
 Mini-Reviews in Medicinal Chemistry, 2009, 9, 273-292 273

 1389-5575/09 $55.00+.00 © 2009 Bentham Science Publishers Ltd.

Linear Naphtho- -Pyrones: A Naturally Occurring Scaffold of Biological 
Importance 

R.A. Barrow
*
 and M.W.B. McCulloch 

Department of Chemistry, College of Science, The Australian National University, Canberra, ACT 0200, Australia 

Abstract: The linear naphtho- -pyrone (LNGP) moiety is a naturally occurring scaffold with broad biological activity 

ranging through antimicrobial, antiviral, insecticidal and anti-estrogenic activity. This review, the first of its kind, surveys

the chemical literature in an effort directed toward assembling data that will facilitate the construction of activity profiles

associated with this emerging class of compounds. The structural and associated biological information has been pre-

sented in tabular format with all structures revealed throughout the document and referencing that will allow the reader to 

rapidly access the literature pertaining to a specific activity or structural class.  

INTRODUCTION 

 Naphthopyrones combining a naphthalene and an ,  or 
-pyrone, where the Greek letter refers to the position of the 

oxygen atom in the pyrone vis-à-vis the carbonyl group, exist 
in 18 isomeric forms collectively referred to as naphthopy-
rones (NPs) (Fig. 1). These structural units may be organised 
so as to create either an angular arrangement of the naphtha-
lene and pyrone moieties (Fig. 1a) or the alternative linear 
arrangement (Fig. 1b). Whereas angular naphthopyrones 
(ANPs) may exist in two angular isomeric forms as benzo[f]-
chromenones or -isochromenones and benzo[h]-chromeno-
nes or -isochromenones accounting for 12 of the isomers, 
linear naphthopyrones (LNPs), benzo[g]-chromenones or -
isochromenones, are further constrained and account for the 
remaining 6 isomers (Fig. 1). Of the 18 possible isomeric 
forms three can exist as naphtho- -pyrones (NGPs), of which 
two are angular naphtho- -pyrones (ANGPs), while one pos-
sesses the linear naphtho- -pyrone (LNGP) skeleton forming 
the basis of this review. Fig. (1) shows the various NP skele-
tons and their names employing the widely used chrome-
none/isochromenone system of nomenclature (shown in ital-
ics) in addition to their CA Index name (shown in plain font) 
beneath each structure. Where dashed bonds occur within a 
structure it indicates the possibility for the compound to exist 
as either an unsaturated or a dihydro form. In such cases only 
the name for the unsaturated member is provided for each 
structural class. 

 Surveying the literature recognises that many more ex-
amples of ANGPs are known than LNGPs and this can be 
linked to the fact that the majority of ANGPs are syntheti-
cally produced, and regiochemically these compounds are 
easier to prepare than their linear counterparts. However, the 
LNGPs represent a frequently encountered, naturally occur-
ring scaffold with a diverse range of biological activities.  
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While conducting research into biologically active LNGP 
based natural products we recognised a significant gap in the 
literature relating to this class of compound. The LNGP scaf-
fold has been structurally known for over 50 years with the 
first member of this class, rubrofusarin (1), being isolated in 
1937 and structurally identified in 1961 [1, 2]. History fur-
ther reveals that biological activity possessed by LNGPs was 
known well before the chemistry had evolved to a sophistica-
tion capable of allowing structural elucidation, with the red 
pigment from Ustilaginoidea virens (a rice fungus) being 
recognised as possessing antimicrobial activity as far back as 
1895 [3]. The compounds ultimately responsible for the ob-
served activity were later shown to be a series of dimeric 
LNGPs now recognised as ustilaginoidins (e.g. ustilaginoidin 
A 41) [4]. The rate at which novel LNGPs have been isolated 
or synthetically produced is steadily growing as is the litera-
ture associated with LNGP biological activity. We anticipate 
this review will draw attention to the LNGP class as a natu-
rally occurring scaffold of biological importance.  

BIOSYNTHETIC ORIGINS 

 Investigations into the biosynthesis of LNGPs have 
shown they are produced via the polyketide pathway. These 
studies have centred on four LNGPs, namely rubrofusarin 
(1), fonsecin (6), chaetochromin A (49), and YWA1 (145), 
utilising traditional acetate feeding experiments to unravel 
mechanistic detail. More recently YWA1 has also been the 
subject of a number of gene-based investigations [5-17]. 
From a knowledge of polyketide biosynthesis it follows that 
the prevalence for the formation of - and -pyrones in ei-
ther angular or linear form will predominate over -pyrones, 
and this is borne out by examination of the chemical litera-
ture. Given that several species of fungi that produce LNGPs 
also demonstrate the capacity to produce ANGPs, the ques-
tion remains open as to whether distinct biosynthetic ma-
chinery is in place to selectively produce angular versus lin-
ear NPs.  

 Examination of the heptaketide backbone indicates two 
possible folding patterns exist that would achieve the desired 
LNGP skeleton present in rubrofusarin. Staunton and col-
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leagues utilised the fungus, Fusarium culmorum in a number 
of feeding experiments employing labelled acetate to defini-
tively demonstrate that F. culmorum produced rubrofusarin 
(1) via Path B (Fig. 2) [5, 8, 18]. 

 In addition to the monomeric LNGPs a large number  
of naturally occurring dimeric linear naphtho- -pyrones 
(DLNGPs) are known. The most probable biogenesis of 
these metabolites is through phenolic oxidative coupling of 
polyketide-derived monomeric subunits and as such several 

different structural forms are possible. The majority of these 
molecules contain two LNGP subunits and are therefore true 
dimers. The minority of compounds contain a single LNGP 
subunit, but have a second structurally related group, such as 
an ANGP or a naphthoquinone and are considered here as 
pseudodimers of DLNGPs. The true dimers can exist as 
homo- or hetero- dimers, with symmetric or unsymmetric 
bridging. Symmetric bridged dimers share bridging atoms 
across equivalent positions on each LNGP moiety whereas 

Fig. (1a). The 12 angular isomeric forms of naphthopyrones (ANPs). 

Fig. (1b). The 6 linear isomeric forms of naphthopyrones (LNPs). 

Fig. (1). The 18 isomeric forms of naphthopyrones (NPs). 
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unsymmetric bridged dimers share different bridging posi-
tions. Provided one true LNGP subunit exists in a dimer we 
have employed the term DLNGP (Fig. 3). 

BIOLOGICAL ACTIVITY ASSOCIATED WITH 

NATURALLY OCCURRING LNGP 

 In addition to the antibiotic properties displayed by the 
rice fungus Ustilaginoidea virens another early glimpse into 

the biological properties exhibited by LNGP can be found in 
work reported by Sciarini and co-workers in 1943. They 
found that when rubrofusarin (1) was added to a growing 
culture of the fungus Fusarium lini imbued with isopropanol, 
the rate of transformation of isopropanol to acetone was di-
minished; conversely addition of some simple xanthones or 
nicotinic acid increased this rate [19]. Few reports of bio-
logical activities in this class occur after this until the 1970s; 

Fig. (2). Possible folding patterns of the heptaketide leading to rubrofusarin (1).
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Fig. (3). Dimeric linear naphtho- -pyrones (DLNGP) structural variations. 
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Table 1. Structures and Associated Biological Evaluations of LNGPs 
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Monomeric linear naphtho- -pyrones (LNGPs)

1 rubrofusarin A, N N   A A  1N, 19A,* [19-28] 

2      N    [27] 

3 nor-rubrofusarin N N   A   19A [20, 25, 29] 

4      N    [27] 

5 rubrofusarin B A A  A A N  2N, 15A [29-36] 

6 fonsecin        2A [28, 35]  

7 fonsecin B        2N [35] 

8 carbonarin A       A  [37] 

9 carbonarin C       A  [37] 

10 carbonarin F       A  [37] 

11 carbonarin G       A  [37] 

12 carbonarin H       A  [37] 

13-19     A     [32-34] 

20 cassiaside N N      3A, 16A [25, 38-41] 

21 N       3A, 16A, * [23, 38, 39, 41, 42]

22 cassiaside B A, N N       [25, 43] 

23        16A [41] 

24 cassiaside B2        4N [44] 

25  N        [23] 

26 nigerasperone A N    N    [45] 

27 quinquangulin A, N N   A    [22, 25, 27] 

28-29      N    [27] 

30  A, N N       [25, 43] 

31  A, N A, N       [25, 43] 

32 adenaflorin A     A    [46] 

33 adenaflorin B     A    [46] 
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(Table 1. Contd….) 
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34 comantherin        17A [47] 

35 neocomantherin        17A [47] 

36 neocomantherin sulfate        17A [47] 

37 YMC-256A1        20A [48] 

38-39         20A [48] 

Dimeric linear naphtho- -pyrones (DLNGPs) 

40 ustilaginoidin C     N    [29] 

41 ustilaginoidin A     A A   [29, 49, 50] 

42 ustilaginoidin B     A    [29] 

43 cephalochromin A, N N   A   * [29, 50-56] 

44-45         * [53] 

46 dihydroisoustilaginoidin A A, N N       [54] 

47 dihydroustilaginoidin A A, N N   A   * [29,  53-54] 

48         * [57] 

49 chaetochromin A     A A  6N, * 
[29,  49,  50, 53,

58-67] 

50      A   * [29, 53] 

51      N    [29] 

52      A    [29] 

53      A    [29] 

54      N    [29] 

55 chaetochromin B     A    [29] 

56 chaetochromin C     A    [29] 

57 chaetochromin D     A A   [29, 49, 63] 

58 ustilaginoidin D A    A    [29, 68] 

59 ustilaginoidin E     A    [29] 

60 ustilaginoidin G     A    [29] 

61 ustilaginoidin H     A    [29] 

62 ustilaginoidin I     A    [29] 
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(Table 1. Contd….) 
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63 ustilaginoidin J     A    [29] 

64 isochaetochromin B1   A      [69, 70] 

65 isochaetochromin B2   A      [69, 70] 

66 isochaetochromin D1   A      [69, 70] 

67 oxychaetochromin B   A      [69, 70] 

68-73    A      [69, 70] 

74 ustilaginoidin K A        [68] 

75 ustilaginoidin L A        [68] 

76 aurasperone A A A   A   5N, 15A [36, 71]  

77 aurasperone B     N    [29] 

78      A    [31] 

79 aurasperone D      A   [21] 

80 fonsecinone A A A   A   5A, 15A [36, 71] 

81         5A [71] 

82 fonsecinone A        5A [71] 

83  N N       [72] 

84 nigerone A    A N  * [29, 30, 73-76] 

85 isonigerone      N   [30] 

86      N N   [29, 30] 

87 6’-O-demethylnigerone A        [28] 

88 8’-O-demethylisonigerone A        [28] 

89 asperpyrone D     N    [77] 

90 nigerasperone C A    N   3A [45] 

91 10,10’-bifonsecin B N       * [28, 55]  

92-94         * [55] 

95         12A [78, 79] 

96-97         11A, 14A, * [80-82] 

98         11A [81] 
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(Table 1. Contd….) 
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99         11N [81] 

100         11A [81] 

101         11A, * [80-82] 

102         11A [81] 

103         11N, * [81-83] 

104         7 [84] 

105         18A [85] 

106         18A [85] 

107         18A, * [85, 86] 

108         8, 9N [87, 88] 

109-111         8 [87] 

112         9N [88] 

113-118         18A [89, 90] 

119         9A [88] 

120      A A  9A [88] 

121    A  A A  9A [88] 

122-123         10N [91] 

124         20A [48] 

125-134         13 [92] 

135-144         13 [92] 

Note: ‘A’ implies the compound possesses the activity. This does not necessarily mean an assay is reported. For example, some patents describe a compound for use as an antialler-

gen, without provision of data. 

KEY: A = active, N = inactive/non toxic 

however, since then LNGPs have been subjected to a range 
of biological evaluations and found to display a diversity of 
activities (Tables 1, 2 and 3). Many of the biological studies 
have been performed on naturally occurring LNGPs or syn-
thetic analogs and this is borne out through examination of 
the compounds contained in Table 1 where approximately 
60% are of natural origin.  

 Of approximately 330 LNGPs known at least 144 of 
them have been subjected to biological evaluations and these 

are documented in Table 1. The sequence of compound num-
bering throughout the text emanates from this table where 
compounds appear according to their broad structural classi-
fications as either “monomeric linear naphtho- -pyrones 
(LNGPs)” (structures 1-39) or “dimeric linear naphtho- -
pyrones (DLNGPs)” (structures 40-144). The table is rela-
tively broad across each column, for example, general cyto-
toxicity (column 6) includes both cytotoxicity and terato-
genicity; while anticancer activity (column 5) encompasses 
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activity against a variety of different cancer cell lines, and 
compounds with the capacity to reverse drug resistance in 
cancer cells. The most frequently encountered biological 
activities are shown in columns 1-7, where the results of the 
assays are summarised. There are many disparate biological 
assays/reports involving LNGPs that are also of interest and 
serve to highlight the remarkable activity possessed by this 
class. To demonstrate the wide array of biological evalua-
tions and the medicinal significance of the LNGP structural 
class, miscellaneous assay types are shown in Table 2 and 
cross referenced to Table 1. These assays are numbered and 
specific compounds that have been subjected to these assays 
are shown with the corresponding number in column 8 of 
Table 1. Where a compound is active in the assay, the assay 
number is followed by an A (e.g. 1A), where it has been 
tested and found to be inactive an N is used (e.g. 1N), where 
there is ambiguity only the number is given. The remaining 
miscellaneous biological evaluations are shown with an as-
terisk and the reader is directed to the reference for a com-
prehensive assessment of the testing conducted. We have 
attempted to exhaustively collate biological activity belong-
ing to the LNGP structural class, however, space considera-
tions have necessitated some sacrifice regarding commen-

tary. Where the following text lacks commentary concerning 
a particular compound the reader is directed to the appropri-
ate reference. 

CONSIDERATIONS OF LNGP DRUG VIABILITY

 While the LNGP structural motif has shown potent and 
promising biological activities in the laboratory, as far as we 
are aware its progression to the clinic has been limited. A 
small number of drug patents include some LNGP based 
compounds, yet it is not clear that any of these chemicals 
have obtained regulatory approval. Some LNGPs such as 
rubrofusarin (1) and associated glycosides (20-22), are found 
in the seeds of a number of Cassia sp. and these seeds are 
used as herbal remedies. For example, a patent claims natural 
rubrofusarin glycosides from Cassia sp. elevate glutathione 
levels in vivo [93]. 

 It has been suggested that LNGPs may possess unwanted 
DNA intercalating properties, which could limit their desir-
ability as therapeutic agents. Griffin and colleagues prepared 
the 2-morpholino substituted LNGP 95, as part of a study 
looking for DNA dependent protein kinase inhibitors. Initial 
screens of various 2-amino-chromone structural types, in-

Table 2. Other Biological Assays Involving LNGPs  

Assay Number Miscellaneous Assay Type

1 cAMP phosphodiesterase inhibition [26] 

2 Interleukin-4 transduction inhibition [35] 

3 Radical scavenging activity [38, 40] 

4 Inhibition of histamine release from mast cells [44] 

5 Taq DNA polymerase inhibition [71] 

6 Mutagenicity [67] 

7 Antisecretory activity [84] 

8 Anticonvulsive activity [87] 

9 Inhibition of DNA and RNA synthesis [88] 

10 Inhibition of induced human platelet aggregation [91] 

11 Cystic fibrosis transmembrane conductance regulator activation [81] 

12 DNA-dependent protein kinase inhibition [78, 79] 

13 Modulation of protein tyrosine phosphatase [92] 

14 Aromatase modulation [80] 

15 Xanthine oxidase inhibition [36] 

16 Antimutagenic [23, 24] 

17 Fish Anitfeedant [47] 

18 Antiallergenic [85, 90] 

19 Estrogenic/anti-estrogenic activities [20] 

20 Hypoxia inducible growth factor-1 (HIF-1) activity [48] 

* Other Miscellaneous Assays 
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cluding 95 and an angular variant, were found to possess 
strong activity (IC50 0.39 and 0.23 mol for the linear and 
angular variants respectively). However, due to the concerns 
about possible intercalation, no further LNGPs were pre-
pared [78]. While the modes of action and structural re-
quirements for biological activity in LNGPs have generally 
not been determined, the presence of the unsaturated pyrone 
moiety has been implicated in some cases. For example, the 
LNGP glycoside 21 is more active at protecting hepatocytes 
against galactosamine, than the equivalent linear naphtho- -
pyrone analogue 146 and this may be related to the capacity 
of this functional group to act as a Michael acceptor [94].  

1-2. ANTIMICROBIAL PROPERTIES 

 LNGPs have displayed activity against fungi, Gram-posi-
tive bacteria (including mycobacteria) and Gram-negative 
bacteria. The bacteria and fungi against which the LNGPs 
are active are summarised in Table 3. It is interesting to note 
that all of the LNGPs shown in Table 3 are natural products 
or semi-synthetic derivatives thereof; these include both 
monomeric and dimeric LNGPs, for example rubrofusarin 
(1) and cephalochromin (43). Curiously no evaluations of 
antimicrobial activity for synthetic LNGPs have been re-
ported, presumably due to the general neglect this class of 
compound has received from a synthetic perspective, despite 
reliable and well documented methods existing for their 
preparation. 

3. ANTIVIRAL ACTIVITY: ANTI-HIV ACTIVITY - 

INTEGRASE INHIBITION 

 The DLNGP natural products 64-67, which were all iso-
lated from the same fermentation broth and contain examples 
of diastereomers possessing different configurations about 

the biaryl axis, were found to be potent HIV integrase inhibi-
tors with activity in the low M range. The semi-synthetic 
acetate 68 and the methyl ether derivatives 69-73 all showed 
significantly lower activity which suggested free phenols are 
required for optimal activity in these compounds [69]. These 
inhibitors were initially reported in a patent which included 
dosage ranges but gave no cytotoxic evaluation or evidence 
of administration to animals [70]. A more recent patent de-
scribes a large number of phosphonate analogues of HIV 
integrase inhibitors and suggests DLNGPs could be deriva-
tised as phosphonates [95]. To our knowledge this avenue of 
research has not been further developed. 

 There are toxicity concerns associated with DLNGPs 
which would need to be overcome in order to develop a drug 
suitable for clinical use. These concerns are mentioned in 
section 6 (Cytotoxicity) as they pertain to other members of 
this class. 

4. PHYTOTOXICITY 

 Phytotoxicity has not been correlated with the potential 
medicinal value of a compound. However, we are aware that 
therapeutically used compounds may manifest as environ-
mental pollutants if they are phytotoxic and therefore con-
sider this an important bioactivity to be noted for this class  
[96, 97]. The eight LNGPs obtained by Macías and col-
leagues from Guanomyces polythrix (5, 13, 14, 15, 16, 17,
18, and 19) all demonstrated strong phytotoxicity against the 
plant species Amaranthus hypochondriacus and Echinochloa 
crusgalli. It was proposed the activity was derived by inter-
ference with a calcium binding protein, given the compounds 
were all demonstrated to modulate a calcium receptor [32-
34].
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5. ANTICANCER ACTIVITY & STRUCTURE ACTIV-

ITY RELATIONSHIPS 

 LNGPs have shown activity against a variety of cancer 
cell lines. Ogura and colleagues reported the first example of 
this, showing rubrofusarin (1) and quinquangulin (27) pos-

sessed moderate activity against P-388 cells but were inac-
tive against 9KB cells. No activity was observed for the di-
acetate and dimethyl ether derivatives of either of these 
LNGPs [27]. 

Table 3. LNGPs with Reported Antimicrobial Activities Against 
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 Chaetochromin A (49) was found to be active against 
HeLa cells at concentrations above 3.2 g/mL [67]. Subse-
quently a survey evaluating a large number of synthetic and 
natural LNGPs for activity against KB cancer cells was con-
ducted. The compounds tested encompassed: twenty 9-9’ 
DLNGPs vis. chaetochromin A-D (49, 55, 56, 57) and five 
synthetic chaetochromin derivatives (50-54), ustilaginoidin 
A-E (40-42, 58, 59) & G-J (60-63), cephalochromin (43), 
and dihydroustilaginoidin A (47); three other DLNGPs ni-
gerone (84), isonigerone (85), and aurasperone B (77); in 
addition to two monomeric LNGPs, nor-rubrofusarin (3) and 
rubrofusarin B (5).  

 The activity profile allowed preliminary structure activity 
relationships to be assembled. Strong activity was found 
only when the naphthopyrones were linked through the C9-
9’ positions forming symmetric bridged DLNGPs (Fig. 3)
with an unfunctionalised C2-methyl group and no substitu-

tion of the phenol groups. It was observed that increased 
phenolic substitution decreased activity, with the exception 
of a single acetate derivative 53 which was also strongly 
active. Given the facile nature of this acetate linkage under 
hydrolytic conditions it is reasonable to assume it is simply a 
prodrug of the parent compound. In these assays the 2,3-
dihydro compounds showed more potent activity than the 
unsaturated compounds, which suggests in this case that a 
Michael acceptor capacity is not required for biological ac-
tivity. The other DLNGPs and the monomeric rubrofusarin B 
(5) were inactive, whereas nor-rubrofusarin (3) displayed 
weak activity. Some of the active compounds, namely chae-
tochromin A-D, cephalochromin and ustilaginoidin A & G 
were further evaluated in vivo as antitumor agents in mice. 
While some of these compounds prolonged the life expec-
tancy of the mice at low doses, they were considered too 
toxic at higher doses for further evaluation. The inhibition of 

†
This compound , isochaetochromin B1 (64), is shown here with the same basic structure as chaetochromin B (55); however these are not identical compounds, they are diastereo-

meric and their absolute stereochemistries are unknown. 

O

OOHOH

HO

OHOH

HO O

O
O

O

OOR5OR4

MeO

O

OOR1OR2

R3O

70 R1=R2=R3=R5=Me, R4=H

71 R1=R2=H, R3=R4=R5=Me

72 R1=R2=R3=Me, R4=R5=H

73 R1=R2=R5=Me, R3=R4=H

67 (oxychaetochromin B)

O

OOHOH

HO

O

OOHOH

HO

(trans)

(cis)

O

OOHOH

HO

O

OOHOH

HO

O

OOROR

RO

O

OOROR

RO

(trans)

(cis)

9
9'

3'

3

66 (isochaetochromin D1)65 R=H (isochaetochromin B2)

68 R=Ac

69 R=Me

64† (isochaetochromin B1)

O

O

Me

OHOMe

MeO

O

OOHOMe

MeO

R

R2

R1

O

O

Me

OHOMe

MeO

R

Me

18 R=H

19 R=OMe

5  R=H (rubrofusarin B )

17  R=Me
13 R1=H,      R2=Me

14 R1=OMe,   R2=Me

15 R1=H,        R2=H

16 R1=OMe,   R2=H



284    Mini-Reviews in Medicinal Chemistry, 2009, Vol. 9, No. 3 Barrow and McCulloch

DNA, RNA and protein synthesis by ustilaginoidin A (41), 
chaetochromin A (49) and cephalochromin (43) was investi-
gated to probe the mode of action. These results mirrored the 
cytotoxicity and were interpreted to suggest an unknown 
mode of action was responsible for the activity [29]. 

 More recently the prenylated LNGPs, adenaflorins A (32)
and B (33), have been found to show strong to moderate ac-
tivity against MCF-7, H-460 and SF-268 human cancer cell 

lines [46]. Again, it was observed that the 2,3-dihydro com-
pound, 32, was more active than the unsaturated analogue. 

 Strong activity against SW1116 colon cancer cells is re-
portedly possessed by rubrofusarin B (5), with the DLNGPs 
aurasperone A (76) and fonsecinone A (80) showing moder-
ate/low activity [36]. LNGPs have also shown drug resis-
tance reversion properties with the semi-synthetic aurasper-
one derivative 78 and rubrofusarin B (5) showing the ability 
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to reverse the resistance of human KB cancer cells to the 
drugs vincristine and mitomycin C [31, 98]. 

6. GENERAL TOXICITY (MAMMALIAN) 

 Due to the useful breadth of biological activities dis-
played by the LNGP structural class and their potential for 
clinical development, several toxicity studies have been con-
ducted in animal models. Toxicological data that shed light 
on the LNGPs’ mode of action would also be of use in a 
broader context given the occurrence of these compounds in 
fungi known to infect grains and foodstuffs consumed by 
humans and other animals. Studies looking at LNGP toxicity 
include specific biological evaluations (herein outlined) in 
addition to more general studies looking for the presence of 
these mycotoxins in various sources.  

 The first study of LNGP toxicity was conducted by Gho-
sal and colleagues who investigated the effects of rubrofusa-
rin (1), aurasperone D (79) and a mixture of the total naph-
thopyrones from a strain of Aspergillus niger, on the central 
nervous systems of mice and rats. All three test samples were 
central nervous system depressants, though rubrofusarin was 
the weakest of these and did not lead to mortality at the 
higher doses reported. The LD50s of aurasperone D and the 
mixture of naphthopyrones were 44 and 47 mg/kg [21]. It is 
notable that the monomeric LNGP was significantly less 
toxic than the dimeric compound. 

 The toxicity of chaetochromin A (49) has been investi-
gated on a number of occasions. In the first report on the 

isolation and structural elucidation of 49 it was shown to be 
acutely toxic to mice at 10 mg/kg when administered intrape-
ritoneally. At the same time 49 was found to be inactive in 
the Salmonella microsome test [67]. Two major studies sub-
sequently investigated the nature of the biological activity. In 
the 1980s Ohtsubo and colleagues initiated a number of in-
vestigations into the toxicity of chaetochromin A, while in 
the 1990s Natori and colleagues, the original discoverers of 
chaetochromin A, along with associated researchers con-
ducted a series of toxicological and anticancer investigations 
into 49 and related compounds.  

 Early studies by Ohtsubo and colleagues showed chaeto-
chromin A was orally toxic to mice at around 400 mg/kg, 
and at various concentration levels it induced injuries in a 
number of organs including the liver, spleen, bone marrow 
and lymph nodes [64]. Similar results were found when mice 
were fed rice infected with the whole producing organism, 
Chaetomium gracile [65]. The same authors later noted that 
various organs were damaged in mice fed 49 at 30 mg/kg but 
the deleterious effect was not observed at a regime of 10 
mg/kg [59]. Additionally they recorded that when pregnant 
mice were fed a diet containing 49 at 30 mg/kg, an increase 
in fetal malformation and death was observed, indicating that 
the DLNGP is teratogenic [58, 59]. Subsequent studies on 
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the oral toxicity of chaetochromin A in mice, revealed more 
detailed information regarding the effects of various doses 
on organ damage, and gave an estimated LD50 of 152 mg/kg 
[66].  

 Natori and colleagues have also investigated DLNGP 
toxicity. Initially chaetochromin A (49), chaetochromin D 
(57) and ustilaginoidin A (41) were tested in vitro as inhibi-
tors of differentiation of embryonic mouse cells, and all three 
compounds were shown to be teratogenic [49]. To further 
understand the origin and mode of toxicity in chaetochromin 
A and related DLNGPs, their in vitro effect on the mito-
chondria of rat heart and liver cells was examined. Chaeto-
chromin A, ustilaginoidin A and cephalochromin (43) were 
found to disrupt ATP synthesis in mitochondria by interfer-
ing with oxidative phosphorylation [60]. Mitochondrial swel-
ling was also induced by chaetochromin A (49) but this was 
eliminated in the presence of magnesium ions [50]. Further 
studies examined the effect of pH and various alkali metal 
ions on mitochondrial swelling induced by chaetochromin A 
[99]. Later the activity of chaetochromin D (57) on mito-
chondrial swelling and ATP synthesis was examined, and 
perhaps unsurprisingly chaetochromin D was found to ex-
hibit similar activity to that observed for chaetochromin A 
[63]. 

 The interaction of chaetochromin A (49) with bovine 
serum albumin was studied spectrophotometrically to pro-
vide information regarding protein binding. The results sug-
gested that the anion of chaetochromin A bound with an an-
ion-binding site in the protein [61]. These experiments were 
elaborated upon when it was shown that chaetochromin A 
was fluorescent under hydrophobic conditions. Under normal 
aqueous conditions it was not fluorescent but fluorescence 
emerged in the presence of bovine serum albumin or with a 
cationic detergent. Thus it was concluded that chaetochromin 
A might bind with cationic residues in a hydrophobic protein 
pocket [62]. Further, magnesium ions altered the spectrum of 
anionic chaetochromin A, which suggested a chelated com-
plex was formed, providing a possible explanation for the 
earlier observed mitigation of mitochondrial swelling upon 
addition of magnesium ions [61]. Around the same time a 
different group of workers found cephalochromin (43) was a 
potent inhibitor of calmodulin-sensitive phosphodiesterase 
[52]. 

 There are a number of miscellaneous studies concerning 
LNGP toxicity. One of these mentions the toxicity of spe-
cific compounds yet does not give details about how their 
toxicity was evaluated. Gorst-Allman and colleagues noted 
that the LNGPs they obtained from A. niger 84, 85, 86, and 5
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“do not contribute to the toxigenicity of the fungal culture” 
yet did not substantiate this claim [30]. The other two mis-
cellaneous studies cannot be associated with specific com-
pounds; in the first, Ehrlich and co-workers injected mice 
with various doses of a crude mixture containing “more than 
18 components” including eight NGPs and found the mix-
ture was acutely toxic [10]. The other non-specific reference 
is from a paper on poisoning caused by some compounds in 
Ustilaginoidea virens which states “ustilaginoidins… were 
not the causative compounds as the phytotoxin or myco-
toxin” [100]. 

 Recently chaetochromin A (49), dihydro-isoustilaginoi-
din A (46), and cephalochromin (43) were found to be in-
hibitors of nitric oxide production in a macrophage-like cell 
line. The cephalochromin 5-methyl ether derivative, 44

showed a significant reduction in this activity, whereas the 
5,5’-dimethyl derivative 45 was devoid of activity entirely. 
This mirrored earlier observed structure activity relationships 
vide supra, where a naked 5-OH was correlated with anti-
cancer activity, whereas chaetochromin A 5,5-dimethyl ether 
(50) showed a substantial reduction in the activity. It was 

proposed that these results suggested the C-3-methyl group 
enhanced activity, however, no mechanism to explain this 
was proposed. Further experiments with the active com-
pounds showed inhibition of mRNA expression was respon-
sible for the activity, rather than inhibition of the nitric oxide 
synthase [53]. 

7. LNGP ENTOMOLOGICAL BIOTESTING  

 Interest in entomologically active compounds is driven 
by their application in the treatment of parasite infestations 
in both humans and animals. The LNGP containing carbon-
arins (8-12) all possessed varying degrees of insecticidal 
activity in a variety of assays. Three additional carbonarins 
that do not contain LNGP moieties were also reported all of 
which possessed some activity, indicating that the LNGP 
may not be vital for insecticidal activity but may enhance it 
[37]. 

 Rudman and Gay tested rubrofusarin (1) for antitermitic 
activity in 1963, finding no statistically significant deterrent 
activity or toxicity towards Cryptotermes brevis. Interest-
ingly, aurofusarin (147) which is not a LNGP but instead a 
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naphthoquinone and can be thought of as a C7-C7’ dimer of 
an oxidised rubrofusarin core, proved to be an effective de-
terrent in this assay [101].  

8. MISCELLANEOUS BIOASSAYS 

 The ability to provide commentary on the miscellaneous 
bioassays listed in Table 2 and cross referenced to column 8 
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of Table 1 is beyond the scope of this review which is de-
signed to introduce the reader to the breadth and potential of 
this class of compound. The structures of the bioactive com-
ponents within Table 1 are shown and the interested reader is 
directed to the associated references. For example, examina-
tion of the fish antifeedant assay within Table 2 (Assay 17), 
would reveal the LNGPs isolated from the marine organism 
Comantheria perplexa, comantherin (34) and neocoman-
therin (35) which showed strong antifeedant activity towards 
a variety of fish species. A similar level of activity is found 
with the semi-synthetic neocomantherin sulfate (36) [47]. 

SUMMARY

 We have attempted to give coverage to all LNGPs that 
have received biological testing to April 2008 with an em-
phasis on those compounds that possess activities of poten-
tial interest within a clinical environment. The review repre-
sents the first of its kind, focusing on the linear naphtho- -
pyrone structural motif and should serve to highlight the 
remarkable diversity of biological activities displayed and 
the therapeutic potential presented by this evolving group of 
compounds. While the notable studies and activities have 
been presented above to position the researcher within the 
field, the reader is directed toward Table 1 and the references 
therein for in depth detail.  

 We are acutely aware that little mention has been made 
regarding synthetic efforts directed toward the development 
of the LNGP skeleton. However, a manuscript reviewing 
synthetic approaches toward this emerging class of com-
pound, complementing the material presented here, is in 
preparation and will appear in a separate publication. 

REFERENCES 

[1] Ashley, J. N.; Hobbs, B. C.; Raistrick, H. The biochemistry of 

microorganisms. LIII. The crystalline coloring matters of Fusarium 
culmorum (w. G. Smith) sacc. and related forms. Biochem. J., 

1937, 31, 385-97. 
[2] Stout, G. H.; Dreyer, D. L.; Jensen, L. H. Structure of rubrofusarin.

Chem. Ind. (London, U. K.), 1961, 289-90. 
[3] Takahashi, Y. On Ustilago virens Cooke and a new species of 

Tilletia parasitic on rice-plants. Bot. Mag. Tokyo, 1895, 10, 16-20. 
[4] Shibata, S.; Ogihara, Y.; Ohta, A. Metabolic products of fungi. 

XXII. On ustilaginoidins.  2. The structure of ustilaginoidin A.
Chem. Pharm. Bull., 1963, 11, 1179-82. 

[5] Leeper, F. J.; Staunton, J. The biosynthesis of rubrofusarin, a 
polyketide naphthopyrone from Fusarium culmorum: Carbon-13 

nmr assignments and incorporation of carbon-13 and deuterium-
labeled acetates. J. Chem. Soc., Perkin Trans. 1, 1984, 2919-25. 

[6] Fujii, I.; Watanabe, A.; Sankawa, U.; Ebizuka, Y. Identification of 
Claisen cyclase domain in fungal polyketide synthase WA, a naph-

thopyrone synthase of Aspergillus nidulans. Chem. Biol., 2001, 8,
189-97. 

[7] Mock, B. H.; Robbers, J. E. Biosynthesis of rubrofusarin by 
Fusarium graminearum. J. Pharm. Sci., 1969, 58, 1560-2. 

[8] Leeper, F. J.; Staunton, J. Rubrofusarin biosynthesis in Fusarium 
culmorum: Incorporation of 13CH3

13CO2H and CD3
13CO2H into the 

polyketide naphthalene nucleus. J. Chem. Soc., Chem. Commun., 
1982, 911-12. 

[9] Abell, C.; Bush, B. D.; Staunton, J. Biomimetic syntheses of the 
polyketide fungal metabolites alternariol and rubrofusarin: Models 

for cyclization reactions catalyzed by polyketide synthase enzymes.
J. Chem. Soc., Chem. Commun., 1986, 15-17. 

[10] Ehrlich, K. C.; DeLucca, A. J., II; Ciegler, A. Naphtho- -pyrone 
production by Aspergillus niger isolated from stored cottonseed.

Appl. Environ. Microbiol., 1984, 48, 1-4. 

[11] Bloomer, J. L.; Caggiano, T. J.; Smith, C. A. Microbial metabo-

lites. Part XII. Demonstration of an alternative chain folding in the 
pyranonaphthalene fonsecin. Tetrahedron Lett., 1982, 23, 5103-6. 

[12] Bloomer, J. L.; Smith, C. A.; Caggiano, T. J. Microbial metabo-
lites. 13. Demonstration of an alternative chain folding in the pyra-

nonaphthalene fonsecin. Use of long-range heteronuclear couplings 
in the naphthalene ring for structural assignment. J. Org. Chem., 

1984, 49, 5027-35. 
[13] Koyama, K.; Natori, S. Biosynthesis of chaetochromin a, a 

bis(naphtho-gamma-pyrone), in Chaetomium spp. Chem. Pharm. 
Bull., 1989, 37, 2022-5. 

[14] Priestap, H. A. Carbon-13 nmr spectroscopy of naphtho- -pyrones.
Magn. Reson. Chem., 1986, 24, 875-8. 

[15] Thomas, R. A biosynthetic classification of fungal and streptomy-
cete fused-ring aromatic polyketides. ChemBioChem, 2001, 2, 612-

27. 
[16] Watanabe, A.; Fujii, I.; Ebizuka, Y.; Sankawa, U. Functional 

analysis of fungal polyketide synthase gene. Tennen Yuki Ka-
gobutsu Toronkai Koen Yoshishu, 1998, 40, 25-30. 

[17] Watanabe, A.; Fujii, I.; Sankawa, U.; Mayorga, M. E.; Timberlake, 
W. E.; Ebizuka, Y. Re-identification of Aspergillus nidulans WA 

gene to code for a polyketide synthase of naphthopyrone. Tetrahe-
dron Lett., 1999, 40, 91-94. 

[18] Abell, C.; Garson, M. J.; Leeper, F. J.; Staunton, J. Biosynthesis of 
the fungal metabolites alternariol, mellein, rubrofusarin, and 6-

methylsalicylic acid from acetic acid-2,2,2-d3. J. Chem. Soc., 
Chem. Commun., 1982, 1011-13. 

[19] Sciarini, L. J.; Mull, R. P.; Wirth, J. C.; Nord, F. F. Relation be-
tween structure and action of xanthones on dehydrogenations by 

Fusaria. Proc. Natl. Acad. Sci. U. S. A., 1943, 29, 121-6. 
[20] El-Halawany, A. M.; Chung, M. H.; Nakamura, N.; Ma, C.-M.; 

Nishihara, T.; Hattori, M. Estrogenic and anti-estrogenic activities 
of Cassia tora phenolic constituents. Chem. Pharm. Bull., 2007, 55,

1476-82. 
[21] Ghosal, S.; Biswas, K.; Chakrabarti, D. K. Toxic naphtho- -

pyrones from Aspergillus niger. J. Agric. Food Chem., 1979, 27,
1347-51. 

[22] Graham, J. G.; Zhang, H.; Pendland Susan, L.; Santarsiero Bernard, 
D.; Mesecar Andrew, D.; Cabieses, F.; Farnsworth Norman, R. An-

timycobacterial naphthopyrones from Senna obliqua. J. Nat. Prod., 
2004, 67, 225-7. 

[23] Hatano, T.; Uebayashi, H.; Ito, H.; Shiota, S.; Tsuchiya, T.; Yo-
shida, T. Phenolic constituents of Cassia seeds and antibacterial ef-

fect of some naphthalenes and anthraquinones on methicillin-
resistant Staphylococcus aureus. Chem. Pharm. Bull., 1999, 47,

1121-27. 
[24] Kitanaka, S.; Takido, M. Studies on the constituents in the roots of 

Cassia obtusifolia l. and the antimicrobial activities of constituents 
of the roots and the seeds. Yakugaku Zasshi, 1986, 106, 302-6. 

[25] Li, X.-C.; Dunbar, D. C.; ElSohly, H. N.; Jacob, M. R.; Nimrod, A. 
C.; Walker, L. A.; Clark, A. M. A new naphthopyrone derivative 

from Cassia quinquangulata and structural revision of quinquan-
gulin and its glycosides. J. Nat. Prod., 2001, 64, 1153-56. 

[26] Nikaido, T.; Ohmoto, T.; Sankawa, U.; Kitanaka, S.; Takido, M. 
Inhibitors of camp phosphodiesterase in medicinal plants. VIII. In-

hibitors of adenosine 3',5'-cyclic monophosphate phosphodiesterase 
in Cassia seed. Chem. Pharm. Bull., 1984, 32, 3075-8. 

[27] Ogura, M.; Cordell, G. A.; Farnsworth, N. R. Quinquangulin, a 
new naphthopyrone from Cassia quinquangulata (leguminosae).

Lloydia, 1977, 40, 347-51. 
[28] Zhang, Y.; Ling, S.; Fang, Y.; Zhu, T.; Gu, Q.; Zhu, W.-M. Isola-

tion, structure elucidation, and antimycobacterial properties of di-
meric naphtho-gamma-pyrones from the marine-derived fungus 

Aspergillus carbonarius. Chem. Biodivers., 2008, 5, 93-100. 
[29] Koyama, K.; Natori, S. Further characterization of seven 

bis(naphtho- -pyrone) congeners of ustilaginoidins, pigments of 
Claviceps virens (Ustilaginoidea virens). Chem. Pharm. Bull., 

1988, 36, 146-52. 
[30] Gorst-Allman, C. P.; Steyn, P. S.; Rabie, C. J. Structural elucida-

tion of the nigerones, four new naphthopyrones from cultures of 
Aspergillus niger. J. Chem. Soc., Perkin Trans. 1, 1980, 2474-9. 

[31] Ikeda, S.; Sugita, M.; Yoshimura, A.; Sumizawa, T.; Douzono, H.; 
Nagata, Y.; Akiyama, S. Aspergillus species strain M39 produces 

two naphtho- -pyrones that reverse drug resistance in human KB 
cells. Int. J. Cancer, 1990, 45, 508-13. 



Linear Naphtho- -Pyrones Mini-Reviews in Medicinal Chemistry, 2009, Vol. 9, No. 3    291

[32] Macias, M.; Gamboa, A.; Ulloa, M.; Toscano, R. A.; Mata, R. 

Phytotoxic naphthopyranone derivatives from the coprophilous 
fungus Guanomyces polythrix. Phytochemistry, 2001, 58, 751-58. 

[33] Macias, M.; Ulloa, M.; Gamboa, A.; Mata, R. Phytotoxic com-
pounds from the new coprophilous fungus Guanomyces polythrix.

J. Nat. Prod., 2000, 63, 757-61. 
[34] Mata, R.; Gamboa, A.; Macias, M.; Santillan, S.; Ulloa, M.; Gon-

zalez, M. D. C. Effect of selected phytotoxins from Guanomyces 
polythrix on the calmodulin-dependent activity of the enzymes 

cAMP phosphodiesterase and NAD-kinase. J. Agric. Food Chem., 
2003, 51, 4559-62. 

[35] Sakurai, M.; Kohno, J.; Yamamoto, K.; Okuda, T.; Nishio, M.; 
Kawano, K.; Ohnuki, T. TMC-256A1 and C1, new inhibitors of IL-

4 signal transduction produced by Aspergillus niger var niger TC 
1629. J. Antibiot., 2002, 55, 685-92. 

[36] Song, Y. C.; Li, H.; Ye, Y. H.; Shan, C. Y.; Yang, Y. M.; Tan, R. 
X. Endophytic naphthopyrone metabolites are co-inhibitors of xan-

thine oxidase, SW1116 cell and some microbial growths. FEMS 
Microbiol. Lett., 2004, 241, 67-72. 

[37] Alfatafta, A. A.; Dowd, P. F.; Gloer, J. B.; Wicklow, D. T. Carbon-
arin insecticidal fungal metabolites. US patent 5672621, 30 Sep., 

1997. 
[38] Choi, J. S.; Lee, H. J.; Kang, S. S. Alaternin, cassiaside and rubro-

fusarin gentiobioside, radical scavenging principles from the seeds 
of Cassia tora on 1,1-diphenyl-2-picrylhydrazyl(dpph) radical.

Arch. Pharmacol. Res., 1994, 17, 462-6. 
[39] Choi, J. S.; Lee, H. J.; Park, K. Y.; Ha, J. O.; Kang, S. S. In vitro

antimutagenic effects of anthraquinone aglycons and naphthopy-
rone glycosides from Cassia tora. Planta Med., 1997, 63, 11-14. 

[40] Park, T. H.; Kim, D. H.; Kim, C. H.; Jung, H. A.; Choi, J. S.; Lee, 
J. W.; Chung, H. Y. Peroxynitrite scavenging mode of alaternin 

isolated from cassia tora. J. Pharm. Pharmacol., 2004, 56, 1315-
21. 

[41] Wong, S. M.; Wong, M. M.; Seligmann, O.; Wagner, H. Drugs for 
liver therapy. Part 17. New antihepatotoxic naphtho-pyrone gly-

cosides from the seeds of Cassia tora. Planta Med., 1989, 55, 276-
80. 

[42] Uchiumi, F.; Hatano, T.; Ito, H.; Yoshida, T.; Tanuma, S.-I. Tran-
scriptional suppression of the HIV promoter by natural compounds.

Antiviral Res., 2003, 58, 89-98. 
[43] Messana, I.; Ferrari, F.; Cavalcanti, M. S. B.; Morace, G. An an-

thraquinone and three naphthopyrone derivatives from Cassia pu-
dibunda. Phytochemistry, 1991, 30, 708-10. 

[44] Kitanaka, S.; Nakayama, T.; Shibano, T.; Ohkoshi, E.; Takido, M. 
Antiallergic agent from natural sources. Structures and inhibitory 

effect of histamine release of naphthopyrone glycosides from seeds 
of Cassia obtusifolia l. Chem. Pharm. Bull., 1998, 46, 1650-52. 

[45] Zhang, Y.; Li, X.-M.; Wang, B.-G. Nigerasperones A-C, new 
monomeric and dimeric naphtho- -pyrones from a marine alga-

derived endophytic fungus Aspergillus niger EN-13. J. Antibiot., 
2007, 60, 204-10. 

[46] Hussein, A. A.; Barberena, I.; Capson, T. L.; Kursar, T. A.; Coley, 
P. D.; Solis, P. N.; Gupta, M. P. New cytotoxic naphthopyrane de-

rivatives from Adenaria floribunda.  J. Nat. Prod., 2004, 67, 451-
53. 

[47] Rideout, J. A.; Smith, N. B.; Sutherland, M. D. Chemical defense 
of crinoids by polyketide sulfates. Experientia, 1979, 35, 1273-4. 

[48] Dai, J.; Liu, Y.; Jia, H.; Zhou, Y.-D.; Nagle, D. G. Benzochrome-
nones from the marine crinoid Comantheria rotula inhibit hypoxia-

inducible factor-1 (HIF-1) in cell-based reporter assays and differ-
entially suppress the growth of certain tumor cell lines. J. Nat. 

Prod., 2007, 70, 1462-66. 
[49] Tsuchiya, T.; Sekita, S.; Koyama, K.; Natori, S.; Takahashi, A. 

Effect of chaetochromin A, chaetochromin D and ustilaginoidin A, 
bis(naphtho- -pyrone) derivatives, on the mouse embryo limb bud 

and midbrain cells in culture. Congenital Anom., 1987, 27, 245-50. 
[50] Kawai, K.; Mori, S.; Hisada, K.; Nozawa, Y.; Koyama, K.; Natori, 

S. The induction of mitochondrial swelling by chaetochromin A, a 
bis(naphtho- -pyrone) mycotoxin from Chaetomium gracile. Myco-

toxins, 1991, 33, 25-9. 
[51] Carey, S. T.; Nair, M. S. R. Metabolites of pyrenomycetes. V. 

Identification of an antibiotic from two species of Nectria, as 
cephalochromin. Lloydia, 1975, 38, 448-9. 

[52] Hegde, V. R.; Miller, J. R.; Patel, M. G.; King, A. H.; Puar, M. S.; 
Horan, A.; Hart, R.; Yarborough, R.; Gullo, V. SCH 45752-an in-

hibitor of calmodulin-sensitive cyclic nucleotide phosphodiesterase 

activity. J. Antibiot., 1993, 46, 207-13. 
[53] Ishii, R.; Horie, M.; Koyama, K.; Ishikawa, Y.; Kitanaka, S. Inhibi-

tory effects of fungal bis(naptho- -pyrone) derivatives on nitric ox-
ide production by a murine macrophage-like cell line, RAW 264.7, 

activated by lipopolysaccharide and interfon- . Biol. Pharm. Bull., 
2005, 28, 789-90. 

[54] Matsumoto, M.; Minato, H.; Kondo, E.; Mitsugi, T.; Katagiri, K. 
Cephalochromin, dihydroisoustilaginoidin A, and isoustilaginoidin 

A from Verticillium species K-113. J. Antibiot., 1975, 28, 602-4. 
[55] Parker, J. C.; McPherson, R. K.; Andrews, K. M.; Levy, C. B.; 

Dubins, J. S.; Chin, J. E.; Perry, P. V.; Hulin, B.; Perry, D. A.; Ina-
gaki, T.; Dekker, K. A.; Tachikawa, K.; Sugie, Y.; Treadway, J. L. 

Effects of skyrin, a receptor-selective glucagon antagonist, in rat 
and human hepatocytes. Diabetes, 2000, 49, 2079-86. 

[56] Zheng, C. J.; Sohn, M.-J.; Lee, S.; Hong, Y.-S.; Kwak, J.-H.; Kim, 
W.-G. Cephalochromin, a Fabi-directed antibacterial of microbial 

origin. Biochem. Biophys. Res. Commun., 2007, 362, 1107-12. 
[57] Hidaka H.; Yano M.; Murayama F.; Iwadare S.; Shizuri Y.; Takeda 

H.; Iwatsuki I.; Kuruso E.; Matsumoto I. Physiologically active 
substance SC 2051 and its preparation. Jpn. Kokai Tokkyo Koho,

1980,  6 pp. JP 55054897, 19781020. 
[58] Ito, Y.; Ohtsubo, K. Exencephaly in mice induced by feeding chae-

tochromin-containing diet. Mycotoxins, 1982, 16, 22-3. 
[59] Ito, Y.; Ohtsubo, K. Teratogenicity of oral chaetochromin, a poly-

phenolic mycotoxin produced by Chaetomium spp., to mice em-
bryo. Bull. Environ. Contam. Toxicol., 1987, 39, 299-303. 

[60] Kawai, K.; Hisada, K.; Mori, S.; Nozawa, Y.; Koyama, K.; Natori, 
S. The impairing effect of chaetochromin A and related mycotoxins 

on mitochondrial respiration. Mycotoxins, 1991, 33, 31-5. 
[61] Kawamura, H.; Kitagawa, A.; Kawai, K.; Mori, S.; Nozawa, Y. 

Spectroscopic studies of the interaction of chaetochromin A with 
serum albumin. Mycotoxins, 1993, 38, 19-24. 

[62] Kawamura, H.; Kitagawa, A.; Kawai, K.; Mori, S.; Nozawa, Y. 
Spectrofluorometric studies of the interaction of chaetochromin A 

with serum albumin. Mycotoxins, 1994, 39, 13-18. 
[63] Mori, S.; Kawai, K.; Nozawa, Y.; Koyama, K.; Natori, S. The im-

pairing effects of chaetochromin D on mitochondrial respiration 
and structure. Mycotoxin Res., 1993, 9, 85-93. 

[64] Ohtsubo, K. Oral toxicity of chaetochromin, a new mycotoxin 
produced by Chaetomium virescens, to mice. Mycotoxins, 1980, 12,

28-9. 
[65] Ohtsubo, K. Hematopoietic injury and liver necrosis in the mice fed 

chaetochromin-containing moldy rice diet. Mycotoxins, 1982, 15,
25-27. 

[66] Ohtsubo, K. Myocardial and hepatic necrosis and bone marrow 
suppression in mice induced by single administration of chaeto-

chromin, a polyphenolic mycotoxin produced by Chaetomium spp.
J. Toxicol. Pathol., 1989, 2, 163-74. 

[67] Sekita, S.; Yoshihira, K.; Natori, S. Chaetochromin, a 
bis(naphthodihydropyran-4-one) mycotoxin from Chaetomium 

thielavioideum: Application of 13C-1H long-rang coupling to the 
structure elucidation. Chem. Pharm. Bull., 1980, 28, 2428-35. 

[68] McCulloch, M. W. B.; Thompson, C. D.; Dearnaley, J. D.; Barrow, 
R. A. The ustilaginoidins and chaetochromins : A rationalization of 

the literature and the identification of new members of the ustilagi-
noidin family, ustilaginoidins K and L isolated from a cultured en-

tomogenous fungus, Metarhizium anisopliae. unpublished results.
[69] Singh, S. B.; Zink, D. L.; Bills, G., F.; Teran, A.; Silverman, K. C.; 

Lingham, R. B.; Felock, P.; Hazuda, D. J. Four novel bis-(naphtho-
gamma-pyrones) isolated from Fusarium species as inhibitors of 

HIV-1 integrase. Bioorg. Med. Chem. Lett., 2003, 13, 713-7. 
[70] Bills, G. F.; Lingham, R. B.; Shafiee, A.; Silverman, K. C.; Singh, 

S. B.; Zink, D. L.; Pelaez, F.; Teran, A. M. Chaetochromin HIV in-
tegrase inhibitors, isolation and preparation thereof, pharmaceutical 

compositions containing them, and their therapeutic use. WO pat-
ent 9834932, 3 Feb., 1998. 

[71] Akiyama, K.; Teraguchi, S.; Hamasaki, Y.; Mori, M.; Tatsumi, K.; 
Ohnishi, K.; Hayashi, H. New dimeric naphthopyrones from As-

pergillus niger. J. Nat. Prod., 2003, 66, 136-39. 
[72] Bouras, N.; Mathieu, F.; Coppel, Y.; Lebrihi, A. Aurasperone F – a 

new member of the naphtho-gamma-pyrone class isolated from a 
cultured microfungus, Aspergillus niger C-433 Nat. Prod. Res., 

2005, 19, 653-59. 



292    Mini-Reviews in Medicinal Chemistry, 2009, Vol. 9, No. 3 Barrow and McCulloch

[73] Auffray, Y.; Boutibonnes, P. Evaluation of the genotoxic activity 

of some mycotoxins using Escherichia coli in the SOS spot test.
Mutat. Res. , 1986, 171, 79-82. 

[74] Boutibonnes, P.; Auffray, Y.; Malherbe, C.; Kogbo, W.; Marais, C. 
Antibacterial and genotoxic properties of 33 mycotoxins. Mycopa-

thologia, 1984, 87, 43-9. 
[75] Boutibonnes, P.; Malherbe, C.; Auffray, Y.; Kogbo, W.; Marais, C. 

Mycotoxin sensitivity of Bacillus thuringiensis. IRCS Medical Sci-
ence: Library Compendium, 1983, 11, 430-1. 

[76] Boutibonnes, P.; Malherbe, C.; Kogbo, W.; Marais, C. Antibacte-
rial properties of 49 mycotoxins against Bacillus thuringiensis. Mi-

crobiol. Ailments, Nutr., 1983, 1, 259-64. 
[77] Zhan, J.; Gunaherath, G. M. K. B.; Wijeratne, E. M. K.; Gunati-

laka, A. A. L. Asperpyrone D and other metabolites of the plant-
associated fungal strain Aspergillus tubingensis. Phytochemistry, 

2007, 68, 368-72. 
[78] Griffin, R. J.; Fontana, G.; Golding, B. T.; Guiard, S.; Hardcastle, I. 

R.; Leahy, J. J. J.; Martin, N.; Richardson, C.; Rigoreau, L.; Stock-
ley, M.; Smith, G. C. M. Selective benzopyranone and 

pyrimido[2,1-a]isoquinolin-4-one inhibitors of DNA-dependent 
protein kinase: Synthesis, structure-activity studies, and radiosensi-

tization of a human tumor cell line in vitro. J. Med. Chem., 2005,
48, 569-85. 

[79] Griffin, R. J.; Golding, B. T.; Newell, D. R.; Calvert, H. A.; Curtin, 
N. J.; Hardcastle, I. R.; Martin, N. M. B.; Smith, G. C. M.; Rigo-

reau, L. J. M.; Cockcroft, X.-L. F.; Loh, V. M.-L., Jr.; Workman, 
P.; Raynaud, F. I.; Nutley, B. P. Preparation of aminopyranone and 

aminopyrimidinones as selective inhibitors of DNA-dependent pro-
tein kinase. WO patent 2003024949, 27 March, 2003. 

[80] Sanderson, J. T.; Hordijk, J.; Denison, M. S.; Springsteel, M. F.; 
Nantz, M. H.; van den Berg, M. Induction and inhibition of aro-

matase (CYP19) activity by natural and synthetic flavonoid com-
pounds in H295R human adrenocortical carcinoma cells. Toxicol. 

Sci., 2004, 82, 70-79. 
[81] Springsteel, M. F.; Galietta, L. J. V.; Ma, T.; By, K.; Berger, G. O.; 

Yang, H.; Dicus, C. W.; Choung, W.; Quan, C.; Shelat, A. A.; Guy, 
R. K.; Verkman, A. S.; Kurth, M. J.; Nantz, M. H. Benzoflavone 

activators of the cystic fibrosis transmembrane conductance regula-
tor: Towards a pharmacophore model for the nucleotide-binding 

domain. Bioorg. Med. Chem., 2003, 11, 4113-20. 
[82] Zhao, B.; Nagy, S.; Rogers, J.; Nantz, M.; Kurth, M.; Springsteel, 

M.; Denison, M. Identification and analysis of novel flavonoid 
agonists and antagonists for the Ah and estrogen receptor. Organo-

halogen Comp., 2004, 66, 2960. 
[83] Zhao, B.; Nagy, S. R.; Baston, D. S.; Han, D.; Nantz, M.; Kurth, 

M.; Springsteel, M.; Denison, M. S. Screening and analysis of 
novel naphthoflavone ligands for the Ah receptor. Organohalogen 

Comp., 2003, 65, 102-05. 
[84] Cohen, M. P.; Von Strandtmann, M.; Shavel, J., Jr. 2-methyl-3-

methylsulfonyl chromones. US patent 3850966, 26 Nov., 1974. 
[85] Von Strandtmann, M.; Cohen, M. P.; Klutchko, S.; Shavel, J., Jr. 

Flavanoid ring systems. US patent 3843730, 1974. 
[86] Saxena, U.; Trivedi, B. K. Flavones and coumarins as agents for 

the treatment of atherosclerosis. WO patent 9631206, 10 Oct., 
1996. 

[87] Roma, G.; Vigevani, E.; Mazzei, M.; Ermili, A.; Ambrosini, A.; 

Passerini, N. Chemical and pharmacological research on pyran de-
rivatives. XI. Synthesis of 2-dialkylamino-4-oxo-10-methyl-4H-

naphtho[2,3-b]pyrans. Il Farmaco, edizione scientifica, 1978, 33,
822-37. 

[88] Roma, G.; Di Braccio, M.; Grossi, G.; Marzano, C.; Simonato, M.; 
Bordin, F. Pyran derivatives. XX. 2-aminochromone benzo-fused 

derivatives with antiproliferative properties. Farmaco, 1998, 53,
494-503. 

[89] Brown, R. C.; Hazard, R.; Mann, J. Substituted chromone com-
pounds. German patent 2553688, 19751128., 1976. 

[90] Brown, R. C.; Hazard, R.; Mann, J. Tricyclic monochromone-2-
carboxylic acids. US patent 4238606, 9 Dec., 1980. 

[91] Roma, G.; Di Braccio, M.; Carrieri, A.; Grossi, G.; Leoncini, G.; 
Grazia Signorello, M.; Carotti, A. Coumarin, chromone, and 4(3H)-

pyrimidinone novel bicyclic and tricyclic derivatives as antiplatelet 
agents: Synthesis, biological evaluation, and comparative molecu-

lar field analysis. Bioorg. Med. Chem., 2003, 11, 123-38. 
[92] Tang, P. C.; McMahon, G. Naphthopyrones for inhibiting phospha-

tase activity and treatment of disorders associated with dysfunc-
tional signal transduction. WO patent 9640109, 1996. 

[93] Asami, S. Rubrofusarin glycoside-containing composition. WO 
patent 2003101466, 30 May, 2003. 

[94] Lee, H. J.; Park, J. C.; Choi, J. S. The 13C-nmr assignment of nor-
rubrofusarin having strong radical scavenging effect on 1,1-

diphenyl-2-picrylhydrazyl radical. Nat. Prod. Sci., 1998, 4, 95-99. 
[95] Cai, Z. R.; Chen, X.; Fardis, M.; Jabri, S. Y.; Jin, H.; Kim, C. U.; 

Metobo, S. E.; Mish, M. R.; Pastor, R. M. Preparation of pyrrolo-
quinoline and other phosphonate analogs of HIV-integrase inhibi-

tors as anti-AIDS agents. WO patent 2005117904, 15 Dec., 2005. 
[96] Brain, R. A.; Johnson, D. J.; Richards, S. M.; Hanson, M. L.; Sand-

erson, H.; Lam, M. W.; Young, C.; Mabury, S. A.; Sibley, P. K.; 
Solomon, K. R. Microcosm evaluation of the effects of an eight 

pharmaceutical mixture to the aquatic macrophytes Lemna gibba
and Myriophyllum sibiricum. Aquat. Toxicol., 2004, 70, 23-40. 

[97] D'Abrosca, B.; Fiorentino, A.; Izzo, A.; Cefarelli, G.; Pascarella, 
M. T.; Uzzo, P.; Monaco, P. Phytotoxicity evaluation of five phar-

maceutical pollutants detected in surface water on germination and 
growth of cultivated and spontaneous plants. J. Environ. Sci. 

Health, Part A: Toxic/Hazard. Subst. Environ. Eng., 2008, 43, 285-
94. 

[98] Akiyama, S.; Sugita, M. Aurasperone A derivatives as enhancers 
for antitumor agents. Japanese patent 03163017, 15 July, 1991. 

[99] Mori, S.; Kawai, K.; Nozawa, Y.; Koyama, K.; Natori, S. Induction 
of mitochondrial swelling by chaetochromin A, a bis(naphtho- -

pyrone) mycotoxin from Chaetomium gracile. II. Relationship with 
uncoupling effect. Mycotoxins, 1991, 34, 33-7. 

[100] Koiso, Y.; Li, Y.; Kobayashi, H.; Natori, M.; Hashimoto, Y.; Iwa-
saki, S.; Fujita, Y.; Sonoda, R.; Yaegashi, H.; et al. Mitotic poison, 

ustiloxin, from false smut balls on rice plant, and a related peptide: 
Structure and activities. Tennen Yuki Kagobutsu Toronkai Koen 

Yoshishu, 1992, 34th, 566-73. 
[101] Rudman, P.; Gay, F. J. Causes of natural durability in timber. X. 

Deterrent properties of some three-ringed carboxylic and hetero-
cyclic substances to the subterranean termite, Nasutitermes extio-

sus. Holzforschung, 1963, 17, 21-5. 

Received: 12 August, 2008 Revised: 23 December, 2008 Accepted: 24 December, 2008 






