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Twelve annonaceous acetogenins (ACGs) with different stereochemical structures and configuration were
selected to test for their inhibitions on the growth of Hela, SMMC-7541, SGC-7901, MCF-7 and A-5408
tumor cell lines using MTT method. This was the first to simultaneously investigate effects of structural
factors of stereochemical structures and configuration on cytotoxicities with structure–activity relation-
ship. The present study showed that cytotoxic selectivities of ACGs with threo/trans/threo/trans/erythro
stereochemical arrangement were gently more active than those with threo/trans/threo/trans/threo ste-
reochemical arrangement, and ACGs with cis THF ring partly produced notable cytotoxic selectivities.
Furthermore, ACGs with S configuration at C-24 exhibited gently more cytotoxic selectivities potency
than those with R configuration at C-24.

� 2009 Elsevier Ltd. All rights reserved.
Annonaceous acetogenins (ACGs) isolated from Annonaceae
plants and synthesized successfully exhibit a broad range of phar-
macological properties, such as cytotoxic, antitumoral, antipara-
sitic, pesticidal and immunosuppresive activities.1–5 ACGs can
reduce ATP levels via inhibition of complex I (NADH: ubiquinone
oxidoreductase) in mitochondrial transport system of tumor
cells,6–9 exhibiting their potential cytotoxic activities. Therefore,
ACGs may be judged as promising candidates for a future genera-
tion of drugs to fight against the current chemotherapy-resistant
tumors.

ACGs are usually characterized by a long aliphatic chain bearing
a terminal methyl-substituted a,b-unsaturated c-lactone ring
(sometimes rearranged to a ketolactone), with one-, two-, or three-
tetrahydrofuran (THF) rings located along the hydrocarbon chain.
According to the number and location of the THF along the hydro-
carbon chain, ACGs could be best classified into mono-THF, adja-
cent bis-THF, nonadjacent bis-THF, tri-THF, and nonclassical
acetogenins (tetrahydropyran and ring-hydroxylated THF ACGs).

A series of natural and synthetic ACGs have been used to inves-
tigate the structure–activity relationships (SAR).10–14 The previous
works of structure–activity relationships is summarized as follow-
ing:15–17 (1) The a,b-unsaturated c-lactone at the end of the chain
and the THF rings located along the hydrocarbon chain is crucial
for activity; (2) The bis-adjacent-THF ACGs are the most potent
compounds among this family; the nonadjacent bis-THF
ll rights reserved.
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compounds are, in general but not always, superior to the mono-
THF compounds, which, in turn, are more potent than the non-
THF ACGs; (3) If all other structural features are identical, the
shorter C-35 ACGs are more potent than the C-37 compounds;
(4) The spacer, that is, the distance between the OH-flanked THF
and the c-lactone, is critical to the potency and selectivity of the
ACGs; for example, a 13-carbon space is optimum for activity;
(5) Neither the 4-OH group nor the 10-OH group in the hydrocar-
bon chains is essential for activity. However, ACGs have complex
stereochemical features, and several chiral centers located along
the hydrocarbon chain, which are common structural features of
a large number of natural ACGs. It would be very useful to identify
these crucial structural factors of acetogenins required for their
bioactivities.

In the present study, 12 diverse ACGs with different stereo-
chemical structures and configuration including asimicin18 (1),
squamocin18 (2), squamocin-D18 (3), desacetyluvaricin18 (4),
isodesacetyluvaricin18 (5), squamostatin-D18 (6), squamostatin-E18

(7), squamostatin-B18 (8), squamostatin-A18 (9), 12,15-cis-squa-
mostatin-A19 (10), 4-deoxyannoreticuin20 (11), and cis-4-deoxy-
annoreticuin20 (12) were tested for their abilities to inhibit the
growth of Hela, SMMC-7541, SGC-7901, MCF-7, and A-5408 tumor
cell lines using MTT method. This is the first report on SAR for
simultaneous investigation of stereochemical structures and con-
figuration. The ACGs (Fig. 1) used to study were isolated from the
seeds of Annona squamosa by column chromatography and HPLC
method, and characterized by 1H NMR, 13C NMR, MS and HREIMS.
The purity of each compound was determined to be above 98% by
HPLC analysis and confirmed by LC–MS. Their stereochemistries
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Figure 1. Structures of ACGs used for study.

µM

Figure 2. Comparison of the cell growth inhibition potential of asimicin (1),
squamosin (2), squamocin-D (3), desacetyluvaricin (4), isodesacetyluvaricin (5), and
squamostatin-D (6) versus the standard control adriamycin against Hela cells.
Values were expressed as inhibition rate with each point representing the
normalized average of three values and the error bars representing standard
deviation about that average. The concentration values were Log [dose] with units
of lM.
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and configuration were ascertained using combination of 1D
and 2D NMR techniques and derivative preparations to their
stereochemistries.21

The cytotoxicities of 12 ACGs and standard control adriamycin
against the growth of five human tumor cell lines were assayed
using classical MTT method22 and the data were shown in Table 1.
Table 1
Cytotoxicity results of ACGs and standard control adriamycin

Compounds IC50 (lM)

Hela SMMC-7541 SGC-7901 MCF-7 A-5408

1 2.7 � 10�2 1.1 � 10�2 4.3 � 10�3 1.3 � 10�2 3.6 � 10�3

2 9.7 � 10�3 9.0 � 10�5 7.3 � 10�4 5.0 � 10�4 8.7 � 10�4

3 2.4 � 10�2 1.2 � 10�2 1.6 � 10�3 2.8 � 10�3 1.8 � 10�3

4 1.6 � 10�1 1.4 � 10�1 4.3 � 10�2 4.0 � 10�2 4.0 � 10�1

5 1.3 � 10�2 1.6 � 10�2 8.4 � 10�2 2.1 � 10�2 1.6 � 10�1

6 3.8 � 10�2 5.4 � 10�2 1.8 � 10�1 4.5 � 10�2 1.4 � 10�3

7 2.7 � 10�1 1.8 � 10�1 2.1 � 10�1 9.0 � 10�1 1.3 � 10�1

8 3.8 � 10-1 1.7 � 10�1 1.7 � 10�1 7.3 � 10�1 4.3 � 10�2

9 3.3 � 10�2 5.0 � 10�2 9.7 � 10�2 9.7 � 10�1 2.6 � 10�3

10 1.3 � 10�3 6.0 � 10�2 9.3 � 10�2 3.3 � 10�3 1.6 � 10�2

11 1.0 8.3 � 10�3 2.3 � 10�1 3.7 � 10�2 3.2 � 10�1

12 1.6 � 10�1 9.0 � 10�2 3.2 5.0 � 10�4 1.5
Adriamycin 1.6 � 10�2 3.7 � 10�3 1.3 � 10�2 4.9 � 10�2 2.6 � 10�2

IC50 (lM) values of 12 diverse ACGs and standard control adriamycin against the
growth of five human tumor cell lines for 3d MTT tests.
As shown in Table 1, Figures 2 and 3, all diverse ACGs exhibited
different potent cytotoxic activity against the growth of different
human tumor cell lines. Some of ACGs produced more selective
cytotoxicity than adriamycin which has been used in clinical
application extensively. As illustrated in Table 1 and Figure 2,
squamocin (2) showed significant cytotoxicity against all five
tumor cell lines, among of them, an IC50 value of squamocin (2)
against MCF-7 cells was 5.0 � 10�4 lM, which was approximately
100 times more active than adriamycin with IC50 value of
4.9 � 10�2 lM. Furthermore, it was observed that the dose-effec-
tive relationships of bis-adjacent-THF ACGs including asimicin
(1), squamocin (2), squamocin-D (3), desacetyluvaricin (4) and
isodesacetyluvaricin (5) were conspicuous. In addition, Figure 3
also indicated that the dose-effective relationship of nonadjacent
THF ACGs including squamostatin-E (7), squamostatin-B (8),
squamostatin-A (9) and 12,15-cis-squamostatin-A (10), and
single-THF ring ACGs including 4-deoxyannoreticuin (11) and cis-
µM

Figure 3. Comparison of the cell growth inhibition potential of squamostatin-E (7),
squamostatin-B (8), squamostatin-A (9), 12,15-cis-squamostatin-A (10), 4-deoxy-
annoreticuin (11), and cis-4-deoxyannoreticuin (12) versus the standard control
adriamycin against Hela cells. Values were expressed as inhibition rate with each
point representing the normalized average of three values and the error bars
representing standard deviation about that average. The concentration values were
Log [dose] with units of lM.
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4-deoxyannoreticuin (12) showed a good linear. Generally, the
study results showed the bis-adjacent-THF ACGs were the most
potent among ACGs tested; the nonadjacent bis-THF ACGs were,
in general but not always, superior to the mono-THF ACGs, which
was in agreement with the results of the previous study.15–17 On
the other hand, the stereochemistry of the THF rings had an effect
on activity in this test system. Regarding the bis-adjacent THF
ACGs, squamocin (2) and squamocin-D (3) are differ from each
other only in the stereochemistry of one of the THF rings, squamo-
cin (2) with stereochemical arrangement of threo/trans/threo/trans/
erythro across positions C-15–C-24 was confirmed to be slightly
more potency than squamocin-D (3) with stereochemical arrange-
ment of threo/trans/threo/trans/threo. It is also noted that the differ-
ence between desacetyluvaricin (4) and isodesacetyluvaricin (5) is
the stereochemistry of one-THF rings (Fig. 1). The present study
showed that isodesacetyluvaricin (5) with threo/trans/threo/trans/
erythro stereochemical structure was gently more potency than
desacetyluvaricin (4) with threo/trans/threo/trans/threo stereo-
chemical structure. This regularity could be further supported by
comparing the activity of nonadjacent bis-THF ACGs such as squa-
mostatin-D (6), squamostatin-E (7), squamostatin-B (8), and squa-
mostatin-A (9), for these four compounds are differ from each
other only in the stereochemistry of one of the THF rings (Fig. 1).
The nonadjacent bis-THF acetogenin 12,15-cis-squamostatin-A
(10) with cis/threo/threo/trans/erythro stereochemistry exhibited
better selective cytotoxicity against Hela cells (IC50 1.3 � 10�3

lM) and MCF-7 (IC50 3.3 � 10�3 lM) than squamostatin-A (9) with
trans/threo/threo/trans/erythro stereochemistry against Hela cells
(IC50 3.3 � 10�2 lM) and MCF-7 cells (IC50 9.7 � 10�1 lM). From
the above analysis we presume that the threo/trans/threo/trans/ery-
thro stereochemical structure of the annonaceous acetogenins
might play a more important role to interact with the glycerol
backbone region of lipids in liposomal membranes, and it also
might serve a more important role to optimize the location and
the configuration of the other functional group(s) of the acetoge-
nins, such as hydroxyls, than threo/trans/threo/trans/threo stereo-
chemical structure. It was found that the two mono-THF ACGs
had different selective cytotoxicity. 4-deoxyannoreticuin (11)
showed better bioactivity against SMMC-7541 (IC50 8.3 � 10�3

lM) than bis-adjacent-THF acetogenins squamocin-D (3), desace-
tyluvaricin (4), and isodesacetyluvaricin (5). Furthermore, the cis-
4-deoxyannoreticuin (12) with cis THF ring surprisingly elicited
selective cytotoxicity against human breast cancer (MCF-7) with
an IC50 value of 5.0 � 10�4 lM. Interestingly, there are several chi-
ral centers in the middle of chain of ACGs, and the chiral center is a
considerable factor for bioactivity. As shown in Figure 1 and Table
1, the bis-adjacent-THF ACGs squamocin (2) with S configuration at
C-24 produced gently more potential activities against the five hu-
man tumor cell lines than squamocin-D (3) with R configuration at
C-24, and isodesacetyluvaricin (5) with R and S configuration at C-
15 and C-24, respectively, also exhibited better bioactivity than
desacetyluvaricin (4) with both R configuration at C-15 and C-24.
This observation also could be supported by comparison of the
IC50 values against five tumor cell lines of squamostatin-D (6),
squamostatin-E (7), squamostatin-B (8), squamostatin-A (9) and
analogical ACGs tested with different configuration. Therefore,
we supported a hypothesis that the S configuration at C-24 might
assist acetogenins to accelerate membrane transport or intracellu-
lar transport, and the S configuration at C-24 might facilitate the
ACGs to access mitochondrial enzyme and combine receptor bind-
ing sites more convenient than ACGs with R configuration at C-24,
In addition, the present study also provided obvious evidence that
the ACGs with three hydroxyls, such as asimicin (1), squamocin (2)
and squamocin-D (3), were more potent than the ACGs with two
hydroxyls, such as desacetyluvaricin (4) and isodesacetyluvaricin
(5). It was noted that the positions of OH groups failed to signifi-
cantly affect the activities, indicating that this median polarity
provided by three hydroxyls might be required for passage across
lipophilic membranes, where excessive hydrophilicity or low
polarity might result in exclusion. It is curious to note that the ace-
togenins are essentially C-35 or C-37 linear compounds, and lipid
bilayers are typically 36 carbons across, this observation suggests
a linear stretching of the acetogenins pass through the lipid mem-
brane. Drug-membrane interactions for a series of acetogenins in
liposomes are currently under investigation.

The present SAR study clearly indicated that the stereochemical
factor was essential for potent activity irrespective of bis-adjacent
THF ACGs or nonadjacent bis-THF ACGs. In this study, the struc-
ture–activity profile of ACGs revealed that the ACGs with stereo-
chemical arrangement of threo/trans/threo/trans/erythro were
gently more active than those with threo/trans/threo/trans/threo,
and the ACGs with cis THF ring partly produced notable selective
cytotoxicity. Moreover, the ACGs with S configuration at C-24
had more selective cytotoxicity than the ACGs with R configuration
at C-24. More importantly, ACGs processed significant activities on
the growth of various tumor cell lines. Interestingly, ACGs were
reported to possess inhibitory activities towards multiple drug
resistant (MDR) tumor cell lines.23,24 These results suggested that
ACGs might be promising antitumor candidates for future clinical
application.
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