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Abstract: Programmed cell death (PCD) is a comprehensive term that encompasses various forms of cell death, such as apoptosis,
necroptosis, pyroptosis, ferroptosis, and autophagy, which play a crucial role in the pathogenesis of liver fibrosis. PCD facilitates the
elimination of aberrant cells, particularly activated hepatic stellate cells (HSCs), which are the primary producers of extracellular
matrix (ECM). The removal of HSCs may impede ECM synthesis, thereby mitigating liver fibrosis. As such, PCD has emerged as
a promising therapeutic target for the development of novel drugs to treat liver fibrosis. Numerous studies have been conducted to
investigate the underlying mechanisms of PCD in the elimination of activated HSCs and other aberrant liver cells in fibrotic liver
tissue, including hepatocytes, hepatic sinusoid endothelial cells (LSECs), and Kupffer cells (KCs). The induction of PCD, the interplay
between different forms of PCD, and the potential harm or benefit of PCD in liver fibrosis are topics of ongoing research. Evidences
suggest that PCD is a complex process with dual effects on liver fibrosis. The purpose of this review is to summarize the most recent
advances in PCD and liver fibrosis research.
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Introduction
Despite extensive research into the mechanisms of liver fibrosis and the identification of several signal pathways
involving numerous proteins, non-coding RNAs, lipids metabolism, and cells in the liver, including hepatic stellate
cells (HSCs), hepatocytes, liver sinusoidal endothelial cells (LSECs), and Kupffer cells (KCs), effective treatments for
patients with liver fibrosis remain elusive. Non-alcoholic fatty liver disease (NAFLD) is the predominant etiological
factor contributing to liver fibrosis, owing to its global prevalence and the substantial mortality associated with this
condition. Furthermore, NAFLD is also associated with an elevated risk of extrahepatic malignancies, including bladder
cancer." Although liver fibrosis is a reversible process when the underlying etiologic agents are removed, failure to
intervene early in the process may result in irreversible damage. To date, there are no treatments that have proven to be
sufficiently effective for patients with diverse forms of liver injury and varying degrees of liver fibrosis. In the realm of
therapeutic interventions for NAFLD, the available options are limited, primarily consisting of dietary recommendations
and physical activity. However, there exists a notable dearth in effective treatments, prompting numerous physicians to
explore the potential of natural products as a means to ameliorate or even cure NAFLD.? Among them, berberine is
commonly acknowledged as a highly promising therapeutic agent for the treatment of cancer including hepatocellular
carcinoma (HCC).? Failure to intervene in the process of liver fibrosis in its early stages may result in its gradual
progression to irreversible cirrhosis, cirrhosis decompensation, and HCC.*>

Liver fibrosis is a reparative process that involves the mediation of HSCs through the production ECM proteins to
replace damaged tissue. While an appropriate repair response is advantageous, the continuous production of collagen
fibers due to chronic injury and inflammation can lead to the destruction of normal liver structure.® Programmed cell
death (PCD) appears to play a pivotal role in both the initiation and regression of liver fibrosis. PCD has the ability to
induce the death of abnormal cells in the liver, particularly HSCs, which are crucial cells in liver fibrosis. This results in

the inhibition of danger signals that are transmitted from injured or dying hepatocytes to HSCs, and the suppression of
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adjacent hepatocytes undergoing epithelial-mesenchymal transition (EMT) in fibrotic liver tissue. Furthermore, aside
from its significant involvement in liver fibrosis, PCD also assumes a crucial function in the immune tolerance of various
liver diseases or conditions, including liver allograft transplantation. As highlighted in a review conducted by Manuel
Muro et al,” the interaction between naive CD8" T cells and LSECs leads to the partial activation of T cells, subsequently
resulting in passive cell death within the unique state of tolerance towards liver graft transplantation. Consequently, it is
plausible to suggest that PCD may be implicated in the mechanism of immune regulation.

Hence, inducing the demise of these aberrant cells may potentially serve as a favorable approach for ameliorating
liver fibrosis. It is noteworthy that mere cell death is insufficient, as the subsequent clearance of these deceased cells,
which are attributed to various forms of PCD, by macrophages in a timely manner through efferocytosis can effectively
suppress tissue inflammation. Failure to do so may result in the release of various danger signals by the dying cells,
leading to more severe responses that can further exacerbate liver injury and fibrosis® "' Therefore, the identification of
PCD in intrahepatic cells holds significant importance in the treatment of liver fibrosis.

PCD Participates in the Pathogenesis of Liver Fibrosis

Necroptosis and Liver Fibrosis

Necroptosis is a form of programmed lytic cell death that shares similarities with necrosis, both of which exhibit
analogous features such as increased cell volume, organelle swelling, and loss of membrane integrity, ultimately resulting
in the release of Damage-associated molecular patterns (DAMPs) that trigger inflammation and secondary injury.'* '
Figure 1 provides a detailed description of the process of necroptosis. Several studies have demonstrated a correlation
between necroptosis and the progression of liver injury induced by various conditions, including NAFLD, NASH, ALD,
HBYV related liver diseases, primary biliary cholangitis (PBC), and liver cancer.'>?° Thus, necroptosis appears to be
a stimulatory factor for fibrosis, as has been demonstrated in experiments.”'

The process of necroptosis requires the involvement of receptor-interacting serine-threonine kinase 1, 3 (RIPKI1,
RIPK3), and mixed lineage kinase (MLKL), which is facilitated through the phosphorylation of these proteins. Studies
have shown that the knockdown of MLKL in hepatocytes can significantly reduce liver injury inflammation and the
activation of HSCs. Similarly, the downregulation of RIPK1 and RIPK3 has been identified as an effective therapeutic
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Figure | The process of necroptosis. The interaction between TNF and TNFR stimulates the assembly of the TNFR complex, which consists of TRADD, TRAF2, RIPKI,
CIAP1/2, and LUBAC. This complex has the ability to facilitate the phosphorylation of RIPKI, which subsequently results in the phosphorylation of RIPK3. Ultimately, the
activation of RIPK3 can also occur via the LPS-TLR signaling pathway in the presence of TRIF. The phosphorylation of RIPK3 is known to facilitate the phosphorylation of
MLKL, which in turn can lead to its oligomerization and translocation to the cellular membrane. This event is responsible for the disruption of membrane integrity and
cytosolic osmolarity, ultimately resulting in membrane permeabilization. Inhibition of NF-kB activity driven by complex | can result in the induction of apoptosis through the
involvement of complex Il, comprising TRADD, TRAF2, RIPK |, FADD, casepase8, and cFLIP, which cleaves RIPKI to prevent necroptosis. Additionally, the activation of
MLKL can stimulate the NLRP3-caspasel inflammasome, leading to the release of IL-1f3 and IL-18.
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strategy, as it can alleviate liver fibrosis by inhibiting hepatocyte necroptosis and reducing inflammation.”**** In the
context of hepatocytes, necroptosis serves to exacerbate inflammation.”* The release of DAMPs from necroptotic
hepatocytes plays a crucial role in stimulating inflammation and activating HSCs. SA1009, a DAMP associated with
necroptosis.'>?* Exhibits a reduction in liver tissue levels that corresponds to a decrease in the extent of liver fibrosis.*®
However, the function of necroptosis in HSCs appears to be distinct from its impact on hepatocytes. A previous
investigation has demonstrated that necroptosis induced in HSCs can significantly mitigate liver fibrosis by promoting
HSC death and inhibiting their proliferation.?’

Macrophages play a crucial role in mitigating liver fibrosis by phagocytosing damaged and deceased hepatocytes,
thereby inhibiting the release of DAMPs, other harmful substances, and exosomes containing fibrotic non-coding RNAs;
and the latter can exacerbate liver injury and activate HSCs.'®*® Necroptosis is a vital process for macrophages, as
evidenced by the induction of necroptosis in liver-resident macrophages (KCs) during Listeria monocytogenes (LM)
infection, and the death of KCs can attract monocyte-derived macrophages to the liver to eliminate LM.?* There is
limited evidence to demonstrate the occurrence of necroptosis in KCs during liver fibrosis. M2 macrophages play
a crucial anti-inflammatory role in acute-on-chronic liver failure by suppressing necroptosis in hepatocytes. It is
imperative to promptly clear dying cells through macrophages to prevent liver fibrosis following hepatocyte necroptosis.
However, macrophages are unable to eliminate necroptotic hepatocytes, and research has indicated that phagocytosis is
impaired in NASH.'® The upregulation of the ligand CD47 on necrotic hepatocytes and its corresponding receptor signal
regulatory protein a (SIRPa) on liver macrophages serves as a “Don’t Eat Me” signal for the macrophages; repression of
either CD47 or SIRPa can restore the phagocytic activity of macrophages, leading to the elimination of necrotic
hepatocytes and the mitigation of liver fibrosis.'® MLKL plays a significant role in the phagocytosis of KCs, as
demonstrated by the reduced uptake of bio-particles in KCs deficient in MLKL compared to those with normal
MLKL levels in liver tissue injured by alcohol consumption.*® The loss of RIP3 in macrophages also inhibits the release
of pro-inflammatory cytokines to alleviate liver fibrosis by suppressing the NF-xB pathway.>!

In brief, necroptosis plays a significant role in liver fibrosis, with varying effects depending on the type of cell
undergoing necroptosis. Specifically, necroptosis exacerbates inflammation and worsens fibrosis in hepatocytes, while in
HSCs, it appears to alleviate liver fibrosis. Although research on the occurrence of necroptosis in KCs during liver
fibrosis is limited, it is evident that their ability to clear necroptotic hepatocytes is diminished.

Pyroptosis and Liver Fibrosis

Pyroptosis, a form of lytic cell death, is characterized by the release of intracellular molecules that serve as a critical cue
for neighboring cells to respond to infection and combat pathogens. Figure 2 illustrates the process and mechanism of
pyroptosis. Pyroptosis has been identified as a potential anti-cancer therapy by promoting tumor cell death.>**> However,
excessive pyroptosis can lead to severe inflammation and contribute to the development of liver fibrosis.** The
inflammasome is characterized by a disc-shaped molecular platform that functions in proptosis.®> It serves as an initiator
for activating pyroptosis by maturing caspase-1, a key effector of pyroptosis, and as a pro-inflammatory molecule
released from the cell after pyroptosis to cause an inflammatory response.’®*” The inflammasome is a multi-protein
complex comprised of three constituents, including leucine-repeat-containing protein (NLRP), AIM2-like receptor
protein (ALRP), and apoptosis-associated speck-like protein containing a CARD (ASC).*® NLRP particularly NLRP3,
inflammasome drives liver injury and fibrosis. Inhibition of its activity can significantly decrease liver fibrosis induced by
NAFLD.**

The activation of HSCs by inflammasomes released from hepatocytes undergoing pyroptosis is found to be a key
mechanism contributing to liver fibrosis.® The release of DAMPs from dying cells via pyroptosis is shown to play
a significant role in liver fibrosis. Specifically, High mobility group-1 (HMGB1), a DAMP, is positively correlated with
pyroptosis and is released from macrophages and dying cells, thereby exacerbating liver injury.*'**> Furthermore, dying
hepatocytes induced by pyroptosis can release HMGBI1, which promotes HSC activation.* Suppression of hepatocyte
pyroptosis is found to reduce liver fibrosis.***>
Pyroptosis appears to occur with greater frequency in macrophages during liver injury induced by various etiologies,

46

and is involved in liver fibrosis.” SA1008, a DAMP that is elevated in fibrotic liver tissue, can induce pyroptosis in KCs.
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Figure 2 The process of pyroptosis. DAMPs or PAMPs generated by diverse pathogens have the potential to stimulate TLR4, which subsequently initiates the activation of
the NLRP3 inflammasome. This disc-shaped structure facilitates the conversion of inactivated pro-caspasel to activated caspase, necessitating the involvement of ASC.
Caspasel performs two primary roles. Firstly, it cleaves GSDMD into an N-terminal and a C-terminal fragment. The N-terminal fragment is then recruited to the cell
membrane, where it forms transmembrane pores that result in potassium efflux and water influx, ultimately leading to cell lysis. Secondly, caspase| promotes the conversion
of pro-IL-1B and pro-IL-18 into the bioactive inflammatory IL-1f and IL-18. Furthermore, caspasel signaling induces proptosis, while intracellular LPS directly cleaves pro-
caspase4/5 into activated caspase4/5, which in turn cleaves GSDMD to promote membrane pores. In comparison to caspase |, caspase 4/5 lacks the ability to cleave pro-IL
-1B and pro-IL-18, and its expression is dependent on NF-kB. Upon activation by DAMPs and PAMPs, TLR4 initiates a cascade of events involving the adaptor protein

MYD88, which subsequently triggers the activation of IRAK| and TAKI. This process ultimately leads to the activation of IKK, which phosphorylates kB, the inhibitor of NF-
kB. The phosphorylation of IkB promotes its ubiquitination and subsequent degradation by proteasome, thereby facilitating the activation of NF-kB.

Evidence showed that SA1008 was released from dead macrophages to activate HSCs and promote liver fibrosis.*’
Suppression of pyroptosis in KCs can effectively ameliorate liver fibrosis by repressing the nicotinamide adenine
dinucleotide phosphate oxidase (NOX2)/NLRP3 pathway, which drives NLRP3 inflammasome activation.*® Pyroptosis
in HSCs is mediated by ROS augmentation, which increases caspasel and leads to HSC activation and aggravation of
fibrosis.*’

The present study has demonstrated a significant increase in Angiotensin II levels in patients with NAFLD, which
acts as a stimulator for HSCs by inducing proptosis.”®> NLRP6, a member of the NLR family, has been reported to
promote inflammasome assembly, leading to the cleavage of pro-caspase-1 and activation of caspasel, ultimately
resulting in pyroptosis.”' Interestingly, Enforced expression of NLRP6 can effectively suppress the expression of various
fibrotic markers (eg, a-SMA, MMP2, MMP9) and proliferation of HSCs.>*> Unfortunately, the present study failed to
investigate the correlation between NLRP6 and pyroptosis in HSCs, as well as the potential anti-fibrotic effects of
pyroptotic HSCs through the promotion of their death. It is possible to hypothesize that timely clearance of pyroptotic
hepatocytes by macrophages could prevent liver fibrosis by preventing the release of fibrotic factors from damaged
hepatocytes. However, impaired efferocytosis of macrophages, whether induced by pyroptosis or recruited to fibrotic
sites, may contribute to inflammation. Therefore, the use of pyroptosis inhibitors may increase macrophage efferocytosis
while reducing inflammation.>® Additionally, the demise of invariant natural killer T (NKT) cells stimulated by
pyroptosis can also contribute to the liver injury via release potent pro-inflammatory cytokines.>*

In aggregate, the occurrence of excessive pyroptosis has the potential to elicit significant inflammation and facilitate
the development of liver fibrosis. Specifically, pyroptosis of hepatocytes can result in the release of inflammasomes,
which in turn triggers the activation of HSCs, ultimately contributing to the progression of liver fibrosis. Mitigation of
hepatocyte pyroptosis has the potential to ameliorate liver fibrosis. In the case of KCs, timely elimination of pyroptotic
hepatocytes may forestall liver fibrosis by preventing the release of fibrotic factors from dying hepatocytes. However, the
process of liver fibrosis impairs macrophage efferocytosis, and inhibition of pyroptosis in KCs may serve to prevent the

development of liver fibrosis.
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Autophagy and Liver Fibrosis

Autophagic cell death, also known as autophagy-dependent cell death, is a form of cell death that requires the process of
autophagy.” Autophagy is a crucial mechanism for maintaining cellular homeostasis by eliminating harmful cargos,
including damaged organelles and protein aggregates, and by inhibiting inflammasome activation through the formation
of double-membrane structures known as autophagosomes. These structures are responsible for encapsulating toxic
cargos and transporting them to lysosomes for degradation, a process that involves several autophagy-related proteins
(ATGs).>*7 Autophagy serves as a beneficial mechanism for cell survival by safeguarding against stress and injury-
induced cell death. Nevertheless, excessive autophagy triggered by various stressors can result in cellular demise,
rendering autophagy ineffective in maintaining basic survival.

While the association between autophagy and fibrosis exists, the correlation between autophagy and hepatic fibrosis
remains inconclusive and may vary depending on the cell type. The preceding investigation demonstrated that the
promotion of autophagy in HSCs can alleviate liver fibrosis by decreasing the release of extracellular vesicles that
contain fibrotic substances derived from activated HSCs. In addition to autophagy, mitophagy also plays a role in liver
fibrosis. It has been reported that inhibiting the mitophagy of HSCs can significantly activate HSCs, exacerbating hepatic
fibrosis.’® Conversely, another study demonstrated that enhancing the autophagy of HSCs can expedite HSCs activation
and liver fibrosis.””

The induction of mitophagy in KCs is a prerequisite for the production of TGF-B1 and subsequent activation of HSCs
leading to liver fibrosis.®® Proper autophagy is crucial in inhibiting the inflammatory effects of macrophages.®' A recent
study has suggested that macrophages deficient in autophagy release higher levels of IL-1a and IL-1f, resulting in
increased apoptosis and necrosis of hepatocytes, liver inflammation, and fibrotic gene expression when exposed to carbon
tetrachloride (CCL4).%% The impairment of autophagy in LSECs may potentially worsen sinusoidal fibrosis, as evidenced
by previous studies.®?

As we know, proper autophagy serves as a protective mechanism in various liver diseases, ranging from NAFLD and
NASH to fibrosis, particularly in hepatocytes, HSCs, KCs and LSECs. The impact of autophagy on HSCs activation
remains a topic of debate in the scientific community. To further elucidate this relationship, researchers must consider the
various types of autophagy, including mitophagy, lipophagy, and Endoplasmic reticulum (ER)-phagy. It is imperative to
determine which specific types of autophagy exert beneficial or detrimental effects on liver fibrosis in order to identify
novel targets for reversing this condition.

Ferroptosis and Liver Fibrosis

Ferroptosis is a form of cell death that is reliant on autophagy.®* It is widely accepted that autophagy and ferroptosis have
a symbiotic relationship, with autophagy inducing ferroptosis and ferroptosis, in turn, enhancing autophagy.®> As a distinct
type of PCD, ferroptosis differs from apoptosis, necroptosis, and pyroptosis, and holds significant implications for anti-
cancer therapies.®® Lipid peroxidation at polyunsaturated fatty acyl moieties and the generation of reactive oxygen species
(ROS) are closely associated with ferroptosis. However, the potent antioxidant glutathione (GSH) effectively suppresses
excessive oxidative responses, thereby inhibiting ferroptosis. The synthesis of GSH is of paramount importance, as it is
involved in the cysteine, cystine-glutamate antiporter system Xc- and glutathione peroxidases (GPXs), particularly GPX4,
which act as scavengers of ROS. This process is critical in increasing GSH production by enhancing the activity of system
Xc- and GPXs, thereby protecting cells from ferroptosis-induced death.®’~%° Iron plays a crucial role in the process of
ferroptosis by upregulating the levels of iron through the mediation of ferritin, an iron-storage protein, and transferrin,
which can promote ferroptosis by facilitating ferritinophagy and transporting iron into the cell, respectively.’”’! Figure 3
illustrates the process of ferroptosis.

The impact of ferroptosis on liver fibrosis, like other forms of PCD, remains a topic of debate. Previous research has
demonstrated that excessive iron-induced ferroptosis is heightened in both cirrhotic patients and fibrotic animal models,
suggesting a potential association between ferroptosis and cirrhosis.'®’* The majority of research on the anti-fibrotic role
of ferroptosis has been conducted in HSCs. The findings from these studies suggest that inducing ferroptosis to eliminate
activated HSCs can effectively alleviate liver fibrosis.”*"’* Additionally, ferroptosis has been linked to inflammation, as
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Figure 3 The process of ferroptosis. The ferric form of iron present in serum is transported by transferrin and recognized by TFRC. Upon binding to TFRC, STEAP3
metalloreductase mediates the reduction of ferric iron to ferrous iron within the endosome. Subsequently, SLCI | A2 facilitates the release of ferrous iron into the cytoplasm,
where it can bind to ferritin. Ferritin serves as the primary means of storing iron within cells. The release of ferric iron can be achieved through the degradation of ferritin by
ferritinophagy, a form of selective autophagy that is regulated by NCOAA4. Intracellular ferrous iron can be exported to the extracellular environment by SLC40Al, where it
is converted to ferric iron. The accumulation of excess ferrous iron can trigger ferroptosis. In addition to autophagy-dependent ferroptosis, two antioxidant systems are
associated with this process. One system, known as system Xc-, functions as an antiporter that facilitates the importation of cysteine into cells while simultaneously
countertransporting glutamate. This process promotes the production of glutathione. Another system involves GPX4, which contains selenium and is primarily responsible
for catalyzing the reduction of phospholipid hydroperoxides to decrease their production. Both of these systems are capable of inhibiting ferroptosis. GPX4 can be degraded
through chaperone-mediated autophagy, with Hsp70 acting as a molecular chaperone to promote GPX4 degradation in lysosomes.

dead hepatocytes resulting from ferroptosis can release DMAPs that promote macrophage activation. HGMBI, a positive
regulator of ferroptosis, has been shown to contribute to immune cell infiltration and the production of inflammatory
cytokines such as IL-1p and IL-6 by macrophages.”>"’® The degradation of GPX4 can occur subsequent to its import into
mitochondria via mitophagy, which is facilitated by the mitophagy receptor FUNDCI1. This process results in the
reduction of GPX4 and an increase in ROS, both of which can instigate ferroptosis in hepatocytes, leading to liver
injury and fibrosis.”” Additionally, macrophages are susceptible to ferroptosis induction, which can prompt their
polarization into the M1 subtype, also known as pro-inflammatory macrophages.’®”® Although this conclusion has not
been directly confirmed in the context of liver fibrosis, it is sufficient to shed light on the significance of ferroptosis in
macrophages by augmenting pro-inflammatory activity, which exacerbates liver injury and fibrosis.

General speaking, the unique characteristics of ferroptosis in liver fibrosis may be contingent upon the specific cell types
undergoing ferroptosis. Induction of ferroptosis in hepatocytes is likely to exacerbate liver fibrosis, whereas ferroptosis of
HSCs appears to inhibit hepatic fibrosis by eliminating the primary source of collagens. The occurrence of ferroptosis as
a form of cell death is dependent on autophagy, specifically through ferritinophagy. This may explain why some researchers
have concluded that increased autophagy can suppress HSCs activation and exert an anti-fibrotic effect.

Apoptosis and Liver Fibrosis

Apoptosis is a form of non-lytic cell death whereby the remnants of expired cells are enclosed within membrane
structures known as apoptosis bodies. These structures are subsequently engulfed by phagocytes, and the contents of the
apoptosis bodies remain contained. The process of apoptosis is regulated by cascades of caspases and the tumor necrosis
factor (TNF) receptor family, which includes caspase-9, caspase-3, caspases-7, caspase-8, FAS, and TNFRI1. These
factors can initiate apoptosis through two distinct pathways: the intrinsic pathway (also referred to as the mitochondrial
pathway) and the extrinsic pathway (known as the death receptor pathway).***? Figure 4 provides a succinct overview of
the process of apoptosis.
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and the extrinsic pathway (also known as the death receptor pathway). Despite their differences, these pathways can converge and trigger apoptosis. The intrinsic pathway is
activated by various cytotoxic agents, growth factors, or nutrient deficiencies, leading to an increase in the expression of BH3-only proteins that exhibit a strong affinity for
BCL2, a pro-survival protein that plays a role in anti-apoptosis. The interaction between NH3-only proteins and BCL-2 results in the release of BAX and BAK, which
subsequently oligomerize and assemble into structures that breach the outer membrane of mitochondria, leading to MOMP and the release of cytochrome C into the
cytoplasm. The cytoplasmic cytochrome C then binds to APFI, promoting apoptosome formation and inducing apoptosis. This process recruits the precursor of apoptosis
initiator pro-caspase9 to the apoptosome, where it is cleaved and becomes bioactive caspase 9. Apoptosis may be induced by TNF/FASL through binding to TNFR/FAS,
which leads to the activation of pro-caspase8 to caspase8 via FADD or TRADD. The resulting bioactive caspase8 can directly proteolyze effector caspase3/7. In addition to
its direct role in apoptosis, caspase8 can also induce apoptosis indirectly. Specifically, caspase8 activates Bid, which is then transformed into tBID and, in conjunction with the
intrinsic pathway, initiates apoptosis.

Apoptosis exhibits a dual impact on liver fibrosis, whereby it serves as a beneficial mechanism for mitigating liver
fibrosis by facilitating the death of HSCs and interrupting collagen production. The induction of HSCs apoptosis is
attributed to CD8" tissue-resident memory T cells (CD8" Trm), which can effectively reduce the extent of liver fibrosis
and promote its resolution.®® The transcription factor STAT1 is associated with the induction of apoptosis and its activity
is observed to increase in activated HSCs, thereby significantly attenuating liver fibrosis through the enhancement of
HSCs apoptosis.®

The differential effects of apoptosis in HSCs and hepatocytes are noteworthy. Specifically, hepatocyte apoptosis is
associated with liver injury, inflammation, and fibrosis.®>*® Additionally, macrophages may undergo apoptosis as
a protective mechanism, potentially preventing severe hepatic injury. In fact, apoptotic cell death of macrophages may
promote the apoptosis of M1 KCs by M2 KCs, thereby alleviating liver injury.®” Moreover, the induction of activated
macrophage apoptosis can significantly reduce inflammation and effectively mitigate steatohepatitis®® In addition to the
occurrence of apoptosis within macrophages themselves, an important function of macrophages is their efferocytosis.
Apoptotic vesicles, including apoptotic bodies, apoptotic macrovesicles, and apoptotic exosomes, which are generated
from apoptotic cells, are vital molecules that can be phagocytized by macrophages. The absorption of these vesicles by
macrophages can regulate their transformation into an anti-inflammatory type.*® M2 macrophages have been observed to
phagocytose apoptotic bone marrow derived mesenchymal stem cells (BM-MSC), thereby inducing the expression of
anti-fibrotic genes and facilitating the resolution of hepatic fibrosis.”® Conversely, it has been reported that the ingestion
of apoptotic bodies derived from dead hepatocytes by macrophages can promote their transdifferentiation into pro-
inflammatory macrophages, thereby exacerbating liver inflammation and fibrosis.”’ M1 macrophages have been observed
to exert an anti-fibrotic effect by means of recruiting natural killer (NK) cells, which in turn contribute to the
enhancement of apoptosis in HSCs.”® The promotion of HSCs apoptosis by NK cells, through the TNF ligand induced
apoptosis pathway, has been shown to alleviate hepatic fibrosis.”® Similar to NK cells, NKT cells have antifibrotic effects
by directly promoting activated HSCs apoptosis and by producing IFN-y.”*

In summary, the induction of apoptosis in HSCs and macrophages presents a potential mechanism for mitigating liver
fibrosis by promoting the death of these activated cells, thereby reducing collagen production and inflammation,
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respectively. The appropriate induction of apoptosis in hepatocytes is beneficial in alleviating liver injury. However, in
cases where more severe damage, such as steatosis induced by NASH, occurs, necroptosis may be a more likely
outcome. The induction of necroptosis in hepatocytes can lead to subsequent inflammation, exacerbating hepatic damage
and fibrosis. Therefore, it may be prudent to increase the induction of apoptosis in the early stages of liver injury to
prevent the occurrence of more severe and uncontrollable injury.

The Crosstalk Between Different Types of PCD

Necroptosis and Apoptosis

There exists a correlation between necroptosis and apoptosis in the context of liver injury. Specifically, in NASH, the
upregulation of activating transcription factor 3 (ATF3) can result in an increase in RIPK3 expression. This, in turn, leads
to a shift in the mode of cell death of hepatocytes from apoptosis to necroptosis, thereby exacerbating hepatic steatosis.”
A study has shown that in CCL4-induced liver injury, both necroptosis and apoptosis occur simultaneously, and inducing
one can suppress the other. Additionally, the study found that promoting apoptosis in hepatocytes contributed to
inhibiting necroptosis, effectively alleviating liver injury, including fibrogenesis.’® There appears to be a correlation
between the fundamental constituents of apoptosis and the controllers of necroptosis, with caspase-8 being the pre-
eminent factor. RIPK1 has the ability to impede caspase-8, thereby hindering apoptosis.”” Additionally, caspase-8 has

a unique role in cleaving RIPK 1, which effectively restricts necroptosis.”®

Necroptosis and Pyroptosis

Necroptosis and pyroptosis are two distinct forms of PCD characterized by unique initiators and morphological
features.”® Despite their differences, both forms share common features such as cell membrane rupture and induction
of inflammation. Additionally, both forms are regulated by caspase-10, which cleaves RIPK1 and inhibits NLRP3
inflammasome assembly in macrophages. This regulation significantly reduces the occurrence of necroptosis and
pyroptosis in macrophages, leading to a reduction in the release of inflammatory cytokines and ultimately alleviating
cirrhosis and suppressing HSCs activation.'®® Moreover, necroptosis has the ability to trigger inflammasome activation,
leading to pyroptosis and subsequent propagation of inflammation through the release of cytokines. The phosphorylation
of MLKL, facilitated by RIPK3, or the upregulation of MLKL can also contribute to the activation of NLRP3

inflammasome, thereby initiating pyroptosis and ultimately resulting in the release of IL-1p.'"'%

Apoptosis, Necroptosis and Pyroptosis

PANoptosis is a pro-inflammatory form of PCD that encompasses three distinct modes of cellular demise, namely
apoptosis, necroptosis, and pyroptosis. This type of cell death is subject to regulation by a diverse array of molecules,
with caspase-6 and caspase-8 representing the most significant substances involved in PANoptosis. Caspase-6 is
classified as an apoptotic caspase and serves as a significant effector caspase in PANoptosis through a ZBP1-
dependent mechanism. In contrast, caspase-8 is implicated not only in apoptosis but also in necroptosis and pyroptosis,
whereby it can facilitate apoptosis and suppress necroptosis; notably, when both necroptosis and apoptosis are impeded,
pyroptosis is induced.'®'% The phenomenon of PANoptosis has been linked to liver fibrosis, whereby RIPKI is
responsible for driving PANoptosis in KCs, thereby exacerbating the NASH phenotype, including steatosis, inflamma-
tion, and fibrosis.'®° It has been demonstrated that inhibiting PANoptosis in hepatocytes can effectively alleviate the liver

injury and fibrosis that are induced by fatty liver disease associated with metabolic dysfunctions.'*®

Ferroptosis with Other Forms of PCD

One characteristic of ferroptosis is the amplification of intracellular ROS. Additionally, the elevation of ROS levels is
a shared feature among various forms of PCD, such as apoptosis, necroptosis, and pyroptosis, suggesting the existence of
interactive regulatory relationships between ferroptosis and other PCD pathways.'®”'% A prior investigation demon-
strated that the utilization of GPX4 inhibitor can elicit ferroptosis and concomitantly activate apoptosis by elevating the
early growth response-1 (EGR1) level.''® Ferroptosis instigates necroptosis by generating ROS.
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It has been reported that the inhibition of ferroptosis can exert a therapeutic effect in NAFLD by ameliorating apoptosis,
necroptosis, and proptosis.'® The co-induction of liver fibrosis, ferroptosis, and necroptosis through Yes-associated protein
(YAP) overexpression, a transcription factor in the Hippo pathway associated with liver fibrosis, can be alleviated by
exosomes derived from human umbilical cord mesenchymal stem cells (huMSC-ex).'!! These exosomes have the ability to
secrete BECN1, an autophagy regulator, through mediating ferritinophagy, which reduces system Xc-/GPX4. The decrease
in system Xc-/GPX4 can significantly increase ferroptosis. Additionally, MSC-ex can induce necroptosis in HSCs, leading
to their inactivation.''? Previous research has suggested that ferroptosis can induce pyroptosis, and that MLKL3 serves as
both an executor of necroptosis and an initiator of ferroptosis and pyroptosis in myocardial fibrosis induced by pressure
overload.''? However, it remains unclear whether these findings can be extrapolated to liver fibrosis.

Autophagy and Other Forms of PCDs
The process of autophagy in hepatocytes induces apoptosis, which in turn stimulates transdifferentiation of HSCs into
myofibroblasts by promoting Fas/FasL and elevating the level of P53-upregulated modulator of apoptosis.''® Conversely,
reducing expression of NF-kBp65 can induce apoptosis in hepatocytes. Promoting mitophagy can increase apoptosis in HSCs,
thereby alleviating liver fibrosis by constraining expression of the anti-apoptotic protein BCL-B, a member of the BCL-2
family.''* Carvedilol significantly reduces fibrotic markers by inhibiting autophagy and promoting apoptosis in activated
HSCs.'" The induction of necroptosis, which is dependent on the RIP1/RIP3 pathway, also requires autophagy. In the
presence of Atg5, necroptosis can eliminate activated HSCs and improve liver fibrosis.''® Although the relationship between
autophagy and pyroptosis in liver fibrosis remains insufficiently understood, insights into their interaction can be gleaned from
other liver diseases. For example, in arsenic-induced NAFLD, enhancing autophagy promotes the pyroptosis of
hepatocytes.''” However, in free fatty acid induced NASH, suppressing mitophagy can attenuate pyroptosis in hepatocytes.''®
The interplay between various forms of PCD remains unclear, with existing data indicating that multiple forms of PCD
are concurrently induced during liver fibrosis. Therefore, it is imperative for researchers to investigate their interactions. Of
particular note, medications targeting apoptosis and ferroptosis have received more attention than those targeting other
forms of PCD, highlighting the need for further in-depth exploration of necroptosis and pyroptosis. However, current
research is insufficient to demonstrate the interplay between different forms of PCD in liver fibrosis, necessitating increased
investment in this area in the future. Figure 5 illustrates the correlation between PCD and liver fibrosis.
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Figure 5 The relation between PCD and liver fibrosis. Lytic cell death of hepatocytes results in the release of various substances, including DAMPs, PAMPs, cytokines,
profibrotic factors, and inflammasome. These substances have the potential to induce transdifferentiation of quiescent HSCs into activated myofibroblast-like cells, which
produce collagens (collagen | and collagen lll). Pyroptotic hepatocytes exhibit an increased expression of CD47 on their cytomembrane, while the receptor of CD47 on
macrophages, SIRPa, is also upregulated. This upregulation of CD47 and SIRPa facilitates the evasion of macrophage pursuit and clearance. Pyroptotic macrophages possess
the capacity to release DAMPs, including SA1008, which can activate HSCs and promote fibrosis. Additionally, proptosis has been found to play a significant role in activating
HSCs. The attenuation of liver fibrosis has been observed through the initiation of HSC apoptosis by CD8( tissue resident memory T cells and NK cells. Furthermore, NK
cells have been found to constrain liver fibrosis by promoting the senescence of HSCs. Similar to NK cells, NKT cells have antifibrotic effects by directly promoting activated
HSCs apoptosis. It has also been observed that impaired autophagy in LSECs can activate HSCs transdifferentiation.
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Conclusions and Perspectives

Liver fibrosis is a complex process that involves various forms of PCD. Currently, there is a dearth of sufficient research
to elucidate the interplay between these forms of PCD in liver fibrosis, necessitating further investigation in the future.
Whatever, as a multi-cell death pathway, PANoptosis plays a significant role in the development of liver fibrosis, and
inhibiting this pathway in different specific cell types can potentially alleviate liver fibrosis. There is little doubt that
various forms of cell death in hepatocytes contribute to the progression of liver damage and fibrosis. Consequently, the
inhibition of PANoptosis represents a promising therapeutic target for hepatocytes. By limiting hepatocyte death and
reducing the release of DAMPs and inflammation, this approach may prove effective in treating liver fibrosis.
Additionally, inducing PANoptosis in HSCs may offer a means of reversing fibrosis by eliminating activated HSCs
and reducing ECM accumulation.

Further investigation is necessary to determine the predominant form of cell death during different stages of liver
injury or fibrosis. This is because the suppression of hepatocellular death may compromise the therapeutic efficacy of cell
death. Therefore, more precise treatment options are required for patients with liver injury or fibrosis. Such a therapeutic
strategy may yield better treatment outcomes than the use of a simple inhibitor of hepatocyte death alone. In addition,
MLKL3, a regulator of necroptosis, has been observed to stimulate pyroptosis and ferroptosis, despite not being a direct
molecule in either process. This highlights the need for further investigation into the interplay between ferroptosis and
other forms of PCD beyond their direct targets. Such investigation may reveal additional PCD pathways, similar to the
discovery of necroptosis as a target in the study of ferroptosis and pyroptosis.
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