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Abstract

:

The Pringle maneuver (PM) has been widely used to control blood loss during liver resection. However, hepatic inflow occlusion can also result in hepatic ischemia–reperfusion injury (IRI), especially in patients with a cholestatic, fibrotic, or cirrhotic liver. Here we investigate a nitric oxide synthase (NOS) inhibitor N-Nitroarginine methyl ester (L-NAME) on IRI after the PM and partial hepatectomy of cholestatic livers induced by bile duct ligation (BDL) in rats. Control group (non-BDL/no treatment), BDL + T group (BDL/L-NAME treatment) and BDL group (BDL/no treatment) were analyzed. Cholestasis was induced by BDL in the L-NAME and BDL group and a 50% partial hepatectomy with PM was performed. L-NAME was injected before PM in the BDL + T group. Hepatocellular damage, portal venous flow, microcirculation, endothelial lining, and eNOS, iNOS, interleukin (IL)-6, and transforming growth factor-β (TGF-β) were evaluated. Microcirculation of the liver in the BDL + T group tended to be higher. Liver damage and apoptotic index were significantly lower and Ki-67 labeling index was higher in the BDL + T group while iNOS and TGF-β expression was decreased. This was corroborated by a better preserved endothelial lining. L-NAME attenuated IRI following PM and improved proliferation/regeneration of cholestatic livers. These positive effects were considered as the result of improved hepatic microcirculation, prevention of iNOS formation, and TGF-β mRNA upregulation.
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1. Introduction


Excessive blood loss from the raw surface during transection of the liver parenchyma is associated with a poor postoperative outcome, which can lead to liver failure, especially when the remnant liver is small [1]. The Pringle maneuver (PM) is a continuous or intermittent portal triad clamping technique for nonselective inflow occlusion that has been used widely to control blood loss during liver resection [2,3,4]. However, hepatic inflow occlusion can also result in hepatic ischemia–reperfusion injury (IRI) [5,6], especially in patients with a cholestatic, fibrotic, or cirrhotic liver [7,8,9].



Nitric oxide (NO) is a radical gaseous inflammatory mediator that is produced from the amino acid L-arginine through a reaction catalyzed by the NO synthase (NOS) isoforms. NO plays various roles throughout the body, yet whether or when NO has cytotoxic or cytoprotective effects is controversial. There are three main isoforms of NOS, including neuronal NOS (nNOS), inducible NOS (iNOS), and endothelial NOS (eNOS). nNOS and eNOS are constitutively expressed NOS (cNOS) isoforms and produce relatively small amounts of NO. In contrast, iNOS is upregulated in the liver under various conditions such as endotoxemia, hemorrhagic shock, ischemia–reperfusion, hepatitis, and liver regeneration. This isoform synthesizes NO at high concentrations for extended periods of time. iNOS is expressed in different types of cells, including endothelial cells, hepatocytes, Kupffer cells, and smooth muscle cells. N(ω)-nitro-L-arginine methyl ester (L-NAME) is an L-arginine analog and a nonselective NOS inhibitor that strongly inhibits eNOS as well as iNOS through competitive inhibition.



It is known that NO production in a tissue is continual, keeping balance between vasoconstriction and vasodilatation [10]. In this context, NO and its derivatives are known to play important roles in the pathophysiology of the liver [11]. In general, it is assumed that NO derived from endothelial NO synthetase (eNOS) in liver sinusoidal endothelial cells is protective against disease progression, while inducible NOS (iNOS)-derived NO contributes to pathological processes by acting as a pro-inflammatory mediator [11]. Therefore, strategies that target deleterious NO effects are intensively discussed as potential new therapies and experimentally investigated in many disease models.



In this study, we investigated the therapeutic effect of L-NAME on IRI following PM in cholestatic remnant livers. Therefore, cholestatic livers were induced by ligation of the common bile duct (BDL), which has been widely used to study cholestatic liver injury; cholestasis is known to occur 14 days after BDL [12,13,14,15].




2. Results


The aim of this study was to investigate the effect of a NOS inhibitor on IRI after the Pringle maneuver and partial hepatectomy of cholestatic livers induced by bile duct ligation (BDL) in rats. We analyzed three groups, (BDL+ T, BDL, and control) according to the time line depicted in Figure 1.



2.1. Hepatocellular Damage


Following standard procedures, hepatocellular damage was evaluated by measuring serum levels of aspartate aminotransferase (AST) at different time points (Figure 2A). The BDL + T group showed lower AST levels than that of the BDL group 1 h after reperfusion, but showed the highest levels among the three groups after 24 h of reperfusion. At 168 h after reperfusion, AST levels of the BDL group were significantly higher than those of the BDL + T and control group. There was no significant difference in AST levels between the BDL + T and BDL group at other time points. AST levels of the control group were significantly lower in comparison to the BDL + T (168 h) and BDL (1 h, 3 h, 24 h, 168 h) treatment group. Cholestasis makes a chronic injury, in which the mechanical blockage in the duct system prevents the bile flow from the liver to the duodenum. This provokes a strong accumulation of bile in the hepatic parenchyma resulting in a significant increase in AST.




2.2. Portal Venous Flow (PVF)


PVF was measured before PM and at each time point of sacrifice. The PVF of rats in the BDL + T and BDL group was lower than in the control group (Figure 2B). There was no significant difference between the BDL + T and BDL group. The control group showed the highest PVF at any time point after reperfusion among the three groups, and there were significant differences before PM and 3, 24, and 168 h after reperfusion (p < 0.05).




2.3. Microcirculation of the Liver


The microcirculation of the liver was evaluated by laser Doppler flowmetry before PM and at each time point of sacrifice (Figure 2C,D). Although flow and velocity of the BDL group decreased gradually after reperfusion, the BDL + T and control group maintained microcirculation of the liver for 168 h after reperfusion. However, there were no significant differences among the groups at any time points of sacrifice except at 1 h after reperfusion between the BDL + T and BDL group.




2.4. Lipid Peroxidation


To estimate the oxygen free radical activity in the liver, we evaluated lipid peroxidation in serum by measuring malondialdehyde (MDA) levels at 1, 3, 24, and 168 h after reperfusion (Figure S1). The MDA levels were lower in the control group compared to the two other groups. Significant differences were only seen between the BDL + T and the control group at 1 h and 3 h after reperfusion.




2.5. Pro-Inflammatory Cytokines


Treatment induced changes in interleukin (IL)-6 and TGF-β expression were measured on mRNA and protein levels (Figure 3A–D). The expression of IL-6 mRNA tended to be higher in the BDL group than in the BDL + T group at 168 h after reperfusion, but the difference was not significant (p = 0.09; Figure 3A). Relative TGF-β1 mRNA expression at 3 and 24 h after reperfusion was comparable in the BDL + T and the BDL group. However, its expression at 168 h after reperfusion was significantly higher in the BDL group than in the BDL + T group (p < 0.0004; Figure 3B). Serum IL-6 and TGF-β levels were measured by ELISA at 3, 24, and 168 h after reperfusion to evaluate the inflammatory response caused by ischemia–reperfusion (Figure 3C,D). Serum IL-6 levels in the BDL + T group already decreased 24 h after reperfusion, and the BDL group showed high, but not significant, different IL-6 levels at 3 h and 168 h after reperfusion (3 h: 316.9 ± 101.0 pg/mL, 168 h: 247.45 ± 144.3 pg/mL). Significantly higher levels of IL-6 in the BDL + T group was observed only in comparison to the control group at 3 h after reperfusion (BDL + T group, 507.4 ± 135,1 pg/mL; control group, 50.2 ± 10.72 pg/mL; p < 0.001; Figure 3C).



Transforming growth factor-β (TGF-β) serum levels in the BDL group tended to be higher than that of the other two groups (Figure 3D). However, there were no significant differences among the three groups at each time point after reperfusion except for time point at 3 h, here TGF-β serum levels in the BDL group was significantly higher than in the control group. In summary, the control group showed the lowest values of IL-6 and TGF-β throughout the observation period.




2.6. Serum HIF-1α Levels


Serum HIF-1α levels were measured after 3, 24, and 168 h of reperfusion (Figure 3E). HIF-1α levels at 3 h after reperfusion were comparable between the BDL + T and BDL group. The BDL + T group showed the highest levels among the three groups at 24 h after reperfusion (69.6 ± 7.4 pg/µL), and there was a significant difference compared with the BDL group (38.6 ± 10.5 pg/µL; p < 0.05). The HIF-1α level in the BDL group at 168 h after reperfusion tended to be higher than that of the BDL + T group, but no significant difference was observed. Animals in the control group showed in general significant lower levels of HIF-1α in comparison to the BDL and/or BDL + T group (3 h, BDL + T vs. control, p < 0.05; 24 h, BDL + T vs. control, p < 0.01; BDL vs. control, p < 0.05; 168 h, BDL vs. control, p < 0.05).




2.7. NOx Levels in Liver Tissue


Hepatic NOx levels were measured after 1 h and 24 h of reperfusion (Figure 4A). The control groups showed the lowest levels among the three groups, whereas the BDL group showed higher but not significantly higher levels of NOx than the animals in the BDL + T group.




2.8. Hepatic Hyaluronic Acid (HA) Levels


HA in liver tissue was measured as parameter for endothelial cell function at 1 and 24 h after reperfusion (Figure 4B). There was no difference among the three groups at 1 h after reperfusion. However, at 24 h after reperfusion, the HA level of the BDL + T group (5.70 ± 1.06 µg/g) was significantly lower than that of the BDL group (9.09 ± 1.91 µg/g; p < 0.05). The BDL group showed significantly higher HA levels in comparison to the control group (p < 0.001).




2.9. Asymmetric dimethylarginine (ADMA) in Liver Tissue


ADMA in liver tissue was measured at 1 h and 24 h after reperfusion (Figure 4C). The ADMA level in the BDL group at 1 h after reperfusion (72.3 ± 30.6 nmol/g) was significantly higher than that of the BDL + T group (23.3 ± 4.57 nmol/g, p < 0.05) and of the control group (17.2. ± 3.9 nmol/g, p < 0.05). There was no difference in the ADMA level among the three groups at 24 h after reperfusion.




2.10. Expression of iNOS and eNOS


The expression of iNOS and eNOS was analyzed on the level of relative mRNA expression using quantitative real-time PCR (RT-qPCR; Figure 5A,B) as well as on the level of protein expression using Western blot (Figure 5C,D) techniques. In the BDL group, relative iNOS mRNA expression was increased at the 168 h time point compared with that at 3 h, this elevation was not observed in the BDL + T group (Figure 5A). In contrast, relative eNOS mRNA expression was comparable between the BDL + T and BDL groups at each time point investigated (Figure 5B). In contrast to the iNOS mRNA result the iNOS protein expression by Western blot showed a higher protein content in the BDL group compared to the BDL + T group visible in the blot itself (Figure 5C) and as analyzed by densitometry of the Western blots. Significant differences were only seen between the BDL group and the control group at 3 h after reperfusion. The eNOS Western blot results were absolutely comparable to the eNOS mRNA expression and showed no difference between the groups at 24 h after reperfusion as shown in the Western blots and after densitometry analysis of the blots. However, significant differences could be detected with densitometric analysis of the liver samples of the BDL + T group compared to the BDL and control group (p < 0.05). In addition, proteolytic degradation of eNOS may play a role in post-ischemic endothelial dysfunction. Loss of eNOS activity after ischemia has been shown to result from a combination of intracellular acidosis-dependent protein denaturation leading to proteolytic degradation [16].




2.11. Histopathology and Immunohistochemistry


For pathological and histopathological analysis, the weight of the livers of animals from the BDL + T, BDL, and control group was measured and relative organ weights were calculated. No significant differences could be observed at the relative liver weight between the BDL + T and the BDL group at any time point (Figure 6). Livers from control animals showed significant lower relative liver weight almost at every time point after the reperfusion in comparison to livers from the BDL group. Significant differences of the relative liver weight between the control and the BDL + T group could only be observed 168 h after reperfusion.



Further histopathological analysis was performed by semi-quantitative scoring for liver damage analyzing hematoxylin and eosin (HE)-stained liver sections. Apoptotic index was evaluated on transferase-mediated d-UTP nick-end labeling (TUNEL) stained tissue sections. Scores for liver damage and apoptotic index values were comparable between the BDL + T and BDL group at 24 h after reperfusion (Figure 7A,B and Figure 8). However, both scores were significantly lower in the BDL + T group than in the BDL group at 168 h after reperfusion (p < 0.05, p < 0.0001). The control group showed significant lower liver damage at each time point analyzed compared to BDL or BDL + T group. Significant lower apoptotic index of the control group was only observed in comparison to the BDL group.



With regard to liver regeneration, the Ki-67 labeling index of the BDL + T group was significantly higher than that of the BDL group 24 h after reperfusion (p < 0.05), but it was significantly lower compared with the control group (Figure 7C and Figure 8). There was no significant difference among the three groups 168 h after reperfusion. Endothelia lining was visualized via RECA-1 staining and scored. This analysis showed a significant better preserved endothelial lining in the BDL + T group compared to the BDL group (Figure 7D and Figure 8).



Significant histopathological changes were also manifested by the presence of the proliferation of biliary epithelium (Figure 8, Ki-67) with the formation of bile ductules (Figure 8, HE and Figure S2). In addition, proliferation of Kupffer cells and sinusoidal endothelial cells (Figure 8, Ki-67), and infiltration of inflammatory cells were found (Figure 8, HE arrow). These changes were most pronounced in the BDL group and abrogated in the BDL + T group compared to the control group. This was also confirmed by RECA-1 staining for endothelial cells.



Representative staining for HE, TUNEL, Ki-67, and RECA-1 (IHC and 2-Photonmicroscopy) are shown in Figure 8 for the indicated time points and magnifications. More representative pictures of HE stained liver section at a magnification of 100× are shown in Supplemental Figure S2.





3. Discussion


We investigated the effect of L-NAME on IRI of cholestatic livers after partial hepatectomy by PM. Therefore, we performed partial hepatectomy of the left lateral lobe and the anterior and posterior caudate lobes (the total resection volume was almost 50%) in cholestatic livers that underwent the PM. The serum AST levels after reperfusion tended to be higher in the BDL + T group (Figure 2A), possibly reflecting increased sinusoidal shear stress due to higher microcirculation in the remnant liver (Figure 2C). It is well accepted that hyperperfusion of the liver results in increased sinusoidal shear stress and leads to small-for-size syndrome in the setting of a reduced-size liver [17,18,19,20,21,22]. Moreover, some studies have reported that a surgical reduction in hepatic blood flow can improve outcome after extended hepatectomy, which indicates that increased sinusoidal shear stress is one of the main causes of liver damage in reduced-size livers [23,24]. Because the eNOS mRNA expression levels were similar between the BDL + T and BDL groups (Figure 5B), improved microcirculation in the remnant liver in the BDL + T group appears to be the result of iNOS inhibition (Figure 5A) [25,26,27]. These results support previous reports that hepatic tissue blood flow was improved by selective iNOS inhibition [28,29]. However, in contrast to our results, previous reports showed lower serum AST levels, possibly reflecting a different mechanism in fibrotic livers.



A relationship between NO levels/concentrations and IRI has been reported [30,31]. NO from eNOS is believed to have cytoprotective effects and to maintain homeostasis [32,33]. The activity of eNOS, however, is significantly decreased in human and rat cirrhotic livers [34,35,36]. Decreased hepatic NO production, especially through reduced activity of eNOS, is considered one of the causes of hepatic IRI in a previous report of warm IRI and liver transplantation models [26,37,38,39]. Most of these studies have shown that a blockade of NO production leads to aggravated liver damage. On the other hand, a large amount of NO production from iNOS has potentially cytotoxic effects because it can react with superoxide anions to form toxic peroxynitrite [38,40,41], and selective inhibition of iNOS prevents apoptosis in acute inflammation and has a damaging effect in IRI [42,43]. The effect of iNOS inhibition was also supported by our present results, and NO in a well-defined concentration range is considered to be important as a trigger for liver regeneration [44,45] and to act as a potent cytoprotective agent [42]. We found that inhibiting the production of NO by L-NAME resulted in significantly decreased liver damage in cirrhotic rats, as shown by histology and improved hepatic microcirculation and regeneration. The beneficial effects in the BDL + T group are thought to result from iNOS inhibition, as higher levels of NOx and iNOS were observed in association with more severe liver damage in the BDL group without L-NAME treatment. Although finding iNOS inhibition after L-NAME treatment is in line with a recent study [26], and the effect of blocking NO to reduce oxidative stress, also in our study (Figure 5C), has been previously reported [46].



In hepatic fibrogenesis, Kupffer cells and hepatic stellate cells (HSCs) are both sources and targets of pro-inflammatory mediators [47,48]. Kupffer cells are the resident hepatic macrophages and an important source of TGF-β in the liver; they also promote HSC activation and fibrogenesis [49,50,51]. HSCs are the main producers of extracellular matrix (ECM) in the injured liver [52]. They reside in the peri-sinusoidal space, and upon liver damage they become activated and transdifferentiate into myofibroblast-like cells in a TGF-β-dependent manner. These cells migrate and accumulate at the sites of tissue repair, secreting large amounts of ECM proteins [53,54]. In this scenario, TGF-β1 appears to be the key mediator of fibrogenesis [55]. The TGF-β1-activated Smad signaling pathway stimulates hepatic fibrosis and is a potential target for therapy [56,57]. In line with that assumption, strategies aimed at disrupting TGF-β1 synthesis and/or signaling pathways markedly decreased fibrosis in several experimental models [58,59]. In addition, HA is considered a biomarker for high-score fibrosis and cirrhosis in various liver diseases. There are some reports indicating that serum HA is useful to diagnose liver damage after hepatectomy and transplantation. It was reported that the serum HA level increases after liver resection [60], suggesting HA as a biomarker to diagnose the rapid progression of fibrosis after liver transplantation [61]. In addition, Valva and colleagues [62], reported that the diagnostic combination of serum levels of HA, TGF-β, and pro-collagen III N-terminal pro-peptide (PIIINP) is more reliable to evaluate the degree of liver fibrosis compared with the serum levels of each marker alone. In support of this notion, we found elevated quantities of TGF-β mRNA, while HA was notably reduced by L-NAME treatment, suggesting that L-NAME interferes with and reduces fibrogenesis after reperfusion (Figure 3B,D and Figure 4B).



Hypoxia-inducible factor (HIF) is one of the principal regulators of the cellular transcriptional responses to hypoxia [63]. This transcription factor plays an important role in triggering cellular protection and metabolic alterations from the consequences of oxygen deprivation. Therefore, HIF activation should be protective against IRI. On the other hand, HIF also contributes to important features of tissue fibrosis and epithelial–to–mesenchymal transition (EMT) [64]. The EMT process has been implicated in the development of tissue fibrosis, and recent studies suggest that HIF-1 plays a role in this process [65,66]. In the mouse BDL model, mice deficient in HIF-1α developed less fibrosis and had fewer activated fibroblasts, suggesting that HIF-1α is an important driving force for the development of liver fibrosis during chronic injury [67]. Furthermore, it has been demonstrated that HIF-1 contributes to EMT by impacting TGF-β signaling through the up-regulation of TGF-β mRNA and protein and through increased TGF-β activity [68,69]. In hypoxic hepatocytes, there is an interaction between HIFs and TGF-β signaling, and TGF-β is considered the key cytokine inducer of EMT [70]. HIF in hepatocytes facilitates TGF-β signaling, and TGF-β signaling is downstream of HIF activation, which leads to hepatocyte EMT [71,72]. Here, we showed a significant increase in HIF-1α after 24 h (Figure 4E) of reperfusion by the addition of L-NAME. The BDL group possessed higher HIF-1α and TGF-β mRNA expression after 168 h of reperfusion. These results confirm the protective effect of L-NAME in reducing IRI by avoiding an increase in TGF-β mRNA expression as evidenced by histopathology and better preserved endothelial lining visualized in RECA-1 immuno-histochemical staining results (Figure 7D and Figure 8).



ADMA is an endogenous inhibitor of NOS [73]. ADMA is synthesized through the enzymatic methylation of L-arginine residues in proteins and is released during proteolysis. Because ADMA is primarily metabolized to citrulline and dimethylamine by the liver enzyme dimethylarginine dimethylaminohydrolase [74], it has been suggested that impaired liver function results in increased plasma levels [74,75] and liver tissue levels of ADMA [76]. Ferrigno et al., have demonstrated the increase of ADMA levels in a BDL model in rats [76]. In contrast ADMA tissues levels were decreased after hepatic ischemia–reperfusion as described by Ferrigno et al. [77].



NOS activity decreases due to dysfunction of eNOS inhibited by ADMA in cirrhotic livers induced by BDL [78]. Moreover, the present study demonstrated that L-NAME prevented the increase of ADMA in the early phase (1 h) after reperfusion (Figure 4C), which correlates with serum AST levels (Figure 2A) and suggests a protective effect of L-NAME against IRI.




4. Limitations of the Study


We must admit that the study as presented has several limitations. In our study, we used 1.5 mg/kg body weight of L-NAME that was intravenously injected 15 min before the surgery. Although this dosage produced a restorative effect on the outcome after BDL as assessed by lowered cellular DNA damage (Figure 7), higher Ki-67 labeling index (Figure 7), reduced quantities of NOx (Figure 4A) and iNOS (Figure 5A), decreased levels of TGF-β (Figure 3B,D), and better score of endothelial lining (Figure 7D), we have not systematically optimized the timing and dosing of L-NAME that is most efficient in decreasing oxidative stress in the liver. In this regard, it should also be critically mentioned that pharmacokinetics of L-NAME will be different in humans, which will lead to variation in efficacy, toxicity, and potential side effects that were not analyzed here. Particularly, L-NAME requires hydrolysis of the methyl ester by cellular esterases to become a fully functional inhibitor. The activities of these enzymes might be totally different in rodents and humans. Similarly, it would be interesting to test if the oral application of L-NAME would lead to the same beneficial effects that we have observed after intravenous application.



Last but not least, all studies that we have done were performed in rats and the relevance of our findings for the human situation was not tested. The model we used in our study relying on BDL combined with a 50% partial hepatectomy with PM is rather artificial. Blood loss during liver resection, hepatic inflow occlusion, and hepatic ischemia–reperfusion injury in patients with cholestatic, fibrotic, or cirrhotic livers might be more complex than mimicked in our protocol. All these limitations will be improved in future studies.




5. Materials and Methods


5.1. Ethical Approval


The animal protocol was approved by the Governmental Animal Care and Use Committee, which is the Landesamt für Umwelt-, Natur- und Verbraucherschutz (LANUV, North Rhine Westphalia, Recklinghausen, Germany) (project identification code: AZ: 84-02.04.2011.A103). All experiments were performed in accordance with the German legislation governing animal studies following the Guide for the Care and Use of Laboratory Animals (NIH publication, 8th edition, 2011) and the 2010/63/EU Directive on the protection of animals used for scientific purposes (Official Journal of the European Union, 2010).




5.2. Animals


Male Wistar rats weighing 200 to 300 g were housed with free access to water and a standard diet (ssniff-Spezial Diäten GmbH, Soest, Germany) under specific pathogen-free conditions according to the guidelines of the Federation of European Laboratory Animal Science Associations (FELASA) in a temperature- and humidity-controlled environment with a 12 h light and dark cycle. The rats were randomly divided into three groups of 16 rats: (i) the control (non-bile duct ligation (BDL)/no treatment), (ii) the BDL + T (BDL/L-NAME treatment), and (iii) the BDL (BDL/no treatment) group.




5.3. Surgical Procedure


5.3.1. Induction of Biliary Cirrhosis


Rats in the BDL + T and BDL group underwent BDL surgery to induce biliary cirrhosis 14 days before the IRI experiment. After induction of general anesthesia by inhalation of 5 vol% isoflurane and 5 L/min oxygen (Abbott GmbH & Co. KG, Wiesbaden, Germany) for approximately 2 min, anesthesia was maintained by reducing the isoflurane to 2 vol% with 2 L/min oxygen. Pre-operative prophylactic antibiotic treatment and analgesia were achieved by subcutaneous injection of cefuroxime sodium (g/kg/24 h; Cefuroxim, Fresenius Kabi GmbH, Bad Homburg, Germany) and buprenorphine (0.1 mg/kg/24 h) (Temgesic; EssexPharma, Munich, Germany) until 3 d after surgery. The abdomen was opened by a midline laparotomy. The common bile duct was identified and doubly ligated using 6-0 polydioxanone absorbable monofilament (PDS II; Ethicon, Inc., Somerville, NJ, USA). The abdominal wall was closed in two layers (both running suture for peritoneum and fascia and interrupting suture for skin with 4-0 Vicryl (Ethicon, Norderstedt, Germany)).




5.3.2. Partial Hepatectomy and the IRI Experiment


Fourteen days after bile duct ligation a partial hepatectomy with PM using a Satinsky vascular clamp was performed on all of the rats in each group. The left lateral lobe and the anterior and posterior caudate lobes were ligated with 4-0 silk (Resorba, Nürnberg, Germany) and resected as 50% partial hepatectomy. After partial hepatectomy, inflow occlusion was released by declamping the hepatoduodenal ligament. Finally, all groups were injected intraperitoneally with 5 mL of sterile isotonic saline solution. The rats in the BDL + T group were injected with L-NAME (1.5 mg/kg obtained from Merck KGaA, Darmstadt, Germany) through the penile vein 15 min before PM.





5.4. Hepatocellular Damage


Serum levels of aspartate aminotransferase (AST) at 1, 3, 24, and 168 h after reperfusion were measured as described previously [79].




5.5. Measurement of Portal Venous Flow (PVF) and Microcirculation of Liver


Portal venous flow (PVF) and microcirculation of the liver were measured before PM and at the time of sacrifice. PVF was evaluated with a transit-time perivascular flowmeter (T403; Transonic Systems, Inc., Ithaca, NY, USA), and microcirculation of the liver was assessed by combined laser Doppler flowmetry and spectrophotometry device (O2C: oxygen to see; LEA Medizintechnik GmbH, Giessen, Germany).




5.6. Lipid Peroxidation


To assess the impact of oxygen free radical activity after reperfusion, we measured the malondialdehyde (MDA) concentration as described previously [80]. Briefly, 100 μL of serum was mixed with 750 μL of 0.44 M phosphoric acid, 250 μL of 42 mM aqueous solution of thiobarbituric acid, and 500 μL of water. Samples were incubated in boiling water for 60 min and then immediately cooled on ice. Fluorescent lipid peroxidation/thiobarbituric acid adduct were measured using a fluorescence spectrophotometer (Tecan Infinite, Tecan Deutschland GmbH, Crailsheim, Germany). Different dilutions of tetraethoxypropane were used as the external standard.




5.7. Pro-Inflammatory Cytokines


Serum levels of interleukin (IL)-6 and transforming growth factor-β (TGF-β) at 3, 24, and 168 h after reperfusion were measured by rat enzyme-linked immunosorbent assay (ELISA) kits (R&D Systems, Minneapolis, MN, USA) according to the manufacturer’s instructions.




5.8. Serum Hypoxia-Inducible Factor-1α (HIF-1α) Levels


Serum levels of HIF-1α at 3, 24, and 168 h after reperfusion were measured using ELISA kits (MyBioSource, San Diego, CA, USA) according to the manufacturer’s instructions.




5.9. mRNA Expression Analysis of iNOS, eNOS, IL-6 and TGF-β by Quantitative Real-Time PCR


Reverse-transcription quantitative polymerase chain reaction (RT–qPCR) analyses were performed as described previously [81]. In short, total RNA was isolated from 30 mg of liver tissue samples, and 250 ng of RNA was used for complementary DNA (cDNA) synthesis using a High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Carlsbad, CA, USA) according to the manufacturer’s instructions. The following primers and probes from Applied Biosystems were used: glyceraldehyde-3-phosphate dehydrogenase (GAPDH, Rn_01775763_g1); iNOS (Rn_00561646_m1); eNOS (Rn_02132634_s1); IL-6 (Rn_1410330_m1); and TGF-β (Rn_00572010_m1). Relative mRNA expression of iNOS, eNOS, IL-6, and TGF-β were normalized to GAPDH expression and shown in comparison to the control group (baseline level 1 in the graph).




5.10. NOx, Hyaluronic Acid (HA) and Asymmetric dimethylarginine (ADMA) in Liver Tissue


NOx, HA, and ADMA in liver tissue at 1 h and 24 h after reperfusion was measured by the Griess reaction assay using ELISA kits (NO: Cayman Chemical Company, Ann Arbor, MI, USA; HA: TECO medical AG, Sissach, Switzerland; ADMA: Immundiagnostik AG, Bensheim, Germany) according to the manufacturer’s instructions.




5.11. SDS-PAGE and Western Blot Analysis


Liver protein extracts were prepared in RIPA buffer containing 20 mM Tris-HCl (pH 7.2), 16 mM NaCl, 2% (w/v) NP-40, 0.1% (w/v) SDS, 0.5% (w/v) sodium deoxycholate and the Complete™-mixture of proteinase inhibitors (Merck KGaA, Darmstadt, Germany). Equal amounts of tissue protein extracts (40 µg) were diluted with Nu-PAGE™ LDS electrophoresis sample buffer with DTT as a reducing agent, heated at 95 °C for 10 min, and separated in 4–12% Bis-Tris gradient gels, using MOPS or MES running buffers (all from Invitrogen). Proteins were electro-blotted onto nitrocellulose membranes (Schleicher & Schuell BioScience, Dassel, Germany), and equal loading was shown in Ponceau S stain. Subsequently, non-specific binding sites were blocked in TBS containing 5% (w/v) non-fat milk powder. For immune-detection of NOS2 (iNOS) or NOS3 (eNOS), the antibodies (sc-649, sc-654) were diluted in 2.5% (w/v) non-fat milk powder in Tris-buffered saline and incubated overnight at 4 °C. The primary antibodies were visualized using horseradish peroxidase conjugated anti-rabbit IgG (Santa Cruz Biotech, Santa Cruz, CA, USA) and the SuperSignal chemiluminescent substrate (Pierce, Bonn, Germany).



Densitometry of Western blots was done using the open source image processing program ImageJ software, version 1.46r [82]. For relative quantification of NOS3 (eNOS), we used the upper protein band detected in our Western blot analysis.




5.12. Histopathology


Liver tissue samples were collected at the time of sacrifice and relative liver weights were calculated. For light microscopy, sections were fixed in 4% neutral buffered formalin and embedded in paraffin. The specimens were sectioned into 2–4 μm thick slices using a microtome and stained with hematoxylin and eosin (HE). Injury in each specimen was graded to the extent of the region in five randomly chosen, non-overlapping fields (400× magnification) using a Leica DM 2500 microscope (Leica, Wetzlar, Germany). Lesions were graded on a scale from 1 to 4: 1, no changes or negligible lesions affecting 0–10% of the field; 2, mild lesions affecting 10–40% of the field; 3, moderate lesions affecting 40–70% of the field; and 4, severe lesions affecting >70% of the field. All tissue sections were examined in a blinded fashion by two independent investigators including a board-certified pathologist (M.A.).




5.13. TUNEL-Staining for Apoptosis Measurement


Apoptosis was analyzed by terminal deoxynucleotidyl transferase-mediated d-UTP nick-end labeling (TUNEL) staining using digoxigenin-labeled UTP detected with an antibody to digoxigenin using an in-situ apoptosis detection kit (Apoptag; CHEMICON, Schwalbach am Taunus, Germany), as described previously [83]. The apoptotic index also represented the percentage of TUNEL-positive cells relative to the total number of hepatocytes (400× magnification, five fields in each rat).




5.14. Immunohistochemistry (IHC) for Ki-67 and RECA-1


To assess the cell proliferation rate, tissue sections were subjected to immunohistochemical testing using monoclonal mouse Ki-67 (MIB5, 1:10; DAKO, Glostrup, Denmark). The Ki-67 labeling index represented the percentage of hepatocytes with Ki-67-positive nuclei relative to the total number of hepatocytes (400× magnification, five fields for each rat). For the analysis RECA-1 expression in the liver, the tissue sections were subjected to antigen retrieval by heating the sections for 24 min using a steamer in 0.1 mol/L of citrate buffer (pH 6.0) followed by slow cool down cycle to room temperature. After the blocking of nonspecific binding sites with 5% normal rabbit serum in a 2% skim milk solution in phosphate buffered saline (PBS) for 60 min, the sections were incubated overnight at 4 °C with a mouse monoclonal antibody against rat RECA-1 (10 ug/mL, abcam, Cambridge, UK, ab9774) at 4 °C followed by incubation with a 1:300 dilution of a biotin-labeled rabbit anti-mouse secondary antibody (DAKO, Hamburg, Germany E0413) for 30 min at room temperature. Finally, the slides were incubated with the DAB substrate (Merck KGaA, Darmstadt, Germany, D5905) for 5 min before undergoing Mayer’s hematoxylin counterstaining for 60 s and being mounted. Endothelial lining was analyzed based on the RECA-1 staining, which specifically stains vascular endothelium. On a scale from 0 to 3: 0, no changes, intact thin endothelium layer, no interruptions of the endothelium layer; 1, mild changes; 2, moderate changes; and 3, severe changes based on thickening of the endothelium layer and interruptions of the endothelium. For the analysis 6 different vessels per liver sections were analyzed and mean and standard deviations were calculated.




5.15. Immunofluorescence (IF) Detection of RECA-1


For immunofluorescence analysis liver tissues were shock frozen in liquid nitrogen and stored at −80 °C. Liver tissues were embedded in Tissue-Tek® O.C.T. Compound (Sakura® Finetek, Netherland) and 2–4 μm tissue sections were prepared with a cryo-microtome. After fixation of the tissue sections for 10 min with acetone, nonspecific binding sites were blocked by incubation with a 10% normal rabbit serum in PBS for 20 min followed by an 1 h incubation at room temperature with the mouse monoclonal antibody against rat RECA-1 (10 µg/mL, abcam, Cambridge, UK, ab9774). Tissue sections were then incubated with an Alexa Fluor 488 coupled goat anti-mouse IgG antibody for 1 h in the dark (1:500, abcam, ab150117) and finally mounted with Roti®-Mount FluorCare (Carl Roth, Karlsruhe, Germany) and analyzed by a FluoView1000MPE Two-Photon Laser Scanning Microscopy (Olympus Corp., Tokyo, Japan) equipped with a 25× NA1.05 water dipping objective. For excitation of Alexa Fluor 488 a Ti:Sapphire laser (MaiTai DeepSee, Spectra Physics, Mountain View, USA) was tuned to the wavelength of 800 nm. The emission of Alexa Fluor 488 was collected at 495–540 nm. The autofluorescence originating from the tissue was detected in two additional emission ranges of 419–465 nm and 590–630 nm. Series of subsequent xy-frames with 1024 × 1024 pixels in 1 µm z-steps were obtained for visualization of the complete tissue slide. Images shown as z-projection of the image stacks used the software FluoView ASW (Olympus GmbH, Hamburg, Germany) and merged to the detection channels.




5.16. Statistical Analyses


The data are expressed as the mean ± standard error of the mean. One-way analysis of variance (ANOVA) was used to test the differences among the three groups. Two-way analysis of variance (ANOVA) with the Bonferroni or Tukey post-test was used to assess time-dependent changes and differences between groups at each time point. A p-value of <0.05 was considered significant. Analyses were performed using GraphPad Prism 8 Software (GraphPad Software Inc., San Diego, CA, USA).





6. Conclusions


In conclusion, we demonstrated that L-NAME improved microcirculation and regeneration of the cholestatic liver after partial hepatectomy by PM. These effects of L-NAME may be due to the prevention of iNOS and TGF-β up-regulation.
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	ADMA
	Asymmetric dimethylarginine



	AST
	aspartate aminotransferase



	BDL
	Bile duct ligation



	BDL + T
	Bile duct ligation + Treatment (L-NAME)



	cNOS
	constitutively expressed NOS



	DAB
	3,3-Diaminobenzidine



	ECM
	Extracellular matrix



	EMT
	Epithelial-to-mesenchymal transition



	eNOS
	Endothelial NOS



	HA
	Hyaluronic acid



	HIF-1α
	Hypoxia-inducible factor-1α



	HSC
	Hepatic stellate cells



	IF
	Immunofluoresence



	IHC
	Immunohistochemistry



	IL-6
	Interleukin 6



	iNOS
	Inducible NOS



	IRI
	Ischemia–reperfusion injury



	L-NAME
	N-Nitroarginine methyl ester



	MDA
	Malondialdehyde



	mRNA
	Messenger ribonucleic acid



	nNOS
	Neuronal NOS



	NO
	Nitric oxide



	NOS
	NO synthase(s)



	PM
	Pringle maneuver



	PVF
	Portal venous flow



	RT-qPCR
	Quantitative real-time polymerase chain reaction



	RECA-1
	Rat endothelial cell antigen-1



	TGF-β
	Transforming growth factor β







References


	



Jarnagin, W.R.; Gonen, M.; Fong, Y.; DeMatteo, R.P.; Ben-Porat, L.; Little, S.; Corvera, C.; Weber, S.; Blumgart, L.H. Improvement in perioperative outcome after hepatic resection: Analysis of 1,803 consecutive cases over the past decade. Ann. Surg. 2002, 236, 397–406. [Google Scholar] [CrossRef]

	



Pringle, J.H.V. Notes on the arrest of hepatic hemorrhage due to trauma. Ann. Surg. 1908, 48, 541–549. [Google Scholar] [CrossRef]

	



Belghiti, J.; Noun, R.; Malafosse, R.; Jagot, P.; Sauvanet, A.; Pierangeli, F.; Marty, J.; Farges, O. Continuous versus intermittent portal triad clamping for liver resection: A controlled study. Ann. Surg. 1999, 229, 369–375. [Google Scholar] [CrossRef]

	



Ishizaki, Y.; Yoshimoto, J.; Miwa, K.; Sugo, H.; Kawasaki, S. Safety of prolonged intermittent pringle maneuver during hepatic resection. Arch. Surg. 2006, 141, 649–653. [Google Scholar] [CrossRef] [PubMed]

	



Teoh, N.C. Hepatic ischemia reperfusion injury: Contemporary perspectives on pathogenic mechanisms and basis for hepatoprotection-the good, bad and deadly. J. Gastroenterol Hepatol. 2011, 26 (Suppl. 1), 180–187. [Google Scholar] [CrossRef][Green Version]

	



Van Wagensveld, B.A.; van Gulik, T.M.; Gelderblom, H.C.; Scheepers, J.J.; Bosma, A.; Endert, E.; Obertop, H.; Gouma, D.J. Continuous or intermittent vascular clamping during hemihepatectomy in pigs: Hyaluronic acid kinetics in the assessment of early microvascular liver damage. Eur. J. Surg. 2000, 166, 255–261. [Google Scholar] [CrossRef] [PubMed]

	



Kim, Y.I.; Nakashima, K.; Tada, I.; Kawano, K.; Kobayashi, M. Prolonged normothermic ischaemia of human cirrhotic liver during hepatectomy: A preliminary report. Br. J. Surg. 1993, 80, 1566–1570. [Google Scholar] [CrossRef] [PubMed]

	



Fan, S.T.; Lai, E.C.; Lo, C.M.; Ng, I.O.; Wong, J. Hospital mortality of major hepatectomy for hepatocellular carcinoma associated with cirrhosis. Arch. Surg. 1995, 130, 198–203. [Google Scholar] [CrossRef] [PubMed]

	



Wu, C.C.; Hwang, C.R.; Liu, T.J.; P’eng, F.K. Effects and limitations of prolonged intermittent ischaemia for hepatic resection of the cirrhotic liver. Br. J. Surg. 1996, 83, 121–124. [Google Scholar] [CrossRef] [PubMed]

	



Kopincová, J.; Púzserová, A.; Bernátová, I. L-NAME in the cardiovascular system -nitric oxide synthase activator? Pharmacol Rep. 2012, 64, 511–520. [Google Scholar] [CrossRef]

	



Iwakiri, Y.; Kim, M.Y. Nitric oxide in liver diseases. Trends Pharmacol. Sci. 2015, 36, 524–536. [Google Scholar] [CrossRef]

	



Canbakan, B.; Akin, H.; Tahan, G.; Tarcin, O.; Eren, F.; Atug, O.; Tahan, V.; Imeryuz, N.; Yapicier, O.; Avsar, E.; Tozun, N. The effects of pegylated interferon alpha 2b on bile-duct ligation induced liver fibrosis in rats. Ann. Hepatol. 2009, 8, 234–240. [Google Scholar] [PubMed]

	



Coban, S.; Yildiz, F.; Terzi, A.; Al, B.; Aksoy, N.; Bitiren, M.; Celik, H. The effects of Nigella sativa on bile duct ligation induced-liver injury in rats. Cell Biochem. Funct. 2010, 28, 83–88. [Google Scholar] [CrossRef]

	



Tag, C.G.; Weiskirchen, S.; Hittatiya, K.; Tacke, F.; Tolba, R.H.; Weiskirchen, R. Induction of experimental obstructive cholestasis in mice. Lab Anim. 2015, 49 (Suppl. 1), 70–80. [Google Scholar] [CrossRef]

	



Tag, C.G.; Sauer-Lehnen, S.; Weiskirchen, S.; Borkham-Kamphorst, E.; Tolba, R.H.; Tacke, F.; Weiskirchen, R. Bile duct ligation in mice: Induction of inflammatory liver injury and fibrosis by obstructive cholestasis. J. Vis. Exp. 2015, 96, e52438. [Google Scholar] [CrossRef]

	



Giraldez, R.R.; Panda, A.; Xia, Y.; Sanders, S.P.; Zweier, J.L. Decreased nitric-oxide synthase activity causes impaired endothelium-dependent relaxation in the postischemic heart. J. Biol. Chem. 1997, 272, 21420–21426. [Google Scholar] [CrossRef]

	



Goldstein, M.J.; Salame, E.; Kapur, S.; Kinkhabwala, M.; LaPointe-Rudow, D.; Harren, N.P.P.; Lobritto, S.J.; Russo, M.; Brown, R.S., Jr.; Cataldegirmen, G.; et al. Analysis of failure in living donor liver transplantation: Differential outcomes in children and adults. World J. Surg. 2003, 27, 356–364. [Google Scholar] [CrossRef]

	



Glanemann, M.; Eipel, C.; Nussler, A.K.; Vollmar, B.; Neuhaus, P. Hyperperfusion syndrome in small-for-size livers. Eur. Surg. Res. 2005, 37, 335–341. [Google Scholar] [CrossRef]

	



Eipel, C.; Glanemann, M.; Nuessler, A.K.; Menger, M.D.; Neuhaus, P.; Vollmar, B. Ischemic preconditioning impairs liver regeneration in extended reduced-size livers. Ann. Surg. 2005, 241, 477–484. [Google Scholar] [CrossRef]

	



Dahm, F.; Georgiev, P.; Clavien, P.A. Small-for-size syndrome after partial liver transplantation: Definition, mechanisms of disease and clinical implications. Am. J. Transplant. 2005, 5, 2605–2610. [Google Scholar] [CrossRef]

	



Demetris, A.J.; Kelly, D.M.; Eghtesad, B.; Fontes, P.; Wallis, M.J.; Tom, K.; Tan, H.P.; Shaw-Stiffel, T.; Boig, L.; Novelli, P.; et al. Pathophysiologic observations and histopathologic recognition of the portal hyperperfusion or small-for-size syndrome. Am. J. Surg. Pathol. 2006, 30, 986–993. [Google Scholar] [CrossRef]

	



Pan, G.D.; Yan, L.N. Problems in adult living donor liver transplantation using the right hepatic lobe. Hepatobiliary Pancreat. Dis. Int. 2006, 5, 345–349. [Google Scholar] [PubMed]

	



Lo, C.M.; Liu, C.L.; Fan, S.T. Portal hyperperfusion injury as the cause of primary nonfunction in a small-for-size liver graft-successful treatment with splenic artery ligation. Liver Transpl. 2003, 9, 626–628. [Google Scholar] [CrossRef][Green Version]

	



Troisi, R.; Ricciardi, S.; Smeets, P.; Petrovic, M.; Van Maele, G.; Colle, I.; Van Vlierberghe, H.; De Hemptinne, B. Effects of hemi-portocaval shunts for inflow modulation on the outcome of small-for-size grafts in living donor liver transplantation. Am. J. Transplant. 2005, 5, 1397–1404. [Google Scholar] [CrossRef]

	



Koeppel, T.A.; Thies, J.C.; Schemmer, P.; Trauner, M.; Gebhard, M.M.; Otto, G.; Post, S. Inhibition of nitric oxide synthesis in ischemia/reperfusion of the rat liver is followed by impairment of hepatic microvascular blood flow. J. Hepatol. 1997, 27, 163–169. [Google Scholar] [CrossRef]

	



Caban, A.; Oczkowicz, G.; Abdel-Samad, O.; Cierpka, L. Influence of ischemic preconditioning and nitric oxide on microcirculation and the degree of rat liver injury in the model of ischemia and reperfusion. Transplant. Proc. 2006, 38, 196–198. [Google Scholar] [CrossRef]

	



Huang, T.P.; Nishida, T.; Kamike, W.; Kosaka, H.; Seiyama, A.; Morimoto, Y.; Tanaka, S.; Obunai, S.; Takei, Y.; Shiga, T.; et al. Role of nitric oxide in oxygen transport in rat liver sinusoids during endotoxemia. Hepatology 1997, 26, 336–342. [Google Scholar] [CrossRef][Green Version]

	



Meguro, M.; Katsuramaki, T.; Nagayama, M.; Kimura, H.; Isobe, M.; Kimura, Y.; Matsuno, T.; Nui, A.; Hirata, K. A novel inhibitor of inducible nitric oxide synthase (ONO-1714) prevents critical warm ischemia-reperfusion injury in the pig liver. Transplantation 2002, 73, 1439–1446. [Google Scholar] [CrossRef]

	



Kukita, K.; Katsuramaki, T.; Kikuchi, H.; Meguro, M.; Nagayama, M.; Kimura, H.; Isobe, M.; Hirata, K. Remnant liver injury after hepatectomy with the pringle maneuver and its inhibition by an iNOS inhibitor (ONO-1714) in a pig model. J. Surg. Res. 2005, 125, 78–87. [Google Scholar] [CrossRef]

	



Isobe, M.; Katsuramaki, T.; Hirata, K.; Kimura, H.; Nagayama, M.; Matsuno, T. Beneficial effects of inducible nitric oxide synthase inhibitor on reperfusion injury in the pig liver. Transplantation 1999, 68, 803–813. [Google Scholar] [CrossRef]

	



Liu, P.; Xu, B.; Spokas, E.; Lai, P.S.; Wong, P.Y. Role of endogenous nitric oxide in TNF-alpha and IL-1beta generation in hepatic ischemia-repefusion. Shock 2000, 13, 217–223. [Google Scholar] [CrossRef]

	



Shah, V.; Chen, A.F.; Cao, S.; Hendrickson, H.; Weiler, D.; Smith, L.; Yao, J.; Katusic, Z.S. Gene transfer of recombinant endothelial nitric oxide synthase to liver in vivo and in vitro. Am. J. Physiol. Gastrointest Liver Physiol. 2000, 279, G1023–G1030. [Google Scholar] [CrossRef] [PubMed]

	



Yamashita, T.; Kawashima, S.; Ohashi, Y.; Ozaki, M.; Rikitake, Y.; Inoue, N.; Hirata, K.; Akita, H.; Yokoyama, M. Mechanisms of reduced nitric oxide/cGMP-mediated vasorelaxation in transgenic mice overexpressing endothelial nitric oxide synthase. Hypertension 2000, 36, 97–102. [Google Scholar] [CrossRef]

	



Rockey, D.C.; Chung, J.J. Reduced nitric oxide production by endothelial cells in cirrhotic rat liver: Endothelial dysfunction in portal hypertension. Gastroenterology 1998, 114, 344–351. [Google Scholar] [CrossRef]

	



Shah, V.; Toruner, M.; Haddad, F.; Cadelina, G.; Papapetropoulos, A.; Choo, K.; Sessa, W.C.; Groszmann, R.J. Impaired endothelial nitric oxide synthase activity associated with enhanced caveolin binding in experimental cirrhosis in the rat. Gastroenterology 1999, 117, 1222–1228. [Google Scholar] [CrossRef]

	



Sarela, A.I.; Mihaimeed, F.M.; Batten, J.J.; Davidson, B.R.; Mathie, R.T. Hepatic and splanchnic nitric oxide activity in patients with cirrhosis. Gut 1999, 44, 749–753. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Meguro, M.; Katsuramaki, T.; Kimura, H.; Isobe, M.; Nagayama, M.; Kukita, K.; Nui, A.; Hirata, K. Apoptosis and necrosis after warm ischemia-reperfusion injury of the pig liver and their inhibition by ONO-1714. Transplantation 2003, 75, 703–710. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Kimura, H.; Katsuramaki, T.; Isobe, M.; Nagayama, M.; Meguro, M.; Kukita, K.; Nui, A.; Hirata, K. Role of inducible nitric oxide synthase in pig liver transplantation. J. Surg. Res. 2003, 111, 28–37. [Google Scholar] [CrossRef]

	



Duranski, M.R.; Elrod, J.W.; Calvert, J.W.; Bryan, N.S.; Feelisch, M.; Lefer, D.J. Genetic overexpression of eNOS attenuates hepatic ischemia-reperfusion injury. Am. J. Physiol. Heart Circ. Physiol. 2006, 291, H2980–H2986. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Behar-Cohen, F.F.; Heydolph, S.; Faure, V.; Droy-Lefaix, M.T.; Courtois, Y.; Goureau, O. Peroxynitrite cytotoxicity on bovine retinal pigmented epithelial cells in culture. Biochem. Biophys. Res. Commun. 1996, 226, 842–849. [Google Scholar] [CrossRef]

	



Fan, C.; Zwacka, R.M.; Engelhardt, J.F. Therapeutic approaches for ischemia/reperfusion injury in the liver. J. Mol. Med. (Berl.) 1999, 77, 577–592. [Google Scholar] [CrossRef]

	



Li, J.; Billiar, T.R. Nitric Oxide. IV. Determinants of nitric oxide protection and toxicity in liver. Am. J. Physiol. 1999, 276, G1069–G1073. [Google Scholar] [CrossRef]

	



Suzuki, Y.; Deitch, E.A.; Mishima, S.; Lu, Q.; Xu, D. Inducible nitric oxide synthase gene knockout mice have increased resistance to gut injury and bacterial translocation after an intestinal ischemia-reperfusion injury. Crit. Care Med. 2000, 28, 3692–3696. [Google Scholar] [CrossRef]

	



Schoen, J.M.; Wang, H.H.; Minuk, G.Y.; Lautt, W.W. Shear stress-induced nitric oxide release triggers the liver regeneration cascade. Nitric. Oxide 2001, 5, 453–464. [Google Scholar] [CrossRef]

	



Schoen, J.M.; Lautt, W.W. iNOS is not involved in shear stress-induced nitric oxide release, which triggers the liver regeneration cascade. Proc. West Pharmacol. Soc. 2001, 44, 181–182. [Google Scholar] [PubMed]

	



Uzun, H.; Simsek, G.; Aydin, S.; Unal, E.; Karter, Y.; Yelmen, N.K.; Vehid, S.; Curgunlu, A.; Kaya, S. Potential effects of L-NAME on alcohol-induced oxidative stress. World J. Gastroenterol 2005, 11, 600–604. [Google Scholar] [CrossRef]

	



Bataller, R.; Brenner, D.A. Liver fibrosis. J. Clin. Invest. 2005, 115, 209–218. [Google Scholar] [CrossRef]

	



Friedman, S.L. Molecular regulation of hepatic fibrosis, an integrated cellular response to tissue injury. J. Biol. Chem. 2000, 275, 2247–2250. [Google Scholar] [CrossRef]

	



Duffield, J.S.; Forbes, S.J.; Constandinou, C.M.; Clay, S.; Partolina, M.; Vuthoori, S.; Wu, S.; Lang, R.; Iredale, J.P. Selective depletion of macrophages reveals distinct, opposing roles during liver injury and repair. J. Clin. Invest. 2005, 115, 56–65. [Google Scholar] [CrossRef][Green Version]

	



Rivera, C.A.; Bradford, B.U.; Hunt, K.J.; Adachi, Y.; Schrum, L.W.; Koop, D.R.; Burchardt, E.R.; Rippe, R.A.; Thurman, R.G. Attenuation of CCl(4)-induced hepatic fibrosis by GdCl(3) treatment or dietary glycine. Am. J. Physiol. Gastrointest Liver Physiol. 2001, 281, G200–G207. [Google Scholar] [CrossRef]

	



Friedman, S.L.; Arthur, M.J. Activation of cultured rat hepatic lipocytes by Kupffer cell conditioned medium. Direct enhancement of matrix synthesis and stimulation of cell proliferation via induction of platelet-derived growth factor receptors. J. Clin. Invest. 1989, 84, 1780–1785. [Google Scholar] [CrossRef]

	



Gabele, E.; Brenner, D.A.; Rippe, R.A. Liver fibrosis: Signals leading to the amplification of the fibrogenic hepatic stellate cell. Front. Biosci. 2003, 8, d69–d77. [Google Scholar] [CrossRef]

	



Milani, S.; Herbst, H.; Schuppan, D.; Kim, K.Y.; Riecken, E.O.; Stein, H. Procollagen expression by nonparenchymal rat liver cells in experimental biliary fibrosis. Gastroenterology 1990, 98, 175–184. [Google Scholar] [CrossRef]

	



Marra, F. Hepatic stellate cells and the regulation of liver inflammation. J. Hepatol. 1999, 31, 1120–1130. [Google Scholar] [CrossRef]

	



Gressner, A.M.; Weiskirchen, R.; Breitkopf, K.; Dooley, S. Roles of TGF-beta in hepatic fibrosis. Front. Biosci. 2002, 7, d793–d807. [Google Scholar] [CrossRef]

	



Schnabl, B.; Kweon, Y.O.; Frederick, J.P.; Wang, X.F.; Rippe, R.A.; Brenner, D.A. The role of Smad3 in mediating mouse hepatic stellate cell activation. Hepatology 2001, 34, 89–100. [Google Scholar] [CrossRef][Green Version]

	



Dooley, S.; Hamzavi, J.; Breitkopf, K.; Wiercinska, E.; Said, H.M.; Lorenzen, J.; Ten, D.P.; Gressner, A.M. Smad7 prevents activation of hepatic stellate cells and liver fibrosis in rats. Gastroenterology 2003, 125, 178–191. [Google Scholar] [CrossRef]

	



Shek, F.W.; Benyon, R.C. How can transforming growth factor beta be targeted usefully to combat liver fibrosis? Eur. J. Gastroenterol Hepatol. 2004, 16, 123–126. [Google Scholar] [CrossRef][Green Version]

	



Tolba, R.H.; Schildberg, F.A.; Decker, D.; Abdullah, Z.; Buttner, R.; Minor, T.; von Ruecker, A. Mechanisms of improved wound healing in Murphy Roths Large (MRL) mice after skin transplantation. Wound Repair Regen. 2010, 18, 662–670. [Google Scholar] [CrossRef]

	



Nanashima, A.; Yamaguchi, H.; Shibasaki, S.; Sawai, T.; Yamaguchi, E.; Yasutake, T.; Tsuji, T.; Jibiki, M.; Nakagoe, T.; Ayabe, H. Measurement of serum hyaluronic acid level during the perioperative period of liver resection for evaluation of functional liver reserve. J. Gastroenterol Hepatol 2001, 16, 1158–1163. [Google Scholar] [CrossRef]

	



Pungpapong, S.; Nunes, D.P.; Krishna, M.; Nakhleh, R.; Chambers, K.; Ghabril, M.; Dickson, R.C.; Hughes, C.B.; Steers, J.; Nguyen, J.H.; et al. Serum fibrosis markers can predict rapid fibrosis progression after liver transplantation for hepatitis C. Liver Transpl. 2008, 14, 1294–1302. [Google Scholar] [CrossRef][Green Version]

	



Valva, P.; Casciato, P.; Carrasco, J.M.D.; Gadano, A.; Galdame, O.; Galoppo, M.C.; Mullen, E.; De, M.E.; Preciado, M.V. The role of serum biomarkers in predicting fibrosis progression in pediatric and adult hepatitis C virus chronic infection. PLoS ONE 2011, 6, e23218. [Google Scholar] [CrossRef]

	



Loor, G.; Schumacker, P.T. Role of hypoxia-inducible factor in cell survival during myocardial ischemia-reperfusion. Cell Death Differ. 2008, 15, 686–690. [Google Scholar] [CrossRef]

	



Olson, N.; van der Vliet, A. Interactions between nitric oxide and hypoxia-inducible factor signaling pathways in inflammatory disease. Nitric. Oxide 2011, 25, 125–137. [Google Scholar] [CrossRef]

	



Higgins, D.F.; Kimura, K.; Bernhardt, W.M.; Shrimanker, N.; Akai, Y.; Hohenstein, B.; Saito, Y.; Johnson, R.S.; Kretzler, M.; Cohen, C.D.; et al. Hypoxia promotes fibrogenesis in vivo via HIF-1 stimulation of epithelial-to-mesenchymal transition. J. Clin. Invest. 2007, 117, 3810–3820. [Google Scholar] [CrossRef][Green Version]

	



Tzouvelekis, A.; Harokopos, V.; Paparountas, T.; Oikonomou, N.; Chatziioannou, A.; Vilaras, G.; Tsiambas, E.; Karameris, A.; Bouros, D.; Aidinis, V. Comparative expression profiling in pulmonary fibrosis suggests a role of hypoxia-inducible factor-1alpha in disease pathogenesis. Am. J. Respir. Crit. Care Med. 2007, 176, 1108–1119. [Google Scholar] [CrossRef]

	



Moon, J.O.; Welch, T.P.; Gonzalez, F.J.; Copple, B.L. Reduced liver fibrosis in hypoxia-inducible factor-1alpha-deficient mice. Am. J. Physiol. Gastrointest Liver Physiol. 2009, 296, G582–G592. [Google Scholar] [CrossRef]

	



Albina, J.E.; Reichner, J.S. Oxygen and the regulation of gene expression in wounds. Wound Repair Regen. 2003, 11, 445–451. [Google Scholar] [CrossRef]

	



Botusan, I.R.; Sunkari, V.G.; Savu, O.; Catrina, A.I.; Grunler, J.; Lindberg, S.; Pereira, T.; Yla-Herttuala, S.; Poellinger, L.; Brismar, K.; et al. Stabilization of HIF-1alpha is critical to improve wound healing in diabetic mice. Proc. Natl. Acad. Sci. USA 2008, 105, 19426–19431. [Google Scholar] [CrossRef]

	



Willis, B.C.; Borok, Z. TGF-beta-induced EMT: Mechanisms and implications for fibrotic lung disease. Am. J. Physiol. Lung Cell. Mol. Physiol. 2007, 293, L525–L534. [Google Scholar] [CrossRef]

	



Copple, B.L. Hypoxia stimulates hepatocyte epithelial to mesenchymal transition by hypoxia-inducible factor and transforming growth factor-beta-dependent mechanisms. Liver Int. 2010, 30, 669–682. [Google Scholar] [CrossRef]

	



Zeisberg, M.; Yang, C.; Martino, M.; Duncan, M.B.; Rieder, F.; Tanjore, H.; Kalluri, R. Fibroblasts derive from hepatocytes in liver fibrosis via epithelial to mesenchymal transition. J. Biol. Chem. 2007, 282, 23337–23347. [Google Scholar] [CrossRef]

	



Vallance, P.; Leone, A.; Calver, A.; Collier, J.; Moncada, S. Accumulation of an endogenous inhibitor of nitric oxide synthesis in chronic renal failure. Lancet 1992, 339, 572–575. [Google Scholar] [CrossRef]

	



Nijveldt, R.J.; Teerlink, T.; Siroen, M.P.; van Lambalgen, A.A.; Rauwerda, J.A.; van Leeuwen, P.A. The liver is an important organ in the metabolism of asymmetrical dimethylarginine (ADMA). Clin. Nutr. 2003, 22, 17–22. [Google Scholar] [CrossRef]

	



Nijveldt, R.J.; Teerlink, T.; Van Der, H.B.; Siroen, M.P.; Kuik, D.J.; Rauwerda, J.A.; van Leeuwen, P.A. Asymmetrical dimethylarginine (ADMA) in critically ill patients: High plasma ADMA concentration is an independent risk factor of ICU mortality. Clin. Nutr. 2003, 22, 23–30. [Google Scholar] [CrossRef]

	



Ferrigno, A.; Palladini, G.; Bianchi, A.; Rizzo, V.; Di Pasqua, L.G.; Perlini, S.; Richelmi, P.; Vairetti, M. Lobe-specific heterogeneity in assymetric dimethlyarginines and matriy metalloproteinase levels in a rat model of obstructive cholestasis. Biomed. Res. Int. 2014, 327537. [Google Scholar]

	



Ferrigno, A.; Di Pasqua, L.G.; Berardo, C.; Rizzo, V.; Richelmi, P.; Vairetti, M. Changes in Biliary Levels of Arginien and its Methylated Derviates after Hepatic Ischaemia/Reperfusion. Basic Clin. Pharmacol. Toxicol. 2016, 119, 101–109. [Google Scholar] [CrossRef]

	



Laleman, W.; Omasta, A.; Van de Casteele, M.; Zeegers, M.; Vander Elst, I.; Van Landeghem, L.; Severi, T.; van Pelt, J.; Roskams, T.; Fevery, J.; et al. A role for asymmetric dimethylarginine in the pathophysiology of portal hypertension in rats with biliary cirrhosis. Hepatology 2005, 42, 1382–1390. [Google Scholar] [CrossRef][Green Version]

	



Srinivasan, P.K.; Yagi, S.; Doorschodt, B.; Nagai, K.; Afify, M.; Uemoto, S.; Tolba, R. Impact of venous systemic oxygen persufflation supplemented with nitric oxide gas on cold-stored, warm ischemia-damaged experimental liver grafts. Liver Transpl. 2012, 18, 219–225. [Google Scholar] [CrossRef][Green Version]

	



Yagi, S.; Doorschodt, B.M.; Afify, M.; Klinge, U.; Kobayashi, E.; Uemoto, S.; Tolba, R.H. Improved preservation and microcirculation with POLYSOL after partial liver transplantation in rats. J. Surg. Res. 2011, 167, e375–e383. [Google Scholar] [CrossRef]

	



Nagai, K.; Yagi, S.; Afify, M.; Bleilevens, C.; Uemoto, S.; Tolba, R.H. Impact of venous-systemic oxygen persufflation with nitric oxide gas on steatotic grafts after partial orthotopic liver transplantation in rats. Transplantation 2013, 95, 78–84. [Google Scholar] [CrossRef] [PubMed]

	



ImageJ. Available online: https://imagej.net (accessed on 19 April 2019).

	



Song, S.W.; Tolba, R.H.; Yonezawa, K.; Manekeller, S.; Minor, T. Exogenous superoxide dismutase prevents peroxynitrite-induced apoptosis in non-heart-beating donor livers. Eur. Surg. Res. 2008, 41, 353–361. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 20 02114 g001 550]





Figure 1. To investigate the effect of a nitric oxide synthase (NOS) inhibitor on ischemia–reperfusion injury (IRI) after the Pringle maneuver and partial hepatectomy of cholestatic livers induced by bile duct ligation (BDL) rats underwent BDL surgery to induce biliary cirrhosis in the BDL + T and BDL groups. Fourteen days later, 50% partial hepatectomy with PM was performed in all groups. The rats in the BDL + T group were additionally intravenously injected with N-Nitroarginine methyl ester (L-NAME) (1.5 mg/kg) 15 min before PM. 
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Figure 2. Hepatocellular damage, circulation, and microcirculation in the different treatment groups were analyzed based on (A) serum aspartate aminotransferase (AST) levels, (B) portal venous flow, (C) flow, and (D) velocity pre-operative, 1, 3, 24, and 168 h after reperfusion. Mean and standard deviation are shown in each group with significance levels of * p < 0.05, ** p < 0.01, **** p < 0.0001. 
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Figure 3. As an important feature of tissue fibrosis and epithelial–to–mesenchymal transition (EMT) pro-inflammatory cytokines (A,B) interleukin (IL)-6, (C,D) transforming growth factor-β (TGF-β) mRNA, and protein levels and the (E) hypoxia-inducible factor-1α (HIF-1α) levels were analyzed in serum 3, 24, and 168 h after reperfusion. Mean and standard deviation are shown in each group with significance levels of * p < 0.05, ** p < 0.01, *** p < 0.001. 
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Figure 4. To measure the intensity of liver damage (A) NOx levels, (B) Hyaluronic acid (HA), and (C) Asymmetric dimethylarginine (ADMA) levels in liver tissues were evaluated 1 h and 24 h after reperfusion. Mean and standard deviation are shown in each group with significance levels of * p < 0.05 and *** p < 0.001. 
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Figure 5. For the analysis of the effect of the L-NAME treatment (BDL + T) inducible nitric oxide synthase (iNOS) and endothelial nitric oxide synthase (eNOS) mRNA levels (A,B) and protein expression (C,D) were determined and quantified by densitometry (E,F). Relative mRNA expression of iNOS (A) and eNOS (B) were measured by RT-qPCR after 3, 24, and 168 h after reperfusion (C, D). Results of protein expression in Western blots are shown 24 h after reperfusion. Densitometry analysis of Western blot results of iNOS (E) and eNOS (F) protein expression. β-actin normalized expression of iNOS and eNOS after 3, 24, and 168 h after reperfusion are shown. Mean and standard deviation are shown in each group with significance levels of * p < 0.05. 
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Figure 6. Changes at relative liver weight (in %) were evaluated in animals after 1, 3, 24, and 168 h after reperfusion in the BDL + T, BDL, and control group. Mean and standard deviation are shown in each group with significance levels of * p < 0.05 and ** p < 0.01. 
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Figure 7. Histopathological changes in livers in the different treatment groups were analyzed in (A) Hematoxylin and eosin (HE) staining applying a semi-quantitative score, in (B) transferase-mediated d-UTP nick-end labeling (TUNEL) staining shown as apoptotic index (in %), in (C) Ki-67 staining measuring proliferation (in %) of Kupffer cells and sinusoidal endothelial cells and infiltration of inflammatory cells and in (D) RECA-1 staining in order to score the endothelial lining. Mean and standard deviation are shown in each group with significance levels of * p < 0.05, ** p < 0.01, **** p < 0.0001. 
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Figure 8. Representative images showing HE staining (1rst row, 200×, 168 h after reperfusion), TUNEL staining (2nd row, 400×, 168 h after reperfusion), Ki-67 staining (3rd row, 400×, 24 h after reperfusion, arrows), immunohistochemical RECA-1 staining (4th row, 400×), and immunofluorescence RECA-1 staining (5th row, 250×) in liver sections at indicated time points. Arrow in HE section indicates inflammatory cells. Arrows in Ki-67 sections mark proliferating Kupffer cells and sinusoidal endothelial cells. 
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