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Leading Off

Potential of Electrical Neuromodulation for Inflammatory Bowel 
Disease

Jiafei Cheng, MD,*,†  Hong Shen, PhD,† Reezwana Chowdhury, MD,* Tsion Abdi, MD,* Florin Selaru, MD,* and 
Jiande DZ Chen, PhD*

Inflammatory bowel disease (IBD) is a common chronic inflammatory disease of the digestive tract that is often debilitating. It affects patients’ 
quality of life and imposes a financial burden. Despite advances in treatment with medications such as biologics, a large proportion of patients 
do not respond to medical therapy or develop adverse events. Therefore, alternative treatment options such as electrical neuromodulation are cur-
rently being investigated. Electrical neuromodulation, also called bioelectronic medicine, is emerging as a potential new treatment for IBD. Over 
the past decade, advancements have been made in electrical neuromodulation. A number of electrical neuromodulation methods, such as vagus 
nerve stimulation, sacral nerve stimulation, and tibial nerve stimulation, have been tested to treat IBD. A series of animal and clinical trials have 
been performed to evaluate efficacy with promising results. Although the exact underlying mechanisms of action for electrical neuromodulation 
remain to be explored, this modality is promising. Further randomized controlled trials and basic experiments are needed to investigate efficacy 
and clarify intrinsic mechanisms.

Key Words: inflammatory bowel disease, ulcerative colitis, Crohn’s disease, vagus nerve stimulation, sacral nerve stimulation, electrical 
neuromodulation

INTRODUCTION
Inflammatory bowel disease (IBD), including ulcera-

tive colitis (UC) and Crohn’s disease (CD), is a chronic idio-
pathic inflammatory disorder of the gastrointestinal tract. The 
prevalence of IBD exceeds 0.3% of the general population in 
Western countries,1 while the incidence has been decreasing 
or remains stable. Meanwhile, the incidence of IBD has been 
rising in newly industrialized countries in Africa, Asia, and 
South America since 1990.1 Inflammatory bowel disease is as-
sociated with major morbidity and mortality, bringing about a 
huge economic burden to the health care system and society. 
According to surveys, annual health care expenditures for 
IBD were about $7.2 billion and €4.6–5.6 billion in the United 
States2 and Europe,3 respectively.

Although the exact pathogenesis of IBD is still unclear, it 
is widely accepted that IBD is due to the interaction of a number 
of factors, including genetic predisposition, environmental fac-
tors, intestinal barrier, and immune response.4 As we continue 
to learn more about the pathogenesis of IBD and the interplay 
between the various factors, remarkable advances have been 
made in the treatment of IBD. Medical treatment is represented 
by aminosalicylates, corticosteroids, immunoregulatory agents, 
antibiotics, anti–tumor necrosis factor alpha (anti-TNF-α), anti-
interleukin (IL)-12/IL-23, anti-integrin, Janus kinase (JAK) in-
hibitor, etc. Although these drugs have achieved induction and 
maintenance of remission in the majority of cases, they have lim-
ited effectiveness and may cause serious side effects. For instance, 
~30% of IBD patients are primarily unresponsive to anti-TNF-α, 
and about 36% eventually lose response to the drug in the first 
year of treatment.5 Adverse reactions resulting from use of anti-
TNF-α include infusion reactions (burning sensation, itching, er-
ythema, and delayed hypersensitivity-like reactions), infections, 
and malignancies such as lymphomas and melanoma.6 Thus, 
there is a need to find more effective and safer therapeutic options.

Electrical neuromodulation has been successfully used to 
treat a number of gastrointestinal (GI) diseases, especially func-
tional GI diseases or motility disorders, such as gastroparesis, 
functional dyspepsia, gastroesophageal reflux disease, fecal in-
continence, and constipation.7 It is a new treatment approach 
of bioelectronic medicine, involving molecular medicine, neu-
roscience, and bioengineering. Multiple possible mechanisms 
have been proposed for electrical neuromodulation in GI dis-
eases, including central, autonomic, and/or enteric mechan-
isms.8 Dysregulation in brain–gut interactions in IBD9 makes 
electrical neuromodulation a probable candidate for choice of 
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treatment. In fact, a great number of both animal and clinical 
studies have reported the effectiveness and potential of elec-
trical neuromodulation for IBD.

In this present review, we discuss different methods 
of electrical neuromodulation that have been introduced for 
treating IBD, including vagus nerve stimulation (VNS), sacral 
nerve stimulation (SNS), and tibial nerve stimulation (TNS).

VAGAL NERVE STIMULATION

Anatomy of the Vagus Nerve
The vagus nerve (VN) is the longest cranial nerve in the 

body, containing both afferent (80%) and efferent (20%) fi-
bers. It originates in the medulla oblongata, exits the skull via 
the jugular foramen, and travels through the neck and thorax 
down to the abdomen. It is involved in the function of the au-
tonomic, respiratory, cardiovascular, gastrointestinal, immune, 
and endocrine systems.10 The VN innervates the gastrointes-
tinal tract from the esophagus to the splenic flexure in humans, 
whereas the left colon and rectum are innervated by the sacral 
(S2–S4) parasympathetic nucleus through the pelvic nerves.11 
However, some anatomists believe that the vagus nerve distrib-
utes throughout the digestive tract in humans.12

Gastrointestinal vagal afferent fibers originate from all 
layers of the digestive wall except the epithelial layer.13 Vagus 
nerve afferent cell bodies are located in the nodose (inferior) 
ganglion. Afferent fibers enter the medulla oblongata via the 
tractus solitarius (TS) and terminate primarily in the nucleus of 
the tractus solitarius (NTS).14 The NTS sends viscero-sensory 
information to the dorsal motor nucleus of the VN (DMV) to 
influence the functioning of vagal efferent fibers through vago-
vagal reflexes. NTS, DMV, and the area postrema comprise the 
dorsal vagal complex, which is a major reflex center of the au-
tonomic nervous system (ANS). Sensory information is subse-
quently projected to several areas of the central nervous system 
(CNS), such as the parabrachial nucleus, the locus coeruleus, 
the rostral ventrolateral medulla, the amygdala, the paraven-
tricular nucleus of the hypothalamus, the medial preoptic area, 
the arcuate nucleus of the hypothalamus, the ventrolateral me-
dulla (A1 noradrenergic nucleus), and the thalamus, which pro-
jects to the insula.14–17

Vagal efferent fibers arise from the nucleus ambiguous 
and the DMV, which is located in the medulla and below the 
NTS.18 Anatomical studies demonstrate that efferent vagal 
nerve fibers extensively innervate the GI tract, with the highest 
density observed in the stomach, followed by a subsequent de-
crease in the small bowel and colon. In the intestinal tract, pre-
ganglionic neurons are connected to postganglionic neurons of 
the enteric nervous system. Vagal efferent fibers do not directly 
contact the intestinal lamina propria but form synapses onto 
enteric neurons innervating the lamina propria to regulate gut 
functions.19, 20 The vagal efferent fibers are primarily cholinergic, 
using acetylcholine (ACh) as their major neurotransmitter.

Vagal Anti-inflammatory Pathway
The VN is a major component of the neuro-immune axis, 

and it exerts anti-inflammatory effects through both the af-
ferent and efferent fibers in 4 different ways (Fig. 1).

Afferent vagus nerve and hypothalamic–pituitary–
adrenal axis pathway

The hypothalamic–pituitary–adrenal axis (HPA) 
pathway is mediated through its afferent fibers, which possess 
the capacity of detection of the information of peripheric in-
flammation. Detection of this information elicits activation of 
the afferent fibers. Subsequently, the information is transmitted 
to the CNS, inducing the activation of the HPA axis to release 
corticosteroids by the adrenal glands.

Peripheral vagal afferents can be activated by responding 
directly to endotoxin, bacterial lipopolysaccharide (LPS), and 
multiple pro-inflammatory cytokines, such as interleukin-1 (IL-
1), tumor necrosis factor (TNF), IL-6, and interferon-gamma 
(IFN-γ).21 IL-1β and other pro-inflammatory cytokines may 
bind directly to cells in the vagal paraganglia that subsequently 
activate vagal afferents, which terminate in the dorsal vagal 
complex of the caudal medulla, producing c-Fos activation in 
the NTS. Then, the NTS projects to the parvicellular division 
of the paraventricular nucleus of the hypothalamus, resulting 
in the release of corticotropin-releasing hormone (CRH). 
Corticotropin-releasing hormone could subsequently stimulate 
the secretion of hypophyseal adrenocorticotropic hormone, 
which stimulates the secretion of downstream corticosteroids 
in adrenal glands.22 Eventually, elevated serum corticosteroids 
inhibit production of pro-inflammatory cytokines and suppress 
systemic inflammation. The impairment of the HPA axis in-
creases the risk of numerous inflammatory and autoimmune 
disorders including rheumatology arthritis, IBD, and multiple 
sclerosis.23

Efferent vagus nerve and the cholinergic anti-in-
flammatory pathway 

The cholinergic anti-inflammatory pathway (CAP) is 
mediated through vagal efferent fibers that connect to enteric 
neurons, which release ACh at the synaptic junction with resi-
dent macrophages. ACh binds to the α7-nicotinic acetylcholine 
receptor (α7nAChR) of those macrophages to inhibit the pro-
duction of pro-inflammatory cytokines.24

Electrical stimulation of the peripheral vagus nerve in-
hibited synthesis of TNF-α and prevented the development 
of shock in rats, introducing the novel concept of the CAP.25 
In 2000, Borovikova et  al. first found that ACh, the prin-
ciple vagal neurotransmitter, significantly attenuated the re-
lease of pro-inflammatory cytokines (TNF, IL-1β, IL-6, and 
IL-18) but did not affect the anti-inflammatory cytokine IL-10 
in lipopolysaccharide-stimulated human macrophage cul-
tures.25 Stimulation of the vagus nerve can also decrease the 
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production of a large number of pro-inflammatory cytokines 
and improve the results of animal models for various disorders, 
such as sepsis,26 ischemia-reperfusion injuries,27 and postopera-
tive ileus.28 On the contrary, surgical or chemical vagotomy ex-
acerbated pro-inflammatory cytokine production.29 The vagus 
nerve exerts anti-inflammatory effects through its major neuro-
transmitter ACh, which interacts with nicotinic ACh receptors 
on macrophages.25, 30 There are a number of ACh receptor types 
(AChRs). The nicotinic AChRs (nAChRs) are cation ion chan-
nels composed of 5 subunits, including α (α1–10), β (β1–4), γ, δ, 
and ε. It has been found that α7nAChR is required for the CAP, 
as stimulation of the vagus nerve did not inhibit TNF-α syn-
thesis in α7nAChR-deficient mice.30 The Jak2-STAT3 signaling 
pathway was found to be involved in the α7nAChR-mediated 
anti-inflammatory action of peritoneal macrophages.31 
Interestingly, the efferent VN is not directly connected with gut 
resident macrophages but interacts with enteric neurons, which 
are next to these macrophages.32, 33 Thus, the vagal modulation 
of these intestinal macrophages is mediated indirectly through 
enteric neurons, but not by vagal efferent fibers directly.

Compared with the HPA axis, the CAP has some advan-
tages, such as a high speed of neural conductance. Moreover, it 
responds to environmental changes with higher accuracy, co-
ordination, and specificity.24, 34 These 2 unique properties make 

it play a significant role in the intestinal immune response and 
homeostasis.

Vagal–splenic pathway
The distal end of the splenic nerve releases norepineph-

rine (NE), which links to the β2 adrenergic receptor of splenic 
lymphocytes that release ACh. Subsequently, ACh inhibits the 
release of TNF-α by spleen macrophages through α7nAChR.35

The spleen is one of the major sources of inflammatory 
cytokines during systemic inflammatory states, and splenec-
tomy significantly reduces circulating TNF-α concentrations 
in murine endotoxemia.36 Evidence has shown that the spleen 
is innervated by the sympathetic splenic nerve, which origin-
ates from the celiac ganglion.37 Tracey et al. described a vagal–
splenic pathway. They found that VNS led to a release of ACh 
in the celiac ganglia, and then ACh bound to the α7nAChR of 
the splenic nerve to release NE in the spleen.38 Subsequently, 
NE bound to the β2 adrenergic receptor of splenic lympho-
cytes, which released ACh that acted on the α7nAChR of 
splenic macrophages to inhibit the release of TNF-α by the 
spleen,35 yielding an anti-inflammatory effect.

However, this pathway is still debated because other authors 
have not been able to find a functional or anatomical connection 
between the vagus nerve and the splenic nerve.39 To explain the 

FIGURE 1.  Vagal anti-inflammatory pathways. Green: HPA pathway; Red: cholinergic anti-inflammatory pathway; Purple: vagal–splenic pathway; 
Blue: vagal–sympathetic pathway. Abbreviations: Ach, acetylcholine; Glu, glutamate.
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inconsistency, Martelli et al. proposed the concept of a non-neural 
link between the vagus and splenic sympathetic nerves. They 
thought that essential α7-containing nicotinic receptor is placed 
not on the cell bodies but on the peripheral terminals of the splenic 
sympathetic nerves. When stimulated by ACh from incoming T 
cells, they release NE, which then acts on β2 adrenergic receptors 
on splenic macrophages to suppress their production of TNF-α.40

Vagal–sympathetic pathway
Vagal afferent stimulation and other stimuli activate C1 

neurons. Then, C1 neurons exert excitatory inputs to sympathetic 
preganglionic neurons. Finally, the splenic anti-inflammatory 
mechanism is activated predominantly via a sympathetic route.

 C1 neurons are located in the ventrolateral side of the me-
dulla oblongata. Abe et al. found that C1 neurons are involved 
in the stress-protective effect in renal ischemia reperfusion injury 
through a sympathetic pathway.41 They also discovered that this 
effect required activation of α7nAChR-positive splenocytes.42

VN and Vagal Anti-inflammatory Evidence in IBD
There is increasing evidence that autonomic abnormal-

ities may be involved in the development of IBD,43–50 although 
the exact manifestations are inconclusive. Two early studies43, 45 
conducted by Lindgren et al. evaluated autonomic nerve func-
tion in 40 UC and 33 CD patients by the cardiac reactions to 
deep breathing (E/I ratio) and tilt (acceleration and brake 
index). They found vagal dysfunction in UC and sympathetic 
dysfunction in CD. Heart rate variability (HRV) is a noninvasive 
test that is now commonly used to assess autonomic function. 
Mouzas et al. measured HRV in 27 IBD patients in remission 
and 28 healthy controls.44 It was discovered that both UC and 
CD patients in remission seemed to show increased vagal ac-
tivity compared with healthy controls. In 2007, Ganguli et al. 
claimed that UC but not CD patients had greater sympathetic 
activity than controls.46 Recently, Zawadka-Kunikowska et  al. 
reported that CD patients in remission had a significantly higher 
sympathetic–parasympathetic ratio.49 Similarly, pediatric pa-
tients with IBD in remission showed parasympathetic suppres-
sion and sympathetic predominance compared with the control 
group.50 It should be pointed out that although the HRV is an at-
tractive noninvasive method for assessing autonomic functions, 
caution should be used in analyzing and interpreting its data: (1) 
the recording of the ECG should be of sufficient duration to ob-
tain consistent and reliable results; (2) there is a large variation 
among subjects, and therefore a relatively large sample size is 
needed to detect differences between 2 groups of subjects.

Animal studies

The 
VN’s anti-inflammatory properties have been shown 

in experimental colitis. A  large number of studies found that 

vagotomy increased the Disease Activity Index (DAI), macro-
scopic, and histological scores and the level of pro-inflammatory 
cytokines in mice.51–53 Peripheral or central acetylcholinesterase 
inhibitors significantly attenuated the severity of intestinal in-
flammation in rats or mice.54, 55 Depressive-like behaviors in 
mice, which resulted in reduced intestinal levels of acetylcho-
line, increased susceptibility to intestinal inflammation, and 
tricyclic antidepressant protected against this impairment.56 
The VN’s anti-inflammatory effect worked via a macrophage or 
spleen-dependent mechanism.51, 55

Human evidence
To date, no clinical data have been available to support 

that vagotomy would increase the incidence of intestinal in-
flammation in human beings. However, there is indirect evi-
dence supporting the role of a vagal anti-inflammatory effect in 
IBD. It has been demonstrated that vagal activity measured by 
HRV spectral analysis is inversely correlated with inflammatory 
markers (C-reactive protein [CRP], IL-6) in healthy individuals 
and cardiac patients.57 In both UC and CD patients, decreased 
vagal activity was found to be significantly associated with sys-
temic inflammatory parameters, such as erythrocyte sedimen-
tation rate, CRP, TNF-α, and IL-10.47, 48 Meanwhile, individual 
differences in autonomic function have been reported to be a 
predictor of disease activity in UC.58 However, an exact corre-
lation between vagal function and IBD still has not been con-
vincingly identified.

Vagal Nerve Stimulation for Treating IBD
Vagal nerve stimulation was first used to treat epilepsy 

in the late 19th century. At present, VNS has been approved 
for the treatment of refractory epilepsy and depression by the 
US Food and Drug Administration. The use of VNS for the 
treatment of many other diseases, such as inflammatory dis-
eases, asthma, atrial fibrillation, chronic heart failure, and 
pain, is under current investigation.18 Due to its anti-inflam-
matory effects, VNS has been introduced to the treatment of 
IBD. During the last few years, a number of animal and clinical 
studies have been conducted to evaluate the potential of VNS 
in IBD treatment (Table 1).

Device and Methods
Direct VNS.   Currently, the VNS therapy device, widely ap-
plied, is invasive and implantable. According to the American 
Association of Neurological Surgeons, the VNS therapy device 
is composed of an implantable pulse generator, a bipolar VNS 
lead, a small hand-held computer, programming software, a pro-
gramming wand, and handheld magnets (Fig. 2).73 Surgery under 
anesthesia is needed, which requires 2 small incisions. The pulse 
generator is implanted on the upper left side of the chest, and 
the bipolar electrode lead is generally wrapped around the left 
cervical VN in the neck. Doctors program the stimulator with 
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a small hand-held computer, programming software, and a pro-
gramming wand. Patients are provided with a handheld magnet 
to control the stimulation by themselves after implantation.

The left cervical vagus is preferred to the right vagus, 
which is thought to be more closely associated with cardiovas-
cular functions. Several cases of right-sided VNS have been 
reported in the treatment of epilepsy.74–76 It seems that right-
sided VNS is as effective as or less effective than left-sided VNS. 
Unfortunately, the problem of cardiac or respiratory interfer-
ence has not been solved yet.

 Generally, direct VNS via an implantable pulse gener-
ator is safe and well tolerated. Potential side effects of VNS 
acquired from the treatment of epilepsy include hoarseness, 
increased coughing, changes in voice/speech, pain, throat or 
larynx spasms, headache, insomnia, indigestion, and so on.73 
Of these, hoarseness, coughing, throat tickling, and shortness 
of breath are the most common and are usually temporary.
Noninvasive VNS.  Noninvasive VNS, including transcuta-
neous auricular VNS (taVNS) and transcutaneous cervical 
VNS (tcVNS), have been reported to be effective in treating ep-
ilepsy, migraine, depression, etc.77–79 It does not require surgical 
implantation of the electrode or pulse generator. This avoids 
surgical trauma but may have compliance issues. The taVNS 
stimulates the auricular branch of the VN, which innervates 
the cavity of the conchae and cymba conchae (Fig. 3A). The 
tcVNS stimulates VN fibers in the carotid sheath (Fig. 3B).

Laboratory and clinical evidence
Animal studies.   Meregnani et al.59 reported that VNS 3 hours 
per day for 5 consecutive days reduced the degree of body weight 

loss and inflammatory markers in trinitrobenzene sulfonic acid 
(TNBS)–induced colitis in rats. Another study60 conducted by 
Sun et al. discovered that VNS for 3 hours per day for 6 days 
decreased DAI scores, histological scores, myeloperoxidase 
(MPO) activity, and the level of nitric oxide synthase, TNF-
α, IL-6, and mitogen-activated protein kinases (MAPK) family 
members (IκB-α and nuclear NF-κB p65) in colitis in rats in-
duced by TNBS. Another study conducted by our group also 
found that VNS decreased DAI scores, the plasma levels of 
TNFα, IL-1β, IL-6, and MPO, and macroscopic and micro-
scopic scores in rats with TNBS-induced colitis via the auto-
nomic pathway.61 Recently, VNS has been proven to be effective 
in another IBD animal model, namely oxazolone-induced co-
litis, whose immune response type is thought to be different 
from TNBS-induced colitis.62 Besides these studies on VNS 
for colitis, there was a study on abdominal VNS for inflamma-
tion of the small intestine induced by TNBS in rats.63 They dis-
covered that abdominal VNS–treated rats had improved stool 
quality, stool blood, reduced plasma C-reactive protein, and 
resident inflammatory cell populations within the intestine.

In addition to the evidence of direct VNS above, several 
animal studies have explored the effects of noninvasive VNS in 
the treatment of inflammation. It was discovered that taVNS 
suppressed LPS-induced inflammatory responses via the 
α7nAChR-mediated cholinergic anti-inflammatory pathway in 
rats.80 Another study found that taVNS prevented endotoxemia 
and reduced IL-6 and TNF-α release in mice.81

Clinical studies.   Successes of VNS in animal studies have led 
to the initiation of clinical studies to further evaluate the ther-
apeutic efficacy of VNS in IBD patients. Unfortunately, few 
data are available on VNS in patients with IBD. Clarençon 
et al.64 first reported their attempt to treat a CD patient with 
VNS. The patient, under maintenance treatment with Imuran 
(azathioprine) 200  mg/d for 7  years, was experiencing a flare 
(Crohn’s Disease Activity Index [CDAI] of 330) and received 
continuous VNS over 12 months. They found that long-term 
low-frequency VNS improved the patient’s CDAI score (from 
330 to 180) and endoscopic score significantly, and its efficacy 
was associated with an increase of the parasympathetic tone. 
No adverse events were reported. Bonaz et  al.65 performed a 
6-month follow-up pilot study of chronic VNS in 7 patients 
with mild to moderate (220  ≤  CDAI  ≤  450) ileo‐colonic CD. 
Two patients were taking azathioprine (2.5 mg/kg) at baseline, 
and 5 were naïve of treatment. Consequently, the CDAI was re-
duced in all 5 patients, and 4 of them were in clinical remission 
at 6 months (CDAI < 150). The Crohn’s Disease Endoscopic 
Index of Severity (CDEIS) score was also improved (from ≥7 
to <6). CRP was elevated on inclusion (>5 μg/L) in 2 of the 
3 patients and improved toward a normal value. There was 
a similar finding in fecal calprotectin. No major side effects 
(eg, infections) were observed, and the device was well toler-
ated in the study. Two patients were removed from the study 
at 3 months due to worsening of clinical symptoms. Recently, FIGURE 2.  Direct vagus nerve stimulation.

D
ow

nloaded from
 https://academ

ic.oup.com
/ibdjournal/article/26/8/1119/5648005 by guest on 30 June 2021



� Inflamm Bowel Dis • Volume 26, Number 8, August 2020

1126

Cheng et al

D’Haens et al. conducted an open-label study to evaluate the 
efficacy and safety of VNS in 16 refractory CD patients (CDAI 
220–450, fecal calprotectin >200 μg/g, and SES-CD ulcer score 
≥2 in ≥1 segment).66 Patients had received previous treatment 
with biologic agents (anti-TNF-α and/or vedolizumab) with 
either an 8-week washout or continuation of medications. It 
was found that CDAI was decreased from 294 to 201, fecal 
calprotectin from 2974 to 590 μg/g, and SES-CD from 22.3 to 
17.5 between the screening and week 16. Serum IL-1β, TNF-α, 
TNF-β, and IFN-γ levels were reduced by 34%, 46%, 70%, and 
52% compared with baseline, respectively. However, there were 
14 serious adverse events occurring in 9/16 patients, with 3 early 
terminations. Kibleur et al. evaluated the effects of VNS on in-
flammation and brain activity in 9 ileo-colonic CD patients and 
discovered that 12 months’ chronic VNS improved CDAI, fecal 
calprotectin, anxiety state, and vagal tone, which were correl-
ated with a decreased power in the alpha frequency band of the 
electroencephalogram.67

As for noninvasive VNS, Lerman et  al.82 found that 
tcVNS decreased cytokine and chemokine levels in the blood 
of healthy controls. Meanwhile, Clancy et  al.83 reported that 
taVNS reduced sympathetic nerve activity in healthy humans.

Mechanisms of VNS
The frequency of stimulation for activation of the VN 

plays an important role in the function of different therapies.84 
Classically, high frequency (20–30 Hz) is supposed to activate 
vagal afferents, which is applied most commonly in treatments 
for epilepsy and depression. In contrast, lower frequency (1–10 
Hz) is supposed to activate vagal efferents, which exhibit an-
ti-inflammatory properties. Generally, lower frequency was 
chosen in the studies of VNS for IBD treatment both in animals 
and human beings. In early studies, only vagal efferent fibers 
and CAP were thought to be involved in this process. VNS with 
low-frequency stimulation at 1–10 Hz showed anti-inflamma-
tory effects via activation of vagal efferents and CAP in animal 

models. Meanwhile, ligation of the proximal vagus nerve did 
not decrease the anti-inflammatory effect, which suggested 
that the afferent pathway was not important.27, 33 However, 
subsequent research challenged the results of previous find-
ings, which stressed the role of the vagal afferent pathway. Reyt 
et al.85 conducted a dynamic causal modeling study to estimate 
neuronal connectivity from functional magnetic resonance 
imaging (fMRI) in rats treated with VNS. They found that 
VNS-induced fMRI deactivation of the cerebellum correlated 
with the known anatomical projections of the NTS to the cere-
bellum. Clarençon et al.77 reported that low-frequency VNS at 
10 Hz modified the electroencephalogram (EEG) in a patient 
with CD. Kibleur et al.86 examined the EEG in 9 CD patients 
under VNS at 10 Hz just before VNS initiation, after 6 weeks, 
and after 12 months of VNS. They discovered that VNS had 
a regulatory action via afferent vagal fibers, in addition to the 
activation of vagal efferent fibers.

Taken together, VNS exerts its anti-inflammatory proper-
ties in IBD probably both through its afferent (activation of the 
HPA) and efferent (activation of the CAP) fibers.87

Sacral Nerve Stimulation
It is known that there are 5 paired sacral nerves in the 

body. Sacral (S2–S4) parasympathetic nerves innervate and 
regulate activities of the descending colon and rectum, urinary 
bladder, and genital organs. Meanwhile, S2, S3, and S4 con-
stitute the pudendal nerve, which innervates the external anal 
sphincter and controls the sensory and motor function of the 
external anal sphincter. Sacral nerves contain both afferent and 
efferent fibers, which makes the interaction between the CNS 
and the innervating effectors possible.

SNS (Fig. 4), also termed sacral neuromodulation, ori-
ginates from studies on urinary dysfunction in the 1970s.88, 89 
In 1997, the US Food and Drug Administration (FDA) ap-
proved SNS for the treatment of overactive bladder (OAB) 
and nonobstructive urinary retention. Subsequently, SNS was 

FIGURE 3.  Noninvasive vagus nerve stimulation. A, Transcutaneous auricular VNS. B, Transcutaneous cervical VNS.
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investigated in several other conditions, including fecal incon-
tinence (FI), constipation, pelvic pain, etc. Varying degrees of 
effectiveness of SNS have been observed in these lower gastro-
intestinal diseases. The involved mechanisms of SNS are not 
yet fully understood. It seems that the influence of SNS on 
anorectal function occurs at a pelvic afferent or central level.90 
However, there are limited studies concerning SNS in the treat-
ment of IBD (Table 1). Herein, we attempt to collect relevant 
evidence to evaluate the possibility of SNS for IBD treatment.

SNS for intestinal barrier and inflammation re-
covery in IBD
Animal studies.  The ability of SNS to improve intestinal per-
meability and inhibit inflammation has been demonstrated 
in animal experiments. Meurette et  al.91 reported that percu-
taneous SNS (S3) for 3 hours reduced rectal paracellular per-
meability in a porcine model. Similarly, Provost et al.92 found 
that 1-week SNS led to a decrease in permeability of the in-
testinal epithelial barrier in pigs. Another study demonstrated 
that SNS enhanced the recovery from TNBS-induced increase 
in transcellular permeability and prevented increases in IL-1β 
and IL-4 in a pig model.68 Our lab has been performing re-
lated animal studies to evaluate the efficacy of SNS in treating 
IBD. We found that SNS improved colonic inflammation and 
decreased multiple pro-inflammatory cytokines via the auto-
matic pathway in a rat TNBS model.69 Our subsequent study 
further uncovered that the anti-inflammatory effect of SNS in 
TNBS-induced colitis was mediated via the spinal cord–brain 
stem–vagal efferent–colon pathway (unpublished data). In an-
other IBD rat model of dextran sodium sulfate (DSS)–induced 
colitis, we also discovered that SNS decreased DAI scores and 
pro-inflammatory cytokines (monocyte chemotactic protein 1 

and TNF-α) and normalized colon length, IL-10, and MPO 
activity by enhancing vagal activity and the acetylcholine level 
(unpublished data). Moreover, we compared the difference be-
tween SNS, VNS, and SNS plus VNS in treating TNBS- or DSS-
induced colitis separately. Interestingly, it was found that SNS 
exerted similar anti-inflammatory effects as VNS by inhibiting 
pro-inflammatory cytokines and increasing anti-inflammatory 
cytokines via the autonomic pathway in these 2 models.70

Clinical studies.   These animal studies provided some basis for 
SNS to become a new treatment option for IBD and promoted 
related clinical trials. In 2015, a permanent SNS was performed 
in a patient with refractory ulcerative proctitis.71 It was shown 
that a 3-week period of stimulation improved disease activity 
scores, FI, endoscopic and histologic scores, rectal barrier per-
meability, and histologic junctional protein mRNA expression. 
Excitingly, the patient remained improved after 18 months of 
permanent stimulation.

SNS for fecal incontinency in IBD
Fecal incontinency affects ~24% of IBD patients.93 It has 

a negative effect on quality of life94; however, only 38% reported 
seeking medical help for this symptom, and less than half  of 
these individuals were satisfied with the help they received.95 
The conventional treatment options of FI include lifestyle 
modifications, dietary intervention, oral medications, biofeed-
back, and surgical interventions. These options are often effec-
tive in non-IBD subjects; however, research regarding methods 
to treat FI in IBD is limited.96 In 1995, Matzel et al.97 published 
the first study on the efficacy of SNS in the treatment of FI. 
Since then, a large number of papers have been published 
to explore the therapeutic effect of SNS in FI. In 2011, SNS 
was approved by the US FDA for patients with FI who have 
failed or are not candidates for more conservative treatments. 
Unfortunately, to the best of our knowledge, until now there 
have been only 2 published papers evaluating the therapeutic 
efficacy of SNS for FI in IBD. In 2008, a nonrandomized pro-
spective trial containing 5 CD patients discovered that SNS im-
proved continence and quality of life in patients with internal 
and external anal sphincter disruption.72 As indicated earlier, a 
case report published in 2015 described that SNS attenuated FI 
symptoms significantly in a refractory UC proctitis patient.71 
More research is needed to confirm the efficacy of SNS for the 
treatment of FI in IBD patients.

Other Neuromodulation Methods
The tibial nerve is a mixed nerve containing sensory, 

motor, and autonomic fibers. It emerges from L4–S3, which in-
nervate the colorectum, bladder, and pelvic floor. At present, 
there are 2 types of TNS: percutaneous tibial nerve stimula-
tion (PTNS) using a fine-needle electrode and transcutaneous 
tibial nerve stimulation (TTNS) using an adhesive electrode. 
TNS was first used to treat urinary incontinence in 1983. Since 

FIGURE 4.  Sacral nerve stimulation.
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then, it has been employed in the treatment of other pelvic floor 
disorders, such as OAB,98 FI,99 and pelvic pain.100 The exact 
mechanism of TNS remains unclear, but it seems to involve 
stimulation of afferent pathways to the sacral spinal cord and 
modulation of the efferent nerves.101, 102

There is a paucity of studies with evidence of the effi-
cacy of TNS for IBD populations. Only 1 study103 has tested 
the usefulness of TTNS to treat FI in IBD patients (7 Crohn’s 
disease, 2 undetermined colitis, 3 ulcerative colitis). Five pa-
tients (41.6%) had a significant improvement in symptoms and 
quality of life after three months of TTNS. A lack of evidence 
prevents its use in the treatment of IBD at this time.

Electroacupuncture has also been used for treating IBD, 
and there was a comprehensive review of the topic in 2018 in 
this journal.104

Spinal cord stimulation (SCS) has been used to treat 
chronic pain for more than 50  years. Several studies have 
reported that SCS could attenuate abdominal pain.105, 106 
Meanwhile, a randomized crossover pilot study107 found that 
SCS reduced pain attacks and frequency of diarrhea in irritable 
bowel syndrome. However, due to lack of related studies, we 
are unable to draw a conclusion regarding whether SCS can im-
prove IBD symptoms, including abdominal pain and diarrhea. 
In fact, Kemler et al.108 reported that a man with left-sided UC 
experienced 2 relapses after SCS.

DISCUSSION
There is a strong connection between the brain and the 

gut. Dysregulation of the brain–gut interaction is involved in the 
pathogenesis of IBD, which makes electrical neuromodulation 
a promising treatment option. Data have demonstrated that 
VNS may offer anti-inflammatory properties by acting on af-
ferent and efferent nerve fibers by activation of the HPA and 
CAP. Recently, several studies have been performed to inves-
tigate the efficacy of VNS in treating IBD, providing a basis 
for clinical applications. However, their long-term efficacy and 
safety remain to be observed by more high-quality animal and 
clinical studies.

In addition, SNS seems to have therapeutic potential for 
IBD. A  recently published preclinical study70 demonstrated 
similar anti-inflammatory effects of SNS and VNS. This pro-
vides an interesting and promising option, as the sacral nerve 
directly innervates the colon and there may be less concern re-
garding potential side effects on the cardiovascular and central 
nervous systems. Moreover, it would be interesting to perform 
mechanistic studies to explore why the 3 modalities, VNS, SNS, 
and VNS+SNS, have similar anti-inflammatory effects.

As both VNS and SNS are invasive, although minimally 
invasive, it takes time to gain regulatory approval for clinical 
applications of these emerging neuromodulation methods. 
Meanwhile, certain noninvasive methods, such as tibial 
nerve stimulation and electroacupuncture, might be applied 
to treat IBD patients with less severe symptoms or used as a 

complementary therapy to lower the degree of symptom se-
verity and make conventional medical therapy more effective.
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