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Abstract:

To explore novel antitumor agents with high effidg and low toxicity, a series of
NO-donating scutellarin derivative§4-17) were synthesized and the antiproliferative atiigi
against MCF-7, HCT-116, PC-3 and HepG2 cancer logdls were assessed. Among them,
compoundl4b was the strongest with igvalues of 2.96:M, 7.25uM, 0.09 M and 0.50uM,
respectively, and displayed low toxicity againstmal human liver L-O2 cells witlan 1G, of
47.96 uM, showing good selectivity between normal and graint liver cells. Moreover, NO
releasing ability of the derivatives has been stdddMechanism studies of the most promising
compoundsl4b and 15a were carried out. The results indicated thdb and could induce
apoptosis, cell cycle arrest at the S phase antbledtochondrial dysfunction in the HepG2 and
PC-3 cell lines, respectively. Furthermore, Humaoptosis Protein Array kit assay demonstrated
that14b could induce apoptosis through down-regulatingéiels of procaspase-3 and inhibiting
the expression of survivin, c-IAP1, HSP27, HSP60$SPMO, HO-1/HMOX1/HSP32 and
HO-2/HMOX2 in HepG2 cell line. These results guaead compound4b to be a drug candidate
against liver cancer for further investigation.

Key words: scutellarin, antiproliferative activity, selectiyj NO, apoptosis.
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1. Introduction

Natural products have been the major sources oficla diversity for lead compounds,
inspiring for the research and development of neugsl [1,2]. According to the statistics, there
are nearly 51% of currently marketed drugs owingirtlorigins to natural compounds [3].
Flavonoids, as a large class of natural productswadely distributed in the plant kingdom as
secondary metabolites [4]. They show various bickgactivities, especially for the treatment of
cancer [5], cardiovascular diseases [6] and negertkrative disorders [7]. Moreover, flavonoids
are considered to exhibit positive impact on hurhaalth without significant side effects, since
they are also existed in fruits and vegetables lwiaie consume inadvertently in our daily diet
[8,9].

Scutellarin, an extract from traditional Chinesebierigeron breviscapugévant) Hand-Mazz,
is the main effective flavonoid component of bresigine [10]. It has been widely reported for the
treatment of cardiovascular diseases, such as teyysgon [11], myocardial fibrosis [12,13] and
cardiomyocyte ischemia/reperfusion injury [14,1Recently, scutellarin was found to show
anticancer activity [16,17], which could suppresgliferation, migration and invasion of human
hepatocellular carcinoma celga inhibiting the STAT3/Girdin/Akt activity [18,19]. Aere were
also accumulating evidences suggesting that satitelcould significantly inhibit the growth,
adhesion and migration of human tongue squamouwgoana cells by reducing the expression of
MMP-2, MMP-9 and integrino,Bs [20,21,22]. All these results demonstrated thattedfarin
possessed potent antitumor activities with greataipeutic potentials. However, some perceived
disadvantages of scutellarin limited its furtheplagation, mainly including low stability and poor
oral bioavailability [23]. In order to overcome #® disadvantages, methyl and benzyl as
protective groups were introduced to 6-OH ariedDW in order to avoid oxidation, and the
antitumor activities of the modified derivativesut also be further improved since methyl and
benzyl groups were benefit to the antitumor agtivaf flavonoid derivatives according to the
literatures [24,25].

Nitric oxide (NO) is a low molecular weight sigradi molecule and plays pivotal roles in
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diverse physiological and pathophysiological preess[26]. Over the past decade, NO has
aroused great interest as a potential antitumantg8&]. The molecular mechanisms involved in
NO-mediated cell death are multiple. In generaghlgoncentration of NO can induce apoptosis,
inhibit metastasis of tumor cells, and sensitizendu cells to chemotherapy, radiation and
immunotherapy [28,29]. Some kinds of NO donors pesduce high levels of NO with a wide
range of half-livesn vitro andin vivo, and have been widely used in drug research, iedlgdbe
types of furoxan and nitrate [29-31]. Furoxansaweémportant class of thermodynamically stable
NO donors. A variety of active compounds or natpralducts including bifendate, coumarin and
oleanolic acid have been hybrided with furoxan (Fég 1) and displayed potent antitumor
activities [32-34]. Another kind of important NO donors withlang history, nitrates, can also
exert great influence in the treatment of tumochsas some oleanolic acid derivatives (Figure 1)
[35]. Hence, design and synthesis of NO-releasiaged hybrids is an effective and promising
strategy for cancer treatment [36]. As an importaass of natural products with a variety of
biological activities, flavonoids are attractivertmny researchers. Some NO-donating derivatives
of flavonoids were reported as well, for instantte, nitrate derivatives of apigenin, chrysin and
luteolin were found to prevent the developmentiabdtic complications [37,38]. However, there
were only a few reports concerning the antitumaivetg of NO-donating flavoid derivatives [39].
On the basis of these reasons, we synthesized W2soetellarin derivatived4-17 with
furoxan or nitrate moiety through different linkeaad evaluated their antiproliferative activities
by MTT assay against human tumor MCF-7, HCT-116,3?8epG2 cells and normal liver L-O2
cells. Furthermore, the NO-releasing ability ang mfiechanisms concerning cell cycle progression,
induction of apoptosis and effects on apoptosisteel proteins by representative derivatives were

investigated.

2. Resultsand discussion

2.1. Chemistry

The synthetic routine of target compounds is iflastd in Scheme & was synthesized in a
4
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three-step sequence according to the literature], [40d then converted to various
monophenylsulfonylfuroxané—d) by treatment with corresponding amino-substituaémbhol
(ethanolamine, 3-aminopropanol, 1-aminopropan-2-ahd N-(2-hydroxyethyl)piperazine)
(Scheme 1). 2-Bromoethanol and 3-bromo-1-propareiewireated with HN@and HSO, in
CH.CI, to give its mononitrate3a and9b (Scheme 2).

Scutellarin was used as the raw material, and canghO and11 were prepared by reacted
with benzyl bromide and methyl iodide. Then theyrav@ydrolyzed by KOH to generate the
intermediatesl2 and 13. Finally, the furoxan@a—d) and nitrate $a and9b) intermediates were
treated with the derivativedZ and13) of scutellarin to give the target compourids—d, 15a—d,
16a, 16b, 17a and 17b (Scheme 3). The structures of all the derivatiwese confirmed byH

NMR, *C NMR and high resolution mass spectrum (HR-MS).

2.2. Biological evaluation

2.2.1 Antiproliferative activity

Twelve new scutellarin/furoxan or nitrate hybridelg—d, 15a—d, 16a, 16b, 17a and 17b)
were evaluated for their inhibitory effects agaifwir different human cancer cell lines (human
breast carcinoma cell line MCF-7, human coloreatatcinoma cell line HCT-116, human
prostatic cancer cell line PC-3 and human livecicama cell line HepG2), in comparison with
the reference 5-FU. Meanwhile, the activities agfathe human normal hepatic cell line (L-O2)
were also evaluated since a potential anticaneey dandidate would be better to show selective
cytotoxicity between malignant and normal cells.

As shown in Table 1, most target compounds displagere potent inhibitory activities than
scutellarin, and some of them showed superior ayiotactivities to 5-FU. The furoxan hybrids
14a—-d and15a—-d showed significant antiproliferative activitiesaagst four cancer cell lines with
ICs0 values ranging from 0.08@M to 39.97uM, especially against PC-3 (46£0.09uM-3.65uM) ,

HCT-116 (IGo 1.27 uM-13.58 uM) and HepG2 (I 0.50 uM-12.92 uM) cells. Compounds
5
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14a—d with benzyl groups at the 6- and-lydroxyl of scutellarin displayed more potential
activities against MCF-7, PC-3 and HepG2 cells ttamesponding ones with methyl groups. The
results were in accord with previous literatureat tbulky benzyl group was preferred for
antiproliferative activity [24,25]. Interestinglyhe antiproliferative activities showed almost no
differences among compoundda, 14b, 14c and 14d (15a, 15b, 15c and 15d) against most
cancer cell lines when the linkers were changedalNy, compoundl4b displayed the most
potent antiproliferative activity among compourids—d, with 1Cso values of 0.0%M~-7.25uM,
especially against PC-3 (#6£0.09 uM) and HepG2 cells (I§ 0.50 uM). Compoundsl5a—d
showed comparable antitumor potency to 5-FU agditfST-116 cell line and more potent
activities against PC-3 and HepG2 cell lines. Gndther hand, nitrate hybridéa, 16b, 17a and
17b exhibited no significant activity against any tfetselected cancer cell lines, except for
compoundl6b showing moderate inhibitory activity against HCTeldells with 1G, of 17.40
UM,

In addition, to investigate whether the hybridsibited selective antiproliferative activities
between normal and malignant liver cellda—d and15a—d were screened against human normal
liver L-O2 cells with scutellarin as control. Thesults were listed in Table 1. All the tested
compounds showed low antiproliferative activitiggiast L-O2 cells with 163 values from 19.31
uM to 47.96uM. In particular, compound4b displayed 96-fold less antiproliferative activity

against nontumor L-O2 cells than HepG2 tumor cells.

2.2.2. NO-releasing ability in vitro

The levels of NO released by the target compouneie iested by Griess assay [41]. As
shown in Table 2, generally, the series of furokared NO donor hybridd4a—-d and 15a—d)
displayed more potent NO-releasing ability than gbdes bearing nitrate moiety6g, 16b, 17a
and17b). This indicated that the antiproliferative adi®$ would be partly attributed to the NO
releasing ability. Meanwhile, the derivativdésa—d with 6- and 4'-hydroxyl substitutions of

methyl groups were found to release more NO théar-d with benzyl groups. These results
6
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suggested that the benzyl groups might hinder tblmolism of furoxans. Compoutdb which
showed the strongest growth inhibitory activityoapgoduced a sustained release of more than 20
uM/L of NO at the time point of 3 h. The maximum amo of NO was produced by compound
15a with above 5@M/L at the time point of 3 h. In addition, we detgned the intracellular NO
levels produced by compouridis—d and15a—d in HepG2 and L-O2 cells. As shown in Figure 2,
all the derivatives released more than 28/8L of NO at the time point of 1 h in HepG2 celhca
less than 15.46M/L of NO in L-O2 cells. These results indicatectthelatively high levels of
NO produced by the scutellarin derivatives wereiftido their strong antiproliferative activities.

In order to investigate the mechanism of actiom, ftimctions of compound4b in HepG2 cells

andl15a in PC-3 cells were chosen for further study.

2.2.3. Cell cycle analysis

The effects on the cell cycle distribution in Hep&®l PC-3 cells were first evaluated. HepG2
and PC-3 cells were treated with compoudb (0, 0.3, 0.6 and 1.2M) and compound5a (O,
0.16, 0.31 and 1.2aM) for 72 h, respectively, then stained with propid iodide (PI) and
analyzed by flow cytometry. Non-treated cells wesed as control. As shown in Figure 3, cells in
the S phase increased from 44.60% in control grimup@7.14%, 50.45% and 69.63% in a
concentration-dependent manner in HepG2 cell liiégse results revealed that compouad
caused S phase arrest in a concentration-dependamter. At the same time, the similar results
were observed by compoud8a in PC-3 cell line that the cell cycle was signifilg arrested in

the S phase.

2.2.4. The morphological analysis by Hoechst 33&&a&ing

The changes of morphological features, such as stelhkage, chromatin condensation,
nuclear membrane blebbing are the characteristiepaptotic cells [42]. Hoechst 33258, which
stains the cell nuclei and emits fluorescence atigwhe visualization of nuclear morphological
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changes, is a membrane permeable dye. Hence, wefluseescence microscopy to observe the
morphology of HepG2 and PC-3 cells stained with d¢theg after treatment with different
concentrations (same as the cell cycle test) ofponmdsl4b and15a, respectively, for 48 h.

The morphological analysis, depicted in Figure Rhveed that control cells were uniformly
stained with Hoechst 33258 and presented round genemus nuclei, without morphological
changes. HepG2 cells were exposed to/M3and 0.6uM of compoundl4b for 48 h, which
presented remarkable morphological changes, suchlleshrinkage, chromatin condensation and
evident reduction in the number of adherent c@lle rupture of cell membrane and the nuclear
fragmentation were evident after the treatment ep®2 cells with 1.2«M of compoundl4b.
These typical apoptotic morphology changes were @liserved in different concentrationslsé
treated PC-3 cells. These results strongly supgdite pro-apoptotic effects of compouridih

andl15a.

2.2.5. Cell apoptosis assay

Since high levels of NO induce cellular apoptodi8]] the cellular apoptosis ability d#b
and15a were tested. The cells were treated with diffex@ricentrations (same as the cell cycle
test) of compoundd4b or 15a for 72 h. Then, the cells were harvested and edthiwith
7-aminoactinomycin D (7-AAD) and annexin-V, and tpercentages of apoptotic cells were
determined by flow cytometry analysis. As shownFigure 5 (A, B), the treatment of HepG2
cells with compoundl4b at concentrations of 0.3, 0.6 and L@ for 72 h resulted in cell
apoptosis at the ratios of 16.54%, 33.1% and 52,68%pectively, as compared with 8.05% in the
control group. And the treatment of PC-3 cells witR5uM of compoundl5a decreased the
percentage of live cells from 88.74% to 36.34% emuteased the apoptotic cells from 8.83% to
58.45% (14.91% of earlier apoptotic cells and 4%5df late apoptotic cells). These results
showed that compoundglb and 15a caused a marked increase of the cellular apopbosis
concentration-dependent manner in HepG2 and Ps3 iEspectively.

Morover, the effects of apoptosis in normal humaarlcells L-O2 induced by4b or 15a

8
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were also tested. As shown in Figure 5 (C), whed2 eells were treated with compountit
and 15a at the concentrations of 1. and 1.25:M, respectively, almost no cellular apoptosis
was observed. However, at the same concentrattbey, can induce apoptosis obviously in
HepG2 and PC-3 cells. These data comfirmed the getettivity of compound44b and 15a

between normal and malignant liver cells.

2.2.6. Mitochondria membrane potentidl/,)

Mitochondria play a crucial role in the inductiondacontrol of apoptosis, which results in a
variety of key events, including the loss of mitontrial membrane potentiahy,,) and release
of pro-apoptotic factors such as cytochrome c aheroapoptosis-inducing factors [44]. NO is
also known to induce apoptosis by activating thiensic mitochondrion-mediated pathways [45].
We therefore studied the effects on mitochondriahmbrane potential of target compouridé
and 15a in HepG2 and PC-3 cell lines, respectively. Thdsceere treated with different
concentrations (same as the cell cycle testdbfand15a for 48 h, respectively, and the changes
of mitochondrial membrane potentiahi,) were monitored by flow cytometry using the dye
5,5,6,6-tetrachloro-1,13,3-tetraethylbenzimidazol-caebocyanine (JC-1). Aswshin Figure 6
in HepG2 and PC-3 cells, compouridib and15a induced a concentration-dependent increase in
the proportion of cells with depolarized mitochdadrThis illustrated that the induction of

apoptosis by hybrid#4b and15a was associated with the mitochondrial (intringa)hways.

2.2.7. Quantitation of cellular proteins involvadapoptosis

Apoptosis is an essential physiological cell dgatibcess in development, homeostasis, and
immune defense of multicellular animals [46]. Tdtbeunderstand the mechanism of scutellarin
derivatives, we performed a protein array assajguiie Human Apoptosis Protein Array Kit.
Compoundl4b was chosen for this study in HepG2 cells. The ig@sdhanges of some apoptotic
proteins were observed (Figure 7) and the wholesixental results were presented in the

9
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supporting materials (Figure S1)

Caspases are key factors in apoptotic cell deatbhp&se-3 in particular, can be activated by
the proteolytic processing of procaspase-3 in nespdo exogenous apoptosis inducers [47]. The
inhibitors of apoptosis proteins (IAR),family of anti-apoptotic regulators, expressighHevels
and prevent caspase-mediated apoptosis in cantter Tee human IAP family contains eight
proteins: c-IAP1, c-IAP2, NAIP, survivin, XIAP, bea, ILP-2 and livin [48,49]. As shown in
Figure 7, the results indicated that caspase-3agtisated because of decreased expression of
procaspase-3 after the treatmentidlp for 24 h. Moreover, in comparison with the contrells,
14b induced a significant reduction in the levels wfvévin and c-IAP1.

Heat shock proteins (HSPs), especially Hsp 27, &&pHsp 70 and Hsp 90, are not only
involved in normal physiology but also in canced-f&2]. They can inhibit the activity of caspases
directly or indirectly, thereby blocking the intsic and extrinsic apoptotic pathways through
interaction with key apoptotic proteins [53,54].rhke oxygenase (HO) is a cytoprotective enzyme
that can be overexpressed in cancer cells and pesmproliferation and survival. Two
isoenzymes of HO, the inducible form HO-1 and tbastitutive form HO-2, have been well
characterized [55-57]. The effects of compoddd on the constitutive levels of HSPs and HO in
HepG2 cells are shown in Figure 7. Exposure of Hep@ls to compoundi4b caused a dramatic
decrease in the levels of Hsp27, Hsp 60, Hsp 70,1Hdd HO-2, as compared with control.
These observations suggested that compddidmight induce HepG2 cells apoptosis through

caspase cascade and inhibit the expression ohpafitotic proteins.

3. Conclusion

In summary, a series of hybrids of scutellarin &@ donors (furoxans or nitrate]l4a—d,
15a-d, 16a,b and 17a,b) were synthesized and evaluated. Most of them eHowtrong
antiproliferative activities against four cancell iees (MCF-7, HCT-116, PC-3 and HepG2) and
weak cytotoxic activities against human normaliieell line L-O2. Particularly, for compound

14b, exhibited the best selectivity with the selectivelex of 96. In additionl4b showed

10
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sustained NO releasing ability in the Griess assay compoundl5a produced the greatest
amount of NO of above 58M/L by the time point of 3 h. Hence, compouridh and15a were
chosen for further investigation in order to revited cellular mechanisms in different cell lines.
The apoptosis-inducing activity of representatisenpoundsl4b in HepG2 cells and5a in PC-3
cells were tested. The results demonstrated thatds/l4b and15a showed similar effects which
could induce cell apoptosis and arrest cell cytlha S stage. Human Apoptosis Protein Array kit
was further applied to disclose the effects of apsip-related proteins by compouiddb in
HepG-2 cells. The results suggested that compddhdnduced HepG-2 cells apoptosis through
down-regulation of the level of pro-caspase-3 amilbited the expression of anti-apoptotic
proteins (c-IAP1, survivin, HSP27, HSP60, HSP70,/H@OX1/HSP32 and HO-2/HMOX2).
Consequently, the rational design of scutellarimivdéives containing NO-donating moiety
offered a good strategy for the discovery of aniihu agents with high efficiency and low

toxicity.

4. Experimental

4.1. Chemistry

Melting points (mp) were determined on an X-4 nngjtpoint apparatus and uncorrectid.
NMR and *C NMR spectra were measured on Bruker ARX-300, AVA0Hz or ARX-600
spectrometers with tetramethylsilane (TMS) as theerhal standard. Chemical shifts were
reported ind (ppm). Mass spectra (MS) were determined on FamiylIAT/USA spectrometer
(LC-MS). High-resolution mass spectra were obtaioedruker microOTOF-Q in the ESI mode
(HR-ESI-MS). Scutellarin was purchased from Jiangslang Bio-pharm. Pty. Ltd. China, with
the purity over 95%. The other reagents were obthiftom commercial suppliers and used
without purification. TLC analysis was carried aut silica gel plates GF254 (Qindao Haiyang
Chemical, China). Column chromatography was perfoinon silica gel (206800 mesh).
Compoundsa—-d, 9a,b and intermediate$0-13 were prepared as described previously [37], and

11
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their chemical characterizations were shown inStipplementary materials.

4.1.1. General procedure for the synthesis of camgsl4a-d and 15a-d
A mixture of 12 or 13 (0.5 mmol) and HOBt (0.6 mmol) in anhydrous DMF (k) was

stirred at room temperature for 0.5 h. After the ditadn of

4-(2-aminoethoxy)-3-(phenylsulfonyl)-1,2,5-oxadiEz@-oxide 6a),
4-(3-aminopropoxy)-3-(phenylsulfonyl)-1,2,5-oxadiée-2-oxide 6b),
4-((1-aminopropan-2-yl)oxy)-3-(phenylsulfonyl)-152pxadiazole-2-oxide 6€) or

3-(phenylsulfonyl)-4-(2-(piperazin-1-yl)ethoxy)-152oxadiazole-2-oxide 6¢) (0.75 mmol) and
EDCI (0.75 mmol) to the solution, the mixture wastlier stirred at room temperature for 3 h.
Then, the mixture was poured into 20 mL oiCH and extracted with EtOAc (3 x 20 mL). The
organic layer was combined, washed with brine,ddoeer anhydrous N8O, and concentrated
in vacuo. The crude product was purified on silgg column chromatography eluting with

dichloromethane/methanol system.

41.1.1. 4-(2-(-6-((6-(Benzyloxy)-2-(4-(benzyloxgpyl)-5-hydroxy-4-oxo-4H-
chromen-7-yl)oxy)-3,4,5-trihnydroxytetrahydro-2H-pgr2-carboxamido)ethoxy)-3-(phenylsulfony
)-1,2,5-oxadiazole-2-oxide 4a).

Yellow power, 241 mg; yield: 53.1%, mp: 17981°C; MS(ESI)m/z 910.2 [M + HJ, 932.2
[M + Na]"; HRMS (ESI)m/zcalcd for GsHsgNzNaOeS [M + NaJ 932.1943, found 932.19454
NMR (DMSO-ds, 400 MHz)s (ppm): 12.95 (s, 1H, 5-OH), 8.23 (t, 18i= 5.6 Hz, -NH-), 8.02 (d,
2H,J = 8.9 Hz, H-26), 7.95 (d, 2H,) = 7.4 Hz, Ar-H), 7.75 (t, 1H, Ar-H), 7.65 (d, 2= 7.4
Hz, Ar-H), 7.56 (d, 2HJ = 6.6 Hz, Ar-H), 7.47 (d, 2H) = 7.4 Hz, Ar-H), 7.437.31 (m, 6H,
Ar-H), 7.17 (d, 2H,J = 8.9 Hz, H-35), 7.12 (s, 1H, H-8), 6.95 (s, 1H, H-3), 5.65 (Hrsl, H-1'),
5.37-5.31 (m, 3H, sugar hydroxyl), 5.21 (s, 2H, £H5.09 (d, 1HJ = 10.9 Hz, -CH), 4.98 (d,
1H, J = 10.9 Hz, -CH), 4.43 (t, 2H, -CH), 4.06 (d, 1HJ = 9.7 Hz, H-5), 3.62-3.52 (m, 3H,
H-2", 3', 4"), 3.44 (t, 2H, -CH). *C NMR (DMSOds, 100 MHz)d (ppm): 182.79, 169.19,

164.28, 161.94, 159.18, 156.75, 153.30, 152.72,063837.35, 136.91, 136.36, 131.82, 130.76,
12
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130.42, 130.35, 130.35, 129.21, 128.97, 128.97,8¥2828.87, 128.57, 128.57, 128.51, 128.51,
128.30, 128.30, 123.37, 115.79, 115.79, 111.06,0611106.39, 103.87, 100.21, 94.51, 76.64,

76.27, 74.66, 73.36, 71.70, 70.03, 69.93, 67.87.

4.1.1.2. 4-(3-(6-((6-(Benzyloxy)-2-(4-(benzyloxgmyl)-5-hydroxy-4-oxo-4H-
chromen-7-yl)oxy)-3,4,5-trihnydroxytetrahydro-2H-pgr2-carboxamido)propoxy)-3-(phenylsulfo
nyl)-1,2,5-oxadiazole-2-oxidé4b).

Yellow power, 210 mg; yield: 45.5%, mp: 12129°C; MS(ESI)m/z 924.2 [M + HJ, 946.2
[M + Na]"; HRMS (ESI)m/z calcd for GeHaN3016S [M + H]" 946.2100, found 946.20884
NMR (DMSO-ds, 400 MHz)d (ppm): 12.97 (s, 1H, 5-OH), 8.19 (t, 18i= 5.7 Hz, -NH-), 8.05 (d,
2H,J = 8.9 Hz, H-26), 7.98 (d, 2H,) = 7.4 Hz, Ar-H), 7.81 (t, 1H, Ar-H), 7.69 (d, 2B= 7.9
Hz, Ar-H), 7.56 (d, 2H, = 6.8 Hz, Ar-H), 7.47 (d, 2H) = 6.8 Hz, Ar-H), 7.467.35 (m, 6H,
Ar-H), 7.18 (d, 2HJ = 8.9 Hz, H-35'), 7.07 (s, 1H, H-8), 6.95 (s, 1H, H-3), 5.64 (drs, H-1"),
5.44-5.27 (m, 3H, sugar hydroxyl), 5.21 (s, 2H, 4£5.08 (d, 1H,J = 10.8 Hz, -CH), 4.96 (d,
1H,J = 10.8 Hz, -CH), 4.34 (t, 2H, -CH}), 3.96 (d, 1H,J = 9.6 Hz, H-5), 3.53-3.45 (m, 3H,
H-2",3",4"), 3.24 (t, 2H, -CH), 1.90 (m, 2H, -Ch). **C NMR (DMSO4ds, 100 MHz)4 (ppm):
182.82, 168.55, 164.27, 162.00, 159.21, 156.73,285352.72, 138.02, 137.55, 136.90, 136.53,
132.06, 131.80, 130.45, 130.45, 129.12, 128.96,9628.28.87, 128.87, 128.80, 128.57, 128.57,
128.50, 128.50, 128.29, 128.29, 123.35, 115.8,8D1 110.85, 110.85, 106.39, 103.86, 100.39,

94.54, 76.81, 76.52, 74.64, 73.41, 71.40, 70.045%7,86, 52.47.

4.1.1.3. 4-((1-(6-((6-(Benzyloxy)-2-(4-(benzylox@pyl)-5-hydroxy-4-oxo-4H-
chromen-7-yl)oxy)-3,4,5-trihnydroxytetrahydro-2H-pgr2-carboxamido)propan-2-yl)oxy)-3-(phe
nylsulfonyl)-1,2,5-oxadiazole-2-oxid#4g).

Yellow power, 306 mg; yield: 66.3%, mp: 1387 °C; MS(ESI)m/z 924.1 [M + HJ, 946.2
[M + Na]"; HRMS (ESI)m/zcalcd for GeHaiNsNaOS [M + NaJ 946.2100, found 946.209%H
NMR (DMSO-ds, 400 MHz)6 (ppm): 12.96 (s, 1H, 5-OH), 8.23 (t, 1H, -NH-), B.@d, 2H,J =

8.9 Hz, H-2,6), 7.97 (d, 2H,) = 7.3 Hz, Ar-H), 7.77 (t, 1H, Ar-H), 7.68 (d, 2Bi= 7.4 Hz, Ar-H),
13
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7.57 (d, 2H,) = 7.0Hz, Ar-H), 7.48 (brs, 2H, Ar-H), 7.43.33 (m, 6H, Ar-H), 7.18 (d, 2H,= 8.9

Hz, H-3,5), 7.06 (s, 1H, H-8), 6.94 (s, 1H, H-3), 5.65 (81, D = 5.2 Hz, H-1), 5.42-5.27 (m,
3H, sugar hydroxyl), 5.21 (s, 2H, -G} 4.96 (dd, 2H,) = 10.6 Hz, -CH), 4.23 (m, 1H, -CH-),
4.03 (d, 1HJ = 9.0 Hz, H-5), 3.613.50 (m, 3H, H-2,3",4"), 3.43 (d, 2H, -Cht), 1.27 (t, 2H,
-CHy). °C NMR (DMSOds, 100 MHz)d (ppm): 182.82, 168.92, 164.28, 161.96, 158.66, 71%6.
153.29, 152.70, 138.04, 137.40, 136.90, 136.37,8531.31.81, 130.44, 130.44, 129.06, 128.97,
128.97, 128.88, 128.88, 128.83, 128.57, 128.57,5128 28.51, 128.30, 128.30, 123.33, 115.79,
115.79, 111.14, 111.14, 106.40, 103.87, 100.33,204.6.83, 76.27, 74.66, 73.46, 73.37, 71.57,

71.35, 70.03, 17.27.

4.1.1.4. 4-(2-(4-(6-((6-(Benzyloxy)-2-(4-(benzylpkenyl)-5-hydroxy-4-oxo-4H-
chromen-7-yl)oxy)-3,4,5-trinydroxytetrahydro-2H-pgr2-carboyl)piperazin-1-yl)ethoxy)-3-(phe
nylsulfonyl)-1,2,5-oxadiazole-2-oxid#&4l).

Yellow power, 150 mg; yield: 51.1%, mp: 1225°C; MS(ESI)m/z 979.1 [M + HJ, 1001.1
[M + NaJ]*; HRMS (ESI)m/zcalcd for GgHaeNsNaOyS [M + Na] 1001.2522, found 1001.2512;
'H NMR (DMSO-dg, 400 MHz)s (ppm): 12.92 (s, 1H, 5-OH), 8.02 (d, 2B= 8.9 Hz, H-26),
7.94 (d, 2HJ = 7.3 Hz, Ar-H), 7.82 (t, 1H, Ar-H), 7.68 (d, 2Bl= 7.9 Hz, Ar-H), 7.54 (d, 2H] =
7.1 Hz, Ar-H), 7.45 (d, 2H] = 7.1 Hz, Ar-H), 7.397.34 (m, 6H, Ar-H), 7.21 (s, 1H, H-8), 7.17 (d,
2H, J = 8.9 Hz, H-35), 6.93 (s, 1H, H-3), 5.67 (brs, 1H, HJ1 5.53 (d, 1H, sugar hydroxyl),
5.28 (brs, 1H, sugar hydroxyl), 5.24 (s, 1H, sugatroxyl), 5.17 (s, 2H, -CH), 5.07 (d, 1HJ =
11.0 Hz, -CH-), 4.96 (d, 1HJ = 11.0 Hz, -CH), 4.48 (d, 1HJ = 9.3 Hz, H-5), 4.24 (m, 2H,
-CHy-), 3.73-3.51 (m, 4H, -CH x 2), 3.453.42 (m, 3H, H-2,3",4"), 3.21 (t, 2H, -CH), 2.47 (t,
2H, -CH-), 2.19 (m, 2H, -Ch). *C NMR (DMSO4d,s, 100 MHz)d (ppm): 182.78, 165.80,
164.12, 162.02, 159.16, 156.41, 153.30, 152.60,983237.71, 136.87, 136.52, 131.81, 130.42,
130.42, 128.93, 128.93, 128.85, 128.85, 128.62,572828.57, 128.50, 128.50, 128.34, 128.34,
128.24, 127.78, 124.97, 123.31, 119.60, 115.81,8115.10.07, 110.07, 106.26, 103.87, 99.33,

94.55, 76.39, 74.62, 73.18, 71.48, 70.49, 70.04%85.83, 53.35, 52.80, 45.43, 41.91.
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4.1.1.5. 3-(Phenylsulfonyl)-4-(2-(3,4,5-trihydro&y({5-hydroxy-6-methoxy-2-(4-
methoxyphenyl)-4-oxo-4H-chromen-7-yl)oxy)tetrahy2ifbpyran-2-carboxamido)ethoxy)-1,2,5-
oxadiazole-2-oxidelba).

Yellow power, 49.9 mg; yield: 13.2%, mp: HE&7°C; MS(ESI)m/z 758.1 [M + HJ, 780.1
[M + Na]"; HRMS (ESI)m/zcalcd for GsHsiNzNaOS [M + NaJ 780.1317, found 780.13154
NMR (DMSO-dg, 400 MHz)6 (ppm): 12.92 (s, 1H, 5-OH), 8.24 (t, 18 5.4 Hz, -NH-), 8.02 (d,
2H,J=9.0 Hz, H-26), 7.95 (d, 2H,) = 7.5 Hz, Ar-H), 7.82 (t, 1H, Ar-H), 7.69 (t, 2B~ 7.5 Hz,
Ar-H), 7.09 (d, 2H,J = 9.0 Hz, H-35), 7.04 (s, 1H, H-8), 6.93 (s, 1H, H-3), 5.59 (&, 1 =5.3
Hz, H-1"), 5.35 (d, 1HJ = 4.5 Hz, sugar hydroxyl), 5.30 (d, 185 4.5 Hz, sugar hydroxyl), 5.28
(brs, 1H, sugar hydroxyl), 4.43 (t, 2H, -&M 4.02 (d, 1H,) = 9.5 Hz, H-5), 3.85 (s, 3H, -OC},
3.76 (s, 3H, -OCh), 3.57-3.49 (m, 3H, H-2,3",4"), 3.40 (t, 2H, -ChH). **C NMR (DMSO+s,
100 MHz) 6 (ppm): 182.81, 169.15, 164.36, 162.88, 159.19, 61K6153.07, 152.61, 137.36,
136.40, 133.05, 130.37, 130.37, 128.92, 128.92,8628.28.86, 123.18, 115.00, 115.00, 111.07,

106.42, 103.82, 100.35, 94.66, 76.54, 76.27, 73287, 69.95, 60.78, 56.04, 37.81.

4.1.1.6. 3-(Phenylsulfonyl)-4-(3-(3,4,5-trihydro&y{5-hydroxy-6-methoxy-2-(4-
methoxyphenyl)-4-oxo-4H-chromen-7-yl)oxy)tetrahy2iepyran-2-carboxamido)propoxy)-1,2,5
-oxadiazole-2-oxidelbb).

Yellow power, 60.1 mg; yield: 15.6%, mp: 2288°C; MS(ESI)m/z 772.1 [M + HJ, 794.1
[M + Na]"; HRMS (ESI)m/zcalcd for G4HsaNzNaOS [M + Na 794.1474, found 794.145%H
NMR (DMSO-dg, 400 MHz)6 (ppm): 12.96 (s, 1H, 5-OH), 8.36 (t, 18 5.2 Hz, -NH-), 8.05 (d,
2H,J = 8.9 Hz, H-26'), 7.98 (d, 2HJ = 7.3 Hz, Ar-H), 7.84 (t, 1H, Ar-H), 7.69 (d, 2d=7.5
Hz, Ar-H), 7.10 (d, 2H, = 8.9 Hz, H-35'), 7.06 (s, 1H, H-8), 6.95 (s, 1H, H-3), 5-B51 (m,
4H, sugar hydroxyl), 4.35 (t, 2H, -GH, 3.94 (d, 1HJ = 9.5 Hz, H-5), 3.84 (s, 3H, -OC}H,
3.73 (s, 3H, -OC#h), 3.52-3.44 (m, 3H, H-2,3",4"), 3.26 (t, 2H, -CH), 1.90 (t, 2H, -CH). **C
NMR (DMSO-ds, 100 MHz)5 (ppm): 182.83, 169.15, 163.93, 162.76, 159.24,5%5153.85,

152.72, 137.62, 136.55, 133.37, 130.48, 130.48,8P2828.82, 128.06, 128.06, 122.14, 118.06,
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118.06, 112.62, 106.18, 103.24, 100.53, 95.08,5/608.49, 74.39, 71.43, 69.45, 60.81, 56.05,

40.90.

41.1.7. 3-(Phenylsulfonyl)-4-((1-(3,4,5-trihydre@y((5-hydroxy-6-methoxy-2-(4-
methoxyphenyl)-4-oxo-4H-chromen-7-yl)oxy)tetrahy2ipyran-2-carboxamido)propan-2-yl)ox
y)-1,2,5-oxadiazole-2-oxid&%c).

Yellow power, 195.1 mg; yield: 50.6%, mp: 13®2°C; MS(ESI)m/z 772.1 [M + Hf, 794.1
[M + Na]"; HRMS (ESI)m/zcalcd for GsH33NsNaOeS [M + NaJ 794.1474, found 794.14584
NMR (DMSO-dg, 400 MHz)6 (ppm): 12.92 (s, 1H, 5-OH), 8.23 (t, 18= 5.6 Hz, -NH-), 8.05 (d,
2H,J = 8.9 Hz, H-26'), 7.97 (d, 2HJ = 7.5 Hz, Ar-H), 7.83 (t, 1H, Ar-H), 7.69 (d, 2d=7.5
Hz, Ar-H), 7.09 (d, 2H)J = 8.9 Hz, H-35), 7.03 (s, 1H, H-8), 6.95 (s, 1H, H-3), 5.60 (kiHl,
H-1"), 5.35-5.51 (m, 3H, sugar hydroxyl), 4.97 (m, 1H, -CH-), 4.al, {H,J = 9.3 Hz, H-5),
3.86 (s, 3H, -OCH), 3.75 (s, 3H, -OC}h}, 3.59-3.50 (m, 3H, H-2,3",4"), 3.42(d, 2H, -CH}),
1.28 (d, 3H, -CH). *C NMR (DMSOds, 100 MHz)5 (ppm): 182.83, 168.99, 164.32, 162.90,
158.67, 156.61, 153.06, 152.59, 137.41, 136.41,063330.31, 130.31, 129.06, 129.06, 128.84,
128.84, 123.14, 119.55, 119.55, 111.13, 106.45,800300.47, 94.65, 78.03, 76.72, 73.24, 71.54,

71.34, 60.79, 56.04, 17.26.

4.1.1.8. 3-(Phenylsulfonyl)-4-(2-(4-(3,4,5-trinydye6-((5-hydroxy-6-methoxy-2-(4-
methoxyphenyl)-4-oxo-4H-chromen-7-yl)oxy)tetrahy2ibpyran-2-carbonyl)piperazin-1-yl)etho
xy)-1,2,5-oxadiazole-2-oxidel5d).

Yellow power, yield: 10.9%, mp: 13221 °C; MS(ESI) m/z 827.1 [M + HT, 849.1[M +
Na]’; HRMS (ESI) m/z calcd for GHasNiNaOweS [M + Na] 849.1896, found 849.1879H
NMR (DMSO-ds, 400 MHz)s (ppm): 12.90 (s, 1H, 5-OH), 8.01 (d, 28z 8.9 Hz, H-26), 7.95
(d, 2H,J = 8.1 Hz, Ar-H), 7.85 (t, 1H, Ar-H), 7.70 (d, 2H,= 8.1 Hz, Ar-H), 7.17 (s, 1H, H-8),
7.06 (d, 2HJ = 8.9 Hz, H-35), 6.94 (s, 1H, H-3), 5.61 (d, 18,= 4.0 Hz, H-1), 5.45 (d, 1H,
= 7.2 Hz, sugar hydroxyl), 5.28.17 (m, 3H, sugar hydroxyl), 4.48 (d, 1H,= 9.4 Hz, H-5),

4.24 (m, 2H, -Ch¥), 3.82 (s, 3H, -OCH, 3.75 (s, 3H, -OCH), 3.68-3.53 (m, 4H, -Ch x 2),
16
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3.43-3.37 (m, 3H, H-2,3",4"), 3.22 (t, 2H, -CH}), 2.47 (m, 2H, -Cht), 2.23 (m, 2H, -Cht). **C
NMR (DMSO-ds, 100 MHz)5 (ppm): 182.80, 165.81, 164.17, 162.93, 159.16, 256153.05,
152.51, 137.71, 136.54, 133.01, 130.44, 130.44,682428.63, 127.78, 127.78, 124.96, 119.60,
119.60, 110.08, 106.30, 103.80, 99.40, 94.60, 76/325, 71.37, 70.50, 68.82, 60.77, 56.04,

55.08, 53.38, 52.87, 45.46, 41.93.

4.1.2. General procedure for the synthesis of camgs16a, 16b, 17a and17b

To a solution ofl2 or 13 (0.5 mmol) and DBU (0.6 mmol) in DMF (5 mi9a or 9b (0.6
mmol) was added. The mixture was stirred at roomptrature for 3 h. Then, the mixture was
poured into 20 mL of kD, and extracted with EtOAc (3 x 20 mL). The orgalayer was
combined, washed with brine, dried over anhydro@sSR)y, and concentrated in vacuo. The
crude product was purified by silica gel column ahatography eluting with

dichloromethane/methanol system.

4.1.2.1. 2-(Nitrate)ethyl-6-((6-(benzyloxy)-2-(4fzyloxy)phenyl)-5-hydroxy-4-oxo
-4H-chromen-7-yl)oxy)-3,4,5-trinydroxytetrahydro-iran-2-carboxylatel6a).

Yellow power, 142 mg; yield: 38.8%, mp: 15/%8°C; MS(ESI)m/z 732.2 [M + HJ, 754.1
[M + Na]"; HRMS (ESI)m/z calcd for G/HzaNNaOs [M + Na]* 754.1742, found 754.1738
NMR (DMSO-ds, 400 MHz) (ppm): 12.97 (s, 1H, 5-OH), 8.05 (d, 287 8.9 Hz, H-26'), 7.55
(d, 2H,J = 7.4 Hz, Ar-H), 7.48 (d, 2H] = 7.4 Hz, Ar-H), 7.427.31 (m, 6H, Ar-H), 7.21 (d, 2H,
= 8.9 Hz, H-35), 7.12 (s, 1H, H-8), 6.95 (s, 1H, H-3), 5.71 (8,1 =5.1 Hz, H-1'), 5.54 (d, 1H,
J =5.8 Hz, sugar hydroxyl), 5.42 (d, 1H,=7.8 Hz, sugar hydroxyl), 5.41 (brs, 1H, sugar
hydroxyl), 5.22 (s, 2H, -CH), 5.09 (d, 1HJ =10.8 Hz, -CH), 4.96 (d, 1HJ =10.8 Hz, -CH-),
4.22 (d, 1HJ = 9.6 Hz, H-B), 4.14-4.09 (m, 2H, -CH), 3.50-3.47 (m, 3H, H-2,3",4"), 3.44 (t,
2H, -CH-). *C NMR (DMSO4ds, 100 MHz)4 (ppm): 182.84, 169.00, 164.32, 162.00, 156.58,
153.31, 152.70, 137.98, 136.91, 131.78, 128.98,9828 28.86, 128.86, 128.58, 128.58, 128.52,
128.52, 128.34, 128.34, 123.40, 115.87, 115.87.4008.03.94, 99.80, 94.42, 76.14, 75.61, 74.66,

73.38, 71.72, 71.72, 70.05, 61.38.
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4.1.2.2. 3-(Nitrate)propyl-6-((6-(benzyloxy)-2-@efzyloxy)phenyl)-5-hydroxy-4-
0x0-4H-chromen-7-yl)oxy)-3,4,5-trihydroxytetrahydtd-pyran-2-carboxylatelgh).

Yellow power, 295 mg; yield: 79.2%, mp: B08°C; MS(ESI)m/z 746.1 [M + HJ, 768.1
[M + Na]"; '"H NMR (DMSO-ds, 400 MHZ)s (ppm): 12.97 (s, 1H, 5-OH), 8.03 (d, 2z 8.6 Hz,
H-2',6), 7.56 (d, 2H,) = 7.3 Hz, Ar-H), 7.47 (d, 2H] = 7.3 Hz, Ar-H), 7.427.32 (m, 6H, Ar-H),
7.20 (d, 2H,J = 8.6 Hz, H-35), 7.12 (s, 1H, H-8), 6.93 (s, 1H, H-3), 5.71 (81, = 5.4 Hz,
H-1"), 5.59 (d, 1HJ = 5.8 Hz, sugar hydroxyl), 5.43 (d, 28z 7.6 Hz, sugar hydroxyl), 5.21 (s,
2H, -CHy-), 5.09 (d, 1H,J =10.9 Hz, -CH-), 4.96 (d, 1H, =10.9 Hz, -CH-), 4.54 (t, 2H, -CH}),
4.25 (d, 1HJ = 9.7 Hz, H-5), 4.18 (t, 2H, -CH), 3.513.47 (m, 3H, H-2, 3',4"), 2.02-1.98 (m,
2H, -CH-). *C NMR (DMSO4ds, 100 MHz)4 (ppm): 182.80, 169.08, 164.30, 162.00, 156.57,
153.33, 152.69, 138.01, 136.91, 131.85, 128.95,9528.28.84, 128.84, 128.56, 128.56, 128.49,
128.49, 128.28, 128.28, 123.39, 115.84, 115.844P06.03.91, 99.95, 94.47, 76.28, 75.73, 74.67,
73.44, 71.77, 70.07, 66.72, 61.47, 26.00. HRMS YESE calcd for GgHzsNNaOys [M + NaJ’

768.1899, found 768.1853.

4.1.2.3. 2-(Nitrate)ethyl-3,4,5-trihydroxy-6-((5dnpxy-6-methoxy-2-(4-
methoxyphenyl)-4-oxo-4H-chromen-7-yl)oxy)tetrahy2iepyran-2-carboxylatel(7a).

Yellow power, 202 mg; yield: 69.8%, mp: +4%51°C; MS(ESI)m/z 580.1 [M + HJ, 602.1
[M + Na]’; HRMS (ESI)m/zcalcd for GsHNO;5 [M + H]* 602.1116, found 602.11184 NMR
(DMSO-ds, 400 MHz)d (ppm): 12.94 (s, 1H, 5-OH), 8.06 (d, 2Hs 8.9 Hz, H-26'), 7.12 (d, 2H,
J = 8.9 Hz, H-35), 7.08 (s, 1H, H-8), 6.97 (s, 1H, H-3), 5.65 (&, D =5.0 Hz, H-1), 5.56 (d,
1H,J =5.6 Hz, sugar hydroxyl), 5.39.36 (m, 2H, sugar hydroxyl), 4.75 (t, 2H, -€H 4.41 (m,
2H, -CH,-), 4.25 (d, 1HJ = 9.4 Hz, H-8), 3.86 (s, 3H, -OC#), 3.76 (s, 3H, -OC}H}, 3.473.40
(m, 3H, H-2",3",4"). °C NMR (DMSOds, 100 MHz)d (ppm): 182.85, 169.00, 164.39, 162.94,
156.47, 153.09, 152.61, 133.03, 128.85, 128.85,202315.07, 115.07, 106.45, 103.88, 99.96,

94.57, 76.06, 75.58, 73.26, 71.74, 71.74, 61.3§%®6.07.
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4.1.2.4. 3-(Nitrate)propyl-3,4,5-trihydroxy-6-((34froxy-6-methoxy-2-(4-
methoxyphenyl)-4-oxo-4H-chromen-7-yl)oxy)tetrahy2ibpyran-2-carboxylatel(rb).

Yellow power, 50.1 mg; yield: 16.9%, mp: HE7°C; MS(ESI)m/z 594.0 [M + HJ, 615.9
[M + Na]"; HRMS (ESI)m/zcalcd for GgHeNOy5 [M + H]* 594.1453, found 594.148%4 NMR
(DMSO-ds, 400 MHZz)d (ppm): 12.93 (s, 1H, 5-OH), 8.04 (d, 2H5 8.9 Hz, H-26'), 7.13 (d, 2H,
J = 8.9 Hz, H-35), 7.07 (s, 1H, H-8), 6.94 (s, 1H, H-3), 5.62 (#, D =5.1 Hz, H-1), 5.54 (d,
1H, J =5.7 Hz, sugar hydroxyl), 5.36.34 (m, 2H, sugar hydroxyl), 4.55 (t, 2H, -€K 4.21 (d,
1H,J = 9.7 Hz, H-B), 4.17 (t, 2H, -CH), 3.86 (s, 3H, -OC})}, 3.77 (s, 3H, -OCHj, 3.473.38
(m, 3H, H-2',3",4"), 2.01 (m, 2H, -Ch#). *C NMR (DMSO4ds, 100 MHz) 4 (ppm): 182.83,
169.07, 164.38, 162.94, 156.44, 153.09, 152.60,0633.28.82, 128.82, 123.21, 115.07, 115.07,

106.45, 103.87, 100.03, 94.56, 76.18, 75.68, 73.80,2, 70.87, 61.45, 60.77, 56.06, 26.00.

4.2. MTT assay

Cytotoxicity of all the tested compounds againstiG HCT-116, PC-3, and HepG2 cells
was determined by MTT assay. Cells were planted 88-well micro-plates at a density of
2.0-4.0 x 16 cells/mL (100xL per well). After overnight incubation at 3, 5-9 different
concentrations of test compounds were added tovétis. Compounds were dissolved in DMSO
before being diluted in the growth medium. The em@ation of DMSO in the wells did not
exceed 0.5%. Cells were further incubated for 7aththe end of the incubation time, fresh
medium containing 0.5 mg/mL of MTT were added. €&datvere incubated for another 4 h at 37
°C, the media was removed and formazan crystals fbiméhe cells were dissolved in 200 of
DMSO. Optical density was measured at 570 nm witdS® as blank using a Bio-Rad
microplate reader (Model 680). In these experimethis negative reference was 0.1% DMSO,

scutellarin and 5-FU were used as the positiveeafes.

4.3. NO releasing test
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The levels of NO generated by individual compoungse determined by the colorimetric
assay using the nitrite colorimetric assay kit (@&eye, China), according to the manufacturer’s
instructions. Incubation in phosphate buffer solt{pH 7.4) containing 2% dimethyl sulfoxide
and 10° M of the test compound (1 mL of 0.2 mM solutionGri. M phosphate buffer, pH 7.4)
was mixed with a freshly prepared solution of Lieyse (1 mL of a 3.6 mM solution in 0.1 M
phosphate buffer, pH 7.4) at 8¢ for 1 h, 2h and 3h in the absence of air. Aftggosure to air
for 10 min at 25°C, an aliquot of the Griess reagent | (80) and Griess reagent Il (50.) was
added to an equal volume (BD) of each test compound’s incubation solution.eAftO min, the
absorbance was measured at 540 nm. Solutions of sbddum nitrite were used to prepare a
nitrite absorbanceversus concentration curve under the same experimentatitons. The
different concentrations of nitrite were used amngéards to calculate the concentrations of NO
formed by individual test compound.

Intracellular NO release data were acquired ugiag3riess reaction in HepG2 and L-O2 cells
according to the manufacturer’s instructions (SQ@lyotime, China). Briefly, cells were treated
with 100 «M of each compound for 2.5 h. Subsequently, thés eetre harvested and their cell
lysates were prepared and then mixed with Grieager for 10 min at 37C, followed by
measurement at 540 nm by a microplate reader. €l teceated with 0.4% DMSO in medium
were used as negative control for the backgrouneldeof nitrite production, while sodium nitrite
at different concentrations was prepared as thigiy@sontrol for the establishment of a standard

curve.

4.4. Cell cycle study

The cell were incubated with different concentnagiof the test compoundgdb and15a or
vehicle as described above. After incubation for72he treated cells were trypsinized, washed
with PBS and centrifuged at 2000 rpm/min. The abd cells were fixed by adding cold ethanol
(4 °C overnight) and incubated for 30 min in PBS canitaj 100uL RNase A of RNase and 400
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uL of Pl. Cell DNA content was measured using flowtoenetry (FACS Calibur

Bectone-Dickinson) for cell cycle distribution aysik.

4.5. Hoechst 333258 staining

Cells grown on a sterile cover slip in 6-well pkigere treated with test compouriciv and
15a or vehicle for a certain range of time. The cwtunedium containing compounds was
removed, and the cells were fixed in 4% paraforet@de for 10 min. After being washed twice
with PBS, the cells were stained with 0.5 mL of Elog 33258 (Keygen, Nanjing, China) for 5
min and then again washed twice with PBS. The athinuclei were observed under a flow

cytometry (FACS Calibur Bectone-Dickinson) usin@3Bn excitation and 460 nm emission.

4.6. Analysis of cellular apoptosis

Cells were seed into 6-well plates and incubate@4oh at 37°C under an atomosphere of 5%
CQO.. Then test compoundglb and15a were added in a certain concentration and thetivega
control which was treated with DMSO were includaéter incubation for 72 h, the treated cells
were trypsinized, then washed with PBS twice amdrifaged at 2000 rpm to collect the cells (5
x 10°). After 500.L of binding buffer was added to suspend the c8ljgl,. of Annexin V-APC
and 7-AAD or PI were added successively and mixed. wollowed by 515 min incubation at
room temperature in dark, cell apoptosis was aedlywith flow cytometry (FACS Calibur

Bectone-Dickinson).

4.7. Cell mitochondrial membrane potential assay

Cells were cultured overnight and incubated initgte with the test compounddb and15a
or vehicle for 48 h. The cells were stained witk lipophilic cationic dye JC-1, according to the
manufacturer’s instruction (Keygen, KGA601). Thegemtage of cells with healthy or collapsed
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mitochondrial membrane potentials was monitorefldwy cytometry analysis.

4.8. Quantitation of cellular proteins involvedapoptosis

The relative expression levels of 35 apoptosigedlgproteins were evaluated using Human

Apoptosis Array kit (R&D Systems, Abingdon, UK) iHepG2 cells. Proteins were extracted

according to the manufacturer’s protocol from cetsited for 24 h with compourdb (2 uM).
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Tablel

Effects of the compounds on cell viability agaiditerent cell lines.

Compound  1Gy (uM)?
MCF-7 HCT-116 PC-3 HepG-2 L-O2 5

14a 251+£0.34 13.58+0.47 0.36 £0.03 1.48+0.18.31£0.86 13.0
14b 296+£0.21 7.25+1.38 0.09+£0.01 050+x0.047.96+1.24 959
14c 1.99+£099 2.59+0.82 0.74 £0.31 1.83+0.52.46+1.10 17.7
14d 1.65+£0.78 5.70+3.63 0.67 £0.12 6.40£0.680.87 £ 1.75 6.2
15a 3997+189 1.74%£0.38 1.45+£053 1088+1.3%.49+1.22 3.2
15b 21.71+£0.93 2.46 £0.57 3.10£046 12.35+0.85.90+2.37 3.7
15¢ 825+0.77 2.16+1.26 3.01+£0.89 1292+1.41.58+1.84 3.2
15d 3.64+£086 1.27+0.32 3.65+0.81 9.53+£0.722.94+056 24
16a > 50 > 50 > 50 > 50 NT
16b 30.83+4.79 17.40x1.7 18.79+£1.34 36.75+2.23 NT
17a > 50 > 50 > 50 > 50 NT
17b > 50 > 50 >50 >50 NT

Scutellarin > 100 77 £2.35 72.90 £1.37 56.09231. > 100
5-FU 28.73+394 4.16+0.23 24.33x0.36 29.@ra3 NT

% 1Csq. Half inhibitory concentrations measured by the Massay. The values are expressed as
average + standard deviations of three indepenegmeriments.” SI: selectivity index. It was
calculated as: Sl = kg L-O2/HepG-2°NT: not tested.



Table?2

The amount of NO released by the tested compounds

Compound The amounts of released-NO (xzmol/L)
0.25h 05h 0.75h 1lh 2h 3h
1l4a 11.20 14.27 17.53 19.52 26.39 39.95
14b 7.58 10.11 11.92 13.55 16.26 20.06
1l4c 11.92 13.91 15.72 17.71 19.33 18.97
14d 7.94 11.74 12.64 14.27 21.87 23.86
15a 26.93 33.26 41.94 49.35 58.03 59.12
15b 11.74 15.54 20.42 24.22 30.55 30.37
15c 12.46 20.78 24.94 34.16 46.46 44.29
15d 13.73 20.78 26.03 33.80 37.96 39.41
16a 3.96 451 4.69 6.13 4.87 5.05
16b 414 4.33 4.69 5.05 3.78 324
17a 1.07 1.97 2.34 2.34 1.97 1.79
17b 0.53 125 161 1.25 1.43 1.25




1. Legendsfor Fig. 1, Fig. 2, Fig. 3, Fig. 4, Fig. 5, Fig. 6, Fig. 7, Scheme 1 and Scheme 2

Fig. 1. The chemical structures of reported natural prditdc oxide donor hybridslg-21).

Fig. 2. The NO level in HepG2 and L-O2 cells.

Fig. 3. Cell cycle analysis of compound4db (A) in HepG2 and5a (B) in PC-3 cells by flow cytometry.

Fig. 4. Hoechst staining of compouniigb (A) in HepG2 and5a (B) in PC-3 cells.

Fig. 5. Flow cytometry analysis of compouni#b (A) induced apoptosis in HepGPa (B) in PC-3 cells and the
apoptosis of nontumor LO-2 cellsduced byl4b and15a (C).

Fig. 6. 14b (A) induced mitochondrial depolarization in Hep&&i15a (B) in PC-3 cells.

Fig. 7. The effects exerted by compouddb on the expression of apoptosis-related proteirsguthie Human
Apoptosis Array kit in HepG2 cells.

Scheme 1. Synthesis of compoundéa-d) and Qa, b). Reagents and conditions: (a) CKTHDOH, NaOH (aq),
reflux, 2 h; (b) 30% KO,, AcOH, rt, 3 h; (c) fuming HNg 90°C, 4 h; (d) aminoalcohol, THF, NaH,0 °C, 4 h; (e)
fuming HNG,, H,SO,, 0°C, 3 h.

Scheme 2. Synthesis of compound#4@-d), (15a-d), (16a, b) and (L7a, b). Reagents and conditions: (a) BnBr or
CHgl, K,COs, DMF, 1, 24 h; (b) KOH, MeOH/DCM, rt, 2-3 h; (6g-d, HOBt, EDCI, DMF, rt, 3 h; (dPa, b,

DBU, DMF, rt, 2 h.



2. Graphicsfor Fig. 1, Fig. 2, Fig. 3, Fig. 4, Fig. 5, Fig. 6, Fig. 7, Scheme 1 and Scheme 2
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Highlights

» NO-releasing scutellarin derivatives were synteasand biological evaluated.
* The SARs were concluded and the ability of N@askd was detected.

» Compoundd44b exhibited remarkable cytotoxicity and good selétsti

» Compoundl4b arrested HepG2 cells at the S phase and inducgaicsis.

* The effects of compourithb on apoptosis-related proteins were disclosed.



