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ABSTRACT

Chronic liver failure leads to hyperammonemia, a central component in the pathogenesis of hepatic encephalopathy
(HE); however, a correlation between blood ammonia levels and HE severity remains controversial. It is believed
oxidative stress plays a role in modulating the effects of hyperammonemia. This study aimed to determine the
relationship between chronic hyperammonemia, oxidative stress, and brain edema (BE) in two rat models of HE:
portacaval anastomosis (PCA) and bile-duct ligation (BDL). Ammonia and reactive oxygen species (ROS) levels, BE,
oxidant and antioxidant enzyme activities, as well as lipid peroxidation were assessed both systemically and
centrally in these two different animal models. Then, the effects of allopurinol (xanthine oxidase inhibitor,

100 mg/kg for 10 days) on ROS and BE and the temporal resolution of ammonia, ROS, and BE were evaluated only in
BDL rats. Similar arterial and cerebrospinal fluid ammonia levels were found in PCA and BDL rats, both significantly
higher compared to their respective sham-operated controls (p < 0.05). BE was detected in BDL rats (p < 0.05) but
not in PCA rats. Evidence of oxidative stress was found systemically but not centrally in BDL rats: increased levels of
ROS, increased activity of xanthine oxidase (oxidant enzyme), enhanced oxidative modifications on lipids, as well as
decreased antioxidant defense. In PCA rats, a preserved oxidant/antioxidant balance was demonstrated. Treatment
with allopurinol in BDL rats attenuated both ROS and BE, suggesting systemic oxidative stress is implicated in the
pathogenesis of BE. Analysis of ROS and ammonia temporal resolution in the plasma of BDL rats suggests systemic
oxidative stress might be an important “first hit”, which, followed by increases in ammonia, leads to BE in chronic
liver failure. In conclusion, chronic hyperammonemia and oxidative stress in combination lead to the onset of BE in
rats with chronic liver failure.

HIGHLIGHTS

» Hyperammonemia does not lead independently to brain edema in chronic liver failure. » Systemic oxidative
stress plays a role in brain edema in chronic liver failure. » Systemic oxidative stress induces brain edema
synergistically with hyperammonemia. P Systemic oxidative stress is an important “first hit” in chronic liver failure.

Abbreviations HE, hepatic encephalopathy; mHE, minimal hepatic encephalopathy; CLF, chronic liver failure; ROS,
reactive oxygen species; PCA, portacaval anastomosis; BDL, bile-duct ligation; CSF, cerebrospinal fluid; X0, xanthine
oxidase; SSAO, semicarbazide-sensitive amine oxidase; MAO-A, monoamine oxidase A; MAO-B, monoamine oxidase
B; CAT, catalase; SOD, superoxide dismutase; GR, glutathione; eductase; GP, glutathione peroxidase; GSH, reduced
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Hepatic encephalopathy (HE) is a metabolic neuropsychiatric syndrome, a major complication of liver disease.
Minimal hepatic encephalopathy (mHE), the mildest form of HE, is present in up to 80% of patients with chronic
liver failure (CLF) [1]. Patients with mHE have no recognizable clinical symptoms of HE but show mild cognitive and
psychomotor dysfunctions diagnosed with sensitive neuropsychological and neurophysiological tests [2], [3] and [4].
mHE has a negative impact on the patient's quality of life and places these patients at a higher (fourfold) risk of
developing severe HE [1], [2] and [5]. Newly advanced highly sensitive imaging techniques have demonstrated that
brain edema is a major pathological feature present in patients with CLF and mHE [6], [7] and [8]. Although these
studies established a link between brain edema and alterations in cognitive function, the relationship between brain
edema and the pathogenic factors of HE is still poorly described.

Ammonia is considered the most important factor in the pathogenesis of HE given that hyperammonemia
consequently leads to toxic levels of ammonia in the brain [9] and [10]. Nevertheless, whether a correlation exists
between hyperammonemia and HE severity in CLF still remains controversial [11], [12], [13], [14] and [15]. A recent
study demonstrated that ammonia administered intravenously to healthy volunteers did not cause any significant
neuropsychological impairment [16], supporting the premise that pathogenic factors other than ammonia are
involved in the pathogenesis of brain edema and HE in CLF.

Oxidative stress is believed to play a role in the pathogenesis of HE because acute doses of ammonia lead to the
induction of oxidative stress [17]. For example, cultured astrocytes acutely exposed to 5 mM ammonia show an
increase in reactive oxygen species (ROS) and cell swelling, which are both prevented by antioxidant treatments
[18] and [19]. To date, the only in vivo evidence of ammonia-induced oxidative stress in the brain has been reported
in animal models of acute ammonia intoxication [20], [21] and [22]; howevVer, the link between chronic
hyperammonemia, oxidative stress (central and systemic), and brain edema in CLF remains undefined.

The aim of this study was to determine the relationship between blood and brain ammonia and oxidative stress in
the pathogenesis of brain edema associated with CLF. To clearly understand these relationships, two well-
characterized rat models of chronic hyperammonemia and mHE [23] were used: (1) portacaval anastomosis (PCA)—
a type B HE model and (2) bile-duct ligation (BDL)—a type C HE model. The fact that brain edema is present in BDL
rats [24] and not in PCA rats [25] sets up an excellent experimental paradigm to study the pathogenesis of brain
edema in the context of chronic hyperammonemia.

MATERIALS AND METHODS

Animal models

Four groups of male Sprague-Dawley rats (250-275 g, n = 6/group) (Charles River, St-Constant, QC, Canada) were
included in the first part of this study. Group 1, the type B model of HE, consisted of rats with end-to-side PCA [26].
Group 2 was composed of sham-operated control rats (PCA-sham). Groups 1 and 2 were sacrificed 4 weeks after
surgery. Group 3, the type C model of HE, included rats with secondary biliary cirrhosis induced by BDL [24]. Group
4 consisted of sham-operated control rats (BDL-sham). Groups 3 and 4 were studied 6 weeks after the intervention.
For the second part of the study, separate groups of BDL-sham and BDL rats either: (1) received allopurinol (Cayman
Chemical Co., Ann Arbor, M, USA; 100 mg/kg intraperitoneally for 10 days, starting 32 days after the intervention
[27]) or (2) were studied at earlier time points (2 and 4 weeks after intervention). Locomotor activity was assessed
in sham-operated controls as well as untreated and allopurinol-treated BDL rats using an infrared beam
computerized autotrack system (Columbus Instruments, Columbus, OH, USA) [24]. Rats were individually placed in
Plexiglas cages (29 x 22 x 22 cm) for 6 h before activity was recorded, to accommodate to the environment.
Cumulative distance traveled was recorded for 12 h during the night (active period).

Experiments were conducted following the guidelines of the Canadian Council on Animal Care and were approved by
the Animal Protection Committee of the Hopital Saint-Luc Research Center, Université de Montréal.
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Cerebrospinal fluid sampling

Cerebrospinal fluid (CSF) was collected from the cisterna magna. The rats were anesthetized with isoflurane and the
skull was immobilized in a stereotaxic apparatus. An incision was made on the back of the head and the occipital
bone was exposed. A dental burr was used to drill a hole on the sagittal midline rostral to the interparietal-occipital
bone suture. A PE-10 tubing catheter was inserted into the cisterna magna through the dura mater. CSF was
collected and immediately frozen in deeply cooled isopentane. Immediately after this procedure, arterial plasma and
brain samples were collected and instantly frozen at - 80 °C.

Liver biochemistry
Plasma aspartate and alanine aminotransferase, bilirubin, alkaline phosphatase, y-glutamyl transpeptidase, and
albumin were measured using routine biochemistry techniques.

Ammonia
Ammonia levels were measured in plasma and CSF using a commercial kit (Sigma, St. Louis, MO, USA) according to
the manufacturer's protocol.

Brain water content

Brain water content was measured using the sensitive densitometry technique. Frontal cortex was freshly dissected
at 4 °C and cut into 2-mm? pieces. Tissue pieces were placed in density gradient columns and the equilibrium point
was recorded after 2 min. Columns were made with various kerosene and bromobenzene mixtures and
precalibrated with K>SO, solutions of known densities. At least eight samples were taken and averaged for each rat.
Water content was calculated based on tissue density, according to the formula described by Marmarou et al. [28].

Reactive oxygen species

ROS were quantified as previously described [24] following the oxidation of dichlorofluorescein diacetate (DCFDA;
Invitrogen, Carlsbad, CA, USA) to dichlorofluorescein (DCF). DCFDA (100 uM) was incubated 30 min in the dark with
hydroxylamine hydrochloride (40 mM) and hydrolyzed to nonfluorescent DCF. DCF was incubated with plasma and
CSF samples and the oxidation rate was recorded by changes in fluorescence over a 10-min period with a
spectrofluorometer (BioTek, Winooski, VT, USA) at 485 nm excitation and 520 nm emission wavelengths.

For hydrogen peroxide (H20;) detection we used Amplex red (10-acetyl-3,7-dihidroxyphenoxazine), which reacts
with H20; and releases resorufin, a fluorescent oxidation product. Plasma samples were incubated with a mixture of
50 uM Amplex red (Invitrogen) and 0.1 U/ml horseradish peroxidase (HRP; Sigma) in 50 mM sodium phosphate
buffer, pH 7.4, for 30 min in dark. Fluorescence was read at 530 nm excitation and 590 nm emission wavelengths.
H»0; levels were calculated based on a standard curve of known H,0> concentrations.

Tissue preparation

Frontal cortex was dissected and homogenized in lysis buffer (50 mM Tris, pH 7.5, 1 mM EDTA, 1/500 cold Protease
Inhibitor Cocktail; Roche, Indianapolis, IN, USA). Homogenates were centrifuged at 30,0009 for 40 min at 4 °C. The
supernatant was used as the brain cytosolic fraction and the precipitate was resuspended in lysis buffer and used as
the brain membrane fraction. Protein content was determined according to the method of Lowry et al. [29].

Oxidants and antioxidants

Xanthine oxidase (X0O), amine oxidase (semicarbazide-sensitive amine oxidase, or SSAO; brain monoamine oxidase,
or MAO), and catalase (CAT) activities were determined by measuring produced or consumed H;0>, which reacts
with Amplex red and produces fluorescent resorufin, as described below.
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X0

Plasma and brain samples were incubated with a mixture of 50 pM Amplex red, 0.2 U/ml HRP and 25 pM xanthine in
100 mM Tris, pH 7.5, for 45 min in the dark. After xanthine oxidation H,0; is produced, which reacts with Amplex
red and produces fluorescent resorufin. A control for each sample was performed without adding xanthine to the
reaction mix to correct for background H;0,. XO activity was calculated based on a standard curve of known X0
concentrations.

SSAO and MAO

To determine activity of SSAO, plasma samples were incubated with a mixture of 200 pM Amplex red, 1 U/ml HRP
and 2 mM benzylamine in 100 mM Tris, pH 7.5, for 30 min in the dark. To determine the activity of MAO, brain
membrane fractions were incubated with a mixture of 200 pM Amplex red, 1 U/ml HRP and 2 mM benzylamine
(MAO-B) or tyramine (MAO-A and MAO-B) in 100 mM Tris, pH 7.5, for 30 min in the dark. Oxidation of benzylamine
and tyramine leads to production of H,02, which further reacts with Amplex red and forms fluorescent resorufin. A
control for each sample was performed without adding benzylamine or tyramine to the respective reaction mix to
correct for background H;0;. One microunit of SSAO/MAO was calculated as the quantity of enzyme that produced
1 uM resorufin based on a resorufin standard curve.

CAT

Samples were incubated with 40 uM H;0; for 30 min in the dark. Then, a mixture of 50 uM Amplex red and 0.2 U/ml
HRP in 100 mM Tris, pH 7.5, was added and incubated for 30 min in the dark. CAT activity was determined by
measuring the nonconsumed H,0; based on the reaction with Amplex red. A control for each sample was performed
by incubating samples with buffer instead of H»0; to correct for background H;0,. CAT activity was calculated based
on a standard curve of known CAT concentrations.

Superoxide dismutase (SOD)
SOD activity was assessed using a commercial kit (Biovision, Mountain View, CA, USA), according to the
manufacturer's protocol.

Glutathione reductase (GR)

GR activity was assessed as previously described [30], based on the reduction of oxidized glutathione (GSSG) to
glutathione (GSH). Samples were added to a mixture of 100 mM phosphate buffer, pH 7.5, and 1 mM GSSG. Reaction
was started by the addition of 0.1 mM nicotinamide adenine dinucleotide phosphate (NADPH). The oxidation rate of
NADPH was followed at 340 nm for 5 min. Controls were performed to correct for nonspecific NADPH oxidation. One
milliunit of GR was calculated as the quantity of enzyme that reduced 1 mM GSSG per minute, a reaction that induced
the oxidation of 1 mM NADPH.

Glutathione peroxidase (GP)

GP activity was determined based on the reduction of GSH to GSSG followed by the recycling of GSSG back to GSH
[31]. Samples were added to a mixture of 100 mM phosphate buffer, pH 7.5, 0.2 U/ml GR, 2.1 mM GSH and 0.25 mM
NADPH. Reaction was started by adding 0.3 mM tert-butylhydroxyperoxide and the NADPH oxidation rate was
followed at 340 nm for 5 min. One milliunit of GP was calculated as the quantity of enzyme that oxidized 2 mM GSH
per minute, a reaction followed by the reduction of 1 mM GSSG accompanied by the oxidation of 1 mM NADPH.

Reduced glutathione/oxidized glutathione ratio (GSH/GSSG)
GSH and GSSG were measured using a commercial kit (Oxford Biomedical Research, Rochester Hills, MI, USA),
according to the manufacturer's protocol, and expressed as percentage vs sham.
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Oxidative stress effects on lipids

Lipid peroxidation was assessed by measuring TBARS, such as malondialdehyde (MDA), which are end-products of
cell membrane lipid peroxidation and considered reliable markers of oxidative stress. These were determined in
plasma samples by the measurement of chromogen obtained from the reaction of TBARS with 2-thiobarbituric acid
using a TBARS assay kit (Cayman Chemical Co.). Lipid peroxidation in brain tissue was assessed using a Bioxytech
LPO-586 assay kit (Oxis International, Foster City, CA, USA) according to the manufacturer's protocol. In both kits,
MDA was used as a standard and therefore calculated as uM MDA.

Blood-brain barrier extravasation

Evans blue and sodium fluorescein (NaF) were used to assess blood-brain barrier (BBB) extravasation according to
Kaya et al. [32]. PCA and PCA-sham as well as BDL and BDL-sham rats were anesthetized with isoflurane and
injected with 2% Evans blue (4 ml/kg) and 10% NaF (1 ml/kg) into the caudal vein [33]. Thirty minutes later, the
rats were perfused with saline, the brain was removed, and the left frontal cortex was dissected on ice. Tissues were
homogenized in phosphate-buffered saline (13.7 mM NaCl, 0.27 mM KCl, 1 mM Na;HPO4, 0.2 mM KH;P04) and then
mixed 1:1 with 60% trichloroacetic acid. Samples were vortexed, cooled on ice for 30 min, and centrifuged at
10,000g for 5 min. Evans blue extravasation in frontal cortex was determined spectrophotometrically (610 nm) and
expressed in ng/mg tissue. NaF extravasation was determined fluorometrically (at 485 nm excitation and 528 nm
emission wavelengths). To validate the technique, a toxic dose of mannitol was used to open the BBB (positive
control [34]): naive rats were injected within 5 min with 25% mannitol (5 ml/kg) into the left carotid artery. Five
minutes later, Evans blue and NaF were injected over 5 min (5 ml/kg) and measured as described above.

Statistical analysis

Data are expressed as means * standard error of the mean (SEM). Significance of difference was tested with ANOVA
followed by Newman-Keuls post-test using GraphPad Prism4 (La Jolla, CA, USA). Probability values of p < 0.05 were
considered statistically significant.

RESULTS

Liver biochemistry

As expected, at time of sacrifice, BDL rats presented clinical signs of cirrhosis: jaundice, ascites, and enlarged,
nodular, discolored liver. These signs were absent in PCA rats, which only developed liver atrophy (decreased
liver/body weight). Plasma levels of aspartate aminotransferase (AST), alanine aminotransferase (ALT), bilirubin,
alkaline phosphatase (AP), and y-glutamyl transpeptidase (GGT) were significantly increased in BDL rats compared
to BDL-sham. Albumin levels were significantly lower in BDL rats compared to BDL-sham. Liver markers remained
unchanged in PCA vs PCA-sham (Table 1).

Table 1. Liver/body weight and biochemistry markers.

PCA-shaim PCA BDL-shaim BDL
Liver/body welght (%) 384+ 006 259 + 0.08™" 43254039 643+ 024"
AST (UL) 6845 B4+3 6544 3554 767
ALT (UL} 4642 5343 4444 7248 H
Bilirubin {pmol/dl) 76+ 08 GE+04 71+11 156,04 17.7F 4
AP [UALY 31030 360+ 53 257422 4934 101
GGT (UfL) 2.3109 35407 32108 5454+ 10,1 AHHE
Albumin (g/L) 227408 218405 220408 nd.

PCA, portacaval anastomasis; BDL, bile-duct ligation; AST, aspartate aminotransferase; ALT, alanine aminotransferase; AP, alkaline phosphatase; GGT, y-glutamy| trans peptidase;
n.d., not detected, below the detection limit of the method. Data are expressed as means = SEM.
o p=001, significantly different from sham.

FE p<0001, significantly different from sham.

* p=005, significantly different from PCA.

## <0001, significantly different from PCA.

Ammonia
Arterial ammonia (Fig. 1A) significantly increased in both PCA (164.0 = 19.0 uM vs PCA-sham 68.7 + 16.5 pM,
p <0.001) and BDL rats (119.7 + 15.2 uM vs BDL-sham 41.0 + 8.3 uM, p < 0.01). Consequently, CSF ammonia levels
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(Fig. 1B) also increased in PCA (106.4 + 16.9 uM vs PCA-sham 45.1 + 11.9 uM, p < 0.05) and BDL rats
(128.4 + 36.7 uM vs BDL-sham 23.3 £ 6.1 puM, p < 0.05). No significant difference was found in either plasma or CSF
ammonia levels between PCA and BDL rats.
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Brain edema
Brain water content in frontal cortex was significantly increased in BDL rats (79.46 + 0.28% vs BDL-sham
78.35 + 0.17%, p < 0.05) and not in PCA rats vs PCA-sham (Fig. 1C).

Reactive oxygen species

Arterial ROS levels significantly increased in BDL compared to BDL-sham rats (p < 0.001). No significant difference in
plasma ROS levels was found between PCA and PCA-sham rats or in CSF ROS levels of the two experimental groups
compared to their respective sham-operated controls (Table 2). Supporting these results, arterial H202 displayed a
pattern similar to that of ROS levels, with a 2.4-fold increase in BDL rats compared to sham-operated controls

(p < 0.001), with no change between PCA and PCA-sham rats (Table 2). CSF H,0; was not detected in either BDL or
PCA rats along with their respective controls.
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Table 2. Reactive oxygen species and oxidant and antioxidant enzyme activities in plasma and frontal cortex
of rats with portacaval anastomosis (PCA) and bile-duct ligation (BDL) compared to respective sham-
operated controls.

PCA-sham PCA BDL-sham BDL
Plasma
Reactive oxygen species
ROS [ RFL) 233 +001 0254012 015+ 004 549 +1.93%"
Hy 0y (uM) 227 £ 059 142 1 061 3351+ 053 802 1.0
Owidants
XO (mUyml) 493+0.14 9.45 4+ 064 646+075 3047 +5.04"
SSAD (uLml) 1621 £11.7 14324152 1784 +£154 2085 +354
Antioxidants
CAT (Ufml) 249.3 4282 1968+ 322 3234 4562 1265 £197""
50D (fold change) 099 4 0.15 1124007 1.00+£0.12 1.07 +£0.05
GR (mll/ml) 1245+ 147 1607 + 142 923 +1.02 4220 +8.94""
GP [ mUy/ml) 6973+ 1.96 76564+ 5.08 47424397 5727 +£2.66
Taotal GSH (mM) L18+ 0,04 1154005 137+ 004 0.77 +0.08™"
GSH/GSSG 100:00 £+ 13.18 168.90 4 30.96 100,00 +897 4368 +1688"
[% vssham)
Brain
Reactive oxygen species
ROS (RFU) 15.03 £ 691 3403 + 886 3889+ 1267 2597 +8.21
Ho 0y (uM) nd. nad. nd. nd.
Oxidants
KO (mU 100 ug protein) 1844+ 35.18 26.68 + 265 1716+ 112 17.54 +2.86
MAD- A (U100 pg protein) 10.02 +0.63 8254135 1171 £059 1010 +0.55
MAD-B (UL/100 yg protein) 2524091 3934092 527 +041 5.75 +0.62
Antioxidants
CAT (U100 ug protein) 23414679 13204210 20754277 1820 +£2.20
S0D (fold change) 100+£013 1.01£0.08 1.00+£0.17 123 +0.10
GR (mlI/100 pg protein) 033 +0.02 088 +008™ 039+ 0.03 0.79 +0.03"
GP (mU/100 pg protein) 324+ 008 3704035 371+018 3.16 £0.55
Total GSH (mM) 042 + 0.01 034+ 004 037+ 007 025 +0.05
GSH/GSSG 10000 4 43.81 106.10 4 3625 100.00 2485 20720 +77.73
(% vssham)

ROS, reactive oxygen species; Hz0z hydrogen peraxide; X0, xanthine oxidase; 55A0, semicarbazide-sensitive amine oxidase; CAT, catalase; SOD, superaxide dismutase; GR,
glutathione reductase: GP, glutathione peroxidase; GSH/GSSG, reduced glutathione to oxidized glutathione ratio; MAD-A, monoamine oxidase A: MAD-B, monocamine oxidase By
n.d., naot detected, below the detection limit of the method. Data are expressed as means 4+ SEM.
* p<0.05, significantly different from sham.
** p=0.01, significantly different from sham.
<0001, significantly different from shaim.

Oxidants

Plasma XO activity significantly increased in BDL rats, whereas there was no significant difference found in plasma of
PCA rats nor in the frontal cortex of both BDL and PCA groups compared to their respective sham-operated controls
(Table 2). Plasma SSAO as well as brain MAO-A and MAO-B did not show any significant difference in either of the
two experimental models compared to their respective sham-operated controls (Table 2).

Antioxidants

Plasma CAT activity significantly decreased by 40% in BDL compared to BDL-sham rats. There was no significant
difference in plasma CAT between PCA and PCA-sham rats. In the frontal cortex, no significant difference was found
in both BDL and PCA groups compared to their respective sham-operated controls. SOD activity, in both plasma and
frontal cortex, showed no significant difference in either of the experimental groups compared to their respective
sham-operated controls. GR activity significantly increased in plasma of BDL rats (4.5-fold vs BDL-sham, p < 0.001)
and in brains of both PCA (2.6-fold vs PCA-sham, p < 0.001) and BDL rats (2-fold vs BDL-sham, p < 0.001). No
significant changes were observed in plasma of PCA vs PCA-sham rats. There were no changes in GP activity between
the two experimental groups and their respective sham-operated controls in both plasma and frontal cortex. Total
GSH significantly decreased by 44% (p < 0.001) in plasma in BDL rats, whereas GSH/GSSG ratio decreased 2.3-fold
(p < 0.05) compared to BDL-sham rats. No significant difference was demonstrated in plasma between PCA rats and
their sham-operated controls. In the frontal cortex, no significant difference was found in both BDL and PCA groups
compared to their respective sham-operated controls. All antioxidants activities are listed in Table 2.
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Oxidative stress effects on lipids and proteins

Plasma levels of TBARS significantly increased in BDL rats compared to BDL-sham (9.87 + 0.62 uM vs BDL-sham
41.91 + 7.40 uM, p < 0.001). No significant differences in levels of TBARS were observed in plasma of PCA rats or in
the frontal cortex of either experimental group compared to their respective sham-operated controls (Figs. 2A and
B).
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BBB extravasation

Evans blue and NaF were measured in the frontal cortex to evaluate BBB extravasation. Evans blue (961 Da) binds to
albumin in plasma, forming a macromolecule, which, when present in brain tissue, denotes a large rupture of the
BBB. The presence of NaF (376 Da) in brain tissue points to damages reflecting paracellular diffusion of small
molecules. No trace of Evans blue or NaF extravasation was found in either BDL or PCA rats (Fig. 3).
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Fig. 3. Blood-brain barrier permeability to (A) Evans blue and
(B) sodium fluorescein in frontal cortex of rats with PCA and
BDL compared to respective sham-operated controls.
Mannitol-injected naive rats were used as positive controls to
validate the technique (n.d., not detected, below the detection
limit of the method).

Effect of allopurinol in BDL rats
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To delineate the effects of systemic oxidative stress on brain edema, BDL rats were treated with allopurinol
(xanthine oxidase inhibitor). After allopurinol treatment in BDL rats, both arterial ROS and brain edema decreased to
levels similar to those seen in BDL-sham rats (Figs. 4A and B). Allopurinol treatment did not improve liver function,
as no changes were found between levels of AST, ALT, bilirubin, AP, or GGT in allopurinol-treated vs untreated BDL
rats (Fig. 4C). Locomotor activity (total distance traveled by BDL rats) was reduced compared to sham-operated

controls and ameliorated after allopurinol (Fig. 4D).
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Fig. 4. (A) Arterial ROS, (B) frontal cortex brain water, (C) liver biochemistry markers (AST, aspartate
aminotransferase; ALT, alanine aminotransferase; AP, alkaline phosphatase; GGT, y-glutamyl
transpeptidase), (D) distance traveled over a period of 12 h during the night in BDL and allopurinol-treated
bile-duct ligation (BDL + ALLO) rats compared to respective sham-operated controls. Data are expressed as

means * SEM. *p < 0.01, ***p < 0.001, significantly different from sham; t p < 0.05, significantly different
from untreated BDL.

Temporal resolution of ammonia, oxidative stress, and brain edema in BDL rats

After 2 weeks of BDL, an increase in plasma oxidative stress was observed with no appearance of hyperammonemia,
increased brain ammonia, or brain edema. After 4 weeks of BDL, in addition to an increased systemic oxidative
stress, an increase in plasma and brain ammonia was demonstrated but still no evidence of brain edema. Brain
edema appeared at 6 weeks, along with a further increase in plasma and brain ammonia compared to 4 weeks, but
with similar levels of systemic oxidative stress (Fig. 5). Furthermore, another oxidative stress marker, TBARS,
demonstrated a significant increase in plasma of BDL rats vs sham-operated controls at 2 (1.19-fold, p < 0.05), 4

(1.49-fold, p < 0.05), and 6 (4.23-fold, p < 0.001) weeks. No increase in ROS levels in the brain (Fig. 5) or levels of
TBARS in CSF (data not shown) were found in BDL rats.

The final publication is available at http://dx.doi.org/10.1016/j.freeradbiomed.2012.01.006




Bosoi, C.R. et al,, 2012. Systemic oxidative stress is implicated in the pathogenesis of brain edema in rats with chronic liver failure.
Free Radical Biology and Medicine, 52(7), p.1228-1235.

( *
> '
4
-
« 7 5] 4 - ’/
E f /,
g3 3 A | . . .
£ S /’___,.--' 1 Fig. 5. Temporal resolution of ammonia, ROS, and brain
< E 2+ %/ R ',? edema in rats with BDL compared to respective sham-
= l _,f_—,r-"”"' operated controls. The time point 0 represents the mean
3 §" value for the three groups of respective sham-operated
0 controls. Data are expressed as means * SEM. *p < 0.05,
***p < 0.001, significantly different from sham and BDL
604 s 2 weeks; T p < 0.05, t1p < 0.01, significantly different
= from BDL 4 weeks (m, plasma temporal resolution; A,
E 35+ aih cerebrospinal fluid temporal resolution).
7] [ S hhe " =
w T T i-,
%2 o 10+
‘5‘: P2 50+
£
v
2 5
5 2
=)
< Y e s I -------- Fy
0.0 T T
Week 2 Rl 6
Brain edema - - +
DISCUSSION

Results of this study reveal that chronic hyperammonemia, which consequently leads to an increase in brain
ammonia, does not induce oxidative stress independently (neither centrally nor systemically) nor provoke brain
edema. However, in combination, ammonia and systemic oxidative stress stimulate an increase in brain water. This
conclusion was drawn from our results because brain edema is solely found in BDL rats and not in PCA rats, even
with similar levels of ammonia (arterial and CSF) observed in both animal models. The role of systemic (not central)
oxidative stress in the pathogenesis of brain edema was confirmed when brain water normalized along with
attenuation of systemic oxidative stress after treatment with allopurinol (inhibitor of the oxidant enzyme X0). These
results suggest that ammonia and systemic oxidative stress act together in the pathogenesis of brain edema in CLF.

It has previously been demonstrated that ammonia neurotoxicity leads to oxidative stress and subsequently to brain
edema (astrocyte swelling) [17]. However it must be noted that these studies involved acute ammonia intoxication
models (in vitro and in vivo). First, cultured astrocytes acutely exposed to ammonia (1, 5, and 10 mM) showed an
increase in ROS levels [18] and cell swelling [19]. Moreover, naive rats injected with an acute dose of ammonia

(12 mmol/kg injected intraperitoneally) [20], as well as rats with acute liver failure [21] and [22], displayed severe
HE along with increased oxidative stress in brain. In our study, chronic hyperammonemia and CSF ammonia levels
present in PCA rats (125-250 pM; lower than brain ammonia concentrations found in animal models of acute liver
failure: 1-5 mM [22] and [35]) do not stimulate severe HE or oxidative stress in brain (or in circulation).
Interestingly, a recent study in humans revealed oxidative stress markers in postmortem brain (cortical) tissue of
cirrhotic patients that died with severe HE (grade 4) [36]. All in all, this suggests that the degree and/or the
acuteness of the onset of hyperammonemia is important for the induction of oxidative stress and that an oxidatively
stressed brain is associated with severe HE.
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Only BDL rats (not PCA rats) demonstrated an increase in systemic oxidative stress. One obvious difference between
the two animal models is liver function. BDL rats displayed an increase in liver markers in comparison to PCA rats
and their respective sham-operated controls. According to the Vienna Consensus on Classification of HE [37], PCA
rats present type B HE (portosystemic shunting associated with hepatic atrophy and no significant intrinsic
hepatocellular disease) and BDL rats present type C HE (associated with liver cirrhosis). In BDL rats, an increase in
ROS and H202 blood levels was demonstrated along with an increase in XO activity and a decrease in antioxidant
defense (decreased CAT activity and total GSH and GSH/GSSG ratio along with an increase in GR activity). A marker
of oxidative stress, TBARS, was also observed to be increased in the blood of BDL rats. Moreover, plasma levels of
albumin, a protein considered an important antioxidant [38], were decreased in BDL rats below the detection limit of
our method. In PCA rats, a preserved oxidant/antioxidant balance was demonstrated with no changes in oxidant and
antioxidant enzyme activities. Our results suggest systemic oxidative stress is a result of primary liver injury; a
common finding observed in various types of liver disease such as nonalcoholic fatty liver disease, alcoholic liver
disease, and viral hepatitis [39], [40] and [41], as well as cirrhosis [42], [43] and [44].

In our study no signs of central oxidative stress were observed in BDL rats, implying that systemic oxidative stress
does not lead to oxidative stress in the brain. Systemic ROS could have an effect on the brain by acting directly on the
luminal side of the BBB and causing BBB breakdown [45]; however, Wright et al. [46] demonstrated that the
anatomical integrity of the BBB is intact in BDL rats. This was also confirmed by our group since no brain
extravasation of Evans blue and sodium fluorescein in BDL rats was observed. Nevertheless, systemic oxidative
stress may induce posttranslational modifications of proteins implicated in the BBB, leading to changes in signal
transduction pathways across the BBB and hyperpermeability. These aspects remain to be explored.

Furthermore, it is believed that oxidative stress is closely associated with inflammation. It has been demonstrated
that proinflammatory cytokines are increased in plasma of cirrhotic patients with mHE as opposed to cirrhotic
patients without HE [47] and [48]. Moreover, brain edema arises in endotoxemic BDL rats [46]. However, the
relationship and dependency between ROS and inflammation during cirrhosis, as well as their effects on BBB
permeability remain undefined.

XO released from the ailing liver is a major source of ROS [49]. Because an increase in XO activity was found in BDL
rats, allopurinol, a XO inhibitor, was investigated as an antioxidant (oxidant inhibitor) treatment. Allopurinol (a
structural isomer of the XO substrates hypoxanthine and xanthine) is oxidized by XO to a more active metabolite,
oxypurinol, which acts by irreversibly binding to the active site of the enzyme [50]. Allopurinol has been previously
demonstrated to reduce serum oxidative stress in stable cirrhotic patients [51]. In the present study, allopurinol-
treated BDL rats displayed attenuated oxidative stress and brain edema. This protective effect was not due to an
improvement in liver function because no change in hepatic function markers compared to untreated BDL rats was
found. Allopurinol treatment also resulted in an amelioration but not normalization of locomotor activity, suggesting
other factors in addition to brain edema may contribute to neurological dysfunction. Our results support that XO
plays an important role in oxidative stress production during liver disease and therefore we propose that an
antioxidant treatment directed toward inhibiting sources of ROS may be more beneficial in HE treatment than one
directed toward improving antioxidant defense, including ROS scavengers.

Overall, the relationship between ammonia, systemic oxidative stress, and brain edema is a complex one: in BDL rats
hyperammonemia and oxidative stress lead to brain edema, whereas in PCA rats hyperammonemia alone does not
lead to brain edema. In addition, brain edema in BDL rats is attenuated after a reduction in systemic oxidative stress
but also by lowering arterial levels of ammonia after AST-120 treatment, as we previously demonstrated [24].
Moreover, in patients with CLF, serum 3-nitrotyrosine (an oxidative stress marker) was found to be related to mHE,
but did not correlate with concentrations of blood ammonia [43]. Together, these studies strongly suggest a
synergistic role between ammonia and oxidative stress in the pathogenesis of brain edema in BDL rats.
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To further understand the relationship between blood ammonia and oxidative stress in the development of brain
edema, we measured the pathogenetic factors along with brain water content at 2, 4, and 6 weeks after BDL. At

2 weeKks, a significant increase in systemic ROS was observed without any signs of hyperammonemia or brain edema.
At 4 weeks, both hyperammonemia and oxidative stress were present but no significant change in brain water
content was observed. At 6 weeks, brain edema appeared and was associated with a significant further increase in
ammonia levels and with similar oxidative stress levels, compared to those seen at 4 weeks. Therefore the
appearance of brain edema at 6 weeks is preceded by increased systemic oxidative stress (from week 2 to week 6)
combined with a gradual chronic increase in ammonia (significantly increased at week 4 and significantly increased
further at week 6). We propose systemic oxidative stress may be an important “first hit”, followed by
hyperammonemia as a “second hit” in the development of brain edema. Whether a certain threshold concentration of
ammonia (* 120 pM) or a degree of chronic hyperammonemia is necessary for the development of brain edema
remains to be investigated.

We conclude that chronic hyperammonemia and systemic (not central) oxidative stress do not lead independently to
brain edema; however, when both factors are present, brain edema ensues. Our findings support the multifactorial
pathogenesis of brain edema in HE and suggest systemic oxidative stress might be an important first hit, acting
synergistically with ammonia to induce brain edema in chronic liver failure.
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