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Abstract

The aflatoxins were discovered in toxic peanut meal causing “turkey X” disease, which killed
large numbers of turkey poults, ducklings and chicks in the UK in the early 1960s. Extracts of
toxic feed induced the symptoms in experimental animals, and purified metabolites with properties
identical to aflatoxins By and G, (AFB1 and AFG;) were isolated from Aspergillus flavus cultures.
Structure elucidation of aflatoxin B; was accomplished and confirmed by total synthesis in 1963.
AFB; is a potent liver carcinogen in rodents, non-human primates, fish and birds, operating
through a genotoxic mechanism involving metabolic activation to an epoxide, formation of DNA
adducts and, in humans, modification of the p53 gene. Aflatoxins are unique among
environmental carcinogens, in that elucidation of their mechanisms of action combined with
molecular epidemiology provides a foundation for quantitative risk assessment; extensive
evidence confirms that contamination of the food supply by AFB4 puts an exposed population at
increased risk of developing hepatocellular carcinoma (HCC). Molecular biomarkers to quantify
aflatoxin exposure in individuals were essential to link aflatoxin exposure with liver cancer risk.
Biomarkers were validated in populations with high HCC incidence in China and The Gambia,
West Africa; urinary AFB;—N’-Guanine excretion was linearly related to aflatoxin intake, and
levels of aflatoxin— serum albumin adducts also reflected aflatoxin intake. Two major cohort
studies employing aflatoxin biomarkers identified their causative role in HCC etiology. Results of
a study in Shanghai men strongly support a causal relationship between HCC risk and the presence
of biomarkers for aflatoxin and HBV infection, and also show that the two risk factors act
synergistically. Subsequent cohort studies in Taiwan confirm these results. IARC classified
aflatoxin as a Group 1 human carcinogen in 1993, based on sufficient evidence in humans and
experimental animals indicating the carcinogenicity of naturally occurring mixtures of aflatoxins,
aflatoxin B4, G; and M. Aflatoxin biomarkers have also been used to show that primary
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prevention to reduce aflatoxin exposure can be achieved by low-technology approaches at the
subsistence farm level in sub-Saharan Africa. Also, in residents of Qidong, China, oral dosing
with chlorophyllin, a chlorophyll derivative, prior to each meal led to significant reduction in
aflatoxin~-DNA biomarker excretion, supporting the feasibility of preventive measures to reduce
HCC risk in populations experiencing unavoidable aflatoxin exposure. The systematic,
comprehensive approach used to create the total aflatoxin database justifies optimism for potential
success of preventive interventions to ameliorate cancer risk attributable to aflatoxin exposure.
This strategy could serve as a template for the development, validation and application of
molecular and biochemical markers for other carcinogens and cancers as well as other chronic
diseases resulting from environmental exposures.
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Discovery of aflatoxin and main features of its toxicology and epidemiology

Aflatoxin occupies a unique position among environmental toxins and carcinogens, in that
extensive elucidation of its toxicology combined with molecular epidemiology have
provided a foundation for quantitative risk assessments based upon an understanding of its
mechanisms of action. A time-line depicting highlights of aflatoxin research is shown in
Figure 1 and the intent of this paper is to review and comment on several of these seminal
lines of investigation. The aflatoxins were discovered 50 years ago as the causative agent of
the “turkey X disease epidemic, which resulted in the death of thousands of turkey poults,
ducklings and chicks fed a toxic peanut meal (Blount 1961). Subsequent laboratory studies
using extracts of groundnut cultures of Aspergillus flavus confirmed the existence of a toxic
principle capable of inducing acute liver toxicity (Lancaster et al. 1961; Sargeant et al.
1961). Structural elucidation of aflatoxin B1 was accomplished and confirmed by its total
synthesis in 1963 (Asao et al. 1963). AFB; and AFB, were named due to their strong blue
fluorescence under ultraviolet light, whereas AFG; and AFG, fluoresced greenish-yellow.
These properties facilitated the rapid development in the early 1960s of screening methods
for grains and commaodities that enabled subsequent promulgation of regulations to
minimize contamination of human foods.

Extensive research conducted since the aflatoxins were discovered has produced an
impressive body of evidence supporting the conclusion that contamination of the food
supply by aflatoxin B1 puts the exposed population at increased risk of developing HCC.
Evidence showing that aflatoxin is a genotoxic liver carcinogen in experimental animals and
poses a risk for humans can be summarized as follows. AFB; is mutagenic to micro-
organisms and to cultured animal and human cells in the presence of an appropriate
activating system. Metabolic activation pathways leading to genotoxicity are identical in
animals and humans, with the N7-guanine adduct being the major product in the DNA
damage profile. Importantly, DNA adduct level relates quantitatively to tumor incidence and
chemoprevention regimens that reduce DNA adduct formation also reduce or inhibit tumor
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induction. The carcinogenic potency of AFB; has been well established in many species of
animals, including rodents, nonhuman primates, fish and birds (Busby and Wogan 1984;
Eaton and Groopman 1994; Wild and Turner 2002). The liver is the primary target organ
affected and the toxin induces a high incidence of hepatocellular carcinoma; however, under
certain circumstances, depending on animal species and strain, dose, route of administration
and dietary factors, significant numbers of tumors have been found at other sites, including
kidney and colon. Indeed, no animal species has been found to be completely resistant to
aflatoxin-induced carcinogenesis. Wide cross-species potency, including sensitivity of
primates, provided justification for the hypothesis that this agent contributes to risk of
human liver cancer.

Human populations can be exposed to aflatoxins by consumption of commodities supporting
growth of Aspergillus flavus and/or A. paraciticus during growth, harvest or storage. Grains
and other foodstuffs sometimes found to contain aflatoxins include corn, peanuts, milo,
sorghum, copra and rice (Busby and Wogan 1984). While contamination by the molds may
be universal within a given geographical area, concentrations of aflatoxins in final products
can vary from less than 1pg/kg (1ppb) to greater than 12,000 pg/kg (12 ppm). Indeed in a
recent outbreak of aflatoxin-induced death of people in Kenya, the daily exposure to AFB;
was estimated to be 50mg per person (Probst et al. 2007).

One of the major controversies in risk assessment is the question of linearity of the dose—
response curve for experimentally-induced cancers. Recent studies of aflatoxin
carcinogenicity in the rainbow trout took advantage of low cost, low background of
spontaneous tumors and high sensitivity, enabled the design of a study to provide an
effective dose at 1% incidence (EDO1); such a study would be impractical to conduct in
rodents. In a total of more than 42,000 trout, AFB1 elicited a linear dose-response for liver
cancer at the EDO1 (Williams et al. 2009).

Aflatoxin—-DNA adducts and other aflatoxin metabolites as biomarkers

Data demonstrating the high carcinogenic and toxic potency of AFB; provided an impetus
to characterize the metabolism and DNA adduct formation reactions of AFB; to understand
the underlying molecular mechanisms through which it induces cancer. Measurement of
aflatoxin~-DNA and —protein adducts were of major interest because they are direct products
of (or surrogate markers for) damage to critical cellular macromolecular targets. The
chemical structures of the major aflatoxin macromolecular DNA and protein adducts were
elucidated (Essigmann et al. 1977; Sabbioni et al. 1987), and critical pathways emanating
from the aflatoxin—epoxides are shown in Figure 2. The finding that the major aflatoxin—
nucleic acid adduct, AFB;—N’-Gua, was excreted in urine of exposed rats (Bennett et al.
1981) spurred interest in using this metabolite as a possible biomarker of exposure and risk.
The serum aflatoxin—albumin adduct was also examined as a biomarker of exposure. Owing
to the longer half-life in vivo of the serum albumin adduct compared with the DNA adduct
excreted in urine, the protein adduct integrates exposure over longer time periods. Despite
kinetic differences, it was later shown in experimental animal models that formation of
aflatoxin~-DNA adducts in liver, excretion of the urinary aflatoxin-nucleic acid adduct and
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formation of the serum albumin adduct are highly correlated (Groopman, De Matos, et al.
1992), and exposure data produced by application of these two biomarkers are also directly
comparable.

Using combined immunological and analytical chemical methods, aflatoxin metabolites
were measured in biological samples (Groopman et al. 1984, 1985). With this approach, a
linear relationship was found between AFB; dose in rats and excretion of the AFB;— N’-
Gua adduct in urine over the initial 24 h period of exposure (Groopman, Hasler, et al. 1992).
Subsequent studies in rodents that assessed the formation of aflatoxin macromolecular
adducts after chronic administration also provided support for the use of DNA and protein
adducts as molecular measures of exposure (Kensler et al. 1986; Egner et al. 1995). Recent
studies using isotope-dilution mass spectrometry with liquid chromatography separation
have demonstrated an increase in sensitivity of at least 1000-fold over technologies used for
the analysis of aflatoxin bio-markers 15 years earlier (Egner et al. 2006; Scholl, Mc Coy, et
al. 2006; Scholl, Turner, et al. 2006). Furthermore, repeated analysis of serum collected in
1983 from aflatoxin-exposed people has demonstrated that the aflatoxin—lysine adduct in
albumin is stable for at least 25 years under a range of temperature storage conditions
(Scholl and Groopman 2008).

Experimental animal models played a very important role in development of analytical
methods for measuring aflatoxin biomarkers that were applicable for identifying effective
chemoprevention strategies against aflatoxin carcinogenesis. The hypothesis tested was that
reduction of aflatoxin~-DNA adduct levels by chemopreventive agents would be
mechanistically related to, and therefore predictive of, cancer preventive efficacy. Studies
using multiple doses of aflatoxin and the chemopreventive agent ethoxyquin examined
effects on DNA adduct formation and removal and hepatic tumorigenesis in rats. Treatment
with ethoxyquin reduced both area and volume of liver occupied by pre-neoplastic foci by
>95%. This same protocol also dramatically reduced binding of AFB, to hepatic DNA, from
90% initially, to 70% at the end of a 2-week dosing period. This experiment was then
repeated with several different chemopreventive agents and in all cases aflatoxin-derived
DNA and protein adducts were reduced; however, even under optimal conditions, the
reduction in the macromolecular adducts always under-represented the magnitude of
reduction in tumor burden (Roebuck et al. 1991; Bolton et al. 1993).

Aflatoxin biomarkers in human epidemiology

Liver cancer, including hepatocellular carcinoma (HCC) and cholangiocarcinoma, accounts
for 5.7% of all reported cancer cases and is the sixth most common cancer diagnosed
worldwide (Parkin et al. 2005). The incidence of liver cancer varies widely, and the burden
of this nearly always fatal disease is much higher in economically less-developed countries
of Asia and sub-Saharan Africa (Groopman et al. 2008). Overall, more than 650,000 new
cases and over 200,000 deaths occur annually in the People's Republic of China alone (Kew
2002; Wang et al. 2002). In contrast with most common cancers in the economically
developed world, where over 90% of liver cancer cases are diagnosed after the age of 45
years, in high-risk regions onset begins in both men and women by 20 years of age and
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peaks between 40-49 years of age in men and between 50-59 years in women (Vatanasapt
et al. 1995; Parkin et al. 2005; Chen et al. 2006).

Molecular biomarkers capable of quantifying aflatoxin exposure of individuals in a
population, equivalent to those for determining HBV status, were essential to link aflatoxin
exposure to liver cancer risk through molecular epidemiology. Early work conducted in
populations with high HCC incidence in China and The Gambia, West Africa, examined
relationships between dietary aflatoxin intake and the levels of urinary aflatoxin biomarkers
(Groopman et al. 1985, Groopman, Hall, et al. 1992; Groopman, Zhu, et al. 1992). These
were the first dose—response investigations to be conducted in humans. Urinary AFB;—N'-
Gua and AFM1 showed linear dose-dependent relationships between aflatoxin intake and
excretion. Gan et al. (1988) and Wild et al. (1992) also monitored levels of aflatoxins serum
albumin adducts and observed a highly significant association between aflatoxin intake and
adduct level. Interestingly, these studies also indicated that the kinetics of formation and
excretion of AFB;—N’-Gua in urine were similar in rats and humans, thereby adding to our
insights into the mechanisms of aflatoxin carcinogenesis.

Data obtained from cohort studies have the greatest power to determine a true relationship
between exposure and disease outcome because they begin with a cohort of healthy
individuals, collect biomarker samples and then follow the cohort until significant numbers
of cases occur. A nested study within the cohort can then be designed to match cases and
controls. An advantage of this method is that the controls are truly matched to the cases
since both were recruited at the same time and with the same health status. A major
disadvantage, however, is the time needed in follow-up (often years) to accrue cases in
sufficient numbers to enable valid statistical analysis. This disadvantage can be overcome in
part by enrolling large numbers of people (often tens of thousands) to ensure case accrual at
a reasonable rate.

To date two major cohort studies employing aflatoxin biomarkers have demonstrated the
role of this carcinogen in the etiology of HCC. The first study, comprising more than 18,000
men residing in Shanghai, China, examined HBV infection and aflatoxin exposure as
independent and interactive risk factors for HCC. The nested case-control data revealed a
statistically significant increase in the relative risk (RR) of 3.4 for those HCC cases where
urinary aflatoxin biomarkers, but no HBV markers were detected. In men who were HBsAg-
positive (i.e. had been HBV infected) but not aflatoxin exposed, the RR was 7. However,
men exhibiting both urinary aflatoxin biomarkers and positive HBsAg status, the RR was 59
(Ross et al. 1992; Qian et al. 1994). These results strongly support a causal relationship
between the presence of the chemical and viral-specific biomarkers and the HCC risk, and
also show that the two risk factors act synergistically.

Subsequent cohort studies in Taiwan substantially confirmed the results from the Shanghai
investigation. Wang et al. (1996) examined HCC cases and controls nested within a cohort
and found that in HBV-infected people there was an adjusted odds ratio of 2.8 for detectable
compared with non-detectable aflatoxin— aloumin adducts and 5.5 for high compared with
low levels of aflatoxin metabolites in urine. In a follow-up study, there was a dose—response
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relationship between urinary AFM, levels and risk of HCC in chronic HBV carriers. Similar
to the Shanghai data, the HCC risk associated with AFB1 exposure was more striking among
the HBV carriers with detectable AFB;—N’-Gua in urine.

A recent case-control study nested within a community-based cohort was conducted in
Taiwan to assess the interaction of HBV and aflatoxin in the development of HCC (Wu et al.
2009). The adjusted ORs (95% CIs) were 1.54 (1.01-2.36) and 1.76 (1.18- 2.58),
respectively, for those with AFB1-albumin adducts and urinary AFB, metabolite levels
above the mean compared with those with levels below the mean. Further, the ORs (95%
Cl) were 10.38 (5.73-18.82) and 15.13 (7.83-29.25) for HBV carriers having levels of
AFB;-albumin adducts and urinary AFB4 metabolites above the mean, respectively. These
data continue to bolster the combined AFB; exposure and HBV infection effects in the risk
of liver cancer.

Collectively, available epidemiologic and experimental data fulfill criteria defined by Hill
(1965) to differentiate causation from statistical association resulting from environmental
chemical exposures, and thus establish aflatoxin as a causative agent for HCC in humans.
The criteria include strength of association between dietary aflatoxin levels and HCC
incidence, consistency across multiple studies, temporality between exposure and clinical
disease, biological gradient (dose—response) in experimental models, biological plausibility
based on mechanisms of action in experimental models and humans, and experimental
modulation of disease biomarkers by chemoprevention. Aflatoxin is among few
environmental carcinogens for which documentation is sufficient to meet these criteria.

The aflatoxin p53 mutation linkage

The relationship between aflatoxin exposure and development of HCC was further
highlighted by molecular biological studies of the p53 tumor suppressor gene, the gene most
commonly mutated in many human cancers (Harris 1993; Greenblatt et al. 1994; Olivier et
al. 2002). Many studies of p53 mutations in HCC occurring in populations exposed to high
levels of dietary aflatoxin have found high frequencies of guanine to thymine transversions,
with a striking clustering of mutations in the third base of codon 249 (Bressac et al. 1991;
Hsu et al. 1991).

Previous mechanistic studies showed that AFB4 induced almost exclusively guanine to
thymine transversions in bacteria (Foster et al. 1983) and that aflatoxin—8,9-epoxide bound
preferentially to codon 249 of p53in a plasmid in vitro (Puisieux et al. 1991). Furthermore,
Aguilar et al. (1993) examined mutagenesis of the p53 gene in human HepG2 cells and
hepatocytes exposed to AFB4 and showed preferential induction of guanine to thymine
transversion in the third position of codon 249. A further study has mapped AFB, adduct
formation to codon 249 (Denissenko et al. 1998).

While the detection of specific codon 249 p53 mutations in liver tumors has provided insight
into the etiology of this disease, application of this knowledge to the early detection of HCC
offers great promise for prevention (Sidransky and Hollstein 1996). It is now well-

recognized that DNA derived from cells undergoing necrosis or apoptosis shed fragments of
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their DNA into the circulation, and these fragments can be detected and quantified in serum
or plasma by a number of different molecular strategies (Gormally et al. 2007). Kirk et al.
(2000) first reported the detection of codon 249 p53 mutations in plasma of HCC patients
from The Gambia. They also found that a small number of cirrhosis patients harbored this
mutation. Consistent with the strong relationship between cirrhosis and HCC development,
Jackson et al. (2001) found that specific p53 mutations detected by SOMA analysis of serum
were comparable to those identified by sequencing of DNA from 25 HCC samples. Jackson
et al. (2003) further explored the temporality of detection of this mutation in plasma before
and after clinical diagnosis of HCC in the same patient. More recent studies have provided
additional evidence that the number of mutant p53 copies in plasma DNA also tracks with
disease development (Kirk et al. 2005). Thus, this aflatoxin-specific mutation in a key gene
linked to cancer development has the potential to serve as a biological effect biomarker for
aflatoxin exposure.

Intervention trials in high-risk populations

Protective interventions against aflatoxin exposures in developing countries can take many
forms. It is axiomatic that as economic development increases, affordability of a more
diverse and more highly processed diet also increases; this usually also leads to concomitant
reduction in aflatoxin exposures (Groopman et al. 2008). Given that economic development
generally proceeds at a very slow rate, intervention strategies would be useful in reducing
risks resulting from aflatoxin contamination of dietary staples. These strategies can take two
forms, viz. primary and secondary prevention. In primary prevention, the goal is to reduce
the frequency and levels of aflatoxin exposure by interventions such as planting pest-
resistant varieties of staple crops, attempting to lower mold growth in harvested crops, and
improving storage methods to enhance rapid drying following harvest. Active research is in
progress to develop mold-resistant strains of grains and genetic manipulation of molds to
lower aflatoxin production (Yu et al. 2005; Menkir et al. 2006). For secondary prevention
measures, one avenue is to block the uptake of unavoidably ingested aflatoxins by use of
trapping agents and another is to modulate the metabolism of ingested aflatoxins to enhance
detoxification processes; thereby reducing internal dose and subsequent risk.

The use of aflatoxin biomarkers to monitor efficacy of primary prevention has been recently
reported (Turner et al. 2005). This work was based on earlier research that showed extensive
aflatoxin exposure in Guinea, West Africa, via consumption of contaminated groundnuts as
a dietary staple (Diallo et al. 1995; Sylla et al. 1999); it also revealed that post-harvest
storage was associated with increased aflatoxin exposure. A community-based intervention
study was conducted, in which educational materials detailing post-harvest measures to limit
aflatoxin contamination of the groundnut crop were provided by local agricultural support
workers (Turner et al. 2005). Altered trajectories of aflatoxin—-albumin adduct levels
measured in 600 subjects over a 5-month post-harvest period were used to assess efficacy of
the intervention. In control villages, the aflatoxin—albumin adduct level in serum increased,
whereas in villages employing the intervention, adduct levels after 5 months of storage were
similar to those immediately post-harvest. Mean levels at this time were 60% lower in
intervention than in control villages. The effectiveness of this intervention suggests that
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significant reduction in aflatoxin exposure can be achieved through implementation of low-
technology approaches at the subsistence farm level in sub-Saharan Africa, particularly in a
setting of limited dietary complexity.

Another strategy for risk reduction used chlorophyllin, a water-soluble derivative of
chlorophyll that had been shown to be an effective agent for reducing liver tumor incidence
in aflatoxin-treated rainbow trout, a species highly sensitive to aflatoxin-induced HCC
(Breinholt et al. 1995). In a randomized, double-blind, placebo-controlled chemoprevention
trial conducted in people residing in Qidong, China, chlorophyllin was tested to determine if
it could alter the disposition of aflatoxin (Egner et al. 2001). One hundred and eighty healthy
adults were randomly assigned to ingest 100 mg of chlorophyllin or a placebo three times a
day prior to each meal for 4 months. Aflatoxin-N’-Gua could be detected in 105 of 169
urine samples; chlorophyllin consumption at each meal led to an overall 55% reduction in
median urinary levels of this aflatoxin biomarker compared with those in subjects taking
placebo.

Chemoprevention is a key strategy for the secondary prevention of cancer, as illustrated by
the use of aflatoxin biomarkers as intermediate endpoints in a Phase Ila trial employing
oltipraz in Qidong, China (Kensler et al. 1998; Wang et al. 1999). Urinary AFM; levels
were reduced by 51% compared with the placebo group in persons receiving a 500 mg
weekly dose of the drug. Median levels of AFB;—mercapturic acid (a glutathione conjugate
derivative) were elevated six-fold in the 125-mg group, but were unchanged in the 500-mg
group. Increased AFB;—mercapturic acid reflects induction of aflatoxin conjugation through
the actions of GSTs. The apparent lack of induction in the 500-mg group probably reflects
masking caused by diminished aflatoxin-8, 9-epoxide formation for conjugation through the
inhibition of CYPIAZ2 seen in this group. This initial study demonstrated for the first time
that aflatoxin biomarkers could be modulated in humans in a manner that would predict
decreased HCC risk.

Although the oltipraz clinical trial demonstrated the proof of principle for increasing
pathways leading to aflatoxin detoxication in humans, the practicality of using a drug-based
preventive method in the economically developing world is limited. Not only is there a
potential for adverse health effects from any long-term exposure to a drug, but also the
expense of this type of intervention may make it cost-prohibitive for these populations.
Many foods contain high levels of such enzyme inducers (Talalay and Fahey 2001; Fahey
and Kensler 2007). Sulforaphane, found in cruciferous vegetables, is a potent activator
leading to increased expression of carcinogen detoxifying enzymes that has been extensively
examined for its chemopreventive properties (Fahey et al. 2002; Dinkova-Kostova et al.
2007). A beverage consisting of hot water infusions of 3-day old broccoli sprouts,
containing defined concentrations of glucoraphanin, the stable glucosinolate precursor of
sulforaphane, was recently evaluated for its ability to alter the disposition of aflatoxin. In
this study, 200 healthy adults residing in Qidong, China, drank such infusions containing
either 400 or < 3 umol glucoraphanin nightly for 2 weeks. Urinary levels of aflatoxin-N/-
guanine were similar between the two intervention treatment groups. However, urinary
levels of dithiocarbamate metabolites showed striking inter-individual differences in
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sulforaphane bioavailability. When this variability was taken into account, a significant
inverse association was evident between urinary excretion of dithiocarbamates and
aflatoxin— N’-guanine adducts in individuals receiving broccoli sprout glucosinolates
(Kensler et al. 2005). This preliminary study illustrates the potential usefulness of an
inexpensive, easily implemented food-based method for secondary prevention in a
population at high HCC risk by virtue of aflatoxin exposure.

The past 50 years of research into the toxicology and epidemiology of aflatoxin represents,
perhaps, the most extensively documented study in the field of environmental
carcinogenesis. On the basis of the totality of evidence, IARC classified aflatoxin as a Group
1 human carcinogen in 1993 (Baan et al. 2009). The IARC evaluation concluded that there is
sufficient evidence in humans for the carcinogenicity of aflatoxins as a cause of
hepatocellular carcinoma. Additional evidence cited in support of this conclusion included
sufficient evidence in experimental animals for the carcinogenicity of naturally occurring
mixtures of aflatoxins, aflatoxin By, G1 and My. Furthermore, it was pointed out that the
carcinogenicity of aflatoxins operates by a genotoxic mechanism of action that involves
metabolic activation to a genotoxic epoxide metabolite, formation of DNA adducts and
modification of the p53 gene. In human HCCs from areas of high exposure to aflatoxins, up
to 50% of tumors have been shown to harbor a specific mutation in the p53 tumor
suppressor gene.

A striking discovery produced through the molecular epidemiology of aflatoxin as a risk
factor for HCC was the interaction with hepatitis B virus infection, which acts
synergistically to vastly increase attributable to each factor alone. This discovery has
important potential implications for future research strategies in environmental
carcinogenesis. It is presently unclear whether the HBV/aflatoxin/liver cancer relationship is
unique, or whether it may represent the “tip of an iceberg” of unrecognized syngergistic
interactions between chemical toxicants, infectious agents and chronic inflammation that
might also affect risks for other cancers and possibly other environmentally linked diseases.
This question clearly merits extensive further research.

The systematic, comprehensive approach used to create the total aflatoxin database justifies
optimism with respect to the potential success of preventive interventions to ameliorate
cancer risk attributable to aflatoxin exposure, and could serve as a template for the
development, validation and application of molecular and biochemical markers for other
carcinogens and cancers as well as other chronic diseases resulting from environmental
exposures. Key elements to define health risks from environmental agents and to devise
strategies to mitigate their effects were identified by the aflatoxin experience. These include
experimental animal models mimicking the human disease, observational epidemiology
associating exposure with disease incidence, development of mechanism-based molecular
biomarkers in animal models, biomarker validation in animals by dose-response and
modulation studies, biomarker validation by transitional studies in exposed humans, and
association of biomarkers with risk in prospective studies in exposed humans.
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Figure 1.
Time-lines in aflatoxin research.
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Figure 2.

Chemical structures of the major aflatoxin macromolecular DNA and protein adducts
(Sabbioni et al. 1987; Essigmann et al. 1977), and critical pathways emanating from the
aflatoxin—epoxides.
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