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Necroptosis is a form of regulated necrosis that requires the activation of receptor-
interacting kinase 3 (RIPK3 or RIP3) and its phosphorylation of the substrate MLKL
(mixed lineage kinase domain-like protein). Necroptosis has emerged as important cell
death involved in the pathogenesis of various diseases including inflammatory diseases,
degenerative diseases, and cancer. Here, we discovered a small molecule Zharp-99
as a potent inhibitor of necroptosis through blocking the kinase activity of RIPK3.
Zharp-99 efficiently blocks necroptosis induced by ligands of the death receptor and
Toll-like receptor as well as viral infection in human, rat and mouse cells. Zharp-99
strongly inhibits cellular activation of RIPK3, and MLKL upon necroptosis stimuli. Zharp-
99 directly blocks the kinase activity of RIPK3 without affecting RIPK1 kinase activity
at the tested concentration. Importantly, Zharp-99 exerts effective protection against
TNF-α induced systemic inflammatory response syndrome in the mouse model. Zharp-
99 displays favorable in vitro safety profiles and in vivo pharmacokinetic parameters.
Thus, our study demonstrates Zharp-99 as a potent inhibitor of RIPK3 kinase and
also highlights its potential for further development of new approaches for treating
necroptosis-associated inflammatory disorders.

Keywords: necroptosis, RIPK3, kinase inhibitor, inflammatory diseases, Zharp-99

INTRODUCTION

Necroptosis is a form of regulated cell death that shows necrotic features including cell swelling
and disrupted cell membrane. Necroptosis is tightly regulated by the activation of receptor-
interacting protein kinase 1 (RIPK1 or RIP1) and RIPK3 (RIP3; Linkermann and Green, 2014;
He and Wang, 2018; Mifflin et al., 2020). In TNF-induced necroptosis, RIPK1 interacts with RIPK3
through their RIP homotypic interaction motif (RHIM) domains, leading to RIPK3 activation and
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phosphorylation (Holler et al., 2000; Cho et al., 2009; He et al.,
2009; Zhang et al., 2009). Active RIPK3 phosphorylates its
substrate mixed lineage kinase domain-like protein (MLKL; Sun
et al., 2012; Zhao et al., 2012). The phosphorylation of MLKL
results in MLKL oligomerization and membrane translocation
to mediate cell rupture (Murphy et al., 2013; Cai et al., 2014;
Chen et al., 2014; Wang et al., 2014a). As a lytic cell death,
necroptosis elicits inflammatory responses via the release of
cellular contents including damage-associated molecular patterns
(DAMPs; Linkermann and Green, 2014; He and Wang, 2018;
Mifflin et al., 2020). Necroptosis plays important roles in a variety
of pathological conditions including inflammatory disorders,
ischemia-reperfusion-induced injury, degenerative diseases and
cancer. Thus, strategies to interfere with the necroptosis signaling
pathway could be potentially developed for the treatment of
necroptosis-related diseases.

Receptor-interacting kinase 3 has emerged as a key molecule
of necroptosis that can be initiated by various signals including
activation of death receptors, Toll-tike receptors, interferon
receptors as well as pathogen infection3 (Linkermann and
Green, 2014; He and Wang, 2018; Mifflin et al., 2020). Receptor-
interacting kinase 3 contains an N-terminal serine/threonine
kinase domain and a C-terminal RHIM domain. The
kinase activity of RIPK3 is essential for its activation and
phosphorylation of MLKL (Cho et al., 2009; He et al., 2009; Sun
et al., 2012; Zhang et al., 2009; Zhao et al., 2012). Increasing
evidence suggests that RIPK3 can be activated for necroptosis by
other RHIM-containing proteins including ZBP1/DAI/ DLM1
(Z-nucleic acid binding protein) (Upton et al., 2012; Samir
et al., 2020)and TRIF/TICAM-1 (Toll/IL-1 receptor domain-
containing adaptor inducing IFN-β) (He et al., 2011; Kaiser
et al., 2013) in addition to RIPK1. Thus, necroptosis can proceed
independent of RIPK1, leading to the assumption that RIPK3
may protect cell from a broader range of necroptotic pathologies.
The combination of tractability and broad dedicated role in
necroptosis makes RIPK3 an attractive target for modulating
necroptosis and its related diseases.

Considering the essential role of RIPK3 kinase activity in
necroptosis, the kinase domain of RIPK3 is an interesting target
for intervention with small molecule inhibitors. A number
of RIPK3 inhibitors have been reported including the FDA
approved drugs dabrafenib, sorafenib, and ponatinib (Kaiser
et al., 2013; Li et al., 2014; Mandal et al., 2014; Fauster
et al., 2015; Park et al., 2018; Zhang et al., 2019; Hart et al.,
2020). Inhibition of RIPK3 was discovered as an off-target
effect of these drugs as opposed to the intended targets such
as Braf, VEGRF, and Bcr-Abl (Fauster et al., 2015; Li et al.,
2014). The classical work on GSK’840, GSK’843, GSK’872
established RIPK3 as a potential drug target with a caveat:
inhibition of RIPK3 kinase activity induced apoptosis in a
concentration-dependent manner (Kaiser et al., 2013; Mandal
et al., 2014). The interaction of compound with RIPK3 imposed
a conformation change which drove the recruitment of RIPK1
via the RHIM domain and activated caspase 8 for the initiation
of apoptosis (Mandal et al., 2014). It is not clear what
structural features of a compound may avoid the induction
of apoptotic RIPK3 conformational change. Reflecting these

challenges, there is no RIPK3 inhibitor currently under clinical
investigation. We have a long standing interest in studying
RIPK3 and its role in necroptosis. Our ultimate goal is to
identify novel RIPK3 inhibitors with high efficacy and low
toxicity. Here, we wish to report the discovery of Zharp-
99 as a novel inhibitor of RIPK3 kinase activity. Zharp-99
exhibits potent cellular efficacy of inhibiting necroptosis induced
by multiple necroptotic stimuli in human, mouse, and rat
cells. Zharp-99 displays favorable in vitro safety profiles and
in vivo pharmacokinetic parameters. Importantly, pre-treatment
of Zharp-99 significantly ameliorates TNF-induced systemic
inflammatory response syndrome (SIRS) in the mouse model.
These findings highlight Zharp-99 as a potent RIPK3 inhibitor
and suggest the potential of Zharp-99 as a starting point
for the development of new approaches to treat necroptosis-
associated disorders.

MATERIALS AND METHODS

Cell Culture
Human colon cancer HT-29 and mouse fibrosarcoma L929 cells
were from ATCC. Mouse embryonic fibroblasts (MEF), HT-
29 cells stably expressing RIPK3-shRNA and shRNA resistant
scramble Flag-tagged RIPK3 (W46), and NIH3T3 cell line
stably expressing RIPK3 fused to mutant FK506-binding protein
(NIH3T3-RIPK3) were kindly provided by Dr. Xiaodong Wang
[National Institute of Biological Sciences (NIBS), Beijing].
HeLa-MLKL (1-190) cell line was a gift from Dr. Zhigao
Wang (University of Texas Southwestern Medical Center at
Dallas). These cells were cultured in Dulbecco’s modified
Eagle’s medium (Hyclone) supplemeted with 10% fetal bovine
serum (Invitrogen) and 2 mM L-glutamine (Invitrogen) in a
humidified incubator at 37◦C and 5% CO2. NIH3T3-RIPK3
was cultured in complete medium containing 2 µg/ml G418
(Calbiochem). HeLa-MLKL (1–190) stable line were cultured
in complete medium containing 10 µg/ml Blasticidin plus
1 µg/ml puromycin. Bone marrow-derived macrophages were
isolated from the bone marrow of 6–8 week old mice and
rats, and cultured for 7 days in the medium containing
30% L929-cell conditioned medium, 20% FBS, and 50%
RPMI-1640. L929 cell conditioned medium containing colony
stimulating factor was collected after growing L929 cells in
DMEM plus 10% FBS for 7 to 10 days previously described
(He et al., 2011).

Cell Viability Assay
Cells were seeded in 96-well plates and then treated as
indicated. The cell viability was determined by assessment
of ATP levels using the CellTiter-Glo Luminescent Cell
Viability Assay kit following the manufacture’s instructions
(Promega). Luminescence was calculated with SpectraMax i3x
(Molecular Devices).

Reagents and Antibodies
Human TNF-α recombinant protein was generated as previously
described (Wang et al., 2008). Mouse TNF-α recombinant
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protein was purchased from Genscript. The Smac mimetic
compound and anti-human RIPK3 antibody were kindly
provided by Dr. Xiaodong Wang (National Institute of
Biological Sciences, Beijing). z-VAD was purchased from Bachem
respectively. Lipopolysaccharide (LPS) was purchased from
Sigma. Mouse recombinant RIPK1 and RIPK3 were purchased
from SignalChem. The cellTiter-Glo Luminescent cell viability
assay kit and ADP-Glo kinase assay kit were purchased
from Promega. The following antibodies were used: RIPK1
(BD Biosciences, 610458), p-hRIPK1 (CST, 65746), p-hRIPK3
(Abcam, 209384), hMLKL (Abcam, 184718), p-hMLKL (Abcam,
187091), p-mRIPK1 (CST, 31122S), mRIPK3 (Prosci, 2283),
p-mRIPK3 (CST, 91702), mMLKL (Abgent, 14272b), p-mMLKL
(Abcam, 196436), β-actin (Sigma, A2066). Mouse IL-6 ELISA kit
was from MultiSciences (Lianke).

Western Blot Analysis
The cell pellets were harvested and dissolved in lysis buffer
(20 mM Tris–HCl, pH 7.4 150 mM NaCl, 1% Triton X-100, 1 mM
Na3VO4, 10% glycerol, 25 mM β-glycerol-phosphate, 0.1 mM
PMSF, with the Sigma phosphatase inhibitors and the Roche
Pierce protease inhibitor set). The re-suspended cell pellet was
then incubated on ice for 20 min, followed by centrifugation
at 13000 × g for 20 min at 4◦C. The supernatants were
collected and protein concentrations were measured using the
BCA Protein Assay Kit (Thermo Fisher Scientifc, United States).
Finally, cell lysates were subjected for western-blot analysis of the
indicated antibodies.

RNA Extraction and Real-Time PCR
Total RNA was extracted using TRIzol Reagent (Invitrogen)
from cell pellets. cDNA was synthesized using a Revert Aid
First Strand cDNA kit (Thermo Fisher Scientifc). Real-time PCR
was performed using corresponding primers and Power SYBR R©

Green PCR Master Mix (Invitrogen). The data were normalized
to GAPDH. The primer sequences are as follows: ICP6
Forward: GGCTGCAATCGGCCCTGAAGTA, Reverse: GGT
GGTCGTAGAGGCGGTGGAA; TNFα Forward: CCCTCACAC
TCAGATCATCTTCT, Reverse: GCTACGACGTGGGCTACAG;
CCL3 Forward: TTCTCTGTACCATGACACTCTGC, Reverse:
CGTGGAATCTTCCGGCTGTAG; CXCL1 Forward: GCACCC
AAACCGAAGTCATAG, Reverse: AGAAGCCAGCGTTCAC
CAGA; GAPDH Forward: CAAGAAGGTGGTGAAGCAGGC,
Reverse: CATACCAGGAAATGAGCTTGAC.

In vitro Kinase Activity Assay
The recombinant human RIPK1 or RIPK3 protein was incubated
with the control DMSO or the indicated compound for around
15 min in the assay buffer (25 mM HEPES PH7.2, 12.5 mM
MnCl2, 5 mM EGTA, 20 mM MgCl2, 12.5 mM β-glycerol
phosphate, 2 mM EDTA, and 2 mM DTT). ATP (50 µM)
and the substrate MBP (20 µM) were then added to the
reaction at room temperature for 2 h. The kinase activity was
calculated by the measuring the luminescence after the addition
of the ADP-Glo Kinase Assay kit according to the manufacture’s
instructions (Promega).

Source of Animals
C57BL/6 male mice were purchased from Suzhou JOINN Clinical
Co., Ltd. All male mice were bred under standard conditions
and used at the age of 6–7 weeks with about 18–20 g body
weight. All animal experiments were performed in accordance
with protocols approved by the Institutional Animal Care and
Use Committee at Suzhou Institute of Systems Medicine.

TNF-Induced Systemic Inflammatory
Response Syndrome
Zharp-99 was diluted into sterile PBS containing 40% PEG400.
C57BL/6 mice were pretreated with vehicle or Zharp-99
(5 mg/kg) via intraperitoneal injection for around 15 min,
followed by the administration of mouse TNF-α (6.5 µg/mouse)
via tail intravenous injection. The status of mice was monitored
by measuring anal temperature. Mice mortality was continuously
monitored till 60 h after TNF-α administration. Blood was
collected 4 h post TNF-α challenge and serum was isolated for
further examination.

Methods for Determination of CYP/hERG
Inhibition and Pharmacokinetic
Parameters
Cytochrome P450 (CYP) inhibitory potency was determined by
industrial standard methods as reported previously (Dong et al.,
2015). Methods to determine potassium channel hERG inhibition
and in vivo pharmacokinetic parameters have been previously
published (Lu et al., 2017).

Synthesis of Zharp-99
The synthetic scheme and detailed experimental procedure as
well as spectroscopic characterizations of Zharp-99 can be found
in the supporting information.

Statistical Analyses
Data of cell survival rate are represented as the mean ± standard
deviation of duplicates or triplicates from one representative
experiment (n ≥ 2 independent experiments). Significance was
analyzed using t-tests of GraphPad Prism software. P-values were
defined by ONE-way ANOVA and multi-comparison test for
statistics analysis. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001.

RESULTS

Zharp-99 Efficiently Blocks TNF-Induced
Necroptosis in Both Human and Mouse
Cells
To discover novel inhibitors of necroptosis, we designed and
synthesized a focused library with novel structures based on
the GSK’872 scaffold. Human colon cancer HT-29 cells were
treated with these compounds for 2 h prior to the treatment of
necroptotic stimuli (TNFα, Smac mimetic and z-VAD), which are
widely used to trigger TNF-induced necroptosis (He et al., 2009).
Zharp-99 turned out to be the most efficient inhibitor of TNF-
induced necroptosis in HT-29 cells with higher efficacy compared
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to the well-known RIPK3 inhibitor GSK’872 (Figures 1A–C).
We further examined the effect of Zharp-99 on TNF-induced
necroptosis in MEFs. Zharp-99 exhibited efficient inhibition of
TNF-induced necroptosis in MEFs at concentrations ranging
from 0.15 to 1.2 µM (Figures 1D,E). We also observed obvious
toxicity of Zharp-99 at higher concentrations ranging from 2.5 to
20 µM (Figure 1D). Collectively, these results demonstrate that
Zharp-99 is an effective inhibitor of TNF-induced necroptosis in
human and mouse cells.

Zharp-99 Inhibits Necroptosis Induced
by TLR and HSV-1 Infection
It is known that necroptosis can be initiated by activation of TLR3
or TLR4 as well as pathogen infection in addition to activation
of death receptors (Linkermann and Green, 2014; He and Wang,
2018; Mifflin et al., 2020). We examined the impact of Zharp-99
on TLR4-mediated necroptosis induced by LPS/z-VAD. Zharp-
99 potently blocked TLR4-mediated necroptosis in both mouse
and rat bone marrow derived macrophages (Figures 2A–C).
Infection of herpes simplex virus (HSV)-1 infection can trigger
necroptosis in mouse cells (Huang et al., 2015; Wang et al.,
2014c). We further evaluated the effect of Zharp-99 on HSV-
1-induced necroptosis and found that Zharp-99 significantly
inhibited HSV-1 induced necroptosis in L929 cells (Figure 2D).
We examined the effect of Zharp-99 on viral genome extracted
from cell culture supernatants 5h post HSV-1 infection and
found that Zharp-99 did not affect the expression of viral gene
ICP6 (Figures 2E,F). These results suggest that Zharp-99 has a
common mechanism of blocking conserved necroptosis signaling
pathways activated by various stimuli in different species.

Zharp-99 Blocks Cellular Activation of
RIPK3 and MLKL Upon Necroptotic
Stimuli
Having established that Zharp-99 is a novel inhibitor of
necroptosis, we next investigate the molecular mechanism
underlying Zharp-99-mediated necroptosis inhibition. It is well
understood that RIPK1, RIPK3, and MLKL are activated during
TNF-induced necroptosis, as indicated by their phosphorylation
(Sun et al., 2012; Mifflin et al., 2020; Wang et al., 2014a).
We examined the effect of Zharp-99 on the phosphorylation
of RIPK1, RIPK3, and MLKL upon necroptotic stimuli.
Treatment of Zharp-99 abolished phosphorylation of RIPK3
and MLKL in human HT-29 cells, but did not reduce
RIPK1 phosphorylation at S166 (Figure 3A). Consistently,
Zharp-99 blocked phosphorylation of RIPK3, and MLKL
in mouse L929 cells, but not phosphorylation of RIPK1
(Figure 3B). We further examined the effect of Zharp-99
on the formation of RIPK1/RIPK3 complex in HT-29 cells
stably expressing Flag-RIPK3. Zharp-99 did not affect the
RIPK1/RIPK3 necrosome formation (Figure 3C). Collectively,
these results demonstrate that Zharp-99 blocks necroptosis
through the suppression of RIPK3 function or signaling upstream
of RIPK3 activation.

Zharp-99 Is an Inhibitor of RIPK3 Kinase
Domain
Having shown that Zharp-99 can block activation of RIPK3
and MLKL during TNF-induced necroptosis, we further asked
whether Zharp-99 could directly target RIPK3 by performing

FIGURE 1 | Zharp-99 efficiently blocks TNF-induced necroptosis in both human and mouse cells. (A) Chemical structure of Zharp-99 and GSK’872. (B–E) The
effects of Zharp-99 and GSK’872 on TNF-induced necroptosis were examined in HT-29 cells and MEF cells. (B,C) HT-29 cells were pretreated with indicated
concentrations of Zharp-99 and GSK’872 for 2 h prior to the treatment with TNF-α (40 ng/ml), Smac mimetic (100 nM) and z-VAD (20 µM) for 48 h. Cell viability was
assessed by measuring ATP levels. Data are represented as the mean ± standard deviation of triplicates. (D,E) MEF cells were pretreated with indicated
concentrations of Zharp-99 and GSK’872 for 2 h followed by the treatment with TNF-α (40 ng/ml), Smac mimetic (100 nM), and z-VAD (20 µM) for 24 h. T, TNF-α; S,
Smac mimetic; Z, z-VAD. Data are represented as the mean ± standard deviation of dipartites. *P < 0.05. **P < 0.01.
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FIGURE 2 | Zharp-99 blocks necroptosis induced by TLR and HSV-1 infection. (A–C) Bone marrow-derived macrophages (BMDM) from mouse and rat was
pretreated with DMSO, Zharp-99 or GSK’872 for 2 h prior to the treatment of DMSO, LPS (20 ng/ml) plus z-VAD (20 µM) or z-VAD (10 µM) for 24 h. Cell viability was
determined by measuring ATP levels. L, LPS; Z, z-VAD. Data are represented as the mean ± standard deviation of dipartites. (D) L929 cells were pretreated with
DMSO, Zharp-99 or GSK’872 for 2h prior to HSV-1 infection. After 24 h, cell viability was determined by measuring ATP levels. Data are represented as the
mean ± standard deviation of triplicates. (E,F) L929 cells were pretreated with DMSO, Zharp-99 or GSK’872 for 2 h prior to HSV-1 infection. After 5 h, cell viability
was determined by measuring ATP levels and ICP6 mRNA expression was detected using viral genome extracted from cell culture supernatant. *P < 0.05.
**P < 0.01. ***P < 0.001.

FIGURE 3 | Zharp-99 blocks cellular activation of RIPK3 and MLKL upon necroptotic stimuli. (A) HT-29 cells were treated with the indicated compound for 2 h prior
to the treatment of TNF-α (40 ng/ml), Smac mimetic (100 nM) and z-VAD (20 µM) for additional 8 h. Cell lysates were harvest and subjected to western-blot analysis
for phosphorylation of RIPK1, RIPK3, and MLKL. (B) L929 cells were pretreated with DMSO, Zharp-99 or GSK’872 for 2 h prior to TNF-α (40 ng/ml) and z-VAD
(20 µM) for additional 4 h. Cell lysates were harvest and subjected to western-blot analysis for phosphorylation of RIPK1, RIPK3, and MLKL. (C) HT-29 cells stably
expressing RIPK3-shRNA and shRNA resistant scramble Flag-tagged RIPK3 (W46) were pretreated Zharp-99 or GSK’872 for 2 h prior to treatment of TNF-α
(40 ng/ml), Smac (100 nM) and z-VAD (20 µM) for 8 h. Cell lysates were prepared for immunoprecipitation using an anti-Flag antibody. The levels of RIPK3 and
RIPK1 in the immunocomplex were determined by western blot analysis.

in vitro kinase assay. Zharp-99 inhibited the kinase activity of
human RIPK3 in vitro with higher inhibitory activity compared
to GSK’872 (Figure 4A). In contrast, Zharp-99 did not affect
RIPK1 kinase activity even at 10 µM, displaying a similar effect
as GSK’872 (Figure 4B). Moreover, Zharp-99 exhibited efficient
binding to human recombinant RIPK3 with Kd of 1.35 nM
(Figure 4C). These results indicate that Zharp-99 is an inhibitor
of RIPK3 by targeting the kinase activity.

Previous studies have shown that enforced
dimerization/polymerization of RIPK3 or MLKL triggers
necroptosis bypassing the upstream signals (Chen et al., 2014;
Orozco et al., 2014). We further evaluated the effect of Zharp-
99 on necroptosis induced by RIPK3 dimerization or MLKL

polymerization. Consistent with previous observation, NIH3T3
cells expressing mouse RIPK3 fused to mutant FK506-binding
protein (FKBP) were committed to necroptosis upon the
treatment of the dimerizer AP20187 (Figure 4D). This RIPK3
dimerization-induced necroptosis was efficiently blocked by
Zharp-99 (Figure 4D). It has been reported that HeLa cells
expressing MLKL (1–190aa) fused to DmrB could undergo
MLKL polymerization-induced necroptosis upon AP20187
treatment (Liu et al., 2017; Figure 4E). Treatment of Zharp-99
did not affect this polymerized MLKL-induced necroptosis,
while the cell death phenotype was blocked by MLKL inhibitor
necrosulfonamide (NSA), suggesting that Zharp-99 does not
affect MLKL function or signaling downstream of MLKL.
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FIGURE 4 | Zharp-99 is a potent inhibitor of RIPK3. (A,B) The effect of Zharp-99 on the kinase activities of RIPK3 and RIPK1. In vitro kinase activity assays using
recombinant RIPK3 and RIPK1 were performed as described in the section “Materials and Methods.” Data represent mean value ± standard deviation. (C) Binding
constants (Kds) of Zharp-99 with recombinant human RIPK3 in collaboration with Discover X Corporation. (D) Zharp-99 inhibits RIPK3 dimerization-induced cell
death in NIH3T3-RIPK3 cells that stably express RIPK3 fused to FKBP F36V mutant. NIH3T3-RIPK3 cells were pretreated with indicated compounds for 2 h and
subsequently treated with AP20187 (60 nM) for 24 h. Cell viability was determined by measuring ATP levels. (E) Zharp-99 has no effect on MLKL
dimerization-induced cell death in HeLa-MLKL (1–190) cells that stably express MLKL (1–190aa) fused to DmrB. HeLa-MLKL (1–190) cells were induced by
doxycycline (1 µg/ml) for 24 h. Cells were pretreated with indicated compounds for 2 h and subsequently treated with AP20187 (60nM) for 24h. Cell viability was
determined by measuring ATP levels. Data are represented as the mean ± standard deviation of triplicates. *P < 0.05. **P < 0.01. ***P < 0.001. (F) MEFs were
treated as indicated for 3 h. Cell lysates were harvest and subjected to western-blot analysis for full length and cleaved caspase 3.

Taken together, these results demonstrate that Zharp-99 inhibits
necroptosis via the blockage of RIPK3 kinase activity. It has
been demonstrated that GSK’872 is able to induce on-target
apoptosis (Mandal et al., 2014). Consistently, Zharp-99 induced
activation of caspase-3 and cell death in a dose-dependent
manner especially in mouse cells (Figures 1D,4F). Compared to
GSK’872, Zharp-99 was more potent in inducing apoptosis in
MEFs (Figures 1D,E, 4F).

Zharp-99 Effectively Alleviates
TNF-Induced SIRS
Based on the strong biochemical and cellular anti-necroptosis
activity of Zharp-99, we sought to test the therapeutic
potential of Zharp-99 in the mouse model of necroptosis-
associated diseases. Necroptosis is associated with various
pathological conditions such as TNF-induced SIRS (Berger
et al., 2014; Duprez et al., 2011). We evaluated the protective
effect of Zharp-99 in TNF-induced SIRS in vivo. Female
C57BL/6 mice were treated with vehicle or Zharp-99 for
15 min, followed by the intravenous injection of mouse
TNFα at 6.5 µg/mouse. Treatment with 5 mg/kg Zharp-
99 significantly protected mice against TNFα-induced lethal
shock (Figure 5A). Zharp-99 treatment also ameliorated
TNFα-induced temperature loss in mice (Figure 5B). Moreover,
Zharp-99 reduced TNFα-induced production of IL-6 in the
serum (Figure 5C). Collectively, these results demonstrate that
RIPK3 inhibition by Zharp-99 provides effective protection
against TNF-induced SIRS. The kinase activity of RIPK3

was shown to be required for RIPK3-mediated expression of
inflammatory cytokines in mouse BMDM treated with LPS
plus z-VAD (Najjar et al., 2016). We found that Zharp-99
could inhibit LPS/z-VAD-induced expression of inflammatory
cytokines including TNFα, CCL3, and CXCL1 in mouse BMDM
(Figure 5D). Taken together, these results suggest that Zharp-99
inhibits RIPK3-mediated cytokine production both in vitro and
in vivo.

Zharp-99 Displays Favorable in vitro
Safety Profiles and in vivo
Pharmacokinetic Parameters
Encouraged by the in vitro and in vivo efficacy data, we sought to
evaluate the preliminary drugability profile of Zharp-99. Zharp-
99 did not inhibit major human cytochrome P450 isozymes
(CYP3A4, 2D6, 1A2, 2C9, 2C19) at 10 µM concentration,
suggesting low liability for potential drug/drug interactions.
Moreover, Zharp-99 exhibited low inhibition (IC50 > 10 µM) of
hERG (standard patch clamp), indicating minimal cardiotoxicity
associated with blockade of this key potassium channel
(Figure 6A). When evaluated for its in vitro metabolic stability in
mouse, rat and human liver microsomes, Zharp-99 demonstrated
moderate intrinsic clearance across rodent and human species,
leading to half-lives ranging from 26 min (MLM) to 37 min
(RLM, Figure 6B). This data was recapitulated in the standard
in vivo mouse pharmacokinetic study. When dosed orally at
10 mg/kg in mice, Zharp-99 was quickly absorbed with a
Tmax of 1 h and Cmax of 2650 ng/mL. Zharp-99 exhibited a
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FIGURE 5 | Zharp-99 effectively alleviates TNF-induced systemic inflammatory response syndrome. C57BL/6 mice were injected with vehicle or Zharp-99 (5 mg/kg)
via intraperitoneal injection for around 15 min, followed by the tail intravenous injection of mouse TNF-α (6.5 µg/mouse). (A,B) The survival rate (A) and body
temperature loss (B) were monitored. The body temperature changes (means ± SEM) for each group are shown. P-values were determined using the ONE-way
ANOVA and multi-comparison test for statistics analysis. (C) After 4 h, serum was collected for mouse IL6 level analysis by ELISA. Data are represented as the
mean ± standard deviation. (D) Mouse BMDM were pretreated with DMSO, Zharp-99 or GSK’872 for 2 h prior to the treatment of DMSO or LPS (20 ng/ml) plus
z-VAD (20 µM) as indicated. After 7 h, cell were harvested for analysis of mRNA expression of TNFα, CCL3, CXCL1 or IL-6 by Q-PCR. *P < 0.05. **P < 0.01.
***P < 0.001.

moderate clearance (33 mL/min/kg) and volume of distribution
(4.4 L/kg) with a short half-life (1.5 h). The exposure was
8220 h ng/mL, leading to an estimated oral bioavailability over
100% (Figure 6C).

DISCUSSION

Necroptosis plays a pivotal role in the pathogenesis of
diseases including inflammatory diseases, neurodegenerative
diseases, ischemia-reperfusion induced tissue injury and cancer
(Linkermann and Green, 2014; He and Wang, 2018; Mifflin et al.,
2020). Although RIPK1 is considered as a promising therapeutic
targets, emerging evidence suggests that RIPK1-independent
necroptosis proceeds when RIPK3 is activated by other RHIM-
containing proteins (Mifflin et al., 2020). In the present study,
we discovered Zharp-99 as a novel necroptosis inhibitor that
directly blocks the kinase activity of RIPK3 and efficiently inhibits
necroptosis in vitro and in vivo.

The kinase activity of RIPK3 is essential for necroptosis (Cho
et al., 2009; He et al., 2009; Zhang et al., 2009). Therefore,
inhibition of RIPK3 kinase activity is an attractive strategy for
interfering with necroptosis and necroptosis-related injury. Our
study has demonstrated that Zharp-99 is a potent inhibitor of
RIPK3 kinase activity with Kd of 1.35nM. Zharp-99 exhibits

higher efficacy in the inhibition of necroptosis and RIPK3
kinase activity compared to GSK872, a well characterized RIPK3
inhibitor (Kaiser et al., 2013; Mandal et al., 2014). It has been
noted that mice expressing catalytically inactive RIPK3 D161N
leads to caspase8-dependent embryonic lethality (Newton et al.,
2014). This phenomenon raises concerns regarding the possible
toxic effect in the whole animal when RIPK3 kinase activity is
impaired. Unlike RIPK3 D161N knock-in mice, RIPK3 kinase
inactive mice which carry a RIPK3 K51A knock-in mutation
develop normally and are fertile (Mandal et al., 2014), providing
the evidence that inhibition of RIPK3 kinase activity can be
tolerated in mice depending on the context. Moreover, the
kinase-inactive mutant forms of RIPK3 K51A, D143N, and
D161G do not induce apoptosis (Mandal et al., 2014). These
findings suggest that the kinase activity of RIP3 kinase is
not vital for cell survival. It has been reported that several
RIPK3 kinase inhibitors trigger apoptosis by exposing its RHIM
domain, therefore facilitating RIPK1 recruitment and activation
of caspase-8 for apoptosis (Mandal et al., 2014). Although Zharp-
99 does not cause obvious cell death at the tested concentrations
when it completely blocks necroptosis, it induces apoptosis at
higher concentrations.

Importantly, Zharp-99 provides strong protection against
TNF-induced lethal shock and inflammatory responses in the
mouse model. This result supports an essential role of RIPK3
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FIGURE 6 | Zharp-99 displays favorable in vitro safety profiles and in vivo pharmacokinetic parameters. (A) CYP and hERG inhibition of Zharp-99. (B) Metabolic
stability of Zharp-99 in human, rat, and mouse liver microsomes. (C) Pharmacokinetic parameters of Zharp-99 determined in male ICR mouse.

kinase activity in the pathogenesis of TNF-induced systemic
inflammatory injury. Our work highlights the potential of Zharp-
99 for the development of novel anti-inflammatory therapies
based on RIPK3 inhibition. It is worth noting that RIPK3
has been shown to regulate inflammatory signaling pathways
via a necroptosis-independent mechanism (Wang et al., 2014b;
Lawlor et al., 2015; Yatim et al., 2015; Moriwaki and Chan,
2016; Najjar et al., 2016; Daniels et al., 2017). Therefore,
further investigation in various mouse models of human
disease using RIPK3 kinase-dead mice and RIPK3 inhibitors
will provide crucial insights for developing valuable therapies
targeting RIPK3.
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