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Abstract. Acetogenins from the Annonaceous plant are a 
fatty acid-derived natural product. Chemically synthesized 
natural acetogenins, such as mucocin (compound 1), jime-
nezin (compound 2), muconin (compound 4), pyranicin 
(compound 5) and pyragonicin (compound 6) were investi-
gated. Concomitantly, 19-epi jimenezin (compound 3), 10-epi 
pyragonicin (compound 7) and a γ-lactone (compound 8), 
which is estimated to be a biosynthetic precursor of aceto-
genins, were synthesized and investigated. Compounds 5 and 
6 strongly inhibited, and compound 7 moderately inhibited 
the activities of mammalian DNA polymerases (pols), such as 
replicative pol α and repair/recombination-related pol β and 
λ, and also inhibited human DNA topoisomerase (topos) I 
and II activities. On the other hand, compounds 1-4 and 8 did 
not influence the activities of any pols and topos. Compound 
5 was the strongest inhibitor of the pols and topos tested, 
and the IC50 values were 5.0-9.6 µM, respectively. These 
compounds also suppressed human cancer cell growth with 

almost the same tendency as the inhibition of pols and topos. 
Compound 5 was the strongest suppressor of the proliferation 
of the promyelocytic leukemia cell line, HL-60, in human 
cancer cell lines tested with an LD50 value of 9.4 µM, and 
arrested the cells at G1 phases, indicating that it blocks DNA 
replication by inhibiting the activity of pols rather than topos. 
This compound also induced cell apoptosis. The relationship 
between the three-dimensional molecular structure of aceto-
genins and these inhibitory activities is discussed. The results 
suggested that compound 5 is a lead compound of potentially 
useful cancer chemotherapy agents.

Contents

  1.	Introduction
  2.	Effects of acetogenins on mammalian DNA polymerases
	 α, β and λ
  3.	Effects of acetogenins on human DNA topoisomerases I 
	 and II
  4.	Effects of acetogenins on human cancer cell line, HL-60
  5.	Three-dimensional structures of acetogenins
  6.	Effects of compounds 5 on DNA metabolic enzymes
  7.	Effects of compound 5 on cultured human cancer cells
  8.	Effects of the influence on HL-60 cells by compound 5
  9.	Discussion
10.	Conclusion

1. Introduction

Acetogenins are a class of potent bioactive compounds in 
various plant species in the Annonaceae family (1). These 
acetogenins are a relatively new class of fatty acid-derived 
natural products that have a wide range of biological activities, 
such as cytotoxic, antitumor and immunosuppressive effects 
(1-3). They are characterized by the presence of one to three 
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tetrahydrofuran (THF) rings in the center of a long alkyl chain 
with a butenolide moiety at the end. Besides such classical 
types, acetogenins with a tetrahydropyran (THP) ring in 
the long chain, such as mucocin (compound 1), jimenezin 
(compound 2), muconin (compound 4), pyranicin (compound 
5) and pyragonicin (compound 6) have also been discovered 
(Fig. 1) (4-7).

DNA polymerase (pol) catalyzes the addition of deoxy-
ribonucleotides to the 3'-hydroxyl terminus of primed 
double-stranded DNA molecules (8). The human genome 
encodes at least 15 pols to conduct cellular DNA synthesis 
(9,10). Eukaryotic cells contain three replicative pols (α, δ and 
ε), mitochondrial pol γ and at least twelve non-replicative pols 
[β, ζ, η, θ, ι, κ, λ, µ, ν, terminal deoxynucleotidyl transferase 
(TdT) and REV1] (9-11).

DNA topoisomerases (topos) are key enzymes that control 
the topological state of DNA. Type I enzymes act by tran-
siently nicking one of the two DNA strands. Type II enzymes 
nick both DNA strands which are ATP-dependent and are 
involved in many vital cellular processes that influence DNA 
replication, transcription, recombination, integration and 
chromosomal segregation (12).

DNA metabolic enzymes, such as pols and topos, are not 
only essential for DNA replication, repair and recombination, 
but are also involved in cell division. Selective inhibitors of 
these enzymes are considered as a group of potentially useful 
anti-cancer and anti-parasitic agents, because some inhibitors 
suppress human cancer cell proliferation and have cytotoxicity 
(13-16).

Non-classical THP acetogenins have become interesting 
compounds because of their powerful antitumor activity; 
thus, total synthesis of the natural and non-natural aceto-
genins (compounds 1-8 of Fig. 1) was achieved (17-25). Since 
McLaughlin et al and Mata et al reported that some aceto-
genins have cytotoxicity against human cancer cell lines (4-7), 
the purpose of this review is to investigate the biochemical 
action of the compounds against DNA metabolic enzymes 
such as pols and topos, and to use the compound as an anti-
neoplastic agent.

Therefore, we describe the inhibitory activities of chemi-
cally synthesized acetogenins against pols, topos and other 
DNA metabolic enzymes, as well as cellular proliferation 
processes such as DNA replication of human cancer cells. The 
analysis of the relationship between the essential molecular 
structure and bioactive function of acetogenins shows that 
acetogenins are an ideal model for the development of new 
anti-cancer drugs.

2. Effects of acetogenins on mammalian DNA polymerases 
α, β and λ

The structures of the acetogenins (compounds 1-8), which 
were chemically synthesized, are shown in Fig. 1. The inhibi-
tory activity of mammalian pols, such as calf pol α, rat pol 
β and human pol λ, against 10 µM of each compound was 
investi-gated. For pols, poly(dA)/oligo(dT)12-18 (A/T = 2/1) 
and 2'-deoxythymidine 5'-triphosphate (dTTP) were used as 
the DNA template-primer and nucleotide (i.e., 2'-deoxyribo-
nucleotide 5'-triphosphates, dNTP) substrate, respectively. 
One unit of pol activity was defined as the amount of enzyme 

that catalyzed the incorporation of 1 nmol dNTP (i.e., dTTP) 
into synthetic DNA template-primers in 60 min at 37˚C under 
the normal reaction conditions for each enzyme (26,27). Pol 
α and pols β and λ were used as representative replicative and 
repair/recombination-related pols, respectively (8-10).

As shown in Fig. 2A, compounds 5 and 6 significantly 
inhibited the activities of these pols, while compound 8 had no 
effect. Compound 5 showed the strongest inhibition of pol α, 
β and λ activities in the tested compounds, and 50% inhibition 
was observed at doses of 5.3, 9.6 and 2.3 µM, respectively. 
When activated DNA (i.e., DNA digested by bovine deoxy-
ribonuclease I) was used as the DNA template-primer instead 
of poly(dA)/oligo(dT)12-18 (A/T = 2/1), the mode of inhibition of 
these compounds did not change (data not shown).

3. Effects of acetogenins on human DNA topoisomerases 
I and II

Topo inhibitory activity of acetogenins was then investigated. 
The relaxation activity of topos I and II from humans was 
determined by detecting the conversion of supercoiled plasmid 

Figure 1. Chemical structures of acetogenins. Compound 1, mucocin; 
compound 2, jimenezin; compound 3, 19-epi jimenezin; compound 4, 
muconin; compound 5, pyranicin; compound 6, pyragonicin; compound 7, 
10-epi pyragonicin and compound 8, 3-hydroxy-4-methyl-2-tetradecyl-4-
butanolide.
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DNA to its relaxed form (28). Compounds 5-7 (10 µM), 
respectively, inhibited the activities of topos dose-dependently, 
while the other compounds did not (Fig. 2B). In human topos 
I and II, compound 5 showed the strongest inhibition of the 
tested compounds. Topo I and II inhibitors, camptothecin and 
etoposide, inhibited the relaxation activities of topos I and II 
with IC50 values of 85 and 70 µM, respectively (28). Therefore, 
compound 5 was a stronger inhibitor of topos I and II than 
camptothecin and etoposide, respectively.

These results suggested that the inhibitory activity of 
acetogenins between mammalian pols and human topos had 
the same tendency, and the inhibitory effect on pols was 
almost as strong as that on topos. Thus, the mechanism of the 
inhibitory effect of acetogenins, including compound 5, on 
cultured human cancer cells was investigated.

4. Effects of acetogenins on human cancer cell line, HL-60

Pols and topos have recently emerged as important cellular 
targets for chemical intervention in the development of 
anti-cancer agents. Acetogenins therefore are useful in chemo-
therapy, and the cytotoxic effect of eight compounds against 
the human promyelocytic leukemia cell line HL-60, derived 
from a cancer patient, was investigated. The survival rate of 
cultured human cancer cells was determined by MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) 
assay (29).

As shown in Fig. 2C, 10 µM of compound 5 had the 
strongest growth inhibitory effect on HL-60, while compounds 
6 and 7 had the second and third strongest, respectively. At a 
concentration of 100 µM, compounds 1-7 strongly suppressed 
cancer cell growth, while compound 8 had no influence (i.e., 
in order of cytotoxicity observed at a concentration of 10 µM: 
compound 5 > compound 6 > compound 7 > compound 1 = 
compound 2 = compound 3 = compound 4 > compound 8). 
The suppression of cell growth had almost the same tendency 
as the inhibition of mammalian pols and human topos among 
the 8 compounds (Fig. 2A and B, respectively), suggesting 
that the cause of cancer cell influence involves the activities 
of pols, including replicative and repair/recombination pols, 
as well as topos.

5. Three-dimensional structures of acetogenins

To obtain more information about the molecular basis for 
differential inhibition spectra exhibited by the acetogenins 
prepared, computational analyses of compounds 1-8 were 
performed (Fig. 3). Acetogenin models were simulated with 
force-field parameters based on the Consistent Valence Force 
Field. Temperature was set at 298 K. Calculations based on 
simulation images were carried out using Insight II (Accelrys 
Inc., San Diego, CA, USA). Electrostatic potentials on the 
surface of compounds were analyzed by WebLab ViewerLite 
software (version 3.2; Accelrys Inc.).

Figure 2. Effect of acetogenins on the activities of mammalian pols, human 
topos and human cancer cell growth. (A) Each compound (10 µM) was incu-
bated with calf pol α, rat pol β and human pol λ (0.05 units each). Pol activity 
in the absence of the compound was taken as 100%. Data are shown as the 
mean ± SEM of three independent experiments. (B) Each compound (10 µM) 
was incubated with human topos I and II. Topo activity in the absence of the 
compound was taken as 100%. Data are shown as the mean ± SEM of three 
independent experiments. (C) Each compound (10 and 100 µM) was added to 
the culture of the promyelocytic leukemia cell line HL-60, and incubated for 
24 h. The rate of viability was determined by MTT assay (29). Cell viability 
of the cancer cells in the absence of the compound was taken as 100%. Data 
are shown as the mean ± SEM of five independent experiments.
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Fig. 3A shows the front view of the three-dimensional 
structures, from which were calculated energy-minimized 
compounds. The molecular length ‘a’ and width ‘b’ of the 
three-dimensional structure of the compounds based on 
Fig. 3A are indicated in Table I. Compounds tested as aceto-
genins have a butenolide or γ-lactone moiety at the end. 
Compounds 1-7 also consist of one or two rings, such as THF 
and/or THP, in the center, but compound 8 has no other rings. 
Since compound 8 did not influence the activities of pols, 
topos and HL-60 cell growth, the moiety of THF and/or THP 
rings of compounds 1-7 may be important for the inhibition of 
mammalian pols, human topos and human cancer cell growth. 
The molecular length of compounds 1-7 was ~1.9-fold longer 
than that of compound 8 (i.e., 33.63-37.76 Å and 19.80 Å, 
respectively). Moreover, the molecular length (33-38 Å) 
of the compound is essential for these inhibitory activities. 
Compounds 5-7 contain a THP ring in the center of the struc-
ture, and the moiety has a slightly V-type shape. Compounds 
1-4 also have this V-type shape. The width of compounds 5-7 
is less than that of compounds 1, 3 and 4, but is larger than 
that of compound 2 (Table I). These results suggested that the 
width of the three-dimensional structure of compounds 5-7 
(i.e., 5.43-5.94 Å) is important for pols, topos and cancer cell 
growth inhibition.

Fig. 3B indicates that a comparison of the electrostatic 
potential surfaces of the acetogenins revealed a difference 
in their overall disposition and affinity. The electrostatic 
potential at each point on a constant electronic density surface 

(approximating the van der Waals surface for each arrange-
ment) is represented graphically, with red corresponding to 
regions where the electrostatic potential is most negative, and 
blue corresponding to the most positive regions. As shown 
in Fig.  3B, compounds 5-7 have four hydroxyl groups, and 
compound 5 has the same three-dimensional position of these 
groups as compound 6, supporting the enhancement of the 
negative and positive electrostatic potential on O and H atoms 

Figure 3. Computer graphics of acetogenins. (A) Stick models of compounds 1-8. Carbons, oxygens and hydrogens of the compounds are indicated in green, red 
and white, respectively. Stick models of acetogenins were built using the graphics program Insight II (Accelrys Inc.). (B) Electrostatic potentials on molecular 
surfaces of compounds 1-8. Blue areas are positively charged, red are negatively charged, and white are neutral. Electrostatic potentials on molecular surfaces 
of acetogenins were analyzed using WebLab ViewerLite software (version 3.2; Accelrys Inc.).

Table I. Molecular length and width of three-dimensional 
structure of compounds 1-8.

Compound	L ength (Å)	 Width (Å)

1	 33.63	 8.65
2	 37.76	 5.11
3	 36.96	 7.49
4	 37.13	 6.24
5	 37.03	 5.94
6	 34.40	 5.55
7	 34.80	 5.43
8	 19.80	 5.43

Energy-minimized three-dimensional compounds 1-8 were prepared 
using Insight II (Accelrys). The length and width of the molecular 
structure are indicated as ‘a’ and ‘b’, respectively in Fig. 3A.

 A  B
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of the -OH group, respectively. The other compounds are 
markedly different from compounds 5 and 6. These results 
suggested that the three-dimensional position of hydro-
phobicity, such as the hydroxyl group, was essential for the 
inhibitory activities of pols, topos and cancer cell growth.

6. Effects of compounds 5 on DNA metabolic enzymes

Since compound 5 had the strongest bioactivity of the aceto-
genins investigated, this review focuses on compound 5 in 
the latter part. As shown in Table II, this compound inhibited 
the activities of the mammalian pols tested with IC50 values of 
2.3-15.8 µM. The pol λ inhibitory effect of compound 5 was 

the strongest in mammalian pols. Furthermore, this compound 
inhibited animal pols from fish (cherry salmon) pol δ, and 
insect (fruit fly) pols α, δ and ε at almost the same concentra-
tion as the inhibition of mammalian pols. On the other hand, 
compound 5 did not significantly influence the activities of 
pols I (α-like pol) and II (β-like pol) from plants (cauliflower) 
and prokaryotes such as the Klenow fragment of E. coli pol I, 
Taq pol and T4 pol.

In the DNA metabolic enzymes tested, compound 5 also 
inhibited the activities of human topos I and II with IC50 values 
of 5.0 and 7.5 µM, respectively (Table II). This compound did 
not inhibit the activities of the other DNA metabolic enzymes 
tested, including calf primase of pol α, T7 RNA polymerase, 
T4 polynucleotide kinase and bovine deoxyribonuclease I.

To determine whether the inhibitor resulted in binding 
to DNA or the enzyme, the interaction of compound 5 with 
double-stranded DNA (dsDNA) was investigated based on the 
thermal transition of dsDNA with or without the compound. 
The melting temperature of dsDNA with an excess amount 
of compound 5 (100 µM) was measured using a spectro-
photometer equipped with a thermoelectric cell holder. In 
the concentration range used, no thermal transition of the 
melting temperature was observed. In contrast, when ethidium 
bromide, a typical intercalating compound, was used as a posi-
tive control a clear thermal transition was produced. These 
observations indicated that compound 5 did not intercalate to 
DNA as a template-primer; thus, the compound directly binds 
to the enzyme and inhibits its activity.

These results suggested that compound 5 is a potent and 
selective inhibitor of animal pols and human topos. Conse-
quently, the mechanism of the inhibitory effect of compound 
5 on human cancer cells was investigated.

7. Effects of compound 5 on cultured human cancer cells

The growth suppression specificity of human cancer cell 
species by compound 5 was investigated (Table III). This 
compound inhibited the growth of the cancer cell lines tested, 
and the range of IC50 values was 9.4-16.1 µM. The inhibi-
tory effect on non-adherent cell lines, such as BALL-1 and 
HL-60, was approximately 1.5-fold stronger than that on other 
adhering cell lines. The inhibitory effect of the 48-h culture 
was as strong as that of the 24-h incubation. The LD50 values 
of compound 5 for cancer cell growth were almost the same 
as the IC50 values for pols and topos. Therefore, this compound 
may penetrate cancer cells and reach the nucleus, inhibiting 
the activities of pols and topos. Moreover, the inhibition of 
enzyme activities by compound 5 may lead to cell growth 
suppression. Since compound 5 was the strongest cell growth 
inhibitor of HL-60 in the human cancer cell lines tested, this 
cell line was examined in the latter part of this review.

8. Effects of the influence on HL-60 cells by compound 5

The cell cycle distribution of compound 5-treated HL-60 cells 
was investigated. As shown in Fig. 4, the cell cycle fraction 
was recorded after 12 and 24 h of treatment with the LD50 
value of the compound (i.e., 9.4 µM). Consequently, among 
cells treated with compound 5 for 12 h, the population of cells 
in the G2/M phase increased (9.6-15.2%), the percentage of 

Table II. IC50 values of compound 5 on the activities of various 
DNA polymerases and other DNA metabolic enzymes.

Enzyme	IC 50 value
	 (µM)

Mammalian DNA polymerases
   Calf DNA polymerase α	 5.3±0.4
   Rat DNA polymerase β	 9.6±0.8
   Human DNA polymerase γ	 5.9±0.4
   Human DNA polymerase δ	 8.4±0.7
   Human DNA polymerase ε	 15.8±1.4
   Human DNA polymerase η	 10.2±0.9
   Human DNA polymerase ι	 13.0±1.2
   Human DNA polymerase κ	 11.1±1.0
   Human DNA polymerase λ	 2.3±0.2
   Calf terminal deoxynucleotidyl transferase	 6.3±0.5

Fish DNA polymerases
   Cherry salmon DNA polymerase δ	 8.8±0.7

Insect DNA polymerases
   Fruit fly DNA polymerase α	 6.5±0.5
   Fruit fly DNA polymerase δ	 8.9±0.8
   Fruit fly DNA polymerase ε	 14.0±1.3

Plant DNA polymerases
   Cauliflower DNA polymerase I (α-like)	 >200
   Cauliflower DNA polymerase II (β-like)	 >200

Prokaryotic DNA polymerases
   E. coli DNA polymerase I (Klenow fragment)	 >200
   Taq DNA polymerase	 >200
   T4 DNA polymerase	 >200

Other DNA metabolic enzymes
   Calf primase of DNA polymerase α	 >200
   T7 RNA polymerase	 >200
   Human DNA topoisomerase I	 5.0±1.5
   Human DNA topoisomerase II	 7.5±2.0
   T4 polynucleotide kinase	 >200
   Bovine deoxyribonuclease I	 >200

Compound 5 was incubated with each enzyme. Enzymatic activity in 
the absence of the compound was taken as 100%. Data are shown as 
the means ± SEM of four independent experiments.
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cells in the S phase decreased from 42.1 to 34.5%, and the G1 
phase was not affected. These results suggested that the actions 
of this compound blocked the G2/M phase in HL-60 cells. 
Following 24 h treatment of compound 5, the cell population 
in the G1 phase significantly increased from 48.3 to 75.6%, 
but the S phase decreased (42.1-13.1%). Dehydroaltenusin, 
a specific pol α inhibitor, inhibited the cell cycle in the G1 
phase, including the early S phase (30), while classical topo 
inhibitors, such as etoposide, arrested the cell cycle at the 
G2/M phase (31). Therefore, compound 5 is more effective 
in the inhibition of pols than topos in the 24-h cell incubation, 
although compound 5 inhibited the activities of mammalian 
pols and human topos, and the inhibitory effect on topos (IC50 
values 5.0-7.5 µM) was almost the same as that for pols (IC50 
values 2.3-15.8 µM) in vitro (Table II).

To examine whether the decrease in cell numbers caused 
by compound 5 was due to apoptosis, DNA fragmentation 
was analyzed by electrophoresis. DNA ladder formation was 
dose-dependently observed in HL-60 cells treated with the 
LD50 value of the compound (i.e., 9.4 µM), and ladders were 
apparent at 3 h (Fig. 5). These results suggested that apop-
totic effects were evident in the cells, and the effect of the 

compound must involve a combination of growth arrest and 
cell death.

9. Discussion

Most acetogenins exhibit potent and selective in vitro 
anti-tumor activities. For example, compound 1 (mucocin) 
reportedly shows significant inhibitory activities against 
A-549 (lung cancer) and PACA-2 (pancreatic cancer) solid 
tumor lines (32). As the main mode of action, blockage of the 
mitochondrial NADH-ubiquinone oxidoreductase in complex 
I, which is a membrane-bound and essential enzyme for ATP 
production, is discussed (32). Furthermore, these natural 
products were shown to inhibit a ubiquinone-linked NADH 
oxidase found in the plasma membrane of specific tumor 

Figure 4. Effect of compound 5 on the cell cycle. HL-60 cells were incubated 
without (control) or with 9.4 µM compound 5 for 0, 12 and 24 h. Cell cycle 
distribution was calculated as the percentage of cells in G1, S and G2/M 
phases. Experiments were performed three times.

Figure 5. Detection of intracellular DNA ladder formation in HL-60 cells 
treated with 9.4 µM compound 5. HL-60 cells treated with 9.4 µM compound 
5 for 0 h (lane 1), 3 h (lane 2), 6 h (lane 3), 9 h (lane 4) and 12 h (lane 5). 
Following cell lysis, total DNA was extracted and analyzed by 1.4% agarose 
gel electrophoresis. DNA bands were stained with ethidium bromide and 
visualized under UV light.

Table III. LD50 values of compound 5 on the growth of human cancer cell lines.

Species of human cells	T ype of cancer	LD 50 values (µM)

A549	L ung cancer	 15.2±1.3
BALL-1	 B cell acute lymphoblastoid leukemia	 9.9±0.9
HCT116	C olon carcinoma cancer	 14.8±1.2
HeLa	C ervix cancer	 16.1±1.4
HL-60	P romyelocytic leukemia	 9.4±0.8
NUGC-3	 Stomach cancer	 15.6±1.3

Human cancer cell lines were incubated with these compounds for 24 h. Cell viability was determined by MTT assay (29). The results 
were calculated as the percentage of values obtained with untreated cells, and data are shown as the means ± SEM of five independent 
experiments.
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cell lines, including some which show multidrug resistance 
(33). However, research on the inhibition of acetogenins 
against pol and topo activities is limited, probably due to the 
small quantities of natural products. Since the total synthesis 
of bioactive acetogenins, such as compound 5, is possible 
(17-25), these compounds should be provided and studied in 
pharmaceutical research throughout the world.

Compound 5 directly inhibited animal pol and human 
topo activities (Table II), but did not bind to DNA. These 
observations suggested some structural similarity between 
the enzymes at the compound 5 binding site, although the 
characteristics of pols and topos, including their modes of 
action, amino acid sequences and three-dimensional struc-
tures, are markedly different. We previously reported that 
several inhibitors, long-chain fatty acids (26,27) and triter-
penoids (34,35) of mammalian pol β also inhibited topo II 
activity. The two enzymes had a structural homology at the 
DNA-binding site (36-38). Moreover, the DNA-binding site 
of long-chain fatty acids on the pol was the same domain 
(i.e., N-terminal 8-kDa domain of pol β) as that of triter-
penoids (36,39); therefore, compound 5 was expected to have 
similar characteristics. Pols and topos have recently emerged 
as important cellular targets for chemical intervention in the 
development of anti-cancer agents. Therefore, information 
concerning the structural characteristics of these inhibitors 
may provide valuable insight for the design of new anti-
cancer agents.

In acetogenins, the molecular length and width, as well 
as the surface area of the neighboring negative and positive 
charges are regarded as important for mammalian pol inhibi-
tion, human topo inhibition and human cancer cell cytotoxicity. 
Continuing computer simulation analyses, however, will result 
in more effective pol and topo inhibitors than compound 5.

10. Conclusion

Chemically synthesized acetogenins inhibited the activities 
of mammalian pols, human topos and human cancer cell 
growth. In particular, compound 5 (pyranicin) showed the 
strongest inhibition of the tested acetogenins, and it was 
revealed that the inhibition of pol and topo activities by 
compound 5 influenced not only cell proliferation but also 
the cell cycle and apoptosis induction. Therefore, compound 
5 is the lead compound of potentially useful cancer chemo-
therapy agents.
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