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Novel strategies are needed to address the problem of patients with short bowel syndrome. We previously
demonstrated a three-fold lengthening of pig bowel after 2 weeks of applied distractive forces, but we have not
elucidated the mechanisms facilitating this growth. We used a mouse model of distraction-induced en-
terogenesis. High molecular weight polyethylene glycol (PEG) osmotically stretched an isolated small bowel
segment (PEG-stretch). Significant increases in villus height and crypt depth and in intestinal epithelial cell
length and numbers suggested epithelial remodeling in addition to proliferation during enterogenesis. LC-MS/
MS analysis showed a two-fold upregulation of a-actinin-1 and -4. We also demonstrated that p-focal adhesion
kinase (FAK), FAK, a-actinin, and Rac1 were significantly upregulated and that F-actin was relocalized in PEG-
stretch versus controls. Blockade of the phosphotidyl inositol 3¢ kinase pathway failed to influence the increase in
proliferation or decline in apoptosis after stretch, suggesting alternative signaling pathways are used, including
MEK and P38MAPK, which were both upregulated during enterogenesis. Our data suggests that several known
mechanotransduction pathways drive distraction-induced enterogenesis.

Introduction

Short bowel syndrome (SBS) is the loss of significant
small intestine length resulting in an inability to enterally

absorb sufficient nutrients and electrolytes essential for sur-
vival. SBS has an incidence of 3–5 per 100,000 births per year1

and is associated with significant complications and a re-
duced quality of life.2 Patient outcomes have been linked to
the length of remaining small intestine3; therefore, surgical
procedures have been developed to increase bowel length.4–6

However, the success of these procedures has been limited
by surgical complications and reliance on dilated, dysfunc-
tional bowel.7 Small bowel transplantation, while a potential
option, has limited success as well, with graft failure and
rejection approaching 55% at 5 years.8 To date, many patients
with SBS rely on supplemental or total parenteral nutrition
(TPN). However, TPN, or complete reliance on parenteral
nutrition without feeding, has several complications, such as
metabolic derangements, catheter-related morbidity, and
sepsis.2,3 Thus, new treatments for SBS are needed.

Successful small intestine elongation has been described
using linearly-directed distractive mechanical forces, termed
distraction-induced enterogenesis.9–11 Previously, we dem-
onstrated a 2.7-fold increase in bowel length over 10 days

using an implanted hydraulic piston device in a pig model.12

Physiologic function was retained in the lengthened gut after
reimplantation, including motility, epithelial barrier func-
tion, mucosal disaccharidase levels, and electrophysiologic
measures.13 Further, reimplantation of the bowel into normal
intestinal continuity demonstrated preservation of length-
ening.13,14 As this technique continues to be developed for
clinical application in treating SBS, the mechanisms by
which distraction-induced enterogenesis occur are unknown.
Potentially understanding these mechanisms may lead to
modalities to optimize this potential approach to SBS.

To best determine the mechanisms of action, we have
developed a mouse model of distraction-induced en-
terogenesis. Previously we determined that the use of high
molecular weight polyethylene glycol (PEG) instilled into
the isolated small bowel led to osmotic movement of water
into the lumen, accomplishing enterogenesis associated
with an increase in cell proliferation compared to con-
trols.15 We used this mouse model to perform biased and
unbiased investigative approaches to identify mechanistic
pathways involved in distraction-induced enterogenesis.
Our study demonstrates novel insights into the mecha-
nisms and signaling pathways that are utilized during
enterogenesis.
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Materials and Methods

All animal experiments were conducted with approval
from the University of Michigan Committee on the Use and
Care of Animals (protocol number 07703/03986).

Animals

Specific pathogen-free, male, 10–12-week old C57BL/6J
( Jackson Laboratory) mice were used with body weight be-
ing > 22.0 g. We also used a unique phosphotidyl inositol 3¢
kinase (PI3K) knockout mouse which lacked the p85 subunit
within the intestinal epithelium, using a Cre/Villin trans-
genic strain (kindly provided by V. Cohran).16 A minimum
of nine wildtype mice and/or three p85 Villin-knock-out
(KO) mice were studied per group. Mice were maintained in
a 12 h day/night rhythm at 23�C and a relative humidity of
40%–60%. Animals were fed standard rodent chow (LabDiet
5001 Rodent Diet; PMI Nutrition International, LLC) ad libi-
tum. Forty eight hours before surgery chow was changed to
microstabilized rodent liquid diet (TestDiet) to avoid post-
operative obstruction from solid chow, while providing
matched nutritional delivery.

Surgical method

Anesthesia was induced by inhalational administration
of 5% isoflurane and maintained by inhalational admin-
istration of 2% isoflurane. The abdomen was shaved and
prepared with alcohol. A 2 cm midline incision (as small as
possible) was made, and the ligament of Treitz was iden-
tified. For the PEG-stretch group, a well-vascularized
segment (including at least two mesenteric arteries), 5 cm
distal to the ligament of Treitz, was isolated on its mes-
enteric pedicle. The mean length was *3.0 cm. PEG

(Merck, PEG: 3350kDa; 350 mL) was gently injected into the
isolated segment of small intestine, using silastic labora-
tory tubing (ID: 0.64 mm, OD: 1.19 mm; Instech Labora-
tories, Inc.) that was inserted inside the lumen of the
isolated segment. After PEG injection, the catheter was
gradually removed and the distal side was closed using a
6-0 silk sutures. The isolated segment was returned to the
abdomen. Intestinal continuity was then reestablished by
anastomosing proximal and distal jejunum in an end-to-
end fashion with interrupted sutures (9-0 nylon). A similar
approach was used for the control group; however, no
injection was performed. In our previous work,15 we
found that injected saline was rapidly absorbed into the
control segment, with no distension observed within
postoperative days 3 and 5. Based on these earlier findings,
we felt that any control injection would not influence the
control group, and therefore, saline was not used in the
control group for this study. 1.5 mL of 0.9% saline solution
was injected to the peritoneal cavity before closing. Peri-
toneum and skin were closed using 4-0 polyglactin sutures
(Fig. 1).

Mice were given microstabilized rodent liquid diet and 5%
dextrose water postoperatively ad libitum. Mice were eu-
thanized on postoperative day 5. Morphological changes
(length and diameter) were recorded from the distended
intestinal segments and a segment of normal intestine at the
time of harvest.

Two 0.5 cm segments from the distended intestine were
excised and placed into 10% formaldehyde. These seg-
ments were processed in paraffin, sectioned transversely,
(5 mm) and stained with hematoxylin and eosin or immu-
nofluorescence staining (IF). The remaining segment was
immediately processed for real-time (RT)-PCR and protein
analysis.17

FIG. 1. Mouse model of
distraction-induced en-
terogenesis. (A) After the
small intestine was brought
out of the peritoneum, a 2.5–
3.0 cm segment of small bo-
wel was isolated. (B) The
catheter was then inserted
into the isolated segment and
350 mL of polyethylene glycol
(PEG) was injected thorough
the catheter. Then the cathe-
ter was removed and the end
sutured closed. (C) Based on
osmotic forces, the PEG
pulled abdominal fluid into
the intestinal lumen (Black
arrows). The red arrows in-
dicate the distractive force
forward to intestinal wall. (D)
Final image of the stretched
segment after the PEG injec-
tion at the time of surgery.
Color images available online
at www.liebertpub.com/tea
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Real-time PCR

Scraped intestinal mucosal tissue was placed into TRIzol
(Invitrogen) and homogenized. cDNA was purified and
processed as previously described.17 All primers were de-
signed on primer-BLAST website. Focal adhesion kinase
(FAK), Talin1, Paxillin, Rac1, RhoA, and Vinculin, were ex-
amined. RT-PCR was performed using a Rotor-Gene 6000
(Corbett Life Science), and 18S RNA was used as an internal
control for normalization. Fold changes of target genes were
calculated using comparative quantification to 18S RNA.
Primer sequences are

FAK: forward, 5-CTATCAACAGGTGAAGAGTGAC-3,
and reverse, 3-CTTGACAGAATCCAGTAAACTC-5.

Rho A: forward, 5-AGCGTCTAGCTCTCAGGGCGT-3,
and reverse, 3-ACGCGCGCACACTCTCAGT-5.

Paxillin: forward, 5-TCCGCAGCGAGTCACCTCCA-3,
and reverse, 3-TCCCTGGGCCATGAACTTGAA-5.

Talin1: forward, 5-ATCCTTGTCCGCCTTCGCCTC-3, and
reverse, 3-AGCTCTGGAGAGAACGCCCGA-5.

Rac1: forward, 5-TTTGGGTGGTGGCTGCTGCTG-3, and
reverse, 3-CCCACCACCACACACTTGATGGC-5.

Vinculin: forward, 5-CAGAGTCACTGGGGTGTTAT-3,
and reverse, 3-ATGCAGCACTTCAGCTCAGA-5.

Two-dimensional gel electrophoresis

Mucosal protein was collected from isolated segments by
mucosal scraping (n = 3/group) and analyzed by 2D gel
electrophoresis.18 The 2D electrophoresis was performed by
Kendrick Lab, Inc. Mucosal protein samples were lysed in
250mL each of the osmotic lysis buffer (10 mM Tris, pH 7.4,
and 0.3% sodium dodecyl sulfate [SDS]. Proteins in solution at
a final concentration of 2.0 mg/mL) containing nuclease,
phosphatase inhibitors, and protease inhibitors. 150mL of SDS
boiling buffer (5% SDS, 5% b-mercaptoethanol [BME], 10%
glycerol, and 60 mM Tris, pH 6.8. Protein in solution at a final
concentration of 35 mg/mL) without BME was added, and the
samples were pulled repeatedly through 16 gauge needle and
treated with Omnicleave. The samples were then heated in a
boiling water bath for 5 min before protein determinations
were performed using the bicinchoninic acid assay.19 Samples
were then diluted to 1.0 mg/mL in 1:1 diluted SDS boiling
buffer: Urea sample buffer before loading.

Samples were then applied to the top of a thin tube gel
containing 2% ampholines, and isoelectric focusing was
carried out overnight, as previously described.20 After a brief
equilibration in SDS buffer, the tube gel was sealed to the top
with a stacking gel overlaying a slab gel, and SDS slab gel
electrophoresis was carried out for 4–5 h, followed by Coo-
masie Blue staining and drying. A total of 735 polypeptide
spots from 2D gels were analyzed in this procedure. The
differences between spots were measured from the spot
density. Parametric analysis was used to calculate p-values,
and each sample underwent a duplicate gel electrophoresis
to insure accuracy.

Mass spectrometry

We selected 15 spots, 5 upregulated and 10 down-
regulated, from 2D gels that were significantly (differentially
expressed) different between the PEG-stretch and control
groups, and these subsequently underwent analysis using

mass spectrometry (LC-MS/MS) protein identification. Ex-
cised 2D spots were destained with 30% methanol and in-gel
digestion was carried out as previously described.21 Result-
ing peptides were resolved on a reverse phase C18 nano-LC
column at a flow rate of 300 nl/min using 1% acetic acid/
95% acetonitrile gradient system. Eluent was directly
sprayed onto an Orbitrap XL (ThermoFisher) mass spec-
trometer using a nanospray source. Orbitrap was operated in
a double play mode to collect a high resolution MS spectra
(FWHM 30,000@400 m/z) followed by nine MS/MS spectra.
Raw files were converted to mxXML format and searched
against Uniprot mouse protein database appended with re-
verse sequences (decoy) and common contaminant proteins,
using x!Tandem/TPP software suite. All proteins with a
ProteinProphet probability of < 0.9 (False discovery rate > 1%)
and at least two corresponding peptides in the assay were
considered positive identifications.

Staining for mechanotransduction factors, proliferation,
and apoptosis

Paraffin sections were stained as described previously.22

Primary antibodies used for IF were a-actinin (1/100; Sigma)
and p-FAK (1/200; Santa Cruz Biotechnology). Secondary an-
tibodies were goat anti-mouse 488 IgG1 (1/500; Invitrogen) and
goat anti-rabbit Texas red (1/500; Promega). A 4¢,6-diamidino-
2-phenylindole counterstain was used for nuclei detection.

For F-actin staining, sections were unmasked by citrate at
95�C. After two PBS washes, the sections were fixed in 4%
formalin for 20 min, then washed and incubated in 0.1%
Triton X-100 with PBS for 3 min to permeabilize cell mem-
branes. The sections were then incubated in Texas Red�

Phalloidin (1/40; Invitrogen) for 20 min to stain for actin.
Paraffin sections were also stained with proliferating cell
nuclear antigen antibody (1/1000; Cell Signaling Technol-
ogy) for the assessment of cell proliferation. Secondary an-
tibody was goat anti-mouse IgG 2a (1/1000; Invitrogen). For
the assessment of cell apoptosis, TUNEL staining was per-
formed using Apoptag�Plus Fluorescein In Situ Apoptosis
Detection Kit (Millipore Corp.). The apoptosis index was
determined the number of TUNEL positive cells in 100 crypts
in each slide. If the detectable crypts did not fulfill 100 crypts,
the ratio between positive cells and all crypts were used to
produce an apoptosis index. All staining was visualized on a
Nikon A1 confocal microscope (Nikon Instruments, Inc.)
under 20 · magnification.

Protein (western) immunoblotting

Scraped tissues from intestinal mucosa were lysed in
RIPA buffer (50 mM Tris, Ph 7.5; 150 mM NaCl, 1% Ipegal;
0.25% Na + Deoxycholate; 10 mg/mL bovine serum albu-
min [BSA], 2 mM, ethylenediaminetetraacetic acid), con-
taining 100 nM phenylmethanesulfonylfluoride, 0.2 mL/
mL aprotinin, and 5 mL/mL leupeptin. After homogeni-
zation and centrifugation at 14000g for 10 min at 4�C, the
supernatant was stored in Læmmli loading dye. We used
an immunoprecipitation procedure for FAK antibody as
previously described.23 Equal amounts of protein from
whole cell lysates or equal amounts of immunoprecipita-
tions were separated on 4%–20% SDS-polyacrylamide gels
(Bio-Rad), and then transferred to a polyvinylidene di-
fluoride membrane. Blots were blocked in 5% BSA and

832 SUEYOSHI ET AL.



washed with Tris-buffered saline (TBS) containing 0.05%
Tween (TBS-T) TBS-T. The membranes were incubated in
each primary antibody (a-actinin [Sigma-Aldrich], phos-
pho-FAK (Y397), FAK, Rac1, Phospho38 MAPK, AKT,
phospho-AKT (Ser473), ERK,p p-ERK [Cell Signaling
Technology], and GAPDH [Invitrogen]) overnight at 4�C.
After three washes with TBS-T, the membranes were in-
cubated for 1 h with secondary antibody. Then, after two
washes with TBS- T, the membranes were developed for
visualization of protein by the addition of enhanced che-
miluminescence reagent according to the manufacturer’s
protocol (Supersignal�; ThermoScientific).

The a-actinin antibody was not specific for any one iso-
form (and thus detected both a-actinin 1 and 4); thus, we
tested for all a-actinin on our blots and in our fluorescence
(personal communication with the manufacturer).

Statistical analysis

At least six animals were used per group per study, as
determined by power analysis. Data are expressed as
mean – SD. Unpaired Two-tailed T Tests were used to com-
pare the PEG-stretch results to the control group. A p-
value < 0.05 was considered to be statistically significant.

Results

Mechanical forces are crucial to the regulation of cell and
tissue morphology and function.24 Mechanotransduction is
the process by which cells convert mechanical stress into
chemical activity.25 We used both biased and unbiased ap-
proaches to identify mechanotransduction signaling path-
ways which are activated in a PEG-stretched bowel.

Stretched bowel has increased length and diameter

Isolated segments of mouse intestine were either PEG-
stretch as induced osmotic forces from high molecular
weight PEG, or noninjected as controls (Fig. 1). Length, di-
ameter, villus height, and crypt depth were all measured in
both study groups (Table 1). PEG-stretch segments were
significantly longer (1.4-fold increase) and had significantly
increased diameters (1.3-fold increase) compared to controls.
Villus height was significantly increased in the PEG-stretch
group (20.3%) compared to controls. Crypt depth was also
significantly increased in the PEG-stretch group (19.2%)
compared to controls.

Unbiased investigation of enterogenesis mechanisms

A number of mechanotransduction pathways are known
to activate cell proliferation and tissue growth. However, our
initial direction to examine mechanisms driving this growth
used a nonbiased approach to insure that other potential
mechanisms were not missed. We analyzed a total of 735
protein spots in 2D gels to identify differential expression of
proteins isolated from PEG-stretched and control mucosa.
We selected 15 spots which were differentially expressed
between the two groups as described in the Methods section.
Five spots corresponded to upregulated proteins and 10
were downregulated proteins. The spots were excised from
the gels, and mass spectrometry (LC-MS/MS) was per-
formed to identify the proteins. Table 2 shows the identified
proteins, as well as the functional attributions of these. In-
terestingly, virtually all of these proteins identified, regard-
less of the direction of expression (up or down) related to
either integrin signaling (Up: Integrin beta-4) and protein

Table 1. Histo-Morphologic Changes

in Study Groups

Stretch group Control group

Length 139.2% – 7.0%* 110.7% – 5.3%
Diameter 166.4% – 10.7%* 126.1% – 7.0%
Villus height 350.1 – 32.1 mm* 279.1 – 15.8 mm
Crypt depth 105.6 – 2.9 mm# 85.3 – 1.8 mm

Results are the percent change from original length and expressed
as mean – SEM.

Length and diameter were compared between in operation and at
the time of harvest.

*p < 0.05 for comparing with control group.
#p < 0.01 for comparing with control group.
n = 6 for all groups.

Table 2. Mass Spectrometry Analysis of Isolated Proteins from 2D Gel Electrophoresis

Protein name Regulation (Difference) Function

1 Alpha-actinin-1 Upregulated (2.6) Binds actin to integrin receptor
2 Alpha-actinin-4 Upregulated (2.6) Binds actin to integrin receptor
3 Heat shock protein 90 b1 Upregulated (1.9) Assists in protein folding
4 Gelsolin Upregulated (2.0) Promotes actin polymerization
5 Integrin beta-4 Upregulated (1.8) Assembly hemidesmosome
1 Cytoskeleton-associated protein 4 Downregulated ( - 3.0) Interact directly with a-actinin
2 Beta-actin Downregulated ( - 2.7) Nonmuscle cytoskeletal actin
3 Actin, gamma, cytoplasmic 1 Downregulated ( - 1.9) Nonmuscle cytoskeletal actin
4 Tropomyosin 2 protein Downregulated ( - 2.6) Regulate the interaction of actin and myosin
5 Actin cytoplasmic2 Downregulated ( - 2.3) Maintain the cytoskeleton
6 Actin, cytoplasmic 1, N-terminally Downregulated ( - 2.0) Maintain the cytoskeleton
7 Replication factor C Downregulated ( - 2.1) Protein complex that is required for DNA purification
8 Methylmalonyl-Coenzyme A mutase Downregulated ( - 2.2) Catalyze enzyme from methylmalonyl-CoA to

succinyl CoA
9 Alpha-actin Downregulated ( - 1.8) Skeletal actin

10 Ornithine aminotransferase Downregulated ( - 1.9) Enzyme involved in the ultimate formation of proline
from orthinine
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formation or folding (Up: Heat shock protein 90 b1 and
Down: Ornithine aminotransferase); but a predominant
number of proteins related to cellular actin cytoskeletal
structure (Up: Alpha-actinin-1, Alpha-actinin-4; Down: Cy-
toskeleton-associated protein 4, Beta-actin, Actin gamma
cytoplasmic 1, Gelsolin, Tropomyosin 2 protein, Actin cyto-
plasmic 2 and Actin cytoplasmic 1 N-terminally Alpha-actin).

Because we were primarily focused on studying force-
induced enterogenesis, we deliberately selected for further
investigation the family of proteins showing the greatest
degree of upregulation, a-actinin-1, and a-actinin-4, which
were both increased 2.6-fold in the PEG-stretch group
compared to controls. Both proteins have been previously
demonstrated to be involved in mechanotransduction
regulation.26 We then focused our directed investiga-
tion on proteins centered on remodeling of the actin
cytoskeleton.

Directed investigation of enterogenesis mechanisms

Given that a number of proteins related to mechan-
otransduction were found to be differentially expressed during
distraction-induced enterogenesis, we next determined the
mRNA expression level (Table 3) of several factors associated
with known mechanotransduction pathways, including FAK,
Rho A, Rac1, Paxillin, Talin1, and Vinculin. FAK, Paxillin, and
Vinculin mRNA were slightly increased in the PEG-stretch
group, and Rac1 expression was significantly increased in the
PEG-stretch group compared to controls ( p < 0.05).

The increase in protein expression of a–actinin (from MS/
MS analysis), as well as the mRNA expression for Rac1 and
FAK (including the active form, phospho-FAK), were next
confirmed by western immunoblotting (Fig. 2A). Rac1,
a–actinin, and phospho-FAK were all significantly upregu-
lated in the PEG-stretch group compared to controls. It is
noted that FAK was below the detectable limit in the control
group. Thus, we analyzed total FAK expression from naı̈ve
mouse tissue, which did not undergo any surgical manipu-
lation, and identified a baseline expression of total FAK,
which was lost in nondistended control segments. The in-
creased phospho-FAK expression found in the PEG-stretch
group was comparable to the level of phospho-FAK found in
normal functioning bowel in the naı̈ve group. This suggests
that the isolation of an intestinal segment, without mechanical
stimulation results in a profound loss of critical mechan-
otransduction proteins; whereas the stimulation with me-
chanical PEG-stretching resulted in a preservation of total
FAK, as well as an upregulation of phospho-FAK. This is
consistent with our previous observation that there is mor-
phological atrophy of the crypt/villus complex in the isolated
control segment compared to the PEG-stretched segment.15

Table 3. mRNA Expression

PEG-stretch group Control group

FAK 19.9 – 3.1 13.4 – 2.2
Rho A 4.9 – 0.8 12.8 – 0.8
Rac1 11.1 – 1.5* 5.3 – 0.6
Paxillin 23.9 – 4.3 18.7 – 3.8
Talin1 6.2 – 0.6 6.8 – 0.3
Vinculin 153.6 – 48.5 96.5 – 9.8

Results are expressed as mean – SEM.
Fold changes of target genes were calculated using comparative

quantification to 18S RNA.
*p < 0.05 compared to control group.
PEG, polyethylene glycol.

FIG. 2. Rac1, focal adhesion
kinase (FAK), and a-actinin
protein levels were increased
and relocalized in PEG-
stretched compared to con-
trol intestine. (A) Whole cell
lysates were prepared for
both PEG-stretched and con-
trol intestinal segments and
probed using western blot
technology. GAPDH was
used as a loading control.
Rac1, phospho-FAK, and
a-actinin were significantly
increased. (B) By FAK im-
munoprecipitation and west-
ern blotting, we determined
that a-actinin was in a com-
plex with FAK in the PEG-
stretched intestines as op-
posed to in the control seg-
ments. *p < 0.05; n = a
minimum of six per group.
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FAK complexes with a-actinin with distraction-induced
growth

Since it is known that FAK works in a complex with a-
actinin and Rac to promote cell motility and growth,27,28 we
determined if FAK was in such an associated complex when
the intestine were stretched. Using FAK immunoprecipita-
tion assays and western blotting, we identified a-actinin is in
a complex with FAK in the PEG-stretch group as opposed to
controls (Fig. 2B). Our results suggest that the FAK/a-actinin
complex is used to promote enterogenesis. Because this
complex has been shown to rearrange the actin cytoskele-
ton,29,30 we also determined if actin was present in the
complex. As seen in Figure 2B, actin is also found to be
present in this complex.

Since we identified an increase in the expression of
the a-actinins in our PEG stretch model (Table 2), we
further examined what other proteins might interact
with a-actinin. a-actinin cross-links F-actin fibers forming
a complex attached to focal adhesions (FAs) that can guide
the cell during attachment and detachment associated with
movement and proliferation.26,31 Thus, both a-actinin and
F-actin can be relocalized during such cellular processes.27

Since the bowel is increased in diameter and length, and
both the villus height and crypt depth were also increased
(Table 1), indicating an increase in cell movement and
proliferation, we hypothesized that a-actinin would be
relocalized in the PEG-stretch model compared to controls.
Therefore, we examined the localization of a-actinin in
PEG-stretch versus control segments. a-actinin was uni-
formly found in the cytoplasm of almost all intestinal ep-
ithelial cell (IEC) in the PEG-stretch group colocalizing
with p-FAK, but was identified in a reduced number of
IEC in the control group, and had decreased intensity of
staining in controls (Fig. 3). Quantification showed that

92.3% – 2.2% of the IEC cells in the PEG-stretch group
contained a–actinin; whereas, only 72.2% – 13.9% ( p < 0.05)
contained a–actinin in the controls.

Stretching induced cell polarization changes

Cell growth was accompanied by changes in the actin
cytoskeleton which could potentially result in changes in
shape and polarization of the cells. Such mechanically-
induced changes have been reported in other mechan-
otransduction models.32–34 Thus, we next evaluated IEC
length and numbers and the general physical appearance of
the PEG-stretched intestines as compared to controls (Fig.
4A, B). The lengths of the IEC were statistically increased in
the PEG-stretch group (21.2 – 3.1 mm) versus the control
group (19.4 – 3.2 mm; p < 0.05) (Fig. 4C). IEC were also flat-
tened and elongated in the PEG-stretched segments com-
pared to controls (Fig. 4A, B). In addition, the number of IEC
per 100mm of villus were significantly increased during en-
terogenesis (stretch group: 21.8 – 2.2, control group: 17.6 –
1.2; p < 0.05) (Fig. 4D). These data suggest that enterogenesis
resulting from distractive force facilitates an increase in cell
proliferation, as well as cell movement and a restructuring of
individual epithelial cells.

F-actin is the filamentous polymer of actin subunits that
form a-actinin-linked stress fibers in the cell.27 Epithelial cells
have a basket-like network of stress fibers that breaks down
into the actin subunits during various cellular processes.35

Thus, as with a-actinin, F-actin could also be redistributed
with changes in mechanical stretching; therefore, we next
examined changes in F-actin localization. F-actin was local-
ized to the cell membrane in both the PEG-stretch and con-
trol groups; however, F-actin formed a significantly thicker
apical band in the PEG-stretch group than in the control
group (PEG-stretch 1.88 – 0.21 mm, control 1.45 – 0.27 mm;

FIG. 3. a-actinin relocalized
in PEG-stretched intestine
compared to control intestine.
Phospho-FAK and a-actinin
were visualized by im-
munonofluorescence staining
(representative sections are
shown in A and B, respec-
tively); combined images are
in C. White boxes in C indi-
cate areas shown in E Almost
all of EC cells stained for a–
actinin in the PEG-stretched
group (D); on the other hand,
some of the control EC cells
did not stain (D, E, yellow
arrow) (PEG stretch:
92.3% – 2.2%, Control:
72.2% – 13.9%). *p < 0.05; n = a
minimum of six per group.
Color images available online
at www.liebertpub.com/tea
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p < 0.01) (Fig. 5), indicating mechanical stretching resulted in
a remodeling of the internal actin cytoskeleton.

Cell proliferation and apoptosis

Intestinal atrophy in the control group along with the loss
of PEG-stretch stimuli, and the loss of FAK may lead to
anoikis. Therefore, we determined the status of the prolifer-
ative and apoptotic signaling pathways known to be
downstream of FAK. It has been previously demonstrated
that Rac1 signaling pathway activates AKT through
p38MAPK.36,37 Since we have shown that RAC changes in
abundance and localization with stretch, we determined the
expression of p38MAPK. Expression of p38MAPK increased
in the PEG-stretch group compared to the Control group
( p = 0.08) (Fig. 6); suggesting that this signaling pathway is
activated in our model. Because the PI3K pathway and ac-
tivation of AKT have been shown to play a role in apopto-
sis38 and proliferation,16 and are downstream of p38MAPK,
we determined the expression and activation of AKT. The
PEG-stretch group exhibited markedly increased phospho-
AKT compared to the control group ( p < 0.05) (Fig. 6). We
also examined a known proliferation pathway that has been
linked to FAK, the ERK pathway. Although the relative ex-
pression of phospho-ERK increased in the PEG-stretch group
compared to the control group, it did not reach statistical
significance ( p < 0.06) (Fig. 6).

Based on the significant increase in phospho-AKT ex-
pression in the PEG-stretch group, we next explored the
role of the PI3K pathway in distraction-induced entero-
genesis. We used a p85 Villin-KO PI3K mouse which lacked
the p85 subunit within IECs. The p85 Villin-KO mice sub-

jected to PEG-stretch exhibited a significant increase of
IEC proliferation (50.3% – 5.0% PCNA positive crypt cells
compared to all crypt cells) compared to p85 Villin-KO
controls (39.7% – 1.7%), p < 0.05; and this increase was not
significantly different from PEG-stretch wildtype mice
( p = 0.23) (Fig. 7A). Thus, an intact PI3K pathway is not
needed to control proliferation during distraction-induced
enterogenesis.

Given that AKT has been shown to play a role in pro-
tecting against apoptosis, we measured the rate of IEC ap-
optosis using TUNEL staining. The amount of apoptosis was
increased in PEG-stretched p85 Villin-KO segments
(44.9 – 12.5) compared to the wildtype stretched segments
(18.7 – 5.6; p = 0.06). In addition, apoptosis was significantly
increased in the control p85 Villin-KO segments (32.5 – 2.5)
compared to wildtype control segments (73.0 – 18.4), p < 0.05
(Fig. 7B). These data were expected as AKT activation in the
IEC from these intestines is greatly decreased (Feng, personal
communication). However, there was still less apoptosis in
the stretched p85 Villin-KO intestine than in the control
( p = 0.25), indicating that the PI3K signaling pathway plays
a role in controlling apoptosis during distraction-induced
enterogenesis.

Discussion

Cells in multicellular tissues are subjected to a myriad of
forces, including compressive forces, tensile forces, fluid
shear stress, and hydrostatic pressure, each of which plays an
intricate part in the shaping, development, and main-
tenance of the tissue.25 The process that brings about im-
portant cellular changes through such forces is termed

FIG. 4. Epithelial cells became elon-
gated in the PEG-stretched group
compared to controls. Representative
hematoxylin and eosin staining of
histological sections from both groups
are shown (A, B). Intestinal epithelial
cell (IEC) length (yellow arrow) was
significantly expanded in the PEG-
stretch group versus controls. (C)
Mean cell length, as determined by
counting a minimum of 10 villus
complexes in the PEG-stretched and
control groups, is shown graphically
( p < 0.05). (D) Total EC numbers were
estimated by counting the number of
cells in 100 mm of tissue (blue arrow) in
a minimum of 10 villus complexes.
*p < 0.05; n = a minimum of six animals
per group. Color images available on-
line at www.liebertpub.com/tea
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mechanotransduction. Changes in cell shape, motility, cyto-
skeletal remodeling, and FA contacts have been the focus of
several investigations.39,40 It is known that cells can sense
mechanical forces as a result of signals transmitted from
extracellular matrix to intracellular biochemistry.25 In par-
ticular, Hoffman, et al. described the mechanotransmision,
mechanosensing, and mechanoresponse of intracellular sig-
naling pathways for mechanotransduction.39

A critical consequence of SBS is loss of absorption area, so
recent research has focused on increasing absorption
area.11,12,41,42 The use of growth factors may result in signifi-
cant increase in bowel adaptation.43 Using an implanted me-
chanical device in pigs, our laboratory demonstrated a far
greater increase in adaptation than can be achieved with
growth factors—nearly three-fold increase in small bowel
length12 In addition to lengthening of the bowel, epithelial cell

FIG. 6. FAK-associated cell
proliferation signals are up-
regulated and apoptosis is
decreased in the PEG-stret-
ched segments. Proteins from
whole cell lysates were pro-
bed for total p38MAPK, total
and phospho-AKT (phos-
phorylated at Ser 473), and
total and phospho-ERK. The
PEG-stretch group exhibited
markedly increased relative
expression of p38MAPK
({p = 0.08) and significantly
more phospho-AKT com-
pared to the control group
(*p < 0.05). Although the rela-
tive expression of phospho-
ERK/total ERK increased in
the PEG-stretch group com-
pared to the control group, it
did not reach statistical sig-
nificance (#p = 0.06).

FIG. 5. F-actin relocalizes to the
apical surface in stretched versus
control intestinal segments. (A) F-actin
and phospho-FAK were visualized by
immunofluorescence; representative
images are shown. Note the formation
of a band of F-actin which was mark-
edly thicker and longer in the PEG-
stretch group compared to the control
group (yellow arrows). (B) Graphical
comparison of the measurement of the
thickness of the F-actin band (mean –
SD; PEG-stretch 1.88 – 0.21 mm, control
1.45 – 0.27 mm). *p < 0.01; n = a mini-
mum of six animals per group. Color
images available online at www
.liebertpub.com/tea
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proliferation was stimulated in the lengthened segment.
Concordant with the pig results, our laboratory also showed
that cell proliferation was stimulated in the PEG-stretch
mouse model of short SBS.15 In this model, distractive forces
were created outward by hydrostatic pressure to the intestinal
wall of isolated segments. Despite demonstration of bowel
lengthening in multiple models, the molecular mechanisms of
enterogenesis by distractive force are still unknown.

The mechanism by which mechanotransduction occurs
has been explored using in vitro models of various cell types,
including osteocytes, chondrocytes, and cardiomyocytes.32–34

In these models, activation of FAK drives the mechan-
otransduction pathways leading to increased bone growth
and cardiac repair. The FA signaling cascade appears to be
primarily mediated by the phosphorylation of FAK, which
upon mechanical traction on extracellular integrins leads to
one of the earliest markers to change activity with applied
tension on the FA.44

Concordant with the results in cardiomyocytes and bone
cells, Chaturvedi et al. have shown that FAK appears to be
involved in healing of the gut mucosa.45 Using human and

rat intestinal cell lines and intestinal damage in the forms of
ulcers and Roux-en-Y atrophy, they have demonstrated that
strain causes the activation of Rac1 and or Src and FAK.46

Activation of FAK then facilitates the activation of ERK,
which in turn activates p38MAPK to produce motility and
proliferation. Our results are consistent with these data in
that we observe FAK and RAC 1 activation, which then turns
on p38MAPK to promote proliferation and decrease apo-
ptosis. However, our results were performed strictly in vivo
with the intent of finding proteins that were activated during
the stretch process. Thus, similar pathways are down-
regulated when atrophy is present that we are seeing upre-
gulated when we are inducing growth. Interestingly,
Kovalenko et al. also observed an upregulation of the same
pathways in ulcer repair as we observed during stretching.46

Concordant with this, Livant has shown that the same sig-
nals that occur in cells responding to a wound healing situ-
ation also are activated during cell growth and tumor
metastasis.47 Together, all these data indicate that similar
mecahnotransduction pathways are activated in response to
stimulation either by wound healing or by mechanical

FIG. 7. Proliferation was increased and apoptosis was decreased in stretched segments compared to control. (A) PCNA
staining of stretched and control segments in both wildtype and p85 Villin-Cre conditional IEC knock-out mice. Increased
proliferation is seen in stretched segments but is not affected by deletion of phosphotidyl inositol 3¢ kinase function. (B)
Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining of stretched and control segments in both
wildtype and p85 Villen-Cre conditional IEC knock-out mice. Decreased apoptosis was seen in stretched segments compared
to wildtype, but the ratio of apoptosis levels of stretched to control did not change. *p < 0.05; {p < 0.01. Color images available
online at www.liebertpub.com/tea
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stretching, indicating that the wound healing pathways can
be commandeered to further grow the intestine.

Our data suggest a role for FAK in mechanotransduction
during distraction-induced enterogenesis and show an in-
crease in several factors in the FAK signaling pathway used
for cell motility and cell growth. FAK is an upstream medi-
ator of Rac1-facilitated actin cytoskeleton rearrangement,48

as well as a mediator of stress-induced mechanotransduc-
tion.49 In fact, Rac1 was significantly upregulated in the PEG-
stretch group compared to controls by RT-PCR and western
blotting results. Moreover, our results showed F-actin was in
a statistically thicker band on the leading edge in the PEG-
stretch group than in the control group; demonstrating a
remodeling of the intracellular actin structures during epi-
thelial growth.

F-actin stress fibers are anchored in FAs27 where the ty-
rosine kinase FAK resides. Activation of FAK signaling
promotes cell shape changes through RAC1.29 Detachment
of FAs, rearrangement of the actin cytoskeleton, and cell
shape changes are consistent with the involvement of FAK
signaling in distraction-induced enterogenesis. We have
shown the rearrangement of the actin cytoskeleton and ac-
tivation of FAK, and concordant with other published data,50

IECs of the PEG-stretched intestine were longer than the
control group. In addition, IECs were not only lengthened
but thinner in the PEG-stretched intestine, suggesting a
change of shape and activation of proliferation during PEG-
stretch, which were confirmed by PCNA staining.

Our results indicate that FAK is potentially using these
two pathways to promote IEC growth and reduce apoptosis
during enterogenesis. It has been demonstrated that FAK
promotes both MEK/ERK and PI3K-AKT signaling path-
ways.51,52 Our findings using the PI3K conditional intestinal

KO mice demonstrated that AKT activation downstream of
PI3K has a role in inhibiting apoptosis during enterogenesis.
However, loss of PI3K did not significantly reduce the
amount of apoptosis in the stretched segment compared to
the controls, leading to the conclusion that another pathway
may be involved in preventing apoptosis and promoting
proliferation during stretch. Our data suggest, although do
not verify, that the RAC/p38MAPK pathway may be in-
volved. Future studies will determine the role of RAC/
p38MAPK kinase in distraction-induced enterogenesis.

Interestingly, we failed to observe FAK expression in the
control group in western blotting. The isolated segments of
our control group did not have intestinal luminal contents,
so those segments were not subjected to normal intestinal
luminal pressure or the normal flow of enteric contents.
Flanigan, et al. demonstrated that a defunctionalized intes-
tine–Roux-en-Y distal segment had decreased cell prolifera-
tion and ERK activation due to less intestinal luminal
pressure.53 The intestinal luminal pressure may be critical for
the intestinal cell growth and motility. Likewise, it is possible
that such a loss of FAK may also exist in states where the
gastrointestinal tract is in a condition of disuse, such as after
major abdominal surgery. It is possible that manipulation of
FAK in such states could lead to improved postoperative
gastrointestinal function.

In this work, we have shown that similar mechanisms
exist to repair the gut as are used in other systems where
mechanotransduction is prevalent.54 There are clearly several
limitations to the current approach. While we took a broad,
directed, as well as unbiased approach, other mechan-
otransduction pathways may well exist that might not be
detected by these approaches. For instance, there were sev-
eral areas of the 2D gel electrophoresis that may have been

FIG. 8. Potential model of mechan-
otransduction forces driving enterogen-
esis. Based on the data presented here,
physical force (potentially via cell mem-
brane integrins) driving of the FAK
pathway plays a central role in mechan-
otransduction during enterogenesis. FAK
activation leads to a polymerization with
a-actinin. This then leads to several
downstream regulatory processes, in-
cluding RAC-1 and cell shape changes.
RAC has been shown to activate
p38MAPK which can lead to AKT acti-
vation and decreased apoptosis. FAK ac-
tivation also led to AKT and ERK
activation facilitating proliferation and
survival. Whether the cell shape change
and the increase in cell proliferation and
survival are directly linked remains to be
addressed.
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beyond the point of detection of the authors. Further, it is
also possible that protein amounts may be less relevant than
their activation state (e.g., phorphorylated) or physical lo-
cation within the cell, itself (e.g., submembrane vs. cytosolic).
Thus, future work will need to consider an even broader
examination of these mechanisms of action. A suggested
model of the cellular pathways promoting enterogenesis
from our current study is summarized in Figure 8. Me-
chanisms of mechanotransduction have been well studied in
other systems and these mechanistic pathways appear to be
similar in enterogenesis. We have previously shown using a
pig model that we can use a mechanical device to induce
distractive forces that then increase the absorptive area of the
bowel. We have explored the use of distraction-induced
growth for the clinical treatment of SBS, and have produced
several potential approaches for a surgically implantable
device, which might be used for such a purpose.55 Alter-
native approaches, including magnetically-driven distrac-
tion, hydraulic devices, and the use of shape memory alloys
may all have potential roles.56 While the approach of using
an osmotically-driven approach, as in the current article, has
not been explored for clinical use, this is certainly a poten-
tially viable approach. In the future, we would potentially
like to enhance the mechanotransduction pathways during
stretching induced by our device to enable the bowel to
stretch further, achieving greater absorptive area in a shorter
length of time and with less discomfort.
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