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ABSTRACT 

To explore antitumor agents with potent efficacy and low toxicity, scutellarein 

derivatives with benzoic acid mustard (10a−c, 11a−c and 13a−c) were designed and 

synthesized. The antiproliferative activities of the target derivatives against A549, 

MCF-7 and Bel-7402 cancer cell lines were tested. Compound 10a showed the 

strongest potency with an IC50 value of 1.50 µM against MCF-7 cell line, and 

displayed low toxicity against human liver L-O2 normal cells (IC50 > 50 µM), 

showing specificity between normal and malignant cells. The mechanism studies 

revealed that 10a could induce apoptosis in MCF-7 cells, arrest MCF-7 cell cycle at 

the G1 phase and cause mitochondrial dysfunction in a concentration-dependant 

manner. Furthermore, the enhanced expression of the pro-apoptotic proteins caspase-9, 

caspase-3, Bax and cytochrome c, and the reduced expression of the anti-apoptotic 

protein Bcl-2 confirmed that 10a induced the intrinsic apoptosis pathway in MCF-7 

cells. The potent antiproliferative activity and good selectivity guaranteed 10a a lead 

compound for the further development into anticancer theraputics, especially for 

breast cancer. 
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1. Introduction 

Cancer is the second cause of mortality worldwide and continuing to be a serious 

health problem in developing countries [1,2]. According to the data of China, the 

incidence and mortality of cancer have been increasing. This situation will become 

more severe with the rapid population aging process in the future [3]. Current studies 

show that chemotherapy is still the most efficacious cancer treatment approach. 

However, side effects seriously impede its clinical application [4,5]. Therefore, new 

drugs which can cause tumor cell death without obvious side effects are of great 

importances for cancer chemotherapy. 

At present, many antitumor compounds have the potentials to alkylate RNA, 

DNA and several proteins [6]. Among which, classic DNA alkylating agents nitrogen 

mustards with the advantages of strong potency and broad spectrum have been 

extensively used [7]. However, the lack of specific affinity for tumor cells necessitates 

large doses to achieve certain local concentrations, leading to side effects and 

systemic toxicity [8]. Structural modifications of nitrogen mustards have been done 

during the last decades in order to overcome these deficiencies. In this regard, 

changing the combined parts is one of the most effective methods, such as benzene 

derivatives [9,10], polyamine [11], distamycin [12], steroids [13,14], diterpenoids 

[15,16], macrolide [17] and so forth. Some achieved good results, especially the 

hybrids of nitrogen mustards and nature products, such as oridonin (A) [15], 

glutathione (B) [18], enmein (C) [16] and brefeldin A (D) [17], which exhibited 

significant antitumor activities and low toxicity (Figure 1). This fact prompts us to 

explore new carriers from other natural skeletons to obtain nitrogen mustard 

derivatives with improved selectivity and low toxicity. 

Flavonoids, one of the most common classes of naturally occurring phenolic 
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phytochemicals, have drawn tremendous attention because of their various benficial 

biological activities and low toxicity [19]. Scutellarin, the main effective flavonoid 

component of Erigeron breviscapus (vant.) Hand-Mazz extract breviscapine [20], has 

the potency to treat cardiovascular diseases [21−24]. It could also induce apoptosis 

[25], suppress the migration and invasion [26,27] and sensitize cancer cells to 

chemotherapy [28,29]. Scutellarein is one of the main metabolites of scutellarin in 

vivo after breviscapine administration and possesses some similar therapeutic effects 

as scutellarin [30]. Some recent researches have focused on the anticancer activity of 

scutellarein [31−38]. Scutellarein was also found to show non-toxic under the long 

administration duration and/or high dose [39]. These results suggest that scutellarein 

would be a promising carrier of nitrogen mustards for the discovery of new anticancer 

agents.  

Some nature products and benzoic acid mustard hybrids showed significant 

antiproliferative activities and benzoic acid mustard was reported to show low toxicity 

[40,41]. Therefore, in this study, scutellarein and its two analogues were selected to 

combine with benzoic acid mustard. The target hybrids were evaluated against human 

tumor A549, Bel-7402 and MCF-7 cells and L-O2 normal hepetic cells for the 

antiproliferative activities. Further mechanism study concerning apoptosis related 

properties were also investigated.  

 

2. Result and Discussion 

2.1. Chemistry 

The synthetic methods of target derivatives 10a−c, 11a−c and 13a−c are shown in 

Scheme 1. According to the literature [15], 2 was reacted with ethylene oxide in acetic 

solution to give 3. Benzoic acid mustard 4 was obtained by the sequences of reaction 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

of 3 and phosphorus oxychloride, and hydrolysis by using concentrated hydrochloric 

acid. Treatment of scutellarin 1 with 6 N HCl in ethanol under reflux, scutellarein 5 

was synthesized. 6 was got from 2 by the treatment with dichlorodiphenylmethane 

[42]. 7 was synthesized by the reaction of 5 and 1,2-dibromoethane. 

Compounds 8a−c and 12a−c were synthesized in good yields by the reaction of 

intermediate 6 or 7 with corresponding dibromoalkane in anhydrous acetone, and then 

converted to 9a−c and 13a−c by the reaction with 4 and K2CO3 in anhydrous DMF. 

10a−c was obtained by removing the diphenylmethylene ketal of 9a−c with HOAc 

solution. The reaction of 10a−c with Me2SO4 in anhydrous acetone provided 11a−c. 

NMR (1H and 13C) and HRMS (high resolution mass spectrum) were used to confirm 

the structures. 

2.2. Biological evaluation 

2.2.1 Antiproliferative activity 

The antiproliferative activities of 10a−c, 11a−c and 13a−c against three human 

cancer cell lines MCF-7 (breast cancer), A549 (lung cancer) and Bel-7402 

(hepatocellular carcinoma), and normal cells L-O2 (liver) were tested and compared 

with scutellarein (2), benzoic acid mustard (4), chlorambucil and positive control 

5-FU (5-fluorouracil) in each panel (Table 1). Some derivatives showed 

antiproliferative activities against tumor cells to some extent and low toxicity against 

L-O2 nomal cells with IC50 values greater than 50 µM, exhibiting selectivity. Among 

them, 10a−c exhibited stronger antiproliferative activities against MCF-7 and 

Bel-7402 cells with IC50 values between 1.50 and 9.07 µM. 10b and 10c displayed 

moderate activities against A549 cell line with IC50 values of 21.47 and 23.51 µM, 

respectively. While, 11a−c, 13b and 13c showed weak antiproliferative activities 

against Bel-7402 cell line with IC50 values ranging from 25.69 to 45.72 µM. The 
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results that hybrids 10a−c showed more potent antiproliferative activities than 11a−c 

and 13a−c indicated the unsubstituted 6-OH and 7-OH were beneficial to the 

antiproliferative activities. The length of the linkers does not seem to regularly affect 

activities. In particular, 10a−c also exhibited more potent inhibitory activities with 

IC50 values of 1.50−4.78 µM than benzoic acid mustard (IC50 > 50 µM), scutellarein 

(IC50 > 50 µM), chlorambucil (IC50 > 50 µM) and 5-FU (IC50 27.89 µM) against 

MCF-7 cells. Especially, 10a showed the smallest IC50 value of 1.50 µM. 

Consequently, 10a was selected for further investigation of the possible cellular 

mechanisms in MCF-7 cell line.  

2.2.2 Cell cycle effect 

To determine the effects of 10a on the cell cycle arrest, MCF-7 cells were treated 

with certain concentrations of 10a (0.75, 1.5 and 3 µM) for 48 h and stained with PI 

(propidium iodide). The DNA content of cell nuclei was analyzed by flow cytometry 

with non-treated cells as control. G1 phase cells increased from 41.49% (control 

group) to 44.16%, 50.99% and 59.49% (Figure 2) in a concentration-dependent 

manner. The results revealed that 10a caused G1 phase arrest of MCF-7 cells in a 

concentration-dependent manner. 

2.2.3 Cell apoptosis effect 

Annexin V-FITC/PI binding assay was carried out to evaluate the apoptosis 

inducing effects of 10a. MCF-7 cells were treated with the same concentrations of 

10a as the cell cycle test for 48 h. Then, the annexin-V and PI were used to dyeing 

cells, and the percentages of apoptotic cells were determined by flow cytometry. The 

result were given in Figure 3, the apoptosis of MCF-7 cells treated with 10a increased 

from 15.99% to 29.31% and 65.21% at the concentrations of 0.75, 1.5 and 3 µM, 

respectively, compared to 6.09% in the control group. The results proved that 10a 
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caused remarkable apoptosis of MCF-7 cells in a concentration-dependent manner. 

2.2.4 Mitochondria membrane potential analysis 

Mitochondria plays a key role in the induction of apoptosis. The dissipation of 

mitochondria membrane potential is an significant early event in apoptosis, and then 

some pro-apoptotic factors such as cytochrome c, Bax were released [42,43]. Thus, 

the effects of 10a on mitochondrial membrane potentials in MCF-7 cell line were 

investigated. MCF-7 cells were treated with the same concentrations of 10a as the cell 

cycle test for 48 h, and stained with the dye JC-1, the changes of mitochondrial 

membrane potentials were monitored by flow cytometry. As shown in Figure 4, 10a 

induced a concentration-dependent increase in depolarized cell population from 

1.61% of control to 19.61%, 43.48% and 64.80%, respectively. This result illustrated 

that compound 10a could induced MCF-7 cell apoptosis through mitochondrial 

(intrinsic) pathways. 

2.2.5 Effects on apoptosis-related proteins 

The mitochondria-dependent apoptotic pathway is regulated by the Bcl-2 family 

of pro- and anti-apoptotic proteins such as Bax (pro-apoptotic protein) and Bcl-2 

(anti-apoptotic protein), which could induce cytochrome c released into the cytosol, 

resulting in the activation of the caspase-9 and -3, finally triggering the execution of 

apoptosis [44,45]. Therefore, to determine compound 10a involved in the 

mitochondria-dependent apoptosis pathway in MCF-7 cells, we examined the 

expression of Bcl-2 and Bax, cyto-c, caspase-9 and -3 activities by Western blot 

analysis. As shown in Figure 5, in comparison with the control cells, 10a could 

up-regulation the level of pro-apoptotic protein Bax and down-regulation the level of 

anti-apoptotic protein Bcl-2 in a dose-dependent fashion. Moreover, the expression of 

cytochrome c remarkably increased with the elevation of 10a concentration, this is 
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probably due to the release from mitochondria (Figure 5). Then, the caspase-9 was 

activated, which further increased the level of caspase-3 compared to the control in 

MCF-7 cells. These results indicated that 10a could induced cell apoptosis via 

increased the Bax/Bcl-2 ratio, leading to the release of cyto-c, caspase-9 and -3 

activation, which triggered the execution of apoptosis. 

 

3. Conclusion 

In summary, a series of hybrids of scutellarein and benzoic acid mustard were 

synthesized and evaluated. Some of them showed strong antiproliferative activities 

against MCF-7 and Bel-7402 cancer cell lines and weak activities against L-O2 

human normal liver cells. Among them, compound 10a exhibited the strongest 

antiproliferative potency against MCF-7 cell line with an IC50 value of 1.50 µM. 10a 

also displayed no obvious inhibitory effects against L-O2 cells. In addition, 

compound 10a was found to induce apoptosis, G1 phase arrest, and collapse of 

mitochondrial membrane in a concentration-dependent manner in MCF-7 cells. 

Therefore, mitochondria-dependent apoptotic pathway would be involved in 10a 

mediated apoptosis. Western blot assays indicated that 10a induced the expression of 

Bax, cyto-c, caspase-9 and -3, while suppressed the expression of Bcl-2. In conclusion, 

compound 10a could be considered as a promising anticancer agent and further 

evaluation of 10a is on-going. 

 

4. Experimental  

4.1. Chemistry 

Chemicals and solvents were purchased from commercial sources. Further 

purification by standard methods were employed when necessary. 1H NMR and 13C 
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NMR spectra were recorded on a Bruker ARX-400 NMR spectrometer in the 

indicated solvents (TMS as internal standard): the values of the chemical shifts were 

expressed in δ values (ppm) and the coupling constants (J) in Hz. HRESIMS data 

were obtained using Bruker micro-TOFQ-Q mass spectrometer. 

4.1.2 General procedures to synthesize 10a−c, 11a−c and 13a−c 

To a solution of 6 (450 mg, 1 mmol) in 20 mL of anhydrous acetone, 

corresponding dibromoalkane (3 mmol) and K2CO3 (417 mg, 3 mmol) were added. 

Followed by refluxing for 12 h and vacuum filtration. This procedure yielded 

concentrated filter liquor, from which a yellow solid 8a−c was obtained. 8a−c (0.3 

mmol) in 5 mL of DMF was mixed with benzoic acid mustard 4 (0.35 mmol) and 

K2CO3 (0.6 mmol) by stirring at room temperature for 24 h. The mixture was poured 

into 20 mL of H2O and extracted with ethyl acetate (15 mL × 3). The organic layers 

were combined, washed with water and saturated NaCl solution, dried over anhydrous 

Na2SO4, and concentrated in vacuo, sequentially. The crude material 9a−c was 

obtained. Without further purification, 9a−c was dissolved in 10 mL of HOAc/H2O 

(4:1) solution, then refluxed under N2 atmosphere for 1.5 h. After being cooled down 

to the room temperature, the mixture was poured into 50 mL water, extracted with 

ethyl acetate (20 mL × 3), then the organic layer was washed with saturated NaCl 

solution, dried over Na2SO4, filtered and concentrated. The residues were purified by 

column chromatography (dichloromethane/methanol 20:1) to yield 10a−c.  

K2CO3 (0.4 mmol) and Me2SO4 (0.4 mmol) were added to a solution of 10a−c 

(0.09 mmol) in anhydrous acetone (20 mL). The solution was refluxed for 8 h and 

filtered in vacuum. The filter liquor was concentrated to obtain a yellow solid. The 

residues were purified by column chromatography (petroleum ether/ethyl acetate 4:1) 

to yield 11a−c. 13a−c were prepared by a similar procedure as 10a−c.  
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4.1.1.1 Compound 10a. 3-(4-(5,6,7-trihydroxy-4-oxo-4H-chromen-2-yl)phenoxy) 

propyl-4-(bis(2-chloroethyl)amino)benzoate. Yellow power, 85 mg; yield: 41%; 

HRMS (ESI) m/z calcd for C29H27Cl2NO8 [M + H]+ 588.1147, found 588.1164; 1H 

NMR (DMSO-d6, 400 MHz) δ (ppm): 12.35 (s, 1H, 5-OH), 10.48 (s, 1H, 7-OH), 8.81 

(s, 1H, 6-OH), 8.12 (d, 2H, J = 8.9 Hz, H-2′,6′), 7.80 (d, 2H, J = 8.9 Hz, Ar-H), 7.14 

(d, 2H, J = 8.9 Hz, Ar-H), 6.83 (d, 3H, J = 8.9 Hz, H-3′,5′, H-8), 6.27 (s, 1H, H-3), 

4.37 (t, 2H, J = 6.2 Hz, -CH2-), 4.24 (t, 2H, J = 6.2 Hz, -CH2-), 3.76−3.81 (m, 8H, 

-CH2-), 2.18 (m, 2H, -CH2-). 
13C NMR (DMSO-d6, 100 MHz) δ (ppm): 182.59, 

166.10, 164.28, 163.54, 161.99, 153.53, 150.77, 145.95, 131.74, 131.63, 131.63, 

128.96, 128.96, 123.56, 117.64, 115.42, 115.42, 111.62, 111.62, 103.80, 103.50, 99.15, 

65.36, 61.25, 52.17, 52.17, 41.31, 41.31, 28.66. 

4.1.1.2 Compound 10b, 4-(4-(5,6,7-trihydroxy-4-oxo-4H-chromen-2-yl)phenoxy)butyl 

4-(bis(2-chloroethyl)amino)benzoate. Yellow power, 46 mg; yield: 25%; HRMS (ESI) 

m/z calcd for C30H29Cl2NO8 [M + H]+ 602.1304, found 602.1339; 1H NMR 

(DMSO-d6, 400 MHz) δ (ppm): 12.76 (s, 1H, 5-OH), 10.38 (s, 1H, 7-OH), 8.82 (s, 1H, 

6-OH), 8.01 (d, 2H, J = 8.8 Hz, H-2′,6′), 7.77 (d, 2H, J = 9.0 Hz, Ar-H), 7.09 (d, 2H, J 

= 9.0 Hz, Ar-H), 6.82 (s, 1H, H-8), 6.79 (d, 2H, J = 8.8 Hz, H-3′,5′), 6.60 (s, 1H, H-3), 

4.27 (s, 2H, -CH2-), 4.15 (s, 2H, -CH2-), 3.74−3.79 (m, 8H, -CH2-), 1.87 (s, 4H, 

-CH2-). 
13C NMR (DMSO-d6, 100 MHz) δ (ppm): 182.50, 166.10, 163.51, 161.98, 

153.84, 150.70, 150.16, 147.49, 131.54, 131.54, 131.44, 128.64, 128.64, 123.46, 

117.76, 115.47, 115.47, 111.58, 111.58, 104.52, 103.33, 94.37, 67.94, 64.00, 52.15, 

52.15, 41.28, 41.28, 25.82, 25.52. 

4.1.1.3 Compound 10c. 5-(4-(5,6,7-trihydroxy-4-oxo-4H-chromen-2-yl)phenoxy) 

pentyl-4-(bis(2-chloroethyl)amino)benzoate. Yellow power, 61 mg; yield: 33%; 

HRMS (ESI) m/z calcd for C31H31Cl2NO8 [M + H]+ 616.1460, found 616.1496; 1H 
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NMR (DMSO-d6, 400 MHz) δ (ppm): 12.76 (s, 1H, 5-OH), 10.34 (s, 1H, 7-OH), 8.91 

(s, 1H, 6-OH), 8.00 (d, 2H, J = 8.8 Hz, H-2′,6′), 7.78 (d, 2H, J = 9.0 Hz, Ar-H), 7.09 

(d, 2H, J = 9.0 Hz, Ar-H), 6.82 (t, 3H, J = 8.8 Hz, H-3′,5′, H-8), 6.59 (s, 1H, H-3), 

4.23 (t, 2H, J = 6.1 Hz, -CH2-), 4.09 (t, 2H, J = 6.3 Hz, -CH2-), 3.75−3.80 (m, 8H, 

-CH2-), 1.83−1.74 (m, 4H, -CH2-), 1.56 (m, 2H, -CH2-). 
13C NMR (DMSO-d6, 100 

MHz) δ (ppm): 182.50, 166.14, 163.53, 162.07, 153.85, 150.71, 150.16, 147.49, 

131.53, 131.53, 131.43, 128.64, 128.64, 123.42, 117.84, 115.45, 115.45, 111.61, 

111.61, 104.51, 103.32, 94.37, 68.19, 64.13, 52.18, 52.18, 41.31, 41.31, 28.62, 28.49, 

22.59. 

4.1.1.4 Compound 11a. 3-(4-(5-hydroxy-6,7-dimethoxy-4-oxo-4H-chromen-2-yl) 

phenoxy)propyl-4-(bis(2-chloroethyl)amino)benzoate. Yellow power, 37 mg; yield: 

60%; HRMS (ESI) m/z calcd for C31H31Cl2NO8 [M + H]+ 616.1460, found 616.1452; 

1H NMR (DMSO-d6, 400 MHz) δ (ppm): 12.73 (s, 1H, 5-OH), 8.02 (d, 2H, J = 8.9 Hz, 

H-2′,6′), 7.80 (d, 2H, J = 8.9 Hz, Ar-H), 7.16 (d, 2H, J = 8.9 Hz, Ar-H), 6.91 (s, 1H, 

H-8), 6.82 (d, 2H, J = 8.9 Hz, H-3′,5′), 6.59 (s, 1H, H-3), 4.37 (t, 2H, J = 6.0 Hz, 

-CH2-), 4.24 (t, 2H, J = 6.2 Hz, -CH2-), 3.91 (s, 1H, -OCH3), 3.83 (s, 1H, -OCH3), 

3.73−3.80 (m, 8H, -CH2-), 2.18 (m, 2H, -CH2-). 
13C NMR (DMSO-d6, 100 MHz) δ 

(ppm): 182.65, 166.11, 163.95, 162.18, 158.88, 153.14, 150.78, 149.23, 131.63, 

131.63, 128.95, 128.77, 128.77, 123.35, 117.63, 115.66, 115.66, 111.62, 111.62, 

104.39, 103.82, 96.48, 65.43, 62.59, 61.59, 56.97, 53.30, 53.30, 41.33, 41.33, 28.63. 

4.1.1.5 Compound 11b. 4-(4-(5-hydroxy-6,7-dimethoxy-4-oxo-4H-chromen-2-yl) 

phenoxy)butyl-4-(bis(2-chloroethyl)amino)benzoate. Yellow power, 21 mg; yield: 

43%; HRMS (ESI) m/z calcd for C32H33Cl2NO8 [M + H]+ 630.1617, found 630.1673; 

1H NMR (DMSO-d6, 400 MHz) δ (ppm): 12.74 (s, 1H, 5-OH), 8.02 (d, 2H, J = 8.6 Hz, 

H-2′,6′), 7.77 (d, 2H, J = 8.9 Hz, Ar-H), 7.14 (d, 2H, J = 8.9 Hz, Ar-H), 6.91 (s, 1H, 
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H-8), 6.80 (d, 2H, J = 9.0 Hz, H-3′,5′), 6.58 (s, 1H, H-3), 4.27 (s, 2H, -CH2-), 4.15 (s, 

2H, -CH2-), 3.91 (s, 1H, -OCH3), 3.83 (s, 1H, -OCH3), 3.74−3.78 (m, 8H, -CH2-), 

1.87 (s, 4H, -CH2-). 
13C NMR (DMSO-d6, 100 MHz) δ (ppm): 182.65, 166.10, 163.95, 

162.27, 158.86, 157.13, 150.70, 149.22, 131.98, 131.53, 131.53, 128.72, 128.72, 

123.20, 117.77, 115.64, 115.64, 111.57, 111.57, 104.39, 103.76, 96.47, 67.99, 63.98, 

61.57, 56.96, 52.15, 52.15, 41.27, 41.27, 25.78, 25.52. 

4.1.1.6 Compound 11c. 5-(4-(5-hydroxy-6,7-dimethoxy-4-oxo-4H-chromen-2-yl) 

phenoxy)pentyl-4-(bis(2-chloroethyl)amino)benzoate. Yellow power, 34 mg; yield: 

53%; HRMS (ESI) m/z calcd for C33H35Cl2NO8 [M + H]+ 644.1773, found 644.1635; 

1H NMR (DMSO-d6, 400 MHz) δ (ppm): 12.75 (s, 1H, 5-OH), 8.05 (d, 2H, J = 8.9 Hz, 

H-2′,6′), 7.78 (d, 2H, J = 8.9 Hz, Ar-H), 7.14 (d, 2H, J = 8.9 Hz, Ar-H), 6.92 (s, 1H, 

H-8), 6.81 (d, 2H, J = 8.9 Hz, H-3′,5′), 6.59 (s, 1H, H-3), 4.24 (s, 2H, -CH2-), 4.11 (s, 

2H, -CH2-), 3.92 (s, 1H, -OCH3), 3.83 (s, 1H, -OCH3), 3.75−3.80 (m, 8H, -CH2-), 

1.72−1.85 (m, 4H, -CH2-), 1.56 (m, 2H, -CH2-). 
13C NMR (DMSO-d6, 100 MHz) δ 

(ppm): 182.66, 166.13, 164.01, 162.38, 158.88, 157.14, 150.71, 149.24, 131.53, 

131.53, 128.74, 128.74, 123.17, 117.84, 115.65, 115.65, 111.61, 111.61, 104.39, 

103.76, 96.49, 68.27, 64.14, 61.59, 56.97, 52.17, 52.17, 41.31, 41.31, 28.61, 28.50, 

22.60. 

4.1.1.7 Compound 13a. 3-(4-(10-hydroxy-9-oxo-2,3-dihydro-9H-[1,4]dioxino[2,3-g] 

chromen-7-yl)phenoxy)propyl-4-(bis(2-chloroethyl)amino)benzoate. Yellow power, 13 

mg; yield: 36%; HRMS (ESI) m/z calcd for C31H29Cl2NO8 [M + H]+ 614.1304, found 

614.1364; 1H NMR (DMSO-d6, 400 MHz) δ (ppm): 1H NMR (DMSO-d6, 400 MHz) 

δ (ppm): 12.32 (s, 1H, 5-OH), 8.00 (d, 2H, J = 8.9 Hz, H-2′,6′), 7.79 (d, 2H, J = 8.9 

Hz, Ar-H), 7.14 (d, 2H, J = 8.9 Hz, Ar-H), 6.94 (s, 1H, H-8), 6.80 (d, 2H, J = 8.9 Hz, 

H-3′,5′), 6.33 (s, 1H, H-3), 4.42−4.30 (m, 6H, -CH2-), 4.23 (m, 2H, -CH2-), 3.76−3.80 
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(m, 8H, -CH2-), 2.19 (m, 2H, -CH2-). 
13C NMR (DMSO-d6, 100 MHz) δ (ppm): 

182.48, 166.10, 163.63, 162.16, 153.49, 150.77, 150.42, 145.05, 131.73, 131.63, 

131.63, 128.69, 128.69, 123.19, 117.65, 115.60, 115.60, 111.48, 111.48, 105.26, 

104.19, 99.52, 65.63, 65.42, 64.29, 61.25, 52.24, 52.24, 41.31, 41.31, 28.64. 

4.1.1.8 Compound 13b. 4-(4-(10-hydroxy-9-oxo-2,3-dihydro-9H-[1,4]dioxino[2,3-g] 

chromen-7-yl)phenoxy)butyl 4-(bis(2-chloroethyl)amino)benzoate. Yellow power, 21 

mg; yield: 44%; HRMS (ESI) m/z calcd for C32H31Cl2NO8 [M + H]+ 628.1460, found 

628.1462; 1H NMR (DMSO-d6, 400 MHz) δ (ppm): 12.32 (s, 1H, 5-OH), 7.99 (d, 2H, 

J = 8.9 Hz, H-2′,6′), 7.77 (d, 2H, J = 8.9 Hz, Ar-H), 7.13 (d, 2H, J = 8.9 Hz, Ar-H), 

6.93 (s, 1H, H-8), 6.79 (d, 2H, J = 8.9 Hz, H-3′,5′), 6.33 (s, 1H, H-3), 4.42 (s, 2H, 

-CH2-), 4.38 (s, 2H, -CH2-), 4.28 (s, 2H, -CH2-), 4.15 (s, 2H, -CH2-), 3.74−3.78 (m, 

8H, -CH2-), 1.87 (s, 2H, -CH2-). 
13C NMR (DMSO-d6, 100 MHz) δ (ppm): 182.48, 

166.10, 163.67, 162.27, 153.50, 150.70, 150.42, 149.68, 131.73, 131.53, 131.53, 

128.66, 128.66, 123.04, 117.78, 115.60, 115.60, 111.58, 111.58, 105.27, 104.13, 99.52, 

67.99, 65.64, 64.30, 64.00, 52.16, 52.16, 41.27, 41.27, 25.81, 25.52. 

4.1.1.9 Compound 13c. 5-(4-(10-hydroxy-9-oxo-2,3-dihydro-9H-[1,4]dioxino[2,3-g] 

chromen-7-yl)phenoxy)pentyl 4-(bis(2-chloroethyl)amino)benzoate. Yellow power, 34 

mg; yield: 53%; HRMS (ESI) m/z calcd for C33H33Cl2NO8 [M + H]+ 642.1617, found 

642.1695; 1H NMR (DMSO-d6, 400 MHz) δ (ppm): 12.32 (s, 1H, 5-OH), 7.98 (d, 2H, 

J = 8.9 Hz, H-2′,6′), 7.78 (d, 2H, J = 9.0 Hz, Ar-H), 7.11 (d, 2H, J = 9.0 Hz, Ar-H), 

6.92 (s, 1H, H-8), 6.81 (d, 2H, J = 8.9 Hz, H-3′,5′), 6.32 (s, 1H, H-3), 4.42 (d, 2H, J = 

4.5 Hz, -CH2-), 4.38 (d, 2H, J = 4.7 Hz, -CH2-), 4.23 (t, 2H, J = 6.2 Hz, -CH2-), 4.08 

(t, 2H, J = 6.3 Hz, -CH2-), 3.80−3.75 (m, 8H, -CH2-), 1.82−1.73 (m, 4H, -CH2-), 1.55 

(m, 2H, -CH2-). 
13C NMR (DMSO-d6, 100 MHz) δ (ppm): 182.45, 166.12, 163.65, 

162.33, 153.48, 150.68, 150.41, 149.65, 131.73, 131.53, 131.53, 128.64, 128.64, 
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122.97 117.83, 115.53, 115.53, 111.58, 111.58, 105.24, 104.08, 99.50, 68.22, 65.62, 

64.28, 64.13, 52.17, 52.17, 41.29, 41.29, 28.63, 28.51, 22.60. 

4.2 MTT assay 

The cell viability were assessed by the MTT method. Three cancer cell in 

logarithmic growth were seeded to each well and incubated for 24 h at 37 oC in a 

humidified atmosphere of 5% CO2. Then target hybrids, scutellarein, benzoic acid 

mustard and 5-FU were added. 20 µL fresh MTT solution (5 mg/mL) per well was 

added to each cultured medium after 72 h, and incubated for another 4 h. The cells 

were dissolved with DMSO (150 µL) and shaken for 10 min at room temperature. 

After that, the OD of each single well was measured on a Microplate Reader 

(BIO-RAD) and the IC50 values were calculated [46]. 

4.3 Cell cycle analysis 

MCF-7 cells in logarithmic growth were plated in 6-well plates and incubated at 

37 oC for 24 h, then cells were incubated with 10a at different concentrations (0, 0.75, 

1.5 and 3 µM). After 48 h, cells were collected, centrifuged and fixed with 70% 

ethanol at 4 oC overnight. The fixed cells were washed with ice-cold PBS and treated 

with 100 µL RNase A at 37 °C for 30 min, after that stained with 400 µL PI in the 

dark at 4 °C for 30 min. The cellular DNA content for cycle distribution analysis was 

performed using a fow cytometer (FACS Calibur Becton–Dickinson) [47]. 

4.4 Cell apoptosis assay 

MCF-7 cells in logarithmic growth were plated in 6-well plates and incubated at 

37 oC for 24 h, then cells were incubated with 10a at different concentrations (0, 0.75, 

1.5 and 3 µM). After 48 h, cells were collected and washed with PBS, then 500 µL 

binding buffer was added. Finally, double stained Annexin V-FITC/PI (KGA1024, 

KeyGEN Biotech, Nanjing, China) were added and incubated at room temperature for 
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15 min in the dark. The cells were detected to analyze apoptosis by fow cytometry 

[48]. 

4.5 Mitochondrial membrane potential assay 

Briefly, MCF-7 cells in logarithmic growth were plated in 6-well plates and 

incubated with 10a at different concentrations (0, 0.75, 1.5 and 3 µM) for 48 h. Cells 

were collected and washed with PBS. JC-1 dye was used to stained cells under dark 

conditions according to the manufacturer’s instructions (KGA601, KeyGEN Biotech, 

Nanjing, China). The percentage of cells with collapsed mitochondrial membrane 

potentials was monitored by flow cytometry [49]. 

4.6 Western blot assay 

MCF-7 cells in logarithmic growth were plated in 6-well plates and incubated 

with 10a at different concentrations (0, 0.75, 1.5 and 3 µM) for 48 h, the cells were 

harvested. Then the cells were lysed using lysis buffer, and the solution was 

centrifuged at 14000 g for 10 min at 4 oC. Thereafter, the protein concentrations were 

determined with bicinchoninic acid protein assay kit (Beyotime Co, Shanghai, China), 

and individual cell lysates (25 µg) were separated by SDS-PAGE on a 12% 

polyacrylamide gel and transferred onto nitrocellulose membranes. The membranes 

were blocked with 5% fat-free milk, the membranes were incubated with monoclonal 

antibodies against Bcl-2, Bax, cyto-c, caspase-9, -3 and GAPDH (KeyGEN Biotech, 

Nanjing, China) at 4 oC overnight, respectively. Then, the bound antibodies washed 

with TBST, and incubated with appropriate second antibodies and followed by 

enhanced chemiluminescence detection [50]. 
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Table 1 Antiproliferative activities of target hybrids against different cell lines. 

Compound IC50 (µM)a 

A549 MCF-7 Bel-7402 L-O2 

10a > 50 1.50 ± 0.06 7.96 ± 0.45 > 50 

10b 21.47 ± 1.26 3.55 ± 0.19 9.07 ± 0.34 > 50 

10c 23.51 ± 1.42 4.78 ± 0.31 4.59 ± 0.23 > 50 

11a > 50 > 50 27.83 ± 1.02 > 50 

11b 47.28 ± 2.87 > 50 25.69 ± 1.33 > 50 

11c > 50 > 50 32.46 ± 2.30 > 50 

13a 44.52 ± 1.90 45.04 ± 2.47 >50 > 50 

13b > 50 > 50 37.64 ± 2.26 > 50 

13c > 50 34.70 ± 1.88 45.72 ± 1.78 > 50 

4 > 50 > 50 23.94 ± 1.34 32.86 ± 2.39 

scutellarein > 50 > 50 > 50 > 50 

chlorambucil > 50 > 50 > 50 > 50 

5-FU 2.05 ± 0.11 27.89 ± 1.66 18.65 ± 1.31 NTb 
a IC50: concentrations inhibit 50% of cell growth measured by the MTT assay. The values are 
expressed as average ± standard deviations of three independent experiments. b NT: not tested. 
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1. Legends of Fig. 1, Fig. 2, Fig. 3, Fig. 4, Fig. 5 and Scheme 1 

Fig. 1. The chemical structures of some reported natural product/benzoic acid mustard hybrids. 

Fig. 2. Cell cycle analysis of 10a in MCF-7 cells by flow cytometry. 

Fig. 3. Flow cytometry analysis of apoptosis induced by 10a in MCF-7 cells. 

Fig. 4. 10a induced mitochondrial depolarization in MCF-7 cells. 

Fig. 5. 10a affected the expressions of the mitochondria pathway related proteins in MCF-7 cells. 

Con is short for control. 

Scheme 1. Synthesis of benzoic acid mustard/scutellarein hybrids 10a−c, 11a−c and 13a−c. 

Reagents and conditions: (a) ethylene oxide, H2O, CH3COOH, rt, 24 h; (b) POCl3, 50 oC, 0.5 h; (c) 

10% HCl, 12 h; (d) HCl, EtOH, N2, reflux, 36 h; (e) Ph2CCl2, Ph2O, 175 oC, 1.5 h; (f) 1,2-

dibromoethane, K2CO3, DMF, 85 oC, 3 h; (g) corresponding dibromoalkane, K2CO3, anhydrous 

acetone, reflux, 6-8 h; (h) 4, K2CO3, anhydrous DMF, rt, 12 h; (i) HAc : H2O (4:1), reflux, 1.5 h; 

(j) Me2SO4, K2CO3, anhydrous acetone, reflux, 8 h; (k) corresponding dibromoalkane, K2CO3, 

anhydrous acetone, reflux, 6-8 h; (l) 4, K2CO3, anhydrous DMF, rt, 12 h. 
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2. Graphics for Fig. 1, Fig. 2, Fig. 3, Fig. 4, Fig. 5 and Scheme 1    

Figure 1  
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Scheme 1 
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Highlights 

Hybrids of scutellarein and benzoic acid mustard were designed and synthesized.  

Some exhibited potent antiproliferative activities with low IC50 values. 

Compound 10a showed good selectivity between human normal and tumor cells. 

10a induced apoptosis and arrest cell cycle at G1 phase in MCF-7 cells. 

10a induced MCF-7 cells apoptosis via the mitochondria-dependent pathways.  

 

 

 


