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Abstract: Normal gastrointestinal function relies on sensing and transducing mechanical signals into
changes in intracellular signaling pathways. Both specialized mechanosensing cells, such as certain
enterochromaffin cells and enteric neurons, and non-specialized cells, such as smooth muscle cells,
interstitial cells of Cajal, and resident macrophages, participate in physiological and pathological
responses to mechanical signals in the gastrointestinal tract. We review the role of mechanosensors in
the different cell types of the gastrointestinal tract. Then, we provide several examples of the role
of mechanotransduction in normal physiology. These examples highlight the fact that, although
these responses to mechanical signals have been known for decades, the mechanosensors involved
in these responses to mechanical signals are largely unknown. Finally, we discuss several diseases
involving the overstimulation or dysregulation of mechanotransductive pathways. Understanding
these pathways and identifying the mechanosensors involved in these diseases may facilitate the
identification of new drug targets to effectively treat these diseases.

Keywords: mechanotransduction; gastrointestinal; ileus; irritable bowel disease

1. Introduction

The ultimate goal of the gastrointestinal (GI) tract is to provide nutrients and water
to the organism, followed by the elimination of wastes. Thus, the regulation of intestinal
motility is centered on optimizing nutrient delivery, and the ability to sense and respond to
mechanical forces is crucial in optimizing the movement of ingested material through the
GI tract. Many chemical sensors participate in the regulation of gastrointestinal motility.
In addition to chemical signaling, normal GI function is dependent on mechanotrans-
duction. The gut must sense a complex range of passive and active mechanical forces
along the gastrointestinal tract and transduce those signals to chemical signals to respond
appropriately (see Ref. [1] for a complete review of mechanical forces in the gut). While
some cell types in the gut are specialized mechanosensors, virtually all gastrointestinal
cell types, including epithelial cells, smooth muscle cells, interstitial cells of Cajal, enteric
neuronal cells, and even immune cell types, can respond to mechanical forces to participate
in the coordinated movement of ingested material through the gastrointestinal tract. As
the gut is a mechanically active organ, these mechanosensitive cells must discriminate
between normal mechanical activity and mechanical signals. While mechanotransduction
in the gut has been recognized since the late 1800s, e.g., Bayliss and Starling’s “law of
the intestine”, the identification of mechanosensors that mediate mechanotransduction is
more recent [2]. In addition to the role of mechanotransduction in normal physiology, the
dysregulation of mechanotransduction plays a role in the pathophysiology of the gut. Both
aberrant mechanosignaling and the overstimulation of mechanosensitive pathways, e.g.,
gut distension in obstructive bowel disease, can lead to pathological outcomes. We briefly
review normal mechanosensing in the gut, focusing on the role of mechanotransduction
in regulating GI motility. Then, we discuss the dysregulation of mechanotransduction
mechanisms leading to GI motility disorders.
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2. The Role of Mechanotransduction in Normal Gastrointestinal Physiology

The gut must sense mechanical forces to coordinate the movement and absorption of
ingested material along the GI tract. Mechanical signals, such as shear stress (changes in
luminal flow), compression (due to GI contractions), and stretch (due to luminal distension),
are sensed by cells throughout the GI tract to coordinate GI motility. In addition, the gut
must sense the mechanical properties, amount, and location of ingested material along
the GI tract to properly regulate the absorption of nutrients, storage of ingested materials,
and defecation [3]. Mechanosensors convert mechanical signals into chemical signals.
Mechanosensation relies on both specialized sensory cells, including enterochromaffin cells
and mechanosensory neurons, and non-specialized cells, such as smooth muscle cells and
interstitial cells of Cajal (ICCs) [4]. We describe below the contribution of each cell type to
sensing mechanical signals. The molecules involved in mechanotransduction are reviewed
in Ref. [5], and we only highlight a few mechanosensitive molecules, which are mostly ion
channels, below. Table 1 shows the potential primary mechanosensors in the GI tract.

Table 1. Potential mechanosensors in the gastrointestinal tract.

Cell Type Mechanosensor Stimuli * Effect References
Pressure; distension;
Enterochromaffin cells  Piezo2 luminal signals; shear Ca?* influx; serotonin release [6-8]
stress
Enteric neurons TRPA1 Distension Spike discharges [9,10]
BKCa Stretch Cell hyperpolarization [11,12]
K2P (TREK2 and Shear stress; negative Hyperpolarization; regulate
membrane pressure; . ] [13]
TRAAK) resting membrane potential
stretch
TRPV4 Distension Spike discharges [14]
Interstitial cells of Cajal  L-Type Ca channel Shea}r stress; membrane Inc.reas.ed inward current; faster [15,16]
tension; pressure activation
Nay1.5 Stretch Increases slow-wave frequency [17]
Smooth muscle cells L-Type Ca channel Shea}r stress; membrane Increaseq mvyard current; [16,18]
tension; pressure faster activation
BK channels Stretch Regulation of excitability [12]
Nay1.5 Shear stress Increased excitability [19]
K2P (TREK1) Stretch Hyperpolarization [13,20]
Macrophages TRPV4 Stretch Spike discharges [21]

* This includes published data in the gut. Other stimuli may also signal through the mechanosensor.

2.1. Mechanosensitive Cells
2.1.1. Enterochromaffin Cells

Enterochromaffin cells (ECs), which are distributed along the entire length of the GI
tract, are the most abundant epithelial enteroendocrine cells in the gut mucosa. These
specialized mechanosensitive cells release serotonin in response to mechanical stimulation,
including shear stress, stretch/distension, and compression [22-25]. In fact, most of the
body’s serotonin is synthesized and stored in the ECs [26]. Serotonin secretion activates the
intrinsic and extrinsic primary afferent neurons to coordinate the peristalsis, vasodilation,
and propulsion of the intestinal contents [27,28].

The exact mechanism(s) of mechanosensitivity in ECs is still under investigation.
EC cells are sparse and difficult to culture, making specific investigations in the GI tract
difficult [29]. The basic signaling pathway involves the release of ATP and UTP from
cells in response to mechanical signals. ATP and UTP transduce mechanosensory signals
via purinergic (P2Y) receptors in the large intestine or colon (other signal transducers
may be involved in other parts of the gastrointestinal tract), resulting in the release of
serotonin [30]. Serotonin then regulates peristalsis and secretion in the gut by stimulating
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enteric neurons [31]. Disruption of caveolae prevents serotonin release, indicating that
caveolin-mediated scaffolding is necessary for the signal transduction pathway [25].

The Piezo2 channels have emerged as a primary candidate for mechanosensing on the
luminal side of the GI tract via EC cells [6,7]. In an EC cell model, Wang et al. showed that
pressure results in the release of serotonin, which is prevented by the siRNA knockdown of
Piezo2, although these experiments were performed in QGP-1 cells, which are pancreatic
islet carcinoma cells, not intestinal EC cells [6]. Alaino et al. showed that Piezo2 is expressed
in EC cells close to serotonin vesicles [7]. Piezo2 activation results in Ca®* influx to trigger
downstream signaling. However, Piezo2 channels inactivate in a significantly shorter time
(10 s) than the serotonin release. Thus, other pathways may be involved in amplifying
or prolonging the signal transduction pathway resulting in serotonin release [23,32]. In
addition to sensing distension, a population of enteroendocrine cells (EECs) expressing
Piezo2 conveys the ability to alter both small and large intestinal motility in response to the
physical properties of the luminal contents [8].

ECs play an important role in regulating intestinal motility in response to changes in
luminal contents. Inhibition of serotonin synthesis in EC cells causes abnormal colonic motil-
ity [28]. However, colonic motility is largely intact after removing the mucosa; therefore, other
cell types also mediate mechanotransduction pathways to regulate gastrointestinal motility.

2.1.2. Enteric Neurons

The extensive enteric nervous system (ENS) is spread throughout the gastrointestinal
tract, with submucosal and myenteric plexi between the mucosal and smooth muscle
layers and between the two smooth muscle layers, respectively, of the gastrointestinal
tract. The ENS includes mechanosensitive neurons that regulate GI motility autonomously
from the central nervous system. In animal models, 15-45% of myenteric neurons in the
small intestinal and colon are mechanosensitive [33—-35]. Stimulation of mechanosensitive
neurons, but not all neurons of the myenteric plexus, causes active spike discharges [36].
Sustained stretch elicits tonic spike discharge, while brief mechanical stimulation elicits
a phasic spike discharge, indicating that mechanosensitive enteric neurons respond dif-
ferently to different mechanical stimuli; therefore, different mechanisms may be active in
response to different stimuli [37,38]. The compression or stretch of mechanosensitive motor
neurons elicit changes in intestinal motility. However, enteric neurons are not responsive
to shear stress [39,40]. Muscle tone can also act as a co-initiator of peristalsis in addition
to contraction [41].

Expression of transient receptor potential (TRP)A1 channels is enriched in the nerve
endings of sensory neurons in the gastrointestinal tract and may function as mechanosen-
sors [9]. TRPV4 channels are also expressed in colonic afferents and may play a role in
mechanosensing [14]. Piezol channels are expressed in both the body and fibers of myen-
teric and submucosal mechanosensitive neurons; however, pharmacologic inhibition of
Piezol did not alter mechanotransduction [42]. Thus, the role of Piezol in mechanotrans-
duction is unclear. Furthermore, the role of serotonin in distension-evoked peristalsis is
unclear. Inhibition of mucosal tryptophan hydroxylase-1, which catalyzes the rate-limiting
step in serotonin synthesis, did not affect gastrointestinal transit [43,44]. Other mechanosen-
sitive channels, such as large-conductance-voltage- and Ca?*-activated K* channels (BKCa
channels), as well as two-pore domain K* (K2P) channels, may be involved in mechan-
otransduction in enteric neurons; however, the mechanism of mechanotransduction in
enteric neurons is still unclear.

2.1.3. Interstitial Cells of Cajal

ICCs are interposed between enteric nerves (myenteric region) and GI smooth muscle
cells. In addition to the pacemaker function of ICCs (i.e., slow waves), these cells are impli-
cated in myogenic responses. Sustained distension of ICCs may increase the amplitude of
slow waves [45]. Notably, transgenic mice without intramuscular ICCs do not respond to
stretch in the stomach, indicating a function for ICC in stretch-dependent responses in the
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gastrointestinal tract [46]. Eicosanoids may mediate this stretch response in ICCs. Mechani-
cal regulation of ICC modulates the electrical slow wave, resulting in membrane potential
that initiates GI contraction [15,47]. L-type Ca channels and sodium voltage-gated channel
alpha subunit 5 (SCN5A) channels have been implicated in the mechanosensitivity of
ICCs [48]. Strege et al. showed that stretch increased slow-wave frequency via SCN5A [17].

2.1.4. Smooth Muscle Cells

Smooth muscle cells (SMCs), in contrast to enteric neurons and enterochromaffin
cells, are non-specialized mechanosensitive cells that alter GI function in response to
stretch. Smooth muscle cells serve as the motor function’s final effectors and have the
peculiar ability to contract independently of the neuronal input (myogenic reflex) [49].
Ion channels are likely mechanosensors, given their location in the cell membrane and
their ability to regulate membrane depolarization and subsequent Ca* fluxes. Thus, most
research concerning mechanotransduction in smooth muscle has focused on ion channels.
Several mechanosensitive ion channels can regulate smooth muscle function, including
non-selective cation channels, L-type Ca?* channels, BK channels, and TRPC4 and TRPC6
channels [12,50-52]. Deletion of TRPC4 and TRPC6 in gastrointestinal smooth muscle
cells impairs intestinal motility, supporting a role for these ion channels in smooth muscle
myogenic response [53]. Calcium channels are activated in response to positive pressure in
jejunal smooth muscle cells [18]. Although several mechanosensitive ion channels have
been implicated in intestinal and colonic smooth muscle responses to mechanical signals,
the specific signal transduction pathways are poorly understood.

2.1.5. Macrophages

Intestinal macrophages reside in the muscle layers of the gut and interact with other
cell types, including smooth muscle cells, enteric neurons, and ICCs [54]. Resident muscu-
laris macrophages can be activated by mechanical forces, such as those experienced during
trauma or exploratory laparotomy [55-57]. Mechanical strain increases the expression of
inflammatory mediators, including interleukin (IL)-6, IL-1$3, macrophage inflammatory
protein (MIP)-1x, and MIP-2 [58]. Although little is known about mechanosensors in
intestinal macrophages, mechanosensation has been detected in other macrophages. In
THP-1 cells (a monocyte cell line), cyclic stretch elicits IL-8 secretion [59]. Cyclic stretch of
peripheral blood mononuclear cells changes macrophage polarization [60]. These studies
clearly demonstrate the mechanosensitivity of macrophages; however, the mechanosensors
in macrophages are not well understood. In bone marrow-derived macrophages, Piezol
channels mediate inflammatory mediator expression in response to changes in matrix
stiffness [61]. TRPV4 channels modulate macrophage phenotype in response to matrix
stiffness [21]. Cell-cell and cell-matrix adhesions also likely mediate phenotypic changes
in macrophages in response to stretch [62].

3. Examples of Mechanical Signals in the Regulation of Gastrointestinal Motility

Coordinated responses to mechanical signals, in conjunction with chemical and neural
signals, are essential for normal gastrointestinal motility. The myogenic response of the
gastrointestinal smooth muscle layers, which play a role in virtually all motor activities in
the gut, has been known for nearly 75 years, and much of the sympathetic circuitry and
chemical signals have been elucidated over the past few decades. However, despite the
well-known role that mechanical signals play in coordinating gastrointestinal motility, the
molecular mechanisms for mechanotransduction are poorly understood. The mechanical
responses involve multiple levels of complex responses across multiple organs to coordinate
intestinal motility and optimize nutrient absorption. We describe a few responses to
mechanical signals in the gastrointestinal tract to highlight our poor understanding of the
mechanosensitive signal transduction pathways. Given the complexity of the responses,
we will focus on the mechanosensing functions. Based on these few examples of the role
of mechanotransduction in the gastrointestinal tract, it becomes clear that although the
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neural circuitry has been elucidated, the molecular mechanisms (i.e., identification of the
mechanosensitive molecules) of mechanosensing are still not well understood.

3.1. Adaptive Relaxation of the Stomach

Adaptive relaxation of the stomach is the reflexive relaxation in response to distension
of the stomach. Increased volume in the stomach triggers tonic relaxation in the gastric fun-
dus. This reflex involves extrinsic and enteric nerves. The extrinsic neural response involves
a vago—vagal reflex in response to stretch receptors, which involve possible mechanosensi-
tive sympathetic neurons terminating in the wall of the stomach, resulting in the release
of nitric oxide and the relaxation of the stomach muscle. However, adaptive relaxation
can also occur in the absence of extrinsic innervation, indicating that intrinsic mechanisms
contribute to adaptive relaxation. Mechanoreceptors in the wall of the proximal stomach
can sense gastric distension. G cells, a specialized population of enteroendocrine cells that
produce gastrin, are activated in response to the distension of the stomach, even in the ab-
sence of extrinsic innervation [63]. However, the mechanism of G cell activation is unclear.
Although intramuscular ICCs may be involved in the distension-induced regulation of
myogenic tone, they are not required for adaptive relaxation [64].

The actual mechanosensing molecules involved in adaptive relaxation are not known.
Piezol channels, located close to gastrin storage in the cell body, were detected in the G
cells of the mouse [65]. However, the role of Piezol channels in mechanosensing is unclear.
TRPV2 channels are expressed in most neuronal nitric oxide synthase-expressing myenteric
neurons (inhibitory motor neurons) in the stomach and may play a role in mechanosensing
during distension of the gastric wall [66].

3.2. Distension-Evoked Peristalsis

Peristalsis is a propagated series of contractions in the gastrointestinal tract. Propagat-
ing waves of contractions can be evoked in the small intestine in response to distension
(e.g., from a bolus of ingested material) and contraction frequencies are dictated by the
slow waves [67]. However, there is controversy over whether the propagating waves are
peristaltic reflexes, at least in the mouse model [67,68]. The mechanisms for the peristaltic
reflex may be different for the small and large intestines [69]. In the colon, distension
(circumferential stretch) activates intrinsic neurons that generate ascending and descend-
ing pathways resulting in peristalsis, and these pathways are resistant to L-type Ca**
channel blockers [69].

Serotonin release from enterochromaffin cells clearly plays a role in regulating gas-
trointestinal motility, and serotonin is released in response to cell membrane deformation
(i.e., during contraction). However, the release of serotonin in response to distension in
the small intestine is still controversial [70]. Serotonin release may be evoked by the con-
traction of smooth muscle rather than distension, as formerly thought [22,23]. Distension-
evoked peristalsis in either the small intestine or colon does not require the mucosa or
serotonin [71,72]. The depletion of serotonin in the enteric neurons of the colon did not
affect peristalsis [73]. This suggests, also, that the enterochromaffin release of serotonin is
not involved in distension-evoked peristalsis.

In contrast to the mucosa, the removal of the circular muscle, but not the longitudinal
muscle, prevents distension-evoked peristalsis [74]. Connection of the circular muscle
to the myenteric plexus is necessary for distension-evoked signaling [74,75]. Thus, the
mechanosensors that are responsible for mediating distension-evoked peristalsis most
likely reside in the circular smooth muscle and/or the myenteric plexus. However, the
molecule responsible for sensing distension is not known. Peizol channels have been
detected in nitrergic and cholinergic neurons of the myenteric plexus [42]. However, the
role of Piezol channels in distension-evoked peristalsis is unclear.
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4. Dysregulation of Mechanosensing Mechanisms in Gastrointestinal Diseases

Mechanotransduction mechanisms are involved in a number of gastrointestinal dis-
eases, including postoperative ileus, irritable bowel syndrome, ulcerative colitis and
Crohn’s disease [76], and functional dyspepsia [77]. Mechanotransduction may even
play a role in gastric tumorigenesis and metastasis, which involve Piezol channels [78,79].
Ileus occurs in trauma patients (up to 30% [80]), post-surgical patients (10-30% of ab-
dominal surgery patients [81]), and critical care patients (20-50% of intensive care unit
patients [82]), affecting a very large population of hospitalized patients. In the case of
ileus, overstimulation of normal physiological processes during distension of the bowel,
for instance, due to surgical manipulation, bowel trauma, or edema development during
trauma, may initiate the downstream processes that eventually result in the development of
ileus. While ileus eventually resolves in most patients, ileus can cause feeding intolerance,
necessitating intravenous nutrition, and resulting in increased infectious complications,
longer hospital and intensive care unit stays, and increased hospital readmission, all of
which increase patient care costs [80]. In contrast to ileus, inflammatory bowel syndrome
(IBS) may develop due to the dysregulation of mechanotransduction pathways. IBS is the
most common digestive disease, affecting 2-6% of the population worldwide (based on
the Rome IV criteria), and has considerable patient welfare and economic impacts [83].
Of note, despite the large number of publications focused on ileus and IBS, the drugs
to treat both of these diseases are relatively ineffective. Furthermore, dysregulation of
mechanotransductive pathways likely plays a role in other GI motility disorders, such
as gastroparesis. However, the role of mechanotransduction in these diseases is highly
under-investigated and, thus, very little information is available.

4.1. Ileus

Ileus is the slowing or cessation of intestinal motility. The animal models for ileus
include a gut manipulation model and a resuscitation-induced edema model [55,84,85]. In
both of these models, increased mechanical force in the small intestine, i.e., mechanical
pressure or increased stretch in response to the development of intestinal edema, results
in the inhibition of intestinal motility [85-89]. In fact, the strength of surgical trauma
correlates with the degree of postoperative intestinal dysmotility, indicating that ileus is at
least partially triggered by mechanosensors [55]. Interestingly, manipulation of one section
of the intestine inhibits intestinal motility in other areas of the GI tract, indicating that
systemic mechanisms also play a role [90].

Mechanotransduction in macrophages plays a significant role in the development of
ileus. Macrophages interact with both enteric neurons, interstitial cells of Cajal, and smooth
muscle cells to affect intestinal motility [91]. Intestinal manipulation activates resident
macrophages in the intestinal wall, which secrete proinflammatory mediators, resulting in
the recruitment of neutrophils; overall, the mechanically-induced inflammatory reaction
slows intestinal motility [92,93]. As part of a mechanically active organ, cells in the intesti-
nal wall regularly experience mechanical activity, such as cyclical stretch. Physiological
cyclical stretch does not induce inflammatory mediator release in macrophages. However,
pathological cyclical stretch, as the intestinal wall might experience during ileus or edema
development, induced the release of inflammatory mediators from macrophages, including
CXCL1 [56]. Mechanotransduction in intestinal smooth muscle cells also plays a role in
the development of ileus. Similar to macrophages, increased cyclical stretch of primary
intestinal smooth muscle cells, but not physiological cyclical stretch, increases p21-activated
kinase activity and CXCL1 secretion, which are associated with decreased intestinal motil-
ity [56,87]. Interestingly, CXCL1 is the first of a panel of cytokines that increased in the
media after the pathological stretch of activated THP-1 cells [56]. CXCL1 increased within
1 h of increased cyclical stretch, while IL-1(3 increased after 4 h of increased cyclical stretch.

Although mechanotransduction clearly plays a role in the development of ileus, the
mechanosensors involved in the development of ileus are not known. However, TRPV4
plays a significant role in mechanosensation in macrophages and enteric neurons [94]. The
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genetic deficiency of TRPM2, which is expressed in intestinal macrophages and enteric
neurons, prevents the development of ileus (gut manipulation model), suggesting that
TRPM2 channels may be involved in the mechanotransduction of ileus development [95].
Mechanotransduction plays a clear role in the development of ileus, and understanding
the mechanotransduction pathway(s), including the mechanosensors that trigger the de-
velopment of ileus, will facilitate the development of more effective drugs to prevent or
treat ileus.

4.2. Irritable Bowel Syndrome

While ileus can be thought of as an overstimulation of mechanosensitive pathways,
the dysregulation rather than overstimulation of mechanosensitive pathways may be
involved in the development of IBS. IBS is characterized by abdominal pain, bloating, and
altered bowel habits. Repeated distension of the colon in IBS patients causes increased
colonic motility compared with healthy individuals [96]. Furthermore, colonic distension
in IBS patients fails to inhibit small intestinal motility in IBS patients, suggesting that the
mechanotransduction pathways in patients with IBS are dysregulated [96]. In addition to
abnormal gastrointestinal motility, IBS is characterized by visceral hypersensitivity, which
is the altered sensation of physiological stimuli [97].

As discussed in Section 2.1.1, serotonin plays an important role in mechanotransduc-
tive mechanisms in the gastrointestinal tract. Serotonin and tryptophan hydroxylase are
reduced in the colonic mucosae of patients with IBS compared with the levels in healthy
individuals [98]. The levels of serotonin transporter, responsible for serotonin reuptake,
are also decreased in the colon of IBS patients [98]. An altered serotonin transporter is
associated with both diarrhea and constipation [99].

Visceral pain is a hallmark of IBS. IBS patients display enhanced responses to disten-
sion of the colorectum [100]. Mechanosensitive ion channels, including Piezo2, TRPV4,
TRPA1, and Nav channels, have been implicated in enhanced visceral pain in IBS [101].
Knockdown of Piezo2 channels increased visceral sensation [102]. The number of TRPV4-
expressing nerve fibers is significantly higher in IBS patients, and inhibition or knockdown
of TRPV4 reduces sensitivity to colorectal pain [103,104]. More nerve fibers expressing
Nav1.7 (sodium voltage-gated channel, encoded by SCN9A) were detected in patients with
idiopathic hypersensitivity than in healthy individuals, and blocking Nav1.8 prevented
mechanically induced hyperalgesia in patients [54,105]. Mutations in mechanosensitive
Nav1.5 channels (SCN5A), which are expressed in both smooth muscle cells and interstitial
cells of Cajal, are found in 2% of IBS patients [106]. The G615E mutation of SCN5A, which
encodes NAV1.5, induced the loss of mechanosensitivity [107].

5. Conclusions

Gastrointestinal function is highly dependent on sensing and responding to both phys-
iological and pathological mechanical cues. Virtually all cell types in the gastrointestinal
tract, including enteric neurons, enterochromatffin cells, smooth muscle cells, interstitial
cells of Cajal, and macrophages, rely on mechanotransduction for normal function. Thus, it
is not surprising that many gastrointestinal diseases, such as ileus and IBS, involve dys-
regulation or overstimulation of mechanical signals. Unfortunately, mechanotransduction,
especially the molecular mechanisms for mechanosensing, is poorly understood. Both ileus
and IBS lack effective treatments. Understanding the mechanotransduction mechanisms
involved in these diseases will facilitate the identification of new drug targets to effectively
treat these diseases.
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