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Abstract
Mechanisms of brain edema in acute liver failure (ALF) are not completely understood. We
recently demonstrated that matrix metalloproteinase 9 (MMP-9) induces significant alterations to
occludin in brain endothelial cells in vitro and in brains of mice with experimental ALF
(Hepatology 50:1914, 2009). In this study, we show that MMP-9-induced transactivation of
epidermal growth factor receptor (EGFR) and p38MAPK/NFκB signals participate in regulating
brain endothelial occludin level. Mouse brain endothelial bEnd3 cells were exposed to MMP-9 or
p38 MAPK upregulation in the presence and absence of EGFR inhibitor, p38 MAPK inhibitor,
NFκB inhibitor, and/or appropriate small interfering RNA. RT-PCR and western blotting were
used for mRNA and protein expression analyses. Immunohistochemical staining and confocal
microscopy were used to demonstrate cellular EGFR activation. Intraperitoneal azoxymethane was
use to induce ALF in mice. Brains of comatose ALF mice were processed for histological and
biochemical analyses. When bEnd3 cells were exposed to MMP-9, EGFR was significantly
transactivated, followed by p38 MAPK activation, IκBα degradation, NFκB activation, and
suppression of occludin synthesis and expression. Similar EGFR activation and p38 MAPK/NFκB
activation were found in the brains of ALF mice, and these changes were attenuated with GM6001
treatment.

Conclusion—EGFR activation with p38 MAPK/NFκB signaling contributes to the regulation of
tight junction integrity in ALF. EGFR activation may thus play an important role in vasogenic
brain edema in ALF.
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Tight junction (TJ) proteins regulate paracellular permeability in various organs, particularly
in the brain neurovascular unit (1). In brain capillaries, the endothelial cell (EC) spreads
itself over the entire capillary basal lamina with the two plasmalemmal surfaces aligning to
form the TJ. The TJ proteins, including occludin, claudin-5, junctional associated molecules,
and their intracellular accessory factors zona occludins (ZO), seal the paracellular space.
Collectively, the EC and its TJ, basal lamina, and associated astrocyte end-feet form the
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blood-brain barrier (BBB) that tightly regulates what enters and exits the neurovascular unit
of the brain (2).

TJ proteins, particularly occludin and claudin-5, are important in the paracellular barrier
function of the BBB, and their roles have been described in various pathological conditions
(3-5). Occludin is a tetraspan membrane protein with two extracellular loops within the TJ
and with the amino- and carboxy-terminal chains in the cytoplasm. The C-terminal domain
binds to ZO-1 and -2 which serves as the link between occludin and the cytoskeleton (6).
Claudin-5 has a similar distribution. Although the barrier function is typically compromised
by structural breakdown of the BBB, recent evidence has suggested that subtle alterations in
either occludin or claudin-5—without obvious structural changes—can result in selective
permeability to small molecules (7-9). These findings support the concept that vasogenic
edema might result from a subtle modification in TJ composition (10).

In acute liver failure (ALF), brain edema is lethal and remains a major determinant of
patient survival (11,12). However, the exact alterations in BBB integrity that lead to brain
edema in ALF are not known. In 2006, we reported that specific monoclonal antibodies
against matrix metalloproteinase-9 (MMP-9) attenuate brain extravasation and edema in
ALF mice (13). We recently showed that MMP-9 significantly alters the TJ proteins,
particularly occludin, in brain ECs in vitro and in brains of mice that have experimentally
induced ALF (5). However, the signal transductions associated with MMP-9 that mediate
the alterations in occludin remain unknown.

The role of epidermal growth factor receptor (EGFR) in cancer development and treatment
is well known (14-16). EGFR belongs to the ErbB family of receptor tyrosine kinases. Upon
ligand stimulation, they dimerize, and dimerization is then followed by receptor
internalization and autophosphorylation of the intracytoplasmic EGFR tyrosine kinase
domains, which serve as binding sites for recruiting signal transducers and activators of the
intracellular signal transduction cascade. Recently EGFR was implicated in the regulation of
cellular barrier function (17). EGFR has also been shown to participate in microvascular
injury in diabetes (18), lung injury (19,20), and intestinal permeability (21,22).

Ligation of EGFR activates the mitogen-activated protein kinase (MAPK) cascades (23,24).
MAPKs have been implicated in endothelial paracellular permeability associated with
oxidative insults (25-27) and with alterations of TJ proteins (28); thus, MAPKs are
important in maintaining cellular and TJ integrity (29). Previously, we observed that p38
MAPK is upregulated in isolated microvessels from the brains of ALF mice (30). However,
the role of p38 MAPK and EGFR in BBB permeability in ALF has not been explored.

In this study, we investigated the role of p38MAPK/NFκB signaling after EGFR
transactivation by MMP-9 in altering the TJ element occludin in brain ECs in vitro and in
brains of mice with ALF.

Materials and Methods
The mouse brain endothelial cell line, bEnd3, was purchased from American Type Culture
Collection (CRL-2299, Manassas, VA). We purchased transfection-ready GFP-tagged
human MMP-9 cDNA (RG202872) and p38 MAPK mouse cDNA (MC200120) from
OriGene (Rockville, MD); anti-phospho p38 MAPK (sc9211), anti-p38 MAPK (sc9212),
anti-MMP-9, anti EGFR and anti-phospho-Tyr EGFR antibodies (sc-13520) from Santa
Cruz Biotechnology (Santa Cruz, CA); rabbit anti-claudin (Zy34-1600), anti-occludin
(Zy71-1500), and anti-ZO-1 (Zy40-2300) from Invitrogen-Zymed Laboratories (Carlsbad,
CA); and anti-ZO-2 from BD Transduction Laboratories (San Jose, CA). We obtained non-
targeted SignalSilence® control siRNA (cat 6568), and p38 MAPK siRNA (cat 6564),
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EGFR siRNA (cat 6481) from Cell Signal Tech (Danvers, MA); anti-IκBα (cat I0505) and
p38 MAPK inhibitor SB203580 (cat S8307), MEK1/2 inhibitor PD 98059 (cat p215) from
Sigma-Aldrich; NFκB inhibitor, MMP inhibitor GM6001, and EGFR inhibitor AG1478
from Calbiochem (San Diego, CA).

RNA extraction and RT-PCR analysis
Total RNA was extracted from bEnd3 cells using Purelink RNA Mini Kit (12183-018A,
Invitrogen). RNA was transcribed into single-stranded DNA by SuperScript III First Strand
reverse transcriptase (18080–051, Invitrogen). The yielded cDNA was used as a template.
PCRs for MMP-9, occludin, ZO-1, ZO-2, and claudin-5 were performed using Taq PCR
Master Mix kit (201443 Qiagen).

The primers were, for MMP-9, 5′-AGACGACATAGACGGCATCC-3′ (sense) and 5′-
GCCCTGGATCTCAGCAATAG-3′ (anti-sense); for occludin (220 bp), 5′-
CACACTTGCTTGGGACAGAGG-3′ (sense) and 5′-
TGAGCCGTACATAGATCCAGGAGC-3′ 9 (anti-sense); for ZO-1 (290 bp), 5′-
AGGCGCAGCTCCACGGGCTTCAGGAACTTG-3′ (sense) and 5′-
CAGAAGCAGAAGTAGGGAGAGGTGCCGATC-3′ (anti-sense); for claudin-5 (200 bp),
5′-GCTGGCGCTGGTGGCACTCTTTGT (sense) and 5′-
GGCGAACCAGCAGAGCGGCAC-3′ (anti-sense); and for ZO-2 (240 bp), 5′-
TCAAACCCCTCATCCGCTGCTGGTA-3′ (sense) and 5′-
AGTGTTCCGTTTCAATGTCTCTTTTAC-3′ (anti-sense). PCR conditions were 40 cycles
at 94°C for 30 sec, 60°C for 30 sec, and 72°C for 1 min, and a final cycle of 72°C for 1 min.
The 1.8% agarose gel and MultiDoc-It™ digital imaging System (UVP, LLC, Upland, CA)
were used.

Overexpressing MMP-9 and p38 MAPK in bEnd3 cells
The bEnd3 cells were grown to confluence on 100-cm2 culture plates in Dulbecco's
modified Eagle's medium with 4.5 g/L glucose, 3.7 g/L sodium bicarbonate, 4 mM
glutamine, 10% fetal bovine serum, 100 U/mL penicillin, and 100 g/mL streptomycin. Cells
were transfected with GFP-tagged MMP-9 and p38 MAPK cDNA using Lipofectamine
2000 (Invitrogen, Carlsbad, CA). Cells transfected with expression vector served as controls.
Transfection efficiency was monitored by fluorescence microscopy.

Preparation of cell extracts and western blotting analysis
Cells were washed with PBS and collected into 1 ml of lysate buffer (50 mM Tris-HCl pH
7.3, 150 mM NaCl, 3 mM MgCl, 1 mM DTT, 1 mM EDTA, 1mM EGTA, 1.0 % Triton
X-100), and supplemented with protease and phosphatase inhibitors. The extraction
supernatant was collected, and 30 μg of protein from each sample was resolved on 4-20%
SDS-PAGE gels, transferred, and immunoblotted onto nitrocellulose membrane. Anti-
claudin-5, anti-occludin, anti-ZO-1, anti-ZO-2, anti-phospho p38 MAPK, anti-p38 MAPK,
anti-IκBα, and anti-GAPDH antibodies were used as primary antibodies.

Immunoprecipitation
The cells were lysed with ice cold immunoprecipitation buffer (50 mM HEPES, pH 7.5, 50
mM NaCl, 1% Triton X-100, 1 mM EDTA, 10 mM sodium pyrophosphate, 1 mM Na3VO4,
30 mM 2-(p-nitrophenyl) phosphate, 100 mM NaF, 10% glycerol, 1.5 mM MgCl2, and
protease inhibitor cocktail). Lysates were centrifuged at 14,000 g for 5 min, and the
supernatant was immunoprecipitated with anti-EGFR and Dynabeads M-280 magnetic
protein bead separation system (Invitrogen) overnight at 4°C.
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Brains from mice with ALF
ALF was induced with an intraperitoneal (ip) injection with azoxymethane (AOM) (Sigma-
Aldrich) as described in our previous report (13). Control mice received saline. At 12 hours
after AOM injection, ALF mice received 2 mg/kg of GM6001 or vehicle via ip injection.
Control mice received vehicle. Heating pad was used to maintain body temperature at 37°C.
The use of animals was institutionally approved in accordance with The National Institute of
Health Guide for the Care and Use of Laboratory Animals. The progression of hepatic
encephalopathy was determined clinically (13). At the comatose stages, the study mice were
killed, and their brains were removed. Hemibrains were homogenized at 150 mg tissue/mL
of lysate buffer and processed for analysis.

Results
Occludin alterations in bEnd3 cells exposed to MMP-9 are mediated by p38 MAPK

We recently reported that MMP-9 disrupts TJ proteins in mouse brain EC in vitro and in
brains of mice with ALF (5). We also observed a significant increase in p38 MAPK
activation in ALF mice (30). Thus, we investigated whether p38 MAPK contributes to
occludin alterations in bEnd3 cells exposed to MMP-9. Similar to the methods used in our
previous report (5), we overexpressed MMP-9 in bEnd3 cells. We observed that MMP-9
significantly upregulated p38 MAPK phosphorylation, i.e., activation, as well as decreased
the amount of occludin and its associate ZO-1 (Figure 1A). The decrease of occludin and
ZO-1 was reversed by the p38 MAPK-specific inhibitor SB203580 but not by the p42/44
MAPK inhibitor PD98059 (not shown). In contrast, alterations in other TJ proteins
(claudin-5 and ZO-2) were not reversed by SB20358 (not shown). To further corroborate the
effect of p38 MAPK, we inhibited p38 MAPK expression by using siRNA. We found that
blocking p38 MAPK upregulation effectively mitigated the reduction of occludin and ZO-1
(Figure 1 B and C). These results showed that p38 MAPK is important for occludin
regulation.

Upregulating p38 MAPK leads to IκBα degradation, NFκB activation, and occludin
decrease in bEnd3 cells

To investigate the effect of p38 MAPK on the transcription and expression of occludin, we
transfected bEnd3 cells with p38 MAPK cDNA for 18 hours then treated the cells with or
without SB203580 at 1 μM for 3 hours. Using RT-PCR, we found that overexpressing p38
MAPK resulted in significant suppression of mRNA levels of occludin and ZO-1 but not
claudin-5 and ZO-2 (Figure 2 A and C). The effect was reversed with SB203580.
Importantly, upregulating p38 MAPK did not change the MMP-9 mRNA level in the brain
EC (Figure 2A and C).

With western blotting, we found that occludin and ZO-1 were significantly reduced by p38
MAPK upregulation, and the reduction was partly restored with the p38 MAPK inhibitor
SB203580 (Figure 2 B and D). In contrast, claudin-5 and ZO-2 were not affected.

Because p38 MAPK is associated with IκBα degradation and NFκB activation (31,32), we
investigated the status of IκBα protein and NFκB in bEnd3 cells in which p38 MAPK cDNA
was overexpressed. The bEnd3 cells were transfected with p38 MAPK cDNA then treated
with 10 nM of NFκB activation inhibitor. We found that p38 MAPK upregulation reduced
IκBα, occludin, and ZO-1 levels. Importantly, we demonstrated that p38 MAPK activation
induces IκBα degradation, which was reversed by treatment with the p38 MAPK inhibitor
SB203580 (Figure 2E). Moreover, we found that after administering NFκB inhibitor, the
degradation of IκBα became enhanced in p38 MAPK-upregulated cells, and the decrease of
occludin and ZO-1 was reversed (Figure 2E). Overall, our results indicate that p38 MAPK
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induces the degradation of IκBα, which leads to the release of NFκB activation that
regulates occludin and ZO-1 expression in mouse brain EC cells.

MMP-9-induced EGFR transactivation leads to p38 MAPK signaling and occludin
alterations

MMP-9 has been shown to transactivate EGFR (33,34). Ligation of EGFR results in the
activation of MAPK cascades (23) and potentially in modulating TJ proteins (35). We thus
speculated that EGFR activation might be important in MMP-9-induced alteration of
occludin.

We first confirmed whether MMP-9 could transactivate EGFR in bEnd3 cells. As shown in
Figure 3A and B, when bEnd3 cells were exposed to MMP-9, EGFR was phosphorylated (p-
TyrEGFR), i.e., activated, as determined by western blotting. We pretreated the bEnd3 cells
with GM6001 (an MMP-9 inhibitor) then overexpressed MMP-9; we found that MMP-9
inhibition attenuated the EGFR activation. Using confocal microscopy, we corroborated the
findings that activated EGFR was upregulated in the bEnd3 cells and that EGFR activation
was prevented with GM6001 (Figure 3C). These findings confirmed that EGFR is
transactivated by MMP-9 in bEnd3 cells.

We then determined whether EGFR would directly influence the p38 MAPK activation with
subsequent occludin alterations. As shown in Figure 4, the specific EGFR inhibitor AG1478
significantly reduced the p38 MAPK activation and occludin loss in a dose-dependent
manner. Importantly, p38 MAPK activation and suppression of occludin were similarly
blocked by EGFR siRNA (Figure 4). Overall, EGFR inhibition with AG1478 or EGFR
deletion with siRNA blocked p38 MAPK phosphorylation and restored occludin in brain
EC.

Activated EGFR, p38 MAPK activation, IκBα reduction, and NFκB activation are associated
with occludin alterations in the brains of ALF mice

Previously we demonstrated that in ALF mice, occludin was significantly perturbed (5). In
the present study, we assessed the role of EGFR activation and its associated p38 MAPK/
NFκB signaling in brains of ALF mice. We showed by western blotting that occludin was
significantly altered in the brains of ALF mice and the alteration was restored with GM6001
treatment. These results are consistent with our previous report (5). Importantly, we
observed EGFR activation along with p38 MAPK activation and IκBα degradation in the
brains of ALF mice (Figure 5 A and B). With confocal microscopy, we substantiated that
significant EGFR activation occurred in brains of ALF mice and that EGFR activation was
attenuated with GM6001 treatment (Figure 5C). In contrast, brains of normal control mice
showed no EGFR activation.

We observed spontaneous hypothermia in AOM-induced ALF mice (Figure 6A). With heat
support, the body temperature of AOM mice was maintained at normothermia. Treatment
with GM6001 did not alter the body temperature of the study mice (Figure 6B). As shown in
Figures 6 C and D, we observed that the occludin alteration in AOM-induced ALF mice was
independent of body temperature and was reversed with GM6001. In addition, to investigate
whether the occludin alteration occurs in other model of ALF, we employed a well-
established model using tumor necrosis factor-alpha (TNF) and D-galactosamine (Gal) (36).
We found that occludin was decreased in brains of the Gal/TNF-induced ALF mice and that
the occludin alteration was reversed with GM6001 treatment and was independent of body
temperature (Figure 6 E and F).

These results from AOM-induced ALF mice are consistent with the findings in vitro,
suggesting that MMP-9 induced EGFR transactivation and that p38 MAPK/NFkB signaling
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plays an important role in regulating BBB TJ proteins in ALF. Collectively our findings
suggest that in addition to its direct proteolytic action (5), MMP-9 influences the TJ protein
occludin in an indirect way through the following series of steps: first by transactivating
EGFR on the bEnd3 cellular surface, second by upregulating p38 MAPK, third by IκBα
degradation and NFκB activation, and finally by suppressing occludin expression. This
model is summarized in Figure 7.

Discussion
In this study, we have shown that MMP-9 transactivates EGFR in brain microvascular ECs
with subsequent p38 MAPK/NFkB signaling, resulting in suppressed transcription/
translation and protein expression of the TJ protein occludin. These effects were attenuated
with specific inhibition of EGFR in brain ECs in vitro. Moreover, we observed EGFR
activation, p38 MAPK activation, and the loss of occludin in brains of mice with
experimentally induced ALF. Together these results suggest that EGFR plays a role in
activating the pathobiology of brain injury in ALF.

Brain edema in ALF is unique. It occurs in the comatose stages of encephalopathy in ALF.
The onset of encephalopathy in ALF patients presages impending brain edema and a lethal
course of the disease. Once liver failure is resolved, either by liver transplantation or by
spontaneous recovery of the injured liver, the brain edema is resolved. However, if the brain
edema is inadequately controlled, it will ultimately lead to herniation and brain death. Even
with significant brain edema, both light and electron microscopic evaluations of these brains
reveal that the BBB and its TJs remain relatively intact. However, there are certain subtle
changes, including fine perturbations at the endothelial cellular plasma membrane and
thickening of the basal lamina (37). In the absence of obvious structural breakdown of the
BBB, the prominent and consistent swelling of astrocytic foot processes has led to the
dominant theory that cytotoxic mechanisms cause brain edema in ALF (38). Although
vasogenic elements have been implicated (39,40), evidence for vasogenic edema in ALF has
been lacking.

Increasing evidence has suggested that even with a relatively intact BBB, subtle alterations
in TJ composition can result in highly selective permeability to small molecules, such as
water and ammonia. In mice that are selectively deficient in claudin-5, a component of TJ
proteins, the BBB and TJ appear intact under electron microscopic examination. However,
these mice have increased permeability to molecules that are less than 800 Da (8). Similarly,
when occludin at the TJ is targeted with a specific peptide or is modified by proteolysis, TJ
permeability is significantly increased without any obvious structural change (7,9,41).
Collectively these data indicate that altered permeability of the BBB can result from very
subtle changes in the BBB and/or TJ composition.

We recently observed that there are significant biochemical alterations in occludin,
claudin-5, and ZO-1 in brains of mice with experimentally induced ALF (5) and that these
changes were attenuated with when MMP-9 was inhibited (5,13). We observed similar
findings when murine brain EC were exposed to MMP-9 in vitro (5). However, TJs make up
only a small part of the brain capillary surface area. The endothelial cellular plasmalemma
interacts with MMP-9 or other inciting factors within the capillary circulation to a greater
extent than the TJs. Therefore, we speculated that endothelial cellular interactions with
MMP-9 via surface receptors might play a major role in regulating the BBB integrity in
ALF.

EGFR is well known for its role in cancer invasion and metastasis (15). EGFR is essential in
epithelial cellular integrity in response to injury (17). Recently, EGFR was shown to
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participate in altered microvascular permeability in intestinal disorders (21,22), lung injury
(19,20), and diabetic vascular damage (18).

In this study, we investigated the role of EGFR activation and associated signaling in
occludin regulation. We found that MMP-9 transactivates EGFR in brain ECs, which
activates p38 MAPK, decreases I.Ba, and leads to the activation of NF.B with subsequent
suppression of the transcription and translation of occludin at the TJs. In a mouse model of
ALF that recapitulates the human form of ALF, we observed similar effects of EGFR
activation and signaling on changes in occludin expression (13,42). These results suggest
that EGFR activation and p38 MAPK/NFkB signaling play important roles in regulating the
TJ integrity in ALF.

The effects of MMP-9 on BBB permeability in ALF might thus involve more than one
pathway. Direct degradation of the extracellular components of occludin and other TJ
proteins is an important element. However, because the TJ architecture does not change in
ALF, the exposure of occludin is limited. It follows that MMP-9's direct action on occludin,
being most apical and closest to the capillary lumen, would be restricted (5). Because TJs
make up a small portion of the BBB, quantitatively it might appear that MMP-9's effects on
the EC surface could be more important. Although we do not know which path, i.e.,
transcellular or paracellular, is the more important regulator or contributor to the overall
BBB dysfunction in ALF, the results from this study broaden the impact of MMP-9 on BBB
integrity. Furthermore, EGFR might mediate a transcellular transport, and its cascade of
intracellular signals could serve to fine tune the overall BBB integrity. Fine regulation of the
TJ composition via the EGFR cascade may represent a subtle modulation of the BBB in
ALF.

In this study we limited our focus to EGFR transactivation with MMP-9. However, MMP-2
and other MMPs, TNFα, and IL-1 may contribute to the overall disease process (43,44). It
should be noted that occludin alteration was not observed in AOM-treated mice in recent
report (45). The observed difference remains to be investigated. In contrast, occludin is
shown to significantly altered in mice with ALF that is induced with D-galactosamine and
liposaccharide (43). Similarly, we observed significant occludin perturbations in the brains
of mice that had Gal/TNF-induced ALF suggesting that occludin alteration is independent of
induction agents. Moreover, a similar occludin alteration has also been shown in rats with
portocaval shunt and hepatic artery ligation and the occludin reduction was not reversed
with hypothermia consistent with our observation that occludin regulation is independent of
hypothermia (4). Collectively, these observations suggest that occludin may be the common
link in the brain injury associated with ALF.

Because both vasogenic and cytotoxic mechanisms are implicated in the pathogenesis of
brain edema in ALF, which mechanism precedes and which is more important in the onset
of edema formation remain unresolved. Earlier evidence suggested that increased
permeability to the small molecules precedes encephalopathy and edema (47). However, the
cytotoxic pathway could be the leading event. It is most likely that both vasogenic and
cytotoxic mechanisms are involved. Further study is required to elucidate the extent and
order of involvement of the vasogenic and cytotoxic mechanisms in ALF.

In conclusion, we have shown that EGFR activation with p38MAPK/NF.B signal
transduction contributes to the regulation of BBB TJ integrity in ALF. These findings not
only provide evidence for vasogenic mechanisms in the pathogenesis of brain edema, but
also provide a potential target for therapeutic measures to achieve effective control of the
development and progression of brain edema in ALF.
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EGFR epidermal growth factor receptor

MAPK mitogen-activated protein kinase

MMP matrix metalloproteinase

NFκB nuclear factor-kappa B
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TJ tight junction
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SDS-PAGE sodium dodecyl sulfate-polyacrylamide gel electrophoresis

References
1. Forster C. Tight junctions and the modulation of barrier function in disease. Histochem Cell Biol.

2008; 130:55–70. [PubMed: 18415116]
2. Mehta D, Malik AB. Signaling mechanisms regulating endothelial permeability. Physiol Rev. 2006;

86:279–367. [PubMed: 16371600]
3. Hawkins BT, Lundeen TF, Norwood KM, Brooks HL, Egleton RD. Increased blood-brain barrier

permeability and altered tight junctions in experimental diabetes in the rat: contribution of
hyperglycaemia and matrix metalloproteinases. Diabetologia. 2007; 50:202–211. [PubMed:
17143608]

4. Yang Y, Estrada EY, Thompson JF, Liu W, Rosenberg GA. Matrix metalloproteinase-mediated
disruption of tight junction proteins in cerebral vessels is reversed by synthetic matrix
metalloproteinase inhibitor in focal ischemia in rat. J Cereb Blood Flow Metab. 2007; 27:697–709.
[PubMed: 16850029]

5. Chen F, Ohashi N, Li W, Eckman C, Nguyen JH. Disruptions of occludin and claudin-5 in brain
endothelial cells in vitro and in brains of mice with acute liver failure. Hepatology. 2009; 50:1914–
1923. [PubMed: 19821483]

6. Furuse M, Itoh M, Hirase T, Nagafuchi A, Yonemura S, Tsukita S, Tsukita S. Direct association of
occludin with ZO-1 and its possible involvement in the localization of occludin at tight junctions. J
Cell Biol. 1994; 127:1617–1626. [PubMed: 7798316]

7. Wachtel M, Frei K, Ehler E, Fontana A, Winterhalter K, Gloor SM. Occludin proteolysis and
increased permeability in endothelial cells through tyrosine phosphatase inhibition. J Cell Sci. 1999;
112(Pt 23):4347–4356. [PubMed: 10564652]

8. Nitta T, Hata M, Gotoh S, Seo Y, Sasaki H, Hashimoto N, Furuse M, et al. Size-selective loosening
of the blood-brain barrier in claudin-5-deficient mice. J Cell Biol. 2003; 161:653–660. [PubMed:
12743111]

9. Tavelin S, Hashimoto K, Malkinson J, Lazorova L, Toth I, Artursson P. A new principle for tight
junction modulation based on occludin peptides. Mol Pharmacol. 2003; 64:1530–1540. [PubMed:
14645684]

Chen et al. Page 8

Hepatology. Author manuscript; available in PMC 2012 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



10. Deli MA. Potential use of tight junction modulators to reversibly open membranous barriers and
improve drug delivery. Biochim Biophys Acta. 2009; 1788:892–910. [PubMed: 18983815]

11. Chan G, Taqi A, Marotta P, Levstik M, McAlister V, Wall W, Quan D. Long-term outcomes of
emergency liver transplantation for acute liver failure. Liver Transpl. 2009; 15:1696–1702.
[PubMed: 19938124]

12. Lee WM, Squires RH Jr. Nyberg SL, Doo E, Hoofnagle JH. Acute liver failure: Summary of a
workshop. Hepatology. 2008; 47:1401–1415. [PubMed: 18318440]

13. Nguyen JH, Yamamoto S, Steers J, Sevlever D, Lin W, Shimojima N, Castanedes-Casey M, et al.
Matrix metalloproteinase-9 contributes to brain extravasation and edema in fulminant hepatic
failure mice. J Hepatol. 2006; 44:1105–1114. [PubMed: 16458990]

14. Shepard HM, Brdlik CM, Schreiber H. Signal integration: a framework for understanding the
efficacy of therapeutics targeting the human EGFR family. J Clin Invest. 2008; 118:3574–3581.
[PubMed: 18982164]

15. Mitsudomi T, Yatabe Y. Epidermal growth factor receptor in relation to tumor development:
EGFR gene and cancer. FEBS J. 2010; 277:301–308. [PubMed: 19922469]

16. Llovet JM, Bruix J. Molecular targeted therapies in hepatocellular carcinoma. Hepatology. 2008;
48:1312–1327. [PubMed: 18821591]

17. Singh AB, Sugimoto K, Dhawan P, Harris RC. Juxtacrine activation of EGFR regulates claudin
expression and increases transepithelial resistance. Am J Physiol Cell Physiol. 2007; 293:C1660–
1668. [PubMed: 17855771]

18. Belmadani S, Palen DI, Gonzalez-Villalobos RA, Boulares HA, Matrougui K. Elevated epidermal
growth factor receptor phosphorylation induces resistance artery dysfunction in diabetic db/db
mice. Diabetes. 2008; 57:1629–1637. [PubMed: 18319304]

19. Bierman A, Yerrapureddy A, Reddy NM, Hassoun PM, Reddy SP. Epidermal growth factor
receptor (EGFR) regulates mechanical ventilation-induced lung injury in mice. Transl Res. 2008;
152:265–272. [PubMed: 19059161]

20. Burgel PR, Nadel JA. Epidermal growth factor receptor-mediated innate immune responses and
their roles in airway diseases. Eur Respir J. 2008; 32:1068–1081. [PubMed: 18827153]

21. Forsyth CB, Banan A, Farhadi A, Fields JZ, Tang Y, Shaikh M, Zhang LJ, et al. Regulation of
oxidant-induced intestinal permeability by metalloprotease-dependent epidermal growth factor
receptor signaling. J Pharmacol Exp Ther. 2007; 321:84–97. [PubMed: 17220428]

22. Raimondi F, Santoro P, Barone MV, Pappacoda S, Barretta ML, Nanayakkara M, Apicella C, et al.
Bile acids modulate tight junction structure and barrier function of Caco-2 monolayers via EGFR
activation. Am J Physiol Gastrointest Liver Physiol. 2008; 294:G906–913. [PubMed: 18239063]

23. Takeuchi K, Ito F. EGF receptor in relation to tumor development: molecular basis of
responsiveness of cancer cells to EGFR-targeting tyrosine kinase inhibitors. FEBS J. 2010;
277:316–326. [PubMed: 19922467]

24. Eguchi S, Dempsey PJ, Frank GD, Motley ED, Inagami T. Activation of MAPKs by angiotensin II
in vascular smooth muscle cells. Metalloprotease-dependent EGF receptor activation is required
for activation of ERK and p38 MAPK but not for JNK. J Biol Chem. 2001; 276:7957–7962.
[PubMed: 11116149]

25. Kevil CG, Oshima T, Alexander JS. The role of p38 MAP kinase in hydrogen peroxide mediated
endothelial solute permeability. Endothelium. 2001; 8:107–116. [PubMed: 11572474]

26. Nwariaku FE, Rothenbach P, Liu Z, Zhu X, Turnage RH, Terada LS. Rho inhibition decreases
TNF-induced endothelial MAPK activation and monolayer permeability. J Appl Physiol. 2003;
95:1889–1895. [PubMed: 12844496]

27. Borbiev T, Birukova A, Liu F, Nurmukhambetova S, Gerthoffer WT, Garcia JG, Verin AD. p38
MAP kinase-dependent regulation of endothelial cell permeability. Am J Physiol Lung Cell Mol
Physiol. 2004; 287:L911–918. [PubMed: 15475493]

28. Tai LM, Holloway KA, Male DK, Loughlin AJ, Romero IA. Amyloid-beta-induced occludin
down-regulation and increased permeability in human brain endothelial cells is mediated by
MAPK activation. J Cell Mol Med. 2009

29. Chen Y, Lu Q, Schneeberger EE, Goodenough DA. Restoration of tight junction structure and
barrier function by down-regulation of the mitogen-activated protein kinase pathway in ras-

Chen et al. Page 9

Hepatology. Author manuscript; available in PMC 2012 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



transformed Madin-Darby canine kidney cells. Mol Biol Cell. 2000; 11:849–862. [PubMed:
10712504]

30. Chen F, Nguyen J. Activation of p38-MAPK in brain microvessels of fulminant hepatic failure
mice. J Surg Res. 2008; 144:353. QS216.

31. Guo M, Cox B, Mahale S, Davis W, Carranza A, Hayes K, Sprague S, et al. Pre-ischemic exercise
reduces matrix metalloproteinase-9 expression and ameliorates blood-brain barrier dysfunction in
stroke. Neuroscience. 2008; 151:340–351. [PubMed: 18160227]

32. Oh YT, Lee JY, Lee J, Kim H, Yoon KS, Choe W, Kang I. Oleic acid reduces lipopolysaccharide-
induced expression of iNOS and COX-2 in BV2 murine microglial cells: possible involvement of
reactive oxygen species, p38 MAPK, and IKK/NF-kappaB signaling pathways. Neurosci Lett.
2009; 464:93–97. [PubMed: 19699266]

33. Roelle S, Grosse R, Aigner A, Krell HW, Czubayko F, Gudermann T. Matrix metalloproteinases 2
and 9 mediate epidermal growth factor receptor transactivation by gonadotropin-releasing
hormone. J Biol Chem. 2003; 278:47307–47318. [PubMed: 12963732]

34. Razandi M, Pedram A, Park ST, Levin ER. Proximal events in signaling by plasma membrane
estrogen receptors. J Biol Chem. 2003; 278:2701–2712. [PubMed: 12421825]

35. Singh AB, Harris RC. Epidermal growth factor receptor activation differentially regulates claudin
expression and enhances transepithelial resistance in Madin-Darby canine kidney cells. J Biol
Chem. 2004; 279:3543–3552. [PubMed: 14593119]

36. Wielockx B, Lannoy K, Shapiro SD, Itoh T, Itohara S, Vandekerckhove J, Libert C. Inhibition of
matrix metalloproteinases blocks lethal hepatitis and apoptosis induced by tumor necrosis factor
and allows safe antitumor therapy. Nat Med. 2001; 7:1202–1208. [PubMed: 11689884]

37. Kato M, Hughes RD, Keays RT, Williams R. Electron microscopic study of brain capillaries in
cerebral edema from fulminant hepatic failure. Hepatology. 1992; 15:1060–1066. [PubMed:
1592344]

38. Chavarria L, Oria M, Romero-Gimenez J, Alonso J, Lope-Piedrafita S, Cordoba J. Diffusion tensor
imaging supports the cytotoxic origin of brain edema in a rat model of acute liver failure.
Gastroenterology. 2010; 138:1566–1573. [PubMed: 19843475]

39. Dixit V, Chang TM. Brain edema and the blood brain barrier in galactosamine-induced fulminant
hepatic failure rats. An animal model for evaluation of liver support systems. ASAIO Trans. 1990;
36:21–27. [PubMed: 2306387]

40. Gove CD, Hughes RD, Ede RJ, Williams R. Regional cerebral edema and chloride space in
galactosamine-induced liver failure in rats. Hepatology. 1997; 25:295–301. [PubMed: 9021937]

41. Zhu L, Li X, Zeng R, Gorodeski GI. Changes in tight junctional resistance of the cervical
epithelium are associated with modulation of content and phosphorylation of occludin 65-
kilodalton and 50-kilodalton forms. Endocrinology. 2006; 147:977–989. [PubMed: 16239297]

42. Belanger M, Cote J, Butterworth RF. Neurobiological characterization of an azoxymethane mouse
model of acute liver failure. Neurochem Int. 2006; 48:434–440. [PubMed: 16563565]

43. Lv S, Song HL, Zhou Y, Li LX, Cui W, Wang W, Liu P. Tumour necrosis factor-alpha affects
blood-brain barrier permeability and tight junction-associated occludin in acute liver failure. Liver
Int. 2010; 30:1198–1210. [PubMed: 20492508]

44. Bemeur C, Qu H, Desjardins P, Butterworth RF. IL-1 or TNF receptor gene deletion delays onset
of encephalopathy and attenuates brain edema in experimental acute liver failure. Neurochem Int.
2010; 56:213–215. [PubMed: 19931338]

45. Bémeur C, Chastre A, Desjardins P, Butterworth RF. No changes in expression of tight junction
proteins or blood-brain barrier permeability in azoxymethane-induced experimental acute liver
failure [Letter to the editor]. Neurochemistry International. 2010; 56:205–207.

46. Sawara K, Desjardins P, Chatauret N, Kato A, Suzuki K, Butterworth RF. Alterations in expression
of genes coding for proteins of the neurovascular unit in ischemic liver failure. Neurochem Int.
2009; 55:119–123. [PubMed: 19428815]

47. Horowitz ME, Schafer DF, Molnar P, Jones EA, Blasberg RG, Patlak CS, Waggoner J, et al.
Increased blood-brain transfer in a rabbit model of acute liver failure. Gastroenterology. 1983;
84:1003–1011. [PubMed: 6832551]

Chen et al. Page 10

Hepatology. Author manuscript; available in PMC 2012 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1.
Phospho-p38 MAPK (p-p38), p38 MAPK, occludin, and ZO-1 in bEnd3 cells in which
MMP-9 was upregulated in the presence or absence of (A) p38 MAPK inhibitor SB203580
(1μM) or (B) p38 MAPK siRNA. (C) Densitometric analysis of p-p38, p38, occludin, and
ZO-1 levels; GAPDH served as control. *P< 0.05
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Figure 2.
(A) RT-PCR analysis of MMP-9, occludin, claudin-5, ZO-1, and ZO-2 in bEnd3 cells in
which p38 MAPK was upregulated in the presence or absence of SB203580. (B) Western
blot analysis of occludin, claudin-5, ZO-1, ZO-2, and IκBα in bEnd3 cells in which p38
MAPK was upregulated in the presence or absence of SB203580. (C) Densitometric
measurements for (A). (D) Densitometric measurements for (B). (E) Western blot analysis
of occludin, ZO-1, and IκBα in bEnd3 cells in which p38 MAPK was upregulated in the
presence or absence of the inhibitor of NFκB activation; GAPDH served as control..
*P<0.01.
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Figure 3.
EGFR activation in bEnd3 cells that were treated with human recombinant MMP-9 (100 ng/
ml for 6 hours) in the presence or absence of the MMP-9 inhibitor GM6001 (100nM). (A)
Cell lysates were immunoprecipitated with anti-EGFR antibody and analyzed by
immunoblotting with anti-p-TyrEGFR and anti-EGFR antibodies. (B) Densitometric
analysis of the p-TyrEGFR, **P<0.01. (C) For confocal microscopy, bEnd3 cells were fixed
and immunostained for p-TyrEGFR (green color) and for nuclei with DAPI (blue).
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Figure 4.
p38 MAPK activation and occludin expression in bEnd3 cells that were exposed to human
recombinant MMP-9 (100 ng/ml for 6 hours) in the presence or absence of the EGFR
inhibitor AG1478 (0.1 μM and 1 μM, respectively, for 3 hours), or EGFR siRNA
transfection.
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Figure 5.
EGFR activation and p38 MAPK/NFκB activation in brains of ALF mice. (A) Western blot
of brain samples from control mice, and AOM-induced ALF mice treated with vehicle or
with GM6001. (B) Densitometric quantification of p38 MAPK, IκBα, and p-TyrEGFR
expression in the brains of control mice and ALF mice treated with and without GM6001.
Values are expressed as the mean ± SEM with t-test. (N=3,*P<0.05). (C) Confocal
microscopic evaluation of the brains of control versus ALF mice that were treated with
vehicle or GM6001. Activated EGFR is seen as green and the nucleus as blue.
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Figure 6.
(A) Body temperature of AOM-induced mice showed a spontaneous hypothermia without
(w/o) heating pad. Heating support provided a steady normothermia in the control and ALF
mice. (B) Treatment with GM6001 did not alter the body temperature of the study mice. The
control, AOM, and AOM+GM6001 mice were maintained at 37°C (N=8 each group). There
was no difference in body temperature among study groups. (C) In the AOM-induced ALF
mice with normothermia, occludin was observed to decrease in the AOM mice and was
reversed to normal level with GM6001. (D) Histogram of occludin alteration in the control,
AOM, and AOM-induced ALF mice treated with GM6001 (N=8 in each group; ** p
<0.001). (E) In mice that had ALF induced with D-galactosamine and TNF at
normothermia, occludin was observed to decrease in the ALF mice and was reversed to
normal level with GM6001. (F) Histogram of occludin alteration in the control, Gal/TNF,
and Gal/TNF-induced ALF mice treated with GM6001 (N=9 in each group; ** p <0.001).
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Figure 7.
(A) Representation of a neurovascular unit consisting of a capillary endothelial cell and its
tight junction, basal lamina, and astrocytic endfoot in a normal brain. (B) Neurovascular unit
in brain of a subject with ALF showing a subtle alteration in the TJ protein occludin with
EGFR being transactivated and consequent p38 MAPK/NFκB activation. Perturbations in
endothelial cellular plasmalemma are suggested by the interrupted lines, and swollen
astrocytic endfoot by size expansion. Figure key: EGFR, epidermal growth factor receptor;
p-p38, phospho-p38 MAPK; MMP-9, matrix metalloproteinase-9; NFκB, nuclear factor-
kappa B; IκBα, I-kappa B alpha; JAM, junction associated molecules.
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