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ABSTRACT

Background Gasdermin D (GSDM-D), a key executor

of pyroptosis, is increased in various liver diseases and
contributes to disease progression. Alcohol induces
inflammasome activation and cell death, which are both
linked to GSDM-D activation. However, its role in alcohol-
induced acute-on-chronic liver failure (ACLF) remains
unclear.

Methods ACLF was induced in GSDM-D-deficient or
wild-type (WT) mice by 28-day bile duct ligation surgery
plus a single 5g/kg alcohol binge leading to acute
decompensation. Nine hours after the alcohol binge, blood,
liver, kidney and cerebellum specimens were collected for
analysis.

Results Active GSDM-D was significantly increased

in humans and mice ACLF livers compared with both
healthy controls and cirrhotic livers. GSDM-D-deficient
mice with ACLF showed decreased inflammation,
neutrophil infiltration and fibrosis in the liver, together
with a reduction in pyroptotic, apoptotic and necroptotic
death, compared with WT ACLF mice. Notably, GSDM-D-
deficient mice also showed decreased liver regeneration
and hepatocyte function. This was associated with an
increase in senescence and expression of stem-like/
cholangiocyte markers in the liver. Interestingly, in the
kidney, GSDM-D-deficient mice showed an increase in
histopathological damage score, decreased function and
increased expression of necroptosis-related genes. In the
cerebellum, GSDM-D deficiency increased the expression
of neuroinflammation markers, astrocyte activation and
apoptosis-related genes.

Conclusion Our data indicate that GSDM-D deficiency
has organ-specific effects in ACLF. While it reduces
inflammation, neutrophil activation, cell death and fibrosis
in the liver, GSDM-D deficiency impairs the synthetic
function and increases senescence in hepatocytes.
GSDM-D deficiency also increases kidney injury and
neuroinflammation in ACLF.

INTRODUCTION

Cirrhosis complications account for approx-
imately 800000 hospitalisations annually in
the USA, with a large proportion of patients
requiring intensive care and organ support

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Increased levels of gasdermin D (GSDM-D), a piv-
otal mediator of pyroptosis, have been described in
many liver diseases, including partial hepatectomy,
metabolic dysfunction-associated steatohepatitis
and alcoholic-associated hepatitis, among others.

= To date, the implication and modulation of GSDM-D
in the context of alcohol-induced acute-on-chronic
liver failure (ACLF) have remained unexplored.

WHAT THIS STUDY ADDS

= Our study demonstrates that active GSDM-D ex-
pression is increased in ACLF.

= We also identified a potential dual effect of pyro-
ptosis inhibition by using GSDM-D knockout mice
in ACLF, with a protective effect on the liver and a
detrimental effect on extrahepatic organs, including
the kidney and brain.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= The findings provide a foundation for future research
aimed at improving the diagnosis and development
of ACLF, especially when targeting pyroptosis.

= Our study also highlights a potential need for organ-
selective intervention targeting GSDM-D.

due to acute-on-chronic liver failure (ACLF).!
ACLF frequently develops in individuals with
advanced fibrosis or cirrhosis with or without
decompensation and is defined by the pres-
ence of hepatic or at least one extrahepatic
organ failure (neurological, renal, circulatory
or respiratory systems) and high mortality
rates.”” With organ transplantation being the
only effective treatment for these patients,
the number and severity of organ failures
dictate disease prognosis and outcome.

The immune system plays a central role in
orchestrating the ACLF pathophysiology and
multiorgan involvement.*”> ACLF is character-
ised by high-grade systemic inflammation and
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immune cell paralysis, leading to the overproduction of
pro-inflammatory molecules, as well as excessive immune
cell activation and recruitment of neutrophils to the site
of injury, leading to cell death, tissue damage and organ
failure.” Different preclinical models of ACLF have iden-
tified the activation of distinct types of cell death during
ACLF, including apoptosis, necroptosis and more recently
pyroptosis.’” Nevertheless, the implication of pyroptosis
in ACLF pathophysiology remains elusive.

Pyroptosis is a form of inflammatory cell death
induced via inflammasome activation and caspase
(CASP) I-mediated proteolytic activation of gasdermin D
(GSDM-D) and interleukin (IL)-1B and IL-18.% Cleaved
GSDM-D subunits, also known as N-terminal GSDM-D
(NT-GSDM-D), form pores in the plasma membrane that
are required for IL-1B/IL-18 release during pyroptotic
cell death.” Hepatocyte pyroptosis has been described
to induce neutrophil extracellular traps (NETs) during
hepatitis B virus-related ACLF, further exacerbating tissue
damage, damage-associated molecular pattern (DAMP)
release and disease perpetuation.'” On the other hand,
cell-free NETs induced by alcohol or bile acids can directly
promote pyroptotic cell death (IL-1B release) in human
hepatocytes in vitro,” overall indicating a potential role of
pyroptosis in hepatocyte fate during ACLF.

Given the increased GSDM-D expression in patients
with ACLF and its key relevance in executing pyroptosis,
in this manuscript, we explored the multiorgan implica-
tion of GSDM-D genetic deletion in a preclinical murine
model of alcohol-induced ACLF.

MATERIALS AND METHODS

Animals

C57BL/6] mice were purchased from The Jackson Labo-
ratory (Bar Harbor, Maine). GSDM-D-deficient KO in
C57BL/6N background mice were generously provided by
Dr Vishva Dixit (Genentech).'! C57BL/6N WT mice were
used as controls for GSDM-D KO experiments. The mice
were housed in a specific pathogen-free mouse facility at
Beth Israel Deaconess Medical Center (BIDMC), and all
animal handling was performed in compliance with insti-
tutional guidelines, with ad libitum access to food and
water and a light and dark cycle of 12L.:12D. In the study,
n refers to the number of animals. We selected a small
sample size because deletion of GSDM-D in ACLF was
evaluated in vivo for the first time in the present study,
and therefore the initial intention was to gather basic
evidence regarding its effect on ACLF pathophysiology.
All animals were considered in this study.

BDL surgery

BDL surgery was performed as previously described'” for
4 days in the morning. Due to the protective effect of liver
X receptors on bile acid toxicity in females," only males
were used for this study. Briefly, male WT or GSDM-D KO
mice 10-14 weeks old were anaesthetised and placed on
an operating pad. The mice were shaved and the skin

was disinfected with 70% ethanol. Through an abdom-
inal incision, the common bile duct was identified and
ligated. The abdomen and the peritoneum were closed
with a running silk suture. For sham control mice, the
same surgical procedure was performed without BDL.
Animals were monitored during recovery and treated
with buprenorphine (0.1 mg/kg) to avoid pain-induced
stress after surgical intervention.

Alcohol binge administration

Acute administration of ethanol (5g/kg) by oral gavage
was adapted from Bertola et al.'* Briefly, a 47.3% (vol/
vol) ethanol solution was prepared from pure alcohol
(1000002000; Pharmco) in water. Volume administration
to each mouse was calculated as follows: gavage volume
(pL) of 47.3% (vol/vol) solution for each mouse=-
mouse body weight (in grams)x15. The control group
received water binge. Animals were randomised after
BDL surgery based on cage number.

ACLF model

An alcohol-induced ACLF model was developed as previ-
ously shown in Ortega-Ribera et al” Briefly, advanced
cholestatic liver fibrosis was induced by 28-day BDL
surgery followed by a single alcohol binge to trigger
acute liver damage. Animals were randomised after BDL
surgery based on cage number. Due to overt behavioural
movement activity and the sedative effect of alcohol,
the experimenter could not be blinded to whether the
animal was in the sham, BDL or ACLF group. Nine hours
after the alcohol binge, the animals were euthanised for
sample collection. The specimens were snap-frozen in
liquid nitrogen and stored at —80°C for molecular anal-
ysis (cell death, inflammation, liver disease, kidney injury
and neuroinflammation) or processed in 10% formalin
for histology.

Human liver tissue

Human liver samples were obtained from the Liver Tissue
Cell Distribution System, National Institutes of Health
(Minneapolis, USA). Liver samples from patients with
cirrhosis with primary biliary cholangitis with or without
ACLF (n=5) were used for GSDM-D protein expression
analysis, as shown in figure 1B. The demographic data of
the patients can be found in online supplemental table 1.
For human samples, n refers to the number of patients.

Enzyme-linked immunosorbent assay

Serum or tissue lysate levels of NE (DY4517), CXCL1
(DY453), IL-6 (DY406; R&D Systems), MCP1 (DY479;
R&D Systems), IL-18 (DY7625; R&D Systems), KIM-1
(DY1817) and IL-1B (MHSLBO00) for mouse were quanti-
fied by using commercially available kits according to the
manufacturer’s instructions. All kits were purchased from
R&D Systems.

Immunoblotting
Liver tissue was lysed in radioimmunoprecipitation (RIPA)
buffer (BP-115-500; Boston BioProducts) containing
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protease inhibitor cocktail (5872S; Cell Signaling
Technology). Equal amounts of total protein lysates
(20-5011g) were run on 12.5% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and transferred to a
nitrocellulose membrane. Following blocking (5% bovine
serum albumin (BSA) in Tris buffer containing 1% Triton
X-100), blots were probed with primary and fluorescent
secondary antibodies (IRDye 800 and 700 CW; LI-COR
Biosciences). Blots were developed using the LI-COR
reader for fluorescent signals. Data were represented as
relative fluorescent units.

The following antibodies were used for WB analysis in
mouse: CASP3 (9662; Cell Signaling Technology), CASP4
(42264; Cell Signaling Technology), CASP11 (ab180673;
Abcam), GSDM-D (ab209845; Abcam) and CASP1
(AG-20B-0042-C100; AdipoGen); or human: GSDM-D
(GTX116840; GeneTex). Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH, 60004-1; ProteinTech) was
used as housekeeping control.

Biochemical assays

For liver injury, serum levels of bilirubin (MAK126; Sigma-
Aldrich) and ALT (A525-240; Teco Diagnostics) were
quantified following the manufacturer’s instructions. To
assess kidney function, we measured the levels of BUN
(EIABUN; Thermo Scientific) in the serum.

Kidney histopathological analysis

Kidney histology was analysed by a renal expert using
H&E staining on 5 pm paraffin-embedded sections. Each
slide was carefully examined on tubular dilation (0-3
based on severity), cortical and medullary cast formation
(0 for ‘absent’, 1 for ‘minimal’, 2 for ‘some’ and 3 for
‘moderate’), neutrophil infiltrates (0 for ‘absent’ and
1 for ‘present’) and interstitial hypercellularity (0 for
‘absent’, 1 for ‘minimal’ and 2 for ‘frequent’). The histo-
pathological score was obtained by combining individual
scores from the above-mentioned variables. Representa-
tive images were taken at 200x or 400x magnification on
a bright-field microscope.

mRNA isolation and quantitative real-time PCR

Total RNA was extracted and purified with RNeasy Mini
Kit (74106; Qiagen) according to the manufacturer’s
instructions. RNA concentration was quantified by a
Nanodrop ND-1000 spectrophotometer (NanoDrop
Technologies, Wilmington, Delaware, USA). A maximum
amount of 1 pg RNA was reverse-transcribed using a High-
Capacity cDNA Reverse Transcription Kit (1708891; Bio-
Rad) in a cDNA Mastercycler X50s (Eppendorf), and
qPCR was performed in a CFX96 Real-Time PCR System
(Bio-Rad), using Sybr Green primers and PCR Master
Mix (1725124; Applied Biosystems). RNA expression
levels were normalised following the 2- A A Ct method,
with GAPDH as the housekeeping gene. Detailed primer
sequences used in this study can be found in online
supplemental table 2.

Flow cytometry

In Eppendorf tubes containing 0.5 M EDTA to prevent
coagulation, 50 pL of peripheral blood was collected.
Blood samples were incubated with a cocktail of anti-
bodies (1:100 dilution) for 30 min on ice: APC/Cyanine7
Anti-Mouse CD45 Antibody (103116, clone 30-F11;
Biolegend), Brilliant Violet 711 Anti-CD11b Rat Mono-
clonal Antibody (cat #101242, clone M1/70; Biolegend),
Alexa Fluor 700 Anti-Ly-6C Rat Monoclonal Antibody
(cat #128024, clone HKI.4; Biolegend) and Zombie
NIR Fixable Viability Kit (cat# 423106; Biolegend). After
30min, all samples were incubated with BD Phosflow
Lyse/Fix Buffer (5658049; BD Biosciences) following the
manufacturer’s protocol. Following Lyse/Fix, cells were
washed twice with 1x phosphate-buffered saline (PBS)
containing 2% fetal bovine serum (FBS) and resus-
pended in fluorescence-activated cell sorting (FACS)
buffer containing 2% FBS in PBS. Samples were run in
Aurora Spectral Flow Cytometer (Cytek) and data analysis
was done using the FlowJo V.8.8.7 software.

Statistical analysis

Normality of the sample distribution was assessed using
the Kolmogorov-Smirnov test. For samples fitting a normal
distribution, the means were compared by Student’s t-test
(two groups) or analysis of variance (more than two
groups), followed by the Tukey’s post-hoc analysis. Other-
wise, the means were compared using non-parametric
Kruskal-Wallis test, followed by Mann-Whitney U test.
Differences were considered significant at p<0.05. Statis-
tical analyses were performed using GraphPad Prism V.9
software for Windows (GraphPad Software, San Diego,
California, USA).

RESULTS

NT-GSDM-D is increased in a preclinical model of ACLF and
clinical liver specimens with ACLF

As the first step to decipher the role of GSDM-D in ACLF,
we evaluated the protein expression of full-length (FL)-
GSDM-D and N-terminal (NT)-GSDM-D in a preclinical
model of alcohol-induced ACLF. GSDM-D expression
in ACLF was compared with the expression of cirrhotic
mice due to bile duct ligation (BDL) for 28 days or sham-
operated healthy animals (figure 1A). Western blot anal-
ysis revealed a significant increase in both FL-GSDM-D
and NT-GSDM-D expressions in the cirrhotic group
compared with healthy mice (figure 1A). Moreover,
fibrotic mice receiving a single alcohol binge (hereinafter
referred to as ACLF mice) showed a further increase in
active NT-GSDM-D expression (figure 1A). Next, we vali-
dated these findings in human liver samples from healthy
individuals or patients with cirrhosis with or without ACLF.
The demographic data of the patients are described
in online supplemental table 1. Western blot analysis
revealed that FL-GSDM-D was significantly decreased
in both the cirrhotic and ACLF groups compared with
the expression of healthy controls (figure 1B). However,
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Figure 1

(A) Hepatic protein expression of GSDM-D in healthy, cirrhotic and ACLF mice. (B) Hepatic protein expression of

GSDM-D in human specimens from healthy controls and patients with cirrhosis and ACLF. Western blot data were normalised
to GAPDH levels. Data are expressed as mean+SD (n=4-5 per group). Statistical significance was determined using one-

way analysis of variance: *p<0.05, **p<0.001, ***p<0.0001. ACLF, acute-on-chronic liver failure; BDL, bile duct ligation; EtOH,
alcohol; FL-GSDM-D, full-length gasdermin D; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GSDM-D, gasdermin D;

NT-GSDM-D, N-terminal gasdermin D; RFU, relative fluorescent unit.

patients with ACLF showed significantly higher levels of
NT-GSDM-D compared with healthy controls or cirrhotic
patients without ACLF, respectively (figure 1B).

GSDM-D-deficient mice undergoing ACLF exhibit reduced
systemic and hepatic inflammation

Given the significant increase in NT-GSDM-D levels
in ACLF livers and the key implication of pyroptosis in
ACLF pathophysiology, we hypothesised that deficiency
in GSDM-D may lead to an improvement in ACLF. For
this, we established the ACLF model previously described
in Ortega-Ribera et al’ in GSDM-D knockout (KO) or
wild-type (WT) mice (figure 2A).

We first assessed how GSDM-D KO regulated inflamma-
tion (figure 2) and neutrophil infiltration (figure 3). In the
circulation, GSDM-D KO mice exhibited less inflammation,
as shown by a significant reduction in the percentage of
pro-inflammatory Ly6C"8" cells and a significant increase
in the percentage of anti-inflammatory Ly6C'" cells
(figure 2B). In the liver, GSDM-D-deficient mice exhibited
decreased inflammation, as shown by a significant decrease

in the messenger RNA (mRNA) expression of monocyte
chemoattractant protein 1 (Mcpl) and its receptor Cer2,
Cd206, Cd32and Tnfa (tfigure 2C), a significant decrease in
the protein expression of IL-6 and a trend towards reducing
MCP1 (figure 2D). CD68 immunohistochemistry showed
no change in the levels of liver-infiltrated macrophages in
the GSDM-D KO mice compared with WT mice (figure 2E).
Neutrophils were identified by flow cytometry as Ly6G-
positive cells. Total neutrophil percentage or toll-like
receptor 4 (TLR4)"neutrophils or carcinoembryonic
antigen-related cell adhesion molecule 8 (CEACAMS)*-
neutrophils were not significantly different in WT or
GSDM-D KO mice undergoing ACLF (figure 3A). In the
liver, Ly6g, Cxcl2 and the adhesion molecule Icaml were
reduced in GSDM-D KO mice (figure 3B). At the protein
level, GSDM-D KO mice exhibited decreased expression
of neutrophil elastase (NE) and C-X-C motif chemo-
kine ligand 1 (CXCLI) (figure 3C) and a trend towards
decreasing Ly6G liver-infiltrating cells (figure 3D), further
confirming the improvement in hepatic inflammation.

4 Ortega-Ribera M, et al. eGastroenterology 2025;3:¢100151. doi:10.1136/egastro-2024-100151



Circulating immune cells

A B
* *
8 204 [ 1
BDL surgery EtOH Sac . | .
I ......... ]I I §6_ :?:15-
Day 0 Day28 %h E ‘ - ry =
= 2 N
d) H Q
[ coowpkoasr | I B B e
- T E
N ——r
& © & ¢©
@9 @9
. . & &
Liver inflammation
C
1.5+ * ¥ 1.5+ 1.5 * 1.5+ * 2.0
— :
: . S J 1.5 .
gm- —— 51.0— - 21.0— - %1.0- - g .
L] n
£ H » E C E . ) £ * L=y Erod _,
B - 9 - § = 8 ER '
S 05 = § 0.5 g 3 051 . - & 05+ Rosd *° _
m 2" N . I.l
mB -
0.0 T T 0.0 T T 0.0 T T 0.0 T T 0.0 T T
A
& o & e & o & e & e
o o¥ N o o
& & & & &’
D
* % %k
300 - 0.0663
) =
5 Esn- o
22004 ° >
El 204 °
g 2 - -
@ 1007 Lol 510- . '..
= = g
L ] [ |
0 T T 0 T T
& e & e
Q "
&N ‘9¢’
& &
8 ns
E -
B . |
3 :56_ —=— I..
| g . -—-=
— =
S 84+ 8
o Q. | ]
o =
8 e
Q@ 0o 2
o a
)
e
& <>,t_c:»
&

Figure 2

S
&

(A) Schematics of the murine model of ACLF in WT or GSDM-D KO mice. (B) Frequency of circulating monocytes

(Ly6C"9" and Ly6C"" cells) was analysed by flow cytometry. (C) Hepatic mMRNA expression of inflammation markers including
Mcp1, Ccr2, Cd206, Cd32 and Tnfa. (D) Hepatic protein expression of inflammatory markers including IL-6 and MCP1 assessed

by ELISA. (E) Representative images and quantification (% positive area)

of CD68 immunohistochemistry in the liver. Scale bar

for 200x: 50um. Data are expressed as mean+SD (n=6-9 per group). Statistical significance was determined using two-tailed
t-test: *p<0.05, **p<0.001, **p<0.0001. ACLF, acute-on-chronic liver failure; BDL, bile duct ligation; EtOH, alcohol; GSDM-D,
gasdermin D; IL-6, interleukin 6; KO, knockout; MCP1, monocyte chemoattractant protein 1; mRNA, messenger RNA; WT, wild-

type.
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Figure 3 (A) Frequency of circulating neutrophils (Ly6G™ cells) and activation markers (TLR4 and CEACAMS) was analysed by

flow cytometry. (B) Hepatic mRNA expression of inflammation markers including Ly6g, Cxcl2 and Icam1. (C) Hepatic protein
expression of neutrophil extracellular trap markers including NE and CXCL1 assessed by ELISA. (D) Representative images and
quantification (number of positive cells per field) of Ly6G immunohistochemistry in the liver. Scale bar for 200x: 50 um. Data are
expressed as mean+SD (n=6-9 per group). Statistical significance was determined using two-tailed t-test: *p<0.05, **p<0.001,
***p<0.0001. CEACAMS, carcinoembryonic antigen-related cell adhesion molecule 8; CXCL1, C-X-C motif chemokine ligand 1;
GSDM-D, gasdermin D; KO, knockout; mRNA, messenger RNA; NE, neutrophil elastase; TLR4, toll-like receptor 4; WT, wild-

type.

GSDM-D deficiency prevents cell death in the liver of ACLF
mice

We next evaluated three main pathways of cell death,
including apoptosis, pyroptosis and necroptosis, in the
liver of GSDM-D or WT ACLF mice. GSDM-D KO mice
showed reduced apoptosis, as evidenced by a significant
reduction in the expression of cleaved CASP3 (figure 4A).

We also observed a significantincrease in the expression of
cl-CASP4 (figure 4B), without changes in the active form
of CASP11 (figure 4C). Regarding pyroptosis, GSDM-D
KO mice undergoing ACLF showed a trend towards a
reduced expression of cleaved CASP1 (figure 4D) and
IL-1B and a significant decrease in IL-18 (figure 4E) at
the protein level, indicating inhibition of pyroptotic cell
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(A) Hepatic protein expression of CASP3 in WT or GSDM-D KO mice with ACLF. (B) Hepatic protein expression of

CASP4 in WT or GSDM-D KO mice with ACLF. (C) Hepatic protein expression of CASP11 in WT or GSDM-D KO mice with
ACLF. (D) Hepatic protein expression of CASP1 in WT or GSDM-D KO mice with ACLF. (E) IL-1B (ELISA) and IL-18 (ELISA)
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as normalised to GAPDH levels and as the ratio between the cleaved form and the full-length form. Data are expressed

as mean=SD (n=6-9 per group). Statistical significance was determined using two-tailed t-test: *p<0.05, **p<0.001. ACLF,
acute-on-chronic liver failure; CASP, caspase; DAPI, 4',6-diamidino-2-phenylindole; FL, full length; GAPDH, glyceraldehyde-
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death. Moreover, receptor-interacting serine/threonine
kinase 3 (RIPK3) expression was significantly reduced in
GSDM-D-deficient ACLF mice, indicating a downregula-
tion of necroptotic cell death (figure 4F).

and cell death in GSDM-D-deficient mice, we next
assessed liver fibrosis and hepatocyte-related prolif-
erative markers as hallmark pathways involved in liver
regeneration.

Amelioration of liver fibrosis in GSDM-D KO mice
undergoing ACLF was evidenced by a significant reduc-
tion in the liver mRNA expression of the fibrosis markers
Collal and Mmpl2and a trend towards decreasing Acta2
levels (figure 5A). Moreover, attenuated fibrosis was
confirmed by a significant reduction in the percentage of
fibrotic areas in the liver on Sirius red staining (figure 5B).

GSDM-D deficiency attenuates liver fibrosis but impairs
hepatocyte function in mice with ACLF

It has been demonstrated that the regenerative capacity
of the liver is impaired during the progression of
ACLE."'® This process is tightly regulated by inflamma-
tory cues including cytokines and DAMPs from dying
cells.'® 7 Given the reduction in liver inflammation
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Figure 5 (A) Hepatic mRNA expression of fibrosis markers including Col1a1, Mmp12 and Acta2. (B) Sirius red representative
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Hepatic mRNA expression of coagulation markers including F5, F8 and prothrombin. Data are expressed as mean+SD (n=6-9
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GSDM-D, gasdermin D; KO, knockout; mRNA, messenger RNA; WT, wild-type.
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Serum alanine aminotransferase (ALT) levels remained
unchanged in both ACLF groups (figure 5C), while
serum bilirubin levels trended towards an increase in
GSDM-D-deficient mice in ACLF (figure 5D). Further-
more, we found a significant decrease in the hepatic
mRNA expression of coagulation markers including F5,
F8 and prothrombin (figure 5E), indicating an impairment
in hepatocyte function of GSDM-D KO on ACLF.

Deficiency in GSDM-D in ACLF mice induces senescence and
dysregulates liver regeneration markers in mice with ACLF
Given the impairment in hepatocyte function in GSDM-
D-deficient mice in ACLF, we further characterised
hepatocyte function in the ACLF model. We found that
GSDM-D KO induced an increase in the mRNA expres-
sion of senescence markers in the liver, including Cdknla
and Serpinl (figure 6A). Interestingly, mRNA expres-
sion of stemness markers including Nanog and Cdl133
(figure 6B) and ductular reaction markers such as keratin
(Krt) 7 and Krt19 (figure 6C) was also increased in the
liver of GSDM-D KO mice compared with WT. Increased
expression of KRT7 in GSDM-D KO mice undergoing
ACLF was validated by immunohistochemistry (IHC) in
liver sections (figure 6D).

Regarding liver regeneration, we observed a signif-
icant reduction in the expression of the proliferation
marker Mki67 and the progenitor markers Afp and Snail
(figure 6E). No significant change was found in Hgf
expression in response to GSDM-D deficiency in ACLF
(figure 6E). Ki67 downregulation in the GSDM-D KO
mice was validated at the protein level by immunohisto-
chemistry (figure 6F). Overall, these data suggest that
GSDM-D deficiency contributes to senescence of hepato-
cytes, ductular reaction and ineffective regenerative
response in GSDM-D-deficient mice.

GSDM-D KO in alcohol-induced AGLF increases kidney
damage

ACLF is defined as a multiorgan syndrome where the
kidney and the brain (encephalopathy) are the most
frequently affected systems outside of the liver."® ' Given
the impairment in hepatocyte function, we sought to
investigate the potential function of GSDM-D deficiency
in influencing kidney and brain pathophysiology. We first
assessed renal histology and found that GSDM-D KO mice
with ACLF showed histological damage, as indicated by
a higher pathology score considering tubular dilation,
interstitial hypercellularity, protein cast formation and
neutrophil infiltration (figure 7A). Moreover, GSDM-D
KO mice exhibited higher circulating levels of blood urea
nitrogen (BUN) and a trend towards increasing kidney
injury marker 1 (KIM-1) levels in the serum compared
with WT mice with ACLF (figure 7B,C respectively). We
also observed an increase in neutrophil infiltration in the
kidney of GSDM-D KO mice undergoing ACLF, as shown
by a significant increase in the mRNA renal expression of
Ly6gand Cxcll (figure 7D). Finally, we assessed landmark
markers for cell death and senescence in kidney lysates.

Renal data showed an upregulation of genes related
to necroptosis, including Ripk3 and Mikl (figure 7E),
on GSDM-D deficiency. We also observed a significant
increase in the expression of the senescence marker
Cdknlabut a reduction in Serpinl (figure 7E).

GSDM-D deficiency in ACLF exacerbates neuroinflammation,
astrocytosis and apoptotic cell death in the cerebellum

In ACLF and liver failure, hepatic encephalopathy is an
indicator of a poor clinical prognosis.18 2021 The cere-
bellum area in the brain is highly susceptible to ammonia,
as we have previously demonstrated in this ACLF model.”
We found that the neuroinflammation-related marker
HmoxI was markedly higher in the cerebellum of GSDM-
D-deficient ACLF mice compared with WT (figure 8A).
This was accompanied by a trend towards an increase in
the levels of /l-1f and Cxcl2 (figure 8A). We next analysed
landmark activation genes for the three main cell types
in the cerebellum: microglia, astrocytes and neurons. No
significant change was observed in the mRNA expression
levels of genes related to microglia activation (AifI) and
homeostasis (P2ryl2 and Gpr34) (figure 8B); however,
astrocyte activation was suggested by an increase in the
expression of Gfap in GSDM-D KO mice, as well as an
increasing trend in the astrocytic glutamate transporter
Eaat2 (figure 8C). In the neuronal compartment, we
found significant changes in the expression of neuronal
and synaptic markers including Neun, Nefl, Sytl, Syp and
Psd95 (figure 8D). Finally, we found a significant increase
in the expression of the senescence marker Cdknla, as
well as in the expression of proCasp3, Fas and Tnfrsf10b,
and a downregulation of the antiapoptotic molecule Bcl2
(figure 8E). Moreover, we found a significant decrease in
the necroptosis markers Ripkl and Mkl and in the pyro-
ptotic markers proCaspl, Gsdmd and Il-18 (figure 8E).
These data indicate an increase in senescence and apop-
tosis pathways and a decrease in necroptosis and pyro-
ptosis signalling in the cerebellum of GSDM-D-deficient
mice on ACLF.

DISCUSSION

Pyroptosis is the process of inflammatory cell death
aimed at defending the host against pathogen infec-
tion.” GSDM-D is the central executor of pyroptosis,
transducing the inflammatory signal from inflam-
masomes to membrane pore formation and facilitating
pro-inflammatory cytokine release, for example, IL-13/
IL-18.% ¥ Pyroptosis has been recently identified as a
central pathway in the pathophysiology of ACLF®'* and
more recently in the specific context of alcohol-induced
ACLE” # In this manuscript, we evaluated the role
of GSDM-D deficiency in a murine model of alcohol-
induced ACLF and described its implications at the
multiorgan level, including the liver, kidney and brain.
Our study illustrates that active GSDM-D expression is
increased in ACLF. Furthermore, a potential dual effect
of pyroptosis inhibition by using GSDM-D KO mice in
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Figure 8 (A) Cerebellum mRNA expression of encephalopathy-related markers including Hmox1, ll-1b and Cxcl2. (B)
Cerebellum mRNA expression of microglia activation and homeostatic markers including Aif1, P2ry12 and Gpr34. (C)
Cerebellum mRNA expression of astrocyte activation markers including Gfap, Eaat2 and Igtp. (D) Cerebellum mRNA expression
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markers including Cdkn2a, Cdkn1a, Serpini, proCasp3, Fas, Tnfrsf10b, Bcl2, Ripk1, Ripk3, Mikl, Nirp3, Asc, proCasp1, Gsdmd
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ACLF was identified, with a protective effect on the liver
and detrimental effects on extrahepatic organs, including
the kidney and brain.

The executor role of gasdermins in pyroptosis is well
established.” ** Recent studies identified additional
homeostatic roles for gasdermins, such as mediators of
organelle integrity and function, plasma membrane
repair through ion gradients and sensors/responders to
cellular stress.” In the context of liver injury, increased
levels of GSDM-D and pyroptosis activation have been
established in a wide variety of liver syndromes, including
partial hepatectomy (PH),*® metabolic dysfunction-
associated steatohepatitis,”” alcohol-associated hepatitis,?®
hepatitis B infection® and cholestatic fibrosis."”* Here,
we show that GSDM-D expression is also increased in a
preclinical model of ACLF and in liver specimens from
patients with ACLF, highlighting GSDM-D as a plausible
target to ameliorate liver injury.

In order to examine whether GSDM-D deletion could
ameliorate ACLF pathophysiology, we induced ACLF in
WT or GSDM-D-deficient mice as recently described.”
GSDM-D deficiency in mice undergoing alcohol-induced
ACLF was protective in the liver, as shown by a reduction
in the expression of pro-inflammatory mediators, neutro-
phil infiltration, cell death and fibrosis. This protective
effect of GSDM-D deficiency was in contrast to changes
in hepatocytes that appeared to be arrested in the senes-
cent state, as indicated by their increased expression of
senescence markers (Cdkn2a and Serpinl), decreased
regeneration and increased expression of stem-like and
cholangiocyte markers. Deficiency in GSDM-D has been
shown to improve liver damage, liver regeneration and
pyroptosis (serum levels of IL-18 and IL-1B) in a preclin-
ical model of 48 hours and 72hours of 70% PH.*® Over-
expression of mature GSDM-D in hepatocytes leads to
increased hepatocyte death and neutrophil infiltration
in a combined model of high cholesterol, saturated fat
and alcohol model of alcohol-associated hepatitis.”
Moreover, KO of GSDM-D improved liver damage in a
model of polymicrobial sepsis by downregulating NET
formation.’® On the other hand, GSDM-D deletion has
also been reported as detrimental in different models of
liver injury. Mice with GSDM-D deficiency undergoing
haemorrhagic shock with resuscitation or acetamino-
phen overdose showed increased liver damage (elevated
ALT and extended death areas) at 6hours compared
with WT mice.” This suggests that the protective effects
of GSDM-D deletion are probably injury-specific and
severity-specific. The contribution or absence of reactive
oxygen species (ROS) might be an additional mecha-
nism regulating this effect, with the absence of GSDM-D
making hepatocytes more susceptible to ROS-mediated
damage.”

ACLF is often associated with multiorgan dysfunc-
tion or failure, with the kidney and the brain being
the most commonly impaired extrahepatic organs.”
We previously demonstrated that our alcohol-induced
ACLF model involves kidney dysfunction and hepatic

encephalopathy-like damage in the brain.” Thus, we
assessed the implication of GSDM-D deficiency in these
organs.

In the kidney, GSDM-D deficiency in ACLF triggered
impaired kidney function and worsened the histopatho-
logical score compared with WT ACLF mice. Moreover,
we also observed an upregulation of necroptosis-related
genes, including Ripk3 and MIkl. Similar to our findings,
Tonnus and colleagues reported that GSDM-D-deficient
mice showed hypersensitivity to injury assessed as tubular
damage and impaired function (increased serum creat-
inine and BUN) in acute kidney injury murine models
induced by ischaemia/reperfusion (I/R) injury, calcium
oxalate or cisplatin.*® Interestingly, codeletion of the
necroptosis executor Mlkl and GSDM-D reversed the
hypersensitivity phenotype in the I/R injury model,* vali-
dating a major role of necroptosis in pyroptosis inhibition
in the kidney.

In the brain, ACLF development in GSDM-D-deficient
mice increased the expression of hepatic encephalopathy-
related markers including HmoxI, Il-1b and Cdknla.
Despite no changes in the expression of microglia acti-
vation and homeostasis markers, we identified astrocyte
activation and changes in neuronal markers, suggesting
synaptic alterations together with an increase in apoptosis-
related cell death markers in the cerebellum. However,
more detailed studies would need to be performed
to unravel the effect of GSDM-D deletion on neuronal
activity and survival. Other studies reported GSDM-D
deficiency to reduce brain damage by ameliorating leuco-
cyte recruitment and preventing pro-inflammatory cyto-
kine release in models of ischaemic stroke or cerebral
ischaemia.”* *® Another study showed that GSDM-D dele-
tion exerted neuroprotective effects on motor dysfunc-
tion and neuropathological alterations (loss of synaptic
proteins, microglia activation, astrogliosis) after trau-
matic brain injury.”® We understand that these studies
address the organ-specific role of GSDM-D manipulation
in the brain itself as opposed to secondary damage after
liver dysfunction. We speculate that the potential protec-
tive effect of GSDM-D deletion in the brain is overcome
by the damage induced by liver and kidney dysfunction
in the context of ACLF. Moreover, the contributing role
of GSDM-D might be different in acute injuries like I/R
injury or traumatic brain injury compared with chronic
injuries such as ACLF, where further studies are needed.

Finally, our study highlights a potential dual (benefi-
cial or detrimental) role of GSDM-D in liver and organ
injury that is likely cell type-specific and organ-specific.
In the liver, we found protection from inflammation and
fibrosis that could be related to GSDM-D in immune cells
and/or myofibroblasts, while in hepatocytes GSDM-D
deficiency appears to dysregulate important cell renewal
functions. Increased kidney injury and neuroinflamma-
tion in GSDM-D-deficient mice with ACLF may suggest a
protective role of GSDM-D in the injury of these organs,
which is consistent with previous reports in the kidney and
liver. In fact, we observed that necroptosis or apoptosis is
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increased in the kidney and brain on GSDM-D deletion,
probably influencing organ function in the absence of
GSDM-D expression.

We acknowledge two limitations in this study. First, the
usage of constitutive GSDM-D KO mice entails that the
observed phenotype might be partly mediated by the early
prevention of chronic liver disease development. Second,
both WT and GSDM-D mice were in the C57BL /6N strain
genetic background, which is known to be more resistant
to alcohol injury, potentially underestimating the effect of
alcohol-induced acute damage. Further studies dissecting
the cell-specific role of GSDM-D deletion will be key to
understanding the implication of GSDM-D-mediated cell
death and interorgan crosstalk during ACLF.

In summary, this study highlights the key role of
GSDM-D in ACLF. Deficiency of GSDM-D in a murine
model of alcohol-induced ACLF ameliorated inflamma-
tion, neutrophil activation and cell death in the liver
together with decreased regenerative response including
fibrosis. Dysfunctional hepatocytes, probably inclined to a
senescence state, lead to hepatocyte dysfunction, further
impacting extrahepatic (kidney and brain) organ func-
tion and cell death pathways. Overall, our observations
suggest a protective role for GSDM-D in the liver, but
exacerbated extrahepatic damage in ACLF.
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