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itsin vitro and in vivo biological activities
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Abstract

The sphingomyelin synthase 2 (SMS2) is a potetdrglet for pharmacological
intervention in atherosclerosis. However, so faw Selective SMS2 inhibitors and
their pharmacological activities were reported. this study, a class of
2-benzyloxybenzamides were discovered as novel Skt8&itors through scaffold
hopping and structural optimization. Among them9®8yas one of the most potent
inhibitors exhibited 1G, values of 91 nM and 133,8M against purified SMS2 and
SMS1 respectively. The selectivity ratio of Ly93 svanore than 1400-fold for
purified SMS2 over SMS1. Then vitro studies indicated that Ly93 not only
dose-dependently diminished apoB secretion from7Héils, but also significantly
reduced the SMS activity and increaselolesterol efflux from macrophages.
Meanwhile, Ly93 inhibited the secretion of LPS-nagdd pro-inflammatory cytokine
and chemokine in macrophages. The pharmacokinetfdgs of Ly93 performed on
C57BL/6J mice demonstrated that Ly93 was orallicaffious. As a potent selective
SMS2 inhibitor, Ly93 significantly decreased theggha SM levels of C57BL/6J
mice. Furthermore, Ly93 was capable of dose-depghdeattenuating the
atherosclerotic lesions in the root and the ertoda as well as macrophage content
in lesions, in apolipoprotein E gene knockout mreated with Ly93. In conclusion,
we discovered a novel selective SMS2 inhibitor Ly8Bd demonstrated its
anti-atherosclerotic  activities in  vivo. The  preliminary  molecular
mechanism-of-action studies revealed its function lipid homeostasis and
inflammation process, which indicated that theaele inhibition of SMS2 would be

a promising treatment for atherosclerosis.

Keywords:

Sphingomyelin synthase 2; Inhibitor; ApoE KO miéé¢herosclerosis.
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1. Introduction

Sphingomyelin (SM) is one of the major phosphokspiid the circulation [1]. It
has been proved that human plasma SM levels aieda@pendent risk factor for
coronary heart disease [2, 3] and prognostic iieptg with acute coronary syndrome
[3]. In apoE KO mice, the plasma SM levels that farg-fold higher than those in
control mice [4]. The raised plasma SM could furtheduce the increased
atherosclerosis found in these animals [5]. Mealeyh6M that are enriched in
atherogenic lipoproteins has significant effectst@metabolism of apoB-containing
lipoproteins [1, 6]. The deficiency of SM in athgemic lipoproteins could reduce
the atherogenic properties of the mice [7].

Moreover, SM is also one of the major phospholipidthe plasma membrane.
Macrophages, as the most prominent cell types herasclerotic lesions, are
associated with two hallmarks of atherosclerosisliing the formation of foam
cells due to excessive accumulation of cholestdrpl macrophages [8] and
inflammation [1, 9]. Studies on the membrane SMhafcrophages revealed that
membrane SM could play an important role in theettggment of atherosclerosis
[10-12]. The SM level of macrophage membrane isalliprelated to the cholesterol
efflux and inflammatory responses in macrophag@s 1B]. Thus, the inhibition of
SM biosynthesis could directly reduce SM levelsardy in atherogenic lipoproteins
but also in the membrane of macrophages.

The reduction of SM, with concomitant reductionatfierosclerosis, could be
achieved by pharmacologically inhibiting serinenpiabyltransferase (SPT) in mice
models, which is the first enzyme for SM biosynteefl4, 15]. However, the
inhibition of SPT could influence the whole sphifign de novo synthesis pathway
and induce many off-target side effects. Thereftre,inhibition of sphingomyelin
synthase (SMS) is an alternative approach foreédacation of SM.

SMS is the last enzyme in the SM biosynthetic pathwt catalyzes the
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conversion of ceramide to SM. The SMS gene famigststs of three members
including SMS1, SMS2 and SMS related protein (SMBoth SMS1 and SMS2, but
not SMSr, have the SMS catalytic activity [16, d@our previous studies, SMS1 and
SMS2 are proved to be the two factors that infleeplasma SM levels [7, 11, 18].
Both SMS1 and SMS2 KO mice have lower SM levelalirihe tested tissues [11].
However, in the SMS1 knockdown T cells, the TCRhalgng was impaired through

the dysfunction of lipid rafts [19]. Meanwhile, theMS1 KO mice exhibited

moderate neonatal lethality [11, 20], mitochonddgkfunction and the increased
oxidative stress, which could cause lipodystrophg anpair the insulin secretion

from pancreas [20, 21]. Furthermore, the deficieot$MS1 but not SMS2 could

cause hearing impairments in mice. As to the sftkrts of SMS1 deficiency, the

inhibition of SMS2 is an optimal strategy for tlegluction of SM level.

Our studies have already indicated that the SMS3eaxyeession could promote
the accumulation of atherogenic lipoprotein andease atherogenic potential [22].
Contrarily, the SMS deficiency reduces the SM aadation and thereby alleviates
atherosclerosis in a mouse model [10-12]. Thesgginhg findings raise the
possibility that SMS2 is a potential therapeutrgéd of atherosclerosis. The selective
SMS2 inhibitors are likely to be developed as atitierosclerotic drugs. However,
the impact of selective SMS2 inhibition on the depenent of atherosclerosis has
not been investigated so far due to the lack cdmicgelective SMS2 inhibitors.

Up to date, very few selective SMS2 inhibitors hdeen reported in the
literature.D609 (Fig. 1), firstly discovered as an anti-tumor agent [28], 2vas
reported with weak SMS inhibitory activitg vitro (ICso= 177-600uM) [25-27]. The
a-aminonitrile derivatives were the first seriesSWS inhibitors discovered through
rational drug design by our research group. Theesgmtative compouria? (Fig. 1)
has an 1G value of 24.54M for SMS from liver homogenate of ICR mice and@gy
value of 13.5uM for SMS2 over-expressed insect cell lysis [28]. 28owever, the

latently toxigenic a-aminonitrile group of compound®2 precluded the further
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application in than vivo medication of atherosclerosis. SAPA derivativesy(1)
were then discovered as a novel class of SMS1litohsbwith micromolar inhibitory
activities against SMS1 over-expressed Hela csit1y30]. However, the effects of
SAPA 1j on SMS2 had not been explored. Furthermore, ogpydtine derivatives
(Fig. 1) were designed and firstly tested the inhibitoogivaty towards purified
SMS2. Among them, the compoufl¥ 10 possess an Kgvalue of 1.7uM against
purified SMS2 enzyme [31]. Moreover, a 2-quinoloderivative Fig. 1) was
identified as a potent SMS2 selective inhibitor slG: 16 nM for SMS2
over-expressed membrane fraction), of which ithevitro andin vivo biological
activities were not reported [32]. 4-Benzyloxybeiisoxazole-3-amine
derivatives were discovered as potent SMS2 sekectnhibitors. The most
promising representative compoureid. 1) was found to be with 1§ values of

0.10uM against SMS2 and 58M against SMS1 [33].

0
“O_SK* o O\)J\N
Y SUS SRS
e S -8 Br
e .
D2

D609 SAPA 1j
IC5o/SMS = 177-600 uM IC50/SMS = 24.5 uM IC50/SMS1 = 2.1 uM
MW = 266.46 IC50/SMS2 = 13.5 uM MW = 503.41
MW = 314.39
N A\ IL 0 & /N \
4
i — l \/@ O_,\{ =
N
o SARSSN 4.
O O
o g :
NS
N
QY10 2-quinolone derivative 4-benzyloxybenzo[d]isoxazole
IC50/SMS2 = 1.7 uM IC50/SMS2 = 16 nM -3-amine derivative
IC50/SMS1 > 100 uM IC50/SMS1 = 14 uM IC50/SMS2 = 0.10 uM
MW = 316.36 selectivity ratio = 880 1C50/SMS1 = 56 uM
MW = 625.57 selectivity ratio = 560
MW = 369.78

Fig 1. Chemical structuresof reported sphingomyelin synthase inhibitors.

In the current study, 2-(benzyloxi-arylbenzamide derivatives were
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discovered as a novel series of SMS2 inhibitore fEpresentative compound Ly93
was proved with the selectivity ratio of more tHe4D0-fold for purified SMS2 over
SMS1. Thanvitro biological evaluations were performed on Ly93tfa exploration
of the potential anti-atherosclerotic mechanismsalfy, Ly93 was put into thén
vivo studies and exhibited significant anti-atherostleractivities in apoE KO mice.
The research in this paper indicated that the gedéeimhibition of SMS2 would be a

promising treatment for atherosclerosis.

2. Experiments and Results

2.1 The discovery of 2-benzyloxybenzamides as novel SMS2 inhibitors.

Although thea-aminonitrile group oD2 could play a role in the inhibition of
SMS based on the docking model bEMS1 [28], the latent toxigenicity of
a-aminonitrile precluded the further application D2 in thein vivo medication of
atherosclerosis. Thus, as showtrig. 2, scaffold hopping was firstly conducted on
the a-aminonitrile group (section A) of the previouskported SMS2 inhibitoD2
[28] to eliminate the potential toxigenic effectf the lead compound?2. The
detailed approaches of scaffold hopping were shiovBupplementary Fig. 1. The
compounds derived frond2 were then validated by the SMS2 inhibition assay
using SMS2 over-expressed insect cell lysate. Asvahin Supplementary Table 1,
only the compoundD2-e retained the SMS2 inhibitory activity with thesfSralue
of 13.4uM, while the other compound32-a, b, c, d were less potent. The results
indicated that the amide group DR-e, similar to thea-aminonitrile group, could
accommodate to the steric restriction and the mlet effects of the binding site
[28]. It was also estimated that the amide growget{sn A) of D2-e might be vital
for the SMS2 inhibition as well as for the improvptysicochemical property.
Based on the docking model &f2-e with hSMS2 which was derived from the
previously reported model ¢fSMS1 [34], the further chemical modifications were

performed on the section B to investigate the sinecand activity relationship
6/62
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(SAR). Finally, as the benzyl group was locatethatposition between two helixes
with space tolerance, substitutes with differemicebnic and steric effects were
introduced onto the benzene ring to explore the ®ARe section C and discover

more potent and selective SMS2 inhibitors.

A A B
/E’N (6] 0] P |
@ N )KN SAR e
H om
N i pgr) g
o (o I
‘:/ | N \\\\\
\\\ = R/; C
D2 D2-e 2-benzyloxybé;1zamides

Fig 2. The design strategy and SAR study of 2-benzyloxybenzamides as novel
SMS2 inhibitors.
2.2 The synthesis of novel 2-benzyl oxybenzamides.

2-benzyloxybenzamide®&-11 were firstly designed to investigate the SAR of
the section B of the compoulm®-e. Compounds-11 were synthesized according
to theScheme 1. IntermediateS8a and3b were synthesized through the nucleophilic
substitution reaction of methyl salicylate with benzyl bromide2a and 2b
respectively. Ther3a and 3b were hydrolyzed to give 2-benzyloxybenzoic atad
and4b respectively. Thda was reacted with thionyl chloride and ambag5b, 5d or
5e sequentially to gives, 7, 9 and 10. Compound8 was prepared through the
condensation ofa with cyclohexanamin&c. Compoundll was obtained from the
condensation of4b with N-boc-piperidin-3-amine5f and subsequently the

deprotection of the Boc group.

(0]
COOMe COOH
COOMe a cord NHG
e o My = O
0 o)
oH BT g N HZNHG
N N
Z _JR | R s5a5f | 1r
1 = ¥z
2aR=H 3aR=H 4aR=H 6-11
2b R = 2-Cl 3bR = 2-Cl 4bR=2Cl

Scheme 1. The synthetic route for 2-benzyloxybenzamides 6-11. Reagents and

conditions: (a) KCO;s, acetone, rt; (b) 1) 4 M NaOH (aq), €bH; 2) 2M HCI (aq);
7162
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(c) 1) SOC}, Pyridine (cat.), reflux; 2) Pyridine, GBIy, 0°C to rt; (d) 1) EDCI,
DMAP, CH,Cl,, 0°C to rt;2) HCI (aqg, con.), EA.

2-benzyloxybenzamide$9-45 were designed to investigate the SAR of the
section C of the compourid). Compoundsl9-45 were synthesized according to the
Scheme 2. The key intermediatd2 was prepared through the debenzylation of
compound10 under the hydrogen and catalytic palladiubdc and 15d were
synthesized through the nucleophilic substitutidrb-ahlorosalicylic aldehydd3
with bromoalkane. Commercially available reagelia and15b coupled withl5c
and15d were reacted with sodium borohydride to give thazyl alcoholl7a-17d.
Meanwhile, intermediatd4a was obtained from the reduction 8 by sodium
borohydride and then with salicylic alcohtdb to afford benzyl alcohol7j-17n.
Commercially available benzoic acidia-16e were reacted with borane in
tetrahydrofuran to give benzyl alcoh@Ve-17i. Benzyl bromidesl8k-18x was
prepared from the bromination of benzyl alcohdig&a-17n with phosphorus
tribromide, and subsequently with the commerciabailable reagent48a-18;
provided the target compound9-22 (the compound 22 was named as Ly93),
24-33 and 36-45 by reacting with the key intermediat@. Finally, benzyl alcohols
170-17q directly provided the target compouri8 34 and35 through the Mitsunobu

reaction withl12.

@ﬁ T e,

15a-15b 17a-17n
15¢ R = 2-O(CH;)5CH3,5-Cl 170-17q

15d R = 2-O(CH,)gCH3,5-Cl g
e N
d aorc
R j f h
OH

16a-16e

J
14aR=Cl 4 - o}
14bR =H o}
18a-18j =N I N
18k-18x N |
H R
OH
19-45

8162
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Scheme 2. The synthetic route for 2-benzyloxybenzamides 19-45. Reagents and
conditions: (a) KCOs, CHCN, 60°C; (b) K:COs, acetone, rt; (c) BCOs;, DMF, 100
°C; (d) NaBH, C,HsOH, 0°C to rt; (e) BH, THF, 0°C to rt; (f) PBg, CH,Cl,,0°C
to rt; (g) H, 10% Pd/C, CKOH, rt; (h) DEAD, PBP, THF, 0°C to rt.

The structures of all newly synthesized compoundsevelucidated from their
analytical and spectroscopic data which were ctbm theM aterial and M ethods
andSupplementary Material.

2.3 Thein vitro SMS2 inhibitory activities of novel 2-benzyl oxybenzamides.

All the newly prepared compounds were further eatld the SMS2 inhibitory
activities on the SMS2 over-expressed insect gaehte. The SMS2 inhibitory
activities of 2-benzyloxybenzamides were showhahle 1. The results revealed that
27 compounds were more potent SMS2 inhibitors tB2re (IGo= 13.4 uM).
Among them, 11 compounds exhibited robust SMS2bitdry activities with the
ICso values lower than 1 pM. Compou#a8 with the 1Govalue of 0.431M was most
effective than other 2-benzyloxybenzamides on &3 inhibition.

Table 1. The SMS2 inhibitory activities of 2-benzyloxybenzamides 6-11 and

19-45.
B
0 (j o
©\/U\N SAR NHG
H H...M __
(o) O
| X
= R C
D2-e 2-benzyloxyb¢_e;12amides
6-11, 19-45
Compd. G m R SMS2
ICs0 (M)?
D2 13.5
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D2-e g@ 0 H 13.4
6 g@ 1 H 34.2
7 }5@ 1 H 49.0
8 %O 0 H 43.4

9 -4 7 0 -H 11.7

10 5@ 0 -H 3.2
—N
H
N
1 Q 0 2-Cl > 100
i

19 40 0 2-F 3.5

20 -g@ 0 2-Cl 1.1
1 g@ 0 2-CH 15

22 (Ly93) g@ 0 2-CHs 0.88

23 =d 0 2-CFy 2.1
—N

24 40 0 2-CN 318
—N

25 40 0 3-F 1.6
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29

30

31

32

33

34

35

36

37

38

39

3-Cl

3-CN

2-Cl, 5-F

2-Cl, 6-F

2,5-di-Cl

2,6-di-Cl

2-F, 3-Cl

2-CHgs, 5-F

2-CHs, 5-Cl

2-CHs, 3-Cl

2,6-di-CH;

2,5-di-OCH

2-0OCH;, 5-Cl

2-O(CH),0CHs, 5-Cl
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0.74

15

0.99

0.69

3.1

0.74

11

3.8

0.89

2.8

0.67
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40 s 0 2-O(CH):0CHs, 5-Cl 4.1

—N
M 4 /_I: 0 2-O(CHp).Cl 1.3
42 4 /_N\ 0 2-O(CHy)sCl 0.67
43 4 /_N\ 0 2-O(CHy)eCl 0.47
44 4 /_I: 0 2-O(CHy)sCHs, 5-Cl 0.52
45 4 /_I: 0 2-O(CHy)sCHs, 5-Cl 0.43

#1Csp values are the means of three separate deterarisain SMS2 over-expressed insect cell
lysate and were determined by more than five cdmatons of each inhibitor. Statistical
calculation of 1Gyvalues was performed on GraphPad Prism 5.02 (GeabBBftware, Inc.).

2.4 The SARs of 2-benzyloxybenzamides as novel SMS2 inhibitors.

In order to explore the interesting enzymatic peofia preliminary
structure-activity relationship of 2-benzyloxybenmddes was analyzed on the basis
of in vitro enzymatic activities.

The SMS2 inhibitory activities were dramaticallydueed by not only the
introduction of methylene6(vs D2-€) but also the substitution of phenyl with a
saturated ring§ vs D2-e). Compound® and 10 had improved SMS2 inhibitory
activities due to the substitution of phenyl wityrigyl. The aromatic groue was
proved to be crucial for SMS2 inhibition by coman of10 with 11.

Substituent group Ras also important for the SMS2 inhibitory actiegtiof
2-benzyloxybenzamides. The SMS2 inhibitory actegtiwere enhanced by the
introduction of a chlorine aton2@) or an alkyl group41, 22) onto the ortho-position
as well as halogen atom25( 26) onto the meta-position. However, the presence of

12/62
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ortho- or meta- cyano grou®4, 27) could dramatically weaken the inhibitory
activities toward SMS2. Furthermore, the SMS2 iithily potency could be further
elevated by the dual substitution of halogen atomalkyl groups at 2,5- and 2,6-
positions. It exhibited the superimposed effects amlvantaged groups. The
hydrophobic chain of C4-C7 alkoxy group on the offiosition 41-45) were also the
advantaged groups for improving the SMS2 inhibifooyency.

The structure-activity relationships achieved blge2rzyloxybenzamides would
be helpful for developing more potent SMS2 inhitstm the future.

2.5 Thein vitro inhibitory activities and selectivity of Ly93 against purified SMS1
and SMS2.

Among the 2-benzyloxybenzamides derivatives sholbave, the novel small
molecule Ly93 was designed, synthesized and validéts structural spectra were
shown inSupplementary Fig. 2), and showed to be one of the most potent SMS2
inhibitors. Due to the distinguished SMS2 inhibytaictivity and optimal properties,
Ly93 was selected for the further studies. As SM8d SMS2 purified enzymes
were expressed (unpublished work from Prof Yu C#ojyas possible for us to
evaluate then vitro inhibitory activities and selectivity of compoung93 against
purified SMS1 and SMS2. As a result, as shownFig. 3, Ly93 exhibited
dose-dependent SMS inhibitory activities towardfpprd SMS1 and SMS2. The ig
values of Ly93 were 91 nM and 1338 toward purified SMS2 and SMS1
respectively. The selectivity ratio of Ly93 was #0D-fold for purified SMS2 over

SMS1. Therefore, Ly93 was proved to be a novelmdelective SMS2 inhibitor.

A B C
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n
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Y {2}
o o
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Fig 3. Theinhibitory activities of Ly93 against purified SMS1 and SMS2 in vitro.
(A) The inhibitory activity of Ly93 against puriiteSMS1 enzymén vitro. (B) The
inhibitory activity of Ly93 against purified SMS2xeymein vitro. The results were
expressed as percent of SMS1 or SMS2 activitieglmcle groups in which there is
no inhibitor. (C) The dose-dependent inhibitorynaties of Ly93 against purified
SMS1 and SMS2 enzyme respectiviglyitro. The 1G value of D2 toward purified
SMS2 was 20.9M. The inhibitory rate of D2 toward purified SMS1 sva7 % at
the concentration of 100M. The IG, value of Ly93 toward SMS1 was tested with
ten concentrations. The d€value of Ly93 toward SMS2 was tested with eight
concentrations. Values were shown in means +5D3.

2.6 The molecular docking study.

Molecular docking study was performed to investgtite interaction of Ly93
with hSMS2 which was derived from the previously reportemtiel ofhSMS1 [34]
and built through homology modeling. The bindingdes of Ly93 witthSMS2 were
shown inFig. 4A. As it was shown, Ly93 located at the active sfteSMS2 which
was responsible for SM production and thus blodkedentry of the substrate PC.
The key binding forces between Ly93 ameMS2 were hydrophobie-n stacking
and van der Waals interactions. The central phemyiety formed hydrophobic
interactions with 11e278 and Leu225. It also formeed-n stacking interaction with
His229 and van der Waals interactions with His2i@ &lis272 respectively. The
pyridine ring formedrt-n stacking and van der Waals interactions with T¢r2ad
Tyr282. Moreover, as Ly93 located close to thexhdtie detrimental steric hindrance
limited the structural modification. The benzenegriof benzyl group formed a
cations interaction with Arg286 which could be reinforcey the electron-donating
substitution of the benzene ring. Besides, the dpluobic substitution of the
ortho-position on the benzene ring of benzyl groapld improve the hydrophobic
interaction with lle263 and thus enhance the inbrlgi potency against SMS2.

Meanwhile, as the benzene ring of benzyl group laeated at the position between
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two helixes and the space tolerance was improves ldng alkoxy chain at the
ortho-position of the benzene ring could reachstiméace of the protein, increase the
hydrophobic property and improve the SMS2 inhilyitactivities. As shown ifrig
4B, 1le278 inhSMS2 had a hydrophobic interaction with the cemnghrenyl moiety of
Ly93, while Val334 at the same site WSMS1 did not show similar hydrophobic
interaction. The conformation of Ly93 could be diaed by the compact
hydrophobic pocket ilSMS2. This difference may contribute to the inlabyt
selectivity of Ly93 betweernSMS1 andhSMS2. The docking studies were in
accordance with the results of enzymatic assaygaveé more SAR information of

2-benzyloxybenzamides.

H272

SMS1_V334
k/{

SMS2_1278

Fig 4. The molecular docking results of Ly93 with hSMS2 and hSM S1. (A) The
binding mode of Ly93 witthSMS2. (B) The overlay map of binding modes of Ly93
with hSMS1 (yellow) andhSMS2 (red). The ribbons in colors stand for the six
transmembrane (TM1-TM6) ¢iSMS2 andhSMS1. Carbon, oxygen, nitrogen, and
hydrogen atoms of the Ly93 molecule are coloredemyraed, blue and gray,
respectively.

In order to investigate the biological actions elestive SMS2 inhibitor, thn

vitro andin vivo biological evaluations were subsequently performed Ly93.
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2.7 The biological effects of Ly93 on the apoB secretion from Huh7 célls,
intracellular SMS activity and cholesterol efflux in macrophages.

The secretion of apolipoprotein B (apoB) and th#uefof cholesterol are
important processes of cells that are involvecheandevelopment of atherosclerosis.
ApoB which is synthesized in the liver is acknovwged as an atherogenic
lipoprotein. It is also the major protein componehVLDL and chylomicron (CM)
in which SM is enriched [1, 6, 35, 36]. In orderihwestigate the impact of SMS2
inhibition on apoB particle production, Huh7 celishuman hepatoma cell line, were
firstly treated with Ly93. Then apoB secretion fridme Huh7 cells was analyzed. As a
result, the treatment of Ly93 diminished apoB swmnefrom Huh7 cells in a
dose-dependent mannéii@. 5A). It was suggested that the inhibition of SMS2 in
the liver could decrease the production of athemmgigpoprotein.

As it is known that the cholesterol efflux from maghages plays an important
role in reverse cholesterol transport that is anatherogenic process [37]. In order
to study the effects of Ly93 on the cholesterolugfffrom macrophages, the bone
marrow-derived macrophages were treated with diffeconcentrations of Ly93. As
a result, the treatment of Ly93 not only signifitgmeduced SMS activityHig. 5B)

but also increasethe cholesterol efflux in a dose-dependent fasffog 5C).
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Fig 5. The biological effects of Ly93 on the apoB secretion from Huh7 cells,
intracellular SM S activity and cholesterol efflux in macrophages. (A) The effect
of Ly93 on the apoB-containing particle secretiomi Huh7 cells. Huh7 cells were
treated by Ly93 for 17 h and then were labeled ft8]-methionine in the presence

of vehicle or Ly93 for 2 hours. The medium was eciéd to detectS]-apoB and
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the quantitation was displayed. (B) Ly93 inhibitagrophage lysate SMS activity in
a dose-dependent manner. (C) Ly93 treatment sigmifiy increased macrophage
cholesterol efflux toward HDL. Values are mean + 8B 5. *P < 0.05, *P < 0.01,
*** P <(0.001.

2.8 Thein vitro inhibitory activities of Ly93 against the secretion of LPS-mediated
pro-inflammatory cytokine and chemokine in macrophages.

Our previous studies have shown that SMS defici@mayacrophages promotes
inflammatory responses and subsequently leadsetattenuation of atherosclerosis
in mouse models. The mechanism was attributedetoetiucedSM levels in plasma
membrane lipid rafts [10-12]. Experiments were perfed to investigate the effect
of the selective SMS2 inhibitor Ly93 on the inflamtory factors of macrophages.
Firstly, the production of IL-6 which is a well-kmm pro-atherogenic cytokine [38]
was analyzed when the macrophages were treatedLy®B. As shown irFig. 6A,
the treatment of Ly93 could dose-dependently agtnuhe LPS-induced IL-6
secretion in macrophages with the comparison of dbetrol. Subsequently,
macrophages were pretreated with Ly93 and therukdted by LPS (50 ng/ml). The
activation of NkB which is a key inflammatory downstream of TLR4 in
LPS-induced macrophages was determined. As showfign6B, the levels of
cytosolic kBa in macrophages were directly increased in a depemtdent manner
by the treatment of Ly93. Thus, the activation oFB was indicated to be
attenuated by Ly93. Furthermore, the production MCP-1 which is a
pro-inflammatory chemokine was measured in theucalltnedium of Ly93-treated
macrophages. As shown kig. 6C, the levels of MCP-1 in the culture medium of

macrophages were also decreased by the Ly93 treaaitme
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Fig 6. The in vitro inhibitory activities of Ly93 against the LPS-mediated
pro-inflammatory cytokine and chemokine secretion in macrophages. (A) IL-6
secreted by macrophages in culture medium after(B$hg/ml for 16 h) treatment.
(B) Western blot of ¥B after LPS treatment (insert) and the quantitatiees
displayed. (C) MCP-1 production in macrophages cediby LPS. Values are mean +
SD,n=7.*P<0.05, *P < 0.01.

2.9 The pharmacokinetics of Ly93.

Studies on the pharmacokinetics of Ly93 were peréat on C57BL/6J mice
according to the procedures shown in the parMeterials and Methods. The
representative mass spectra and chromatograms9& ibyplasma were shown in
Supplementary Fig. 3. The plasma concentration-time profiles of differd.y93
doses were shown ifrig. 7A. The pharmacokinetic parameters of Ly93 after
intragastric administration in C57BL/6J mice wel®wn inSupplementary Table
2. The AUG-grcould amount to 6.26g- h/ml and the maximum concentrati@£,)
could reach 6.12 pg/ml when mice were treated byirtlragastric administration
with a single dose of Ly93 (50 mg/kg). Moreoversaswn inFig. 7B, the AUG.gh
were linearly correlated with the intragastric adistration doses of Ly93 (R=
0.989). The highvz/F indicated that compound Ly93 was with good perniigab
The pharmacokinetic results demonstrated that comgbd.y93 with reasonable

physicochemical properties was suitable for théhenin vivo evaluations.
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Fig 7. The pharmacokinetics of Ly93. (A) Plasma concentration-time profile of
Ly93. (B) The correlation between Ly93 Algnand dose from 25 to 100 mg/kg
after i.g. administration. Values are mean = 8B,6.

2.10 The effects of Ly93 on plasma SM levels and liver enzymesin C57BL/6J mice

in vivo.

SM levels in the circulation are closely associatgtth lipoprotein metabolism
and the development of atherosclerosis [2, 7].rtfento investigate the impact of
Ly93 on the plasma SM levah vivo, C57BL/6J mice were treated with Ly93 (100
mg/kg, i.g.) once daily for 7 days. The plasma ®Mels were analyzed at day 0, 3
and 7. As shown ifig. 8A, the treatment of Ly93 significantly decreasedplasma
SM levels compared with vehicle group. At day & tloncentration of Ly93 in livers
were also determined and compared with the coretemtrof Ly93 in blood. It was
found that the Ly93 concentrations in livers wave{fold higher than that in plasma
(Fig. 8B). The enriched concentration of Ly93 in the liver Wbiavor the inhibition
of SMS activities and the attenuation of SM in plasin vivo. Moreover, the
concentration of plasma alanine aminotransferaseLTYA and aspartate
aminotransferase (AST) in C57BL/6J mice at day Tewdetermined to investigate
the impact of Ly93 on the liver enzymes. As showkig. 8C, the concentration of
plasma ALT and AST in Ly93-treated C57BL/6J miced diot exhibit significant
changes in the mice of the vehicle group. As theiaus reduction of SM level in

plasma was observed on Ly93-treated C57BL/6J nhig@3 as a selective SMS2
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inhibitor was investigated for its atheroscleratativities on the animal model.
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Fig 8. The effects on plasma SM concentration and liver enzymes by the
treatment of Ly93 in vivo. (A) Plasma SM levels at day 0, 3 and 7 after Lyi9R,(
100 mg/kg) treatment once daily for 7 dags=(10). (B) Ly93 distribution in blood
and liver measured at day 7 after Ly93 (i.g., 1a§/kg) treatment once daily for 7
days 6 = 5). (C) AST and ALT levels at day 7 after a gapplication of Ly93 (i.g.,
100 mg/kg) § = 10). Values are mean = SD,P% 0.01.

2.11 Thein vivo anti-atherosclerotic activities of Ly93 in apoE KO mice.

As it was shown irBupplementary Fig. 4, anin vivo experiment was designed
to investigate the anti-atherosclerotic activingéty93 in apoE KO mice which are the
acknowledged experimental animal model of spontametherosclerosis. Firstly,
thirty apoE KO mice which were eight-week-old hagkeb fed with the Western-type
diet for six weeks. Then thirty mice were equalliided into three groups and
subsequently had been treated (i.g.) daily withalehlow dose (12.5 mg/kg) and high
dose (40 mg/kg) of Ly93 respectively along withe Western-type diet for seven
weeks.

During the trial, the body weights of all apoE KQcmin three groups were
monitored weekly to investigate the effect of Ly@&8the normal growth of apoE KO
mice. As it was shown iBupplementary Fig. 5, the growth curves of apoE KO mice
did not significantly change in either group. Aeténd of the experiment, the levels of
ALT and AST in the plasma of apoE KO mice were ddsto investigate the

accumulative effect of Ly93 on the animal livers iwas shown ifsupplementary
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Fig. 6, the levels of ALT and AST in the plasma of apoE K@e which were treated

by Ly93 did not show statistic changes when congariéh the control group.

2.11.1 The effects on the liver SMS activities and plasma SM levels of apoE KO

mice by Ly93 treatment.

The livers of apoE KO mice were homogenized for de¢germination of SMS
activities. As shown irfrig. 9A, liver SMS activities in low dose and high doseups
showed significant reductions (-35% and -39%, respely; P < 0.05). Furthermore,
plasma SM levels of Ly93-treated mice were measutedas found that there was a
significant and dose-dependent reduction in the |8&\ls of Ly93-treated mice as
compared with control animals (-25% and -41%, respely; P < 0.05 andP < 0.01;

Fig. 9B).
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Fig9. Theliver SMS activitiesand SM levelsin Ly93-treated apoE KO mice. (A)
SMS activity in apoE KO mice liver after Ly93 tresnt. (B) Plasma SM levels in
apoE KO mice after Ly93 treatment. Low dose: 12g3kg, i.g., High dose: 40 mg/kg,
I.g.. Values are mean = SB= 10. *P < 0.05, **P < 0.01.

2.11.2 The blood cell analysis of apoE KO mice by flow cytometry after Ly93

treatment.

SM levels on the plasma membrane of certain bl@d,csuch as lymphocytes,

are closely associated with inflammation and theetbgment of atherosclerosis. Flow
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cytometry was utilized to evaluate the effect oBBytreatment on blood cells which
participate in the process of atherosclerogis.shown inFig. 10A and 10B, the
lymphocyte in mice of Ly93-low dose grouand Ly93-high dose group were lowered
by 21% and 24% respectively compared with that efiicle-treated group. The
monocyte Fig. 10A and 10C) were significantly lowered in Ly93-low dose group
(-51%,P < 0.001) and Ly93-high dose group (-50& 0.001), compared with control
group. CD4+/CD8+ cell ratios were reduced in Ly®@+ldose groug-34%,P < 0.01)
and Ly93-high dose group (-37®< 0.01), compared with vehicle-treated grobjg(
10D and 10E). Moreover, CD11b+CD11c+ subset of dendritic cellsy93-high dose
group was dramatically decreased by 5%4<(0.05), while no significant changes
were found between Ly93-low dose group and corgroup Eig. 10F and 10G).
CD11b+Ly6C++ and Ly6G+cells were attenuated by 18% 0.05) in Ly93-low dose
group and 43%K < 0.01) in Ly93-high dose group compared with vishgroup Fig.
10H and10l).
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Fig 10. The blood cell analysis by flow cytometry in apoE KO mice after Ly93
treatment. (A) Representatives of the analysis of blood nealtile granulocytes

(NG), lymphocytes and monocytes in vehicle and LyBsated animals. (B-C)
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Quantitative display of gated lymphocytes and mgtex: (D) Representatives of the
analysis of blood CD4+ T cells and CD8+ T cellg. (uantitative display of the ratio
of CD4+ and CD8+ T cells. (F) Representatives oé thnalysis of blood
CD11b+CD11c+ dendritic cells. (G) Quantitative disgpof the percentage of the
dendritic cells. (H) Representatives of the analysi blood CD11b+Ly6c+Ly6G+
cells. (I) Quantitative display of CD11b+Ly6c+Ly6Gells. Values are mean + S,
=5, *P < 0.05, *P < 0.01, **P < 0.001.

2.11.3 The effects on the development of atherosclerosis in apoE KO mice by

Ly93 treatment.

ApoE KO mice were sacrificed after 7 weeks of tmeatt with Ly93. The
proximal aortae and aortic arches of mice in eacbum were dissected and
photographed. The lesion areas of mice in eachpgwere measured to evaluate the
inhibitive effect of Ly93 on atherogenesis. Aoréiches with atherosclerotic plaques
were shown irFig. 11A. All mice were found present lesions in aortidh&s However,
those of Ly93 groups were noticeably smaller tHaosé¢ of vehicle-treated group. In
addition, significantly reduced lesion areas in 3y6w dose groupand Ly93-high
dose group were revealed by oil-red O in the wiaolga of apoE KO mice (-32%nd
-41%, respectively? < 0.05 and® < 0.01;Fig. 11B and11C). Furthermore, there were
dose-dependently decreased lesions between twottg88d groups. The proximal
aorta of mice in Ly93 groups also showed decretes#dn areas by hematoxylin and
eosin (H&E) staining compared with animals in védriteated group (-38% and -50%,
respectively;P < 0.01;Fig. 11D and 11E). Immunostaining was then performed to
determine macrophage accumulation and investigatedffection of Ly93 treatment
on the composition of lesions in the aortic rooapbE KO mice. Although all sections
stained positively for monocyte/macrophage markgit®MA), mice in Ly93-treated
groups had a significant reduction in macrophagetesd compared withthat in

vehicle-treated group (-28% and -55%, respectiviely; 0.05 andP < 0.01;Fig. 11F
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Fig 11. The effects on the development of atherosclerosisin apoE KO mice with
Ly93 treatment. 8-week-old apoE KO mice were fed with a high fad &holesterol
diet for 6 weeks, and then the mice in three grougre treated with vehicle (i.g.), low
dose Ly93 (12.5 mg/kg, i.g.) and high dose Ly93 rf#fkg, i.g.) respectively every
day for 7 weeks. (A) Aortic arches with atherosaier plaques (red arrows). (B)
Enface aortic plaque analysis after Oil Red O staining. @iantitative display oén
faces aortic plaque. (D) Aortic root assay for lesionamrafter Hematoxylin and eosin
staining. (E) Quantitative display of lesion areas the aortic root. (F)
Immunohistochemical staining of macrophage accutiauan lesions (shown as
brown stained regions indicated by blue arrows)) @uantitative display of
macrophage content. Quantifications were done bygubnage J software. Six
alternate sections (gm thick) sliced from paraffin-fixed aortic root $ises of each
transplanted mouse were used for the analysise¥adne mean + S. = 9, *P <

0.05, **P < 0.01.
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3. Discussion and Conclusion

In this study, the 2-benzyloxybenzamide (D2-e) Watly discovered as SMS2
inhibitor through scaffold hopping of lead compoub@. D2-e was tested with
moderate SMS2 inhibitory activity (kg = 13.4 uM). Then, a series of
2-benzyloxybenzamides were designed and synthesitedugh structural
optimization. The newly obtained compounds were iptd the evaluation of the
SMS2 inhibitory activities. The results wf vitro enzymatic assays revealed that the
optimized compounds had significantly improved ®B&IS2 inhibitory activities
compared with D2-e. The structure-activity relasibips were also studied based on
thein vitro enzymatic inhibitory activities. The 2-benzyloxykzemides were proved
to be with more potential toward SMS2 inhibitiordamgher selectivity over SMS1
than the oxazolopyridine derivatives obtained frim lead compound D2 [31].
Furthermore, the 2-benzyloxybenzamide compo@fdwith improved inhibitory
activity toward purified SMS2 (1= 1.5uM) became an optimal lead compound
that promoted the discovery of 4-benzyloxybedhspxazole-3-amine derivatives
as selective SMS2 inhibitors [33].

Among the 2-benzyloxybenzamides, the novel smalemde Ly93 was one of
the most potent SMS2 inhibitors. Considering itsnpinent SMS2 inhibitory activity
and optimal properties, Ly93 was selected for fntlstudies. Fortunately, it
exhibited nanomolar inhibitory activity against iied SMS2 (IGo= 91 nM). The
selectivity ratio of Ly93 was more than 1400-folor purified SMS2 over SMS1
(ICs0= 133.9uM). The binding modes of Ly93 with the homology rebdf hSMS2
were predicted by the molecular docking studyeidnstrated that Ly93 bound with
hSMS2 at the same active site as other reported SM&Bitors [28, 31, 33].
Therefore, Ly93, as a novel selective SMS2 inhibiteas utilized as a validation
tool for the investigations of SMS2-relevant patlsa

In Huh7 cells, the treatment of Ly93 decreased &peB secretion from
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hepatocytes in a dose-dependent manner. It wasdor@dance with the previous
studies that SM has significant effects on the baiam of atherogenic lipoproteins
[1]. In macrophages, Ly93 attenuated the intrat®lluSMS activity and
simultaneously increasedhe cholesterol efflux that involves in the reverse
cholesterol transport and anti-atherogenic procekseover, due to the decreased
SM in the macrophage membrane, Ly93 depressedetiret®n of LPS-mediated
pro-inflammatory cytokine and chemokine from matrages indirectly. Since it has
been reported that cellular SM in macrophage is oh¢he major factors that
modulate the atherogenic functions of macrophag@g, jiLis conceivable that SMS
inhibition-mediated membrane SM reduction couldeéhawensequences in terms of
macrophage inflammation and cholesterol efflux Whare the critical factors of
atherogenesis. The effects of Ly93 on the cholektefflux and inflammatory
responses in macrophages could further contribotethe anti-atherosclerotic
activitiesin vivo.

Considering the linear correlation of Allgnbetween doses of Ly93 after
intragastric administration, Ly93 was further sedlthe SMS inhibitory activities
vivo. Ly93 induced the inhibition of SMS that specifigaeduced the plasma SM
levels in C57BL/6J mice without obvious effects thre liver enzymes. This could
make contributions to the reduction of atherosdisranediated by SM-enriched
lipoproteins.

Since the reduction of plasma SM levels was obsenve Ly93-treated
C57BL/6J mice, the furthen vivo studies were conducted in apoE KO mice that are
an acknowledged model of spontaneous atherosderdsie 7-week treatment of
Ly93 significantly decreased the SMS activitiesnice livers and SM levels in
plasma in a dose-dependent manner. However, thelsleaf cholesterol and
triglyceride in apoE KO mice were not significanttppacted by the treatment of
Ly93 (Supplementary Fig. 7). It was indicated that the selective inhibitidristMS2

could specifically reduce the SM level.
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In previous studies, it has been reported that Ml on the plasma membrane
of lymphocytes and monocytes are closely associaitidl inflammation and the
development of atherosclerosis [39, 40]. In thiglgt the SMS inhibition with the
treatment of Ly93 could reduce the lymphocytes mathocytes in apoE KO mice
indicating the decreased inflammatory responses ahdrosclerosis. It was also
demonstrated that inhibition of SMS activity cousdse the ratio of CD8+T/CD4+T.
The results were in accordance with the reportedies that a subset of CD8+T cells
could reduce atherosclerotic lesions in apoE KCerfdd].

In the process of atherosclerosis developm&iD11lb+CD11c+ subset of
dendritic cells was rapidly increased [42-44]. Dendritic cells Ire taorta intimal
rapidly ingest lipid and become foam cells wheneanigere fed with high fat/high
cholesterol diet. Depletion of these intimal detidigells reduces foam cell formation
[43]. Deficiency of CD1lc+, a surface marker on ditic cells, reduced
atherosclerotic lesions [44]. Our result indicatdtht SMS inhibition reduces
CD11b+CD11c+ dendritic cellsn the blood Fig. 10F and 10G). This could
contribute to the reduction of atherosclerosisgnEa KO mice. CD11b+Ly6C+ and
Ly6G+ cells (granulocytic myeloid-derived suppressor cellsngtacytic MDSCS)
are also involved in pro-inflammatory processes e@mwnic inflammation [45, 46].
These cells were reduced by Ly93 treatment in @-dependent manndfig. 10H
and 10l). The significance of these changes, related to atherosclerosis, deserves
further studies.

Finally, the body weights and liver enzymes of LytB&ated apoE KO mice did
not exhibit significant changes with those of védigroup. It could suggest that the
Ly93 scarcely induce side-effects on the apoE K@emiunder the safe treatment of
Ly93 for 7 weeks, the selective SMS2 inhibitor attated the atherosclerotic plaque
in aortic arches and root as well as in the ertoea. Meanwhile, the accumulation
of macrophages in atherosclerotic lesions was ptedeby Ly93. As macrophages

participate in the atherogenic processes includnigmmatory responses and the
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formation of foam cells, the reduced macrophageativerosclerotic lesions could
suggest that Ly93 directly impact the macrophadesugh which it indirectly
prevents the development of atherosclerosis.

In summary, 2-benzyloxybenzamides were discovesatbael SMS2 inhibitors.
Ly93 was found to be a novel orally efficaciouseséve SMS2 inhibitor with
nanomolar SMS2 inhibitory activity. Imn vivo studies, Ly93 dose-dependently
inhibited the liver SMS activities, reduced the gplea SM levels and finally
attenuated the development of atherosclerosis. rEselts of in vitro assays
demonstrated that Ly93 diminished apoB secretiomfHuh7 cells, reduced the
SMS activity and increasedholesterol efflux in macrophages in a dose-dep@nde
manner. Meanwhile, Ly93 could inhibit the secretioof LPS-mediated
pro-inflammatory cytokine and chemokine in macrap® These preliminary
molecular mechanism-of-action studies showed thy&3Lcould affect both lipid
homeostasis and inflammation process. To our kniyeeit is the first study that
selective SMS2 inhibitor is investigated the amiiesosclerotic activitiesn vivo,
which would make contributions to the further sasdion the SMS2-relevant
pathways and promote the development of selectiM&Z inhibitor to be a

promising treatment for atherosclerosis.

4. Materialsand Methods

4.1 Materials

Reagents used in the chemical synthesis were medh&om commercial
sources and were used without further purificaBaoept for the special case. Flash
column chromatography was carried out at mediurssane using silica gel (200-300
mesh) purchased from Qingdao Haiyang Chemical @b. All the reactions were
monitored by thin layer chromatography (TLC) oncsilgel. Mass spectra data were
given with electrospray ionization (ESI) produce¢ kB Finnigan MAT-95,

LCQ-DECA spectrometer and lonSpec 4.7 T. MS. Higbotution mass spectra data
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were given byAB 5600+ Q TOFHNMR and**CNMR spectra data were obtained
on Varian Mercury Plus 400 spectrometers working(ft MHz or Bruker Ascend™
600 spectrometers working at 600 MHz. Chemicalslid) were reported in parts per
million (ppm) relative to internal tetramethylsiB{rMS) and] values were reported
in Hertz. Peak multiplicity was described as sih@#g, doublet (d), triplet (t), quartet
(q), multiplet (m), double doublet (dd), doubleptet (dt), double-double doublet
(ddd), triple doublet (td). The purities of all ted 2-benzyloxybenzamides were
higher than 95% by HPLC, which were performed oi\gitent 1260 HPLC system
(Agilent Technologies, Palo Alto, CA, USA) with al&l1B quaternary pump, a
G1329B ALS and a G4212B DAD detector. An Agilent8CRP column (250 mm x
4.6 mm, 5um) was employed in the chromatographic separatidhe HPLC
method consisted of the following: column tempemt25°C; inject volume 2Qul;
HPLC solvent HO (0.1% formic acid)/methanol = 25/75 (v/v); flowate of 1.0
ml/min; detector wavelength of 254 nm. Melting geiwere determined by an SGW
X-4 thermometer and were uncorrected (slide methbw yield was not optimized.
6-((N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)Jamino)hexanesphingosine  (C6-
NBD-Cer) and 1,2-dimyristoy$n-glycero-3-phosphocholine (DMPC) were
purchased from Santa Cruz Inc (USA). Milli-Q demsd water from a Millipore
water purification system (Bedford, MA, USA) wasedsthroughout the study. All
other reagents were of analytical gradeulbecco’s modified Eagle’s medium
(DMEM) and fetal bovineserum (FBS) were purchasétbm Thermo Scientific
HyClone, Shiyi Biotechnology, Shanghai, China. 3fS|]-methionine (specific
activity 1175 Ci/mmol) and Cholestero[1, 2-*H(N)] (49.0 Ci/mmol) were
purchased from Perkin EImeéBpston, MA.Chromatographically purified LPS from
S. Minnesota was purchased from Sigma-Aldrich, L®uis, MO. kBa Rabbit
antibody was purchased from Abcam (ab32518ale (C57BL/6J) mice aged 8
weeks were purchased from the Animal Center ofSbkool of Pharmacy, Fudan

University, Shanghai, China. All animal experimewesre approved by the Animal
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Care and Use Committee of the University of Fudahweere in accordance with the
National Institutes of Health guidelines.
4.2 Chemistry

All intermediate compounds' experimental conditiand their data for structure

elucidation were collected in tt8ipplementary Material.
4.2.1 General procedure for the preparation of 6, 7, 9 and 10

A mixture of4a (0.55 g, 2.4 mmol) in thionyl chloride (7.3 ml)cacatalytic
pyridine (0.04 ml) was stirred and refluxed for 45 After cooling to ambient
temperature, the thionyl chloride was evaporatedd ghe crude product
2-(benzyloxy)benzoyl chloride was obtained as liggltow solid.

A mixture of amine$ (2 mmol) in dichloromethane (10 ml) and pyridine3@®
ml, 4 mmol) was added the solution of 2-(benzyltwey)zoyl chloride (2 mmol) in
dichloromethane (10 ml) slowly at®. The reaction mixture was stirred at room
temperature for 2.0 h, washed with water and brineed over NgSQ,. After the
organic solvent was evaporated, the crude produas wurified by flash
chromatograph eluting with ethyl acetate/petroleetiver (1:2y: v) to afford6, 7,9
and10.

4.2.2 N-benzyl-2-(benzyl oxy)benzamide (6)

The title compound was obtained starting fréaand benzylamin&a (0.21 g,
2 mmol) according to the general procedure. 0.88 e solid6, yield 52.4%, m.p
73.4-75.5C. ESI-MS2): 318.2[M+H]. HRMS (ESI) of G;H1NO, [M+H] * calcd,
318.1489; found, 318.1496H NMR (400 MHz, DMSOsdg) 6 8.65 (t,J = 5.8 Hz,
1H), 7.69 (dd,) = 7.6, 1.8 Hz, 1H), 7.47 — 7.38 (m, 3H), 7.36 287(m, 3H), 7.24 —
7.17 (m, 6H), 7.02 (t, 1H), 5.21 (s, 2H), 4.43 Jds 6.0 Hz, 2H).**C NMR (101
MHz, DMSO-dg) 6 165.33, 155.76, 139.19, 136.43, 131.90, 130.18.4K? 128.24,
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127.96, 127.73, 127.10, 126.66, 124.03, 120.743118%9.91, 42.59. HPLC purity:
98.9%.

4.2.3 2-(benzyloxy)-N-(furan-2-ylmethyl)benzamide (7)

The title compound was obtained starting fréanand furan-2-ylmethanamine
5b (0.19 g, 2 mmol) according to the general procedQrl7 g white solid, yield
27.9%, m.p 45.1-47°C. ESI-MS@2): 308.1[M+H]. HRMS (ESI) of GgH1/NO3
[M+H]* calcd, 308.1281; found, 308.1284. NMR (400 MHz, DMSO#dg) & 8.56 (s,
1H), 7.72 (dJ = 7.3 Hz, 1H), 7.52 (s, 1H), 7.43 (dbiz 14.1, 7.3 Hz, 3H), 7.34 (dd,
J=15.1, 7.4 Hz, 3H), 7.21 (d,= 8.3 Hz, 1H), 7.03 (] = 7.4 Hz, 1H), 6.33 (s, 1H),
6.13 (s, 1H), 5.21 (s, 2H), 4.43 @= 5.5 Hz, 2H)*C NMR (101 MHz, DMSOdg)

0 165.02, 155.84, 151.93, 142.09, 136.35, 132.168,363 128.51, 127.95, 127.62,
123.37,120.80, 113.40, 110.44, 106.77, 69.96, 3¢ LC purity: 98.5%.

4.2.4 2-(benzyloxy)-N-(pyridin-2-yl)benzamide (9)

The title compound was obtained starting frdan and pyridin-2-aminesd
(0.19 g, 2 mmol) according to the general procedQrd6 g white solid, yield
60.0%, m.p 112.3-1146. ESI-MS(/2): 305.2[M+H]. HRMS (ESI) of
CigH16N>0, [M+H]* calcd, 305.1285, found 305.1293H NMR (400 MHz,
DMSO-ds) 6 10.58 (s, 1H), 8.30 (dd,= 4.8, 1.0 Hz, 1H), 8.22 (d,= 8.3 Hz, 1H),
7.86 (dd,J = 7.7, 1.7 Hz, 1H), 7.84 — 7.77 (m, 1H), 7.53 (@d; 13.9, 4.5 Hz, 3H),
7.39 — 7.28 (m, 4H), 7.12 (di,= 12.3, 4.1 Hz, 2H), 5.34 (s, 2HjC NMR (101
MHz, DMSO-ds) 6 163.93, 156.04, 151.56, 148.19, 138.33, 136.18,183 130.76,
128.45, 128.03, 127.72, 122.83, 121.15, 119.80,75130.35. HPLC purity: 99.0%.

4.2.5 2-(benzyloxy)-N-(pyridin-3-yl)benzamide (10)

The title compound was obtained starting fréarand pyridin-3-amin&e (0.19
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g, 2 mmol) according to the general procedure. @.2éite solid10, yield 46.7%,
m.p 107.6-108%C. ESI-MS(W2): 305.2[M+H]. HRMS (ESI) of GgHigNoO»
[M+H]* calcd, 305.1285, found 305.128B. NMR (400 MHz, DMSOsg) § 10.36 (s,
1H), 8.68 (d,J = 2.3 Hz, 1H), 8.27 (dd] = 4.7, 1.3 Hz, 1H), 8.10 (d,= 8.3 Hz, 1H),
7.69 (ddJ = 7.6, 1.6 Hz, 1H), 7.57 — 7.50 (m, 3H), 7.40 327(m, 4H), 7.30 (dJ =
8.3 Hz, 1H), 7.11 (t) = 7.4 Hz, 1H), 5.25 (s, 2H}*C NMR (101 MHz, DMSOdg) 6
165.40, 156.16, 144.85, 141.33, 136.98, 136.07,883230.34, 129.30 — 128.03,
126.73, 125.07, 124.15, 121.39, 113.84, 70.59. Hpw@y: 98.4%.

4.2.6 General procedure for the preparation of 8 and 11

To a solution offa or 4b (3 mmol) in dried dichloromethane (15 ml) was added
EDCI (0.86 g, 4.5 mmol) and DMAP (0.04 g, 0.3 mmatiD°C. After the aminéc
or 5f (3 mmol) was added into the mixture, the reactwas stirred at room
temperature for 2.0 h. Then the mixture was extaaetith ethyl acetate, washed
with brine and dried over N8O, After the organic solvent was evaporated, the
crude product was purified by flash chromatograplutirg with ethyl

acetate/petroleum ether to aff@@andll.
4.2.7 2-(benzyloxy)-N-cyclohexylbenzamide (8)

The title compound was obtained starting frdenand cyclohexanamingc
according to the general procedure. The crude ptodas purified by flash
chromatograph eluting with ethyl acetate/petroleetiner (1:20,v: v) to afford 8.
White solid, yield 36.6%, m.p 54.2-58@ ESI-MS@V2): 310.1[M+H]. HRMS
(ESI) of GoH23NO, [M+H] " caled, 310.1802, found 310.1836L NMR (400 MHz,
DMSO-ds) § 7.98 (d,J = 7.8 Hz, 1H), 7.75 (ddl = 7.7, 1.8 Hz, 1H), 7.54 — 7.49 (m,
2H), 7.49 — 7.33 (m, 4H), 7.24 @ = 8.2 Hz, 1H), 7.07 — 7.00 (m, 1H), 5.17 (s, 2H),
3.77 = 3.63 (m, 1H), 1.71 — 1.60 (m, 2H), 1.43Xd, 9.2 Hz, 3H), 1.26 — 1.11 (m,
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2H), 1.09 — 0.93 (m, 3H}*C NMR (151 MHz, DMSOde)  163.74, 156.13, 136.18,
132.10, 130.49, 128.52, 128.42, 128.33, 123.30,862013.23, 70.49, 47.35, 32.04,
25.22, 23.98. HPLC purity: 99.1%.

4.2.8 2-((2-chlorobenzyl)oxy)-N-(piperidin-3-yl)benzamide (11)

The title compound was obtained starting frdim and 5f according to the
general procedure. The crude product was purifiefldsh chromatograph eluting
with ethyl acetate/petroleum ether (v2y) to afford 11. White solid, yield 67.8%,
m.p 218.3-222%C. ESI-MS@2): 345.1[M+H]. HRMS (ESI) of GgH2:CIN,O,
[M+H] " calcd, 345.1364, found 345.136R. NMR (400 MHz, DMSOds) § 9.16 (d,
J = 55.6 Hz, 2H), 8.18 (d] = 7.5 Hz, 1H), 7.70 — 7.64 (m, 1H), 7.61 (dds 7.6,
1.4 Hz, 1H), 7.56 — 7.51 (m, 1H), 7.51 — 7.44 (i), 17.44 — 7.37 (m, 2H), 7.24 (d,
J=8.3 Hz, 1H), 7.05 () = 7.4 Hz, 1H), 5.25 (s, 2H), 4.17 — 4.06 (m, 181p2 (d,
J=10.4 Hz, 1H), 3.09 (d] = 12.4 Hz, 1H), 2.66 (d] = 32.8 Hz, 2H), 1.83 — 1.54
(m, 3H), 1.30 (ddJ = 19.7, 10.6 Hz, 1H}*C NMR (101 MHz, DMSQdg) 6 165.11,
155.45, 133.90, 132.32, 132.06, 130.19, 130.06,9729129.41, 127.45, 124.24,
121.01, 113.25, 67.53, 45.97, 43.18, 42.69, 22815. HPLC purity: 98.2%.

4.2.9 2-hydroxy-N-(pyridin-3-yl)benzamide (12)

To a solution ofl0 (5.01 g, 16.46 mmol) in methanol (85 ml) was addi@éb
Pd/C (0.25 g). The reaction mixture was stirre® atmosphere of hydrogen and
room temperature for 2.0 h. After the catalytic ®avas filtrated, the filtrate was
condensed ant2 was obtained as white solid (3.47 g, yield 98.6E8I-MS{z):
215.1[M+HT".*H NMR (400 MHz, DMSOds) J 11.65 (s, 1H), 10.53 (s, 1H), 8.88 (d,
J=2.4Hz, 1H), 8.35 (ddl = 4.7, 1.4 Hz, 1H), 8.17 (ddd,= 8.3, 2.4, 1.5 Hz, 1H),
7.95 (ddJ = 7.9, 1.6 Hz, 1H), 7.49-7.39 (m, 2H), 7.04-6.85 2H).
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4.2.10 General procedure for the preparation of 19-21, 24-28, 31 and 32

To a solution ofl12 (0.21 g, 1.0 mmol) in acetone (6 ml) was addedouesri
commercially avaliable benzyl bromid#8a-18j (1.0 mmol) and KCO; (0.28 g, 2.0
mmol). The reaction mixture was stirred at room genature for 1.0 h and then
evaporated the solvent. The residue was extractédethyl acetate, washed with
brine and dried over N&8Q,. After the organic solvent was evaporated, theleru
product was purified by flash chromatograph elutwith ethyl acetate/petroleum

ether (1:2y: v) to afford19-21, 24-28, 31 and32.
4.2.11 2-((2-fluorobenzyl)oxy)-N-(pyridin-3-yl)benzamide (19)

The title compound was obtained starting frathand 18b according to the
general procedure. White solidl9, vyield 71.9%, m.p 101.6-102G.
ESI-MS(m/2):323.2[M+H]". HRMS (ESI) of GgH15FN,O, [M+H]* caled, 323.1190,
found 323.1194*H NMR (400 MHz, DMSOedg) 6 10.56 (s, 1H), 8.86 (d,= 1.8 Hz,
1H), 8.39 (ddJ = 4.9, 1.1 Hz, 1H), 8.22 (d,= 8.4 Hz, 1H), 7.68 (dd] = 7.6, 1.7
Hz, 1H), 7.66 — 7.61 (m, 1H), 7.60 — 7.53 (m, 2H}4 — 7.34 (m, 2H), 7.25 (dd,
= 9.8, 8.9 Hz, 1H), 7.19 (td,= 7.5, 0.8 Hz, 1H), 7.14 (8 = 7.5 Hz, 1H), 5.33 (s,
2H). 3¢ NMR (101 MHz, DMSOdg) 6 165.57, 161.82, 159.37, 155.91, 142.66,
138.80, 136.87, 132.99, 130.97, 130.71, 130.30,0/29125.23, 125.00, 123.97,
123.83, 121.65, 115.98, 115.77, 114.03, 64.75. HPw@y: 99.1%.

4.2.12 2-((2-chlorobenzyl)oxy)-N-(pyridin-3-yl)benzamide (20)

The title compound was obtained starting frathand 18c according to the
general procedure. White solid20, vyield 75.4%, m.p 96.0-96Q.
ESI-MS(/2):339.2[M+H]". HRMS (ESI) of GgH15CIN,O, [M+H] " calcd, 339.0895,
found 339.0908'H NMR (400 MHz, DMSOds) 6 10.34 (s, 1H), 8.67 (d,= 2.4 Hz,

1H), 8.28 (ddJ = 4.7, 1.4 Hz, 1H), 8.13 — 8.07 (m, 1H), 7.69 (i¢; 7.7, 1.5 Hz,
34 /62
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2H), 7.54 (ddd,) = 9.1, 8.3, 1.3 Hz, 2H), 7.42 — 7.29 (m, 4H), 7(1,4 = 7.5 Hz,
1H), 5.34 (s, 2H)'C NMR (101 MHz, DMSO#de) & 165.34, 155.84, 144.90, 141.40,
136.08, 134.41, 132.86, 132.75, 130.41, 130.34,8729127.82, 126.68, 125.43,
124.12, 121.70, 113.94, 68.08. HPLC purity: 99.3%.

4.2.13 2-((2-methylbenzyl)oxy)-N-(pyridin-3-yl)benzamide (21)

The title compound was obtained starting fréthand 18d according to the
general procedure. White solid21, vyield 46.9%, m.p 95.9-980.
ESI-MS(/2):319.2[M+H]". HRMS (ESI) of GgH1gN-0, [M+H] " calcd, 319.1441,
found 319.1440'H NMR (400 MHz, DMSO#dg) § 10.37 (s, 1H), 8.61 (d,= 2.4 Hz,
1H), 8.27 (ddJ = 4.7, 1.4 Hz, 1H), 8.09 — 8.02 (m, 1H), 7.69 (dd; 7.6, 1.7 Hz,
1H), 7.58 — 7.52 (m, 1H), 7.50 (@= 7.5 Hz, 1H), 7.39 — 7.32 (m, 2H), 7.28 — 7.21
(m, 2H), 7.15 (dddy = 17.3, 11.2, 4.7 Hz, 2H), 5.26 (s, 2H), 2.343(d). °*C NMR
(101 MHz, DMSOsdg) 6 165.44, 156.18, 144.86, 141.32, 136.97, 136.09,9853
132.73,130.65, 130.17, 128.88, 126.42, 125.33102421.34, 113.96, 69.11, 18.88.
HPLC purity: 98.6%.

4.2.14 2-((2-cyanobenzyl)oxy)-N-(pyridin-3-yl)benzamide (24)

The title compound was obtained starting fraghand 18e according to the
general procedure. White solid24, vyield 30.4%, m.p 122.8-125Q.
ESI-MS{/2):330.1[M+H]". HRMS (ESI) of GgH1sNsO, [M+H]* caled, 330.1237,
found, 330.1247*H NMR (400 MHz, DMSOs) 6 10.32 (s, 1H), 8.67 (s, 1H), 8.25
(d, J = 4.2 Hz, 1H), 8.08 (d] = 8.3 Hz, 1H), 7.88 (d] = 7.6 Hz, 1H), 7.78 () =
10.8 Hz, 1H), 7.67 (dd] = 12.1, 7.0 Hz, 2H), 7.53 (dd,= 9.0, 4.4 Hz, 2H), 7.33
(dd, J = 12.6, 6.5 Hz, 2H), 7.13 (8 = 7.4 Hz, 1H), 5.41 (s, 2H}*C NMR (101
MHz, DMSO-dg) 6 164.89, 155.15, 144.32, 140.93, 139.73, 135.68.,4P3 133.14,
132.31, 129.85, 129.19, 129.08, 126.36, 125.23,6623121.35, 117.07, 113.42,
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110.76, 68.02. HPLC purity: 98.9%.
4.2.15 2-((3-fluorobenzyl)oxy)-N-(pyridin-3-yl)benzamide (25)

The title compound was obtained starting fra&hand 18f according to the
general procedure. White solid25, vyield 56.3%, m.p 102.8-104Q.
ESI-MS(m/2):323.1[M+H]". HRMS (ESI) of GgH15FN,O, [M+H]* calcd, 323.1190,
found 323.1199'*H NMR (400 MHz, DMSOedg) 6 10.40 (s, 1H), 8.76 (d,= 2.4 Hz,
1H), 8.29 (ddJ = 4.7, 1.4 Hz, 1H), 8.18 — 8.10 (m, 1H), 7.67 (dd; 7.6, 1.6 Hz,
1H), 7.57 — 7.50 (m, 1H), 7.45 — 7.34 (m, 4H), 7(@7) = 8.3 Hz, 1H), 7.19 — 7.09
(m, 2H), 5.27 (s, 2H)**C NMR (101 MHz, DMSOdg) 6 165.56, 163.88, 161.45,
155.83, 144.87, 141.40, 140.04, 136.16, 132.67,9130130.21, 126.63, 125.66,
124.09, 123.99, 121.46, 115.00, 113.75, 69.59. HRWwy: 99.4%.

4.2.16 2-((3-chlorobenzyl)oxy)-N-(pyridin-3-yl)benzamide (26)

The title compound was obtained starting frathand 189 according to the
general procedure. White solid26, yield 64.9%, m.p 125.1-125@.
ESI-MS(m/2):339.2[M+H]". HRMS (ESI) of GgH1sCIN,0, [M+H] * calcd, 339.0895,
found 339.0895'H NMR (400 MHz, DMSOds) 6 10.40 (s, 1H), 8.79 (d,= 2.4 Hz,
1H), 8.29 (ddJ = 4.7, 1.4 Hz, 1H), 8.20 — 8.07 (m, 1H), 7.66 (dd; 7.7, 1.6 Hz,
2H), 7.58 — 7.50 (m, 1H), 7.50 — 7.44 (m, 1H), 7-43.33 (m, 3H), 7.28 (d} = 8.3
Hz, 1H), 7.12 (tJ = 7.4 Hz, 1H), 5.25 (s, 2H}*C NMR (101 MHz, DMSOds) &
165.56, 155.81, 144.86, 141.42, 139.70, 136.14,6833132.67, 130.76, 130.20,
128.35, 127.88, 126.62, 125.73, 124.10, 121.48,7/4189.51. HPLC purity: 99.0%.

4.2.17 2-((3-cyanobenzyl)oxy)-N-(pyridin-3-yl)benzamide (27)

The title compound was obtained starting fraéthand 18h according to the

general procedure. White solid27, vyield 81.0%, m.p 150.2-152@.
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ESI-MS(2):330.1[M+H]". HRMS (ESI) of GH1sNz0, [M+H]" calcd, 330.1237,
found 330.1240'H NMR (400 MHz, DMSOdg) § 10.41 (s, 1H), 8.80 (s, 1H), 8.27
(d,J = 4.1 Hz, 1H), 8.11 (d] = 8.2 Hz, 1H), 7.97 (s, 1H), 7.84 (@@= 7.8 Hz, 1H),
7.77 (d,J = 7.7 Hz, 1H), 7.62 (d] = 7.4 Hz, 1H), 7.59 — 7.47 (m, 2H), 7.36 (dd&

8.1, 4.7 Hz, 1H), 7.24 (d, = 8.3 Hz, 1H), 7.10 (t] = 7.4 Hz, 1H), 5.27 (s, 2H}C
NMR (101 MHz, DMSOdg) ¢ 165.16, 155.15, 144.32, 140.76, 138.44, 135.76,
132.37, 132.16, 131.73, 131.04, 129.69, 126.27,4125123.76, 121.06, 118.54,
113.21, 111.43, 68.70. HPLC purity: 98.8%.

4.2.18 2-((2-chloro-5-fluorobenzyl)oxy)-N-(pyridin-3-yl)benzamide (28)

The title compound was obtained starting frathand 18i according to the
general procedure. White solid28, vyield 72.2%, m.p 118.0-119Q.
ESI-MS(2):357.1[M+H]. HRMS (ESI) of GgH1CIFN,O, [M+H]* calcd,
357.0801, found 357.080H NMR (400 MHz, DMSO€s) 5 10.41 (s, 1H), 8.76 (d,

J = 2.4 Hz, 1H), 8.29 (dd] = 4.7, 1.4 Hz, 1H), 8.17 — 8.11 (m, 1H), 7.66 (dd

7.5, 1.6 Hz, 1H), 7.59 — 7.48 (m, 3H), 7.38 (d¢; 8.3, 4.7 Hz, 1H), 7.31 (d,= 8.3

Hz, 1H), 7.25 (tdJ = 8.5, 3.1 Hz, 1H), 7.15 (§ = 7.4 Hz, 1H), 5.30 (s, 2H}C
NMR (101 MHz, DMSOdg) ¢ 165.60, 162.55, 160.12, 155.44, 144.92, 141.40,
137.11, 136.14, 132.68, 131.55, 130.15, 127.33,6626126.01, 124.10, 121.82,
116.79, 113.89, 67.40. HPLC purity: 99.2%.

4.2.19 2-((2,6-dichlorobenzyl)oxy)-N-(pyridin-3-yl)benzamide (31)

The title compound was obtained starting fraBhand 18a according to the
general procedure. Light yellow solidl, yield 64.9%, m.p 115.0-116.2C.
ESI-MS{2):373.1[M+H]". HRMS (ESI) of GeH14Cl,N,0, [M+H] " calcd, 373.0505,
found 373.0506'H NMR (400 MHz, DMSO#dg) § 10.16 (s, 1H), 8.51 (d,= 2.4 Hz,
1H), 8.25 (ddJ = 4.7, 1.4 Hz, 1H), 8.05 — 7.98 (m, 1H), 7.71 (dd; 7.6, 1.6 Hz,
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1H), 7.63 — 7.53 (m, 3H), 7.47 (ddi= 9.0, 7.0 Hz, 2H), 7.33 (dd,= 8.3, 4.7 Hz,
1H), 7.18 (tJ = 7.3 Hz, 1H), 5.43 (s, 2H)°C NMR (101 MHz, DMSOdg) 6 165.01,
156.08, 144.87, 141.25, 136.53, 135.96, 132.95,3032131.69, 130.37, 129.34,
126.61, 125.57, 124.09, 122.17, 114.71, 66.82. HPU@y: 98.7%.

4.2.20 2-((3-chloro-2-fluorobenzyl)oxy)-N-(pyridin-3-yl)benzamide (32)

The title compound was obtained starting fraéhand 18] according to the
general procedure. Light yellow soli@2, yield 75.0%, m.p 149.8-150@.
ESI-MS(/2):357.1[M+H]. HRMS (ESI) of GgH1.CIFN,O, [M+H]* calcd,
357.0801, found 357.08084 NMR (400 MHz, DMSO¢s) 5 10.33 (s, 1H), 8.72 (d,
J = 2.4 Hz, 1H), 8.28 (dd] = 4.7, 1.4 Hz, 1H), 8.14 — 8.08 (m, 1H), 7.66 (dd;
7.6, 1.7 Hz, 1H), 7.63 — 7.51 (m, 3H), 7.39 — (B2 2H), 7.21 (t) = 7.9 Hz, 1H),
7.14 (t,J = 7.5 Hz, 1H), 5.36 (s, 2H}°C NMR (101 MHz, DMSOde) J 165.41,
156.95, 155.63, 154.48, 144.89, 141.43, 136.10,7132130.99, 130.22, 129.44,
126.69, 126.11, 125.88, 125.79, 124.09, 121.76,212014.01, 64.60. HPLC purity:
98.1%.

4.2.21 General procedurefor the preparation of 22, 29, 30, 33 and 36-45

To a solution ofl2 (0.21 g, 1.0 mmol) in acetone (6 ml) was addedowssi
benzyl bromided8k-18x (1.0 mmol), kCO; (0.28 g, 2.0 mmol) and catalytic KI.
The reaction mixture was stirred at room tempeeator 1.0 h and then evaporated
the solvent. The residue was extracted by ethybssewashed with brine and dried
over NaSQ,. After the organic solvent was evaporated, thederproduct was
purified by flash chromatograph eluting with ethgketate/petroleum ether (112yV)
to afford22, 29, 30, 33 and36-45.
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4.2.22 2-((2-ethylbenzyl)oxy)-N-(pyridin-3-yl)benzamide (22)

The title compound was obtained starting fraéfhand 18m according to the
general procedure. White solid22, vyield 72.7%, m.p 158.0-161G.
ESI-MS((/2):333.2[M+H]". HRMS (ESI) of GiHxoN,Ox(M+H)" calcd, 333.1598,
found, 333.1608'HNMR (400 MHz, DMSOeg) 6 11.06 (s, 1H), 9.18 (d,= 1.6 Hz,
1H), 8.60 (d,) = 5.3 Hz, 1H), 8.44 (d] = 8.5 Hz, 1H), 7.94 (dd} = 8.5, 5.4 Hz, 1H),
7.64 (ddJ=7.6, 1.6 Hz, 1H), 7.61 — 7.55 (m, 1H), 7.49)d,7.4 Hz, 1H), 7.40 (d]
= 8.3 Hz, 1H), 7.26 (dt] = 13.9, 6.5 Hz, 2H), 7.19 — 7.10 (m, 2H), 5.272(4), 2.68
(g,J=7.5Hz, 2H), 1.12 (1 = 7.5 Hz, 3H)*C NMR (101 MHz, DMSOds) 5 166.33,
156.20, 142.74, 138.48, 138.20, 134.27, 133.56,1833130.02, 129.22, 128.84,
127.43, 126.24, 125.02, 121.34, 114.12, 68.67,29.9.49. HPLC purity: 99.8%.

4.2.23 2-((2-chloro-6-fluorobenzyl)oxy)-N-(pyridin-3-yl)benzamide (29)

The title compound was obtained starting fréthand 18n according to the
general procedure. White solid29, vyield 74.0%, m.p 177.3-179Q.
ESI-MS(/2):357.1[M+H]. HRMS (ESI) of GgH1.CIFN,O, [M+H]* calcd,
357.0801; found, 357.08044 NMR (600 MHz, DMSOss) 6 10.87 (s, 1H), 9.11 (s,
1H), 8.57 (dJ = 4.8 Hz, 1H), 8.38 (s, 1H), 7.90 (s, 1H), 7.68.58 (m, 2H), 7.50 —
7.44 (m, 2H), 7.36 (d) = 8.1 Hz, 1H), 7.28 (t) = 8.9 Hz, 1H), 7.17 () = 7.5 Hz,
1H), 5.33 (s, 2H)**C NMR (151 MHz, DMSOdg) 5 165.94, 162.65, 160.99, 155.92,
135.86, 133.18, 132.38, 130.10, 126.26, 125.64,1822122.01, 115.37, 115.22,
114.90, 62.80. HPLC purity: 99.5%.

4.2.24 2-((2,5-dichlorobenzyl)oxy)-N-(pyridin-3-yl)benzamide (30)

The title compound was obtained starting fréthand 180 according to the
general procedure. White solid30, vyield 73.0%, m.p 185.0-186Q.

ESI-MS(W2):373.1[M+H]. HRMS (ESI) of GoH1.CLN,O, [M+H]* calcd,
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373.0505, found 373.05134 NMR (600 MHz, DMSOsdg) ¢ 11.13 (s, 1H), 9.26 (s,
1H), 8.65 — 8.48 (m, 2H), 7.94 (d= 4.7 Hz, 1H), 7.70 — 7.63 (m, 2H), 7.62 — 7.56
(m, 1H), 7.53 (dJ = 8.5 Hz, 1H), 7.42 (dd} = 8.5, 2.5 Hz, 1H), 7.35 (d,= 8.3 Hz,
1H), 7.17 (tJ = 7.5 Hz, 1H), 5.30 (s, 2H)*C NMR (151 MHz, DMSOdg) 6 166.33,
155.51, 138.46, 136.91, 133.20, 132.43, 131.45,6830130.12, 129.77, 129.10,
127.43, 125.46, 121.92, 114.10, 67.23. HPLC pusi$y0%.

4.2.25 2-((5-fluoro-2-methylbenzyl)oxy)-N-(pyridin-3-yl)benzamide (33)

The title compound was obtained starting fraéthand 18k according to the
general procedure. White solid33, vyield 63.3%, m.p 156.2-157Q.
ESI-MS(m/2):337.2[M+H]". HRMS (ESI) of GH17FN,O; [M+H]* calcd, 337.1347,
found 337.1356'H NMR (600 MHz, DMSO#€g) 6 11.05 (dJ = 6.3 Hz, 1H), 9.21 (s,
1H), 8.59 (dJ = 5.3 Hz, 1H), 8.47 (d] = 7.7 Hz, 1H), 7.90 (df] = 9.1, 4.7 Hz, 1H),
7.63 (dd,J = 7.5, 1.7 Hz, 1H), 7.60 — 7.55 (m, 1H), 7.36Jd; 8.4 Hz, 1H), 7.28
(dd,J = 10.0, 2.7 Hz, 1H), 7.23 (dd,= 8.2, 6.0 Hz, 1H), 7.14 (§ = 7.4 Hz, 1H),
7.02 (td,J = 8.5, 2.8 Hz, 1H), 5.24 (s, 2H), 2.28 (s, 3tC NMR (151 MHz,
DMSO-dg) 6 166.40, 161.74, 160.14, 155.84, 139.05, 138.2B8,683134.51, 133.03,
132.16, 129.96, 127.13, 125.35, 121.49, 114.60,061468.04, 18.06. HPLC purity:
98.7%.

4.2.26 2-((2,6-dimethylbenzyl)oxy)-N-(pyridin-3-yl)benzamide (36)

The title compound was obtained starting frathand 18p according to the
general procedure. White solid3, vyield 78.4%, m.p 145.7-148G.
ESI-MS{2):333.1[M+H]". HRMS (ESI) of GiH2oN,0, [M+H]" calcd, 333.1598,
found 333.1603'H NMR (400 MHz, DMSO#€g) 6 11.07 (s, 1H), 9.08 (d,= 1.8 Hz,
1H), 8.57 (dJ =5.2 Hz, 1H), 8.30 (d] = 8.6 Hz, 1H), 7.91 (dd, = 8.5, 5.5 Hz, 1H),
7.58 (dd,J = 13.8, 4.6 Hz, 2H), 7.45 (d,= 8.2 Hz, 1H), 7.11 (dd] = 13.3, 7.1 Hz,
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2H), 7.00 (d,J = 7.5 Hz, 2H), 5.18 (s, 2H), 2.31 (s, 6HJC NMR (101 MHz,
DMSO-ds) § 165.87, 156.20, 138.14, 137.93, 137.00, 133.47,643 132.39, 132.07,
129.35, 128.53, 128.05, 127.23, 124.73, 120.91.9%1%5.69, 19.17. HPLC purity:
98.6%.

4.2.27 2-((2,5-dimethoxybenzyl)oxy)-N-(pyridin-3-yl)benzamide (37)

The title compound was obtained starting fraghand 18| according to the
general procedure. White solid37, vyield 57.3%, m.p 108.2-110G.
ESI-MS{/2):365.1[M+H]. HRMS (ESI) of GiH.oN-04 [M+H]* calcd, 365.1496;
found, 365.1495'H NMR (400 MHz, DMSOdg) § 10.38 (s, 1H), 8.65 (s, 1H), 8.26
(d, J = 4.1 Hz, 1H), 8.08 (d] = 8.2 Hz, 1H), 7.72 (d] = 7.4 Hz, 1H), 7.52 () =
7.7 Hz, 1H), 7.34 (dd) = 8.0, 4.7 Hz, 1H), 7.29 (d,= 8.3 Hz, 1H), 7.11 (dd] =
15.2, 4.9 Hz, 2H), 6.96 (d,= 8.9 Hz, 1H), 6.86 (dd] = 8.9, 2.6 Hz, 1H), 5.19 (s,
2H), 3.71 (s, 3H), 3.55 (s, 3HYC NMR (101 MHz, DMSOdg) 6 164.71, 155.71,
153.07, 150.73, 144.41, 140.90, 135.56, 132.55,9829126.21, 124.99, 124.24,
123.62, 120.95, 114.91, 113.93, 113.37, 111.9565%5.88, 55.15. HPLC purity:
99.1%.

4.2.28 2-((5-chloro-2-methoxybenzyl)oxy)-N-(pyridin-3-yl)benzamide (38)

The title compound was obtained starting fraéthand 18q according to the
general procedure. White solid38, vyield 48.6%, m.p 119.0-122@.
ESI-MS(m/2):369.1[M+H]". HRMS (ESI) of GoH17CIN,05 [M+H] * calcd, 369.1000,
found 369.1003'H NMR (400 MHz, DMSO#dg) 6 10.39 (s, 1H), 8.74 (d,= 2.2 Hz,
1H), 8.27 (dd,) = 4.7, 1.3 Hz, 1H), 8.11 (ddd= 8.3, 2.3, 1.5 Hz, 1H), 7.67 (ddi=
7.6, 1.6 Hz, 1H), 7.56 — 7.48 (m, 2H), 7.38 — 73l 2H), 7.27 (dJ = 8.3 Hz, 1H),
7.10 (t,J = 7.5 Hz, 1H), 7.04 (dJ = 8.8 Hz, 1H), 5.18 (s, 2H), 3.77 (s, 3H}C
NMR (101 MHz, DMSOdg) ¢ 164.90, 155.36, 155.22, 144.36, 140.88, 135.56,
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132.33, 129.78, 128.70, 128.05, 126.41, 126.15,8824124.20, 123.61, 121.02,
113.28, 112.57, 64.70, 55.84. HPLC purity: 99.3%.

4.2.29 2-((5-chloro-2-(2-methoxyethoxy)benzyl)oxy)-N-(pyridin-3-yl)benzamide
(39)

The title compound was obtained starting fréthand 18x according to the
general procedure. White solid39, vyield 39.4%, m.p 98.6-107Q.
ESI-MS(m/2):413.1[M+H]". HRMS (ESI) of G-H21CIN,O4 [M+H] * calcd, 413.1263,
found, 413.1266'H NMR (400 MHz, DMSO#€g) 6 10.35 (s, 1H), 8.71 (dl = 2.3
Hz, 1H), 8.27 (ddJ = 4.7, 1.4 Hz, 1H), 8.10 (ddd= 8.3, 2.4, 1.5 Hz, 1H), 7.69 (dd,
J=7.6, 1.7 Hz, 1H), 7.55 (d,= 2.5 Hz, 1H), 7.53 — 7.49 (m, 1H), 7.37 — 7.34 (m
1H), 7.32 (dd) = 8.9, 2.6 Hz, 1H), 7.25 (d,= 8.3 Hz, 1H), 7.12 (d] = 7.5 Hz, 1H),
7.07 (d,J = 8.9 Hz, 1H), 5.19 (s, 2H), 4.11 {t= 4.4 Hz, 2H), 3.59 () = 4.4 Hz,
2H), 3.21 (s, 3H)™C NMR (101 MHz, DMSOdg) 5 164.85, 155.50, 154.62, 144.35,
140.87, 135.58, 132.42, 129.89, 128.80, 128.29,85626126.19, 124.79, 124.50,
123.62, 121.06, 113.99, 113.26, 70.17, 68.10, 64823. HPLC purity: 98.5%.

4.2.30
2-((5-chloro-2-(3-methoxypropoxy)benzyl)oxy)-N-(pyridin-3-yl )benzamide
(40)

The title compound was obtained starting fréthand 18w according to the
general procedure. White solid40, vyield 82.8%, m.p 95.2-97°G.
ESI-MS([2):427.2[M+H]". HRMS (ESI) of GgH,3CIN,O, [M+H]* calcd, 427.1419,
found, 427.1432"H NMR (400 MHz, DMSOeg) § 10.36 (s, 1H), 8.67 (dl = 2.3
Hz, 1H), 8.26 (ddJ = 4.7, 1.4 Hz, 1H), 8.12 — 8.06 (m, 1H), 7.70 (dd; 7.6, 1.7
Hz, 1H), 7.53 (ddJ = 12.3, 2.2 Hz, 2H), 7.37 — 7.30 (m, 2H), 7.28Jd; 8.3 Hz,
1H), 7.11 (tJ = 7.4 Hz, 1H), 7.05 (d] = 8.8 Hz, 1H), 5.19 (s, 2H), 4.01 {t= 6.2
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Hz, 2H), 3.36 (tJ = 6.2 Hz, 2H), 3.13 (s, 3H), 1.87 (m, 24)C NMR (101 MHz,
DMSO-dg) § 164.71, 155.63, 154.73, 144.38, 140.87, 135.53,508 129.98, 128.89,
128.39, 126.63, 126.17, 124.56, 124.26, 123.60102113.55, 113.36, 68.32, 65.42,
65.06, 57.82, 28.73. HPLC purity: 98.6%.

4.2.31 2-((2-(4-chlorobutoxy)benzyl)oxy)-N-(pyridin-3-yl)benzamide (41)

The title compound was obtained starting fraé&rand 18r according to the
general procedure. White soliddl, vyield 60.0%, m.p 127.4-128Q.
ESI-MS(2):411.2[M+H]". HRMS (ESI) of GsH,3CIN,Os [M+H] " calcd, 411.1470;
found, 411.1481*H NMR (400 MHz, DMSO#dg) 6 10.96 (s, 1H), 9.15 (d] = 1.8
Hz, 1H), 8.60 (dJ) = 5.1 Hz, 1H), 8.40 (d] = 8.7 Hz, 1H), 7.93 (dd] = 8.5, 5.4 Hz,
1H), 7.72 (ddJ = 7.6, 1.7 Hz, 1H), 7.61 — 7.54 (m, 1H), 7.50 457(m, 1H), 7.31
(dd,J = 10.2, 5.0 Hz, 2H), 7.13 @,= 7.3 Hz, 1H), 7.05 (d] = 8.1 Hz, 1H), 6.91 (t,
J=7.3Hz, 1H), 5.26 (s, 2H), 4.03 {t= 5.7 Hz, 2H), 3.64 (] = 6.1 Hz, 2H), 1.88
— 1.72 (m, 4H)*C NMR (101 MHz, DMSOdg) ¢ 165.32, 155.90, 137.92, 137.71,
133.36, 132.95, 132.81, 129.90, 129.42, 128.83,78B26124.20, 123.66, 120.89,
120.28, 113.53, 111.76, 66.97, 65.67, 45.04, 223@®5. HPLC purity: 98.0%.

4.2.32 2-((2-((5-chloropentyl)oxy)benzyl)oxy)-N-(pyridin-3-yl)benzamide (42)

The title compound was obtained starting fraéthand 18s according to the
general procedure. White solid42, vyield 57.0%, m.p 87.8-88G.
ESI-MS(/2):425.2[M+H]". HRMS (ESI) of G4H2sCIN,05 [M+H] * calcd, 425.1626,
found 425.1636'H NMR (400 MHz, DMSO#dg) 6 10.95 (s, 1H), 9.14 (d,= 1.7 Hz,
1H), 8.60 (dJ = 5.1 Hz, 1H), 8.39 (d] = 9.2 Hz, 1H), 7.93 (dd} = 8.5, 5.4 Hz, 1H),
7.73 (dd,J = 7.6, 1.6 Hz, 1H), 7.61 — 7.54 (m, 1H), 7.47Jd 6.3 Hz, 1H), 7.32
(dd,J = 10.7, 4.8 Hz, 2H), 7.14 @,= 7.4 Hz, 1H), 7.05 (d] = 8.1 Hz, 1H), 6.91 (t,
J=7.4 Hz, 1H), 5.26 (s, 2H), 3.99 {t= 6.2 Hz, 2H), 3.58 () = 6.6 Hz, 2H), 1.76
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- 1.62 (m, 4H), 1.52 — 1.42 (m, 2HfC NMR (101 MHz, DMSOds) ¢ 165.26,
155.98, 137.90, 137.70, 133.30, 132.99, 132.83,9429129.48, 128.89, 126.75,
124.17, 123.53, 120.90, 120.24, 113.52, 111.8% /6/65.74, 45.13, 31.53, 27.76,
22.78. HPLC purity: 98.4%.

4.2.33 2-((2-((6-chlorohexyl)oxy)benzyl)oxy)-N-(pyridin-3-yl)benzamide (43)

The title compound was obtained starting fraéhand 18t according to the
general procedure. White solidd3, vyield 61.0%, m.p 113.7-115@.
ESI-MS([1/2):439.2[M+H]". HRMS (ESI) of GsH,7CIN,O3 [M+H] " calcd, 439.1783,
found 439.1796'H NMR (400 MHz, DMSOds) § 10.85 (s, 1H), 9.06 (d} = 12.3
Hz, 1H), 8.56 (dJ = 5.2 Hz, 1H), 8.31 (d] = 8.5 Hz, 1H), 7.87 () = 9.5 Hz, 1H),
7.76 (d,J = 7.6 Hz, 1H), 7.62 — 7.55 (m, 1H), 7.48 Jc& 7.4 Hz, 1H), 7.33 (1] =
7.1 Hz, 2H), 7.14 () = 7.5 Hz, 1H), 7.05 (d] = 8.3 Hz, 1H), 6.92 (t) = 7.4 Hz,
1H), 5.27 (s, 2H), 3.98 (f] = 6.3 Hz, 2H), 3.57 (1) = 6.6 Hz, 2H), 1.64 (dd] =
13.1, 6.5 Hz, 4H), 1.43 — 1.31 (m, 4HJC NMR (101 MHz, DMSQdg) 6 165.43,
156.08, 138.09, 137.05, 133.64, 133.11, 132.31,0430129.55, 129.00, 127.22,
124.25, 123.53, 120.95, 120.28, 113.60, 111.8%H16/65.84, 45.28, 31.89, 28.43,
25.95, 24.73. HPLC purity: 99.2%.

4.2.34 2-((5-chloro-2-(hexyloxy)benzyl)oxy)-N-(pyridin-3-yl)benzamide (44)

The title compound was obtained starting fréthand 18u according to the
general procedure. White solid44, vyield 72.9%, m.p 155.3-1580.
ESI-MS(m/2):439.2[M+H]". HRMS (ESI) of GsH27CIN,05 [M+H] * calcd, 439.1783,
found 439.1787*H NMR (400 MHz, DMSO€g) 6 11.18 (s, 1H), 9.27 (d,= 1.8 Hz,
1H), 8.64 (d,J = 5.4 Hz, 1H), 8.56 (d] = 8.7 Hz, 1H), 8.00 (dd} = 8.6, 5.5 Hz, 1H),
7.65 (dd,J = 7.6, 1.5 Hz, 1H), 7.58 — 7.51 (m, 1H), 7.45J& 2.6 Hz, 1H), 7.26
(dd,J = 12.2, 5.7 Hz, 2H), 7.11 @,= 7.5 Hz, 1H), 7.02 (d] = 8.8 Hz, 1H), 5.17 (s,

44 /62



a b w N

10
11
12
13
14
15
16
17
18

19

20
21
22
23
24

2H), 3.95 (tJ = 6.4 Hz, 2H), 1.68 — 1.58 (m, 2H), 1.32 (dds 14.4, 7.1 Hz, 2H),
1.22 (dt,J = 7.1, 4.7 Hz, 4H), 0.80 (8= 7.0 Hz, 3H)**C NMR (101 MHz, CDG))

o 165.73, 155.53, 154.48, 138.23, 133.81, 132.99,822 128.54, 127.74, 127.38,
126.68, 124.20, 123.96, 121.09, 113.45, 113.320684.69, 30.87, 28.38, 25.05,
21.97, 13.82. HPLC purity: 98.0%.

4.2.35 2-((5-chloro-2-(heptyl oxy)benzyl)oxy)-N-(pyridin-3-yl)benzamide (45)

The title compound was obtained starting frathand 18v according to the
general procedure. White solidd5, vyield 64.0%, m.p 156.9-159Q.
ESI-MSW2):453.2[M+H]". HRMS (ESI) of GeH29CIN,O3 [M+H] " calcd, 453.1939,
found 453.1942'H NMR (400 MHz, DMSO#€g) 6 11.16 (s, 1H), 9.26 (d,= 2.0 Hz,
1H), 8.64 (d,J = 5.3 Hz, 1H), 8.54 (d] = 8.7 Hz, 1H), 7.99 (dd} = 8.6, 5.5 Hz, 1H),
7.66 (dd,J = 7.6, 1.6 Hz, 1H), 7.58 — 7.52 (m, 1H), 7.46Jd; 2.6 Hz, 1H), 7.26
(dd,J = 12.4, 5.8 Hz, 2H), 7.12 (,= 7.5 Hz, 1H), 7.02 (d] = 8.9 Hz, 1H), 5.17 (s,
2H), 3.95 (tJ = 6.4 Hz, 2H), 1.69 — 1.57 (m, 2H), 1.38 — 1.28 2H), 1.27 — 1.11
(m, 6H), 0.80 (tJ = 6.9 Hz, 3H)*C NMR (151 MHz, DMSQd6) 5 165.68, 155.61,
154.57, 138.18, 137.18, 133.54, 132.92, 132.47,8729128.60, 127.84, 127.24,
126.72, 124.21, 124.02, 121.13, 113.54, 113.4126684.80, 31.13, 28.45, 28.33,
25.34, 21.96, 13.90. HPLC purity: 98.2%.

4.2.36 General procedure for the preparation of 23, 34 and 35

To a solution of P#P (0.20 g, 0.75 mmol) and DEAD (0.75 mmol) in antoys
THF (10 ml) was added2 (0.5 mmol) andi7o or 17p or 17q (0.55 mmol) at 6C.
The reaction mixture was stirred at room tempeeator 2.0 h and then evaporated
the solvent. The residue was purified by flash ofatograph eluting with ethyl

acetate/petroleum ether (112y) to afford23, 34, and35.
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4.2.37 N-(pyridin-3-yl)-2-((2-(trifluoromethyl)benzyl ) oxy)benzamide (23)

The title compound was obtained starting frathand 170 according to the
general procedure. White solid23, vyield 43.0%, m.p 73.6-75C.
ESI-MS(/2):373.1[M+H]". HRMS (ESI) of GgH15FsN»0, [M+H] " calcd, 373.1158,
found 373.1159*H NMR (400 MHz, DMSOds) § 10.37 (s, 1H), 8.67 (d,= 2.4 Hz,
1H), 8.28 (ddJ = 4.7, 1.4 Hz, 1H), 8.13 — 8.07 (m, 1H), 7.88Jd; 7.6 Hz, 1H),
7.79 (d,J = 7.6 Hz, 1H), 7.71 — 7.61 (m, 2H), 7.61 — 7.52 Pid), 7.36 (dd,) = 8.3,

4.7 Hz, 1H), 7.27 (dJ = 8.3 Hz, 1H), 7.14 (t) = 7.4 Hz, 1H), 5.40 (s, 2H}C
NMR (101 MHz, DMSOsde) ¢ 165.46, 155.65, 144.88, 141.37, 136.12, 135.09,
133.25, 132.76, 130.44, 130.24, 129.23, 126.65,7825124.10, 121.74, 113.72,
67.13. HPLC purity: 98.9%.

4.2.38 2-((5-chloro-2-methylbenzyl)oxy)-N-(pyridin-3-yl)benzamide (34)

The title compound was obtained starting fraéthand 17p according to the
general procedure. White solid34, vyield 76.9%, m.p 177.8-178Q.
ESI-MS(2):353.1[M+H]". HRMS (ESI) of GoH17CIN,O, [M+H] * calcd, 353.1051,
found 353.1052'H NMR (400 MHz, DMSOdg) J 11.20 (s, 1H), 9.26 (s, 1H), 8.62
(d, J = 5.3 Hz, 1H), 8.54 (d] = 8.6 Hz, 1H), 7.97 (dd] = 8.5, 5.5 Hz, 1H), 7.60 (d,
J=7.6 Hz, 1H), 7.55 (d] = 7.4 Hz, 1H), 7.47 (s, 1H), 7.36 @= 8.4 Hz, 1H), 7.24
—7.17 (m, 2H), 7.12 (] = 7.5 Hz, 1H), 5.20 (s, 2H), 2.27 (s, 3HJC NMR (101
MHz, CDCk) ¢ 166.05, 155.26, 138.13, 137.17, 134.56, 132.5@,723 130.20,
129.41, 127.26, 126.70, 124.85, 120.99, 113.5@2%717.75. HPLC purity: 99.2%.

4.2.39 2-((3-chloro-2-methylbenzyl)oxy)-N-(pyridin-3-yl)benzamide (35)

The title compound was obtained starting fraéthand 17q according to the
general procedure. White solid35, vyield 28.4%, m.p 98.6-1006G.

ESI-MS{2):353.1[M+H]'". HRMS (ESI) of GoH17CIN,O, [M+H]* calcd, 353.1051;
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found, 353.1062'H NMR (400 MHz, DMSOsg) 6 10.37 (s, 1H), 9.00 (s, 1H), 8.66
(d, J = 1.9 Hz, 1H), 8.26 (d] = 4.1 Hz, 1H), 8.07 (d] = 8.7 Hz, 1H), 7.64 — 7.57
(m, 2H), 7.39 (dJ = 7.9 Hz, 1H), 7.37 — 7.31 (m, 2H), 7.15J& 7.8 Hz, 1H), 7.09
(t, J = 7.4 Hz, 1H), 5.27 (s, 2H), 2.33 (s, 3HJC NMR (101 MHz, DMSOdg) &
165.12, 155.21, 144.34, 140.77, 136.98, 134.13,8833131.99, 129.43, 128.77,
127.31, 126.98, 126.03, 125.36, 123.60, 120.92451%8.50, 14.49. HPLC purity:
99.5%.

4.3 The determination of SMSinhibitory activitiesin vitro.

The general method is detailed as follows. Varioascentrations of inhibitor
were firstly added into the SMS enzyme and predated. Subsequently, the
substrates, C6-NBD-Ceramide and DMPC were addedvéairted. After incubating
at 37°C, the reactions were quenched with anhydrous eth@ihen the mixture was
centrifuged at 10000 rpm for 10 minutes to havesiingernatant collected for TLC
or HPLC test according to the reported method [4](-All values were averages of
three parallel trials. The W values were calculated by the “Nonlinear
regression(curve fit)-log(inhibitor) vs. responsé&inction of GraphPad Prism

software (version 5.01, GraphPad Software, Inc.)

4.3.1 The determination of SMS2 inhibitory activities against SMS2

over-expressed insect cell lysate by 2-benzyloxybenzamidesin vitro.

SMS2 over-expressed insect cell homogenates wdlykpnovided by Dr. Yanhui
Xu's lab, Institute of Biomedical Sciences, Shanghtedical College of Fudan
University, China. The SMS2 enzyme was over-exgess H5 insect cell and the
lysate of cell pellet was directly used in the gs&uffer 1 (0.25 M sucrose, 50 mM
Tris-HCI, pH 7.4, 1 mM EDTA) was prepared for tiherage of SMS enzyme. Buffer 2
(100 mM HEPES, pH 7.4, 30 mM Mng£I3 % BSA) was prepared for the assay of
SMS2 inhibitory activities.

294l test mixture, which containedd SMS2 in buffer 1 (equivalent to 2 g total
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protein), 10ul DMSO solution of 2-benzyloxybenzamides, @buffer 2 and 25Qu

water, was incubated at 37°C for 30 minutes. Theth @6-NBD-Cer in ethanol (1.16
mM) and 3 pl DMPC in ethanol (40 mM) were added sabstrates into the
above-mentioned test system. Subsequently, theab80ul mixture was incubated
at 37°C for an additional 2.0 h. The test systers gq@enched by 60@ ethanol. The

following procedure is conducted according to teaegal method.

4.3.2 The determination of inhibitory activities against purified SMS1 and

SMS2 by Ly93in vitro.

The stock DDM solution of purified SMS1 has a pmoteontent of 1.5ug/uL.
The stock DDM solution of purified SMS2 has a pnoteontent of 1.6qug/uL. 1 pl
DMSO solution of each Ly93 concentration was adme80 ul diluted solution of
SMS1 (0.8ul purified SMS1 stock solution in 79i2 DDM buffer) or SMS2 (0.03
ul purified SMS2 stock solution in 79.93 DDM buffer). After 5-minute
pre-incubation at room temperature, ODDM solution of the two substrates,
C6-NBD-Ceramide (1ul, 1.16 mmol/L DMSO solution) and DMPC (dl, 40
mmol/L anhydrous ethanol solution), were addedwhidled. After incubating at 37
°C for 30 minutes, the reaction was quenched with2®f anhydrous ethanol. The

following procedure is conducted according to teaegal method.

4.3.3 The determination of SMS activities in macrophages and apoE KO mice

livers.

Bone marrow-derived macrophages were obtained feonurs of 8-week old
male C57BL/6J mice as reported [50]. Bone marrovivdd macrophages or apoE
KO mice livers (200 mg/ml, the weight of livers/uahe of homogenate buffer) were
homogenized in a homogenate buffer (50 mM Tris-HpEl,7.4, 1 mM EDTA, and

250 mM sucrose). Subsequently, C6-NBD-CeramidelC®C were added into the
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homogenate and whirled. The homogenate derived maerophages and ap&t©
mice livers were respectively detected the SMSviiets according to the general
method.

4.4 The molecular modeling study.

As to the high sequence homology shared i3MS1 andhSMS2 [16],
especially in the catalytic site [50], th&€ MS2 homology model was built from the
previously reported three-dimensional model of harsphingomyelin synthase 1
(h\SMS1) [31, 34]. Sequence alignment and structuneiggion were conducted in
the Prime module of Schrédinger software packagehr@@linger, L. Schroédinger
Software Suite. New York: Schrodinger, LLC 2011) thwidefault settings
(unpublished work). The docking studies were alsoried out by Schroédinger
software package. The newly bulSMS2 homology model and the previously
reported hSMS1 model [34] were used as the receptor protéinctsires. All
hydrogen atoms of the proteins were added by stdmitatein preparation protocol
within Maestro, followed by energy minimization ngi OPLS 2005 force field.
Restrained minimization was later performed on lgegtoms of the proteins with
root-mean-square deviation (RMSD) converged to?0.Bhe structure of compound
Ly93 was built and optimized by Maestro with defasgttings. Docking study of
compound Ly93 was carried out using Glide with dtad precision protocol. The
binding conformation with the lowest score was cele to represent the predicted
binding modes witlh'SMS1 anchSMS2, respectively.

4.5 Hepatocyte apoB-containing lipoprotein secretion measurement.

The method has been described previously [29,H1, 5
4.6 Macrophage cholesterol efflux measurement.

Bone marrow-derived macrophages were treated byaheus concentration of
Ly93 for 17 hours. BMM were labeled with®H]-cholesterol carried by
acetylated-LDL. After labeling, cells were washedhwphosphate-buffered saline,

equilibrated with DEME, 0.2 % bovine serum alburunl hour, and incubated with
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50 pg/ml HDL in 0.5 ml of DMEM, 0.2 % bovine seruatbumin. The extracellular
media were collected at 8 hours and centrifuge@,@0 rpm for 10 minutes to
remove residual cell debris and cholesterol crgstRadioactivity in aliquots of
supernatants was determined by liquid scintillattoanting. The cells were finally
lysed in 0.5 ml of 0.1 M sodium hydroxide, 0.1 % SD[and the radioactivity in
aliquots was determined. Cholesterol efflux wasresged as the percentage of the
radioactivity released from the cells into the nuedlj relative to the total radioactivity
in cells and medium.

4.7 Macrophage | L-6 and MCP-1 secretion measurements.

Bone marrow-derived macrophages were incubated witthcated various
concentrations of Ly93 for 17 hours. After 50 ngbhLPS treated for 6 hours, IL-6
and MCP-1 in the culture medium were determinedElhySA described as the
manufacturer's instruction.

4.8 Macrophage | kBa measurement.

Bone marrow-derived macrophages were incubated waittous concentration
of Ly93 for 17 hours before dg/ml of LPS treatment. The cells were collected and
total proteins were extracted by RIPA Lysis Buepplemented with 1 mM PMSF,
10 pg/ml aprotonin, 10 pg/mleupeptin, 1 mM DTT, pH 7.4Protein samples were
detected by Western blot and probed with the falgwprimary antibodies and
secondary antibody: rabbit anti-mous@d (Abcam) andp-actin antibody (Santa
Cruz, CA, USA), followed by HRP-conjugated secondarntibody (Santa Cruz, CA,
USA) and developed with ECL reagent (Beyotime togi of Biotechnology,
Shanghai).

4.9 Pharmacokinetic studies.

A total of twenty-four C57BL/6J male mice (six talet-week-old), weighing
approximately 20 g, were used for the experimehe iice were starved for 12 h
before the experiment and had free access to watemice were randomly divided

into intragastric (i.g.) groups. Ly93 was prepaired 10% DMSO/30%PEG-100/0.9%
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NaCl agueous solution [53]. Each mouse was admaest a single, 0.1 ml/10 g body
weight dose (100, 50 and 25 mg/kg). Subsequerntdgdsamples (about 80 ul) were
collected by a retro-orbital puncture at differgmte points, 5 min, 10 min, 20 min, 30
min, 1 h, 3 h, 5 h, and 8 h, after administratidnLg93. Plasma was separated
immediately by centrifugation and stored at -80utdil analysis.

Plasma samples and quantification of Ly93 were tleralyzed by an
HPLC-MS/MS method following protein precipitatingn aliquot (20ul) of plasma
was transferred to a test tube. Twenty microliterernal standard (500 ng/mi
internal standard prepared in ethanol) and LO®f methanol were added for
precipitating and the sample was vortex-mixed foe aninute. The mixture was
subsequently centrifuged at 12,000 rpm for 10 nih &C. The upper layer of 50
was transferred to a polypropylene tube and furdiiated with 50ul water. Then 10
ul of supernatant fluid was injected into the LC-WM& system for analysis.
Chromatographic separation of the supernatant ewated out on a Thermo Hypersil
Gold Ggreversed-phase column (100 2.1 mm, 5um) equipped with a Hypersil
Gold Ggguard column (10 mm x 2.1 mm,n) maintained at a temperature of
40 °C. The mobile phase consisted of 0.1% formid-aeethanol (25: 75y: v) and
was delivered at a flow rate of 0.3 ml/min. The pemature of the sample cooler in the
auto-sampler was 4 °C. Analytes were detected bget@m mass spectrometry in
positive electrospray ionization (ESI) mode usingltiple reaction monitoring
(MRM) with the transitions ofVz 333.2— 214.2 for Ly93 anaVz 357.z— 214.2 for
IS. The temperature of the heater was maintaind®@t°C. A calibration curve was
constructed and validated with spiked samplestafirenouse plasma. The peak area
ratios of analyte to the internal standard weredmover the concentration range
tested, with all correlation coefficients (weightéehst-square linear regression
analyses) > 0.999. Accuracy (deviation of the aredyquality-control samples from
nominal values) was within + 15% over the entinege of the calibration curve, and

the precision (coefficient of variation of repeatedasurements of the quality-control
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samples) was < 15%. Representative mass spectrahaoshatograms for Ly93 and
internal standard (IS) are shownSapplementary Figure 3. The pharmacokinetic

profiles of the compounds were analyzed by standarcompartmental procedures
using Phoenix WinNonlin 6.2 (Pharsight Corporatiblountain View, CA).

4.10 Analysis of plasmalipids and liver enzymes.

At the age of 20 weeks, the blood samples of tapedE KO mice groups were
collected. The plasma lipids including SM, cholesiteand triglyceride in these blood
samples were measured according to the method/#sateported previously [18, 54,
55]. Alanine aminotransferase (ALT) and aspartatenatransferase (AST) were
assessed using an automated biochemical analyiacliH7080).

4.11 Flow cytometry analysis.

Single-cell suspensions obtained from blood of ak@EmMice were stained with
appropriate antibodies in flow cytometry buffer B Neutrophile granulocyte,
lymphocyte, monocyte, the ratio of CD4+ T cells &DT cells, CD11b+CD11c+
subset of dendritic cells, CD1lb+Ly6C++ and Ly6Qsce(granulocytic
Myeloid-derived suppressor cells, granulocytic MB$Cwvere determined by
BD FACS Aria(TM) Il Flow Cytometry System (BDBiosciences).

4.12 Measuring atherosclerotic lesion size.

ApoE KO mice, on a 13-week Western-type diet, wearerificed after 7 weeks
of treatment with Ly93 (formulated for intragastadministration at 12.5 mg/kg/day
or 40 mg/kg/dayin 30 % PEG-400/10 % DMSO/0.9 % NaCl). The aortic axcls
dissected and photographed as described [10, 14A6Kic root anden face assays
were performed as follows. Aortic root assay: Setjaésections (4 pm thick) will be
cut with a cryostat, stained with Hematoxylin anasi, and the mean area of lipid
staining per section per animal from 6 sectiond kel calculated for each animal.
Lesion areas will be quantified using Image-ProsPaftware En face assay: The
entire aorta will be isolated, the fatty streak¢hi@ lumen stained with Oil Red O, and

the percentage of tissue stained will be calculédeeach animal using Image-Pro
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Plus.
4.13 Immunostaining of macrophagein the plaques.

Sequential sections dm thick were stained with the macrophage-specific
antibbody (MOMA). Immunohistochemistry staining fomacrophages by
monocyte/macrophage antibody-2 (MOMA-2) was perfedmas previously
described [12, 57, 58]. Briefly, primary antibodigsre incubated for 1 hour at room
temperature in 3% serum matched to the speciehefsecondary antibodies.
Biotinylated secondary antibodies were incubated3f® minutes, followed by 45
minutes of horseradish peroxidase-conjugated stvaph and visualization with
diaminobenzidine. Nuclei were counterstained wémhatoxylin. Staining areas were
guantified with Image-Pro-Plus software.

4.14 Statistical analysis.

All of the data are typically expressed as meastatrdard deviation of the mean
(SD) and analyzed using GraphPad Prism 5. Datadegttwwo groups were analyzed
by the unpaired, two-tailed Student’s t test, anubiag multiple groups by ANOVA
followed by the Dunnett test. Rvalue of less than 0.05 was considered statistical

significant.
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L egends

Fig 1. Chemical structuresof reported sphingomyelin synthase inhibitors.

Fig 2. The design strategy and SAR study of 2-benzyloxybenzamides as novel
SM S2 inhibitors.

Fig 3. The inhibitory activities of Ly93 against purified SMS1 and SMS2 in

vitro. (A) The inhibitory activity of Ly93 against purdd SMS1 enzymin vitro. (B)
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The inhibitory activity of Ly93 against purified SB2 enzymaen vitro. The results
were expressed as percent of SMS1 or SMS2 activitieehicle groups in which
there is no inhibitor. (C) The dose-dependent ibiifp activities of Ly93 against
purified SMS1 and SMS2 enzyme respectivalyitro. The 1G, value of D2 toward
purified SMS2 was 20.9@M. The inhibitory rate of D2 toward purified SMS1 sva
57 % at the concentration of 10M. The IG, value of Ly93 toward SMS1 was
tested with ten concentrations. Thed@alue of Ly93 toward SMS2 was tested with
eight concentrations. Values were shown in mea8b;n = 3.

Fig 4. The molecular docking results of Ly93 with hSMS2 and hSM S1. (A) The
binding mode of Ly93 witthhSMS2. (B) The overlay map of binding modes of Ly93
with hSMS1 (yellow) andhSMS2 (red). The ribbons in colors stand for the six
transmembrane (TM1-TM6) ¢iSMS2 andhSMS1. Carbon, oxygen, nitrogen, and
hydrogen atoms of the Ly93 molecule are colorecemraed, blue and gray,
respectively.

Fig 5. The biological effects of Ly93 on the apoB secretion from Huh7 cells,
intracellular SM S activity and cholesterol efflux in macrophages. (A) The effect
of Ly93 on the apoB-containing particle secretiomi Huh7 cells. Huh7 cells were
treated by Ly93 for 17 h and then were labeled {ftB]-methionine in the presence
of vehicle or Ly93 for 2 hours. The medium was eciéd to detectS]-apoB and
the quantitation was displayed. (B) Ly93 inhibitaagrophage lysate SMS activity in
a dose-dependent manner. (C) Ly93 treatment sigimtly increased macrophage
cholesterol efflux toward HDL. Values are mean + 8B 5. *P < 0.05, *P < 0.01,
*** P < 0.001.

Fig 6. The in vitro inhibitory activities of Ly93 against the LPS-mediated
pro-inflammatory cytokine and chemokine secretion in macrophages. (A) IL-6
secreted by macrophages in culture medium after(B$hg/ml for 16 h) treatment.
(B) Western blot of kB after LPS treatment (insert) and the quantitatvees

displayed. (C) MCP-1 production in macrophages cediby LPS. Values are mean +
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SD,n=7.*P <0.05, *P < 0.01.

Fig 7. The pharmacokinetics of Ly93. (A) Plasma concentration-time profile of
Ly93. (B) The correlation between Ly93 Algnand dose from 25 to 100 mg/kg
after i.g. administration. Values are mean = 8B,6.

Fig 8. The effects on plasma SM concentration and liver enzymes by the
treatment of Ly93 in vivo. (A) Plasma SM levels at day 0, 3 and 7 after Lyi98,(
100 mg/kg) treatment once daily for 7 dags=(10). (B) Ly93 distribution in blood
and liver measured at day 7 after Ly93 (i.g., 1a§/kg) treatment once daily for 7
days 6 = 5). (C) AST and ALT levels at day 7 after a gapplication of Ly93 (i.g.,
100 mg/kg) f = 10). Values are mean = SD,P% 0.01.

Fig 9. Theliver SM S activitiesand SM levelsin Ly93-treated apoE KO mice. (A)
SMS activity in apoE KO mice liver after Ly93 tresnt. (B) Plasma SM levels in
apoE KO mice after Ly93 treatment. Low dose: 12d3kg, i.g., High dose: 40 mg/kg,
I.g.. Values are mean = SB= 10. *P < 0.05, **P < 0.01.

Fig 10. The blood cell analysis by flow cytometry in apoE KO mice after Ly93
treatment. (A) Representatives of the analysis of blood nealtile granulocytes
(NG), lymphocytes and monocytes in vehicle and LyB&ated animals. (B-C)
Quantitative display of gated lymphocytes and mgtex: (D) Representatives of the
analysis of blood CD4+ T cells and CD8+ T cellg. (mantitative display of the ratio
of CD4+ and CD8+ T cells. (F) Representatives oé thnalysis of blood
CD11b+CD11c+ dendritic cells. (G) Quantitative disgpof the percentage of the
dendritic cells. (H) Representatives of the analysi blood CD11b+Ly6c+Ly6G+
cells. (I) Quantitative display of CD11b+Ly6c+Ly6@¢lls. Values are mean + Si,
=5, *P < 0.05, *P < 0.01, **P < 0.001.

Fig 11. The effects on the development of atherosclerosisin apoE KO mice with
Ly93 treatment. 8-week-old apoE KO mice were fed with a high fad @holesterol
diet for 6 weeks, and then the mice in three grougre treated with vehicle (i.g.), low

dose Ly93 (12.5 mg/kg, i.g.) and high dose Ly93 rf#fkg, i.g.) respectively every
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day for 7 weeks. (A) Aortic arches with atherosaler plaques (red arrows). (B)
Enface aortic plaque analysis after Oil Red O staining. (iantitative display afn
facesaortic plaque. (D) Aortic root assay for lesionaarafter Hematoxylin and eosin
staining. (E) Quantitative display of lesion areas the aortic root. (F)
Immunohistochemical staining of macrophage accutiaman lesions (shown as
brown stained regions indicated by blue arrows)) @uantitative display of
macrophage content. Quantifications were done bygubnage J software. Six
alternate sections (d@m thick) sliced from paraffin-fixed aortic root $ises of each
transplanted mouse were used for the analysise¥ane mean + S. = 9, *P <
0.05, *P < 0.01.

Scheme 1. The synthetic route for 2-benzyloxybenzamides 6-11. Reagents and
conditions: (a) KCQOs, acetone, rt; (b) 1) 4 M NaOH(aq), gbH; 2) 2M HCI (aq);
(c) 1) SOC}, Pyridine (cat.), reflux; 2) Pyridine, GBI, 0°C to rt; (d) 1) EDCI,
DMAP, CH,Cl,, 0°C to rt;2) HCI (aq, con.), EA.

Scheme 2. The synthetic route for 2-benzyloxybenzamides 19-45. Reagents and
conditions: (a) KCOs, CHCN, 60°C; (b) K:COs, acetone, rt; (c) B£COs, DMF, 100
°C; (d) NaBH, C;HsOH, 0°C to rt; (e) BH, THF, 0°C to rt; (f) PBg, CH,Cl,,0°C
to rt; (g) H, 10% Pd/C, CKOH, rt; (n) DEAD, PRP, THF, 0°C to rt.

Table 1. The SMS2 inhibitory activities of 2-benzyloxybenzamides 6-11 and
19-45.
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Highlights
» 2-Benzyloxybenzamides were discovered as novel SMS2 inhibitors.
» 33 compounds were synthesized and studied SMS2 inhibitory activities for SARs.

» Ly93 was a selective SMS2 inhibitor with > 1400-fold selectivity for SMS2 over
SMSL.

» The in vitro assays were performed on Ly93 for the study on the mechanism of
action.

» Ly93 exhibited significant anti-atherosclerotic activitiesin the apoE KO mice.
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