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Abstract— Excessive inflammatory response is a critical pathogenic factor for the tissue 
damage and organ failure caused by systemic inflammatory response syndrome (SIRS) and 
sepsis. In recent years, drugs targeting RIPK1 have proved to be an effective anti-inflamma-
tory strategy. In this study, we identified a novel anti-inflammatory lead compound 4–155 
that selectively targets RIPK1. Compound 4–155 significantly inhibited necroptosis of cells, 
and its activity is about 10 times higher than the widely studied Nec-1 s. The anti-necrop-
tosis effect of 4–155 was mainly dependent on the inhibition of phosphorylation of RIPK1, 
RIPK3, and MLKL. In addition, we demonstrated that 4–155 specifically binds RIPK1 by 
drug affinity responsive target stability (DARTS), immunoprecipitation, kinase assay, and 
immunofluorescence microscopy. More importantly, compound 4–155 could inhibit exces-
sive inflammation in vivo by blocking RIPK1-mediated necroptosis and not influence the 
activation of MAPK and NF-κB, which is more potential for the subsequent drug develop-
ment. Compound 4–155 effectively protected mice from TNF-induced SIRS and sepsis. 
Using different doses, we found that 6 mg/kg oral administration of compound 4–155 could 
increase the survival rate of SIRS mice from 0 to 90%, and the anti-inflammatory effect of 
4–155 in vivo was significantly stronger than Nec-1 s at the same dose. Consistently, 4–155 
significantly reduced serum levels of pro-inflammatory cytokines (TNF-α and IL-6) and 
protected the liver and kidney from excessive inflammatory damages. Taken together, our 
results suggested that compound 4–155 could inhibit excessive inflammation in vivo by 
blocking RIPK1-mediated necroptosis, providing a new lead compound for the treatment 
of SIRS and sepsis.
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INTRODUCTION

Systemic inflammatory response syndrome (SIRS) 
is an exaggerated inflammatory response caused by 
infection, tumor, surgery, ischemia reperfusion, and other 
infectious or non-infectious factors [1]. The release of 
acute-phase inflammatory mediators and cytokines, such 
as TNF-α, IL-1, IL-6, and IL-8, causes endothelial cell 
damage, platelet adhesion, and the production of oxygen 
free radicals. The inflammatory mediators could further 
promote the activation of inflammatory cells and expand 
the inflammatory response persistently. The dysregulated 
inflammatory responses will result in reversible and irre-
versible organ damage [2]. Although sepsis is re-defined 
as a more complex disease than the inflammatory response 
in 2016 [3], SIRS is still closely related to the high mortal-
ity of sepsis. Sepsis is a main cause of in-hospital deaths, 
which accounted for about 10% of deaths in intensive care 
units (ICU) [4]. Globally, patients suffering from sepsis 
worldwide were about 48.9 million per year, of which 11 
million patients died, accounting for approximately 20% 
of deaths all around the world [5–7]. At present, available 
drugs to treat SIRS and sepsis are limited and could not 
effectively solve the problem of immune dysregulation [8].

Lipopolysaccharide (LPS) is a major cause of exag-
gerated inflammatory responses and quick sequential 
organ failure during sepsis [9]. Immune cells stimulated 
by LPS secrete a large number of pro-inflammatory 
cytokines, such as TNF-α, IL-1, and IL-6. LPS and the 
high levels of TNF-α could result in cell necroptosis, a 
caspase-independent programmed death [10]. Unlike 
apoptosis and autophagy, necroptosis leads to cell mem-
brane rupture and the leakage of intracellular substances, 
which further exacerbates the inflammatory response [11]. 
Therefore, blocking necroptosis is an effective means to 
reduce the excessive inflammatory response in SIRS and 
sepsis. As reported, TNF-α combined with caspase-8 
inhibitor Z-VAD-fmk could induce necroptosis through 
activating the phosphorylation of receptor-interacting 
protein kinases 1 and 3 (RIPK1/3). Then, phosphoryl-
ated RIPK3 recruits mixed lineage kinase domain-like 
protein (MLKL) and actives it by phosphorylation. The 
phosphorylated MLKL changes conformation and forms a 
tetramer, which could remove to the membrane and induce 
cell death [12–14]. RIPK1 has been extensively studied. 
It is not only involved in the necroptosis, but also in 
MAPK/NF-κB-dependent regulation of cell proliferation 
and survival. The binding of TNF-α and TNFR1 could 
recruit proteins with the death domain to form complex 

I, which leads to the ubiquitination of RIPK1. Ubiquit-
inated RIPK1 form a complex with Ikappa B kinase (IKK) 
and TGF β-activated kinase (TAK) to activate the nuclear 
factor-kappa B (NF-κB). Moreover, the TNF-stimulated 
NF-κB and mitogen-activated protein kinases (MAPK) 
signaling could be further enhanced by the interaction of 
linear ubiquitinated RIPK1 and other TNFR1-recruited 
proteins [15]. Activation of MAPK and NF-κB signaling 
is critical for cell survival, cell differentiation, inflam-
matory responses, and apoptosis [16]. Abnormal MAPK 
and NF-κB activity is known to be closely associated with 
inflammatory diseases, autoimmune diseases, metabolic 
diseases, and cancer [17]. In general, selective blocking 
of RIPK1-mediated necroptosis without affecting the acti-
vation of MAPK and NF-κB signaling pathways is more 
promising for new drug development.

RIPK1 inhibitors have been extensively studied 
for the treatment of a variety of diseases, such as SIRS, 
sepsis, neurodegenerative diseases, and ischemic injury 
[18]. According to the different binding sites of com-
pounds, RIPK1 inhibitors are mainly divided into 4 
classes, including type I ATP enzyme inhibitors, type II 
ATP enzyme inhibitors, type III kinase inhibitors, and 
others [19]. Among them, Necrostatin-1 s (Nec-1 s) was 
reported as the first small-molecule inhibitor of RIPK1 
and used extensively as a tool in many animal models and 
mechanistic studies, as its metabolic stability in vivo was 
enhanced compared with Necrostatin-1 [20]. Meanwhile, 
Nec-1 s showed no influence on the activation of MAPK 
and NF-κB signaling pathways and selectively blocked 
RIPK1-mediated necroptosis, which got more promising 
at new drug development [21, 22].

In this study, we synthesized a new compound 
4–155, which exhibited a significantly stronger anti-
necroptosis effect than Nec-1 s. Compound 4–155 tar-
gets RIPK1, selectively inhibits the phosphorylation of 
RIPK1, RIPK3, and MLKL, and has no effect on the 
activation of MAPK and NF-κB. The compound showed 
strong efficacy in both SIRS and cecal ligation puncture 
(CLP) induced sepsis in mice, indicating that our study 
will provide a new direction for drug development against 
excessive inflammatory responses.

MATERIALS AND METHODS

Biological Reagents
Compound 4–155 was synthesized by our lab as 

reported previously. Compound 4–155 was purified 
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to > 95% determined by high-performance liquid chro-
matography (HPLC) analysis and fully identified by 
1H-NMR, 13C-NMR, and HRMS [23]. Recombinant 
mouse mTNF-α (CF09) was obtained from Novopro-
tein. Recombinant human TNF-α (GMP-TL303) was 
obtained from T&L Biological Technology. Human 
TNF-α was used in the stimulation of human colorectal 
adenocarcinoma cells (HT-29) and mouse fibroblasts  
cells (L929) in vitro, and mTNF-α (CF09) was used in 
the mouse model of SIRS. PMSF was obtained from 
Beyotime. Anti-human antibodies: RIP1 (3493) and 
phospho-RIP1 (65746 s), phospho-MLKL (91689 s), and 
GAPDH (D16H11) were obtained from Cell Signaling 
Technology. Anti-RIP3 (phospho S227) (ab209384) and 
MLKL (ab184718) were obtained from Abcam. NF-κB 
p65 (D14E12), phospho-NF-κB p65 (Ser536), IκBα 
(L35A5), phospho-IκBα (Ser32), MAPK/JNK Antibody 
(9252), phospho-MAPK/JNK (Thr183/Tyr185), p44/42 
MAPK (ERK1/2) (137F5), and phospho-p44/42 MAPK 
(ERK1/2) (Thr202/Tyr204) (D13.14.4E) were purchased 
from Cell Signaling Technology. HRP-conjugated Affin-
ipure Goat Anti-Mouse IgG (H + L) (SA00001-1) and 
HRP-conjugated Affinipure Goat Anti-Rabbit IgG (H + L) 
(SA00001-2) were obtained from Proteintech. Anti-mouse 
antibodies: Anti Phospho-RIP1(38662) and RIP1 (3493) 
antibodies were obtained from Cell Signaling Technol-
ogy, and RIP3 (17563–1-AP) was obtained from Pro-
teintech. Anti-RIP3 (phospho T231 + S232) (ab222320) 
was obtained from Abcam. Antibodies for immunofluo-
rescence: Anti-RIP1(3493) and Anti-RIP3(10188), Anti-
rabbit IgG (H + L), F(ab’)2 Fragment (Alexa Fluor 594 
Conjugate) (8889) and Anti-Rabbit IgG (H + L), F(ab’)2 
Fragment (Alexa Fluor 488 Conjugate) (4412) were 
obtained from Cell Signaling Technology.

Cell Culture

HT-29 (NCI‐DTP Cat# HT‐29, RRID: CVCL_0320) 
and L929 (ECACC Cat# 14112101, RRID: CVCL_AR58) 
cells were cultured in DMEM mediums containing 1% 
streptomycin/penicillin and 10% FBS in a humidified 
atmosphere of 5% CO2 at 37 °C as reported previously [24].

Anti‑Necroptosis Activity Assays

The necroptosis was induced as described with a few 
modifications [25]. Necroptosis of HT-29 cells was caused 
by pretreatment with Smac mimetic (10 nmol/L) and 
Z-VAD-fmk (20 mol/L) for 0.5 h followed by incubation 

with TNF-α (20 ng/mL) for the mentioned time. Com-
pound 4–155 or Nec-1 s were added simultaneously with 
Smac mimetic and Z-VAD-fmk. The necroptosis of L929 
cells was induced by Z-VAD-fmk and TNF-α without 
Smac mimetic. The cell viability was measured by the 
Cell Counting Kit-8 (Beyotime, C0037). All experiments 
were performed at least three times independently.

Immunoblotting

The immunoblotting was assayed as described previ-
ously [26]. After compound 4–155 and Nec-1 s interven-
tion, the cells were lysed by cell lysis buffer for western 
blot and immunoprecipitation (IP) (Beyotime Biotechnol-
ogy, P0013) containing protease/phosphatase inhibitors 
(Beyotime Biotechnology, P1046) and PMSF (Beyotime 
Biotechnology ST506). The protein samples (40 ng) were 
resolved over 10% SDS-PAGE and transferred to nitro-
cellulose (NC) membranes. According to the molecular 
weight of proteins, the NC membrane was horizontally 
divided into two parts, which was coated with antibod-
ies to GAPDH and target protein, respectively. The mem-
branes were then blocked in 5% non-fat powdered milk 
(Beyotime Biotech, P0216), incubated with primary anti-
bodies (1:1000) and secondary antibody (1:10000) that 
diluted in 5% milk. The blotting results were analyzed 
by the Tanon-5200Multi system. After scanning, the tar-
get protein strip was cleaned with the Western stripping 
buffer (Beyotime Biotechnology, P0025B) for 5 min, and 
the solution was discarded. Then, the NC membrane was 
washed with PBST for 3 times and incubated with the 
new target protein antibody. The new band was scanned 
by the Tanon-5200Muti system and repeat the stripped 
and reprobed operation until all the target proteins were 
successfully scanned. The western blot strip grayscale was 
processed by the Image J software.

Kinase Assay

The inhibitory effects on RIP1 and RIP3 kinases 
were detected by a KINOMEscan™ assay as described 
previously [24]. Briefly, the RIPK1 kinase lysate was 
tagged with DNA for qPCR detection. The binding reac-
tion of 4–155, RIPK1 kinase, and liganded affinity beads 
was conducted in 1 × binding buffer (6 mM Dithiothrei-
tol, 20% SeaBlock, 0.05% Tween 20, and 0.17 × PBS). 
Equilibrium KD was determined from the concentration 
of 5 μM. Different concertation of 4–155 was obtained 
by triple dilution with DMSO. The qPCR detection was 
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performed in a polypropylene 384‐well plate. The assay 
plates were incubated at room temperature for 1 h. Then, 
the affinity beads were washed with PBS containing 
0.05% Tween 20. The liganded affinity beads were then 
resuspended in elution buffer (1 × PBS, 0.05% Tween 20, 
and 0.5‐μM non‐biotinylated affinity ligand) and incu-
bated at room temperature for 30 min. The kinase elution 
was measured by qPCR.

Immunoprecipitation

After treatment with compound 4–155 or Nec-1 s 
for 6 h, HT-29 cells were lysed and incubated with anti-
RIP1 antibody and Protein A/G agarose successively at 
4 °C for 2 days. The immunoprecipitated proteins were 
obtained by boiling in 5 × SDS buffer and examined by 
western blot analysis.

Determination of Drug Affinity Responsive 
Target Stability (DARTS)

The determination of stability of drug affinity reac-
tivity targets was conducted as described previously [24]. 
The cell lysis was incubated with compound 4–155 at 
room temperature for 1 h and then digested with 0.1% of 
pronase for 30 min. The digestion was stopped by directly 
adding SDS-PAGE loading buffer and boiling. Protein 
samples were separated with 10% SDS-PAGE and ana-
lyzed by immunoblotting.

Immunofluorescence Microscopy

HT-29 cells were treated with Smac mimetic 
(10 nmol/L), Z-VAD-fmk (20 mol/L), and 4–155 (1 μM) 
for 0.5 h followed by incubation with TNF-α (20 ng/mL) 
for 6 h. Then, cells were washed with PBS for 3 times 
and fixed with 500 μl 4% neutral polyformaldehyde for 
15 min. After fixation, 250 μl 0.5% Triton X-100 was 
added. Cells were incubated at room temperature for 
20 min and washed with PBS for 3 times. Subsequently, 
cells were incubated overnight with RIPK3 antibody at 4 
℃ and then washed with PBST. Next, samples were incu-
bated with Alexa Fluo 488-conjugated rabbit secondary 
antibody for 1 h and washed with PBST for 3 times. Then, 
cells were incubated with RIPK1 antibody for about 12 h 
at 4 ℃ and washed with PBST for 3 times. Alexa Fluo 
594-labeled secondary antibody was added at room tem-
perature and stained for 1 h and then washed with PBST for 
3 times. Finally, cells were counterstained with 10 μg/ml 

4′,6-diamidino-2-phenylindole (DAPI) for 5 min. Images 
were obtained by Leica DMi fluorescence microscope.

Hematoxylin and Eosin (H&E) Staining

Lung and kidney tissues were obtained from the 
control group and three groups of SIRS mice treated with 
PBS, 6 mg/kg Nec-1s, or 4-155 for 24 h, respectively. 
Among 5 mice in each group, 3 mice were randomly 
selected. The tissues of the 3 mice were fixed with 4% 
paraformaldehyde and embedded with paraffin. Each 
paraffin block was sliced at 4 μm and stained with hema-
toxylin and eosin (Beyotime C0105M).

TNF‑Induced SIRS Model

Animal experiments are approved by the Animal 
Care Committee of the Second Military Medical University 
(Shanghai, China) and conducted as described previously 
[27]. Male C57/BL6 mice (weight 18–22 g) were obtained 
from Regan Biology and given compound 4–155 or Nec-1 s 
orally 1 h before intravenous injection of mTNF-α (350 μg/
kg). A total of 200 μg of Z-VAD-fmk was injected intraperi-
toneally in 15 min before mTNF-α injection. Another dose 
of Z-VAD-fmk was injected 1 h after mTNF injection. The 
anal temperature of mice was measured by the intelligent 
digital thermometer (Thermometer model, TH212, Sichuan 
Zhongsheng Hong Technology Co., Ltd).

Cecal Ligation and Puncture Model

The cecal ligation and puncture model was con-
ducted as described previously [26, 28]. Mice were given 
6 mg/kg of compound 4–155 or Nec-1 s orally 1 h before 
anesthesia by injection of pentobarbital sodium. Remove 
hair from the midline of the abdomen to expose the skin, 
cut an opening of 1–1.5 cm under sterile conditions, and 
take out the cecum. Ligate about 50% of the cecum with 
4–0 medical silk braid, puncture both sides with 22 G 
needles, gently squeeze the ligated cecum, squeeze a little 
content from the two puncture holes, and carefully return 
the cecum. Suture the incision layer by layer with medi-
cal silk braid, and povidone-iodine was used for post-
operative disinfection. After these steps, the mouse was 
immediately resuscitated by normal saline at 37 °C (1 ml 
per 20 g body weight) subcutaneously. Besides, appropri-
ate measures were taken to alleviate the pain of mice. The 
mice in the sham operation group (Sham) were treated 
with CLP mice except for cecal ligation and puncture.
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ELISA Assay

The serum of SIRS and CLP mice was collected at 
6 h and 24 h, respectively, after modeling. The ELISA 
kits used in this study include Mouse IL-6 ELISA Kit 
(mlbio, ml063159), Mouse TNF-α ELISA Kit (mlbio, 
ml002095), Alanine aminotransferase Assay Kit (Nanjing 
Jiangcheng Bioengineering Institute, C009-2–1), Aspartate 
aminotransferase Assay Kit (Nanjing Jiancheng Bioengi-
neering Institute, C013-2–1), Urea Assay Kit (Nanjing 
Jiancheng Bioengineering Institute, C013-2–1), and Creati-
nine (cr) Assay kit (sarcosine oxidase) (Nanjing Jiancheng 
Bioengineering Institute, C011-2–1). All tests were carried 
out in accordance with the manufacturer’s instructions.

The Statistical Analysis

Our results are presented as means ± SD. Gray ratios 
of protein detected by Western Blot were analyzed by 
Image J software. The normality of the distribution was 
assessed by the Kolmogorov–Smirnov tests. One‐way 
ANOVA followed by Tukey or Dunnett’s post-hoc tests 
and log‐rank (Mantel‐Cox) test were performed for data 
analysis using GraphPad Prism 8.0 software.

RESULTS

Compound 4–155 Inhibits Necroptosis In Vitro 
by Inhibiting RIPK1‑RIPK3‑MLKL Pathway

Necroptosis could be triggered by TNF-α or FasL 
under the blockage of caspase by zVAD-fmk [29]. In 
this study, the necroptosis of HT‐29 and L929 cells was 

induced by TNF‐α, Smac mimetic, and Z‐VAD‐fmk 
(TSZ). Cell survival was assayed by CCK-8. The struc-
ture of compound 4–155 is shown in Fig. 1A. Our results 
showed that 4–155 exhibited a dose-dependent inhibi-
tory effect on TSZ-induced necroptosis. On both HT-29 
and L929 cells, 0.031 μM of 4–155 exhibited a protec-
tive effect on about 80% of cells, while Nec-1 s showed 
similar protective effects at a concentration up to 0.5 μM 
(Fig. 1B and C). These results indicated that 4–155 is a 
more effective necrosis inhibitor than Nec-1 s.

To investigate whether compound 4–155 and 
Nec-1 s protect cells from necroptosis by inhibiting 
RIPK1-RIPK3-MLKL pathway, we detected the phos-
phorylation of RIPK1, RIPK3, and MLKL by western 
blot. Both 4–155 and Nec-1 s could completely inhibit 
the phosphorylation of RIPK1, RIPK3, and MLKL in 
HT-29 cells at 1 μM after treatment time as short as 
2 h (Fig. 2A). Further studies revealed dose-dependent 
effects of both 4–155 and Nec-1 s, with 4–155 show-
ing better potency. More specifically, both 4–155 and 
Nec-1 s inhibited the phosphorylation of RIPK1, RIPK3, 
and MLKL in a dose-dependent manner in a range of 
0.01 to 1 μM. They both inhibited the phosphorylation 
of RIPK1, RIPK3, and MLKL at the highest concentra-
tion of 1 μM in this study. Regarding 4–155, it com-
pletely inhibited the phosphorylation of RIPK1, RIPK3, 
and MLKL at 0.1 μM. While for Nec-1 s, to inhibit the 
phosphorylation of RIPK1, RIPK3, and MLKL, the 
concentration should reach 1 μM (Fig. 2B). We further 
investigated the minimum effective concentration of 
4–155, and the results indicated that at the concentra-
tion as low as 0.02 μM, 4–155 significantly inhibited 
the phosphorylation of RIPK1, RIPK3, and MLKL 
(Fig.  2C). Collectively, these results indicated that 
4–155 blocked necroptosis by inhibiting the activation 

Fig. 1   Compound 4–155 protects HT-29 and L929 cells from necroptosis. A The structure of compound 4–155. B, C Necroptosis of HT-29 and 
L929 cells. HT-29 cells (B) and L929 cells (C) were treated with 4–155 or Nec-1 s at the specified concentrations and then stimulated with TSZ or 
TZ, respectively, for 24 h. Data shown are the mean ± SD and tested by one-way ANOVA followed by Tukey’s post-hoc test, ###P < 0.001 (model 
verification), **P < 0.01, ***P < 0.001.
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of RIPK1-RIPK3-MLKL pathway, and its activity is 
significantly higher than Nec-1 s.

Compound 4–155 Inhibits Necrosis by Selectively 
Targeting RIPK1 and Shows No Effect 
on the Activation of MAPK and NF‑κB Pathways

The direct binding of Nec-1 s to RIPK1 has been 
clearly demonstrated previously [30–32]. In this study, 
drug affinity responsive target stability (DARTS) was 
carried out to confirm the direct interactions between 
4–155 and RIPK1. DARTS relies on the reduced pro-
tease sensitivity of drug-binding proteins. When the total 
proteins were incubated with protease, the drug-binding 
proteins were resistant to proteolysis [33]. As expected, 
4–155 significantly improved the stability of RIPK1 to 
protease digestion. In contrast, the stability of RIPK3 

and MLKL was not improved by 4–155 (Fig. 3A). To 
further investigate the affinity between compound 4–155 
and RIPK1, we detected the blocking effect of compound 
4–155 on the combination of specific DNA‐tagged 
RIPK1 and liganded affinity beads. Our results showed 
that compound 4–155 inhibited the ligand binding of 
RPIK1 dose‐dependently, and the equilibrium Kd was 
determined as 31 nM (Fig. 3B). These results indicated 
that 4–155 may selectively bind with RIPK1 to protect 
cells from necroptosis. Necroptosis was medicated by 
the interaction between RIPK1 and RIPK3 through their 
RIP homotypic interaction motifs [34]. The binding of 
RIPK1 and RIPK3 could form a structure of “necro-
some,” resulting in the phosphorylation of downstream 
MLKL [35]. It has been reported that Nec-1 s could block 
the interaction between RIPK1 and RIPK3 [36]. Thereby, 
we speculated that 4–155 may also affect the binding of 

Fig. 2   Compound 4–155 inhibits the phosphorylation of RIPK1, RPK3, and MLKL. Immunoblot analysis and quantification of p-RIPK1, p-RIPK3, 
and p-MLKL were carried out. A HT-29 cells were pretreated with 1 μM 4–155 or Nec-1 s and stimulated with TNF-α for 15 min, 30 min, and 
60 min, respectively. B HT-29 cells were pretreated with 0.01 μM, 0.1 μM, or 1 μM of 4–155 or Nec-1 s and stimulated with TSZ for 6 h. C HT-29 
cells were pretreated with 4–155 (0.01, 0.02, 0.03, and 0.1 μM) and stimulated with TSZ for 6 h. The gray ratios between phosphorylated protein 
and GAPDH were analyzed by the Image J software and shown in the right panel. Data shown are the mean ± SD and tested by one-way ANOVA 
followed by Dunnett’s post-hoc test, and the effects of Nec-1 s and 4–155 were significant compared with TSZ-treated cells. #P < 0.05 (model verifi-
cation), ##P < 0.01 (model verification), ###P < 0.001 (model verification), *P < 0.05, **P < 0.01, ***P < 0.001.
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RIPK1 and RIPK3. By using immunoprecipitation, we 
found that the addition of 4–155 or Nec-1 s resulted in the 
failure of RIPK1 antibody to pull down RIPK3, indicating 
that both 4–155 and Nec-1 s could significantly inhibit 
the binding between RIPK3 and RIPK1 (Fig. 3C). Yuan 
et al. revealed that RIPK and RIPK3 could form mosaic 
necrosomes [37]. To investigate the effect of 4–155 on 
the interaction between RIPK1 and RIPK3, we observed 
the formation of necrosomes in HT-29 cells using immu-
nofluorescence microscopy. Our results showed that TSZ 
stimulation could significantly induce the colocalization 
of RIPK1 and RIPK3 significantly. However, 4–155 treat-
ment resulted in RIPK3 being dispersed in cells and not 
co-localized with RIPK1 (Fig. 3D). This result confirmed 

that 4–155 disrupted the binding of RIPK1 and RIPK3, 
suggesting that 4–155 can directly target RIPK1 and regu-
late the necroptosis of cells.

As reported, the kinase function of RIPK1 not only 
mediates the necroptosis, but also plays a platform role 
for the activation of MAPK and NF-κB [38]. In order 
to determine whether JNK, ERK, and NF-κB activation 
could be affected by 4–155, we examined cells exposed 
to TNF-α stimulation. Our results showed that phospho-
rylation of JNK, ERK, p65, and IκBα was significantly 
activated in HT-29 cells after 15 min, 30 min, and 60 min 
treatment with TNF-α. However, the activation of p-JNK, 
p-ERK, p-p65, and p-IκBα was not affected by the addi-
tion of 1 μM 4–155 or Nec-1 s (Fig. 4A and B). These 

Fig. 3   Compound 4–155 binds to RIPK1 specifically. A DARTS analysis of RIPK1, RIPK3, and MLKL treated with 4–155. The total proteins of 
HT-29 cells were incubated with 50 μM 4–155 and digested with 0.1% of pronase for 30 min at room temperature. B KD values of 4–155 against 
recombinant RIPK1 kinase were measured by KINOMEscan™ assay. Compound 4–155, RIPK1 kinase tagged with DNA, and liganded affinity 
beads were incubated at room temperature for 1 h. C The interaction of RIPK1 and RIPK3 was detected by immunoprecipitation. HT-29 cells were 
treated with 1 μM of 4–155 or Nec-1 s for 6 h. Cell lysate was immunoprecipitated with anti-RIPK1 antibody. D Immunofluorescence of RIPK1 and 
RIPK3 in HT-29 cells. HT-29 cells were stimulated with TSZ and treated with 1 μM 4–155 for 6 h.
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results indicate that 4–155 can selectively block the inter-
action between RIPK1 and RIPK3, but does not affect the 
activation of MAPK and NF-κB pathways.

Compound 4–155 Is More Effective than Nec‑1 s 
in mTNF‑Induced SIRS

To explore the anti-inflammatory activity of 4–155 
in vivo, we first investigated it in a murine SIRS model 
induced by mTNF-α. By observing the survival rate, we 
found that 4–155 had protective effects at 0.7 mg/kg, 
2 mg/kg, 6 mg/kg, and 18 mg/kg doses, and the survival 
rate increased by 30%, 60%, 90%, and 100%, respectively. 
Meanwhile, 4–155 showed a better protective effect than 
Nec-1 s at all four doses (Fig. 5A and B). Consistently, 
4–155 more effectively reversed SIRS-induced hypo-
thermia (Fig. 5C–F). We further evaluated the protec-
tive effect of 4–155 on liver and kidney damages in the 
SIRS model. By biochemical analysis of serum, we found 
that the treatment of 4–155 decreased the levels of aspar-
tate transferase (AST), alanine aminotransferase (ALT), 
creatinine, and blood urea nitrogen (BUN) significantly 
at 6 mg/kg. Of note, 4–155 treatment was significantly 

more effective than Nec-1  s in reducing AST, ALT, 
serum creatinine, and BUN, indicating the excellent 
effects of 4–155 (Fig. 5G–J). In addition, 4–155 treat-
ment significantly reduced levels of the pro-inflammatory 

Fig. 4   The activation of MAPK and NF-κB was not affected by compound 4–155. A Immunoblot analysis and quantification of p-JNK and p-ERK. 
B Immunoblot analysis and quantification of p-p65 and p-IκBα. HT-29 cells were pretreated with 1 μM 4–155 or Nec-1 s for 30 min and then stimu-
lated with 20 ng/ml TNF-α for 15 min, 30 min, and 60 min, respectively. The gray ratios between phosphorylated protein and GAPDH were ana-
lyzed by the Image J software and shown in the right panel. Data shown are the mean ± SD and tested by one-way ANOVA, followed by Dunnett’s 
post-hoc test, and the effects of Nec-1 and 4–155 were significant compared with the TNFα-treated cells, #P < 0.05 (model verification), ##P < 0.01 
(model verification), ###P < 0.001 (model verification), ns, no significant.

Fig. 5   Compound 4–155 protects mice from TNF-induced SIRS. A, B 
Survival analysis of mice treated with 4–155 or Nec-1  s (n = 10). C–F 
Body temperature of mice treated with compound 4–155 or Nec-1  s 
(n = 5). G, H Liver function analysis of mice treated with 4–155 or 
Nec-1  s. Serum AST and ALT was measured by ELISA. I, J Kidney 
function analysis of mice treated with 4–155 or Nec-1 s. Serum creati-
nine and blood urea nitrogen (BUN) were measured by ELISA. K, L 
Pro-inflammatory cytokines TNF-α and IL-6 measured by ELISA. M 
Inflammatory infiltration of lung and kidney analyzed by hematoxylin–
eosin staining. Blue arrows indicate the accumulation of inflammatory 
cells in the lungs and kidneys. Male C57/BL6 mice were given 0.7 kg/
kg, 2  mg/kg, 6  mg/kg, and 18  mg/kg of 4–155 or Nec-1  s orally 1  h 
before intravenous injection of mTNF-α (350 μg/kg). In addition, 200 μg 
of Z-VAD-fmk was injected intraperitoneally in 15 min before mTNF-α 
injection. The survival curves were analyzed by log-rank test. Panels C–
L are shown as the mean ± SD and tested by one-way ANOVA followed 
by Tukey’s post-hoc test. ##P < 0.01 (model verification), ###P < 0.001 
(model verification). *P < 0.05, **P < 0.01, ***P < 0.001, ns, no signifi-
cant, vs vehicle group. The significance marked on the lines represents 
the differences between the two groups connected by the lines.

◂
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cytokines TNF-α and IL-6 compared with the vehicle 
group (Fig. 5K and L). Hematoxylin–eosin (HE) staining 
of the lungs and kidneys also showed that 4–155 treat-
ment significantly reduced inflammatory cell infiltration 
(Fig. 5M). HE staining showed blue-purple nuclei and 
pink cytoplasm. For inflammatory cells, the volume ratio 
of the nucleus to the cytoplasm is high. In this study, 
we found significant thickening of alveolar walls in the 
SIRS group, consistent with an increase in blue-purple 
areas indicating increased inflammatory cell infiltration. 
Both Nec-1 s and 4–155 resulted in thinning of the alveo-
lar walls in SIRS mice, and the thickness of the alveolar 
walls in 4–155 treated mice was more similar to that in 
control healthy mice. In addition, compound 4–155 pro-
tected normal alveolar morphology with thin alveolar 
septum, reduced infiltration of inflammatory cells, and 
no congestion or edema. Regarding kidneys in the vehicle 
group, more areas were stained blue-purple, indicating 
accumulation of inflammatory cells. In contrast, only 
slight accumulation of inflammatory cells was observed 
in the 4–155 treatment group, similar to the control group 
and less than the Nec-1 s treatment group.

In general, these results indicated that 4–155 had 
an effective protective effect on mTNF-induced SIRS in 
mice, and its activity in vivo is higher than that of Nec-1 s.

Compound 4–155 Protected Mice from Organ 
Damage and Excessive Inflammation Caused 
by CLP

To further evaluate the anti-inflammatory effect 
of 4–155, we tested its therapeutic effect on inflamma-
tion caused by severe infections. In a cecal ligation punc-
ture model, we found that 6 mg/kg treatment of 4–155 
improved survival by 30% compared to Nec-1 s treatment 
by 10% (Fig. 6A). To investigate the protective effects on 
liver and kidney functions, we tested serum AST, ALT, 
creatinine, and BUN contents. The contents of AST, ALT, 
creatinine, and BUN in the 6 mg/kg Nec-1 s group were not 
significantly different from those in the untreated group. 
In contrast, 6 mg/kg 4–155 significantly reduced serum 
AST, ALT, creatinine, and BUN levels in the CLP model 
(Fig. 6B–E). Consistently, treatment with 4–155 signifi-
cantly reduced levels of the pro-inflammatory cytokines 
TNF-α and IL-6, but Nec-1 s did not reduce the levels 
of these factors (Fig. 6F and G). Our results further con-
firm that 4–155 had higher anti-inflammatory activity 
than Nec-1 s. As a syndrome caused by dysregulated host 

responses to infection, CLP-induced polymicrobial sepsis 
has been shown to be closely associated with pyroptosis 
[39]. To investigate the role of necroptosis in sepsis, we 
investigated the activation of p-RIPK1 and p-RIPK3 in 
renal cells of septic mice. Western blot results showed 
that the phosphorylation level of RIPK3 in the kidney of 
septic mice was significantly increased, and the levels of 
p-RIPK1 and p-RIPK3 were reduced in mice treated with 
6 mg/kg of 4–155. Meanwhile, Nec-1 s slightly reduced the 
phosphorylation of RIPK1 and RIPK3, but the difference 
was not statistically significant. Consistent with the pro-
tective effects, 4–155 could decrease the phosphorylation  
of RIPK1 and RIPK3 more significantly than Nec-1 s 
(Fig. 6H and I). Collectively, our results suggest that  
4–155 has a stronger inhibitory effect on RIPK1-dependent 
necroptosis than Nec-1 s, both in vitro and in vivo.

DISCUSSION

SIRS and sepsis are the main cause of in-hospital 
deaths, which could result in tissue damage and organ fail-
ure [40]. Nevertheless, drugs available for the treatment of 
SIRS and sepsis are very limited in the clinic. In this study, 
we discovered a new compound, 4–155, with a strong 
anti-inflammatory effect both in vitro and in vivo by spe-
cifically targeting RIPK1. The anti-necroptosis activity of 
4–155 in HT-29 and L929 cells was approximately tenfold 
higher than that of the positive control drug Nec-1 s. The 
DARTS and co-immunoprecipitation results showed that 
4–155 could specifically bind to RIPK1, which blocked 
the formation of Complex IIb and inhibited the phospho-
rylation of RIPK1, RIPK3, and MLKL. In SIRS and sepsis 
models, the protective effect of 4–155 was stronger than 
that of Nec-1 s in mice. Overall, our results suggest that 
4–155 has potential for clinical application.

The targeting of RIPK1 by compound 4–155 was 
confirmed by DARTS, RIPK1 kinase assay, and co-
immunoprecipitation. By detecting the stability changes 
of RIPK1, RIPK3, and MLKL under the pronase diges-
tion, we found that only the stability of RIPK1 increased 
after the treatment of 4–155. The co-immunoprecipitation 
clearly demonstrated that 4–155 blocked the binding of 
RIPK1 and RPIK3. As 4–155 did not change the stabil-
ity of RIPK3 to pronase digestion, we believe that 4–155 
could interact with RIPK1 directly. As the target of 4–155, 
RIPK1 has been studied widely for its role in inflammatory 
diseases, such as SIRS [41], sepsis [42], virus infection 
[43], and autoinflammatory diseases including rheumatoid 
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and ulcerative colitis [44, 45]. In recent years, inhibitors 
targeting RIPK1 have become a hot topic in drug develop-
ment [46, 47]. Nec-1 s was the first inhibitor of RIPK1 
and was used extensively as a positive control or tool com-
pound in preclinical studies [20]. Through widely screen-
ing, the selectivity of Nec-1 s was confirmed as > 1000 
fold for RIPK1 than any other 485 human kinases [48]. 
Although in vivo stability of Nec-1 s was enhanced through 

the modification of Nec-1, its oral administration activity 
still needs to be further improved [36].

In this study, we identified a new oral compound 
4–155 that is more active than Nec-1 s both in vitro and 
in vivo. In addition, compound 4–155 avoids the MAPK 
and NF-κB inhibition problems of RIPK1 inhibitors. By 
detecting the phosphorylation of JNK, ERK, p65, and 
IκBα, the effect of 4–155 on the activation of MAPK and 

Fig. 6   Compound 4–155 protects mice from sepsis cause by CLP. A Survival analysis of septic mice treated with 4–155 or Nec-1 s (n = 10). B, C 
Liver function analysis of mice treated with 4–155 or Nec-1 s. Serum AST and ALT was measured by ELISA (n = 6). D, E Kidney function analysis 
of mice treated with 4–155 or Nec-1 s. Serum creatinine and blood urea nitrogen (BUN) were measured by ELISA (n = 6). F, G Pro-inflammatory 
cytokines TNF-α and IL-6 measured by ELISA (n = 6). H Immunoblot analysis of p-RIPK1 and p-RIPK3 in whole kidney lysates (n = 3). I The gray 
ratios between phosphorylated protein and GAPDH quantified by Image J software. Male C57/BL6 mice were pretreated with 6 mg/kg of 4–155 
or Nec-1 s for 1 h and then induced sepsis by cecal ligation puncture. Serum and the whole kidney lysates were collected after cecal ligation and 
puncture for 6 h. The survival curves were analyzed by log-rank test. Panels B–G and I are shown as the mean ± SD and tested by one-way ANOVA 
followed by Tukey’s post-hoc test. ###P < 0.001 (model verification). *P < 0.05, **P < 0.01, ***P < 0.001, ns, no significant, vs vehicle group. The 
significance marked on the lines represents the differences between the two groups connected by the lines.
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NF-κB was preliminarily excluded. Collectively, our study 
provides a new lead compound for the development of 
RIPK1 inhibitors. The inhibitory activity of 4–155 is con-
fined to necroptosis, which is beneficial for the treatment 
of inflammatory and infectious diseases. Meanwhile, the 
in vivo protective effect of 4–155 on SIRS was stronger 
than sepsis. Sepsis is a complex injury of multiple organ 
failure caused by infection and inflammation, which 
cannot be completely resolved by anti-inflammatory 
therapy alone [49]. Currently, many studies have shown 
that anti-inflammatory drugs combined with antibiotics 
or anticoagulants are promising for treating sepsis [50]. 
Nevertheless, 4–155 alone showed significant protective 
effects in the classical sepsis model. RIPK1 inhibitor has 
been widely studied for drug development in many dis-
eases, such as SIRS, sepsis, neurodegenerative diseases, 
and ischemic injury. The enhanced efficiency of 4–155 
in vivo may mainly be attributed to its high activity, as the 
concentrations of 4–155 against necroptosis were reduced 
by about 10 times compared to Nec-1 s in vitro. Regard-
ing the difference in activity between 4–155 and Nec-1 s, 
there are two possible reasons. First, the binding sites of 
4–155 and Nec-1 s may be different. According to the 
binding sites, RIPK1 inhibitors are mainly divided into 
four categories, including type I ATPase inhibitors, type 
II ATPase inhibitors, type III kinase inhibitors, and others 
[51]. Nec-1 s with indole hydantoin as its core structure 
was shown to occupy an allosteric lipophilic pocket on 
the backside of the ATP-binding site, belonging to the 
type III kinase inhibitors [52, 53]. Some of type I ATPase 
inhibitors, type II ATPase inhibitors, and RIPK1 inhibi-
tors with other binding sites may have higher activities 
than type III kinase inhibitors [54, 55] The core structure 
of 4–155 is benzoxazepine, and the chemical structure of 
4–155 is quite different from that of Nec-1 s. Therefore, 
we speculated that the binding site of 4–155 might be dif-
ferent with Nec-1 s. Nevertheless, 4–155 still cannot be 
ruled out as a type III kinase inhibitor. It might act as a 
type III kinase inhibitor with greater affinity and higher 
intrinsic activity. Further structural studies are required 
to reveal the detailed binding information of RIPK1 and 
4–155. In addition, the high in vivo efficiency of 4–155 
indicated that 4–155 also had good pharmacokinetic prop-
erties. In future studies, we would investigate the pharma-
cokinetic properties of 4–155 to provide more evidence 
for its druggability.

Collectively, our study identified a novel anti-
inflammatory lead compound 4–155 that protects mice 
from SIRS and sepsis by inhibiting the function of RIPK1. 

Subsequent studies on 4–155 will promote the develop-
ment of anti-inflammatory drugs.
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