
Acta Pharmaceutica Sinica B 2021;11(10):3193e3205
Chinese Pharmaceutical Association

Institute of Materia Medica, Chinese Academy of Medical Sciences

Acta Pharmaceutica Sinica B

www.elsevier.com/ loca te /apsb
www.sc iencedi rec t .com
ORIGINAL ARTICLE
Ligand-based substituent-anchoring design of
selective receptor-interacting protein kinase 1
necroptosis inhibitors for ulcerative colitis
therapy
Jing Zhua,b,y, Meng Xina,c,y, Congcong Xua, Yuan Hed,
Wannian Zhanga,b, Zhibin Wanga,*, Chunlin Zhuanga,b,*
aSchool of Pharmacy, Second Military Medical University, Shanghai 200433, China
bSchool of Pharmacy, Ningxia Medical University, Yinchuan 750004, China
cDepartment of Pharmacy, Shanghai Municipal Hospital of Traditional Chinese Medicine, Shanghai 200071,
China
dTongji University Cancer Center, Shanghai Tenth People’s Hospital, School of Medicine, Tongji University,
Shanghai 200092, China
Received 25 February 2021; received in revised form 29 April 2021; accepted 11 May 2021
KEY WORDS

Necroptosis;

RIP1;

RIP3;

Selectivity;

Ulcerative colitis
*C

E-
yTh

Peer

https:

2211-

by El
orresponding authors. Tel./fax: þ86

mail addresses: methyl@smmu.edu.

ese authors made equal contribution

review under responsibility of Chine

//doi.org/10.1016/j.apsb.2021.05.017

3835 ª 2021 Chinese Pharmaceutic

sevier B.V. This is an open access a
Abstract Receptor-interacting protein (RIP) kinase 1 is involved in immune-mediated inflammatory

diseases including ulcerative colitis (UC) by regulating necroptosis and inflammation. Our group previ-

ously identified TAK-632 (5) as an effective necroptosis inhibitor by dual-targeting RIP1 and RIP3. In

this study, using ligand-based substituent-anchoring design strategy, we focused on the benzothiazole ring

to obtain a series of TAK-632 analogues showing significantly improving on the anti-necroptosis activity

and RIP1 selectivity over RIP3. Among them, a conformational constrained fluorine-substituted deriva-

tive (25) exhibited 333-fold selectivity for RIP1 (Kd Z 15 nmol/L) than RIP3 (Kd > 5000 nmol/L). This

compound showed highly potent activity against cell necroptosis (EC50 Z 8 nmol/L) and systemic in-

flammatory response syndrome (SIRS) induced by TNF-a in vivo. Especially, it was able to exhibit

remarkable anti-inflammatory treatment efficacy in a DSS-induced mouse model of UC. Taken together,

the highly potent, selective, orally active anti-necroptosis inhibitor represents promising candidate for

clinical treatment of UC.
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Figure 1 Representative RIP1 inhibitors.
1. Introduction

Intestinal barrier integrity is one of the hallmarks of health, which is
tightly linked to multiple human pathologies, including ulcerative
colitis (UC)1. UC, a chronic inflammatory disease, ismost commonly
afflicting adults aged 30e40 years with a gradually increasing
morbidity worldwide2. It is largely affecting human’s daily life and
has been classified as a modern refractory disease by World Health
Organization. Severe diarrhoea, rectal bleeding and frequent
abdominal pain are the common clinical symptomsof theUCpatients
along with persistent inflammation and ulcers in the intestinal mu-
cosa3. Intestinal epithelium necroptosis is sufficient to induce and/or
amplify inflammation, which may contribute to intestinal barrier
dysfunction resulting in UC4e7. Recent evidence has supported that
active receptor-interacting protein (RIP) kinase 1 can actuate
inflammation through directly regulating necroptosis that is a
caspase-independent, programmed necrosis7,8. RIP1 has represented
as a master regulator of tumor necrosis factor a (TNF-a) mediated
inflammatory pathology9,10. In addition to mediate detrimental re-
sponses downstream of TNF receptor 1 (TNFR1), RIP1 is also a key
notion of inflammation downstream of toll-like receptors 3/4 (TLR3/
4), Fas ligand (FasL), and TNF-related apoptosis-inducing ligand
(TRAIL)7,11e14. The activated RIP1 enables the RIP1/RIP3/mixed
lineage kinase domain-like protein (MLKL) pathway, and phos-
phorylated MLKL oligomerizes to trigger membrane rupture initi-
ating necroptosis15. The necroptosis causes leakage of damage-
associated molecular patterns (DAMPs), contributing to an intense
inflammatory response16. Besides, RIP1 itself can also mediate the
expression of inflammatory genes independently from necroptosis17.
Thus, blocking RIP1 activation represents an opportunity and
potentially benefits for the clinical treatment of necroptosis-related
chronic inflammatory diseases, such as UC7,9,15.

Yuan’s group18,19 pioneeringly identified a series of small-
molecule inhibitors of RIP1, among which necrostatin-1s (Nec-1s,
1, Fig. 1) was the most advanced compound showing excellent RIP1
selectivity. Currently, this compound has been investigated as a tool
small molecule to evaluate the role of RIP1 and human diseases in
animal models16,20. However, the subsequent development of this
series of inhibitors has been limited, owing to a moderate potency,
poor pharmacokinetic (PK) characteristics, and narrow
structureeactivity relationship (SAR) profile21. On the basis of a
prioritized DNA-encoded library (DEL), GlaxoSmithKline (GSK)
identified benzo[b][1,4]-oxazepin-4-ones as novel RIP1 inhibitor
chemotypes22,23. A candidate GSK2982772 (2) has entered phase II
clinical trials in patients of UC, psoriasis and rheumatic arthritis.
GSK3145095 (3) was then developed with improved metabolic sta-
bility and has been carried out phase I trial for pancreatic adenocar-
cinoma24. Subsequently, GSK reported another novel chemotype of
dihydropyrazoles as RIP1 inhibitors including GSK0547 (4)25,26.
Denali Therapeutics developed a series of blood‒brain barrier-
penetrant RIP1 inhibitors with the chemical structure undisclosed,
among which DNL104 was terminated due to limited post-dosing
liver toxicity9. DNL747 is still in phase I clinical trials in patients
with central degenerative diseases. Itwas reported thatLilly andRigel
Pharmaceuticals will jointly carry out the phase II clinical trial of
R552 (undisclosed structure) in 20219,27.

In 2018, we identified TAK-632 (5, Fig. 2) from our fluorinated-
compound library that effectively blocking necroptosis (HT-29,
EC50 Z 1.44 mmol/L) by dual-targeting RIP1 (Kd Z 0.48 mmol/L)
and RIP3 (KdZ 0.11 mmol/L), respectively28. Further optimizations
by removing the cyano group on benzothiazole ring obtained com-
pound 6 (SZM-594), which exhibited w8-fold improved anti-
necroptotic activity (HT-29, EC50 Z 0.17 mmol/L) and higher dual-
targeting activity toward RIP1 (Kd Z 0.1 mmol/L) and RIP3
(Kd Z 0.08 mmol/L) kinases28. In addition, the carbamide replace-
ment of the amide in the terminal trifluoromethylbenzyl group
resulted in compound 7 (SZM-630) with good anti-necroptotic ac-
tivity (HT-29, EC50 Z 0.44 mmol/L) and high selectivity for RIP3
(Kd Z 0.08 mmol/L) over RIP1 (Kd > 5 mmol/L)29. These results
suggested that the benzyl part of TAK-632 might be the critical
fragment for the selectivity of RIP3 over RIP1.

In this study, we focused on optimizations of the benzothiazole
scaffold by a ligand-based substituent-anchoring design, aiming to
improve the selectivity for RIP1 over RIP3. With this purpose, a
fluorine-substituted benzothiazole derivative (25) was obtained
showing > 333-fold selectivity for RIP1 than RIP3, and low nano-
molar anti-necroptosis activity and in vivo efficacy toward UC were
also observed.

2. Results and discussion

2.1. Design hypothesis

Our previous results have suggested that the benzyl part (R) of
TAK-632 might be the critical fragment for the selectivity of RIP3
over RIP129. We also predicted that the nitrogen of benzothiazole
ring might form hydrogen-bonding interactions with the RIP1 and
RIP3 kinases, however, the contribution to the kinase activity has
not been confirmed yet28,29. On the other hand, the hydrogen-
bonding interactions might be disrupted by changing the

http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 2 Our previous optimizations of TAK-63228,29.
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conformation of the benzothiazole ring, probably leading to
different activity toward RIP1 and RIP3. TAK-632 with the C-7-
substituent was suitable to both RIP1 and RIP3 with Kd values
of 480 and 105 nmol/L. And the non-substituent on the benzene
ring made compound SZM-594 flexible to interact with RIP1 and
RIP3 (Fig. 3A), exhibiting higher activity than TAK-632 (C-7-
CN). As illustrated in Fig. 3, when introducing substitutions on
the different positions of the benzene ring, different benzothiazole
conformations were generated. The C-4-substituted compounds
bringing higher steric hindrance to the nitrogen side might have
influence on the binding activity and selectivity toward RIP1/3
(Fig. 3B). The C-5-substituted compounds made the benzothiazole
totally flipped (Fig. 3C), assuming that the flipped benzothiazole
have great impact on the RIP1/3 selectivity. With these hypothe-
ses, different substituents will be introduced to the benzothiazole
ring in order to anchor the conformations of the scaffold to
investigate the selectivity for RIP1 over RIP3.
Figure 3 Design strategy of
2.2. Chemistry

To evaluate these three positions (C-4, C-5 and C-7) of the ben-
zothiazole ring, structural variations on TAK-632 were performed
and synthesized following previous publications29,30. As illus-
trated in Scheme 1, m1 and 3-amino-4-fluorophenol were dis-
solved in dimethyl sulfoxide (DMSO), then K2CO3 was added to
give the phenoxylated compounds m2 in 60%e90% yields.
Condensation of anilines m2 with the 2-(3-(trifluoromethyl)
phenyl)acetic acid HATU in dry pyridine obtained the acetamide
derivatives m3 in 50%e90% yields. Reducing the nitro group of
m3 got m4 in 50%e80% yields. The intermediates m4 reacting
with bromine and KSCN successfully obtained the compoundsm5
in 50%e85% yields. The required compounds 10e11 were ob-
tained by acylation of m5 with cyclopropane carbonyl in dry
pyridine at yields of 45%e90%. The carbonyl group of compound
10 was reduced using NaBH4 in CH3OH to obtain the
the benzothiazole scaffold.



Scheme 1 Reagents and conditions: (a) K2CO3, DMSO, 90%‒120 �C, 2 h, 40%e90%; (b) HATU, 2-(3-(trifluoromethyl)phenyl)acetic acid,

Pyridine, 85 �C, N2, 12 h, 50%e90%; (c) Fe, AcOH, 50 �C, 2 h, 50%e80%; (d) Br2, KSCN, AcOH, r.t., 12 h, 20%e85%; (e) pyridine, N2, 0
�C,

r.t., 30%e90%; (f) NaBH4, CH3OH, 0
�C, 4 h, 60%; (g) CH3OH, NaOH (4.5 mol/L), r.t., 1 h, 68%e80%; (h) THF, iso-butyl chloroformate, Et3N,

0e4 �C, 0.6 h; then, THF, NaBH4, CH3OH, r.t., 3 h, 40%e51%; (i) DMF, HATU, DIPEA, cyclopropylamine, room temperature, 2 h, 31%e55%.
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corresponding aniline 12 in a 60% yield. The methyl ester of
compound 11 was hydrolyzed to the corresponding carboxylic
acid using sodium hydroxide. The carboxyl group in 8 was
reduced to obtain derivative 13 in two steps with a yield of 51%.
Compound 14 was then obtained with cyclopropylamine using
HATU as the coupling reagent. Compounds 15, 17e19, 23e24
with the mono-substitution R2 on C-4 position were obtained
following the same procedures (a‒e) using m6 as the starting
material. Compounds 16, 20 and 21 were obtained by the similar
hydrolysis, reduction, and condensation reactions. Compounds
25e34 with the mono-substitution R2 on C-5 position or di-
substitutions (R4, R5) on C-5, C-7 positions were gave using the
similar procedures with m7 or m8 as the starting material. For
compound 9 with a C-7-NO2 group, similar procedures (c, d, f‒g
in Scheme 2) with a different sequence were performed using 4-
fluoro-3-nitroaniline as a starting material by reacting with m9.
Compound 22 was synthesized through fluorination, reduction,
condensation, cyclization, and acylation from a chlorinated in-
termediate m11.

The final structures were confirmed by 1H NMR, 13C NMR,
and HRMS characterizations. In addition, the absolute
configurations of compounds 25 (C-5-F) and 29 (C-5-OCH3) were
obtained by X-ray crystallography to confirm the regioselectivity
of the 1,3-benzothiazole formation reaction. Compound 26 (C-5-
Cl) was characterized by 1H NMR, 13C NMR, DEPT, HSQC,
HMBC, 1He1HCOSY and NOESY (Supporting Information).

2.3. Structure optimizations and biological evaluation identify
potent RIP1 inhibitors

The ant-inecroptosis activity was measured using a chem-
iluminescence assay following our previous studies28,29,31e33.
Different substitutions (R1) at the C-7-position were introduced in
the first round of optimizations (Table 1). Previously, the cyano
group of TAK-632 was removed to obtain SZM-594 (6) showing
much higher anti-necroptosis activity and target binding affinity,
highlighting the substitutability of the cyano group28. When the
cyano group was replaced by carboxyl group (7), no obvious anti-
necroptosis activity was observed even at a high concentration of
10 mmol/L. The esterated analogue (11) exhibited a much better
EC50 value of 23 � 6 nmol/L. Then, the nitro group (9) was intro-
duced, which showed a better activity (EC50 Z 480 � 10 nmol/L)



Table 1 First round of optimizations of TAK-632: evaluation on R1.

Compd. R1 Anti-necroptosis

(EC50, nmol/L)

Cytotoxicity

(CC50, mmol/L)

RIP1

(Kd, nmol/L)

RIP3

(Kd, nmol/L)

RIP1

selectivity

5 (TAK-632)b CN 1440 � 620 >50 480 105 0.22

6 (SZM-594)b H 170 � 30 36.5 97 77 0.79

8 COOH >10,000 >50 N.D.a N.D. /

9 NO2 480 � 10 >50 710 260 0.37

10 COCH3 130 � 60 >50 880 330 0.37

11 COOCH3 23 � 6 >50 340 140 0.41

12 CH(OH)CH3 45 � 9 >50 22 140 6.4

13 CH2OH 34 � 1 >50 12 160 13

14 1036 � 184 >50 N.D. N.D. /

aN.D. Z not determined.
bThese compounds have been included in our previous publications28,29.

Scheme 2 Reagents and conditions: (a) K2CO3, DMSO, 90e120 �C, 2 h, 40%e90%; (b) CsF, DMSO, 120 �C, N2, 12 h, 55%; (c) CH3CH2OH/

CH3OH (20:1), NaBH4, 0
�C to r.t., 3 h, 63e91%; (d) HATU, 2-(3-(trifluoromethyl)phenyl)acetic acid, pyridine, 85 �C, N2, 12 h, 55%e98%; (e)

Fe, AcOH, 50 �C, 2 h, 60%; (f) Br2, KSCN, AcOH, r.t., 12 h, 50%e73%; (g) pyridine, 0 �C to r.t., 68%e90%.
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than TAK-632. A carbonyl group (10) greatly enhanced the activity
in more than 10-fold (EC50 Z 130 � 60 nmol/L) than TAK-632.
However, the RIP1 and RIP3 binding affinity of these compounds
showed no significant change. When the carbonyl group of com-
pound 10 was reduced, the obtained compound 12 exhibited a low
nanomolar ranged activity (EC50Z 45� 9 nmol/L) and selectivity
(6.4 fold) forRIP1 (KdZ 22 nmol/L) overRIP3 (KdZ 140 nmol/L).
Compound 13 (R1 Z hydroxymethyl) showed acceptable activity
(EC50 Z 34 � 1 nmol/L) and a high RIP1 binding affinity
(Kd Z 12 nmol/L) with 13-fold selectivity over RIP3
(Kd Z 160 nmol/L). However, a cyclopropionyl group at the R1

position (14) was unfavorable to the anti-necroptotic activity
(EC50 Z 1.036 mmol/L). Thus, these results indicated that the C-7-
position of 1,3-benzothiazolewas tolerated to some substituents and
have influence on the RIP1 binding selectivity.
Then, we focused on C-4 position of the benzothiazole ring to
evaluate the influence on the activity and kinase selectivity by
different substitutions (R2, Table 2). When the cyano group was
removed to the R2-position, compound 15 completely eliminated the
activity. Besides, introducing carboxyl (16), ester (17), methoxy (18),
methyl (19), hydroxymethyl (20), cyclopropionyl (21), chloro (23)
and bromo (24) at this position showed no anti-necroptosis activities
at 10 mmol/L. Even the small atom fluorine (22) made the activity
dramatically decreased to an EC50 value of only 4.57 mmol/L
compared with non-substituted SZM-594 (6), indicating the negative
influence by the high steric hindrance on the nitrogen side. Consid-
ering the inactive anti-necroptosis property of these derivatives, the
cytotoxicity and target binding affinityweremeaninglesslyevaluated.

Next, the substituents at the C-5-position (R3, Table 3) were
focused. With the synthetic condition of 1,3-benzothiazole



Table 2 Second round of optimizations of TAK-632: evaluation on R2.

 

Compd. R2 Anti-necroptosis

(EC50, nmol/L)

Cytotoxicity

(CC50, mmol/L)

RIP1

(Kd, nmol/L)

RIP3

(Kd, nmol/L)

RIP1

selectivity

15 CN >10,000 N.D. N.D. N.D. /

16 COOH >10,000 N.D. N.D. N.D. /

17 COOCH3 >10,000 N.D. N.D. N.D. /

18 OCH3 >10,000 N.D. N.D. N.D. /

19 CH3 >10,000 N.D. N.D. N.D. /

20 CH2OH >10,000 N.D. N.D. N.D. /

21 >10,000 N.D. N.D. N.D. /

22 F 4570 � 1220 N.D. N.D. N.D. /

23 Cl >10,000 N.D. N.D. N.D. /

24 Br >10,000 N.D. N.D. N.D. /

Table 3 Third round of optimizations of TAK-632: Evaluation on R3.

Compd. R3 Anti-necroptosis

(EC50, nmol/L)

Cytotoxicity

(CC50, mmol/L)

RIP1

(Kd, nmol/L)

RIP3

(Kd, nmol/L)

RIP1

selectivity

25 F 8 � 1 >50 15 >5000 >333

26 Cl 44 � 7 >50 36 >5000 >138

27 Br 170 � 20 >50 180 >5000 >28

28 CH3 60 � 7 >50 140 >5000 >36

29 OCH3 10 � 2 >50 140 >5000 >36
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formation reaction (Kaufmann’s condition: KSCN, Br2)
30, com-

pounds with halogens (25e27), methyl (28) and methoxyl (29)
were easier to obtain due to the regioselectivity. Compound 25
with C-5-F resulted in the best anti-necroptosis potency
Table 4 Fourth round of optimizations of TAK-632: evaluation on

Compd. Anti-necroptosis

(EC50, nmol/L)

Cytotoxicity

(CC50, mmol/L)

30 9 � 2 >50

31 180 � 40 >50

32 380 � 10 >50

33 76 � 5 >50

34 145 � 10 >50
(EC50 Z 8 � 3 nmol/L) in this series, which was 180-fold higher
than TAK-632 and 21-fold higher than SZM-594. Different from
the previous derivatives, compound 25 showed significant RIP1
binding selectivity (>333-fold) with a Kd value of 15 nmol/L,
di-substitutions.

RIP1

(Kd, nmol/L)

RIP3

(Kd, nmol/L)

RIP1

selectivity

96 >5000 >52

64 >5000 >78

270 >5000 >19

37 >5000 >135

50 >5000 >100



Figure 4 Anti-necroptosis effects of compound 25 in vitro. HT-29 cells were pretreated by compound 25 followed by incubation with TSZ (A),

TCZ (B), TS (C) and TC (D) for 12, 24, 36 and 24 h, respectively. (E) L929 cells were pretreated with compound 25 followed by incubation with

TZ for 9 h (***P < 0.001 versus stimulators without compound 25). (F) HT-29 cells were pretreated with compound (1 mmol/L) followed by

stimulation with TSZ at the indicated time points. Cells were lysed and immunoblotted with the indicated antibodies. (G) HT-29 cells were

pretreated with compound (0, 0.01, 0.1, 1 mmol/L) and then stimulated with TSZ for 4 h. Cells were lysed and immunoblotted with the indicated

antibodies. (H) HT-29 cells were treated with DMSO or compound 25 (1 mmol/L) for 6 h. The cell lysates were immunoprecipitated with anti-

RIP1 antibody (IP: RIP1) and analyzed by Western blotting with an anti-RIP3 antibody (IB: RIP3). (I) DARTS analysis for 25. HT-29 cell lysates

were incubated with or without 25 (50 mmol/L) for 1 h and then digested with 0.1% Pronase for 30 min. Cells were lysed and immunoblotted with

the indicated antibodies.
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while no apparent activity was detected toward RIP3 even at
5000 nmol/L. The chloro- (26) and bromo- (27) substituted ana-
logues possessed very similar biological results, showing high
anti-necroptotic potencies and high selectivity for RIP1 over RIP3
(selectivity Z 28e138). Moreover, the necroptosis inhibitory
activities of the methyl- (28) and methoxyl- (29) analogues were
24‒144-fold better compared with TAK-632. They also possessed
good selectivity toward RIP1. In general, the RIP1 selectivity was
decreased with the bulky enhancement of the substituents. These
results confirmed our hypothesis that the flipped benzothiazole
might anchor the conformations of the scaffold by the R3 position
for RIP1/3 selectivity, resulting in high anti-necroptotic potency.

In order to further confirm the importance of the C-5 position to
the RIP1 selectivity, the di-substituted at C-5 and C-7 positions de-
rivatives were generated (Table 4). Compound 30 with two fluorine
atoms on the benzothiazole ring showed anRIP1/3 selectivity of>52
and its EC50 value was 9� 2 nmol/L. The di-chloro-substituted (31),
di-bromo-substituted (32), and dimethyl-substituted (34) analogues
exhibited good necroptosis inhibitory activities and more sensitive
toward RIP1 than RIP3. Compound 33 with a fluorine and chlorine
showed better selectivity (selectivity > 135) for RIP1 than 30 (di-
fluoro-substituted, selectivity > 52) but lower anti-necroptosis ac-
tivity. These results further suggested that the importance of C-5
position on the RIP1 selectivity.

2.4. SAR analysis of the benzothiazole analogues

With the above structural and biological information, SARs can be
derived for further structural optimization: (1) The cyano group of
TAK-632 was removable and replaceable. The C-7-position of the
benzothiazole ring was tolerated for substituents and has influence
on the RIP1 selectivity. (2) The C-4-position was intolerated to



Figure 5 Anti-necroptosis and acute toxicity effects of compound 25 in vivo. (A) Body temperature of C57BL/6 mice (n Z 13e15) injected

with mTNF-a (150 mg/kg) after treatment with indicated doses of compound 25 (10 or 20 mg/kg) and (B) the survival curves (***P < 0.001

versus stimulators without compound 25). (C) and (D) Acute toxicity of compound 25. (C) Body weight change curves of male and (D) female

mice during 14 days after a single oral administration of compound 25 (5 g/kg) or vehicle (n Z 10).
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any substituents. (3) The substituents at C-5-position by anchoring
the conformation of the benzothiazole scaffold showed benefits on
the anti-necroptosis activity, especially, the selectivity for RIP1
over RIP3. Furthermore, the derivatives with one more substituent
at C-7-position confirmed the effect on RIP1 selectivity.
2.5. Compound 25 inhibits necroptosis in vitro by selectively
targeting RIP1

Next, compound 25 was selected for the further biological eval-
uations due to the strongest anti-necroptotic activity in human HT-
29 cells and the best RIP1 binding affinity and selectivity. Com-
pound 25 could dose-dependently inhibit necroptosis induced by
TSZ (Fig. 4A) or hTNF-a, cycloheximide, and Z-VAD-FMK
(TCZ) (Fig. 4B). In the apoptosis model induced by hTNF-a plus
cycloheximide (TC) or Smac mimetic (TS), compound 25 did not
show any protective effects at different concentrations (Fig. 4C
and D). We also confirmed that compound 25 dose-dependently
attenuated necroptosis in murine L929 cells induced by mTNF-
a and Z-VAD-FMK (TZ) (Fig. 4E). These results collectively
indicated that compound 25 specifically inhibited the activation of
necroptosis.

Then, we investigated the phosphorylation of RIP1, RIP3, and
MLKL in TSZ-induced HT-29 cells pretreated with compound 25,
aiming to clarify the blocking effect of 25 on the necroptosis
pathway. Considering the RIP1 is a upstream regulator of RIP3,
the phosphorylation level of RIP3 is affected by both the kinase
activity of RIP3 itself and RIP134. As shown in Fig. 4F, the se-
lective RIP1 inhibitor 25 could completely inhibit the phosphor-
ylation of RIP1 and RIP3 at 1 mmol/L within 6 h. Subsequently,
the downstream phosphorylation of MLKL was also completely
inhibited. As shown in Fig. 4G, compound 25 inhibited the
phosphorylation of RIP1/3 and MLKL at 4 h after TSZ induction
in a doseeresponse manner (0, 0.01, 0.1 and 1 mmol/L). Then, we
detected the RIP1-RIP3 necrosome formation in HT-29 cells,
which requires the phosphorylation of RIP1 and RIP335. After
pretreated with compound 25, it completely blocked TSZ-induced
necrosome formation for inhibiting the necroptosis (Fig. 4H). Due
to the strong RIP1 selectivity of compound 25, we speculated
whether 25 interacted with RIP1 directly. Here, we employed drug
affinity responsive target stability assay (DARTS)28, which relies
on the reduction of protease susceptibility of the direct target
protein upon drug binding, to detect the potential interaction be-
tween 25 and RIP1/3 kinases. As shown in Fig. 4I, RIP1 was
protected from protease digestion in the extract of 25-treated cells,
whereas RIP3 was not detected in the same sample, indicating that
25 may interact with RIP1 but not RIP3, consistent with the
biochemical assay.
2.6. Compound 25 inhibits RIP1-dependent systemic
inflammatory response syndrome (SIRS) and exhibits no apparent
toxicity in vivo

In vivo, the RIP1-dependent SIRS model characterized by hypo-
thermia36,was applied to explore the protective efficacyof compound
25. Compound 25 (10 or 20 mg/kg, intragastric administration)
protected mice from body temperature loss in the first 2e3 h after
treatment with mTNF-a (intravenous injection)/Z-VAD-FMK
(intragastric administration), which was dramatically different from
the model mice (Fig. 5A). As shown in Fig. 5B, compound 25 dose-
dependently improved the survival rate of the SIRS mice. Mice
administrated with a single dose of 25 (10 or 20 mg/kg) exhibited
survival rate of 60% and 100% in over 60 h, much higher than the
TNF-a group (mice were totally died in about 30 h).



Figure 6 Compound 25 alleviates DSS-induced UC in vivo. (A) Experimental design of 3% DSS-induced UC model and treated with com-

pound 25 (n Z 8e10). Except the normal control group, mice in other groups were given DSS dissolved in sterile drinking water for 7 days to

induce UC. From Day 7e13, mice in the control group, model group and administration group were given water, vehicle (0.5% sodium car-

boxymethyl cellulose) and compound 25 (10 or 20 mg/kg) by intragastric administration, respectively. After the mice were sacrificed, the colons

and serum were collected on Day 13. (B) Body weight change curves during experiment. (C) DAI score change curves during experiment. (D)

Length of the colons on Day 13. (E) Representative pictures of H&E-stained and histological scores of colons (Black arrow: ulceration; Green

arrow: mucosal epithelial cells; Blue arrow: goblet cells; Yellow arrow: inflammatory cells infiltration). (F) The serum levels of FITC-dextran in

each group of mice. (G) FITC-dextran in colon tissues of different groups. (H) Analysis of intestinal epithelial cell injuries by TUNEL. (I) Western

blot analysis of the biomarkers of necroptosis and IL-1b and IL-6 in colonic tissues. GAPDH is used as the control for protein loading. (J)

Quantitative analysis of inflammatory cytokines RNA extracted from colon tissues of mice. *P < 0.05, **P < 0.01, and ***P < 0.001 versus

control-group, #P < 0.05, ##P < 0.01, and ###P < 0.001 versus DSS-model group.
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Before we evaluated the efficacy of 25 in the UC model, a
single-dose acute toxicity test of 25 was carried out in healthy
mice at a dose of 5 g/kg (the extremely low toxicity) ac-
cording to the criteria of “Chemicals-Test method of acute
oral toxicity (GB/T21603-2008)”. As a result, no death
occurred after intragastric administration of 25 in 2 weeks. All
mice in the drug administration groups (male and female)
grew normally (the same as the mice in the control groups).
The body weights of these mice gradually increased (Fig. 5C
and D), and no significant behavioral abnormalities were
observed over the 14-day period. Therefore, 25 was well
tolerated at a dose of 5 g/kg with no acute toxicity. These
results support the potential of 25 as a safe candidate for
further investigations.

2.7. Compound 25 alleviates dextran sulfate sodium (DSS)-
induced UC in vivo

The therapeutic efficacy of compound 25 was further evaluated in
the DSS-induced UC model. Seven days after administration of
DSS, the mice were intragastrically treated with another 6-day
course of compound 25 to evaluate its therapeutic potency
(Fig. 6A). As shown in Fig. 6B, the body weights of DSS-treated
mice were seriously decreased in the first 9 days and slowly
alleviated. Starting from Day 11, the 4th day of treatment, the
alleviation of body weight of the mice treated with compound 25
was significantly dose-responsed speeded up. Disease activity
index (DAI) is then applied to quantitatively analyze the weight
loss, stool consistency, and stool blood of UC mice37. Compared
with untreated UC mice, DAI of 25-treated mice was decreased
more quickly dose-dependently (Fig. 6C). Meanwhile, the mice
treated with compound 25 at a dose of 20 mg/kg showed longer
colon length (P < 0.01) than untreated colitis mice (Fig. 6D). The
histopathological analysis revealed that compound 25 significantly
alleviated the areas of ulceration, the loss of mucosal epithelium
and goblet cells, and inflammatory cells infiltration (Fig. 6E).
Furthermore, the protective effect of compound 25 on the intes-
tinal barrier function was investigated in the fluorescein isothio-
cyanate (FITC)-dextran permeability assay of the intestinal
epithelium. The level of FITC-dextran in the serum of treated
mice was significantly lower than that of DSS-disease mice
(Fig. 6F). The fluorescence imaging also showed reduced infil-
tration of FITC-dextran into the colon submucosa in the 25-treated
mice (Fig. 6G). TUNEL staining (Fig. 6H) and Western blot as-
says (Fig. 6I) indicated that compound 25 effectively inhibited
necroptosis pathway by reducing the phosphorylation of RIP1,
Table 5 PK profile of compound 25.a

Parameter 1 mg/kg (i.v.) 10 mg/kg (p.o.)

t1/2 (h) 1.67 � 0.46 1.18 � 0.62

Tmax (h) e 0.67 � 0.29

Cmax (ng/mL) e 381 � 35

AUC0‒t (h$ng/mL) 1030 � 350 991 � 218

AUC0‒N (h$ng/mL) 1060 � 354 1027 � 245

CL (mL/min/kg) 16.8 � 4.8 e

VSS (L/kg) 1667 � 856 e

MRTinf (h) 1.59 � 0.43 2.74 � 0.32

F (%) e 9.69 � 2.31

aPK parameters (mean � SD, n Z 9).
RIP3 and MLKL. Additionally, compound 25 inhibited the protein
expressions of IL-6 and IL-1b in colon tissue in a doseeresponse
manner (Fig. 6I). Moreover, compound 25 significantly reduced
the mRNA of inflammatory cytokines (Il-6 and Il-1b) and che-
mokine receptors (Ccr-2 and Ccr-5) (Fig. 6J).

2.8. The pharmacokinetic properties of compound 25 in mice

The pharmacokinetic (PK) characteristics of compound 25 in mice
were also evaluated. The key p.o. and i.v. administration PK pa-
rameters are summarized in Table 5. After a single i.v. adminis-
tration with 1 mg/kg compound 25, the half time (t1/2), the
clearance rate (CL) and apparent distribution volume (Vss) of 25
were 1.67 h, 16.8 mL/min/kg, and 1667 L/kg, respectively. When
25 was administrated by oral route at 10 mg/kg, its half time (t1/2),
maximum plasma concentration (Cmax) and oral bioavailability
(F) were 1.18 � 0.62 h, 381 � 35 ng/mL and 9.69 � 2.31%,
respectively.

3. Conclusions

With the purpose to improve the selectivity for RIP1 over RIP3 of
the lead compound TAK-632, we focused on the benzothiazole
ring by four rounds of structural optimizations via a ligand-based
anchoring design strategy. The three (C-4, C-5 and C-7) positions
were evaluated to obtain highly selective RIP1 inhibitors with very
potent anti-necroptosis activity and low cytotoxicity. An obvious
SAR of the benzothiazole ring was summarized to guide further
optimizations. Of the newly synthesized analogues, compound 25
exhibited more than 333-fold selectivity for RIP1 over RIP3 and
showed the best anti-necroptotic activity in vitro and in vivo.
Especially, this compound possessed significant therapeutic effi-
cacy in a DSS-induced UC model with apparent anti-inflammatory
effects by reducing the phosphorylation of RIP1, RIP3 and MLKL
in the colonic tissues. Thus, this C-5-F substituent-anchoring
benzothiazole compound represents a promising candidate for
future development of anti-UC drugs.

4. Experimental

4.1. Chemistry

The detailed chemistry procedures were presented in Supporting
Information. The 1H NMR, 13C NMR, DEPT, HSQC, HMBC,
1He1H COSY and NOESY spectra, X-ray crystal structures and
HPLC chromatograms showing the purity of the target compounds
(DOCX).

4.1.1. N-(5-Fluoro-6-(4-fluoro-3-(2-(3-(trifluoromethyl)phenyl)
acetamido)phenoxy)benzo[d]thiazol-2-yl)
cyclopropanecarboxamide (25)
White solid, Yield: 80%, mp 210e211 �C. 1H NMR (300 MHz,
DMSO-d6) d 12.74 (s, 1H, NH), 10.13 (s, 1H, NH), 7.86 (d,
J Z 8.1 Hz, 1H), 7.76 (d, J Z 11.4 Hz, 1H), 7.66 (s, 2H),
7.63e7.51 (m, 3H), 7.27 (t, J Z 9.9 Hz, 1H), 6.80e6.74 (m, 1H),
3.85 (s, 2H, CH2), 2.01e1.95 (m, 1H), 0.97e0.95 (m, 4H). 13C
NMR (150 MHz, DMSO-d6) d 173.3, 169.7, 160.2, 153.8, 152.8,
148.6, 146.2, 140.0, 137.5, 134.0, 129.8, 129.4, 128.1, 127.6,
126.3, 123.9, 116.8, 116.6, 115.3, 113.1, 111.6, 108.7, 42.5, 14.3,
9.2. HRMS m/z C26H18F5N3O3S: Calcd. 548.1068, found
548.1064 [MþH]þ.
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4.2. Biology

4.2.1. Biology reagents
Recombinant mouse mTNF-a (CF09) and human hTNF-a (C008)
were obtained from Novoprotein. PMSF, phosphatase inhibitor
mixture and protease inhibitor cocktail (WB0122) were obtained
from Shanghai Weiao Biotechnology.

4.2.2. Commercial antibodies
Anti-human antibodies: RIP1 (3493s) and phospho-RIP1 (65746s)
were obtained from Cell Signaling Technology. RIP3 (ab209384),
phospho-RIP3 (ab209384), MLKL (ab184718), phospho-MLKL
(ab187091) and GAPDH (ab181602) were obtained from Abcam.

Anti-mouse antibodies: phospho-RIP1 (38662) from Cell
Signaling Technology, RIP3 (17563-1-AP), IL-6 (66146-1-lg), IL-
1b (26048-4-AP) and MLKL (66675-1-Ig) were obtained from
Proteintech, phospho-RIP3 (ab195117) and phospho-MLKL
(ab196436) were obtained from Abcam.

4.2.3. Cell culture
HT-29 (NCI-DTP Cat# HT-29) and L929 (ECACC Cat#
14112101) cells were purchased and cultured in DMEM con-
taining 10% FBS, 100 U/mL streptomycin/penicillin and 1% L-
glutamine in humidified atmosphere of 5% CO2 at 37

�C.

4.2.4. Anti-necroptosis activity assays
Necroptosis of HT-29 cells was caused by pretreatment with Smac
mimetic (10 nmol/L) and Z-VAD-FMK (20 mmol/L) or TCZ for
0.5 h followed by incubation with hTNF-a (20 ng/mL) for the
specified time. Apoptosis was induced by incubation with TS or
TC for the specified time. The cell viability was measured using
the CellTiter-Glo Luminescent Cell Viability Assay kit (Beyotime,
C0065L). The luminescences were recorded with Molecular De-
vices (SpectraMax M5). All experiments were triplicated per-
formed independently.

4.2.5. Kinase assay
The inhibitory effects on RIP1 and RIP3 kinases were detected by
a KINOMEscan™ assay. The experiments were duplicated con-
ducted, and the Kd values are presented as the average.

4.2.6. Immunoblotting
After compound 25 intervention, the cells or colon tissues were
lysed using NP-40 buffer (Beyotime Biotechnology, P013F)
containing protease/phosphatase inhibitors and PMSF. The sam-
ples (20 mg) were resolved over 10% SDS-PAGE and transferred
to NC membranes. The membranes were then blocked in 5%
NOT-Fat Powdered milk (Sangon Biotech, A600669-0250),
incubated with primary antibodies (1:1000) and secondary anti-
body (1:10000) that diluted in 5% milk. The blotting results were
analyzed using the LI-COR Odyssey system.

4.2.7. Immunoprecipitation
After 6 h treatment of compound 25, HT-29 cells were lysed and
incubated with anti-RIP1 antibody and Protein A/G agarose suc-
cessively at 4 �C for two days. The immunoprecipitated proteins
were obtained by boiling in 2 � SDS buffer and examined by
Western blot analysis.

4.2.8. Drug affinity responsive target stability assay
DARTS experiments for identifying the targets of 25 were per-
formed as our previous reports28,38. Cells were lysed and treated
with 25 (50 mmol/L) followed by digestion with 0.1% pronase for
30 min at room temperature. The digestion was stopped by
directly adding SDS-PAGE loading buffer and Pronase inactivated
by boiling. Protein samples were separated with 10% SDS-PAGE
and analyzed by immunoblotting.

4.2.9. FITC-dextran intestinal permeability assay
FITC-dextran (Sigma, FD4, 600 mg/kg), a permeability probe,
was given by gavage 4 h before the mice were killed. Then, the
levels of FITC-dextran in serum were detected by fluorometry
(Ex: 488 nm, Em: 525 nm) with Molecular Devices (SpectraMax
M5).

4.2.10. H&E and TUNEL staining
The colon tissue of mice was fixed with 4% paraformaldehyde and
embedded in paraffin. Each paraffin block was sectioned at 4 mm
and stained with hematoxylin and eosin (H&E, Servicebio,
G1005) and TUNEL (Servicebio, GB1502).

4.2.11. Quantitative real-time PCR
Total RNA was extracted from tissue homogenates of colon with
RNAiso Plus reagent (TaKaRa, 9109). The cDNAwas synthesized
with a PrimeScript RT Master Mix kit (TaKaRa, RR036A).
Quantitative RT-PCR was executed using PowerUp SYBR Green
Master Mix (Thermo Fisher Scientific, A25742). Resulting cDNA
was then used as a template for qPCR on the instrument
(Roche, LightCyccler96). Primers for the inflammatory factors
and internal reference were summarized in Supporting
Information Table S1.

4.3. Animal experiments

4.3.1. SIRS
Animal experiments were approved by the Second Military
Medical University Committee on Animal Care (Shanghai,
China). Female C57BL/6 J mice (weight 18e22 g, n Z 13e15)
obtained from SIPPR-BK biochemistry Co. (Shanghai, China,
SCXK2018-0006) were given compound 25 one hour before
mTNF-a intravenously injection (150 mg/kg). After 15 min, Z-
VAD-FMK (180 mg) was administrated by oral gavage. Another
dose of Z-VAD-FMK (70 mg) was administrated 1 h after mTNF-a
injection.

4.3.2. DSS-induced UC model
Female C57BL/6 J mice were divided into four groups: A) Control
group (group 1); B) DSS (MP Biomedicals, 36,000e50,000 Da)-
induced colitis group (group 2); C) DSS-induced colitis plus high
dose (20 mg/kg) of 25-treated group (group 3); and D) DSS-
induced colitis with low dose (10 mg/kg) of 25-treated group
(group 4). Each group consisted of 8e10 mice. Mice in group 1
received drinking water alone and were used as negative controls.
Colitis was induced in mice of groups 2e4 by administration of
DSS (3%, w/v) for 7 days. Mice in groups 3 and 4 were given high
and low doses of 25 via oral gavage once a day for six consecutive
days after the DSS treatment period. At the 13th day, all animals
were sacrificed by dislocation of the cervical vertebra for blood
and colonic tissues collection.

4.3.3. PK study
Male ICR mice (18e22 g, Chengdu Dashuo Laboratory Animal
Co. SCXK2015-030) were used in the PK studies. The compound
was dissolved and vortexed in 5% DMSO, 5% HS-15, and 90%
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physiological saline for a concentration of 0.1 mg/mL for intra-
venous injection group. The compound was dissolved and vor-
texed in 0.5% CMC-Na (including 1% DMSO) for a concentration
of 1 mg/mL for intragastric administration group. The mice were
housed in a room with controlled temperature and humidity and
allowed free access to food and water. The male ICR mice were
split into intravenous injection group (25, 1 mg/kg, n Z 9) and
intragastric administration group (25, 10 mg/kg, n Z 9) before
starting treatment. At different time points, the blood samples
were collected and centrifuged at 4 �C to obtain plasma, which
was stored at �80 �C until analysis by LC/MS/MS. PK parameters
were determined from individual animal data using non-
compartmental analysis in winNonlin 6.3.

4.3.4. Acute toxicity assay
Compound 25 was firstly suspended in PEG400 solution. Twenty
male and twenty female mice (16e19 g, Beijing Vital River
Laboratory Animal Technology Co., SCXK2017-0011) were
randomly divided into four groups (n Z 10/group): male control
group, female control group, male test group, and female test
group. After fasting for 12 h, mice in test groups were given 25
intragastrically at a dose of 5 g/kg, and the mice in control groups
were given the same volume of vehicle solution. The death,
abnormal behaviors and body weight of these mice were moni-
tored every day during the subsequent two weeks.
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