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Fluoro-substituted 1,4,5,6,7,8-hexahydropyridofd)3yrimidines (PPMs) were synthesized
based on scaffold hopping. PPA3 substituted by 3-F and 4-ggroups could be the most
potent NFxB inhibitor, because it induced dose-dependentagabptosis at cell and protein
level, while inhibited NF¢B activation by suppressing LPS-induced phosphtioylaand

nuclear translocation of NEB signaling.
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Abstract: NF-«B is a key signaling pathway molecule linking hepaa and chronic

inflammation. Inhibition of NFReB activation can alleviate inflammation, and proenot
hepatoma cell apoptosis. In this study, a series dfioro-substituted
1,4,5,6,7,8-hexahydropyrido[4@pyrimidines (PPMs, 31-57) were synthesized from
3,5-bis(arylidene)-4-piperidones (BAP4;30) based on scaffold hopping. We successfully
discovered the most potefB substituted by electron-withdrawing substitutes-(&nd 4-CBk)
exhibited less toxicity and higher anti-inflammatarctivity. Preliminary mechanistic studies
revealed that43 induced dose-dependent cell apoptosis at cell @otein level, while
inhibited NF#B activation by suppressing LPS-induced phosphtioyldevels of p65,dBa
and Akt, and by indirectly suppressing MAPK signgli and by inhibiting the nuclear
translocation of NReB induced by TNFe or LPS. Docking analysis verified simulatéd
could reasonably bind to the active site of Bcp@5 and p38 proteins. This compound, as a
novel NF«B inhibitor, also demonstrated both anti-inflammgitoand anti-hepatoma
activities, warranting its further development agpatential multifunctional agent for the
clinical treatment of liver cancers and inflammagtdiseases.

Keywords: NF-«xB inhibitor; 1,4,5,6,7,8-hexahydropyrido[4dBpyrimidines;

3,5-bis(arylidene)-4-piperidones; scaffold hoppiagti-hepatoma; anti-inflammatory



1. Introduction

Liver cancer is the seventh most commonly diagnaseater and the third leading cause of
cancer related deaths worldwide in 2018 [1]. ItaEamore than 841080(4.7%) lives per year
and the global death toll 781631(8.2%) continuesntease [1]. There are the highest
incidence and mortality of liver cancer in Chinag@unting for about 20% of the new cases
and deaths worldwide [2]. Hepatocellular carcino(rCC) is the most frequent type of
primary liver cancer, accounting for about 80% wélsincidences [3]. The nuclear fact®
(NF«B) is a key signaling pathway molecule linking H&ad chronic inflammation [4,5].

The mammalian NERB is a protein complex, which encompasses five nemb
including p50, p52, p65 (RelA), RelB, and c-Rel.dégn normal physiological conditions,
NF-«B combined with inhibiting proteinkB into a dimer, which was in a state of
deactivation. After stimulation from various prdarhmatory cytokines, chemokines, and
other mediators such as tumor necrosis factor (A&JF@nd nitric oxide (NO),xB kinase
(IKK) was activated andB was phosphorylated predominately, which madeptbéein p65
release. This releases B- dimer and allows it to translocate into the nusléo activate
specific target genes [6,7].

From the formation process of chronic inflammattonHCC, inflammatory cytokines
(TNF-o, IL-1, IL-6, IL-17, COX-2) can mediate NkB activation [8,9]. Whereas, NkB
excessive activation can block HCC cell apoptaais] trigger malignant cell proliferation. In
the stage of liver cancer growth and metastasisgBlBustained activation leads to increased
resistance of tumor cells [10,11]. Inhibition of B activation can alleviate inflammation,
and promote HCC cell apoptosis [12,13]. To daterehs no ideal drugs that are targeted
NF-xB for treatment of HCC. Therefore, developing noMé&l-«B inhibitors and exploring
the mechanism of anti-hepatoma are of great theataignificance.

Curcumin (Fig. 1.) has anti-inflammatory, anti-tumanti-oxidation and other activities.
But its clinical application is limited becauseitsflow stability, poor bioavailability and false
positive [14]. So structural modification basedoomcumin was carried out and large amounts

of curcumin analogues have been reported. Thef@ff),5E)-3,5-bis(arylene)-4-piperidones
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(BAPs, Fig. 1.) was a very distinguished class beeahey could inhibit tumor growth by
anti-inflammatory and inhibiting NikB dependent signaling pathways [15,16].

In our group, some symmetric and dissymmetric BARs antitumor and
anti-inflammatory agents were designed and syrthdsj17-23], which exhibited both an
antitumor and anti-inflammatory activity by promirily inhibiting the activation of NkB
signal pathway by blocking the phosphorylationidd, p65 and the nuclear translocation of
NF-xB [17,18, 23]. However, the water-solubility anditaty should be further optimized.

In our study, alternative scaffold hopping strat§2#-26] was applied to discover novel
NF-«B inhibitors that could inhibit NRB activation. We started with the structural
characteristics of BAPs, and found that centtgl-unsaturated ketones of BAPs could
condense with guanidine hydrochloride to generate
1,4,5,6,7,8-hexahydropyrido[4@pyrimidine (PPMs) based on scaffold hopping (Flg).
According to literatures, PPMs were rarely docurednf27-30]. Our efforts led to the
discovery of fluorine-substituted BAPs and PPMsd agvaluated as potential N&B
inhibitors for further clinical treatment of liveancer.

Fig. 1

2. Results and Discussion

2.1. Synthesis and Structural characterization of BAPs and PPMs

The synthetic routes of BAPs and PPMs are showscieeme 1. The described methods of
their preparation include Claisen-Schmidt condeosatN-sulfonylation, and Michael
addition reactions. Firstlyy-, m-, and p-fluorine-substitutedntermediates3 in the form of
hydrochloride were obtain through Claisen-Schmuitdensation betweeh and2 [17,18].
Secondly, they were used to synthesikephenylsulfonyl-BAPs (BAPs,4-30) by
N-sulfonylation reaction betweéhand benzene sulfonyl chlorides with different sitbsnts,
such as R= -H, -Me, -NQ, -CF;, -X, -CN, -NHAc. In this reaction, pyridine wasegssas a
catalyst and acid-binding agent, which can neugalHC| from compound3 and the

N-sulfonylation reaction. Thirdly, an efficient Shetsis of



1,4,5,6,7,8-hexahydropyrido[4@pyrimidine derivatives (PPMs31-57) were carried out by
the reaction of BAPs and guanidine hydrochloriddarnbase catalysis. To the best of our
knowledge, PPMs displayed various remarkable bioc&activities, such as antibacterial,
antiallergic, antiviral, and anti-inflammatory pey, however, there were
no more than twenty PPMs in the literatures [27-30Herein, a variety of
N-phenylsulfonyl-BAPs 4-30), possessing electron-withdrawing groups (-, or p-fluorine)
were employed for PPMs formation because electritindnawing groups on the phenyl rings
could induce greater electronic positive chargehencorresponding atoms and accelerate the
process of condensation reaction [29]. In this emsdtion reaction, the presence of a base
(Potassium hydroxide or Potassium carbonate) ienéiss to provide a basic conditions
resulting in Michael addition between guanidine fogthloride and BAPs. After elimination
of water, target products (PPN3&-57) obtained. After optimization of the reaction cdiuhs,
Michael addition reaction can be completed und&r-3.hours, while EDC/EtOH reaction
system was superior to EDC/MeOH reaction systemadmsxthe former can withstand higher
reaction temperatures. The yields were between &38688%. All PPMs were characterised
by '"H NMR, *C NMR, IR and HRMS-ESI, and all data are descriredSupporting
Information.

Scheme 1

Take BAP17 and PPM44 as examples. Compared with NMR spectrum ol 7 (Fig.
2B), four evident unimodal signals in 10.50, 9.281, and 5.27 ppm can be found, which are
attributed to  five proton  signals of  -NH, -NH and -CH in
1,4,5,6,7,8-hexahydropyrido[4@pyrimidine of44 (Fig. 2A). Refer to a literature report [31],
there are two -NH proton signals, therefore we ymresthat compound should be in the form
of hydrochloride. In**C NMR spectra o#4 (Fig. 2C), the corresponding carbon atoms of
methyne appear in 54.00 ppm chemical shift, whetlea® is no carbon signal of methyne in
Fig. 2D. In addition, there is a single-peak ind%gpm (Fig. 2B), which is corresponding to
the proton signals of the methylene groups in eépiperidone. After changing7 to 44, the
methylene signals split into four doublets (Fig.)2#¥th coupling constants values ranging of
16-18 Hz, as a result of the Geminal Coupling oflaand equatorial hydrogens of two
different methylene groups in the 1,4,5,6,7,8-hgdabpyrido[4,3d]pyrimidine ring.

6



Similarly, double carbon signals of two methyleneoups with different electronic
environment of44 appear in different chemical shift (44.85 and 44pffn) in **C NMR
spectra (Fig. 2C). In addition, molecular formufadd was established as¢E,,CIF;N4O,S

by HRMS-ESI at/z 511.1424 [M+H] (calcd. for GgHaoFsN4O2S [M+H] *, 511.14186).
Fig. 2.

To further confirm the structure, the single cristaf PPM49 were obtained through
evaporation from a DCM and MeOH solution. The ORTHRram of49 is presented in Fig.
3A. 49 crystallizes in the monoclinic and chiral spaceugr® 21. The asymmetric unit
contains one pharmaceutical molecule and a MeOHeentd. As shown in Fig. 3A, both
nitrogen atoms of central 1,4,5,6,7,8-hexahydrajmfd,3-d]pyrimidine unit form two group
of N-H. It's basically the same bond length, al@ni, deinz and deinzare 1.342(54,
1.328(5) A and 1.323(6) A, respectively. Meanwhilesre is a chloride ion. As suggested by
the analysis ofH NMR spectrum, compound9 exists in the form of hydrochloride in
crystalline state, which is consistent with a btere report [31]. Structurally, C2 atom adopts
S configuration, ang-fluorophenyl group and 1,4,5,6,7,8-hexahydropydd®d]pyrimidine
are almost vertical, which dihedral angle is 86(3%3 In addition, theN-phenylsulfonyl
group extends in the same direction as the amioopgiof 49, which dihedral angle is
29.256(3)°.

Fig. 3.

2.2. In vitro cytotoxicity, anti-inflammatory activity and structure-activity relationship (SAR)
analysis

In the previous study, BAPs with electron-withdrag/igroups (-F, -C§ such as BABd
[19], BAP 67 [17], EF24 [32,33], as shown in Fig. 3B) in thelgidnal binding siteC (Fig. 1)
demonstrated the most potent bioactivities, wildenzenesulfonyl-BAPs can improve
cytotoxicity and reduce toxicity thak-methyl-BAPs in the additional binding siBe(Fig. 1)
of BAPs [17,18]. Therein, fluorine substituentdofigs play an important role in bioactivities
[34], which lipophilicity can effectively improvehe membrane permeability of drugs;
Fluorine atom, as a strong electronegative groap, form multiple H-bonds with target

protein; In addition, stable C-F bond can improvetabholic stability and thus prolongs
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duration of actionin vivo. Inspired by the interesting bioactivityp-, m-, and
p-fluorine-substitutedBAPs @-30) were prepared and selected to screen for biogciiv
spite of8 and 12 (Fig. 3B) which structures were reported in ourvpas study [18]. The
N-phenylsulfonyl substituents contain great electlonating substitutes (-Me, -NHAc) or
electron-withdrawing substitutes (-NO-CF;, -X, and -CN) as shown in Table 1. Human
HCC cell lines (HepG2, SMMC-7721) and non-maligneeit lines (HHL-5 and LO2) were

selected to evaluate cytotoxicity by MTT assay. D@&S used as a positive control.
Table 1
For o-fluorine-substituted4-12, N-phenylsulfonyl-substituted have Gy values greater

than 5.0uM for HepG2 and SMMC-7721 cells, and greater thaud itM for HHL-5 and LO2
cells. This showed that displayed lower cytotoxicity. After substituent ather substitutes,
4-CFRs-substitutedr displayed better cytotoxicity against HepG2 (4\) than that of4, and
4-Me-substitutecb or 4-Cl-substitute® displayed better cytotoxicity against SMMC-7721
cells thand. However, toxicity of5, 7 and9 toward HHL-5 and LO2 was also significantly
increased, and similar to that of DOX. Foifluorine-substituted 3-21, their cytotoxicity has
improved greatly compared withfluorine-substituted BAPs. The dgvalues of13, 14, 16,
and 20 against HepG2 were lower than UM (3.4 uM, 3.5 uM, 2.4 uM, and 2.6uM,
respectively). The I§values of16 and 20 against SMMC-7721 were only 4@ and 4.5
uM. This results showed BAPs substituted by stromgectron-withdrawing substitutes (-€F
(16), -CN (20)) can led to more potent cytotoxicity against HC€lIs in spite of bigger
toxicity toward non-malignant cell lines. Fpffluorine-substituted®2-3Q 4-CFk-substituted
25 demonstrated accredited cytotoxicity against Hep@@ SMMC-7721 (3.2M and 4.4
uM, respectively). 4-Me-substitute?3 or 4-Cl-substituted®7 displayed better cytotoxicity
against HepG2 cells. Similar to the previous twaiese p-fluorine-substituted BAPSs
displayed slightly higher toxicity toward HHL-5 ah®?2.

Through analysis of the substituent effect of BAPg, end ofN-phenylsulfonyl group
was substituted by stronger electron-withdrawinigssitutes (Such as -GFCN) resulting in
more potent cytotoxicity against three HCC cellss Bven more unfortunate that their
cytotoxicity were all weaker than DOX, while toxigiwere comparable to DOX. Previous
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studies have shown that BAPs exhibited both arttantir and anti-inflammatory activity by
prominently inhibiting the activation of NEB signal pathway [17,18, 23], whereas greater
toxicity will limit its use as a NRB inhibitor. In order to optimize their bioactivitgnd
discover novel NRB inhibitors, alternative scaffold hopping strateggs applied to change
BAPs @-30 to PPMs 81-57 by Michael addition reactions. Theird§ values are shown in

Table 2.
Table 2
For o-fluorine-substituted PPMs31-39 4-CRk-substituted 34 displayed better

cytotoxicity against HepG2 (3,8M) and SMMC-7721 (3.%M) than that of BAP7. While
4-Cl-substituted36 has equivalent I§ value against SMMC-7721 with BAB. 1t is
interesting that the toxicity toward HHL-5 and L®2as great improvement, which can be
proved by their Igvalue (20.8«M toward HHL-5, and 22.@M toward LO2 for PPM34).
However, cytotoxicities of 31-33, 35 37-39 were not too optimistic. For
m-fluorine-substitutedt0-48 N-phenylsulfonyl-substituted0 have a lower Ig values (3.7
uM) than 5.0uM against HepG2, but the dgvalues (12.81M) against SMMC-7721 fod0
was higher than that against HepG2. Compared wAPR B3, cytotoxicity of 40 was not
significantly improved. Nevertheless, PPMI3 44, 47 substituted by electron-withdrawing
substitutes (-C& -F, -CN) led to potent cytotoxicity against HC@Ills. Especially for
4-CFs-substituted PPM13 displayed the most potent cytotoxicity. Thesd@alues against
HepG2, SMMC-7721 o#3 are only 2.1uM, 2.4 uM, respectively, which cytotoxicity was
greatly improved froni6. More importantly, toxicity o#3 toward HHL-5 and LO2 (28.8M
and 35.2uM) are significantly lower thari6 and DOX. Forp-fluorine-substituted49-57,
PPMs 50, 52, 53 with lower 1G5 values show potential cytotoxicity against HCC <ell
Therein, their IGyvalues against HepG2, SMMC-7721 50 and 52 are approximately the
same as that o3 and 25, respectively, but toxicity o0 and 52 have significant
improvement compare#3 and 25. The cytotoxicity of53 against HepG2 doubled fro@6,
and their Gy value changed from 8.AM to 4.1 uM. Integrating the previous discussion,
PPMs with electon-withdrawing group34( 43, 44, 47, 52 and53) exhibited more potential
cytotoxicity to HCC cells and lesser toxicity tormal cells HHL-5 and LO2, especially
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which revealed that electron-withdrawing substsut€F;, -F) could improve the bioactivity.
Table 3

All PPMs were tested for their anti-inflammatory tiety by ELISA method.
Pre-experimental results displayed all BAPs and Rl no obvious toxicity to RAW264.7
cells at 5.QuM (Supporting Information).

LPS has been used to induce an inflammatory respionsxperimental cells, which could
lead to the activation of intracellular signalingtipwvays and transcription factors, and
subsequently induce the production of inflammatorgdiators, including IL-6 and TN&-
[35,36]. In our study, the inhibition rates of IL-&nd TNFe cytokine release in
LPS-stimulated RAW264.7 macrophages are shown bieTa. Foro-fluorine-substituted
PPMs B31-39, 4-substitute®4 (4-CFs) and36 (4-Cl) displayed higher inhibition rates against
IL-6 and TNFe cytokine release at a concentration of p\0. The can be more than 80%.
While 4-substitute®3 (4-NO,), 35 (4-F), and37 (4-Br) have medium inhibition rates against
cytokine release, and they can reach 70%. Aftengbe substituentsom o-F tom-F (PPMs,
40-48, only 43 (4-CR), 44 (4-F), and47 (4-CN) exhibited significant anti-inflammatory
activity, whose inhibition rates were reach abd16860, 71.6%, 74.5% for TNE; and 86.8%,
74.9%, 73.0% for IL-6, respectively. Fpsfluorine-substitutedt9-57 inhibition rates 062
(4-CR;) and53 (4-F) can be higher than 70%. Intriguingly, amolmgnt, inhibition rates d34,
36, 43, and52 by inhibiting TNFe and IL-6 cytokines release at a concentration.0fum
are more than 80%, which exhibited more significami-inflammatory activity than PDTC.
Comparatively, the inhibition rates followed theder 43 (88.5%) >52 (87.5%) > 34
(84.4%) >36 (83.0%) by inhibiting TNFa release, while43 (86.8%) >34 (82.3%) >52
(81.7%) >36 (81.5%) by inhibiting IL-6 release under B! concentration.

Combined with previously discussed cytotoxicityisibbvious to find that PPM84, 43,

and 52) substituted by electron-withdrawing substituteSH;) have the better cytotoxicity,
less toxicity and more significant anti-inflammataactivity. The cytotoxicity against HCC
cells followed the orde43 (average, 2.3M) > 52 (average, 3.6M) > 34 (average, 3.1M),
while toxicity to normal cells HHL-5 and LO2 follexd the orded3 (average, 32.QM) > 34
(average, 21.4M) > 52 (average, 19.9M), indicating that the position of -F groups could
affect the activity. Among thenmi3 should be the most potential compound, which can b
used as a lead compound for subsequent researelstiTicture ofi3is shown in Fig. 4A.

2.3. PPM 43 induced HCC cells apoptosis in a dose-dependent manner
10



In order to understand the anti-hepatoma mechamt®PMs, the experiments of
reducing cell apoptotic of HepG2 and SMMC-7721 48/were carried out through flow
cytometry. As shown in Fig. 4B,3 (1.0 uM) could induce 63.9% apoptosis for HepG2 cells,
and 18.3% apoptosis in SMMC-7721 cells, respegtivéhder 4.0uM, rate of cells apoptosis
could reach 68.3% (HepG2) and 20.6% (SMMC-7721)clwishowed tha#3 induced HCC
cell apoptosis in a dose-dependent manner, whideetfect for HepG2 was more significant
than that for SMMC-7721.

At the protein level, cell apoptotic proteins (BAR¢l-2, and C-Caspase-3) also play a
key role in cancer cell apoptosis [37]. HepG2 ceMse selected for western blot experiment
of 43 under the concentration of 1.0, 2.0, 4N). As shown in Fig. 4C, the protein expression
of pro-apoptotic BAX and C-Caspase-3 significantigreased, while the protein expression
of anti-apoptotic Bcl-2 significantly reduced. Momaportantly, 43 can dose-dependently
regulate the protein expression to induce apoptdditepG2 cells. Combined with the results
of flow cytometry and western blot, it was conclddéat43 could induce cell apoptosis at

cell level and protein level and in a dose-depehdemner.
Fig. 4.
PPM 43 inhibited the phosphorylation of kB and p65 in HepG2 cells

NF-«B is a key signaling pathway molecule linking hepa& and chronic inflammation
[6]. Excessive NFReB activation can contribute to the pathogenesibegfatoma and chronic
inflammation. Based on aforementioned cellular ltsswe continue to explore the molecular
mechanism by whicl3 inhibited NF«xB signaling. After LPS stimulation in RAW 264.7
cells, related Akt/HB pathway, IKK/kB pathway and mitogen-activated protein kinase
(MAPK) pathway will be activated [12]. Thereforeevzan inhibit the phosphorylation of
these key regulators to regulate NB-signaling pathway by3, which was investigated by
Western blotting (Fig. 5A).

In our study, LPS (1.Qg/mL) can significantly cause phosphorylation ob@hd kBa
in RAW264.7 cells at 30 min. After treatment witifferent concentrations (1.0, 2.0, 41M)
of 43, the phosphorylation levels of p65 ankBé were significantly reduced, and the
inhibition of phosphorylation became more pronowhes the concentration increased (Fig.

11



5C and 5D). These results showed thA8tcould inhibit NFxB activation by inhibiting
phosphorylation levels of p65 aneBl. Then, the upstream signaling event for Akt atibra
was investigated. The effect 48 on the LPS-induced phosphorylation of Akt was shamvn
Fig. 5B. LPS induced the phosphorylation of AktRAW264.7 cells and the induction was
markedly attenuated b#3, indicating that43 can inhibit NFxB activation via inhibiting
phosphorylation levels of Akt.

It is well-known that MAPKs are the key signalinglaptors in the LPS-induced
macrophages [38]. To determine wheth8rcould affect the MAPK signaling pathway, the
phosphorylation levels of p38, extracellular sigredulated protein kinase (ERK) and c-Jun
N-terminal kinase (JNK) were examined. After LPSatneent, the phosphorylation levels of
three factors of MAPKs at 30 min (Fig. 6A). Then \R264.7 cells were treated with
different concentrations (1.0, 2.0, 4M) of 43, the expression levels of LPS-induqe@38,
p-ERK andp-JNK were decreased to different degrees (Fig. BR-@he results suggested
that43 also can indirectly inhibit NkB activation via the MAPK signaling.

On the basis of these results, we proposed a patatechanism fod3 inhibition on
NF-«B signaling. Briefly,43 might inhibit NF«B activation by inhibiting phosphorylation
levels of p65, #Ba and Akt, and by indirectly suppressing MAPK signg) eventually

leading to downregulation of inflammatory mediators

Fig. 5.
Fig. 6.

2.4. PPM 43 prevented P65 nuclear translocation induced by LPS or TNF-a.

To better understand the inhibitory effect of LRB-TNF-w-induced NFxB activation
by 43, p65 nuclear translocation in HepG2 and RAW264ellsccan be determined by
immunofluorescence. Using DMSO as a control grdbp, results show that most of p65
protein can detect in cytoplasm of RAW264.7 or H2p@lls (Fig. 7). After stimulation with
LPS (1.0 ug/mL) or TNFe (10 ng/mL), the majority of p65 nuclear transloaas can be
found in experimental cells. If pre-treatment oficevith 43 (4.0 uM) together, p65 nuclear
translocation was effectively prevented. The p6Btgn was mainly detected in the

cytoplasnother than cell nucleus. In generB probably inhibit NFxB activation by prevent
12



LPS- or TNFe-induced p65 nuclear translocations in RAW264.HepG2 cells. In other
word, 43 could inhibit NFxB activation to display potential anti-inflammatorgnd

anti-hepatoma activities.
Fig. 7.

2.5. Themolecular docking

Further explore the interaction betweé& and Bcl-2, NFxB/p65, and p38 proteins,
molecular docking was performed in LibDock of Digeoy Studio 2017R2. The crystal
structures of Bcl-2 (PDB: 1YSW), p65 (PDB: 1MY5)dchp38 (PDB: 4FA2) proteins were
obtained from Protein Data Bank. After removinggoral ligands, optimized proteins were
set as receptors and placed the optimized 3D mieleaiu43 in the sphere position for
molecular docking [39]. The 3D and 2D models betwsinulated43 and the active site of
proteins were generated.

As shown in Fig. 8A, 4-(trifluoromethyl)benzenesulyl andm-fluorophenyl groups of
simulated 43 could insert into two lipophilic pockets of Bcl-2rqtein, while central
1,4,5,6,7,8-hexahydropyrido[4@pyrimidine crosses the narrow and shallow charimel
m-anion interactions.

As shown in Fig. 8Bm-fluorophenyl groups o#i3 crosses the channel of p65 protein
through m-anion and amide- stacked interactions. In addition,
4-(trifluoromethyl)benzenesulfonyl groups attach ttee surface of p65 protein through
halogen and m-anion interactions. Interestingly, central
1,4,5,6,7,8-hexahydropyrido[4@pyrimidine plays an important role in binding t®%
protein. There are stronger hydrogen bonds betWeaminopyrimidine and hinge residues
(Ler262, Asp291). Unfortunately, no significant drdactions can be found in another
m-fluorophenyl group ofi3with Bcl-2 and p65 proteins.

Molecular docking betwee#3 and p38 protein is shown in Fig. 8C. Under the deiti
action of 1,4,5,6,7,8-hexahydropyrido[4pyrimidine of 43,
4-(trifluoromethyl)benzenesulfonyl and-fluorophenyl groups bend to one side, which looks
like a orgnic clip [40]. This clip exactly inserito the big pocket of p38 protein through very
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complex interactions, which can be seen in 2D n®délFig. 8C. It is different from Bcl-2
and p65 proteins that anotherfluorophenyl group o#t3 can reasonably bind to superficial
hinge residues of p38 protein.

Based on the above docking analysis, simuldt&dould reasonably bind to the active
site of Bcl-2, p65 and p38 proteins. The resultsnofecular docking are basically consistent
with aforementioned discussion of western blot.sTthieoretically explains in detail wi3

has potential anti-inflammatory and anti-hepatotavies.

Fig. 8.
3. Conclusions

NF-«B plays an essential role at the crossroad of loarcer and inflammation, which
can effectively regulate a number of cellular atieg. Especially, its aberrant activation
could induce pathogenesis of HCC, for example, bIBkCC cell apoptosis and trigger
malignant cell proliferation. Developing novel sir@olecule agents through inhibiting
NF-«B activation would provide potential therapeutics the treatment of liver cancer by
both anti-hepatoma and anti-inflammatory activitigs our previous study, BAPs exhibited
both antitumor and anti-inflammatory activities psominently inhibiting NF«<B activation,
whereas water-solubility and toxicity of BAPs weia optimistic. We utilized the strategy of
alternative scaffold hopping to discover novel ptitd NF+B inhibitors for further clinical
treatment of liver cancer. A series of fluoro-sitbhstd PPMs were generated from BAPs
based on scaffold hopping. Structural modificatemd SAR studies of all PPMs led to
successful discovery of the most potent PRSI substituted by electron-withdrawing
substitutes (3-F and 4-@)F It exhibited better anti-hepatoma activitiessslgoxicity and
higher anti-inflammatory activity. Preliminary mexgfhstic studies revealed thd8 could
induce cell apoptosis at cell level and proteireleand in a dose-dependent manner. More
importantly, 43 effectively inhibited NF¢B activation by suppressing LPS-induced
phosphorylation levels of p65%Ba and Akt, and by indirectly suppressing MAPK signgl
In addition,43 could inhibit NFxB activation by prevent LPS- or TNkinduced p65 nuclear

translocations in RAW264.7 or HepG2 cells. Dockamtalysis verified simulated3 could
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reasonably bind to the active site of Bcl-2, p68 pA8 proteins. Herein, we obtained a novel
NF-xB inhibitor with great potential for further develment as multifunctional therapeutic

agent for the clinical treatment of liver cancems anflammatory diseases.

4. Materials and Methods

4.1. Chemistry

4-Piperidinone hydrate hydrochloridé)(aromatic aldehyde?), benzenesulfonyl chloride
and guanidine hydrochloride are all from Sinophafisiding Chemical Reagent Co., Ltd.
(Shanghai, China) and do not require further peatfon. Infrared (IR) spectra were obtained
in the 400-4000 cth range using a Perkin-Elmer Frontier Mid-IR FTIReSpometer.H
NMR data were collected using a Bruker Avance 40B@0 MHz.*C NMR data were
collected at 100 MHz on a Bruker Avance 400 MHzcsmeneter or 150 MHz on a Bruker
Avance 600 MHz spectrometer. Chemical shifts wegorted ind relative to TMS. The
HRMS-ESI data were obtained on a Finnigan-MAT-9%snspectrometer. All melting points

were measured on a digital melting point apparatuswere uncorrected.
4.2. General synthesis of BAPs and PPMs

BAPs: In a 100 mL beakef, (3.02 g, 0.02 mol) and (4.87 g, 0.04 mol) were dissolved
in 30 mL of acetic acid. After aerated with dry Hg§2ls for 1.0 hour, the mixture was stirring
for 2 days at room temperature. The reaction wasitmed by TLC (DCM/MeOH, 10:1, v/v).
After the reaction is completed, the precipitateraermediate3 was filtered and was used
directly for next reaction without treatment.

The intermediate8 (0.68 g, 2.0 mmol) and benzenesulfonyl chloride (&irmol) were
dissolved with 100 mL of DCM. After adding 6 dropkpyridine, the mixture was stirred at
room temperature overnight. The reaction endpoias ywonitored by TLC. The reaction
solution was washed twice with 2 mol/L hydrochloacid, dried over anhydrous sodium
sulfate, and concentrated under reduced pressu@btn the yellow solid which was
recrystallized with DCM/MeOH (1:1, v/v) to get yaW crystals of BAPs.

PPMs: The intermediate products BAPs (2.0 mmol), guamdiydrochloride (0.58 g,
15



6.0 mmol) and potassium hydroxide (0.34 g, 6.0 mmare dissolved in EDC and EtOH
solution (30 mL, 1:1, v/v). The mixture were heatiedreflux for about 1.5~3.0 h, and
monitored by TLC. The system was filtered and ilefe was removal of the solvent under
vacuum, the residue was purified on silica gel yg column using DCM and MeOH as the
eluent to afford white powdeRPMs.
4.3. Single-Crystal Structure Determination of PPM 49

Suitable single crystals oPPM 49 were prepared by recrystallization via solvent
evaporation in DCM and MeOH solution under ambioridition. It measured at 100 K with
Cu Ka radiation @ = 1.54178 A) using a Rigaku OD SuperNova Dual sewfiffractometer
with an AtlasS2 detector. Absorption was corrediadby multi-scan methods [41]. The
structure was solved by direct methods and refare? by full-matrix least-squares methods
with SHELXL-2017/1. Crystal data @f©: CygH23FN4O,S CH,O-Cl, M = 561.03, monoclinic,
space grouf21, clear light yellow platea = 12.2582(6) Ab = 8.3935(3) Ac = 14.2842(7)
A, p=115.353(6) V = 1328.14(12) A Z = 2,Dc = 1.403 g-cm, x(Cu-Ka) = 2.448 mnit, T
= 100(2) K. 1249 unique reflectionRf; = 0.0679]. FinaR; [with | > 25(1)] = 0.0550,WR;
(all data) = 0.1422. CCDC 19955829 contains the supplementary crystallographic fata
this paper. Copies of the data can be obtained dfezharge on application to CCDC, 12
Union Road, Cambridge CB2 1EZ, UK (fax: (+44)12Z53®33; e-mail:

deposit@ccdc.cam.ac.uk).
4.4. | n vitro cytotoxicity testing with MTT method

Human hepatocellular carcinoma cell lines (HepG2M&E-7721) and human normal
heptical cell lines (HHL-5, LO2) were screened b&HA% and PPMs using a modified MTT
assay (Dojindo Laboratories, Tokyo, Japan). Thdscelere maintained at 37, 5%
humidified CQ and 95% atmosphere. The HepG2 cell line was adtuin a DMEM
environment containing 10% serum, and other celisewcultured in an 1640 environment
containing 10% serum. First, cells were seeded dareity of 8 x 4 cells/well in a 96-well
plate in 200uL of medium per well, and cultured for 24 hourseTdells were then treated
with successive concentrations of compounds (1@.%, 1.25, 0.625, 0.312%8g/mL) and
incubated in an incubator for 24 hours. The congaup used cells with only culture
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medium as a control. After the media removeduR0f MTT (5 mg/mL) was added and
cells were incubated for 4 h at 3¢. Then, the media with MTT was removed and the
dark-blue formazan crystals were dissolved by jb®f DMSO. The optical density (OD)
was measured at 570 nm using a multi-well platdeedTECAN, Minnedorf, Switzerland).
GraphPad Prism 5 software was used to calculaie g, values. The Ig value is the
average of three replicates. Doxorubicin (DOX) wased as a positive control using
concentrations of 5, 2.5, 1.25, 0.625, 0.3125, @25pg/mL.

4.5. Anti-inflammatory testing of BAPs and PPMs

In order to better discover the anti-inflammatoffeets of BAPs and PPMs, we tested
by inhibiting the secretion of TN&-and IL-6. All BAPs and PPMs had no obvious toxi¢d
mouse RAW264.7 macrophages at p\d in our pre-experiments (Supporting Information).
Under the stimulation of LPS (1483/mL), the release of TN&-and IL-6 was detected by
RAW264.7 cells. After cells were treated with BA@s0 uM) and LPS (1.0ug/mL), the
release of TNFx and IL-6 in the medium was measured using an ELKBAeBioScience,
San Diego, California), respectively. In simplensry cells were pretreated with pyrrolidine
dithiocarbamate (PDTC, 3tM), BAPs (5.0uM), or PPMs (5uM) for 2h, respectively, then
treated with LPS (1.Qg/mL) for 22 h, and the culture medium was cenggfah at 1000 rpm
for 10 minutes and determined the expression legtEl§NF« and IL-6 by ELISA. The

inhibition rates are the means of three replicates.
4.6. Apoptosis assay

HepG2, SMMC-7721 were seeded in a 12-well plat @énsity of 2 x 10cells / well.
After treatment with43 (1.0, 2.0, and 4.@M) and DMSO for 24 h, cells were collected,
washed twice with pre-chilled PBS, and suspendeal fuiffer at a concentration of 1 x>10
cells/mL. 100uL of buffer was then mixed with fL of Annexin V-FITC and 5uL of
Propidium lodide (BD Biosciences, San Jose, CA, WUSkie solution was vortexed and
incubated at room temperature in the dark for 1Buteis, and apoptosis analysis was

performed by flow cytometry (BD FACS Calibur).

4.6. Western blot assay
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Primary antibodies (BAX, cleaved caspase-3, BclteBa, phospho#Ba, p65,
phospho-p65, Akt, phospho-Akt, ERK1/phospho-ERK1/2, JNK, phospho-JNK, p38,
phospho-p38, and GAPDH), and secondary antibode® wurchased from Cell Signaling
Technology (Danvers, MA). HepG2 cells were incubatgth 43 (1.0, 2.0, 4.QuM) for 24 h
(BAX, Cleaved caspase-3, Bcl-2). RAW264.7 cells evercubated withd3 for 1 h, then
RAW264.7 cells were treated with LPS (Ll@mL) for 30 minutes and then subjected to cell
extraction. The cell extracts were used for Westealot analysis. Electrophoresis show
protein bands, then transfer to nitrocellulose memé, use anti-BAX, anti-cleaved caspase-3,
anti-Bcl-2, anti-kBa, anti-phospho#Ba, anti-p65, anti-phospho-p65, anti-Akt,
anti-phospho-Akt, anti-ERK1/2, anti-phospho-ERK1/2anti-JNK, anti-phospho-JNK,
anti-p38, anti-phospho-p38 or anti-GAPDH at’4overnight. At room temperature, the
membrane was incubated for 2 h with anti-mouseitdigs, and the expression of each
protein in the membrane was detected by the ECL t&kfesblot detection system
(ChemiDo¢"XRS, Bio-Rad). Western blots were quantified frororenthan three separate
experiments using Quantity One software (Bio-Rad).

4.7. Immunofluorescence staining

In our study, RAW264.7 cells were cultured in 96hyptates and pretreated with LPS (1
ng/mL) for 15 min and further witd3 for 2 h. HepG2 cells were cultured with TNF-10
ng/mL) for 15 min and further with3 for 2 h. Next, cells were washed and fixed at room
temperature. After blocked with 3% BSA, cells wereubated in turn with primary anti-p65
antibody (1:200) over night at 4 °C, and secondamfibody incubation (1:200) at room
temperature for 30 min. At last, the cells were lveaswith PBS and incubated in DAPI for 15
min away from light. The fluorescence imaging wasf@rmed using a microscopy system in
High Throughput Screen (Operetta, PerkinElmer). pBB protein and nuclei is green and

blue, respectively.
4.7. Molecular docking

The crystal structures of Bcl-2 (PDB code: 1YSW§5dPDB code: 1MY5) and p38 (PDB
code: 4FA2) were obtained from Protein Data Bankledular docking study used LibDock
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protocols of Discovery Studio 2017R2. Firstly, wengrate the 3D energy minimization
structure of43. Secondly, protein structures were optimized bgiragl hydrogen atoms and
deleting water molecules. CHARMmM force field was pboged. Thirdly, after removing
original ligands, optimized Bcl-2 protein was sstareceptor and placed the optimized 3D
molecule of43in the sphere position for molecular docking. Samy, p65 and P38 proteins
are defined as receptors. The sphere was selestdteaorresponding protein. And then the
optimized 3D molecule 043 wasplaced in the sphere position for molecular dockifige

3D and 2D models between simulat&iand the active site of proteins were generated.
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Table 1 Cytotoxicity of BAPs 4-30 and DOX.
Table 2 Cytotoxicity of PPMs 81-57 and DOX.

Table 3 Anti-inflammatory activity of PPMs31-57) against inflammatory response in

LPS-stimulated RAW?264.7 cell.

Scheme IThe synthetic routes of BAPs and PPMs.

Fig. 1. The scaffold hopping strategy of PPMs.

Fig. 2. (A) '"HNMR spectrum and proton attribution BF; (B) *"HNMR spectrum and proton
attribution of44; (C) *CNMR spectrum and carbon attribution1at (D) **CNMR spectrum

and carbon attribution @f4.

Fig. 3.(A) The ORTEP figure o9 (Displacement ellipsoids with 30% probability).)(B

Some BAPSs reported in the literatures.

Fig. 4.(A) The structure of PPM3. (B) Cell apoptotic of HepG2 and SMMC-7721 &%
through flow cytometry. (C) The expression of BAXGI-2, and cleaved caspase-3 in HepG2
cells was determined by western blotting. Westéotslwere quantified from more than three

separate experiments (*P < 0.05, ** P < 0.01, *%P.001 compared to DMSO group).

Fig. 5. (A) Inhibitory effects o#43 on LPS-stimulated phosphorylation of p65 (BB (C)
and Akt (D) in RAW264.7 cells, respective. They evdetected by Western blotting. GAPDH
was used as a control. Data represent the meandf 8iplicate tests.P < 0.05, **P < 0.01,

#% P < 0,001 compared with LPS grodp™ < 0.001 compared with DMSO group.

Fig. 6.(A) Inhibitory effects 043 on LPS-induced MAPK signaling in RAW264.7 cells
detected by Western blotting. (B-D) Inhibitory effe of43 on LPS-induced phosphorylation
of p38 (B),ERK (C) andINK (D), respective. GAPDH was used as a contrataDepresent

the mean * SD of triplicate test$ ¥ 0.05, **P < 0.01, **P < 0.001 compared with LPS
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group.”P < 0.001 compared with DMSO group.

Fig. 7. Effects of43 on the nuclear translocation of MB-p65 protein in the LPS-stimulated
RAW264.7 cells (A) or TNFe-stimulated HepG2 cells (B) by immunofluorescenssas.

These experiments were repeated three times wattitasiresults.

Fig. 8.3D model and 2D model of the interaction betwaetukated43 and the active site of

Bcl-2 (A), p65 (B), and p38 (C) proteins.
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Tablel

Cytotoxicity of BAPs 4-30) and DOX.

ICso (M) of cytotoxicity

No. Ry R,
HepG2 SMMC-7721 HHL-5 LO2
4 2-F -H 15.9+0.1 5.7+0.6 27.2+0.5 17.6+0.1
5 2-F -CH; 14.2+0.5 4.1+0.1 7.9+0.4 16.7+0.1
6 2-F -NG; 16.5+0.4 6.2+0.4 6.6+1.2 15.5+0.2
7 2-F -Ckh 4.9+0.2 5.2+0.5 15.3+0.4 16.2+0.1
8 2-F -F 8.0+0.6 7.7+0.7 14.5+0.5 17.5+0.4
9 2-F -Cl 10.9+0.1 4.5+0.3 9.6+1.1 14.1+0.2
10 2-F -Br 13.7+0.1 5.2+0.7 14.0£0.2 16.2+0.1
1 2-F -CN 16.5+0.7 14.6+0.5 13.6+0.5 11.0+1.2
12 2-F -NHAc 5.2+0.4 7.5+0.3 13.6+0.9 11.5+0.1
13 3-F -H 3.4+0.2 12.9+0.2 17.1+0.2 16.2+0.2
14 3-F -CH; 3.5+0.8 18.1+0.5 11.2+0.2 15.7+1.1
15 3-F -NG; 8.1+0.5 15.3+0.5 14.5+0.3 10.7+0.1
16 3-F -Ch 2.4+0.2 4.2+0.2 13.4+0.7 18.0£1.1
17 3-F -F 5.0+0.2 13.5+0.4 15.4+0.2 21.940.1
18 3-F -Cl 13.1+0.8 7.8+0.2 10.8+0.5 15.7+0.2
19 3-F -Br 7.7+0.6 11.7+0.3 16.5+0.2 15.8+0.2
20 3-F -CN 2.6+0.4 4.5+0.6 7.5+0.3 15.54#0.1
21 3-F -NHAc 11.1+0.6 10.3+0.8 17.0£0.3 17.54#0.1
22 4-F -H 18.8+0.3 9.1+0.3 7.7+0.3 18.840.3
23 4-F -CH; 4.5+0.1 5.0+0.6 6.0+0.4 14.0+0.3
24 4-F -NG; 5.4+0.2 5.0+0.6 7.8+0.5 16.2+1.4
25 4-F -Ch 3.2+0.4 4.4+0.3 16.1+0.3 13.5+0.3
26 4-F -F 8.1+0.3 14.7+0.5 11.7+0.2 14.840.3
27 4-F -Cl 4.5+0.4 7.0+0.3 17.7+0.6 15.540.6
28 4-F -Br 8.0+0.6 11.5+0.4 17.1+0.5 16.4+1.4
29 4-F -CN 9.8+0.5 15.0+0.4 14.6+0.8 14.740.4
30 4-F -NHAc 7.4+0.3 9.8+0.7 15.0+0.7 19.4+1.2
DOX - - 1.0+0.4 1.4+0.3 12.2+0.4 13.8+0.3




Table?2

Cytotoxicity of PPMs 31-57) and DOX.

ICs0 (uM) of cytotoxicity

No. Ry R,
HepG2 SMMC-7721 HHL-5 LO2

31 2-F -H 9.9+0.5 8.5+0.2 9.9+0.4 11.2+0.1
32 2-F -CH; 13.1+2.2 7.3+2.1 9.6+2.3 11.5+0.4

33 2-F -NG; 11.9+0.5 5.7+0.4 10.7+0.5 12.4+0.2
34 2-F -Ckh 3.9+0.3 3.5+0.1 20.8+0.4 22.0+0.6

35 2-F -F 12.140.6 10.0+0.5 12.0+0.8 16.5+0.3
36 2-F -Cl 12.2+0.2 4.9+0.3 9.1+0.2 11.5+2.2
37 2-F -Br 10.4+0.3 9.7+0.3 12.5+0.3 19.5+2.9
38 2-F -CN 11.7+0.4 19.0+1.1 29.0+2.4 12.0+0.3
39 2-F -NHAc 11.8+0.3 8.6+1.2 22.1+1.2 11.2+3.3
40 3-F -H 3.7+0.2 12.8+0.5 11.3+2.3 37.8+3.3
41 3-F -CH; 11.7+0.2 11.7+£1.5 23.2+1.3 11.2+0.5
42 3-F -NG; 30.6+0.3 12.3+0.1 30.5+0.6 42.445.3
43 3-F -Ckh 2.1+0.3 2.4+0.3 28.8+1.4 35.243.1
44 3-F -F 12.4+0.2 4.8+0.6 12.940.9 18.842.4
45 3-F -Cl 15.0£0.1 5.5+0.2 12.0£0.7 15.1+0.5
46 3-F -Br 10.6+0.1 6.3+0.3 13.0+0.5 10.1+0.2
47 3-F -CN 3.5+0.4 4.2+0.3 18.9+0.8 17.2+0.3
48 3-F -NHAc 22.9+0.4 6.5+0.4 10.7+0.3 15.0+0.3
49 4-F -H 9.5+0.3 8.0+0.2 11.5+3.3 9.9+0.1

50 4-F -CH; 4.5+0.4 4.3+0.7 32.7+1.5 17.740.3
51 4-F -NG; 9.4+0.4 19.1+0.2 10.3+0.8 12.5+0.4
52 4-F -Ch 3.3+0.2 3.8+0.1 24.4+0.2 15.4+0.6
53 4-F -F 4.1+0.3 17.1+0.4 11.1+0.6 13.3+0.5
54 4-F -Cl 7.6+0.3 12.0+0.2 27.1+2.8 16.7+0.2
55 4-F -Br 5.6+0.6 12.2+0.5 18.3+0.6 18.3+0.4
56 4-F -CN 11.7+0.4 42.7+2.3 26.7+0.4 18.6+0.4
57 4-F -NHAc 7.4+0.3 6.2+0.4 32.2+4.6 20.310.1

DOX - - 1.0+0.2 1.4+0.3 12.2+1.4 13.8+2.3




Table3
Anti-inflammatory activity of PPMs31-57) against inflammatory response in

LPS-stimulated RAW264.7 cell.

Inhibition rate (%) Inhibition rate (%)
No. PPMs (5uM) + LPS (1ug/mL) No. PPMs (5uM) + LPS (1ug/mL)
TNF-a IL-6 TNF-a IL-6
31 46.9+1.3 40.5+0.4 45 57.7+1.4 75.9+2.1
32 44.0+1.4 56.8+1.5 46 69.3+£3.2 71.0£1.4
33 72.7£2.1 79.6£3.5 47 74.5%2.4 73.0£1.5
34 84.4+1.6 82.312.6 48 69.9+2.4 57.5+0.5
35 78.611.1 79.5+1.8 49 33.5%2.1 39.8+2.3
36 83.0+0.8 81.5+1.1 50 61.8+4.0 60.1+2.5
37 74.4£3.2 79.6£1.0 51 65.9+1.3 66.8+2.8
38 62.912.1 71.242.0 52 87.5+1.9 81.7+4.0
39 67.612.4 61.6+1.7 53 72.310.8 71.4+1.5
40 54.0£1.5 56.3+4.3 54 48.4+2.4 54.8+1.3
41 40.5+3.6 46.7+2.4 55 58.1+1.3 64.3%£1.2
42 58.8+1.1 78.5+1.0 56 45.9+1.4 51.143.2
43 88.5+0.7 86.8+1.2 57 40.14+3.2 54.242.4
= 71.6+0.8 74.912.5 PDHT'\A(;(SO 66.5+2.3 56.9+1.3

LPS 0 0
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Highlights

1. Fuoro-substituted 1,4,5,6,7,8-hexahydropyrido[4,3-d]pyrimidines (PPMs) were
synthesized based on scaffold hopping.

2. 3-F and 4-CFs-substituted 43 exhibited less toxicity and higher anti-inflammatory
activity.

3. 43 induced dose-dependent cell apoptosis at cell and protein level.

4. 43 inhibited NF-xB activation by suppressing LPS-induced phosphorylation levels of
p65, IkBa and Akt proteins and MAPK signaling.

5. 43 inhibited NF-«B activation by inhibiting nuclear translocation of NF-xB induced by
TNF-a or LPS.

6. 43 could bind to active site of Bcl-2, p65 and p38 proteins by molecular docking.
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