/2017

28238218/2017

29631370/2018

30249754/2018

29665360/2018

29533930/2018

Rabbits subjected to I/R

Rats subjected to I/R

Swine subjected to I/R

Dogs subjected to /R

Rats subjected to I/R

Rats subjected to I/R

Mice subjected to /R

Rats subjected to I/R

Rats subjected to I/R

Rats subjected to I/R

VNS

Postconditioning with PNU28298

VNS

VNS

GTS21

10-min preischemic VNS
VNS during the first 10 min of reperfusion

PNU282987 and limb remote ischemic
postconditioning

PNU-282987

Choline

Myocardial:

| TNF-a expression and MMP-8 and MMP-9
| Adverse cardiac remodeling

| Neutrophil infiltration

< IL-6 expression

1 Serum TNF-a and serum cTnl

|HMGBI

| Infarct size

| Mitochondrial ROS production and
cytochrome c release

| VF and infarct size
1 Phosphorylated connexin 43
1 Cardiac function

1 Myocardial neutrophil infiltration and
serum TNF-o and IL-6

TMyocardial a7nAchR expression

1 Serum acetylcholine

| Infarct size

1 Intracellular ATP concentration

LJNK and p38MAPK activation and ROS

Normalized mitochondrial membrane
potential

| Infarct size

| Arginase activity in the myocardium and
aorta

| Infarct size

1 Akt and GSK-3P phosphorylation
1 Muscarinic pathway activation

< Akt and GSK-3f phosphorylation
< Plasma IL-6 and IL-10
ta7nAchR and JAK?2 activation

| Infarct size

| Serum ¢Tnl and CK-MB and serum TNF-
a, IL-6, and HMGB1

1 Myocardial p-NF-kBp65 (Ser536)
expression

1 Myocardial p-GSK-3f (Ser9) expression
| Excessive autophagy and apoptosis

| LC3-II/LC3-I ratio, beclin-1

1 p62 abundance

Tautophagic flux

| Apoptosis and accumulation of
autophagosomes

Tp-Akt/mTOR cascade

Akt, protein kinase B; cTnl, cardiac troponin I; CK-MB, creatine kinase-MB; JNK, c-Jun N-terminal kinase; p38MAPK; IL, interleukin; I/R, ischemia/reperfusion; LC3-I,
microtubule-associated protein light chain 3; LC3-II, lipidated and autophagosome-associated protein light chain 3; mTOR, mammalian target of rapamycin; MMP, matrix metal-
loproteinase; NF-KB, nuclear factor kappa light-chain enhancer of activated B cells; PNU28298, the specific 27nAChR agonist; p62, receptor for autophagy; p38, mitogen-activated

protein kinase.
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tones are associated with increased mortality.!'* Changes in
the parasympathetic system can even emerge at an early
developmental stage of left ventricular dysfunction, whereas
the clinical signs of HF are absent.!!> Therapeutic strategies
aimed at improving parasympathetic activity in the context of
HF were initiated years ago (Table 5). One of the first experi-
ments was performed on rats that underwent permanent left
coronary artery ligation.!!¢ Electrical stimulation of the vagus
nerve markedly improved long-term survival of rats with
chronic left ventricular dysfunction by preventing pumping
failure and cardiac remodeling (Fig. 4). Comparable results
were detected by pharmacologically boosted parasympathetic
activity using an acetylcholinesterase inhibitor, donepezil.!!”
Another acetylcholinesterase inhibitor, pyridostigmine,
reduced myocardial infarct size and improved cardiac dia-
stolic function in rats.!'® A decrease in matrix
metalloproteinase-2 expression and collagen deposition were
associated with inhibition of both transforming growth factor-
B1 (TGF-B1) and TGF-Bl-activated kinase expression in
hearts by the drug (Fig. 4).!'8

One of the consequences of MI is capillary rarefaction
within the surviving myocardium.!'® The o7-nAChR medi-
ates angiogenesis through ligand-gated calcium channels, and
other angiogenic signals that counteract inducible NO syn-
thase (iINOS) or by vascular endothelial growth factor
(VEGF).!120-123 T ow-dose nicotine was shown to amplify
angiogenesis in isoprenaline-induced MI.'?3 This effect was
mediated by a VEGF-independent mechanism, although cho-
linergic modulation of angiogenesis can occur through both
VEGF-dependent and VEGF-independent signaling.!23:124
Induction of VEGF-A and VEGF-B expression by VNS
cooperatively regulated angiogenesis and arteriogenesis in
the infarcted heart, resulting in improved coronary function
and left ventricular performance.!?> Likewise, chronic admin-
istration of donepezil increased capillary density which was
associated with attenuated cardiac remodeling and improved
cardiac function (Fig. 4). Upregulated expression of o7-
nAChR during cardiac ischemia is another important conse-
quence of donepezil in rats.!!® Chronic blockade of peripheral
a7-nAChR in rats treated with donepezil resulted in worsened
outcomes, indicating that central a7-nAChR may not be
responsible for the beneficial effects of oral donepezil, which
crosses the blood-brain barrier.!!?

MI triggers a sterile inflammatory reaction in which
sequential involvement of innate and adaptive immune cells
can determine the outcome of wound healing.'26-128 To result
in proper wound healing and scar formation, the inflammatory
phase is followed by the reparative and proliferative phase.
The inability to appropriately resolve inflammation post-MI is
related to adverse left ventricular remodeling.'>® Given the
substantial impact of the cholinergic system on both innate
and adaptive immune cells, various approaches for enhancing
cholinergic anti-inflammatory signaling have been tested to
modulate adverse cardiac remodeling post-MI. Three days
post-MI, administration of pyridostigmine, an agent that aug-
ments cholinergic input, led to a greater anti-inflammatory
cell recruitment in rats.!?® The cell profile consisted of more
M2 macrophages and FOXP3* T lymphocytes within the
infarct zone, along with a higher occurrence of
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CD4*CD25"FOXP3" T lymphocytes (Treg cells) in periph-
eral blood and less CD4* and CD8* T-cell activation. Of note,
it has been observed that activation of conventional (FOXP3-)
and regulatory CD4* (FOXP3*) T lymphocytes improves
wound healing and survival after MI.127:128130.131 Dyring
the proliferative phase of cardiac repair, the benefit of pyri-
dostigmine treatment was manifested as increased M2 macro-
phages and reduced concentrations of interleukin-1[ (IL-1f3),
interleukin-6 (IL-6), TNF-a, and interleukin 10 (IL-10)
(Fig. 4).132

In rats with ischemic cardiomyopathy, CAIP modulates
the inflammatory response by regulating AMPK signaling.
Activation of this pathway has been shown to have a pro-
tective effect on various heart diseases, primarily by adjusting
energy metabolism and immune system, and attenuating the
development of atherosclerosis.!33 In vitro investigations
have demonstrated that activation of CAIP inhibits nuclear
transfer of NF-kB p65 of macrophages and promotes the
transformation of Ly-6CPeh macrophages into Ly-6C*" mac-
rophages. On the other hand, inhibition of AMPK signaling
reversed these effects on lipopolysaccharide (LPS)-treated
macrophages.

To gain further insights into the mechanism by which
CAIP modulates immune responses in the heart and spleen,
as well as cardiac remodeling after acute MI, spontaneous
hypertensive rats naturally exhibiting autonomic dysfunc-
tion were used.® Pyridostigmine treatment increased
T-helper (CD4") lymphocyte counts in the myocardium
and resulted in an alteration of the M1/M2 macrophage ratio
toward an anti-inflammatory profile that was associated with
decreased TNF-a levels in the heart and spleen, ultimately
leading to improved cardiac remodeling. In addition, a sepa-
rate study on streptozotocin-induced diabetic cardiomyopa-
thy provided further support to the cardioprotective capacity
of CAIP.13* Administration of GTS-21 decreased cardiac
expression of TLR4, a component of innate immunity ex-
pressed on the cell surface. Furthermore, the drug improved
the expression of cardiac Myd88, tumor necrosis factor
receptor—associated factor 6 (TRAF6), and NF-kB as well
as TNF-a and IL-6. Interestingly, pretreatment with methyl-
lycaconitine did not completely reverse the protective effect
of GTS-21 on certain parameters, including cTnT, TRAF6,
TNF-a, and IL-6, suggesting that GTS-21-mediated anti-
inflammatory effect might be independent of the activation
of a7-nAChR. 134135

The ANS is responsible for regulation of BP and heart
rate by baroreflexes on a continuous basis.!3¢-137 Baroreflexes
maintain BP, heart rate, and blood volume within a narrow
physiologic range under varying conditions in daily life activ-
ities.!37 The measurement of the baroreflex reactivity pro-
vides valuable information in clinical management, mainly
in the prognostic evaluation and treatment efficacy, in a vari-
ety of cardiac diseases.!>® The Autonomic Tonus and
Reflexes After MI study provided clinical evidence that the
assessment of baroreflex reactivity has significant prognostic
value, independent of left ventricular ejection fraction and
ventricular arrhythmias, in patients with MI.!3° Post-MI exer-
cise training favorably enhances long-term survival by
improving baroreflex sensitivity.!4?
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TABLE 5. Effects of Pharmacological Interventions on Experimental Animal Models Subjected to Heart Failure

Ref/Year Animal/Method Drug/Application Result
14662714/2004  Rats subjected to MI VNS | Biventricular weight
|LVED pressure
1 Survival rate and dp/dt
19949913/2010  Rats subjected to MI Donepezil | Biventricular weight
| Norepinephrine and BNP
THRV and dp/dt
21849351/2013  Rats subjected to MI Sinoaortic denervation | Arterial baroreflex, capillary density, and
regional blood flow
I VEGF, Ach, a7-nAChR, and vesicular
ACh transporter
1LVEDD
1 Proinflammatory cytokines
23701019/2013  Rats subjected to MI Pyridostigmine 1 Cardiac parasympathetic tone and
baroreflex sensitivity
1dp/dt and HRV
| Norepinephrine, BP, and infarct size
24805145/2014  Rats subjected to MI Pyridostigmine | TGF-B1-activated kinase expression and
TGF-B1 expression

| Fibrosis, MMP-2 expression, and infarct
size

1 Diastolic function
25133392/2014  Rats subjected to MI Pyridostigmine T ChAT activity
1 Cardiac cholinergic innervation

1 Parasympathetic/sympathetic tone and
HRV

| Cardiac sympathetic tone and heart rate
< BP

26791829/2016 Rats subjected to MI Pyridostigmine 1 Parasympathetic/sympathetic modulation
and diastolic function
1M2 macrophages, FOXP3(+) cells, and
Treg cells (CD4(+) CD25(+) FOXP3(+)
LT cells (CD25(+) FOXP3(—)

29167228/2017 Pulmonary hypertension was induced in rats  Pyridostigmine 1 Autonomic function, survival, and RV
by SU5416 injection followed by 4 weeks of contractility
hypoxia LRV stiffness, hypertrophy, fibrosis, and
inflammation

IRV a-7nAchR expression and M2
muscarinic receptor expression

| Pulmonary vascular resistance and
pulmonary vascular remodeling

29057895/2017  Rats subjected to MI Pyridostigmine 1 Parasympathetic/sympathetic tone

1 Antioxidant enzyme activity and M2
macrophages

| Protein oxidation and IL-1f, IL-6, TNF-a,
and IL-10

28732106/2017  Isoproterenol-induced cardiac remodeling in ~ PNU-282987 | Cardiac hypertrophy and cardiac fibrosis

mice | TGF-B1 protein expression and a-SMA
expression

| Phosphorylation of Smad3

| Isoproterenol-induced apoptosis of cardiac
myocytes

(continued on next page)
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TABLE 5. (Continued) Effects of Pharmacological Interventions on Experimental Animal Models Subjected to Heart Failure

Ref/Year

Animal/Method

Drug/Application

Result

30016789/2018

31062470/2019

32776158/2020

32860618/2021

33953291/2021

33684450/2021

34849103/2021

Rats subjected to MI

Rats subjected to MI and followed for 4
weeks to induce the ICM

In vitro, primary macrophages harvested

from rats were induced inflammation by LPS

treatment

Streptozotocin-induced diabetic
cardiomyopathy in rats

Rats subjected to MI

Spontaneous hypertensive rats subjected to
MI

Rats subjected to isoprenaline-induced MI

Rats subjected to MI

VNS

PNU-282987

GTS-21

Donepezil-treated MI rats were treated with
methyllycaconitine

Pyridostigmine

Nicotine or PHA-543613

PNU-282987

1T VEGF-A and VEGF-B expressions in
coronary arterial smooth muscle cells and
endothelial cells

1 a-SMA- and CD31-positive vessel number
in infarcted hearts

1 Density of microvessels and arterioles in
the infarcted area

1 Angiogenesis and arteriogenesis in the
infarcted heart

1 M2 macrophage infiltration

T a7-nAChR expression and cardiac
function

| Inflammation and fibrosis in the infarcted
heart and infarct size

In vivo,

1T AMPK signaling

| Myocardial fibrosis, apoptosis, and
ventricular remodeling

| Inflammatory cytokines

1 Angiogenesis

In vitro,

INF-kB p65

1 Ly-6C°%/Ly-6Chigh macrophages

| Prolonged QT intervals and ventricular
tachycardia

| Plasma levels of ¢cTnT and CK-MB

| Cardiac TLR4, Myd88, TRAF6, and NF-
KB expression

| Cardiac TNF-a and IL-6 expression
LIL-1B

1 Cardiac p-Akt expression

1 Plasma neurohumoral and cytokine levels
1 Cardiac fibrosis

T Heart weight

| Microvessel density

| Hemodynamics

1 Parasympathetic tone

1T CD4+ lymphocytes in the myocardium
| M1/M2 macrophage in the myocardium
I TNF levels in the heart and spleen

| Adverse cardiac remodeling

| Inflammatory cell

1 Capillary density

TMyocardium ATP levels

1 Mitochondrial fusion

1LV function

| Macrophage infiltration

| Systemic inflammation and mitochondrial
injuries

| Cardiac fibrosis, ROS overload, and
apoptosis

BNP, brain natriuretic peptide; cTnT, cardiac troponin T; CK-MB, creatine kinase MB; dp/dt, the derivative of pressure over time; ICM, ischemic cardiomyopathy; LEVDD, left
ventricular end-diastolic diameter; LVED, left ventricular end diastolic; MMP-2, matrix metalloproteinase-2; Myd88, myeloid differentiation primary response 88; PHA-543613,
selective a7-nAChR agonist; p-Akt, phosphorylated protein kinase B; TLR4, toll-like receptor.
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FIGURE 4. Effects of drug interventions and VNS on cardiac function in experimental animal models and cardiac fibroblasts. This
figure shows the beneficial effects of VNS and acetylcholinesterase inhibitors in cardiac dysfunction. Electrical stimulation of the
vagus nerve, along with the administration of donepezil and pyridostigmine, prevents pumping failure and cardiac remodeling.
Pyridostigmine also reduces myocardial infarct size and improves cardiac diastolic function post-Ml. Furthermore, treatment with
pyridostigmine increase the recruitment of anti-inflammatory cells, such as M2 macrophages and FOXP3+ T lymphocytes, and
promotes the occurrence of regulatory T lymphocytes (Treg cells) while decreasing the concentrations of inflammatory cytokines
IL-1B, IL-6, TNF-a, and IL-10. VNS, pyridostigmine, and PNU-282987 treatment mitigate ROS overload and mitochondrial injury
in chronic HF, post-Ml, and ischemia-induced HF models, respectively. MMP-2, matrix metalloproteinase-2; Tregs, regulatory
T cell; CHF, congestive HF.
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Preclinical studies have provided a greater insight of the
underlying mechanisms involved in cardiovascular regula-
tion. Sinoaortic denervation of rats subjected to MI impaired
the arterial baroreflex, and this was linked with decreased
capillary density, regional blood flow, and VEGF concentra-
tion.'*! Furthermore, expression of vesicular ACh transporter
and a7-nAChR expression was reduced. These effects were
attributed mainly to the loss of the vagal component of the
arterial  baroreflex, specifically  the a7-nAChR.
Pyridostigmine administration attenuated the effects of si-
noaortic denervation on capillary density and blood flow after
MI. In cultured cardiac microvascular endothelial cells, Ach-
induced angiogenesis by promoting VEGF synthesis and
phosphorylation of VEGF receptor 2. Antagonists of a7-
nAChR but not muscarinic ACh receptors abolished these
effects.!#! In agreement with these results, short-term pyri-
dostigmine administration initiated early after MI improved
baroreflex sensitivity, heart rate variability (HRV), and para-
sympathetic and sympathetic tone in rats.!*? In a mouse
model of MI, pyridostigmine administration restored cardiac
autonomic balance by attenuating weakened parasympathetic
tone in the first week and enhancing it in the fourth week,
while preventing the increase in sympathetic tone throughout
the 4 weeks.!43

Abnormalities in the ANS are not only associated with
left ventricular dysfunction but also with right ventricular
dysfunction. Patients having right ventricular dysfunction
secondary to pulmonary hypertension showed a marked
alteration in cardiac autonomic control, which seem to be
related to exercise capacity and disease severity.'44-146 In
addition to autonomic dysfunction, patients with pulmonary
arterial hypertension who underwent lung transplantation
were found to exhibit increased a7-nAChR expression and
decreased acetylcholinesterase activity in the right ventricles
and lungs. However, no significant differences were observed
in the expression of M2 muscarinic receptors.'4” In the exper-
imental group of this study, prolonged pyridostigmine admin-
istration in rats with pulmonary hypertension resulted in
improved cardiovascular autonomic function, as well as
enhanced right ventricular remodeling and function.
Furthermore, this pharmacological agent demonstrated signif-
icant improvement in o7-nAChR expression in the right ven-
tricular tissue and in pulmonary vascular remodeling.

CAIP has been identified as another significant player
of cardiac remodeling, with ROS being an additional
modulator in this process. ROS has been involved in
postinfarction cardiac remodeling in many ways including
inflammatory signaling, extracellular remodeling, and proa-
poptotic signaling.'4® Activation of matrix metalloproteinases
by ROS and inflammatory cytokines promotes extracellular
matrix degradation resulting in a slippage of myofibrils and
hence left ventricular dilatation.'*® In a mouse model of
chronic HF, VNS was found to modulate cardiac redox status
and suppress free radical generation (Fig. 4).1° In agreement
with this, rats treated with pyridostigmine during the prolif-
erative phase of cardiac repair post-MI had higher activity of
antioxidant enzymes (SOD, catalase, GPX) and lower protein
oxidation (Fig. 4).132 Mitochondrial dysfunction is implicated
in HF pathogenesis in many ways including ROS
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generation.'>! In the context of chronic inflammation, cyto-
kines such as TNF-o cause mitochondrial dysfunction by
inducing ROS overproduction. This in turn results in the
activation of a series of downstream events such as apoptosis
and hyperinflammation.'>>!53 In a rat model of chronic HF
induced by ischemia, PNU-282987 treatment ameliorated
mitochondrial injury and decreased ROS overload
(Fig. 4).133 Consequently, mitochondria-mediated cardiomyo-
cyte apoptosis was alleviated. ROS can cause cell death by
acting as an upstream activator of excessive autophagy, which
is essential for maintaining cellular homeostasis and normal
cell function at the basal level.!3#156 In primary cultured
murine cardiomyocytes, it was found that branched-chain
amino acids induced cell injury by triggering excessive
ROS production and enhancing AMPK-ULKI1 pathway-
dependent autophagy.!>® Although pharmacological activa-
tion of a7-nAChR with PNU-282987 attenuated cardiomyo-
cyte injury, it failed to suppress the activation of AMPK and
autophagy induced by branched-chain amino acids. Of note,
AMPK is one of the most important regulators of autophagy,
and ROS act as physiological activators of AMPK_!56-158

Inflammation and fibrosis are interlinked during cardiac
remodeling.!>® Myocardial interstitial fibrosis contributes to
left ventricular dysfunction under the influence of many stres-
sors, ultimately leading to the development of HF.'®® The
involvement of CAIP in myocardial fibrosis was demon-
strated by the administration of pyridostigmine to rats sub-
jected to MIL.1'8 The treatment group showed lower collagen
deposition, attenuated cardiac fibrosis, and improved left ven-
tricular diastolic function after MI by inhibition of the TGF-
B1/TGF-Pl-activated kinase pathway. Of note, this pathway
is a key mediator of myocardial fibrosis during cardiac re-
modeling.!18-161.162 In jsoproterenol-induced cardiac remod-
eling, the antifibrotic effects of the cholinergic system have
been confirmed by other investigators where they demon-
strated that the specific a7-nAChR agonist PNU282987 atten-
uated myocardial fibrosis and hypertrophy by reducing
activity of the TGF-B1/Smad3 pathway.!®3 Distinctively, after
nicotine exposure, isolated rat cardiac fibroblasts exhibited
enhanced proliferation and production of collagen
(Fig. 4).1* These effects were mediated through a7-nAChR
and dependent on PKC-a, PKC-3, and reduced p38-MAPK
phosphorylation. It is worth noting that the effects of nicotine
can vary depending on the dose administered, and at different
doses, nicotine can produce opposite effects.!2!,123,165,166

In summary, chronic inflammation is a prominent
feature of post-MI cardiac remodeling, and its severity is
a major determinant of the rate of progression to HF. The
cells involved in acute and chronic inflammatory response
are under the influence of CAIP post-MI. Suppression of
inflammation and production of harmful matrix metallopro-
teinase, along with enhancement of Treg and M2 macrophage
transformation, have favorable outcomes, such as smaller
infarct size and less fibrosis in cardiac remodeling.
Improvement in mitochondrial function and ROS production
contribute to subsiding inflammation, resulting in better cell
energetics and less apoptosis. Enhanced CAIP postinjury not
only improves left ventricular remodeling but also improves
right ventricular and pulmonary remodeling.
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ARRHYTHMIAS

Ventricular tachyarrhythmia is the major cause of death
among patients surviving an ML!67-16% Structural and elec-
trical remodeling during chronic ischemia causes an arrhyth-
mogenic state.!®® The antiarrhythmic action of the vagus
nerve on the ventricle has been demonstrated in numerous
studies (Table 6).'7° VNS improves the electrical stability
of the myocardium and increases the ventricular tachyarrhyth-
mia threshold.!”!~174 In dogs that developed ventricular fibril-
lation (VF) during exercise and ischemia test, VNS prevented
arrhythmia even when the heart rate was kept constant by
atrial pacing (Fig. 5).!73 The decrease in the heart rate was
found to be an important but not always an essential protec-
tive mechanism against ventricular arrhythmias in treated an-
imals. Transcutaneous stimulation of the auricular branch of
the vagus nerve also showed a similar beneficial impact and
reduced the occurrence of spontaneous ventricular arrhyth-
mias in conscious dogs subjected to MI.!74 Interestingly, after
4 weeks of treatment, no improvement was observed in car-
diac function and in the Ml-induced ultrastructural changes,
except for the alleviation of myocardial interstitial fibrosis
(Fig. 5).

In the setting of MI, pharmacologic activation of the
cholinergic system also showed protection against ventricular
tachyarrhythmia. Muscarinic receptor activation with meth-
acholine and oxotremorine effectively prevented VF in dogs
with a healed MI.!17> However, other studies showed that the
antiarrhythmic action of VNS cannot be attributed solely to
muscarinic receptor activation.!’%!77 Remarkably, stimulat-
ing the auricular branch of the vagus nerve reduced postin-
farction ventricular arrthythmia by increasing expression of
a7-nAChR mRNA and alleviating abnormal redistribution
of adrenergic receptors in the peri-infarction and noninfarc-
tion areas (Fig. 5).!77 Moreover, an additional study indicated
that the antifibrillatory effect of VNS is mediated by NO,
which was produced and released in the ventricle of rabbits
through the neuronal isoform of NOS on cardiac parasympa-
thetic efferent nerve fibers activation.!7%178:17% Further in-
sights were provided in an experiment conducted on
a Langendorff perfused rat heart, in which an acetylcholine
analog, carbamylcholine, exhibited a protective effect on VF
threshold. This effect was found to be dependent on both
muscarinic and nicotinic receptor stimulation.!’® A proposed
mechanism suggests that NO generated by neuronal NOS
promotes the release of acetylcholine from ganglionic projec-
tions by a cGMP—phosphodiesterase-3-dependent pathway,
which acts upstream of the muscarinic receptor. The role of
a7-nAChR in arrhythmia was investigated more specifically
in rats with chronic ischemic heart, where nicotine treatment
showed antiarrhythmogenic effects accompanied by downre-
gulation of cytokines and collagens, as well as a decrease in
the sympathetic/parasympathetic ratio.'®® In contrast to the
acetylcholine analog in an isolated heart, vagotomy inhibited
these beneficial effects of nicotine administration. Prevention
of the loss of phosphorylated connexin 43 during chronic
ischemia was another factor behind the antiarrhythmogenic
effects of nicotine treatment. Connexin 43 is essential in coor-
dinating the electrical activation of cardiomyocytes and
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reducing the arrhythmogenic properties of the myocardium,
whereas its downregulation and nonuniformity increase vul-
nerability of the ventricle to the tachyarrhythmia.!6%180.181

Atrial fibrillation (AF) is the most common cardiac
arrythmia in the general population and poses a significant
risk of developing fatal or disabling thromboembolic events,
making it a major public problem in industrialized coun-
tries. 182183 The ANS has been shown to have an important
role in the development of AF.!134-186 VNS inhibits the induc-
tion of AF by suppressing inflammatory cytokines and
improving the electrical remodeling of the atrium.!86-188
Transcutaneous low-level VNS suppressed AF both in can-
ines and in patients with paroxysmal AF.!87-18% [nflammatory
cytokines participate in electrical remodeling of the atria,
which is improved by VNS.187:190 T ow-level VNS in dogs
increased signal transducer and activator of transcription-3
(STAT3) and inhibited NF-kB expression in the atria
(Fig. 5).'86 These favorable effects of stimulation on atrial
electrophysiology and atrial inflammatory cytokines were
reversed by methyllycaconitine (an antagonist of a7-
nAChR), which highlights the role of a7-nAChR in AF
regulation.

Epicardial adipose tissue (EAT) is a visceral thoracic fat
depot located between the myocardium and the visceral layer
of the epicardium.!°!-192 Physiological and pathological prop-
erties of EAT show variation depending on its location.!®!
Periatrial located EAT is involved in the development and
progression of AF by adipocyte infiltration, profibrotic, and
proinflammatory paracrine effects, oxidative stress, and other
pathways.!°? Cardiac ganglionated plexus clusters are embed-
ded in the EAT involving ANS misbalance and occurrence of
arrythmia.!®3-194 In this sense, ganglionated plexus ablation
has been selected as a treatment strategy against developing
AF.194.195

Denervation of the cholinergic system in epicardial fat
pad by botulinum toxin injection reduced AF incidence in
patients after coronary artery bypass surgery.'°%-198 Further
evidence was provided from patients who underwent open
heart surgery, in whom acute ACh treatment upregulated
monocyte chemoattractant protein-1 levels in epicardial fat
pads, whereas chronic ACh treatment increased lipid accumu-
lation in this fat pad (Fig. 5).!°* Accordingly, epicardial
stroma from patients with permanent AF expressed higher
FABP4 (fatty acid-binding protein 4) levels.!%* It is notewor-
thy that FABP4 levels are directly proportional to the rate of
fatty acid metabolism and have been associated with adverse
cardiovascular events.'” In the preclinical group of this
study, FABP4 plasma levels exhibited a sharp declined in
vagotomized rats.!®* Unlike in cardiomyocytes, blockage of
cholinergic system in the EAT reduced arrythmia, whereas
administration of ACh was associated with inflammation and
fat accumulation in this tissue. Further studies are required to
investigate characteristics of the EAT and others for the cho-
linergic system.

Cardiac arrest is associated with systemic reperfusion
injury and an inflammatory response, which are attributed to
postresuscitation organ dysfunction.?? VNS has been shown
to exert protective effects against acute cerebral, cardiac, and
renal I/R injury by suppressing inflammation by o7-nAChR
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TABLE 6. Effects of Pharmacological Interventions on Experimental Animal Models Subjected to Arrhythmias

Ref/Year Animal/Method Drug/Application Result
2019002/1991  Dogs subjected to MI and 1 month later an ~ VNS | Reproducibility of VF
exercise stress test | Heart rate
8509552/1993  Dogs subjected to MI Oxotremorine | VF incidence
19403619/2009  Isolated innervated rabbit heart VNS TNO production and release in the ventricle
21555706/2011  Dogs underwent intermittent rapid atrial Low-level VNS | Heart rate and frequencies of paroxysmal
pacing AF
| Stellate ganglion nerve activity
| TH-positive nerves
25744003/2015 Patients with paroxysmal AF subjected to Low-level VNS | Pacing-induced AF duration
burst atrial pacing | Systemic TNF o and CRP
T AF cycle length
26752781/2016  Burst pacing of Langendorff perfused rat Carbamylcholine TNO content in coronary effluent and VF
hearts threshold
| Heart rate
28928157/2017  Rats subjected to MI and developed ischemic ~ Nicotine | Collagen
cardiomyopathy | Cytokines and NF-kB activation
| Prolonged QTc and arrhythmia score
1 Phosphorylated connexin 43
1 Cardiac function and cardiac
parasympathetic tone
28800036/2018  Rats underwent cardiopulmonary VNS 1 Postresuscitation myocardial and cerebral
resuscitation function
1 Duration of survival
30414841/2019  Patients underwent open heart surgery Botulinum toxin injections into 4 posterior | Atrial tachyarrhythmia
epicardial fat pads | Hospitalizations
30552763/2019  Dogs subjected to MI Auricular branch of VNS < Ultrastructure of the heart and cardiac
function
| Spontaneous ventricular arrhythmias
| Interstitial fibrosis
1 Ventricular electrical stability
32447339/2020 Dogs subjected to MI Auricular branch of VNS 1 ChAT-positive neurons increased in the
cervical vagus nerve
1 Adrenergic and nicotinic receptors
rebalancing
| TH-positive neurons in the inferior cardiac
sympathetic nerve
| Spontaneous ventricular arrhythmias
| Catecholamine concentration in heart tissue
31541709/2020 Rats subjected to asphyxia and underwent Remote ischemic postconditioning with limb | Neuron-specific enolase and apoptotic cells
cardiopulmonary resuscitation } Inflammatory mediators and NF-kB
phosphorylation
1 STAT3 phosphorylation and a7nAChR
activation
34054001/2021 Dogs underwent rapid atrial pacing Low-level VNS | ACh in the serum and atrium and NF-kB in

the atrium

| TNF-a, IL-6, and dERPs
| AF inducibility

1STAT3 in the atrium
1ERPs

dERPs, dispersion of ERPs; ERP, effective refractory period; NF-kB, nuclear factor-kB; TH, tyrosine hydroxylase.

activation.?91-203 Based on the beneficial effects of VNS in
regional I/R injury, the role of VNS during global I/R injury
of cardiac arrest and cardiopulmonary resuscitation has also
been investigated. In a rat model of cardiopulmonary resus-
citation, both VNS and GTS-21 were tested.® In the VNS-
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treated animals, a lower number of electrical shocks and dura-
tion of cardiopulmonary resuscitation were required, in addi-
tion to better postresuscitation myocardial and cerebral
function and longer duration of survival were observed.
However, GTS-21 did not mimic the effect of VNS, except
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FIGURE 5. Effects of drug interventions and VNS on arrhythmias and inflammatory responses in experimental animal models. This
figure highlights the beneficial effects of VNS on arrhythmia prevention in dogs. VNS reduces myocardial fibrosis and meth-
acholine and oxotremorine administration leads to muscarinic receptor activation, preventing VF after a MI. VNS also suppresses
atrial fibrillation by inhibiting inflammatory cytokines and enhancing STAT3 activity. Acute administration of ACh increases
monocyte chemoattractant protein-1 levels, whereas chronic ACh administration leads to lipid accumulation in the epicardial fat
pad. Comparing VNS and GTS-21, VNS improves postresuscitation cardiac and cerebral function, whereas GTS-21 selectively
suppresses inflammation. The neuroprotective effects of remote ischemic postconditioning are diminished when an a.7-nicotinic
acetylcholine receptor antagonist, methyllycaconitine, is used, emphasizing the importance of VNS in reducing inflammation. a7
nAChR, alpha-7 nicotinic receptor; ECG, electrocardiogram; NF-kB, nuclear factor kappa light-chain enhancer of activated B cells.

for the suppression of inflammatory responses (Fig. 5). Since VNS mediates cardiac electrophysiology in the setting of
methyllycaconitine failed to block the effect of VNS on defi- cardiopulmonary resuscitation through mAChRs, rather than
brillation efficacy, for this purpose, the authors proposed that o7-nAChR.° Tt is worth mentioning that following
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cardiopulmonary resuscitation, a systemic inflammatory
response exists. The postresuscitation phase is a multifaceted
state, a result of global I/R injury and a systemic inflamma-
tory response that leads to myocardial and cerebral dysfunc-
tion.”2%* Since inflammatory reaction is one of the main
causes of neuronal damage postischemia, activation of
a7nAChR might be protective against acute cerebral
injury.®205-207 The suppression of this inflammatory response
by a7-nAChR activation may also contribute to the cardio-
protective effects of VNS postresuscitation.”?%° In a rat
model of remote ischemic postconditioning after asphyxial
cardiac arrest, VNS showed neuroprotective effects through
a7-nAChR activation.?%” Remote ischemic postconditioning
has been shown to activate the ANS by stimulating a sensory
nerve circuit, which in turn lead to a reduction the inflamma-
tory response.?97-210 However, the neuroprotective effects of
remote ischemic postconditioning were attenuated by o7-
nAChR antagonist methyllycaconitine (Fig. 5).207

In summary, both pharmacologic and electrical activa-
tion of the cholinergic system have shown protection against
ventricular tachyarrhythmia. VNS has been shown to enhance
the electrical stability of the myocardium and increases
ventricular tachyarrhythmia threshold by both the muscarinic
and nicotinic cholinergic systems. Among the beneficial
effects of VNS in ventricular tachyarrhythmia prevention,
include the increase in the expression of a7-nAChRs, allevi-
ation of the abnormal redistribution of adrenergic receptors in
the peri-infarction and noninfarction areas, NO release in the
ventricular tissue, and the prevention of the loss of phosphor-
ylated connexin 43. VNS also plays an essential role in
decreasing the incidence of atrial fibrillation mainly by sup-
pressing inflammatory cytokines and improving electrical re-
modeling of atrium. Epicardial fat tissue is implicated in AF
regulation and the role of cholinergic receptors in this tissue
needs further investigation. In the setting of cardiopulmonary
resuscitation, VNS provides better postresuscitation myocar-
dial and cerebral function and a longer duration of survival.

CONCLUSION AND FUTURE DIRECTION

Given that inflammation is a common underlying
mechanism in various cardiovascular diseases that often
coexist and worsen the progression of one another, modulat-
ing inflammation at different sites of the body by augmenting
cholinergic activity seems to be a promising approach.
Although most experimental studies have shown positive
results in favor of the cholinergic system, there are still
contradicting results in this area. It was worth noting that
there is a shortage of clinical studies on this subject.
Variations in experimental approaches and the animal species
used may account for these discrepancies. Among different
studies, methods used to activate the cholinergic system
showed significant variations. As for VNS, the amplitude,
frequency of stimulation, and time of application require
further investigation. Unlike the drugs used, VNS exerts its
action through both nicotinic and muscarinic receptors.
Pharmacologic agents also exhibit important variations for
their receptor specificity and their ability to cross the blood—
brain barrier and affect the central nervous system, which can
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result in local and systemic cholinergic activity. It is also
worth mentioning the limitations in the disease models. For
instance, in the atherosclerotic model, a nicotinic receptor
agonist has been usually tested while there is a scarcity of
studies with VNS. Furthermore, drugs used in clinical prac-
tice such as cholinesterase inhibitors have not been well tested
in this context.

The role of the cholinergic system in hypertension
secondary to kidney disease and systemic diseases needs to
further investigation. In some hypertension models, attempts
to reduce signaling in the cholinergic system such as by
eliminating o7-nAChR, splenic nerve denervation, or per-
forming unilateral vagotomy have shown beneficial effects.
These contradicting results should be interpreted carefully
and further investigated. With I/R models, both the electri-
cally and pharmacologically stimulated cholinergic system
have been tested in various studies. It is worth noting that
not only nicotinic receptors but also muscarinic receptors play
a role in exerting protective effects with VNS. Although the
involvement of many signaling pathways have been revealed
in /R, there is still much that remains unresolved. The experi-
ments on the ex vivo perfused heart, which provide isolation
from the effects of peripheral immune and central nervous
systems, highlight the importance of non-neuronal choliner-
gic signaling mechanisms. In the context of HF, the cholin-
ergic system can influence cardiac function and remodeling,
not only by modulating inflammation but also by regulating
baroreflex sensitivity, the balance between parasympathetic
and-sympathetic activity, and heart rate. Investigators should
take these confounding factors into consideration while
designing a study or during result interpretation. After MI,
the heart undergoes different stages of cardiac remodeling in
which different types of immune cells of both innate and
adaptive immunity play a critical role. The impact of the
cholinergic system on the different stages of cardiac remod-
eling needs to be further investigated. Of note, the use of
cholinesterase inhibitors clinically has some risk for causing
bradycardia and syncope, which could have serious sequalae.
Although VNS has been linked to improvement in postresus-
citation organ dysfunction, the role of nicotinic receptor in
this context remains controversial. Moreover, epicardial fat
tissue seems to exhibit different characteristics from other
tissues for its relationship with the cholinergic system,
wherein attenuating cholinergic activity seems to be protec-
tive from the development of AF. Further studies are needed
to be performed to investigate the involvement of cholinergic
receptors in metabolism of this tissue and AF.
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