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C-3 esterifications of betulinic acid (BA, 1) and its A-ring homolog, ceanothic acid (CA, 2), were carried out
to provide sixteen terpenoids, 4-19, including nine new compounds (4-12). All synthesized compounds
were evaluated in an in vitro antitumor-promoting assay using the Epstein-Barr virus early antigen (EBV-
EA) activation induced by 12-O-tetradecanoylphorbol-13-acetate (TPA) in Raji cells. Among them, com-
pounds 4-6, 11-14, 16, and 17 displayed remarkable inhibitory effects of EBV-EA activation. BA analog 6,
which contains a prenyl-like group, showed the most potent inhibitory effect (100%, 76%, 37%, and 11%
inhibition of EBA activation at 1000, 500, 100, and 10 mol ratio/TPA, respectively, with ICso value of
285 mol ratio/32 pmol TPA). Compound 6 merits further development as a cancer preventive agent.

© 2009 Elsevier Ltd. All rights reserved.

Betulinic acid (BA, 1), a pentacyclic lupane-type triterpene, is
widely distributed in the bark of several plant species, including
the white birch (Betula pubescens), ber tree (Ziziphus mauritiana),
tropical carnivorous plants (Triphyophyllum peltatum, Ancistrocla-
dus heyneanus, Diospyros leucomelas), a member of the persimmon
family (Tetracera boiviniana), the jambul (Syzygium formosanum),
flowering quince (Chaenomeles sinensis), and Pulsatilla chinensis.!?
Compound 1 and its derivatives exhibit a broad range of biological
activities, including inhibition of human immunodeficiency virus
(HIV)** and cytotoxic activity against various human cancer cell
lines,>~® as well as antibacterial,'®!! antiinflammatory,!? antima-
larial,’>'* and anthelmintic effects. Importantly, 1 has low toxicity
and a high safety profile. It is safe even at a dose of 500 mg/kg body
weight as an antitumor agent.! In our continuing study of 1-ana-
logs, many compounds have been synthesized and evaluated for
biological activity. Among them, we discovered 3',3’-dim-
ethylsuccinyl betulinic acid (DSB, PA-457 or bevirimat, 3), which
shows extremely potent anti-HIV activity with unique inhibition
of a viral maturation step.*!> Compound 3 is now in clinical devel-
opment and has shown great promise to date through Phase IIb
clinical trials (see Figs. 1 and 2).

Inhibitory effects on Epstein-Barr virus early antigen (EBV-EA)
activation induced by 12-O-tetradecanoylphorbol-13-acetate
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(TPA) in Raji cells correlate well with antitumor-promoting activity
in vivo.'® Some triterpenoids, including 1, possess potent antitu-
mor-promoting activity based on results in this assay.'”’~' From
our previous studies, the presence of a double bond tends to
increase the inhibitory activity. Accordingly, various unsaturated
fatty acids including ®3 and 6 essential fatty acids were incorpo-
rated as ester side chains at the C3 position of 1. Chiral mono-
methyl succinyl analogs of 3, as well as analogs of ceanothic acid
(CA, 2), were also prepared to determine structure-activity rela-
tionship (SAR) correlations. All synthesized compounds were eval-
uated for in vitro inhibitory activity against EBV-EA activation as
mentioned above. Herein, we describe the syntheses of BA analogs
and their potency as antitumor-promoters.

The syntheses of 1-analogs are outlined in Scheme 1. Crotonic,
sorbic, and dimethylacrylic acids were chosen as lower
unsaturated fatty acids, and docosahexaenoic acid (DHA), eicosa-
pentaenoic acid (EPA), linolenic, arachidoic, linoleic, and oleic acids
were selected as higher unsaturated fatty acids. Condensation of 1
with the corresponding fatty acid was carried out by a well-known
esterification procedure using 1-ethyl-3-(3-dimethylaminopro-
pyl)carbodiimide hydrochloride (EDCI) in the presence of N,N-4-
dimethylaminopyridine (DMAP) in pyridine. The target
compounds 4-12 were obtained in moderate yields after reaction
overnight at room temperature. Compounds 17-19 were
synthesized previously.’>?° To establish SAR for A-ring, CA (2),
and 1-decarboxy-CA (16) were also treated with 3,3-dim-
ethylsuccinic anhydride in the presence of catalytic p-TsOH to
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1: Betulinic Acid (BA, R = H)
3: DSB [R = C(0)CH,C(CH3),CO,H]

2: Ceanothic Acid Acid (CA)

Figure 1.

afford 13 and 14, respectively (Scheme 2). Interestingly, basic
conditions using pyridine did not produce the target compounds,
even though 3 is prepared by esterification of 1 with succinyl anhy-
dride under basic conditions. The following two-step sequence
gave 1-decarboxy 16 in 47% overall yield without using any
protecting group. Oxidation of 2 with pyridinium dichromate
(PDC) following reflux in the presence of 2 N NaOH in benzene pro-
vided 15 in 66% yield. The resulting ketone was reduced by sodium
borohydride to afford C-3 alcohol 16 as a single isomer in 71%
yield. This two-step sequence is better than the published proce-
dure,?! in which 16 is obtained in five steps from 2 in 42% overall
yield.

All synthesized compounds, 4-19, along with 1-3, were exam-
ined in the EBV-EA activation assay in Raji cells.?> Curcumin, a
well-known antitumor-promoter, was used as a positive control.
As shown in Table 1, all compounds showed low cytotoxicity, as
exhibited by high viability (60-70%) of Raji cells, even at a high
concentration of TPA (32 nmol, a compound/TPA molar ratio of
1000:1).

Compared with 1, most compounds showed stronger inhibitory
effects on EBV-EA activity; however, compounds 7-10 conjugated
with higher fatty acids, as well as CA analogs, 15 and 16, showed
weaker inhibitory effects. Notably, compounds 4-6 conjugated
with lower unsaturated fatty acids exhibited significant inhibitory
effects with ICsq values of 285-299 mol ratio/32 pmol TPA, which
are better than those of curcumin (ICso=341). Percentages of
EBV-EA positive cells were 0%, 24-26%, 67-63%, and 89-92%,
meaning 100%, 74-76%, 33-37%, and 8-11% inhibition of activation
at concentrations of 1000, 500, 100, and 10 mol ratio/TPA, respec-
tively. Compound 6 showed the most potent inhibitory activity,
with 11% inhibition at the lowest tested concentration and an
ICso value of 285 mol ratio/32 pmol TPA. Compound 6 contains
an isopentenoyl group, which is structurally similar to a prenyl
group. The positive effects of prenylated compounds have been
discussed previously.?3
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Figure 2. Structures of 17-19.

The data for 4-12 indicate that the chain length and number of
double bonds in the C3 ester group affect the inhibitory activity.
For example, compounds 4-6 (C4-C6 esters) were more effective
inhibitors than 7-12 (C18-C22 esters). Particularly among 7-12,
the percentage of EBA-EA positive cells at each concentration as
well as ICso values clearly correlated with the above mentioned
structural factors. The inhibitory effects of the compounds de-
creased as the length of the ester side chain and numbers of double
bonds (W), regardless of their position, increased. The rank orders
of the three factors were as follows: activity, 12>11>9>10> 8 >
7; length, 12 (C18)=11 (C18)=9 (C18)>10 (C20)=8 (C20)>7
(C22); number of double bonds, 12 (W1)>11 (W2)>9 (W3)>10
(W4) > 8 (W5)>7 (W6).

Compounds 17-19 (ICso = 303-309), which have (S)- or (R)-
monomethyl rather than dimethyl substitution at the C3’ position
of the ester side chain, were more potent than 3 (ICsg = 396). These
three compounds fully blocked EBV-EA activation at 1000 mol
ratio/TPA and showed 6-7% inhibition at the lowest tested concen-
tration. Compounds with hydroxy and carboxylic acid groups at
the ester terminus had comparable potency (compare 17 and
18). The stereochemistry of the C3’ methyl group did not affect
the activity; 18 and 19 were equipotent.

Regarding SAR of ring-A, unesterified 16 with a five-membered
ring-A (ICso value 475) was less active than the corresponding 1
with a six-membered ring (ICsq value 403). In contrast, when the
C3 hydroxyl was esterified, the five-membered ring-A analog (14,
ICsp value 352) showed slightly higher activity than the six-mem-
bered ring-A analog (3, ICso value 396). Interestingly, the inhibitory
effect of 16 (86% inhibition at highest concentration, ICsq=475)
was comparatively lower than that of 2 (91% inhibition at highest
concentration, ICsg = 400), although the corresponding succinylat-
ed analogs 14 and 13, respectively, exhibited similar inhibitory
effects with 94-95% inhibition at highest tested concentration
and ICsg = 349-352. These results indicate that a carboxylic acid
at the C2 position of ring-A positively affects the potency when
the C-3 OH is not esterified.

In conclusion, sixteen 1-analogs, 4-19, were synthesized and
evaluated in an in vitro EBV-EA activation assay, which is well
established to correlate with antitumor-promoting activity. Among
them, analogs 4-6 and 17-19 showed significant potency as anti-
tumor-promoters. Compound 6 modified with a prenyl-like ester
group was the most effective. Further structural modifications
are in progress, and active compounds are being tested in an
in vivo two-stage mouse skin carcinogenesis assay.
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Scheme 1. C3-esterification of 1 using various carboxylic acids.
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Scheme 2. C3-esterification of 2 and 16.
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Table 1
Relative ratio® of EBV-EA activation with respect to positive control (100%)°

Compound Percentage EBV-EA positive cells
Compound concentration (mol ratio/TPA®)
1000 500 100 10 ICs0¢

BA (1) 79+04(60)° 372+12 75.1%23 100+£0.6 40376
CA (2) 8.5+0.5 (60) 35712 721+21 100+0.6 400+6.9
DSB (3) 6.1+0.3 (60) 36.1+£13 742+22 965+09 396+79
4 0+0.2 (70) 262+1.1 667+2.0 91.6+x06 299+3.2
5 0+0.2 (70) 257+1.1 657%20 90206 295+3.0
6 0+0.1(70) 235+1.0 625+1.9 887+1.0 285+3.0
7 17.0 £ 0.7 (60) 53.8+1.6 83.2%25 100+£0.5 546%6.3
8 15.3 £ 0.6(60) 504+1.5 80.1%25 100+£0.5 523%6.0
9 10.9 £ 0.5 (60) 433+14 77.8+23 97.0+0.6 445+6.2
10 12.3+ 0.6 (60) 46.1+£14 79.0+24 100+£0.5 482%6.5
11 7.3+ 0.5 (60) 379+13 759+23 94806 390+7.2
12 4.8+0.5 (60) 33.7+13 724+31 925+0.8 344+75
13 5.1+ 0.6 (60) 350+1.5 72.0+26 93.8+07 349%75
14 5.7 + 0.6 (60) 356+1.5 731+21 953%0.7 352+7.6
15 10.1 £ 0.6 (60) 364+13 743%23 100+0.6 442+6.1
16 14.2 £ 0.7 (60) 392+13 79.0+25 100£0.6 475+7.0
17 0+0.1(70) 293+12 701+23 93.1+0.7 303+738
18 0+0.2 (60) 31.5+£13 71.0+22 94206 308+7.1
19 0+0.3 (60) 31.8+13 712+21 947106 309%73
Curcumin’ 0+0.2 (60) 228+1.2 81.7+25 100+£0.5 341738

¢ Values represent percentages relative to the positive control value (100%).

b For experimental details, see Ref. 23.

€ TPA concentration is 20 ng/mL (32 pmol/mL).

4 The molar ratio of compound, relative to TPA, required to inhibit 50% of the
positive control activated with 32 pmol TPA.

€ Values in parentheses are viability percentages of Raji cells. In all other
experiments, viability was >80%.

f Positive control.
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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 pL dimethyl sulfoxide (DMSO)] and various amounts of the
test compounds dissolved in 2 pL 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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