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Abstract
The epithelial and non-epithelial cells of the intestinal wall experience a myriad of physical forces
including strain, shear, and villous motility during normal gut function. Pathologic conditions alter
these forces, leading to changes in the biology of these cells. The responses of intestinal epithelial
cells to forces vary with both the applied force and the extracellular matrix proteins with which the
cells interact, with differing effects on proliferation, differentiation, and motility, and the regulation
of these effects involves similar but distinctly different signal transduction mechanisms. Although
normal epithelial cells respond to mechanical forces, malignant gastrointestinal epithelial cells also
respond to forces, most notably by increased cell adhesion, a critical step in tumor metastasis. This
review will focus on the phenomenon of mechanical forces influencing cell biology and the
mechanisms by which the gut responds these forces in both the normal as well as pathophysiologic
states when forces are altered. Although more is known about epithelial responses to force,
information regarding mechanosensitivity of vascular, neural, and endocrine cells within the gut wall
will also be discussed, as will, the mechanism by which forces can regulate epithelial tumor cell
adhesion.

Keywords
strain; pressure; gastrointestinal; signaling; tensegrity; integrins

Introduction
During normal gut function the intestinal mucosal layer is subjected to numerous forces. For
instance, mucosal cells experience pressure and shear stress from interaction with relatively
non-compressible endoluminal chyme, cyclic strain associated with rhythmic villous motility
at the mucosal level, and further repetitive deformation engendered by peristaltic muscular
contraction and relaxation deeper within the bowel wall. Although it is difficult to isolate the
effects of mechanical forces on the gut in vivo from the other effects of the interventions
required to manipulate such forces, increasing in vitro evidence suggests that such forces may
substantially influence intestinal mucosal cell biology. This review will focus on the influence
of mechanical forces, including strain, shear, and pressure, on intestinal mucosal cell
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physiology in both the normal state and in pathophysiologic states where mechanical forces or
responses to such forces are altered such as ileus and malignancy.

Physical Forces in vivo
Macroscopic Forces

Numerous contractile activities occur in the bowel wall both in the circular and longitudinal
muscle layer. This leads to deformation of the bowel wall in a irregularly irregular rhythm
[1]. To ensure adequate and efficient digestion, absorption, and propulsion, a variety of
deformation patterns exist [2]. Peristalsis contractions of circular and longitudinal muscle are
highly synchronized and controlled to achieve the effects of the bowel [3]. Segmental
contractions and ring contractions of the small bowel have been described that serve largely a
propulsive function. These occur at frequencies of 7-20 per minute, with slower frequencies
tending to be toward the distal ileum and more rapid frequencies toward the duodenum [1,4].
Colonic frequencies tend to be lower, ranging from 2-13 per minute in humans [5].
Mathematical models have been proposed to simulate this complex process [6].

Peristaltic contractility of the intestinal tract induces deformation and pressure on the intestinal
mucosa. Measurements of nocturnal jejunal pressures in healthy volunteers revealed an average
pressure of 20 mmHg [7]. However, some pathologic conditions such as chronic inflammatory
states, intraluminal pressures are often elevated and can adversely affect gut physiology and
healing [8-10]. Luminal contents are generally non-compressible or minimally compressible
so contraction of the muscular layers results in mucosal compression in this setting as the
mucosa is squeezed between the contracting musculature and the non-compressible chyme
[11]. In the colon, chronically increased luminal pressures can eventually deform the mucosa
to the point of forming diverticulae [12]. The mucosa may come into physical contact with the
opposing mucosa during contraction, generating shear stress, compression, and other forces.
Even a large food bolus can aid in mucosal deformation as it passes through the intestines.
While dramatic deformation obviously occurs at natural sphincters, radiographic evidence
shows that it occurs throughout the bowel. Table 1 lists common forces seen by the intestinal
mucosa during normal function as well as in malignancies (discussed later).

Microscopic Forces
On a microscopic level, villous motility is noted throughout the small intestine and is an entirely
separate entity. Villous motility is a rhythmic extension and contraction of the intestinal villi
within the mucosa that varies in magnitude and frequency depending upon the specific location
within the bowel (duodenum to terminal ileum) and is regulated by many factors including
temperature, pH, and protein and glucose concentrations [13]. Individual villi contract 0-15
times per minute, in a frequency distribution gradient that decreases progressively from
duodenum to terminal ileum [13]. This motion is both rhythmic and regulated. Interestingly,
villous motility is stimulated by increases in lymphatic flow but not altered by changes in
arterial blood flow unless perfusion falls to levels at which tissue oxygenation drops [14]. Water
absorption and vagal stimuli also correlate with increased villus motility [15].

Effects of Altered Physical Forces
Clearly, the regulation of mucosal deformation is very complex at both the macroscopic and
microscopic levels and responds to both neurohumoral and luminal factors. Derangements in
these complex processes result in a myriad of motility disorders [16] and pathophysiologic
changes. Indeed, jejunal luminal pressures in irritable bowel syndrome can reach 50 mmHg
[10]. Bowel wall edema after surgical procedures [17] or inflammation and injury from bowel
diseases such as Crohn's disease [18] can further increase pressure within the bowel lumen and
lead to motility derangements. Intestinal mucosa from patients with inflammatory bowel
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disease displays mucosal atrophy on histologic sections [19]. In states of ileus, prolonged
fasting, or sepsis, the mucosa becomes atrophic as well. Normal gut forces are altered and
aberrant, with peristaltic contractions sometimes absent completely [20], which could
contribute to pathology. As the mucosa becomes atrophic, the villi shorten [21] while the
luminal contents change in volume, concentration, and density. Ultimately, barrier function
deteriorates [22,23]. Eventually, albumin levels will fall resulting in bowel wall edema and
increased interstitial pressure as well [24]. Chronic inflammatory bowel disease can increase
colonic blood flow two to six-fold leading to increased capillary pressures [25] and
subsequently increased interstitial pressures as well.

As the mucosa becomes atrophic, expression of brush border digestive enzymes tends to
decrease [23]. Interestingly, during fasting states, some reports suggest a relative preservation
of intestinal alkaline phosphatase while other brush border enzymes atrophy [26,27]. It is
interesting in this regard that intestinal epithelial cells subjected to repetitive mechanical strain
show an increase in the specific activity of dipeptidyl dipeptidase (DPDD) while alkaline
phosphatase specific activity is relatively reduced [28], consistent with the hypothesis that the
increased repetitive deformation engendered by feeding may stimulate intestinal epithelial
expression of DPDD and other brush border enzymes while affecting alkaline phosphatase
expression differently [26]. It is clear that the motile intestinal epithelial cell is characterized
by a distinct phenotype that is different from the static cell in terms of morphology, brush
border enzyme expression, and cell signaling [29]. Malignant gut epithelial cells also respond
to alterations in mechanical forces [30]; this will be discussed later in this review.

Evidence of mechanical forces influencing gut epithelium
The extracellular matrix with which intestinal epithelial cells may interact in vivo represents a
complex gel of proteins and glycoproteins [31]. Normally, intestinal epithelial cells are
anchored to the basement membrane which is predominantly composed of type IV collagen,
laminin, some fibronectin, and heparin sulfate proteoglycans during normal function. The
interstitial matrix, lying below the basement membrane, contains types I and III collagen and
fibronectin but is only exposed to epithelial cells during periods of inflammation, wounding,
or malignant invasion. The strain response to intestinal epithelial cells is matrix-dependent.
While cells grown on collagen I, collagen IV, and laminin all behave similarly [32], the levels
of fibronectin, which change in vivo with levels of inflammation, [33] lead to an entirely
different response.

Cell Proliferation
Cell proliferation is stimulated by increasing stretch in vivo in pig jejunum [34]. In vitro strain
stimulates cellular proliferation and differentiation in intestinal epithelial cells [28] and non-
transformed primary human intestinal epithelial cells derived from surgical specimens [32].
Under normal circumstances, the small bowel derives most of its caloric needs from enteral
glutamine, suggesting that glutamine could be at least a conditional nutritional requirement for
the small bowel mucosa, and glutamine stimulates intestinal epithelial proliferation in vitro
[35,36]. However, glutamine supplementation into parenteral nutrition has on its own only
been marginally successful at preventing gut mucosal atrophy in human [21]. Interestingly, the
stimulation of intestinal epithelial proliferation by repetitive deformation is synergistic with
that by glutamine in vitro, suggesting that parenteral glutamine may not be as effective in the
absence of the increased intestinal epithelial deformation associated with enteral feeding
[37].

The proliferative effects of strain are amplitude specific, with a greater effect seen as amplitude
is increased, and frequency-dependent, responding optimally to 10-20 cycles per minute of
strain. Interestingly, repetitive responses to strain in other cell types also appear to be
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frequency-specific. Vascular endothelial cells [38] and vascular smooth muscle cells [39]
respond to frequencies of 60-90 cycles per minute, similar in frequency to an expected normal
human heart rate. In contrast, osteoblasts respond best to significantly lower frequencies, on
the order of 1-6 cycles per minute [40]. This is more similar in frequency to voluntary skeletal
muscle movements. Pulmonary airway cells respond to a range of frequencies from 20-30
cycles per minute in some in vitro studies [41,42] while 10 cycles per minute has been used to
investigate lung parenchyma in vivo [43]. The physiologic respiratory rate varies with age and
can be elevated in pathologic conditions or mechanical ventilation which may explain the
response to a rather large range of frequencies. Clearly mechanical stimuli are specific in both
magnitude and frequency.

Signaling in the proliferative pathway
Recent studies have elucidated some of the signaling pathways that mediate the stimulation of
intestinal epithelial proliferation by cyclic strain. Protein kinase C (PKC) and tyrosine kinase
are activated in response to strain while blocking this kinases prevents the effect [44]. The
cellular distribution of PKC involves the translocation of either the α or ζ isozymes [45].
Activation of tyrosine kinase under strain stimulation has been confirmed in vivo in rat intestine
terminal ileum and colon [46]. The mitogen-activated protein kinase (MAPK) ERK is a key
downstream mediator of the mitogenic effect of strain [47], and this molecule is stimulated by
integrin-mediated cell adhesion [48]. In addition, the mitogenic effects require the activation
of focal adhesion complex (FAK), which is in turn activated by integrin signaling when cell
membrane integrins interact with extracellular matrix or other ligands [49]. Blocking FAK by
a dominant negative construct prevents MAPK activation, so FAK is upstream of the MAPK.
Although p38 and jnk are also activated by strain in intestinal epithelial cells, p38 blockade
does not prevent proliferation [47], and the potential role of jnk in mediating the mitogenic
effects of strain has not yet been evaluated in enterocytes. The pathway leading from FAK and
ERK activation to the stimulation of proliferation involves Src, which modulates FAK,
although a Src-independent FAK-dependent pathway also exists [50]. Blockade of α-actinin-1,
which links the cytoskeletal structure to the focal adhesion proteins, prevents FAK and ERK
activation but not that of Src [51] suggesting cytoskeletal mechanotransduction mediates some,
although not all strain-induced intracellular signaling. Interestingly, cell stretch seems to trigger
ongoing physical events in cell signaling via cytoskeletal rearrangements in both a mechanical
and fluid manner [52]. More downstream, PI3K activation from upstream Src activation results
in downstream involvement of not only ERK but also the specific Akt isoform Akt2 (but not
Akt1). These molecules seem to coalesce on glycogen synthase kinase (GSK) to stimulate
proliferation [53]. One potential pathway that explains these observations is summarized in
figure 1.

Matrix Interactions
Cells in the intestinal mucosa are attached to and, thus, interact with an extracellular matrix
that is subject to change with various conditions. Indeed, the matrix varies from villous tip to
the base of the crypts [54]. Cell-matrix interactions may profoundly affect the stimulation of
intestinal cell proliferation by strain. Cyclic strain stimulates intestinal epithelial cell
proliferation similarly whether they are plated on a matrix of collagen I, collagen IV, or laminin,
or plated on a substrate precoated with antibody to the collagen-binding integrin subunits α2
and β1 or the laminin-binding α6 subunit [47], suggesting integrin involvement. However,
intestinal epithelial cells plated on a fibronectin matrix or on a substrate of functional antibody
to the α5 or αv integrin subunits, which are involved in cell-fibronectin interaction, display no
mitogenic effect in response to cyclic strain. Furthermore, adding tissue fibronectin to a
collagen matrix or adding plasma fibronectin to the media also inhibits the mitogenic effect of
strain in such experiments. Interestingly, the MAPK activated by strain on collagen is not
activated in subconfluent proliferating cell growing on a fibronectin matrix. These studies were
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done primarily on Caco-2 cells though primary non-malignant human intestinal epithelial cells
display similar responses. Fibronectin-specific subunits α5 or αv seem to mediate the
fibronectin interaction via integrin heterodimers which turns off the mitogenic response to
mechanical forces [32].

Cell Migration
From a teleological point of view, one might question why a system would evolve in which
acute inflammation or illness turns off the mitogenic effect of repetitive strain on the intestinal
epithelium? One might speculate that the cellular resources in such settings that normally
support differentiation and proliferation may be required for epithelial cell motility and wound
healing to maintain the gut mucosal barrier. The epithelial lining of the GI tract is constantly
wounded during normal gut function and must be repaired regularly [55]. Cell migration is
required for healing of wounds and requires the cell to interact with matrix proteins via integrins
both at the trailing and leading edge of the cell [56]. Interestingly, fibronectin is an acute phase
reactant and plasma fibronectin levels increase along with tissue deposition during times of
inflammation such as occurs in IBD [57,58] or severe illness such as sepsis [59]. When a
mucosal injury occurs, gut epithelial cells are exposed to pre-existing fibronectin in the
interstitial matrix, and tissue fibronectin deposition increases in larger or more chronic wounds.
Fibronectin further is deposited into the tissues in chronic inflammatory states such as Crohn's
disease [57] while septic states increase plasma fibronectin in vivo [60]. Failure of the gut
mucosal barrier is a key element in the pathogenesis of such disease states as mucosal injury
is increased with failure of restitution and bacterial translocation ensues [61,62]. These states
also will alter gut motility as alluded to earlier. Consistent with this hypothesis, repetitive
deformation stimulates intestinal epithelial monolayer wound closure across fibronectin
substrates, despite the slight inhibition of proliferation that such deformation induces. This
contrasts with observations on collagen substrates where deformation stimulates proliferation
but inhibits cell motility [33].

Signaling in the migratory pathway
The pathway regulating strain-induced migration on fibronectin has some similarities to that
regulating strain-induced cell proliferation on a collagen substrate. For instance, the MAPK
ERK, FAK, and Src are all involved in both effects. However, several key differences are
apparent. ERK is activated at the cell membrane in response to strain on a fibronectin matrix
but not on a collagen matrix [33]. Interestingly, reducing FAK or inhibiting ERK may inhibit
epithelial wound closure in vitro [33,63] while the distribution of activated ERK
immunoreactivity is each markedly abnormal at the edge of mucosal ulcers in Smad-3 knockout
mice in which ulcer healing is also delayed [64]. Furthermore, a Src-independent FAK pathway
involved Tyr-925 phosphorylation and eventual stimulation of ERK while Src and other FAK-
binding site, including Tyr 397 and 576/577, control migration via another pathway [63]. The
mitogenic pathway involves Src-independent FAK Tyr-397 activation and Src-dependent FAK
Tyr-576 activation [50], though Tyr-925 has not been examined in proliferation. Interestingly,
FAK Tyr-925 phosphorylation is generally viewed as a Src substrate though in response to
strain it is Src-independent. This Src-independent arm of the pathway involves the eventual
activation of PI3K and AKT. Although AKT is involved in both the mitogenic pathway on
collagen and the motogenic pathway on fibronectin, the role of specific AKT isoforms differs
in each pathway. While the mitogenic pathway stimulated by cyclic strain on non-fibronectin
substrates involves the Akt2 but not the Akt1 isoform [53], there appears to be no Akt isoform
specificity involved in the motogenic response on fibronectin, though GSK phosphorylation
is required in both. Finally, p38 and GSK are downstream effectors in the motogenic pathway
in preliminary studies, although they do not lie in parallel [65] while the mitogenic response
does not require p38 activation at all. Myosin light-chain and its phosphorylating kinase myosin
light chain kinase also appear involved in strain-induced cell migration as motility is more than
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simple cell spreading which does not result in net movement [66]. Although this has not been
investigated, one would not expect a role for myosin light chain in the stimulation of
proliferation by repetitive deformation. Figure 2 presents a hypothesized pathway that would
be consistent with these published observations. It would appear then that repetitive
deformation is an important trophic factor for intestinal epithelial cells that promote either a
proliferative and differentiated phenotype or a migratory phenotype depending upon levels of
plasma and tissue fibronectin. This divergent response pattern may be an important mechanism
by which the intestinal epithelium perceives and adapts to healthy or pathophysiologic states.

Mechanical force effects on other gut cells
Non-epithelial Cells in the Mucosa

The intestinal mucosa includes cell types other than epithelial cells and these may also be
important in how the gut responds to mechanical stimuli. Enterochromaffin (EC) cells,
specialized endocrine cells of the GI tract, are sparsely dispersed in the intestinal epithelium
and release 5-hydroxytryptamine (5-HT). 5-HT critically influences gut function by binding
to a specific receptor on enteric afferent neurons and thus regulating intestinal motility, blood
flow, and secretion [67]. In vivo, serotonin release from guinea pig ileum and other models
have been stimulated by intestinal smooth muscle contraction and other mechanical [68,69].
Serotonin then relays messages to the brain regarding sensory information about the bowel
lumen. The mechanism of this phenomenon is not entirely elucidated though in vitro studies
suggest the involvement of G-protein-coupled receptors and intracellular calcium mobilization
in human carcinoid BON cells, used as a model for EC cells [70]. The details of the further
intracellular signaling that mediate this effect await elucidation. Vascular endothelial and
smooth muscle cells also exist in the bowel wall, lining the vessels that perfuse the tissue.
Although these cells must also experience the forces engendered by bowel motility and
peristalsis, it seems likely that their responses to such forces is more limited and dominated by
their responses to hemodynamic forces since vascular endothelial and smooth muscle cells
respond less to the relatively slow frequencies engendered by gut function than by the to much
higher frequencies caused by cardiac pulsation as mentioned earlier [71,72]. Inflammatory
cells are also resident within the mucosa and further recruited during pathological states. In
such states, pressure and shear stimulate monocyte adhesion to endovascular cells via
activation of β1-integrins resulting in fibronectin and adhesion-molecule attachment [73].
Macrophages also respond to pressure by increased phagocytosis and modulation of cytokine
release in a complex fashion [74]. In contrast to strain-mediated intestinal epithelial changes,
which are mediated by FAK and ERK activation, the effects of pressure on macrophages seem
due in part to FAK and ERK inhibition and p38 activation [75,76]. However, similar to strain-
induced mitogenesis, PI3K and Akt-2 but not other Akt isoforms, regulate this effect [77].
Table 2 lists some mechanosensitive cell types within the gut wall.

Beyond the Gut Mucosa
Outside the mucosa, the muscular layers of the bowel wall are dominated by intestinal smooth
muscle and nerve cells, which are exposed to similar mechanical forces. Although the
intracellular signaling events that mediate the responses of these cells to mechanical forces
have not been studied in as much detail, it is clear that they are also mechanosensitive. Colonic
stretch results in an activation of polarized intrinsic neural reflexes in the colon by activating
both ascending and descending interneurons, of which the descending inhibitory reflex
dominates. This descending inhibitory reflex slows colonic emptying [78], at least in part due
to nitric oxide release from descending neurons stimulated by colonic elongation [79].
Numerous classes of mechanosensory spinal afferents nerves have been described in mouse
colon, each tuned to a distinct mechanical stimulus, leading some researchers to suggest that
the diversity of mechanosensitive properties within the colon is similar to that innervating the
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skin [80]. Furthermore, the regulation seems to be specific enough to allow different signaling
between the longitudinal and smooth muscle layer of the GI tract [81]. These effects become
abnormal in some human disease processes. For instance, pathologic conditions with chronic
ileal inflammation, as might occur in Crohn's disease, are characterized by increased thresholds
for discomfort and greatly diminished systemic autonomic reflex responses [82]. Patients with
inflammatory bowel disease and irritable bowel syndrome display altered rectal visceral
perception which correlated with diminished perception thresholds [83]. Although the
mechanisms for these aberrations are not fully understood, studies suggest that the primary
abnormality may take place at the level of the mechanoreceptor, which may become sensitized
by repeated inflammatory processes [84]. A more complete understanding of these complex
interactions is required to eventually combat these pathologies.

Mechanical forces in gastrointestinal malignancy
Just as the normal mucosa experiences and responds to mechanical forces, so, too, does
abnormal mucosa that has undergone malignant transformation. Colon cancer cells experience
a variety of physical forces. Pressure can come not only from the bowel itself but also from
external sources. During laparoscopic surgery, the abdomen is insufflated with gas to a pressure
of approximately 15 mmHg above ambient, and some studies suggest that the pressure
associated with pneumoperitoneum may play a role in tumor dissemination [85]. Whether via
laparoscopic or more classical open surgical procedures, direct surgical manipulation of the
tumor results in periods of increased pressure. Following an operation on the intestine, the
bowel wall takes up fluid and becomes very edematous, a process known as “third-
spacing” [24]. During this edematous phase, intraabdominal pressure increases as the bowel
swells against the relatively non-distensible abdominal wall, yielding pressures as high as
15-40 mmHg above normal for a period of days [86,87]. Although the primary tumor has been
removed at this point, such pressures may affect residual unresected tumor or cancer cells that
have been shed into the peritoneal cavity during the surgical procedure. Such shed cancer cells
may correlate adversely with prognosis [88]. Cancer cells are subject to physical forces even
outside the perioperative period. Rapidly growing tumors expand against a constraining stroma
leading to increased interstitial pressure within the tumor itself, which may stimulate tumor
proliferation depending upon the specific tumor type [89]. Increased proliferative states have
also been observed in vivo [90]. In fact, some cancer treatments function by specifically
decreasing interstitial pressure [91]. Metastasizing tumor cells also experience shear and
pressure forces as they pass through lymphatics and the vasculature of the host. Thus, tumor
cells are exposed to diverse forces in a variety of settings that may influence their phenotype.

Types of Cellular Responses to Mechanical Forces
Indeed, mechanical forces may influence a wide variety of epithelial cancers including colon
cancers, stimulating a novel pathway by which malignant cells regulate their own adhesion
[9]. Colorectal tumor cells from patients who have relapsed show increased cell adhesion to
test monolayers in vitro versus cells from patients who were non-relapsing, suggesting a
correlation between cancer invasion and adhesiveness [92]. Adhesion is a critical first step in
the process of cancer metastasis, and increased adhesive ability or the expression of specific
integrin adhesion receptors correlates with prognosis, malignant transformation, and
dissemination [93,94]. Indeed, pressure stimulates the adhesion of cancer cells in vitro from a
variety of epithelial tumor types including colon cell lines, primary human colon tumor cells,
head and neck squamous cancer cells, and breast adenocarcinoma [9,95-97]. Laminar and non-
laminar shear stress seems similar to activate similar intracellular signals and exert similar
biologic effects as pressure [30,98].
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Cell Adhesion and Integrins
Cancer cell adhesion is a complex process. Most, although not all, epithelial cancer cell
adhesion is mediated by integrins, heterodimeric cell surface proteins by which cells bind to
matrix proteins [99]. The stimulation of adhesion by increased extracellular pressure appears
mediated primarily by β1-integrin heterodimers since a functional antibody to the β1-integrin
subunit blocks the effect [9]. Many integrins possess an extracellular divalent cation binding
site which modulates integrin binding affinity. Both in vitro [100] and in vivo [101] data has
shown that while magnesium stimulates colon tumor cell adhesion, calcium inhibits this effect.
However, the stimulation of adhesion by extracellular pressure occurs independently of
divalent cations [102], suggesting that while the cations modulate integrin binding affinity
from outside the cell, pressure stimulates integrin-mediated adhesion by a different mechanism
within the cell. Integrins clearly play a role in this phenomenon. β1-integrin subunit T788/9
phosphorylation is stimulated in response to increased extracellular pressure, causing a
conformational change that exposes the extracellular matrix-binding epitope and increases
adhesive potential [103]. Evidence that β1-integrin T788/9 phosphorylation is stimulated in
suspended cells in the absence of ligand, in addition to data showing that intracellular signals
translocate to the membrane and interact with β1-integrins to alter its binding affinity [95],
supports the idea of “inside-out” signaling, in which intracellular signals modulate how the
cell interacts with its environment.

Molecular pathways involved
This phenomenon of integrin-mediated adhesion is regulated in part via FAK and Src, similar
to strain stimuli within non-malignant gut epithelial cells. However, unlike the gut mucosal
response to strain, PKC and ERK are not involved in the stimulation of malignant cell adhesion
by pressure [9,102]. Tumor cells activated by pressure prior to experimentation adhere more
readily to surgical wounds in mice, and in a Src-dependent and cytoskeletal-dependent manner
[104]. Other forces such as shear and turbulence also activate tumor cells similarly in a Src-
dependent fashion [30,105]. The activation of FAK via shear similarly stimulates the adhesion
of tumor cells within sinusoids [98]. PI3K and Akt are other key molecules involved in
pressure-stimulated adhesion. While Src interacts with FAK at the tyrosine 576/577 residue,
PI3K interacts with FAK at its tyrosine 397 residue, leading to Akt-1 activation and
translocation of FAK and AKT to the membrane, ultimately activating integrins as described
above [95]. Furthermore, the phosphorylation of β1-integrin at T788/9 discussed earlier
requires activation of α-actinin, FAK, Src, and PI3K [103]. Pharmacologic manipulation of
the cytoskeleton prevents pressure stimulation of adhesion [106], and both pressure-stimulated
signaling in cancer cells and strain-stimulated signaling in non-malignant epithelial cells are
ablated by cytoskeletal manipulation [51] suggesting that the cytoskeleton plays a large role
in this phenomenon, perhaps as a primary mechanosensor. Ingber has suggested that the
cytoskeleton functions as a tensegrity structure that may sense and respond to physical forces
by altering its physical conformation, perhaps thereby also altering the conformation of more
conventional signaling molecules to which the cytoskeleton attaches within focal adhesions
[107]. The adapter protein paxillin, which facilitates focal adhesion assembly and linkage to
the cytoskeleton, is phosphorylated in response to pressure, in a cytoskeletally dependent
fashion [96,108]. Colchicine, which disrupts microtubule dynamics by irreversibly binding to
tubulin dimmers and preventing microtubule polymerization [109], blocks this effect. Figure
3 summarizes what is currently known about the pathway involved in cell adhesion stimulated
by pressure.

Mitogenic Effects on Cancer Cells
In addition to stimulating cancer cell adhesion, pressure also stimulates the proliferation of
colon cancer cells in vitro [110]. Interestingly, although cancer cell adhesion may be stimulated
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by an exposure to increased pressure as short as one minute [103], the mitogenic effects of
pressure require exposure to durations of pressure exceeding four hours. The mitogenic effects
of pressure in malignant epithelial cells also differ from the mitogenic effects of strain in non-
malignant intestinal epithelial cells. For instance, although the strain effect is inhibited by
fibronectin [32], the stimulation of cancer cell proliferation by pressure is matrix-independent.
Finally, although ERK, p38, Src, and PKC are each activated by pressure, just as they are in
response to strain, specifically preventing Src or MAPK activitiy does not prevent the pressure
effect, which is inhibited only by PKC or global tyrosine kinase blockade [110]. This difference
in pathways between proliferation and adhesion may offer targets to intervene in cancer
progression on multiple levels.

In vivo evidence for intestinal responsiveness to physical forces
Strain and GI Mucosa

In vitro data clearly suggests the involvement of physical forces on cell biology in both the
normal and pathologic states, but does experimental in vivo work validate this concept? It is
obviously difficult to manipulate physical forces within the gut mucosa in vivo without
affecting a host of other neurohumoral factors. However, studies performed so far support the
paradigm. Non-malignant rat intestine subjected to rhythmic distension with isotonic balanced
polyethylene glycol and electrolyte solution displays a time-dependent increase in mucosal
tyrosine kinase activity within ten minutes, both in the small bowel and colon [46]. When pig
jejunum is stretched over a period of days, epithelial growth and proliferation are induced,
while the mucosal barrier and absorptive functions are maintained. The architecture of the
epithelium does change, but this occurs proportionally with a decrease in villus height offset
by an increase in crypt depth [34]. Partially obstructed Roux-en-Y anastomoses have been
created in mice, leading to a proximal partially obstructed limb in continuity with gut peristalsis
and nutrient flow, a partially obstructed defunctional bowel limb disconnected from the
proximal peristaltic pacemaker and without luminal flow, and a distal collapsed bowel limb.
Luminal pressure is increased in the proximal and defunctionalized limbs and decreased
distally. In these studies, mucosal proliferation was increased similarly in both the proximal
and defunctionalized limbs while mucosal wounds healed more slowly in both of these limbs
in comparison to the distal low pressure low strain bowel, suggesting that strain and pressure
can together influence cell responses [111]. Although this model is complex and it is difficult
to dissect the relative contributions of strain versus pressure here, such observations again
suggest that physical forces can modulate non-malignant intestinal epithelial biology in vivo.

Pressure and GI Cancer
The in vitro observation that cancer cell adhesion is stimulated by pressure has been validated
in vivo as well. When murine transplantable tumor cells are preincubated under increased
pressure conditions, cell adhesion to murine wounds is increased [104]. However, when α-
actinin is blocked in pressure-exposed cancer cells, subsequent adhesion to murine surgical
wounds is impaired. Even more importantly, pressure activation of tumor cells allowed to
adhere to murine surgical wounds substantially impairs subsequent tumor-free survival, and
this effect is eliminated if α-actinin (which participates in cytoskeletal-focal adhesion linkage)
is blocked in pressure-treated cells, suggesting that α-actinin may be a reasonable target to
reduce the activation of tumor cell adhesion by physical forces [112]. Pressure-stimulated
adhesion is also decreased and tumor-free survival is increased if either the treating cancer
cells or the donor mice are treated with colchicines to disrupt microtubule organization [113].
Increased pressure also potentiates peritoneal metastasis and this effect is also prevented by
colchicine [113]. Thus, pressure stimulation seems to have a real effect on tumor biology in
vivo, and modulation of the cytoskeleton is a critical upstream mechanosensor in these effects.
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Summary
Intestinal cells are subjected to a wide variety of mechanical forces in both normal function
and pathophysiologic states. Such forces play a major role in cell biology and, interacting with
other stimuli including neurohumoral and matrix input, markedly influence cell phenotype.
These forces are often altered in pathologic conditions that adversely impact cell biology,
sometimes to the detriment of the organism. A more complete understanding of the pathways
governing these complex processes is required in order to attempt therapeutic manipulation
and potentially improve such pathologic conditions. The cytoskeleton is likely to play an
important role in all of these effects, by serving as a primary mechanosensor, becoming
distorted as external forces compress the cell. These pathways offer a possible series of
reasonable targets for pharmacologic intervention into non-malignant and malignant disease
states.
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Fig 1.
One possible pathway which regulates cell proliferation in response to strain on collagen. After
PI3K is activated downstream in a Src-dependent fashion, the pathway diverges, and then re-
converges on GSK. FAK, focal adhesion kinase; ERK, extracellular-related kinase; GSK,
glycogen synthase kinase.
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Fig 2.
One possible pathway which regulates cell migration in response to strain on fibronectin. PI3K
is phosphorylated in a Src-dependent manner that also requires Src-independnet
phosphorylation of FAK at tyrosine-925. Although three arms of the pathway are depicted, all
three are required for strain-induced migration. FAK, focal adhesion kinase; ERK,
extracellular-related kinase; GSK, glycogen synthase kinase; MLC, myosin light-chain kinase.
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Fig 3.
One possible pathway in which pressure regulates cellular adhesion. The cytoskeleton plays a
key role in transducing many of the relevant signals, but Src is activated independently of the
cytoskeleton. Akt1 seems to aid in keeping FAK phosphorylated at the focal adhesion, though
its role is complex and not completely understood. FAK, focal adhesion kinase; ILK, integrin-
linked kinase.
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Table 1
Forces experienced by the intestinal mucosa during normal function and in malignant states.

Normal gut function Malignancy

Peristalsis Intraabdominal pressure

Shear from endoluminal chyme Interstitial pressure

Interaction with luminal contents Bowel wall edema

Villous motility Shear from vascular/lymphatic transit

Remodeling activity Pneumoperitoneum
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Table 2
Examples of cells in the gut wall that responds to mechanical force

Mechanosensitive cells in the gut

Mucosa (epithelial cells)

Vascular endothelial cells

Vascular smooth muscle cells

Enterochromaffin (EC) cells

Interstitial cells of Cajal

Neurons - afferent, efferent, plexi (Auerbach's)
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