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Abstract:



Drug-induced liver injury (DILI) can broadly be divided into predictable and dose dependent such as acetaminophen (APAP) and unpredictable or idiosyncratic DILI (IDILI). Liver injury from drug hepatotoxicity (whether idiosyncratic or predictable) results in hepatocyte cell death and inflammation. The cascade of events leading to DILI and the cell death subroutine (apoptosis or necrosis) of the cell depend largely on the culprit drug. Direct toxins to hepatocytes likely induce oxidative organelle stress (such as endoplasmic reticulum (ER) and mitochondrial stress) leading to necrosis or apoptosis, while cell death in idiosyncratic DILI (IDILI) is usually the result of engagement of the innate and adaptive immune system (likely apoptotic), involving death receptors (DR). Here, we review the hepatocyte cell death pathways both in direct hepatotoxicity such as in APAP DILI as well as in IDILI. We examine the known signaling pathways in APAP toxicity, a model of necrotic liver cell death. We also explore what is known about the genetic basis of IDILI and the molecular pathways leading to immune activation and how these events can trigger hepatotoxicity and cell death.
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1. Introduction


Drug-induced liver injury (DILI) is a frequent cause of liver injury, which presents with a broad spectrum of manifestations [1,2], the most serious of which is hepatocellular death leading to acute liver failure (ALF) following drug intake [3,4,5]. DILI has been linked to over 1000 drugs, and is one of the most frequently cited reason for drug non-approval, withdrawal, abandonment and post-marketing regulatory actions [6,7,8]. DILI can present clinically with multiple manifestations such as acute hepatitis, cholestasis and jaundice, nodular regenerative hyperplasia, or sinusoidal obstruction syndrome, although almost any clinical pathological acute or chronic patterns of liver disease may occur [1,2]. DILI can also present as a silent subclinical disease, detected during routine blood tests [3]. Gender and age are determinants of pattern and severity of injury; female gender is a risk factor for developing hepatocellular DILI and acute liver failure while age greater than 60 predisposes to the development of cholestastatic DILI with a more indolent course [9]. Agents which induce liver toxicity and DILI can be categorized as either intrinsic liver toxins with dose-dependent and predictable adverse effects or idiosyncratic [10]. Idiosyncratic Drug-Induced Liver Injury (IDILI) is by definition an unpredictable injury due to a drug, usually occurring after a relatively long latency and only in a small proportion of exposed individuals. IDILI is not strictly dose dependent despite exhibiting a dose threshold of 50–100 mg [11,12]. IDILI is a significant health problem due to its unpredictability, potential cause for mortality, and poorly understood pathogenesis [13].



The ensuing liver injury from drug hepatotoxicity (whether idiosyncratic or predictable) results in hepatocyte cell death and inflammation. The cascade of events leading to cell demise depends on the cell death subroutine activated. In the liver, the dominant forms of hepatocyte cell death are apoptosis and necrosis. The mechanism of cell death leading to hepatocytes demise in direct DILI is likely due to the induction of organelle stress (such as endoplasmic reticulum (ER) and mitochondrial stress) leading to necrosis or apoptosis, while cell death in IDILI is usually the result of engagement of the innate and adaptive immune system (likely apoptotic), involving death receptors (DR). While the full mechanisms of cell death from drug hepatotoxicity have not been fully elucidated, we will review what is known in the field and examine the general principles and players in these events which have been described in other contexts or liver disease models.




2. Cell Death in Drug-Induced Liver Injury (DILI)


Hepatotoxicity results in liver cell death, which can be apoptotic or necrotic depending on the signaling pathways activated (Figure 1). The mechanisms of cell death and the subroutine involved largely depend on the drug or toxin, the magnitude of liver injury, and the initiating mechanism of cell death. In hepatocytes, direct toxicity and intracellular organelle stress (ER stress or mitochondrial toxicity) can activate the intrinsic pathway of apoptosis via mitochondrial outer membrane permeabilization (MOMP) or lead to necrosis by mitochondrial permeability transition (MPT). With extensive liver damage, it can be difficult to distinguish the predominant form of cell death in histology [14]. While apoptosis involves caspases, chromatin fragmentation and the phagocytosis of cell bodies which minimizes inflammation, necrosis is defined by cell swelling and the rupture of the plasma membrane (oncosis) which promotes an inflammatory response. The loss of hepatocytes is the main event contributing to the liver injury, but bile duct epithelial cells [15] or sinusoidal cells [16,17] may also be targeted.


Figure 1. Tumor necrosis factor (TNF) receptor-mediated cell death. TNF binding to TNF receptor (TNFR) results in the formation of complex I which includes TNFR-associated death domain (TRADD), receptor interacting protein kinase-1 (RIPK1), TNFR-associated factor 2 (TRAF2), cellular inhibitor of apoptosis 1 (cIAP1), cellular inhibitor of apoptosis 2 (cIAP2) and linear ubiquitin chain assembly complex (LUBAC). RIPK1 is ubiquitinated resulting in the formation of a platform and recruitment of the IκB kinase (IKK) complex (NFκB Essential Modulator (NEMO), IKK1 and IKK2) and TAB (TAK1-binding protein)/TAK-1 (transforming growth factor-β-activated kinase 1) complexes. This results in the activation of NFκB and mitogen-activated protein kinase (MAPK). For apoptosis to occur, the cytoplasmic Complex II is formed which can have two forms. Complex IIa is made up of TRADD, FADD (fas-associated protein with death domain) and caspase-8 and complex IIb consists of RIPK1/RIPK3, FADD, caspase 8 and FLICE-like inhibitory protein long form (FLIPL). Complex II leads to caspase-8-mediated activation of caspase 3/7 and apoptosis in type I cells such as lymphocytes. In type II cells such as hepatocytes, caspase 8 mediates cleavage of Bid to cleaved Bid (tBid) resulting in Bax- (Bcl-2-like protein 4) and BAK-mediated (Bcl-2 homologous antagonist/killer) mitochondrial outer membrane permeabilization (MOMP) and Cytochrome C release from mitochondria. Cytochrome C binds to apoptotic peptidase activating factor-1 (APAF-1) releasing its auto-inhibitory hold. APAF-1 oligomerizes to form a wheel-like structure called the apoptosome which activates caspase 9. Caspase 9 in turn activates the effector caspases (caspase 3/7) to induce apoptosis. In certain cells, when caspase-8 is inhibited, the cell switches to an alternative form of cell death termed necroptosis. For necroptosis to occur, RIPK1, RIPK3 and mixed lineage domain like (MLKL) form the necrosome. RIPK3 phospho-activates MLKL, leading to its oligomerization and translocation to the cell membrane to induce pore opening and oncolysis. cFLIP: cellular FLICE-like inhibitory protein.
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2.1. Apoptosis


There are two routes to apoptosis: the extrinsic (death receptor initiated) and the intrinsic (mitochondrial) pathways. In both instances, the activation of executioner caspases (caspase 3 and 7) results in proteolysis, pyknosis (chromatin condensation) and karyorrhexis (nuclear fragmentation), which are the classic morphologic features of apoptosis [18]. The extrinsic pathway of apoptosis is activated when DR such as tumor necrosis factor receptor (TNFR), FAS (cluster of differentiation 95 (CD95)), TNF-related apoptosis-inducing ligand receptor (TRAIL-R1 and R2), are engaged by their ligands resulting in caspase 8 activation. All members of the death receptor family are highly expressed in the liver. Activation of CD8+ (cluster of differentiation 8) cytotoxic T lymphocytes and cytokines (free and membrane-bound) results in immune-mediated killing of hepatocytes. These T cells which are major histocompatibility complex (MHC) class I–restricted are largely responsible for hepatocyte apoptosis. However, other immune cells such as natural killer (NK) cells, natural killer T cells (NKT) and Kupffer cells (KC) also contribute [19,20,21]. When DR are activated by their respective ligands, they oligomerize and recruit proteins to their cytoplasmic domains (Figure 1).



As an example, we will discuss the pathways activated upon TNFR stimulation by its ligands as it is among the most extensively studied signaling cascades in molecular biology (Figure 1). When TNF binds its receptor, multiple proteins are recruited to a membrane-bound supramolecular structure termed complex 1 or death inducing complex (DISC) [22]. These include TNFR-associated death domain (TRADD), receptor interacting protein kinase-1 (RIPK1), cellular inhibitor of apoptosis 1 and 2 (cIAP1 and 2), TNFR-associated factor 2 (TRAF2) or TRAF5 [4,23]. cIAPs, which are E3 ubiquitin ligases, catalyse the Lys63-linked polyubiquitination of RIPK1 which serves as a scaffold for NFκB activation through transforming growth factor-β-activated kinase 1 (TAK1) and TAK1-binding protein 2 and 3 (TAB2 and TAB3) [23,24]. NFκB activation leads to inflammation and cell survival [24]. For death induction, a second complex, receptor-free complex II, consists of FADD, RIPK1 or TRADD, and caspase-8 assembles in the cytoplasm [24]. Activation of the caspase-8, an initiator caspase, leads to the activation of the executioner caspases (caspase-3 and 7) [23,24]. In many cells such as hepatocytes, formation of complex II is constitutively blocked by Fas-associating protein with death domain-like interleukin-1 β-converting enzyme (FLICE) inhibitory protein (c-FLIP) and NFκB target genes such as A20 [24,25]. The robust NFκB activation in these cells renders them highly resistant to the lethal actions of TNF. However, this resistance can be overcome by translation or transcription inhibitors (such as actinomycin-D or galactosamine), generation of free radicals and reactive oxygen species (ROS), as well as glutathione (GSH) depletion [26,27,28,29].



In type I cells such as lymphocytes, activation of caspase-8 is sufficient for the activation of caspase-3 and 7 resulting in apoptosis. However, in type 2 cells such as hepatocytes, the induction of the extrinsic pathway of apoptosis requires mitochondrial participation and caspase-8-mediated cleavage of Bid, a Bcl2 protein. Cleaved Bid (tBid) and Bim activate proapoptotic Bcl2 family members Bax and Bak leading to MOMP and release of intermembrane proteins such as cytochrome c [23]. The release of cytochrome c activates the apoptosome by releasing apoptotic peptidase activating factor-1 (APAF-1) from its auto-inhibitory conformation [30,31]. APAF-1 then forms a wheel-like structure called the apoptosome which promotes self-activation of caspase 9, which in turn cleaves executioner caspases resulting in apoptosis (Figure 1) [32,33].




2.2. Regulated Necrosis and Necroptosis


Necrosis of hepatocytes, to a large part, also involves activation of cellular signaling pathways. However, the release of intracellular components during necrotic cell lysis causes ion imbalance, mitochondrial dysfunction, adenosine triphosphate (ATP) depletion and elicits an inflammatory response. While drug-induced hepatocellular necrosis is currently being studied, the mechanisms are still not well understood [14]. Necrotic cell death was considered incidental and a form of non-regulated cell death until increasing evidence demonstrated that necrosis can be tightly regulated and pharmacologic inhibition or genetic manipulation can interfere with the death process [3].



Necroptosis is a specific form of regulated necrosis initiated by TNF super family member receptor activation in the presence of caspase inhibitors such as Z-VAD-FMK and mediated through the activation of the pseudokinase mixed lineage domain such as (MLKL) by RIPK1 and RIPK3 interaction [34,35,36,37,38]. Necroptosis requires the kinase activity of RIPK1 and is inhibited by the necrostatins (nec) which are RIPK1 kinase inhibitors [35,39]. RIPK1 recruits RIPK3, through the interaction of their RIP homology interaction motif (RHIM). RIPK3 then activates MLKL by phosphorylation and p-MLKL subsequently translocates to the cell membrane where it oligomerizes and inserts itself executing necroptosis through breaching of the cell membrane (Figure 1) [36,38]. RIPK3 is the only known activator of MLKL, although recently MLKL activation was observed independent of RIPK3 in the Con A model of inflammatory hepatocyte death [40]. The kinase responsible for MLKL activation was not identified (more on this below). Given that hepatocytes do express MLKL in the absence of RIPK3, there remains the possibility that a non-canonical pathway to necroptosis activation exists in these cells. Despite reports citing increased expression of necroptosis proteins in liver biopsy specimens from patients with liver disease [38,41], the role of necroptosis (canonical and non-canonical) in human liver disease and DILI remains largely unknown [42].



Not all cell types can undergo necroptosis; the presence of RIPK3 dictates a cell’s ability to undergo programmed necrosis, and cells lacking RIPK3 such as HeLa and Hek293 are unable to activate necroptosis [43,44]. Interestingly, normal hepatocytes do not express RIPK3 [40,45,46,47]. Since APAP DILI results in a morphologically necrotic form of liver cell death, the murine APAP model has been used to study the role of necroptosis in the liver [42]. Whether necroptosis participates in APAP DILI has been controversial since nec-1 has been reported to prevent APAP toxicity [47,48,49,50], while MLKL and RIPK3 knockout did not prevent cell death in APAP DILI [40,42,47]. Knockdown of RIPK1 protects against APAP DILI and hepatocyte necrosis in vivo, both in wild type and RIPK3−/− mice [47]. Therefore, while RIPK1 may participate in cell death pathways during APAP toxicity, necroptosis is not activated by APAP [42,47]. Thus, the role of RIPK1 in APAP toxicity seems to be independent of its role in necroptosis. RIPK1 is a key kinase with multiple biological functions, such as participation in canonical NFκB and MAPK activation as well as inflammatory responses [34]. The exact mechanism of its participation in APAP toxicity needs to be elucidated but seems to be upstream of c-Jun terminal kinase (JNK) activation [47].




2.3. Autophagy


Autophagic cell death is a controversial topic that has also been investigated in DILI. Autophagy is the lysosomal degradation pathway through which cell content including damaged organelles and protein is recycled. Autophagy is executed through the formation of double membrane vesicles (autophagosomes) originating from endoplasmic reticulum or the cell membrane, that fuse with and deliver their cytoplasmic cargo to lysosomes for degradation by lysosomal hydrolases. Autophagy plays an important role in programmed cell death, especially in close collaboration with apoptosis. However, autophagy is not solely a cell death mode. It is also a pivotal process in development, immune defense, tumor suppression and many other cellular processes [51]. In fact, it is mainly a cell survival mechanism enabling the cell to recycle its contents. Knockout of ATG genes (responsible for autophagy) in most instances is associated with acceleration of cell death rather than its inhibition or prevention [51]. The role of autophagy has been studied in APAP-induced hepatotoxicity [52]. Since APAP toxicity primarily targets and damages mitochondria, which generate free radicals and ROS, mitophagy (a form of autophagy selectively involving mitochondria) was shown to ameliorate APAP DILI [52]. APAP resulted in the formation of autophagosomes that engulfed mitochondria and pharmacological inhibition of autophagy by 3-methyladenine or chloroquine exacerbated APAP toxicity. This effect was attenuated by rapamycin, even if administered two hours after APAP [52].




2.4. Other Forms of Cell Death: (Pyroptosis and Ferroptosis)


Recently, other subroutines of cell death such as pyroptosis and ferroptosis have been described but not much is known about these entities in liver disease. Pyroptosis is a regulated and inflammatory form of cell death, first named in 2001 for the Greek words “pyro” (fire or fever) and “ptosis” (to fall). It has evolved as a way of removing invading pathogens from the body but excessive activation can result in inflammatory cell death. Pyroptosis is dependent on the activation of the inflammatory caspases 1, 4, 5, and 12 in humans (caspase-11 in mice), which are activated through intracellular lipopolysaccharide (LPS) or the inflammasome (caspase-1). These inflammatory caspases then cleave the N-terminus of Gasdermin D (GSDMD), releasing it from the autoinhibitory C domain. Activated GSDMD-N then translocates and binds to lipids in the plasma membrane forming pores, leading to cell death [53,54,55]. This has been viewed as a way of releasing cytokines from macrophages in the context of infection. Little is known about this mechanism in hepatocytes.



Ferroptosis is an oxidative, iron-dependent form of cell death triggered by inactivation of cellular glutathione (GSH)-dependent antioxidant defenses such as glutathione precursor transport, GSH synthesis and GSH peroxidase 4 (GPX4). GPX4 is a membrane lipid peroxidase and largely prevents lipid peroxidation. Deletion of GPX4 results in ferroptotic cell death that can be rescued by ferrostatins (Fer-1) and iron chelators, confirming the role of GPX4 in this cell death subroutine [56,57,58]. Ferroptosis has been suggested to occur in APAP DILI since Fer-1 protected primary mouse hepatocytes (PMH) in vitro from APAP [59]. This is far from conclusive as lipid peroxidation is not a prominent feature of APAP toxicity. However, iron uptake in mitochondria may be important in promoting Fenton reaction and hydroxyl radical toxicity. The role of ferroptosis in APAP-induced cell death needs to be further investigated and confirmed by in vivo experiments and using genetic knockout models.





3. Pathogenesis of Idiosycratic Drug-Induced Liver Injury (IDILI)


The pathogenesis of IDILI is multifactorial and complex, but several hypotheses have emerged, all of which involve the adaptive immune system. There are multiple clues that point to the involvement of the adaptive immune system in hepatotoxic reactions to drugs. For example, drugs or drug–protein adducts from IDILI compounds can activate peripheral blood lymphocytes (lymphocyte stimulation test), supporting the notion that patient specific and host immune factors contribute to IDILI [60,61,62,63].



IDILI can be further divided into two types, IDILI without immune-allergic features (the majority of cases) and IDILI with immune-allergic features (fever, eosinophilia and rash). Examples of drugs that cause immune-allergic IDILI include halothane, sulindac, dihydralazine and some anticonvulsants such as phenytoin, as well as certain antibiotics such as trimethoprim/sulfamethoxazole, cefazolin and ciprofloxacin [3]. These drugs are hypothesized to covalently bind to liver proteins such as cytochrome P450 (CYP), be presented as hapten–antigen adducts to MHC class II molecules and thus trigger an immune response that activates CD8 cytotoxic T cells to attack the liver. The T cells in turn express Fas ligand (FasL) and TNF which mediate hepatocyte cell death via death receptors abundantly expressed on the surface of hepatocytes [19]. DILI from certain drugs such as halothane, can involve cluster of differentiation 4 (CD4) T cell-regulated IgE and IgG1 antibodies to trifluoroacetyl protein adducts which may promote antibody-dependent cytotoxicity (possibly with compliment) [64]. Severe allergic skin reactions such as toxic epidermal necrosis (TEN) and Stevens–Johnson syndrome (SJS) have also been described with IDILI and carry a poor prognosis when present [64]. IDILI can mimic, induce or unmask autoimmune hepatitis (AIH), a well described autoimmune disorder of the liver involving adaptive immunity. Classical examples of drugs that cause an AIH type DILI include nitrofurantoin and minocycline, which are associated with the induction of antinuclear antibodies and the histopathological appearance of AIH on liver biopsy [62]. It is important to point out that most drugs that cause IDILI do so in the absence of classic systemic immune allergic features (fever, rash and eosinophilia); however, many are strongly HLA-linked, suggesting a liver-specific immune response. These immune responses targeted at the hepatocyte likely induce a receptor-mediated apoptotic cell death. However, non-canonical necroptotic cell death (independent of RIPK3) as suggested in idiopathic auto-immune hepatitis, could theoretically contribute [40].



3.1. Human Leukocyte Antigen (HLA) Associations


Genetic studies on DILI can be challenging due to the rarity of DILI occurrence, the number of drugs causing DILI, as well as the multitude of clinical manifestations. Multiple genome-wide association studies (GWAS) have identified correlations between human leukocyte antigen (HLA) polymorphisms and the occurrence of IDILI (Table 1). The implication of these studies is that IDILI is the result of the activation of an adaptive immune response. These HLA haplotype associations suggest that DILI occurs due to a genetic predisposition to an adaptive immune response as well as to the presentation and recognition of a drug-related antigen. For example, strong associations of the HLA-B*5701 polymorphic allele with flucloxacillin hepatotoxicity have been found with an 80-fold risk increase for the carriers [65,66,67]. Other examples of strong associations between HLA polymorphisms and IDILI are the increased risk of amoxicillin-clavulanate toxicity (the single most common form of IDILI) in patients with DRB1*1501 and DQB1*0602 [65]. GWAS have been performed on other drugs known to cause IDILI, such as diclofenac, ximelagatran, tacrine, tolcapone and troglitazone and risk alleles have been identified. A comprehensive list is included in Table 1 [65,66,67,68,69,70,71,72,73,74,75,76,77,78,79,80,81,82,83,84,85,86,87,88,89,90]. Although not much mechanistic evidence exists, it is thought that the presence of an HLA polymorphism or haptenization alone is not sufficient to trigger hepatic injury as most patients with these HLA polymorphisms do not develop IDILI. Stress (intra- or extra- hepatic) due to infection, inflammation or other oxidative stress burden may co-stimulate the immune response as well as elicit immune-mediated hepatic cell death. Furthermore, the issue of immune-tolerance or failure of adaptation may play a role (more below).



Table 1. Associations between human leukocyte antigen (HLA) and idiosyncratic drug-induced liver injury (IDILI).







	
Drug

	
Reference

	
Human Leukocyte Antigen Associations






	
Abacavir

	
[70]

	
B*57:01




	
Allopurinol

	
[81]

	
B*58:01 ^




	
Amoxicillin-Clavulanate

	
[71,72,73]

	
A*02:01, B*18:01, DRB1*1501, DQB1*0602, DRB1*07 ‡, A*3002, DQB1*0402




	
Anti-Tuberculous Drugs

	
[74,75,76]

	
DQB1*02:01, DQB1*05:02, DQA1*01:02 ‡, B*57 #, DRB1*03




	
Antiretroviral Drugs

	
[76]

	
B*57 #




	
Carbamazepine

	
[82]

	
B*15:11 ^, A*31:01 ^




	
Clometacin

	
[84]

	
B*08




	
Diclofenac

	
[85]

	
DRB1*13




	
Fenofibrate

	
[79]

	
A*33:01




	
Flucloxacillin

	
[66,67,86]

	
B*57:01, DRB1*07:01, DQB1*03:03, DRB1*15 ‡




	
Flupirtine

	
[83]

	
DRB1*16:01, DQB1*05:02




	
Lapatinib

	
[77]

	
DQA1*02:01, DQB1*02:02, DRB1*07:01




	
Lumiracoxib

	
[87]

	
DRB1*15:01, DQB1*06:02, DRB5*01:01, DQA1*01:02




	
Minocyclin

	
[78]

	
HLA B*35:02, B*35:02




	
Nevirapine

	
[80]

	
DRB1*01:02, DRB1*01, B*58:01




	
Pazopanib

	
[88]

	
B*57:01




	
Phenobarbital

	
[82]

	
B*51:01 ^




	
Terbinafine

	
[80]

	
A*33:01




	
Ticlopidine

	
[89]

	
A*33:03, A*33:01, B*44:03, Cw*1403, DRB1*1302, DQB1*0604




	
Tiopronine

	
[90]

	
A*33 B44 DR ^




	
Ximelagatran

	
[72]

	
DRB1*0701, DQA1*0201




	
Zonisamide

	
[82]

	
A*02:07 ^








‡ Haplotype decreases risk of toxicity; ^ Haplotype reported in Japanese patients; # Haplotype reported in Ethiopian patients.








As more drugs are being identified and associated with DILI, and more genetic studies are being conducted with the ultimate aims of detecting, defining, studying and improving liver injury from drugs and herbal and dietary supplements (HDS), registries to carefully document DILI cases in patients have been created. The Drug-Induced Liver Injury Network (DILIN) aims to develop standardized procedures to correctly identify and characterize drug- and HDS-induced liver injury, as well as to conduct tightly controlled clinical studies on DILI [65]. Other registries such as in Spain (and Latin America), United Kingdom, Iceland and Japan also compile carefully phenotyped and adjudicated cases in hopes of better understanding the pathogenesis and genetics of IDILI and its relationship to phenotypic manifestations [91,92,93,94,95].




3.2. Receptor-Mediated Signaling and DILI


Classic drugs with IDILI liability may act through activation of cytokines such as fas ligand (FasL), interferon γ (IFNγ) and TNF [96]. IFNγ is a soluble cytokine secreted by immune cells, and it exerts its effects by binding to transmembrane receptors on the surface of hepatocytes and Kupffer cells [96]. The biological effects of IFNγ stimulation are the induction of the major histocompatibility complex class I and II and of nitric oxide synthase (NOS) expression, stimulation of TNF production, and the upregulation of receptors for immunoglobulins, monocytes and/or macrophages [97]. Binding of IFNγ to its receptor activates the Janus kinase (JAK) and signal transducer and activator of transcription (STAT) pathways, which increase the activity of antigen-presenting macrophages, enhance natural killer (NK) cell activation and promote leukocyte adhesion [98]. Activated Kupffer cells, in turn, produce TNF that modulates hepatocellular function, mitigates inflammatory responses and can result in apoptosis in vulnerable cells [93]. Furthermore, IFNγ and TNF can synergistically induce inducible nitric oxide synthase (Inos) expression, cause DNA fragmentation and lead to apoptosis in PMH in vitro [99,100].



There have been several in vivo experimental models of T cell-dependent apoptotic and necrotic liver injury via the activation of IFNγ described recently. Mice previously sensitized with d-Galactosamine (GalN) [101] and subsequently probed with either anti-CD3 monoclonal antibody or with the super-antigen staphylococcal enterotoxin B (SEB) developed apoptotic and necrotic liver injury and cytosolic DNA fragmentation [101,102,103]. These three models act via the activation of IFNγ and TNF, as passive immunization against TNF protects mice against liver injury induced by these agents.



Concanavalin A (Con A), a T-cell mitogenic lectin derived from the jack-bean plant, is used as an in vivo model of immune-mediated liver injury. Administration of Con A to naïve mice results in hepatitis and hepatocellular death. The exact subroutine of cell death in this model is still somewhat controversial [42,103,104,105,106]. Recently, it was reported that MLKL−/− mice were resistant to cell death from Con A and this appeared to be independent of RIPK3 [40]. RIPK3 expression was absent in hepatocytes, and the direct activation of MLKL by RIPK1 was excluded which suggested the participation of an unidentified kinase that activates MLKL. Interestingly, the rapid induction of MLKL expression in this model was mediated by IFNγ signaling through STAT-1, as STAT1−/− mice were also protected from Con A injury [40]. MLKL activation and translocation to the cell membrane for cell wall lysis requires phosphorylation, and only an increase in protein levels is not sufficient to induce necrosis [40]. While induction of MLKL was dependent on IFNγ/STAT-1, its activation required TNF and TNFR1−/− mice were also protected from Con A hepatitis and cell death in vivo (no MLKL translocation to cell membrane) [40]. Therefore, both induction of MLKL (via IFNγ/STAT-1) and activation (p-MLKL) and translocation to the cell membrane (via TNF signaling) are necessary for MLKL induced hepatocyte death in the Con A model [40]. The exact pathway leading to RIPK1 activation in this model is unclear but presumed to be via TNF. Additionally, the direct activator of MLKL downstream of TNF is yet to be identified [40].



Activation of a hepatotoxic immune reaction using the potent NKT cell stimulator, α-galactosylceramide (α-GalCer), also results in TNF receptor-mediated apoptosis, which can be attenuated by caspase inhibitors and TNF neutralizing antibody and can be aggravated by RIPK1 knockdown in mice [107]. Liver specific RIPK1 deletion also exacerbates Con A-induced hepatitis in vivo, although in this instance TNF-mediated apoptosis is the dominant cell death subroutine [108]. Although these in vivo mouse models do no fully recapitulate human IDILI, they elucidate some molecular pathways through which one could imagine drugs exerting hepatotoxic effects leading to cell death via cell surface death receptors.




3.3. Hypothesis for Immune System Activation in IDILI


A few different hypotheses have been suggested to explain the idiosyncratic nature of most drug toxicities and the mode of immune activation (Table 2). The first hypothesis of IDILI is the hapten hypothesis which postulates that certain drugs are metabolized to reactive compounds that can bind to endogenous proteins and form neoantigen or “hapten” peptides that are presented to and recognized by the immune system of certain individuals with HLA polymorphisms as foreign antigens [14].



Table 2. Hypotheses of immune system activation.







	
Name of Hypothesis

	
Definition






	
Hapten hypothesis

	
Reactive metabolites are generated from drugs that can bind to endogenous proteins and form neoantigens, activating the immune system.




	
Pharmacological Interaction (p-i) Hypothesis

	
Certain drugs can act like small molecules and directly form non-covalent interactions with MHC molecules altering their binding pocket.




	
The altered peptide repertoire hypothesis

	
Drugs induce mistargeting of endogenous peptides to the wrong HLA leading to autoimmunity.




	
Multiple determinant hypothesis

	
Multiple risk factors (i.e., polymorphisms, age, gender), are necessary and overlap together to induce DILI.




	
Inflammatory stress hypothesis

	
A small inflammation occurring during drug therapy could interact with the action of the drug and escalate into liver injury.










Another hypothesis termed the “pharmacological interaction” (p-i) hypothesis postulates that certain drugs can act like small molecules and directly form non-covalent interactions with MHC molecules, leading to the activation of the immune system. It is likely that the initial binding of the drug to the MHC molecule is labile, and serves as a scaffold for a T cell receptor (TCR) interaction of much higher relative affinity [109,110]. This TCR interaction is capable of generating an immunological response, as it involves T cell activation [110]. The p-i model has been described to be relevant for a series of drugs such as sulfamethoxazole, lidocaine, celecoxib, carbamazepine and ximelegatran; however, the specific sites of drug binding on the MHC–peptide complex remain unresolved for many drugs [111]. An example of the possible clinical relevance of the pi hypothesis has been proposed for the hepatotoxic drug ximelegatran since the drug does not covalently bind proteins to form neoantigens. However, in vitro studies have shown a direct inhibition by ximelegatran of peptide binding to HLA DRB1*0701, supporting direct interaction of the drug with this HLA binding site [112].



A third model, the altered peptide repertoire hypothesis, suggests that certain drugs can cause mistargeting of endogenous peptides to the wrong HLA, leading to auto-immunity. This has been described for abacavir rash and Stevens–Johnson syndrome from carbamazepine [113,114]. Abacavir binds within the F pocket of the peptide-binding groove of HLA-B*57:01, thereby changing its specificity, altering the repertoire of self-peptides presented to T cells, and thus causing the equivalent of an alloreactive T-cell response [113].



An alternative hypothesis for IDILI is the multiple determinant hypothesis, which states that multiple risk factors (such as polymorphisms, age, gender, preexisting conditions) could overlap together to induce DILI [96,115,116]. The mouse model of halothane-induced liver toxicity can be used as an example. Among the known human risk factors for halothane hepatitis are female gender, middle age, genetic predisposition, and overnight fasting [117,118]. Halothane administered to mature, female, fasted BALB/c mice caused liver injury, while fed mice were less sensitive. Male mice and immature female mice were also more resistant. Isoflurane however, which is a closely related drug and also an inhaled anesthetic that does not share the human liability for IDILI, did not cause any liver injury in these mice [118]. Therefore, unless all conditions are met and the multiple determinants are fulfilled, IDILI will not occur. This may, in part, explain why the disease is so rare in spite of the genetic polymorphisms being common in the population.



The unpredictable nature of idiosyncratic DILI may also suggest that there could be another event occurring concomitantly with drug therapy. This raises the possibility that IDILI reactions could be unmasked by inflammation occurring during drug therapy, which could interact with the action of the drug and escalate into liver injury. Such a response is oftentimes characterized by inflammatory cell infiltrates within liver lesions of patients suffering from IDILI [119,120,121,122]. These inflammagens bind to “pattern recognition receptors” such as Toll-like receptors (TLRs) on immune system cells, which initiate the activation of transcription factors and the expression of inflammatory mediators such as tumor necrosis factor α (TNFα) and IFNγ. This hypothesis of occurrences is known as the inflammatory stress hypothesis of IDILI. The inflammatory stress hypothesis has provided the first animal models in which pronounced liver injury is induced from numerous drugs associated with human IDILI, such as chlorpromazine, halothane, ranitidine, diclofenac, sulindac, and amiodarone [96,121,122]. However, the injury in this circumstance is very acute and does not have the latency features associated with human DILI from these drugs.



In experimental models of IDILI, it has been suggested that either CD4+ dependent antibody-mediated cytotoxicity [64], or CD8+ T cells-mediated cytotoxicity [123,124] result in hepatocyte death via death receptor-initiated mechanisms [62]. However, the susceptible HLA polymorphism resulting in immune activation does not fully explain hepatotoxicity on its own as most identified HLA haplotypes associated with toxicity are quite common in the general population and IDILI is a rare event. Thus, not all individuals with the susceptible HLA polymorphism exhibit IDILI when exposed to the drug, which may be due to the liver’s inherent state of immune privilege and modulation of immune-tolerance [62].




3.4. Immune-Tolerance and Adaptation


In order to avoid inflammatory reaction due to its routine exposure to foreign antigens, the liver is in a constant state of immune tolerance. Antigens are ingested and continuously introduced to the liver where they are metabolized and either excreted via the biliary system or metabolized [62]. The liver’s immune tolerance has been the focus of scientific study since the 1960s, when experimental transplantation studies revealed that allogeneic liver grafts can be established and maintained in animal models without immunosuppression [124,125]. HLA antigen matching is not necessary for successful liver transplants, and liver transplantation is the only solid organ transplant in which complete weaning of immunosuppression can be achieved in up to 20% of cases [126]. This dampening of the liver’s immune response is multifaceted and implemented by the various non-parenchymal cells residing in the liver. This may be the main reason why many patients exposed to potentially hepatotoxic drugs have transient liver enzyme abnormalities that normalize with continuous exposure (clinical adaptation) [106]. A classic example of this was described in 1975. Patients exposed to the anti-tuberculosis drug isoniazid (INH) in an inpatient psychiatry unit were followed with serial blood tests and 38% of patients on INH experienced abnormally elevated liver enzymes (some with hyperbilirubinemia) which subsided in the majority of patients despite continued treatment with INH [127]. More recently, several studies and animal models have shown that when these intrinsic liver auto-immunity checkpoints were experimentally bypassed, drugs that normally would not result in liver injury or only cause transient DILI, caused T cell activation with persistent and more severe DILI [64,122,123,128].



The parenchymal epithelial cells, hepatocytes, along with the cholangiocytes which line the bile ducts, are the functional units of the liver. However, mammalian liver contains various other cell types, referred to as non-parenchymal cells (NPC), which are essential for normal biologic and immunologic functions. These include liver sinusoidal endothelial cells (LSECs, which constitute the wall of the liver sinusoids), Kupffer cells (KCs) which are resident liver macrophages, stellate cells (HSCs) which are pericytes found in perisinusoidal space, liver-associated lymphocytes and dendritic cells. LSECs produce cytokines, activate CD4+ T cells and function as a barrier between leukocytes or other macromolecules present in the sinusoidal lumen and hepatocytes [129,130,131]. KCs, which are specialized machrophages, are located mainly in the periportal sinusoids so they can phagocytose and eliminate antigens and pathogens entering the liver parenchyme via venous blood from the intestines [125]. The liver’s immune tolerance is dependent on the autocrine and paracrine effects of cytokines secreted by KCs as well as on LPS stimulation of immune cells and antigen presenting cells (KC and LSECs particularly) [132]. KCs and LSECs express cytokines such as interleukin 10 (IL-10), TGFβ, TNFα and prostaglandins either constitutively or in response to LPS, resulting in downregulation of leukocyte adhesion to LSECs, expansion of regulatory T cells (T-regs) and abrogation of T cell activation, all of which lead to an increased immune tolerance in the liver [106,133,134,135,136,137].



Elegant studies have been conducted to demonstrate that bypassing the liver’s intrinsic immunity checkpoints leads to the development of IDILI. Programmed cell death protein 1 (PD1) and cytotoxic T-lymphocyte-associated protein 4 (CTLA4) are important immune checkpoint mediators which are involved in inducing hepatic immune tolerance [138]. PD1−/− mice treated with anti-CTLA4 antibodies prior to treatment with amodiaquine (AQ) suffered from greater liver injury than from AQ alone [123]. PD1 null mice treated with anti-CTLA4 antibody have impaired immune-adaptive responses and constitute a valid animal model of AQ IDILI, characterized by significant liver dysfunction and injury [128]. In another study, Chakraborty and colleagues provide evidence that immune tolerance in the liver can be overcome in the murine model of halothane-induced allergic hepatitis [64]. In this model, female BALB/c mice received two doses of halothane to become sensitized to the drug. Each dose elicited ALT elevations, perivenous necrosis and inflitration of CD11b+Gr-1high cells in the liver 24 h post drug administration followed by complete normalization of ALT (clinical adaptation). A subpopulation of myeloid-derived suppressor cells within the CD11b+Gr-1high cell fraction was also observed, which inhibited the proliferation of both CD4+ and CD8+ T cells, and can induce immune tolerance. When these CD11b+Gr-1high immunosuppressor cells were depleted from the liver with Gr-1 antibody treatment (24 h before halothane), reappearance of enhanced liver injury was observed nine days after halothane rechallenge [64]. The mice treated with Gr-1 antibody also displayed delayed severe inflammation, necrosis, increased eosinophil infiltration and T cell response [64]. Interestingly, the liver injury in the AQ model was CD8 cytotoxic T cell-mediated apoptosis whereas in the halothane model, the injury was CD4 T cell-induced humoral (antibody and complement) mediated and lytic necrosis [64,122].





4. Direct Hepatocyte Toxicity


Acetaminophen Toxicity


Acetaminophen (APAP) is the quintessential hepatotoxin. APAP causes DILI in a predictable, dose-dependent and intrinsically hepatotoxic manner and is the most common single cause of DILI in the United States and the UK [139]. Acetaminophen-related adverse events continue to be a public health burden [140]. APAP overdose is the leading cause for calls to Poison Control Centers (>100,000/year) and accounts for more than 50,000 emergency room visits, 2600 hospitalizations, and nearly 500 deaths per year as a result of APAP-associated acute liver failure [139,140,141,142].



APAP is absorbed rapidly in healthy adults and is extensively metabolized mainly by the liver, although there may be some metabolism of the drug in the gut and kidney. Only 2–5% of the ingested dose of APAP is excreted unchanged in the urine [143,144,145]. The major metabolites of APAP are the glucuronide and sulfate conjugates, while a minor fraction is converted in the liver by CYP2E1 to a highly reactive toxic electrophilic arylating metabolite, N-acetyl-p-benzoquinoneimine (NAPQI). NAPQI is normally quickly inactivated by being preferentially conjugated with reduced GSH in the liver, and then is excreted in the bile and urine as cysteine and mercapturic acid conjugates. When large doses of APAP are ingested, glucuronidation and sulfation pathways are saturated and the remaining APAP is shunted to the CYP system. Due to overwhelming NAPQI production, GSH becomes depleted and NAPQI remains in the liver where it can covalently bind to cell protein thiols, presumably altering their functions and eventually leading to acute hepatic necrosis [146]. In vitro, in the presence of reduced GSH in isolated rat hepatocytes, NAPQI can either be reduced back to APAP or covalently linked to GSH to form a conjugate [147,148]. In addition to covalent binding, NAPQI can oxidize protein thiol groups, leading to the formation of inter-protein crosslinking, disulfide bridges or mixed disulfides. Furthermore, NAPQI decreases are equivalents of NADPH with concomitant reduction of molecular oxygen thus generating ROS, which in turn can initiate lipid peroxidation (LPO), though this is not a prominent feature [149,150]. Though NAPQI is produced in the ER, it is sufficiently stable to pass into mitochondria or be exported and attack LSECs, potentially contributing to the hemorrhagic nature of hepatic injury [16]. Micro RNAs (miR) which are small non-coding RNAs that regulate gene expression have recently been the focus of studies in various liver diseases [151]. miRs can affect drug metabolism by regulating the expression of the CYPs and drug transporters and serve as biomarkers for liver injury during DILI [151,152]. Recently, in vitro studies using stem cell-derived hepatocytes and primary human hepatocytes have demonstrated a role for miR-324 in the regulation of phase II enzymes glutathione-S-transferase (GST1) and sulfotransferase 2A1 (SULT2A1) [153]. Pre-treatment with microRNA-324 antagomir resulted in increased SULT2A1, higher glutathione levels and protection against APAP in vitro by interfering with APAP metabolism [153].



NAPQI and consequent mitochondrial-derived ROS damage mitochondrial DNA and activate the c-Jun N terminal Kinase (JNK) signaling pathway leading to amplification of mitochondrial ROS, which eventually leads to the opening of the mitochondrial membrane permeability transition pore (MPT). MPT opening results in the collapse of mitochondrial membrane potential, and thus the cessation of ATP synthesis as well as to the release of intermembrane proteins which trigger necrotic cell death [154]. The mode of cell death in APAP hepatotoxicity has long been viewed as oncotic necrosis [155,156] and not apoptosis, as there is no caspase activation after APAP overdose [157] in spite of mitochondrial rupture and release of intermembrane proteins [158]. In addition, caspase inhibitors have been shown to be ineffective in protecting the liver against APAP toxicity [159].



ROS activate upstream kinases such as glycogen synthase kinase 3 β (GSK3β), RIPK1, Protein kinase C α (PKCα), higher order mitogen activated protein kinases (MAPKs) such as Mixed-lineage kinase 3 (MLK3), apoptosis signal regulating kinase 1 (ASK1) and mitogen-activated protein kinase kinase 4 (MKK4), ultimately leading to JNK activation. MLK3 is activated by oxidative stress, and results in the first phase of JNK activation [160], while ASK1 regulates the late phase of APAP-induced JNK activation [161]. Activated JNK (p-JNK) then binds to its target Sab on the mitochondrial outer membrane, phosphorylating it and leading to a positive feedback loop of ROS production and JNK activation ultimately leading to MPT [8]. Interfering with this pathway at any point, by knockdown, knockout or inhibition of the proteins protects hepatocytes from cell death [8,160,161,162,163,164]. Importantly, knockout of SH3 binding protein 5 (Sab) or inhibition of JNK binding to Sab prevents APAP toxicity as well, indicating that the interaction of these two proteins is a critical step in mitochondrial collapse and cell death [163,164,165]. JNK phosphorylates Sab on the cytoplasmic side of the mitochondria, leading to the release of a protein tyrosine phosphatase type 6 (PTPN6) from Sab in the intermembrane space [166]. After release from Sab, PTPN6 is activated and transfers to the inner membrane, where it dephosphorylates and inactivates Src in the intermembrane space. Src dephosphorylation requires a platform protein, docking protein 4 (DOK4), on the inner membrane. Active Src is required to maintain electron transport in the inner membrane [166]. When Src is inactivated, the electron transport chain (ETC) chain is blocked and ROS production is enhanced. Knockdown of mitochondrial DOK4 or PTPN6 inhibited the inactivation of mitochondrial p-Src and the effect of p-JNK on mitochondria, indicating that these proteins are crucial for APAP mitochondria toxicity via JNK [166].



NAPQI covalent binding in the ER may also induce the unfolded protein response (UPR) and ER stress [167] response, which may contribute to APAP hepatotoxicity as a site for ASK1/JNK activation.



The penultimate event before mitochondrial collapse is MPT and inhibition of pore opening by the pharmacological inhibition of cyclophilin D, with cyclosporin A providing protection against MTP opening and APAP-induced necrosis [168,169]. Similarly, cyclophilin D-deficient mice were protected against low dose APAP toxicity [170], but not against a higher dose [171].





5. Preclinical Models for Screening Drugs for IDILI


A variety of screening approaches for DILI liability beyond the standard in vivo mouse, rat and monkey treatment have been studied. Use of cell lines (HepG2, HepRG) and primary human hepatocytes (PHH) in sandwich culture, micropatterned co-culture and spheroids with tight cell interactions is commonly used to study drug toxicity. There are, however, some pitfalls with the in vitro models. A major drawback of cell lines is that they are derived from a single donor with uniform genetics, thus rendering the study of a spectrum of polymorphisms impossible [172]. In vitro exposure of mouse liver mitochondria has been used as a preclinical test for a drug’s potential for IDILI [173]. Using isolated mouse liver mitochondria, Porceddu and colleagues developed a high throughput method for screening mitochondrial toxicity of a large set of DILI and non-DILI drugs using readouts such as cytochrome c release, membrane permeabilization (swelling), collapse of membrane potential and alterations in respiration driven by succinate or malate/glutamate [173]. Toxicity to mitochondria in vitro had a sensitivity of 92–94% and high positive predictive value of 82–89% for a hepatotoxic outcome [173]. PHH are likely the most accurate representation of human liver but even these cells when cultured for more than 72 h lose their differentiation in vitro. The addition of sandwich culture and matrices such as Matrigel can delay the decline of hepatocyte function. However, even with the overlay cultures, hepatocyte function decreases to a mere 10% after a few days [174]. While PHH remain the gold standard for in vitro DILI experiments, in order to recapitulate genetic diversity among humans and understand inter-individual differences in susceptibility to DILI, induced pluripotent stem cells (iPSCs) have been emerging as a new tool to study drug toxicity [174]. Like the other models, iPSCs have limitations as well, mainly due to poor differentiation of cells to hepatocytes [175]. The readouts for these in vitro models include oxidative stress, mitochondrial dysfunction, and cell viability. Despite using high drug concentrations and short-term exposures, these assays perform well in predicting a drug’s liability for inducing IDILI. Considering that IDILI usually has a latency of weeks to months, the question is why do these acute models perform well and do they reveal the relevant mechanism in human IDILI. One possibility is that these models are a surrogate for the fact that most DILI drugs are lipophilic and undergo extensive metabolism. Alternatively, it is possible that these assays inform on the stress-inducing effects of the drugs which may be a prerequisite for the development of an adaptive immune response in genetically susceptible individuals carrying the relevant HLA polymorphism. This can be viewed as a danger signal to enhance immune activation. Another possibility is that the stress inducing phenomenon elicited by the drug or metabolites may sensitize hepatocytes to the lethal effects of an adaptive immune response. At present, these are unresolved issues. Specialized animal models have also been explored though not widely adopted in the screening of drugs. Examples include: concomitant administration of LPS with drugs, the use of immune checkpoint inhibitors, and humanized mice [62,174]. All of these approaches suffer from the inability to capture the variability of the human population and the unique susceptibility of a subgroup to hepatotoxicity (e.g., HLA polymorphism).




6. Clinical Aspects


Most of the hypotheses and data discussed here pertain to in vitro and in vivo experimental models. Therefore, with the exception of HLA polymorphism studies performed on IDILI patients, drawing direct conclusions about human IDILI in relation to cell death pathways is speculative. Therefore, mechanistic steps should be viewed critically in light of the fact that recapitulation of human IDILI has largely not been experimentally feasible. However, these mechanistic studies in animal models and in vitro systems are important in developing therapeutic solutions and can also lead to the discovery of sorely needed biomarkers for IDILI and cell death subroutines [176].



Another major challenge in the field is causality assessment since DILI is a diagnosis of exclusion. Clinical databases and studies use various methods of causality assessment and there is a lack of unanimity among experts as to which method is optimum [65,177,178,179,180]. Biomarker discovery holds promise in this arena in providing objective tests to diagnose DILI. Most clinicians diagnose DILI based on previous knowledge of a drug, temporal relationship and by ruling out other causes of liver injury which is applicable to patient safety [180]. However, more rigorous approaches are required in publications and specialized contexts.




7. Conclusions


The cascade of events leading to DILI depends largely on the type of hepatotoxin (Table 1). Human IDILI by definition has been difficult to recapitulate and study in animal models, as many patient-specific factors contribute to drug toxicity [63,172,181,182,183]. Exposure of hepatocytes to parent drug or reactive metabolites may induce a variety of patient specific intracellular stress responses and adaptive mechanisms, which illicit danger signals activating the innate and adaptive immune system [172,173] (Figure 2). Most patients exposed to IDILI drugs and their metabolites develop transient mild abnormalities, which resolve with continued exposure (clinical adaptation). Certain individuals with polymorphisms in HLA molecules (Table 1) when exposed to these highly immunogenic compounds may develop overt clinical IDILI, although a multitude of conditions need to be met for IDILI to occur and not all patients with the susceptible HLA haplotypes develop IDILI. Thus, IDILI is the result of a complex interplay between potentially immunogenic drugs and drug metabolites and the host’s immune response and capacity for immune tolerance (Figure 2).


Figure 2. Drugs or toxic metabolites can cause intrinsic predictable toxicity by binding to intracellular proteins, generating reactive oxygen species (ROS) and inducing organelle stress. If the stress is minor, organelle adaptive responses (such as the unfolded protein responses in the ER or mitochondria) will compensate and adapt and the injury will be dampened. If these responses are overwhelmed, cell death follows. Most drugs cause an idiosyncratic and immune-mediated injury which is HLA-associated and only occurs in individuals with the susceptible HLA polymorphism. Due to the process of adaptation and the liver’s inherent capacity for immune tolerance, most individuals exposed to a toxic drug even in the presence of a susceptible HLA polymorphism will experience mild and transient injury or no injury at all. In a minority of individuals, failure of adaptation results in persistent and severe injury.
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The molecular pathway of APAP toxicity is the subject of much investigation. The APAP metabolite, NAPQI, is a mitochondrial toxin. Mitochondrial toxicity and the generation of ROS results in the activation of signaling molecules such as RIPK1, GSK3β, PKCα, MLK3, ASK1 and JNK [4,14]. This cascade of signaling events ultimately results in the phosphorylation of JNK and its translocation to mitochondria where it binds to Sab and results in the release of a protein phosphatase that inactivates intermitochondria Src [166]. More investigation is needed to identify how Src interacts with the ETC to influence mitochondrial function.



Cell death is a dominant feature of DILI. There are two main types of cell death, apoptosis and necrosis (Figure 1), and both can be implicated and involved in DILI. It is not clear if other modes of cell death (such as pyroptosis and ferroptosis) contribute to DILI, while autophagy (mitophagy) is mainly protective. Most drugs that cause idiosyncratic toxicity or IDILI do so through the participation of the adaptive immune system and HLA polymorphisms. Although no human data exists, one can speculate that in these instances, DILI and the resultant immune-mediated cell death is likely executed via death receptors and is apoptotic. However, the possibility of necroptosis (either canonical or non-canonical) in human DILI has not been studied or excluded. Understanding the mechanisms of subroutines of hepatocellular death in DILI will be critical in directing therapy to mitigate the cell death and avert acute liver failure. Potential approaches include singly or in combination antagonizing death receptors, caspases, specific kinases such as ASK1, JNK, RIPK1, RIPK3. However, there is theoretical danger in inhibiting one cell death pathway as this may activate another as a default mechanism. For example, in certain contexts and cell types, inhibition of apoptotic caspases may activate necroptosis, or inhibition of necroptotic RIPK1 or RIPK3 may activate apoptosis. Therefore, targeting multiple pathways may be the best approach.
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Abbreviations




	α-GalCer
	α-Galactosylceramide



	AIH
	Autoimmune hepatitis



	ALF
	Acute liver failure



	APAF-1
	Apoptotic peptidase activating factor-1



	APAP
	Acetaminophen



	AQ
	Amodiaquine



	ASK1
	Apoptosis signal regulating kinase 1



	ATG
	Autophagy



	ATP
	Adenosine triphosphate



	Bax
	Bcl-2-like protein 4



	Bcl-2
	B-cell lymphoma 2



	c-FLIP
	FLICE inhibitory protein



	CD4
	Cluster of differentiation 4



	CD8
	Cluster of differentiation 8



	CD95
	Cluster of differentiation 95, also known as the FAS receptor



	cIAP1/2
	Cellular inhibitor of apoptosis 1/2



	Con A
	Concanavalin A



	CTLA4
	Cytotoxic T-lymphocyte-associated protein 4



	CYP
	Cytochrome P450



	DILI
	Drug-induced liver injury



	DILIN
	Drug-Induced Liver Injury Network



	DNA
	Deoxyribonucleic acid



	DOK4
	Docking protein 4



	DR
	Death receptors



	ER
	Endoplasmic reticulum



	ETC
	Electron transport chain



	FADD
	Fas-associated protein with death domain



	FasL
	Fas ligand



	Fer-1
	Ferrostatins



	FLICE
	Fas-associating protein with death domain-like interleukin-1 β-converting enzyme



	GalN
	D-galactosamine



	GPX4
	Glutathione peroxidase 4



	GSDMD
	Gasdermin D



	GSH
	Glutathione



	GSK3β
	Glycogen synthase kinase 3 β



	GST1
	Glutathione-S-transferase



	GWAS
	Genome-wide association studies



	HDS
	Herbal and dietary supplements



	HLA
	Human leukocyte antigen



	HSC
	Hepatic stellate cells



	IDILI
	Idiosycratic drug-induced liver injury



	IFNγ
	Interferon γ



	IL-10
	Interleukin 10



	INH
	Isoniazide



	iNOS
	Inducible nitric oxide synthase



	iPSC
	Induced pluripotent stem cell



	JAK
	Janus kinase



	JNK
	c-Jun terminal kinase



	KC
	Kupffer cells



	LPO
	Lipid peroxidation



	LPS
	Lipopolysaccharide



	LSECs
	Liver sinusoidal endothelial cells



	MAPK
	Mitogen-activated protein kinases



	MHC
	Major histocompatibility complex



	MiR
	micro RNA



	MKK4
	Mitogen-activated protein kinase kinase 4



	MLK3
	Mixed-lineage kinase 3



	MLKL
	Mixed lineage domain like



	MOMP
	Mitochondrial outer membrane permeabilization



	MPT
	Membrane permeability transition



	NAPQI
	N-acetyl-p-benzoquinoneimine



	Nec
	Necrostatins



	NFκB
	Nuclear factor kappa-light-chain-enhancer of activated B cells



	NK
	Natural killer cells



	NKT
	Natural killer T cells



	NOS
	Nitric oxide synthase



	NPC
	Non-parenchymal cells



	PD1
	Programmed cell death protein 1



	PKCα
	Protein kinase C α



	PHH
	Primary human hepatocytes



	PMH
	Primary mouse hepatocytes



	PTPN6
	Protein tyrosine phosphatase type 6



	RHIM
	RIP homology interaction motif



	RIPK1/RIP1
	Receptor interacting serine/threonine kinase 1



	RIPK3/RIP3
	Receptor interacting serine/threonine kinase 3



	ROS
	Reactive oxygen species



	Sab
	SH3 binding protein 5



	SEB
	Super-antigen staphylococcal enterotoxin B



	SJS
	Stevens–Johnson syndrome



	STAT
	Signal transducer and activator of transcription



	STAT1
	Signal transducer and activator of transcription 1



	SULT2A1
	sulfotransferase 2A1



	T-regs
	Regulatory T cells



	TAB2/3
	TAK1-binding protein 2/3



	TAK1
	Transforming growth factor-β-activated kinase 1



	tBid
	Cleaved Bid



	TCR
	T cell receptor



	TEN
	Toxic epidermal necrosis



	TGFβ
	Transforming growth factor β



	TNF
	Tumor necrosis factor



	TNFR1
	Tumor necrosis factor receptor 1



	TNFα
	Tumor necrosis factor α



	TRADD
	TNFR-associated death domain



	TRAF2/5
	TNFR-associated factor 2/ 5



	TRAIL-R1/R2
	TNF-related apoptosis-inducing ligand receptor 1/2



	UPR
	Unfolded protein response



	WT
	Wild type
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