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The intestinal epithelium is subjected to various types of mechanical
stress. In this study, we investigated the impact of cyclic stretch on
tight junction and adherens junction integrity in Caco-2 cell mono-
layers. Stretch for 2 h resulted in a dramatic modulation of tight
junction protein distribution from a linear organization into wavy
structure. Continuation of cyclic stretch for 6 h led to redistribution of
tight junction proteins from the intercellular junctions into the intra-
cellular compartment. Disruption of tight junctions was associated
with redistribution of adherens junction proteins, E-cadherin and
�-catenin, and dissociation of the actin cytoskeleton at the actomyosin
belt. Stretch activates JNK2, c-Src, and myosin light-chain kinase
(MLCK). Inhibition of JNK, Src kinase or MLCK activity and
knockdown of JNK2 or c-Src attenuated stretch-induced disruption of
tight junctions, adherens junctions, and actin cytoskeleton. Paracellu-
lar permeability measured by a novel method demonstrated that cyclic
stretch increases paracellular permeability by a JNK, Src kinase, and
MLCK-dependent mechanism. Stretch increased tyrosine phosphory-
lation of occludin, ZO-1, E-cadherin, and �-catenin. Inhibition of JNK
or Src kinase attenuated stretch-induced occludin phosphorylation.
Immunofluorescence localization indicated that phospho-MLC colo-
calizes with the vesicle-like actin structure at the actomyosin belt in
stretched cells. On the other hand, phospho-c-Src colocalizes with the
actin at the apical region of cells. This study demonstrates that cyclic
stretch disrupts tight junctions and adherens junctions by a JNK2,
c-Src, and MLCK-dependent mechanism.
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INTESTINAL MUCOSA IS SUBJECTED to a variety of mechanical
forces during physiological, as well as pathophysiological,
states. Bowel peristalsis, villous motility, and shear stress
caused by endoluminal chyme are some of the physical forces
that induce deformation in the intestinal mucosa (3). Mucosal
deformation due to normal bowel function is rapidly repaired
to maintain the mucosal homeostasis. Deformation patterns of
the bowel are altered during fasting, postsurgical ileus, sepsis,
chronic stress, irritable bowel syndrome (IBS), and inflamma-
tory bowel disease (IBD) (2, 8, 20, 21). However, the impact of
mechanical stress on intestinal mucosal homeostasis is poorly
understood. Some studies have indicated that mechanical
stretch impacts the properties of intestinal smooth muscle cells
(24) and triggers proliferative responses in epithelial cells by

activating focal adhesion kinase and c-Src signaling (9). An
early study in 1976 by freeze-fracture electron microscopic
analysis showed morphologic changes in the ultrastructure of
tight junctions in longitudinally stretched tadpole large intes-
tine (26). A recent study indicated that cyclic stretch causes
tight junction disruption and increases paracellular permeabil-
ity in a pulmonary epithelium by a MAP kinase-dependent
mechanism (43). But, the potential effect of cyclic stretch on
the tight junction and adherens junction integrity in the intes-
tinal epithelium is unknown.

Epithelial tight junctions constitute a major part of the apical
junctional complexes. Tight junctions form a physical and
functional barrier against the diffusion of pathogens, toxins,
and allergens from the gut lumen (30). Disruption of tight
junctions is involved in the pathogenesis of many gastrointes-
tinal diseases (14). Tight junctions are organized by the inter-
actions between transmembrane proteins, such as occludin,
tricellulin, claudins, and junctional adhesion molecules, scaf-
fold proteins, such as ZO-1 and the perijunctional actin cyto-
skeleton or actomyosin belt (1). Immediately below the tight
junction is the adherens junction, which is known to regulate
the integrity of tight junctions indirectly (32). Adherens junc-
tions are assembled by specific interactions between E-cad-
herin, catenins, and the actin cytoskeleton (41). Numerous
intracellular signaling elements, including protein kinases and
protein phosphatases, are associated with tight junctions and
adherens junctions, and activities of such signaling molecules
regulate the integrity of these junctional complexes (33).

JNKs, a subgroup of MAP kinase family members, are
activated by various types of stress, causing different types of
cell injury, including release of inflammatory cytokines, de-
layed differentiation, and apoptosis (5, 6). Evidence indicates
that stretch triggers intracellular signaling events, such as
activation of MAP kinases (28) and c-Src (9) during stretch-
induced proliferative responses in muscle and epithelial cells.
Cyclic stretch in alveolar epithelium activated ERK and JNK,
but inhibition of these signaling elements did not prevent
stretch-induced increase in paracellular permeability (12). On
the other hand, Rac1 activation is involved in the stretch-
induced increase in permeability in the alveolar epithelium
(16). Cell signaling activation in response to stretch in the
intestinal epithelium that affects the tight junctions and adhe-
rens junctions is unclear.

In the present study, we examined the effect of cyclic stretch
on the integrity of tight junctions and adherens junctions in
Caco-2 cell monolayers, and determined the roles of JNK2,
c-Src, and myosin light-chain kinase (MLCK) in the mecha-
nism of stretch-induced disruption of tight junctions and adhe-
rens junctions.
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MATERIALS AND METHODS

Chemicals. Cell culture medium (DMEM), FBS, and antibiotics
were procured from Cellgrow (Manassas, VA). Transfection reagents,
Opti-MEM, Oligofectamine, and Plus were purchased from Invitro-
gen (Carlsbad, CA). SP600125 (JNK inhibitor), ML-7 (MLCK inhib-
itor), and PP2 (Src kinase inhibitor) were purchased from EMD
Chemicals (San Diego, CA). Streptavidin-agarose was obtained from
Pierce Biotechnology (Rockford, IL), and other chemicals were of
analytical grade, purchased from either Sigma-Aldrich (Saint Louis,
MO) or Fisher Scientific (Tustin, CA). CellMask Orange plasma
membrane dye was purchased from Invitrogen (Carlsbad, CA).

Antibodies. Rabbit polyclonal anti-JNK1/2pT183/pY185, anti-c-
SrcpY418, anti-ZO-1, anti-occludin antibodies, mouse monoclonal an-
ti-claudin-4 antibodies, and anti-occludin [horseradish peroxidase
(HRP)-conjugated] antibodies were purchased from Invitrogen. Rab-
bit polyclonal Anti-JNK and mouse monoclonal anti-c-Src antibodies
were purchased from Upstate Biotech (Charlottesville, VA). HRP-
conjugated anti-mouse IgG, HRP-conjugated anti-rabbit IgG, and
anti-�-actin antibodies were obtained from Sigma Aldrich. Alexa
Fluor 488-conjugated phalloidin, Alexa Fluor 488-conjugated anti-
mouse IgG and Cy3-conjugated anti-rabbit IgG were purchased from
Molecular Probes (Eugene, OR). Mouse monoclonal anti-E-cadherin,
anti-�-catenin, and biotin-conjugated anti-phospho-tyrosine antibod-
ies were purchased from BD Transduction Laboratories (San Jose,
CA). Mouse monoclonal anti-JNK2 antibody was purchased from Santa
Cruz Biotechnology (Santa Cruz, CA). Rabbit polyclonal anti-pMLC
antibodies were purchased from Cell Signaling (Danvers, MA).

Cell culture and transfection. Caco-2 cells purchased from (Amer-
ican Type Culture Collection, Rockville, MD) were grown under
standard cell culture conditions, as described before (34). Briefly, cells
were grown in DMEM containing 10% (vol/vol) FBS, high glucose,
L-glutamine, and pyruvate, and fortified with penicillin, streptomycin,
and gentamicin in 100-mm petri dishes or T75 flasks. Cells were then
seeded (300,000 cells/well) onto collagen-coated Flexcell plates with
Silastic membranes (Flexcell International, Hillsborough, NC). Ex-
periments were conducted in fully confluent, differentiated cells at 7
days postseeding.

Transfection. The cells were grown in 6-well Costar plates for 24
h (�75% confluence); then they were transfected using 1 ml of
antibiotic and serum-free Opti-MEM containing 3.15 �l of Oligo-
fectamine reagent and 150 nM oligonucleotides (MS-oligo or AS-
Jnk2) or siRNA (c-Src-specific siRNA or control RNA), as described
before (37). AS-Jnk2, JNK2-specific antisense oligonucleotide, and
missense oligonucleotide were custom-synthesized, as described be-
fore (37), and c-Src-specific siRNA and corresponding control RNA
were purchased from Dharmacon (36). After 24 h, the cell monolayers
were trypsinized and seeded on to Flexcell plates, and stretch was
induced on day 3 or 4 after seeding.

Application of cyclic stretch. Caco-2 cell monolayers, grown on
collagen-coated Flexcell plates, were subjected to cyclic stretch using
12% strain at a frequency of 6 cycles per min using a Flexercell
Fx-4000T tension unit (Flexcell International, Hillsborough, NC) for
2–6 h. This is a vacuum-driven device that applies biaxial strain to
cells regulated by computer-controlled program, as explained previ-
ously (15). Pressure in culture medium mimics the luminal fluid
pressure acting on mucosa. These conditions of stretch are similar to
forces generated due to peristaltic and villus motilities (19, 45).
Control wells were plugged at the bottom by rubber capping without
application of any stretch. The inhibitors were present during the
cyclic stretch. In some experiments, cell monolayers were incubated
with SP600125 (1 �M) 50 min prior to cyclic stretch, and ML-7 (1
�M) or PP2 (10 �M) 30 min prior to stretch.

Paracellular permeability. A novel method was developed to
detect paracellular permeability when cell monolayers are grown on
thick Silastic gel, in which TER or transepithelial flux of extracellular
markers cannot be accurately measured. Immediately following vary-

ing treatments, cell monolayers on Flexcell plates were incubated with
FITC-inulin (6 kDa, 0.5 mg/ml) in Dulbecco’s PBS containing cal-
cium and magnesium (Invitrogen; cat. no. 14287–080) on the apical
surface for 15 min in 37°C incubator. One minute before the end of
incubation CellMask Orange plasma membrane dye was added to
incubation buffer to achieve a final concentration of 2.5 �g/ml. Cell
monolayers washed in PBS two times and live cell monolayers were
imaged using an upright confocal microscope (Zeiss LSM 710) and W
Plan-Apochromat 20�/1.0 DIC objective lens for FITC-inulin (green
fluorescence; 488-nm/520-nm excitation/emission wavelengths) and
CellMask Orange plasma membrane dye (red fluorescence; 543 nm/
565 nm excitation/emission wavelengths). Z-series optical sections
(0.8 �m) were collected; the top section of Z-stack is selected by
initial scanning of CellMask Orange, and the bottom section is
selected by scanning FITC-inulin. Z-series images (512 � 512, 8 bit)
were stacked and converted to Z-sectional image using ImageJ soft-
ware by selecting the orthogonal view of the stack. For a positive
control, tight junction was disrupted by calcium depletion by incuba-
tion of cell monolayers with 4 mM EGTA for 30 min, a well-known
method to disrupt epithelial tight junctions. Disruption of tight junc-
tions and an increase in paracellular permeability is expected to show
green fluorescence in the paracellular space due to appearance of
FITC-inulin. CellMask Orange binds only to the apical membrane
and, therefore, the red fluorescence marks the apical membrane of the
epithelial monolayer. The applicability of this method to monitor
paracellular permeability is confirmed by using negative and positive
controls as shown in Fig. 11.

Preparation of detergent-insoluble fraction. Detergent-insoluble
fractions were prepared, as described previously (25). Cell monolay-
ers were washed twice with ice-cold PBS and incubated for 5 min
with lysis buffer-CS (50 mM Tris buffer, pH 7.4, containing 1.0%
Triton-X100, 2 �g/ml leupeptin, 10 �g/ml aprotinin, 10 �g/ml besta-
tin, 10 �g/ml pepstatin-A, 1 mM vanadate, and 1 mM PMSF). Cell
lysates were centrifuged at 15,600 g for 4 min at 4°C to sediment the
high-density actin-rich fraction. The pellet (detergent-insoluble frac-
tion) was suspended in preheated lysis buffer-D (0.3% SDS in 10 mM
Tris buffer, pH 7.4, containing 1 mM sodium orthovanadate, 10 mM
sodium fluoride, 1 mM PMSF, and 10 �l protease/peptidase inhibitor
cocktail), and the supernatant was used as the detergent-soluble
fraction. Protein concentrations in both fractions were measured by
the BCA method (Pierce Biotechnology, Rockford, IL). Fractions
were mixed with equal volume of 2� concentrated Laemmli’s sample
buffer and heated at 100°C for 10 min.

Immunofluorescence microscopy. Cell monolayers were fixed in
3% paraformaldehyde in PBS (0.1 M sodium phosphate buffer, 0.3 M
NaCl, pH 7.4). Following permeabilization in 0.2% Triton X100, cell
monolayers were blocked in 4% nonfat milk in TBST (20 mM Tris,
pH 7.2, and 150 mM NaCl). Cell monolayers were incubated for 1 h
with primary antibodies (mouse monoclonal anti-occludin and rabbit
polyclonal anti-ZO-1 antibodies or mouse monoclonal anti-E-cad-
herin and rabbit polyclonal anti-�-catenin antibodies or rabbit poly-
clonal anti-JNK1/2pT183/pY185 antibody or anti-c-SrcpY418 antibodies)
followed by incubation for 1 h with secondary antibodies (Alexa Fluor
488-conjugated anti-mouse IgG and Cy3-conjugated anti-rabbit IgG
antibodies). F-actin was stained with Alexa Fluor 488-conjugated
phalloidin. The fluorescence was examined under a Zeiss LSM 5
laser-scanning confocal microscope, and images from x-y sections (1
�m) collected using LSM 5 Pascal software. Images were stacked
using the software, Image J (NIH), and processed by Adobe Photo-
shop (Adobe Systems, San Jose, CA).

Immunoprecipitation. Caco-2 cell monolayers were washed with
ice-cold PBS, and proteins were extracted in hot lysis buffer-D (0.3%
SDS in 10 mM Tris buffer, pH 7.4, containing 1 mM sodium
orthovanadate, 10 mM sodium fluoride, 1 mM PMSF, and 10 �l/ml
protease/peptidase inhibitor cocktail). Homogenate was heated at
100°C for 10 min and centrifuged to collect the clear supernatant.
Protein content was measured by BCA method using the kit from
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Pierce Biotechnology. Phosphotyrosine was immunoprecipitated, as
described before, using biotin-conjugated anti-phosphotyrosine anti-
body (35). Immunocomplexes were isolated by precipitation using
streptavidin-agarose. Immunoprecipitates were immunoblotted for
tight junction and adherens junction proteins.

Immunoblot analysis. Proteins in different cell extracts were sep-
arated by SDS-PAGE using 7% gels and transferred to a PVDF
membrane. The membranes were probed for JNK1/2pT183/pY185,
JNK1/2, c-Src, ZO-1, occludin, E-cadherin, �-catenin, or �-actin by
using a combination of the specific primary antibodies with corre-
sponding HRP-conjugated anti-mouse IgG or HRP-conjugated anti-
rabbit IgG secondary antibodies. The blots were developed using the
electrochemiluminescence system kit from Amersham/Invitrogen.

Statistical analysis. Comparison between two groups was made by
the Student’s t-tests (unpaired) for grouped data. The significance in
all tests was derived at 95% or greater confidence level.

RESULTS

Cyclic stretch disrupts tight junctions and adherens junc-
tions in Caco-2 cell monolayers. Immunofluorescence local-
ization by confocal microscopy showed that occludin and ZO-1
colocalize at the intercellular junctions of Caco-2 cell mono-
layers. Application of cyclic stretch for 2 h resulted in defor-
mation of the junctional distribution of occludin and ZO-1
from a linear organization into a wavy structure at the inter-
cellular junctions (Fig. 1A). Continuation of cyclic stretch until
6 h led to redistribution of both occludin and ZO-1 from the
intercellular junctions into the intracellular compartment, indi-
cating a disruption of tight junctions. Cyclic stretch also
induced redistribution of adherens junction proteins, E-cad-
herin, and �-catenin, in a time-dependent manner (Fig. 1B),
indicating the loss of adherens junction integrity. Unlike tight
junction proteins, junctional distribution of adherens junction
proteins did not organize into a wavy structure at the intercel-
lular junctions during the early stage of stretch.

JNK2 mediates stretch-induced disruption of tight junctions
and adherens junctions. Recent studies showed that JNK2
plays a role in tight junction regulation during osmotic stress in
the intestinal epithelium (36). To determine the effect of stretch
on JNK activation, protein extracts were immunoblotted for

pJNK (JNKpT183/pY185). Stretch rapidly increased the level of
pJNK2 in the detergent-soluble fraction of Caco-2 cells, but
pJNK1 level was only slightly elevated (Fig. 2, A and B). The
levels of pJNK2 was increased more than 5-fold at 1 h of
stretch, while increase in pJNK1 level was less than onefold.
The level of total JNK2 was transiently reduced by stretch (Fig.
2C), whereas JNK1 level was unaffected. JNK2 level was signif-
icantly reduced by 30 min of stretch, but the level was restored to
normal by 1 h. Very little pJNK or JNK was detected in the
detergent-insoluble fraction (Fig. 2D). But, cyclic stretch tran-
siently increased pJNK1/2 and total JNK1/2 in the detergent-
insoluble fractions, with a peak level achieved at 30 min of
stretch (Fig. 2, D and E). Total JNK level was also transiently
increased in the detergent-insoluble fractions (Fig. 2F). Immu-
nofluorescence localization indicated that pJNK was localized
in both the cytosol and the intercellular junctions after a half
hour of cyclic stretch (Fig. 2G).

Pretreatment of cell monolayers with the JNK inhibitor,
SP600125, for 50 min prior to initiation of stretch blocked the
stretch-induced modulation of junctional distribution of occlu-
din and ZO-1 (Fig. 3A). SP600125 also attenuated stretch-
induced redistribution of E-cadherin and �-catenin (Fig. 3B).
SP600125 by itself produced no significant effect on distribu-
tion of tight junction or adherens junction proteins. Transfec-
tion of cells with JNK2-specific antisense oligonucleotide (AS-
Jnk2) reduced the level of JNK2 compared with cells trans-
fected with missense oligonucleotides (Fig. 3C). AS-Jnk2
attenuated stretch-induced redistribution of occludin and ZO-1
(Fig. 3D), and E-cadherin and �-catenin (Fig. 3E).

Cyclic stretch-induced disruption of tight junctions and
adherens junctions involves c-Src activation. Previous studies
showed that JNK activity mediates c-Src activation in osmotic
stress-treated epithelial cells (36). Therefore, studies were
conducted to investigate the role of c-Src in stretch-induced
disruption of tight junctions and adherens junctions. A consid-
erable level of pSrc (c-SrcpY418) was detected in both deter-
gent-soluble and insoluble fractions. Cyclic stretch induced a
time-dependent increase in the level of pSrc in the detergent-
soluble and -insoluble fractions following a slight drop in the

Fig. 1. Cyclic stretch induces redistribution of tight
junction and adherens junction proteins. A and B: Caco-2
cell monolayers on Flexcell plates were subjected to
cyclic stretch for 2 or 6 h. Fixed-cell monolayers
were labeled for occludin and ZO-1 (A) or E-cad-
herin and �-catenin (B) by immunofluorescence
staining methods. Fluorescence images were col-
lected by confocal microscopy. Experiment was re-
peated at least twice.
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level at 30 min of stretch (Fig. 4, A and B). Immunoblot
analysis for total c-Src in detergent-soluble fraction of
stretched cell monolayers detected two bands of c-Src (Fig.
4A). However, the nature of the low-molecular-mass band is
unclear. In the detergent-insoluble fraction, the low-molecular-
mass form of c-Src was detectable only at 30 min of stretch.
Immunofluorescence localization showed that pSrc was local-
ized in the intercellular junctions as well as intracellular com-
partment of stretch-treated cell monolayers (Fig. 4C).

Inhibition of Src kinase activity by PP2 treatment attenuated
stretch-induced redistribution of tight junction (Fig. 5A) and
adherens junction (Fig. 5B) proteins. PP2 by itself produced no
significant effect on distribution of tight junction or adherens
junction proteins. Transfection of cells with c-Src-specific
siRNA reduced the level of c-Src compared with cells trans-
fected with control RNA (Fig. 5C). c-Src siRNA attenuated
cyclic stretch-induced redistribution of tight junction (Fig. 5D)
and adherens junction (Fig. 5E) proteins from the intercellular
junctions into the intracellular compartment.

Stretch induces tyrosine phosphorylation of tight junction
and adherens junction proteins. Previous studies showed that
tyrosine phosphorylation of tight junction and adherens junc-
tion proteins are associated with the disruption of junctional
complexes (35). Evidence indicates that c-Src is involved in

tyrosine phosphorylation of junctional proteins (4). Therefore,
we examined the effect of stretch on tyrosine phosphorylation
of tight junction and adherens junction proteins in Caco-2 cell
monolayers. Only trace amounts of tyrosine-phosphorylated
occludin and ZO-1 were detected in untreated control cells.
Cyclic stretch for 2 h did not change the level of tight junction
or adherens junction proteins, except for a slight reduction in
the level of ZO-1 (Fig. 6A). Stretch induced a robust increase
in tyrosine phosphorylation of occludin (Fig. 6, B and C) and
ZO-1 (Fig. 6, B and D), while there was a slight decline in the
level of tyrosine-phosphorylated claudin-4 (Fig. 6B). A signif-
icant amount of tyrosine-phosphorylated �-catenin was present
in control cells, whereas only trace amounts of tyrosine-
phosphorylated E-cadherin was present in control cells. Cyclic
stretch elevated tyrosine phosphorylation of both E-cadherin
and �-catenin (Fig. 6, B and F). Stretch-induced tyrosine
phosphorylation of occludin was blocked by pretreatment of
cells with SP600125 or PP2 (Fig. 6G).

Cyclic stretch induces reorganization of actin cytoskeleton
by a JNK and c-Src-dependent mechanism. Both tight junc-
tions and adherens junctions interact with the actomyosin belt
at the perijunctional region of epithelial cells (18). Reorgani-
zation of actin cytoskeleton is known to affect the integrity of
tight junctions (31). We investigated the effect of stretch on

Fig. 2. Cyclic stretch induces rapid activation of JNK. A–F: Caco-2 cell monolayers on Flexcell plates were subjected to cyclic stretch for varying times and
detergent-soluble (A–C; �, pJNK2 and �, pJNK1) and detergent-insoluble (D–F; �, pJNK2 and �, pJNK1) fractions were prepared. Detergent-soluble (A) and
detergent-insoluble (D) fractions were immunoblotted for pJNK1/2, total JNK, and �-actin. Densities of phospho-JNK1/2pT183/pY185 (pJNK) (B and E) and total
JNK (C and F) were evaluated using ImageJ software in blots for detergent-soluble (B and C) and detergent-insoluble (E and F) fractions. Values are expressed
as means � SE (n � 4). Density values were normalized for the corresponding actin band density. Values for each set of experiment were further normalized
to corresponding value for 0 min (C and F), 30 min (E), or 1 h (B). *Significantly different (P � 0.05) from corresponding 0-min values. G: cell monolayers
with or without (control) stretch for 0.5 h were fixed and labeled for pJNK by the immunofluorescence staining method.
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actin cytoskeleton structure by confocal microscopy. Actin
organization is distinctly different in the apical, middle, and
basal regions of epithelial cells. While the bundles of actin
filaments in microvilli show a punctate appearance in the x-y

images of the apical region of the cell, and actomyosin in the
midregion appears as a perijunctional belt, the actin filaments
in the basal region of the cell are organized into stress fibers
(Fig. 7). Cyclic stretch for 2 h caused no considerable change

Fig. 3. JNK2 mediates stretch-induced disruption of tight junctions and adherens junctions. A and B: Caco-2 cell monolayers on Flexcell plates were pretreated
with SP600125 for 50 min prior to application of cyclic stretch for 2 h. Cell monolayers were fixed and stained for occludin and ZO-1 (A) or E-cadherin and
�-catenin (B). C: Caco-2 cells were transfected with missense (MS-Oligo) or JNK2-specific antisense (AS-JNK2) oligonucleotides. Three days after transfection,
cell extracts were immunoblotted for JNK and �-actin. D and E: Caco-2 cells were transfected with missense (MS-Oligo) or JNK2-specific antisense (AS-JNK2)
oligonucleotides. Three days after transfection, cell monolayers were subjected to cyclic stretch for 2 h. Cell monolayers were fixed and stained for occludin and
ZO-1 (C) or E-cadherin and �-catenin (D). Experiment was repeated at least twice.

Fig. 4. Cyclic stretch activates c-Src. A and B: Caco-2 cell monolayers on Flexcell plates were subjected to cyclic stretch for varying times and detergent-soluble
and detergent-insoluble fractions were prepared. Cell fractions were immunoblotted for c-Src(pY418), total c-Src, and �-actin (A). Density of c-Src(pY418) bands
was evaluated using ImageJ software in blots for detergent-soluble (�) and detergent-insoluble (�) fractions (B). Values are expressed as means � SE (n � 4).
Density values were normalized for the corresponding actin band density. Values for each set of experiments were further normalized to corresponding value
for 1 h (�) or 2 h (�). *Significantly different (P � 0.05) from corresponding 0-min values. C: cell monolayers subjected to stretch for 1 h or without stretch
were labeled for c-Src(pY418) by immunofluorescence staining method.
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in actin organization at the apical and basal regions; however,
in the midregion of the cell, the actin belt was dissociated into
vesicle-like structures. Continuation of cyclic stretch for 6 h
led to a dramatic disruption of the actomyosin belt in the
midregion of cells and a gradual loss of stress fibers in the basal
region (Fig. 7).

Pretreatment of cell monolayers with SP600125 or PP2
blocked stretch-induced reorganization of the perijunctional
actomyosin belt (Fig. 8). SP600125 or PP2 by itself produced
no significant effect on actin organization. Knockdown of
JNK2 by antisense oligonucleotide attenuated stretch-induced
reorganization of the actin cytoskeleton in both middle and
basal regions of cells (Fig. 9A). Similarly, knockdown of c-Src
dampened the effects of stretch on the organization of actomy-
osin belt and stress fibers (Fig. 9B).

MLCK activity plays a role in cyclic stretch-induced disrup-
tion of tight junctions and reorganization of actin cytoskeleton.
MLCK plays an important role in the regulation of epithelial
tight junctions (10, 11, 38, 40, 42). We investigated the
potential role of MLCK activity in stretch-induced tight junc-
tion disruption and actin reorganization. Pretreatment of cell
monolayers with ML-7 (MLCK inhibitor) attenuated stretch-
induced redistribution of occludin and ZO-1 at the intercellular
junctions (Fig. 10A). ML-7 also ameliorated stretch-induced

reorganization of actin cytoskeleton at the actomyosin belt
region (Fig. 10B).

To determine the subcellular localization of pMLC and pSrc
in stretched cell monolayers z-series, confocal images were
collected from monolayers subjected to 30-min stretch and
stained for F-actin, pMLC, or pSrc. Two-micrometer sections
from the apical (tight junction region) and middle (actomyosin
belt) were examined. Phospho-MLC was colocalized with
F-actin at the actomyosin belt region, predominantly in the
vesicle-like structures (Fig. 10C). No detectable pMLC stain
was present in untreated cells. On the other hand, pSrc in
stretch-treated cell monolayers was colocalized with the F-ac-
tin predominantly at the most apical region (Fig. 10D). No
considerable amount of pSrc colocalized with the F-actin in the
vesicle-like structures.

Cyclic stretch increases paracellular permeability by JNK,
Src kinase, and MLCK-dependent mechanism. A novel method
is developed to determine changes in paracellular permeability
in cell monolayers grown on Silastic gel, as described in
MATERIALS AND METHODS. Live-cell imaging after incubation with
FITC-inulin and CellMask Orange on the apical surface indicated
that cyclic stretch increases permeability to FITC-inulin and,
hence, appeared in the paracellular spaces in a time-dependent
manner (Fig. 11A). We used EGTA-mediated calcium depletion

Fig. 5. c-Src is involved in the mechanism of stretch-induced tight junction and adherens junction disruption. Caco-2 cell monolayers on Flexcell plates were
pretreated with PP2 for 20 min prior to application of cyclic stretch for varying times. A and B: 2 h after cyclic stretch, cell monolayers were fixed and stained
for occludin and ZO-1 (A) or E-cadherin and �-catenin (B). C: Caco-2 cells were transfected with nonspecific RNA (NS-RNA) or c-Src-specific (siRNA) small
interference RNA. Three days after transfection, cell extracts were immunoblotted for c-Src and actin. D and E: Caco-2 cells were transfected with nonspecific
RNA (NS-RNA) or c-Src-specific (siRNA) small-interference RNA. Three days after transfection, cell monolayers were subjected to cyclic stretch. Two hours
after cyclic stretch, cell monolayers were fixed and stained for occludin and ZO-1 (C) or E-cadherin and �-catenin (D). Experiment was repeated at least twice.
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as a positive control for tight junction disruption. Pretreatment of
cell monolayers with SP600125, PP2, or ML7 attenuated stretch-
induced paracellular permeability (Fig. 11B).

DISCUSSION

Gut mucosal epithelium is subjected to a myriad of mechan-
ical forces including stretch, shear, and motility under physi-

ological and pathophysiological conditions. Excessive bloating
and hypermotility commonly occur in pathophysiological con-
ditions such as IBS (13). The normal mucosal homeostasis is
maintained by factors that ameliorate mechanical stress-in-
duced mucosal injury and/or quick recovery from the injury
due to healing mechanisms. However, under pathophysiologi-
cal conditions, such as IBS, the protective effects and healing

Fig. 6. Stretch increases tyrosine phosphorylation of tight junction and adherens junction proteins. A and B: Caco-2 cell monolayers on Flexcell plates were
subjected to cyclic stretch for 2 h. Total cell extracts (A) and anti-phospho-tyrosine immunocomplexes (B) prepared from control and stretch-treated cell
monolayers were immunoblotted for different proteins. C–F: density of bands for phosphorylated occludin (A), ZO-1 (D), E-cadherin (E), and �-catenin (F) was
evaluated using ImageJ software. Values are expressed as mean � SE (n � 3). *Signficantly different (P � 0.05) from corresponding control values. G: cell
monolayers were pretreated with SP600125 (SP) or PP2 prior to cyclic stretch for 2 h. Phosphotyrosine was immunoprecipitated from denatured protein extracts
and immunoblotted for occludin.

Fig. 7. Stretch induces reorganization of actin cytoskeleton.
Caco-2 cell monolayers on Flexcell plates were subjected to
cyclic stretch for 2 or 6 h. Fixed-cell monolayers were labeled
for F-actin with Alexa Fluor 488-conjugated phalloidin, and
fluorescence images were collected by confocal microscopy.
Optical x-y sections (2 �m) from the apical, middle, and basal
regions of epithelium are presented. Experiment was repeated
at least twice.
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responses are compromised. Therefore, it is highly important to
understand the mechanisms involved in mechanical stress-
induced epithelial injury in the intestine. In the present study,
we demonstrate the effect of cyclic stretch on tight junction and
adherens junction integrity in Caco-2 cell monolayer, a well-
established model of the intestinal epithelium. The results
show that cyclic stretch disrupts tight junctions, adherens
junctions, and the actin cytoskeleton in Caco-2 cell monolayers
by a mechanism that involves JNK2, c-Src, and MLCK.

Cyclic stretch for 2 h resulted in a dramatic change in the
appearance of tight junctions. In the resting epithelial mono-
layer, occludin and ZO-1 are colocalized with a linear distri-
bution at the intercellular junctions. After 2 h of cyclic stretch,
the organization of these proteins changed to a wavy structure.
This indicates that tight junctions are morphologically modi-
fied at this stage. The likely mechanism may involve a mod-
ulation of tensile strength of the perijunctional actomyosin belt,
to which tight junction proteins are attached. The interaction
between tight junction proteins and their localization at the
intercellular junctions remains unaffected. Therefore, the initial
effect of stretching may involve morphological alteration of
tight junction structure, involving dissociation of the actomy-
osin belt and ruffling of plasma membranes at the perijunc-
tional region.

A more severe change in tight junctions occurred when
cyclic stretch was continued for 6 h. At this stage, a clear
redistribution of occludin and ZO-1 from the intercellular
junctions to the intracellular compartment occurred. This ob-
servation suggests that a long-term cyclic stretch may lead to
disruption of tight junctions and increase in paracellular per-

meability. A recent study showed that cyclic stretch causes
tight junction disruption and barrier dysfunction in an alveolar
epithelial monolayer (43). The present observation that stretch
disrupts tight junctions in the intestinal epithelium is physio-
logically significant, as disruption of intestinal epithelial tight
junctions is believed to play a crucial role in the pathogenesis
of many gastrointestinal diseases, such as IBS and IBD (7, 13).
A short-term stretch effect may be restored quickly by the
homeostatic mechanisms; however, prolonged stretching
and/or compromised defense mechanisms may lead to patho-
physiological conditions, as it occurs in many gastrointestinal
diseases.

Interestingly, cyclic stretch also affected the adherens junctions.
Stretch-induced redistribution of E-cadherin and �-catenin from
the intercellular junctions into the intracellular compartment in a
time-dependent manner. This observation demonstrated that
stretch leads to the disruption of adherens junctions. However,
unlike tight junctions, there was no indication of morphologi-
cal alteration of adherens junctions into wavy organization at 2
h of cyclic stretch. This may relate to the fact that assembly and
structure of adherens junction are distinct from those of tight
junctions.

An initial signal triggered by different types of stress is
activation of JNK, which mediates different types of cell injury
(29). Recent studies indicated that JNK2 activation leads to
tight junction disruption in the intestinal epithelium (37). In the
present study, we show that JNK2 is involved in stretch-
induced tight junction disruption. Cyclic stretch rapidly in-
creased the levels of pJNK2, indicating that stretch activates
JNK2. Phospho-JNK1 was present in the control cells, which

Fig. 8. Inhibition of JNK and Src kinase attenuates stretch-induced reorganization of actin cytoskeleton. Caco-2 cell monolayers on Flexcell plates were pretreated
with SP600125 (SP) or PP2 prior to application of cyclic stretch for 2 h. Fixed cell monolayers were labeled for F-actin with Alexa Fluor 488-conjugated
phalloidin and fluorescence images collected by confocal microscopy. Optical x-y sections (2 �m) from the apical, middle, and basal regions of epithelium are
presented. Experiment was repeated at least twice.
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was only slightly elevated by stretch. Immunoblot analysis for
total JNK detected JNK1 and JNK2 in both detergent-soluble
and insoluble fractions of stretch-treated cells. In control cells,
JNK was distributed mainly in the detergent-soluble fractions.
Stretch rapidly and transiently increased JNK1/2 and pJNK1/2
in the detergent-insoluble fraction, which peaked at 30 min of
stretch. The increase in JNK2 and pJNK2 in detergent-insolu-
ble fraction was associated with a corresponding decrease in
JNK2 in the detergent-soluble fraction. These results indicate
that stretch induces activation and transient translocation of
JNK into detergent-insoluble fractions of cell. The detergent-
insoluble fraction is predominantly composed of actin cyto-
skeleton; however, it may have lipid rafts associated with it.
Inhibition of JNK activity by SP600125 or knockdown of
JNK2 by antisense oligonucleotides blocked stretch-induced
redistribution of tight junction and adherens junction proteins.
This observation demonstrates that JNK2 activation and redis-
tribution play an important role in stretch-induced disruption of
tight junctions and adherens junctions. Therefore, JNK2-me-
diated cell signaling may serve as one of the initial events in
the mechanism that causes stretch-induced tight junction and
adherens junction disruption. The role of JNK2 activation and
translocation into detergent-insoluble fraction is unclear. It is
likely that association of active JNK2 with the actin cytoskel-
eton may be required for remodeling of actin cytoskeleton and
that actin remodeling plays a role in the disruption of tight
junctions and adherens junctions.

A recent study indicated that JNK activity might lead to
c-Src activation (36). Increase in c-Src activity is known to
cause tight junction disruption in the intestinal epithelium (4).
The present study shows that cyclic stretch induces rapid

activation of c-Src in Caco-2 cells by a JNK-dependent mech-
anism. Immunoblot analysis indicated that c-Src is distributed
in both detergent-soluble and detergent-insoluble fractions of
Caco-2 cells. Inhibition of Src kinase activity or knockdown of
c-Src attenuated stretch-induced disruption of tight junctions
and adherens junctions. These data demonstrate that c-Src-
mediated signaling is also involved in the effect of stretch-
induced loss of tight junction and adherens junction integrity.
Although this study does not directly demonstrate this, activa-
tion of c-Src is likely mediated by JNK2 in stretched cells, as
shown previously in cells exposed to osmotic stress (36).

The mechanism of c-Src-induced tight junction disruption
involves tyrosine phosphorylation of tight junction proteins
(17, 27). Tyrosine phosphorylation of occludin on specific
residues leads to loss of its interaction with ZO-1 and possibly
prevents its assembly into tight junctions (17). The present
study shows that cyclic stretch rapidly increases tyrosine phos-
phorylation of occludin, suggesting that it is a likely mecha-
nism involved in stretch-induced tight junction disruption.
Stretch also increased tyrosine phosphorylation of ZO-1, E-
cadherin, and �-catenin, but not claudin-4. The significance of
ZO-1 phosphorylation is unclear at this time. However, Src-
induced tyrosine phosphorylation of �-catenin results in loss of
its interaction with E-cadherin, and tyrosine phosphorylation of
E-cadherin reduces its interaction with PTP1B (39). Therefore,
E-cadherin and �-catenin phosphorylation may play a role in
stretch-induced disruption of adherens junctions. Attenuation
of stretch-induced tyrosine phosphorylation of occludin by
SP600125 and PP2 indicates that JNK2-mediated c-Src acti-
vation is involved in stretch-induced occludin phosphorylation.
Previous studies indicated that stretch induced a rapid increase

Fig. 9. Knockdown of JNK2 or c-Src kinase
attenuated stretch-induced reorganization of ac-
tin cytoskeleton. Knockdown of JNK2 was per-
formed by transfection of Caco-2 cells with
missense oligo (MS) or antisense (AS)-JNK2,
and the transfected cells were grown on Flex-
cell plates (A). To knock down c-Src, Caco-2
cells were transfected with nonspecific RNA
(NS-RNA) or c-Src-specific siRNA and grown
on Flexcell plates (B). Cell monolayers were
subjected to cyclic stretch for 2 h. Fixed-cell
monolayers were labeled for F-actin with Alexa
Fluor-488 conjugated phalloidin and fluores-
cence images collected by confocal micros-
copy. Optical x-y sections (2 �m) from the
apical, middle, and basal regions of epithelium
are presented. Experiment was repeated at least
twice.
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Fig. 10. MLCK activity mediates stretch-induced reorganization of tight junction and actin cytoskeleton. A and B: Caco-2 cells were pretreated with MLCK
inhibitor, ML-7 prior to application of cyclic stretch for 2 h. Cell monolayers were fixed and stained for occludin and ZO-1 (A) or labeled for F-actin using Alexa
Fluor 488-conjugated phalloidin (B). C: cell monolayers were subjected to cyclic stretch for 0.5 h. Fixed-cell monolayers were costained for phospho-MLC
(pMLC) and F-actin. Fluorescence images were collected by confocal microscopy. Optical x-y sections (2 �m) from the apical and middle regions of epithelium
are presented. D: cell monolayers were subjected to cyclic stretch for 0.5 h. Fixed-cell monolayers were fixed and costained for pSrc and F-actin. Fluorescence
images were collected by confocal microscopy. Optical x-y sections (2 �m) from the apical and middle regions of epithelium are presented. Experiment was
repeated at least twice.

Fig. 11. Cyclic stretch increases paracellular
permeability by JNK, Src kinase, and MLCK-
dependent mechanism. A: at varying times after
cyclic stretch, cell monolayers were assessed
for paracellular permeability as described in the
MATERIALS AND METHODS section. Immediately
following cyclic stretch for varying times, cell
monolayers were incubated with FITC-inulin
(green) for 15 min and CellMask Orange
plasma membrane dye (red) for one min before
collecting images. Control cell monolayer re-
ceived no treatment. For positive control, cell
monolayers were incubated with 4 mM EGTA
for 20 min to deplete extracellular calcium
prior to permeability assay. B: cell monolayers
were pretreated with different inhibitors for 30
min followed by cyclic stretch for 2 h prior to
permeability assay. All experiments were re-
peated twice with similar results.
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in tyrosine kinase activity, protein tyrosine phosphorylation,
and c-Src activation in Caco-2 cell monolayers (9, 25). Ty-
rosine kinase inhibitors blocked stretch-induced increase in cell
proliferation. Our results showing weakening of apical junc-
tional complexes by stretch may be complementary to in-
creased cell proliferation.

The initial effect of stretch on tight junction architecture
resulting in wavy structure suggested a potential change in the
organization of the perijunctional actomyosin belt. Confocal
microscopy of actin cytoskeleton indicated that actin organi-
zation at the actomyosin belt region is most affected by cyclic
stretch. Interestingly, 2 h of stretch resulted in dissociation of
the actomyosin belt with the formation of vesicle-like struc-
tures, which may be responsible for the wavy organization of
tight junction proteins. Continuation of cyclic stretch for 6 h
resulted in breakdown of actomyosin structure, which corre-
lates with the disruption of tight junctions at this stage. Actin
organization at the apical region was unaffected, indicating that
stretch does not affect the structure of microvilli. On the other
hand, actin stress fibers in the basal region of the epithelial
cells were gradually diminished by stretch.

Both JNK2 and c-Src appear to be involved in the mecha-
nism of stretch-induced reorganization of actin cytoskeleton.
Inhibition or knockdown of JNK2 or c-Src attenuated stretch-
induced actin reorganization. It is likely that JNK2 and c-Src
signaling are initial events upstream to both actin reorganiza-
tion and tight junction disruption in the epithelial response to
stretch. This also raises the question of whether actin reorga-
nization and tight junction disruption are interdependent. Fur-
ther studies are necessary to determine whether reorganization
of actin cytoskeleton initiates tight junction disruption or
whether actin reorganization is a consequence of tight junction
disruption.

It is well established that MLCK is localized in the perijunc-
tional actomyosin belt, and its activity modulates the structure
of actomyosin belt. It is also well established that MLCK plays
a crucial role in the regulation of intestinal epithelial tight
junctions under physiological and pathophysiological condi-
tions (10, 22, 23, 38, 42, 44). Our present study shows that
stretch stress activates MLCK in Caco-2 cell monolayers.
Inhibition of MLCK by ML-7 attenuated stretch-induced re-
distribution of tight junction proteins and reorganization of
actin cytoskeleton at the actomyosin belt region. Immunoflu-
orescence colocalization studies indicated that pMLC in the
stretched cells colocalizes with the vesicle-like structure of
actin cytoskeleton at the actomyosin belt region, suggesting
that MLCK activation and phosphorylation of MLC may be
involved in the stretch-induced reorganization of the actomy-
osin belt. On the other hand, pSrc in stretched cells colocalizes
with the actin at the apical end of the intercellular junctions,
suggesting that pSrc may phosphorylate tight junction proteins,
such as occludin. Previous study indicated that MLCK activity
is increased during stretch-induced increase in cell migration in
Caco-2 cell monolayers (46). Current observation that MLCK
is involved in stretch-induced tight junction disruption is com-
plementary to its role in stretch-induced cell migration.

It is difficult to measure or detect change in paracellular
permeability in cell monolayers grown on Silastic gel due to
thickness and permeability barrier. We developed an imag-
ing method to detect an increase in paracellular permeability
using FITC-inulin, the extracellular marker, and CellMask

Orange dye to stain the apical membrane of epithelial cells.
In the positive control, the tight junctions of cell monolayers
were disrupted by calcium depletion and showed FITC-inulin
in the paracellular space. Using this novel method, we dem-
onstrate that cyclic stretch increases paracellular permeability
in a time-dependent manner. Interestingly, paracellular perme-
ability for inulin was detectable even at 1 and 2 h of stretch,
indicating that the paracellular permeability was compromised,
even under an initial condition of morphologic changes in tight
junction architecture. Pretreatment of cell monolayers with
SP600125, PP2, or ML7 inhibited stretch-induced paracellular
permeability, confirming that JNK, Src kinase, and MLCK are
involved in stretch-induced tight junction disruption and bar-
rier dysfunction. In the present study, we assessed the change
in permeability qualitatively, as the differences between exper-
imental conditions were quite obvious. However, we believe
that this method can be used quantitatively by measuring the
fluorescence density in the paracellular space using ImageJ
software.

In summary, this study demonstrates that cyclic stretch
disrupts tight junctions, adherens junctions, and actin cytoskel-
eton in the intestinal epithelium, leading to an increase in
paracellular permeability. The mechanism of this stretch-in-
duced effect on apical junctional complexes and paracellular
permeability involves deformation of actin cytoskeleton at the
actomyosin belt region, tyrosine phosphorylation of tight junc-
tion, and adherens junction proteins and cell signaling medi-
ated by JNK2, c-Src, and MLCK.
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