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Abstract  The pyridoacridines are a group of highly colored, polycyclic aromatic 
natural products isolated from marine invertebrates, especially marine sponges 
and tunicates. As a class, the pyridoacridines are considered DNA binding mol-
ecules and have been characterized mainly on the basis of their cytotoxicity, even 
though they may possess other interesting biological activities such as antibacterial, 
antifungal, antiviral, antiparasitic and insecticidal activities. Recent reports have 
demonstrated that the individual pyridoacridines can vary dramatically in their 
molecular mechanism of cell killing. It was suggested that both core structure and 
substituents can have significant influences on the electronic distribution and topol-
ogy of the molecule of these compounds, which ultimately affect the mechanism 
underlying their biological activities. This chapter covers structures and sources of 
the isolated marine pyridoacridine alkaloids, as well as the mechanisms underlying 
the cytotoxicity of certain naturally occurring marine pyridoacridines.
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36.1 � Introduction

Cancer is a constant and major burden on the human population, and epidemiologi-
cal evidence shows that current treatment of cancer with chemotherapy and surgery 
are still far from optimal. Therefore, further research is required to look for alterna-
tive drugs that are more effective and have less side-effect than the drugs currently 
used in chemotherapy. One of these avenues is to search for new chemical entities, 
via genetic mining from the marine environment, which can be potential for the 
development of arsenals in cancer chemotherapy [1].
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Marine organisms constitute an important source of bioactive compounds with 
continuing interest in the pharmaceutical in biotechnological sectors. In recent 
years, the chemistry of natural products derived from marine organisms, along with 
the development of new in vitro bioassay tools, has become the focus of a much 
greater research effort. Currently there are around 15 marine natural products in 
various phases of clinical development, mainly in the oncology area, with more 
on the way and several products already on the market [2]. Among the myriad of 
the secondary metabolites from marine sources, marine alkaloids represent a ma-
jor group of bioactive marine natural products. Specifically, the pyridoacridines, 
with most of the compounds being isolated from the marine sponges and tunicates, 
constitute the largest group of the marine alkaloids which exhibit relevant biologi-
cal activities such as antibacterial, antifungal, antiviral, antiparasitic, insecticidal 
and anti-tumor activities [3]. Almost all natural marine pyridoacridines have been 
reported to possess significant cytotoxicity against cultured cells, and the family 
as a whole seems to be of great interest as a source of new lead structures for the 
development of future generation of therapeutic agents [4]. Due to the importance 
and the volume of work published for the pyridoacridine alkaloids, this chapter 
will focus only on the structures of the naturally occurring marine pyridoacridines 
and their sources, as well as the mechanisms underlying the cytotoxicity of some 
relevant compounds. Although excellent reviews on chemistry and biological ac-
tivities of the pyridoacridine alkaloids have been previously published by Molinski 
[5], Ding et al. [6], Delfourne and Bastide [4] and Marshall and Barrows [3], this 
chapter covers the pyridoacridine alkaloids isolated from the marine sources and 
the mechanisms underlying the cytotoxicity of certain naturally occurring marine 
pyridoacridines, reported until October 2013.

36.2 � Pyridoacridine Alkaloids

Pyridoacridines are planar polyheterocyclic compounds possessing a common 11H-
pyrido[4, 3, 2-mn]acridine skeleton (1) (Fig. 36.1), even though the majority are 
more accurately described as “pyridoacridone”, derivatives of the hypothetical imi-
noquinone, 8H-pyrido[4,3,2-mn]acridone (2) (Fig. 36.1). Among marine alkaloids, 
the pyridoacridines seem to be the largest group, with most of the compounds be-
ing isolated from marine sponges and ascidians and, in lesser extent, from certain 
mollusks and one coelenterate [5]. While the pyridoacridine alkaloids found in the 
mollusk Chelynotus semperi were undoubtedly produced from an ascidian dietary 
source, their distribution across three other phyla led to the suggestion that the al-
kaloids might be produced by the same or similar organisms associated with the 
different hosts [7].

The structures of the pyridoacridine alkaloids vary depending on the nature and 
position of the side chains on ring C and on the acridine nitrogen, as well as on 
the presence of the rings fused with ring C. The oxidation states of the rings can 
also vary, with partial saturation frequently observed in the ring attached to ring 
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C and, occasionally in ring D [5]. Based on the number of rings attached to the 
11H-pyrido[4, 3, 2-mn]acridine (1) or 8H-pyrido[4,3,2-mn]acridone (2) skeleton, 
pyridoacridines can be divided into tetracyclic, pentacyclic, hexacyclic, heptacyclic 
and octacyclic alkaloids.

36.2.1 � Tetracyclic Alkaloids

The first group of the pyridoacridines possesses the oxidized ring C, i.e., an imino-
quinone subunit (2). Kobayashi et al. [8] reported isolation of cystodytin A–C (3–5) 
(Fig. 36.2), the first members of the tetracyclic pyridoacridine alkaloids, from the 
Okinawan marine tunicate Cystodytes dellechiajei. Later on, the same group iso-
lated cystodytin D–I (6–11) (Fig. 36.2), also from the same tunicate [9]. McDonald 
et al. [10] reported isolation of another cytodytin analogue which they have named 
cytodytin J (12), in addition to cytodytin A (3), from the methanol extract of a Fijian 
Cystodytes ascidian (Fig. 36.2). Appleton et al. [11] reported isolation of cystody-
tins J (12) and cystodytin K (13), from the ascidian Lissoclinum notti, collected in 
New Zealand (Fig. 36.2).

Halogenated tetracyclic pyridoacridine alkaloids have been also reported from 
the marine sources. Kim et al. [12] reported isolation of pantherinine (14), a bromi-
nated pyridoacridine, from the ascidian Aplidium pantherinum, collected at Sten-
house Bay, South Australia. Pantherinine (14) has, in addition to a bromine substitu-
ent on C-3 of the aromatic ring A, the amino group on C-9 of the quinone moiety 
(Fig. 36.3).

The thiomethyl substituent is also common in the pyridoacridine alkaloids. Lis-
soclins A and B (15, 16), iminoquinones with the thiomethyl substituent on C-9, 
were isolated from Lissoclinum sp., collected from the Great Barrier Reef [13]. 
Lissoclin A (15) differs from lissoclin B (16) only in the side chain at C-10, with 
isovaleryl in the former and tigloyl in the latter (Fig. 36.3).
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Another group of structurally related thiomethyl substituted iminoquinones are 
diplamine (17), isodiplamine (18) and diplamine B (19) (Fig. 36.3). Diplamine (17) 
was first isolated as a cytotoxic alkaloid from the tunicate Diplosoma sp. [14], and 
later, together with isodiplamine (18), from the New Zealand ascidian Lissoclinum 
notti [11] while diplamine B (19) was reported from the ascidian Lissoclinum cf. 
badium, collected in the Coral Sea, Papua New Guinea [15].

The second group of the tetracyclic alkaloids possesses the 11H-pyrido[4, 3, 
2-mn]acridine skeleton (1). The most simple tetracyclic pyridoacridines of this 
group are styelamines A–D (20–23) (Fig. 36.4), which were isolated from an ex-
tract of the ascidian Eusynstyela latericius, collected from Ujung Pandang, Indone-
sia [16]. The common feature of these compounds is the presence of the hydroxyl 
group at C-8 of the aromatic ring C. Styelamines C (22) and D (23) were later 
isolated from the purple morph of the ascidian Cystodytes dellechiajei, collected 
in Catalonia [17]. The structurally related varamines A (24) and B (25) (Fig. 36.4), 
with the methoxyl group at C-8 and the thiomethyl substituent at C-9, were reported 
as metabolites of the Fijian ascidian Lissoclinum vareau by Molinski and Ireland 
[18], and norsegoline (26) (Fig. 36.4) was reported as a metabolite of the marine 
tunicate Eudistoma sp. [19, 20].
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36.2.2 � Pentacyclic Alkaloids

Amphimedine (27) (Fig. 36.5), the first marine-derived pentacyclic pyridoacridine 
alkaloid, was isolated from a Pacific sponge Amphimedon sp. [21]. It was later iso-
lated, together with neoamphimedine (29) (Fig. 36.5), from the marine sponge Xes-
tospongia sp., collected from Surigao, Phillipines [22]. Tasdemir et al. [23] reported 
isolation of amphimedine (27), neoamphimedine (29), and deoxyamphimedine (31) 
(Fig. 36.5), from two specimens of the marine sponge Xestospongia sp., collected 
from the Philippines and Palau. Thale et  al. [24] described isolation of neoam-
phimedine (29) and 5-methoxyneoamphimedine (30) (Fig. 36.5) from the marine 
sponge X. cf. exigua, collected from Indonesia, as well as of neoamphimedine (29), 
5-methoxyneoamphimedine (30), neoamphimedine Y (35) and neoamphimedine Z 
(36) (Fig. 36.5), from X. cf. carbonaria, collected from Papua New Guinea. Wei 
et  al. [25] isolated three new analogues of amphimedine, i.e., 1-hydroxy-deoxy-
amphimedine (32), 3-hydroxy-deoxyamphimedine (33), debromopetrosamine (37), 
along with amphimedine (27), neoamphimedine (29) and deoxyamphimedine (31) 
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(Fig.  36.5), from the marine sponge X. cf. carbonaria. Recently, Bry et al. [17] 
reported isolation of, among other pyridoacridine alkaloids, demethyldeoxyamphi-
medine (34) (Fig. 36.5), from the purple morph of the Mediterranean ascidian Cys-
todytes dellechiajei.
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Another interesting pentacyclic pyridoacridine alkaloid is petrosamine (38) 
(Fig. 36.5). This compound was first isolated from the methanol extract of the ma-
rine sponge Petrosia sp., collected in Belize [26]. In a crystalline form, petrosamine 
(38) exists as a diketone with the carbonyl groups on C-5 and C-8. However, in 
solution, the C-5 carbonyl exists in an enol form.

In a search for compounds with anticholinesterase activity, Nukoolkarn et  al. 
[27] reported isolation of petrosamine (38) and 2-bromoamphimedine (28), from 
the marine sponge Petrosia n. sp., collected from the intertidal zone of Phuket Is-
land, Thailand. They have found that only petrosamine (38) exhibited strong anti-
acetylcholinesterase activity approximately six times higher than that of the refer-
ence galantamine A. Computational docking study of petrosamine (38) with the 
enzyme from the electric eel Torpedo californica (TcAChE) revealed that the major 
contribution to the petrosamine-TcAChE interaction was due to the quaternary am-
monium group of petrosamine (38). Using the Helicobacter pylori enzyme aspartyl 
semialdehyde dehydrogenase (ASD) to detect antibacterial activity for bioassay-
guided fractionation, Carroll et al. [28] reported isolation of petrosamine B (39) 
from the methanol extract of the marine sponge Oceanapia sp., collected from North 
Queensland, Australia. Petrosamine B (39) is isomeric with petrosamine (38); the 
only difference between the two compounds is the position of the bromine atom. 
Petrosamine B (39) was found to be weak inhibitor of ASD with an IC50 of 306 μM.

Ascididemin (40) (Fig. 36.6), a member of the pentacyclic pyridoacridines with 
a pyridine ring fused with C-8 and C-9 of ring C of the iminoquinone moiety, was 
reported as a potent antileukemic pentacyclic aromatic alkaloid from the Okinawan 
tunicate Didemnum sp. [29]. It was later isolated from various sources such as the 
Mediterranean ascidian Cystodytes dellechiajei [30], a previously undescribed 
red Didemnum sp. and Didemnum rubeum, collected from Indonesia [31], an un-
identified Singaporean ascidian [32], and together with 12-deoxyascididemin (42) 
(Fig. 36.6) from the Australian ascidian Polysyncraton echinatum [33]. In contrast 
to ascididemin (40), meridine (43) (Fig. 36.6) possesses a pyridine ring fused with 
C-9 and C-10 of ring C of the iminoqunone moiety. Meridine (43) was isolated, 
together with its relatively stable tautomer (44) and 11-hydroxyascididemin (41) 
(Fig. 36.6), from the ascidian Amphicarpa meridiana, collected from South Austra-
lia [34], and later from the marine sponge Ecionemia geodides, also collected from 
Australia [35]. It is interesting to mention also that 11-hydroxyascididemin (41) was 
also isolated from the Mediterranean ascidian Cystodytes dellechiajei, however its 
structure was wrongly assigned as cystodamine [36, 37].

Shermilamines are pentacyclic pyridoacridines whose ring C of the 11H-pyri-
do[4, 3, 2mn]acridine skeleton is fused with the 3-thiomorpholinone ring through 
C-8 and C-9. While different analogues of aminoethyl substituents can be found at 
C-10, C-2 can have bromine substituent. The group of Sheuer has first reported iso-
lation of shermilamines A (45) and B (46) (Fig. 36.7) from a purple colonial tunicate 
Trididemnum sp., collected in Guam [38, 39]. Shermilamine B (46) was later iso-
lated from several sources, including an unidentified purple colonial tunicate and its 
prosobranch mollusk predator Chelynotus semperi, also by Sheuer’s group [7], and 
together with N-deacetylshermilamine B (50) (Fig. 36.7), from the Mediterranean 
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purple morph of the ascidian Cystodytes dellechiajei [17, 40], as well as from the 
Fijian Cystodytes sp. ascidian, together with shermilamine C (47) (Fig. 36.7) [10]. 
Koren- Goldshlager et al. [41] reported isolation of shermilamines D (48) and E 
(49) (Fig. 36.7) from the Indian Ocean tunicate Cystodytes violatinctus, collected at 
the Mayotte Lagoon, Comoros Islands, northwest of Madagascar.

The kuanoniamines are members of the pentacyclic pyridoacridine alkaloids 
whose ring C is fused with a 1,3-thiazole ring through C-8 and C-9. The name 
kuanoniamine is derived from the Hawaiian word “kuanoni” meaning change when 
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pertaining to color since the colors of these compounds are extremely sensitive to 
changes in pH. They are yellow in neutral and basic solution while in acidic solu-
tion they change to brilliant purple [7]. Kuanoniamines have been isolated from 
both marine sponges, mostly from the genus Oceanapia, and ascidians. Carrol and 
Sheuer [7] first described isolation of kuanoniamines A–D (51–54) (Fig. 36.8) from 
both the lamellariid mollusk Chelynotus semperi and an unidentified purple colo-
nial tunicate, collected from Mante Channel, Pohnpei. Kuanoniamines C (53) and D 
(54) were later isolated from the purple tunicate, tentatively identified as Cystodytes 
from Pohnpei, by Gunawardana et al. [42]. McDonald et al. [10] isolated, among 
other pyridoacridine alkaloids, kuanonamine D (54) and dehydrokuanoniamine B 
(55) (Fig. 36.8) from a Fijian Cystodytes sp. ascidian. Eder et al. [43] described iso-
lation of kuanoniamine C (53) and N-deacetylkuanoniamine D (56) (Fig. 36.8) from 
the marine sponge Oceanapia sp., collected from Truk Lagoon, Micronesia. The 
new kuanoniamines, kuanoniamines E (57) and F (58) (Fig. 36.8) were isolated, 
together with kuanoniamines A (51), C (53) and D (54), from an ascidian collected 
in Singapore [32]. During a search for bioactive compounds from marine sponges 
from the Gulf of Thailand, Kijjoa et al. [44] also isolated kuanoniamines A (51) 
and C (53), from the marine sponge Oceanapia sagittaria. Kuanoniamine D (54) 
and N-deacetylkuanoniamine D (56) were also isolated from the purple morph of 
Mediterranean ascidian Cystodytes dellechiajei [17, 40].

A structurally related pentacyclic pyridoacridine dercitin (61) (Fig.  36.8) was 
isolated from the deep-water marine sponge Dercitus sp., collected from Bahamas 
by Gunawardana et al. [45]. The same group also reported isolation of nordercitin 
(59), dercitamine (60) (Fig. 36.8) and dercitamide from the marine sponges Der-
citus sp. and Stelletta sp. [46]. Later on, the same group has revised the structure 
of dercitamide to kunoniamine C (53) [42]. Lissoclinidine (62) (Fig. 36.8), a pen-
tacyclic alkaloid containing a 1,3-oxathiolane ring fused with C-8 and C-9 of ring 
C, was first isolated from the ascidian Lissoclinum notti, collected in New Zealand 
[11] while its N14-deacetyl derivative, lissoclinidine B (63) (Fig. 36.8) was isolated 
together with diplamine B (19) and isolissoclinotoxin B, from Lissoclinum cf. ba-
dium, collected of the coast of Papua New Guinea [15]. Solomon and Faulkner [47] 
also reported isolation of dercitamide (kuanoniamine C), as a major metabolite, and 
another structurally related sagitol (64) (Fig. 36.8) as a minor metabolite, from the 
marine sponge Oceanapia sagittaria in Palau.

Sebastianine A (65) (Fig. 36.9), a pentacyclic alkaloid comprising of a pyrole ring 
fused with C-9 and C-10 of the ring C of a pyridoacridine system, was isolated from 
the methanol extract of the deep blue morphs of the ascidian Cystodytes dellechiajei, 
collected near São Sebastião Island, Brazil [48]. Another pyrole containing 
pentacyclic pyridoacridines are arnoamines A (66) and B (67) (Fig. 36.9), however 
in these compounds the pyrole ring is fused with C-10 of ring C and N-11 of ring B. 
Arnoamines A (66) and B (67) were also reported from the ascidian Cystodytes sp, 
collected in the vicinity of Arno Atoll, Republic of Marshall Islands [49].

Besides the iminoquinone moiety, 1,4-diimine moiety can be found in the 
pyridoacridines, although they are rare for the pyridoacridine structure class. 
Examples are ecionines A (68) and B (69) (Fig. 36.9), which were isolated from the 
marine sponge Ecionemia geodides, collected from Tasmania, Australia [35].
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36.2.3 � Hexacyclic Alkaloids

So far, only few hexacyclic pyridoacridine alkaloids have been isolated from ma-
rine sources. These alkaloids can be considered as derived from cyclization of the 
side chain on C-8 or C-10 of the pentacyclic pyridoacridine derivatives. Thus, while 
cyclodercitin (70) (Fig.  36.10) was isolated, together with nordercitin (59), der-
citamine (60) and kuanoniamine C (53), from the marine sponges Dercitus sp. and 
Stelletta sp. [46], a structurally related stellettamine (71) (Fig. 36.10) was isolated 
from a Stelletta sp. [42].

Similarly, cycloshermilamine D (72) (Fig.  36.10) and shermilamine D (48) 
were isolated from the same tunicate ( Cystodytes violatinctus) [50]. On the oth-
er hand,13-didemethylaminocycloshermilamine D (73) (Fig. 36.10) was isolated, 
together with shermilamine B (46) and N-deacetylshermilamine B (50), from the 
purple morph of the Mediterranean ascidian Cystodytes dellechiajei [17]. In the 
same way, sebastiamine B (74) (Fig. 36.10) was isolated together with sebastiamine 
A (65) from the deep blue morphs of the ascidian Cystodytes dellechiajei, collected 
near São Sebastião Island, Brazil [48].

A group of hexacyclic pyridoacridine alkaloids possessing the benzo 1,6-phen-
anthroline ring system are the segolines. Segoline A (75), isosegoline A (76) and 
segoline B (77) (Fig. 36.11) were isolated, together with norsegoline (26), from the 
marine tunicate Eudistoma sp. [19, 20]. Later on, Viracaoundin et al. [51] reported 
isolation of segoline A (75) and segoline C (78) (Fig. 36.11) from the purple tunicate 
Eudistoma bituminis, collected from the Mayotte lagoon, in the Comoros Islands, 
northwest of Madagascar.

36.2.4 � Heptacyclic Alkaloids

Eilatin (79) (Fig. 36.12) is the only known marine heptacyclic pyridoacridine alka-
loid. It was first isolated from the tunicate Eudestoma sp. by Rudi et al. [20]. Later 
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on, the same group described isolation of eilatin (79), together with norsegoline (28), 
segoline A (75), isosegoline A (76), segoline B (77), and debromoshermilamine A, 
from the same organism [19]. Eilatin (79) was also isolated from a Fijian Cystodytes 
sp. ascidian [10] and the Australian ascidian Polysyncraton echinatum [33].

36.2.5 � Octacyclic Alkaloids

Up to date, eudistones A (80) and B (81) (Fig. 36.12) are the only described marine-
derived octacyclic pyridoacridine alkaloids. They were both isolated, together with 
ascididemin (40), from the Seychelles tunicate Eudistoma sp. [52].
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36.3 � Anticancer Activities of Pyridoacridine Alkaloids

As a class, the pyridoacridines are considered DNA binding molecules and have 
been characterized mainly on the basis of their cytotoxicity. Consequently, their 
cytotoxicity is often attributed to their ability to intercalate DNA and thereby inter-
act with, or inhibit, DNA metabolizing enzymes. Some pyridoacridines which are 
cytotoxic to cultured mammalian tumor cell lines have demonstrated excellent an-
titumor activity in various models, while others have proven too toxic to be useful. 
Recent work has demonstrated that the individual pyridoacridines can vary dramati-
cally in their molecular in cell killing [3]. Although some excellent reviews on anti-
tumor activity of naturally occurring pyridoacridine alkaloids from marine sources 
and their synthetic analogues have been previously published [3, 4, 6], there is still 
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no review that covers recent developments of the studies of mechanisms of the an-
titumor activity of particular groups of these marine-derived alkaloids. The fact that 
almost all of the pyridoacridine alkaloids, isolated from the marine sources, have 
been tested for their in vitro cytotoxicity on human tumor cell lines but only a few 
of them have been further investigated for their mechanism of action, has prompted 
us to focus on relevant groups of these alkaloids whose mechanisms of cytotoxicity 
have been thoroughly investigated.

36.3.1 � Mechanism for Apparent Intercalator-Induced Inhibition 
of Topoisomerase II by Pyridoacridine Alkaloids from a 
Cystodytes sp. Ascidian

One of the early works on the mechanisms of cytotoxicity of the marine pyridoacridine 
alkaloids was carried out by the group of Chris Ireland. McDonald et al. [10] have 
evaluated the in vitro cytotoxic activity of cystodytin A (3), cystodytin J (12), 
diplamine (17), shermilamine B (46), shermilamine C (47), kuanoniamine D (54), 
dehydrokuanoniamine D (55) and eilatin (79), against the human colon tumor cell 
line HCT-116. The result showed that all compounds were active to varying degree. 
Diplamine (17, IC50 < 1.4 μM) and cystodytin J (12, IC50 = 1.6 μM) were the most 
potent; both inhibited HCT-116 replication with IC50 values less than 2 μM, while 
shermilamine B (46, IC50 = 13.8 μM) and shermilamine C (47, IC50 = 16.3 μM) were 
the least active. DNA intercalation studies using an ethidium bromide displacement 
assay showed that diplamine (17, Kdisp = 21 μM) and cystodytin J (12, Kdisp = 51 μM) 
were the most efficient intercalators. Interestingly, shermilamine C (47), the least 
cytotoxic pyridoacridine, was the poorest intercalator ( Kdisp > 100  μM) followed 
shermilamine B (46), which was the second to last in term of cytotoxicity and in-
tercalative ability ( Kdisp > 100 μM). These pyridoacridines were also evaluated for 
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their capacity to inhibit topoisomerase II catalytic activity. All compounds were 
found to be capable of inhibiting decatenation. Like the classic cleavable complex-
stabilizing etoposide, diplamine (17) was able to effect dose-dependent inhibition 
of topoisomerase II-catalyzed kinetoplast DNA (kDNA) decatenation in vitro. In-
terestingly, diplamine (17, IC90 = 9.2 μM) was found to be more potent than etopo-
side (IC90 = 68 μM). Cystodytin J (12) and diplamine (17) were found to be the most 
potent (IC90 = 8.4 and 9.2 μM, respectively) inhibitors while shermilamine C (47) 
and shermilamine B (46) were among the least potent (IC90 = 138 μM and 118 μM, 
respectively). Furthermore, these compounds were also tested for their ability to 
exert enhanced toxicity toward the double strand break repair-deficient xrs-6 Chi-
nese hamster ovary (CHO) mutant cell line relative to the repair-proficient BR1 cell 
line, and none of them showed significant BR1/xrs-6 differential toxicity. Since 
enhanced toxicity toward the DNA double strand break repair-deficient CHO xrs-6 
cell line versus the repair-competent BR1 line indicates “cleavable complex” me-
diated toxicity, they suggested that no cleavable complex formation had occurred 
and that these compounds did not cause double strand breaks in DNA. On the other 
hand, cystodytin J (12) and diplamine (17) were found to cause dramatic effects on 
RNA and DNA synthesis. However, no effect was observed on protein synthesis 
during the 9 h exposure period. On the basis of the observed correlations between 
HCT-116 cytotoxicity, topoisomerase II inhibition, and DNA intercalation, they hy-
pothesized that these pyridoacridines brought about cell death by inhibiting DNA 
interactive protein (e.g., topoisomerase II) following intercalation and as a result 
of intercalation, the pyridoacridines inhibited proliferation of HCT-116 cells by in-
terfering with nucleic acid structure and function. This interference was brought 
about partly by disruption of the function of topoisomerase II. They also suggested 
that by intercalating into DNA, the pyridoacridine interrupted the interaction be-
tween topoisomerase II and DNA, and consequently, the enzyme could not carry 
out its normal function during replication. The fact that these compounds showed 
neither enhanced toxicity toward DNA double strand break repair-deficient CHO 
cell lines nor produced cleavable complexes led the authors to suggest that these 
alkaloids inhibit topoisomerase II catalytic activity not by producing a cleavable 
complex but by interacting with DNA itself. They argued that since the pyridoacri-
dines intercalated into DNA with high affinity and may change the topology of the 
molecule, it is likely that they inhibit other DNA binding enzymes necessary for 
replication. Therefore, other enzymes such as polymerases or topoisomerase I may 
be unable to bind or function properly due to the presence of intercalator molecules 
in the DNA. Based on the relative cytotoxic, intercalative, and topoisomerase II in-
hibitory activities of the pyridoacridines tested, the authors suggested the structural 
characteristics for these activities. The tetracyclic alkaloids cystodytin J (12) and 
diplamine (17), which possessed the iminoquinone portion, were found to be the 
best intercalators and topoisomerase II inhibitors and also the most potent growth 
inhibitors of the series. They suggested also that the diminished potencies of the 
other pyridoacridines may result, in part, from steric effects of the additional ring 
(s), although electronic effect of the iminoquinone may also be important since the 
pentacyclic alkaloids shermilamine B (46) and shermilamine C (47) which lack the 
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iminoquinone moiety, were among the least active in all the assays. The authors also 
proposed that the heptacyclic alkaloid eilatin (79) may cleave DNA by producing 
hydroxyl radical, which can damage DNA, following intercalative binding with 
DNA. Structurally, eilatin (79), a phenantroline possessing a double nitrogen bay 
region to chelate metal, is able to facilitate redox cycling to generate ROS. Other 
pyridoacridines may have less hydroxyl radical-generating ability due in part to a 
diminished ability to chelate metal ions and are less able to nick DNA in a manner 
similar to eilatin (79).

36.3.2 � Influence of N-14 Substitution on the Observed Antitumor 
Activity of Cystodytins and Styelsamines

Although most of naturally occurring cystodytins and styelsamines have been 
evaluated for their cytotoxicity, exhibiting a range of potency (IC50 = 0.12–2.9 µM), 
only the DNA binding ability of cytodytin J (12) has been reported [10]. The fact 
that the antitumor activity of the pyridoacridine alkaloids is often attributed to DNA 
binding, Marshall and others have noted that such correlation is compound specific 
[3]. Consequently, Fong and Copp [53] have explored the influence of N-14 substi-
tution on the antitumor activity of the cystodytin and styelsamine alkaloids by pre-
paring library of natural and non-natural analogues to evaluate their DNA affinity, 
by ethidium bromide displacement assay, and cytotoxicity towards a panel of hu-
man tumor cell lines. The ethidium bromide displacement assay revealed that styel-
samines B (21) and D (23) exhibited the highest affinity for calf thymus (CT) DNA 
within the styelsamine compound library (Fig. 36.13), with the apparent binding 
constant ( Kapp) 5.33 × 106 and 3.64 × 106 M−1, respectively, while other styelsamine 
analogues showed mild to low affinity for CT-DNA. These results prompted them 
to suggest that various sidechains could hinder DNA binding. For the cystodytin 
library (Fig. 36.13), they have found that cystodytins A (3) and J (12) exhibited 
slightly higher apparent binding constants than their non-natural analogues.

Using the preliminary one dose (10 µM) testing against 57 human tumor cell 
lines, they have found that, of the styelsamine analogues, N14-3-phenylpropanamide 
(84) (Fig. 36.13) was the most active, having the 10 µM dose resulting in mean 
cell killing (negative growth), and the remaining analogues were considered either 
mildly active, or inactive in the case of palmitamide (85) (Fig. 36.13). Of the four 
cystodytin analogues tested (3, 12, 86, 87), cystodytin J (12) was considered to 
be inactive, while the 3-phenylpropanamide (87) (Fig. 36.13) was observed to be 
the most active. Interestingly, sub-panel selectivity was observed for both natural 
and some synthetic analogues of styelsamine. Thus, styelsamine B (21) was found 
to be more selective towards melanoma, non-small cell lung cancer and ovarian 
panels; styelsamine D (23) towards non-small cell lung cancer, CNS and renal; 
styelsamine-N14-3-methylbut-2-enamide (82) towards leukemia and renal; styel-
samine-N14-benzamide (83) towards melanoma and renal, and styelsamine-N14-
3-palmitamide (85) towards colon and renal cancer cell lines. In contrast, cytodytins 
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A (3), J (12) and cystodytin-N14-benzamide (86) were essentially non-selective, 
while cystodytin-N14-phenylpropanamide (87) exhibited selectivity towards colon, 
melanoma and renal cancer cell line sub-panels. They have found also that, in gen-
eral, most compounds exhibited poor cytotoxicity, unable to reach LC50 (50 % le-
thality) or TGI (total growth inhibition, cytostatic) levels of activity. Interestingly, 
they also found that there was no correlation between DNA affinity ( Kpp values) and 
cytotoxicity (GI50 values) for these compounds since styelsamines B (21), D (23) 
and styelsamine-N14-3-methylbut-2-enamide (82), all exhibited almost the same 
level of growth inhibition (GI50 = 3.2–4.0 µM), whereas styelsamines B (21) and D 
(23) bound approximately ten times more strongly to DNA than styelsamine-N14-
3-methylbut-2-enamide (82). Similarly, styelsamine-N14-3-palmitamide (85) and 
cystodytin-N14-phenylpropanamide (87), which exhibited approximately the same 
level of DNA affinity, showed different levels of antiproliferative activity (85 was 
inactive; GI50 of 87 was 0.32 µM). More importantly, they have suggested that lipo-
philicity was an important determinant of cell based antiproliferative activity since 
cell penetration is clearly a requisite condition for molecules that exert biological 
activity by targeting DNA. By plotting one dose mean cell growth inhibition activi-
ties against clog P, they have verified that, for styelsamine and cytodytin series, the 
optimal activity occurred with alkaloid having clog P around 4.0 to 4.5. Conse-
quently, they concluded that sidechain modified analogues of styelsamines and/or 
cystodytins may have potential as new classes of antitumor agents.
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36.3.3 � Mechanism of Antitumor Activity of Ascididemin

Among the pyridoacridine alkaloids isolated from marine sources, ascididemin (40) 
was the most extensively investigated for the mechanism of its antitumor activity. It 
was found to be highly toxic to human colon (HCT-116) and breast (MCF-7) cancer 
cell lines [54] as well as to different leukemic cell lines [30]. Most importantly, 
ascididemin (40) was equally toxic to drug-sensitive and multidrug-resistant cell 
lines. Ascididemin (40) was also found to be able to intercalate DNA, preferentially 
at GC-rich sequences [30]. Dassonneville et  al. [55] have investigated the effect 
of ascididemin (40) on the activity of topoisomerases and have found that, in the 
presence of ascididemin (40), a band corresponding to linear DNA could be clearly 
seen proving that ascididemin (40), like etoposide, inhibited the relegation of DNA 
once the double helix had been cleaved by the enzyme; however, the intensity was 
much weaker than that caused by etoposide. These data suggested that ascidide-
min (40) is a weak inhibitor of topoisomerase enzymes. By using the radiolabelled 
DNA substrate, they have found that ascididemin (40) effectively functioned as a 
topoisomerase II poisoning, stabilizing DNA-topoisomerase II covalent complex. 
Furthermore, ascididemin (40) was proved to be less toxic to P338 (sensitive to 
camptothecin) cells than to P388CPT5 (resistant to camptothecin) cells, suggest-
ing that topoisomerase I was not a cellular target for ascididemin (40). Moreover, 
ascididemin (40) was found to be equally toxic to both human leukemia sensitive 
(HL-60) and resistant (HL-60/MX2) to mitoxantrone cell lines, and since HL-60/
MX2 cells display atypical multidrug resistance with the absence of P-glycoprotein 
overexpression and altered topoisomerase II catalytic activity and reduced levels of 
topoisomerase IIα and IIβ, they suggested that topoisomerase II did not contribute 
to the cytotoxic action of ascididemin (40). This finding was corroborated by the 
immunoblot assay which showed the absence of DNA-topoisomerase II covalent 
complexes in HL-60 leukemia cells, in the presence of ascididemin (40). They have 
also investigated the effects of ascididemin (40) on the cell cycle of HL-60 leu-
kemia cells and have found that the increase of the sub-G1 population (apoptotic 
cells) was up to 70 % in the ascididemin-treated HL-60 leukemia cells whereas it 
represented only 3 % in the cell in the control. Interestingly, the increase in the sub-
G1 population was concomitant with the decrease of the G1 population (from 45 to 
10 %). Additionally, they have shown also that ascididemin (40) was able to cleave 
PARP (poly(ADP-ribose) polymerase), an enzyme involved in DNA repair by cas-
pase-3. Thus, they concluded that the induction of apoptosis is associated with an 
activation of caspase-3 by ascididemin (40).

In order to clarify the conflicting data about the mechanism of antitumor activity 
of ascididemin (40), Matsumoto et al. [56] attempted to investigate the mechanism 
responsible for DNA damage of ascididemin (40), together with two structurally 
related synthetic alkaloids 88 and 89 (Fig. 36.14). It is interesting to note that these 
compounds share two common structural motifs, i.e., a double nitrogen bay region 
and a reducible, iminoquinone heterocyclic ring.

The results showed that ascididemin (40), 88 and 89 significantly inhibited topoi-
somerase II catalytic activity and generated some minor topoisomerase II dependent 
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DNA cleavage, while no cleavage was found in the presence of 90 and 91. How-
ever, it was shown that only 5 mM dithiothreitol (DDT) and 91 μM of ascididemin 
(40), 88 or 89 in H2O was required to stimulate maximal DNA cleavage, inde-
pendent of topoisomerases. Moreover, they have observed that DNA cleavage by 
these compounds was both concentration and time dependent. Assessment of DNA 
cleavage under anoxic conditions revealed that oxygen was a necessary component 
for in vitro DNA cleavage stimulation by these compounds. Consequently, they 
hypothesized that the DNA cleavage was caused by reactive oxygen species (ROS), 
which was substantiated by the electron paramagnetic resonance (EPR) study. Ad-
ditionally, they have found also that addition of metal ions (FeSO4 or NiCl) did 
not facilitate DNA cleavage by these compounds, and addition of chelators did not 
protect against the cleavage, thus excluding Fenton-type reaction as the primary 
ROS generation. The fact that the anti-oxidative enzyme catalase was able to exten-
sively protect against DNA cleavage by ascididemin (40), 88 or 89, it was suggested 
that H2O2 could be the possible reactive species initially generated. Thus, it was 
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proposed that production of ROS likely occurs through reduction of the iminoqui-
none moiety. This hypothesis was supported by the experiments that used cyclic 
voltammetry to measure reductive potential of these compounds, which showed 
that the three cleaving analogues, i.e., ascididemin (40), 88 and 89, were marginally 
more easily reduced than the two non-cleaving compounds (90 and 91). As the re-
ductive potentials of ascididemin (40), 88 and 89 are comparable to that of NADPH 
(− 280 mV), it is consistent with bioreduction in the cell. They have also found that 
the capacity of these compounds did not correlate with the DNA cleavage activity 
since ascididemin (40) and 91 were found to completely displace ethidium bromide 
at 10 and 20 μM concentrations, whereas 88, 89 and 90 did not at 20 μM concentra-
tions. Consequently, the authors proposed that the ability of ascididemin (40) and 
its cleaving analogues (88, 89) to interact closely with DNA increases the likelihood 
that ROS formed as a result of their reduction would directly affect DNA. Although 
the analogues 90 and 91 can intercalate DNA, they cannot produce ROS, thus fail 
to cleave the DNA. The ROS-mediated mechanism was also corroborated by the 
fact that antioxidants and antioxidant enzymes were able to protect DNA against 
ascididemin-induced DNA cleavage. Mechanism-based cytotoxicity screening re-
vealed the capacity of ascididemin (40), 88 and 89 to predominantly cause single 
strand DNA breaks since the mutant of Chinese hamster ovary (CHO) cell line EM9 
was particularly sensitive to the lethality of these molecules as compared to the 
wild-type AA8 cell line. Since the EM9 cell has a defective XRCC1 protein, which 
plays a critical role in DNA ligase III activity, DNA polymerization and repaired of 
DNA single strand breaks, this deficiency makes it hypersensitive to compounds 
that cause ROS, or single strand breaks via topoisomerase I. Finally, they have 
found also that glutathione not only afforded strong protection of DNA cleavage 
induced by ascididemin (40), 88 and 89 but also from the cytotoxicity of these com-
pounds to AA8 cells. Interestingly, they have shown that heme oygenase-1 (OH-1), 
an oxidative stress protein, was induced in the AA8 cells by ascididemin (40), 88 
and 89, thus linking cellular oxidative stress with cell damage by these compounds.

Following the work of Dassonneville et al. [55] which demonstrated that ascidi-
demin (40) was a potent inducer of apoptosis in the HL-60 leukemia cells, probably 
associated with caspase-3 activation, Dirsch et al. [57] have attempted to investigate 
the molecular pathway utilized by this pentacyclic pyridoacridine alkaloid to trigger 
cell death. They have found that treating the leukemia Jurkat T cells with ascidide-
min (40) produced all signs of apoptosis, including in cell shrinkage, membrane 
blebbing, chromatin condensation and fragmented nuclei. They have also shown 
that the ascididemin-triggered apoptosis was concentration and time-dependent. 
That this apoptosis did not involve protein synthesis was substantiated by their 
finding that pre-incubation of Jurkat cells with cycloheximide had no influence on 
ascididemin-mediated cell death. Also, the anti-CD95 antibody ZB4 was found to 
be unable to reduce ascididemin-triggered apoptosis, thus ruling out the involve-
ment of CD5 death receptor. Additionally, ascididemin (40) was found to induce 
outer (cytochrome c release) and inner (loss of electrochemical gradient) mitochon-
drial membrane permeabilization; and the release of cytochrome c was found to be 
kinetically parallel a decrease of mitochondrial potential. These results led to the 



79336  Pyridoacridine Alkaloids from Marine Origin: Sources and Anticancer Activity

conclusion that ascididemin (40) was able to induce mitochondrial dysfuntion. By 
treating Jurkat cells overexpressing mitochondria-protecting Bcl-2 or Bcl-xL with 
5  μM ascididemin (40), it was found that these cells were protected against as-
cididemin (40) compared to control. The results suggested that ascididemin (40) 
induces a mitochondria-dependent pathway of apoptosis. They also compared the 
kinetics by which the initiator caspase-2, -9 and -8 and the effector caspase-3 are ac-
tivated by ascididemin (40). It was found that the activation of caspase-8 correlated 
well with activation of the effector caspase-3, which corroborated the findings that 
ascididemin-triggered apoptosis occurs independent of death receptor. Interestingly, 
caspase-2 processing was found to be more pronounced at 4 h after treatment with 
ascididemin (40) than caspase-9, and pre-treatment of Jurkat T cells with the spe-
cific caspase-2 inhibitor zVDVADfmk was found to completely prevent ascidide-
min-mediated apoptosis. Thus, these data suggested an initial and relevant role for 
caspase-2 in ascididemin-triggered apoptosis. As caspase-2 was found to process in 
Jurkat/bcl-XL cells incubated with ascididemin (40), it was concluded that caspase-2 
activation occurs upstream of mitochondria events. On the other hand, caspase-8 
was found to process only in Jurkat/neo and not in Jurkat/bcl-XL cells, confirming 
that caspase-8 acts as effector caspase downstream of mitochondria. Moreover, they 
have shown that pre-treatment with the caspase-2 inhibitor zVDVADfmk resulted 
in strong reduction of the cleavage of caspase-9, corroborating that caspase-2 acts 
upstream of caspase-9. Moreover, ascididemin (40) was also found to induce Bid 
cleavage, and this cleavage is inhibited by the caspase-2 inhibitor zVDVADfmk, 
suggesting that caspase-2 activation lies upstream of ascididemin-induced mito-
chondria activation and that Bid cleavage by caspase-2 may contribute to mitochon-
drial perturbation. Finally, they hypothesized that ascididemin (40) might activate 
c-Jun N-terminal protein kinase (JNK), which might be involved in ascididemin-
induced apoptosis signaling. In order to prove this hypothesis, they have set up 
experiments whose results revealed that ascididemin (40) activated/phosphorylated 
JNK after 4 h, paralleling caspase-2 activation. Since Bcl-xL was unable to abrogate 
JNK phosphorylation, it was concluded that activation of JNK occurs upstream of 
mitochondria. That ascididemin (40) triggered ROS generation which contributed 
significantly to JNK activation was substantiated by the fact that anti-oxidant N-
acetylcystein (NAC) almost completely abrogated JNK phosphorylation, and since 
caspase-2 and -9 processing was reduced by JNK inhibitor SP00125, it was sug-
gested that JNK acts upstream of both caspase-2 and -9. It was found also that 
pre-treatment with the JNK inhibitor SP00125 caused a decrease of cytochrome c 
release from the mitochondria as well as ascididemin-induced DNA fragmentation. 
These data led Dirsch et al. to conclude that ascididemin triggers JNK activation 
via ROS generation and active JNK contributes via non identified target to caspase 
activation and cytochrome c release from mitochondria.

G-quadruplexes are a family of secondary DNA structures that consists of four-
stranded structure stabilized by G-quartets [58]. It is well recognized that telomeres 
protect chromosomal ends from fusion events and provide a mean for complete 
replication of chromosome, and telomere repeats are added by a specialized en-
zyme, telomerase, which is overexpressed in most tumor cells. It is also known that 
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the 3’-terminal region of the G-rich strand of human telomeres is single-stranded 
and may adopt a G-quadruplex conformation [59, 60]. As this structure has been 
shown to directly inhibit telomerase elongation in vitro [61], ligands that selectively 
bind to G-quadruplex structures may interfere with telomere structure and telomere 
elongation and replication of cancer cells [62, 63]. Base on this concept, Guittat 
et al. [64]) have investigated the capacity of ascididemin (40) and meridine (43) 
to stabilize G-quadruplexes and to inhibit telomerase. Using several methods such 
as equilibrium dialysis, mass spectrometry and fluorescence melting experiments 
to study the interaction of ascididemin (40) and meridine (43) with unusual DNA 
structures, they have found that ascididemin (40) and meridine (43) were able to 
bind G-quadruplexes, however their binding affinities are relatively modest, es-
pecially ascididemin (40). Furthermore, they have demonstrated that ascididemin 
(40) and meridine (43) significantly preferred the human telomeric intramolecular 
quadruplex over the parallel one. Using TRAP (Telomeric Repeat Amplification 
Protocol) assay, ascididemin (40) was found to inhibit telomerase with an IC50 of 
87 μM, while meridine (43), which has higher affinity for quadruplexes, was more 
potent showing an IC50 of 11 μM.

36.3.4 � Mechanism of Antitumor Activity of Neoamphimedine and 
Deoxyamphimedine

Although the structures of amphimedine (27), neoamphimedine (29) and deoxy-
amphimedine (31) are closely related, their biological activities and mechanisms of 
action differ significantly. Amphimedine (27) is relatively inactive compound com-
pared to neoamphimedine (29) and deoxyamphimedine (31). Amphimedine (27) 
does not significantly intercalate DNA while neoamphimedine (29) and deoxyam-
phimedine (31) were found to displace ethidium bromide from DNA, although de-
oxyamphimedine (31) was found to be more effective than neoamphimedine (29). 
Furthermore, neoamphimedine (29) and deoxyamphimedine (31) are cytotoxic, al-
though by different mechanisms, amphimedine (27) is not.

De Guzman et al. [22] have shown that neoamphimedine (29) was cytotoxic 
to normal CHO AA8 cells with an IC50 = 2 mg/ml, and quantitative DNA cleav-
age assays revealed it stimulated topoisomerase II dependent cleavage 3 % above 
control compared to etoposide (which stimulated 38 % cleavage at the same con-
centration) while no DNA cleavage was detected with amphimedine (27) in the 
presence of topoisomerase II. They have also found that neoamphimedine (29) was 
able to stimulate topoisomerase II to catenate DNA to a high molecular weight 
complex. By using Rad 52 +/− yeast strains that express normal or elevated topoi-
somerase levels to test the cytotoxicity of amphimedine (27) and neoamphimedine 
(29), with etoposide (a topoisomerase II poison) as positive control and topotecan 
(a topoisomerase I poison) as a negative control, Marshall et al. [65] have found 
the enhanced cytotoxicity for neoamphimedine (29) and etoposide but not for am-
phimedine (27) and topotecan. Furthermore, they have tested both amphimedine 
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(27) and neoamphimedine (29) in mammalian cell lines: HCT-116 (human colon 
tumor), SK-mel-5 (human melanoma), KB (human epidermoid nasopharyngeal tu-
mor), MCF-7 (human breast cancer), A2780wt (human ovarian tumor wild type), 
A2780AD (human ovarian tumor multi-drug resistant), AA8 (CHO wild type), xrs-6 
(CHO double strand break repair), and have found that while neoamphimedine (29) 
was cytotoxic in every of these cell lines, amphimedine (27) did not show any toxic-
ity at doses tested. Interestingly, neoamphimedine (29) was found to retain its cyto-
toxicity in the MDR-expressing A2780AD cell line while doxorubicin, M-AMSA 
and taxol all had significantly reduced toxicity compared to the A2780wt. Since the 
results obtained from the yeast cell cytotoxicity assays suggested a topoisomerase 
II dependent mechanism, they have tested amphimedine (27) and neoamphimedine 
(29) in a panel of mutant CHO cell lines. In contrast to all clinical topoisomerase 
II drugs tested in the xrs-6 cell line, which showed significant enhanced toxicity 
[66], no significant enhancement of cytotoxicity was detected at IC50 for amphi-
medine (27) and neoamphimedine (29) in the xrs-6 cells, although a small increase 
was observed in the xrs-6 cell line treated with neoamphimedine (29) compared to 
the AA8 cell line. Since this result was inconsistent with the yeast data, Marshall 
et al. [65] hypothesized that neoamphimedine (29) is a topoisomerase II-dependent 
drug, whose primary mechanism of action is not the stabilization of cleavable com-
plexes. In order to investigate the mechanism underlying its cytotoxicity, the ability 
of neoamphimedine (29) to interfere with the function of purified human topoisom-
erase II was investigated in vitro. It was found that neoamphimedine (29) induced 
minimal DNA cleavage via formation of cleavage complex. In experiments using 
84 ng topoisomerase II, up to 8.9 % DNA cleavage (50 μM neoamphimedine) was 
detected. They have found also that the percentage of cleavage decreased as the 
concentrations of neoamphimedine (29) increased, and cleavage was not detected 
with 140 ng topoisomerase II. Using gel electrophoresis, they have confirmed that 
the cleavage was due to single strand DNA nicking of the plasmid substrate. Inter-
estingly, during the experiments they have found that in the reactions containing 
active topoisomerase II and supercoiled substrate DNA routinely appeared as a high 
molecular weight (HMW) complex upon electrophoresis analysis, and this activity 
was concentration-dependent and was apparent whether the substrate plasmid was 
relaxed or supercoiled. However, this HMW complex formation was not observed 
with amphimedine (27) nor any other pyridoacridines tested in their laboratory. 
Further experiments have allowed them to confirm that the HMW complex was not 
formed by a protein-DNA aggregation or chemical cross linking but, it was in fact 
a catenated complex of plasmid DNA. In the experiments using SDS or TE wash, 
neoamphimedine (29) was found to induce topoisomerase to catenate DNA in a time 
and concentration-dependent manner. Additionally, by filter-binding assay to quan-
tify DNA aggregation, they have shown that DNA aggregation increased in propor-
tion to the concentration of neoamphimedine (29). Since KB tumors respond well 
to topoisomerase II drugs, including doxorubicin and etoposide, neoamphimedine 
(29) was evaluated for its in vivo anticancer activity in nude mice bearing human 
KB tumors, together with amphimedine (27) and etoposide. The results showed 
that neoamphimedine (29) was as effective as etoposide while amphimedine (27), 
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a topoisomerase II-inactive isomer, did not exhibit any antitumor activity. In addi-
tion, neoamphimedine (29) was shown to have an antitumor activity in mice bearing 
HCT-116 cell tumors and there was no difference between neoamphimedine (29) 
and 9-aminocamptothecin, a drug effective in this system.

The structure of deoxyamphimedine (31) differs from that of neoamphime-
dine (29) in the substituents on C-8 and C-9 of ring C of the 8H-pyrido[4,3,2-mn]
acridone (2). While deoxyamphimedine (31) has a positively charged 1-methyl-
pyridinium ring attached to C-8 and C-9 of ring C, neoamphimedine (29) has a 
1-methylpyridin (2H)-one ring on the same position. Marshall et  al. [67] have 
shown that deoxyamphimedine (31) was cytotoxic to every human tumor cell lines 
previously tested with amphimedine (27) and neoamphimedine (29); however its 
IC50 observed values were slightly lower than those reported for neoamphimedine 
(29) [65]. Furthermore, deoxyamphimedine (31) was found to be almost equally 
toxic to the A2780wt (IC50 = 0.3 μM) and its paired multi-drug resistant cell line 
AD2780wt. Thus, they concluded that the lack of significant fold difference for 
deoxyamphimedine (31) in both of these cell lines indicated that it was not likely 
a substrate for multi-drug resistant pump that often impedes the efficacy of cancer 
drugs in chemotherapy. Furthermore, they have found also that deoxyamphimedine 
(31) was selectively more toxic to the mutant CHO cell lines (EM9, IC50 = 3.8 μM 
and xrs-6, IC50 = 4.2 μM), than the wild type (AA8, IC50 = 13.7 μM), thus confirm-
ing DNA strand breakage as a contributing mechanism for its cytotoxicity. Ethidium 
bromide displacement assays revealed that deoxyamphimedine (31) was a potent 
DNA intercalator, displacing 50 % EtBr at 1 μM (while neoamphimedine required 
approximately 100 μM to displace 50 % EtBr), suggesting that deoxyamphimedine 
(31) had a higher affinity for DNA than its analogues. They have also carried out 
the topoisomerase I and II DNA cleavage assays and found that deoxyamphimedine 
(31) was a potent cleaver of DNA in vitro and this activity was independent on the 
presence of topoisomerase I or II. Like ascididemin (40), deoxyamphimedine (31) 
could fully cleavage DNA under aerobic conditions in the experiments carried out 
with DDT and DNA. It was found also that the amount of cleaved DNA observed 
was greatly increased with the increasing amounts of deoxyamphimedine (31) and 
DTT, but the amount of induced DNA cleavage was attenuated under hypoxic con-
ditions. Additionally, higher temperature and high salt conditions did not reverse 
deoxyamphimedine-induced DNA damage, suggesting that the DNA damage was 
ROS-induced. As addition of metals (FeSO4) and chelators did not alter the DNA 
cleaving ability, it was concluded that the ROS generation was not a Fenton-type 
reaction. Extensive protection against DNA cleavage by catalase suggested H2O2 
as a likely ROS intermediate. Additionally, since antioxidants and ROS scavengers 
such as glutathione, benzoic acid and NAC were found to be able to protect against 
DNA damage, it was suggested that the generation of the hydroxyl radical most 
likely occurred. Thus they hypothesized that the iminoquinone portion of deoxy-
amphimedine (31) is responsible for the redox cycling and ROS generation. For 
this, direct reduction of the iminoquinone portion of deoxyamphimedine (31) to the 
semi-iminoquinone species seems to likely facilitate the production of H2O2 and 
DNA damaging free radicals.
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36.3.5 � Mechanism of Antitumor Activity of Lissoclinidine B and 
Diplamine B

Lissoclinidine B (63) and diplamine B (19) were isolated together from the ascid-
ian Lissoclinum cf. dadum, and were tested in the Hdm2 (Human double minute 
2) electrochemiluminescence assay by Clement et al. [15]. The structures of these 
compounds are quite distinct since the pentacyclic lissoclinidine B (63) has an ex-
tra 1,3-oxathiolane ring fused to ring C of the 11H-pyrido[4, 3, 2-mn]acridine (1), 
while the tetracyclic diplamine B (19) contains the iminoquinone portion.

Lissoclinidine B (63) and diplamine B (19) were tested for their effects on cellu-
lar p53 and Hdm2 in the tert-immortalized human retinal pigment epithelial (RPE) 
cells, and the cellular p53 and Hdm2 levels were determined by immunoblotting. 
They have shown that lissoclinidine B (63) and diplamine B (19) were able to in-
crease p53 and Hdm2 in a dose-dependent manner, and at 10  μM exhibited the 
greatest increase in p53 and Hdm2, similar to 50  μM of the proteasome inhibi-
tor N-acetyl-leucyl-leucyl-norleucinal (ALLN). Furthermore, it was found that lis-
soclinidine B (63) and diplamine B (19) displayed more potent activity in cells 
(10 μM) than in free cell assay system (IC50 values 98.1 ± 6 μM and 101.3 ± 4 μM, 
respectively). They have also treated the p53−/−mdm2−/−mouse embryo fibroblasts 
(MEFs) transiently transfected with plasmid encoding Hdm2 under the control of 
a p53-independent CMV (cytomegalovirus) promotor, with 10 μM lissoclinidine B 
(63) and diplamine B (19). After 8 h of incubation, both compounds were found to 
increase Hdm2 in MEFs, demonstrating that lissoclinidine B (63) and diplamine B 
(19) functioned at least in part by stabilizing Hdm2. Since diplamine B (19) was 
quite unstable and degraded over time, only lissoclinidine B (63) was further inves-
tigated. Using U2OS (a human osteosarcoma) cells transiently co-transfected with 
plasmids encoding p53 and Hdm2 prior to incubation with ALLN or lissoclinidine 
B (63) to directly investigate whether lissoclinidine B (63) blocked Hdm2-mediated 
p53 ubiquitylation, they have found that ALLN caused an accumulation of p53, 
including higher molecular weight forms of protein indicative of ubiquitylation, 
while incubation with lissoclinidine B (63) similarly blocked p53 degradation in a 
dose-dependent manner. They have also confirmed the results in an additional ex-
periment with HCT-116 colon carcinoma cells expressing wild-type p53 which also 
showed that lissoclinidine B (63) prevented the accumulation of ALLN-induced 
ubiquitylated p53, following treatment with both lissoclinidine B (63) and ALLN. 
Thus, they concluded that lissoclinidine B (63) inhibits both Hdm2-mediated ubiq-
uitylation and degradation of p53. Furthermore, they have also used U2OS-pG13 
cells that stably express endogenous wild-type p53 and p53-responsive luciferase 
reporter (reporter pG 13) to examine whether lissoclinidine B (63) activates p53-de-
pendent transactivation. Since treatment with lissoclinidine B (63) produced a dose-
dependent increase in luciferase activity, they suggested that stabilization of p53 
resulted in activation of p53-dependent transcription. Finally, they have shown that 
treatment of p53-deficient (A9) and wild-type p53 MEFs (C8) with lissoclinidine 
B (63) produced a marked increase in cell death in C-8 cells while p53-deficient 
A9 cells were relatively resistant. They have also observed cleavage of PARP in 
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response to lissoclinidine B (63) specifically in the p53-expressing C-8 cells but not 
in A-9 cells, which is consistent with apoptotic cell death. Thus, these data indicated 
that lissoclinidine B (63) induces cell apoptosis in a p53-dependent manner which 
is consistent with a primary role in inhibiting Hdm2 and thereby activating p53.

It is interesting to point out that despite the structural difference between lis-
soclinidine B (63) and diplamine B (19), both of them were found to be equally 
active (IC50 values 98.1 ± 6 and 101.3 ± 4 μM, respectively). Thus, it was suggested 
that the functionality required for their activity lies in the aromatic ring system and 
sidechain, and may not be affected by substituent differences at C-8, C-9 or N-11.

36.3.6 � Anticancer Activity Evaluation of Kuanoniamines A and C

Kijjoa et al. [44] have investigated the effects of kuanoniamines A (51) and C (53), 
isolated from the marine sponge Oceanapia sagittaria collected from the Gulf of 
Thailand, on the growth of five human tumor cell lines: MCF-7 (breast adenocar-
cinoma, estrogen-dependent ER + ), MDA-MB-231 (breast adenocarcinoma, estro-
gen-independent ER − ), SF-286 (glioma), NCI-H460 (non-small cell lung cancer), 
UACC-62 (melanoma), and a non-tumor human cell line MRC-5 (diploid embry-
onic lung fibroblast), by SRB method. Kuanoniamine A (51) was found to potently 
inhibit the growth of all five human tumor and the non-tumor MRC-5 cell lines, 
exhibiting its GI50 (concentration that causes 50 % of cell growth inhibition) values 
less than 5  μM. Although kuanoniamine C (53) also inhibited the growth of all 
these tumor cell lines, its effect was at least ten times weaker than that observed 
for kuanoniamine A (51) for MDA-MB-231, SF-268, NCI-H460, and UACC-62. 
Specifically, the low GI50 value of kuanoniamine C (53) on MCF-7 (0.81 ± 0.11 μM) 
suggested a high selectivity of this compound for this estrogen dependent (ER+) 
breast cancer cell line. Using [3H] thymidine incorporation assay, they have found 
that the DNA synthesis of the MCF-7 cells was dramatically affected by treatment 
with kuanoniamine A (51), and the DNA synthesis was found to be dependent on 
its concentration rather than the exposure time. In contrast, kuanoniamine C (53) 
exhibited a stimulatory effect at low concentrations and inhibitory effect at high 
concentrations. This biphasic effect of kuanoniamine C (53) on DNA synthesis 
of the MCF-7 cells resembled that of phytoestrogens on the estrogen dependent 
breast cancer cells [68]. The MTT-reducing capacity assay revealed that the effect 
of kuanoniamine A (51) on cell viability of MCF-7 cells was much more potent 
than that of kuanoniamine C (53), and the loss of cell viability by kuanoniamine A 
(51) was in agreement with its drastic effect on DNA synthesis. Flow cytometric 
analysis of the DNA content revealed that kuanoniamine A (51) caused an extensive 
reduction of the MCF-7 cells in G2/M phase with a concomitant increase in G1 
phase and a cellular fraction in S phase. In contrast, kuanoniamine C (53) exhibited 
no significant effect on these cells. The TUNEL assay showed that both kuanonia-
mines A (51) and C (53) caused an increase in apoptotic cells, suggesting that their 
antiproliferative effects on the MCF-7 cells could be in part due to the phenomenon 
of apoptosis.
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36.4 � Conclusion

The pyridoacridines represent an interesting group of marine alkaloids which ex-
hibit interesting biological activities. However, much attention has focused on their 
anticancer activity since nearly most of the compounds of this class exhibit cyto-
toxicity in the cultured human tumor cells. Although many of the naturally occur-
ring marine pyridoacridines tested so far are too toxic to be considered viable for 
development of anticancer drugs, the study on the mechanisms underlying their cy-
totoxicy has shed light to the relationship between the structure and the mechanism 
responsible for their cytotoxicity. The progress in synthetic chemistry combined 
with a rapid advance in bioassays, which can allow scientists to identify molecular 
targets of this class of compounds, will lead to the optimization of the molecules 
with retain or increase the activity while diminishing the toxicity.
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