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By replacing and removing defective or infected cells, programmed cell death
(PCD) contributes to homeostasis maintenance and body development, which is
ubiquitously present in mammals and can occur at any time. Besides apoptosis,
more novel modalities of PCD have been described recently, such as necroptosis,
pyroptosis, ferroptosis, and autophagy-dependent cell death. PCD not only
regulates multiple physiological processes, but also participates in the
pathogenesis of diverse disorders, including metabolic dysfunction-associated
steatotic liver disease (MASLD). MASLD is mainly classified into metabolic
dysfunction-associated steatotic liver (MASL) and metabolic dysfunction-
associated steatohepatitis (MASH), and the latter putatively progresses to
cirrhosis and hepatocellular carcinoma. Owing to increased incidence and
obscure etiology of MASH, its management still remains a tremendous
challenge. Recently, hepatocyte PCD has been attracted much attention as a
potent driver of the pathological progression from MASL to MASH, and some
pharmacological agents have been proved to exert their salutary effects on MASH
partly via the regulation of the activity of hepatocyte PCD. The current review
recapitulates the pathogenesis of different modalities of PCD, clarifies the
mechanisms underlying how metabolic disorders in MASLD induce hepatocyte
PCD and how hepatocyte PCD contributes to inflammatory and fibrotic
progression of MASH, discusses several signaling pathways in hepatocytes
governing the execution of PCD, and summarizes some potential
pharmacological agents for MASH treatment which exert their therapeutic
effects partly via the regulation of hepatocyte PCD. These findings indicate
that hepatocyte PCD putatively represents a new therapeutic point of
intervention for MASH.

programmed cell death, metabolic dysfunction-associated steatohepatitis, metabolic
disorders, hepatic inflammation, hepatic fibrosis
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1 Introduction

In the past, nonalcoholic liver disease (NAFLD) refers to a
continnum of metabolic conditions in the liver with aberrant lipid
in hepatocytes as its
encompassing nonalcoholic fatty liver (NAFL) and nonalcoholic

accumulation primary characteristics,
steatohepatitis (NASH) (Younossi et al., 2018). However, owing to
the increasingly prominent shortcomings of diagnostic criteria for
exclusive diseases and disease terminology with stigmatization issues,
NAFLD is recommended to be renamed metabolic dysfunction-
associated steatotic liver disease (MASLD) (Fan and Li, 2023;
Rinella and Sookoian, 2023). Moreover, NAFL and NASH are also
suggested to be replaced with metabolic dysfunction-associated
steatotic  liver ~ (MASL)  metabolic  dysfunction-associated
steatohepatitis (MASH), respectively (Fan and Li, 2023; Rinella and
Sookoian, 2023). Thus, in this review, we unanimously adopt new
relevant terminology. With an increasing prevalence of obesity
globally, the number of individuals suffered from MASLD is
soaring year by year, which accounts for 25% of the world’s
population (Diehl et al, 2019). Undoubtedly, the pandemic of
MASLD has placed a considerable burden on the social economy
and public health (Younossi et al., 2018). However, the etiology of
MASLD has hitherto remained intricate and ambiguous, which is
implicated in a constellation of drivers, including genetic
predisposition, metabolic disorders, oxidative stress, mitochondrial
dysfunction, and inflammatory insults (Tilg and Moschen, 2010).
MASL is regarded as a benign condition, and most of patients in such
a group are less likely to undergo further clinical progression, while
more than one third of MASH patients putatively advance to fibrosis,
cirrhosis, and hepatocellular carcinoma (HCC) (Calzadilla Bertot and
Adams, 2016; Marengo et al, 2016). Thus, it is of paramount
importance to identify critical drivers which expedite the
progression from MASL to MASH (Calzadilla Bertot and Adams,
2016; Koyama and Brenner, 2017), and the ablation of these drivers
probably represents an effective therapeutic avenue for MASH.

Cell death is a ubiquitous and irreversible life phenomenon,
which shows an intimate correlation with diverse biological and
pathological processes (Green, 2022). Programmed cell death (PCD)
belongs to an important and common modality of cell death, which
is defined as an active cell death procedure response to multiple
biological and pathological stimulations (Bedoui et al., 2020). For
many years in the past, PCD has been synonymous with apoptosis,
which played an indispensable role in modulating homeostasis
maintenance and body development (Griffioen and Nowak-
Sliwinska, 2022). With more intensive exploration of PCD, many
other modalities of PCD have been gradually described, including
necroptosis, pyroptosis, autophagy-dependent cell death as well as
ferroptosis (Griffioen and Nowak-Sliwinska, 2022). Each form of
PCD possesses its distinct molecular, biochemical, and
morphological characteristics, and exerts different physiological
effects (Gautheron et al, 2020). Recently, a growing body of
studies have suggested that the metabolic alterations in MASLD
acted as a potent trigger for hepatocyte PCD, which further elicited a
series of inflammatory and fibrotic responses, greatly contributing to
the transition of MASL to MASH (Feldstein et al., 2003; Nan et al.,
2007; Volkmann et al., 2007; Hirsova et al., 2013).

Restricted calorie intake and proper exercise are deemed to be
the predominant therapeutic approaches for the early stage of
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MASLD, but when the disease advances to MASH and cirrhosis,
single lifestyle intervention is insufficient (Diehl et al., 2019). MASH
management still remains a tremendous challenge, which highly
demands the emergence of new effective therapies. With
consideration of the pivotal role of PCD in MASH pathogenesis,
it is highly necessary to elucidate the mechanisms underlying the
impact of PCD on MASH, which contributes to find novel
therapeutic point of interventional strategies for MASH.

2 Pathogenesis of PCD
2.1 Apoptosis

Apoptosis is identified as an important and universal
physiological cell death regulated by multiple signaling pathways
and genes, which aims to maintain cellular homeostasis when
exposing to diverse intrinsic and extrinsic stimulations. The
morphological characteristics of apoptosis are implicated in
cellular shrinkage, chromatin agglutination, and apoptotic bodies
formation (Van Cruchten and Van Den Broeck, 2002). The
apoptotic bodies can be degraded and removed by adjacent cells
or macrophages, which scarcely elicits inflammatory responses
without the leakage of cellular components (Kerr et al, 1972).
Apoptosis is executed by extrinsic pathway and intrinsic pathway
(Figure 1). In extrinsic apoptosis, death ligands like FasL and tumor
necrosis factor (TNF), initiate the activation of death receptors
located on cellular membrane, and then recruit their associated
adaptor proteins, such as receptor-interacting protein kinase-1
(RIPK1) and TNF receptor-associated factors 2 or 5, to assemble
the death-inducing signaling complex, which has the capacity to
activate caspase-8 and caspase-3/7 sequentially (Galluzzi et al,
2018). Caspase-3/7 activate caspase-6 and then trigger the
execution of apoptosis (Galluzzi et al., 2018). In contrast, the
mitochondria play a major role in intrinsic apoptosis, which is
regulated by B-cell lymphoma-2 (Bcl-2) family to contribute to
apoptosis pathogenesis (Alkhouri et al., 2011). The Bcl-2 family is
mainly comprised of antiapoptotic members (Mcl-1, Bcl-xL, Bcl-2,
etc.) and proapoptotic members (Bim, Bid, Bak, Bax, etc.) (Alkhouri
etal, 2011). Under the physiological status, Bcl-2 combines with Bax
to constitute a heterodimer, which inhibits mitochondrial outer
membrane pore formation (MOMP). When cells are exposed to
intrinsic stimulations like oxidative stress, the BH3-interacting
domain death agonist (BID), an activator of Bcl-2, is cleaved and
transformed to t-Bid, which can translocate to the mitochondria
where it leads to conformation changes of mitochondrial outer
membrane pore through interacting with Bak and Bax, ultimately
bringing about MOMP and the release of apoptotic inducing factors,
including Cytochrome ¢ (CytC) (Galluzzi et al, 2018). The
cytoplasmic CytC triggers caspase-9 activation, which has the
capacity to activate caspase-3/7, ultimately inducing apoptosis
(Galluzzi et al, 2018). Of note, in hepatocytes, tBid formation
and its subsequent translocation into mitochondria are essential
for extrinsic apoptosis, which strikingly amplifies the death signal
evoked by death ligands (Iorga et al., 2017). Caspase-8 and caspase-6
in hepatocytes have been reported to be responsible for the cleavage
of tBid and the release of CytC (Zhao et al, 2020). Moreover,
endoplasmic reticulum stress (ERS) has recently emerged as another
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FIGURE 1

The pathophysiology of apoptosis and necroptosis. The apoptotic pathway can be executed by death receptor pathway, mitochondrial pathway,

and endoplasmic reticulum pathway. The death receptors located on cellular membrane can be recognized and activated by death ligands, such as FasL
and TNFa, which then is able to recruit associated adaptor proteins and assemble the death-inducing signaling complex. This complex leads to the
activation of caspase-8, which can activate caspase-3/7 and caspase-6 sequentially, ultimately causing apoptosis. Intrinsic stimulations like
oxidative stress cleaves BID to tBid, which can translocate to the mitochondria where it induces MOMP formation and CytC and AlF release. The released
CytC activates caspase-9 and caspase-3/7 sequentially, ultimately leading to apoptosis. Moreover, in hepatocytes, caspase-8 and caspase-6 also
participate in the cleavage of tBid and the release of CytC, thus strikingly amplifying the death signal initiated by death receptors. ERS also plays a critical
role in apoptosis execution. On the one hand, ERS initiates the mitochondrial apoptosis reaction chain by downregulating Bcl-2 via IRE1a-IJNK and PERK-
elFa-CHOP axis. On the other hand, ERS activates caspase-12, caspase-9, and caspase-3 sequentially, culminating in apoptosis. When capase-8 is
inhibited, the death-inducing signaling complex mentioned above activates RIPK1, which then recruits RIPK3 and phosphorylates MLKL. The
phosphorylated MLKL is then translocated to cellular membrane where it undergoes oligomerization and triggers necroptosis. Abbreviations: TNF, tumor
necrosis factor; MOMP, mitochondrial outer membrane pore formation; BID, BH3-interacting domain death agonist; CytC, Cytochrome c; ERS,
endoplasmic reticulum stress; RIPK1, receptor-interacting protein kinase-1; MLKL, pseudokinase mixed lineage domain-like.

pathway to induce apoptosis. On the one hand, ERS initiates the
mitochondrial apoptosis reaction chain by downregulating Bcl-2 via
IRE1a-JNK and PERK-elFa-CHOP axis (Malhi and Kaufman, 2011;
Oakes and Papa, 2015). On the other hand, ERS activates caspase-12,
caspase-9, and caspase-3 sequentially, culminating in apoptosis
(Malhi and Kaufman, 2011).

2.2 Necroptosis

Necroptosis is referred to one kind of Iytic cell death which
shares the common upstream activation signaling pathways with
apoptosis (Han et al., 2011). But intriguingly, the morphological
features of necroptosis are not similar to apoptosis, but similar to
necrosis, which mainly characterize cell swelling, membranolysis, as
well as the leakage of cellular constituents (Pasparakis and
Vandenabeele, 2015). The released cellular components, including
damaged associated molecular patterns (DAMPs), cytokines, and
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chemokines, have the capacity to potently trigger inflammatory
cascades (Pasparakis and Vandenabeele, 2015). Generally, the
occurrence of necroptosis requires death receptors activation and
apoptosis inhibition (Figure 1). In the context of caspase-8 paucity,
deubiquitinase cylindricin activates RIPK1, which then interacts
with RIPK3 via their common RIP homology interaction motif (Sun
et al,, 2012). Subsequently, RIPK3 recruits the pseudokinase mixed
lineage domain-like (MLKL) and makes it phosphorylated and
activated. The phosphorylated MLKL is then translocated to
cellular membrane where it undergoes oligomerization and
triggers necroptosis (Sun et al., 2012; Murphy et al, 2013). The
mechanisms by which p-MLKL induces necroptosis are described
below. On the one hand, p-MLKL acts as a platform for recruiting
sodium ions or calcium ions in the cellular membrane, thus affecting
the intracellular and extracellular osmotic pressure, and ultimately
leading to the swelling of cells and the rupture of cellular membrane
(Dhuriya and Sharma, 2018). On the other hand, p-MLKL is able to
with  the amino terminal of

interact sphingomyelin
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FIGURE 2

The pathophysiology of pyroptosis. NLRs and AIM2 can recognize endogenous DAMPs and exogenous PAMPs, and then recruits pro-capase-1 by
interacting with ASC, thus forming an inflammasome, which cleaves pro-caspase-1 to caspase-1. Caspase-1 subsequently leads to the cleavage of
GSDMD and releases its N-terminal fragment, namely GSDMD-N, which ultimately results in pyroptosis. Pro-caspase-4/5/11 has the capacity to directly
bind to liposome A at the tail of LPS, which promotes the self-oligomerization and self-activation of caspase-4/5/11. The activated caspase-4/5/11is

able to cleave GSDMD to GSDMD-N and induce pyroptosis. Moreover, Pannexin-1, the channel protein on cellular membrane, also can be cleaved by
capsase-11, which then mediates the efflux of ATP. The repeated stimulation of ATP is a potent driver for P2X7 channel opening, which triggers the efflux
of K*, Ca*, and Na*, thus causing cell swelling and lytic cell death. In addition, K*efflux also serves as a contributor to activate NLRP3/ASC/caspase-
1signaling axis, further promoting the cleavage of GSDMD. Besides GSDMD, GSDME also play roles in the pathogenesis of pyroptosis. GSDME is cleaved
to GSDME-N by granzyme B and caspase-3, which similarly induces the pore formation in cellular membrane and ultimate pyroptosis. Abbreviations:
DAMPs, damaged associated molecular patterns; PAMPs, pathogen-associated molecular patterns; NLRs, Nod-like receptors; AIM2, absent in

melanoma-2; GSDMD, gasdermin D.

phosphoinositide distributed in cellular membrane and further
promote the formation of cellular membrane pores, finally
causing the leakage of cellular constituents (Dhuriya and Sharma,
2018). Furthermore, there still exist many other signaling pathways
governing the execution of necroptosis, which are independent of
RIPK1, such as adhesion receptors, transmembrane protein 173,
retinoic acid inducible gene 1 protein, nucleic acid sensors and so on
(Schock et al., 2017; Brault et al.,, 2018; Upton et al., 2019). But
notably, these pathways also require RIPK3 to phosphorylate and
activate MLKL, ultimately causing necroptosis.

2.3 Pyroptosis

Pyroptosis is a special form of PCD, which has similar
morphological characteristics with necroptosis, including cell
swelling, membranolysis, as well as the leakage of cellular
components (de Vasconcelos et al, 2019). Moderate pyroptosis
contributes to the removal of pathogen-infected and defective cells
by the immune system, while excessive pyroptosis putatively
exacerbates inflammatory responses and causes massive cell death
and tissue injury (Sharma and Kanneganti, 2021). Pyroptosis
participates in multiple disorders, including central nervous system
diseases, infectious disorders, liver diseases and so on (Tricarico et al.,
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2013; Zhou et al, 2018). The execution of pyroptosis is primarily
regulated through the canonical pathway mediated by caspase-1 and
the noncanonical pathway mediated by caspase-11 (Figure 2). The
classical pyroptotic pathway is initiated by diverse pathogen-
associated molecular patterns (PAMPs) and DAMPs, and mainly
depends on the assembly of inflammasome to execute cell death
(Amarante-Mendes et al., 2018). The inflammasome is comprised of
the sensor, Nod-like receptors (NLRs) and absent in melanoma-2
(AIM2), the bridge adaptor, apoptosis-associated speck-like protein
containing a caspase recruitment domain (ASC), as well as the
effector, pro-caspase-1 (Man et al,, 2017). NLRs and AIM?2 firstly
recognizes endogenous DAMPs and exogenous PAMPs, and then
recruits pro-caspase-1 by interacting with ASC, thus forming an
inflammasome, which cleaves pro-caspase-1 to generate caspase-1
(Xia et al., 2019). Caspase-1 subsequently leads to the cleavage of the
protein gasdermin D (GSDMD) and releases its N-terminal fragment,
namely GSDMD-N, which ultimately results in the pore formation in
the cellular membrane and the leakage of cellular contents (Xia et al,,
2019). Moreover, caspase-1 also facilitates the maturation of
interleukin (IL)-18 and IL-1p and triggers the release of these
inflammatory cytokines, which further contributes to the
amplification of the inflammatory signal (Bani-Hani et al., 2009).
In noncanonical pyroptosis, pro-caspase-4/5/11 has the capacity to
directly bind to lipid A at the tail of lipopolysaccharide (LPS), which
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Chaperone-mediated autophagy

An overview of autophagy. Autophagy is classified into three modalities, namely macro-autophagy, micro-autophagy, and chaperone-mediated
autophagy. Macro-autophagy requires autophagosome formation, which can selectively engulf and sequester part of the cellular contents, such as lipid
droplets, protein aggregates, and organelles. Then, the autophagosome is fused with the lysosome, where these cellular contents are degraded. Micro-
autophagy refers to the direct engulfment and subsequent degradation of cellular constituents by the lysosome. Chaperone-mediated autophagy is
specialized in degrading the proteins containing the KFERQ-like motif, which combine with HSPA8, and then bind to LAMP2A receptor on the lysosome
and be further translocated to the lysosome where these proteins are degraded.

promotes the self-oligomerization and self-activation of caspase-4/5/
11. The activated caspase-4/5/11 then cleaves GSDMD to GSDMD-N
and induce pyroptosis (Wu J. et al., 2021). Moreover, Pannexin-1, the
channel protein on cellular membrane, is cleaved by capsase-11,
which then mediates the efflux of ATP (Yang et al, 2015). The
repeated stimulation of ATP is a potent driver for P2X7 channel
opening, which triggers the efflux of K*, Ca*, and Na*, thus causing
cell swelling and lytic cell death (Yang et al, 2015). In addition,
Kefflux also serves as a contributor to activate NLRP3/ASC/caspase-
1 signaling axis, further promoting the release of IL-18 and IL-1p (Xia
et al, 2019; Wang et al, 2020). Besides GSDMD, GSDME and
GSDMB also play roles in the pathogenesis of pyroptosis (Rogers
etal, 2017; Kambara et al., 2018; Chen et al., 2019). Mechanistically,
GSDME is cleaved to GSDME-N by granzyme B and caspase-3, which
also induces the pore formation in cellular membrane and ultimate
pyroptosis (Rogers et al, 2017; Kambara et al, 2018). Notably,
caspase-3 also participates in apoptotic pathway, and the specific
form of cell death that caspase-3 mediates mainly depends on the
expression level of GSDME in cells. The high level of GSDME leads to
the transition from caspase-3-induced apoptosis to caspase-3-induced
pyroptosis. Different from GSDMD-N and GSDME-N, GSDMB-N is
unable to trigger cell death directly (Chen et al.,, 2019). GSDMB-N
contributes to noncanonical pyroptotic pathway by binding and
activating caspase-4 (Chen et al,, 2019).
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2.4 Autophagy and autophagy-dependent
cell death

Autophagy is referred to a self-eating catabolic process relying
on the lysosome, which is extensively present in eukaryotic cells.
Autophagy not only facilitates the reutilization of cellular substances
and provides energy for cell survival by degrading cellular aged and
damaged organelles, misfolded proteins, and other molecules, but
also exerts protective effects on cells by counteracting oxidative
stress (Buzun et al., 2021). Autophagy dysfunction contributes to the
pathogenesis of diverse conditions, including neurodegenerative
disorders, cancers, and metabolic diseases (Jiang and Mizushima,
2014). Generally, autophagy is classified into three modalities,
namely macro-autophagy, micro-autophagy, and chaperone-
mediated autophagy (CMA) (Figure 3). Macro-autophagy is
widely recognized as the primary form of autophagy and
responsible for the degradation of organelles and microorganisms
(Zhao et al, 2022). Macro-autophagy requires autophagosome
formation, which belongs to a double-membrane vesicle (Dikic
and Elazar, 2018). The autophagosome can selectively engulf and
sequester part of the cellular contents, such as lipid droplets, protein
aggregates, and organelles, which are also called cargoes (Allaire
etal, 2019). These cargoes can be further delivered to the lysosome
for degradation (Kast and Dominguez, 2017). Micro-autophagy
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refers to the direct engulfment and subsequent degradation of
cellular constituents by the lysosome (Filali-Mouncef et al., 2022).
Recently, a kind of micro-autophagy, endosomal micro-autophagy
has been described in mammal animals (Oku and Sakai, 2018). The
endosomal micro-autophagy recognizes and engulfs the proteins
containing the KFERQ-like motif with the auxiliary of HSPAS, and
then translocates these proteins to the multivesicular bodies and late
endosomal dependent of ESCRT-III (Mejlvang et al., 2018). Finally,
the translocated proteins in the multivesicular bodies and late
endosomal are delivered to the lysosome to degrade (Tekirdag
and Cuervo, 2018). CMA is specialized in degrading the proteins
containing the KFERQ-like motif (Kaushik and Cuervo, 2012).
Different
directly captures the targeted proteins (Kaushik and Cuervo,
2012). The targeted proteins combine with HSPAS8 and its
cochaperones to form a complex, which can bind to LAMP2A

from endosomal micro-autophagy, the lysosome

receptor on the lysosome and be further translocated to the
lysosome where these proteins are degraded (Cuervo and Dice,
1996; Kaushik and Cuervo, 2012; Kaushik and Cuervo, 2018). In
most cases, autophagy belongs to a survival process. However, when
the cell cannot overcome lethal stress, the dysregulated autophagy
leads to cell death, namely autophagic cell death, which is often
concomitant with large-scale autophagic vacuolization in cytoplasm
(Kroemer and Levine, 2008). Recently, “autophagy-dependent cell
death” has been used to define the modality of cell death caused by
autophagy (Galluzzi et al., 2018). Autophagy-dependent death plays
an important role in mammalian embryogenesis, and induces cell
death in the apoptosis-resistant cell (Baehrecke, 2003; Shimizu et al.,
2004). The simultaneous activation of autophagy and JNK has been
identified as the prerequisite for autophagy-dependent death
(Baehrecke, 2003; Shimizu et al., 2014).

2.5 Ferroptosis

Ferroptosis has been described in recent years as a new modality
of PCD marked by iron accumulation and overwhelming lipid
peroxidation (Dixon et al., 2012). The morphological features of
ferroptosis encompass mitochondrial atrophy, decreased or
obliterated mitochondrial cristae, as well as cellular membrane
rupture (Gautheron et al,, 2020). Owing to the leakage of cellular
components, ferroptosis also induces a series of inflammatory and
immune responses, thus taking an important part in the
pathogenesis of diverse diseases, especially liver disorders
(Gautheron et al., 2020). The execution of ferroptosis is mainly
driven by toxic lipid peroxides and ROS, which can be produced in
the process of lipid peroxidation. Of note, polyunsaturated fatty
acids (PUFAs) serve as critical substrates for lipid peroxidation,
which take part in the development of ferroptosis only in the form of
PUFA-PL (Jia et al., 2021). The esterification of PUFA to PUFA-PL
is mainly dependent on the catalyzation of lysophosphatidylcholine
acyltransferase 3 (LPCAT3) and Acyl-CoA synthetase long-chain
family member 4 (ACSL4) (Kagan et al, 2017). Subsequently,
lipoxygenases oxidize PUFA-PL to PUFA-PLOOH, which has the
capacity to induce ferroptosis (Haeggstrom and Funk, 2011). In
addition, free iron, mainly in the form of Fe**, also contributes to the
pathological progression of lipid peroxidation (Berson et al., 2004).
Excessive cellular iron firstly reacts with ROS derived from the
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mitochondria, and then leads to the generation of OH* through the
Fenton reaction (Zhang H. et al., 2021). OH* can convert PUFA-PL
to PUFA-PL* by abstracting hydrogen from PUFA-PL, and PUFA-
PL* is susceptible to O, and is readily transformed into PUFA-
PLOO*, which interacts with adjacent PUFA-PL to generate PUFA-
PLOOH and next PUFA-PL*, thus inducing the propagation of lipid
peroxidation and subsequent ferroptosis (Haeggstrom and Funk,
2011). Of note, the insights into potential mechanisms underlying
how lipid peroxidation induces ferroptosis remain scarce, which
warrants further investigations.

3 Metabolic alterations trigger
hepatocyte PCD

3.1 Lipotoxicity

Lipotoxicity is a cardinal feature of MASLD, which shows a
strong correlation with organelle dysfunction, cell damage and
death, expediting the pathological transition from MASL to
MASH. Free fatty acids (FFAs), triglycerides (TGs), ceramides,
lysophosphatidylcholine (LPC), and free cholesterol (FC) are
accumulated in the hepatocytes of MASH (Yamada et al., 2015).
Intriguingly, TGs in hepatocytes are known to protect against cell
toxicity, while FFAs, especially saturated FFAs, can be a trigger for
lipotoxicity (Listenberger et al., 2003). In vitro, palmitate treatment
activates the death receptor, TRAIL-R2, which initiates hepatocyte
apoptosis in a caspase-8-dependent manner (Cazanave et al., 2011).
Caspase-8 not only plays an essential role in extrinsic apoptosis, but
also engages in mitochondrial apoptosis to amplify the death signal
triggered by death receptors. In the livers of MASH in animals and
patients, increased TRAIL-R2 expression was observed, and TRAIL-
R2 deficient mice showed improved hepatocyte apoptosis
(Volkmann et al., 2007; Hirsova et al,, 2013). These evidences
demonstrate the significance of TRAIL-R2 in lipotoxicity-induced
hepatocyte apoptosis. Moreover, chronic lipid overload can be a
major activator for ERS, which activates the apoptotic pathways by
multiple mechanisms. On the one hand, ERS has the capacity to
increase the expression of proapoptotic proteins, including TRAIL-
R2, PUMA and Bim (Barreyro et al., 2007; Akazawa et al., 2010;
Cazanave et al., 2010). Among which, Bim and PUMA greatly
contribute to the mitochondrial apoptotic signaling and
subsequently induce apoptosis (Akazawa et al, 2010; Cazanave
et al, 2010). On the other hand, ERS also induces cell death by
activating caspase-12, caspase-9, and caspase-3 sequentially. In
addition, ceramide acts as a crucial driver for apoptosis by
activating death receptors, curbing diverse anti-apoptotic
signaling transducers, exerting direct mitochondriotoxic effects,
as well as promoting ROS production (Cifone et al., 1994; Arora
et al., 1997; Garcia-Ruiz et al., 1997). Furthermore, FC and LPC are
both intimately related to mitochondrial membrane pore transition,
which brings about the interruption of oxidative respiratory chain
reaction, ROS generation, and the release of CytC from
mitochondria into cytoplasm, culminating in apoptosis (Fuchs
and Steller, 2011). Cholesterol crystals can initiate the activation
of NLRP3/ASC/caspase-1 signaling axis, contributing to the
execution of pyroptosis (Duewell et al., 2010). Notably, although
autophagy is increased by the acute lipid stimulation, it can be

frontiersin.org


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1431921

Cheng et al.

inhibited by chronic lipid overload (Bernales et al., 2007; Czaja,
2010; Ding et al., 2010). Impaired autophagy has a positive
correlation with hepatic lipid accumulation and ERS, which
further exacerbates hepatocyte damage and death.

3.2 Glucotoxicity

Besides high fat diet (HFD), the consumption of sugary
sweetened beverage is also deemed to be a significant risk for
MASH. Several studies have suggested that fructose intake
contributed to the pathological progression of MASH and
showed a positive correlation with liver fibrosis severity in a
dose-dependent (Ouyang et al, 2008).
consumption of sugary sweetened beverage and insulin resistance

manner Excessive
(IR) increase systemic glucose level, which exerts detrimental effects
on hepatocytes (Lim et al., 2010). This phenomenon is known as
glucotoxicity. Fructose is identified as the primary mediator of
glucotoxicity. In both animal and human studies, fructose intake
was confirmed to promote de novo lipogenesis and inhibit fatty acid
oxidation in the liver, thus exacerbating lipid accumulation in
hepatocytes (Lim et al, 2010; Softic et al, 2016). Herein, it is
reasonable to draw a conclusion that fructose probably engages
the regulation of cell death by contributing to lipotoxicity. Moreover,
fructose can also directly activate caspase-3 and cause PUMA and
Bim-mediated mitochondrial dysfunction through activating JNK
and upregulating CHOP, ultimately resulting in apoptosis (Zhong
et al., 2012; Wali et al.,, 2014; Jaiswal et al., 2015). In addition, the
metabolism of fructose is intimately linked to the production of uric
acids, which have multifaceted functions (Cox et al., 2012).
Specifically, uric acids are able to aggravate hepatic steatosis by
restraining fatty acid oxidation and stimulating gluconeogenesis and
lipogenesis, induce mitochondrial oxidative stress by activating
NAPDH oxidase and translocating it into mitochondria, and
pyroptosis by NLRP3/ASC/caspase-
1 signaling axis (Martinon et al, 2006; Lanaspa et al., 2012;

trigger activating  the
Jensen et al.,, 2018). Furthermore, fructose metabolism in the gut
strongly correlates with the disruption of gut tight junctions, which
leads to increased intestinal permeability and subsequent
translocation of PAMPs from the gut to the liver (Johnson et al.,
2013). As mentioned previously, PAMPs, including LPS, are

recognized as the major drivers for pyroptosis.

3.3 Iron and copper

In one-third of MASLD patients, the metabolic disorders of iron
and copper were observed (Aigner et al., 2015). Iron is a vital and
common trace element in human body, which not only acts as a
critical constituent of diverse essential enzymes, but also takes an
important part in the redox system. In a cross-sectional study,
dietary iron intake positively correlated with MASLD prevalence
dose-dependently (Yang et al, 2019). And
accumulation promotes the transition of MASL to MASH by

aberrant iron
inducing oxidative stress, inflammatory responses, and cell
damage or cell death. In recent years, iron accumulation has
been emerged as a cardinal hallmark of a novel modality of
PCD, namely ferroptosis, which greatly contributes to the

Frontiers in Cell and Developmental Biology

10.3389/fcell.2024.1431921

development of MASH (Wu S. et al,, 2021). As indicated above,
iron promotes the generation of toxic lipid peroxides and the
propagation of lipid peroxidation, thus triggering the execution
of ferroptosis (Berson et al., 2004; Zhang H. et al., 2021). Copper
is another essential trace element, which has the capacity to assist
massive metalloproteins to form redox active centers (Aigner et al.,
2010). Low hepatic copper level was observed in patients with
MASLD, which also gave impetus to the development of MASLD
by disturbing antioxidant defense systems, promoting hepatic lipid
accumulation, and causing iron retention (Aigner et al, 2008;
Aigner et al, 2010). Copper also engages the pathogenesis of
multiple cell death. Previously, copper was considered to be a
potent trigger for apoptosis and autophagy (Kang et al, 2019;
Jiang Y. et al, 2022). It could induce apoptosis by generating
ROS via the Fenton reaction and upregulating the expression of
apoptosis-related genes (Kang et al, 2019). Similarly, copper
triggered autophagy by upregulating autophagy-assisted proteins,
including p62 and LC3 (Kang et al., 2019). It is worthy to note that a
novel copper-dependent PCD has been described in a recent study,
which is termed cuproptosis (Tsvetkov et al., 2022). Copper can
directly bind lipoylated constituents in tricarboxylic acid cycle,
which further induces lipoylated proteins aggregation and
subsequent degradation of iron-sulfur cluster proteins, resulting
in proteotoxic responses and cell death (Tsvetkov et al, 2022).
Whether reduced hepatic copper concentration affects the
progression of MASH by modulating hepatocyte cell death
remains obscure, demanding the emergence of new evidence.

3.4 PAMPs/MAMPs

The dysregulation of gut microbiota intimately correlates with
MASH etiology, which leads to compromised gut barrier and
increased gut permeability (Safari and Gérard, 2019). High
fructose consumption also contributes to increased gut
permeability in MASH (Johnson et al., 2013). In this context, gut
pathological microorganisms can be translocated into the liver
through portal vein. These pathogens release PAMPs and
microbe-associated molecular patterns (MAMPs), which can be
recognized by PRRs, such as TLRs, and trigger a series of
signaling pathways. Intracellular PAMPs can activate NLRs and
initiates the assembly of the inflammasome complex mainly
comprised of NLRP3, ASC, and pro-caspase-1, which can
subsequently cleave pro-caspase-1 to caspase-1 and executes the
downstream pyroptotic pathway as mentioned above (Man et al.,
2017; Amarante-Mendes et al., 2018; Xia et al., 2019). Moreover,
intracellular LPS, as a PAMP, can directly activate caspase-4/5/
11 sequentially and then induce pyroptosis (Wu J. et al., 2021).

4 Hepatocyte PCD and its related

cellular crosstalk induce inflammation,
fibrosis in MASH

4.1 Hepatocyte apoptosis

Hepatocyte apoptosis is linked to a variety of liver disorders,
including MASLD. On the basis of several recent studies, hepatocyte
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The roles of programmed cell death in the proinflammatory and fibrotic progression in MASH. Hepatic apoptotic bodies derived from apoptotic

process stimulate the production of death receptor ligands, such as TNF-a and FasL. TNF-a has the capacity to activate NF-kB and JNK pathways,
triggering a series of inflammatory responses. FasL stimulates the secretion of chemokines in macrophages through MyD88 signaling axis. Hepatocyte
apoptosis also correlates with the production of TGF-B1 and the release of purinergic ligands, including UDP-glucose and UDP-fructose. Among
which, TGF-B1 contributes to liver fibrosis through facilitating extracellular matrix deposition via TGF-B1/Smad axis in HSCs, while UDP-glucose/UDP-
fructose recognizes purinergic receptor P2Y14 distributed in HSCs, resulting in the activation of HSCs and liver fibrosis. Low expression of RIPK3 level in
hepatocytes and NF-kB activation in MASH may lead to sublethal necroptosis, which expedites the progression of the disease. Pyroptosis induces the
release of massive inflammatory cytokines, such as IL-18 and IL-1p, directly promoting inflammatory responses. Moreover, the released

NLRP3 inflammasome particles in pyroptosis can be engulfed by HSCs, which results in HSCs activation and a-SMA upregulation, contributing to liver
fibrosis. Autophagy deficiency in MASH is unfavorable for the elimination of ERS and dysregulated or impaired mitochondria, thus potentiating ROS
generation, which promotes liver inflammation. In addition, hepatocyte autophagy deficiency also contributes to liver fibrosis. Abbreviations: TNF, tumor
necrosis factor; MASH, metabolic dysfunction-associated steatohepatitis; HSCs, hepatic stellate cells; NF-kB, nuclear factor-kB; TGF-f1, transforming

growth factor-p1; ERS, Endoplasmic reticulum stress; ROS, reactive oxidative stress; RIPK3, receptor-interacting protein kinase 3.

apoptosis is associated with the progression of inflammation and
fibrosis in MASH, a severe modality of MASLD (Figure 4) (Feldstein
et al,, 2003; Nan et al.,, 2007). Feldstein and colleagues (Feldstein
et al,, 2003) demonstrated that, compared to the controls, several
apoptosis-related indicators, including the TUNEL positivity, the
levels of activated caspase-3/7, and the expression level of death
receptors, were increased in the hepatic specimens from MASH
patients. They also found that hepatocyte apoptosis showed a
positive correlation with the severity of liver inflammation and
fibrosis (Feldstein et al., 2003). Moreover, Nan et al. (Nan et al,,
2007) used a MASH mouse model by feeding them with
methionine-choline deficient (MCD) diet, and found the similar
observation that hepatocyte apoptosis was increased in MASH
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group and that it positively correlated with liver inflammation
and fibrosis. Hepatic apoptotic bodies derived from apoptotic
and autophagic processes can be engulfed by hepatic stellate cells
(HSCs) and Kupffer cells, further stimulating the production of
death receptor ligands, such as TNF-a and FasL (Marra et al., 2008).
These death receptor ligands not only induce apoptosis in
hepatocytes, but also activate the inflammatory signaling cascade
in hepatic immune cells. TNF-a has the capacity to activate nuclear
factor-kB (NF-kB) and JNK pathways by binding TNFRI, triggering
a series of inflammatory responses (Marra et al, 2008). FasL
stimulates the secretion of chemokines in macrophages through
MyD88 signaling axis, which recruits neutrophils to the liver and
potentiates inflammatory responses (Altemeier et al., 2007). In
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addition, hepatocyte apoptosis closely correlates with the production
of transforming growth factor-fl1 (TGF-Pp1) and the release of
purinergic ligands, including UDP-glucose and UDP-fructose
(Oh et al,, 2012; Mederacke et al., 2022). Among which, TGF-p1
contributes to liver fibrosis through facilitating extracellular matrix
deposition via TGF-P1/Smad axis in HSCs, while UDP-glucose/
UDP-fructose recognizes purinergic receptor P2Y14 distributed in
HSCs, resulting in the activation of HSCs and liver fibrosis (Oh et al.,
2012; Mederacke et al., 2022).

4.2 Hepatocyte necroptosis

As indicated above, hepatocyte apoptosis is an important driver
of MASH progression. But notably, in the MASH mouse model, the
simultaneous inhibition of caspases at genetic and pharmacological
levels can not completely block hepatocyte death, liver steatosis and
inflammation, which suggests that other modalities of cell death also
engage in the development of MASH (Anstee et al., 2010; Hatting
etal,, 2013). Under a physiological condition, the expression level of
RIPK3 in hepatocytes is very low (Vucur et al., 2023). Preston et al.
have demonstrated that the expression of RIPK3 was inhibited or
not detected in MASH patients and human primary hepatocytes
exposed to RIPK3 inducers (Preston et al., 2022). In a recent study,
Vucur et al. has showed that there was a molecular switch in the
hepatocyte, which could determine the specific mode of necroptosis
execution and following responses (Vucur et al, 2023). NF-kB
in the

hepatocyte and thus induces the release of DAMPs, ultimately

activation leads to sublethal necrosome activation
promoting inflammation, while NF-kB inactivation prevents
inflammation by accelerating necroptosis execution and limiting
alarmin release (Vucur et al., 2023). Based on these studies, the low
expression of RIPK3 level in hepatocytes and NF-kB activation in
MASH may lead to sublethal necroptosis, which expedites the
disease progression (Figure 4). Furthermore, a critical molecule
in the necroptotic pathway, MLKL, can repress autophagy
independent of RIPK3, and thus contributes to the liver injury
induced by FFC diet (Wu et al., 2020). In turn, autophagy inhibition
can increase the expression of MLKL and promote its translocation
to the cell surface (Wu et al., 2020). These evidences suggest that
there is an important link between MLKL expression, autophagy,
and FFC diet-induced liver damage.

4.3 Hepatocyte pyroptosis

Recent accumulated evidence shows that hepatocyte pyroptosis
contributes to the pathological progression of MASH (Figure 4). In
the MASH mice induced by MCD diet, the levels of hepatic
NLRP3 inflammasome and IL-1p were significantly increased,
with
inflammation and liver injury (Vivoli et al, 2016). Another

which was often concomitant aggravated hepatic
animal study also using MCD-fed mice as the MASH model,
some researchers have showed that the expression levels of
GSDMD and GSDMD-NT in MASH subjects were increased
compared to the control, and that the knockdown of Gsdmd
conferred the protection against hepatic injury induced by MCD

diet (Xu et al, 2018). Similarly, in a human study, compared to
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MASL patients, the caspase-1 activity in the liver and serum of
MASH individuals was strikingly increased and had a close
association with the severity of liver damage (Gaul et al., 2021).
As mentioned above, the induction of pyroptosis is accompanied by
the leakage of cellular components and the release of massive
inflammatory cytokines, such as IL-18 and IL-1P, directly
promoting inflammatory responses. Moreover, IL-13 can also
exacerbate liver inflammation by recruiting macrophages via the
activation of NF-kB (Mirea et al., 2018). In addition, the released
NLRP3 inflammasome particles can be engulfed by HSCs, which
results in HSCs activation and a-SMA upregulation, contributing to
the progression of fibrosis in MASH (Gaul et al., 2021).

4.4 Hepatocyte autophagy and autophagy-
dependent cell death

An aberrant lipid accumulation is observed as the prerequisite
for the initiation and progression of MASLD. Hepatocyte autophagy
is known to contribute to the degradation of hepatic lipid droplets,
which is termed lipoautophagy (Singh et al., 2009). Recently, a
growing body of evidence showed the significant role of autophagy
in the pathogenesis of MASLD (Gual et al., 2017; Allaire et al., 2019).
In the early stage of MASLD, the level of hepatocyte autophagy is
induced, which is associated with the protection against the
pathological progression of the disease (Allaire et al, 2019).
Hepatocyte autophagy not only blocks hepatic steatosis by
facilitating the degradation of lipid droplets in hepatocytes, but
also mitigates inflammatory responses and liver injury by restraining
cellular oxidative stress, especially ERS and mitochondrial stress
(Gual et al., 2017). Moreover, Beclin 1, a critical protein produced in
autophagic process, was reported to suppress apoptosis by combing
with Bcl-2 and forming a complex, thus exerting a protective role
against hepatocyte damage or death (Kang et al., 2011). However,
with the progression of MASLD, the autophagy activity is
significantly inhibited. A recent study has observed that, in both
MASH individuals and MASH murine models induced by MCD, the
autophagic flux detected in liver was markedly suppressed
(Gonzalez-Rodriguez et al., 2014). In another report using MCD-
induced MASH mouse model, enhanced autophagy suppressed liver
inflammation and fibrosis, while autophagy inhibition led to the
aggravation of liver injury (Figure 4) (Chen et al., 2016). Autophagy
deficiency is unfavorable for the elimination of ERS and
dysregulated or impaired mitochondria, thus potentiating ROS
generation, which activates the inflammasome and promotes the
release of inflammatory cytokines and chemokines, including TNF-
a, IL-1f, as well as monocyte chemotactic protein-1 (Chen et al.,
2016).
contributes to liver fibrosis (Hernandez-Gea et al,, 2012; Allaire

Furthermore, hepatocyte autophagy inhibition also
et al,, 2019). Despite that autophagy-dependent cell death plays an
important role in mammalian embryogenesis, there is little evidence

to suggest that it participates the development of MASLD.
4.5 Hepatocyte ferroptosis

The liver is mainly responsible for iron metabolism, and in turn,
the disturbance of iron homeostasis is associated with the
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development of diverse liver disorders, including MASLD (Wang S.
et al,, 2018). As aforementioned, aberrant iron accumulation is a
critical driver of ferroptosis, which has recently been confirmed to
correlate with the progression of MASLD. Hepatic ferroptosis was
observed in a MASH murine model induced by a MCD diet by
utilizing transmission electron microscopy, and ferroptosis
inhibitors strikingly ameliorated liver inflammation and fibrosis
in these mice (Li et al., 2020). Moreover, a ferroptosis inducer
RSL-3 exacerbates liver inflammation and fibrosis in another report
using MCD-induced MASH animal model (Qi et al., 2020). The
levels of several indicators of ferroptosis, such as 4-HNE and MAD,
were much higher in MASH individuals than those in MASL
subjects (Loguercio et al., 2001). These results provide evidence
that ferroptosis engages in MASH pathogenesis and aggravates liver
inflammation and fibrosis (Figure 4). Hepatocyte ferroptosis is often
concomitant with the release of massive iron, which can be engulfed
by macrophages and induce a series of inflammatory responses
(Wang Z. et al, 2018; Pereira et al, 2019). On the one hand,
macrophages can be polarized into proinflammatory types owing
to excessive cellular iron in them (Pereira et al., 2019). On the other
hand, iron has the capacity to modulate the production of
inflammatory cytokines by regulating tricarboxylic acid cycle in
macrophages (Pereira et al, 2019). It is suggested that iron
contributes to cytokines production via post-transcriptional
regulation, and further promotes the development of liver
inflammation (Wang Z. et al, 2018). Induction of hepatocyte
ferroptosis exacerbates cell death and liver injury, thus promoting
liver fibrosis. Of note, autophagy has an intimate association with
ferroptosis. An increased autophagic flux was observed in ferroptotic
cell death and autophagy inhibition reduced ferroptosis (Liu et al.,
2020). In a recent study, TMEM164 has been identified as a critical
driver for autophagy-dependent ferroptosis by degrading lipid
droplets, GPX4, and ferritin (Liu et al, 2023). Of note,
ferroptosis has an intimate association with autophagy. An
increased autophagic flux was observed in ferroptotic cell death
and autophagy inhibition reduced ferroptosis (Liu et al., 2020). In a
recent study, TMEM164 has been identified as a critical driver for
autophagy-dependent ferroptosis by degrading lipid droplets,
GPX4, and ferritin (Liu et al., 2023).

5 Hepatocyte signaling that regulates
programmed cell death in MASH

5.1 YAP/TAZ

The Hippo-YAP pathway plays an important role in modulating
cell growth and proliferation, thus controlling tissue homeostasis
and organ size. The two downstream transcriptional coactivators,
YAP and TAZ, can be regulated by the Hippo-YAP pathway and
modulate the transcription of its target genes. The TAZ levels in
hepatocytes were higher in MASH patients and animal models than
those in the controls (Wang X. et al, 2016). Interestingly, the
upregulation of TAZ was not observed in MASL subjects, which
indicated that TAZ engaged in the pathological progression from
MASL to MASH (Wang X. et al., 2016). The silence of hepatocyte
TAZ markedly ameliorated hepatocyte death, liver inflammation
and fibrosis of MASH (Wang X. et al, 2016). The Hippo-YAP

Frontiers in Cell and Developmental Biology

10.3389/fcell.2024.1431921

pathway engages the regulation of several different forms of
hepatocyte PCD, including autophagy, ferroptosis, and apoptosis.
YAP/TAZ not only regulates autophagosomes degradation to
control autophagic flux, but also contributes to the transition
from autophagosomes into autolysosomes. Moreover, the key
constituents of the Hippo-YAP pathway, STK3/STK4, play a
critical role in fusing autophagosomes with lysosomes and
removing intracellular cargoes. In addition, YAP/TAZ has also
been confirmed to regulate a variety of processes implicated in
ferroptosis by analyzing the profile of YAP/TAZ targeted-genes,
including Trfl, ACSL4 and so on, which get involved in iron
metabolism, oxidative responses, and lipid peroxidation.
Furthermore, YAP/TAZ is considered as a potent inhibitor of
apoptosis, which can restrain mitochondrial apoptotic pathway
by upregulating Bcl-2 family members, and can suppress
extrinsic apoptotic pathway initiated by FasL and TNF-a.

5.2 Notch

The Notch pathway is commonly deemed to be a cardinal player
in cell differentiation, cell proliferation, and cell fate determination
(Amsen et al., 2015; Bartolome et al., 2019). Notch ligands activate the
corresponding located on cells and cause the
these Notch receptors, which

contributes to the exposition of ADAMIO cleavage site and

receptors
conformational changes in
subsequent Notch intracellular domain (NICD) release with the
assistance of y-secretase complex (Kopan and Ilagan, 2009). The
released NICD is then translocated into the nucleus in which it
initiates the transcription of downstream genes, thereby exerting its
multiple biological functions (Kopan and Ilagan, 2009). Under healthy
conditions, the Notch pathway cannot be detected in hepatocytes,
while in MASLD patients and MASLD murine models, the activity of
hepatocyte Notch is obviously upregulated (Zhu et al, 2018).
Moreover, the inhibition of Notch pathway strikingly ameliorated
hepatic steatosis and fibrosis in the MASLD mouse model (Zhu et al.,
2018). The Notch pathway engages in MASLD pathogenesis by
modulating lipid metabolism, IR, oxidative stress, as well as liver
inflammation and fibrosis (Zhu et al., 2018). Recently, several studies
also have provided compelling evidence to support the notion that
there is an intimate relationship between hepatocyte death and Notch
pathway in MASLD. In FFA-treated HepG2 cells, an in vitro MASLD
model, the Notch pathway was activated in MASLD model, and it was
concomitant with hepatic steatosis and cell apoptosis, which was
significantly improved by the Notch inhibitor DAPT (Zhang M. et al,,
2021).After the treatment with DAPT, the autophagic flux in
hepatocytes was increased, and the autophagy inhibitor
chloroquine reversed the protective effects of DPAT on liver injury
(Zhang M. et al., 2021). In addition, the ADSCs treatment in a MASH
murine model showed enhanced liver repair and regeneration by
reducing hepatocyte apoptosis via the activation of the Notch pathway
(Ishida et al., 2021).

5.3 Hedgehog

The Hedgehog pathway is ubiquitously recognized as one of the
highly conservative signaling pathways among species, which gets
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involved in tissue repair and regeneration, embryonic development,
and tumorigenesis (Pak and Segal, 2016). The classical Hedgehog
pathway mainly consists of Hedgehog, Patched, Smoothened, and
Gli. The Hedgehog, as a ligand, firstly binds the cellular membrane
receptor, Patched, and the effects of Hedgehog on cells depend on its
concentration and exposure duration (Hirsova et al., 2013). If the
Pathed is activated, it can disinhibit Smoothened, which then
promotes the translocation of Gli from cytoplasm into nucleus
where it has the capacity to modulate the expression of its
targeted genes, thus exerting multiple functions (Hirsova et al,
2013). A plethora of studies have found that the Hedgehog
pathway was aberrantly activated in both MCD-induced MASH
murine models and MASH patients, and its activation had a positive
correlation with the histologic severity of MASLD patients,
especially liver injury and liver fibrosis (Syn et al, 2011; Guy
et al, 2012). Several studies have investigated the profibrotic
effects of the in MASH, while the
mechanisms of hepatocyte cell death and the Hedgehog pathway

Hedgehog pathway

in MASH are still poorly understood. Vismodegib, a Hedgehog
pathway inhibitor, attenuated liver damage partly via the blocking of
apoptosis initiated by death ligands TRAIL (Hirsova et al., 2013). In
addition, another Hedgehog pathway inhibitor, LDE255, was
reported to reduce LC3-II production and autophagic flux, which
might be a mechanism by which LDE255 inactivated HSCs induced
by palmitic acids (Duan et al., 2017). Furthermore, in a recent study
showed that the Hedgehog pathway participates in the regulation of
hepatocyte necroptosis in the inflammation mediated by IR stress
(Li et al,, 2021). These observations suggest the Hedgehog pathway
contributes to the progression of MASH partly through the
regulation of hepatocyte cell death, but we need further
investigations.

5.4 TAK1

TGEF-p kinase 1 (TAK1) is widely considered as one of the
MAP3K family members, which can be activated by multiple
stimuli, such as TRAIL, IL-1, TNF-a, TGF-B, and microbial
products (Wang et al., 2021). TAKI serves as a potent activator
of MAPK and NF-kB, and plays a role in regulating cell survival,
immune responses,

development (Wang et al, 2021). TAKl can cause lipid

inflammatory cascades, and embryonic
metabolism disorder and trigger hepatic inflammation (Wang P.
X.etal, 2016). Indeed, recent studies have suggested that TAK1 can
be a therapeutic target for MASH, and that some pharmacological
agents exerted their salutary effects on MASH via the inhibition of
TAKI signaling pathways (Liu et al., 2021; Lan et al.,, 2022; Liang
et al, 2022), which linked TAKI to MASH pathogenesis.
Intriguingly, TAK1 also has the capacity to regulate cell death,
which is a part of the mechanisms by which TAK1 contributes to
MASH. NF-kB, as a downstream effector of TAK1, upregulates the
expression of anti-apoptotic proteins at the transcription levels, such
as IAP and ¢-FILP (Wang et al., 1998; Chang et al., 2006). Moreover,
TAK1 reduces the production of ROS induced by TNF-a, which
results in cIAP degradation, RIPK1 de-ubiquitination, and caspase-8
activation (Morioka et al., 2009). Thus, TAK1 shows protection
against TNF-a-mediated apoptosis. Additionally, in steatotic
hepatocytes, TAK1 also can inhibit TGF-B-induced apoptosis
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(Yang et al, 2014). Furthermore, TAK1 also engages in the
of by AMPK
transcriptionally the of autophagy-
associated genes. TAKI1 deficiency has been confirmed to cause

regulation autophagy activating and

regulating expression
autophagy defect, which results in liver steatosis and hepatic
tumorigenesis (Herrero-Martin et al, 2009; Inokuchi-Shimizu
et al, 2014). However, TAKI1 potentiates the execution of
necroptotic pathway. TAK1 contributes to the activation of
RIPK1 and RIPK3, which in turn activates TAKI, thus forming
TAKI1-RIPK1-RIPK3 loop and ultimately leading to necroptosis
(Morioka et al., 2014). TAK1 also has the capacity to switch cells fate
TAK1
multifactorial and contributes to both cellular protection and death.

from apoptosis to necroptosis. Taken together, is

5.5 AMPK

Adenosine monophosphate (AMP)-activated protein kinase
(AMPK) is extensively deemed to be an important metabolic
modulator and energy sensor (Hardie, 2011). AMPK senses the
cell energy status and its activity mainly regulated by ATP and AMP
(Hardie, 2011). Specifically, AMP allosterically activates AMPK
while ATP represses it. In order to maintain energy homeostasis,
AMPK regulates catabolism processes, like FA B-oxidation, and
anabolic processes, like the synthesis of three major nutrient
substance (Guicciardi et al., 2020). The activity of AMPK has
been reported to decline in MASH, and the specific knockout of
hepatic AMPK correlated with the exacerbation of liver damage,
suggesting the significant role of decreased AMPK in MASH
pathogenesis (Smith et al., 2016; Zhao et al., 2020). Besides the
effects of AMPK exert on energy and metabolism regulation, AMPK
also participates in regulating cell death. As indicated above,
activated caspases-6 by caspase-3/7 promotes the cleavage of
t-Bid and the release of CtyC, which in turn promotes the
activation of caspase-3/7, leading to a feed-forward loop
formation and excessive apoptosis (Zhao et al., 2020). AMPK was
found to dampen caspase-6 activation and thus reduced hepatocyte
apoptosis, which ultimately ameliorated liver injury in MASH (Zhao
et al,, 2020). Moreover, AMPK can catalyze the phosphorylation of
mTOR and inactivate it, further inducing autophagy, as mTOR has a
negative regulation for autophagy (Kim and Guan, 2015; Madiraju
et al, 2016). Furthermore, AMPK also engages in ferroptosis
regulation. AMPK is able to phosphorylate Beclin 1, which
inhibits the system Xc-by binding SCL7All, and ultimately
promotes ferroptosis (Song et al, 2018). However, whether
AMPK regulates hepatocyte ferroptosis in MASH still remains
elusive, which warrants more in-depth investigations. Taken
together, reduced AMPK activity in MASH exacerbates liver
injury by promoting hepatocyte
hepatocyte autophagy, which could propose a novel therapeutic
strategy for MASH.

apoptosis and blocking

6 Resolution of hepatocyte PCD
in MASH

Up to now, the lifestyle interventions including exercise
control and dietary modifications are the only managements for
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TABLE 1 Potential therapeutic pharmacological agents for MASH targeting PCD.

Pharmacological
agents

Experimental model

RIPA-56 HFD-induced MASH murine model

Liraglutide Human HepG2 cells exposed to PA and LPS

Ferl MCD-induced MASH murine model

Tectorigenin HFD-induced MASH murine model and human
HepG2 cells exposed to free fatty acids

Impact on PCD

Therapeutic effects

Necroptosis inhibition Ameliorates liver inflammation = Majdi et al.
and fibrosis (2020)
Pyroptosis inhibition Slows the progression of MASH = Yu et al.
(2019)
Ferroptosis inhibition Ameliorates liver inflammation | Li et al.
and fibrosis (2020)
Autophagy induction and Ameliorates liver inflammation =~ Zhu et al.
pyroptosis inhibition and injury (2022)

Abbreviations: MASH, metabolic dysfunction-associated steatohepatitis; PCD, programmed cell death; HED, high fat diet; MCD, methionine-choline deficient diet; PA, palmitic; LPS,

lipopolysaccharides.

MASLD. However, single altering lifestyles is insufficient to
improve NASH completely. Recently, an increasing body of
studies have suggested that hepatocyte PCD played an essential
role in MASH pathogenesis, and on top of autophagy, other forms
of hepatocyte PCD, including apoptosis, necroptosis, pyroptosis,
and ferroptosis, all greatly contributed to the transition from
MASL to MASH. Therefore, resolving hepatocyte PCD can be a
Indeed,
pharmacological agents targeting one or more forms of PCD

candidate therapeutic avenue for MASH. several
have been confirmed to improve MASH in many animal studies
(Table 1). As aforementioned, the caspase family plays an
important role in apoptosis execution. The caspase inhibitors,
such as Emricasan, VX-166, and GS-9450, were reported to
block hepatocyte apoptosis and ameliorate hepatic inflammation
and fibrosis in MASH animal models induced by HFD or MCD
(Witek et al., 2009; Anstee et al., 2010; Barreyro et al.,, 2015).
However, in recent clinical trials, Emricasan could not ameliorate
liver inflammation and fibrosis in MASH patients (Harrison et al.,
20205 Frenette et al., 2021). RIPA-56, an inhibitor of RIPK1, which
is recognized as the gatekeeper of necroptotic pathway, mitigated
hepatic inflammation and fibrosis in the HFD-induced MASH
murine model by blocking necroptosis (Majdi et al., 2020).
RIPK3 is also a critical regulator in necroptosis and has the
capacity to trigger necroptosis independent of RIPKI1. In a
choline-deficient ~HFD-induced ~MASH
RIPK3 IR
(Gautheron et al, 2016). Herein, it is highly necessary to
develop the specific RIPK3 inhibitors which only take
hepatocytes as target. NLRP3 acts as a cardinal mediator in the

murine  model,

inhibition aggravated and hepatic steatosis

execution of pyroptosis, and inhibiting NLRP3 is emerging as an
effective method to block pyroptosis. Liraglutide, a GLP-1
analogue, ameliorated MASH in an in vitro model utilizing PA/
LPS  treated hepatocytes partly  through
NLRP3 inflammasome and pyroptotic pathway (Yu et al,
2019). Ferl, as one kind of ferroptosis inhibitor, exhibited
protective effects against liver inflammation and damage in
MCD-induced MASH animal models via the inhibition of
hepatocyte ferroptosis (Li et al., 2020; Yang et al., 2020; Zhu
et al, 2021; Jiang J. J. et al, 2022). Herein, developing cell
targeted pharmacological agents which exert its function by

restraining

regulating ferroptosis is of great benefit to more accurate
treatment for MASH. Moreover, some FDA-approved drugs
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ranging from exenatide to metformin, TFEB inducers, and
rapamycin contributed to the improvement of MASH partly by
inducing autophagy in different animal models (Chen et al., 2016;
Kim et al., 2017; Lim et al., 2018; Li et al., 2019). But notably, these
drugs also improved MASH by other mechanisms.

Besides the aforementioned pharmacological agents only
targeting single PCD, there still exist many effective therapeutic
agents which simultaneously target two or more modalities of PCD.
Tectorigenin, as one of primary monomers of blueberry, strikingly
attenuated liver inflammation and damage in both in vitro and in
vivo MASH models through inducing autophagy and blocking
pyroptosis (Zhu et al., 2022).

Taken together, regulating the activity of hepatocyte PCD is
emerging as a potential effective therapy for MASH treatment.
However, the therapeutic effects of the agents targeting
hepatocyte PCD in MASH have just been evaluated in preclinical
studies, which warrants further investigation in clinical practice.

7 Conclusion

MASH greatly threatens human health owing to its
consecutively increased incidence and prevalence on a globe
scale (Younossi et al, 2018). Single lifestyle intervention is
insufficient to improve NASH completely (Diehl et al., 2019).
Explicitly understanding the pathogenesis of MASH and finding
some novel effective therapeutic points of intervention are the
most urgent tasks for MASH management. In recent studies,
hepatocyte PCD, including apoptosis, necroptosis, pyroptosis,
autophagy, and ferroptosis, have attracted much attention as a
momentous partaker in MASH pathogenesis (Feldstein et al.,
2003; Nan et al., 2007; Allaire et al., 2019; Gautheron et al., 2020).
Metabolic MASLD, lipotoxicity,
glucotoxicity, iron overload, copper deficiency, and PAMPs/
DAMPs, trigger different modalities of hepatocyte PCD, which
serve as potent drivers of the pathological progression from
MASL MASH mainly through facilitating
inflammation and fibrosis (Feldstein et al., 2003; Nan et al,,
2007; Volkmann et al, 2007).
therapeutic pharmacological agents for MASH have been

disorders in such as

to liver
Indeed, several potential

confirmed to exert their salutary effects partly by regulating
the activity of one or more type of hepatocyte PCD (Ezquerro
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etal., 2019; Nasiri-Ansari et al., 2021; Shen et al., 2021; Zhu et al.,
2022). Herein, hepatocyte PCD seems to be a new underlying
therapeutic target for MASH.

Although targeting hepatocyte PCD sheds light on MASH
treatment, it still remains a tremendous challenge to develop safe
and effective drugs utilized in MASH individuals which take
PCD as target. As aforementioned, multiple
of hepatocyte PCD are in MASH
pathogenesis, and each form of PCD has an interaction with

hepatocyte
modalities implicated
other types of cell death. The intricate interaction among
different modalities of hepatocyte PCD is yet to be thoroughly
understood. Moreover, although some pharmacological agents
have been proved to improve MASH partly by regulating the
activity of hepatocyte PCD, they also ameliorate MASH via other
mechanisms. The number of potential therapeutic drugs for MASH
Additionally,
hepatocytes, PCD can also occur in other cell types in liver,

only targeting PCD remains scarce. besides
including macrophages and HSCs. It is noteworthy that PCD in
different cell types exerts different effects. Thus, great efforts need to
be put in the development of drug-targeted delivery system. Taken
together, more attention should be paid to gain further insights into
the intricate interaction among different modalities of hepatocyte
PCD and to develop more safe and effective drugs which improve

MASH by specifically targeting hepatocyte PCD.
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Glossary R
NAFLD Nonalcoholic Liver Disease MAMPs
NAFL Nonalcoholic Fatty Liver MCD
NASH Nonalcoholic Steatohepatitis HSCs
HCC Hepatocellular Carcinoma NF-kB
MASLD Metabolic Dysfunction-Associated Steatotic Liver Disease TGF-p1
MASL Metabolic Dysfunction-Associated Steatotic Liver NICD
MASH Metabolic Dysfunction-Associated Steatohepatitis TAK1
PCD Programmed Cell Death AMP
TNF Tumor Necrosis Factor AMPK
RIPK1 Receptor-Interacting Protein Kinase-1

Bdl-2 B-cell Lymphoma-2

MOMP Mitochondrial Outer Membrane Pore Formation

BID BH3-Interacting Domain Death Agonist

CytC Cytochrome ¢

ERS Endoplasmic Reticulum Stress

DAMPs Damaged Associated Molecular Patterns

MLKL Pseudokinase Mixed Lineage Domain-Like

PAMPs Pathogen-Associated Molecular Patterns

NLRs Nod-Like Receptors

AIM2 Absent In Melanoma-2

GSDMD Gasdermin D

IL Interleukin

LPS Lipopolysaccharide

CMA Chaperone-Mediated Autophagy

PUFAs Polyunsaturated Fatty Acids

LPCAT3 Lysophosphatidylcholine Acyltransferase 3

ACSL4 Acyl-CoA Synthetase Long-Chain Family Member 4

FFAs Free Fatty Acids

TGs Triglycerides

LPC Lysophosphatidylcholine

FC Free Cholesterol

HFD High Fat Diet
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Insulin Resistance

Microbe-Associated Molecular Patterns
Methionine-Choline Deficient

Hepatic Stellate Cells

Nuclear Factor-kB

Transforming Growth Factor-f1
Notch Intracellular Domain

TGF-p kinase 1

Adenosine Monophosphate

AMP-Activated Protein Kinase
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