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Abstract
Brain edema in acute liver failure (ALF) remains lethal. The role of vasogenic mechanisms of
brain edema has not been explored. We previously demonstrated that matrix metalloproteinase-9
(MMP-9) contributes to the pathogenesis of brain edema. Here, we show that MMP-9 mediates
disruptions in tight junction proteins in vitro and in brains of mice with ALF. We transfected
murine brain endothelial cells with MMP-9 cDNA using pc DNA3.1 (+)/Myc-His A expression
vector. Tissue inhibitor of matrix metalloproteinases (TIMP-1) cDNA transfection or GM6001
was used to inhibit MMP-9. ALF was induced in mice with azoxymethane. Endogenous
overexpression of MMP-9 in brain endothelial cells resulted in significant degradation of tight
junction proteins occludin and claudin-5. The alterations in tight junction proteins correlated with
increased permeability to FITC-dextran molecules. The degradation of tight junction proteins and
the increased permeability were reversed by TIMP-1 and GM6001. Similar results were found
when MMP-9 was exogenously added to brain EC. We also found that tight junction proteins
degradation was reversed with GM6001 in brains of mice with ALF.

Conclusions—Tight junction proteins are significantly perturbed in brains of mice with ALF.
These data corroborate the important role of MMP-9 in the vasogenic mechanism of brain edema
in ALF.
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Brain capillary endothelial cells and their tight junctions (TJ) form the blood-brain barrier
(BBB) that regulates what goes in and out the brain. The paracellular passage of small
molecules, such as water and solutes, is highly regulated by the TJ proteins, including
occludin, claudin-5, and the associated proteins zona occluden (ZO)-1 and -2 (1).

In acute liver failure (ALF), brain edema and sepsis are the two leading causes of death (2).
ALF occurs when there is a sudden loss of hepatic function in a person without preexisting
liver disease. The mechanisms responsible for the development of brain edema in ALF
remain inadequately characterized. Although the cytotoxic mechanism of brain edema is
commonly known (3), the role of a vasogenic mechanism in ALF is not known.

Others have reported that vasogenic BBB failure in ALF results in increased selective
permeability to small molecules(4–6). However, light and electron microscopy have shown
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that in subjects with ALF the BBB and its TJ are grossly intact(4–8). These findings are
consistent with the emerging concept that a vasogenic brain edema results from subtle
modifications of TJ proteins without an obvious disruption of the BBB(9). Consistent with a
leaky BBB that lacks obvious structural breakdown, a perturbation in the extracellular loops
of occludin can disturb the barrier function(10–12). Similarly, a deletion in claudin-5 results
in increased BBB permeability to molecules <800 Da despite an intact BBB
ultrastructure(13).

MMPs play significant roles in highly complex processes, including regulating cell
behavior, cell-cell communication, and tumor progression(14,15). MMPs mediate many
different proteolytic reactions involving cellular surface elements, including adhesion
molecules, receptors and intercellular junction proteins. We have shown that matrix
metalloproteinase-9 (MMP-9) contributes to the pathogenesis of brain edema in
ALF(16,17). Moreover, in rodents with induced ALF we demonstrated that MMP-9
upregulation is coupled with downregulation of tissue inhibitor of MMP (TIMP)-1 and that
blocking MMP-9 with specific monoclonal antibodies or a synthetic inhibitor (GM6001)
successfully attenuated brain extravasation and edema(16,17). These results suggest that a
vasogenic mechanism contributes to the pathogenesis of brain edema in ALF.

MMP-9 has been shown to affect the TJ proteins, leading to increased BBB permeability.
MMP-9 has also been implicated in BBB alterations in brain ischemia and trauma(18–20).
Recently, MMP-9 was demonstrated to degrade occludin and claudin-5 in focal cerebral
ischemia(21). Similarly, MMP-9 has been shown to alter occludin, claudin-5, and ZO-1 and
-2 in early diabetic retinopathy(22–24) and in experimental dry eye(25). We have thus
hypothesized that MMP-9 plays a critical role in BBB failure in ALF by directly affecting
TJ proteins, particularly occludin and claudin-5.

In this study, we demonstrate that MMP-9 alters the TJ proteins. We examined the effects of
MMP-9 on TJ integrity and BBB permeability when MMP-9 is endogenously overexpressed
and when it is exogenously added to brain endothelial cells in vitro. We also determined the
pattern of TJ alterations in brains of mice with induced ALF that were treated with the
MMP-9 inhibitor GM6001 versus vehicle(16).

METHODS
An MMP-9 cDNA clone in pBluescript II KS+ vector was obtained from Dr. Gregory I.
Goldberg at Washington University (St. Louis, MO). The insert was cleaved with Xba I, and
the MMP-9 cDNA was amplified with forward primer 5′-
CTCCGGGTACCATGTTCCAAACCTTTGAGGGCGAC-3′ and reverse primer 5′-
GGTCAAGAATTCGTCCTCAGGGC-3′(26). The MMP-9 cDNA was subcloned to a pc
DNA3.1 (+)/Myc-His A expression vector between the EcoR I and Kpn I digestion sites.
MMP-9 was detected using anti-MMP-9 antibody or anti tag-His antibody. Sequence was
confirmed by DNA Sequencing Core Laboratory at Mayo Clinic Rochester. TIMP-1 cDNA
clone was purchased (MC202082, OriGene, Rockville, MD). MMP-9 antibody was
purchased from Santa Cruz Biotechnology (sc-13520, Santa Cruz, CA); rabbit anti-claudin
(Zy-34-1600), anti-occludin (Zy-71-1500), and anti-ZO-1 (Zy-40-2300) from Invitrogen-
Zymed Laboratories (Carlsbad, CA); and mouse ZO-2 antibody from BD Transduction
Laboratories (San Jose, CA).

Overexpressing MMP-9 and TIMP-1 in mouse brain endothelial (bEnd3) cells in vitro
The murine brain endothelial cell line bEnd3 was purchased from ATCC (CRL-2299,
Manassas, VA). The bEnd3 cells were grown on 100-cm2 tissue culture plates (Falcon) until
confluence in DMEM with 4.5 g/L glucose, 3.7 g/L sodium bicarbonate, 4 mM glutamine,
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10% FBS, 100 U/mL penicillin, and 100 μg/mL streptomycin. Cells were transfected with
MMP-9 and TIMP-1 plasmid DNAs by using Lipofectamine 2000 (Invitrogen, Carlsbad,
CA) according to the manufacturer’s protocol. Cells that were transfected with pc DNA
expression vector served as controls.

Exogenous MMP-9 added to bEnd3 cells
The bEnd3 cells were grown to confluence, and 100 ng/mL of human recombinant active
MMP-9 (Calbiochem, LaJolla, CA) was added for 18 hours with and without 100 nM of the
potent broad-spectrum MMP-9 inhibitor GM6001 (Calbiochem).

Immunofluorescent microscopy
The bEnd3 cells were grown to confluence. After the studies, the culture plates were fixed in
3% paraformaldehyde for 30 min, permeabilized in 0.2% Triton X-100, and blocked for 30
min with PBS containing 3% (w/v) BSA. Immunostaining for claudin-5 (1:200), occludin
(1:200), and ZO-1 (1:200) was performed with primary antibodies for 1 hour at room
temperature. Normal rabbit/mouse IgG (Invitrogen) was used for the controls. Slides were
washed with PBS/glycine and incubated with Alexa Fluor 488 dye-conjugated goat anti-
mouse and goat anti-rabbit Alexa 596 at 1:600 (Invitrogen). The fluorescent microscope
(DM5000B; Leica) with a 63×/1.4 HCX planApo oil objective (Leica) was used. Photos
were acquired with the FX4000 program (Leica) using a charge-coupled device camera
(DFC350FX, Leica).

Gelatin zymography
Gelatinase activities including MMP-9 were measured by gelatin zymography(16). Protein
levels were determined by BCA (Pierce Biotechnology, Rockford, IL). Twenty-microgram
samples were electrophoresed at 4°C in 10% SDS-PAGE containing 1 mg/mL of gelatin
(BioRad, Hercules, CA). MMP-9 and MMP-2 (Chemicon, Billerica, MA) were used as
standards. The gels were processed, incubated at 37°C for 40 h, fixed, and stained with 0.5%
Coomassie Blue R-250. Gelatinase activity presented as clear bands against a blue
background and was quantitated using ImageQuant.

Western blotting for tight junction protein analysis
Triton X-100-soluble and -insoluble fractions were prepared for analysis of TJ
proteins(12,27). The cells were washed with PBS, scraped, and rinsed into 1 mL of lysate
buffer (50 mM Tris-HCl pH 7.3, 150 mM NaCl, 3 mM MgCl, 1 mM dithiothreitol [DTT], 1
mM EDTA, 1 mM EGTA, 1.0 % Triton X-100), supplemented with protease and
phosphatase inhibitors. Supernatant was collected as a Triton X-100-soluble fraction. The
remaining residue was extracted by heat (95°C) with lysis buffer containing 1% SDS
(including 50 mM Tris-HCl pH 7.3, 150 mM NaCl, 3 mM MgCl, 1 mM DTT, 1 mM EDTA,
1 mM EGTA) as a Triton X-100-insoluble fraction. Equal amounts of protein (30 μg) from
each sample were resolved on 10–16% SDS-PAGE gels, transferred to nitrocellulose
membrane, and immunoblotted. Rabbit polyclonal anti-claudin-5, anti-occludin, and anti-
ZO-1 and mouse anti-ZO-2 antibodies were used at 1:1000 to detect TJ protein expression.
MMP-9 and TIMP-1 were detected with anti-MMP-9 antibody and anti-TIMP-1 antibody
(Calbiochem), respectively.

Paracellular permeability assay
In vitro permeability was assayed using FITC-dextran fluorescein. The bEnd3 cells were
seeded onto 6-well collagen-coated Transwell inserts (0.4 μM pore size) (Corning Costar
Corp., Cambridge, MA) at 5×105 per well and were cultured in BD Endothelial Culture
Medium (BD Biocoat™ Endothelial Cell Growth Environment, BD Bioscience, San Jose,

Chen et al. Page 3

Hepatology. Author manuscript; available in PMC 2010 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



CA). The medium was replaced every second day with 1.5 mL to the outer and 0.5 mL to
the inner chambers. When the cells reached confluence at day 5, they were transfected with
MMP-9 and TIMP-1 plasmid DNA. After 18 hours, 50 μL of 5 mg/mL FITC-dextran 40
(Sigma-Aldrich, St. Louis, MO), was added to the inner chamber with final volume of 0.5
mL. In the studies examining the exogenous MMP-9 and GM-6001, confluent bEnd3 cells
were treated with 100 ng/mL recombinant MMP-9 with and without 50 nM GM6001 for 18
hours.

To determine the permeability of the bEnd3 cellular barrier, aliquots of 100 μL from the
outer chamber were taken after 3 hours. The extravasated FITC-dextran 40 was measured
with excitation and emission wavelengths at 485 and 535 nm using a SpectraMax
spectrophotometer, and results were analyzed using Softmax.

Brains from mice with ALF
ALF was induced according to our previous description (16). Control mice were injected
with saline and vehicle alone. ALF was induced with intraperitoneal injection with
azoxymethane (AOM) (Sigma-Aldrich) at 50 μg/g. Twelve hours later, the study mice were
treated intraperitoneally with either GM6001 at 2 mg/mouse or vehicle every 12 h for three
doses. At the comatose stages of ALF, the study mice were killed, and their brains were
removed for analysis. Hemibrains were homogenized at 150 mg tissue/mL of extraction
buffer (50 mM Tris-HCl pH 7.3, 150 mM NaCl, 3 mM MgCl, 1 mM DTT, 1 mM EDTA, 1
mM EGTA, 1.0% Triton X-100). Homogenates were centrifuged at 10,000 g for 10 minutes.
Supernatants were collected as a Triton X-100-soluble fraction. The remaining residues
were extracted by heat (95°C) with 1% SDS buffer (including 50 mM Tris-HCl pH 7.3, 150
mM NaCl, 3 mM MgCl, 1 mM DTT, 1 mM EDTA, 1 mM EGTA) as a Triton X-100-
insoluble fraction. Three separate experiments were performed.

Data analysis
The results were expressed as mean ± standard deviation. Student t-test and ANOVA were
used for statistical analysis. A p value < 0.05 was considered statistically significant.

RESULTS
Overexpression of MMP-9 and TIMP-1 in bEnd3 cells

In brain ischemia, MMP-9 is upregulated in brain capillary endothelial cells, astrocytes, and
neurons(28,29). We investigated the local effect of MMP-9 on TJ composition by
transfecting bEnd3 cells with MMP-9 cDNA with and without TIMP-1. The bEnd3 cells
were derived from mouse brains and have BBB characteristics including the TJ proteins
occludin, claudin-5, and ZO-1 and ZO-2(30,31). Transfection with MMP-9 alone resulted in
5-fold upregulation of MMP-9 activity and concentration compared with control cells
(Figure 1A,B). Cotransfection of TIMP-1 suppressed the MMP-9 activity (Figure 1A,B).
TIMP-1 was mildly upregulated in MMP-9-transfected cells (Figure 1D). In contrast,
cotransfection with both TIMP-1 and MMP-9 resulted in 300% increase in TIMP-1 (Figure
1D) and in 35% reduction in both amount and activity of MMP-9 (Figure 1C,D). In contrast,
MMP-2, which is the closely related gelatinase of MMP-9, was not affected by MMP-9 and
TIMP-1 overexpression.

MMP-9 degrades occludin and claudin-5 in bEnd3 cells
The bEnd3 cells that were treated with vector alone, MMP-9 transfection, or both MMP-9
and TIMP-1 cotransfection were analyzed for the composition of TJ proteins. Triton X-100-
soluble and -insoluble fractions were prepared(12,27). The Triton X-100-soluble fraction
represented the cytoplasmic and extracellular-associated forms of TJ proteins, and the Triton
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X-100-insoluble fraction was associated with the transmembrane portion of the TJ complex.
Upregulation of MMP-9 induced a significant degradation of occludin in Triton X-100-
soluble fractions. Both isoforms of occludin, i.e., the β (65 kDa) and a (63 kDa) forms, were
equally susceptible to the degradation to 50-kDa form. The ratio of the 50-kDa to the 63-
and 65-kDa isoforms of occludin markedly increased in MMP-9-transfected cells. The
occludin degradation and 50/65–63 ratio were reversed by TIMP-1 (Figure. 2A,B,C). We
observed similar alterations of occludin in Triton X-100-insoluble fractions (Figure. 2D,E).

Similarly, MMP-9 upregulation induced significant degradation of claudin-5 in both Triton
X-100-soluble and -insoluble fractions. Claudin-5 degradations were attenuated by
upregulation of TIMP-1 (Figure 2B,E). At the same time, both ZO-1 and ZO-2 accessory
proteins of TJ were significantly affected by MMP-9 in Triton X-100-soluble fractions
(Figure 2B). Only ZO-2 was significantly affected in the Triton X-100-insoluble fractions
(Figure 2A).

Exogenous MMP-9 degrades TJ proteins in bEnd3 cells
Because the brain is an innocent bystander with secondary injury in ALF, we sought to
determine whether MMP-9, when present in a luminal fluid on the surface of the endothelial
cell, would influence the TJ composition. Hence, we added exogenous MMP-9 to the
confluent bEnd3 monolayer. We found that occludin, ZO-1, and ZO-2 were significantly
decreased in Triton X-100-soluble fractions compared with the controls and that GM6001, a
broad-spectrum MMP inhibitor, partly reversed the loss of the TJ proteins (Figure 3A,B).
ZO-1 and ZO-2 were similarly altered. Although claudin-5 was affected negatively, its
degradation was not reversed by GM6001 (Figure 3A,B). In contrast, there was no change in
TJ protein expression in Triton X-100-insoluble fractions (Figure 3C,D).

MMP-9 altered TJ protein distributions in bEnd3 cells
Under fluorescent microscopy, we observed a normal distribution of occludin, claudin-5,
ZO-1, and ZO-2 forming a fine near-continuous line at the junction of cell-cell contact
among the bEnd3 cells that were transfected with the vector alone (Control column in Figure
4). The bEnd3 cells that were transfected with MMP-9 showed marked irregularity and
discontinuity in the distribution of occludin, claudin-5, ZO-1, and ZO-2 (MMP-9 column in
Figure 4). The bEnd3 cells that were cotransfected with TIMP-1 and MMP-9 had
significantly less perturbed distribution of the TJ components (MMP-9 + TIMP-1 column in
Figure 4). Although not shown, a similar pattern of TJ alterations, to a lesser extent, was
observed when MMP-9 was added to the bEnd3 monolayer and the alterations were
attenuated with GM6001.

MMP-9 increases bEnd3 barrier permeability
We next determined the effect of MMP-9 on BBB permeability. The bEnd3 cells in a
confluent monolayer possess characteristics of BBB, including TJ composition(30), and can
be used to simulate the BBB in vitro(30,31). The permeability across the BBB was assessed
using FITC-dextran in a Transwell chamber. The bEnd3 cells were seeded on a collagen-
coated Transwell filter for 5 days until the cells covered the entire surface of the insert and
cell-free regions were virtually absent. FITC-dextran 40 was added to the upper
compartment. After 3 hours, the extravasation of the FITC-dextran across the monocellular
bEnd3 was significantly increased with MMP-9-transfected cells; the increased permeability
was significantly attenuated with TIMP-1 cotransfection (Figure 5). Similarly, exogenous
MMP-9 administration induced increased permeability of FITC-dextran, which was reduced
with GM6001 (not shown).
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HUVEC have been used frequently for monocellular BBB permeability, so we corroborated
the permeability study using HUVEC(32,33). The HUVEC cells were transfected with
MMP-9 and TIMP-1 in the same manner as the bEnd3 cells. We showed that endogenous
MMP-9 expression resulted in increased BBB permeability with HUVEC that was
significantly ameliorated with TIMP-1 (Figure 5).

Occludin and claudin-5 are degraded in brains of mice with ALF
We have previously demonstrated that blockage of MMP-9 with specific MMP-9 mAb or
with broad-spectrum synthetic inhibitor GM6001 attenuated brain extravasation and edema
in mice with AOM-induced ALF(16). The brains from normal control mice, ALF mice
treated with vehicle, and ALF mice treated with GM6001 were examined with
immunoblotting for the TJ proteins occludin, claudin-5, ZO-1, and ZO-2. We found a
significant reduction of 65- and 63-kDa isoforms of occludin with a concomitant increase in
the 50-kDa form of occludin in mice with ALF (Figure 6A,B). The decrease in 65- and 63-
kD isoforms of occludin was significantly attenuated with GM6001 treatment (Figure
6A,B). The ratio of 50/60–63 occludin was reversed toward normal when ALF mice were
treated with GM6001 (Figure 6C).

Triton X-100-insoluble claudin-5 expression was also downregulated in brains of the ALF
mice, and GM6001 prevented the effects of the downregulation. In contrast, the occludin
and ZO-1 decreases were not reversed with GM6001 (Figure 6D, E).

These data corroborate the results observed with brain endothelial cells in vitro, providing
support for the major role of MMP-9 in the proteolysis of occludin and other TJ proteins in
ALF.

DISCUSSION
Since the early report of brain edema as a complication of ALF(34), the role of a vasogenic
mechanism has not been examined. In this study, we demonstrated that the TJ proteins
occludin and claudin-5 are significantly perturbed in brains of mice with experimentally
induced ALF. Similar alterations in the TJ proteins were observed in vitro when brain
endothelial cells were subjected to MMP-9. These alterations were reversed by MMP-9
inhibition with TIMP-1 or with the broad synthetic inhibitor GM6001. These findings
support our hypothesis that vasogenic mechanism contributes to brain edema in ALF.

To determine whether MMP-9 influences BBB integrity, we examined TJ proteins in a
murine brain endothelial cell line, bEnd3, which possesses characteristics of the BBB,
including TJ proteins occludin, claudin-5, and ZO-1 and ZO-2.(30,31) When MMP-9 was
expressed by or added to bEnd3, we observed significant degradation of Triton X-100-
soluble, i.e., extracellular, occludin and claudin-5 and their associated cytoplasmic
accessories ZO-1 and ZO-2. These findings suggested that MMP-9 can directly modify the
extracellular components of the TJ proteins. The upregulation of TIMP-1 resulted in a robust
reversal of the degradation of the TJ proteins. In contrast, GM6001 was less successful at
inhibiting the degradation of occludin, ZO-1, and ZO-2. Moreover, GM6001 failed to
reverse the claudin-5 loss. The difference might be related to the much stronger and more
specific inhibition capacity of TIMP-1 to MMP-9 than GM6001. In parallel, when we
examined the Triton X-100-insoluble fractions derived from brain endothelial cells with
endogenously expressed MMP-9, we observed significant perturbations in occludin,
claudin-5, and ZO-2, which were mitigated with TIMP-1. However, no significant
alterations in the TJ components were seen with the Triton X-100-insoluble fractions
derived from brain endothelial cells with exogenously added MMP-9. The perturbations of
the TJ proteins by MMP-9 correlated with in vitro BBB permeability. We observed
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increased BBB permeability in vitro when the bEnd3 cells endogenously expressed MMP-9
or when MMP-9 was added to their surface. Inhibiting MMP-9, particularly with TIMP-1,
attenuated the BBB permeability.

The analysis of TJ proteins from mice with AOM-induced ALF reveals a pattern of TJ
degradations and perturbations that resembles the in vitro findings, with some differences.
The AOM-induced ALF models the liver failure that is seen in humans. Specifically, in the
comatose stages, mice with ALF had increased brain extravasation and edema that
recapitulates the clinical course that is observed in humans(16). In this study, we examined
the composition of the tight junction in brains of comatose mice with ALF that were treated
with GM6001 versus vehicle alone. The control mice were treated with saline without
AOM. In mice with ALF, the Triton X-100-soluble occludin and ZO-1 were decreased, but
claudin-5 and ZO-2 were not. Treatment with GM6001 attenuated loss of occludin but not
ZO-1. Conversely, in the Triton X-100-insoluble fractions, although occludin, claudin-5,
ZO-1, and ZO-2 were all decreased, only claudin-5 loss was reversed with GM6001.
Importantly, the specific degradation of the 65- and 63-kD isoforms of occludin to the
truncated 50-kD isoform was consistently observed in the Triton X-100-soluble fractions
from brains of mice with ALF. This specific degradation of occludin was attenuated by
GM6001. This observation is consistent with our in vitro results in which bEnd3 cells were
transfected with MMP-9 and TIMP-1. The specific degradation of occludin is consistent
with previous reports(21,23–25,35). Our results thus corroborate that MMP-9 directly
modifies TJ proteins, particularly occludin.

Our observations that MMP-9 can degrade TJ proteins are consistent with previous reports
of brain ischemic and traumatic injuries. MMP-9 mediates the BBB opening in brain
ischemia(21,36,37). MMP-9 has recently also been implicated in the subtle alterations in the
blood-retinal barrier in early diabetic retinopathy(22) and in experimental dry eyes(25).
Interestingly, the pattern of occludin degradation of the 65–63 kDa isoforms versus the 50-
kDa isoform suggests that MMP-9 plays a central role in regulating occludin. In contrast,
MMP-2, a closely related relative of MMP-9, does not play a part in brain ischemic and
traumatic injury(19). Furthermore, it has been shown that MMP-2 produces a different
pattern in the degradation of occludin(35). The consistent profile of occludin degradation in
vivo as well as in vitro strengthens the likelihood that MMP-9 has a role in altering TJ
composition in ALF.

Thus, it appears that injury to the TJ in mice with ALF could result from either luminal
exposure to circulating MMP-9 or from MMP-9 being produced by the endothelial cell
itself. Our previous study suggested that brain cellular elements do not participate in
producing injury to the TJ per se because we did not see an upregulation of MMP-9 in brains
of mice with ALF(16). However, the possibility of inadequacy of our assays to detect a tiny
concentration of MMP-9 cannot be excluded, because endothelial cells and other
immediately surrounding cells could produce MMP-9(28,29) in response to stress and
circulating cytokines. In addition, the role of cerebral inflammation due to the circulating
inflammatory cytokines in ALF has recently been implicated(38,39). Although we observed
microglial activation in the brains of the ALF mice (data not shown), we consistently did not
find an upregulation of MMP-9 in the brains of these mice(16). Therefore, it would be
unlikely that the degradation of the TJ proteins in this model of ALF was due to microglial
cell activation.

It has been well recognized that MMP-9 and its proform are upregulated in the liver in
response to injury(16,40,41). Within a few hours of onset of experimentally induced ALF,
MMP-9 is continuously released into the systemic circulation(16,42). Therefore, we
speculated that MMP-9 might directly affect the integrity of the BBB in ALF. We
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demonstrated that a specific monoclonal antibody against MMP-9 effectively attenuated the
brain extravasation and edema in ALF mice(16). Moreover, we showed that TIMP-1 is
significantly decreased in the systemic circulation of animals with ALF and that GM6001, a
broad-spectrum inhibitor of MMP-9, successfully reduced brain extravasation and edema in
animals with ALF(17). In the present study, we demonstrated that the TJ protein occludin is
degraded, thereby generating a 50-kDa isoform in the brains of mice with ALF and in vitro
when MMP-9 is either endogenously induced in or exogenously administered to the brain
endothelial cells. The alteration in occludin is ameliorated by TIMP-1 and GM6001. These
findings suggest that MMP-9 targets the extracellular loop of occludin somewhere between
amino acid 106 and 120 from the N-terminus(35). However, the exact nature of injury to
occludin and other TJ proteins in ALF requires further investigation. A recent paper showed
that occludin was decreased in the brain of comatose rats with surgically-induced ALF(43).
Coupled with our data, the evidences support the concept that BBB dysfunction occurs as a
consequence of occludin alterations. However, different mechanisms appear to contribute to
the disease process. In addition, the division into Triton X-100-soluble versus -insoluble
fractions is not rigorously adequate to distinguish the extracellular and transmembrane
components of the TJ elements. Moreover, potential contributions of intracellular signals
that are transduced by the cleavage of occludin have not been assessed(44,45).

In conclusion, we demonstrated that in ALF, occludin and other TJ proteins are significantly
disrupted, resulting in increased paracellular permeability across the BBB. These findings
corroborate an important role for MMP-9 and its inhibitors in the pathogenesis and potential
therapy of brain edema in ALF. Further understanding of the BBB and TJ regulation will
permit more effective treatment of brain edema.
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ALF acute liver failure

AOM azoxymethane

bEnd3 mouse brain endothelial cell

BBB blood-brain barrier

MMP-9 matrix metalloproteinase-9

TIMP-1 tissue inhibitor of MMP

TJ tight junction

ZO zona occluden
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Figure 1.
Endogenous overexpression of MMP-9 and TIMP-1 in bEnd3 cells. (A & B) Gelatin
zymography and densitometric analysis of conditioned medium containing bEnd3 cells
transfected with vector alone, with MMP-9, and with both MMP-9 and TIMP-1; Human
MMP-9 and -2 are used as standards (lane S). Values are expressed as mean ± SD based on
three individual tests (**p<0.01). (C & D) Western blot analysis of MMP-9 and TIMP-1
expression.
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Figure 2.
TJ protein expression in bEnd3 cells endogenously expressing MMP-9 and TIMP-1. (A &
B) Immunoblot of occludin, claudin-5, ZO-1, and ZO-2 expression levels in Triton X-100-
soluble fractions and densitometric analyses of bEnd3 cells transfected with vector alone,
with MMP-9, and with both MMP-9 and TIMP-1. (C) The distribution levels of 65-kD and
50-kD isoforms of occludin in Triton X-100-soluble fractions in the three groups. (D & E)
Immunoblot of TJ proteins in Triton-X-100-insoluble fractions and densitometric analyses
of bEnd3 cells in the three groups. GAPDH expression was used as loading control. Values
are expressed as mean percentage ± SD (*p<0.05, **p<0.01).
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Figure 3.
TJ protein expression in bEnd3 cells treated with exogenous MMP-9 and GM6001. (A & B)
Immunoblot of occludin, claudin-5, ZO-1, and ZO-2 expression levels in Triton X-100-
soluble fractions and densitometric analyses of bEnd3 cells incubated with culture medium
alone, with 100 ng/mL of MMP-9, and with MMP-9 and 100 nM of GM6001. (C & D)
Immunoblot of TJ proteins in Triton X-100-insoluble fractions and densitometric analyses of
bEnd3 cells in the three groups. GAPDH expression was used as loading control. Values are
expressed as mean percentage ± SD (*p<0.05, **p<0.01).
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Figure 4.
TJ protein distribution in monolayers of bEnd3 cells assessed by immunofluorescent
microscopy. The bEnd3 cells were transfected with vector alone (control column), with
MMP-9 alone (MMP-9 column), or with both MMP-9 and TIMP-1 (MMP-9 + TIMP-1
column). TJ proteins were immunohistologically targeted for occludin (row A), claudin-5
(row B), ZO-1 (row C), and ZO-2 (row D). (Magnifications at 400X and scale bar = 50 μm).
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Figure 5.
Effect of endogenously overexpressed MMP-9 on paracellular permeability in bEnd3 cells.
bEnd3 cells were plated to confluence in collagen-coated 6-well Transwell inserts. Active
MMP-9 was transfected with TIMP-1 plasmid DNA. For comparison, human umbilical vein
endothelial cells (HUVEC) were similarly treated. Paracellular permeability assay was
assessed using FITC-dextran fluorescein. Data are expressed as mean ± SD (*p<0.05,
**p<0.01).
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Figure 6.
Alterations in TJ proteins in brains of mice with AOM-induced ALF. (A & B) Immunoblot
of occludin, claudin-5, ZO-1, and ZO-2 expression levels in Triton X-100-soluble fractions
and densitometric analyses of brains from control mice, mice with AOM-induced ALF, and
mice with AOM-induced ALF treated with GM6001. (C) Distribution levels of 65-kD and
50-kD isoforms of occludin in Triton X-100-soluble fractions in the three groups. (D & E)
Immunoblot of TJ proteins in Triton X-100-insoluble fractions and densitometric analyses of
brains from mice in the three groups. GAPDH expression was used as loading control.
Values are expressed as mean percentage ± SD (*p<0.05, n=8 per group).
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