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Abstract

Acetyl-CoA carboxylase (ACC) is a rate-limiting ¢nze inde novofatty acid
synthesis, which plays a critical role in the grovahd survival of cancer cells. In this
study, a series of spiroketopyrazole derivativesribg quinoline moieties were
synthesized, anth vitro anticancer activities of these compounds as ACfbitors
were evaluated. The biological evaluation showeat tompound7j exhibited the
strongest enzyme inhibitory activity @&~ 1.29 nM), while compoundm displayed
the most potent anti-proliferative activity agaigi49, HepG2, and MDA-MB-231
cells with corresponding Kg values of 0.55, 0.38, and 1.65 uM, respectivehe T
preliminary pharmacological studies confirmed tlimpound 7m reduced the
intracellular malonyl-CoA and TG levels in a dospdndent manner. Moreover, it
could down-regulate cyclin D1 and CDK4 to distuhe tcell cycle and up-regulate
Bax, caspase-3, and PARP along with the suppresgi®@tl-2 to induce apoptosis.
Notably, the combination o7m with doxorubicin synergistically decreased the
HepG2 cell viability. These results indicated tbatmpound/m as a single agent, or
in combination with other antitumor drugs, mightébpromising therapeutic agent for

the treatment of hepatocellular carcinoma.

Keywords: acetyl-CoA carboxylase; anticancer; apoptosiggarombination.



1. Introduction

Malignant cells usually have an extraordinary dedhdor cellular building
blocks, such as proteins, nucleotides, and lig@support continuous proliferation [1,
2]. Therefore, they tend to reprogram their metabphathways, which have been
denoted to be the emerging hallmark of cancer [35je of the most prominent
features of metabolic reprogramming is the elevatse of de novofatty acid
synthesis (FASyn) [6]. Unlike normal cells thatrparily uptake energy-providing
lipids from the diet, malignant cells principallgeailipids coming from FASyn [7, 8].
Moreover, numerous cancers, including those ofiihg, liver, breast, prostate, and
colon, have demonstrated an enhancement in thet&ASyn, and the modulation
of the lipogenic enzymes involved in the FASyn gsx has shown significant
inhibition in cell division and proliferation [9-]1

Acetyl-CoA carboxylase (ACC) is a crucial enzymefatty acid metabolism,
which catalyzes the ATP-dependent carboxylation agetyl-CoA to produce
malonyl-CoA [12]. There are two well-characterizedforms of mammalian ACC,
namely ACC1 and ACC2, with disparate subcellulatributions and physiological
significance. ACC1 is a cytosolic isoform that painty responsible for FASyn,
whereas ACC2, an isoform embedded in the outer mamebof mitochondria, is
mainly in charge of the fatty acid oxidation (FAQXi3]. Due to the importance of
ACC in fatty acid metabolism, it has emerged astéractive target for the treatment
of various diseases, including type 2 diabetesitugel(T2DM), bacterial infections,
andmost recently, cancer [14-16]. The research oneramitiation and progression
mainly focuses on the ACCL1 isoform due to the wuation of ACC1 mRNA
involved in most of the cancers [17-21]. In additithe ACCL1 silencing or deletion
was documented to significantly decrease FASynudedcell cycle arrest and

apoptosis, and ultimately lead to tumor cell deatthnile supplementation with



exogenous palmitate could completely rescue tiesef22, 23].

Although a variety of ACC inhibitors have been itited, only a few were
found to exhibit antitumor activities (Fig. 1) [38]. CompoundPF-1 (ACC1 IG5 =
17 nM, Fig. 2) is a potent and orally bioavailaBl€C inhibitor that was originally
designed by Pfizer for the treatment of T2DM [3fd in 2018, its derivativEeF-2
was found to demonstrate significant cytotoxicaward A549 and H1975 cells [29].
Based on this research, the anti-proliferativevigtof PF-1 was assessed (Table 2).
However, the inhibitory effect dPF-1 on cancer cells was not in par with its strong
enzyme activity, which was speculated to be attetito the low lipophilicity and
passive permeability of this compound. Furthermtre,co-crystal structure &f-1
bound to the carboxyl transferase (CT) domain ohéwized yeast ACC revealed that
the pyrazolopyranone moiety was located in a hyldobp groove and the structural
rigidity of the spirocycle was essential for thending [32]. Therefore, this study
focused on seeking a scaffold that would provideptimal fit in the binding pocket,
while improving the overall lipophilicity.

CompoundAZ-1 is a moderate ACC inhibitor, as identified frome thigh
throughput screening (g = 3.6 uM, Fig. 2) [33]. In contrast to the
5-carboxyindazole group d?PF-1, the quinoline carboxylic acid group éfZ-1 is
more lipophilic and can be conveniently optimizadotuigh the established synthetic
pathways [34]. Taking these advantages into accaurdpiroketopyrazole scaffold
possessing quinoline moieties was designed, andugaaryl or alkoxy substituents
were introduced to occupy the hydrophobic pocké.(E). It was proposed that the
hybridization could enhance the ligand affinity goakssive permeability, ultimately
leading to an increase in ACC inhibitory as welbasitumor activities.

Herein, a series of spiroketopyrazole derivativearimg quinoline moieties were

designed and synthesized to act as novel ACC itonghiThe synthesized compounds



were evaluated for their biological activity towatde ACC1 enzyme and three
different cancer cell lines. Moreover, the undenyreceptor-ligand interactions and

preliminary pharmacological studies were perforrnadepresentative compounds to

elucidate the mechanistic action of spiroketopyieso
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2. Results and discussion

2.1 Chemisry
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7a: R = phenyl 79: R = 4-bromo phenyl 71: R = pyridin-2-yl 79: R = methyl
7b: R = 4-methyl phenyl 7h: R = 4-methoxyphenyl 7m: R = pyridin-4-yl 7r: R = chloro
7c¢: R = 2-methyl phenyl 7i: R = 3,4-dimethoxy phenyl 7n: R = piperazin-1-yl 7s: R = methoxyl
7d: R = 4-chloro phenyl 7j: R = 4-amino phenyl 70: R = 4-methylpiperazin-1-yl 7t: R = ethyoxyl
7e: R = 2-chloro phenyl 7k: R = 4-dimethylamino phenyl 7p: R = 4-morpholino 7u: R = isopropoxyl

7f: R = 4-fluoro phenyl

Scheme 1. Synthesis of target compountis-7u. Reagents and conditions: (@ r.t., 2 h, 85%;
(b) glyoxal (40 wt.% solution in ¥), HO, reflux, 5 h, 80%; (c) THF, MeOH,
N-(tert-Butoxycarbonyl)-4-piperidone, r.t. to refl24 h, 60%; (d) TFA, CECly, r.t., 2 h, 95%; (e)
HATU, triethylamine, DMF, r.t., 12 h, 45-75%; (firines, reflux, 2 h, 30-60%.

The synthetic route of the spiroketopyrazole deres 7a~7u is shown in
Scheme 1. To brief, the intermedid8ewas readily generated by the nucleophilic
addition of the commercially available compouridand 2. Later, the hydrazong
was reacted with glyoxal in an aqueous solutioprtwvide the intermediaté, which
was finally converted into the key intermediate under a base-catalyzed
spiro-cyclization reaction in the presence of tBiH{Butoxycarbonyl)-4-piperidone
[31]. The Boc-protecting group was removed usinfijutroacetic acid. The final
compounds/a~7m and 7q~7u were conveniently prepared by the condensation of

intermediate6 with different quinoline-4-carboxylic acid deriwas. Furthermore,



the nucleophilic substitution reaction of compourrd with nitrogen heterocycles
offered the desired compound@s~7p in a straightforward manner.
2.2 Invitro ACC inhibitory activity

To evaluate the enzymatic inhibitory activity ofethtarget compounds, a
well-established luminescent ADP detection assaging ACC1l enzyme was
performed. Firsocostat (formerly ND-630), an AC@ibitor under Phase Il trial, was
selected as the reference compound along R [35, 36]. As shown in Table 1,
the initial screening results of the spiroketopyptazderivatives were generally
gratifying. All the compounds showed inhibitioneat(IR) of greater than 90% under
a concentration of 5 uM, and when the concentratvas reduced to 0.1 uM, most
aryl or pyridine derivatives also displayed sigrafit inhibition toward ACC1 (IR >
80%). However, the inhibitory effect decreased ndwaaly for the compounds with
non-aromatic substituent¥n~7u, IR: 36.66% ~ 67.97%), which highlighted the
importance of aromaticity in ACC inhibition. Besgjdhe potency of compounds
and 7e were weaker than the other substituted-phenyldgves, indicating that the
o-substitution on the phenyl was not conducive te ftbrotein-small molecule
interactions.

Encouraged by the above results, they Malues of the synthesized compounds
were subsequently calculated to further explore gtracture-activity relationship
(SAR). A total of eleven compounds with strongetepaies in comparison withF-1
were identified, which were unsurprisingly subg#tl by aromatic groups. Among
them, the pyridine substituted compountisand 7m were found to exhibit similar
inhibitory activities as that dPF-1, with the 1G values of 13.84 nM and 11.31 nM,
respectively. In contrast, the dgvalue of the phenyl-substituted compoutad(ICsg =
6.00 nM) was twice lower thaRF-1, indicating the unique advantage of phenyl in

inhibiting the enzymatic activity. Moreover, on stibuting the phenyl with



electron-neutral (4-Cf) or electron-rich (4-OCkl 3,4-OCH, 4-NH,, 4-N(CH)y)
groups, the Ig values of the corresponding compounds, (7fh~7k) were further
decreased, with the-aminophenyl substituted compourdexhibiting the best ACC
inhibitory activity (IG = 1.29 nM).

Table 1. The ACCL1 inhibitory activity and calculated physibemical properties gfa~7u.

IR (%)
Compounds ICso (NM) 2 cLogP® LLE®
5uM 0.1uM

7a 100.69 90.54 6.00 3.99 4.23
7b 101.35 93.76 2.22 4.49 4.16
7c 95.53 41.84 > 100 4.19 ND
7d 103.89 93.22 6.09 4.71 3.51
7e 94.39 43.61 > 100 4.46 ND
7f 100.46 87.26 9.40 4.14 3.89
79 102.23 93.25 5.67 4.86 3.39
7h 100.55 94.76 3.18 4.01 4.49
7i 101.95 95.58 3.57 3.72 4.73
7] 101.46 94.14 1.29 2.95 5.94
7k 99.63 96.39 2.72 4.27 4.29
7l 103.07 84.04 13.84 2.79 5.07
7m 100.31 86.25 11.31 2.58 5.37
n 97.56 59.62 > 20 1.90 ND
70 97.43 52.77 > 20 2.46 ND
7p 97.67 56.89 > 20 1.88 ND
7q 93.60 55.03 > 20 2.39 ND
s 96.74 59.08 > 20 2.64 ND
7s 93.76 36.66 > 100 2.66 ND
7t 93.88 38.40 > 100 3.19 ND
7u 99.37 67.97 > 20 3.50 ND

PF-1 101.35 82.46 17.28 1.57 6.17

ND-630 4.34

®The data represent the mean values of two indepéeeaperiments.
®cLogP values were estimated llolsoft.



°LLE values were calculated according to the formul& = pICso — cLogP; ND: not determined.
2.3 Molecular docking

To gain insight into the binding modes of the swysihed compounds with ACC
enzyme, the molecular docking studies of represestaompounds#a, 7b, 7j, and
71) were performed using the software Sybyl-X 2.1thwthe results visualized by
PyMOL [37]. The initial configuration of the bindgnpocket was determined based on
the co-crystal structure of the ACC CT domain vigth1 (PDB ID: 4WYO) [32], and
the docking protocol was validated by re-docking ¢éimergy-minimizedF-1 into the
theoretical binding pocket. As illustrated in FRA, the post-optimized ligand was
effectively overlapped with the original ligand,daa reasonable root-mean-square
deviation (RMSD) value was obtained (1.493 A), whimplied the reliability of the
docking settings used in this study.

Based on the above information, the selected congwwere energy-minimized
as described in the experimental section, and dbaki® the hydrophobic binding
pocket. As expected, compounds 7b, and 7l exhibited similar binding modes as
that of PF-1. These compounds were oriented at the activedditthe CT dimer
interface with constant hydrogen-bonded interasti@hfig. 3B). However, the binding
mode of the most potent derivativewas obviously distinct from the rest. The ketone
carbonyl of7] was closer to Arg-1954' rather than Glu-2026’, amd new hydrogen
bonds were observed between the ketone and Arg;1®@&ith partly explained its
excellent ACC inhibitory activity (Fig. 3C). Notahlit is presumed from this finding
that the shift in the ketone position may provideramising option for the design of

ACC inhibitors in the future.
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Fig. 3 Molecular docking studies for representative coamuts (PDB ID: 4WYO). (A) Overlay of
the original PF-1 (green) with optimizedPF-1 (magenta). (B) Superimposition docking
conformation of compound®F-1 (green),7a (yellow), 7b (magenta), andl (grayish) with ACC
CT domain. Surface of the binding site is colomreayan for the N domain and white for the C
domain. (C) Docking model of compour{ (green) with the active site of the CT domain. All
hydrogen bonds are highlighted in red dashed lines.

2.4 1n vitro anticancer evaluation

To identify the potential ACC inhibitors for candeeatment, the cytotoxicity of
the synthesized compounds against A549, HepG2, MDA-MB-231 cells was
evaluated using the MTT assay. ACCL1 is highly esped in these cells, which
facilitates a proper assessment of the bioactoitphCC inhibitors [22, 27, 28]. The
preliminary screening assay was performed at afo@ncentration of 10 uM, with
doxorubicin (DOX) serving as the positive contrafFigi S1). Overall, the

spiroketopyrazole derivatives exhibited varying @eg of cytotoxicity against the
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three cancer cells. Most of them showed high agtagainst HepG2 cells, moderate
activity against A549 cells, and low activity agstitMDA-MB-231 cells. Moreover,
certain compounds were shown to be effective ag#mesthree cancer cell lines, in
which 7m exhibited the best inhibition on A549, HepG2, aMBA-MB-231 cells,
with IR values of 79.29%, 80.13%, and 72.20%, respely.

During the initial screening process, it was obedrthat the antitumor effects of
the spiroketopyrazoles were not completely consisteith their ACC inhibitory
activities. It was supposed to be attributed to difeerence in the lipophilicity of
target compounds. Therefore, the logarithm of tbtarmol-water partition coefficient
(LogP) was predicted using the Molsoft online saiitev[38]. Moreover, the lipophilic
ligand efficiency (LLE), a metric used to evalugte affinity of a ligand relative to its
lipophilicity, was calculated by subtracting theoglP from the negative legof the
potency against ACC [39]. The dgvalues of spiroketopyrazoles against A549,
HepG2, and MDA-MB-231 cancer cells, as well asrtiekbgP and LLE values, are
summarized in Tables 1 and 2.

Similar to the initial screening results, the sk&mpyrazoles containing
different substituent groups exhibited significgntiifferent inhibitory effects on the
cancer cells. Most of the aromatic substituted caumpls {a~7k) were found to
display reasonable anti-proliferative activity todaA549 and HepG2 cell lines.
However, only two compoundgi(and7j) with relatively low cLogP values exhibited
marginally satisfactory performance toward the bititon of MDA-MB-231 cells,
indicating the crucial role of lipophilicity in thgrowth inhibition of these cells.
Besides, compound was found to comply with the physicochemical desfiof oral
drugs (cLogP = 2.95, LLE = 5.94) and exhibit coesadble antitumor activity against
the three cancer cell lines [40], with siCvalues of 0.97, 0.63, and 4.96 uM,

respectively.
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The pyridine-substituted derivativ@s and7m were potent antitumor agents for
the three cancer cell lines, witm exhibiting the strongest anti-proliferative effect
among the synthesized compounds. Thg \@lues offm toward A549, HepG2, and
MDA-MB-231 cells were 0.55, 0.38, and 1.65 puM, mdprely, which were
apparently superior to those BF-1. Moreover, the cytotoxicity ofm against A549
and HepG2 cells was better than DOX, suggestingathity of the compound to
serve as a promising candidate for cancer treatniéet enhanced bioactivity f@m
may be attributed to the reasonable balance bettheeenzyme activity, lipophilicity,
and LLE value of the compound. On the other ham s$ubstitution of the
compounds with non-aromatic group&{7u) caused a significant decrease in the
antitumor activity against A549 and HepG2 cells,ichhwas consistent with their
moderate ACC1 inhibitory effects. However, the qumbliferative activity of these
compounds toward MDA-MD-231 cells was satisfactdryis could be the result of
the low lipophilicity of compoundgn~7u.

To further investigate the selectivity of the targempounds toward cancer cells,
the human umbilical vein endothelial cells (HUVE&gre chosen for further testing
[41]. As shown in Table 2, most of the compoundsewessentially non-toxic to
HUVEC, and those with strong antitumor activitiéSsg < 1 M), namelyrd, 7 g, 7j,
and 7m, exhibited less than 20% IR toward HUVEC, whichmdastrated the good
cancer cell selectivity of spiroketopyrazoles. Hbmormal toxicity of7b, 7c, and7p
could be attributed to the off-target effects afsa compounds.

Table 2. Anti-proliferative activity of7a~7u against three cancer cell lines and HUVEC

1Cs0 (uM) Cell viability (%)
Compounds b
A549 HepG2 MDA-MB-231  Of HUVEC
7a 1.94+0.49 2.11+0.49 >10 97.34+3.42
7b 5.30+1.16 1.44+0.34 >10 49.56+5.00
7c 1.88+0.12 >10 >10 38.62+4.31
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7d
7e
i
9
7h
7i
7j
7k
7l
m
n
70
p
q
T
7s
t
7u
PF-1
DOX

2.33+0.48
2.18+0.15
5.77+0.29
9.30+1.31
3.74+0.89
2.03+0.47
0.97+0.18
1.15+0.10
7.72+0.93
0.55+0.08
>10
>10
>10
>10
7.17+0.30
>10
>10
>10
3.52+0.49
0.59+0.09

0.63+0.15
>10
2.93+0.35
0.82+0.12
2.78+0.36
1.56+0.32
0.63+0.09
1.73+0.22
1.50+0.09
0.38+0.05
8.57+1.04
9.55+0.51
4.57+0.46
9.48+3.33
4.72+0.16
>10
>10
3.15+0.23
1.88+0.21
0.69+0.10

>10
>10
>10
>10
>10
7.13+1.00
4.96+0.32
>10
8.10+1.23
1.6540.32
4.20+0.76
8.13+0.28
3.18+0.19
4.86+0.19
9.22+1.12
>10
>10
>10
5.93+0.82
0.44+0.03

87.33+3.85
102.745.17
98.69+3.33
84.14+11.08
102.3+3.14
93.67+1.37
84.85+7.73
91.32+4.63
103.7+7.46
95.23+4.59
102.2+3.71
93.45+4.82
34.43+5.29
101.0+£5.43
99.27+6.25

98.58+3.09
96.06+3.90

101.8+2.72
101.2+6.86
14.42+4 .44

#Data were expressed as mean + SD (n= 3).
P Cell viability was assessed after incubation ofouas compounds at a concentration of 160

2.5 Compound 7m reduces intracellular malonyl-CoA and triglyceride (TG) levels

Given the best antitumor activity of spiroketopyies toward HepG2 cells, this

cell line was selected as a model for further lgaal research. Initially, the

antiproliferative activities of the representatempoundsrd, 7g, 7j, and7m were

evaluated at different concentrations and time tgoifll the compounds were found
to inhibit HepG2 cell proliferation in a concentost- and time-dependent manner, as
illustrated in Fig. S2. Later, the effect @ on the malonyl-CoA and TG levels in

HepG2 cells was investigated because the inhibdfohCC leads to a decrease in the

FASyn process. The result showed that the treatroérthe cells with different
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concentrations of7/m decreased the intracellular malonyl-CoA and TGelgv
dose-dependently, with an approximate reductio®1o88% and 36.71% compared to

the control group at a concentration of 10 uM, eesipely (Fig. 4).
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Fig. 4 Intracellular malonyl-CoAA) and TG(B) levels after7m treatment. HepG2 cells were
incubated with indicated concentrations7of for 48 h, with the intracellular malonyl-CoA and

TG extracted and quantified. Data were expressadeas + SD (n= 3). < 0.01 and *P <
0.001vs.control group.

2.6 Palmitate rescues the cell death induced by 7m

To demonstrate that the cell proliferation inhimitiwas indeed caused by the
lack of fatty acids, a palmitate rescue assay vafopned. Palmitate is one of the
most abundant dietary saturated fatty acids. Thieatly, the supplementation of the
culture medium with exogenous palmitate could imprthe viability of the cancer
cells [25, 26]. Herein, the concentrations of p&dne were determined to be 10 uM
and 25 uM due to the inhibition of cell growth &trer concentrations (Fig. 5A). On
incubating the HepG2 cells with compouith in a medium supplemented with
palmitate for five days, the viability was signdiatly increased from 33.08% to 68.92%
(10 M palmitate) and 87.12% (25 uM palmitate) peesively. These data indicated
that the palmitate completely eradicated the celitd induced byrm, strongly
supporting the relationship between the antitunsiivily of 7m and its inhibitory

effect on FASyn (Fig. 5B and 5C).
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T %, .

7m + 25 yM palmitate

7m + 10 yM palmitate

Control

Fig. 5 Palmitate rescued the cell death inducedoy (A) Cytotoxicity of palmitate on HepG2
cells. HepG2 cells were incubated with palmitaténdicated concentrations for 1, 3 and 5 days,
respectively. (B) Palmitate rescued the cell déatltuced by7m. HepG2 cells were incubated
with 7m (0.5 uM) and various concentration of palmitatel@, and 25 uM) for 1, 3 and 5 days,
respectively. (C) Representative microphotograpghsepG?2 cells after indicated treatments for 5
days (Scale bars = 1G0n). In A and B, the cell viability (% control) waketermined by MTT
assay. Data were expressed as mean + SD (n#3).3.05, *P < 0.01, and **P < 0.001vs.
control group.

2.7 Compound 7m induces GO/G1 arrest in HepG2 cells

To further investigate the underlying mechanisncytbtoxicity, a DNA-based
cell cycle analysis was performed using the flowonyetry technique. On treating the
HepG2 cells with diverse concentrationsr/af (1, 5, 10 uM) for 48 h, representative
changes were detected in the cell cycle distriloutA&s shown in Fig. 6, compound
7m resulted in a significant increase in the accutmriaof cells at the GO/G1 phase
from 56.24% to 88.61%, accompanied by a decreasigeirtells at the S and G2/M
phases from 30.18% and 13.58% to 6.48% and 4.9@%pectively. These data
implied that7m arrested the HepG2 cells at the GO/G1 phase iosa-dependent

manner, which partly accounted for its potent ameer activity.
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Fig. 6 Compound/m induced cell cycle arrest in HepG2 cells. (@) increased the distribution
of cells in GO/G1 phase. After treatment with sfiediconcentrations ofm for 48 h, HepG2 cells
were harvested and stained with propidium iodideflfowv cytometric analysis. (B) Histograms
displayed the percentage of cell cycle distributiData were expressed as mean + SD (n=BR). *
< 0.05, *P < 0.01, and **P < 0.001vs. control group.

2.8 Effect of compound 7m on cell cycle regulatory proteins

Based on the results of cell cycle distributiore #xpressions of proteins, such
as Cyclin D1 and its associated protein CDK4, thate significant for the transition
from the G1 phase to the S phase were investigeied \Western blot [42]. As can be
seen in Fig.7, the expressions of Cyclin D1 anéd#sociated CDK4 were decreased
in a concentration-dependent manner, with approtdiypad3.92% and 60.76%
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suppression at a concentration of 10 uM, respdygtiVeese results suggested that the
7m-induced GO/G1 arrest might be attributed to thevmdoegulation of Cyclin D1
and CDK4 proteins.

A Control 1 UM 5uM 10 pM

Cyclin D1 — - - - 36 KDa

CDK4 | S S R | 30 KDa

B-actin | MENEGE—_G_ D TEEER T | 43 KDa

B Cyclin D1 C CDK4
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Control 1uM 5um 10 uM Control 1M 5uM 10 uM

Fig. 7 Effect of compound@m on cell cycle regulatory proteins. (A) Westernttit analysis on
the effect offm on Cyclin D1 and CDK4. After treatment with indied concentrations @m for
48 h, HepG2 cells were collected and lyseddetect Cyclin D1 and CDK4, witp-actin as an
internal control. (B, C) Histograms displayed tledative expression of Cyclin D1 and CDK4.
Data were expressed as mean + SD (n= 3.<0.01 and **P < 0.001vs. control group.

2.9 Compound 7m induces apoptosis in HepG2 cells

Based on the correlation between the antitumoviéies of ACC inhibitors and
apoptosis [25, 27], the Hoechst 33258 staining peaformed to primarily investigate
the nuclear morphological changes. As illustrateéig. 8A, the HepG2 cells treated
with 7m displayed characteristic apoptosis features, dwoty chromatin shrinkage,
nuclear fragmentation, and an increase in the tregs. Furthermore, the vehicle- or
7m-treated HepG2 cells were further stained with AameV and Pl to further
guantitatively measure the effect@h on cell apoptosis (Fig. 8B). It was found that
the incubation of the HepG2 cells witfm induced a concentration-dependent
increase in both early (from 0.19% to 41.6%) and &ages of apoptosis (from 4.03%

to 45.5%) of these cells. An increase in the pdaeggnof apoptotic cells revealed the
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ability of compound/m in the induction of apoptosis.

A--
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Fig. 8 Compound7m induced cell apoptosis. (A) Apoptotic assay by ¢hmt 33258. After
treatment with varying concentrations h for 48 h, HepG2 cells were stained with Hoechst
33258 and then visualized (Scale bars = Bf). Cells with obvious apoptosis features were
marked with red arrows. (B) Apoptosis analysis gdlow cytometry. HepG2 cells were exposed
to 7m for 48 h prior to staining with Annexin V-FITC/Hbr flow cytometric analysis. (C)
Histograms displayed the percentage of apoptotis. d@ata were expressed as mean + SD (n= 3).
* P < (.01 and *P < 0.001vs.control group.

2.10 Effect of compound 7m on apoptosis related proteins

To elucidate the mechanism of apoptosis inducedcbmpound 7m, the
expressions of several apoptosis-related proteiage vinvestigated. It has been
documented that PARP, an enzyme involved in DNAairejand gene integrity

monitoring, was involved in the apoptosis proceskiced by the inhibition of ACC
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[27]. Therefore, the HepG2 cells were treated wifferent concentrations @im (1,

5, 10 uM) to determine the protein expression oRPAN these cells. As a result,
there was a remarkable increase in PARP cleavageeatment with compouném
(Fig. 9E).

Since PARP is an important substrate of caspasiee3gxpression of caspase-3
and Bcl-2 family proteins (Bcl-2 and Bax) were het determined [43, 44]. It was
observed that the incubation of the cells witim decreased the expression of
anti-apoptotic Bcl-2 protein in a dose-dependentnmea (Fig. 9B), while the
pro-apoptotic Bax protein expression increased raaegly (Fig. 9C). Besides, the
expression levels of the two cleaved forms of casgawere elevated, indicating the
involvement of caspase-3 activation in cell apogtofFig. 9D). Therefore,
compound/m may induce apoptosis in HepG2 cells via the mibochial apoptotic

pathway.
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Fig. 9 Effect of compound@m on apoptosis related proteins. (A) Western blgtanalysis on the
effect of 7m on Bcl-2, Bax, caspase-3, and PARP proteins. Afeatment with7m for 48 h,
HepG2 cells were collected and lysed to detect edm@ntioned proteins, witf-actin as an
internal control. (B-E) Histograms displayed thiatige protein expression of Bcl-2, Bax, cleaved
caspase-3, and cleaved PARP. Data were expressedasst SD (n= 3).P < 0.05, **P < 0.01,
and ***P < 0.001vs.control group.
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2.11 Combinations of 7m and DOX lead to synergistic inhibition effects

In the course of cancer treatment, a combinatiorrafys is widely used to
achieve synergistic therapeutic effect, dose artitg reduction, or drug resistance
alleviation [45]. Therefore, the potential @m in the combination therapy was
determined by analyzing the effects of the comlopmadf 7m and DOX on HepG2
cell viability using the CompuSyn software[46]. Adustrated in Fig. 10, the
combination of 7m with DOX inhibited the viability of HepG2 cells ima
dose-dependent manner and exhibited synergistiectsff(Cl < 1) at different
concentrations, which highlighted the potentialcompound7m in combination or

adjuvant therapies.

HepG2,72 h
1009 —
£ 804
5 T
O 60+
=
> 404
E
§ 204
c 1 I ] L] 1
DOX (uM) - 28 14 07 035 0175 - - - - - 28 14 07 035 0175
7m (uM) - - - - - - 14 07 035 0175 0.0875 14 07 035 0175 0.0875

Fig. 10 Effect of 7m and DOX combinations on HepG2 cells. Cell viapilitas examined after 72
h incubation of HepG2 cells witim and DOX, as single agents or in combination, at th
specified concentrations. Cl values were calculage@ompuSyn software.
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3. Conclusion

In this work, a series of new spiroketopyrazolestaming quinoline moieties
were synthesized and evaluated for their anticaactvities as ACC inhibitors. At
the enzyme level, compound exhibited the strongest ACC1 inhibitory activity,
which is attributed to the two hydrogen bonds pmesetween its carbonyl oxygen
atom and Arg-1954’. The cellular assays showed i@t of the target compounds
were cytotoxic to the three cancer cells while thegre essentially non-toxic to
HUVEC. Among them, compoundn showed the highest anti-proliferative activity.
The preliminary pharmacological investigation rdedathat the presence &m
significantly reduced the levels of malonyl-CoA am& in the HepG2 cells, and
supplementation with exogenous palmitate could detaly rescue the cytotoxicity,
which highlighted the causal relationship betwea&¥n and tumor cell proliferation.
Moreover, compound@m induced cell cycle arrest and apoptosis by reggathe
cycle checkpoint proteins and mitochondrial apoptoslated proteins, respectively.
Interestingly, the combination ofm and DOX led to synergistic effects on the
inhibition of HepG2 cell growth, suggesting its @atial in combination or adjuvant
therapies. Overall, these results demonstratedtbigacompound/m, acting as an

ACC inhibitor, is a promising candidate for theatiraent of hepatocellular carcinoma.
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4. Experimental section
4.1 Chemistry

All reagents and solvents were purchased from cawialesources. The target
compounds were purified by column chromatograpipassions on silica gel (200—
300 mesh size). The melting points were measuredrRiiR3 melting point apparatus
and uncorrectedtH NMR and**C NMR spectra were obtained with a JINM-ECZR
400 MHz spectrometer. High-resolution mass spe@iRMS) were recorded on a

(UHR-TOF) maXis 4G instrument.

4.1.1 General procedure for the preparation/af7u

(A) Pyruvic aldehyddg2, 25 mmol) was added dropwise to a solutiorl ¢BO
mmol) in HO (100 mL), and after stirring at room temperatime2 h, the mixture
was extracted with CiLI,, dried with anhydrous N&QO,, and concentrateith vacuo
to afford hydrazing. Then, a 40% aqueous solution of glyoxal (25 mhaswdded to
a solution of3 (62 mmol) in HO (100 mL). The mixture was heated at reflux fdr 5
and extracted with ethyl acetate. The organic phass dried, filtered, and
concentrated to givé as yellow solid. Tetrahydropyrrole (8 mmol) wasled to a
solution of4 (24 mmol) in MeOH (45 mL), and after stirring abm temperature for
2 h, 1-(N-Boc)-4-piperidone (28 mmol) was subsedyeadded, with the mixture
heated at reflux for 24 h. The mixture was con@attin vacuoand purified via
column chromatography to give The Boc-protecting group was removed using
trifluoroacetic acid in CbCl, to provide 6. Finally, appropriate
guinoline-4-carboxylic acid derivatives (1 mmol) svadded to the mixture &f (1.1
mmol), HATU (1.2 mmol), and triethylamine (0.2 min) DMF (10 mL). The mixture
was stirred at room temperature overnight, and Hueted to ice water. The resulting
precipitate was filtered, dried, and purified byuron chromatography to give target
compound¥a~7m and7qg~7u.
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(B) A mixture of 7r (Lmmol) and amine solution (2 mL) was stirrededtux for
2 h. After cooling to room temperature, the mixtwas added to water and extracted
with CH,Cl,. The organic layers were dried, filtered, and em@atedn vacuo The
crude product was purified by column chromatograpiyield target compounds

n~7p.

2'-(tert-butyl)-1-(2-phenylquinoline-4-carbonyl)F'spiro[piperidine-4,5'-pyrano[3,2
-Cc]pyrazol]-7'(6'H)-one Ta)

The product was obtained as white solid, yield 85%4. 161.5 — 162.5C.'H
NMR (400 MHz, CDCJ):  8.24 (d,J = 8.5 Hz, 1H), 8.16 (dd] = 6.6, 4.6 Hz, 2H),
7.84 (dd,J = 8.2, 3.3 Hz, 1H), 7.77 (dd,= 9.5, 4.7 Hz, 2H), 7.64 — 7.45 (m, 4H),
7.23 (d,J = 3.0 Hz, 1H), 4.74 (t) = 8.0 Hz, 1H), 3.44 — 3.35 (m, 2H), 3.25Jt=
11.3 Hz, 1H), 2.76 — 2.64 (m, 2H), 2.38 — 2.26 {H), 1.98 (t,J = 15.2 Hz, 1H),
1.89 — 1.79 (m, 1H), 1.64 (s, 1H), 1.59 (s, 98¢ NMR (100 MHz, CDGJ): § 185.5,
167.1, 157.1, 156.9, 148.3, 147.0, 143.2, 138.8.8.3134.2, 130.5, 130.4, 130.3,
129.9, 129.8, 129.0, 127.5, 127.4, 124.3, 124.8,2223.0, 115.7, 112.3, 80.6, 80.5,
60.9, 49.2, 42.8, 42.7, 37.1, 34.8, 34.5, 34.08,329.6. HRMSm/z calcd for

CaoHzoN4Os [M + H]™ 495.2391, found 495.2388.

2'-(tert-butyl)-1-(2-(p-tolyl)quinoline-4-carbonyB'H-spiro[piperidine-4,5'-pyrano[3
,2-C]pyrazol]-7'(6'H)-one Tb)

The product was obtained as yellow solid, yield 8084p. 164.5 — 165.5C.*H
NMR (400 MHz, CDCJ): 6 8.22 (d,J = 8.3 Hz, 1H), 8.06 (dd] = 8.1, 4.4 Hz, 2H),
7.82 — 7.74 (m, 3H), 7.56 (dd,= 16.4, 8.0 Hz, 1H), 7.34 (dd,= 7.9, 4.0 Hz, 2H),
7.23 (d,J = 2.8 Hz, 1H), 4.75 (t) = 8.0 Hz, 1H), 3.47 — 3.31 (m, 2H), 3.24 0t
12.2 Hz, 1H), 2.76 — 2.64 (m, 2H), 2.44 (s, 3HR&= 2.27 (m, 1H), 1.97 (3,= 14.7
Hz, 1H), 1.88 — 1.80 (m, 1H), 1.64 (s, 1H), 1.599d).*C NMR (100 MHz, CDCJ):

0 185.6, 167.2, 157.1, 156.9, 148.4, 147.0, 142.9,014135.9, 134.1, 130.4, 130.2,
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129.7, 127.3, 127.2, 127.1, 124.2, 123.9, 123.0,8,2115.5, 112.3, 80.6, 80.5, 60.9,
49.1, 42.8, 42.6, 37.1, 34.7, 34.5, 33.9, 33.85,221.3. HRMS m/z calcd for

C31H3oN40O3 [M + H]Jr 509.2547, found 509.2557.

2'-(tert-butyl)-1-(2-(o-tolyl)quinoline-4-carbonyB'H-spiro[piperidine-4,5'-pyrano[3
,2-C]pyrazol]-7'(6'H)-one T1c)

The product was obtained as yellow solid, yield 758p. 159.5 — 160.5C.'H
NMR (400 MHz, CDC}): 6 8.24 (d,J = 8.2 Hz, 1H), 7.91 — 7.74 (m, 2H), 7.63 (dd,
=16.0, 8.6 Hz, 1H), 7.48 (3,= 12.5 Hz, 2H), 7.40 — 7.30 (m, 3H), 7.24 J& 2.8 Hz,
1H), 4.74 (tJ = 13.5 Hz, 1H), 3.54 — 3.22 (m, 3H), 2.79 — 2.61. 2H), 2.43 (s, 3H),
2.32 (t,J = 12.2 Hz, 1H), 2.01 (] = 16.0 Hz, 1H), 1.89 — 1.74 (m, 1H), 1.64 (s, 1H),
1.59 (s, 9H).13C NMR (100 MHz, CDG): ¢ 185.5, 167.0, 159.9, 148.0, 147.0, 142.3,
139.7, 135.9, 134.1, 131.0, 130.4, 130.3, 130.3,712128.9, 127.6, 127.4, 126.1,
124.4,124.1, 122.8, 122.6, 118.8, 112.3, 80.6,80.9, 49.1, 42.8, 42.7, 37.1, 34.8,
34.4, 33.9, 29.5, 20.4. HRM®/z calcd for GiH3,N4Os [M + H]* 509.2547, found

509.2561.

2'-(tert-butyl)-1-(2-(4-chlorophenyl)quinoline-4-d#nyl)-2'H-spiro[piperidine-4,5'-
pyrano[3,2-c]pyrazol]-7'(6'H)-one7fd)

The product was obtained as white solid, yield 78¥%p. 222.5 — 223.5C. 'H
NMR (400 MHz, CDCJ):  8.22 (d,J = 8.3 Hz, 1H), 8.12 (dd] = 8.5, 5.7 Hz, 2H),
7.86 — 7.71 (m, 3H), 7.60 (dd,= 16.8, 7.7 Hz, 1H), 7.51 (dd,= 8.6, 4.1 Hz, 2H),
7.23 (d,J = 4.8 Hz, 1H), 4.75 () = 11.3 Hz, 1H), 3.49 — 3.31 (m, 2H), 3.23)&
12.2 Hz, 1H), 2.77 — 2.65 (m, 2H), 2.34Jt 11.4 Hz, 1H), 1.99 (] = 14.5 Hz, 1H),
1.88 — 1.74 (m, 1H), 1.64 (s, 1H), 1.59 (s, 98 NMR (100 MHz, CDGJ): § 185.5,
166.9, 162.1, 155.8, 155.6, 148.1, 147.0, 143.4,113134.1, 130.7, 130.5, 130.3,

129.1, 128.7, 127.7, 127.5, 124.3, 124.0, 123.2,0,215.3, 115.2, 112.3, 80.6, 80.4,

24



60.9, 49.1, 42.8, 42.7, 37.1, 34.7, 34.5, 34.08,329.5. HRMSm/z calcd for

C30H29CIN4O3 [M + H]Jr 529.2001, found 529.1991.

2'-(tert-butyl)-1-(2-(2-chlorophenyl)quinoline-4-d#nyl)-2'H-spiro[piperidine-4,5'-
pyrano[3,2-c]pyrazol]-7'(6'H)-one7e)

The product was obtained as yellow solid, yield 68¥p. 216.5 — 217.5C. 'H
NMR (400 MHz, CDCJ): 6 8.27 (d,J = 8.1 Hz, 1H), 7.94 — 7.77 (m, 2H), 7.76 — 7.60
(m, 3H), 7.52 (dJ = 7.1 Hz, 1H), 7.48 — 7.38 (m, 2H), 7.24 {ds 3.5 Hz, 1H), 4.74
(t, = 5.6 Hz, 1H), 3.49 — 3.34 (m, 3H), 2.80 — 2.61 i), 2.33 (tJ = 12.1 Hz, 1H),
2.04 (t,J = 16.0 Hz, 1H), 1.92 — 1.77 (m, 1H), 1.65 (s, 1HR9 (s, 9H)*C NMR
(100 MHz, CDC}): ¢ 185.5, 166.8, 156.9, 148.2, 147.0, 141.7, 13834,11, 132.1,
131.7, 131.6, 130.3, 130.1, 128.0, 127.8, 127.4.612124.2, 123.2, 123.1, 119.4,
112.3, 80.7, 80.5, 60.9, 49.2, 42.7, 37.2, 35.03,333.9, 29.5. HRM®n/z calcd for

C30H29CIN4O3 [M + H]Jr 529.2001, found 529.1996.

2'-(tert-butyl)-1-(2-(4-fluorophenyl)quinoline-4-daonyl)-2'H-spiro[piperidine-4,5'-p
yrano[3,2-c]pyrazol]-7'(6'H)-oneqf)

The product was obtained as white solid, yield 7584. > 240°C.*H NMR
(400 MHz, CDC}): 6 8.22 (d,J = 8.0 Hz, 1H), 8.20 — 8.13 (m, 2H), 7.86 — 7.7Q (m
3H), 7.59 (ddJ = 16.3, 9.2 Hz, 1H), 7.24 (d,= 5.0 Hz, 3H), 4.75 () = 12.1 Hz,
1H), 3.49 — 3.31 (m, 2H), 3.23 (= 12.1 Hz, 1H), 2.77 — 2.65 (m, 2H), 2.34)&
11.9 Hz, 1H), 1.99 (§ = 14.5 Hz, 1H), 1.87 — 1.80 (m, 1H), 1.64 (s, 1HRO (s, 9H).
13C NMR (100 MHz, CDGJ): 6 185.6, 167.0, 162.8, 155.8, 148.2, 147.0, 1433,8]
134.1, 130.7, 130.5, 130.2, 129.4, 127.6, 127.4.312124.0, 123.0, 116.1, 115.8,
115.4, 112.4, 80.6, 80.5, 60.9, 49.1, 42.9, 42771,334.7, 34.5, 34.0, 33.8, 29.5.

HRMS m/zcalcd for GoH2eFN4O3 [M + H]* 513.2296, found 513.2307.
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1-(2-(4-bromophenyl)quinoline-4-carbonyl)-2'- (tdrtrtyl)-2'H-spiro[piperidine-4,5'-
pyrano[3,2-c]pyrazol]-7'(6'H)-one7Q)

The product was obtained as yellow solid, yield 7084p. 171.5 — 172.5C.'H
NMR (400 MHz, CDCJ): 6 8.22 (d,J = 8.3 Hz, 1H), 8.10 — 8.00 (m, 2H), 7.85 — 7.70
(m, 3H), 7.67 (dd) = 7.8, 2.7 Hz, 2H), 7.60 (dd,= 15.9, 8.2 Hz, 1H), 7.23 (d,=
4.0 Hz, 1H), 4.74 (t) = 11.0 Hz, 1H), 3.50 — 3.32 (m, 2H), 3.22)t 11.2 Hz, 1H),
2.82 — 2.61 (m, 2H), 2.34 (,= 8.0 Hz, 1H), 1.98 () = 13.6 Hz, 1H), 1.91 — 1.79 (m,
1H), 1.74 (s, 1H), 1.59 (s, 9H)*C NMR (100 MHz, CDG)): ¢ 185.5, 167.0, 155.9,
155.7, 148.2, 147.0, 143.3, 137.6, 134.1, 132.0.713130.5, 130.3, 129.0, 127.7,
127.6, 124.3, 124.0, 123.2, 123.0, 115.3, 112.%,8D.5, 60.9, 49.1, 42.8, 42.7, 37.2,
34.7, 34.5, 34.0, 33.8, 29.5. HRM®z calcd for GoH29BrN4Os [M + H]" 573.1496,

found 573.1493.

2'-(tert-butyl)-1-(2-(4-methoxyphenyl)quinoline-drbonyl)-2'H-spiro[piperidine-4,5'
-pyrano(3,2-c]pyrazol]-7'(6'H)-one7h)

The product was obtained as white solid, yield 78%p. 218.5 — 219.5C. 'H
NMR (400 MHz, CDCJ): 6 8.19 (d,J = 8.3 Hz, 1H), 8.13 (dd] = 8.6, 5.1 Hz, 2H),
7.85 — 7.69 (m, 3H), 7.55 (dd,= 15.4, 8.3 Hz, 1H), 7.23 (d,= 3.3 Hz, 1H), 7.05
(dd,J = 8.7, 3.8 Hz, 2H), 4.74 (§,= 8.6 Hz, 1H), 3.89 (s, 3H), 3.50 — 3.31 (m, 2H),
3.25 (t,J = 11.4 Hz, 1H), 2.76 — 2.64 (m, 2H), 2.33Jt 9.6 Hz, 1H), 1.97 (t) =
15.1 Hz, 1H), 1.89 — 1.76 (m, 1H), 1.64 (s, 1HR8L(s, 9H).23C NMR (100 MHz,
CDCl): 6 185.6, 167.2, 161.2, 161.1, 156.6, 156.5, 14813, 142.9, 134.1, 131.3,
131.2, 130.4, 130.3, 130.1, 128.9, 127.1, 126.9.212123.9, 122.8, 122.6, 115.2,
114.3, 114.3, 112.3, 80.6, 80.5, 60.9, 55.4, 4928, 42.6, 37.1, 34.7, 34.5, 34.0,

33.8, 29.5. HRMSn/zcalcd for GiHzN4O4 [M + H]™ 525.2496, found 525.2489.

2'-(tert-butyl)-1-(2-(3,4-dimethoxyphenyl)quinolidecarbonyl)-2'H-spiro[piperidine

-4,5'-pyranol[3,2-c]pyrazol]-7'(6'H)-one?()
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The product was obtained as yellow solid, yield 8584p. 169.5 — 170.5C. 'H
NMR (400 MHz, CDCJ): § 8.23 (s, 1H), 7.87 (d] = 9.7 Hz, 1H), 7.82 — 7.71 (m,
3H), 7.66 (dJ = 8.4 Hz, 1H), 7.59 — 7.52 (m, 1H), 7.23 Jd; 6.3 Hz, 1H), 7.01 (dd,
J=8.4,55 Hz, 1H), 4.75 (8, = 12.2 Hz, 1H), 4.06 (s, 3H), 3.97 (s, 3H), 3.48.32
(m, 2H), 3.24 (tJ = 12.1 Hz, 1H), 2.79 — 2.62 (m, 2H), 2.34)t 12.0 Hz, 1H), 1.98
(t, J = 14.3 Hz, 1H), 1.88 — 1.79 (m, 1H), 1.64 (s, 1H}K9 (s, 9H)*C NMR (100
MHz, CDCk): ¢ 185.6, 167.2, 156.6, 156.4, 150.7, 150.7, 14919,4], 148.2, 147.0,
142.9, 134.1, 131.6, 131.5, 130.4, 130.3, 130.Z,202127.0, 124.2, 123.9, 122.9,
122.7, 120.3, 120.3, 115.4, 115.3, 112.4, 111.0,21180.6, 80.5, 60.9, 56.0, 56.0,
49.1, 42.8, 42.7, 37.1, 34.7, 34.4, 34.0, 33.85.29dRMSm/z calcd for G,H34N4O5

[M + H]* 555.2602, found 555.2586.

1-(2-(4-aminophenyl)quinoline-4-carbonyl)-2'- (tdrtrtyl)-2'H-spiro[piperidine-4,5'-p
yrano[3,2-c]pyrazol]-7'(6'H)-one7j)

The product was obtained as yellow solid, yield 5584p. > 240°C. *H NMR
(400 MHz, CDC}): 6 8.23 (d,J = 10.0 Hz, 1H), 8.03 (dd,= 8.4, 6.9 Hz, 2H), 7.78 —
7.69 (m, 3H), 7.53 (dd] = 15.9, 7.7 Hz, 1H), 7.24 (d,= 2.7 Hz, 1H), 6.81 (dd] =
8.6, 3.4 Hz, 2H), 4.74 (§ = 12.0 Hz, 1H), 3.48 — 3.31 (m, 2H), 3.25)& 11.7 Hz,
1H), 2.76 — 2.63 (m, 2H), 2.33 (= 16.0 Hz, 1H), 1.97 () = 15.9 Hz, 1H), 1.88 —
1.77 (m, 1H), 1.64 (s, 1H), 1.59 (s, 9HC NMR (100 MHz, CDG)): ¢ 185.8, 167.5,
157.1, 156.9, 148.5, 148.4, 147.1, 142.8, 142.4,213130.4, 130.3, 130.0, 128.9,
126.8, 126.7, 124.3, 124.0, 122.8, 122.6, 115.2,51180.8, 80.6, 61.0, 49.3, 42.9,
42.8, 37.2, 34.9, 34.6, 34.1, 33.9, 29.7. HRM& calcd for GoH3:Ns03 [M + HJ"

510.2500, found 510.2504.

2'-(tert-butyl)-1-(2-(4-(dimethylamino)phenyl)quiime-4-carbonyl)-2'H-spiro[piperi

dine-4,5'-pyrano[3,2-c]pyrazol]-7'(6'H)-one&k)
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The product was obtained as red solid, yield 55%y. 199.5 — 200.3C. 'H
NMR (400 MHz, CDC}Y): ¢ 8.19 (d,J = 9.1 Hz, 1H), 8.10 (dd] = 8.6, 4.8 Hz, 2H),
7.78 — 7.66 (m, 3H), 7.49 (dd,= 15.6, 8.1 Hz, 1H), 7.23 (d,= 1.9 Hz, 1H), 6.83
(dd,J = 9.0, 3.5 Hz, 2H), 4.73 (8, = 7.6 Hz, 1H), 3.44 — 3.35 (m, 2H), 3.26 It5
11.9 Hz, 1H), 3.06 (s, 6H), 2.79 — 2.61 (m, 2HR22(t,J = 9.6 Hz, 1H), 1.96 (1) =
15.9 Hz, 1H), 1.88 — 1.75 (m, 1H), 1.64 (s, 1HR9L(s, 9H).>*C NMR (100 MHz,
CDCly): § 185.6, 167.5, 157.0, 156.9, 151.6, 148.4, 147Q,5, 134.2, 130.1, 129.8,
128.5, 126.5, 126.3, 124.2, 123.9, 122.6, 115.2,3,1112.1, 80.7, 80.6, 60.9, 49.2,
42.8, 42.6, 40.3, 37.1, 34.8, 34.5, 34.0, 33.96.2dRMS m/z calcd for GyHzsNs03

[M + H]" 538.2813, found 538.2811.

2'-(tert-butyl)-1-(2-(pyridin-2-yl)quinoline-4-cadnyl)-2'H-spiro[piperidine-4,5'-pyr
ano[3,2-c]pyrazol]-7'(6'H)-oneql)

The product was obtained as white solid, yield 68%yg. 229.5 — 230.5C. *H
NMR (400 MHz, CDCJ): J 8.81 — 8.65 (m, 2H), 8.55 (d,= 23.0 Hz, 1H), 8.23 (d]
= 8.4 Hz, 1H), 7.97 — 7.73 (m, 3H), 7.61 (dck 16.3, 8.4 Hz, 1H), 7.46 — 7.37 (m,
1H), 7.25 (dJ = 8.3 Hz, 1H), 4.76 (t) = 8.0 Hz, 1H), 3.58 — 3.21 (m, 3H), 2.82 —
2.58 (m, 2H), 2.32 (t) = 8.7 Hz, 1H), 1.99 (t) = 9.6 Hz, 1H), 1.90 — 1.76 (m, 1H),
1.64 (s, 1H), 1.59 (s, 9H)C NMR (100 MHz, CDGJ): § 185.7, 167.1, 155.6, 155.4,
149.2, 149.1, 148.1, 148.0, 147.0, 142.9, 137.4,113130.4, 130.3, 130.2, 127.9,
127.7, 124.5, 124.4, 124.3, 124.1, 121.8, 115.2,411112.3, 80.8, 80.5, 60.9, 49.2,
42.9, 42.6, 37.1, 34.7, 34.3, 34.0, 33.8, 29.5. HRMz calcd for GgHz9gNsO3 [M +

H]" 496.2343, found 496.2362.

2'-(tert-butyl)-1-(2-(pyridin-4-yl)quinoline-4-cadnyl)-2'H-spiro[piperidine-4,5'-pyr
ano[3,2-c]pyrazol]-7'(6'H)-one{m)
The product was obtained as yellow solid, yield 65%p. 154.5 — 155.5C. 'H

NMR (400 MHz, CDCY): 6 8.81 (s, 2H), 8.25 (d} = 8.8 Hz, 1H), 8.07 (dd] = 11.5,
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5.5 Hz, 2H), 7.92 — 7.78 (m, 3H), 7.66 (dds 17.9, 8.1 Hz, 1H), 7.24 (d,= 4.8 Hz,
1H), 4.76 (tJ = 12.0 Hz, 1H), 3.52 — 3.34 (m, 2H), 3.21Xt 11.7 Hz, 1H), 2.79 —
2.61 (M, 2H), 2.35 (1) = 11.6 Hz, 1H), 1.99 (f] = 12.9 Hz, 1H), 1.90 — 1.80 (m, 1H),
1.61 (s, 1H), 1.59 (s, 9H)C NMR (100 MHz, CDGJ): 6 185.5, 166.7, 154.3, 154.1,
150.4, 148.4, 148.3, 146.9, 145.9, 143.6, 134.0,9,3130.8, 130.7, 128.5, 128.3,
124.3, 124.1, 123.8, 123.6, 121.5, 115.3, 115.2,3,180.5, 80.4, 60.9, 49.1, 42.8,
42.7, 37.2, 34.6, 34.5, 33.9, 33.7, 29.5. HRM& calcd for GeHzeNsO3 [M + H]'

496.2343, found 496.2356.

2'-(tert-butyl)-1-(2-(piperazin-1-yl)quinoline-4-daonyl)-2'H-spiro[piperidine-4,5'-p
yrano[3,2-c]pyrazol]-7'(6'H)-oneqn)

The product was obtained as yellow solid, yield 628p. 166.5 — 167.5C. 'H
NMR (400 MHz, CDCY): 6 7.72 (d,J = 8.4 Hz, 1H), 7.60 — 7.49 (m, 2H), 7.23 Jck
6.9 Hz, 2H), 6.90 (d] = 27.3 Hz, 1H), 4.67 (] = 13.0 Hz, 1H), 3.91 — 3.60 (M, 4H),
3.44 — 3.19 (m, 3H), 3.16 — 3.05 (m, 4H), 2.76 59m, 2H), 2.30 (t) = 13.0 Hz,
1H), 1.95 (t,J = 12.0 Hz, 1H), 1.83 — 1.74 (m, 1H), 1.64 (s, 1HJ9 (s, 9H)°C
NMR (100 MHz, CDCY): ¢ 185.7, 167.4, 156.6, 156.4, 147.9, 147.0, 1443@.11,
130.5, 130.3, 127.4, 124.0, 123.7, 123.6, 123.9,111119.0, 112.4, 112.3, 106.4,
106.2, 80.6, 80.5, 60.9, 49.4, 49.2, 45.1, 45.17,422.6, 37.0, 34.6, 34.4, 33.9, 29.5.

HRMS m/zcalcd for GgHzaNeOs [M + H]" 503.2765, found 503.2789.

2'-(tert-butyl)-1-(2-(4-methylpiperazin-1-yl)quinoé-4-carbonyl)-2'H-spiro[piperidi
ne-4,5'-pyrano[3,2-c]pyrazol]-7'(6'H)-on&¢)

The product was obtained as yellow solid, yield 65%p. 161.5 — 162.5C. 'H
NMR (400 MHz, CDCJ): § 7.71 (d,J = 8.4 Hz, 1H), 7.61 — 7.44 (m, 2H), 7.23 Jc;
7.8 Hz, 2H), 6.90 (dJ = 25.2 Hz, 1H), 4.67 (f] = 13.1 Hz, 1H), 3.91 — 3.67 (m, 4H),
3.46 — 3.12 (m, 3H), 2.78 — 2.64 (m, 2H), 2.62512m, 4H), 2.38 (s, 3H), 2.29 (@,

= 11.9 Hz, 1H), 1.98 (i} = 14.6 Hz, 1H), 1.85 — 1.75 (m, 1H), 1.64 (s, 1HE9 (s,
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9H). *C NMR (100 MHz, CDGJ): 6 185.7, 167.5, 156.6, 156.5, 148.1, 148.0, 147.0,
143.9, 134.1, 130.4, 130.2, 127.2, 124.0, 123.3,3,2123.1, 119.0, 118.8, 112.4,
112.3, 106.4, 106.2, 80.6, 80.5, 60.9, 54.8, 44611, 44.8, 42.7, 42.6, 37.0, 34.6,
34.4, 33.9, 29.5. HRMSn/z calcd for GgHzeNgOs [M + H]" 517.2922, found

517.2931.

2'-(tert-butyl)-1-(2-morpholinoquinoline-4-carbom2'H-spiro[piperidine-4,5'-pyran
0[3,2-c]pyrazol]-7'(6'H)-one Tp)

The product was obtained as yellow solid, yield 728p. 167.5 — 168.5C. 'H
NMR (400 MHz, CDCY): 6 7.74 (d,J = 3.9 Hz, 1H), 7.64 — 7.48 (m, 2H), 7.30 Jck
7.5 Hz, 1H), 7.23 (d) = 8.7 Hz, 1H), 6.89 (d] = 25.4 Hz, 1H), 4.68 (t] = 13.0 Hz,
1H), 3.85 (d,J = 4.8 Hz, 4H), 3.73 (d] = 0.6 Hz, 4H), 3.44 — 3.30 (m, 2H), 3.22Jt,
= 16.1 Hz, 1H), 2.76 — 2.59 (m, 2H), 2.30Jt= 12.3 Hz, 1H), 1.99 () = 9.6 Hz,
1H), 1.83 — 1.75 (m, 1H), 1.65 (s, 1H), 1.59 (s).9HC NMR (100 MHz, CDGJ): ¢
185.8, 167.5, 156.9, 147.1, 144.2, 134.2, 130.6,4.2124.2, 123.9, 123.6, 119.3,
119.1, 112.5, 112.4, 106.3, 106.1, 80.7, 80.7,,6819D, 49.3, 45.5, 42.9, 42.7, 37.1,
34.8, 34.5, 34.0, 29.7. HRM®&/z calcd for GgHzaNsO4 [M + H]" 504.2605, found

504.2616.

2'-(tert-butyl)-1-(2-methylquinoline-4-carbonyl)F-'spiro[piperidine-4,5'-pyrano[3,2
-C]pyrazol]-7'(6'H)-one 7q)

The product was obtained as white solid, yield 65%p. 226.5 — 227.5C. 'H
NMR (400 MHz, CDC}): 6 8.09 (d,J = 8.3 Hz, 1H), 7.80 — 7.69 (m, 2H), 7.55 (dd,
=15.6, 7.8 Hz, 1H), 7.26 (s, 1H), 7.24 (s, 1HJ14(t,J = 9.6 Hz, 1H), 3.46 — 3.28 (m,
2H), 3.18 (tJ = 13.5 Hz, 1H), 2.77 (s, 3H), 2.73 — 2.63 (m, 2M}2 (t,J = 12.2 Hz,
1H), 1.98 (t,J = 17.6 Hz, 1H), 1.86 — 1.76 (m, 1H), 1.64 (s, 1HK9 (s, 9H)*°C
NMR (100 MHz, CDC}): ¢ 185.6, 167.0, 158.9, 158.7, 147.8, 147.0, 14238.1],

130.3, 130.1, 129.2, 126.9, 126.7, 124.2, 123.2,42122.2, 118.6, 118.5, 112.3,
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80.6, 80.5, 60.9, 49.1, 42.7, 42.6, 37.0, 34.74,333.8, 29.5, 25.3. HRM®&/zcalcd

for CosH2gN4O3 [M + H]+ 433.2234, found 433.2244.

2'-(tert-butyl)-1-(2-chloroquinoline-4-carbonyl)42:spiro[piperidine-4,5'-pyrano[ 3,2
-c]pyrazol]-7'(6'H)-one Tr)

The product was obtained as white solid, yield 8894q. 219.5 — 220.5C. 20
°C, 'H NMR (400 MHz, DMSO-g): 6 8.02 (d,J = 8.4 Hz, 1H), 7.89 (tJ = 7.6 Hz,
2H), 7.80 — 7.72 (m, 2H), 7.65 @ = 23.6 Hz, 1H), 4.40 (d = 13.2 Hz, 1H), 3.28 (s,
3H), 2.75 (s, 2H), 2.51 (] = 2.0 Hz, 1H), 2.11 (d) = 13.6 Hz, 1H), 1.81 (s, 2H),
1.51 (s, 9H).13C NMR (100 MHz, DMSO-¢): 6 186.2, 164.6, 150.1, 147.9, 147.4,
146.7, 134.0, 132.1, 129.0, 128.8, 125.7, 125.8,51223.3, 119.4, 114.2, 81.4, 81.3,
60.9, 48.9, 48.6, 43.0,42.9, 37.5, 37.4, 34.3,,33%3,33.2, 29.6. 8%, 'H NMR
(400 MHz, DMSO-g): § 8.00 (d,J = 8.8 Hz, 1H), 7.87 () = 8.0 Hz, 2H), 7.69 (]
= 7.6 Hz, 2H), 7.58 (s, 1H), 4.36 (@= 12.8 Hz, 1H), 3.34 (1] = 8.8 Hz, 2H), 3.14 (d,
J=14.0 Hz, 1H), 2.74 (dl = 4 Hz, 2H), 2.49 (s, 1H), 2.12 (@ = 14.4 Hz, 1H), 1.92
—1.81 (m, 2H), 1.52 (s, 9H)C NMR (100 MHz, DMSO-g): § 185.8, 164.9, 150.1,
148.1, 147.5, 146.7, 134.4, 131.9, 129.1, 128.6,61A23.5, 119.4, 113.9, 81.4, 60.9,
49.0, 43.0, 37.6, 34.3, 33.6, 29.7. HRM$z calcd for G4H2sCIN4Os [M + HJ

453.1688, found 453.1699.

2'-(tert-butyl)-1-(2-methoxyquinoline-4-carbonyl2spiro[piperidine-4,5'-pyrano[3
,2-C|pyrazol]-7'(6'H)-one 1s)

The product was obtained as yellow solid, yield 65&p. > 240°C.*H NMR
(400 MHz, CDC4 ): § 7.63 (dd,J = 16.9, 7.4 Hz, 1H), 7.51 (dd= 20.3, 8.3 Hz, 1H),
7.42 (dd,J = 8.4, 4.0 Hz, 1H), 7.31 — 7.20 (m, 2H), 6.64Jd; 20.1 Hz, 1H), 4.64 (t,
J = 8.7 Hz, 1H), 3.74 (s, 3H), 3.52 — 3.38 (m, 2882 (t,J = 13.7 Hz, 1H), 2.77 —
2.60 (m, 2H), 2.30 (] = 12.2 Hz, 1H), 2.03 (§ = 12.0 Hz, 1H), 1.82 — 1.73 (m, 1H),

1.66 (s, 1H), 1.59 (s, 9H)*C NMR (100 MHz, CDGJ): J 185.5, 165.6, 161.3, 147.0,
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145.0, 140.3, 134.1, 131.7, 131.6, 126.3, 126.@,.8,2122.7, 118.3, 118.2, 117.4,
117.3, 114.9, 114.8, 112.5, 112.3, 80.6, 80.4,,777t3, 76.7, 61.0, 53.4, 49.1, 42.7,
425, 37.0, 34.8, 34.5, 33.9, 33.6, 29.6. HRM& calcd for GsH2gN4O4 [M + HJ

449.2183, found 449.2184.

2'-(tert-butyl)-1-(2-ethoxyquinoline-4-carbonyl)FR'spiro[piperidine-4,5'-pyrano[ 3,2
-Cc]pyrazol]-7'(6'H)-one Tt)

The product was obtained as yellow solid, yield 6@8p. 174.5 — 175.5C. *H
NMR (400 MHz, CDCY): 6 7.67 — 7.58 (m, 1H), 7.52 (dd= 20.7, 7.9 Hz, 1H), 7.44
(dd,J = 8.5, 4.1 Hz, 1H), 7.30 — 7.21 (m, 2H), 6.63Jd; 18.4 Hz, 1H), 4.64 (1] =
8.6 Hz, 1H), 4.33 (t) = 16.9 Hz, 2H), 3.55 — 3.37 (m, 2H), 3.31Jt 12.9 Hz, 1H),
2.77 — 2.57 (m, 2H), 2.30 @,= 8.0 Hz, 1H), 2.04 () = 11.0 Hz, 1H), 1.81 — 1.73 (m,
1H), 1.66 (s, 1H), 1.59 (s, 9H), 1.37 (s, 3HC NMR (100 MHz, CDGJ): § 185.4,
165.6, 160.9, 147.0, 145.1, 144.9, 139.4, 134.1.613131.5, 126.4, 126.1, 122.6,
122.4, 118.4, 118.2, 117.6, 117.5, 114.7, 114.8,511112.3, 80.6, 80.4, 60.9, 60.9,
49.1, 49.1, 42.7, 42.5, 37.5, 37.0, 34.8, 34.99,333.6, 29.5, 12.6. HRM®&/z calcd

for CogH3gN4O4 [M + H]+ 463.2340, found 463.2339.

2'-(tert-butyl)-1-(2-isopropoxyquinoline-4-carboind'H-spiro[piperidine-4,5'-pyrano
[3,2-c]pyrazol]-7'(6'H)-one Tu)

The product was obtained as white solid, yield 55%p. 114.5 — 115.5C. 'H
NMR (400 MHz, CDCJ): 6 7.85 (d,J = 8.3 Hz, 1H), 7.64 (dd] = 18.3, 9.2 Hz, 2H),
7.39 (dd,J = 15.2, 7.7 Hz, 1H), 7.23 (d,= 3.4 Hz, 1H), 6.76 (d] = 22.6 Hz, 1H),
5.61 —5.55 (m, 1H), 4.68 (,= 2.6 Hz, 1H), 3.47 — 3.20 (m, 3H), 2.78 — 2.62 2i),
2.29 (t,J = 8.6 Hz, 1H), 1.98 (J = 12.6 Hz, 1H), 1.85 — 1.71 (m, 1H), 1.64 (s, 1H),
1.59 (s, 9H), 1.40 (s, 6H)°C NMR (100 MHz, CDCJ):  185.7, 166.9, 161.2, 161.1,
147.1, 145.0, 144.9, 134.3, 130.3, 130.2, 127.9.812124.7, 124.5, 124.2, 121.2,

121.0, 112.5, 110.7, 80.8, 80.6, 68.6, 68.6, 64903, 49.3, 42.9, 42.7, 37.2, 34.8,
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34.6, 34.1, 33.9, 29.7, 22.1. HRM®&/z calcd for G7H3,N4O4 [M + H]" 477.2496,

found 477.2496.

4.2 Molecular docking

This study was performed using software Sybyl-X arid the co-crystal of ACC
with PF-1 was taken from the Protein Data Bank (PDB ID: 4WY8D]. All water
was removed and missing hydrogen atoms were add#uktoriginal structure. The
ligands were energy minimized with Tripos forcddiand Gasteiger-Huckl charges
as implement in SYBYL. The best output pose of iifjavas analyzed based on
hydrogen bonds and van der Waals interactions ¢oetizyme. The results were

visualized with PyMOL.

4.3 Pharmacology
4.3.1 In vitro ACC inhibition assay

ACC inhibitory activity of compounds was assesssthgi a luminescent ADP
detection assay according to the previous repdasfimanet al [35]. Briefly, 4.5uL
of assay buffer containing recombinant ACC1 (BP®sBiences, Catalog #50200)
was added to Optiplate-384 (Perkin Elmer, Cata®@@0#290) followed by 0.5L of
DMSO or DMSO containing inhibitor. After incubatiaat room temperature for 15
min, 5 puL of substrate mixture was added to start the m@actThe plate was
incubated at room temperature for 60 min, thepll®DP-Glo Reagent was added to
terminate the reaction. After 40 min incubationr@m temperature, 20L Kinase
Detection Reagent was added and plates were irexib@t another 40 min to convert
ADP to ATP. Finally, ATP was measured using an Eiowi 2104 multi-label reader

(Perkin Elmer, 2104-0010).

4.3.2 Cell Culture

All the cell lines were obtained from the Shangl@ell Bank of Chinese
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Academy of Sciences (Shanghai, China). A549, HepG® MDA-MB-231 cancer
cell lines were cultured in Dulbecco’s modified Esg medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), skBéptomycin and penicillin.
HUVEC were maintained in RPMI 1640 media suppleménvith 10% FBS, 1%
streptomycin and penicillin. The cells were cultitender standard conditions: 37 °C

and 5% CQin a humidified atmosphere.

4.3.3 Cell viability assay

The cytotoxicity of synthesized compounds was deteed by MTT assay
(Beyotime, China). Cells at density of 3 x*}&r well were seeded in 96-well plates,
and after incubation for 24 h, the cells were &datvith various concentrations of
compounds for 72 h. At the end of treatment, an M®lltion (20uL) was added and
incubated for another 4 h. The formed formazan dissolved with 10QL of DMSO,

with the absorbance measured at 550 nm using @aphite reader (Varioskan LUX).

4.3.4 Measurement of malonyl-CoA and TG

HepG2 cells were plated on 6-well plates and intedawith diverse
concentrations om for 48 h. Then, cells were collected, washed VA®S, and
lysed with 1% Triton X-100. The lysates were cdagred at 12000 rpm at 4 °C for 15
min. The contents of malonyl-CoA and TG were meaduwising Elisa assay Kits
(Ruixin Biotech, China) and GPO-POP assay kits:¢hang Bio, China), respectively.
To normalize the malonyl-CoA and TG levels, the tgio concentration was

measured by BCA protein assay kits (Beyotime, Ohina

4.3.5 Palmitate rescue assay
The rescue experiments were performed by addingahaitate—BSA complex
to 7m-treated cells. For palmitate—-BSA preparation, ® M palmitate stock

solution was prepared by dissolving 27.9 mg of sodpalmitate (Sigma-Aldrich) in
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1 mL of sterile water by alternating vortexing amehating at 70 °C. Then, 200 pL
from the previous palmitate solution was added.8m3L of serum-free DMEM with
5% fatty acid-free BSA (Yeasen Biotech Co., Ltd.)take a 5 mM palmitate solution.
Later, 5 mM palmitate solution was shaken at 140 gt 40 °C for 1 h [47]. Finally,
the mixture was further diluted in serum-free DMEM obtain the required final
concentrations and added to the culture medium udatedy. Cell viability was
performed using MTT assay, cell morphology was olese through a fluorescence

microscope (Olympus IX73).

4.3.6 Cell cycle assay

HepG2 cells were plated on 6-well plates and expdsealiverse concentrations
of 7m for 48 h after they adherence. Then, cells welkeced and fixed in 70%
precooled ethanol overnight. Finally, cells werairshg with propidium iodide/
RNase A for 30 min and subjected to flow cytomdteacs Canto Il, USA) for

measurement.

4.3.7 Cell apoptosis assay

(A) Hoechst 33258 staining. HepG2 cells were seede@-well plates and
exposed to various concentrations/of for 48 h. After treatment, cells were stained
with Hoechst 33258 in dark for 20 min. The morplgidal images were observed
under a fluorescence microscope (Olympus 1X73).

(B) Annexin V-FITC/ Pl apoptosis assay. HepG2 cellsre plated on 6-well
plates and incubated with specific concentratiorviof for 48 h. Then, cells were
harvested and stained with annexin-V-FITC and Rdy@en, China) protected from
light. The percentages of apoptotic cells were nwems by flow cytometer (Facs

Canto Il, USA).

4.3.8 Western blotting
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HepG2 cells were exposed to the indicated condgmtsaof7m for 48 h. Then,
cells were collected and lysed. The cell lysateseveentrifuged at 12000 rpm for 15
min, and the supernatants were collected. The ipratncentration was quantified
using the BCA protein assay reagents (Beyotimen&hiProtein samples were
separated by SDS-PAGE and transferred onto PVDFbraras. After blocking with
5% BSA for 1 h, membranes were incubated with gmpaite primary antibodies at
4 °C overnight. Finally, the membranes were incetbatith a DyLight 800 labeled
secondary antibody for 60 min and scanned usingQtgssey infrared imaging
System (LI-COR, Inc., USA). The densitometric quiggdtion analysis was

performed by Image J.

4.3.9 Calculation of Combination Index (CI)

HepG2 cells were treated with specified concemnatiof 7/m and DOX, as
single agents or in combination for 72 h. The Auga were calculated the using the
CompuSyn software (Version 1.0; ComboSyn Inc., USgsed on this analysis, CI >

1, =1, and < 1 indicate synergism, additive effantd antagonism, respectively [43].
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Highlights

=

Spiroketopyrazol es were synthesized as ACC inhibitors and antitumor agents.

N

7j and 7m exhibited potent ACC inhibitory activity and antitumor activity.

w

7m induced cell cycle arrest and apoptosisin HepG2 cells.

4. Combination of 7m with DOX synergistically decreased HepG2 cell viability.
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