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Abstract

A series of phenylsulfonyfuroxan-bas®&tD-releasing scopoletin derivatives were
designed and synthesized in the study. All targehpounds showed significantly
improved antiproliferative activity against four ncer cell lines (MDA-MB-231,
MCF-7, HepG2 and A459) and lower cytotoxicity todiarormal liver LO2 cells.
Derivative 47 concentration-dependently inhibited the colony fation of
MDA-MB-231 cells. NO-releasing assessment indicatieat the intracellular NO
level was almost positively correlated with theigmiiferative ability. Compound?7,
which released the highest amounts of NO, showedbdist potency (I§ = 1.23uM)
against MDA-MB-231 cells. Mechanism research rexdbr the first time tha47
blocked the proliferation of MDA-MB-231 cells by taating mitochondrial
apoptosis pathway and arresting cell cycle at GRhdse. Taken together, as a novel
scopoletin derivative47 exhibited excellent inhibitory effects against igaant
cancer cells and lower toxicity on normal cellsughan in-depth evaluation 4% to
explore its complete therapeutic potential for ericeatment is warranted.

Key words. Scopoletin; Nitric oxide; Mitochondrial apoptogmthway; Cell cycle

arrest.



1. Introduction
Scopoletin (7-hydroxy-6-methoxy-2H-chromen-2-on€)g( 1), existing in diverse
medicinal plants§copolia japonicavlaxim., Atropa belladonnd.inn., Saposhnikovia
divaricata(Turcz.) Schischk., etc.) [1], possesses multiplarmacological activities,
including antitumor [2], antioxidant [3], and amilammatory [4-5]. Of these, the
favorable potency of scopoletin against various duroells has attracted many
researchers’ attention [6-9Further mechanism investigation demonstrates that
scopoletin inhibits the multiplication of prostatancer cells via inducing cell
apoptosis and cell cycle arrest [10]. Similar resutlave also been reported in
cholangiocarcinoma cells and cervical cancer délls12]. Although scopoletin has
no obvious toxicity on the viability of normal cellthe moderate or low anticancer
activity hampers its clinical application. Therefor considerable scopoletin
derivatives have been designed and synthesizedchhianee its antitumor activity
[13-15].Accordingly, for the past few years, our researatug has been committed
to designing scopoletin derivatives, and demoretrdéihat several compounds (such
as compoundsl-4, Fig. 1) exhibited superior antitumor activity cpamed to
scopoletinin vitro [16-18]. However, the antitumor ability of theserigatives has not
yet achieved desired effect, so further improveneenteded.
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Fig. 1. Scopoletin and representats@opoletin derivatives



Hybridization strategy, chemically incorporatingatvor more pharmacophores
with similar bioactivities to acquire a new molemulentity, has been widely and
successfully applied in the discovery of anticardreigs, antiviral drugs, etc. [19-21].
Nitric oxide (NO), an intracellular messenger maledn cellular activities, has been
proved to affect the progress of cancer cellsitro andin vivo [22]. In cells, high
levels of intracellular NO are involved in the wggulation of signals such as p53,
PARP, and DNA-PK, which can restrain DNA repair im@mausms [23]. Then, this
process contributes to proliferation inhibition adncer cells. Thus, many chemical
NO donors have been developed to provide exogensDs[24]. Among them,
furoxan is an important NO donor and can generaje kevels of intracellular NO.
Particularly, as one of furoxan, phenylsulfonylfxao (Fig. 2) has been successfully
applied for the design of anticancer hybrids [2%-Bér example, the furoxan-based
NO-releasing hybrid$-12 (Fig. 2) both exhibited improved antitumor actiin
vitro compared with parent compounds. Hence, it is atie way to enhance the
antiproliferative activity of parent compounds mgroducing phenylsulfonylfuroxan

into their molecular structures while synthesizivQ-releasing hybrids.
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Fig. 2. Phenylsulfonylfuroxan and phenylsulfonylfuroxarsed hybrids

Thus, we attempted here to design novel NO-relgastopoletin derivatives by
introducing phenylsulfonylfuroxan at 7-positionsoopoletin to enhance its antitumor
effect (Fig. 3). In addition, given that introdugimn acetylamino or amino group at
3-position of scopoletin is favorable for cytotoxactivity [14, 16-17], we also
designed and synthesized a series of 3-acetylastiopoletin/phenylsulfonylfuroxan
and 3-amino scopoletin/phenylsulfonylfuroxan  hybrid (Fig. 3). Their
antiproliferative activities against cancer celtgl aytotoxicities toward normal cells
were measured. Further, the intracellular NO gdedrdy target compounds was
measured and the effect on antiproliferative aigtiwwas evaluated. Moreover, we
elucidated the mitochondrial apoptotic pathway bgomosis, mitochondrial
membrane potential depolarization, ROS generatiorg mitochondrial apoptosis
protein determination. Simultaneously, cell cyckeest was analyzed to explore

further potential mechanism of these derivatives.
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2. Results and discussion
2.1. Chemistry

The synthesis route of target compound6-%0 is shown in Scheme 1. 3,
4-diphenylsulfonyl-furoxan1(5) was obtained from benzenethidl) as described in
the literature [35]. The starting materid2was converted to 2-(phenylthio)acetic acid
(13) via treatment with 2-chloroacetic acid, sodiundtoxide (NaOH), and sodium
carbonate (N#GOs). Following this,13 was treated with hydrogen peroxide,(4) to
generate (phenylsulfonyl)methanoic acid)( which was then mixed with fuming
nitric acid to providantermediatel5. Further, scopoletin an2l0a were synthesized
from 2,4,5-trimethoxybenzaldehydé&6j according to the method reported by our
group [16-18]. Compound0b was obtained from intermedial® in the presence of
hydrochloric acid [36]. Subsequently, intermediatmpoletin,20a and 20b were
separately treated with different halo alcoholsyteld compounds21-35. Finally,
21-35 were treated separately wittb to provide target compound¥-50 in the

presence of 8-diazabicyclo [5.4.0] undec-7-ddBU) [25].
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Scheme 1Reagents and conditions: (a) CIEEHDOH, NaCO;, NaOH, EtOH, reflux,
4h; (b) HO,, AcOH, rt, 3h; (c) fuming HN@ reflux, 4h; (d) AlIC}, CTAB, dry DCM,
reflux, 4h; (e) malonic acid, aniline, pyridine, &4h; (f) glycine, AgO, NaOAc,
reflux, 4h; (g) pyridine, reflux, 6h; (h) 4C0s, MeOH, reflux, 1h; (i) EtOH, HCI,
80°C, 1h; (j) BrCH(CH,),OH, DMF, 60°C, 8h; (k15 DBU, DCM, -15°C, 4h;
2.2. Antiproliferative activity in vitro

Firstly, we measured the proliferation inhibitioates of scopoletin?0a 20b,
and36-50 in MCF-7 cells via the MTRssay at a concentration of A®l. All target
compounds 36-50) showed favorable inhibitory effect on MCF-7 cplioliferation
(inhibition rates: 48.63%-91.55%) (Table 1). Howevime proliferation inhibition
rates of20a and 20b (7.95%, 5.21%, 7.13% respectively) were not sigaiftly
different, suggesting that the introduction of erthacetylamino or amino at C-3

position without other modifications failed to boop the antiproliferative activity.



Table 1.The proliferation inhibition rates of the testedrmqmounds in MCF-7 cells

Cpd. IR (% Cpd. IR (%]
36 89.19 45 48.63
37 88.57 46 88.55
38 84.37 47 91.55
39 87.06 48 89.02
40 84.80 49 88.78
41 83.72 50 84.37
42 88.51 Scopoletin  7.95
43 80.41 20a 5.21
44 73.64 20b 7.13

%IR, inhibition rate, MCF-7 cells were treated witie tested compounds (i) for 48 h (mean
+SD, n = 3)

Next, the target compoun@®&-50 were tested in the following cancer cell lines:
MDA-MB-231, MCF-7, HepG2, and A549. Doxorubicin waslected as positive
control. As shown in Table 2, compared with scoo]e36-50 showed potential
anticancer potency in all studied cancer cells.tifeuy compounds$36-50 showed
higher activities in MDA-MB-231, MCF-7, and HepGRan in A549, indicating the
selectivity of these scopoletin derivatives agatifferent tumor cells. Subsequently,
36-50 were also studied in human normal liver cell lic®-2 for evaluating their
cytotoxicity towards normal cells. All scopoletinerivatives exhibited reduced

cytotoxicity toward LO-2 cell (I, = 7.82-17.33:M) compared with cancer cell lines.



Among all derivatives, compour#7 was the most active derivative with ansd©f
1.23uM in MDA-MB-231, slightly higher than that of doxaicin (IGo = 0.55uM)
(Table 2). However, compoundl7 showed approximately 15-fold less toxic than
doxorubicin in LO-2 cell (Igo = 0.59 uM).

With an amino group in C-3 position, compouB@ did not show favorable
antiproliferative activities in all cell lines exseHepG2 due to six carbons in the
linker. Similar results were also observed in datixes36-45, which shared the same
substituent group at C-3 position. Compoud@sand 45 showed inferior antitumor
effects also due to their six carbon length linkefdthough such scopoletin
derivatives with acetamido or amino group attacteanpounds36-40 or 41-45 or
46-50 have no significant difference in anticancenattj scopoletin derivatives still
show a certain pattern structure-activity relatiops According to biological studies
conducted in 3-acetylamino scopoletin/phenylsulfimgxan hybrids (compounds
41-45), the introduction of acetamido is generally nmducive to anticancer efficacy,
but compound42 showed potential antitumor activity in MCF-7 anepg®2 cells.
The activity difference between scopoletin/phentswylfuroxan and 3-amino
scopoletin/phenylsulfonylfuroxan (compoun®$-39 and 46-49) is the smallest;
compounds37 and47 have the highest activity among all derivativeafdgtunately,
compound37 was more active tha#i7 in LO-2. Overall, the biological data shown in
Table 2 revealed that these modifications to sepolresulted in increased
anticancer activity, and the most active compouil \Was selected for further study.

Table 2 The 1G; values 0f36-50 against cancer cell lines and human liver LO2scell



ICs0 (uM)?

Compounds
MDA-MB-231 MCF-7 HepG2 A549 LO2
36 2.86 +0.11 3.54+0.11 3.61+0.16 7.24+0.37 94@0.52
37 1.85+0.08 2.27+0.12 2.90 £0.19 545+0.14 2&8®.23
38 2.79+0.14 3.04 £ 0.06 3.25+0.15 6.14+0.30 3%3.16
39 3.17+0.16 3.85+0.13 3.42+0.21 10.62 £+ 0.09 868 0.53
40 3.35+0.06 4.48 +0.32 3.79+0.17 9.43+0.15 4220.22
41 4.99 +0.25 6.89 +0.33 4.83+0.18 8.79+0.17 25@&0.12
42 3.81+0.20 2.40+0.18 2.82 +0.03 9.81+0.13 683.28
43 3.15+0.14 3.44+0.13 3.29 +0.07 7.19+0.28 9%D.04
44 4.34 +0.27 6.27 +0.21 5.42 +0.11 11.36 +0.30 .7630.16
45 7.89+0.16 11.30 £ 0.07 6.59 £ 0.11 14.95+0.24 7.33 £+ 0.21
46 2.46 £0.18 2.77+0.24 3.06 +0.09 591+0.13 2%8.34
47 1.23+0.10 1.91+0.14 2.81+0.13 4.18+0.15 6%D.38
48 1.93 +£0.09 2.28 +0.15 2.64 +£0.12 5.03+0.21 3&®.42
49 2.40+£0.13 2.62 +0.08 3.46 +0.16 6.88+0.27 2520.41
50 2.93+0.14 3.14+0.17 3.06 +0.11 8.06 +0.22 26@0.24
Scopoletin >25 >25 >25 >25 >25
Doxorubicif  0.55 + 0.01 0.60 +0.04 0.62 +0.15 0.96 +0.06 59 0.09

& MTT assay, cells were treated with tested compsdioaid48 h (mean = SD, n = 3)
®Positive control

2.3. Effect of compour#¥ on colony formation

Plate clone formation assay was performed to etaline effect oft7 on cellular
proliferative ability based on the colony forminifi@ency. As presented in Fig. 4, at
0.25uM, compound4? slightly suppressed colony formation in MDA-MB-282ll.
Compared with control, the cells treated with O0t3. @M 47 displayed much smaller

and fewer colonies, particularly those exposech&higher drug concentration. The



absorbance after staining with crystal violet tdst¢ 590 nm also decreased in
dose-dependent manner. These resoltsirmed thatd7 suppressed colony formation
at nanomolar concentrations, and demonstrated nhipraliferative activity of47

against MDA-MB-231 cell.

DMSO 47 (0.25 uM) (B)

204 = \
47 1

1.5
47 (0.5 uM)
Fig. 4. Compound47 inhibited the colony formation of MDA-MB-231 cell¢A)

Absorbance
>
1

Cells were incubated with DMSO @7 (0.25, 0.5, and uM) for 24 h and then
cultured in a fresh medium for another 10 daysiovetéd by staining with crystal
violet. (B) The absorbance of crystal after stagrnat 590 nm (mean + SD, n = 3). **P
<0.01, *P < 0.05
2.4. Determination of intracellular NO

Cellular imaging, using the fluorescent probe DA®-PA, was conducted to
determine whethet7 can release NO in MDA-MB-231 cells. As presenteétig. 5A,
after incubated with7 (1 and 10uM ) for 2.5 h, the cells showed an increase of
DAF-FM fluorescence intensity in a concentratiopeledent manner. In contrast, no
green fluorescence was observed in cells exposscbfmoletin. This result manifested

that47 can release NO in cells and implicated that alivééives led to NO release in



MDA-MB-231cells.

Next, we used the total nitric oxide assay kit tiawtify the levels of intracellular
NO generated by all derivatives in MDA-MB-231 ceAs shown in Fig. 5B,
intracellular NO levels after treatment with eagimtbesized hybrid for 2.5 h were
different (approximately 3.99-10.38M). Treatment with compound46-50 resulted
in higher levels of intracellular NO and showedHhgganticancer potency among the
target compounds. We speculate that the introduatioamino group increased the
molecule polarity for improving lipo-hydro partitiocoefficient, which enable more
drugs enter the cells and was beneficial to NOasseDerivativel7 with the highest
anticancer potency showed the highest releasetsleféNO in MDA-MB-231 cell.
The NO released by compouB@dwas similar to that o#7, indicating the potency of
strong anticancer activities. Derivativ@§ and 38-45 showed moderate NO release,
which indicated relatively poor potency. Therefotiee abilities of NO release for
compounds36-50 were generally positive consistent with their amtibr activities.

Furthermore, to investigate the relationship betweHO release and
antiproliferative activity of47, cells were pretreated with indicated concentratiof
hemoglobin (NO scavenger). As presented in Fig.tB€ proliferation inhibition rate
decreased from 91.22% to 39.47% with an increasorgentration of hemoglobin
(2.5-40 uM). The result indicated that the enhanced cytaioxiof 47 towards

MDA-MB-231 cell was partly due to the release dfacellular NO.
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Fig. 5. Intracellular NO generated by the studied denestiin MDA-MB-231 cells.
(A) Cells were pretreated with DAF-FM DA and thercubated with scopoletin (10
uM) or 47 (1 and 1QuM) for 2.5 h, and then observed using a laser sngroonfocal
microscope (Olympus, Japan). (B) After cellulaatreent with tested compounds (25
uM)) for 2.5 h, levels of intracellular NO were quiéied using the total nitric oxide
assay kit (mean + SD, n = 3). (C) Cells were pegae with hemoglobin (2.5, 5, 10,
20, and 40uM) for 2 h and then incubated wi#7 (4 uM) for another 48 h. The
inhibition rates were measured by the MTT assaya(meSD, n = 3)
2.5. Effect of an NO donor on the antiproliferataivity of47

To further explore the effect of NO on the antigeshtive activity, compound?7
was chemically split into two pharmacophores (coumus 51 and 52), and their

antiproliferative activities against MDA-MB-231 telkere measured by the MTT



assay (Fig. 6). The results showed #Hhat(ICso = 1.23uM) was at least 5-fold and
8-fold more active thaldl (ICso = 7.25uM) and 52 (ICso > 25 uM), respectively.
Furthermore,47 was significantly more active (by approximately 5-foldyhen
compared with the equimolar combination &f and 52 (1:1, IG, = 6.36 uM),
indicating the benefits of our derivative. Thessults indicated that the introduction
of NO donor moieties was beneficial to anticancetepcy, in line with the

presumption of the NO-based hybrid design strategy.

O-N H,CO. - NH2
Q= N’ R \

PhO,S
52

ICs, =725 + 0.13 uM ICyy> 25 uM

| \
l i

51+52(1:1) - Hacomwm
IC5=6.36 + 0.15 uM S S P A

PhO,S

47
ICy,=1.23 + 0.10 uM

Fig. 6. Antiproliferative abilities of51 and52 and their equimolar mixture against
MDA-MB-231 cells
2.6. Compound? induced MDA-MB-231 cell death via apoptosis

Apoptosis and necrocytosis are considered as tvoogrezed pathways for
anticancer agents due to their effects on celligahnand virulence [37]. To research
the underlying mechanism 4% on the proliferation inhibition of MDA-MB-231 ceal)
necrostatin-1 (necroptosis inhibitor) or Z-VAD-FMldpoptosis inhibitor) was added
prior to drug treatment. As presented in Fig. #8atment with necrostatin-1 (1)
or Z-VAD-FMK (20 uM) showed no effect on cell viability in MDA-MB-23tell.

However, compared with cells treated with necrastat the inhibition rate of



MDA-MB-231 cell pretreated with Z-VAD-FMK decreasedore significantly (Fig.
7B). The result suggested that derivadveinduced the death of MDA-MB-231 cells

via apoptosis pathway.
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Fig. 7. (A) MDA-MB-231 cells were separately treated withcnostain-1 (1QuM)
and Z-VAD-FMK (20 uM) for 48 h, and the cell viability was measured My T
method. (B) Cells were pretreated with necrostator-Z-VAD-FMK for 1 h and then
incubated wittd7 (1.5, 2, and 3uM) for another 48 h, and the inhibition rates were
determined by MTT method (mean + SD, n = 3). **B.&1, *P < 0.05
2.7. Effect o#47 on cell apoptosis

To confirm that compound!7 induced apoptosis of MDA-MB-231 cells, the
Hoechst 33342 staining assay was performed (Fig. 8ampared with control cells,
MDA-MB-231 treated withd7 for 24 h exhibited morphological apoptosis as paig
from the bright blue stained apoptotic cells; thengity of cells decreased

dose-dependently, which was in agreement withrthiitory effect of47. To further



confirm apoptosis induction b47, the cells were stained with Annexin V and Pl and
tested by flow cytometry. As observed in Fig. 8B1&8C, the proportion of total
apoptotic (Q2 + Q3) cells increased from 9.9% ta0%} in cells treated with
compound4? for 24 h; the early apoptotic cells (Q2) and lapmptotic cells (Q3)
showed a similar increasing tendency. Based orethesults, it was determined that

compound47 could induce the apoptosis of MDA-MB-231 cell.

(A)

DMSO

47 (0.5 M)

47 (1.0 pM) 47 (1.5 M)

DMSO 47 (1 pM) 47 (1.5 uM)
. Q1 Q2 . Ql Q2 s 1 Q2
1% <0019 003 104021 8.17 103031 132
.
10’4 10° . 10 7
= T T
< ' = 0'q 10
] al d
& @ e
10 3 10° 4 10° 1
10° 4 2 ‘03 -
EP ® " Jaa a3 3o a3
, {0 094 , 1879 375 o 177 108
= Y J T .l v ° T 1 1 - .l Y T il T
0’ 10 10 10 0 10 10 0 10° 10 10 10} 10° 10° 10
FLI-A Annexin FL1-A-Annexin FL1-A Annexin V
47 (2 pM) 473 uM) (©
s {01 a2 a1 a2 40
10 J0.20 158 10° 4031 2 205
5 5 < 304
10 7 "~ - e
103 = DMSO
-
T T ]
< 1% % ot 2 1uM
q g 3 E 204
P, . E 1.5 uM
3
101 10° 9 =
3 3 2 uM
) . O 10 3uM
R [ 03 Ll [ 03 H
L na 129 , 16586 136
10 10 0_
v v v v T v v v v T
3 4 5 7 4 5 L] 7
10 10 10 10 10 10 10 10 10 10
FL1-AAnnexin V FL1-A Annexin V
R
&
<&

Fig. 8. Compound47 induced the apoptosis of MDA-MB-231 cells. (A) (Selvere

treated with DMSO o#A7 (0.5, 1, and 1.uM) for 24 h, and stained with Hoechst

33342. Cells were then observed under a fluoresogetted microscope. (B) After



treatment with DMSO o047 (1, 1.5, 2, and 3M) for 24 h, cells were collected and
sequentially stained with Annexin V and Propidiuaditle (PI), followed by flow
cytometric analysis. (C) The percentages of etatg, and total apoptotic cells were
calculated (mean £ SD, n = 3). **P < 0.01, *P <®w. the negative control group.
2.8. Effect o#47 on the mitochondrial membrane potential

Mitochondrial, death receptor, and endoplasmic coéitim stress-induced
pathways are the three major apoptotic pathwayks [3& mitochondrion is a crucial
cell organelle that regulates cellular survival aqubptosis, and many anticancer
agents exhibit their pharmacological effects byinacton it. The mitochondrial
function depends on the stabilization of the mitoaifrial membrane structure [39],
and scopoletin derivatives reported by our groupaaise mitochondrial dysfunction
[40]. Thus, we performed the JC-1 staining assagstimate whethed47 had any
effect on themitochondrial membrane potential. Compared withdbetrol group, the
treatment group showed an increase in the propomib cells with depolarized
mitochondria (Q3) from 5.4% to 31.5% and a decreasehe proportion of
hyperpolarized mitochondria (Q2) from 5.4% to 31.8%g. 9). This result indicated
that compound!7 induced the mitochondrial membrane potential dapdtion in a
concentration-dependent manner and disrupted nutabial function in

MDA-MB-231 cells.
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Fig. 9. Compound 47 affected the mitochondrial membrane potential of
MDA-MB-231 cells. (A) Cells were treated with/ (1, 1.5, and 2uM) and DMSO
(control) for 18 h, harvested, and then staineth ME-1, followed by flow cytometric
analysis. (B) The percentage of cells with greenriéscence or red fluorescence was
determined (mean = SD, n = 3), *P < 0.01, *P <98. the negative control group.
2.9. Effect o/7 on reactive oxygen species (ROS) generation

Since the primary sources of ROS derived from nhibocria, the high level of
intracellular ROS lead to the mitochondrial dysfiime and then activate apoptosis
pathway [41]. To investigate wheth&¥ could promote the accumulation of ROS in
MDA-MB-231 cell, the relative levels of ROS were nitored by DCF-DA staining
assay and flow cytometric analysis. As presentdeldn10, the relative levels of ROS
increased from 1.31 to 2.16 with the increase efdfug concentration, which showed
significant difference compared with the levels efved in the control group.

Pretreatment with NAC (N-acetyl-L-cysteine, ROSvarayer) before treatmentith



47 (2 uM) resulted in a marked reduction in intracelluR®S levels; the relative
levels of intracellular ROS decreased to 1.09, wihsignificant difference compared
with control (Fig. 10). This result demonstratedtt#h7 was involved in ROS-induced
apoptosis of MDA-MB-231 cell, which was associateith the mitochondrial

apoptotic pathway.
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Fig. 10. Compound47 induced ROS generation in MDA-MB-231 cells. (A)lGe
were incubated wit7 (1, 1.5, and 21M) and DMSO (control) for 24 h, and then
collected and stained with 2',7'-Dichlorofluoresdiacetate (DCFH-DA), followed
by flow cytometric analysis. (D) The relative levebf fluorescent DCF were
measured and plotted (mean + SD, n = 3). *P < (*PXk 0.05
2.10.Compoundit?7 regulated the levels of mitochondrial apoptosisted proteins
The abovementioned experiments indicated that camgbé7 induced cell death
through the mitochondrial apoptotic pathway. Théoghondrial apoptotipathway is

mainly regulated by the Bcl family (e.g., Bcl-2,8and Bad). Down-regulating the



level of Bcl-2 (an anti-apoptotic protein) and wggrualating the level of Bax and Bad
(pro-apoptotic proteins) can increase the permidalmf mitochondrial membrane
[42]. Further, the increase in the permeability tbé mitochondrial membrane
promotes caspase-9 to form cleaved-caspase-9. aflynilcleaved-caspase-3 is
derived from caspase-3, which acts an executionetra apoptotic signaling pathway.
The cleaved-caspase-3 further cleaves PARP andhalies PARP’s ability to repair
DNA, which is followed by apoptosis [42]. Thereforere used western blot to
thoroughly understand the effect 47 on mitochondrial apoptosis-related proteins.
Data from western blot showed that incubatiod 6feduced the expression of Bcl-2
in MDA-MB-231 cell, and the relative levels of Baxd Badncreased with the drug
concentration (Fig. 11). This result indicated rmitondrial dysfunction, which was in
accordance witd7-induced mitochondrial depolarization concludedwethd@edsides,
the relative levels of cleaved-caspase-3, cleaasgase-9, and cleaved-PARP
increased in a concentration-dependent manner (Hip. Taking into account the
induced-apoptosis, mitochondrial depolarizatiord &DS generation effects verified
for our derivative, the mitochondrial apoptotic paty was found to be responsible

for the antiproliferative ability of7.
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Fig. 11. Compound47 affected the expressions of mitochondrial apoptosiated
proteins in MDA-MB-231 cells. (A) Cells were incukd with DMSO or47 (1.5, 3,
and 6 uM ) for 8 h, and levels of Bcl-2, Bax, Bad, cleavedpezae-9,
cleaved-caspased-3, and cleaved-PARP were deterntimewestern blotting. (B)
Relative levels of mitochondrial apoptosis-relapgdteins were determined (mean +
SD, n=3). *P <0.01, *P < 0.05 vs. the negatveamtrol group
2.11. Compound7 blocked the Cell Cycle in the G2/M Phase

Cell cycle is the basis of cell life activity andntrols the entry of stationary phase
cells into the proliferative phase [43]. Previowsdy showed that scopoletin could
induce cell cycle at G2/M phase in HelLa cells [112).explore whether compoudd
had similar pharmacology function, Pl staining gssad flow cytometry were
performed. As shown in Fig. 1Z2ompared with the control group, the treatment
group showed a G2/M phase fraction of 24.58%, 3B,1land 40.29% in
MDA-MB-231 cells incubated with 1, 1.5, andu®! of 47, respectively. However,
the percentage of cells in GO/G1 and S phases attdrom 45.71% to 38.05% and
36.25% to 20.82%espectively. This result proved that compodidctould arrest cell

cycle at G2/M phase in MDA-MB-231 cells, which wasother important mechanism



for the antitumor effect of7.
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Fig. 12. Compound47 blocked the cell cycle in the G2/M phase. (A) MD/B-231

cells were treated with7 (1, 1.5, and 2uM) or DMSO (control) for 24 h, and then
collected, stained with PIl, and analyzed by flowtooyetric analysis. (B) The
percentage of cells in each cell phase was detedr(imean + SD, n = 3). *P<0.01,

*P<0.05 vs. the negative control group
3. Conclusions

A number of scopoletin derivatives were synthesizbg introducing
phenylsulfonyfuroxan moieties. All derivatives elxitéd enhanced antiproliferative
activities against cancer cell lines and reducetbtoyicity toward normal cells.
Derivative47 was significantly more active than scopoletin ahghtly weaker than
doxorubicin against MDA-MB-231 cell. Analysis of N@lease by our derivatives in

MDA-MB-231 cell revealed that high anticancer patgnof derivatives was



positively associated with their abilities to redeantracellular NO. The mechanism
research revealed that7 induced mitochondrial depolarization and promoted
intracellular ROS generation, and then regulated dkpressions of mitochondrial
apoptosis-related proteins (Bcl-2, Bax, Bad, Cldawaspase-3, Cleaved-caspase-9,
Cleaved-PARP), finally activated the apoptosis. &addition, 47 arrested
MDA-MB-231 cell cycle at the G2/M PhasEhese derivatives blocked the growth of
breast cancer MDA-MB-231 cell through mitochondiagloptosis pathway and cell
cycle arrest. Overall, compoudd was a potentiahnticancer candidate and deserved

further optimization.
4. Experimental protocol

4.1. Chemical Analysis

Reagents and solvents were commercially availd&deh reaction was monitored
by silica gel GF-254 plate at 254 nm or 365 nmauwitrlet light. Products were
purified by recrystallization or silica gel colunahromatography (200-300 mesh,
Qingdao city, China).The structures of target compounds were confirmgd b
characterization with nuclear magnetic resonafideNMR and**C NMR) and high
resolution mass spectrometer (HRMS). NMR spectreewecorded on the Bruker
AVANCE instrument (300 MHz) at 25°C using TMS as thternal standard in CDLI
or DMSO-ds. HRMS was run on an Agilent Q-TOF mass spectrométee purity of
scopoletin derivatives36-5Q found in all cases as > 95%, was determined by
SHIMADZU Prominence-i LC-2030Csystem equipped with a SHIMADZU

Shim-pack GIST C18 4.6x250 mm (Bn) column (column temperature equal 25°C)



and a variable wavelength UVvis detector (deteciti.x = 339 nm); the flow rates
were 0.8 mL/min with injection volumes of 10 in acetonitrile mixtures and the
mobile phase: 30:70 J@/CH;CN. Intermediated5, scopoletin,20a and 20b were
obtained according to previous reported procedi®48, 33, 36].
4.1.1. General procedure for synthesi8640

Respectively mixing intermediate scopolet0a and 20b (0.5 mmol) with
indicated halo alcohol (0.6 mmol) in DMF (10 ml),®0O; (0.6 mmol) was added.
The mixture was stirred at 60°C for 8 h. The migturas cooled to room temperature,
10% NaOH aqueous solution was added into the naxtimtermediate21-35 were
obtained by suction filtering, water washing, retaylization with ethanol, and drying.
Compoundf21-35(0.3 mmol) separately reacted with (0.45 mmol) in CHCI, (10
ml) usingDBU (1, 0.36 mmol) as a trigger. The mixture was stirat -15°C for 4 h.
Then, it was diluted with C¥Cl, (20 ml), washed with 5% HCI, water, and dried over
anhydrous Nzg50O,, and then concentrated. The crude products wetkeoluby silica
gel column chromatography using &€FL,/MeOH (V/V, 150:1) to provide target
compounds36-5Q
4.1.1.1.
4-(2-((6-methoxy-2-o0x0-2H-chromen-7-yl)oxy)ethdafphenylsulfonyl)-1,2,5-oxadi
azole 2-oxide 36). White powder, 58.9% yield. Mp 203.8—-205.4%Et NMR (300
MHz, DMSO-dg) 814 7.97-8.00 (2H, m), 8.00 (1H, d= 9.3 Hz), 7.77-7.82 (1H, m),
7.59-7.64 (2H, m), 7.29 (1H, s), 7.18 (1H, s), €88, d,J = 9.3 Hz), 4.83-4.85 (2H,

m), 4.48-4.51 (2H, m), 3.79 (3H, ¥C NMR (75 MHz, DMSO¢e) 5c: 160.98,



159.42, 151.43, 149.64, 146.31, 144.72, 137.60,443@.30.29 (C x 2), 128.64 (C x
2), 113.50, 112.18, 111.07, 109.78, 101.65, 706421, 56.38. HRMS (POSI)
calculated for GoH17N200S [M+H]" 461.06493, found 461.06527. Purity: 96.121%
(by HPLC).

4.1.1.2.
4-(3-((6-methoxy-2-o0x0-2H-chromen-7-yl)oxy)prope3y(phenylsulfonyl)-1,2,5-oxad
iazole 2-oxide 7). White powder, 45.1% yield. Mp 196.8-198.4°€t NMR (300
MHz, DMSO-dg) 814: 8.04 (1H, dJ = 9.6 Hz), 7.98-8.05 (2H, m), 7.84—7.90 (1H, m),
7.69-7.75 (2H, m), 7.29 (1H, s), 7.12 (1H, s), 684, d,J = 9.6 Hz), 4.60 (2H, ]

= 6.3 Hz), 4.23 (2H, tJ = 6.3 Hz), 3.81 (3H, s), 2.28-2.36 (2H, MjC NMR
(75MHz, DMSOsdg) 6c: 161.01, 159.29, 151.88, 149.75, 146.37, 144.74,.6B,
136.51, 130.40 (C x 2), 128.81 (C x 2), 113.29,841111.01, 109.60, 101.30, 68.70,
65.50, 56.38, 28.05. HRMS (POSI) calculated fog:HzsN.NaGS [M+NaJ
497.06252, found 497.06244. Purity: 97.729% (by BPL

41.1.3
4-(4-((6-methoxy-2-o0x0-2H-chromen-7-yl)oxy)buto3yphenylsulfonyl)-1,2,5-oxadi
azole 2-oxide 38). White powder, 25.9% vyield. Mp 211.4-213.7°t NMR (300
MHz, CDCL) 8y 8.01-8.04 (2H, m), 7.71-7.76 (1H, m), 7.61 (1HJ & 9.6 Hz),
7.56-7.61 (2H, m), 6.87 (1H, s), 6.86 (1H, s), 684, d,J = 9.6 Hz), 4.67 (2H, ]

= 6.0 Hz), 4.26 (2H, t) = 6.0 Hz), 3.87 (3H, s), 2.41-2.49 (4H, ’C NMR (75
MHz, DMSO-dg) d¢c: 161.05, 159.32, 152.32, 149.86, 146.39, 144.80,6b6, 136.57,

130.45 (C x 2), 128.77 (C x 2), 113.04, 111.58,900109.45, 101.11, 71.82, 69.06,



56.33, 28.33, 28.00. HRMS (POSI) calculated fogHzoN,NaQS [M+Na]
511.46603, found 511.46607. Purity: 98.326% (by BPL

4.1.1.4.
4-((5-((6-methoxy-2-oxo0-2H-chromen-7-yl)oxy)pemxy)-3-(phenylsulfonyl)-1,2,5-0
xadiazole 2-oxide30). White powder, 37.1% yield. Mp 207.2—209.6° NMR
(300 MHz, DMSO#l) 5: 8.03-8.06 (2H, m), 7.98 (1H, d= 9.6 Hz), 7.87—7.93 (1H,
m), 7.73-7.78 (2H, m), 7.27 (1H, s), 7.12 (1H6s32 (1H, dJ = 9.6 Hz), 4.44 (2H, t,

J = 6.3 Hz), 4.13 (2H, t) = 6.3 Hz), 3.82 (3H, s), 1.80-1.91 (4H, m), 1.561(2H,
m). 3 NMR (75 MHz, DMSOsdg) 6c: 161.06, 159.34, 152.34, 149.88, 146.42,
144.81, 137.69, 136.58, 130.47 (C x 2), 128.78 (@),x113.06, 111.60, 110.92,
109.49, 101.14, 71.84, 69.08, 56.36, 28.34, 28229. HRMS (POSI) calculated
for CpsH2NNaGS [M+Na] 525.09382, found 525.09375. Purity: 97.983% (by
HPLC).

4.1.1.5.
4-((6-((6-methoxy-2-oxo-2H-chromen-7-yl)oxy)hexxy)e3-(phenylsulfonyl)-1,2,5-0x
adiazole 2-oxide40). White powder, 46.5% vyield. Mp 201.9—203.6%8;NMR (300
MHz, DMSO-dg) 814 8.02—8.05 (2H, m), 7.97 (1H, d= 9.3 Hz), 7.89-7.93 (1H, m),
7.74-7.79 (2H, m), 7.27 (1H, s), 7.08 (1H, s), 684, d,J = 9.3 Hz), 4.42 (1H, ]

= 6.3 Hz), 4.11 (1H, t) = 6.3 Hz), 3.83 (3H, s), 1.76-1.85 (4H, m), 1.4651(4H,
m). 3 NMR (75 MHz, DMSOsdg) 6c: 161.03, 159.32, 152.33, 149.85, 146.39,
144.77, 137.68, 136.56, 130.45 (C x 2), 128.75 (@),x113.02, 111.55, 110.88,

109.48, 101.06, 71.83, 69.04, 56.36, 28.69, 282838, 25.12. HRMS (POSI)



calculated for GHo/NoNaQS [M+Na]' 539.10947, found 539.10953. Purity:
99.526% (by HPLC).

4.1.1.6.
4-(2-((3-acetamido-6-methoxy-2-oxo-2H-chromen-8xy)ethoxy)-3-(phenylsulfonyl
)-1,2,5-oxadiazole 2-oxidell). White powder, 41.3% vyield. Mp 205.4—207.0%€t
NMR (300 MHz, DMSO#g) du: 9.67 (1H, s), 8.63 (1H, s), 7.97-8.00 (2H, mY8%
7.83 (1H, m), 7.59-7.65 (2H, m), 7.33 (1H, s), 7(1A, s), 4.84 (2H, s), 4.48 (2H, s),
3.78 (1H, s), 2.19 (3H, s©*C NMR (75 MHz, DMSOs) 5¢: 170.43, 159.44, 158.32,
149.61, 146.84, 145.25, 137.60, 136.48, 130.31 (£),x128.65 (C x 2), 125.33,
122.85, 112.77, 110.08, 109.57, 101.55, 70.23,4688.43, 24.34. HRMS (POSI)
calculated for GHyN4O10S [M+NH;* 535.11294, found 535.11298. Purity:
99.649% (by HPLC).

4.1.1.7.
4-(3-((3-acetamido-6-methoxy-2-oxo-2H-chromen-8xy)propoxy)-3-(phenylsulfon
yl)-1,2,5-oxadiazole 2-oxiddZ). White powder, 46.7% yield. Mp 196.4—198.1°8!;
NMR (300 MHz, DMSO#g) du: 9.66 (1H, s), 8.61 (1H, s), 8.01-8.04 (2H, mB4+
7.89 (1H, m), 7.69-7.74 (2H, m), 7.32 (1H, s), 7(1H, s), 4.59 (2H, t) = 6.0 Hz),
4.20 (2H, t,J = 6.0 Hz), 3.80 (3H, s), 2.29-2.32 (2H, m), 2.B8i(s).*C NMR
(300MHz, DMSO¢s) 6c: 170.34, 159.33, 158.34, 150.51, 146.89, 145.45.4617,
136.57, 130.46 (C x 2), 128.75 (C x 2), 125.51,.492112.03, 110.88, 109.26,
100.88, 71.83, 68.96, 56.40, 28.75, 24.31. HRMS SPOcalculated for

CaaH2oN3016S [M+H]* 532.10204, found 532.10229. Purity: 98.898% (by.€P



4.1.1.8.
4-(4-((3-acetamido-6-methoxy-2-oxo-2H-chromen-8xy)butoxy)-3-(phenylsulfonyl
)-1,2,5-oxadiazole 2-oxidelg). White powder, 28.6% vyield. Mp 198.0-199.3%€t
NMR (300 MHz, DMSO#g) 8 9.64 (1H, s), 8.60 (1H, s), 8.02-8.05 (2H, mB&%
7.93 (1H, m), 7.75-7.77 (2H, m), 7.31 (1H, s), 7(1#, s), 4.52 (2H, tJ = 6.0 Hz),
4.16 (2H, t,J = 6.0 Hz), 3.81 (3H, s), 2.17 (3H, s), 1.86—2.88,(m).*C NMR (75
MHz, DMSO-d6) 6c: 170.34, 159.33, 158.34, 150.51, 146.89, 145.3%,6l/, 136.57,
130.46 (C x 2), 128.75 (C x 2), 125.51, 122.49,032110.88, 109.25, 100.88, 71.83,
68.95, 56.40, 28.75, 28.20, 24.30. HRMS (POSI) utated for GsH23N3NaOy S
[M+Na]* 568.09964, found 568.09998. Purity: 99.015% (byEP

4.1.1.9.

4-((5-((3-acetamido-6-methoxy-2-0x0-2H-chromenyéxy) pentyl)oxy)-3-(phenylsulf
onyl)-1,2,5-oxadiazole 2-oxidd4). White powder, 35.4% yield. Mp 204.7—-205.9°C;
'H NMR (300 MHz, DMSOde) 81: 9.73 (1H, s), 8.69 (1H, s), 8.12-8.15 (2H, m),
7.97-8.02 (1H, m), 7.82-7.87 (2H, m), 7.39 (1H,7s20 (1H, s), 4.54 (2H, 8= 6.0
Hz), 4.19 (2H, tJ = 6.0 Hz), 3.91 (3H, s), 2.27 (3H, s), 1.91-1.88,(m), 1.62-1.69
(2H, m).13C NMR (75MHz, DMSO€) 6c: 170.34, 159.32, 158.36, 150.50, 146.89,
145.46, 137.66, 136.57, 130.46 (C x 2), 128.77 (@),x125.53, 122.50, 112.06,
110.90, 109.25, 100.96, 71.83, 68.99, 56.38, 22881, 24.31, 22.29. HRMS (POSI)
calculated for @HosN3NaOwS [M+Na]' 582.11529, found 582.11527. Purity:
99.578% (by HPLC).

4.1.1.10.



4-((6-((3-acetamido-6-methoxy-2-0xo0-2H-chromenyéxy) hexyl)oxy)-3-(phenylsulf
onyl)-1,2,5-oxadiazole 2-oxidd%). White powder, 54.1% vyield. Mp 192.1-194.3°C;
H NMR (300 MHz, DMSOde) 8: 9.63 (1H, s), 8.60 (1H, s), 8.02—-8.05 (2H, m),
7.89-7.94 (1H, m), 7.74-7.80 (1H, m), 7.30 (1H,7)7 (1H, s), 4.42 (2H, 8= 6.3
Hz), 4.08 (2H, tJ = 6.3 Hz), 3.83 (3H, s), 2.18 (3H, s), 1.78-1.88,(m), 1.45-1.55
(4H, m).13C NMR (75 MHz, DMSO€) o¢c: 170.32, 159.32, 158.34, 150.52, 146.90,
145.46, 137.68, 136.56, 130.45 (C x 2), 128.75 (@),x125.50, 122.49, 112.03,
110.88, 109.27, 100.90, 71.84, 68.97, 56.41, 28821, 25.41, 25.14, 24.31. HRMS
(POSI) calculated for £gH27N3NaOyeS [M+Na] 596.13094, found 596.13049. Purity:
99.771% (by HPLC).

4.1.1.11.
4-(2-((3-amino-6-methoxy-2-o0xo-2H-chromen-7-yl)extydxy)-3-(phenylsulfonyl)-1,2
5-oxadiazole 2-oxide46). Brown powder, 34.5% vyield. Mp 183.6-185.7°¢4
NMR (300 MHz, DMSO#€e) 8 7.98-8.01 (2H, m), 7.79-7.84 (1H, m), 7.61-7.66
(2H, m), 7.08 (1H, s), 7.04 (1H, s), 6.75(1H, sY9%44.81 (2H, m), 4.40—4.42 (2H, m),
3.76 (3H, s).X*C NMR (75 MHz, DMSOsds) 5c: 159.44 (C x 2), 146.79, 146.44,
142.87, 137.61, 136.46, 132.06, 130.31 (C x 2),.d28C x 2), 115.27, 111.08,
109.44, 107.46, 102.14, 70.36, 67.18, 56.35. HRMZBDSI) calculated for
CooH17NsNaQyS [M+Na]" 498.05777, found 498.05770. Purity: 99.088% (by. EP
4.1.1.12.
4-(3-((3-amino-6-methoxy-2-o0x0-2H-chromen-7-yl)pxgpoxy)-3-(phenylsulfonyl)-1

,2,5-oxadiazole 2-oxide47). Brown powder, 28.1% yield. Mp 188.6—190.7°tH{



NMR (300 MHz, DMSQdg) &4 8.018.04 (2H, m), 7.847.89 (1H, m), 7.697.74
(2H, m), 7.03 (1H, s), 7.02 (1H, s), 6.75 (1H,4R9 (2H, t,J = 6.0 Hz), 4.14 (2H, t,
J = 6.0 Hz), 3.78 (3H, s), 2.24-2.32 (2H, MC NMR (75 MHz, DMSQds) 3¢:
159.45, 159.30, 146.88, 146.80, 142.97, 137.64,5136131.90, 130.41 (C x 2),
128.80 (C x 2), 114.87, 110.99, 109.61, 107.31,74168.77, 65.34, 56.33, 28.24.
HRMS (POSI) calculated for gH;9N3NaGS [M+Na]" 512.07342, found 512.07329.
Purity: 98.907% (by HPLC).

4.1.1.13.
4-(4-((3-amino-6-methoxy-2-oxo-2H-chromen-7-yl)bxydxy)-3-(phenylsulfonyl)-1,
2,5-oxadiazole 2-oxide4®). Brown powder, 13.7% vyield. Mp 191.6-193.2°t
NMR (300 MHz, DMSO#dg) & 8.02-8.05 (2H, m), 7.88-7.93 (1H, m), 7.72-7.78
(2H, m), 7.03 (2H, s), 6.74 (1H, s), 4.51 (2HJ & 6.3 Hz) , 4.09 (2H, §) = 6.3 Hz),
3.79 (3H, S), 1.88-1.96 (4H, MFC NMR (75 MHz, DMSOdg) 8c: 159.46, 159.32,
147.18, 146.73, 143.05, 137.62, 136.58, 131.75,483(C x 2), 128.77 (C x 2),
114.52, 110.95, 109.73, 107.20, 101.43, 71.68,06866.32, 28.52, 28.18. HRMS
(POSI) calculated for £H2oN30sS [M+H]" 504.10713, found 504.10771. Purity:
98.493% (by HPLC).

4.1.1.14.
4-((5-((3-amino-6-methoxy-2-oxo-2H-chromen-7-yl)pentyl)oxy)-3-(phenylsulfonyl
)-1,2,5-oxadiazole 2-oxidel9). Brown powder, 33.5% vyield. Mp 197.1-199.4%¢;
NMR (300 MHz, DMSO#€e) 8 8.03—-8.05 (2H, m), 7.87-7.92 (1H, m), 7.72-7.78

(2H, m), 7.02 (1H, s), 7.01 (1H, s), 6.75 (1H,&%4 (2H, tJ = 6.3 Hz), 4.03 (2H, t,



J=6.3Hz), 3.79 (3H, S), 1.77-1.89 (4H, m), 1.5571(2H, m).**C NMR (75 MHz,
DMSO-0s) 6c: 159.48, 159.32, 147.39, 146.77, 143.12, 137.6%.56, 131.63,
130.46 (C x 2), 128.77 (C x 2), 114.44, 110.90,.999107.25, 101.39, 71.86, 68.86,
56.32, 28.51, 28.03, 22.32. HRMS (POSI) calculdtedC,3H23sNsNaGS [M+Na]
540.10472, found 540.10562. Purity: 99.713% (by BPL
4.1.1.15.
4-((6-((3-amino-6-methoxy-2-oxo-2H-chromen-7-yl)exyl)oxy)-3-(phenylsulfonyl)
-1,2,5-oxadiazole 2-oxidé&@). Brown powder, 47.3% vyield. Mp 203.7—-205.4%¢,
NMR (300 MHz, DMSO#€s) 8 8.02—8.05 (2H, m), 7.89-7.94 (1H, m), 7.74-7.79
(2H, m), 7.02 (1H, s), 6.99 (1H, s), 6.75 (1H,4%2 (2H, t,J = 6.3 Hz), 4.02 (2H, t,
J=6.3 Hz), 3.80 (3H, s), 1.75-1.82 (4H, m), 1.3841(4H, m).X*C NMR (75 MHz,
DMSO-0g) 6c: 159.47, 159.33, 147.39, 146.77, 143.11, 137.6%H.56, 131.62,
130.46 (C x 2), 128.75 (C x 2), 114.40, 110.88,.989107.27, 101.33, 71.85, 68.85,
56.34, 28.89, 28.22, 25.46, 25.17. HRMS (POSI) udated for GsHzsN3NaGS
[M+Na]* 554.12037, found 554.12027. Purity: 99.707% (by.EP
4.2. Biological Experiments

Human cancer cells MDA-MB-231(human breast caneéirline), MCF-7 (human
breast cancer cell line) and HepG2 (human hepdtaelcarcinoma cell line) were
cultured in DMEM medium. A549 cells (human lung cancell line) were cultured
in RPMI-1640 medium, as well as LO-2 cell line (,ammormal liver cell line). Each
medium (KeyGEN, China) was supplemented with 10%l fieovine serum (Gibco,

USA). All the cell lines were obtained from National kastructure of Cell Line



Resource, China. Tested compounds were dissolvBMiBO (Sigma-Aldrich, USA)
for usage, and the drug concentration was 10 mM.
4.2.1. Tested compounds’ growth inhibition ratiovitro.

MTT assaywas used in this study for in vitro antitumor scrieg. The monolayer
cell culture was trypsinized and the cell count wadfusted to 5 x Tocells/ml. To
each well of the 96 well microtiter plate, 0.1 mL the diluted cell suspension
(approximately 5,000 cells) was added. After 24repwhen a partial monolayer was
formed, the supernatant was replaced with §D0of fresh medium with different
compound concentrations (0.5, 1, 2, 4, 10, andM}) The content of DMSO did not
exceed 0.1%, and this concentration was found todsgoxic to the cell lines. The
cells were exposed to compounds for 48 hours aC 3i@°a humidified atmosphere
(90% RH) containing 5% CQOAfter that, MTT solution (KeyGEN, China) was adde
to the wells at the final concentration of 0.5 migamd the plates were incubated for 4
hours at 37°C. The supernatant of each well wdace@d with 10QuL of DMSO. The
absorbance was determined at 570 nm by the miceopgader (POLA Rstar Omega,
Germany). Cell survival was measured as the peagerdbsorbance compared to the
control (nontreated cells). ¢ values were calculated with GraphPad Prism 8.0
software (California, USA). Doxorubicin and scopolewas used as the internal
standards. All cytotoxicity experiments were pemied three times.

4.2.2. Plate clone formation assay
MDA-MB-231 cell suspension was seeded into 6-well culture plate (1.% 10°

cells/well) and cultured for 24 hours. Discardingernatant, and cells were cultured



in 1 ml of fresh medium with DMSO (IM) or different concentrationsf 47 (0.25,
0.5, and 1uM). After 24 hours, supernatant was replaced widshH medium on an
average day and cultured for another 10 days. @elis washed with PBS twice and
exposed to 1ml of 4% paraformaldehyde fix solufiBaeyotime, China) for 0.5 hours
at 4°C. Then, the supernatant was washed out, el were stained with crystal
violet (Beyotime, China). 1 ml of DMSO was addetbieach well, the absorbance
was measured at 590nm by the microplate reader APRdtar Omega, Germany).
The experiment was performed three times.
4.2.3. Fluorescence images of intracellular NO

0.5ml of MDA-MB-231 cell suspension was seeded i2dewell cell culture plate
(5x 10" cells/well) and incubated for 24 hours. The suptmt was replaced with 5
uM of DAF-FM DA solution (Beyotime, China) and cutad for 30 min at 37°C in
5% CQ cell incubator. Then, cells were washed with PB8 eultured in 0.5 ml of
fresh medium with scopoletin (4aV) or 47 (1 or 10uM) for another 2.5 h. Cells
were monitored by laser confocal microscope (Olysipu3000, Japan).
4.2.4. Intracellular NO determination

Intracellular NO generated by tested compounds measured according to total
nitric oxide assay kit (Beyotime, China). 2 ml oDM-MB-231 cell suspension was
seeded into 6-well cell culture plateX20° cells/well) and cultured for 24 hours.
Discarding supernatant, and cells were culture? ml of fresh medium with DMSO
(25 uM) or tested compound36-50 (25 uM) for another 2.5 hours. Cells were

harvested and lysed with 15 of buffer (For nitric oxide assay, Beyotime, Cajn



for 1h on ice. The NO concentration of lysis wasaswed according total nitric
oxide assay kit (Beyotime, China). The experimeas werformed three times.
4.2.5. Hoechst 33342 fluorescent staining

Hoechst 33342 (Beyotime, China) staining assay weasl to explore the effect of
47 on morphological apoptosis. 0.5 ml of MDA-MB-23éllcsuspension was seeded
into 24-well cell culture plate (8 10" cells/well) and incubated for 24 hours.
Discarding supernatant, and cells were cultured.bh ml of fresh medium with
DMSO (1.5uM) or different concentration ¢f7 (0.5, 1, and 1.5M). After 24 hours,
supernatant was replaced with 0.5 ml of Hoechs#33®lution (10ug/ml) and the
plates were incubated for 5 min at 37°C in the d&vleshing with PBS twice and
adding 0.5 ml of medium into each well. Cells warenitored by inverted
fluorescence microscope (Nikon Ts2R, Japan).
4.2.6. Cell apoptosis analysis

Annexin V/PI apoptosis detection Kit (KeyGEN, Chingas used to investigate the
effect of 47 on apoptosis. 1 ml of MDA-MB-231 cell suspensioasnwseeded into
6-well cell culture plate (X10° cells/well) and cultured for 24 hours. Discarding
supernatant, and cells were cultured in 1 ml aHrenedium with DMSO (3M) or
different concentration 047 (1, 1.5, 2, and 3M) for another 24 hours. Cells were
collected and washed with PBS twice (2000 rpm, B)n€ells were suspended in 500
uL binding buffer, and Annexin (kL) and PI (5uL) were added respectively. Then,
cells were incubated for 30 min at 37 °C in thekddollowed by flow cytometer

analysis (BD Accuri C6, American) . The experimesats performed three times.



4.2.7. Mitochondrial membrane potential analysis

The effect of47 on mitochondrial membrane potential was evaludigd]C-1
apoptosis detection kit (KeyGEN, China). 1 ml of KHMB-231 cell suspension was
seeded into 6-well cell culture plate (2®1€ells/well) and cultured for 24 hours.
Discarding supernatant, and cells were culturet ml of fresh medium with DMSO
(2 uM) or different concentration af7 (1, 1.5, and 22M) for another 18 hours. Cells
were collected and washed with PBS twice (2000 rfpmmin). Cells were incubated
with JC-1 solution for 30 min at 37°C in the da@ells were washed with incubation
buffer twice (2000 rpm, 5 min), and then suspendeadcubation buffer, followed by
flow cytometer analysis (BD Accuri C6, Americanhel experiment was performed
three times.
4.2.8. Intracellular ROS analysis

Reactive oxygen species assay kit (Beyotime, Chiveey used to determine the
intracellular ROS. 1 ml of MDA-MB-231 cell suspeosiwas seeded into 6-well
culture plate (X 10° cells/well) and cultured for 24 hours. Discardingpernatant,
and cells were cultured in 1 ml of fresh mediumhwlMSO (2uM) or different
concentration o#i7 (1, 1.5, and 22M) for another 24 hours. Cells were collected and
incubated with DCFH-DA solution for 30 min at 379@ the dark. Then, cells were
collected and washed with PBS twice (2000 rpm, B)nCells were suspended in
medium without fetal bovine serum and analyzedlbwy fcytometer (BD Accuri C6,
American). Cells were pretreated with 2.5 mM of NA®B-acetyl-L-cysteine,

Beyotime, China) for 2 h prior to incubation withu® of 47, and intracellular ROS



was tested by referring to the above method. Theerxent was performed three
times.
4.2.9. Western blot analysis

2 ml of MDA-MB-231 cell suspension was seeded io¢tl culture dish (60x15
mm) (8x1G cells/well) and cultured for 24 hours. Discardigpernatant, and cells
were cultured in 2.0 ml of fresh medium with DMS® (M) or different
concentration ofl7 (1.5, 3, and @M) for another 8 hours. Cells were collected and
lysed with lysis buffer (Beyotime, China). Proteimsre diluted to 3 mg/ml according
to BCA protein assay kit (Beyotime, China). Totaedteins (30ug) were separated by
the SDS-PAGE (4~20% gel, Beyotime, China), tramstéto PVDF membranes (0.45
um, Beyotime, China), followed by blocking with Qkiglock™ blocking buffer
(Beyotime, China). PVDF membranes were incubatedh wdifferent primary
antibodies respectively and followed by secondatibadies. BeyoECL star assay kit
(Beyotime, China) was used to visualize proteinglsaProteins bands were analyzed
by Image J software (NIH, Bethesda, MD, USA). Alet primary antibodies
(Anti-Bcl-2, Anti-Bax, Anti-Bad, Anti-Cleaved-caspe-9, Anti-Cleaved-caspase-3,
Anti-PARP) were from Abcam, China, and secondarybadies [HRP-labeled goat
anti-rabbit IgG(H+L), HRP-labeled goat anti-moug&(H+L)] were from Beyotime,
China. The experiment was performed three times.
4.2.10. Cell cycle analysis

Cell cycle analysis kit (Beyotime, China) was usedxplore the effect o7 on

cell cycle. 1 ml of MDA-MB-231 cell suspension weeeded into 6-well culture plate



(2x10 cells/well) and cultured for 24 hours. Discardigpernatant, and cells were
cultured in 1 ml of fresh medium with DMSO (1) or different concentration cf7
(1, 1.5, and 2uM) for another 24 hours. Cells were collected arashved with PBS
(2000 rpm, 5 min), and then were fixed with 70%aeitti at 4°C overnight. Cells
were suspended in PBS (5Q@), and then stained with PI, followed by flow
cytometer analysis (BD Accuri C6, American). Th@esxment was performed three
times.
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Figure captions

Fig. 1. Scopoletin and representats@opoletin derivatives

Fig. 2. Phenylsulfonylfuroxan and phenylsulfonylfuroxarsed hybrids

Fig. 3. The design of novel scopoletin/phenylsulfonyfunoxebrids

Fig. 4. Compound47 inhibited the colony formation of MDA-MB-231 cellgA)
Cells were incubated with DMSO @7 (0.25, 0.5, and 1lM) for 24 h and then
cultured in a fresh medium for another 10 dayslovetd by staining with crystal
violet. (B) The absorbance of crystal after stagna 590 nm (mean £ SD, n = 3). **P
<0.01,*P<0.05

Fig. 5. Intracellular NO generated by the studied deriestiin MDA-MB-231 cells.
(A) Cells were pretreated with DAF-FM DA and thercubated with scopoletin (10
uM) or 47 (1 and 1QuM) for 2.5 h, and then observed using a laser sngrsonfocal
microscope (Olympus, Japan). (B) After cellulaatreent with tested compounds (25
uM)) for 2.5 h, levels of intracellular NO were quidied using the total nitric oxide
assay kit (mean = SD, n = 3). (C) Cells were peg&@ with hemoglobin (2.5, 5, 10,
20, and 40uM) for 2 h and then incubated wi#v (4 uM) for another 48 h. The
inhibition rates were measured by the MTT assaya(meSD, n = 3)

Fig. 6. Antiproliferative abilities of51 and52 and their equimolar mixture against
MDA-MB-231 cells

Fig. 7. (A) MDA-MB-231 cells were separately treated witecnostain-1 (1QuM)
and Z-VAD-FMK (20 uM) for 48 h, and the cell viability was measured My T

method. (B) Cells were pretreated with necrostator-Z-VAD-FMK for 1 h and then



incubated witd7 (1.5, 2, and 3uM) for another 48 h, and the inhibition rates were
determined by MTT method (mean + SD, n = 3). **B.@1, *P < 0.05

Fig. 8. Compound47 induced the apoptosis of MDA-MB-231 cells. (A) [Selvere
treated with DMSO o0#47 (0.5, 1, and 1.uM) for 24 h, and stained with Hoechst
33342. Cells were then observed under a fluoredogetted microscope. (B) After
treatment with DMSO o047 (1, 1.5, 2, and 3M) for 24 h, cells were collected and
sequentially stained with Annexin V and Propidiuaditie (PI), followed by flow
cytometric analysis. (C) The percentages of etatg, and total apoptotic cells were
calculated (mean £ SD, n = 3). **P < 0.01, *P <®w. the negative control group.
Fig. 9. Compound 47 affected the mitochondrial membrane potential of
MDA-MB-231 cells. (A) Cells were treated with/ (1, 1.5, and 21M) and DMSO
(control) for 18 h, harvested, and then staineth ME-1, followed by flow cytometric
analysis. (B) The percentage of cells with greenriéscence or red fluorescence was
determined (mean + SD, n = 3), *P < 0.01, *P <9)\8. the negative control group.
Fig. 10. Compound47 induced ROS generation in MDA-MB-231 cells. (A)llge
were incubated witd7 (1, 1.5, and 21M) and DMSO (control) for 24 h, and then
collected and stained with 2',7'-Dichlorofluorescimcetate (DCFH-DA), followed
by flow cytometric analysis. (D) The relative lesebf fluorescent DCF were
measured and plotted (mean = SD, n = 3). *P < 0*BXk 0.05

Fig. 11. Compound47 affected the expressions of mitochondrial apoptosiated
proteins in MDA-MB-231 cells. (A) Cells were incubd with DMSO o047 (1.5, 3,

and 6 uM ) for 8 h, and levels of Bcl-2, Bax, Bad, cleavedpza®e-9,



cleaved-caspased-3, and cleaved-PARP were deterntimewestern blotting. (B)
Relative levels of mitochondrial apoptosis-relapgdteins were determined (mean *
SD, n = 3). *P < 0.01, *P < 0.05 vs. the negatbemtrol group

Fig. 12. Compound47 blocked the cell cycle in the G2/M phase. (A) MD/RB-231
cells were treated with7 (1, 1.5, and 2uM) or DMSO (control) for 24 h, and then
collected, stained with PI, and analyzed by flowtooyetric analysis. (B) The
percentage of cells in each cell phase was detedr(imean + SD, n = 3). **P<0.01,

*P<0.05 vs. the negative control group



A series of phenylsulfonyfuroxan-based NO-releasing scopoletin derivatives were

synthesized.

The intracellular NO level was positively correlated with the antiproliferative
ability.

47 releasing the highest amounts of NO possessed the best potency against
MDA-MB-231 cdlls.
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