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IMMUNOLOGY

Innate immune sensing of dietary alcohol ignites
inflammation to drive alcohol-related disease

Yeonseo Jang't, Hoeun Bae't, SuHyeon Oh**1, Gyeongju Yu?t, Hyun Bae', Minh Quan Nguyen',
Raghvendra Mall?, Minjie Fu', Aritra Ghosh?®, Jihye Lee?, Suhyun Kim?, Seyun Shin?,
Nabukenya Mariam®, Cheong Seok®, Daesik Kim®, SangJoon Lee?,
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Alcohol consumption has short- and long-term impacts on physical and mental health. Although multiple host and
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environmental factors contribute to alcohol-related disease, the innate immune sensors that detect toxic signals
from alcohol remain poorly defined. Here, we show that alcohol cooperates with sterile- or infection-induced inter-
feron signaling to drive inflammatory cell death, cytokine release, and liver injury in humans and mice. We identified
the pattern recognition receptor Z-DNA binding protein 1 (ZBP1) as a key innate immune sensor mediating pyropto-
sis, apoptosis, and necroptosis in response to combined ethanol and interferon stimulation. While interferon elevated
ZBP1, ethanol suppressed adenosine deaminase acting on RNA 1 (ADAR1) expression. Together, interferon and
ethanol activated JNK signaling to promote Z-RNA formation, triggering ZBP1. These findings reveal a mechanism
by which alcohol and interferon converge to induce ZBP1-dependent inflammatory cell death and liver pathology,
providing mechanistic insight and highlighting potential therapeutic targets for alcohol-related disease.

INTRODUCTION

Alcohol is one of the most consumed drugs worldwide and a leading
risk factor of morbidity and mortality. Chronic excessive consump-
tion of alcohol leads to liver diseases, cancer, accelerated aging, cardio-
vascular disease, and mental health conditions (1-6). Inflammatory
infiltrates and biomarkers and necrotic hepatocytes are commonly
detected in patients with alcoholic liver diseases (7, 8), with chronic
inflammation promoting steatosis to cirrhosis in the liver (9). Infec-
tious diseases further amplify the effects of alcohol to perpetuate the
cycle of disease, with viral infections caused by hepatitis B virus, hepa-
titis C virus, or severe acute respiratory syndrome coronavirus 2 in-
creasing the susceptibility to alcoholic liver diseases (10-12).

The innate immune system plays a major role in sensing and re-
sponding to pathogen-associated molecular patterns (PAMPs) and
danger-associated molecular patterns (DAMPs), initiated by pattern
recognition receptors that ultimately shape the outcomes of inflam-
matory diseases (13-15). Alcohol and its by-products are DAMPs
that induce the production of reactive oxygen species, mitochon-
drial damage, hypoxia, oxidative stress, and endoplasmic reticulum
stress, activating apoptosis and necroptosis (16-22). Toll-like recep-
tor 4 (TLR4) and inflammasome signaling have been implicated in
the development of alcohol-induced liver damage (23-25), but these
signaling pathways alone do not fully explain the cell death and
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pathological hallmarks seen in alcoholic liver diseases. In addition,
the governing immune sensors of alcohol triggering cell death have
remained unknown.

In this study, we identified that ethanol coupled with underlying
sterile- or infection-induced interferon (IFN) drives lytic inflammato-
ry cell death and inflammation in humans and mice. The innate im-
mune sensor triggering cell death is Z-DNA binding protein 1 (ZBP1),
which is activated by c-Jun N-terminal kinase (JNK) pathways and Z-
RNA production. ZBP1-mediated sensing of dietary alcohol and IFN
triggered the development of alcoholic liver disease. Our findings pro-
vide immunological insights into the molecular mechanisms and ther-
apeutic targets of alcohol-induced pathology and inflammation.

RESULTS

Coupling of alcohol and inflammation triggers innate
immune cell death

To investigate the biological effects of alcohol, we treated primary
bone marrow-derived macrophages (pPBMDMs) and immortalized
BMDMs (iBMDMs) with increasing concentrations of ethanol and
monitored cell death. We noticed that iBMDMs were exquisitely sen-
sitive to ethanol-induced cell death, whereas pPBMDMs were largely
resistant (Fig. 1, A and B). RNA sequencing (RNA-seq) analysis re-
vealed highly enriched type I and type II IFN responses in iBMDMs
relative to pBMDMs (Fig. 1C), suggesting increased IFN signaling
as a possible amplifier of ethanol-induced cell death. Pretreating
pBMDMs and hepatocytes, and human liver cell line HepG2, with
either IFN-f or IFN-y markedly elevated the sensitivity to alcohol-
induced cell death across all cell types (Fig. 1D and fig. S1, A and B).
We also observed a similar tendency in the release of inflammatory
cytosolic contents, lactate dehydrogenase (LDH), and high mobility
group box 1 (HMGBI1) from pBMDMs, which occurs in response to
a rupture of the plasma membrane (Fig. 1E). To examine the role of
endogenous IFN, we infected cells with influenza A virus (IAV) and
herpes simplex virus type 1 (HSV-1), both potent inducers of type
I IEN responses (fig. S1, C and D). Consistent with exogenous IFN
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Fig. 1. Alcohol and IFN induce cell death. (A and B) Real-time analysis of cell death in WT (A) pBMDMs and (B) iBMDM:s treated with the indicated doses of ethanol (EtOH).
The representative images of cell death (red color) at 9 hours are shown (below). Scale bars, 100 um. (C) Heatmap depicting differentially regulated pathways in WT
iBMDMs compared with pBMDMs. NES, normalized enrichment scores. (D) Real-time analysis of cell death in WT pBMDM:s following stimulation with 0.6 M EtOH in the
presence of PBS, IFN-y (50 ng/ml), or IFN-B (20 ng/ml) added 12 hours before EtOH. The representative images of cell death (red color) at 12 hours are shown (right). Scale
bar, 100 pm. (E) Immunoblot analysis of LDHA and HMGB1 in WT pBMDMs stimulated with EtOH plus IFN-B. Densitometric quantification of the representative blot is
shown, relative to the untreated (UT) group. (F and G) Real-time analysis of cell death in WT pBMDM:s infected with (F) IAV or (G) HSV-1 in the presence or absence of EtOH.

(H) Real-time analysis of cell death in WT and Ifnar1™~ pBMDMs treated with EtOH plus

IFN-B. Data are representative of at least two (C) or three [(A), (B), (D), (E), (F), (G), and

(H)] independent experiments. *P < 0.05, **P < 0.01, and ****P < 0.,0001. Analysis was performed using one-way analysis of variance (ANOVA) [(D), (F), and (G)] and t test

(H). Data are shown as mean + SEM [(A), (B), (D), (F), (G), and (H)].

treatment, infection with IAV or HSV-1 rendered pPBMDMs, HepG2
cells, and human monocytic leukemia cell line THP-1 highly sensi-
tive to ethanol-induced cell death (Fig. 1, F and G, and fig. S1, E and
F). These viruses also trigger the production of inflammatory cyto-
kines through the TLR signaling (26, 27). However, ethanol-induced
cell death was not enhanced by other inflammatory ligands such as

Jangetal., Sci. Adv. 12, eaea3979 (2026) 10 April 2026

TNF-a or a TLR2 agonist, Pam3CSK4, but strongly potentiated by
polyinosinic—polycytidylic acid [Poly(I:C)], a TLR3 agonist that triggers
type L IFN signaling (fig. S1G). Following combined ethanol and IFN-f
stimulation, pBMDM s and hepatocytes lacking the type I IEN receptor
(Ifnar1™'") were substantially more resistant to cell death and had di-
minished release of LDHA and HMGBI, as were HepG2 cells treated
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with an inhibitor of the JAK-signal transducers and activators of tran-
scription pathways baricitinib (JAKi) (Fig. 1H and fig. S2, A to C). These
data suggest that alcohol couples with sterile- or infection-induced IFN
signaling to drive rapid lytic cell death in human and mouse cells.

To investigate the mechanisms of cell death, we evaluated mo-
lecular markers of pyroptosis, apoptosis, and necroptosis. Wild-type
(WT) pBMDMs treated with a combination of ethanol and IFN-f

underwent proteolytic cleavage of the pyroptosis marker gasdermin E
(GSDME), but not caspase-1 or GSDMD (Fig. 2A), and underwent
the cleavage of the apoptosis markers caspase-3, caspase-6, caspase-7,
caspase-8, and caspase-9 (Fig. 2B). Further, WT pBMDMs under-
went phosphorylation of the necroptosis markers mixed lineage
kinase domain-like protein (MLKL) and receptor-interacting protein
kinase-3 (RIPK3) (Fig. 2C). Notably, ethanol alone in the absence of
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Fig. 2. Alcohol and IFN promote activation of pyroptosis, apoptosis, and necroptosis. (A to C) Inmunoblot analysis of (A) pro- (P45) and cleaved (P20) CASP1, pro-
(P54) and activated (P34) GSDME, and pro- (P53) and activated (P30) GSDMD; (B) pro- (P55) and cleaved (P18) CASP8, pro- (P35) and cleaved (P19 and P17) CASP3, pro-
(P35) and cleaved (P20) CASP7, pro- (P35) and cleaved (P18) CASP6, and pro- (P47) and cleaved (P37 and P35) CASP9; and (C) phosphorylated MLKL (pMLKL), total MLKL
(tMLKL), phosphorylated RIPK3 (pRIPK3), and total RIPK3 (tRIPK3) in WT pBMDMs treated with 0.6 M EtOH in the presence of PBS or IFN- (20 ng/ml). Densitometric
quantification of the representative blot is shown, relative to the untreated (UT) group. (D to F) Immunoblot analysis of (D) GSDME; (E) CASP8, CASP3, CASP7, and CASP9;
and (F) pMLKL, tMLKL, pRIPK3, and tRIPK3 in WT and Ifnar1 ™"~ pBMDM s stimulated with EtOH plus IFN-f. Glyceraldehyde phosphate dehydrogenase (GAPDH) was used
as an internal control. Data are representative of at least three independent experiments.
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IFN-f did not robustly induce the activation of pyroptosis, apoptosis,
and necroptosis markers (Fig. 2, A to C), reaffirming that induction
of rapid cell death requires coupling of ethanol and IFN signaling
(Fig. 1D). Combined ethanol and infection with IAV or HSV-1 also
intensified the activation of pyroptosis, apoptosis, and necroptosis
(fig. S2, D and E). We observed decreased activation of these inflam-
matory cell death molecules in Ifnarl™~ pBMDMs stimulated with
ethanol and IFN-p compared with WT pBMDMs (Fig. 2, D to F).
However, genetic deletion of MLKL or GSDME, executioners of lytic
cell death activated by alcohol and IFN, failed to protect from cell
death (fig. S3, A and B). Pharmacological inhibition of caspases using
the pan-caspase inhibitor Z-VAD-FMK (zVAD) to block pyroptosis
and apoptosis, as well as inhibition of pyroptosis and necroptosis
using the RIPK3 inhibitor GSK-872 in Gsdme ™™, did not inhibit cell
death induced by ethanol and IFN-p (fig. S3, B and C). Inhibition
of necroptosis alone using the RIPK1 inhibitor necrostatin-1 (Nec-1)
partially blocked cell death induced by ethanol and IFN-p (fig. S3C)
but completely blocked necroptosis induced by TNF-a, Smac mimetic
LCL161, and zVAD (fig. S3D). A combination of zZVAD and Nec-1 to

inhibit pyroptosis, apoptosis, and necroptosis attenuated cell death
(fig. S3C). Moreover, ethanol has been implicated in ferroptosis
(22, 28) and was found to induce lipid peroxidation, a hallmark of fer-
roptotic activity (fig. S3E). However, IFN treatment did not potentiate
ethanol-induced lipid peroxidation (fig. S3E), and treatment with
ferrostatin-1 (Fer-1), an inhibitor of lipid peroxidation, failed to pre-
vent cell death induced by ethanol and IEN (fig. S3F). These data
collectively suggest that ethanol, in conjunction with sterile- or
infection-related IFN, drives mixed lineage lytic cell death involving
pyroptosis, apoptosis, necroptosis, and ferroptosis, across human and
mouse immune and nonimmune cells.

Coupling of alcohol and IFN exacerbates alcoholic

liver disease

To uncover the physiological relevance of dietary alcohol and IFN in
initiating or perpetuating disease, we adapted an established murine
model of alcoholic liver disease. Mice were injected with recombinant
IEN-y on days —3, 0, 3, and 6 during 10 days of ethanol feeding
(Fig. 3A). On day 10, mice were given a single binge ethanol feeding
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Fig. 3. Alcohol and IFN drive the development of alcoholic liver disease. (A) Experimental design of the acute-on-chronic alcoholic liver injury model in mice, using EtOH
(5% v/v) liquid diet and IFN injection (1 ug per mouse), followed by EtOH (5 g/kg) by oral gavage. (B) Body weight change of WT mice administered with control diet and vehicle
PBS injection (n =9), EtOH diet and vehicle PBS injection (n = 9), control diet and IFN-y injection (n = 9), and EtOH diet and IFN-y injection (n = 9). (C to E) Histopathological analysis,
(C) hematoxylin and eosin (H&E) stain; (D) Oil red O stain; and (E) TUNEL stain of liver tissues from control- or EtOH-fed WT mice injected with PBS or IFN-y. Black arrows indicate
TUNEL™ cells. Scale bars, 400 um (C) and 600 um [(D) and (E)]. Quantifications of histopathological analyses are shown (below). (F) Analysis of the serum level of IL-1p in the blood
of WT mice with control diet (n = 5), EtOH diet with PBS injection (n = 8), and EtOH diet with IFN-y injection (n = 8). Data are pooled from two independent experiments [(B) to (F)].
##P < 0,01, ***P < 0.001, and **¥**P < 0.0001. Analysis was performed using two-way ANOVA (B) and one-way ANOVA [(C) to (F)]. Data are shown as mean + SEM [(B) to (F)].
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to induce liver injury, inflammation, and fatty liver, mimicking
acute-on-chronic alcoholic liver injury in humans (Fig. 3A) (29).
Mice receiving ethanol exhibited 10% loss of body weight over the
10-day feeding period, regardless of IFN-y treatment (Fig. 3B). His-
topathological assessments revealed progressive liver injury in mice
given combined ethanol and IFN-y, characterized by liver cell bal-
looning, cord derangement, Mallory-Denk bodies, intracellular space
dilation, and inflammatory cell infiltration (Fig. 3, C to E). In con-
trast, the livers from mice left untreated, treated only with ethanol, or
treated only with IFN-y had reduced histological hallmarks (Fig. 3, C
to E). In mice treated with combined ethanol and IFN-y, Oil red O
staining and terminal deoxynucleotidyl transferase-mediated deoxy-
uridine triphosphate nick end labeling (TUNEL) staining revealed
liver steatosis and an increased number of dead cells, respectively
(Fig. 3, D and E). In addition, these mice had increased proinflamma-
tory cytokine interleukin-1f (IL-1B) production than mice treated
only with ethanol (Fig. 3F).

To provide further physiological insights, we treated WT and
Ifnar1™"~ mice with ethanol and IFN-p to elucidate the role of
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interferon-alpha/beta receptor (IFNAR) signaling in alcoholic liver
disease. Histopathological analysis revealed that Ifnarl™~ mice had
less microvesicular and macrovesicular steatosis and inflammatory
cell recruitment in the livers compared with WT mice (Fig. 4A). Fur-
ther, the amount of TUNEL™ cells and levels of the biomarker of liver
damage, serum alanine transaminase (ALT), and IL-1f were substan-
tially lower in Ifnar]™~ mice than those in WT mice (Fig. 4, A and B).
Using pathway analysis to identify transcriptomic changes between
healthy people and those with alcoholic liver disease (30), we saw a
notable enrichment of type I and type II IFN responses and inflam-
matory pathways from the livers of patients with alcoholic liver dis-
ease (Fig. 4C). We also found that patients with alcoholic liver disease
had substantial levels of pyroptosis, apoptosis, and necroptosis bio-
markers but not healthy individuals or those with nonalcoholic fatty
liver disease, also known as NAFLD (fig. S4, A and B).

We next evaluated the functional contribution of necroptosis
in alcoholic liver injury by administering ethanol and IFN-y to WT
and MIkI™'~ mice (Fig. 3A). Histopathological and biochemical
analyses revealed comparable degrees of hepatic steatosis, hepatocyte
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ballooning, Mallory-Denk body formation, and serum ALT levels be-
tween the two genotypes (fig. S4, C and D). These data indicate that
necroptosis alone does not account for alcohol-induced liver injury,
suggesting the involvement of additional inflammatory cell death
pathways in the pathogenesis of alcoholic liver disease. Together, our
data from both murine models and analyses of human patient dem-
onstrate that alcohol consumption, in concert with IFN signaling,
sensitizes cells to inflammatory cell death, thereby exacerbating the
progression of alcoholic liver disease.

ZBP1 is a sensor of alcohol and IFN

Innate immunity is the first line of defense against PAMPs and DAMPs,
potentially leading to lytic cell death (31, 32). We sought to identify the
specific innate immune sensor driving inflammatory cell death trig-
gered by ethanol and IFN. Among the IFN-stimulated genes, we found
the up-regulation of the gene encoding the innate immune sensor
ZBP1 in patients with alcoholic liver disease (fig. S5A) but not in
healthy individuals or individuals with NAFLD (fig. S5B). To this end,
we administered WT and ZbpI1™~ mice with ethanol and IFN-y and
observed remarkable resistance of Zbp1™'~ mice to progressive liver
injury, along with less microsteatosis, hepatocyte ballooning, and
Mallory-Denk bodies in the liver compared with WT mice (Fig. 5A).
The presence of TUNEL" dead cells, infiltration of inflammatory cells,
and levels of ALT and IL-1f were all reduced in Zbp1™'~ mice com-
pared with those in WT mice (Fig. 5, A and B). In addition, activation
of inflammatory cell death pathways triggered by ethanol was sup-
pressed in the liver tissue of Zbpl~'~ mice compared to WT mice
(fig. S5C). Further, we treated WT and Zbp1~~ pBMDM:s with etha-
nol and IFN-B and found that Zbp1™'~ pBMDMs were markedly more
resistant to cell death, whereas WT pBMDMs underwent rapid cell
death (Fig. 5C). Zbp1~'~ pBMDMs were also less susceptible to releas-
ing LDHA and HMGB1 compared with WT pBMDMs (Fig. 5D).
Compared with WT pBMDMs, Zbpl~'~ pBMDM:s had an impaired
ability to undergo proteolytic cleavage of the pyroptosis marker GSD-
ME and the apoptosis markers caspase-3, caspase-7, caspase-8, and
caspase-9 (Fig. 5, E and F). Zbp1~'~ pBMDMs also had an impaired
ability to undergo phosphorylation of the necroptosis markers MLKL
and RIPK3 (Fig. 5G). In contrast, a loss of ZBP1 failed to prevent lipid
peroxidation induced by ethanol plus IFN- (fig. S5D). Consistent
with this, both WT and Zbp1™'~ pBMDM:s exhibited comparable lev-
els of cell death following treatment with the ferroptosis activator RSL3
(fig. S5E). These observations suggest that ZBP1 is essential for the ex-
ecution of pyroptosis, apoptosis, and necroptosis triggered by ethanol
plus IFN-p but is not required for lipid peroxidation and ferroptosis.
Notably, ZBP1 expression increased following IFN-f stimulation and
remained elevated upon ethanol treatment (Fig. 5H), which aligns
with synergistic induction of cell death by ethanol and IFN. Although
ZBP1 is associated with absent in melanoma 2 (AIM2) and stimulator
of interferon genes (STING)-mediated responses (33, 34), these nucle-
ic acid sensors were not required for the induction of cell death in re-
sponse to ethanol and IFN-f (fig. S6, A and B). These data collectively
suggest that ZBP1 is the innate immune sensor of ethanol and IFN that
ignites inflammatory cell death in alcoholic liver disease.

Alcohol and IFN generate Z-RNA via JNK to activate ZBP1

Alcohol and IFN may have liberated cytoplasmic ligands that directly
activate ZBP1. We and others have previously shown that ZBP1 can
sense Z-nucleic acid (Z-NA) through the Za2 domain (35, 36), and
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oxidative stress can trigger the accumulation of Z-NA (37, 38). We
hypothesized that alcohol-induced oxidative stress promotes the
formation and accumulation of Z-NA. Cotreatment of ethanol and
IFN-f strongly increased cytosolic Z-NA and ZBP1 signals, which
exhibited strong colocalization (Fig. 6A). Primary BMDMs lacking
the ZBP1 Za2 domain (Zbp1**** pBMDM:s) were largely resistant to
cell death triggered by ethanol and IFN-B compared with WT pBM-
DMs (Fig. 6B). Notably, ribonuclease A (RNase A) treatment abol-
ished the Z-NA accumulation induced by ethanol and IFN-p (fig. S7,
A and B), indicating that Z-NA arises from Z-RNA rather than Z-
DNA. These data suggest that alcohol and IFN generate Z-RNA and
activate ZBP1-dependent cell death.

While cotreatment of ethanol and IFN-f induced robust Z-RNA
formation, ethanol or IFN-f alone showed minimal or no detectable
signal (Fig. 6C). As IFN-p has been reported to induce Z-RNA ac-
cumulation when adenosine deaminase acting on RNA 1 (ADAR1)
is depleted (39), we examined whether alcohol alters IFN-f-mediated
ADARI induction. Ethanol markedly reduced ADAR1 protein lev-
els without affecting Adar] mRNA and had no effect on ZBP1 ex-
pression (Fig. 5H and fig. S7C). Together, these findings indicate
that alcohol promotes posttranscriptional loss of ADARI, thereby
facilitating IFN-induced Z-RNA accumulation.

Oxidative stress engages multiple stress-activated signaling cascades,
including JNK and p38 mitogen-activated protein kinase (MAPK)
pathways, which are associated with cell death (40, 41). Given that alco-
hol induces oxidative stress (fig. S3E), we checked whether these kinases
contribute to Z-RNA accumulation and ZBP1-dependent inflammato-
ry cell death. Treatment with ethanol alone or IFN-f alone exhibited
minimal or modest phosphorylation of JNK and p38, while cotreat-
ment of ethanol and IFN-f triggered robust activation of both ki-
nases (Fig. 6D). Pharmacological inhibition of JNK using JNK-IN-8
(42) markedly reduced cytoplasmic Z-RNA accumulation (Fig. 6, E and
F) and attenuated cell death (Fig. 6G). Moreover, the addition of JNK-
IN-8 to Zbp1~'~ pBMDM s did not further decrease cell death (Fig. 6G),
implying that JNK and ZBP1 operate within the same pathway to in-
duce cell death.

To identify the endogenous sources of Z-RNA generated from JNK
signaling, we treated pBMDMs with ethanol and IFN-f in the pres-
ence or absence of JNK-IN-8. We analyzed representative ADARI1-
targeted genes, including retroelements and IFN-stimulated genes
(39). Transcripts of the murine long interspersed nuclear element-1
(LINE-1) retrotransposons LIMdT and LIMdA, as well as Knl1, Xrnl,
Eif2ak2, Sifn5, Ifih1, Ddx58, and Isgl5, were induced by combined
alcohol and IFN-f treatment (Fig. 6H and fig. S7D). JNK inhibition
selectively attenuated the up-regulation of LIMdT and LIMdA, and
to some extent, Knll, Xrnl, and Eif2ak2 (Fig. 6H), while other genes
remained unaffected (fig. S7D). To determine whether LINE-1-
encoded transcripts adopt the Z-NA conformation, we performed
RNA immunoprecipitation (RIP) using the Z22 antibody followed
by quantitative polymerase chain reaction (PCR). LINE-1-encoded
transcripts were enriched in Z22 immunoprecipitates compared with
immunoglobulin G (IgG) controls from pBMDMs treated with alco-
hol and IFN-, with the enrichment diminished by JNK inhibition
(fig. S7E). These findings suggest that alcohol and IEFN activate the
JNK pathway, which enhances the transcription of Z-RNA-forming
elements. In conclusion, ethanol and IFN cooperatively induce en-
dogenous Z-RNA through JNK signaling, and ZBP1 senses this Z-
RNA via its Za2 domain to trigger inflammatory cell death (fig. S8).
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Fig. 5. ZBP1 senses alcohol and IFN, driving alcoholic liver disease. (A) Histopathological analysis, H&E, Oil red O, and TUNEL stain of liver tissues from WT and Zbp1 /=
mice fed with EtOH diet and injected with IFN-y. Black arrows indicate TUNEL™ cells. Scale bars, 400 um (H&E) and 600 um (Oil red O and TUNEL). Quantifications of histo-
pathological analyses are shown (right). (B) Analysis of serum ALT in WT (n = 12) and prl'/' (n=13) mice and IL-1Bin WT (n = 14) and prl'/' (n=11) mice upon EtOH
and IFN-y administration. (C) Real-time analysis of cell death in WT and Zbp1~™~ pBMDMs treated with 0.6 M EtOH plus IFN-B (20 ng/ml). Representative images of cell
death (red color) at 9 hours are shown (below). Scale bar, 100 pm. (D to G) Immunoblot analysis of (D) LDHA and HMGB1; (E) pro-(P45) and cleaved (P20) CASP1, pro- (P54)
and activated (P34) GSDME and ZBP1; (F) pro- (P55) and cleaved (P18) CASP8, pro- (P35) and cleaved (P19 and P17) CASP3, pro- (P35) and cleaved (P20) CASP7, and pro-
(P47) and cleaved (P37 and P35) CASP9; and (G) pMLKL, tMLKL, pRIPK3, and tRIPK3 in WT and prl’/’ pBMDM s stimulated with EtOH plus IFN-f. (H) Immunoblot analysis
of ADAR1 and ZBP1 in WT pBMDM:s treated with EtOH, IFN-B, or a combination of both. Densitometric quantification of the representative blot is shown, relative to the
untreated (UT) group. GAPDH or -actin was used as an internal control. Data are representative of at least two independent experiments. **P < 0.01, **#P < 0.001, and

##ikP < 0,0001. Analysis was performed using t test [(A) and (B)] and two-way ANOVA (C). Data are shown as mean + SEM [(A) to (C)].

DISCUSSION

Our study identifies ZBP1 as an innate immune sensor that integrates
signals from alcohol and IEN to drive inflammatory lytic cell death,
hepatic inflammation, and liver pathology. As a central mediator of
cell death, ZBP1 coordinates multiple, interconnected cell death path-
ways (35, 43, 44). In line with this, ethanol plus IFN-induced cell
death was not abolished by the deletion of a single executioner. How-
ever, protection achieved through combined inhibition of multiple
cell death effectors suggests that ethanol and IFN engage several con-
verging mechanisms rather than a single dominant pathway. These

Jangetal., Sci. Adv. 12, eaea3979 (2026) 10 April 2026

findings highlight the pivotal role of ZBP1 as an upstream integrator
of multiple lytic cell death pathways. Given that ZBP1 is transcrip-
tionally induced by IFNG, the role of IFN as a priming inflammatory
signal that ignites alcohol-induced cell death is of particular interest.
IFN signaling can arise from sterile inflammatory conditions, such as
autoimmunity, or during microbial and viral infections. Accordingly,
alcohol exposure in the context of infection or preexisting inflamma-
tory conditions represents a high-risk setting for the development and
progression of alcoholic liver disease (10-12). In such contexts, lytic
cell death is driven by IFN-dependent signaling.
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Fig. 6. Alcohol and IFN activate JNK signaling and the formation of Z-RNA. (A) Immunofluorescence images of WT pBMDM:s treated with 0.6 M EtOH plus IFN- (20 ng/ml)
for 3 hours. Scale bar, 15 pm. (B) Real-time analysis of cell death in WT, Zbp1~/~, and Zbp 12?*2 pPBMDM:s treated with EtOH plus IFN-B. (C) Immuno-dot blot analysis of Z-RNA
in WT pBMDM s treated with EtOH, IFN-B, or a combination of both for 3 hours. (D) Immunoblot analysis of phosphorylated JNK (pJNK), total JNK (tJNK), phosphorylated
p38 (pP38), and total p38 (tP38) in WT pBMDM:s treated with EtOH, IFN-B, or a combination of both for the indicated time. (E) Immuno-dot blot analysis of Z-RNA in WT
PBMDM s treated with 1 pM JNK-IN-8 (JNKi) upon treatment of EtOH plus IFN-p. (F) Immunofluorescence images of pBMDM:s treated with EtOH plus IFN-B for 3 hours, in
the presence or absence of JNKi. Scale bar, 15 pm. DMSO, dimethy! sulfoxide. (G) Percentage of cell death in WT and Zbp1~/~ pBMDM:s treated with JNKi upon EtOH plus
IFN-p treatment. (H) Representative data of quantitative real-time PCR analysis of genes (LTMdT, LIMdA, Knl1, Xrn1, and Eif2ak2) in WT pBMDM s treated with JNKi upon
EtOH plus IFN-B stimulation. Gapdh was used as an internal control. Data are representative of at least three independent experiments. Densitometric quantification of
the representative blot is shown, relative to untreated (UT) groups [(C) and (E)] or the 0-min group (D). ***P < 0.001 and ****P < 0.0001. Analysis was performed using
two-way ANOVA [(B) and (G)] and one-way ANOVA (H). Data are shown as mean + SEM [(B), (G), and (H)].

At the molecular level, ethanol disrupted the homeostatic balance  signaling pathway to promote Z-RNA formation. Among the tran-
between ADARI and ZBP1, two key regulators of Z-NA sensing (45).  scripts examined, the LINE-1-encoded retroelements LIMdT and
We found that alcohol suppressed ADARI induction during IFN sig-  LIMdA were prominently induced under ethanol and IFN stimula-
naling without affecting ZBP1 expression. Since ADARI limits ZBP1  tion, and their expression was markedly reduced by JNK inhibi-
activation by editing endogenous Z-RNA or by preventing ZBP1-  tion. Other ADARI-regulated transcripts—such as Knll, Xrnl, and
RIPK3 complex formation (35, 39), the alcohol-mediated down-  Eif2ak2—were modestly affected, suggesting that LINE-1 elements are
regulation of ADARI likely removes this regulatory brake, thereby = major contributors to Z-RNA accumulation, although additional
amplifying ZBP1-dependent inflammatory cell death in the pres-  sources are likely involved. Given the complexity of stress-responsive
ence of IFN. Mechanistically, alcohol and IFN converge on the JNK  signaling and RNA metabolism, other pathways beyond JNK may also

Jangetal., Sci. Adv. 12, eaea3979 (2026) 10 April 2026 80f13

9202 ‘20 Re N uo ABojouYDs | pUe 80USIDS JO SIN1NISU| [UOIEN Ues|N Te B10°80us 105 MMM//:SdNy WoJ) papeojumod



SCIENCE ADVANCES | RESEARCH ARTICLE

contribute to Z-RNA generation and subsequent ZBP1 activation dur-
ing alcohol and IFN exposure.

In conclusion, our findings reveal a previously unrecognized
alcohol-IFN-ZBP1 axis that links metabolic stress and inflammation
to innate immune sensing and inflammatory cell death. This mecha-
nism provides insights into how chronic alcohol consumption and
inflammatory signaling synergize to promote liver injury and may of-
fer potential avenues of prevention or treatment of alcoholic liver dis-
eases by targeting ZBP1-mediated pathways.

MATERIALS AND METHODS

Mice

C57BL/6] (WT) mice were purchased from Raonbio (Yongjin, Korea).
Ifnar1™'~ and Zbp1™'~ mice on a C57BL/6] background were pur-
chased from the Jackson Laboratory (stock number 028288) and Cya-
gen (46), respectively. Aim2~'~ mice were provided by S. Lee [Ulsan
National Institute of Science and Technology (UNIST)]. Gsdme™'~
mice were provided by S. M. Man (Australian National University).
MIKI™"~ mice were provided by J. Song (Yonsei University). Sting™'~
mice were provided by J. Park [Seoul National University (SNU)].
prIAZ“Z mice were received from T.-D. Kanneganti (St. Jude Chil-
dren’s Research Hospital) (47).

Mice were group-housed (up to five mice per cage), bred under
standard pathogen-free housing conditions in a 12-hour light/dark
cycle (lights on from 6 a.m. to 6 p.m.), and fed standard chow in the
animal facility at SNU and UNIST. Both male and female mice were
used. Age- and sex-matched 6- to 8-week-old mice were used for
in vitro work, and 10- to 12-week-old mice were used for in vivo
work. Cohoused animals were used for in vivo analysis. Experimen-
tal procedures for in vivo were conducted in accordance with proto-
cols approved by the Institutional Animal Care and Use Committee
of SNU (SNU-241108-1-1) and UNIST (UNISTIACUC-24-080).

Generation of iBMDMs

WT primary BMDMs were transformed according to the established
protocol (48). Briefly, BMDMs were exposed to the J2Cre virus for
48 hours, followed by a gradual reduction in L-cell-conditioned me-
dium over a period of 6 to 10 weeks.

Isolation of primary hepatocytes

Primary hepatocytes were isolated from mice as described previ-
ously (49). Mouse livers were subjected to perfusion, and liver cells
were dissociated using collagenase. Subsequently, hepatocytes were
isolated using density gradient centrifugation.

Cell culture

Primary BMDM:s were derived from the bone marrow of WT and
mutant mice. Cells were cultivated for 6 days in Dulbecco’s modified
Eagle’s medium (DMEM; Biowest, L0103-500) supplemented with
30% L929-conditioned medium, 10% fetal bovine serum (FBS; Biowest,
$1480), 1% penicillin and streptomycin (Biowest, L0022-100), and
1% non-essential amino acids (Biowest, X0577-100) (50). Primary
BMDMs were seeded in 12-well plates (1x 10° cells per well) or 24-
well plates (5 x 10° cells per well) and incubated overnight before
stimulation. iBMDMs were grown in DMEM supplemented with
3% L929-conditioned medium, 10% FBS, 1% penicillin and strepto-
mycin, and 1% non-essential amino acids and seeded in 24-well
plates (2.5 X 10° cells per well). THP-1 cells (gift from A. Kawaguchi,
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University of Tsukuba) were grown in RPMI 1640 (Biowest, L0498)
with 5% FBS and differentiated into macrophages in RPMI 1640
medium containing 5% FBS and phorbol 12-myristate 13-acetate
(100 ng/ml) for 2 days and seeded in 24-well plates (5 x 10° cells per
well). HepG2 cells (Korean Cell line Bank, 88065) were grown in
DMEM (Thermo Fisher Scientific, 11995065) supplemented with
5% FBS and 1% penicillin-streptomycin and seeded in 24-well plates
(2.5 x 10° cells per well). Primary hepatocytes suspended in DMEM
with 10% FBS and 1% penicillin-streptomycin were seeded in collagen-
coated 12-well plates (2 x 10° cells per well).

Virus culture

Human HSV-1 (HF strain) (American Type Culture Collection, VR-
260) was purchased and propagated in Vero cells (Korean Cell Line
Bank, 10081). The virus titer was quantified using the plaque assay
in Vero cells. IAV (A/Puerto Rico/8/34, HIN1, also known as PR8)
was provided by M.-S. Park (Korea University) and propagated in
11-day-old embryonated chicken eggs via allantoic inoculation. The
IAV titer was measured using the plaque assay in Madin-Darby ca-
nine kidney cells (gift from A. Kawaguchi, University of Tsukuba).

Cell stimulation and infection

Cells were stimulated with the following specified concentrations of
cell death triggers, unless stated otherwise: 0.6 M ethanol (Sigma-
Aldrich, 459844); cotreatment with TNF-a (75 ng/ml; PeproTech,
315-01A), 200 nM Smac mimetic LCL161 (Selleckchem, S7009), and
25 pM Z-VAD-FMK (Selleckchem, S7023) which triggers necropto-
sis; 1 pM RSL3 (Selleckchem, S8155) which triggers ferroptosis. To
prevent ethanol evaporation, plates were sealed with a film (Axygen,
PCR-SP). For priming, cells were added with IFN-f (20 ng/ml; PBL
assay science, 12400-1), IFN-y (50 ng/ml; PeproTech, 315-05), TNF-a
(50 ng/ml), Pam3CSK4 (1 pg/ml; InvivoGen, tlrl-pms), or Poly(I:C)
(5 pg/ml; InvivoGen, tlrl-pic) for 12 hours before treatment with cell
death triggers. For inhibitor treatment, 1 pM JNK-IN-8 (Selleckchem,
$4901) was added to cells 12 hours prior, and other inhibitors were
added 1 hour before treating cell death triggers: 5 pM baricitinib
(MedChemExpress, HY-15315), 25 pM Z-VAD-FMK and 5 pM GSK-
872 (Selleckchem, S8465), 40 pM necrostain-1 (Selleckchem, S8037),
and 10 pM ferrostatin-1 (Sigma-Aldrich, SML0583). For infections, cells
were infected with viruses in high-glucose DMEM (WELGENE,
LMO001-03) 6 hours before ethanol treatment: 5 multiplicity of infec-
tion (MOI; pBMDMs and THP-1) and 20 MOI (HepG2) of HSV-1 or
2 MOI (pBMDMs), 4 MOI (HepG2), and 10 MOI (THP-1) of IAV.

Real-time analysis of cell death and lipid peroxidation

Real-time cell death assays were performed on an IncuCyte system
(Sartorius, IncuCyte SX5). Cells were seeded in 12-well (primary he-
patocytes) or 24-well (pBMDMs, iBMDMs, THP-1, and HepG2)
plates and stimulated. SYTOX Green (Thermo Fisher Scientific,
S7020) or propidium iodide (Invitrogen, P3566) was added at the
time of stimulation for cell death analysis. Images (four image fields
per well) were acquired every 1 hour at 37°C and 5% CO,. Subsequent
image analysis was conducted using the software package supplied
with the IncuCyte imager; the number of SYTOX Green-positive
cells (SYTOX™ cells) or propidium iodide-positive cells (PI* cells)
present in each image was counted. For lipid peroxidation analysis,
BODIPY 581/591 C11 (Thermo Fisher Scientific, D3861) was added at
the time of stimulation according to the manufacturer’s instructions,
and representative images were acquired at the indicated time points.
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Immunoblot analysis

Immunoblotting was performed as described previously (51). For
caspase analysis, cells were lysed along with the supernatant using
50 pl of caspase lysis buffer (containing 1X protease inhibitors, 1x
phosphatase inhibitors, 10% NP-40, and 25 mM dithiothreitol), fol-
lowed by the addition of 100 pl of 4x sample loading buffer (contain-
ing SDS and 2-mercaptoethanol). To analyze LDHA and HMGBI,
cell culture supernatant samples were centrifuged (8000 rpm for
4 min), and 180 pl of the supernatant was combined with 60 pl of
sample loading buffer. To analyze signaling proteins, cell culture su-
pernatants were removed at the indicated time points, and the cells
were washed once with phosphate-buffered saline (PBS), followed
by lysis with 150 pl of radioimmunoprecipitation assay buffer (con-
taining 1X phosphatase inhibitor, 1/2X protease inhibitor, 1% NP-40,
0.5% sodium deoxycholate) and 50 pl of 4x sample loading buffer.
Proteins were electrophoretically separated using 10 to 12% poly-
acrylamide gels. Following the electrophoretic transfer of proteins
onto polyvinylidene difluoride membranes (Millipore, IPVH00010),
nonspecific binding was blocked by incubation with 5% skim milk
in tris-buffered saline with Tween 20 (TBST). Membranes were in-
cubated overnight at 4°C with the following primary antibodies:
caspase-1 (1:1000; AdipoGen, AG-20B-0042), caspase-3 [1:1000; Cell
Signaling Technology (CST), 9662S], cleaved caspase-3 (1:1000; CST,
96618), caspase-6 (1:1000; CST, 9762S), cleaved caspase-6 (1:1000;
CST, 97615), caspase-7 (1:1000; CST, 9492S), cleaved caspase-7 (1:2000;
CST, 9491S), caspase-8 (1:1000; AdipoGen, AG-20 T-0137), caspase-9
(1:1000; CST, 9508S), phosphorylated MLKL (pMLKL; 1:1000; CST,
37333S), MLKL (1:1000; AdipoGen, AP14272B), phosphorylated
RIPK3 (pRIPK3; 1:1000; CST, 91702S), RIPK3 (1:1000; CST, 95702S),
GSDMD (1:1000; Abcam, ab209845), GSDME (1:1000; Abcam,
ab215191), ZBP1 (1:1000; AdipoGen, AG-20B-0010-C100), LDHA
(1:1000; Proteintech, 19987-1-AP), HMGBI (1:1000; Abcam, ab18256),
SAPK/JNK (1:1000; CST, 9252L), phospho-SAPK/JNK (1:1000; CST,
9251L), p38 MAPK (1:1000; CST, 9212L), phospho-p38 MAPK
(1:1000; CST, 4511L), ADARI1 (1:250; Santa Cruz, sc-73408), ISG15
(1:250; Santa Cruz, sc-166755), B-actin (1:1000; CST, 8457S), and
glyceraldehyde phosphate dehydrogenase (GAPDH; 1:50,000; Pro-
teintech, 60004-1-lg and 1:1000; CST, 5174S) antibodies. Membranes
were then washed with TBST (10 min, three times) and incubated
with the following secondary antibodies for 1 hour: horseradish
peroxidase (HRP)-conjugated anti-rabbit (1:5000; Thermo Fisher
Scientific, 31460) or HRP-conjugated anti-mouse (1:5000; Cellnest,
CNGO004-0005), followed by washing with TBST (10 min, four times).
Proteins were visualized using Immobilon Forte Western HRP Sub-
strate (Millipore, WBLUF0500), and membranes were analyzed using
Amersham ImageQuant 800 ultraviolet (UV).

Quantitative real-time PCR analysis

Extracted RNA using TRIzol reagent (GlpBio, GK20008) or RNA
from immunoprecipitated samples was reversed to cDNA using the
M-MLV c¢DNA synthesis kit (Enzynomics, EZ006S). The resulting
c¢DNA was used as the template for quantitative PCR using SYBR
Green PCR master mix (GlpBio, GK10002) on a QuantStudio 3
Real-Time PCR System (Thermo Fisher Scientific). Primers are listed
in table S1.

In vivo ethanol feeding
Age- and sex-matched, 10- to 12-week-old W', Ifnar1™'~, MIkI™"~,
and Zbp1™'~ mice were subjected to the National Institute on Alcohol
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Abuse and Alcoholism model of alcoholic liver disease (29) adapted
to include intraperitoneal IFN injections. Mice were initially accli-
matized with a liquid control diet for 6 days. They were then divided
into four groups: pair-fed and ethanol-fed groups with and without
IFN injection. After acclimatization, the ethanol-fed groups received
a liquid diet containing 5% (v/v) ethanol (Bio-Serv, F1697SP) for
10 days. The pair-fed control group received a liquid diet containing
an isocaloric control (Bio-Serv, F1259SP) for 10 days. For IFN admin-
istration, mice received intraperitoneal injections of 1 pg of mouse
IFN-f (PBL assay science, 12400-1) or IFN-y (PeproTech, 315-05) on
days —3, 0, 3, and 6. On day 10, pair-fed control mice received maltose
dextrin by oral gavage, and the ethanol-fed mice received ethanol
(5 g/kg) by oral gavage. Mice were euthanized 12 hours postgavage.
The raw data values for the body weight change of WT mice are pro-
vided in table S2.

Histopathology

Livers from mice were fixed in 10% neutral buffered formalin
(Biosesang, FR2013-100-00) for hematoxylin and eosin (H&E) stain-
ing, Oil red O staining, and TUNEL assay.

ALT and cytokine analysis

ALT and IL-1p in the serum were detected using the ALT assay kit
(Elabscience, E-BC-K235-M) and enzyme-linked immunosorbent
assay (Invitrogen, BMS6002TEN), respectively, according to the
manufacturers’ instructions. The raw data values for these measure-
ments are provided in tables S3 to S6.

Dot blot analysis

Dot blot for Z-RNA analysis was performed as previously described
(38). RNA was extracted from cells using the TRIzol reagent accord-
ing to the manufacturer’s instructions and dissolved in RNase-free
H,O. The concentration and quality of RNA were quantified using
the NanoDrop UV/Vis spectrophotometer (Thermo Fisher Scientific,
ND-ONE 504-108) and diluted to a final concentration of 500 ng/pl.
An equal volume of RNA was directly dotted on a positively charged
nylon membrane (Cytiva, RPN203B), dried, and autocrosslinked in
UV Stratalinker 1800 (Stratagene, MW31) two times for 3 min. Sub-
sequently, the membrane was blocked with 5% skim milk and then
incubated with Z-NA antibody (Absolute Antibody, Ab0078-23.0).
For RNase treatment, RNA samples were incubated with RNase A
(1 mg/ml) at 37°C for 15 min before membrane spotting. Following
incubation, the membrane was processed as described (38). Total
double-stranded RNA was visualized using 0.2% methylene blue
(Sigma-Aldrich, M9140).

Immunofluorescence staining

Primary BMDMs were seeded onto four-chamber slides at a density
of 5 X 10° cells per well and incubated overnight. After stimulation,
cells were washed with PBS and fixed with 4% paraformaldehyde in
PBS for 15 min at room temperature, followed by five PBS washes.
Cells were blocked and permeabilized in PBS containing 1% bovine
serum albumin (BSA) and 0.3% Triton X-100 (Sigma-Aldrich, T8787)
for 1 hour at room temperature. Samples were incubated overnight at
4°C with anti-Z-NA antibody (1:250) and anti-ZBP1 antibody (1:500)
diluted in 1% BSA in PBS. For RNase treatment, RNase A (1 mg/ml)
was treated at 37°C for 1 hour before primary antibody incubation.
After three PBS washes, cells were incubated with Alexa Fluor 488
AffiniPure F(ab’), Fragment Donkey Anti-Mouse IgG (H + L) (1:800;
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Jackson ImmunoResearch, 715-546-150) and Cy3 AffiniPure Goat
Anti-Rabbit IgG (H + L) (1:800; Jackson ImmunoResearch, 111-165-
003) for 1 hour at room temperature. Following five PBS washes, nuclei
were counterstained with 4',6-diamidino-2-phenylindole (Invitrogen,
D1306) in 1% BSA solution in PBS for 10 min at room temperature.
After four PBS washes and one rinse with distilled water, samples were
mounted with Immu-Mount (Epredia, 9990402). Images were acquired
using the LSM 700 system (Carl Zeiss) and processed with the ZEISS
ZEN 3.11 software.

RNA immunoprecipitation

Primary BMDMs were seeded at 2 x 10 cells in a 100-mm dish and
stimulated. RIP was performed using the Magna RIP RNA-Binding
Protein Immunoprecipitation kit (Millipore) following the manufac-
turer’s protocol. Cell pellets were lysed in RIP lysis buffer and incu-
bated overnight at 4°C with magnetic beads conjugated to anti-Z-NA
antibody (Absolute Antibody, Ab00783-3.0) and isotype control anti-
body in RIP buffer. After, bead-bound complexes were digested with
proteinase K, and RNA was extracted using phenol:chloroform:isoamyl
alcohol (125:24:1, pH 4.3) (Sigma-Aldrich, P1944). Purified RNA was
precipitated, washed, and resuspended in nuclease-free water. The
concentration and quality of RNA were quantified using the Nano-
Drop UV/Vis spectrophotometer.

RNA-seq and public data analysis

To identify differentially expressed genes (DEGs) in pBMDMs com-
pared with iBMDM:s under basal conditions, RNA-seq was conducted.
RNA-seq libraries were prepared from extracted RNA samples using
the TruSeq Stranded mRNA Library Prep Kit (Illumina), and sequenc-
ing was performed using the Illumina sequencer in 101-bp paired-end.
RNA-seq reads were aligned to the reference genome of Mus musculus
using HISAT?2 (52). Transcript assembly and gene expression quantifi-
cation were conducted using StringTie v2.1.3b (53, 54). Genes with
low expression (defined by genes with an average expression < 0.5
across the samples) were removed, resulting in a final set of 12,580
genes. To analyze DEGs, the “exactTest” function from edgeR v4.2.0
(55) in R v4.4.1 was used. Genes were considered differentially ex-
pressed if their absolute log, fold change values were above 2 and
P values were below 0.05. Hallmark pathways were downloaded as
gene sets from the Molecular Signatures Database (MSigDB) (56);
MSigDB defines these as follows: Hallmark gene sets summarize and
represent specific well-defined biological states or processes, display
coherent expression, and were generated by a computational approach
based on identifying overlaps between gene sets in other MSigDB col-
lections and retaining genes displaying coordinate expression (56).
Gene set enrichment analysis (GSEA) (57, 58) was performed using
the fgsea v1.30.0 package (59) in R to determine the normalized en-
richment scores (NES) for each pathway along with the significance of
enrichment. The NES for all hallmark pathways was depicted together
as a heatmap using the ComplexHeatmap v2.8.0 package (60).

To identify DEGs between healthy controls and patients with alco-
holic liver disease, we obtained a bulk RNA-seq dataset from the
GepLiver database (30) marked as GepLiver-bulk-11, comprising five
healthy donors and five alcoholic hepatitis liver samples. Similarly, we
obtained bulk RNA-seq data from the GepLiver database marked as
GepLiver-bulk-05, comprising 26 healthy donors and 31 NAFLD, for
analyzing DEGs. The DESeq2 v1.44.0 (61) package was used to read
the count matrices and remove genes that were not expressed in at
least one sample, and the limma v3.60.2 package (61, 62) in R v4.4.1
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was used to determine differential expression. DEGs were defined us-
ing a less stringent condition of [log fold change| > 0.5 and P value <
0.1. We performed hallmark pathway enrichment using the hallmark
gene sets and sorted log fold change of all genes by passing them to the
“fgsea” function from the fgsea package. The resulting NES activity of
all pathways was showcased as a heatmap.

We performed single-sample GSEA for cell death pathways using
the GSVA v1.52.2 (63) package. By passing the normalized count
matrices along with gene sets of cell death pathways, such as apop-
tosis, pyroptosis, and necroptosis, obtained from MSigDB, we esti-
mated the pathway activity matrix. The statistical significance of the
difference in activity between the control versus alcoholic liver dis-
ease and control versus NAFLD samples for each pathway was per-
formed using the Wilcoxon rank sum test (64).

Statistical analysis

Unless stated otherwise, all experiments were conducted with at
least three independent biological replicates. Statistical significance
was assessed using a two-tailed ¢ test, one-way analysis of variance
(ANOVA), or two-way ANOVA, as indicated in the figure legends.
All statistical analysis was performed using the GraphPad Prism
10.0 software.

Supplementary Materials
The PDF file includes:

Figs.S1to S8

Tables S1to S6

Legend for data S1

Other Supplementary Material for this manuscript includes the following:
Data S1
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