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Abstract. Hepatic encephalopathy (HE) is a severe complica-
tion of liver cirrhosis and its pathogenesis has yet to be fully 
elucidated. Previous studies have demonstrated that heme 
oxygenase-1 (HO-1) is important in the induction of liver 
cirrhosis. The present study aimed to investigate the role 
of HO-1 in the pathogenesis of HE. Rats were divided into 
5 treatment groups; sham, bile duct ligation (BDL), HE, zinc 
protoporphyrin (ZnPP) and cobalt protoporphyrin (CoPP). 
The levels of HO-1 were examined by western blotting and 
quantitative real-time PCR (qRT-PCR). Serum levels of 
carboxyhemoglobin (COHb), ammonia levels in the plasma 
and brain, brain water content and portal vein pressure 
(PVP) were also quantified. Aquaporin-4 expression levels 
were measured by immunohistochemistry and qRT-PCR. 
The results demonstrated that the levels of HO-1 in the brain 
and the serum levels of COHb were significantly increased 
in the HE group compared with the BDL group. Brain 
water content, PVP and ammonia levels in the plasma and 
brain were increased in the HE and CoPP groups; however, 
these were reduced following the treatment with ZnPP. The 
levels of AQP-4 expression and oxidative stress in the brain 
were reduced following treatment with ZnPP and increased 
following treatment with CoPP. In conclusion, following the 
inhibition of HO-1 expression, treatment with ZnPP improved 
HE due to reducing the expression levels of AQP-4 and oxida-
tive stress. Therefore, ZnPP treatment may represent a novel 
therapeutic approach for HE.

Introduction

Hepatic encephalopathy (HE) is a clinical neuropsychiatric 
syndrome resulting from a metabolic disturbance caused by 
severe liver disease and/or portal-systemic shunts. HE is asso-
ciated with significant morbidity and mortality (1). Several 
theories have been proposed to explain the pathogenesis of 
HE. One such theory is the ammonia hypothesis, which states 
that the level of ammonia plays a central role in the patho-
genesis of HE. Infection, inflammation, oxidative stress and 
steroid hormones are also considered to be important (2). As 
the precise underlying mechanism of the pathogenesis of HE 
remains unclear and specific treatments for HE are limited, 
the reduction of ammonia levels is regarded as the primary 
approach to prevent HE. Gaining a better understanding of the 
pathogenesis of HE is important for the development of effec-
tive treatment strategies in the future.

Heme oxygenase-1 (HO-1) catalyzes the oxidative 
degradation of heme to carbon monoxide (CO), free iron 
and biliverdin (3). In normal brain tissue, basal HO-1 expres-
sion levels and activity are maintained at low levels and are 
confined to the neuroglia and occasionally, the scattered 
neurons (4). However, the level of HO-1 activity may be signifi-
cantly enhanced in astrocytes, microglia and certain neurons 
by extravascular hemoglobin, hemin and oxidants (5,6). The 
upregulation of HO-1 attenuates post-ischemic brain damage 
via simultaneous inhibition of superoxide production and pres-
ervation of nitric oxide (NO) bioavailability (7). It has been 
reported that HO-1 may be a therapeutic target in neurodegen-
erative disease and brain infection (8).

Our previous studies have indicated that HO-1 expression is 
upregulated in the liver and the HO/CO pathway may regulate 
cirrhosis induced in rats by bile duct ligation (BDL), as well as 
its complications, including hepatorenal and hepatopulmonary 
syndrome (9,10). In addition, the levels of carboxyhemoglobin 
(COHb) in the arterial blood of hepatitis B virus-related 
cirrhosis patients with HE were significantly increased 
compared with healthy individuals (11). The mechanism by 
which HO-1 is expressed in the brain and affects the develop-
ment and progression of HE remains unclear. 

The present study aimed to evaluate whether the regulation 
of HO-1 affects the development and progression of HE, and 
the mechanism by which its products affect cerebral metabo-
lism.
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Materials and methods

Animal care. The experimental protocols used in the present 
study were approved by the Animal Care and Use Committee 
of Dalian Medical University (Liaoning, China) in accordance 
with the guidelines established by the China Council on 
Animal Care.

Generation of HE models and the treatment of rats. The 
46 healthy male Sprague Dawley rats, weighing 200-220 g, 
were obtained from the Laboratory Animal Center of Dalian 
Medical University (Dalian, China) and randomly divided 
into 5 treatment groups; sham (n=6), BDL (n=10), HE (n=12), 
zinc protoporphyrin (ZnPP; n=8) and cobalt protoporphyrin 
(CoPP; n=10). The rats were housed in a specific pathogen-free 
center at room temperature (24-26˚C) and a relative humidity 
of 60-65%. Water was provided ad libitum.

The rats were fed and housed for 3 days prior to any experi-
mental protocols being conducted. All surgical procedures 
were approved by the Animal Care and Use Committee of 
Dalian Medical University. Laparotomy was performed under 
anesthesia with ether. The common bile duct was localized, 
doubly ligated and cut between these two ligatures. In the 
sham group, a midline incision was performed in the animals; 
however, this was without BDL. Four groups underwent BDL 
and a sham surgery group was used as a control. Two weeks 
following surgery, the sham and BDL rats were pair-fed and 
administered with an i.p. saline injection. The HE, ZnPP 
and CoPP groups were fed on an ammonium-containing diet 
(ammonium acetate, 20% w/w), as described previously (12), 
and were administered with an i.p. saline, ZnPP or CoPP injec-
tion (5 mg/kg body weight), three times per week, respectively. 
The animals were treated with ZnPP and CoPP in order to 
downregulate and upregulate the expression of HO-1, respec-
tively. Following the establishment of the HE models, the 
number of rats in each group was reduced to 6 due to deaths 
encountered within specific groups.

ZnPP and CoPP (Sigma, St. Louis, MO, USA) were 
dissolved in 0.2 mol/l NaOH, adjusted to pH 7.4 and diluted 
in 0.85% NaCl to 1 mg/ml, as described previously (13). 
Histostain™-Plus (SP9001; Zhongshan Goldenbridge 
Biological Technology, Beijing, China), superoxide dismutase 
(SOD) and malonaldehyde (MDA) kits (Nanjing KeyGen 
Biotech. Co., Ltd., Nanjing, China) were used in the study.

Sample collection and examination. Two weeks following treat-
ment, a catheter connected to a Pressure Transducer (BL-420F 
biological experimental system; Chengdu Technology and 
Market Co., Ltd., Chengdu, China) was placed in the portal 
vein to measure portal vein pressure (PVP). Subsequently, 
1 ml of arterial blood was withdrawn to measure serum COHb 
levels using a Rapid Lab 1245 Blood Gas Analyzer (Siemens, 
New York, NY, USA). Levels of alanine aminotransferase 
(ALT), aspartate aminotransferase (AST), total bilirubin 
(TBIL) and serum iron were detected using a Hitachi 7600-110 
Automatic Biochemical Analyzer (Hitachi Co., Tokyo, Japan). 

Measurement of plasma and cerebral ammonia levels. The 
levels of ammonia were measured in plasma and the cerebral 
cortex. Blood samples were examined using the Ammonia 

Checker Ⅱ (KEM, Kyoto, Japan). The cerebral ammonia 
levels were measured by fluorimetry (Fluoroskan Ascent 
Labsystems, Helsinki, Finland), according to the methods 
described previously (12). Assays were performed in Costar 
96-well UV plates (Corning Costar Corporation, Cambridge, 
MA, USA).

Measurement of brain water content. The levels of brain water 
were quantitated by the wet-weight/dry-weight method. Half 
of the brain was weighed prior to and following 48 h incu-
bation in a 120˚C oven. The brain water content percentage 
was calculated using the following formula: Brain water 
content (%) = (wet weight - dry weight)/wet weight x 100%, as 
described previously (14).

Measurement of locomotor activity. Locomotor activity was 
assessed using an infrared beam computerized auto-track 
system (Columbus Instruments, Columbus, OH, USA) (15). 
Prior to being sacrificed, rats from each of the 5 groups were 
individually placed in plexiglass cages (29x22x22 cm) for 6 h 
before activity was recorded. Cumulative distance traveled 
during the day (inactive period) and night (active period) was 
recorded for 24 h and expressed as the night/day ratio.

Measurement of oxidative stress. Levels of brain SOD and 
MDA were determined using the UV-2100 Spectrophotometer 
(Chemito Instruments Pvt. Ltd., Mumbai, India), according to 
the manufacturer's instructions.

Histology and immunohistochemistry. Sections of the liver and 
brain lobe were excised, fixed in 10% neutral formalin solu-
tion and embedded in paraffin. Hematoxylin and eosin (H&E) 
staining was performed according to standard procedure. 
Lesion severity was graded as described previously (16). Tissue 
sections (4-µm thick) were briefly treated with HCl (5%) to 
liberate ferric ions. Samples were then treated with 5% potas-
sium ferrocyanide to produce insoluble ferric ferrocyanide. 
Slides were counterstained with neutral red. For immunohisto-
chemical examination, deparaffinized sections were incubated 
with HO-1 antibodies (Abcam, Cambridge, MA, USA; 
1:1,000 dilution), aquaporin-4 (AQP-4) antibodies (Santa Cruz 
Biotechnology, Inc., Santa Cruz, CA, USA; 1:400 dilution) and 
biotinylated secondary antibodies (Santa Cruz Biotechnology, 
Inc.), followed by avidin-biotin-peroxidase complex. Yellow 
material in the cytoplasm was considered to represent a posi-
tive cell. Cell staining was assigned to 4 scores, as described 
previously (17). The final score was defined as follows: staining 
intensity x percentage of positive cells. The mean score of 
5 fields was used to compare the 5 groups.

Western blot analysis. The resected liver tissues were 
extracted with lysis buffer (1% Triton X-100, 50 mmol/l 
Tris-HCl pH 7.6, 150 mmol/l NaCl and 1% protease inhibitor 
cocktail). Western blotting was performed in accordance with 
a previously described protocol (18). Western blot analysis 
was performed with liver homogenates (30 µg protein) using 
anti-HO-1 antibody (Abcam; 1:2,000 dilution), anti-β-actin 
antibody (Zhongshan Goldenbridge Biological Technology; 
1:500 dilution) and secondary anti-rabbit and anti-mouse IgG 
(Santa Cruz Biotechnology, Inc.; 1:500 dilution). The intensity 
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of each signal was corrected by the values obtained from the 
immunodetection of β-actin and the relative protein intensity 
was expressed as the fold-change of the content in the control 
group. 

Quantitative real-time PCR (qRT-PCR). qRT-PCR was used 
to analyze the expression levels of HO-1 and AQP-4. Total 
RNA was extracted from each chamber using RNAiso Plus 
((Takara Bio, Inc., Dalian, China). The total RNA was then 
reverse transcribed into cDNA using the PrimeScript® RT 
reagent kit (Perfect Real Time; Takara Bio, Inc.). Real-time 
RT-PCR was performed with a Mx3000P QPCR System 
(Agilent Technologies, Palo Alto, CA, USA) using SYBR® 
Premix Ex Taq II (Perfect Real Time). β-Actin, a common 
housekeeping gene in cells, was used as the internal control 
gene to normalize the quantities of target gene expression. 
Thermocycling conditions were as follows: 95˚C for 30 sec, 
40 cycles of denaturation (95˚C, 5 sec), annealing (60˚C, 
30 sec) and extension (72˚C, 30 sec). The primers used in the 
RT-PCR are listed in Table I.

Statistical analysis. All data are presented as the mean ± SD. 
Statistical analysis was performed using SPSS software 
version 16.0 (IBM, Chicago, IL, USA). Groups were compared 
using one-way ANOVA with the Dunnett's multiple compar-
ison test (where applicable). P<0.05 was considered to indicate 
a statistically significant result.

Results

Diet-induced HE model in BDL rats. Common BDL, 
ascites and jaundice were observed in BDL rats at 4 weeks 
post-surgery. The serum levels of AST, ALT and TBIL in the 
BDL group were significantly higher compared with the sham 
group (P<0.01). In addition, the serum levels of AST, ALT and 
TBIL were significantly increased in the HE group compared 
with the BDL group (P<0.01; Fig. 1B).

PVP was significantly higher in the BDL group compared 
with the sham group (P<0.01). Compared with the BDL group, 
the PVP was significantly elevated in HE rats. In addition, PVP 
decreased following the treatment with ZnPP and increased 
following the treatment with CoPP compared with HE rats 
(P<0.01; Fig. 1Be). Plasma ammonia levels were higher in the 
BDL group compared with the sham controls. Higher plasma 
ammonia levels were observed in the HE group compared 
with the BDL group (P<0.01; Fig. 1Cf). 

Hepatic fibrosis was evaluated by H&E staining. 
Compared with the sham group, the BDL and HE groups 
exhibited increased levels of inflammation, necrosis and 
destruction of the lobular architecture (Fig. 1A). Brain H&E 
staining demonstrated normal cellularity and architecture 
in the sham group. Compared with the BDL group, HE rats 
demonstrated more severe cerebral intracellular edema in the 
brain (Fig. 1B).

Inhibition of HO-1 expression improves HE. The HO-1 
mRNA and protein expression levels in the brain increased 
significantly following BDL treatment compared with the 
sham controls, and were significantly elevated in the HE 
group compared with the BDL group (P<0.01). In addition, 

the mRNA and protein expression levels of HO-1 were signifi-
cantly decreased in the ZnPP treatment group compared with 
the HE group; however, these were enhanced in the CoPP 
treatment group (Fig. 2B). The COHb levels in the arterial 
blood were in accordance with HO-1 expression (Fig. 2Ca). 
Cerebral HO-1 immunostaining demonstrated that HO-1 was 
mainly expressed in the cerebral cortex (Fig. 2A).

Decreased levels of AST, ALT and TBIL were observed 
in the ZnPP group compared with the HE group; however, 
these were elevated in the CoPP group (Fig. 1B). The levels of 
ammonia were lower in the ZnPP treatment group compared 
with the HE group; however, were higher in the CoPP treat-
ment group (P<0.01; Fig. 1Cf). The levels of ammonia in the 
brain were significantly higher in the HE group compared 
with the BDL treatment group; however, these were signifi-
cantly elevated and reduced in the CoPP and ZnPP treatment 
groups, respectively, compared with the HE group (P<0.01; 
Fig. 2Cc).

Liver and brain H&E staining demonstrated less severe 
fibrous hyperplasia and cerebral intracellular edema in the 
brain following treatment with ZnPP; however, these were 
more severe in the CoPP group (Fig. 1A). The histopatho-
logical scores for liver fibrosis were higher in HE and CoPP 
groups than for those of the ZnPP treatment group (Fig. 1Ad). 

Locomotor activity in the BDL group was reduced 
compared with the sham controls. In addition, the locomotor 
activity was significantly decreased in the HE group compared 
with the BDL and CoPP groups (P<0.01); however, this was 
normalized following ZnPP treatment (Fig. 3Bb).

The inhibition of HO-1 expression led to decreased levels 
of AQP-4 expression and brain edema. The mRNA levels of 
AQP-4 in the brain were higher in the BDL group compared 
with the sham group and elevated in the HE group compared 
with the BDL group (P<0.01). Compared with the HE group, 
AQP-4 expression was decreased in the ZnPP treatment group; 
however, this was significantly increased in the CoPP treat-
ment group (P<0.01; Fig. 3Ba).

Cerebral AQP-4 immunostaining demonstrated a mark-
edly more intense immunolabeling of the cerebral cortex in 
the BDL, HE and CoPP treatment groups compared with the 
sham controls (Fig. 3Aa-e). Quantitative scoring of cerebral 
AQP-4 protein expression demonstrated that it was reduced 
in the ZnPP treatment group compared rats in the HE group 
(Fig. 3Af).

Table I. Primers used for real-time PCR analysis

 Forward/ 
Gene reverse Sequence 5'-3' 

HO-1 Forward AGGTGCACATCCGTGCAGAG
 Reverse CTTCCAGGGCCGTATAGATATGGTA
AQP-4 Forward TTGGACCAATCATAGGCGC
 Reverse GGTCAATGTCGATCACATGC
β-actin Forward GGAGATTACTGCCCTGGCTCCTA
 Reverse GACTCATCGTACTCCTGCTTGCTG

HO-1, heme oxygenase-1; AQP-4, aquaporin-4.
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The water content in the brain significantly increased in 
the HE group compared with the BDL treatment group. It 
decreased markedly in the ZnPP treatment group compared 
with the HE group (P<0.01) and was elevated in the CoPP 
treatment group (Fig. 2Cb).

Role of oxidative stress in HE. The levels of oxidative stress in 
the brain were assessed by measuring the levels of MDA and 
SOD. The level of MDA was evidently higher in the HE group 
compared with the BDL group; however, this was lower in the 
ZnPP treatment group and higher in the CoPP treatment group 
compared with the HE group (P<0.01; Fig. 3Ca). The levels 
of SOD were elevated in the BDL group compared with the 
sham control (P<0.01) and were significantly increased in the 
ZnPP treatment group compared with the HE group (P<0.01); 

however, these were decreased in the CoPP treatment group 
(Fig. 3Cb). 

Discussion

HE is an extremely common neuropsychiatric disorder 
observed in patients with advanced liver disease. Current 
treatment strategies of HE mainly aim to reduce the produc-
tion and intestinal absorption of ammonia (2). In the present 
study, we demonstrated that treatment with ZnPP improves 
HE and alleviates liver fibrosis induced by a hyperammonemic 
diet in BDL rats. At 4 weeks, brain edema, hyperammonemia 
and reduced locomotor activity were observed in the HE 
group. Compared with the HE group, these indicators were 
ameliorated in the ZnPP group; however, were more severe in 

Figure 1. Assessment of HE. (A and B) Liver and brain H&E staining. (A) Normal lobular architecture observed in the (Aa) sham group; fibrous hyperplasia 
in the (Ab) BDL, (Ac) HE, (Ad) ZnPP and (Ae) CoPP groups. Less severe fibrous hyperplasia was observed in the ZnPP group compared with the BDL 
group (original magnification, x100). (Ba) The brain tissue of the sham group demonstrated a normal cellularity and architecture; the cerebral intracellular 
edema of the brain in the (Bb) BDL, (Bc) HE, (Bd) ZnPP and (Be) CoPP groups. The cerebral intracellular edema was more severe in the HE and CoPP 
groups compared with the BDL group; however, it was mitigated in the ZnPP group (original magnification, x400). (C) Serum index and PVP; (Ca) ALT, 
(Cb) AST and (Cc) TBIL levels were significantly increased in the HE and CoPP groups compared with the BDL group; however, they were significantly 
decreased in the ZnPP group. In addition, the AST, ALT and TBIL levels were lower in the ZnPP group compared with the HE group; (Cd) hepatic fibrosis 
was assessed using histopathological scoring; (Ce) the PVP was higher in the BDL group compared with the sham group; however, was significantly 
increased in the HE and CoPP groups compared with the BDL group, and lower in the ZnPP group; (Cf) levels of plasma ammonia were higher in the 
HE and CoPP groups compared with the BDL group, and lower in the ZnPP group. The data are presented as the mean ± SD. **P<0.01, *P<0.05 vs. 
sham; ##P<0.01, #P<0.05 vs. BDL; $$P<0.01, $P<0.05 vs. HE. H&E, hematoxylin and eosin; HE, hepatic encephalopathy; AST, aspartate aminotransferase; 
ALT, alanine aminotransferase; TBIL, total bilirubin; BDL, bile duct ligation; CoPP, cobalt protoporphyrin; ZnPP, zinc protoporphyrin; PVP, portal  
vein pressure.
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the CoPP group. These results demonstrated that HO-1 may 
be important in the induction of HE and its inhibition may 
provide an alternative treatment strategy for HE.

The HO/CO pathway is important in the modulation of 
microcirculation in normal and cirrhotic conditions (19). 
However, the mechanism by which it affects the pathogenesis 
of HE remains unknown. In normal conditions in the central 
nervous system, the level of HO-1 expression is low (20). 
Several studies have demonstrated that HO-1 mRNA expres-
sion levels are elevated in the frontal cortex of HE rats, which 
exerts a number of important effects on the coma stage of 
encephalopathy induced by liver injury (14,21,22). In vitro, 
HO-1 has been shown to stimulate cytoprotection against 
oxidative stress (23); however, this protective action has yet to 
be uniformly observed in vivo. Wang and Doré (24) reported 

that HO-1 is capable of exacerbating early brain injury 
following intracerebral hemorrhage. In addition, non-specific 
HO inhibitors were able to attenuate brain injury (25). At a 
specific threshold, HO-1 expression may be beneficial and aid 
in the protection of hepatocytes (26), whereas HO-1 overex-
pression may stimulate or aggravate liver cirrhosis (27). The 
overexpression of HO-1 in the brain cortex of rats acutely intox-
icated with ammonia may contribute to cerebral hyperemia 
in hyperammonemic states (28). The inhibition of bilirubin 
formation by targeting HO-1 through small interfering RNA 
(siRNA) may prevent and treat bilirubin encephalopathy at an 
early clinical stage (29). In the present study, the inhibition of 
HO-1 was capable of attenuating the levels of serum ammonia 
and brain edema. Thus, the inhibition of HO-1 may provide an 
alternative strategy to prevent and treat HE.

Figure 2. Levels of HO-1, ammonia and brain water content. (A) Immunohistochemical staining with HO-1; (Aa) minimal levels of HO-1 expression were 
detected in the cerebral cortex in the sham group; HO-1 expression was observed in the (Ab) BDL, (Ac) HE, (Ad) ZnPP and (Ae) CoPP groups. HO-1 
was seldomly expressed in the ZnPP group; (Af) quantitative scoring of the immunohistochemical staining of cerebral HO-1 protein expression (original 
magnification, x400). (B) Protein and mRNA expression levels of HO-1; (Ba and Bb) HO-1 protein expression was higher in the HE and CoPP groups and 
decreased in the ZnPP group compared with the BDL group; (Bc) HO-1 mRNA levels were quantified using real-time PCR in the brain tissue. (C) Levels of 
COHb, ammonia and water content. Serum COHb levels in the arterial blood were quantified. (Ca) Higher levels of COHb were observed in the HE and CoPP 
groups compared with the BDL group, and were lower in the ZnPP group; (Cb) brain water content and (Cc) ammonia levels in the HE and CoPP groups were 
enhanced compared with the BDL group, and decreased in the ZnPP group. The data are presented as the mean ± SD. **P<0.01, *P<0.05 vs. sham; ##P<0.01 
vs. BDL; $$P<0.01, $P<0.05 vs. HE. HO-1, heme oxygenase-1; BDL, bile duct ligation; HE, hepatic encephalopathy; CoPP, cobalt protoporphyrin; ZnPP, zinc 
protoporphyrin; COHb, carboxyhemoglobin.
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The predominant endogenous source of CO in the body 
derives from the degradation of heme catalyzed by HO-1, 
forming CO, biliverdin and free iron molecules (30,31). COHb 
levels may be used to estimate the activity of HO in experi-
mental animals (32). Our previous studies have demonstrated 
that the level of COHb is higher in cirrhotic patients compared 
with healthy individuals and patients with chronic hepatitis. 
These findings have additionally been reported in several 
other studies (33-35). The overexpression of CO leads to the 
over-expansion of splanchnic vessels, a decrease in vascular 

resistance and an increase in blood volume, leading to the 
hyperdynamic circulation of hepatic cirrhosis with portal 
hypertension (36,37). In the present study, serum COHb levels 
increased in the HE and CoPP treatment groups with portal 
hypertension and brain injury. However, HE was alleviated in 
the ZnPP treatment group, which demonstrated lower levels 
of serum COHb. This may be due to the inhibition of HO-1 
expression decreasing PVP by regulating the CO/NO pathway 
and reducing the levels of toxic substances transported into the 
brain. The HO/CO pathway may be involved in the pathogen-

Figure 3. Levels of AQP-4 expression and oxidative stress in the brain. (A) Immunohistochemical staining with AQP-4. Brain sections were stained with 
AQP-4 antibody; (Aa) AQP-4 was expressed at low levels in the sham group; (Ab, Ac, Ad and Ae) more intense immunolabeling of the brain cerebral cortex 
was observed in the HE and CoPP groups compared with the BDL group; however, was decreased in the ZnPP group compared with the HE group; (Af) quan-
titative scoring of immunohistochemical staining of cerebral AQP-4 protein expression (original magnification, x400). (B) AQP-4 mRNA levels and locomotor 
activity; (Ba) AQP-4 mRNA levels were quantified using real-time PCR in brain tissue. The levels were significantly increased in the HE and CoPP groups 
compared with the BDL group, and decreased in the ZnPP group; (Bb) locomotor activity was recorded prior to the rats being sacrificed. Data are expressed 
as the night/day ratio of cumulative distance traveled, recorded over a 12 h active period (night) and a 12 h inactive period (day). (C) MDA and SOD levels. 
Higher MDA and lower SOD levels were detected in the HE and CoPP groups compared with the BDL group. However, the (Ca) MDA levels decreased and 
(Cb) SOD levels increased significantly in the ZnPP treatment group. The data are presented as the mean ± SD. **P<0.01 vs. sham; ##P<0.01, #P<0.05 vs. BDL; 
$$P<0.01, $P<0.05 vs. HE. AQP-4, aquaporin-4; MDA, malonaldehyde; SOD, superoxide dismutase; HE, hepatic encephalopathy; CoPP, cobalt protoporphyrin; 
ZnPP, zinc protoporphyrin; BDL, bile duct ligation.
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esis of HE in addition to a number of other known mechanisms. 
Previous studies have demonstrated that the simultaneous 
inhibition of NO and HO completely reverses the reduction 
in the vasoconstrictor response to potassium chloride in the 
mesenteric vascular bed (36). We hypothesize that splanchnic 
vasodilation presenting in portal hypertension is likely to be 
multifactorial in origin and stimulated in part by an excessive 
release of NO, CO and several other vasoactive mediators.

Free iron is a byproduct of the degradation of heme 
catalyzed by HO-1. Free iron molecules are capable of partici-
pating in the Fenton and Haber-Weiss reactions, and excessive 
redox-active iron may lead to oxidative stress and the subse-
quent damage of membranes, proteins and DNA (38). Notably, 
the overexpression of HO-1 did not lead to an overload of iron 
in the brain cortex and other anatomical sites, indicated in our 
study by the Perl's Prussian blue stain (data not shown). This 
was due to iron primarily accumulating in reticuloendothelial 
cells, including the spleen, liver and bone. In addition, the 
overproduction of iron may transfer to other organs apart for 
the brain, avoiding injury to cerebral cells.

Brain edema is an important component of HE that is asso-
ciated with acute liver failure. The edema is mainly due to the 
swelling of astrocytes (cytotoxic edema). Ammonia and AQP-4 
are abundantly expressed in astrocytes and may be involved 
in the development of edema (39). AQP-4 is the predominant 
water channel expressed in the brain and is distributed widely 
in brain tissue, with the exception of neurons. It has been 
demonstrated that AQP-4 is important in maintaining water 
homeostasis in the brain tissue and participates in super-acute 
ischemic brain edema (40,41). Early cytotoxic brain edema 
following brain injury in addition to a secondary insult or 
focal ischemia results in a vasopressin V receptor-mediated 
response, most likely through the upregulation of AQP-4 (42). 
In the present study, the expression levels of AQP-4 and HO-1 
were increased in the HE and BDL groups. The overexpres-
sion of HO-1 in the CoPP treatment group led to a high brain 
water content, which may be correlated with the activation of 
AQP-4 by ammonia. By contrast, lower levels of ammonia in 
plasma due to low PVP in the ZnPP treatment group led to the 
inhibition of AQP-4 expression and a reduction in the severity 
of brain edema. 

Several studies have demonstrated an increased level 
of oxidative/nitrosative stress in the brain of liver failure 
patients and its reduction has been shown to be beneficial in 
animal models (43). Oxidative/nitrosative stress is important 
in ammonia-induced cell swelling in cultured cells and SOD 
inhibits the swelling of astrocytes. Wang et al (24) demon-
strated that HO-1 knockout mice sustain less severe brain 
injury and exhibit less neurological dysfunction compared with 
wild-type mice during the early stages following intracerebral 
hemorrhage. Previous studies have demonstrated that excess 
iron is able to participate in the Fenton and Haber-Weiss reac-
tions, leading to oxidative stress and subsequent damage to cell 
membranes, proteins and DNA (38). In the present study, the 
upregulation of HO-1 expression increased the levels of oxida-
tive stress, which may be due to free iron produced from the 
degradation of heme catalyzed by HO-1. Inhibition of HO-1 in 
the ZnPP treatment group led to lower levels of oxidative stress 
in the brain and a notable reduction in the levels of neurocyte 
injury.

In conclusion, we demonstrated that the inhibition of 
HO-1 expression is capable of attenuating HE by inhibiting 
the expression of APQ-4 and reducing the levels of oxida-
tive stress, while decreasing PVP and improving liver fibrosis 
in BDL rats. The results additionally demonstrated that 
the HO/CO pathway is important in the inhibition of HO-1 
expression, which may prevent HE, and elucidate the role 
of high levels of COHb in cirrhosis patients with HE (11). 
Brain biopsies are rarely performed in patients with HE due 
to the temporary nature of the disease and surgery often not 
being necessary; therefore, the animal experiment provides 
an appropriate supplement to the cerebral pathology of 
patients with HE. In addition, we demonstrated that HO-1 is 
important in a number of organs involved in end-stage liver 
disease (9,10). Thus, additional research with selective HO 
inhibitors and their doses is required. Effectively regulating 
the levels of HO-1 during liver cirrhosis may be beneficial. 
In addition, we hypothesize that a reduction in the levels of 
CO resulting from the inhibition of HO-1 may provide a novel 
therapeutic strategy for decreasing PVP and reducing plasma 
ammonia levels. The HO/CO pathway is involved in the regu-
lation of HE pathogenesis and may therefore provide a novel 
therapy for HE.
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