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Abstract

AIM: To evaluate the effect of nitric oxide (NO) on the development and degree of liver failure in an animal model of acute hepatic failure (AHF). 

METHODS: An experimental rat model of galactosamine-induced AHF was used. An inhibitor of NO synthase, nitroarginine methyl ester, or an NO donor, arginine, were administered at various doses prior to or after the induction of AHF. 

RESULTS: All tested groups developed AHF. Following inhibition of the endogenous NO pathway, most liver parameters improved, regardless of the inhibitor dose before the induction of liver damage, and depending on the inhibitor dose after liver damage. Prophylactic administration of the inhibitor was more effective in improving liver function parameters than administration of the inhibitor after liver damage. An attempt to activate the endogenous NO pathway prior to the induction of liver damage did not change the observed liver function parameters. Stimulation of the endogenous NO pathway after liver damage, regardless of the NO donor dose used, improved most liver function parameters. 

CONCLUSION: The endogenous NO pathway plays an important role in the development of experimental galactosamine-induced AHF.

© 2014 Baishideng Publishing Group Inc. All rights reserved.
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Core tip: We investigated the role of the nitric oxide (NO) pathway in the pathogenesis of acute hepatic failure (AHF). The precise pathomechanism of AHF is poorly understood. In our study, most liver function parameters improved both before and after the induction of liver damage following inhibition of the NO pathway. Prophylactic administration of the inhibitor was more effective in improving liver function parameters. On the other hand, stimulation of the NO pathway after liver damage, regardless of the donor dose used, also improved most liver function parameters. Therefore, the NO pathway significantly influences the development of experimental galactosamine-induced AHF.
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INTRODUCTION

Acute hepatic failure (AHF) is a fulminant liver disease, which is frequently caused by toxic or infectious agents, and has a very poor prognosis[1]. According to the classical definition, AHF clinical symptoms are associated with rapidly progressing organ failure in patients with no previous signs of liver disease, and the development of encephalopathy within 4 wk of the onset of symptoms[2]. The clinical picture is dominated by jaundice, encephalopathy, hypoglycemia, hyperammonemia, metabolic acidosis, and complications that include renal failure, bacterial infections, hemostasis disorders, and finally multiple organ dysfunction syndrome[3]. More than 2500 new cases of AHF occur annually in the United States, and more than 1000 patients die from this disease[4]. Paracetamol poisoning is responsible for more than 40% of AHR-related deaths in this population. Other causes of AHF include seronegative hepatitis and infections with hepatotropic viruses[5]. The prognosis depends primarily on the causative agent, patient age, and dynamics of AHF. Although significant progress has been made in liver transplantation, AHF-related mortality remains high. Approximately 30% of patients die following AHF without the possibility of organ transplantation, and more than 25% of patients receive a liver transplant. Among those who receive a transplant, over 70% survive 1 year, and over 60% survive 5 years[6]. Knowledge of the pathogenesis of AHF is poor, despite its severe course, poor prognosis, and several decades of studies. Acute liver damage causes hemodynamic disorders, as portal pressure increases within a short time, splanchnic vessels dilate, and the opening of arteriovenous anastomoses causes increased portal venous flow, leading to hyperkinetic circulation[7]. Organ damage results in an increase in the level of many mediators of inflammation and the induction of bacterial endotoxins, leading to the development of sepsis and multiple organ dysfunction[8].

Nitric oxide (NO) has many biological effects on the nervous system, as well as on immune and cardiovascular systems[9,10]. Substrate availability and the presence of inhibitors of NO synthesis control the biological activity of NO. NO is obtained from the amino acid L-arginine (L-ARG) in a reaction catalyzed by NO synthase (NOS)[11]. Thus far, 3 different isoforms of this enzyme have been identified: neuronal NOS (nNOS) type Ⅰ (constitutive) in the central and peripheral nervous system, inducible NOS (iNOS) type Ⅱ (nonconstitutive) in the cells of the immune system, and endothelial NOS (eNOS) type Ⅲ (constitutive) in the tunica intima of vascular walls[12,13]. The presence of both iNOS and eNOS isoforms of NOS has been confirmed in healthy liver[14]. Studies have shown that eNOS is uniformly distributed in hepatocytes in all parts of the lobule and in the hepatic arterial endothelium, sinusoids, hepatic veins, and bile duct epithelium. The inducible form is predominantly found in the hepatocytes of the periportal region of the lobule. In patients with AHF, eNOS has been detected within the cell nuclei of hepatocytes, particularly around areas of necrosis. However, iNOS has been evenly distributed in all parts of the liver in AHF, and this isoenzyme is more active. In vitro studies have shown that NO may be involved in processes inducing apoptosis, as well as in cell necrosis[15]. Both types of processes can lead to damage and the subsequent death of hepatocytes. 

Some studies have confirmed the participation of NO in liver damage and necrosis, and liver failure in experimental models of acute hepatic ischemia or endotoxemia[16,17]. Other studies showed the opposite effect, with NO reducing the degree of damage and necrosis of hepatocytes during endotoxemia, decreasing the level of inflammatory mediators, and decreasing liver damage and mortality in AHF caused by acetaminophen or thioacetamide[18,19]. The aim of our study was to evaluate the impact of the regulation of the endogenous NO pathway on the development and degree of liver damage in a rat model of AHF induced by D-galactosamine.

MATERIALS AND METHODS
Animals 

The Local Bioethics Committee for experimental studies approved the present study. Ninety six randomly selected male Sprague-Dawley rats (body weight 200-250 g) were obtained from the Department of Experimental Animals of Polish Mother’s Memorial Hospital in Łódź. The animals were kept in standard group cages, fed a standard diet, and had free access to water and food. They were maintained under a natural day/night cycle of 12 h at a temperature 22 ℃ ± 2 ℃ and humidity of 45%-50%. The experiments were performed from 10.00 a.m. to 6.00 p.m. on natural moving animals in their waking time. The studies were carried out according to the guidelines of The Animal Scientific Procedures Act. During the course of the experiments, the rats were placed individually in glass metabolic cages, with free access to water and food. 

Chemicals

To test the pathophysiological impact of NO in this model of AHF, the animals were given saline; galactosamine hydrochloride (Ga1N); an NOS inhibitor, N-nitro-L-arginine methyl ester (L-NAME); or an NO donor, L-ARG. 

Experimental protocols

The rats were divided into the 12 groups, with 8 individuals in each group: Group 1 (Sham group): received 1 ml of 0.9% saline solution intraperitoneally (i.p.); Group 2: Received 1.1 g/kg body weight of Ga1N (Sigma Aldrich, Poland) i.p. as a 200 mg/ml solution in 0.9% saline; Group 3 (Control L-NAME group): received 100 mg/kg of L-NAME (Sigma Aldrich, Poland) i.p.; Group 4: Received the same dose of L-NAME as Group 3 at 48 h and 24 h before Ga1N injection; Group 5: Received 200 mg/kg (double dose) of L-NAME 48 h and 24 h before the induction of liver injury; Group 6: Received 100 mg/kg of L-NAME 24 h and 48 h after Ga1N intoxication; Group 7: Received 200 mg/kg (double dose) of L-NAME 24 h and 48 h after the induction of liver injury; Group 8: Control L-ARG group: Received 150 mg/kg L-ARG (Sigma Aldrich, Poland) i.p.; Group 9: Received the same dose of L-ARG as Group 8 at 48 h and 24 h before Ga1N injection; Group 10: Received 300 mg/kg L-ARG (double dose) 48 h and 24 h before the induction of liver damage; Group 11: Received 150 mg/kg L-ARG 24 h and 48 h after Ga1N intoxication; Group 12: Received 300 mg/kg L-ARG (double dose) 24 h and 48 h after the induction of liver damage.

Urine samples were collected during 24 h from the 24th to 48th hour after saline or Ga1N injection and evaluated 48 h after saline or Ga1N injection. Blood samples (6 ml) were also collected 48 h after saline or Ga1N injection from the beating hearts of deeply anesthetized animals. Biochemical parameters, except ammonium, were determined in serum or urine using an autoanalyzer (Integra 700, Roche, United States). Bilirubin, aspartate aminotransferase (AST), alanine aminotransferase (ALT), and albumin reagents were purchased from Roche, Germany. An auto analyzer was used to determine the ammonium concentration in plasma with an EDTA-K3 anticoagulant. Urine osmolality was measured with an auto osmometer (Osmometer Automatic, Knauer, Germany). 

Preparation of liver and kidney sections

After exsanguination, liver and kidney tissues were collected for histopathological examination. The liver and kidney sections were fixed in formalin, paraffin embedded, stained with hematoxylin and eosin and examined under a light microscope. 

Statistical analysis

Statistical analysis was performed using the Student t-test and analysis of variance when multiple comparisons were required. Where appropriate, the Mann-Whitney U test was used to analyze nonparametric data. The limit of significance was taken as p < 0.05. All data are expressed as mean ± SE.

RESULTS

Development of experimental AHF

Table 1 shows the liver function parameters in the experimental animals, indicating the development of AHF. Compared with the sham group (Group 1), the administration of galactosamine at a dose of 1.1 g/kg body weight (Group 2) resulted in severe liver damage within 48 h, and the development of AHF, with a statistically significant increase in the plasma levels of bilirubin (p < 0.004), AST (p < 0.0001), ALT (p < 0.001), and ammonia (p < 0.005), and a decrease in the level of albumin (p < 0.001). 

Histopathology of the liver of animals in the group dosed with Ga1N (Group 2) showed generalized and massive hepatocyte necrosis. No changes in histopathology were observed in the sham group (Group 1), which received only saline, compared with Group 2 (Figure 1). 

Effect of L-NAME on the development of ahf
The administration of the NO synthase inhibitor alone, without galactosamine poisoning, had no significant influence on liver biochemical parameters. No changes were observed in the concentration of bilirubin, AST, albumin, and ammonia in Group 3 compared with the sham group (Group 1) (Table 1). The administration of the lower dose of L-NAME before the administration of galactosamine decreased the level of ALT (p < 0.064) and ammonia (p < 0.068) at the border of statistical significance. The level of bilirubin and AST declined and the concentration of albumin increased in Group 4 compared with Group 2 but the changes were not statistically significant (Table 1). Compared with Group 4, the double dose of L-NAME (Group 5) did not produce any further improvement in liver function parameters, with the exception of an insignificant decrease in the levels of bilirubin and ammonia 4 (Table 1). The addition of L-NAME in Group 4 compared with the group that received only Ga1N (Group 2), did not significantly affect hepatocyte necrosis in the histopathological examination.

The inhibition of the endogenous NO pathway after the administration of galactosamine resulted in a similar effect. Although the administration of the lower dose of L-NAME after Ga1N intoxication decreased the levels of AST, ALT, and ammonia, and increased serum albumin in Group 6 compared with Group 2, the findings were not statistically significant. The level of bilirubin decreased, but this was also not statistically significant (Table 1) (Group 6 vs Group 2, respectively). The double dose of L-NAME (Group 7) did not result in any further improvement in liver function parameters compared with Group 2, with the exception of a significant decrease in the level of ammonia (p < 0.036) (Table 1). 

L-NAME improved liver function parameters slightly more effectively when administered prior to than after Ga1N intoxication, both at the lower and higher doses of NO synthase inhibitor (Table 1) (Group 6 vs Group 4 and Group 7 vs Group 5, respectively). However, the opposite effect was observed in the case of bilirubin and ammonia with lower dose of L-NAME, although statistically significant differences still not observed between individual groups. 

Effect of L-ARG on the development of AHF

The administration of L-ARG alone (Group 8) did not result in significant changes in liver biochemical parameters compared with the sham group (Group 1) (Table 2). L-ARG did not significantly alter the concentration of bilirubin, ALT, and ammonia, and it only slightly decreased the level of albumin (p < 0.0007) and AST (p < 0.047) (Table 2). The administration of the lower dose of L-ARG in Group 9 prior to the induction of liver damage with Ga1N did not markedly affect liver function parameters, apart from significantly decreasing the level of ammonia (p < 0.032) (Table 2) compared with Group 2. Similarly, the administration of twice the dose of L-ARG did not considerably alter liver function parameters in Group 10, with the exception of ammonia, the concentration of which significantly declined in comparison with the sham group (Table 2). The histopathological examination of the liver revealed that the picture of hepatocyte necrosis was unchanged in Group 9 compared with Group 2. 

The stimulation of the endogenous NO pathway after the induction of Ga1N liver damage resulted in a slightly different effect. Following the administration of the lower dose of L-ARG after the application of Ga1N, levels of bilirubin, AST, and ALT decreased, although not significantly, and the ammonia concentration declined significantly in Group 11 compared with Group 2 (p < 0.024) (Table 2). The double dose of L-ARG reduced the level of AST more (though not significantly), the level of ALT (at the border of significance), and the ammonia concentration (p < 0.011) (Table 2) (Group 12 vs Group 2, respectively).

L-ARG was more effective in improving liver function parameters when administered after the induction of liver damage than prior to the induction of damage. It was particularly effective in reducing concentrations of AST, ALT, and ammonia when a higher dose of the NO donor was used. However, the differences between the groups were not significant (Table 2) (Group 11 vs Group 9 and Group 12 vs Group 10, respectively).

DISCUSSION

AHF in experimental models can be achieved by surgery, pharmacological methods, or infectious agents[20]. Surgery-induced AHF involves partial or complete hepatectomy, and partial or complete ligation of the hepatic artery, bile ducts, or portal vein[21]. Pharmacologically-induced AHF produces liver damage with various agents, such as acetaminophen, carbon tetrachloride, thioacetamide, concanavalin A, lipopolysaccharide, or galactosamine[22]. In the latter model, Ga1N administered i.p. to experimental animals, typically at a dose of about 1 g/kg body weight 24-48 h after poisoning, causes acute liver damage and the development of AHF[23]. Liver damage and failure manifest in encephalopathy, an increase in intracranial pressure, a dramatic rise in the concentration of bilirubin, transaminases, and ammonia, a decrease in the concentration of albumin, prolonged prothrombin time, and histopathologically generalized massive necrosis of hepatocytes. 

In the present experiment, AHF developed in a typical way. Within 48 h after liver damage, the animals developed clinical and biochemical features of acute liver damage and liver failure, indicating impairment of detoxifying, secretory, and biosynthetic functions. A number of studies have described experimental AHF induced by Ga1N in various animal species[23-25]. Interestingly, despite many years of research, the exact mechanism of hepatocyte damage by Ga1N remains unclear. Furthermore, the known mechanism of transcriptional inhibition by Ga1N does not explain the rapid damage and the development of AHF. One study suggested that this process involves intestinal bacterial endotoxins, acute hepatitis, and tumor necrosis factor (TNF)-, which seems to play a key role in mediating the damage to liver cells[26].

Previous studies have attempted to determine the role of endogenous NO in the development and course of AHF[27,28]. However, the exact mechanisms of the development of AHF, in which NO is involved, are not fully understood[29]. One study confirmed that the synthesis of endogenous NO in AHF is significantly increased[14]. However, other studies did not observe a similar effect, and one showed that the synthesis of endogenous NO may even be reduced[30,31].

In the current study, the inhibition of endogenous NO with both doses of NOS inhibitor improved liver function by decreasing the levels of bilirubin, AST, ALT, and ammonia, and increasing albumin, either before or after liver damage. The application of L-NAME prior to Ga1N administration rather than after intoxication with Ga1N was more effective in improving liver function parameters. This was observed with both doses of NOS inhibitor. 

Endogenous NO may play a role in processes that result in damage and death of liver cells[15]. One experimental study reported increased activity, particularly of iNOS, and consequent increased synthesis of NO[14]. Irrespective of the etiology of AHF, previous studies found that iNOS was markedly more active than in control groups and that its activity was more pronounced in regions bordering the space of the portal vein and the hepatic triad structures[25,32-34]. Huang et al[35] also detected increased eNOS activity in liver preparations of rats with thioacetamide-induced AHF. The same study found that the level of mRNA, as well as the expression of eNOS protein, was elevated and that both were positively correlated with the degree of liver damage and the severity of clinical symptoms of AHF. Therefore, it seems that inhibition of the NO pathway can have a beneficial effect. 

Our study confirmed this hypothesis. Likewise, Rahman et al[34] showed hepatoprotective effects of the prophylactic administration of a selective inhibitor of iNOS, aminoguanidine, in an experimental animal model of AHF induced by an intraperitoneal injection of thioacetamide. In their study, aminoguanidine administered for 5 d prior to thioacetamide-induced liver damage reduced mortality of animals and improved clinical and biochemical markers of liver failure. In our study, a less selective inhibitor of NOS, L-NAME, which can inhibit both iNOS and eNOS, also improved liver function parameters, both before and after galactosamine-induced liver damage. However, there are also data suggesting an adverse effect of endogenous NO blockade on the course and outcome of experimental AHF. According to a study by Chu et al[36] performed in rats with thioacetamide-induced AHF, L-NAME administered intragastrically for 2 d before and 3 d after liver damage increased the mortality of animals and potentiated neurological and clinical symptoms of AHF. In the same study, inhibition of the NO pathway also increased the levels of plasma endotoxins and TNF-, and the increase was positively correlated with the severity of liver damage and clinical signs of AHF. In a similar experimental model, Chu et al[19] showed that the selective blockade of iNOS compared with simultaneous inhibition of both isoforms of NOS had beneficial effects on the mortality of experimental animals and all markers of liver failure. According to these authors, eNOS played an important role in the development of AHF and its complications, as inhibition of iNOS alone had no effect on markers of liver damage and failure or on mortality of the experimental animals.

On the other hand, the activation of endogenous NO in our study did not produce substantially different results. The administration of either a lower or higher dose of L-ARG prior to the induction of liver damage by Ga1N did not significantly affect liver function parameters. However, administration of both doses of L-ARG after the application of Ga1N clearly decreased the degree of liver failure and reduced levels of bilirubin, AST, ALT, and ammonia. L-ARG administered after the induction of liver damage was also more effective in improving liver function parameters then when applied prior to Ga1N, in particular, at the higher dose of the NO donor. 

L-ARG is the only known substance that provides nitrogen for the synthesis of endogenous NO by NOS[37]. Moreover, the concentration of L-ARG appears to be an important factor controlling the speed and efficiency of NO formation[38]. Experimental and clinical data on the level of L-ARG in AHF are ambiguous, with increased and decreased concentrations and no change reported[39-41]. 

In our study, NO activation following the induction of liver damage improved liver function parameters. In addition, this effect was dependent on the L-ARG dose. Our observations are consistent with those of Fiorucci et al[18], who reported that NO released in the liver following the administration of a specific ester of ursodeoxycholic acid, resulted in a hepatoprotective effect. The same study showed that in acetaminophen-induced AHF in mice, an external supply of NO reduced mortality, the level of ALT, and apoptosis and necrosis of hepatocytes in histopathological analysis. NO also reduced hepatic expression of all inflammatory mediators tested, such as TNF- and interferon-, as well as mediators of apoptosis, Fas/FasL and caspases 3 and 9. In addition, the NO donor prevented changes in mitochondrial membrane polarization and the transfer of mitochondrial enzymes into the cytosol, thereby inhibiting mechanisms leading to damage and apoptosis of liver cells. Although we used a different model of AHF and different experimental animals, we observed a similar beneficial effect of the activation of the NO pathway on biochemical markers of acute liver damage and failure. In another study of AHF in rats induced by Ga1N, Kono et al[42] demonstrated that administration of a low dose of lipopolysaccharides 24 h before liver damage decreased mortality from 19% to 4% and substantially reduced all studied biochemical markers of liver damage. This effect was abolished by the NO synthase inhibitor, thus proving that the hepatoprotective effect of lipopolysaccharides is associated with activation of endogenous NO synthesis. Huang et al[43,44] showed that pravastatin and simvastatin potentiate endogenous production of NO and have hepatoprotective effects in experimental AHF induced by thioacetamide. Both simvastatin and pravastatin administered for 2 d before and 3 d after liver damage reduced animal mortality, clinical signs of encephalopathy, and the level of bilirubin and transaminases. Therefore, activation of the endogenous NO pathway not only improves biochemical markers of liver damage but also clinical symptoms of liver function and animal survival in the course of experimental AHF.

The experimental nature of the present study is a limitation. Differences in the natural development and course of liver diseases in humans and animals mean that the findings are not directly applicable to the human population. The number of animals in each group may seem small. However, according to current opinion, it is sufficient to obtain reliable results in experimental studies. Although using greater numbers of animals might aid the statistical validity of the results, it may raise bioethical dilemmas. The importance of this study is that it provides an assessment of the impact of endogenous NO on a galactosamine-induced model of AHF. To the best of our knowledge, this is the first such study in the literature. Other studies cited in this paper investigated this issue in other experimental models of AHF. We have confirmed that NO plays an important role in the development of hepatic failure in galactosamine-induced AHF, providing further evidence that NO plays a significant role in the pathogenesis of liver diseases in various experimental models.

Our study showed that in the course of experimental galactosamine-induced AHF, inhibition of the endogenous NO pathway prior to the induction of liver damage, regardless of the dose of inhibitor used, improved some liver function parameters, but it did not affect hepatocyte necrosis. Inhibition of the endogenous NO pathway after the induction of liver damage improved most liver function parameters, and this effect was correlated with the inhibitor dose. Prophylactic administration of the NO synthase inhibitor before liver injury was more effective in improving parameters of liver function when compared with administration after liver damage.

In contrast, an attempt to activate the endogenous NO pathway prior to the induction of liver damage, regardless of the dose of the NO donor, did not change liver function parameters or hepatocyte necrosis. Stimulation of the endogenous NO pathway after liver damage improved liver function parameters, irrespective of the donor dose. 

We conclude that the NO pathway has a significant influence on the development and degree of experimental galactosamine-induced AHF. 

COMMENTS

Background

Acute hepatic failure (AHF), also known as fulminant liver failure, is liver disease that develops rapidly. Toxic (mainly paracetamol) or infectious agents are the most common cause. AHF has a very poor prognosis. Approximately 30% of patients die following AHF, and more than 25% of patients undergo a liver transplant, of which about 70% survive 1 year. Knowledge of the pathogenesis of the disease is still limited, despite decades of research. The endogenous nitric oxide (NO) pathway may be one of the pathomechanisms potentially involved in AHF. 

Research frontiers

NO plays a wide variety of functions, including mediation of inflammatory reactions and potent vasodilation. Some studies have shown that NO may be involved in processes leading to damage and death of liver cells, and thus the development of AHF. However, other studies showed exactly the opposite effect, with NO decreasing the degree of damage and necrosis of liver cells, reducing the level of inflammatory mediators, and decreasing liver damage and mortality in the course of AHF. 

Innovations and breakthroughs

Inhibition of the endogenous NO pathway both before and after liver injury improved most of the studied liver function parameters. Prophylactic administration of the inhibitor was more effective in improving liver function parameters than administration after liver damage. Activation of the endogenous NO pathway prior to liver damage had no effect on the observed liver function parameters, and stimulation of the endogenous NO pathway after liver damage, regardless of the donor dose used, improved most liver function parameters. Hence, the endogenous NO pathway plays an important role in the development of AHF.

Applications

The results of this experimental work point to potential directions for future research on new forms of AHF therapy in humans. It seems that the first step should include studies of endogenous NO synthesis inhibitors. 

Terminology

AHF is a syndrome of clinical symptoms associated with rapidly progressing liver failure in patients with no preceding signs of liver disease. NO is responsible for a variety of biological effects in the central and peripheral nervous system, the immune system, and the cardiovascular system. For example, it acts as a neuromediator, mediator of inflammation, and a potent substance dilating blood vessels.

Peer review

This manuscript points to evaluate “hepatoprotective effect of handling of the nitric oxide pathway in a rodent model of acute hepatic failure induced by galactosamine”.
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FIGURE LEGENDS

Figure 1  Histopathological image of the liver. A: Sham rats. Lack of morphological changes in the liver from sham Sprague-Dawley rats (Group 1) 48 h after saline injection. Hematoxylin and eosin staining, light microscopy, magnification × 20; B: Test rats. Massive necrosis of hepatocytes in the liver of Sprague-Dawley rats (Group 2) 48 h after galactosamine injection. Hematoxylin and eosin staining, light microscopy, magnification × 20.
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Table 1  Effect of N-nitro-L-arginine methyl ester on liver function parameters in rats with acute hepatic failure


Gr. (n)�
Bils, mg/dL�
ASTs, IU/L�
ALTs, IU/L�
Albumins, g/dL�
Ammons, mol/L�
�
1 (8) �
�
�
�
�
�
�
   Sham�
0.40 ± 0.26�
  252.5 ± 149.8�
56.2 ± 9.9�
2.9 ± 0.1�
  52.8 ± 38.1�
�
2 (8) �
�
�
�
�
�
�
   Ga1N�
3.43 ± 1.35�
1624.12 ± 692.92�
2098.6 ± 886.1�
2.6 ± 0.1�
275.7 ± 73.7�
�
3 (8) �
�
�
�
�
�
�
   Sham L-NAME�
0.28 ± 0.17�
  221.37 ± 150.05�
  82.2 ± 16.2�
2.98 ± 0.11�
26.9 ± 7.8�
�
4 (8) �
�
�
�
�
�
�
   L-NAME/Ga1N�
3.27 ± 0.52�
1309.25 ± 349.48�
1343.75 ± 451.92�
2.73 ± 0.14�
     210 ± 48.18�
�
5 (8)  �
�
�
�
�
�
�
   2xL-NAME/Ga1N�
2.67 ± 075�
1682.25 ± 433.24�
1590.12 ± 504.26�
2.68 ± 0.15�
193.87 ± 80.92�
�
6 (8) �
�
�
�
�
�
�
   Ga1N /L-NAME�
2.58 ± 0.46�
1424.87 ± 422.99�
     1425 ± 475.61�
2.76 ± 0.15�
206.37 ± 51.11�
�
7 (8)  �
�
�
�
�
�
�
   G Ga1N/2xL-NAME�
3.1 ± 0.75�
1691.12 ± 370.80�
1707.12 ± 448.87�
2.7 ± 0.17�
201.5 ± 42.33�
�
Gr. 2 vs Gr. 1�
  P < 0.004�
    P < 0.0001�
 P < 0.001�
  P < 0.001�
P < 0.005�
�
Gr. 3 vs Gr. 1�
P < 0.37�
P < 0.70�
P < 0.031�
P < 0.15�
P < 0.089�
�
Gr. 4 vs Gr. 2�
P < 0.77�
P < 0.30�
 P < 0.064�
P < 0.17�
P < 0.068�
�
Gr. 5 vs Gr. 2�
P < 0.21�
P < 0.85�
 P < 0.064�
P < 0.46�
P < 0.067�
�
Gr. 6 vs Gr. 2�
P < 0.13�
P < 0.52�
 P < 0.098�
P < 0.12�
P < 0.060�
�
Gr. 7 vs Gr. 2�
P < 0.57�
P < 0.82�
P < 0.31�
P < 0.40�
P < 0.036�
�
1The P value is significant. Biochemical parameters of the liver were evaluated 48 h after saline or Ga1N injection. Values are mean ± SE. Gr. 1: Sham; Gr. 2: Given 1.1 g/kg Ga1N; Gr. 3: Sham L-NAME, given 100 mg/kg L-NAME; Gr. 4: Given 100 mg/kg L-NAME 48 h and 24 and before Ga1N; Gr. 5: Given 200 mg/kg L-NAME 48 h and 24 h before Ga1N; Gr. 6: Given 100 mg/kg L-NAME 24 and 48 h after Ga1N; Gr. 7: Given 200 mg/kg L-NAME 24 and 48 h after Ga1N. Bils: Serum bilirubin; ASTs: Serum aspartate aminotransferase; ALTs: Serum alanine aminotransferase; Albumins: Serum albumin; Ammons: Serum ammonium.





Table 2  Effect of amino acid L-arginine on liver function parameters in rats with acute hepatic failure


Gr. (n)�
Bils, mg/dL�
ASTs, IU/L�
ALTs, IU/L�
Albumins, mg/dL�
Ammons, mol/L�
�
1 (8) �
�
�
�
�
�
�
   Sham�
0.40 ± 0.26�
252.50 ± 149.8�
56.2 ± 9.9�
  2.9 ± 0.1�
    52.8 ± 38.1�
�
2 (8) �
�
�
�
�
�
�
   Ga1N�
3.43 ± 1.35�
1624.12 ± 692.92�
2098.6 ± 886.1�
  2.6 ± 0.1�
  275.7 ± 73.7�
�
8 (8) �
�
�
�
�
�
�
   Sham L-ARG�
0.38 ± 0.21�
126.37 ± 33.95�
53.75 ± 7.37�
  2.67 ± 0.09�
    50.7 ± 46.2�
�
9 (8) �
�
�
�
�
�
�
   L-ARG/Ga1N�
2.96 ± 0.67�
1484.87 ± 328.75�
1546.37 ± 349.75�
2.75 ± 0.1�
199.12 ± 42.8�
�
10 (8) �
�
�
�
�
�
�
   2xL-ARG/Ga1N�
2.92 ± 0.89�
1611.75 ± 334.58�
1603.75 ± 364.47�
  2.73 ± 0.06�
  193.87 ± 50.49�
�
11 (8) �
�
�
�
�
�
�
   Ga1N/L-ARG�
2.86 ± 0.94�
1491.87 ± 421.49�
1486.25 ± 450.83�
  2.42 ± 0.21�
  195.25 ± 41.69�
�
12 (8)�
�
�
�
�
�
�
   Ga1N/2xL-ARG�
2.96 ± 0.98�
1446.25 ± 219.35�
1435.62 ± 281.33�
  2.72 ± 0.11�
    180.5 ± 45.80�
�
gr. 2 vs gr. 1 �
  P < 0.004�
     P < 0.0001�
   P < 0.001�
  P < 0.001�
P < 0.005�
�
gr. 8 vs gr. 1�
 P < 0.11�
   P < 0.047�
 P < 0.60�
    P < 0.0007�
 P < 0.340�
�
gr. 9 vs gr. 2 �
 P < 0.41�
 P < 0.63�
 P < 0.14�
 P < 0.09�
P < 0.032�
�
gr. 10 vs gr. 2�
 P < 0.41�
 P < 0.96�
 P < 0.19�
 P < 0.10�
P < 0.029�
�
gr. 11 vs gr. 2 �
 P < 0.37�
 P < 0.67�
 P < 0.12�
 P < 0.06�
P < 0.024�
�
gr. 12 vs gr. 2�
 P < 0.46�
 P < 0.52�
 P < 0.08�
 P < 0.20�
P < 0.011�
�
Biochemical parameters of the liver were evaluated 48 h after saline or Ga1N injection. Values are mean ± SE. Gr. 1: Sham; Gr. 2: Given 1.1 g/kg Ga1N; Gr. 8: Sham L-ARG group, given 150 mg/kg L-ARG; Gr. 9: Given 150 mg/kg L-ARG 48 h and 24 h before Ga1N; Gr. 10: Given 300 mg/kg L-ARG 48 h and 24 h before Ga1N; Gr. 11: Given 150 mg/kg L-ARG 24 and 48 h after Ga1N; Gr. 12: Given 300 mg/kg L-ARG 24 and 48 h before Ga1N. Bils: Serum bilirubin; ASTs: Serum aspartate aminotransferase; ALTs: Serum alanine aminotransferase; Albumins: Serum albumin; Ammons: Serum ammonium.
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