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Abstract

Background—The blood brain barrier tightly regulates the passage of molecules into the brain
and becomes leaky following obstructive cholestasis. The aim of this study was to determine if
increased serum bile acids observed during cholestasis permeabilize the blood brain barrier.

Methods—Rats underwent bile duct ligation or deoxycholic or chenodeoxycholic acid injections
and blood brain barrier permeability assessed. In vitro, the permeability of rat brain microvessel
endothelial cell monolayers, the expression and phosphorylation of occludin, ZO-1 and ZO-2 as
well as the activity of Racl was assessed after treatment with plasma from cholestatic rats, or bile
acid treatment, in the presence of a Racl inhibitor.

Results—BIlood brain barrier permeability was increased in vivo and in vitro following bile duct
ligation or treatment with bile acids. Associated with the bile acid-stimulated increase in
endothelial cell monolayer permeability was elevated Racl activity and increased phosphorylation
of occludin. Pretreatment of endothelial cell monolayers with a Racl inhibitor prevented the
effects of bile acid treatment on occludin phosphorylation and monolayer permeability.

Conclusions—These data suggest that increased circulating serum bile acids may contribute to
the increased permeability of the blood brain barrier seen during obstructive cholestasis via
disruption of tight junctions.
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The blood brain barrier (BBB) is a protective barrier that protects the brain from the passage
of molecules from the circulation [1]. Cerebral endothelial cells form tight junctions with
adjacent cells via interactions of the tight junction proteins occludin and claudin-5 and
intracellular docking proteins ZO-1 and ZO-2 [2]. When these tight junctions are
compromised, molecules are able to passively diffuse into the brain. Opening of these tight
junctions can be mediated by a number of signal transduction pathways including Rac1 [3],
Protein kinase C (PKC) [4], or Jun-N-terminal kinase (JNK) [5], that may result in either a
rearrangement of the cytoskeleton [6, 7] or the phosphorylation of the tight junction proteins
occludin [8] or claudin-5 [9].

The BBB becomes compromised during the course of various liver diseases [10-12], which
may contribute to the various neurological changes associated with these diseases [13-15].
During liver damage, serum bile acid concentrations are increased. Under normal
physiological conditions, ~95% of bile is recycled and stored in the gallbladder with the
remaining 5% being excreted [16]. These bile acids exert their effects through the nuclear
receptor farnesoid X receptor (FXR) [17] or the membrane bound receptor, TGR5 [18]. In
addition to signaling through FXR, bile acids have been shown to activate an array of cell
signaling pathways such as ERK1/2 and JNK [19]. However, when hepatocytes are
damaged and cannot reabsorb bile acids, the serum levels are increased.

Bile acids have been shown previously to induce permeability in epithelial cells [20, 21],
however, the role of bile acids in the permeabilization of the BBB during cholestasis
remains unknown. Thus the aims of our study were to assess BBB integrity during
cholestasis and determine if bile acids can permeabilize the barrier formed by the endothelial
cells that make up the BBB in vitro as well as in vivo.

Materials & Methods

Materials

Unless otherwise indicated, all chemicals were purchased from Sigma-Aldrich (St Louis,
MO) and were of the highest grade available. All primers in this study were purchased from
Qiagen (SABiosciences; Frederick, MD).

Animal Treatment

Male Sprague Dawley rats (150-175g) were maintained in a temperature-controlled
environment (20-22°C) with a 12:12-hour light-dark cycle with free access to drinking
water and rat chow. Rats underwent sham or bile duct ligation (BDL) surgery as described
previously [22]. In parallel, rats were injected with chenodeoxycholic acid or deoxycholic
acid (iv; 3ug/rat/day for 1 or 5 days). All animal experiments were performed with the
approval of and in accordance with the guidelines of the Scott & White IACUC Committee.

In vivo permeabilization measurements

To assess in vivo permeabilization of the BBB a modified Evan’s blue extrusion assay [23]
was performed in sham and BDL rats or after tail vein injection of bile acids. Briefly, rats
were anesthetized with isoflurane inhalation and Evan’s blue dye was infused (5mg/ml;
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500pl) through the carotid artery and allowed to circulate for 20 minutes. Rats were then
transcardially perfused with 80ml ice-cold phosphate-buffered saline, the meninges removed
and the brain homogenized with 3ml ice-cold trichloroacetic acid (50% v/v) in a glass
homogenizer. The resulting homogenates were centrifuged for 10 minutes at 10,000 g and
absorbance of the supernatant was read at 620nm.

In vivo microvessel staining

To visualize the BBB in the experimental treatment groups, whole brains were fixed in 4%
PFA, followed by cryoprotection in 30% sucrose solution (w/v in 1X phosphate buffered
saline). Free-floating immunofluorescence staining of brain sections (20um) was performed
as described previously [24, 25]. Slices were stained with an anti-rat SMI-71 antibody
(1:500; Covance, Princeton, NJ). SMI-71 stains for an endothelial cell-specific protein
expressed in BBB but not in peripheral endothelial cells [26]. In addition, the presence of
serum albumin in the brain was assessed by immunohistochemical staining [25] using a
horseradish peroxidase-conjugated albumin antibody (Bethyl Laboratories, Montgomery
TX).

In vitro permeabilization measurement

Monolayers of rat brain microvascular endothelial cells (RBMECs; Cell Applications, San
Diego, CA) were seeded onto fibronectin-coated Transwell™ inserts. This is a primary cell
line and was not used after passage 10. After cells grew into a confluent monolayer (3—4
days) cells were treated with sham or BDL rat serum (10% to 75%) or vehicle,
chenodeoxycholic acid, deoxycholic acid, glycochenodeoxycholic acid,
taurochenodeoxycholic acid, or ursodeoxycholic acid (10 uM or 100uM) for 24 hours. In
parallel, RBMEC monolayers were pretreated with inhibitors for Racl (NSC23766; 50 pM
[27]) Rho kinase (HA-1077; 5uM [28]), INK (SP600125; 50uM, [29]), Ca2* signaling
(BAPTA; 1uM [30]), MAPK p42/44 (PD98059; 10 uM, [31]), and PKC (G66976; 1uM
[32]) or EGFR (BIBX; 10uM [33]), before treating with 100uM chenodeoxycholic acid or
deoxycholic acid. Additionally, RBMEC monolayers were treated with various doses of the
FXR agonist Fexaramine (1-100nM). After 24 hours, media was replaced with phenol-red
free RPMI media (Invitrogen, Carlsbad, CA) and 10kDa FITC-dextran (25mg/ml; 10ul) was
added to the upper well. After 1 hr, fluorescence (excitation 494nm; emission 520nm) was
read in the lower well. Each experiment was performed on 6 transwells per treatment and
repeated at least twice and data was expressed as the average relative fluorescence units
compared to control.

Quantitative in vivo bile acid measurement

At 1, 3 and 5 days post-surgery, or after tail vein injection of chenodeoxycholic acid or
deoxycholic acid, circulating bile acids were assessed in the serum of sham and BDL rats
via a colorimetric assay according to the manufacturer’s protocol (Diagnostic Chemicals
Limited, Charlottetown, Canada).
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Cell viability assay

RBMECs were seeded into each well (10,000 cells/well) of a 96 well plate and allowed to
adhere overnight, after which vehicle, chenodeoxycholic acid or deoxycholic acid was added
(100uM) for 24 hours. Cell viability was assessed using a colorimetric MTS assay (CellTiter
96 AQueous; Promega Corp, Madison, Wisconsin, USA) and absorbance was read at 490nm
[24].

Immunofluorescence

RBMECs were seeded onto fibronectin-coated coverslips, were allowed to grow to
confluence and were treated with vehicle, chenodeoxycholic acid or deoxycholic acid
(100uM). After 24 hours, cells were fixed with 4% PFA for 5 minutes at room temperature,
permeabilized by washing with PBS containing 0.2% Triton X-100 (PBST) and blocked
using LiCor blocking buffer (Lincoln, NE). Cells were stained overnight with antibodies
specific for ZO-1, Z0O-2, claudin 5 and occludin (Invitrogen-Zymed, Irvine, CA), at 1:100.
Fluorescent detection using Alexa 488 secondary antibody (Jackson Immuno Research,
West Grove, PA) was performed and coverslips were mounted onto a microscope slide with
antifade gold containing 4’,6-diamidino-2-phenylindole (DAPI) as a counter stain
(Molecular Probes, Eugene, OR).

Subcellular fractionation

Analysis of tight junction protein localization was determined by utilizing the ProteoExtract
Subcellular Proteome Extraction kit (Calbiochem; La Jolla, CA). Membrane fractions were
separated via SDS-PAGE as previously described [24] and occludin, ZO-1, and ZO-2
localization was determined using anti-occludin, anti-ZO-1, and anti-ZO-2 antibodies.
Specificity of fractions was determined by using anti-pan-cadherin antibody.

Real-time PCR

The expression occludin, ZO-1 and ZO-2 was assessed by real time polymerase chain
reaction (QPCR) as described previously [34] in RBMECs treated with saline,
chenodeoxycholic acid or deoxycholic acid for 1, 4, and 24 hours and using specific
commercially available primers. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
expression was used for normalization. A AACT analysis was performed [35] using sham
serum or vehicle as controls. Data are expressed as relative MRNA+SEM (an n of at least 4
was used).

Immunoblotting

RBMECs were treated with chenodeoxycholic acid or deoxycholic acid (100 uM) for
various time points and the expression of Occludin, ZO-1 and ZO-2 was assessed by
immunoblotting [24] using the specific antibodies described above. The expression of
GAPDH was assessed as an internal loading control.

Immunoprecipitation

To assess the effects of bile acid treatment on the phosphorylation of occludin, RBMEC’s
were treated with chenodeoxycholic acid or deoxycholic acid (100 pM) for 4 hr in the
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presence or absence of the Racl inhibitor (NSC23766; 50 uM [27], EMD Millipore,
Billerica, MA). Cells were then lysed in RIPA buffer containing a protease inhibitor cocktail
(Sigma-Aldrich, Saint Louis, MI). Immunoprecipitation was then performed on 50 pg of
protein from each treatment using 2 ug of anti-phosphotyrosine antibody (Abcam,
Cambridge, MA) and 20 uL of protein A/G agarose. The subsequent amounts of occludin
pulled down were assessed by immunoblotting as described above. In parallel, the relative
amounts of target proteins was assessed in 10 g of total protein from each treatment by
immunoblotting as an indication of the input into the immunoprecipitation assay.

Rac1l activity assay

RBMEC’s were treated with chenodeoxycholic acid or deoxycholic acid (100 uM) for 1 hr
in the presence or absence of the Racl inhibitor (NSC23766; 50 uM [27], EMD Millipore,
Billerica, MA). Racl activity was assessed using the Racl activity kit (Cytoskeleton Inc,
Denver, CO) following the protocol described by the vendor.

Statistical analysis

RESULTS

All statistical analyses were performed using Graphpad Prism software (Graphpad Software,
La Jolla, CA). Results are expressed as mean + SEM. For data that passed normality tests,
significance was established using the Student t test when differences between two groups
were analyzed, and analysis of variance 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 or a Kruskal-Wallis ranked analysis
when more than two groups were analyzed. Differences were considered significant when
the p value was less than 0.05.

Cholestasis induces permeabilization of the BBB in vivo

In order to assess the effects of cholestasis on BBB integrity, experimental cholestasis was
induced using the BDL model which exhibited a significant increase in BBB permeability as
shown by increased Evan’s blue content in brain homogenates compared to sham-operated
rats (Figure 1A). Immunofluorescent staining with SMI-71 showed continuous cerebral
microvessels with several branch points (indicated by arrows) in sham-operated rats,
whereas BDL rats have discontinuous sporadic staining, suggesting a loss of BBB integrity
in BDL rats (Figure 1B). Furthermore, cholestatic rats had a higher degree of albumin
immunoreactivity in the brain (Figure 1C). Treatment of RBMEC monolayers with serum
from BDL rats increased permeability of RBMEC monolayers compared to sham serum-
treated monolayers (Figure 1D), suggesting that a circulating factor is leading to
permeabilization of the BBB observed in our cholestatic model in vivo.

Circulating bile acids increase during cholestasis and can permeabilize the BBB

Circulating bile acid levels increased approximately 20 fold, 1 day after BDL compared to
sham-operated rats, and remained elevated up to 5 days after surgery (Figure 2A). In order
to assess whether bile acids alone have the capacity to induce BBB permeability, we treated
RBMEC monolayers with various bile acids. Treatment with chenodeoxycholic acid or
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deoxycholic acid, but not glycochenodeoxycholic acid, taurochenodeoxycholic acid, or
ursodeoxycholic acid for 24 hours led to significantly increased permeability of RBMEC
monolayers (Figure 2B and data not shown). To parallel the bile acid effect seen after BDL,
rats were injected daily with chenodeoxycholic acid or deoxycholic acid for 5 days, a
strategy that resulted in serum total bile acid concentrations of 47.18 + 2.35 uM (compared
to 22.58 £ 1.42 uM in vehicle-treated animals). This treatment increased the permeability of
the BBB as demonstrated using the Evan’s blue extravasation assay (Figure 2C).
Furthermore, increased Evan’s blue could be observed 4 hr after a single tail vein injection
of these bile acids (data not shown). Fluorescent imaging of cerebral microvessels using a
SMI-71 antibody demonstrated discontinuous sporadic staining in deoxycholic acid-treated
rats compared to vehicle-treated rats, which have continuous staining with several branch
points (Figure 2D). Lastly, there was an increase in albumin immunoreactivity in brains
from deoxycholic acid-treated rats compared to controls (Figure 2E).

Chenodeoxycholic acid or deoxycholic acid disrupts endothelial cell tight junctions

Since there was increased permeability of the RBMEC monolayers to chenodeoxycholic
acid or deoxycholic acid treatment, we first examined if this was due to increased
endothelial cell death. Stimulation of cells with chenodeoxycholic acid or deoxycholic acid
hours did not result in a significant decrease in cell viability as demonstrated by MTS assays
(Supplement Figure S1). We then assessed the cellular distribution of the tight junction
proteins occludin and claudin-5 along with the intracellular docking proteins ZO-1 and ZO-2
in RBMEC:s treated with vehicle, chenodeoxycholic acid or deoxycholic acid. In vehicle-
treated cells, these tight junction proteins show continuous staining along the cell borders
between adjacent cells (Figure 3A), whereas after chenodeoxycholic acid or deoxycholic
acid treatment occludin, ZO-1 and ZO-2 immunoreactivity was disrupted with gaps between
cell borders (Figure 3A). This redistribution of tight junction proteins was further confirmed
in deoxycholic acid-treated cells by subcellular fractionation. Deoxycholic acid-treated cells
had reduced occludin, ZO-1, and ZO-2 localization in the membrane than in vehicle-treated
cells (Figure 3B). No effect on the cellular distribution of claudin-5 immunoreactivity or
subcellular distribution after any treatment was demonstrated (data not shown).

We then determined if the redistribution of occludin, ZO-1 and ZO-2 were due to changes in
their expression. Indeed, there was no change in the mRNA or protein expression of any of
the tight junction or tight junction-associated proteins studied up to 24 hr after treatment
(Supplemental Figure S2A-D). Intracellular redistribution of tight junction proteins is often
a downstream consequence of various signal transduction pathways. In particular,
phosphorylation of tight junction proteins, such as occludin, is known to increase the
permeability of endothelial cell layers and disrupts their ability to interact with ZO-1 and
Z0-2 [28, 36]. Therefore we assessed the phosphorylation of occludin after
chenodeoxycholic acid or deoxycholic acid treatment. Four hours after bile acid treatment,
there was an increased amount of occludin protein pulled down with a phospho-tyrosine
antibody, indicating increased phosphorylation of occludin after bile acid treatment (Figure
4A). No change in phosphorylation of tyrosine residues on claudin-5, ZO-1 or ZO-2 could
be detected after bile acid treatment (data not shown).
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Chenodeoxycholic acid or deoxycholic acid induce occludin phosphorylation and
permeability via a Racl-dependent mechanism

Recent studies have demonstrated that occludin can be phosphorylated by a Rac1-dependent
mechanism [37] therefore we assessed the relative Racl activity in RBMEC monolayers.
Racl activity was increased 1 hr after treatment of RBMECs with chenodeoxycholic acid or
deoxycholic acid, an effect that could be eliminated with pre-treatment with NSC23766, an
inhibitor of Racl activity (Figure 4B). Furthermore, the phosphorylation of occludin by
deoxycholic acid could be inhibited by pretreatment with the Racl inhibitor (Figure 4C).
Lastly, the increased permeability of the RBMEC monolayers after chenodeoxycholic acid
or deoxycholic acid could be prevented by pre-treatment with a Racl inhibitor (Figure 4D).

Previous studies have demonstrated that associated with bile acid-induced activation of Racl
is an increased activation of the pathways mediated by Rho, PKC, MAPK p42/44 and the
bile acid receptor FXR [38]. Furthermore, bile acids have previously been shown to cause
permeability in epithelial monolayers via the activation of EGFR [21]. However,
pretreatment of RBMECSs with specific inhibitors of Rho kinase, PKC, MAPK p42/44 or
EGFR had no effect on the bile acid-induced increase in RBMEC monolayer permeability,
nor did the inhibition of Ca?*-mediated pathways by the Ca?* chelator BAPTA A/M (Figure
5). Moreover, activation of the FXR receptor with the specific agonist fexaramine had no
effect on RBMEC monolayer permeability (data not shown). In addition, the effects of Racl
on the phosphorylation of occludin has previously been shown to depend on the activation
of the INK pathway, however pretreatment with the JNK inhibitor failed to prevent the bile
acid-mediated increase in RBMEC monolayer permeability (Figure 5).

Discussion

The major findings of this study pertain to the alterations that occur to the BBB during the
course of cholestatic liver disease and the pathogenic role of bile acids. We present data
showing that bile acids are key in the pathogenic breakdown of the BBB during cholestatic
liver disease, and that these permeabilizing effects were due to the activation of Racl and
downstream phosphorylation of the tight junction protein occludin, leading to disruption of
tight junctions. This study identifies bile acids as a potential culprit in the BBB permeability
observed during cholestatic liver disease.

Previous studies have identified pathogenic changes that occur to the BBB during the course
of liver disease [11]. Rats with acute galactosamine-induced liver failure exhibit regional
cerebral edema, indicating that that the BBB had lost, at least in part, its barrier function
[10]. Evidence that the BBB is altered during the course of liver disease is further confirmed
in portal hypertensive rats where there was a region-specific breakdown of the BBB at the
hippocampus [12]. The current study examines the pathogenic role of bile acids in the
permeabilization of the BBB. We employed the BDL model of cholestasis to examine BBB
permeability and found that: i) there was a significant increase in circulating bile acids, ii)
there was a compromise in the integrity of the BBB and iii) bile acids alter tight junction
structure at the BBB. Increases in serum bile acids are not just a feature of biliary disorders.
Spill over of bile acids into the circulation are also observed during acute liver failure [39],
acute on chronic liver disease [39] as well as in non-alcoholic steatohepatitis [40]. Therefore
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our data may be relevant to not only biliary disorders, but also other nonbiliary liver diseases
as well.

The alteration of tight junction structure by bile acids has been shown previously [20, 21].
Hydrophobic bile acids cholic acid, chenodeoxycholic acid and deoxycholic acid, but not the
hydrophilic bile acid ursodeoxycholic acid, induces permeability in Caco-2 monolayers [21]
via the activation of the EGFR. In contrast, we demonstrate that the bile acid-induced
permeability of the RBMEC monolayers is via a mechanism involving the Rac1-dependent
phosphorylation of occludin. The activation of Racl by bile acids has previously been
shown in colorectal cancer cells and is associated with FXR expression [38]. However, the
data presented here suggests that the effects of bile acids on Rac1 activation is not via an
FXR-mediated event, but involves the phosphorylation of occludin.

Since Racl does not possess kinase activity itself, we assessed the role of some of the
kinases known to be associated with Rac1 activity. We blocked rho kinase, INK, MAPK
p42/44, PKC and Ca2* signaling and were not able to dampen the permeabilizing effects of
deoxycholic acid. We did not block the cAMP/PKA pathway because it has been shown to
be required for healthy barrier function [41], therefore specific inhibitors of these pathways
would be expected to increase permeability independently of the bile acid effects. Other
signaling pathways, such as myosin light chain kinase, that have been shown to alter BBB
function [42] cannot be ruled out, however, the depletion of Ca?* via pretreatment with
BAPTA would presumably inhibit this Ca2* dependent kinase [43], indicating that these
pathways are more than likely not involved. Therefore the specific kinase involved in the
bile acid-induced phosphorylation of occludin in our model is unknown and warrants further
investigation.

Collectively, we present data indicating that the BBB is compromised in our model of
cholestasis and that chenodeoxycholic acid or deoxycholic acid can permeabilize endothelial
monolayers in vitro. We also determined if chenodeoxycholic acid or deoxycholic acid has
the capacity to permeabilize the BBB in vivo. Injection of chenodeoxycholic acid or
deoxycholic acid led to a modest but significant permeabilization of the BBB in normal rats
compared to rats injected with saline. While this permeabilization effect is not nearly as
robust as the permeabilization observed during cholestasis, this could possibly be explained
by the fact that other factors are released from the liver during the course of cholestasis such
as pro-inflammatory cytokines [44] that could have a synergistic effect with bile acids in
permeabilizing the BBB. It should be mentioned that our tail vein injection experiments
were performed in rats that were absent of liver injury. It is plausible that in these animals
the healthy liver was able to take up the increased circulating bile acids and was then able to
recycle it into the enterohepatic circulation, thus, clearing the majority of it from the
circulation. Indeed, the concentration of serum bile acids reached after tail vein injection
was elevated compared to controls but was significantly less than those observed after BDL.

Our results are consistent with previous findings that bile acids disrupt tight junctions.
Indeed bile acids have been shown to transiently open the BBB when acutely administered
[45]. The authors found that at high concentrations, bile acids permeabilize the BBB via
lytic actions on cell membranes, but at lower concentrations, comparable to the
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concentrations used in this study, exert their actions by inhibiting the two junctions from
fusing [45]. Bile acids could be the major contributor to the pathogenic breakdown of the
BBB observed during cholestatic liver disease, as they have been shown to open the BBB in
hepatic failure induced by D-galactosamine injection [46].

Since the neurological decline associated with liver damage is a major burden on quality of
life and lowers priority level for transplantation [47] it is of utmost importance to determine
its pathogenesis, which could be initiated by the breakdown of the BBB. The current study
provides evidence that lowering circulating bile acids could provide an attractive treatment
strategy to possibly ameliorate or delay the onset of neurological decline in patients with
liver disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Cholestasis leads to blood brain barrier permeability via circulating factors. (A) Permeability

of the blood brain barrier was assessed via an Evan’s blue assay in sham and bile duct
ligated rats 5 days post-surgery. BDL rats have a significant increase in blood brain barrier
permeability compared to sham rats. (* denotes p<0.05, n=4) (B) Brain slices of sham and
bile duct ligated rats were stained with a SMI-71 antibody (red) allowing for microvessel
visualization and counterstained with DAPI (blue). Sham rats have long continuous staining
of microvessels with several branch points (white arrows). Bile duct ligated rats show
dispersed staining, indicating a loss of microvessel integrity. Scale bar represents 100um.
(C) Albumin immunoreactivity was assessed in sham and Bile duct ligated rats via
immunohistochemistry. Bile duct ligated rats have a higher degree of albumin
immunoreactivity in brain slices, particularly the hippocampus and the cortex compared to
sham operated rats, indicating a loss of blood brain barrier integrity. (D) Confluent
monolayers of brain endothelial cells were treated for 24 hours with serum extracted from
either sham or bile duct ligated rats 5 days post-surgery and permeability was measured via
the passive diffusion of 10kDa fluorescein isothiocyanate-dextran. Monolayers treated with
various concentrations of bile duct ligated serum have increased permeability compared to
75% sham serum. (* denotes p<0.05, n=6) Data are expressed as average permeability
coefficient £ SEM. (BDL,; bile duct ligation, HP; hippocampus, CTX, cortex)
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Figure 2.

Bile acids are increased in the circulation of bile duct ligated rats and have the capacity to
permeabilize the blood brain barrier both in vitro as well as in vivo. (A) Circulating bile
acids were measured with a colorimetric assay in sham and bile duct ligated rats 5 days post-
surgery. BDL rats have ~7 fold higher circulating bile acids than sham rats. (* denotes
p<0.05, n=3) (B) Confluent monolayers were treated with vehicle or chenodeoxycholic acid,
or deoxycholic acid (10uM or 100uM) for 24 hours and permeability was measured via
fluorescein isothiocyanate-dextran flux. (* denotes p<0.001, n=6) (C) Permeability was
measured in vivo via Evan’s blue assay in rats tail vein-injected with either vehicle,
chenodeoxycholic acid or deoxycholic acid for 5 days. chenodeoxycholic acid- or
deoxycholic acid-treated rats have a significant increase in blood brain barrier permeability
as measured by Evan’s blue concentration compared to vehicle treated rats. (* denotes
p<0.05, an n of at least 3 was used) (D) Brain slices were stained with a SMI-71 antibody
(red) and counterstained with DAPI (blue) in vehicle- and deoxycholic acid-treated rats to
visualize cerebral microvessels. Similar to sham rats, vehicle-treated rats have long
continuous staining with several bifurcations (white arrows) compared to deoxycholic acid-
treated rats that have discontinuous staining. Scale bar represents 100um. (E) Albumin
immunohistochemistry was performed on rats injected with vehicle or deoxycholic acid for
5 days. Rats treated with deoxycholic acid show a higher degree of albumin
immunoreactivity in brain slices, in particular the hippocampus and cortex regions,
indicating a disruption of the BBB. (BDL; bile duct ligation, DCA; deoxycholic acid,
CDCA, chenodeoxycholic acid, UDCA, ursodeoxycholic acid HP; hippocampus, CTX,
cortex)
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Chenodeoxycholic acid and deoxycholic acid disrupts endothelial tight junctions. (A)
Confluent monolayers of brain microvessel endothelial cells were treated with either
vehicle, chenodeoxycholic acid or deoxycholic acid and the tight junction protein occludin
and tight junction-associated proteins ZO-1 and ZO-2 (red) were stained and cells were
counterstained with DAPI (blue). Vehicle-treated cells show continuous staining along cell
margins indicating intact tight junctions. Treatment with 100uM chenodeoxycholic acid or
deoxycholic acid for 24 hours disrupts tight junctions leaving gaps at the cell margins. Scale
bar represents 50 pm. Arrows indicate sites of disruption (B) Brain microvessel endothelial
cells were treated with vehicle or deoxycholic acid and membrane localization of occludin,
Z0-1 and ZO-2 were determined via immunoblot analyses. Vehicle-treated cells show a
higher degree of occludin, ZO-1 and ZO-2 expression in the membrane compared to
deoxycholic acid-treated cells. Pan-cadherin was used as a membrane loading control.
(DCA,; deoxycholic acid, CDCA,; chenodeoxycholic acid)
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Figure 4.
Bile acids increase the phosphorylation of occludin via a Racl-dependent mechanism (A)

Brain microvessel endothelial cells were treated with vehicle, chenodeoxycholic acid or
deoxycholic acid for 1 hour and phosphorylated occludin levels were assessed by
immunoprecipitating 50ug of total protein with a phospho-tyrosine specific antibody and
immunoblotting using and anti-occludin antibody. 10ug total protein lysate was used as
input. Cells treated with bile acids show a higher degree of tyrosine phosphorylation of
occludin as shown by increased immunoprecipitation with anti-phospho-tyrosine antibody.
(B) Confluent monolayers of brain microvessel endothelial cells were treated for 1 hour with
vehicle, chenodeoxycholic acid or deoxycholic acid and Rac1l activity was measured.
chenodeoxycholic acid or deoxycholic acid induce a significant increase in Racl activity
compared to vehicle-treated cells, which could be blocked by the pre-treatment with the
Rac1 inhibitor NSC23766. (* denotes p<0.05 compared to vehicle; # denotes p<0.05
compared to chenodeoxycholic acid or deoxycholic acid in the absence of NSC23766; n=5).
(C) Brain microvessel endothelial cells were treated with vehicle, deoxycholic acid or
deoxycholic acid + Racl inhibitor (NSC23766) for one hour and phosphorylation of
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occludin was determined by immunoprecipitating protein lysates with anti-phospho-tyrosine
antibody and immunoblotting for occludin. 10ug total protein lysates were loaded for input.
Pretreatment with the Racl inhibitor NSC23766 inhibited the deoxycholic acid-mediated
phosphorylation of occludin. (D) Confluent monolayers of Brain microvessel endothelial
cells were treated for 24 hours with vehicle, chenodeoxycholic acid or deoxycholic acid in
either the presence or absence of Racl inhibitor NSC23766 and fluorescein isothiocyanate-
dextran permeability was measured. Pretreatment with NSC23766 inhibited the bile acid-
mediated permeabilization of brain endothelial cell monolayers. (* denotes p<0.05
compared to vehicle, # denotes p<0.05 compared to chenodeoxycholic acid or deoxycholic
acid in the absence of NSC23766; n=6). (DCA; deoxycholic acid, CDCA; chenodeoxycholic
acid; IP immunoprecipitation)
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Figure 5.

Deoxycholic acid does not disrupt endothelial tight junctions via known signal transduction
pathways. Confluent monolayers of brain microvessel endothelial cells were treated for 24
hours with vehicle or deoxycholic acid in either the presence or absence of specific
inhibitors for Rho kinase (HA-1077), PKC (G86976), ERK1/2 (PD98059), EGFR (BIBX),
Ca?* signaling (BAPTA) or JNK (SP600125), and permeability to fluorescein
isothiocyanaate-dextran was measured. Pretreatment with these inhibitors failed to prevent
the deoxycholic acid-induced permeability of RBMEC monolayers. (* denotes p<0.05
compared to vehicle, n=6).

Relative fluorescence units (520 ommsxon)

Dig Liver Dis. Author manuscript; available in PMC 2015 June 01.



