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Abstract

The field of electroceuticals has attracted considerable attention over the past few decades as a 

novel therapeutic modality. The gastrointestinal tract (GIT) holds significant potential as a target 

for electroceuticals, as an intersection of neural, endocrine, and immune systems. We review 

recent developments in electrical stimulation of various portions of the GIT (including esophagus, 

stomach, small and large intestine) and nerves projecting to the GIT and supportive organs. This 

has been tested with varying degrees of success for a number of dysmotility, inflammatory, 

hormonal, and neurologic disorders. We outline a vision for the future of GI electroceuticals, 

building on advances in mechanistic understanding of GI physiology coupled with novel ingestible 

technologies. The next wave of electroceutical therapies will be minimally invasive and more 

targeted than current approaches, making them an indispensable tool in the clinical 

armamentarium.
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A brief history of electrotherapy

Electroceuticals aim to treat diseases through electrical stimulation, analogous to 

pharmaceuticals’ chemical stimulation. Attempts to modulate physiology through electrical 

stimulation span millennia. In the 4th century BC, Aristotle described electric rays that could 

produce numbness to treat pain[1]. Over the past century, devices have been developed for 
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electrical stimulation of organs. Cardiac pacemakers delivering electrical stimuli to the heart 

were developed in the 1930s. These were refined as technology and understanding of cardiac 

pathophysiology progressed, forming the basis for today’s chronic pacemakers and closed-

loop implantable cardioverter-defibrillators (ICDs). Electrical brain stimulation was 

developed as electro-convulsive therapy (ECT) and, more recently, deep brain stimulation 
(DBS) and commonly treat psychiatric and neurologic disorders. Similar to ICDs, DBS has 

also evolved towards less-invasive and more targeted therapy.

Electrotherapies have garnered significant public interest due to their ability to mediate 

organ function through nerves, rather than direct pharmacotherapy. The SPARC NIH 

initiative focuses on the use of electric neuromodulation to improve organ function. DARPA 

has emphasized electrical implants and neurotechnology through ElectRx, SUBNETS, 

HAPTIX, and TNT programs. Electrical stimuli can be applied directly to nerve bundles, as 

opposed to systemically-administered medication. Electrical signals occur over a matter of 

seconds, hence enabling finer temporal resolution than pharmacotherapies. In this review, we 

focus on electroceuticals targeting the gastrointestinal tract (GIT). We define GI 

electroceuticals as any approach utilizing electrical stimulation to treat GI disorders such as 

malabsorption and dysmotility, as well as GI-related disorders of metabolism, inflammation, 

and infection. The stimulus can be applied directly to GI tissue or to other tissues such as 

nerves.

GIT pathophysiology can arise from any component of its immune, metabolic, and neural 

interconnectivity (Box 1). Local muscle failure or aberrant signaling of the enteric nervous 
system (ENS) commonly result in dysmotility. ENS dysfunction can also impact cognitive 

status by affecting homeostatic control, leading to psychiatric and behavioral disorders. 

Dysfunction of digestive secretions from the biliary tree can affect digestion of nutrients, 

impacting nutritional status and leading to metabolic imbalances. Immune dysfunction, 

involving the GI-resident microbiome, can cause breakdown of barrier function, leading to 

infection, or chronic inflammation and autoimmunity in disorders such as inflammatory 
bowel disease (IBD). Perturbation of the microbiome can lead to a surge in pathogenic 

bacteria.

GIT electrical stimulation has been attempted for over 40 years for the treatment of motility, 

metabolic, and immune disorders. These approaches largely re-purposed cardiac 

pacemakers, surgically implanting stimulators subcutaneously with electrode leads sutured 

to the serosa in various sections of the GIT. Nerve stimulation has also been tested, involving 

similarly implanted generators with electrode leads placed around or within nerves. Similar 

to the evolution of cardiac and brain stimulation, GI electroceuticals are poised to be 

revolutionized by enhanced understanding of physiology and advances in engineering, 

enabling endoscopic and ingestible platforms for non-invasive therapy with greater spatial 

and temporal resolution.
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Electroceutical therapies of the GI tract

The majority of GI electrical stimulation treatments are performed through serosal 

musculature or nerves (Figure 1). We will first discuss recent advances in electroceuticals 

targeting GI tissue.

Esophagus

Dysfunction of swallowing mechanisms, esophageal peristalsis, and the lower esophageal 

sphincter, are the most common pathologies of the esophagus, resulting in dysphagia, 

achalasia, and gastroesophageal reflux disease (GERD), respectively. All have been 

treated using electrical stimulation.

In a prospective non-placebo controlled study in healthy volunteers, transcutaneous 

neuromuscular stimulation of the upper esophagus (5ms pulse width, 10mA) improved 

swallowing by extending relaxation time of the upper esophageal sphincter[2]. In a non-

placebo controlled trial, LES Stimulation (0.2ms, 3–8mA, 20Hz, 30min total) improved 

symptoms in patients with GERD over 3 years by increasing LES pressure[3]. Varying the 

parameters of esophageal electrical stimulation (10–50ms, 3–10mA, 10Hz – 50Hz) induced 

esophageal peristalsis in rabbits, a potential therapy for achalasia[4]. Esophageal stimulation 

therapies remain limited, in part due to difficulty accessing overlapping, relatively small 

regions of the oral cavity and upper esophagus. The burden of surgical implantation required 

in patients also prevents its use in all but the most extreme cases.

Stomach

Disorders of the stomach include impaired gastric accommodation and gastroparesis (GP) 
(Box 1). These are associated with dysfunction of gastric neural and hormonal signaling, 

with implications on neurological, psychiatric, and metabolic disorders[5].

Gastric electrical stimulation (GES) for GP has been attempted for over four decades and is 

effective in symptomatic improvement of nausea in patients, although it’s effect on gastric 

emptying is negligible[6]. The Enterra™ GES system is approved by the FDA (under 

humanitarian use exemption) for GP (0.33ms, 5mA, 14Hz). A randomized crossover study 

found that GES reduced the frequency refractory vomiting, although it did not accelerate 

gastric emptying[7].

Stimulation parameters directly determine GES’ mechanism of action. Short-pulse GES 

(pules width <1ms) activates neuronal pathways, resulting in symptomatic improvement 

with no influence on gastric contractions. Long-pulse GES (>100ms pulse width) induces 

muscle contraction[8], and can repair damaged ICC and antral smooth muscle cells in 

diabetic rats[9]. Combined short and long pulse stimulation in rats improved enteric 

neuronal survival[10]. Medium-pulse (2ms and 4ms) reduced food intake, inhibiting gastric 

motility and increasing gastric volume in dogs, and modulating neurohormonal peptides 

such as neuropeptide Y (NPY) and orexin in rats[11, 12]. In healthy dogs, GES (3–9mA, 

1–10ms) significantly reduced high-fat, but not high-carbohydrate or balanced, diet 

consumption[13]. No significant fluctuation in hunger hormones was found, suggesting 

direct neuromodulation.
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Electrode lead position also influences the efficacy of GES and mechanism of action. 

Identical GES parameters with different lead placement can completely abrogate the effects 

seen on gastric accommodation and motility in dogs[12]. GES applied to the distal stomach 

along lesser or greater curvatures exerted the largest effects while stimulation to the mid-

body of the stomach had little effect. Electrical stimulation of locations more anatomically 

adjacent to certain nerves can facilitate neuromodulation[14]. One group reported no 

evidence of anti-emetic activity of GES on gastric distension-induced emesis[15]. This study 

used musk shrews, which unlike rodents possess an emetic reflex. It is possible that this 

model does not reflect GP pathophysiology. This disparity, however, suggests that GES 

might exert its anti-emetic effects through specific neural or hormonal pathways.

Given that GES yields symptomatic improvement of neurally-mediated symptoms like 

nausea and vomiting, but has no effect on gastric emptying, it is believed to act via neural 

mechanisms. This is reinforced by a retrospective finding that opioid administration before 

GES implantation procedure reduced clinical efficacy[16], and fMRI data showing 

activation of the amygdala by GES in dogs[17].

GES has also been utilized for treating obesity and diabetes, both conditions linked to GI 

function. Although early studies were inconsistent in demonstrating the efficacy of GES on 

obesity, a recent randomized non-placebo controlled, unblinded trial found that GES resulted 

in significant weight loss in obese patients[18]. These trials utilized closed-loop GES 

(CLGES) feedback to turn on GES after initial meal ingestion, detected by implanted antral 

electrodes sensing increase in gastric volume. CLGES also improved glucose control and 

Hba1c levels in type 2 diabetes in a randomized, blinded, cross-over trial, suggesting a 

possible alternative to insulin therapy[19]. The Transcend™ gastric stimulation treatment is 

available in Europe as treatment of obesity. An experimental third-generation gastric 

stimulation device (abiliti system) incorporates vagus nerve stimulation (VNS) through 

strategic electrode placement. CLGES systems enable patient-specific optimization of 

stimulation parameters from a wide range (0.1–2 ms, 4–30 mA, 40–120 Hz). A non-

inferiority, randomized trial showed that CLGES was as effective in treating obesity as 

laparoscopic gastric banding after 12-months, and limited weight regain up to 24-months 

post-implantation[20, 21]. The extent to which behavioral changes might be affected by 

placebo are unknown as these trials lacked a control group. The exact mechanism by which 

CLGES generates fullness and satiety is not completely understood. Satiety is induced by 

neuronal and hormonal signals. CLGES could inhibit gastric motility, slowing gastric 

emptying, and prolonging satiety. It could also inhibit gastric distension, leading to stretch 

receptor activation at smaller gastric volumes, and leading to early fullness. Alternatively, 

electrical stimulation may directly modulate neurohomornal signaling, leading to satiety. 

Intermittent stimulation as in CLGES also avoids the development of tolerance, and the 

gradual loss of efficacy seen in persistent stimulation. Since the effects of electrical 

stimulation are multifold and non-specific, a variety of mechanisms for satiety modulation 

are possible.

GES studies frequently report large inter-subject variability of efficacy in preclinical and 

clinical trials[22]. This led to pilot studies using non-invasive temporary GES (tGES) to 

predict patient-specific response[23]. tGES involves determining symptomatic improvement 
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following endoscopic implantation of a stimulator for one week. Electrical leads attached to 

the gastric mucosa are connected via nasogastric wires to an external stimulator worn by the 

patient. GES therapies stand to benefit significantly from more informed patient selection. 

Reliance on primarily functional and symptomatic metrics to diagnose and characterize 

gastric disorders, with limited knowledge of disease etiology, restricts patient stratification. 

Greater insight into disease physiology could allow for selection for those most likely to 

benefit from GES.

The next-generation of GES devices will be less-invasive, including ingestible, endoscopic 

or transcutaneous approaches. One randomized, double-blinded study used non-invasive 

transcutaneous electrical stimulation at acupoints (acustimulation) to increase gastric 

accommodation, reduce postprandial fullness and belching[24]. Chemotherapy-induced 

nausea and vomiting were reduced by similar acustimulation in another randomized, double-

blinded study[25]. A deeper understanding of the differential effects of GES based on 

characteristics and position of stimulation is crucial to maximize benefit to patients.

Small Intestine

Small intestinal electrical stimulation (IES) arguably holds the greatest potential for 

regulation of digestion and metabolism. Duodenal stimulation (PW : 1ms – 3ms) accelerates 

SI transit time and delays gastric emptying in rats[26], and reduces food intake, elevates 

plasma GLP-1, and improves glucose tolerance and insulin resistance in obese and diabetic 

rats[26, 27]. The GLP-1-dependent hypoglycemic effect of IES is attributed to a protective 

effect over pancreatic β-cells in rats[28]. However, stimulation of the ileum more effectively 

regulates GLP-1 secretion in rats[29]. Studies using longer PW of up to 300ms reported an 

inhibition of small intestinal motility in dogs[30].

Certain challenges limit human trials of IES. Unlike tGES, access to the SI via endoscope 

remains challenging. Further, deciphering the effects of IES at various SI locations is 

particularly difficult given the sheer length of the SI (~7m), as well as subjective borders 

between the duodenum, ileum, and jejunum.

Large Intestine (Colon)

The colon receives food from the ileum and is responsible for water balance and stool 

formation. The colon also harbors the largest microbial population along the GI tract. As 

such, colonic disorders primarily involve motility and inflammation.

Colonic electrical stimulation (CES) via serosal electrodes (4ms pulse width) accelerates 

colonic transit time in dogs, a potential therapy for slow-transit constipation (STC)[31, 32]. 

The effect of CES, as with GES and IES, is location-dependent. Rectosigmoid CES directly 

induced bowel movements in dogs[33] while distal CES has a greater effect than proximal 

CES, suggesting that effects are mediated via reflexes unique to the distal colon[34]. The 

neural mechanism of action of CES is supported by studies showing that CES alleviates 

stress-induced visceral hypersensitivity in rats [35]. In a dog STC model, CES (1–5ms, 15–

40Hz) regenerated myenteric plexus neurons of the ENS and enhanced motility, by reducing 

inflammation[31]. Colonic neuromodulation has been previously reviewed[14]. CES 
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delivered via interferential electrical stimulation, a non-invasive approach, was used to 

treat constipation in postoperative Hirschsprung’s disease children in a randomized 

study[36].

The colon contains a high concentration of neuro-endocrine cells[37]. Thus, colonic 

stimulation holds significant potential for treating a wide variety of functional 

gastrointestinal disorders (FGIDs) and entero-endocrine disorders. An avenue for less 

invasive CES that has been clinically underexplored is rectally administered stimulation. 

Unlike the SI, the colon is readily accessible via colonoscopy. It is also more easily 

segmented into discrete sections (sigmoid, descending, transverse, ascending limbs). Non-

invasive approaches for colonic stimulation could include colonoscopy or suppositories.

Gastrointestinal Neuromodulation

Neuromodulation of the GIT has seen significant advancement in the last few decades, 

despite limited mechanistic understanding (Figure 1). We discuss recent advances in GI 

neuromodulation, achieved through stimulation of various nerves within central and 

peripheral nervous systems.

Vagus Nerve

The vagus nerve innervates several organs with afferent and efferent fibers. Therefore, 

vagus nerve stimulation (VNS), can modulate a wide variety of homeostatic processes ([38, 

39]). VNS entails implanted cuff electrodes encapsulating the vagus nerve connected to a 

subcutaneously-implanted stimulator, and is currently FDA-approved for epilepsy and 

depression, and in trials for autoimmune disorders. Here we discuss VNS therapies of GI 

disorders.

Motility

Bilateral cervical VNS restored esophageal motility in opossum models of achalasia (0.1–

5ms, 1–20Hz, 0.1–10 seconds)[40]. Cervical VNS (0.36ms, 0.6mA, 10Hz, 20s on, 40s off) 

promoted gastric emptying in rats by increasing pyloric opening as assessed by MRI[41]. 

Noninvasive cervical VNS (1ms, 5kHz) successfully relieved symptoms in patients with 

drug-refractory GP in an open-label proof of concept study. This effect, while significant, 

was only seen in 40% of patients, suggesting a need for patient stratification[42]. One option 

is to stratify by disease etiology.

Inflammatory Bowel Disease

The anti-inflammatory effects of VNS could treat IBD. Abdominal VNS reduced 

inflammation in rats (0.2ms)[43], and counteracted LPS-induced inflammation (1ms, 1mA, 

10Hz) in pigs by reducing pro-inflammatory cytokine levels, suggesting a possible therapy 

for post-operative ileus [44]. A 2016 open-label pilot study showed that VNS (0.5ms) in 

Crohn’s disease patients reduced inflammation over 6-months[45]. Another open-label, non-

randomized trial found that VNS also decreased electroencephalography (EEG)-recorded 

alpha waves elevated in Crohn’s, and correlated with clinical improvement[46]. This 
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suggests that the anti-inflammatory effect of VNS in IBD is at least partially mediated 

through vagal afferents.

Metabolism

Short pulse (0.5ms) VNS corrected glucose metabolism that is aberrant in obese mini-

pigs[47]. In obese and diabetic rats, VNS was neuroprotective and reversed depressive-like 

behavior, hyperglycemia, and brain insulin receptor expression[48]. This study found that 

effects of VNS are pulse-width dependent. Short pulses (0.3ms) reduced blood glucose, 

whereas longer pulses (3ms) did not, consistent with previous findings that shorter pulses 

stimulate neurons to a larger extent than longer pulses, which activate smooth muscle cells. 

This effect was seen with 5Hz stimulation, but not at higher frequencies of 14 or 40Hz. The 

glucose-lowering effect was completely abrogated by a GLP-1 antagonist, suggesting that 

VNS activates efferent fibers to induce SI release of GLP-1.

Abdominal VNS (0.5ms, 5mA, 30Hz, 30s on, 5min off) reduced daily food intake and 

increased resting energy expenditure in obese mini-pigs[49]. Brain PET and fMRI found 

concomitant increases in extracellular dopamine and decrease in serotonin. Both dopamine 

and serotonin are implicated in feeding circuits and their involvement indicates a centrally-

mediated effect of VNS in appetite regulation[50]. In contrast, one group reported that 

cervical VNS with similar parameters (1ms pulse width) can impair glucose tolerance and 

suppress insulin release in rats[51].

Another emerging clinical therapy is vagal block (VBLOC), which uses high frequency 

(5000Hz, 3–8mA) stimulation to interrupt vagal signaling. A prospective, open-label, single 

arm study found VBLOC sustained weight loss and glycemic control in type 2 diabetic 

patients up to 2 years[52]. With a less invasive approach, transcutaneous auricular (taVNS) 

conferred neuroprotection in diabetic rats[53]. taVNS (0.25ms, 10mA, 25 Hz) in patients 

during open laparotomy successfully increased vagal efferent activity as measured by gastrin 

as well as gastric muscle activity[54]. taVNS (25Hz, 30:30s on:off) also reduced gastric 

contraction frequency in healthy adults in a randomized, cross-over study[55]. 

Acustimulation (0.2ms, 2mA, 15min) in rats treated post-operative ileus through vagal 

mechanisms[56].

In addition to less-invasive techniques, VNS would benefit from improved targeting of 

specific vagal fibers. Vagal innervation of numerous organs results in severe VNS side-

effects of cardiac and respiratory dysfunction[57]. Approaches targeting abdominal 

branches, as opposed to cervical, decrease off-target effects (Figure 1). Another approach 

differentially stimulates either efferent or afferent nerve bundles using directional 

stimulation. Such directional stimulation could play a critical role to decipher differential 

effects of VNS on insulin secretion and blood glucose regulation[58]. Knowledge of 

electrophysiological properties of each type of vagal fiber (e.g. myelinated A- and B-fibers 

vs unmyelinated C-fibers[38, 39]) could inform new approaches for selective stimulation or 

blocking, using different stimulation parameters for each fiber type. For example, peripheral 

nerve block has been achieved using frequencies as high as 100 kHz. Optogenetic 

approaches in preclinical models allow for even greater molecular specificity in targeting. A 
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non-viral technique with similar molecular specificity for targeted VNS would enable more 

precise control of efferent or afferent signaling, respectively, to or from, discrete organs.

Sacral nerve

The sacral nerves are a set of 5 spinal nerves projecting to the pelvic floor, carrying afferent 

and efferent fibers for communication between pelvic organs and the central nervous system 

(CNS).

Sacral nerve stimulation (SNS) is effective for primary fecal incontinence (FI) in 

humans[59]. Medtronic’s Interstim™ system is FDA-approved for bladder and bowel 

control (0.21ms, 15Hz)[60, 61], believed to act on spinal afferents in the anal canal. An 

open-label study found SNS was ineffective for FI in patients with systemic sclerosis, an 

autoimmune disorder associated with neuropathy[62]. Specificity of stimulation is 

important, and a randomized, single-blinded study reported that bilateral SNS was not more 

efficacious that unilateral SNS[63]. As such, optimizing lead placement in patients using 

non-invasive imaging and custom fabricated guides can improve efficacy[64, 65].

SNS does not appear to have similar efficacy for slow-transit constipation (STC). 

Randomized controlled trials failed to show effect of SNS (0.2–0.5ms, 10–14Hz) on 

increasing bowel movements[66, 67], although a minority of patients did see a sustained 

benefit. One case report found that when SNS was used to treat FI in a patient with 

overlapping FI and STC, both conditions improved, suggesting a unique etiology[68]. Pilot 

studies found that SNS is effective in treating children with constipation due to slow transit, 

anatomical malformations, and Hirschsprung’s disease[69, 70]. A significant placebo effect 

was noted in all trials[67], and in non-responders, modifying stimulation parameters did not 

alter efficacy[69]. Similar to the large inter-subject variability of GES, this placebo effect 

highlights the importance of patient stratification by disease etiology. FGIDs like 

constipation and dysmotility can arise from different conditions. Knowledge of the 

pathophysiology of each can better inform SNS. Using temporary less-invasive SNS as a 

predictor for implanted SNS, much like tGES, may also benefit patients.

In addition to its effect on motility, SNS can activate spinal afferents and vagal efferents[71]. 

SNS (0.2ms, 14Hz) increased gastric accommodation[72] and improved barrier function, 

reducing inflammation, in rats[73]. SNS was used to treat ulcerative proctitis and low 
anterior resection syndrome in open-label pilot studies[74, 75]. A randomized, controlled 

trial showed that SNS reduced irritable bowel syndrome (IBS) symptoms by more than 

50% after 3 years[76].

A significant drawback of SNS is loss of efficacy over time. This can occur due to scar 

tissue formation and subsequent increase in tissue impedance surrounding the implant and 

the development of physiologic tolerance. This is treated by modifying lead placement, 

replacing leads, or increasing stimulus amplitude. For example, increasing frequency from 

14 to 31 Hz restored efficacy in patients implanted with SNS[77]. Device replacement and 

revisions are also common, including removal for MRI scans[78]. Decreasing the 

invasiveness of SNS could decrease scarring and improve outcomes. New rechargeable, 

remote-controlled systems aim to increase lifespan beyond the current SNS system’s 
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approximately 9 years[79]. Axonics has developed a wirelessly-rechargeable, MRI-

compatible, SNS system for FI with functional life of 15 years. Non-invasive approaches for 

SNS include transcutaneous interferential electrical nerve stimulation (TIENS), which an 

open-label pilot study reported to treat STC in children. Such techniques are valuable 

alternatives to surgically implanted SNS[80].

Spinal cord

Spinal cord stimulation (SCS) is FDA-approved for pain management, and holds potential 

for GI Modulation. While there exist limited studies on the role of SCS for GI modulation, a 

recent report highlighted that SCS (0.2 and 0.5ms, 20 Hz, 2s on, 3s off) at the T10 vertebra 

in rats increased gastric motility by reversing autonomic dysfunction, inhibiting sympathetic 

activity and enhancing vagal activity[81]. Access to spinal nerves could enable 

neuromodulation complementary to VNS. Similar to VNS, less invasive access to the spinal 

cord and techniques to stimulate specific nerve fiber would significantly enhance relevance 

as therapy for GI disorders.

Deep brain stimulation

Brain stimulation can modulate motility and metabolic circuits to treat GI and GI-related 

disorders. In obese rats, deep brain stimulation (DBS; 0.1ms, 150μA, 130Hz, 1hr/day, 15 

days) of the nucleus accumbens (NAc-DBS) and hypothalamus (Hyp-DBS), respectively, 

reduced food intake and increased resting energy expenditure[82]. NAc-DBS (90μs, 0.5mA, 

130Hz) in diet-induced obese rats increased dopamine levels and reduced energy intake and 

weight gain[83].

DBS (60–90μs, 60Hz) of the lateral hypothalamus (LH-DBS) in two obese individuals 

refractory to bariatric surgery increased resting metabolic rate[84]. An ongoing open-label 

trial is using DBS of the ventromedial hypothalamus (VMH-DBS, 90μs, 50Hz) in obese 

individuals for weight loss and basal metabolism modification[85]. LH-DBS (91μs, 3.5mA, 

130Hz) was not successful in treating patients with genetic obesity, however, as seen in 

Prader-Willi syndrome [86]. This highlights that DBS acts through specific neurohormonal 

pathways that may not be relevant for some disease etiologies. Similar to GES and SNS, 

patient stratification is critical.

The effects of DBS of the subthalamic nucleus (STN-DBS) on GI physiology has largely 

been studied in the context of Parkinson’s disease (PD) patients, who often suffer from GI 

dysmotility. STN-DBS enhanced esophageal motility and LES opening[87], and restored 

voluntary control of anorectal motility[88] in randomized cross-over trials, and improve 

gastric motility in a pilot study[89]. While these studies provide insight into brain-GI 

interconnectivity, they should be interpreted with caution as treatment options for non-PD 

patients, given complexities of PD pathophysiology that could influence GI motility.

The invasiveness of DBS precludes its use for most GI disorders. However, non-invasive 

(not skin or skull penetrating) modalities for DBS could also treat obesity by modulating 

behavior. In a randomized, double-blind, sham-controlled trial, direct transcranial 
magnetic stimulation (dTMS) of the prefrontal cortex and insula (18Hz) over a year 
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enhanced weight loss in obese individuals when combined with physical exercise and 

diet[90]. dTMS is FDA-approved for the treatment of depression and OCD. Transcranial 
direct current stimulation (tDCS) (2mA) reduced food consumption and enhanced weight 

loss in obese females, one randomized double blinded, sham-controlled trial found[91]. This 

effect, however, was more prevalent in individuals with certain psychological traits, and 

another study illustrated a significant placebo effect when participants were told about 

possible effects of tDCS in reducing intake[92]. Unlike dTMS, tDCS remains an 

experimental therapy in the US, although it is approved in Europe and other countries for 

depression and pain.

Next-generation GI electroceuticals

Electroceuticals offers an attractive alternative to traditional pharmacotherapy, often with 

greater spatiotemporal resolution. They are easily transferrable between different organs, 

unlike new drugs, which require significant resources to optimize for specific targets. We 

describe crucial milestones that must be achieved for the widespread implementation of GI 

electrotherapy.

Towards a Mechanistic understanding

Understanding Interconnected Networks—The pathophysiology of GI disease is 

complex, involving multiple feedback loops under neuronal and hormonal control, and is not 

yet fully understood. In the last decade, tools such as optogenetics have allowed for 

dissection of neural circuits and led to a significantly more nuanced understanding of the 

role of the brain in motility and metabolic disorders, as well as the role of the GI tract in the 

pathogenesis of neurologic disorders. Specific brain regions express hormonal receptors, 

suggesting that gut-brain communication is both neuronal and hormonal[93]. Intestinal cells 

directly synapse onto the central nervous system to transmit information about ingested 

food[94]. Involvement of higher order dopaminergic reward circuits in the brain during 

eating has led us to re-think the neurologic basis for metabolic disorders[95].

Tailoring Therapy by Patient Stratification—Improving our understanding of disease 

will allow us to better stratify patients. Studies have shown that despite similar symptoms in 

gastroparesis (GP), for example, different etiologies can distinguish success rates[96, 97]. 

Thus, knowledge of patient-specific pathophysiology would allow us to stratify patients by 

etiology (e.g. post-surgical, diabetic, or idiopathic GP). This is challenging as FGIDs are 

diagnosed based on functional tests such as gastric emptying and intestinal transit time 

studies, and rated based on subjective, symptomatic scores (e.g. Gastroparesis Cardinal 

Symptom Index (GCSI)). New tools are needed to more directly evaluate functional tissue 

pathology in these conditions.

Optimizing electrical stimulation parameters—Understanding how electrical stimuli 

travel and influence specific cells and circuits would better inform selection of stimulation 

sites, which is done empirically. Computation and in silico models and simulations are 

beneficial here[98]. In addition, while we have a generalized understanding of the 

physiological effects of electrical stimulation parameters (pulse width, shape, amplitude, 
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total stimulation time), greater empirical studies utilizing quantitative metrics are required. 

The sheer number of permutations render this challenging. For example, few studies have 

attempted non-square electrical pulses for GI stimulation, despite potential benefit of other 

shapes in delivering the same total energy with less potential for over-stimulation[99]. 

Techniques to enable quick, quantitative feedback on efficacy could enable patient-specific 

parameter tuning.

Assessing efficacy through quantitative metrics—How might we evaluate 

functionality and efficacy in vivo without relying on long-term symptomatic metrics? 

Minimally invasive recording electrodes, for example, could quickly indicate if a treatment 

is working and therapeutic fibers are being adequately stimulated or blocked, and if not, 

adjust parameters accordingly. From this we could also detect instances of device failure, 

placement inaccuracies, or excessive scarring impeding functionality, and address the large 

variations in human studies. Devices for more accurate neural recordings would also aid in 

de-coupling interdependent neuronal and muscle signals in the GI tract[100]. Tools that can 

evaluate gut motility non-invasively would help in assessing the effects of various 

interventions[101]. Direct assessment of peristalsis or muscle contraction would be 

beneficial in combination with currently-used metrics of transit times as proxies of motility.

Such approaches would also be beneficial in preclinical studies, where subjective self-

evaluation of subjects is not possible. Selection of ideal animal models for GI diseases is 

outside the scope of this review. However, larger animals are beneficial in avoiding 

engineering challenges of scaling down technologies smaller than needed for human use.

Overcoming power barriers—Developing high-energy, miniaturized stimulators 

remains a primary limitation to long pulse-width stimulation. Energy harvesting and wireless 

charging techniques in development aim to address this[102]. Power-harvesting ingestible 

devices with piezoelectric, triboelectric, and wireless charging capabilities have been 

developed by various groups, utilizing advances in materials and ultrathin electronics[103, 

104]. Although chemical batteries that operate on gastric acid and intestinal juices[105] have 

been developed, none show adequate power harvesting for electrical stimulation. While 

wireless charging is used to power some clinical devices, none have been reported with 

sufficient capacity to power high energy electrical stimulators in a reasonable time frame 

and form factor for regular patient use.

Microbiome electrotherapeutics—One area that has remained largely unstudied to date 

is the impact of electrical stimulation on the intestinal microbiome. The microbiome can 

directly influence physiology through neuronal communication[106], and plays an important 

role in priming of the immune system. The microbiome also affects intestinal gases, which 

can influence gastrointestinal motility and disease[107]. The effects of electrical stimulation 

on the GI microbiome are likely to be mediated through motility, immune, and neuronal 

mechanisms. Unraveling these could enable electroceuticals to act as a microbiome 

therapeutic complementary to probiotics and orally ingested bacteria.
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Reduced invasiveness with increased specificity

Efficacious electrotherapy requires tissue specificity. This makes invasive implantation of 

stimulators requisite, presenting a barrier to widespread adoption and implementation.

Ingestible Electronics—Oral access to the GIT has given rise to the field of ingestible 

electronics, swallowable capsules containing electronics (reviewed in[108]), for sensing or 

drug delivery. Ingestibles could be used to deliver electrical stimulation, obviating the need 

for invasive surgeries for implantation. Alternatively, endoscopic delivery of devices presents 

another non-invasive option, similar to tGES[23], without forgoing tissue-specificity.

Ingestible devices would need to target and anchor to different portions of the GI tract, 

depending on indication. The GI tract is specifically tailored to process and excrete ingested 

materials. As such, achieving residency of an ingested device in specific portions without 

endoscopically-placed clips is extremely difficult. Gastric and intestinal-resident devices 

utilize a variety of mechanically-unfolding shapes, chemical adhesives, or biomimetic 

designs to attach to the mucosa[108, 109]. Navigation, sampling, and actuation capabilities 

have also been incorporated onto capsule endoscopes[110]. These techniques could be used 

for detection of medications, temperature, gases and delivery of drugs[108]. The varying pH 

environments in the GIT could be leveraged to aid device deployment in a specific region.

Electronic-enabled therapies—We have limited our definition of electroceuticals to 

electrical stimuli, however, electrical functionalities in ingestibles also present a huge 

potential for multi-modal functionality and combination therapies. Electrically-actuated 

payload release could tailor the location of drug delivery, or perhaps increase local 

permeability of the intestine to enhance drug uptake[111]. Electrically-powered 

phototherapy is efficacious in the treatment of Helicobacter pylori infection, and could allow 

for optogenetic ENS excitation[112]. Ingestible electronic capsules can remotely sense 

various gases in the gut[113]. Combining electronics with synthetic biology is also a 

powerful combination to make use of customs biologic agents as sensors, to enable closed-

loop electrical stimulation and enhancing temporal specificity[114]. While such ingestible 

devices may not be able to directly stimulate non-GI tissues or nerves, they would permit 

access to the entire length of the GIT.

Targeted Neuromodulation—Neuromodulation specificity can also be significantly 

improved. Despite VNS’ successes, off-target effects remain and will doubtlessly be 

uncovered as long-term follow-up studies on patients receiving VNS continue. Use of 

subdermal electrodes for VNS can minimize invasiveness. Applying neuromodulation to 

smaller nerve branches can increase specificity while decreasing toxicity[115]. Modulating 

organ-specific nerves can affect organ function. Stimulation of the pancreatic nerve, for 

example, can inhibit autoimmune diabetes[116]. Optogenetic approaches can target nerves 

and tissues with even greater specificity by targeting individual fibers (reviewed in [117]). 

This necessitates, however, viral transfection, a major limitation to clinical translation.

Non-invasive approaches for neuromodulation are being tested in numerous clinical trials, 

and could increase accessibility to treatment (Table 1). Auricular VNS, delivered through an 

ear-mounted device, is being tested for brain and peripheral neuromodulation[118], and is 

Ramadi et al. Page 12

Trends Pharmacol Sci. Author manuscript; available in PMC 2021 June 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FDA-approved for opioid withdrawal. Noninvasive ultrasound could be directed at specific 

organs such as the spleen, for example, to decrease inflammation as therapy for rheumatoid 

arthritis[119, 120]. Recent clinical trials are testing transcutaneous stimulation and 

electroacupuncture using subdermal electrodes for FGIDs and inflammatory conditions 

(Table 1).

Concluding Remarks

The rise of electroceuticals as a new therapeutic modality could revolutionize GI therapies. 

The use of electrical, as opposed to chemical, stimuli enables high spatial (organ-specific) 

and temporal (seconds to minutes) control. Achieving full translational potential will involve 

further development and collaborations across multiple fields from gastroenterology, 

neuroscience, and engineering in tackling issues that remain (see Outstanding Questions). 

These include gaining mechanistic insight to guide optimal stimulation parameters and 

placement, developing new non-invasive approaches to target specific nerve bundles in 

tissues with fewer off-target effects, and using improved metrics to stratify patients most 

likely to benefit from electroceutical therapies. Electroceuticals could soon establish a new 

paradigm in medicine, and a vital toolkit for the research and treatment of diverse diseases 

and disorders.
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Glossary

Achalasia
Dysfunction of esophageal peristalsis

Deep Brain Stimulation (DBS)
A technique for stimulation of brain regions through chronically implanted electrodes. DBS 

is FDA-approved for Parkinson’s disease, dystonia, obsessive-compulsive disorder, and 

epilepsy

Deep Transcranial Magnetic Stimulation (dTMS)
A technique for brain stimulation using a sequence of applied magnetic field pulses

Dysphagia
Difficulty swallowing foods or liquids

Electroencephalography (EEG)
A method for recording brain waves through a series of acutely placed scalp electrodes
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Enteric nervous system (ENS)
The collection of neural circuits within the GI tract

Gastroesophageal reflux disease (GERD)
Abnormal backflow of acidic contents of the stomach into the esophagus where it damages 

the mucosal lining, commonly due to relaxation of the esophageal sphincter

Gastroparesis (GP)
A condition arising from delayed gastric emptying of contents to the duodenum. GP can 

result in bloating, infection, and recurrent nausea and vomiting. While the pathophysiology 

of GP is not understood, it is more common in diabetics, suggesting a role for neuropathy in 

its etiology. GP can also arise from malignancies, surgeries, or be idiopathic

GLP-1
A insulinotropic hormone produced by intestinal enteroendocrine cells and neurons in the 

nucleus tractus solitarii (NTS). GLP-1 acts to decrease blood glucose through enhancing 

insulin secretion, and has been shown to suppress food intake and induce weight loss in 

humans

Hirschsprung’s disease
A congenital disorder characterized by lack of adequate neural innervation of the colon, 

resulting in constipation, vomiting, abdominal pain, diarrhea

Ileus
A disorder that results in intestinal dysmotility, common after abdominal or pelvic surgery

Inflammatory bowel disease (IBD)
A group of disorders of the GI tract characterized by chronic inflammation. These include 

ulcerative colitis and Crohn’s disease

Interferential Electrical Stimulation
A non-invasive method of electrical stimulation achieved by application of paired electrodes 

that deliver alternating current of medium (150 Hz) and high (4,000 Hz) frequencies

Irritable bowel syndrome (IBS)
A chronic disorder of the large intestine that is characterized by symptoms including 

cramping, abdominal pain, bloating, gad, diarrhea, and constipation

Lower anterior resection syndrome
A constellation of symptoms that may arise after low anterior resection surgery. These 

include fecal incontinence, constipation, frequency, urgency, and pain

Neuropeptide Y (NPY)
A neuropeptide secreted by neurons of the sympathetic nervous system and hypothalamus, 

believed to regulate food intake, metabolism, anxiety, blood pressure, and circadian rhythm

Orexin
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A neuropeptide secreted by the hypothalamus and perifornical area of the brain, that 

regulates appetite, arousal, and wakefulness

Piezoelectricity
The accumulation of electrical charge that occurs in certain materials due to applied 

mechanical stress

Prader-Willi syndrome
A genetic disorder that leads to obesity and slow cognitive and physical development

Transcutaneous direct current stimulation (tDCS)
A technique for neuromodulation utilizing low currents delivered through scalp electrodes

Vagus Nerve
A primary conduit of neuronal signaling between organs and the brain. (Also known as 

Cranial Nerve X

Vagus nerve stimulation (VNS)
Electrical stimulation of the vagus nerve. VNS can be transcutaneous, or invasive using 

implanted cuff electrodes around the vagus nerve. Different branches of the vagus nerve can 

be targeted (e.g. cervical, abdominal, auricular)
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Gastrointestinal Physiology [text box]

Overview

The GI tract can be separated at a macroscopic level into various specialized segments: 

mouth, esophagus, stomach, small intestine (composed of duodenum, jejunum, ileum), 

large intestine (or colon), and rectum. Ingestion and mechanical breakdown of food takes 

place in the mouth, chemical and further mechanical digestion in the stomach, nutrient 

uptake in the small intestine, water uptake and stool formation in the large intestine, and 

stool expulsion in the rectum. Food is propagated through the GI tract largely through 

peristaltic muscle contractions. Details of GI physiology have been published 

elsewhere[121].

The GI tract relies on a number of supportive organs such as the liver, bile ducts, and 

pancreas that secrete digestive juices. An extensive neuronal network in the GI, the 

enteric nervous system (ENS) (reviewed in[122, 123]), orchestrates the digestive process, 

senses the nature of nutrients absorbed, and relays this information to the brain for 

cognitive control of hunger and satiety (reviewed in[50]). Millions of microbes also 

reside in the GI tract, constituting the microbiome. The majority of these are symbiotic 

commensal bacteria although pathogenic microbes can also emerge, leading to disease. 

As such, there is a strong immune surveillance component in the GI tract which senses 

the microbiome and maintains barrier function to avoid infection.

Stomach

Food deposited in the stomach induces gastric accommodation, a reflex by which the 

stomach expands to larger volumes to receive food. Gastric accommodation is a 

fundamental part of the digestive process, as it also signals to the lower GI tract to 

prepare to receive nutrients, and the brain to begin to indicate satiety. Gastric digestion 

involves chemical degradation via enzymes released by specialized secretory cells in the 

mucosal lining, combined with mechanical mixing and crushing of food particles through 

synchronized contractions. Gastric contractions are similar to peristalsis but can take a 

wide variety of shapes and forms. A specialized set of pacemaker cells, called the 

interstitial cells of Cajal (ICC), exist in the gastric antrum control gastric contractions. As 

food is processed by the stomach, it slowly passes to the duodenum via the pyloric 

sphincter.

Small and Large Intestine

The small intestine (SI) receives food from the stomach and begins the process of 

extracting nutrients from the food. Bile ducts deposit bile acids from the liver, 

gallbladder, and pancreas to aid in the digestion and nutrient extraction. 

Mechanoreceptors in the SI signal to the stomach to slow down gastric motility and to 

distal portions of the GI tract to prepare for nutrient absorption. The SI is lined with 

enteroendocrine cells (EECs) which sense nutrient content. EECs are the initiators of 

multiple signaling cascades integrating satiety and metabolic hormones, as well as direct 

neural signals to modulate hunger and metabolism. The large intestine (colon) receives 

food from the ileum and is primarily responsible for water balance and stool formation. 
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The colon also harbors the largest microbial population along the GI tract. As such, 

disorders associated with the colon primarily involve motility and inflammation.
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Electrical Stimulation Parameters [text box]

Electrical stimuli of tissue can take various forms (Box 1, Figure 1A). The basic elements 

of an electrical stimulus are amplitude, pulse width, pulse shape, frequency, and duty 

cycle (Box 1, Figure 1B). Stimulation can be current-controlled or voltage-controlled. 

Amplitude is determined by the maximum current or voltage applied. Pulse width is the 

length of time the pulse is applied. The vast majority of electrical stimulation utilizes 

square pulses. Frequency and duty cycle together determine the timing and number of 

pulses delivered. Varying these parameters can influence the effect of the electrical 

stimulus. Short pulse widths (up to 1ms) can be used for neuronal excitation while longer 

pulses widths (up to 1 sec) can induce muscle contractions[124]. Higher amplitude pulses 

(>10mA) are often used for cauterizing procedures, as they can lesion tissue. Varying 

frequency and duty cycle can determine the periodicity of stimulation, and allow for a 

refractory period where target tissues can reset prior to re-excitation. In nerve block 

therapy, high frequency stimulation is intentionally used to block signal transmission 

through nerve bundles.

Other factors that determine stimulation parameters are the location of stimulation and 

delivery mechanism. Most electrode leads for the GI tract are directly implanted into 

muscle tissue. Intraneural electrodes interface with nerves, reducing the amount of tissue 

stimuli must traverse. This enables excitation at lower amplitudes. How the stimulation is 

applied is influenced by the power supply available, conductivity of the electrodes, 

impedance of the tissue, anatomical access, and voltage compliance of the stimulator. 

Most implanted pulse generators are expected to function over 5+ years. However, 

current battery technologies do not allow for always-on long pulse width stimulation over 

such a long lifetime. Acute stimulation electrodes can be connected to benchtop power 

supplies, eliminating battery restrictions on stimulation.
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Box 2, Figure 1. 
Illustration of electrical pulse stimuli and related parameters. (A) Square, triangle, and 

sine wave formats. (B) Parameters of electrical stimuli that can be tuned.
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Outstanding questions

• What is the optimal placement and parameter for electrical stimulation to 

selectively modulate neural, hormonal, and muscle signaling along the 

gastrointestinal tract?

• How can we reduce the invasiveness of current stimulation therapies?

• What platforms might we develop that allow for orally ingested electrical 

pills, and how do we power such pills appropriately?

• What is the effect of electrical stimulation on the GI microbiome?

• How can we enhance the spatial resolution of non-invasive, transcutaneous 

stimulation approaches of nerve and tissue?

• How can we target specific bundles within the vagus nerve to reduce off-

target effects?

• What are the various circuits of the enteric nervous system and how might we 

target circuits specifically?

• What metrics can we use to better stratify patients with GI disease to predict 

electroceutical therapy efficacy?
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Figure 1. 
(A) Sites of electrical stimulation for therapy of gastrointestinal and related disorders. Each 

site is labeled with disorders it has been tested for. Also shown are Therapies for indications 

which are FDA and CE-approved stimulation sites are also shown. (B) Different forms of 

electroceutical stimulation.
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