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a b s t r a c t

The furanditerpene 6a,7b-dihydroxyvouacapan-17b-oic acid (1) is a natural product biosynthesized by
some species from the genus Pterodon (Leguminosae). This secondary metabolite has multiple biological
activities that include anti-inflammatory, analgesic, plant growth regulatory, anti-edematogenic, photo-
system II inhibitory and photosynthesis uncoupler, and antifungal properties. However, few studies on
the antiproliferative profile of compound 1 and/or its derivatives have been reported up to date. Here,
we describe the isolation of compound 1 from hexane extract of P. polygalaeflorus fruits as well as the
semisynthesis of three lactone derivatives: 6a-hydroxyvouacapan-7b,17b-lactone (2), 6a-acetoxyvouaca-
pan-7b,17b-lactone (3), and 6-oxovouacapan-7b,17b-lactone (4). Additionally, antiproliferative activity of
these compounds against nine human cancer cell lines was investigated. Our results revealed that 6a-
hydroxyvouacapan-7b,17b-lactone (2) was the most potent furanditerpene against all cancer cell lines
studied. The presence of non-substituted hydroxyl group at C-6 and the presence of 7b,17b-lactone ring
are important for the antiproliferative activity of these compounds.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

The genus Pterodon (Leguminosae) is widely distributed over
savannahs of Central and Southern Brazil and comprises five native
species: P. abruptus Vog, P. apparicioi Pedersoli, P. emarginatus
Benth, P. polygalaeflorus Benth, and P. pubescens Benth. Alcoholic
extracts from the fruits of these plants are used in folk medicine
as antirheumatic, anti-inflammatory (sore throat), and pain killer
preparations [1]. The fruit oils of the last three species have protec-
tive action against infection by Schistosoma mansoni [2,3]. Furandi-
terpene 6a,7b-dihydroxyvouacapan-17b-oic acid (1) (Fig. 1) and
other correlated vouacapanoids were identified and isolated from
these oils [2–5]. Compound 1 and some derivatives were shown
to have anti-inflammatory [6], analgesic [7], plant growth regula-
tory [8–11], anti-edematogenic [12], photosystem II inhibitory
and photosynthesis uncoupler [13,14], and antifungal activities
[15].

Although compound 1 and correlated vouacapanoids exhibit a
broad range of biological activities, the antiproliferative activity
of such compounds is still poorly explored. Recently, Vieira et al.
ll rights reserved.

a).
showed that compound 1 inhibits the proliferation of human mel-
anoma (SK MEL 37) cells [16]. Spindola et al. (2009) evaluated the
antiproliferative activity of five non-lactone vouacapanoids iso-
lated from P. pubescens seed oil and found three of them selective
for prostate (PC-3) cancer cell line [17]. In this scenario, it is man-
datory that any potential cytotoxic compound is evaluated against
different cancer cell lines in order to better understand its antipro-
liferative activity. The present study reports the cytotoxicity of the
furanditerpene 6a,7b-dihydroxyvouacapan-17b-oic acid (1) and its
lactone derivatives 6a-hydroxyvouacapan-7b,17b-lactone (2), 6a-
acetoxyvouacapan-7b,17b-lactone (3), and 6-oxovouacapan-
7b,17b-lactone (4) on nine human tumor cell lines of various histo-
logical origins.

2. Materials and methods

2.1. Chemistry

2.1.1. General procedures
Reagents and solvents were used as supplied. Flash chromatog-

raphy was performed with columns packed with 70–230 mesh sil-
ica gel. 1H NMR and 13C NMR data were recorded on a Bruker DRX
400 AVANCE (9.40 T) spectrometer. Chemical shifts are reported in



Fig. 1. Structure of furanditerpene 1 and its lactone derivatives 2–4.
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d [ppm relative to (CH3)4Si]. For 1H NMR, the chemical shifts were
followed by multiplicity (bs, broad singlet; bd, broad doublet; d,
doublet; dd, double doublet; ddd, double double doublet; dt, dou-
ble triplet; dtd, double triplet of doublets; m, multiplet; qt, quartet
of triplets; s, singlet; t, triplet; td, triplet of doublets) and coupling
constant J reported in Hertz (Hz). The NMR techniques 1D and 2D
(COSY, NOESY, HMQC, HMBC) were employed to the assignments.

2.1.2. Isolation of 6a,7b-dihydroxyvouacapan-17b-oic acid (1)
Compound 1 was isolated from the hexane extract of P. polyga-

laeflorus fruits as described in the literature [4]. 1H-NMR (400 MHz,
DMSO-d6): dH = 0.92 (s, 3H, CH3-20); 0.89–0.99 (m, 1H, H-1ax);
0.96 (d, 1H, J5–6 = 11.1, H-5); 1.14 (s, 3H, CH3-18); 1.15 (td, 1H,
J3ax–3eq = J3ax–2ax = 13.2, J3ax–2eq = 3.5, H-3ax); 1.01 (s. 3H, CH3-19);
1.27–1.42 (m, 3H, H-2eq, H-3eq, H-9); 1.43–1.54 (m, 1H, H-2ax);
1.58 (bd, 1H, J1eq–1ax = 13.4, H-1eq); 2.27 (ddd, 1H, J11ax–11eq =
16.2, J11ax–9 = 11.2, J11ax–15 = 2.5, H-11ax); 2.54 (dd, 1H,
J11eq–11ax = 16.2, J11eq–9 = 5.3, H-11eq); 3.05 (dd, 1H, J7–8 = 10.0,
J7–6 = 9.1, H-7); 3.15 (bd, 1H, J14–8 = 8.8, H-14); 3.35 (bs, OH-7);
3.52 (dd, 1H, J6–5 = 11.1, J6–7 = 9.1, H-6); 4.12 (bs, OH-6); 6.58
(dd, 1H, J15–16 = 1.8, J15–11ax = 2.5, H-15); 7.42 (d, 1H, J16–15 = 1.8,
H-16); 11.83 (bs, OH-17). 13C NMR (100 MHz, DMSO-d6)
dC = 15.1 (C-20), 18.1 (C-2), 21.5 (C-11), 22.2 (C-19), 33.1 (C-4),
37.7 (C-10), 39.5 (C-18), 38.7 (C-1), 40.7 (C-8), 43.4 (C-3), 46.3
(C-14), 47.5 (C-9), 55.2 (C-5), 73.0 (C-6), 81.6 (C-7), 108.6 (C-15)
114.3 (C-13), 141.2 (C-16), 150.2 (C-12), 175.2 (C-17).

2.1.3. Preparation of 6a-hydroxyvouacapan-7b,17b-lactone (2) and
6a-acetoxyvouacapan-7b,17b-lactone (3)

Compounds 2 and 3 were prepared according to Rubinger et al.
[18], with some modifications. Lactones 2 and 3 were obtained in
quantitative yields from the treatment of 1 with acetic anhydride
and sodium acetate in tetrahydrofurane at 45 �C for 1 h and 3 h,
respectively. Compound 2: 1H-NMR (400 MHz, CDCl3): dH = 1.02
(s, 3H, CH3-20); 1.12 (td, 1H, J1ax–1eq = J1ax–2ax = 12.9, J1ax–2eq = 3.3,
H-1ax); 1.13 (s, 3H, CH3-19); 1.24 (s, 3H, CH3-18); 1.22-1.33 (m,
1H, H-3ax); 1.25 (d, 1H, J5–6 = 9.7, H-5); 1.41–1.50 (m, 2H, H-2ax,
H-3eq); 1.52–1.69 (m, 2H, H-1eq, H-2eq); 2.05 (bs, OH-6); 2.52
(ddd, 1H, J11ax–11eq = 17.5, J11ax–9 = 8.8, J11ax–15 = 2.5, H-11ax); 2.54
(ddd, 1H, J11eq–11ax = 16.2, J11eq–9 = 5.3, J11ax–15 = 1.8, H-11eq);
4.08–4.17 (m, 2H, H-6, H-7); 3.25 (ddd, 1H, J14–8 = 13.3,
J14–15 = 2.4, J14–16 = 1.8, H-14); 6.69 (bd, 1H, J15–16 = 2.0, H-15);
7.30 (bd, 1H, J16–15 = 2.0, H-16). 13C NMR (100 MHz, CDCl3)
dC = 15.6 (C-20), 18.1 (C-2), 21.8 (C-11), 22.9 (C-19), 34.2 (C-4),
40.7 (C-10), 36.9 (C-18), 39.2 (C-1), 45.6 (C-8), 41.7 (C-14), 44.2
(C-3), 44.1 (C-9), 58.0 (C-5), 72.0 (C-6), 87.9 (C-7), 107.7 (C-15)
113.6 (C-13), 141.7 (C-16), 152.4 (C-12), 173.8 (C-17). Compound
3: 1H-NMR (400 MHz, CDCl3): dH = 1.07 (s, 3H, CH3-20); 1.15 (td,
1H, J1ax–1eq = J1ax–2ax = 13.3, J1ax–2eq = 3.6, H-1ax); 1.00 (s, 3H, CH3-
19); 1.08 (s, 3H, CH3-18); 1.29 (td, 1H, J3ax–3eq = J3ax–2ax = 13.9,
J3ax–2eq = 4.3, H-3ax); 1.48 (d, 1H, J5–6 = 10.8, H-5); 1.42–1.50 (m,
2H, H-2ax, H-3eq); 1.53–1.61(m, 1H, H-2eq), 1.62–1.72 (m, 1H,
H-1eq) 2.54 (ddd, 1H, J11ax–11eq = 17.4, J11ax–9 = 8.7, J11ax–15 = 2.2,
H-11ax); 2.68 (ddd, 1H, J11eq–11ax = 17.4, J11eq–9 = 8.1, J11ax–15 = 1.5,
H-11eq); 3.23 (ddd, 1H, J14–8 = 13.3, J14–15 = 2.2, J14–16 = 1.5, H-14);
4.15 (dd, 1H, J7–8 = 11.1, J7–6 = 9.3, H-7); 5.5 (dd, 1H, J6–5 = 10.8,
J6–7 = 9.3, H-6); 6.57 (bd, 1H, J15–16 = 2.0, H-15); 7.29 (bd, 1H,
J16–15 = 2.0, H-16). 13C NMR (100 MHz, CDCl3) dC = 15.4 (C-20),
18.0 (C-2), 21.6 (C-COO in C-6) 21.8 (C-11), 22.9 (C-19), 33.8
(C-4), 41.1 (C-10), 36.5 (C-18), 39.1 (C-1), 45.7 (C-8), 41.6 (C-14),
44.1 (C-3), 44.2 (C-9), 57.2 (C-5), 71.8 (C-6), 85.1 (C-7), 107.7
(C-15) 113.6 (C-13), 141.7 (C-16), 152.2 (C-12), 169.7 (O–C@O in
C-6), 173.2 (C-17).

2.1.4. Preparation of 6-oxovouacapan-7b,17b-lactone (4)
Compound 4 was synthesized from oxidation of compound 2 as

reported elsewhere [13,19]. 1H NMR (400 MHz, CDCl3) dH = 0.89 (s,
3H, CH3-20); 0.93 (s, 3H, CH3-18); 1.13 (td, 1H, J3ax–3eq = J3ax–2ax =
13.3, J3ax–2eq = 3.5, H-3ax); 1.31 (m, 1H, H-1ax); 1.28 (s, 3H, CH3-
19); 1.43 (m, 1H, H-3eq); 1.53 (m, 1H, H-2eq); 1.65 (qt, 1H,
J2ax–2eq = J2ax–1ax = J2ax–3ax = 13.3, J2ax–1eq = J2ax–3eq = 3.5, H-2ax);
1.67 (dtd, 1H, J1eq–1ax = 12.8, J1eq–2ax = J1eq–2eq = 3.2, J1eq–3eq = 1.3,
H-1eq); 2.20 (dt, 1H, J8–9 = J8–14 = 13.0, J8–7 = 12.0, H-8); 2.37 (dt,
J9–8 = 13.0, J9–11ax = J9–11eq = 8.3, H-9); 2.46 (d, 1H, J5–7 = 0.9, H-5);
2.56 (ddd, 1H, J11ax–11eq = 17.6, J11ax–9 = 8.3, J11ax = J11ax–14 = 2.1, H-
11ax), 2.75 (ddd, 1H, J11eq–11ax = 17.6, J11eq–9 = 8.3, J11eq–14 = 2.1, H-
11eq); 3.73 (dt, 1H, J14–8 = 13.0, J14–11ax = J14–11 eq = 2.1, H-14),
5.16 (dd, 1H, J7–8 = 12.0, J7–5 = 0.9, H-7), 6.52 (d, 1H, J15–16 = 1.9,
H-15), 7.55–7.57 (m, 1H, H-16). 13C NMR (100 MHz, CDCl3)
dC = 14.5 (C-20), 17.5 (C-2), 21.3 (C-11), 22.0 (C-19), 32.3 (C-20),
32.3 (C-4), 37.6 (C-1), 40.8 (C-14), 41.9 (C-3), 43.1 (C-9), 45.7 (C-
10), 49.2 (C-8), 61.7 (C-5), 82.6 (C-7), 107.3 (C-15) 113.0 (C-13),
142.1 (C-16), 151.9 (C-12), 172.4 (C-17), 200.2 (C-6).

2.2. Biological activities

2.2.1. Antiproliferative activity
The human cancer cell lines UACC-62 (melanoma), MCF-7

(breast), NCI-ADR/RES (ovarian expressing the resistance pheno-
type for adryamycin), 786–0 (kidney), NCI-H460 (lung, non-small
cells), PC-3 (prostate), OVCAR-03 (ovarian), HT-29 (colon), and
K562 (erythromyeloblastoid leukemia) were kindly provided by
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Frederick Cancer Research & Development Center – National Can-
cer Institute – Frederick, MA, USA. Stock cultures were grown in
5 mL of RPMI 1640 (GIBCO BRL, Life Technologies) supplemented
with 5% fetal bovine serum and 50 lg/mL gentamicine. Cells
(100 lL cells/well) were exposed to various concentrations of
furanditerpenes 1–4 (0.25–250 lg/mL) in DMSO (0.1% v/v) at
37 �C and 5% CO2 for 48 h. Then, trichloroacetic acid solution
(50%, v/v) was added, the plates incubated at 4 �C for 30 min,
washed and dried. Cell proliferation was determined by spectro-
photometric quantification (540 nm) of cellular protein content
using sulforhodamine B assay [20]. Doxorubicin (DOX; 0.25–
25 lg/mL) was used as a positive control. Three measurements
were obtained at time zero (T0) at the beginning of incubation
and 48 h post-incubation for compound-free (C) and tested (T)
cells. Cell proliferation was determined according to the equation
100 � [(T � T0)/C � T0]. Cytostatic effect was observed when
C > T P T0 while cytocidal effect occurred when T < T0. GI50 (con-
centration of test substance that elicits 50% of cell growth inhibi-
tion) and TGI (concentration of test substance that elicits 100% of
cell growth inhibition) values were determined by non-linear
regression analysis using Origin software, version 7.5.

3. Results and discussion

3.1. Chemistry

The furanditerpene 6a,7b-dihydroxyvouacapan-17b-oic acid (1)
was isolated from P. polygalaeflorus Benth fruits according to the
procedure described by Mahajan and Monteiro [4]. Lactones 2
and 3 were obtained in quantitative yields from the treatment of
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Fig. 2. Effect of furanditerpenes on the proliferation of cancer cells. Human cancer cells w
furanditerpene 4 (D). After 48 h of exposure, cell growth was analyzed according to the
ADR/RES, adryamycin-resistance ovarian cancer cells; 786-0, kidney cancer cells; NCI-H
cancer cells; HT-29, colon cancer cells; K562, erythromyeloblastoid leukemia cells. Dat
errors were lower than 5%.
compound 1 with acetic anhydride and sodium acetate in tetrahy-
drofurane at 45 �C for 1 h and 3 h, respectively. The lactone 4 was
synthesized as reported elsewhere [19]. NMR spectral data of each
compound are in agreement with the corresponding data pub-
lished in the literature [4,13,18,19].

3.2. Biological activities

In the present study we have evaluated the effect of compound
1 and its derivatives 6a-hydroxyvouacapan-7b,17b-lactone (2), 6a-
acetoxyvouacapan-7b,17b-lactone (3), and 6-oxovouacapan-
7b,17b-lactone (4) on the proliferation of cancer cells of various
histological origins (melanoma, UACC-62; breast, MCF-7; ovarian
expressing the resistance phenotype for adryamycin, NCI-ADR/
RES; kidney, 786–0; lung non-small cells, NCI-H460; prostate,
PC-3; ovarian, OVCAR-03; colon, HT-29, and erythromyeloblastoid
leukemia, K562). Cell proliferation was determined by spectropho-
tometric measurements using sulforhodamine B as a protein-bind-
ing dye and DOX (0.25–250 lg/mL) as a positive control.
Compounds 1–4 were used at concentrations in the range of
0.25–250 lg/mL. The compound concentrations that elicit cell
growth inhibition by 50% (GI50) or 100% (TGI) were determined
after 48 h of cell treatment.

Compounds 2 and 4 exhibited antiproliferative activity against
the tested cancer cells in a concentration-dependent fashion
(Fig. 2). The furanditerpene 2 was more active than compound 4
against the cancer cell lines studied (Fig. 2B and D). Compounds
1 and 2 were cytotoxic to six cancer cell lines when used at
250 lg/mL; the former was cytostatic against HT-29, K562, and
MCF-7 cells while the latter was cytostatic against HT-29, K562,
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ere treated with furanditerpene 1 (A), furanditerpene 2 (B), furanditerpene 3 (C) or
described in Section 2. UACC-62, melanoma cells; MCF-7, breast cancer cells; NCI-
460, lung, non-small cancer cells; PC-3, prostate cancer cells; OVCAR-03, ovarian

a are geometric means of a representative experiment done in triplicate. Standard



Table 1
Comparison of antiproliferative activity, in lg/mL, of 6a,7b-dihydroxyvouacapan-17b-oic acid (1), 6a-hydroxyvouacapan-7b,17b-lactone (2), 6a-acetoxyvouacapan-7b,17b-
lactone (3), and 6-oxovouacapan-7b,17b-lactone (4) against human cancer cell lines.

Compound UACC-62 MCF-7 NCIADR/RES 786-0 NCI-H460 PC-3 OVCAR-03 HT-29 K562

GI50 TGI GI50 TGI GI50 TGI GI50 TGI GI50 TGI GI50 TGI GI50 TGI GI50 TGI GI50 TGI

1 30.4 130.9 61.2 >250 26.8 43.2 30.4 110.6 31.6 97.1 31.6 111.3 27.4 130.1 68.0 >250 4.6 >250
2 5.2 30.0 27.7 213.7 0.3 >250 8.8 37.3 2.5 12.4 30.8 91.9 0.5 8.8 52.5 >250 2.1 >250
3 >250 >250 >250 >250 >250 >250 >250 >250 >250 >250 231.5 >250 >250 >250 >250 >250 27.4 >250
4 218.7 >250 122.2 >250 6.7 >250 43.9 >250 23.1 112.7 102.9 >250 3.9 25.3 71.5 >250 0.4 >250
DOX 0.2 0.5 0.5 >25 1.6 >25 0.2 4.6 0.2 4.3 0.9 5.1 0.3 2.3 1.2 >25 7.4 >25

GI50 is the concentration of compound (lg/mL) that elicits the inhibition of cell growth by 50%; TGI is the concentration of compound (lg/mL) that elicits total inhibition of
cell growth; DOX refers to the positive control drug doxorubicin. Data are geometric means of a representative experiment done in triplicate.
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and NCI-ADR/RES (Fig. 2A and B). At the same concentration
(250 lg/mL), compound 4 was cytotoxic to OVCAR.03 and NCI-
H460 only. Compound 3 does not present effect against any of
the cell lines assayed (GI50 > 250 lg/mL), except for K562 with a
marginal activity (GI50 = 27.4 lg/mL) (Fig. 2C).

Table 1 shows that compound 2 was more potent than com-
pound 1 against all cancer cell lines studied, except prostate cells
(PC-3), in which both compounds exhibited similar potencies. By
comparing GI50 values, compound 2 was 55- and 89-fold more po-
tent than compound 1 in inhibiting the growth of ovarian cancer
(OVCAR-03) cells and adryamycin-resistant ovarian cancer cells
(NCI-ADR/RES), respectively. Additionally, compound 2 inhibited
by 50% the growth of non-small lung cancer cells (NCI-H460) and
melanoma cells (UACC-62) at a concentration 12- and 6-fold lower
than that of compound 1, respectively. The GI50 values for com-
pound 2 against kidney (786–0) and breast (MCF-7) cancer cells
were, respectively, 3- and 2-fold lower than those determined for
compound 1 against the same cell lines (Table 1).

Interestingly, compound 2 was 5-fold more potent than the ref-
erence drug doxorubicin (DOX) in inhibiting the growth of adrya-
mycin-resistant ovarian (NCI-ADR/RES) cancer cells. In addition,
compound 2 was as potent as DOX against ovarian (OVCAR-03)
cancer cells. Compound 2 was also more potent than compound
1 and DOX against erythromyeloblastoid leukemia (K562) cells
(2- and 3-fold, respectively). It is noteworthy that compound 4
was the most potent growth inhibitor of erythromyeloblastoid leu-
kemia (K562) cells, reducing the cell growth by 50% at a concentra-
tion that is 19-fold lower (0.4 lg/mL) than the concentration of
DOX necessary to promote a similar effect (Table 1). Compound 4
also presented significant antiproliferative activity against ovarian
(OVCAR-03; GI50 = 3.9 lg/mL) and adryamycin-resistant ovarian
(NCI-ADR/RES; GI50 = 6.7 lg/mL) cancer cells while the activity
against non-small lung (NCI-H460) was weak (Table 1). Although
the number of tested compounds is reduced to establish a struc-
ture-activity relationship, it seems that the substitution at C-6 is
more relevant than the lactone ring for the antiproliferative activ-
ity of these furanditerpenes. Thus, the most active compounds
against the majority of the cell lines (1 and 2) present a hydroxyl
group at C-6. Moreover, the most selective one (4) showed a car-
boxyl group at the same position. On the other hand, compound
3, which was inactive against all cell lines, also presents a lactone
moiety.

Compound 2 completely inhibited the cell growth of five cancer
lines when employed at concentrations lower than 100 lg/mL. TGI
values for compound 2 were in the range of 8.8–91.9 lg/mL
against ovarian (OVCAR-3), non-small lung (NCI-H460), melanoma
(UACC-62), kidney (786-0), and prostate (PC-3) cancer cells. Com-
pound 1, when used at 43.2 lg/mL, was able to completely inhibit
the growth of adrymycin-resistant ovarian (NCI-ADR/RES) cancer
cells while a higher concentration of this compound (97.1 lg/mL)
was required to cause a similar effect on non-small lung (NCI-
H460) cancer cells (Table 1). Compound 4 was able to completely
abolish OVCAR-03 cells growth at a concentration of 25.3 lg/mL
(Table 1). Concentration higher than 230 lg/mL is necessary for
compound 3 to cause total growth inhibition of all cell lines
studied.
4. Conclusion

The furanditerpene 6a,7b-dihydroxyvouacapan-17b-oic acid (1)
and its derivatives 6a-hydroxyvouacapan-7b,17b-lactone (2), and
6-oxovouacapan-7b,17b-lactone (4) presented interesting antipro-
liferative activities against the human cancer cell lines studied.
Erythromyeloblastoid leukemia cells (K562) were highly sensitive
to compound 4 while ovarian cancer cells (NCI-ADR/RES and OV-
CAR-03) were highly sensitive to compound 2 (also exhibited high
selectivity). These results point out the furanditerpene 2 as the
most promising lead compound among the other furanditerpenes
for further studies especially with ovarian cancer cells. The synthe-
sis of new correlated vouacapanoids and studies on their mecha-
nism of action on cancer cells are in progress in our laboratories.
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