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Abstract

AIM: To develop a practical and reproducible rat model of hepatorenal syndrome for further study of the pathophysiology of human hepatorenal syndrome. 

METHODS: Sprague-Dawley rats were intravenously injected with D-galactosamine and lipopolysaccharide (LPS) via the tail vein to induce fulminant hepatic failure to develop a model of hepatorenal syndrome. Liver and kidney function tests and plasma cytokine levels were measured after D-galactosamine/LPS administration, and hepatic and renal pathology was studied. Glomerular filtration rate was detected in conscious rats using micro-osmotic pump technology with fluorescein isothiocyanate-labelled inulin as a surrogate marker.

RESULTS: Serum levels of biochemical indicators including liver and kidney function indexes and cytokines all significantly changed, especially at 12 h after D-galactosamine/LPS administration [alanine aminotransferase, 3389.5 ± 499.5 IU/L; blood urea nitrogen, 13.9 ± 1.3 mmol/L; Cr, 78.1 ± 2.9 mol/L; K+, 6.1 ± 0.5 mmol/L; Na+, 130.9 ± 1.9 mmol/L; Cl-, 90.2 ± 1.9 mmol/L; tumor necrosis factor-, 1699.6 ± 599.1 pg/mL; endothelin-1, 95.9 ± 25.9 pg/mL; P < 0.05 compared with normal saline control group]. Hepatocyte necrosis was aggravated gradually, which was most significant at 12 h after treatment with D-galactosamine/LPS, and was characterized by massive hepatocyte necrosis, while the structures of glomeruli, proximal and distal tubules were normal. Glomerular filtration rate was significantly decreased to 30%-35% of the control group at 12 h after D-galactosamine/LPS administration [Glomerular filtration rate (GFR)1, 0.79 ± 0.11 mL/min; GFR2, 3.58 ± 0.49 mL/min·kgBW-1; GFR3, 0.39 ± 0.99 mL/min·gKW-1]. The decreasing timing of GFR was consistent with that of the presence of hepatocyte necrosis and liver and kidney dysfunction.

CONCLUSION: The joint use of D-galactosamine and LPS can induce liver and kidney dysfunction and decline of glomerular filtration rate in rats which is a successful rat model of hepatorenal syndrome.
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Core tip: In this article, D-galactosamine was injected into SD rats via the caudal vein to establish a model of hepatorenal syndrome (HRS). Twelve hours after injection, serum level of tumor necrosis factor-alpha was significantly elevated while the glomerular filtration rate was significantly lowered. Hepatorenal function became obviously abnormal. Pathological findings showed massive necrosis of liver cells but normal kidney structure. Our animal model provided a good simulation of partial pathophysiological process of human HRS. 
INTRODUCTION

Hepatorenal syndrome (HRS) is a condition consisting of functional renal failure, progressive decline in glomerular filtration rate (GFR), sodium retention, azotemia and oliguria, and functional but not morphological kidney dysfunction, which often develops in patients with end-stage liver disease[1-3]. Approximately 40%-80% of patients with end-stage liver disease, such as late fulminant hepatitis, advanced liver cirrhosis and liver malignant tumors, develop HRS in the presence of liver decompensation[4,5]. Due to the lack of effective treatments[6-9], the mortality rate of HRS is as high as 60%-80%[10,11]. Therefore, there is an urgent need to develop a practical and reproducible animal model of HRS that can simulate the pathological process and biochemical changes of human HRS in order to explore the pathophysiology of HRS, provide new targets for clinical prevention and treatment of HRS, and reduce its morbidity and mortality.

MATERIALS AND METHODS
Materials

Animals: One hundred and ninety male Sprague-Dawley (SD) rats of SPF grade, weighing 220 ± 20 g, were purchased form the Laboratory Animal Center of Academy of Military Medical Sciences Of Chinese PLA (certification number: SCXK-2007-0040). Before the start of experiments, the rats were reared in separated cages.
Drugs and reagents: D-galactosamine (D-GalN), lipopolysaccharide (LPS), and fluorescein isothiocyanate (FITC) labelled inulin (FITC-inulin) were purchased from Sigma. Alzet mini-osmotic pumps (model 2001) were purchased from Durect. Regenerated cellulose membrane dialysis tubing (MWCO1000) was purchased from Union Carbide Corporation. Rat tumor necrosis factor (TNF)- and endothelin-1 (ET-1) detection kits were obtained from R&D.

Methods
Doses of D-GalN and LPS for animal modeling: As previously described[12-15], 30 male SD rats under ether anesthesia were intravenously injected with 400 mg/kg D-GalN and 32 g/kg LPS in normal saline via the tail vein. Twenty-one rats died within 24 h of drug delivery, and the survival rate at 24 h was 30%. Thus, 400 mg/kg and 32 g/kg were considered toxic doses of D-GalN and LPS for modeling, respectively.
Animal groups and treatments: One hundred and forty male SD rats were randomly divided into a normal saline control group (NS group), a D-GalN plus LPS group (G/L group), a D-GalN group (G group), and an LPS group (L group). Rats in the G/L group, G group and L group were anaesthetized with 0.8% pentobarbital sodium (40 mg/kg, intraperitoneal injection) 1, 3, 6, 9, 16, 12, and 24 h after drug delivery. The dead rats were excluded from the experiment. Except that 10 rats each at 12 and 16 h and 15 rats at 24 h were used in the G/L group, 5 rats were used at other time points in the G/L group and all time points in the other groups. Heart blood samples were taken for biochemical indicator and cytokine measurements. The abdominal cavity was opened, and a tissue sample measuring about 1.0 cm × 0.8 cm × 0.3 cm was taken from the right liver lobe and fixed in 10% formalin, and another tissue sample measuring 1 mm × 1 mm × 1 mm was taken from the renal cortex and fixed in 2.5% glutaraldehyde. The control group was intravenously injected with equal volume of normal saline via the tail vein.
Serum biochemical indicator and cytokine measurements: Blood samples were centrifuged, and 500 L of supernatants were used for liver and kidney function detection. The remaining serum samples were aliquoted and stored at -80  ℃ for measurement of TNF- and ET-1 using commercial ELISA kits according to the manufacturer’s instructions.
Liver and kidney histopathology: Liver tissue was paraffin embedded, fixed and cut into sections (4.0 m). After conventional HE staining, the sections were observed under a light microscope to evaluate liver cell necrosis. Electron microscope samples were routinely dehydrated, embedded, and prepared as semi-thin sections. Following toluidine blue staining, the sections were positioned under a light microscope. After double staining with uranium acetate and lead citrate, renal tissue ultrastructure was observed using a JEOL JEM-1230 transmission electron microscope and photographed.
GFR determination: microosmotic pump implantation was performed as previously described[16,17]. In brief, 24% FITC-inulin solution was dialyzed in 1000 mL normal saline at room temperature for 24 h to make the concentration decline to 8%. After sterilization using a 0.22 m syringe driven filter, the solution was injected into microosmotic pumps according to the manufacturer’s instructions, and the pumps were soaked in normal saline for 4-6 h. The rats were anesthetized with sodium pentobarbital, and a 0.5 cm incision was made along the ventral midline under the rib nest. Two microosmotic pumps with FITC-inulin solution were implanted in the left and right sides of the abdominal cavity, respectively. After suturing the incision, the rats were reared in separated cages, and the status of the rats was observed and body weight measured daily.
For serum FITC-inulin determination, rats were divided into an NS group, a G/L-12 h group, a G-12 h group, and an L-12 h group. Seven days after pump implantation, the animals were modeled as described above. Blood samples were collected 12 h later and centrifuged. For each 400 L of supernatant, 100 L of 0.5 mol/L HEPES buffer (pH 7.4) was added. The FITC fluorescence of the mixture was determined using a fluorescence spectrophotometer, with excitation wavelength set at 485 nm and emission wavelength at 538 nm.

GFR was measured as previously described[16,18]. The equation GFR = R/[Iss] (where R is the pumping velocity of FITC-inulin and [Iss] is the constant FITC-inulin concentration in blood) was used to calculate GFR for rats of all groups. The units of measure​ments were as follows: GFR1 (mL·min-1); GFR2 (mL·min-1·kgBW-1) = GFR1/BW [where BW is the body weight (kg) of rats]; GFR3 (mL·min-1·gKW -1) = GFR1/KW [where KW is the weight (g) of the two kidneys of rats].

Statistical analysis 

SPSS 13.0 software was used for all statistical analyses. Numerical data are expressed as the mean ± SE. Means following a normal distribution and having homogeneity of variance were compared using one-way analysis of variance among groups, otherwise the rank-sum test was used. P-values < 0.05 were considered statistically significant.

RESULTS

General status and survival rate

Rats in the G/L group exhibited reduced food ingestion, drinking and activity 6-8 h after drug delivery, slow movements and reduced response to stimuli at 12 h, and shortness of breath, disappearance of the ability to resist capture, and slight limb tremors at 13-19 h. The survival rate at 24 h for rats in the G/L group was 30%, and the mean survival duration was 18.2 ± 3.7 h.

Serum levels of biochemical indicators and cytokines

As shown in Table 1, alanine aminotransferase (ALT) levels in the G/L group began to rise at 1 h after treatment, significantly rose at 12 h, peaked at 16 h (P = 0.000 vs NS), and began to fall at 24 h. blood urea nitrogen and Cr levels in the G/L group began to rise at 1 h and peaked at 12 h (P = 0.000 vs NS). K+, Na+ and Cl- concentrations in the G/L group showed obvious abnormalities at 12 h. Serum TNF- and ET-1 levels peaked at 12 h in the G/L group (P = 0.003, 0.000 vs NS).

Gross morphological changes in the liver

Grossly, the liver of rats in the NS control group had a normal morphology. The surface of the liver was fine granular, the liver had a ruddy color, and the texture was slightly tough. For rats in the G/L group, scattered bleeding spots were visible on the liver surface at 6 h; the liver was congested, showed a deep red color and had more bleeding spots at 9 h; at 16, 12, and 24 h, the liver showed a deep purple color, and had significant congestion, swelling, and diffused bleeding spots, and the section plane of the liver showed dark red congestion or overflow of yellow chylous necrotic fluid.

Histopathological changes of the liver and kidney

For rats in the NS group, hepatocytes were arranged in chords under a light microscope, cell nuclei were clearly visible, cell membrane was intact, and the portal area and central veins were normal. For the G/L group, hepatocytes around the central veins showed focal necrosis and cell nuclei disappeared at 6 h; focal hepatocyte necrosis around the central veins became more significant and was fused together, and cell nuclei dissolved and disappeared at 9 h; at 12 h, hepatocytes showed massive necrosis, cords disappeared, fibrous septa collapsed, and there were no degenerated hepatocytes but there was massive red blood cell infiltration; at 16 and 24 h, massive hemorrhagic hepatic necrosis was visible (Figures 1 and 2).

Glomerular basement membrane was intact, and the pedicles of podocytes could be clearly seen. The base of cuboidal epithelial cells of the proximal and distal tubules showed plasma membrane infolds, in which mitochondria with intact cristae were visible. The microvilli on the luminal surface of proximal tubules were long and thick, while those on the luminal surface of distal tubules were short and sparse (Figure 3).

GFR for rats in the NS, G/L-12 h, G-12 h and L-12 h groups

GFR1, GFR2 and GFR3 in the G/L group decreased most significantly compared with the NS group (P < 0.05), suggesting that GFR decreased significantly in HRS. GFR in the G/L group also differed significantly from those in the G and L groups (P < 0.05), which excluded the possible effect of D-GalN and LPS on GFR (Figure 4A-C). 

DISCUSSION

The pathogenesis of HRS associated with fulminant hepatic failure (FHF) is complex and remains unclear[19]. Because of the lack of effective treatments, the mortality of HRS is high. Therefore, understanding the mechanisms of development and progression of HRS and use of multi-targeted combination treatment are of great importance for reducing the morbidity and mortality of HRS. The development of an animal model with good stability and reproducibility is the basis for these studies, and for this reason, we sought to develop a rat model of HRS in this study.

LPS is a toxic component of the Gram-negative (G-) bacterial cell wall, and D-GalN[20,21] can increase the sensitivity of liver cells to LPS[8,9] and induce liver cell apoptosis. Therefore, in the presence of low dose LPS, D-GalN can cause liver cell necrosis and result in FHF[22-24] as well as abnormally elevated serum TNF-. TNF- is therefore considered to be a trigger of the cascade of inflammatory mediators and be closed related to the pathophysiology of FHF[25-27]. In the present study, after rats were treated with D-GalN plus LPS, liver and kidney damage was most significant at 12 h after treatment and ALT was as high as 3000-4000 IU/L. Renal damage was parallel to the liver damage. Of note, potassium concentration showed an obvious rise at 3 h after treatment, which may be due to the renal tubular ion exchange dysfunction in early renal damage.

HRS is characterized by a progressive decline in GFR[28]. Therefore, GFR is an important index for judging whether an HRS model is developed successfully or not. Clearance of inulin is the gold standard for GFR estimation, and labelling of inulin with FITC allows for detection of trace amounts of inulin and significantly improves the detection sensitivity. In previous studies, FITC-inulin has been used successfully to determine GFR in rats under anesthesia[29,30]. There are two main types of GFR detection: (1) determination of urinary excretion rate of inulin[31]; and (2) determination of inulin clearance rate based on plasma clearance kinetics[32,33]. The present study adopted the urinary excretion rate method (without need of urine collection) to determine GFR as previously described by Qi et al[16] This method requires the implantation of two microosmotic pumps (Alzet microosmotic pump is an one-time sterile pump with a volume of 200 ± 8 L, a pumping velocity of 1 L/h, and a service life of 7 d) in the abdominal cavity of rats, and they can continuously to pump FITC-inulin solution into the abdominal cavity, where it can enter into the bloodstream via peritoneal absorption. On day 7 after pump implantation when blood concentrations of inulin were stable, FITC fluorescence was measured to calculate GFR using the formula GFR = R/GFR (Iss) to ensure the accuracy of results.

GFR reported in previous studies varied greatly, and the present study calculated three different forms of GFR, to exclude the possible influence of body weight and kidney weight on GFR. GFR is a kinetic parameter that changes along with the change of physiological factors. The GFR for rats in the waking state was only 60% of the GFR for the same group of rats under anesthesia[34]. The present study determined GFR in rats in the waking state to exclude the effect of anesthesia. The results showed that GFR in the necrosis group dropped to 33.4% of that in the normal control group, suggesting that glomerular filtration function is decreased obviously in HRS.

To rule out the influence of D-GalN and LPS on liver and kidney function, we also ran a D-GalN group and an LPS group as controls in addition to the normal saline control group. We found that hepatocyte necrosis progressed rapidly, and massive hemorrhagic hepatic necrosis appeared at 12 h, which is similar to pathological changes in human FHF, and the timing of these changes is consistent with that of the presence of liver and kidney dysfunction and GFR decline. In contrast, the structures of glomeruli, proximal and distal tubules for rats of all groups were normal, in line with the characteristics of HRS, in which the kidneys have only functional changes, but not morphological changes.

TNF- participates in a variety of pathophysiological processes in humans and animals, and is the main factor to cause severe liver disease. When HRS occurs, blood TNF- level is abnormally increased, which is associated with urea nitrogen and creatinine levels. Treatment with pentoxifylline (a synthetic TNF- inhibitor) can improve renal function and reduce the occurrence of HRS[35,36]. ET-1 is a potent vasoactive peptide, which can adjust the GFR and affect kidney function by inducing the contraction of glomerular mesangial cells and renal afferent arterial smooth muscle cells. This study demonstrated that serum TNF- and ET-1 levels increased significantly in rats with HRS, and the timing is consistent with that of the presence of liver and kidney dysfunction and liver pathological changes, suggesting that TNF- and ET-1 play an important role in the pathogenesis of HRS.

In conclusion, the joint use of D-GalN and LPS can successfully induce HRS in male SD rats. This model is stable and easy to reproduce, and the induced HRS has similar pathophysiology to human HRS and can be used to study the pathogenesis of HRS and screen drugs. The present study partially simulates the pathophysiological process of human HRS in rats.

COMMENTS

Background

Hepatorenal syndrome (HRS), usually occurs in patients with end-stage liver disease, is a condition consisting of functional renal failure, progressive decline in glomerular filtration rate (GFR), sodium retention, azotemia and oliguria, and functional but not morphological kidney dysfunction. In the presence of liver decompensation, HRS may occur in about 40%-80% of patients. Due to lack of effective therapeutics, the mortality rate of HRS patients may reach 60%-80%. Therefore, an animal model of HRS is urgently needed to investigate the pathogenic mechanism of human HRS, which will provide new targets for clinical treatment. 

Research frontiers

Currently, the mechanism of HRS remains unclear. Some studies considered that tumor necrosis factor-alpha is the initiation factor of HRS. It causes high expression of type I IP3R, renal vascular contraction, and decreases in GFR by TNFR1/PC-PLC/PKCΧ signal transduction pathway. There are relevantly few studies focusing on establishment of animal models and determination of GFR by abdominal implantation of miniosmotic pumps is internationally advanced. 

Innovations and breakthroughs

Determination of GFR by abdominal implantation of miniosmotic pumps is the main innovative point in this article. In comparison with previous methods, this technique was simple and operable, and there was no need to collect 24-h urine samples. Meanwhile, the determination was performed without anaesthesia, which avoided influences on the renal blood flow and GFR. Therefore, the result was very close to that under normal conditions.

Applications

Further studies on the mechanisms of HRS using our animal model may provide new targets for clinical treatments, so as to achieve early diagnosis and multiple target inventions for HRS and decrease the morbidity and mortality rates.  

Peer-review

This is a very good study about D-galactosamine/lipopolysaccharide (LPS) induced hepatorenal syndrome. The study is well designed. In this study, the authors developed a practical and reproducible rat model of hepatorenal syndrome for further study of the pathophysiology of human hepatorenal syndrome. Rat models were intravenously injected with D-galactosamine and LPS to induce fulminant hepatic failure, and develop a model of hepatorenal syndrome. The results are interesting.
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FIGURE LEGENDS

Figure 1  Serum levels of biochemical indicators and cytokines. D-GalN 400 mg/kg and LPS 32 g/kg in normal saline were intravenously injected via the tail vein. A: ALT (IU/L); B: BUN (mmol/L); C: Cr (mol/L); D: Na+ (mmol/L); E: K+ (mmol/L); F Cl- (mmol/L); G: TNF (pg/mL); H: ET-1 (pg/mL). aP < 0.05, G/L vs NS. D-GalN: D-galactosamine; LPS: Lipopolysaccharide; TNF-: Tumor necrosis factor ; ET-1: Endothelin-1; ALT: Alanine aminotransferase; BUN: Blood urea nitrogen.
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Figure 2  Histopathology of the liver (HE, × 200). A: In the NS group, hepatocytes were arranged in chords; B: In the GalN/LPS group at 6 h, focal necrosis of hepatocytes was visible; C: In the GalN/LPS group at 12 h, massive hemorrhagic hepatic necrosis was visible; D: In the GalN/LPS group at 24 h, massive hemorrhagic hepatic necrosis was visible; E: In the GalN group at 12 h, focal necrosis of hepatocytes was visible; F: In the LPS group at 12 h, hepatocytes began to show necrosis, and incomplete necrosis was observed in some hepatocytes. D-GalN: D-galactosamine; LPS: Lipopolysaccharide; NS: Normalsaline.
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Figure 3  Histopathology of the kidney. A: Glomeruli: Glomerular basement membrane was intact, and the pedicles of podocytes and fenestrations on endothelial cells could be clearly seen; B: Proximal tubules: The base of cuboidal epithelial cells of proximal tubules showed many plasma membrane infolds, in which many mitochondria with intact cristae were visible, and the microvilli on the luminal surface of proximal tubules were long and thick; C: Distal tubules: The base of cuboidal epithelial cells of distal tubules also contained plasma membrane infolds, in which many mitochondria were visible. The microvilli on the luminal surface of distal tubules were short and sparse.
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Figure 4  Comparisons of glomerular filtration rate for rats in each group. A: GFR1 (mL·min-1); B: GFR2 (mL·min-1·kgBW-1); C: GFR3 (mL·min-1·gKW-1). GFR1, GFR2 and GFR3 decreased significantly in the GalN/LPS group compared with the NS, GalN and LPS groups (aP < 0.05 vs NS; cP < 0.05 vs GalN/LPS-12 h). D-GalN: D-galactosamine; LPS: Lipopolysaccharide; GFR: Glomerular filtration rate; NS: Normalsaline.
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Table 1  Serum levels of biochemical indicators and cytokines in rats of each group (mean ± SE)


Group�
ALT (IU/L)�
BUN (mmol/L)�
Cr (mol/L)�
K+ (mmol/L)�
Cl- (mmol/L)�
Na+ (mmol/L)�
TNF- (pg/mL)�
ET-1 (pg/mL)�
�
NS (n = 5)�
37.1 ± 1.4�
  5.2 ± 0.7�
71.3 ± 1.9�
5.0 ± 0.5�
103.4 ± 1.0�
140.9 ± 1.5�
67.5 ± 8.9�
15.9 ± 2.1�
�
G/L-1 h (n = 5)�
49.1 ± 2.4c�
    9.3 ± 1.8a,c�
 69.9 ± 2.6c�
 6.1 ± 0.7a�
   108.1 ± 2.1a,c�
  146.0 ± 1.8a,c�
300.9 ± 78.5�
  9.9 ± 1.8�
�
G/L-3 h (n = 5)�
  97.0 ± 19.7c�
    9.9 ± 0.4a,c�
 59.8 ± 1.7c�
 6.9 ± 0.6a�
   105.5 ± 1.5a,c�
  147.4 ± 1.9a,c�
  219.3 ± 100.1�
12.5 ± 2.9�
�
G/L-6 h (n = 5)�
  602.1 ± 188.7c�
  10.5 ± 0.7a,c�
 74.1 ± 1.6a�
5.9 ± 0.6�
 103.2 ± 2.0c�
145.9 ± 0.9c�
200.1 ± 56.2�
28.9 ± 7.1�
�
G/L-9 h (n = 5)�
  1858.1 ± 700.9a,c�
  10.0 ± 0.6a,c�
  70.1 ± 1.3a,c�
5.7 ± 0.5�
   99.8 ± 1.4c�
140.5 ± 1.1c�
  611.6 ± 186.9�
  50.1 ± 20.1�
�
G/L-12 h (n = 10)�
3389.5 ± 499.5a�
13.9 ± 1.3a�
78.1 ± 2.9a�
 6.1 ± 0.5a�
   90.2 ± 1.9a�
130.9 ± 1.9a�
 1699.1 ± 599.1a�
   95.9 ± 25.9a�
�
G/L-16 h (n = 10)�
3895.5 ± 300.1a�
12.3 ± 0.9a�
69.1 ± 3.0a�
5.4 ± 0.4�
   89.9 ± 1.3a�
  141.5 ± 1.1a,c�
  765.3 ± 398.5�
   73.9 ± 20.6a�
�
G/L-24 h (n = 15)�
3223.6 ± 466.1a�
    8.8 ± 0.6a,c�
70.9 ± 1.9a�
5.8 ± 0.7�
    98.3 ± 1.5a,c�
142.0 ± 1.6c�
309.1 ± 92.9�
30.9 ± 8.1�
�
G-12 h (n = 5)�
  87.9 ± 15.9c�
    7.9 ± 0.6a,c�
57.4 ± 1.8c�
 5.2 ± 0.5c�
  97.9 ± 1.4c�
142.1 ± 1.5c�
   78.3 ± 21.0c�
 21.5 ± 5.1c�
�
L-12 h (n = 5)�
48.1 ± 6.3c�
    8.1 ± 0.5a,c�
  60.7 ± 1.0a,c�
   5.5 ± 0.4a,c�
    97.9 ± 1.9a,c�
140.9 ± 1.8c�
   48.9 ± 14.0c�
 21.9 ± 3.9c�
�
aP < 0.05 vs NS; cP < 0.05 vs GalN/LPS 12 h. D-GalN: D-galactosamine; LPS: Lipopolysaccharide; TNF-: Tumor necrosis factor ; ET-1: Endothelin-1; G: D-GalN; L: LPS; ALT: Alanine aminotransferase; BUN: Blood urea nitrogen.
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