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Abstract:



To discover new anti-cancer agents with multi-effect and low toxicity, a series of ligustrazine derivatives were synthesized using several effective anti-tumor ingredients of Shiquandabu Wan as starting materials. Our idea was enlightened by the “combination principle” in drug discovery. The ligustrazine derivatives’ anti-tumor activities were evaluated on the HCT-8, Bel-7402, BGC-823, A-549 and A2780 human cancer cell lines. In addition the angiogenesis activities were valued by the chick chorioallantoic membrane (CAM) assay. 1,7-bis(4-(3,5,6-Trimethylpyrazin-2-yl)-3-methoxyphenyl)-1,6-heptadiene-3,5-dione (4) and 3 α,12 α-dihydroxy-5β-dholanic acid-3,5,6-trimethylpyrazin-2-methyl ester (5) not only displayed antiproliferative activities on these cancer cells, but also dramatically suppressed normal angiogenesis in CAM. The LD50 value of the compound 5 exceeded 3.0 g/kg by oral administration in mice.
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1. Introduction


Traditional Chinese Medicine (TCM) uses multi-target effects to potentiate synergism of multi-effective compounds [1,2,3]. Due to its positive therapeutic effects, low toxicity and minimal side effects, TCM is increasingly accepted around the World [4,5,6]. As an application of the structure combination idea, researchers have recently explored a novel field of discovering lead compounds from TCMs. Zhang chose the major bioactive components in one classic TCM preparation to synthesize five novel esters connecting verticinone with bile acids, which showed satisfactorily effects and could be used as antitussive and expectorant agents in the future [7,8]. We chose brain protective ingredients from one TCM recipe to synthesize ligustrazine-protocatechuic acid (TP, C16H23N2O5). TP exhibited synergistic pharmacodynamic effects compared with the ligustrazine alone, protocatechuic acid alone and the mixture of ligustrazine and protocatechuic acid [9].



Shiquandabu Wan, combining Rhizoma Curcumae Longae and Calculus bovis, is a classic TCM recipe used to treat cancer [10,11]. Many anti-tumor ingredients were found in this recipe, including ligustrazine (TMP, C8H12N2), curcumin (CU, C21H20O6), deoxycholic acid (DA, C24H40O4), cholic acid (CA, C24H40O5), oleanolic acid (OA, C30H48O3), cinnamic acid (CIA, C9H8O2), glycyrrhetinic acid (GA, C30H46O4), pachymic acid (PA, C33H52O5) and dehydropachymic acid (DPA, C33H50O5) [12,13,14,15,16,17,18,19,20,21]. TMP could not only be rapidly absorbed into blood, but also pass through the blood-brain barrier and blood-labyrinth barrier [22]. If coupled with TMP, the target compounds could be convenient for administration and permeable to the physical barriers. Bile acids played an important role in the bile acid-positive cancer cells and improving the tumor-targeting chemotherapeutic effects on liver or colon cancers [23]. As a part of our combination-idea on the use of classic TCM preparations to discover new lead compounds, we selected those anti-tumor ingredients as starting materials to synthesize TMP derivatives [24,25]. These compounds’ anti-tumor activities were evaluated on the HCT-8, Bel-7402, BGC-823, A-549 and A2780 human cancer cell lines by MTT assay, and these compounds’ angiogenesis activities in the chick chorioallantoic membrane (CAM) assay were also evaluated.




2. Results and Discussion


2.1. Chemistry


Compound 3 was synthesized from TMP and N-bromosuccinimide (NBS) via free radical reaction. The typical subsequent synthetic procedure involved the combination of bromo TMP and other starting materials through the formation of ester or ether bonds under alkaline condition (as shown in Scheme 1). Compound 3 and CU were dissolved in dry acetone and refluxed for 3 h with N2 protection to give compound 4. CU is a diarylheptanoid having phenyl rings at 1,7 positions of n-heptane and it is unstable under alkaline conditions, so the yield of 4 is low. Treatment of compound 3 with DA in dry dimethylformamide (DMF) at 85 °C for 4 h, afforded compound 5. Similarly, we obtained compounds 6, 8, 9, 10 and 11 by coupling compound 3 with CA, GA and CIA, respectively. Compound 7 was obtained from compound 3 and OA in dry tetrahydrofuran (THF) after refluxing for 1.5 h. Of all the compounds, 4, 5, 6, 7, 8, 9 and 10 were new compounds and 11 had been reported, although compound 11’s antitumor activities had not been explored [26].
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Scheme 1. Synthesis routes to ligustrazine derivatives. 






Scheme 1. Synthesis routes to ligustrazine derivatives.
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The structures of all the target compounds were elucidated by HRMS and NMR spectroscopy. The 1H-NMR and 13C-NMR data of compound 4 was symmetric, as its structure is highly symmetric. Because of the formation of hydrogen bonds with the neighbouring carbonyl groups (CO), the two signals at δ 16.03 and δ 5.80 in the 1H-NMR correspond to the H16 and H16' protons.



The difference between 8 and 9 is that 8 lacks an olefinic bond in the parent nucleus structure. According to reference [27], we observed a small difference in the NMR data, δ 0.58 (H-18), 5.45 (H-7) and 5.25 (H-11) in 1H-NMR and δ 120.7 [C(7)] and 116.1 [C(11)] in 13C-NMR are characteristic peaks of compound 9, while δ 0.71 (H-18) in 1H-NMR and δ 134.2 [C(8)] and 134.3 [C(9)] in 13C-NMR are characteristic peaks of compound 8. Furthermore, HRMS (ESI) gave all the molecular ion peaks corresponding to the molecular weights of the confirmed target compounds.




2.2. Biological Activities


2.2.1. MTT Test


The anti-proliferation effects of the TMP derivatives and reference compounds were evaluated in different tumor cells using the MTT assay. As shown in Table 1, after combination with TMP, most of the synthesized compounds have better anti-tumor activities than those of the starting materials. Compounds 4 and 5 exhibited much better anti-tumor activities than the references materials on all cell lines. It has been noticed that compounds 5 and 6 have similar structures and the compound 5 shows much better anti-tumor activities against the five cell lines than compound 6. This manifests some structure-activity relationship patterns suggesting that the 7-position substituents is the key functional group to decrease the anti-tumor activities. In addition, both compounds 9 and 11 exhibit potent activities against the A549 cell line with IC50 values of 8.770 μg/mL and 7.833 μg/mL, respectively. Compounds 7 (IC50 7.611 μg/mL) and 11 (IC50 9.400 μg/mL) have similar activities against Bel-7402 cell. Moreover, compound 7 shows activity against HCT-8 cell line with an IC50 value of 9.273 μg/mL.



Table 1. Anti-proliferative effects of ligustrazine derivatives and compared materials.







	
Compound

	
IC50 (μg/mL)




	
Bel 7402

	
A549

	
HCT-8

	
BGC-823

	
A2780






	
TMP, DA, CA, OA, GA, CIA, PA and DPA

	
— a

	
—

	
—

	
—

	
—




	
CU

	
6.496

	
6.521

	
6.278

	
6.806

	
6.520




	
4

	
6.391

	
5.890

	
7.106

	
5.472

	
5.540




	
5

	
8.012

	
6.688

	
7.426

	
6.660

	
6.619




	
6

	
—

	
—

	
—

	
—

	
—




	
7

	
7.611

	
—

	
9.273

	
—

	
—




	
8

	
—

	
—

	
—

	
—

	
—




	
9

	
—

	
8.770

	
—

	
—

	
—




	
10

	
—

	
—

	
—

	
—

	
—




	
11

	
9.400

	
7.833

	
—

	
—

	
—








a IC50 > 10.0 ig/mL. We set a strict standard to the evaluation of anti-tumor activities. The maximal concentration of tested compounds is 10.0 ig/mL. When IC50 > 10.0 ig/mL, we considered the compounds’ anti-tumor activities were too weak to do further research. Worth mentioning is that CU, which has been recognized as a potential chemoprevetative and chemotherapeutic agent [14], is the standard in five cell lines test.











2.2.2. Angiogenesis Activity


Anti-angiogenesis as a way of treating primary tumors and reducing their metastases had been proposed by Judah Folkman in 1971 [28]. Clinical practice has also proved that antiangiogenic drugs could enhance the treatment efficacy of cytotoxic chemotherapy [29]. Especially the multi-effective antitumor agents presented positive effects cancerous persons [30]. This was supported by the compound linifanib, which was a novel, orally active multi-targeted agent. Linifanib exhibited potent antitumor and antiangiogenic activities against a broad spectrum of experimental tumors and malignancies in patients [31]. According to the references, CU could inhibit angiogenesis [32], consequently the new compounds’ angiogenesis activities were evaluated by the chick chorioallantoic membrane (CAM) assay.



The model was established according to the reference and our previous work [33,34]. As shown in Figure 1 and Table 2, this study directly shows that all of the target compounds can inhibit the angiogenesis of the CAM. Especially compounds 4 and 5 dramatically block the growth of new vessels under both doses of 10 μg/egg and 40 μg/egg. The anti-angiogenesis activity of compound 6 is weaker than that of compound 5 in the CAM assay, in agreement with their anti-tumor activities. These prove that 7th-position is the functional group deciding its activity.


Figure 1. Microvascular proliferation of 4 and 5 on CAM (×50). (a) Control for compound 4 group. (b) 10 μg/egg for compound 4 group. (c) 40 μg/egg for compound 4 group. (d) Control for compound 5 group. (e) 10 μg/egg for compound 5 group. (f) 40 μg/egg for compound 5 group.
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Table 2. Anti-angiogenesis effects of ligustrazine derivatives on CAM (mean ± s, n = 6).







	
Compound

	
Control (  [image: Molecules 17 04972 i001] ± s)

	
Treatment (  [image: Molecules 17 04972 i001] ± s)

	
Dose (μg/egg)






	
4

	
10.0 ± 2.19

	
3.8 ± 2.79 **

	
10




	
4

	
10.0 ± 2.19

	
1.4 ± 1.22 **

	
40




	
5

	
12.5 ± 2.59

	
4.8 ± 3.71 **

	
10




	
5

	
12.5 ± 2.59

	
7.5 ± 3.40 *

	
40




	
6

	
9.0 ± 2.68

	
6.2 ± 2.40

	
10




	
6

	
9.0 ± 2.68

	
5.7 ± 2.07

	
40




	
7

	
12.5 ± 2.59

	
12.0 ± 2.90

	
10




	
7

	
12.5 ± 2.59

	
9.5 ± 4.55

	
40




	
8

	
12.5 ± 2.59

	
9.7 ± 3.98

	
10




	
8

	
12.5 ± 2.59

	
10.8 ± 5.12

	
40




	
9

	
8.67 ± 1.03

	
7.7 ± 2.16

	
10




	
9

	
8.67 ± 1.03

	
5.7 ± 1.21

	
40




	
10

	
10.3 ± 1.50

	
9.5 ± 1.76

	
10




	
10

	
10.3 ± 1.50

	
9.8 ± 2.14

	
40




	
11

	
17.7 ± 5.28

	
10.3 ± 2.73

	
10




	
11

	
17.7 ± 5.28

	
7.0 ± 3.03 *

	
40








* P < 0.05, ** P < 0.01 vs. control; control group: Physiological saline.













2.2.3. Acute Toxicity


Oral therapeutic remedies are easy and convenient for cancer sufferers [35]. Both compounds 4 and 5 showed better antitumor activities, but unluckily the yield of compound 4 is low and CU is poorly available following oral administration to patients [36]. As one of the bile acids, DA could be reabsorbed and complete the enterohepatic circulation in the intestine with very little loss. Accordingly, compound 5 may have better oral absorbability than that of compound 4, so we just evaluated the acute toxicity of compound 5 by gavage. During two weeks, there were no deaths or signs of toxicity observed after oral administration of the maximum tolerated dose (3 g/kg). Moreover, both phase I and phase II clinical trials indicated that CU was quite safe and exhibited therapeutic efficacy [37,38]. We infer that 4 could also have a low toxicity in vivo.






3. Experimental


3.1. Chemistry


Reactions were monitored by TLC using silica gel coated aluminum sheets (Qingdao Haiyang Chemical Co., Qingdao, China) and visualized in UV light (254 nm). 1H-NMR and 13C-NMR assays were recorded on a BRUKER AVANCE 500 NMR spectrometer (Fällanden, Switzerland) and chemical shifts are reported in δ (ppm). Mass spectra were obtained by using Q-TOF and (ESI+) with an LC Autosampler Device: Waters 2695 instrument (New York, NY, USA). Melting points (uncorrected) were measured on an X-5 micro melting point apparatus (Beijing, China). Flash chromatography was performed using 300 mesh silica gel. The yields were calculated based on the last step reaction.



2-(Bromomethyl)-3,5,6-trimethylpyrazine (3). Compound 1 (TMP·3H2O, 25.080 g, 0.132 mol) was dissolved in benzene (70 mL). The mixture refluxed for 10 h to evaporate the water of crystallization and compound 2 was obtained. Compound 3 was prepared from compound 2 (TMP, 19.992 g, 0.147 mol) and NBS (21.004 g, 0.118 mol) in refluxing carbon tetrachloride. The reaction mixture was illuminated by a 60W tungsten light bulb for 12 h. Then the mixture was filtered and the ﬁltrate was evaporated under vacuum, and the crude oil-product was obtained. Compound 3, with 70% purity, was not purified further as it caused a strong mucous membrane irritation.



1,7-bis(4-(3,5,6-Trimethylpyrazin-2-yl)-3-methoxyphenyl)-1,6-heptadiene-3,5-dione (4). Compound 3 (0.660 g, 3.070 mmol) and CU (0.565 g, 1.535 mmol) were dissolved in dry acetone, then K2CO3 (0.700 g, 5.072 mmol) was added. The mixture was refluxed for 3 h with N2 protection, then it was filtered and the ﬁltrate was dried under vacuum. The product was separated by flash chromatography with petroleum ether-acetone (4:1) as eluent and recrystallized from acetone. Yellow crystals, m.p.: 206.9–207.7 °C, yield 12.4%. 1H-NMR (CDCl3) δ (ppm): 3.90 (s, 6H, H-17,17'), 16.03 (s, 1H, H-16), 5.80 (s, 1H, H-16), 6.51 (d, J = 16.0 Hz, 2H, H-14, 14'), 7.60 (d, J = 16.0 Hz, 2H, H-13, 13'), 7.06–7.13 (m, 6H, H-9, 11, 12, 9', 11', 12'); pyrazine ring: 5.26 (s, 4H, CH2-2, 2'), 2.63 (s, 6H, CH3-6, 6'), 2.53 (brs, 12H, CH3-3, 3', 5, 5'). 13C-NMR (CDCl3) δ (ppm): 150.1 [C(7, 7')], 149.9 [C(8, 8')], 110.4 [C(9, 9')], 128.7 [C(10, 10')], 122.3 [C(11, 11')], 113.9 [C(12, 12')], 140.3 [C(13, 13')], 122.3 [C(14, 14')], 183.2 [C(15, 15')], 101.4 [C(16, 16')], 56.0 [C(17, 17')]; pyrazine ring: 70.9 (2, 2'-CH2), 151.3 [C(2, 2')], 145.4 [C(3, 3')], 148.6 [C(5, 5')], 150.0 [C(6, 6')], 21.7 (6, 6'-CH3), 21.4 (5, 5'-CH3), 20.7 (3, 3'-CH3). HRMS (ESI) m/z: 637.5045 [M+H]+, calcd. for C37H41N4O6 637.3026.



3 α,12α-Dihydroxy-5β-dholanic acid-3,5,6-trimethylpyrazin-2-methyl ester (5). Compound 3 (1.402 g, 6.521 mmol) and DA (2.556 g, 6.521 mmol) were dissolved in dry DMF, then K2CO3 (2.503 g, 18.138 mmol) was added and the mixture was kept at 85 °C for 4 h. The warm reaction mixture was poured into ice-water and the crude product was extracted with ethyl acetate. After drying the organic layer over anhydrous Na2SO4 and evaporating the solvent under vacuum, the crude product was purified by flash chromatography with petroleum ether-ethyl acetate (4:1) as eluent. White amorphous solid, m.p.: 83.6–84.3 °C, yield 58.4%. 1H-NMR (CDCl3) δ (ppm): 0.67 (s, 3H, H-18), 0.92 (s, 3H, H-19), 0.97 (d, 3H, H-21), 3.62 (m, 1H, H-3), 3.97 (m, 1H, H-12), 5.21, 5.18 (ea, d, J = 12.5 Hz, 1H, CH2-2'), 2.54 (s, 3H, CH3-6'), 2.52 (s, 3H, CH3-5'), 2.51 (s, 3H, CH3-3'), 1.00–2.50 (28H, methyl- and methylene- of steroid structure). 13C-NMR (CDCl3) δ (ppm): 35.0 (C1), 30.5 (C2), 71.8 (C3), 36.4 (C4), 42.1 (C5), 27.1 (C6), 26.1 (C7), 36.0 (C8), 33.7 (C9), 34.1 (C10), 28.7 (C11), 73.1 (C12), 46.5 (C13), 48.2 (C14), 23.6 (C15), 27.4 (C16), 47.3 (C17), 12.7 (C18), 23.1 (C19), 35.2 (C20), 17.3 (C21), 31.1 (C22), 30.9 (C23), 173.8 (C24); pyrazine ring: 64.9 (2'-CH2), 151.1 (C2'), 145.0 (C3'), 148.8 (C5'), 149.1 (C6'), 21.5 (6'-CH3), 21.4 (5'-CH3), 20.4 (3'-CH3). HRMS (ESI) m/z: 527.5201 [M+H]+, calcd. for C32H51N2O4 527.3849.



3α,7α,12α-Trihydroxy-5β-cholanic acid-3,5,6-trimethylpyrazin-2-methyl ester (6). Compound 3 (0.350 g, 1.630 mmol) and CA (0.665 g, 1.630 mmol) were dissolved in dry DMF, then K2CO3 (0.700 g, 5.072 mmol) was added, and the mixture was kept at 85 °C for 4 h. The warm reaction mixture was poured into ice-water and the crude product was extracted with ethyl acetate. After drying the organic layer over anhydrous Na2SO4 and evaporating the solvent under vacuum, the crude product was purified by flash chromatography with petroleum ether-acetone (5:4) as eluent. White amorphous solid, m.p.: 95.4–96.3 °C, yield 55.4%. 1H-NMR (CDCl3) δ (ppm): 0.67 (s, 3H, H-18), 0.89 (s, 3H, H-19), 0.98 (d, J = 5.5 Hz, 3H, H-21), 3.45 (m, 1H, H-3), 3.85 (m, 1H, H-7), 3.97 (m, 1H, H-12), 5.21 (brs, 2H, CH2-2'), 2.56 (s, 3H, CH3-6'), 2.54 (s, 3H, CH3-5'), 2.53 (s, 3H, CH3-3'), 1.00–2.50 (27H, methyl- and methylene- of steroid structure). 13C-NMR (CDCl3) δ (ppm): 35.3 (C1), 30.5 (C2), 71.9 (C3), 39.6 (C4), 41.5 (C5), 34.8 (C6), 68.5 (C7), 39.5 (C8), 26.4 (C9), 34.7 (C10), 28.2 (C11), 73.0 (C12), 46.5 (C13), 41.7 (C14), 23.2 (C15), 27.5 (C16), 47.0 (C17), 12.5 (C18), 22.5 (C19), 35.3 (C20), 17.3 (C21), 30.9 (C22), 31.1 (C23), 174.0 (C24); pyrazine ring: 64.9 (2'-CH2), 151.1 (C2'), 145.1 (C3'), 148.9 (C5'), 149.2 (C6'), 21.6 (6'-CH3), 21.5 (5'-CH3), 20.4 (3'-CH3). HRMS (ESI) m/z: 543.6199 [M+H]+, calcd. for C32H51N2O5 543.3798.



3β-Hydroxyolea-12-en-28-oic acid-3,5,6-trimethylpyrazin-2-methyl ester (7). Compound 3 (2.103 g, 9.780 mmol) and OA (4.460 g, 9.780 mmol) were dissolved in dry THF, then K2CO3 (3.500 g, 25.350 mmol) was added and the mixture was refluxed for 1.5 h, filtered and the filtrate was evaporated down under vacuum. The product was separated by flash chromatography with petroleum ether-ethyl acetate (3:2) as eluent and recrystallized from ethyl acetate. White solid, m.p.: 185.9–186.6 °C, yield 57.0%. 1H-NMR (CDCl3) δ (ppm): 0.55, 0.80, 0.90, 0.91, 0.93, 1.00, 1.13 (s, each, 3H, 7×CH3), 3.23 (m, 1H, H-3), 2.89 (m, 1H, H-18), 5.26 (brs, 1H, H-12), 5.24, 5.14 (ea, d, J = 12.5 Hz, 1H, CH2-2'), 2.58 (s, 3H, CH3-6'), 2.54 (s, 3H, CH3-5'), 2.52 (s, 3H, CH3-3'), 1.00–2.50 (23H, methyl- and methylene- of triterpenoid structure). 13C-NMR (CDCl3) δ (ppm): 38.4(C1), 27.2 (C2), 79.0 (C3), 38.8 (C4), 55.2 (C5), 18.3 (C6), 33.1 (C7), 39.2 (C8), 47.6 (C9), 37.0 (C10), 23.7 (C11), 122.5 (C12), 143.6 (C13), 41.7 (C14), 27.6 (C15), 23.1 (C16), 46.9 (C17), 41.3 (C18), 45.9 (C19), 30.7 (C20), 33.9 (C21), 32.7 (C22), 28.1 (C23), 15.6 (C24), 15.3 (C25), 16.8 (C26), 25.9 (C27), 177.2 (C28), 32.4 (C29), 23.4 (C30); pyrazine ring: 64.8 (2'-CH2), 150.9 (C2'), 145.5 (C3'), 148.9 (C5'), 149.1 (C6'), 21.6 (6'-CH3), 21.4 (5'-CH3), 20.5 (3'-CH3). HRMS (ESI) m/z: 591.6581 [M+H]+, calcd. for C38H59N2O3 591.4526.



3β-Acetoxy-16α-hydroxy-lanosta-8,24(31)-diene-21-oic acid-3,5,6-trimethylpyrazin-2-methyl ester (8) Compound 3 (0.063 g, 0.290 mmol) and PA (0.153 g, 0.290 mmol) were dissolved in dry DMF, then K2CO3 (0.175 g, 1.270 mmol) was added and the mixture was kept at 85 °C for 1.5 h. The warm reaction mixture was poured into ice-water and the crude product was extracted with ethyl acetate. After drying the organic layer over anhydrous Na2SO4 and evaporating the solvent under vacuum, the crude products were purified by flash chromatography with petroleum ether-acetone (10:1) as eluent. White amorphous solid, m.p.: 83.2–83.9 °C, yield 45.2%. 1H-NMR (CDCl3) δ (ppm): 0.71 (s, 3H, H-18), 0.90 (s, 3H, H-28), 0.90 (s, 3H, H-29), 0.99 (s, 3H, H-19), 0.99, 0.97 (ea, d, J = 7.0 Hz, 3H, H-26, H-27), 1.11 (s, 3H, H-30), 2.07 (s, 3H, H-33), 4.12 (dd, 1H, H-16), 4.51 (dd, 1H, H-3), 4.67 (s, 1H, H-31), 4.75 (s, 1H, H-31), 5.28, 5.18 (ea, d, J = 12.5 Hz, 1H, CH2-2'), 2.59 (s, 3H, CH3-6'), 2.53 (s, 3H, CH3-5'), 2.51 (s, 3H, CH3-3'), 1.00–2.50 (23H, methyl- and methylene- of triterpenoid structure). 13C-NMR (CDCl3) δ (ppm): 35.2 (C1), 24.1 (C2), 80.8 (C3), 37.8 (C4), 50.4 (C5), 18.0 (C6), 26.4 (C7), 134.2 (C8), 134.3 (C9), 36.9 (C10), 20.5 (C11), 28.9 (C12), 46.0 (C13), 48.1 (C14), 42.7 (C15), 77.0 (C16), 57.0 (C17), 17.5 (C18), 19.2 (C19), 46.9 (C20), 175.4 (C21), 30.7 (C22), 32.2 (C23), 155.0 (C24), 33.7 (C25), 21.8 (C26), 21.7 (C27), 27.9 (C28), 16.6 (C29), 25.2 (C30), 106.9 (C31), 171.0 (C32), 21.3 (C33); pyrazine ring: 64.6 (2'-CH2), 151.2 (C2'), 144.9 (C3'), 149.0 (C5'), 149.1 (C6'), 21.7 (6'-CH3), 21.4 (5'-CH3), 20.6 (3'-CH3). HRMS (ESI) m/z: 663.5332 [M + H]+, calcd. for C41H63N2O5 663.4737.



3β-Acetoxy-16α-hydroxy-lanosta-7,9(11),24(31)-trien-21-oic acid-3,5,6-trimethylpyrazin-2-methyl ester (9). Compound 3 (0.062 g, 0.282 mmol) and DPA (0.148 g, 0.282 mmol) were dissolved in dry DMF, then K2CO3 (0.152 g, 1.101 mmol) was added and the mixture was kept at 85 °C for 1.5 h. The warm reaction mixture was poured into ice-water and the crude product was extracted with ethyl acetate. After drying the organic layer over anhydrous Na2SO4 and evaporating the solvent under vacuum, the crude products were purified by flash chromatography with petroleum ether-acetone (10:1) as eluent. White amorphous solid, m.p.: 84.9–85.7 °C, yield 42.7%. 1H-NMR (CDCl3) δ (ppm): 0.58 (s, 3H, H-18), 0.91 (s, 3H, H-28), 0.97 (s, 3H, H-29), 0.99 (s, 3H, H-19), 0.99, 0.97 (ea, d, J = 6.5 Hz, 3H, H-26, H-27), 1.08 (s, 3H, H-30), 2.08 (s, 3H, H-33), 4.11 (dd, 1H, H-16), 4.52 (dd, 1H, H-3), 4.68 (s, 1H, H-31), 4.75 (s, 1H, H-31), 5.25 (d, 1H, H-11), 5.45 (d, 1H, H-7). 5.25 (q, 2H, CH2-2'), 2.60 (s, 3H, CH3-6'), 2.53 (s, 3H, CH3-5'), 2.50 (s, 3H, CH3-3'). 1.00–2.50 (19H, methyl- and methylene- of triterpenoid structure). 13C-NMR (CDCl3) δ (ppm): 35.4 (C1), 24.2 (C2), 80.7 (C3), 37.6 (C4), 49.2 (C5), 22.8 (C6), 120.7 (C7), 141.7 (C8), 145.3 (C9), 37.3 (C10), 116.1 (C11), 35.4 (C12), 44.7 (C13), 48.6 (C14), 43.5 (C15), 76.9 (C16), 57.2 (C17), 17.3 (C18), 22.8 (C19), 46.7 (C20), 175.3 (C21), 30.6 (C22), 32.2 (C23), 155.0 (C24), 33.7 (C25), 21.8 (C26), 21.7 (C27), 28.1 (C28), 17.0(C29), 26.1(C30), 106.9 (C31), 170.9 (C32), 21.3 (C33); pyrazine ring: 64.5 (2'-CH2), 151.2 (C2'), 144.9 (C3'), 149.1 (C5'), 148.9 (C6'), 21.7 (6'-CH3), 21.4 (5'-CH3), 20.6 (3'-CH3). HRMS (ESI) m/z: 661.5009 [M+H]+, calcd. for C41H61N2O5 661.4580.



(3β,18α,20β)-3-Hydroxy-11-oxoolean-12-en-29-oicacid-3,5,6-trimethylpyrazin-2-methyl ester (10). Compound 3 (0.102 g, 0.475 mmol) and GA (0.223 g, 0.475 mmol) were dissolved in dry DMF, then K2CO3 (0.237 g, 1.715 mmol) was added and the mixture was kept at 85 °C for 2.5 h. The warm reaction mixture was poured into ice-water and the crude product was extracted with ethyl acetate. After drying the organic layer over anhydrous Na2SO4 and evaporating the solvent under vacuum, the crude product was purified by flash chromatography with petroleum ether-acetone (10:1) as eluent and recrystallized from acetone. Colorless crystals, m.p.: 225.7–226.5 °C, yield 53.0%. 1H-NMR (CDCl3) δ (ppm): 0.81, 0.82, 1.01, 1.13, 1.14, 1.20, 1.36 (s, each, 3H, 7 × CH3), 3.23 (m, 1H, H-3), 5.55 (s, 1H, H-12), 5.27, 5.19 (ea, d, J = 12.5 Hz, 1H, CH2-2'), 2.55 (s, 3H, CH3-6'), 2.54 (s, 3H, CH3-5'), 2.52 (s, 3H, CH3-3'), 1.00–3.00 (22H, methyl- and methylene- of triterpenoid structure). 13C-NMR (CDCl3) δ (ppm): 39.2 (C1), 27.3 (C2), 78.8 (C3), 39.2 (C4), 55.0 (C5), 17.5 (C6), 32.8 (C7), 43.2 (C8), 61.8 (C9), 37.1 (C10), 200.0 (C11), 128.6 (C12), 168.9 (C13), 45.4 (C14), 26.5 (C15), 26.4 (C16), 31.9 (C17), 48.0 (C18), 41.1 (C19), 44.2 (C20), 31.2 (C21), 37.7 (C22), 28.5 (C23), 15.6 (C24), 16.4 (C25), 18.7 (C26), 23.4 (C27), 28.1 (C28), 28.5 (C29), 176.1 (C30); pyrazine ring: 64.7 (2'-CH2), 151.1 (C2'), 145.0 (C3'), 148.4 (C5'), 149.3 (C6'), 21.5 (6'-CH3), 21.5 (5'-CH3), 20.4 (3'-CH3). HRMS (ESI) m/z: 605.5377 [M+H]+, calcd. for C38H57N2O4 605.4318.



3-Phenyl-2-propenoic acid-3,5,6-trimethylpyrazin-2-methyl ester (11). Compound 3 (0.701 g, 3.260 mmol) and CIA (0.482 g, 3.260 mmol) were dissolved in dry DMF, then K2CO3 (0.561 g, 4.056 mmol) was added and the mixture was kept at 85 °C for 2.0 h. The warm reaction mixture was poured into ice-water and the crude product was extracted with ethyl acetate. After drying the organic layer over anhydrous Na2SO4 and evaporating the solvent under vacuum, the crude product was puriﬁed by flash chromatography with petroleum ether-ethyl acetate (4:1) as eluent. White solid, m.p.: 57.7–58.4 °C, yield 61.3%. 1H-NMR (CDCl3) δ (ppm): 7.53–7.54 (m, 2H, H-5, 9), 7.40 (m, 3H, H-6, 7, 8), 6.51 (d, J = 16 Hz, 1H, H-2), 7.75 (d, J = 16 Hz, 1H, H-3), 5.36 (s, 2H, CH2-2'), 2.60 (s, 3H, CH3-6'), 2.55 (s, 3H, CH3-5'), 2.54 (s, 3H, CH3-3'). 13C-NMR (CDCl3) δ (ppm): 166.6 (C1), 117.4 (C2), 145.6 (C3), 134.3 (C4), 128.2 (C5, 9), 130.5 (C6, 8), 128.9 (C7); pyrazine ring: 65.2 (2'-CH2), 151.3 (C2'), 144.9 (C3'), 149.1 (C5'), 149.2 (C6'), 21.7 (6'-CH3), 21.6 (5'-CH3), 20.5(3'-CH3). HRMS (ESI) m/z: 283.2580 [M+H]+, calcd. for C17H19N2O2 283.1447.




3.2. Bio-Evaluation Methods


3.2.1. Cytotoxicity Evaluation


The cytotoxicities of these compounds were tested on five cancer cell lines by the standard MTT assay. The human cancer cells lines HCT-8, Bel-7402, BGC-823, A-549, A2780 were provided by the Chinese Academy of Medical Sciences & Peking Union Medical College. The growing tumor cells at a density 104 cells/mL were exposed to various concentrations of the tested drugs and incubated in a 96-well microtiter plate for 96 h (37 °C, 5% CO2). After MTT solution (20 μL, 5 mg/mL) was added to each well, the plate was incubated for a further 4 h. Then the media was removed. Formazan crystals were dissolved with DMSO (150 μL). After mixing well, the absorbance was quantified at 570 nm with a BIORAD 550 spectrophotometer. Wells containing no drugs were used as blanks. The IC50 values were defined as the concentration of compounds that produced a 50% reduction of surviving cells and calculated using Logit-method. Tumor cell growth inhibitory rate was calculated in the following equation (1):
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(1)








3.2.2. Angiogenesis Assay


Fertilized White Leghorn chicken eggs, provided by the Chinese Academy of Agricultural Sciences, were placed in an incubator as soon as embryogenesis started and were kept under constant humidity of 65% at 37 °C. On day 7, a square window was opened on the shell and physiological saline (0.1 mL) was injected in to detach the shell membrane. Then gelatin sponges carrying the TMP stimulator derivatives at 10 μg/egg and 40 μg/egg were implanted, respectively. The control group was treated with physiological saline. The windows were sealed with medical adhesive tape and the incubation went on till the experiment day. The above steps were performed under sterile conditions. On the 11th day, the tapes were removed and the entire CAM was detached after tissue fixation with methanol/acetone (1:1, v/v). Then we used computer-assisted image tracking to obtain absolute values for the number of microvessels which were 1 to 100 μm in diameter. Data were analyzed using the t-test option of the of Statistics Analysis System, the values were expressed as mean ± s of 6 observations and P < 0.05 was considered significant.




3.2.3. Acute Toxicity


Kunming mice (Beijing Vital River Laboratory Animal Technology Company Limited, China) of both sexes, weighing 18–22 g, were divided into four groups of 10 animals matched in weight and size. The mice were placed in cages and kept under standard environmental conditions with a standard rodent diet and water ad libitum under a 12 h light-dark cycle. They were deprived of food for 24 h but allowed free access to tap water throughout the experiments. This research was carried out in accordance with the “Regulation for the Administration of Affairs Concerning Experimental Animals” (State Council of China, 1988).



The maximum suspended dose (75 mg/mL) of 5 was prepared in bean oil solution, then one group of 20 mice of both sexes were administered the maximum tolerated dose (0.4 mL/10 g) by oral administration. The other 20 mice, the control group, were gave bean oil (0.4 mL/10 g) via gavage.The general behavior of the mice was observed continuously for 1 h after the treatment and then intermittently for 4 h, and thereafter over a period of 24 h. The mice were further observed for up to 14 days following treatment for any signs of toxicity and deaths, and the latency of death. Behavioral, toxic effects and mortality response were recorded.






4. Conclusions


A series of TMP derivatives were synthesized through conjugation of anti-tumor bioactive compounds via ester or ether bonds. All the target compounds were obtained in three steps and the route was much easier than that used in a previous report [26]. As the starting materials showed broad anti-tumor activities, we chose five different human cancer cell lines to evaluate the TMP derivatives. Compounds 4 and 5 not only inhibited proliferation of all cancer cells but also dramatically suppressed new angiogenesis in CAM. In addition, the acute toxicity assay of compound 5 indicates no toxicity. Based on the studies of pharmacology and acute toxicity, compounds 4 and 5 represent new hits for anticancer drug discovery and development. The results suggest that the attempt to apply structure combination to discover more efficient, low toxicity and multi-effective anti-tumor lead compounds from TCM formulations is viable. Our completed work lays the foundation for further research on the anti-tumor mechanism of TMP derivatives.
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Reagents and Conditions: (a) Benzene, reflux, 10 h, 100%; (b) CCly, NBS, hv, reflux, 12 h, 70.0%:;
(c) Acetone, K,COs;, N,, reflux, 3 h, 12.4%:; (d) DMF, K,COs;, 85 °C, 4 h, 58.4%; (¢) DMF, K,COs,
85 °C, 4 h, 55.4%; (f) THF, K,CO;, reflux, 1.5 h, 57.0%; (g) DMF, K,COs, 85 °C, 1.5 h, 45.2%;
(h) DMF, K,COs, 85 °C, 1.5 h, 42.7%; (1) DMF, K,CO;, 85 °C, 2.5 h, 53.0%. (j) DMF, K,CO;,
85 °C, 2.0 h, 61.3%.
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