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Metz CN, Pavlov VA. Vagus nerve cholinergic circuitry to the liver and the
gastrointestinal tract in the neuroimmune communicatome. Am J Physiol Gastro-
intest Liver Physiol 315: G651–G658, 2018. First published July 12, 2018;
doi:10.1152/ajpgi.00195.2018.—Improved understanding of neuroimmune com-
munication and the neural regulation of immunity and inflammation has recently
led to proposing the concept of the “neuroimmune communicatome.” This advance
is based on experimental evidence for an organized and brain-integrated reflex-like
relationship and dialogue between the nervous and the immune systems. A key
circuitry in this communicatome is provided by efferent vagus nerve fibers and
cholinergic signaling. Inflammation and metabolic alterations coexist in many
disorders affecting the liver and the gastrointestinal (GI) tract, including obesity,
metabolic syndrome, fatty liver disease, liver injury, and liver failure, as well as
inflammatory bowel disease. Here, we outline mechanistic insights regarding the
role of the vagus nerve and cholinergic signaling in the regulation of inflammation
linked to metabolic derangements and the pathogenesis of these disorders in
preclinical settings. Recent clinical advances using this knowledge in novel ther-
apeutic neuromodulatory approaches within the field of bioelectronic medicine are
also briefly summarized.
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INTRODUCTION

Ongoing research reveals that neuroimmune communication
and the neural regulation of immunity and inflammation occur
in an organized and integrated manner (43) (Fig. 1). This latest
insight was recently outlined, and the term “neuroimmune
communicatome” was conceptualized (41). Neural circuitries
in the neuroimmune communicatome regulate immune func-
tion in a manner similar to how the nervous system regulates
cardiovascular, gastrointestinal (GI), respiratory, and other
physiological functions. Neural, central nervous system
(CNS)-integrated reflex pathways play important roles in both.
Moreover, experimental evidence indicates some overlap, but
also differences between neural circuits and receptor signaling
identified in immune regulation and those regulating metabo-
lism and GI and other physiological functions (49). These
allow for integrated and efficient control of homeostatic alter-
ations. An important neuroimmunomodulatory circuitry within
the neuroimmune communicatome is the vagus nerve-based
“inflammatory reflex” (48, 62). Alterations in peripheral levels
of cytokines and other inflammatory molecules are detected by

afferent vagus nerve peripheral endings and communicated to
the brain stem nucleus tractus solitarius (NTS) (14). NTS is
anatomically and functionally linked with the dorsal motor
nucleus of the vagus (DMN), which is a major source of
efferent (motor) vagus nerve neurons that regulate peripheral
immune responses and cytokine release (43, 48). Substantial
mechanistic insight into the inflammatory reflex and its efferent
arm, the cholinergic anti-inflammatory pathway, has been gen-
erated (46).

Efferent vagus nerve cholinergic signaling controls both the
levels of proinflammatory cytokines and important mediators
involved in the resolution of inflammation (14, 38). Experi-
mental evidence indicates that the !7 nicotinic ACh receptor
(!7nAChR) on immune cells importantly mediates efferent
vagus nerve cholinergic suppression of proinflammatory cyto-
kine production (67). While nicotinic receptors mediate fast
ganglionic transmission (between preganglionic and postgan-
glionic efferent vagus nerve fibers), “classical” regulatory
functions of the efferent vagus nerve are mediated through
different subtypes of muscarinic ACh receptors (mAChRs) on
cardiac myocytes, smooth muscle cells, and glandular cells.
These functions include modulation of heart rate, gastrointes-
tinal motility and secretion, and respiratory function. This
receptor-based difference in cholinergic control of physiolog-
ical function is interesting and important because it may allow
fine-tuned modulation and selectivity in therapeutic targeting.
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A functional cooperation between the efferent vagus nerve and
the splenic nerve within the inflammatory reflex leads to the
release of ACh in the spleen (43, 55). A subset of T lympho-
cytes contains the enzyme choline acetyltransferase (ChAT)
required for the production of ACh; these ChAT" T cells are
the key source of splenic ACh in response to splenic nerve
catecholaminergic signaling through #-adrenoreceptors (43,
55). Released ACh then interacts with !7nAChRs expressed
on macrophages and other immune cells to suppress proinflam-
matory cytokine production (43, 55) (Fig. 2).

Immune and metabolic dysregulations are characteristic fea-
tures of many acute and chronic disorders, including obesity,
metabolic syndrome, acute and chronic liver injury and failure,
and inflammatory bowel disease (IBD) (48, 49). Moreover,
excessive or nonresolved inflammation plays an important role

in disease pathogenesis and is interrelated with metabolic
dysregulation (e.g., insulin resistance) in many of these dis-
eases (49). Here, we focus on the role of the efferent vagus
nerve and cholinergic signaling in the regulation of immune
function and inflammation in disorders associated with liver
and GI pathologies. We briefly elaborate on the role of the
brain in this context and highlight recent clinical developments
based on insights generated in preclinical settings within the
field of bioelectronic medicine.

EFFERENT VAGUS NERVE CIRCUITRY TO LIVER AND THE
GI TRACT: ANATOMY AND FUNCTION

The efferent vagus nerve comprises preganglionic and post-
ganglionic neurons; very long preganglionic neurons originat-
ing in brain stem nuclei communicate with relatively short
postganglionic neurons in ganglia located either within or in
close proximity to the innervated organs. The origin of efferent
vagus nerve preganglionic fibers innervating the GI tract and
more specifically the stomach and colon has been associated
with the DMN (Fig. 2), and to a lesser extent in the nucleus
ambiguus (NA) in the brain stem medulla oblongata (3, 59,
63). Integration of afferent and efferent signaling along the
vagus nerve, which plays a role in vago-vagal reflexes control-
ling GI motility and secretion, takes place through anatomical
and functional interactions between the NTS and DMN (59,
63). Interactions between efferent vagus neurons and neurons
of the enteric nervous system are implicated in controlling GI
function (9, 65). The left DMN has been identified as the main
source of efferent vagus nerve preganglionic fibers innervating
the liver (Fig. 2). In addition, some efferent vagus nerve
neurons have been traced to the left anterior NA and the right
DMN (54). The hepatic branch of the vagus nerve is supplied
mainly through the anterior trunk, which is an extension of the
left vagus nerve under the diaphragm. Efferent vagus nerve
signaling to the liver regulates hepatic metabolic function, such
as the control of hepatic glucose production (gluconeogenesis)
(29, 49–51). Interactions between the DMN, NTS, thalamus,
hypothalamus, amygdala, cortex areas, and other brain regions
mediate forebrain regulation of the autonomic control of GI
and hepatic function, and its coordination with behavioral,
cognitive, and endocrine regulation (49).

VAGUS NERVE CHOLINERGIC REGULATION OF HEPATIC
IMMUNE RESPONSES AND INFLAMMATION

Abundant experimental evidence indicates that in addition to
controlling “classical” physiological processes, efferent vagus
nerve cholinergic signaling regulates immunity and inflamma-
tion. Cholinergic modulation of liver inflammation by the
vagus nerve was first reported by Tracey and colleagues (11)
almost 20 years ago. They demonstrated that electrical stimu-
lation of the cervical vagus nerve directly attenuated LPS-
induced TNF production in the liver and circulation and pre-
vented the development of endotoxemia-related hypotension in
rodents (11). At the cellular level, ACh, the major neurotrans-
mitter released by efferent vagus nerve endings, suppresses
TNF production by macrophages, acting through !7nAChR-
mediated mechanisms (11, 67). The term cholinergic anti-
inflammatory pathway was introduced to define this neuroim-
mune circuit (11). The role of cholinergic signaling in reducing
hepatic and circulating TNF levels and preventing shock was

Fig. 1. Communication between the central nervous system (CNS) and the
immune system. The nervous system and the immune system communicate in
response to pathogen invasion, tissue injury, and other homeostatic threats.
Macrophages, neutrophils, monocytes, T lymphocytes, and other immune cells
detect the presence of pathogen components and tissue injury molecules and
release cytokines and other signaling molecules. These alterations in peripheral
immune homeostasis are detected by sensory neurons residing in the dorsal
root ganglia (DRG) and vagus nerve afferent neurons, which signal to the
spinal cord and the brain. Pathogens also directly activate afferent neurons.
These signals are integrated in the central nervous system with descending
signaling via sympathetic and efferent vagus nerve fibers (purple box) with the
release of catecholamines and ACh, respectively. These neurotransmitters
interact with immune cells and control immune cell function and responses.
Other neurotransmitters released from neurons also play a role in immune
control. The hypothalamic-pituitary-adrenal (HPA) axis with the release of
corticosteroids also provides a conduit of brain-to immune regulation (the use
of this figure originally published in Ref. 43 has been granted by Annual
Review of Immunology).
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further demonstrated using electrical vagus nerve stimulation
(VNS) in the setting of experimental ischemia reperfusion
injury after acute aortic occlusion (6). In addition, nicotine, a
nonspecific nAChR agonist, and PNU-282987, a selective
!7nAChR agonist, were shown to suppress hepatic inflamma-
tion following ischemia-reperfusion injury (31, 42). Mechanis-
tically, vagus nerve cholinergic suppression of hepatic TNF
production is mediated through the inhibition of NF-$B nu-
clear translocation, as determined using a rat model of hypo-
volemic hemorrhagic shock (64) (Fig. 2). Moreover, hepato-
protective antiapoptotic effects of vagus nerve !7nAChR-
mediated cholinergic signaling have been reported using
vagotomy and a selective !7nAChR agonist in a mouse model
of Fas-induced hepatitis (24).

Acute liver failure is a life-threatening condition that in-
cludes hepatic encephalopathy and requires expensive life-
saving intensive care treatment (5). While the most common
cause of acute liver injury and failure in the world is hepatitis
A and E infections, the most common cause of acute liver
injury and failure in the United States is acetaminophen (N-
acetyl-p-aminophenol, APAP, Tylenol) overdose (5, 52). Crit-
ical care management of patients with acute liver failure
continues to be challenging with limited treatment options.
Sterile inflammation mediated by the release of cytokines and
immune cell infiltration into the liver is a characteristic feature
of acute liver failure pathobiology (15). In a mouse model of
APAP-induced acute liver injury, enhanced cholinergic signal-
ing has been related to hepatoprotective effects. Pretreatment

Fig. 2. Vagus nerve cholinergic signaling regulates inflammation in the gastrointestinal (GI) tract and the liver. Efferent vagus nerve preganglionic cholinergic
fibers (shown in purple) originating predominantly from the dorsal motor nucleus of the vagus (DMN) innervate the liver and the GI tract and regulate local
immune responses, inflammation, and metabolism. The use of vagotomy, vagus nerve stimulation (VNS), knockout mice, and the administration of cholinergic
compounds, including !7 nicotinic receptor (!7nAChR) agonists have been instrumental in identifying the functional anatomy and molecular components of this
regulation. Cholinergic signaling has been implicated in suppressing hepatic inflammation and alleviating metabolic derangements in the context of
acetaminophen (APAP)-induced liver injury and acute liver failure (ALF), obesity, nonalcoholic steatohepatitis (NASH) and hemorrhagic shock. Cholinergic
signals also control GI inflammation and metabolic disease manifestations in experimental postoperative ileus, inflammatory bowel disease (IBD), and ischemia
and reperfusion injury (IRI). A functional cooperation between the efferent vagus nerve and the splenic nerve with the release of acetylcholine (ACh) from a
subset of T cells that contain the enzyme choline acetyltransferase (ChAT" T cells) plays a major mediating role in the inflammatory reflex. Activation of this
regulatory circuitry triggered by the central (in the brain) action of the acetylcholinesterase inhibitor, galantamine, and muscarinic ACh receptor (mAChR) ligands
plays a role in suppressing colonic inflammation and alleviating the severity of the disease in murine IBD (colitis). Other compounds, including CNI-1493, a
stable thyrotropin-releasing hormone (TRH) analog and ghrelin trigger activation of vagus nerve cholinergic signaling that controls immune responses and
suppresses inflammation in experimental models of liver and GI disorders. The !7nAChR expressed by macrophages, Kupffer cells, and dendritic cells is a major
cellular component of cholinergic regulation of hepatic and GI inflammation. Peripheral cholinergic !7nAChR-mediated activation inhibits NF-$B nuclear
translocation, activates JAK2/STAT3 signaling, and suppresses proinflammatory cytokine production. The brain plays an important integrative and regulatory
role in the neuroimmune communicatome in the context of liver and GI diseases with documented involvement of cholinergic signaling. However, the brain
function can be severely affected (neurological complications known as hepatic encephalopathy) in severe liver diseases with considerable inflammatory
involvement. These brain alterations, including cognitive deterioration, are associated with brain cholinergic dysfunction. Findings in preclinical settings have
indicated the use of VNS, !7AChR agonists, and centrally acting AChE inhibitors, including galantamine, as therapeutic cholinergic modalities for liver and GI
inflammatory disorders. Recent clinical trials with VNS in patients with IBD and with galantamine in patients with the metabolic syndrome have generated
promising results [see text for details. The image of the brain has been adapted from Fig. 1, originally published in (43)].

G653CHOLINERGIC HEPATIC AND GI IMMUNOREGULATION

AJP-Gastrointest Liver Physiol • doi:10.1152/ajpgi.00195.2018 • www.ajpgi.org
Downloaded from www.physiology.org/journal/ajpgi at UAH Biblio Ciencias Experimentales (212.128.010.216) on March 13, 2019.



with centrally acting acetylcholinesterase (AChE) inhibitors
(that stimulate cholinergic signaling), including huperzine A,
donepezil, and rivastigmine, suppresses TNF, IL-6, and
HMGB1 levels and alleviates experimental hepatic injury [as-
sessed by serum alanine aminotransferase (ALT) and aspartate
aminotransferase levels, and histopathological findings] (75).
In contrast, pretreatment with the peripherally acting AChE
inhibitor, neostigmine, has no significant effect on liver injury
in this model (75). This lack of efficacy of the peripherally
acting neostigmine is in agreement with a previous report that
neostigmine (in a nonlethal dose) does not alleviate interstitial
inflammation and liver injury (1). Others have reported that
neostigmine enhances survival, reduces liver damage (as de-
termined by ALT levels, histopathologic signs of liver injury,
and liver apoptosis), and decreases serum proinflammatory
cytokine levels in an APAP murine model (60). We have
recently observed (unpublished data) the superior hepatic pro-
tection exerted by administration of the centrally acting AChE
inhibitor, galantamine, as compared with neostigmine in an
APAP-induced liver injury model. Galantamine, which is clin-
ically approved for Alzheimer’s disease, also has been shown
to promote vagus nerve signaling (66) and exert anti-inflam-
matory activity via central activation of the vagus nerve-based
cholinergic anti-inflammatory pathway (26, 45, 72). Therefore,
it is interesting and important to study the therapeutic use of
VNS in the context of acute liver injury and acute liver failure.
It is also of therapeutic interest to examine the potential role of
cholinergic signaling in a broader scope of liver diseases with
autoimmune and autoinflammatory etiology, including primary
biliary cirrhosis, chronic autoimmune hepatitis, and primary
sclerosing cholangitis. The fact that galantamine and other
AChE inhibitors are FDA-approved drugs will facilitate further
development of these compounds in treatment approaches for
liver diseases.

Chronic low-grade inflammation plays an important patho-
genic role in obesity and obesity-driven disorders, including
metabolic syndrome, Type 2 diabetes, and nonalcoholic ste-
atohepatitis (NASH), by promoting insulin resistance and he-
patic metabolic derangements (49). Experimental evidence
supports a role for cholinergic signaling in controlling inflam-
mation and metabolic derangements in obesity-driven condi-
tions. !7nAChR knockout (KO) mice fed a high-fat diet have
increased M1 macrophage infiltration and both TNF and
CCL2 (MCP-1) expression when compared with wild-type
controls (68). The expression of !7nAChR by human adi-
pocytes is decreased during obesity, and the functional role
of this receptor has been related to suppression of proin-
flammatory gene expression (12). Treatment of obese db/db
mice with a selective !7nAChR agonist (TC-7020) results
in significant suppression of circulating TNF, glucose, and
triglyceride levels, accompanied by lower weight gain and
decreased food consumption (34).

A specific hepatic vagus nerve !7nAChR-mediated anti-
inflammatory function was indicated in the context of murine
NASH (40). Hepatic vagotomy exacerbates liver inflammation
indicated by increased levels of TNF, IL-12, and CCL2
(MCP-1) in mice with diet-induced NASH (40). Moreover,
NASH development is accelerated in !7nAChR KO chimeric
mice (produced by transplanting !7nAChR bone marrow cells
into %-irradiated and Kupffer cell-depleted wild-type recipi-
ents). This is indicated by Kupffer cell activation, a significant

increase in proinflammatory cytokine expression and abnormal
lipid metabolism (40). Treatment of mice with high-fat diet-
induced obesity with galantamine significantly reduces inflam-
mation, insulin resistance, and hepatic lipid accumulation (he-
patic steatosis) (57). In addition, galantamine is efficient in
alleviating disease severity in nonobese diabetic mice and mice
with streptozotocin-induced Type 1 diabetes (2, 23). Treatment
with galantamine improves glucose homeostasis and liver lipid
profiles and reduces both liver inflammation (via suppression
of NF-$B activation) and oxidative stress (via Nrf2 and MDA)
(2). Consistent with these preclinical findings, a recent clinical
trial revealed that galantamine in doses clinically approved for
the treatment of Alzheimer’s disease, significantly reduces
inflammation associated with metabolic syndrome in humans
(16). In this randomized, double-blind, placebo-controlled trial,
patients with metabolic syndrome who were treated with gal-
antamine (8 mg daily for 4 wk followed by 16 mg daily for 8
wk) exhibited significantly reduced circulating TNF and leptin
levels and higher IL-10 and adiponectin levels when compared
with patients treated with placebo. Galantamine treatment also
lowered plasma insulin levels, alleviated insulin resistance, and
modulated sympathovagal autonomic regulation toward vagal
predominance (16). Together, these findings support further
studies of vagus nerve-targeted cholinergic treatments for obe-
sity-associated immune dysfunction and inflammation.

VAGUS NERVE CHOLINERGIC CONTROL OF
GASTROINTESTINAL IMMUNE RESPONSES AND
INFLAMMATION

A large body of experimental evidence indicates that vagus
nerve cholinergic signaling suppresses excessive inflammation
in murine models of postoperative ileus and IBD (8, 58, 65).
Postoperative ileus is a frequent complication of abdominal
surgery associated with delayed gastric empting that requires
long hospitalizations. Aberrant inflammation and alterations in
neural reflex regulation are major components of this condi-
tion. The vagus nerve has been demonstrated to be an impor-
tant regulator of intestinal inflammation in experimental post-
operative ileus (17). VNS significantly suppresses intestinal
inflammation in a macrophage-dependent manner and amelio-
rates surgically induced ileus in mice (17). In addition, nicotine
decreases TNF, CXCL2 (also known as macrophage inflam-
matory protein 2! or MIP-2!), and IL-6 release from perito-
neal macrophages in an !7nAChR-dependent manner, a find-
ing that supports the role of cholinergic output from the
efferent vagus nerve in this context (17). Subsequent activation
of the JAK2/STAT3 pathway has been indicated as a critical
downstream intracellular mechanism suppressing cytokine and
chemokine production by macrophages (17) (Fig. 2).

Ulcerative colitis and Crohn’s disease are the two forms of
IBD; they are chronic, relapsing deleterious disorders, with
intestinal inflammation mediated, in large part, by the release
of TNF and other proinflammatory cytokines. Surgical inter-
ruption of the vagus nerve by subdiaphragmatic vagotomy has
been shown to significantly increase colonic levels of TNF and
other proinflammatory cytokines and to exacerbate the severity
of acute colitis (manifested by increased disease activity and
histological and macroscopic scores) in two different murine
models (21). By contrast, vagotomy has no effect on disease
severity in M-CSF-deficient mice, supporting macrophage-
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mediated regulation (21). In addition, administration of hexa-
methonium (an nAChR antagonist) worsens outcomes in sham-
operated animals with colitis, while treatment with nicotine
improves outcomes in vagotomized mice with colitis (21). An
intriguing positive correlation between impaired vagus nerve
cholinergic control of macrophage activation and proinflam-
matory function and enhanced susceptibility to intestinal in-
flammation and colitis has been demonstrated in mice with
depressive-like behavior (20). Chronic VNS in freely moving
animals with colitis (for 5 days, 3 times a day), substantially
alleviates colonic inflammation and improves both histological
scores of lesions and the multivariate disease index (35). Very
recently, VNS was demonstrated to significantly alleviate in-
flammation and the severity of murine oxazolone-induced
colitis, an aggressive form of this disease (36). Additionally,
the translational potential of VNS for treating patients with
Crohn’s disease was recently demonstrated (10). VNS, using
an implanted bioelectronic device, led to clinical remission in
five out of seven patients with Crohn’s disease (10). This
clinical improvement was associated with a significant de-
crease in C-reactive protein and fecal calprotectin (indicators
of active disease), and alleviation of patients’ perceived ab-
dominal pain (10). This chronic VNS also improved vagus
nerve tone indicated by analyzing heart rate variability in these
patients (10). The efficacy of implanted device-generated VNS
in patients with Crohn’s disease is currently being tested in
multicenter clinical trials (NCT02951650 and NCT02311660).
These studies and the recently demonstrated efficacy of VNS in
patients with rheumatoid arthritis (28) clearly indicate the
progress in developing neuromodulatory treatments for a broad
range of diseases within the framework of the new field of
bioelectronic medicine (43).

BRAIN CONTROL OF THE VAGUS NERVE REGULATION OF
GASTROINTESTINAL AND HEPATIC INFLAMMATION

The brain plays a major role in controlling and integrating
vagus nerve-regulated physiological processes, including car-
diovascular, gastrointestinal, and respiratory function and me-
tabolism (49). Accumulating evidence points to brain mecha-
nisms in the regulation of peripheral immune homeostasis and
inflammation through efferent vagus nerve cholinergic output
(43, 48). Brain cholinergic mAChR-mediated signaling has
been shown to play an important role in this regulation (30, 44,
56), which includes control of hepatic and intestinal inflam-
mation in experimental conditions of APAP-induced liver
injury, hemorrhagic shock, and colitis (22, 26, 37, 39, 75).
Treatment of mice with colitis with the centrally acting AChE
inhibitor, galantamine, and central, intracerebroventricular ad-
ministration of mAChR ligands suppresses mucosal inflamma-
tion (26, 39) (Fig. 2). This is indicated by lower major histo-
compatibility complex II and proinflammatory cytokine levels
and substantial amelioration of the disease, evident by signif-
icantly improved histological scores (26). These effects are
mediated through brain-to-spleen neural circuitry in the inflam-
matory reflex, because they are abrogated in mice following
either vagotomy, splenic nerve transection, or splenectomy,
and are dependent on splenic CD11c" cells and !7nAChR
signaling (26). Activation of the brain-to-spleen neural axis in
the inflammatory reflex also plays a major role in alleviating
murine colitis severity by central, intracerebroventricular ad-

ministration of the M1 mAChR agonist, McN-A-343 (39) (Fig.
2). In this condition, cholinergic activation suppresses cytokine
release by splenic dendritic cells through !7nAChR and NF-
$B-mediated signaling mechanisms, which, in turn, decreases
CD4"CD25& T-cell priming (39). This is associated with
suppressed Th1/Th17 colonic immune responses and proin-
flammatory cytokine release in mice with colitis (39).

The efferent vagus nerve-mediated cholinergic anti-inflam-
matory pathway can be centrally activated using CNI-1493, an
experimental drug and mAChR ligand (7). Brain (intracerebro-
ventricular) administration of this drug alleviates intestinal
inflammation and improves gastric empting in an experimental
model of postoperative ileus in mice (61) (Fig. 2). These
protective effects of the centrally administered CNI-1493 are
abolished in mice following vagotomy and are associated with
neuronal activation in the NTS, DMN, and the paraventricular
nucleus (PVN) (61). These observations point to a brain
activation of the efferent vagus nerve-based cholinergic anti-
inflammatory pathway as a major physiological mechanism.
Recently, the efficacy of another approach of brain activation
of the cholinergic anti-inflammatory pathway in alleviating
experimental postoperative ileus was demonstrated (73). Cen-
tral (intracisternal) administration of the stable thyrotropin-
releasing hormone analog, RX-77368, causes neuronal stimu-
lation in the DMN and gastric efferent vagus nerve activation
(73). This central vagus nerve stimulation by RX-77368 sup-
presses the activation of M1 macrophages located in proximity
to cholinergic neurons in the gastric myenteric plexus; this was
accompanied by decreased proinflammatory gene expression
and inflammation, and improved gastric emptying following
abdominal surgery (73) (Fig. 2). Another study has reported a
role for the vagus nerve and brain involvement in mediating the
anti-inflammatory effects, the protection against organ injury
and mortality following exogenous administration of the orexi-
genic hormone, ghrelin, to rats with intestinal ischemia-reper-
fusion injury (71). These effects are abolished in rats following
vagotomy, and recapitulated by intracerebroventricular admin-
istration of ghrelin (71) (Fig. 2).

Brain cholinergic mAChR-mediated signaling also plays a
role in the regulation of hepatic inflammatory responses. In rats
with hemorrhagic shock, brain mAChR-mediated activation of
efferent vagus nerve signaling to liver by melanocortin ACTH
(1–24) causes significant suppression of hepatic TNF release,
mediated in the periphery through nAChR-dependent inhibi-
tion of NF-$B activation (22). These effects are associated
with suppression of the systemic inflammatory response and
reversal of shock conditions (22). These findings together with
the efficacy of VNS in ameliorating postoperative ileus (17)
suggest the potential of using brain pharmacological or periph-
eral (bioelectronic) activation of vagus nerve cholinergic sig-
naling to the liver and GI tract for treating aberrant GI and
hepatic inflammation.

In addition to modulating vagus nerve regulation of GI and
hepatic inflammation, brain cholinergic signaling plays a major
role in regulating cognition (70). Interestingly, cognitive im-
pairment and alterations in the brain cholinergic system have
been reported in the context of disorders characterized by GI
and hepatic inflammatory and metabolic derangements (47, 74)
(Fig. 2). Cognitive impairment is an important manifestation of
hepatic encephalopathy (18), and brain cholinergic deteriora-
tion has been documented in patients with cirrhosis and in rats
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with liver failure (19). An intriguing overlap of cholinergic
pathways and neuroimaging abnormalities in the brain has
been indicated in patients with hepatic encephalopathy and
other patients with cognitive deterioration and delirium
(25). Moreover, a correlation between brain cholinergic
impairment and lower vagus nerve activity has been re-
ported in patients with cirrhosis and hepatic encephalopathy
(4, 33). Decreased vagus nerve activity and autonomic
dysfunction have also been reported in obesity, metabolic
syndrome, and IBD (13, 27, 32, 53).

These findings highlight an intriguing relationship between
brain and peripheral vagus nerve cholinergic signaling in
immune and metabolic regulation and suggest that their func-
tional capacity may be impaired in conditions with inflamma-
tory and metabolic etiology. Accordingly, interventions aimed
at augmenting these regulatory circuitries hold the potential to
treat immune, metabolic, and cognitive deterioration in related
diseases.

CONCLUSIONS

Seeing the big picture and “not losing sight of the forest for
the trees” is important in science. Therefore, we recently
attempted to conceptualize the emerging “big picture” in the
field of neuroimmune interactions and neural control of im-
mune responses and inflammation under the umbrella of the
neuroimmune communicatome (41). It is also important to
implement a reductionist approach and focus on delineating the
components of this communicatome in certain physiological
and pathophysiological contexts. Herein, we have outlined
mechanistic insights focusing on vagus nerve cholinergic sig-
naling in controlling liver and GI inflammation. The use of
VNS, cholinergic compounds, and methodologies based on
advances in molecular genetics have been instrumental in
identifying the mechanisms and evaluating therapeutic options
in preclinical models of liver diseases, IBD, and postoperative
ileus. Recent and ongoing clinical trials using implanted VNS
devices and pharmacological cholinergic modalities have be-
gun to validate the clinical relevance of these findings in
patients with IBD, metabolic syndrome, and other diseases.
Implementing contemporary research tools and approaches,
including optogenetics, viral vector neuronal mapping, and
single-cell genomics are critical for generating further rele-
vant anatomical and functional insights (48). This will
advance our understanding of efferent vagus nerve cholin-
ergic regulation and other aspects of the neuroimmune
communicatome, including immunomodulation through af-
ferent (sensory) neurons, sympathetic catecholaminergic
neurons, and the hypothalamic-pituitary-adrenal axis (14,
41, 65, 69) (Fig. 1). This knowledge will allow precise
modulation of specific GI and hepatic neural circuitries
using microdevice technology for therapeutic benefit within
the scope of bioelectronic medicine (43).
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