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Abstract 

Gastrointestinal (GI) disorders, which extend from the esophagus to the anus, are the most common diseases of the GI 
tract. Among these disorders, pain, encompassing both abdominal and visceral pain, is a predominant feature, 
affecting the patients’ quality of life and imposing a substantial financial burden on society. Pain signals originating 
from the gut intricately shape brain dynamics. In response, the brain sends appropriate descending signals to respond 
to pain through neuronal inhibition. However, due to the heterogeneous nature of the disease and its limited patho-
physiological understanding, treatment options are minimal and often controversial. Consequently, many patients 
with GI disorders use complementary and alternative therapies such as neuromodulation to treat visceral pain. Neu-
romodulation intervenes in the central, peripheral, or autonomic nervous system by alternating or modulating nerve 
activity using electrical, electromagnetic, chemical, or optogenetic methodologies. Here, we review a few emerging 
noninvasive neuromodulation approaches with promising potential for alleviating pain associated with functional 
dyspepsia, gastroparesis, irritable bowel syndrome, inflammatory bowel disease, and non-cardiac chest pain. Moreo-
ver, we address critical aspects, including the efficacy, safety, and feasibility of these noninvasive neuromodulation 
methods, elucidate their mechanisms of action, and outline future research directions. In conclusion, the emerging 
field of noninvasive neuromodulation appears as a viable alternative therapeutic avenue for effectively managing 
visceral pain in GI disorders.
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Introduction
Pain, including abdominal, visceral, and non-cardiac 
chest pain, is a common symptom in patients with gas-
trointestinal (GI) disorders and can be a sign of potential 
tissue damage, inflammation, or dysfunction of the gut 

muscles. However, the pathophysiology of the pain asso-
ciated with these disorders is not entirely understood. 
Clinical data and research in rodents suggest that sensi-
tization of visceral afferents, spinal dorsal horn, and aber-
rancies within the descending modulatory systems may 
play an important role. The brain receives nociceptive 
signals from the rest of the body and acts on peripheral 
organs through the nerves innervating these organs. It is 
assumed that inputs from the overly sensitive nerves of 
the GI tract muscles and nerves that process these signals 
in the brain are responsible for pain perception and mod-
ulation. This bidirectional crosstalk between the brain 
and gut ensures proper maintenance of gastrointestinal 
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homeostasis and higher cognitive functions. Therefore, 
it is imperative to understand the pathophysiology of 
pain in patients with GI disorders. Previous studies have 
suggested that brain regions associated with attention 
(e.g., the anterior cingulate cortex (ACC), medial PFC 
(mPFC), and thalamus), cognition and emotions (e.g., 
the hippocampus and amygdala) are involved in pain 
signal processing in GI disorders. GI disorders are con-
sidered bio-psychosocial disorders with unknown etiol-
ogy; therefore, psychological experiences such as stress, 
anxiety, and depression could act as mediators in these 
disorders.

GI disorders, such as functional dyspepsia (FD), irri-
table bowel syndrome (IBS), and non-cardiac chest pain 
(NCCP), are commonly observed in patients. Other 
prevalent GI disorders include gastroparesis and irrita-
ble bowel disease (IBD), though to a lesser extent. FD is a 
gastroduodenal disease (Liu et al. 2008) characterized by 
epigastric pain or burning, early satiety, and postprandial 
fullness (Enck et  al. 2017; Madisch et  al. 2018). Gastro-
paresis is a chronic motility disorder affecting stomach 
muscles, interrupting their normal movement and caus-
ing delayed emptying of solids in the absence of mechani-
cal obstruction. Symptoms typically include early satiety 
(60% of patients), postprandial fullness, nausea, vomiting, 
bloating, and upper abdominal pain (Kim and Kuo 2019; 
Parkman 2015). IBS, affecting 10% of the global popula-
tion (Mayer et al. 2023), is characterized by chronic and 
recurrent abdominal pain with altered bowel habits. 
Other symptoms of IBS include mucus in the stool, a 
feeling of incomplete evacuation, visceral sensitivity, and 
psychiatric conditions such as depression, anxiety, and 
sleep disturbances. IBD is the chronic inflammation of 
the digestive tract with symptoms including abdominal 
pain, diarrhea, rectal bleeding, fatigue, and weight loss. 
The pathophysiology of IBD may be associated with aber-
rant or dysregulated immune responses, gut microbial 
imbalance, intestinal barrier dysfunction, gut motor and 
sensory dysfunction, and psychological factors (Baum-
gart and Carding 2007; Song et  al. 2019; Strober et  al. 
2007). Non-cardiac chest pain (NCCP) refers to recur-
ring chest pain that affects approximately 25% of adults in 
the U.S. (Fass and Navarro-Rodriguez 2008; Jerlock et al. 
2007). The underlying mechanisms include gastroesoph-
ageal reflux disease (GERD), esophageal hypersensitiv-
ity and/or inflammation, IBS, and functional abdominal 
bloating (Mudipalli et al. 2007).

Functional GI disorders, also known as disorders 
of gut-brain interaction, are diagnosed using symp-
tom-based criteria; therefore, treating visceral pain 
in these disorders is challenging. Common treatment 
methods include antidepressants, such as tricyclic 

antidepressants (TCAs), selective serotonin reuptake 
inhibitors (SSRIs), and monoamine uptake inhibitors. A 
series of studies support the effectiveness of TCAs in 
decreasing pain perception, having therapeutic effects 
on mood, sleep, and associated psychological dis-
turbances, and regulating motility (Bahar et  al. 2008; 
Crowell et al. 2004; Grover and Drossman 2008). SSRIs 
reduce transit time in patients (Gorard et  al. 1994), 
improve overall well-being, reduce anxiety associated 
with GI-related symptoms, and enhance the analge-
sic properties of TCAs, suggesting that SSRIs may 
decrease pain associated with GI disorders. Serotonin-
norepinephrine reuptake inhibitors (SNRIs) also help 
in reducing visceral pain. Histamine (H2) receptor 
antagonists, such as famotidine, are used for manag-
ing symptoms related to delayed gastric emptying in 
patients with FD. These drugs may also alleviate pain 
in those patients (See et  al. 2001). These drugs reduce 
visceral and neuropathic pain by acting on the central 
and peripheral nervous systems (Lebel 2008; Whitfield 
and Shulman 2009). Given the heterogeneous patho-
physiology of GI disorders, the treatment of visceral 
pain remains a considerable therapeutic challenge; 
therefore, alternative treatment methods, such as neu-
romodulation, could be beneficial.

The aim of this article is to provide a systematic 
review of the therapeutic potential of noninvasive neu-
romodulation for visceral pain in a few major func-
tional GI diseases and IBD.

Neuromodulation
Neuromodulation refers to the interfacing and inter-
vention in the central, peripheral, or autonomic nerv-
ous systems. Neuromodulation acts directly on nerves 
by alternating or modulating nerve activity using 
electrical, electromagnetic, chemical, or optogenetic 
methods (Krames et al. 2009). The modern era of neu-
romodulation began in the early 1960s with deep brain 
stimulation (DBS), followed by spinal cord stimulation 
in 1967, used for the treatment of chronic and intracta-
ble pain. Spinal cord stimulation (SCS) is a well-estab-
lished method for treating chronic pain, particularly 
neuropathic pain. It is also employed in the treatment 
of ischemic pain, such as angina and chronic critical 
limb ischemia, visceral pain associated with chronic 
pancreatitis, and pelvic pain disorders. Given the broad 
therapeutic scope of neuromodulation and its ongoing 
improvements, it can be theorized that this approach 
could be used to treat a wide and diverse range of con-
ditions, including the management of visceral pain in 
GI disorders. Considering its applications, neuromodu-
lation can be categorized into two types.
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Invasive neuromodulation
Invasive neuromodulation refers to a technique that 
requires the placement of stimulating electrodes through 
surgical intervention in the vicinity of the neural sub-
strate. Several invasive neuromodulation methods have 
received approval from the US Food and Drug Adminis-
tration (FDA) for the treatment of neurological disorders. 
For example, vagus nerve stimulation (VNS) is used for 
treating epilepsy and depression (Afra et al. 2021), while 
deep brain stimulation (DBS) is employed for obsessive-
compulsive disorder (Bergfeld et  al. 2021) and move-
ment disorders, including Parkinson’s disease (Bari et al. 
2018; Weaver et al. 2009). Other methods, such as SCS, 
are used to alleviate neuropathic pain, and sacral nerve 
stimulation (SNS) is applied in the treatment of pelvic 
disorders and incontinence.

Noninvasive neuromodulation
Noninvasive neuromodulation can be defined as a 
method that can penetrate the skin to stimulate nerves by 
delivering electrical stimuli. The most studied noninva-
sive neuromodulation methods include electroconvulsive 
therapy (ECT), transcranial electrical stimulation (TES), 
transcranial magnetic stimulation (TMS), transcranial 
direct current stimulation (tDCS), and transcranial alter-
nating current stimulation (tACS). Repetitive transcra-
nial magnetic stimulation (rTMS) has been used to treat 
medication-resistant major depression. Other noninva-
sive neuromodulation techniques include acupuncture, 
electroacupuncture (EA), transcutaneous auricular vagal 
nerve stimulation (taVNS), transcutaneous vagal nerve 
stimulation (tVNS), transcutaneous electrical acustimu-
lation (TEA) or transcutaneous electrical acupoint stim-
ulation (TEAS), translumbosacral anorectal magnetic 
stimulation (TAMS), and transcutaneous tibial nerve 
stimulation (tTNS).

1)	 Acupuncture and electroacupuncture: Acupunc-
ture is a complex therapeutic method that can be 
achieved by stimulating different points (acupoints) 
necessary for normal body function (White and 
Ernst 2004; Yin and Chen 2010). These acupoints can 
be stimulated manually or electrically. In the con-
ventional approach, a thin stainless-steel needle is 
inserted into an acupoint and manually manipulated 
in various ways, including thrusting, lifting, twist-
ing, twirling, or a combination of these techniques. 
Alternatively, the inserted needle can be stimulated 
by electric pulses known as electroacupuncture (EA). 
Both types of acupuncture have become popular 
worldwide for the treatment of various disorders, 
including Alzheimer’s disease (Jiang et  al. 2021; Wu 
et  al. 2023), migraines (Diener et  al. 2006; Linde 

et  al. 2005), and pain (Cheng and Pomeranz 1979; 
Pomeranz and Warma 1988). The effects of acupunc-
ture and EA in managing pain and other symptoms 
of GI disorders have been extensively studied. For 
instance, stimulation of the stomach acupoint (ST36) 
has shown improvement in multiple GI symptoms, 
such as abdominal pain, diarrhea, constipation, gas, 
bloating, and nausea (Song et al. 2019). Several stud-
ies have demonstrated the effectiveness of acupunc-
ture in managing IBD, both in human clinical trials 
and experimental models of IBD (Bao et  al. 2022, 
2014; Jin et  al. 2017). Acupuncture exerts analgesic 
effects on visceral pain through various mechanisms, 
including signal interaction and integration at neu-
rons, ion channels, activation of central descending 
inhibitory pathways, gene regulation, and the recruit-
ment of various biochemicals, such as opioids, 5-HT, 
and NMDA (Zhang et al. 2014b; Zhao 2008).

2)	 taVNS or aVNS: The vagus nerve comprises 80% 
sensory afferent fibers and only 20% motor efferent 
fibers. The vagal nerve fibers innervate peripheral 
organs such as the esophagus, lungs, liver, stomach, 
and intestines (Bonaz et  al. 2013; Liu et  al. 2020a) 
and regulate the function of the autonomic nerv-
ous system, whereas the brain receives information 
from these organs through afferent projections of 
the vagus and relays visceral, somatic, and taste sen-
sations (Yu et  al. 2008). Therefore, the vagus nerve 
serves as a bidirectional communication pathway 
between the brain and the body. The afferent fibers 
of the vagus directly project to the nucleus tractus 
solitarius (NTS) (Cooper et al. 2021) and form direct 
and indirect ascending projections from the NTS to 
many areas of the brain, including the locus coer-
uleus (LC), midbrain, hypothalamus, amygdala, hip-
pocampus, and frontal lobe (Alam and Chen 2023; 
Chen et al. 2023; Lopes et al. 2016). taVNS is a new, 
non-invasive neuromodulation method that targets 
the auricular branch of the vagus nerve (Farmer 
et al. 2020; Redgrave et al. 2018). This method offers 
broader applicability due to its non-invasiveness. 
taVNS has shown promise in the treatment of vari-
ous neurological disorders, including epilepsy and 
depression (Bauer et al. 2016; Hein et al. 2013), tin-
nitus (Lehtimaki et al. 2013), chronic pain (Napadow 
et al. 2012), and modulation of attention and cogni-
tion (Fischer et  al. 2018). Furthermore, taVNS has 
demonstrated positive results in managing abdomi-
nal pain and constipation in patients with IBS (Mion 
et al. 2020; Shi et al. 2021) and opioid-induced con-
stipation in rats (Zhang et al. 2021c). A recent study 
also supports the effectiveness of taVNS in the treat-
ment of FD (Shi et al. 2023), while another study sug-
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gests that taVNS can attenuate IBD in children (Sahn 
et  al. 2023). These findings emphasize the potential 
of taVNS for managing visceral pain in GI disorders. 
Owing to its non-invasiveness, cost-effectiveness, 
ease of use, and efficacy, taVNS is an appealing neu-
romodulation method for the treatment of a wide 
range of disorders (Yap et al. 2020).

3)	 TEA or TEAS: TEA or TEAS is a noninvasive elec-
trical neuromodulation technique that uses low-fre-
quency pulse current to stimulate selected acupoints 
through surface electrodes (Francis and Johnson 
2011; Mahmood et al. 2019; Wang et al. 2023). Fun-
damentally, TEAS combines transcutaneous electri-
cal nerve stimulation techniques with acupuncture, 
offering a dual effect. This method can be applied to 
several acupuncture points, including the most com-
monly used ST36 (Zusanli, below the kneecap, in the 
vicinity of the peroneal, tibial, and sciatic nerves) and 
PC6 (Nanguan point on the wrist over the medial 
nerve). TEAS is widely used in clinical practice 
because of its simplicity, non-invasiveness, pain-
lessness, and other characteristics. Previous studies 
revealed the beneficial effects of TEAS in reducing 
episodes of nausea and vomiting (Chen et al. 2020), 
promoting the recovery of gastrointestinal function 
(Li et  al. 2021), and improving postoperative pain 
(Parseliunas et  al. 2021; Tu et  al. 2019; Zhang et  al. 
2018a). Other research studies have demonstrated 
the ameliorating effects of TEAS on GI disorders, 
including GERD, FD, IBS, and constipation (Ji et  al. 
2014; Xiao et al. 2022; Zhang et al. 2021a). Moreover, 
TEAS can accelerate postoperative gastrointestinal 
function recovery, reduce postoperative hospital stay, 
and improve daily activities in patients undergoing 
cesarean section and thoracoscopic surgery (Yang 
et al. 2020; Zhou et al. 2018).

Methods of systematic review
We conducted a search of databases, including Pub-
Med, Web of Science, and Scopus, and included studies 
published only in English without restricting the year 
of publication. We used the following inclusion and 
exclusion criteria for screening: included studies involv-
ing human patients. Moreover, we only included ran-
domized controlled trials (RCTs) on acupuncture and 
electroacupuncture. We excluded studies conducted on 
animals, systematic reviews and meta-analyses, patients 
in mechanically ventilated or ICU, and non-empirical 
studies, such as editorial letters, conference proceedings, 
meeting abstracts, commentary, and authors’ replies.

For acupuncture and EA, we used the following key-
words to search the literature: (“acupuncture”) OR (“elec-
troacupuncture”) AND (gastroparesis) OR (“Functional 

dyspepsia”) OR (“delayed gastric emptying”) OR (“gas-
tric motility”) OR (“noncardiac chest pain”) OR (“irri-
table bowel syndrome”) OR (IBS) OR (“Inflammatory 
bowel disease”) OR (IBD)). We retrieved 3129 articles 
from PubMed (n = 1298), Scopus (n = 884), and the Web 
of Science (n = 947). Duplicate articles were removed by 
filtering through the title column using an automated 
tool (Python. Subsequently, three filtering criteria were 
applied in Python (Supplementary method). We applied 
three additional filters (search by condition, dropping 
keywords, and final keywords) and retrieved 242 articles 
using an automated screening method, which were man-
ually checked based on the inclusion criteria. We found 
20 articles that matched our inclusion criteria (Tables 1 
and 2).

For transcutaneous auricular vagus nerve stimulation 
(taVNS) and auricular vagus nerve stimulation (aVNS), 
the following combination of keywords was used for liter-
ature searching: (“auricular vagus nerve stimulation”) OR 
(“auricular vagus nerve stimulation”) OR (“transcutane-
ous auricular vagus nerve stimulation”) OR (“transcuta-
neous auricular vagal nerve stimulation”) OR (taVNS) OR 
(aVNS) AND (gastroparesis) OR (“Functional dyspepsia”) 
OR (“delayed gastric emptying”) OR (“gastric motility”) 
OR (“noncardiac chest pain”) OR (“irritable bowel syn-
drome”) OR (IBS) OR (“Inflammatory bowel disease”) 
OR (IBD)). We retrieved 1057 articles from PubMed 
(n = 1019), Scopus (n = 19), and Web of Science (n = 19). 
We then applied the same prescreening method as men-
tioned earlier and retrieved eight articles, reviewed 
abstracts, and full texts. Four studies matched the 
requirements and were included in the report (Table 3). 
Furthermore, percutaneous electrical nerve field stimu-
lation (PENFS) is another noninvasive neuromodula-
tion method approved by the FDA for the treatment of 
abdominal pain. While this method does not explicitly 
target the vagus nerve, both taVNS and PENFS may share 
the same pain signaling pathway. Consequently, we have 
included two additional references in Table 3.

For transcutaneous electrical stimulation (TEA) and 
transcutaneous electrical acustimulation (TEAS), we 
found a total of 1160 articles from PubMed (n = 1102), 
Scopus (n = 24), and Web of Science (n = 34) with the fol-
lowing search terms: (“transcutaneous electrical stimu-
lation”) OR (“transcutaneous electrical acustimulation”) 
OR (“transcutaneous electrical acu-stimulation”) AND 
(gastroparesis) OR (“Functional dyspepsia”) OR (“delayed 
gastric emptying”) OR (“gastric motility”) OR (“noncar-
diac chest pain”) OR (“irritable bowel syndrome”) OR 
(IBS) OR (“Inflammatory bowel disease”) OR (IBD)). 
Articles were filtered using an approach similar to that 
described in this review. The number of reports was 
adjusted to 22, the abstracts and full texts were, and nine 
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papers matched the requirements and were included for 
reporting (Table 4). The literature search method is sum-
marized below (Fig. 1).

Results
Acupuncture/electroacupuncture
We retrieved 242 articles using an automated screen-
ing method, which was manually checked based on the 
inclusion criteria. We found 20 articles that matched 
our inclusion criteria, as reported in Tables 1 and 2. We 
extracted the following outcomes: IBS symptom sever-
ity scale (IBS-SSS) (Meng 2019; Pei et al. 2020; Qi et al. 
2022; Shen et al. 2022; Zhang et al. 2019a); Gastropare-
sis cardinal symptom index (GCSI) (Li et al. 2015; Xue-
fen et al. 2020); Gastroparesis visual analog pain (Li et al. 
2015); Dyspeptic symptom score (DSS) (Jin et al. 2015); 
Gastrointestinal symptoms score (GIS) (Lee et al. 2022); 
Visual analog pain scores (VAS) (Lee et  al. 2022; Rafiei 
et  al. 2014); Nepean Dyspepsia Index (NDI) (Ko et  al. 
2016; Liu et  al. 2020b; Ma et  al. 2012; Park et  al. 2009); 
Leeds Dyspepsia Questionnaire (LDQ) (Liu et al. 2020b; 
Zheng et al. 2018b); Symptom Index of Dyspepsia (SID) 
(Ma et al. 2012).

taVNS
We applied the same prescreening method as mentioned 
earlier and retrieved eight articles, reviewed abstracts, 
and full texts. Four papers matched the requirements 
and were included in the report (Table  3). Additionally, 
we included two studies that used percutaneous electri-
cal nerve stimulation (PENS) for managing visceral and 
somatic pain. We extracted the following outcomes: Vis-
ual Analog Scale (VAS) (Shi et al. 2021); overall symptom 
scale (Wu et al. 2021); and dyspepsia symptom scale (Zhu 
et al. 2021).

TEA/TEAS
After prescreening, we retrieved 22 articles, the abstracts 
and full texts were reviewed, and six papers matched the 
requirements and were included for reporting (Table 4). 
The following outcomes were extracted: visual analog 
pain score (VAS) (Hu et al. 2022; Huang et al. 2022; Xing 
et  al. 2004); GERD questionnaire (GERDQ) (Hu et  al. 
2020; Zhang et al. 2021a).

Mechanisms of action
Visceral hypersensitivity (VH) is a key factor that con-
tributes to visceral pain in patients with GI disorders. 
The cell bodies of primary visceral afferents are located in 
the nodose ganglia (vagal afferents) and dorsal root gan-
glia (spinal afferents). Vagal sensory afferents are termi-
nated in the NTS, whereas the central terminals of spinal 
visceral afferent neurons are organized segmentally. A 

growing body of literature suggests that visceral afferents 
convey noxious stimuli from the viscera under patho-
physiological conditions (Gebhart 2000). The terminals 
of primary visceral afferents are located in the mucosa, 
muscles, and serosa. Visceral afferent nerve terminals 
respond to inflammatory mediators, chemical mediators, 
and mechanical stimuli. Previous studies have reported 
increased expression of the capsaicin receptor and tran-
sient receptor potential vanilloid type-1 receptor in nerve 
fibers of the colonic mucosa (Cheung et al. 2018; Wood 
2007). Hence, afferent sensitization is an important fac-
tor contributing to visceral pain in patients with GI 
disorders.

Low-grade inflammation in the GI tract is associated 
with abdominal pain in various GI disorders, such as FD, 
IBD, IBS, and GERD. Multiple studies have investigated 
the link between low-grade inflammation and cytokines 
in GI disorders, providing evidence for their involvement 
in the pathogenesis of these conditions. Cytokines, both 
pro-inflammatory and anti-inflammatory, are small pep-
tide proteins primarily secreted by immune cells. They 
exert their biological effects by interacting with specific 
cell surface receptors (Przemioslo and Ciclitira 1996) 
and play a crucial role in facilitating communication 
between cells, stimulating the proliferation of antigen-
specific effector cells, and mediating local and systemic 
inflammation, including intestinal inflammation (Neu-
man 2007; Sanchez-Munoz et  al. 2008). The interaction 
between cytokines and pain in GI disorders involves both 
peripheral and central mechanisms. Peripheral mecha-
nisms involve the direct effects of cytokines on gut tis-
sues and nerves, contributing to the sensation of pain. 
Previous studies in humans and animals with gastropa-
resis, IBS, FD, and IBD have reported increased levels of 
pro-inflammatory cytokines such as interleukin (IL)-1β, 
IL-6, IL-8, and tumor necrosis factor (TNF)-α in the 
blood and serum (Abell et  al. 2021; de Souza and Fioc-
chi 2016; Dinan et  al. 2006; Enck et  al. 2017; Liebregts 
et al. 2007; van Heel et al. 2002). Elevated levels of these 
cytokines promote the inflammatory response within 
the GI tract, resulting in chronic inflammation. This 
chronic inflammation can lead to pain and discomfort, 
which are hallmark symptoms of these disorders (Akiho 
et al. 2010; Choghakhori et al. 2017; Friedrich et al. 2019; 
Mitselou et al. 2020; Neurath 2022; Strober et al. 2002). 
Other studies suggested that cytokines are associated 
with sensitization of the enteric nerves in the gut and 
heighten the responsiveness of these nerves to pain sig-
nals, leading to heightened pain perception in GI dis-
orders (Barbara et  al. 2004; Wang et  al. 2022; Xia et  al. 
1999; Yoo and Mazmanian 2017). Central mechanisms 
involve processing pain signals in the brain and are influ-
enced by both peripheral and psychological factors. Pain 
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Fig. 1  PRISMA flow diagram. Note: Following the screening and reviewing process guidelines based on Page et al. (2021). Abbreviations: DK, 
Dropping keywords; FK, Final keywords
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signals originating from the gut are transmitted to the 
CNS via well-defined ascending pathways, and cytokines 
can modulate the transmission and interpretation of 
these signals, contributing to the induction and mainte-
nance of chronic pain (Alam and Chen 2023; Enck et al. 
2017; Kawasaki et al. 2008). Given that GI disorders are 
considered bio-psychosocial disorders, psychological 
experiences such as stress, anxiety, and depression can 
interact with central mechanisms to influence pain per-
ception. Cytokines can impact mood and psychologi-
cal well-being, which, in turn, can affect the perception 
of pain in GI disorders (Khandaker et  al. 2014; Strouse 
2007). Furthermore, cytokines can alter normal GI motil-
ity, and these motility disturbances can be associated 
with abdominal discomfort and pain (Akiho et al. 2011; 
Ohama et  al. 2008, 2007). Other studies have reported 
mucosal alterations and altered mucosal cytokine pro-
duction in GI disorders (Enck et al. 2017; Ford and Talley 
2011; Vanheel et al. 2014). Another clinical study demon-
strated that increased levels of 5-HT in IBS patients con-
tribute to abdominal pain (Cremon et al. 2011).

Moreover, numerous studies using transgenic animals, 
cholinergic agonists, and vagotomy support the role of 
the cholinergic anti-inflammatory pathway (CAP) in GI 
disorders (Bonaz 2007; Borovikova et al. 2000; Ghia et al. 
2006; Goverse et  al. 2016). It involves the activation of 
the parasympathetic nervous system and the release of 
acetylcholine, a neurotransmitter that binds to choliner-
gic receptors on immune cells (Pavlov et al. 2003; Tracey 
2002). Dysregulation of the CAP can contribute to the 
chronic inflammation observed in the intestinal mucosa 
and regulate the synthesis of proinflammatory cytokines, 
including TNF- α and IL-1, thus contributing to the vis-
ceral pain in GI disorders. Therefore, low-grade inflam-
mation may contribute to the pathogenesis of visceral 
pain in GI disorders by producing pro-inflammatory 
cytokines and dysregulating the CAP.

The gastrointestinal epithelium provides a barrier to 
the external environment, allowing the absorption of 
water and nutrients and limiting the permeation of lumi-
nal toxins and antigens through the mucosa. However, 
human and animal studies have reported increased intes-
tinal permeability in GI disorders (Ahmad et  al. 2017; 
Camilleri et  al. 2012; Nojkov et  al. 2020; Vanheel et  al. 
2014). Therefore, impaired intestinal barrier function and 
increased permeability may contribute to the pathophysi-
ology of GI disorders and pain.

Mast cells have an immunoregulatory function at the 
mucosal border, and their overproduction or overac-
tivation can contribute to the pathophysiology of GI 
disorders, including visceral pain (Ramsay et  al. 2010). 
Increased numbers of mast cells have been reported in 
the ileum and mucosa of the colon, and overactivated 

mast cells release mediators, such as tryptase and his-
tamine (Barbara et al. 2004, 2007; Hall et al. 2003; Reed 
et al. 2003; Weston et al. 1993). These mediators activate 
visceral sensory nerves and cause neuronal hyperexcita-
bility, suggesting that mast cell activation leads to visceral 
hyperalgesia/allodynia and contributes to pain by affect-
ing the sensorimotor function. Below, we discuss the 
mechanisms of action for each neuromodulation method.

Mechanisms of acupuncture and EA for treating visceral 
pain
Acupuncture and EA exert their effects on visceral pain 
through peripheral, spinal, and supraspinal mechanisms 
(Zhang et  al. 2014b). EA inhibits visceral pain through 
various peripheral chemicals, including neurotransmit-
ters, neuropeptides, and cytokines. EA at ST36 signifi-
cantly decreased visceral pain and colon 5-HT3 receptor 
levels (Chu et  al. 2011), and EA at ST25 and ST37 sig-
nificantly decreased the colorectal distension (CRD)-
induced abdominal withdrawal reflex (AWR), number of 
mucosal mast cells, expression of corticotropin-releas-
ing hormone (CRH) in the hypothalamus, and expres-
sion of Substance P and its receptor in the colon of rats 
with IBS (Ma et al. 2009; Wu et al. 2008). Several studies 
have demonstrated that acupuncture and EA reduce the 
expression of pro-inflammatory biomarkers, including 
myeloperoxidase (MPO), nitric oxide synthase (NOS), 
serum TNF-α, and colonic TNF-α mRNA, and increase 
the levels of anti-inflammatory cytokines, such as serum 
IL-10 (Goes et al. 2014; Kim et al. 2017; Tian et al. 2003). 
Another study reported that acupuncture inhibits epi-
thelial cell apoptosis (Wu et al. 2004). EA modulates gas-
tric motility by increasing the expression of nNOS in the 
antrum (Chen et al. 2016) and decreasing inflammation 
via expression of the tyrosine kinase receptor c-Kit in the 
gastric wall, and restoring the ICC network (Chen et al. 
2013). These studies demonstrated that acupuncture and 
EA decrease numerous chemicals at peripheral sites to 
desensitize visceral afferents and improve visceral pain.

Acupuncture and EA may also attenuate visceral pain 
through the spinal and supraspinal mechanisms. Pre-EA 
at acupoint EX-B2 significantly inhibited intracolonic 
formalin-induced visceral pain. It decreases p38 phos-
phorylation and c-Fos expression in the spinal cord and 
colon, indicating that acupuncture and EA modulate 
spinal neuronal activity (Xu et  al. 2010). In a rat model 
of IBS, EA at ST37 decreased visceral sensitivity to colo-
rectal distension (CRD) and hypothalamic CRH to con-
trol synthesis (Wu et  al. 2009). Moreover, the injection 
of the N-methyl-D-aspartate (NMDA) receptor antago-
nist D-2-amino-5-phosphonopentanoate (AP5) into the 
rostral ventromedial medulla (RVM) inhibited visceral 
pain (Sanoja et al. 2010). EA at ST36 and ST37 decrease 
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c-Fos expression in the RVM (Qi and Li 2012), suggest-
ing that acupuncture and EA may relieve visceral pain by 
inhibiting NMDAR activation in the RVM. Furthermore, 
acupuncture induces changes in the homeostatic afferent 
network, including the insula, ACC, and hypothalamus, 
suggesting that regulation of the CNS might be a spe-
cific mechanism of acupuncture (Zeng et al. 2012). Other 
studies have demonstrated that acupuncture and EA 
improve gastric hypersensitivity by regulating the vagal 
tone and sympathetic activity (Liu et  al. 2012; Zhang 
et al. 2018b, 2020; Zhou et al. 2017).

The central mechanism of acupuncture and EA for 
pain in IBS has been extensively studied using multiple 
neuroimaging techniques such as functional magnetic 
resonance imaging (fMRI) and positron emission tomog-
raphy (PET) (Ma et al. 2020; Xu et al. 2022a; Zhao et al. 
2021). These studies have suggested that acupuncture 
and EA may have analgesic effects by modulating the 
default mode network and sensorimotor network (Zhao 
et al. 2021). Another recent study demonstrated that IBS 
patients have abnormal functional connections (FCs) in 
several brain areas, including the hippocampus, occipi-
tal gyrus, and cerebellum, and acupuncture treatment 
improved these FCs (Chu et  al. 2012; Ma et  al. 2020). 
Taken together, based on the studies presented here, we 
hypothesized that acupuncture and EA would alleviate 
visceral pain in GI disorders by regulating the periph-
eral, central, and endocrine systems. However, additional 
research could unravel the causal relationships between 
these systems.

Mechanisms of taVNS for managing visceral pain
The vagus nerve exerts anti-inflammatory effects by 
activating both afferent and efferent fibers. Vagal affer-
ents originating from the gut contain various receptors, 
including chemoreceptors, mechanoreceptors, thermo-
receptors, and osmoreceptors. They can sense the func-
tional state of the GI tract and activate afferent fibers 
(Goggins et  al. 2022). Vagal efferent fibers originating 
from the brain innervate the GI tract. Peripheral stimuli 
are transmitted to the CNS via vagal afferent fibers end-
ing in the NTS. The NTS sends this information to other 
brain regions, including the parabrachial nucleus, hypo-
thalamus, and limbic system, including the amygdala, 
thalamus, hippocampus, cerebral cortex, insula, and 
prefrontal cortex (Bonaz et al. 2021; Cheng et al. 2020). 
A review reported that inflammation and cytokine imbal-
ance are potential etiological factors for GI disorders 
and may be associated with visceral pain (Ford and Tal-
ley 2011). Both taVNS and needle-based VNS decrease 
TNF-α and IL-6 levels in IBS patients (Shi et  al. 2021) 
and in a rodent model of TNBS-induced colitis (Jin et al. 

2017), suggesting that the effect of VNS is mediated 
through the inhibition of pro-inflammatory cytokines.

Studies have shown that VNS activates CAP and exerts 
its anti-inflammatory effect through the release of ace-
tylcholine. This pathway plays a critical role in control-
ling the inflammatory responses. Acetylcholine interacts 
with α7 nicotinic acetylcholine receptors (α7nAChRs) 
on macrophages, inhibiting the release of proinflamma-
tory cytokines. Previous studies have suggested that VNS 
reduces intestinal inflammation and the production of 
serum TNF-α and IL-6 in animals and patients with IBS 
(Borovikova et al. 2000; Matteoli et al. 2014; Wang et al. 
2003). Another study showed that taVNS decreased 
plasma 5-HT levels in IBS patients, which were positively 
correlated with visual analog scores (VAS) (Shi et  al. 
2021). These findings lead us to speculate that taVNS 
decreases inflammation by activating the cholinergic 
anti-inflammatory pathway and, in turn, alleviates vis-
ceral pain.

taVNS may ameliorate visceral pain by regulating 
the autonomic nervous system. Previous studies have 
reported that taVNS and VNS enhance and suppress par-
asympathetic and sympathetic nerve activity in healthy 
humans, respectively (Clancy et al. 2014; He et al. 2016). 
taVNS and VNS improve GI dysmotility by enhanc-
ing vagal activity and decreasing sympathetic activity in 
healthy volunteers and a rodent model of burn-induced 
gastric dysmotility (Frokjaer et  al. 2016; Li et  al. 2016). 
VNS decreases nociceptive behavior in animal models 
of VH by increasing vagal afferent excitability, suggesting 
an antinociceptive effect of VNS (Zurowski et  al. 2012). 
Studies in animals and humans have demonstrated that 
auricular EA and taVNS enhance vagal tone and improve 
gastric hypersensitivity in a rodent model of FD (Zhou 
et al. 2017) and prevent the development of acid-induced 
esophageal hypersensitivity (Botha et  al. 2015; Farmer 
et al. 2020; Zhou et al. 2017). These findings suggest that 
taVNS enhances vagal activity and improves colonic 
motility and visceral hypersensitivity, leading to reduced 
visceral pain.

Imaging techniques such as fMRI have been used for 
assessing the central mechanisms of taVNS for migraine. 
A clinical study in patients with migraine suggested that 
taVNS increase the connectivity between the motor 
thalamus and ACC/mPFC and decrease the connec-
tivity between the occipital thalamus and postcentral 
gyrus (Zhang et  al. 2021b). Other studies in patients 
with migraines demonstrated that taVNS increased FCs 
between the PAG and the middle cingulate cortex (MCC) 
(Cao et al. 2021) and between the LC with the right para-
hippocampus and left amygdala (Zhang et  al. 2019b), 
suggesting the effects on the pain modulation system. 
Based on the literature presented here, taVNS may 
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have an analgesic effect on visceral pain in GI disorders 
through similar central mechanisms.

Mechanisms of TEA for the management of visceral pain
TEA may share common mechanisms with acupuncture, 
EA, and taVNS in managing visceral pain in GI disor-
ders. TEA treatment at ST36 improved stress-induced 
gastric slow-wave impairment by balancing sympatho-
vagal activities (Zhang et al. 2015), and TEA at ST36 and 
PC6 improved gastric accommodation, gastric slow-wave 
damage, and dyspeptic symptoms in healthy volunteers 
(Huang et  al. 2016). TEA improved nausea and gastric 
slow-wave abnormalities in patients with diabetic gastro-
paresis (Sarosiek et al. 2017). Another study has reported 
the role of TEA in the treatment of chronic functional 
constipation by increasing the frequency of spontane-
ous defecation and anorectal motility. These effects could 
be mediated by increased vagal activity and decreased 
sympathetic activity as measured by HRV (Zhang et  al. 
2014a). A recent human study demonstrated that TEA 
improved GI motility by increasing vagal activity and 
suppressing sympathetic activity, suggesting that TEA 
and taVNS share similar mechanisms.

TEA has been shown to reduce visceral pain in GI dis-
orders, as evidenced by reduced VAS pain scores (Huang 
et  al. 2022; Zhang et  al. 2018a). The effects and mecha-
nisms of EA on pain have been studied extensively, as 
discussed in the previous section. From our previous 
discussions and based on the studies reported here, we 
hypothesized that TEA shares the mechanism with EA 
and taVNS and inhibits pain through the peripheral, spi-
nal, and supraspinal pathways with the involvement of a 
series of bioactive molecules, including opioids, seroto-
nin, norepinephrine, cytokines, and signaling molecules.

Discussion
In this review, we have introduced a few emerging non-
invasive neuromodulation methods, summarized their 
mechanisms of action, and provided an overview of the 
effectiveness of these methods in treating visceral pain 
in GI disorders. In most of the reviewed studies, the acu-
puncture treatment protocol was applied every other day 
in the clinical setting. In contrast, the taVNS and TEAS 
treatment protocols were applied once or twice daily for 
up to 60 min for each treatment session. Although acu-
puncture and EA have been extensively studied for the 
management of pain in GI disorders, taVNS and TEA are 
relatively new, and these methods have mainly been stud-
ied in patients with IBS or FD. We have limited clinical 
trials for other conditions discussed in this review, such 
as gastroparesis, IBD, and NCCP. Based on the literature 
published to date, these methods are relatively safe, and 
to the best of our knowledge, severe side effects such as 

hospitalization have not been documented. Below, we 
summarize the three neuromodulation methods dis-
cussed previously.

Stimula-
tion 
method

Stimulation 
Location

Stimu-
lation 
Fre-
quency

Advan-
tages

Disad-
van-
tages

Safety

Acu-
punc-
ture/EA

Acupuncture 
points

1–
100 Hz

Specific 
stimula-
tion

Needle 
inser-
tion, 
clinic 
cost

Overall safe, 
though bruis-
ing, fainting, 
and bleeding 
to the inser-
tion site are 
reported 
in some stud-
ies.

taVNS Auricular vagus 
nerve via surface 
electrodes

1–
100 Hz

Self-
admin-
istered, 
home-
based, 
low 
cost

Daily 
place-
ment 
of elec-
trodes

Safe, some 
patients may 
have irritation 
from the elec-
trodes

TEA/
TEAS

Acupunc-
ture points 
near the periph-
eral nerves

1–
100 Hz

Self-
admin-
istered, 
home-
based, 
low 
cost

Daily 
place-
ment 
of elec-
trodes

Safe, some 
patients may 
experience 
irritation 
from the elec-
trodes

In addition to the neuromodulation methods we have 
discussed, a recent noninvasive cervical vagus nerve 
stimulation method, known as “gammaCore” (electro-
Core; Basking Ridge, New Jersey, USA)” has received 
FDA approval for treating pain in patients with migraine 
and cluster headaches (Barbanti et  al. 2015; Goadsby 
et  al. 2014; Silberstein et  al. 2016). This method stimu-
lates myelinated sensory afferent fibers of the vagus 
nerve through the neck and has been used to treat drug-
refractory gastroparesis (Paulon et  al. 2017). Reviewing 
research data from clinical and animal studies leads us to 
propose that these noninvasive neuromodulation meth-
ods are promising tools for the treatment of pain in GI 
disorders, at least in theory. However, given the heteroge-
neous and multifactorial nature of these disorders, their 
chronicity, and the high placebo response, future stud-
ies are required to specify their efficacy more precisely. 
There is limited data on the long-term effects of these 
methods; therefore, long-term randomized controlled 
trials are needed to validate their chronic effects. Fur-
thermore, optimization and curation of the methodology 
and study design are critically important.

Moreover, crosstalk between the gut and brain is 
essential for understanding the pathophysiology of pain 
in GI disorders, and how these two systems communi-
cate is still in its early infancy. Peripheral pain stimuli 
are transmitted to the brain through anatomically and 
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functionally distinct medial and lateral pain pathways. 
During chronic pain states, both pain pathways become 
dysfunctional. Research on animals and clinical data 
from human studies have proposed that abnormal 
brain oscillatory activity, such as theta, alpha, and beta, 
maybe a pathophysiological mechanism for pain in GI 
disorders. The role of theta oscillations in cognition 
and memory has been well-studied, and pain-specific 
theta band changes have been documented in GI disor-
ders, although the data are minimal. Thus, brain oscilla-
tions could be a key factor in decoding pain sensations, 
and large-scale neuronal population recordings could 
be suitable for studying pain mechanisms. With clinical 
trials, further research is needed to explore the mecha-
nism of action to better understand the therapeutic 
effect of noninvasive neuromodulation in managing 
visceral pain in GI disorders. Additionally, fMRI might 
be a good method for assessing central mechanisms 
involved in noninvasive neuromodulation for pain in 
GI disorders.

Based on the collective evidence derived from previ-
ous studies, noninvasive neuromodulation methods are 
emerging tools for managing visceral pain in the afore-
mentioned disorders and related symptoms involving 
different segments of the gut. Given the heterogeneous 
nature of these diseases and their limited pathophysi-
ological understanding, treatment options are minimal 
and controversial. Therefore, noninvasive neuromodula-
tion is an attractive alternative for the treatment of pain 
in GI disorders.
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