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Recent studies have found that vasogenic brain edema is present during hepatic encephalopathy following acute liver
failure and is dependent on increased matrix metalloproteinase 9 (MMP9) activity and downregulation of tight junction
proteins. Furthermore, circulating transforming growth factor β1 (TGFβ1) is increased following liver damage and may
promote endothelial cell permeability. This study aimed to assess whether increased circulating TGFβ1 drives changes in
tight junction protein expression and MMP9 activity following acute liver failure. Blood–brain barrier permeability was
assessed in azoxymethane (AOM)-treated mice at 6, 12, and 18 h post-injection via Evan’s blue extravasation. Monolayers
of immortalized mouse brain endothelial cells (bEnd.3) were treated with recombinant TGFβ1 (rTGFβ1) and permeability
to fluorescein isothiocyanate-dextran (FITC-dextran), MMP9 and claudin-5 expression was assessed. Antagonism of TGFβ1
signaling was performed in vivo to determine its role in blood–brain barrier permeability. Blood–brain barrier permeability
was increased in mice at 18 h following AOM injection. Treatment of bEnd.3 cells with rTGFβ1 led to a dose-dependent
increase of MMP9 expression as well as a suppression of claudin-5 expression. These effects of rTGFβ1 on MMP9 and
claudin-5 expression could be reversed following treatment with a SMAD3 inhibitor. AOM-treated mice injected with
neutralizing antibodies against TGFβ demonstrated significantly reduced blood–brain barrier permeability. Blood–brain
barrier permeability is induced in AOM mice via a mechanism involving the TGFβ1-driven SMAD3-dependent upregulation
of MMP9 expression and decrease of claudin-5 expression. Therefore, treatment modalities aimed at reducing TGFβ1
levels or SMAD3 activity may be beneficial in promoting blood–brain barrier integrity following liver failure.
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Acute liver failure (ALF) can lead to many detrimental effects
outside the liver, including a systemic inflammatory response,
increased energy expenditure and catabolism, and multi-organ
failure.1–3 However, one of the most difficult to treat
complications of ALF arises from the development of
neurological deficits, called hepatic encephalopathy (HE). HE
has classically been identified as a reduction of the liver’s ability
to metabolize neurotoxins, such as ammonia, which accumu-
late in the brain generating neurological impairment.4

Associated with cerebral ammonia accumulation is cytotoxic
brain edema and the development of Alzheimer’s Type II
astrocytes in the basal ganglia of HE patients.5 However, for
neurotoxic metabolites to enter the brain, the blood–brain
barrier (BBB), which is not permeable to these neurotoxins in
normal physiological conditions, must be disrupted.6

Microvascular endothelial cells that line the vasculature of
the BBB are different from other endothelial cells as they lack
fenestrations, have more extensive tight junctions, and have
reduced pinocytic vesicular transport.7 Tight junctions, which
are functional barriers created by joining together endothelial
cells, are made up of cytoplasmic accessory proteins (zona
occludens-1, -2, and -3), which anchor the actin cytoskeleton
to transmembrane proteins (claudins and occludin).8

Although direct dysregulation of tight junctions can cause
vasogenic edema, matrix metalloproteinases (MMPs) have
been demonstrated to digest tight junction proteins, allowing
for multiple levels of BBB dysregulation.9 During ALF,
decreased zona occludens-2 protein expression has been
shown to precede BBB permeability.10 Furthermore, it has
been shown that claudin-5 and occludin are decreased in mice
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with HE.11 MMP9 upregulation has also been identified to
induce BBB permeability during the later stages of HE.12

However, the specific signaling pathways influencing BBB
permeability during HE are not well classified and warrant
investigation.

Transforming growth factor beta 1 (TGFβ1) is a signaling
protein involved in many processes including immune system
modulation, cell proliferation, cell differentiation, and
apoptosis.13,14 During HE it has been shown that TGFβ1 is
found in the circulation of rats with hepatic failure.15

Furthermore, we have found TGFβ1 present in the serum of
mice following toxic liver injury.16 In regards to BBB
permeability, evidence exists that TGFβ1 can directly affect
endothelial cell permeability. Endothelial lung cells grown on
monolayers treated with TGFβ1 demonstrated significantly
increased permeability following treatment.17 Also, retinal
endothelial cells treated with TGFβ1 were found to increase
MMP9 expression, which increased permeability of these
endothelial cells.18

The hypothesis of this study is that the BBB is disrupted
during HE and that circulating TGFβ1 contributes to
increased vascular permeability via the upregulation of
MMP9 and disruption of tight junction proteins. These
combined mechanisms would allow a greater degree of toxin
entry into the brain and exacerbate the pathogenesis of HE.

MATERIALS AND METHODS
Materials
Immortalized mouse brain endothelial cells (bEnd.3 cells) were
purchased from American Type Culture Collection (Manassas,
VA). The 24-well transwell inserts were purchased from
Corning (Tewksbury, MA). Antibodies against MMP9 were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
Antibodies against claudin-5 were purchased from Invitrogen
(Grand Island, NY). Antibodies against albumin used for
immunocytochemistry were purchased from Genetex (Irvine,
CA). Antibodies against albumin for tissue immunohistochem-
istry were bought from Bethyl Laboratories (Montgomery,
TX). Neutralizing antibodies for TGFβ (antiTGFβ) and
recombinant TGFβ1 protein (rTGFβ1) were purchased from
R&D systems (Minneapolis, MN). SMI71 antibodies were
purchased from Covance (Princeton, NJ). All quantitative PCR
primers were purchased from SABiosciences (Frederick, MD).
The TGFβ receptor II (TGFβRII) antagonist, GW788388, was
purchased from Tocris Bioscience (Minneapolis, MN). All
other chemicals were purchased from Sigma-Aldrich (St. Louis,
MO) unless otherwise noted, and were of the highest grade
available.

Experimental Animals and Hepatic Encephalopathy
Model
Mouse in vivo experiments were performed using male
C57Bl/6 mice (25-30 g; Charles River Laboratories, Wilming-
ton, MA). Mice were allowed free access to drinking water
and standard mouse chow and were housed in constant

temperature, humidity, and 12 h light-dark cycling. Cages
were assigned to random groups and mice received either a
single intraperitoneal injection of 100 mg/kg AOM to induce
ALF and HE or an equal amount of saline for control animals.
After injection, mice were placed on heating pads set to 37 °C
and under heating lamps to ensure they maintained normal
body temperature. Further, mice were supplied with hydrogel
and rodent chow on their cage floor to ensure they had access
to food and hydration. After the first 12 h, and every
subsequent 4 h, mice were injected subcutaneously with
500 μl of a 5% dextrose solution to prevent hypoglycemia.
Mice were removed from the study if they underwent a 20%
weight loss. Neurological and behavioral assessments of the
mice were performed as previously described.16,19

To suppress the activity of circulating TGFβ, TGFβ-
neutralizing antibodies (R&D Systems, Minneapolis, MN)
were administered via a single intraperitoneal injection at 1mg/
kg 2 h before AOM injection. This treatment has previously
been shown to delay the onset of neurological symptoms after
AOM injection.16 For this study, no differences were detected
between mice treated with AOM alone and mice treated with
AOM and immunoglobulin G1 (unpublished observations);
therefore, mice treated with AOM alone were appropriate
controls for mice co-treated with AOM and TGFβ-neutralizing
antibodies. Mice in all groups were killed at 18 h following
AOM injection. All experiments performed complied with the
Scott & White Memorial Hospital IACUC regulations on
animal experiments (protocol #2012-019-R).

In vivo BBB Permeability Measurements
To assess in vivo permeabilization of the BBB in the AOM
mouse model of HE, a modified Evan’s blue dye assay was
performed in vehicle and AOM mice.20,21 Mice were
anesthetized with isoflurane inhalation and an incision was
made in the neck to expose the carotid artery. Evan’s blue dye
was injected (5 mg/ml; 500 μl) and allowed to circulate for
20 min at which time mice were killed. Killed mice were then
perfused transcardially with 50 ml of cold phosphate buffered
saline (PBS), the meninges were removed, and the brain was
blotted dry. The brain stem and cerebellum were removed,
and the two remaining hemispheres were homogenized with
1.5 ml ice-cold trichloroacetic acid (50% v/v) in a glass
homogenizer. The resulting homogenates were centrifuged
for 10 min at 10,000 g, and absorbance of the supernatant was
read at 620 nm. In vivo permeabilization was measured using
the same methods in mice treated with neutralizing
antibodies against TGFβ as well.

In vitro Permeability Assessments
To assess endothelial cell permeabilization in vitro, mono-
layers of bEnd.3 cells were seeded at a density of 5.0 × 104

cells/cm2 onto 24-well Transwell inserts with a 0.4-μm pore.
After cells grew into a confluent monolayer (48–72 h), cells
were treated with AOM (100 ng/ml to 10 μg/ml), rTGFβ1
(0.5 ng/ml to 5.0 ng/ml), GW788388 (1 μM), specific
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inhibitor of SMAD3 (SIS3) (1 μM), or dimethyl sulfoxide
(DMSO) for 24 h. Following treatment, inserts and chambers
were washed with PBS and media was replaced with phenol-
red free media. 10 kDa FITC-dextran (10 mg/ml; 10 μl) was
added to the upper wells for 1 h. Fluorescence (excitation
494 nm; emission 520 nm) was read in the upper and lower
chambers, and the permeability coefficient was determined
using the following formula:22 Pdextran= (RFUlower/RFUupper)
(V)(1/t)(1/A), where RFU is the relative fluorescent units in
the upper and lower wells, V is the volume of the bottom well,
t is the time that the FITC-dextran was allowed to diffuse,
and A is the total surface area of the monolayer (cm2).
Permeability coefficients were normalized by setting basal cell
monolayers to a value of 1 to minimize variability between
trials.

Immunofluorescence and Immunohistochemistry
For brain immunohistochemistry, free-floating 30-μm sec-
tions were sectioned and put into 12-well plates containing
PBS. Sections were put in 0.5% hydrogen peroxide to quench
endogenous peroxidase activity. Brain sections were blocked
in 5% goat serum before overnight incubation of specific
antibodies against albumin.21 Secondary antibodies and DAB
peroxidase substrate were supplied from Vector Labs
(Burlingame, CA). Incubations and staining development
were performed according to the manufacturer’s protocols.
The sections were viewed using an Olympus BX40 micro-
scope with an Olympus DP25 imaging system (Olympus,
Center Valley, PA).

Free-floating immunofluorescence of the brain was per-
formed on 30-μm sections. Brains were initially blocked in
5% goat serum before overnight incubation with specific
antibodies against albumin and SMI71. Immunocytochem-
istry in bEnd.3 cells was performed using the same methods
with antibodies against MMP9 and claudin-5. Immunoreac-
tivity was visualized using Dylight 488- or Cy3-conjugated
secondary antibodies and counterstained with 4',6-diami-
dino-2-phenylindole (DAPI). Slides were viewed and imaged
using a Leica TCS SP5-X inverted confocal microscope (Leica
Microsystems, Buffalo Grove, IL).

Quantitative PCR
RNA was extracted from bEnd.3 cells using the RNeasy mini
kit from Qiagen (Valencia, CA) as per manufacturer’s
protocols. RNA content of isolated samples was calculated
using a Thermo Scientific Nanodrop 2000 (Rockford, IL). An
iScript cDNA synthesis kit (Bio-Rad, Hercules, CA) was used
to amplify 1 μg of RNA per reaction in a MyCycler thermal
cycler (Bio-Rad). cDNA was loaded onto 96-well plates with
iTaq universal SYBR green supermix (Bio-Rad) along with
commercially available primers designed against mouse
claudin-5, MMP9, and glyceraldehyde 3-phosphate dehydro-
genase (GAPDH). Quantitative PCR (qPCR) was performed
using a Strategene Mx3005P qPCR system (Santa Clara, CA),
and a ΔΔCT analysis was performed using basal bEnd.3 cells

as controls.23,24 Data for all experiments are expressed as
mean relative mRNA levels± s.e.m. (n= 4).

Immunoblotting
Homogenization of bEnd.3 cells was accomplished by
scraping cells in lysis buffer supplemented with 1% protease
inhibitor cocktail. Protein content in cell lysates from bEnd.3
cells was quantitated using a BCA protein assay (Thermo
Scientific, Rockford, IL). SDS–PAGE gels were loaded with
10-20 μg of protein diluted in Laemmli buffer per each tissue
sample. Specific antibodies against claudin-5, MMP9, and β-
actin were used. All imaging was performed on an Odyssey
9120 Infrared Imaging System (LI-COR, Lincoln, NE). Data
are expressed as fold change in fluorescent band intensity of
target antibody divided by the loading control, β-actin. The
values of basal bEnd.3 cells were used as a baseline and set to a
relative protein expression value of 1. All treatment groups
were expressed as changes of fluorescent band intensity of
target antibody to β-actin relative to basal. All band intensity
quantifications were performed using ImageJ software
(National Institutes of Health, Bethesda, MD). Data for all
experiments are expressed as mean relative protein± s.e.m.
(n= 4).

Statistical Analysis
All statistical analyses were performed using Graphpad Prism
software (Graphpad Software, La Jolla, CA). Results were
expressed as mean± s.e.m.. For data that passed normality
tests, the Student’s t-test was used when differences between
two groups were analyzed, and analysis of variance was used
when differences between three or more groups were
compared followed by the appropriate post hoc test. If tests
for normality failed, two groups were compared with a
Mann–Whitney U-test. When tests for normality failed with
more than two groups, a Kruskal–Wallis ranked analysis
was used. Differences were considered significant when the
P-value was o0.05.

RESULTS
The BBB is Disrupted Following AOM-Induced Liver
Failure
C57Bl/6 mice were treated with the hepatotoxin AOM and
Evan’s blue extravasation was assessed after 6, 12, or 18 h.
Mice that were treated for 18 h with AOM had significantly
increased Evan’s blue dye present in their brains compared
with those perfused with dye alone (Figure 1a). Interestingly,
mice that underwent Evan’s blue extravasation assays at 6 and
12 h post AOM injection had essentially no change in Evan’s
blue dye penetrance into their brain compared with untreated
mice. As Evan’s blue binds albumin, this provides evidence
that the BBB is being disrupted to a large enough degree to
allow the passage of large proteins into the brain following
ALF. Representative pictures of untreated, 0–12 h, and 18 h
brains support the findings from our absorbance measures
(Figure 1b). Albumin immunofluorescence was performed in

TGFβ1 impairs blood–brain barrier
MA McMillin et al

www.laboratoryinvestigation.org | Laboratory Investigation | Volume 95 August 2015 905

http://www.laboratoryinvestigation.org


the cortex of vehicle and AOM mice. This demonstrated that
in vehicle mice there is only slight residual albumin staining
in cerebral microvessels, while in AOM-treated mice albumin
immunoreactivity is found diffusely throughout the tissue
(Figure 1c). Together, these findings demonstrate that BBB
permeability is increased in mice treated with AOM as is
indicated by the presence of both Evan’s blue dye and positive
albumin immunofluorescence in the cortex during later stages
of AOM-induced HE.

Circulating TGFβ1 can Disrupt the BBB
Initially, the effects of AOM treatment on endothelial cell
permeability were assessed using confluent bEnd.3 monolayers
in transwell chambers as an in vitro model of the BBB.
Treatment of bEnd.3 monolayers with 100 ng/ml to 10 μg/ml
of AOM did not increase monolayer permeability as assessed
by diffusion of 10 kDa FITC-dextran across the transwell
(Figure 2a). Therefore, it appears that some other circulating
factor that is released during AOM-induced hepatotoxicity
contributes to increased BBB permeability observed following
AOM treatment. To determine whether TGFβ1 could induce
permeability, monolayers were treated with increasing doses of
rTGFβ1 and permeability was assessed. At doses of 1.0 and
5.0 ng/ml of rTGFβ1, which are physiologically relevant levels
in mice,25 there were significant increases in BBB permeability
(Figure 2b). To ensure that the resulting increased permeabi-
lization was entirely due to TGFβ1 signal transduction,
monolayers were treated with rTGFβ1 in combination with a
TGFβRII antagonist, GW788388. The previously seen increased
permeability of 1.0 ng/ml rTGFβ1-treated bEnd.3 monolayers

was significantly reduced following treatment with 1 μM
GW788388 (Figure 2c). This demonstrates that TGFβ1
receptor-mediated signaling is responsible for the effects of
TGFβ1 on inducing brain endothelial cell monolayer
permeability.

MMP9 is Upregulated in Endothelial Cells by TGFβ1
To determine whether TGFβ1-induced increase in brain
endothelial cell permeability was due to an increase of MMP9
activity, bEnd.3 cells were treated with rTGFβ1 and MMP9
expression assayed. Treatment with rTGFβ1 led to a dose-
dependent increase of MMP9 mRNA expression, with
treatments of 0.5 ng/ml rTGFβ1 and higher generating a

Figure 1 The BBB is disrupted in the later stages of HE. (a) Evan’s blue
dye permeability assay of AOM mice at indicated time points following
AOM injection (n= 4). Permeability was measured by measuring
absorbance of Evan’s blue dye (620 nM). (b) Representative pictures of
brains from mice that had no Evan’s blue dye extravasation (untreated),
mice infused with Evan’s blue dye after AOM treatment from 0–12 h, and
mice infused with Evan’s blue dye 18 h after AOM injection. (c)
Immunofluorescence in vehicle and AOM cortex for albumin (red) and
DAPI (blue). Data in the permeability assay are reported as mean± s.e.m.
* = Po0.05 compared with 0 h mice.

Figure 2 Monolayers of brain endothelial cells are permeabilized by
treatment with rTGFβ1. (a) Transwell chambers seeded with a monolayer
of bEnd.3 cells were treated with indicated concentrations of AOM for
24 h. Diffusion of 10-kDa FITC-dextran from the top to bottom chamber
and subsequent measurement of fluorescence was employed to assess
monolayer permeability. (b) Monolayers of bEnd.3 cells plated on
transwells were treated with indicated doses of rTGFβ1 for 24 h.
Permeability was assessed by 10-kDa FITC-dextran diffusion from the top
chamber to the bottom chamber and subsequent measurement of
fluorescence (excitation 494/emission 520). (c) Monolayers of brain
endothelial cells were treated with rTGFβ1, the TGFβRII antagonist
GW788388, or DMSO (vehicle for GW788388) for 24 h. Permeability was
assessed by measuring diffusion of 10-kDa FITC-dextran from the top
chamber to the bottom chamber via fluorescence measurement
(excitation 494/emission 520). Data in the monolayer assays are reported
as mean± s.e.m. * = Po0.05 compared with basal bEnd.3 cells.

TGFβ1 impairs blood–brain barrier
MA McMillin et al

906 Laboratory Investigation | Volume 95 August 2015 | www.laboratoryinvestigation.org

http://www.laboratoryinvestigation.org


significant increase (Figure 3a). To determine whether this
treatment led to increased protein levels of MMP9, immuno-
fluorescence was performed and a dose-dependent increase in
MMP9 immunostaining was observed (Figure 3b). Quanti-
fication of MMP9 immunofluorescence determined that
doses of 1.0 ng/ml and 5.0 ng/ml of rTGFβ1 led to a
significant increase in immunoreactivity (Figure 3c). These
data demonstrate that TGFβ1 may generate its effects on
permeability through upregulation of MMP9.

Claudin-5 is Downregulated by TGFβ1 in bEnd.3 Cells
As TGFβ1 was shown to increase permeability of bEnd.3
monolayers and induce an upregulation of MMP9, further
investigation into tight junction protein regulation was
warranted. The tight junction proteins claudin-5, occludin,
zona occludens-1, and zona occludens-2 were assessed
following rTGFβ1 treatment. There were no significant
changes in occludin, zona occludens-1, and zona occludens-2
expression when assessed by western blotting, qPCR, or
immunofluorescence (data not shown). However, there were
changes observed in claudin-5. Treatment of bEnd.3 cells with
rTGFβ1 led to a significant suppression of claudin-5 mRNA
expression (Figure 4a). This effect translated into a reduction of
claudin-5 protein with significant suppression at doses of
0.5 ng/ml rTGFβ1 and greater (Figure 4b). To determine
whether these changes in gene and protein expression led to a
functional disruption of the tight junction, immunofluores-
cence against claudin-5 was performed, demonstrating staining
localized to the cell membrane of basal cells. However, when
bEnd.3 cells were treated with rTGFβ1, claudin-5 immunos-
taining became increasingly cytoplasmic as doses increased,
indicating a disruption of tight junctions (Figure 4c). These
data demonstrate that TGFβ1 is able to downregulate claudin-5
and disrupt its localization to tight junctions in brain
endothelial cells.

Modulations of MMP9 and Claudin-5 via TGFβ1 are
Dependent on SMAD3
SMAD3 is one of the intracellular proteins that transduce
extracellular signaling of TGFβ1 to the nucleus, thereby
generating effects on transcription.26 To determine whether
TGFβ1 is exerting its effects through a SMAD3-dependent
mechanism, bEnd.3 cells were treated with rTGFβ1 and the
SMAD3 antagonist SIS3. Treatment of monolayers with
TGFβ1 and SIS3 was able to alleviate the permeability caused
due to TGFβ1 treatment alone (Figure 5a).

Treatment of bEnd.3 cells with TGFβ1 and SIS3 signifi-
cantly reduced MMP9 mRNA expression to near the levels of
basal cells (Figure 5b). Furthermore, pretreatment with SIS3
alleviated the TGFβ1-induced increase in MMP9 immunor-
eactivity (Figure 5c). Quantification of MMP9 immunofluor-
escence determined that treatment with the SMAD3 inhibitor
was able to significantly reduce MMP9 immunoreactivity in
bEnd.3 cells to near basal levels (Figure 5d).

In addition to the effects of SMAD3 antagonism on MMP9,
treatment with both TGFβ1 and SIS3 was also able to rescue
the downregulation of claudin-5 mRNA and protein (Figures
6a and b) compared with TGFβ1 treatment alone. To
determine whether disruption of claudin-5 cellular localiza-
tion was dependent on SMAD3, coverslips of bEnd.3 cells
were treated with rTGFβ1 and SIS3. Treatment of bEnd.3 cells
with SIS3 was able to partially restore the localization of
claudin-5 to the cell membrane (Figure 6c). Together, these
findings demonstrate that the upregulation of MMP9 and
downregulation of claudin-5 via TGFβ1 in brain endothelial
cells is dependent on SMAD3.

In vivo Neutralization of TGFβ1 Reduces BBB
Permeability Following Liver Failure
An Evan’s blue extravasation assay was performed in mice
treated with AOM and/or neutralizing antibodies against
TGFβ for 18 h. Mice injected with AOM demonstrated a
significant increase in Evan’s blue dye in their brain. This
increase was significantly reduced if the mice were pretreated
with neutralizing antibodies against TGFβ (Figure 7a).
Representative pictures of the brains of mice treated with
AOM and/or neutralizing antibodies against TGFβ support
these results (Figure 7b). To demonstrate this effect more
conclusively, immunohistochemistry was performed against

Figure 3 MMP9 is upregulated by TGFβ1 in bEnd.3 cells. (a) MMP9
mRNA expression in bEnd.3 cells as assessed by qPCR following treatment
with rTGFβ1. (b) Coverslips of bEnd.3 cells were stained for MMP9 (red)
and DAPI (blue) as a nuclear stain following treatment with increasing
doses of rTGFβ1. (c) Quantification of MMP9 immunofluorescence of
bEnd.3 coverslips following treatment with rTGFβ1. The data from mRNA
and immunofluorescence quantification analyses are reported as
mean± s.e.m. * = Po0.05 compared with basal bEnd.3 cells.
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albumin in the brains of mice treated with AOM and
neutralizing antibodies against TGFβ. This immunohisto-
chemistry displays a significant elevation of albumin in the
cortex of AOM mice, which is reduced in mice treated with
neutralizing antibodies against TGFβ (Figure 7c). To visualize
brain endothelial cells, immunofluorescence staining was
performed for the endothelial cell marker SMI71. AOM-
treated mice show discontinuous staining for SMI71, while
mice pretreated with neutralizing antibodies against TGFβ
show continuous staining similar to vehicle-treated mice
(Figure 7d). These data support our hypothesis that inhibiting
circulating TGFβ1 activity in vivo is able to restore BBB
function following ALF.

DISCUSSION
This manuscript reports that 18 h following AOM injection
the BBB is significantly disrupted, as measured by Evan’s blue

dye extravasation. Investigation into the molecular mechan-
isms that drive this effect determined that brain endothelial
cells have increased MMP9 expression and reduced claudin-5
expression following treatment with rTGFβ1. The increase in
MMP9 expression and suppression of claudin-5 was found to
be dependent on SMAD3 signaling, as treatment with the
SMAD3 inhibitor SIS3 was able to reverse the effects of
rTGFβ1 treatment. Finally, inhibition of circulating TGFβ1 in
AOM-treated mice by injection of neutralizing antibodies was
able to reduce albumin infiltration in the brain, reduce
microvessel disruption, and significantly reduce BBB perme-
ability compared with mice treated with AOM alone. A
working model of our findings is presented in Figure 8.

This study demonstrates that the AOM model of HE
generates a significant disruption of the BBB as measured by
the presence of Evan’s blue dye in the cerebral cortices of
AOM-treated mice. Interestingly, this only occurs at later
stages of HE when severe neurological decline is present
(ataxia and minor reflex deficits are typically observed around
twelve hours in this model).16 Other researchers have
performed Evan’s blue dye extravasation using a lower dose
of AOM (50mg/kg) and have shown similar findings.12

Furthermore, rats treated with D-galactosamine to induce
ALF show significant increase of Evan’s blue extravasation at
coma.27 These findings mirror the more recent reports of
vasogenic edema that have been reported in clinical studies in
both acute and chronic liver failure.28,29 However, it has
recently been proposed that AOM itself may be leading to a
direct effect on the endothelial cells of the BBB. The
monolayer experiments performed in this study indicate that
AOM does not cause increased endothelial cell permeability
directly, but that TGFβ1 contributes to increased monolayer
permeability in this model. One research group has
investigated AOM in an endothelial cell and astrocyte co-
culture model and found that treatment with 5 μg/ml AOM
for 24 h leads to increased endothelial cell permeability.30 The
discrepancy in the effects of AOM on permeability may lie in
the site of AOM administration. The previous study
administered AOM in the media between the astrocyte and
endothelial cell layer rather than directly onto the endothelial
cells themselves (as would mimic the in vivo situation). The
increased permeability, therefore, may be a reflection of direct
toxicity of AOM on astrocytes, which may subsequently
release factors that increase the endothelial cell permeability.
However, these direct effects of AOM would not translate
in vivo as the toxin would have to already cross the BBB to
generate this effect. These conclusions about AOM not
generating direct toxicity on BBB endothelial cells in vivo are
also supported by AOM-treated mice not showing BBB
permeability to near coma, as is reported in this study and by
others.12

The current study demonstrated that MMP9 expression
was increased in bEnd.3 cells following treatment with
rTGFβ1. TGFβ1 treatment has been shown to lead to
increased expression of MMP9 in corneal epithelial cells31

Figure 4 Claudin-5 expression is downregulated in bEnd.3 cells by
TGFβ1. (a) Claudin-5 mRNA expression in bEnd.3 treated with indicated
doses of rTGFβ1 as assessed by qPCR. (b) Claudin-5 representative
immunoblot and quantification in bEnd.3 cells treated with indicated
doses of rTGFβ1. β-Actin is used as a loading control and quantifications
are normalized to basal bEnd.3 cells. (c) Claudin-5 immunofluorescence
(red) in bEnd.3 cells treated with rTGFβ1. DAPI (blue) was used to stain
nuclei. The data from mRNA and protein analyses are reported as
mean± s.e.m. * = Po0.05 compared with basal bEnd.3 cells.
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and in podocytes.32 MMP9 has many roles in dysregulation of
the BBB as it has the capability to degrade claudin-5,
occludin, zona occludens-1, and zona occludens-2.9 During
AOM-induced HE, the upregulation of MMP9 has been
shown to disrupt tight junction expression, and pharmaco-
logical inhibition of MMP9 restores tight junction protein
expression to near control levels.11 Interestingly, it has also
been shown that treatment of rat brain microvascular
endothelial cells with ammonia alone is able to induce MMP9
expression.33 Therefore, it is conceivable that TGFβ1 could
potentially be acting in synergy with ammonia to induce
MMP9 expression and further drive BBB permeability.
Further studies are necessary to identify the specific cellular
sources, regulation, and protein interactions of MMP9 to
better understand its role in BBB dysfunction following liver
failure.

Previous research into the effects of ALF on tight junction
protein dysregulation has been conflicting. One group of
researchers found that AOM-treated mice have disruptions of

occludin, claudin-5, zona occludens-1, and zona occludens-2
protein expression as assessed with western blots.11 Con-
versely, other researchers have used the AOM model and
observed no changes in immunoblot tight junction protein
expression.34 Our studies focused only on the effects of
TGFβ1 on claudin-5 expression and demonstrated that
treatment of bEnd.3 cells with rTGFβ1 downregulated
claudin-5 and led to the translocation of this protein from
the cell membrane to the cytosol. Claudin-5 downregulation
has been shown to lead to increased BBB permeability
following hypoxia,35 focal cerebral cooling,36 and ischemia
reperfusion injury.37 Also, other studies have found that
TGFβ1 can lead to the direct downregulation of claudin-5.38

Thus, these findings support the concept that circulating
TGFβ1 promotes the BBB permeability observed in vivo
primarily through the downregulation of claudin-5. To our
knowledge, this is the first study to show changes in both
claudin-5 and MMP9 in bEnd.3 cells following treatment
with rTGFβ1. However, whether the effects of TGFβ1 on

Figure 5 SMAD3 is required for upregulation of MMP9 by TGFβ1. (a) Monolayers of bEnd.3 cells were treated with rTGFβ1, the SMAD3 inhibitor SIS3, or
SIS3 vehicle (DMSO) for 24 h. Permeability was assessed by measuring diffusion of 10-kDa FITC-dextran from the top chamber to the bottom chamber
and a subsequent fluorescence measurement (excitation 494/emission 520). (b) Relative MMP9 mRNA expression in bEnd.3 cells treated with rTGFβ1,
the SMAD3 inhibitor SIS3, or SIS3 vehicle (DMSO) for 24 h. (c) bEnd.3 cell coverslips were treated with rTGFβ1, the SMAD3 inhibitor SIS3, or SIS3 vehicle
(DMSO) for 24 h. Immunofluorescence against MMP9 (red) and DAPI (blue) was performed. (d) Quantification of MMP9 immunoreactivity on bEnd.3
coverslips following treatment with rTGFβ1 and the SMAD3 inhibitor SIS3. The data from permeability, mRNA, and immunofluorescence quantification
analyses are reported as mean± s.e.m. * = Po0.05 compared with basal bEnd.3 cells.
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claudin-5 and MMP-9 are part of the same pathway or are the
result of two separate TGFβ1-mediated processes is unknown.
Regardless, the overall outcome is an increase in BBB
permeability as a result of TGFβ1 signaling.

TGFβ1 transduces its signal via activation of its receptor
and subsequent phosphorylation of the SMAD proteins,
SMAD2 or SMAD3.39 We determined that SMAD3 was gene-
rating the majority of the effects that we were seeing both

in vivo and in vitro by showing that treatment with SIS3 was
able to reverse the effects of TGFβ1. Interestingly, other
studies have inhibited TGFβ receptor kinase activity, which
reduced SMAD3 activity, and observed elevated claudin-5
expression.40 In addition, human meningeal cells treated with
a SMAD3 inhibitor were able to attenuate TGFβ1-dependent
MMP9 upregulation.41 Thus, there is strong evidence
supporting dysregulation of both claudin-5 and MMP9 by

Figure 6 Claudin-5 downregulation via TGFβ1 occurs through a SMAD3-
dependent mechanism. (a) Claudin-5 mRNA expression in bEnd.3 cells
treated with rTGFβ1, the SMAD3 inhibitor SIS3, or SIS3 vehicle (DMSO) for
24 h. (b) Claudin-5 protein in bEnd.3 cells treated with rTGFβ1, the
SMAD3 inhibitor SIS3, or SIS3 vehicle (DMSO) for 24 h as assessed by
immunoblotting. β-Actin is used as a loading control and quantifications
are normalized to basal bEnd.3 cells. (c) Claudin-5 (red)
immunofluorescence in bEnd.3 cells treated with rTGFβ1, the SMAD3
inhibitor SIS3, or SIS3 vehicle (DMSO) for 24 h. DAPI (blue) was used as a
nuclear stain. The data from mRNA and immunoblot analyses are
reported as mean ± s.e.m. * = Po0.05 compared with basal bEnd.3 cells.

Figure 7 Treatment of AOM mice with neutralizing antibodies against
TGFβ reduces BBB dysfunction. (a) Evan’s blue dye permeability assay of
mice treated with AOM or with neutralizing antibodies against TGFβ for
18 h (n= 4). Permeability was measured by measuring absorbance of
Evan’s blue dye (620 nM). (b) Representative images of Evan’s blue dye
extravasation in vehicle, AOM, AOM+antiTGFβ, and antiTGFβ mice. (c)
Immunohistochemistry against albumin in the cortex of vehicle, AOM,
AOM+antiTGFβ, and antiTGFβ mice. (d) Immunofluorescence staining for
the endothelial cell marker SMI71 (red) with DAPI (blue) used as a nuclear
stain in the cortex of vehicle, AOM, AOM+antiTGFβ, and antiTGFβ mice.
Data in the permeability assay are reported as mean± s.e.m. * = Po0.05
compared with vehicle-treated mice.
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TGFβ1 via a SMAD3-dependent mechanism. As this was the
first study manipulating TGFβ1/SMAD3 signaling in these
cells, it is possible that this signaling pathway could be
generating other effects on these cells that have not been
investigated, such as affecting junctional adhesion molecules
or proteins of the adherens junction.

Sequestration of circulating TGFβ1 in vivo demonstrated a
significant role for TGFβ1 in promoting permeability of the
BBB in this model of ALF. One downstream consequence of
TGFβ1 is the activation of phosphatidylinositol-3 kinase/Akt
pathway signaling,42 which has been demonstrated to promote
vascular permeability in cancer models.43,44 Also, this pathway
has been shown to induce BBB permeability following focal
cerebral ischemia,45 HIV-induced BBB disruption,46 and
traumatic brain injury.47 In addition to this, we have
previously identified that inhibition of TGFβ1 can lead to
increased expression of the hedgehog transcription factor
Gli1.16 Indeed, hedgehog pathway activation has been shown
to be protective in experimental autoimmune encephalomye-
litis, a mouse model of multiple sclerosis, by promoting
blood–brain barrier integrity.48 Also, treatment of mice with

polydatin, which elevates Gli1, has been shown to restore BBB
function following ischemic insult.49 These findings suggest
that inhibiting TGFβ1 could promote BBB integrity via
suppression of vascular permeability pathway signaling as well
as by inducing factors to promote BBB vascular integrity.
Further research into the specific signaling pathways in brain
endothelial cells that are dysregulated by TGFβ1 are still
warranted and are currently ongoing in the laboratory.

Together, our findings support that TGFβ1 is driving BBB
permeability via downregulation of claudin-5 and upregula-
tion of MMP9 and that these effects are dependent on
SMAD3. These results support that manipulations of TGFβ1
or therapies to target SMAD3 may be potential therapeutic
targets to treat ALF patients who have the potential to
develop HE.
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