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Repurposing of the FGFR inhibitor AZD4547 as a potent
inhibitor of necroptosis by selectively targeting RIPK1
Zuo-wei Wang1,2, Feng-ming Zou1,3, Ao-li Wang1,3, Jing Yang1,3, Rui Jin1,3, Bei-lei Wang1,3, Li-juan Shen1,2, Shuang Qi1,3, Juan Liu1,3,
Jing Liu1,3, Wen-chao Wang1,3 and Qing-song Liu1,2,3,4

Necroptosis is a form of regulated necrosis involved in various pathological diseases. The process of necroptosis is controlled by
receptor-interacting kinase 1 (RIPK1), RIPK3, and pseudokinase mixed lineage kinase domain-like protein (MLKL), and
pharmacological inhibition of these kinases has been shown to have therapeutic potentials in a variety of diseases. In this study,
using drug repurposing strategy combined with high-throughput screening (HTS), we discovered that AZD4547, a previously
reported FGFR inhibitor, is able to interfere with necroptosis through direct targeting of RIPK1 kinase. In both human and mouse
cell models, AZD4547 blocked RIPK1-dependent necroptosis. In addition, AZD4547 rescued animals from TNF-induced lethal shock
and inflammatory responses. Together, our study demonstrates that AZD4547 is a potent and selective inhibitor of RIPK1 with
therapeutic potential for the treatment of inflammatory disorders that involve necroptosis.
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INTRODUCTION
Necroptosis is a form of programmed necrotic cell death
characterized by cell swelling and cell membrane permeabilization,
followed by release of immunostimulatory intracellular components
[1, 2], thereby ensuing inflammatory responses in vivo [3, 4]. Recent
studies suggested that necroptosis is involved in a variety of
pathological processes, including inflammatory, infectious and
degenerative disorders [5–7]. Upon stimulation with tumor necrosis
factor α (TNFα), TNF receptor 1 (TNFR1) induces the ubiquitylation of
receptor-interacting protein kinase 1 (RIPK1) and the transient
formation of TNF-signaling complex (TNF-RSC or Complex I) along
with other components, which promotes the activation of NF-κB
signaling pathway and the expression of pro-survival genes [6, 8, 9].
Generally, blocking of the activation of RIPK1 repressors, such as
inhibitor κB kinases (IKKs), TGFβ activated kinase-1 (TAK1) or
inhibitors of apoptosis (IAPs), leads to the caspase 8 dependent-
apoptosis following RIPK1 activation [10, 11]. When caspase-8 is
absent or inhibited by caspase inhibitors such as z-VAD, RIPK1 binds
and phosphorylates with RIPK3 to initiate the formation of the
necrosome complex [12, 13]. The activated RIPK3 in turn mediates
the phosphorylation of mixed-lineage kinase domain-like pseudo-
kinase (MLKL) to trigger plasma membrane permeabilization and
promote necroptosis [14]. Thus, together with MLKL, the two serine/
threonine kinases, RIPK1 and RIPK3 have been considered as the
core components of the necroptotic programs and the potential
drug targets for therapeutic intervention in necroptosis‐associated
diseases [11].

Necrostatin‐1 (Nec-1), the first reported necroptosis inhibitor by
selective targeting RIPK1, was discovered in 2005 [15]. Although
Nec-1 and its improved analog Nec-1s exhibit remarkable kinome
selectivity and display significant therapeutic effects in multiple
experimental disease models, insufficient potency and poor
pharmacokinetic profiles limit them for further drug development
[8, 11]. Recently, the first-in-class selective RIPK1 inhibitor
(GSK2982772) has successfully completed Phase I clinical trials in
psoriasis and rheumatoid arthritis (RA) [16, 17], but the RIPK1
activity variation in different species limits the explorations in
animal disease models for in vivo therapeutic potentials [18].
In addition, although several compounds targeting RIPK3 [19] and
MLKL [20], the downstream of RIPK1, were developed, few of them
have been reported to enter human clinical trials. Therefore, it is
important to discover novel necroptosis inhibitors for diseases
associated with this pathway.
In this study, using a drug repurposing approach, we identified

the selective FGFR inhibitor AZD4547, which recently completed
Phase II clinical trial [21], as a novel inhibitor of necroptosis
through cellular anti-necroptosis screening. Further studies
confirmed that AZD4547 blocks necroptosis in both human and
murine cells at similar drug concentrations. Biochemical assay
and molecular docking demonstrated that AZD4547 selectively
inhibits RIPK1 as a non-classical ATP-competitive type II
kinase inhibitor. Moreover, pre-treatment of AZD4547 blocks
TNF-induced lethal shock and inflammatory responses in mouse
models. Taken together, these findings suggested that as a
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potent inhibitor of necroptosis, AZD4547 has potential thera-
peutic benefit in necroptosis-related indications.

MATERIALS AND METHODS
Chemical reagents
Z-VAD-FMK, SMAC mimetic (BV6), AZD4547, erdafitinib, infigra-
tinib, cycloheximide (CHX), GSK583, GSK872, propidium iodide
(PI), Hoechst 33342, lipopolysaccharide (LPS) and polyinosinic-
polycytidylic acid sodium (Poly(I:C)) were purchased from MCE
(Shanghai, China). Nec-1 was purchased from Targetmol.
Recombinant TNFα (10602-HNAE) and IFNβ (50708-MCCH) were
purchased from Sino Bio.

Cell lines and cell culture
The cell lines HT29, TOV-21G, L929, U937, RAW264.7 and HEK-293T
were purchased from Cobioer Biosciences Co., Ltd. (Nanjing, China).
TOV-21G, U937 were cultured in PRMI 1640 (Corning, USA) with 10%
fetal bovine serum (VivaCell, Shanghai, China). HT29, L929,
RAW264.7 and HEK-293T were cultured in Dulbecco’s Modified
Eagle Medium (DMEM) (Corning, USA) with 10% FBS. All cell lines
were cultured in culture media with 1% penicillin/streptomycin at
37 °C with 5% CO2. All cell lines were authenticated by STR. Mouse
bonemarrow derivedmacrophages (BMDM) were isolated from 6–8
weeks-old C57BL/6 mice bone marrow and differentiated for 5 to
7 days in DMEM supplemented with 10% FBS and 30% supernatant
from L929 cells [22].

Small chemical library high-throughput screen (HTS)
TOV-21G cells, grown in 384-well plates, were induced to
undergo necroptosis with 20 ng/mL TNFα, 2 μM BV6 and 20 μM
zVAD (TSZ) for 24 h. Compounds from a clinical inhibitor library
were delivered into each well at a final concentration of 0.5 μM.
Cell viability was determined by Cell Titer-Glo assay after 16 h
culturing. The Nec-1 was added at a final concentration of 10 μM
as positive control.

Immunoblotting and immunoprecipitation
Immunoblotting analysis was performed following the standard
protocol. Antibodies against the following proteins were used for
immunoblot analysis: p-RIP (S166) (65746, Cell Signaling Technol-
ogy), RIP (3493, Cell Signaling Technology), p-RIP (S166) (31122, Cell
Signaling Technology), p-RIP3 (93654, Cell Signaling Technology),
RIP3 (S227) (13526, Cell Signaling Technology), RIP3 (17563–1-AP,
Proteintech), p-RIP3 (T231+ S232) (ab222320, Abcam), p-MLKL
(S358) (91689, Cell Signaling Technology), MLKL (14993, Cell
Signaling Technology), MLKL (66675-1-Ig, Proteintech), p-MLKL
(S345) (ab196436, Abcam), IκBα (10268-1-AP, Proteintech), GAPDH
(HC301-02, TransGen Biotech), rabbit IgG HRP-linked antibody
(7074, Cell Signaling Technology) and mouse IgG HRP-linked
antibody (7076, Cell Signaling Technology).
For endogenous immunoprecipitation (IP), cells were placed

on ice after treatment and cell lysates were prepared in IP buffer
(P0013, Beyotime). Cell lysates were then incubated with the
corresponding IP antibodies and samples were incubated over-
night with gentle rotation at 4 °C. Protein A/G Magnetic Beads
(HY-K0202, MCE) were incubated with the antigen-antibody
complex for 4 h the following day. Beads were washed four
times in IP buffer and immunoprecipitates were eluted by boiling
in 2 × Laemmli buffer and analyzed by immunoblotting blot.
VeriBlot (ab131366, Abcam) was used as secondary antibodies for
immunoblotting.

Enzymatic assays
The ADP-Glo® kinase assay (Promega) was used to test compounds
for its RIPK1/2/3 kinase inhibition effects. The proteins of RIPK1
(VA7591) and RIPK2 (v4084) were purchased from Promega and
the protein of RIPK3 (R09-10G) was purchased from SignalChem.

The kinase reaction was performed according to manufacturer’s
instructions.

ATP competitive assay
AZD4547 was generally diluted into 4 concentrations (30 nM,
20 nM, 10 nM, and 5 nM). Eight concentrations were used (150 μM
to 5 μM) for ATP competition experiments. 2.5 µL RIPK1 was
incubated with AZD4547 for 60 min in reaction buffer followed by
addition of 2.5 µL ATP/substrate mixture. The assay was conducted
for 1 h at room temperature. Then, 5 μL of ADP-Glo reagent was
added into each well to stop the reaction and consumed the
remaining ADP within 40 min. At the end, 10 µL kinase detection
reagent was added and incubated for 30 min at room tempera-
ture. The luminescence signal was readout with an envision Perkin
Elmer plate reader (Envision, PE, USA).

Plasmid construction and transfection
The full length RIPK1, RIPK1 (S161A) and RIPK3 were obtained by
PCR and site-mutagenesis from cDNA and cloned into pcDNA3.1
plasmid. 293 T cells were transfected with RIPK1 or RIPK3 plasmids
for 12 h using LipoFiter™ (Hanbio, HB-LF-1000) according to the
manufacturer’s instructions, then the cell lysates were analyzed by
immunoblotting.

PI uptake assay
The cells of optimized density (0.5 × 106–1 × 106/well) were
seeded in 6-well plates. Cells were pretreated with indicated
compounds for 1 h, then stimulated with TSZ for 12 h. PI (1 μg/mL)
and Hoechst 33342 (1 μg/mL) were added into culture medium for
30min before detection. Representative images were taken
by fluorescence microscope (Thermo Fisher, EVOS M5000) and
analyzed by ImageJ software.

TNF-induced SIRS model
C57 BL/6 J female mice were purchased from Beijing Vital River
Laboratory Animal Technology Co., Ltd (Beijing, China), housed in
a specific pathogen-free facility and used according to the animal
care regulations of Hefei Institutes of Physical Science Chinese
Academy of Sciences (Approval no. DWLL-2020–26). The efficacy
of AZD4547 was tested in mice using a TNF-driven systemic
inflammatory response syndrome model (SIRS). A total of 5 mice
per dose group were orally administered HKI solution (0.5%
methylcellulose/0.4% Tween 80 in ddH2O) or AZD4547 at doses of
5 and 10mg/kg 1 h before i.v. administration of recombinant TNF-
α (50 μg/mouse, 10602-HNAE, Sino Biological), whereas zVAD-FMK
(CAS No: 161401-82-7, MedChemExpress, Shanghai, China) was
injected intraperitoneally (i.p.). zVAD-FMK was given 15min before
(250mg) and 1 h after (100 mg) TNF. Temperature loss in the mice
was measured by a rectal probe. Plasma samples and tissue
samples of ileum and liver were collected at designated times
after injection. Mouse IL-1α (70-EK201A/2-96) and IL-6 (70-EK206/
3-96) ELISA on blood serum was performed using ELISA kits from
MultiScience in accordance with the manufacturer’s instructions.

Statistical analysis
Statistical analyses were performed by using Prism version 8
(GraphPad Software). The statistical significance of differences
between groups was evaluated using the Student’s t test or two-
way ANOVA for multiple comparisons. (*P < 0.05, **P < 0.01,
***P < 0.001).

RESULTS
Identification of AZD4547 as a potent necroptosis inhibitor by
high-throughput screening
To discover new necroptosis inhibitors, we established the
classical TNF-mediated cell necroptosis system and performed
high-throughput screening (HTS) of a chemical library consisting
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over 1000 compounds in clinal trials for their ability to block TNFα-
induced necroptosis. Necroptosis was induced in TOV21G cells by
treatment with TNF‐α, Smac mimetic (BV6), and caspase inhibitor
z‐VAD‐FMK (TSZ), and the cell viability was measured by Cell Titer-
Glo assay. To exclude the possible general cytotoxic effects, the
compounds were all tested at a concentration of 0.5 μM for
cytotoxicity evaluation in the meantime (Fig. 1a). In addition, we
chose the well characterized RIPK1 inhibitor Necrostatin-1 (Nec-1)
as positive control (Fig. 1a). Interestingly, the selective FGFR
inhibitor AZD4547 came up as the most potent molecule in
rescuing cells from necroptotic cell death among all the drugs
tested (Fig. 1b). Next, we chose another three cell lines to further
confirm and evaluate the results from HTS. The results showed
that, compared to the Nec-1, AZD4547 efficiently rescued TSZ-
induced cell death dose‐dependently at concentrations under
0.1 μM (HT29 EC50= 0.019 μM; TOV21G EC50= 0.031 μM; U937
EC50= 0.052 μM; Fig. 1c). Moreover, we did not observe significant
cell cytotoxicity of AZD4547 in the three cell lines up to 10 μM,
suggesting desirable therapeutic window (Fig. 1c). We then used
propidium iodide (PI) uptake assay to monitor the TNF-induced
necroptosis in three cell lines directly. The result showed that PI-
positive cells, which is a marker for membrane permeability during
necroptosis, decreased in the presence of AZD4547 in response to
TSZ induction as measured by fluorescence microscope (Fig. 1d).
Quantitative analysis indicated that, consistent with above cell
viability results, AZD4547 significantly reduced the relative PI-
positive area in a dose-dependent manner (Fig. 1e).
To recapitulate the inhibitory effect of AZD4547 on murine cell

models, we first tested AZD4547 in L929 cells. As we expected,
AZD4547 potently protected the cells from necroptosis induced
by TNF-α and z-VAD-FMK (TZ) dose-dependently (Fig. 2a). Other
than necroptosis induced by TNF-α, it is also known that activated
Toll-like receptors can also trigger necroptosis [9, 23–25]. There-
fore, we next examined the effects of AZD4547 in immortalized
macrophage cell line RAW264.7 treated with poly(I:C) (PZ) or LPS
(LZ) plus z-VAD-FMK. The results showed that AZD4547 robustly
blocked necroptosis mediated by both TLR3 and TLR4 at doses
under 0.1 μM (Fig. 2b). Consistently, in mouse bone marrow
derived macrophages (BMDM), AZD4547 efficiently inhibited
necroptosis induced by TZ, PZ or LZ at the same doses (Fig. 2c).
Taken together, these results demonstrated that AZD4547 is a
potent inhibitor of necroptosis in both human and mouse cells.

AZD4547 blocks necroptosis independent of FGFR or TNF-induced
NF-κB activation
Given that AZD4547 was reported as a selective FGFR inhibitor, to
rule out the possibility that AZD4547 blocks necroptosis through
interfering FGFR function, we tested two FDA approved FGFR
inhibitors, erdafitinib and infigratinib. As expected, both of them
were unable to rescue TSZ-induced necroptosis in the dose ranges
we tested (Fig. 3a). Based on TNFR1 induces the transient
formation of plasma membrane-associated signaling complex
(TNF-RSC or Complex I) [8] upon stimulation of TNFα, in order to
determine the effect of AZD4547 on the formation of the RIPK1
involved-Complex I, we next tested whether TNF-induced activity
of NF-κB was affected by AZD4547. Immunoblot analysis revealed
that pretreatment with AZD4547 did not affect the downstream
signaling of NF-κB and MAPK in response to TNFα stimulation
(Fig. 3b). In addition, AZD4547 had no effect on TNFα-induced NF-
κB luciferase reporter activity (Fig. 3c). These results suggested
that AZD4547 has no effect on NF‐κB signaling pathway activated
through TNF-α and the formation of Complex I.
Considering AZD4547 was developed as a kinase inhibitor, we

next studied the published KINOMEscan data to find potential
kinase targets that could affect necroptotic signaling. Of note, at a
concentration of 10 μM, AZD4547 was found to show high affinity
with RIPK1 kinase (0% of control) [26], which is known for its role
in necroptosis, suggesting that RIPK1 is a target of AZD4547.

Therefore, we set out to verify the effect of AZD4547 on RIPK1
activity. Previous studies had shown that TNFα cotreatment
together with Smac mimetic (TS) or cycloheximide (TC) could
induce apoptosis through RIPK1-dependent or independent
pathways [27, 28]. As we expected, our results showed that
AZD4547 protected cells from TS-induced, but not TC-induced,
apoptosis in HT29 (Fig. 3d), suggesting that the anti-necroptosis
properties of AZD4547 may be due to its RIPK1 kinase activity.

AZD4547 selectively targets RIPK1 among RIPK kinases
To investigate whether AZD4547 directly targets RIPK1 and
explore the selectivity of AZD4547 in RIPK family, we performed
in vitro kinase assay with three RIPK kinases. The results showed
that AZD4547 potently impaired the kinase activity of RIPK1, with
IC50 value of 12 nM, which is consistent with its cellular activity
in necroptosis assay (Fig. 4a). In addition, AZD4547 was at least
20-fold more selective for RIPK1 over RIPK2 and exhibited no
inhibition on RIPK3 up to 10 μM (Fig. 4b). For further verification in
cellular context, we tested AZD4547 in cells overexpressing RIPK1
and RIPK3. As we expected, AZD4547 dose-dependently inhibited
the auto-phosphorylation of RIPK1, but not RIPK3 (Fig. 4c).
Here, we also chose a selective RIPK3 inhibitor GSK872 [29] as
positive control to validate our assay system (Fig. S1a). Next, we
proceeded with another reported RIPK1-independent necroptosis
assay to verify that the anti-necroptotic effect of AZD4547 was
solely dependent on RIPK1. In agreement with previous studies
[25, 30], selective RIPK3 inhibitor GSK872 significantly rescued the
necroptosis dose-dependently, while the RIPK1 inhibitor Nec-1
and AZD4547 did not display protective effect of cells even to
10 μM (Fig. 4d).
In an attempt to study the role of AZD4547 with respect to RIPK1

inhibition, enzyme kinetics analysis was performed. With the
increasing concentrations of ATP, Lineweaver-Burk plot showed
that all the curves intersected the Y-intercept at zero, indicating that
AZD4547 is an ATP-competitive inhibitor (Fig. 4e). To further analyze
the binding mode between AZD4547 and RIPK1 kinase, we
constructed RIPK1 S161A mutation, which lost the binding activity
with Nec-1 as reporter previously, to see whether AZD4547 can
occupy the allosteric hydrophobic pocket adjacent to activation
loop [31]. The results showed that AZD4547, not Nec-1, effectively
inhibited the activation of both WT-RIPK1 and S161A mutant
(Fig. 4f), which indicated that AZD4547 might not fit type-III binding
model. Using computer-aided structural analysis, we then docked
AZD4547 to both the active and inactive confirmation of RIPK1 (PDB
ID: 6NYH) (Fig. 4g) and found that AZD4547 fits well into the ATP
pocket of the inactive conformation and mainly binds to the
residues K45, M95, and D156 of RIPK1. One O atom of the methoxy
group forms a hydrogen bond with the K45 and the other O atom
forms a hydrogen bond of the DLG-moiety (D156). The O atom of
the carbonyl and the N atom of pyrazole form bidentate hydrogen
bonds with the hinge residue M95. Dimethylpiperazine extended to
the solvent front. It is interesting to note that AZD4547 adapted a
non-classical type II binding mode with RIPK1 with no fragment
occupying the allosteric pocket.
Since our detection system is based on the enzymatic activity

of RIPK1, in order to prove the binding mode, we generated a
RIPK1 K45A mutant and tested the effect of AZD4547 on the
phosphorylation levels of RIPK1 K45A. The results showed that,
K45A mutation significantly affected the phosphorylation level of
RIPK1, which is consistent with recent studies [32]. And the effects
of AZD4547 on RIPK1 K45A mutants were investigated, the results
showed that AZD4547 could hardly block RIPK1 K45A phosphor-
ylation activity compared to WT-RIPK1 (Fig. S2). Considering the
M95 is a hinge residue of RIPK1, and the hydrogen bonds were
formed with the N and O of the amide on the backbone, the
mutagenesis cannot remove the amide on the backbone. Since
D156 site is the key catalytic site of DLG, and a single mutation
here results in complete loss of enzymatic activity of RIPK1 as
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Fig. 1 Identification of AZD4547 as a potent necroptosis inhibitor by HTS. a Schematic overview of drug screen workflow. b Identification
of necroptosis inhibitor by cellular screening with clinical trials inhibitor library. TOV21G cells were pretreated with each compound (0.5 μM)
for 30min and then stimulated with TSZ for 16 h to induce necroptosis. Cell survival was determined by CellTiter-Glo assay and normalized to
untreated control cells. c HT29, TOV21G or U937 cells were pretreated with DMSO or AZD4547 at the indicated concentrations and then
stimulated with TSZ for 24 h. Cell viability was analyzed by CellTiter‐Glo assay. d Fluorescent images of HT29, TOV-21G or U937 cells cultured in
the presence of indicated compounds and stimulated with TSZ. The cells were stained as indicated. Bar= 100 μm. e Quantitative results of
relative PI-positive area in Fig. 1d.
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reported. Therefore, we ended up performing the mutagenesis
and validation analysis only for K45 residue. Taken together, all
these findings are consistent with our molecular docking results,
suggesting that AZD4547 binds and selectively inhibits RIPK1 as a
non-classical ATP-competitive type II kinase inhibitor.

AZD4547 inhibits necroptosis signaling pathway and blocks
necrosome formation
Given that AZD4547 acts as an ATP-competitive RIPK1 inhibitors
in vitro, we then determined to know whether the drug would
abolish the downstream necroptosis signaling in cellular context.
Our immunoblotting results demonstrated that AZD4547 inhibited
the phosphorylation of RIPK1 and its downstream RIPK3 and MLKL
in a dose-dependent manner when necroptosis was induced by
TSZ in HT29 and TOV21G cell lines (Fig. 5a). Similar results were
also found in murine L929 cells (Fig. S1b). Moreover, we also
investigated the time course of necroptosis signal pathway
activation after TSZ stimulation. Accompany with the increase
in phosphorylation of RIPK1 2 h post stimulation, the total RIPK1
and RIPK3 decreased gradually [33]. Consistently, the AZD4547
robustly blocked necroptosis-related signaling and reduce the
degradation of RIPK1 and RIPK3 (Fig. 5b). Since RIPK1 activation is
essential for the necrosome formation, we next examined the
effect of AZD4547 on the interaction between RIPK1, RIPK3 and
MLKL. We found that the interactions of RIPK1 with RIPK3 and
MLKL were abolished by AZD4547 (Fig. 5c), suggesting that
AZD4547 blocked TNFα-induced necrosome complex formation
by inhibiting the activation of RIPK1 kinase. Finally, considering
that oligomerized MLKL translocated from cytoplasm to cell
membrane is a hallmark event for necroptosis [34], we evaluated
the cellular distribution of MLKL in TSZ-induced HT29 cells. The
results demonstrated that AZD4547 blocked the phosphorylation
of MLKL and the relocation of MLKL to plasma membrane (Fig. 5d).

AZD4547 protects animal from TNF‐induced SIRS in vivo
To explore whether AZD4547 has protective effects against
RIPK-dependent inflammation in vivo, we established systemic

inflammatory response syndrome (SIRS) mouse model, character-
ized by with hypothermia, increased serum levels of cytokines
and chemokines, by injection of TNF and zVAD-FMK in mice [35].
Using this model, we evaluated the in vivo therapeutic effect of
AZD4547. While TNF injection induced rapid body temperature
drop and resulted in animal death (Fig. 6a, b), pretreatment with
AZD4547 protected animals from hypothermia and death in a
dose-dependent manner (Fig. 6a, b). AZD4547 showed 66% and
77% protection from temperature reduction over 5 h at doses of 5
and 10mg/kg, respectively (Fig. 6a). Furthermore, the serum levels
of proinflammatory cytokines IL‐6 and IL-1α were significantly
ameliorated by AZD4547 treatment at 2 and 6 h in TNF-induced
SIRS (Fig. 6c). Meantime, H&E and TUNEL staining results post TNF-
α injection 4 h demonstrated that the damage of ileum and liver
was also attenuated by AZD4547 treatment (Fig. 6d). Moreover,
we also evaluated the effect of AZD4547 on the level of RIPK1
phosphorylation in the ileum and liver of animal models. Results
showed that the p-RIPK1 was robustly decreased post-AZD4547
treatment compared to vehicle and normal groups (Fig. S3),
suggesting that AZD4547 blocks necroptosis through targeting
RIPK1 in animal models. Taken together, these results demonstrate
that AZD4547 protects against TNF‐induced SIRS in vivo.

DISCUSSION
Recently, more and more studies reported disease amelioration
by pharmacological inhibition or genetic deficiency of the key
signaling molecules in the necrotic signaling pathway in various
preclinical models, including inflammatory bowel disease (IBD),
psoriatic inflammation, rheumatoid arthritis (RA), and chronic
neurodegenerative diseases [6, 11, 36–38]. Although there have
been many drugs developed against RIPK3 and MLKL, few of
them are limited in clinical use to date due to potential toxicity
of target [29] or poor pharmacokinetic profiles [11, 20]. Up to
now, more RIPK1 inhibitors have been developed than the other
necroptosis‐associated targets and made fast progress. The first
RIPK1 inhibitor Nec-1 [15] and its analogs have been limited

Fig. 2 AZD4547 efficiently blocks necroptosis triggered by various death receptor ligands in murine cells. a L929 cells were pretreated
with AZD4547 at the indicated concentrations followed by stimulation with TZ for 24 h. b RAW264.7 cells were pretreated with AZD4547 at
the indicated concentration followed by stimulation with LZ or PZ for 24 h. c BMDM cells were pretreated with AZD4547 at the indicated
concentration followed by stimulation with TZ, PZ or LZ for 24 h. All cell viability was analyzed by CellTiter‐Glo assay. Results shown are
means ± SD.
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from further drug development due to unsatisfactory potency
and poor pharmacokinetic profiles. Recently, GSK2982772
became the first RIPK1 inhibitor entering phase I/IIa clinical
trials for the treatment of inflammatory disorders, such as
ulcerative colitis, psoriasis, and rheumatoid arthritis [39, 40].
However, the effect of GSK2982772 on RIPK1 activity varies in
different species [39], which might limit the explorations of
their in vivo therapeutic potential in animal disease models.
In addition, the brain-penetrant RIPK1 inhibitor DNL747 also
initiated phase I clinical trials to treat neurodegeneration
diseases, such as Alzheimer disease (AD) and amyotrophic
lateral sclerosis [6, 41]. Interestingly, some studies reported the

application of RIPK1 inhibitors in regulating tumor-related
process, including inhibiting tumor metastasis by blocking
tumor-cell-induced endothelial cell necroptosis [42] or enhan-
cing tumor immunotherapy by regulating the tolerogenicity of
tumor-associated macrophages in pancreatic cancer [43].
Unfortunately, no clinical trials have been approved so far.
Beside the structure-based drug design, drug repurposing has
been considered as a more efficient drug development strategy
towards faster and safer clinical use [44]. Earlier studies have
found the kinase domains of both RIPK1 and RIPK3 share similar
sequence with the kinase domain of B-Raf, thus multiple B-Raf
inhibitors were tested and only dabrafenib could rescue cells

Fig. 3 AZD4547 blocks necroptosis independent of FGFR or TNF-induced NF-κB activation. a TOV21G cells were pretreated with infigratinib
(left panel) or erdafitinib (right panel) at the indicated concentrations followed by stimulation with TSZ for 24 h. Cell viability was analyzed by
CellTiter‐Glo assay. b HT29 cells were pretreated with AZD4547 (1 μM) for 30min followed by stimulation with TNFα (200 ng/mL) at the indicated
time points. c 293 T cells were transfected with a firefly luciferase reporter to construct a promoter sequence containing NF-κB binding sites. After
24 h, cells were treated indicated for 4 h. d HT29 cells were pretreated with DMSO or AZD4547 and then stimulated with TNFα (20 ng/mL) plus
Smac mimetic BV6 (2 μM; TS) for 24 h (left). HT29 cells were pretreated with DMSO or AZD4547 and then stimulated with TNFα (20 ng/mL) plus
cycloheximide (5 μg/mL; TC) for 24 h (right). Cell viability was analyzed by CellTiter‐Glo assay. *P < 0.05, **P < 0.01, ***P < 0.001.
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from necroptosis by direct targeting of RIPK3 [45]. Recently,
using drug repurposing strategy, pan-Raf inhibitors LY3009120
[37] and TAK-632 [33] were identified as potent inhibitors of
necroptosis by targeting RIPK1 and RIPK3. Moreover, a cellular

screening identified multitargeting kinase inhibitors sorafenib,
pazopanib, and ponatinib as necroptosis inhibitors that dis-
played anti-necrosis function at submicromolar concentrations
[46, 47]. Taken together, characterization and development of

Fig. 4 AZD4547 is a highly selective RIPK1 inhibitor. a In vitro kinase activity was performed with recombinant RIPK1, RIPK2 or RIPK3. b The
IC50 values of AZD4547 in three RIPKs family members. c 293 T cells were transfected with RIPK1 (left panel) or RIPK3 (right panel). After 12 h,
the cells were treated with AZD4547 at the indicated concentrations for 4 h. Cell lysates were then analyzed by immunoblotting. d L929 cells
were primed with IFN-β (50 units/mL) for 24 h, then treated with 10 μg/mL poly(I:C) plus 20 μM zVAD and different concentrations of
compounds indicated for 24 h. Cell viability was analyzed by CellTiter‐Glo assay with DMSO(D)as control. e Kinetic study of AZD4547 against
RIPK1 with varied concentrations (5 nM, 10 nM, 20 nM and 30 nM respectively) of ATP. Michaelis–Menten plot (left panel) and Lineweaver-Burk
plot (right panel) for RIPK1 with AZD4547. f 293 T cells were transfected with RIPK1-WT or S161A mutant for 24 h. AZD4547 or Nec-1 was
added post 6 h transfection. Cell lysates were harvested and subjected to Western blot analysis. g Molecular modeling of the binding mode of
AZD4547 with kinase domain of human RIPK1 (PDB ID: 6NYH).

Identification of AZD4547 as a necroptosis inhibitor
ZW Wang et al.

807

Acta Pharmacologica Sinica (2023) 44:801 – 810



novel, selective, and nontoxic inhibitors of necroptosis have the
significance for both basic biological research and treatment of
clinical disorders associated with necroptotic cell death.
In this study, we performed phenotypic HTS of compound library

containing drugs that are currently in clinical trials in order to
identify novel inhibitors of necroptosis. Out of the screening, we
found selective FGFR inhibitor AZD4547 that recently has been
completed the phase II clinical trial. Compared to the other reported
TKIs that block necroptosis, AZD4547 exhibited lower cytotoxicity
throughout the dose ranges effective for necroptosis blockade
and achieved nanomolar level activity in cells. Meantime, AZD4547
displayed similar activity in both human and mouse cells.
Interestingly, two FDA-approved selective FGFR inhibitor, erdafitinib
and infigratinib showed no anti-necrosis function in our dose range
detection. Further studies confirmed that AZD4547 selectively
inhibited RIPK1, but not RIPK3, thereby blocking necrotic signaling
pathways and the formation of necrosomes, and ultimately
inhibited the occurrence of cell necrosis. Finally, oral administration
of AZD4547 protected mice against TNF‐induced SIRS in vivo,
suggesting its potential for therapeutic application in necroptosis‐
associated diseases.
As an FGFR inhibitor, AZD4547 exerts a therapeutic effect in

some inflammation-related models, such as acute kidney injury,
the cecal ligation and puncture (CLP)-induced sepsis and hepatic
fibrosis [48–50]. Studies suggest that inhibition of FGFR attenuates

the LPS-induced TLR4 activation, and affects the activation of NF-
κB signaling, thereby restricting the secretion of inflammation-
related factors [50, 51]. In addition, studies also suggested that
FGF plays a role in regulating the innate immune response [52].
Here, we found there is little to no effect of AZD4547 on TNFα-
induced NF-κB signaling. Considering the differences between cell
types and animal models, for example, the CLP and LPS induce
bacterial inflammatory response, while TNFα induces a sterile
inflammatory response, and the differences between TLR4 and
TNF receptors, further research is needed to clarify how the FGFR
functions during inflammation.
Compared to TNF-induced sterile SIRS that mimics the acute

hyperinflammatory phase of SIRS, the septic CLP model closely
resembles the clinical SIRS that develops after peritonitis and is more
relevant for clinical conditions [53]. Current studies suggest that
RIPK-dependent necrotic processes are involved in the develop-
ment of the CLP model [35, 54]. Recently, Huang et al. reported the
protective effect of AZD4547 against excessive inflammatory
damage in CLP septic mice model [49], suggesting that AZD4547
may play potential roles in anti-inflammatory through RIPK1 in vivo.
In this study, we report that AZD4547, a previously reported FGFR
inhibitor, is able to interfere with necroptosis through direct
targeting of RIPK1 kinase. In both human and mouse cell models,
AZD4547 blocked RIPK1-dependent necroptosis. Importantly, we
found that AZD4547 acts by affecting RIPK1, rather than FGFR, in

Fig. 5 AZD4547 inhibits necroptosis signaling pathway and blocks necrosome formation. a HT29 and TOV21G cells were treated with the
indicated compound for 1 h prior to the treatment of TSZ for additional 4 h. Cell lysates were harvested and subjected to Western blot analysis
for phosphorylation levels of RIPK1, RIPK3, and MLKL. The arrows indicated the target bands. b The effects of AZD4547 on phosphorylation of
RIPK1, RIPK3 and MLKL in TSZ treated HT29 and TOV21G cells. HT29 and TOV21G cells were pretreated with DMSO or 0.5 μM AZD4547 for 1 h,
then treated with TSZ for 0, 2, 4 and 6 h. Indicated proteins were detected by immunoblotting. c HT29 cells were treated with the same
conditions as Fig. 5a. Cell lysates were co-immunoprecipitated with anti‐RIPK1 or RIPK3 antibody (IP: RIPK1 or RIPK3) and analyzed by
immunoblotting with indicated antibodies. d HT29 cells were treated with AZD4547 for 1 h prior to the treatment of TSZ for additional 6 h.
The cells were collected and then separated into cytoplasmic and membrane proteins. The levels of MLKL and p-MLKL were analyzed by
Western blotting. GAPDH was used as cytoplasm protein control. EGFR was used as membrane protein control.
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rescuing animals from TNF-induced lethal shock and inflammatory
responses, which are consistent with recent studies showing that
RIPK1 plays a role in inflammation, including sepsis [6]. We believe
that our findings could be complementary to previous studies
that AZD4547 exerts anti-inflammatory effects through FGFR
signaling, in which a possible role for RIPK1 was not ruled out.
Taken together, AZD4547 acts mainly by inhibiting RIPK1 under
TNF-induced non-bacterial inflammatory response, thus expanding
the clinical indications for AZD4547.
Although AZD4547 exhibited potent RIPK1 activity, several

important issues concerning the in vivo use of AZD4547 as a
necroptosis inhibitor should be taken into account. Firstly, from the
clinical studies that have been disclosed so far, about 90% patients
experienced at least one adverse event (AE) following AZD4547
treatment [55, 56]. Therefore, limits in the relationship between risks
and therapeutic benefits for AZD4547 in long-term treatment of
patients with chronic diseases associated with inflammation.
Secondly, the potential off‐target effects of AZD4547 may affect
its protective activity in necroinflammation in vivo. For example,
from the published KINOMEscan data [26], we found AZD4547 has
high affinity with the c-KIT, thus associates with the risk for
myelosuppression [57, 58]. Based on the above existing issues,
further administration on target-based structural modifications of
AZD4547 to optimize high potent and selective drugs for RIPK1
related inflammatory diseases will be put in more effort.
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