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Combined Intraperitoneal and Intrathecal Etanercept Reduce Increased Brain Tumor Necrosis Factor-Alpha and Asymmetric Dimethylarginine Levels and Rescues Spatial Deficits in Young Rats after Bile Duct Ligation
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Background: Rats subjected to bile duct ligation (BDL) exhibit increased systemic oxidative stress and brain dysfunction characteristic of hepatic encephalopathy (HE), including fatigue, neurotransmitter alterations, cognitive and motor impairment, and brain inflammation. The levels of tumor necrosis factor-alpha (TNF-α) and asymmetric dimethylarginine (ADMA) are both increased in plasma and brain in encephalopathy induced by chronic liver failure. This study first determined the temporal profiles of TNF-α and ADMA in the plasma, brain cortex, and hippocampus in young BDL rats. Next, we examined whether etanercept was beneficial in preventing brain damage.

Methods: Young rats underwent sham ligation or BDL at day 17 ± 1 for 4 weeks. Treatment group rats were administered etanercept (10 mg/kg) intraperitoneally (IP) three times per week with or without etanercept (100 μg) intrathecally (IT) three times in total.

Results: We found increased plasma TNF-α, soluble tumor necrosis factor receptor 1 (sTNFR1), soluble tumor necrosis factor receptor 2 (sTNFR2), and ADMA levels, increased cortical TNF-α mRNA and protein and ADMA, and hippocampal TNF-α mRNA and protein, and spatial defects in young BDL rats. The increase in cortex TNF-α mRNA and ADMA were reduced by IP etanercept or combined IP and IT etanercept. Dually IP/IT etanercept administration reduced the increased cortical and hippocampal TNF-α mRNA and protein level as well as spatial deficits.

Conclusions: We conclude that combined intraperitoneal and intrathecal etanercept reduce increased brain TNF-α and ADMA levels and rescues spatial deficits in young rats after BDL.
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BACKGROUND

Hepatic encephalopathy (HE) is a complex neuropsychiatric syndrome present in patients with liver disease that is characterized by personality changes, diminished intellectual capacity, motor incoordination, and consciousness disturbance (Collie, 2005; Häussinger and Sies, 2013). Bile duct ligation (BDL) in rats can result in chronic liver failure with accompanying brain dysfunction that are characteristic of HE, including changes in neurotransmitters (Celik et al., 2005; Dhanda and Sandhir, 2015), cognitive and motor impairment (Huang et al., 2009; Magen et al., 2010), and brain inflammation (Rodrigo et al., 2010).

Tumor necrosis factor-alpha (TNF-α) is a central proinflammatory cytokine, with pleiotropic effects on inflammatory and immunological processes (McCoy and Tansey, 2008; Clark et al., 2010). Circulating levels of TNF-α are not only increased in patients with chronic liver failure but also correlate significantly with the severity of HE (Odeh et al., 2004; Jain et al., 2013). Animal studies also show increased TNF-α levels in acute (Chastre et al., 2012; D’Mello et al., 2015) and chronic liver failure (Balasubramaniyan et al., 2012). Odeh proposes that TNF-α plays a central role in the pathogenesis of HE associated with both acute and chronic liver failure (Odeh, 2007).

Asymmetric dimethylarginine (ADMA) is a naturally occurring amino acid that can competitively inhibit nitric oxide synthase (NOS), thereby decreasing the synthesis of NO (Vallance et al., 1992). ADMA and NO are both involved in cognition (Edwards and Rickard, 2007; Miralbell et al., 2013). Bajaj et al. (2013) found that patients with liver cirrhosis had poor cognition and higher serum ADMA. Similarly, young BDL rats exhibit increased circulating and hepatic ADMA levels as well as cognition deficits (Huang et al., 2010; Sheen et al., 2014).

A previous study showed that treatment of cultured rat fibroblast-like synoviocytes with TNF-α significantly increased the levels of ADMA and decreased the expression of dimethylarginine dimethyl-aminohydrolase 2 (DDAH2) mRNA and protein (Chen et al., 2013); these effects of TNF-α were abolished by DDAH2 overexpression (Chen and Zhang, 2011). ADMA has been implicated in the inflammatory response and production of TNF-α in cultured endothelial cells (Chen et al., 2007). Moreover, anti-TNF-α therapy may improve the plasma L-arginine/ADMA ratio in patients with inflammatory arthropathies (Angel et al., 2012).

Etanercept is a dimeric recombinant form of the extracellular domain of the human p75 TNF-α receptor 2 fused to the Fc fragment of human immunoglobulin G1 (Banks et al., 1995; Wong et al., 2008). Peripheral systemic etanercept administration can delay the progression of azoxymethane-induced HE in C57BL/6 mice by reducing hepatocellular damage and decreasing both systemic and central inflammation (Chastre et al., 2012). In addition, perispinal administration of etanercept has been shown to be an effective therapy for brain disorders (Tobinick, 2009, 2010). However, etanercept does not cross the blood-brain barrier (BBB) when administered systemically (Banks et al., 1995). Few studies have used the intrathecal/intraventricular route to deliver an anti-TNF-α drug for treating brain disease (Heldmann et al., 2005; Riazi et al., 2008; Medeiros et al., 2010; Shi et al., 2011; Camara et al., 2015). Specifically, direct administration of anti-TNF-α medicine into the brain parenchyma or the cerebrospinal space for the treatment of HE has never been reported.

The aims of this study were two-fold. The first was to study the temporal profiles of TNF-α and ADMA in the plasma, cortex, and hippocampus of young BDL rats. The second aim was to examine whether peripherally with or without centrally administered etanercept was beneficial in preventing brain damage in young BDL rats, and if so, to examine the underlying mechanisms.

MATERIALS AND METHODS

Animals and Experimental Design

All experiments were carried out according to the Guidelines for Animal Experiments of Chang Gung Memorial Hospital and Chang Gung University and approved by the Institutional Animal Care and Use Committee of the Kaohsiung Chang Gung Memorial Hospital (reference number: 2015031903). Male and female Sprague-Dawley rats were obtained (BioLASCO Taiwan, Taipei, Taiwan) for breeding. The day of delivery was defined as day 0. Male offspring rats at postnatal day (PND) 17 ± 1 weighing approximately 50 g were used. All animals were housed in a room maintained at 24°C with 12-h light/dark cycles. All animals had free access to standard chow and water.

BDL rats were generated as we previously described (Sheen et al., 2010). We chose two time points, 2 weeks and 4 weeks, because 2 weeks of BDL represents the liver fibrogenesis stage and 4 weeks of BDL represents the chronic liver cirrhosis stage (Georgiev et al., 2008). In cohort 1, four experimental groups were defined. Rats that underwent sham treatment for 2 or 4 weeks at PND 17 ± 1 were designated as the SHAM2W group (N = 10) and the SHAM4W group (N = 10), respectively. Rats that underwent BDL for 2 or 4 weeks at PND 17 ± 1 were designated as the BDL2W group (N = 10) and BDL4W group (N = 10), respectively (Figure 1). In cohort 2, five experimental groups were defined. Rats that underwent sham ligation for 4 weeks at PND 17 ± 1 were designated as the SHAM group (N = 9). Rats that underwent sham ligation for 4 weeks at PND 17 ± 1 and were injected with etanercept (10 mg/kg) intraperitoneally (IP) every other day from PND 18 ± 1 to PND 38 ± 1 (12 doses in total) and etanercept (100 μg) intrathecally (IT) from PND 30 ± 1 to PND 38 ± 1 (3 doses in total) were designated as the SHAMPT group (N = 9). Rats that underwent BDL for 4 weeks at PND 17 ± 1 were designated as the BDL4W group (N = 9). Rats that underwent BDL for 4 weeks and were injected IP with etanercept were designated as the BDLP group (N = 9). Since BDL in rat is characterized by both peripheral and central inflammation (D’Mello et al., 2009), we therefore combined IT with IP etanercept to examine the possible effects. Rats that underwent BDL for 4 weeks and were injected IP and IT with etanercept were designated as the BDLPT group (N = 9; Figure 1). The doses of etanercept were chosen empirically, based on previous studies (Riazi et al., 2008; Chio et al., 2013; Camara et al., 2015).
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FIGURE 1. The two subject cohorts used in this study. Cohort 1 was used to compare the levels of tumor necrosis factor-α (TNF-α) and asymmetric dimethylarginine (ADMA) in the plasma, cortex, and hippocampus between the bile duct ligation (BDL) 2 week (BDL2W) or 4 week (BDL4W) group and the SHAM control group of rats. Cohort 2 was used to examine the changes in biochemistry, TNF-α, ADMA, and Morris water-maze performance in the BDL4W rats after etanercept treatment. SHAM, sham ligation for 4 weeks; SHAMPT, sham ligation for 4 weeks and injected with etanercept (10 mg/kg) intraperitoneally (IP) on postnatal day (PND) 17, 19, 21, 23, 25, 27, 29, 31, 33, 35, 37 and 39 (12 doses in total) and etanercept (100 μg) intrathecally (IT) on PND 31, 33, and 35 (3 doses in total); BDL, bile duct ligation for 4 weeks; BDLP, BDL plus etanercept IP, BDLPT, BDL plus etanercept IP and IT.



Measurement of Plasma Biochemistry Parameters

Blood samples were collected by cardiac puncture. Plasma was analyzed for aspartate aminotransferase (AST), alanine aminotransferase (ALT), ammonia, direct bilirubin and total bilirubin according to previously described methods (Huang et al., 2009).

Liver and Brain Tissue Collection

Since we previously showed impairment of spatial learning and memory in young BDL rats (Huang et al., 2009), we examined two regions that are critically involved in spatial performance in rats: the cortex and hippocampus (Sloan et al., 2006; Spiers and Gilbert, 2015). Rats were euthanized on PND 45 with ketamine (50 mg/kg) and xylazine (50 mg/kg) and the cortices, hippocampi, and liver were removed immediately.

Liver Pathology

Liver pathology was assessed on 4-μm section blocked in paraffin wax and stained with hematoxylin and eosin stain. The extent of liver injury was assessed on a blind basis using a histology activity index (HAI) score proposed by Knodell et al. (1981). Briefly, the HAI score examined liver cell necrosis and inflammation in four categories, including periportal necrosis, intralobular necrosis, portal inflammation, and fibrosis, with a total of 22 marks.

Enzyme-Linked Immunosorbent Assay (ELISA)

Enzyme-linked immunosorbent assay (ELISA) analyses were performed using appropriate kits according to the manufacturer’s instructions, as previously reported (Huang et al., 2009). The parameters examined included plasma TNF-α, soluble TNF receptor 1 (sTNFR1), soluble TNF receptor 2 (sTNFR2), cortex TNF-α (R&D Systems, Inc, USA), plasma ADMA (Immunodiagnostic AG, Bensheim, Germany), and cortex and hippocampus ADMA (Bluegene, Shanghai, China).

Western Blotting

Western blot (WB) analysis was performed on the cortex (100–200 μg total protein), as previously described (Tain et al., 2010a). We used 12% gels for separation of arginine methyltransferase 1 (PRMT1), dimethylarginine dimethyl-aminohydrolase 1 (DDAH1), DDAH2, and cationic amino acid transporter 1 (CAT1), and we used 8% gels for separation of endothelial nitric-oxide synthase (eNOS) and neuronal nitric-oxide synthase (nNOS). For TNF-α, we used a rabbit anti-TNF-α antibody (Millipore, Billerica, MA, USA, Cat# Ab1837P; 1:1000 dilution). For PRMT1, we used a rabbit anti-PRMT1 antibody (Millipore, Cat# 07-404; 1:2500 dilution). For DDAH, we used a goat anti-rat DDAH1 antibody (Santa Cruz, CA, USA, Cat# Sc26068 1:200 dilution) and a goat anti-rat DDAH2 antibody (Santa Cruz, Cat# Sc26071, 1:200 dilution). For CAT1, we used a rabbit anti-CAT1 antibody (Abcam, Cambridge, MA, USA; Cat# Ab37588; 1:250 dilution). For eNOS, we used a mouse anti-eNOS antibody (Transduction Laboratories, San Jose, CA, USA; Cat# 3340570; 1:250 dilution). For nNOS, we used a mouse anti-nNOS antibody (Santa Cruz, Cat# A11; 1:250 dilution), followed by a secondary donkey anti-goat antibody. Bands of interest were visualized using enhanced chemiluminescence (ECL) reagents (PerkinElmer, Waltham, MA, USA) and quantified by densitometry (Quantity One Analysis software; Bio-Rad, Hercules, CA, USA) as the integrated optical density after subtraction of background. The integrated optical density was normalized to Ponceau red staining (Ponceau S) to correct for any variations in total protein loading. The protein abundance was represented as integrated optical density/Ponceau S.

Quantitative Real-Time PCR Analysis

PCR analysis was performed as reported previously (Tain et al., 2010b). In brief, RNA was extracted and reverse transcribed. Two-step quantitative real-time PCR was conducted using QuantiTect SYBR green PCR reagents (Qiagen, Valencia, CA, USA) according to the manufacturer’s protocol on a LightCycler 480 real-time PCR system (Roche Diagnostics Ltd., Taipei, Taiwan). β-Actin was used as a reference. The primers for TNF-α were 5′-GGCTGCCCCGACTACGT-3′ and 5′-AGGGCAAGGGCTCTTGATG-3′. The comparative threshold cycle (CT) method was employed for the relative quantification of gene expression. The averaged CT was subtracted from the corresponding averaged β-actin value for each sample (ΔCT). ΔΔCT was obtained by subtracting the average control ΔCT value from the average experimental ΔCT. The fold-increase was established by calculating 2−ΔΔCT for experimental vs. control samples.

Morris Water Maze: Spatial Memory

The Morris water-maze test was conducted to assess spatial learning and memory (Sheen et al., 2010) in all five groups of cohort 2 from PND 38 to PND 43. Briefly, at PND 38, each rat was habituated to the training environment. On PND 39, 40, 41 and 42, the rat was trained to find the submerged platform and this period was considered as the acquisition phase. At PND 43, retention of memory was tested with the platform absent.

Astrocyte Cell Culture

Rat glioma C6 cell lines provided by American Type Culture Collection (ATCC) were grown in RPMI medium 1640 (Life Technologies) containing 4% fetal bovine serum and 8% horse serum at 37°C in a 5% CO2 incubator. Three groups were designated as follows: the first was control, the second was pre-treatment with rat TNF-α (10 pg/mL; R&D Systems) for 1 h, and the third was pre-treatment with rat TNF-α for 1 h with etanercept (0.1 μg/ml) added for 30 min. C6 cells were seeded (1 × 106) onto glass slides overnight and fixed with 4% paraformaldehyde in phosphate-buffered saline (PBS) at 4°C for 15 min. The cells were then rinsed twice with PBS and permeabilized with 1% Triton X-100 for 7 min. Next, the cells were pretreated with 1% bovine serum albumin (BSA) in PBS at 25°C for 60 min, incubated with rabbit anti-ADMA polyclonal antibodies (Millipore) at a dilution of 1:1000 for 1 h, and treated with fluorescein isothiocyanate (FITC)-conjugated donkey anti-rabbit IgG polyclonal antibodies at a dilution of 1:10,000 for 1 h. Finally, the cells were washed with PBS, mounted in 90% glycerol containing 4′,6-diamidino-2-phenylindole (DAPI), and photographed under an immunofluorescent microscope (Olympus). In addition, the concentrations of ADMA in the whole cell lysate were examined by ELISA.

Statistical Analysis

Biochemical parameters, liver pathology, cell culture results, WBs, PCR, ELISA, and retention in the Morris water maze were analyzed by one-way ANOVA with Tukey HSD post hoc test. For the Morris water maze spatial acquisition test, the average of the sum of the six trials per day was analyzed by ANOVA, considering group and day as independent variables, as well as by repeated-measure ANOVA. All analyses were performed using SPSS. Values were expressed as mean ± SEM and significance was defined as P < 0.05 for all tests.

RESULTS

Cohort 1

To characterize the temporal profile of neuroinflammation following BDL, we compared the levels of TNF-α in the plasma and two regions of the brain, i.e., the cortex and hippocampus, between BDL and SHAM groups. We found that the BDL2W group rats had higher plasma TNF-α (26.8 ± 3.1 pg/mL vs. 11.7 ± 0.6 pg/mL, P = 0.031), sTNFR1 (294.8 ± 8.7 pg/mL vs. 156.2 ± 8.1 pg/mL, P < 0.001), and sTNFR2 (3632.5 ± 106.4 pg/mL vs. 1338.5 ± 65.8 pg/mL, P < 0.001) levels as well as higher cortex TNF-α mRNA expression (4.67 ± 1.76 vs. 1.00 ± 0.24, P < 0.001) than the SHAM controls (Figure 2), but there were no significant differences in cortex TNF-α protein levels (0.70 ± 0.06 pg/mg protein vs. 0.70 ± 0.04 pg/mg protein, P = 1.00) or hippocampus TNF-α mRNA expression (0.77 ± 0.15 vs. 1.00 ± 0.15, P = 0.660). Interestingly, the BDL4W group rats had significantly higher cortex TNF-α protein levels (1.14 ± 0.06 pg/mg protein vs. 0.71 ± 0.13 pg/mg protein, P = 0.030), and hippocampus TNF-α mRNA expression (2.74 ± 0.64 vs. 1.00 ± 0.08, P = 0.002), as well as higher plasma TNF-α (29.8 ± 5.6 pg/mL vs. 12.6 ± 0.8 pg/mL, P = 0.004), sTNFR1 (380.1 ± 25.5 pg/mL vs. 142.5 ± 4.0 pg/mL, P < 0.001), and sTNFR2 (3468.6 ± 225.6 pg/mL vs. 1196.1 ± 51.9 pg/mL, P < 0.001) levels and higher cortex TNF-α mRNA expression (9.34 ± 2.36 vs. 1.00 ± 0.11, P < 0.001) than the SHAM controls (Figure 2).
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FIGURE 2. TNF-α levels between BDL2W or BDL4W and SHAM control group rats. Plasma TNF-α (A), soluble tumor necrosis factor receptor 1 (sTNFR1) (B), soluble tumor necrosis factor receptor 2 (sTNFR2) protein levels (C), cortex TNF-α protein level (D), cortex TNF-α mRNA (E) expression, and hippocampus TNF-α mRNA expression (F) in rats subjected to BDL for 2 weeks or 4 weeks, and the SHAM control. One-way ANOVA, followed by a Tukey HSD post hoc test was used to assess the statistical significance of differences between the SHAM and BDL groups, *P < 0.05.



Next, we examined the temporal profile of ADMA after BDL. We did not find significant differences in plasma (549.0 ± 44.3 nmol/L vs. 511.8 ± 48.1 nmol/L), cortex (58.9 ± 4.0 μg/mg protein vs. 61.9 ± 26.0 μg/mg protein) or hippocampus ADMA levels (22.7 ± 4.6 μg/mg protein vs. 24.7 ± 2.9 μg/mg protein; all P = 1.00) between the BDL2W group and SHAM controls (Figure 3). However, the BDL4W group rats had higher plasma (899.9 ± 128.6 nmol/L vs. 564.8 ± 26.4 nmol/L, P = 0.02) and cortex ADMA levels (221.9 ± 33.1 μg/mg protein vs. 52.2 ± 9.3 μg/mg protein, P = 0.003), while there was no significant difference in the hippocampus levels (25.6 ± 1.9 μg/mg protein vs. 27.0 ± 6.6 μg/mg protein, P = 1.00) as compared with the SHAM controls (Figure 3). Overall, the BDL4W group rats had higher plasma and cortex TNF-α and ADMA levels than the SHAM controls. Therefore, in the subsequent cohort 2 study, we used BDL4W group rats as a model for testing the response to etanercept.
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FIGURE 3. ADMA levels in BDL 2W or BDW 4W and SHAM control rats. Plasma (A), cortex (B) and hippocampus (C). One-way ANOVA, followed by a Tukey HSD post hoc test, was used to assess the statistical significance of differences between SHAM and BDL groups, *P < 0.05.



Cohort 2

Given that etanercept does not cross the BBB, we treated BDL4W rats with etanercept IP with/without IT etanercept administration, to test the effect of anti-TNF-α therapy.

Liver Transaminase and Pathology

BDL4W group rats had higher plasma direct and total bilirubin, AST, ALT, and ammonia levels than the SHAM group (Table 1). The increases in AST, ALT, and ammonia levels were not reversed in the BDLP or BDLPT group. Rats from the BDL4W group had higher HAI scores compared to the SHAM group (14.33 ± 0.53 vs. 2.20 ± 0.73, P < 0.001; Figure 4). The BDLPT group had lower HAI scores compared to the BDL4W group (12.00 ± 0.38 vs. 14.33 ± 0.53, P < 0.001; Figure 4). In parallel, the BDLPT group had lower direct/total bilirubin compared to the BDL4W group (Table 1).

TABLE 1. Clinical parameters.
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FIGURE 4. Liver injury assessed by hematoxylin and eosin staining using a histology activity index (HAI) score. One-way ANOVA, followed by a Tukey HSD post hoc test, was used to assess the statistical significance of differences among groups, *P < 0.05 vs. SHAM; #P < 0.05 vs. BDL4W.



Plasma and Brain TNF-α and ADMA

Cortex TNF-α protein levels were increased in the BDL4W group compared to SHAM controls (P = 0.037) and this increase was reduced in the BDLPT group only (P = 0.042). TNF-α mRNA expression in the cortex was increased in the BDL4W group compared with SHAM controls (8.29 ± 1.35 vs. 1.00 ± 0.35, P < 0.001), and this increase was reduced in both the BDLP and BDLPT groups (cortex BDL4W vs. BDLP 8.29 ± 1.35 vs. 1.70 ± 0.59, P < 0.001; BDL4W vs. BDLPT 8.29 ± 1.35 vs. 1.17 ± 0.05, P < 0.001). TNF-α mRNA expression and protein levels in the hippocampus were both increased in the BDL4W group compared with SHAM controls (P = 0.001; P = 0.010), and these increases were both reduced only in the BDLPT groups (P = 0.008; P = 0.009; Figure 4). The plasma levels of TNF-α, sTNFR1, and sTNFR2 were increased in the BDL4W group compared with SHAM controls (27.0 ± 4.9 pg/mL vs. 2.5 ± 0.7 pg/mL, P < 0.001; 204.4 ± 27.1 pg/mL vs. 100.1 ± 4.9 pg/mL, P = 0.012; 2835.8 ± 25.3 pg/mL vs. 1574.1 ± 45.3 pg/mL, P < 0.001); however, these were not reduced in either the BDLP or BDLPT group (Figure 5).
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FIGURE 5. Changes in TNF-α after etanercept treatment. Plasma protein levels of TNF-α (A), sTNFR1 (B), sTNFR2 (C), levels of cortex TNF-α protein (D), and mRNA (E) expression, and hippocampus TNF-α protein (F) and mRNA (G) expressions in the five groups. SHAM, sham ligation for 4 weeks; SHAMPT, SHAM and etanercept IP plus IT; BDL, bile duct ligation for 4 weeks; BDLP, BDL plus etanercept IP, BDLPT, BDL plus etanercept IP and IT. One-way ANOVA, followed by a Tukey HSD post hoc test, was used to assess the statistical significance of differences among groups, *P < 0.05 vs. SHAM; #P < 0.05 vs. BDL4W.



The level of ADMA in the cortex was increased in the BDL4W group compared with SHAM controls (251.9 ± 54.4 μg/mg protein vs. 61.0 ± 13.2 μg/mg protein, P = 0.001) and this increase was reduced in both the BDLP and BDLPT groups (251.9 ± 54.4 μg/mg protein vs. 65.8 ± 15.6 μg/mg protein, P = 0.001; 251.9 ± 54.4 vs. 104.5 ± 29.2, P = 0.009). The plasma level of ADMA was increased in the BDL4W group compared with SHAM controls (1067.3 ± 67.7 nmol/L vs. 797.7 ± 38.4 nmol/L, P = 0.014), yet this increase was not reduced in either the BDLP or BDLPT group (1067.3 ± 67.7 nmol/L vs. 1016.8 ± 46.1 nmol/L, P = 0.971; 1067.3 ± 67.7 nmol/L vs. 954.1 ± 117.1 nmol/L, P = 0.716; Figure 6). These data showed that etanercept treatment could reduce cortex and/or hippocampus TNF-α and ADMA levels but had no marked effect on plasma TNF-α or ADMA in BDL rats. Table 2 is a summary of TNF-α and ADMA changes following peripheral and/or central etanercept administration.
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FIGURE 6. ADMA changes after etanercept treatment. Plasma ADMA (A) and cortex ADMA (B) in the five groups. SHAM, sham ligation for 4 weeks; SHAMPT, SHAM and etanercept IP plus IT; BDL, bile duct ligation for 4 weeks; BDLP, BDL plus etanercept IP, BDLPT, BDL plus etanercept IP and IT. One-way ANOVA, followed by a Tukey HSD post hoc test, was used to assess the statistical significance of differences among groups, *P < 0.05 vs. SHAM; #P < 0.05 vs. BDL4W.



TABLE 2. Effects of etanercept on increased peripheral and central TNF-α and Asymmetric dimethylarginine (ADMA) in bile duct ligation (BDL) rats.
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In order to investigate whether the normalization of cortex TNF-α and ADMA in BDL rats after etanercept treatment was related to the metabolism of ADMA, we examined the cortex expression of DDAH1, DDAH2, PRMT1, CAT1, eNOS, and nNOS. The level of DDAH1 was decreased in the cortex in the BDL4W group compared with SHAM controls and this decrease of DDAH1 was rescued in the BDLPT group only (Figure 7). No significant differences were found in the cortex levels of DDAH2, PRMT1, CAT1, eNOS, or nNOS between SHAM and BDL4W groups (Figure 7).
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FIGURE 7. Changes in expression of molecules related to ADMA metabolism after etanercept treatment. DDAH1, Dimethylarginine dimethyl-aminohydrolase 1; DDAH2, dimethylarginine dimethyl-aminohydrolase 2; PRMT 1, protein arginine methyltransferase 1; CAT 1, cationic amino acid transporter ; eNOS, endothelial nitric-oxide synthase, nNOS, neuronal nitric-oxide synthase; SHAM, sham ligation for 4 weeks; SHAMPT, SHAM and etanercept IP plus IT; BDL, bile duct ligation for 4 weeks; BDLP, BDL plus etanercept IP, BDLPT, BDL plus etanercept IP and IT. One-way ANOVA followed by Tukey HSD post hoc test was used to assess the statistically significances among groups, *P < 0.05 vs. SHAM; #P < 0.05 vs. BDL4W; $P < 0.05 vs. BDLP.



Morris Water Maze: Spatial Memory

Given that etanercept treatment normalized cortex and/or hippocampus TNF-α and ADMA in BDL rats, we then investigated whether this treatment could mitigate spatial impairment in HE rats. Figure 8 showed the mean latencies of escape to the hidden platform as a function of days.
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FIGURE 8. Latencies of escape to the platform in the Morris water maze (mean ± SEM). Rats in the BDL4W group swam for a longer time while seeking to find the submerged platform on days 1 and 4 of acquisition than did the SHAM group rats. Combined intraperitoneal and intrathecal etanercept shortened the swim latency to a level comparable to the SHAM group on all 4 days of acquisition. However, etanercept IP had no significant effect on swim latency. Two-way ANOVA with repeated measures was used to assess the statistical significance of differences among groups, *P < 0.05 vs. SHAM; #P < 0.05 vs. BDL4W.



Acquisition: the water maze tests revealed that all rats were able to learn how to find the platform and that there was no significant difference in swim velocity between the different treatment groups at any time (P > 0.1). Two-factor ANOVA revealed significant differences among the groups for the number of trial blocks needed to learn to escape by swimming with visual cues (F(4,30) = 3.31, P = 0.023). Escape latencies improved over time in all five groups as indicated by a significant effect of day (F(3,120) = 24.24, P < 0.001), indicating that learning occurred (Figure 8). An interaction between group and days required to learn the task was also present (days: treatment groups, F = 3.99, P < 0.05).

There were group differences on day 1 (F(4,30) = 3.73, P = 0.014) and 4 (F(4,30) = 3.61, P = 0.016) of acquisition. A post hoc test showed that BDLPT rats performed significantly better than BDL4W and BDLP rats on day 1 (P < 0.05) and as well as SHAM and SHAMPT rats (P > 0.05). On day 4, BDLPT rats performed significantly better than BDL4W and BDLP rats (P < 0.05) and as well as SHAM and SHAMPT rats (P > 0.05). Dually IP/IT etanercept administration ameliorated the spatial deficit, as rats in this group demonstrated a similar performance to SHAM group rats and had faster acquisition as compared with BDL4W group rats (P = 0.004). However, IP etanercept had no significant effect on the spatial deficit.

Retention: the “free swim” trial performed immediately after the last trial on day 5 revealed no significantly retention differences among the five groups (F(4,31) = 0.601; P = 0.665).

Astrocyte Cell Culture and Immunofluorescence

To determine whether etanercept can decrease the TNF-α induced ADMA production, we treated the astrocyte cell line C6 with TNF-α and applied etanercept for 30 min. We found that immunofluorescence staining intensity of ADMA was increased after TNF-α exposure and decreased after etanercept application. In addition, the concentration of ADMA in the whole cell lysate was increased following exposure to TNF-α (22.0 ± 2.8 nmol/L vs. 13.1 ± 0.8 nmol/L, P = 0.014) and etanercept blocked this increase in ADMA (14.0 ± 2.6 nmol/L vs. 22.0 ± 2.8 nmol/L, P = 0.025; Figure 9).


[image: image]

FIGURE 9. Staining of ADMA in intact cells and visualization by fluorescence microscopy. (A) Representative images acquired from cultures of rat astrocyte C6 cell lines. ADMA staining is shown in the upper panel. DNA was stained with 4′,6-diamidino-2-phenylindole (DAPI; middle panels). Merged images are shown in the lower panels. (B) The concentration of ADMA in whole cell lysates. One-way ANOVA followed by Tukey HSD post hoc test was used to assess the statistically significances among groups, *P < 0.05 vs. control; #P < 0.05 vs. TNF-α incubated only.



DISCUSSION

The main findings of this study were as follows: (1) the BDL4W group of young rats had higher plasma TNF-α, sTNFR1, sTNFR2, ADMA levels, higher hippocampus TNF-α mRNA expressions and protein levels, and cortex ADMA, TNF-α mRNA expressions and protein levels than SHAM controls; (2) the increased cortex TNF-α mRNA expression and cortex ADMA concentrations in BDL4W rats were reduced in both the BDLP and BDLPT groups, while increased cortex TNF-α protein and hippocampus TNF-α mRNA and protein expression in BDL4W rats were reduced in the BDLPT group alone; and (3) the BDL4W group of young rats exhibited spatial deficits as compared to SHAM and SHAMPT group rats, and combined IP and IT etanercept administration (BDLPT) rescued these effects.

In the central nervous system, microglia and astrocytes are believed to be the primary sources of TNF-α; TNF-α (through activation of TNFR1) disrupts learning and memory and regulates neuronal death. TNF-α has been implicated in the pathogenesis of a wide number of neurological disorders that develop both acutely, as in traumatic brain injury and stroke, and chronically, as in Alzheimer’s disease and Parkinson’s disease (McCoy and Tansey, 2008; Tobinick and Gross, 2008; Tuttolomondo et al., 2008).

Previous studies have proposed serum sTNFR levels to be markers of TNF system activation (Spengler et al., 1996; Naveau et al., 1998). Serum levels of TNF-α, sTNFR1, and sTNFR2 were also reported to be higher in cirrhotic patients than those in the controls and were correlated with the disease severity (Shiraki et al., 2010). In addition, higher serum sTNFR2 concentrations were also related to higher mortality in cirrhotic patients (Grünhage et al., 2008). Here we found higher plasma TNF-α, sTNFR1, and sTNFR2 levels in both the BDL 2W and BDL 4W group rats than their relative SHAM controls. Our finding suggested alterations of peripheral TNF also contributed to the pathogenesis of BDL-induced HE.

There are many mechanisms involved in bi-directional liver-brain proinflammatory signaling (D’Mello et al., 2013, 2015; D’Mello and Swain, 2014). Several studies have shown that TNF-α-secreting monocytes are recruited into the brain in BDL rats and mice (Jiang et al., 2008; D’Mello and Swain, 2014). In the Morris water-maze task, rats subjected to BDL showed a progressive impairment of spatial memory from 7 to 28 days after the BDL procedure (Dhanda and Sandhir, 2015). In this study, we found that there were higher plasma TNF-α levels in the BDW 2W and BDW 4W group rats than their relative SHAM controls. However, cortical TNF-α protein was increased only in the BDL4W group rat. These findings suggested that there was a discrepancy between brain and peripheral systems in terms of temporal progression of TNF-α.

Systemic administration of anti-TNF-α therapy attenuates increased brain levels of TNF-α in brain disorders (Chio et al., 2013; Detrait et al., 2014). Other studies also showed improved brain functional outcomes after systemically administered anti-TNF-α therapy (Chio et al., 2013; Detrait et al., 2014; Jiang et al., 2008; Clausen et al., 2014). Deletion of TNF receptor genes delays the onset of HE and attenuates brain edema in azoxymethane-induced acute liver failure (Bémeur et al., 2010). The present study demonstrated that IP etanercept administration lowered the increased TNF-α mRNA expression in the cortex, while dually IP/IT etanercept administration lowered increased cortex and hippocampus TNF-α mRNA and protein expressions, which was accompanied by improved spatial learning. Our data suggests that increased cortex and hippocampus TNF-α levels may play a role in spatial deficits in BDL-induced HE.

Both young and adult BDL rats have spatial memory deficits (Sheen et al., 2010; Javadi-Paydar et al., 2013). Although the correspondence between developmental stages across the two species is not exact, PND 17 in rats can be considered as corresponding to early childhood in humans (Clancy et al., 2001; Avishai-Eliner et al., 2002). The timing of insults in the developing CNS is pivotal to the outcome, because the development and maturation of synapses (Anderson et al., 2011), cytokine, chemokine (Schoderboeck et al., 2009), and neurotransmitter expression (Herlenius and Lagercrantz, 2001), BBB maturation (Ballabh et al., 2004), redox milieus (Miller et al., 2012), and oscillation networks (Tau and Peterson, 2010) vary widely during development. All of these parameters are already known to be important pathogenetic factors in HE (Celik et al., 2005; Häussinger and Schliess, 2008; Rodrigo et al., 2010; Dhanda and Sandhir, 2015). Therefore, it is important to study young animals with HE for both experimental and clinical reasons.

Few studies have used the intrathecal/intraventricular route to deliver anti-TNF-α drugs to treat brain disease (Heldmann et al., 2005; Riazi et al., 2008; Medeiros et al., 2010; Shi et al., 2011; Camara et al., 2015). Intraventricular etanercept administration prevents both synaptic loss and disruption of memory consolidation in a mouse model of Alzheimer’s disease (Medeiros et al., 2010). Direct intrathecal/intraventricular administration of substances is markedly more effective for inducing behavioral changes than the peripheral route (Adam et al., 2006; Veening and Barendregt, 2010). BDL in rats is characterized by both peripheral and central inflammation (D’Mello et al., 2009). In this study, we found that the dual IP/IT administration of etanercept was effective to rescue spatial deficits in young rats with BDL. The beneficial effects of IT administration can be due to some physicochemical factors. The cerebrospinal fluid may act as a broadcasting system for coordinated delivery of messages to a variety of nearby and distant brain areas. Some form of volume transmission may also underlie the changes in the outcome. However, we could not exclude the possibility that IT etanercept alone is effective in reducing peripheral and central inflammation in BDL rats found in this study. In clinical practice, severe liver disease may complicate with hepatopulmonary syndrome, hepatorenal syndrome, HE etc., and the treatment include correction of the underlying disease and management of the various complications (Møller and Bendtsen, 2015). While in the brain, the therapy of HE is aimed at the treatment and prevention of the disease-precipitating factors, including infections, electrolyte disturbances, bleeding, and elevated ammonia levels (Häussinger and Sies, 2013). BDL in rats is characterized by both peripheral and central inflammation. Peripheral monocytes are recruited into the brain and initiated microglia activation and neuroinflammation (D’Mello and Swain, 2014). Considering the low benefit to risk ratio, this pre-clinical study did not investigate the effects of IT-administered etanercept alone in BDL rats. The role of IT-administered etanercept alone and its contribution to the combined therapy in BDL rats with HE require further investigation.

The glutamate-NO-cyclic guanosine monophosphate (cGMP) pathway is impaired in the brain of chronic moderate hyperammonemia and HE (Corbalán et al., 2002). NO, which is inhibited by ADMA, is critically involved in spatial memory function (de la Torre and Aliev, 2005). Balasubramaniyan et al. (2012) demonstrated that brain ADMA levels were significantly higher in adult rats 4 weeks after BDL and these ADMA levels were reduced after treatment with ornithine phenylacetate. They also showed a concomitant increase in brain TNF-α level. Likewise, Bajaj et al. (2013) found that patients with liver cirrhosis had poor cognition and higher serum ADMA levels. Both TNF-α and ADMA were increased in plasma and the brain in encephalopathy induced by acute (Milewski et al., 2015) or chronic liver failure (Balasubramaniyan et al., 2012). In this study, we treated the astrocyte cell line C6 with TNF-α and found that ADMA was increased in whole cell lysates following exposure to TNF-α and etanercept blocked this increase in ADMA. We also demonstrated that young rats with BDL for 4 weeks had increased cortex ADMA levels and that the cortical DDAH1 levels were downregulated in BDL rats and upregulated after dual IP/IT etanercept treatment.

In this study, dually IP/IT etanercept injections reduced the TNF-α mRNA and protein levels in both the cortex and the hippocampus. However, IP-administered etanercept reversed the BDL-induced increases only in the cortical TNF-α mRNA and ADMA protein levels. It affected neither the cortical TNF-α protein expression nor the hippocampal TNF-α mRNA and protein levels. The discordant response of TNF-α mRNA and protein expression to the treatment may be related to differences in mRNA export, ribosome recruitment to mRNA affecting translation efficiency, protein stability, or microRNAs (Carpenter et al., 2014; Vélez-Bermúdez and Schmidt, 2014). Combined with our water maze testing data, these results suggest that changes in cortical and hippocampal TNF-α expression might play a major role in rescuing the spatial deficit in young BDL rats. Cortical ADMA expression appears to play only a minor role in this process. However, the role of increased ADMA expression in cognition needs further investigation.

It is intriguing that the levels of both ADMA and TNF-α were more readily decreased in the brain than the plasma by peripheral or central etanercept administration. There are several possibilities. First, we measured plasma TNF-α by ELISA and cortex TNF-α by WB through recognizing the epitope in the cohort 2 study. TNF bound to etanercept can still be present and detectable but be unable to mediate biological or inflammatory effects (Bhatia and Kast, 2007). Different detection tools that recognize dissimilar epitope may result in the inconsistent responses between plasma and brain. Next, the liver and brain was interacted in inflammatory liver disease. In the context of BDL, the production of peripheral inflammatory signals may affect the brain through humoral or neural routes as well as through active recruitment of monocytes into the brain (D’Mello et al., 2009; Butterworth, 2013; D’Mello and Swain, 2014). The afferent and efferent components of the vagus nerve play a role in controlling both systemic and central inflammation. Vagal afferents can directly sense cytokine levels in the blood via specific cytokine receptors that are present on the endings of these nerves in the paraganglia located in the gastrointestinal tract, spleen, bone marrow, liver, and heart. These nerves transmit the signals to other brain regions to modulate inflammation (Goehler et al., 2000; Tracey, 2002). Vagal nerve may sense the systemic inflammation and reflex release of acetylcholine in organs to reduce systemic inflammation by reducing proinflammatory cytokines (Borovikova et al., 2000). Therefore, IP-administered etanercept did not reduce the TNF-α and ADMA levels in the plasma significantly, yet it might affect the routes connected with the brain and decrease brain inflammation to a significant extent. On the other hand, central signaling may also convey the information to the liver through the sympathetic and parasympathetic branches of the vagus nerve (Montiel-Castro et al., 2013; Rosas-Ballina et al., 2015; Tanida et al., 2015), so that dual IT/IP may ameliorate liver histopathology and normalize direct and total bilirubin levels. The mechanisms of the peripheral and central production and elimination of inflammatory molecules are very complex and varied (D’Mello et al., 2009, 2015; Teerlink et al., 2009; Sheen et al., 2014).

CONCLUSIONS

HE is a frequent and serious complication of chronic liver failure. This study demonstrated that young BDL rats exhibited increased circulating and brain TNF-α and ADMA levels, as well as spatial deficits, as in adult BDL rats, indicating that increases in and interaction between TNF-α and ADMA play an important role in HE. Moreover, combined IP and IT etanercept reduce spatial deficits in young BDL rats. Appropriate targeting of TNF-α and ADMA may offer a new treatment avenue for HE.
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