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ABSTRACT

Purpose: The vagal sensory nerve (VSN) is an essential interoceptive pathway that is connected to every level of the body. Its
intricate genetic coding provides sustenance for physiological processes, including controlling blood pressure and respiration.
Electroacupuncture (EA) is a proven surface stimulation therapy that can regulate vagal nerve activity, which can effectively
prevent cardiovascular diseases. A growing number of studies have concentrated on the mapping of VSN codes, but little is known,
and the physiological background of how EA influences interoceptive has not been fully explored.

Method: Here, we incorporate the hypothesized interaction among EA targets, VSNs, and the heart. This offers suggestions for
using a versatile and focused EA strategy to modify vagal interoceptive awareness to enhance cardiovascular conditions. We first
clarified the major role of vagal nerve in the control of cardiac activity. Additionally, we clarified the multidimensional coding
pattern in the VSN, revealing that the targeted control of multimodal interoceptive is the functional basis of the synchronization
of cardiovascular system.

Finding: We propose a strategy in which EA of the VSNs is employed to activate the interoceptive loop and reduce the risk of
cardiovascular disease.

1 | Introduction

Internal perception is a process of gathering, communicating, and
synthesizing information within the body’s nerve system, which
is impacted by the representations of internal organs, as opposed
to exterior senses like smell and sight (Weng et al. 2021). Zhao
clarified the three essential distinctive signals that make up the
vagal sensory nerve’s (VSN) multidimensional patterns, which

encode internal organs, tissue layers, and stimulation mode (Zhao
et al. 2022). This significant research initially uncovered the
heterogeneity of VSN and provided insight into the mechanism
of diversity promoting sensory coding at the system level in
different dimensions. The VSN is extensively connected to the
heart, lungs, pancreas, and other essential organs. VSNs are able
to adjust to the morphological and functional characteristics
of the various organs, exhibiting a varied molecular structure
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or anatomical distribution, thus enabling the transmission of
specific information (Prescott and Liberles 2022). Vagal nerve
stimulation (VNS) is a widely accepted therapeutic approach to
heart failure, as it aids in the improvement of cardiovascular
tone and the control of sympathetic nerve activity. In addition
to altering parasympathetic efferent outflow, vagal nerve tran-
section stimulates the afferent neural fibers in the stimulated
trunk (Yamakawa et al. 2015). These findings offer potential
strategies for modulating VSN activity and managing internal
system responses to external stimuli (such as the ear, which
has a wide distribution of vagal sensory endings) (Badran et al.
2018). Investigating multiple parameters and alternative stimulus
targets can refine the process of neural regulation.

Electroacupuncture (EA) is an emerging therapy that modu-
lates neural activity, which can protect myocardial ischemia
reperfusion injury through optimizing endoplasmic reticulum
stress (Wang et al. 2021; Xiao et al. 2020), although the phys-
iological processes are unknown. The majority of existing EA
clinical trials in cardiovascular-related disorders are modest non-
multicenter clinical trials, and no large-scale EA clinical trials
for cardiovascular-related diseases have been reported, with only
a few research studies on effective acupuncture point selection
based on biological effects and causes. EA is an innovative
approach for manipulating the autonomic nervous system. The
vagal nerve can be stimulated through the activation of its afferent
fibers (Liu et al. 2021), such as those located in the ear, to facilitate
somatosensory autonomic reflexes that can regulate the body’s
systems. Thus, utilizing EA to activate the VSNs could be a poten-
tial solution for cardiovascular diseases. The neuronal circuit
reflex activated by EA is specific to the somatic region, and the
response to the stimulus can vary depending on the parameters
used (Liu et al. 2020). This implies that the distribution of nerve
endings and the activated patterns can influence the therapeutic
effects of the treatment. Therefore, enhancing the interoceptive
coding mode facilitates the selection of the relevant stimulus to
precisely activate the vagal interoceptive signal on cardiovascular.

2 | The Function of Vagal Nerve: A Vital Vehicle
for Coordinating the Intrinsic Cardiac Nervous
System

Various routes in the brain provide real-time monitoring of
cardiovascular health, and the center is able to integrate multiple
linkages to control autonomic outflow and inflow to facilitate
response to physiologic perturbations. The brain can be activated
by psychogenic stimulus, and the intrinsic cardiac nervous
system (ICNS) can also be susceptible to inhibitory inputs from
the brain due to the bidirectional interaction between them
(Aksu et al. 2021). The structural foundation for communicating
the integration of information between the two is provided by
the vagal nerve, although there is insufficient elucidation of its
function in ICNS.

2.1 | Innervation of the Vagal Nerve in the Heart

The nervous system that innervates the heart is complex, in which
ICNSs are signal relay stations with rapid integration ability
and communicate information with peripheral autonomic nerves

(Wake and Brack 2016). The neurophysiology of cardiovascular
disorders is based on aberrant ICNS alterations, which are located
in epicardial adipose tissues and are connected to sympathetic
paraspinal, dorsal root, and nodose ganglion via synaptic con-
nections, resulting in the formation of both long and short
feedback loops (Figure 1) (Goldberger et al. 2019). Although the
sympathetic nerve is the principal transmitter of sensory afferent
fibers from the heart and pericardium, numerous fibers can also
be transferred by the vagal and phrenic nerves. For instance, the
ICNS is in charge of interpreting parasympathetic physiological
information, primarily from the cervical pre-ganglionic vagal
nerve fibers, and organizing systemic reactions throughout the
heart (Yamakawa et al. 2015). Under pathological circumstances
such as pre-myocardial ischemia, ICNS and peripheral autonomic
nerves can engage in adaptive cross-talk to prevent pressure
overload from exacerbating the illness (Hausenloy et al. 2019).
The sympathetic nerve is the main nerve involved in the innerva-
tion of the heart, yet the vagal nerve should not be disregarded,
particularly its capability to recognize pressure in the carotid
sinus and the sinoatrial node (Gierthmuehlen, Plachta, and
Zentner 2020). As opposed to sympathetic neurons, parasympa-
thetic neurons are more concentrated in particular areas of the
heart, especially the sinoatrial node and atrioventricular node
(Christensen et al. 2022). The parasympathetic nerve cells possess
a much simpler messenger system than the sympathetic nerve,
which is evident in the speed and immediacy of the heart’s
response to the stimulation of the parasympathetic nerve branch,
as well as the transmission of the termination signal (Sloan and
Cole 2021). The ICNS cells are capable of receiving both low- and
high-intensity stimulations from the cervical vagal efferent fibers
and the heart (Ottaviani et al. 2020). This intricate connection
between the cardiac nervous system and the stimulation response
is essential for the proper functioning of the nervous system.
The heart is able to sustain its optimal performance throughout
the entire level under physiological conditions, with the different
tissues making the necessary adjustments. The intricate and
layered nervous system underscores the dynamic nature of its
regulation of the heart. Angiotensin (Ang) II receptors, for
instance, can modulate vagal activity by acting at the level of
nerve endings and are found throughout the parasympathetic
nerve (Shanks and Ramchandra 2021). The positive benefits of
angiotensin receptor blocks like hypertension may be partially
mediated through effects on parasympathetic neurons due to
the tonic inhibitory effect of endogenous Ang II on cardiac
vagal tone (Shanks and Ramchandra 2021). The vagal end organ
terminals may also be trafficked and are found in the nodose
ganglia cell bodies (Allen et al. 1988). These investigations imply
that one of the biological foundations for vagal communication
between the brain and the ICNS is the bidirectional translocation
of Ang II binding site receptors along the vagal nerve. The
composite neural network collaborates to feedback information,
thereby creating the spatial and temporal characteristics of
cardiac activities. The tetratricopeptide repeat-containing Rab8b
(TRIP8b) vagal deletion, for instance, affects the conduction
properties of atrial cardiomyocytes and atrioventricular node
conduction but not ventricular activity (Scherschel et al. 2021);
hence, the predominance of sympathetic/parasympathetic inner-
vation in a particular area is a critical factor in deciding the
treatment plan. When physiological equilibrium is disturbed, the
dynamics of each system and their interaction have yet to be
elucidated.
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Innervation loops of the heart. Different nerve fibers can coordinate signals to maintain cardiovascular physiological activity. The dotted

line represents the afferent nerve, and the realization indicates the efferent nerve. DRG, dorsal root ganglion; NG, nodal ganglion; SG, stellate ganglion.

2.2 | VSN Genes Encode for the Regulation of
Partial Cardiovascular Function Characterization

Excessive activity of the sympathetic nervous system and a
reduction in the activity of the vagal nerve are considered
the key pathological factors that cause ventricular remodeling
and heart failure. This deterioration of heart failure will then
further exacerbate the sympathovagal imbalance, forming a
vicious cycle (Sant’/Anna et al. 2021). Therefore, targeting the
autonomic nerves, particularly the vagal nerve, is a vital compo-
nent of the treatment and prevention of heart failure and other
cardiac diseases. For example, the optogenetic stimulation of
vagal preganglion neurons was demonstrated to be effective in
averting a decline in ejection fraction due to myocardial infarction
(Machhada et al. 2020). The sympathetic nervous system provides
close support to vascular activity, which is further modulated
by the vagal nerve. This allows for the release of adenosine
triphosphate from sensorimotor nerve endings, which in turn
elicits antidromic reflex activity and relaxes the vascular system
(Burnstock 2017). The vagal nerve is equipped with the ability
to sense changes in oxygen levels in the blood, observe the
flow and chemical makeup of the blood, provide timely and
accurate feedback, and maintain alterations in blood pressure
and even the rate of respiration (W. G. Chen, Schloesser, et al.
2021). Applying carefully directed electrical impulses to the neck
area can access the potential of the vagal sensory and motor
nerve fibers, creating a beneficial effect on the failing heart

(Bucksot et al. 2020). The intimate connection between VSNs
and blood vessels implies that the brain may utilize multiple
pathways to regulate cardiovascular activity. The VSNs that are
indicated by glucagon-like peptide-1 receptor (glp-Ir) and G
protein—-coupled receptor 65 (gpr65) are distinguishable from the
VSN fibers arising from the aorta and leading to the brain as
they do not possess a distinctive characteristic of tightly encircling
the arterial walls. It appears that genetic coding information
can be used to differentiate between functional representations
of VSNs. Although different types of vagal sensory terminals
have been identified, including “Ruffini type,” “end-net,” and
“flower spray” terminals. This gene-profiling strategy provides a
more in-depth understanding of intrinsic neuron characteristics
than traditional studies that focus on the difference of terminal
position or orientation. The vagal nerve has a broad reach, with
its nerve endings most densely populated in the flower spray
terminal, extending along the aortic arch (Min et al. 2019). Data
from Mc4r-p2a-Cre mice indicate a slight reduction in blood
pressure following Mc4r photogenetic stimulation, which is in
line with the effects of aortic inhibition. However, no major
alteration in heart rate was observed, which is distinct from
the outcome of baroreceptor stimulation (Min et al. 2019). The
baroreceptor, however, is primarily one of the markers by phox2b,
or Piezol/2 (Zeng et al. 2018). Transient receptor potential cation
channel (Trpvl)-positive VSNs were predominantly found in the
outer layers of the heart, whereas Sst and Gpr65-positive VSN
endings were located in the deeper layers (Zhao et al. 2022).
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The functional map of the VSNs transmitting stimulus signals
to different tissue levels in the heart is limited by the relative
position of the surface-luminal axis of different gene-coding
lineages of this VSN terminal, which follows a gradient of mor-
phogenesis. Clarity on the intrinsic qualities of the VSN will not
only facilitate the understanding of the dominant target organs’
characteristics and functions but also enable the development
of targeted stimulation approaches. This article delves into the
role of the VSN in the development of cardiovascular pathology,
elucidating the importance of maintaining a balance between
the sympathetic and vagal nerves. Additionally, it provides
insights into the development of clinical decision-making tools
and potential treatment strategies. The efficacy of non-targeted
vagal nerve block has been established, yet our understanding
of the involvement of sensory and motor neurons is incomplete.
This may impede the exploration and implementation of this
technique in clinical practice. The VSN has a major influence
on cardiovascular regulation, and furthering our knowledge of its
composition will help us to identify more effective ways to control
and vagal interoceptive.

3 | Novel Strategies for the Management of
Cardiovascular: Modulation of Vagal Interoceptive

The neurons of VSNs can adjust to changes in physiological
responses, such as changes in cardiac input volume, in real
time by enhancing discharge patterns. VSNs can synergistically
influence a range of cardiovascular reflexes. In order to compre-
hend the role of VSNs in cardiovascular activity, it is essential to
describe the physiological responses and sensory patterns of vagal
interoceptive.

3.1 | Strategic Positioning of Vagal Interoceptive
in the Cardiovascular Center

The diversity of the coding system of the VSN endings at different
organizational levels is the molecular foundation for its multi-
ple responses and synchronized response threshold/sensitivity.
Interoception is primarily assessed through the cardiovascular
system, with an emphasis on accuracy (Garfinkel et al. 2015).
Transcutaneous VNS has been found to be capable of modulating
endosensory processes, thereby improving the accuracy of cardiac
interoceptive perception (Villani, Tsakiris, and Azevedo 2019).
This implies its potential to be utilized as a tool for studying
the connection between the body and the brain. Along with the
nervous system, the vasculature is one of the processing systems
engaged in interoceptive processes. The arterial region innervated
by pressure-sensing neurons is highly elastic, allowing it to be
sensitive to the fluctuations of blood flow pulsation and to pick
up on even the slightest changes in pulse signals (Guyenet 2006).
The second-order neurons in the caudal part of the nucleus
tractus solitarius (NTS) can be stimulated by sensory input from
the visceral vagal nerve and by instructions from higher brain
areas (Holt 2022). The NTS architecture of multiple dimensions
facilitates the modulation of cardiovascular pathways in a unified
manner. The malleability of baroreceptors allows for the vagal
sensory transmission of information to the NTS, a pivotal junction
of signal modulation that combines impulses and regulates heart
rate and blood pressure (Ho et al. 2020). The dorsal horn of the

spinal cord sends additional sensory information to the NTS,
possibly including signals for painful and tactile stimuli. This is
due to the cardiac vagal pre-ganglionic and pre-sympathetic neu-
ronal circuitries anatomical placement next to the ventral-lateral
area of the medulla oblongata (Holt et al. 2019). Cardiac and
pulmonary signals can be combined and sent to the dorsolateral
solitum nucleus through the VSN pathway (Cutsforth-Gregory
and Benarroch 2017), demonstrating the intricate structure of
the lateral vagal interoceptive. The modulation of respiratory
sinus arrhythmias is carried out by cardiac vagal pre-ganglionic
neurons, which are found in the long lateral medulla. Their
efferent pattern encodes rhythmic respiration-related alterations
(Spyer 1994). The synaptic coupling formed by these neuronal
circuits is the structural basis for the heart to rapidly sense
respiratory changes, such as receiving feedforward signals from
respiratory activity to modify cardiac output. This means that
external stimulus signals or internal sensory coding can activate
both organs simultaneously, leading to communication cross-
talk. Engaging in meditation or simply practicing deep and
rhythmic breathing can have a calming influence on the heart by
adjusting the depth of the breath (Paccione et al. 2022). Medita-
tion can lead to a restraint in overall vagal modulation and an
enhancement in sympathetic modulation and baroreflex activity
(Brown et al. 2021). A gene-based analysis of the anatomy showed
that Npy2r and P2ryl neurons are widespread in the airways and
partially connecting to the heart (Chang et al. 2015). Alongside
other varieties of VSNs, they transmit signals to the ganglion,
allowing the VSN to coordinate cardiopulmonary activities. It
appears that the physiological properties of VSNs are not only
reliant on their molecular structure but also influenced by their
strategic placement in the body. For instance, the spherical cells in
carotid sinus simultaneously assess ventilation, oxygen exchange,
and blood flow status, transmitted comprehensive information to
the medulla oblongata and NTS, and coordinated cardiovascular
vagal activities.

3.2 | Multidimensional Feedback Patterns of
Vagal Interoceptive in the Heart

The vagal nerve is equipped with an intricate and intricate
feedback cycle. Most of the afferent fibers of the vagal nerve
are second-order neurons, responsible for detecting signals sent
by upstream cells, such as taste cells and intestinal secretory
cells (Moreno-Dominguez et al. 2020). Additionally, some VSNs
are first-order neurons that directly sense stimuli from internal
organs (Han et al. 2018). Glomus cells, being the first-order
chemosensory cells of the carotid body, are capable of sens-
ing multiple stimuli (Ortega-Saenz and Lopez-Barneo 2020).
They form chemical and electrical synaptic connections with
dopaminergic and acetylcholinergic nerves, among others, and
also bridge communication between glossopharyngeal nerves
and the brain/body regarding changes in blood flow (Torrealba
and Alcayaga 1986). The anatomical position of neurovascular
coupling and the multilevel feedback function form a structural
basis for the nervous system to observe the circulation of major
arteries and regulate the supply of blood to vital organs. The vagal
nerve endings are distinct in the data they encode and can be
identified through their genetic markers, which are associated
with different anatomical connections and physiological func-
tions and send remote projections to different brain stem targets.
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Drd2* VSNs were expressed in the myocardium of the heart
and were present in abundance in all gastrointestinal organs.
Agtrla® VSNs, in contrast, were mainly located in the outer
myometrium or epicardial layer (Zhao et al. 2022), implying
that the initial projection trajectory of the vagal sensory system
architecture may follow a general rule rather than demonstrating
the particular projection between organs at the outset. Even with
such complex coding patterns, all cardiopulmonary inputs can be
integrated and projected to the dorsolateral solitum nucleus by
targeting the VSN pathway, and this property also indicates the
multidimensional construction of vagal interoceptive laterally.
These offer the potential to manipulate vagal interoceptive. The
gene expression profile showed the diversity of VSNs (Figure 2),
which strongly suggested that VSNs were not simply “on” or “off”
but could independently coordinate the physiological functions
of discrete organs (Bai et al. 2019). The coding representation of
vagal interoceptive provides a directional strategy for selective
manipulation of neurons to modulate cardiovascular function.

4 | Potential Mechanisms of EA in Managing
Cardiovascular Disease: Utilizing Adaptive
Stimulation of the Vagal Nerve

By stimulating local sensory nerves and other afferents in the
acupoint, EA can set off a cascade of reactions in the organism
across multiple systems and tissues. This shows that EA has the
capacity to alter VSNs’ function patterns, indirectly raising the
prospect that EA can treat cardiovascular diseases by modifying
vagal interoceptive (Figure 3).

4.1 | EA Activation of Somatic Sensory Afferent
Nerve: Vital Functional Input Integration of the
Heart

Accumulating evidence suggests that transcutaneous auricular
VNS (taVNS) influences activity in solitary and parabrachial
nuclei, the primary brainstem relays for the transmission of
visceral sensory afferents to the insula (Poppa et al. 2022). Thus,
examining the effect of external stimuli on the integration of inter-
nal perception will be a worthwhile contribution to the clinical
treatment program. When the skin is scratched or cut severely,
satellite cells associated with the dorsal root ganglion may begin
to develop. These cells are responsible for sustaining sensory
neurons with necessary nutrients and energy (Petrella et al. 2020).
The somatic sensory afferent nerve fibers enable the transmission
of mechanical stimulation or injurious signals from the skin to
the center, where they are integrated and trigger reactions such
as tissue repair and inflammation control (Christie et al. 2015).
This offers a novel outlook for the vagal interoceptive receptors
to comprehend mechanical stimulus signals, decode them, and
direct subsequent systemic reactions, as well as initiate surface
stimulation. These raise the possibility of treatment approaches
that start with the skin to treat cardiovascular disorders. On the
basis of this neurological basis, the benign impact of auricular
acupuncture on the heart mimics the auriculo-cardiac reflex (Lin
et al. 2011). EA has the ability to affect the nervous system by
stimulating certain areas on the surface of the body, such as
activating adenosine al receptors on nerve endings, generating
nerve impulses, and triggering acupuncture effects (Wang et al.

2020). EA has been proven to be effective in reducing long-term
cardiac sympathetic stress, enhancing vagal tone, and providing
protection for the heart (Xiao et al. 2020). Research conducted at
the central level has revealed that the vagal nerve can alter the
activity of neurons associated with the paraventricular nucleus
(PVN), which possess typical ganglion innervation properties
(Tjen-A-Looi et al. 2022). This indicated that the local surface
of the body can be connected to target organs through specific
neural pathways, allowing the autonomic nervous system to re-
establish equilibrium via the superior spinal cord center, thus
optimizing the body’s state and improving the progression of
the disease. Following the deep axis of the body, the sensory
neurons of the vagal nerve communicate with the body surface
and the viscera, forming a wide-ranging and powerful body-brain
connection, which is one of the physical bases of surface medicine
such as EA. EA at Neiguan acupoint (PC6) has the ability
to ameliorate bradycardia, control vagal-induced NTS activity
through a y-aminobutyric acid-ergic pathway, and control the
response of the cardiovascular system (Tjen-A-Looi, Guo, and
Longhurst 2014). EA pretreatment could inhibit PVN“®! neurons,
which offers fresh perspectives on the application of acupuncture
in the management of cardiovascular disease (Zhou et al. 2024;
Zhu et al. 2023). This also implies that stimulation of certain
areas of the body can enhance the performance of the target
organ. Head’s zones also law outlines the common driving force
for nerve integration between body surface and heart. Cardiac
afferent neurons are capable of detecting mechanical, chemical,
or multiple stimuli and can transmit peptides such as substance
P and calcitonin gene-related peptides (Shivkumar et al. 2016).
This can cause an increase in local skin release after EA (Xu et al.
2022), which is then transmitted through the VSN and is thought
to play arole in the remodeling of the ventricles (Wang et al. 2014).
By combining multiple systems and multiple targets, EA is able
to act as a regulator of both the nervous and circulatory systems.
The stimulation signal of EA can either activate or inhibit certain
nerve structures, thus regulating the system and producing a
local effect on the body surface and a targeted effect on the
organ. Research studies into the neurophysiological properties
of EA have shed light on its potential use in the treatment of
cardiovascular diseases, including heart failure.

4.2 | EA Modifies Neurovascular Sensory
Interaction: Alternate Route for Cardiac Input
Regulation

Vagal intrasthesia utilizes massively parallel encoding of location
information and stimulation mode (Zhao et al. 2022), which
allows for external stimulus information, such as hemodynamic
or peristaltic signals, to be translated into encoded information
that is processed by the internal nervous system. This provides
a foundation for surface medicine therapy. EA is capable of
not only normalizing autonomic tension but also preserving the
autonomic nerve output linked to hemodynamic stability (Li et al.
1998). In other words, EA does not modify the hemodynamic
baseline. Studies have demonstrated the presence of sensory
neurites related to the ICNS at the atrioventricular junction and
on the outer membrane of major vessels (e.g., coronary arteries)
(Lizot et al. 2022), supporting that EA may have a protective
effect on the heart by regulating both the nervous and circulatory
systems. EA may enhance aberrant nerve activation close to
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6; Agtrla-oesophagus, 4; Agtrla-stomach, 12; Agtrla-duodenum, 4; Agtrla-colon, 3; Agtrla-heart, 6). (b) UMAP plot of VSN clusters, colored by average
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well (dashed arrow). (f) Model for combinatorial coding of the body’s internal space in VSNs using a 2D genetic matrix. Source: Figure adapted from
Zhao et al. (2022) with permission from Nature.
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ischemia foci and develop into one of the prospective therapy
options for neurovascular illness (Li et al. 2022). Piezol and
Piezo2 are parts of the molecular mechanisms behind the vagal
interoceptive, which senses blood pressure and acts as pressure
sensors for the heart’s mechanical work (Jiang et al. 2021). EA
has been demonstrated to be an effective method for improving
hemodynamics, modulating blood flow in areas of ischemia,
altering coronary microvascular tension and repairing nerves,
and providing potential for vagal interoceptive regulation (Silva
et al. 2020; Zhang et al. 2021). Meanwhile, the coding gene
template in different tissue layers and organs is heterogeneous,
which makes VNS considered a multidimensional functional
unit. This could explain why uniform stimulation of distinct parts
of the body surface yields distinct outcomes. Using topological
mapper methods, Feng found that sympathetic neurovascular
networks were denser in the acupoint compared with surround-
ing non-acupoints (Hu et al. 2021). If the benefits of acupoint
neurovascular coupling are further explained, the basis for the
local and systemic biological effects of EA in the treatment of
cardiovascular disease can be understood better. Furthermore,
VSNs may exhibit this variability. Wang also demonstrated that
EA at PC6 was effective in alleviating myocardial ischemia-
reperfusion; however, the same effect could not be replicated
when EA was applied to other body parts (Wang et al. 2021).
In terms of the quantitative-effect relationship, the difference in
acupuncture depth impacts the therapeutic effect due to variances
in the distribution of nerves and various types of receptor cells at
varying depths of the local tissue at the acupoint (L. Chen, Wang,
et al. 2021). Different stimulation modalities may cause varied
signal transduction and expression for the coding features of EA.
This raises the possibility of surface medicine being a suitable
remedy for cardiovascular ailments, although its success is likely
to be location-specific due to the differences in the way VSN
messages are transmitted and reintegrated (Garfinkel et al. 2016).
Ultimately, EA has the potential to be beneficial by controlling the
activity of the sensory nervous system, both in terms of afferent

and efferent pathways. A comprehensive understanding of this
process will be beneficial in ensuring the safety and effectiveness
of its clinical applications.

5 | Conclusion and Future Perspectives

Categorization of VSN is traditionally done by analyzing their
physical characteristics, developmental background, and sensi-
tivity to external stimuli. The utilization of gene sequencing
has enabled researchers to further investigate the variety of
characteristics of sensory neurons. The gene-coding spectrum of
this particular sensory attribute and its anatomical position are
mutually dependent, allowing for an investigation into the precise
stimulation and regulation of target organs and the utilization
of interorgan communication. Meditation can have a regulating
effect on the cardiopulmonary system. The physiological basis for
this is the vagal interoceptive loop regulation; for instance, pho-
togenetic stimulation of P2ryl neurons can significantly reduce
respiration without affecting heart rate, which is indicative of
the precise interoceptive encoding pattern of the vagal nerve.
The perspective from local to global region provides multimodal
interoception, indicating the strategic positioning of the VSN to
the visceral projection pathway. This provides the neurological
basis for the precision of cardiovascular regulation. The vagal
sensory afferent nerve facilitates the transition of internal signals
in accordance with the cutaneous information received from
external stimuli. Evidence has indicated that taVNS and EA are
viable approaches for managing cardiovascular health. EA acts
on the nervous system; the multimodal VSN is the direction
of the research of the molecular mechanism strategy of EA
regulation of the cardiovascular system in order to optimize the
shortcomings of existing therapies. Investigating the physiologi-
cal basis of interoception in relation to the cardiovascular system,
understanding the transmission and transduction of sensory
signals to internal organs, and exploring the potential of EA to
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stimulate the encoded signals of neural pathways will provide
a basis for the study of EA in the prevention and treatment of
cardiovascular diseases. Further research studies into the genetic
coding of VSNs could lead to the augmented comprehension of
individual afferent or efferent neural pathways and more effective
therapeutic approaches for treating illnesses.

Author Contributions

Yun Liu and Tiancheng Xu: conceptualization. Yun Liu and
Tiancheng Xu: Writing-original draft preparation. Bin Xu and Zhi
Yu: Writing-review and editing. All authors read and approved the final
manuscript.

Acknowledgments

We are grateful to the staff of the Key Laboratory of Acupuncture
and Medicine Research of Ministry of Education in Nanjing University
of Chinese Medicine for their support during the preparation of this
manuscript. We are grateful for the support of BioRender.com.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

Data sharing is not applicable to this article as no datasets were generated
or analyzed during the current study.

Peer Review

The peer review history for this article is available at https://publons.com/
publon/10.1002/brb3.70076.

References

Aksu, T., R. Gopinathannair, D. Gupta, and D. H. Pauza. 2021. “Intrinsic
Cardiac Autonomic Nervous System: What Do Clinical Electrophysiolo-
gists Need to Know About the “Heart Brain”?” Journal of Cardiovascular
Electrophysiology 32, no. 6: 1737-1747. https://doi.org/10.1111/jce.15058.

Allen, A. M., S. J. Lewis, A. J. Verberne, and F. A. Mendelsohn. 1988.
“Angiotensin Receptors and the Vagal System.” Clinical and Experimental
Hypertension Part A, Theory and Practice 10, no. 6: 1239-1249. https://doi.
0rg/10.1080/07300077.1988.11878914.

Badran, B. W, L. T. Dowdle, O. J. Mithoefer, et al. 2018. “Neurophysiologic
Effects of Transcutaneous Auricular Vagus Nerve Stimulation (taVNS)
Via Electrical Stimulation of the Tragus: A Concurrent taVNS/fMRI Study
and Review.” Brain Stimulation 11, no. 3: 492-500. https://doi.org/10.1016/
j-brs.2017.12.009.

Bai, L., S. Mesgarzadeh, K. S. Ramesh, et al. 2019. “Genetic Identification
of Vagal Sensory Neurons That Control Feeding.” Cell 179, no. 5: 1129-1143.
https://doi.org/10.1016/j.cell.2019.10.031.

Brown, L., A. A. Rando, K. Eichel, et al. 2021. “The Effects of Mindfulness
and Meditation on Vagally Mediated Heart Rate Variability: A Meta-
Analysis.” Psychosomatic Medicine 83, no. 6: 631-640. https://doi.org/10.
1097/PSY.0000000000000900.

Bucksot, J. E., C. K. Morales, S. K. Skipton, and S. A. Hays. 2020. “Para-
metric Characterization of the Rat Hering-Breuer Reflex Evoked With
Implanted and Non-Invasive Vagus Nerve Stimulation.” Experimental
Neurology 327: 113220. https://doi.org/10.1016/j.expneurol.2020.113220.

Burnstock, G. 2017. “Purinergic Signaling in the Cardiovascular Sys-
tem.” Circulation Research 120, no. 1: 207-228. https://doi.org/10.1161/
CIRCRESAHA.116.309726.

Chang, R. B., D. E. Strochlic, E. K. Williams, B. D. Umans, and S.
D. Liberles. 2015. “Vagal Sensory Neuron Subtypes That Differentially
Control Breathing.” Cell 161, no. 3: 622-633. https://doi.org/10.1016/j.cell.
2015.03.022.

Chen, L., X. Wang, X. Zhang, et al. 2021. “Electroacupuncture and
Moxibustion-Like Stimulation Relieves Inflammatory Muscle Pain by
Activating Local Distinct Layer Somatosensory Afferent Fibers.” Frontiers
in Neuroscience 15: 695152. https://doi.org/10.3389/fnins.2021.695152.

Chen, W. G., D. Schloesser, A. M. Arensdorf, et al. 2021. “The Emerging
Science of Interoception: Sensing, Integrating, Interpreting, and Regulat-
ing Signals Within the Self.” Trends in Neuroscience (Tins) 44, no. 1: 3-16.
https://doi.org/10.1016/j.tins.2020.10.007.

Christensen, A. H., S. Nygaard, K. Rolid, et al. 2022. “Strong Evidence for
Parasympathetic Sinoatrial Reinnervation After Heart Transplantation.”
Journal of Heart and Lung Transplantation 41, no. 7: 898-909. https://doi.
0rg/10.1016/j.healun.2021.11.005.

Christie, K., D. Koshy, C. Cheng, et al. 2015. “Intraganglionic Interactions
Between Satellite Cells and Adult Sensory Neurons.” Molecular and
Cellular Neuroscience 67: 1-12. https://doi.org/10.1016/j.mcn.2015.05.001.

Cutsforth-Gregory, J. K., and E. E. Benarroch. 2017. “Nucleus of the
Solitary Tract, Medullary Reflexes, and Clinical Implications.” Neurology
88, no. 12: 1187-1196. https://doi.org/10.1212/WNL.0000000000003751.

Garfinkel, S. N., M. F. Manassei, G. Hamilton-Fletcher, et al. 2016. “Intero-
ceptive Dimensions Across Cardiac and Respiratory Axes.” Philosophical
Transactions of the Royal Society of London. Series B: Biological Sciences
371, no. 1708: 20160014. https://doi.org/10.1098/rstb.2016.0014.

Garfinkel, S. N., A. K. Seth, A. B. Barrett, K. Suzuki, and H. D. Critchley.
2015. “Knowing Your Own Heart: Distinguishing Interoceptive Accuracy
From Interoceptive Awareness.” Biological Psychology 104: 65-74. https://
doi.org/10.1016/j.biopsycho.2014.11.004.

Gierthmuehlen, M., D. Plachta, and J. Zentner. 2020. “Implant-Mediated
Therapy of Arterial Hypertension.” Current Hypertension Reports 22, no.
2:16. https://doi.org/10.1007/511906-020-1019-7.

Goldberger, J. J., R. Arora, U. Buckley, and K. Shivkumar. 2019. “Auto-
nomic Nervous System Dysfunction: JACC Focus Seminar.” Journal of the
American College of Cardiology 73, no. 10: 1189-1206. https://doi.org/10.
1016/j.jacc.2018.12.064.

Guyenet, P. G. 2006. “The Sympathetic Control of Blood Pressure.” Nature
Reviews Neuroscience 7, no. 5: 335-346. https://doi.org/10.1038/nrn1902.

Han, L., N. Limjunyawong, F. Ru, et al. 2018. “Mrgprs on Vagal
Sensory Neurons Contribute to Bronchoconstriction and Airway Hyper-
Responsiveness.” Nature Neuroscience 21, no. 3: 324-328. https://doi.org/
10.1038/s41593-018-0074-8.

Hausenloy, D. J., H. E. Botker, P. Ferdinandy, et al. 2019. “Cardiac
Innervation in Acute Myocardial Ischaemia/Reperfusion Injury and
Cardioprotection.” Cardiovascular Research 115, no. 7: 1167-1177. https://
doi.org/10.1093/cvr/cvz053.

Ho, C. Y., Y. T. Lin, H. H. Chen, et al. 2020. “CX3CRI1-Microglia Mediates
Neuroinflammation and Blood Pressure Regulation in the Nucleus
Tractus Solitarii of Fructose-Induced Hypertensive Rats.” Journal of Neu-
roinflammation 17, no. 1: 185. https://doi.org/10.1186/512974-020-01857-
7.

Holt, M. K. 2022. “The Ins and Outs of the Caudal Nucleus of the
Solitary Tract: An Overview of Cellular Populations and Anatomical
Connections.” Journal of Neuroendocrinology 34, no. 6: €13132. https://doi.
org/10.1111/jne.13132.

Holt, M. K., L. E. Pomeranz, K. T. Beier, F. Reimann, F. M. Gribble, and L.
Rinaman. 2019. “Synaptic Inputs to the Mouse Dorsal Vagal Complex and
Its Resident Preproglucagon Neurons.” Journal of Neuroscience 39, no. 49:
9767-9781. https://doi.org/10.1523/INEUROSCI.2145-19.2019.

Hu, W,, J. Chen, C. Sun, et al. 2021. “Spatial Topological Analysis of
Sympathetic Neurovascular Characteristic of Acupoints in Ren Merid-
ian Using Advanced Tissue-Clearing and Near Infrared II Imaging.”

8 0f 10

Brain and Behavior, 2024


http://BioRender.com
https://publons.com/publon/10.1002/brb3.70076
https://doi.org/10.1111/jce.15058
https://doi.org/10.1080/07300077.1988.11878914
https://doi.org/10.1016/j.brs.2017.12.009
https://doi.org/10.1016/j.cell.2019.10.031
https://doi.org/10.1097/PSY.0000000000000900
https://doi.org/10.1016/j.expneurol.2020.113220
https://doi.org/10.1161/CIRCRESAHA.116.309726
https://doi.org/10.1016/j.cell.2015.03.022
https://doi.org/10.3389/fnins.2021.695152
https://doi.org/10.1016/j.tins.2020.10.007
https://doi.org/10.1016/j.healun.2021.11.005
https://doi.org/10.1016/j.mcn.2015.05.001
https://doi.org/10.1212/WNL.0000000000003751
https://doi.org/10.1098/rstb.2016.0014
https://doi.org/10.1016/j.biopsycho.2014.11.004
https://doi.org/10.1007/s11906-020-1019-7
https://doi.org/10.1016/j.jacc.2018.12.064
https://doi.org/10.1038/nrn1902
https://doi.org/10.1038/s41593-018-0074-8
https://doi.org/10.1093/cvr/cvz053
https://doi.org/10.1186/s12974-020-01857-7
https://doi.org/10.1111/jne.13132
https://doi.org/10.1523/JNEUROSCI.2145-19.2019

Computational and Structural Biotechnology Journal 19: 2236-2245.
https://doi.org/10.1016/j.csbj.2021.04.010.

Jiang, F., K. Yin, K. Wu, et al. 2021. “The Mechanosensitive Piezol
Channel Mediates Heart Mechano-Chemo Transduction.” Nature Com-
munications 12, no. 1: 869. https://doi.org/10.1038/s41467-021-21178-4.

Li, P, K. F. Pitsillides, S. V. Rendig, H. L. Pan, and J. C. Longhurst.
1998. “Reversal of Reflex-Induced Myocardial Ischemia by Median Nerve
Stimulation: A Feline Model of Electroacupuncture.” Circulation 97, no.
12: 1186-1194. https://doi.org/10.1161/01.cir.97.12.1186.

Li, X., C. Yin, Q. Hu, et al. 2022. “Nrf2 Activation Mediates Antiallodynic
Effect of Electroacupuncture on a Rat Model of Complex Regional
Pain Syndrome Type-I Through Reducing Local Oxidative Stress and
Inflammation.” Oxidative Medicine and Cellular Longevity 2022: 8035109.
https://doi.org/10.1155/2022/8035109.

Lin, Z. P, Y. H. Chen, C. Fan, H. J. Wu, L. W. Lan, and J. G. Lin.
2011. “Effects of Auricular Acupuncture on Heart Rate, Oxygen Con-
sumption and Blood Lactic Acid for Elite Basketball Athletes.” American
Journal of Chinese Medicine 39, no. 6: 1131-1138. https://doi.org/10.1142/
S50192415x11009457.

Liu, S., Z. Wang, Y. Su, et al. 2021. “A Neuroanatomical Basis for
Electroacupuncture to Drive the Vagal-Adrenal Axis.” Nature 598, no.
7882: 641-645. https://doi.org/10.1038/541586-021-04001-4.

Liu, S., Z. F. Wang, Y. S. Su, et al. 2020. “Somatotopic Organization and
Intensity Dependence in Driving Distinct NPY-Expressing Sympathetic
Pathways by Electroacupuncture.” Neuron 108, no. 3: 436-450. https://doi.
0rg/10.1016/j.neuron.2020.07.015.

Lizot, G., C. Pasqualin, A. Tissot, S. Pages, J. F. Faivre, and A. Chatelier.
2022. “Molecular and Functional Characterization of the Mouse Intrinsic
Cardiac Nervous System.” Heart Rhythm 19, no. 8: 1352-1362. https://doi.
0rg/10.1016/j.hrthm.2022.04.012.

Machhada, A., P. S. Hosford, A. Dyson, G. L. Ackland, S. Mastitskaya, and
A. V. Gourine. 2020. “Optogenetic Stimulation of Vagal Efferent Activity
Preserves Left Ventricular Function in Experimental Heart Failure.”
JACC Basic Translational Science 5, no. 8: 799-810. https://doi.org/10.1016/
j.jacbts.2020.06.002.

Min, S., R. B. Chang, S. L. Prescott, et al. 2019. “Arterial Baroreceptors
Sense Blood Pressure Through Decorated Aortic Claws.” Cell Reports 29,
no. 8: 2192-2201. https://doi.org/10.1016/j.celrep.2019.10.040.

Moreno-Dominguez, A., P. Ortega-Saenz , L. Gao, et al. 2020. “Acute
0O, Sensing Through HIF2alpha-Dependent Expression of Atypical
Cytochrome Oxidase Subunits in Arterial Chemoreceptors.” Science
Signaling 13, no. 615: eaay9452. https://doi.org/10.1126/scisignal.aay9452.

Ortega-Saenz, P., and J. Lopez-Barneo. 2020. “Physiology of the Carotid
Body: From Molecules to Disease.” Annual Review of Physiology 82: 127-
149. https://doi.org/10.1146/annurev- physiol-020518-114427.

Ottaviani, M. M., L. Wright, T. Dawood, and V. G. Macefield. 2020.
“In Vivo Recordings From the Human Vagus Nerve Using Ultrasound-
Guided Microneurography.” Journal of Physiology 598, no. 17: 3569-3576.
https://doi.org/10.1113/JP280077.

Paccione, C. E., A. Stubhaug, L. M. Diep, L. A. Rosseland, and H. B.
Jacobsen. 2022. “Meditative-Based Diaphragmatic Breathing vs. Vagus
Nerve Stimulation in the Treatment of Fibromyalgia—A Randomized
Controlled Trial: Body vs. Machine.” Front Neurology 13: 1030927. https://
doi.org/10.3389/fneur.2022.1030927.

Petrella, C., M. T. Ciotti, R. Nistico, et al. 2020. “Involvement of Bradykinin
Receptor 2 in Nerve Growth Factor Neuroprotective Activity.” Cells 9, no.
12: 2651. https://doi.org/10.3390/cells9122651.

Poppa, T., L. Benschop, P. Horczak, et al. 2022. “Auricular Transcutaneous
Vagus Nerve Stimulation Modulates the Heart-Evoked Potential.” Brain
Stimulation 15, no. 1: 260-269. https://doi.org/10.1016/j.brs.2021.12.004.

Prescott, S. L., and S. D. Liberles. 2022. “Internal Senses of the Vagus
Nerve.” Neuron 110, no. 4: 579-599. https://doi.org/10.1016/j.neuron.2021.
12.020.

Sant’Anna, L. B, S. Couceiro, E. A. Ferreira, et al. 2021. “Vagal Neuro-
modulation in Chronic Heart Failure With Reduced Ejection Fraction:
A Systematic Review and Meta-Analysis.” Frontiers in Cardiovascular
Medicine 8: 766676. https://doi.org/10.3389/fcvm.2021.766676.

Scherschel, K., H. Brauninger, A. Molders, et al. 2021. “Characterization of
the HCN Interaction Partner TRIP8b/PEXS5R in the Intracardiac Nervous
System of TRIP8b-Deficient and Wild-Type Mice.” International Journal
of Molecular Sciences 22, no. 9: 4772. https://doi.org/10.3390/ijms22094772.

Shanks, J., and R. Ramchandra. 2021. “Angiotensin II and the Car-
diac Parasympathetic Nervous System in Hypertension.” International
Journal of Molecular Sciences 22, no. 22: 12305. https://doi.org/10.3390/
1jms222212305.

Shivkumar, K., O. A. Ajijola, I. Anand, et al. 2016. “Clinical Neuro-
cardiology Defining the Value of Neuroscience-Based Cardiovascular
Therapeutics.” Journal of Physiology 594, no. 14: 3911-3954. https://doi.
org/10.1113/JP271870.

Silva, M., T. C. Lustosa, V. J. Arai, et al. 2020. “Effects of Acupuncture
on Obstructive Sleep Apnea Severity, Blood Pressure Control and Quality
of Life in Patients With Hypertension: A Randomized Controlled Trial.”
Journal of Sleep Research 29, no. 2: €12954. https://doi.org/10.1111/jsr.12954.

Sloan, R. P,, and S. W. Cole. 2021. “Parasympathetic Neural Activity and
the Reciprocal Regulation of Innate Antiviral and Inflammatory Genes in
the Human Immune System.” Brain, Behavior, and Immunity 98: 251-256.
https://doi.org/10.1016/].bbi.2021.08.217.

Spyer, K. M. 1994. “Annual Review Prize Lecture. Central Nervous Mecha-
nisms Contributing to Cardiovascular Control.” Journal of Physiology 474,
no. 1: 1-19. https://doi.org/10.1113/jphysiol.1994.sp019997.

Tjen-A-Looi, S. C., L. W. Fu, Z. L. Guo, et al. 2022. “Neurogenic Hypoten-
sion and Bradycardia Modulated by Electroacupuncture in Hypothalamic
Paraventricular Nucleus.” Frontiers in Neuroscience 16: 934752. https://doi.
org/10.3389/fnins.2022.934752.

Tjen-A-Looi, S. C., Z. L. Guo, and J. C. Longhurst. 2014. “GABA in
Nucleus Tractus Solitarius Participates in Electroacupuncture Modu-
lation of Cardiopulmonary Bradycardia Reflex.” American Journal of
Physiology. Regulatory, Integrative and Comparative Physiology 307, no. 11:
R1313-R1323. https://doi.org/10.1152/ajpregu.00300.2014.

Torrealba, F., and J. Alcayaga. 1986. “Nerve Branching and Terminal
Arborizations in the Carotid Body of the Cat. A Light Microscopic
Study Following Anterograde Injury Filling of Carotid Nerve Axons With
Horseradish Peroxidase.” Neuroscience 19, no. 2: 581-595. https://doi.org/
10.1016/0306-4522(86)90283-6.

Villani, V., M. Tsakiris, and R. T. Azevedo. 2019. “Transcutaneous Vagus
Nerve Stimulation Improves Interoceptive Accuracy.” Neuropsychologia
134:107201. https://doi.org/10.1016/j.neuropsychologia.2019.107201.

Wake, E., and K. Brack. 2016. “Characterization of the Intrinsic Cardiac
Nervous System.” Autonomic Neuroscience 199: 3-16. https://doi.org/10.
1016/j.autneu.2016.08.006.

Wang, H. J., W. Wang, K. G. Cornish, G. J. Rozanski, and I. H. Zucker.
2014. “Cardiac Sympathetic Afferent Denervation Attenuates Cardiac
Remodeling and Improves Cardiovascular Dysfunction in Rats With
Heart Failure.” Hypertension 64, no. 4: 745-755. https://doi.org/10.1161/
HYPERTENSIONAHA.114.03699.

Wang, N,, J. Ma, Y. Ma, et al. 2021. “Electroacupuncture Pretreatment
Mitigates Myocardial Ischemia/Reperfusion Injury Via XBP1/GRP78/Akt
Pathway.” Frontiers in Cardiovascular Medicine 8: 629547. https://doi.org/
10.3389/fcvm.2021.629547.

Wang, X., M. Huang, H. Yang, et al. 2020. “Mast Cell Degranulation and
Adenosine Release: Acupoint Specificity for Effect of Electroacupuncture
on Pituitrin-Induced Acute Heart Bradycardia in Rabbits.” Evidence-
Based Complementary and Alternative Medicine 2020: 1348914. https://doi.
0rg/10.1155/2020/1348914.

Weng, H. Y., J. L. Feldman, L. Leggio, V. Napadow, J. Park, and C. J.
Price. 2021. “Interventions and Manipulations of Interoception.” Trends

9 of 10


https://doi.org/10.1016/j.csbj.2021.04.010
https://doi.org/10.1038/s41467-021-21178-4
https://doi.org/10.1161/01.cir.97.12.1186
https://doi.org/10.1155/2022/8035109
https://doi.org/10.1142/S0192415x11009457
https://doi.org/10.1038/s41586-021-04001-4
https://doi.org/10.1016/j.neuron.2020.07.015
https://doi.org/10.1016/j.hrthm.2022.04.012
https://doi.org/10.1016/j.jacbts.2020.06.002
https://doi.org/10.1016/j.celrep.2019.10.040
https://doi.org/10.1126/scisignal.aay9452
https://doi.org/10.1146/annurev-physiol-020518-114427
https://doi.org/10.1113/JP280077
https://doi.org/10.3389/fneur.2022.1030927
https://doi.org/10.3390/cells9122651
https://doi.org/10.1016/j.brs.2021.12.004
https://doi.org/10.1016/j.neuron.2021.12.020
https://doi.org/10.3389/fcvm.2021.766676
https://doi.org/10.3390/ijms22094772
https://doi.org/10.3390/ijms222212305
https://doi.org/10.1113/JP271870
https://doi.org/10.1111/jsr.12954
https://doi.org/10.1016/j.bbi.2021.08.217
https://doi.org/10.1113/jphysiol.1994.sp019997
https://doi.org/10.3389/fnins.2022.934752
https://doi.org/10.1152/ajpregu.00300.2014
https://doi.org/10.1016/0306-4522(86)90283-6
https://doi.org/10.1016/j.neuropsychologia.2019.107201
https://doi.org/10.1016/j.autneu.2016.08.006
https://doi.org/10.1161/HYPERTENSIONAHA.114.03699
https://doi.org/10.3389/fcvm.2021.629547
https://doi.org/10.1155/2020/1348914

in Neuroscience (Tins) 44, no. 1: 52-62. https://doi.org/10.1016/j.tins.2020.
09.010.

Xiao, Y., W. Chen, Z. Zhong, et al. 2020. “Electroacupuncture Pre-
conditioning Attenuates Myocardial Ischemia-Reperfusion Injury by
Inhibiting Mitophagy Mediated by the mTORCI-ULK1-FUNDCI Path-
way.” Biomedicine & Pharmacotherapy 127: 110148. https://doi.org/10.
1016/j.biopha.2020.110148.

Xu, T., Z. Yu, Y. Liu, et al. 2022. “Hypoglycemic Effect of Electroacupunc-
ture at ST25 Through Neural Regulation of the Pancreatic Intrinsic
Nervous System.” Molecular Neurobiology 59, no. 1: 703-716. https://doi.
0rg/10.1007/s12035-021-02609-1.

Yamakawa, K., P. S. Rajendran, T. Takamiya, et al. 2015. “Vagal Nerve
Stimulation Activates Vagal Afferent Fibers That Reduce Cardiac Efferent
Parasympathetic Effects.” American Journal of Physiology. Heart and
Circulatory Physiology 309, no. 9: H1579-H1590. https://doi.org/10.1152/
ajpheart.00558.2015.

Zeng, W. Z., K. L. Marshall, S. Min, et al. 2018. “PIEZOs Mediate Neuronal
Sensing of Blood Pressure and the Baroreceptor Reflex.” Science 362, no.
6413: 464-467. https://doi.org/10.1126/science.aau6324.

Zhang, Y., B. Wernly, X. Cao, S. J. Mustafa, Y. Tang, and Z. Zhou.
2021. “Adenosine and Adenosine Receptor-Mediated Action in Coronary
Microcirculation.” Basic Research in Cardiology 116, no. 1: 22. https://doi.
0rg/10.1007/s00395-021-00859-7.

Zhao, Q., C. D. Yu, R. Wang, et al. 2022. “A Multidimensional Coding
Architecture of the Vagal Interoceptive System.” Nature 603, no. 7903:
878-884. https://doi.org/10.1038/s41586-022-04515-5.

Zhou, J., B. Zhang, X. Zhou, et al. 2024. “Electroacupuncture Pretreat-
ment Mediates Sympathetic Nerves to Alleviate Myocardial Ischemia-
Reperfusion Injury Via CRH Neurons in the Paraventricular Nucleus of
the Hypothalamus.” Chinese Medicine 19, no. 1: 43. https://doi.org/10.
1186/s13020-024-00916-y.

Zhu, L., Z. Ye, M. Zhang, et al. 2023. “Electroacupuncture Interven-
tion on Stress-Induced Cardiac Autonomic Imbalance in Rats Involves
Corticotropin-Releasing Hormone System Activity.” Neuroreport 34, no.
7: 401-410. https://doi.org/10.1097/WNR.0000000000001905.

10 of 10

Brain and Behavior, 2024


https://doi.org/10.1016/j.tins.2020.09.010
https://doi.org/10.1016/j.biopha.2020.110148
https://doi.org/10.1007/s12035-021-02609-1
https://doi.org/10.1152/ajpheart.00558.2015
https://doi.org/10.1126/science.aau6324
https://doi.org/10.1007/s00395-021-00859-7
https://doi.org/10.1038/s41586-022-04515-5
https://doi.org/10.1186/s13020-024-00916-y
https://doi.org/10.1097/WNR.0000000000001905

	Neurophysiological Basis of Electroacupuncture Stimulation in the Treatment of Cardiovascular-Related Diseases: Vagal Interoceptive Loops
	1 | Introduction
	2 | The Function of Vagal Nerve: A Vital Vehicle for Coordinating the Intrinsic Cardiac Nervous System
	2.1 | Innervation of the Vagal Nerve in the Heart
	2.2 | VSN Genes Encode for the Regulation of Partial Cardiovascular Function Characterization

	3 | Novel Strategies for the Management of Cardiovascular: Modulation of Vagal Interoceptive
	3.1 | Strategic Positioning of Vagal Interoceptive in the Cardiovascular Center
	3.2 | Multidimensional Feedback Patterns of Vagal Interoceptive in the Heart

	4 | Potential Mechanisms of EA in Managing Cardiovascular Disease: Utilizing Adaptive Stimulation of the Vagal Nerve
	4.1 | EA Activation of Somatic Sensory Afferent Nerve: Vital Functional Input Integration of the Heart
	4.2 | EA Modifies Neurovascular Sensory Interaction: Alternate Route for Cardiac Input Regulation

	5 | Conclusion and Future Perspectives
	Author Contributions
	Acknowledgments
	Conflicts of Interest
	Data Availability Statement
	Peer Review

	References


