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Abstract
 Hepatic encephalopathy (HE) is a serious clinical complication, which could lead to coma and 
death if not appropriately managed. There is agreement on the predominant role of ammonia in the etiology 
of HE. Brain is one of the most critical organs affected by ammonia. The critical role of oxidative stress 
and its consequences in the pathogenesis of ammonia-induced brain injury have been revealed before. On 
the other hand, there is no promising therapeutic option against ammonia neurotoxicity. Taurine is one of 
the most abundant amino acids in the human body. Several pharmacological roles including brain protect-
ing properties have been attributed to this amino acid. The current study was designed to evaluate the role 
of taurine supplementation on HE-induced oxidative stress in the brain tissue. Animals received thioacet-
amide (400 mg/kg, i.p, for three consecutive days at 24-hr intervals) as a model of acute liver failure and 
hyperammonemia. Several serum biochemical parameters, in addition to plasma and brain ammonia level, 
were monitored. Moreover, markers of oxidative stress in the brain of hyperammonemic animals were 
assessed. It was found that plasma and brain ammonia was increased, and serum markers of liver injury 
were significantly elevated in the thioacetamide-treated group. On the other hand, an increase in markers 
of oxidative stress, including reactive oxygen formation, lipid peroxidation, glutathione depletion, and 
decreased tissue antioxidant capacity, was detected in the brain tissue of thioacetamide-treated animals. It 
was found that taurine treatment (250, 500, and 1000 mg/kg, i.p) alleviated brain tissue markers of oxida-
tive stress and decreased serum biomarkers of liver injury. Furthermore, lower plasma and brain ammonia 
were detected in taurine-treated animals. These data suggest taurine as a potential protective agent with 
therapeutic capability against HE-associated central nervous system complications.
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1. Introduction
 Hepatic encephalopathy (HE) is a seri-
ous clinical complication accompanied by acute 
or chronic liver injury (1). Although the precise 

mechanisms of organ injury during HE is not 
known, there is agreement on the predominant role 
of ammonia in HE etiology (2). Ammonia is me-
tabolized to urea by liver, which is finally excreted 
through the kidneys. On the other hand, damaged 
livers are unable to metabolize ammonia. Hence, 
this toxic chemical is elevated in the systemic cir-
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culation. The brain is an important target affected 
by ammonia (3, 4). Ammonia is a neurotoxin that 
mostly influences astrocytes as well as neurons 
in the central nervous system (CNS) (5, 6). It has 
been found that ammonia causes oxidative stress, 
brain edema, and inflammation, when its level is 
raised during HE (3). Consequently, brain nor-
mal function will be suppressed in patients with  
HE (3). Hyperammonemia also affects other tis-
sues including liver, skeletal muscle, heart, and 
kidneys (7). 
 Increased reactive oxygen species (ROS) 
and oxidative stress are known to be implicated  
in the etiology of ammonia-induced neurotoxicity 
(5, 8). It has been found that ammonia is capable 
of generating free radicals and decreasing the anti-
oxidant capacity of neurons and astrocytes (9-13). 
Decreased activity of various antioxidant enzymes 
(e.g superoxide dismutase, catalase, and glutathi-
one peroxidase) has been documented in different 
experimental models or human cases of HE (9-13). 
On the other hand, increased lipid peroxidation 
and brain tissue glutathione depletion is an impor-
tant feature of hyperammonemia and HE (9-13). 
Hence, targeting oxidative stress and its associated 
complications might represent a useful approach 
for managing HE-induced CNS injury.
 Taurine (2-aminoethanesulfonic acid) 
is a non-protein amino acid abundantly found in 
the brain, heart, and muscle tissues (14). Several 
physiological and pharmacological properties are 
attributed to this amino acid (15). Taurine is an 
antioxidant, osmoregulator, membrane stabilizer, 
and probably a neurotransmitter (16-18). Bile acid 
conjugation is a well-known physiological process 
mediated by taurine in the liver (19). On the other 
hand, the protective effects of taurine against a 
wide range of xenobiotics were repeatedly proved 
(20-28). Taurine also was shown to have a pro-
found effect on the CNS (29-33). It was demon-
strated that taurine acts as an osmoregulator, pro-
tects neurons, prevents astrocytes swelling, and 
encounters oxidative stress in CNS (34-37). The 
neuroprotective properties of taurine were also re-
vealed in several neurological disorders (38-41).
 As mentioned, oxidative stress and its con-
sequent events serve as key mechanisms involved 
in ammonia-induced brain injury. Hence, antioxi-

dant and protective agents might mitigate ammo-
nia-induced central nervous system complications 
during HE episodes. The current investigation was 
designed to evaluate the effect of taurine treatment 
on the brain tissue oxidative stress markers in a rat 
model of acute liver failure and hyperammonemia. 

2. Material and methods
2.1. Chemicals
 Thioacetamide, fatty acid-free bovine se-
rum albumin (BSA) fraction V, 4,2 hydroxyethyl,1-
piperazineethanesulfonic acid (HEPES), 
thiobarbituric acid (TBA), n-butanol, dithiobis-
2nitrobenzoic acid (DTNB), glutathione (GSH), 
2′,7′ dichlorofluorescein diacetate (DCFH-DA), 
malondialdehyde (MDA),  2-aminoethanesulfonic 
acid (Taurine), sucrose, KCl, dithiothreitol, Coo-
massie brilliant blue, hydrochloric acid (HCl), 
ethylenediaminetetraacetic acid (EDTA), and eth-
ylene glycol-bis (2-aminoethylether)-N,N,N′,N′-
tetraacetic acid (EGTA) were purchased from 
Sigma Chemical Co. (St. Louis, MO, USA). Tri-
chloroacetic acid (TCA), potassium bicarbonate, 
ammonium chloride, and hydroxymethyl amino-
methane hydrochloride (Tris-HCl) were purchased 
from Merck (Darmstadt, Germany). All salts for 
preparing buffer solutions were of analytical grade 
and obtained from Merck (Darmstadt, Germany).

2.2. Animals
 Male Sprague-Dawley rats (200-250 g) 
were obtained from Animal Breeding Center of 
Shiraz University of Medical Sciences, Shiraz, 
Iran. Rats were housed in cages on wood-chip 
bedding at a temperature of 23±1 °C. Animals had 
free access to tap water and a standard chow diet 
(Behparvar®, Tehran, Iran). Animals received hu-
mane care and use and were handled according to 
the animal handling protocol approved by a local 
ethics committee at Shiraz University of Medical 
Sciences (#95-01-36-12042).

2.3. Animal model of acute liver failure
 Thioacetamide is extensively used as a 
model of acute liver failure (42). For this purpose, 
three consecutive intraperitoneal (i.p) injections of 
thioacetamide (400 mg/kg) to rats at 24-hr inter-
vals was used (43). Taurine (250, 500, and 1000 
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mg/kg, i.p) was administered for three consecutive 
days, two hr after each dose of thioacetamide. The 
treatments were as follow (n=48; 8 rats/group):  
1) Control (Vehicle-treated); 2) Thioacetamide;  
3) Thioacetamide + Taurine 250 mg/kg;  
4) Thioacetamide + Taurine 500 mg/kg; 5) 
Thioacetamide + Taurine 1000 mg/kg; and  
6) Taurine 1000 mg/kg. 
 On the fourth day (24 hr after the last 
dose of thioacetamide), animals were anesthetized 
(thiopental, 80 mg/kg, i.p) and their blood, liver, 
and brain samples were collected. Supportive ther-
apy by administering 5% dextrose (2.5 ml/kg body 
weight, S.C) containing 0.45% sodium chloride 
and 0.2% potassium chloride, was given to avoid 
weight loss, hypoglycemia, and renal failure in 
thioacetamide-treated animals (43). Control ani-
mals (Vehicle-treated) received normal saline as 
the thioacetamide solvent.  The sole TA (1000 mg/
kg, i.p) was administered to ensure its safety (44).

2.4. Blood biochemistry and tissue histopathology
 A MindrayBS-200® auto analyzer and 
standard kits were used to measure serum alanine 
aminotransferase (ALT), aspartate aminotransfer-
ase (AST), and lactate dehydrogenase (LDH) (27). 
Plasma ammonia was measured with standard 
kits based on the absorbance photometry method 
of phenate-hypochlorate reaction (45). To deter-
mine brain ammonia content, samples (100 mg) 
of the forebrain (cerebral cortex) were dissected, 
homogenized, and deproteinized in 3 mL of ice-
cooled lysis solution (Trichloroacetic acid, 6%, 
w/v). After centrifugation (12000 g, 10 minutes, 4 
°C), the supernatant was collected and neutralized 
with KHCO3 (2 mol/l, pH=7). Afterward, brain  
ammonia content was measured using standard 
kits (45).
 For histopathological evaluation, tissue 
samples were fixed in phosphate-buffered forma-
lin solution (0.4% sodium phosphate monoba-
sic, NaH2PO4, 0.64% sodium phosphate dibasic, 
Na2HPO4, and 10% formaldehyde in distilled  
water) (46, 47). Paraffin-embedded sec-
tions of liver were prepared and stained with  
haematoxylin and eosin (H&E) before light micro-
scope viewing.

2.5. Reactive oxygen species formation in the 
brain tissue 
 Reactive oxygen species (ROS) forma-
tion in the brain was estimated by a previously de-
scribed method (24, 48, 49). Briefly, brain tissue 
was homogenized in 5 ml of ice-cooled Tris-HCl 
buffer (40 mM, pH=7.4). Samples of the resulted 
tissue homogenate (100 µL) were mixed with Tris-
HCl buffer (1 ml) and 2′, 7′ dichlorofluorescein di-
acetate (final concentration 10 µM). The mixture 
was incubated at 37 ºC (15 min, in dark). Finally, 
the fluorescence intensity (FI) of the samples was 
assessed using a FLUOstar Omega® multifunc-
tional microplate reader at λ excitation=485 nm 
and λ emission=525 nm (48, 50).

2.6. Brain tissue glutathione content
 Tissue samples (100 mg) were homog-
enized in 4 ml of ice-cooled EDTA (20 mM; 4 °C). 
Then, 2.5 ml of the prepared homogenate were 
added to 1 ml of distilled water and 500 µl of tri-
chloroacetic acid (50% w/v). Samples were mixed 
well and centrifuged (10,000 g, 4 °C, 25 min). 
Then, 2 ml of the supernatant was mixed with 4 
ml of Tris-HCl buffer (pH=8.9; 4 °C), and 100 µl 
of DTNB (0.01 M in methanol) (51). Finally, the 
absorbance of the developed color was measured 
at λ=412 nm using an Ultrospec 2000®UV spec-
trophotometer (Pharmacia Biotech, Uppsala, Swe-
den) (49, 52).

2.7. Lipid peroxidation
 As an index of lipid peroxidation, the thio-
barbituric acid reactive substances (TBARS) test 
was used (52). The reaction mixture was consist-
ed of 500 µl of tissue homogenate (10% w/v in 
KCl, 1.15%), 1 ml of thiobarbituric acid (0.375%, 
w/v), and 3 ml of phosphoric acid (1% w/v, pH=2). 
Samples were mixed well and heated (100 °C for 
45 min). After the incubation period, the mixture 
was cooled, and then 2 ml of n-butanol was add-
ed. Samples were vigorously vortexed and cen-
trifuged (10,000 g for 5 min). Finally, the absor-
bance of developed color in n-butanol phase was 
read at λ=532 nm using an Ultrospec 2000®UV 
spectrophotometer (Pharmacia Biotech, Uppsala, 
Sweden) (52, 53).
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2.8. Ferric reducing antioxidant power (FRAP) of 
brain tissue
 FRAP assay measures the formation of 
a blue colored Fe2+-tripyridyltriazine compound 
from the colorless oxidized Fe3+ form by the ac-
tion of electron-donating antioxidants (54). In 
the current study, the working FRAP reagent was 
prepared by mixing 10 volumes of acetate buffer 
(300 mmol/L, pH=3.6), with 1 volume of TPTZ 
(10 mmol/L in 40 mmol/L hydrochloric acid) and 
1 volume of ferric chloride (20 mmol/L) (55-57). 
All solutions were prepared freshly. Tissue was 
homogenized in an ice-cooled Tris-HCl buffer 
(250 mM Tris-HCl, 200 mM sucrose and 5 mM 
DTT, pH=7.4). Then, 50 µl of tissue homogenate 
and 150 µl of deionized water was added to 1.5 
ml of the FRAP reagent (44). Afterward, the re-
action mixture was incubated at 37 ºC for 5 min.  
Finally, the absorbance of developed color was 

measured at λ=595 nm by an Ultrospec 2000®UV 
spectrophotometer (Pharmacia Biotech, Uppsala, 
Sweden) (24, 58).

2.9. Statistical analysis
 Data are given as Mean±SD. Comparison 
of data sets was performed by the one-way analy-
sis of variance (ANOVA) with Tukey’s multiple 
comparisons as a post hoc test. Values of P<0.05 
were considered statistically significant.

3. Results
 Acute liver failure was evident in thio-
acetamide-treated animals as judged by the se-
vere increase in serum biomarkers of liver injury 
(Figure 1). On the other hand, it was found that 
taurine supplementation (250, 500, and 1000 mg/
kg, i.p) decreased serum ALT, AST, LDH, and 
bilirubin level in thioacetamide-treated rats (Fig-
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Figure 1. Serum biochemical measurements and liver tissue histopathology. TAA: Thioacetamide; Tau: 
Taurine. Data are given as Mean±SD (n=8).
***Indicates significantly different as compared with the control group (P<0.001).
aIndicates significantly different as compared with TAA group (P<0.001).
ns: Not significant as compared with TAA group (P>0.05).
Photomicrographs for liver tissue histopathology are adapted from the reference 44. A: Control.  
B: Thioacetamide treated rats. C: Thioacetamide + Taurine 500 mg/kg. D: Thioacetamide + Taurine 1000 
mg/kg. Signs of hepatocytes apoptosis (red arrow), fatty changes and ballooning degeneration (black ar-
row), inflammation (yellow arrow), was developed in thioacetamide-administered animals (B). Taurine 
administration significantly alleviated thioacetamide-induced lesions (C & D) and no tissue necrosis was 
observed in taurine-treated (1000 mg/kg, i.p) animals (D).
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ure 1). Liver tissue histopathological changes in-
cluding tissue necrosis, ballooning degeneration, 
fatty changes, and inflammation were evident in 

thioacetamide group, which indicates severe liver 
injury and hepatic failure (Figure 1). It was found 
that taurine treatment (250, 500, and 1000 mg/
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Figure 2. Plasma and brain tissue ammonia level.
Data are given as Mean±SD (n=8).
***Indicates significantly different as compared with the control group (P<0.001).
aIndicates significantly different as compared with TAA group (P<0.001).
ns: Not significant as compared with TAA group (P>0.05).
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Figure 3. Effect of taurine supplementation on brain tissue markers of oxidative stress in hyperammonemic 
animals.
Data are given as Mean±SD (n=8).
***Indicates significantly different as compared with the control group (P<0.001).
aIndicates significantly different as compared with TAA group (P<0.001).
ns: Not significant as compared with TAA group (P>0.05).
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kg, i.p) mitigated liver lesions in comparison with 
thioacetamide-treated animals (Figure 1).
 Assessment of brain and plasma ammo-
nia level revealed a significant increase of this 
chemical in both plasma and brain tissue of thio-
acetamide-treated rats in comparison with control 
group (Figure 2). On the other hand, it was found 
that plasma, as well as brain tissue ammonia level, 
was lower in taurine-supplemented (250, 500, and 
1000 mg/kg, i.p) animals (Figure 2).
 Brain tissue markers of oxidative stress 
were elevated in the thioacetamide model of acute 
liver failure (Figure 3). A significant increase in 
tissue ROS level along with elevated lipid peroxi-
dation was detected in the brain tissue of thioacet-
amide-treated group (Figure 3). Furthermore, brain 
glutathione level was lower and tissue antioxidant 
capacity was decreased in thioacetamide-treated 
animals (Figure 3). It was found that taurine (250, 
500, and 1000 mg/kg, i.p) alleviated brain tissue 
markers of oxidative stress when administered to 
thioacetamide-treated rats (Figure 3).
 It’s noteworthy that the sole taurine (1000 
mg/kg, i.p) didn’t change the markers assessed 
in the current investigation as compared with the 
control group.

4. Discussion
 The brain is an important target organ for 
ammonia toxicity during HE with different etiolo-
gies (4, 59). The occurrence of oxidative stress in 
the brain tissue is an important feature of hyperam-
monemia and HE (4, 59). Hence, antioxidants and 
protective agents might be of value against this 
complication. Taurine is an amino acid abundantly 
found in human tissues, especially in the brain. 
Taurine is an antioxidant, osmoregulator, mem-
brane stabilizer, and, probably, a neurotransmitter 
(16-18). On the other hand, risk assessment in-
vestigations revealed that this amino acid is “very 
safe” even at high doses (60). In the current inves-
tigation, it was found that taurine supplementation 
(150, 500, and 1000 mg/kg, i.p) to animals with 
hepatic failure and hyperammonemia alleviated 
oxidative stress and its associated complications 
in the brain tissue.
 It has been repeatedly shown that severe 
oxidative stress occurs in the brain tissue exposed 

to the pathological concentrations of ammonia 
(10, 11, 13). Decreased tissue antioxidant capac-
ity, severe lipid peroxidation, and glutathione res-
ervoirs depletion of the brain tissue are reported in 
the experimental models of HE (10, 11, 13, 61). 
In accordance with previous studies, we found 
that brain ROS level was significantly elevated in 
thioacetamide-treated animals. On the other hand, 
decreased tissue antioxidant capacity, glutathione 
depletion, and lipid peroxidation was detected in 
the rat model of fulminant hepatic failure (Figure 
3). It was found that taurine supplementation (250, 
500, and 1000 mg/kg, i.p) effectively attenuated 
markers of oxidative stress in the brain tissue of 
hyperammonemic animals (Figure 3). Hence, a 
major part of the protective properties of taurine 
against ammonia-induced neurotoxicity might be 
mediated through its antioxidant capacity.
 Previous investigations mentioned that 
taurine and its related structures could attenu-
ate lipid peroxidation, preserve the intracellular 
stores of GSH, and prevent the loss of antioxidant 
enzymes activities (21, 62-70). It has also been 
found that taurine boosts the activity of glutathi-
one-dependent cellular defense mechanisms such 
as glutathione-s-transferase (GST), glutathione 
peroxidase (GPx), and glutathione reductase (GR) 
enzymes (21, 62-70). Although some investiga-
tions questioned the direct effect of taurine on re-
active species (71), this amino acid might be able 
to scavenge oxygen radicals (72). On the other 
hand, as an indirect antioxidant, taurine has been 
proposed as a membrane stabilizer, which could 
manage membrane organizations, prevent cellular 
ion leakage and water influx, and finally avoid cell 
swelling (73, 74).
 The neuroprotective properties of taurine 
are extensively reviewed (31-33, 39). It has been 
found that several neurological complications, as 
well as xenobiotics-induced neurotoxicity, might 
benefit from exogenous taurine supplementa-
tion (38-41). As mentioned, ammonia is a neu-
rotoxin with deleterious effects on CNS (75-77). 
It has been found that increased brain ammonia 
level leads to oxidative stress, alterations in pH 
and Ca2+ homeostasis, bioenergetic failure, and 
electrophysiological disturbances in CNS (75-
77). This implies that taurine supplementation 
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might be a valuable therapeutic option against  
ammonia-induced oxidative stress and neurotoxic-
ity (Figure 4). 
 Although the precise mechanism of am-
monia-induced free radical production and oxida-
tive stress is not clear, a major source of oxidative 
stress might be attributed to the adverse effect of 
ammonia on brain mitochondria (78-82). It has 
been found that ammonia caused a significant 
increase in brain mitochondrial ROS (83, 84).  
Previously, we found that taurine significantly 
mitigated ammonia-induced mitochondrial dys-
function (83, 84). Hence, mitochondrial protecting 
properties of taurine might be involved, at least in 
part, in the antioxidant properties of this chemical 
in brain tissue of hyperammonemic models.
 Previously, we found that taurine admin-
istration effectively lowered blood and brain am-
monia and its associated complications such as lo-
comotor activity disturbances in different models 
of acute and chronic liver injury (Figure 4) (44). In 
the current study, the significant role of taurine in 
attenuating ammonia-induced oxidative stress in 
the brain tissue was demonstrated (Figure 4). 

 These findings might indicate the impor-
tance of taurine in preventing ammonia-induced 
neurotoxicity. Hence, taurine supplementation 
might be considered as a therapeutic approach to 
ameliorate brain damage and neurological disor-
ders during hyperammonemia. HE and hyperam-
monemia is a multifaceted and complex complica-
tion, which affects several organs. Hence, future 
investigations will reveal the clinical significance 
of the data presented in the current study and the 
therapeutic value of taurine against hyperammo-
nemia-induced CNS injury.
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