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Naturally occurring anti-mutagenic principles present in plants, human diet and other sources have protective
effects against mutagens. Anthraquinones (AQs) considered one of the major plant phenolic pigments that contain
many members, have evidenced the capability for inhibiting the mutagenicity toward Salmonella typhimurium of
a number of mutagens. Not only genotoxicity/carcinogenesis is caused by mutagens but also the inception and
pathogenesis of several chronic degenerative diseases. The present review attempts to furnish a brief overview on
structure-antimutagenicity relationships of natural and synthetic anthraquinones.

The affinity regions of hydrophobic and coplaner anthraquinones for interacting with CYP1A1
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Introduction

Mutation refers to a heritable change in nucleotide sequence or
number, which occurs due to an alteration in the sequence of the code
in a gene due to change, removal or insertion of one or more bases in a
gene, and resulting in an altered gene product. This may be expressed
by the change in the structure of a protein which alters or abolishes its
enzymatic properties [1].

Mutation occurs spontaneously or may be induced by
environmental, industrial, dietary and natural chemicals; it is a cause of
innate metabolic defects in cellular systems, triggering morbidity and
mortality in living organisms. Mutations cause permanent alteration
in DNA structure, which have been implicated in the etiopathology
of cancer and other degenerative diseases [2]. A plethora of synthetic
and natural substances are known to act as mutagenic, co-carcinogenic
and/or carcinogenic agents. These agents produce a variety of lesions
in DNA including strand break, base damage and dimerization
of bases. De Flora et al. [3] reported that, mutation in somatic cells
is not only involved in the carcinogenesis but can also cause genetic
disorders and several other degenerative disorders [3,4], the mutagenic
effects of genotoxic chemicals are additive, cumulative and sometimes
irreversible [1].

Anti-mutagens are chemicals that reduce the mutagenicity of
physical and chemical mutagens [5]. Antimutagens can be classified
into two categories based on the initiation site of antimutagenicity;
Desmutagens which are blocking agents and/or scavengers of
radicals that are capable of inactivate the mutagens partially or fully
by enzymatic or chemical interaction before the mutagen attacks the

genes outside the cell. Bioantimutagens ‘true antimutagens’ increase
the fidelity of DNA replication, promote the re-pair of DNA damage,
suppress the evolution of the neoplastic process and/or are involved in
inhibition of error-prone re-pair [6,7].

The mechanisms by which antimutagens work can be classified
broadly [8] into; Chemical or enzymatic inactivation: Refers to a
group of chemicals that directly inactivate the mutagens by acting on
DNA, proteins and enzymes i.e., indole-3-carbinol (Figure 1) which
inhibits cytochrome P-450 enzymes. Glutathione transferase (Inducers
of phase-II metabolic enzymes) tends to inhibit a wide range of target
carcinogens i.e., isothiocyanates such as benzyl isothiocyanate (Figure
1) and antioxidants such as 2, 3-tert butyl-4-hydroxyanisole (BHA).
Prevention of the formation of active species: Some mutagens that
react with DNA in its active form require metabolic activation or
bio-activation to become active, i.e., N-nitro compounds are often
formed in the stomach through a reaction form nitrite and secondary
or tertiary amines. Scavenging: The dietary mutagens remain intact
‘with no ability to react with DNA" after scavenging by desmutagens,
i.e., chlorophyllin. Antioxidant and free radical scavenging: Reactive
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Figure 1: Basic structure of natural anthraquinone derivatives.

Oxygen Species (ROS) can damage DNA, induce mutations and inhibit
DNA re-pair process. That result in the inactivation of certain tumor
suppressor genes and leading to cancer. A wide range of antimutagenic
agents can readily scavenge most free radicals especially those having
a short half-life (OH") i.e., carotenoids, anthraquinones and phenolic
compounds.

In the last four decades drug discovery programs have been carried
out in order to identify novel bioactive phytocompounds, which helps
in, counteracting pro-mutagenic and carcinogenic agents, protect
humans against DNA damage and its consequences [9]. There are
continued efforts all over the world to explore the rich biodiversity, i.e.,
edible medicinal plants and other edible non-toxic plants, in pursuit of
the most effective phytoantimutagens. These bioactive compounds i.e.,
phenolics (flavonoids), pigments (AQs), allylsulfides, glucosinolates,
phytosterols, protease inhibitors and phytoestrogens, elicit, apart
from their antimutagenic and anticarcinogenic properties, additional
beneficial effects such as activation of the immune system and/or
protection against cardiovascular diseases [10].

The group of chemicals that cause cancer in man and animals
are collectively referred to as carcinogens. Environmental pollution
is associated with increased risk of cancer [11]. A large number of
experimental reports have begun to appear in the scientific literature,
wherein increasingly more natural antimutagens have been identified,
isolated and found to possess significant antimutation properties [12-
14]. Moreover, there is an increasing awareness that certain naturally
occurring substances in plants and other sources have protective
effects against environmental mutagens or carcinogens and also
endogenous mutagens. Hence, research work related to the discovery,
characterization and use of antimutagenic agents is receiving
considerable attention [15].

This review was conducted to highlight on the structure features of a
series of natural and synthetic anthraquinones that act as antimutagens.

Chemistry of Anthraquinones (AQs)

AQs (9, 10-anthraquinone) represent the largest group of natural
quinones, the majority of these materials from higher plants and fungi are
phenolic [16]. AQs are benzoquinone derivatives in which an aromatic
ring is fused to both sides of the benzoquinone [17], they are polyketide
in which their nucleus is substituted at C-1 and C-8 with hydroxy groups
and may carry an additional hydroxy group at C-3 and one-carbon
side chain at C-6 (Figure 1). The most frequently found sugars are
glucose or rhamnose at position C-8 or occasionally C-1 in the form of
O-glycosides [17]. O-rhamnose at C-6 and O-glucose at C-8 may be found,
O-digalactoside at C-8 was also reported [18], and a single carbon bond
linking two anthraquinone moieties (Figure 1 i.e., dicatenarin).

AQs are easily reduced in a reversible reaction (Figure 2), anthrone
derivatives possess an activated CH, at C-10 which is able to form
C-glycosides i.e., aloin (Figure 3) [19].

Biosynthesis, occurrence and distribution of anthraquinones

AQs are synthesized by a variety of routes in plants and fungi,
e.g., acetate-malonate and/or isochorismate-a-ketoglutaric acid-
mevalonate pathways [20]. Also are produced frequently in plant tissue
cultures, e.g., Cinchona species (Rubiaceae) produce at least 30 different
anthraquinones [21]. AQs derived from acetate-malonate (polyketide)
pathways are widespread in fungi and lichens, but less common in
higher plants, e.g., Emodin is among the compounds frequently found
in all of these groups. Acetate-malonate-derived AQs usually can be
distinguished by their structures because they possess substituents in
both benzenoid rings of the anthraquinone nucleus, although there are
some exceptions to this generalization [20].

Polyketide-derived AQs have a wide and scattered occurrence
in the following families: Monocotyledons- Iridaceae, Liliaceae
(Asphodelaceae)  (Aloe) and  Zingiberaceae;  Dicotyledons-
Anacardiaceae,  Asteraceae,  Caryophyllaceae,  Chenopodiaceae,
Clusiaceae, Combretaceae, Ericaceae, Euphorbiaceae, Fabaceae "Cassia
(Senna)’, Lythraceae, Polygonaceae, Rhamnaceae, Rhizophoraceae,
Saxifragaceae, Scrophulariaceae, Simaroubaceae, Sonneratiaceae,
Solanaceae, Urticaceae and Xanthorrheaceae [22]. AQs derived from
shikimic and isochorismic acid, are known to occur only in certain
dicotyledonous families: Bignoniaceae, Gesneriaceae, Rubiaceae,
Scrophulariaceae and Verbenaceae (Gentianales, Lamiales and
Scrophulariales) [22].

AQs in which only one ring is substituted are particularly
common in the Bignoniaceae, Rubiaceae, and Verbenaceae, but
do not appear to occur in fungi, the Polygonaceae, Rhamnaceae,
Fabaceae, Caesalpinioideae or Liliaceae (Aloe). These compounds are
derived from a pathway similar to that for naphthoquinones, but with
subsequent addition of mevalonate-derived units [17].

More than 200 AQs were isolated from flowering plants, and
many others were produced by lichens and fungi [21], more of which
are occur as glycosides within the plant, but are converted into their
aglycones by -glucosidases or oxidative processes. The richest families
(genus) with AQs are Fabaceae (Cassia), Liliaceae (Aloe), Polygonaceae
(Rheum and Rumex), Rhamnaceae (Rhamnus), Rubiaceae (Asperula,
Coelospermum, Coprosma, Galium, Morinda and Rubia) and
Scrophulariaceae (Digitalis). Members of the Rubiaceae (e.g., madder,
Rubia tinctorial) are characterized by brightly coloured anthraquinone
pigments that have been used in the past for dyeing and are partly
responsible for the colours of several tropical woods. In basic solution,
most anthraquinones produce a deep red or blue colour [9].
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Figure 2: Reduction pathway of anthraquinone.
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Figure 3: Anthraquinoid compounds isolated from Aloe vera.
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The anti-mutagenic/anti-carcinogenic activities of anthraqui-
nones

According to the Ames theory which was firstly presented in 1982,
and used to consider the anticancer effect with special emphasizes
on application of Salmonela typhimurium (TA10) to identify
antimutagenesis and anticancer level of chemicals. In brief, when the
prevention percent ranges between 25-40%, mutagenesis effect in this
test sample is assumed medium and when the prevention percent is
more than 40, mutagenesis effect of the test sample is strong and in case
the prevention percent is less than 25, mutagenesis effect is negative
which the case is true to consider anticancer effect by adding S9 for
metabolic activation [23].

It is clear that studies on antimutagenesis make significant
contributions to the prevention of cancer (discovery of more
anticarcinogens), and the prevention of drug-resistance mutations
in disease-causing microorganisms. Such studies have experienced
dramatic growth in recent years [24].

Folk medicine has attributed antimutagenic/anticarcinogenic
properties of preparations from medicinal plants containing
quinones. Quinones for the anthraquinone group were studied for
their inhibitory growth effect on cultured malignant cells, which
include cultured ovarian, breast, prostate, melanoma, lung, colon and
pancreatic cancer cells [25]. For example, eleven AQs isolated from the
roots of Morinda elliptica (Table 1, Compounds 3-13) were assayed
for their cytotoxic activity. Damnacanthal was cytotoxic towards the
MCEF-7 (breast carcinoma) and CEM-SS (T-lymphoblastic leukaemia)
cell line. Nordamnacanthal was very cytotoxic against the CEM-SS cell
lines. Lucidin-w-methyl ether and rubiadin showed strong cytotoxicity
towards (CEM-SS and MCF-7) and (CEM-SS) cells, respectively [26].

Moreover, emodin (Table 1, Compound 49) isolated from the root
and rhizome of Rheum palmatum L. and has been reported to exhibit
antimutagenic/anticarcinogenic effects. Several studies demonstrated
that emodin induces cell apoptosis in human lung squamous
carcinoma cell line (CH27), and on cells derived from human colon
carcinoma [27]. Rheum officinale H. Bn., a Chinese medicinal plant,
also contained large amounts of AQs (Table 1, Compounds 26, 27
and 29), which specifically inhibited one of the carcinogenesis-related
enzymes (cytochrome P450) and consequently possess antimutagenic
activity through an enzymatic inhibition mechanism [28]. Additionally,
chrysophanol, emodin and rhein have been shown to inhibit benzo[«]
pyrene-mediated DNA damage in human hepatoma cell line HepG2.

Kuo et al. [29] tested four AQs purified from a Chinese herb
Polygonum hypoleucum Onwi (Table 1, Compounds 29, 30, 44 and
45) for their effects on human mesangial cell proliferation in vitro;
on a percentage basis emodin had the highest suppressing activity on
cells proliferation. Aloe-emodin (28) present in Aloe vera L. leaves,
has a specific in vitro and in vivo antineuroectodermal tumor activity.
It has been reported to be non-toxic for normal cells, but to possess
specific toxicity for neuroectodermal tumor cells, taking into account
its unique cytotoxicity profile and mode of action; aloe-emodin might
represents a conceptually new lead antitumor drug [30]. More recently,
a free-floating cell line has been established from a metastatic lesion
of a Merkel cell carcinoma patient, the cell line was characterized by
immunocytochemical reactions with antibodies against the epithelial
and neuroendocrine antigens. Aloe-emodin significantly inhibited the
growth of Merkel carcinoma cells, meriting further investigation as a
potential agent for treating these tumors [31]. Previously, Grimaudo
et al. [32] had studied the effects of five purified anthraquinoids
(Figure 3; Table 1, 28) from Aloe vera L. on human K562 leukaemia,

and only aloe-emodin produced reproducible antitumor effects.
Shimpo et al. [33] examined the modifying effect of the whole leaf of
another species of this genus, Aloe arborescens Miller var. natalensis
Berger on azoxymethane (a mutagenic agent) which induced aberrant
crypt foci (a putative pre-neoplastic lesions in the rat colorectum,
causing colonotropic carcinogenicity), suggesting that this plant
has a chemopreventive effect against colon carcinogenesis, at least
in the initiation stage, which could be attributed to its content of
anthraquinones. Several studies demonstrated that aloin (Figure 3), a
natural anthraquinone with potential antitumor activity, was effective
on mice bearing solid Erlich carcinoma [34,35]. Furthermore, aloin
showed antitumor activity against two epithelial-type tumor cell lines;
breast and ovarian [36].

It can be concluded that the number of hydroxyl groups in the
anthraquinone nucleus seemed to play an important role in the degree
of cell growth inhibition; anthraquinones with two or three hydroxy
groups were more effective than those with no hydroxy groups,
i.e., 9,10-dioxoanthracene [25]. However, the number of hydroxyl
substituents of anthraquinones seems to be less influential on their
antimutagenicity rather than the position of the hydroxyl substituent
itself. Which appeared clearly that compounds with two meta-hydroxyl
groups e.g., nordamnacanthal, lucidin-w-methyl ether and rubiadin
showed strong cytotoxicity against CEM-SS and MCF-7 [26].

Mohammed et al. [37] isolated two anthraquinones (Table 1,
Compounds 28 and 42) from Cassia roxburghii Linn. and evaluated
their cytotoxicity against HCT-116, MCF-7 and HepG-2, and their
antiviral activity against influenza virus-A, the obtained results revealed
that aloe-emodin was more potent cytotoxic and antiviral agent than
aloe-emodin acetate, this can be attributed to the presence of CH,OH
group at C-3, which seems to be necessary for the activity along with
1,8-dihydroxy groups. Interestingly, intramolecular hydrogen bonding
could occur in anthraquinones leading to more potency. Furthermore,
four known AQs (Table 1, Compounds 27, 29, 30 and 39) were
isolated from the aerial parts of Rumex acetosa and investigated for
their cytotoxicity against A549, SK-OV-3, SK-MEL-2, XF498 and
HCY15, and their antimutagenicity by Ames test with Salmonella
typhimurium TA98, TA100 and SOS chromotest with E. coli PQ37,
together with two synthetic analogues (Table 1, Compounds 40 and
41). In a view of the structure-activity relationship (SAR) correlations
[38], no mutagenic activities of the tested compounds were detected,
whereas among the tested compounds; emodin strongly inhibited the
proliferation of each examined tumor cell line, with IC_j values ranged
from 2.94 to 3.64 mg/mL, and showed potent antimutagenic activities
with 71.5% and 53.3% at the concentration of 0.1 mg/plate against the
mutagens, 4-nitro-O-phenylenediamine (NPD) and sodium azide,
respectively. Its antigenotoxic activity was also very effective at the
final concentration of 10 mg/reaction tube against the mutagens,
methylnitronitrosoguanidine (MNNG) and 4-nitroquinoline-1-oxide
(NQO) (Figure 4) by SOS chromo test, reducing the induction factors
by 19.6% and 43.5%, respectively [38]. The SAR study suggests that an

- NO
NH, O 2
.
NH, //N—NH AN
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4-Nitro-o-phenylenediamine Methylnitronitrosoguanidine 4-Nitroquinoline 1-oxide

Figure 4: Structures of some mutagens.
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Compounds R, R, R, R, R, R, R, R,
2) Anthraquinone H H H H H H H H
3) 2-formyl-1-hydroxy- OH CHO H H H H H H
Anthraquinone
4) 1-hydroxy—2jmethyl- OH CH H H H H H H
Anthraquinone 3
5) Lucidin-w-methylether OH CH,OCH, OH H H H H H
6) Nordamnacanthal OH CHO OH H H H H H
7) Damnacanthal OCH, CHO OH H H H H H
8) Rubiadin OH CH, OH H H H H H
9) Morindone OH OH H H OH CH, H H
10) Soranijidiol OH CH, H H H OH H H
11) Rubiadin-1-methylether OCH, CH, OH H H H H H
12) Morindone-5-methyl- OH OH H H OCH CH H H
Ether 3 3
13) Alizarin-1-methylether OCH, OH H H H H H H
14) Quinizarin OH H H OH H H H H
15) Alizarin OH OH H H H H H H
16) Purpurin OH OH H OH H H H H
17) Anthraflafic acid OH H H H H OH H H
18) Anthrarufin OH H H H OH H H H
19) 2-Ethylanthraquinone H CH,CH, H H H H H H
20) 2,3-Dimethyl-
Anthraquinone H CH, CH, H H H H
21) 1,4-Dimethyl-
Anthraquinone CH, H H CH, H H H H
22) 1,5-Diamino-4,8-
dihydroxyanthraquinone NH, H H OH NH, H H OH
23) 1,5-Dihydroxy-4,8- OH H H NO OH H H NO
dinitroanthraquinone 2 2
24) 1,4-Diamino-2,3-
dichloroanthraquinone NH, c c NH, H H H H
25) Danthron or Chrysazin OH H H H H H H OH
26) Rhein OH H COOH H H H H OH
27) Chrysophanol or OH H CH H H H H OH
Chrysophanic acid 3
28) Aloe-emodin OH CH,OH H H H H H OH
29) Emodin OH H OH H H CH, H OH
30) Physicon OH H CH, H H OCH, H OH
31) Anthrauinlone-IZ- H COOH H H H H H H
carboxylic acid
32) Anthraumong-Z-squonlc H SO.H H H H H H H
Acid 3
33) Alizarin Red S OH OH SO,Na H H H H H
34) 2,3-Dimethylquinizarine OH CH, CH, OH H H H H
35) 2-Hydroxymethyl- H CH,OH H H H H H H
Anthraquinone 2
36) Tectoquinone H H CH, H H H H H
37) Frangulin (A) OH H rhamnoside H H CH, H OH
38) Frangulin (B) OH H apioside H H CH, H OH
39) Emodin-8-O-glucoside OH H OH H H CH, H glucoside
40) 1,8-Dimethoxy-6-
hydroxy-3-methyl- OCH, H CH, H H OH H OCH,
anthraquinone
41) 1,6,8-Trimethoxy-3- OCH H CH H H OCH H OCH
methylanthraquinone 3 3 3 3
42) Aloe-emodin-2-acetate OH H CH,COOCH, H H H H OH
43) Questin OCH, H OH H H CH, H OH
44) Physicon-1-O-glucoside glycoside H CH, H H OCH,
45) Islandicin OH H CH, OH H H H OH

Table 1: AQs with a distinct structure features that exhibited antimutagenic/anticarcinogenic activities.
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additional OH group at C-3 position in the anthraquinone nucleus
may play an important role for their cytotoxicity, and an introduction
of -OH or -OCH, group at C-3 position is necessary for their
antimutagenicity, even though the important OH groups are bonded
at C-1 and C-8 positions [38].

It was also reported that overexpression of Cdc25B (a protein
phosphatase) was detected in 32% of human primary breast cancers
tested and the Cdc25 phosphatases may contribute to the development
of human cancer. Therefore, the identification of Cdc25B inhibitors has
become an active area for the development of anti-tumor agents [39].
Sung-Gyu et al. [40] investigated the methanolic extract of the roots
of Polygonum multiflorum Thunb. (Polygonaceae), and demonstrated
that the isolated three AQs; physcion, emodin and questin (Table 1,
Compounds 29, 30 and 43), inhibited the enzymatic activity of Cdc25B
phosphatase with IC, values of 62.5, 30, and 34 mg/mL, respectively.
Whereas emodin and questin strongly inhibited the growth of human
colon cancer cells (SW620) with GI, (the concentration for 50% of
maximal inhibition of cell proliferation) values of 6.1 and 0.9 mg/
mL, respectively. Moreover, commercially available AQs (Table 1,
Compounds 26 and 27), chrysophanol and rhein were also inhibit
Cdc25B phosphatase with IC_ values of 10.7 and 22.1 mg/mL,
respectively.

Anti-mutagenic activity of anthraquinones against ni-
troarenes

Nitroarenes (Figure 5) are compounds generated by the reaction of
nitrogen oxides (NO,) with polycyclic aromatic hydrocarbons during
an incomplete combustion of organic materials, i.e., combustion
engines [41], as well as in the atmosphere [42]. Fluorene, pyrene
and fluoranthene are quantitatively prominent among atmospheric
polycyclic aromatic hydrocarbons. It is not surprising that nitro
derivatives of these compounds are again among the most abundant
respective nitroarenes. 2-Nitrofluorene (2-NF) is normally the
dominating atmospheric nitroarene, followed by nitrofluoranthenes,
for instance, 3-nitrofluoranthene (3-NFA) and nitropyrenes. Among
nitropyrenes, 1-nitropyrene (I-NP) is the most abundant compound,
and well known to be present in the particle phase of diesel exhaust
[43]. Nitroarenes have also been detected in foods [44,45]. Incomplete
combustion of foods in the presence of NO, favours the formation of
nitroarenes, while oxidation of the respective amines is an alternative
pathway though of minor importance [46], therefore, human exposure
may occur by inhalation as well as through the gastrointestinal
tract. Many nitroarenes have been demonstrated to exert mutagenic
activities in bacterial and mammalian test systems, but only a few have
been proven to be carcinogenic in rodents, among them 2-NF, 3-NFA
and 1-NP as well as several dinitro derivatives of these compounds
[43,45,47]. In addition, these and other nitroarenes may be involved in
the aetiology of some human cancers, namely lung and breast [48,49].

Edenharder and Tang [50] investigated various naturally occurring
and synthetic AQs (Table 1, Compounds 2, 14-16, 25, 26, 29, 30,
33, 34 and 36) for their antimutagenic activities against 2-NF, 1-NP
and 3-NFA. It can be seen that the parent compound anthraquinone
as well as tectoquinone with no polar functions were inactive, while
the glycosidic AQs (37 and 38) showed only weak antimutagenicity.
Dihydroxyanthraquinones, however, such as alizarin, quinizarin and
chrysazin, exerted strong antimutagenicity against all nitroarenes
investigated, with alizarin being the most potent antimutagenic.
The presence of an additional hydroxyl group at C-4 of alizarin (i.e.,
purpurin) or a sulfo function at C-3 (i.e., alizarin Red S) did not cause
major changes. Rhein with one carboxyl and two hydroxyl functions

was a potent antimutagen. However, reducing polarity by introduction
of methyl groups or methylation of a phenolic hydroxyl group
(2, 3-dimethylquinizarin, emodin and physicon) reduced or even
eliminated the antimutagenic potency, these effects are best visible with
respect to mutagenicity induced by 2-NF in Salmonella.

It became evident that many of these compounds exerted
antimutagenicity with distinct structure-activity relationships as
follow; First, the impact of the tetracyclic nitroarenes 1-NP and
3-NFA was usually antagonized more effectively than mutagenicity
of the tricyclic compound 2-NF. Secondly, antimutagenicity was
widely linked to aglycones: glycosides of anthraquinones with various
sugars were completely inactive. Most investigated AQs were potent
antimutagens against the three nitroarenes tested. Antimutagenicity
of extracts of Chinese herbs Rheum palmatum B and Polygonum
cuspidatum S [51] against 1-NP was attributed to various polyphenols
i.e., emodin. With respect to heterocyclic aromatic amine mutagens in
vitro antimutagenic activities in Salmonella have been described for
aloe-emodin, chrysophanol, emodin and physicon [52], as well as of
various anthraquinones and emodin against benzo[a]pyrene [53].

Anti-mutagenicity of anthraquinone against heterocyclic
aromatic amines

Under normal household cooking conditions of foods rich in
protein, such as meat and fish, a series of heterocyclic aromatic amines
(HAAs) are generated (Figure 6). Among them, five compounds
are considered to be the principal HAAs consumed within the diet:
2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP), 2-amino-
9H-pyrido[2,3-b]indole (AaC), 2-amino-3,8-dimethylimidazo[4,5-f]
quinoxaline (MelIQx), 2-amino-3,4,8-trimethylimidazo[4,5-f]
quinoxaline  (DiMelQx) and 2-amino-3-methylimidazo[4,5-f]
quinoline (IQ) [54]. All these HAAs are mutagenic in the Salmonella/
reversion assay and carcinogenic in laboratory animals. IQ, however,
warrants special attention since it is among the most potent mutagenic
and carcinogenic HAAs [54,55]. HAAs were regarded as potential
human carcinogens [56], but the real health hazards are still unknown.
Persons who live on a usual mixed diet are exposed to these HAAs
for nearly an entire lifetime [57]. On the other hand, the HAAs are
typical tumor initiators [58] and might represent a lower risk as human

2-Nitrofluorene 3-Nitrofluoranthene 1-Nitropyrene

Figure 5: Structures of some nitroarenes.
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Figure 6: Structures of some heterocyclic aromatic amines.
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carcinogens than originally anticipated from the animal experiments.
However, tumor promoting effects have not been calculated so far [53],
but could play a more decisive role in determining the carcinogenicity
of HAAs than thought up till now. Existing epidemiologic evidence is
suggestive for a causative connection between high meat consumption,
HAAs, and colon cancer [57]. Moreover, available epidemiologic
evidence is exceptionally strong and consistent between consumption
of high levels of fruits and vegetables and a reduced risk of cancer
at most sites, particularly epithelial cancers of the alimentary and
respiratory tract [59]. Knowledge about anticarcinogenic agents in
fruits and vegetables is limited [60,61], as well as knowledge about
the various protective mechanisms of action of phytochemicals. The
balance, however, between harmful and protective mechanims should
be decisive for the final outcome of the disease. Since effects at the initial
stage of the carcinogenic process correlate well with the known strong
mutagenic properties of most HAAs, Salmonella/reversion assay in
previous studies had been used as a model system to check fruits and
vegetables for the presence of antimutagenic activities, as well as for
the effects of compounds of known structure such as anthraquinones,
flavonoids, coumarins and other phytochemicals [62].

Since the activation of these heterocyclic aromatic amines is
catalyzed by the cytochrome P450 (CYP) 1A family, 1A1, and 1A2 [63],
so the inhibition of N-hydroxylation activity of CYP1Al is essential
for the antimutagenicity toward Trp-P-2. Sun et al. [28] reported the
antimutagenicity of 10 commercial AQs (Table 1, Compounds 1, 2, 14-
17, 25-27 and 29), against Trp-P-2 and revealed that, almost all tested
anthraquinones were active as antimutagens in a dose-dependent
manner without any noticeable cytotoxicity, e.g., anthraquinone itself
was the most potent antimutagen than others, its antimutagenicity
retained by the introduction of 1,4-dihydroxy and/or 1,3,8-trihydroxy-
6-methyl functions (14 and 29) respectively, moreover, the polar
function as COOH at C-3 (26) decreased the activity. Furthermore,
the antimutagenic activity of anthraquinones was compared to their
inhibition toward N-hydroxylation of CYP1Al, all the tested AQs
except anthraquinone itself, exhibited IC_, values ranging from 0.29-21
uM for antimutagenicity and similar values for CYP inhibition. Since
metabolic activation by CYP is a primary step in the genotoxicity-
producing process [62], similarity in both IC_ values indicates that
the antimutagenicity of AQs was attributable to inhibition of the
N-hydroxylation of Trp-p2 by CYP1Al. Moreover, Edenharder et
al. [62] demonstrated a distinct study of SAR of 19 anthraquinones
(Table 1, Compounds 2, 14-18 and 25-38), that inhibited mutagenicity
induced by (IQ) in Salmonella typhimurium TA 98 in the presence
of rat liver S9. From this study it can be concluded that, in general,
AQs were potent antimutagens with the presences of a carbonyl
function as a prerequisite for antimutagenicity. The parent compound
(2) and its methyl substituted derivatives were already the most
potent, while the introduction of polar substituents such as COOH
and SO,H considerably reduced the antimutagenicity. Introduction
of OH functions had equivocal effects: with increasing numbers,
antimutagenic potencies were concomitantly reduced; however,
anthraflavic acid, chrysazin and quinizarin were more potent than the
parent compounds, this comes in accordance with the fact that the
number of hydroxyl groups is less effective than their exact positions.

These results imply that the overall size of the anthraquinone
molecule (planarity) is an important determinant of antimutagenic
potency. This can be illustrated clearly as follow; anthraquinone,
tectoquinone, quinizarin, chrysazin and anthraflavic acid were the
most potent. Alizarin was somewhat less effective, while anthrarufin
and 2-hydroxymethyl-anthraquinone were distinctly less potent. In
general, additional OH (i.e., purpurin, emodin) or CH,O0H functions

(aloe-emodin) further reduced antimutagenicity, while introduction
of strong polar substituents such as COOH or SO,H considerably
diminished antimutagenicity (26 and 31-33). No influence of a
methyl group at C-2 could be detected, whereas a methyl group at C-3
(27) seems to reduce antimutagenic potency. Reduction of polarity by
methylation of the 6-OH of emodin (30) did not change much. On the
other hand, the presence of a glycosidic function at C-3 (37 and 38) reduces
antimutagenicity only by about 30% as compared with emodin [62].

Most effects observed can easily be explained by considering
that expression of mutagenicity of IQ comprises two major steps
of metabolic activation: hydroxylation of IQ to N-OH-IQ and
esterification reactions of N-OH-IQ to generate the ultimate mutagenic
metabolite. Hydroxylation of IQ monitored by measurement of MROD
(7-methoxyresorufin-O-demethylase) and EROD (7-ethoxyresorufin-
O-deethylase) activities in rat liver microsomes was inhibited with
similar efficiency by AQs (i.e., alizarin and anthraflavic acid). With
respect to these anthraquinones, inhibition of mutagenic activity
induced by IQ in S. typhimurium might be caused exclusively by
inhibition of cytochrome P-450-dependent mono-oxygenases 1Al
and 1A2 [63]. By comparing the above test and the Salmonella/
reversion assay, it can be concluded that, the presence of methyl
functions i.e., chrysophanic acid and emodin is obviously the reason
for the high inhibitory potency against MROD and EROD activities.
On the other hand, the reasons for the lower IC,, values of most other
anthraquinone derivatives are unknown. Nevertheless, there is an
agreement that anthraquinone, chrysazin and quinizarin are the most
potent quinones, that there is a good correlation between inhibition of
ECD (7-ethoxycoumarin-O-deethylase), MROD and EROD activities,
and IQ induced mutagenesis for many compounds, and that inhibition
of cytochrome P-450-dependent mono-oxygenases is a major
determinant of antimutagenicity of anthraquinones against IQ [62].

SAR studies of AQs with respect to N-OH-IQ induced mutagenesis
in S. typhimurium TA 98NR might also play a role in this context.
Di- and trihydroxyanthraquinones were effective inhibitors with
ID,, values about 10 to 20-fold higher than in the case of IQ, while
the parent compound was inactive as well as derivatives with COOH
and SO,H functions, chrysophanic acid and emodin. The methyl
substituted derivatives 2,3-dimethylquinizarin, 2-hydroxymethyl-
anthraquinone and tectoquinone even exerted comutagenic effects. The
reasons are unknown but stimulation of enzymes activating N-OH-
IQ, intercalation with the DNA and formation of new compounds
by enzymes of the S9 mix are among the conceivable possibilities. On
the other hand, the antimutagenicity enhancing effect of hydroxyl
groups, especially in certain positions of the nucleus, may be caused
by intramolecular hydrogen bonding [36], subsequent oxidation to
quinones (with higher hydrogen bonding potency), and finally direct
interaction with N-OH-IQ [63].

In a theoretical study by Lewis et al. [65], based on molecular
orbital calculations and molecular graphics, structural requirements
for hydroxylation of xenobiotica by cytochrome P-450-dependent
mono-oxygenases were outlined. Substrates with fused aromatic or
heteroaromatic rings such as benzo[«]pyrene (BaP) and IQ gave rise to
overall molecular planarity with relatively small molecular depth. The
binding sites of these isozymes therefore must contain hydrophobic
aromatic amino acid residues, but do contain also hydrophilic amino
acid residues capable of hydrogen bonding to carbonyl moieties of
the anthraquinone molecule [64]. This could be an explanation for
the fact that anthraquinone with its two carbonyl functions “though
named quinone it is in fact a diketonic compound” was the most potent
inhibitor of MROD/EROD and ECD activities. As demonstrated above,
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mutagenicity induced by I1Q, as well as MeIQx, Glu-P-1 and Trp-P-2,
in S. typhimurium TA 98 was effectively inhibited by chrysazin,
chrysophanic acid, physicon and purpurin. Antimutagenic effects of
anthraquinone derivatives, as well as of various quinoidic aromatic
compounds against mutagenicity induced by HAAs and other
mutagens in S. typhimurium were also observed by other investigators.
Among these AQs; aloe-emodin, chrysophanol, emodin and physicon
were active against Trp-P-1, Trp-P-2 and other HAAs [50], various
anthraquinone derivatives were active against the ultimate mutagenic
metabolite of BaP. The 7,8-diol-9,10-epoxide of anthraflavicacid showed
activity against IQ [65], while emodin was active against IQ, Trp-P-2,
and BaP of tanshinones. Tetracyclic heterocyclic quinones isolated
from the radix of Salvia miltiorrhiza revealed activity against Trp-P-1
and BaP [51]. The quinoidic metabolites of butylated hydroxyanisole
were active against Trp-P-2 [66]. Moreover, 1-O-hexyl-2,3,5-trimethyl-
hydroquinone and derivatives with other alkyl substituents were active
against eight HAAs [67,68].

Taken the above considerations together one may conclude that all
quinones which meet the criteria established by Lewis et al. [65] may
be effective inhibitors of polycyclic and heteroaromatic mutagens in
S. typhimurium. Inhibition of P-450-dependent mono-oxygenases by
quinones was demonstrated in several studies with subcellular liver
fractions in vitro. Lipophilic quinones were in general more effective
inhibitors than their more polar derivatives and it can be anticipated
that the former compounds easily penetrate the plasma membrane
of mammalian cells, e.g., liver parenchyma cells, thereby inhibiting
mono-oxygenases as well. The degree of enzyme inhibition and
consequently the antimutagenic effect of quinones in vivo obviously
will depend on the amount of these compounds in food as well as on
their bioavailability. Among natural quinones, vitamin K1 participates
in the photosynthetic process and is therefore present in all green
plants. Among edible plants, particularly high concentrations are
present in cruciferous vegetables, green salads and spinach, while low
concentrations were found in other vegetables and fruits. As shown
previously, antimutagenic and possibly anticarcinogenic effects may be
exerted in the mammal and possibly also in the human besides the well-
known antihemorrhagic function. AQs may be found in Hyperiaceae,
Polygonaceae, Rhamnaceae and Rubiaceae, but aside from rhubarb,
sorrel and possibly Cassia, none of these plants could be considered edible
[69]. However, hydroxyanthraquinones are the active principles of many
phytotherapeutic drugs, among which laxatives are most important.

Anti-mutagenicity of anthraquinones against dioxins

Environmental contaminants, e.g., dioxins, develop various
adverse effects through transformation of a cytosolic aryl hydrocarbon
receptor (AhR), which is a sequential action of ligand binding to the
AhR, translocation of the receptor into the nucleus, binding of AhR/
ARNT to the DRE-site on DNA, and transactivation of AhR/DRE-
driven genes [70,71]. Because dioxins invade the body mainly with
diets, it is important to search for antagonistic compounds from natural
sources. Flavonoids, lutein, resveratrol, curcumin and theaflavins were
reported [72-76] as antagonists of the AhR, suggesting that pigments
(e.g., anthraquinones) including polyphenols are good candidates for
the AhR antagonists. AQs are reported to have antimutagenic activity
by inhibiting CYP1A1, which is a downstream of the AhR, and this
inhibition requires three rings with an oxygen function in the side ring
[28]. A hypothesis arisen from these results that the suppressive effects
of AQs on the AhR require the same affinity region as that CYP do,
which is consistent with the previous report demonstrating that the
structures required for the suppression of AhR transformation are the
same fashion as that for the suppression of CYP1A1 [71,77].

Fukuda et al. [75] investigated the effects of 18 anthraquinone
(Table 1, Compounds 2 and 14-30) on the transformation of the AhR
estimated by its DNA-binding activity in the cell-free system, induced
by 1uM 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD). The obtained
results revealed that; quinizarin, anthrarufin and danthron strongly
suppressed DNA-binding activity of the AhR, with their IC, | values
around 1pM, while anthraquinone and anthraflavic acid showed
moderate effects. QSAR analysis demonstrated that hydroxyl groups
at C-1, -4, -5, or -8 of anthraquinone structure are important to reveal
the suppressive effects on AhR transformation. Indeed, hydroxyl
groups at C-1 or C-4 but not C-3 positions of the structure are critical
for the suppressive effects and consequently antimutagenic activity.
In addition, all compounds had no agonistic effect. The suppressive
effects of AQs in a cultured cell system were also confirmed, in human
hepatoma HepG2 cells; chrysophanol, danthron and rhein also
suppressed the DNA-binding activity in a dose-dependent manner,
although aloe-emodin showed a moderate effect, these findings may
be useful for the design of novel antagonists of the AhR. Kuo et al. [78]
investigated the SAR of AQs on intestinal motility using rabbit small
intestinal strips. This study revealed the critical requirement of a hydroxy
group at C-2 position, whereas the presence of other polar groups at this
position, such as an amino, aldehyde and carboxylic acid significantly
reduced the activity. The presence of a methyl group and esterification of
the carboxylic acid at C-2 was found to abolish the activity.

Amakura et al. [79] demonstrated that three AQs; emodin,
aloe-emodin and alizarin suppressed 5#M TCDD-induced AhR
transformation, but the concentration of TCDD is extremely higher
than that in the physiological level, and the structure-activity
relationship in the suppressive effects has not been clear yet, while the
suppressive effects of anthraquinones on DNA-binding activity of the
AhR were examined in both cell-free and cultured cell systems [77].
Interestingly, the suppressive effects of danthron and rhein against
higher concentrations of TCDD were dramatically different; the IC,,
values of danthron retained around 1-2uM, while that of rhein changed
from 3.9 to 66.7uM, this may be due to the additional COOH group at
C-3 position which can be accounted for this change. AQs which have
the basic structure of danthron with a functional group at C-3 (i.e.,
chrysophanol and aloe-emodin) had higher IC_ values than danthron,
suggesting that hydrophobicity is important to the interaction with
the AhR complex or ligand binding pocket of the AhR. However,
anthraquinone, which has the basic structure, did not suppress AhR
transformation, indicating that only hydrophobicity is not critical
for the suppressive effects. GA-PLS analysis indicated that structure
parameters and the positions of hydroxyl groups are important for the
suppressive effects, and further study is needed for the other functional
groups contributing to the suppressive effects in the future. Quinizarin
and anthrarufin also showed suppressive effects with the IC, | values
close to that of danthron. It is, therefore, suggested that AQs which
have OH groups at C-1 or C-4 positions, suppress AhR transformation
by interacting with the receptor protein or its partner proteins.

The preliminary data demonstrated that danthron and rhein
inhibited the specific binding between agonists and the AhR, suggesting
thatanthraquinones suppress AhR transformation by inhibiting agonist
binding to the AhR. The absorption and metabolism of anthraquinone
laxatives has been well studied. Chrysophanol is transformed into
aloe-emodin by CYP-dependent oxidation [80,81], and aloe-emodin is
quickly metabolized to rhein in rats [82]. The metabolism and recovery
rates of major anthraquinones are demonstrated by using their
!C-labelled compounds, and the large amounts of anthraquinones are
excreted to urine [83], indicating that anthraquinones are absorbed
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through intestinal cells and metabolized in hepatocytes, and finally
excreted. In the cultured cell system, chrysophanol, danthron, and rhein
doses dependently suppressed DNA-binding activity of the AhR, while
aloe-emodin showed a moderate effect. In the cell-free system, the order
of the suppressive effects ranked as follows; danthron>rhein>aloe-
emodin>chrysophanol. Danthron has the basic structure of these four
compounds, and clearly suppressed the DNA-binding activity of the
AhR not only in the cell-free system but also in the cultured cell system.
The differences of the suppressive effects in the cell-free and cultured
cell systems might be due to absorption rate of anthraquinones and/or
metabolization in hepatocytes in addition to the affinity to ligand binding
pocket of the AhR. Because the affinity of ligands to the AhR is reported
as different among species, the difference between rat and human in the
cell-free and cultured cell systems might be also a cause of the disparate
results [84]. In conclusion, anthraquinones have antimutagenic activity by
its ability to reduce dioxin toxicity through suppression of AhR binding to
DRE site with the structure-activity relationship.

Mutagenic activity

Many natural and synthetic hydroxy-, amino-, nitro- and benz-
AQs are mutagenic in the Ames/Salmonella assay [69,85,86]. The
majority of these AQs are classified as frameshift mutagens (those
cause insertion or deletions of a number of nucleotides in a DNA
sequence) due to their reactivity toward Ames strains TA1537, TA1538
or TA98. Liberman et al. [86] reported that chrysophanol and islanding
mycotoxins (Table 1, Compounds 27 and 45) produced by Penicillium
islandicum are frameshift mutagens which require metabolic activation
(S9). The mutagenic activity associated with these two mycotoxins is
quantitatively different from that observed with emodin, a known
mutagenic mycotoxin for TA1537 [85].

Lieberman et al. [87] studied the structure-mutagenic activity
relationships for these three mycotoxins (chrysophanol, islandicin
and emodin), and concluded that chrysophanol might represent the
basic mutagenic structure. Furthermore, the presence of an oxygen
moiety at position 10 and/or a methyl group at C-3 may play part of
the mutagenic site, and that the quantitative differences in mutagenic
activity between chrysophanol, islandicin, and emodin were due to the
position of the additional OH group found in emodin and islandicin.
Placement of this OH group at C-6 (emodin) facilitated, or at C-4
(islandicin) restricted, either the interaction with DNA or the activation
to the mutagenic species by rat liver homogenate [87]. As it is appeared
previously, that, there are reports on the genotoxic and evidences on
the tumorigenic potentials of anthraquinones and/or their glycosides
in mice and rats, i.e., the anthraquinones glycosides isolated from
senna and cascara were believed to behave as a weak promotors in rat
colon carcinogenesis [88]. Furthermore, toxicological studies carried
out on hydroxyanthraquinones (i.e., aloe-emodin and emodin) present
as minor components in senna, suggested that they may represent a
genotoxic or cancerogenetic risk for man [89]. Mueller et al. [90]
investigated the genotoxicity of 1,2-dihydroxyanthraquinones present
in Chinese herbs and the mutation assay in lymphoma L5178Y, and
observed that, emodin was genotoxic whereas chrysophanol and
physcion showed no effects. Moreover, Mueller et al. [90,81] had
reported that plant derived 1,8-dihydroxyanthraquinone derivatives
i.e., emodin and danthron were clearly genotoxic in mouse lymphoma
L5178Y cells, whereas chrysophanol was only weakly genotoxic and
physcion not at all. These studies suggested that these compounds
bound non-covalently to DNA and inhibited topoisomerase II
activity. This comes in accordance with the understanding that
the genotoxicity of anthraquinones is, at least in part, mediated by
noncovalent DNA-binding. Other investigations stated that, the

genotoxicity and mutagenicity of anthraquinones are mainly due
to the inhibition of the catalytic activity of topoisomerase II [91,92].
Furthermore, recent studies suggested that cytochrome P450 involves
biotransformation of emodin and chrysophanol through bioactivation
pathways [80,81,93,94]. Additionally, Tanaka et al. [95] reported that
1-hydroxyanthraquinones isolated from Rubia tinctorurn L. (madder
root) are genotoxic agents and mice colon carcinogens. Lucidin was
shown to be responsible for the potential genotoxic activity of madder
root extracts. It suggested that the presence of two hydroxy groups in
the 1,3-positions is a structural requirement for the genotoxicity of
hydroxyanthraquinones such as lucidin [96].

Other investigations showed the ability of AQs in promoting other
neoplastic lesions such as skin tumor and cutaneous melanoma in mice
[97,98] and on the bone marrow cells of mice [99]. Several benzo- and
naphthoquinones have also been shown to be oxidative mutagens [100].
More recently, Guerra et al. [101] have investigated the teratogenic
potential of lapachol, a naphthoquinone with therapeutic potential.
Results have shown a strong abortifacient effect of lapachol in rats.

Absorption of anthraquinones

Orally administration of anthraquinones revealed that,
anthraquinone glycosides are poorly absorbed than its aglycones,
they are inactive in the gastrointestinal tract until they reach the
colon, where they hydrolysed by colonic bacteria and absorbed
moderately. Finally they are partially eliminated renally, in feces,
and in bile [102]. Subchronic or prechronic exposure of laboratory
animals to anthraquinones revealed no death at a dose of 2, 10, 20, 50
or 250 mg/kg bw/day and no toxicity was observed at 2 mg/kg bw/
day of anthraquinone, observations also showed body weight loss,
lowered level of haemoglobin, and increased liver weight (For more
details, please visit https://toxnet.nlm.nih.gov/cgi-bin/sis/search/
a?dbs+hsdb:@term+@DOCNO+2074).

Conclusion

From the presented study, we can conclude that the number
of hydroxyl substituents of AQs seems to be less influential on the
antimutagenicity rather than their exact positions. As confirmed
by SAR study that OH at C-3 may play an important role for their
cytotoxicities, while OH or OCH, groups at C-3 is necessary for the
antimutagenicity, even though the importance of OH groups at
C-1 and C-8 positions. However, substitution of OH with OCH, at
C-1 increases the inhibition of the enzymatic activity of the Cdc25B
phosphatase and hence increases their cytotoxicity. SAR studies of AQs
against nitroarenes concluded that as the polarity of the AQs increased
their antimutagenicity increased. While, the SAR studies of AQs against
heterocyclic aromatic amines mutagenicity, and QSAR analysis of AQs
against dioxins, demonstrated that as the polarity of the AQs decreased
their antimutagenicity increased against heterocyclic aromatic amines
and dioxins, which suggests the same mechanism of action.

The overall conclusion of the structure-antimutagenic activity
relationships of AQs are; the planarity of the anthraquinone molecule,
antimutagenicity was widely linked to aglycones, the presence of
1,8-dihydroxy groups is optimal and finally the introduction of a
nonpolar substituent at C-3 may enhance the activity, while polar
groups at the same position abolish the activity. The antimutagenicity
of the AQs may enhanced by the synergistic effect of AQs, especially
those have the structure requirements for the activity. SAR studies
suggested that, the inhibitory action on CYP1A1l enzyme which is a
downstream of the AhR, required three aromatic rings (planarity) and
an oxygen group in the side ring (hydrophobicity), which constructed
a region of interaction with the CYP enzyme (Figure 7).
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Figure 7: The affinity regions of hydrophobic and coplaner anthraquinones for
interacting with CYP1A1.
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