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ABSTR ACT: Crohn’s disease and ulcerative colitis are the primary inflammatory bowel diseases (IBDs) affecting the gastrointestinal tract. The current 
therapy aims at decreasing inflammation and reducing symptoms. This typically requires immune suppression by steroids, thiopurines, methotrexate, or 
tumor necrosis factor inhibitors. Patients may be unreceptive to medical therapy, and some may discontinue the treatment due to adverse effects. Noninva-
sive, transcutaneous vagus nerve stimulation (VNS) is currently used as a treatment for depression and epilepsy, and it is being investigated for the treat-
ment of conditions such as multiple sclerosis, migraines, and Alzheimer’s disease. Recent studies have demonstrated the importance of splenic and vagus 
nerve functions in the inflammatory process through the production of certain cytokines. We hypothesize that using transcutaneous VNS via the auricular 
afferent branch could achieve a selective anti-inflammatory effect on the intestinal wall. This review examines the possibility of using vagal stimulators as a 
therapy for IBD. This could open the door to novel treatments for numerous vagally mediated diseases characterized by poor responses to current therapies.
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Introduction
Current treatments for inflammatory bowel disease (IBD), 
including Crohn’s disease and ulcerative colitis, are primarily 
biological, but these therapies can have serious side effects 
and limited action, or they may simply be cost prohibitive.1 

Recent evidence suggests that reducing inflammation while 
stimulating mucosal healing may provide the best outcomes.2 
Studies have shown that consistent therapy with anti-tumor 
necrosis factor (TNF) agents will increase the likelihood of 
mucosal healing and clinical remission, reduce the need for 
surgery and hospitalization, and avoid the chronic need for 
corticosteroids.3

It has been demonstrated that the parasympathetic ner-
vous system possesses an anti-inflammatory pathway that 
inhibits the release of proinflammatory cytokines, including 
TNF.4 It has been further demonstrated that direct electri-
cal stimulation of the vagus nerve can stimulate this anti-
inflammatory mechanism in the gastrointestinal tract through 
interactions with the enteric nervous system.5 As transcutane-
ous stimulation of the vagus nerve is already being used in the 

treatment of epilepsy, it is reasonable to consider the possibility 
that noninvasive, transcutaneous vagus nerve stimulation 
(VNS) of the auricular branch of the vagus nerve (ABVN) 
could potentially reduce the vagal-mediated symptoms of 
Crohn’s disease, ulcerative colitis, and other chronic IBDs and 
establish a safer and more affordable treatment modality.

Current Biological Treatment of IBD
Corticosteroids. Corticosteroids suppress activation of 

nuclear factor kappa-light-chain-enhancer of activated B cells 
(NF-κB). This is a primary transcription factor for both the 
innate and adaptive immune systems in regulating an inflam-
matory response.6,7 Diabetes, osteoporosis, steroid-induced 
psychosis, steroid dependence, and opportunistic infections 
are among the most common side effects.6,7 Corticosteroid 
use is limited due to its relative inability to induce remission or 
induce mucosal healing with chronic use.6,8

Thiopurines. Thiopurines are immunosuppressive drugs 
that act by disabling T lymphocytes involved in the process of 
inflammation. Azathioprine and other thiopurines act through 
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a complex set of events in which their metabolites are incorpo-
rated into the DNA cell lines of rapidly dividing inflammatory 
cells.9 Azathioprine targets the activation of Rac1, a small gua-
nosine triphosphate phosphohydrolase (GTPase) essential for 
the activation of T cells in the gastrointestinal tract. This leads 
to a decrease in NF-κB activation and induces T cell apoptosis, 
thereby decreasing proinflammatory secretion of cytokines.9 
Possible side effects of thiopurine treatment include liver tox-
icity and the development of lymphoma, which appear to be 
related to the incorporation of DNA metabolites.9

Methotrexate. Methotrexate is used as an alternative 
for patients who have been unresponsive to thiopurines. In 
2011, Kozarek et al showed that in patients failing to respond 
to treatment with azathioprine, methotrexate was effective 
to help maintain the clinical benefits in one year in 63% of 
patients.10 In this group of patients, 26% discontinued ther-
apy due to side effects. The study demonstrates that therapy 
with methotrexate is well tolerated and a reasonable option 
for patients who are unable to receive thiopurines. Methotrex-
ate has a lower rate of mucosal healing compared with that of 
biologics and azathioprine.6,10

Some common adverse side effects of methotrexate 
include leucopenia, nausea, anorexia, stomatitis, and diarrhea. 
More serious effects include bone marrow suppression, hepatic 
fibrosis, or, rarely, hypersensitivity pneumonia.11,12 Metho-
trexate is contraindicated in pregnancy due to its known tera-
togenic effect on the fetus.13

Anti-TNF-α inhibitor therapy. Cytokines are involved 
in stimulating the acute phase reaction that stimulates the 
inflammatory cascade. TNF-α is one of the main cytokines 
involved in the inflammatory cascade. Antigen-presenting 
cells help initiate an inflammatory response to bacterial prod-
ucts and lipopolysaccharides (LPSs) through the activation 
of macrophages, T cells, and natural killer cells and the pro-
duction of TNF-α.6,14 Patients with IBD have an increased 
number of TNF-α-secreting T cells located in the lamina 
propria of the intestines.6,14

TNF-α inhibitors have improved the treatment of 
inflammatory conditions such as the seronegative spondylo-
arthropathies, rheumatoid arthritis, and IBD.15 In clinical 
trials and postmarketing surveillance, a number of multiple 
adverse effects have been identified, including infusion reac-
tions, neutropenia, demyelinating disease, heart failure, infec-
tions, injection site reactions, cutaneous reactions, induction 
of autoimmunity, and malignancy.15 In addition to these 
adverse effects, a significant number of patients with IBD, 
being treated with biological agents, lose response over time 
or do not respond at all.16

Monoclonal antibodies targeting leukocyte migration. 
Adhesion molecules help leukocytes migrate out of the blood 
into the site of inflammation.17 Natalizumab, a monoclonal 
antibody targeting the α4 integrin, was the first drug devel-
oped in this category to treat IBD.6,18 A major setback of 

natalizumab therapy was its interaction with α4β1 vascular 
cell adhesion molecule-1, which is required by the main 
effector T cells used to help contain the John Cunningham 
virus (a human polyomavirus) and prevent brain infections. 
Newer therapies were developed to help specifically target 
α4β7 in the vasculature of the gut to avoid the risk of progres-
sive multifocal leukoencephalopathy.6,18

Vagus Nerve
There are two main branches of the autonomic nervous sys-
tem based on function and anatomy.19 These two divisions are 
the sympathetic and parasympathetic systems. They help con-
trol and regulate organ function through a set of connected 
neurons, located in either the central nervous system or the 
peripheral ganglia.19 The parasympathetic neurons arise in the 
brainstem medulla and the lower sacral portion of the spinal 
cord, while the peripheral ganglia are located in close proxim-
ity to the organ they innervate or within the organ itself.19 The 
sympathetic neurons begin in the thoracic and lumbar regions 
of the spinal cord, and the ganglia are located along a chain in 
close proximity to the spinal cord.19 These two systems coun-
teract one another and help facilitate equilibrium through 
physiological and environmental responses.19 One such equi-
librium regulated in part by the autonomic nervous system is 
hemostasis, which can deviate from equilibrium during infec-
tion due to the release of certain proinflammatory cytokines, 
such as TNF and interleukin-1β (IL-1β), that mediate fever, 
shock, and response to tissue injury.19,20

Anti-inflammatory Cholinergic Pathway
In 2000, Borovikova et al4 described how the parasympathetic 
nervous system has an anti-inflammatory response pathway in 
response to endotoxin. In human-cultured macrophages, they 
were able to use acetylcholine and nicotine to diminish the 
release of proinflammatory cytokines, such as TNF, IL-1β, 
IL-6, and IL-18. They also demonstrated in rat models that 
the direct stimulation of the peripheral vagus nerve in vivo 
during endotoxemia caused an inhibition of TNF synthesis 
in the liver. This inhibition of TNF synthesis decreased peak 
serum levels and prevented the development of shock.4 A sig-
nificantly decreased amount of TNF was present in the serum 
levels of rats receiving efferent VNS. Vagotomized rats given 
the same lethal dose of LPS without an electrical stimulation 
had a demonstrable increased serum concentration of TNF. 
These data directly connect efferent vagus nerve signaling in 
the regulatory process of TNF production.4

Two years after the discoveries by Borovikova’s team, 
Wang et al21 identified the α7 nicotinic acetylcholine recep-
tor (α7nAChR) of splenic macrophages as the mechanism by 
which parasympathetic stimulation reduces proinflammatory 
cytokine release. They found that electrical stimulation of the 
vagus nerve produced a decrease in the production of TNF by 
macrophages in wild-type mice, while the same stimulation in 
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α7 knockout mice did not decrease TNF production. In 2005, 
de Jonge et al22 used a murine model of postoperative ileus 
to examine the anti-inflammatory effects of VNS. Postopera-
tive ileus is associated with general hypomotility and delayed 
emptying of the gastrointestinal tract.23 It typically results 
from inflammation caused by the activation of macrophages 
via physical manipulation of the bowels during intraperitoneal 
surgery. de Jonge et al22 found that perioperative stimulation 
of the vagus nerve significantly attenuated the severity of post-
operative ileus by STAT3 in the macrophages responsible for 
the inflammation.

Matteoli et al5 demonstrated the mechanisms by which 
the vagus nerve directly interacts with the intestines to inhibit 
inflammation without the involvement of the spleen.5 Inside 
the intestinal wall, the resident macrophages lie in close 
vicinity to cholinergic nerve fibers innervated by the vagus 
nerve via enteric neurons. In order for the vagus nerve to 
have a protective effect on the intestinal lining, α7nAChR on 
the macrophages must be expressed. Matteoli et al induced 
intestinal inflammation in mice devoid of splenic innerva-
tion. While stimulating the vagus nerve, they were able to 
achieve a reduction in intestinal inflammation. Based on their 
research, it can be concluded that the vagal anti-inflammatory 
response is in direct contact with the intestines and inde-
pendent of the spleen.5 The neural response explained earlier 
seems to be more involved in mediating local inflammatory 
processes with limited systemic influence, suggesting the 
idea of neuromodulation.5 The role of the enteric nervous 
system—based on indirect evidence—shows that myenteric 
plexus abnormalities have been reported in patients with IBD.5 
It has been reported that myenteric plexitis is linked to an 
increased risk for the development and recurrence of Crohn’s 
disease in surgically treated patients, suggesting a possible 
association of the enteric nervous system in the pathology of 
this illness.24–27

Therapeutic VNS
VNS has been approved for the treatment of refractory epilepsy 
and depression by the US Food and Drug Administration.28,29 
The first VNS device required a surgical implantation of the 
stimulator and electrodes. The most serious adverse effects 
associated with implantation were infection, lesions of the 
vagus nerve, dyspnea, and the need for battery replacement. 
These symptoms could be related to the possible mechanical 
failure of an electronic-equipment-based system.30 According 
to the American Association of Neurological Surgeons,31 side 
effects of VNS implantation devices that are most commonly 
used for epilepsy include hoarseness, coughing, throat tick-
ling, and shortness of breath. They assert that these side effects 
are temporary and eventually resolve with time.

Currently, there are noninvasive VNS systems that 
improve the safety and tolerability of these devices, allowing 
the investigation of their usefulness in a wider range of disease 

processes. A study by Kreuzer et al32 was conducted in 2012 
on the impact of transcutaneous stimulation of ABVN in the 
heart. The study found no indication of arrhythmias in patients 
without a history of cardiac pathology. Similarly, in 2015, 
Frangosa et al33 used functional magnetic resonance imaging 
to prove that transcutaneous stimulation of the ABVN pro-
duced significant activation of the areas of the brain known to 
have central projections from the vagus nerve, including the 
nucleus tractus solitarii (NTS).

Zhao et al34 demonstrated the effectiveness of transauric-
ular stimulation of the ABVN to illicit an anti-inflammatory 
effect that facilitated immune suppression in an endotoxemic 
rat model. The study showed that transauricular stimulation 
of the ABVN decreased the serum levels of inflammatory 
cytokines such as TNF-α, IL-1β, and IL-6, as well as the 
proinflammatory transcription factor such as NF-κB. These 
anti-inflammatory effects could not be seen in rat models 
that underwent vagotomy or administration of an α7nAChR 
antagonist. The proposed model for the anti-inflammatory 
effects seen in the transauricular stimulation of the ABVN 
can be summarized thus as follows (Fig. 1): the stimulation 
of sensory afferent fibers of the ABVN ascends to the NTS, 
where they synapse and cause the activation of efferent vagus 
nerve fibers to subdue peripheral cytokine release through the 
activation of α7nAChR on peripheral macrophages.34

Conclusion
The current therapy for IBD aims at decreasing systemic inflam-
mation. This approach requires the use of systemic immune 
suppression such as steroids, thiopurines, methotrexate, and 
TNF inhibitors. TNF modulators have proven to be very 
effective in 30–60% of Crohn’s disease patients, but costs 
are extreme and side effects and adverse events are not mini-
mal. Animal studies have demonstrated that VNS can block 
proinflammatory TNF secretion by the liver and the gut. 
Currently, noninvasive transcutaneous VNS is being used 
as an adjuvant therapy for epilepsy. There exists the poten-
tial for use of noninvasive, transcutaneous vagal stimulation 
to decrease the gastrointestinal inflammation in humans 
with IBD using the technology that is already available. This 
new approach could provide clinicians the ability to offer a 
safe, non-pharmacological adjuvant therapy or patients who 
have failed the currently approved medical therapy a unique 
treatment option.
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Figure 1. A proposed model of VNS anti-inflammatory mechanism. Transauricular VNS at the cymba conchae of the ear excites the ABVN. This signal 
propagates centrally to the NTS and then on to the myenteric plexus of the intestine via the efferent limb of the vagus nerve. Subsequent cholinergic 
stimulation of the α7nAChR on resident macrophages results in the inhibition of key proinflammatory cytokines.
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