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Most animal cell types have the ability to undergo turnover at different rates throughout the organism's life span, dying

either accidentally or in a deliberate manner. If a cell suffers from irreparable structural or organelle damage, it most

likely  passively disintegrates and dies. In this case,  the plasma membrane ruptures and  the noxious intracellular

components are released into the extracellular matrix, where they trigger an inflammatory response. However, if a cell

sustains non-fatal  damage, or if it is too old, contains dysfunctional organelles, has suffered oxidative damage, etc, it

is deliberately eliminated through an active, physiologically-regulated process of cell death termed regulated cell death

(RCD), which is not accompanied by an inflammatory response. RCD plays beneficial physiological roles in development

and in systems maintenance, but can become malignant and lead to pathological conditions when it is

impaired, insufficient or in excess. 

In the context of liver injury and disease, RCD is pivotal in directing the severity and outcome of the disease. Hepatocyte

death is a critical event in the progression of disease due to resultant inflammation, which may lead to fibrosis, cirrhosis,

and other morbidities if not treated in a timely manner.
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1. Apoptosis

Apoptosis, derived from the Greek word for falling leaves, is the most comprehensively studied and described form of

programmed cell death. Apoptosis can be triggered either intrinsically or extrinsically . Both pathways lead to the

activation of the executioner caspases 3 and 7 (CASP3, CASP7), resulting in proteolysis, nuclear fragmentation, and

apoptotic cell death. Cellular injury such as DNA damage, starvation, or oxidative stress can activate the intrinsic apoptotic

pathway . The intrinsic pathway of apoptosis is defined by the nomenclature committee on cell death (NCCD) as a form

of regulated cell death that is activated by perturbations in the intracellular and extracellular microenvironment

characterized by mitochondrial outer membrane pore formation (MOMP) and precipitated by executioner caspases .

MOMP is controlled by the balance between the pro-apoptotic and anti-apoptotic members of the B cell lymphoma-2 (Bcl-

2) family of regulator proteins . In apoptosis, the activator Bcl-2 protein, BH3-interacting domain death agonist (BID),

undergoes post-transcriptional modification and cleavage, forming tBID. Then, tBid translocates to the mitochondria and

interacts with the mitochondrial pool of proapoptotic Bcl-2 members, BCL2-associated X apoptosis regulator (BAX),

and/or BCL2 antagonist/killer (BAK) . This results in conformational changes, leading to MOMP and mitochondrial

release of apoptotic constituents such as cytochrome c and second mitochondria-derived activator of caspase/direct

inhibitor of apoptosis binding protein with low pl (Smac)/DIABLO. Cytochrome c binds apoptotic peptidase activating factor

1 (APAF1) and pro-caspase 9 (pro-CASP9), forming the apoptosome . The apoptosome advances the self-activation of

CASP9, ultimately resulting in activation of executioner caspases (CASP3 and CASP7), causing cell death (Figure 1A) .
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Figure 1. The four different types of regulated cell death. (A). Apoptosis. Apoptosis is a form of orderly programmed cell

death, occurring both via an extrinsic pathway and an intrinsic pathway. In the extrinsic pathway, after a DR is engaged

(TNFR as an example depicted here) by its ligand (here, TNF), it oligomerizes and binds the adaptor TRADD, the E3

ubiquitin ligases TRAF2/5, cIAPs, and LUBAC, as well as the kinase RIPK1 to form Complex I. Then, RIPK1 becomes

polyubiquitinated and serves as a scaffolding protein for the further recruitment of TAK1-TAB1/2 and IKKα/β-NEMO. TAK1

activates the MAPK pathway, while phosphorylation and the subsequent degradation of IκB leads to NFκB activation and

the transcription of pro-survival/inflammatory genes. If RIPK1 is deubiquitinated, it forms Complex IIa, consisting of FADD,

TRADD, RIPK1, and caspase 8. Caspase 8 becomes activated in Complex IIa, in turn activating its downstream

executioner caspases 3 and 7, leading to apoptosis. In the intrinsic pathway, caspase 8 mediates the cleavage of Bid into

tBid. tBid translocates to the mitochondria where it binds BAX/BAK, leading to MOMP and Cytochrome C release.

Cytochrome C binds Apaf-1, releasing its auto-inhibitory hold and allowing for its oligomerization, apoptosome formation,

and caspase 9 activation. In turn, caspase 9 activates the executioner caspases 3 and 7, leading to apoptosis. (B).

Necroptosis occurs when death receptors (such as TNF and FAS) or pattern recognition receptors (such as TLR2/3) are

activated in the presence of pan-caspase inhibitors to block apoptosis. In this instance, deubiquitinated RIPK1 forms

Complex IIb (also known as the necrosome) by associating with RIPK3 through their shared RIP homology interaction

motif (RHIM) to form the necrosome. RIPK3 auto-phosphorylates, polymerizes, and in turn recruits and phospho-activates

MLKL to the necrosome (pMLKL). Subsequently, pMLKL translocates to the plasma membrane where it forms a tetramer

and permeabilizes the cell membrane causing oncolysis. (C). Pyroptosis. Pyroptosis occurs through two pathways. In the

canonical pathway, upon the recognition of external toxins or pathogens, the supramolecular inflammasome (consisting of

NLRPs, NLRC4, AIM2, the adaptor ASC, and pro-caspase 1) forms. Pro-caspase 1 undergoes autocatalytic cleavage to

form activated caspase 1. In turn, caspase 1 cleaves pro-IL-1β into active IL-1β and GSDMD into GSDMD-C and

GSDMD-N. GSDMD-N translocates to the plasma membrane where it forms a pore, releasing DAMPs (such as ATP and

HMGB1) and IL-1β. In the noncanonical pathway, the detection of LPS directly activates caspases 4/5/11, which then

cleaves GSDMD to form the membrane pore and induce pyroptosis. (D). Ferroptosis. Ferroptosis is a type of regulated

cell death that is driven by intracellular lipid peroxidation and is highly dependent on ROS generation and iron availability.

Cystine enters the cell by the cystine/glutamate antiporter (System X ). Within the cell, cystine is reduced to cysteine, and

glutamate cysteine ligase (GCL) catalyzes the synthesis of γ-glutamyl cysteine from glutamate and cysteine. Glutathione

synthase (GS) generates glutathione (GSH) by adding glycine. GSH reduces free radicals when it is reduced to GSSG by

glutathione peroxidase-4 (GPX4). GPX4 and other free radical scavengers such a ferrostatin-1 inhibit lipid peroxidation

(lipid-ROS). In the absence of GPX4, lipid peroxides accumulate driving ferroptosis. Abbreviations: AIM2: absent in

melanoma-2, APAF1: apoptotic peptidase activating factor 1, ASC: apoptosis-associated speck-like protein containing a

CARD, ATP: adenosine triphosphate, BAK: BCL2 antagonist/killer, BAX: BCL-2-like protein 4, CASP: caspase, cIAPs:

cellular inhibitor of apoptosis, DAMP: danger-associated molecular patterns, DR: death receptor, FADD: Fas associated

via death domain, GCL: glutamate cysteine ligase, GPX4: glutathione peroxidase-4, GS: glutathione synthase, GSDMD:

gasdermin D, IL: interleukin, HMGB1: high mobility group box 1, IKKα/β: IKB kinase, LPS: lipopolysaccharide, LUBAC:

linear ubiquitin chain assembly complex, MAPK: mitogen-activated protein kinase, MLKL: pseudokinase mixed lineage

domain-like, MOMP: mitochondrial outer membrane pore formation, NEMO: NF kappa B essential modulator, NLRC: NLR

family CARD domain-containing protein, NLRP: NOD-like receptor family, pyrin domain-containing, RHIM: RIP homology

interaction motif, RIPK1/3: receptor-interacting protein kinase 1/3, ROS: reactive oxygen species, TAB1/2: TAK binding

protein, TAK1: transforming growth factor-activated kinase-1, TLR2/3: Toll-like receptors 2/3, TNF: tumor necrosis factor,

TNFR: tumor Necrosis Factor Receptor, TRADD: TNFR-associated death domain, TRAF2/5: TNF receptor-associated

factors 2/5.

The extrinsic pathway of apoptosis is initiated by perturbations of the extracellular microenvironment and mostly driven by

stimulation of transmembrane receptors such as death receptors (DRs) or pattern recognition receptors (PRRs) .

Ligation to DRs, such as Tumor Necrosis Factor Receptor (TNFR), FAS, tumor necrosis factor-related apoptosis-inducing

ligand receptor (TRAIL), or PRRs such as Toll-like receptors (TLRs), results in the assembly of a multiprotein complex

called the Death-inducing signaling complex (DISC) or complex 1, which regulates caspase 8 (CASP8) activity and

downstream interactions . Multiple proteins form complex 1, including receptor-interacting protein kinase-1 (RIPK1),

cellular inhibitor of apoptosis 1 and 2 (cIAP1 and 2), TNF receptor-associated factors 2 or 5 (TRAF2 or TRAF5), and the

adaptor TNFR-associated death domain (TRADD). It is well known that DR ligation and in particular TNFR ligation does

not always result in cell death. RIPK1 has a direct influence on the outcome of TNFR activation, resulting in pro-survival

vs. pro-death pathways for the affected cell depending on its post-translational modifications . The E3 ubiquitin ligases

cellular inhibitor of apoptosis (cIAPs) catalyze the K63 polyubiquitination of RIPK1, forming a platform that facilitates the

activation of the Nuclear factor-κΒ (NFκΒ) pathway through transforming growth factor-activated kinase-1 (TAK1) and

TAK-1 binding proteins (TAB2 and 3) . NFκΒ activation subsequently leads to the transcription of pro-survival genes that

prevent cell death . On the other hand, if RIPK1 is deubiquitinated, it is released from complex 1 to form complex 2,
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where it binds to FADD and CASP8 . In lymphocytes and other Type I cells, CASP8 cleavage leads to apoptotic cell

death by the subsequent activation of executioner CASP3 and CASP7 . However, in type II cells such as hepatocytes,

the formation of complex 2 is constitutively blocked by x-linked inhibitor of apoptosis (XIAP), NFκΒ target genes such as

TNF alpha induced protein 3 (TNFAIP3, also known as A20), and Fas-associating protein with death domain-like

interleukin-1 -converting enzyme (FLICE) inhibitory protein (c-FLIP) . c-FLIP, a catalytically inactive close relative of

CASP8, exists in a long form (cFLIP ) and short form (c-FLIP ) and is a regulator of CASP8 activation. cFLIP

heterodimer binds to CASP8 (CASP8-cFLIP ) promoting CASP8 oligomer assembly, while the short heterodimer cFLIP

(CASP8-cFLIP ) blocks CASP8 enzymatic activity . It is important to note that cFLAR, the gene encoding cFLIP, is

under the transcriptional control of NFκΒ (Figure 1A) . In type II cells, extrinsic apoptosis requires the cleavage of BID to

tBID and its translocation to mitochondria, resulting in MOMP-driven apoptosome formation and cell death as described

above. Therefore, in hepatocytes, the amplification of the death signal and mitochondrial engagement is necessary for

DR-induced cell death .

2. Mitochondrial Permeability Transition-Driven Necrosis

Necrosis is a form of cell death characterized by cell swelling and loss of plasma membrane integrity . Mitochondrial

Permeability Transition (MPT)-driven necrosis is a form of regulated cell death (RCD) initiated by toxins or perturbations in

the cellular microenvironment due to oxidative stress, which results in the abrupt loss of mitochondrial membrane potential

and cell membrane rupture . Morphologically, necrosis contrasts with apoptosis, such that necrosis results in nuclear

condensation, cell shrinkage, and blebbing, although secondary necrosis following apoptosis has been described .

Following necrosis, cellular contents, including cytotoxic and pro-inflammatory factors such as danger-associated

molecular patterns (DAMPs), are released into the extracellular space . The exact mechanisms leading to MPT have

not been fully elucidated; however, this pore is proposed to be composed of dimers of the ATP synthase complex, which

can be opened by interacting with the mitochondrial protein cyclophilin D (CypD) . CypD inhibitors, such as cyclosporin

A (CsA), or knockdown and knockout (KO) of CypD have shown promise in preventing necrosis in animal models of

oxidative stress such as renal, cardiac, liver, and neurologic ischemia reperfusion, neurodegeneration, cancer, as well as

acetaminophen (APAP) toxicity and hepatic steatosis . While the role of CypD in MPT is experimentally evident,

its translational relevance and application to human disease has been called into question due to negative results with

trials of cyclosporin A (CsA) preventing cardiac myocyte death in humans undergoing cardiac catheterization .

Therefore, much remains unknown regarding the precise mechanism and signaling events leading to regulated necrosis

from MPT.

3. Necroptosis

The best known and most extensively studied pathway of regulated necrosis is necroptosis, which was initially described

when a shift in the cell death mode from apoptosis to necrosis was observed upon TNFR stimulation with TNF in the

presence of caspase inhibitors . Necroptosis is initiated by DRs, PRRs such as TLRs, or intracellular sensors such as

Z-DNA binding protein 1 (ZBP1/DAI). This RCD pathway occurs with caspase inhibition and necessitates the proteins

RIPK1, RIPK3, and the pseudokinase mixed lineage domain-like (MLKL) . Complex 1 is created following

DR ligand binding. In several cell types, when CASP8 is inhibited, deubiquitinated RIPK1 does not associate with complex

2 but alternatively binds to RIPK3 through the shared RIP homology interaction motif (RHIM) . Then, the necrosome

complex is formed, which is followed by the RIPK3 recruitment of MLKL. RIPK3 phospho-activates MLKL (forming

pMLKL), driving its translocation to the plasma membrane, where it oligomerizes and induces pore opening and

necroptotic cell death . Necroptotic cell death is kept in check by CASP8-mediated cleavage of RIPK1 and RIPK3,

such that in the presence of CASP8, the cell death mode defaults to apoptosis . Accordingly, an inhibition of CASP8

is imperative for necroptosis to occur, raising the question regarding the contribution of necroptosis to the pathology of

human disease conditions where caspases are intact and not inhibited (Figure 1B) . The kinase activity of RIPK1 is

necessary for necroptosis and RIPK1-dependent apoptosis to proceed but is nonessential for its pro-survival function .

The kinase activity of RIPK3, which activates MLKL, is similarly essential for necroptosis . The role of the RIPK

proteins, MLKL and necroptosis in liver disease and liver cell death has garnered much controversy in the past few years

. Complicating matters further are the intricacies and the various non-necroptotic functions of these proteins and in

particular the role of RIPK1 and RIPK3 in apoptosis and inflammation . Under basal conditions, RIPK3 is

undetectable in liver cells , and its induction is controversial; therefore, the role of necroptosis in hepatocyte cell death

in liver diseases is under extensive investigation . However, RIPK3 has been detected in non-parenchymal cells

(NPCs), and MLKL is expressed in all liver cell types. MLKL also has non-necroptosis functions; for example, it has been
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shown to inhibit autophagy and to play an important role in vesicle trafficking. . Therefore, the possibility of

necroptosis contributing as a mode cell death in these cell types in the liver remains an intriguing idea that warrants

further investigation .

4. Autophagy and Autophagy-Dependent Cell Death

Autophagy is an intracellular waste degradation pathway that occurs through the formation of the autophagosome.

Autophagy plays a pivotal role in cell survival . Autophagy is activated in response to cellular stress, mediating

protective rather than cytotoxic effects . Defects in the autophagic machinery have been associated with various

pathological settings. Blocking autophagy commonly expedites the stress response of cells during pathological conditions

. In fact, the concept of autophagic cell death is thought to be rather controversial. Components of the autophagy

machinery closely interact with the apoptotic machinery, and in certain contexts and specific models, they have been

associated with the promotion of cell death. Much of the discussion on autophagy-dependent cell death occurs during

development and has been studied in Drosophila . However, certain mammalian examples exist. For example, the

deletion of autophagy-related gene 7 (Atg7) prevents neurotoxicity in mouse models of hypoxia–ischemia, or the blockade

of Atg5 prevents the neurotoxicity of cocaine . In liver disease models where autophagy plays a prominent role, such as

alcoholic steatohepatitis, autophagy has mostly proven to be a protective rather than death-inducing mechanism. During

autophagy, double membrane autophagosomes fuse with the lysosome to form autolysosomes within which autophagic

cargo is degraded by hydrolases . The KO of ATG genes expedites cell death in most models . However, in particular

instances, autophagy eventually leads to RCD . The term "Autophagic cell death" is advised to be used when markers

of autophagy and autophagic degradation substrates are elevated. Most importantly, when cell death can be prevented

with autophagy inhibition . The interaction of autophagy with apoptotic cell death, necroptosis, and ferroptosis has been

extensively studied in various organs, including the liver .

5. Pyroptosis

Pyroptosis is a profoundly inflammatory mode of RCD related to the innate immune system . It has evolved to remove

intracellular pathogens and has a distinct morphology associated with cell bursting. The canonical pathway of pyroptosis

occurs when inflammasome sensors, NOD-like receptor family, pyrin domain-containing-1 and 3 (NLRP1, NLRP3), or

absent in melanoma-2 (AIM2) are stimulated by pathogens, pathogen-associated molecular patterns (PAMPs), and

DAMPs and recruit CASP1 to activate Gasdermin D (GSDMD), which forms a pore in the plasma membrane . In the

non-canonical pathway, cytosolic LPS and PAMPs stimulate CASP4, 5, and 11 directly, which in turn cleave GSDMD.

Then, activated GSDMD, the main conduit of pyroptosis, binds membrane phospholipids and initiates pore formation,

resulting in cell death (Figure 1C) . The contribution of pyroptosis to liver disease and in particular Non-Alcoholic

Steatohepatitis (NASH) is the topic of intense research in Hepatology . Unrepressed NLRP3 activation has been

shown to result in shortened survival, severe liver inflammation, and hepatic stellate cell (HSC) activation, leading to

collagen deposition and liver fibrosis .

6. Ferroptosis

Ferroptosis is another form of RCD characterized by glutathione (GSH) depletion and severe iron-dependent lipid

peroxidation in a Fenton-like manner, resulting in reactive oxygen species (ROS) production and cell death .

Ferroptosis has been shown to contribute to cancer-related cell death, as well as ischemia reperfusion injury, neurologic

diseases, and acute kidney injury . This form of RCD occurs independently of caspases, necroptosis, autophagy, and

pyroptosis. However, it does have subcellular elements reminiscent of necrosis and could be associated with a release of

DAMPs . The presence of miniature mitochondria with compressed mitochondrial densities with vanished cristae are

morphological hallmarks of ferroptosis . The GSH-dependent enzyme glutathione peroxidase-4 (GPX4) is the main

endogenous inhibitor of ferroptosis due to its ability to limit lipid peroxidation by reducing lipid peroxides to alcohols .

The inhibition of GPX4 activity can lead to the accumulation of lipid peroxides, which is a marker of ferroptosis (Figure

1D). Many of the signaling events and effectors of ferroptosis have been elucidated by performing experiments using

specific activators (such as RSL3 and erastin) and inhibitors (such as ferrostatins) of ferroptosis. For example, the

commonly used agent, Erastin, activates ferroptosis by inhibiting System X , the cystine/glutamate antiporter system,

which then decreases intracellular cysteine and limits GSH synthesis . The role of ferroptosis has been newly

investigated in various models of liver disease and will be further discussed in our review.
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7. Other Modes of Cell Death

Other forms of cell death such as NETosis, parthanatos, entotic cell death, and lysosome-dependent cell death have been

described in the literature, which are not covered here due to the lack of robust data on these cell death subroutines in

liver diseases .
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