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as a novel therapy connecting the central
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Abstract \

Currently, clinical practice and scientific research mostly revolve around a single disease or system, but the single disease-oriented
diagnostic and therapeutic paradigm needs to be revised. This review describes how transcutaneous auricular vagus nerve sti-
mulation (taVNS), a novel non-invasive neuromodulation approach, connects the central and peripheral systems of the body.
Through stimulation of the widely distributed vagus nerve from the head to the abdominal cavity, this therapy can improve and treat
central system disorders, peripheral system disorders, and central-peripheral comorbidities caused by autonomic dysfunction. In
the past, research on taVNS has focused on the treatment of central system disorders by modulating this brain nerve. As the vagus
nerve innervates the heart, lungs, liver, pancreas, gastrointestinal tract, spleen and other peripheral organs, taVNS could have an
overall modulatory effect on the region of the body where the vagus nerve is widespread. Based on this physiological basis, the
authors summarize the existing evidence of the taVNS ability to regulate cardiac function, adiposity, glucose levels, gastrointestinal
function, and immune function, among others, to treat peripheral system diseases, and complex diseases with central and per-
ipheral comorbidities. This review shows the successful examples and research progress of taVNS using peripheral neuromodu-
lation mechanisms from more perspectives, demonstrating the expanded scope and value of taVNS to provide new ideas and
approaches for holistic therapy from both central and peripheral perspectives.
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Introduction

Using physics approaches, neuromodulation is known as a novel
therapeutic method that is used to maintain nervous system
function. The vagus nerve is a major component of the para-
sympathetic nervous system and plays an important role in
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HIGHLIGHTS

e Transcutaneous auricular vagus nerve stimulation (taVNS)
is a novel neuromodulation therapy that has shown a
similar function to invasive VNS, with the advantages of
non-invasive, easy operation, excellent therapeutic efficacy
and minimal side effects.

e This review focuses on the application of taVINS in treating
disorders of peripheral organs and the communication
between central and peripheral regulations.

e The application of taVNS in the field of central-peripheral
comorbidities will be worth exploring in depth.

maintaining an autonomic tone throughout the brain, thorax and
abdomen'!!, Electrodes can be implanted and connected to the left
vagus nerve trunk within the neck, which then send electrical
signals to the brain for vagus nerve stimulation (VNS)?!, As VNS
affects the brain’s neurotransmitter system and microenviron-
ment, and induces and enhances brain plasticity!®!] it has been
approved by the United States Food and Drug Administration for
the treatment of refractory epilepsy and depression. However, in
clinical practice, this approach is limited by potential side effects,
including surgical complications, dyspnoea, pharyngitis, pain and
tightening of the larynx and vocal strain!*. Owing to the possi-
bility of infection and the high cost of stimulator implantation
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surgery, new, non-invasive, VNS techniques, such as transcuta-
neous vagus nerve stimulation (taVINS), have been developed.

taVNS promotes the coordination of the body’s physiological
functions and the balance of autonomic nervous system through
the vagus nerve. The auricular region is the only area where the
vagus nerve is distributed on the body surface™®!, and the auri-
cular branch of the vagus nerve (ABVN) projects to nerve centres
such as the nucleus tractus solitarius (NTS) and dorsal motor
nucleus (DMN) of the vagus, comprising an important part of the
aurico-vagal reflex!”). Through surface electrodes on the ear
concha that target the ABVN, taVNS delivers electrical currents
to activate the vagus nerve circuit and to regulate the activity in
the brainstem, thalamus, cerebral cortex, and other areas, further
modulating related peripheral organs®'°!. Accordingly, taVNS
can be used to treat various systemic disorders by targeting cen-
tral and peripheral organs, offering therapeutic benefits similar to
those of VNS. Moreover, taVNS is widely favoured by the public
because of its non-invasive nature, easy of use, excellent ther-
apeutic efficacy and minimal side effects.

Recently, taVINS therapy has been widely applied to regulate
disorders of the central nervous system (CNS), including epilepsy,
depression, insomnia, migraine, anxiety, fear, cognitive impair-
ment, posttrauma stress disorder, Parkinson’s disease, disorders
of consciousness, and cognitive decline!'®~'?!, Additionally, there
has been an increasing amount of research on the modulatory
effects on the peripheral nervous system since the vagus nerve
may improve the function of the peripheral nervous system
through neuroendocrine pathways. The vagus nerve innervates
peripheral organs such as the heart, lungs, liver, pancreas, gas-
trointestinal tract and spleen in addition to the brain network,
therefore taVINS therapy could be effective in treating disorders
caused by autonomic dysfunction of both the central and per-
ipheral systems. Complex central-peripheral comorbidities often
occur in humans as a whole, and such conditions could also be
ameliorated with vagal neuromodulation therapy. As the role of
the vagus nerve becomes increasingly recognized and appreciated
in clinical practice and surgical interventions®!, although the
application of taVNS in the CNS has been extensively studied, a
comprehensive review of its effects and mechanisms of action in
the peripheral nervous system is lacking.

We aimed to provide insights into taVNS effects on key phy-
siological processes in the cardiovascular, endocrine, gastro-
intestinal and immune systems, as well as beneficial therapeutic
effects on peripheral disorders and central-peripheral comorbid-
ities, and how these effects are achieved through interactions
between the central and peripheral systems. We expect that this
review will provide a new therapeutic approach to address central
and peripheral system diseases.

Relationship between taVNS and central and peripheral
organs

The vagus nerve consists of 20% motor efferent and 80% sensory
afferent fibres!". The functions of both the autonomic and CNS
can be modified by auricular vagal stimulation via projections
from the ABVN to the NTS''*!, Our previous study reported that
after injecting horseradish peroxidase into the subcutaneous part
of the auricular concha region, it mainly distributed in the ABVN,
whose projection fibres lead to the NTS and DMN!, providing
the morphological basis for the ‘auricular vagus association the-
ory’’>1®l Functional magnetic resonance imaging studies have
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also demonstrated that vagal afferent fibres project to the NTS,
which has direct or indirect connections to other brain regions!!”..

Currently, the generally accepted hypothesis regarding taVNS
is that external somatosensory inputs interact with internal organ
responses and central neural networks!'®!, The NTS is the term-
inal nucleus of general visceral sensory nerve fibres, integrating
taVNS afferent information and visceral autonomic afferent
information, while the DMN is the final output site for central
regulation of visceral parasympathetic nerve activity!'®?%!, The
vagus nerve runs from the brainstem through the neck to many
peripheral organs, including the heart, lung, liver, pancreas,
stomach, intestines and spleen. The efferent fibres in the vagus
nerve are distributed to these internal organs, and the local vagus
nerve in peripheral organs mainly originates from the NTS and
DMN; therefore, the ABVN reflex is considered to be a somatic
and visceral reflex.

Therefore, taVINS can directly project signals to the NTS and
further to the DMN through neural synaptic connections, causing
neuronal excitation in the DMN and finally transmitting the
centrally integrated signals to the vicinity of peripheral organs
innervated by the vagus nerve, releasing neurotransmitters and
affecting the functional activities of multiple organs. In particular,
these functional activities include regulating the heart rate and
blood glucose levels, promoting digestion, and balancing the
immune response. The effects of taVNS on peripheral organs are
shown in Figure 1.

Effects of taVNS on peripheral organs
Study design

The search of PubMed was conducted on 10 April 2024 since 1
January 2004, and included the broad terms ‘taVNS [Title/
Abstract]’, ‘transcutaneous auricular vagus nerve stimulation
[Title/Abstract]’, ‘vagus nerve stimulation [Title/Abstract]’, and
‘auricular vagus nerve stimulation [Title/Abstract]’. Only peer-
reviewed English language publications were considered.

The inclusion criteria included: a clinical randomized con-
trolled trial (RCT) or animal experiment study; subjects with
disorders associated with the peripheral nervous system or heal-
thy participants; taVNS as the main therapy. The exclusion cri-
teria included: non-RCT, case analyses, literature reviews,
retrospective analyses, meta-analyses and guidelines. According
to the above criteria, we summarized the RCT and animal
experiment studies about taVNS therapy in the peripheral ner-
vous system in Table 1.

taVNS regulates cardiac activity

The autonomic nervous system helps maintain cardiovascular
variables in a steady state, but the predominance of sympathetic
activity in normal ageing or pathological conditions can
adversely affect cardiovascular function'®. It has been demon-
strated that an imbalance of the autonomic nervous system,
which is mainly manifested by increased sympathetic activity and
relatively decreased vagal activity, is involved in the pathogenesis
of hypertension, with sympathetic activation being the key to the
pathogenesis of hypertension®®*. Clinical pharmacological
treatments for cardiovascular diseases are associated with a high
incidence of adverse side effects, while the replacement of phar-
macological treatments with taVNS therapy has been proven to
be effective in treating or alleviating cardiovascular diseases.
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Figure 1. Peripheral organs innervated by the vagus nerve and related functions. Ach, acetylcholine; a7nAChR, nicotinic acetylcholine receptor a7 subunit; DMN,
dorsal motor nucleus; IL, interleukin; NF-kB nuclear factor-kappa B; NTS, nucleus tractus solitaries; TNF-a, tumor necrosis factor-a.

taVNS can regulate the cardiac autonomic nervous system and
improve the body’s sympathetic or parasympathetic balance,
which then regulates cardiac and vascular functions®®),
improving symptoms of hypertension, arrhythmia, myocardial
infarction (MI) and heart failure. The mechanism flow chart of
taVNS in regulating cardiac activity was shown in Figure 2.

Stimulation of the distribution area of the ABVN could acti-
vate cardiac-related neurons in the NTS to evoke cardiovascular
inhibition, and the inferior concha produced the greatest inhibi-
tory effect!>”*8], taVNS regulates cardiac and vascular functions,
exerting significant cardiac inhibitory effects in healthy indivi-
duals with high heart rates under various conditions?!2>%1,
Direct neural recordings indicate that these antiarrhythmic effects
of taVNS are mediated by suppressing the activity of the intrinsic
cardiac autonomic nervous system!**!. Low-level taVNS can
reverse rapid atrial pacing-induced atrial remodelling and inhibit
the inducibility of atrial fibrillation (AF), suggesting a potential
non-invasive treatment for AF®%,

In patients with MI, taVNS could improve myocardial func-
tion and prevent cardiac remodelling in the late stages after
myocardial infarction by downregulating the expression of
matrix metallopeptidase 9 (MMP-9) and transforming growth
factor p1 (TGF-p1)2*%, Previous studies have demonstrated
that the activation and remodelling of the left stellate ganglion
(LSG), induced by myocardial infarction, may be the immediate
triggering mechanisms of  ventricular  arrhythmial®1-62],
Additionally, chronic low-level taVNS could reduce the induci-
bility of ventricular arrhythmia, LSG neural activity and sym-
pathetic neural remodelling in a postinfarction canine model(*®,

The improvement in heart rate variability shows that taVINS
improves autonomic homoeostasis, a beneficial effect in patients
with heart failure!®3!. In addition, taVNS treatment can help
alleviate symptoms caused by chronic unpredictable stress-

induced cardiac insufficiency, which provides additional evidence
that taVNS is an effective complementary nonpharmacological
therapy for improving cardiac function and treating cardiovas-
cular diseases!*”).

taVNS achieves lipomodulatory effects

The liver is a critical organ for lipid and glucose metabolism.
Similar to other visceral organs, the liver is subject to both sym-
pathetic and vagal innervation from the coeliac and superior
mesenteric ganglia, which are involved in the modulation of
hepatic function in conjunction with humoral regulation!®*!, The
hepatic vagus nerve is not only involved in normal hepatic glucose
metabolism, but also plays a role in the regulation of insulin
secretion, and the effect of brain leptin on hepatic triglyceride
output is mediated by the vagus nerve!®!. The flow chart of the
mechanism of taVNS regulation of glycolipid metabolism is
shown in Figure 3.

Regulating food intake and promoting fat metabolism are two
important options for treating obesity. A number of studies have
demonstrated that electrical stimulation of the vagus nerve can
induce multiple physiological functions related to food intake,
energy metabolism, and glycaemic control, which can result in
appreciable weight loss!®*=®8], In addition VNS was reported to
help produce weight loss by reducing ghrelin and leptin
levels!®®~7! Tt is therefore likely that taVNS could have an effect
on obesity, given the antiobesity effectiveness of invasive VNS.

A previous clinical trial of taVNS in individuals with obesity
demonstrated that the weight loss could temporarily decrease
appetite and increase the basal metabolic rate!”?. Regarding
appetite, taVNS significantly reduced postprandial plasma ghre-
lin levels, suggesting that the chronic use of taVNS may reduce
food intake by inhibiting ghrelin production?®!. Regarding
energy metabolism, a basic research study showed that taVNS
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Summary of the studies of taVNS on peripheral systems.

Subjects
Targeted
Study Category State Parameters Duration  organ/system Outcomes
Dalgleish et al P Adults Healthy 10 Hz, 300 ps 15 min for Heart The lengthening of the PQ-interval (P < 0.05) was accompanied by an increase in the root mean square of successive differences
1 session (P<0.05)
Austelle et a/?? Adults Healthy 25 Hz, 500 ps 2 min for Heart Initial increases in heart rate during the first 40 s in response to the cold pressor test were attenuated (P< 0.05)
1 session
Yu et al?3 Dogs AF 20 Hz, 1 ms 2 sessions Heart Rapid atrial pacing-induced atrial remodelling was reversed (P < 0.05) and AF inducibility was inhibited (P < 0.05)
3 h per session
Wang et al.?4 Dogs M 1624V, 20 Hz, 1 ms 90 days Heart Left ventricular dilatation was significantly reduced (P< 0.05), left ventricular contractile and diastolic function were improved
(5son/5 s off) 4 h per day (P< 0.05) and infarct size was reduced by ~50% (P < 0.01). Cardiac fibrosis was alleviated and protein expression level of collagen
|, collagen lll, transforming growth factor 31, and matrix metallopeptidase 9 in left ventricular tissues was significantly decreased (all
P<0.01). The plasma level of high-specific C-reactive protein, norepinephrine, N-terminal pro-B-type-natriuretic peptide was
significantly lower (all P< 0.05)
Wang et a/.?% Dogs Mi 16-24V,20Hz, 1T ms 6 weeks Heart Matrix metalloproteinase 9 and transforming growth factor b1 were down-regulated (both P < 0.01) to improve cardiac function and
(5 son/ 5 s off) (42 sessions) prevent cardiac remodelling in the late stages after MI
4 h per day
Yu et al?® Dogs M 20 Hz, 1 ms (5 s on/ 8 weeks Heart At 2-month follow-up, taVNS was found to significantly reduce ventricular arrhythmia inducibility (arrhythmia score: 1.8 + 0.8 vs.
5 s off) (56 sessions) 3.6+0.7, P<0.01, compared to the MI group), decreased left stellate ganglion activity (frequency: 32 +15 vs. 112 +29
2 h per session impulses/s; and amplitude: 0.15+0.12 mV vs. 0.38 +0.12 mV, compared to MI group), and attenuated cardiac sympathetic
remodelling induced by chronic MI. The nerve growth factor protein was down-regulated, and the small conductance calcium-
activated potassium channel type2 protein was up-regulated in the left stellate ganglion by taVNS (both P< 0.05)
Agarwal et al?"! Rats Cardiac 6V, 6Hz 1.0 ms 2 weeks Heart Elevated heart rate was alleviated (P < 0.05), vagal tone was improved (P< 0.05) and sinus rhythm was altered (P < 0.05), and
dysfunction (7 sessions) cardiac hypertrophy (P< 0.0001) and fibrosis (P< 0.05) were improved. Cardiac caspase-3 (P< 0.01), inducible nitric oxide
40 min synthase (P < 0.05), and transforming growth factor expression (P < 0.05) in the myocardium and levels of serum cardiac troponin |
per session (P<0.0001) were decreased (P< 0.05)
Kozorosky et al?® Participants  Healthy 2.0-2.3mA, 10Hz, 30 min for Liver taVNS significantly lowered postprandial plasma ghrelin levels (— 115.5 + 28.3 pg/mL vs. — 51.2 + 30.6 pg/mL, P< 0.05) compared
300 ps 1 session to sham-taVNS group
Li et /% Rats Obesity 2 mA, 2/15 Hz 6 weeks Liver Body weight was reduced (P< 0.05) and visceral fat loss was induced (P < 0.01). More norepinephrine (P < 0.05) was released in the
(42 sessions) serum and more (33-adrenoceptor (P< 0.01) and uncoupling protein gene 1 (P< 0.01) expression was found in the brown adipose
30 min tissue
per session
Yu et al B Rats ZDF 2mA, 15Hz, 05 ms 4 weeks Liver Weight gain was attenuated (P< 0.05) without decreasing food intake, and hypothalamic P2Y1R expression was suppressed
(28 sessions) (P<0.05)
30 min
per session
Huang et alB" Patients IGT 1TmA 20Hz, <1ms 12 weeks Pancreas taVNS significantly reduced the 2 h glucose tolerance (F=5.79, P=0.004) and systolic blood pressure (F=4.21, P=0.044) over
(168 time compared with sham taVNS. taVNS also significantly decreased fasting plasma glucose (F=10.62, P<0.001) and 2 h
S€essions) glucose tolerance (F=25.18, P<0.001) compared with the no-treatment control group
20 min
per session
Li et all®? Rats 2D 2 mA, 2/15 Hz 34 days Pancreas HbAlc concentration in taVNS treated rats was significantly reduced (P=0.0019), and the expression of IR in hypothalamus
(34 sessions) (P<0.01), liver (P<0.05), and skeletal muscle (P< 0.01) were increased
30 min
per session
Wang et af®% Rats T2D 2 mA, 2/15 Hz Pancreas
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Hou et al*

Hou et af®®

Zhu et alB®

Shi et al "

Liu et al®®

Hong et />

Rawat et a/1*"

Zhao et al*"!

Wu et all*?

Courties et al

Rats

Rats

Patients

Patients

C57BL/6
mice

Mice

Rats

Rats

Patients

Patients

5 weeks
(35 sessions)
30 min
per session
FD Sparse and dense 2 weeks
waves, 2 mA, 20/100 (14 sessions)
Hz 30 min
per session
FD 0.5 mA, 100 Hz, 0.1 2 weeks
s-on / 0.4 s-off (14 sessions)
30 min
per session
FD 0.5-1.5mA, 25Hz, 2 weeks

0.5s (2s on/3s off) (28 sessions)

1 h per session

IBS-C 0-2mA 25Hz, 0.5 ms 4 weeks
(2s on/3s off) (56 sessions)
30 min
per session
IBS-C 25 Hz, 0.6 ms 2 weeks
(14 sessions)
30 min
per session
POl and 1mA, 5V, 10 Hz 10 min for
endotoxemia 1 session
Colon 6V,6Hz 1ms 6 weeks
cancer 40 min per
week
Endotoxemia <1mA 20 min for
1 session
Sepsis 3 mA, 25 Hz 5 days
(5 sessions)
30 min
per session
EHOA 15 mA, 25 Hz, 50 ps 4 weeks

(20 sessions)
1 h per session

Gastrointestinal
system

Gastrointestinal
system

Gastrointestinal
system

Gastrointestinal
system

Gastrointestinal
system

Gastrointestinal
system
Gastrointestinal
system
Immune system

Immune system

Immune system

taVNS would trigger a tidal secretion of melatonin and induce a steep increase followed by a gradual decrease of glycemic. The glucose
concentration was reduced to a normal level in seven days and the glycemic and plasma glycosylated HbAlc levels were maintained
to normal when applied for five weeks

Compared with sham-taVNS (52.50 + 5.24%), the gastric emptying rate of taVNS group was higher (P< 0.01). The release of
corticosterone (P < 0.05), adrenocorticotropic hormone (P< 0.01) in serum, corticotropin-releasing factor (P< 0.05) and its
receptor (P< 0.01) in the hypothalamus all decreased

taVNS improved gastric emptying and increased the horizontal and vertical motion scores of the OFT (both P< 0.0001). The
sympathovagal ratio was normalized. The serum cytokines TNF-a (P < 0.0001), IL-6 (P< 0.01), IL-1(3 (P< 0.0001) and NF-kappa
B p65 (P< 0.01) were decreased. The expression of duodenal desmoglein 2 (P < 0.05) and occludin (P < 0.01) were all increased

In comparison with baseline, taVNS increased maximum tolerable volume (901.2 + 39.6 vs. 797.1 +40.3, P<0.001), reduced
fullness score at 20 min (34.7 + 2.7 vs. 51.9 + 3.4, P< 0.05) and 30 min (19.7 £ 3.5 vs. 30.6 + 4.5, P< 0.05) after the drink,
reduced the dyspeptic symptoms score (9.0 +1.9 vs. 11.9 + 1.8, P=0.01) and decreased the score of anxiety (5.8 +0.8 vs.
8.4+0.8, P<0.001) and depression (3.1 + 0.6 vs. 6.4 + 0.7, P< 0.001). In comparison with sham taVNS, taVNS increased the
percentage of normal gastric slow waves derived from the electrogastrogram in both fasting (76.3 +2.4% vs. 61.5+3.1%,
P<0.001) and fed state (66.1 + 3.6% vs. 55.6 + 3.5%, P <0.05). taVNS also improved vagal activity assessed from the spectral
analysis of heart rate variability derived from the ECG in both fasting (0.42 + 0.04 vs. 0.27 +0.03, P< 0.05) and fed (0.35 + 0.03
vs. 0.22 +£0.02, P< 0.05) state

taVNS increased complete spontaneous bowel movements per week (P=0.001) and decreased VAS pain score (P=0.001),
improved quality of life (P=0.020) and decreased IBS symptom score (P= 0.001), improved rectoanal inhibitory reflex (P=0.014)
and improved rectal sensation (P< 0.04), decreased a number of proinflammatory cytokines and serotonin in circulation; and
enhanced vagal activity (P=0.040) compared with sham-taVNS

taVNS restored Lactobacillus abundance while increasing Bifidobacterium probiotic abundance at the genus level, and increased the
number of c-kit-positive interstitial cells of Cajal in the myenteric plexus region (P= 0.003) compared with sham taVNS

Endotoxemia-induced IL-6 (P< 0.05) and TNF-a (P < 0.05) release was reduced, while gastrointestinal transit (P< 0.05) was
improved

The mitochondrial apoptosis was restored. The cholinergic anti-inflammatory pathway was up-regulated through increased expression
for a7nAchR and decreased expression for NF-kappa B p65, TNF-a and high mobility group box-1 (all P< 0.05)

The serum proinflammatory cytokines levels, such as TNF-a (P< 0.01), IL-13 (P< 0.05), and IL-6 (P< 0.01) as well as NF-kappa B
p65 (P< 0.01) expressions of lung tissues were suppressed

The sequential organ failure assessment scores and serum TNF-a and IL-13 levels were reduced, IL-4 and IL-10 levels were increased
(@l P<0.01)

taVNS significantly reduced hand pain VAS, with a median decrease of 23.5 mm [7.7; 37.2] (P= 0.001), as well as functional index for
hand osteoarthritis, with a median decrease of 2 points [0.75; 5.2] (P=0.01)
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(Continued)
Subjects
Targeted
Study Category State Parameters Duration  organ/system Outcomes
Aranow et a/ 44 Patients SLE 30Hz, 300 us 4d Immune system  Subjects receiving taVNS had a significant decrease in pain and fatigue compared with sham taVNS and were more likely (OR = 25,
(4 sessions) P=10.02) to experience a clinically significant reduction in pain
5 min
per session
Lv et a4 C57BL/6 SLE 1mA, Hz, 330 us (30 s 30 min for  Immune system taVNS reduced the number of hippocampal microglia (P< 0.001), and increased the number of surviving locus coeruleus tyrosine
mice on/ 4.5 min off) 1 session hydroxylase positive neurons (P < 0.001). taVNS also retarded the development of lymphadenectasis and splenomegaly (P < 0.05),
pulse width decreased the proportion of double-negative T cells, and alleviated nephritis
Ylikoski et al,,“®! Patients TRMS 0.3-3.0 mA, 25 Hz, 60-90 min Ear taVNS shifted mean values of different heart rate variability parameters toward increased parasympathetic activity in about 80% of
250 ps per session patients
1 year follow-up
Shim et af*” Patients Chronic 1-10 mA, 25 Hz, 10 sessions Ear Patients (50%) reported symptom relief in terms of a global improvement questionnaire. The mean tinnitus loudness (10-point scale)
tinnitus 200 us 30 min and the mean tinnitus awareness score (%) improved significantly from 6.32 +2.06 to 5.16 + 1.52 and from 82.40 + 24.37% to
per session 65.60 + 28.15%, respectively (both P< 0.05)
Lehtimaki et a/*®  Patients Tinnitus 0.8 mA, 25 Hz 10 days Ear The severity of tinnitus was reduced. The mean scores of subjective loudness and annoyance, the mean scores of the tinnitus handicap
(7 sessions) inventory and mini-TQ questionnaires decreased significantly
45-60 min
per session
Wu et a1 Patients Meniere 1mA, 20 Hz, 1 ms 12 weeks Ear The Tinnitus Handicap Inventory (— 11.00, 95%Cl, —14.87 to — 7.13; P< 0.001), Dizziness Handicap Inventory (— 47.26, 95%Cl,
disease (120 — 50.23t0 — 44.29; P<0.001), VAS of aural fullness (— 2.22, 95%Cl, — 2.95t0 — 1.49; P< 0.01), and Pure Tone Thresholds
SEessions) (— 7.07,95%Cl, — 9.07 to — 5.06; P< 0.001) were significantly decreased. The 36-Item Short Form Health Survey (14.72, 95%
30 min Cl, 11.06 to 18.39; P< 0.001) increased
per session
Rufener et al®®  Participants  Healthy 4 mA, 30 Hz, 200 us 37 min for Ear Electrophysiological measures remained stable for tones reflecting auditory sensory processing of novel, unpaired control tones
1 session
Luo et al®" Mice Vitiligo 20 Hz 4 weeks Skin The depigmented areas were reduced (P < 0.05). The malondialdehyde (P < 0.05) concentration significantly decreased, superoxide
(28 sessions) dismutase (P< 0.05) and catalase (P< 0.05) activities and tyrosinase synthesis (P< 0.01) in the skin were restored. The
30 min tyrosinase synthesis in the skin increased (P < 0.01). The TNF-a (P < 0.05), IFN-y (P< 0.05), and IL-6 (P < 0.01) concentrations in
per session the serum decreased
Yang et al®? Patients CIPN 4-6 mA, 20 Hz, 0.2 30 min Peripheral Compared with the sham taVNS group, the numerical rating scale (P < 0.05) and Athens Insomnia Scale (P < 0.05) in the taVNS group
ms + 30% per session  nervous system  were significantly lower after taVNS. On day 30 after taVNS, the mental component score of the Short-Form-Health Survey-12 was
significantly higher (P< 0.05)
Li et al®% Rats ZDF 2 mA, 2/15 Hz 34 days CNS taVNS decreased immobility time in forced swimming test (P< 0.01)and induced acute melatonin secretion. A low melatonin level is
(34 sessions)  Pancreas related to the poor forced swimming test performance (R=20.544)
30 min
per session
Yu et al®4 Rats ZDF 2 mA, 15 Hz, 0.5 ms 4 weeks CNS Body weight was reduced (P< 0.05), blood glucose levels (P< 0.05)were reduced and stabilized, limbic-regional P2X7R expression
(28 sessions) Liver (P<0.05) was suppressed and depressive-like behaviours were reversed (P < 0.05)
30 min Pancreas
per session

AF, atrial fibrillation; CIPN, chemotherapy-induced painful peripheral neuropathy; CNS, central nervous system; DMH, dimethyhydrazine; EHOA, erosive hand osteoarthritis; FD, functional dyspepsia; IBS, irritable bowel syndrome; IGT, impaired glucose tolerance; IL, interleukin; LPS,
lipopolysaccharide; MI, myocardial infarction; POI, postoperative ileus; SLE, systemic lupus erythematosus; T2D, type 2 diabetes; taVNS, transcutaneous auricular vagus nerve stimulation; TNF, tumour necrosis factor; TRMS, tinnitus-related mental stress; VAS, visual analogue
scale; VNS, vagus nerve stimulation; ZDF, Zucker diabetic fatty; ZL, Zucker lean.
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was effective in reducing body weight and causing visceral fat
loss. More norepinephrine was released in the serum, and the
expression of b3-adrenoceptors and uncoupling protein gene 1
increased in brown adipose tissue, suggesting that energy
expenditure may play an important role in the management of
obesity by using taVNS**!, In addition, taVNS inhibited P2Y1R
expression in the hypothalamus of Zucker diabetic fatty (ZDF)
rats, which could significantly affect triacylglycerol accumulation
and attenuate weight gain without decreasing food intake in ZDF
rats. However, it remains to be determined whether this inhibi-
tory effect on P2Y1R expression is mechanistically linked to the
attenuation of the weight gain effect of taVNS via the acceleration

of energy expenditure*”,

taVNS alleviates glucose metabolism dysfunction

Islet cells in the pancreas produce insulin when blood glucose
levels rise, and prolonged spikes in blood glucose levels can lead
to insulin resistance and, ultimately, to diabetes. These conditions
involve the dysfunction of the autonomic nervous system,
resulting from either overactivation of sympathetic activity or a
decrease in parasympathetic activity!”>~°!. Adjusting the auto-
nomic balance can be effective in lowering hyperglycaemia, and
the vagus nerve, when it is activated, controls blood glucose levels
by regulating the production and release of insulin by the pan-
creas. In recent years, taVNS has shown excellent efficacy in
lowering blood glucose levels and improving glucose tolerance.

taVNS was found to reduce blood glucose levels in type 2
diabetic (T2D) rats by enhancing vagal efferent activity and
glucagon-like peptide-1 release!’®). Moreover, a clinical study
demonstrated the effectiveness of taVNS in lowering blood glu-
cose levels and improving glucose tolerance in patients with
impaired glucose tolerance patients®>!). taVNS also prevented the
development of hyperglycaemia in ZDF rats, supporting its great
potential in the treatment of diabetes and related metabolic
disorders!®?. A basic research study showed that taVNS could
increase insulin receptor expression in various tissues, including
the liver and skeletal muscle, which has a long-term regulatory
effect on glucose metabolism™?.

Preclinical studies have been carried out to understand how
taVNS exerts its glucose-lowering effects. It has been reported
that taVNS has the potential to trigger melatonin releasel””,
while melatonin plays a protective role against T2D by regulating
glucose metabolism through changes in insulin secretion and
leptin production!”®!, This study showed that taVNS could induce
the rhythmic secretion of melatonin, which regulates glucose
metabolism and thus exerts a hypoglycaemic effect. Once-daily
taVNS sessions eventually reduced the glucose concentration to a
normal level in seven days and effectively maintained the normal
glycaemicand plasma glycosylated haemoglobin levels when
applied for five consecutive weeks. These beneficial effects were
also observed in pinealectomized rats, suggesting that cycles times
of taVNS could inhibit T2D by triggering the tidal secretion of
melatonin, which helps produce an antidiabetic effect in patients
with T2D131,

taVNS enables gastrointestinal regulation

taVNS regulates the gastrointestinal tract by activating the vagus
nerve to regulate the motility and secretions of the digestive sys-
tem in vivo and is involved in the regulation of gastrointestinal
diseases, such as functional gastrointestinal disorders (FGIDs),

International Journal of Surgery

inflammatory bowel disease (IBD), postoperative ileus and colon
cancer!”?801,

Electrostimulation of the auricular inferior concha can cause
gastric contractions”®”), demonstrating the effect of the vagus
nerve on gastic regulation. Basic research experiments showed
that taVNS significantly increased the gastric emptying rate and
improved gastric motility, reduced gastric sensitivity, and alle-
viated low-grade inflammation in rats with functional dyspepsia
(FD)B*, The flow chart of the mechanism by which taVNS reg-
ulates the gastrointestinal system is shown in Figure 4.

FD is closely related to the activation of inflammation, while
taVNS involves the regulation of the humoral endocrine
hypothalamus-pituitary-adrenal (adrenocorticotropic hormone
and corticosterone) axis, an anti-inflammatory mechanism
mediated via the vago-vagal pathway!®. A clinical study showed
that taVNS could improve gastric accommodation, increase the
percentage of normal gastric slow waves and vagal activity, and
reduce dyspeptic symptoms in patients with FD, demonstrating
the potential of taVNS for the treatment of nonsevere FDI*®!. In
clinical trials of irritable bowel syndrome (IBS-C), taVNS could
improve constipation and abdominal pain in patients with IBS-C,
which might be related to the combined effects of taVNS on
bowel function mediated by autoimmune mechanisms®”!. A
recent animal experiment indicated that taVNS ameliorated IBS-
C symptoms through restoring Lactobacillus abundance,
increasing Bifidobacterium probiotic abundance and increasing
the number of c-kit-positive interstitial cells of Cajal in the
myenteric plexus region!®®!,

In addition to treating FGIDs, taVNS has shown promising
results in preventing intestinal and systemic inflammation by
reducing the release of inflammatory factors, demonstrating the
potential for the treatment of postoperative ileus®®!. A basic
research study investigating the effects of taVNS on 1, 2-dime-
thylhydrazine (DMH)-induced colon cancer showed that taVNS
restored autonomic function and cellular morphology and atte-
nuated oxidative damage, confirming the efficacy of taVNS in the
treatment of DMH-induced colon cancer and its potential to be
established as a novel, non-invasive method for treating colon
cancer!*?],

taVNS regulates immune function

Activation of the vagus nerve reduces systemic inflammation by
decreasing splanchnic and peripheral responses to inflammatory
stress, and this effect involves the cholinergic anti-inflammatory
pathway (CAP)!1821 Although the spleen is not directly inner-
vated by the vagus nerve, the vagus nerve exerts its anti-inflam-
matory effects through multiple intermediaries (splenic nerves
and splenic T cells)!®3#¥, Stimulation of vagal afferents reduces
the release of proinflammatory cytokines by splenic macrophages
through the binding of acetylcholine (Ach) to the a7 nicotinic
acetylcholine receptor alpha-7 subunit (a7nAChR)®%8¢1,
Therefore, taVNS could be applied to treat inflammatory diseases
such as endotoxaemia, rheumatoid arthritis (RA), systemic lupus
erythematosus (SLE) and even IBD by regulating the body’s
immune function through the CAP, which reduces inflammation.
The flow chart of the mechanism by which taVNS regulates the
immune system is shown in Figure 5.

Basic research experiments revealed that the levels of inflam-
matory factors, such as tumour necrosis factor-alpha (TNF-a),
interleukin (IL)-1p and IL-6, in the serum of endotoxaemia model
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rats were significantly reduced after 20 min of taVNS, and
nuclear factor-kB (NF-kB) p65 expression was significantly
down-regulated in lung tissue. These effects were reversed after
the application of vagotomy or the injection of an a7nAChR
antagonist, demonstrating that taVNS exerts anti-inflammatory
effects by activating the CAPI*Y, A clinical study showed that
after taVNS treatment, the serum TNF-a and IL-1f levels sig-
nificantly decreased and the IL-4 and IL-10 levels increased in
sepsis patients, which proves that taVNS can significantly reduce
the serum proinflammatory cytokine levels and increase the
serum anti-inflammatory cytokine levels in sepsis patients*?!.

Activation of the vagus nerve inhibits inflammation and redu-
ces pain signals. RA is a chronic inflammatory disease char-
acterized by synovial inflammation in the musculoskeletal joints,
resulting in cartilage and bone damage and disability!®”). Clinical
research has shown that taVNS significantly improves joint
inflammation and clinical symptoms in patients with erosive hand
osteoarthritis!*’!. Another clinical research study showed that
taVNS treatment significantly reduced pain and fatigue, and
improved joint scores in systemic lupus erythematosus
patients!**!. In addition, the ability of taVNS to retard the devel-
opment of peripheral and central symptoms of SLE was proven to
be mediated by an increase in the number of locus coeruleus
tyrosine hydroxylase positive neurons!**,

Effects of taVNS on other peripheral organs

Studies have shown that taVNS can improve the clinical symptoms
of tinnitus in patients. Clinical trials'**~**! have also shown symp-
tom improvement in tinnitus patients after taVNS combined with

sound therapy. Meniere’s disease (MD) is characterized by hearing
loss, tinnitus and ear swelling, and there is currently no specific
drugs for treating MD. A clinical trial showed that treatment with
taVNS, combined with betahistine mesylate, significantly improved
hearing, tinnitus symptoms and quality of life in MD patients,
suggesting that taVNS could be considered an adjunctive therapy
for the treatment of MDM. Another study investigated the
mechanisms by which taVNS improves tinnitus symptoms and
revealed that taVNS could modulate sensory-perceptual efficacy in
the auditory cortex and enhance and restore sensory processing,
while its combination with sensory stimulation might compensate
for deficits in sensory processing by modulating neuroplasticity and
related changes in the cortical structure!S?!,

In terms of vitiligo, taVINS significantly reduced depigmented
areas through its effect on melanocyte granules®!). In addition,
taVNS can relieve chemotherapy-induced neuropathic pain in the
short term, further improving the quality of lifel®?. Thus,
expanding the range of applications for taVNS merits further
research.

taVNS intervention in central-peripheral comorbidities

As the command centre of the body, the brain can regulate
internal organs and glands through the autonomic nervous sys-
tem and the neuroendocrine system. For example, the peripheral
metabolic systems are largely regulated by the mind (brain), and
anxiety and depression greatly affect the functioning of these
systems. Additionally, many peripheral signals contribute to the
regulation of brain functions. The gastrointestinal hormones
insulin and leptin are transported to the brain where they regulate
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Figure 5. Functional anatomy of taVNS in regulating immunity. After activation of NTS and DMN by taVNS, vagal efferent nerves modulate splanchnic nerves via the
coeliac ganglion. The splanchnic nerve endings release norepinephrine, which prompts T cells to secrete acetylcholine, which then binds to «7nAChR on mac-
rophages, inhibiting the NF-kB pathway and exerting anti-inflammatory effects. a7nAChR, nicotinic acetylcholine receptor o7 subunit; p2AR, p2-adrenergic
receptor; ACh, acetylcholine; DMN, dorsal motor nucleus; IL, interleukin; NE, norepinephrine; NF-xB: nuclear factor-kB; NTS, nucleus tractus solitarius; taVNS,
transcutaneous auricular vagus nerve stimulation; TNF-a, tumor necrosis factor-a.

innate behaviours, such as eating, and are also involved in emo-
tional and cognitive functions. The brain can recognize peripheral
inflammatory cytokines and induce a transient syndrome of
fatigue, which reduces physical and social activities and causes
cognitive impairment'®®!, Based on the regulatory mechanisms of
the vagus nerve in central-peripheral interactions, central-per-
ipheral comorbidities are common in the clinic.

taVNS use for diabetes/depression comorbidity

The incidence of depression is 2-3 times greater in diabetic people
than in nondiabetic people®”*°!, There are currently no specific
drugs available for treatment. A previous study showed that long-
term chronic high-fat feeding induced significant depression-like
behaviours in diabetic rats, as manifested by a significant reduc-
tion in horizontal and vertical locomotor activities in an absen-
teeism experiment and a prolonged forced swim immobility time.
These above depression-like behaviours developed concurrently
with the manifestation of type 2 diabetes mellitus, and the forced
swim immobility time was strongly and positively correlated with
the serum glycated haemoglobin concentration. After successive
taVNS interventions, the depression-like behaviour of the model
rats and the progression of hyperglycaemia were simultaneously
significantly alleviated®>*3!. The hypoglycaemic-antidepressant
effect of taVINS was further demonstrated in a study that involved

the purinergic 2 X 7 receptor (P2X7R), a target closely related to
inflammation and depression, and revealed that taVNS could
inhibit limbic-regional P2X7R expression and reverse depressive-
like behaviour in ZDF rats®*,

taVNS use for functional gastrointestinal disease/depression
comorbidity

In addition to causing digestive symptoms, such as nausea,
vomiting, diarrhoea and constipation, functional gastrointestinal
disorders are considered a group of physical and mental disorders
caused by abnormal gut-brain interactions, such as abnormal
regulation of gut signals by the CNS and even concurrent clinical
comorbidities, such as anxiety or depression. Basic esearch
experiments revealed that taVNS intervention improved gastric
motility and ameliorated depressive-like behaviour in FD rats,
probably via inhibition of the corticotropin-releasing hormone
pathway®*!. These findings provide additional evidence that
taVNS can be used to treat central and peripheral comorbidities.

Discussion

Current evidence suggests that the mere overlay of traditional
monotherapy approaches falls short in addressing the intricate
cumulative effects resulting from the interaction of multiple
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diseases within the human body"!. Notably, compared to

implanted vagus nerve stimulation, non-invasive taVNS therapy
has emerged as a promising candidate for the management of
diverse systemic diseases associated with central and peripheral
organs, exhibiting remarkable application potential. taVNS
regulates multiple systems in the brain and body in a non-invasive
manner, able to act on multiple levels to improve the disease

state, including certain central-peripheral comorbidities, as a
wholel32:3453.54]

Potential significance of taVNS research results

The numerous studies presented in this review not only yields
substantial data regarding the utilization of taVNS in treating a
range of peripheral system diseases and central-peripheral
comorbidities, but also delves into the underlying mechanisms of
its therapeutic action. Prior investigations have made strides in
validating the therapeutic effectiveness of taVNS in peripheral
diseases and central-peripheral comorbidities, including the car-
diovascular, metabolic, gastrointestinal, and immune systems. Its
potential as a novel therapeutic alternative to traditional medi-
cations might significantly reduce patients’ drug dependency and
associated side effects, providing robust support for its utilization
in peripheral disease treatment. In addition, researchers have
achieved significant breakthroughs in elucidating the mechanistic
basis of taVNS. By stimulating the vagus nerve in the ear concha,
taVNS is capable of modulating the function of the peripheral
nervous system and organs, thereby influencing physiological
processes. The clarification of relevant mechanisms offers a the-
oretical framework for a deeper comprehension of the ther-
apeutic impacts of taVINS.

Limitations of taVNS researches

Prior to the intervention with taVNS, for the subjects, reasonable
inclusion criteria were implemented in each study. The fixed site
of irritation of taVNS was also taken into account, and patients
with ear infections or inflammation, broken skin or allergies in
the ear were excluded. The patients with presence of pacemakers
or other implanted devices in the body, pregnant women, severe
cognitive impairment, or those unable to cooperate with treat-
ment were also not suitable for the use of taVNS.

Despite the exclusion of contraindications to taVNS and tak-
ing into account the possibility of minor adverse reactions, there
are still limitations in study of taVNS. Significant variations in
stimulation parameters across different experimental methods
are evident. Inconsistent choices of taVNS intervention para-
meters (intensity, frequency, duration) hinder a unified assess-
ment of its efficacy across diseases. While only a small minority of
patients!*¥! experienced minor side effects during taVNS treat-
ment, like skin itchiness or stinging, this may be attributed to
inappropriate parameter selection.

Furthermore, the long-term efficacy of taVNS remains to be
conclusively established. While some trials with follow-up peri-
ods up to 90 days showed its sustained effects’>*52! others
reported shorter durations. Although these trials are not directly
comparable due to varying disease contexts, future studies
exploring the durability of taVNS effects should emphasize
rigorous follow-up assessments.

Future directions for taVNS researches

With the advancement of neuromodulation techniques, the
potential of taVNS demands further exploration. Future research
endeavours on taVNS should prioritize the following aspects.

Deep investigating of taVINS mechanism can guide the clinical
applications more accurately. Current research suggests that
taVNS achieves hypoglycaemic effects by modulating the balance
of the autonomic nervous system, thereby regulating insulin
secretion and glucose metabolism. It is hypothesized that taVNS
triggers the release of melatonin, which in turn modulates insulin
and leptin secretion, leading to improved insulin resistance.
Although preliminary experiments>*33! have demonstrated that
taVNS can increase plasma melatonin levels and upregulate
insulin receptor expression in tissues in rats, the specific
mechanisms and effects remain to be further explored and
validated.

Further conducting multi-centre, large-sample RCTs is crucial
to robustly validate the efficacy and safety of taVNS across var-
ious diseases. For example, taVNS demonstrated significant anti-
inflammatory and anti-injury effects through the CAP pathway
was validated in pilot trials of severe diseases triggered by
abnormal immune system responses such as sepsis, osteoarthritis
and SLE™*™*, Multi-centre, large-sample RCTs are needed to
further evaluate the potential of taVNS in the treatment of these
inflammatory diseases. Besides, the long-term effects still require
in-depth research.

More exploring of the taVNS parameters, establishing disease-
specific standard parameters for various conditions, enhancing
therapeutic efficacy while minimizing side effect are imperative to
optimize. They not only help achieve personalized clinical diag-
nosis and treatment but also enable dynamic optimization
of stimulation parameters by monitoring patients’ real-time
responses, thereby achieving precision medicine. Producing
multifunctional medical devices of taVNS can enhance its com-
mercial value, also promoting the development of the industrial
chain for artificial intelligence algorithms and smart wearable
medical devices.

Conclusions

taVNS, as a non-invasiveness, simplicity and few side effects
novel therapy connecting the central and peripheral nervous
systems, shows potential applications in the cardiovascular,
metabolic, gastrointestinal, immune systems and comorbidities.
Although there are still some shortcomings, with further research
and improvements in technology, we believe that taVNS will
benefit more patients in the future.
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