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Abstract

Systemic inflammation and ammonia (hyperammonemia) act synergistically in the pathogenesis of hepatic encephalopathy (HE),
the neurobehavioral sequelae of advanced liver disease. In cirrhotic patients, we have recently observed elevated levels of
circulating neuronal tight junction (TJ) protein, zonula occludens 1 (ZO-1), reflective of a change to blood—brain barrier
(BBB) integrity. Moreover, ZO-1 levels positively correlated with hyperammonemia, although any potential relationship remains
unclear. Using a carbon tetrachloride (CCly)—induced mouse model of cirrhosis, we primarily looked to explore the relationship
between neuronal TJ protein expression and hyperammonemia. Secondarily, we assessed the potential role of a natural antiox-
idant, resveratrol, on neuronal TJ protein expression and hyperammonemia. Over 12 weeks, male Swiss mice were randomized
(n=8/group) to either naive controls or induced cirrhosis, using two doses of intraperitoneal CCl; (0.5 ml/kg/week). After
12 weeks, naive and cirrhotic mice were randomized to receive either 2 weeks of par-oral resveratrol (10 mg/kg). Plasma samples
were analyzed for ammonia, liver biochemistry (ALT, AST, albumin, and bilirubin), and pro-inflammatory cytokines (TNF-o&
and IL-1f3), and brain tissue for brain water content, TJ protein expression (e.g., ZO-1, claudin 5, and occludin), and tissue
oxidative stress and inflammatory markers (NF-kB and iNOS) using western blotting. Compared to naive mice, cirrhosis
significantly increased circulating ammonia, brain water, ALT, AST, TNF-«, IL-1(3, 4HNE, NF-kB, and iNOS levels, with a
concomitant reduction in all TJ proteins (P < 0.05, respectively). In cirrhotic mice, resveratrol treatment ameliorated these
changes significantly (P < 0.05, respectively). Our findings provide evidence for a causal association between hyperammonemia
and inflammation in cirrhosis linked to TJ protein alterations, BBB disruption, and HE predilection. Moreover, this is the first
report of a potential role for resveratrol as a novel therapeutic approach to managing neurological sequelae complicating cirrhosis.
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Introduction

Hepatic encephalopathy (HE) is a neuropsychiatric manifes-
tation of patients with acute and/or chronic liver failure, in-
variably signaling a deterioration of health [1] and defining
progression to formal liver failure. It is characterized by
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cognitive, psychiatric, and motor dysfunctions and severe
HE in patients with decompensated cirrhosis is associated
with > 50% mortality in the first years from diagnosis [2, 3].
The pathogenesis of HE is multifactorial and incompletely
understood, but since HE was first described, disrupted am-
monia metabolism has been considered central to the devel-
opment of HE [4]. With progressive liver failure, concomitant
alterations to multiorgan ammonia and amino acid metabo-
lism are associated with elevated levels of circulating ammo-
nia [5, 6], termed hyperammonemia. Moreover, ammonia can
be neurotoxic to the brain if tissue levels rise significantly. For
the body to function optimally, the brain is required to operate
in a highly regulated homeostatic ionic environment, which
may offer protection from neuroactive blood-borne solutes.
Therefore, entry of circulating metabolites such as ammonia
is tightly regulated by the blood-brain barrier (BBB) [7].
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The BBB is made up of individual neurovascular units
(NVUs) each composed of neurons, astrocytes and microglia
(“astroglia”), pericytes, and brain microvascular endothelial
cells (BMECs). The BBB is held together as a physical barrier
by tight junctions (TJs) between BMECs [8]. TJs are com-
posed of large multiprotein complexes that essentially seal
the gaps between biological barriers [9] and provide cellular
adhesion between adjacent BMECs through anchorage to the
actin cytoskeleton. This creates a tight interendothelial seal
that impedes paracellular diffusion of ions, macromolecules,
and other polar solutes. Interlocked BMECs therefore form a
selective transport interface between the blood circulation and
the brain, with expression of transporters, metabolite-
degrading enzymes, receptors, ion channels, and ion trans-
porters, ensuring that nutrients such as glucose, amino acids,
nucleosides, and electrolytes are delivered to the brain from
the blood and that solutes and metabolite waste products are
effluxed from the brain to the blood [8]. Crucially, this allows
for cells of the NVU to act in concert to orchestrate activity-
dependent regulation of vascular permeability, cerebral blood
flow, and neuroimmune responses in health and disease, with
BBB integrity central to the onset and progression of neuro-
degeneration and cognitive impairment [10].

In liver disease, ammonia neurotoxicity has been linked to
changes in TJ protein expression [11, 12]. Among the proteins
involved in the multiprotein complexes, zonula occludens
(ZO-1, ZO-2, and ZO-3) are the major TJ-multidomain scaf-
folding proteins. ZO-1 directly interacts with transmembrane
TJ proteins such as claudins and the TJ-associated MARVEL
protein (TAMP) family, which includes occludin, providing
the backbone of the TJ functional structure [13—16].
Importantly, oxidative stress and inflammation can cause de-
creased TJ protein expression leading to alterations in
paracellular permeability. Since BBB is chiefly involved in
strict regulation of paracellular permeability to maintain an
optimal extracellular environment for brain homeostasis
[17], when it is compromised, it may lead to irreversible inju-
ries to the brain [18]. Despite the fact that BBB disruption is a
frequent complication in chronic neurodegenerative and
neuroinflammatory diseases, potential treatment approaches
protecting against any direct loss of BBB integrity remain
challenging.

Polyphenols, including flavonoids and stilbenes, are wide-
ly present in plant-based foods and beverages and are part of
the average human diet [19]. Resveratrol (3,5,4'-trihydroxy-
trans-stilbene) is one of the polyphenols and a known antiox-
idant abundant in grapes and red wine [20]. Resveratrol is a
lipophilic compound that can also cross the BBB and affect
various cellular signaling molecules; these characteristics may
be beneficial especially in the treatment of neuroinflammatory
disorders. Many recent studies have evidenced a wide range of
health-promoting benefits of resveratrol for chronic ailment
including neurological disorders [21]. Resveratrol treatment

has also been shown to inhibit inflammation, viral infection,
and oxidative stress and prevent bacterial translocation (BT)
in cirrhosis [22—24]. Furthermore, resveratrol treatment has
been shown to protect against TJ disruption and thus maintain
BBB integrity both in vivo and in vitro [9, 25, 26].

The aim of this study was to explore the hypothesis that
targeting hyperammonemia and inflammation with natural an-
tioxidants like resveratrol may improve TJ integrity by resto-
ration of TJ protein in a CCly-induced mice model of decom-
pensated cirrhosis.

Materials and Methods
Animals

All the experimental procedures were carried out in accor-
dance with the Committee for the Purpose of Control and
Supervision of Experiments in Animals (CPCSEA) guide-
lines. Sixty male Swiss strain (CD-1) mice weighing 25+
2 g were used for the study and housed in polypropylene
cages. All animals were maintained at room temperature (~
30£2 °C) with 12-h light/dark cycle and had ad libitum ac-
cess to standard rodent chow and water.

Animal Model and Experimental Design

All animals were allowed to acclimatize to laboratory condi-
tions for 1 week. Animals were randomly allocated to differ-
ent experimental groups. To induce liver cirrhosis, the mice
were intoxicated chronically with carbon tetrachloride
(CCl4—0.5 ml/kg b.w.) intraperitoneally in corn oil twice a
week over the period of 12 weeks. Following the induction of
ascites (indicating decompensated cirrhosis), animals were
randomized into disease control and treatment groups. The
treatment group received resveratrol (10 mg/kg; Sigma-
Aldrich Inc., USA) through oral gavage daily for 2 weeks.
Control mice received corn oil only.
The final study groups were as follows:

(a) Naive mice administered vehicle—corn oil (naive group)

(b) Naive mice administered resveratrol (naive + treatment
group)

(¢) CCly-induced mice (cirrhosis group)

(d) CClg-induced mice administered resveratrol (cirrhosis +
treatment group)

At the end of the experimental period, all animals in
different study groups were sacrificed by cervical disloca-
tion. Ketamine hydrochloride was used as anesthesia.
Then, ~1 ml of blood was collected using cardiac punc-
ture method. Brain tissue collected was stored in —80 °C
for molecular studies.
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Histological Evaluation

Four percent paraformaldehyde-fixed mouse brain specimen
was removed, dehydrated in alcohols, incubated in xylene,
and embedded in paraffin. Then, 5-pm-thick tissue sections
were cut and stained with hematoxylin and eosin (H&E) using
standard procedures.

Plasma Biochemistry and Quantification of Cytokines
and Ammonia

Biochemical parameters were analyzed using 400 ul of re-
spective plasma samples using the Beckman Coulter
autoanalyzer (USA). TNF-« and IL-1f3 cytokine levels were
measured using ELISA kit (R&D Systems, USA). Ammonia
was estimated using Ammonia ultra-kit (Proton Biological
Pvt. Ltd., India).

Brain Water Measurement

The whole brain tissue was rapidly removed and 50-mm?
samples were dissected from the frontal cortex (gray matter)
immediately after surgery. Percentage of brain tissue water
content was determined using a previously described dry
weight technique [27, 28]. Tissue water content was then cal-
culated as % water = (1 — dry weight/wet weight) x 100%.

Western Blot Analysis

For western blot analysis, freshly harvested brain tissue was
snap frozen immediately in liquid nitrogen. For each sample,
150 mg of tissue was weighed and homogenized in 300 pl ice-
cold TRIS-EDTA buffer (pH 7.4) with protease inhibitor
cocktail (Sigma-Aldrich, USA) and protein methyl sulfonyl
fluoride (PMSF in ethanol). Protein was estimated by
Bradford method using Pierce BCA protein assay kit
(Thermo Fisher Scientific, USA).

The individual samples were resolved using SDS-PAGE
electrophoresis and blotted onto PVDF membranes
(Invitrogen, UK). The non-specific binding sites were blocked
using 5% non-fat skimmed milk (Himedia) in TBS—-Tween 20
(TBST) buffer, followed by incubation with primary antibod-
ies overnight at 4 °C. The primary antibodies used were anti-
rabbit polyclonal 4HNE (1:1000, BS-6313R; Bioss, USA),
rabbit polyclonal anti-iNOS (1:1000, BS-2072R; Bioss,
USA), rabbit monoclonal anti-NFKBp65 and anti-total
NFKBp65 (1:1000, 8242S; CST), rabbit polyclonal anti-ZO-
1 (1:1000, 61-7300; Thermo Fisher, USA), mouse monoclo-
nal anti-occludin (1:1000, sc-133256; Santa Cruz, USA), and
mouse monoclonal anti-claudin-5 (1:1000, 35-2500; Thermo
Fisher, USA). Peroxidase-conjugated goat anti-rabbit
(1:10,000 dilution, catalog 074-1506; KPL) and goat anti-
mouse (1:10,000 dilution, catalog 074-1806; KPL) were used
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appropriately as secondary antibodies. The bands were visu-
alized in Chemidoc system (Bio-Rad) using chemilumines-
cent substrate (West Pico detection kit from Thermo
Scientific). Quantification of bands was performed using im-
age J software.

Immunohistochemistry

Brain tissues were fixed in 10% normal buffered formalin and
embedded in paraffin. Three- to five-micrometer-thick sec-
tions were cut using automated microtome (Leica). Silane-
coated tissue slides were used for immunohistochemistry.
Deparaffinized sections were blocked for endogenous perox-
idase activity with 10% H,0, in phosphate buffer for 10 min.
Antigen retrieval was performed using citrate buffer in
Decloaking system at 110 °C for 10 min. 4HNE, occludin,
and claudin-5 were detected by immunohistochemistry using
anti-rabbit polyclonal 4HNE (1:1000, BS-6313R; Bioss,
USA), mouse monoclonal anti-occludin (1:1000, sc-133256;
Santa Cruz), and anti-claudin-5 (1:1000, 35-2500; Thermo
Fisher), respectively. Primary antibodies were used in dilution
of 1:100 and incubated at room temperature for 1 h.
Appropriate secondary antibody system (Vector lab) was
used. Sections were mounted with Histomount solution and
the immunostaining was examined using EVOS FLc imaging
system (Invitrogen, UK).

Data Sharing Statement No additional data are available. All
data generated or analyzed during this study are included in
this published article.

Statistics

Data were exported using Microsoft Excel 2014 and analyzed
using GraphPad Prism 6.0 software. All data were recorded as
mean = SEM. One-way ANOVA followed by Tukey’s multi-
ple comparison tests was performed and P values less than
0.05 was considered statistically significant.

Results

All mice showed clear signs of decompensated cirrhosis as
evidenced by the pronounced nodular appearance of the liver
and ascites that was confirmed during sacrifice (data not
shown). Body weight of all animals was noted from the com-
mencement of experiment. Animals treated with CCly had a
tendency to lose body weight and presented with a significant-
ly lower body weight (P < 0.05) compared to naive controls at
the end of experimental period, prior to sacrifice. In CCl, mice
that were treated with resveratrol, a slight increase in the body
weight was observed; however, the change was not statistical-
ly significant (data not shown). Furthermore, brain
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pathological changes observed by H&E are shown in Fig. 1a—
d. Normal mouse brain (a) and resveratrol-treated naive mouse
brain (b) show similar histology with normal glia. CCly-in-
duced cirrhotic mouse brain (¢) and CCly + resveratrol-treated
mouse brain (d) show reactive gliosis with evidence of prom-
inent cytoplasmic process and minimal nuclear atypia.

Effect of Resveratrol on Plasma Biochemical
Parameters in CCl;-Induced Cirrhosis

When compared to naive mice, CCly-treated mice showed a
significant increase in liver function parameters such as ALT,
AST, and bilirubin, while albumin levels reduced significantly
(P <0.05). CCly animals that received resveratrol showed a
significant (P < 0.05) decrease in ALT and AST whereas albu-
min level was increased significantly (Fig. 2a—c). Resveratrol
treatment in CCl, mice had no significant effect on bilirubin
concentrations (Fig. 2d).

Effect of Resveratrol on Arterial Ammonia
Concentration and Brain Water Content
in CCl,;-Induced Cirrhosis

Figure 3a shows arterial ammonia concentration, which was
significantly (P <0.01) increased in CCly-induced cirrhosis
compared to naive mice. Resveratrol treatment to cirrhotic
mice show significantly (P < 0.05) decreased arterial ammo-
nia concentration. Furthermore, the observed frontal cortex
brain water content (3B) was significantly (P<0.01) in-
creased in CCly-induced cirrhosis when compared to naive
mice. Cirrhotic mice that received resveratrol show

Fig. 1 Representative images
show hematoxylin and eosin
(H&E) of brain sections from the
indicated naive and experimental
mice (X 20 magnification).
Sections from naive mouse brain
(a) and resveratrol-treated naive
mouse brain (b) show similar
histology with normal glia. CCly-
treated mouse brain (¢) and

CCly + resveratrol-treated mouse
brain (d) show reactive gliosis
with evidence of prominent cyto-
plasmic process and minimal nu-
clear atypia

significantly decreased percent brain water compared to
CCly alone treated mice.

Effect of Resveratrol on Plasma Cytokines
in CCl;-Induced Cirrhosis

Plasma pro-inflammatory cytokines such as TNF-« and IL-
1 concentrations were significantly increased (P < 0.05, re-
spectively) in CCly-induced cirrhosis. Resveratrol treatment to
CCly mice resulted in a significant (P < 0.05) downregulation
of both TNF-« and IL-13 levels (Fig. 4a, b).

Resveratrol Treatment Attenuates the Neuronal
Expression of NF-kB and iNOS in CCl,;-Induced
Cirrhosis

Figure 5a and b shows neuronal protein expression of phos-
phorylated NF-kB (p65) and iNOS in control and experimen-
tal mice. Protein expression of both NF-«kB (a) and iNOS (b)
were significantly (P<0.01 and P <0.05, respectively) in-
creased in the brain of CCl,-induced cirrhotic mice when
compared to normal control mice. Resveratrol treatment to
cirrhotic mice results in decreased brain expression of
NF-«B and iNOS significantly (P < 0.05) when compared to
lone CCl, mice brain.

Resveratrol Treatment Attenuates Brain Oxidative
Stress in CCl;-Induced Cirrhosis

Figure 6A and B shows the neuronal 4HNE protein expres-
sion by western blotting and cellular expression by IHC in the
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control and experimental mice. Neuronal 4HNE protein ex-
pression was significantly (P < 0.05) elevated in CCly-induced
cirrhotic mice compared to naive mice. Resveratrol treatment
to cirrhotic mice shows significantly (P < 0.05) decreased neu-
ronal 4HNE protein expression compared to cirrhotic mice
alone. Furthermore, immunostaining of normal brain sections
shows negative reactivity of 4HNE expression (6B-a), where-
as strong nuclear positivity appeared in CCly-treated mouse
brain (6B-b). CCly + resveratrol mouse brain (6B-c) shows
reduced 4HNE positivity compared to CCl, alone.

Resveratrol Treatment Improves Brain Tight Junction
Proteins Expression in CCl;-Induced Cirrhosis

Figure 7 shows the neuronal ZO-1 protein expression in con-
trol and experimental mice. When compared to naive, ZO-1
protein expression was significantly (P <0.05) decreased in
cirrhotic mice brain. Resveratrol treatment to cirrhotic mice
show significantly (P < 0.05) increased neuronal ZO-1 protein
expression compared to CCly alone.

Figure 8 shows the neuronal occludin protein expression
by western blotting (A) and cellular expression by IHC (B) in
control and experimental mice. When compared to naive,
occludin protein expression was significantly (P <0.01) de-
creased in cirrhotic mice brain. Resveratrol treatment to cir-
rhotic mice show significantly (P < 0.05) increased neuronal
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occludin protein expression compared to lone CCly.
Furthermore, immunostaining of normal brain sections shows
occludin positivity in endothelial cells (8B-a), whereas loss of
expression of occludin was found in CCly-treated cirrhotic
mouse brain (8B-b). CCl, + resveratrol mouse brain (8B-c)
shows increased positivity of occludin in endothelial cells
compared to CCly alone.

Figure 9 shows the neuronal claudin-5 protein expression
by western blotting (A) and cellular expression by IHC (B) in
control and experimental mice. When compared to naive,
claudin-5 protein expression was significantly (P <0.05) de-
creased in cirrhotic mice brain. Resveratrol treatment to cir-
rhotic mice shows significantly (P < 0.05) increased neuronal
claudin-5 protein expression compared to lone CCly.
Furthermore, immunostaining of normal brain sections shows
claudin-5 positivity in endothelial cells (9B-a), whereas loss of
expression of claudin-5 was found in CCly-treated cirrhotic
mouse brain (9B-b). CCl, + resveratrol mouse brain (9B-c)
shows patchy positivity seen in scattered glia compared to
CCly alone.

Discussion

This study demonstrates for the first time that resveratrol treat-
ment exhibits protective effects in the cirrhotic brain through
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Fig. 3 a, b Arterial ammonia concentrations (a) and percent brain water
(b) in naive and experimental mice. Values are expressed as mean += SEM.
Statistical analysis was determined using Tukey’s multiple comparison
test. P <0.01 compared to naive mice. *P < 0.05 compared to CCly-
induced cirrhotic mice

antioxidant and anti-inflammatory properties, associated with
attenuation of hyperammonemia and restoration of TJ protein
expression. Resveratrol treatment reversed the pathognomon-
ic hepatic dysfunction of induced cirrhosis, with improved
biochemistry, body weight, and behavior indicative of liver
recovery. Moreover, brain water and the hyperammonemic
state of cirrhosis were significantly attenuated by resveratrol
treatment. Although this was in a mouse model, CCly-induced
cirrhosis in mice share many characteristics with CCl, rat
models [27] and human cirrhosis [29].

Elevated arterial and brain ammonia levels are central to
the clinical expression of HE. Ammonia is a weak base that
exists in biological solutions in two molecular forms, NH3 and
NH,*, that can easily diffuse across the BBB and accumulate
in the brain to act as a neurotoxin on astroglial cells of the
NVU [30, 31]. Resveratrol supplementation has previously
been shown to prevent ammonia-induced mitochondrial dys-
function, glutamatergic communication, and cellular redox
imbalance in astroglial cells [32, 33]. Our findings would in-
dicate that resveratrol can suppress pathological increases in
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Fig. 4 Plasma TNF-« (a) and IL-1$ (b) concentrations in naive and
experimental mice. Values are expressed as mean + SEM. Statistical anal-
ysis was determined using Tukey’s multiple comparison test. P < 0.05
compared to naive mice. *P<0.05 compared to CCly-induced cirrhotic
mice. TNF-«, tumor necrosis factor alpha; IL-13, interleukin 1 beta

ammonia levels and brain water content, and have the poten-
tial to reverse neurological sequelae associated with cirrhosis.
The neuroprotective effect of resveratrol may be due to the
improved liver function and thus ammonia metabolism and/or
a direct effect on neuroinflammatory pathways as it is known
to cross the BBB.

One of the key findings of this study was that resveratrol
treatment improved brain TJ protein expression in cirrhotic
mice. Endothelial BBB breach as a critical event in the path-
ogenesis of several cerebral disorders including HE. Recent
evidence suggests that activated astrocytes induce BBB
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Fig. 5 Brain tissue inflammatory markers NF-kB p65 (a) and iNOS (b)
protein expression in naive and experimental mice. Values are expressed
as mean + SEM. Statistical analysis was determined using the Tukey’s
multiple comparison test. P <0.05 and “"P<0.01 compared to naive
mice. *P < 0.05 compared to CCls-induced cirrhotic mice. NF-kB, nucle-
ar factor kappa B; iNOS, inducible nitric oxide synthase

permeability by disrupting TJs [34]. Moreover, elevated cere-
bral and arterial ammonia may disrupt BBB integrity by
downregulating TJ proteins [12]. In the current study, signif-
icantly decreased neuronal expression of ZO-1, claudin-5, and
occludin were found in CCly-induced cirrhosis, which were
significantly improved by resveratrol treatment. These results
suggest that resveratrol supplementation may improve BBB
breach via alteration of TJ protein expression against CCly-
induced hyperammonemia (Fig. 10), with other recent studies
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already showing that the beneficial effect of resveratrol on
BMECs of the BBB is related to changes to TJ protein expres-
sion [25].

Recently, in a bile-duct ligated (BDL) rat model of HE,
they demonstrated decreased ZO-1 in areas of increased
BBB permeability within the cortex, hippocampus, cerebel-
lum, and striatum, associated with activated MMP-9 [35].
Furthermore, they showed decreased expressions of claudin-
5 and occludin in all brain regions except the cerebellum [35].
Claudin-5 is predominantly expressed by CNS endothelial
cells and acts as a main determinant of TJ properties [36,
37]. Claudin-5 knock-out mice die perinatally following se-
lective BBB opening, whereas claudin-5 gene transfection
improve barrier properties [38]. In a neoplastic human CNS
disorder, claudin-5 disruption is linked to endothelial cell re-
sistance and barrier breakdown [39]. The relative importance
of occludin in the TJ complex is more complicated. Occludin
is a component of TJ strands [40], but the strands are also
evident in occludin-deficient cells [41] and occludin knock-
out mice do not develop TJ abnormalities [42]. However, in
models of acute liver failure (associated with
hyperammonemia), expression of brain occludin and
claudin-5 is significantly degraded [43].

Inflammation is central to the pathogenesis of many human
neurological disorders including HE. Systemic inflammation
is a key player in precipitating and exacerbating HE, possibly
by rendering the brain more susceptible to concurrent
hyperammonemia [44]. Activated microglia also release pro-
inflammatory mediators (e.g., cytokines TNF-«, IL-6, and IL-
1) that have also been directly linked to brain dysfunction
and altered BBB permeability [45, 46]. Furthermore, these
proinflammatory cytokines are known to be elevated in the
brain of experimental models of chronic hyperammonemia
[47]. However, whether this neuroinflammation, potentially
enacted through microglial activation, is initially triggered
by systemic inflammation (or other distant mediators) and/or
more “de novo” brain effects remains unclear. TNF-« in par-
ticular is thought to play an important role in BBB dysfunction
[48, 49]. In this context, inhibition of TNF-x by injection of
TNF-o antibodies has been shown to restore BBB integrity
through increased occludin-1 expression [48]. Antibodies
against IL-13 have also been reported to suppress the loss of
BBB integrity in human BMECs [50]. In this study, systemi-
cally derived TNF-« and IL-1[3 concentrations were signifi-
cantly downregulated following resveratrol treatment in CCly-
induced cirrhosis.

Our previous studies in acute liver failure (ALF) patients,
and models of ALF and cirrhosis (e.g., BDL) that are charac-
terized by hyperammonemia and HE, show significantly
higher brain cytokines and inflammatory proteins such as
iNOS and NF-«B [27, 51, 52]. Ammonia intoxication of an-
imals increases the brain superoxide production and iNOS-
driven nitric oxide (NO)-mediated protein tyrosine nitration
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Fig. 6 A Neuronal 4HNE protein
expression by Western blotting in
naive and experimental mice.
Values are expressed as mean +
SEM. Statistical analysis was
determined using Tukey’s
multiple comparison test.

*P <0.05 compared to naive
mice. P <0.05 compared to
CCly-induced cirrhotic mice. (3-

G
o
Il J

-
o
Il

4HNE/p-actin ratio
P
L

Actin was used as loading control.
B Representative images show

4HNE immunostaining of brain &

sections from the indicated mice L
groups (% 20 magnification). &
Naive mouse brain section (a)

shows negative reactivity of B
4HNE expression, whereas strong
nuclear positivity was found in a
CCly-treated mouse brain (b);

CCly + resveratrol mouse brain
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Resveratrol treatment to naive
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pression (data not shown)

that may further alter cerebral vascular hemodynamics. Thus,
hyperammonemia and inflammation may synergistically play
arole in disrupting TJ integrity and the neurological sequelae
of cirrhosis. In this study, CCly-induced cirrhotic mice brains
show elevated iNOS and NF-«kB protein expression that was
significantly attenuated by resveratrol treatment. This is in line
with previous observations in which resveratrol treatment in-
fluenced NF-kB-mediated inflammatory signaling, cyclooxy-
genase (COX) pathways, cellular response to stimuli, and im-
mune responses to infection [53].
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Fig. 7 Neuronal ZO-1 protein expression by Western blotting in naive
and experimental mice. Values are expressed as mean + SEM. Statistical
analysis was determined using Tukey’s multiple comparison test.
"P<0.05 compared to naive mice. >P < 0.05 compared to CCly-induced
cirrhotic mice. 3-Actin was used as loading control

i
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Oxidative stress not only induces cellular injury but
critically regulates several fundamental cellular processes
[54]. This includes BBB integrity, as oxidation of cyto-
skeleton protein modulates the TJ protein complex (e.g.,
Z0-1) [55]. Hyperammonemia induces oxidative stress
with generation of reactive oxygen and nitrogen species
(ROS and RNS) and plays a vital role in HE pathogenesis
[56, 57]. Moreover, 4-hydroxy-2-nonenal (4HNE), a ma-
jor product of lipid peroxidation, is highly toxic to cells
and elevated in several brain disorders [58]. In this study,
cellular 4HNE protein expression was found to be in-
creased in the brains of our CCly-induced cirrhotic mice
and reversed by resveratrol treatment. This supports our
previous report of significantly elevated 4HNE in
hyperammonemic BDL rats with HE [27].
Pharmacological agents with potent suppressive effects
on inflammation and oxidative stress appear to preserve
BBB integrity and prevent neuroinflammation [59]. More
specifically, in an environment of heightened oxidative
stress, resveratrol has been shown to suppress endothelial
ROS production [25, 26] through activation of MAPK
pathways [60] while suppressing NADPH oxidase and
NADPH activity in neuroinflammatory conditions [9].

In conclusion, the results of the present study suggest that
in CCly-induced cirrhotic mice, resveratrol treatment re-
stores changes to tight junction protein expression, which
may have an impact upon BBB permeability associated with
advanced liver disease. Moreover, the beneficial effects of
resveratrol treatment were enacted through its antioxidant
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Fig. 8 A Neuronal occludin protein expression by Western blotting in
naive and experimental mice. Values are expressed as mean = SEM.
Statistical analysis was determined using Tukey’s multiple comparison
test. P<0.01 compared to naive mice. $P<0.05 compared to CCly-
induced cirrhotic mice. 3-Actin was used as loading control. B
Representative images show occludin immunostaining of brain sections
from the indicated mice groups (% 20 magnification). Naive mouse brain

Fig. 9 A Neuronal claudin-5
protein expression by Western
blotting in naive and experimental
mice. Values are expressed as
mean + SEM. Statistical analysis
was determined using Tukey’s
multiple comparison test.
“P<0.05 compared to naive
mice. *P <0.05 compared to
CCly-induced cirrhotic mice. (3-

>

-
[3,]
1

T

1.0+

0.5+

Claudin 5-$ actin ratio

section (a) shows occludin positivity in endothelial cells, whereas loss of
expression of occludin was found in CCly-treated cirrhotic mouse brain
(b); CCly + resveratrol mouse brain (c¢) shows increased positivity of
occludin in endothelial cells compared to CCly alone. Resveratrol treat-
ment to naive mice had no effect on altering occludin expression (data not
shown)

Actin was used as loading control. 0.0 T

L N
B Representative images show ’.0\40 &

claudin-5 immunostaining of <~
brain sections from the indicated ng’
mice groups (x 20 magnification). <
Naive mouse brain section (a) \S”\
shows claudin-5 positivity in en- B

dothelial cells, whereas loss of
expression of claudin-5 was
found in CCly-treated mouse
brain (b); CCly + resveratrol
mouse brain (c¢) shows patchy
positivity seen in scattered glia
compared to CCly alone.
Resveratrol treatment to naive
mice had no effect on altering
claudin-5 expression (data not
shown)
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Fig. 10 Proposed hypothesis of how resveratrol prevents brain
endothelial tight junction disruption and ammonia toxicity in cirrhosis.
Chronic carbon tetrachloride (CCly) treatment induces hepatic cirrhosis,
which leads to increased systemic inflammation and ammonia
accumulation. Hyperammonemia and inflammation may act
synergistically to disrupt tight junction integrity made by tight junction

and anti-inflammatory properties associated with reduction
on ammonia levels. Therefore, this study supports the hy-
pothesis that correcting hyperammonemia and inflamma-
tion with natural antioxidants that cross the BBB may pro-
vide a novel therapeutic intervention for the neurological
sequelae of advanced liver disease.
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