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lineage kinase domain-like protein oligomerization
Myeonggil Han 1,2, Dong-Hyun Seo3,4, Man Sup Kwak1,5, In Ho Park 5,6, Woo Joong Rhee 1,5, Hee Sue Kim1, Eunkyeong Jeon1,
Je-Jung Lee1,5, Cheol Ho Park 1, Nam Doo Kim7, Taebo Sim 2,6, You-Sun Kim8,9, Kyoung-Seok Ryu3,4✉ and Jeon-Soo Shin 1,2,5,10✉

© The Author(s) 2025

Necroptosis, a form of programmed cell death, has emerged as a promising therapeutic target. Although several RIPK1 inhibitors
have demonstrated favorable safety profiles in clinical trials, clinical translation of necroptosis-targeted therapies remains limited by
modest efficacy, limited specificity, and species-specific activity of compounds such as necrosulfonamide (NSA). To resolve these
challenges, this study identified a potential necroptosis inhibitor from a clinical drug library. Apomorphine (APO), a non-addictive
morphine derivative used to treat Parkinson’s disease, was found to inhibit necroptosis by sterically blocking key residues involved
in mixed lineage kinase domain-like protein (MLKL) activation and oligomerization, as confirmed by nuclear magnetic resonance
analysis. APO is redox sensitive and prone to auto-oxidation. The oxidized form of APO (Ox-APO) showed stronger binding to MLKL
than the reduced form of APO (Re-APO), as demonstrated by surface plasmon resonance analysis. Ox-APO significantly ameliorated
tissue damage in two murine necroptosis models: dextran sulfate sodium (DSS)-induced colitis and acetaminophen (APAP)-induced
liver injury. Collectively, these data highlight the therapeutic potential of APO as a necroptosis-specific inhibitor in necroptosis-
related diseases in both humans and mice.
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INTRODUCTION
Necroptosis is characterized by cell swelling, plasma membrane
rupture, and secretion of danger-associated molecular pattern
molecules (DAMPs) [1–3]. Necroptosis is dependent on the
activation of receptor-interacting protein kinase (RIP)1 and/or
RIP3, resulting in the formation of a necrosome complex that
initiates a cell death signaling cascade. Once formed, the
necrosome triggers a downstream signaling cascade that activates
mixed lineage kinase domain-like protein (MLKL) [4], the final and
critical effector molecule of necroptosis. When MLKL molecules
are phosphorylated, their oligomeric complexes formed in the
cytoplasm are translocated to the plasma membrane to form
necroptotic pores that disrupt membrane integrity [5]. In RIP1-
independent necroptosis, Toll/interleukin-1 receptor (TIR) domain-
containing adaptor-inducing IFN-β (TRIF) and Z-DNA binding
protein 1 (ZBP1) bind to RIP3 and mediate necroptosis [6].
Clearance of necrotic cells is a complex process involving the

recruitment of phagocytic cells to engulf and remove dying cells
[7]. Secreted molecules, including DAMPs, induce an inflammatory
response [8]. High mobility group box 1 (HMGB1), a representative
DAMP molecule, is known to cause various inflammation-related
diseases when excessively secreted during acute or chronic
inflammatory responses [9–11]. The necroptosis pathway has
been implicated in multiple disorders, such as systemic

inflammation [12], viral infection [13], liver injury [14], myocardial
infarction [15], atherosclerosis [16], retinal degeneration [17],
cancer [18], and inflammatory bowel disease (IBD) [19]. IBD is a
highly prevalent inflammatory condition affecting the gastro-
intestinal tract [20], whereas liver injury involves various forms of
hepatocyte death [21]. Recently, a strong correlation between
necroptosis and both IBD and liver injury has been demonstrated
by knock-out models of necroptosis mediators by targeting
necroptosis-related proteins such as RIP1, RIP3, MLKL, and DAMPs
[22–24], along with histological assessments [25, 26] and
measurements of enzyme and cytokine secretion [27]. Several
small inhibitor molecules have been identified that target different
molecules in the necroptotic pathway, including RIP1, RIP3, and
MLKL [28]. For example, necrostatin-1 (NEC-1) is a specific inhibitor
of RIP1, which initiates necroptosis [1]. GSK'872 and HS-1371 are
selective inhibitors of RIP3 kinase activity, preventing MLKL
phosphorylation and necroptosis pore formation [29, 30]. Necro-
sulfonamide (NSA) targets the ATP-binding pocket of human
MLKL and prevents its oligomerization and translocation to the
plasma membrane [4]. However, NSA exhibits human-specific
activity and is ineffective against mouse MLKL [31], limiting its
preclinical utility. Although several RIPK1 inhibitors under devel-
opment have demonstrated favorable safety profiles in clinical
trials [32, 33], their clinical efficacy has been mixed. For instance,
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GSK2982772, the RIPK1 inhibitor tested in humans, was well
tolerated but failed to show significant therapeutic benefit in a
phase II trial for ulcerative colitis [34]. Similarly, the RIPK1 inhibitor
SAR443060 entered phase I/II trials for neurodegenerative diseases
but was eventually discontinued due to long-term preclinical
toxicology concerns [35]. These cases highlight the ongoing
challenges in developing necroptosis inhibitors with robust
efficacy and cross-species applicability, underscoring the need
for safer and more broadly effective therapeutic strategies.
The object of this study was to identify a necroptosis inhibitor

targeting the final effector molecule MLKL. We employed drug
repurposing strategies and screened a comprehensive clinical
chemical library consisting of 2150 compounds, including those in

phase 1–3 clinical trials and FDA-approved drugs. We identified a
novel necroptosis inhibitor, apomorphine (APO), which targets
MLKL. APO is a derivative of morphine that does not bind to the
opioid receptors responsible for drug addiction and has been
used for the “off” effect in advanced Parkinson’s disease [36].
Notably, APO is redox sensitive and spontaneously oxidized to
apomorphine (Ox-APO). Ox-APO efficiently inhibits cell necropto-
sis and effectively alleviates mouse IBD and liver injury symptoms
of dextran sulfate sodium (DSS)-induced colitis and APAP-induced
liver injury as a necroptosis model. Surface plasmon resonance
(SPR) and nuclear magnetic resonance (NMR) studies of Ox-APO
showed stronger binding to MLKL than APO and inhibited
necroptosis pores. In conclusion, we found that APO, an FDA
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drug for Parkinson’s disease, is a newly discovered necroptosis
inhibitor targeting MLKL oligomerization, and Ox-APO showed
better efficacy than the reduced form of APO (Re-APO), making it
a promising candidate for the treatment of necroptosis-related
diseases in the future.

RESULTS
Screening of inhibitor candidates against the necroptosis
signaling pathway
To identify potential inhibitors of the necroptosis pathway
targeting MLKL or the process of p-MLKL pore formation on the
membrane, we screened a library of 2150 compounds, including
FDA-approved drugs and those in phase 1–3 clinical trials, using
THP-1-HMGB1-Lucia™ cells expressing the HMGB1-luciferase
fusion protein. The cells were treated with a necroptosis-
inducing mixture containing TNF-α, BV6, and Z-VAD-FMK (TBZ)
in addition to the compound library (Fig. 1A). The supernatants
were harvested to measure luciferase activities for necroptosis.
The luciferase activities of cell supernatants treated with TBZ alone
were considered as the maximum release (100%) of HMGB1-
luciferase. NEC-1, a known RIP1 inhibitor used in both humans and
mice, was used as a positive control [37]. An initial screening was
performed to identify compounds that reduced luciferase activity
to within 20% of the TBZ-treated supernatant, and 72 compounds
(S1–S72) were selected (Table S1). Among these compounds were
four known necroptosis inhibitors of pazopanib (S10) [38],
bardoxolone (S16) [39], ponatinib (S17) [38], and dabrafenib
(S31) [40], indicating the reliability of this screening assay. Next,
we performed a propidium iodide (PI) uptake assay to exclude
cytotoxic compounds using THP-1 cells. Then, we selected
candidate molecules that were arbitrarily less than 30% of those
treated with TBZ. Eighteen compounds, including four known
ones, were selected (Fig. 1B). Next, the inhibition levels of p-MLKL
were tested to select MLKL-targeting molecules (Figs. 1C and S1A).
Compounds that reduced p-MLKL levels to less than 30% of TBZ-
treated controls were considered as potential inhibitors of MLKL
phosphorylation. Conversely, compounds that maintained p-MLKL
levels above 70% were selected because they are presumed to
prevent the formation of pores in the plasma membrane by
interfering with oligomerization [41]. Eventually, novel S1, S3, S15,
S46, and S62 molecules were selected, excluding known inhibitors,
and their effects on MLKL and RIP1 phosphorylation in cytosol and
membrane fractions were examined (Figs. 1D and S1B). S3 and
S15, which had almost no effect on p-MLKL levels in both cytosolic

and membrane fractions, as well as S46 (Proscillaridin), a known
apoptosis inducer [42], were excluded from further analysis. S1
(JP-1302), which seemed to inhibit RIP1 phosphorylation directly
or indirectly, was also excluded.
One remaining S62 (APO) significantly inhibited p-MLKL levels

in the membrane fraction, although it showed little or moderate
inhibition in the cytosolic fraction. We confirmed that APO
showed little to no effect on p-MLKL, p-RIP3, and p-RIP1 in whole
cell lysates (WCLs) (Fig. 1E). Confocal analysis revealed that APO
treatment profoundly decreased the level of MLKL in the cell
membrane, allowing it to be observed in the cytosol (Fig. 1F). The
membrane marker CD36 was used for comparison. APO also dose-
dependently decreased HMGB1 release in TBZ-treated THP-1 cells
and also inhibited PI uptake after TBZ treatment (Fig. 1G, H),
suggesting that APO effectively prevents necroptosis-induced
membrane permeability. We hypothesized that APO is a candidate
MLKL-dependent necroptosis inhibitor for pore formation inde-
pendent of RIP1 and RIP3. APO is an oxidation-sensitive
compound. APO was prepared in powdered form and was neither
treated with a reducing agent nor incubated for oxidation during
the initial screening. Next, we investigated the effect of the redox-
sensitive APO on MLKL oligomerization (Fig. 2A).

Effect of redox-sensitive APO on MLKL oligomerization
APO is prone to auto-oxidation in solution over time, especially in
the presence of light and air, resulting in the formation of Ox-APO,
which is characterized by a green color [43]. The addition of 1,4-
dithiothreitol (DTT) can prevent the oxidation of APO, thereby
maintaining its reduced form, Re-APO (Fig. 2A). When freshly
dissolved APO was incubated at 25 °C for 36 h, real-time 1D
1H-NMR spectra showed a progressive increase in APO oxidation,
reaching saturation at 24 h (Fig. 2B). This suggests that APO in
solution may contain some Ox-APO. To demonstrate the effect of
both Re-APO and Ox-APO on MLKL oligomerization, we prepared
Re-APO and Ox-APO, which were treated with DTT and allowed to
oxidize APO in an aqueous solution for 24 h, respectively. Western
blotting showed that Ox-APO strongly inhibited the tetrameriza-
tion and octamerization of p-MLKL in a concentration-dependent
manner from the p-MLKL monomer under non-reducing condi-
tions (Fig. 2C). In contrast, treatment with Re-APO was less
effective than Ox-APO, and both Re-APO and Ox-APO had little
effect on the phosphorylation levels of RIP1, RIP3, and MLKL.
Confocal microscopy further demonstrated that Ox-APO was more
effective than Re-APO in inhibiting the migration of p-MLKL to the
cell membrane, and the punctate MLKL signals were observed in

Fig. 1 Screening and selection of necroptosis signaling inhibitor molecules. A, B Workflow of necroptosis inhibitor screening. THP-1-
HMGB1-LuciaTM cells (1 × 105 cells/well) were treated with a combination of TBZ (a necroptosis inducer) and each chemical compound for 8 h
to harvest the supernatants. Seventy-two compounds that inhibited luciferase activity by <20% compared to TBZ-treated cells were selected
from the pool of 2150 compounds and then tested for PI uptake after TBZ and each compound treatment to select 18 compounds. The
luciferase assay was repeated at least twice for selection. Eighteen compounds (*) were those that inhibited PI uptake signal <30% of TBZ-
treated cells (red dotted line), and known necroptosis inhibitors (S10, S16, S17, and S31). Results are the mean of three independent
experiments. NEC-1 is used as a positive control inhibitor. C, D THP-1 cells were treated with TBZ and each selected candidate for 8 h. Whole
cell lysates (WCLs) were prepared for Western blot analysis to observe phosphorylated (p-) MLKL. The p-MLKL/MLKL ratio was quantified
relative to TBZ-treated cells. Data represent the mean of three independent experiments. The quantification graph from three replicates is
shown in Fig. S1A (C). THP-1 cells were separated into cytosol and membrane fractions, and p-MLKL and p-RIP1 were determined using MLKL
and RIP1, respectively. LDH and LAMP1 were used as cytosolic and membrane markers, respectively. A representative blot is provided, and the
quantification graph from three independent experiments is shown in Fig. S1B (D). E THP-1 cells were treated with TBZ and 20 μM S62, which
is APO, for 8 h. WCLs were prepared to detect p-MLKL, RIP3, and RIP1 for immunoblotting. A representative experiment of three replicates is
shown. F THP-1 cells were treated with TBZ and APO for 8 h and stained with DAPI, MLKL, and the membrane marker CD36 for confocal
microscopy. Co-localization of MLKL with CD36 was analyzed to assess its membrane translocation. In the intensity graph, green indicates
MLKL and red indicates CD36. The signal intensity of MLKL fluorescence from the plasma membrane to the cytosol was measured using
FluoView FV1000 software. Mean ± SEM (n > 100). **p < 0.001, one-way ANOVA. Data represent three independent experiments with
mean ± SEM (n= 3). G Inhibition of TBZ-mediated HMGB1 release by APO. THP-1 cells were treated with TBZ and different concentrations of
APO for 8 h. HMGB1 levels were determined in the cell culture supernatant. Results are the mean of three independent experiments. *p < 0.05,
**p < 0.001, ns not significant, one-way ANOVA. H THP-1 cells were treated with APO, and PI uptake was measured to estimate the IC50. The
percentage of PI uptake level was compared with that of TBZ-treated cells. Results are the mean of three independent experiments.
I Hypothetical mechanism of APO.
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the cytosol at the same concentration (Fig. 2D). Next, we
examined whether APO could prevent necroptosis by using
J774A.1, a mouse monocytic cell line, for an in vivo mouse study.
Western blotting revealed that both Ox-APO and Re-APO strongly
prevented the formation of mouse MLKL (mMLKL) tetramers and
octamers at 20 μM, similar to their effect on human THP-1 cells.
Ox-APO showed a better effect (Fig. 2E). Similarly, the Re-APO and

Ox-APO treatments had little effect on the phosphorylation of
mRIP1, mRIP3, and mMLKL. All these results showed that APO
primarily interferes with MLKL oligomerization.
To further validate that Ox-APO inhibits MLKL oligomerization-

driven necroptosis, we used an MLKL-gyrase fusion construct that
is induced by doxycycline (Dox) and undergoes oligomerization
when treated with coumermycin (Fig. S2) [44]. In J774A.1 cells
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transfected with Wt-mMLKL (1–464)-gyrase, Ox-APO treatment
markedly reduced PI-positive cells following Dox and coumermy-
cin stimulation. These results support that Ox-APO suppresses
necroptosis by binding directly to MLKL and preventing its
oligomerization.

SPR analysis of APO binding to MLKL
The wild-type human MLKL protein (Wt-hMLKL) consists of two
domains: an N-terminal domain (Nt-hMLKL, amino acids 2–154,
MW: 23 kDa) involved in oligomerization and a C-terminal domain
(Ct-hMLKL, amino acids 183–471, MW: 31 kDa) involved in
phosphorylation [45]. To investigate the binding characteristics
of Re-APO and Ox-APO with Nt-hMLKL, we performed SPR to
evaluate the binding of Re-APO and Ox-APO to wild-type human
and mouse MLKL (Wt-hMLKL, -mMLKL). The CM5 chip was coated
with endotoxin-free Wt-hMLKL and Wt-mMLKL. The KD values of
Re-APO and Ox-APO for the Wt-hMLKL were 2.44 × 10−7 M and
4.998 × 10−9 M, and for the Wt-mMLKL were 2.295 × 10−8 M and
3.807 × 10−10 M, respectively (Fig. 3A, B). These results show that
Re- and Ox-APO strongly bind to human and mouse MLKL, and
Ox-APO showed ~50- and 165-fold stronger binding than Re-APO,

respectively. We further examined the binding of APO to the Nt-
hMLKL and Ct-hMLKL. Ox-APO exhibited strong binding to Nt-
hMLKL (1.312 × 10−6 M), whereas Re-APO showed substantially
weaker binding (1.14 × 10−3 M), representing roughly a 1000-fold
difference (Fig. 3C). Similar to hMLKL, Nt-mMLKL bound strongly
to Ox-APO (1.379 × 10⁻⁸M) (Fig. 3D). However, no detectable
binding was observed between Ox- or Re-APO and Ct-hMLKL (Fig.
3E). Together, these results demonstrate that Ox-APO binds more
strongly to Wt-hMLKL and -mMLKL than Re-APO, particularly
through interaction with the N-terminal domain.

Modeling of Ox-APO binding to MLKL
NMR analysis was performed to identify the specific binding sites.
Two-dimensional 1H-15N heteronuclear single quantum correla-
tion (HSQC) spectra were performed with Nt-hMLKL according to
the oxidation state of APO, which was incubated in an aqueous
solution for various times for auto-oxidation. The resonance
intensity increased with the degree of APO oxidation (Fig. 4A). The
superimposed spectra showed that the resonance intensity of Ox-
APO was stronger than that of Re-APO at 24 h (Fig. 4A). Some
resonances in Nt-hMLKL showed chemical shift perturbations

Fig. 2 Effect of redox-sensitive APO on MLKL oligomerization. A Chemical structure of APO. APO undergoes auto-oxidation to form the
oxidized form (Ox-APO), while the addition of DTT preserves the reduced form (Re-APO). The red highlights indicate the sites where APO loses
hydrogen and electrons during the oxidation process. B Real-time 1D 1H NMR spectra showing the degree of oxidation of APO. APO was
dissolved from its powdered form in DPBS and incubated at 25 °C for 36 h. Real-time 1D 1H NMR spectra were measured at a 2 h intervals after
filtration through a 0.2 μm syringe filter to remove precipitates. The graph shows the formation of Ox-APO over time as Re-APO is oxidized in
aqueous solution. C MLKL oligomerization is inhibited by APO. THP-1 cells were treated with TBZ and Re-APO or Ox-APO for 8 h. Western blot
analysis of WCLs was performed under non-reducing and reducing conditions using the indicated antibodies. Percentage changes of p-MLKL
oligomer band relative to GAPDH were shown. The p value for MLKL oligomer band intensity was calculated based on the average intensity of
the tetramer and octamer bands. Octa octamer, Tetra tetramer, Mono monomer. Mean ± SEM (n= 3). **p < 0.001, ns not significant, one-way
ANOVA. D THP-1 cells were treated with TBZ and Ox-APO or Re-APO for 8 h and then stained with DAPI and MLKL for confocal microscopy. In
the intensity graph, green indicates MLKL. The signal intensity of MLKL fluorescence from the plasma membrane to the cytosol was measured
using FluoView FV1000 software. Mean ± SEM (n > 100). **p < 0.01, ***p < 0.001, one-way ANOVA. E J774A.1 mouse monocytic cells were
treated with TBZ and 20 μM Re-APO or Ox-APO for 8 h. Western blot analysis of WCLs was performed under non-reducing and reducing
conditions using the indicated antibodies.

Fig. 3 SPR analysis of APO to MLKL. A–E Human and mouse wild-type MLKL (Wt-hMLKL and -mMLKL), N-terminal (Nt) and C-terminal (Ct)-
hMLKL, Nt-mMLKL proteins were immobilized on CM5 chips. Re-APO and Ox-APO analytes were added at concentrations of 0 μg/mL, 12.5 μg/mL,
25 μg/mL, 50 μg/mL, 100 μg/mL, and 200 μg/mL. KD values were measured using BIAevaluation software.

M. Han et al.

5

Cell Death Discovery          (2025) 11:457 



(CSPs) in the presence of Ox-APO, suggesting that Ox-APO binds
more strongly to Nt-hMLKL than Re-APO. Nt-hMLKL consists of six
α-helices (designated α1–α6). Su et al. showed that the α1, α2, α3,
and α5 combine to form a membrane insertion bundle, and α6
interacts with the interface between the α2 and α5, while the

shorter α4 helix is perpendicularly oriented at the top of the four-
helix bundle [46]. The HSQC peaks of Nt-hMLKL were assigned to
trace the residues involved in Ox-APO binding (Fig. 4B). Significant
CSPs were observed in the α4 and α6 helices, particularly at
residues Cys86, Leu89, Asp94 in α4, Arg145, Arg146, Phe148, and
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Met150 in α6, suggesting that these residues are critical for Ox-
APO binding. Ox-APO-induced CSPs were then mapped onto the
3D structure of Nt-hMLKL (Fig. 4C). Based on the CSP data, the
molecular docking studies were performed to predict the binding
modes of Re-APO and Ox-APO on Nt-hMLKL (Fig. 4D). The docking
results showed that Ox-APO binds more strongly to Nt-hMLKL
than Re-APO. This enhanced binding was attributed to a covalent
bond formed with Cys86 and a π–π interaction with Phe148,
which were not observed for Re-APO (Fig. 4D). Notably, several
key peripheral residues involved in APO binding to human MLKL,
such as Cys86, are not conserved in mMLKL, which is consistent
with the known species-specificity of compounds like NSA.
However, our 3D docking model of APO with mMLKL suggests
that APO can interact with Lys81—along with Ser79, Arg105, and
Asp106—residues known to participate in mMLKL oligomerization
(Fig. S3) [5]. These findings suggest that APO may still inhibit
mMLKL oligomerization through alternative interaction residues,
even in the absence of conserved cysteines like Cys86.
NSA is an MLKL inhibitor known to covalently target Cys86 [4]. In

the SPR competition assay alongside Ox-APO for Wt-hMLKL, NSA
competed with Ox-APO for binding to hMLKL (Fig. S4). However,
single mutations at Cys86 and Phe148 in Nt-hMLKL showed binding
to Ox-APO but ~10-fold weaker binding (Fig. 4E), suggesting that
both residues are required for the strong binding. When we
performed SPR analysis using a triple mutant in the α4 helix of Nt-
hMLKL, Nt-hMLKLC86A/L89A/D94A, Ox-APO showed no binding (Fig. 4F).
In addition, a quadruple mutant containing R145A, R146A, F148A,
and M150A in α6 of hMLKL, hMLKLR145A/R146A/F148A/M150A, retained
binding to Ox-APO (Fig. 4F). All these results suggest that C86, L89,
D94, and Phe148 of hMLKL are the important residues for OX-APO
binding.

Ox-APO effectively ameliorates DSS-induced colitis and APAP-
induced liver injury
Based on the results of the in vitro mouse cell experiments and
SPR analysis with mMLKL (Figs. 2E and 3B), we first performed an
in vivo experiment using a mouse DSS-induced colitis model to
observe the inhibitory effect of APO on necroptosis-related colitis
symptoms. C57BL/6 mice were treated with 2.5% DSS in drinking
water for 8 days, and the mice were intraperitoneally (i.p.)
administered APO daily (Fig. 5A). Body weight and disease activity
index (DAI) scores were recorded daily, and colon tissues were
collected at the end of the experiment. When DSS mice were
treated with DPBS, they exhibited typical IBD symptoms, including
damage to crypt architecture, inflammatory cell infiltration,
submucosal edema, and impaired mucin secretion in the colon.
These phenomena were significantly alleviated by increasing the
dose to 0.15, 1.5, or 15 mg/kg APO, the oxidative state of which
was not determined, and pathological changes in tissue sections
of H&E and PAS staining were improved (Fig. S5A–D). Next, we
produced both Ox-APO and Re-APO to compare the effects in the
same DSS colitis model. Ox-APO resulted in better histopathologic
scores in H&E and PAS staining than Re-APO at the same 15mg/kg
(Fig. 5B). The average histologic score for Ox-APO at 1.5 mg/kg

was 3.0, which was similar to the score of Re-APO (2.6) at 15 mg/
kg, and Ox-APO at 15 mg/kg was a better improvement of
1.2 score (Fig. 5C). The DAI score and colon length also showed
that Ox-APO was more effective than Re-APO (Fig. 5D, E).
We used another necroptosis-related disease model of APAP-

injected liver injury to confirm the in vivo effect [47]. BALB/c mice
were fasted for 12 h and then i.p. injected with a 400-500mg/kg
APAP and then injected once with 15 mg/kg Ox-APO or Re-APO
for 24 h (Fig. 6A). The liver tissues were dark brown when APAP
was injected, but these colors of Ox-APO treated group and Re-
APO treated group at 15mg/kg were almost similar to the normal
mouse group treated with DPBS alone (Fig. 6B). Histological
analysis of liver tissues by H&E staining revealed extensive necrotic
areas, covering approximately 43% of the tissue and characterized
by hepatocyte death in the APAP-treated group (Fig. 6C). In
contrast, hardly any necrotic areas were observed in the Ox-APO
and Re-APO treated groups. And the immunohistochemical
analysis (IHC) showed a significant increase in membrane
p-MLKL post APAP treatment, but a dramatic decrease in the
Ox-APO– and Re-APO–treated groups (Fig. 6D). Serum alanine
aminotransferase (ALT) and aspartate aminotransferase (AST)
levels were significantly improved by Ox-APO and Re-APO
treatments, almost to the baseline level of the DPBS-treated
group (Fig. 6E).
And we performed experiments using C57BL/6 MLKL−/− mice

to determine whether Ox-APO inhibits alternative mechanisms
beyond necroptosis inhibition. We used the same APAP-induced
liver injury protocol (Fig. S6A). The gross morphology of livers
showed less hemorrhaging (Fig. S6B). The H&E staining of liver
tissues, serum ALT and AST levels, and TUNEL-positive (apoptosis)
and 4-HNE-positive (ferroptosis) IHCs showed hepatic damage by
alternative mechanisms of apoptosis and ferroptosis following
APAP injection (Fig. S6C–E). However, all of these findings were
significantly reduced by treatment with 15 mg/kg Ox-APO. Recent
studies have shown that APO reduces ROS production, thereby
suppressing apoptosis [48], and downregulates the expression of
proteins involved in lipid peroxidation, contributing to the
inhibition of ferroptosis [49]. All these demonstrate that Ox-APO
can suppress necroptosis and multiple forms of regulated cell
death, highlighting its broader therapeutic potential.

DISCUSSION
MLKL is a key mediator in the necroptosis pathway, consisting of an
N-terminal four-helical bundle domain and a C-terminal pseudoki-
nase domain connected by two brace helices [50]. The N-terminal
domain is typically inactive due to the autoinhibitory first brace helix
(α6) [51]. Upon activation by RIP1 and RIP3, which phosphorylate the
C-terminal pseudokinase domain, the autoinhibitory helix unfolds,
allowing the N-terminal domain to form multimers that integrate
into the cell membrane, ultimately leading to membrane rupture
and necroptosis [4]. Necroptosis has been implicated in many
human inflammatory diseases, including acute pancreatitis, multiple
sclerosis, liver injury, IBD, and allergic colitis. Therefore, specifically

Fig. 4 Structural analysis of the interaction between APO and Nt-hMLKL. A NMR analysis of Ox-APO binding to Nt-hMLKL. APO was pre-
incubated for 0, 2, 4, 8, 12, and 24 h at 25 °C for auto-oxidation, and the NMR 1H-15N HSQC spectrum of Nt-hMLKL in the presence of APO (red)
is superimposed on that of unbound Nt-hMLKL (blue). The labeled amino acid residues indicate an increase in CSPs due to their interaction
with Ox-APO. B CSPs (histogram, left y-axis) and intensity ratio values (dot, right y-axis) of backbone amides of Nt-hMLKL in response to Ox-
APO are plotted. α1 to α6 indicate the helices of Nt-hMLKL. I/I0 the intensity ratio, I the intensity of Nt-hMLKL with APO, I0 the intensity of
unliganded Nt-hMLKL; green bar, amino acid residues overlapped by CSP peaks that are completely or barely visible. C CSP mapping onto the
3D conformer (PDB ID code 6ZPR). The UCSF Chimera program displays conformers in 3D as ribbon or sphere surfaces and colors amino acid
residues from purple (highest) to white (lowest) based on the height of the CSP peaks. Residues not visible by NMR are colored black.
D Comparison of the APO binding site of Nt-hMLKL (green; PDB ID code 6ZPR). Ox-APO (yellow) is shown as sticks. Key interacting residues are
shown as sticks (covalent bond between Cys86 and Ox-APO; π–π stacking between Phe148 and Ox-APO core). E, F SPR analysis. Nt-hMLKLC86A

and Nt-hMLKLF148A (E), and Nt-hMLKLC86A/L89A/D94A and Nt-hMLKLR145A/R146A/F148A/M150A (F) were immobilized on CM5 chips, and Ox-APO at
concentrations of 0, 12.5, 25, 50, 100, and 200 μg/mL was flowed through to observe binding.
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targeting MLKL to prevent necroptosis is an attractive strategy for
drug discovery because it inhibits the release of DAMP molecules
and spares the RIP1- and RIP3-related functions. Currently, two types
of MLKL inhibitors, NSA and xanthine class inhibitors, which
covalently target Cys86, have been reported [4, 51]. NSA targets
human MLKL but not the mouse form, which limits its application.
Here, we discovered APO as a promising potential inhibitor with a
different mechanism of action that prevents MLKL oligomerization,
thereby preventing necroptosis.
APO, a derivative of morphine, is formed by acid-catalyzed

rearrangement. As an FDA-approved drug, APO has been used as

a non-selective, direct-acting dopamine receptor agonist to
reverse the “off” episode in patients with late-stage Parkinson’s
disease [52]. It is also used as an emesis inducer for antiemetic
screening [53]. In this study, we identified a novel function of APO,
specifically its oxidized form, Ox-APO, which inhibits necroptosis
by blocking MLKL oligomerization and its migration to the cell
membrane to form necrotic pores independently of RIP1 and RIP3.
Western blotting and confocal microscopy revealed that even Ox-
APO showed little inhibition of MLKL phosphorylation upon TBZ
stimulation, but it significantly inhibited MLKL tetramerization and
octamerization. SPR and NMR studies confirmed that Ox-APO

Fig. 5 APO ameliorates IBD in the DSS-induced mouse colitis model. A Experimental design of DSS-induced colitis in mice. C57BL/6 mice
were given a 2.5% DSS in the drinking water for 8 days. Re-APO or Ox-APO was administered intraperitoneally daily for 7 days starting on day
0. On day 8, the mice were sacrificed, and the colon tissues were collected. B Mouse colon tissues were collected, and the effect of Re-APO or
Ox-APO on histopathology was evaluated by H&E and PAS staining. C Histological scores of each group were evaluated. Mean ± SD (n= 5).
*p < 0.05, ***p < 0.001, one-way ANOVA. D DAI of colitis was measured as mean ± SD (n= 5). **p < 0.01, ***p < 0.001, t-test. E Colon length was
measured. Representative images of the colon (left) and colon length (right). Mean ± SD (n= 5). *p < 0.05, **p < 0.01, ***p < 0.001, one-
way ANOVA.
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binds strongly to both Wt-hMLKL and Nt-hMLKL. The fact that Ox-
APO shows no binding to Nt-hMLKLC86A/L89A/D94A but binds
strongly to Nt-hMLKLR145A/R146A/F148A/M150A suggests that Ox-APO
interacts mainly with the α4 domain of Nt-hMLKL via covalent,

ionic, and hydrophobic interactions involving at least three
residues: Cys86, Leu89, and Asp94. These residues form a cavity
on top of the four-helix bundle composed of α1, α2, α3, and α5,
adjacent to Cys86 and Phe148. Notably, Cys86 is the target residue

Fig. 6 APO protects against liver injury in an APAP-induced mouse model. A BALB/c male mice (6–8-weeks-old) received an i.p. injection of
400–500mg/kg APAP in the presence or absence of APO after a 12 h fasting period. Livers were perfused and harvested 24 h after the
injection. B Gross morphology of liver tissues (n= 3 per group) after 500mg/kg APAP injection to induce severe liver injury. C H&E staining of
liver tissues after APAP injection. The necrotic area was quantified using ImageJ by measuring the unstained regions and calculating their
proportion relative to the total tissue area. The boxed images are magnifications. D Membrane-localized p-MLKL was assessed by IHC staining
of paraffin-embedded liver sections. The boxed images are magnifications. Quantification of membrane-localized p-MLKL signal intensity was
performed on over 100 cells per group using Zen imaging software (Zeiss), with normalization to cytosolic p-MLKL intensity. Data are
presented as mean ± SD. *p < 0.001; one-way ANOVA. E Serum AST and ALT levels were evaluated to assess liver injury after APAP injection.
Mean ± SD (n= 3). *p < 0.001, ns not significant, one-way ANOVA.
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for the NSA, which covalently binds to MLKL and prevents its
oligomerization [4]. Phe148 stabilizes the autoinhibitory α6 and
four-helix bundle via the π–π interaction, and xanthine class
inhibitors (BI-8925 and TC13172) stabilize the Phe148 of the
autoinhibitory α6 and four-helix bundle [51]. Notably, despite the
absence of a Cys86-equivalent residue in mouse MLKL, our results
suggest that Ox-APO may interfere with oligomerization by
interacting with Lys81, a residue previously implicated in mMLKL
oligomerization [5]. Further structural analyses are planned to
precisely characterize the molecular basis of this interaction.
Collectively, these findings highlight that Ox-APO has unique
binding characteristics distinct from NSA and is effective against
both human and mouse MLKL.
When two disease models represent necroptosis, Ox-APO

treatment effectively alleviated DSS-induced IBD and APAP-
induced liver injury in mice. APO can be auto-oxidized in solution
over time in the presence of light [43]. Ox- and Re-APO under
strict conditions showed that Ox-APO has a stronger clinical effect.
Re-APO was also effective in alleviating DSS-induced colitis
symptoms, but about ten times weaker than Ox-APO at the same
concentration.
In the APAP-induced liver injury model, both Ox-APO and Re-

APO reduced liver damage. This is likely attributable to APO’s
ability to inhibit multiple forms of regulated cell death beyond
necroptosis [48, 49]. Studies using MLKL–/– mice confirmed that
necroptosis plays a significant role in APAP-induced hepatic injury.
Notably, APO treatment mitigated liver damage not only by
targeting necroptosis but also by modulating apoptosis and
ferroptosis. These results are consistent with previous reports
indicating that APO can influence multiple regulated cell death
pathways, supporting its potential as a multi-modal cell death
regulator and a promising candidate for therapeutic development.
While oxidation enhances APO’s efficacy as an MLKL inhibitor,
excessive oxidation reduces compound stability, causes precipita-
tion, and alters pharmacokinetics [52]. In PD formulations used for
Parkinson’s disease, pH adjustment or the use of antioxidants is
required to protect APO from auto-oxidation in solution. However,
optimal oxidation of APO could reduce the dose required to treat
necroptosis, thereby reducing potential side effects. Therefore,
optimization of the oxidation state to balance appropriate
pharmacokinetic properties is necessary for its application in
necroptosis-related diseases. Although APO induces an emetic
response, the effect of Ox-APO on emesis needs to be further
investigated because the lack of specific neuromuscular compo-
nents in the brainstem prevents rodents from vomiting [54].
Further application studies of Ox-APO as a necroptosis inhibitor
are needed, for example, in cell or organ preservation under poor
environmental or ischemic conditions during transfer for cell
therapy and organ transplantation. In conclusion, this study
identifies APO, particularly Ox-APO, as a novel potential necrop-
tosis inhibitor through drug repurposing. Ox-APO strongly binds
to both human and mouse MLKL and inhibits necroptosis by
targeting the formation of cell membrane pores. Thus, Ox-APO is
expected to serve as a promising drug candidate for the treatment
of necroptosis-related diseases.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
Chemical library
A clinical chemical library containing 2150 items (Korea Chemical
Bank, South Korea), under phase 1–3 clinical trials, including FDA-
approved drugs, was used to screen for necroptosis inhibitors.
Each chemical was dissolved in DMSO and diluted to 20 μM in
DPBS for treatment.

Cell culture and reagents
THP-1-HMGB1-LuciaTM cells (thp-gb1lc, InvivoGen, San Diego, CA,
USA) stably expressing HMGB1-luciferase were maintained in a

complete medium supplemented with 25 mM HEPES, 100 μg/mL
Zeocin (ant-z-1, InvivoGen), and Mycozap (VZA-2031, Lonza,
Swiss). THP-1 cells (TIB-202, ATCC, Manassas, VA, USA) were
treated with a complete medium containing 500 nM phorbol 12-
myristate 13-acetate (PMA) for 3 h for cell maturation and
adherence. HEK293T cells and the mouse monocytic cell line
J774A.1 (TIB-67, ATCC) were cultured in complete medium,
respectively. All cells were cultured in an incubator at 37 °C with
5% CO2.

Mouse study of DSS-induced colitis and APAP-induced
liver injury
For DSS-induced colitis, male C57BL/6 mice aged 6–8 weeks
(Central Lab Animal Inc., S. Korea) were administered 2.5% DSS
(36–50 kDa, 9011-18-1, MP Biomedicals, Solon, OH, USA) in their
drinking water for 8 days. The 2.5% DSS-supplemented drinking
water was prepared by dissolving 12.5 g of DSS powder in 500mL
of distilled water and was freshly prepared and replaced daily
throughout the 8 days. Body weight and DAI score were recorded
daily. The DAI score was calculated based on weight loss (no
weight loss, 1–5%, 5–10%, 10–15%, and >15% weight loss,
respectively, representing DAI scores of 0, 1, 2, 3, and 4), stool
consistency/diarrhea (normal= 0, loose stools= 2, and watery
diarrhea= 4), and bleeding (no bleeding= 0, slight bleeding= 2,
gross bleeding= 4). At the end of the experiment, the mice were
sacrificed, and tissue samples were collected.
For APAP-induced liver injury, male BALB/c mice aged

6–8 weeks (Central Lab Animal Inc., S. Korea) and male MLKL–/–

C57BL/6 mice aged 6–8 weeks (Cyagen, Santa Clara, CA, USA) were
administered acetaminophen (APAP; 400–500mg/kg, 103-90-2,
Sigma-Aldrich) by i.p. injection to induce liver injury in the
presence or absence of APO after 12 h of fasting. After 24 h, the
mice were sacrificed to obtain liver tissues for further analysis.
All animal experiments were performed with random assign-

ment to treatment groups and with blinding of investigators
during data collection and analysis.

METHOD DETAILS
Induction of necroptosis and luciferase assay
THP-1-HMGB1-LuciaTM cells were pretreated with the pan-caspase
inhibitor Z-VAD-FMK (50 μM, tlrl-vad, InvivoGen) and each
chemical for 1 h, and followed by TNF-α (100 ng/mL, TNF0501,
NKMAXBio, Seongnam, S. Korea) and Smac mimetic BV6 (10 μM,
B1332-5, Biovision, Santa Clara, CA, USA), termed TBZ mixture,
were added for necroptosis screening. The RIP1 inhibitor, NEC-1
(1846, Biovision), and MLKL inhibitor, NSA (432531-71-0, Sigma-
Aldrich, St. Louis, MO, USA), were used as controls. The cell
supernatant was harvested to measure HMGB1 levels using a
luciferase assay kit (E1500, Promega, Madison, WI, USA) by a
luminometer (Centro XS3 LB 960, Berthold Technologies, Bad
Wildbad, Germany). The inhibition of necroptosis (%) was
calculated as: (sample-treated data –medium-only data) × 100/
(TBZ-treated data –medium-only data). APO [STK088477, (6aS)-6-
methyl-5,6,6a,7-tetrahydro-4H-dibenzo[de,g]quinoline-10,11-diol,
Vitas-M Laboratory, Hong Kong] was stored at −70 °C after
aliquoting with DMSO. APO was used after dilution in DPBS. APO is
susceptible to auto-oxidation in solution in the presence of light
and air [43]. DPBS containing 5mM DTT was used for Re-APO. Ox-
APO was prepared by incubating APO in DPBS at 25 °C for 24 h in
the presence of light and air, followed by removal of any
precipitate by filtration through 0.2 μm [55].

PI uptake assay
PI uptake assays were performed in triplicate to evaluate pore
formation on the plasma membrane. THP‑1 cells (2 × 10⁵ cells/well)
were seeded in black-walled, clear-bottom 96-well plates and
treated with TBZ (TNF, BV6, and z-VAD-FMK) in the presence or
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absence of candidate compounds for 8 h to induce necroptosis.
For the chemically induced MLKL-gyrase dimerization experi-
ments, J774A.1 cells (2 × 10⁵ cells/well) were seeded and treated
with Dox and coumermycin for 4 h, followed by Ox-APO treatment
overnight. PI (556463, BD Biosciences, San Jose, CA, USA) was
added at a final concentration of 1 μg/mL for 10 min before
measurement. Fluorescence was recorded using a Varioskan Flash
3001 plate reader (Thermo Fisher Scientific, Waltham, MA, USA).

Western blot analysis
The cells were harvested and lysed in 1× RIPA buffer (R4100-010,
GenDEPOT, Katy, TX, USA) containing protease (P3100-001,
GenDEPOT) and phosphatase (1862495, Thermo Fisher Scientific)
inhibitors. WCLs were then centrifuged at 20,000×g for 30 min at
4 °C and subjected to non-reducing or reducing 8–12% SDS-PAGE
gel electrophoresis. The membrane was blocked with 5% non-fat
milk in TBS and probed with antibodies. Antibodies to hMLKL
(14993S), mMLKL (97705S), phospho-hMLKL (Ser358) (91689S),
phospho-mMLKL (Ser345) (37333S), phospho-hRIP1 (Ser166)
(65746S), mRIP1 (3493S), phospho-mRIP1 (Ser321) (38662S),
phospho-hRIP3 (Ser227) (93654), mRIP3 (95702S), p-mRIP3
(Thr231/Ser232) (91702S), and LDH (2012S) (Cell Signaling
Technology, Danvers, MA, USA), and GAPDH (LF-PA0018, Abfron-
tier, S. Korea), hRIP1 (ab72139, Abcam, Cambridge, UK), hRIP3 (sc-
135170, Santa Cruz Biotechnology, Dallas, TX, USA), HMGB1
(ab78923, Abcam), and LAMP1 (ab24170, Abcam) antibodies
were used.

Measurement of released HMGB1 levels
TBZ-treated cell supernatants were harvested and centrifuged
using Amicon ultra centrifugal filters 10 kDa (UFC501096, Milli-
pore, Billerica, MA, USA) at 4000×g for 1 h. The concentrated
supernatants were analyzed using SDS-PAGE to assess released
HMGB1 levels.

Cell membrane fractionation
Cell membrane fractionation was performed to determine
whether MLKL oligomers were retained in the cell membrane
fraction [31]. Briefly, THP-1 cells were harvested and resuspended
in 20 mM TBS (pH 7.4) containing 10mM KCl, 1 mM MgCl2,
protease inhibitor (P3100-001, GenDEPOT), and phosphatase
inhibitor (1862495, Thermo Fisher Scientific). The cell suspension
was passed through a 22-gauge needle and centrifuged at
20,000×g for 15min and stored as the cytoplasmic fraction. The
pellet was resuspended in lysis buffer and stored as the crude
membrane fraction.

Confocal microscopy
THP-1 cells were washed and fixed in 4% paraformaldehyde and
incubated in 0.25% Triton X-100 for 10min, blocked for 30 min
with 5% BSA-PBS, and stained with the MLKL and CD36
(ab252922, Abcam) antibody. The nuclei were stained with DAPI.
Confocal microscopy (FV1000, Olympus, Tokyo, Japan) was used
for image analysis. The signal intensity was measured using
FluoView FV1000 software.

DNA constructs and recombinant proteins
The hMLKL plasmid (RC213152, OriGene, Rockville, MD, USA), and
recombinant Wt-hMLKL (ab241453, Abcam) and Wt-mMLKL
(MBS1379843, MyBioSource, San Diego, CA, USA) proteins were
purchased. Nt-hMLKL (2–154), Nt-mMLKL (1–180), and Ct-hMLKL
(183–471) were generated using the pBT7-N-His vector. Nt-
hMLKLC86A, Nt-hMLKLF148A, -hMLKLC86A/L89A/D94A, and Nt-
hMLKLR145A/R146A/F148A/M150A were generated using the Site-
directed Mutagenesis Kit (EZ004S, Enzynomics, S. Korea). These
constructs were subcloned into pBT7-N-His and pET-15b plasmid
vectors. E. coli BL21 cells transformed with the cloned expression
vectors were cultured in LB medium and supplemented with

100 μg/mL ampicillin until an OD at 600 nm of 0.5–0.6 was
reached. The cultures were induced by 1mM IPTG (367-93-1,
Sigma-Aldrich). The cells were lysed and centrifuged. The clear
supernatants were subjected to Ni-NTA affinity chromatography
(175018169, QIAGEN, Hilden, Germany). Plasmids encoding
mMLKL (1–464)–gyrase fusion constructs were kindly provided
by Prof. James Murphy (Cell Signalling and Cell Death Division, The
Walter and Eliza Hall Institute of Medical Research, Parkville,
Victoria 3052, Australia) [44].

SPR analysis
The interactions of Wt-hMLKL, Wt-mMLKL, Nt-mMLKL, Nt, and Ct-
hMLKL proteins with Re-APO or Ox-APO were detected through
SPR analysis using Biacore™ T200 (Cytiva, Marlborough, MA, USA).
Each MLKL protein was immobilized on a CM5 sensor chip. To
derive the Rligand values, coupling processes were performed
based on the molecular weights of the MLKL protein (MW ligand)
and Re-APO or Ox-APO (MW analyte). Re-APO or Ox-APO was
injected into an HBS buffer (10 mM HEPES, 150 mM NaCl, 3.4 mM
EDTA, and 0.005% Tween 20, pH 7.4) at 25 °C (10 μL/min flow rate).
Sensorgrams were recorded and analyzed in real-time using the
control software in the BIAcore T200 system. All data were
analyzed using the BIA evaluation software (Cytiva).

NMR experiments
To obtain 13C/15N-labeled Nt-hMLKL protein, the transformed E.
coli cells were grown in an M9 minimal medium containing
15N-NH4Cl and

13C-glucose (CIL, Tewksbury, MA, USA). All labeled
materials were purchased from Cambridge Isotope Laboratories.
The cells were stimulated for protein expression with IPTG. The Nt-
hMLKL protein was purified using Ni-affinity column chromato-
graphy, followed by TEV cleavage during dialysis. Further
purification was performed via size-exclusion column chromato-
graphy using the Superdex-75 column (Cytiva). The concentration
of the Nt-hMLKL protein was determined by UV absorbance at
280 nm.
NMR experiments were conducted in NMR buffer (pH 7.0,

20mM HEPES, 100mM NaCl, 5% D2O) at 25 °C. The backbone CSs
of Nt-hMLKL were assigned using triple resonance NMR spectra
(HNCACB/HNcoCACB and HNCO/HNcaCO). The CS values of Nt-
hMLKL (BMRB code: 25135) were used as a reference. The NMR
data were processed using the NMRpipe program and analyzed
using the NMRFAM-Sparky program [56, 57]. The CSP experiments
were performed to monitor drug molecule binding, and the
differences in CSs were calculated using a previously reported
method [58]. The 1H-15N HSQC spectra were recorded in the
absence and presence of APO. The Ox-APO concentration was
estimated from peak integrals in the 1D spectrum. The CSP data
were visualized on the structure of Nt-hMLKL using the UCSF
Chimera program (https://www.cgl.ucsf.edu/chimera/).

Tissue sample preparation and histologic evaluation
Each mouse colon was removed, measured in length, cut open,
fixed in Bouin’s fixative (50% ethanol/5% acetic acid in distilled
water), and embedded in paraffin. Tissue sections were stained
with H&E (Sigma-Aldrich). Histological evaluation of the colitis
lesions along the entire colon was performed using the scoring
system: degree of crypt structural damage (0–3), degree of
inflammatory cell infiltration (0–3), and degree of submucosal
edema (0–3) [59]. For PAS staining, deparaffinized and rehydrated
tissue sections were treated with 0.5% periodic acid (10450-60-9,
Junsei Chemical Co., Tokyo, Japan) and stained with Schiff’s
reagent (3952016, Sigma-Aldrich). Sections were dehydrated in
ethyl alcohol and coverslipped.
For liver tissue preparation, each liver was perfused with DPBS

and then fixed in 4% paraformaldehyde (PFA; PC2031-050-00,
Biosesang, S. Korea) before embedding in paraffin. Sections were
stained with H&E, and necrotic areas were quantified using ImageJ
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by calculating the proportion of pale or unstained regions relative
to the total tissue area. Mouse liver sections were subjected to IHC
staining to assess distinct forms of cell death: an anti-p-MLKL
antibody (MA5-32752, Thermo Fisher Scientific) to evaluate
p-MLKL localization (necroptosis), a TUNEL assay kit (4810-30-K,
R&D Systems) for apoptosis, and an anti-4-HNE antibody
(GTX01087, GeneTex) for ferroptosis.

Quantification and statistical analysis
Data analysis was performed using the Student’s t-test or one-way
analysis of variance (ANOVA) test using GraphPad Prism software
(GraphPad Software, Inc., San Diego, CA, USA). Results were
presented as the mean and standard error of the mean (SEM) or
standard deviation (SD), as indicated in the figure legends.
Statistical significance was set at a minimum of p < 0.05.

DATA AVAILABILITY
Data supporting the findings of this study are available from the corresponding
author upon reasonable request.

REFERENCES
1. Degterev A, Huang Z, Boyce M, Li Y, Jagtap P, Mizushima N, et al. Chemical

inhibitor of nonapoptotic cell death with therapeutic potential for ischemic brain
injury. Nat Chem Biol. 2005;1:112–9.

2. Kim YS, Morgan MJ, Choksi S, Liu ZG. TNF-induced activation of the Nox1 NADPH
oxidase and its role in the induction of necrotic cell death. Mol Cell.
2007;26:675–87.

3. Zelic M, Kelliher MA. Analyzing necroptosis using an RIPK1 kinase inactive mouse
model of TNF shock. Methods Mol Biol. 2018;1857:125–34.

4. Sun L, Wang H, Wang Z, He S, Chen S, Liao D, et al. Mixed lineage kinase domain-
like protein mediates necrosis signaling downstream of RIP3 kinase. Cell.
2012;148:213–27.

5. Huang D, Zheng X, Wang ZA, Chen X, He WT, Zhang Y, et al. The MLKL channel in
necroptosis is an octamer formed by tetramers in a dyadic process. Mol Cell Biol.
2017;37:e00497-16.

6. Baik JY, Liu Z, Jiao D, Kwon HJ, Yan J, Kadigamuwa C, et al. ZBP1 not RIPK1
mediates tumor necroptosis in breast cancer. Nat Commun. 2021;12:2666.

7. Galluzzi L, Vitale I, Aaronson SA, Abrams JM, Adam D, Agostinis P, et al. Molecular
mechanisms of cell death: recommendations of the Nomenclature Committee on
Cell Death 2018. Cell Death Differ. 2018;25:486–541.

8. Kaczmarek A, Vandenabeele P, Krysko DV. Necroptosis: the release of damage-
associated molecular patterns and its physiological relevance. Immunity.
2013;38:209–23.

9. Wang HC, Bloom O, Zhang MH, Vishnubhakat JM, Ombrellino M, Che JT, et al.
HMG-1 as a late mediator of endotoxin lethality in mice. Science.
1999;285:248–51.

10. Scaffidi P, Misteli T, Bianchi ME. Release of chromatin protein HMGB1 by necrotic
cells triggers inflammation. Nature. 2002;418:191–5.

11. Kim SY, Son M, Lee SE, Park IH, Kwak MS, Han M, et al. High-mobility group Box
1-induced complement activation causes sterile inflammation. Front Immunol.
2018;9:705.

12. Rickard JA, O’Donnell JA, Evans JM, Lalaoui N, Poh AR, Rogers T, et al. RIPK1
regulates RIPK3-MLKL-driven systemic inflammation and emergency hemato-
poiesis. Cell. 2014;157:1175–88.

13. Huang Z, Wu SQ, Liang Y, Zhou X, Chen W, Li L, et al. RIP1/RIP3 binding to HSV-1
ICP6 initiates necroptosis to restrict virus propagation in mice. Cell Host Microbe.
2015;17:229–42.

14. Deutsch M, Graffeo CS, Rokosh R, Pansari M, Ochi A, Levie EM, et al. Divergent
effects of RIP1 or RIP3 blockade in murine models of acute liver injury. Cell Death
Dis. 2015;6:e1759.

15. Luedde M, Lutz M, Carter N, Sosna J, Jacoby C, Vucur M, et al. RIP3, a kinase
promoting necroptotic cell death, mediates adverse remodelling after myocardial
infarction. Cardiovasc Res. 2014;103:206–16.

16. Lin J, Li H, Yang M, Ren J, Huang Z, Han F, et al. A role of RIP3-mediated
macrophage necrosis in atherosclerosis development. Cell Rep. 2013;3:200–10.

17. Murakami Y, Matsumoto H, Roh M, Giani A, Kataoka K, Morizane Y, et al. Pro-
grammed necrosis, not apoptosis, is a key mediator of cell loss and DAMP-
mediated inflammation in dsRNA-induced retinal degeneration. Cell Death Differ.
2014;21:270–7.

18. Meier P, Legrand AJ, Adam D, Silke J. Immunogenic cell death in cancer: targeting
necroptosis to induce antitumour immunity. Nat Rev Cancer. 2024;24:299–315.

19. Long X, Zhu N, Qiu J, Yu X, Ruan X, Wang X, et al. Necroptosis in inflammatory
bowel disease: a potential effective target. Zhong Nan Da Xue Xue Bao Yi Xue
Ban. 2022;47:1289–98.

20. Maloy KJ, Powrie F. Intestinal homeostasis and its breakdown in inflammatory
bowel disease. Nature. 2011;474:298–306.

21. Saeed WK, Jun DW. Necroptosis: an emerging type of cell death in liver diseases.
World J Gastroenterol 2014;20:12526–32.

22. Li S, Ning LG, Lou XH, Xu GQ. Necroptosis in inflammatory bowel disease and
other intestinal diseases. World J Clin Cases. 2018;6:745–52.

23. Negroni A, Colantoni E, Pierdomenico M, Palone F, Costanzo M, Oliva S, et al. RIP3
AND pMLKL promote necroptosis-induced inflammation and alter membrane
permeability in intestinal epithelial cells. Dig Liver Dis. 2017;49:1201–10.

24. Majdi A, Aoudjehane L, Ratziu V, Islam T, Afonso MB, Conti F, et al. Inhibition of
receptor-interacting protein kinase 1 improves experimental non-alcoholic fatty
liver disease. J Hepatol. 2020;72:627–35.

25. Zhang B, Li MD, Yin R, Liu Y, Yang Y, Mitchell-Richards KA, et al. O-GlcNAc
transferase suppresses necroptosis and liver fibrosis. JCI Insight. 2019;4:e127709.

26. He GW, Gunther C, Kremer AE, Thonn V, Amann K, Poremba C, et al. PGAM5-
mediated programmed necrosis of hepatocytes drives acute liver injury. Gut.
2017;66:716–23.

27. Takemoto K, Hatano E, Iwaisako K, Takeiri M, Noma N, Ohmae S, et al.
Necrostatin-1 protects against reactive oxygen species (ROS)-induced hepato-
toxicity in acetaminophen-induced acute liver failure. FEBS Open Bio.
2014;4:777–87.

28. Conrad M, Angeli JP, Vandenabeele P, Stockwell BR. Regulated necrosis: disease
relevance and therapeutic opportunities. Nat Rev Drug Discov. 2016;15:348–66.

29. Park HH, Park SY, Mah S, Park JH, Hong SS, Hong S, et al. HS-1371, a novel kinase
inhibitor of RIP3-mediated necroptosis. Exp Mol Med. 2018;50:1–15.

30. Kaiser WJ, Sridharan H, Huang C, Mandal P, Upton JW, Gough PJ, et al. Toll-like
receptor 3-mediated necrosis via TRIF, RIP3, and MLKL. J Biol Chem.
2013;288:31268–79.

31. Liu S, Liu H, Johnston A, Hanna-Addams S, Reynoso E, Xiang Y, et al. MLKL forms
disulfide bond-dependent amyloid-like polymers to induce necroptosis. Proc Natl
Acad Sci USA. 2017;114:E7450–E9.

32. Sun ALA, Gillies JD, Shen Y, Deng H, Xue F, Ma Y, et al. A phase I randomized
study to evaluate safety, pharmacokinetics, and pharmacodynamics of SIR2446M,
a selective RIPK1 inhibitor, in healthy participants. Clin Transl Sci. 2024;17:e13857.

33. Gonen OM, Porter T, Wang B, Xue F, Ma Y, Song L, et al. Safety, pharmacokinetics
and target engagement of a novel brain penetrant RIPK1 inhibitor (SIR9900) in
healthy adults and elderly participants. Clin Transl Sci. 2025;18:e70151.

34. Weisel K, Scott N, Berger S, Wang S, Brown K, Powell M, et al. A randomised,
placebo-controlled study of RIPK1 inhibitor GSK2982772 in patients with active
ulcerative colitis. BMJ Open Gastroenterol. 2021;8:e000680.

35. Vissers M, Heuberger J, Groeneveld GJ, Oude Nijhuis J, De Deyn PP, Hadi S, et al.
Safety, pharmacokinetics and target engagement of novel RIPK1 inhibitor
SAR443060 (DNL747) for neurodegenerative disorders: Randomized, placebo-
controlled, double-blind phase I/Ib studies in healthy subjects and patients. Clin
Transl Sci. 2022;15:2010–23.

36. Carbone F, Djamshidian A, Seppi K, Poewe W. Apomorphine for Parkinson’s
disease: efficacy and safety of current and new formulations. CNS Drugs.
2019;33:905–18.

37. Deng XX, Li SS, Sun FY. Necrostatin-1 prevents necroptosis in brains after
ischemic stroke via inhibition of RIPK1-mediated RIPK3/MLKL signaling. Aging
Dis. 2019;10:807–17.

38. Fauster A, Rebsamen M, Huber KV, Bigenzahn JW, Stukalov A, Lardeau CH, et al. A
cellular screen identifies ponatinib and pazopanib as inhibitors of necroptosis.
Cell Death Dis. 2015;6:e1767.

39. Wang Y, Ma H, Huang J, Yao Z, Yu J, Zhang W, et al. Discovery of bardoxolone
derivatives as novel orally active necroptosis inhibitors. Eur J Med Chem.
2021;212:113030.

40. Cruz SA, Qin Z, Stewart AFR, Chen HH. Dabrafenib, an inhibitor of RIP3 kinase-
dependent necroptosis, reduces ischemic brain injury. Neural Regen Res.
2018;13:252–6.

41. Wang HY, Sun LM, Su LJ, Rizo J, Liu L, Wang LF, et al. Mixed lineage kinase
domain-like protein MLKL causes necrotic membrane disruption upon phos-
phorylation by RIP3. Molecular Cell. 2014;54:133–46.

42. Li RZ, Fan XX, Duan FG, Jiang ZB, Pan HD, Luo LX, et al. Proscillaridin A induces
apoptosis and suppresses non-small-cell lung cancer tumor growth via calcium-
induced DR4 upregulation. Cell Death Dis. 2018;9:696.

43. Ng Ying Kin NM, Lal S, Thavundayil JX. Stability of apomorphine hydrochloride in
aqueous sodium bisulphite solutions. Prog Neuropsychopharmacol Biol Psy-
chiatry. 2001;25:1461–8.

44. Tanzer MC, Matti I, Hildebrand JM, Young SN, Wardak A, Tripaydonis A, et al.
Evolutionary divergence of the necroptosis effector MLKL. Cell Death Differ.
2016;23:1185–97.

M. Han et al.

12

Cell Death Discovery          (2025) 11:457 



45. Dovey CM, Diep J, Clarke BP, Hale AT, McNamara DE, Guo H, et al. MLKL requires
the inositol phosphate code to execute necroptosis. Mol Cell. 2018;70:936–48 e7.

46. Su L, Quade B, Wang H, Sun L, Wang X, Rizo J. A plug release mechanism for
membrane permeation by MLKL. Structure. 2014;22:1489–500.

47. Mossanen JC, Tacke F. Acetaminophen-induced acute liver injury in mice. Lab
Anim. 2015;49:30–6.

48. Miyauchi A, Kouga T, Jimbo EF, Matsuhashi T, Abe T, Yamagata T, et al. Apo-
morphine rescues reactive oxygen species-induced apoptosis of fibroblasts with
mitochondrial disease. Mitochondrion. 2019;49:111–20.

49. Miyauchi A, Watanabe C, Yamada N, Jimbo EF, Kobayashi M, Ohishi N, et al.
Apomorphine is a potent inhibitor of ferroptosis independent of dopaminergic
receptors. Sci Rep. 2024;14:4820.

50. Martinez-Osorio V, Abdelwahab Y, Ros U. The many faces of MLKL, the executor
of necroptosis. Int J Mol Sci. 2023;24:10108.

51. Rubbelke M, Fiegen D, Bauer M, Binder F, Hamilton J, King J, et al. Locking mixed-
lineage kinase domain-like protein in its auto-inhibited state prevents necrop-
tosis. Proc Natl Acad Sci USA. 2020;117:33272–81.

52. Wilcox RE, Humphrey DW, Riffee WH, Smith RV. Stability of apomorphine in
solutions containing ascorbic acid and bisulfite and effects of antioxidants on
apomorphine-induced cage climbing and hypothermia in mice. J Pharm Sci.
1980;69:974–6.

53. Proctor JD, Chremos AN, Evans EF, Wasserman AJ. An apomorphine-induced
vomiting model for antiemetic studies in man. J Clin Pharm. 1978;18:95–9.

54. Horn CC, Kimball BA, Wang H, Kaus J, Dienel S, Nagy A, et al. Why can’t rodents
vomit? A comparative behavioral, anatomical, and physiological study. PLoS One.
2013;8:e60537.

55. Garrido JMPJ, Delerue-Matos C, Borges F, Macedo TRA, Oliveira-Brett AM. New
insights into the oxidation pathways of apomorphine. J Chem Soc Perk T.
2002;2:1713–7.

56. Delaglio F, Grzesiek S, Vuister GW, Zhu G, Pfeifer J, Bax A. NMRPipe: a multi-
dimensional spectral processing system based on UNIX pipes. J Biomol NMR.
1995;6:277–93.

57. Lee W, Tonelli M, Markley JL. NMRFAM-SPARKY: enhanced software for biomo-
lecular NMR spectroscopy. Bioinformatics. 2015;31:1325–7.

58. Lee MS, Lee SO, Choi J, Ryu M, Lee MK, Kim JH, et al. MUL1-RING recruits the
substrate, p53-TAD as a complex with UBE2D2-UB conjugate. FEBS J.
2022;289:3568–86.

59. Zhang J, Lei H, Hu X, Dong W. Hesperetin ameliorates DSS-induced colitis by
maintaining the epithelial barrier via blocking RIPK3/MLKL necroptosis signaling.
Eur J Pharm. 2020;873:172992.

ACKNOWLEDGEMENTS
We thank Prof. James Murphy (Cell Signalling and Cell Death Division, The Walter and
Eliza Hall Institute of Medical Research, Parkville, Victoria 3052, Australia) for kindly
providing the plasmids encoding mMLKL (1–464)–gyrase and other related
MLKL–gyrase fusion constructs. This work was supported by grants from the
National Research Foundation of Korea (NRF), funded by the Korean government (RS-
2019-NR040072 and RS-2022-NR068972) and the Research Center Program of the
Institute for Basic Science (IBS) in Korea (IBS-R026-D1).

AUTHOR CONTRIBUTIONS
MGH designed the study, developed the methodology, acquired data, analyzed and
interpreted the data, and wrote and revised the manuscript. MSK designed the study,
developed the methodology, and analyzed and interpreted the data. IHP contributed

to methodology development and data analysis, and interpretation. EKJ acquired
data and provided technical support for the luciferase assay. D-HS and K-SR acquired
data and provided technical support for the NMR experiments. NDK and TBS acquired
data and provided technical support for the 3D-docking model. WJR and CHP
analyzed and interpreted the data and provided technical support for the mouse
experiments. HSK contributed to data analysis and interpretation and provided
technical support. J-JL analyzed and interpreted the data and revised the manuscript.
Y-SK provided MLKL knockout mice. J-SS designed the study, developed the
methodology, analyzed and interpreted the data, supervised the study, wrote and
revised the manuscript, and provided administrative, technical, and material support.
All authors approved the final version of the manuscript.

COMPETING INTERESTS
The authors declare no competing interests.

ETHICAL APPROVAL AND CONSENT TO PARTICIPATE
All methods were performed in accordance with relevant guidelines and regulations.
C57BL/6 and BALB/c mice were used following procedures approved by the
Institutional Animal Care and Use Committee (IACUC) of the Yonsei Laboratory
Animal Research Center (YLARC, 2018-0024). MLKL–/– C57BL/6 mice were used
following procedures approved by the IACUC of the Laboratory Animal Research
Center (LARC) of Ajou University Medical Center (2023-0053). No human participants
were involved in this study; therefore, informed consent was not required.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41420-025-02763-8.

Correspondence and requests for materials should be addressed to
Kyoung-Seok Ryu or Jeon-Soo Shin.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

M. Han et al.

13

Cell Death Discovery          (2025) 11:457 

https://doi.org/10.1038/s41420-025-02763-8
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Apomorphine is a novel necroptosis inhibitor targeting mixed lineage kinase domain-like protein oligomerization
	Introduction
	Results
	Screening of inhibitor candidates against the necroptosis signaling pathway
	Effect of redox-sensitive APO on MLKL oligomerization
	SPR analysis of APO binding to MLKL
	Modeling of Ox-APO binding to MLKL
	Ox-APO effectively ameliorates DSS-induced colitis and APAP-induced liver injury

	Discussion
	Experimental model and study participant details
	Chemical library
	Cell culture and reagents
	Mouse study of DSS-induced colitis and APAP-induced liver injury

	Method details
	Induction of necroptosis and luciferase assay
	PI uptake assay
	Western blot analysis
	Measurement of released HMGB1 levels
	Cell membrane fractionation
	Confocal microscopy
	DNA constructs and recombinant proteins
	SPR analysis
	NMR experiments
	Tissue sample preparation and histologic evaluation
	Quantification and statistical analysis

	References
	Acknowledgements
	Author contributions
	Competing interests
	Ethical approval and consent to participate
	ADDITIONAL INFORMATION




