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Acute liver injury is a rather rare but often fatal condition. While the mechanisms leading to liver injury for certain etiologies (drug induced liver injury, acetaminophen poisoning) have been elucidated in detail, it remains unclear, what causes a fatal course in many types of liver damage. Similarly, little is known about the mechanisms that account for the diversity of clinical outcomes in acute liver failure, which range from spontaneous recovery to death or the need for orthotopic liver transplantation. Contribution of different hepatocyte cell death mechanisms, immune-competent cell populations, other non-parenchymal cell types and the metabolic status influence the regeneratory capacity of the damaged liver. Thus, wound healing processes including endothelial to mesenchymal transdifferentiation are in the focus of translational studies. New approaches for the treatment of certain etiologies and of acute liver failure in general could be derived from molecular targets or mechanisms involved in these processes. In addition, improved prognosis of patient outcome or accelerated identification of the underlying etiology may be facilitated by more detailed knowledge of effectors and targets related to acute liver failure. With this special topic edition, expert researchers working on the frontiers of hepatology will be asked to share their most current insights on the pathogenesis, underlying mechanisms, prediction of clinical outcome and therapeutic management of acute liver injury. Expert reviews should include state-of-the-art aspects of liver replacement therapy, hepatocyte transplantation, endothelial-to-mesenchymal transdifferentiation and metabolic pathways involved in liver regeneration. Reviewers are encouraged to discuss translational research, including cell culture data, in vivo models of acute liver injury and liver regeneration as well as clinical data.
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A major challenge for medical science is the ability to relate findings in cell cultures and animal models back to the patient. In the current setting of technological advance, we now have the ability to over-express or knockdown the expression of specific genes, and we are able to challenge cells with an array of putative factors, but are we able to translate these findings back to the patient? This collection of reviews (which includes unpublished data) aims to summarise our current understanding of acute liver failure (ALF). This has been a daunting task for authors, as ALF is a highly variable condition, whose outcome is determined by a variety of inter-related factors. As such, we are unable to present an exhaustive review of all putative cellular and molecular processes. Nevertherless, all authors have concisely and critically appraised the available literature on the different aspects of ALF, which include ALF pathogenesis, the role of immunity, the diagnostic and treatment strategies, and the role of prognostic algorithms in use today.

ALF can be caused by toxins, infections, metabolic and genetic diseases, but irrespective of etiology, ALF is characterized by the massive and confluent loss of functioning hepatocytes. In their review, Bantel and Schulze-Osthoff (2012) presented putative mechanisms of hepatocyte cell death, and discussed their relevance in patients with ALF. They propose that the degree of hepatocyte cell death may be a surrogate biomarker of ALF severity, and may be utilized as a predictor of ALF outcomes. This is supported findings of etiology dependent modes of hepatocyte cell death in ALF (Bechmann et al., 2010).

While the excessive consumption of alcohol is generally associated with the development of chronic liver disease, the acute intoxication of alcohol can also lead to ALF, or predispose an individual to ALF (from other etiology). It remains unclear how acute alcohol consumption could lead to ALF, although Massey and Arteel (2012) have presented novel data on the possible contributions by PAI-1, fibrins, and integrins.

The importance and role of miRNAs in the development or progression of ALF is only coming to fore. Recent studies show that miRNAs are differentially expressed in liver diseases, and may have a direct pathogenic role in ALF. Elfimova et al. (2012) presented an elegant review of currently identified miRNAs in liver disease, and highlighted the over-expression of miR-122 in patients with acute liver injury. It would be interesting to evaluate if miR-122 could serve as a prognostic biomarker in patients with ALF.

ALF is associated with a massive immune response, with recruitment of inflammatory cells from the peripheral circulation into the liver, the activation of stress and death receptors, and the clearance of apoptotic/necrotic debris, that lead to the perpetuation of hepatic inflammation and injury. In their review, Zimmermann et al. (2012) described the importance of resident macrophages (Kupffer cells) and recruited monocytes in the pathogenesis of ALF. When activated by danger signals, these cells secrete pro-inflammatory cytokines TNFa and upregulate expression of FasL, which in concert, enhance hepatocyte death. Activated immune cells, as well as dying hepatocytes and stromal cells are capable of secreting chemokines that lead to the further recruitment and retention of effector T and NK cells that amplify the inflammatory response. Saiman and Friedman (2012) discussed the role of putative chemokines in ALF, which remains to be fully elucidated as studies have demonstrated apparently conflicting results. This could be related to differences in underlying etiology, and/or to the role of other immune subsets such as regulatory T cells. The use of chemokine inhibitors in treating ALF is attractive, but remains out of reach of clinical applications at this stage, as we have yet to fully understand the roles of specific chemokines and/or immune subsets in the patient.

The liver exhibits a remarkable ability to regenerate itself after an acute insult. For example, after liver resection in man, or partial hepatectomy in rodents, the liver is capable of efficient regeneration that leads to the spontaneous restoration of liver mass and function. During fulminant ALF, however, the loss of hepatocyte mass is just too massive and outweighs the intrinsic ability of residual hepatocytes to regenerate sufficiently. As such, an alternative source of hepatocytes and cholangiocytes is necessary to help restore liver function. Best et al. (2013) reviewed the role of the liver progenitor cell population (LPC) during acute liver injury. They provided examples from preclinical models to show that the LPC is an active participant of liver regeneration, and discussed putative signaling pathways considered important for LPC responses. One such signaling pathway is the Hedgehog pathway that plays an important role tissue development, but has recently been reported to be critical for liver regeneration after partial hepatectomy in mice. Recent data from man confirm that the LPC population is expanded during ALF, and may be useful in predicting the outcome of ALF. Another cell type, which may be involved in ALF are hepatic stellate cell. These could also contribute to liver regeneration by alteration of extracellular matrix (Dechêne et al., 2010).

Whether LPC or stem cells (such as mesenchymal stem cells, MSC or hematopoietic stem cells) may be effective in treating ALF remains to be seen. Hepatocyte transplantation has been successful in rodents, while pre-differentiated MSC have been shown by Christ and Brückner (2012) to ameliorate acetaminophen-induced liver injury. MSC exhibits additional anti-inflammatory properties, thus, may lead to an attenuated inflammatory response. Chamulitrat et al. (2012) suggest a derivative of ursodeoxycholic acid as possible novel treatment option. For the majority of individuals with fulminant ALF, however, a liver transplant (LTx) remains the only curative option. Despite the availability of numerous scoring systems, they are generally poor at predicting survival (i.e., those who do not need a liver transplant). These difficult issues faced by transplant physicians are reviewed extensively by Hadem et al. (2012). Unknown reasons for ALF further complicate clinical handling. Drebber et al. (2013) identified hepatitis E virus as cause for some previously unclear ALF in cases in Europe. Thus, this neglected etiology should also be considered in Europe and not only in Asian or African countries.

In summary, ALF is a challenging disease with many etiologies and mechanisms of injury. A better understanding of the complex pathogenic mechanisms involved is necessary for us to identify new targets for therapy, and/or better predictors of outcome. Studies will be needed to dissect the contributions of individual cell types (recruited vs. resident; parenchymal vs. non-parenchymal) during ALF and regeneration. Future research should focus on novel treatment strategies, including the use of stem cells and LPCs.
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Acute liver failure (ALF) can be the consequence of various etiologies, that might vary between different geographic regions. Most frequent are intoxications with acetaminophen, viral hepatitis, or liver damage of unknown origin. ALF occurs when the extent of hepatocyte death exceeds the regenerative capacity of the liver. The mode of liver cell death that is predominantly induced in ALF, i.e., apoptosis or necrosis, is still controversial and presumably determined by the etiology, duration, and magnitude of liver injury. Severe liver damage involves oxidative stress and depletion of ATP resulting in necrosis. In contrast, maintenance of ATP stores is required for the execution of apoptosis. Recent data suggest that necrosis resulting from severe liver damage is associated with poor outcome of ALF patients. Discrimination between apoptosis and necrosis might be therefore useful for the identification of ALF patients requiring liver transplantation. Identification of the molecular cell death mechanisms remains an important issue not only for early prediction of ALF outcome, but also for therapeutic interventions. In view of the pleiotropic functions of critical mediators of cell death and tissue regeneration, a particular challenge will be to reduce hepatocellular death without inhibiting the regenerative capacity of the liver. Here, we review the molecular mechanisms of hepatocyte injury and the pathways leading to apoptosis and necrosis, which might represent potential diagnostic and therapeutic targets in ALF.

Keywords: acute liver failure, apoptosis, ATP, caspases, death receptors, necrosis, oxidative stress, tumor necrosis factor

INTRODUCTION

Acute liver failure (ALF) can occur as a result of various etiologies including hepatic injury by drugs and poison, viral hepatitis, ischemia, or other causes. The mechanisms by which liver cells are destroyed as well as the processes mediating liver regeneration, remain largely unknown. It has become evident that liver cell death can occur via distinct biochemical pathways and morphological alterations, including apoptosis, autophagic cell death, and necrosis. Apoptosis is defined by chromatin condensation, nuclear fragmentation, cell shrinkage, blebbing of the plasma membrane, and formation of apoptotic bodies that contain nuclear or cytoplasmic material (Kerr et al., 1972; Russell et al., 1972). Autophagic cell death, on the other hand, is characterized by a massive accumulation of double-membrane containing vacuoles, called autophagosomes, that subsequently fuse with lysosomes. Necrotic cell death is often negatively defined as a form of cell death that lacks signs of apoptosis or autophagy. Typically, necrotic cells show cytoplasmic swelling, dilation of organelles, and mechanical rupture of the plasma membrane. Although necrosis has been deemed to be a mainly passive process, the initiation, and modulation of necrotic cell death are currently under intense investigation at the molecular level.

The relative contribution of apoptosis or necrosis to organ dysfunction in ALF remains controversial (Schulze-Osthoff and Bantel, 2011). Necrosis is typically the consequence of acute metabolic perturbation with ATP depletion, whereas apoptosis represents an ATP-dependent cell death program. Furthermore, in several cases, the nature and duration of cellular injury determine if cells die by apoptosis, necrosis, or other mechanisms. At low doses, a variety of injurious stimuli often induce apoptosis, but the same stimuli can result in necrosis at higher doses. Therefore, in many situations cell death might be not executed as a clear-cut form of cell death, but as a continuum with intermediate features of both apoptosis and necrosis. A distinction of different cell death forms is therefore not only relevant for semantical reasons, but has important clinical implications when considering the therapeutic targeting of cell death processes. Thus, an understanding of the cell death processes is most important for development of effective interventions to prevent hepatocellular death in acute liver damage (Fischer and Schulze-Osthoff, 2005).

DEATH RECEPTOR SIGNALING IN ACUTE LIVER FAILURE

Apoptosis represents a programmed form of cell death that is required for the maintenance of tissue homeostasis by counterbalancing cell proliferation and eliminating damaged, infected, or transformed cells. This process is particularly important in the liver as an organ that is naturally exposed to toxins, drugs, and viruses. However, excessive apoptosis can result in tissue destruction and organ failure.

Apoptosis results from a collapse of cellular infrastructure through internal proteolytic digestion, which leads to cytoskeletal disintegration, metabolic derangement, and genomic fragmentation. Members of the caspase family of proteases form the core engine of apoptosis and are involved in initiation, execution, and regulatory phases of the pathway. Caspases are cysteine proteases that cleave substrates after aspartate residues within specific peptide recognition sequences. To preclude unwarranted cell death, caspases are expressed as inactive zymogens consisting of a prodomain followed by two subunits with the catalytic domain. Caspases operate in hierarchical cascades that serve to amplify the apoptotic signal (Los et al., 1999). Based on their structure and order in cell death pathways, caspases can be divided into upstream initiators and downstream effectors of apoptosis. Effector caspases such as caspase-3, -6, and -7 cleave diverse cellular substrates including structural proteins such as cytokeratin-18 and many others (Fischer et al., 1998; Leers et al., 1999; Bantel et al., 2000, 2001a). In contrast, initiator caspases, such as caspase-8, -9, and -10, exert regulatory roles by activating downstream effector caspases.

Caspases are activated by two major signaling routes, namely the extrinsic death receptor and the intrinsic mitochondrial pathway, that both depend on the formation of large multi-protein complexes (Schulze-Osthoff et al., 1998; Yoon and Gores, 2002). Initiator caspase-8 is the key mediator of the extrinsic pathway. In a simplified model, binding of death ligands such as TRAIL or CD95L or tumor necrosis factor (TNF)-α to their respective death receptors leads to receptor oligomerization. This event then results in the recruitment of the adapter protein FADD and the initiator caspase-8 into a death-inducing signaling complex (DISC), wherein caspase-8 becomes activated by dimerization and autoproteolytic cleavage (Figure 1). Subsequently, caspase-8 cleaves and activates the effector caspase-3, culminating in the demise of so-called type I cells. In most cells including hepatocytes, however, only low amounts of initiator caspases are activated at the DISC, which is insufficient for cell death. In those type II cells, the extrinsic receptor pathway must be amplified by the intrinsic mitochondrial apoptotic pathway through the caspase-8-mediated cleavage of Bid, a pro-apoptotic Bcl-2 family protein, which subsequently initiates together with the Bcl-2 family members Bak and Bax the release of mitochondrial pro-apoptotic mediators (Schwerk and Schulze-Osthoff, 2005). Interestingly, CD95-induced hepatocyte apoptosis is delayed but not inhibited in Bak/Bax-deficient mice indicating that hepatocytes can act as type I cells in the absence of pro-apoptotic Bcl-2 proteins (Hikita et al., 2011).


[image: image]

Figure 1. Simplified scheme of cell death and survival pathways involved in ALF. Activation of TNF receptor-1 can mediate NF-κB activation, apoptosis, or necroptosis. The different outcomes are determined by distinct TNF receptor-associated signaling complexes. Activation of NF-κB is mediated by TRAF-2, RIP-1, and other signaling molecules that lead to activation of IκB kinase and subsequent activation of NF-κB target genes. FADD and caspase-8 are the essential adapter proteins involved in apoptosis, which in hepatocytes requires a mitochondrial amplification loop through caspase-8-mediated cleavage of Bid. The subsequent translocation of Bax and Bak results in mitochondrial outer membrane permeabilization, cytochrome c release, and effector caspase-3 activation. Under conditions of impaired apoptosis, TNF receptor-1 can induce necroptosis, which involves RIP-1 and RIP-3 kinases. Among other effects, RIP-3 can increase the production of reactive oxygen species (ROS) due to increased oxidative phosphorylation, resulting in intracellular calcium overload, mitochondrial membrane permeability transition (MPT), depletion of ATP, and necrosis. APAP-induced necrosis is essentially mediated by a toxic metabolite, which depletes glutathione and forms APAP protein adducts, triggering oxidative stress, compromised respiratory function, and ATP depletion. Although APAP treatment can instigate the mitochondrial pathway of apoptosis, high doses of APAP will ultimately mediate liver cell death by necrosis.



Inappropriate activation of death receptors might lead to ALF. This has been impressively demonstrated in mice that died rapidly of liver failure with massive hepatocyte apoptosis when agonistic anti-CD95 antibody was injected (Ogasawara et al., 1993). Similarly, treatment of mice with TNF-α in combination with a transcription-blocking agent, such as D-galactosamine (D-GalN) or actinomycin D, induces lethal hepatitis (Leist et al., 1994, 1995; Libert et al., 1994). Another well established mouse model of ALF consists of a combined treatment with D-GalN and lipopolysaccharide (LPS), which induces TNF-α expression and an inflammatory response that is predominantly directed toward the liver (Galanos et al., 1979).

It has been suggested that the toxicity in the murine TNF-α and anti-CD95 models resembles viral forms of acute hepatic failure in patients (Keppler et al., 1968; El-Mofty et al., 1975). CD95/CD95L expression has been shown to be upregulated in viral hepatitis and to correlate with disease activity and hepatocyte apoptosis (Hiramatsu et al., 1994; Mita et al., 1994; Pianko et al., 2001; Lee et al., 2004). We have recently demonstrated that diseased, e.g., HCV-infected, livers show an upregulation of TRAIL receptors and increased susceptibility toward TRAIL-induced apoptosis (Volkmann et al., 2007). These data implicate that viral forms of ALF are associated with death receptor-induced cell death. Recent data show that the CD95 system is involved in human ALF caused not only by viral hepatitis but also by Wilson’s disease (Strand et al., 1998; Rivero et al., 2002). Increased levels of death ligands or receptors such as CD95L, TNF-α, or TNF receptors (TNF-R) were found in blood of patients with ALF (Ryo et al., 2000; Streetz et al., 2000; Tokushige et al., 2000; Nakae et al., 2001; Volkmann et al., 2008). Particularly, high serum levels of soluble death receptor CD95 have also been found in drug-induced ALF (Tagami et al., 2003; Rutherford et al., 2007).

Silencing of CD95 or caspase-8 protected mice from ALF or fulminant hepatitis induced by agonistic CD95 antibody or concanavalin A, respectively (Song et al., 2003; Zender et al., 2003). However, CD95 and caspase-8 also promotes liver regeneration by inducing differentiation of stellate cells and possibly of other non-parenchymal liver cells (Desbarats and Newell, 2000; Canbay et al., 2003; Ben Moshe et al., 2007). Additionally, TNF-α plays a pivotal role in liver regeneration by activation of transcription factors such as NF-κB, which induces the transcription of a huge number of cytokines and growth-promoting target genes (Wullaert et al., 2007). The activation of NF-κB by TNF-α is mediated by distinct adapter proteins that are recruited to TNF-R-1 upon ligand binding (Figure 1). Whether increased levels of circulating death receptors or ligands in human ALF mirror apoptotic cell death or liver regeneration and whether death receptor-induced cell death depends on special ALF etiologies remains unknown.

ROLE OF MITOCHONDRIAL DAMAGE IN ACUTE LIVER FAILURE

In contrast to viral infection, drug-induced liver injury is mainly associated with signaling pathways triggered by mitochondrial damage (Chan et al., 2005). In the intrinsic pathway, apoptosis is mediated by translocation of pro-apoptotic Bcl-2 molecules, such as Bax and Bak, from the cytosol to mitochondria to form pores in the outer mitochondrial membrane (Los et al., 1999). This process is followed by the mitochondrial release of cytochrome c and other pro-apoptotic factors. Cytochrome c normally functions in electron transport processes of the respiratory chain to generate ATP. In the cytosol of apoptotic cells, however, it serves as a cofactor for the adapter protein Apaf-1. Upon binding of cytochrome c and dATP, Apaf-1 oligomerizes, and recruits the initiator caspase-9 to trigger the formation of the apoptosome. Thus, similar to the DISC, the apoptosome is a high-molecular weight complex that serves as a caspase activation platform. Once assembled in the apoptosome, caspase-9 becomes activated and subsequently triggers the caspase cascade (Schulze-Osthoff et al., 1998). As mentioned above, there is also considerable crosstalk between the extrinsic and intrinsic pathways. For example, during death receptor-mediated apoptosis caspase-8 can proteolytically activate the Bcl-2 protein Bid, which facilitates cytochrome c release and amplifies the apoptotic signal following death receptor activation.

In contrast to apoptosis, necrosis is mediated by opening of the mitochondrial membrane permeability transition (MPT) pore, which triggers the collapse of the membrane potential and cessation of ATP formation. The resulting mitochondrial swelling leads to the rupture of the outer mitochondrial membrane with the release of intermembrane proteins and subsequent nuclear DNA fragmentation. Other prominent features include massive energy depletion, formation of reactive oxygen species (ROS), and activation of non-apoptotic proteases. Furthermore, during necrosis a strong increase of intracellular calcium is observed. The elevated calcium levels in the cytosol trigger mitochondrial calcium overload, leading to depolarization of the inner mitochondrial membrane and a shut-down of ATP production. While depletion of ATP impedes the function of membrane channels, increased calcium activates calcium-dependent proteases, such as calpains. Calcium fluxes, ATP depletion, and oxidative stress involve complex and interactive feedback loops, which self-amplify and potentiate each other leading to exaggerated cell death. The relative amount of ATP might be an important factor that determines whether hepatocytes die by apoptosis or necrosis (Ferrari et al., 1998; Hinson et al., 2010). Another important distinguishing feature of apoptotic versus necrotic cell death relates to inflammation. When the necrotic cell ruptures, an inflammatory response follows due to the release of intracellular contents. In contrast, inflammation is not typical of apoptosis, because phagocytic cells rapidly engulf apoptotic cells and thereby prevent the release of noxious intracellular compounds.

CELL DEATH MECHANISMS INVOLVED IN ACETAMINOPHEN-INDUCED ACUTE LIVER FAILURE

Acetaminophen (paracetamol, N-acetyl-p-aminophenol; APAP) overdose represents one of the most common causes of ALF in developed countries (Larson et al., 2005). APAP-induced hepatotoxicity is due to the formation of the toxic metabolite N-acetyl-p-benzoquinone imine by the cytochrome P450 system, which causes glutathione depletion, oxidative stress, alterations of calcium homeostasis, resulting in MPT, loss of mitochondrial membrane potential, and ATP depletion (Hinson et al., 2010). Although necrosis has been thought to be the predominant mode of cell death in APAP-induced liver injury, conflicting in vitro and animal data have emerged suggesting a potential role of apoptosis in acetaminophen-induced hepatotoxicity (El-Hassan et al., 2003; Kon et al., 2004). Mice treated with a toxic dose of acetaminophen showed 40% apoptotic and 60% necrotic hepatocytes (Ray et al., 1996). It was demonstrated that mice with defective CD95 receptor (lpr mice) or CD95 ligand (gld mice) were partially protected from APAP-induced liver injury (Liu et al., 2004). Moreover, increased circulating levels of CD95 have been found in humans with APAP intoxication (Tagami et al., 2003).

It has been recently suggested that APAP hepatotoxicity is caused by the mitochondrial apoptosis pathway and facilitated by chemokine (C-X-C motif) receptor 2 (CXCR2) signaling. In this study caspase inhibition prevented DNA fragmentation, although the authors did not investigate whether caspase inhibition was also associated with cell survival (Hu and Colletti, 2010; Schulze-Osthoff and Bantel, 2011). In contrast, in another study no caspase activation was observed and, accordingly, caspase inhibition did not protect from liver injury in APAP-treated mice (Jaeschke et al., 2006). Further data from animal models revealed also no evidence that apoptotic cell death contributes to APAP-induced liver injury. For instance, following the application of an APAP overdose in mice, less than 1% of the parenchymal cells revealed an apoptotic morphology (Gujral et al., 2002). Another study in mice showed that knockdown of the CD95 receptor protected against 300 mg/kg APAP overdose but not against 700 mg/kg overdose (Zhang et al., 2000), indicating that the mode of cell death might at least partially depend on the APAP dose. Indeed, several studies demonstrated that APAP induces mitochondrial dysfunction with ATP depletion which even interrupts initial CD95-induced mitochondrial signaling pathways (Lawson et al., 1999; Knight and Jaeschke, 2002). On the other hand, subliminal CD95 activation can also increase APAP-induced liver injury (Tinel et al., 2004), indicating that death receptor signaling might influence the extent of APAP-induced necrotic liver injury.

Conflicting data exist also about the role of TNF-α in APAP-induced liver injury. Increased TNF-α expression in liver and circulating TNF-α levels have been observed after APAP poisoning (Blazka et al., 1995, 1996). However, the role of TNF-α in APAP-induced necrosis remains controversial, as TNF-α inhibitors exerted either protection or no effect (Blazka et al., 1995; Simpson et al., 2000). In addition, TNF-α knockout mice showed similar sensitivity to acetaminophen compared to wildtype mice (Boess et al., 1998). It has been recently shown that inhibition of c-jun N-terminal kinase (JNK), a member of the mitogen-activated protein kinase family, reduced paracetamol-induced toxicity in mice by inhibiting hepatic TNF-α production (Henderson et al., 2007). Furthermore, APAP-induced JNK activation has been linked to activation of the pro-apoptotic Bcl-2 protein Bim. In line, APAP-induced necrotic liver injury was shown to be reduced in Bim knockout mice (Badmann et al., 2011). However, neither JNK1 nor JNK2 knockdown did protect mice from APAP-induced liver toxicity, raising concerns about a major role of JNK in APAP-induced liver injury (Gunawan et al., 2006; Henderson et al., 2007; Bourdi et al., 2008). Altogether, although apoptotic alterations can occur, profound energy depletion, and mitochondrial failure presumably divert cell death to necrosis as the principal mode of APAP-induced liver toxicity.

Autophagy represents another process that might influence the outcome of APAP-induced liver toxicity. Autophagy is a catabolic mechanism by which long-lived proteins and organelles are recycled in order to maintain energy and protein synthesis. It is characterized by the appearance of numerous cytosolic vacuole-like structures, called autophagosomes, which encapsulate cytosolic materials and fuse with lysosomes. Although the role of the autophagy in protection during nutrient starvation is accepted, its function in programmed cell death remains controversial. Under normal physiological conditions autophagy occurs at low basal levels, contributing to the turnover of cytoplasmic components and promoting cell survival during stress conditions. Excess autophagy, on the other hand, leads to autophagic cell death. Interestingly, it has been recently demonstrated that APAP induces autophagy in mouse liver and primary human hepatocytes and that activation of autophagy protects against APAP-induced hepatotoxicity (Ni et al., 2012). In this study it was suggested that the induction of oxidative stress might play an important role in APAP-induced autophagy. Moreover, it was shown that pharmacological inhibition of autophagy increased APAP-induced liver injury. Clearly, more work is needed to elucidate the role of autophagy in APAP-induced hepatotoxicity and the complex crosstalk with other cell death pathways.

CELL DEATH BIOMARKERS FOR MONITORING ACUTE LIVER FAILURE

In addition to measuring death ligands, several other cell death biomarkers have been proposed for monitoring the clinical outcome of ALF and other liver diseases (Volkmann et al., 2006; Rutherford et al., 2007; Bechmann et al., 2008; Joka et al., 2012). Caspases cleave the intermediate filament protein cytokeratin (CK)-18 into specific fragments that are released into circulating blood and can be detected by the M30 ELISA (Bantel et al., 2001b, 2004; Seidel et al., 2005). Moreover, when this assay is combined with a second ELISA that detects the total release of caspase-cleaved and uncleaved CK-18 (M65 ELISA), even different forms of cell death, such as necrosis and apoptosis, can be discriminated. Using these serological assays, it has been recently demonstrated that the predictive sensitivity of total CK-18 for lethal outcome was comparable to the model for end-stage liver disease (MELD) score at time of admission of ALF patients (Bechmann et al., 2010). Moreover, modification of the MELD score by substitution of bilirubin for total CK-18 significantly increased the prediction of ALF outcome.

Interestingly, we have demonstrated that ALF patients display considerable caspase activity and high levels of caspase-cleaved CK-18 in the serum, which was unexpectedly higher in spontaneous survivors than in patients that required transplantation or died (Volkmann et al., 2008). Nevertheless, despite a weaker activation of caspases, liver biopsies of patients without spontaneous recovery revealed extensive TUNEL reactivity, which detects both apoptotic and necrotic cell death. Moreover, sera from those patients contained increased levels of total CK-18, but reduced levels of its caspase-generated fragments as compared to patients with spontaneous recovery. These findings therefore indicate that necrosis but not apoptosis is the predominant cell death in those critically ill ALF patients, whereas in ALF patients with spontaneous recovery apoptotic cell death predominates. In contrast, in another study, detection of caspase-cleaved CK-18 could not adequately predict ALF outcome (Rutherford et al., 2007). However, unlike in our study in which APAP-induced ALF only played a minor role, in this study a relevant number of patients with APAP-induced ALF was included. As mentioned above, in those patients necrotic cell death might predominate irrespective of the outcome. In line with this observation, patients with APAP-induced ALF showed higher levels of total CK-18 compared to caspase-cleaved CK-18 levels (Bechmann et al., 2008; Volkmann et al., 2008; Craig et al., 2011; Bantel and Schulze-Osthoff, 2012).

Caspase activation might also play a role in liver regeneration and this might explain our observation of higher caspase activity in spontaneous survivors. Caspases can cleave different cytokine precursors to generate active cytokines and thus create an environment that could be essential for liver regeneration. Experiments in mice showed that caspase activation is associated with chemokine production and inflammation in the liver, whereas caspase-3 inhibition strongly reduced activity of pro-inflammatory transcription factors and chemokines (Faouzi et al., 2001). A role of caspases in liver regeneration is best exemplified by a recent report showing that a hepatocyte-specific knockout of caspase-8 attenuates hepatocyte proliferation after partial hepatectomy (Ben Moshe et al., 2007).

In addition to cell death biomarkers, circulating levels of nucleosomes and high-mobility group box 1 (HMBG1) protein, both of which are released during hepatocyte death, have been shown to be elevated in patients with ALF (Roth et al., 2009; Craig et al., 2011). However, those biomarkers were not able to predict ALF outcome, and no significant differences in HMBG1 or nucleosome levels between paracetamol- and non-paracetamol-induced liver injury were found (Craig et al., 2011). One explanation for the lacking correlation of those biomarkers with ALF outcome might be that the release of HMBG1 and nucleosomes are not strictly related to necrotic cell death, but also occur during apoptosis (Bell et al., 2006; Jaeschke et al., 2012). Certainly, further larger cohort studies are required to evaluate the predictive value of cell death markers in patients with paracetamol- or non-paracetamol-induced ALF.

POSSIBLE THERAPEUTIC STRATEGIES FOR CELL DEATH INHIBITION IN ACUTE LIVER FAILURE

An admixture of necrosis and apoptosis occurs in ALF and might therefore open up novel strategies for therapeutic intervention (Fischer and Schulze-Osthoff, 2005). More extreme injury leads to necrotic killing, whereas milder injury may result in apoptosis. Whether inhibition of apoptosis using available pharmacological caspase inhibitors can indeed prevent liver cell death or will just simply shift the mode of cell death to necrosis, remains to be shown (Los et al., 2002). As caspases not only play a role in apoptosis but also in processes of liver regeneration, the possibility of adverse effects should not be ignored when considering the therapeutic use of caspase inhibitors in ALF treatment. Death receptor-blocking agents, such as CD95-Fc or TRAIL-R-Fc proteins, might be promising candidates in virus-induced ALF (Bantel and Schulze-Osthoff, 2003). MicroRNAs (miRNAs) are non-coding RNAs which have been implicated in the posttranscriptional regulation of various cellular pathways. It was recently demonstrated that overexpression of miRNA-221 delays CD95-induced fulminant liver failure in mice (Sharma et al., 2011). Thus, miRNAs involved in cell death signaling pathways might serve as potential therapeutic targets in ALF.

Due to the pleiotropic effects of TNF-α, inhibitors of this cytokine might not only influence liver cell death but also immune response and liver regeneration. Treatment of APAP intoxicated mice with anti-TNF-α partially prevented hepatotoxicity (Blazka et al., 1995). Other studies showed no alterations of APAP toxicity in mice treated either with anti-TNF-α antibody or soluble TNF receptor (Simpson et al., 2000). Whether the observed discrepancy is due to the variant experimental conditions, such as different mouse strains, remains to be elucidated (Jaeschke et al., 2012). There is increasing evidence suggesting that TNF-α triggers cell death not only by apoptosis, but also by a necrosis-like process, which has been recently called necroptosis (Schulze-Osthoff et al., 1994; Vandenabeele et al., 2010). Whereas TNF-α-induced apoptosis involves caspase-8, TNF-α-induced necroptosis is essentially mediated by the kinases RIP-1 and RIP-3 that are recruited to TNF-R1 (Figure 1). Interestingly, specific inhibitors of RIP-1, called necrostatins, have been recently designed as novel cytoprotective agents that might be a promising tool to positively influence ALF outcome, at least in conditions in which death receptor-mediated necrosis predominates.

Therapeutic targets to improve APAP-induced ALF outcome might be JNK or other members of the mitogen-activated protein kinase family, such as p38. JNK inhibition by SP600125, a small-molecule reversible ATP-competitive inhibitor, or by D-JNKII, a peptide inhibitor that inhibits the interaction of JNK with substrates, markedly reduced mortality in murine paracetamol-induced hepatotoxicity, with a significant reduction of hepatic apoptosis and necrosis (Bennett et al., 2001; Borsello et al., 2003; Henderson et al., 2007). Since glutathione depletion and subsequent oxidative stress formation are key pathogenic mechanisms of APAP-induced hepatocyte death, application of N-acetylcysteine, a pro-drug for glutathione synthesis, which has been shown to reduce APAP-induced liver necrosis, is the current standard therapy in APAP-induced ALF (Corcoran et al., 1985; Saito et al., 2010). In addition, other drugs with anti-oxidant effects might improve ALF outcome. In this respect, application of cyclooxygenase inhibitors exerted protective effects in an experimental ALF mouse model with decreased oxidative stress formation and marked reduction of hepatic necrosis (Chang et al., 2011; Liong et al., 2012). A novel therapeutic target in ALF that connects the immune system with cell death might be cyclophilin A. This intracellular protein exerts pro-inflammatory and hepatotoxic activity when released from necrotic liver cells in APAP-induced liver injury. Conversely, inhibition of cyclophilin reduced inflammatory response to necrotic liver (Dear et al., 2011). Thus, targeting of cyclophilin might represent an opportunity for a novel therapeutic approach in acetaminophen poisoning. As mentioned above, pharmacological inhibition of autophagy exacerbated APAP-induced liver toxicity. Vice versa, induction of autophagy by rapamycin was shown to inhibit APAP-induced hepatotoxicity (Ni et al., 2012). Thus, autophagy induction might be a further strategy to improve ALF outcome in APAP intoxicated patients.

Taken together, there are many promising therapeutic approaches for inhibition of APAP- and non-APAP-induced ALF. However, it should be kept in mind that most of the described targets exert a pleiotropic role and might interfere not only with cell death but also with survival pathways.
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Chemokines are small molecular weight proteins primarily known to drive migration of immune cell populations. In both acute and chronic liver injury, hepatic chemokine expression is induced resulting in inflammatory cell infiltration, angiogenesis, and cell activation and survival. During acute injury, massive parenchymal cell death due to apoptosis and/or necrosis leads to chemokine production by hepatocytes, cholangiocytes, Kupffer cells, hepatic stellate cells, and sinusoidal endothelial cells. The specific chemokine profile expressed during injury is dependent on both the type and course of injury. Hepatotoxicity by acetaminophen for example leads to cellular necrosis and activation of Toll-like receptors while the inciting insult in ischemia reperfusion injury produces reactive oxygen species and subsequent production of pro-inflammatory chemokines. Chemokine expression by these cells generates a chemoattractant gradient promoting infiltration by monocytes/macrophages, NK cells, NKT cells, neutrophils, B cells, and T cells whose activity are highly regulated by the specific chemokine profiles within the liver. Additionally, resident hepatic cells express chemokine receptors both in the normal and injured liver. While the role of these receptors in normal liver has not been well described, during injury, receptor up-regulation, and chemokine engagement leads to cellular survival, proliferation, apoptosis, fibrogenesis, and expression of additional chemokines and growth factors. Hepatic-derived chemokines can therefore function in both paracrine and autocrine fashions further expanding their role in liver disease. More recently it has been appreciated that chemokines can have diverging effects depending on their temporal expression pattern and the type of injury. A better understanding of chemokine/chemokine receptor axes will therefore pave the way for development of novel targeted therapies for the treatment of liver disease.
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INTRODUCTION

Chemokines are small molecular weight proteins (8–13 kDa) initially identified by their ability to provide migratory cues to inflammatory cells (Wasmuth et al., 2010). Their expression is up-regulated in nearly all forms of injury in all tissues, leading to infiltration by immune cells. To date, more than 50 different chemokines and 20 chemokine receptors have been identified (Bromley et al., 2008). Most chemokine receptors engage more than one ligand leading to redundancy in chemokine signaling and divergent outcomes following signaling through a single receptor (Bromley et al., 2008).

Chemokines are subdivided into two broad categories based on their amino acid sequences. CC chemokines contain two adjacent N-terminus cysteine residues while the N-terminal cysteines in CXC chemokines are separated by a single amino acid. These cysteine residues form disulfide bonds with additional internal cysteines providing tertiary structure to the protein. Two additional categories, C- and CX3C-chemokines have either a single N-terminus cysteine or two cysteine residues separated by three amino acids, respectively. Additionally, CXC chemokines can be further subdivided based on specific sequence motifs (ELR positive/negative) that impart specific functional properties to the chemokine (Bajetto et al., 2002; Fernandez and Lolis, 2002; Oo et al., 2010; Wasmuth et al., 2010).

The field of chemokine biology has rapidly progressed and additional functions are recognized well beyond immune cell migration. Chemokine receptors have been identified on non-immune cells, and as a result, their roles have expanded to include organ homeostasis and non-inflammatory aspects of injury (Rossi et al., 1999; Shibuta et al., 2002; Zlotnik et al., 2011). The functions of chemokines have therefore expanded to include: cellular differentiation, survival, proliferation, and apoptosis in addition to the ability to modulate development, organ fibrogenesis, vascular angiogenesis, and tumor metastasis (Shibuta et al., 2002; Hong et al., 2009; Zlotnik et al., 2011; Mukaida and Baba, 2012).

For the purposes of this review we discuss chemokine responses in both immune cells and liver parenchymal cells. Although infiltrating immune cells secrete chemokines, the primary sources in the liver are hepatocytes, Kupffer cells, stellate cells, sinusoidal endothelial cells, and biliary epithelial cells. Together, these cells secrete an array of chemokines that drive immune cell infiltration, development of chronic inflammation, liver injury and regeneration, and progression and resolution of fibrosis (Karlmark et al., 2008; Oo et al., 2010; Wasmuth et al., 2010). The numerous and often disparate functions of chemokines in the liver reflect the divergent temporal expression of these molecules and their receptors by immune and resident hepatic cells.

The regulation of both chemokine and receptor expression is modulated by a range of stimuli including growth factors (Gerritsma et al., 1998), cytokines (Harvey et al., 2003), cellular stressors (bile acids, ROS, etc.; Friedman, 2008a,b; Steib et al., 2010), cellular activation by apoptotic bodies (Zernecke et al., 2009), and release of cellular debris from necrotic cells (Jaeschke et al., 2002). Chemokines function as paracrine signals and in autocrine loops, with both positive and negative feedback elements. The complexity of these networks is immense and therefore we highlight herein those aspects that are most instructive in clarifying chemokine biology in acute liver injury (ALI; Table 1).

Table 1. Cellular expression and function of chemokines in acute liver injury.
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CCL2 PROMOTES AONOCYTE/MACROPHAGE RECRUITMENT AND CYTOKINE PRODUCTION DURING ACUTE LIVER INJURY

CCL2 (MCP-1) is among the most extensively studied chemokines in liver injury. Its primary role is the recruitment of monocytes and macrophages via its receptor, CCR2, but NK cells and lymphocytes also express CCR2 and migrate in response to CCL2 (Hokeness et al., 2005; Karlmark et al., 2008). Intrahepatic and serum levels of CCL2 are increased in patients with fulminant hepatic failure and also in murine models of acute liver failure (Possamai et al., 2010). Injured hepatocytes and activated Kupffer cells are thought to be the primary sources of hepatic CCL2, however, hepatic stellate cells and liver sinusoidal endothelial cells can also secrete this molecule (Leifeld et al., 2003; Friedman, 2008b; Kolios et al., 2008; Chen et al., 2010; Figure 1).
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Figure 1. CCL2 monocyte/macrophage recruitment. In response to injury, hepatocytes and Kupffer cells secrete CCL2 leading to liver infiltration by monocytes and macrophages from the periphery. Additionally, CCL2 promotes monocytic hematopoiesis in the bone marrow increasing the pool of circulating monocytes/macrophages. In the liver, macrophages secrete TNF-α and IFN-γ promoting inflammation and hepatocyte cell death while also removing necrotic cells which is important for liver remodeling and return to normal function.



The role of CCL2 in liver injury is twofold. First, as CCL2 levels in the serum rise, it stimulates monocytic hematopoiesis and increased differentiation and production of the monocyte/macrophage lineages (Leifeld et al., 2003; Friedman, 2008b; Kolios et al., 2008; Chen et al., 2010). Furthermore, CCL2 levels in the liver are greater than in the blood, establishing a gradient driving macrophage egress from the bone marrow (Dambach et al., 2002; Tsou et al., 2007; Karlmark et al., 2009). Moreover, it has been shown that it predominantly recruits the inflammatory Gr1 high monocyte-derived macrophage subpopulation (Karlmark et al., 2009). Macrophages have distinctive roles in initiation, propagation, and resolution of ALI. Their involvement is critical during the initial inflammatory stages by phagocytosing necrotic cells, secreting cytokines and growth factors, and recruiting inflammatory cells (Duffield, 2003). Additionally, macrophages assist in the reparative phase leading to hepatic remodeling and the return to normal liver function (Duffield et al., 2005).

Macrophage derived chemokines, cytokines, and growth factors can influence hepatocyte function and recruitment of additional immune cell populations. TNF-α which leads to hepatocyte cell death, is increased early in acetaminophen (APAP) injury and is secreted predominantly by macrophages but also hepatocytes and other immune cells (Hassan et al., 2007). Additionally, IFN-γ, a pro-inflammatory cytokine released by macrophages as well as CCR2-dependent T cells and NKT cells, may promote injury by stimulating hepatic inflammation and amplifying liver damage (Hogaboam et al., 2000; Dambach et al., 2002). Loss of IFN-γ signaling in both KO mice or mice treated with IFN-γ neutralizing antibodies demonstrates a protective effect in APAP or ConA induced ALI (Jaruga et al., 2004; Dong et al., 2005). Interestingly, IFN-γ is important in regulation of the CXCL9–11/CXCR3 chemokine axis, which is reviewed below.

Given the dependence of macrophage recruitment on the CCL2/CCR2 axis, many groups have utilized monocyte/macrophage depletion studies to establish the relevance of the CCL2/CCR2 axis. While the overall role of CCL2 recruited macrophages in ALI appears to be protective, conflicting reports have made it difficult to clearly define the role of CCL2 during injury (Laskin et al., 1995; Michael et al., 1999; Hogaboam et al., 2000; Dambach et al., 2002; Ju et al., 2002; Holt et al., 2008; Karlmark et al., 2009). The method of macrophage depletion (clodronate, gadolinium chloride, CD11b DTR), the type of injury (APAP, CCl4, Ischemia reperfusion), and the extent of injury all influence the interpretation of how macrophages affect liver function.

One technical concern is that many macrophage depletion methods affect other cell lineages including dendritic cells and bone marrow hematopoietic cells. Additionally, as a result of strain differences and the dependence of bone marrow stem cells egress on CCL2/CCR2, global knockouts of this axis have failed to delineate the specific role of hepatic-derived CCL2 during injury. Overall, it appears that loss of CCL2 function perturbs monocyte/macrophage infiltration into the injured liver with a concomitant dampening of pro-inflammatory cytokine production. Therefore, future studies will need to utilize conditional CCL2 or CCR2 knockouts from specific hepatic and immune cell populations in order to determine the cellular populations involved in ALI.

Macrophages recruited by CCL2 are involved in both the initial stages of injury during ALI and the reparative stages. However, little data exists on the role of macrophages during liver regeneration or during restoration after acute injury. In murine models of chronic liver injury and fibrosis, there exist two waves of macrophage infiltration responsible for both disease progression and regression (although this is not CCL2-dependent; Duffield et al., 2005). Similar studies have not been undertaken in ALI models, which might shed additional light on the role of CCL2 and infiltrating macrophages in ALI.

The concept of multiple waves of macrophage has also been shown in patients with ALI. After APAP-induced acute liver failure there is an increase in hepatic CCL2 which directly correlated with clinical outcomes. Furthermore, there is a specific and marked reduction in circulating monocytes which negatively correlated with the hepatic CCL2 levels indicating that their recruitment into the inflamed liver is via CCR2. In areas of liver necrosis there was a predominance proliferating resident Kupffer cells. This study indicates that the appearance of macrophages early after injury are derived from circulating monocytes and resident proliferating Kupffer cells represent a second wave implicated in organ resolution (Antoniades et al., 2012). While not definitive, these results impressively mimic rodent models of macrophage recruitment in rodent models.

While the majority of studies of CCL2 have focused on its effect on monocytes and macrophages, it can also recruit/activate T cell and NKT cell populations, albeit to a lesser extent. Neutralization of the CCL2/CCR2 axis in the T cell-mediated ConA injury model leads to an increase in hepatic injury, indicating that, in this model, CCL2 may be anti-inflammatory (Ajuebor et al., 2003). Mice treated with CCR2 neutralizing serum showed a decrease in TNF-α and IFN-γ, but worse hepatitis and an unexpected and significant increase in IL-4, representing a shift from a Th1 to a Th2 response. ConA treatment increased CCR2 expression on resident hepatic NKT cells and receptor engagement dampened their secretion of IL-4. Therefore, blocking this axis actually increased the expression of IL-4, indicating that CCL2 may also function in an anti-inflammatory manner.

The only resident liver cells to express CCR2 are Kupffer cells and hepatic stellate cells (Friedman, 2008b; Krohn et al., 2009). As noted previously, Kupffer cells are an important source of CCL2 whose production is stimulated by ROS. The specific role of resident hepatic cell CCR2 in ALI has not been demonstrated, but in models of chronic liver injury, the stellate cell’s response to CCL2 is important in the production of ROS, cellular chemotaxis, and the acquisition of a pro-fibrogenic phenotype. Given the limited data regarding the role of hepatic stellate cells during ALI, additional work is required to determine the role of CCL2 on resident hepatic cell function during acute injury.

CXCL9–11 RECRUITS T CELL POPULATIONS INVOLVED IN IMMUNE MODULATION

The CXCL9–11/CXCR3 axis is unique based on the alternative regulation of its three ligands, which are all induced by IFN-γ. CXCR3 is primarily expressed on CD4+ Th1 helper cells, CD8+ cytotoxic lymphocytes, and innate lymphocytes including NK cells, NKT cells, and dendritic cell subsets. During activation by professional antigen presenting cells, CXCR3 is rapidly up-regulated on leukocyte populations (Groom and Luster, 2011; Figure 2).
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Figure 2. CXCL9–11 T cell recruitment: CXCL9–11 expression is increased in an IFN-γ dependent manner. Numerous T cell populations, including Th1-polarized T cells, Tregs, and effector T cells are recruited to the liver in a CXCR3-dependent manner. The specific type of injury will determine the relative recruitment of Tregs vs. effector T cells and the protective/injurious role of the CXCL9–11/CXCR3 axis.



Similar to other chemokine axes, CXCL9–11 signaling is characterized by significant redundancy, however each of the chemokines has a distinctive role. Expression of all three ligands is mediated by IFN-γ, but the identification of unique promoter elements for each ligand leads to a distinct spatial and temporal expression pattern. Briefly, CXCL9 is dependent solely on IFN-γ whereas CXCL11 can also be induced by IFN-β and CXCL10 by both IFN-α/IFN-β and NF-κB activation. Hepatocytes, stellate cells, sinusoidal endothelial cells, and activated infiltrating lymphocytes all secrete CXCR3 ligands in response to these stimuli. Differences in the sensitivity of each cell type to IFN-γ signaling along with the differences in the ligand promoters leads to the differential expression patterns seen in liver disease (Luster et al., 1985; Farber, 1990;Ohmori and Hamilton, 1993, 1997;Ohmori et al., 1993, 1997; Cole et al., 1998; Majumder et al., 1998; Tensen et al., 1999; Medoff et al., 2006; Yang et al., 2007).

In patients with chronic liver disease, hepatic levels of both CXCR3 and its ligands are increased, and CXCR3 ligand levels correlate with the severity of disease (Apolinario et al., 2002). Additionally, in mouse models of chronic disease, CXCR3 is protective through several mechanisms. While no human data exists on the role of CXCR3 in ALI, CXCR3-deficient mice point to its being hepatoprotective (Hokeness et al., 2007; Zaldivar et al., 2012). Th1-polarized T cells, which provide a protective immune response, are rapidly recruited to the liver after injury in a CXCR3-dependent manner. Additionally, a large subset of Foxp3+/CD25+ regulatory T cells (Tregs) found in the liver during injury are CXCR3+, and this population is diminished in CXCR3-deficient mice. Loss of CXCR3 therefore affects recruitment of both effector T cell populations and T regulatory cells (Erhardt et al., 2011). The balance between these populations influences the outcome following blockade of this axis and may explain the contrasting results seen in different experimental models.

Ischemia reperfusion (I/R) injury is a major concern following liver transplantation and is an important contributor to liver rejection in this setting. After I/R, levels of CXCL9–11 are increased early after injury leading to infiltration of CXCR3+ T cells. Blocking this interaction in rats decreases hepatocellular damage and increases survival. Similarly, studies of cardiac and islet cell allografts indicate that blocking CXCL10 and CXCL11 prolongs survival and prevents acute allograft rejection by inhibiting the recruitment of effector T cells (Horiguchi et al., 2002).

Tregs have important functions in controlling immune cell activation within the liver. Patients with autoimmune hepatitis, as well as autoimmune liver disease, have decreased numbers of Tregs. In the T cell-mediated ConA injury model, CXCL9–11 expression is increased and mice deficient for CXCR3 are significantly more susceptible to ConA injury. Similar to other models, the total number of CXCR3+ T cells was decreased as were the number of hepatic Tregs. However, in this model, the decrease in infiltrating CXCR3+ effector T cells does not compensate for the loss of hepatic Tregs, and nonetheless leads to increased injury and lethality. Consistent with this finding, the number of Tregs in the spleen and lymph nodes were increased, indicating that they failed to recruit to the liver in the absence of CXCR3 (Erhardt et al., 2011). Similarly, loss of IFN-γ (and subsequently CXCL9–11 up-regulation) or neutralization of CXCL10 leads to decreased hepatic Tregs and enhanced hepatic inflammation. This effect is partially mediated by resident liver NKT cells, which express high levels of IFN-γ in response to injury. Mice deficient in NKT cells therefore show a marked decrease in Treg recruitment, as do mice deficient for IFN-γ.

These results point to the difficulty of establishing whether a single chemokine is protective or injurious. Undoubtedly, the specific disease process and chemokine/cytokine signature will determine the relative contribution of each cell type, and whether inhibition of the axis will be protective or injurious, further highlighting the multidimensional approach required to understanding the function of any chemokine axis (Ajuebor et al., 2007).

In models of ALI, CXLC10, and CXCR3 are up-regulated upon APAP administration, whereas recombinant CXCL10 is hepatoprotective. The effect of CXCL10 is indirect by increasing hepatocyte expression of CXCR2, which is protective in certain injury models, and blocking CXCR2 abrogates the effect of exogenously administered CXCL10. These results are particularly interesting, as hepatocytes do not express CXCR3, and therefore the up-regulation of CXCR2 on hepatocytes must be regulated by an independent yet unidentified signaling axis (Bone-Larson et al., 2001).

Within the liver CXCR3 is expressed by hepatic stellate cells and liver sinusoidal endothelial cells, and is anti-fibrotic in chronic injury (Shields et al., 1999; Crosby et al., 2009; Wasmuth et al., 2009). CXCR3 ligands have seemingly opposing effects on hepatic stellate cells. CXCL9 decreases collagen mRNA expression leading to a less activated phenotype, while CXCL10 promotes hepatic stellate cell migration (Wasmuth et al., 2009). Such opposing effects may reflect different roles stellate cells play during liver injury or could categorize subpopulations of these cells with divergent functions. Furthermore, CXCL9–11 ligands are angiostatic, and administration of CXCL9 in vivo inhibits neoangiogenisis and prevents development of fibrosis (Sahin et al., 2012).

As a final note, it is important to recognize that there are mouse strain differences in CXCL9–11 expression. C57Bl/6 mice do not express CXCL11 due to a point mutation leading to an early stop codon. Bl/6 mice are still responsive to exogenous CXCL11, but because CXCL9 and CXLC10 knockout mice were backcrossed onto a Bl/6 background it is difficult to distinguish between the function of each ligand (Sahin et al., 2012).

CXCR1/CXCR2 LIGANDS PROMOTE NEUTROPHIL MIGRATION TO THE LIVER AND REGULATE HEPATOCYTE SURVIVAL AND PROLIFERATION

The CXCL1, CXCL2, and CXCL8 chemokine axis is especially important in acute injury given the dependence of neutrophil and macrophage chemotaxis on CXCR1/CXCR2 ligands (Chen et al., 2006; Ishida et al., 2006; Kobayashi, 2008). Several ligands signal through CXCR1/CXCR2, including CXCL8 (IL-8), found only in humans, and CXCL1 and CXCL2 (KC and MIP-2) present in both humans and mice. In patients, CXCL8 levels are increased in alcoholic hepatitis, as well as in APAP overdose, which are predictive of hepatocellular damage (James et al., 2001; Zimmermann et al., 2011). Additionally, post-liver transplantation, patients with elevated serum CXCL8 have higher serum transaminases (Ilmakunnas et al., 2010). In view of the direct correlation between CXCL8 levels and hepatic function after acute injury, much research has focused on the role of CXCR1/CXCR2 in I/R and APAP injury models. Furthermore, this axis is of great interest due to the expression of CXCR1/CXCR2 by hepatocytes, enabling these chemokines to directly affect both acute inflammation and hepatocyte survival/function (Figure 3).
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Figure 3. CXCL1/CXCL2/CXCL8 neutrophil recruitment and hepatocyte proliferation. Neutrophils are recruited from the periphery via CXCR2 in response to increased hepatic levels of CXCL1, CXCL2, and CXCL8 (in humans). Hepatic injury also promotes expression of CXCR1 and increased expression of CXCR2 on hepatocytes. Receptor engagement leads to changes in hepatocyte survival and proliferation in a dose dependent mechanism.



During injury most hepatic cells express CXCR1/CXCR2 ligands including hepatocytes, Kupffer cells, stellate cells, endothelial cells, and biliary epithelial cells (Kuboki et al., 2008). After I/R injury, Kupffer cell activation leads to a release of ROS and subsequent activation of hepatocyte-derived chemokines CXCL1 and CXCL2 (Jaeschke et al., 1991; Jaeschke and Farhood, 2002; Kuboki et al., 2008). Hepatocyte injury due to exposure to ethanol, IL-1, and TNF-α has also been shown to result in CXCL8 expression by human hepatocytes (Stefanovic and Stefanovic, 2006).

Neutrophils express CXCR1 and CXCR2, and increased ligand expression after injury is associated with neutrophil infiltration (Kobayashi, 2008). CXCL8 binds with high affinity to CXCR1 and with lower affinity to CXCR2, which binds an additional six chemokines. Both receptors drive neutrophil chemotaxis, but a neutrophil respiratory burst occurs only through CXCR1, indicating distinct roles for each receptor. A feature of all chemokines, which has been extensively studied in CXCL8, is that they can exist as a monomer, dimer, or a mixture of the two under physiological conditions. These two forms of CXCL8 differentially regulate CXCR1 phosphorylation, desensitization, and receptor internalization, but not that of CXCR2. In general, monomeric CXCL8 shows increased activity via CXCR1, and that in models of lung injury the ability of CXCL8 to reversibly exist as both a monomer and dimer regulates neutrophil chemotaxis and function (Nasser et al., 2009).

The development of effective chemokine gradients is dependent on the interactions between tissue-expressed glycosaminoglycans (GAGs) and chemokines. Monomeric and dimeric chemokine forms have different binding affinities for GAGs, and changes in the monomer/dimer equilibrium will affect the chemokine gradients established within an organ. Chemokine dimerization therefore adds an additional level of regulation to chemokine axes (Gangavarapu et al., 2012).

In models of I/R, receptor inhibition by neutralizing antibodies leads to decreased neutrophil infiltration and less damage overall. Similarly, CXCR2 deficient mice exhibit decreased neutrophil accumulation at 24 h, but not at 96 h, indicating that CXCR2 might be important specifically in early neutrophil infiltration. Knockout mice also exhibit less injury (ALT/AST) and hepatic necrosis (Kuboki et al., 2008). While there is a decrease in neutrophil infiltration, expression levels of CXCR2 chemokines are increased, indicating a potential negative feedback loop through CXCR2. Similarly, in models of APAP-induced injury, loss of CXCR2 leads to decreased neutrophil and macrophage infiltration and less injury (Hogaboam et al., 1999a; Hu and Colletti, 2010). However, when only neutrophils are depleted using a neutrophil specific depleting antibody, the protective effect is even greater. The authors contend that production of iNOS by neutrophils leads to increased injury, but that macrophage derived heme-oxygenase (HO)-1 is protective. CXCR2 KO mice exhibit increased injury compared with the neutrophil depleted mice due to the additional loss of macrophage derived HO-1 (Ishida et al., 2006).

Among the most interesting aspects of this axis is CXCR1/CXCR2 expression by hepatocytes and their role in survival and proliferation. While CXCR2 is expressed under normal physiological conditions and is up-regulated with injury, hepatocyte expression of CXCR1 is detected only after injury. After I/R injury, signaling through CXCR2 is detrimental to hepatocyte proliferation and regeneration. Loss of CXCR2 function leads to an increase in STAT3 and NK-κB signaling which regulates liver regeneration. Furthermore, CXCR1 expression is increased during I/R injury, and while inhibition of CXCR1 does not mitigate early liver injury and neutrophil infiltration, it appears to be involved in the reparative and regenerative phase after I/R injury (Kuboki et al., 2008; Clarke et al., 2011).

Alternatively, in models of APAP injury and partial hepatectomy, CXCR2 activation by recombinant CXCL2 is mitogenic and promotes liver regeneration, while loss of CXCR2 leads to marked liver necrosis and hemorrhaging (Sakai et al., 2011). Currently, the only available treatment for APAP toxicity includes administration of N-acetylcysteine, however, the window of efficacy is only within 8 h after APAP ingestion. Conversely, administration of CXCL2 is only effective if administered 10 h after the initial injury, indicating that its role is to support hepatocyte survival and proliferation after the initial injury (Hu and Colletti, 2010). In another model, adenoviral administration of CXCL2 inhibits neutrophil influx while promoting hepatocyte proliferation after APAP, while CXCL2 inhibition increased liver injury and overall mortality (Hogaboam et al., 1999b).

One explanation for the discrepancies in assessing the effects of this axis on hepatocyte proliferation is that high doses of CXCR2 ligands are hepatotoxic while low doses are hepatoprotective. In vitro studies indicate that hepatocyte treatment with equal concentration of CXCR2 ligands, CXCL1 and CXCL2, may act synergistically and adjusting the relative concentration of each chemokine alters the overall effect (Kuboki et al., 2008). As numerous chemokines signal through CXCR2, differences in injury models may induce unique expression levels of CXCR2 binding chemokines leading to divergent outcomes.

CXCL12 PROMOTES HEMATOPOIETIC STEM CELL RECRUITMENT TO THE LIVER AND NEUTROPHIL EGRESS FROM THE BONE MARROW

CXCL12 (SDF-1α), which binds to the CXCR4 receptor, regulates organ homeostasis and several pathological responses (Nagasawa et al., 1996). CXCL12 is crucial in early embryogenesis, hematopoiesis, and angiogenesis, as well as maintenance of the bone marrow stem cell niche. A unique feature of CXCL12 is its high expression levels even in normal tissues that is further up-regulated with injury. In the uninjured liver, biliary epithelial cells constitutively express CXCL12 and in patients with chronic injury and fibrosis, CXCL12 levels increase in parallel with the extent of fibrotic injury (Wald et al., 2004). In distinction to many other chemokines in the liver, CXCL12 is not expressed by hepatocytes and Kupffer cells, but is localized to biliary epithelial cells, cells of the ductular reaction, hepatic stellate cells, and sinusoidal endothelial cells (Sawitza et al., 2009). Dissecting the specific role of the CXCL12/CXCR4 axis has proven difficult given the lack of a suitable animal model. As mentioned, CXCL12 is crucial for embryogenesis and mice deficient in either CXCL12 or its receptor CXCR4 are not viable due to a lack of cardiac development and a failure of hematopoiesis (Nagasawa et al., 1996; Figure 4).


[image: image]

Figure 4. CXCL12 stem cell mobilization and neutrophil egress. Increased expression of CXCL12 by stellate cells, endothelial cells, and biliary epithelial cells promotes migration of bone marrow stem cells to the liver. Additionally, neutrophil egress from the bone marrow is regulated by CXCL12 and increased levels of hepatic and serum levels promotes neutrophil egress. While not depicted, nearly 50% of liver infiltrating cells are CXCR4 positive and localized around CXCL12-rich periportal regions.



Most inflammatory cells, including neutrophils, monocytes, and B and T lymphocytes express CXCR4 and locally produced CXCL12 recruits immune cells to the injured site and promotes angiogenesis (Liekens et al., 2010). Neutrophil regulation and egress from the bone marrow is predominantly CXCR4-dependent and in chronic liver injury over 50% of liver infiltrating cells are CXCR4 positive. Neutrophils contain large cytoplasmic stores of CXCR4, which can be rapidly expressed on the cell surface in response to cytokines, growth factors, or injurious stimuli (Link, 2005; Christopher and Link, 2007; Ramaiah and Jaeschke, 2007). During injury, bone marrow G-CSF levels increase leading to changes in the bone marrow CXCL12/CXCR4 axis and subsequent release of neutrophils (Lei et al., 2010). No study has directly examined the effect of CXCR4-dependent neutrophil migration to the liver during acute injury, but based on studies of CXCR2-dependent neutrophil migration, the inhibition of CXCR4 driven neutrophil migration would be protective (Cao et al., 2000). Alternatively, inhibition of this axis alone may lead to an unfavorable outcome due to increased neutrophil egress from the bone marrow that migrate to the liver.

CXCL12 also plays a role in lymphocyte adhesion, migration, and extravasation into the liver parenchyma. Treatment of lymphocytes with CXCL12 increases ICAM-1 dependent tethering and can enhance tethering and firm adhesion required for transendothelial migration, suggesting a role for endothelial cell-derived CXCL12 (Campbell et al., 1998; Peled et al., 1999; Goddard et al., 2001). Additionally, liver sinusoidal endothelial cells can present abluminal CXCL12 on their luminal cell surface via transcytosis, which leads to T cell adhesion and migration across endothelial cell membranes (Schrage et al., 2008).

The role of bone marrow derived cells in ALI has been of great interest, with considerable progress made. It is unclear if bone marrow cells can directly replenish hepatocytes, however, injection of autologous bone marrow cells, or increased mobilization of bone marrow cells, are protective after ALI (Li et al., 2010; Possamai et al., 2010; Shi et al., 2010; Inagaki and Higashiyama, 2012; Takami et al., 2012; Zhao et al., 2012). In both animal models and clinical studies, delivery of bone marrow cells or agents that increase circulating bone marrow cells are advantageous. Whole bone marrow and different subpopulations of cells including CD34+, CD133+, mononuclear cells, mesenchymal stem cells, and endothelial stem cells are all reportedly beneficial. The specific bone marrow-derived cell type that is responsible for protection is controversial, but the CXCL12/CXCR4 axis is implicated in many of these models (Shafritz et al., 2006; Khurana and Mukhopadhyay, 2007; Oertel and Shafritz, 2008;Jin et al., 2009, 2010; Karlmark et al., 2009; Baldo et al., 2010).

Myeloid cells alone are sufficient to generate hepatocytes, but this only occurs in models of severe hepatic disease. In more mild models including chronic CCl4 and bile duct ligation, these cells do not directly contribute to hepatocytes, but may be beneficial by secreting chemokines, cytokines, and growth factors thereby establishing a specific reparative niche (Kisseleva et al., 2010).

Rats administered a sublethal dose of acute CCl4 along with G-CSF and AMD3100, have increased survival and accumulation of CD34+ cells around CXCL12-rich periportal areas (Mark et al., 2010). G-CSF releases bone marrow progenitor cells by decreasing expression of CXCL12 by bone marrow endothelium, and by activating osteoclasts, inducing their expression of proteolytic activity which cleaves cell surface CXCR4, further releasing hematopoietic stem cells into the periphery (Damon, 2009). Furthermore, in NOD/SCID mice injected with human CD34+ stem cells, liver engraftment is dependent on the CXCL12/CXCR4 axis. Neutralization of CXCR4 with a specific antibody inhibits engraftment, while hepatic administration of recombinant CXCL12 leads to increased engraftment. The location of the CD34+ cells around the CXCL12-rich periportal areas further demonstrates their dependence on CXCL12. Finally, induction of either acute or chronic liver injury with CCl4 increases CXCR4 expression on human CD34+ cells and a greater degree of hepatic engraftment (Kollet et al., 2003).

CXCL12 can also bind the CXCR7 chemokine receptor. CXCR7, which also binds CXCL11, is classically thought to be a scavenging receptor capable of binding ligand, but unable to generate downstream signals, effectively sequestering the chemokine and preventing it from signaling through CXCR4 (Maksym et al., 2009; Luker et al., 2012; Sartina et al., 2012). Other receptors including DARC and D6 have similar scavenging properties, and their role in liver disease is apparent from mouse models deficient in the D6 receptor. D6 knockout mice exhibit prolonged liver damage after CCl4 injury associated with increased hepatic levels of chemokines CCL2, CCL3, and CCL5 (Berres et al., 2009). Increased inflammatory chemokines resulted in greater inflammation highlighting the role of chemokine sequestration in the control of inflammation.

As discussed above, inflammatory cell recruitment by CXCR4 and other chemokine receptors is largely regulated by chemokine ligand expression. However, chemokine receptor expression on infiltrating cells is also tightly controlled and finely tunable. Cell surface expression of CXCR4 in particular is highly regulated by factors including TGF-β, TNF-α, bacterial glycoproteins, and hypoxia.

Receptor expression can be controlled through transcriptional regulation and receptor internalization. TNF-α, IFN-γ, and LPS specifically reduces cell surface CXCR4 expression on neutrophils, but not lymphocytes, via receptor internalization in a time and dose dependent manner (Nagase et al., 2002; Kim et al., 2007). Paradoxically, however, CXCR4 mRNA levels are actually increased after stimulation, indicating that the change in cell surface CXCR4 expression is due to receptor internalization (Kim et al., 2007).

TGF-β is implicated in all forms of liver injury and has many functions in controlling immune cell differentiation and chemokine receptor expression. In both neutrophils and macrophages, TGF-β1 increases mRNA levels and cell surface expression of CXCR4 and enhances the effect of CXCL12 stimulation (Nagase et al., 2002; Chen et al., 2005). Furthermore, treatment of both immature and mature dendritic cells with TGF-β decreases the expression of CCR7 and increases expression of CCR1, CCR3, CCR5, and CXCR4 leading to a chemokine receptor profile that preferentially migrates toward sites of inflammation (Sato et al., 2000).

The liver with its dual arterial and venous blood supply has a low oxygen tension, which is worsened during injury, leading to a hypoxic environment. Monocytes and macrophages increase mRNA and cell surface expression of CXCR4 in response to hypoxic conditions in a HIF-1α-dependent mechanism, whereas transcript levels of CCR5 are unaffected (Schioppa et al., 2003). CXCL12 production by endothelial cells is induced by hypoxia, further increasing the effect of CXCL12/CXCR4 axis during hypoxia (Hitchon et al., 2002; Santiago et al., 2011).

ADDITIONAL CHEMOKINES IN ACUTE LIVER INJURY

Two additional chemokines whose expression is induced during ALI are CCL5 (RANTES) and CX3CL1 (Fractalkine). CCL5 which binds to both CCR1 and CCR5 is of particular interest given the availability of maraviroc, a CCR5 small molecule inhibitor (Proudfoot et al., 2010). NK and NKT cells, CD4+ T cells, macrophages, and hepatic stellate cells all express CCR5 and in models of ConA induced hepatitis CCR5 deficiency promotes liver failure by preventing NKT cell activation-induced apoptosis (Ajuebor et al., 2006). Mice deficient for CCR5 show an unexpected increase in CCL5 ligand, perhaps due to loss of a negative feedback through CCR5, and an increase in CCR1-dependent NK cell recruitment and worse injury (Ajuebor et al., 2007). Within the liver CCR5 is expressed by stellate cells and is important in promoting their migration during chronic injury (Schwabe et al., 2003; Seki et al., 2009). The role of CCR5 on stellate cells has not been elucidated in models of acute injury.

CX3CL1, the only member of the CX3C family, is unique in that it is synthesized as a transmembrane protein and can be released by metalloproteinease cleavage. CX3CR1 is increased in patients with either chronic or acute liver disease specifically in areas of inflammation and in regenerating bile duct epithelia (Efsen et al., 2002). Similar to CCR5, loss of CX3CR1 leads to greater injury and delayed recovery after acute and chronic CCl4. Loss of CX3CR1 on macrophages promotes increased apoptosis and a more pro-inflammatory phenotype (Aoyama et al., 2010). As different waves of macrophages are important in injury and resolution of ALI, similar to CCL2, CX3CL1 may be important in the different stages of macrophage recruitment to the liver.

THERAPEUTIC POTENTIAL OF CHEMOKINE RECEPTOR INHIBITION

The development of small molecule chemokine inhibitors and neutralizing antibodies provides promise for modulating immune cell infiltration during inflammatory diseases. A number of trials have examined the use of small molecule inhibitors in autoimmune and infectious diseases (Proudfoot et al., 2010); however, to date no clinical trial has examined the use of small molecule inhibitors directly in liver disease. Despite the large amount of data generated from knockout mice, inhibition of these axes in human disease states has not recapitulated pre-clinical data. Blocking CCR2 or inhibiting CCL2 in patients with rheumatoid arthritis (RA) did not achieve clinical endpoints (Haringman et al., 2006; Vergunst et al., 2008). Similarly, trials targeting CCR1 for RA, psoriasis, or multiple sclerosis have failed despite strong pre-clinical data (Trebst et al., 2001; Proudfoot et al., 2010).

There are numerous hurdles in the development of such inhibitors. Chemokine redundancy, with most receptors binding numerous ligands and receptor heterodimerization ensures that a single molecule will not achieve full inhibition of a given ligand. Additionally, the timing of chemokine inhibition during the disease process may be crucial and the window of effective inhibition narrow. For instance, the CXCR1/CXCR2 inhibitor, reparixin, has no effect on hepatic I/R injury when administered immediately after the injury, yet when administered 24 h after injury led to a worse outcome (Clarke et al., 2011). Similarly, in murine models of cardiac ischemia, AMD3100 can either increase or decrease the extent of injury based on the dosing protocol (Dai et al., 2010; Jujo et al., 2010). Finally, the choice of disease may determine if an inhibitor is successful. Mozobil (AMD3100), a CXCR4 inhibitor, is currently used for hematopoietic stem cell mobilization, yet failed as an HIV-entry inhibitor. Despite these difficulties successful chemokine inhibitors have been developed including maraviroc (CCR5 HIV-entry inhibitor) which may also show beneficial effects in patients with liver disease (Macias et al., 2012).

CONCLUSION

Chemokines are a large family of molecules whose function has expanded to now include immune cell infiltration, cellular survival and proliferation, vascular angiogenesis, organ fibrogenesis, and tumor metastasis. The interactions between chemokines, cytokines, and growth factors add additional levels of complexity to the networks and allow for spatial and temporal regulation. While most studies have focused on their adverse role in acute liver disease, a growing number of studies have revealed the beneficial role that they may play during injury as well. The availability of small molecule inhibitors for many chemokine axes makes them promising targets for therapeutics. However, given the many roles of chemokines during disease, a greater understanding of the underlying mechanisms is mandated.
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Different etiologies such as drug toxicity, acute viral hepatitis B, or acetaminophen poisoning can cause acute liver injury or even acute liver failure (ALF). Excessive cell death of hepatocytes in the liver is known to result in a strong hepatic inflammation. Experimental murine models of liver injury highlighted the importance of hepatic macrophages, so-called Kupffer cells, for initiating and driving this inflammatory response by releasing proinflammatory cytokines and chemokines including tumor necrosis factor (TNF), interleukin-6 (IL-6), IL-1beta, or monocyte-chemoattractant protein-1 (MCP-1, CCL2) as well as activating other non-parenchymal liver cells, e.g., endothelial or hepatic stellate cells. Many of these proinflammatory mediators can trigger hepatocytic cell death pathways, e.g., via caspase activation, but also activate protective signaling pathways, e.g., via nuclear factor kappa B (NF-κB). Recent studies in mice demonstrated that these macrophage actions largely depend on the recruitment of monocytes into the liver, namely of the inflammatory Ly6c+ (Gr1+) monocyte subset as precursors of tissue macrophages. The chemokine receptor CCR2 and its ligand MCP-1/CCL2 promote monocyte subset infiltration upon liver injury. In contrast, the chemokine receptor CX3CR1 and its ligand fractalkine (CX3CL1) are important negative regulators of monocyte infiltration by controlling their survival and differentiation into functionally diverse macrophage subsets upon injury. The recently identified cellular and molecular pathways for monocyte subset recruitment, macrophage differentiation, and interactions with other hepatic cell types in the injured liver may therefore represent interesting novel targets for future therapeutic approaches in ALF.

Keywords: liver injury, acute liver failure, macrophages, monocytes, TNF-alpha, chemokines, CCR2, review

INTRODUCTION

Acute liver injury (ALI) and acute liver failure (ALF) represent different severity stages of a sudden deterioration of liver function without evidence for prior chronic liver disease. It is a dreaded disease condition due to its tremendous morbidity and mortality without adequate treatment. Clinical hallmarks of ALF are coagulopathy (defined as an INR > 1.5) and mental alterations (i.e., hepatic encephalopathy of any degree) within a 26-weeks time-frame after the initial symptoms (Bernal et al., 2010). The latter clinical condition is absent in ALI in which coagulation abnormalities are predominant. The annual incidence of ALF is estimated at one to six cases per million in the developed world but may be higher in endemic regions of viral hepatitis (Bernal et al., 2010). Due to insufficient surveillance and reporting systems and lack of consistent diagnostic criteria accurate data concerning the global epidemiology of ALI are scarce. Drug-induced liver injury as a common underlying cause is estimated to affect 44,000 individuals in the US per year (Bell and Chalasani, 2009). Miscellaneous causes of acute liver deterioration exist, and etiology is the best predictor of clinical outcome (Ostapowicz et al., 2002). In major parts of the western hemisphere acute dose-dependent acetaminophen (paracetamol) toxicity is the most prevalent cause of ALF, whereas viral agents (mainly hepatitis A, B, or E virus) predominate in developing countries. In recent years, idiosyncratic, non-acetaminophen, drug-induced hepatotoxicity became a major etiology of ALF in Europe (Canbay et al., 2011). ALF is a systemic disease. Owing to its devastating nature implications of liver failure rapidly affect virtually all vital organs eventually leading to multi-organ failure. Despite remarkable progress in disease management and understanding of basic molecular mechanisms involved, disease-specific, targeted therapies cannot be provided in a considerable proportion of cases where liver transplantation constitutes the sole medical mean to prevent death.

Local and circulatory components of the innate immune system fundamentally shape the outcome of the immunological response to an acute hepatic insult. There is a robust body of evidence that hepatic macrophages (traditionally called “Kupffer cells,” KCs) are essential players in the propagation of acute liver damage. These cells attracted much attention lately in the context of chronic liver inflammation due to their dual pro- and antifibrotic qualities (Zimmermann and Tacke, 2011) but evidence for their critical involvement in fulminant hepatitis even date back several decades. Ever since, the evolvement of intriguing techniques to impact KC function has paved the way for a deepened knowledge and enabled us to decipher detrimental as well as beneficial aspects of KC activity. The present review intends to focus on hepatic macrophages in ALI as well as on monocytes, the bone-marrow-derived macrophage precursors that are vigorously recruited upon liver damage. Chemokine pathways governing this process will be a main focus in the subsequent sections, because interference with these pathways might perspectively allow developing novel and effective therapeutic approaches for ALF in the near future.

RESIDENT AND INFILTRATING HEPATIC MACROPHAGES DURING HOMEOSTASIS AND INJURY

GENERAL ASPECTS OF LIVER ANATOMY AND MICROVASCULATURE

The liver is not only the largest solid organ of the human body but also possesses the most extensive reticuloendothelial system (RES), thus playing a central role in the immune response against invading pathogens. It is unique in its property as an organ that encounters all the foreign material adsorbed from the intestine after digestion including food-derived antigens and environmental toxins (Gao et al., 2008). In addition, blood floating into the liver via the portal vein (accounting for ∼80% of total liver blood supply) contains microbial components even under steady state conditions with lipopolysaccharide (LPS) from gut-derived Gram-negative germs representing some of the most prominent bacterial constituents. Moreover, due to an arterial blood supply the liver also samples antigens from systemic circulation. The hepatic microvasculature is composed of liver sinusoids that are lined by highly specialized liver sinusoidal endothelial cells (LSEC) that tremendously differ from generic vascular endothelium in terms of phenotype, surface markers, and function (Lalor et al., 2006). Portal venous and arterial vessel branches supply the sinusoids with blood. Sinusoidal fenestrations and the lack of a basal membrane facilitate the delivery of solutes across the subendothelial space of Dissé to the hepatocytes which constitute the hepatic parenchyma. Signals evoked by invading macro-material and cellular effectors rely on active recruitment via sinusoidal cells or endocytosis/phagocytosis and cytokine-release of resident phagocytic cells. Following drainage into the central vein the “liver-modified” blood reaches systemic circulation through the vena cava inferior.

KUPFFER CELLS ARE RESIDENT MACROPHAGES AND FULFILL ESSENTIAL TASKS DURING STEADY STATE

Owing to the direct vascular connection to the splanchnic organs as a source of potential environmental and inherent threats, integral parts of the innate immune system are highly enriched in the liver. This renders the liver as an immunological organ with predominant innate immune functions (Racanelli and Rehermann, 2006; Gao et al., 2008). Apart from resident immune cells that respond to exterior and interior damaging influences, the liver is also source of a host of soluble factors encompassing acute-phase-proteins, complement factors, cytokines, and chemokines, which all contribute to the meticulous orchestration of immune response to various stimuli (Ishibashi et al., 2009). However, the liver is perpetually confronted with harmless nutrient-borne antigens and low levels of LPS and other microbial products. Those do not represent an inflammatory stimulus in steady state conditions but elicit immunosuppressive responses in order to prevent constant detrimental immune activation (Tacke et al., 2009). Intrahepatic macrophages accommodate for both opposing scenarios: promoting immune tolerance during homeostasis as well as implementing proinflammatory mechanisms in acute and chronic liver injury. KCs traditionally denote hepatic (resident) macrophages and represent up to 80–90% of the total body macrophage pool (Ishibashi et al., 2009). Together with LSEC, hepatic stellate cells (HSC), and local immune cells [in particular atypical T-cells, NK-cells (pit cells), and hepatic dendritic cells (DCs)] KCs constitute the non-parenchymal liver cells. They dwell in the lumen of liver sinusoids in close contact to the sinusoidal endothelial cells and sense the circulating blood for food-borne antigens and microbial constituents stemming from the splanchnic circulation. The sinusoidal site also guarantees intimate contact and communication with immune cells that enter the liver via the portal vein. In the non-inflamed liver one of the key functions of KCs is the removal of insoluble macromolecules through phagocytosis mediated by a wide repertoire of pattern-recognition receptors (PRRs) on their surface including scavenger receptors SR-AI and SR-AII, mannose receptor, and Fc-γ receptors (Gao et al., 2008; Figure 1). Thereby, hepatic macrophages eliminate potential harmful threats elicited by degenerated cells, microbes, immune complexes, and toxins (Kolios et al., 2006). KC show functional disparities related to their localization within the liver lobule (Bilzer et al., 2006). Periportal KCs, which are the first macrophages to encounter inflowing portal blood, are more abundant, bigger in size, and exhibit greater phagocytic and lysosomal capacities in addition to an increased production of inflammatory mediators [such as interleukin-1 (IL-1) and tumor necrosis factor (TNF) alpha (TNF-alpha)], in comparison to those hepatic macrophages located in the midzonal area and around the central vein (Sleyster and Knook, 1982; Hoedemakers et al., 1995). Moreover, KCs are not entirely static in the sinusoidal lumen but migrate across the sinusoidal walls and are capable of reducing the sinusoidal blood velocity hence supporting the contact of circulating immune cells with sinusoidal endothelial cells (MacPhee et al., 1992, 1995).
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Figure 1. Kupffer cell (KC)/Macrophage (MΦ) function during liver homeostasis. Phagocytosis and induction of immune tolerance as the two main functions of KCs/hepatic MΦ in the steady state are depicted here. KCs reside in the liver sinusoids in close proximity to sinusoidal endothelial cells (LSEC) and immune cells entering the liver microvasculature mainly through the portal vein. KCs express a broad range of surface receptors mediating phagocytosis, which renders these cells as highly effective filters of endogenous and exogenous antigens. Complement receptors mediate removal of complement-opsonized material. Circulating non-opsonized immune globulin complexes are cleared through Fc-γ Receptors. Insoluble macromolecules from multiple sources are effectively cleared after binding to Scavenger Receptors including CD163 for senescent erythrocytes. Molecules with a mannosyl motif are phagocytized following engagement of mannose receptors. Engulfment of apoptotic cell constituents can induce secretion of immunosuppressive IL-10 which likely contributes to the immune modulatory function of quiescent KCs. Constant exposure to gut-derived LPS via TLR4 also results in expression of IL-10 and PGE2 that can directly inhibit T-cell and NK-cell function and mediate down-regulation of co-stimulatory proteins including CD80, CD86, and MHC class II on endothelial cells, dendritic cells, and KCs constituting liver APCs, which further attenuates T-cell activation. KC-secreted PD-L1 and release of apoptosis-inducing mediators (TRAIL, FasL) contribute to suppression of adaptive and innate immune response through inactivation/elimination of T-cells and NK-cells. IL-10, PGE2, and TNF-alpha lead to reduced expression of adhesion molecules (VCAM-1; ICAM-1) on LSEC, thereby limiting leukocyte influx. Abbreviations: APC, antigen presenting cell; CR, complement receptor; FasL, Fas ligand; ICAM-1, intercellular adhesion molecule 1; PD-L, programmed cell death 1 ligand 1; PGE2, prostaglandin E2; SR-AI/II, scavenger receptor AI/AII; TLR4, toll-like receptor 4; TRAIL, tumor necrosis factor related apoptosis-inducing ligand; VCAM-1, vascular adhesion molecular 1.



ORIGIN AND PHENOTYPE OF KCs DURING ABSENCE OR PRESENCE OF HEPATIC INJURY

In absence of liver inflammation, the number of intrahepatic macrophages is maintained at constant numbers. Various cytokines comprising IL-1, IL-4, interferon-gamma (IFN-gamma), granulocyte–macrophage colony-stimulating factor (GM-CSF), and other hematopoietic factors promote macrophage apoptosis and survival in vitro (Naito et al., 2004). Results of studies covering the life span of KCs are inconsistent and range between 14 days and several months (Naito et al., 2004). Interestingly, even in monocytopenic species KC persistence in situ may exceed 6 weeks, suggesting that KCs constitute long-lived resident macrophages (Naito et al., 2004). Nevertheless, constant turnover is present and hepatic macrophages are incessantly repopulated. Previous concepts of resident macrophages deriving from precursor cells (Yamamoto et al., 1996; Naito et al., 1997; Duffield et al., 2005) have been refuted by more recent studies that indicate that a significant extent of repopulation of these cells is from bone-marrow-derived myeloid precursors (Klein et al., 2007). In line, in one study only 1.5% of hepatic macrophages incorporated 3H-thymidine during steady state, indicative of a low proliferation index (Crofton et al., 1978). In acute and chronic liver injury the intrahepatic macrophage count is massively expanded following the influx of peripheral monocytes (Figure 2) rather than augmentation of tissue-resident macrophages (Duffield et al., 2005; Imamura et al., 2005; Holt et al., 2008; Karlmark et al., 2009; Zimmermann et al., 2010). However, a current paper indicating that IL-4 dependent rapid in situ proliferation of local macrophages in Th2-biased inflammation accounts for extension of tissue alternatively activated macrophages (AAM), has challenged our prevailing understanding of a predominant monocytic contribution to augmented hepatic macrophage pool and sparked intensive debate (Jenkins et al., 2011; Tacke and Kurts, 2011). Indeed, under certain circumstances the intrahepatic macrophage infiltrate might actually be preferentially polarized towards the M2 phenotype (synonymous for AAM) as it has been observed in acetaminophen (APAP) treated mice by Holt et al. (2008). Congruently, these cells elicited a protective role by promoting inflammation resolution and tissue repair. Yet, as far as other experimental models of ALI are concerned, it is tempting to speculate that macrophage actions in these conditions are rather dominated by classically activated M1 macrophages (CAM) emanating from infiltrating monocytes. This hypothesis is supported by observations in acute carbon tetrachloride (CCl4) mediated liver injury in mice. Upon injury, the fraction of Ly6chi CD11b+ F4/80+ monocytes, representing the peripheral inflammatory monocyte subset, is significantly enlarged, whereas Ly6clo CD11b+ F4/80− or Ly6clo CD11b− F4/80++ cells, corresponding to either unconventional or resident macrophages, remain stable (Karlmark et al., 2009). Thus, the major body of evidence indicates that a large proportion of intrahepatic macrophages directly derives from blood-borne monocytes in conditions of experimental ALI. However, a thorough inspection of the nature of infiltrating macrophages is warranted, and it is likely that the paramount macrophage phenotype strongly depends on the respective injury model.
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Figure 2. Kupffer cell (KC)/Macrophage (MΦ) contribution to acute liver injury. Acute hepatocyte damage in response to multitude events leads to release of various DAMPs including HSPs and HMGB-1, which bind to TLR4 on KCs, and other cell contents (RNA, DNA) binding to various TLRs. TLR4 engagement activates NF-κB pathways in KC resulting in the synthesis of a myriad of proinflammatory cytokines, chemokines, reactive oxygen, and nitrogen species. KC-secreted TNF-alpha is central in the augmentation of liver injury mainly by inducing hepatocyte apoptosis, but also by deterioration of hepatic microcirculation through swelling and activation of endothelial cells with subsequent sinusoidal platelet aggregation and facilitation of peripheral immune cells entry. Activated KCs secrete IL-1beta and CXC chemokines such as CXCL2 and CXCL8 (IL-8), whereby neutrophils are massively attracted and start releasing ROS and proteases evoking hepatocyte necrosis. In addition, KCs, injured hepatocytes and activated hepatic stellate cells secrete CCL2 and other CC chemokines mediating liver influx of bone-marrow-derived monocytes that expand the local macrophage pool. Hepatic macrophages are also stimulated by IFN-gamma from resident and recruited T-cells and NK-cells and by C5a. KCs actively govern NK cell activation and recruitment by the production of IL-12/IL-18 which in turn induces hepatocyte death via membrane-bound FasL. High levels of LPS arising from Gram-negative bacteria in the context of increased bacterial translocation during acute liver injury magnify the activation the liver macrophages. As a counter-regulatory effect, hepatic macrophages also secrete IL-4, IL-6, and IL-10 amongst others that may dampen hepatic injury by either direct or indirect mechanisms. Engulfment of cell debris may either contain or amplify tissue injury (not depicted here). The blue box in the right lower corner illustrates important proapoptotic and prosurvival pathways in hepatocytes after binding of KC-related effector molecules during acute liver injury. TNF-alpha elicits both apoptosis (mainly via TNF-R1 and subsequent downstream signaling involving TRADD, FADD, and effector caspases) and cell survival through activation of NF-κB downstream cascade. Soluble and membrane-bound FasL derived from activated KCs and NK-cells also leads to caspase-dependent cell death after direct engagement of FADD. IL-6 complexes with gp80 and gp130 resulting in STAT3 activation via Janus kinases (JAKs) that can promote cell protection. Abbreviations: C5a, complement factor 5a; FADD, Fas-associated death domain; HMGB-1, high mobility group box-1; HSP, heat-shock protein; IL, interleukin; NF-κB, nuclear-factor-kappaB; ROS, reactive oxygen species; STAT3, signal transducer and activator of transcription 3; TNFa, tumor necrosis factor alpha; TRADD, TNF receptor associated death domain.



Monocyte migration into the liver is facilitated by a profound secretion of CCL2 (MCP-1) and presumably other chemokines by parenchymal and non-parenchymal liver cells. Liver macrophages represent a vigorous source of CCL2 (Karlmark et al., 2008). CCL2 is secreted and released into the systemic circulation inducing monocyte egress from the bone-marrow. However, available research activity has failed to elucidate a direct role of CCL2 in the transendothelial migration of monocyte into the abluminal liver compartment (Karlmark et al., 2009).

PHYSIOLOGICAL STIMULI TRIGGER IMMUNE MODULATORY RESPONSES IN KCs

Under homeostatic conditions KC response to stimulation with physiologically low levels of LPS is considered to restrict inflammation (Knolle and Gerken, 2000). Although KCs also secrete proinflammatory cytokines like TNF-alpha in the steady state context, this response may be too faint to elicit overt inflammation and is seemingly blunted by the concomitant release of anti-inflammatory signals. In fact, TNF-alpha secreted by KC can even contribute to dampen T-cell response (Knolle and Gerken, 2000). Various mechanisms are believed to render KCs to anti-inflammatory cells during homeostasis. Strikingly, KC activation in response to low LPS concentrations has profound impact on LSEC biology, emphasizing the close reciprocity between these two cell types. After low concentrated LPS challenge, hepatic macrophages secrete immunosuppressive IL-10, which acts in an autocrine manner on KC, but also paracrine on LSEC. IL-10 entails down-regulation of MHC-II and co-stimulatory molecules such as CD80 and CD86 on LSEC, thereby abrogating CD4+ T-cell activation (Knolle et al., 1998). Similar effects have been observed for prostanoids [i.e., Prostaglandin 2a (PGE2)] under non-inflammatory conditions (Knolle et al., 1998). Besides, naïve KC themselves are poor allostimulatory T-cell activators due to low expression of MHC-II, B7-1 (CD80), B7-2 (CD86) and CD40, and limit DC-induced antigen specific T-cell activation. This may represent another pathway of T-cell tolerance induction by KCs (You et al., 2008). Moreover, in vitro studies elucidated that IL-10 and prostanoids decrease expression of certain leukocyte adhesion molecules (ICAM-1, VCAM-1) on LSEC diminishing leukocyte endothelial transmigration into the liver parenchyma in homeostasis (Knolle and Gerken, 2000). Interestingly, KCs are also capable of disposing activated neutrophils invading the liver, thereby confining inflammatory processes (Bilzer et al., 2006). Phagocytosis of apoptotic neutrophil remnants by macrophages also attenuates production of proinflammatory cytokines like IL-1β and IL-8 in a TGF-β1, PGE2, and platelet-activating-factor (PAF) dependent fashion (Fadok et al., 1998). Accordingly, in a more recent publication it was demonstrated that KC priming with apoptotic splenocytes enhances production of IL-10 and reduces the release of proinflammatory signals (TNF-α and nitric oxide) through the Smad3 pathway after endotoxin challenge. Membrane-bound TGF-beta on apoptotic cells was reported to be the driving force of this phenomenon (Zhang et al., 2011). This is conclusive evidence that engulfment of apoptotic cell remnants by KCs favors tolerogenic immune response, as it has been also confirmed for “steady state” macrophages in general (Lucas et al., 2006; Chung et al., 2007). Efferocytosis of neutrophils has been demonstrated to induce IL-10 and TGF-beta production by macrophages and these cytokines are also closely linked to tissue repair (Ribeiro-Gomes et al., 2004; Filardy et al., 2010) Mechanisms of immune tolerance induction by quiescent KCs are illustrated in Figure 1.

KC ACTIVATION AND ITS PROINFLAMMATORY CONSEQUENCES UPON ACUTE LIVER INSULTS

The response of KC to acute hazardous events contributes to hepatocyte killing directly and indirectly. Prelude of KC activation is the release of intracellular constituents from necrotic cells due to whatever cause (e.g., chemicals, physical, viral, hypoxia). The liberation of “danger” signals from inflamed, necrotic, or hypoxic parenchyma cells and the secretion of complement C5a directly contribute to KC activation. These endogenous damage-associated-molecular-pattern-molecules (DAMPs) bind to PRRs. The nuclear transcription factor high mobility group box-1 (HMGB-1) is a ligand of toll-like receptor 4 (TLR4) Its binding engages several downstream transcriptional factors (nuclear factor kappa B, NF-κB, AP-1, IRF-3, STAT-1) and kinases, eventually cumulating in upregulated synthesis of proinflammatory mediators with TNF-alpha being the most intensively studied mediator (Abu-Amara et al., 2010). Congruently, pharmacological inhibition of HMGB-1 by the triterpene glycyrrhizin ameliorated liver injury after ischemia-reperfusion in rats (Ogiku et al., 2011). Exogenous DAMPs (i.e., LPS) accumulating in the anhepatic phase of liver transplantation through translocation of intestinal microbes have been evidenced to play a role in TLR4 signaling in ALI as well and boost the inflammatory cascade (Fiorini et al., 2004). It can be concluded, that KCs are more sensitized to endotoxins in the presence of an additional hepatic insult, which lowers the threshold to recruit proinflammatory signals. Although considered a rather protective mechanism in homeostasis, engulfment of apoptotic hepatocytes can result in Fas ligand and TNF-alpha release by KC promoting tissue injury (Canbay et al., 2003), yet contradictory results in fulminant hepatitis exist (Zhang et al., 2011). After TNF-alpha binds to TNF-R1/TNF-R2 surface receptor on hepatocytes, downstream cascades via various domains (TRADD, FADD) imply activation of initiator caspases 8/9 and executioner caspases 3/6/7, which orchestrate cell death (Tacke et al., 2009). TNF-alpha and Fas (CD95) binding Fas ligand (FasL) expression are activated in fulminant hepatic failure by CD8+-cells, NK-cells, and KCs (Miyagawa-Hayashino et al., 2007; Malhi and Gores, 2008) and share common molecular pathways of instigation of apoptosis (Tacke et al., 2009). Furthermore, TNF-alpha can mediate caspase-independent launch of cellular death via formation of ROS and prolonged activation of JNK-pathway leading to extensive necrosis (Malhi and Gores, 2008). Concomitantly, TNF-alpha elicits protective antiapoptotic actions via NF-κB activation, resulting in transcription of survival genes (e.g., Bcl-xl, cFLIP). It is largely unknown which factors disarrange the balance of TNF-signaling from the predominate “prosurvival” side to the “proapoptotic” side in ALI (Malhi and Gores, 2008). Counterbalancing cytokines released by KCs include IL-4, IL-6, IL-10, and have shown to play a compensatory role in ALI by abrogating deleterious TNF signals, among others (Abu-Amara et al., 2010).

Another detrimental aspect of KC activation is secretion of various CC- and CXC-motif chemokines by activated KCs, which promote attraction of polymorphonuclear cells (neutrophil granulocytes), CD4+ T-cells, and monocyte-derived macrophages from the circulation to the hepatic microvasculature (Adams et al., 2010). When adhered to their target cell, granulocytes release ROS that trigger hepatocyte death and intensify resulting liver damage. This emphasizes the conception of heterogeneous cell types acting synergistically in ALI. CD4+ T-cell and neutrophil extravasation is facilitated by the induction of sinusoidal ICAM-1 and VCAM-1, interacting with the integrins CD11b/CD18 and CD29/49, through the KC-cytokines TNF-alpha and IL-6 (Sakamoto et al., 2002; Hanschen et al., 2008). Figure 2 summarizes by which mechanisms hepatic macrophages contribute to ALI.

MONOCYTE SUBPOPULATIONS POSSESS DISTINCT PHENOTYPES AND FUNCTIONS

MONOCYTES ARE MACROPHAGE/DENDRITIC CELL PROGENITORS AND IMMUNE EFFECTOR CELLS

Monocytes link the dramatic processes within the systemic and the hepatic compartment during ALI and failure by dictating systemic responses to local incidents and by providing hepatic macrophages that drive tissue injury. As to general features, monocytes are innate immune cells endowed with a broad panel of chemokine and PRRs ensuring their role as a potent antimicrobial and migratory leukocyte subset. They are able to identify a broad range of antigens and stimuli including dead cells, lipids, and bacterial pathogens (Geissmann et al., 2010). Based on their heterogeneity and versatility, monocytes exert multiple, occasionally opposed functions, and it is equivocal to which extent distinct monocyte subsets reflect diverging maturity stages (Gordon and Taylor, 2005; Geissmann et al., 2010). Lately, comprehensive phenotyping efforts have indicated that probably a continuum of phenotypes exists while the circumscribed profiles attributed to the defined subtypes merely constitute extreme polarizations (Wong et al., 2011). The capacity of rapidly releasing abundant amounts of proinflammatory cytokines (e.g., TNF-alpha, IL-1beta, IL-6, IL-8), reactive oxygen species, complement factors, and proteolytic enzymes upon various stimulatory events may render them as crucial contributors to the early systemic inflammatory response of acute and devastating systemic diseases. Opposite to this, the synthesis of immunosuppressive mediators (e.g., IL-10), which has been highlighted by numerous studies, can drive immune paralysis observed in ALI (Antoniades et al., 2008). Besides secretion of soluble factors, they augment the local macrophage pools following transendothelial migration. Moreover, they give rise to certain DCs (e.g., inflammatory TNF-alpha/iNOS-producing TipDCs) during inflammation (Tacke and Randolph, 2006) and repopulate tissue macrophages under physiological conditions (Klein et al., 2007).

DEVELOPMENT OF BLOOD MONOCYTES FROM HEMATOPOIETIC PRECURSOR CELLS

Monocytes circulate in blood vessels, spleen, and bone-marrow (Geissmann et al., 2010). Their development entails several precursor cells ranging from a pluripotent hematopoietic stem cell over a common myeloid (CMP) to a macrophage/DC progenitor (MDP) along a path of rising lineage restriction and commitment encompassing additional intermediate stages (Robbins and Swirski, 2010). This process is under control of the growth factors Csf-1 (alternatively termed M-CSF; Kawasaki et al., 1985) and IL-34 (Lin et al., 2008) that both bind to Csf-1R (M-CSFR/CD115; Wei et al., 2010) and synergistically govern monocyte differentiation in a non-redundant manner (Geissmann et al., 2008). CMPs are referred to as Lin−Sca−IL-7Ra−CD117lowCD34+CD16+ cells that exhibit CD115 and CX3CR1 on their surface and differentiate into macrophages, DCs, and monocytes but not into granulocytes (Akashi et al., 2000; Fogg et al., 2006; Varol et al., 2007). Development from MDP into monocytes occurs in the bone-marrow as the last step of monocyte differentiation before they exit into circulation. This event that is mainly directed by CCR2/CCL2 interactions (especially upon systemic inflammation), but may involve other homeostatic pathways such as CXCR4/CXCL12 (Serbina and Pamer, 2006; Geissmann et al., 2008; Figure 3). The prevalent paradigm of the bone-marrow as the sole source of monocytes, however, has been challenged by more recent investigations. According to these findings, a certain fraction of circulating monocytes delineates from a splenic reservoir in the cords in the subcapsular red pulp and does not require CCR2 signals to enter systemic circulation (Swirski et al., 2009). In fact, release from the splenic site relies on factors including angiotensin II (Swirski et al., 2009). Concordantly, angiotensin-II-lowering agents like angiotensin-converting-enzyme inhibitors confined the mobilization of splenic monocytes in a model of myocardial infarction (Leuschner et al., 2010). CCR2-independent non-medullar monocyte resources therefore have to be incorporated in further studies dedicated to intervene at monocyte allocation in pathological settings.
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Figure 3. Development and features of murine and human monocyte subsets. Monocyte development from a common myeloid progenitor (CMP) occurs in the bone-marrow under the control of M-CSF and IL-34 and increasing lineage commitment. A macrophage dendritic progenitor (MDP) gives rise to Ly6chi monocytes and probably also to Ly6clo monocytes. Bone-marrow egress is directed by CCR2, maybe also by other pathways such as CXCR4/CXCL12 (not depicted). Peripheral Ly6chi can shuttle back to the bone-marrow and possibly transdifferentiate into Ly6clo monocytes, a process that might also occur in the periphery (e.g., in the spleen). Murine monocyte subsets constantly express F4/80 and CD11b. Classical Ly6chi are characterized by high expression of CCR2 but only moderate levels of the fractalkine receptor CX3CR1. Furthermore, they express several scavenger receptors (e.g., CD32), selectin ligand CD62L, and the integrin VLA-2. Ly6chi monocytes have a proinflammatory profile since they secrete inflammatory cytokines, migrate into inflamed tissue and give rise to inflammatory macrophages (sharing qualities with classical M1 macrophages), and DC subsets. Ly6clo are less abundant in the periphery and express high CX3CR1, CD86, and LFA-1 whereas CCR2 is almost absent. They patrol blood vessels by crawling across endothelium. During inflammation they can rapidly or protracted enter tissue and presumably develop into macrophages with a rather anti-inflammatory phenotype eliciting wound repair (reminiscent of M2 macrophages). In homeostasis they are currently designated as precursor cells of local macrophages and dendritic cells. Importantly, Ly6Chi derived macrophages can very likely also acquire anti-inflammatory phenotypes in peripheral tissues such as the liver. Intermediate Ly6cint are not depicted here. FACS dot plot in the right upper corner illustrates characteristic distribution of human monocyte subsets. CCR2 high expressing CD14++CD16− monocytes are termed classical monocytes, representing the vast majority of circulating monocytes. Despite phenotypic homology to murine inflammatory Ly6chi monocytes they release immune suppressive IL-10 upon LPS stimulation. In turn, intermediate and non-classical monocytes that are defined by the expression of CD16, display moderate to high CX3CR1 and varying density of CD14 and are far less abundant, but release various inflammatory cytokines after challenge with TLR4 and TLR7 agonists. These functions sharply contrast the rather anti-inflammatory phenotype of Ly6clo monocytes as their putative murine counterparts. Intermediate monocytes and classical monocytes have a distinct surface protein profile (e.g., CCR5 is almost exclusively expressed on the intermediate subset) though functional differences are not fully defined. Abbreviations: CMP, common myeloid progenitor; GMP, granulocyte myeloid progenitor; IFNg, interferon gamma; LFA-1, lymphocyte function antigen 1; M-CSF, macrophage colony-stimulating factor; MDP, macrophage dendritic cell progenitor; NO, nitric oxide; TipDCs, TNF–iNOS-producing dendritic cells; VLA-2, very late antigen 2.



PHENOTYPE AND FUNCTION OF MURINE “CLASSICAL” MONOCYTES

Irrespective of their human or murine origin, peripheral monocytes are defined by expressing the pan-monocytic markers CD115/CX3CR1 and they lack expression of surface molecules such as Nkp-46, CD3, CD19, or CD15 that characterize NK-cells, T-cells, B-cells, and neutrophils, respectively (Auffray et al., 2009). In mice discrimination of CD11b+F4/80+ monocyte subtypes relies on the differential expression levels of Ly6C which is recognized by the antibody RB6-8C5 (Gr1; Geissmann et al., 2003; Taylor and Gordon, 2003). Owing to a deficit of functional data, further separation of murine monocyte subsets on the grounds of variable CD43 expression, as it has been proposed in the current nomenclature (Ziegler-Heitbrock et al., 2010), will be neglected here. Ly6chi (Gr1hi) monocytes constitute comparatively big cells that are distinguished by CCR2hiCX3CR1lo expression and the presence of VLA-2 and CD62L adhesion molecules (Taylor and Gordon, 2003; Robbins and Swirski, 2010; Figure 3). Representing the major subpopulation, they are designated “inflammatory” or “classical” monocytes due to the extensive capacity of secreting proinflammatory mediators (i.e., TNF-alpha, iNOs, IL-12, type 1 interferon) and migrating into inflamed tissues, as it has been demonstrated for inflamed peritoneum, skin, and infarcted myocardium (Gordon and Taylor, 2005; Tacke and Randolph, 2006; Robbins and Swirski, 2010). If activating inflammatory signals hold off, egressed Ly6chi monocyte shuttle back to the bone-marrow and down-regulate CCR2 expression. Upon inflammatory stimuli including ALI, Ly6chi monocytes massively translocate from bone marrow into the circulation and decrease again as the inflammation abates (Karlmark et al., 2009; Robbins and Swirski, 2010). Subsequent to tissue entry, “classical” monocytes give rise to macrophages and inflammatory DCs including TipDCs after MyD88-pathway activation and hence endorse microbial killing (Strauss-Ayali et al., 2007; Serbina et al., 2008). Likewise, accumulation of these cells also occurs in non-infectious inflammation settings (Nahrendorf et al., 2007; Robays et al., 2007; Tacke et al., 2007). In the chronically inflamed liver, Ly6chi monocytes acquire a phenotype reminiscent of CAM thereby perpetuating the intrahepatic inflammatory milieu that promotes fibrogenesis (Karlmark et al., 2009; Tacke and Kurts, 2011). The concept of the progeny of M1 macrophages from Ly6chi monocytes bases on observations on mucosal TNF-alpha- and iNOs-producing macrophages in toxoplasma gondii infection (Dunay et al., 2008).

CHARACTERISTICS OF “NON-CLASSICAL” MONOCYTES IN MICE

In contrast to “classical” monocytes, the functional spectrum of the less frequent murine Ly6clo (Gr1−) “non-classical” or “resident” monocytes has not been sufficiently clarified. Controversial reports have hampered the formation of a clear concept for this cell type. Some experimental evidence indicates that Ly6clo monocytes originate from Ly6chi cells during maturation (Sunderkotter et al., 2004; Tacke et al., 2006; Varol et al., 2007), some of the Ly6clo monocytes, however, develop independently in the bone-marrow (Geissmann et al., 2003; Hanna et al., 2011). It is well acknowledged, that “non-classical” monocytes have the potential to home to uninflamed tissue in a G-protein-dependent manner and thus renew local macrophages and DCs, whereas tissue inflammation does not induce Ly6clo monocyte recruitment in early phases of inflammation (Geissmann et al., 2003). Furthermore, their human counterpart cells (CD16+ monocytes) were capable of reversely transmigrating across unstimulated human umbilical vein endothelial cells (HUVEC), a process that involved the adoption of a DC-like profile (Randolph et al., 2002). Consecutive investigations, however, indicated that Ly6clo monocytes constantly crawl in the lumen of the blood vessels across the endothelial cell layer, mediated by the integrin LFA-1 and CX3CL1, and sense the subjacent space for danger signals (Auffray et al., 2007). Yet, when manifest inflammatory processes are absent, Ly6clo monocytes exhibited very low tendency to extravasate. In turn, during acute Listeria monocytogenes infection patrolling “non-classical” monocytes rapidly transmigrate toward the local irritant stimulus and transiently produce inflammatory cytokines (Auffray et al., 2009). As inflammation evolves, Ly6clo then might differentiate into alternatively activated (M2) macrophages that suppress inflammation and convey repair, angiogenesis, and wound healing (Nahrendorf et al., 2007; Auffray et al., 2009). CCR2 expression of murine Ly6clo is low to absent in agreement with a rather anti-inflammatory profile. Instead, they express abundant CX3CR1, which might potentially explain their longer live-span, and express different adhesion molecules (high LFA-1 expression) in comparison to the “classical” counterpart (Figure 3).

DIVERGENT PROPERTIES OF HUMAN MONOCYTE SUBTYPES

Despite increasing knowledge about phenotypic and genetic congruency between murine and human monocyte subsets (Ingersoll et al., 2010), there seem to be profound functional disparities between monocytes in different species. In addition, some differences on the phenotype level are present as well that hinder the experimental analysis of monocytes in acute murine liver injury. For instance, differential regulation of monocytic HLA-DR expression in ALI cannot be studied in mice since HLA-DR is not present on circulating monocytes in that species. By now the distinction of three different human monocyte subpopulations has been implemented in the official nomenclature (Ziegler-Heitbrock et al., 2010; Wong et al., 2011; Zawada et al., 2011). Accounting for approximately 90% of circulating monocytes, human “classical” monocytes are CD14++CD16− cells with high levels of CCR2 and low levels of CX3CR1 thereby closely resembling murine Ly6chi. They feature relatively high CCR1, CXCR1, CXCR2, CXCR4, CD32, CD62L and CD64 expression but only low levels HLA-DR and have significant phagocytic activity (Wong et al., 2011; Zimmermann et al., 2011). Following endothelial transmigration, these cells tend to persist in the subendothelial space and develop into macrophages whereas CD16 positive monocytes are predisposed to develop into migratory DCs with T-cell-stimulatory capacity (Randolph et al., 2002). Monocytes that display CD16 on their surface are now further divided into an “intermediate” subset (with maintained high expression of CD14, therefore termed CD14++CD16+) and “non-classical” CD14lo cells with equal to increased amounts of CD16 (CD14+CD16++; Figure 3). Some striking discrepancies exist between the latter subsets. “Intermediate” monocytes exhibit highest HLA-DR, mannose receptor CD206 [a M2 marker (Zimmermann and Adams, unpublished data)] and CCR5 levels, whereas the fractalkine receptor is most abundant on the CD14lo subtype (Wong et al., 2011; Zawada et al., 2011). Selective CD206 expression by CD14++CD16+ cells might refer to their preferential capacity to give rise to AAM, though this needs functional confirmation. Both subsets show comparable levels of CD32 and only marginal CCR2 expression (Zawada et al., 2011). Functional differences between the CD16+ monocytes are still somewhat ill-defined and the majority of available functional data does not distinguish between the various subtypes. “Intermediate” monocytes seem to be specifically involved in HIV infection, possibly because of their CCR5 expression that confers viral cell-entry in CCR5-tropic-HIV-1-(M)-strains (Jaworowski et al., 2007). The prominent feature of CD16+ monocytes to release proinflammatory mediators upon in vitro stimulation with LPS has been attributed to the CD14hi expression subset (Grage-Griebenow et al., 2001), whereas, according to another study, CD14lo monocytes show only weak phagocytic activity and secrete only low amounts of cytokines and reactive oxygen species after LPS exposure but synthesize TNF-alpha, IL-1beta as well as CCL3 subsequent to viral and nucleic acid stimuli involving activated TLR7–TLR8–MyD88–MEK pathway (Cros et al., 2010). Similar to murine Ly6clo monocytes, these cells patrol in the blood vessels in an integrin-dependent manner (Cros et al., 2010).

EXPANSION AND FUNCTION OF CD16 EXPRESSING MONOCYTES DURING HUMAN DISEASES

Regardless of the heterogeneity of CD16+ monocytes, there are a multitude of pathological conditions leading to an expansion of the minor CD16+ subset. Increased proportions of CD16+ monocytes in “sterile” inflammation have been reported in rheumatoid arthritis (Kawanaka et al., 2002; Wijngaarden et al., 2003), hemodialysis (Nockher and Scherberich, 1998), and atherosclerosis/coronary artery disease (Rothe et al., 1996; Schlitt et al., 2004), among others, and frequently mirrored disease activity and severity. Infectious diseases such as HIV (Thieblemont et al., 1995), erysipelas (Horelt et al., 2002), and bacterial sepsis (Fingerle et al., 1993) also exhibit a substantial rise in CD16+ monocytes. Interestingly, peripheral counts of this subset were pronounced in patients with Gram-negative bacteremia (Herra et al., 1996), which is highly prevalent in patients with ALF. Resolution of inflammation and successful antimicrobial treatment result in decline of peripheral monocytes (Horelt et al., 2002). In the context of liver disease, a shift in distribution of peripheral monocytes and monocyte-derived hepatic macrophage subsets toward the CD16+ subtype indicates disease progression and is highest in patients with end-stage Child C cirrhosis (Zimmermann et al., 2010). Furthermore, under constant flow mimicking sinusoidal shear stress CD16+ monocytes are more prone to transmigrate across TNF-alpha/IFN-gamma stimulated hepatic sinusoidal endothelium than their CD16− counterpart (Liaskou et al., unpublished data). It is obvious to anticipate that CD16+ monocytes also expand in ALF, yet, investigations in this subject are still pending. The total number of monocytes harshly decline in acetaminophen-induced ALF (AALF), but the relative distribution of monocyte subsets was not addressed in this study (Antoniades et al., 2012).

In sharp contrast to their putative murine counterparts, CD16+ monocytes are tagged “proinflammatory” since in vitro they are potent producers of proinflammatory mediators such as TNF-alpha, IL-12, IFN-gamma, CCL3, CCL4, CXCL9, and nitric oxide after stimulation with either TLR2-/TLR4-agonists, tumors or even spontaneously. They hence might pivotally contribute to systemic enhancement of the proinflammatory environment in ALF (Belge et al., 2002; Szaflarska et al., 2004; Zimmermann et al., 2010). Vice versa, human CD16− monocytes secrete immunosuppressant IL-10, which is nearly absent on protein as well as transcriptional level in the CD16+ subset. They thus clearly feature anti-inflammatory traits (Mizuno et al., 2005; Zimmermann et al., 2010; Figure 3). Of note, the profound discrepancies between similar phenotypic features and functional disparities between murine and their putative homolog human monocyte subpopulations is beyond clarification. In addition, the biological relevance of proinflammatory qualities attributed to human CD16+ monocytes has not been completely uncovered but future scientific studies will certainly help to elucidate open questions in that controversy.

MONOCYTES/MACROPHAGES IN EXPERIMENTAL MODELS OF ACUTE LIVER INJURY

Given the heterogeneous nature of the various triggers of ALI as a common sequela, it is a rational approach to use different experimental models in order to shed light on the pathogenesis of this disorder. Despite a broad panel of different models of ALI in rodents and other mammals, there are currently no experimental models that appropriately reproduce all aspects of acute human liver injury/failure (Newsome et al., 2000). Importantly, the diagnostic King’s college criteria for ALI and ALF in human mainly incorporate biochemical and clinical deteriorations that are scarcely applicable to (small) animals (Tunon et al., 2009). Despite prevailing limitations, animal models have unraveled relevant aspects of macrophage action in this devastating disease condition. Selected models will be summarized in this paragraph. Approaches that aimed at ablating monocyte/macrophage migration and function by targeting chemokine pathways are discussed in subsequent sections.

EXPERIMENTAL MODELS OF ALI INVOLVING CHEMICAL SUBSTANCES

Chemical models of ALI comprise substances such as acetaminophen (APAP), galactosamine and LPS (GalN–LPS), the plant-derived lectin Concanavalin A (ConA), double-stranded RNA (polyI:C), alpha-Galactosylceramide (alpha-GalCer), single endotoxins, carbon tetrachloride (CCl4), CpG, DMSO, CD40L, amanitin, and thioacetamide, but only very few have been used to substantially unravel role and mechanisms of macrophage activity in this disease complex (Wu et al., 2010).

Concanavalin A

Concanavalin A (ConA) is a plant mitogen with carbohydrate-binding (lectin) properties extracted from Canavalia ensiformis, which causes a vigorous CD4+ T-cell stimulation resulting in hepatic TNF-related hepatic necrosis after single administration (Mizuhara et al., 1994). Initial evidence for a causative role of KCs in ALI following ConA challenge stems from a study involving gadolinium-chloride-(GdCl3)-treatment (Okamoto et al., 1998). GdCl3 reduces KCs and compromises their function, though a complete depletion is not achieved (Michael et al., 1999). Reduction/alteration of KCs yielded less damage, though intrahepatic TNF-alpha expression was not changed (Okamoto et al., 1998). Based on a similar strategy of KC manipulation, liver injury could be markedly ameliorated, accompanied by reduced intrahepatic cytokine levels (including TNF-alpha) and diminished infiltration of CD4+ T-cells, in another study (Morita et al., 2003). Schumann et al. (2000) could demonstrate that KC elimination by clodronate-loaded liposomes significantly restricted the spreading of focal confluent necroses. This phenomenon was attributed to KC-dominant TNF-alpha secretion in that model. However, systemic levels of TNF-alpha were not affected and injection of soluble rmuTNF could not abolish the protective effect of KC-ablation (Schumann et al., 2000). The latter observation suggests that membrane-bound TNF-alpha is pivotal in driving ConA-induced liver injury. The authors could also observe a harsh decline of systemic IL-6 levels, a cytokine which has hepatoprotective qualities and governs liver regeneration (Streetz et al., 2003; Tacke et al., 2009). This might appear contradictory to the blunted liver damage observed here, since IL-6-deficient mice were more susceptible to ConA-mediated fulminant hepatitis than wild-type animals (Tagawa et al., 2000). Succeeding investigations underscored the relevance of KCs for the contribution to a dominant Th1 immune response in the ConA model (Chen et al., 2011). Of note, several studies demonstrated that repetitive sublethal ConA injections induced immunotolerance, which could be attributed to instigation of IL-10 production by KCs acting synergistically with regulatory T-cells (Erhardt et al., 2007; Erhardt and Tiegs, 2010). Mechanistically, inhibition of NF-κB activation in KCs by intraportally injected decoy oligonucleotide-loaded gelated particles during ConA hepatitis but not ischemia/reperfusion related liver injury led to diminished TNF-alpha production and reduced phosphorylation of the proapoptotic jun N-terminal kinase (JNK), that essentially drives hepatocyte apoptosis (Hoffmann et al., 2009).

D-galactosamine/lipopolysaccharide

The coadministration of D-galactosamine and LPS (GalN/LPS) is a model of synchronous liver injury and endotoxin-shock and is governed by monocyte/macrophage-released TNF-alpha that essentially induces hepatocyte apoptosis (Josephs et al., 2000; Stuart et al., 2011). In accordance to the ConA model described precedingly, selective pharmacological inhibition of the NF-κB downstream cascade in KCs abrogated TNF-alpha synthesis and blunted liver damage (Hoffmann et al., 2009). TNF-alpha release by KCs in this model is negatively modulated by the Ron receptor tyrosine kinase and Lys-Cre Ron TKft/ft mice with a conditional myeloid-specific Ron deletion featured exacerbated damage and increased lethality in response GalN/LPS induced injury (Stuart et al., 2011). Ron deficient mice correspondingly had higher Tnf-alpha gene transcription (Stuart et al., 2011).

Acetaminophen (APAP)

In terms of clinical relevance and dose-dependent toxicity, APAP meets the criteria for a suitable model of ALF (Newsome et al., 2000). Following exposure to toxic doses, physiological detoxifying pathways (glucuronidation, sulfation, renal excretion) are depleted and acetaminophen enters Cytochrom-P450 metabolism, which in turn yields abundant production of the toxic metabolite N-acetyl-p-benzoquinoneimine (NAQI; Corcoran et al., 1980). Centrilobular necrosis and fulminant organ failure emerge when protective glutathione levels are exhausted (Roberts et al., 1990). This is significantly accelerated during concomitant exposure to cytochrom-P450-inducing drugs and alcohol. Covalent binding and arylation of important cell proteins by NAQI results in loss of protein function and profoundly impairs organelle and cell integrity (Cohen and Khairallah, 1997). Hepatic macrophages contribute to hepatotoxicity via different mechanisms encompassing the formation of nitric oxide and superoxide that react together to produce peroxynitrite, which again exhibits hydroxyl radical-like activity (Michael et al., 1999). Importantly, KCs release a multitude of inflammatory cytokines, in particular TNF-alpha, after toxic APAP exposure (Laskin et al., 1986). In line, earlier studies reported that GdCl3 treatment prior to APAP challenge in mice significantly attenuated liver damage and associated mortality (Blazka et al., 1995; Laskin et al., 1995; Michael et al., 1999). Subsequent series of experiments employing clodronate-loaded liposomes, a strategy that enables more profound KC depletion than GdCl3, showed contradictory results. Pretreatment with clodronate liposomes led to almost complete KC depletion, decrease of intrahepatic immune modulatory cytokines such as IL-6, IL-10, or IL-18, and markedly enhanced susceptibility to acetaminophen (Ju et al., 2002). IL-10 was demonstrated to diminish APAP-associated hepatic necrosis and lethality (Bourdi et al., 2002). In support of this work, Holt et al. (2010) found that KC-dependent maintenance of liver sinusoidal endothelial cell integrity is another contributory factor to hepatoprotection during acetaminophen toxicity. Ambiguously, a protective role of KCs was not reproducible in a successive study also using clodronate liposomes (Campion et al., 2008). Conclusively, the precise nature of the functional dichotomy of hepatic macrophages in APAP toxicity is yet to be elucidated. A more recent study portended that opposing roles of hepatic macrophages might be attributable to cell origin since prolonged infiltration of monocyte-derived macrophages clearly promoted resistance to APAP damage (Holt et al., 2008). The concept of sequential immigration of different macrophage subpopulations was also evidenced in acute thioacetamide-mediated injury (Mori et al., 2009), in which KC-inactivation alleviates the extent of liver deterioration and accelerates liver regeneration (Andres et al., 2003; Bautista et al., 2010). Of note, beneficial properties of recently infiltrated macrophages were note reproducible in the carbon tetrachloride (CCl4) model of acute injury (Karlmark et al., 2009; Mitchell et al., 2009).

Carbon tetrachloride (CCl4)

CCl4 is widely employed in liver research as it reliably induces an acute toxic liver injury and even liver fibrosis within several weeks after repetitive injection. Cessation of CCl4 administration after single and long-term use allows the study of injury regression (Berres et al., 2010; Karlmark et al., 2010). Acute hepatic toxicity is a consequence of carbon-tetrachloride-induced formation of a highly reactive carbon-entered trichloromethyl radical through cytochrom-P450 isoenzymes that interacts with hepatic proteins as well as lipids and deteriorates cellular membranes (Luckey and Petersen, 2001). Rapid centrilobular damage succeeds already after one injection. CCl4-exposure entails upregulation of Tnf-alpha, Il-1beta, Il-6, Tgf-beta, and cyclooxygenase-2 mRNA transcripts and synthesis of reactive oxygen species plus eicosanoids in KCs (Alric et al., 2000; Luckey and Petersen, 2001). However, mechanistic evidence for a relevant role of KCs in CCl4-mediated liver injury is scarce. Transient elimination of blood monocytes and hepatic macrophages cells prior to toxin-injection did not alter the magnitude of resulting liver damage, suggesting that monocytes/macrophages do not endorse acute liver damage in that specific model, but rather modify the subsequent inflammatory response within the injured liver. These findings were corroborated by data from chemokine-directed targeting of infiltrating macrophages in the same work (Karlmark et al., 2009). Basically, the secretory profile of hepatic macrophages might implicate both harmful and beneficial effects for the hepatic outcome of CCl4-mediated injury, since it has been shown that disruption of TNF-alpha-pathways partially restores liver integrity (Morio et al., 2001), whereas mice lacking the gene for nitric oxidase synthase (NOS II) or IL-6 are more susceptible to liver damage in that model (Morio et al., 2001; Bansal et al., 2005). Noteworthy, the reliability of CCl4 for studying pathogenesis of ALI is hampered by the considerable inherent variability of this model related to differences in species, age, and development of the metabolizing cytochrome-P-450 system (Newsome et al., 2000).

KC IN THE MOLECULAR CASCADE OF ISCHEMIA/REPERFUSION AS A SURGICAL MODEL OF ALI

Acute liver damage is an important sequel to hepatic ischemia/reperfusion (I/R) injury as it occurs in the clinical settings of trauma, shock of any cause, transient surgical interruption of hepatic blood flow and liver transplantation (Howard et al., 1990). A vast array of I/R animal studies have highlighted the role of inflammatory cytokines, reactive oxygen species, and sequestration/activation of leukocytes in the self-amplified cytotoxic cascade entailing the demise of liver parenchyma (Zhai et al., 2011). During I/R injury, KC swelling as a consequence of ion channel breakdown due to the depletion of adenosine triphosphate (ATP) contributes to devastating hepatic microcirculatory dysfunction. Moreover, complement factors and lymphocyte-released IFN-gamma are strong activating stimuli for KCs (Wanner et al., 1996). NADPH oxidase activation in KCs has been shown to be an integral component in the postischemic injury phase (Jaeschke, 2003). They secrete critical amounts of TNF-alpha, IL-1beta, promigratory chemokines, and free radicals. These humoral factors and reactive species directly promote hepatocyte death, sinusoidal endothelial damage and favor leukocyte adhesion, and infiltration, all of which processes propagate I/R injury (Abu-Amara et al., 2010). Monocyte-derived macrophages enter the liver in the rather late postischemic phase and sustain the inflammatory milieu responsible for continuous destruction of local tissue (Zhai et al., 2011). In the scope of ongoing liver inflammation due to I/R injury, KCs are able to change from a proinflammatory to a more immune modulatory phenotype by releasing IL-10 (Bamboat et al., 2010; Ellett et al., 2010).

In agreement with the well-described inflammatory properties of hepatic macrophages in that model, many investigators observed that KC blockade improves ischemic liver injury (Hardonk et al., 1992; Giakoustidis et al., 2003, 2006; Tomiyama et al., 2008). Ellett et al. (2010) demonstrated an imbalanced cytokine milieu in the absence of KC in I/R combined with bowel congestion, presumably owing to a lack of protective IL-10. This was associated with largely enhanced liver injury and increased mortality. Beneficial effects of hepatic macrophages during ischemic insults could be attributed to liver resident but not infiltrating macrophages in a previous paper, that elegantly delineated the differential contribution of resident and infiltrating macrophages by using clodronate liposomes in CD11b diphtheria toxin receptor (DTR) mice. The KC-specific antioxidant heme-oxygenase was described to be protective in this model (Richards et al., 2010). Conflicting results regarding KC function in I/R injury may be explained by substantial methodic differences in KC depletion in the pertinent studies (e.g., GdCl3 vs. clodronate liposomes) or by the fact that the different observations merely depict one extreme of the diametrically opposed biphasic functions of hepatic macrophages in ALI. In conclusion, the net effect of KC activity in I/R injury remains to be clarified.

MONOCYTE AND MACROPHAGE RELATED CHEMOKINE PATHWAYS IN ACUTE LIVER INJURY

CLASSIFICATION OF THE CHEMOKINE SYSTEM

Chemokines belong to a family of heparin-binding small promigratory cytokines that orchestrate the trafficking of immune cells, which is indispensable for immune cell functions in homeostasis (recirculation of leukocytes to secondary lymphoid tissues) and inflammation. They have received tremendous attention throughout the last years in terms of their function in liver inflammation and resulting fibrosis and many studies have investigated whether modifications of chemokine pathways could imply therapeutic benefits (comprehensively reviewed in Zimmermann and Tacke, 2011). Apart from CX3CR1 and CCR2 monocyte differentially express CCR1, CCR5, CCR8, CXCR1, CXCR2, and CXCR4 that may all influence their migratory fate to varying degrees (Gordon and Taylor, 2005; Zawada et al., 2011; Zimmermann and Tacke, 2011).

CCL2 (MONOCYTE-CHEMOATTRACTANT-PROTEIN-1) IN ACUTE LIVER INJURY

CCL2 (monocyte-chemoattractant-protein-1, MCP-1) is the pivotal ligand of CCR2 and has been intensively studied in the context of liver injury. Many intrahepatic cell subsets release CCL2 upon a deleterious stimulus encompassing hepatocytes (Dambach et al., 2002) and non-parenchymal cells such as KCs (Jaeschke and Smith, 1997; Marra et al., 1998; Dambach et al., 2002; Seki et al., 2007), biliary epithelial cells (Marra et al., 1998; Tsuneyama et al., 2001; Kruglov et al., 2006; Harada et al., 2011), and quiescent or activated HSC (Marra et al., 1993, 1995, 1998) supporting the notion that CCL2-release represents an ubiquitous inflammatory pathway that is highly conserved in cells from entirely distinct ontogenic backgrounds. In the context of ALI, CCL2 as well as other proinflammatory chemokines such as CCL3 (MIP-1alpha), CCL4 (MIP-1beta), CXCL9 (MIG), and CXCL10 (IP-10) are secreted in response to TNF-alpha, IL-1alpha, IL-1beta, LPS, and reactive oxygen species stimuli originating from damaged hepatocytes, KCs, intestinal bacteria, and other sources (Czaja et al., 1994; Heymann et al., 2009). Interestingly, hepatic upregulation of CCL2 marks a very early event in the course of acute hepatic damage, since it is detectable in the first 1–4 h after the onset of CCl4-induced liver injury (Czaja et al., 1994; Marra et al., 1999; Leifeld et al., 2003; Karlmark et al., 2009). First evidence of the relevance of CCL2 in ALI delineate from a study involving CCl4- and galactosamine exposed rats, that displayed marked increase of CCL2 (Czaja et al., 1994). Apart from CCl4-mediated ALI, induction of CCL2 expression has been observed in GalN/LPS (Leifeld et al., 2003), thioacetamide (Mori et al., 2009), ConA (Ajuebor et al., 2003; Leifeld et al., 2003), and drug-(APAP)-induced liver toxicity (Dambach et al., 2002). In human ALF increased CCL2 levels have been detected in various studies (Leifeld et al., 2003; James et al., 2005; Roth et al., 2009; Antoniades et al., 2012). Of note, CCL2 serum concentrations in a pediatric study cohort correlated with clinical disease severity, transaminase levels, and coagulopathy (James et al., 2005) and highest CCL2 levels were associated with fatal outcome in patients with acetaminophen-induced liver failure (Antoniades et al., 2012). Functional cues for the importance of increased intrahepatic chemokines for the hepatopetal trafficking of human monocytes/macrophages in ALF arise from one study that used homogenized liver samples from ALF patients livers containing elevated amounts of CCL2. Therein, a chemotactic stimulus on monocytes could be observed (Leifeld et al., 2003). Chemotaxis was significantly decreased by simultaneous treatment with CCL2, CCL3, CCL4, and CCL5 neutralizing antibodies. The latter chemokines were comparably elevated in acute human liver failure specimen suggesting that they also might contribute to the monocyte/macrophage attraction in this disease (Leifeld et al., 2003).

CCR2 IN ACUTE LIVER INJURY

Experimental studies involving rodents with genetic CCR2 deficiency have shed light onto the functional relevance of the CCR2/CCL2 axis for the influx of monocytes/macrophages in ALI. In a study performed by our group, wild-type mice exhibited a vigorous influx of CD11b+ F4/80+ macrophages detectable 4 h and peaking at 48 h post-CCl4-administration. Macrophage infiltration paralleled tissue and hepatic CCL2 upregulation suggesting that CCL2/CCR2 instructed macrophage-tissue-ingress. This was corroborated by the mitigation of CD45+ cell and macrophage accumulation in the liver in Ccr2−/− knockout mice occurring 4 h after toxin-challenge (Karlmark et al., 2009). Since CCL2 mainly controls monocyte bone-marrow egress, levels of circulating monocytes declined as well, yet to a lesser extent. Mitchell et al. (2009) also detected diminished proportions of CD11b+ F4/80+ macrophages as well as their respective blood precursors but not CD11c+ cells post-CCl4-challenge in Ccr2 deficient mice at an early time-point. In contrast to the previous work, hepatic damage was reduced in the latter study, as expressed by lower aminotransferases. This suggests a detrimental role of CCR2+ infiltrating macrophages in the setting of acute liver damage. Furthermore, the critical upregulation of the proinflammatory cytokines and chemokines TNF-alpha, IL-1beta, IL-6, CCL2, CCL3, CXCL9, and CXCL10 was markedly attenuated, which might provide a possible mechanism for the observed decrease in liver injury. In addition, this observation implies that invading macrophages are an important source of inflammatory mediators and thereby directly exacerbate tissue harm. Despite this, the putative disadvantageous effects of CCR2-controled macrophage influx observed here cannot be readily extrapolated from the carbon tetrachloride model to other injury settings. Although data obtained from various studies involving acetaminophen-challenged CCR2−/− mice confirmed that genetic disruption of CCR2 yields less infiltration of macrophages (Dambach et al., 2002; Holt et al., 2008), CCR2 deletion did not limit hepatic necrosis (Dambach et al., 2002) but effectuated increased liver damage with amplified apoptosis (Hogaboam et al., 2000). Noteworthy, Dambach et al. (2002) reported augmented serum CCL2 levels and induction of TNF-alpha in knockout animals in contrast to the CCl4 model. These findings support the assumption that immigrating CCR2+ macrophages in APAP-induced ALI convey their hepatoprotective effect via resolution of inflammation (e.g., through induction of neutrophil apoptosis) and direct necrosis regression due to phagocytosis of cell debris. In line, the induction of several hallmark genes of a M2 macrophage phenotype (Ym1, Fizz1, Arg-1) associated with tissue repair and wound healing in infiltrating macrophages has been reported (Holt et al., 2008). Concordantly, clearance of necrotic areas in Ccr2−/− animals was substantially delayed in the reparation phase. The controversy regarding the consequence of disruption of the CCR2/CCL2 axis in acute liver toxicity has been further substantiated by a study in which CCL2-deficient mice were characterized by delayed necrosis formation, ameliorated liver enzyme profile, extenuated elevation of TNF-alpha, lymphotoxin-beta, and reduced oxidative stress after single gastric CCl4 administration (Zamara et al., 2007). These antithetic results suggest CCR2-independent effects of CCL2 which have been described in in-vitro-assays before (Schecter et al., 2004; Kruglov et al., 2006). The proposed protective role of CCL2 in acute injury settings recapitulates earlier findings indicating that CCL2 neutralization caused enhanced mortality in a murine model of lethal endotoxemia (Zisman et al., 1997). A monocyte-independent mechanism of CCL2-related hepatoprotection in acute T-cell mediated hepatitis has been provided by Ajuebor et al. (2003) demonstrating that CCL2 also directly hinders IL-4 production by NKT cells.

Importantly, biological effects of CCL2 deficiency in liver injury may be reverted by the compensatory upregulation of CCL8 (MCP-2) and CCL7 (MCP-3), which also bind to CCR2 and mediate monocyte recruitment to the liver in L. monocytogenes infection (Jia et al., 2008). Furthermore, monocyte/macrophage trafficking to the site of hepatic injury might also occur without the involvement of chemokines (Shi et al., 2010). Despite these possible confinements, intriguing data from murine steatohepatitis have given proof of the generic feasibility and efficacy of CCL2 antagonism by small molecules in combating liver diseases (Baeck et al., 2012), Clinical trials involving CCR2 antagonists in non-liver disease entities are already at hand. Pharmacological inhibition of CCL2 by Spiegelmer technology resulted in a pronounced decrease of monocyte infiltration in acute CCl4-induced toxicity (Baeck et al., 2012). Further insight into the precise mechanisms of CCR2/CCL2 in ALI and identification of disease settings in which modification of this axis might be of avail are required to benefit from the recent advances in the development of therapeutic strategies.

CCL25/CCR9 PATHWAY

Apart from the CCR2/CCL2 pathway, other chemokine networks are likely to promote monocytes/macrophages to enter the acutely inflamed liver as well. CCR9, a chemokine receptor traditionally associated with gut-homing properties of CD4+ T-lymphocytes in response to a CCL25 gradient, has been shown to be expressed on liver-infiltrating macrophages (Nakamoto et al., 2012). Following ConA-exposure TNF-alpha expressing CCR9+CD11b+CD11c− monocytes abundantly accumulated in the liver of wild-type mice in accordance to increased hepatic ccl25 mRNA expression. In turn, acute hepatitis was largely prevented in CCR9−/− animals and severe inflammation could be restored by adoptive transfer of macrophages from CCR9+/+ mice. Concordantly, antagonizing CCL25 was able to confine ConA-induced liver damage and reduced the number of CCR9+ macrophages (Nakamoto et al., 2012).

CX3CL1 (FRACTALKINE)/CX3CR1 PATHWAY

The CX3CL1 (fractalkine) receptor CX3CR1 is constitutively expressed on monocytes and represents the predominant chemokine receptor on the non-classical monocyte subset (Tacke and Randolph, 2006). It is not only implicated in cell migration but also controls several pleiotropic effects which are of vital importance for monocyte biology. In chronic liver injury CX3CL1 hepatic and serum levels are strongly regulated; CX3CR1 elicits liver protective functions by promoting hepatic macrophage survival and restricting adoption of a proinflammatory phenotype (Aoyama et al., 2010; Karlmark et al., 2010). Of note, CX3CR1-mediated macrophage survival suppresses the monocyte influx and thus virtually counteracts CCR2/CCL2 transduced promigratory effects in murine experimental injury models (Karlmark et al., 2010). Besides, CX3CR1 enables human CD16+ monocytes to migrate across inflamed sinusoidal endothelial cell layer in conjunction with vascular-adhesion-protein-1 (VAP-1; Aspinall et al., 2010). Data concerning the relevance of CX3CR1/CX3CL1 in ALI is scarce. In situ hybridization of Cx3cl1 and Cx3cr1 revealed increased expression of both gene transcripts in ALI (Efsen et al., 2002), although experimental liver damage was not altered in CX3CR1−/− mice in early phases after CCl4-exposure (Karlmark et al., 2010). In the later time-course 72–120 h post-injury when resolution had occurred, intrahepatic CD11b+F4/80+ remained fairly stable in knockout animals instead of declining as observed in wild-type controls. In parallel, liver damage was slightly prolonged, even though differences were rather humble (Karlmark et al., 2010). Conclusively, CX3CL1/CX3CR1 interactions might spur on wound repair, though further investigations are required to underpin this theory.

IMPLICATIONS OF HUMAN MONOCYTE AND MACROPHAGE ACTIVITY FOR ACUTE LIVER FAILURE

Acute human liver failure is rare clinical syndrome with only 200–500 annual cases in Germany (Canbay et al., 2011). The resulting paucity of data concerning the role of human monocytes and macrophages in this syndrome significantly hampers the translation of findings from animal experimental studies into man. ALF exhibits striking parallels to the systemic inflammatory response syndrome (SIRS) and concomitant compensatory anti-inflammatory responses (CARS) observed in the evolution to septic shock, for instance (Antoniades et al., 2008; Possamai et al., 2010). Multiple organ dysfunction syndrome (MODS) represents a frequent common final path of SIRS/CARS and ALF, eventually leading to death. Therefore, the dysfunction of human monocytes/macrophages in SIRS/CARS may be regarded as a prototype for the respective processes that govern fatal outcome in ALF. The concordant acquired disturbances in the innate immune system of critically ill patients from a liver and a non-liver background have been extensively presented in a review by Antoniades et al. (2008).

REDUCED MONOCYTIC HLA-DR EXPRESSION AS PROGNOSTIC MARKER IN ALF

Expression of the MHC-class-II-molecule HLA-DR and ex vivo cytokine releasing-capacity are the most widely employed tools to study monocyte activation and function. In seminal work involving 50 patients with AALF and 20 patients with ALF due to other causes (NAALF), a dramatic reduced monocytic HLA-DR expression and declined number of total HLA-DR positive monocytes as a sign of immune paralysis could be observed in comparison to patients with stable advance chronic liver disease or healthy controls. HLA-DR levels were even more decreased on monocytes isolated from AALF patients who died or were subjected to liver transplantation in comparison AALF-subjects with transplant-free survival. The authors consecutively proposed HLA-DR expression as a marker to predict an unfavorable outcome in ALF. Simultaneous measurements of proinflammatory (IL-6, TNF-alpha, IFN-gamma) and anti-inflammatory cytokines (IL-4, IL-10) revealed highest concentrations in patients with low HLA-DR expression (Antoniades et al., 2006). The observation of markedly decreased MHC-class-II-molecule expression is highly reminiscent of the monocyte phenotype reported in numerous studies with sepsis and trauma patients and underscores the vicinity of these clinical conditions (Antoniades et al., 2008). Indeed, reduction of monocytic HLA-DR expression as marker of poor prognosis could be recapitulated in patients with acute on chronic liver injury due to superimposed bleeding and infectious complications (Wasmuth et al., 2005). In a recent study, Antoniades et al. (2012) detected depletion of circulating monocytes in AALF patients which was pronounced in individuals who died or required transplantation.

MONOCYTE-RELEASED TNF-ALPHA AND IL-10

Interestingly, ex vivo analysis showed a reduced capacity of monocytes to secrete TNF-alpha in response to endotoxin stimulation which was associated with poor outcome (de la Mata et al., 1990; Wigmore et al., 1998). In conjunction with reduced monocytic HLA-DR levels this suggests profound monocyte deactivation, which might contribute to immune paralysis. Immune stunning in the context of a CARS-like state is a predisposing factor to bacterial infections frequently aggravating clinical course of ALF (Antoniades et al., 2008). IL-10 is an inflammation counterbalancing cytokine that dominates the immune paralysis during CARS. Unfavorable elevated systemic IL-10 concentrations observed in ALF might thus be responsible for monocytic dysfunction since IL-10 dampens TNF-alpha release and reduces HLA-DR expression in monocytes (Koppelman et al., 1997; Possamai et al., 2010). Considering the strong capacity of CD16− monocytes to secrete IL-10, it is conceivable that monocytes are simultaneously a source of and a target for IL-10. In contrast, CD16+ monocytes likely release TNF-alpha in conditions of ALF as well, and boost the SIRS. These oppositional roles, however, have to be scrutinized in this scenario.

ACTIVITY OF INTRAHEPATIC MACROPHAGES IN HUMAN ALF

There is very sparse data aiming at the hepatic compartment in human ALF with respect to macrophages. In acetaminophen-induced liver failure locally proliferating and monocyte-derived macrophages accumulate in necrotic areas in an anti-inflammatory/regenerative niche of high IL-6, IL-10, and TGF-beta1 concentration (Antoniades et al., 2012). Increased circulating soluble CD163 (a hemoglobin scavenger receptor) levels in fulminant liver failure have been suggested to mirror intrahepatic macrophage activity and were associated with fatality (Hiraoka et al., 2005; Moller et al., 2007). Immunohistochemical studies of explanted ALF livers revealed marked expansion of CD68+ macrophages and augmented Fas Ligand expression by KCs, hinting at the induction of macrophage-mediated hepatocyte apoptosis through Fas–FasL interactions as a pathogenic pathway in human liver failure (Mita et al., 2005). A Japanese group proposed massively elevated serum ferritin (>5000 ng/mL) levels as surrogate marker for excessive macrophage hyperactivity, comparable to the macrophage activating syndrome (Kotoh and Takayanagi, 2010). Transarterial injection of 1000 mg methylprednisone via the arteria hepatica propria (a procedure named TASIT by the authors) at three consecutive days was performed in 17 patients in a single-center study. In some cases liver biopsies were obtained prior to and 1 week after the intervention showing a decline of hepatic macrophages post-treatment. In addition, survival of treated patients exceeded 70%, whereas only 24% of patients from a conservatively treated control group survived (Kotoh and Takayanagi, 2010). The authors claim a clinical benefit of this tool for selected ALI/ALF patients featuring macrophage hyperactivation as indicated by serum ferritin concentrations. However, severe limitations in the study design hamper to judge the true clinical relevance.

CONCLUSION

Acute liver failure is a rare but fatal clinical condition. Despite its low prevalence it is a significant burden to public health systems. Some of the hallmark molecular events in ALI have been unraveled throughout the last decades but a considerable therapeutic breakthrough has not been accomplished so far. Indeed, new medical tools in counterbalancing the devastating inflammatory mechanisms in the acutely inflamed liver are required to prevent liver transplantation and consecutive live-long immunosuppressive therapy. Tremendous research efforts have corroborated the concept that hepatic macrophages are central in the pathogenesis of acute hepatic injury. Liver resident macrophages do not only contribute to but frequently initiate the inflammatory cascade after an acute hepatic insult. They are an important source of the prototypical proinflammatory cytokine TNF-alpha and other key mediators propagating liver injury. Liver necrosis as the macroscopic sequel to extensive hepatocyte cell death can be reverted by depletion of macrophages in many experimental models. Due to the complexity of the underlying inflammatory network, hepatic macrophages do not only compromise the integrity of liver parenchyma but also integrate sinusoidal endothelial cells and sessile as well as migrating immune cells into the detriment cascade. However, as summarized in the present review, hepatic macrophages are not exclusively deleterious. They also secrete messengers such as IL-6 or IL-10 that display local hepatoprotective properties. The ambiguous consequences of KC activation in the process of liver injury therefore might arise from a sequential release of pro- and anti-inflammatory cytokines possibly related to a classically or alternatively activated phenotype but might also be attributable to the origin of hepatic macrophages. In this light, KC-ablation even impaired liver damage in some sets of experiments. Furthermore, experimental interventions inhibiting monocyte ingress like disruption of CCR2/CCL2 and other chemokine pathways have partially deciphered the differential role of monocyte-derived macrophages in the context of ALI. Newly recruited macrophages may account for some of the dichotomous functions of hepatic macrophages that have been reported. Moreover, the nature of the underlying injury seemingly impacts macrophage function. In conclusion, although the overall contribution of monocytes and hepatic macrophages to acute hepatic injury may remain elusive, targeting macrophages exhibits a high potential for improving management of patients with ALF in the future.
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Acute liver failure (ALF) results from the acute and rapid loss of hepatocyte function and frequently exhibits a fulminant course, characterized by high mortality in the absence of immediate state-of-the-art intensive care and/or emergency liver transplantation (ELT). The role of hepatocyte-mediated liver regeneration during acute and chronic liver injury has been extensively investigated, and recent studies suggest that hepatocytes are not exclusively responsible for the regeneration of the injured liver during fulminant liver injury. Liver progenitor cells (LPC) (or resident liver stem cells) are quiescent in the healthy liver, but may be activated under conditions where the regenerative capacity of mature hepatocytes is severely impaired. This review aims to provide an overview of the role of the LPC population during ALF, and the role of putative cytokines, growth factors, mitogens, and hormones in the LPC response. We will highlight the potential interaction among cellular compartments during ALF, and discuss the possible prognostic value of the LPC response on ALF outcomes.
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INTRODUCTION

Acute liver failure (ALF) is a rare clinical syndrome that affects around 2000 individuals in the USA annually (Polson and Lee, 2005) and frequently exhibits a fulminant course, characterized by high mortality in the absence of immediate state-of-the-art intensive care and/or emergency liver transplantation (ELT).

ALF results from the acute and rapid loss of hepatocyte function, and is associated with coagulopathy [International Normalized Ratio (INR) >1.5] and hepatic encephalopathy (HE) in a patient without pre-existing liver disease. Typically, the time from onset of symptoms to development of HE is up to 8 weeks, but may take up to 26 weeks (Polson and Lee, 2005). Individuals who develop hepatic dysfunction (i.e., coagulopathy), in the absence of HE are defined as having severe acute liver injury (sALI). ALF can occur as a result of various etiologies. In a German study, triggers such as non-acetaminophen drug-induction (including idiosyncratic toxic reactions, e.g., Phenprocoumon) (32%), indeterminate or sero-negative hepatitis (24%), viral hepatitis (such as hepatitis A, B, E) (21%) (Jochum et al., 2009), and acetaminophen overdose (9%) (Hadem et al., 2012) appear to be most frequent causes of ALF. Other etiologies include autoimmune disease (or hepatitis) (Czaja, 2013), ischemia (Henrion, 2012) pregnancy (Ichai and Saliba, 2009), Wilsons disease (Okada et al., 2010), and congestive heart failure (Saner et al., 2009).

The prognosis of ALF is primarily dependent upon the underlying etiology. During ALF, viral-mediated (i.e., direct cytopathic effects), cytokine and/or immune-mediated (i.e., indirect cytopathic effects) hepatocyte necrosis, and apoptosis occur. A regenerative process is triggered, and replication of the remaining healthy hepatocytes ensues, in an attempt to restore hepatic architecture and function. This process is initiated or regulated, at least in part, by three major factors which include cytokines, growth factors, and metabolic signaling pathways. During the early stages of liver damage, inflammatory cytokines trigger healthy hepatocytes to enter the cell cycle. If hepatocyte replication is hampered by excessive parenchymal damage (as generally observed in ALF), or hepatocyte senescence (as occurring in steatotic livers or livers with concomitant chronic injury), resident liver progenitor cells (LPCs) are activated to support, or take over the role of regeneration. However, for many with ALF, this regenerative process is inadequate to match the rapid, confluent loss of hepatocyte mass and function, and liver transplantation offers the only potential hope for survival. Further studies will be needed to ascertain if an enhanced liver progenitor response could lead to better patient outcomes.

A proportion of individuals will recover spontaneously from ALF, and they exemplify the unique capacity of the liver to regenerate completely after injury. Currently used ALF scores/criteria such as the King's College criteria (KCC), Model of end stage liver disease score (MELD), and Bilirubin-lactate-etiology score (BiLE) (Hadem et al., 2008) utilize clinical parameters at the time of admission and/or during the course of ALF, and reliably predict death, but are poor at predicting survival. Recent studies suggest that cell death markers (M65)-based MELD may improve prediction of spontaneous survival (Bechmann et al., 2008, 2010). Hepatocyte cell death is intricately linked to LPC response in chronic liver disease (Jung et al., 2012; Sancho-Bru et al., 2012), hence, raising the possibility that the amount or type of LPC activation (i.e., progenitor cell response) during ALF could also predict ALF outcomes.

The aims of the review are: (A) To provide an overview of the mechanisms of LPC activation and to highlight potential therapeutic targets/strategies in context of ALF, and (B) To discuss the clinical relationship between LPC activation and acute liver damage, and the possible role of LPC activation in predicting ALF outcomes.

DIFFERENT CELL POPULATIONS ARE ACTIVATED DURING ACUTE AND CHRONIC LIVER DAMAGE

ALF (fulminant hepatic failure) occurs when there is rapid, massive hepatocyte cell death, which leads to significant impairment of liver function. On the other hand, chronic liver injury is driven by progressive hepatocyte injury and death that spans months, years and even decades.

The cellular response that occurs during hepatic injury essentially mirrors the clinical scenario, and as such, is strongly associated with the etiology and severity of injury. Mature hepatocytes constitute the majority cell type in the liver, and are unipotent cells that contribute to normal cell turnover and are able to respond rapidly to injurious stimuli (such as liver resection in man, or partial hepatectomy in mice). In contrast, the LPC compartment is triggered to expand when hepatocyte loss occurs in the presence of residual hepatocyte senescence (i.e., replicative senescence), a feature common to chronic liver disease (Santoni-Rugiu et al., 2005; Dollé et al., 2010). Upon transit amplification, the LPCs infiltrate along the liver plate toward the central vein, and differentiate into hepatocytes to restore liver function and cell mass (Espanol-Suner et al., 2012).

The role of LPC in acute injury or ALF remains poorly defined (Theise et al., 2013). Nevertheless, we and others have recently reported that LPC expansion occurs in mice and humans during acute hepatic injury (or hepatic failure), and propose that the LPC compartment is an important contributor to the restoration of liver parenchyma or function in mice (Ochoa et al., 2010; Khuu et al., 2013). Inhibiting the LPC response in mice after 70% partial hepatectomy led to impaired liver regeneration, as assessed by the liver to body weight ratios, and reduced overall survival. It is likely, however, that the LPC compartment is only activated when there is an insufficient number of healthy residual hepatocytes to undertake the regenerative process. Indeed, Katoonizadeh et al. suggest, that a minimum 50% hepatocyte loss and presence of hepatocyte replicative senescence are necessary triggers for LPC activation (Katoonizadeh et al., 2006).

The activation and expansion of the LPC compartment occurs roughly over 7 days, while process of LPC differentiation into intermediate hepatocytes requires an additional 7 days (Fausto, 2004; Fausto et al., 2006). Thus, the LPC response is a much slower regenerative process (compared with hepatocyte replication), and can be more easily detected in the livers of patients with a sub-acute form of ALF (i.e., such as in those with sero-negative hepatitis). Although there is no direct evidence on the role of LPC in human liver regeneration during ALF, the presence of a ductular response after acute alcoholic hepatitis or ALF, and aggregate data from small animal studies support the hypothesis that activation and differentiation of LPCs might play a pivotal role in regeneration following fulminant hepatocyte loss (Katoonizadeh et al., 2006; Sancho-Bru et al., 2012).

SIGNALING PATHWAYS AND MARKERS OF LPC

Under normal circumstances (i.e., in a healthy adult liver), the responsibility of regenerating a liver after an acute insult falls upon the residual hepatocytes. Ordinarily, hepatocytes turn over once or twice a year (Fausto et al., 2006). Upon acute injury, complete hepatocyte regeneration can occur after 2–3 cycles of hepatocyte replication (Michalopoulos, 2010). This regenerative process is orchestrated by cross talk between different liver cell compartments, and mediated by multiple cytokines, growth factors, and mitogens.

The regulation of the LPC response is best characterized in humans and animal models of chronic liver disease. Chronic liver disease is characterized by hepatocyte apoptosis, necrosis, and senescence (Ghavami et al., 2005), and is concomitantly associated with a robust expansion of the LPC compartment (Duncan et al., 2009; Fellous et al., 2009). Some of the putative factors that promote LPC expansion include cytokines IL6, TNFα, TGFβ, as well as cytokine regulated transcription factors nuclear factor kappa B, CCAAT enhancer binding protein beta, and growth factors HGF, EGF (Campbell et al., 2001). Hormones (such as insulin, somatostatin) (Jung et al., 2012), adipokines (cytokines released by adipocytes, such as leptin) (Diehl, 2005; Nobili et al., 2012), and neurotransmitters (such as serotonin, epinephrine or norepinephrine) have also been reported to regulate LPC response or growth. The interactions between these factors and signaling pathways are complex, and remain poorly understood. In aggregate, they act to stimulate the proliferation of LPC, and promote their differentiation into new hepatocytic cells and cholangiocytes. Recent studies show that morphogens (factors important during embryonic development) such as Wnt, Notch, and Hedgehog (Hh) are also important drivers of LPC response. For example, Hh ligands released by apoptotic hepatocytes can act on surrounding LPC and hepatic stellate cells (the key cell involved in scar tissue accumulation) to promote liver repair (Jung et al., 2010), while Wnt and Notch signals within the microenvironment could modulate LPC differentiation into either hepatocytes or cholangiocytes, respectively (Boulter et al., 2012).

The regenerative process that follows ALF is not well described or understood, but is likely to resemble the liver repair process occurring during chronic liver disease. During ALF, the liver would have been subject to a significant insult that results in widespread hepatocyte necrosis and apoptosis, which far exceeds the capacity of the remaining healthy hepatocytes to replicate and to restore homeostatic function.

For individuals who have other co-morbidities (such as hepatic steatosis associated with obesity or type 2 diabetes mellitus), hepatocytes may already exhibit replicative senescence which would further limit the regenerative capability of residual hepatocytes. The LPC compartment located within the canals of Herring (Petersen and Shupe, 2008) is therefore tasked to restore hepatocytic function in the failing liver. Indeed, in a recent study (Dechene et al., 2010), we observed a robust ductular reaction among survivors of ALF. Consistently, LPC markers appeared to correlate with severity and short-term mortality among individuals with alcoholic hepatitis (Sancho-Bru et al., 2012). Following fulminant liver injury, several different cell signaling axes have also been postulated to regulate LPC-mediated liver regeneration.

The TNF-like weak apoptosis inducing factor (TWEAK)/Fibroblast growth factor inducible 14 (Fn14) pathway plays a crucial role in activation of LPCs. TWEAK/Fn 14 activation has been reported to selectively expand LPCs, without affecting growth and viability of mature resident hepatocytes (Jakubowski et al., 2005). Recent studies in humans and mice with chronic liver disease confirmed that Fn14, the receptor of TWEAK, is dramatically upregulated during chronic injury, and directly modulates the LPC response (Tirnitz-Parker et al., 2010). Liver expression of TWEAK/Fn14 is also upregulated significantly, early after partial hepatectomy (Ochoa et al., 2010). Using the Fn14-deficient mice, Karaca and colleagues further propose that TWEAK/Fn14 axis could directly stimulate LPC expansion after acute liver injury (Karaca et al., 2010).

Following activation of progenitor cell niche, it has been postulated, that migration of LPCs is mediated by SCF/c-Kit (Hu and Colletti, 2008) and SDF1/CXCR4 (Hatch et al., 2002):

Stem cell factor (SCF) and its receptor c-kit play a key role in hematopoiesis and cellular proliferation. It is well accepted, that c-kit is a cell surface marker for progenitor cells (Heinemann et al., 2005). The biologic effects of the SCF/c-kit system are believed to involve survival, proliferation, and migration of early stem cell progeny (Fujio et al., 1994). There is a large reservoir of hepatic SCF, and this molecule has proven to play a pivotal role in liver reconstitution following 70% partial hepatectomy in mice. In another mouse model of ALF, Hu and co-workers found SCF-deficient mice administered APAP exhibited significantly higher mortality compared with litter-mate controls. Furthermore, administration of exogenous SCF significantly reduced mortality of APAP-treated wild-type mice (Hu and Colletti, 2008).

Stromal derived factor-1 alpha (SDF-1alpha) and its cognate receptor CXCR4 have similarly been shown to regulate migration of hematopoietic stem cells (HSC) in the fetal and adult stages of hematopoiesis. Previously, others have shown that bone marrow-derived mesenchymal stem cells promote hepatic regeneration after CCl 4 treatment in rats (Gruttadauria et al., 2013; Li et al., 2013). Hatch and colleagues recently proposed that the SDF-1alpha-CXCR4 axis is important for oval (LPC) cell activation during liver regeneration. They show that up-regulation of hepatocyte-derived SDF-1alpha expression during fulminant liver injury could not only promote recruitment of HSC from the bone-marrow (Hatch et al., 2002), but also enhance LPC accumulation, as both of these progenitor populations express CXCR4, the known receptor for SDF-1alpha.

The Hh pathway normally orchestrates fetal tissue and organ development, but has been shown to play an important role during adult tissue repair (Omenetti and Diehl, 2008). Hh ligands stimulate the expansion and viability of various stem cells (Yang et al., 2008b) and have been shown to function as viability factors for human and rodent liver progenitors. Recent studies have shown that Hh pathway activation occurs during liver regeneration after partial hepatectomy (Ochoa et al., 2010; Cai et al., 2011; Hanaoka et al., 2013). Importantly, inhibiting the Hh signaling (with cyclopamine, an antagonist of Smoothened), led to an attenuated LPC response, a lower expression of liver progenitor markers, AFP, Fn14, and K19, and reduced overall survival (Ochoa et al., 2010). The aggregate observations confirm the importance of Hh signaling in the LPC response after acute liver injury, and suggest that the degree of Hh pathway activation may dictate the extent of liver regeneration and clinical outcome in ALF. Although consistent with its recognized role during development, further studies will be needed to ascertain the importance of Hh-mediated LPC response in other models of adult ALF. A better understanding of the role of LPC in ALF, and more detailed study of some of these pathways may help identify potential treatment strategies for the treatment of ALF.

The role of Tri-iodothyronine (T3) in tissue regeneration is well recognized (Leffert and Alexander, 1976; Short and Ove, 1983). Experimental models of liver regeneration have, in most cases, focused on characterizing hepatocyte replication, but not of LPC-mediated parenchymal reconstitution. T3 affects cell growth, differentiation, and regulates metabolic functions via its interaction with the thyroid hormone nuclear receptors (TRs). Cumulative studies suggest that T3 is a potent stimulator of liver regeneration. Bockhorn et al. found out that the exogenous administration of T3 enhanced liver regeneration after 70 and 90% hepatectomy in terms of increased liver to body weight ratio and Ki-67 index (Bockhorn et al., 2007). Several molecular mechanisms have been postulated to mediate T3 effects on liver regeneration. T3 stimulated rats that were subjected to partial hepatectomy expressed the cell cycle protein, cyclin D1 at earlier time points compared with control rats that did not receive T3, suggesting that T3-TR signaling is an important regulator of the cell cycle in an experimental model of liver resection (Leffert and Alexander, 1976; Short and Ove, 1983). Recent reports suggest that T3 not only stimulates hepatocyte proliferation, but may induce LPC activation during fulminant liver injury. In a rodent model of combined AAF/PH, László et al. showed that administration of T3 led to an accelerated differentiation of LPCs into hepatocytes (Laszlo et al., 2008). Nevertheless, the molecular mechanisms underlying the LPC differentiation response have yet to be fully understood.

IS THERE A CELLULAR MICRO-ENVIRONMENT CHAPERONING LPC MIGRATION?

LPCs are believed to originate from the canals of Hering (CoH), which is lined proportionately by cholangiocytes and hepatocytes (see Figure 1). It serves to conduct bile from the bile canaliculi to the terminal bile ducts located in the portal tracts (Saxena and Theise, 2004). Because the CoH constitutes the biliary-hepatocytic interface, it makes biological sense that LPCs, being bipotential cells, are located in this niche. The LPC neighborhood includes epithelial (hepatocytes and cholangiocytes) cells, hepatic stellate cells, immune cells (i.e., Kupffer cells), and the extracellular matrix (ECM). The proximity of these cells suggests that crosstalk is important, and occurs not only under basal, homeostatic conditions, but also during injury and repair. Indeed, during liver injury, soluble factors released by one cell type act in a autocrine and paracrine manner to regulate the growth and differentiation of a neighboring cell compartment (Parola and Pinzani, 2009). We reported that Hh ligands which are over-expressed during acute and chronic liver injury could directly stimulate LPCs to secrete chemokines that lead to the additional recruitment of inflammatory cells which participate in the regeneration or repair process (Omenetti et al., 2009). Inflammatory cells produce a range of cytokines and chemokines. SDF-1 attracts CXCR4+ T cells, which express TNF-like weak inducer of apoptosis (TWEAK), that in turn stimulates LPC response by engaging its receptor Fn14 (Alison et al., 2009).
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Figure 1. During acute liver injury, hepatocyte (and cholangiocyte) apoptosis, and necrosis occur. With minor injury, restoration of hepatocyte mass and function is mediated by the replication of remaining healthy hepatocytes (and cholangiocytes). During a major insult, massive, and confluent hepatocyte loss occurs. There are insufficient healthy remaining hepatocytes mass to restore hepatic function; as such, the liver progenitor (LPC) or liver stem cell compartment is activated in an attempt to restore epithelial cell mass, architecture, and function. The bipotential LPCs reside in the Canals of Herring (CoH), located in the niche of the biliary-hepatocytic interface, and are able to infiltrate along the liver plate and differentiate into hepatocytes and cholangiocytes. LPCs are surrounded by epithelial cells, non-parenchymal cells such as hepatic stellate cells, as well as immune cells and extracellular matrix. These regenerative processes are triggered and regulated by the plethora of cytokines, growth factors and metabolic signals. Resurrection of morphogenic signals (i.e., Hedgehog, Wnt, Notch) also occurs, particularly during massive injury, to invoke the liver progenitor cell compartment. In brief, these molecules act in concert to ensure that sufficient regeneration occurs, and yet, not exceed normal homeostatic requirements.



Recent studies further show that the expansion of the LPC compartment occurs in association with ECM remodeling (Van Hul et al., 2009; Lorenzini et al., 2010; Lozoya et al., 2011), while failure of ECM remodeling lead to impaired ability of the liver to activate LPCs (Kallis et al., 2011). In this study, laminin-LPC interactions were shown to be critical for LPC-mediated repair. Separately, Van Hul and co-workers observed that ECM deposition and activation of matrix-secreting cells occurred, not only before the increase in number of LPCs, but also in front of LPCs along the porto-venous gradient of lobular invasion (Van Hul et al., 2009). During migration, LPCs are embedded within ECM and are chaperoned by alpha-smooth muscle actin (alpha-SMA)-positive cells (Van Hul et al., 2009). In addition to a direct effect of Hh on LPC, Hh pathway activation could also enhance LPC proliferation, indirectly, through the activation of hepatic stellate cells into matrix-producing myofibroblasts (Choi et al., 2009). These findings in mice support our study in man, where we showed that LPC expansion (ductular reaction) occurred in context of the fibrogenic response (Dechene et al., 2010). We propose that short term accumulation of collagen matrix might be a physiological repair response that precedes parenchymal cell reconstitution. Similar to findings in mice, the fibrous tissue scaffold is the LPC niche that facilitates LPC activation and differentiation.

Further studies will be needed to understand if, and how ECM composition could modulate LPC responses after ALF, and whether modifying individual components of ECM could regulate LPC proliferation and differentiation.

IS THERE A CORRELATION BETWEEN LPC ACTIVATION AND CLINICAL PARAMETERS IN ALF?

Currently used ALF scoring systems such as the KCC, MELD, and BiLE reliably predict death, but are poor at predicting survival (Polson and Lee, 2005). None of these systems take into account the histological changes that occur during ALF. The role of histology and presence or absence of hepatocyte cell death has only recently come to fore. We recently reported that a CK18 M65 (marker of cell death)-based MELD score could predict survival from ALF with greater sensitivity and specificity (Bechmann et al., 2010). Among individuals with acute alcoholic hepatitis, a condition with high mortality, expression of LPC markers correlated positively with clinical severity and short-term mortality (Sancho-Bru et al., 2012).

A similar study of 74 patients with ALF or sub-acute liver failure demonstrated a positive correlation between histopathological findings (of hepatocyte loss, the number of proliferating hepatocytes and the number of LPCs) and clinical severity by the MELD score. The fact that the number of LPCs was not relevantly different between mild (30%) and moderate (30–50%) hepatocyte loss, but significantly increased upon severe (50–75%) or very severe (>75%) injury, clearly indicates that LPC compartment activation requires a high parenchymal injury threshold prior to its recruitment (Katoonizadeh et al., 2006). Importantly, surviving patients exhibited significantly fewer hepatocyte losses, less LPC activation and more mature hepatocyte proliferative activity, compared with those who either died or needed a liver transplant.

The cumulative data show that the degree of LPC activation and expansion of LPC compartment correlates strongly with the extent of hepatic injury and severity of ALF. Further studies will certainly be needed to evaluate if liver histology would improve prognostication (or predicting survival) for patients with ALF.

COULD LPCs REPRESENT A FUTURE CELL THERAPY OPTION IN ALF?

Whether the LPC response is simply a bystander effect as a result of the rich cytokine milieu, or whether it is an incomplete or unsuccessful attempt at liver regeneration remains to be seen. However, the significance of LPC activation during recovery from acute liver injury remains subject of controversy. Lineage tracing models utilizing reporter mouse models might represent a feasible tool to quantify the contribution of LPC during regeneration (Malato et al., 2011; Espanol-Suner et al., 2012; Diehl and Chute, 2013).

At present, the only curative treatment for patients with fulminant hepatic failure is an ELT. However, this is significantly limited by the shortage of suitable donor organs. As such, hepatocyte (cell) transplantation has been evaluated as an alternative for those ineligible for liver transplantation, or as a bridge to liver transplant. This is particularly attractive because cryopreserved cells are readily available. However, the number of cells that can be delivered (via the portal vein) is limited by the risks of portal hypertension (Weber et al., 2009a,b), and their large size lead to reduced cellular engraftment (Fox et al., 1998). LPC, on the other hand, are small in size, and are capable of differentiating into both hepatocytes and cholangiocytes (Sandhu et al., 2001). It would be important to study if enhanced expansion of the LPC compartment, with or without changes in the LPC niche, could lead to amelioration of ALF.

Previously, the limiting factor in the study of LPC has been the inability to identify, isolate or purify these cells in a reliable fashion. Recently, Cardinale and colleagues successfully isolated multipotent stem/progenitor cells from the human biliary tree by extended cell culture techniques (Cardinale et al., 2011) and demonstrated that these progenitor cells are capable of giving rise to hepatocytes, cholangiocytes, and pancreatic islets. We have similarly developed a LPC isolation protocol for mouse and human liver tissue, but using fluorescence-activated cell sorting (FACS). Our technique was based on the observation that progenitor cells express high levels of aldehyde dehydrogenase (ALDH) activity. FACS-ALDH positive LPC in culture could give rise to functional hepatocyte-like cells as illustrated by albumin and urea secretion and cytochrome P450 activity. These novel methods of LPC isolation could well pave the way for the development of future ALF therapies (Dollé et al., 2012).

A non-parenchymal cell population that might have an implication in liver regeneration are hepatic stellate cells. Their contribution to liver regeneration was recently confirmed with pancreatic stellate cells that were transplanted via tail vein injection into rats that were previously subjected to 70% PH and substantially contributed to organ reconstitution by differentiating into epithelial cells. The contribution of stem cells in tissue repair remains controversial, but prevailing evidence suggest that bone marrow or adipose tissue derived MSCs might contribute to liver regeneration through differentiation (Sato et al., 2005; Aurich et al., 2007; Chamberlain et al., 2007). Hepatic stellate cells could possibly fulfill a dual role as supportive cells producing a connective tissue scaffold facilitating LPC expansion and migration on the one hand and as progenitor cells on the other (Yang et al., 2008a; Kordes and Haussinger, 2013).

The inter-relationship between liver and non-liver progenitor or stem cells (i.e., bone marrow derived), and their roles in liver regeneration after ALF remains complex and poorly understood. Further studies will be necessary to understand and tap this potential source of new liver cells. Administration of granulocyte colony stimulating factor (G-CSF) during myocardial infarction for example, leads to the mobilization and differentiation of HSC to a committed lineage (Theiss et al., 2013). Therefore, a potential attempt to enhance liver regeneration during ALF might be a mobilization of bone marrow progenitor cells by an administration of G-CSF.

CONCLUSIONS

Further studies will be needed to understand the role of the LPC response during ALF. Cumulative data to date suggest that the LPC compartment is activated when there is confluent loss of hepatocyte mass, that lead to insufficient regenerative capacity of residual hepatocytes. The cytokine storm that ensues during acute liver injury, in combination with growth factors, morphogens, hormones, and neurotransmitters, all act in concert to dictate the LPC response. LPC activation and differentiation appears to require ECM, and forms the LPC niche. Hence, modulating the ECM composition and/or enhancing the LPC response could be useful strategies to promote liver regeneration.

Observational studies from cohorts of patients with ALF show that the amount and type of LPC activation/expansion correlate with severity of liver injury, and clinical outcomes. This is unsurprising as hepatocyte cell death is intricately associated with liver repair (i.e., the greater the injury, the greater the attempt at repair). Currently used scoring systems have not been able to reliably predict those who may survive from ALF. Future studies will be needed to evaluate if the degree of LPC response and/or ECM accumulation could be useful biomarkers of regenerative capability, thus improving clinical decision making in ALF.
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Without therapeutic intervention acute liver failure (ALF) is the consequence of a progredient destruction of the liver parenchyma due to metabolic exhaustion of the hepatocytes. Perivenous hepatocytes are responsible for the detoxification of noxious compounds via the cytochrome P450 enzyme system. Liver transplantation is the only remaining therapeutic option in the end-stage of the disease. Assuming that metabolic capacity could be provided by healthy hepatocytes and thus substitute for the genuine parenchymal cells hepatocyte transplantation since quite some time is considered to be an alternative to whole liver transplantation. While this hypothesis achieved proof-of-concept in animal trials clinical breakthrough is still awaiting success, the reasons of which are ongoing matter of debate. In recent times mesenchymal stem cells (MSC) came into focus as a transplantable cell source to treat ALF. Interestingly, as demonstrated in various rodent animal models their mode of action is rather based on trophic support of hepatocytes remaining in the damaged host parenchyma rather than substitution of tissue loss. Mechanistically, either direct or indirect paracrine effects from the transplanted cells acting pro-proliferative, anti-apoptotic, and anti-inflammatory seem to trigger the regenerative response of the residual healthy hepatocytes in the otherwise lethally injured liver parenchyma. Thus, allogeneic MSC may be the best choice for the treatment of ALF taking advantage of their short-term benefit to sustain the critical phase of the acute insult avoiding long-term immunosuppression.
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MOLECULAR PRINCIPLES OF TISSUE TOXICITY IN ALF INDUCED BY PARACETAMOL

Acute liver failure (ALF) is characterized by an initial devastating hepatic insult followed by gross parenchymal dysfunction, which leads to a multitude of systemic organ failures due to the missing metabolic homeostasis normally provided by the healthy liver. The most common causes of ALF are viral hepatitis, idiosyncratic side reactions, chronic liver diseases, autoimmune hepatitis, and dose-dependent drug-induced ALF. The disease occurs rapidly and in general requires intensive care with the known high risk of mortality. Whole liver transplantation very often is the only therapy option of choice (Ostapowicz and Lee, 2000; Gill and Sterling, 2001; Rahman and Hodgson, 2001; O’Grady, 2005). The incidence of acetaminophen (paracetamol)-induced ALF is rather high in the US and in the UK related both to therapy-associated and suicide-driven overdosage of the drug (Reuben et al., 2010; Lee et al., 2011). In the liver acetaminophen is metabolized by the cytochrome P450 enzyme system located predominantly in the hepatocytes surrounding the distal branches of the liver sinusoids, the so-called perivenous hepatocytes (Jungermann and Kietzmann, 2000; Benhamouche et al., 2006; Burke and Tosh, 2006; Hailfinger et al., 2006; Gebhardt and Hovhannisyan, 2010). There are two principle ways of detoxification: (1) conjugation by sulfation and/or glucuronidation followed by elimination and (2) cytochrome P450-dependent oxidation and formation of N-acetyl-p-benzoquinonimine (NAPQI), which is then conjugated to glutathione and finally eliminated with the bile. Yet, sustained NAPQI formation eventually causes depletion of glutathione, which then in turn leads to formation of protein adducts as well as reactive nitrogen and oxygen species (Figure 1). Very likely mitochondrial dysfunction and increased permeability of the mitochondrial membranes contribute to the formation of reactive nitrogen and oxygen metabolites such as peroxynitrate and hydrogen peroxide besides others, which in turn mediate protein nitration and oxidative stress (Jaeschke et al., 2002; James et al., 2003; Jaeschke and Bajt, 2006; Doi and Ishida, 2009). Obviously, besides the hepatocytes non-parenchymal cells such as Kupffer cells and sinusoidal endothelial cells seem to be involved in the generation of reactive nitrogen and oxygen species thus augmenting protein and lipid peroxidation. Since these reactions are ultimately mediated by the perivenous cytochrome P450 enzyme system, apoptotic cell death followed by centrilobular necrosis is a hallmark of acetaminophen-induced hepatotoxicity (Figure 2). The inflammatory environment produced during ALF is also responsible for the activation of hepatic stellate cells probably mediated by IL1, which respond with an increase in expression of α-smooth muscle actin and matrix metalloproteinases, mainly MMP9. This seems to favor the remodeling of the extracellular matrix, thus augmenting hepatocyte cell death (Yan et al., 2008; Dechene et al., 2010).
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Figure 1. Acetaminophen and hepatotoxicity. Acetaminophen (paracetamol) is detoxified in the liver by conjugation or cytochrome P450-dependent oxidation followed by conjugation to glutathione (GSH). Depletion of GSH leads to formation of reactive nitrogen and oxygen species, which in turn causes cell death. For further details see text.
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Figure 2. Pericentral necrosis after acetaminophen intoxication. Rats were treated with a repeated oral dose of 4 g/kg body weight of acetaminophen. Eighteen hours later livers were explanted and slices prepared for hemalaun–eosin staining. Dashed lines exemplify initial (area 1) and final necrotic perivenous areas (area 2, cv, central vein) of the liver tissue. Please note that areas around the portal vein (pv) are void of tissue damage.



REGENERATIVE RESPONSE TO ACUTE LIVER INJURY

In the normal healthy liver tissue turnover is in the range of 0.01%. Without any challenge this rather low regenerative rate would reconstitute the whole liver parenchyma within about 1 year (Steiner et al., 1966; Koniaris et al., 2003). One might suspect then that the liver had a poor regenerative potential, which is also corroborated by the fact that after partial hepatectomy the liver is rebuilt to the original organ size, only. After 2/3 partial hepatectomy this would be accomplished by the 1.5-times cell division of the remaining hepatocytes. However, this situation does not reflect the real regenerative potential of hepatocytes. It has been shown in serial transplantation experiments in the albumin promoter-urokinase plasminogen activator (uPA) transgenic mouse that hepatocytes feature a nearly unlimited regenerative capacity. In this model, the intracellular activation of the protease plasmin causes hepatocyte damage and perinatal lethality (Heckel et al., 1990). Eventually, mice survived due to the substitution of hepatocytes bearing the transgene by healthy hepatocytes, which obviously had a survival advantage. Transplantation of these hepatocytes having escaped the lethal phenotype into the livers of transgenic mice revealed the efficient repopulation of the diseased host liver by the donor hepatocytes, thus rescuing the lethal phenotype. This indicates an enormous mitotic potential of hepatocytes (Sandgren et al., 1991; Rhim et al., 1994). In another mouse model, the knockout of fumarylacetoacetate hydrolase (FAH) leads to the accumulation of tyrosine intermediates, which cause toxic insult of hepatocytes. Transplanted healthy hepatocytes display a proliferative advantage over the diseased host hepatocytes, thus achieving nearly complete replacement of the original transgenic hepatocytes by the transplanted cells. In this model, serial transplantation of hepatocytes derived from mutant livers colonized with transplanted wildtype cells revealed that 6 rounds of liver repopulation required a minimum of 69 cell divisions (Overturf et al., 1997, 1999; Wang et al., 2001). Thus, obviously adult hepatocytes have a high replicative and repopulation capacity. This in turn means, that they have the potential of self-renewal and of functional tissue formation in vivo, which are ultimate stem cell characteristics.

Experimentally, ALF might be triggered by the use of chemical noxious compounds such as carbon tetrachloride or acetaminophen as mentioned above. As long as the hepatocytes dispose of sufficient metabolic capacity to detoxify the drugs no obvious tissue lesions emerge. Yet, the production of reactive metabolites followed by covalent protein and lipid modification due to metabolic overload as mentioned above finally results in cellular dysfunction, initial cell damage and tissue injury. Depending on the dose applied tissue damage proceeds. The initial insult resulting in injury progression is the mitotic challenge for the hepatocytes to restore the tissue loss by functional hepatocyte progeny. Again, dependent on the dose of the noxious compounds the regenerative potential of the liver is either sufficient for injury regression or overwhelmed resulting in injury progression followed by ALF (Mehendale, 2005; Palmes et al., 2005; Figure 3). Tissue regeneration is accomplished by the hepatocytes themselves as long as a minimal liver tissue mass is compliant with a certain threshold of functional tissue loss. Yet, if this threshold is surpassed the regenerative capacity of the hepatocytes does not suffice for functional tissue restoration. In this case a progenitor cell compartment is activated giving rise to so-called oval cells in rodents, which are agreed upon to be the progeny of adult hepatic stem cells in the liver (Sell, 2001; Kofman et al., 2005). Oval cells appear in the periportal areas after massive liver injury adjacent to the canals of Hering, structural links between the terminal biliary branches and the periportal hepatocytes (Fausto, 2004; Santoni-Rugiu et al., 2005; Oertel and Shafritz, 2008). It is noteworthy that both hepatocytes and hepatic progenitor cells may differentiate into hepatocytes and biliary cells as well indicating their bipotent differentiation capacity. Hence, both cell types meet the minimal definition criteria of a stem cell, i.e., the potential of self-renewal to maintain the stem cell reserve, and a multiple differentiation potential giving rise to progeny of at least two different lineages. In the latter case it is self-evident that proliferation and differentiation of the offspring cells provide the functional backup for tissue repair after injury.


[image: image]

Figure 3. Balance of tissue homeostasis after acute liver injury. The regenerative response of the liver after acute intoxication is triggered by the emergence of initial tissue damage and progression. Dependding on the dose of the noxa and the regenerative capacity of the hepatocytes injury regression and regeneration or progression and ALF develop.



HEPATOCYTE TRANSPLANTATION IN ALF

In ALF, liver transplantation is the gold standard of treatment. However, about one third of patients on the waiting list for liver transplantation in Europe do not profit because of the unavailability of suitable donor organs1. The hepatocyte is the smallest functional unit of the liver executing the complete metabolic orchestra, which is provided by the liver as a whole. Therefore, transplantation of hepatocytes might be possible to substitute for the functional tissue loss in ALF provided the donor cells take over hepatocyte functions in the deteriorated host parenchyma for at least the critical period in time either required to bridge to organ transplantation or to allow for tissue recovery from the toxic insult (Najimi and Sokal, 2008; Oertel and Shafritz, 2008; Smets et al., 2008; Ito et al., 2009; Puppi and Dhawan, 2009). Technically, in rodent small animal models the cells are delivered to the liver either after intraportal or intrasplenic injection. It is assumed that the cells distribute homogeneously in the liver by passage with the blood stream where they are entrapped in the sinusoids and eventually penetrate the endothelia, integrate, proliferate, and spread into the host parenchyma. This concept has been verified in various rodent animal models of ALF (for recent reviews, see Fox and Roy-Chowdhury, 2004; Shafritz et al., 2006; Seppen et al., 2009; Weber et al., 2009). There is one major constraint, which probably seriously hampers the clinical translation of hepatocyte transplantation in ALF. Under non-stimulating conditions the repopulation of an acutely injured liver by transplanted hepatocytes is rather low, i.e., in the range of 1–5% of the total liver mass (Ponder et al., 1991; Rajvanshi et al., 1996; Gupta et al., 1999; Fox and Roy-Chowdhury, 2004; Fisher and Strom, 2006). However, if the recipient liver is challenged by a growth stimulus and the proliferation of host hepatocytes is impaired then a significant repopulation by transplanted hepatocytes is achieved. There is an elegant animal model available allowing for the identification of the transplanted cells in the host parenchyma. In this rat model the natural mutation in the CD26 gene leads to the expression of a non-functional protein, however, without obvious pathophysiological consequences. Transplanted wildtype donor cells may then be identified histologically in the host parenchyma by the detection of CD26. Providing selective pressure conditions by partial hepatectomy as a mitotic stimulus and pre-treatment with alkaloids such as retrorsine to inhibit host hepatocyte proliferation a repopulation rate for up to nearly 100% may be achieved in this rat model (Laconi et al., 1998, 1999). Similarly, high rates were obtained using rat fetal liver epithelial cells but without applying selective growth conditions for the transplanted cells (Sandhu et al., 2001; Oertel et al., 2006).

Acute liver failure in mice and rats may be induced under various experimental settings, the most common in use are those acutely applying paracetamol or carbon tetrachloride. In general, when adult hepatocytes or oval cells isolated from donor livers under various inducing conditions are used for transplantation without further selective pressure repopulation of the host liver by the transplanted cells is poor, i.e., in the range of less than 5%. However, cells are functional and survive long-term in the recipient liver indicating support of liver regeneration after acute hepatotoxic injury. If in addition to the acute injury regeneration by host hepatocytes is abrogated by the beforehand treatment with mitotoxins such as the pyrrolizidine alkaloid retrorsine much higher repopulation rates may be achieved, which clearly suffice to substitute for the loss of metabolic capacity due to the toxic parenchymal damage. Similar results were obtained using fetal (ED12.5) rat hepatoblasts. Yet, using ED14 mouse hepatoblasts 10- to 20-fold higher repopulation rates were achieved without applying selective repopulation conditions. A comprehensive summary of models and conditions used to study liver repopulation by transplanted hepatocytes or hepatocyte progenitor cells under normal and injury conditions is available (Sancho-Bru et al., 2009; Shafritz and Oertel, 2011). To summarize, transplanted cells integrate into the host parenchyma and even at low repopulation rates display hepatocyte functions. Thus, hepatocyte transplantation in ALF aims at tissue substitution of the recipient liver in order to functionally reconstitute the injured parenchyma by healthy donor cells.

STEM CELL-DERIVED HEPATOCYTE TRANSPLANTATION IN ALF

In respect to the clinical application of hepatocyte transplantation in ALF the major hurdle is probably the scarcity of donor organs to isolate human hepatocytes in sufficient quality and quantity. Therefore, one feasible alternative to human adult hepatocytes is the use of stem cell-derived hepatocytes. The bone marrow harbors adult stem cells, both hematopoietic and non-hematopoietic, which are clearly superior in choice over embryonic stem cells for clinical application because of their less ethical constraints and the lack of teratoma formation after tissue implantation. Adult stem cells may differentiate into hepatocyte-like cells. In the mouse model of FAH deficiency, hematopoietic bone marrow derived cells rescued the diseased phenotype by complementation of the defective FAH gene with the wildtype gene in the transplanted cells (Lagasse et al., 2000; Wang et al., 2002). It is an open question as to whether hepatocytes derived from the bone marrow are the product of differentiation from hematopoietic stem cells or of the fusion with host hepatocytes (Alvarez-Dolado et al., 2003; Newsome et al., 2003; Vassilopoulos et al., 2003; Wang et al., 2003; Camargo et al., 2004; Jang et al., 2004). In recent years studies in rats (Wang et al., 2004; Lange et al., 2005), mice (Jiang et al., 2002), and humans (Schwartz et al., 2002; Lee et al., 2004; Hong et al., 2005; Seo et al., 2005; Taléns-Visconti et al., 2006; Aurich et al., 2007; Banas et al., 2007) verified that mesenchymal stem cells (MSC) from various tissues like bone marrow, umbilical cord blood, or adipose tissue may differentiate into hepatocyte-like cells following specified growth and differentiation regimens in vitro. Yet, under acute injury conditions causing either periportal liver damage induced by allyl alcohol (Sato et al., 2005) or perivenous damage by the use of carbon tetrachloride (Seo et al., 2005; Banas et al., 2007; Yukawa et al., 2009) or acetaminophen (Stock et al., 2009), MSC-derived hepatocyte-like cells integrated into the diseased host liver, though repopulation rates were rather low, i.e., in the range of 1% of the total liver mass.

Reasoning that MSC feature immunomodulatory functions in that they are able to suppress the immune response mediated through T and B cells, dendritic cells and other immune cells (Chamberlain et al., 2007; Götherström, 2007; Krampera et al., 2007; Le Blanc and Ringden, 2007) it might not be surprising that the action of MSC in ALF is rather paracrine than direct tissue support by the transplanted cells. D-galactosamine-induced fulminant hepatic failure in rats was attenuated by MSC-derived molecules through inhibition of apoptosis, stimulation of hepatocyte proliferation, and minimization of the inflammatory response (Parekkadan et al., 2007a; van Poll et al., 2008). The paracrine mode of action of MSC was also corroborated by the amelioration of systemic inflammation induced by LPS or burn indicating in addition pleiotropic effects of the MSC (Yagi et al., 2010). Ectopic recruitment of MSC from the bone marrow to the liver has been shown in mice challenged by acute intoxication with carbon tetrachloride or 2-acetylaminofluorene indicating chemotactic activation of the MSC very likely mediated by stromal cell-derived factor-1 (Jin et al., 2009; Chen et al., 2010). Our own data substantiated that MSC are able to home to and integrate into an acutely injured liver. We treated rats with acetaminophen to induce acute liver damage. MSC derived from rat peritoneal adipose tissue were pre-differentiated into hepatocyte-like cells according to our standard protocol (Stock et al., 2010) and then the cells were administered to the diseased animals via tail vein injection. Eighteen hours after cell delivery donor-derived cells were detected in the liver (unpublished) where they significantly decreased acetaminophen-induced apoptosis as shown immunohistochemically by the TUNEL assay and stimulated proliferation of host hepatocytes as shown by Ki67 staining (Figure 4) to regenerate the liver tissue after acute injury (unpublished). Besides their anti-inflammatory and immunomodulatory impact MSC seem also to communicate with target cells by the exchange of mRNA or miRNA molecules (Collino et al., 2010; Deregibus et al., 2010). Thus, genetic material is exchanged, which then might affect the regenerative response of the host tissue cells on the one and the differentiation of donor MSC at the site of their engraftment into the host tissue on the other hand. This, however, means that transplanted cells might be imprinted by their target tissue and the molecular microenvironment induced by a specific type of injury. Acute liver injury may trigger paracrine effects due to the inflammatory environment of the diseased liver, whereas liver regeneration after, e.g., partial hepatectomy is achieved by the engraftment and functional tissue replacement by the MSC differentiated into hepatocytes at the site of their engraftment. This potential pleiotropic mode of action makes MSC ideal candidates for stem cell therapy of different liver diseases (Enns and Millan, 2008; Haridass et al., 2008; Alison et al., 2009; Flohr et al., 2009; Soto-Gutierrez et al., 2009).


[image: image]

Figure 4. Anti-apoptotic and pro-proliferative action of MSC after acetaminophen intoxication of the rat liver. Rats were treated with a repeated dose of 4 g/kg body weight of acetaminophen. Eighteen hours after the last dose the animals were sacrificed and the livers prepared for the detection of apoptotic cells (dark nuclei) by the TUNEL assay (lower panels) or proliferating cells (dark nuclei) by the Ki67 stain (upper panels). Where indicated animals received adipose tissue-derived rat MSC pre-differentiated into hepatocyte-like cells (rMSC-HC) 6 h after the last dose of acetaminophen. It is obvious that the number of apoptotic cells was significantly lower but of proliferating cells was higher in the livers with MSC (right panels) indicating the anti-apoptotic and pro-proliferative action of the MSC.



CLINICAL IMPLICATIONS

It is obvious that experimental settings in animal models aimed to enhance liver repopulation by transplanted hepatocytes are not suited for clinical translation. Thus, the lack of a survival and/or a proliferative advantage of donor vs. host hepatocytes is probably the mechanistical reason for the poor clinical progress of hepatocyte transplantation. The low success rate is augmented by the fact that human hepatocytes are isolated from marginal donor livers not allocated for transplantation. Yet, as outlined above MSC might be an alternate cell resource to generate hepatocyte-like cells. MSC display hepatocyte differentiation potential, which was substantiated both in vitro and in vivo. Even if biological and biochemical differences might exist between MSC from various tissues they share typical MSC characteristics like marker expression, multiple differentiation capacity, and growth on plastic surfaces, which finally determine quantitative, not qualitative, variability in their hepatocyte differentiation potential. It is feasible to suppose that in respect to ethical, technical and biological aspects the transplantation of stem cell-derived hepatocytes follows the principles of hepatocyte transplantation (Fisher and Strom, 2006). MSC might even open a broader spectrum of activity compared with primary hepatocytes because of their versatile properties such as low immunogenicity as well as their anti-inflammatory, anti-apoptotic, and pro-proliferative activities, which not only substitute the tissue damaged but also actively might temper the inflammatory response, e.g., after toxic or chronic injury. Recently, a couple of clinical trials – most in China – has been initiated or even completed to demonstrate safety and efficacy of the site of application of MSCs concentrating on autologous stem cell transplantation in patients suffering from chronic liver failure (Table 1) or acute decompensation after ample liver resection2. Yet, so far no published results are available. In these studies, undifferentiated cells have been used bearing a potential tumor-promoting risk (Karnoub et al., 2007), which, however, has not been verified.

Table 1. Summary of clinical trials involving mesenchymal stem cells of different tissue sources for the treatment of chronic liver diseases.
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Taking ethical considerations into account these clinical conditions may be adequate to assess safety of hepatic MSC transplantation. However, to take advantage of the cells’ immunomodulatory, chemotactic, and anti-inflammatory properties, ALF offering a highly inflammatory environment in the liver may be the disease situation of choice for the use of MSC. In this case even the use of allogeneic cell sources may not be a serious problem since only the short-term beneficial actions of the MSC might warrant support of liver regeneration in the critical phase of acute poisoning. Immunosuppression may be applied from the beginning of treatment on or even continued as long as the recovering of the liver is ongoing but then may be ceased, thus avoiding the theoretical risks of potential sensitization of the host for future organ grafts or promoting life-threatening septic episodes during long-term stay in the intensive care units.

CONCLUSION

To overcome the shortage of donor organs for liver transplantation in ALF cell therapy approaches seem to be feasible, which must achieve two principle goals. (1) The loss of metabolic capacity must be substituted by the healthy donor cells, and (2) the emergence of the inflammatory environment in ALF must be decelerated in order to protect hepatocytes from progression into cell death. It is obvious that the first goal might best be reached using primary hepatocytes, which, however, do not have a survival advantage in the deteriorated ALF liver. The second goal might best be met by the use of MSC taking advantage of their anti-inflammatory and – apoptotic as well as pro-proliferative features, which, however, promises no therapeutic benefit in the case that tissue damage has surpassed the lower threshold needed to maintain body metabolic homeostasis. Thus, it might be worthwhile thinking whether a combination of hepatocytes and MSC might be the cell therapeutic of best choice. Indeed, there is evidence that the performance of hepatocytes is improved in co-culture with MSC (Ijima et al., 2008; Shi et al., 2009; Chen et al., 2012), and vice versa MSC differentiation into hepatocyte-like cells is promoted by inflammatory liver injury conditions (Dong et al., 2010; Li et al., 2010). Recent data even demonstrated that not MSC themselves but as yet unequivocally unidentified soluble factors secreted by MSC exert the beneficial effects on hepatocytes under ALF conditions in mice and rats (Parekkadan et al., 2007b; van Poll et al., 2008; Zagoura et al., 2011). The anti-inflammatory cytokine IL10 secreted by MSC seemed to play a major role in alleviating liver damage after acute injury induced by carbon tetrachloride in the NOD/SCID mouse model (Zagoura et al., 2011). Thus, the identification of these factors might open even cell-free therapeutical options for the treatment of ALF with MSC-derived molecules.

Animal models for cell therapy approaches to treat ALF as described above enable us to earn knowledge on the mechanisms of interactions between donor and host cells both on the molecular and cellular level, to identify the hepatotropic effects esp. mediated by MSC and their impact on the noxious challenge in order to optimize integration of transplanted cells into the recipient tissue thereby to support efficacy of cell transplantation and thus optimize the therapeutical outcome.
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Acute liver failure as life threatening condition comprises a difficult diagnostic situation to evaluate potential outcomes and therapeutic options. Thus, prognostic indicators are urgently needed for evaluation of progression of liver injury, clinical outcome, prognosis, and for therapeutic response. Recently, circulating microRNA, in particular miR-122, was described as a potential biomarker of acute liver injury after intoxication of mice. Circulating microRNA (miRNA) molecules are very stable and RNase-resistant due to protein aggregation and vesicle enclosure. Since miRNA species are known to be associated with chronic liver damage or with liver cancer, circulating miRNA patterns are suggested to serve also as reporters for progression of acute liver failure. miRNA profiling analyses using PCR arrays or next generation sequencing, may achieve identification of miRNA species that are linked to the rapid progression of acute liver injury, to the outcome of liver failure, or to the therapeutic response. Therefore, circulating miRNAs are promising, non-invasive biomarkers of future diagnostic approaches. However, normalisation of circulating miRNA levels is essential and further standardisation of miRNA quantification assays is needed.
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INTRODUCTION

Acute liver failure is a life-threatening liver disease characterized by a rapid and fulminant loss of liver function. Common causes of acute liver failure are viral hepatitis infection, mainly hepatitis A and B, and drug-induced liver intoxication (Canbay et al., 2005; Hadem et al., 2008; Ichai and Samuel, 2008, 2011; Lee, 2012). Acute liver failure demands urgent medical care, but initial symptoms of acute liver failure such as diarrhea, fatigue, and loss of appetite are rather unspecific and difficult to interpret (Renner, 2007). Rapid progression of liver malfunction is then accompanied by serious symptoms as ascites, hepatic encephalopathy, and coma. Sometimes, the acute liver failure can be reversed by valiant clinical intervention, but in many cases liver transplantation might be the only option of cure (Bernal et al., 2008; Ichai and Samuel, 2008; Lee, 2012). Thus, prognostic indicators are urgently needed for evaluation of progression of liver injury, clinical outcome, prognosis, and for therapeutic response. Recently, circulating microRNA is described as a novel tool to diagnose and monitor various diseases [summarized by Cortez and Calin (2009)].

MicroRNAs (miRNAs) are short noncoding, endogenous RNAs that regulate posttranscriptional gene expression by either RNA interference or inhibition of translational initiation and elongation (Bartel, 2004). Therefore, miRNAs are implicated in a widespread variety of cellular processes like differentiation, cell proliferation, and apoptosis (Miska, 2005; Bushati and Cohen, 2007). In human, more than thousand miRNAs are known (Kozomara and Griffiths-Jones, 2011). Mature miRNAs are formed in a step-wise process from larger primary transcripts (pri-miRNA), which are further processed, folding to hairpin structured precursor miRNA (pre-miRNA). The pre-miRNAs are exported from the nucleus, serving as substrates for the Dicer family of RNase III enzymes. One strand of the resulting short dsRNA guides the RNA-induced silencing complex (RISC) to its target mRNA (Zhao and Srivastava, 2007). Then, perfect complementary interaction of miRNAs with the untranslated region (UTR) of transcripts results in transcript degradation, whereas imperfect base pairing of miRNAs with the targeted UTR leads to translational repression (Zhao and Srivastava, 2007; Bartel, 2009).

In addition to the cellular function of miRNA in posttranscriptional gene repression, recent data collect evidence that miRNA also occur in extracellular compartments (Hunter et al., 2008; Mitchell et al., 2008). In our present review, we summarize the perspectives of circulating miRNAs to function as novel promising biomarkers of acute hepatitis.

DYSREGULATION OF HEPATIC miR-122 AFTER LIVER INJURY

miRNA expression profiles appear to be tissue-specific. Thus, miR-122 is highly expressed in hepatocytes, due to its liver-specific transcriptional regulation by hepatocyte nuclear transcription factors (HNF1α, HNF3β, and HNF4α) (Coulouarn et al., 2009; Xu et al., 2010). miR-122, comprising approximately 70% of total miRNA in the healthy liver, takes part in liver-specific functions such as cholesterol metabolism (Esau et al., 2006; Jopling, 2012). Interestingly, miR-122 is transcribed in a circadian fashion affecting gene expression pattern of a wide range of proteins (Gatfield et al., 2009). Whereas miR-122 interaction with the 3′ untranslated region (UTR) of various transcripts leads to gene repression, miR-122 binding to two target sites in the 5′-UTR of the HCV genome results in HCV-RNA genome stabilization and enhanced replication. Hence, the liver-specific miR-122 may contribute to HCV liver tropism at the level of translation (Henke et al., 2008; Jopling, 2008).

Dedifferentiation of hepatocytes during hepatocellular carcinogenesis is associated with the loss of miR-122 (Coulouarn et al., 2009; Burchard et al., 2010; Negrini et al., 2011). In addition, during, both, acute and chronic liver damages in response to various noxa such as viral infection, drug or alcohol intoxication, or heriditary disorders, miR-122 is markedly decreased in the injured liver. Thus, after non-alcoholic fat liver diseases (Cheung et al., 2008) as well as after chronic hepatitis C infection reduced hepatic miR-122 levels were observed (Sarasin-Filipowicz et al., 2009; Morita et al., 2011). However, whereas miRNA is decreased in the injured liver, recent reports pointed to increased levels of circulating miR-122 in the blood stream after acute liver injury-induced by paracetamol intoxication of mice (Wang et al., 2009).

miRNA RELEASED INTO THE BLOOD STREAM AFTER LIVER DISEASE

In serum from human patients suffering from prostate cancer, it was first described that miRNA occur also extracellularily (Hunter et al., 2008; Mitchell et al., 2008). Circulating miRNA are highly stable in serum and also RNase resistant (Figure 1A), due to protein aggregation and vesicle enclosure (Mitchell et al., 2008; Cortez and Calin, 2009; Chen et al., 2010). As vesicular structures embedding extracellular miRNA, apoptotic bodies, microvesicles (Hunter et al., 2008; Skog et al., 2008), and exosomes (Taylor and Gercel-Taylor, 2008) have been discussed (Figure 1B). Due to their high stability, they are ideal candidates considered as non-invasive diagnostic markers indicating progression and therapy outcome of disease. Accordingly, circulating miRNAs were detected in some other tumorigenic diseases such as ovarian (Lodes et al., 2009; Resnick et al., 2009), lung, and colorectal cancer (Chen et al., 2008; Ng et al., 2009) (for review please see Cortez and Calin, 2009). Furthermore, Vasilescu et al. revealed circulating miR-150 as a new prognostic marker of patients with sepsis and Wang et al. described prominent upregulation of serum miR-122 and miR-192 after acute hepatic intoxication by paracetamol in mice (Wang et al., 2009). In addition to miR-122 and miR-192, Zhou et al. identified miR-21, miR-223, miR-26a, miR-27a, and miR-801 in serum of patients with hepatocellular carcinoma (HCC) and proposed this miRNA panel as predictive markers of HCC. A comprehensive study on a wide cohort of patients with HBV or HCV based HCC revealed that high miR-25, let7f and primary miR-375 profiles only occurred in HCC-positive patients. Herein, increased miR-375 levels are shown to be specifically associated to HBV positive HCC (Li et al., 2010).
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Figure 1. Highly stable miRNA is released from hepatocytes after acute liver damage. (A) High stability of endogenous miRNA in serum samples. Non-human chemically synthesized miRNA was added to human serum samples. Then the samples were incubated for 0.5 up to 48 h at room temperature (RT). Endogenous miR-122 (red) and spiked RNA (gray) was quantified by Real Time PCR, demonstrating high stability of endogenous miR-122, but degradation of the added non-human RNA. (B) Vesicular enclosure of circulating serum miRNA. Vesicles of around 50 nm in diameter are found in the serum, as shown by uranyl acetate negative-staining and subsequent transmission electronmicroscopy (TEM) (B). The vesicle fraction carries miRNA as proven by Real Time PCR (Hunter et al., 2008; Skog et al., 2008; Chen et al., 2010). Interestingly, Bala et al. pointed out that after acute paracetamol intoxication in mice, circulating miR-122 is not predominantly associated to vesicles, but to protein aggregates (Bala et al., 2012). (C) Hepatic miRNA release after acute liver injury. miRNA is released from hepatocytes after acute liver damage. Interestingly, circulating miR-122 levels are increased in serum samples before levels of transaminases (ALT) were elevated. Therefore, miR-122 might not only be released after hepatocellular damage and death (2), but also by other mechanisms e.g., inflammatory processes, not yet described (1).



Importantly, miRNA panels in serum could not only be applied to differentiate between HCC and normal healthy donors, but also between HCC and cirrhosis (Zhou et al., 2011). Although miR-122 quantification of 68 serum samples of chronic HCV-positive patients was not normalized, the findings of Bihrer et al. definitively demonstrate that miR-122 correlated with alanine aminotransferase (ALT) values indicating liver inflammatory activity (Bihrer et al., 2011). Thus, circulating miRNAs are proposed as new biomarkers not only for tumorigenic, but also for inflammatory liver diseases.

EXTRACELLULAR miRNAs IN THE BLOOD STREAM ARE PROMISING BIOMARKES OF ACUTE HEPATITIS

Previous findings in mice after acute intoxication revealed that miR-122 increased markedly in serum samples before liver transaminases were raised (Wang et al., 2009; Zhang et al., 2010). This is of particular interest, because miRNA might not only be released by hepatocellular destruction processes, but also by active secretory delivery into the blood stream (Figure 1C). Consequently, early increased levels of serum miR-122 in response to inflammatory stimuli have to be considered as better indicators of liver failure than determination of liver-specific enzymes such as ALT (Zhang et al., 2010; Wang et al., 2012). Interestingly, Bala et al. found that after acute paracetamol intoxication of mice, miR-122 and miR-155 were predominantly associated in protein aggregates, whereas after alcoholic liver disease these two miRNAs were mainly found in the vesicular fraction (Bala et al., 2012). In addition, Novellino et al. suggested that in 13 serum samples of patients with HBV infection, miRNA is mainly complexed with the Ago2 protein, which in turn binds the hepatitis B surface protein (Novellino et al., 2012).

In addition to the experiments on acutely intoxicated mice, first data are now available on human, showing high miR-122 levels after acute hepatitis in man (Starkey Lewis et al., 2011; Ding et al., 2012). The extracellular miR-122 levels in serum from patients with acetaminophen based acute liver injury were normalized using small nuclear (sn)U6 spliceosomal RNA which is so far the most commonly applied internal reference of circulating miRNA quantification (Table 1). Though snU6 RNA is proposed to be also released into the blood stream after cellular damage including liver parenchymal injury, this data interpretation may provide a primary impression of the role of miR-122 in human acute liver failure. However, Ji et al. found no change of miR-122 in 21 patients with HBV-induced acute-on-chronic liver failure, whereas miR-122 in patients with chronic HBV infection was even decreased in comparison to 12 healthy controls (Ji et al., 2011). These conflicting results might be due to diversity of study designs and technical approaches.

Table 1. miRNAs as potential biomarkers for liver disease.
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FOR PREDICTIVE USE, STANDARDISATION IN miRNA QUANTIFICATION IS NEEDED

Different methods are used to identify the pattern of miRNA in serum. Due to the very high sensitivity required for detection of circulating miRNA, Real Time PCR approaches are mostly carried out for screening as well as for validation of miRNA levels (Figure 2). Since miRNA are small templates, PCR needs a careful primer design and an elongation step of miRNA templates has to be combined to the reverse transcription before PCR amplification is started (Figure 3). For elongation of miRNA targets, either polyadenylation of miRNA is carried out (Shi and Chiang, 2005) or hairpin-looped primers are applied to the reverse transcription step leading to elongation of cDNA by the hairpin sequence (Chen et al., 2005) (Figure 3).
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Figure 2. Identification of predictive miRNAs in acute hepatitis. (A) Retrospective studies of miRNA pattern during acute hepatitis (Discovery). For identification of putative miRNA biomarkers, well defined serum or plasma samples of patients suffering from acute hepatitis are used for total RNA isolation by means of a phenol-based extraction method. In order to normalize the levels of circulating miRNAs spike-in RNA, highly dissimilar to human miRNAs e.g., C. elegans, SV-40 virus, or Arabidopsis thaliana or an artificial miRNA sequence, should be added to the sample before extraction. Quantitative miRNA pattern analyses can be performed by next generation sequencing (NGS) or by PCR array analyses. The correlation of miRNA profiles with clinical parameters, with disease progression and outcome will suggest a panel of miRNAs as putative indicators of hepatitis. (B) Analysis of selected miRNAs during acute hepatitis (Training and Validation). miRNA, identified by NGS or PCR array screening approaches, have to be validated on a wide cohort of patients with acute hepatitis by retrospective and prospective studies. For validation and future diagnostic analyses, selected miRNA are quantified by Real Time PCR (Figure 3). Normalisation of miRNA levels by spike-in RNA is essential as described in the text.
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Figure 3. miRNA quantification by Real Time PCR. For PCR amplification the short miRNA molecules have to be prolonged first. Elongation of miRNA takes place simultaneously to the reverse transcription reaction by hair looped primer sets recognizing the miRNA (I) (Chen et al., 2005) or by unspecific polyadenylation of RNA molecules (II) (Shi and Chiang, 2005). Whereas in the hairpin-loop primed cDNA two specific primers are used for PCR amplification (I), polyadenylated RNA, which is reversely transcribed by an oligo-dT primer carrying an universal template sequence, is amplified by the universal and only one specific primer. Real-time monitoring can be performed by integration of fluorochrome labeled probes or by interaction of fluorescent dyes with the templates. Both methods (I and II) are highly effective, though having different advantages. Whereas the usage of miRNA-specific hairpin-looped primers results in very robust and highly specific miRNA quantification, polyadenylation provides the opportunity to use cDNA from one reverse transcription reaction for analyses of several miRNAs.



However, next generation sequencing (NGS) is also a valuable method to detect the pattern of circulating miRNAs followed by PCR quantification to validate data on a wide cohort of patients (Figure 2).

Although miR-122, miR-192, miR-21, and miR-34a are shown by most reports to be increased after experimental or human liver injury (Table 1), high variance and conflicting data exist about miRNA incidence in the blood stream upon different liver diseases. Kim et al. pointed out, that blood components that are co-purified with miRNA from serum or plasma highly affect efficiency of miRNA quantification by PCR (Kim et al., 2012). It is well-known that anti-coagulants in blood samples strongly inhibit Taq-polymerase, but plasma or serum sample volume, time until serum or plasma is prepared might also affect miRNA accessibility by Real Time PCR assays.

In addition, the accuracy of extracellular miRNA quantification highly depends on normalisation using an appropriate reference RNA. Thus, Xu et al. identified increased levels of circulating miR-122 and mir-92a as putative markers of chronic HBV infection after normalisation to endogenous miR-181 values, whereas Ji et al. observed decreasing levels of both miRNA after normalisation using snU6-RNA (Ji et al., 2011; Xu et al., 2011). snU6-RNA is mostly used as a reference. It is ubiquitously expressed in cells, but highly differs in the blood stream of different individuals (Qi et al., 2012). Furthermore, Ding et al. found that snU6-RNA is decreased after hepatocarcinogenesis (Ding et al., 2012). Hence, an internal standard for miRNA quantification is missing, so far. Therefore, the application of spike-in RNA is recommended in order to normalize errors in sample handling and extraction (Figure 2). Though miRNA are very stable molecules in serum or plasma, for better comparability and reproducibility in future studies, a well-standardized protocol is needed, in order to evaluate miRNAs as biomarkers for acute hepatitis.
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Alcohol consumption is customary in most cultures and alcohol abuse is common worldwide. For example, more than 50% of Americans consume alcohol, with an estimated 23.1% of Americans participating in heavy and/or binge drinking at least once a month. A safe and effective therapy for alcoholic liver disease (ALD) in humans is still elusive, despite significant advances in our understanding of how the disease is initiated and progresses. It is now clear that acute alcohol binges not only can be acutely toxic to the liver, but also can contribute to the chronicity of ALD. Potential mechanisms by which acute alcohol causes damage include steatosis, dysregulated immunity and inflammation, and altered gut permeability. Recent interest in modeling acute alcohol exposure has yielded new insights into potential mechanisms of acute injury, which also may well be relevant for chronic ALD. Recent work by this group on the role of PAI-1 and fibrin metabolism in mediating acute alcohol-induced liver damage serve as an example of possible new targets that may be useful for alcohol abuse, be it acute or chronic.
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INTRODUCTION

Alcohol consumption is customary in most cultures and alcohol abuse is common worldwide. For example, more than 50% of Americans consume alcohol, with an estimated 23.1% of Americans participating in heavy and/or binge drinking at least once a month (Substance Abuse and Mental Health Services Administration, 2011). The detrimental effects of drinking alcohol, particularly heavy and/or chronic consumption, are well established. The most commonly recognized symptoms of alcohol consumption are associated with chronic alcoholism, and it is a causal/risk factor in over 60 major types of diseases. These and other effects of alcohol consumption have made alcohol the third leading risk factor globally for disease and disability (World Health Organization, 2011). The cost of medical consequences of alcohol abuse have been projected to be more than 26 billion dollars in the US in 1998, making it a significant financial burden for the health care system (U. S. Department of Health and Human Services, 2000). These estimates take into account only direct medical expenses; it is estimated that the cost of lost productivity due to alcohol-related illness was ∼90 billion dollars in the US in 1998. Thus, the medical consequences of alcohol consumption have significant societal consequences in addition to the effects on the individual.

The liver is the main site of alcohol metabolism and a major target organ of alcohol-induced injury. The susceptibility of the liver to alcohol-induced toxicity is due to both the high concentrations of alcohol found in the portal blood (versus systemic), as well as the metabolic consequences of ethanol metabolism. Alcoholic Liver Disease (ALD) is a spectrum of disease states that includes steatosis (fatty liver), steatohepatitis, and in severe cases, fibrosis and/or cirrhosis. Steatosis, characterized by fat accumulation in hepatocytes, develops in 90% of individuals who drink more than 16 g of alcohol/day (Crabb, 1999), but resolves upon cessation of alcohol consumption (Bergheim et al., 2005). In only a minority of even heavy drinkers, steatosis progresses to steatohepatitis, which is characterized by the persistence of fatty liver accompanied by inflammation. In later stages of ALD, collagen deposition and regenerative nodules can result in the development of fibrosis and cirrhosis, respectively. Abstinence from alcohol is beneficial for patients in all stages of ALD and is necessary to prevent progression of liver injury in those with early stages of disease (Bergheim et al., 2005). Unfortunately, a high rate of recidivism among chronic alcohol abusers greatly reduces the opportunity for disease remission via abstinence. Therefore, better understanding of the mechanisms by which alcohol damages the liver may yield new pharmacologic strategies to blunt, halt, or reverse disease progression, potentially even in inveterate alcoholics.

Although alcohol exposure has been studied for decades, most work has focused on chronic exposure and our understanding of the mechanisms and effects of acute alcohol exposure are lacking. Acute alcohol exposure, commonly known as “binge drinking,” is defined by the National Survey on Drug Use and Health (NSDUH) as five or more drinks on a single occasion, within a time period of 3 h. However, acute alcohol exposure can also include a period of heavy drinking that may span several days or periods of intermittent, repeated episodes of heavy drinking. For example, in the clinical setting an episode of “binge” drinking often describes a period of alcohol consumption and intoxication that lasts upward of 2 days (Weschsler and Austin, 1998). The NSDUH in 2010 showed that more than 58 million Americans have participated in binge drinking on at least one occasion within 30 days (Substance Abuse and Mental Health Services Administration, 2011). Due to the increasing prevalence of binge drinking in people aged 18–25, greater interest has turned toward the effects of acute alcohol exposure. Although chronic alcohol abuse is the most commonly recognized source of illness caused by alcohol consumption, acute alcohol abuse is also detrimental. Many acute alcohol-related deaths are due to severe CNS depression, which slows motor coordination and respiratory rates. Acute alcohol exposure also impairs recovery from infection and trauma and delays wound healing (Radek et al., 2005, 2012). As such, acute alcohol consumption is a major underlying cause of morbidity and mortality during hospital admittance (Jones et al., 1991).

ACUTE ALCOHOL-INDUCED LIVER INJURY

The current understanding of the effects of binge drinking on liver injury is not as complete as our knowledge regarding the effects of chronic ethanol exposure. There are, however, some parallels between acute and chronic alcohol exposure. Potential mechanisms by which acute alcohol causes liver injury are discussed below.

MECHANISMS OF STEATOSIS

As mentioned above, the first and most common hepatic change caused by alcohol consumption is steatosis, or fatty liver. Fat accumulation can be both macrovesicular (having one large fat droplet per hepatocyte and lateral displacement of the nucleus) or microvesicular (many small fat droplets per hepatocyte; Ishak et al., 1991). One mechanism by which alcohol exposure causes steatosis is directly via alcohol metabolism. Concentrations of alcohol can easily reach the mM range in the portal/hepatic circulation during alcohol consumption. In the process of metabolizing ethanol to acetate, two equivalents of reduced NADH are generated per equivalent of ethanol oxidized. This metabolism robustly increases the ratio of NADH:NAD+ within the cell, which then inhibits the β-oxidation of fatty acids in the liver. Furthermore, ethanol metabolism also increases the rate of esterification of fatty acids (Ontko, 1973). The net effect is to favor fat accumulation in the hepatocytes.

While alcohol metabolism may be sufficient to cause fat accumulation, it is not the only mechanism by which steatosis develops. Blocking lipopolysaccharide (LPS) signaling (Yin et al., 2001) and pro-oxidant producing enzymes (Kono et al., 2000; McKim et al., 2003) in rodents via genetic alterations also protect against steatosis, without altering ethanol metabolism. Fat accumulation can also be stimulated by mediators that alter lipid metabolism, such as pro-inflammatory cytokines (Grunfield et al., 1990). Signaling downstream of these cytokines contributes to hepatic fat accumulation in two ways – by increasing the deposition of fatty acids, and decreasing the breakdown and secretion of lipids into the circulation. For example, TNFα increases free fatty acid release from peripheral adipocytes (Hardardottir et al., 1992), increases de novo lipid synthesis (Feingold and Grunfeld, 1987), and inhibits β-oxidation of fatty acids (Nachiappan et al., 1994). Ultimately, these changes stimulate fat accumulation in the liver by increasing fatty acid supply, and concomitantly impairs the liver’s capacity for fatty acid metabolism and secretion.

Hepatic steatosis develops acutely in the majority of individuals consuming even moderate amounts of alcohol. Steatotic changes are also seen in rodent models of binge drinking (Kaiser et al., 2009; Donohue et al., 2011). Steatosis is considered an asymptomatic disease state, which readily reverses with abstinence (Bergheim et al., 2005). Indeed, at the level of the organism, hepatic steatosis can be viewed as a protective measure, as it partitions lipids away from the blood and stores them for potential later use (van Ginneken, 2008). However, although steatosis is an inert pathology per se, it sensitizes the liver to injury caused by a second insult (Day and James, 1998). According to this “two-hit hypothesis,” alcohol consumption alone does not cause progression of ALD from steatosis to steatohepatitis, cirrhosis, or fibrosis; rather, a second risk factor or insult is required for development of later stages of disease. Such a second insult could include an inflammatory response, reactive oxygen species, or hypoxia, among others. For example, acute ethanol exposure is well known to enhance liver pathology induced by xenobiotics, such as bacterial cell wall products (e.g., lipopolysaccharide). Furthermore, acute alcohol consumption itself could provide the second hit; for example, an episode of binge drinking can trigger entry into acute alcoholic hepatitis in a chronic alcoholic (Rivara et al., 1993; Barrio et al., 2004).

DYSREGULATION OF IMMUNITY AND INFLAMMATION

The two-hit hypothesis is mirrored on a molecular level by the concepts of “priming” and “sensitization” which are now considered to be fundamental to alcohol-induced liver injury (Tsukamoto et al., 2001). Here, “priming” refers to the ability of ethanol pre-exposure to cause inflammatory cells of the liver (e.g., Kupffer cells) to more robustly release pro-inflammatory cytokines in response to a second stimulus, such as LPS. Alcoholic hepatitis patients have larger amounts of circulating TNFα both basally and after stimulus (McClain and Cohen, 1989). Additionally, ethanol pre-exposure can prime Kupffer cells to LPS stimulation, resulting in enhanced TNF-α release (Enomoto et al., 1998). Ethanol can also sensitize cells, causing cell populations downstream of inflammatory cytokine signaling to respond more robustly. Patients with fatty liver are more sensitive to LPS-induced liver injury (Yang et al., 1997). This sensitization to LPS is recapitulated in rodent models of acute alcohol exposure (Bergheim et al., 2006; Beier et al., 2009).

Although some studies have shown that alcohol exposure primes macrophages to induce more inflammatory tissue damage, others have shown that acute alcohol intoxication (i.e., when alcohol is present in the system) actually impairs the immune response. For example, binge drinking increases the risk of infection (e.g., Gentilello et al., 1993; Gamble et al., 2006; Griffin et al., 2009). Furthermore, acute ethanol consumption worsens the prognosis of sepsis (Lin et al., 2009). A major mechanism by which alcohol can impair the immune response is via altering Toll-like receptor (TLR) signaling, which serve as pattern recognition receptors on macrophages and other cells of the innate immune system (Beutler, 2009). TLRs are involved in both direct cytotoxic and effector responses of macrophages, and therefore serve as key early initiators of an appropriate immune response. Importantly, ethanol intoxication has been shown to blunt the stimulation of macrophages by a number of TLR ligands, including zymosan A (TLR2) and LPS (TLR4; Pruett et al., 2004; Goral and Kovacs, 2005).

Although it may seem that these effects of acute ethanol on macrophage responsiveness are contradictory (i.e., both impairing and priming the macrophages), the timing of the inflammatory stimulus relative to ethanol exposure seems to be important. For example, acute ethanol (4–6 g/kg) blunted inflammatory liver damage caused by LPS, when LPS was injected 3 h after ethanol exposure (during intoxication), but enhanced damage if the LPS was administered 24 h after ethanol (Enomoto et al., 1998). The mechanisms by which acute ethanol causes both tolerance and priming of the innate immune system are still incompletely understood. However, it is clear that acute alcohol exposure produces a dangerous situation in which the likelihood of infection is increased during acute intoxication, but liver damage is enhanced by the inflammatory response to that infection.

GUT PERMEABILITY AND ENDOTOXIN

Even in the absence of infection, alcohol can alter the response to inflammatory stimuli. The association between increased circulating bacterial endotoxin (i.e., LPS) and liver injury has been established since the 1970s (Nolan, 2010). Circulating levels of LPS are increased in ALD patients (Bode et al., 1987; Fukui et al., 1991) as well as in experimental models of both acute (Lambert et al., 2003) and chronic (Nanji et al., 1994; Keshavarzian et al., 2001) alcohol consumption. Increased circulating LPS in response to alcohol consumption is due, at least in part, to increased gut permeability, which thereby allows translocation of LPS into the portal blood. In fact, elimination of intestinal bacteria reduces alcohol-induced liver injury via reduced circulating endotoxin levels in mice (Nanji et al., 1994). Experimental models of both chronic (Mathurin et al., 2000; Tamai et al., 2002) and acute (Tamai et al., 2000; Lambert et al., 2003) alcohol exposure showed that alcohol increased permeation of LPS. Acute alcohol consumption increased circulating levels of LPS in both healthy volunteers and alcoholics with ALD (Bode et al., 1987; Fukui et al., 1991).

Under normal conditions, the spaces between epithelial cells that make up the intestinal barrier are sealed by tight junctions. These tight junctions prevent transfer of toxic compounds, like LPS, into the circulation (Purohit et al., 2008). Changes in intestinal permeability caused by ethanol may be due in part to the disruption of apical junctional proteins in the small intestine. In vitro studies using Caco-2 enterocytes showed that alcohol can disrupt ZO-1 tight junctions, ultimately causing gaps in the paracellular space (Ma et al., 1999). Furthermore, chronic alcohol exposure reduces ZO-1 and occludin in the ileum of mice (Zhong et al., 2010). The same studies also demonstrated that the reduction in tight junction proteins was associated with oxidative stress in the intestine. Potential sources of oxidative stress in the GI tract after alcohol exposure include acetaldehyde and nitric oxide (Purohit et al., 2008). Similar mechanisms may be involved in gut permeability due to acute alcohol exposure.

SUMMARY

Taken together, acute alcohol exposure can cause a “perfect storm” that favors inflammatory liver damage. Acute alcohol exposure enhances the risk of infection and permeability of the GI tract. Either or both mechanisms will increase the delivery of TLR ligands to macrophages in the liver. At later times after alcohol exposure, the inflammatory response of macrophages to TLR ligands is primed, and more cytotoxic cytokines (e.g., TNFα) are produced. Furthermore, steatosis in parenchymal cells sensitizes them to cytotoxic killing by the cytokines released by macrophages.

MODELS OF ACUTE ETHANOL EXPOSURE

The majority of research on alcoholic liver injury has investigated the effects of chronic alcohol consumption. However, clinical evidence highlighting the detrimental effects of acute alcohol consumption has spurred recent interest in experimental models of binge drinking, intermittent heavy drinking, and other acute alcohol exposures. These models include in vitro and in vivo paradigms, with the latter spanning many species including rodents, dogs, primates, and micropigs (Dolganiuc and Szabo, 2009). The majority of acute alcohol research is performed in rodent models. Such models achieve pathological states (e.g., steatosis, inflammation) that resemble the early stages of liver injury seen in humans. The use of rodents by the research community has increased since the development of a variety of knockout and other genetically modified mouse strains that allow for more convenient and specific mechanistic studies.

One of the major obstacles in rodent models of alcohol exposure is their aversion to ethanol. Rodents do not voluntarily consume alcohol at concentrations that will recapitulate liver disease found in humans. Therefore, forced bolus administration by intragastric gavage is the most common approach to modeling acute alcohol abuse (Siegmund et al., 2005). Rodent models of acute alcohol exposure often fall into one of three categories: single bolus dose models, multiple bolus dose models, and “2-hit” models. Ethanol is administered at bolus doses of up to 6 g/kg, which takes into account differences in ethanol kinetics in rodents versus humans (Gershman and Steeper, 1991; Carson and Pruett, 1996). The peak concentrations of alcohol in rodents are similar to those achievable in humans during an acute alcohol binge.

Chronic models are costly, and it is often difficult to distinguish between effects and proximate causes in chronic models of liver damage. In addition to studying acute hepatotoxicity, acute models are therefore also useful as a screening tool and/or mechanistic analysis to complement chronic studies. This approach is supported by the observation that animals exposed to acute alcohol administration develop steatosis and inflammation in a manner similar to animals in chronic ethanol studies. Further strengthening this idea of “a model of a model” is the mechanistic overlap of protective agents in both acute and chronic alcohol exposure models. For example, Enomoto et al. (2000) demonstrated that compounds known to protect against liver damage in chronic exposure models [e.g., GdCl3 (Adachi et al., 1994), antibiotics (Adachi et al., 1995), nimodipine (Iimuro et al., 1996)] were also protective against steatosis in a rat model of acute ethanol exposure. Because of their use as models of chronic alcohol exposure, acute models of alcohol exposure are particularly valuable for screening compounds that may offer therapeutic benefit, as well as for the investigation of new mechanisms downstream of therapeutic compounds. Thus far, acute alcohol exposure models have lent few false positives when used to screen for efficacy of therapeutic molecules for chronic study.

PAI-1 AND FIBRIN – NEW MEDIATORS IN ACUTE ALCOHOL-INDUCED LIVER INJURY

PLASMINOGEN ACTIVATOR INHIBITOR-1

Plasminogen activator inhibitor-1 (PAI-1) is an acute phase protein that plays an important role in injury and inflammation, at least in part via regulation of fibrinolysis. PAI-1 prevents the activation of plasmin and subsequent degradation of fibrin into fibrin degradation products (FDP) by inhibiting both the urokinase-type and tissue-type plasminogen activators (uPA and tPA; Figure 1; Kruithof, 1988). A role for PAI-1 in alcohol-induced liver injury was first seen in cirrhotic patients, who had an increased PA:PAI-1 ratio (Violi et al., 1992; Hu et al., 2001), resulting in hyperfibrinolysis. In contrast, during the development of ALD, levels of circulating PAI-1 are elevated and the PA:PAI-1 is lower, favoring hypofibrinolysis (Marques-Vidal et al., 1995; Dimmitt et al., 1998; Mukamal et al., 2001). Levels of PAI-1 correlate with the degree of lipid accumulation in experimental models of alcohol-induced liver steatosis (Alessi et al., 2003), and may be used as an index of severity of later stages of ALD (Tran-Thang et al., 1989).
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Figure 1. Effects of LPS and ethanol on PAI-1 and fibrinolysis. Activation of the coagulation cascade by LPS via thrombin results in accumulation of cross-linked fibrin. Cross-linked fibrin is degraded by plasmin. PAI-1 blocks fibrinolysis by inhibiting the plasminogen activators uPA and tPA and therefore the activation of plasmin. Both ethanol and LPS can modulate signaling downstream of the coagulation cascade, increasing fibrin deposition. Ethanol may also blunt fibrin degradation by altering signaling downstream of TNFα. LPS can have similar effects on fibrinolysis by stimulating release of TNFα.



While its importance in some diseases (e.g., atherosclerosis) has been established, the role of PAI-1 in ALD is still unclear. Studies using knockout mice strains, particularly PAI-1−/− mice, have begun to clarify the role of PAI-1 in lipid accumulation. Ma et al. (2004) showed that PAI-1−/− mice were protected from hepatic lipid accumulation in a model of high fat/high carbohydrate diet induced obesity. Additionally, our group has shown that both acute and chronic ethanol-induced steatosis correlate with hepatic PAI-1 expression, and that blocking PAI-1, either pharmacologically or genetically, confers protection against steatosis (Bergheim et al., 2006). In this study, TNFR1−/− mice were also protected against steatosis with concomitant blunting of PAI-1 (Bergheim et al., 2006), which suggests that the mechanism of PAI-1 induction after alcohol exposure is downstream of TNFα, possibly via MAPK signaling (Fearns and Loskutoff, 1997). PAI-1 also appears to be critical in mediating organ inflammation. For example, mice lacking PAI-1 were protected against leukocyte infiltration and tissue damage in a model of glomerulonephritis (Kitching et al., 2003). Work in this laboratory has shown that PAI-1−/− mice were nearly completely protected against inflammation caused by chronic alcohol (Arteel, 2008). How PAI-1 mediates inflammation, particularly after alcohol exposure, remains unclear. One potential mechanism is that PAI-1 mediates changes in the proteolytic activation/deactivation of cytokines important in the inflammatory response. These effects could include prevention of the activation of cytokines including transforming growth factor-β (Espevik et al., 1987; Sato et al., 1990), or stabilization of pro-inflammatory cytokines, such as the chemoattractant IL-8 (Marshall et al., 2003).

FIBRIN

Another potential mechanism underlying the inflammatory effects of PAI-1 involves impaired fibrinolysis and subsequent fibrin accumulation (Holdsworth et al., 1979; Loike et al., 1995). Fibrin(ogen) is a structural component of the extracellular matrix (ECM). Upon activation of the coagulation cascade, the latent form, fibrinogen, is cleaved by thrombin into the active form, fibrin (Figure 1). Fibrin can crosslink to create clots or be degraded by plasmin into fibrinogen degradation products. In addition to its role in hemostasis, fibrin can also function as a signaling molecule via interaction with cell surface receptors. Fibrin’s role in inflammation has been highlighted by its ability to exert a myriad of pro-inflammatory effects. For example, Qi et al. (1997) showed that fibrin induces IL-8 expression in vascular endothelial cells. Fibrin matrices can regulate the migration of inflammatory cells in vitro, including IL-8-stimulated neutrophils (Loike et al., 1995). Additionally, defibrillation reduces macrophage migration in the kidney (Holdsworth et al., 1979).

Fibrin has been shown to have a direct role in experimental ALD as well. Our group has shown that fibrin deposition in hepatic sinusoids is increased by chronic ethanol consumption (Figure 2) and that fibrin accumulation correlates with inflammation in an acute-exposure model of alcohol-induced liver injury. Furthermore, blocking fibrin deposition either directly, using the thrombin inhibitor Hirudin, or indirectly, using the MEK-inhibitor U0126, protected against enhanced liver injury caused by alcohol pre-exposure (Beier et al., 2009). Blocking fibrin accumulation also protected against inflammation (Beier et al., 2009). These data implicate fibrin as an important player in enhanced inflammation and injury mediated by PAI-1 after alcohol exposure.
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Figure 2. Chronic ethanol increases hepatic fibrin(ogen) deposition. Representative photomicrographs (40×) depicting immunofluorescent detection of fibrin(ogen) ECM are shown. Liver tissue is from mice fed either control diet or enteral ethanol diet for 4 weeks.



INTEGRINS – MEDIATORS OF CELL-TO-ECM COMMUNICATION

While this group demonstrated a strong correlation between alcohol-induced fibrin deposition and hepatic inflammation and injury, the mechanism(s) by which fibrin is mediating its inflammatory effects remain unclear. One mechanism by which fibrin accumulation mediates inflammatory effects is via interaction with cell surface receptors such as integrins. Integrins are heterodimeric receptors expressed on many cell types including endothelial cells, inflammatory cells including macrophages and neutrophils, and platelets. Upon interaction with extracellular components, including surrounding matrices and cells, the beta subunit of an integrin undergoes a rapid conformational change. This change in integrin structure allows for transfer of information across the plasma membrane by activation of intracellular signaling pathways. Adapter proteins, including Integrin-Linked Kinase (ILK), are important mediators in signal transduction downstream of integrin activation and play a role in specifying which signaling cascades are activated within the cell. The integrins represent a diverse superfamily with at least 24 different heterodimers that are important in a variety of cell processes including proliferation, angiogenesis, and inflammation.

Fibrin(ogen) ECM is capable of interacting with the integrin family of cell surface adhesion receptors, such as the integrin αvβ3 (Cheresh et al., 1989). The role of integrin αvβ3 in tumor angiogenesis and metastasis is well documented, and stimulation of the αvβ3 integrin has been shown to contribute to inflammation (Zhou et al., 2009). Integrin αvβ3 is strongly expressed by endothelial cells (Carloni et al., 1996), including those that line the hepatic sinusoids (HSECs), which is a region that colocalizes with fibrin accumulation after alcohol exposure (Figure 2). Integrin αvβ3 binds fibrin(ogen) via an RGD sequence on the protein (Cheresh et al., 1989), which is pharmacologically targetable with small peptide antagonists. Studies by this group show that inhibition of αvβ3 using the small peptide antagonist, CycloRGDfV, protects against enhanced LPS-induced liver injury caused by acute alcohol in a “2-hit” model of acute alcohol-induced liver injury (Figure 3) without any effects on fibrin accumulation. Additionally, protection from liver injury by CycloRGDfV was concomitant with the blunting of LPS-induced neutrophil infiltration in this model (Figure 3). These data suggest that inflammation and liver injury due to LPS after acute alcohol exposure may be due to interaction between sinusoidal fibrin and integrin αvβ3.
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Figure 3. Inhibition of Integrin αvβ3 protects against enhanced LPS-induced liver injury caused by ethanol pre-exposure. Representative photomicrographs (100×; insets 400×) of hematoxylin and eosin staining are shown in upper panel. Circulating ALT levels and neutrophil migration (determined by CAE staining) are in the lower left and right panels, respectively. Animals were exposed to alcohol (6 g/kg i.g.) for 3 days, followed by LPS administration (10 mg/kg; i.p) 24 h after last dose of ethanol and were sacrificed 24 h after ethanol administration. Some animals received CycloRGDfV (3 mg/kg i.p.) 1 h prior to LPS.



SUMMARY AND CONCLUSION

A safe and effective therapy for ALD in humans is still elusive, despite significant advances in our understanding of how the disease is initiated and progresses. It is clear that alcohol binges not only can be acutely toxic to the liver, but also can contribute to the chronicity of ALD. Potential mechanisms by which acute alcohol causes damage include steatosis, dysregulated immunity and inflammation, and altered gut permeability. Recent interest in modeling acute alcohol exposure has yielded new insights into potential mechanisms of acute injury, that also may well be relevant for chronic ALD. Recent work by this group on the role of PAI-1 and fibrin metabolism in mediating acute alcohol-induced liver damage serve as an example of possible new targets that may be useful for alcohol abuse, be it acute or chronic.
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It has been long known that hepatic synthesis of phosphatidylcholine (PC) is depressed during acute such as carbon tetrachloride-induced liver injury. Anti-hepatotoxic properties of PC as liposomes have been recognized for treatment of acute liver damage. Ursodeoxycholate (UDCA) is a known hepatoprotectant in stabilizing cellular membrane. For therapeutic management of liver injury, we coupled UDCA with a phospholipid known as ursodeoxycholyl lysophosphatidylethanolamide (UDCA-LPE). UDCA-LPE has been shown to first-in-class hepatoprotectant being superior to UDCA or PC. It inhibits mitochondrial damage and apoptosis, elicits survival signaling pathway, and promotes regeneration of hepatocytes. We herein report that a unique contribution of UDCA-LPE in increasing concentrations of PC in vitro and in vivo. UDCA-LPE-treated hepatocytes contained significantly increased PC levels. UDCA-LPE underwent the hydrolysis to LPE which was not the precursor of the increased PC. The levels of PC in the liver and blood were increased rapidly after intraperitoneally administration UDCA-LPE, and were found to be sustained even after 24 h. Among PC synthesis genes tested, UDCA-LPE treatment of mouse hepatocytes increased transcription of CDP-diacylglycerol synthase 1 which is an enzyme catalyzing phosphatidic acid to generate intermediates for PC synthesis. Thus, UDCA-LPE as a hepatoprotectant was able to induce synthesis of protective PC which would supplement for the loss of PC occurring during acute liver injury. This property has placed UDCA-LPE as a candidate agent for therapy of acute hepatotoxicity such as acetaminophen poisoning.
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INTRODUCTION

Phospholipids including lecithins and phosphatidylcholine (PC) have been used and tested in humans for treatment of liver disease since the 1970s (Wallnofer and Hanusch, 1973). PC is the major membrane phospholipids and thus their hepatoprotective effects are due to membrane stabilization (Miyazaki et al., 1991) as well as enhancement of cell membrane integrity (Li et al., 2006). Research on phospholipid biochemistry in the past three decades has revealed physiological role of PC which is required for hepatocellular division and survival (Jackowski, 1994), and that alterations of PC homeostasis could result in development of liver diseases (Noga and Vance, 2003; Li et al., 2005).

Hepatoprotective role of PC is applicable not only for chronic liver disease but also for acute liver damage. It was found nearly 50 years ago that carbon tetrachloride (CCl4) intoxication is associated with changes in composition of PC and phosphatidylethanolamine (PE; Sgoutas, 1967; Shimizu, 1969; Sugano et al., 1970). Total phospholipids in hepatic microsomes (Sgoutas, 1967), endoplasmic reticulum (James et al., 1982), and plasma membrane (Camacho and Rubalcava, 1984) are markedly depressed following CCl4 administration of experimental animals. This is due to decreased syntheses of both phospholipids and triglycerides readily observed 4–5 h after treatment (Gebhart and Brabec, 1985). CCl4-induced injury in vivo produces an early peroxidative event from the generation of trichloromethyl radical as a result of cytochrome P450-mediated metabolism of CCl4 (Trudell et al., 1982). These free radicals react with cellular PC forming PC-derived lipid radicals which subsequently react with oxygen to form PC hydroperoxides (Miyazawa et al., 1990). The formation of PC hydroperoxides is indicative of hepatic injury causing alterations in membrane structure. For treatment, it is conceivable that a supplementation of PC during acute liver injury replenishes PC levels which can serve as both structural components, and targets for trichloromethyl free radical binding (Jaeschke et al., 1987). Indeed, administration of PC to experimental animals intoxicated with acetaminophen (Jaeschke et al., 1987), CCl4 (Aleynik et al., 1997), alcohol (Okiyama et al., 2009), or infected with sepsis-induced bacteria (Yan et al., 2004), has been proven to be effective in alleviating liver injury.

To date, therapeutic use of PC to treat liver disease in humans has however not been successful (Lieber et al., 2003). As exogenously added PC can provide only ∼50% of the PC required for membrane biogenesis (Esko et al., 1982), the amount of PC taken up into hepatocytes may be limited thus providing not enough PC needed for membrane protection. For treatment of acute liver injury, antioxidants such as acetylcysteine to treat acetaminophen overdose have been commonly used (Green et al., 2010). Alternatively, manipulation of metabolic pathways to increase PC levels has been adopted for treatment of acute liver injury. These strategies include the use of PC precursors, such as, betaine (Kharbanda et al., 2007), fish oils (Speck and Lauterburg, 1991), dietary saturated and monounsaturated fats (Hwang et al., 2011), and agonists of the peroxisome proliferator-activated receptor (PPAR) alpha (Lee et al., 2004). At least in experimental settings, both administration of PC and the modulation of pathways to increase PC have currently provided positive results in ameliorating acute hepatotoxicity.

We had synthesized a hepatoprotectant ursodeoxycholyl lysophosphatidylethanolamide (UDCA-LPE, Chemical structure shown in Figure 1A), which as an intact compound provides cytoprotection against TNF-alpha-induced apoptosis (Chamulitrat et al., 2009). UDCA-LPE lowers aminotransferases and elicits anti-inflammatory response in mice treated with galactosamine/endotoxin (Pathil et al., 2011a) or fed with high-fat diet (Pathil et al., 2011b). UDCA-LPE as a hepatoprotectant may thus potentially be used to treat acute liver injury. Herein, we provided evidence that UDCA-LPE induced elevation of hepatocellular PC levels under in vitro and in vivo conditions. This is in part due to UDCA-LPE’s ability to elicit transcriptional control of a PC synthesis gene phosphatidate cytidylyltransferase or another name CDP-diacylglycerol synthase 1 (CDS1). The ability of UDCA-LPE to rapidly increase hepatic PC levels renders it suitable to treat acute hepatotoxicity in clinical settings, such as, acetaminophen poisoning.
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Figure 1. Ursodeoxycholyl lysophosphatidylethanolamide hydrolysis to LPE and increases PC concentrations in mouse hepatocytes. (A) Chemical structure of UDCA-LPE (UDCA-18:1-LPE). (B) Upon treatment with 50 μM UDCA-LPE, UDCA-LPE was taken to hepatocytes over 4–12 h. (C) Upon treatment with 50 μM UDCA-LPE, LPE concentrations were increased after 12 h treatment indicating that UDCA-LPE hydrolysis occurred at 12 h but not at 4 h. (D) Total PC (diacyl PC and lyso PC) concentrations were increased mouse hepatocytes treated with 50 μM UDCA-LPE for 4 and 20 h. “Con” represents control hepatocytes treated with ethanol used as a vehicle. Data are mean ± SD, N = 4; *p < 0.05 versus control.



MATERIALS AND METHODS

MATERIALS

Ursodeoxycholyl lysophosphatidylethanolamide was synthesized by ChemCon GmbH (Freiburg, Germany). UDCA was purchased from Sigma-Aldrich (St. Louis, MO, USA). Phospholipid standards (1-oleoyl-2-hydroxy-sn-glycero-3-phosphoethanolamine (18:1-lyso PE), 1-palmitoyl-2-hydroxy-sn-glycero-3-phosphocholine (16:0-lyso PC), 1-stearoyl-2-hydroxy-sn-glycero-3-phospho-choline (18:0-lyso PC), 1-oleoyl-2-hydroxy-sn-glycero-3-phosphocholine (18:1-lyso PC), 1-arachidonyl-2-hydroxy-sn-glycero-3-phosphocholine (20:4-lyso PC) 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-choline (16:0, 18:1-PC), 1-palmitoyl-2-linoleoyl-sn-glycero-3-phosphocholine (16:0, 18:2-PC), 1-palmitoyl-2-arachidonoyl-sn-glycero-3-phosphocholine (16:0, 20:4-PC), 1-stearoyl-2-oleoyl-sn-glycero-3-phosphocholine (18:0, 18:1-PC), 1-stearoyl-2-linoleoyl-sn-glycero-3-phosphocholine (18:0, 18:2-PC), and 1-palmitoyl(d31)-2-oleoyl-sn-glycero-3-phos-phocholine (d31-16:0, 18:1-PC) were obtained from Avanti Lipids, Inc. (Alabaster, AL, USA) and were at least 99% pure. All other solvents and chemicals used were of either high-performance-liquid-chromatography grade or of known analytical purity and obtained from Sigma-Aldrich (St. Louis, MO, USA).

ANIMAL EXPERIMENTS

Male C57BL/6 mice (Charles River Laboratories, Sulzfeld, Germany) at 10 weeks old received 30 mg/kg UDCA-LPE by intraperitoneal injections. UDCA-LPE was dissolved in 0.5% carboxymethylcellulose. At designated time, each mouse for each time point was sacrificed. Blood, liver, and intestine were collected for lipid extraction and LC–MS/MS analysis. All experiments were approved by the Animal Care and Use Committee of the University Heidelberg.

HEPATOCYTE ISOLATION AND CULTURES

Hepatocytes were isolated from 7- to 10-week-old C57/BL6 mice (Charles Rivers Laboratories, Sulzfeld, Germany) by using two-step collagenase perfusion technique and purified by Percoll gradient centrifugation. Freshly isolated hepatocytes were plated on multi-well collagen-coated plates and cultured for 4 h in M199 medium containing Hank’ salts and L-glutamine (PAA, Cölbe, Germany) supplement with 1% penicillin and streptomycin, 100 nM dexamethasone, 0.5 nM insulin, and 5% neonatal calf serum. Dead hepatocytes were removed, and the adhered cells were treated with serum-free medium. After overnight in culture, hepatocytes were treated with UDCA-LPE in serum-free M199 medium for 4 or 12 h. Ethanol as a vehicle of UDCA-LPE was added in the control groups.

PALMITATE-INDUCED APOPTOSIS

Pal stock solution in BSA was prepared. Briefly, 250 μL of 200 mM Pal in ethanol was mixed with 4.5 mL of 27% BSA in PBS. The total 5 mL volume was adjusted to pH to 7.4 with 0.1 N NaOH until the mixture became clear. The appropriate control for Pal treatment contained 0.5% BSA and 0.1% ethanol. For apoptosis assays, caspase 3/7glo assay kits (Promega, Mannheim, Germany) were used as previously described (Chamulitrat et al., 2009). Incubation time for apoptosis assay was 20 h.

PREPARATION OF STANDARDS AND SAMPLES FOR LC–MS/MS ANALYSIS

Phosphatidylcholine standards obtained from Avanti Lipids are in chloroform at a concentration of 10 mg/mL. They were diluted to 100 ng/μL with methanol and used as working solutions. Stock solutions of 18:1-lyso PE (1 mg/mL) was prepared in chloroform:methanol (1:4, v/v) and stored at −20°C. UDCA and d4-UDCA stock solution (1 mg/mL) was prepared in methanol and stored at −20°C. Working solutions were prepared by appropriate dilution of the stock solutions with methanol. Calibration curves were constructed for UDCA-LPE, UDCA, and LPE in PBS solution using d4-UDCA as internal standard and curve range was in 0–50 ng. Calibration curve of each individual PC was built using d31-16:0–18:1-PC as an internal standard. The linear response for PC and lyso PC was in the range of 0–200 and 0–100 ng, respectively.

Hepatocytes treated with UDCA-LPE (in 20 μL suspension) was added with 180 μL H2O, and 20 μL of 0.5 ng/μL d4-UDCA, and then extracted with 1 mL CHCl3:MeOH (2:1) twice. The chloroform layer was dried down and reconstituted into 200 μL MeOH, and 20 μL was injected onto the HPLC column. Mouse plasma and urine samples were treated with the same procedure as for hepatocytes. For analyses of tissue samples, homogenates were prepared in PBS to give a final concentration of 1 g/mL d4-UDCA (0.5 ng/μL, 20 μL) and d31-16:0–18:1-PC (2 ng/μL, 20 μL) were added to the homogenates and subsequent lipid extraction with CHCl3:MeOH was performed.

LC–MS/MS ANALYSIS OF UDCA-LPE AND PHOSPHOLIPIDS

LC–MS/MS analysis was carried out on a Waters Quattro Micro API triple quadrupole mass spectrometer (Milford, MA, USA) interfaced with Acquity UPLC system. Nitrogen was used as nebulizer and argon was used as collision gas. Optimized mass spectrometry parameters were determined with individual standard compounds. UDCA-LPE and LPE analysis were performed under negative mode with multiple reactions monitoring (MRM) mass transitions set at 852.5 > 281.3, 478.2 > 281.2, 391.1 > 391.1 respectively. Quantification of diacyl PC and lyso PC were performed under positive mode, monitoring transition pair of the individual protonated parent ions for PCs and their common daughter ion m/z 184. Total PC was the sum of diacyl PC and lyso PC.

Online chromatographic separation was achieved using a 100-mm × 2.0-mm i.d. Luna 3 μ C18 column (Phenomenex, CA, USA). Binary solvents used for analysis were 95% H2O/MeOH with 2 mM ammonium acetate (solvent A) and 95% MeOH/H2O with 2 mM ammonium acetate (solvent B). For analysis of UDCA-LPE and LPE, gradient started with 90% solvent A for 1 min, changed to 100% solvent B in 0.5 min, held for 5 min, and finally switched back to initial condition in 0.1 min. The total analysis time was 8 min. Gradient for PC analysis started with 85% solvent B and was maintained for 1 min. Then rose in 0.5 min linearly to 100% solvent B. The elution was held at 100% B for 10 min, then reversed to 85% methanol in 0.5 min. The 3-min holding at 85% methanol equilibrated the column efficiently. Flow rate for both analyses was 0.2 mL/min.

GENE EXPRESSION BY REAL-TIME RT-PCR

Total RNA of treated mouse hepatocytes was isolated using QIAGEN RNeasy Mini kit (Qiagen, Hilden, Germany). cDNA was synthesized from 2 μg RNA using a Maxima First Strand cDNA synthesis kit (Fermentas, St. Leon-Rot, Germany). The mRNA expression was analyzed in quadruplets by real-time PCR using Applied Biosystems TaqMan® gene expression assays with TaqMan® Universal PCR Master Mix (Applied Biosystems) and run on an Applied Biosystem 7500 Fast real-time PCR machine by using assay-on-Demand TaqMan® primers. The expression level of targets was calculated using Δ−Ct transformation method, and showed as ratio after having been normalized to house-keeping gene GAPDH. PCR results were obtained from at least three independent experiments.

DATA ANALYSIS

Statistical significance at p > 0.05 was determined with ANOVA or a Student’s t-test using Primer Biostatistics. Results were expressed as mean ± SD.

RESULTS

UDCA-LPE INCREASES PC CONCENTRATIONS IN MOUSE HEPATOCYTES

Intracellular concentrations of UDCA-LPE (chemical structure shown in Figure 1A) in mouse hepatocytes were increased from 20 to 80 pmol/mg protein with 40 or 60 μM UDCA-LPE (Figure 1B). At the same time, intracellular concentrations of LPE were not yet increased at 4 h but markedly increased after 12 h by ∼15 pmol/mg protein (Figure 1C).

Cellular concentrations of PC were elevated in mouse hepatocytes treated with 40 or 60 μM UDCA-LPE for 4 or 12 h (Figure 1D). Compared with 4 h, the total PC levels were decreased after 12 h incubation likely due to PC export into the medium. It is observed that the increases of total PC (diacyl PC and lyso PC) concentrations at 4 and 12 h were on the order of 52–54 ng/mg protein or ∼150 pmol/mg protein. The increases of LPE observed after 12 h at ∼15 pmol/mg protein did not correspond to the increases of PC because the increased LPE concentrations were ∼10-folds lower than those of the observed increased PC. This excludes the possibility that PC could arise from LPE as a result of UDCA-LPE hydrolysis (to UDCA and LPE). Pathways for LPE conversion to PC include acylation of LPE to PE and subsequent PE metabolism to PC by PE methyltransferase (DeLong et al., 1999). Taken together, increased PC did not arise from UDCA-LPE hydrolysis, and may likely be from the effects of UDCA-LPE on certain metabolic signaling pathways which increase PC abundance.

UDCA-LPE ADMINISTRATION INCREASES PC CONCENTRATIONS IN VIVO

We further confirmed UDCA-LPE effects on PC levels under in vivo conditions. Intraperitoneal injections of UDCA-LPE at 30 mg/kg 1 h prior to the challenge with galactosamine/endotoxin in mice were found to be effective in alleviating acute liver injury observed at 8 h (Pathil et al., 2011a). We therefore performed intraperitoneal injections of 30 mg/kg UDCA-LPE over 2, 4, 8, and 24 h, and determined diacyl PC and total PC (as the sum of diacyl PC and lyso PC). We observed that the levels of PC in plasma were gradually increased after 2 h and stayed elevated even after 24 h (Figure 2A). The levels of PC found in urine were increased significantly 2 h after injection, and quickly decreased to basal levels after 4 h (Figure 2B). As urinary PC arises from PC secreted from tissues, PC pharmacokinetics in urine indicated that PC clearance from tissues was significantly slowed down at the later time, i.e., longer than 4 h.
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Figure 2. Ursodeoxycholyl lysophosphatidylethanolamide increases PC levels in vivo. Mice were injected with 30 mg/kg UDCA-LPE by an intraperitoneal injection. (A) Concentrations of PC species (total or diacyl PC) in ng/mL in plasma were increased after 2 h and stayed elevated even after 24 h. (B) Concentrations of total PC, diacyl PC, and lyso PC in ng/mL in urine were increased after 2 h and drastically decayed to control levels after 4 h. (C) Concentrations of PC species in nanogram per milligram protein in the liver were increased after 2 h and stayed elevated even after 24 h. (D) Concentrations of total PC, and diacyl PC in ng/mg protein in the intestine were slightly increased after 6 h and drastically decayed to control levels after 8 h.



Similar to plasma, the levels of PC species in the liver were significantly elevated after 2 h and sustained at these concentrations even at 24 h after administration (Figure 2C). However, PC concentrations in the intestine were slightly increased at 6 h, and drastically decreased at 8 and 24 h (Figure 2D). Our data clearly demonstrated sustained increases of PC in blood and liver following UDCA-LPE intraperitoneal injection concomitant with reduced PC clearance from these tissues to the urine. Significant increases of PC were found in the liver but not the intestine indicating UDCA-LPE liver targeting, and hence demonstrating the suitability of UDCA-LPE for treatment of liver disease.

UDCA-LPE UPREGULATES CDS1 MRNA IN MOUSE HEPATOCYTES

To determine possible activation of PC synthesis by UDCA-LPE, we analyzed PC synthesis genes in mouse hepatocytes which had been treated with UDCA-LPE for 4 or 20 h. UDCA-LPE treatment for 4 h did not modulate expression of the genes under investigation (data not shown). These genes included CDP-diacylglycerol synthase 1 (CDS1), choline kinase alpha, CDP-diacylglycerol synthase 2 (CDS2), choline/ethanolamine phosphotransferase 1 (Cept1), choline phosphate cytidylyltransferase 1, alpha isoform (CCTalpha or Pcyt1a), and phosphatidylethanolamine N-methyl-transferase (PEMT). For most genes tested, UDCA-LPE had only marginal effects (Figure 3A). However, UDCA-LPE treatment for 20 h significantly increased mRNA expression of CDS1 by ∼1.4-fold. CDS1 is an enzyme which converts phosphatidic acid to phosphatidylserine (PS) intermediate and then PE which is further metabolized to generate PC by PE methyltransferase (Figure 3B). Under apoptosis induction by palmitate exposure for 20 h, CDS1 mRNA was slightly downregulated by palmitate, and UDCA-LPE again weakly upregulated CDS1 mRNA. (Figure 3C, left). UDCA-LPE co-treatment with palmitate however significantly increased CDS1 mRNA expression by ∼5-folds. UDCA-LPE co-treatment with palmitate did not upregulate other PC synthesis genes listed in Figure 3A (data not shown). The increases of CDS1 mRNA expression were concomitant with UDCA-LPE protection against palmitate-induced apoptosis as determined by caspase 3 activity (Figure 3C, right). Hence UDCA-LPE protection was associated with an upregulation of CDS1 mRNA for increased PC synthesis.
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Figure 3. Ursodeoxycholyl lysophosphatidylethanolamide upregulated CDS1 gene concomitant with inhibition of apoptosis induced by palmitate. (A) Treatment of mouse hepatocytes with 60 μM UDCA-LPE for 20 h increased expression of CDS1 but failed to increase other PC synthesis genes including choline kinase, CDS2, CEPT2, CEPT, CCTalpha, and PEMT. Quantitative RT-PCR was performed by TaqMan® RT-PCR with relative expression (ΔRn) of the target gene versus GAPDH mRNA. Data were representative data obtained from two different experiments. Data were mean ± SD, N = 4; *p < 0.05 versus con. (B) A scheme demonstrates metabolism of phosphatidic acid by CDS1. Intermediate lipids were metabolized by PS synthase, PS decarboxylase, and finally PE methyltransferase to result in increased PC abundance. (C) Co-treatment of UDCA-LPE with palmitate markedly upregulated expression of CDS1 after 20 h treatment (left panel). Quantitative RT-PCR was carried out as in (A). Concomitantly, palmitate-induced apoptosis as determined by caspase 3 activity was significantly inhibited by UDCA-LPE (right panel). Data are mean ± SD, N = 6; *p < 0.05 versus control; §p < 0.05 versus palmitate. “Con” represents control hepatocytes treated with 0.5% BSA used as a vehicle.



DISCUSSION

Ursodeoxycholyl lysophosphatidylethanolamide is a first-in-class hepatoprotectant being superior to UDCA or PC capable of inhibiting hepatocellular apoptosis (Chamulitrat et al., 2009) and inflammation in vivo under acute liver injury (Pathil et al., 2011a). PC controls liver homeostasis by membrane stabilization and the loss of PC levels results in an on-set of development of liver disease. It is of a question whether UDCA-LPE could increase PC to replenish PC for cytoprotection. We herein demonstrated that UDCA-LPE enhanced PC concentrations in vitro and in vivo, and these increases were associated with upregulation of CDS1. This ability of UDCA-LPE to increase PC can enhance hepatoprotection and renders it appropriate to treat acute hepatotoxicity.

We have shown that UDCA-LPE is able to induce survival signaling pathway by activating PI3K/Akt and MAPK/ERK1/2 pathways within 0.5–7 h in cultured hepatocytes (Chamulitrat et al., 2009). At the rapid time point of 4 h where increased PC was observed (Figures 1 and 2), it is unlikely that UDCA-LPE could induce PC synthesis genes on the transcriptional and translational levels. In cultured hepatocytes, the early PC response obtainable at 4-h treatment with UDCA-LPE may thus likely due to some unknown signaling pathways triggered by UDCA-LPE which result in increases of PC abundance. For such rapid activation, it is possible that UDCA-LPE may interact with G-protein coupled receptors on plasma membrane or nuclear receptors intracellularly. The immediate PC increases were also observed in vivo 2 h after intraperitoneal injection. Specific signaling pathways in regulating PC metabolism responsible for a rapid rise of PC have not been identified. PPAR alpha and gamma as well as glucocorticoid receptors are among nuclear receptors proposed to be affected by UDCA-LPE. These receptors are known to modulate the syntheses of phospholipids (Lee et al., 2004) including PC (Pan et al., 2006). After prolonged hepatocyte treatment with UDCA-LPE for 20 h, we found that CDS1 mRNA was upregulated. CDS1 generates PC from phosphatidic acid. CDS1 upregulation could explain the increased and sustained PC levels observed even after 24 h under in vivo conditions. The immediate and prolonged increases of hepatic PC levels by UDCA-LPE may provide feasibility for its use in the clinics, for an example, for effective reduction of acute severe hepatotoxicity from acetaminophen overdose. UDCA-LPE may be used as an antidote against hepatotoxins in humans.

Ursodeoxycholyl lysophosphatidylethanolamide is better than UDCA or PC in inhibiting apoptosis and liver injury (Chamulitrat et al., 2009; Pathil et al., 2011a). PC synthesis is known to be downregulated during apoptosis, and that PC supplementation provides protection (Cui and Houweling, 2002). In addition to UDCA-LPE’s ability to inhibit apoptosis, the PC generated by UDCA-LPE by ways of CDS1 upregulation could also be a mechanism for its anti-apoptosis effects (Figure 3C). In support of this notion, the contents of product of CDS1 CDP-diacylglycerol contents are found to be decreased in livers of diabetic rats (Whiting et al., 1977), and increased CDS1 is found during the development of heart failure and identified to be involved in compensatory mechanisms (Saini-Chohan et al., 2009). These data suggest protective function of CDS1 and consistent with UDCA-LPE protection.

In addition to UDCA (Simko and Michael, 1994), other protective bile acids, such as 5 beta-scymnol (Slitt et al., 2004), have been shown to reduce liver injury and acetaminophen toxicity. UDCA-LPE may be hepatoprotective in these settings as UDCA-LPE is superior to UDCA. Furthermore, UDCA-LPE inhibits activities of hepatic phospholipase A2 thus decreasing the levels of cytotoxic lyso PC (Pathil et al., 2011a,b). It has been shown that CDS1 activity is inhibited by lyso PC in vitro (Lin et al., 1991). UDCA-LPE’s ability to lower lyso PC concentrations may lead to increases in CDS1 activity and hence increased PC. Increased CDS1 and PC abundance by UDCA-LPE could also provide dilinoleyl- or polyenyl PC (Aleynik et al., 1997; Lieber et al., 2003) as well as PC-containing medium-chain fatty acids, such as dilauroyl PC, which is a new PC molecule recently identified to elicit protective anti-diabetic effects (Lee et al., 2011). Alternatively, UDCA-LPE may prevent PC export to extracellular space thus allowing more PC for maintaining cell integrity during stress. Further analyses of PC export genes affected by UDCA-LPE are still yet to be determined.

It is possible that increases of PC may indicate increased availability of free fatty acids due to upregulation of lipogenic genes by drug treatment (Anthérieu et al., 2011). This possibility may be applicable for treatment longer than 4 h to allow protein translation. UDCA-LPE’s ability to increase lipogenic genes such as fatty acid synthase and elongase genes has previously been observed (unpublished data). These de novo lipogenic lipids including PC in fact reflect the protection against cell death during palmitate stress after 20 h (Collins et al., 2010; Green and Olsen, 2011). It has been shown that CDS1 expression is concomitantly increased with lipogenesis genes fatty acid synthase during fetal lung development (Zhang et al., 2004), it is surmised that CDS1 may be similarly regulated by de novo lipogenesis transcription factors. As UDCA-LPE elicits lipoprotection after 20 h treatment, UDCA-LPE may be found most effective in treatment of pathological acute hepatotoxicity as to compare with normal physiological conditions. While many cationic amphiphilic drugs such as chlorpromazine and tamoxifen are known to be cytotoxic to hepatocytes by inducing phospholipidosis (Chatman et al., 2009), it is still to be determined whether UDCA-LPE could accumulate phospholipids in lysosomes (which are the organelles for phospholipidosis). As UDCA-LPE targets mitochondria by inhibiting the loss of mitochondrial membrane potentials (Chamulitrat et al., 2009), UCDA-LPE may elicit protection during acute liver injury at this organelle (Pathil et al., 2011a). PC could likely be accumulated in the mitochondrial membrane for protection.

We herein demonstrated that UDCA-LPE rapidly caused accumulation of hepatic PC likely by stimulation of specific signaling pathways of PC metabolism. Further experiments are still yet to be performed to investigate UDCA-LPE protective effects against severe hepatotoxicity induced by drugs such as acetaminophen.
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Hepatitis E virus (HEV) is a small RNA virus and the infectious agent of hepatitis E that occurs worldwide either as epidemics in Asia caused by genotype 1 and 2 or as sporadic disease in industrialized countries induced by genotype 3 and 4. The frequency might be underestimated in central Europe as a cause of acute hepatitis. Therefore, we analyzed on liver biopsies, if cases of acute hepatitis with clinically unknown or obscure diagnosis were actually caused by the infection with HEV. We included 221 liver biopsies retrieved from the files of the institute of pathology during the years 2000 till 2010 that were taken from patients with acute hepatitis of obscure or doubtful diagnosis. From all biopsies RNA was extracted, prepared, and subjected to RT-PCR with specific primers. Amplified RNA was detected in 7 patients, sequenced and the genotype 3 could be determined in four of the seven of positive specimens from 221 samples. Histopathology of the biopsies revealed a classic acute hepatitis with cholestatic features and in some cases confluent necrosis in zone 3. Histology in a cohort of matched patients was less severe and showed more eosinophils. The analysis of the immune response by subtyping of liver infiltrating lymphocytes showed circumstantial evidence of adaptive immune reaction with CD 8 positive CTLs being the dominant lymphocyte population. In conclusion, in doubtful cases of acute hepatitis of unknown origin, HEV infection should be considered as etiology in central Europe. We demonstrate for the first time that the diagnosis can be made in paraffin-embedded liver biopsies reliably when no serum is available and also the genotype can be determined. The analysis of the immune response by subtyping of liver infiltrating lymphocytes indicates an adaptive mechanism suggesting in analogy with HAV, HBV and HCV that the virus itself is not cytopathic but liver damage is due to immune reaction.
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INTRODUCTION

Hepatitis E is an endemic disease in many developing countries and occurs both as sporadic cases but also in endemic outbreaks (Purcell and Emerson, 2010). According to a WHO report from 2012 there are over 20 million infections of hepatitis E every year with more than 60% taking place in east and south Asia in waterborne epidemic manifestations (Who Fact Sheet, 2012). In central Europe hepatitis E was regarded as a typical travel associated disease. In recent years, however, there are increasing numbers of reports of sporadic cases in industrialized countries UK (Dalton et al., 2008), the Netherlands (Herremans et al., 2007), France (Kamar et al., 2012), and Germany (Wichmann et al., 2008) of patients who acquired the disease at home. Almost all of the European patients were infected by genotype 3 whereas in cases from developing countries genotypes 1 and 2 could be isolated. In central Europe, animals as pigs, boars, and deer especially in rural areas could be identified as a reservoir of the infectious agent (Herremans et al., 2007; Wichmann et al., 2008). Reports from the Robert-Koch Institute, center of infectious diseases in Germany, showed an increased number of cases from the year 2001 (first year of registration of hepatitis E as an notifiable disease) up to 2012. The number increased from 30–338 patients with presumably a majority of autochthonous cases. The present data confirm that hepatitis E is a disease in Germany with a prevalence of antibodies of up to 14% in general population (Faber et al., 2012; Juhl et al., 2013).

In practice, clinicians are not always aware of this disease and many patients are biopsied with acute hepatitis of unknown clinical etiology. The diagnosis can be made by serology or more reliable by direct determination of HEV-RNA by RT- PCR. In order to see if the diagnosis can also be established in the liver biopsy and above that how many cases of acute hepatitis of clinical unknown etiology are caused by HEV, we examined liver biopsies from our file from 2000–2010. We assessed histopathology by the Ishak scoring system and isolated HEV-RNA from the paraffin sections and examined the virus genotype.

Additionally, we performed subtyping of infiltrating inflammatory cells because immunopathology of acute hepatitis E has so far not been documented in the tissue. From 221 patients with acute hepatitis we found seven cases which were HEV positive.

MATERIAL AND METHODS

PATIENTS, HISTOLOGY, AND IMMUNOLOGICAL CHARACTERIZATION

221 cases with clinical diagnosis of hepatitis of unknown etiology were taken from the files of the Institute of Pathology, University Clinic of Cologne, Germany. All patients were negative for serology of HAV, HBV, HDV, HCV as well as EBV and CMV. Autoantibodies were not detected. Intake of alcohol and drugs were excluded clinically. Transaminase levels varied between 600 units per ml and 1400 units per ml. Bilirubin was above 5 mg/dl, gamma GT and alkaline phosphatase were below three times of upper normal limit. We matched this cohort of positive patients with the cohort of seven HEV- negative patients regarding age, gender and biochemical data. The liver biopsies were prepared according to standard protocols and stained for H and E, Prussian blue, Van Gieson for connective tissue as well as PASD and Gomori. Additionally, immunohistochemistry was performed for lymphocyte subtyping by applying antibodies against CDla, CD3, CD4, CD8, CD20, CD56, CD 57, CD68, and TIA according to the instructions of the manufacturers. The absolute number of positive infiltrating cells was determined by counting the cells in 20 areas with high power field (hpf) in the microscope including at least 10 portal tracts.

RNA EXTRACTION FROM FORMALIN-FIXED, PARAFFIN-EMBEDDED BIOPSIES

Three 5–7 μm sections from formalin-fixed and paraffin-embedded samples were prepared and deparaffinized in xylene by incubation at 65°C for a total of 20 min, substituting xylene twice. After two washes with 100% ethanol, samples were lysed in 200 ml proteinase K buffer [500 mg/ml proteinase K (Invitrogen) 50 mM Tris-HCl pH 7.4 and 5mM EDTA pH 8] overnight. Subsequently, total RNA was extracted by phenol/chloroform and precipitated with 200 mM sodium acetate and isopropanol as previously described (Dries et al., 1999). RNA yield was quantified by A260/280 measurement using a ND-1000 NanoDrop spectrophometer (NanoDrop, Wilmington, DE).

HEV RNA DETERMINATION BY REAL TIME PCR

Extracts of total RNA (10–50 ng) were reverse transcribed in a 10 μl volume using Superscript reverse transcriptase (Invitrogen, Darmstadt, Germany), 5 μmol random primer (Roche Diagnostics, Mannheim, Germany), 1x First strand buffer (Invitrogen), 0.5 micro mol dNTP, and 0.5 U RNase Inhibitor (Roche Diagnostics). Incubation was performed according to the recommendations of Invitrogen. Then 1 μl of the reverse transcription reaction was used in each of the real-time PCR assays by means with the TaqMan® RNA Assay-Kit (Applied Biosystems) following the manufacturer's instructions. The sequence of primers and a HEV specific LNA probe were modified according to Jothikumar (Jothikumar et al., 2006) and are listed in Table 1.

Table 1. Primers and Probes.
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Real-time PCR amplification was carried out by a two-step incubation protocol (20 s of each:a 95°C step for denaturation and a 60°C step for annealing and synthesis). PCR assays of all samples were performed in triplicates on a CFX 96 thermocycler from Biorad Laboratories (Munich, Germany).

In order to identify the HEV genotype of specimens in which HEV-positive amplification was shown, a qualitative HEV-PCR was performed using M13 universe or reverse tailed HEV-specific primers, respectively, (Table 1) (10). The corresponding M13 primer set was then taken to sequence both directions of the amplicons using the BigDyeTerminator v 3.1 Cycle Sequencing Kit (Applied Biosystems). Sequence analysis was then performed by capillary electrophoresis using a ABI 3730 platform (Life Technologies, Darmstadt, Germany).

RESULTS

IDENTIFICATION OF HEV-RNA IN THE TISSUE

From a total of 221 biopsies representing histology of acute hepatitis of unknown clinical etiology RNA was analysed for the HEV genome by high sensitivity real-time PCR. RNA quality was proven by intron-spanning β-actin amplication (Figure 1A). By HEV specific real-time PCR seven liver biopsies were shown to be positive for HEV genomic RNA (Figure 1B). Subsequent sequence analysis could demonstrate that four patients had an infection with HEV genotype 3.
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Figure 1. HEV real-time PCR. (A) β-actin real-time PCR demonstrates that extracted RNA is accessible for PCR. (B) Examples of real-Time PCR for HEV-cDNA from a positive reference (Ko) or from one of the human biopsies with acute hepatitis.



HISTOPATHOLOGIC FEATURES OF ACUTE HEV INFECTION

Next, the seven cases of HEV positive cases were matched with a group of biopsies representing acute hepatitis from patients of similar age, gender and biochemistry but negative HEV-RNA. The mean age of the patients was 58 years (40–78y) (Table 2). The histopathology of HEV positive biopsies showed the classical picture of acute hepatitis with spotty necrosis and portal expansion with inflammatory infiltrates mostly lymphocytes, but also a considerable number of polymorphnuclear leucocytes (Figure 2). Bile ducts were involved with cholangitis and lymphocytic infiltrates of biliary epithelia. Portal tracts were devoid of connective tissue and the features of chronic hepatitis were absent. In the lobules spotty necroses were present in all biopsies to a varying degree. Four of the biopsies showed confluent necrosis and in one patient central necrosis with portal bridging was observed. Interestingly, cholestasis was noted with bile plugs in dilated canaliculi but also with intracellular bile pigment. The staining for iron was negative in all cases.

Table 2. Characteristics of Patients with Acute Hepatitis E.
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Table 3. Histopathology in 7 HEV patients and matched cohort of 7 non-HEV patients scoring according to the hepatitis activity index (HAI).
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Figure 2. Acute hepatitis E. (A) Expanded portal tract with dense inflammatory infiltrates mostly lymphocytes. Bile ducts display mild accompanying cholangitis (H and E × 100). (B) Acute hepatitis E with enlarged portal tract densely infiltrated by lymphocytes and some PMN leukocytes as well as some spotty necroses in the lobule (H and E × 80). (C) Acute hepatitis E with areas of spotty necrosis, aptotic bodies and infiltrates of lymphocytes, Kupffer cells and few polymorphnuclear leukocytes (H and E m× 240). (D) Biopsy from a patient with acute hepatitis E: the lobule shows foci of spotty necrosis, ballooning of hepatocytes and infiltrates with lymphocytes and polymorphnuclear leukocytes (H and E × 240)



In the HEV-negative group, we found more eosinophilic leucocytes and the incidence of confluent necrosis was less frequent (see Table 3). Only one biopsy displayed bridging hepatic necrosis. Table 3 summarizes the comparison of HEV histology characteristics.

SUBTYPING OF THE INFILTRATING INFLAMMATORY CELLS BY IMMUNOHISTOCHEMISTRY

In order to see if the analysis of the infiltrating inflammatory infiltrates especially the lymphocytes could give some information of underlying immune mechanisms we performed immunohistological subtyping of the lymphocytes.

The exact data are given in Table 4 with the absolute number of positive cells when counted in 20 high power fields. The numbers give the mean range for each cell-population.

Table 4. The number of liver infiltrating inflammatory cells#.
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T-lymphocytes, positive for CD 3 made up the majority of the infiltrating cells. CD 8 positive lymphocytes were the second most numerous cellpopulation with higher numbers in HEV patients but not statistically significant from non-HEV patients. CD 4 positive lymphocytes made up the third frequent cell population whereas B-lymphocytes, positive for CD 20, were less numerous. There was quite a highportion of CD 68 positive macrophages.in both HEV-positive and negative acute hepatitis. However, in non-HEV patients we observed asignificant trend for a higher NK activity (Table 4).

DISCUSSION

Reports on autochthonous hepatitis E are increasing in industrialized countries (Purcell and Emerson, 2010; Who Fact Sheet, 2012). Transmission of genotype 3 has been implicated as the infectious agent also from animals like pigs, deer and boars which seem to be the reservoir and the consumption of meat of these animals has been identified as the source of infection. The prevalence of the infection in the general population has been estimated between one and 14 percent in several countries of Europe (Wichmann et al., 2008; Kamar et al., 2012; Juhl et al., 2013). In clinical practice, without a history of traveling to developing countries the hepatitis is often not diagnosed correctly thus the patients are biopsied to evaluate the cause of acute hepatitis of unexplained etiology.

In order to see how many biopsies from patients with clinically unknown etiology maybe due to infection with HEV and also to evaluate if the virus can be detected in the liver tissue, we performed an analysis on liver biopsies from the files of our institute between the years 2000–2010. We selected 221 biopsies with the clinical diagnosis of acute hepatitis of unknown origin. Infection with other hepatitis viruses as HAV, HBV, HDV, HCV, CMV, and EBV was excluded as well as consumption of drugs, alcohol and previous travels to endemic areas. In our cases the serology of anti HEV was not available. Seven of the 221 biopsies proved to contain HEV-RNA after extraction of the RNA and application of real-time-PCR with specific primers. Whereas Gupta et al. suggested that immunohistology might be superior to RNA based detection methods (Gupta et al., 2012), our PCR approach benefits from a primer design allowing detection of low copy HEV numbers and the differentiation of HEV gentoypes. Furthermore, low amplicon length (69 bp) reduces amplification problems of fragmented nucleic acids derived from FFPE material. Although Real Time PCR has the advantage to be comparable in sensivity to nested PCR (Ratcliff et al., 2007; Drebber et al., 2011), formalin artifacts due to fragmentation and polymerase synthesis errors are limitations of the pathogen detection in archived material. Multiple polymerase reading errors due to formalin caused base mismatching might have also been the reason for three HEV amplicons failing to be sequenced. However, the virus could be specified as genotype 3 in four of seven patients after sequencing. This is in accordance with other reports from UK (Dalton et al., 2008), France (Kamar et al., 2012), Netherlands (Herremans et al., 2007) and Germany (Wichmann et al., 2008).

The histopathology of acute hepatitis E has been reported in animals and few liver biopsies from patients with acute infection mostly in endemic areas. There is less information on histology in hepatitis E when compared to other virotypes of hepatitis. A short description is given in the textbook of MacSween by These, however, referring to infection with all genotypes of HEV (Theise et al., 2011). Only few reports deal with histopathology of the indigenous form of hepatitis E in Europe namely infection with genotype 3 (Malcolm et al., 2007; Peron et al., 2007). The study of Malcolm et al describes histopathology of sporadic hepatitis E in more details and underlines the cholestatic appearance of the lesion with ductular proliferation and cholangiolitis in the portal tracts (Malcolm et al., 2007). So cholangitic-cholestatic features seem to be characteristic for acute hepatitis E. Another case report published by Wendum et al. (2005) of acute sporadic hepatitis E even showed lymphocytic destructive cholangitis. Our cases confirm this observation with prominent cholestasis and cholangitis in four of the seven biopsies. We could not find any pathognomonic features, but a histopathology that resembles a classic hepatitis with spotty necrosis, extending to confluent necrosis in four of the seven biopsies. In the non-HEV group confluent necrosis was less severe, cholestasis was also less prominent and in three biopsies the presence of eosinophils was obvious. In clinical practice HEV infection can be reliably established by serology with IgM and IgG antibodies and PCR techniques in the serum. Our reports demonstrate for the first time that the diagnosis can be made also in the liver tissue when no serum is available. Extracted RNA can be sequenced to determine the genotype which turned out to be genotype 3 in all our cases confirming other reports from industrialized areas as the disease as an autochthonous infection. The immunopathology of liver damage seems to be T-cell mediated with CD 8 positive CTL's being the major population of infiltrating lymphocytes. The subtyping of inflammatory infiltrating cells by immunohistochemistry (see Table 3) showed CD 3/CD 8 positive lymphocytes as a predominant population suggesting an adaptive immune response to the virus as a major mechanism of defense and liver damage and supporting results obtained from analysis of peripheral blood lymphocytes (Suneetha et al., 2012). In the non-HEV group the number of CD 56/CD 57 lymphocytes was higher than in the patients perhaps due to another mechanism. In combination with the presence of eosinophils the findings suggest that these patients may have undergone drug induced liver injury without reporting drug intake which can be an important differential diagnosis to acute hepatitis E (Davern et al., 2011).

In conclusion we show that in cases of clinically unexplained acute hepatitis in central Europe the cause may be HEV. For the first time we document that the diagnosis can be made reliably on liver biopsies by PCR. Furthermore, this is the first report on histopathology of HEV infection exclusively- by genotype 3. Immunopathology with predominant CD 3/CD 8 positive lymphocytes indicate an adaptive immune response as defense and the cause of liver damage.
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Acute liver failure (ALF) is characterized by a sudden and severe deterioration of liver function, typically mirrored by a marked increase of the international normalized ratio (INR) and hepatic encephalopathy (HE). Due to various possible causes hepatocytes get damaged via either apoptotic or necrotic pathways. Anticipating the natural prognosis of a patient with ALF is one of the most challenging tasks in hepatology critical care. Important factors that influence the chance of spontaneous recovery are the underlying etiology of acute liver failure, the acuity of disease, and the severity of HE. Once an estimation of the prognosis in the individual patient has been made, this quickly has to be integrated in the discussion whether high-urgency liver transplantation is necessary and justifiable. This decision has to cover several medical, social, and organizational issues. Well organized liver transplantation programs around the world have achieved an impressive improvement of the 1 year survival rate in ALF from around 40% without transplantation up to nearly 80% with transplantation. The recent debate on whether severe acute alcoholic hepatitis could represent a new candidate eligible for high-urgency liver transplantation shows that the topic is still open for discussion.
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INTRODUCTION

The overall incidence of acute liver failure (ALF) in developed countries is estimated to be 1–6 per million people every year (Bower et al., 2007; Bernal et al., 2010). Emergency liver transplantation (ELT) is a potentially life-saving procedure in patients with ALF, but carries relevant long-term morbidity and mortality. Appropriate selection of patients for ELT therefore requires tools allowing to accurately prognosticate spontaneous recovery (Renner, 2007). The prediction of outcome in an individual patient with ALF is among the most challenging tasks in hepatology critical care. Many retrospective observational studies have tried to identify particular clinical and laboratory markers or prognostic models capable of predicting prognosis and need of ELT. This article addresses some of the questions that arise when facing a patient who progressively deteriorates from severe acute hepatitis to ALF.

ACUTE OR ACUTE-ON-CHRONIC—DIFFICULT TO DISTINGUISH

A deteriorating liver function that comes to attention for the first time often triggers the assumption of an ALF. But by definition, ALF implies the absence of chronic liver disease (Trey and Davidson, 1970; Bernal et al., 2010; Lee et al., 2011), and the majority of patients that present with worsening liver function suffer from acute-on-chronic liver failure (i.e., an acute deterioration superimposed on chronic liver disease). Non-alcoholic and alcoholic fatty liver disease with varying degrees of fibrosis are among the most common causes of pre-existing liver injury in those patients. Patients with acute-on-chronic liver failure can often be identified by thorough history taking and physical examination. The role of abdominal ultrasound is more complex. Undoubtedly, ultrasound will detect overt liver cirrhosis presenting with reduced liver volume, irregular liver surface, distorted liver veins, and nodular liver parenchyma (Caselitz, 1999). But cirrhotic parenchymal changes can be difficult to detect in steatosis, and signs of portal hypertension may also develop in subacute liver failure. Furthermore, acute hepatitis triggers inflammatory infiltration, hepatocyte swelling, and early regenerative fibrotic parenchymal changes. These processes have been shown to increase liver stiffness when measured by transient elastography and newer ultrasound technologies and thereby can hamper the distinction between acute and chronic liver injury (Arena et al., 2008; Sagir et al., 2008; Dechêne et al., 2010).

A transjugular liver biopsy might aid in confirming certain ALF etiologies (Lee et al., 2011) and even in defining the degree of liver necrosis (Beckmann et al., 2009). But liver biopsy is not recommended and probably of minor help in distinguishing acute-on-chronic from acute liver failure. Moreover, it remains an open question which degree of pre-existing liver injury should be regarded as a contraindication for ELT. Whereas a significant chronic component of deteriorated liver function is generally regarded a contraindication for ELT, there are at least three exceptions to this rule: ALF in autoimmune hepatitis, Wilson's disease, and Budd-Chiari syndrome can arise from a relapsing or chronic course of disease. Those patients are suitable ELT candidates despite cirrhotic hepatic changes.

ROLE OF HEPATIC ENCEPHALOPATHY AND ETIOLOGY IN OUTCOME PREDICTION

Not too surprisingly, the prospective observational study by the US ALF Study Group underlined the major prognostic role of hepatic encephalopathy (HE) and etiology in ALF. HE grade possibly reflects the degree of cerebral edema. Whereas ALF patients with a baseline HE grade 1/2 had a transplant-free 21-day survival of 52%, this was only 33% in patients initially presenting with HE grade 3/4 (Ostapowicz et al., 2002). A hyperacute course (interval from icterus to encephalopathy <7 days) of liver failure (O'Grady et al., 1989) that is typically seen in acetaminophen, hepatitis A or herpes simplex virus (Graham et al., 2009; Bernal et al., 2010) is associated with a sudden rise in international normalized ratio (INR), an increased risk of cerebral edema and a rather high transplant-free survival rate. A subacute course (interval from icterus to encephalopathy >21 days) (O'Grady et al., 1989), as seen in indeterminate ALF implies a low transplant-free survival rate despite initially moderate increases in INR and low rates of cerebral herniation (Ostapowicz et al., 2002; Hadem et al., 2008; Bernal et al., 2010).

Data from Europe and the US ALF Study Group show that transplant-free survival rates in ALF patients are strongly associated with the underlying ALF etiology: 60–80% in acetaminophen-induced ALF, 30–40% in severe acute hepatitis B, 10–20% in indeterminate ALF, 20–50% in non-acetaminophen drug-induced ALF, 0–20% in Wilson's disease and around 70–80% in amanita ingestion (Ostapowicz et al., 2002; Escudié et al., 2007; Hadem et al., 2008). Only 10% of patients with drug-induced hepatitis progress to ALF which then implies a bad prognosis even after the provoking medication has been stopped (Andrade et al., 2005; Reuben et al., 2010). Phenprocoumon, a coumadin derivate used in Germany can cause drug-induced ALF associated with low transplant-free survival rates (Hadem et al., 2008; Canbay et al., 2009). Mortality rate in ALF caused by hepatitis E is assumed to be 8–11% in Western countries, but can be as high as 50% when ELT is not available, and may also be higher when acquired during pregnancy (Bernuau et al., 2008). Pregnancy-related ALF is a heterogeneous disease entity which has not sufficiently been studied. A recent observational study reported on 54 patients (18 acute fatty liver of pregnancy, 32 eclampsia-associated) of whom 13% died and 7% received ELT (Westbrook et al., 2010). Budd-Chiari syndrome and early graft dysfunction are among other causes of ALF with high risk of a fatal outcome. Although transjugular intrahepatic portosystemic shunting (TIPS) has undoubtedly decreased the case fatality rate of Budd-Chiari syndrome presenting with ALF, data on the use of TIPS in this setting are still scarce. In the important paper on TIPS in Budd-Chiari syndrome by Garcia-Pagan et al. only 9/124 (7%) had ALF prior to TIPS, only 27/124 (22%) received TIPS due to (acute or chronic) liver failure, and a significant proportion of these patients needed ELT or died (Garcia-Pagán et al., 2008).

PROGNOSTIC MARKERS IN ACUTE LIVER FAILURE

RATIONALE BEHIND PROGNOSTIC MARKERS

Many prognostic markers have been proposed to overcome the prognostic uncertainty that is a major problem in the early phase of ALF. One common approach is to deduce the outcome from the degree of aminotransferase increase. These enzymes are—like many other components of the hepatocellular content—released into the circulation in apoptosis and necrosis. However, there is no reliable association between aminotransferases and outcome. Ischemic hepatitis and acetaminophen toxicity regularly present with huge aminotransferase increases, but often are associated with favorable prognosis. Another approach is to measure serum markers of liver regeneration (e.g., alpha-fetoprotein, cytokines, growth factors, and also phosphate) to get an idea of the hepatic regenerative capacity. These parameters have mainly been studied in patients with hyperacute liver failure in the setting of acetaminophen toxicity. A reasonable way to quantify the severity of liver damage is to extrapolate the course of ALF according to serial hepatocellular function measurements. Synthetic liver capacity is best observed by tracking the INR that reflects the synthesis of clotting factors II, V, VII, and X. Rapid deteriorations can be recognized by decreases of factor V due to its short half time of 12–15 h. Detoxification liver capacity can be monitored by bilirubin, ammonia, indocyanin green, and other serum parameters. Many of these parameters have been incorporated in a number of prognostic criteria in an attempt to predict ALF outcome as accurately as possible.

ALPHA-FETOPROTEIN

Among the early investigations on prognostic markers in ALF is that of Murray-Lyon et al. from King's College Hospital. Sixty-four patients with fulminant hepatic failure were examined regarding their serum alpha-fetoprotein (AFP) levels. AFP levels >50 ng/ml were observed in 48% of the 23 survivors, but only in 10% of the 41 ALF patients with a fatal outcome (Murray-Lyon et al., 1976). In a subsequent study on 239 patients with acetaminophen intoxication, a threshold AFP of ≥3.9 μg/l on day + 1 after peak ALT to identify nonsurvivors had a sensitivity of 100% and a specificity of 74% (Schmidt and Dalhoff, 2005). A retrospective analysis of 206 patients from the US ALF study (80 acetaminophen, 30 indeterminate) showed that an AFP day 3-to-day1 ratio >1 predicted survival with a sensitivity of 65% and a specificity of 84% (Schiødt et al., 2006).

LACTATE

Arterial blood lactate levels can be measured rapidly by point-of-care testing and reflect both increased production from peripheral tissues and the injured liver and reduced clearance from the circulation as a consequence of impaired hepatic metabolic capacity (Bernal, 2010). In a mixed prospective/retrospective study of over 200 patients with acetaminophen-induced ALF, high blood lactate levels were found to be closely related to a fatal outcome (Bernal et al., 2002). Subsequent studies found arterial lactate (baseline or 12 h after admission) to be associated strongly and independently with death or transplantation in both acetaminophen and non-acetaminophen-induced ALF (Macquillan et al., 2005; Schmidt and Larsen, 2006; Hadem et al., 2008; Bernal et al., 2010). Baseline lactate levels were higher (median 4.7 vs. 2.9 mmol/L) and steadily increased in ALF patients with an unfavorable outcome (Hadem et al., 2008). Others have argued that lactate lacks the specificity required to a sole criterion for ELT listing (Schmidt and Larsen, 2010). Different views on the prognostic value of lactate levels in ALF are likely to reflect variability in the timing and degree of fluid resuscitation in early ALF management. The greatest prognostic value will therefore be gained from those patients in whom no correction of initially high levels occurs following volume resuscitation, and these patients should probably be considered for ELT (Bernal, 2010).

INR

A number of studies illustrating the time course of daily INR values nicely show that a single INR level at the onset of HE (i.e., the overt manifestation of ALF) do not necessarily mirror the severity of liver damage and prognosis. This is particularly true for hyperacute ALF courses such as in acetaminophen or amanita toxicity (Escudié et al., 2007; Schmidt and Larsen, 2007). It is particularly in the subacute ALF setting that sustained elevations of INR become important for decision-making.

FACTOR V AND CLICHY-VILLEJUIF CRITERIA

Early investigations of factor V in patients with fulminant hepatitis B have proven this marker to be an independent predictor of survival (Bernuau et al., 1986). Factor V, HE, and patients' age were later incorporated into the so called Clichy-Villejuif criteria which have been established particularly in France (Bismuth et al., 1995), but also form part of the German transplantation law (Richtlinien Organtransplantation, 2011). An unfavorable outcome can be expected in >90% of cases with HE plus a factor V level less than 20% of normal (in patients younger than 30 years of age) or less than 30% of normal (in patients older than 30 years of age), respectively (Table 1) (Bismuth et al., 1995).

Table 1. Clichy-Villejuif criteria for non-acetaminophen ALF.

[image: image]

AMMONIA

In ALF, ammonia escapes hepatic metabolism, leading to high arterial ammonia concentrations. Clemmesen et al. showed that ALF patients who developed clinical signs of cerebral herniation (n = 14 out of 44) had higher arterial plasma ammonia levels compared to those who did not (230 vs. 118 μmol/L, p < 0.001) (Clemmesen et al., 1999). This finding was later validated in a group of 165 patients with ALF and HE. An arterial ammonia level greater than 100 μmol/L was an independent risk factor for severe HE (sensitivity 59%, specificity 78%) and intracranial hypertension (sensitivity 73%, specificity 44%). The combination of arterial ammonia with the Model of End-stage Liver Disease (MELD) further increased specificity in prediction of HE (Bernal et al., 2007).

PHOSPHATE

Schmidt and Dalhoff published data on serum phosphate levels in 95 patients with severe acetaminophen poisoning. Phosphate concentrations were significantly higher in nonsurvivors than in survivors 48 h after overdose. A threshold phosphate concentration of 1.2 mmol/L at 48–96 h after overdose specifically and sensitively identified a group of patients with very little chance of spontaneous survival. The phosphate criteria had higher predictive values than the King's College criteria (KCC). The authors proposed that hyperphosphatemia is caused by renal dysfunction in the absence of hepatic regeneration, whereas the latter appears to be associated with lowering of serum phosphate. Possible limitations of this study were the relatively low numbers of patients with HE (n = 30) and a fatal outcome (n = 16) (Schmidt and Dalhoff, 2002).

KING'S COLLEGE CRITERIA

The most commonly used prediction models are the KCC that were initially based on a retrospective study on 588 patients with ALF managed medically during 1973–1985. The model was validated in an independent cohort of 175 ALF patients treated between 1986 and 1987. The KCC distinguish between acetaminophen and non-acetaminophen-induced ALF and include pH, HE, INR, creatinine, etiology, bilirubin, age, and acuity of symptom onset (Table 2) (O'Grady et al., 1989). Several case series and meta-analyses have confirmed that KCC have clinically acceptable specificity of 80–90%, with survival without transplantation in patients meeting criteria of less than 15%. However, sensitivity of KCC has been reported to be as low as 60–70%, indicating that KCC may fail to detect patients facing a fatal outcome without ELT (Anand et al., 1997; Hadem et al., 2008; Bernal et al., 2010; Craig et al., 2010; McPhail et al., 2010). Despite this draw-back, KCC form the basis for ELT registration in many countries (Neuberger et al., 2008; Bernal et al., 2010; Richtlinien Organtransplantation, 2011).

Table 2. King's college criteria.
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MODEL OF END-STAGE LIVER DISEASE (MELD) SCORE

Originally developed for allocation in patients with chronic liver disease, the MELD score has been evaluated as prognostic marker in ALF. Yantorno et al. investigated 64 adult ALF patients of mixed etiology and found MELD to provide better predictive value than KCC in a Cox model, defining a MELD of 30 as prognostic cut-off (Yantorno et al., 2007).

Another study examined MELD in 124 patients with acetaminophen-induced ALF. A threshold MELD score of 33 on the day after the onset of HE had a sensitivity of 60%, and a specificity of 69% in predicting death. However, the discriminative power of MELD score was not superior to that of INR alone or of the KCC (Schmidt and Larsen, 2007). Katoonizadeh et al. evaluated 99 patients with non-acetaminophen-induced ALF and found the best MELD cut-off to be >35 (sensitivity 86%, specificity 75%). Again, MELD was not superior to KCC (Katoonizadeh et al., 2007). A retrospective observational study on 134 German ALF patients of mixed etiology showed MELD to be an independent prognostic factor with a median MELD of 33 in the fatal prognostic group (Canbay et al., 2009). Another retrospective study on 102 ALF patients of mixed etiology from northern Germany demonstrated that MELD-based outcome prediction was comparable to that by KCC (Hadem et al., 2008). Finally, a modification of classic MELD by substituting the level of the M65 epitope of cytokeratin-18 (CK 18) for bilirubin, significantly improved the positive predictive value in a cohort of mainly 68 acetaminophen-induced ALF (Bechmann et al., 2010). The M65 epitope of CK 18 is exposed on all intact and fragmented CK18 variants released from destroyed hepatocytes, has been studied in several chronic liver disease entities (Bantel et al., 2001), and might thus allow a better quantification of liver damage in ALF (Volkmann et al., 2008).

BILIRUBIN-LACTATE-ETIOLOGY (BiLE) SCORE

Bilirubin-Lactate-Etiology (BiLE) score was empirically developed based on 102 ALF patients of mixed etiology (predominantly indeterminate ALF) from northern Germany and found to be slightly superior to KCC, MELD, and SAPS-III in predicting death or need of ELT with a sensitivity of 79% and a specificity of 84%. BiLE score is calculated by adding bilirubin and lactate with an etiology-specific summand (Table 3) (Hadem et al., 2008). In an external retrospective evaluation of BiLE in 422 consecutive ALF patients from the UK (57% with acetaminophen-induced ALF), BiLE lacked sensitivity (55%), but had a good specificity of 89% (Bernal et al., 2009). As with other models, BiLE score has therefore not yet proven superiority over established models such as KCC, and it appears premature to base transplant decisions on BiLE at this point of time.

Table 3. Bilirubin Lactate Etiology (BiLE) score.
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RECENT ADVANCES IN ALF OUTCOME PREDICTION

An interesting prognostic scoring model for non-acetaminophen ALF has been proposed by colleagues from Japan. Four parameters (unfavorable etiology, HE grade 3/4, presence of systemic inflammatory response syndrome, and ratio of total to direct bilirubin >2) were evaluated retrospectively in 80 patients, and prospectively validated in another 26 patients on days 1, 4, 8, and 15. The scoring model predicted 2-week survival rates with high sensitivity and specificity, when all four time points of scoring were taken into account. However, the earliest score on day 1 which is the one of greatest clinical interest tended to underestimate the probability of a fatal outcome (Miyake et al., 2005).

As in liver cirrhosis, there has been a growing interest in applying scores of multiple organ dysfunction to ALF patients. Sequential Organ Failure Assessment (SOFA) score is an ordinal variable that covers six organ systems and has been established as dynamic disease severity measurement tool in intensive care (Vincent et al., 1996). Craig et al. investigated SOFA in 138 acetaminophen overdoses (only 48% with HE) and found that SOFA provided superior outcome discrimination compared to MELD. The authors stated, however, that due to limited specificity, SOFA would not be capable of replacing KCC as definite listing criteria (Craig et al., 2012). Moreover, organ dysfunction as documented by SOFA, typically develops >72 h following ALF onset and therefore does probably not represent a very early predictive tool.

Angiopoietin-2 (Angpt2), a mediator of endothelial activation and capillary leakage, is known to be up-regulated in sepsis, but its role in ALF has just recently been investigated. Angpt2 serum levels were examined in 37 patients with ALF of mixed etiology and 20 healthy controls. Angpt2 revealed to be a predictor of the composite end-point of death or ELT and correlated strongly with surrogate markers of organ dysfunction. Immunohistological studies showed that Angpt2 was upregulated in ALF explants (Hadem et al., 2012). Angpt2 might therefore explain the regularly observed sepsis-like clinical picture of ALF patients and also serve as a marker of impending multiple organ failure.

ACUTE LIVER FAILURE—WHOM AND WHEN TO TRANSPLANT IN CLINICAL PRACTICE

Current criteria for selection of patients with ALF for ELT are far from being perfect (Renner, 2007). The ideal means for identification of patients who are likely to benefit from ELT still remains controversial (Bernal et al., 2010). A patient who would have survived with medical management, incorrectly transplanted will be subjected to unnecessary surgery, life-long immunosuppression, and an increased risk of death. Furthermore, a graft that could be used in a more appropriate candidate will be lost (Bernal, 2010). Decisions regarding ELT have to be made early-on during the course of ALF because of impending complications such as cerebral herniation or multiple organ failure. In a retrospective study from King's College Hospital of 310 ALF patients listed for ELT, the median time from listing to ELT was 1 day. However, 24% of listed patients did not undergo surgery, mainly because of death on the waiting list at a median of 2 days after listing (Bernal et al., 2009). Similar observations were made in the US ALF study cohort with a median time from listing to ELT of 3.5 days and a median time from admission to death of 5 days (Ostapowicz et al., 2002).

The difficult questions whom and when to perform ELT in an individual patient are best answered in a multiple step approach.

First, the focus is on ALF etiology and HE grade to ensure that the ELT candidate will have a grim prognosis without ELT. Other predictive markers such as acuity of symptom onset, sustained increase in INR, or persisting elevation of lactate after adequate fluid resuscitation can be incorporated in the decision. Sometimes, daily ultrasound monitoring of progressing liver dystrophy can complete the physician's judgment on which therapeutic path to follow. Established prognostic models such as the KCC and the Clichy Villejuif criteria are certainly of value. All these factors should rather be regarded as pieces of a mosaic than definite criteria. It is rather the rule than an exception that a clear-sighted decision has to rely on a certain amount of physician's gut feeling. For example, slow clinical deterioration, moderately elevated INR and undulating bilirubin levels in a young female with subacute indeterminate ALF should not deceive the team about her likely bad prognosis. On the other hand, a patient with acetaminophen-induced ALF and hyperacute clinical presentation may have a high spontaneous survival rate even though experiencing advanced stages of disease (Schmidt and Larsen, 2010). A useful summary of the UK criteria for registration as high-urgent ELT candidate has recently been published by Neuberger et al. (2008).

Second, potential contraindications against ELT have to be excluded. Among them are (1) advanced biological patient age, (2) pre-existing chronic comorbidities (major psychiatric disorders probably influencing patient's post-transplant compliance, heavy alcohol abuse, cardiopulmonary disorders), (3) unfavorable severity of pretransplant illness (reflected by high-dose vasopressor support or multiple organ dysfunction), and (4) secondary ALFs in the setting of severe sepsis or generalized ischemia (e.g., after cardiopulmonary resuscitation). Patients with acetaminophen-induced ALF are at high risk of developing pre-ELT complications. Additionally, ELT recipients >50 years face a doubled postoperative mortality (Bernal et al., 2009).

Third, the quality of the liver graft influences post-ELT outcome and has to be matched in each individual case. It is very demanding to find the right balance between risking delay of ELT until an ideal graft is available and early acceptance of a suboptimum graft that might be associated with a poor outcome (Bernal et al., 2009, 2010).

SEVERE ACUTE ALCOHOLIC HEPATITIS—A NEW CANDIDATE FOR EMERGENCY LIVER TRANSPLANTATION?

Mathurin et al. recently reported on 26 patients with a first episode of severe alcoholic hepatitis that were not responding to medical therapy and selected to receive ELT. Six-month survival was markedly improved compared with patients not receiving ELT (78% vs. 24%). Three out of 26 patients (12%) experienced alcohol relapse (Mathurin et al., 2011). As these patients were highly selected involving the whole primary care team and focusing on the patient's social background, it remains open, if a broader consideration of alcoholic hepatitis for ELT would result in similarly good outcomes. The current discussion about alcoholic hepatitis as potential candidate for ELT focuses on the issue of justice among liver graft recipients, possible biases in selecting suitable candidates, the 12% relapse rate, the rather arbitrarily defined 6-month abstinence rule, and the high rate of perioperative infectious complications (Brown, 2011; John and Chung, 2012; Moreno et al., 2012).

CONCLUSION

In conclusion, selecting the ALF patient in need of ELT, determining the right point of time for wait-listing, and matching patient and liver graft remains challenging. This demands experience as well as a high grade of suspicion. Available prognostic parameters and models can be of help, but should be regarded as pieces of a mosaic rather than definite therapeutic algorithms. Proper management of ALF patients have now achieved an increase in overall survival rates from 40% without availability of ELT to over 80% post ELT (Ostapowicz et al., 2002; Lee et al., 2011).
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Comment: Cholestasis and reactive cholangitis was more prominent in patients
with HEV. In the non-HEV group 3 of 7 showed the presence of many eosinophils
in portal tracts and lobules.
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Potential miRNA Human liver Normalisation  Detection/quantification  Message
biomarker disease method
High: miR-21, HBV HCC miR1228 Microarrey, Real Time PCR  Differentiation between  Zhou et al, 2011
miR-192, -801  HBV chronic healthy donors, chronic
Low: miR26a, =275, (N ~ 1000} HBV, and HCC
miR-122, 223,
High: miR-25, ~923,  HBV chronic, 1 NGS, Real Time PCR miR-375 is HBV specific  Lietal. 2010
let7f, miR375  HCC (N~ 150) and a HCC predictor
High: miR-122, HBV chronic, miR-181a° Relative Real Time PCR Increase in chronic HBV X etal., 2011
miR-21, 223 HCC (N ~ 150) miR-181ct and HCC
High: miR-122 HBV chronic UG RNA Relative Real Time PCR Increase of miR-122 Zhang etal., 2010
V=83
High: miR-885-5p HBV hronic, U RNA Relative Real Time PCR Increase in chronic, Guietal, 2011
cirthotic, HCC cirthotic HBV and HCC
(N> 100)
miR-122 HCV chronic ! Relative Real Time PCR Increase correlated Binrer etal., 2011
(=68 with ALT
High: miR-571 ChronicHCVand  Spike-n RNA Relative Real Time PCR miRS71 reflects Roderburg et al., 2012
Low: miR-652 alcohol (N = 67) progression
High: miR-122, -3¢ HCV chronic Spikein ANA  Absolute Real Time PCR  Correlation with ALT Cermell et al., 2011
(N =34), NAFLD inflammatory activity
(V=35 and fibros's
High: miR-122, ~192  Acute (POD) U RNA Real Time PCR Increase correlated Starkey Lewis et al
V=53 with ALT 2011

*according 10 geNorm; POD: acetominophen overdose.

SUnfortunately, we could not refer to al lterature.

MIRNA shown in bold: miRNA identified in serum samples by various reports.
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Study Title MSC source

Safety and efficacy of human mesenchymal Umbilical cord
stem cells for treatment of liver failure

Autologous mesenchymal stem cell No details
transplantation in liver cirrhosis

Umbilical cord mesenchymal stem cells Umbilical cord
infusion via hepatic artery in cirthosis
patients

Improvement of liver function in liver cirrhosis  No details
patients after autologous mesenchymal
stem cell injection: a phase |-l clinical trial

Allogeneic bone marrow mesenchymal stem Bone marrow
cells transplantation in patients with liver
failure caused by hepatitis B virus

Human umbilical cord mesenchymal stem Umbilical cord
cells transplantation for patients with
decompensated liver cirrhosis

Human menstrual blood-derived mesenchymal ~ Menstrual blood
stem cells for patients with liver cirrhosis

Umbilical cord mesenchymal stem cell Umbilical cord
transfusion in patients with severe liver
cirrhosis
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transplantation

Therapeutic effects of liver failure patients Bone marrow
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Efficacy of in vitro expanded bone marrow Bone marrow

derived allogeneic mesenchymal stem cell
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Transplantation of autologous mesenchymal Bone marrow
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Efficacy and safety study of allogenic No comment
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Efficacy and safety study of allogenic Bone marrow
mesenchymal stem cells for patients with
refractory primary biliary cirrhosis

Allogenic bone marrow stem cells Bone marrow
transplantation in patients with liver
cirrhosis

Allogenic bone marrow stem cell Bone marrow

transplantation in liver failure

Data are taken from reference (http://clinicaltrials.qov).
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Gulhane Military Medical
Academy, Turkey
Qingdao University, China
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University Hospital of Liege,
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Sun Yat-sen University, China

Beijing 302 Hospital, China

Murat Kantarcioglu, Gulhane
Military Medical Academy,
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Royan Institute, Islamic
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Robert Chunhua Zhao,
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