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Abstract
The disruption of intestinal epithelial tight junctions may result in barrier function
dysfunction during polymicrobial sepsis. The pathophysiology of sepsis involves breakdown
of barrier integrity, which correlates with adverse outcome during sepsis. However,
the mechanisms underlying loss of barrier function in sepsis remain unknown. In the
present study in mice, tight junction (TJ) structure was analysed by transmission electron
microscopy; intestinal permeability was assessed using molecular tracer measurement;
and the distribution of TJ proteins was investigated by immunofluorescence microscopy.
The membrane microdomains of TJs were isolated using discontinuous sucrose density
gradients and the expression of TJ proteins in these was determined by western blot.
Immunofluorescence microscopy revealed that claudins 1, 3, 4, 5, and 8 were present
predominantly in the microvillous surface of epithelial cells and along the lateral membranes
of the cells; in sepsis, however, labelling of these proteins was present diffusely within
cells and was no longer focused at the lateral cell boundaries. Moreover, the expression
of claudin-2 was markedly up-regulated in sepsis. Using western blot analysis, we found
that occludin and claudins were displaced from raft fractions to non-raft fractions in
membrane microdomains of TJs in sepsis. In addition, the disruption of TJ structure was
accompanied by increased intestinal permeability. Our results demonstrate for the first
time that redistribution of TJ proteins in TJ membrane microdomains and redistribution of
claudins in epithelial cells of the colon lead to alteration of TJ architecture and TJ barrier
dysfunction during the development of polymicrobial sepsis.
Copyright  2009 Pathological Society of Great Britain and Ireland. Published by John
Wiley & Sons, Ltd.
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Introduction

Despite significant advances in medical therapeutic
approaches, sepsis and multiple organ failure (MOF)
are still a leading cause of morbidity and mortality in
the surgical intensive care unit [1]. It has been sug-
gested that gut mucosal damage and dysfunction may
play a critical role in the initiation and development of
this state [2]. There is growing recognition that intesti-
nal barrier dysfunction may contribute to the adverse
clinical outcome. However, the underlying pathophys-
iological mechanisms of intestinal barrier disruption in
sepsis are poorly understood.

Intestinal barrier function depends primarily on the
integrity of the intestinal epithelium. The intestinal
epithelial barrier is regulated mainly by intercellular
tight junctions (TJs), which are important architectural
features of the paracellular pathway [3,4]. An intact
epithelial TJ barrier serves as a critical barrier against
paracellular penetration of pathogenic bacteria and

toxic luminal antigens including endotoxins [5,6].
The disruption of intestinal TJs causes an increase
in intestinal permeability and results in a ‘leaky’ TJ
barrier, leading to bacterial translocation [7].

TJs are specialized and complex structures com-
posed of multiple proteins [8] including the inte-
gral membrane protein occludin [9], members of the
claudin family [10], junction adhesion molecule, and
zonula occludens (ZO)-1 [11]. TJs have been increas-
ingly recognized for their role in disease states includ-
ing stress, Crohn’s disease, ulcerative colitis (UC), and
microbial infections [12–16]. Alterations in TJ archi-
tecture are mainly attributed to redistribution of the
TJ proteins in the intestinal epithelium, and epithe-
lial barrier function is affected in UC [14]. Our pre-
vious studies have indicated that the distribution of
TJ protein expression in membrane microdomains of
TJs was altered by pro-inflammatory cytokines [17].
Pronounced barrier dysfunction is associated with a
decreased expression and redistribution of claudins in
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Figure 1. Gross morphological change of the colon in sepsis
mice. Colons showing stool pellets of control animal (A); the
stool pellets in the colons of sepsis mice appear smaller than
those of the sham controls (B–D)

active Crohn’s disease [18]. TJs have been considered
as specialized lipid raft-like membrane microdomains
[19]. Changes in TJ protein expression in membrane
microdomains of TJs lead to altered TJ structure and
barrier dysfunction [19]. Clostridium difficile toxins
influence TJ function by modulating the redistribution
of TJ proteins in the membrane microdomains [20].

These results reveal a novel insight to elucidate TJ
structure and function in intestinal barrier damage.

The caecal ligation and puncture (CLP) sepsis
model is considered the gold standard for sepsis
research [21]. Up to now, few TJ functional and
molecular data during polymicrobial sepsis have been
available. In this study, we used the in vivo mouse
sepsis model to investigate whether disruption of
epithelial TJs could result in a loss of barrier function
during polymicrobial sepsis. We examined possible
changes of the distribution of TJ proteins in membrane
microdomains to investigate mechanisms of barrier
dysfunction in sepsis.

Materials and methods

Reagents

Antibodies to claudin-1, -2, -3, -4, -5, and -8 were
purchased from Zymed Laboratories Inc (San Fran-
cisco, CA, USA). Secondary antibodies conjugated to
horseradish peroxidase were purchased from Amer-
sham (Piscataway, NJ, USA). Alexa Fluor-635 sec-
ondary antibodies, Alexa 488-conjugated streptavidin,
and DAPI (4′,6′-diamidino-2-phenylindole) were from
Molecular Probes (Eugene, OR, USA), and EZ-link

Figure 2. Histological changes in the colon of sepsis mice. In control mice, H&E staining of the colon revealed normal mucosal
morphology (A) (original magnifications 200×). The colon of CLP mice showed mucosal injury and increased neutrophilic
infiltration (B–D)
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Figure 3. Ultrastructure micrographs of tight junctions (TJs) in the colon of sepsis mice. In sham-treated mice, the TJ and
desmosomes are intact (A). The electron-dense materials diminished in sepsis mice (B–D), indicating disruption of TJ morphology.
Arrows indicate the location of the TJs and arrowheads indicate the desmosomes. Scale bar = 200 nm

Sulfo-NHS-Biotin was from Pierce Chemical Co (Illi-
nois, USA).

Induction of polymicrobial sepsis

Four- to six-week-old female C57BL/6 mice were used
in this study. Animals were left undisturbed for 1 week
to equilibrate to their environment before experiments.
The study was approved by the Institutional Animal
Care and Use Committee of Nanjing University,
and the Principles of Laboratory Animal Care (NIH
publication No 86-23, revised in 1985) were followed.

For induction of polymicrobial sepsis, mice were
subjected to caecal ligation and puncture (CLP)
according to the method described by Chung et al
[22]. In brief, mice were anaesthetized with sodium
pentobarbital (50 mg/kg body weight ip). A midline
incision (1.5–2.0 cm) was made, and the caecum was

ligated with a 3-0 silk suture and punctured through
and through with a 22-gauge needle, and gently com-
pressed to extrude a small amount of caecal con-
tents through the puncture holes. The caecum was
then returned to the abdomen and the incision was
closed. For the sham-operated controls, the caecum
was exposed but not ligated or punctured and then
returned to the abdominal cavity. All mice were resus-
citated with 1 ml of sterile saline administered subcu-
taneously during the post-operative period. Six mice
were sacrificed at 6, 12, and 24 h after surgery.

Histological investigation

Mouse colon samples were taken, fixed in 10%
neutral buffered formalin, and embedded in paraffin.
Tissue sections were cut at 5 µm and stained with
haematoxylin and eosin (H&E).
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Figure 4. Barrier permeability of mouse colon determined
with biotin as a molecular tracer. The tracer molecule is held
to the luminal border of the colon in sham-operated mice (left
column). Fluorescent detection reveals that biotin penetrated
the epithelium into tissue in CLP mice. Nuclei were stained with
DAPI (blue). Merged biotin and DAPI images are also presented

Transmission electron microscopy (TEM)

Mouse colons were washed and fixed with 4%
glutaraldehyde for 2 h and then post-fixed with
1% osmium tetroxide (OsO4). Tissues were embed-
ded in Epon 812 and thin-sectioned. Sections were
stained with uranyl acetate and lead citrate and then
viewed and photographed on a Hitachi H-600 (Tokyo,
Japan) transmission electron microscope operated at
75 kV.

Mucosal permeability assessment

In the present study, EZ-link Sulfo-NHS-Biotin (443
Da) was used as a small molecular tracer to measure
the permeability of colons in CLP mice as reported
by Guttman et al [23]. Biotin was diluted to 2 mg/ml
in PBS containing 1 mM CaCl2 just prior to use.
After the animals were killed by cervical disloca-
tion, biotin was slowly injected into the colon for
3.5 min via a syringe attached to a 22 G blunt-end
needle. Following this, the region of colon just ros-
tral to the area contacting the syringe was removed

(1 cm) and placed in 3.7% paraformaldehyde in PBS,
pH 7.3 for 3 h. The tissue was then washed exten-
sively with PBS and sectioned by Wax-It Histology
Services (Vancouver, BC, Canada). Tissue sections
were incubated with a 1 : 500 dilution of strepta-
vidin conjugated to Alexa 488 for 30 min and imaged
by a Leica TCS SP2 confocal scanning microscope
(Leica Microsystems, Heidelberg GmbH, Mannheim,
Germany).

Immunofluorescence

Colon tissues were fixed in 3% paraformaldehyde
for 3 h and then washed with PBS. The fixed
colons were embedded in optimal cutting temper-
ature embedding medium (Tissue-Tek OCT Com-
pound, Sakura Finetek USA, Inc, Torrance, CA, USA)
and frozen onto an aluminium stub. Sections of
5 µm were cut, attached to glass slides, and per-
meabilized with 0.2% Triton X-100 in PBS buffer
for 20 min. Slides were washed with PBS exten-
sively and blocked with 5% normal goat serum
PBS containing 0.05% Tween-20 and 0.1% bovine
serum albumin for 20 min at room temperature.
Primary antibodies were added to the slides and
incubated overnight at 4 ◦C in a humidity cham-
ber. After washing, sections were incubated with
Alexa Fluor 635-conjugated secondary antibodies
for 60 min. The slides were again washed exten-
sively and stained with DAPI (4′,6′-diamidino-2-
phenylindole) for 5 min. Sections were visualized
using a Leica TCS SP2 confocal scanning microscope
(Leica Microsystems).

Isolation of TJ membrane microdomains and
western blot analysis

Colonic tissue samples were homogenized in lysis
buffer (50 mM Tris, 25 mM KCl, 5 mM MgCl2.6 H2O,
2 mM EDTA, 40 mM NaF, 4mM Na3VO4, pH 7.4)
containing 1% Triton X-100 and a protease inhibitor
mixture solution. TJ membrane microdomains were
isolated and TJ proteins were analysed by western blot
according to our previously reported method [14].

Statistical analysis

The results presented are the mean ± SEM. Statistical
analysis was performed using Student’s t-test. A
p value less than 0.05 was considered statistically
significant.

Results

Gross morphological change of intestine in sepsis
mice

In the present study, the mouse intestine was exam-
ined during polymicrobial sepsis. A different distri-
bution of stool pellets was shown in the colon of
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Figure 5. Claudin-1 (A), -2 (B), -3 (C), -4 (D), -5 (E), and -8 (F) and DAPI (DNA) localization on sections of colon from sepsis
mice and controls. Claudin staining (red) and DAPI staining (blue), as well as merged claudin and DAPI images are presented.
Arrowheads indicate areas of staining at the lateral boundaries of colonocytes. Arrows show the lack of focused staining in sepsis
mice. Asterisks indicate elevated expression of claudin-2

sepsis mice (Figure 1). The intestine of sham con-
trol mice contained more pellets of stool in the
colon. The amount of stool pellets in the colon
from sepsis mice appeared smaller than that of con-
trol mice. Stool pellets were not seen in the colon
for 24 h after surgery. The caecum was significantly
engorged in CLP animals 6, 12, and 24 h after
surgery.

Histological analysis of tissue from sepsis mice 6,
12, and 24 h after surgery

Intact architecture and normal lymphoplasmacellu-
lar population were observed in sham-operated mice
(Figure 2A). The appearance of mucosal injury and
marked neutrophilic infiltration in the colon were
found in CLP mice (Figures 2B–2D). The mice
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Copyright  2009 Pathological Society of Great Britain and Ireland. Published by John Wiley & Sons, Ltd.



Sepsis induces TJ disruption in vivo 215

E F

Figure 5. Continued

studied at 24 h post-CLP showed more pronounced
disintegration of the mucosa compared with sham-
operated mice. The degree of histological destruction
increased when the CLP period was prolonged.

Alteration of TJ ultrastructure in sepsis mice

TJs are intercellular junctions crucial for barrier func-
tion. To assess the effects of polymicrobial sepsis on
TJ ultrastructure, TEM was performed on the colon.
Figure 3 shows that TEM of the colon revealed an
intact TJ structure in the control animals (Figure 3A).
The architecture of TJs was altered in CLP animals 6,
12, and 24 h after surgery (Figures 3B–3D). There
were morphological differences in the epithelial TJ
ultrastructure in the colons of CLP animals compared
with that in sham-operated mice. In sepsis mice, the
electron-dense materials present between the adjoin-
ing cells near the brush border decreased, indicating
the disruption of normal TJ morphology.

TJs in the colon are functionally disrupted in CLP
mice

The ultrastructure of the TJs in the colon was altered
in sepsis; therefore, we determined whether TJ barrier
function and permeability were impaired in CLP mice
utilizing the tracer molecule biotin in the colon.
Following the administration of biotin into the colon,
fluorescence-labelled biotin was found to be restricted
to the luminal border of the colon and did not
penetrate the epithelium into the tissue in sham-
operated mice (Figure 4). During polymicrobial sepsis,
biotin staining permeated the epithelium into tissue
and the fluorescent staining pattern was significantly

different in the colons of mice 6, 12, and 24 h after
CLP surgery (Figure 4). The biotin fluorescent staining
penetrated deep into the epithelium and had penetrated
throughout the tissue of the mice 24 h after CLP
surgery (Figure 4), which indicated that TJs were
disrupted and the permeability of the epithelial barrier
was markedly increased.

Redistribution of claudins in the surface epithelium
of the colon

It has been demonstrated that claudin-1, -2, -3, -4,
and -5 are present in the colon [24,25]. Claudins con-
tribute to barrier function and the redistribution of
sealing claudin-8 leads to altered TJ structure and pro-
nounced barrier dysfunction in active Crohn’s disease
[26]. Until now, there has been little known about the
redistribution of claudins during polymicrobial sepsis.
We therefore investigated the expression and distribu-
tion of claudin-1, -2, -3, -4, -5, and -8 in colon sections
from sham-operated and sepsis mice.

We found that claudin-1 was immunolocalized at
the cell apices and the lateral cell membrane in
the tissue of controls (Figure 5A). Claudin-1 staining
showed a different distribution pattern which was
localized diffusely within the cells (Figure 5A) and
the nucleus detected with DAPI was disarranged in
the sepsis mice colon sections. Claudin-2 was scarcely
detectable in controls, whereas it showed intense
tight junctional staining both in the crypts and in
the surface epithelium in sepsis mice (Figure 5B).
Claudin-3 staining was predominantly junctional, as
the areas of staining were at the lateral boundaries
of colonocytes in controls (Figure 5C). Claudin-3
staining distribution in controls was similar to that
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Figure 6. Effect of sepsis on the localization of caveolin-1 in raft fractions. Lipid rafts were isolated by Triton X-100 detergent
extraction and sucrose gradient centrifugation as described in the Materials and methods section. Caveolin-1 was used as a marker
for the localization of lipid rafts in the sucrose gradients, which was detected mainly in lipid raft fractions (fractions 3–5) in
controls. Data are shown as means ± SEM (∗∗∗p < 0.001)

reported by Guttman et al [23]. In contrast, claudin-3
was redistributed from the TJ and showed cytoplasmic
staining in sepsis mice (Figure 5C). Claudin-4 and -
5 were predominantly in the microvillus surface of
epithelial cells and along the lateral membranes of the
cells (Figures 5D and 5E). The distribution of claudin-
4 and -5 was different between control and sepsis mice,
and localization of claudin-4 and -5 in colonocytes was
completely disrupted in colon sections of sepsis mice
(Figures 5D and 5E). Claudin-8 was detected in the
surface of epithelial cells and the crypt epithelium of
controls (Figure 5F), and weak cytoplasmic staining
was shown in sepsis murine colon sections.

Redistribution of TJ proteins in membrane
microdomains of TJs induced by sepsis

We recently found a major pool of TJ proteins in
membrane microdomains of TJs, and the distribution
of occluding and claudin isoforms was markedly
influenced in membrane microdomains of TJs in UC
[14]. In the present study, we examined the distribution

of TJ proteins including occludin and claudin-1, -3,
and -5 in sucrose density gradient fractions from sepsis
mice. Membrane microdomains of TJs are considered
as specialized lipid raft-like membrane microdomains
[19]. To fix the localization of lipid rafts within the
sucrose gradients, we used caveolin-1 as a marker.
The majority of caveolin-1 (96.4%) was found in TX-
100 insoluble raft fractions (fractions 3–5) of controls
(Figures 6A and 6B). We also found that caveolin-1
was removed from raft fractions to non-raft fractions
(fractions 6–9) in sepsis mice (Figures 6A and 6B).

The distribution of occludin and claudin isoforms
(claudin-1, -3, and -5) from different fractions was
analysed by western blot (Figures 7–10). Densitomet-
ric analysis was presented as a percentage of the total
protein detected on the same immunoblot, as shown
in Figures 7–10. Western blot analysis demonstrated
that it amounted to 22.5 ± 1.1% for occludin in mem-
brane microdomains of TJs in controls, 38.8 ± 1.9%
for claudin-1, 19.4 ± 1.3% for claudin-3, and 24.7 ±
0.8% for claudin-5, respectively. The distribution of
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Figure 7. Sepsis induced redistribution of the TJ protein occludin. Homogenates of murine colon tissues were subjected to
sucrose density gradient centrifugation and analysed by immunoblotting. Blots were probed with an antibody against occludin.
Blots were analysed and quantified by densitometry. The blots shown are representative of three experiments (∗∗∗p < 0.001)

occludin and claudin isoforms was markedly altered
in membrane microdomains of TJs in sepsis mice.
The amount of occludin in raft fractions decreased
to 4.2%, 0%, and 0%, respectively, for sepsis mice
of 6, 12, and 24 h after surgery (Figures 7A and 7B).
Claudin-1 and -3 were completely displaced from TJ
membrane microdomains in the sepsis mice of 12 and
24 h after surgery (Figures 8 and 9), and claudin-5
was also completely removed for 24 h after surgery
(Figure 10).

Discussion

Gut dysfunction during sepsis is a common problem,
resulting in loss of intestinal mucosal barrier selectiv-
ity and multiple organ dysfunction [2]. As a result, the
gut is viewed by many as an ‘engine’ that drives sep-
sis. Despite extensive studies on TJ disruption in vitro,
there are no studies that have determined alterations
of TJs and barrier dysfunction, or the cellular and

molecular basis on the changes in TJs during polymi-
crobial sepsis. Our present findings demonstrated for
the first time that the architecture of TJs is altered and
functional tracer experiments showed that a molecu-
lar tracer, which does not normally penetrate epithe-
lia, passed across in sepsis animals. TJ disruption
was characterized by the redistribution of TJ pro-
teins in sections of colon taken during the progres-
sion of polymicrobial sepsis. Subcellular fractionation
using discontinuous sucrose density gradients demon-
strated changes in TJ protein expression in membrane
microdomains of TJs in response to sepsis. Our obser-
vations provide new data on the role of TJs in the
pathogenesis of polymicrobial sepsis.

Because disruption of TJ barrier function may be
a major part of the pathology through a mechanism
of altered TJ permeability in sepsis, we examined
the intestine barrier permeability after polymicrobial
sepsis. Permeability studies were performed using a
low-molecular-weight tracer of fluorescence signal. In
various phases of sepsis, there were significant changes
in the permeability for the low-molecular-weight tracer
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Figure 8. Distribution of claudin-1 in membrane microdomains of TJs. Homogenates were subjected to sucrose density gradient
centrifugation. Equal amounts of protein from each fraction were analysed by immunoblotting for claudin-1 (∗∗∗p < 0.001)

(Figure 4). An increase of the intestinal epithelium
permeability for biotin was detected, which indicated
that the integrity of the TJs in the colon was func-
tionally disrupted in sepsis. Our finding that intestinal
permeability was significantly increased during the
progression of polymicrobial sepsis indicated that the
increased permeability occurred most likely via the
disruption of TJ ultrastructure.

The integrity of TJs is maintained by TJ proteins,
and paracellular permeability is associated with proper
expression and localization of TJ proteins. To investi-
gate the possible role of TJ proteins in TJ barrier dys-
function induced by sepsis, we performed western blot
analysis of TJ proteins in membrane microdomains
of TJs. A significant change in the expression of
TJ proteins including occludin and claudins in mem-
brane microdomains of TJs was found (Figures 7–10),
which is responsible for intestinal epithelial perme-
ability secondary to sepsis. Sepsis-induced changes in
TJ barrier function are associated with the redistri-
bution of TJ proteins in membrane microdomains of
TJs. This finding is consistent with our previous results

showing that the distribution of TJ proteins in mem-
brane microdomains of TJs is altered in response to
UC [14]. The TJ membrane microdomain is an integral
part of the TJ structure [19,20]. Lipid rafts are special-
ized membrane microdomains enriched in cholesterol
and sphingolipid, and preferentially partitioned in the
apical membrane of polarized epithelia. Our results
indicate that the loss of TJ barrier function is cor-
related with translocation of lipid raft-associated TJ
proteins, suggesting that membrane microdomains of
TJs may play an important role in the in vivo epithelial
barrier dysfunction.

Previous studies have demonstrated that claudin-1,
-3, -4, -5, and -8 are present in the colon [24–26].
To confirm further the underlying cellular mechanisms
with special attention to tight junctions in sepsis, we
used confocal laser scanning microscopy to investi-
gate changes in the expression and distribution of
claudins associated with altered TJ structure and TJ
barrier dysfunction in sepsis. Our results demonstrated
that immunolocalization of claudin-1, -3, -4, -5, and
-8 on tissue sections of sepsis mice labelled TJs and
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Figure 9. Distribution of claudin-3 in membrane microdomains of TJs. Homogenates were subjected to sucrose density gradient
centrifugation. Equal amounts of protein from each fraction were analysed by immunoblotting for claudin-3 (∗∗∗p < 0.001)

the lateral boundaries of colonocytes, and appeared
markedly altered compared with sham-operated con-
trols. The results were consistent with previous results
showing that claudins are redistributed in response
to different pathological conditions such as CD and
bacteria invasion [18,23]. However, claudin-2 was dra-
matically up-regulated in sepsis mice. Our results are
similar to the findings in Crohn’s disease [18]. There-
fore, the redistribution of sealing claudins together
with the increased expression of the pore-forming TJ
protein claudin-2 may provide the molecular basis for
the disruption of tight junctions during polymicrobial
sepsis in vivo.

Sepsis is associated with a systemic inflammatory
response syndrome that is characterized by copious
amounts of pro-inflammatory cytokines, suggesting
that regulation of the inflammatory response has been
compromised [26]. The pathogenesis of sepsis has
implicated pro-inflammatory cytokines (eg TNF-α and
IFN-γ ) as harmful mediators [27]. The important find-
ings of the deleterious effects of pro-inflammatory
cytokines on intestine barrier function and TJ structure

have been previously documented in vitro and in vivo
[14,17,28,29]. Intestinal permeability is significantly
increased and TJ proteins are redistributed from the
TJ membrane microdomains to the cytosolic compart-
ment, and then TJ disruption is induced in sepsis.

Here, we have presented evidence that TJ barrier
dysfunction is correlated with alterations in TJ archi-
tecture and TJ protein redistribution in TJ membrane
microdomains during polymicrobial sepsis. We have
also demonstrated that claudin distribution in epithe-
lial cells is altered in the murine colon of sepsis. These
observations support the important role of TJ changes
to barrier impairment in sepsis.
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