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Abstract

The vagus nerve, as a crucial component of the cardiac autonomic nervous sys-
tem, plays a significant role in the therapeutic management of chronic heart
failure. In recent years, numerous studies have demonstrated that vagus nerve
stimulation confers cardioprotection and retards the progression of chronic heart
failure by attenuating the expression of inflammatory cytokines and associated
proteins, apoptosis-related proteins, and by ameliorating myocardial function
and ventricular remodeling. However, reports on the role of the vagus nerve
in the inflammatory and apoptotic mechanisms of chronic heart failure remain
relatively limited. Therefore, this review summarizes the anatomy of the car-
diac vagus nerve, potential therapeutic mechanisms, practical parameters for
vagus nerve stimulation, and recent applications along with the latest clinical ad-
vances of vagus nerve stimulation in the inflammatory and apoptotic pathways
of chronic heart failure, thereby providing a reference for future investigations.
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Abstract

As a crucial component of the cardiac autonomic nervous system, the cardiac
vagus nerve plays a significant role in the management of chronic heart failure.
In recent years, several studies have found that vagus nerve stimulation protects
cardiac function and delays the progression of chronic heart failure by reducing
the expression of inflammatory factors and related proteins, apoptosis-related
proteins, and improving myocardial function and ventricular remodeling. How-
ever, there are limited reports related to the mechanism of inflammation and
apoptosis of the vagus nerve in chronic heart failure. Hence, this article re-
views the anatomy of the cardiac vagus nerve, potential treatment mechanisms,
practical parameters of vagus nerve stimulation, and the recent applications
and clinical progress of vagus nerve stimulation in inflammation and apoptosis
mechanisms in chronic heart failure, in order to provide a reference for future
related research.
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Chronic heart failure (CHF) is a clinical syndrome characterized by symptoms
and/or signs caused by structural and/or functional abnormalities of the heart
[1]. In recent years, the incidence and mortality of CHF have shown an upward
trend [2]. Although pharmacological and device-based therapies are relatively
mature, their efficacy in improving prognosis and clinical outcomes remains
suboptimal. Vagus nerve stimulation (VNS) represents a novel therapeutic ap-
proach for CHF that has been widely applied in animal and clinical studies,
demonstrating certain efficacy as well as safety [3-8]. While VNS shows benefi-
cial effects in CHF treatment, its therapeutic mechanisms have not been defini-
tively established for many years. Therefore, this review examines the anatomy
of the cardiac vagus nerve, potential therapeutic mechanisms, practical VNS
parameters, and recent applications and clinical advances of VNS in CHF in-
flammation and apoptosis mechanisms, providing a reference for subsequent
VNS applications in CHF.

1. Anatomy and Function
1.1 Anatomy

The vagus nerve originates from the dorsal vagal nucleus and nucleus ambiguus
in the medulla oblongata [9], with the cardiac vagus nerve emerging from these
nuclei. The cardiac vagus nerve descends through the neck into the thoracic
cavity, passing through the inferior vena cava and pulmonary veins, as well as
the junction of the lower left atrium, which serves as the ganglion of the cardiac
vagus nerve. Additionally, ganglia of the cardiac vagus nerve are present in the
fat pads of the atrioventricular groove. Postganglionic fibers emanate from these
ganglia, traverse the atrioventricular groove, and are widely distributed in the
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subendocardium, regulating cardiac ganglion activity and thereby controlling
heart rate and baroreflex modulation [10].

1.2 Function

In healthy individuals, the cardiac vagus nerve and cardiac sympathetic nerve
maintain a stable dynamic equilibrium through mutual dependence and antago-
nism, ensuring normal cardiac function. However, under pathological conditions,
excessive activation of cardiac sympathetic nerves and excessive inhibition of car-
diac vagus nerves disrupt this dynamic balance, exacerbating myocardial fibrosis
and even leading to irreversible ventricular remodeling, ultimately resulting in
cardiac decompensation and heart failure. Vagus nerve functions include regu-
lating carbon monoxide to influence cardiac function and myocardial contractil-
ity [11]; VNS can increase acetylcholine (ACh) release, reduce oxidative stress
[3], restore cardiac autonomic balance, inhibit inflammatory responses, and de-
crease myocardial cell damage [4]. Therefore, CHF treatment can be achieved
by inhibiting sympathetic nerve activation and exciting the vagus nerve.

2. Possible Mechanisms of VNS in CHF Treatment

With deepening research, several mechanisms of VNS in CHF' treatment have
been proposed, supported by animal and clinical studies. The following are
widely recognized mechanisms in current research.

2.1 Improving Autonomic Imbalance

A crucial mechanism of VNS is improving autonomic imbalance. Related studies
have confirmed that VNS can regulate autonomic imbalance, thereby alleviating
CHF symptoms and improving prognosis [5-8]. Additionally, VNS can relieve va-
gal nerve inhibition, prevent excessive sympathetic activation, and delay cardiac
remodeling, reducing the risk of life-threatening tachyarrhythmias. Research in-
dicates that norepinephrine levels significantly decrease with VNS application
in CHF treatment, demonstrating that the cardiac vagus nerve can antagonize
cardiac sympathetic nerves and improve cardiac autonomic imbalance [12].

2.2 Inhibiting Inflammatory Response

Inflammation plays an important role in CHF development. Studies have con-
firmed that VNS can inhibit inflammatory responses and has the potential to
suppress macrophage activation and tumor necrosis factor (TNF) synthesis [13].
STAVRAKIS et al. [14] found that low-level transcutaneous VNS (LL-VNS) can
inhibit inflammatory responses in humans, and CHF patients treated with VNS
showed significantly reduced inflammatory factors in myocardium, including
TNF-« and interleukin (IL)-8.
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2.3 Regulation of Nitric Oxide (NO)

VNS influences cardiac function by regulating NO release. NO, produced by
endothelial nitric oxide synthase, promotes myocardial relaxation, regulates my-
ocardial contractility, facilitates coronary perfusion, and plays important roles
in regulating cell growth, programmed cell death, vasodilation, and antithrom-
bosis [15]. ALLEN et al. [16] found that low-voltage, high-frequency VNS can
significantly alter NO release in the left ventricle, thereby regulating myocardial
contractility, reducing myocardial oxygen consumption, and exerting cardiopro-
tective effects.

2.4 Heart Rate Control

The vagus nerve also plays an important role in heart rate control. The prevail-
ing theory suggests that VNS reduces heart rate, thereby inhibiting sympathetic
excitation and pro-inflammatory cytokine formation while promoting NO forma-
tion and gap junction protein expression in myocardium [17]. Furthermore, VNS
affects cardiac function by reducing heart rate, prolonging ventricular diastolic
filling time, and decreasing myocardial oxygen consumption.

3. VNS Parameters and Mechanistic Research
3.1 VNS Parameter Settings

VNS is an invasive neuromodulation method consisting of a pulse generator,
spiral electrodes wrapped around the vagus nerve, and a connecting lead. For
optimal efficacy, the device is typically placed on the left cervical vagus nerve,
as confirmed in previous studies [18]. Stimulation parameters include delivered
current, pulse duration, and inter-pulse interval. Manufacturer recommenda-
tions suggest a stimulation intensity of 1.5 mA, signal frequency of 30 Hz, pulse
width of 250 s, and inter-pulse interval of 12 s [19].

However, in a recent systematic study, THOMAS et al. [20] found that grad-
ually increasing current intensity (by 0.25 mA every 1-3 weeks) and adjusting
stimulation frequency from 30 Hz to 20 Hz not only achieved good therapeutic
effects but also reduced adverse reactions, though this study did not explore
VNS stimulation duration. Therefore, LI et al. [21] conducted short-term VNS
treatment (3-7 days) in CHF rats and found that compared with the control
group, the VNS group showed significant improvements in left ventricular ejec-
tion fraction (LVEF), left ventricular end-diastolic volume (LVEDV), and left
ventricular end-systolic volume (LVESV), as well as improved myocardial cell
arrangement disorder, confirming that VNS has certain effects on improving
myocardial remodeling.

In a long-term (18-month) VNS treatment study for CHF, patients receiving
different durations (6, 18 months) of VNS treatment showed improved LVEF,
LVEDV, and LVESV compared with the control group, along with reduced my-
ocardial fibrosis and remodeling. However, although longer stimulation time
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improved cardiac function indices and fibrosis degree, no significant differences
in therapeutic efficacy were observed with prolonged treatment duration [22].
Similarly, the Autonomic Regulation Therapy Via Left or Right Cervical Va-
gus Nerve Stimulation In Patients With Chronic Heart Failure (ANTHEM-HF)
study confirmed these findings [6].

In summary, VNS improves cardiac function and myocardial remodeling, with
therapeutic effects varying according to stimulation time and parameters. How-
ever, determining optimal VNS stimulation time and parameters remains chal-
lenging and requires further clinical validation.

3.2 VNS in CHF Inflammatory Mechanisms

Following extensive research on VNS application in CHF treatment, partial
mechanisms have been revealed, particularly significant breakthroughs in inflam-
matory mechanisms. In 2019, ZHOU et al. [23] enrolled 48 Dahl salt-sensitive
(DS) rats divided into LS (Low Salt, 0.3% NaCl diet) control group (n=12) and
HS (High Salt, 4% NaCl diet) group (n=36). The HS group was further divided
into LL-VNS group (n=18) and sham stimulation group (n=18). After model
establishment and short-term (4 weeks) VNS treatment, left ventricular inflam-
matory cell infiltration was significantly lower in the LS group than in the HS
group, and LL-VNS group showed significantly reduced LV inflammatory cell
infiltration compared with the HS group.

At the gene expression level, I1-11, 1L-18, IL-23a, secreted phosphoprotein 1,
and osteopontin were upregulated in the sham stimulation group but down-
regulated in the LL-VNS group. Moreover, these gene expressions positively
correlated with echocardiographic left ventricular measurements (circumferen-
tial strain) and systolic blood pressure. Therefore, it is reasonable to conclude
that LL-VNS prevents left ventricular function deterioration by inhibiting pro-
inflammatory and pro-fibrotic gene expression. However, this study could not
determine the extent to which left ventricular hypertrophy regression and in-
flammation /fibrosis reduction contributed to diastolic dysfunction improvement.
Furthermore, previous studies have shown that interferon-y can regulate my-
ocardial hypertrophy independent of blood pressure regulation, suggesting that
diastolic dysfunction can be improved without affecting left ventricular hyper-
trophy. These studies collectively suggest that improved left ventricular inflam-
mation may lead to enhanced diastolic function. Therefore, further exploration
of VNS inflammatory mechanisms in CHF treatment for diastolic dysfunction
improvement is warranted.

To further investigate inflammatory mechanisms, ZHAO et al. [24] conducted
animal experiments in beagle dogs divided into sham operation group, CHF
group, and LL-VNS group. After CHF model establishment and LL-VNS treat-
ment, LL-VNS group showed significantly lower N-terminal pro-B-type natri-
uretic peptide (Nt-proBNP), C-reactive protein (CRP), and TNF-« levels com-
pared with CHF group, with more orderly myocardial cell arrangement and
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less fibrosis and inflammatory cell infiltration. Additionally, STAVRAKIS et
al. [14] conducted a clinical study enrolling 52 CHF patients randomized into
groups. After 3 months of treatment, the VNS group showed significant im-
provements in TNF-« and IL-8 levels despite no significant differences in mitral
inflow Doppler velocity and early mitral annular velocity, effectively improving
overall inflammatory levels. In summary, VNS can reduce inflammatory factor
levels and improve myocardial function while reducing inflammation-induced
damage. Recent research has made important discoveries in VNS inflammatory
mechanisms for CHF treatment, necessitating further in-depth investigation of
these mechanisms.

In addition to inflammatory mechanisms, studies indicate that disruption of my-
ocardial glucose uptake and utilization is a key feature of advanced CHF [25],
associated with downregulation of fatty acid transport protein carnitine palmi-
toyltransferase (CPT) 1-« and glucose transporter (GLUT) 4, and upregulation
of pyruvate dehydrogenase kinase (PDK) 4. Therefore, in 2020, LUO et al. [26]
established a myocardial infarction (MI) model in rats through left anterior de-
scending coronary artery (LAD) ligation. Results showed that VNS successfully
alleviated typical inflammation processes triggered by MI and reduced apop-
tosis. Concurrently, VNS treatment increased phosphorylated protein kinase
levels, decreased P53 and P16 levels, and reduced P65-nuclear factor B nuclear
translocation.

Additionally, VNS significantly increased expression of myocardial sarcomeric
structural genes related to myocardial contraction, such as a-actin, sarcoplas-
mic reticulum Ca2+ ATPase2, cardiac troponin T, and tropomyosin 1, and im-
proved myocardial sarcomere organization. Furthermore, VNS reduced CPT1-«
and GLUT4 levels and increased PDK4 expression. The study further discov-
ered that the novel signaling pathway protein kinase (AKT) /transcription factor
FOXO 3A /vascular endothelial growth factor (VEGF) activation increased ma-
jor histocompatibility complex a expression, sarcomere organization, and adeno-
sine triphosphate (ATP) production, suggesting this pathway may promote im-
proved cardiomyocyte phenotype and energy metabolism in damaged hearts,
ultimately improving cardiac sarcomere structure and function while optimiz-
ing cardiomyocyte sarcomere organization and energy metabolism, reducing my-
ocardial inflammatory infiltration, and preventing transition from compensatory
hypertrophy to decompensated heart failure. This study provides a novel and
promising clinical strategy, demonstrating that VNS improves cardiomyocyte
phenotype accompanied by metabolic process optimization [26].

Subsequently, SUN et al. [27] designed a special and significant practical system:
a closed-loop self-powered LL-VNS system based on triboelectric nanogenera-
tor technology. Male SD rats were randomly divided into four groups: control,
sham operation, model, and treatment (LL-VNS) groups. After 4 weeks of treat-
ment with the LL-VNS hybrid nanogenerator system (stimulation intensity 5-15
La), results showed that treatment group had significantly reduced collagen vol-
ume fraction compared with model group, with increased connexin 43 (Cx43)
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and B cell lymphoma 2 (Bcl-2) expression levels and significantly reduced Bax
protein expression and Cx43 lateralization. Additionally, by measuring TNF-
«a and IL-6 content in myocardial tissue, the study found reduced inflamma-
tory molecules in arterial blood of the treatment group. These results indicate
that LL-VNS improves myocardial fibrosis, inhibits atrial myocyte apoptosis,
reduces inflammatory factor infiltration, and prevents further myocardial cell
damage. Moreover, LL-VNS stimulation intensity is far lower than conventional
VNS, meaning less organ impact and fewer adverse reactions. In summary, the
closed-loop LL-VNS system based on nanogenerators has good antiarrhythmic
and anti-inflammatory properties and may greatly improve stimulation therapy
targeting. This system will help promote home health monitoring development,
reduce clinical treatment costs, and provide new ideas and directions for VNS
application in cardiac inflammation and apoptosis research.

3.3 VNS in CHF Apoptosis Mechanisms

Studies have shown that inflammation and apoptosis are interdependent in CHF
pathogenesis. In recent years, besides breakthroughs in CHF inflammatory
mechanisms, important discoveries have also been made in apoptosis mecha-
nisms. XUAN et al. [28] randomized 58 male Wistar rats into sham operation
(SO-SS), sham stimulation (CHF-SS), and stimulation (CHF-VNS) groups, with
3 weeks of continuous treatment. Results showed that MicroRNA-205 (MIR-
205) expression levels were significantly elevated in CHF-SS group but signifi-
cantly reduced in CHF-VNS group, suggesting that MIR-205 expression levels
can reflect myocardial apoptosis levels in CHF and that VNS treatment may
improve myocardial apoptosis and delay CHF progression by reducing MIR-205
expression.

Beyond MIR-205 research, studies indicate that the most significant genes regu-
lating cardiomyocyte apoptosis are Bcl-2 and Bel-2-associated X protein (Bax).
Bcl-2 inhibits apoptosis by reducing oxygen free radical generation and decreas-
ing intracellular Ca2+ influx, while Bax induces apoptosis by inhibiting Bcl-
2 expression and increasing intracellular Ca2+ influx [29-32]. Therefore, the
Bcl/Bax ratio is commonly used to indicate apoptosis degree. BEAUMONT et
al. [33] conducted experiments in 18 guinea pigs; 4 died during MI modeling,
leaving 14 randomly divided into stimulation (VNS-MI) and non-stimulation
(MI) groups, with age-matched non-operated animals as parallel controls. Af-
ter 90 days of chronic, intermittent, low-intensity left cervical VNS treatment,
VNS-MI group showed significantly lower Bax levels and higher Bcl-2 levels
compared with MI group, with no significant differences compared with con-
trol group. These results indicate that VNS affects cardiomyocyte apoptosis by
reducing Bax and increasing Bcl-2 levels.

To further confirm VNS effects on Bel and Bax levels in CHF, ZHANG et al. [34]
selected 40 healthy Wistar rats randomly divided into sham operation (SO),
CHF, physiological ischemia training (PIT), and vagus nerve transection (VN-
CUT) groups, with 8 weeks of treatment after modeling. Results showed that
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Bcl-2/Bax ratio was significantly lower in CHF group compared with VN-CUT
group, indicating that vagotomy downregulates Bcl-2 expression and upregu-
lates Bax expression, increasing apoptosis degree. These findings suggest that
VNS can influence myocardial cell apoptosis by reducing Bax levels. However,
no studies have confirmed direct VNS effects on cardiomyocyte apoptosis, re-
quiring further mechanistic investigation. The above studies confirm that VNS
indeed plays a role in CHF apoptosis processes, affecting cardiomyocyte apop-
tosis and providing a foundation for subsequent research.

3.4 Clinical Research Progress in VNS for CHF

In addition to mechanistic breakthroughs, recent clinical studies have advanced
VNS application in CHF. In 2021, NEARING et al. [35] conducted an ANTHEM-
HF study applying low- and high-intensity VNS to CHF patients for 24 months,
finding that high-intensity group showed significantly increased intrinsic heart
rate recovery while low-intensity group showed only modest increase, with sig-
nificant LVEF improvement in both groups, suggesting that VNS intensity may
influence treatment outcomes. However, this study had a relatively homoge-
neous sample source and small sample size, requiring large-scale trials for further
validation.

KONSTAM et al. [36] conducted a large-scale randomized controlled trial
to determine VNS effects in CHF patients, finding after several months of
follow-up that VNS-treated patients showed improvements in 6-minute walk
test, LVEF, and quality of life compared with baseline, exceeding combined
guideline-directed medical therapy effects. Additionally, KUMAR et al. [37]
recently modified the ANTHEM-HF study and similarly found that after 12
months of treatment, patients showed improved New York Heart Association
(NYHA) classification (P<0.0001), 6-minute walking distance (P<0.05), and
quality of life (P<0.0001), with improved autonomic tone and reflexes. These
findings demonstrate that recent VNS treatment for CHF has achieved certain
success, playing a role in improving NYHA classification, 6-minute walk test,
LVEF, and delaying ventricular remodeling.

4. Summary and Outlook

CHF represents the end-stage of various heart diseases with high morbidity and
mortality [38]. Despite decades of research, treatment modalities remain less
than ideal for CHF prognosis and clinical outcomes. This review summarizes
the novel therapeutic approach of VNS, exploring its mechanisms in CHF treat-
ment with emphasis on VNS applications in CHF inflammation and apoptosis
mechanisms.

In exploring VNS inflammatory mechanisms in CHF, ZHOU et al. [23] found
reduced inflammatory cells, inflammatory factors, and inflammatory gene ex-

pression in myocardium of DS rats after VNS treatment. Subsequent studies
by ZHAO et al. [14] and STAVRAKIS et al. [24] in large animals and clinical
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settings confirmed that VNS treatment effectively reduces heart failure markers
and inflammatory factor indices. LUO et al. [26] and SUN et al. [27] further
explained VNS mechanisms in CHF inflammation, demonstrating that VNS im-
proves cardiomyocyte phenotype and energy metabolism, increases Bel-2/Bax
ratio, reduces typical inflammatory processes and inflammatory factor infiltra-
tion, and prevents further inflammatory damage to myocardial cells through
ACh-m/nAChR-FOXO 3A-VEGF-A/B integrated signaling and improved Cx43
expression. In addressing CHF-induced adverse injury, VNS treatment effec-
tively reduces myocardial cell apoptosis. XUAN et al. [28] found that VNS
treatment improves CHF-induced myocardial apoptosis through MIR-205, while
studies by BEAUMONT et al. [29] and ZHANG et al. [34] confirmed that signifi-
cantly downregulated Bcl-2/Bax ratio reduces myocardial cell apoptosis in close
relation to VNS treatment. These studies provide helpful insights for further
understanding VNS application mechanisms in CHF treatment, offering novel
and promising clinical strategies for clinicians while providing new ideas and
directions for VNS application in cardiac inflammation and apoptosis research.

Despite significant progress in VNS application for CHF and elucidation of vari-
ous therapeutic mechanisms [39-40], certain limitations remain. Related studies
indicate that selecting optimal VNS dosage and stimulation parameters rep-
resents a major challenge. Intervention dosage is fundamental to treatment
success; however, no clear measurement standard currently exists, which may
hinder VNS development. Furthermore, large clinical trials Neural Cardiac
Therapy for Heart Failure (NECTAR-HF) and ANTHEM-HF did not achieve
expected results [32-33], requiring further exploration of VNS mechanisms in
CHF. Although recent research in inflammation and apoptosis mechanisms has
partially explained mechanisms through cytokines and inflammatory pathways,
research protocols in this field still need improvement, including setting differ-
ent stimulation parameter gradients and clarifying the relative contributions of
glycolysis and oxidative phosphorylation to ATP generation and related mech-
anisms in VNS treatment.

Beyond inflammation and apoptosis mechanisms, exploration of the “gut-heart
axis” mechanism [41-42] may further enhance understanding of VNS mecha-
nisms in CHF and yield promising therapeutic targets. This review summarizes
VNS research in CHF inflammation and apoptosis mechanisms, discussing new
findings in this field. VNS can improve myocardial function and CHF by reduc-
ing inflammatory factor and related protein expression and apoptosis-related
protein expression. This article discusses VNS mechanisms and limitations in
anti-inflammatory and anti-apoptotic aspects of CHF, providing new ideas and
methods for VNS research in CHF and identifying potential therapeutic targets.
However, VNS application in CHF still requires extensive research. Therefore,
to better apply VNS clinically, further mechanism exploration is needed.
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