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Abstract

Primary biliary cirrhosis is a multifactor autoimmune disease characterized by hepatic and systemic manifestations, with immune system dysregulation and abnormalities in the hepatic metabolism of bile salts, lipids, and nutrients, as well as destruction of membrane lipids and mitochondrial dysfunction. Both oxidative and nitrosative stress are associated with ongoing manifestations of the disease. In particular, abnormalities in nitric oxide metabolism and thiol oxidation already occur at early stages, thus leading to the hypothesis that these biochemical events play a pathogenic role in primary biliary cirrhosis. Moreover, the association of these metabolic abnormalities with the progression of the disease may indicate some biochemical parameters as early diagnostic markers of disease evolution, and may open up the potential for pharmacological intervention to inhibit intra- and extra-cellular stress events for resuming hepatocellular functions. The following paragraphs summarize the current knowledge by outlining molecular mechanisms of the disease related to these stress events.
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Core tip: Both oxidative and nitrosative stress are associated with ongoing manifestations of chronic cholestasis, and in particular, primary biliary cirrhosis. Abnormalities in nitric oxide metabolism and thiols oxidation already occur at early stages, thus leading to the hypothesis that these biochemical events play a pathogenic role in primary biliary cirrhosis. The association of these metabolic abnormalities with the progression of the disease may indicate some biochemical parameters as early diagnostic markers of disease evolution, and may open up the potential for pharmacological intervention to inhibit intra- and extra-cellular stress events for resuming hepatocellular functions. This article summarizes the current knowledge by outlining molecular mechanisms of the disease related to these stress events.
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INTRODUCTION

Primary biliary cirrhosis (PBC) is an organ-specific autoimmune liver disease that predominantly affects women and is characterized by chronic and progressive destruction of small intrahepatic bile ducts with portal inflammation and ultimately fibrosis. It is a multifactor condition, mainly due to an immunological disorder of the liver, resulting in a chronic intrahepatic cholestasis that often occurs in asymptomatic subjects, with the diagnosis suggested by the occasional finding of elevated hepatic biochemical markers as early indexes. Appearance of jaundice, dark urine, and pale and fatty stools occur in patients who develop more advanced forms of liver disease. 

Little is known about the etiology of PBC. Current theories on its pathogenesis support the hypothesis that the disease develops as a result of an inappropriate immune response following stimulation by an environmental or infectious agent (Figure 1). In particular, liver injury may follow a defect in immunologic tolerance, resulting in the activation and expansion of self-antigen specific T and B lymphocyte clones and the production of circulating autoantibodies, together with a myriad of cytokines and other inflammatory mediators (Figure 2)[1]. The resulting effect of this cascade of events is the activation of pathways leading to oxidative and nitrosative stress (Figures 3 and 4)[2].

Although the disease results from a combination of genetic and environmental risk factors, its serological hallmark is the presence of circulating anti-mitochondrial antibodies. This reflects the presence of autoreactive T and B cells to the culprit antigens, the E2 subunits of mitochondrial pyruvate dehydrogenase. The existence of a genetic predisposition is indicated by the higher familial incidence of the disease, particularly among siblings, and the high concordance rate among monozygotic twins[3]. Environmental xenobiotics/chemical compounds triggering events appear to be crucial in disrupting a pre-existing unstable immune tolerance of genetic origin allowing, after a long latency, the emergence of clinical disease[4]. Finally, up-regulation of WAF1 and p53 related to apoptosis of biliary epithelial cells represents the major pathogenic process leading to bile duct loss in PBC as the expression of genotoxic damage (Figure 1)[5].

It remains unknown why the disease evolution displays a faster pace in some PBC patients compared to others in which it is milder. Therefore, one of the major efforts of the current research is to answer this clinical question and, as a consequence, to identify easily assessable biochemical abnormalities serving as prognostic markers, as well as a target for potential therapeutic intervention. Up to now, however, such a search has not been particularly successful, although a number of biochemical and physiological alterations (toxic bile salt accumulation, oxidative mitochondrial dysfunction, and changes in lipid metabolism)[6] appear to be actively implicated in the onset and evolution of the disease.

PBC is mainly characterized by biliary obstruction and impaired canalicular bile secretion[7], with a progressive retention of hydrophobic bile salts in the liver determining detergent activity and cytotoxic damage[8]. Inflammatory changes[9] and parallel metabolic disorders contribute to the reduced detoxification capacity of the liver[8,10,11], and the enhanced generation of reactive oxygen (ROS) and nitrogen species[12] responsible for oxidative and nitrosative stress[13].

The changes in bile secretion involve complex pathways and result in retention of toxic compounds in the liver. This metabolic and functional impairment is associated with alterations of some physiological mechanisms that regulate bile flow and water transport into the bile canaliculus in response to transient osmotic gradients originating from active solute transport[7,14]. Indeed, at least one third of the bile flow is driven osmotically by the amount of hepatic glutathione (GSH) secreted into canalicular spaces. Beyond the importance of this secretory mechanism for bile formation, the excretion of GSH also represents an important way to discharge toxic anionic compounds deriving from hepatic metabolism of exogenous and endogenous substances. Derangement of hepatic and/or biliary GSH status occurs in several experimental animal models of cholestatic liver injury and in patients with cholestasis[15]. Chronic cholestasis, and in particular PBC, are associated with decreased biliary secretion of GSH, which may affect thiol-dependent bile flow and the hepato-biliary transport of toxic organic compounds[16], and can occur before the reduction in biliary bile salt secretion[17].

On the other hand, the canalicular secretion of water is mediated by aquaporin-8 (AQP8)[18], a water channel protein found at multiple compartments of hepatocytes, including the canalicular plasma membrane and related subapical vesicles[19,20], smooth endoplasmic reticulum, and mitochondria[21,22]. The transport of water from the sinusoidal blood into the hepatocyte is conversely facilitated by AQP9, an aquaporin channel with a broad selectivity[23,24]. AQP9 also represents the major pathway by which glycerol is imported by hepatocytes to supply gluconeogenesis during starvation[25].

During choleresis, hepatocytes rapidly increase their canalicular membrane water permeability by modulating the abundance of AQP8. Studies in several experimental models of cholestasis, such as extrahepatic biliary obstruction, estrogen-induced cholestasis, and sepsis-induced cholestasis, have shown that a decrease in canalicular AQP8 expression contributes to the development of cholestasis. Thus, it has been suggested that the combined alterations in hepatic expression of solute transporters and AQP8 hamper the efficient coupling of osmotic gradients and canalicular water flow, indicating that cholestasis may also result from a mutual occurrence of impaired solute transport and decreased water permeability[26,27]. Since glucagon, a hormone stimulating hepatocyte bile formation[28], induces the gene expression of AQP8, but not AQP9 water channels in rodent hepatocytes[29], it is reasonable to hypothesize that the most critical step in coupling solute transport and secretion of water takes place on the canalicular membrane of hepatocytes, and that it may be influenced by stress conditions.

Therefore, the associations between inflammation and oxidative and nitrosative stress-induced structural and functional alterations of hepatocytes, including subcellular organelles, render the interpretation of these relationships extremely intriguing, and open to potential therapeutic challenges. In the following paragraphs, the current knowledge on the molecular mechanisms of the disease related to oxidative and nitrosative stress is concisely summarized.

Oxidative stress

Cholestatic events may evolve towards oxidative changes which may directly affect the nature and function of membrane lipids and embedded proteins[30,31], and occur in both the liver and some extrahepatic tissues, albeit recognizing different pathogenic moments.

The transsulfuration pathway is impaired in rats undergoing bile duct ligation (BDL), an experimental model resembling human chronic cholestatic conditions, as well as in humans with cholestatic liver diseases[6,32,33]. This alteration is associated with changes in thiol disposition and redox status. GSH is the main thiol detoxifying molecule playing a role in bile formation and biliary excretion of toxic compounds, as well as in maintaining protein sulfhydryls (PSH) in their reduced form[34,35]. Among these proteins exerting a number of major cell functions are those involved in mitochondrial respiration and membrane transition pore integrity[36,37]. Indeed, most of the redox changes occurring in proteins involve the redox state of cysteine residues, and lead to the formation of intermolecular or mixed disulfides.

In some studies[6,33], more aggressive forms of cholestasis have been associated with primary changes in hepatic and extrahepatic membrane protein redox status and lipid composition. In particular, abnormalities in hepatocyte membranes have been reported in cirrhotic patients[38] that have been associated with an imbalance between the transmethylation and the transsulfuration pathways[39]. Similar to hypercholesterolemic subjects[40], cirrhotic patients show lipid alterations in erythrocyte (RBC) membranes in relation to changes in the circulating lipoproteins[41,42]. Such alterations are particularly important in patients with PBC who accumulate toxic bile salts and show early alterations in hepatic lipid metabolism with increased synthesis of cholesterol[43]. Indeed, both bile salt excess and lipid changes have been implicated in the early modification of membrane fluidity and transport function[44] at both hepatocyte and RBC levels[45,46]. Common biochemical derangements[47], such as the alteration of Na+/K+ ATPase activity of hepatocyte membranes[48], have also been claimed.

RBC membrane alterations, which parallel those found in hepatocytes[47], include a decreased content of PSH and an increased aliquot of oxidized proteins (carbonyl), especially in patients with stage Ⅲ-Ⅳ PBC[49]. In cell membranes, PSH has structural and functional roles, and confers resistance to damaging insults[50]. Membrane PSH maintenance in the reduced form is therefore a major program for all biological systems to assure functional integrity. Together with changes in ratios of the membrane cholesterol:phospholipids, the described oxidation rate of ghost proteins in RBC likely explains the high susceptibility to in vitro hemolysis observed in PBC patients. Furthermore, with the application of logistic regression analysis, it has been observed that advanced forms of PBC could be identified by the simultaneous presence of significant changes of some RBC membrane parameters[50]: PSH lower than 40 nmol/mg protein (r = -0.817), protein carbonyls higher than 2.7 nmol/mg protein (r = 0.653), cholesterol greater than 550 nmol/mg protein (r = 0.744), and phosphatidylethanolamine lower than 25% ( r = -0.731).

Taken together, these observations explain, at least in part, the changes to membrane fluidity, transport[41], receptor activities[51-53], and the increased hemolysis observed in patients with PBC[54]. Indeed, the possible link between protein oxidation and altered lipid composition in the RBC ghost membrane of PBC patients may be partially explained by metabolic changes occurring in the liver. In particular, the increased hepatic production of phosphatidylcholine, which is formed through the methylation of phosphatidylethanolamine via the transformation of S-adenosyl methionine in S-adenosyl-L-homocysteine, may play a role in these processes[55-57].

Many clinical and experimental observations have found that oxidative stress also participates actively in cholestasis-induced hepatocyte damage, as suggested by the accumulation of lipid and protein oxidative products[9]. However, the molecular regulatory mechanisms by which oxidative stress induces modifications of antioxidant capacities at the same time as maneuvering cellular adaptation by increasing the availability of redox active compounds is still debatable.

Studies performed in BDL rats have shown that both free and protein thiols (GSH and PSH) are lower within the hepatocyte cytosol, and that these alterations occur at early stages. These changes parallel the high concentrations of oxidized glutathione (GSSG) observed with ongoing cholestasis and the increased enzymatic activities of both GSH-peroxidase and GSSG-reductase, thus asserting the participation of oxidative stress in cholestatic hepatic injury[58].

One of the most interesting molecules in this context is thioredoxin, an oxidative stress-induced redox-active protein[59]. Thioredoxin possesses a number of biological activities[60], including the maintenance of protein-SH groups[61], the regulation of redox-sensitive molecules[59], and the protection of membrane permeability[62]. Circulating levels of thioredoxin are increased in patients with a high rate of free radical generation[63], in which it also interferes with the modulation of the immunological response[64]. In PBC patients, circulating thioredoxin is increased in the early disease stage[65] and decreased in patients with a more advanced disease stage, in which it is inversely related with circulating nitrosothiols (r = -0.609), the liver fibrosis marker hyaluronate (r = -0.432), and with histology (r = -0.757)[65]. In RBC, thioredoxin concentrations are higher in PBC stages Ⅰ to Ⅲ, but lower in stage Ⅳ patients compared to healthy subjects[65]. 

More detailed changes in thioredoxin disposition have been studied in BDL rats. In these cholestatic animals, serum thioredoxin concentrations were found to be increased at 3 d after surgery and then decreased. Similarly, such changes were observed in the whole liver and in isolated mitochondria, but no variations were documented in RBC. Therefore, by considering the difference in the average time changes from baseline among serum, hepatic, and RBC levels, it emerged that circulating thioredoxin is likely of hepatic origin.

Other important organs having a role in cholestatic liver damage and reparation are oxidatively damaged during chronic cholestasis; this is the case of the intestine. In this regard, significant redox alterations have been early observed in the intestine of BDL rats, where the mucosal concentrations of GSH are low in both the ileum and colon. The hypothesis on oxidative consumption of GSH has been confirmed by early increases of GSSG and protein carbonyls, as well as a decrease of PSH[58]. However, under cholestatic conditions, decreased availability of biliary GSH, which currently represents a considerable source of luminal GSH, may also take part in the depletion of intestinal GSH. At this level, the changes in mucosal proteins are associated with a decreased concentration of total proteins and lower activity of GSH-dependent antioxidant enzymes (peroxidase and reductase). This may depend on the reduced synthesis of proteins linked to a decreased availability of bile salts, which enhance gene expression and regulate the synthesis of proteins at the intestinal level[66,67]. Bile salt deficiency, conversely, promotes mucosal injury[68] and reduces protein concentrations[69], which, at least in part, explains the suppression in protein synthesis in the intestinal mucosa of cholestatic rats. These biochemical changes are associated with profound functional alterations of colonic ionic transport and a significant overall decrease of all electrophysiological parameters.

Considering that the impairment of the GSH-dependent antioxidant system, the changes in mucosal permeability and transport capacity, and the increased susceptibility to toxic injury all occur during the early stage of cholestasis, it is conceivable that these alterations may favor intestinal bacterial translocation and the absorption of toxic molecules[70]. The latter two phenomena are likely to be implicated in the appearance of hepatic injuries, and this would demonstrate the existence of a close interrelation between the liver and the intestine, both in the physiological state and in the case of cholestasis. Finally, cholestatic rats show a progressive reduction in their daily food intake, and as a consequence, show a deficient availability of dietary precursors, which is likely to occur earlier in the intestine and liver than in other organs. This aspect should always be considered when studying cholestatic animals.

Nitrosative stress

It is known that a number of cellular and circulating factors can modulate cell membrane activity and cholestatic disease progression. In cholestatic livers, nitric oxide (NO), a potential free radical intermediate, is mainly released by inducible NO synthase (iNOS)[71,72], which is likely sustained by the enhanced inflow of gut-derived endotoxins[58,72,73]. Indeed, it is ascertained that extrahepatic factors actively participate in the determination of cholestatic liver injury. In this respect, prolonged interruption of enterohepatic circulation of bile salts results in intestinal permeability alteration and favors portal endotoxemia[74] with worsening or even promotion of hepatic damage[75] by enhancing free radicals generation, GSH depletion, and impairing detoxification defense[6,32,33].

The excess generation of NO already present in early disease stages favors the formation of hyperreactive derivatives that ultimately result in nitrotyrosine deposition[76-78]. This compound accumulation reflects the excess formation of the highly reactive molecule peroxynitrite, and supports a major injuring role for NO in chronic cholestasis. This view is also consolidated by the observation that the serum of PBC patients contains significantly higher levels of nitrotyrosine compared with control subjects. Moreover, the trend in nitrotyrosine levels seems to parallel the disease stage.

Conversely, nitrosothiols are formed by conjugation of some reactive NO forms (NO●) with thiols and GSH in particular, and thereby oppose dangerous side reactions such as peroxynitrite formation[60]. Nitrosothiols also act as intracellular messengers, and exert a major regulatory effect on cellular and mitochondrial functions[79] through the nitrosylation of proteins and enzymes[80,81]. Conversely, circulating nitrosothiols mainly act as a reserve for NO, whose release after molecule decomposition serves for vascular tone modulation[81]. Serum nitrosothiols are significantly higher in PBC patients than in healthy controls, with the increase being directly proportional to disease severity and paralleling the serum concentrations of hyaluronate[65] and nitrotyrosine[82]. Indeed, it is known that circulating levels of NO derivatives are particularly high in all cirrhotic conditions[83].

Compared to RBC, in which no variations have been noted, serum and hepatic nitrosothiols significantly and progressively increase with ongoing cholestasis in the BDL model; increasing more than tenfold in value at day 10 after the BDL. Following BDL, the NOx (nitrate plus nitrite) content is significantly increased in the liver. 

Overall, the importance of the observations reported for early stages of experimental cholestasis and their presence in patients with milder forms of PBC definitely point to an active participation of these pathophysiological events in the generation of cholestatic liver damage. In fact, the increased hepatic content of NOx and nitrosothiols following BDL point to enhanced hepatocellular NO production, although some studies have shown no increase or even a decreased delivery of hepatic NO by endothelial cells and macrophages in pre-cirrhotic BDL rats[84,85]. On the other hand, others have reported increased hepatic iNOS expression in PBC patients[77] and in the hepatocytes of BDL rats[70]. Indeed, the physiological role of nitrosothiols in biological systems has also not been completely clarified as of yet. Nitrosothiols are unstable thioesters exerting different functions within the cell and in the extracellular compartment[86]. Nitrosothiols are not exclusively formed in cells generating NO, and can be taken up by cells via amino acid transport systems[87]. In a concentration dependent manner, intracellular nitrosothiols seems to be actively involved either in redox signaling or as nitrosative stress mediators[88], whereas, by representing a storage pool of thiols and NO, extracellular nitrosothiols have an importance in the regulation of the protein redox status at the cell surface[89]. In tissues, the formation of nitrosothiols adducts occurs under conditions of nitrosative stress and counteracts excess NO radicals[60]. Therefore, increased levels of tissue nitrosothiols may result from increased formation and/or decreased decomposition[86,90], such as in the presence of reduced thioredoxin availability.

Interaction between oxidative and nitrosative stress 

The interplay between antioxidant molecules and oxidative and nitrosative stress derivatives renders these interactions particularly fascinating in the field of chronic cholestasis, where adaptive processes, in particular those at the subcellular level, are ultimately responsible for hepatocyte death or survival. Indeed, mutual and interrelated changes between circulating and hepatic oxidative and nitrosative stress markers have been reported, and point to an active and interrelated participation of these biochemical events in both liver injury and extrahepatic changes during cholestasis[6,33,65]. In fact, chronic cholestasis results in early and significant interactive changes between thioredoxin and nitrosothiols both at the circulating level and in the liver. The close relationship between the levels of these molecules with liver histology in patients with PBC may account for their active implication in the progression of the disease itself.

This is an important observation since thioredoxin represents one major system playing a regulatory role for several subcellular activities. Thioredoxin has an active role in oxidative/nitrosative stress interplay; in fact, it is also involved in the regulation of some NO activities through the cleavage of nitrosothiols[90,91] and the suppression of peroxynitrite formation[60]. Serum thioredoxin levels appear to discriminate between aggressive and benign forms of chronic non-cholestatic liver disease conditions[92]. In the context of PBC, the increased circulating levels of thioredoxin in patients with stage Ⅰ-Ⅱ suggest that it is likely induced to counteract increased ongoing oxidative stress or that it is an early adaptive measure to regulate NO metabolism, nitrosothiols decomposition, and to maintain surface PSH in the reduced form. Conversely, the decreased circulating level of thioredoxin in patients with more advanced stages of PBC likely reflects a diminished hepatic synthesis and delivery into the vasculature. 

However, with the progression of cholestasis, the decreased production of thioredoxin in the liver, likely due to a down-regulation process associated with excess retention of hydrophobic bile salts and toxic molecules, may indirectly contribute to the progressive appearance of oxidative alterations, and therefore the promotion of fibrosis. In fact, adequate thioredoxin levels effectively protect against stellate cells activation and opposite collagen synthesis and hepatic fibrosis[93]. As a consequence of thioredoxin changes, the serum levels of nitrosothiols and the oxidation of erythrocyte PSH are increased in stage Ⅳ patients, indicating that circulating thioredoxin serves to protect surface PSH from oxidation and regulates nitrosothiols levels.

In this regard, it is known that nitrosothiols can be decomposed either by enzymatic homolytic cleavage in a NADPH dependent reaction involving the thioredoxin system, by a redox-sensitive metalloprotein, or via a non-enzymatic one electron reduction[86,91,94]. Notably, one recent study has reported that thioredoxin-deficient cells denitrosate S-nitrosothiols less efficiently[91]. Given the fact that increased nitrosothiols formation is associated with disease progression in PBC patients, they may have a potential use as a prognostic indicator in these patients.

The close link between oxidative and nitrosative stress parameters in PBC is further shown by the inverse relationship existing between serum thioredoxin and nitrotyrosine (r = -0.838), as well as between thioredoxin and cytokeratin 18 (r = -0.838), a major cytoplasmic intermediate filament protein in hepatocytes and cholangiocytes whose serum levels are elevated in chronic liver disease as a consequence of hepatic inflammation, and thus directly reflect the expression of cellular apoptotic processes (Figure 5)[95]. In PBC patients, cytokeratin 18 correlates well with serum nitrotyrosine (r = 0.894)[82]. 

Hepatic mitochondrial changes

Prolonged cholestasis is known to be associated with changes in mitochondrial morphology (i.e., shortening of cristae, appearance of inclusions, and matrix darkening) and energy metabolism[8,10,96]. In fact, both the number and volume ratio of mitochondria increase and parallel the duration of biliary obstruction in rats[97]. These findings point to adaptive processes in response to mitochondrial dysfunction[98]. Mitochondria are plastic organelles constantly changing their shape to fulfill their various functional activities[99]. 

In this regard, the permeability transition pore (PTP), which is formed across the mitochondrial membranes, has been hypothesized to have a major part in the rapid movements of water into and out of the mitochondrial matrix underlying the changes in volume that characterize the organelle[100]. The aqueous pore formed by the AQP8 isoform across the inner mitochondrial membrane is found to be more relevant to mitochondrial processes, such as release of H2O2[101] and import of ammonia by the organelle (urea cycle)[102-104], than underlying mitochondrial volume homeostasis. It has been observed that the mitochondrial changes accompanying the ongoing cholestasis occur early and parallel the progressive decrease of mitochondrial GSH concentrations and the increase of GSSG levels. In our context, therefore, low levels of mitochondrial GSH are associated with increased susceptibility to oxidative damages[105], resulting in protein oxidation responsible for the activation of cell death pathways[106,107]. The amount of mitochondrial PSH lowers with the cholestasis progression and, similarly to the extra-mitochondrial compartment, both GSH-peroxidase and GSSG-reductase activities increase (Table 1). The decrease in PSH parallels the increased content of protein disulfides (PSSG) and decreased expression of AQP8 (Figures 6 and 7), thus testifying that cholestasis is associated with mitochondrial oxidative changes of proteins and sulfhydryls, as well as functional impairment.

These oxidative changes of mitochondria are functionally important for the energetic activities known to be damaged early during cholestasis, as reported previously[10]. With this in mind, the observation that GSH content declines earlier and at a greater extent in mitochondria than in the cytosolic compartment, as observed in rodent models of cholestasis, points to selective mitochondrial damage. This behavior of mitochondrial GSH might imply two different hypotheses: defective ex novo synthesis of cytosolic GSH, which is then imported by mitochondria, or increased mitochondrial oxidative consumption. Both may follow the intrahepatic accumulation of hydrophobic bile salts (i.e., tauro- and glycochenodeoxycholate) and may also coexist. Indeed, it is known that liver mitochondria exposed to hydrophobic bile salts generate a great amount of ROS, and that damaged mitochondria result in a higher release of radicals[108,109]. The former hypothesis is also supported by the increased expression of mRNA for -glutamylcysteine synthetase and by the enhanced activity of methionine adenosyl-transferase following administration of ursodeoxycholate (UDCA)[110]. UDCA (molecular formula C24H40O4, molecular weight: 392.572) is the 7-epimer of the primary dihydroxy bile acid chenodeoxycholic acid (representing the hepatic catabolic product of cholesterol)[111]. UDCA is found in mammalian bile, following bacterial reduction in ileum and colon. As a therapeutic agent, UDCA has hydrophilic and less cytotoxic properties. The latter hypothesis is supported by the association of a marked increase of GSSG and PSSG with the increased activity of GSH-related antioxidant enzymes. Furthermore, mitochondria from BDL rats exhibited an altered lipid composition, with a two- to threefold increase in the cholesterol/phospholipid ratio in the mitochondrial inner membrane[97], thus suggesting the possibility of impaired transport of GSH into mitochondria.

Moreover, it is important to note that mitochondrial protein content is generally decreased in BDL rats and, together with their increased oxidation rate, deserves some consideration. Firstly, mitochondria exhibiting a decrease of functional proteins are less prone to rapidly changing their shape and, therefore, are less able to adapt their function in response to environmental stress. Secondly, the decreased content of proteins in mitochondria may be the consequence of down-regulation processes to which several proteins undergo during cholestasis when the excretory function is severely impaired[112].

Recent studies have shown that mitochondrial concentrations of nitrosothiols are increased after BDL to an even higher extent than that observed in the extra-mitochondrial compartment[65]. Indeed, NO is known to stimulate hepatocyte GMPc dependent signaling pathways and, in mitochondria, it is an important physiological reactant. NO controls mitochondrial ATP synthase, gene expression, and PTP through protein nitrosylation and nitrosation[88,113]. Mitochondria are known to possess their own NO metabolism[114] and a specific NOS that generates the highest rate of intracellular NO●[88,115]. Moreover, NO may provide beneficial effects at this level by supporting cell survival, thus resulting as a determining factor for mitochondriogenesis[116,117].

Among redox active compounds, thioredoxin is a molecule having an important role for the mitochondrial energetic domain. In fact, overexpression of mitochondrial thioredoxin and thioredoxin reductase attenuates damages associated with excess NO[118] by increasing the mitochondrial membrane potential[119]. In particular, mitochondrial thioredoxin is critical for defense against oxidative stress induced cell apoptosis, and thioredoxin reductase is the only known enzyme catalyzing thioredoxin reduction in mitochondria. However, thioredoxin reductase is known to be sensitive to inactivation by electrophiles, such as some lipoperoxidative products. Glutaredoxin, a system helping to keep thioredoxin reduced during stress events, also contributes to anti-apoptotic signaling. This mitochondrial thiol-disulfide oxidoreductase, in fact, is relatively independent from the cytosolic compartment. In particular, thioredoxin and glutaredoxin systems consist of NADPH, thioredoxin reductase[120], and thioredoxin[121], or NADPH, GSH-reductase, GSH, and glutaredoxin[122], respectively. Within mitochondria, thioredoxin and glutaredoxin play critical roles in controlling protein folding and regulating cell growth/apoptosis[123-126]. An experimental-computational study converged on the idea that GSH/thioredoxin scavenging systems in mitochondria are both essential for keeping minimal levels of H2O2 emission[127]. The crosstalk between these two systems may support each other’s functions, but could not substitute for each other, probably due to their respective functions and different substrates. Thioredoxin is more active in catalyzing the reduction of intra- or inter-chain disulfides of protein substrates, is an electron donor for peroxiredoxins, a major player in the elimination of H2O2[128], and regulates the activity/activation of transcription factors or apoptosis signaling factors through modulating the redox-regulatory disulfides of the protein. Mitochondrial thioredoxin in the reduced form is usually an indicator of cell survival, while the predominance of its oxidized form is an indicator of cell death. Glutaredoxin is not inactivated by oxidation[122] and its insensitiveness increases the chance of protecting mitochondrial thioredoxin from oxidation when the reductase is inactivated. It is specifically active in catalyzing the deglutathionylation of proteins at the expense of GSH. 

Protein S-glutathionylation is an important reversible post-translational modification of proteins that performs thiol-redox signaling for many cellular events, including apoptosis[129]. Indeed, it is known that nitrosative stress is critically important in promoting S-nitrosylation and S-glutathiolation of various mitochondrial proteins, leading to mitochondrial dysfunction, decreased energy supply[130], and increased hepatic injury[130]. With the progression of cholestasis, however, the decreased availability of thioredoxin, together with excess NO and GSH depletion[131], may result in enhanced protein nitrosation[76] and PSH oxidation. These events have obviously negative consequences for hepatocyte survival and bile duct integrity[78,132]. Of course, whether over-expression of mitochondrial glutaredoxin and thioredoxin systems might have therapeutic potential in diseases such as PBC where mitochondrial oxidation plays a dominant role is an intriguing challenge for future investigations.

CONCLUSION

The data discussed here from integrated and translational studies unequivocally suggests that oxidative and nitrosative events determine disease appearance and progression in patients with PBC. Changes in circulating markers, such as thioredoxin and nitrosothiols, may be used to monitor disease progression and to identify patients at risk of disease evolution. Finally, it may be argued that pharmacological interventions directed to sustain hepatic GSH, thioredoxin, and glutaredoxin levels by activating nuclear factors and up-regulating gene transcription[133-135] may favorably contrast NO deranged metabolism in the early phase of chronic cholestatic conditions and may yield hepatocyte protection by favoring mitochondrial proliferation through the maintenance of protein redox status. In fact, the modulation of the protein oxidation/denitrosation process has been suggested as a mechanism of either cytoprotection or cellular damage. In this connection, recent studies have revealed new therapeutic aspects of some compounds. UDCA, initially introduced in therapy to counteract the cholestatic components of PBC, was subsequently shown to have also anti-inflammatory and immunomodulatory properties (Table 2). The use of farnesoid X receptor agonists in animal models of cholestasis has confirmed that bile acids are not only toxicants and inflammagens, but also repressors of innate and adaptive immunity[136]. In fact, other than a well-established role in the digestion and absorption of dietary lipids, bile acids are currently recognized as signaling molecules in a wide range of metabolic processes in which they contribute to improve hyperglycemia and insulin resistance[137].

For this reason, understanding the complexity of the inflammatory mechanisms leading to bile duct epithelial injury represents a crucial step for the future development of therapies aimed at inhibiting ongoing biliary tract destruction in PBC. Both oxidative and nitrosative injurious mechanisms are effectors of damage in the liver, and therefore, interventions aimed at rectifying these processes may have therapeutic effects. Recently, UDCA has shown to protect against oxidative and nitrosative stress, at least in the early stages of PBC[65,138].
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Figure 1  Flow-chart illustrating the cascade of events playing a potential role in the pathogenesis of liver injury in primary biliary cirrhosis. Important steps include the altered immune response linked to increased oxidative/nitrosative stress and genotoxic damage. The final result is the apoptotic death of biliary epithelial cells. WAF1: Cyclin-dependent kinase inhibitor 1; p53: Tumor protein 53.
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Figure 2  Pathophysiological mechanisms of liver damage in primary biliary cirrhosis. Autoimmune attack and cholestasis are both responsible for the injury to biliary epithelial cells and hepatocytes. Cell damage results in inflammatory processes with activation of hepatic stellate cells and expression of myofibroblasts leading to fibrosis and cirrhosis. A myriad of mediators have a role in these events. IGF-1: Insulin-like growth factor-1; PDGF: Platelet-derived growth factor; TGF-: Transforming growth factor beta; ET-1: Endothelin-1; ROS: Reactive oxygen species; RNS: Reactive nitrogen species. 
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Figure 3  Following chronic cholestasis, liver mitochondrial impairment is associated with increased delivery of reactive oxygen species and reactive nitrogen species. Reactive oxygen species (ROS) promotes the oxidation of glutathione (GSH to GSSG) and of protein sulfhydryls (PSH to PSSG). Reactive nitrogen species (RNS) favors the formation of nitrosothiols (GSNO). Both steps are responsible for irreversible damage to lipids, proteins, and nucleic acids, ultimately leading to membrane and protein alteration. 
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Figure 4  Structural formula and interaction of some important molecules involved in oxidative and nitrosative stress associated with chronic cholestasis. 
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Figure 5  Link between nitric oxide derivatives and inflammatory products is linearly evidenced in this graph reporting the relationship between serum levels of nitrotyrosine and keratin-18. Patients with primary biliary cirrhosis (n = 30) were divided in stages according to liver histology: stage Ⅰ; stage Ⅱ; stage Ⅲ; stage Ⅳ. Data adapted from Grattagliano and Portincasa (unpublished). Nitrotyrosine and keratin-18 (K-18) concentrations measured as previously reported[82].
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Figure 6  Aquaporin 8 is a specific water channel actively involved in the regulation of mitochondrial volume in the liver. Protein sulfhydryls (PSH) are a diffuse category of proteins playing important roles in mitochondria, including structural proteins and respiratory complexes to channel pores. The graph depicts the correlation between densitometric values of aquaporin 8 (AQP8) immunoreactivity and PSH content in the liver mitochondria of sham-operated and bile duct ligated rats at different time-points. AQP8 expression varies in relation to the changes in PSH content (n = 16, r = +0.96, r2 = 0.913, P < 0.0001). N = 4 experiments per time point with 1 d, 3 d, 7 d and 10 d; BDL. Data adapted from Grattagliano and Portincasa (unpublished). Measurements performed as previously reported[65].
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Figure 7  Immunohistochemical localization of aquaporin 8 in mouse hepatocytes. Considerable aquaporin 8 (AQP8) immunoreactivity (brown staining) is seen within the cytoplasmic compartment of most hepatocytes. Periodic acid-Schiff (PAS) reactivity (red staining) is seen over glycogen granules. In rodents, hepatocyte AQP8 is expressed at multiple subcellular levels, including the apical (canalicular) plasma membrane, subapical vesicles, smooth endoplasmic reticulum, and mitochondria. The AQP8 channel features conductance to water, ammonia, and H2O2, and is suggested to be involved in primary bile secretion, ammonia detoxification, ureagenesis, and mitochondrial reactive oxygen species generation. Original magniﬁcation, × 1000. (micrograph from Ferri et al[22], reproduced with permission from Wiley Online Library).
 


Table 2  Therapeutic doses of ursodeoxycholic acid and its potential effects in the treatment of patients with primary biliary cirrhosis


Effective dose: 13-15 mg/kg per day indefinitely


�
�
Mechanisms of action


�
�
   Promotion of endogenous bile acids secretion


�
�
   Replacement of hepatotoxic (endogenous) bile acids


�
�
   Stabilization of biliary epithelial cell membranes


�
�
   Alteration of HLA Ⅰ-Ⅱ expression on biliary epithelial cell


�
�
   Inhibition of biliary cell apoptosis


�
�
   Improvement of hepatocyte redox status


�
�
   Signaling for glucose and insulin metabolic pathways


�
�
Delays disease progression and improves transplant-free survival


�
�









�





Table 1  Time-related changes of glutathione peroxidase and glutathione reductase activities in liver cytosol and mitochondria of sham-operated and bile duct ligated rats


Cytosol


�
Day 0


�
Sham Day 3


�
BDL Day 3


�
Sham Day 10


�
BDL Day 10


�
�
GSH-Px


�
351 ± 32


�
336 ± 35


�
   504 ± 541


�
335 ± 20


�
566 ± 321,2


�
�
GSSG-Rx


�
  0.31 ± 0.11


�
  0.27 ± 0.10


�
     0.37 ± 0.081


�
  0.28 ± 0.05


�
  0.60 ± 0.101,2


�
�
Mitochondria


�
�
�
�
�
�
�
GSH-Px


�
977 ± 27


�
913 ± 44


�
1061 ± 95


�
890 ± 42


�
1568 ± 1051,2


�
�
GSSG-Rx


�
  1.12 ± 0.17


�
  0.93 ± 0.09


�
     1.33 ± 0.121


�
  0.89 ± 0.07


�
  1.98 ± 0.121,2


�
�
Glutathione peroxidase (GSH-Px) and glutathione reductase (GSSG-Rx) are reported as mU/mg protein/minute. Significantly different (0.01 < P < 0.05) compared to 1baseline and 2sham-operated rats at each time point. Adapted from Grattagliano and Portincasa (unpublished data). Enzyme activities assessed as previously described[58]. BDL: Bile duct ligation.








