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ABSTRACT

Chronic consumption of aflatoxin-contaminated
foods is a global problem in both developing
and developed countries especially where there
is poor regulation of their levels in foods. In the
body, aflatoxins (AFBs) mainly AFB; are bio-
transformed to various metabolites especially
the active AFB;-ex0-8,9-epoxide (AFBO). The
AFB, AFBO and other metabolites interact with
various biomolecules in the body including nu-
cleic acids such as DNA and RNA and the vari-
ous metabolic pathways such as protein syn-
thesis, glycolytic pathway and electron trans-
port chain involved in ATP production in body
cells. The AFB interacts with DNA to form AFB-
DNA adducts causing DNA breakages. The AFB
and its metabolites induce the up regulation of
nuclear receptors such as pregnane X receptor
(PXR), constitutive androstane receptor (CAR),
and aryl hydrocarbon receptor (AhR) through
gene expression that regulates the metabolizing
enzymes such as CYP450 involved in Phase |
and Phase Il metabolism of xenobiotics. AFB ac-
tivates these nuclear receptors to produce the
metabolizing enzymes. The AFB; is metabolized
in the body by cytochrome P450 (CYP450) enzyme
isoforms such as CYP1A2, CYP1A2, CYP3A4/
CYP3A5, and CYP3A7 in fetus, glutathione S-
transferase, aflatoxin B;-aldehyde reductase
leading to reactive metabolites, some of which
can be used as aflatoxin exposure biomarkers.
These enzymes are involved in the Phase | and
Phase Il metabolic reactions of aflatoxins. The
CYP1A2 is the principal metabolizer of aflatoxin
at low concentrations while the reverse is true
for CYP3A4. The accumulation of AFB and its
metabolites in the body especially the AFB;-exo-
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8,9-epoxide depletes the glutathione (GSH) due
to the formation of high amounts of epoxides
and other reactive oxygen species (ROS). The
AFB, AFB;-ex0-8,9-epoxide and other metabo-
lites also affect the epigenetic mechanisms in-
cluding the DNA methylation, histone modifica-
tions, maturation of miRNAs as well as the daily
formation of single nucleotide polymorphism
(SNP) where AFB exposure may facilitate the
process and induces G:C to T:A transversions at
the third base in codon 249 of TP53 causing p53
mutations reported in hepatocellular carcinoma
(HCC). The changes in epigenetic mechanisms
lead to either epigenetic inactivation or epige-
netic derepression and all these affect the gene
expression, cellular differentiation and growth.
AFB also through epigenetic mechanisms pro-
motes tumorigenesis, angiogenesis, invasion and
metastasis in hepatocellular carcinoma. However,
the formation of the small amounts of AFB; from
AFB, is suspected to cause the carcinogenicity
of AFB, in humans and animals. Chronic afla-
toxins exposure leads to formation of reactive
AFBO metabolites in the body that could acti-
vate and de-activates the various epigenetic me-
chanisms leading to development of various
cancers.

Keywords: Aflatoxins; Epigenetic Mechanism;
CYP450; Metabolism; Hepatocellular Carcinoma

1. INTRODUCTION

Aflatoxins are a group of mycotoxins that are derived
as fungal metabolites. They are naturally occurring bio-
chemical substances produced from different species of
fungi especially Aspergillus species [1]. They commonly
contaminate cereals and grains such as rice, maize, sor-
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ghum, millet, groundnuts, dried cassava and many others
during the storage and poor processing conditions [1,2].
Aflatoxin-food contamination is a global problem espe-
cially in the tropical and subtropical regions of the world
where warm temperatures and humidity favor the growth
of the fungi. They are well known carcinogens especially
aflatoxin B; (AFB;) to humans and animals. There are
about 20 aflatoxins related fungal metabolites produced
mainly by Aspergillus flavus, A. nominus and A. para-
siticus species of fungi [3]. They belong to difuranocou-
marins with two important chemical structure series in-
cluding 1) difurocoumarocyclopentenone series (AFB;,
AFB,, AFBys, AFM,, AFM,, AFM,, and aflatoxicol) and
2) difurocoumarolactone series (AFG;, AFG,, AFG,,
AFGM,, AFGM,, AFGM,, and AFB;) (Table 1) [2,4].
The “B” and “G” refer to the blue and green fluorescent
colors produced by aflatoxins under UV light on thin
layer chromatography plates, while the subscript num-
bers 1 and 2 indicate major and minor compounds, re-
spectively. The M designations of M; and M, are me-
tabolites of AFB; and AFB, respectively that appear in

body fluids [2,4].

2. BIOTRANSFORMATION OF
AFLATOXINS

In the body, aflatoxins undergo biotransformation
mainly in the liver [5]. Biotransformation (metabolism)
is the process whereby a chemical substance is changed
from one chemical form to another (transformed) by a
series of enzymatic or chemical reaction(s) within the
body and the eventual excretion of the byproducts or
metabolites mainly through renal excretion. Biotransfor-
mation in toxicology plays an important defense mecha-
nism in the elimination of the toxic xenobiotics and body
wastes in which they are converted into less harmful and
polar substances that can easily be excreted [5-7]. The
process of elimination (metabolism and excretion) of
chemical substances from the body involves two main
phases. Phase I metabolism of chemical substances that
involves the addition of a small polar group containing
both positive and negative charges that are added to the
xenobiotics like aflatoxins by the process of oxidation,

Table 1. Summary of the major aflatoxins produced by the Aspergillus species of Moulds [2,4].

Difuranocoumarins Type of aflatoxin

Aspergillus specie(s)

Difurocoumarocyclopentenone series Aflatoxin B, (AFB;)

Aflatoxin B, (AFB,)

Aflatoxin B, (AFB,,)
Aflatoxin M, (AFM,)

Aflatoxin M, (AFM,)
Aflatoxin Mas (AFM,,)
Aflatoxicol (AFL)
Aflatoxicol M,
Difurocoumarolactone series Aflatoxin G, (AFG)
Aflatoxin G, (AFG;)
Aflatoxin Gya (AFGaa)
Aflatoxin GM; (AFG,)
Aflatoxin GM, (AFGM,)
AFGM,4
Aflatoxin B; (AFB;)
Parasiticol (P)
Aflatrem
Aspertoxin

Aflatoxin Q; (AFQ)

A. flavus, A. arachidicola, A. bombycis, A. minisclerotigenes,
A. nomius, A. ochraceoroseus, A. parasiticus, A. pseudotamarii,
A. rambellii, Emericella venezuelensis

A. arachidicola, A. flavus, A. minisclerotigenes, A. nomius, A. parasiticus

A. flavus

A. flavus, A. parasiticus; metabolite of aflatoxin B; in humans
and animals and comes from a mother’s milk

Metabolite of aflatoxin B, in milk of cattle fed on contaminated foods

Metabolite of AFM,
A. flavus, metabolite of AFB,

Metabolite of AFM;

A. arachidicola, A. flavus, A. minisclerotigenes, A. nomius, A. parasiticus

A. arachidicola, A. flavus, A. minisclerotigenes, A. nomius, A. parasiticus

Metabolite of AFG,

A. flavus
Metabolite of AFG,
Metabolite of AFGM,
Aspergillus species not defined
A. flavus
A. flavus, A. minisclerotigenes

A. flavus

Major metabolite of AFB, in in vitro liver preparations of other higher vertebrates

Copyright © 2013 SciRes.

OPEN ACCESS



16 G. S. Bbosa et al. / Health 5 (2013) 14-34

reduction, acetylation and hydrolysis and render it harm-
less [8]. The process allows the product of Phase I prod-
uct to “fit” into Phase II enzyme system where they be-
come conjugated (joined together) with another sub-
stance to produce a polar or water soluble substance that
can easily be excreted by the kidney [5,8]. However in
some cases, some of the chemical substances may be
converted into reactive or harmful products. Phase I is
mostly mediated by the Cytochrome P450 (CYP450)
enzyme systems. Phase II metabolism involves sulfate,
glucuronide, glutathione and amino acid conjugation re-
actions [5,9].

2.1. Phase | Metabolism of Aflatoxins

Aflatoxins undergo Phase 1 metabolism by oxidation
reactions including epoxidation, hydration, hydroxyla-
tion and O-demethylation reactions involving the CYP
450 mainly in the liver to produce AFB;-exo0-8,9-epo-
xide (AFBO), AFB,,, AFM,, AFQ; and AFP; that are
excreted in bile and urine after conjugation (Figure 1)
[5,8-10].

Cytochrome P450s (CYP450s) are a large superfamily
of heme-binding enzymes involved in the synthesis and
metabolism of endogenous substrates as well as in the
biotransformation of xenobiotics like aflatoxins [5,7,11,
12]. The aflatoxin B; is metabolized in the body by
CYP1A2, CYP1A2, CYP3A4/CYP3AS, and CYP3A7 in
the fetus [7,11,13,14]. The aflatoxins are metabolized in
the liver, mainly by CYP1A2 and CYP3A4 isoenzymes
by the initial two electron transfer oxidation reactions
[7,13,15]. The CYP3A4 metabolizes AFB, to its reactive
intermediates AFB;-ex0-8,9-epoxide and then to afla-
toxin Q; (AFQ), a less toxic metabolite. Other oxidized
metabolites include hydroxylated forms, aflatoxin M;
(AFM)), the O-demethylated form and aflatoxin P, (AFP)
(Figure 2 and Table 1). The AFM, AFP and AFQ are less
toxic with reduced carcinogenic potential though AFM
retains some carcinogenic activity. The AFB;-ex0-8,9-
epoxide reacts with the N’ atom of guanine to form a

EPOXIDATION

pro-mutagenic DNA adduct (aflatoxin-N’-guanine). The
aflatoxin-DNA adduct is unstable and undergoes depuri-
nation, leading to its urinary excretion. However, CYP3A4
is reported to have a relatively low affinity for AFB; ep-
oxidation and is primarily involved in AFB, detoxifica-
tion through AFQ, formation [6]. The CYP1A2 metabo-
lises AFB; to AFM;, and the AFB;-ex0-8,9-epoxide. The
CYP1A2 is considered as the main effective route of me-
tabolism of aflatoxins [6,16]. CYP1A2 metabolism of
AFB leads to formation of some exo-epoxide and a high
proportion of endo-epoxide and AFM; [13,16]. The ex-
pression of CYP1A2 and CYP3A4 in the metabolism of
aflatoxins depends on affinity and level of expression in
the liver. The CYP1A2 has high-affinity for the bioacti-
vation of AFB; at low substrate concentrations following
dietary exposure [13,16]. The AFB,;-exo0-8,9-epoxide
produced by CYP1A2 has a mixture of exoisomer and
endoisomer AFBO, with the exoisomer of the epoxide
causing genotoxicity. Some of the AFB intermediates
undergo further metabolism in Phase II by conjugation
with glutathione to produce the polar and less toxic me-
tabolites that are easily excreted in urine and bile. How-
ever, the AFBO and AFB;-dihydroxide intermediates
causes carcinogenicity while AFB,, causes acute toxicity,
liver necrosis and cellular metabolizing enzyme inhibi-
tion [8]. The AFB,-8,9-epoxide metabolite form adducts
with amino acids and DNA [17]. The DNA adducts are
fairly resistant to DNA repair processes and this causes
gene mutation and hence the development of cancers
especially the hepatocellular carcinomas. CYP3AS also
metabolizes AFB;, mainly to the exo-8,9-epoxide with
much less efficient formation of the detoxification prod-
uct, AFQ;. Aflatoxin cross the placenta and found in cord
blood of newborns where it is metabolized to toxic and
mutagenic metabolites AFBO by CYP3A7, a major
CYP450 in human fetal liver [13,15]. However, some
other aflatoxin metabolites other than AFBO, as well as
the naturally occurring aflatoxins such as AFG;, AFB,
and AFG, are poor substrates for epoxidation and there-
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Figure 1. Metabolism of aflatoxin in liver (Adopted from Dhanasekaran, 2011) [8,10].
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Figure 2. Principle metabolism of aflatoxin B, leading to reactive metabolites and biomarkers. 1A2, CYP1A2; 3A4, CYP3A4;
3A5, CYP3AS; GST, glutathione S-transferase; AFAR, aflatoxin aldehyde reductase; Aflatoxin-S-G, aflatoxin-glutathione con-

jugate (Adopted from Wild and Turner, 2002) [13].

fore less mutagenic, carcinogenic and toxic than AFB,
[13,15].

2.2. Effects of AFB on Nuclear Receptors
and Induction of CYP450 Enzymes in
Aflatoxin Metabolism

During species evolution, living organisms protect
themselves from foreign substances (xenobiotics) such as
drugs, poisons, toxins and nutrients by use of nuclear
receptors such as AhR (aryl hydrocarbon receptor, PXR
(pregnane X receptor and CAR (constitutive androstane
receptor) that act as sensors (xenosensors) of the chemi-
cal substances and the xenobiotic metabolizing and trans-
porter systems [78,79]. Chronic ingestion of aflatoxin-
contaminated foods leads to increased AFB concentra-
tions especially AFB; in the body that leads to activation
of the synthesis of messenger RNA (mRNA). This in-
creases messenger RNA (mRNA) expression of the nu-
clear receptors such as pregnane X receptor (PXR), con-
stitutive androstane receptor (CAR), and aryl hydrocar-
bon receptor (AhR) [18-21]. The PXR and CAR nuclear
receptors are critical in protecting the body against envi-
ronmental chemicals like the xenobiotics. PXR and CAR

Copyright © 2013 SciRes.

are activated by a wide range of xenobiotics and regulate
cytochrome P450 and other genes whose products are
involved in the detoxification of these chemicals [21].
The expression of these receptors leads to the induction
of some of their target cytochromes (CYPs) that are in-
volved in the metabolism of xenobiotics like aflatoxins
[18,21]. A number of xenobiotics are known to be induc-
ers or inhibitors of CYPs. The induction of CYPs utilizes
receptor-mediated mechanisms involving important nu-
clear receptors such as the PXR, the constitutive CAR
and the AhR that increases gene transcription and hence
the induction of CYP3A, CYP2B, and CYP1A subfamily
isoforms [18-21]. The PXR and CAR forms two impor-
tant members of the nuclear receptors 1 (NR1) of nuclear
receptor family that were previously known as the xeno-
biotic receptors. They are the master-regulators of the
phase I and II chemical substance-metabolizing enzymes
as well as their uptake and transportation in the body to
prevent their accumulation leading to toxicity. The AhR
activation has been reported to control the expression of
CYPI1A1 and CYP1A2 isoenzymes involved in the me-
tabolism of chemical substances. Its activation by vari-
ous toxicants has been reported to induce disturbances in
cell signaling pathways that regulate cell proliferation,
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differentiation, apoptosis, immune response and carcino-
genesis. Aflatoxin B; has been reported to induce an
overexpression of CYP1A1 and CYP1A2 genes and their
mRNAs accompanied by an increase in AhR mRNA ex-
pression [18,21]. The AFB; exposure also has been re-
ported to induce PXR and CAR mRNA by increasing
PXR and CAR gene levels [18,21]. The chronic exposure
of the individual to AFB,, therefore induce an upregula-
tion of PXR, CAR, and CYP2B6, CYP3A5, CYP2C9,
and CYP3A4 genes. The induction of CYP3A, CYP2B,
and CYP2C predominantly takes place via the PXR
and/or CAR nuclear receptor [18,21]. The CYP3AS5 and
CYP2B6 isoenzymes and their mRNAs have been re-
ported to be over expressed and more induced by non-
cytotoxic increasing concentrations of AFB; in a concen-
tration-dependent manner more than the CYP3A4 and
CYP2C9 isoenzymes and their mRNAs [14,18-21]. The
induction of these CYP450 isoenzymes and over expres-
sion of CYP1A1, CYP1A2, CYP2B6, CYP3AS, CYP2C9,
and CYP3A4 and the over expression of AhR, PXR and
CAR nuclear receptors facilitate the Phase I and Phase II
biotransformation and elimination of the aflatoxins in the
body though there may be individual variation (toxico-
genetic effects) that may influence the individual’s de-
velopment of carcinogenicity related to consumption of
aflatoxin-contaminated foods [18-21].

2.3. Phase Il Metabolism of Aflatoxins: Role
of Glutathione Conjugation in Body
Detoxification of Aflatoxins

The AFB metabolites of Phase I metabolism undergo
Phase II enzymatic metabolism by glutathione S-trans-
ferases (GST), that primarily catalyze conjugation reac-
tions. Glutathione (GSH) is regarded as the body’s mas-
ter antioxidant with three amino acids-cysteine, glycine,
and glutamate [8,9,22]. It is found in almost all body
cells with the highest concentration found in the liver
where it plays a critical role in the body’s detoxification
process. Glutathione is also an essential component of
the body’s natural defense system. GSH is used as a co-
factor by 1) multiple peroxidase enzymes involved in
detoxification of peroxides generated from oxygen free
radical attack on biological molecules; 2) transhydro-
genases that reduce oxidized centers on DNA, proteins,
and other biomolecules; and 3) glutathione S-transferases
(GST) that conjugate GSH with endogenous substances
like estrogens, exogenous electrophiles like aflatoxins
and its metabolites, and other various xenobiotics. GSH
act as antioxidant and has many functions in membrane
maintenance and stability as well as in reducing oxida-
tive stress factors and the high reactive oxygen species
(ROS) produced from the metabolic process of lipid
peroxidation [17,23,24]. However, the increased deple-
tion of GSH leads to abnormally high levels of ROS in

Copyright © 2013 SciRes.

cells. The depletion is also affected by aflatoxin due to
uncoupling of metabolic processes due to the lack of
GSH for GSH-peroxidase catalysis of O, to H,O, thus
affecting the integrity of the cell membranes. Its reduc-
tion further enhances the damage to critical cellular com-
ponents (DNA, lipids, proteins) by the AFB-8,9-epoxides
that form adducts [10,14,24]. Aflatoxin-B;-8,9-oxide is
also a substrate for several isoforms of human gluta-
thione S-transferases (GSTs), which yield a stable, non-
toxic, polar product that is excreted in the bile. The afla-
toxin-glutathione product also undergoes sequential me-
tabolism in the liver and kidneys in which its excreted as
a mercapturic acid (aflatoxin-N-acetylcysteine) in urine
[14,25] (Figures 2 and 3).

Glutathione S transferases (GST) are a large family of
metabolic enzymes comprised of several members, such
as alpha, mu, pi, theta, and others [26-29]. GST in the
alpha and pi classes are abundant in hepatocytes and are
inducible by exogenous chemical substances and car-
cinogens like the aflatoxins [14,24]. GSTs catalyze nu-
cleophilic attack by reduced glutathione (GSH) on non-
polar compounds that contain an electrophilic carbon,
nitrogen, or sulphur atom. There are three major families
of proteins with glutathione transferase activity including
1) cytosolic GST, 2) mitochondrial GST and 3) micro-
somal GSTs, that are membrane-associated proteins used
in eicosanoid and glutathione (MAPEG) metabolism [26-
29]. The cytosolic and mitochondrial GST are soluble
enzymes with some resemblances in their 3-dimensional
fold though they are distantly related. They are structur-
ally different from the MAPEG enzymes but all contain
substrates that conjugate GSH with peroxidase activity
(Figure 4) [26-29]. A number of GST sequence poly-
morphisms exists and include GSTA1, GSTA2, GSTMI1,
GSTM3, GSTM4, GSTO1, GSTO2, GSTP1, GSTT2,
GSTZ1), deletion polymorphisms (GSTMI, GSTT1),
and duplication polymorphisms (GSTM1). The nomen-
clature for MAPEG enzymes include LTC4S, leukotriene
C4 synthase (conjugates leukotriene A4 with GSH); FLAP,
S-lipoxygenase-activating protein (arachidonic acid-bind-
ing protein required for 5-lipoxygenase to exhibit full
activity); PGES], prostaglandin E2 synthase 1 (catalyzes
GSH-dependent isomerization of PGH2 to PGE2) (Fig-
ure 4) [22,26-29]. The GSTs are induced by chemical
substances such as aflatoxins, butyrate, a product of gut
flora-derived from fermentation of plant foods by in-
creasing histone acetylation [22]. Also, the human micro-
somal epoxide hydrolase (mEH) may also participate in
the detoxification of AFBO in the absence of significant
GST activity [14,30,31].

2.4. Detoxification of AFB; in the
Extra-Hepatic Organs and Tissues

In the liver hepatocytes, cytoplasmic reductase en-
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metabolism of xenobiotics (EC 2.5.1.18) (Adopted from Hayes et al.) [26]. (*)
A higher number of single nucleotide polymorphisms reviewed for individual
population [22,26].

zymes especially aflatoxin B;-reductase enzyme also me-
tabolize and convert AFB; to various AFB metabolites
such as aflatoxicol, AFM;, AGFQ;, AFP; and AFB;-ep-

Copyright © 2013 SciRes.

oxide [11,13,24,75]. The AFBO are carcinogenic while
other metabolites are less toxic and are conjugated with
other molecules to enhance their rapid elimination in
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urine [9]. The metabolite AFQ; has very little cancer-
causing potential and they are usually excreted in urine
with little effect on the body. Aflatoxins are also metabo-
lized extra-hepatically in the enterocytes of the small
intestinal epithelium that contain high levels of CYP3A
enzymes and this possibly reduces their systemic absorp-
tion [11,13]. The lipoxygensase and prostaglandin H syn-
thase also provides an important route of aflatoxin me-
tabolism in other extra-hepatic organs [11,13].

2.5. Metabolic Differences and Carcinogenic
Potential of AFB,, AFG;, AFM; and AFB,

The induction of cancer by aflatoxins has been re-
ported in both humans and animals globally and in ex-
perimental studies in various species of animals have
provided evidence of the carcinogenic potential of afla-
toxins. The carcinogenicity of aflatoxins has been classi-
fied based on the evidence observed in experimental ani-
mals as “sufficient evidence for carcinogenicity of natu-
rally occurring AFB,, AFG, and AFM,, limited evidence
for AFB, and inadequate evidence for AFG,” [73]. The
AFB, is considered the main potent chemical of all afla-
toxins in inducing cancers especially the liver cancers
such as the hepatocellular carcinoma (HCC) and AFB,
being the least potent hepatic carcinogen [73,74]. The
carcinogenic capability and toxicity of AFB;, AFGy,
AFM,, AFB, and AFG, have been linked to the differ-
ences in the aflatoxins biotransformation pathways in the
various species of animals including humans, rats, mice,
ducks and many other animals [74-77]. AFB,; undergo
microsomal oxidation in the liver to form reactive AFB;-
8,9-epoxide (AFBO, also referred to as AFB-2,3-epoxide
in older literature) to exert its carcinogenic effects to the
liver especially the HCC [75]. The carcinogenic potency
of AFB; has been highly correlated to the extent of the
covalent binding of AFBO, the metabolite of AFB, to the
cellular DNA, its capability of activating epigenetic
mechanisms and the suppression of P53 genes (tumor
suppressor genes) [74-77]. The formation of AFBO has
been reported to be an important critical determinant of
the differences in the susceptibility of aflatoxins to can-
cers especially the HCC in the various species of animals
[75,76]. In ducks, they are susceptible to AFB, as com-
pared to other species of animals [74-77]. AFB, causes
liver toxicity to ducks and this is due to the ability of the
ducks’ liver to biotransform AFB, into AFB; which is
then further activated by further metabolic reactions
through epoxidation pathway as AFB, [74-77]. AFB,is
activated in the liver by 2,3 desaturation to AFB, [76,77].
In humans and rodents, the desaturation of AFB, in the
liver does not occur and this reduces its carcinogenic
potential by more than 150 times as compared to the
AFB; in humans and rodents [76,77]. In humans and
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other animals, AFB, is activated in the liver leading to
the formation of the AFB,-2,3-epoxide which is a potent
carcinogenic chemical compound. AFB, does not un-
dergo the same metabolic pathway as AFB; due to the
absence of the 2,3-double bond in the compound. The
biotransformation of AFB, to AFB,-2,3-epoxide occurs
through the intermediate formation of AFB, by desatura-
tion at the 2,3-carbons of AFB, [74-77]. And therefore,
the ratio of nucleic acid adducts formed from the two
compounds (AFB; and AFB,) is reported to be similar to
the carcinogenic potencies of the two aflatoxins to ap-
proximately 1:100 (AFB,:AFB;) [76,77]. However, the
formation of the small amounts of AFB, from AFB, is
suspected to be the cause of the carcinogenicity of AFB,
in humans and animals. AFB;, AFM,, and AFG;, are re-
ported to cause various types of cancer in different ani-
mal species. However, the difference in the carcinogenic-
ity of these aflatoxins depends on their intercellular va-
riation in the formation of adduct levels in DNA and
other biomolecules in the body; with AFB,; the most po-
tent. AFG, binds to DNA and produces chromosomal
aberrations in rodents treated in vivo. AFB; mainly
causes liver cancer in humans and rodents while AFG, in
addition cause cancers of the kidney in rodents experi-
mentally.

3. MOLECULAR TARGETS OF
AFLATOXIN IN THE BODY

After consumption of aflatoxin-contaminated foods by
individuals, aflatoxins and their metabolites targets and
interact with many different biomolecules, organs and
tissues. There are two types of interaction recognized
especially with nucleic acids involving non-covalent,
weak and reversal binding and the other involving irre-
versible covalent binding requiring mammalian metabo-
lizing enzyme systems. Aflatoxins targets protein synthe-
sis pathways especially the DNA template, RNA tem-
plate (mRNA, tRNA, rRNA), proteins, transcription,
translation and cellular metabolic reactions (Figure 5)
[10,24,32-34].

3.1. Nucleic Acids as AFB Targets (DNA and
RNA)

AFB; is metabolically activated by cytochrome P450
enzymes in the liver to its reactive metabolite, AFB;-
8,9-epoxide (AFBO), which binds to macromolecules
resulting in formation of adducts such as DNA adduct
leading to mutations and carcinogenesis [2,10,14,24,33,
35-38]. The AFB;-8,9-epoxide can further be converted
to AFB,-8,9-diol that specifically binds to lysine in al-
bumin and form AFB;-lysine adducts (AFB-Lys), which
has been validated as a biomarker of human exposure to
aflatoxins [2,14,33,35-38]. AFBO metabolites are highly
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Kiessling, 1986) [10,33].

reactive and it covalently binds to cellular biomolecules
and forms a long-lived lysine adducts with serum albu-
min and the promutagenic adducts with DNA, damaging
it as well as impairing the DNA repair enzymes [2,10,14,
33,35-38]. The major DNA damage is the formation of
the AFB-N"-guanine adduct in its structure, which is
chemically unstable and undergoes rapid urinary excre-
tion following depurination. Also the AFB-N’-guanine
adduct may be stabilized by rearrangement to form a
ring-opened formamidopyramidine structure. And if AFB-
DNA-adducts is not repaired by DNA repair enzymes,
somatic alterations may develop especially if they are
localized in transcriptionally active DNA regions ([2,14,
33,35-38]).

3.2. Mitochondrial Structure as Target of
Aflatoxins

AFB and AFBO causes ultrastuctural changes in mi-
tochondria [2,39]. The reactive aflatoxin-8,9-epoxide pre-
ferentially binds to mitochondrial DNA (mitDNA) dur-
ing hepatocarcinogenesis as compared to nuclear DNA
that hinder ATP production and FAD/NAD-linked enzy-
matic functions. This causes the disruption of mitochon-
drial functions in the various parts of the body and hence
ATP formation [24,34]. Aflatoxin-associated damage to
mitochondria may be responsible for aging processes [2,
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14,33,35-38]. The AFB; also binds to DNA to cause its
structural alterations. The damage to mitDNA is caused
by adduction and mutations of mitochondrial membranes
leading to increased cell death (apoptosis) as well as dis-
ruption of energy production [2,24].

3.3. Cell Division as Aflatoxin Target

The aflatoxins and its metabolites especially the
AFBO affects the telomere length during the cell division
and the various check point in the cell cycle thus effect-
ing the signaling pathways and the regulatory processes
of the cell cycle [2]. Also the extent of aflatoxin binding
to DNA and its damage, affects the level of different pro-
tein synthesis in the cell cycle and the apoptotic path-
ways such as c-Myc, p53, pRb, Ras, protein kinase A
(PKA), protein kinase C (PKC), Bcl-2, NF-kB, CDK,
cyclins and CKI that contribute to the life or death deci-
sion making process of the cell (apoptosis). They may
also contribute to the deregulation of the cell prolifera-
tion leading to carcinogenesis [2]. The reactive aflatoxin-
8, 9-epoxide can affect the mitotic (M) phase, growth
process (G1 and G2 phase) and DNA synthesis (S phase)
in the cell cycle leading to carcinogenesis [2].

3.4. Protein Synthesis Pathways as Target
of Aflatoxin

Mycotoxin especially aflatoxins leads to induced ab-
normal protein effects that may be due to primary and/or
to secondary disruption of nucleic acid or protein synthe-
sis [34]. Aflatoxins after activation to reactive AFBO,
binds to biological molecules including essential en-
zymes, blocks RNA polymerase and ribosomal translo-
case thus inhibiting protein synthesis [75]. They also
form DNA adducts and therefore affecting protein syn-
thesis. The aflatoxin binds and interferes with enzymes
and substrates that are needed in the initiation, transcrip-
tion and translation processes involved in protein synthe-
sis. They interacts with purines and pyrimidine nucleo-
sides causing impairment of protein synthesis by forming
adducts with DNA, RNA and proteins [24,32-34,40].
Aflatoxin also inhibits RNA synthesis by interacting with
the DNA-dependent RNA polymerase activity and de-
granulation of endoplasmic reticulum. Also the reduction
in protein content in body tissues like in skeletal muscle,
heart, liver and kidney has been associated with the in-
creased liver and kidney necrosis due to the damage
caused by the accumulated AFB and its metabolites in
the body following the aflatoxin exposure [2]. AFB; is a
potent mutagenic, carcinogenic, teratogenic, and immu-
nosuppressive toxins that may interfere with normal
process of protein synthesis as well as inhibition of sev-
eral important metabolic pathways of the vital organs
like the liver, kidney and heart [41]. Aflatoxins may also
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interfere with the flow of genetic information from DNA
to RNA and to protein. It also affects the epigenetic
mechanisms such as DNA methylation like methyl-cy-
tosine, histone modifications, and chromatin remodeling
thus affecting the cellular signaling pathways, cell pro-
liferation and growth (Figure 6) [40,42].

3.5. Effects of Aflatoxins on Oxidative
Phosphorylation of Carbohydrate
Metabolism

The effect of mycotoxins especially aflatoxins on car-
bohydrate metabolism is due to reduced hepatic glycogen
and increased blood glucose levels. Aflatoxin B; and
cyclochlorotine, a secondary metabolite of the fungus
Penicillium islandicum that causes hepatic necrosis and
has carcinogenic properties have been reported to have
an effect on oxidative phosphorylation pathways. They
also interfere with the cellular metabolism of glucose
[33]. They both inhibit glycogen synthesis by decreasing
glycogen synthetase and transglycosylase enzyme activi-
ties that catalyse elongation and rearrangement of the
glycogen molecules [33]. AFB, decreases the activity of
phosphoglucomutase that reversibly converts glucose-6-
phosphate into glucose-1-phosphate. It also reduces he-
patic glycogen by accelerating glucose-6-phosphate oxi-
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3.6. Effects of Aflatoxins on Electron
Transport Chain in Oxidative
Phosphorylation of Carbohydrate
Metabolism

Aflatoxin B, inhibits electron transport in mitochon-
dria at both ADP-coupled and dDNP-uncoupled levels. It
inhibits electron transport at the cytochrome oxidase
level at site II and the inhibition occurs between cyto-
chrome b and c, though the inhibition can be reversed by
the electron acceptor N,N,N’,N’-tetramethylphenylenedia-
mine (TMPD) (Figure 8) [33].

4. EFFECTS OF AFLATOXINS ON
EPIGENETIC MECHANISMS

Epigenetics is the study of changes in gene expression
or cellular phenotype, caused by mechanisms such as
chromatin remodeling, non-coding RNAs (microRNAs),
DNA methylation and histone modification that serve to
regulate gene expression without altering the underlying
DNA sequence or nucleotide sequence (Figures 9 and 10)
[43-49]. These mechanisms affect protein synthesis re-
quired in gene expression (Figure 11 [14]). Gene expres-
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Figure 6. Targets of xenobiotics like aflatoxins on various sites of protein synthesis and their effects on genetic and epige-

netic mechanisms (Adopted from Li et al., 2011) [40,42].
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sion can be controlled through the actions of repressor
proteins that attach to silencer regions of the DNA. These
changes may remain all through cell divisions, for the
rest of the cell’s life and may also last for multiple gen-
erations. Specific epigenetic processes involved in epi-
genetic mechanisms include paramutation, bookmarking,
imprinting, gene silencing, X chromosome inactivation,
position effect, reprogramming, transvection, maternal
effects, and the progress of carcinogenesis, teratogenic
effects, regulation of histone modifications and hetero-
chromatin, and technical limitations affecting partheno-
genesis and cloning effects. All these processes may be
affected by aflatoxins exposure especially during a pro-
longed period of exposure [43-48].

4.1. DNA Methylation

DNA methylation is a biochemical process that in-
volves addition of a methyl group to the cytosine or ade-
nine of the DNA nucleotides to the 5’ position of the cy-
tosine on pyrimidine ring or the number 6 nitrogen of the
adenine purine ring. DNA methylation represses tran-
scription mainly at Cytosine-phosphate-Guanine (CpG)
rich “islands” where most promoters are embedded [45,
46,50-53]. DNA methylation stably alters the expression
of genes in dividing cells and during the cell differentia-
tion from embryonic stem cells into specific tissues.
Some DNA methylation modifications that regulate gene
expression are inheritable and cause genomic imprinting.
It suppresses the expression of endogenous retroviral
genes and other harmful stretches of DNA that have been
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incorporated into the genome of the host for a prolonged

time. DNA methylation also forms the basis of chromatin
structure, which enables a single cell to grow into multi-
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ple organs or perform multiple functions [45,46,50-53].
During the period of cell proliferation, the established
pattern of DNA methylation is maintained by the action
of a maintenance methylase enzyme following DNA rep-
lication. However, changes in the methylation status of
gene expression by xenobiotics such as aflatoxins, pro-
vides a mechanism by which its potential for expression
can be altered in an epigenetic heritable manner, and it is
expected that modifications in DNA methylation may
result from threshold-exhibition events [51,52]. The main-
tenance of the methylation activity is necessary to pre-
serve DNA methylation after every cellular DNA repli-
cation cycle. Absence of DNA methyltransferase (DNMT)
enzyme, the replication machinery itself would produce
daughter strands that are unmethylated and, over time,
would lead to passive demethylation [45,46,50-53]. The
DNMT1 enzyme is thought to play a significant role in
the maintenance of methyltransferase enzyme that is re-
sponsible for copying DNA methylation patterns to the
daughter strands during DNA replication. And this proc-
ess can be interfered with the chronic exposure by the
individual to aflatoxins and it could be the mechanism by
which aflatoxins cause cancers. Since many tumor sup-
pressor genes are silenced by DNA methylation during
carcinogenesis, the 5-Aza-2’-deoxycytidine (decitabine)
has been used to re-express these genes by inhibiting the
DNMTs [45,46,50]. The DNA methylation plays a criti-
cal role in the development of almost all cancer types.
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Both the DNA hypermethylation and hypomethylation
have been associated with a large number of human ma-
lignancies (Figures 12 and 13) [45,46,50]. During tumor
initiation and progression, the epigenome goes through
multiple alterations, including a genome-wide loss of
DNA methylation (hypomethylation-low levels of DNA
5-methylcytosine), frequent increase in promoter methy-
lation of CpG islands, changes in nucleosome occupancy,
and modification profiles of which these processes can
be facilitated by mycotoxins especially aflatoxins [48].
Global hypomethylation of DNA is one of the most com-
mon molecular alterations identified in human cancer
cells. The hypermethylation occurs at CpG islands in the
promoter region and are associated with gene inactiva-
tion. The alteration by hypermethylation of selected pro-
moters causes silencing of critical genes such as tumor
suppressor genes (p53 gene) and hypomethylation of
other DNA sequences. Genomic hypermethylation in
cancer has been observed most often in CpG islands of
the gene. In cancer, DNA methylation is an important re-
gulator of gene transcription and a large body of evi-
dence has demonstrated that genes with high levels of
5-methylcytosine in their promoter region are transcrip-
tionally silent, and that DNA methylation gradually ac-
cumulates upon long-term gene silencing [49,54]. Al-
tered DNA methylation patterns in hepatocellular carci-
noma (HCC) due to AFB are closely related to the dis-
ruption of the DNA methylation machinery. Several
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studies have demonstrated involvement of altered ex-
pression of the maintenance DNMTI1 enzyme, de novo
DNA methyltransferases 3A and 3B, and methyl-CpG-
binding proteins in the initiation, establishment, and
maintenance of aberrant DNA methylation patterns dur-
ing the development and progression of HCC [49,54,55].
Cell proliferation is a fundamental component of car-
cinogenesis associated with AFB exposure.

4.2. Histone Posttranslational Modifications

Histones are highly alkaline proteins that forms the

Copyright © 2013 SciRes.

main component of chromatin found in Eukaryotic cell
nuclei that package and order the DNA into structural
units called nucleosomes. Histones wind DNA in the
process of packaging since the unwound DNA in chro-
mosomes would be very long and this plays a role in
gene regulation. Histone posttranslational modifications
are important in the regulation of chromatin as well as in
the initial formation of its structure [50,56,57]. Chroma-
tin consists of nucleosomes which are made up of DNA
wrapped around histone octamers containing dimers of
core histone H2A, H2B, H3, and H4. Histone modifica-
tions have been found in the structured regions of his-
tones including the histone-DNA and histone-histone in-
teractions within the nucleosome core [50,56,57]. Modi-
fications such as acetylation or phosphorylation lowers
the charge of the globular histone core and its thought to
“loosen” the core-DNA association, and the strength of
the effect depends on location of the modification within
the core. Some modifications have been shown to be cor-
related with gene silencing while others are involved in
gene activation [50,53,56-59]. The commonest histone
modifications occur to specific amino acids in nucleo-
some and they include acetylation, methylation, or ubiq-
uitination of lysine; methylation of arginine; and phos-
phorylation of serine, ubiquitylation, sumoylation, bioti-
nylation, citrullination, ADP-ribosylation and cis-tran-
sisomerization (Figure 14(a)) [50,53,56-59]. Histone post-
translational modifications are also linked to chromatin
remodelling such as H4K8ac and H4K 16ac that delineate
the doughnut structure marked by H3K9me2. Histone
modifications such as H3 lysine-9 methylation (H3K9me)
or H3 lysine-27 methylation (H3K27me), are generally re-
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pressive marks, while H3 lysine-9/14 acetylation (H3KAc)
and H3 lysine-4 methylation (H3K4me) are generally acti-
vation marks (Figure 14(b)) [50,53,56-59]. The H3Kme
is regulated by histone methyltransferases/demethylases
(HMTs/HDMs) and H3KAc is regulated by histone ace-
tylases/histone deacetylases (HATs/HDACs) enzymes.
Histone modifications coupled with DNA methylation at
CpG islands by DNMTs/DNA demethylases (DNAde-
Meth) determine the active or inactive state of chromatin
leading to gene expression or repression, respectively
(Figure 15). This dynamic state of the chromatin is sub-
ject to alteration by external stimuli like exposure to
aflatoxins via the regulation of epigenetic machinery and
miRNAs leading to gene expression and pathophysiolo-
gical phenotypes [50,53,56-59]. Generally, histone marks
are described as “permissive” (active promoters),
pressive” (inactive promoters), or “poised” (accessible pro-
moters). Although histone modifications occur through-
out the entire DNA sequence, the unstructured N-ter-
minals of histones (called histone tails) are particularly
highly modified. And these modifications may occur to
individuals exposed to chronic consumption of aflatoxin-
contaminated foods, causing histone modifications lead-
ing to active chromatin and hence increased expression
of the gene contributing to carcinogenesis associated
with AFB exposure.

4.3. MicroRNAs

MicroRNAs (miRNA) belong to a class of endoge-
nously expressed, noncoding single-stranded RNAs
(ncRNAs) that contain 17 to 25 nucleotides and they
include microRNAs, small RNAs and long or large RNAs
that regulate gene expression posttranscriptionally by
binding to 3’-untranslated regions (3’-UTRs), coding se-
quences, or 5’-UTRs of target messenger RNAs (mRNAs),
leading to inhibition of translation or mRNA degradation
[44,47,60,61]. The ncRNAs cause epigenetic modifica-
tion mechanisms by cytosine methylation and histone
modifications that are related to gene expression [44,60,
61]. The miRNAs represent the most abundant class of
gene expression regulators that bind complementarily to
transcripts to repress their translation or mRNA degrada-
tion (Figure 16). They are currently recognized to be in-
volved in posttranscriptional gene regulation and con-
tributes to cellular processes in cell cycle, cell prolifera-
tion, development, differentiation, cell signaling and im-
mune responses, pathological and physiological proc-
esses such as disease development, drug responses, and
carcinogenesis [44,60-62]. Many CYP450s and nuclear
receptors are reported to be regulated posttranscription-
ally by miRNAs. They are important in modulating de-
toxification mechanisms of xenobiotics, drug and chemi-
cal metabolic activation processes. Many miRNAs are
epigenetically regulated and about 60% of human pro-
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teins coding genes are regulated by miRNAs and about
50% of miRNA genes are associated with CpG islands
that may be repressed by epigenetic methylation, histone
modifications or by combined DNA methylation and
histone modifications. Depending on the genes they tar-
get, miRNAs can function as oncogenes or tumour
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suppressor genes and AFB may play a significant con-
tribution in the oncogenes development. In hepatocar-
cinogenesis, many miRNAs may be dysregulated by
aflatoxins in hepatocellular carcinoma (HCC), resulting
in aberrant gene expression [44,60-62]. A few miRNAs
(miR-1, miR-191, miR-124, miR-125b and miR-203) are
silenced in HCC tissues, through DNA methylation me-
chanism [48,50,63]. There is decreased miR-10a expres-
sion in cancer cells or tumor tissues due to host gene’s
hypermethylation by aflatoxins, supporting a tumor sup-
pressor role for miR-10a in the repression of downstream
target oncogenes. Its reported that microRNA-17~92
cluster (miR-17~92) are oncogenic miRNAs that pro-
motes tumorigenesis, angiogenesis, invasion, and metas-
tasis of HCC cells and that p53 gene regulates transcrip-
tional expression and the maturation of a group of
miRNAs especially miR-34 family. The miR-34 can re-
gulate p53 gene activity and function by directly re-
pressing p53 gene or p53 regulators in cells [48,50,63].
The p53 hot spot, located at codon 249 of exon 7, pro-
vides a molecular signature for aflatoxin exposure [48,
50,63]. Ingested aflatoxin B;, which is metabolized in the
liver, can bind to DNA, where it may cause a characteris-
tic inactivation and mutation of codon 249 of the p53
gene and this is modulated by p53-induced miRNAs [48,
50,61,63]. This mutation has been found in 30% - 60%
of hepatocellular carcinomas in aflatoxin-endemic areas
[48,50,61,63,64].

4.4. Single Nucleotide Polymorphism
(SNPS)

A single nucleotide polymorphism (SNP) is a DNA
sequence variation that occur when a single nucleotide—
adenine (A), thymine (T), cytosine (C) or guanine (G)—
in the genome (or other shared sequence) differs between
members of a biological individuals or paired chromo-
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somes in an individual such as two sequenced DNA
fragments from different individuals, AAGCCTA to
AAGCTTA, contain a difference in a single nucleotide
[61,65,66]. SNPs may occur within coding sequences of
genes, non-coding regions of genes, or in the intergenic
regions (regions between genes) [44,61,66]. The SNPs
within a coding sequence may not change the amino acid
sequence of the protein that is produced due to degener-
acy of the genetic code. The SNPs in the coding regions
are of two types, synonymous and nonsynonymous SNPs
[44,61,66]. Synonymous SNPs do not affect the protein
sequence while nonsynonymous SNPs change the amino
acid sequence of protein. The nonsynonymous SNPs are
of two types: missense and nonsense. SNPs that are not
in protein-coding regions may still affect gene splicing,
transcription factor binding, messenger RNA degradation,
or the sequence of non-coding RNA. The gene expres-
sion affected by this type of SNP is referred to as an
eSNP (expression SNP) and may be upstream or down-
stream from the gene. It’s reported that about 15 million
SNPs occur in the human genome, many of which affect
gene function in promoter regions or cause a change in
cis- or trans-regulatory elements by modifying sequences
of proteins [61,65,66]. SNPs may affect activities of vari-
ous enzymes including the CYP450 enzyme systems and
are associated with differences in drug response as well
as the adverse effects of drugs and responses to toxic
chemicals. The SNPs in the primary miRNAs (pri-
miRNAs), precursor miRNAs (pre-miRNAs), or mature
miRNAs can modify various biological processes by in-
fluencing the processing of miRNAs or causes target se-
lection of miRNAs [61,65,66]. SNPs may affect activi-
ties of various enzymes and are associated with differ-
ences in drugs, poisons and toxins responses as well as
the adverse effects of drugs and toxic chemicals like
aflatoxins [61,65,66]. AFB,-associated HCCs, promotes
methylation to cause alterations in p53 pathway where
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the G-- > T point mutation of p53 gene at codon 249 or
p14(ARF) promoter methylation occurs (Figure 17) [61,
65-67]. Generally the RB1, p53 and Wnt pathways are
commonly affected by aflatoxins and AFBO in HCCs
[61,65,66].

DNA damage occurs naturally in about 10,000 times a
day per cell of the human body. The damages are nor-
mally repaired; though the sites of DNA repair may re-
main causing epigenetic changes. The damages can be
exaggerated by the AFB;, AFBO and many of its me-
tabolites by forming AFB-DNA adducts [62,68,69]. The
adducts can cause a double strand break in DNA and this
can initiate unprogrammed epigenetic gene silencing
both by causing DNA methylation as well as promoting
the silencing of histone modifications types (chromatin
remodeling) and maturation of the miRNAs and SNPs
[62,68,69]. The epigenetic modifications lead to various
health endpoints like cancers, autoimmune diseases and
many other disease conditions (Figures 18 and 19). How-
ever in most cases the DNA repair mechanisms occur in
the altered points thus preventing the deleterious effects
that would occur due to the modifications by the epige-
netic mechanisms (Figure 18).

Hepatocellular carcinoma (HCC) is one of the most
prevalent life-threatening human cancers globally. It is
commonly associated with increased consumption of
aflatoxin-contaminated foods. The AFB and its metabo-
lites in the body interact with various biochemicals, cells
and tissues and various organs to cause organ toxicity.
They also cause genotoxicty and affect many various
biochemical pathways where they cause metabolic acti-
vation, interact directly with DNA and causes mutations
with eventual tumor formation [65,67]. The metabolic
activation by AFB causes DNA modifications, histone
modifications, SNPs and maturation of miRNAs and all
these causes cell deregulation leading to cell death and/or
cellular transformation and hence cancer development.
Aflatoxins may lead to DNA hypermethylation, leading
to gaining of repressive histone methylation and loss of
active histone modifications and up-regulation of mi-
croRNAs and thus inactivation of tumor suppressor
genes and development of HCC [65,67]. While on the
other hand, DNA hypomethylation leads to loss of re-
pressive histone methylations and gaining of active his-
tone modifications leading to down-regulation of TS5
miRNAs and this increases the activation of the onco-
genes or cancer-promoting genes and hence the devel-
opment of HCC (Figure 20) [65,67,68]. Also aflatoxin
especially AFB; and AFBO exposure causes multiple
genetic and epigenetic changes that are involved in the
molecular pathogenesis of HCC including somatic muta-
tions in the p53 tumor suppressor gene (TP53) and the
activation of the WNT signal transduction pathway.
AFB; frequently induces G:C to T:A transversions at the
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Figure 17. Single nucleotide poly-
morphism and point mutation of
G-- > T at codon 249 in p53 gene
epigenetic mechanisms of aflato-
xins in carcinogenesis [65,67].

third base in codon 249 of TP53 causing p53 mutations
in HCC (Figures 17 and 20) [65,67]. However, the AFB
exposure by individuals infected by hepatitis B virus
(HBV) leads to their interaction and hence promoting the
development of hepatocelllular carcinoma (HCC) (Fig-
ures 19 and 20) [65,67,71,72].

5. CONCLUSION

The AFB, AFBO and other metabolites interact with
various biomolecules including nucleic acids like DNA
and RNA as well as the various body metabolic pathways
such as protein synthesis, glycolytic pathway and elec-
tron transport chain involved in ATP production in body
cells. The AFB interacts with DNA to form AFB-DNA
adducts causing DNA breakages. The AFB and its me-
tabolites induce the upregulation of nuclear receptors such
as the PXR, CAR and AhR through gene expression as
well as induction of CYP450 isoenzymes leading to over
expression of CYP1A, CYP1A2, CYP2B6, CYP2C9 and
CYP3A4 that are involved in the Phase I metabolic reac-
tions that increase the production of AFBO and the glu-
tathione (GSH) conjugation reactions especially GST in
Phase II metabolic reactions. The accumulation of AFB
and its metabolites in the body, especially the AFB;-exo-
8,9-epoxide (AFBO), depletes the GSH due to the for-
mation of high amounts of epoxides and other reactive
oxygen species (ROS). The AFB, AFB;-ex0-8,9-epoxide
and other metabolites also affect the epigenetic mecha-
nisms including the DNA methylation (hypermethylation
and hypomethylation), histone modifications (acetylation,
SUMOylation, methylation, phosphorylation and others),
maturation of miRNAs as well as single nucleotide poly-
morphism (SNP) where AFB induces G:C to T:A trans-
versions at the third base in codon 249 of TP53 causing
p53 mutations in HCC. The changes in epigenetic me-
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Figure 18. Epigenetic mechanisms in cancer progression.
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Figure 19. Epigenetic inactivation and derepression, and the role of epigenetic therapy in HCC (Adopted from Kwon,

2011) [68].

chanisms lead to either epigenetic inactivation or epige-
netic derepression and all these affect the gene expres-
sion, cellular differentiation and growth. AFB also through
epigenetic mechanisms promotes tumorigenesis, angio-
genesis, invasion and metastasis in hepatocellular carci-
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noma. The AFB, has the lowest potency as compared to
all other aflatoxins in humans and rodents’ carcinogene-
sis and this is due to the differences in the metabolic
pathways. The biotransformation of AFB, to AFB;-2,3-
epoxide occurs through the intermediate formation of
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[65,67,71,72].

AFB, by desaturation at the 2,3-carbons of AFB,. How-
ever, the formation of the small amounts of AFB; from
AFB; is suspected to be the cause of the carcinogenicity
of AFB, in humans and animals.

6. PERSPECTIVE VIEW

Aflatoxin exposure in the population is a silent and
long-term process and many people are unaware of its
health consequences. Exposure to aflatoxins, in contami-
nated foods especially grains is a slow and continuous
process and in most cases individual are not aware of the
exposure problem until they develop the liver cancers
(hepatocellular carcinoma). There is scarce knowledge in
the global population and various communities about the
source, exposure risks of mycotoxins especially aflatox-
ins and their associated health problems. Aflatoxin-re-
lated cancers are continuing to be a global problem espe-
cially in poor developing countries where famine and
conflicts are continuing to be a problem. In these popula-
tions, individuals are exposed to aflatoxin contaminated
foods as their daily meals with no choice of alternative
foods especially people living in camps. The poor meth-
ods of harvesting of grains, storage and processing of the
various foods; leads to food contamination with afla-
toxin-producing fungi. The aflatoxins in foods are a cur-
rent and future problem especially with the increasing
global population and maximization of food production
using poor methods of harvesting, processing and storage
of foods. Therefore there is need to sensitize the popula-
tion on the dangers of aflatoxins and the various avail-
able methods of preventing the contamination of foods

Copyright © 2013 SciRes.

with aflatoxin producing fungi. There is also need to in-
crease the regulation and monitoring of aflatoxins levels
in foods by various regulatory authorities globally.
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