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Abstract

:

We analyzed the participation of mitogen-activated protein kinases (MAPKs), namely p38, JNK and ERK 1/2 in steatotic and non-steatotic livers undergoing ischemia-reperfusion (I-R), an unresolved problem in clinical practice. Hepatic steatosis is a major risk factor in liver surgery because these types of liver tolerate poorly to I-R injury. Also, a further increase in the prevalence of steatosis in liver surgery is to be expected. The possible therapies based on MAPK regulation aimed at reducing hepatic I-R injury will be discussed. Moreover, we reviewed the relevance of MAPK in ischemic preconditioning (PC) and evaluated whether MAPK regulators could mimic its benefits. Clinical studies indicated that this surgical strategy could be appropriate for liver surgery in both steatotic and non-steatotic livers undergoing I-R. The data presented herein suggest that further investigations are required to elucidate more extensively the mechanisms by which these kinases work in hepatic I-R. Also, further researchers based in the development of drugs that regulate MAPKs selectively are required before such approaches can be translated into clinical liver surgery.
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1. Introduction: Ischemia-Reperfusion, MAPKs and NAFLD patients


The hypoxia and subsequent oxygen delivery restoration to the liver, namely, hepatic ischemia-reperfusion (I-R) induces deleterious effects in the surgery of resections and liver transplantation [1,2,3,4]. The shortage of organs has led centers to expand their criteria for the acceptance of marginal grafts [5] among which, steatotic livers are conspicuous [1]. In non-alcoholic fatty liver disease (NAFLD), the presence of fatty infiltration might be associated with inflammation resulting in non-alcoholic steatohepatitis (NASH) [6]. The prevalence of obesity in society increases the incidence of NASH, a crucial risk factor since steatotic livers tolerate poorly to I-R damage resulting in liver dysfunction and regenerative failure as well as primary non-function after surgery [7,8,9,10,11,12]. Investigations focused in evaluating the hepatosteatosis mechanisms might be useful in the establishment of specific therapies to prevent hepatic I-R injury [13,14].



It has been widely described that NAFLD implies the presence of fatty infiltration, inflammation, cell death and collagen deposition in the liver tissue. Mitogen-activated protein kinases (MAPKs) are mediators that participate in the signaling mechanisms underlying these cellular events and therefore, could be considered as possible therapeutic targets.



The three well-characterized subfamilies of MAPKs are p38, c-Jun N-terminal kinase (JNK) and extracellular signal-regulated protein kinases (ERK 1/2) and are 60–70% identical to each other. However, p38 and JNKs respond to stress stimuli whereas ERKs are phosphorylated by proliferative stimuli [15,16,17,18,19]. Depending on the pathological conditions that occur, MAPKs play different biological roles. In order to evaluate the usefulness of the MAPK as possible therapeutic targets, it is necessary to distinguish which are the functions that have been described for the MAPK in each of the stages that comprise the NAFLD and should also consider the influence of comorbidities. At the clinical level, there are currently very few studies that have evaluated the role of MAPK in patients with NAFLD, and such studies point to an inflammatory role of MAPKs in NASH with or without obesity, as exposed in the following.



It has been reported that vitamin D suppresses several pathways involved in inflammation and cytokine production including MAPK and nuclear factor-κ Beta (NF-kB) [20,21,22]. Recently, research work has demonstrated that vitamin D deficiency is associated with increased risk of NASH. In patients with NAFLD and vitamin D deficiency, an up-regulation of the MAPK and NF-kB inflammatory pathways was observed. Since increased accumulation of macrophages in adipose tissue is a hallmark of obesity and NAFLD, these studies provide a mechanistic link between vitamin D deficiency and the inflammatory response, which is a key pathogenic event in NAFLD [23]. Of interest, dietary vitamin D supplementation decreased MAPK and NF-kB activation in a murine model of colon cancer [23].



An exploratory study examined patterns of MAPK expression in obese patients. In NASH patients, activation of p38 MAPK was detected in a hepatic biopsy. It is well known that p38 MAPK participates in the regulation of inflammatory response [24]. The involvement of the apoptosis signal-regulating kinase 1 (ASK1)-MAPK pathway, the transducer activator transcription 3 and other survival pathways insulin receptor substrate 2 via phosphoinositide 3-kinase (PI3k) and its downstream effectors 3-phosphoinositide dependent protein kinase-1, ribosomal protein S6 kinase polypeptide 1 and v-protein kinase B (Akt) oncogene homolog) in NASH and NASH-related fibrosis has been also suggested [25,26].



Recently, elevated levels of advanced glycation endproduct (AGE) has been observed in the serum of NAFLD patients. Furthermore, accumulating evidence suggests that the binding of AGEs with their receptor (RAGE) results in the generation of reactive oxygen species (ROS) from activated nicotinamide adenine dinucleotide phosphate (NADPH) oxidase. This culminates in the activation of p38 MAPK and the translocation of NF-kB p65 into nucleus, leading to the transcription of growth factors, inflammatory cytokines, chemokines and adhesion molecules [27].



The pattern of MAPK expression in NAFLD patients submitted to surgical conditions requiring hepatic I-R has not been previously reported. As will be discussed below, at an experimental level, there exist results characterizing the role of MAPK in NAFLD, but not all studies distinguish which stage of NAFLD is paralleling the experimental model (simple steatosis, NASH, etc.). It is notorious that in different experimental models of NAFLD, MAPKs play a predominantly inflammatory role, as it seems the case at the clinical level. This supports a crucial role for MAPK in the underlying pathogenic mechanisms of NAFLD. Nevertheless, preclinical studies evaluating the role of MAPKs on fatty infiltration, damage and regenerative failure in surgical conditions of hepatic resections under vascular occlusion and liver transplantation in each of the stages that comprise the NAFLD have not been reported and intensive preclinical studies will be required to address this issue.




2. Role of MAPKs in Experimental Models of Hepatic I-R Injury Using Steatotic and Non-Steatotic Livers


A large number of factors and mediators play a part in hepatic I-R injury [1,28,29,30,31]. The relationships between the signaling pathways involved are highly complex and it is not yet possible to describe, with absolute certainty, the events that occur between the beginning of reperfusion and the final outcome of either non-function or dysfunction after surgery. In addition, the mechanisms responsible for hepatic I-R injury depend on the type of the liver, which has made it so difficult finding effective therapeutic strategies to protect both liver types against I-R injury [1,32]. Among MAPKs, p38, JNK and ERK 1/2 are activated by a variety of cellular stresses, such as I-R [15,16,18,19,33,34,35,36,37,38,39,40] and are considered as a potential target in hepatic I-R [14,41].



As explained below, the role of MAPKs in steatotic livers undergoing hepatic I-R injury have been mainly focused on normothermic conditions. Indeed, in our view, there is only a paper evaluating the role of ERK in steatotic liver transplantation whereas the relevance of p38 and JNK remains to be elucidated.



2.1. p38 in Hepatic I-R and Their Therapeutic Implications


2.1.1. p38 in Hepatic I-R


These proteins are activated by stress stimuli as those occurring in ischemic conditions, which would favor the inflammatory response [42,43]. Indeed, activation of the p38 pathway and p38-associated inflammatory processes play a crucial role in post-ischemic damage in steatotic and non-steatotic livers [35,40,44,45,46]. p38 is phosphorylated and activated after reperfusion [15,33,39]. Their activation is associated with the induction of apoptosis and necrosis [33,47]. In steatotic livers, p38 activation increased adiponectin levels thus inducing ROS generation and hepatic injury [48]. However, p38 inhibition after the pharmacological treatment with a p38 inhibitor, SB203580, reduced hepatic I-R injury in both type of livers [40,44]. These data indicate that p38 induces ROS generation, a key mechanism responsible for the vulnerability of steatotic livers to I-R. Further studies will be required to elucidate the potential involvement of antioxidants and ROS generating systems in the effects of p38 on ROS. In fact, previous studies from our group indicated less glutathione (GSH) and superoxide dismutase (SOD) levels and more alterations in antioxidants and ROS generating system (mitochondria and xanthine/xanthione oxidase) in steatotic livers than in non-steatotic livers as a consequence of hepatic I-R [2,49]. The benefits of the p38 inhibitor, SB203580, on cell death in both liver types could be of clinical interest since it could reduce necrosis and apoptosis in steatotic and non-steatotic livers, respectively. It has been suggested that necrosis rather than apoptosis is the predominant process by which steatotic livers undergo cell death [49,50,51]. Results based on an experimental model of total hepatic normotermic ischemia of 15 min indicated that hypoxia-reoxygenation increased p-p38 and p-JNK, but decreased p-ERK expression in steatotic hepatocytes. In contrast, pretreatment with astaxanthin regulated such MAPKs, thus protecting steatotic hepatocytes against the deleterious effects induced by hypoxia-reoxygenation, including apoptosis [52]. The relevance of the changes in the MAPK signaling pathway induced by astaxanthin on cell death remain to be elucidated.



In our view the role of MAPKs in the different types of cells involved in the pathophysiology of hepatic I-R requires intensive investigation since the effects derived from the pharmacological modulation of MAPKs might be specific for each cell type. Consequently, this would result in the protection or harmful effects on hepatic I-R injury. Indeed, the effect of ASK1 is associated to opposite responses of steatotic hepatocyte and of steatotic Kupffer cells (KC) to hypoxia/reoxygenation damage. A lipid-stimulated ASK1 activation promotes the increased susceptibility to hypoxia/reoxygenation damage of steatotic hepatocyte through activation the cytotoxic axis ASK1/JNK. Accordingly, this indicates a critical role of JNK in mediating the damage of steatotic hepatocytes. On the other hand, the resistance of KC to damage through activation the survival axis ASK1/p38 MAPK was also detected.



In the setting of liver transplantation, the treatment with p38 inhibitors decreases reperfusion injury in the liver graft and increases the survival of recipients [39]. However, there are controversies about the role of p38 in liver transplantation [19,39,51,53] and one possible cause of this inconsistency is the difference in the method of analyzing MAPK activity. The study that reported no effect on p38 [19] only examined the activation of MAPKs in liver nuclear extracts, whereas the others examined it in whole cell lysates of liver tissue [39]. Differential activity of subcellular MAPKs has been reported in experimental models of heart I-R [54].



In addition to the role of p38 in hepatic I-R injury, it has been demonstrated the involvement of this MAPK in partial hepatectomy under I-R, which is frequently present in clinical practice of liver surgery [45,46]. Under these conditions, p38 was a key mechanism in the benefits of Angiostensin (Ang) II receptor antagonists on liver regeneration in both steatotic and non-steatotic livers. Thus, strategies that increased p38 could improve liver regeneration. In addition, when p38 was inhibited, the benefits of Ang II antagonists on liver regeneration disappeared [45].



In elderly, proinflammatory events occur in the liver, which are responsible for hepatosteatosis development. In an experimental model with ageing mice fed on a high fat diet (HFD) to induce hepatic steatosis, together with tumor necrosis factor alpha (TNF-α) and interleukin (IL)-6, the expression of p-p38 was associated with the proinflammatory response in HFD-fed ageing mice [55]. In elderly, it has been suggested that DIKTNKPVIF bioactive peptide and its parent protein hydrolysate could regulate the inflammation associated with hepatosteatosis development and progression [56]. Such treatment not only enhances lipid metabolism through AMP-activated protein kinase (AMPK) activation but also alleviates hepatic proinflammatory response through attenuating expression of p38 MAPK, TNF-α and IL-6 [56]. All of these observations suggest the potential involvement of MAPKs in elderly animals undergoing hepatic I-R.



Figure 1 shows the effects of MAPKs on some of the mechanisms and cell types involved in hepatic I-R injury. The pathophysiology of hepatic I-R has been previously discussed in different reviews [1,31].




2.1.2. Therapeutic Implications of p38 in Hepatic I-R


The recent research focused on potential regulators of p38 and their therapeutic implications have been shown in steatotic and non-steatotic livers (Table 1 and Table 2, respectively). Inhibitors targeting the p38 pathway have been developed, and preliminary preclinical data suggests that they exhibit anti-inflammatory activity [43,57]. An additional advantage of p38 inhibitors is the possibility that such compounds can be used as an additive to a cold organ preservation solution. A report indicated that addition of a p38 MAPK inhibitor to a cold preservation solution, without administering it to recipients during reperfusion, is sufficient to improve graft viability and the survival rate of recipients [39]. In addition to p38 inhibitors, other drugs that have been used as pharmacological preconditioning are able to prevent p38 effects. This is the case of drugs such as olprinone, all-tras retinoic acid and epidermal growth factor (EGF). All of these reduce p38 activation in livers and the injurious effects of I-R [44,54,57]. Further studies will be required to elucidate whether such pharmacological strategies aimed at regulating p38, could be of clinical interest to protect the liver against I-R injury.



Experimental data indicate that atrial natriuretic peptide (ANP) leads to the activation of p38, which leads to hepatocyte cytoskeletal changes by increasing the hepatocyte, F-actin content in liver [51]. It is known that F-actin is reduced in liver following ischemia, resulting in the loss of cell integrity and cytoplasmic transport in the liver, causing damage to organelles and changes in cell morphology [58]. Beneficial effects of strategies aimed at activating p38 such as Ang II receptor antagonists on hepatic regeneration have been also demonstrated in steatotic and non-steatotic livers in hepatectomy under I-R [45]. Since in clinical situations partial hepatectomy under I-R is usually performed to prevent the blood loss, therapies aimed at trigger p38 activation could be of interest to favor cell growth, particularly in the case of steatotic livers.





2.2. JNK in Hepatic I-R and Their Therapeutic Implications


2.2.1. JNK in Hepatic I-R


JNK is activated in response to stress and inflammatory stimuli [18,37,95]. Numerous studies using experimental models of either warm or cold ischemia have demonstrated an injurious role of JNK activation in I-R injury in steatotic and non-steatotic livers [34,40,47,72,74,75,78,80,95,96,97,98,99,100,101,102,103]. Experimental data indicate that JNK is activated by TNF-α and IL-1, major mediators of hepatic I-R injury. In fact, higher levels of IL-1β were responsible for the exacerbated damage detected in steatotic livers following I-R [104]. Hepatic JNK activation is also associated with inflammation and apoptosis as evidenced by caspase 3 activation and cytochrome c release in liver surgery [96,102]. In our view, the treatment with ROS inhibitors might offer a new way of preventing the deleterious effects of JNK in hepatic I-R. Indeed, JNK activation is induced by mitochondrial ROS generation under I-R conditions [35] (Figure 1). All of these suggest that inhibition of JNK could be beneficial in reducing hepatic I-R injury and in line with this, many studies demonstrated that pharmacological JNK inhibitors attenuated hepatic I-R injury [40,96,102,103]. Only one study in warm ischemia showed the opposite effect since the treatment with a selective inhibitor of JNK increased hepatic injury [96]. Differences in the experimental model of hepatic I-R (warm ischemia with or without hepatectomy) and the dose and administration route of the JNK inhibitor, could explain at least partially, the different data reported in the literature on the role of JNK in hepatic I-R injury in steatotic and non-steatotic livers (Table 3 and Table 4, respectively). Therefore, it is not easy to conclude that JNK inhibition protects the liver against I-R injury [96].



Recently it has been demonstrated that the activation of JNK was associated with impaired liver regeneration in steatotic and non-steatotic livers undergoing partial hepatectomy under I-R [46]. This is opposite to other studies indicating that in regenerating livers following partial hepatectomy without I-R, JNK phosphorylates activating protein 1 (AP-1) at its c-Jun activation domain, which result in transcription of immediate early genes of growth [105]. It should be considered that the role of JNK in hepatic regeneration could be different depending on the surgical conditions evaluated (hepatectomy with or without I-R), as it has been previously demonstrated for other mediators involved in hepatic I-R injury such as Ang II [45,106,107,108]. Considering that in clinical situations, partial hepatectomy under I-R is usually performed to control bleeding during parenchymal dissection, pharmacological strategies aimed at inhibiting JNK might be more appropriated in the clinical surgery of hepatic resections.




2.2.2. Therapeutic Implications of JNK in Hepatic I-R


Preliminary clinical studies indicate the potential benefits of JNK inhibitors in the treatment of fulminant hepatitis and hepatocellular carcinoma in clinical settings [37]. The above discussion on the effect of specific inhibitors of JNK on hepatic I-R injury highlights the possibility and benefit of using JNK inhibitors clinically in the setting of hepatic I-R. Considering the regulation in JNK induced by melatonin and the low potential of harmful side effects of melatonin, this drug is an attractive modality for treating the injurious effects derived from hepatic I-R [34]. Similarly, to melatonin, strategies based on administration of cyclopamine, d-α-tocopherol, ANP or tauroursodeoxycholic acid (TUDCA) could be used as JNK regulators in hepatic I-R injury, but further studies will be required to elucidate whether they are appropriate in clinical practice [38,46,93,99] (Table 3 and Table 4). It should be considered that few studies have been reported on the pharmacological modulation of JNK in steatotic livers. In addition, such studies have been mainly reported on normotermic conditions and without hepatic resection, a surgical condition, commonly used in clinical practice. Furthermore, it should be noted that some of the modulators included in the Table 2, such as NQDI, melatonin, propylene glycol alginate sodium sulfate, remifentanil, beraprost sodium, among others, are not specific regulators of JNK activity. Preclinical studies on pharmacological strategies regulating JNK activity in steatotic liver transplantation will be required if the aims is to extrapolate the preclinical results to clinical practice.





2.3. ERK in Hepatic I-R and Their Therapeutic Implications


2.3.1. ERK in Hepatic I-R


ERK1/2, also referred to as p44 and p42 MAP kinases, are ubiquitously expressed kinases and are mainly activated by proliferative stimuli. Hormones and growth factors such as the insulin-like growth factor (IGF), platelet-derived growth factor (PDGF) or EGF are the major regulators of ERK 1/2, but it also may be activated by cytokines, proteins of extracellular matrix such as fibronectin and collagen, glucose and ROS [41,42,110]. Although activation of ERK 1/2 has been mainly associated with cell proliferation and differentiation, there are studies indicating their potential involvement in hepatic I-R injury [7,46,50,80,95,97,98,99,100,111,112,113,114] (Table 5 and Table 6, Figure 1). However, a specific activator or inhibitor of ERK has not been used in any of these studies. Activation of ERK 1/2 has showed to play injurious effects in warm hepatic I-R in both normal and suboptimal livers such as cholestatic livers. These reports indicated that ERK 1/2 was associated with neutrophil infiltration, and both cell death forms, necrosis and apoptosis [7,95,97,98,99]. One study in non-steatotic livers undergoing warm I-R injury have indicated that activation of ERK 1/2 is associated with enhanced protection against hepatic I-R injury, which was related with improved vascular dysfunction and endothelial cell integrity [111]. The design of specific ERK regulators will be required to elucidate whether ERK might be a potential therapeutic target in warm hepatic I-R. Differential effects of ERK 1/2 mentioned under warm hepatic ischemia conditions, have also been reported in the context of liver transplantation. Thus, it seems that the duration of both ischemia and reperfusion affects the cellular response elicited by ERK 1/2 activation in hepatic I-R injury. For instance, ERK 1/2 phosphorylation was associated with protection in liver grafts preserved until 6 hours, whereas it was related with injurious effects in liver grafts preserved for more than 24 hours [50,112,113,114,115]. In line with this, cell signaling, and response induced by ERK 1/2 is dependent on the degree of severity of I-R [14].




2.3.2. Therapeutic Implications of ERK in Hepatic I-R


As previously mentioned in the case of JNK or p38, due to the lack of studies evaluating the effects of a specific activator or inhibitor of ERK 1/2 in hepatic I-R, it is unclear whether ERK 1/2 could be a potential therapeutic target in hepatic I-R injury. However, it has been demonstrated that protection against I-R injury afforded by several pharmacological strategies in steatotic and non-steatotic livers were associated with changes in ERK activation [7,46,50,80,95,97,98,99,100,111,112,113,114].



Cyclopamine, melatonin, sotraustaurin, erythropoietin and IL-1 receptor antagonist are treatments that induce a decrease in the activation of ERK1/2, and a reduction in necrosis and apoptosis, thus protecting against hepatic I-R injury [95,98,99,113,114]. Notoriously, erythropoietin has showed to have the potential to be used as a therapeutic strategy specific for steatotic livers undergoing transplantation, since this drug was used as an additive in preservation solution and this ameliorated cold ischemic injury only in steatotic livers [114]. However, it should be mentioned that neither erythropoietin nor angiotensin HH receptor antagonist, both used in liver transplantation, are specific regulation of ERK activity. Strategies based on the treatment of either, sphinganine-1-phosphate, Ang II receptor antagonists, clotrimazole, TUDCA or cardiotrophin-1 showed that activation of ERK 1/2 is strongly associated with enhanced protection against several forms of injury in hepatic I-R including necrosis and apoptosis [46,50,80,99,112]. Of these treatments, TUDCA could be of interest in clinical situations involving partial hepatectomy under I-R, because activation of ERK 1/2 induced by this drug was not only associated with reduced hepatic damage but also with an improvement in liver regeneration in steatotic and non-steatotic livers [46].



Although all these drugs mentioned above can regulate ERK 1/2 activation in the context of hepatic I-R, they have additional properties and modulate other action mechanisms different to ERK 1/2. Therefore, these experiments do not formally demonstrate that ERK is really an appropriate therapeutic target in hepatic I-R injury. The design of drugs that specifically regulate ERK would be required to elucidate the relevance of ERK as a possible therapeutic target in hepatic I-R injury. Undoubtedly more exhaustive research is needed to translate the usefulness of ERK regulation in hepatic I-R injury from the laboratory to clinical application.






3. Role of MAPKs in the Clinical Practice of Hepatic I-R Injury Using Steatotic and Non-Steatotic Livers


There are no investigations about therapeutic strategies (pharmacological or surgical) that modulate MAPK in patients, with the purpose of reducing hepatic I-R injury or the detrimental effects of NAFLD. To the best of our knowledge, there is only one report in the literature in which it was shown that the hypothermic perfusion machine reduced the expression of MAPK (without specifying which) at the beginning of reperfusion, in marginal liver grafts from humans subjected to ex vivo reperfusion. It should be mentioned that the benefits of the hypothermic perfusion machine were not conclusive, and authors of the study recommended continuing to optimize such a preservation method (Table 7).




4. Involvement of MAPKs in the Benefits of PC in Hepatic I-R


MAPKs can provide a protective feature through the use of ischemic preconditioning (PC). This surgical strategy is a technique whereby liver is rendered resistant to the damaging effects of I-R by prior exposure to a brief period of vascular occlusion [72]. PC can be either applied directly to the target organ [120] or remotely to a distant vascular bed [121]. The benefits of PC observed in experimental models of hepatic warm and cold ischemia [122,123] prompted human trials of PC. The benefits of PC have been evidenced in patients submitted to partial hepatectomy. Of clinical interest, this surgical strategy protects both steatotic and non-steatotic livers [124]. In our view, PC could resolve, at least partially, the lack of liver grafts available for transplant since it can improve the post-operative outcome of liver grafts from extended criteria donors. However, different results have been reported on the effects of PC in the clinical practice of liver transplantation [125,126]. To explain the higher benefits of ischemic PC in hepatic resections compared with those obtained in a clinical liver transplantation, one has to consider that brain dead is absent in patients undergoing hepatic resections whereas liver grafts are excised from brain dead patients in a clinical liver transplantation. In this sense, it should be noted that in an experimental liver transplantation from cadaveric donors, brain death abrogates the benefits of ischemic PC in steatotic and non-steatotic liver transplantation [127,128]. Indeed, in the setting of liver transplantation, the inflammatory response induced by brain dead, present in the liver before the induction of ischemic PC, would interact with various mechanistic aspects of PC and block the eventual ischemic PC response. Thus, in the setting of clinical transplantation, the combination of PC with pharmacological treatments such as acetylcholine (ACH), which reduced the deleterious effect of brain dead before PC application, would be required. We have demonstrated that the protection conferred by the combination of the PC and ACH treatment was stronger than those obtained by these strategies separately. Interestingly, since the ischemic period and pathophysiology is similar in partial hepatectomy and living donor liver transplantation, PC could reduce damage and improve liver regeneration failure, a relevant risk factor in living donor liver transplantation [129]. In fact, Barrier et al. has reported the benefits of PC in the clinical practice of living related liver transplantation [130].



The complex interaction between the different signaling pathways induced by PC, namely protein kinase C (PKC), MAPK and p38, has been previously discussed in excellent manuscripts [131,132,133,134] and summarized in Figure 2. In non-steatotic liver, it is possible that NF-κB and p38 MAPK-regulated transcription factors like ATF-2 and myocyte enhancer factor-2 (MEF2C) might be responsible for inducing the expression of protective genes (Figure 2) [40]. The activation of p38 and JNK-1 induced by PC is associated with increased cyclin D1 expression and entry into the cell cycle [74]. Induction of cyclin D1 is one of the earliest and most pivotal steps in the pathway of resting cells to enter the cell cycle. In addition to this, activation of p38 has been considered to be a crucial mechanism of hepatoprotection in the context of different pharmacological strategies aimed at mimicking PC effects, including agonists of the adenosine A2 receptor, carbon monoxide (CO), nitric oxide (NO) and ANP [135]. In addition, autophagic flux is enhanced by liver PC, since endothelial nitric oxide synthase (eNOS)-derived NO activates autophagy via phosphorylation of p38 MAPK [71]. The induction of PC prior to warm I-R is able to activate heme oxygenase-1 (HO-1), an enzyme with antioxidant properties, which is constitutively expressed in hepatocytes, endothelial cells and stellate cells [136]. HO-1-dependent signaling has been implicated in remote PC, where regulation of p38 MAPK and ERK 1/2 leads to the alleviation of the hepatic IR injury [137]. It has been also suggested that activation of the ERK 1/2 pathway plays a vital role in the hepatocyte protection induced by PC [138]. On the contrary, another report indicates that intracellular signals involved in ATP-dependent preconditioning increases hepatocyte resistance to hypoxia by down-modulating ERK1/2-mediated signals [135]. Further investigation will be required to clarify the role of ERK 1/2 in the benefits of PC on hepatic I-R. Regarding the molecular basis of PC in liver hepatectomy, its beneficial effects have been shown to be linked to better ATP recovery, nitric oxide production, antioxidant activities and endoplasmic reticulum adaptation. All of this limited mitochondrial damage and apoptosis. In addition the ERK1/2 and p38 MAPK activation induced by PC favors liver regeneration [88]. Furthermore, PC can initiate hepatocyte proliferation action in partial hepatectomy under vascular occlusion by a signaling mechanism involving p-JNK and TNF-α/IL-6 signal pathway [139].



There are very few studies addressing the molecular basis of PC in steatotic livers. In contrast with non-steatotic livers, PC reduces MAPK activation (JNK and p38), and this is associated with protection against hepatic I-R injury in the presence of steatosis [40,48]. The involvement of sirtuin-1 (SIRT1) induction in the benefits of PC on normothermic hepatic conditions has been reported [140]. Thus, SIRT1 inhibition decreased the expression of p-ERK and augmented p-p38 protein levels [140]. ERK activation during PC protects against I-R injury in steatotic livers, by inhibiting apoptosis [141], whereas treatment with a p38 activator abolished the benefits of PC on hepatic damage [40]. Nonetheless, further investigation will be required to address the involvement of MAPKs in the protective effects of PC in steatotic livers undergoing liver transplantation.




5. Conclusions and Perspectives


MAPKs have a dual role; they are involved in the benefits of strategies such as ANP or PC on hepatic I-R injury, yet they also act as a catalyst for liver damage. One possible reason for this could be that specific MAPK isoforms might play different roles. This point needs to be addressed under hepatic I-R conditions if our aims are the regulation of MAPK activity to prevent hepatic I-R injury. For instance, the activation of p38α isoform promotes cell death in the heart whereas p38β has anti-apoptotic effects. This should be also the case for JNK isoenzymes.



The response of steatotic and non-steatotic livers to MAPK stimulation might differ and involve different signal transduction pathways that are at present marginally understood. This could entail that some strategies based on MAPK modulation could be specific for each type of the liver. For this reason, further research is required to clarify the differences about the role of MAPK in hepatic I-R injury between steatotic and non steatotic livers, in order to find the most appropriate MAPK modulator to reduce I-R injury in each type of liver.



Further research is required to select drugs that regulate MAPK with minimal side effects before such approaches can be translated into treatments for human disease. To avoid potential side effects of MAPK pharmacological modulators, strategies such as the induction of PC that regulate MAPK, alone or combined with pharmacological treatments, could be of clinical interest in human liver resections and liver transplantation in both steatotic and non-steatotic livers. PC is easy to apply, inexpensive and does not require the use of drugs with potential side effects. One disadvantage of PC is that it requires a period of pre-ischemic manipulation for organ protection.



Whether the mentioned MAPK regulators discussed herein can be translated into clinical practice remains unknown, but further researches are required to optimize their use (e.g., dose, pharmacokinetics, etc.). Such approaches based in regulating MAPKs have the potential to improve the post-operative outcomes in hepatic resections and to increase the number of organs suitable for transplantation, since they may improve the outcomes of marginal grafts that would not otherwise have been transplanted, opening up new possibilities for steatotic liver transplants.
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	CO
	Carbon monoxide



	CS-1
	Connecting segment-1 peptide



	CXCL10
	C-X-C motif chemokine ligand 10



	DCD
	Donation after circulatory death



	EGF
	Epidermal growth factor



	eNOS
	Endothelial nitric oxide synthase



	ER
	Endoplasmic reticulum



	ERK 1/2
	Extracellular signal-regulated protein kinases



	ET-1
	Endothelin-1



	GM-CSF
	Granulocyte-macrophage colony-stimulating factor



	GSH
	Glutathione



	HFD
	High fat diet



	HMP
	Hypothermic machine perfusion



	HO-1
	Heme oxygenase-1



	HSF-1
	Heat shock transcription factor-1



	HSP
	Heat shock protein



	I-R
	Ischemia-reperfusion



	ICAM
	Intracellular cell adhesion molecule



	IGF
	Insulin-like growth factor



	IL
	Interleukin



	iNOS
	Inducible nitric oxide synthase



	i.p
	Intraperitoneal



	i.v
	Intravenous



	JNK
	c-Jun N-terminal kinase



	KO
	Knockout



	LDH
	Lactate dehydrogenase



	LTB4
	Leucotriene B4



	MAPKs
	Mitogen-activated protein kinases



	MEF2c
	Myocyte enhancer factor-2



	Min
	Minutes



	NADPH
	Nicotinamide adenine dinucleotide phosphate



	NAFLD
	Non-alcoholic fatty liver disease



	NASH
	Non-alcoholic steatohepatitis



	NDQI-1
	NQDI-1–2,7-Dihydro-2,7-dioxo-3H-naphth-o[1,2,3dequin-oline-1-carboxylic acid ethyl ester]



	NF-κB
	Nuclear factor κ Beta



	NO
	Nitric oxide



	PAF
	Platelet activating factor



	PC
	Ischemic preconditioning



	PDGF
	Platelet-derived growth factor



	PI3K
	Phosphoinositide 3-kinase



	PKC
	Protein kinase C



	PLC
	Phospholipase C



	RAGE
	Receptor advanced glycation endproduct



	RBP4
	Retinol binding protein 4



	ROS
	Reactive oxygen species



	SCS
	Simple cold storage



	SIRT1
	Sirtuin-1



	SLPI
	Secretory leukocyte protease inhibitor



	SOD
	Superoxide dismutase



	STAT3
	Signal transducer and activator of transcription-3



	Thr
	Threonine



	TNF-α
	Tumor necrosis factor alpha



	TUDCA
	Tauroursodeoxycholic acid



	Tyr
	Tyrosine



	X/XOD
	Xanthine/xanthine oxidase



	Z-Asp-cmk
	Z-Asp-2,6-dichorobenzoyloxymethylketone
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Figure 1. Effect of mitogen-activated protein kinases (MAPKs) on the mechanisms involved in hepatic ischemia-reperfusion injury. Ang: angiotensin; AP-1: activating protein; cAMP: cyclic adenosine monophosphate; Cyt c: cytochrome c; EC: endothelial cell; ERK 1/2: extracellular signal regulated kinases 1/2; ET: endothelin; GM-CSF: granulocyte-macrophage colony-stimulating factor; GSH: glutathione; HO-1: heme oxygenase-1; HSP72: heat shock protein 72; ICAM: intracellular cell adhesion molecule; IL: interleukin; JNK: c-jun N-terminal kinase; KC: kupffer cell; LTB4: leucotriene B4; NO: nitric oxide; ONOO-: peroxynitrite; PAF: platelet activating factor; PBK: protein kinase B; PI3K: phosphoinositide 3-kinase; RBP4: retinol binding protein 4; ROS: reactive oxygen species; SLPI: secretory leukocyte protease inhibitor; SOD: superoxide dismutase; TNF-α: tumor necrosis factor-alpha; VCAM: vascular cell adhesion molecule; X/XOD: xanthine/xanthine oxidase. 
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Figure 2. Involvement of MAPKs in the protective mechanisms of ischemic preconditioning in the hepatic ischemia-reperfusion injury. A2-R: adenosine 2 receptor; AMP: adenosine monophosphate; AMPK: AMP-activated protein kinase; ATF-2: Activating transcription factor-2; ATP: adenosin triphosphate; cGMP: Guanosine 3′,5′-cyclic monophosphate; ER: Endoplasmic reticulum; ERK: Extracellular signal-regulated protein kinases; ET-1: endothelin-1; GSH: Glutathione; HO-1: heme oxygenase-1; HSF-1: Heat shock transcription factor-1; HSP72: heat-shock protein 72; IL: interleukin; JNK: jun N-terminal kinase; MAPK: mitogen-activated protein kinase; MEF2c: myocyte enhancer factor-2; NF-κB: factor nuclear factor-kappa B; NO: Nitric oxide; PI3K: Phosphatidylinositol 3-kinase; PKC: protein kinase C; PLC: phospholipase C; ROS: Reactive oxygen species; SIRT1: sirtuin-1; STAT3: signal transducer and activator of transcription-3; TNF: tumor necrosis factor; X/XOD: xanthine/xanthine oxidase. 
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Table 1. Effect of strategies that regulate p38 in experimental models of hepatic ischemia- reperfusion using steatotic livers.
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Experimental Model

	
Changes in p38 Induced by I-R

	
Treatment with p38 Modulators

	
Dose and Administration

	
Effect of p38 Modulators




	
Species

	
Surgical Procedure






	
Mice

	
Partial Warm I-R

I: 45 min-R: 120 min [59]

	
↑ p38

	
NQDI-1

	
0.25 mg/kg, i.p.,

twice a week before surgery

	
↓ p38 phosphorylation, damage




	
Rats

	
Partial Warm I-R

I: 60 min-R: 30 min [40]

	
↑ p38

	
SB203580

	
1 mg/kg, i.p.,

24 h before I-R

	
↓ p38 phosphorylation, damage

↑ HSP72




	
Partial Warm I-R

I: 60 min-R: 30 min [40]

	
↑ p38

	
Anisomycin

PC

	
0.1 mg/kg, i.p.,

24 h before PC

	
↑ p38 phosphorylation, damage




	
Mice

	
Total Warm I-R

I: 15 min-R: 3 h [52]

	
↑ p38

	
Astaxanthin

	
25 mg/kg, oral,

48 h, 24 h and 40 min before I-R

	
↓ p38 phosphorylation, damage apoptosis




	
Rats

	
I-R with Partial (70%) Hepatectomy

I: 60 min-R: 24 h [44]

	
↑ p38

	
Anisomycin

	
0.1 mg/kg, na,

24 h before surgery

	
No activity changes in p38




	
I-R with Partial (70%) Hepatectomy

I: 60 min-R: 24 h [44]

	
↑ p38

	
SB203580

	
1 mg/kg, na,

24 h before surgery

	
↓ p38 phosphorylation, damage




	
I-R with Partial (70%) Hepatectomy

I: 60 min-R: 24 h [44]

	
↑ p38

	
EGF

	
100 µg/kg, na,

before surgery every 8 h for 3 doses

	
↓ p38 phosphorylation




	
I-R with Partial (70%) Hepatectomy

I: 60 min-R: 24 h [45]

	
↑ p38

	
Losartan

PD123319

	
Losartan: 5 mg