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Abstract Acute liver injury (ALI) serves as a critical precursor and major etiological factor in the pro-

gression and ultimate manifestation of various hepatic disorders. The prevention and treatment of ALI is

still a serious global challenge. Given the limited therapeutic options for ALI, exploring novel targeted

therapeutic agents becomes imperative. The potential therapeutic efficacy of inhibiting RIPK2 is high-

lighted, as it may provide significant benefits by attenuating the MAPK pathway and NF-kB signaling.

Herein, we propose a CMD-OPT model, a two-stage molecular optimization tool for the rapid discovery

of RIPK2 inhibitors with optimal properties. Compound RP20, which targets the ATP binding site,

demonstrated excellent kinase specificity, ideal oral pharmacokinetics, and superior therapeutic effects

in a model of APAP-induced ALI, positioning RP20 as a promising preclinical candidate. This marks
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the first application of RIPK2 inhibitors in ALI treatment, opening a novel therapeutic pathway for clin-

ical applications. These results highlight the efficacy of the CMD-OPT model in producing lead com-

pounds from known active molecules, showcasing its significant potential in drug discovery.

ª 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and

Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Acetaminophen (APAP) is a frequently employed non-steroidal
anti-inflammatory drug and is a predominant initiator of drug-
induced liver injury (DILI), responsible for nearly half of acute liver
failure (ALF) cases in both Europe and the US1-5. Excessive hepatic
metabolism of APAP produces the toxic metabolite N-acetyl-
p-benzoquinone imine (NAPQI), thereby leading to hepatocellular
damage6-9. Although N-acetylcysteine (NAC) is the sole FDA-
approved treatment agent for APAP-induced ALI, its effective-
ness is limited by its short duration and low bioavailability10,11.
Given the lack of effective treatments for ALI, the discovery of new
targeted therapeutic agents is critical. NAPQI-induced liver cell
injury releases pro-inflammatory substances like TNF-a, IL-1b, and
IL-6, which attract macrophages and neutrophils, worsening
inflammation and ALI12,13. Targeting key pathways such as MAPK
and NF-kB signaling is a promising strategy for mitigating APAP-
induced ALI14,15. Receptor-interacting serineethreonine kinase 2
(RIPK2), activated in conjunction with nucleotide-binding oligo-
merization domain (NOD1 or NOD2), initiates NF-kB and MAPK
pathways. This activation subsequently recruits downstream ki-
nases (TAK1, IKKa, IKKb, and IKKx), triggering immune-related

signaling, inflammation, and autophagy16-18. Inhibition of RIPK2,
renowned for its involvement in inflammation and cell apoptosis,
may confer therapeutic benefits by suppressing JNK activation
within the MAPK pathway19. Additionally, modulating NF-kB
signaling through RIPK2 inhibition highlights its potential as a
therapeutic target in the treatment of ALI.

Recently, a multitude of RIPK2 inhibitors have been unveiled,
categorized as either non-selective or selective ATP-competitive
compounds20-29 (Fig. 1). GSK2983559 (GSK), notably a first-in-
class RIPK2 inhibitor, advanced to a clinical phase I trial for in-
flammatory bowel diseases (IBD). Unfortunately, its development
was discontinued due to preclinical toxicity and narrower safety
thresholds (NCT03358407). Concurrently, OD101, with undis-
closed structural details, entered phase I clinical trials in 2023 as a
novel therapeutic agent for IBD. Additionally, AC-101, also
lacking structural information, commenced its initial dosing phase
in Australia in 2023. These developments highlight the ongoing
exploration of RIPK2 inhibition as a potential avenue for the
management of IBD.

In this study, we present a CMD-OPT (constrained molecular
design-optimization), a two-stage molecular optimization tool
leveraging a known active lead compound aimed at discovering

Figure 1 Representative RIPK2 inhibitors.
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potent RIPK2 inhibitors. Next, we explore the identification of
RP20, a highly potent and selective RIPK2 inhibitor that specif-
ically targets the ATP-binding pocket. Notably, compound RP20
demonstrated remarkable potency, kinase selectivity, a favorable
safety margin, and advantageous oral pharmacokinetic properties.
Significantly, in an APAP-induced ALI model, RP20 exhibited
superior in vivo efficacy compared to GSK29835559 and NAC.

2. Results

2.1. Establishment of the CMD-OPT model

The utilization of molecular generation models in pharmaceutical
design is progressively gaining prominence. By integrating with
optimization algorithms or reinforcement learning approaches,
researchers can sample molecules with desired target proper-
ties30,31. For instance, the advanced multi-objective optimization
model MCMG32 leverages knowledge distillation, conditional
transformer (c-transformer), and reinforcement learning (RL) to
generate molecules that satisfy multiple constraints. However,
such models require task-specific data and training from scratch,
limiting their applicability and adaptability. In contrast, search-
based algorithms like MolSearch33 heavily rely on predefined
transformation rules. The efficacy of these algorithms depends on
the quality and scope of the rules, which can constrain their ability
to thoroughly explore the chemical space. To address these limi-
tations, we present an accessible, two-stage molecular optimiza-
tion model based on a transformer encoder-decoder framework.
The model divides the optimization process into framework
hopping and property refinement stages, enhancing chemical
space exploration. It utilizes 2D fingerprint similarity and 3D
shape pharmacophore similarity as constraints, alongside proper-
ties that need to be optimized, including whether they should be
increased or decreased. On the evaluation metrics of MOSES34,
our model demonstrated capabilities comparable to the current
state-of-the-art techniques. It also showed excellent performance
in generating molecule sets that meet the target conditions in the
test set sampling, as detailed in Supporting Information Fig. S1
and Supporting Information Table S1.

During the development of RIPK2 inhibitors, we selected the
lead compound GSK2983559 as the starting point for our research
(Fig. 2). By systematically pruning the side chains of
GSK2983559 using the BRICS algorithm35, we generated a
broader set of data inputs for the first stage of scaffold hopping in
our model. For each input, we sampled 1000 epochs and selected
the top 100 molecules. In total, we obtained 684 non-redundant
potential scaffold hopping-derived molecules. From each cluster
based on scaffold clustering, we selected the highest-scoring
molecule through docking, with the results shown in Supporting
Information Fig. S2. These molecules share common scaffolds
found in kinase inhibitors, with clusters 5, 7, 8, and 10 ranking
among the top-scoring molecules, all with scores exceeding �10.

To enhance the success rate of the development process, we
hypothesized that the synthesized molecules should incorporate
scaffolds with desired attributes. Based on this assumption, we
selected the highest-scoring molecules from clusters 8 and 10 as
candidates for subsequent property optimization. For the scaffold
of compound 8, our hypothesis posited that the introduction of
methyl to the thiophene ring would create steric hindrance to the
4-tetrahydropyridine moiety, potentially increasing the synthesis
difficulty. Additionally, its hydrophobic nature could interfere

with NHeH bonding with water molecules, as shown in Sup-
porting Information Fig. S3. Therefore, during the property opti-
mization phase, we simplified the methyl group by directly using
pyrimidine-thiophene as the scaffold. However, for molecules
with scaffold 10, we found that patent restrictions significantly
impeded direct development, thus designating them for future
research.

Moreover, the molecules optimized from compound 8 featured
a pyrimidine-thiophene scaffold demonstrating novelty, as this
skeleton had not been previously reported in RIPK2 series in-
hibitors. Although the lead compound and compound 8 are
distinct entities, issues such as high clinical clearance rates and
low exposure levels have been observed with the lead compound.
Properties associated with compound 8, such as hepatic micro-
somal stability, reduced clearance rates, and enhanced T1/2 values,
indicate the need for further optimization. In the second round of
optimization, we utilized properties predicted by the ADMET Lab
3.0 API36 as constraints in molecular generation, specifically
targeting CL reduction, T1/2 increase, increased stability in human
liver microsomes (HLM), and QED increase. Following the
principle of optimizing the synthesis route, we screened the top 30
most promising molecules based on docking scores and visual
inspection, as detailed in Fig. S3. Ultimately, we selected 20
molecules (RS1-20, Schemes 1 and 2) for synthesis and evaluation
of RIPK2 activities and HLM stability.

2.2. Retrieval of potent RIPK2 inhibitors

For compounds RS1, RS4, RS5, RS13, RS17, and RS18, which
demonstrated potent inhibitory activities against RIPK2 kinase
and stable HLM stability, plasma concentrations were determined
following oral gavage at 10 mg/kg in BALB/c mice. Compound
RS5 not only exhibited a nanomolar IC50 value but also achieved
adequate plasma drug exposure following oral gavage. However,
the pharmacokinetics (PK) of RS5 is inferior to that of
GSK2983559 (Table 1). Using CMD-OPT model, we successfully
obtained a set of potent RIPK2 inhibitors featuring a novel scaf-
fold. However, further optimization to improve PK is necessary.
Introducing a halogen is a common strategy to improve pharma-
cokinetics of lead compounds. Building on the preceding results,
we meticulously designed and synthesized a set of novel putative
RIPK2 inhibitors (RP1-29) with a fluorine atom at the C-6 posi-
tion of benzothiazole, categorically falling into three distinct
types. The synthetic paradigm, illustrated in Schemes 3 and 4,
involved the preparation of key intermediates RP1, RP8, and
RP16 through a three-step synthetic route initiated from the
starting material 11. Subsequent nucleophilic addition reactions
with various anhydrides or isocyanates culminated in the synthesis
of the final products, namely RP2-7, RP9-15, and RP17e29,
respectively.

As expected, most of the compounds exhibited favorable
metabolic stability in the HLM assay. Meanwhile, all compounds
exhibited potent inhibitory activities against RIPK2 (IC50:
6e17 nmol/L) and notable selectivity against RIPK1, comparable
to GSK2983559 (Table 2). Following plasma exposure assess-
ments for selected compounds (Supporting Information Table S2),
compounds RP9, RP10, RP12, RP18, RP20, and RP21 were
further evaluated for their pharmacokinetic properties through
both intravenous (i.v.) injection and oral administration at the
dosage of 10 mg/kg (Supporting Information Table S3). Although
the 6-position of the phenyl ring may not be a major metabolic
site, the introduction of a highly electronegative fluorine atom can
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Figure 2 Framework and schematic workflow for designing RIPK2 inhibitors using CMD-OPT model.

Scheme 1 Synthetic approach to RS1-13, 17, 18, 20. (a) p-TSA, IPA, 80 �C; (b) The corresponding borate ester or borate, K2CO3, PdCl2(dppf),

Dioxane/EtOH/H2O, 80
�C; (c) TFA, DCM, rt; KOH, H2O; (d) The corresponding anhydride or isocyanate, DCM/MeOH, rt.
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Scheme 2 Synthetic approach to RS14, 15, 16, 19. (a) p-TSA, IPA, 80 �C or NaOH, H2O, 80
�C; (b) 286961-14-6, K2CO3, PdCl2(dppf),

Dioxane/EtOH/H2O, 80
�C; (c) TFA, DCM, rt; KOH, H2O.

Table 1 IC50 values against RIPK2 and plasma concentration of optimized compounds.

Compound RIPK2 IC50, nmol/La Plasma concentration, ng/mLb

0.5 h 2 h 6 h

RS1 6 304.69 � 133.17 432.94 � 293.48 171.81 � 103.31

RS4 14 452.68 � 199.5 84.54 � 34.7 29.19 � 11.76

RS5 12 958.53 � 185.52 125.23 � 23.24 8.76 � 2.74

RS13 25 79.54 � 4.65 47.7 � 11.3 52.8 � 30.79

RS17 23 8.48 � 5.45 4.39 � 0.83 5.21 � 0.23

RS18 20 5.07 � 1.95 0.82 � 0.14 0.42 � 0.06

GSK2983559 7 1154 � 125 145 � 42 21 � 11

aThe IC50 values represent averages derived from doseeresponse curves obtained in three independent examinations.
bDosage: 10 mg/kg p.o.; BALB/c mice, n Z 3.

Scheme 3 Synthetic approach of intermediate 12. (a) BzCl, CH3CN, 50
�C; (b) Fe, NH4Cl, MeOH/H2O, 65

�C; (c) Br2, KSCN, CH3COOH, rt;

(d) tert-Butyl nitrite, THF, 65 �C; (e) 70% H2SO4, 100
�C.

Scheme 4 Synthetic approach to RP1-29. Reagents and conditions: (a) p-TSA, IPA, 80 �C; (b) The corresponding borate ester or borate,

K2CO3, PdCl2 (dppf), Dioxane/EtOH/H2O, 80
�C; (c) TFA, DCM, rt; KOH, H2O; (d) The corresponding anhydride or isocyanate, DCM/MeOH,

rt.
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Table 2 The IC50 values against RIPK2, percent inhibition relative to control for RIPK1, and metabolic stability profiles of compounds

RP1-29.

Compound R3 RIPK2 RIPK1 T1/2 (min) CL (mL/min/g$protein)

IC50, nmol/La Percentage%@1 mmol/Lb

RP1 9 99 � 2 >120 <12

RP2 11 107 � 4 115.5 12

RP3 14 106 � 6 99.0 14

RP4 6 100 � 5 >120 <12

RP5 11 105 � 2 >120 <12

RP6 10 100 � 4 >120 <12

RP7 12 98 � 2 >120 <12

RP8 9 95 � 1 >120 <12

RP9 8 103 � 0 >120 <12

RP10 11 99 � 1 >120 <12

RP11 9 101 � 4 >120 <12

RP12 8 95 � 2 >120 <12

RP13 9 97 � 3 >120 <12

RP14 11 100 � 3 >120 <12

RP15 10 96 � 2 >120 <12

RP16 8 110 � 5 >120 <12

RP17 14 108 � 1 >120 <12

RP18 12 105 � 3 >120 <12

RP19 12 99 � 2 53.3 26

RP20 13 97 � 2 >120 <12

(continued on next page)
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alter the distribution of the electron cloud, thereby affecting the
polarity of the molecule. This change can influence the ADME
properties of the drug and potentially improve membrane
permeability. Among them, RP20 stood out with an IC50 value of
13 nmol/L against RIPK2 and exhibited at least 2000-fold selec-
tivity over RIPK1 (Fig. 5A, Table 3).

2.3. Pharmacokinetic characteristics of RP20

As shown in Table 4, RP20 demonstrated exceptional oral expo-
sure with an AUC value of 41021 ng/mL$h, an extended T1/2 of
3.95 h, and a remarkable bioavailability of 95.9% at 10 mg/kg via
oral administration, surpassing that of GSK2983559. Further-
more, a linear AUC-dosage relationship was observed in mice
(Supporting Information Table S4), and RP20 exhibited favorable

PK characteristics in SD rats. Consequently, RP20 was identified
as a potent RIPK2 inhibitor for further assessment, effectively
addressing major pharmacokinetic deficiencies associated with
GSK2983559 (Supporting Information Table S5).

2.4. RP20 delays NF-kB activation and RIPK2 ubiquitylation

Upon NOD stimulation, RIPK2 undergoes significant ubiquitina-
tion. This process is essential for recruiting the linear ubiquiti-
nation assembly complex (LUBAC) to the signaling complex,
thereby promoting effective downstream signaling37. Conse-
quently, we aimed to investigate the impact of RIPK2 on its own
ubiquitination process. Inhibition of RIPK2 kinase activity using
RP20 markedly suppressed RIPK2 ubiquitylation induced by
MDP in a concentration-dependent fashion (Fig. 3A). Subse-
quently, THP-1 cells and BMDMs were stimulated with L18-
MDP, and lysates were collected at specific time points post-
stimulation (Fig. 3B and C). Western blotting analysis indicated
that RP20 delayed, rather than completely inhibited, the phos-
phorylation of p65, p38, and JNK. These proteins serve as mo-
lecular markers for the activation of NF-kB and MAPK signaling
pathways following RIPK2 activation.

2.5. The X-ray co-crystallographic structure of RIPK2 bound to
RP20

To investigate the structural basis of RIPK2 inhibitor interactions,
we successfully resolved the co-crystallographic structure of the

Table 2 (continued )

Compound R3 RIPK2 RIPK1 T1/2 (min) CL (mL/min/g$protein)

IC50, nmol/La Percentage%@1 mmol/Lb

RP21 11 107 � 3 >120 <12

RP22 10 95 � 2 >120 <12

RP23 10 99 � 2 >120 <12

RP24 9 105 � 6 >120 <12

RP25 11 97 � 1 >120 <12

RP26 7 102 � 3 >120 <12

RP27 10 94 � 1 >120 <12

RP28 8 109 � 4 >120 <12

RP29 17 96 � 2 >120 <12

aThe IC50 values represent averages derived from doseeresponse curves of at least two examinations.
bThe average percentage indicates the active RIPK1 activity in the duplicated tests. The activity was determined relative to control, using a

consistent concentration of 1 mmol/L across all experiments.

Table 3 IC50 values for RIPK2 and RIPK1 of compound

RP20 and GSK2983559a.

Compound Structure RIPK2 RIPK1

IC50,

nmol/L

IC50,

mmol/L

RP20 13 >30

GSK2983559 / 7 >30

aThe IC50 values represent averages derived from doseeresponse

curves obtained in two independent examinations.
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RIPK2 kinase domain in complex with RP20 at a resolution of
2.26 Å (Supporting Information Table S6). As illustrated in
Fig. 4AeD, the pyrimidine moiety interacted with the backbone
amide NH of Met98, while the thiazole moiety engaged an
interaction with Asp164. Moreover, the crystal structure indicates
that the NH linking pyrimidine and benzene of RP20, along with
the carbonyl group of the amide, can participate in hydrogen
bonding interactions with water molecules. This interaction
potentially aids in the entropy effects during molecular binding.
Moreover, fragment molecular orbital (FMO) analysis revealed
notable distinctions that may not be discernible through visual
examination alone, such as with Glu105 and Glu66, which sug-
gested that RP20 can form robust and stable interactions with
pocket residues (Fig. 4E).

2.6. Kinase selectivity and safety assessment of RP20

Typically, ATP-competitive kinase inhibitors face selectivity
challenges, including potential non-target toxicity. RP20 under-
went thorough profiling against a set of 373 human-derived ki-
nases at 1 mmol/L in Eurofins Discovery to evaluate its selectivity

profile. As depicted in Fig. 5B and detailed in Supporting Infor-
mation Table S7, RP20 demonstrated minimal inhibition against
the majority of these kinases except for RIPK2. The selectivity
fold was notably greater than 15, particularly in comparison to
DDR1 kinase. Subsequently, the in vitro safety assessment of
RP20 was meticulously executed utilizing the Safety47™ panel
from Discover X Corp., as elucidated in Supporting Information
Table S8. Notably, RP20 successfully passed all rigorous tests
conducted, thereby affirming its praiseworthy safety profile.
Concurrently, a comprehensive safety evaluation of RP20 in SD
rats was conducted through a sequential 28-day in vivo study, with
an oral dose of 100 mg/kg. The comprehensive insights presented
in Supporting Information Figs. S4eS7 unequivocally validate
RP20 as a secure preclinical candidate.

2.7. In vivo effects of RP20 in MDP-induced peritonitis and
APAP-induced ALI model

Founded on its potent activity against RIPK2, coupled with
favorable pharmacokinetics and oral safety profile, RP20
advanced to in vivo efficacy evaluation in MDP-induced

Table 4 Pharmacokinetic properties of compound RP20 and GSK2983559 in BALB/c micea.

Compound Adm. Cmax (ng/mL) T1/2 (h) Vz (L/kg) Cl (mL/min/kg) AUC(0et) (ng/mL$h) F (%)

RP20 i.v. 6034 � 588 3.54 � 1.06 1.19 � 0.15 0.25 � 0.07 42791 � 11262 /

p.o. 3648 � 492 3.95 � 0.61 / / 41021 � 3137 95.9

GSK2983559 i.v. 5675 � 521 2.42 � 0.86 9.46 � 4.13 2.66 � 0.19 3778 � 255 /

p.o. 2618 � 413 2.74 � 0.25 / / 3123 � 1059 82.7

aThe data represent the mean values obtained from four independent determinations.

Figure 3 Inhibition of RIPK2 activity delays NF-kB activation and RIPK2 ubiquitination. (A) THP-1 cells were either untreated or pre-treated

with RP20 and then stimulated with MDP for specified durations. Ubiquitin conjugates were purified using TUBEs, and both lysates and pull-

down samples were subjected to WB analysis using the specified antibodies. (B) THP-1 cells were treated with RP20 (2 mmol/L) or left untreated

for 0.5 h before stimulation with L18-MDP (200 ng/mL). Cell lysates were harvested at indicated time points and analyzed by WB for p-p65, total

p65, p-p38, total p38, p-JNK. (C) BMDMs were treated with RP20 (2 mmol/L) or left untreated for 0.5 h prior to stimulation with L18-MDP

(200 ng/mL). Cell lysates were harvested at specified time points and analyzed by WB for p-p65, total p65, p-p38, total p38, p-JNK (n Z 3).
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peritonitis. Compared to the normal group, IL-6 levels signifi-
cantly increased post-MDP induction, indicating activation of
downstream inflammatory pathways (Fig. 6A). The IL-6 levels in
the RP20-treated groups were significantly and dose-dependently
reduced compared to the model group. This suggests that RP20
effectively inhibits RIPK2 activity in vivo, blocking downstream
inflammatory signals and subsequently affecting the synthesis and
release of the cytokine IL-6.

Subsequently, we established an APAP-induced ALI model to
assess the anti-inflammatory and hepatoprotective effects of
compound RP20. As shown in Fig. 6B and C and Supporting
Information Fig. S8, RP20 markedly diminished alanine trans-
aminase (ALT) and aspartate aminotransferase (AST) levels, and
reduced liver necrosis. The reduction in serum levels of TNF-a,
IL-1b, and IL-6 (Fig. 6D) correlated with corresponding liver
mRNA levels, showcasing RP20’s substantial impact on inflam-
matory factors. Notably, RP20 attenuated inflammatory mediators
in serum by downregulating liver mRNA levels, emerging as a key
contributor to ALI alleviation and therapeutic intervention
(Fig. 6E). Additionally, RP20 demonstrated dose-dependent
hepatoprotective effects by enhancing GSH production in liver
tissue, surpassing the efficacy of GSK2983559 at an equimolar
dosage (Fig. 6F).

To further elucidate the mechanism of RP20 in ALI, we
employed TUNEL assays and Western blotting to assess liver
apoptosis and the expression levels of relevant proteins in hepatic
tissues. As illustrated in Fig. 7A and B, RP20 demonstrated dose-
dependent hepatoprotective effects, surpassing the efficacy of
GSK2983559 at an equimolar dosage. RP20 significantly down-
regulated the levels of p-JNK, p-ERK (MAPK signaling path-
ways), and p-p65 (NF-kB signaling pathways) in hepatic tissues
(Fig. 7C). After a single oral administration of RP20 at a dose of
20 mg/kg, its distribution and pharmacokinetics in mice with ALI
were analyzed (Fig. 7D). Remarkably, RP20 achieved a high
concentration in liver tissue, peaking at 2 h and maintaining
elevated levels for up to 8 h. Serum samples were collected at
various time points to assess ALT and AST levels. Following
APAP induction, ALT and AST levels in the model group

progressively increased, reaching 6250.74 � 635.86 U/L and
6749.34 � 765.41 U/L at 8 h, respectively (Fig. 7E). In contrast,
ALT and AST levels in the RP20-treated group remained
consistently low, indicating a significant hepatoprotective effect.
Additionally, serum levels of inflammatory cytokines TNF-a,
IL-1b, and IL-6 were measured over time (Fig. 7F). IL-1b and
IL-6 levels began to rise 4 h post-induction, while TNFa levels
increased at 8 h. Compared to the model group, RP20 treatment
significantly reduced TNF-a and IL-1b levels, with a notable
decrease in IL-6 as well. These findings suggest that RP20 ex-
hibits strong liver-targeting properties, maintaining high concen-
trations in liver tissue and demonstrating potent anti-inflammatory
and hepatoprotective effects.

Under a lethal dosage, all mice in the APAP model group died
within 66 h. However, treatment with RP20 and GSK2983559
could significantly prolong the survival of mice (Fig. 7G).
Remarkably, all mice in the group treated with 20 mg/kg RP20
survived, while NAC only deferred the time of mortality without
conferring a significant enhancement in overall survival. Orally
administered at a dosage of 20 mg/kg, RP20 facilitated a gradual
return of body temperature to normal levels 12 h after post-APAP
induction (Fig. 7H).

3. Discussions

RIPK2 is highly expressed in various cancers, including breast,
colorectal, and ovarian cancers, with particularly strong associa-
tions in clear cell renal cell carcinoma, where its elevated
expression correlates with advanced clinical stages and metas-
tasis38-40. RIPK2 also demonstrates oncogenic potential in pros-
tate cancer metastasis, pancreatic cancer, and glioblastoma
multiforme41-43. Notably, in inflammatory breast cancer (IBC),
where “molecular inflammation” drives tumor progression and
metastasis, RIPK2 inhibitors may serve as promising therapeutic
strategies44. Beyond its role in cancer, RIPK2 is involved in
regulating multiple inflammatory and immune diseases, such as
asthma, inflammatory bowel disease, and rheumatoid arthritis. It

Figure 4 Cocrystal structure of RP20 bound within the ATP binding pocket of RIPK2 kinase (PDB: 8X2O). (A) Overview of cocrystal

structure of RIPK2 in complex with compound RP20. (B) Detailed depiction of the ATP binding pockets with surrounding key residues depicted

as stick models. Hydrogen bonds are indicated by green dashed lines, and the cationep interaction is denoted by yellow dashed line. (C) Density

map of RP20 within the binding site. (D) Protein surface of RIPK2 with the binding structure of RP20. (E) The Pair Interaction Energy (PIE)

diagram for RP20 was constructed using the method within a 4.5 Å radius of the residues.
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also plays a pivotal role in autoimmune diseases like Behcet’s
disease and systemic lupus erythematosus, as well as in neuro-
inflammatory conditions like stroke, Alzheimer’s disease, and
multiple sclerosis45-47. Given its involvement in both cancers and
immune-related diseases, RIPK2 inhibitors, such as RP20, hold
significant potential for diverse clinical applications.

Meanwhile, there are still some limitations in this study.
Firstly, this research focuses on the pharmacodynamic effects of
RIPK2 inhibitors in APAP-induced ALI and preliminarily ex-
plores potential mechanisms. However, an in-depth analysis of key
proteins expression in relevant signaling pathways has not been
conducted, which will be a primary focus of future studies.
Currently, clinical research on RIPK2 inhibitors is predominantly
directed toward the treatment of inflammatory bowel diseases, and
the relationship between the disease and the target has been well-
established. In contrast, the application of RIPK2 inhibitors for the
treatment of ALI is an innovative direction first proposed by our
team. In future clinical studies, we may face challenges, such as
the unknown therapeutic sensitivity of RP20 in liver injury caused
by multiple factors. This remains a critical issue for further
investigation. Notably, although compounds OD101 and AC-101

have progressed to clinical stages, their chemical structures,
detailed clinical outcomes, and potential limitations have not been
publicly disclosed. As a result, we are unable to definitively assert
that RP20 is a superior RIPK2 inhibitor compared to these
compounds.

It is undeniable that CMD-OPT offers significant advantages in
drug development by leveraging a user-friendly transformer-based
framework for molecular optimization. By enabling scaffold
hopping and refining pharmacokinetic properties, CMD-OPT
overcomes the limitations of parent molecules like
GSK2983559. It addresses the challenge of making artificial in-
telligence (AI) models more practical for drug design by con-
straining the molecular generation space with multiple conditions.
This approach may significantly enhance the applicability of AI
models in the drug design field, facilitating their effective
implementation and improving their overall utility.

4. Conclusions

ALI represents a serious hepatic disorder with limited clinically
available treatments. This study introduces CMD-OPT, a two-

Figure 5 RP20 is a selective inhibitor of RIPK2. (A) The doseeresponse curves of compound RP20 andGSK2983559 against RIPK2. (B) The

kinase selectivity evaluation of compound RP20 at a concentration of 1 mmol/L at Eurofins.
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stage molecular optimization tool centered on a known active lead
compound, to synthesize a series of potent RIPK2 inhibitors
exemplified by compound RP20. RP20 demonstrated exceptional
kinase selectivity, favorable oral pharmacokinetics, and superior
therapeutic efficacy in an APAP-induced ALI model. Data indi-
cate that GSK2983559 exhibited a non-linear doseeresponse in
high-dose safety studies in rats, which impeded a comprehensive
toxicological assessment at the highest doses. This issue may be a
primary reason for its failure in clinical safety evaluations,
although detailed explanations were not provided. In contrast,
RP20 successfully passed all rigorous tests in the Safety47 panel,
and a sequential 28-day in vivo study demonstrated the com-
pound’s favorable oral safety profile. Additionally, RP20 exhibi-
ted significantly lower inhibitory activity on the major CYP450
isoforms, CYP3A4 and CYP2D6, compared to GSK2983559
(Supporting Information Table S9). Therefore, we hypothesize
that RP20 may offer superior clinical safety.

Moreover, preclinical pharmacodynamic studies for the treat-
ment of DSS-induced acute ulcerative colitis are underway. At
equivalent doses, oral RP20 administration demonstrates superior

efficacy compared to GSK2983559, significantly reducing disease
scores and markedly improving the survival and body weight of
mice (Supporting Information Fig. S9). Pharmacodynamic studies
on RP20 for the treatment of multiple sclerosis and in combina-
tion with PD-L1 for the treatment of pancreatic cancer are also in
progress. These findings highlight RP20 as a promising preclinical
candidate poised for advancement into clinical trials. Importantly,
this study marks the first use of RIPK2 inhibitors for ALI treat-
ment, opening a novel therapeutic avenue for clinical applications.

5. Experimental

5.1. Chemistry

We used commercially available solvents and reagents without
additional purification. Reactions were monitored using TLC. For
key intermediate and final products preparation, we employed a
Biotage automatic purification system with purity confirmed to be
>95% via an Agilent ZORBAX SB-C18 reversed-phase column.

Figure 6 RP20 inhibits NOD2 signaling in vivo and has a beneficial effect on an ALI model. (A) Pharmacodynamic study of RP20 on MDP

induced peritonitis model in C57BL/6 mice. 8-week female C57BL/6 mice were sacrificed after 4 h of MDP (100 mg/piece) induction and the

serum were obtained. IL-6 levels in serum using ELISA kits. n Z 10 (Control, n Z 6), mean � SD. (B) Effects of RP20 and GSK2983559 on

APAP-induced ALI model. 6e8 weeks C57BL/6 mice were sacrificed after 12 h of APAP (500 mg/kg) induction and the liver tissues were

obtained. H&E staining after fixation with 10% paraformaldehyde. Scale bar, 100 mm. (C) ALT and AST levels by blood biochemical analyzer;

nZ 6, mean � SD. (D, E) TNF-a, IL-1b and IL-6 levels in serum using ELISA kits. nZ 3, mean � SD; TNF-a, IL-1b and IL-6 mRNA levels in

the liver were detected by QPCR. (F) Statistical chart of liver necrosis area; detection of GSH level in liver tissue using T-GSH kit. n Z 3,

mean � SD. Compared with the control group, #P < 0.05, ###P < 0.001; compared with the APAP model group, *P < 0.05, ***P < 0.001; ns

means no significant difference.
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Mass analysis was conducted using a Waters SQD2 single quad-
rupole mass detection system with electrospray ionization (ESI)
source. 1H NMR and 13C NMR spectra were recorded on a
BRUKER AVANCE II 400 MHz spectrometer, and chemical shifts
were reported in parts per million (ppm) with TMS as the internal
standard. Coupling constants are reported in Hz, and multiplicities
are indicated as singlet (s), doublet (d), triplet (t), quartet (q), or
multiplet (m). Firstly, intermediate 12 was prepared using the
following synthesis route (5-step reaction) as shown in Scheme 3.

5.1.1. Preparation of N-(2-fluoro-5-nitrophenyl)benzamide
Dissolve 15.6 g (100 mmol) of 2-fluoro-5-nitroaniline in 200 mL
of acetonitrile and add benzoyl chloride (12.8 mL, 110 mol) in

portions. Heat to 50 �C and allow to react for 4 h. A significant
amount of solid precipitates in the system. Filter the mixture, and
the resulting cake is washed with acetonitrile to obtain a relatively
pure intermediate. 1H NMR (400 MHz, DMSO-d6) d 10.51 (s,
1H), 8.67 (dd, J Z 6.5, 2.9 Hz, 1H), 8.17 (ddd, J Z 9.1, 4.1,
2.9 Hz, 1H), 8.03e7.97 (m, 2H), 7.69e7.53 (m, 4H).

5.1.2. Preparation of N-(5-amino-2-fluorophenyl)benzamide
Mix the intermediate obtained from the previous step (22.1 g,
85 mmol) with iron powder (9.5 g, 170 mmol) and ammonium
chloride (9.1 g, 170 mmol) in a solvent mixture of methanol/water
(4:1) and heat to 65 �C. After 1 h, verify reaction completion
through TLC. Filter the suspension through diatomaceous earth,

Figure 7 RP20 has hepatoprotective effects on ALI models and exhibits liver-targeting properties. (A) TUNEL immunohistochemical staining

of liver cells across various experimental groups. Scale bar, 50 mm. (B) Liver cell apoptosis statistics. n Z 3, mean � SD. (C) RP20 inhibits

NF-kB and MAPK (p-JNK, p-ERK, p-p65) in liver tissues from treatment groups. (D) Tissue distribution of RP20 in mice with ALI. 6e8 weeks

C57BL/6 mice were sacrificed after 2, 4, 8 h after APAP (500 mg/kg) induction and the serum were obtained. n Z 5, mean � SD. (E) ALT and

AST levels by blood biochemical analyzer; nZ 5, mean � SD. (F) TNF-a, IL-1b and IL-6 levels in serum using ELISA kits. nZ 2, mean � SD.

(G) Survival of mice with ALI induced by ultra-high dose APAP (nZ 10). (H) Body temperature change of model and RP20-20 mg/kg groups. In

comparison to the control, ###P < 0.001; compared with the APAP model group, *P < 0.05, **P < 0.01, ***P < 0.001; ns means no significant

difference.
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retaining the mother liquor. Concentrate the mother liquor,
disperse it in 100 mL of water for slurry formation, and filter to
obtain a relatively pure intermediate. 1H NMR (400 MHz, DMSO-
d6) d 9.86 (s, 1H), 7.95 (d, J Z 7.5 Hz, 2H), 7.65e7.48 (m, 3H),
6.93 (t, J Z 9.6 Hz, 1H), 6.81 (dd, J Z 6.7, 2.8 Hz, 1H),
6.49e6.38 (m, 1H), 5.02 (s, 2H).

5.1.3. Preparation of N-(2-amino-6-fluorobenzo[d]thiazol-5-yl)
benzamide
Combine the intermediate from the previous step (13.8 g,
60 mmol) with KSCN (8.75 g, 90 mmol) in 100 mL of acetic acid.
Gradually add an acetic acid solution containing Br2 (4.5 mL,
90 mmol) to the system. After 5 h, a significant amount of solid
precipitates. Filter the mixture to obtain a relatively pure inter-
mediate. 1H NMR (400 MHz, DMSO-d6) d 10.16 (s, 1H), 8.66 (s,
2H), 7.99e7.91 (m, 2H), 7.78 (d, J Z 9.9 Hz, 1H), 7.66 (d,
J Z 6.5 Hz, 1H), 7.61e7.55 (m, 1H), 7.51 (t, J Z 7.5 Hz, 2H).

5.1.4. Preparation of N-(6-fluorobenzo[d]thiazol-5-yl)
benzamide
Dissolve the intermediate from the previous step (14.3 g,
50 mmol) in 150 mL of tetrahydrofuran under ice bath conditions.
Add isoamyl nitrite (10 mL, 75 mmol) dropwise. After the addi-
tion, allow the reaction to continue at room temperature for 2 h,
resulting in a significant amount of solid precipitation. Filter the
mixture to obtain a relatively pure intermediate. 1H NMR
(400 MHz, DMSO-d6) d 10.39 (s, 1H), 9.41 (s, 1H), 8.32 (d,
J Z 6.8 Hz, 1H), 8.19 (d, J Z 10.0 Hz, 1H), 8.03 (dd, J Z 7.2,
1.8 Hz, 2H), 7.63 (t, J Z 7.3 Hz, 1H), 7.56 (dd, J Z 8.2, 6.7 Hz,
2H).

5.1.5. Preparation of 6-fluorobenzo[d]thiazol-5-amine
(intermediate 12)
Dissolve the intermediate from the previous step (10.9 g,
40 mmol) in 70% concentrated sulfuric acid (100 mL) and heat to
100 �C. After 4 h of reaction, confirm completion through TLC.
Cool the reaction mixture to room temperature and slowly dilute it
into ice water. Adjust the pH to above 10 using sodium hydroxide.
Then, extract the mixture twice with 500 mL of ethyl acetate,
combine the organic phases, and concentrate. Disperse the
concentrated crude product in 100 mL of ether, filter it, and obtain
a relatively pure product. 1H NMR (400 MHz, DMSO-d6) d 9.13
(s, 1H), 7.77 (d, JZ 10.9 Hz, 1H), 7.35 (dd, JZ 8.2, 1.1 Hz, 1H),
5.35 (s, 3H). Then, synthesis method and structural characteriza-
tion of the compound RP1 using the following synthesis route as
shown in Scheme 4.

5.1.6. Preparation of 6-bromo-N-(6-fluorobenzo[d]thiazol-5-yl)
thieno[2,3-d]pyrimidin-4-amine (intermediate 13)
A mixture of starting materials 11 (25 g, 100 mmol), intermediate
12 (16.8 g, 110 mmol), and p-toluenesulfonic acid (1.7 g,
10 mmol) was added to a 500 mL round-bottom flask, and iso-
propanol (250 mL) was added. The temperature was set at 80 �C.
After 2 h, the reaction was confirmed to be complete by TLC, and
a significant amount of solid precipitated. After filtration, the cake
was washed with ether to obtain a high-purity intermediate 13. 1H
NMR (400 MHz, DMSO-d6) d 10.26 (s, 1H), 9.39 (s, 1H), 8.40 (d,
J Z 1.2 Hz, 1H), 8.26 (d, J Z 6.8 Hz, 1H), 8.18 (d, J Z 9.9 Hz,
1H), 8.14 (s, 1H).

5.1.7. Preparation of tert-butyl 4-(4-((6-fluorobenzo[d]thiazol-
5-yl)amino)thieno[2,3-d]pyrimidin-6-yl)-3,6-dihydropyridine-
1(2H)-carboxylate (intermediate 14a)
The previously obtained intermediate 13 (19.1 g, 50 mmol),
N-Boc-1,2,5,6-tetrahydro-4-boronol-pyridinyl ester (17 g,
55 mmol), potassium carbonate (13.8 g, 100 mmol), and PdCl2
(dppf) (1.8 g, 2.5 mmol) were added to a 500 mL three-neck flask.
A solvent mixture of dioxane/ethanol/water (7:3:4, total 200 mL)
was added, and the reaction was conducted at 80 �C after purging
with nitrogen three times. After 2 h, a significant amount of solid
precipitated, and it was filtered. The cake was washed with a small
amount of ethanol to obtain a high-purity intermediate 14a. 1H
NMR (400 MHz, DMSO-d6) d 9.81 (s, 1H), 9.40 (s, 1H), 8.40 (s,
1H), 8.36 (dd, J Z 7.4, 2.6 Hz, 1H), 8.20 (d, J Z 9.8 Hz, 1H),
7.82 (d, J Z 5.5 Hz, 1H), 6.22 (s, 1H), 4.10e3.96 (m, 2H), 3.59
(m, 2H), 2.62e2.51 (m, 2H), 1.45 (s, 9H).

5.1.8. Preparation of N-(6-fluorobenzo[d]thiazol-5-yl)-6-
(1,2,3,6-tetrahydropyridin-4-yl)thieno[2,3-d]pyrimidin-4-amine
(RP1)
The intermediate 14a from the previous step (11.6 g, 25 mmol)
was dissolved in 100 mL of dichloromethane and trifluoroacetic
acid (50 mL) was added in portions. After 0.5 h at room tem-
perature, the reaction was complete, and the reaction mixture was
concentrated. The concentrated solution was dispersed in water,
and potassium hydroxide was added to adjust the pH to above 9,
resulting in a significant amount of solid precipitation. After
filtration, the cake was washed with ether to obtain the high-purity
final product RP1 without further purification. 1H NMR
(400 MHz, DMSO-d6) d 9.74 (s, 1H), 9.41 (s, 1H), 8.39e8.34 (m,
2H), 8.21 (d, J Z 10.0 Hz, 1H), 7.76 (s, 1H), 6.32e6.27 (m, 1H),
3.41 (d, J Z 3.1 Hz, 3H), 2.96 (t, J Z 5.6 Hz, 2H), 2.44 (dq,
J Z 6.1, 3.4 Hz, 2H). 13C NMR (101 MHz, DMSO-d6) d 165.73,
157.49, 155.33, 155.18 (d, JZ 247.2 Hz), 153.83, 150.17, 142.10,
131.49 (d, JZ 11.2 Hz), 130.07, 127.82, 126.06 (d, JZ 15.3 Hz),
121.20, 118.02, 113.91, 109.39 (d, J Z 26.4 Hz), 45.35, 42.75,
27.30. HRMS-ESI: Calcd. for C18H15FN5S2: 384.0747[MþH]þ,
found: 384.0735. Last, the synthesis and characterization data for
other compounds are detailed in the Supporting Information

5.2. Biological methods

5.2.1. RIPK2/1 kinase assay
The kinase enzymatic inhibition assay was carried out in
Eurofins Discovery (Cerep, France). RIPK2 (h) is incubated with
20 mmol/L Tris/HCl pH 8.5 (RIPK1, 8 mmol/L MOPS pH 7.0),
0.2 mmol/L EDTA, 0.33 mg/mL myelin basic protein, 10 mmol/L
Magnesium acetate and [g-33P-ATP] (specific activity and con-
centration as required). The reaction is initiated by the addition of
the Mg/ATP mix. After incubation for 120 min at room temper-
ature, the reaction is stopped by the addition of phosphoric acid to
a concentration of 0.5%. 10 mL of the stopped reaction is spotted
onto a P30 filtermat and washed four times for 4 min in 0.425%
phosphoric acid and once in methanol prior to drying and scin-
tillation counting.

5.2.2. Metabolic stability assay in human liver microsome
The in vitro metabolic stability assessment was performed using
pooled liver microsomal fractions, maintaining a final protein
concentration of 0.5 mg/mL and a test compound concentration of
1 mmol/L. The reaction began upon adding an NADPH-
regenerating system. At different time intervals, 100 mL samples
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of the reaction mixture were collected and added to plates with a
quenching solution. LCeMS/MS analysis was used to measure
the test compound concentration in the samples. The predicted
clearance was estimated using the well-stirred liver model,
without considering protein binding.

5.2.3. Plasma exposure tests for selected compounds
The selected compounds were prepared in a saline solution con-
taining 2.5% DMSO and administered to BALB/c mice (n Z 3)
by oral administration at a dosage of 10 mg/kg. Blood samples
were drawn at specified intervals of 0.5, 2, and 6 h post-dosing and
centrifuged to isolate the plasma. The plasma samples were
treated with acetonitrile, which included an internal standard
(SAHA), for protein precipitation. After an additional centrifu-
gation step, the concentrations of the compounds in the superna-
tant were measured using LCeMS/MS. The primary
pharmacokinetic parameters were determined and are provided in
Table S2.

5.2.4. Pharmacokinetic study
The compounds were prepared in a saline solution with 2.5%
DMSO and administered to mice (or SD rats) (n Z 4) via both
intravenous injection and oral administration at a dosage of
10 mg/kg. Blood samples were taken at predetermined intervals: 5
and 15 min, 0.5, 1, 2, 4, 6, 8, 10, 24, and 48 h post-dosing. The
samples were centrifuged to separate the plasma. Plasma proteins
were precipitated using acetonitrile with an internal standard
(SAHA). Following a second centrifugation, the concentrations of
the compounds in the supernatant were quantified through
LCeMS/MS. The pharmacokinetic parameters were calculated
and presented in Table S3.

5.2.5. Induction of THP-1 and BMDM cells with L18-MDP
THP-1 and BMDM cells were plated at a density of
5 � 105 cells/mL in 2 mL of medium in 6-well plates and
incubated overnight in a cell culture incubator. The next day, the
cells were pre-treated with 2 mmol/L RP20 for 30 min before
being stimulated with 200 ng/mL L18-MDP to induce cell
activation. Cell lysates were collected at specified time points
for further analysis of intracellular protein expression levels
using Western blotting. The antibodies used were human RIPK2
antibody (Santa Cruz, sc-166765, 1:500), human p-JNK(Thr183/
Ser185) antibody (Cell Signaling Technologies, 4668T, 1:1000),
human JNK mAb (Zenbio, R22866, 1:1000), human phospho-
p38 (T180/Y182) rabbit mAb (abcam, ab195049, 1:1000),
human p-38 antibody (abcam, ab170099,1:1000), human p-p65
antibody (Zenbio, 310013, 1:1000), human IkBa antibody
(Zenbio, 380682, 1:1000), and b-actin (Abways, AB2001,
1:5000).

5.2.6. Protein expression and purification
The cDNA of human RIPK2 containing residues 1e310 were
cloned into the pFastBacHT plasmid. A 10X histidine tag and
TEV cleavage site was added to the N-terminal of the RIPK2.
Bacmids were generated in DH10Bac™ cells, and the resulting
baculoviruses were generated and amplified in Sf9 insect cells.
After infection by Bac-to-Bac baculoviruses for 48 h, the cells
were harvested in a lysis buffer containing 20 mmol/L Tris (pH
7.5), 500 mmol/L NaCl, 5% glycerol, 2 mmol/L b-Me, 1 mmol/L
TCEP and cocktail. The expressed protein was purified by a Ni-
NTA column (QIAGEN) and transformed into the lysis buffer
containing TEV protease for removing the additional residues.

The resulting protein sample was further passed through the Ni-
NTA column followed by a S200 size-exclusion chromatography
(GE Healthcare) with a solution containing 20 mmol/L Tris (pH
8.0), 150 mmol/L NaCl, 5% glycerol and 1 mmol/L TCEP. The
purified RIPK2 protein was concentrated to 10 mg/mL and flash
frozen for storage at �80 �C.

5.2.7. Protein crystallization and co-crystal structure
determination
Apo RIPK2 crystals were obtained by the hanging drop method
using 1 mL of 10 mg/mL RIPK2 and 1 mL 0.1 mol/L Mes pH 6.0,
0.25 mol/L CaCl2, 3% ethanol, and 5% PEG 1000 at 20 �C. The
crystals were soaked with 0.1 mL of 100 mmol/L RP20 (dissolved
in DMSO) for 12 h. The crystals were rapidly frozen in liquid
nitrogen using a reservoir solution containing 20% glycerol as a
cryoprotectant. X-ray diffraction data were gathered at beamline
BL19U of the Shanghai Synchrotron Radiation Facility. The data
processing was carried out using the HKL3000 software suite.
Molecular replacement was performed with CCP4i software,
using a model based on PDB entry 4C8B. Model building was
done in Coot, while refinement involved reciprocal-space adjust-
ments, individual B factors, TLS parameters, and occupancies
using PHENIX. The finalized structures have been submitted to
the Protein Data Bank, with accession numbers provided in
Table S6, along with detailed statistics and quality assessments of
the structures.

5.2.8. Kinase selectivity evaluation at Eurofins
RP20 was evaluated for its activity against a set of 373 kinases
using the KinaseProfile™ assay at Eurofins (Cerep, France). A
chosen inhibitor for each specific kinase is added to each plate in
duplicate at a concentration known to result in complete inhibi-
tion. This generates the blank wells. For kinases where no known
inhibitor exists, 30% phosphoric acid will replace the inhibitor
blank. A full list of the kinases is shown in Table S7 and data is
represented at percent control (% Ctrl). RIPK2 was 100%
inhibited by RP20 at 1 mmol/L. More details about the
KinaseProfile™ and protocols are available at https://www.
eurofinsdiscovery.com.

5.2.9. In vitro safety evaluation of RP20
Safety47™ panel was provided by Discover X (USA) against 78
assays in the SAFETYscan EC/IC50 ELECT service. The assays
employed PathHunter enzyme fragment complementation (EFC)
technology, FLIPR�-based cell assays, KINOMEscan kinase
binding evaluations, along with several enzymatic tests (Table S7).

5.2.10. CYP450 inhibitory activity evaluation
All incubations were performed at 37 �C with shaking, using three
replicates (n Z 3) for each experimental group. The incubation
mixtures were prepared in 100 mmol/L potassium phosphate buffer
(pH 7.40 � 0.10) and included microsomes (0.5 mg protein/mL),
RP20, and GSK2983559 at concentrations of 0.01, 0.1, 1, 10, and
100 mmol/L, along with CYP isozyme-selective substrates (dextro-
methorphan for CYP2D6 and testosterone for CYP3A4). After a 5-
min pre-incubation, the reaction was initiated by adding an
NADPH-regenerating system. The CYP3A4-testosterone reaction
proceeded for 5min,while theCYP2D6 reaction lasted for 30min.At
the end of each incubation period, the reactions were stopped by
adding 200 mL of acetonitrile containing the internal standard. The
mixtures were then centrifuged at 16,200�g for 10 min, and the su-
pernatants were subjected to LCeMS/MS analysis.

CMD-OPT guided RIPK2 inhibitor discovery 3721



5.2.11. Source of animals
BALB/c mice, weighing 20�22 g each, and SD rats, weighing
200e250 g each, were obtained from Chengdu Dossy Experi-
mental Animals Co., Ltd. (Chengdu, China). Male C57BL/6 mice,
aged 6�8 weeks and weighing approximately 22e25 g, were
procured from Beijing Huafu Kang Biological Technology Co.,
Ltd. (Beijing, China). The mice were housed in groups of five per
cage in the SPF-grade Huaxi Animal Center at Sichuan Uni-
versity’s National Key Laboratory of Biomedicine. They were
provided with sterile water and autoclaved rodent maintenance
feed, allowing ad libitum access to both food and water. The
environmental conditions in the facility were maintained at a
stable temperature of 22 � 2 �C, a relative humidity of 55%, and a
12 h lightedark cycle from 8:00 AM to 8:00 PM. To acclimate to
the environment, the mice were housed for approximately one
week before conducting the relevant experiments. All animal
husbandry and experimental procedures strictly adhered to the
guidelines established by the Animal Management Committee of
Sichuan University.

5.2.12. MDP-induced peritonitis model
Eight-week-old female C57BL/6 mice were acclimated for one
week prior to the experiment. The mice were then randomly
assigned to the control group, model group, and treatment groups
(receiving low, medium, or high doses of RP20). Thirty minutes
after oral administration of either the vehicle or RP20, the mice
were given an intraperitoneal injection of PBS or 100 mg of MDP.
Four hours post-MDP administration, the mice were euthanized by
CO2 asphyxiation, followed by blood collection via cardiac
puncture. In our study, euthanasia was conducted according to the
national standard GB/T 39760e2021, Guidelines for the Eutha-
nasia of Laboratory Animals, which lists CO2 as a recommended
method for rodents when administered in a gradual and controlled
manner. The procedure was approved by the institutional animal
ethics committee, and the use of CO2 complies with both regu-
latory and ethical standards. We utilized a fully automated CO2

euthanasia system (Model FSZZ-2A), which ensures a gradual fill
rate of 10%e30% chamber volume per minute, as recommended.
The transparent design allowed constant observation of the ani-
mals, and the euthanasia was conducted by trained personnel in a
ventilated room. No abnormal behaviors (e.g., gasping, vocaliza-
tion, seizure-like movements) were observed during the process.

5.2.13. Efficacy evaluation of RP20 on APAP-induced acute
liver injury model
Male C57BL/6 mice were randomly divided into the specified
experimental groups: Saline group, 500 mg/kg APAP-induced
group, 500 mg/kg APAP þ RP20 5 mg/kg group, 500 mg/kg
APAP þ RP20 10 mg/kg group, 500 mg/kg APAP þ RP20
20 mg/kg group, and 500 mg/kg APAP þ GSK2983559 10 mg/kg
group, with each group comprising five mice. Before induction,
the mice were fasted for 16 h but had access to water. The
500 mg/kg APAP was administered via intraperitoneal injection,
followed immediately by oral treatment. After 12 h of APAP in-
duction, the mice were euthanized, and peripheral blood was
collected before conducting necropsy. The liver was divided into
four portions, with one piece fixed in 4% paraformaldehyde for
subsequent immunohistochemistry. The remaining three portions
were snap-frozen in liquid nitrogen for the extraction of tissue
proteins, mRNA, and the assessment of related markers.

5.2.14. Tissue distribution detection
The ALI model was established as described above (4.2.13.).
After administration at a dose of 20 mg/kg, the mice were
euthanized, and peripheral blood was collected before conducting
necropsy at 2, 4, and 8 h after APAP induction, and the brain,
heart, liver, spleen, lung, kidney, stomach, intestine, and muscle
were taken out. The tissues were grinded and mixed. To 30 mL of
tissue homogenate was added 120 mL SAHA acetonitrile solution
(20 ng/mL) to precipitate the protein. 80 mL supernatant was put it
into a sample vial and detected. Mass spectrometry analysis gave
the concentration of the drug contained in each tissue, and con-
verted the measured concentration into a mass concentration ng/g.

5.2.15. Tissue section immunofluorescence staining
The dehydration, tissue clearing, paraffin embedding, slide prep-
aration, embedding, sectioning, slide baking, and dewaxing steps
for liver tissue followed the procedures. Subsequent to completing
these steps, the tissue sections were subjected to permeabilization
using Proteinase K (20 mg/mL) at 37 �C for 15 min. Following
permeabilization, the sections were thoroughly washed with PBS
and subsequently blocked with 2% BSA at 37 �C for 30 min. The
reaction mixture for TUNEL staining was prepared according to
the instructions provided with the TUNEL assay kit. Subse-
quently, 50 mL of the staining mixture was added to the specimens,
which were then incubated in the dark at 37 �C for 1 h After
incubation, the sections were washed several times with PBS,
allowed to air dry, and then subjected to DAPI nuclear staining in
the dark for 5 min. The slides were sealed using a mounting
medium containing anti-fading agents, and panoramic tissue scans
were performed using the OLYMPUS whole-slide imaging sys-
tem. This protocol outlines the steps involved in performing
immunofluorescence staining on tissue sections, enabling the
visualization of specific cellular components and processes.

5.2.16. Evaluation of survival period in APAP-induced acute
liver injury
An acute liver injury survival period model was established in
male C57BL/6 mice by intraperitoneal injection of 650 mg/kg
APAP. Male C57BL/6 mice, with a body weight range of
24e25 g, were randomly assigned to the following groups: Saline
group, 650 mg/kg APAP-induced group, 650 mg/kg
APAP þ RP20 5 mg/kg group, 650 mg/kg APAP þ RP20
10 mg/kg group, 650 mg/kg APAP þ RP20 20 mg/kg group,
650 mg/kg APAP þ NAC 30 mg/kg group, and 650 mg/kg
APAP þ GSK2983559 10 mg/kg group, with each group con-
sisting of 10 mice. Before induction, the mice underwent a 16-h
fasting period without restricting water intake. Following the
intraperitoneal injection of 650 mg/kg APAP, immediate oral
treatment was administered, and a second dose was given 12 h
after the initial induction. The observation period for this model
extended for 96 h, during which all mice in the model group
succumbed within this timeframe. This model was used to assess
the survival period in the context of APAP-induced acute liver
injury and to evaluate the impact of various treatments on mouse
survival within a 96-h timeframe.
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