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Abstract

BACKGROUND

Mixed Lineage Kinase Domain-like Protein (MLKL) serves as a critical mediator in
necroptosis, a form of regulated cell death linked to various liver diseases. This study
aims to specifically investigate the role of MLKL's ATP-binding pocket in facilitating
necroptosis-independent pathways that may contribute to liver disease progression. By
focusing on this mechanism, we seek to identify potential therapeutic targets that can
modulate MLKL activity, offering new strategies for the prevention and treatment of

liver-related pathologies.

AIM
To investigate the possibility of using the ATP-binding pocket-associated, necroptosis-

independent MLKL pathway as a target for liver diseases.

METHODS

Cell death following necroptosis stimuli was evaluated using cell proliferation assays,
flow cytometry, and electron microscopy in various cells. The human liver organoid
system was used to evaluate whether the MLKL ATP pocket-binding inhibitor could
attenuate inflammation. Additionally, alcoholic and non-alcoholic fatty liver diseases
animal models were used to determine whether MLKL ATP pocket inhibitors could

attenuate liver injury.

RESULTS

While an MLKL ATP pocket-binding inhibitor did not prevent necroptosis-induced cell
death in RAW 264.7 cells, it did reduce the necroptosis-led expression of CXCL2, ICAM,
and VCAM. Notably, MLKL ATP pocket inhibitor diminishes the expression of CXCL2,
ICAM, and VCAM by inhibiting the IxB kinase and NFkB pathways without inducing
necroptosis-induced cell death in two-dimensional cell culture as well as the human-

derived liver organoid system. Although MLKL ATP-binding inhibitor was ineffective




in non-alcoholic fatty liver disease animal models, MLKL ATP-binding inhibitor

attenuated hepatic inflammation in the alcoholic liver disease model.

CONCLUSION
MLKL ATP pocket-binding inhibitor exerted anti-inflammatory effects through the

necroptosis-independent MLKL pathway in an animal model of alcoholic liver disease.
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Core Tip: Targeting the ATP-binding pocket of MLKL may provide a novel therapeutic
strategy for reducing inflammation in alcoholic liver disease, independent of its role in

necroptosis, highlighting its potential as a unique target in liver disease management.

INTRODUCTION

Necroptosis is triggered by a complex formed by the binding of tumor necrosis factor

(TNF) and the TNF receptor 1 Ligand. The activated receptor interacts with
serine/ threonine protein kinase 1 (RIPK1) to form complex IIb with receptor-interacting
serine/ threonine kinase 3 (RIPK3), which binds to the mixed lineage kinase domain-like
protein (MLKL), an effector protein of the necroptosis pathway.[1] Phosphorylated
MLKL (p-MLKL) then translocates to the nucleus and plasma membrane, leading to
membrane puncture, rupture, and death[1, 2]. Many studies have shown that MLKL is
associated with various liver diseases, including non-alcoholic fatty liver disease

(NAFLD), non-alcoholic steatohepatitis (NASH), and liver fibrosis.[2] According to a




published report, the RNA levels of RIPK3 and phosphorylated MLKL are increased
in the liver tissue of patients with NASH. RIPK3 deletion significantly reduces liver
fibrosis[3]. In addition, RIPK3 deficiency reduces steatosis, inflammation, and fibrosis in
a NAFLD model induced by a methionine-choline-deficient diet.[3, 4]

MLKL is known to be a key molecule of necroptosis and the “RIP3-MLKL" axis is
recognized as a key pathway of necroptosis-induced cell death. MLKL is the most
important protein for the necroptosis pathway and is also a novel target for various
liver diseases.[5] However, an effective drug targeting MLKL has not yet been
developed. MLKL-mediated necroptosis results from oligomerization of MLKL at the
86th cysteine (Cys86) of the N-terminus. Therefore, MLKL targets have so far focused on
Cys86 in the N-terminus. However, the presence of Cys86 in the N-terminus of MLKL
has several limitations. First, the interspecies variations in Cys86 of N-terminus is too
high. Most animals lack a cysteine at the 86" position in the N-terminus. Second,
cysteine-based covalent-binding compounds have difficulty avoiding non-specific
binding. Therefore, other researchers focused on the ATP-binding pocket instead of the
N-terminal Cys86 residue in MLKL. But, the inhibition of the MLKL ATP pocket did not
inhibit necroptosis in previous studies. [6]

MLKL has been considered a key molecule in necroptosis-induced cell death
triggered by TNF-alpha stimulation. However, recent studies have revealed that the
outcomes of TNF-alpha-induced necroptosis stimulation vary significantly depending
on the cell type. According to the study by Oh et al., among the cells that constitute the
liver, necroptosis stimuli induce cell death in hepatocytes and inflammatory cells, while
stellate cells evade cell death and instead undergo activation.[3] This mechanism of cell
death evasion is thought to be associated with NF-xB activation.

So, our hypothesis is whether ATP pocket inhibitor can regulate inflammation via
necroptosis independent pathway.[2] In this study, we investigated the role of the ATP-
binding pocket of MLKL as a possible novel target of MLKL. The purpose of this study
was to investigate the necroptosis-independent role of MLKL and the role of the MLKL

ATP-binding pocket in this cell death-independent pathway.




This study presents several significant advancements compared to previous research
on MLKL: Exploration of Necroptosis-Independent Pathways: In contrast to earlier
studies that primarily focused on the role of MLKL in mediating necroptosis and
resulting cell death, this research investigates the ATP-binding pocket of MLKL as a
potential target for regulating inflammation without triggering necroptosis. This shift
highlights the investigation of MLKL's functions beyond cell death, suggesting that it
may play a critical role in inflammatory processes independently of its traditional
necroptotic functions. Comprehensive Use of Animal Models: Furthermore, we
employed a variety of animal models, including both alcoholic and non-alcoholic fatty
liver disease models, to rigorously test and validate the anti-inflammatory effects of the
MLKL ATP-binding inhibitor, CPD4. This approach allows for a thorough examination
of the compound's efficacy across different pathological contexts, providing stronger

evidence for its potential therapeutic applications in liver diseases.

MATERIALS AND METHODS

Experimental Design

Cell death after necroptosis stimuli was evaluated using cell proliferation assay, flow
cytometry, and electron microscopy in various cells. The human liver organoid system
was used to evaluate whether MLKL ATP pocket binding inhibitor can attenuate
inflammation although it does not inhibit necroptosis induced cell death caused by
necroptosis stimulation. Additionally, alcoholic and fatty liver animal models were
conducted to determine whether MLKL ATP pocket inhibitor could attenuate liver

injury.

Cell culture

RAW 264.7 (TIB-71; ATCC) mouse macrophages were ltured in Dulbecco's Modified
Eagle's medium (DMEM), a low-glucose medium containing 10% fetal bovine serum
and 1% penicillin. When the cell density exceeded 70%, subculturing was performed.

The original medium was removed, and the cells on top were scraped off using a cell




scraper. After adding a new medium, centrifugation was performed at 125 RCF for 5
min. The supernatant was removed, and 3 mL of medium was added for mixing. The
usual passage ratio was 1: 3, a 150-cm dish was used for subculture, and the culture
medium was replaced once every 2-3 d. Thereafter, RAW 264.7 were seeded onto a 96-
well plate the number of cells per well was 3 x 103, and the cells were treated with 5-
aza-2'-deoxycytidine (5AD, #189825, Sigma-Aldrich; 20, 10, 5, 2.5, or 1 pmol/L) for 48 h

for demethylation.

Induction of Necroptosis

The cells were treated with SMAC mimetic (Selleck Chemicals, Houston, TX,
USA; #57597, 2 pmol /L), zZVAD-fmk (R&D Systems, USA; # FMKO001, 20 pmol/L), and
TNF-alpha (10 ng/mL; R&D Systems; # 210-TA). After 24 h, the cells were harvested
for protein extraction, RNA extraction, immunofluorescence, cell viability, Incucyte,

and flow cytometry analysis.

Human—deriéed liver organoid model
The human-derived organoids were cultured as follows: Human liver specimens were
minced and incubated with a digestion solution at 37°C. The suspension was separated
by filtration and centrifugation. The pellets were washed and mixed with Matrigel
(CORNING, Corning, NY, USA). Cell clusters were then seeded onto plates. Thereafter,
organoid culture medium was added to the cells. Additionally, it contained
recombinant human epidermal growth factor (Peprotech, Cranbury, NJ, USA),
recombinant human growth factor (Peprotech), and forskolin (Selleck Chemicals). The
culture medium was changed twice a week. To evaluate the anti-inflammatory efficacy
of the MLKL ATP-binding inhibitor in a steatohepatitis liver organoid model, the
steatohepatitis-induced organoid was treated with CPD for 1 d after necroptotic
stimuli. Polymerase chain reaction (PCR) and immunochemical staining were
performed to determine the degree of inflammation and fibrosis in the liver organoid

system.




Cell viability assay

After seeding in 96-well plates, RAW 264.7 mouse macrophages were divided into
seven groups according to treatment: Control (DMSO only), (SMAC+ZVAD+TNFa)-
treated, 20, 10, 5, 25, or 1 pM 5-aza-2'deoxycytidine (5AD)-treated groups. After
demethylation with 5AD for 48 h, necroptosis was induced for 24 h. Subsequently,
the viability of RAW 264.7 mouse macrophages was tested using a cell counting kit
(Dojindo, Japan). After adding 10 pL solution, the cells were incubated for 2 h. Cell
viability were assessed using a spectrophotometer (Microplate Manager Software, Bio-

Rad, Japan), and absorbance was measured at 450 nm.

Incucyte Assay

RAW 264.7 and HT29 cells were seeded onto 96-well plates with 100 pL growth
medium, at a density of 4 x 10°cells/ per well. The cells were then treated with SMAC
mimetic (Selleck Chemicals; #57597, 2 pmol/L), zvad-fmk (R&D Systems; # FMKO001, 20
pmol/L), and TNF-alpha (10 ng/mL; R&D Systems, # 210-TA). The 96-well plate was
inserted into the Incucyte (#MCO-230AIC; PHCbi, Japan) for real-time detection of cell
activity. Four images were obtained from each well at 4 x magnification every 24 h for

72 h. Subsequently, each image was saved and analyzed.

Flow cytometry assay

Changes in the activities of RAW 264.7 and HT29 cells after induction of necroptosis
were determined by BD Pharmingen™ FITC Annexin V Apoptosis Detection Kit I
(#556547; Korea) double staining with a live/dead assay. In a 24-well plate, RAW 264.7
and HT29 cells were seeded (3 x 10°cells) in a supplementary medium and incubated
for 24 h. Subsequently, necroptotic stimuli were applied to the cells for 24 h. Thereafter,
propidium iodide (PI) and Annexin V double staining were performed, and PI/FITC
Live/Read were evaluated using FACS CAnto II flow cytometry (BD Biosciences).




Immunofluorescence staining

RAW 264.7 and HT29 cells were seeded in a 24-9311 plate (1 x 104 cells/well), incubated
for 24 h, and treated with a concentration of SMAC mimetic (Selleck Chemicals; #57597,
2 pmol/L), zvad-fmk (R&D Systems; #FMKO001, 20 pmol/L), and TNF-alpha
ng/mL; R&D Systems; #210-TA) for 24 h to induce necroptosis. After 24 h, the
cells were fixed at room temperature in 4% formaldehyde for 15 min. The cells were
blocked with 3% BSA in Dulbecco's phosphate-buffered saline (DPBS) for 1 h. Then, the
cells were incubated with the primary antibody P-MLKL (#a&%ﬁl%, 3% BSA, 1: 1000)
at 4°C overnight. The following day, a secondary antibody (Alexa Eluor 488 goat anti-
rabbit, IgG, #A11008; Invitrogen, Carlsbad, CA, USA) was added. The immunolabeling
procedure was followed by washing with PBS and incubation with 4',6-diamidino-2-
phenylindole(DAPL#H-1500, Vector Laboratories, Burlingame, CA, USA). Finally, a
confocal fluorescence microscope (TCS SP5, Leica) was used to capture representative

images.

RNA extraction and qRT-PCR analysis

The Total mRNA of RAW 264.7 cells was isolated using TRIzol RNA isolation protocol
(Invitrogen). A Nanodrop 2000 spectrophotometer = (Thermo  Scientific
ND2000USCAN) was used to determine the RNA concentrati% The purity of the
RNA was determined wusing the A260/A280 values measured wusing a
spectrophotometer. PrimeScript™ RT reagent Kit (TaKaRa, ]apan)évas used to reverse-
transcribe the RNA into cDNA. The prepared PCR solution was placed on a real-time
PCR instrument for PCR amplification. The reaction conditions were: Pre-denaturation
at 95°C for 10 min_followed by 45 cycles at 60°C for 10 s, 72°C for 10 s, and 65°C for 15
s. The CQ value of each sample was automatically calculated using the LightCycler
program. All tests were performed in triplicate. The measured values were normalized
to those obtained for GAPDH.

Protein extraction and western blot analysis




Proteins were extracted from the cells using RIPA cell lysis buffer containing EDTA (1 x
) (#R4100-010; Gendepot, USA). The centrifuge was pre-cooled to 4 °C(13000 RPM, 4 °C
25 min). After measuring protein content, the volume of the solution containing 50 mg
of protein was calculated to determine the sample size. SDS-PAGE (10%) was used for
blotting on a nitrocellulose membrane. First, the gel was run at 80 V for 20 min and then
switched to 120V after 20 min. Thereafter, it was blocked with 5% BSA for 60 min, and
the membranes were incubated at 4°C overnight. The membranes were then incubated
with the secondary antibody (1 h, RT). ECL (electro chemistry) solutions A and B (1:
1) were used, with the mixture evenly covering the nitrocellulose membrane, and the

experimental results were observed using an imaging instrument (Image lab 3.0, USA).

Non-alcoholic liver disease experimental animal models

Six-week-old C57BL/6 mice (n = 8) were sourced from Central Lab Animal Inc. in
Seoul, South Kgrea, and housed in the animal laboratory at Hanyang University School
of Medicine. Prior to the start of the experiment, all mice underwent a one-week
acclimatization period to minimize stress and ensure a stable environment. During this
period, the mice were kept at a controlled temperature of 23 + 2°C with 55 £ 5% relative
humidity. The facility maintained a specific pathogen-free environment, and a
consistent light-dark cycle (12 hours light/12 hours dark) was implemented. All
experimental procedures were approved by the Animal Committee of Hanyang
University (approval numbers: HY-IACUC-2022-0217A and HY-&CUC-ZUZB-UZ%A).
To model non-alcoholic fatty liver disease (NAFLD), the mice were fed a choline-
deficient high-fat diet (CDHFD) for six weeks, which is known to induce hepatic
steatosis and inflammation. Follgwing the diet period, the MLKL ATP pocket-binding
inhibitor (Compound-4), which was dissolved in a solution of 10% dimethyl sulfoxide
(DMSQO) and 90% corn oil, was administered via intraperitoneal injection at a dosage of
10 mg/ kg. This treatment was given three times a week for a duration of seven weeks.
Throughout the study, body weight was monitored weekly to assess overall health and

response to treatment. At the conclusion of the experiment (Week 13), all mice were




humanely euthanized. Liver tissues and serum samples were collected for further
analysis of inflammatory markers and histological examination, allowing for a
comprehensive evaluation of the effects of the MLKL ATP pocket-binding inhibitor on

liver pathology.

Alcoholic liver disease experimental animal models

To establish an animal model of alcoholic liver disease, the mice were fed 5% ethanol.
The mice received a 5% ethanol diet for 10 d, and the MLKL ATP pocket-binding
inhibitor (10 mg/kg compound-4) was administered intraperitoneally every day for 10
d. On the 11t day at 7 AM, a binge dose of ethanol was administered orally (5 g/kg) for

9 h before euthanasia. Liver tissue and serum samples were collected.

Histological analysis

For H&E staining, a 10% formalin solution was used to fix mouse liver tissue. Paraffin
was used to embed the tissues, which were then cut into 4-pm thick slices. To evaluate
fibrosis, the liver tissues were stained with picrosirius red solution (Abcam, Cambridge,
MA, USA) for 25 min. A light microscope was used to capture photographs of the

stained sections, and all histological data were evaluated by researchers.

Biochemical analysis

Blood was collected from the heart by using an insulin syringe and stored in serum-
separating tubes. The serum was collected via centrifugation at 3,000 RPM for 20 min
and then stored at -80°C. Glucose, bilirubin, alanine transaminase (ALT), and aspartate

transaminase (AST) levels were also measured.

aatistical analyses
Values are expressed as mean * SD. Statistical analyses were performed using the

GraphPad Prism 10 software (GraphPad Software, CA, USA). All experiments were




repeated thrice. One-way ANOVA and independent ¢-tests were performed to compare

the means between different values. Statistical significance was set at P < 0.05.

RESULTS

Cell death after necroptotic stimuli differed according to cell type

Although HT29 cells exhibited a noticeable decline in cell density and an increase in cell
death after necroptotic stimuli, RAW 264.7 cellsdid not undergo cell death
after necroptotic stimuli for over three days (Figure 1A-B). Flow cytometry analysis data
indicated that the necroptotic cell death rate was notably lower in RAW 264.7 cells
compared to HT29 cells following necroptotic stimuli (Figure 1C). In contrast,
significant cell death was observed in U937 cells (human monocytes) upon necroptotic
stimulation, whereas LX-2 cells did not exhibit cell death (Figure 1D). In summary,
RAW 264.7 and LX-2 cells did not exhibit a pronounced increase in cell death following
necroptosis, indicating a significant difference in the fate of cells after necroptotic

stimuli based on cell type.

RAW cells did not phosphorylate MLKL and avoided cell death after necroptotic
stimuli

Next, we assessed the phosphorylation of MLKL and the intracellular localization of p-
MLKL using immunofluorescence microscopy. The expression of p-MLKLin the
cytoplasm of HT29 cells increased after necroptosis. In contrast, the expression of p-
MLKL did not increase after the induction of necroptosis in RAW 264.7 cells (Figure
2A). We performed transmission electron microscopy (TEM) 24 h after inducing
necroptosis in HT29 cells. Ruptured membranes, swollen mitochondria, and
cytoplasmic vacuolization were observed in the HT29 cells. However, RAW 264.7 cells
did not exhibit any morphological changes after necroptotic stimulation (Figure 2B).
Western blot analysis demonstrated an elevated expression of p-MLKL and p-RIPK3 in
HT?29 cells following necroptotic stimulation. In contrast, the expression of p-MLKL and

p-RIPK3 in RAW 264.7 cells did not increase after necroptotic stimulation (Figure 2C-




D). Overall, necroptotic stimulation induced cell death in HT-29 cells in a p-MLKL-
dependent manner but failed to induce phosphorylation of MLKL in RAW 264.7 cells.

Necroptosis-induced cell death occurs after demethylation in RAW 264.7 cell

We initially conducted toxicity tests using the methylation inhibitor 5AD (5-aza-2'-
deoxycytidine, also known as decitabine), an epigenetic drug that inhibits DNA
methylation. This choice was based on a previous study indicating that high levels of
methylation in liver cells do not lead to necroptosis. Our findings suggest that RAW
264.7 cells do not undergo cell death when stimulated for necroptosis, which we
speculate is due to their high methylation status. The results demonstrated that,
compared to the untreated group, 5AD did not show significant cytotoxicity at
concentrations up to 10 pM (Figure 3A). Following this, RAW 264.7 and HT29 cells were
treated with 5AD for 72 hours to induce demethylation, after which necroptosis was
induced. Post-treatment, HT29 cells exhibited no changes in necroptosis-induced cell
death, while RAW 264.7 cells showed a dose-dependent increase in cell death in
response to necroptosis stimulation. This indicates that the induction of cell death in
RAW 264.7 cells following necroptosis stimulation is attributed to the inhibition of DNA
methylation (Figure 3B-3C).

MLKL ATP-binding inhibitors could not inhibit cell death after necroptotic stimuli
but decreased inflammation

After inducing necroptosis in RAW 264.7 cells, MLKL ATP-binding inhibitor
(Compound 4) was administered at concentrations of 0.01, 0.1, and 1 pmol/L. While the
MLKL ATP-binding inhibitor (Compound 4) did not prevent cell death following
necroptosis stimulation, MLKL ATP-binding inhibitor (Compound 4) significantly
reduced the expression of key inflammatory markers. A similar downward trend in
these markers was also observed in liver tissue from mice (Figure 4A-4B). Additionally,
treatment with MLKL ATP-binding inhibitor (Compound 4) led to decreased levels of

NF-xB, c-Jun, and IxB following necroptosis stimulation in RAW 264.7 cells. These




results suggest that MLKL ATP-binding inhibitors exert anti-inflammatory effects
through modulation of the NF-xB signaling pathway (Figure 4C-4D). In summary,
while MLKL ATP-binding inhibitors may not directly inhibit necroptosis-induced cell
death, they effectively regulate inflammation, highlighting their potential as therapeutic

agents in inflammatory conditions.

MLKL ATP pocket-binding inhibitors could not attenuate steatosis and
inflammation in NAFLD anim odel

As shown in Figure 5A, the mice were fed a choline-deficient, high-fat diet (CDHFD) for
13 weeks to establish a NAFLD model (Figure 5A). There were no significant
differences in weight were noted between the CDHF and CPD4 treatment groups
(Figure 5B). H&E staining of the livers of the CDHFD-fed mice revealed a significant
increase in lipid content, ballooning, and liver inflammation. However, no histological
or biochemical changes were observed in the animals with CPD4 treatment (Figure 5C-

F).

MLKL ATP-binding inhibitors attenuated steatosis and inflammation in the
alcoholic animal model

As illustrated in Figure 6A, an alcoholic steatohepatitis (ASH) model was established by
administering EtOH to mice. The mice received an EtOH diet for 10 d. Concurrently,
CPD4 (10 mg/kg) was administered intraperitoneally daily for 10 d (Figure 6A and B).
The H&E staining of the livers of EtOH-fed mice revealed a significant increase in lipid
content, balloons, and liver inflammation. However, CPD4-treated mice exhibited a
reduction in lipid droplets, and reduced inflammation, indicating that CPD4 can
ameliorate liver steatosis and inflammation (Figure 6C). According to the biochemical
analysis of serum AST and ALT, CPD4-treated mice showed a decreasing trend,
although this difference was not statistically significant (Figure 6D and E). Next, we
extracted RNA from the liver tissue to test the anti-inflammatory effect of CPD4. The
mRNA levels of inflammatory factors CXCL2, intercellular adhesion molecule (ICAM),




vascular cell adhesion molecule (VCAM), MCP-1, and NLRP3 showed a decreasing
trend, indicating that CPD4 can improve liver inflammation in the ASH model (Figure
6F).

MLKL ATP-binding inhibitor attenuated alcohol-induced liver injury model using
liver organoid system

We tried to reconfirm the effect of the MLKL APT pocket inhibitor in the human
derived organoid system. Liver organoids were treated with lipopolysaccharide (LPS)
to establish an alcohol-induced liver disease model (Figure 7). After LPS treatment, the
expression of TNF-a, CXCL1/2, ICAM, and VCAM increased in the organoid. In
addition, the administration of an MLKL ATP pocket-binding inhibitor decreased the
expression of TNF-a, CXCL1/2, ICAM, and VCAM in the liver organoid.

DISCUSSION

Our data indicate that RAW 264.7 cells do not undergo cell death after the induction of
necroptosis. However, induction of necroptosis in RAW 264.7 cells after demethylation
causes cell death. In addition, the MLKL ATP-binding inhibitor (Compound-4) did not
inhibit necroptosis but reduced the expression of inflammation-related genes (CXCL2,
ICAM, and VCAM) in RAW 264.7 cells. The MLKL ATP-binding inhibitor did not
improve steatosis and inflammation in NAFLD and ASH models.

Most cells eventually show necrosis-like changes such as cell swelling and organelle
dissolution under necroptotic stimulation. However, according to our recent research,
some cells (RAW 264.7 and LX-2 cells) do not undergo cell death under the stimulation
of necroptosis. Based on_our data, RAW 264.7 cells were activated after necroptosis
rather than cell death. Unlike MLKL, RIPK3 is not universally expressed but is
predominantly found in the hematopoietic system, skin, and gastrointestinal tract.
RIPKS3 protein and transcripts have not been detected in some primary tumors or cancer
cell lines. This was attributed to excessive methylation of the RIPK3 promoter

region, which is associated with transcriptional inhibition[7]. Therefore, we speculate




that the failure of RAW 264.7 cells to undergo cell death is also due to DNA
methylation, whereas in RAW 264.7 cells, the epigenetics of the interaction with the key
necroptosis activator, RIPK3, are silenced, resulting in the inability of RAW 264.7 cells
to undergo necroptosis. Previous literature has mentioned that DNA hypermethylation
prevents RIPK3 transcription, which may explain the low expression or deletion of
RIPK3 in certain cancer cells. Mechanistically, the methylation of RIPK3 inhibits the
interaction between RIPK3 and RIPK1, thereby preventing the formation of the RIPK3-
RIPK1 necrotic complex and inhibiting the phosphorylation of RIPK3, RIPK1, and
MLKL, and subsequent necrotic cell death. Therefore, epigenetic silencing of RIPK3 in
cells may prevent MLKL-mediated necroptosis[8]. In contrast, our study revealed that
HT29 cells maintained high RIPK3 expression and exhibited characteristics of cellular
necrosis after stimulation of necroptosis. Overall, high RIPK3 expression was not
associated with DNA methylation. However, the results indicate that the low
expression of RIPK3 is caused by the inhibition of RIPK3 by DNA methylation, which is
why RAW 264.7 cells can evade cell death after being stimulated by necroptosis.

An important finding from our study data is that in addition to the necroptotic cell
death pathway mediated by p-MLKL, necroptosis stimulation also leads to increased
expression of ICAM and VCAM through the NFxB pathway. This increase in the
expression of ICAM and VACM depends on a pathway other than the phosphorylation-
and oligomerization-induced cell death pathways of MLKL. In other words, our data
clearly show that alternative pathways, other than the necroptotic cell death pathway of
MLKL, exist in response to necroptotic stimuli. TNF-a stimulates and increases the
expression of ICAM, activates siﬁaling cascades, and regulates the redox-sensitive NF-
kB activation and translocation. Previous studies have shown that NF-xB activation is
necessary for the upregulation of adhesion molecules such as ICAM-1 and VCAM-1,
which are responsible for monocyte adhesion and increase cell adhesion and vascular
inflammation[9]. Therefore, the current data suggest that necroptosis-induced NF-«B
activation is associated with the MLKL ATP pocket rather than the MLKL N-terminus,

which is involved in the phosphorylation of MLKL.




Next, we investigated whether MLKL ATP-binding inhibitors exert protective
effects against various liver diseases. Remarkably, the MLKL ATP-binding inhibitor
was not effective in the NAFLD model but showed a protective effect in the alcoholic
liver disease model. This difference is presumably due to the pathophysiology of
steatotic liver disease. Monocytes and macrophages play important roles in the
development of intrahepatic inflammation in the pathophysiology of NAFLD.
However, in the alcohol-liver disease models, neutrophils play an important role in the
occurrence and progression of the disease.[10, 11] In alcoholic liver disease, neutrophils
infiltrate the liver tissue through ICM and VCAM and interact with other inflammatory
cells through CXCL1/2. ICAM-1 and VCAM-1 are endothelial cell adhesion molecules
of the immunoglobulin (Ig) superfamily that play key roles in various acute and chronic
inflammatory diseases. Our data showed that the MLKL ATP-binding inhibitor reduced
ICAM, VCAM, and CXCL2 expression in animal models as well as in the liver organoid
system. These chemokines, which are powerful neutrophil activators, play crucial roles
in many immune reactions, including wound healing in alcoholic liver
diseases, compared to the NAFLD model.[12]

Necroptosis plays an important role in the pathogenesis of liver disease. Therefore,
MLKL has received considerable attention as an attractive target for the treatment of
liver diseases. To date, research targeting MLKL has primarily concentrated on the N-
terminal cysteine, which is implicated in MLKL-associated cell death. Conversely, the
ATP pocket, which does not influence cell death or MLKL phosphorylation, has
received relatively little attention. This study identifieda novel necroptosis-
independent, ICAM /VCAM-activated pathway of MLKL, in addition to the previously
known MLKL-induced necroptosis cell death pathway. Furthermore, it is also believed
that these results may provide new insight and possibilities for MLKL ATP pocket as a
novel target in the future.

In this study, we present a novel mechanism for CPD4 as an ATP-competitive binder
of MLKL, providing critical insights into its role in necroptosis. Our findings reveal that,

contrary to prior research, CPD4 does not alter the functional pathway of necroptotic




cell death, thus challenging established beliefs about the interactions of MLKL.
Specifically, we demonstrate through biochemical assays that CPD4 binding does not
inhibit MLKL oligomerization or membrane translocation, key processes in necroptosis.

Moreover, our research highlights the potential of CPD4 as a tool for investigating
MLKL's regulatory pathways, suggesting that it may serve as a framework for
developing targeted therapies for conditions associated with dysregulated necroptosis,
such as inflammatory disorders. This work lays the groundwork for further studies
aimed at elucidating the complex mechanisms governing MLKL activity and its

implications in disease.

CONCLUSION

In conclusion, the MLKL ATP pocket-binding inhibitor demonstrated significant anti-
inflammatory effects by modulating the necroptosis-independent MLKL pathway in an
animal model of alcoholic liver disease. Specifically, the inhibitor reduced the
expression of key inflammation-related markers, such as ICAM-1 and VCAM-1, by
disrupting the activation of the NFkB signaling pathway. This action led to decreased
recruitment of inflammatory cells, particularly neutrophils, to the liver tissue. By
targeting this necroptosis-independent mechanism, the MLKL ATP-binding inhibitor
effectively mitigated hepatic inflammation and contributed to improved liver function
in the context of alcoholic liver disease, highlighting its potential as a therapeutic

strategy for.
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