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ZBP1-mediated apoptosis and inflammation
exacerbate steatotic liver ischemia/reperfusion injury
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Steatotic donor livers are becoming more and more common in liver transplantation. However, the current use of steatotic
grafts is less acceptable than normal grafts due to their higher susceptibility to ischemia/reperfusion (I/R) injury. To
investigate the mechanism underlying the susceptibility of steatotic liver to I/R injury, we detected cell death markers and
inflammation in clinical donor livers and animal models. We found that caspase-8-mediated hepatic apoptosis is activated
in steatotic liver I/R injury. However, ablation of caspase-8 only slightly mitigated steatotic liver I/R injury without affecting
inflammation. We further demonstrated that RIPK1 kinase induces both caspase-8-mediated apoptosis and cell death-
independent inflammation. Inhibition of RIPK1 kinase significantly protects against steatotic liver I/R injury by alleviating
both hepatic apoptosis and inflammation. Additionally, we found that RIPK1 activation is induced by Z-DNA binding protein
1(ZBP1) but not the canonical TNF-o pathway during steatotic liver I/R injury. Deletion of ZBP1 substantially decreases the
steatotic liver I/R injury. Mechanistically, ZBP1is amplified by palmitic acid-activated JNK pathway in steatotic livers. Upon
1/R injury, excessive reactive oxygen species trigger ZBP1 activation by inducing its aggregation independent of the Z-nucleic
acids sensing action in steatotic livers, leading to the kinase activation of RIPK1 and the subsequent aggravation of liver
injury. Thus, ZBP1-mediated RIPK1-driven apoptosis and inflammation exacerbate steatotic liver I/R injury, which could be
targeted to protect steatotic donor livers during transplantation.

Introduction

End-stage liver disease is the leading cause of mortality in
digestive diseases, with liver transplantation as the sole curative
intervention (1). The scarcity of available donor livers has led to
the emergence of marginal donor livers, including older donors,
donation after circulatory death grafts, livers infected with hep-
atitis viruses, and steatotic donor livers (2,3). The escalating
prevalence of metabolic dysfunction-associated steatotic liver
disease (MASLD) due to changing dietary structures under-
scores the urgent need to optimize the utilization of steatotic
donor livers (4). The principal limitation of steatotic donor liv-
ers is their susceptibility to ischemia/reperfusion (I/R) injury,
which greatly compromises liver function and potentially leads
to primary organ nonfunction or early allograft dysfunction (5).
Upon reperfusion, hepatocytes produce substantial amounts of
reactive oxygen species (ROS) and secrete various proinflam-
matory cytokines. As a result, immune cells, particularly neutro-
phils, are recruited to the liver from the circulation and directly
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damage liver tissues (6). However, the mechanism underlying
the susceptibility of steatotic livers to I/R injury remains unclear.

Programmed cell death, mediated by dedicated molecular
machines, plays important roles in health and disease (7). The
caspase family of cysteine proteases serve as key regulators of
programmed cell death. Apoptosis, the first identified regulated
form of cell death, is executed by caspase-3/7, which become
activated by upstream caspase-8 or caspase-9 in response to
extracellular cell death-inducing cytokines or intracellular stress
signals, respectively (8). The same cell death-inducing cyto-
kines also cause necroptosis mediated by receptor-interacting
serine/threonine-protein kinase 1 (RIPK1), RIPK3, and MLKL
when caspase-8 is inhibited (9). Inflammatory caspases, includ-
ing caspase-1/4/5/11, instead induce pyroptosis by cleaving
gasdermin D (10). Additionally, disturbance of peroxidation of
polyunsaturated fatty acid of membrane phospholipids triggers
a caspase-independent necrotic death, called ferroptosis (11). It
has been shown that apoptosis participates in liver I/R injury and
the pancaspase inhibitor IDN-6556 protects against liver trans-
plantation-induced apoptosis and injury (12). Nevertheless, it
was reported that necroptosis also plays a significant role in liver
I/R injury (13), which was challenged by recent studies show-
ing that RIPK3 is epigenetically silenced in mouse and human
hepatocytes and rendered them unable to undergo necroptosis
(14-16). In addition, pyroptosis was also implicated in liver I/R
injury (17). Further, recent studies suggest that ferroptosis also
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mediates liver I/R injury (18-20), while an earlier study showed
that lipid peroxidation is unlikely the primary mechanism of
parenchymal cell injury during reperfusion (21). Thus, the mech-
anisms underlying hepatocyte death in liver I/R injury are still
elusive. Further, whether and how these cell death modalities
contribute to steatotic liver I/R injury remains to be determined.

Z-DNA binding protein 1 (ZBP1) is a newly identified innate
immune sensor for the unusual left-handed Z-nucleic acids
(Z-NA) that initiates cell death (22). ZBP1-activated cell death
was firstly described in influenza A virus infection and further
extended to infections of other pathogens (23). Interestingly,
ZBP1 also activates cell death under sterile conditions when
the scaffold function of RIPK1 is absent (24). Further, mutation
of ADARI1, an RNA-editing enzyme, causes ZBP1l-dependent
immunopathology in sterile settings (25). Therefore, in addi-
tion to exogenous pathogen-associated Z-NA, ZBP1 can also be
activated by specific endogenous Z-NA, which may lead to cell
death and inflammatory diseases. However, it is unclear wheth-
er ZBP1 might be activated by signals other than Z-NA. More-
over, to our knowledge, the role of ZBP1-mediated cell death
and inflammation has never been reported in the setting of ste-
atotic liver I/R injury.

In this study, we present compelling evidence showing that
ZBP1 specifically mediates steatotic liver I/R injury by trig-
gering RIPK1-dependent apoptosis and inflammation. ZBP1 is
specifically increased in steatotic liver by palmitic acid-acti-
vated (PA-activated)]NK pathway and is activated through a
mechanism independent of the Z-NA sensing action. We show
that ZBP1 is activated by ROS during I/R, which promotes the
aggregation of ZBP1 and induces the kinase activation of RIPK1
that triggers caspase-8-mediated apoptosis and cell death-inde-
pendent inflammation. Deletion of ZBP1 or genetic inactivation
of RIPK1 in the liver decreases the steatotic liver I/R injury.
Thus, ZBP1 appears to have a secondary function that orches-
trates host responses to steatotic liver I/R injury and represents
a potential therapeutic target for steatotic liver I/R injury during
donor liver transplantation.

Results

Aggravation of hepatic apoptosis and inflammation in steatotic liver
I/Rinjury. We first confirmed the susceptibility of steatotic livers
toI/Rinjury during humanliver transplantation and observed sig-
nificantlyelevated serumlevelsofalaninetransaminase (ALT) and
aspartate transaminase (AST), indicative of liver injury, in recip-
ients of steatotic donor livers during the initial 4 days following
transplantation, compared with those of normal donor livers
(Figure 1A). As expected, when compared with normal donor
livers, steatotic donor livers exhibited a higher incidence of sinu-
soidal congestion (Figure 1B), higher percentage of cell death as
determined by terminal deoxynucleotidyl transferase dUTP nick
end labeling (TUNEL) assay (Figure 1C), and higher levels of neu-
trophil infiltration as marked by myeloperoxidase (MPO) stain-
ing (Supplemental Figure 1A; supplemental material available
online with this article; https://doi.org/10.1172/]JC1180451DS1)
after reperfusion but not before reperfusion. Additionally, serum
levels of proinflammatory cytokines, including TNF-o, IL6, and
chemokine CCL2, were markedly elevated on the first day after
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operation in recipients of steatotic donor livers than that of nor-
mal donor livers (Figure 1D), indicating aggravated inflammato-
ry response in recipients of steatotic donor livers.

We then confirmed the modalities of hepatic cell death
during steatotic liver I/R injury. To avoid the influence of non-
parenchymal cells, we isolated hepatocytes from normal and
steatotic donor livers before and after reperfusion and subject-
ed them to immunoblotting analysis. We observed a substantial
increase in the levels of apoptosis, marked by cleaved caspase-8
(CCB) and cleaved caspase-3 (CC3) (8) in steatotic donor livers
after reperfusion (Figure 1E), which was confirmed by immu-
nostaining of CC3 in the donor livers (Supplemental Figure 1B).
In contrast, we did not detect activation markers of pyroptosis
as marked by cleaved N-terminal GSDMD (10) or necroptosis
as marked by p-RIPK3(S227) and p-MLKL(S358) (9) in hepato-
cytes of steatotic donor livers after reperfusion (Supplemental
Figure 1C). We also isolated primary human hepatocytes (PHH)
from donor livers before reperfusion, cultured them in vitro, and
exposed them to hypoxia-reoxygenation (H/R), an in vitro mod-
el mimicking liver I/R injury (26). We found that steatotic liver-
derived PHH exhibited higher levels of apoptosis than normal
liver-derived PHH (Figure 1E). Similarly, pyroptosis and necro-
ptosis were not activated in steatotic hepatocytes in this setting
(Supplemental Figure 1D). In addition, the levels of ferropto-
sis-related proteins, including GPX4, FSP1, and ACSL4 (27), as
well as lipid peroxidation as determined by 4-HNE staining (28),
were similar between normal and steatotic livers (Supplemental
Figure 1, C and E), excluding the possibility that ferroptosis con-
tributes to the increased sensitivity of steatotic liver to I/R injury.

We next conducted animal experiments modeling steatotic
liver I/R injury. To this end, we fed mice with a high-fat-diet (HFD)
or a choline-deficient high-fat-diet (CDHFD) to induce moderate
or severe steatosis, respectively, and then subjected these mice
to I/R operation. We observed significantly elevated serum lev-
els of ALT and AST (Figure 1F) as well as injury area marked by
patchy areas of hypereosinophilia, loss of cellular morphology,
and nucleus shrinkage in the livers in both HFD- and CDHFD-fed
mice compared with the normal diet-fed (ND-fed) mice after I[/R
(Supplemental Figure 1F). The number of TUNEL-positive cells
was also higher in the livers of HFD- and CDHFD-fed mice than
that of ND-fed mice after I/R (Supplemental Figure 1G). Similar
to human steatotic donor livers after reperfusion, CC8 and CC3
were elevated in the hepatocytes of both HFD- and CDHFD-fed
mice compared with the ND-fed mice after I/R (Figure 1G and
Supplemental Figure 1, H and I). MPO staining revealed higher
levels of neutrophil infiltration in the livers of HFD- and CDHFD-
fed mice than that of ND-fed mice after I/R (Supplemental Fig-
ure 1]), indicative of aggravated inflammation, which was further
confirmed by the elevated serum levels of TNF-a, IL6, and CCL2
(Supplemental Figure 1K).

To consolidate these findings, we then conducted rat orthot-
opic liver transplantation (OLT) and utilized a procedure mim-
icking clinical liver transplantation. Consistently, we observed
increased liver injury (Figure 1H and Supplemental Figure 2, A
and B) and hepatic apoptosis (Figure 1G and Supplemental Fig-
ure 2, C and D) in livers from CDHFD-fed rats compared with
those of ND-fed rats. We also observed increased inflammation
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Figure 1. Apoptosis and inflammation are exacerbated in steatotic liver I/R injury. (A) Serum ALT and AST levels of normal donor liver or steatotic
donor liver recipients within 7 days after transplantation. (B and C) Prereperfusion and postreperfusion donor liver specimens were analyzed with HGE
staining (B) and TUNEL staining (C). Arrows indicate congestion (B). n = 25 for normal donor livers and n = 24 for steatotic donor livers. (D) Recipients’
serum levels of the proinflammatory cytokines (n = 10) on POD1. (E) Left: Representative immunoblot result of cell death markers in hepatocytes isolat-
ed from pre- and postreperfusion donor livers. Protein expression was normalized to tubulin levels and shown as relative values. n = 25 for normal donor
livers and n = 24 for steatotic donor livers. Right: PHH cell were isolated and cultured in vitro. After H/R challenge, the death markers were analyzed (n =

6). (F-H) ND-, HFD-, and CDHFD-fed mice (n = 8) underwent 1 hour ischemia/6

hours reperfusion operation and donor livers from ND- or CDHFD-fed rats

(n = 6) underwent 18 hours cold storage/6 hours reperfusion. Serum ALT/AST levels (F and H) and cell death markers in isolated hepatocytes (G) were
detected. All data are presented as the mean + SD. *P < 0.05, **P < 0.01, ***P < 0.001. 2-way ANOVA, post hoc Bonferroni's test (A, C, F, and H). Fisher's

exact test (B). Unpaired 2-tailed Student’s t test (D and E). Scale bars: 100 um

in recipients of steatotic donor livers after OLT (Supplemental
Figure 2, E and F). Finally, primary mouse hepatocytes (PMH)
isolated from the livers of HFD- and CDHFD-fed mice showed
higher levels of apoptosis and inflammation, but not necropto-
sis and pyroptosis, after H/R challenge compared with those of
ND-fed mice (Supplemental Figure 2, G-I). Thus, these findings
suggested that hepatic apoptosis and inflammation are exacer-
bated during steatotic liver injury.

J Clin Invest. 2024;134(13):e180451 https://doi.org/10.1172/JC1180451

Caspase-8-mediated hepatic apoptosis partially contributes
to steatotic liver I/R injury. Given the activation of caspase-8 in
steatotic liver I/R injury, we next generated hepatocyte-specific
Casp8-knockout mice by crossing Casp8%/! mice with Albumin-
Cre (Alb-Cre) Tg mice to elucidate the function of caspase-8 in
hepatocyte apoptosis and steatotic liver I/R injury. While global
Casp8 knockout leads to embryonic lethality due to the activa-
tion of RIPK3-mediated necroptosis (29), hepatocyte-specific

:



:

RESEARCH ARTICLE

Casp8 knockout did not cause notable lesions or impact steato-
sis of steatotic liver (Supplemental Figure 3, A and B), which is
consistent with the absence of RIPK3 in hepatocytes (16). We
observed that hepatocyte-specific Casp8 knockout substantially
decreased hepatic apoptosis in the livers of HFD- and CDHFD-
fed mice after I/R (Supplemental Figure 3, C and D). However,
hepatic caspase-8 deficiency only slightly decreased the liver
injury (Supplemental Figure 3, E-G) and had minor effect on
the inflammation (Supplemental Figure 3, H and I) of HFD- and
CDHFD-fed mice after I/R, suggesting that caspase-8-mediated
apoptosis partially contributes toliver injury during steatotic liv-
er I/R. To consolidate these observations, we then intravenous-
ly injected rats with adeno-associated virus 8 (AAV8), a liver-
targeted therapeutic gene vector that has high transduction
efficiency in liver cells (30), to knockdown Casp8 in the livers
of rats and assessed the effect of Casp8 knockdown on apop-
tosis and liver injury during steatotic liver transplantation. We
found that Casp8 knockdown in rat livers did not affect steato-
sis (Supplemental Figure 4A), while knockdown did substan-
tially reduce hepatic apoptosis in the livers of CDHFD-fed rats
after OLT (Supplemental Figure 4, B and C). Similarly, Casp8
knockdown in rat livers slightly reduced steatotic liver inju-
ry (Supplemental Figure 4, D-F) and had no effect on inflam-
mation of recipients of steatotic donor livers after OLT (Sup-
plemental Figure 4, G and H). Finally, PMH isolated from the
liver of HFD- or CDHFD-fed Casp8%%;Alb-Cre mice showed
blockade of apoptosis after H/R challenge (Supplemental Fig-
ure 4, I and ]). Interestingly, Casp8 deficiency did not reduce
but rather upregulated the expression of proinflammatory
cytokines and chemokines in H/R-challenged hepatocytes
(Supplemental Figure 4K).

RIPKI drives inflammation and caspase-8-mediated apop-
tosis, contributing to steatotic liver I/R injury. PMH isolated
from the liver of CDHFD-fed mice exhibit increased sensitiv-
ity to H/R-induced apoptosis (Supplemental Figure 2, G and
H), which, as expected, was blocked by the pancaspase inhib-
itor, z-VAD-fmk (zVAD) (31) (Figure 2, A and B). In contrast,
RIPK3 inhibitor GSK'872 (32) and GSDMD inhibitor disulfiram
(33), which effectively suppressed necroptosis and pyroptosis,
respectively (Supplemental Figure 5A), did not affect the cell
death induced by H/R (Figure 2A). Interestingly, we found that
necrostain-1s (Nec-1s), a specific RIPK1 kinase inhibitor (34),
substantially reduced H/R-induced apoptosis of hepatocytes
isolated from steatotic liver (Figure 2, A and B), suggesting
that RIPK1 kinase is activated, which may drive caspase-8-
mediated apoptosis in steatotic liver I/R. Consistent with this
notion, we observed elevated levels of p-RIPK1(S166), an acti-
vation biomarker of RIPK1 (35), in hepatocytes isolated from
steatotic liver after H/R treatment, which was completely pre-
vented by genetic inactivation of RIPK1 by kinase-dead D138N
knockin mutation (36) (Figure 2C). Importantly, we observed
increased RIPK1 activation in hepatocytes isolated from human
steatotic donor livers after reperfusion and mouse steatotic
livers after I/R when compared with those from respective
normal control livers (Figure 2D and Supplemental Figure
5B). Further, RIPK1 activation was also higher in hepatocytes
isolated from rat steatotic livers after OLT than that from
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normal livers after OLT, which was completely blocked by
Nec-1s (Supplemental Figure 5C).

RIPK1 is a key mediator of cell death and inflammation (37).
Activated RIPK1 may mediate RIPK3 and MLKL-dependent
necroptosis or caspase-8-dependent apoptosis upon stimulation
of tumor necrosis factor receptor 1 (TNFR1) by TNF-a (38). Given
the absence of necroptosis in steatotic liver I/R, we next exam-
ined whether RIPK1 hyperactivation contributed to inflamma-
tion and caspase-8-mediated apoptosis, leading to liver injury in
steatotic liver I/R. Strikingly, we observed substantial reduction
of liver injury in steatotic livers of RIPK1 kinase-dead D138N
knockin mice after I/R when compared with that of WT mice
(Figure 2, E-G). RIPK1inhibition had no effect on steatosis of ste-
atotic livers (Supplemental Figure 5D) — consistent with previ-
ous studies (15) — but significantly decreased hepatic apoptosis
(Figure 2H and Supplemental Figure 5E) and inflammation (Fig-
ure 2I and Supplemental Figure 5F) in both normal and steatotic
livers after I/R. Moreover, in a rat model of OLT, administration
of Nec-1s markedly reduced steatotic liver injury (Supplemental
Figure 5, G-I). Consistently, hepatic apoptosis and inflammation
are also decreased by Nec-1s administration in this setting (Fig-
ure 2, ] and K and Supplemental Figure 5, ] and K).

In our cellular systems, inhibition of H/R-induced apoptosis
by zVAD did not decrease but rather upregulated the expression
of proinflammatory cytokines and chemokines (Supplemen-
tal Figure 5L), which is consistent with the in vivo observations
that Casp8 deficiency did not prevent the inflammation in ste-
atotic liver I/R (Supplemental Figure 3I). However, inhibition
of RIPK1 by Nec-1s substantially reduced both apoptosis and
inflammation in H/R-treated hepatocytes isolated from steatotic
liver (Figure 2, A and B and Supplemental Figure 5L), suggesting
that RIPK1 kinase-induced inflammation in steatotic liver I/R is
independent of caspase-8-mediated apoptosis, which is consis-
tent with a recent study showing that activated RIPK1 can drive
inflammation in a cell death-independent manner (39). Thus,
RIPK1 is hyperactivated in steatotic liver I/R, which drives both
apoptosis and apoptosis-independent inflammation, contribut-
ing to steatotic liver I/R injury.

RIPK1 activation is not mediated by TNF-a. signaling in steatotic
liver I/R. The TNF-a signaling pathway is the most extensively
characterized signal transduction process that regulates RIPK1
functions (37). Given the enhanced upregulation of TNF-o
during steatotic liver I/R (Figure 1D, Supplemental Figure 1K,
and Supplemental Figure 2, F and I), we next examined whether
the ablation of Tnf (encoding TNF-a) could prevent RIPK1 acti-
vation and steatotic liver I/R injury. Interestingly, we found
that knockout of Tnf, which resulted in the prevention of TNF-o
production (Supplemental Figure 6A), had no impact on RIPK1
activation in hepatocytes isolated from steatotic liver after I/R
(Supplemental Figure 6B). Consequently, Tnf deficiency did not
affect liver injury or hepatic apoptosis and inflammation in ste-
atotic liver I/R (Supplemental Figure 6, A-G). In arat OLT model,
silencing of TNFRI, the receptor of TNF-q, in hepatocytes via
AAV8-mediated knockdown strategy also had no effect on liv-
er injury, hepatic apoptosis, and inflammation of steatotic liver
(Supplemental Figure 7, A-G). Additionally, primary hepato-
cytes isolated from steatotic liver of Tnf/- mice exhibited similar
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sensitivity to H/R-induced apoptosis and inflammatory response
to that of Tnf"/* mice (Supplemental Figure 7, H-]). Of note, TNF
or TNFR1 deficiency had no impact on RIPK1 activation and liver
injury in normal liver I/R (Supplemental Figure 6B and Supple-
mental Figure 7, D and I), which is consistent with a recent study
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showing that the TNF-a signaling pathway was not involved in
driving RIPK1 activation in liver I/R injury (36).

RIPK1 is activated through ZBPI in steatotic liver I/R. RIPK1
contains a receptor-interacting protein homotypic interaction
motif (RHIM), which is involved in mediating its interaction
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with other RHIM-containing proteins, including RIPK3, TRIF,
and ZBP1 (40). These RHIM-mediated interactions may gener-
ate a scaffold, enabling RIPK1 activation in certain conditions
(40). RIPK3 usually acts as a downstream mediator of RIPK1
in promoting necroptosis, it can also induce RIPK1 activation
via RHIM-mediated interactions to promote apoptosis in cer-
tain conditions (41). TRIF has been shown to promote RIPK1
activation via RHIM-mediated interactions in lipopolysaccha-
ride-induced (LPS-induced) necroptosis when caspase-8 is
inhibited (42). ZBP1 can also act as an upstream mediator of
RIPK1 via RHIM-mediated interactions to induce apoptosis
(43). We next examined whether RIPK1 activation in steatotic
liver I/R is mediated by these RHIM-containing proteins. We
found that knockout of Zbp1, but not Ripk3 or Trif, substantially
reduced RIPKI activation in hepatocytes isolated from the liv-
ers of I/R-challenged HFD- or CDHFD-fed mice (Figure 3A). In
addition, there was diminished RIPK1 activation and reduced
cell death and inflammatory response in H/R-treated steatotic
Zbpl- PMH compared with Zbpl*/* PMH (Supplemental Figure
8, A-C). Thus, hepatic RIPK1 is activated through ZBP1 during
steatotic liver I/R.

ZBP1 specifically promotes steatotic liver I/R injury. We next
assessed the role of ZBP1 in steatotic liver I/R injury. Knockout
of Ripk3, Trif, and ZbplI did not affect the degree of steatosis in
the liver of HFD- or CDHFD-fed mice (Supplemental Figure
8D). Consistent with the role of ZBP1 in driving RIPK1 activa-
tion, Zbpl knockout significantly protected against I/R injury in
HFD- or CDHFD-fed mice (Figure 3, B-D). Interestingly, Zbpl
knockout had no markable effect on I/R injury of ND-fed mice
(Figure 3, B-D). By contrast, knockout of Ripk3 or Trif did not
confer any protection against I/R injury in any group (Figure 3,
B-D). Further, deficiency in Zbp1, but not Ripk3 or Trif, substan-
tially reduced steatotic liver apoptosis and inflammation (Figure
3A and Supplemental Figure 8, E-G). Transcriptome profiling
of HFD-fed I/R-challenged mouse livers revealed downregula-
tion of numerous proinflammatory genes upon Zbpl knockout
(Supplemental Figure 9, A and B), with multiple inflammatory
and cell death-related pathways significantly enriched (Figure
3E and Supplemental Figure 9C). To consolidate these observa-
tions, we further used the rat OLT model to mimic clinical liver
transplantation. We found that AAV8-mediated ZbpI knockdown
in the steatotic liver also suppressed hepatic RIPK1 activation
(Figure 3F) without affecting steatosis (Supplemental Figure
9D). Consequently, steatotic liver injury after OLT was signifi-
cantly reduced upon Zbpl knockdown (Figure 3, G and H and
Supplemental Figure 9E). Additionally, hepatic apoptosis (Fig-
ure 3F and Supplemental Figure 9F) and inflammation (Supple-
mental Figure 9, G and H) in recipient rats were also decreased
in ZBP1-knockdown steatotic livers compared with control ste-
atotic livers. Consistently, ZBP1 knockdown did not affect the
outcomes of liver injury in normal liver after OLT (Figure 3, F-H
and Supplemental Figure 9, E-H). Thus, ZBP1 specifically exac-
erbated liver injury in steatotic liver I/R.

Next, we assessed the interaction of ZBP1 and RIPK1 during
steatotic liver I/R. RIPK1 was coimmunoprecipitated with ZBP1in
ZbpI*/* steatotic hepatocytes after I/R but not in the sham condi-
tion, which was abolished in ZbpI”/~ steatotic hepatocytes (Figure
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3I), suggesting that an I/R-stimulated event triggered ZBP1 activa-
tion, leading to the interaction of ZBP1 and RIPK1 in steatotic liver
I/R. In line with this notion, we detected the interaction of ZBP1
and RIPK1 only after reperfusion in human steatotic donor livers
(Figure 3]). Thus, ZBP1 mediates the activation of RIPK1 in I/R to
aggravate steatotic liver I/R injury.

ZBP1 is increased in steatotic livers, underlying its specificity
in promoting steatotic liver I/R injury. We noticed higher expres-
sion levels of ZBP1 in hepatocytes from both human and mouse
steatotic livers than in normal livers (Figure 3, I and J), which
might underlie the specificity of ZBP1 in contributing to RIPK1-
mediated liver injury of steatotic liver I/R. Consistent with this
notion, we observed positive correlations between liver ZBP1
protein levels and liver damage of patients in the first day post
liver transplantation (POD1) (Figure 4, A and B and Supplemen-
tal Figure 10A). Further, liver ZBP1 protein levels were positively
correlated with hepatic apoptosis and inflammation in recipients
of donor livers (Supplemental Figure 10, B-F). The incidence of
sinusoidal congestion was also higher in patients with donor liv-
ers expressing high levels of ZBP1 than in those expressing low
ZBP1 levels (Supplemental Figure 10G).

To further assess the role of ZBP1 in liver I/R injury, we
specifically overexpressed ZBP1 in normal livers of ND-fed
mice using AAV8-mediated delivery of ZBP1 ¢cDNA driven by
the TBG promoter. No abnormalities were observed in livers
after sham operation, excluding the possibility that excessive
doses of ZBP1 may induce I/R-independent spontaneous cell
death (44) (Supplemental Figure 10H). However, ZBP1 overex-
pression resulted in increased liver damage after I/R (Figure 4,
C-E). We also observed substantial RIPK1 activation in ZBP1-
overexpressing hepatocytes upon I/R (Figure 4F). Consequent-
ly, hepatic apoptosis (Figure 4F and Supplemental Figure 101)
and inflammation (Figure 4G and Supplemental Figure 10])
were upregulated by overexpressing ZBP1 in the liver after I/R.
Transcriptome profiling further confirmed that ZBP1 overex-
pression stimulated the expression of various genes associated
with inflammation and cell death (Figure 4H and Supplemental
Figure 10, K and L). In all of the above experiments, inhibition
of RIPK1 with Nec-1s prevented hepatic apoptosis, inflamma-
tion, and liver damage in I/R-challenged ZBP1-overexpressing
livers (Figure 4, C-H and Supplemental Figure 10, I-L), sug-
gesting that RIPK1 is indispensable for ZBP1-mediated liver
injury in I/R. Consistent with the in vivo findings, PMH isolated
from ZBP1-overexpressing mice showed higher levels of RIPK1
activation and higher sensitivity to H/R-induced apoptosis and
inflammation than that from control mice, in which activa-
tion and sensitivity was suppressed by Nec-1s (Figure 4, I-K).
Hence, ZBP1 is increased in steatotic livers, which promotes
RIPK1-mediated liver injury in steatotic liver I/R.

ZBP1 is induced through PA-activated JNK signaling in ste-
atotic liver. Next, we investigated the mechanism underlying
the upregulation of ZBP1 in steatotic liver. The mRNA lev-
els of ZBP1 were significantly increased in both human and
mouse steatotic livers compared with respective normal con-
trol livers, which were not affected after I/R (Figure 5, A and
B). The upregulated ZBPI transcription in steatotic livers was
further validated in 2 Gene Expression Omnibus (GEO) data
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Figure 3. RIPK1 is activated by ZBP1 in steatotic liver I/R injury. (A-E) ND-,
HFD-, CDOHFD-fed WT, Ripk3-/-, Trif /-, Zbp1-- mice (n = 8) underwent 1h
ischemia/6 h reperfusion operation. Cell death analysis (A), serum ALT/AST
detection (B), H&E staining (C), and TUNEL staining (D) were performed. (E)
Transcriptome profiling of the WT and Zbp1-/livers (n = 3) was conducted.
Differentially expressed genes were filtered with the criteria P, ; < 0.05 and
[log, FC| > 1. The genes downregulated in Zbp1~~ livers were enriched for GO
enrichment analysis. (F-H) After AAV8-mediated Zbp7 knockdown, ND- or
CDHFD-fed rat livers (n = 6) underwent 18 h cold storage/6 h reperfusion.
Cell death analysis (F), serum ALT/AST detection (G), HGE staining (H) were
performed. (1 and }) Interaction of ZBP1and RIPK1was analyzed in hepato-
cytes of I/R-challenged mouse livers (1) and postreperfusion donor livers
()). All data are presented as the mean + SD. *P < 0.05, **P < 0.01, ***P <
0.001. 2-way ANOVA, post hoc Bonferroni’s test. Scale bars: 200 um.

sets (Supplemental Figure 11, A and B), and ZBP1 mRNA lev-
els were positively correlated with the nonalcoholic fatty liv-
er disease (NAFLD) activity score (Supplemental Figure 11B)
(45, 46). Given that the increase in ZBP1 expression was likely
mediated by transcriptional activation, we employed the bioin-
formatics tool JASPAR to analyze the promoter region of ZBP1
and identified 2 predicted binding sites for c-Jun (47), which is
activated by c-Jun N-terminal kinase (JNK) in steatotic liver and
acts as a central mechanism underlying the lipotoxic effects of
excessive PA in MASLD (48, 49). We thus hypothesized that PA-
activated JNK signaling might activate the transcription of ZBPI
in steatotic livers. Consistent with previous studies (50, 51), we
observed PA accumulation as determined by ultra performance
liquid chromatography-tandem mass spectrometry, as well as
JNK pathway activation as determined by the phosphorylation
of JNK and c-Jun, in steatotic livers (Supplemental Figure 11,
C-E). Treatment with PA in primary hepatocytes, which mim-
ics in vivo steatotic pathologies (52), led to a time- and dose-
dependent upregulation of both ZBP1 mRNA and protein levels
(Figure 5, C and D and Supplemental Figure 11, F and G). Inhi-
bition of JNK with the specific inhibitor SP600125 (53) substan-
tially compromised the PA-induced increase of ZBP1 levels in
both PMH and PHH (Figure 5, E and F and Supplemental Figure
11, H and I). Additionally, knockdown of c-Jun through short
hairpin RNA (shRNA) also decreased PA-induced upregulation
of ZBP1 levels in PHH (Figure 5, G and H).

To directly associate c-Jun and ZBPI transcription, we mutat-
ed the 2 putative c-Jun binding sites in ZBP1 promoter and per-
formed a luciferase reporter assay to measure the specific ability
of ¢-Jun to bind to ZBP1 promoter. We found that overexpression
of c-Jun was able to activate the transcription of ZBP1, while
mutating both the putative binding sites in ZBP1 promoter com-
pletely abrogated this effect (Figure 5I). Moreover, PA stimulation
significantly enhanced c-Jun binding to ZBPI promoter in PHH,
which was compromised by SP600125 treatment or c-Jun knock-
down (Figure 5]). To simulate steatotic liver I/R injury in vitro,
we treated both PMH and PHH under PA challenge with H/R.
PA treatment substantially increased RIPK1 activation, apopto-
sis, and inflammation after H/R (Supplemental Figure 12, A-F),
which were mitigated by JNK inhibition or ZBP1 depletion (Figure
5, K-M and Supplemental Figure 12, A-IT). Thus, ZBP1 was upregu-
lated through PA-activated JNK signaling in steatotic livers, which
specifically exacerbates liver injury of steatotic livers during I/R.
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Z-NA sensing is not required for ZBPIl-induced liver I/R inju-
ry. Expression of ZBP1 by itself is insufficient to induce cell
death and liver damage (Supplemental Figure 10H), and RIPK1
only interacts with ZBP1 in steatotic hepatocytes after I/R, but
not in the sham condition (Figure 3, I and ]), suggesting that an
I/R-stimulated event triggered ZBP1 activation. ZBP1 is activat-
ed by virus-derived or endogenous Z-NA during viral infection
and disease conditions through its Za domain (54). We generated
AAV8vectors encoding full-length ZBP1 or its truncation mutants
that either lacked the Za or Zo2 domain (AZa or AZa2) (Figure
6A) and injected them to ND-fed mice. Expressing these ZBP1
truncation mutants by itself did not induce any notable alter-
ations in mouse livers (Supplemental Figure 13A). However, I/R
still induced a ZBP1-RIPK1 interaction, RIPK1 phosphorylation,
hepatic apoptosis, liver damage, and inflammation in mouse liv-
ers (Figure 6, B-F and Supplemental Figure 13, B and C). ZBP1
contains a C-terminal domain and 2 RHIM domains (40). Inter-
estingly, RHIM1 but not the C-terminal domain was indispens-
able for I/R-induced ZBP1-RIPK1 interaction, RIPK1 activation,
and liver damage (Figure 6, A-F and Supplemental Figure 13, B
and C). These findings suggest that ZBP1 is activated through its
RHIM domain independent of the canonical Z-NA sensing.

ZBP1 is activated through ROS-induced aggregation in liver
I/R. The formation of higher-order supramolecular complexes
through aggregation is usually required for the activation of cell
death-inducing proteins, including ZBP1 (55). In mouse livers
overexpressing ZBP1, we observed ZBP1 punctate distribution,
indicative of protein aggregation, in I/R but not in sham condi-
tions (Figure 7A). Immunoblots under nonreducing conditions
further revealed the aggregation of endogenous ZBP1in I/R-stim-
ulated steatotic mouse livers and human steatotic donor livers
after reperfusion (Figure 7B). ROS have been implicated in pro-
moting aggregation of cell death-inducing proteins (56). Because
ROS also acts as an important driving factor contributing to I/R
injury (57, 58), we hypothesized that ROS may trigger ZBP1 aggre-
gation and activation in liver I/R. Consistent with this hypothesis,
in HEK293T cells expressing human ZBP1 and GFP fusion pro-
tein (hZBP1-GFP), treatment with H,0, was sufficient to induce
the aggregation of ZBP1 (Figure 7C). Further, H/R challenge also
stimulated ZBP1 aggregation, which was effectively blocked by
treatment with N-acetylcysteine (NAC), a ROS scavenger (Figure
7C). In mouse livers expressing ZBP1, NAC treatment also abol-
ished ZBP1 aggregation induced by I/R (Figure 7, D and E), result-
ing in substantial reduction of ZBP1-RIPK1 interaction, RIPK1
activation, hepatic apoptosis, inflammation, and liver damage
(Figure 7, E-H and Supplemental Figure 13D). However, ZBP1
aggregation was unaffected by a-tocopherol, a membrane-lo-
cated lipid ROS scavenger (Supplemental Figure 13, E-G), sug-
gesting that cytosolic ROS play the principal role in promoting
ZBP1 aggregation. Thus, ZBP1 is activated through ROS-induced
aggregation in liver I/R to promote RIPKI-mediated apoptosis
and inflammation, contributing to steatotic liver I/R injury.

Discussion

This study reveals an important mechanism underlying the
susceptibility of steatotic livers to I/R injury. We found that the
expression level of ZBP1 is significantly increased in steatotic

J Clin Invest. 2024;134(13):e180451 https://doi.org/10.1172/JC1180451
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Figure 4. ZBP1is increased in steatotic livers, underlying its specificity in
promoting steatotic liver I/R injury. (A) ZBP1 protein levels were detected
in normal and steatotic donor livers after reperfusion. ZBP1 protein levels
relative to tubulin were compared between normal donor livers and ste-
atotic donor livers. n = 25 for normal donor livers and n = 24 for steatotic
donor livers. (B) The correlation between ZBP1 protein level and recipients’
serum ALT and AST levels in the POD1was analyzed (n = 49). (C-H) After
AAV8-mediated Zbp1 overexpression and Nec-1s pretreatment, ND-fed
mice (n = 8) were subjected to I/R challenge. Serum ALT/AST detection (C),
H&E staining (D), TUNEL staining (E), cell death analysis (F), and detection
of serum cytokine concentrations (G) were performed. (H) Transcriptome
profiling of the mouse livers was conducted. The expression of genes

that were upregulated by ZBP1 overexpression and rescued by Nec-1s
pretreatment were analyzed for GO enrichment. (I-K) PMH isolated from
AAV-mediated Zbp1-overexpression normal mouse livers (n = 3) were pre-
treated with Nec-1s and exposed to H/R challenge. Cell death (1), apoptosis
()), mRNA levels of cytokines (K) and were analyzed. All data are presented
as the mean + SD. *P < 0.05, **P < 0.01, ***P < 0.001. Unpaired 2-tailed
Student’s t test (A). Pearson’s correlation test (B). 2-way ANOVA, post hoc
Bonferroni’s test (C-E, G, I, and K). Scale bars: 200 pm.

livers through PA-activated JNK signaling. During liver trans-
plantation, the inevitable I/R injury results in an excessive
production of ROS, which facilitates the aggregation and acti-
vation of ZBP1. Subsequently, via RHIM domain-mediated
interactions, ZBP1 recruits and facilitates RIPK1 activation,
which exacerbates caspase-8-mediated apoptosis and apop-
tosis-independent inflammation, leading to enhanced liver
damage induced by immune cell attack. Thus, ZBP1 plays an
important role in contributing to the increased susceptibility of
steatotic livers to I/R injury.

Hepatocyte death is a pivotal pathological process in liver
I/R injury. Hepatic apoptosis is exacerbated in steatotic livers
after I/R injury, leading us to speculate that blocking apopto-
sis may provide protection against liver I/R injury. Our genetic
evidences suggest that hepatic apoptosis is mediated partially
by caspase-8. However, knockout of Casp8 in the liver substan-
tially reduces hepatic apoptosis but provides limited effects on
the outcomes of steatotic liver I/R injury. Indeed, Casp8 defi-
ciency led to enhanced inflammation in steatotic liver I/R, pre-
sumably due to the blockade of the inhibitory role of caspase-8
on RIPK1 activation via cleavage (39). Thus, caspase-8-medi-
ated apoptosis only partially contributes to hepatic cell death
in steatotic liver I/R injury. Notably, the pyroptosis effector
N-GSDMD is not detected in hepatocytes of steatotic liver I/R
injury, which is consistent with a previous study reporting that
hepatocyte-specific GSDMD deficiency does not confer protec-
tion against liver I/R injury (59). The involvement of necropto-
sis in liver I/R injury is controversial (14, 60, 61). In our study,
we did not detect necroptotic biomarkers and the essential
necroptosis effector RIPK3, in hepatocytes after steatotic liv-
er I/R injury, which is consistent with previous studies (15, 16,
36). We supposed that ferroptosis, a type of regulated necrosis
mediated by iron-dependent lipid peroxidation, might account
for hepatocyte death since ROS is a driving factor of both fer-
roptosis and I/R injury and several studies reported that ferro-
ptosis mediates liver I/R injury (18-20). However, we found the
levels of lipid peroxidation were similar between normal and
steatotic livers, excluding the role of ferroptosis in contributing
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to the increased sensitivity of steatotic livers to I/R injury.
Thus, inflammation-induced injury, such as those mediated by
immune cell attack (62), may represent the main mechanism of
hepatocyte death in steatotic liver I/R injury. Our results sug-
gest that targeting the known programmed cell death pathways
may not improve liver damage in steatotic liver I/R injury. A
more viable strategy to alleviate steatotic I/R injury is to inter-
vene the upstream factors that contribute to the injury, such as
ZBP1 or RIPK1 found in this study, which induce both apoptosis
and inflammation, contributing to steatotic liver I/R injury.

Our findings underscore the pivotal role of RIPK1 as a crit-
ical effector triggering apoptosis and apoptosis-independent
inflammation in both normal and steatotic livers during I/R
injury. Surprisingly, the global knockout of Tnf did not mod-
ulate RIPK1 activation or the severity of liver I/R injury. The
observations that Tnfknockout or hepatocyte Tnfrl knockdown
fails to confer protection against liver I/R injury are consistent
with 2 previous studies (63, 64). In normal liver I/R, as suggest-
ed by a recent study (36), RIPK1 might be activated through
death receptor 4/5 pathway. While in steatotic liver I/R, our
data suggested that the increased RIPK1 activation is mediat-
ed by ZBP1. ZBP1 usually induces cell death and inflammatory
response after sensing Z-NA (22). The activation mechanism
of ZBP1 under conditions other than Z-NA remains a funda-
mental issue in the field, which may be linked to progression
of certain diseases (40). Our study reveals that ROS generat-
ed during liver I/R facilitates ZBP1 aggregation and activation,
presumably due to ROS-mediated disulfide bond formation,
which has been observed in a previous study (65). This finding
may have a significant impact on the understanding of activa-
tion mechanism of ZBP1, which might be implicated in other
human diseases since ROS is frequently activated in many
pathologic conditions. Our findings also suggest that ZBP1 only
functions in steatotic liver I/R injury but not normal liver I/R
injury, presumably due to its significantly low expression levels
in normal livers. We also reveal that PA, which is linked to the
pathogenesis of steatotic liver diseases (53), upregulates ZBP1
expression by activating the JNK pathway, further highlighting
the importance of the JNK pathway in mediating steatotic liver
I/Rinjury (51).

Taken together, this study reveals that ZBP1 is activated
by transplantation-associated ROS to facilitate RIPK1 kinase
activation specifically in steatotic donor livers, which mediates
apoptosis and apoptosis-independent inflammation, leading to
the exacerbation of liver injury. The findings establish a novel
working model involving ZBP1-RIPK1 interaction, which could
be targeted to make the best utilization of steatotic donor livers
and relieve donor liver shortage.

Methods
Sex as a biological variable. For clinical human donor liver samples,
both sexes were examined. For animal models, only male mice or rats
were examined to reduce female sexual cycle-related variation. The
results were expected to be relevant for both sexes.

Animals. Casp8"/1 (S-CKO-01552), Mlkl/- (S-KO-14468), Ripk3™’
(S-KO-10874), ZbpI”/- (S-KO-11088) mice were obtained from Cyagen,
China. Trif/- (T017208) mice were obtained from Gempharmatech.
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Tnf’~ (NM-KO-00100) and Alb-Cre (NM-KI-220458) mice were
obtained from The Shanghai Model Organisms Center. RipkIP'38V/P1ssN
mice were generated as previously described (36). Littermate con-
trols were employed for these gene knockout or knockin mice. Addi-
tional WT mice were obtained from hfkbio, China. All mice were in
the C57BL/6] background. WT Sprague-Dawley rats were obtained
from hfkbio. For the CDHFD-induced MASLD mouse model,
male mice were fed CDHFD (60% fat, 0.1% methionine, and no
added choline, A06071302, Research Diet, USA) for 1 week, starting
at 23 weeks of age. For the HFD-induced MASLD mouse model, male
mice were fed a HFD consisting of 60% fat (D12492, Research Diet) for
16 weeks, starting at 8 weeks of age. For the CDHFD-induced MASLD
rat model, male rats were fed CDHFD (A06071302, Research Diet) for
1 week, starting at 11 weeks of age. Animals were fed ND as control. All
animals were housed in a specific pathogen-free environment with no

more than 5 mice or 3 rats per cage. They were subjected to controlled
light conditions (12 hours light and 12 hours dark cycle), temperature
(24 £ 2°C), and humidity (50 + 10%) levels. The animals were provid-
ed with ad libitum access to food and water throughout the duration of
the experiments. The study adhered to regulations concerning animal
welfare. General welfare checks were conducted daily. Before each indi-
vidual experiment, the animals were thoroughly evaluated for suitabili-
ty based on preset criteria approved by local animal welfare authorities.
Mice were euthanized by isoflurane overdose followed by cervical dislo-
cation prior to sample harvest.

Human liver samples. Prereperfusion liver samples were obtained
from the left lobe after cold storage before implantation, and
after-reperfusion samples were obtained from the left lobe after
around 2 hours of portal reperfusion before abdominal closure,
respectively. Samples were fixed in formalin for pathological analysis
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Figure 7. ROS triggers ZBP1 aggregation and activation in liver I/R injury. (A) Flag immunostaining was performed in I/R-challenged ND-fed mouse livers
overexpressing Zbp1-Flag (n = 8). (B) ZBP1 aggregation was detected with immunoblot under nonreducing or reducing conditions in I/R-challenged mouse
livers or transplantation-challenged donor livers (n = 3). (C) hZBP1-GFP plasmids were transfected into HEK293T cells. After 1 mM H,0, treatment for 4

hours or H/R challenge after pretreatment with 10 mM NAC, ZBP1 oligomers were detected from green fluorescence (n = 8). (D-H) After AAV8-mediated
Zbp1-Flag overexpression in ND-fed mice and pretreatment with NAC, I/R operation was performed (n = 8). Flag immunostaining (D), ZBP1 aggregation and
ZBP1-RIPK1 interaction (E), serum ALT/AST levels (F), HGE and TUNEL staining (G), and detection of serum levels of the proinflammatory cytokines (H) were
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Bonferroni's test (C, G, and H). Scale bars (A, C, and D): 10 um, (G) 200 pm.

or quickly frozen in liquid nitrogen for immunoblots and qRT-PCR
analysis or stored in cold University of Wisconsin (UW) solution and
transferred to laboratory for primary hepatocyte isolation. All donor
livers were procured through the China Organ Transplant Response
System between August, 2022 and October, 2023. Steatosis was inde-
pendently diagnosed by 2 pathologists based on the criteria of mac-
rovesicular steatosis greater-than 5%. This study enrolled 25 normal
donor livers and 24 steatotic donor livers. The basic information of
donors and recipients is provided in Supplemental Tables 1 and 2.
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Statistics. All data are presented as the mean * SD. Immunoblots
were independently repeated at least 3 times, yielding consistent
results. Statistical analyses utilized GraphPad Prism 8.0 (v8.4.1).
The normality of samples was assessed using the Shapiro-Wilk
test before statistical analysis. For normally distributed data, an
unpaired, 2-tailed Student’s ¢ test was employed for 2-group com-
parisons and a 1-way ANOVA with post hoc Dunnett’s tests for mul-
tiple group comparisons with a designated control. For data with
more than 1 variable, a 2-way ANOVA with post hoc Bonferroni’s
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tests for multiple group comparisons was employed. In cases of non-
normal distribution, a nonparametric statistical analysis was con-
ducted using the Mann-Whitney test for 2-group comparisons or the
Kruskal-Wallis test followed by Dunnett’s test for multiple compar-
isons. P value less than 0.05 was considered significant. Statistical
significance was determined at *P < 0.05, **P < 0.01, ***P < 0.001,
and not significant (NS).

Study approval. All the animal experiments were conducted in
accordance with the approved protocols by Institutional Animal Care
and Use Committee of Huazhong University of Science and Technolo-
gy under approval No. 2023-3548. All the procedures involving human
samples were approved by the Ethics Committee of Union Hospital
affiliated to Tongji Medical College, Huazhong University of Science
and Technology, under approval no. UHCT-2023-0870, and adhered
to the principles of Declaration of Helsinki. Written informed consent
was obtained from the donors and the recipients or their families.

Data availability. All source data values were provided in the
Supporting Data Values file. RNA-Seq data were deposited at GEO
under accession number GSE254747.

All other underlying data and any supporting analytic code in
this paper are available from the corresponding author upon request
through email (gujinyang@hust.edu.cn).

Additional methods are provided in the Supplemental material.

The Journal of Clinical Investigation

Author contributions

DX and JG designed research studies. RL, HC, SZ, MC, and TZ
conducted experiments. RL, HC, SZ, MC, and TZ acquired data.
RL, HC, SZ, MC, and TZ analyzed data. GW, DZ, XW, JX, SD, and
TL provided reagents. RL, DX, and JG wrote the manuscript. The
order of authorship was determined by overall contributions and
approved by all the authors.

Acknowledgments

The work of JG was supported in part by grants from the National
Natural Science Foundation of China (82130020 and 82072645)
and Hubei Provincial Natural Science Foundation Key Pro-
gram (2023AFA029). We thank Analytical & Testing Center of
Huazhong University of Science and Technology for the technical
support of confocal microscope data acquisition. We thank the
Experimental Animal Center of Huazhong University of Science
and Technology for the technical support of animal feeding.

Address correspondence to: Jinyang Gu, Center for Liver Trans-
plantation, Union Hospital, Tongji Medical College, Huazhong
University of Science and Technology, 1277 Jiefang Avenue,
Wuhan, Hubei 430022, China. Phone: 86.27.84397897; Email:
gujinyang@hust.edu.cn.

__JCI ¥

1. Song Z, et al. Deficiency of neutrophil high-mo-
bility group box-11in liver transplant recipients
exacerbates early allograft injury in mice. Hepa-
tology. 2023;78(3):771-786.

2. Dery KJ, et al. Alternative splicing of CEACAM1
by hypoxia-inducible factor-1a enhances toler-
ance to hepatic ischemia in mice and humans. Sci
Transl Med. 2023;15(707):eadf2059.

3. Goldaracena N, et al. Expanding the donor pool
for liver transplantation with marginal donors.
Int J Surg. 2020;82S:30-35.

4. Lee HH, et al. Metabolic dysfunction-associated
steatotic liver disease and risk of cardiovascular
disease. Gut. 2024;73(3):533-540.

5.YiNJ. See the reality again in the field of liver
transplantation. Nat Rev Gastroenterol Hepatol.
2024;21(2):74-75.

6. Hirao H, et al. Liver ischaemia-reperfusion
injury: a new understanding of the role of
innate immunity. Nat Rev Gastroenterol Hepatol.
2022;19(4):239-256.

7.Yuan J, Ofengeim D. A guide to cell death path-
ways. Nat Rev Mol Cell Biol. 2024;25(5):379-395.

8. Budihardjo I, et al. Biochemical pathways of
caspase activation during apoptosis. Annu Rev
Cell Dev Biol. 1999;15:269-290.

9. Christofferson DE, Yuan J. Necroptosis as an
alternative form of programmed cell death. Curr
Opin Cell Biol. 2010;22(2):263-268.

10. Bergsbaken T, et al. Pyroptosis: host cell
death and inflammation. Nat Rev Microbiol.
2009;7(2):99-109.

11. Dixon S]J, et al. Ferroptosis: an iron-depen-
dent form of nonapoptotic cell death. Cell.
2012;149(5):1060-1072.

12. Baskin-Bey ES, et al. Clinical trial of the
pan-caspase inhibitor, IDN-6556, in human
liver preservation injury. Am J Transplant.
2007;7(1):218-225.

13. Hong JM, et al. Role of necroptosis in autophagy
signaling during hepatic ischemia and reperfu-
sion. Toxicol Appl Pharmacol. 2016;308:1-10.

14. Saeed WK, et al. Does necroptosis have a crucial
role in hepatic ischemia-reperfusion injury? PLoS
One.2017;12(9):e0184752.

15. Zhang T, et al. UDP-glucuronate metabo-
lism controls RIPK1-driven liver damage in
nonalcoholic steatohepatitis. Nat Commun.
2023;14(1):2715.

16. Preston SP, et al. Epigenetic silencing of RIPK3 in
hepatocytes prevents MLKL-mediated necropto-
sis from contributing to liver pathologies. Gastro-
enterology. 2022;163(6):1643-1657.

17. Wang T, et al. Heme oxygenase-1 alleviates isch-
emia-reperfusion injury by inhibiting hepatocyte
pyroptosis after liver transplantation in rats.
Front Biosci (Landmark Ed). 2023;28(10):275.

18. Fang X, et al. Malic enzyme 1 as a novel
anti-ferroptotic regulator in hepatic isch-
emia/reperfusion injury. Adv Sci (Weinh,).
2023;10(13):€2205436.

19. Shan X, et al. Targeting ferroptosis by poly(acryl-
ic) acid coated Mn,O, nanoparticles alleviates
acute liver injury. Nat Commun. 2023;14(1):7598.

20. Yamada N, et al. Iron overload as a risk factor
for hepatic ischemia-reperfusion injury in liver
transplantation: Potential role of ferroptosis. Am
] Transplant. 2020;20(6):1606-1618.

21. Mathews WR, et al. Lipid peroxidation as
molecular mechanism of liver cell injury during
reperfusion after ischemia. Free Radic Biol Med.
1994;16(6):763-770.

22. Malireddi RKS, et al. ZBP1 and TAK1: master
regulators of NLRP3 inflammasome/pyroptosis,
apoptosis, and necroptosis (PAN-optosis). Front
Cell Infect Microbiol. 2019;9:406.

23. Kuriakose T, et al. ZBP1/DAl is an innate sensor
of influenza virus triggering the NLRP3 inflam-

masome and programmed cell death pathways.
Sci Immunol. 2016;1(2):aag2045.

24. Lin]J, et al. RIPK1 counteracts ZBP1-mediated

necroptosis to inhibit inflammation. Nature.

2016;540(7631):124-128.

Hubbard NW, et al. ADAR1 mutation causes

ZBP1-dependent immunopathology. Nature.

2022;607(7920):769-775.

26. Terui K, et al. Stat3 confers resistance against
hypoxia/reoxygenation-induced oxidative injury
in hepatocytes through upregulation of Mn-SOD.
J Hepatol. 2004;41(6):957-965.

27. Jiang X, et al. Ferroptosis: mechanisms, biol-
ogy and role in disease. Nat Rev Mol Cell Biol.
2021;22(4):266-282.

28. Wu K, et al. Creatine kinase B suppresses ferropto-
sis by phosphorylating GPX4 through a moonlight-
ing function. Nat Cell Biol. 2023;25(5):714-725.

29. Fritsch M, et al. Caspase-8 is the molecular
switch for apoptosis, necroptosis and pyroptosis.
Nature. 2019;575(7784):683-687.

30. Tanigawa H, et al. Expression of cholesteryl
ester transfer protein in mice promotes macro-

2

L

phage reverse cholesterol transport. Circulation.
2007;116(11):1267-1273.
. BraunJS, et al. Neuroprotection by a caspase

—

3
inhibitor in acute bacterial meningitis. Nat Med.
1999;5(3):298-302.

32. Chen S, et al. RIPK1/RIPK3/MLKL-mediated
necroptosis contributes to compression-induced
rat nucleus pulposus cells death. Apoptosis.
2017;22(5):626-638.

33. HuJJ, et al. FDA-approved disulfiram inhibits
pyroptosis by blocking gasdermin D pore forma-
tion. Nat Immunol. 2020;21(7):736-745.

34. Takahashi N, et al. Necrostatin-1 analogues: crit-
ical issues on the specificity, activity and in vivo
use in experimental disease models. Cell Death
Dis. 2012;3(11):e437.

J Clin Invest. 2024;134(13):e180451 https://doi.org/10.1172/JC1180451



The Journal of Clinical Investigation

35. Yan L, et al. SENP1 prevents steatohepatitis by
suppressing RIPK1-driven apoptosis and inflam-
mation. Nat Commun. 2022;13(1):7153.

36. Zhang T, et al. Metabolic orchestration of cell
death by AMPK-mediated phosphorylation of
RIPK1. Science. 2023;380(6652):1372-1380.

37. Ofengeim D, Yuan J. Regulation of RIP1 kinase sig-
nalling at the crossroads of inflammation and cell
death. Nat Rev Mol Cell Biol. 2013;14(11):727-736.

38. Degterev A, et al. Identification of RIP1 kinase
as a specific cellular target of necrostatins. Nat
Chem Biol. 2008;4(5):313-321.

39. LiW, et al. Nuclear RIPK1 promotes chromatin
remodeling to mediate inflammatory response.
Cell Res. 2022;32(7):621-637.

40. Xu D, et al. Genetic regulation of RIPK1 and
necroptosis. Annu Rev Genet. 2021;55:235-263.

41. Mandal P, et al. RIP3 induces apoptosis inde-
pendent of pronecrotic kinase activity. Mol Cell.
2014;56(4):481-495.

42. He S, et al. Toll-like receptors activate programmed
necrosis in macrophages through a receptor-inter-
acting kinase-3-mediated pathway. Proc Natl Acad
Sci US A.2011;108(50):20054-20059.

43. Muendlein HI, et al. ZBP1 promotes LPS-induced
cell death and IL-1p release via RHIM-medi-
ated interactions with RIPK1. Nat Commun.
2021;12(1):86.

44. Peng R, et al. Human ZBP1 induces cell death-in-
dependent inflammatory signaling via RIPK3
and RIPK1. EMBO Rep. 2022;23(12):e55839.

45. Skat-Rgrdam J, et al. Vitamin C deficiency may
delay diet-induced nash regression in the guinea
pig. Antioxidants (Basel). 2021;11(1):69.

46. Fujiwara N, et al. Molecular signatures of
long-term hepatocellular carcinoma risk in
nonalcoholic fatty liver disease. Sci Transl Med.

J Clin Invest. 2024;134(13):e180451 https://doi.org/10.1172/JC1180451

2022;14(650):eabo4474.

47. Rauluseviciute I, et al. JASPAR 2024: 20th anni-
versary of the open-access database of transcrip-
tion factor binding profiles. Nucleic Acids Res.
2023;52(d1):D174-D182.

48. Friedman SL, et al. Mechanisms of NAFLD devel-
opment and therapeutic strategies. Nat Med.
2018;24(7):908-922.

49. Huang S, et al. Saturated fatty acids activate
TLR-mediated proinflammatory signaling path-
ways. J Lipid Res. 2012;53(9):2002-2013.

50. Win S, et al. Hepatic mitochondrial SAB deletion
or knockdown alleviates diet-induced metabolic
syndrome, steatohepatitis, and hepatic fibrosis.
Hepatology. 2021;74(6):3127-3145.

51. Seki E, et al. A liver full of JNK: signaling in
regulation of cell function and disease pathogen-
esis, and clinical approaches. Gastroenterology.
2012;143(2):307-320.

52. Gdmez-Lechon MJ, et al. A human hepatocellular
in vitro model to investigate steatosis. Chem Biol
Interact. 2007;165(2):106-116.

53. Han Z, et al. c-Jun N-terminal kinase is required
for metalloproteinase expression and joint
destruction in inflammatory arthritis. ] Clin
Invest.2001;108(1):73-81.

54. Jiao H, et al. Z-nucleic-acid sensing triggers
ZBP1-dependent necroptosis and inflammation.
Nature. 2020;580(7803):391-395.

55. Xia S, et al. Higher-order assemblies in immune
signaling: supramolecular complexes and phase
separation. Protein Cell. 2021;12(9):680-694.

56. Evavold CL, et al. Control of gasdermin
D oligomerization and pyroptosis by the
Ragulator-Rag-mTORCI1 pathway. Cell.
2021;184(17):4495-4511.

57. Chouchani ET, et al. Ischaemic accumulation of

RESEARCH ARTICLE

succinate controls reperfusion injury through mito-
chondrial ROS. Nature. 2014;515(7527):431-435.

58. Granger DN, Kvietys PR. Reperfusion injury and
reactive oxygen species: The evolution of a con-
cept. Redox Biol. 2015;6:524-551.

59. Li], et al. Blocking GSDMD processing in innate
immune cells but not in hepatocytes protects
hepatic ischemia-reperfusion injury. Cell Death
Dis. 2020;11(4):244.

60. Ni HM, et al. Receptor-interacting serine/thre-
onine-protein kinase 3 (RIPK3)-mixed lineage
kinase domain-like protein (MLKL)-mediated
necroptosis contributes to ischemia-reper-
fusion injury of steatotic livers. Am J Pathol.
2019;189(7):1363-1374.

61. ShiS, et al. Necroptotic cell death in liver trans-
plantation and underlying diseases: mecha-
nisms and clinical perspective. Liver Transpl.
2019;25(7):1091-1104.

62. Jaeschke H. Mechanisms of liver injury. II. Mecha-
nisms of neutrophil-induced liver cell injury during
hepatic ischemia-reperfusion and other acute
inflammatory conditions. Am J Physiol Gastrointest
Liver Physiol. 2006;290(6):G1083-G1088.

63. Tamura M. [Roles of Mac-1, endogenous TNF-al-
pha, and IFN-gamma in pathogenesis of hepatic
warm ischemia-reperfusion injury]. Hokkaido
Igaku Zasshi. 1995;70(5):717-728.

64. Tange S, et al. Local secretion of TNF-alpha
from the liver does not correlate with endotoxin,
IL-6, or organ function in the early phase after
orthotopic liver transplantation. Transpl Int.
2001;14(2):80-86.

65. Zhang Y, et al. RIP1 autophosphorylation is pro-
moted by mitochondrial ROS and is essential for
RIP3 recruitment into necrosome. Nat Commun.
2017;8:14329.

= [




	Graphical abstract

