Novel A-ring Modification of Betulinic Acid Derivatives for Cancer Preventive Agents
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Abstract
Chemoprevention is viewed as an effective way to stop cancer since cancer development acts as multistage process. A novel skeleton with 3,4-seco type of betulinic acid was found to greatly enhance chemopreventive ability by in vitro short-term 12-O-tetradecanoylphorbol-13-acetate (TPA) induced Epstein-Barr virus early antigen (EBV-EA) activation assay in Raji cells. Newly synthesized compounds 7–15 showed potent activity. Especially, the analogs with C-28 carboxylic acid, such as 7, 8, 11, and 13 significantly inhibited EBV-EA activation.  The most potent compound 8 in EBV-EA assay displayed 100% inhibition at 1 × 103 mol ratio/TPA, and 73.4 %, 35.9 % and 8.4 % inhibition at 5 × 102, 1 × 102, 1 × 10 mol ratio/TPA, respectively, which is comparable with curcumin at high concentration and better than curcumin at low concentration. In vivo mouse skin carcinogenesis assay using 8 and 11 also showed convincing results. 
Text
Betulinic acid (BA, Fig. 1) and its derivatives have been reported to possess various pharmacological functions such as anti-cancer activities, anti-HIV activity, anti-inflammatory, anti-malarial, and anti-bacterial. Extensive studies on modification of betulinic acid mainly on C-3 position and C-28 position to enhance anti-HIV activity have been reported, including conformational restricted 3-O-acyl BA derivatives,13-O-monosuccinyl BA,1 3,28-disubstituted 28-piperidine BA.2 Besides anti-HIV activity, a previous study about modification of BA indicated that the short fatty acid at C-3 position has been shown to exhibit excellent cancer preventive activity both in Epstein-Barr virus early antigen (EBV-EA) activation and two-stage mouse skin carcinogenesis assay.3 In addition, another triterpene 1 with 3,4-seco lanostane structure also exhibited inhibitory effects in Raji cell EBV-EA activation assay.4 Moreover, some limonoids with A ring lactone [ex. Nomilin (2)] have showed anti-proliferatory effect on neuroblastoma cancer cells (SH-SY5Y).5 The mechanism involved apoptosis induction, cancer cell cycle arrest and aneuploidic effect.5 Ursolic acid derivatives also applied the same approach to construct a lactone ring and to obtain 3,4-seco derivatives by opening the lactone ring. These derivatives can induce cell cycle arrest and apoptosis in human bladder cancer cell line (NTUB1).6


The concept of chemoprevention has grown over the past few decades. Since cancer is a multistage process, how to cease the progression of cancer stage has gradually drawn researchers’ attentions.7 An easy in vitro EBV-EA activation assay was discovered to quickly evaluate chemopreventive activity.8 Two-stage mouse skin carcinogenesis assay can offer in vivo assessment of the active compound in vitro.9, 10  According to these findings and studies, novel A-ring modified betulinc acid derivatives were designed, synthesized and evaluated for cancer preventive activity.
Since we have been studied about anti-HIV effects of betulinic acid,1,2,10 this study also includes compound optimization for anti-HIV activity. Based on previous study, N-heptane acetamide side chain at C-28 is effective to enhance anti-HIV activity either for anti-maturation or anti-entry activity.11 In addition, 3,3-dimethylsuccinate side chain as shown in Bevirimat can effectively increase anti-HIV activity.12 From these observation, we also introduced N-heptane acetamide as well as 3,3-dimethylsuccinate side chain to the new analogs to see both cancer prevention and anti-HIV effects.    
3,4-Seco analogs, 7-16, were designed and synthesized through oxepanone ring-A, 5 and 6. Based on previous study, N-heptane acetamide side chain is effective to enhance anti-HIV activity either for anti-maturation or anti-entry activity.11 Therefore, this side chain would be included in the analog design as shown in 9, 10 and 14–16. Betulin, a commercial available pentacyclic triterpene, was oxidized with Jones reagent to convert the corresponding 3-ketone and 28-carboxylic acid 3. Baeyer-Villiger reaction of -valerolactone using 3-chloroperbenzoic acid (mCPBA) produced 5 with oxepanone ring A. Because 4-methylene possess  prenyl-like structure, which plays an important  role in cancer prevention effects in our previous study,3 acid-catalytic lactone ring opening in methanol was employed to produce the related 4-methylene-3-methyl ester 7. Hydrolysis of 7 gave the corresponding dicarboxylic acid 8. The hydroboration-oxidation reaction of 7 produced the alcohol 11, which was esterified using acid anhydride, such as 2,2-dimethylsuccinic anhydride and acetic anhydride, to  provide 12 and acetate 13, respectively. Acetyl group served as a protective group of the primary alcohol as well as the comparison of the activity effect of polarity with hydroxyl group. For the preparation of N-heptane acetamide analogs, the related carboxylic acids, 3 and 13, were treated with oxalyl chloride and heptane-1,7-diamine followed by acetic anhydride to obtain 4 and 14, respectively. Analogs 6, 9 and 10 were prepared from 4 through the same procedure as the preparation of 5, 7 and 8. Methyl ester and acetate on 14 were hydrolyzed to produce 15, which was treated with dimethylsuccinic anhydride to obtain 16.
Compounds 6–16 were sent for in vitro EBV-EA inhibition assay and the result was showed in Table 1. The activities of Bevirimat and BA as references and curcumin as a positive control were also shown. Generally C-28 carboxylic acid showed better activity than C-28-N-heptane acetamide. The analogs with C-28 carboxylic acid, such as 7, 8, 11, and 13, significantly inhibited EBV-EA activation, showing 100 % inhibition at the highest tested concentration. Among all the compounds with C-28 carboxylic acid, the most active compound 8 with C-3 carboxylic acid and C-4 methylene displayed 100% inhibition at 1 × 103 mol ratio/TPA, and 73.4%, 35.9% and 8.4% inhibition at 5 × 102, 1 × 102, 1 × 10 mol ratio/TPA, respectively, with an IC50 value of 295 mol ratio/TPA. Even at the low concentration (1 × 10 mol ratio/TPA), 8 has more inhibitive activity than curcumin, a known cancer preventive agent. This result may be because C-5 propenyl group is similar to prenyl group, which is an effective modification in cancer prevention researches.3 From compounds 7 and 8, C-3 carboxylic acid is slightly better than C-3 methyl ester, which implies polar group at this position would be preferred. By comparison of C-4 substituents on 7, 11and 13, methylene is slightly better than hydroxyl or acetate. The two most active with structure diversified compounds 8 and 11 were further evaluated in mouse skin carcinogenesis assay (Figure 1).
Mouse skin papillomas was induced by DMBA and promoted by TPA. Inhibitory effects of compounds 8 and 11 were monitored and determined over 20 weeks by both the percentage of papillomas-bearing mice (Figure 1A) and the average number of papillomas/mouse (Figure 1B). Although skin papilloma still appeared, delay occurrence of papilloma was observed in both treated groups. Both compounds 8 and 11 could postpone the occurrence of papilloma for three weeks compared with the control. At week 8 and 11, positive control group has grown papilloma to 50 and 100 %, while 8 and 11-treated groups have only grown to 0-10 and 10-20%. The average number of papilloma/mouse at week 8 and 11 for positive control group was 1.2 and 2.7, while 8-treated group was 0 and 0.4, respectively. These in vivo data showed very convincing results and were consistent with in vitro data.
In this study, new BA derivatives were designed, synthesized and evaluated for cancer prevention activity. Most of newly synthesized compounds showed significant cancer prevention effects, although none of them showed any anti-HIV activity. 
The trend of SAR is as follows: C-3 carboxylic acid is better than methyl ester. C-4 methylene is better than hydroxyl methyl group and methyl acetate. C-28 carboxylic acid is much better than N-heptane acetamide. Among all, 7, 8, 11, and 13 significantly inhibited TPA induced EBV-EA activation, which indicated C-28 carboxylic acid might play an important role for the activity.  In vitro EBA-EA assay has shown that 8 was the most potent derivative at high concentration with comparable inhibitory ability to curcumin, a known chemopreventive agent, but better inhibitory ability at low concentration. In vivo mouse skin carcinogenesis assay also confirmed the delay occurrence of papilloma of compound 8 and 11. These results convinced that 3,4-seco modification has shown another modification track to greatly enhance chemopreventive activity. Further SAR will be needed to be explored to build up a more comprehensive study.
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[bookmark: _GoBack]13. In vitro EBV-EA activation experiments: EBV-EA positive serum from a patient with nasopharyngeal carcinoma (NPC) was a gift from Professor H. Hattori, Department of Otorhinolaryngology, Kobe University.  The EBV genome carrying lymphoblastoid cells (Raji cells derived from Burkitt’s lymphoma) were cultured in 10% fetal bovine serum (FBS) in RPMI-1640 medium (Sigma R8758, USA).  Spontaneous activation of EBV-EA in our subline of Raji cells was less than 0.1%.  The inhibition of EBV-EA activation was assayed using Raji cells (virus non-producer type) as described below.  The cells were incubated at 37 C for 48 h in 1 mL of medium containing n-butyric acid (4 mM), TPA [32 pM = 20 ng in 2 µL dimethyl sulfoxide (DMSO)] and various amounts of the test compounds dissolved in 2 µL of DMSO.  Smears were made from the cell suspension.  The EBV-EA inducing cells were stained by the means of an indirect immunofluorescence technique.  In each assay, at least 500 cells were counted, and the number of stained cells (positive cells) was recorded.  Triplicate assays were performed for each compound.  The average EBV-EA induction of the test compound was expressed as a ratio relative to the control experiment (100%), which was carried out with n-butyric acid (4 mM) plus TPA (32 pM).  EBV-EA induction was ordinarily around 35%.  The viability of treated Raji cells was assayed by the Trypan blue staining method.  The cell viability of the TPA positive control was greater than 80%.  Therefore, only compounds that induced less than 80% (% of control) of the EBV-active cells (those with a cell viability of more than 60%) were considered able to inhibit the activation caused by promoter substances.  Student’s t-test was used for all statistical analysis.
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