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Abstract Human dihydroorotate dehydrogenase (DHODH) is a viable target for the development of

therapeutics to treat cancer and immunological diseases, such as rheumatoid arthritis (RA), psoriasis

and multiple sclerosis (MS). Herein, a series of acrylamide-based novel DHODH inhibitors as potential

RA treatment agents were designed and synthesized. 2-Acrylamidobenzoic acid analog 11 was identified

as the lead compound for structureeactivity relationship (SAR) studies. The replacement of the phenyl

group with naphthyl moieties improved inhibitory activity significantly to double-digit nanomolar range.

Further structure optimization revealed that an acrylamide with small hydrophobic groups (Me, Cl or Br)

at the 2-position was preferred. Moreover, adding a fluoro atom at the 5-position of the benzoic acid

enhanced the potency. The optimization efforts led to potent compounds 42 and 53‒55 with IC50 values

of 41, 44, 32, and 42 nmol/L, respectively. The most potent compound 54 also displayed favorable phar-

macokinetic (PK) profiles and encouraging in vivo anti-arthritic effects in a dose-dependent manner.

ª 2021 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Rheumatoid arthritis (RA) is the most common autoimmune in-
flammatory arthritis in adults characterized by synovial inflam-
mation, which can cause cartilage and bone damage and may lead
to disability and increase mortality ultimately1e5. Approximately
0.5%e1% of the world population is affected by the dilemma with
a higher incidence among woman and elderly people6e8. Existing
drugs can improve symptoms and slow the progress of RA, but so
far, no cure therapy is available9. Analgesics and non-steroidal
anti-inflammatory drugs (NSAIDs) are widely used to control
symptoms of RA10, but with limited effect. The use of NSAIDs is
restricted mainly for their inability to improve the long-term
course of the disease, and have gastrointestinal and cardiac toxic
effects11,12. The primary treatment for RA relies on disease-
modifying antirheumatic drugs (DMARDs) such as metho-
trexate, sulfasalazine, and leflunomide, which can provide long-
term remission. However, many of the DMARDs have severe
side effects10. Glucocorticoids are mainly used in the short-term
treatment, and long-term use results in osteoporosis and
Figure 1 Representative struc
susceptibility to infections. Although biosimilars such as inflix-
imab are undoubtedly effective, concerns about their safety have
persisted, especially for the risk of infection13. Consequently, the
development of novel DMARDs with fewer side effects has great
value14,15.

Flavin-dependent mitochondrial enzyme dihydroorotate dehy-
drogenase (DHODH) catalyzes the oxidation of dihydroorotate to
orotate in the rate-limiting step in de novo pyrimidine biosyn-
thesis. They are divided into two classes based on amino acid
sequence, cellular localization, and cofactor dependence16. Class
1 DHODHs are cytosolic enzymes in prokaryotes using fumarate
or NADþ as electron acceptor17,18. Human DHODH, located in
the inner mitochondrial membrane, belongs to class 2 enzymes
according to the cofactors involved, with ubiquinone as terminal
electron acceptor19,20. Pyrimidines are vital for the cell prolifer-
ation and metabolism since they are important components in the
biosynthesis of DNA, RNA, glycoprotein, and membrane lipids21.
For humans, in most normal cells, pyrimidines are mainly ob-
tained by salvage pathways21. Conversely, rapidly proliferating
cells, such as tumor cells and the activated lymphocytes, heavily
tures of DHODH inhibitors.

http://creativecommons.org/licenses/by-nc-nd/4.0/
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rely on de novo pyrimidines biosynthesis to get sufficient nutrition
for survival22. This de novo biosynthesis pathway can be blocked
by inhibiting DHODH, which makes it an important target for the
development of therapeutics used for the treatment of cancer and
immunological diseases, such as RA, psoriasis and multiple
sclerosis (MS)20,23.

So far, a large number of DHODH inhibitors have been re-
ported, among which leflunomide (1)24e26 and brequinar (3)27,28

have been extensively studied (Fig. 1). Leflunomide is the first
U.S. Food and Drug Administration (FDA) approved DHODH
inhibitor in 1998 for the treatment of RA29. This drug was the
prodrug of teriflunomide (A771726, 2), which was also approved
for the treatment of MS30. However, its long half-life (approxi-
mately two weeks) and its active metabolites, which may even be
detected within two years of discontinuing treatment31, can cause
many side effects, such as symptomatic liver damage and inter-
stitial lung disease. Drug candidate brequinar failed in phase II
clinical trials because of its narrow therapeutic window in human
solid tumor study32,33. The immunosuppressive activity of bre-
quinar and its potential application in the treatment of organ graft
rejection were also illustrated34. Thereafter, many leflunomide and
brequinar analogs were reported as potent DHODH inhibitors.
Vidofludimus (4SC-101, 4) is the most studied one and displays
potent efficacy towards autoimmune diseases like RA, MS, in-
flammatory bowel disease (IBD) and systemic lupus erythemato-
sus (SLE). It is in phase II clinical trial35e40. Recently, more
clinical candidates, including ASLAN003 (5), PTC299 (6), and
BAY-2402234 (7), were discovered for acute myeloid leukemia
(AML) since Sykes et al.41 reported that inhibition of DHODH
can overcome differentiation blockade in AML. There were also
promising DHODH inhibitors in the preclinical stage such as S312
(8) which is reported to display broad-spectrum antiviral activities
against various RNA viruses including influenza A virus, Zika
virus, Ebola virus, and particularly against SARS-CoV-242e49.
Besides, the new roles of DHODH in various cancer types were
also uncovered in recent years50e55. DHODH has been proved to
be a validated target for the treatment of various diseases such as
autoimmune disorders, tumors, virus, and AML. The severe side
effects of leflunomide/teriflunomide and the lack of newly mar-
keted DHODH inhibitors for years drive to develop novel che-
motypes of DHODH inhibitors.
Scheme 1 Synthesis of compounds 9, 10, 36, and 37. Reagents and cond

Ar, 120 �C; or for 9, 4-nitrophenol, K2CO3, DMF, 70 �C, 40%; (c) aceto

aminobenzoic acid, TEA, DCM, 70% over 2 steps.
Co-crystal structures of DHODH in complex with inhibitors
reveal that inhibitors share a common binding region, where the
cofactor ubiquinone is believed to bind56. The binding site is made
up of a hydrophobic entrance (site A) and a rather polar end (site
B)57. The site A offers hydrophobic interactions with non-polar
groups such as para-(trifluoromethyl)phenyl in teriflunomide 2
or biphenyl in brequinar 3 (Supporting Information Fig. S1).
Additional salt bridges or hydrogen bonds are usually formed
between site B and the polar end of the ligand. For instance, a salt
bridge and a hydrogen bond are formed between the carboxylic
acid of brequinar and site B. For teriflunomide, the cyano and the
enolic OH are involved in the formation of two hydrogen bonds
with site B. Understanding of this classic binding mode of
DHODH inhibitors is very helpful in de novo design and discovery
of DHODH inhibitors.

Toward this end, we wish to report new and potent DHODH
inhibitors. The new structures are developed based on our previ-
ously discovered DHODH inhibitor intermediate 2-
acetamidobenzoic acid58. Its derivative 2-acrylamidobenzoic
acid analog 11 was identified as the new starting point for struc-
tural optimization. After four rounds of structure-guided optimi-
zation, potent compounds 42, 53 and 54 were discovered with IC50

values at the double-digit nanomolar range. The most potent
compound 54 (IC50 Z 32 nmol/L) has proven to be a promising
candidate due to its favorable pharmacokinetic (PK) profiles and
encouraging in vivo anti-arthritic effects in a dose-dependent
manner.

2. Results and discussion

2.1. Chemistry

The synthesis routes for the preparation of ethers 9, 10, 36 and 37
were outlined in Scheme 1. The amidation of 2-bromoacetyl
chloride and 2-aminobenzoic acid yielded intermediate 9b, fol-
lowed by an etherification under alkaline condition to generate
target compounds 9, 10 and 36. Synthesis of intermediate 37b was
achieved by a Bargellini reaction to provide a method for the
formation of the gem-dimethyl incorporated carboxylic acid de-
rivative. Then, target compound 37 was achieved by amidation of
37b with 2-aminobenzoic acid.
itions: (a) TEA, DCM, 5 h, 79%; (b) appropriate phenol, KOH, DMF,

ne, CHCl3, NaOH, reflux, 90%; (d) (i) (COCl)2, DMF, DCM; (ii) 2-



Scheme 2 Synthesis of compounds 11‒35 and 38‒55. Reagents and conditions: (a) ethyl 2-(triphenylphosphoranylidene)propionate, DCM, r.t.,

4 h, 90%‒96%; for 39b and 40b ethyl (triphenylphosphoranylidene)acetate, NXS (NCS for 39b, NBS for 40b), DCM, Ar, �20 �C; K2CO3, r.t.

10 h; for 41b triethyl 2-phosphonobutyrate, NaH, THF, r.t. 60%; (b) NaOH, MeOH, THF, 40 �C, 5 h, 90%‒95%; (c) malonic acid, pyridine, DMF,

90 �C, 5 h, 80%; (d) (i) (COCl)2, DMF, DCM 0 �C; r.t. 4 h; (ii) appropriate arylamine, TEA, DMAP, DCM for 11‒31, 33‒35, 38‒49, 51, and 53‒

55; or 4-aminonicotinic acid, pyridine for 50; or for 32 (i) TsCl, DMAP, TEA, DCE, 35 �C, 1 h; (ii) 2-aminobenzoic acid, 60 �C, 10 h, 50% over 2

steps; (e) MeOH, (COCl)2, DMF, DCM, r.t. 30%.
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The key intermediates of compounds 11‒35 and 38‒55 were
prepared as described in Scheme 2. The precursors 11c‒15c, 16e,
17c‒21c, 22e, 23e, 24c‒26c, 27g, 28f, 30c, 31c, 32e, 33e, and 34e
were synthesized by Wittig reactions of corresponding aromatic
aldehydes with ethyl 2-(triphenylphosphoranylidene)propionate
followed by ester hydrolysis using NaOH in THF/MeOH/H2O.
Precursors 29b and 35d were prepared by ester hydrolyzation of
29a and 35c. Cinnamic acid derivative 38b was prepared through
the Knoevenagel condensation of 38a with malonic acid in the
presence of pyridine. Intermediates 39b and 40b (Scheme 2) were
prepared by Wittig reactions of 2-naphthaldehyde with chloro- or
bromophosphoylides formed in situ. Further saponification
reactions of 39b and 40b gave the acid analogs 39c and 40c. The
ethyl substituted analog 41c was obtained by Wittig reaction of 2-
naphthaldehyde with triethyl 2-phosphonobutyrate in the presence
of NaH, followed by ester hydrolysis.

The synthetic strategies used for the synthesis of arylaldehyde
precursors 16c, 22c, 23c, 27e, 28d, 32c and 33c were described in
Scheme 3. The fluoro derivative 28b was obtained from 28a by a
BalzeSchiemann reaction using tetrafluoroboric acid. Benzyl
alcohol 28c was synthesized by bromination of 28b with NBS,
followed by substitution of the bromides using aqueous CaCO3.
Intermediates 16b, 22b, 23b, 32b and 33b were obtained from
corresponding acid derivatives by reduction with LAH.



Scheme 3 Synthesis of arylaldehyde precursors. Reagents and conditions: (a) (i) HBF4, NaNO2 (aq.), 0
�C; (ii) PhMe, 90 �C; reflux, 30% over

2 steps; (b) (i) NBS, BPO, CCl4, Ar, reflux; (ii) CaCO3, dioxane/H2O, reflux; 60% over 2 steps; (c) LAH, THF, Ar, 0 �C; r.t.; (d) H2SO4, MeOH,

0 �C; reflux, 97%; (e) CuCl, DMF, Ar, reflux, overnight, 97%; (f) LAH, THF, Ar, 0 �C; r.t.; (g) MnO2, DCM, r.t.; (h) K2CO3, DMSO, Ar, 110 �C,
overnight, 90%.

Scheme 4 Synthesis of precursors 29a, 35c, and 49b. Reagents and conditions: (a) CuCl, DMF, Ar, reflux, overnight, 97%; (b) ethyl 2-(tri-

phenylphosphoranylidene)propionate, DCM, r.t., 4 h, 96%; (c) phenol, CuCl, 1-butyl-1H-imidazole, K2CO3, o-xylene, reflux, 85%; (d) NaOH,

MeOH/H2O, Ar, reflux, 32%.
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Esterification of 27a gave the ester intermediate 27b and
following halogen-exchange reaction provided chloroarene 27c,
which was further reduced to 27d. MnO2 oxidation of the benzyl
alcohols afforded arylaldehydes 16c, 22c, 23c, 27e, 28d, 32c, and
33c. Generation of ether 34c was accomplished effectively via a
SNAr displacement reaction of the activated aryl fluoride of 34b
by phenol in the presence of potassium carbonate. The strategies
to the formation of precursors 29a, 35c and 49b were described in
Scheme 4. Chlorine derivative 29a was synthesized from the
corresponding bromide 30b via a halogen-exchange reaction. An
efficient Cu-catalyzed O-arylation of phenol with bromoarene
35b, which was prepared by Wittig reaction of 35a with ethyl 2-
(triphenylphosphoranylidene) propionate, was carried out to afford
precursor 35c. The corresponding methyl ester 49a was hydro-
lyzed by treating with NaOH to provide intermediate 49b. As
described in Scheme 2, acrylic acid analogs were transformed into
target compounds 11‒35, 38‒51, and 53‒55 by the amidation with
appropriate arylamines. The ester 52 was easily prepared from
corresponding acid derivative 24 under standard esterification
condition.

2.2. Lead identification

Compound 9, discovered in our previously designed DHODH
inhibitor58, consists of a hydrophilic head and a hydrophobic tail
(Fig. 2) and may be a potential DHODH inhibitor in view of the



Figure 2 Design of lead compound 11 and strategies of modification.
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classic binding mode of reported DHODH inhibitors. The pro-
posed binding mode of compound 9 with DHODH was explored
via molecular docking using the co-crystal structure of a close
analog of brequinar (Fig. 3A). The 4-nitrophenoxy group of 9 is
located at the hydrophobic entrance, interacting with hydrophobic
residues like M43 and F98. The 2-aminobenzoic acid of 9 oc-
cupies the polar end of the binding site. The carboxyl group forms
hydrogen bonds with Q47 and R136. Compound 9 and its analog
10 displayed moderate inhibitory rate of 45.27% and 31.70% at
10 mmol/L in enzyme assay in vitro, respectively (Fig. 2). Because
highly active DHODH inhibitors are usually planar to accom-
modate the shape of the binding pocket59, the flexible linker of
compound 10 was then replaced by a more rigid and flat one to
give compound 11. As a result, compound 11 showed an improved
IC50 value of 0.814 mmol/L. Compared with 9, the methyl sub-
stituent on the 2-methyl-acrylamide linker could form additional
hydrophobic interactions with residues M43 and L46 (Fig. 3B).
Besides, the more rigid acrylamide linker in 11 makes the mole-
cule more planar and appropriate than 9 to accommodate the slim
binding pocket. Those factors may contribute to the largely
increased potency of 11, which was then selected as a lead for
further optimization.
Figure 3 Proposed binding mode of compound 9 (A) and 11 (B) with

cartoon. The critical residues and the substrate FMN are presented as gra

yellow and superimposed to 9 in (B). Hydrogen bonds are shown as blac
2.3. Structureeactivity relationship (SAR)

The structure of 11 can be divided into a phenyl part (A) and a
benzoic acid part (B), connected via 2-methyl-acrylamide (Fig. 2).
Systematic structural modification of both parts was carried out.
The structures and the DHODH inhibitory activities of the syn-
thesized compounds are listed in Tables 1‒4.

Initial optimization efforts focused on the modification of
phenyl part (A) to explore the effects of substituent size, lip-
ophilicity, and polarity on the potency, as shown in Table 1.
Introducing a single substituent in the para-position (12, 14, and
15) gave compounds with potencies similar to that of 11. Com-
pound 14 bearing 4-OMe group possessed a slightly higher ac-
tivity (IC50 Z 0.561 mmol/L) compared with compound 12
bearing CF3 and compound 15 bearing tBu group. However, the
replacement of the phenyl group of 12 with a 3-pyridine (com-
pound 13) resulted in a significant loss of activity. Benzene is
more hydrophobic than pyridine (logP: 2.13 vs. 0.65). Thus, a
benzene ring in 12 would be more preferred at the hydrophobic
entrance of the binding site than the less hydrophobic pyridine
ring in 13, which may be the reason for the decreased bioactivity
of 13 compared to 12. It was found that 3,4-disubstituted analogs
DHODH. DHODH (PDB ID: 1D3G) is shown as a transparent gray

y sticks. Compound 9 is colored cyan, while compound 11 is colored

k dashed lines.



Table 1 Structures and enzyme activities of compounds

11�23.

Compd. Ar Inhibition (%) at

10 mmol/L

IC50 (mmol/L)

11 85.64 0.814 � 0.049

12 82.32 1.044 � 0.040

13 69.32 6.113 � 0.102

14 88.71 0.561 � 0.014

15 86.56 0.836 � 0.021

16 92.91 0.394 � 0.004

17 91.02 0.384 � 0.016

18 84.62 0.894 � 0.063

19 91.65 0.529 � 0.024

20 91.49 0.612 � 0.011

21 89.39 0.724 � 0.028

22 86.93 0.252 � 0.017

23 85.24 0.115 � 0.001

Brequinar e e 0.008 � 0.001

‒Not applicable.

Table 2 Structures and enzyme activities of compounds

24�35.

Compd. Ar Inhibition (%) at

10 mmol/L

IC50 (mmol/L)

24 93.92 0.075 � 0.002

25 88.18 0.129 � 0.008

26 85.41 0.448 � 0.008

27 96.84 0.256 � 0.009

28 89.35 0.057 � 0.002

29 96.36 0.078 � 0.003

30 90.17 0.058 � 0.001

31 87.44 0.646 � 0.009

32 84.31 0.317 � 0.008

33 89.75 0.626 � 0.013

34 90.36 0.630 � 0.014

35 89.55 0.597 � 0.006

Table 3 Structures and enzyme activities of compounds

36e41.

Compd. Linker Inhibition (%) at

10 mmol/L

IC50 (mmol/L)

24 93.92 0.075 � 0.002

36 76.08 1.865 � 0.048

37 20.28 >10

38 87.45 0.712 � 0.012

39 88.58 0.061 � 0.001

40 88.63 0.085 � 0.004

41 82.78 0.606 � 0.031
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were well tolerated, as exemplified by analogs 16‒20, with all
compounds having comparable or improved potencies (IC50

values ranging from 0.384 to 0.894 mmol/L) relative to the lead
compound 11. A slight loss of activity was observed when the 3,4-
dichlorophenyl (19) was replaced by a 3,5-dichlorophenyl group
(21). Based on the data obtained from the preliminary SAR
described above, 2,3-dihydro-1H-inden-5-yl and 5,6,7,8-
tetrahydronaphthalen-2-yl analogs (compounds 22 and 23) were
developed. This effort delivered more potent DHODH inhibitors
with IC50 values of 0.252 and 0.115 mmol/L, which implied that
the hydrophobic dual-ring structure was benefit for the increasing
of the inhibitory activity.

To further improve the potency, we synthesized several naph-
thalene substituted derivatives 24‒27 (Table 2) inspired by the
structures of compounds 22 and 23. Introduction of the naphthyl
group (24) provided a further enhancement in potency compared
with 5,6,7,8-tetrahydronaphthalen-2-yl analog 23. However, add-
ing small hydrophobic substituent groups (OMe, Br, or Cl) to the
5-position or 6-position of the naphthyl resulted in a loss of
inhibitory activity (compounds 25‒27 vs. 24), probably due to
steric hindrance. To explore the action mechanism of the new
inhibitors reported here, the binding mode of compound 24 was
simulated by molecular docking (Fig. 4A). The proposed binding
mode revealed that the naphthyl group of 24 is located at the
hydrophobic entrance and incorporation of a small hydrophobic
group to the 1-position of the naphthyl might occupy the hydro-
phobic subsite S1 to give more potent compounds. Encouragingly,
the introduction of suitable substituents (F, Cl or Br) to the
1-position of the naphthyl really led to equal or more potent
compounds 28‒30. Replacement of the naphthyl group (24) with
isoquinolinyl (31) and 1-methyl-1H-indolyl (32) caused 8-fold
and 4-fold potency loss, respectively. The inhibitory activities
decreased sharply when biphenyl (33) or phenoxyphenyl (34 and
35) was introduced, which might be due to steric hindrance. From
the overall SAR of these compounds, it was clear that the hy-
drophobicity and size of the group at part A is crucial for main-
taining the potency against DHODH.

The structureeactivity relationships of the linkers (part C)
were also investigated with compounds 24 and 36‒41 (Table 3).



Table 4 Structures and enzyme activities of compounds

42e55.

Compd. Ar R Inhibition (%) at 10 mmol/

L

IC50 (mmol/L)

24 H 93.92 0.075 � 0.002

42 H 90.04 0.041 � 0.001

43 H 34.93 >10

44 H 82.98 0.623 � 0.001

45 H 80.76 1.821 � 0.020

46 H 82.88 0.688 � 0.006

47 H 48.24 >10

48 H 87.36 0.874 � 0.005

49 H 79.32 2.133 � 0.110

50 H 74.11 1.691 � 0.014

51 H 66.93 5.350 � 0.172

52 H 29.57 >10

53 F 97.96 0.044 � 0.001

54 Cl 98.72 0.032 � 0.001

55 Br 98.62 0.042 � 0.001

Figure 4 Proposed bindingmodes of compounds 24 (A) and 54 (B)withDH

The critical residues and the substrate FMNare presentedas gray sticks.Comp

pocket of 24 is displayed as gray surface with subsites S1eS3 marked using
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Replacing the acrylamide with more flexible ethers (36 and 37),
which cannot bind to the planar and hydrophobic entrance (site A)
very well, resulting in a dramatic decrease in potency. Then we
turned our attention back to acrylamide analogs. The proposed
binding mode revealed that the methyl substituent on the linker
(24) is nicely accommodated in the subsite S2 (Fig. 4A). The
removal of the methyl in 24 had a negative impact on potency,
with the corresponding derivative 38 possessing a much weaker
inhibitory activity (IC50 Z 0.712 mmol/L). The chloro and bromo
analogs 39 and 40 showed activities similar to compound 24. The
larger ethyl group substituent (41) was detrimental. This pre-
liminary SAR evaluation of the linkers suggested that an acryl-
amide with a small hydrophobic group (Me, Cl or Br) at the 2-
position was favorable.

The role of substituents in the hydrophilic head region (part B)
was further investigated (Table 4). Further inspection of the bind-
ing mode of 24 (Fig. 4A) suggested that introduction of a small
hydrophobic group at the 5-position of the benzoic acid group
might occupy the small hydrophobic subsite S3 to further improve
the potency. Rewardingly, a 1-fold improvement in potency for
inhibition of DHODH was obtained (IC50 Z 0.041 mmol/L) when
the 5-fluorobenzoic acid was introduced (compounds 42 vs. 24).
Moving the fluoro group to the 4-position of the benzoic acid group
resulted in a dramatic decrease in potency. Then structural opti-
mization was focused on the 5-position of the benzoic acid (44‒
48). An over 10-fold loss in potency was observed when the fluoro
group in 42 was replaced by larger substituents (Cl, Br, Me and
CF3). The potency was further reduced when methoxy group was
introduced into 47, suggesting that only small substituents
hydrogen and fluorine were tolerated. The thienyl analog 49 and
the pyridyl analog 50 showed only modest activities with IC50

values of 2.133 and 1.691 mmol/L, respectively. Finally, to deter-
mine the key role of the carboxylic acid moiety, we synthesized the
corresponding amide (51) and methyl ester (52) derivatives. The
amide analog 51 only showed weak inhibition with an IC50 value
of 5.350 mmol/L, while compound 52 was completely inactive,
illustrating the requirement of the carboxylic acid moiety to
maintain potent inhibition.

As a final optimization step, we combined our SAR knowledge
on the three parts of the acrylamide scaffold. That is, naphthyl or
1-halogens (F, Cl or Br) substituted naphthyl moiety in part A, 2-
position small hydrophobic group substituted acrylamide in part C
and 5-fluorobenzoic acid moiety in part B have been turned out to
ODH.DHODH (PDB ID: 1D3G) is shown as a transparent gray cartoon.

ound 24 is coloredpurplewhile compound54 is coloredblue.Thebinding

red dashed lines. Hydrogen bonds are shown as black dashed lines.



Table 5 PK profiles of 54 after intravenous (i.v.) and oral

(p.o.) administrationa.

Parameter i.v. p.o.

Dose (mg/kg) 1 10

CL (L/h/kg) 0.0026 NC

t1/2 (h) 18.10 21.47

Cmax (mg/L) 31,524.54b 77,781.76

Tmax (h) NC 4.67

AUC0‒N (h$mg/L) 381,207.98 2,557,087.39

Vdss (L/kg) 0.069 NC

F (%) NC 67.08

aCompound was dosed to equal number of SpragueeDawley rats

in i.v. and p.o. administration respectively (n Z 3).
bCmaxZC0 (t Z 0) for i.v. administration; NC: not calculated.
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be more favorable building blocks. These structural variations
were combined in molecules 53‒55 as extensively optimized and
highly potent DHODH inhibitors, which afforded the most potent
compound 54 with an IC50 value of 0.032 mmol/L. The proposed
binding mode of 54 is similar to that of 24 (Fig. 4B).
2.4. In vivo PK study of compound 54

A PK study of the most potent inhibitor compound 54 was per-
formed by administering rats a 1 mg/kg intravenous (i.v.) dose and
Figure 5 The effects of compound 54 on CIA rats in vivo. Arthritis was

Days 1 and 7. Compound 54 was orally administered at 10 and 30 mg/kg

the dose of 0.3 mg/kg. (A) Curves of body weight in different groups. M

scores in different treatments. (C) The representative photomicrographs of

Representative H&E stained sections of joint tissue of each group. All quan

among various groups were determined using a one-way ANOVA, with a
##P < 0.01, ###P < 0.001 vs. control; *P < 0.05, **P < 0.01, ***P < 0
a 10 mg/kg oral dose (p.o.) of compound 54. After i.v. dosing, 54
exhibited a terminal half-life of 18.10 h, a steady-state volume of
distribution of 0.069 L/kg, a high exposure (AUC0‒N) of
381,207.98 h$mg/L and a low plasma clearance of 0.0026 L/h/kg
(Table 5). After oral administration, 54 exhibited a large exposure
(AUC0‒N) of 2,557,087.39 h$mg/L and a maximum plasma
concentration (Cmax) of 77,781.76 mg/L. The time to reach the
maximum concentration (Tmax) of the inhibitor was 4.67 h.
Moreover, compound 54 has a satisfactory oral bioavailability of
67.08%.

2.5. In vivo antiarthritic effect of compound 54

The in vivo antiarthritic effect of compound 54 was investigated in
an animal model of collagen-induced arthritis (CIA) in Wistar
rats, the most commonly studied autoimmune model of RA60. In
this study, autoimmune arthritis was induced by immunization
with type II collagen. About 2 weeks after the first immunization,
the limbs of rats became swollen and redness, indicating the onset
of arthritis. The rats of treatment groups were administered orally
once a day with methotrexate (0.3 mg/kg) or 54 at 10, 30 mg/kg
for 28 days, while the rats in model group were treated with
vehicle (0.5% CMC-Na solution). The antiarthritic effects of
compound 54 were mainly evaluated by measurement of hind
paws volume and morphological observation of the joint tissue of
rats (Fig. 5).
induced in Wistar rats by twice immunization with type II collagen on

for 28 days. Methotrexate, as the positive control, was administered at

easurement of body weight was taken every three days. (B) Arthritis

hind paws in different treatment groups taken after 28-day trial. (D)

titative data were expressed as mean � SEM, and statistical differences

post hoc test (LSD) performed for multiple comparisons. #P < 0.05,

.001 vs. RA.
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During the experiment, the control group (normal rats) had
normal eating patterns and shiny hair. By contrast, the rats in the
model group exhibited rough and dull hair. Mean body weights of
all groups kept growing during the course of the experiment, but
model group had a slower rate of growth after Day 14 (Fig. 5A). It
was found that CIA rats exhibited a significant increase in paw
volume over the control group. As shown in Fig. 5B, the arthritis
scores of model group reached a peak on Day 20 and then sta-
bilized around 2.3 after a transitory fall. Compared to model rats,
the volumes of paws in CIA rats were significantly decreased after
treatment with methotrexate or compound 54 in a dose-dependent
manner with the arthritis scores of the compound 54 treated rats
stabilized around 1 (10 mg/kg) and 0.6 (30 mg/kg) lastly.

Ankle joints were examined further for histopathological evi-
dence of bone erosion after four weeks of therapy using hema-
toxylin and eosin (H&E) staining to clarify the effects of
compound 54. Results of the histologic assessment were shown in
Fig. 5D. The rats in CIA model group (Fig. 5B) displayed
prominent signs of arthritis, such as synovial hyperplasia, in-
flammatory cell infiltration, moderate cartilage damage, new
blood vessels formation and bone damage. Above-mentioned
symptoms of arthritis in CIA rats treated with compound 54
were significantly alleviated in a dose-dependent manner. Briefly,
compound 54 displayed substantially in vivo antiarthritic effects in
a dose-related manner. It might serve as a promising lead com-
pound for further development as immunosuppressant and anti-
proliferative agent targeting DHODH.

2.6. Acute toxicity study

Adult ICR mice (male, 28e32 g, n Z 3) was used to evaluate the
acute toxicity of 54. A single-dose of compound 54 (300 and
500 mg/kg, respectively) was intragastrically administrated. The
mice were fasted for 12 h before the compound administration.
The general condition, behavior and mortality were observed
continuously after compound treatment for 14 days. All mice were
sacrificed on the 14th day for gross examination of heart, liver,
spleen, lung and kidney while the liver and kidney were reserved
for histological examination. No obvious abnormal in behaviors or
mortality were observed. There is no significant change in body
weight compared to the control group at the end of the experiment
for mice treated with both doses of 54 (Supporting Information
Fig. S2). The morphological examination did not find remark-
able injury in the liver and kidney for both groups treated with 54
(Supporting Information Fig. S3). These results indicated that 54
can be tolerated at the dose as high as 500 mg/kg in mice.
3. Conclusions

The structure-based design and optimization of a series of acryl-
amide derivatives as novel and potent DHODH inhibitors have
been carried out. Starting from the promising 2-acetamidobenzoic
acid scaffold of compounds 9 and 10, compound 11 was identified
as the lead compound for further optimization. The
structureeactivity relationship indicated that naphthyl or 1-
position halogens (F, Cl or Br) substituted naphthyl moiety in
part A, 2-position small hydrophobic group substituted acrylamide
in part C and 5-position fluorobenzoic acid substituted moiety in
part B have been turned out to be more favorable building blocks.
Overall, these optimization efforts led to potent compounds 42
and 53‒55 with IC50 values of 41, 44, 32 and 42 nmol/L,
respectively. The most potent compound 54 also displays favor-
able PK profiles and encouraging in vivo antiarthritic effects in a
dose-dependent manner.

4. Experimental

4.1. General methods of chemistry

Unless otherwise indicated, all commercially available solvents
and reagents were purchased directly from commercial suppliers
and used as received without further purification. Melting points
(m.p.) were recorded on Büchi B540 apparatus (Büchi Labor-
technik AG, Flawil, Switzerland) and are uncorrected. 1H NMR,
19F NMR and 13C NMR spectra were recorded on Bruker AM-400
(1H at 400 MHz, 13C at 100 MHz, 19F at 376 MHz) spectrometer
(Bruker Corp., Karlsruhe, Germany) with CDCl3 or DMSO-d6 as
the solvent and TMS as the internal standard. Chemical shifts are
reported in d (parts per million) values. The following abbrevia-
tions were used to explain the multiplicities: s Z singlet,
d Z doublet, t Z triplet, q Z quartet, m Z multiplet, coupling
constant (Hz) and integration. High-resolution electron mass
spectra (ESI-TOF) were performed on a Micromass Xevo G2 TOF
MS (Waters Corp., Milford, MA, USA). High Resolution Mass
Spectrometry (HRMS) EI was recorded under electron impact
(70 eV) condition using a MicroMass GCT Premier (Waters
Corp., Milford, MA, USA). Analytical thin-layer chromatography
(TLC) was carried out on precoated plates (silica gel 60 F254) and
spots were visualized with ultraviolet (UV) light. Purity was
determined using HPLC analysis (Shimadzu Corp., Kyoto, Japan),
equipped with Shimadzu shim-pack GIST C18 reversed phase
column with 250 mm � 4.6 mm � i.d. 5 mm particle size, and a
photodiode array detector (PDA). The HPLC separations were
carried out using gradient separation at a flow rate of 1 mL/min.
The mobile phase was a mixture of MilliQ ultrapure 0.01% TFA
solution (A) and acetonitrile (B). The following elution gradient
totally lasted 18 min: initial mobile-phase composition, 95:5 (v/v)
phase A: B; 0e10 min, linear change from 5% to 95% B;
10e15 min, 95% B; 15e18 min, linear change from 95% to 5% B.
The column and injection chamber were maintained at 40 and
25 �C, respectively. The sample injection volume was 5 mL and
the detector was set at 254 nm. The purities of compounds for
biological testing were assessed by NMR and HPLC to be � 95%.

4.2. Synthesis of key intermediates and target compounds

4.2.1. 2-(2-Bromoacetamido)benzoic acid (9b)
2-Aminobenzoic acid (1.37 g, 10 mmol) was dissolved in
dichloromethane (20 mL) and triethylamine (2 mL, 15 mmol). 2-
Bromoacetyl chloride (1 mL, 12 mmol) was added dropwise at
0 �C. The resulting solution was further stirred at room temper-
ature for 5 h. The reaction mixture was washed with 1 mol/L HCl
and brine. The resulting suspension of solid was filtered and
washed with dichloromethane. The filtrate was dried over Na2SO4,
and concentrated in reduced pressure to remove most of the sol-
vent. The resulting suspension of solid was filtered and washed
with dichloromethane. The resulted solid was collected to give 9b
in yield of 70%.

4.2.2. 2-(2-(4-Nitrophenoxy)acetamido)benzoic acid (9)
K2CO3 (483 mg, 3.5 mmol) was carefully added to a solution of
9b (257 mg, 1 mmol) and 4-nitrophenol (139 mg, 1 mmol) in
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DMF (5 mL). The mixture was stirred at 70 �C until the reaction
was complete. After being cooled down to room temperature,
diluted with water (10 mL), acidified with 1 mol/L HCl, the
resulting solid was filtered off, washed with EtOH, and further
crystallized from DCM/MeOH to give target compound 9 in yield
of 40%.
4.2.3. General procedure for 10 and 36
KOH (168 mg, 3 mmol) was carefully added to a solution of 9b
(257 mg, 1 mmol) and appropriate phenol (1 mmol) in DMF
(5 mL) under an atmosphere of Ar. The reaction mixture was
heated at 120 �C for 4 h. After being cooled down to room tem-
perature, diluted with water (10 mL), acidified with 1 mol/L HCl,
the resulting solid was filtered off, washed with EtOH and further
crystallized from DCMeMeOH to give target compounds 10 and
36.
4.2.4. 2-Methyl-2-(naphthalen-2-yloxy)propanoic acid (37b)
NaOH (2.4 g, 60 mmol) was added to the solution of naphthalen-
2-ol in acetone (10 mL). Then a mixture of chloroform (1.2 mL)
and acetone (2 mL) was added dropwise under reflux condition.
The mixture was stirred under reflux condition until the reaction
was complete as indicated by TLC. After being cooled down to
room temperature, diluted with water (10 mL), acidified with
1 mol/L HCl. The resulted solid was filtered off, washed with
EtOH and further crystallized from DCMeMeOH to give 37b in
yield of 90%.
4.2.5. 2-(2-Methyl-2-(naphthalen-2-yloxy)propanamido)benzoic
acid (37)
Compound 37b (460 mg, 2 mmol) was suspended in anhydrous
DCM (6 mL), and the solution was cooled to 0 �C. The (COCl)2
(0.5 mL, 6 mmol) followed by a drop of DMF was added drop-
wise. After the addition, the reaction mixture was stirred at room
temperature for 3 h. The solvent was evaporated in vacuum to give
the intermediate acyl chloride. 2-Aminobenzoic acid (274 mg,
2 mmol) was dissolved in dichloromethane (4 mL) and triethyl-
amine (303 mg, 3 mmol). The obtained acyl chloride was dis-
solved in 2 mL DCM and added to the reaction mixture dropwise
at 0 �C. The resulted solution was further stirred at room tem-
perature overnight. The reaction mixture was washed with 1 mol/L
HCl and brine. The resulted suspension of solid was filtered and
washed with water. The resulted solid was further crystallized
from DCMeMeOH to give 37 in yield of 70%.
4.2.6. General procedure for 16b, 22b, 23b, 32b, and 33b
The appropriate acid (10 mmol) was dissolved in THF (25 mL)
under Ar atmosphere. Then LAH (20 mmol) was added carefully
at 0 �C. After keeping at this temperature for 10 min, the mixture
was stirred at room temperature for another 4 h. Then the reaction
was quenched with ice water (0.76 g), 15% NaOH (0.76 g), and
water (2.28 g) in ice bath. Then water (25 mL) was added and the
resulted mixture was filtered off. The filtrate was concentrated
under reduced pressure to remove THF. The residue was dissolved
in EA and washed with water. The organic layer was dried
(Na2SO4) and concentrated under reduced pressure to give target
precursor, which was used in the next step without further
purification.
4.2.7. Methyl 5-chloro-2-naphthoate (27d)
Concentrated sulfuric acid (1 mL) was dropwise added to a
mixture of 5-bromo-2-naphthoic acid (3 mmol) in MeOH (10 mL)
in ice bath. The reaction mixture was heated to reflux for 2 h.
After cooling to room temperature, the resulted solid was sepa-
rated by filtration and dried to give 27b in yield of 97%.

27b (4.5 mmol) and CuCl (4.5 mmol) were added to DMF
(12 mL) under Ar atmosphere, and the mixture was heated to
reflux overnight. After cooling to room temperature, the mixture
was diluted with H2O (25 mL) and filtered. The filter cake was
dissolved in DCM (10 mL) and filtered. The filtrate was concen-
trated under reduced pressure to give 27c in yield of 97%. GG‒
MS m/z [M]þ 222.

27c (2 mmol) was dissolved in THF (10 mL) under Ar at-
mosphere. Then LAH (2.6 mmol) was added carefully at 0 �C.
After keeping at this temperature for 10 min, the mixture was
stirred at room temperature for another 12 h. Then the reaction
was quenched with ice water (0.1 g), 15% NaOH (0.1 g), and
water (0.3 g) in ice bath. Then water (10 mL) was added and the
resulted mixture was filtered off. The filtrate was concentrated
under reduced pressure. The residue was dissolved in EA and
washed with water. The organic layer was dried (Na2SO4) and
concentrated under reduced pressure to give 27d, which was used
in the next step without further purification. GG‒MS m/z [M]þ

194.

4.2.8. (1-Fluoronaphthalen-2-yl)methanol (28c)
HBF4 (15 mL) was dropwise added to a round-bottomed flask
with 2-methylnaphthalen-1-amine (10 mmol) at room tempera-
ture. Then a solution of NaNO2 (40 mmol, 10 mL) was dropwise
added in ice bath. The mixture was stirred for 0.5 h in such
condition. The resulted solid was separated by filtration and dried.
Then the solid was suspended in PhMe (50 mL). The resulted
mixture was reacted at 90 �C for 1 h, followed by under reflux
condition for 2 h. After cooling to room temperature, the solution
was washed by saturated sodium bicarbonate solution and satu-
rated salt water in order. The organic layer was dried (Na2SO4),
concentrated under reduced pressure and purified by silica gel
chromatography (PE:EA Z 7:1) to give 1-fluoro-2-
methylnaphthalene in yield of 67%. yellow oil. GG‒MS m/z
[M]þ 160.

NBS (10 mmol) and BPO (0.1 mmol) were added to a solution
of 1-fluoro-2-methylnaphthalene (5 mmol) in CCl4 (10 mL) under
Ar atmosphere. The mixture was heated to reflux for 5 h. After
cooling to room temperature, the reaction mixture was filtered.
The filtrate was concentrated under reduced pressure. The resulted
residue was dissolved in dioxane (10 mL). Then water (10 mL)
and CaCO3 (20 mmol) were added. The mixture was heated to
reflux for 10 h. After cooling to room temperature, the mixture
was filtered and extracted with EA. The organic layer was dried
(Na2SO4), filtrated, concentrated under reduced pressure and pu-
rified by silica gel chromatography (PE:EA Z 3:1) to give 28c in
yield of 80%. Colorless oil. GG‒MS m/z [M]þ 176.

4.2.9. General procedure for 16c, 22c, 23c, 27e, 28d, 32c, and
33c
MnO2 (35.0 mmol) was added to a solution of corresponding
benzyl alcohol (5.0 mmol) in DCM (15 mL). The mixture was
stirred at room temperature for 4 h and filtrated. The filtrate was
concentrated in reduced pressure and purified by silica gel
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chromatography (PE:EA Z 7:1) or without further purification to
give target intermediate.

4.2.10. 4-Phenoxybenzaldehyde (34c)
Phenol (7.5 mmol), 4-fluorobenzaldehyde (5.0 mmol), and K2CO3

(10.0 mmol) were suspended in DMSO (5 mL) under Ar atmo-
sphere. The mixture was heated to 110 �C overnight. After cooling
to room temperature, the reaction mixture was diluted with water
and extracted with EA. The organic layer was washed with
saturated NaCl, dried (Na2SO4), concentrated under reduced
pressure, and purified by silica gel chromatography
(PE:EA Z 5:1) to give 34c in yield of 80%.

4.2.11. General procedure for 11b‒15b, 16d, 17b‒21b, 22d,
23d, 24b‒26b, 27f, 28e, 30b, 31b, 32d, 33d, 34d, and 35b
Corresponding aromatic aldehyde (5 mmol) was dissolved in
15 mL DCM. Then ethyl 2-(triphenylphosphoranylidene)propio-
nate (3.258 g, 9 mmol) was added. The reaction was allowed to
stir at room temperature for 4 h. The reaction mixture was
concentrated in reduced pressure and further purified by silica gel
chromatography (PE:EAZ 7:1) to give target compounds in yield
of 90%e96%.

4.2.12. Ethyl (E)-3-(1-chloronaphthalen-2-yl)-2-methylacrylate
(29a)
30b (0.936 g, 4.0 mmol) and CuCl (0.6 g, 6.0 mmol) were added
to DMF (16 mL) under Ar atmosphere, and the mixture was
heated to reflux overnight. After cooling to room temperature, the
mixture was diluted with H2O (30 mL) and filtered. The filter cake
was dissolved in DCM (10 mL) and filtered. The filtrate was
concentrated under reduced pressure to give 29a in yield of 96%.

4.2.13. Ethyl (E)-2-methyl-3-(3-phenoxyphenyl)acrylate (35c)
35b (5.0 mmol), phenol (6.0 mmol), K2CO3 (10.0 mmol), CuCl
(0.25 mmol), 1-butyl-1H-imidazole (2.5 mmol), and o-xylene
(5 mL) were added to a round-bottom flask. The mixture was
heated to 140 �C for 24 h under Ar atmosphere. After cooling to
room temperature, the reaction mixture was filtrated. The filtrate
was concentrated in reduced pressure and further purified by silica
gel chromatography (PE:EA Z 7:1) to give 35c in yield of 85%.

4.2.14. 2-Aminothiophene-3-carboxylic acid (49b)
NaOH (40.0 mmol) was added to a mixture of 49a (2.0 mmol) in
water (10 mL) and MeOH (10 mL). The mixture was heated to
reflux under Ar atmosphere for 2 h. After cooling to room tem-
perature, the solution was concentrated in vacuum to remove
MeOH. The residue was acidified with 1 mol/L HCl and extracted
with EA. The organic layer was washed with saturated NaCl, dried
(Na2SO4), filtrated, concentrated in vacuum, and purified by silica
gel chromatography (DCM:MeOHZ 10:1) to give 49b in yield of
46%.

4.2.15. General procedure for 39b and 40b
NXS (NCS for 39b, NBS for 40b, 9.0 mmol) was slowly added to
the solution of ethyl (triphenylphosphoranylidene)acetate
(3.132 g, 9.0 mmol) in DCM (15 mL) at �20 �C under Ar at-
mosphere. The mixture was stirred at �20 �C for 1 h and then
warmed to room temperature. 2-Naphthaldehyde (780 mg,
5 mmol) and K2CO3 (1.725 g, 12.5 mmol) were added to the
mixture. After stirring at room temperature for 10 h, the solution
was washed with water, dried (Na2SO4), filtrated, concentrated
under reduced pressure, and further purified by silica gel
chromatography (PE:EA Z 7:1) to give target compounds 39b
and 40b.

4.2.16. Ethyl (E)-2-(naphthalen-2-ylmethylene)butanoate (41b)
NaH (4.2 mmol), followed by dry THF (24 mL), was added to a
three-necked flask under Ar atmosphere. After the addition of
triethyl 2-phosphonobutyrate (3.9 mmol), the mixture was stirred
at room temperature for 0.5 h. Then a solution of 2-
naphthaldehyde (3.0 mmol) in THF (12 h) was dropwise added.
After stirring at room temperature for 12 h, the reaction mixture
was acidified by 2 mol/L HCl and concentrated in vacuum to
remove THF. The residue was diluted with water and extracted
with EA. The organic layer was washed with saturated NaCl, dried
(Na2SO4), filtrated, concentrated under reduced pressure, and
purified by silica gel chromatography (PE:EA Z 7:1) to give 41b
in yield of 60%.

4.2.17. General procedure for 11c‒15c, 16e, 17c‒21c, 22e, 23e,
24c‒26c, 27g, 28f, 29b, 30c, 31c, 32e, 33e, 34e, 35d, 39c, 40c,
and 41c
Corresponding ester (2.0 mmol) was dissolved in a mixture of
THF (6 mL) and MeOH (6 mL). Then 2 mol/L NaOH (8 mL) was
added. The mixture was allowed to react at 40 �C for about 5 h.
After cooling to room temperature, the mixture was acidified with
1 mol/L HCl and filtered. The solid was washed with some water
and dried to give target precursors.

4.2.18. (E)-3-(Naphthalen-2-yl)acrylic acid (38b)
2-Naphthaldehyde (2.0 mmol) and malonic acid (6.0 mmol) were
suspended in DMF (1.2 mL). After the addition of pyridine
(2.0 mmol), the mixture was heated to 90 �C for 5 h. Then the
reaction mixture was cooled to room temperature, diluted with
water (1.2 mL), and acidified with 1 mol/L HCl. The resulted solid
was separated by filtration, washed with water, and dried to give
38b in yield of 80%, which was used in next step without further
purification.

4.2.19. General procedure for compounds 11‒31, 33‒35, 38‒
49, 51, and 53‒55
Appropriate acid (2 mmol) was suspended in anhydrous DCM
(6 mL), and the solution was cooled to 0 �C. The (COCl)2
(0.5 mL, 6 mmol) followed by a drop of DMF was added drop-
wise. After the addition, the reaction mixture was stirred at room
temperature for 3 h. The solvent was evaporated in vacuum to give
the intermediate acyl chloride. Appropriate arylamine (2 mmol)
was dissolved in dichloromethane (4 mL) and triethylamine
(303 mg, 3 mmol). The obtained acyl chloride was dissolved in
2 mL DCM and added to the reaction mixture dropwise at 0 �C.
The resulted solution was further stirred at room temperature
overnight. The reaction mixture was washed with 1 mol/L HCl
and brine. The resulted suspension of solid was filtered and
washed with water. The resulted solid was further crystallized
from DCMeMeOH to give target compounds.

4.2.20. (E)-2-(2-Methyl-3-(1-methyl-1H-indol-2-yl)acrylamido)
benzoic acid (32)
32e (1.0 mmol), TsCl (1.1 mmol), dry DCE (5 mL), DMAP
(0.1 mmol), and TEA (1.5 mmol) were added to round bottom
flask. After the addition, the reaction mixture was stirred at 35 �C
for 1 h. Then 2-aminobenzoic acid was added and the resulted
mixture was allowed to react at 60 �C for another 10 h. The so-
lution was acidified with 1 mol/L HCl, filtered off, washed with
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water, dried and further purified by silica gel chromatography
(DCM:MeOH Z 5:1) to give 32 in yield of 50%.

4.2.21. (E)-4-(2-Methyl-3-(naphthalen-2-yl)acrylamido)
nicotinic acid (50)
Compound 24c (2 mmol) was suspended in anhydrous DCM
(6 mL), and the solution was cooled to 0 �C. Then (COCl)2
(0.5 mL, 6 mmol) followed by a drop of DMF was added drop-
wise. After the addition, the reaction mixture was stirred at room
temperature for 3 h. The solvent was evaporated in vacuum to give
the intermediate acyl chloride. 4-Aminonicotinic acid (2 mmol)
was dissolved in pyridine (4 mL). The obtained acyl chloride was
dissolved in 2 mL pyridine and added to the reaction mixture
dropwise at 0 �C. The resulted solution was further stirred at room
temperature overnight. The reaction mixture was diluted with
water (10 mL) and filtered. The resulted solid was washed with
water, dried, and further purified by silica gel chromatography
(DCM:MeOH Z 3:1) to give 50 in yield of 30%.

4.2.22. Methyl (E)-2-(2-methyl-3-(naphthalen-2-yl)acrylamido)
benzoate (52)
Compound 24 (1 mmol) was suspended in anhydrous DCM
(5 mL), and the solution was cooled to 0 �C. Then (COCl)2
(3 mmol) followed by a drop of DMF and MeOH (1.5 mmol) were
added dropwise. After the addition, the reaction mixture was
stirred at room temperature for 12 h. The reaction mixture was
concentrated in reduced pressure and further purified by silica gel
chromatography (PE:EA Z 3:1) to give 52 in yield of 40%.

4.3. Molecular docking

The X-ray crystal structure of DHODH in complex with a close
analog of 3 (brequinar) (PDB ID: 1D3G) was downloaded from
the Protein Data Bank and used for protein preparation using the
Protein Preparation Wizard in Maestro (Schrödinger, Inc., version
10.2, New York, NY, USA). The grid-enclosing box was centered
on the centroid of 3 and defined so as to enclose residues located
within 20 Å around the ubiquinone binding site, and a scaling
factor of 1.0 was set to van der Waals (VDW) radii of those re-
ceptor atoms with the partial atomic charge less than 0.25.
Compounds were prepared using the LigPrep module with a pH of
7.0 � 2.0 for Epik. Standard precision (SP) mode in Glide with
default settings was used to dock the ligands. The docked poses
were ranked by Gscore, and the one with the lowest binding en-
ergy was selected for binding mode analysis.

4.4. In vitro enzyme assay

Expression and purification of recombined DHODH were fol-
lowed the protocols of previously published literatures44,56. The
DHODH inhibition assays were carried out using the DCIP-based
assay43,44. The assay buffer contained 50 mmol/L HEPES pH 8.0,
150 mmol/L KCl, 0.1% Triton X-100. The purified DHODH was
diluted into a final concentration of 10 nmol/L with the assay
buffer. UQ0 and DCIP were added to the assay buffer to final
concentrations of 100 and 120 mmol/L, respectively. The dihy-
droorotate was added to a final concentration of 500 mmol/L to
initiate the reaction. Inhibition studies were performed in this
assay with additional various amounts of inhibitors. Brequinar was
measured as the positive control. The inhibition rate was
calculated from (1‒Vi/V0) � 100. For the determination of the IC50

values, eight to nine different concentrations were applied. Each
inhibitor concentration point was tested in triplicate. IC50 values
were calculated using the sigmoidal fitting option of the program
Origin 8.0 (OriginLab Corp., Northampton, MA, USA).

4.5. In vivo PK assay

Compound 54, the most potent inhibitor, was selected to perform
the single dose PK studies. Male SpragueeDawley rats were
raised according to the guide for the care and use of laboratory
animals. Blood samples of the rats were collected at the intervals
of 5 min, 15 min, 30 min, 1 h, 2 h, 4 h, 8 h and 24 h. Heparin
sodium was applied as the anticoagulant of the blood samples.
Based on the LC/MS/MS quantitative data, PK parameters were
analyzed using WinNonlin 7.0 (Certara Corp., Princeton, NJ,
USA) with noncompartment model. The PK study was conducted
by using Medicilon’s preclinical pharmacokinetic study services
(Shanghai Medicilon Inc., Shanghai, China).

4.6. In vivo efficacy study

Adult male Wistar rats (130e150 g) were purchased from
Shanghai SLRC Laboratory animal company and housed in
standard pathogen-free cages. The environment was climate-
controlled (20e25 �C, 50%e60% relative humidity) with a 12-h
light and 12-h dark cycle as described previously44. Sterilized
food and water were provided naturally. All procedures involving
animals conform to the Chinese government guidelines for ani-
mal experiments and were conducted with approval of the
Institutional Animal Care and Use Committee of East China
University of Science & Technology, Shanghai, China. Bovine
type II collagen (CII, Chondrex Inc., Redmond, WA, USA) was
emulsified in the same manner as that conducted previously to
get the CIA model61. Specifically, 40 rats were randomly
assigned into five groups: normal control (solvent, i.p., n Z 10),
CIA model (solvent, i.p., n Z 10), methotrexate-treated
(0.3 mg/kg, i.p., n Z 10), compound 54-treated (10 mg/kg,
i.p., n Z 10) and compound 54-treated (30 mg/kg, i.p., n Z 10)
groups. Methotrexate was used as a positive control in this study.
The main workflows of this experiment were consistent with that
reported recently44. During the 28 days of the experiment,
compound 54 (10 and 30 mg/kg) and methotrexate (0.3 mg/kg)
were administered orally once a day. At the same time, the
normal control group and model group were administered the
same amount of 0.5% CMC-Na solution.

In this study, the clinical-mimic arthritis was observed and the
severity was assessed by the criteria as below: 0, normal, without
any swelling; 1, mild swelling; 2, swelling; 3, significant swelling;
4, severe swelling. When arthritic signs appeared, the incidence
and severity of the arthritis in rats with different treatments were
evaluated via arthritis scores recorded every day under blinded
conditions. Measurement of body weight was taken every 3 days.
All Wistar rats were killed after 28-day trails. Pathological de-
tections against the whole knee joints of the rats were conducted
using the same method as described previously44.
Mean � standard error of the mean (mean � SEM) was applied to
present the data in this study. SPSS was used to evaluate the
statistical significance of differences among the groups. P � 0.05
was the threshold to be statistically significant62.
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