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1.1 Aim of the present thesis
Despite the introduction of prevention strategies in the food supply chain together
with regulations that seek to limit exposure, the toxic metabolites of fungi, the
mycotoxins, remain a challenging food safety subject worldwide (Eskola et al.,
2020). Scientific knowledge on their mode-of-action, their potential adverse health
effects, their incidence and their exposure, is never stationary, and hence studying
them continues to be relevant. The present thesis aimed to contribute to the risk
assessment of the most important toxins produced by fungi in nixtamalized maize
products consumed in Mexico. To this end, a characterization of aflatoxin B1
(AFB1), fumonisin B1 (FB1), fumonisin B2 (FB2), and deoxynivalenol (DON) in
nixtamalized maize products collected from Mexico City was performed with an
accompanying risk assessment. To further advance the use of mode-of-action based
non-animal testing strategies in risk assessment of these mycotoxins, the thesis also
aimed to develop a physiologically based kinetic (PBK) model of the main
mycotoxin studied, AFB1, to enable development of a PBK model based reverse
dosimetry approach to predict its acute toxicity in the liver of both rats and humans,
and the genotoxicity of AFB1 in the liver of rats, by an in vitro–in silico testing
strategy.
1.2 Fungi and mycotoxins
Fungi have a vital role in our ecosystems. Through their metabolism, they supply the
soil with nutrients being crucial decomposers, and they associate with plant
communities in symbiotic relationships (i.e., mycorrhiza) (Berbee et al., 2020). For
their development, protection, and interaction with other organisms, fungi can
produce a variety of bioactive molecules by secondary metabolism (Goyal et al.,
2016). These molecules can be beneficial for humans (e.g., antibiotics) or be
extremely harmful (Keller, 2019). Excluding the toxins produced by macrofungal
species, the molecules produced by fungi that can cause disease or death in humans
and domestic animals are called mycotoxins (Pitt, 2013).
1.3 Mycotoxins in agricultural products
Mycotoxins can be present in food and feed as a result of fungal growth. For this to
happen, the spores of toxin-producing fungi require favourable conditions to
germinate and grow, such as moisture and an adequate temperature (Shuping and
Eloff, 2017). Fungal growth can occur in the field, especially after stressful
conditions caused by the environment, but also during harvest, transport, or storage
9
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if the right factors for the germination of the spores and growth of the fungus are met
(Suttajit, 1989). The latter makes prevention strategies designed to avoid fungal
infestation and mycotoxin contamination crucial in reducing or eliminating
mycotoxins (Suttajit, 1989).
In agricultural products, mycotoxins can co-occur due to the simultaneous presence
of different toxin-producing fungi or because of the production of different
mycotoxins by the same toxin-producing fungus. As a result, our exposure to
different mycotoxins can come from our varied diet but also from consuming a
particular food product (Eskola et al., 2020). The Food and Agriculture Organization
(FAO) estimated in 1985 that 25% of the global food crops were contaminated with
mycotoxins. Considering the current regulatory limits, the estimate is still relevant
today; however, this value has been suggested to potentially rise to 60-80%
considering the improved sensitivity of analytical methods and the impact of climate
change (Eskola et al., 2020). Important to mention is that in the food and feed supply
chain, a literature review identified approximately 455 mycotoxins in 2019 of which
only 14% have been scientifically evaluated (van den Brand and Bulder, 2020).
The most important agricultural products are cereals (FAO, 2018a). Especially for
the low-income and low-middle-income countries, in which the caloric intake relies
heavily on cereal based food (391 g/capita/day vs. 259 g/capita/day in high-income
countries) (FAO et al., 2020). Throughout history and until the present day, rice,
wheat, and maize are regarded as staple foods worldwide, being produced and traded
on a large scale (FAO, 2018b, 2020). Because of the implication in human health,
regulatory limits have been set for mycotoxins in cereals and other foods, at a global
level by the Codex Alimentarius Commission, the body established by the FAO and
the World Health Organization (WHO), in Europe by the European Union, but also
by some countries (e.g., United States of America, China, Japan, Australia) (Eskola
et al., 2020). Hence, among countries, there are differences in the limits for
mycotoxins in specific food items, such as in the case of the regulatory limits of
aflatoxins in maize (Eskola et al., 2020; van Egmond and Jonker, 2004). These
differences are due to differences in factors such as the evaluation of the hazards of
aflatoxins, contamination levels, dietary habits, food security, and economic trade
interests of a country (van Egmond and Jonker, 2004).
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1.4 Maize and its mycotoxins
Maize (Zea mays) is the cereal produced in the largest quantities in the world, and
although it is used in higher-income countries as livestock feed, for southern and
eastern Africa, Central America, and Mexico is an important staple food (FAO,
2018a; Ranum et al., 2014). Maize is commonly affected by mycotoxins, which
represents a hazard to human health and an economic impact because the plant is
susceptible to infection by Aspergillus and Fusarium species (Munkvold, 2003;
Munkvold et al., 2019). These species are mainly known to grow on crops in the
field or during storage (Pleadin et al., 2019).
Aspergillus species are well adapted to warm temperatures (24-35°C) and dry
conditions, enabling the contamination of stored, inadequately dried products
(Munkvold et al., 2019; Williams et al., 2004). Among the mycotoxins produced by
Aspergillus, the most well-known mycotoxins are aflatoxins, with Aflatoxin B1
(AFB1) being one of the most toxic and carcinogenic compounds ever discovered
(Keller et al., 2005). Crops from tropical and/or sub-tropical areas are commonly
affected by aflatoxins (Battilani et al., 2016).
Fusarium species are more prevalent in temperate regions, and can produce a variety
of mycotoxins, with fumonisins being the ones found most frequently in maize
(Munkvold et al., 2019). To a lesser extent, depending on the type of Fusarium
species, other mycotoxins can be found in maize, such as the sesquiterpenoid
compounds (trichothecenes) type A and B, T-2 and deoxynivalenol (DON),
respectively (Munkvold et al., 2019).
In maize the most prevalent mycotoxins are fumonisins, and to a lesser extent
deoxynivalenol (DON), followed by zearalenone (ZEN), aflatoxins, T-2 toxin and
ochratoxin A (OTA) (Munkvold, 2003; Munkvold et al., 2019).
1.4.1 Maize in Mexico
This thesis centers on the characterization of AFB1, FB1, and DON in nixtamalized
maize products from Mexico City. The rationale behind the type of maize product
selected relates to the way maize is consumed in Mexico. Contrary to other regions,
in Mexico and Central American countries, maize is consumed as nixtamalized
maize. Nixtamalization is a process that involves cooking the grains in an alkaline
solution to remove the pericarp and increase the nutritional value (i.e., it improves
the protein quality and availability of niacin) (Serna-Saldivar, 2015). This process is
11
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known to reduce the mycotoxin content, yet uncertainty remains about the final
prevalence of mycotoxins due to the initial contamination levels and the processing
procedures (Castillo-Urueta et al., 2011; CODEX, 2016; De Arriola et al., 1988;
Plasencia, 2004; Schaarschmidt and Fauhl-Hassek, 2019; Torres et al., 2014; Wild
and Gong, 2009). Besides, corresponding risk assessments for the Mexican
population are limited.
Another focus of this thesis is on AFB1, mainly because of its high potential to cause
health detriment. Among the aflatoxins, AFB1 is the most frequent type in
contaminated samples and often present at higher levels, with maize, together with
peanuts and rice, being the most important sources contributing to human exposure
to AFB1 (JECFA, 2018a; Pleadin et al., 2019). The latter results in a risk for the
countries relying on these commodities as their staple food source, like is the case
for Mexico where maize is an important staple food (Appendini, 2009; Strosnider et
al., 2006; Wild and Gong, 2009). Moreover, aflatoxins have the largest economic
impact on maize (Munkvold et al., 2019). Hence, in the next sections, a general
description of AFB1 and its characterization is presented, followed by brief
descriptions of fumonisin B1 and B2 (FB1 and FB2), and deoxynivalenol (DON).
1.4.2 Aflatoxin B1
Thorough mycotoxin research started with the discovery of aflatoxins in the early
1960s following the mysterious death of thousands of poultry after consuming an
imported peanut meal (Cullen and Newberne, 1994). The disease, called Turkey ‘X’
disease, firstly led to the suspicion on the fungus Aspergillus flavus, and later to the
discovery of its most important metabolites, the aflatoxins. Aflatoxins are highly
substituted coumarins containing a fused dihydrofurofuran moiety (Kensler et al.,
2010). The most common aflatoxins are aflatoxin B1 (AFB1), aflatoxin B2 (AFB2),
aflatoxin G1 (AFG1), and aflatoxin G2 (AFG2), which were named after the most
known producer species A. flavus, with the letters B and G referring to their blue or
green fluorescence under ultraviolet light (Keller et al., 2005).
Aflatoxins are classified as carcinogenic to humans (Group 1) by the International
Agency for Research on Cancer (IARC) (IARC, 2012). AFB1 has great importance
because it has high hepatoxic and carcinogenic potency, the liver being the target
organ (IARC, 2012; JECFA, 2018a; Kensler et al., 2010). AFB1, and also AFG1,
possess an unsaturated bond at the 8,9 position of the terminal furan ring which, after
being epoxidated by cytochrome P450 (CYP) enzymes, turns AFB1 into the reactive
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metabolite AFB1-exo-8,9-epoxide (Figure 1) (Eaton and Gallagher, 1994; JECFA,
2018a; Kensler et al., 2010). The AFB1-exo-8,9-epoxide can react with cellular
macromolecules, including DNA, proteins and phospholipids, being critical for the
toxic, mutagenic and carcinogenic potency of AFB1 (Benkerroum, 2020). Besides,
oxidative stress caused by AFB1 can cause disruptions of cell function and integrity
being possibly also involved in AFB1 acute and chronic toxicity (Benkerroum,
2020).

Figure 1. Chemical structure of a) aflatoxin B1 (AFB1), and b) AFB1-exo-8,9-epoxide, the ultimate carcinogen
obtained after biotransformation of AFB1 by cytochrome P450 (CYP) enzymes.

1.4.2.1 Biotransformation.
AFB1 is absorbed in the small intestine, then transported to the liver where it
undergoes first-pass metabolism (Busbee et al., 1990; EFSA, 2020; Kumagai, 1989;
Ramos and Hernández, 1996). In mammals, the dominant pathway for the
metabolism of AFB1 is mediated by CYP enzymes (Eaton et al., 2017). The main
metabolites produced after oxidation with CYP enzymes are aflatoxin M1 (AFM1),
aflatoxin Q1 (AFQ1), aflatoxin P1 (AFP1), AFB1-exo-8,9-epoxide and its endo-8,9
isomer (JECFA, 2018a). The formations of AFM1, AFQ1, and AFP1 are considered
detoxification pathways as these metabolites are formed at relatively high amounts,
less toxic and less carcinogenic than the reactive AFB1-exo-8,9-epoxide (Eaton et
al., 2017). The AFB1-exo-8,9-epoxide can bind to the guanine bases in DNA
forming different DNA adducts (JECFA, 2018a). Whereas the AFB1-endo-8,9epoxide is 1000-fold less reactive with DNA than the AFB1-exo-8,9-epoxide, it does
covalently bind to lysine amino groups in serum albumin (JECFA, 2018a).
In humans, the biotransformation of AFB1 into the AFB1-exo-8,9-epoxide is mainly
mediated by CYP1A2, 2B6, 3A4, 3A5, and 3A7 (JECFA, 2018a; Kamdem et al.,
2006). CYP3A4 and CYP1A2 are regarded as the most important enzymes. CYP3A4
is expressed at much higher quantities in the human liver than CYP1A2 (Kamdem
et al., 2006). However, CYP3A4 preferentially forms AFQ1 rather than the AFB1-
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exo-8,9-epoxide in a 10:1 ratio (JECFA, 2018a). Meanwhile, the less expressed
CYP1A2, is effective in activating AFB1 to both the AFB1-exo-8,9-epoxide and its
endo-8,9 isomer (Eaton et al., 2017).
In further metabolism, AFM1, AFQ1, and AFP1 can be metabolized to glucuronide
and sulphate conjugates by UDP-glucuronosyltransferases (UDP-GT) and
sulfotransferase (ST) (Eaton et al., 2017). The AFB1-exo-8,9-epoxide and its endo8,9 isomer can be conjugated with glutathione via the glutathione S-transferases
(GST) and be excreted as mercapturic acids (Wild and Gong, 2009). Hence, the
activity of GST isoenzymes towards the AFB1-exo-8,9-epoxide is critical in
determining the susceptibility to the effects of AFB1 (JECFA, 2018a). AFB1-exo8,9-epoxide and AFB1-endo-8,9-epoxide can also undergo hydrolysis to the
corresponding dihydrodiol, which can rearrange to a dialdehyde which may bind
covalently to albumin proteins (Guengerich et al., 1998; Sabbioni et al., 1987).
1.4.2.2 Acute Toxicity
Acute exposure to AFB1 can cause severe toxic effects, and although rarely
observed, aflatoxicosis outbreaks have occurred in humans in regions of developing
countries with limited ability to monitor aflatoxin levels and with diets heavily based
on maize (Eaton et al., 2017; Wild and Gong, 2009). One of the largest and recent
outbreaks occurred in Kenya during 2004, with 317 aflatoxicosis cases and 125
deaths (Azziz-Baumgartner et al., 2005). The effects following acute exposure to
aflatoxins in humans require a better characterization (Eaton et al., 2017). Cases of
jaundice and acute liver failure may be ascribed to unrecognized aflatoxin poisoning
(Wild and Gong, 2009). Nonetheless, the effects observed in experimental animals,
such as biochemical changes in the liver, which can result in haemorrhage,
parenchymal and bile duct cell necrosis and bile duct hyperplasia, together with the
loss of appetite and lethargy are collectively referred to as aflatoxicosis (Eaton et al.,
2017). In experimental animals, the median lethal dose (LD50) can greatly vary due
to differences in species, strain, age, sex, route of administration, and nutritional
status (Cullen and Newberne, 1994; Eaton et al., 2017).
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1.4.2.3 Chronic Toxicity
Upon chronic exposure AFB1 is reported to impair growth and cause
immunotoxicity in animals (JECFA, 2018a; Wild and Gong, 2009). However, the
main concern about chronic exposure to AFB1 is its potential to cause human liver
cancer (IARC, 2012; JECFA, 2018a; Liu and Wu, 2010). The relationship between
chronic exposure to aflatoxins and hepatocellular carcinoma (HCC) has been well
established in both animals and humans (Eaton et al., 2017; IARC, 2012). In 2010,
Liu and Wu (2010) estimated that global HCC cases may have a 4.6-28.0 % causative
role from aflatoxin exposure. Individuals who are infected with Hepatitis B Virus
(HBV), have greater risk of developing HCC (Qian et al., 1994; Ross et al., 1992;
Wang et al., 1996). Evidence from epidemiological data and animal models suggest
a potential synergistic mechanism between HBV infection and aflatoxin exposure in
the development of HCC, although the mechanisms behind the interaction are still
unknown (Eaton et al., 2017; JECFA, 2018a).
AFB1-DNA adducts and their relationship with liver cancer.
AFB1-exo-8,9-epoxide binding to the N7 position of guanine residues in DNA results
in a covalently bound adduct, the cationic trans-8,9-dihydro-8-(N7-guanyl)-9hydroxyaflatoxin B1 adduct (AFB1-N7-Gua) (Eaton and Gallagher, 1994). The
AFB1-N7-Gua adduct can spontaneously depurinate, be repaired by the nucleotide
excision repair (NER) mechanism, be replicated by an error-prone bypass
mechanism via the translesion DNA synthesis (TLS) polymerase (pol) ζ, which leads
to G to T base substitutions, or be rearranged to the AFB1-formamidopyrimidine
(AFB1-FAPY) adduct (Bedard and Massey, 2006; Lin et al., 2014a; McCullough
and Lloyd, 2019; Smela et al., 2002). The AFB1-FAPY adduct is a persistent adduct
that is NER repair-resistant, and which can be replicated by an error-prone bypass
mechanism via a TLS pol ζ, leading to G to T base substitutions (Geacintov and
Broyde, 2017; Lin et al., 2014b; Smela et al., 2002). Recently, it has been
demonstrated in mice that the AFB1-FAPY adduct can be also repaired by base
excision repair (BER) initiated by the NEIL1 DNA glycosylase (NEIL1)
(McCullough and Lloyd, 2019). Human polymorphic variants of NEIL1 were shown
to have different catalytic activities towards damaged bases, suggesting that
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catalytically-inactive polymorphic variants of NEIL1 might interfere with normal
repair of the AFB1-FAPY adduct (McCullough and Lloyd, 2019).
Mutations in the p53 tumor suppressor gene (TP53) represent one of the changes
involved in the molecular pathogenesis of HCC (Hussain et al., 2007). In
geographical areas where people are highly exposed to AFB1 and with a high
incidence of viral hepatitis, a point mutation at the third position of codon 249ser
resulting in a G:C to T:A transversion has been observed in approximately 50% of
HCC cases (Groopman and Kensler, 2005; Hussain et al., 2007). The transversion
of G to T, which has been shown in multiple in vitro and in vivo assays, together
with the presence of biomarkers of exposure (AFB1-N7-dG and AFM1 in urine, and
serum adducts in plasma) in major cohort studies strengthen the causal relation of
AFB1 exposure and the development of HCC (Groopman and Kensler, 2005). A
general overview of the key steps involved is shown in Figure 2.
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Figure 2. Key steps of the role of AFB1 exposure in mutagenesis and carcinogenesis. NER = nucleotide excision
repair, TLS pol ζ = translesion DNA synthesis polymerase ζ, BER = base excision repair, HCC = hepatocellular
carcinoma. Reprinted from McCullough and Lloyd (2019) with permission from Elsevier.

Based on the incidence of HCC in male F344 rats after AFB1 exposure, a benchmark
dose lower confidence limit (BMDL) for a benchmark response of 10% (BMDL10)
of 170 ng/kg body weight (bw)/day was derived and used for human risk assessment
of AFB1 exposure up to 2019 (EFSA, 2007; Wogan et al., 1974). Based on the same
study on rodents, the value was updated to 400 ng/kg bw/day following an update in
the guidance on benchmark dose (BMD) modelling (EFSA, 2017b, 2020). The
previous evaluation by EFSA (2007) also established a BMDL derived from
different epidemiological studies of men with a high prevalence of HBV, including
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the study of Yeh et al. (1989), which is considered the critical study using a
consistent methodological framework (JECFA, 2018a). By including and excluding
the study by Yeh et al. (1989), EFSA derived two BMDL values, a BMDL10 of 870
g/kg bw/day for a high background incidence of HCC (>10%), and a BMDL1 of 78
ng/kg bw/day for a lower incidence of HCC (<1%). In a recent revision, EFSA
(2018) used only the study by Yeh et al. (1989), considering the status of the
individuals testing negative for the hepatitis B surface antigen (HBsAg-) and the
update in the guidance on BMD model averaging. This resulted in wide BMD
confidence intervals; thus, EFSA concluded the available human data were not
appropriate for BMD analysis to derive a reference point for risk assessment (EFSA,
2018, 2020). Instead EFSA used the cancer potency estimates by JECFA (2018a)
based on the study by Yeh et al. (1989) for the risk assessment based on human data
(EFSA, 2018, 2020).
1.4.2 Fumonisins
Among the Fusarium toxins, the B-series fumonisins are the most prevalent
mycotoxins in maize and its products throughout the world (Norred, 1993; Shephard
et al., 1996). They are produced by Fusarium verticillioides, F. proliferatum and F.
fujikuori (JECFA, 2017). Fumonisins are modified sphingoid bases, being the Bseries esterified by carboxylic acids, such as cis-aconitic acid, oxalylsuccinic acid
and oxalylfumaric acid; while the A-, C-, and P- series contain two tricarballylic acid
moieties (JECFA, 2012). Fumonisin B1 (FB1) is the most prevalent fumonisin
(60%) followed by fumonisin B2 (FB2) and fumonisin B3 (FB3) in natural
contaminated food and feed (Shephard et al., 1996; Voss et al., 2017b). Between
FB2 and FB3, the former is more prevalent than FB3 (Voss et al., 2017b). An
important observation is that FB1 has 10 chiral centers, and theoretically can have
1024 stereoisomers, while so far only 2.8% of these theoretical stereoisomers have
been isolated and characterized (JECFA, 2012, 2017) (Figure 3).
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Figure 3. Chemical structure of fumonisin B1 (FB1).

Evidence for adverse health effects of fumonisins in humans is limited. In animals,
FB1 is the causative agent of equine leukoencephalomalacia and porcine pulmonary
edema (Voss et al., 2017b). In rodents, FB1 can cause toxicity and carcinogenicity
via a nongenotoxic mode-of-action in the target organs, the kidney and liver (JECFA,
2017; Voss et al., 2001). In humans, the main concern is their potential to contribute
to cancer development through the disruption of lipid metabolism (sphingolipid,
phospholipid and fatty acid metabolism) via the inhibition of ceramide synthase
(IARC, 2002).
The absorption, distribution and elimination of FB1 are rapid. Although very little is
absorbed, in experimental animals the liver and kidney retain the highest
concentration. FB1 is primarily excreted in the feces unchanged or with the loss of
one or both tricarballylic acid sidechains (JECFA, 2012). Fumonisins do not appear
to be metabolized in vivo by animal tissues, and they are excreted in the bile (JECFA,
2012). CYP activity may be altered as a result of the inhibition of the enzyme
ceramide synthase (JECFA, 2018b). The biochemical and molecular events of the
ceramide synthase inhibition linked to the induced animal diseases represent a
challenge due to the many changes in a variety of lipid metabolites and end-products
that are involved in a diverse range of structural and physiological functions in cells
(JECFA, 2018b).
FB1 has been classified by the International Agency for Research on Cancer (IARC)
as a group 2B agent, possibly carcinogenic to humans (IARC, 2002). Other important
concerns connected to fumonisin exposure in humans are related to impaired growth
in children and increased neural tube defects (Voss et al., 2017a). Based on liver
toxicity in a short-term dose-response study in male transgenic mice with a BMDL10
(lower confidence limit of the Benchmark Dose causing 10% extra effect above
background levels) of 0.165 mg/kg bw/day, and a no-observed-effect-level (NOEL)
for renal toxicity in a 90-day rat study of 0.2 mg/kg bw/day, and an uncertainty factor
19
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of 100, a provisional maximum tolerable daily intake (PMTDI) was set for FB1, FB2
and FB3, alone or in combination of 2 µg/kg bw/day by the Joint FAO/WHO
committee of Food Additives (JECFA) (JECFA, 2018b). This PMTDI was also
applied by EFSA in their latest opinions on the risks for human and animal health
related to the presence of modified forms of certain mycotoxins in food and feed,
and on the evaluation of the increase of risk for public health related to a possible
temporary derogation from the maximum level of deoxynivalenol, zearalenone and
fumonisins for maize and maize products (EFSA, 2014a, b).
1.4.3 Deoxynivalenol
After fumonisins, the following most prevalent mycotoxin in maize is
deoxynivalenol (DON), another toxin produced by Fusarium species (Munkvold et
al., 2019; Streit et al., 2013). DON is a tetracyclic epoxy-sesquiterpene which is
primarily produced by F. graminerarum and F. culmorum (Goswami and Kistler,
2004; Pleadin et al., 2019) (Figure 4). It is usually known as “vomitoxin” because of
the emetic effects it produces in pigs (Pestka, 2010).

Figure 4. Chemical structure of deoxynivalenol (DON).

At low doses in experimental animals, DON causes growth impairment and immune
dysfunction, whereas at high doses it causes diarrhea, emesis, leukocytosis,
hemorrhage, endotoxemia and, ultimately shock-like death (Pestka, 2010). In
humans, acute exposure to DON is associated with gastrointestinal disorders, and
although evidence of adverse health effects in humans following chronic exposure
is lacking, concerns on adverse effects on growth exist (EFSA, 2017a; Pestka, 2010).
In most species DON is rapidly absorbed and metabolized to deepoxydeoxynivalenol. Afterwards, in most species including humans, DON and its main
metabolite can undergo rapid glucuronidation and excretion via the urine (Mengelers
et al., 2016). The mode-of-action of DON involves the inhibition of protein
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synthesis, including RNA and DNA synthesis by binding to ribosomes. This binding
also induces ribotoxic stress and activates different mitogen-activated protein
kinases (MAPKs), involved in apoptosis or survival of cells, inflammatory effects
and oxidative stress (EFSA, 2017a). Based on a NOAEL of 0.1 mg/kg bw/day for
reduced body weight gain in mice, a tolerable daily intake (TDI) and a provisional
maximum TDI (PM(TDI)) of 1 µg/kg bw/day for DON and its acetylated derivatives
were set by the European Food Safety Authority (EFSA) and JECFA, respectively
(JECFA, 2011).
1.5 Approaches for risk assessment
Risk assessment is one part of the risk analysis process including also risk
management and risk communication (IPCS, 2009). Risk assessment of chemicals
in food is a science-based process consisting of the following steps: hazard
identification, hazard characterization, exposure assessment and risk
characterization (Figure 5) (IPCS, 2009). The hazards of AFB1, fumonisins and
DON with their characteristics were briefly described above, and these are probably
more or less the same all over the world, although some factors like health status
may play an important role (e.g. HBV infection or malnutrition) (van Egmond and
Jonker, 2004; Williams et al., 2004). However, the exposure is different in different
parts of the world because of differences in contamination levels and dietary habits,
hence the risk characterization is also different (van Egmond and Jonker, 2004; Wu,
2004).
Hazard
identification
Hazard
characterization

Exposure
assessment

Risk
characterization
Figure 5. Risk assessment process. Consisting on the following steps: hazard identification, hazard characterization,
exposure assessment and risk characterization.
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1.5.1 Exposure assessment
Exposure to mycotoxins is different around the world. For instance, the exposure to
AFB1 and FB1 in Europe, reported from the GEMS/Food consumption which
clusters diets developed by the WHO to provide an overview of the food
consumption patterns worldwide and to assess the potential exposure to
contaminants (Héraud et al., 2013), is in the range of 0.1-6.7 ng/kg bw/day for AFB1
and 58-1200 ng/kg bw/day for FB1, respectively (clusters G07, G08, G10, G11, and
G15 of the GEMS/Food consumption cluster diets) (JECFA, 2018a). Whereas
estimations for African countries such as Kenya and Nigeria (G13), and some central
and southern countries such as Guatemala and Mexico (G05), are among the highest.
The G13 cluster is in the exposure range of 7.0-26.9 ng/kg bw for AFB1 and 400660 ng/kg bw/day for FB1, while the G05 is in the range of 2.9-11.6 ng/kg bw/day
for AFB1 and 560-940 ng/kg bw/day for FB1 (JECFA, 2018a).
In the case of DON, the latest evaluation by JECFA only evaluated 40 countries as
no data were submitted from central and east African counties as well as central
American and Caribbean countries (including Mexico) (JECFA, 2011). In this
evaluation, the global dietary exposure to DON was estimated to be in the range from
0.2 to14.5 µg/kg bw/day. For Europe, the overall mean was estimated at 1.4 µg/kg
bw/day. In a more recent and detailed evaluation for Europe, EFSA (2017a)
estimated the mean chronic dietary exposure to DON be high in infants, toddlers and
other children, having a mean range from 0.5 to 1.7 µg/kg bw/day and a high range
(P95) of 1.1 to 4.5 µg/kg bw/day. The exposure in the P95 group of adolescents and
adults was also high with an estimated range of 0.6-2.5 µg/kg bw/day.
1.5.2 Risk Characterization
Once the exposure is defined, the following stage consists of integrating it with
information from the hazard characterization into what is known as risk
characterization. This step provides estimates of the potential risk to human health
under different exposure scenarios, which can be integrated into advice suitable for
decision-making in risk management (IPCS, 2009). Usually, for compounds with a
defined threshold effect, the health concern cannot be excluded when human
exposure exceeds a health-based guidance value (i.e., TDI/PMTDI for
contaminants). While for compounds with non-threshold effects, such as genotoxic
and carcinogenic compounds, the health concern cannot be excluded when human
exposure results in a so-called margin of exposure (MOE) relative to a BMDL10
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below a defined threshold (see below). Since AFB1 is a genotoxic and carcinogenic
compound with epidemiological data related to HCC risk, the MOE approach, and a
quantitative liver cancer risk estimate approach have been applied for its risk
assessment, by EFSA (2011) and JECFA (1998), respectively.
1.5.2.1 Margin of exposure (MOE)
The MOE approach makes no implicit assumptions of a ‘safe’ intake but indicates a
level of concern and whether there is a priority for risk management for genotoxic
carcinogens (EFSA, 2011, 2012). The MOE is calculated as the ratio between a
chosen point of departure (POD) derived from the dose-response curve which causes
a low but measurable increase in tumor formation above a background level and the
exposure, expressed as the estimated daily intake of the chemical (EDI) (EFSA,
2011). Both, EFSA and JECFA, have proposed the usage of the lower confidence
limit on a benchmark dose giving a 10% increase in tumors as the POD for the
calculation of MOEs for genotoxic carcinogens (EFSA, 2011). Thus, the MOE is
defined as the ratio between the BMDL10 and the EDI. When based on the BMDL10
from an animal study, MOE values greater than 10,000 are considered of low
concern (EFSA, 2005). The value of 10,000 takes into account a 100-fold uncertainty
factor for differences between species and between humans in kinetics and
dynamics, and an extra 100-fold uncertainty factor to account for additional
uncertainties and interindividual differences in cell cycle control and DNA repair
(10-fold), and uncertainties corresponding to the chosen reference point used
(BMDL10) since this related to an effect level because a threshold for which cancer
incidence is not increased is unknown (10-fold) (EFSA, 2005).
The MOE can be used to compare risks among substances, supporting risk managers
in establishing priorities for management actions (EFSA, 2006, 2012). In Europe,
risk assessments of aflatoxins in food were carried in 2007 and 2020. In 2007, the
EFSA opinion related to the increase of the existing maximum levels for aflatoxins
in almons, hazelnuts, and pistachios and derived products (EFSA, 2007) established
that MOE values for the European population, based on a BMDL10 derived from
animal data, were far below 10,000 (88-483), hence the ‘as low as reasonable
achievable’ (ALARA) principle was advised. In 2020, the updated risk assessment
obtained MOE values for AFB1 exposure ranging from 5,000 to 29, still indicating
a health concern. EFSA recommended keeping on monitoring aflatoxin occurrence
in food (EFSA, 2020).
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1.5.2.2 Quantitative liver cancer risk
JECFA presented a formula to quantitatively estimate a population HCC risk
associated with AFB1 exposure. The formula uses cancer potency estimates derived
from a model with epidemiological data of individuals exposed to AFB1 testing
positive for the hepatitis B surface antigen (HBsAg+) and testing negative for the
hepatitis B surface antigen (HBsAg-) (JECFA, 1998). These estimates are expressed
in terms of the increment in the incidence of HCC per 100,000 individuals per year
for exposure to 1 ng AFB1/kg bw/day. The cancer potency estimates include central
and upper bound estimates (Table 1) (JECFA, 2018a).
Table 1. Population cancer potency for the exposure to 1 ng/kg bw per day of AFB1 per 100,000 individuals per
year for the central and upper bound (JECFA, 2018a)
Bounds

Cancer potency estimate
(cases per 100,000 individuals/year for AFB1 exposure at 1 ng/kg bw/day)
HBsAg-

HBsAg+

Central

0.017

0.269

Upper

0.049

0.562

The formula proposed by JECFA to quantitatively estimate the population cancer
potency is stated in equation 1:
Population cancer potency (Σ) = (HBsAg-) (1 - p) + (HBsAg+) (p)

Eq. 1

Where p is the proportion of HBsAg+ individuals in the population. In order to assess
the AFB1-related HCC risk the population cancer potency (Σ) is multiplied by the
EDI expressed in equation 2:
Population cancer risk = Population cancer potency (Σ) * EDI

Eq. 2

Based on the GEMS/Food cluster diets the highest cancer risk was for sub-Saharan
African countries and Haiti (cluster G13) ranging from 0.21 to 3.94 AFB1-induced
cancers per year and per 100,000 subjects considering HBsAg+ rates in the range of
5.2-19%, and the lowest for European and developed countries (<0.01-0.10 AFB1induced cancers per year and per 100,000 subjects) considering HBsAg+ rates in the
range of 0.01-1.2%. In the latest evaluation by EFSA (2020), the cancer potency
estimate approach was used for the European population considering a minimummaximum prevalence of both hepatitis B and hepatitis C virus (HBV/HCV) of 0.27.6% and put into context following the WHO guideline for drinking-water quality.
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In this guidance, the excess lifetime cancer risk of 10-5 or less, equivalent to 1
additional case of cancer per 100,000 upon lifetime exposure for 70 years is
considered a tolerable burden of disease. EFSA used as a comparison value the
yearly excess cancer risk of 0.014 additional cancer cases per 100,000 subjects,
revealing a higher risk for some of their mean dietary exposure estimates and for
most of their P95 dietary exposure estimates ranging from 0.001 to 1.233 AFB1induced cancers per year and per 100,000 (EFSA, 2020).
1.6 PBK modelling-based reverse dosimetry
As indicated above human data enabling risk assessment for the mycotoxins of
interest including aflatoxin seem to be limited, and in its latest opinion on AFB1
EFSA concluded that the available human data were not appropriate for BMD
analysis to derive a reference point for risk assessment (EFSA, 2018, 2020).
However, use of animal data brings uncertainty as to whether the animal data
adequately represent the human situation. Using human data for risk assessment is
preferred but requires the development of novel testing strategies (Krewski et al.,
2010). To further advance the use of non-animal testing strategies in risk assessment,
the thesis also aimed to develop a mode-of-action based approach using in vitro
toxicity data combined with a physiologically based kinetic (PBK) modelling
facilitated reverse dosimetry to predict acute toxicity and genotoxicity of AFB1. A
PBK model is a set of mathematical equations that describe the absorption,
distribution, metabolism, and excretion (ADME) characteristics of a chemical within
an organism (Chiu et al., 2007; Krewski et al., 1994; Louisse et al., 2017). It is based
on three types of parameters being: (i) physiological and anatomical, (ii)
physicochemical, and (iii) kinetic parameters (Louisse et al., 2017).
By studying the ADME of a compound through a PBK model, it is possible to predict
the time-course of the compound or its metabolites in blood or other tissues of
interest (Krishnan and Andersen, 2001). In the PBK modelling-based reverse
dosimetry, the PBK model is used in reverse order to calculate the dose level needed
to obtain the concentration of a compound or its metabolites in blood or other tissues
of interest (Louisse et al., 2017). To perform the reverse dosimetry approach, in vitro
concentrations of the chemical of interest are set equal to blood levels in the PBK
model (Louisse et al., 2017; Rietjens et al., 2011). In this way in vitro data on
toxicity, obtained in a model reflecting the mode-of-action underlying the adverse
effect in the species of interest, can be translated to in vivo data by using the PBK
modelling-based reverse dosimetry approach (Louisse et al., 2017).
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This approach has been used to translate in vitro toxicity data to in vivo dose response
curves for different endpoints such as liver and kidney toxicity and DNA adduct
formation (Abdullah et al., 2016; Chen et al., 2018; Paini et al., 2010). Recently, the
PBK modelling-based reverse dosimetry approach was used to predict the in vivo
liver toxicity in rat and human of the genotoxic carcinogens lasiocarpine and
riddelliine, as well as their in vivo genotoxicity in rats (Chen et al., 2018; Chen et
al., 2019; Ning et al., 2019). In this thesis, a similar approach was followed to predict
liver toxicity and genotoxicity of AFB1 by PBK modelling-based reverse dosimetry.
1.7 Thesis overview
As mentioned at the beginning of this chapter, the present thesis aimed to contribute
to the risk assessment of the most important toxins produced by fungi in nixtamalized
maize products consumed in Mexico. To further contribute to the use of mode-ofaction based non-animal testing strategies in risk assessment, the thesis also aimed
to develop a generic physiologically based kinetic (PBK) model of AFB1 for
quantitative in vitro to in vivo extrapolation (QIVIVE) to predict the toxicity of
AFB1 by using a reverse dosimetry approach.
Chapter 1 of the thesis (this chapter) starts with the aim of the thesis followed by an
overview of mycotoxins in agricultural products, especially maize, and a description
of the characteristics and toxicity of the mycotoxins studied in this thesis, AFB1,
fumonisins and deoxynivalenol. AFB1 was described in most detail since it was also
the mycotoxin used for the QIVIVE studies. This chapter also explains the risk
assessment approaches available for AFB1 and presents an explanation of the PBK
modelling-based reverse dosimetry.
Chapter 2 analyses the occurrence of AFB1 in Mexican nixtamalized maize samples
and assesses the accompanying exposure and risk. The levels of AFB1 were
determined in 88 samples collected in Mexico City. The occurrence obtained
together with additional occurrence values from the literature were combined with
available literature data for mean and P95 consumption estimates of maize-based
products. The lower and upper bound of the mean and P95 values were obtained for
the EDI. Based on these EDI values the risk assessment was performed using both
the MOE approach and a quantitative risk assessment defining the incidence of HCC
within the population.
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Chapter 3 examines the occurrence and distribution of fumonisins (FB1+FB2) and
DON in 64 nixtamalized maize products sampled from Mexico City (Chapter 2).
Moreover, this chapter offers an accompanying risk assessment that considers a
probabilistic approach using a two-dimensional Monte-Carlo simulation for the
exposure assessment. This technique considers the variability of the exposure
assessment with its uncertainty. It combines: (i) the defined distribution models of
the mycotoxins in maize, with (ii) distribution models reported in the literature.
Chapter 4 proposes an alternative in vitro-in silico testing strategy, which includes
a quantitative in vitro to in vivo extrapolation (QIVIVE), to predict the acute liver
toxicity of AFB1 in both rat and human. Previous estimates for dose levels causing
acute AFB1 toxicity have been derived based on levels in the contaminated food
and/or on albumin adduct biomarkers. The developed PBK models were used to
translate in vitro concentration-response curves for cytotoxicity in primary rat and
human hepatocytes to in vivo dose-response curves using a reverse dosimetry
approach. The dose levels obtained were compared to toxic dose levels from
available rat and human case studies on AFB1 toxicity.
Chapter 5 investigates whether the same approach as applied in Chapter 4 would
also adequately predict the genotoxicity of AFB1. By using the previously developed
PBK model for AFB1 in rats (Chapter 4), in vitro genotoxicity data were searched
in the literature. A data set on micronucleus induction in rat hepatocytes exposed in
vitro and in rat liver in vivo was selected. The in vitro concentration response curve
was translated into an in vivo dose-response curve that could be compared to the
available in vivo data.
Finally, Chapter 6 summarizes the main outcomes of this thesis and compiles the
overall discussion. The chapter discusses: (i) the health concerns raised by
mycotoxin exposure in the urban areas of Mexico and implications for the rural
areas, but also (ii) the health concerns raised by AFB1 exposure in Mexico as
compared to AFB1 related health concerns in other areas of the world, (ii) the
consequences of co-occurrence of other mycotoxins in nixtamalized maize, and (iii)
the role of the nixtamalization process of maize in reducing mycotoxin
contamination. It also discusses (iv) the advantage of using PBK modelling-based
reverse dosimetry to predict toxicity and (v) the challenges of using PBK-modellingbased reverse dosimetry to predict genotoxicity endpoints. Finally, the chapter
provides further considerations to continue studying mycotoxins in foods worldwide
and locally (i.e., Mexico). These considerations are about mycotoxins and their
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relationship with climate change, the exposure assessment, and the influence of
dietary constituents on their toxicity. It concludes with AFB1 as a risk factor for
people with other liver diseases.
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Abstract
Maize is a staple food in Mexico that might contain Aflatoxin B1 (AFB1).
Nonetheless, data on the exposure and risk assessment of AFB1 from maize for the
Mexican population are limited. The aim of the present study was to analyse the
occurrence of AFB1 in Mexican nixtamalized maize samples, and to assess the
accompanying exposure and risk. Four out of 88 samples contained AFB1 at levels
above the limit of detection (1 ng/g). AFB1 occurrence values obtained in this study
and additional occurrence values from literature were combined with available
literature data for mean and P95 consumption of maize based products. For a 70 kg
body weight person, lower bound and upper bound exposure assessments resulted in
estimated daily intakes (EDI) of 0.7–8.5 ng/kg bw/day, based on a mean maize
consumption. Based on the P95 maize consumption these EDI values amounted to
3.3–11.7 ng/kg bw/day. The corresponding Margin of Exposure (MOE) values
amounted to 257-20 for the mean and 50-15 for the P95 consumers. The estimated
increased cancer risks were 9-320 and 43-439 cases/106 individuals/lifetime of 75
years for the mean and P95 consumers, respectively. Altogether, the assessment
reveals the need for continued risk management of AFB1 in Mexico.
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Aflatoxins are mycotoxins produced by different fungal species belonging to the
Aspergillus genus. These mycotoxins have been extensively studied after their first
discovery in 1960 when their presence in feed caused the death of turkeys and other
poultry (Bedard and Massey, 2006). At present, aflatoxins are regarded as important
mycotoxins because of their common occurrence in food crops and because one of
them, aflatoxin B1 (AFB1), is the most potent liver carcinogen known, acting by a
genotoxic mode of action (Eaton and Gallagher, 1994; JECFA, 2018). Evidence
from experimental animal studies and data on the increased risk for hepatocellular
carcinoma (HCC) in a cohort of individuals exposed to aflatoxins made the
International Agency for Research on Cancer (IARC) to classify aflatoxins as a
Group 1 agent, carcinogenic to humans (IARC, 2012a).
The link between AFB1 exposure and HCC is well established, as well as the role of
biotransformation of AFB1 in the underlying mode of action (Eaton and Gallagher,
1994). AFB1 monooxygenation by cytochromes P450 leads to a reactive AFB1-8,9epoxide, which can either be cleared in conjugation reactions or bind to
macromolecules such as DNA (Guengerich et al., 1998). The covalent binding of
electrophilic metabolites with the nucleophilic sites of DNA results in DNA adducts,
which are considered key intermediates in the transformation of a normal cell into a
malignant tumor cell (Sharma and Farmer, 2004).
AFB1 is typically produced by A. flavus, an ubiquitous fungus in tropical and
subtropical areas, which usually affects peanuts and maize (EFSA, 2018; IARC,
2012a, b; JECFA, 2018). The production of AFB1 by the fungus is associated with
harsh pre-harvest conditions of the crops or with inadequate transport, storage or
manufacturing conditions (Pitt, 2013). In order to diminish the fungal growth and
subsequent AFB1 production resulting in human exposure, intervention approaches
are established at different levels. However, climate change and deficiencies in
intervention practices (due to for example financial limitations) can potentially result
in AFB1 related health issues (Battilani et al., 2016; Carvajal and Arroyo, 1997;
Wild and Gong, 2009).
Together with some African countries, Mexico and Guatemala are among the
countries with the highest consumption of maize (Mwalwayo and Thole, 2016;
Ranum et al., 2014; Torres et al., 2014). In Mexico, maize has been a traditional
staple food (Vargas, 2014). The estimated consumption of unprocessed maize for
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Mexico is 267 g/person/day based on the food supply obtained in 2009 from the
Food Balance Sheet of the Food and Agriculture Organization of the United Nations
(FAO) (Ranum et al., 2014). However, in Mexico this cereal is mainly consumed as
nixtamalized derived products in the form of tortillas (118.4 g) while a small
proportion is consumed as non-nixtamalized maize (2.8 g corn/day) (Wall-Martínez
et al., 2017). In brief, nixtamalization is a process in which maize grains are milled
after being cooked in a calcium hydroxide solution to produce a fresh dough or an
industrial flour (Serna-Saldivar, 2015).
Even though nixtamalization can reduce the levels of aflatoxins in maize products
(CODEX, 2016; De Arriola et al., 1988), uncertainty remains about the prevalence
of aflatoxins in food and the exposure of Mexican people (Castillo-Urueta et al.,
2011; Plasencia, 2004; Torres et al., 2014). As aflatoxins are in many cases
unavoidable food contaminants, regulatory limits have been set worldwide to
minimize human exposure from maize consumption at concentrations as low as
reasonable achievable (ALARA). The Mexican government has set a maximum level
of 12 µg/kg product for total aflatoxins in nixtamalized maize products (SS, 2009),
a limit slightly lower than the limit of the United States for total aflatoxins of 20
µg/kg for maize (FDA, 2005). In contrast, the European Union adopted stricter levels
of 2 µg/kg for AFB1 and of 4 µg/kg for total aflatoxins in ready to eat maize (EC,
2006).
Despite the importance and high consumption of maize in Mexico, exposure and risk
assessments of AFB1 for the Mexican population are limited (Liu and Wu, 2010). In
Mexico, the age-standardized HCC incidence rate in 2018 was 5.6 per 100 000
persons (IARC, 2018), and the main aetiology is considered to be alcoholic cirrhosis
and infection with hepatitis C virus (HCV), and in a lesser extent infection with
hepatitis B virus (HBV) (Huezo et al., 2014). However, the role of AFB1 exposure
in the HCC aetiology in Mexico is unknown. Previous studies have suggested a
possible contribution of AFB1 exposure to HCC formation in alcoholic cirrhosis and
HCV (Chu et al., 2018; Ramalho et al., 2018). Therefore, the purpose of this paper
was to provide insight in AFB1 levels present in locally collected nixtamalized maize
samples in Mexico City and to perform an accompanying exposure and risk
assessment. To this end, nixtamalized maize samples were collected from Mexico
City and AFB1 was extracted and quantified by LC-MS/MS. The AFB1 occurrence
levels obtained for the collected samples together with those found in literature were
combined with consumption data of nixtamalized maize products obtained from the
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literature to obtain estimated daily exposure (EDI) values. To assess the risk of these
exposure levels, the Margin of exposure (MOE) approach as proposed by EFSA for
compounds that are both genotoxic and carcinogenic (EFSA, 2005) and a
quantitative liver cancer risk approach proposed by JECFA (JECFA, 2018) were
used.
2.2 Materials and methods
2.2.1 Determination of AFB1 in nixtamalized maize
2.2.1.1 Chemicals and reagents
AFB1 (>98% purity) was purchased from Sigma-Aldrich (Zwijdrecht, Netherland).
Acetonitrile (ACN, ULC/MS grade) was purchased from Biosolve (Valkenswaard,
Netherlands), and formic acid (FA, >99-100%, AnalaR NORMAPUR grade),
anhydrous MgSO4 and acetic acid were bought from VWR International (Darmstadt,
Germany). Dimethyl sulfoxide (DMSO, >99.9%) was obtained from Acros Organics
(Geel, Belgium).
2.2.1.2 Collection of maize samples and storage conditions
Eighty-eight nixtamalized maize samples were collected from different areas in
Mexico City. The sample collection took place during April 2017 and May 2019,
considered a dry season period. The maize samples were either obtained from
supermarkets as packaged flour or as fresh dough from local dough millers and
tortillerías (tortilla shops). A total of 22 flour packages and 66 fresh dough samples
were collected. An overview of the samples collected is provided in the
supplementary material (Table S.1). To keep and store the dough, the samples were
vacuum-sealed packed, and were frozen in a freezer until transport to the
Netherlands. During the transport, the samples were placed inside cooler bags
containing gel packs to keep them frozen. Once in the Netherlands, the samples were
kept at -80°C until freeze-drying and subsequent grinding with a mortar and pestle.
All dry samples were kept closed and dry at room temperature (18°C).
2.2.1.2 Extraction procedure
Aflatoxin B1 extraction was based on the multi-targeted method based on
QuEChERs extraction described by López et al. (2016) with minor modifications.
Briefly, 2.5 g dry sample were mixed with 7.5 mL ultra-pure water (Arium pro,
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Sartorius, Göttingen, Germany). After manual shaking, 10 mL of extraction solvent
(ACN with 1% (v/v) acetic acid) were added. The extraction process consisted of 30
minutes shaking in a platform shaker (Innova 2300, New Brunswick Scientific,
Nijmegen, Netherlands). Afterwards, the sample was cleaned-up by vortexing with
4 g of anhydrous MgSO4 for 1 minute, followed by centrifugation at 1822 g for 10
minutes. Subsequently, 6 mL of the supernatant were further cleaned with a 15 mL
dSPE tube (DisQuE 186008080, Waters, Dublin, Ireland), followed by
centrifugation at 2200 g for 5 minutes. An aliquot of 500 µL was diluted to 1 mL
with 50 µL extraction solvent and 450 µL water. After vortexing the sample, 400 µL
were filtrated with a syringeless 0.45 µm filter (Whatman Mini-UniPrep, GE,
Buckinghamshire, United Kingdom) before LC-MS/MS analysis. The extractions
were performed in triplicate, with the exception of six samples that were analyzed in
an additional independent fourth experiment for secondary confirmation of the
analytical method used by Wageningen Food Safety Research (WFSR) (former
RIKILT - Institute of Food Safety) (Wageningen, Netherlands) also using the multitargeted method based on QuEChERs extraction described by López et al. (2016).
2.2.1.3 Instrumentation and MS/MS conditions
AFB1 was quantified by triple quadruple LC-MS/MS using a Shimadzu LC/MS8040 mass spectrometer operated in the positive electrospray ionization mode with
MRM (multiple reaction monitoring). The mass spectrometer was coupled with a
U(H)PLC system (Shimadzu Nexera XR LC-20AD XR). The LC analytical column
used was a Kinetex C18 column (50 x 2.1 mm, 1.7 µM particle) (Phenomenex). The
main MS parameters were set as follows: column temperature 40°C, desolvation
temperature 400°C, source temperature 250°C, nebulation gas 2 L/min and drying
gas flow 15 L/min. Elution was performed with a flow rate of 0.3 mL/min. The
mobile phase consisted of a time-programmed gradient using nanopure water with
0.1% (v/v) FA (solvent A) and ACN with 0.1% (v/v) FA (solvent B). The percentage
of solvent B was changed linearly as follows: 0 min, 10%; 1 min, 10%; 8 min, 100%;
10 min, 100%; then the percentage of solvent B dropped to 0% in 2 minutes, returned
to the initial conditions (10% solvent B) in 2 min and was kept at these conditions
for 4 min. The total run time was 16 minutes. The first minute of the U(H)PLC run
was set to waste to wash away salt. The injection volume was 5 µL for the calibration
curve and for the maize samples. The conditions for ESI were set at Nebuliser gas:
2.0 L/min, drying gas: 15.0 L/min, Desolvation Line temperature: 250°C, Heat Block
temperature: 400 °C and Ion Spray voltage (IS): 4500 V. The MRM positive mode
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was performed under the following settings: precursor to product 313.05 → 285.10
(Q1=-30V, Q3=-30V, CE=26kV), 313.05 → 241.05 (Q1=-20V, Q3=-26V,
CE=37kV), 313.05 → 269.05 (Q1=-14V, Q3=-26V, CE=33kV). The retention time
of AFB1 was 5.78 minutes. The quantification was carried out with a matrix matched
calibration curve of AFB1 from 1.75 to 14 ng/g. The total area (TIC) of all three
MRM of AFB1 was used and the linear coefficient of the calibration curve was
R2=0.9980114. The conditions for the samples analysed for secondary confirmation
by WFSR were the same as the ones described for the multi-targeted method based
on QuEChERs extraction by López et al. (2016).
2.2.1.4 Extraction efficiency, limit of detection and limit of quantification.
The efficiency of the method was assessed by spiking in triplicate, 5 ng/g AFB1 to
a maize sample showing no detectable analyte (sample #7). The mean recovery
obtained was 96.3 ± 3.0 % hence the data were not adjusted for recovery. Precision
was deemed adequate in terms of repeatability (r-RSD) and reproducibility within
our laboratory (R-RSD) (Table 1). The limit of detection of the method (LOD) for
AFB1 was 1 ng/g, equal to 3.3*Standard deviation of the residuals (Sy/x) divided by
the slope (m), while the limit of quantification of the method (LOQ) corresponded
to 3 ng/g, equal to 10*(Sy/x/m).
Table 1. Recovery and precision of the analytical method for AFB1 in maize (n=3).
Spiked level
(ng/g)

Recovery

r-RSDa %

R-RSDb %

5

96.3%± 3.0%

3.0%

3.6%

r-RSD: repeatability – Relative Standard Deviation
b
R-RSD: reproducibility within our laboratory – Relative Standard Deviation
a

2.2.2 Estimated daily intakes (EDI) of AFB1
In the present study, the estimated daily intake (EDI) for AFB1 is obtained by
multiplying the average concentration of AFB1 levels in the nixtamalized maize
(ng/g) with the estimated daily consumption of maize from food products derived
from nixtamalized maize flour and dough (g/day), divided by an average body
weight (bw). Hence, the EDI is expressed in ng/kg bw/day. A conservative scenario
was applied in which the thermal treatment (e.g. baking or frying) was assumed to
not influence the AFB1 occurrence.
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2.2.3 Consumption data
The concentration levels used to determine the EDI were obtained from the
occurrence data detected in this study. Additional EDI values were derived from
AFB1 levels reported in the literature (Castillo-Urueta et al., 2011). Meanwhile, the
estimated daily consumption of maize was obtained from the study by Wall-Martínez
et al. (2017) who reported the food products that provide the largest amount of maize
per portion in the population of Veracruz City in Mexico, which are products derived
from nixtamalized maize flour and dough. Wall-Martínez et al. (2017) reported that
the largest average maize consumption per person per day (expressed as dry base in
grams) is related to the following nixtamalized maize derived products: tortillas
(118.4 g), antojitos (38.08 g), tacos (19.40 g) and chilaquiles (17.95 g). For the risk
assessment, the sum of these four estimates, 193.8 g/person/day, was used as the
estimated mean daily nixtamalized maize consumption. The 95th percentile (P95)
was obtained likewise using the 95th percentile consumption estimates for the same
food products: tortillas (290.1 g/day), antojitos (96.63 g/day), tacos (58.83 g/day)
and chilaquiles (42.98 g/day), resulting in an overall P95 intake 488.5 g/person/day.
Concerning the body weight, a Mexican adult was assumed to weight 70 kg, an
average obtained by the average body weights of Mexican men (74 kg) and women
(66.7 kg) (Wall-Martínez et al., 2017). For this study, the consumption of maize for
an average Mexican person was assumed to be similar to that reported for the
population of Veracruz City in Mexico.
2.2.4 Management of non-detects in the average concentration of AFB1 levels
As non-detects (left censored data) could imply a true zero or a non-detect value, the
non-detects were treated by a substitution method, following the options for
managing left censored data by WHO/FAO (WHO/FAO, 2009). The substitution
method consisted of replacing the results below the analytical LOD by zero for a
lower bound (LB) estimate, or by the numerical value of the LOD for an upper bound
(UB) estimate. The EDI values thus obtained consisted of the average AFB1
occurrence values as LB-UB estimates for both the mean and P95 consumption of
nixtamalized maize.
2.2.5 Estimated daily intakes (EDI) comparison
To evaluate the EDI values obtained in this study, we compared them to EDI values
we calculated using data from one other study found reporting the occurrence of
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AFB1 in a Mexican nixtamalized product (tortillas). The study of Castillo-Urueta et
al. (2011) reported the occurrence of aflatoxins, including AFB1, in 396
nixtamalized maize tortillas bought either from supermarkets or from traditional
tortilla shops (Supplementary Table S.4). We also compared the EDI values obtained
in this study to the mean international dietary exposure to AFB1 obtained by JECFA
from the Global Environment Monitoring System – Food Contamination Monitoring
and Assessment Programme (GEMS/Food) cluster diets and the GEMS/Food
contaminants database (JECFA, 2018). The GEMS/Food databases cluster countries
with similar patterns of consumption to perform basic dietary exposure assessments
(Sy et al., 2013; WHO/FAO, 2009). Based on the GEMS/Food cluster diets, Mexico
is assigned to the cluster G05 (Supplementary Figure S.1 and S.2). Therefore, the
following three dietary exposure scenarios were added to the exposure and risk
characterization: i) the dietary exposure to AFB1 from maize for the cluster G05, ii)
the total dietary exposure to AFB1 for the cluster G05 and iii) the international
dietary exposure range to AFB1 (JECFA, 2018). When no separate high percentiles
were reported they were considered to amount to twice the value of the mean dietary
exposure (JECFA, 2018). To allow comparison all the estimates were recalculated
for a body weight of 70 instead of 60 kg (Supplementary Table S.5).
2.2.6 Risk characterization
Due to the genotoxicity and carcinogenicity of AFB1, the margin of exposure (MOE)
approach proposed by EFSA (EFSA, 2005) and also the quantitative liver cancer risk
approach proposed by JECFA (JECFA, 1998) were used to assess the risk of AFB1
exposure via nixtamalized maize in Mexico.
2.2.6.1 Margin of exposure (MOE) approach
The MOE approach makes no implicit assumptions of a ‘safe’ intake, it indicates a
level of concern and whether there is a priority for risk management (EFSA, 2005).
The MOE is calculated as the ratio between a reference point from the dose-response
curve which causes a low but measurable increase in tumor formation above a
background level and the EDI. In EFSA’s proposal the preferred reference point used
for calculating the MOE is the benchmark dose lower confidence limit for a 10%
extra incidence in tumor formation (BMDL10). Thus, the MOE is defined as the ratio
between the BMDL10 and the EDI. When based on the BMDL10 from an animal
study, MOE values lower than 10,000 are considered of concern for public health
and indicate a priority for risk management (EFSA, 2005). For calculation of the
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MOE values, we used the BMDL10 values reported by EFSA for AFB1 (EFSA,
2007), including the BMDL10 derived from rat data (Wogan et al., 1974) of 170
ng/kg bw/day, and the BMDL10 of 870 ng/kg bw/day derived from human
epidemiological data (EFSA, 2007).
2.2.6.2 Quantitative liver cancer risk approach
In 1998, JECFA presented a formula to quantitatively estimate a population HCC
risk associated with AFB1 exposure. The formula uses cancer potency estimates
derived from a model with epidemiological data of individuals exposed to AFB1
testing positive for the hepatitis B surface antigen (HBsAg+) and testing negative for
the hepatitis B surface antigen (HBsAg-) (JECFA, 1998). These estimates are
expressed in terms of the increment in the incidence of HCC per 100,000 individuals
per year from the exposure to AFB1 expressed in ng AFB1/kg bw/day. After a
revision by JECFA in 2016, the cancer potency estimates were redefined by new
central and upper bound estimates, and these are the values that were used in the
present study (Table 2) (JECFA, 2018). The formula proposed by JECFA to
quantitatively estimate the population cancer potency is as follows:
Population cancer potency (Σ) = (HBsAg-) (1 - p) + (HBsAg+) (p)

(1)

Where p is the proportion of HBsAg+ individuals in the population. For this study,
it was assumed that 0.2% of the population in Mexico is HBsAg+ (p=0.002)
(Schweitzer et al., 2015).
Table 2. Population cancer potency for the exposure of 1 ng/kg bw per day of AFB1 exposure per 100,000
individuals per year for the central and upper bound (JECFA, 2018), and the Mexican population cancer potency
(Σ) obtained by Formula 1 using p=0.002.
Bounds
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Cancer Potency (JECFA, 2018)
(cases per 100,000 individuals/year for AFB1
exposure at 1 ng/kg bw/day)

Population cancer potency (Σ) in Mexico
(cases per 100,000 individuals/year for AFB1
exposure at 1 ng/kg bw/day)

HBsAg –

HBsAg +

Σ

Central

0.017

0.269

0.018

Upper
bound

0.049

0.562

0.050

Aflatoxin B1 in nixtamalized maize in Mexico

To assess the AFB1-related HCC risk, the population cancer potency (Σ) is
multiplied by the EDI expressed in:
(2)

The formula considers the estimated number of liver cancer cases per 100 000 per
year, while in risk assessment of lifetime exposure to genotoxic carcinogens in the
diet, cancer risks are often expressed in extra cases per million individuals upon
lifetime exposure. To enable this comparison population cancer risk values obtained
were also multiplied by a lifetime exposure of 75 years, which is the mean life
expectancy for Mexicans (INEGI, 2018a), and a factor of 10 to obtain a lifetime
exposure risk per million. Thus, for comparison purposes, the cancer potency
estimates are expressed in extra HCC cases both, per 100,000 individuals per year,
and per million individuals for a lifetime of 75 years. Assessment of the quantitative
cancer risk estimate was based on the indicative tolerable cancer risk for the general
population of one in a million-extra risk upon lifetime exposure (ECHA, 2012).
Thus, the margin considered in this study to judge the quantitative cancer risk
estimate is 1 cancer case/million individuals/75 years, equivalent to 0.00133 cases
per 100 000 per year.
2.3 Results
2.3.1 AFB1 levels in collected maize samples
Four out of 88 samples (4.5%) were above the LOD for AFB1 (Table 3); sample #S1
and #S47 were between the LOD and LOQ, with detectable AFB1 values of 1±0.4
and 2±0.3 ng/g, respectively. The samples above the LOQ for AFB1, sample #3 and
#11, contained levels that amounted in triplicate analysis to 7±4 and 10±7 ng/g,
respectively (Supplementary Table S.2). Further reanalysis by WFSR (former
RIKILT) for six selected samples, including the two samples above the LOQ,
confirmed our results, with values of 6 and 12 ng/g, respectively (Supplementary
Table S.3). Therefore, the average AFB1 concentration considered in this study, and
shown in Table 3, came from the quadruple analysis of the samples above the LOQ,
amounting to 7±3 ng/g and 11±5 ng/g, respectively. Table 3 also presents the average
AFB1 occurrence data in tortillas from Castillo-Urueta et al. (2011); comparison of
the two data sets, the one obtained in this study and the one from Castillo-Urueta et
al. (2011) reveals that both provide comparable results.
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Table 3. Overview of the AFB1 occurrence data used in this Risk Assessment

Sample

N

LOD
ng/g

LOQ
ng/g

Samples >
LOD
(%)

Concentration
(ng/g)
LB(a)

Reference

UB(b)

nixtamalized maize
88
1.0
3.0
4 (5%)
0.2±1
1.2±1
Present study
dough and flour
nixtamalized maize
Castillo-Urueta et
396
0.5
1.4
44 (11%)(c)
1.2±9
1.7±9
tortilla
al., 2011
LB: Lower Bound; UB: Upper bound
(a)
Samples below LOD set to zero in LB.
(b)
Samples below LOD set to the numerical LOD value.
(c)
The report from Castillo-Urueta et al. (2011) indicates 39 positive samples with AFB1 values above LOQ, and
5 samples between the LOD and LOQ.

2.3.2 Exposure assessment
Table 4 presents the estimated daily intakes (EDI) obtained for a person of 70 kg bw
when the mean and P95 consumption of nixtamalized maize, 193.8 and 488.5 g/day,
respectively, are combined with the average concentrations of AFB1 in the samples
(LB, UB) (Table 3). Table 4 also presents the estimates for AFB1 intake by the
GEMS/Food cluster diets considering the contribution of maize alone in the cluster
G05, the total AFB1 intake from all source for cluster G05, and the international
dietary exposure range to AFB1 (JECFA, 2018).
Table 4. Mean and P95 estimated daily intakes (EDI) to AFB1 from nixtamalized maize and from the GEMS/Food
cluster diets and contaminants database, expressed in ng/kg bw/day.
EDI (ng/kg bw/day)
Scenario

Mean

P95

LB

UB

LB

UB

0.7

1.7

3.3

8.3

3.4

8.5

4.6

11.7

(b)(c)

1.1

1.5

2.2

2.9

Cluster G05 (JECFA, 2018)

2.5

5.0

5.0

9.9

International (JECFA, 2018)

0.2

12.0

0.3

23.1

Present study

(a)

Castillo-Urueta et al., 2011

(a)

Maize, cluster G05 (JECFA, 2018)

LB: Lower Bound; UB: Upper bound
(a)
EDI obtained from AFB1 concentrations in the samples (LB, UB) for both datasets (Table 3) combined with
mean (193.8 g/day) and P95 (488.5 g/day) consumption data.
(b)
P95 considered twice the value of the mean EDI for the LB and UB.
(c)
The high percentile corresponds to P90 instead of P95 (JECFA, 2018)
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The MOE values obtained using the EDI values presented in Table 4 and the
BMDL10 derived from the rat or the human data are shown in Table 5. Considering
that the BMDL10 derived from human data (870 ng/kg bw/day) is higher than the one
derived from rat data (170 ng/kg bw/day) (EFSA, 2007), the MOE values calculated
from the human BMDL10 are 5-fold higher than the values obtained using the rat
BMDL10 value (Table 5). All MOE values based on the rat BMDL10 are
substantially lower than the cut off value of 10,000 proposed for evaluation of the
exposure when using a BMDL10 from rodent studies (EFSA, 2007).
Table 5. Overview of the Margin of Exposure (MOE) obtained using the EDI values from Table 4 and the rat
BMDL10 or human BMDL10 values reported by EFSA (EFSA, 2007).
MOE for animal BMDL10a
Scenario

Mean
LB

UB

MOE for human BMDL10b

P95
LB

Mean
UB

P95

LB

UB

LB

UB

Present study

257

102

51

20

1317

522

263

104

Castillo-Urueta et al., 2011

50

20

37

15

257

102

187

74

Maize, cluster G05 (JECFA, 2018)

153

117

76

58

781

597

390

299

Cluster G05 (JECFA, 2018)

68

34

34

17

350

175

175

88

International (JECFA, 2018)

992

14

496

7

5075

73

2538

38

LB: Lower Bound; UB: Upper bound
a
Rodent BMDL10 of 170 ng/kg bw/day divided by mean and P95 estimated daily intakes (EDI) from
Table 4
b
Human BMDL10 of 870 ng/kg bw/ day divided by mean and P95 estimated daily intakes (EDI) from Table 4

2.3.3.2 Estimated liver cancer risks
The liver cancer incidence estimates obtained by the quantitative cancer risk
approach expressed in extra cases per 100,000 individuals per year are displayed in
Table 6, while the extra cases expressed per million individuals upon lifetime
exposure of 75 years are shown in Table 7. The values thus obtained reveal that for
all exposure scenarios the estimated cancer risk exceeds the virtual safe value of one
in a million upon lifetime exposure (Table 7) equivalent to 0.00133 cases per 100
000 per year (Table 6).
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Table 6. Overview of the yearly estimated liver cancer risk for a population of 100,000 individuals resulting from
AFB1 exposure in Mexico.
Population cancer risk
(HCC/100,000 individuals/ year)
Mean

Scenario

P95

Centrala
LB

Upperb

Centrala

Upperb

UB

LB

UB

LB

UB

LB

UB

0.012

0.029

0.033

0.083

0.058

0.146

0.165

0.417

Castillo-Urueta et al., 2011

0.059

0.149

0.169

0.426

0.081

0.205

0.232

0.585

Maize, cluster G05 (JECFA, 2018)

0.020

0.039

0.056

0.111

0.026

0.051

0.073

0.146

Cluster G05 (JECFA, 2018)

0.044

0.087

0.124

0.249

0.087

0.174

0.249

0.497

International (JECFA, 2018)

0.003

0.210

0.009

0.600

0.006

0.405

0.017

1.158

Present study

LB: Lower Bound; UB: Upper bound.
a
Cancer incidences from central based cancer potency estimates
b
Cancer incidences from upper based cancer potency estimates
Table 7. Overview of the estimated liver cancer risk expressed per million individuals per lifetime of 75 years
resulting from AFB1 exposure in Mexico.
Population cancer risk
(HCC/1x106 individuals/ 75 years)
Scenario

Mean

P95

Centrala

Upperb

Centrala

Upperb

LB

UB

LB

UB

LB

UB

LB

UB

Present study

9

22

25

62

43

109

124

312

Castillo-Urueta et al., 2011

44

112

127

320

61

154

174

439

Maize, cluster G05 (JECFA, 2018)

15

29

42

84

19

38

55

109

Cluster G05 (JECFA, 2018)

33

65

93

187

65

131

187

373

International (JECFA, 2018)

2

158

8

450

5

304

13

868

LB: Lower Bound; UB: Upper bound
a
Cancer incidences from central based cancer potency estimates
b
Cancer incidences from upper based cancer potency estimates
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Mycotoxins are known for not being evenly distributed in food posing difficulties in
determining the true concentration in a sample (Whitaker, 2006). In this study the
variability was reflected in the standard deviation of the triplicates from the samples
above the LOQ; variability that diminished by including a fourth replicate analysed
by an independent laboratory. Even so, recent data on AFB1 occurrence for
nixtamalized products in Mexico are scarce, while a related risk assessment has, to
the best of our knowledge, not yet been performed. In this study, we present up-todate occurrence data on AFB1 from 88 nixtamalized maize samples quantified using
LC-MS/MS. The data thus obtained could be compared to those from only one other
study found in literature reporting on AFB1 levels in nixtamalized maize products
from Mexico determined by using a fluorescence detector (Castillo-Urueta et al.,
2011). In spite of the different methods used, the results obtained are comparable
with only a limited number of detected samples and a large number of non-detects.
By a substitution method, lower and upper bound EDI values were calculated for
both the mean and P95 nixtamalized maize consumption in the Mexican population.
The EDI values obtained in this study were also compared to the estimates for AFB1
exposure from the GEMS/food cluster diets. The estimates obtained in the present
study are within the range of the estimates based on the GEMS/Food cluster diets
considering the contribution of maize alone in the cluster G05 (mean: 2.5-5.0 ng/kg
bw/day, P95: 5.0-9.9 ng/kg bw/day) and the international dietary exposure for AFB1
estimated by JECFA (2018) (mean: 0.2-12.0 ng/kg bw/day, P95: 0.3-23.1 ng/kg
bw/day).
Using the EDI values thus obtained, the present study also performed a risk
assessment using both the MOE approach and an approach based on the calculated
liver cancer risk (EFSA, 2007; JECFA, 2018). The results obtained revealed that
MOE values based both on the rat and human BMDL10 were all below 10,000
pointing at a priority for risk management. This still holds when it is considered that
when using a human BMDL10 value the cut off value of 10,000 may theoretically
be lowered to a cut-off value of 1,000 because the value of 10,000 includes a factor
10 for interspecies differences, which may be no longer relevant when using a human
BMDL10 (EFSA, 2005, 2007). However, even when comparing the MOE values
obtained with the human BMDL10 to a cut-off value of 1,000, almost all MOE
values are still below this lower cut-off value and thus raise a concern. The second
approach used to evaluate the risk of exposure to AFB1, revealed that the AFB1
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induced extra cancer incidences were above an extra risk of one in a million upon
lifetime exposure, also pointing out a health concern. Thus, both approaches
indicated a concern for human health at the levels of AFB1 exposure resulting from
nixtamalized maize products consumed in Mexico, indicating a priority for risk
management.
It is of interest to note that this concern also holds for the LB EDI values, calculated
by setting the AFB1 level in the high percentage of non-detects found in the studies
at zero. Thus, the small percentage of positives already results in estimated intakes
that raise a concern in a subsequent risk assessment. Yet, the level of AFB1 in the
samples of the present study and in the majority of the samples in the study of
Castillo-Urueta et al. (2011) were below the regulatory limit of 12 ng/g established
in Mexico for total aflatoxins in nixtamalized maize products. This indicates that the
Mexican regulatory limit may still result in levels of intake that raise a concern due
to the high consumption of nixtamalized maize products. This also hold for the
regulatory limit of the United States for total aflatoxins of 20 ng/g for maize (FDA,
2005), and even for the stricter levels adopted in the European Union of 2 ng/g for
AFB1 and of 4 ng/g for total aflatoxins in ready to eat maize (EC, 2006). Consuming
maize at the levels reported for the Mexican population of 193.8 g at the mean and
488.5 g at the P95 with an AFB1 level of 2 ng/g, would result for a 70 kg adult in an
EDI of 6 ng/kg bw/day at the mean and 14 ng/kg bw/day at the P95. These EDI
values would result in MOE values of 31 and 12 and in an extra HCC incidence of
73 and 524 extra HCC cases per million in a lifetime. This indicates that current
regulatory limits may still not be low enough to eliminate concerns. It also supports,
given that AFB1 is an unavoidable food contaminant, the conclusion that for AFB1
one should apply the ALARA principle, keeping levels and thus exposure as low as
reasonably achievable. This suggestion is in line with the conclusion provided in the
EFSA opinion on AFB1 for almonds, hazelnuts and pistachios which presented EDI
values for AFB1 exposure of the European population amounting to 0.35 to 1.93
ng/kg/bw (EFSA, 2007). They also concluded that to apply the ALARA principle it
would be essential to reduce the number of highly contaminated foods reaching the
market and the exposure from food sources other than almonds, hazelnuts and
pistachios (EFSA, 2007).
Our findings give a particular insight to current AFB1 levels in nixtamalized maize
in Mexico, suggesting a low prevalence of contamination, and confirming a pattern
previously reported by Castillo-Urueta et al. (2011). The low prevalence may well
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be due to the nixtamalization process, considered a control strategy to reduce the
aflatoxin levels, and to the establishment of regulatory limits in the early nineties
(IARC, 2012b). Nonetheless, nixtamalization reduction depends on the initial levels
of contamination and the process conditions, which can vary among producers
between 29.5 - 90% (Pérez‐Flores et al., 2011; Torres et al., 2001). For instance,
unprocessed maize for human consumption analysed in Mexico in 1991 and 1998,
had a 68.3% prevalence of AFB1 with concentrations ranging from 5.03-465.31
ng/g, and a 33.1% prevalence of total aflatoxins ranging from 1-18 ng/g, respectively
(García Aguirre et al., 2001; Torres Espinosa et al., 1995). The occurrence of AFB1
in non-nixtamalized maize seem especially relevant for the consumption of nonnixtamalized maize products (e.g. boiled or roasted maize). Even though the mean
and P95 consumption per day per person is substantially lower (2.8 – 11.2
g/day/person or 0.04-0.16 g/day for a 70 kg bw person) than the consumption of
nixtamalized maize products, the Mexican regulatory limit for total aflatoxins in
non-nixtamalized products is higher (20 ng/g) (SS, 2009; Wall-Martínez et al.,
2017). Considering a worst-case exposure scenario in which all non-nixtamalized
maize consumed by a 70 kg person would contain AFB1 at the regulatory limit of
20 ng/g, would imply an additional dietary exposure of AFB1 from maize of 0.8 3.2 ng/kw bw/day. Comparison of these values to the EDI values obtained in our
study for the intake of AFB1 from nixtamalized maize amounting to 0.7-8.5 ng/kg
bw/day, based on a mean maize consumption and 3.3-11.7 ng/kg bw/day for the P95
maize consumption, indicates that AFB1 exposure via exposure to nixtamalized
maize adds substantially to the AFB1 exposure and accompanying health risks.
It is also of interest to observe, that the results of this study reveal that the risks from
AFB1 occurrence in nixtamalized maize mainly originate from the high consumption
of nixtamalized maize products rather than from high levels of the mycotoxin in the
nixtamalized maize or the level of HBsAg+ prevalence within the Mexican
population. It should be noted, that we assumed that the maize consumption
estimates from the population of Veracruz City were similar to the population of
Mexico City because Mexico has an historic consumption of nixtamalized maize,
particularly in the centre and south of the country (Serna-Saldivar, 2015). In addition,
both places are urban areas with a similar age and gender distribution (INEGI,
2018b).
It can thus be suggested that the cancer estimates presented in Table 7, represent a
percentage of the estimated HCC incidence in 2018 in Mexico for both sexes and all
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ages predicted from The Global Cancer Observatory (GLOBOCAN). The HCC
estimates from GLOBOCAN amount to 7,265 liver cancer cases per year for a
population of 130,759,070 individuals (IARC, 2018), corresponding to 4,167 liver
cancer cases/million individuals/75 years (5.6 HCC/100,000 individuals per year).
By using the cancer risk estimates here presented it is suggested that the AFB1
exposure via nixtamalized maize products might account for 0.2% - 10.5% of the
HCC cases in Mexico for the low-end to high-end estimates, respectively. These
liver cancer risk estimates differ not much from those obtained by Liu and Wu (2010)
for maize consumption in Mexico of 166 - 1007 cases/109 million individuals/year,
equivalent to 114-693 liver cases/million individuals/75 years and also to 0.15-0.92
HCC/100,000 individuals per year (Supplementary Table S.6), which corresponds
to 2.7 – 16.6% of the estimated HCC incidence of 2018. The deviation in the
estimates comes mainly from the higher AFB1 occurrence range taken by Liu and
Wu (2010) of 2.7-17 ng/g.
Some additional aspects are worth noting. Prevailing seasons in Mexico City are wet
and dry (Jauregui, 1997) and in the present study, samples were all collected in the
dry season. It has been reported that contamination levels in storage and during
transport of the grain from different harvest times in Mexico is variable, and changes
from year to year depending on the weather conditions (Juan‐López et al., 1995;
Martínez-Flores et al., 2003). Moreover, no differences were reported in the
contamination proportion in processed maize products such as tortillas collected in
a dry (April) and a wet (November) period (Castillo-Urueta et al., 2011). Therefore,
the time of sample collection may not have influenced the data to a substantial extent.
Furthermore, the effects of the thermal treatment such as cooking, baking or frying
were not considered for the samples in this study. Although maize was estimated to
represent the largest commodity contributing to the total AFB1 exposure in Mexico
because of its high consumption, mainly as nixtamalized maize (FAO, 2013), other
food sources can contribute to AFB1 exposure in the Mexican diet such as rice,
peanuts and chili (JECFA, 2018; Rosas-Contreras et al., 2016; Suárez‐Bonnet et al.,
2013).
Lastly, we focused this assessment solely on AFB1 because of its high toxicity, and
because it is the mycotoxin most frequently found in contaminated food with
aflatoxins, yet the co-exposure to other mycotoxins, such as Fumonisins, may add to
the risks for liver damage as well (JECFA, 2018). For instance, levels of total
fumonisins in nixtamalized maize dough from Mexico have been reported to amount
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to a total mean of 885 ng/g (De Girolamo et al., 2011). Considering the mean and
P95 maize consumption used in our study (193.8 and 488.5 g/person/day) this would
result in an estimated daily intake of 2.5-6.2 µg/kw bw/day, exceeding the available
Provisional Maximum Tolerable Daily Intake (PMTDI) of fumonisins of 2 µg/kg
bw/day set by JECFA (JECFA, 2018).
Future risk assessments should consider AFB1 occurrence of other food sources
consumed by the Mexican population as well as co-exposure to other mycotoxins.
Altogether, the assessment reveals the need for continued risk management of AFB1
in Mexico.
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Abstract
Fumonisins (FB1+FB2) and deoxynivalenol (DON) are mycotoxins produced by
Fusarium species that might be present in maize and maize products. Knowledge
on their occurrence in nixtamalized maize from Mexico together with an
accompanying risk assessment are scarce, while nixtamalized maize is an important
food in Mexico. This study presents the occurrence of FB1 + FB2 and DON in
nixtamalized maize samples collected in Mexico City and analyses their
distribution and resulting estimated daily intake for Mexican consumers by a
probabilistic approach using a two-dimensional Monte-Carlo simulation. The
results obtained reveal that for FB1 + FB2, 47% of the Mexican men and 30% of
the Mexican women might exceed the provisional tolerable daily intake (PMTDI)
of 2 µg/kg bw/day for fumonisins and for DON, 9% of men and 5% of women
would be exceeding the PMTDI of 1 µg/kg bw/day, corresponding to the high
consumers. The results raise a flag for risk managers in Mexico, to consider
regulations and interventions that lower mycotoxin levels in nixtamalized maize for
human consumption.
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Infection by Fusarium spp. is a common contamination occurring in maize, which
can result in the production of different Fusarium toxins that may end up as food and
feed contaminants. Among the Fusarium toxins, the B-series fumonisins are the most
prevalent mycotoxins in maize and its products. The B-series of the fumonisins are
modified sphingoid bases mainly consisting of fumonisin B1 (FB1), fumonisin B2
(FB2) and fumonisin B3 (FB3) (JECFA, 2017). FB1 is regarded as the major
fumonisin because of its high occurrence, being reported to occur at more than two
thirds of the sum of FB1, FB2 and FB3 (Gil-Serna et al., 2014; JECFA, 2017).
Although evidence for adverse health effects of fumonisins in humans is limited, the
main concern is their potential to contribute to cancer development through lipid
metabolism disruption via the inhibition of ceramide synthase (JECFA, 2017). FB1
has been classified by the International Agency for Research on Cancer (IARC) as a
group 2B agent, possibly carcinogenic to humans (IARC, 2002). Other important
concerns connected to fumonisin exposure are related to impaired growth in children
and increased neural tube defects (Voss et al., 2017). Based on liver toxicity in a
short-term dose-response study in male transgenic mice with a BMDL10 (lower
confidence limit of the Benchmark Dose causing 10% extra effect above background
levels) of 0.165 mg/kg body weight (kg bw)/day and renal toxicity in a 90-day rat
study, a provisional maximum tolerable daily intake (PMTDI) was set for FB1, FB2
and FB3, alone or in combination of 2 µg/kg bw/day by the Joint FAO/WHO
committee of Food Additives (JECFA) (JECFA, 2018).
A second important group of Fusarium toxins are the Type B trichothecenes, with
deoxynivalenol (DON) being the one most frequently encountered in food (GilSerna et al., 2014). In humans, acute exposure to DON is associated with
gastrointestinal disorders (Pestka, 2010), while reduced body weight gain is
considered the critical effect in chronic exposure in experimental animals (EFSA,
2017). Based on a NOAEL of 0.1 mg/kg bw/day for reduced body weight gain in
mice, a tolerable daily intake (TDI) and a provisional maximum TDI (PM(TDI)) of
1 µg/kg bw/day for DON and its acetylated derivatives were set by the European
Food Safety Authority (EFSA) and JECFA, respectively (EFSA, 2017; JECFA,
2011).
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In Mexico and Central American countries like Guatemala, maize is a staple food
that is mainly consumed after an alkaline treatment (nixtamalization) in the form of
different baked products (e.g., tortillas). Nixtamalization may reduce the content of
several mycotoxins, including fumonisins and DON (Abbas et al., 1988; Voss et al.,
2017). Nevertheless, mycotoxin reduction might not be enough given the high
consumption of nixtamalized maize products in this area. As a result, consumption
of fumonisins and DON may exceed the health-based guidance values mentioned.
Despite guidelines and standards defined internationally through the Codex General
Standard for Contaminants and Toxins in Food and Feed via the Codex Alimentarius
Commission established by the Food and Agriculture Organization of the United
Nations (FAO) and the World Health Organization (WHO), in many of the highmaize consumption areas of the world, regulation is either lacking or not enforced
(Logrieco et al., 2018; Wild and Gong, 2009). In Mexico, mycotoxin regulation in
nixtamalized maize and its products is only implemented for aflatoxins.
Correspondingly, few risk assessments of mycotoxin exposure resulting from the
consumption of nixtamalized maize are available, while to the best of our
knowledge, risk assessments for DON exposure from consumption of nixtamalized
maize are absent (Gilbert-Sandoval et al., 2019; Wall-Martínez et al., 2019a).
Hence, the aim of the present paper was to provide insight in the occurrence of FB1,
FB2 and DON in nixtamalized maize and to perform an accompanying exposure and
risk assessment. Traditionally, dietary exposure assessments have been done based
on a deterministic approach by multiplying average consumption rates by average
contaminant concentrations in food (Paulo et al., 2005). In order to reflect variability
in the exposure assessment and consider the uncertainty associated, a probabilistic
approach using a two-dimensional (second order) Monte-Carlo simulation was used.
The 95th percentile EDI values were compared to the PMTDI established for the
sum of FB1 and FB2 (FB1 + FB2) and the TDI established for DON.
3.2 Results
3.2.1 Occurrence of FB1, FB2 and DON in nixtamalized maize samples
Figure 1 shows the relative frequency histogram of the mycotoxin levels in the
nixtamalized samples. FB1 was detected in 63 out of the 64 samples (98%) with
levels ranging from 79–1589 ng/g, with a mean and median of 488 ng/g and 440
ng/g, respectively. FB2 was present in all samples with levels ranging from 24 to
524 ng/g, with a mean and median of 225 ng/g and 216 ng/g, respectively. DON was
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detected in 45 out of the 64 samples (70%) at levels ranging from 43 to 658 ng/g,
with a mean and median of 160 and 136 ng/g, respectively. The sample with the
highest concentration of FB1 (sample #54) did not correspond to the sample with the
highest concentration of FB2 (sample #51) or DON (sample #49). Complete datasets
are shown in the supplementary data (Table S1).

(a)

(b)

(c)

(d)

Figure 1. Relative frequency histogram of the mycotoxins in the nixtamalized maize samples; superimposed
on the histogram is the density curve of the gamma distribution: (a) fumonisin B1 (FB1); (b) fumonisin B2
(FB2); (c) sum of FB1 and FB2 (FB1 + FB2); (d) deoxynivalenol (DON). The bars present the actual
experimental data frequency densities and the line presents the fitted mathematical gamma distributions that
appeared to describe the experimental data best.
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3.2.2 Probabilistic Exposure Assessment
3.2.2.1 Exposure Assessment Model
The Estimated Daily Intake (EDI) is a function of the mycotoxin concentration in
the nixtamalized samples times the nixtamalized maize consumption divided by the
body weight. In order to perform a probabilistic exposure assessment using a twodimensional Monte-Carlo framework, distributions for each of these datasets were
parameterized to reflect variability and uncertainty.
3.2.2.2 Fitting Distributions to Experimental Data
The experimental data were fitted to mathematical equations that describe the
distributions. In general, the goodness-of-fit plots showed that among the continuous
probability distributions evaluated (lognormal, Weibull and gamma), the gamma
model provided the best fit to the data, with the lowest AIC and BIC values,
indicating its adequacy (Figures S1–S4 and Table S2 in the supplementary data). In
Figure 1, the gamma distributions thus obtained are presented and appear to fit the
experimental data well.
To enable a probabilistic exposure assessment also distributions for actual
consumption of the nixtamalized maize products are required. Figure 2 presents the
sum of the reported distributions for the consumption of individual nixtamalized
maize products (i.e., tortillas, tacos, antojitos and chilaquiles) by men and women,
respectively. Moreover, these data were best described by the gamma distribution
shown by the goodness-of-fit plots and the lowest AIC and BIC values indicating its
adequacy (Figures S5 and S6 and Table S3 in the supplementary data). The
distributions of the body weight in men and women reported by Wall-Martínez et al.
(2017) were reported as gamma distributions and used as such, with the graphical
representation of these distributions presented in the supplementary data (Figures S7
and S8).
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(b)

Figure 2. Relative frequency histogram of the total nixtamalized maize consumption by (a) men and (b)
women; superimposed on the histogram is the density curve of the gamma distribution. The bars present the
frequency density distributions obtained as the sum of the distributions of the consumption of individual
products (tortillas, tacos, antojitos and chilaquiles) reported by Wall-Martinez (Wall-Martínez et al., 2017).
The line presents the fitted mathematical gamma distributions that appeared to describe the dataset best.

3.2.2.3 Modelling Uncertainty Parameters on Each Variable of the Exposure
Model
Uncertainty was simulated by a parametric bootstrap resampling of the parameters
obtained from fitting distributions to the datasets (i.e., mycotoxin concentration,
consumption, body weight). As described in the previous step, all datasets fitted
gamma distributions, hence the shape and rate of each dataset was bootstrap
resampled to derive a 95% confidence interval. Tables 1 and 2 show the parameters
obtained from fitting a gamma distribution to the datasets before and after bootstrap
resampling the mycotoxin levels (Table 1), and the total nixtamalized maize
consumption and body weight (Table 2).
Table 1. Parameters and bootstrap parameters for the gamma distributions of the mycotoxin concentration in
the nixtamalized maize samples (FB1, FB2, FB1 + FB2, DON).
Dataset

Bootstrap Parameters
(Median (95CI a))

Parameters
Shape

Rate

Shape

Rate

FB1

2.8

0.006

2.9 (2.1–4.0)

0.006 (0.004–0.009)

FB2

4.4

0.019

4.6 (3.4–6.5)

0.02 (0.01–0.03)

FB1 + FB2

3.9

0.006

4.0 (2.9–5.9)

0.006 (0.004–0.008)

DON

0.98

0.008

1.0 (0.6–1.5)

0.009 (0.005–0.01)

a

95CI, 95% confidence interval.
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Table 2. Parameters and bootstrap parameters for the gamma distributions of the nixtamalized maize
consumption (NMC) and the body weight of men and women.
Bootstrap Parameters
(Median (95CI a))

Parameters
Dataset

Men
Shape

Women
Rate

Shape

NMC

4.8

0.02

4.6

Weight

49.9

0.68

47.7

Rate

Men
Shape

Women
Rate

4.8 (4.4–
0.020 (0.019–
0.030
5.2)
0.022)
49.9
0.67
0.72
(45.4–
(0.62–0.75)
55.3)
a
95CI, 95% confidence interval.

Shape

Rate

4.7 (4.3–
5.1)
47.8
(43.5–
52.6)

0.030 (0.028–
0.033)
0.72 (0.66–
0.80)

3.2.2.4 Integrating Uncertainty and Variability in a Two-Dimensional MonteCarlo Simulation Framework
In this step, the previously defined parameters of the gamma distributions for each
dataset were randomly sampled with a classic Monte-Carlo simulation, resulting in
the one-dimensional probability density function (PDF) plots for variability of the
mycotoxin levels in the nixtamalized maize and the nixtamalized maize consumption
presented in Figure 3.
Likewise, the parameters obtained by bootstrapping were also randomly sampled
from a gamma distribution with a Monte-Carlo simulation. For a two-dimensional
Monte-Carlo, each variability and each uncertainty parameter were randomly
sampled and combined, leading to a matrix of variability and uncertainty parameters.
The parameters thus obtained are presented in Table 3 for the mycotoxin
concentration in the nixtamalized maize samples and in Table 4 for the total
nixtamalized maize consumption and body weight. The variable inputs including
uncertainty are also reflected by the integral of the PDF, which is graphically
represented by the cumulative distribution function (CDF) plots in the
supplementary data (Figures S9 and S10). Body weight PDF and CDF plots are also
displayed in the supplementary data (Figure S11).
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Figure 3. Probability density function (PDF) plots obtained after one-dimension Monte-Carlo simulation
representing variability of the mycotoxins in the nixtamalized maize (ng/g): (a) FB1, (b) FB2, (c) sum of FB1
and FB2 (FB1 + FB2), and (d) DON and the nixtamalized maize consumption by (e) men and (f) women.
Blue dotted lines represent the mean, green dotted lines the median (P50), and the red dotted lines the 95th
percentile (P95).
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Table 3. Matrix showing the parameters for the distributions for mycotoxin concentrations in the nixtamalized
maize samples (FB1, FB2, FB1 + FB2 and DON) including variability and uncertainty after a twodimensional Monte-Carlo simulation.
Mycotoxin Concentration

Parameter

Mean

sd

Median

95%

FB1 (ng/g)

median

489

287

432

1036

mean

489

289

432

1040

2.5%

419

229

370

867

97.5%

559

352

500

1221

median

224

106

208

421

mean

225

106

209

422

FB2 (ng/g)

FB1 + FB2 (ng/g)

DON (ng/g)

2.5%

199

85

183

365

97.5%

254

128

236

486

median

714

354

655

1377

mean

714

354

656

1379

2.5%

628

280

574

1171

97.5%

806

433

744

1594

median

117

118

81

353

mean

118

119

81

354

2.5%

90

85

56

265

97.5%

149

159

108

464

Table 4. Matrix showing the parameters for the distributions of nixtamalized maize (NM) consumption by men
and women and the body weight of men and women, including variability and uncertainty after a two-dimensional
Monte-Carlo simulation.
Data
NM consumption
(g/day)

Body weight
(kg)

72

Men

Women

Parameter

Mean

sd

Median

P95

Mean

sd

Median

P95

median

237

108

220

438

154

71

143

286

mean

237

108

220

438

154

71

143

286

2.5%

230

102

213

422

149

68

138

275

97.5%

244

114

228

455

158

75

147

297

median

74

10

73

92

66

10

66

83

mean

74

10

73

92

66

10

66

83

2.5%

73

10

72

90

65

9

65

81

97.5%

75

11

74

93

67

10

66

84
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The final step represents the calculation of the EDI for FB1, FB2, FB1 + FB2, and
DON resulting from the consumption of nixtamalized maize by men and women.
The EDI values are computed from the two-dimensional Monte-Carlo simulation of
the (i) mycotoxin levels in nixtamalized maize, (ii) the total nixtamalized maize
consumption, and (iii) the body weight. Table 5 shows the parameters describing the
distribution for the EDI values thus obtained, including both variability and
uncertainty.
Table 5. Matrix showing the parameters for the distribution of the EDI values of mycotoxins upon
consumption of nixtamalized maize for men and women (µg/kg bw/day) displaying variability and
uncertainty obtained after the mathematical combination of two-dimensional Monte-Carlo simulations of
each dataset included in the exposure model (Tables 3 and 4): the mycotoxin concentration, the sum of the
nixtamalized maize (NM) consumption by men and women and the body weight by men and women. In bold
the estimates that exceed the PMTDIa.
EDI
(µg/kg bw/day)

Parameter

Mean

sd

Median

P95

Mean

sd

Median

P95

FB1

median

1.60

1.30

1.24

4.10

1.16

0.95

0.90

3.00

mean

1.60

1.31

1.25

4.12

1.16

0.95

0.90

3.00

2.5%

1.38

1.07

1.07

3.47

0.99

0.78

0.77

2.51

97.5%

1.83

1.55

1.45

4.76

1.33

1.14

1.05

3.51

median

0.74

0.52

0.60

1.74

0.53

0.38

0.44

1.27

mean

0.74

0.53

0.60

1.75

0.54

0.38

0.44

1.27

FB2

FB1 + FB2

DON

Men

Women

2.5%

0.65

0.45

0.53

1.53

0.47

0.33

0.38

1.11

97.5%

0.84

0.61

0.69

1.99

0.60

0.45

0.50

1.45

median

2.34

1.72

1.90

5.64

1.70

1.26

1.37

4.11

mean

2.34

1.72

1.90

5.64

1.70

1.26

1.37

4.11

2.5%

2.05

1.44

1.65

4.86

1.49

1.06

1.20

3.53

97.5%

2.65

2.03

2.16

6.45

1.92

1.48

1.56

4.71

median

0.39

0.47

0.23

1.28

0.28

0.34

0.17

0.93

mean

0.39

0.47

0.23

1.28

0.28

0.34

0.17

0.93

2.5%

0.29

0.34

0.16

0.96

0.21

0.25

0.12

0.70

97.5%

0.49

0.62

0.31

1.63

0.36

0.46

0.22

1.20

PMTDI, Provisional Maximum Tolerable Daily Intake; according to JECFA fumonisins alone or in
combination have a PMTDI of 2 µg/kg bw/day and DON of 1 µg/kg bw/day.
a
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3.2.2.5 Obtaining the EDI Values by Performing the Arithmetic Operation
Defined for the Exposure Assessment Model

Chapter 3

3.2.3 Risk Assessment
Table 5 shows that the P95 of the EDI for FB1 and FB1 + FB2 by men exceeded the
PMTDI for fumonisins (2 µg/kg bw/day) to the largest extent amounting to 2- and
2.8-fold the PMTDI, respectively. In women, the P95 of the EDI for FB1 and FB1 +
FB2 amounted to 1.5- and 2-fold the PMTDI, respectively. For both men and
women, the EDI for FB2 was below the PMTDI for fumonisins. The EDI for DON
shows that the P95 by men is 1.3-fold the (PM)TDI defined for DON of 1 µg/kg
bw/day, while for women the P95 EDI is slightly lower than this health-based
guidance value (0.93 µg/kg bw/day). However, the uncertainty of the P95 EDI from
DON consumption by women indicates that the estimate can be above the (PM)TDI
for DON of 1 µg/kg bw/day amounting to 0.70–1.20 µg/kg bw/day.
Table 5 can also be represented by CDF plots in order to obtain the probabilities of
exceeding the PMTDI values for both fumonisins and DON (Figures S12 and S13 in
the supplementary data). In Table 6 the probabilities of exceeding the PMTDI values
established for fumonisins and DON are shown.
Table 6. % of EDI values that exceed the Provisional Maximum Tolerable Daily Intake (PMTDI) for
fumonisin B1 (FB1), fumonisin B2 (FB2), the sum of FB1 and FB2 (FB1 + FB2), and deoxynivalenol (DON)
in men and women.
% EDI exceeding the PMTDI 1
(Median [95 CI%] 2)

Mycotoxin
Men

Women

FB1
26.9 [21.0–33.6]
14.6 [10.5–20.1]
FB2
3.0 [1.9–5.2]
0.8 [0.4–1.7]
FB1 + FB2
47.0 [40.0–54.4]
29.7 [24.5–35.3]
DON
8.6 [5.1–14.2]
4.3 [2.2–8.2]
1
PMTDI, Provisional Maximum Tolerable Daily Intake; according to JECFA fumonisins alone or in
combination have a PMTDI of 2 µg/kg bw/day and DON of 1 µg/kg bw/day. 2 M, median; 95% credible
interval

Table 6 shows that men consuming nixtamalized maize have a 27% probability of
being above the PMTDI for FB1, but only a probability of 3% of being above the
PMTDI for FB2. The probability increases to 47% when fumonisins are evaluated
in combination (FB1 + FB2). The EDI of DON from the consumption of
nixtamalized maize by men indicates that there is a probability of 9% for being above
the (PM)TDI. For women, although the scenario is similar as the one for men, the
probabilities of being above the respective health-based guidance values for
fumonisins and DON are lower. The estimates show that 15% of the female
consumers of nixtamalized maize would have an EDI of FB1 above the health-based
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3.3 Discussion
Nixtamalization is an important food processing method for maize in Mexico and
Central America (Pitt et al., 2012). It is known to reduce the mycotoxin levels in
maize and its sub-products (Schaarschmidt and Fauhl-Hassek, 2019). Among these
mycotoxins, fumonisins and DON are reported to be removed up to 50–99% and 72–
88%, respectively (Abbas et al., 1988; Palencia et al., 2003). However, the reduction
of mycotoxins upon food processing does not guarantee a mycotoxin free product.
The heterogenous nature and hence the initial contamination in the raw maize, as
well as the nixtamalization process conditions affect the final values in nixtamalized
maize based foods (Schaarschmidt and Fauhl-Hassek, 2019). Moreover, because
consumption patterns play an important role in the ultimate exposure, information
on the natural occurrence of fumonisins and other mycotoxins, like DON, from high
consumption areas is important (JECFA, 2018; Shephard et al., 2002). In this study,
we present up-to-date occurrence data on FB1, FB2 and DON from 64 nixtamalized
maize flour samples obtained on the Mexican market, quantified using LC–MS/MS.
The occurrence data were fitted to probabilistic models to perform a probabilistic
exposure assessment, including both the variability in the mycotoxin levels and the
uncertainty of the estimates obtained. The distributions for the EDI values thus
obtained were used for an accompanying risk assessment.
The levels of FB1, FB2 and FB1 + FB2 detected in the samples (Table 1) were
somewhat lower than the occurrence values of FB1 and FB2 reported before by De
Girolamo et al. (2011) who analyzed 18 nixtamalized instant maize flours, finding
17 of the samples contaminated by FB1, FB2 and FB1 + FB2 with a mean of 660,
225 and 885 ng/g, respectively. Other studies have reported higher FB1 values
ranging from 210 to 1800 ng/g in nixtamalized maize dough and tortillas with a mean
of 790 ng/g, and in commercial nixtamalized cornmeal a mean level of 1186 ng/g
was reported (Cortez-Rocha et al., 2005; Dombrink-Kurtzman et al., 2000). Lower
ranges have also been reported in tortilla samples with mean values of 64.2, 136.6
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guidance value, while only a 0.9% would have an EDI of FB2 above the PMTDI.
Considering the intake of both fumonisins (FB1 + FB2), this results in a probability
of exceeding the health-based guidance value by women of 30%. In comparison, the
probability of the EDI of DON from nixtamalized maize consumed by women being
above the health-based guidance value is only 4%. From these data it follows that
the EDI values obtained for both men and women have a higher probability of
exceeding the health-based guidance values for fumonisins than for DON (Table 6).
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and 96.5 ng/g for the sum of FB1 + FB2 (Wall-Martínez et al., 2019a). Hence, it was
considered that the mycotoxin levels as obtained in the present study give a fair
representation of the distribution of FB1, FB2 and FB1 + FB2. To the best of our
knowledge, no studies on the occurrence of DON in nixtamalized maize from
Mexico have been performed so far. Therefore, the data reported in this study
represent the first report on the distribution of DON in nixtamalized maize samples.
The distributions obtained in the present study were not normally distributed and
have a highly skewed right tail, in line with what is often observed for mycotoxins
and has been reported before for FB1, FB2, FB1 + FB2 and DON in products
different from nixtamalized maize (JECFA, 2018). The effects of thermal treatment
after nixtamalization (e.g., baking in a hot plate) might also affect the mycotoxin
levels in the production of tortillas and the other products considered in this study
(tacos, antojitos, chilaquiles) (Schaarschmidt and Fauhl-Hassek, 2019); however, to
present a worst case exposure and risk assessment, it was assumed that baking was
not substantially affecting the mycotoxin levels.
Consumption of maize in Mexico has been long regarded as one of the highest in the
world together with the maize consumption in some African and Central American
countries (JECFA, 2018; Voss et al., 2017). Even though the consumption of
nixtamalized maize (i.e., tortillas) has been reported to decrease since the 1980s in
urban areas like Mexico City (Allen, 1992; Rivera et al., 2002), the adult population
that reported to consume tortillas on a daily basis is still more than 85% (INSP et al.,
2015). The 2006 estimation for the urban population still places the average
consumption at 155.4g/day, contrasting with the 19.4 g/day estimated to be
consumed by a person in Europe (CONEVAL, 2012; FAOSTAT, 2017). The study
of Wall-Martínez et al. (2017), although it is specific for maize consumers in the
Mexican city of Veracruz, was considered adequate for providing the nixtamalized
maize consumption for the assessment presented as the study gives a probabilistic
consumption assessment of nixtamalized maize products for men and women.
The mean and high consumer (P95) dietary exposure estimates obtained in this study
for FB1 in men and women of 1.60 (4.10) µg/kg bw/day and 1.16 (3.00) µg/kg
bw/day, respectively, and for total fumonisins of 2.34 (5.64) and 1.70 (4.11) µg/kg
bw/day, respectively are 2- to 5-fold higher than the international estimates for FB1
intake provided by the World Health Organization as the Global Environment
Monitoring System (GEMS)/Food Cluster Diets for the cluster G05, in which
Mexico is included (JECFA, 2017). The difference might be due to the fact that the
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latest GEMS/Food contaminants database (since 2011) mainly contains reports from
countries with lower food-borne fumonisin concentrations (e.g., Canada, EU and
Japan) (JECFA, 2017). In addition, the mean EDI value reported for women in urban
areas of Guatemala amounts to 3.5 µg FB1/kg bw/day (Torres et al., 2007), a value
that is 2-fold higher than what was estimated in the present study for women.
Furthermore, estimates for total FB intake in rural communities of Guatemala
resulted in EDI values for women of 0.2–5 µg total FB/kg bw/day (Torres et al.,
2014). In the Texas-Mexican border area, women were estimated to consume 0.7–
9.4 µg FB1/kg bw/day (Missmer et al., 2006). The values obtained in the present
study are in line with these ranges. Intake reports of DON in Mexico are scarce. The
latest JECFA evaluation of DON exposure did not consider the cluster that includes
Mexico as no data were submitted from countries in that cluster (JECFA, 2011). Two
studies were found reporting DON intake estimates in Mexico for wheat and beer.
The mean and P95 EDI values found in the present study for men and women of 0.39
and 1.28, and 0.28 and 0.93 µg/kg bw/day, respectively, are close to the reported
EDI from wheat consumption of 0.83 µg/kg bw/day, but higher than the mean and
P95 estimates from the daily intake of beer of 0.01–0.19 and 0.04–0.22 µg/kg bw/day
(Gonzalez-Osnaya and Farres, 2011; Wall-Martínez et al., 2019b).
The results of the EDI values in the present study reveal that more than half of the
Mexican male population and one third of the female population in Mexico might be
exceeding the PMTDI of 2 µg/kg bw/day for fumonisins (FB1 + FB2) already by
consumption of nixtamalized maize products. Regarding the intake of DON, the
probability of exceeding the (PM)TDI of 1 µg/kg bw/day is 9% and 4% for men and
women, respectively. Only the consumers at the P95 are over or close to this healthbased guidance value for DON. Nonetheless, there might be a health concern, as
DON intake from other sources might add to the total intake and result in intake that
surpasses the (PM)TDI for DON on a regular basis. The results obtained therefore
corroborate the need of risk management action in Mexico to limit exposure to
fumonisins and DON, including regulations on fumonisins and DON levels in
nixtamalized maize, frequent monitoring and intervention practices to lower the
mycotoxin levels in order to better maintain intake below the PMTDI. Consideration
into the co-occurrence of other mycotoxins should not be left out. In a previous
assessment of some of the samples here analyzed it was shown that 5% contained
aflatoxins (Gilbert-Sandoval et al., 2019). Altogether, the assessment reveals the
need for continued risk management of mycotoxins in Mexico.
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3.4 Materials and Methods
3.4.1 Occurrence of FB1, FB2 and DON in the nixtamalized maize samples
3.4.1.1 Chemicals and Reagents
Acetonitrile solutions of FB1 and FB2 mix (50 µg/mL each), DON (100 µg/mL) and
U-13C15-DON (25 µg/mL), acetonitrile/water solutions of U-13C34-FB1 (25 µg/mL)
and U-13C34-FB2 (10 µg/mL), together with the certified reference materials for
FB1, FB2 and DON in maize were purchased from Romer Labs (Getzersdorf,
Austria). Acetonitrile (ACN, ULC/MS grade) was purchased from Biosolve
(Valkenswaard, the Netherlands), formic acid >98–100% from Emsure®, Merck
(Darmstadt, Germany), ammonium formate >97% from Sigma-Aldrich
(Zwijndrecht, the Netherlands) and anhydrous MgSO4 and acetic acid were bought
from VWR International (Darmstadt, Germany).
3.4.1.2 Collection of Samples
A total of 64 nixtamalized maize samples were collected from different areas in
Mexico City; 22 of the samples corresponded to nixtamalized maize instant flour,
and the rest was collected as dough; the samples were previously analyzed for AFB1
(Gilbert-Sandoval et al., 2019).
3.4.1.3 Extraction
Extraction of FB1, FB2 and DON was based on the multi-targeted method based on
the QuEChERs extraction described by López et al. (2016) with minor
modifications. Briefly, 1 g dry sample was spiked with 16 µl of 13C34-FB1 and 16
µl 13C34-FB2, and samples were then mixed with 3 mL ultra-pure water (Arium
pro, Sartorius, Göttingen, Germany). After manual shaking, 4 mL of extraction
solvent (ACN with 1% (v/v) acetic acid) were added. The extraction process
consisted of 30 min shaking in a platform shaker (Innova 2300, New Brunswick
Scientific, Nijmegen, the Netherlands). Afterwards, the sample was cleaned-up by
vortexing with 1.6 g of anhydrous MgSO4 for 1 min, followed by centrifugation at
1960× g for 10 min. An aliquot of 500 µL obtained from the extraction solvent
supernatant was then diluted to 1 mL with 5 µL 13C-DON, 45 µL ACN with 0.1%
(v/v) acetic acid and 450 µL water. Samples were stored at −80°C until analysis.
Before analysis, samples were vortexed, and 500 µL were filtrated using a
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syringeless 0.45 µm PTFE filter vials (Whatman Mini-UniPrep, GE,
Buckinghamshire, United Kingdom) before LC-MS/MS analysis. Two independent
extractions were performed for each sample, which were also analyzed
independently.

The multi-targeted method based on QuEChERs extraction described by López et
al. (2016) was used. The sample analysis was carried out in positive electrospray
mode on an LC-MS/MS consisting of a Waters Acquity UPLC coupled to a QTRAP
6500 mass spectrometer (AB Sciex Instruments). Chromatographic separation was
obtained on a 100 × 2.1 mm, 1.8 µm particle size, UPLC HSS T3 analytical column
(Waters, Milford, MA, USA). The column and sample temperature were set at 35
°C. The mobile phase used in LC-MS/MS analysis consisted of a mobile phase A
containing 1 mM ammonium formate with 1% formic acid in water, and a mobile
phase B consisting of 1 mM ammonium formate with 1% formic acid in
methanol:water (95:3.9, v/v). The flow rate was kept at 0.4 mL/min. A gradient
elution was performed as follows: 0.0 min 100% A/0% B, 2.0 min 50% A/50% B,
8.0 min 0% A/100% B, 11.0 min 100% A/0% B. Of each sample extract, 5 µl was
injected. The MS analysis was conducted in MRM mode. Transitions and their
parameters used for analysis of FB1, FB2 and DON are shown in Table 7.
Table 7. MS/MS transition settings for FB1, FB2 and DON.
Analyte

Precursor Ion
(m/z)

Declustering
Potential (V)

Potential Ion
(m/z)

Collision
Energy (V)

Cell Exit
Potential (V)

FB1

722.5

40

334.4/352.3

57/55

4/12

FB2

706.4

40

336.3/318.5

53/51

8/2

DON

297.1

30

249.0/231.0

15/17

15/15

Linearity and quantification of the mycotoxins in the samples were assessed through
external calibration using isotope-labeled internal standards. Trueness was validated
by using certified reference materials of the compounds in maize, containing the
mycotoxins at levels of 1232 ± 152 ng/g, 282 ± 42 ng/g and 569 ± 60 ng/g for FB1,
FB2 and DON, respectively. Z-scores resulting from the comparison of the certified
reference values with the obtained values were 1.5, 0.5 and −1.7. The limits of
detection (LOD) and limits of quantitation (LOQ) obtained for FB1, FB2 and DON
using the analytical method are presented in Table 8. For recovery studies (n = 3),
the level analyzed was 60 and 120 ng/g of FB1 and FB2, and DON, respectively.
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The recovery samples consisted of sample #7 spiked with the respective amounts.
Recovery and relative standard deviation (RSD) were in line with the requirements
specified in the EC 401/2006.
Table 8. Method performance parameters.
Analyte

LOQ (ng/g)

LOD (ng/g)

Linearity (ng/g)

Recovery (%) ± RSDr 1 (n = 3)

FB1

60

20

100–800

118 ± 4.1

FB2

60

20

100–800

110 ± 0.2

DON

120

40

200-1600

75 ± 3.8

1

RSDr = relative standard deviation—repeatability.

The LOQ was estimated as the lowest concentration that complied with the
performance criteria/validation parameters by spiking a non-blank sample, once the
LOQ was obtained the LOD was calculated using the following equation:
= ܦܱܮ

3.3 × ܱܳܮ
10

(1)

3.4.2 Probabilistic Exposure Assessment resulting from the mycotoxin levels in
the nixtamalized maize
In order to reflect variability, a first order Monte-Carlo simulation is regularly used,
while in a second order Monte-Carlo simulation, besides the variability, the
uncertainty is also reflected. Because the concepts of variability and uncertainty are
different, these are analyzed separately (Cullen and Frey, 1999; Pouillot et al., 2016).
Following the approach by Pouillot et al. (2016), the probabilistic exposure
assessment consists of the following steps: (1) define the exposure assessment
model, (2) fitting distributions to experimental data, (3) modelling uncertainty
parameters on each variable of the exposure model, (4) integrating uncertainty and
variability in a two-dimensional Monte-Carlo simulation framework and (5)
obtaining the EDI values by performing the arithmetic operation defined for the
exposure assessment model.
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3.4.2.1 Exposure Assessment Model
To estimate the exposure to FB1, FB2, FB1 + FB2, and DON resulting from
consuming nixtamalized maize products, the model to obtain the estimated daily
intake (EDI) was as stated in the equation:
ܥ × ܴܫ
 × ܹܤ1000

(2)

where EDI is the daily intake of the mycotoxin expressed in µg mycotoxin/kg
bw/day; IR is the daily consumption of the nixtamalized maize per person
(g/person/day); C is the mycotoxin concentration in the nixtamalized maize (ng/g),
and BW is the body weight of men or women (kg bw). The EDI is divided by 1000
to convert ng/kg bw to µg/kg bw. In order to reflect the variability, the IR, C, and
BW are assumed to arise from probabilistic distributions based on parametric
modelling of the data.
3.4.2.2 Fitting a Distribution to the Experimental Data
The fitdistrplus package (Delignette-Muller and Dutang, 2015) in the R Foundation
for Statistical Computing (R et al., 2013) was used for evaluating probability
distributions that described the datasets best. To fit a parametric distribution to the
datasets, these were fit to a lognormal, gamma and Weibull distribution by a
maximum likelihood estimation (MLE). The adequacy of the fit was judged by the
goodness-of-fit plots and by using the loglikelihood Akaike and Schwarz’s Bayesian
information criteria (AIC and BIC, respectively).
Concentration Data
Rather than to consider the mycotoxin concentration value of each individual maize
sample separately, to describe the variability, the frequency of FB1, FB2 and DON
in the 64 nixtamalized maize samples were fit to probability distributions that
described the data. As FB1 and FB2 are usually assessed together (FB1 + FB2), in
this study the datasets of FB1 and FB2 were analyzed individually but also summed
to obtain the dataset FB1 + FB2 prior to fitting to a probability distribution.
Nixtamalized Maize Consumption
The consumption of nixtamalized maize by Mexicans was obtained from a study on
the population of Veracruz City in Mexico (Wall-Martínez et al., 2017). The study
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reported gamma probability distributions to describe the consumption of
nixtamalized maize coming from tortillas, tacos, antojitos and chilaquiles as g of
nixtamalized maize (dry basis) consumed per person by men and women (Table S4).
For the present study, it was assumed that the consumption of the mentioned
nixtamalized maize products was representative for the consumption by an average
Mexican. This assumption was based on the consideration that Mexico City and
Veracruz City are both urban areas with similar age and gender distribution (INEGI,
2018), in addition to the fact that historical consumption of nixtamalized maize as
tortillas is reported to be comparable nationwide, particularly in the center and south
of the country (Allen, 1992; Serna-Saldivar, 2015).
It was also assumed that the distribution of each mycotoxin in the nixtamalized maize
samples was the same as that in their products (tortillas, tacos, antojitos and
chilaquiles). As the total consumption of nixtamalized maize per person was of
interest to this study rather than the consumption per product, the probability
distribution of the total nixtamalized maize consumed per person was obtained by
adding up the reported gamma distributions for consumption of each product. The
package coga (Hu et al., 2019) in R (2013) was used to perform the summation of
the gamma distributions.
Body Weight
Probability distributions for the body weight of Mexican men and women modelled
for the population of Veracruz City in Mexico by Wall-Martinez et al. (WallMartínez et al., 2017) were used in this study. In Table 9, the summary statistics of
the body weight of men and women is shown. It was assumed that these distributions
represent average Mexican men and women. The dataset was remodeled as described
in the next section to display in addition to variability also uncertainty.
Table 9. Summary statistics for the kilogram body weight (kg bw) of men and women reported by WallMartinez et al., (Wall-Martínez et al., 2017).
Average
(kg bw)

SD

Distribution

Shape 1

Men

73.3

10.31

gamma

50.64

1.44

Women

65.8

9.6

gamma

46.97

1.40

1

Group
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Scale 1

Shape and scale calculated from the average and SD reported by Wall-Martinez et al. (Wall-Martínez et al.,
2017).

Fumonisins (B1 and B2) and deoxynivalenol in nixtamalized maize in Mexico City

Uncertainty on each variable can be simulated by a bootstrap method (Efron and
Tibshirani, 1993; Pouillot and Delignette-Muller, 2010). The bootstrap is a databased simulation method for statistical inference (Efron and Tibshirani, 1993), which
was used to simulate uncertainty in the parameters of the following variables:
mycotoxin concentration, nixtamalized maize consumption and body weight. For
this purpose, the function bootstrap resampling from the mc2d package (Pouillot and
Delignette-Muller, 2010) in R (2013) was used with a 1000 replicates.
3.4.2.4 Integrating Uncertainty and Variability in a Two-Dimensional MonteCarlo Simulation Framework
The defined distributions from each dataset of the mycotoxin concentration,
nixtamalized maize consumption and body weight, were randomly sampled with a
classic Monte-Carlo simulation of 10000 iterations. The uncertainty parameters
obtained by the bootstrapping resampling described above were also randomly
sampled with a Monte-Carlo simulation of 1000 iterations. Following the approach
and the programming code developed for the two-dimensional Monte-Carlo
developed by Pouillot et al. (Pouillot and Delignette-Muller, 2010), for each
uncertainty and variability input, 10000 values were randomly sampled conditionally
to each of the 1000 values of its uncertainty parameters. The outcome is a matrix of
values reflecting variability and uncertainty for each simulated dataset.
3.4.2.5 Obtaining the EDI Values by Performing the Arithmetic Operation
Defined for the Exposure Assessment Model
Once the variability and uncertainty were integrated for each dataset by a twodimensional Monte-Carlo simulation, the EDI was obtained by computing the
arithmetic operation defined in equation 2. The variable distributions of the datasets
with their uncertainty were transferred to EDI to generate the distribution for the EDI
by the arithmetic operation (Cullen and Frey, 1999; Pouillot and Delignette-Muller,
2010). The simulation of the variability and uncertainty from each dataset, their
integration in a two-dimensional Monte-Carlo simulation framework, and the
arithmetic operations were performed with the mc2d package (Pouillot and
Delignette-Muller, 2010) in R (2013). The code for all the steps is included in the
Supplementary Data-Computer code repository.
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3.4.3 Risk Assessment
To assess the risk, the EDI distributions obtained were compared with the PMTDI
of 2 µg/kg bw/day established by JECFA for FB1 and FB2, alone or in combination
(JECFA, 2017), and the (PM)TDI of 1 µg kg bw/day for DON established by EFSA
and JECFA (EFSA, 2017; JECFA, 2011).
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plots for the distribution of the FB2 concentration in the nixtamalized maize samples.
Figure S3: Goodness-of-fit plots for the distribution of the FB1 + FB2 concentration
in the nixtamalized maize samples. Figure S4: Goodness-of-fit plots for the
distribution of the DON concentration in the nixtamalized maize samples. Table S2:
Model selection criteria based on the loglikelihood Akaike and Schwarz’s Bayesian
information criteria for the mycotoxin dataset. Figure S5: Goodness-of-fit plots for
the distribution of the nixtamalized maize consumed daily by men. Figure S6:
Goodness-of-fit plots for the distribution of the nixtamalized maize consumed daily
by women. Table S3: Model selection criteria based on the loglikelihood Akaike and
Schwarz’s Bayesian information criteria for the mycotoxin dataset. Figure S7:
Goodness-of-fit plots for the distribution of the body weight in men. Figure S8:
Goodness-of-fit plots for the distribution of the body weight in women. Figure S9:
Cumulative distribution function (CDF) plots representing the mycotoxin
concentration in the nixtamalized maize. Figure S10: Cumulative distribution
function (CDF) plots representing the nixtamalized maize consumption as g per day.
Figure S11: Probability density function (PDF) plots representing the body weight.
Figure S12: Cumulative distribution function (CDF) plots representing the
mycotoxin Estimated Daily Intake (EDI) by men. Figure S13: Cumulative
probability plots representing the mycotoxin Estimated Daily Intake (EDI) by
women. Table S4: Summary statistics for the consumption of maize by men and
women reported by Wall-Martínez et al. (2017). Supplementary Data-Computer
code repository: https://doi.org/10.5281/zenodo.4031516
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Abstract
High level exposure to aflatoxin B1 (AFB1) is known to cause acute liver damage
and fatality in animals and humans. The intakes actually causing this acute toxicity
have so far been estimated based on AFB1 levels in contaminated foods or
biomarkers in serum. The aim of the present study was to predict the doses causing
acute liver toxicity of AFB1 in rat and human by an in vitro-in silico testing strategy.
Physiologically based kinetic (PBK) models for AFB1 in rat and human were
developed. The models were used to translate in vitro concentration-response curves
for cytotoxicity in primary rat and human hepatocytes to in vivo dose-response
curves using reverse dosimetry. From these data the dose levels at which toxicity
would be expected were obtained and compared to toxic dose levels from available
rat and human case studies on AFB1 toxicity. The results show that the in vitro-in
silico testing strategy can predict dose levels causing acute toxicity of AFB1 in rats
and human. Quantitative in vitro in vivo extrapolation (QIVIVE) using PBK
modelling based reverse dosimetry can predict AFB1 doses that cause acute liver
toxicity in rats and human.
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Aflatoxin B1 (AFB1) is a mycotoxin with well-established chronic effects, including
increased chances on liver cancer development in humans (IARC, 2012). The effects
induced by acute exposure to relatively higher dose levels of AFB1 have been
explored less extensively (Groopman et al., 2014). In humans, acute exposure to
AFB1 has been identified from described aflatoxicosis outbreaks, in which clinical
symptoms could be associated with the consumption of AFB1 contaminated food
(Peraica et al., 1999; Wild and Gong, 2009). More recently, biomarkers were used
to confirm AFB1 exposure in individuals, for instance during the aflatoxicosis
outbreak in Kenya in 2004 where 317 cases and 125 deaths were reported, or in the
outbreak in Tanzania in 2016 with 68 cases and a 30% fatality rate (AzzizBaumgartner et al., 2005; Kamala et al., 2018; Kensler et al., 2010). Aflatoxicosis
refers to the toxic liver injury caused by aflatoxin, featuring jaundice, hepatitis,
vomiting, and abdominal pain (Azziz-Baumgartner et al., 2005; Kensler et al., 2010;
Peraica et al., 1999). Depending on the exposure and duration, two types of
aflatoxicosis are observed, the first resulting in acute liver failure and subsequent
illness or death, and the second being a sub-lethal intoxication with nutritional and
immunological consequences (JECFA, 2018; Williams et al., 2004). From
previously reported outbreaks, mortality rates in humans with acute aflatoxicosis are
estimated to be between 27% and 60%, with children being more sensitive than
adults (JECFA, 2018; Kamala et al., 2018; Wild and Gong, 2009; Williams et al.,
2004).
Based on the estimated intake of AFB1 and the onset of symptoms reported in three
aflatoxicosis outbreaks, doses of AFB1 that could result in acute aflatoxicosis and
present a risk of fatality in humans have been estimated to be around 20-100 µg/kg
bw/day for a period of 1-3 weeks (Wild and Gong, 2009). JECFA (2018) reported a
similar dose range, 20-120 µg/kg bw/day, derived from the AFB1 adduct
concentrations per mg serum albumin detected in samples collected from victims of
the 2004 outbreak in Kenya (Cupid et al., 2004; Groopman et al., 2014). However,
exposure assessments based on the AFB1 occurrence levels in food and/or the
albumin-adduct biomarker have uncertainty. The former may be affected by the
variability in a food product with an heterogeneous contamination, and the latter may
rather be related to chronic instead of acute AFB1 exposure since for recent
exposures the measurement of aflatoxin M1 or aflatoxin-N7-guanine adducts is
considered a better indicator (EFSA, 2019).
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In addition to human case studies, adverse effects upon acute AFB1 exposure have
also been characterized in different animal models showing different sensitivities
depending on the animal species, strain, sex, and age of the animals (Cullen and
Newberne, 1994). Given that the acute dose levels resulting in human liver toxicity
have mainly been derived from human case studies estimating the corresponding
dose levels based on levels in the contaminated food, it is of interest to investigate
whether dose levels for acute toxicity can also be derived by using physiologically
based kinetic (PBK) modelling based reverse dosimetry (Louisse et al., 2017).
Within this context it is relevant to note that data on in vivo kinetics of AFB1 are
available for rats and even for humans exposed to low dose levels (Coulombe Jr and
Sharma, 1985; Jubert et al., 2009), although these data have, to the best of our
knowledge, not yet been used to facilitate quantitative in vitro in vivo extrapolation
(QIVIVE) predicting dose-response behavior for acute liver toxicity of AFB1. The
use of PBK modelling based reverse dosimetry to perform QIVIVE has previously
been shown to provide adequate predictions for in vivo acute liver toxicity of the
pyrrolizidine alkaloids lasiocarpine and riddelliine, or for in vivo kidney toxicity of
aristolochic acid (Abdullah et al., 2016; Chen et al., 2018; Ning et al., 2019a).
The aim of the present study was to use the PBK modelling based reverse dosimetry
approach to perform QIVIVE to predict dose response data for acute liver toxicity
of AFB1 in rats and humans. To this end a PBK model for AFB1 was developed for
both rat and human. Using these PBK models concentration-response curves
describing in vitro toxicity of AFB1 in rat and human primary hepatocytes, were
translated into in vivo dose-response curves for acute liver toxicity by reverse
dosimetry. Predictions made were evaluated against available in vivo toxicity data.
4.2 Experimental section
4.2.1 Chemicals
AFB1 and MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
were purchased from Sigma-Aldrich (Zwijndrecht, the Netherlands). Cryopreserved
pooled rat hepatocytes (Sprague-Dawley), pooled human hepatocytes (pooled from
5-donors, 2x lot HPP1834236 and 1x lot HPP1825348), cell maintenance
supplement pack, fetal bovine serum (FBS) and Williams E Medium (WEM,
A1217601) were purchased from ThermoFisher (Naarden, the Netherlands).
Trypsin-EDTA was purchased from Gibco (Paisley, Scotland, UK). DMSO was
obtained from Acros Organics (Geel, Belgium).
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4.2.2 General outline for PBK modelling based reverse dosimetry
The PBK model-based reverse dosimetry steps consist of: 1) establishing in vitro
concentration-response curves for the toxicity, 2) defining a PBK model describing
in vivo kinetics using kinetic parameters defined in vitro, 3) evaluation of the PBK
model predictions against available in vivo data on kinetics, 4) translation of the in
vitro concentration-response curves for toxicity into in vivo dose-response curves for
toxicity using the PBK models, 5) deriving a point of departure (POD) from the in
vivo dose-response curves obtained and 6) comparison of the POD to available in
vivo data (Abdullah et al., 2016; Chen et al., 2018).

Primary rat and human hepatocytes, and HepaRG cells (Biopredic International)
were used to define the in vitro concentration-response curves for cytotoxicity. To
this end, the hepatocytes were seeded at a density of 5×104 cells/well (5x105
cells/mL) into 96-well plates according to the supplier's protocol and cultured in
plating medium for 6 h. Undifferentiated HepaRG cells were seeded at a density of
9x103 cells/well (9x104 cells/mL) and were differentiated according to the supplier’s
protocol. Following the preincubation, medium was replaced by serum free medium
containing different concentrations of AFB1 ranging from 0 to 50 μM, and for
HepaRG cells from 0 to 100 µM, added from 200 times concentrated stock solutions
in DMSO (final DMSO concentration 0.5% (v/v)). Mitochondrial activity measured
by the MTT assay was used as a viability endpoint. After 24 h treatment, 10 μL MTT
in medium (5 mg/mL) were added (final concentration 0.45 mg/mL) and cells were
incubated for an additional 3 h. Cells were lysed and the formazan crystals formed
were dissolved by addition of 100 μL DMSO. The absorbance of the formazan
solution was measured at 562 nm, and the absorbance values were corrected for the
background absorbance measured at 620 nm using a microplate reader
spectrophotometer (SpectraMax M2, USA). Relative cell viability (%) was
calculated as (mean absorbance of sample/mean absorbance of vehicle control) ×
100%. Each concentration was tested in at least three replicates, and three
independent experiments were carried out.
4.2.4 Fraction unbound (fub) in plasma and plasma to blood conversion.
For the reverse dosimetry, the unbound concentrations in vitro are set equal to the
unbound concentrations in vivo, since the toxicity is ascribed to unbound AFB1.
AFB1 can bind non-covalently to serum albumin reducing the amount of free AFB1
95

Chapter 4

4.2.3 In vitro cytotoxicity concentration-response curves

Chapter 4

in vitro and in vivo (Bagheri and Fatemi, 2018; Dirr and Schabort, 1986; Poór et al.,
2017). Thus, to perform reverse dosimetry, the in vitro concentrations were first
corrected for the difference in protein binding in the in vitro and in vivo situation
using Equation (1):
����1,����� =

����1,�� ����� ∗ ���,�� �����
(1)
���,�����

Where CAFB1, blood is the total concentration of AFB1 in blood, CAFB1, in vitro the total
AFB1 concentration in vitro, and fub the fraction unbound in vitro or in blood. The
exposure medium used in vitro was serum free, so the fub, in vitro was considered to
equal 1.0. The fub, blood was assumed to be equal to the fub for AFB1 in human plasma
amounting to 0.16. This value was derived in silico using the fu,p Predictor software
(Watanabe et al., 2018). For rats, the fub, blood was considered the same as for humans.
Since the PBK models predict the AFB1 concentration in blood, for evaluation of
the model performance, the plasma concentrations of AFB1 from in vivo kinetic
studies were converted to blood concentrations to enable comparison to the model
predictions, assuming that blood concentrations are 0.6 and 0.55 times the plasma
concentrations in rat and human, respectively (Billett, 1990; Probst et al., 2006;
Yang et al., 2007).
4.2.5 Kinetic parameters
The kinetic parameters describing the clearance of AFB1 in rats and humans were
obtained from literature (Table 1). In rats, the kinetic parameters, Vmax and Km,
describing the hepatic clearance of AFB1 were obtained from incubations with rat
liver S9 from 28-day old F344 rats (Roebuck and Wogan, 1977). In humans, the
kinetic parameters for AFB1 were obtained from the metabolite formation in
incubations with microsomes from 13 human livers, reporting the formation of
aflatoxin Q1 (AFQ1) and AFB1 8,9-epoxide (AFBO) (Kamdem et al., 2006). Given
that AFQ1 is the major product of AFB1 metabolism in humans (Mykkänen et al.,
2005), the geometric mean of the kinetic constants from the 13 human liver
microsomes for the formation of AFQ1 and the geometric mean of the kinetic
constants from the 13 human liver microsomes for the formation AFBO were used
to describe the clearance of AFB1 in humans. The kinetics in the rat model were set
to follow Michalis-Menten kinetics (Equation 2) while, and, in line with what was
reported before, in humans the kinetics were set to follow sigmoidal kinetics (Hill
Equation) (Eaton et al., 2017; Gallagher et al., 1996; Gallagher et al., 1994; Houston

96

Predicting the acute liver toxicity of aflatoxin B1 in rats and humans

and Kenworthy, 2000; Kamdem et al., 2006; Ueng et al., 1997) as seen in Equation
3:

v=

Vmax × S
�� + S

Vmax × S �
�
�50
+ S�

(2)
(3)

Where Vmax is the maximum velocity, Km is the Michaelis constant, S is the
substrate concentration, S50 is analogous to Km, the substrate concentration at half
Vmax, and n is the Hill coefficient. The in vitro kinetic parameter Vmax was scaled
from microsomal preparations to a whole liver considering an estimated S9 protein
yield of 125 mg S9 protein/g liver for rat (Chiu and Ginsberg, 2011) and a
microsomal protein yield of 39.46 mg microsomal protein/g liver for human (Zhang
et al., 2015). The Km and S50 parameters were assumed to be equal in vitro and in
vivo.
Table 1. Kinetic parameters used for the PBK model for rat and human.
Liver
Tissue

AFB1
Total
Conversion
Vmaxa

Kmb

AFQ1

Vmaxa

S50c

AFBO

nd

Vmaxa

S50c

Reference

nd

Rat

S9

0.0027

13

-

-

-

-

-

-

Human

microsomes

-

-

0.003469

427

1.2

0.000542

197

1.1

(Roebuck
and
Wogan,
1977)
(Kamdem
et al.,
2006)

Vmax in µmol/mg S9 or microsomal protein/min
Michaelis Menten constant in µM
c
Analogous to Km but used in the Hill equation for sigmoidal kinetics in µM (equation 3)
d
n, Hill coefficient
a

b
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4.2.6 PBK model for rat and human
The conceptual PBK model used in the present study to describe AFB1 kinetics in
rat and human is shown in Figure 1. The model follows previous models which
include a separate compartment for liver as the metabolizing compartment, and
compartments for stomach, intestine, fat, kidney, rapidly perfused tissue, slowly
perfused tissue and blood (Li et al., 2017; Louisse et al., 2015). In order to describe
the transition from stomach to the small intestine and the transition within the small
intestine the model contains a stomach compartment emptying into the small
intestine compartment divided in 7 sub-compartments (Li et al., 2017; Louisse et al.,
2015). AFB1 is absorbed by the small intestine following first order kinetics, after
which it is transported to the liver via the hepatic portal vein (Busbee et al., 1990;
Gratz et al., 2007; Kumagai, 1989; Ramos and Hernández, 1996; Versantvoort et al.,
2005). The absorption rate constant in the small intestine (ka) for the rat PBK model
was set at 5.84 h-1 (Ramos and Hernández, 1996), while for the human PBK model
a ka of 5.05 h-1 was used (Jubert et al., 2009). The ka of 5.84 h-1 and of 5.05 h-1 was
assumed to be the same for the 7 intestinal sub-compartments in rats and humans,
respectively. Physiological parameter values for the model, such as tissue volumes
and blood flows, were obtained from literature (Brown et al., 1997).
Physicochemical parameters such as tissue/blood partition coefficients applied in the
models were calculated based on the method reported by DeJongh et al. (DeJongh
et al., 1997) using the logarithmic partition ratio of AFB1 for n-octanol/water
(log(KD)AFB1) of 1.15667 obtained using the software Chem3D (version 18,
PerkinElmer, MA, USA). Both physiological and physiochemical parameters are
presented in the Supporting Information 2 Table S1. The PBK model equations were
coded and numerically integrated in Berkeley Madonna (version 8.3.18, UC
Berkeley, CA, USA) using Rosenbrock's algorithms for solving stiff differential
equations. The model code describing the PBK models can be found in the
Supporting Information 1.
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Figure 1. Schematic representation of the PBK model for AFB1 in rat and human.

4.2.7 Sensitivity analysis and PBK model evaluation
To identify the parameters that affect the predicted maximal liver blood
concentrations (CVLmax) to the largest extent, normalized sensitivity coefficients
(SC) (Evans and Andersen, 2000) were determined as follows:
�� =

(� ′ − �) �
�
(�′ − �) �

(4)

Where P is the initial PBK model parameter, C the initial output of the model
calculation, and �′ is the modified parameter considering a 5% increase, and �′ the
modified output obtained by the model upon the 5% increment in parameter P. The
sensitivity analysis was conducted at oral dose levels of 0.4 µg/kg bw and 5 mg/kg
bw for the rat model, and of 3.74x104 µg/kg bw/day and 120 µg/kg bw/day for
humans, representing in rats an intake level used in studies with repeated relatively
low dose levels and an acute high dose intake, and in humans a low and a high dietary
intake of AFB1 (EFSA, 2019; JECFA, 2018; Jubert et al., 2009; Wogan et al., 1974).
Each parameter was analyzed individually, keeping the other parameters to their
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initial values. Only parameters with an SC above an absolute value of 0.1 are
presented.
To evaluate the performance of the PBK model, AFB1 concentrations in human or
rat plasma reported in in vivo studies available in the literature (Han et al., 2012;
Jubert et al., 2009) were transformed to concentrations in whole blood assuming that
blood concentrations are 0.6 and 0.55 times the plasma concentrations in rat and
human. This enabled comparison to the PBK model predictions for blood
concentrations (CB). In rats, in vivo kinetic data for AFB1 levels in plasma after oral
exposure were reported in two studies (Supporting Information 2 Table S2).
Although in one of the studies, AFB1 was co-administered with 0.5 mg/kg bw T-2
(Han et al., 2012), the data on AFB1 quantified in plasma by LC-MS were used for
comparison assuming T-2 would not affect AFB1 bioavailability. The study by
Coulombe Jr and Sharma (1985), used radiolabeled AFB1 and quantified the
radioactivity, reporting the level of both AFB1 and its metabolites in plasma
samples. Both studies used Sprague-Dawley rats, and exposed them orally to 0.5 and
0.6 mg/kg bw, respectively. In vivo kinetic data for AFB1 available for the evaluation
of the human PBK model, were taken from the study of Jubert et al. (2009) reporting
levels of AFB1 equivalents in plasma of 4 human volunteers who were exposed to
an oral low-dose (30 ng) of 14C labelled AFB1 (3.74x10-7 mg/kg bw). For this
comparison of the PBK model-based predictions the body weight in the human PBK
model was set at 82.4 kg, the average body weight of the 4 volunteers (Supporting
Information 2 Table S3).
4.2.8 Translation of the in vitro concentration-response curves to in vivo doseresponse curves by reverse dosimetry.
The PBK modelling based reverse dosimetry approach was applied for translating
the in vitro concentration-response curves to in vivo dose-response curves. In vitro
concentrations were corrected for differences in protein binding in the in vitro and
in vivo situation (Eq. 1). The CAFB1, blood thus obtained was assumed to equal the
maximum concentration of AFB1 in liver blood (CLVmax) in the PBK models. To
obtain the corresponding oral dose levels of AFB1 in the process denoted as reverse
dosimetry, a parameter plot of the maximum concentration of AFB1 in blood liver
(CVLmax) against the oral dose (mg/kg bw) was used.
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4.2.9 Analysis of in vitro concentration-response data and of predicted in vivo
dose-response data

4.2.10 Evaluation of the combined in vitro PBK approach
To evaluate the outcome from the PBK model based reverse dosimetry approach, the
predicted BMDL10-BMDU10 ranges for in vivo liver toxicity in rats were compared
with PODs derived from in vivo acute liver toxicity data from literature (Lu et al.,
2013; Poapolathep et al., 2015) and with reported estimated median lethal doses
(LD50) of AFB1 for rats (McKean et al., 2006; Purchase et al., 1973; Roebuck and
Maxuitenko, 1994; Wogan et al., 1971) (both detailed in Supporting Information
Table S4 and S5). Comparison to the LD50 assumes that the acute liver toxicity
would be the cause of the fatal outcome and the results of the comparison should be
considered keeping this in mind. For humans, the PBK model based reverse
dosimetry predictions were evaluated with the suspected doses that cause acute
aflatoxicosis and possibly death of 20-100 µg/kg bw/day estimated by Wild and
Gong (2009) and of 20-120 µg/kg bw/day reported by JECFA (2018).
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From the in vitro concentration-response curves the EC50 values for in vitro toxicity
were obtained using the dose-response stimulation non-linear regression model by
GraphPad Prism, 5.0 software (San Diego, CA). For the predicted in vivo doseresponse curves, the lower and upper bounds of the benchmark dose resulting in a
10% extra response above background (BMDL10-BMDU10) were determined using
the model averaging of the fitted dose-response models using the PROAST software
(version 38.9, The Dutch National Institute for Public Health and the Environment,
the Netherlands).
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4.3 Results
4.3.1 In vitro cytotoxicity
The concentration-response curves for the in vitro cytotoxicity of AFB1 assessed by
the MTT assay performed with serum-free medium using cryopreserved rat
hepatocytes, cryopreserved human hepatocytes and HepaRG cells are shown in
Figure 2. Figure 2 also includes concentration-response curves from literature
obtained using serum-free medium.

Figure 2. Concentration response curves for the cytotoxicity of AFB1 (µM) in A) rat and B) human cell models
upon 24 h exposure in medium without serum (mean values + SD) as measured in the present study and reported in
literature. Circle symbols with dotted curves correspond to fresh hepatocytes. Triangles symbols to cryopreserved
hepatocytes, and diamonds to HepaRG cells. CP: cryopreserved.

Figure 2A shows that the in vitro concentration-response curves obtained in the
present study for rat cryopreserved hepatocytes, result in EC50 values that are about
100-fold higher than those reported for fresh hepatocytes (Hanigan and Laishes,
1984; Zhang et al., 1990). Figure 2B shows that concentration-response curves
obtained in the present study for cryopreserved human hepatocytes and HepaRG
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cells are comparable. Figure 2B, also presents data reported in the literature for
cytotoxicity of AFB1 in human liver models as reported in other studies. The EC50
values derived from the curves reveal that for the human hepatocytes the
cryopreserved hepatocytes result in cytotoxicity curves with EC50 values that are
about 5- to 13-fold higher than those obtained with fresh hepatocytes, indicating the
fresh hepatocytes to be more sensitive, with the difference being less than what was
observed for the rat hepatocytes. Comparison of data from studies using HepaRG
cells exposed to AFB1 reveals some variability between studies as the EC50
obtained in the different studies varies up to 4.7-fold with especially the value
reported by Rushing and Selim (2018) measured by flow cytometry instead of the
MTT assay, being lower. The EC50 of all the curves are presented in Supporting
Information 2 Table S6.
4.3.2 PBK model description, prediction and evaluation.
Figure 3 shows the PBK model-based predictions for the time dependent AFB1
concentrations in blood of rat (Figure 3A) and human (Figure 3B). In rats, the
predicted Cmax (10.08 ng/mL) was only 1.01-fold higher than the Cmax in blood upon
exposure of rats to 0.5 mg/kg bw (Han et al., 2012). Also, the predicted Tmax, the
time to reach the Cmax, of 20 minutes, is close to the value reported by Han et al.
(2012) of 10.2 minutes (0.17 h). For the human model, the Cmax for the 4 human
volunteers reported by Jubert et al. (2009) was about 1.2-2.1-fold higher than the
Cmax predicted (0.39 pg/mL). The predicted Tmax (ca. 35 min) is 1.7-fold lower than
what was observed for the 4 human individuals, but since for the reverse dosimetry
only Cmax values are used, this deviation will not affect the subsequent use of the
model for reverse dosimetry.
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Figure 3. PBK model-predicted time-dependent blood concentration of AFB1 in rats (A) and in humans (B) upon
an oral dose of 0.5 mg/kg bw oral (red line) and 0.374 ng/kg bw (blue line) respectively. Reported time-dependent
blood concentrations depicted as symbols, were calculated from reported plasma concentrations assuming that blood
concentrations are 0.6 and 0.55 times the plasma concentrations in rat and human respectively (Billett, 1990; Probst
et al., 2006; Yang et al., 2007).

4.3.3 Sensitivity analysis
Figure 4 shows the results of the sensitivity analysis presenting the parameters that
affect the PBK model prediction for Cmax to the highest extent. In both, the rat and
human model the volume of the liver (VLc), the stomach emptying rate (ksto), the
absorption constant rate (ka), the scaling factors to whole liver (in rats the mg S9
protein per g liver tissue (S9PL) and in humans the mg microsomal protein per g
liver tissue (MPL)), as well as the kinetic parameters for AFB1 conversion or
metabolite formation, influence the model. Additionally, in humans, the body weight
(BW), the blood flow to the liver (QLc), the blood flow to the rapidly perfused tissues
(QRc), the blood flow to the slowly perfused tissues (QSc), as well as the Hill
coefficient used for the formation of AFQ1 (nAFQ1) and the formation of AFBO
(nAFBO) also appeared to be influential parameters.
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Figure 4. Normalized sensitivity coefficients for the parameters of the rat (A) and human (B) PBK model for AFB1.
The sensitivity analysis for the rat model (A) was performed at single oral doses of 0.4 µg/kg bw (grey bars) and 5
mg/kg bw (white bars). The sensitivity analysis for the human model (B) was performed at single oral doses of
3.74x10-4 µg/kg bw (grey bars) and 120 µg/kg bw (white bars). VLc = volume of the liver, ksto = stomach emptying
rate, ka = absorption rate constant, S9PL= scaling factor from liver S9 fraction to whole liver, VmaxAFB1c = Vmax
of AFB1 conversion, KmAFB1c = Km of AFB1 conversion, BW= body weight, QLc = blood flow to liver, QRc =
blood flow to rapidly perfused tissues, QSc = blood flow to slowly perfused tissues, MPL= scaling factor from liver
microsomes to whole liver, VmaxAFQ1 = Vmax of AFQ1 formation, S50AFQ1 = S50 of AFQ1 formation,
VmaxAFBO = Vmax of AFBO formation, S50AFBO = S50 of AFBO formation, nAFQ1 = Hill coefficient for
AFQ1 formation, nAFBO = Hill coefficient for AFBO formation.

4.3.4 Translation of the in vitro concentration response curves to in vivo doseresponse curves.
Figure 5 shows the predicted in vivo dose-response curves for acute liver toxicity of
AFB1 in rat and human. The dose-response curves were obtained using PBK model
based facilitated reverse dosimetry converting all in vitro concentration response
curves depicted in Figure 2 (Supporting Information 2 Table S7).
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Figure 5. Predicted in vivo dose-response curves for acute liver toxicity of aflatoxin B1 in male rat (A) and in human
(B) obtained by PBK modelling facilitated reverse dosimetry of the concentration response curves presented in
Figure 2. Dotted lines correspond to fresh hepatocytes. CP =cryopreserved.

4.3.5 Evaluation of the predicted in vivo liver toxicity.
Due to the differences between cryopreserved and fresh hepatocytes in both rat and
human, reflected by the different EC50 values (Figure 2 and Supporting Information
2 Table S6), the PODs used for the evaluation were derived from the dose-response
curves predicted based on the data obtained with fresh hepatocytes and not from the
data obtained with cryopreserved hepatocytes or HepaRG cells since these can be
expected to result in an underprediction of the in vivo AFB1 toxicity (Supporting
Information 2 Table S8). Figure 6, presents a visual comparison of the predicted
BMDL10-BMDU10 values for acute AFB1 toxicity in rats compared with the POD
values obtained from data on liver toxicity markers after a single acute exposure to
AFB1 (Poapolathep et al., 2015; Preetha et al., 2006) and after a repeated exposure
(daily over 7 days) (Lu et al., 2013). Taken together, the predicted BMDL10-
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Figure 7 shows the comparison of the predicted BMDL10-BMDU10 values for acute
liver toxicity in humans derived from data obtained in fresh human hepatocytes
(Zhang et al., 1990). The predicted BMDL10-BMDU10 values amount to 77 - 519
µg/kg bw with the BMDL10 of 76 µg/kg bw being in line with the values of 20-120
µg/kg bw/day and of 20-100 µg/kg bw/day reported in the literature for the onset of
acute toxicity of AFB1 in humans (JECFA, 2018; Wild and Gong, 2009).

Figure 6. Predicted BMDL10-BMDU10 values for acute liver toxicity of AFB1 in male rat obtained by the PBK
modelling-facilitated reverse dosimetry approach using data from fresh hepatocytes by Zhang et al. (Zhang et al.,
1990) and Hanigan and Laishes (1984) (white rectangle bars). The predicted BMDL10-BMDU10 are compared to
POD for ALT or AST response after a single exposure (striped rectangle bars) or repeated exposure (striped grey
rectangle bars) and in vivo male median lethal doses (LD50) (grey rectangle bars). PO = oral, ALT =
aminotransferase and AST = aspartate aminotransferase.

Figure 7. Predicted BMDL50-BMDU50 and BMDL10-BMDU10 values for acute liver toxicity of AFB1 in human
obtained by the PBK modelling-facilitated reverse dosimetry approach using data from fresh human hepatocytes
(Zhang et al., 1990). The predicted BMDL10-BMDU10 (white rectangle bars) are compared to the estimated doses
that can cause a risk of acute aflatoxicosis and possibly fatality in humans (JECFA, 2018; Wild and Gong, 2009)
(grey rectangle bars).
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BMDU10 values from the from the fresh F344 and Sprague Dawley rat hepatocytes
match the POD values derived from the single and repeated exposure data on AFB1
induced acute liver toxicity quite well. Figure 6 also presents the LD50 values for
lethality upon a single oral dose of AFB1. These LD50 values are generally
somewhat higher than the observed and predicted POD values for acute liver
toxicity, which may be in line with the fact that the lethality endpoint likely requires
higher dose levels than liver damage as such.
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4.4 Discussion
In humans, acute liver toxicity caused by AFB1 has been reported but specific
aflatoxin exposure doses casing toxicity are unknown due to the difficulty to relate
disease outcomes with a specific oral AFB1 consumption (EFSA, 2019; Groopman
and Kensler, 1999). In this study we aimed to use an in vitro PBK model-based
reverse dosimetry approach to predict oral dose levels of AFB1 causing in vivo acute
liver toxicity in rats and humans. Previous work has shown agreement between
predicted QIVIVE data and data from in vivo studies in experimental animal studies
for different toxicity endpoints (Abdullah et al., 2016; Li et al., 2017; Louisse et al.,
2010; Strikwold et al., 2017). With respect to the liver as target organ, the acute liver
toxicity of the pyrrolizidine alkaloids lasiocarpine and riddelliine could be predicted
based on in vitro toxicity studies in cryopreserved rat and human hepatocytes and
PBK models for rat and human to facilitate reverse dosimetry based QIVIVE (Chen
et al., 2018; Ning et al., 2019a).
In the present study, cryopreserved pooled Sprague-Dawley rat hepatocytes,
cryopreserved pooled human hepatocytes, and HepaRG cells were used to assess the
cytotoxicity of AFB1 in vitro, while data obtained in similar models and fresh
hepatocytes, reported in literature, were included for comparison. The EC50 values
obtained for AFB1 cytotoxicity revealed that fresh hepatocytes of both rat and
human are more sensitive than cryopreserved hepatocytes from rat and human. In
rats, the EC50 values obtained with the cryopreserved Sprague-Dawley rat
hepatocytes used in the present study displayed a 60-146-fold higher EC50 compared
with the reported EC50 values obtained with fresh rat hepatocytes (Hanigan and
Laishes, 1984; Zhang et al., 1990). The differences between the different models
might best be ascribed to differences in the activity of the cytochromes P450 (CYP)
responsible for bioactivation of AFB1 in fresh and cryopreserved hepatocytes
(Griffin and Houston, 2004). In rats, various CYP enzymes are reported to be
involved in AFB1 metabolism, including CYP1A1/2, CYP3A1/2, CYP2C11 and
CYP2B1/2 (Stresser et al., 1994), and although the activity of some CYP enzymes,
like CYP2A in cryopreserved rat hepatocytes can be comparable to that in fresh rat
hepatocytes (Pearce et al., 1992; Zaleski et al., 1993), the activity of other CYP
enzymes, like CYP3A, can be lower (Silva et al., 1999).
In humans, CYP1A2, 2B6, 3A4, 3A5, 3A7, and 2A13 are involved in AFB1 phase I
metabolism (Eaton et al., 2017). Although their expression can largely vary between
individuals, CYP3A4 and CYP1A2 are regarded as the main enzymes involved in
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both detoxification and biotransformation of AFB1 (Eaton et al., 2017; Kamdem et
al., 2006). In human, basal expression of some CYP enzymes is lower in
cryopreserved hepatocytes than in freshly isolated hepatocytes (Roymans et al.,
2004). CYP1A2 is 2- to 13-fold lower in cryopreserved hepatocytes, while CYP3A4
is comparable in both, fresh and cryopreserved, hepatocytes, yet for both CYP
enzymes a large batch-to-batch variation in their expression and inducibility may
occur depending on the donors (Kamdem et al., 2006; O'Brien et al., 2004; Roymans
et al., 2004; Yokoyama et al., 2018). Hence, the observed differences between fresh
and cryopreserved human hepatocytes observed in the present study may be due to
the difference between fresh and cryopreserved hepatocytes but may also (in part)
be due to the interindividual variability in the expression of CYP enzymes between
the respective donors.
In this study, the developed PBK models describing the kinetics of AFB1 for rat and
human, were shown to result in predictions that were comparable to available in vivo
kinetic data for rat and human (Han et al., 2012; Jubert et al., 2009). Based on the
prediction of Cmax within 1.01- to 2.1-fold accuracy, the model was considered
suitable for QIVIVE. In a next step the in vitro concentration-response curves for
AFB1 cytotoxicity were translated using PBK modelling based reverse dosimetry to
dose-response curves, enabling prediction of PODs for comparison with in vivo data.
The predicted BMDL10-BMDU10 from the rat model were in line with the PODs
for liver toxicity derived from in vivo studies (Fig. 6). The LD50 values derived from
data on AFB1 in rats were somewhat higher than the predicted and observed PODs
for liver toxicity like AST and ALT (Lu et al., 2013; Poapolathep et al., 2015;
Preetha et al., 2006) which is in line with the expected role of the enzyme biomarkers
as earlier markers of AFB1 induced adverse effects. Differences observed between
the different values predicted and observed for liver toxicity may be due to
differences in the sensitivity of the different rat models with F344 rats being more
sensitive than Sprague-Dawley rats (Rogers et al., 1971; Wogan et al., 1974) and
older rats being more sensitive than younger ones (Dohnal et al., 2014; McKean et
al., 2006; Roebuck and Maxuitenko, 1994).
In humans, the BMDL10 of 77 µg/kg bw predicted based on data from fresh human
hepatocytes was in line with the AFB1 dose levels estimated to result in the onset of
acute symptoms and possible fatality by Wild and Gong (20-100 µg/kg bw/day) and
by JECFA (20-120 µg/kg bw/day) (JECFA, 2018; Wild and Gong, 2009). It is of
interest to note that the current study used pooled liver samples of 13 individuals
(Kamdem et al., 2006). This implies that interindividual differences are not reflected.
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To account for interindividual variability in AFB1 kinetics combining the PBK
modelling with Monte Carlo analysis as recently done by Ning et al. to predict interindividual variation in bioactivation and liver toxicity of lasiocarpine (Ning et al.,
2019b) could be considered in a future study.
In conclusion, the PBK modelling based reverse dosimetry for QIVIVE used in this
study could adequately predict in vivo kinetics. The study also showed a proof-ofprinciple for QIVIVE by integrating in vitro data with in silico PBK modelling based
reverse dosimetry to predict doses that may cause acute liver toxicity of AFB1 in
rats and humans.
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Abstract
Aflatoxin B1 (AFB1) is a well-studied genotoxic carcinogen with a large
toxicological database. AFB1 has been shown to initiate DNA damage and mutations
both in vitro and in vivo, as well as carcinogenicity in the liver of experimental
animals, and humans. The present study aims to investigate the use of a
physiologically based kinetic (PBK) modelling-facilitated reverse dosimetry
approach to perform quantitative in vitro to in vivo extrapolation (QIVIVE) to predict
dose-response curves for in vivo target organ AFB1 genotoxicity in rats. By using a
previously developed PBK model for AFB1 in rats, reported concentration-response
curves for in vitro genotoxicity in hepatocytes were searched from literature, and
suitable in vitro data, consisting of in vitro micronucleus (MN) data obtained in
hepatocytes in vitro, were translated to in vivo dose-response curves. For rats,
comparison of the predicted in vivo dose response curves for MN induction in the
liver of rats thus obtained could be compared to available in vivo data for MN
induction in the liver of rats, revealing adequate dose predictions. The PBK
modelling-facilitated reverse dosimetry approach to perform QIVIVE for AFB1
genotoxicity allows a promising alternative to obtain insight in the potential target
organ genotoxicity in rats taking in vivo kinetics into account.
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Aflatoxin B1 (AFB1) is a well-known natural occurring mycotoxin evaluated as a
carcinogen to humans acting by a genotoxic mode of action (IARC, 2012).
Cytochrome P450 enzymes (CYP) in humans and rodents metabolize AFB1 to its
reactive AFB1-8,9-epoxide (Eaton and Gallagher, 1994; Essigmann et al., 1977).
This metabolite can either be cleared in conjugation reactions or can bind to
macromolecules such as proteins and DNA (Eaton and Gallagher, 1994). The
covalent binding of the AFB1-8,9-epoxide at the N7 position of deoxyguanosine in
DNA to form the AFB1-N7-guanine adduct (AFB1-N7-Gua) is regarded as the main
molecular initiation event eventually leading to hepatocellular carcinomas
(Pottenger et al., 2017). The AFB1-N7-Gua adduct can be spontaneously
depurinated, repaired by the nucleotide excision repair (NER) mechanism, replicated
by an error-prone bypass mechanism by Translesion DNA synthesis (TLS)
polymerases, or be rearranged to the persistent open-ringed AFB1formamidopyrimidine (AFB1-FAPY) adduct (Lin et al., 2014a; McCullough and
Lloyd, 2019).
The DNA lesion caused by the AFB1-FAPY adduct is a dominant persistent one
with a slow repair, as it has been shown to be resistant to NER mediated repair
(Brown et al., 2006; Geacintov and Broyde, 2017; Smela et al., 2002). This DNA
lesion is also leading to mutagenicity since it can be bypassed in an error-prone
manner (Lin et al., 2014b). Inefficiency in repair combined with the error-prone
repair via use of TLS polymerases increase the risk of mutagenesis (Sale, 2013;
Seplyarskiy et al., 2019). The AFB1 adducts, AFB1-N7-Gua and AFB1-FAPY, have
shown to cause mainly G-T mutations in many bacterial and mammalian systems
after metabolic activation of AFB1 in vitro, in model systems in vivo, an even in
human samples from human hepatocellular carcinomas (HCC) (Bedard and Massey,
2006; Chawanthayatham et al., 2017; IARC, 1993b; Letouzé et al., 2017; Lin et al.,
2014b). Furthermore, AFB1 has been shown to also cause other types of genetic
damage, such as chromosomal anomalies, in mammalian cell systems (IARC,
1993b; JECFA, 2018).
Genotoxicity assays usually identify a single type of DNA damage in different
biological models. Thus, the testing strategy is to use a battery of different in vitro
assays and, as follow-up, in vivo genotoxicity assays to identify the genotoxicity of
a chemical (Gooderham et al., 2020; Nohmi, 2018). Moreover, genotoxicity assays
may also contribute to understanding the mode of action underlying the potential
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carcinogenicity (Gooderham et al., 2020). In vitro tests are inexpensive and do not
directly involve the use of animals, but the absence of in vivo kinetics and the usage
of metabolically deficient cells, requiring externally added systems for metabolic
activation, are a disadvantage (Guo et al., 2020a; Lambert et al., 2005). Also, these
in vitro tests may not use cell models that represent the respective target organ for
tumor induction. Nonetheless, by using metabolically active and DNA repair
competent cells, like primary hepatocytes, an adequate evaluation of the genotoxic
potential may be obtained (Guo et al., 2020a). However, even when metabolism and
metabolic activation and DNA repair are included in these in vitro model systems,
other in vivo kinetic processes like absorption, distribution, metabolism other than
bioactivation, and excretion are generally not taken into account. For these reasons
the concentration response data for genotoxicity obtained in in vitro bioassays may
not reflect the in vivo situation enabling their use in only hazard identification but
hampering use of the data in risk assessment. The aim of the present study was to
investigate whether the previously developed PBK model for AFB1 in rat and human
(Gilbert‐Sandoval et al., 2020) could be used to predict genotoxicity of AFB1 in the
liver in vivo using physiologically based kinetic (PBK) modelling facilitated reverse
dosimetry (Louisse et al., 2017). Recently this approach was already used to provide
predictions for in vivo acute liver toxicity of AFB1 in rats and humans (Gilbert‐
Sandoval et al., 2020). A previous study for the pyrrolizidine alkaloids lasiocarpine
and riddelliine provided a first proof of principle for characterizing dose response
behaviour for in vivo genotoxicity in the liver of rats by this PBK model facilitated
reverse dosimetry approach for QIVIVE (Chen et al., 2019). The present study aims
to assess whether this in vitro-in silico approach can also be used to predict doseresponse data for the in vivo target organ genotoxicity of AFB1 in rats. AFB1 was
chosen as the model compound given the availability of not only in vitro genotoxicity
data but also of in vivo genotoxicity data for a similar genotoxic endpoint that enable
the evaluation of the predictions made.
2. Materials & Methods
2.1 General outline for PBK model facilitating reverse dosimetry.
The steps required to perform the PBK model-based reverse dosimetry to predict
toxic dose levels based on in vitro data have been previously defined (Louisse et al.,
2017) and consisted for the present study of: 1) establishing suitable in vitro
genotoxicity assays for PBK modelling-based reverse dosimetry of AFB1; 2)
development and evaluation of a PBK model; 3) translation of the in vitro
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concentration-response curve to an in vivo dose-response curve using PBK modelbased reverse dosimetry, with subsequent definition of in vivo reference values, and
4) evaluation of the predicted reference values.

A literature search was done to identify in vitro genotoxicity assays that fulfilled the
following selection criteria; i) the characterization of a concentration-response curve
that enabled BMD modelling, ii) performed in a cell model relevant for the target
organ of interest, including rat or human freshly isolated hepatocytes. These
selection criteria were defined because liver is the target organ for AFB1 induced
genotoxicity and the related carcinogenicity (JECFA, 2018), and because our
previous study showed freshy isolated hepatocytes to be more sensitive towards
AFB1 induced toxicity than cryopreserved hepatocytes (Gilbert‐Sandoval et al.,
2020). Furthermore, a concentration response curve enabling reverse dosimetry was
considered essential to facilitate prediction of a dose response curve, eliminating
studies in which only one AFB1 concentration was tested as well as studies without
proper concentration response behaviour. These studies were further filtered based
on iii) use of non-cytotoxic concentrations and treatment periods between 3-6 h that
allow enough genetic damage to occur (OECD, 2016a). Longer exposure times may
decrease the cytogenetic damage, potentially because the damage may be eliminated
via for example apoptosis or repair, hampering adequate concentration response
behaviour (Gooderham et al., 2020). Finally, although genotoxicity assays measure
different types of DNA damage, the assays measuring permanent DNA damage (i.e.,
mutations) are preferred by regulatory bodies (OECD, 2016a). However, assays
indicating mutations are currently not performed in hepatocytes. Therefore, the
search was focused on iv) assays currently accepted by regulatory bodies to
characterize chromosomal damage that have been measured in hepatocytes (i.e.,
micronucleus test). Evidence suggests that chromosomal damage is a direct
consequence and manifestation of DNA damage (Fenech, 2000). Also, it is assumed
that compounds able to induce chromosomal damage can also induce transmissible
chromosome mutations, with for instance micronuclei representing damage that is
transmitted to daughter cells (OECD, 2016a, b).
The concentration-response curves selected were plotted using the dose–response
stimulation non-linear regression model by GraphPad Prism, 5.0 software (San
Diego, CA). The benchmark dose (BMD) approach is usually applied to analyse in
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2.2 Establishing suitable in vitro genotoxicity assays for PBK modelling-based
reverse dosimetry of AFB1.

Chapter 5

vivo dose-response data to obtain a BMD displaying a benchmark response and can
also be used to model in vitro concentration-response curves to obtain a benchmark
concentration (BMC). The BMC values showing a benchmark response of 50% over
the background level (BMC50) were obtained using the PROAST webtool software
(version 38.9, The Dutch National Institute for Public Health and the Environment,
the Netherlands). The selection of the BMC50 with the corresponding two-sided 90%
confidence intervals, the BMCL50-BMCU50 (lower and upper bound of the BMC50),
was based on the models with a good fit based on the lowest Akaike Information
Criterion (AIC).
2.3 Development and evaluation of a PBK model.
A PBK model is a set of mathematical equations that together describe the
absorption, distribution, metabolism and excretion (ADME) of a compound within
an organism (Louisse et al., 2017). The mathematical equations are defined by three
types of parameters: (i) physiological, (ii) physicochemical, and (iii) kinetic. For this
study, the PBK models for AFB1 for rat and human with their corresponding
parameters, were taken from previously defined and evaluated PBK models for
AFB1 for rat and human (Gilbert‐Sandoval et al., 2020).
Given that genotoxicity is an adverse effect that is known to be dependent on the
level and duration of exposure rather than on a maximum concentration (Cmax) of
exposure, the area under the concentration-time curve (AUC) is considered the best
parameter to use for reverse dosimetry, specifically accounting for the fact that AFB1
adduct formation can result in cumulative DNA damage over time (Groothuis et al.,
2015; Louisse et al., 2017; Lutz, 1986). The PBK models used, were previously
evaluated considering the Cmax values. For this study a further evaluation was
performed comparing the AUC(0-t) predicted by the PBK models to the AUC(0-t) from
the same in vivo kinetic studies previously reported and used for model evaluation
(Gilbert‐Sandoval et al., 2020; Han et al., 2012; Jubert et al., 2009). Since the PBK
models predict whole blood concentrations of AFB1, the plasma concentrations from
the in vivo kinetic studies were converted to blood concentrations to enable
comparison to the model predictions, assuming that whole blood concentrations are
0.60 and 0.55 times the plasma concentrations in rats and humans, respectively
(Gilbert‐Sandoval et al., 2020). The predicted AUC values were obtained by
Berkeley Madonna (version 8.3.18, UC Berkeley, CA, USA)).
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2.4 Translation of the in vitro concentration-response curves to in vivo doseresponse curves using PBK model facilitated reverse dosimetry and estimation
of in vivo reference values.
Before applying the PBK model for QIVIVE by reverse dosimetry, the in vitro
concentrations were translated to AUC values by multiplying the concentration
values by the assay time (Chen et al., 2019; Groothuis et al., 2015). In this way the
concentration response curves were converted to AUC0-x -response curves, with x
being the duration of the in vitro assay in hours. Subsequently, the in vitro effective
AUC0-x values were assumed to equal the effective AUC0-x values in blood from the
PBK models, considering a correction for differences in protein binding in the in
vitro and in vivo situation using the following equation:
���0−�, �� �����×���,�� �����
���,�� ����

(1)

Where AUC0-x, in vivo is the area under the blood concentration-time curve of AFB1 in
vivo (µM*hours); AUC0-x, in vitro is the area under the concentration-time curve of
AFB1 in vitro (µM*hours); fub in vivo, is the unbound fraction in vivo in blood; and fub
in vitro, is the unbound fraction in vitro, which in can be assumed to equal 1 when
serum-free exposure medium is used. The fub in vivo, in the rat and human models,
representing the unbound fraction in blood were assumed to be equal to the fraction
unbound of AFB1 in rat and human plasma (fub, plasma), amounting to 0.19 and 0.16,
as obtained using the fu,p Predictor software (Watanabe et al., 2018). The
assumption that the fub in blood and plasma are comparable is valid for compounds
like AFB1 that are known to be mainly associated with the plasma fraction rather
than the cell fraction (Masimirembwa et al., 2003; Ueno et al., 1980; Wong and
Hsieh, 1980).
To obtain the oral dose levels of AFB1 in the process denoted as reverse dosimetry,
a parameter plot was defined for the AUC(0-t) of AFB1 in blood as a function of the
oral dose (mg/kg bw) by using the Berkeley Madonna software (version 8.3.18, UC
Berkeley, CA, USA). Once the dose-response curves were obtained, these were
further modelled with the BMD approach. A BMD showing a benchmark response
of 50% over the background level (BMD50) was set using the PROAST webtool
software (version 38.9, The Dutch National Institute for Public Health and the
Environment, the Netherlands). The BMD50 with the corresponding two-sided 90%
confidence intervals (BMDL50 -BMDU50) were taken from the model displaying the
lowest AIC.
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2.5 Evaluation of the predicted reference values.
The predicted reference values were compared to in vivo data from literature on the
same genotoxicity endpoint (micronuclei formation) in the target tissue (liver). Only
one study was found complying with these characteristics. In the study by
Chariyakornkul et al. (2019) male Wistar rats were administered intraperitoneally
(IP) a dose of 200 µg/kg bw twice with a space of 4 days in between (total given
dose: 400 µg/kg bw). After the last dose a partial hepatectomy was performed after
96 hours, a common practice in liver MN test to induce proliferation of rat
hepatocytes, followed by the measurement of the accumulation of MN in liver after
another 96 hours. Given that AFB1 is rapidly metabolized and that the lifespan of
hepatocytes in the liver of rats is long (at least 200 days) (MacDonald, 1961; Narumi
et al., 2012), the dose range used for comparison of the experimental data to the
predicted dose response data was chosen as a range between 200 and 400 mg/kg bw.
Finally, although the PBK model represents oral exposure, and the in vivo study used
an IP administration, this comparison was considered valid given the fact that there
appeared to be no significant difference in the excretion and distribution of AFB1
after oral or IP administration in rats (Hsieh and Wong, 1994).
3. Results
3.1 Establishing suitable in vitro genotoxicity concentration-response curves of
AFB1.
Genotoxicity data of AFB1 are available from different in vitro bioassays. However,
the literature search appeared limited for in vitro assessments of AFB1 genotoxicity
having enough data points to produce a concentration-response curve, in which
primary hepatocytes, preferably fresh and not cryopreserved, were exposed to AFB1
for a limited albeit effective time period. The study that fulfilled these selection
criteria and was considered suitable for QIVIVE, was one study reporting data on
AFB1 concentration dependent micronuclei (MN) formation (Eckl and
Raffelsberger, 1997) in fresh rat hepatocytes. Studies fulfilling these selection
criteria were not found in human hepatocytes and hence no human data could be
included.
Figure 1 shows the in vitro genotoxicity data reported in this study with fresh rat
hepatocytes exposed to increasing concentrations of AFB1. The study by Eckl and
Raffelsberger (1997) reported MN induction in fresh hepatocytes of female F344
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rats expressed as the normalized ratio of MN formation and the mitotic index after
an exposure time of 3 hours (Figure 1). The data set was modelled with the BMD
approach to determine the BMC50. The BMC50 for the MN assay, was derived using
the exponential model 5 that, from all models with the lowest AIC of 3.38
(exponential model 5, Hill model 5, LN model 5 and Inv. Exponential model 5)
provided the broadest BMDL-BMDU range. The BMC50 with their corresponding
two-sided 90% confidence interval (BMCL50- BMCU50) for the MN induction
amounted to 0.14 (0.05-0.71) nM. The details of the BMD modelling are shown in
the supplementary data.

Figure 1. In vitro concentration-response curve for AFB1 induced genotoxicity in freshly isolated rat hepatocytes
measured by micronucleus (MN) induction displayed as the ratio of cells with MN to the mitotic index as a
percentage of control after an exposure time of 3 hours (Eckl and Raffelsberger, 1997).

3.2 Evaluation of a PBK model.
The AUC(0-t) values predicted by the rat PBK model were evaluated against the in
vivo kinetic values of the study by Han (2012) upon an oral dose of 0.5 mg/kg bw as
shown in Figure 2. Considering the exposure time of the available in vitro
genotoxicity study of 3 hours, and the maximum time measured in the in vivo study
by Han (2012) of 24 hours, three different timepoints were considered to assess the
AUC obtained from the model: 3 hours (AUC(0-3h)), 8 hours (AUC(0-12h)),
approximately corresponding to the half-time observed in vivo (8.4±4 h), and 24
hours (AUC(0-24h)) (Table 1). The data presented in Figure 2 and Table 1 reveal that
the predicted AUC values from the PBK model overestimate the in vivo AUC at short
time points while they underestimate the values at 24 hours. Nevertheless the
difference between the predicted and observed AUC(0-24h) is only 1.4-fold a
difference that is mainly caused by the lack of fit in the late excretion/elimination
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phase, when the in vivo data indicate a small residual plasma/blood level, while the
model predicts full elimination (Figure 2). The PBK model points at efficient AFB1
excretion, which is completed after 3 to 4 hours, so that already after 3 hours the
predictive AUC is not changing substantially, being practically the same after 8 and
24 hours. Whereas the in vivo kinetics show at 8 hours 77% has been excreted and
at 24 hours AFB1 is completely excreted. The difference between the predicted and
observed AUC amounts to 0.7, 0.9, 1.5-fold, for the AUC(0-3h), AUC(0-8h), and AUC(024h), respectively. Based on these results the AUC of the PBK model was assessed as
suitable for the reverse dosimetry of the in vitro study with the exposure time of 3
hours (AUC(0-3h)).

Figure 2. Detail of the PBK model-predicted and the measured (Han et al., 2012) time-dependent blood
concentrations of AFB1 in rats upon an oral dose of 0.5 mg/kg bw after a timeframe of 24 hours.

Table 1. PBK parameters of AFB1 in blood upon oral exposure to 0.5 mg/kg bw predicted by the model and obtained
based on the data by Han et al., (2012) considering different timepoints, 3, 8 and 24 hours.
PBK parameter
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AFB1 (ng/ml * h)
Based on the data by
Han et al. (2012)

PBK model prediction

Fold difference

AUC(0-3h)

10.7

15.7

0.7

AUC(0-8h)

17.6

15.7

1.1

AUC(0-24h)

22.4

15.7

1.4
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Given that in cumulative damage responses like genotoxicity, the use of the AUC is
considered a more appropriate descriptor dose metric than the Cmax (Groothuis et al.,
2015), the in vitro concentration-response curve for the induction of MN (Figure 1a)
was converted to an in vitro AUC-response curve. To this end the concentrations
were multiplied by the incubation time of 3 hours. The data were also corrected for
protein binding, resulting in effective in vitro AUC(0-3h) values as the x-axis
parameter for the AUC-response curve (Figure 3a). Subsequently, the in vitro AUCresponse curve thus obtained was translated to a dose-response curve using the PBK
modelling-based reverse dosimetry approach (Figure 3b). The predicted doseresponse curve obtained for the in vivo induction of MN in rat liver was evaluated
by BMD modelling to result in a BMD50 (BMDL50-BMDU50) of 36 (12-179) µg/kg
bw, again obtained with the exponential model 5. Detailed results of the BMD
analysis of the predicted dose response curve can be found in the supplementary
data.

Figure 3. Calculated in vitro area under the curve (AUC(o-3h))-response curve (a) and the corresponding predicted
dose-response curve (b) for genotoxicity of AFB1 in rat liver as detected by micronucleus (MN) induction. The red
lines in the dose-response curve joined by a grey area represent the dose range of 200-400 µg/kg bw applied in the
study reporting a positive MN induction in rat liver in vivo (Chariyakornkul et al., 2019).

3.4 Evaluation of the predictions.
To evaluate the predictions made, the predicted dose-response curve for induction of
MN in rat liver in vivo can be compared to the dose level actually reported to induce
MN in the liver in a study in rats (Chariyakornkul et al., 2019). In this study a dose
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3.3 In vitro area under the curve (AUC0-x)-response curve, translation to an in
vivo dose-response curves using PBK model based reverse dosimetry, and
estimation of in vivo reference values.

Chapter 5

of 200 µg/kg bw was given twice intraperitoneally (IP) to male Wistar rats with a
space of 4 days in between (total given dose: 400 µg/kg bw). This dosing regimen is
represented in Figure 3b by indicating the range from 200 to 400 µg/kg bw for
comparison. This comparison indicates that the PBK model predictions correctly
predict this to be an effective dose level in vivo.
4. Discussion
The present study aimed to assess whether reverse dosimetry of in vitro genotoxicity
data based on the previously developed PBK model of AFB1 in rats, could
adequately predict dose-response curves for in vivo genotoxicity of AFB1 in the
liver. For this purpose, in vitro genotoxicity studies in rat or human hepatocytes,
exposed to low concentrations of AFB1 and with incubation periods between 3-6
hours were searched in the literature. This search resulted in only one genotoxicity
endpoint for which all data required for the QIVIVE approach in the target organ of
interest, the liver, were available; MN formation reported for freshly isolated rat
hepatocytes and in the liver of AFB1 exposed rats. Using a PBK modelling-based
reverse dosimetry approach, in vitro AUC(0-3h)-response curves for MN formation in
rat hepatocytes were translated to an in vivo dose-response curve.
The MN assay is currently a widely used assay approved by international regulatory
bodies to evaluate genotoxicity via chromosomal damage transmitted to daughter
cells (Gooderham et al., 2020; Sasaki et al., 2020). The MN are DNA fragments
expelled from the main nucleus at the late stages of cell division, indicating a
previous chromosomal break or a change in the number of chromosomes (Doherty
et al., 2016). Their main consequence is that they contribute to new genome systems
by genome reorganizations (e.g. MN change chromosomal composition and
introduce translocated chromosomes) (Ye et al., 2019). Routine in vitro MN assays
are usually conducted in Chinese hamster ovarian (CHO) cells or Chinese hamster
lung (V79, CHL) cells (Mosesso et al., 2013) because of their advantages over
primary cells, together with an exogenous rat S9 metabolic system (Mosesso et al.,
2013), while routine in vivo MN assays use bone marrow tissue, either analysing
blood lymphocytes or erythrocytes (Lambert et al., 2005).
The in vitro MN assay is the second most commonly used assay for genotoxicity
studies in hepatocytes (Guo et al., 2020a), but since in vitro MN have only been
extensively validated in cells like CHO, V79, CHL, mouse lymphoma cells
(L5178Y), human lymphoblast cells (TK6) or blood lymphocytes, the usage of other
cells, including hepatocytes, is suggested by regulatory bodies only when they can
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In the present study, the in vitro MN assay performed on female F344 rat hepatocytes
exposed to AFB1 displaying MN induction provided an adequate starting point for
our QIVIVE study given that liver is the target organ for AFB1 induced genotoxicity
and the related carcinogenicity. The in vitro study complied with the requirements
for the QIVIVE approach, also with respect to the use of non-toxic concentrations.
In vitro MN assays are typically conducted at high concentrations enough to induce
a detectable level of genetic damage in short treatment periods, but also likely to
induce accompanying cytotoxicity (Gooderham et al., 2020). Since cytotoxicity at
any level can result in DNA damage, recent recommendations for the use of
cytotoxicity indices to account for (absence of) cytotoxicity in genotoxicity assays
have been considered by regulatory bodies (Gooderham et al., 2020).
The predicted dose response curve for AFB1 induced generation of MN in the liver
of rats obtained upon PBK model facilitated translation of the in vitro data resulted
in a BMD50 (BMDL50-BMDU50) of 36 (12-179) µg/kg bw. The dose range defined
from the only in vivo study available on MN in the liver of rats of 200-400 µg/kg bw
exceeds this BMD50 in line with the readily detectable levels of MN in the liver of
the exposed rats (Chariyakornkul et al., 2019). In vivo liver MN formation is
regarded as a highly sensitive endpoint that is useful in evaluating genotoxic
substances targeting the liver (Narumi et al., 2012). However, the in vivo liver MN
assay is not widely used as it is labour intensive because hepatocytes have slow
proliferation rates and thus MN are difficult to produce (Hamada et al., 2019). In
line with this, in vivo induction of MN after AFB1 exposure has been reported mainly
in mammalian lymphocytes and erythrocytes form bone marrow (IARC, 1993a). To
overcome the slow proliferation of hepatocytes in vivo partial hepatectomy, mitogen
treatment, the use of juvenile rats and/or the administration of repeated doses are
usually applied (Hamada et al., 2019).
The predicted results indicate that the PBK model based reverse dosimetry of the in
vitro data correctly predicted the in vivo dose to be an effective dose level, and
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be demonstrated to perform in line with established requirements (ability to grow,
stability of their karyotype, and stable and defined background frequency of
micronuclei) (Guo et al., 2020a; OECD, 2016a, b). Although in the last decade, in
vitro MN assays in liver cell models have been reported more frequently, and in vitro
MN assays are being improved in sensitivity with high-throughput methods (Guo et
al., 2020a; Guo et al., 2020b), in vitro MN assays using AFB1 and hepatocytes were
limited.
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provided a proof-of-principle that in vitro genotoxicity data can be converted to in
vivo dose response data, which can provide insight into whether in vivo dose levels
are likely to result in detectable genotoxicity. Furthermore, the BMD50 of 36 µg/kg
bw is lower than the predicted BMDL10 of 160 µg/kg bw causing early signs of acute
liver toxicity in the male F344 rat (Gilbert‐Sandoval et al., 2020), and about two
orders of magnitude higher than the BMDL10 of 0.4 µg/kg bw/day for induction of
HCC in F344 rats exposed to repeated doses of AFB1 (EFSA, 2020). This reflects
that genotoxicity is a more sensitive endpoint than acute liver toxicity, while upon
repeated dose exposure regimens lower dose levels appear sufficient to induce HCC.
This latter observation is in line with the fact that DNA damage induced by daily
AFB1 exposure may accumulate over time especially because of incomplete and
inefficient repair of the AFB1 induced DNA damage within the time period up to the
next exposure (McCullough and Lloyd, 2019).
Furthermore it is of interest to note that the toxicity and carcinogenicity of AFB1 is
known to be dependent on sex, strains, and species (Cullen and Newberne, 1994)
with female rats being less prone to AFB1 toxicity than males (Gurtoo and Motycka,
1976; Purchase et al., 1973). This may be due to differences in metabolizing
enzymes, especially in the activity of CYP3A4 between sexes (Eaton et al., 2017).
The hepatocytes used in the in vitro MN study were from female rats while the in
vivo data used for evaluation of the prediction were from male rats. When the
difference in sensitivity between females and males would be 2 to 3-fold, as reported
based on DNA binding activity of AFB1 in males and female F344 rats (Gurtoo and
Motycka, 1976), one can assume that, when based on in vitro MN data obtained in
male rat hepatocytes, the predicted in vivo curve might be shifted to the left given
that males may be more sensitive than the females from which the hepatocytes for
the current in vitro MN data were derived. However, a 2- to 3-fold shift of the
predicted curve to the left would not affect the conclusion that the dose range for
positive in vivo MN findings was in line with the predicted dose-response curve.
Another item to consider relates to the strain of rats used; the in vitro MN assay used
hepatocytes from female F344 rats, while the in vivo study used to compare the
prediction used male Wistar rats. Although differences have been seen among rat
strains, the F344 strain is reported to be more susceptible to the acute toxicity of
AFB1 and also to its carcinogenicity when compared to other rat strains (SpragueDawley) (Roebuck and Maxuitenko, 1994). Differences may be to genetic variation
and differences in metabolism (Kacew et al., 1995). Although the size of the
differences among rat strains is unknown, it is noted that the largest differences
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among rats rely on sex differences (Cullen and Newberne, 1994; Roebuck and
Wogan, 1977).
In conclusion, the PBK modelling-based reverse dosimetry could adequately predict
the dose-response behaviour of the MN induction by AFB1 in the liver of rats. In
humans, the prediction was not performed due to the absence of a suitable in vitro
dataset on genotoxicity of AFB1 in freshly isolated hepatocytes. Nonetheless, the
PBK modelling-based reverse dosimetry for QIVIVE provides a promising
alternative to translate in vitro genotoxicity data in a relevant in vitro cell model into
in vivo dose-response data for genotoxicity in the target organ in vivo, taking in vivo
ADME characteristics into account.
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Supplementary Data.
Table S1. In vitro concentration-response curve for AFB1 induced genotoxicity in freshly isolated female rat
hepatocytes measured by micronucleus (MN) induction displayed as the ratio of cells with MN to the mitotic index
as a percentage of control after an exposure time of 3 hours (Eckl and Raffelsberger, 1997). Values for the area
under the curve (AUC) were corrected for protein binding and multiplied by the exposure time.

Cell model

Female
F344 rat
hepatocytes

Concentration
(μM)

AUC in
vitro
(h*µM)

Response

SD

n

Predicted doses
obtained by PBK
modelling- reverse
dosimetry (mg/kg
bw)

0

0

100.0

11.4

4

0

0.0001

0.00152

132.8

23.6

4

0.025

0.001

0.01523

205.1

50.4

4

0.25

0.01

0.1523

201.6

66.3

4

2.5

Study

Eckl and
Raffelsberger
(1997)

Table S2. Fitted models obtained with the benchmark dose (BMD) modelling approach for a 50% benchmark
response from the in vitro concentration data by study of Eckl and Raffelsberger (1997) (Table S1).
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model

converged

loglik

npar

AIC

full model

yes

3.35

5

3.30

null model

yes

-5.78

2

15.56

Expon. m3-

yes

0.34

4

7.32

Expon. m5-

yes

3.31

5

3.38

Hill m3-

yes

0.36

4

7.28

Hill m5-

yes

3.31

5

3.38

Inv.Expon. m3-

yes

-4.27

4

16.54

Inv.Expon. m5-

yes

3.31

5

3.38

LN m3-

yes

1.37

4

5.26

LN m5-

yes

3.31

5

3.38
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Table S3. Final BMD values obtained with the BMD modelling approach for a 50% benchmark response of the
predicted doses obtained by PBK modelling- reverse dosimetry expressed as µM.
model

BMDL

BMDU

BMD

Expon. m5-

4.8e-05

0.00071

0.0001424

Hill m5-

5.69e-05

0.000642

0.0001217

LN m5-

5.49e-05

0.000646

0.0001209

Inv.Expon. m5-

6.08e-05

0.000597

0.0001075

subgroup

bmdl.lowest

bmdu.highest

all

4.8e-05

0.00071
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Table S4. Lowest BMDL and highest BMDU values obtained with the BMD modelling approach for a 50%
benchmark response of the predicted doses obtained by PBK modelling- reverse dosimetry expressed as µM.

133

Chapter 5

Figure S6. Results of BMD models generated by PROAST software based on the in vitro genotoxicity data by Eckl
and Raffelsberger (1997) for micronucleus (MN) formation. The figure shows the output data CES: critical effect
size, same as Benchmark Response (BMR) and CEDL and CEDU: same as lowest BMDL and highest BMDU
values. CES was set to 0.5, which corresponds to a BMR of 50% (BMR150); Confidence level for the BMD
confidence intervals were set at 90%.
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Table S5. Fitted models obtained with the benchmark dose (BMD) modelling approach for a 50% benchmark
response of the predicted doses obtained by PBK modelling- reverse dosimetry (Table S1).
converged

loglik

npar

full model
null model

AIC

yes

3.35

5

3.30

yes

-5.78

2

15.56

Expon. m3-

yes

0.34

4

7.32

Expon. m5-

yes

3.31

5

3.38

Hill m3-

yes

0.36

4

7.28

Hill m5-

yes

3.31

5

3.38

Inv.Expon. m3-

yes

-4.27

4

16.54

Inv.Expon. m5-

yes

3.31

5

3.38

LN m3-

yes

1.37

4

5.26

LN m5-

yes

3.31

5

3.38

Table S6. Final BMD values obtained with the BMD modelling approach for a 50% benchmark response of the
predicted doses obtained by PBK modelling- reverse dosimetry, data is expressed as mg/kg bw.
model

BMDL

BMDU

BMD

0.012

0.179

0.03584

Expon. m5Hill m5-

0.0141

0.162

0.03041

LN m5-

0.0137

0.163

0.03024

Inv.Expon. m5-

0.0152

0.15

0.02684

Table S7. Lowest BMDL and highest BMDU values obtained with the BMD modelling approach for a 50%
benchmark response of the predicted doses obtained by PBK modelling- reverse dosimetry, data is expressed as
mg/kg bw.
subgroup

bmdl.lowest

bmdu.highest

all

0.012

0.179
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Figure S2. Results of BMD models generated of PBK model based predicted dose-dependent liver genotoxicity of
AFB1 generated by PROAST software based on the in vitro genotoxicity data by study of Eckl and Raffelsberger
(1997) for micronucleus (MN) formation. The figure shows the output data CES: critical effect size, same as
Benchmark Response (BMR) and CEDL and CEDU: same as lowest BMDL and highest BMDU values. CES was
set to 0.5, which corresponds to a BMR of 50% (BMR150); Confidence level for the BMD confidence intervals
were set at 90%.
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6.1 Overview and discussion of the results.
Fungi are regarded as ubiquitous in natural ecosystems playing a crucial role as
decomposers. They fulfil a significant function in nutrient recycling and uptake by
plants, yet some fungal species are important plant pathogens which may produce
mycotoxins. Food crops and the products thereof are susceptible to fungal infection
and thus may be contaminated with mycotoxins. This may represent a hazard to
human health aside from representing economic losses. Among the most important
food crops affected by mycotoxins are cereals. Particularly affected is maize, one of
the cereals produced in the largest volumes worldwide. Maize is susceptible to
contamination by AFB1, the most toxic mycotoxin known (FAO, 2018b; Wild and
Gong, 2009).
Maize main usage around the world is for livestock feed. However, maize usage as
food remains paramount for many countries. In Mexico, maize has been a staple food
since pre-Hispanic times. At present, Mexico is the eighth producer and the second
importer of maize worldwide, having approximately 60% of the maize (produced
and imported) intended for human consumption (FAO, 2019; Plasencia, 2004).
Despite of the large consumption of maize in Mexico, data on the exposure to
mycotoxins from maize consumption for the Mexican population and accompanying
risk assessments are limited. To provide further data on this issue, the first aim of
this thesis was to provide a risk assessment of the major mycotoxins of concern in
nixtamalized maize, the processed maize usually consumed in Mexico. The
mycotoxins of concern studied were AFB1, FB1, FB2, and DON. Their levels were
determined in nixtamalized maize samples from Mexico City, followed by an
exposure and risk assessment. Within the risk assessment, the Margin of Exposure
(MOE) approach and the quantitative liver cancer risk approach were both used to
characterize the risk of the genotoxic carcinogen AFB1. For FB1, FB2 and DON
established health-based guidance values were used, including the provisional
tolerable daily intake (PMTDI) of 2 µg/kg bw/day for fumonisins, and the PMTDI
of 1 µg/kg bw/day for DON. AFB1 is the most potent mycotoxin known so far;
besides being highly toxic, AFB1 is carcinogenic in many mammals, including
humans, acting by a genotoxic mode-of-action (Eaton et al., 2017; EFSA, 2020;
JECFA, 2018a). To further contribute to the use of mode-of-action based non-animal
testing strategies in risk assessment, the thesis also aimed to develop a generic
physiologically based kinetic (PBK) model of AFB1 to predict its toxicity by using
a reverse dosimetry approach. To this end, PBK models of AFB1 in human and rat
were developed and evaluated. Subsequently, in vitro data on cytotoxicity in rat and
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When nixtamalized maize samples collected in Mexico City were analyzed for the
presence of AFB1 it appeared that 4.5% (4 out of 88) of the samples contained AFB1
at levels above the limit of detection (1 ng/g) (Chapter 2). Combining these
occurrence data on AFB1 and additional occurrence values from the literature with
mean and 95th percentile (P95) consumption data of nixtamalized maize-based
products allowed calculation of MOE values and estimation of cancer risks. Overall,
the MOE values were far below 10,000, indicating a priority for risk management.
In agreement, the increased lower bound and upper bound (LB-UB) cancer risk
estimates were 9-320 and 43-439 cases per one million subjects upon a lifetime
exposure of 75 years for the mean and P95 consumers, respectively. A need for
further risk management actions was also evident from further analysis of the
nixtamalized maize samples for the mycotoxins that are reported to be most
frequently encountered in maize. Among them are fumonisins and deoxynivalenol
(Munkvold et al., 2019). Chemical analysis revealed a high frequency of
contamination by FB1, FB2, and DON of the samples (98%, 100%, and 70%,
respectively). After a probabilistic exposure assessment using a second order MonteCarlo analysis, the results obtained revealed that for FB1+FB2, 47% of the Mexican
men and 30% of the Mexican women might exceed the provisional tolerable daily
intake (PMTDI) of 2 µg/kg bw/day for fumonisins, whereas for DON, 9% of men
and 5% of women, corresponding to the high consumers, would be exceeding the
PMTDI of 1 µg/kg bw/day.
The risk assessments corroborate the need to continue the risk management of AFB1,
FB1, FB2, and DON in nixtamalized maize from Mexico City. Mexico is located in
a tropical and sub-tropical area, and maize products from these areas are known to
be frequently and severely affected by aflatoxin contamination (Battilani et al., 2016;
Pitt, 2013). Mexico is also among the countries with the largest consumption of
maize estimated by the Food and Agriculture Organization of the United Nations
(FAO) (Table 1) (FAO, 2018a). Together with Guatemala, Mexico is among the
Latin American countries estimated to have a high co-exposure to AFB1 and FB1
mainly coming from maize (JECFA, 2018a). Moreover, Mexico has recorded high
aflatoxin contamination episodes in maize grain in the past (Carvajal and Arroyo,
1997; Juan‐López et al., 1995; Torres Espinosa et al., 1995), as well as occurrence
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human hepatocytes as a model for acute liver toxicity, and micronucleus formation
in rat hepatocytes as an endpoint for genotoxicity were translated to in vivo doseresponse curves by reverse dosimetry. The predicted dose-response curves allowed
comparison to the corresponding in vivo endpoints providing adequate matches.

Chapter 6

of aflatoxins and fumonisins in national and imported maize grain (Martínez-Flores
et al., 2003; Sánchez-Rangel et al., 2005). Despite the above observations, risk
assessments of mycotoxins from nixtamalized maize consumption in Mexico are
limited (Wall-Martínez et al., 2019). In comparison, risk assessments for aflatoxins,
including AFB1, have been conducted by the European Union, which has a much
lower maize consumption (maximum consumption estimated in Rumania: 33.7
kg/capita/year as compared to 117.38 kg/capita/year in Mexico) (EFSA, 2007, 2020;
FAO, 2018a).
Table 1. Food Balance Sheet (FBS) from the top five countries with the maximum food supply quantity of maize as
kilogram per capita per year (kg/capita/year) estimated in the year 2018 by the Food and Agriculture Organization
of the United Nations (FAO) (FAO, 2018a).
Country

Food supply quantity (kg/capita/year)

Lesotho

133.44

Zambia

125.31

Malawi

122.85

Mexico

117.38

South Africa

95.11

Regarding the risk assessment of the genotoxic carcinogen AFB1, the critical effect
used in hazard characterization is carcinogenicity, and the relation with an increased
risk of development of hepatocellular carcinoma (HCC), or liver cancer, in humans
is well-established (Eaton et al., 2017; EFSA, 2020; JECFA, 2018a). On the
contrary, risk assessments considering other effects, including the acute effects of
aflatoxins (acute aflatoxicosis) are far less clear (Shephard, 2008), while cases of
acute intoxication have been observed in the past, most recently in Kenya in 2004
and Tanzania in 2016 (Azziz-Baumgartner et al., 2005; Kamala et al., 2018; Kensler
et al., 2010). The doses that could result in acute aflatoxicosis have been based on
the estimated intake of AFB1 and the onset of symptoms reported in previous
aflatoxicosis outbreaks (Wild and Gong, 2009), as well as on the AFB1 adduct
concentrations per mg serum albumin detected in samples collected in the Kenya
outbreak of 2004 (Groopman et al., 2014; JECFA, 2018a). However, the hazard
characterizations based on the AFB1 occurrence levels in food and/or the albuminadduct biomarker have uncertainty. The former because of the heterogeneous and
variable contamination of AFB1 in food and the latter because this biomarker
presents an indication of chronic exposure rather than recent exposure (EFSA, 2020;
JECFA, 2018a).
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The developed PBK models of AFB1 using in vitro kinetic data of rat and human,
showed to be adequate when compared to the available kinetic in vivo data,
corroborating that PBK modelling can effectively predict the in vivo kinetics of
AFB1 (Chapter 4). The dose–response curves, obtained from the translation of in
vitro concentration response curves for AFB1 cytotoxicity defined using primary rat
or human hepatocytes, enabled the prediction of lower and upper bounds of the
benchmark dose levels, predicted to result in a 10% extra response above background
(BMDL10-BMDU10), for acute liver toxicity. These predicted BMDL10-BMDU10
values from the rat model were in line with the results reported for biomarkers for in
vivo liver toxicity in rats, the aminotransferase (ALT) and aspartate aminotransferase
(AST) levels in plasma. This showed that the PBK modelling-based reverse
dosimetry correctly predicted dose-levels that may cause acute liver toxicity in rats.
At the same time, the predicted BMDL10 from the human model of 77µg/kg bw was
in line with the AFB1 dose levels estimated to result in the onset of acute symptoms
and possible fatality in humans (20-120 µg/kg/bw). Overall, for predicting the acute
liver toxicity from AFB1 in rat and human, the PBK modelling-based reverse
dosimetry approach appeared to be adequate.
The outcome of the PBK modelling-based reverse dosimetry approach in predicting
doses of AFB1 that may result in acute liver toxicity corroborate the use of this
strategy in the translation of in vitro concentration-response curves to in vivo doseresponse curves. It also showed that the predicted human liver toxicity was similar
to the liver toxicity predicted for the most sensitive rat strain, even though
comparison of the in vitro cytotoxicity data indicated that the human hepatocytes
seemed less sensitive than the hepatocytes from the F344 and Sprague-Dawley rat
strain. This difference in the relative toxicity of AFB1 in rats and humans in vitro as
compared to the in vivo situation can be ascribed to differences in kinetics.
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Novel testing strategies like PBK modelling-based reverse dosimetry can support the
prediction of toxic dose levels based on in vitro toxicity data by enabling quantitative
in vitro in vivo extrapolation (QIVIVE) (Louisse et al., 2017; Paini et al., 2019).
Given that in vivo kinetic data of AFB1, needed for evaluation of the PBK models,
are available for rats and humans, it was of interest to use this approach for predicting
dose-levels involved in the acute liver toxicity of AFB1 exposure. Furthermore, this
approach has previously been of value in predicting dose levels for acute liver
toxicity of the pyrrolizidine alkaloids, lasiocarpine and riddelliine, or for the kidney
toxicity of aristolochic acid (Abdullah et al., 2016; Chen et al., 2018).
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The PBK model combined with the reverse dosimetry approach can also be applied
as an alternative approach to evaluate other toxic effects. Due to the importance of
genotoxicity in the mode-of-action of AFB1, it was of interest to use this approach
for predicting the in vivo genotoxicity of AFB1. In current genotoxicity assays a
tiered approach is used, starting with a battery of in vitro genotoxicity assays that
provide information about key molecular events involved in genotoxicity, gene
mutations and chromosomal alterations. When testing positive in such assays a
further evaluation may involve an in vivo assay to assess whether the genotoxic
potential observed in vitro is also displayed in vivo (EFSA, 2011; Gooderham et al.,
2020; Hartwig et al., 2020). Since AFB1 is a data-rich chemical, which has been
used in different genotoxicity assays with metabolic competent hepatocytes, it was
of interest to use the developed PBK model in combination with reverse dosimetry
to obtain predictions of the in vivo dose-response behavior of the genotoxicity of
AFB1 (Chapter 5).
After a literature search it was clear that available in vitro and in vivo genotoxicity
data in rat or human liver tissue, the target tissue for AFB1 induced carcinogenicity,
were limited. The outcome of a literature search for in vitro studies to select studies
reporting i) a concentration-response curve, ii) in primary hepatocytes, iii) at noncytotoxic concentrations, and iv) using a genotoxicity endpoint, resulted in one
single in vitro study. This study reported the concentration dependent formation of
micronuclei in female rat hepatocytes. In spite of uncertainty in the low dose range
resulting from inaccuracy of the in vitro data at low concentrations, the doseresponse curve obtained allowed the prediction of a benchmark dose resulting in a
50% extra response above background levels, with the corresponding lower and
upper bounds BMD50 (BMDL50-BMDU50). This prediction could be compared to
data from an in vivo study reporting the accumulation of micronuclei in the liver
tissue of rats after administration of a repeated dose. This comparison confirmed that
the dose level reported to test positive for induction of micronuclei in the liver of
exposed rats was within the range of active dose levels predicted by the doseresponse curve obtained by reverse dosimetry of the in vitro data.
While the QIVIVE performed in Chapter 4 and Chapter 5, showed that PBK
modelling-based reverse dosimetry is a promising tool to predict and study the
toxicity of AFB1, the result also revealed that genotoxicity data available for AFB1
in vitro and in vivo in liver cells or liver tissue appear to be limited. Genotoxicity
assays available for AFB1 appeared to focus rather on hazard identification using
non-target cells to detect the DNA damage.
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Given the overall results obtained, some aspects that require further attention in
future work emerged. These aspects include the following items which are discussed
in more detail in the next sections:
-

The health concerns raised by mycotoxin exposure in the urban areas of
Mexico and implications for the rural areas.
Health concerns raised by AFB1 exposure in Mexico as compared to
AFB1 related health concerns in other areas of the world.
Consequences of co-occurrence of other mycotoxins in nixtamalized
maize.
The role of the nixtamalization process of maize in reducing mycotoxin
contamination.
The advantages of using PBK-modelling-based reverse dosimetry to
predict toxicity.
The challenges of using PBK-modelling-based reverse dosimetry to
predict genotoxicity endpoints.

The risk assessment of AFB1, FB1, FB2, and DON exposure resulting from the
chronic consumption of nixtamalized maize, raised a health concern not only for the
population in the urban areas of Mexico but potentially also for those populations
living in rural areas. These populations in rural areas may consist of indigenous
groups whose diets rely heavily on maize. In Mexico, maize is usually consumed as
nixtamalized products, mainly in the form of tortillas (Serna-Saldivar, 2015; WallMartínez et al., 2017). In the risk assessments presented in this thesis, it was assumed
that the consumption of different nixtamalized maize products in Mexico City would
be comparable to those consumed in the urban city of Veracruz, for which data on
consumption of nixtamalized maize products were available (Wall-Martínez et al.,
2017). This assumption is supported by data on the historical consumption of maize
in the center and south of the country, which nowadays is still significant (Allen,
1992; Serna-Saldivar, 2015), and by reports from national governmental institutions
who report the consumption of nixtamalized maize products (i.e., tortilla) per urban
and rural areas (CONEVAL, 2012). These data also enable the evaluation of whether
the intake estimates presented in the thesis are also representative for the rural
communities in Mexico.
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6.1.1 The health concerns raised by mycotoxin exposure in the urban areas of
Mexico and implications for the rural areas.

Chapter 6

In rural communities, national estimates from 2006 place tortilla consumption 1.4fold higher than that in urban communities (217.9 g/day vs. 155.4 g/day)
(CONEVAL, 2012). Meanwhile, other authors place the consumption of tortillas 3fold higher in rural communities (Zuki-Orozco et al., 2018). Since the health
concerns derived from the risk assessments of AFB1, FB1, FB2, and DON, were
driven by the high consumption of nixtamalized maize in urban areas (Chapter 2 and
3), this tendency of higher consumption of maize derived products by rural
populations suggests that people in these areas may be exposed to even higher levels
with an accompanying increase in the risk, as the chances of consuming a
contaminated nixtamalized maize product become higher with the higher use levels.
Biomarker data do point at exposure of urban and rural communities to mycotoxins
known to be present in maize, such as AFB1 and FB1. For example, AFB1-lysine
(AFB1-Lys) adducts have been reported in the serum of women and children of
Mexican rural areas, indicating chronic exposure to AFB1 (de León-Martínez et al.,
2019; Leroy et al., 2018; Rodríguez-Aguilar et al., 2020). Urinary FB1 that indicates
recent exposure to FB1, has been reported to be higher in rural areas than in urban
areas of Mexico (Gong et al., 2008). Equally important, AFB1-FAPY adducts have
been reported in cervical cells of cancer patients in Mexico City (Carvajal et al.,
2012). Although maize may be the main contributor to the exposure of the
mycotoxins studied in this thesis, the contribution of other foods should not be
ignored, and may be considered in future studies. As an example, spicy red pepper
is a major ingredient in Mexican diet, and similar to maize it is also commonly
affected by mycotoxins (Aydin et al., 2007; Rosas-Contreras et al., 2016).
Considering the mycotoxin of most significance due to its potentially toxic effects,
AFB1, it is not only of relevance to consider the health-concern raised by the chronic
exposure linked to HCC to AFB1 in Mexico City (Chapter 2) and the possible
implications for rural areas, but also to exemplify the risk of acute exposure to AFB1
in urban and rural areas. When considering the acute exposure to AFB1, the
maximum levels of contamination are most informative rather than the mean
exposure estimations (Shephard, 2008). Considering this, the maximum level of
AFB1 in nixtamalized maize of urban areas (Mexico City) has been reported to
amount to 10 ng/g in nixtamalized maize (this thesis) and up to 141 ng/g in tortillas
(Castillo-Urueta et al., 2011), while in rural areas a tortilla sample was found with a
maximum level of 287 ng/g (Zuki-Orozco et al., 2018). These maximum
contamination values were multiplied with the intake values for the consumption of
tortilla used by the Mexican government, for rural (217.9 g/day) and urban areas
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(155.4 g/day), and an extra maximum consumption for the rural areas consisting on
3-fold the consumption of the urban area (466.2 g/day). By considering a 70 kg bw
person, an estimated daily intake (EDI) is obtained that is presented in Table 2.
Table 2. Estimated Daily Intakes (EDI) considering a 70 kg bw person for the consumption of different nixtamalized
maize intakes relevant for the Mexican population at different maximum reported AFB1 levels of contamination in
nixtamalized maize.
EDI (ng AFB1/ kg bw/day) considering a 70 kg person
Nixtamalized maize intake
AFB1

Urban (g/day)

(ng/g)

155.4

217.9

466.2

10

22

31

67

141

313

439

939

287

637

893

1911

As shown in Table 2, consumption by a 70 kg bw person from a rural area of 466.2
g of a nixtamalized maize product contaminated with 287 ng AFB1/g would result
in an estimated daily intake (EDI) of 1,911 ng/kg bw/day. In general, these values
are three to two orders of magnitude lower than the estimated doses that may cause
a risk of acute liver toxicity in humans (Chapter 4). Therefore, the risk of acute
aflatoxicosis from nixtamalized maize consumption is unlikely in Mexico. This
suggests that chronic exposure of AFB1 from nixtamalized maize is not a risk for
acute liver toxicity but that estimated daily intakes from chronic exposure remain a
concern.
Another factor that could influence differences in mycotoxin exposure among urban
and rural areas of Mexico is the variability in the storage and nixtamalization
process. In many rural areas of Mexico and Guatemala, the nixtamalization of maize
and further preparation of tortillas and other products is performed in the household
using their own harvest of maize (Kroker-Lobos et al., 2019; Zuki-Orozco et al.,
2018). This indicates possible larger variation in the storage conditions and handling
of maize, as well as in the nixtamalization process, which is known to reduce the
mycotoxin content (Rodríguez-Aguilar et al., 2020; Schaarschmidt and FauhlHassek, 2019). These considerations indicate the exposure and risks for the rural
communities may not necessarily be the same as for the urban situation and requires
further attention in future studies.
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6.1.2 Health concerns raised by AFB1 exposure in Mexico as compared to
AFB1 related health concerns in other areas of the world.
In addition to comparison of the exposure and risks of mycotoxin exposure in urban
and rural areas it is also of interest to compare the outcomes of the risk assessments
of the present thesis to those performed for other areas in the world. The risk
assessment of mycotoxins serves as guidance for risk management processes, such
as setting maximum limits (ML) or guidelines while considering a known acceptable
level of risk, and obtaining insights about the risks for a given population (Grace and
Unnevehr, 2013; Shephard, 2008). Therefore, it is of special interest to compare the
outcome of the risk assessment of AFB1 in Mexico City presented in this thesis for
both the risk of HCC, and acute liver toxicity, to the risks estimated for other parts
of the world. The focus for this comparison is on AFB1 because the aflatoxins
represent the best regulated mycotoxin in the world (Van Egmond, 2002; van
Egmond et al., 2007).
The fact that AFB1 is the most regulated mycotoxin worldwide is mainly due to the
HCC concern linked to AFB1 exposure, which provides the basis for the available
risk assessments and regulations (Williams et al., 2004). An interesting observation
is shown taking as an example the European Union (EU), an economic area with
stringent ML values for AFB1 and for the sum of aflatoxins (sum of AFB1, AFB2,
AFG1 and AFG2) in various foodstuffs. In the EU for maize to be subjected to
sorting or other physical treatment before consumption limits of 5 μg/kg and 10
μg/kg for AFB1 and aflatoxins, respectively, have been set, and ready to eat maize
and its products have an ML of 2 μg/kg and 4 μg/kg for AFB1 and total aflatoxins,
respectively (EC, 2006). These ML values in the EU were set based on scientific
opinions taking into account the ‘as low as reasonable achievable’ ALARA principle
(EFSA, 2020).
In contrast Mexico has only ML for total aflatoxins (sum of AFB, AFB2, AFG1 and
AFG2) in cereals at 20 μg/kg, and in nixtamalized maize products at 12 μg/kg. While
in Africa, some countries may not have standards reported (e.g., Lesotho and
Zambia), or have defined standards for both AFB1 and total aflatoxins in food, like
South Africa (5 μg/kg of AFB1 and 10 μg/kg of total aflatoxins in food) (Sirma et
al., 2018). In Japan, a ML of 10 μg/kg for AFB1 was previously in force as an
indicator of aflatoxin in food, currently the same level was updated to include total
aflatoxins in all foods (Anukul et al., 2013; Sugita-Konishi et al., 2010).
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Similar as Mexico, Kenya has the same ML for total aflatoxins and AFB1 in food
(10 μg/kg and 5 μg/kg, respectively) as South Africa, the largest African maizeexporting nation (Sirma et al., 2018; Wu and Guclu, 2012). However, another reason
that may influence the ML setting is related to contamination outbreaks. In Kenya
the ML values were reviewed after the aflatoxicosis outbreak of 2004, before that
event the Kenyan authorities had a suggested limit for total aflatoxins of 20 μg/kg in
food (Azziz-Baumgartner et al., 2005; Sirma et al., 2018). In Mexico, a significant
episode of aflatoxin contamination in which up to 440,000 tons of maize were
contaminated in 1991, resulted in the integration of prevention practices and a
national ML of 20 µg/kg for total aflatoxins in maize and other cereals (Carvajal and
Arroyo, 1997; Juan‐López et al., 1995).
Even though the EU has stringent ML values for AFB1 and aflatoxins in food, still
the risk assessment of AFB1 performed by EFSA showed that, at the current levels
of intake in the EU, MOE values are generally below 10,000 indicating that a health
concern cannot be excluded (EFSA, 2020). This also suggests that the ML may still
not be low enough for an MOE value >10,000, that would indicate there is no health
concern (EFSA, 2007, 2020). However, the contribution of different food groups to
the lower bound mean chronic exposure to AFB1 in the EU were in general mainly
driven by the high consumption of the products contributing to the exposure rather
than by the actual levels of AFB1 in these products (grains and grain-based products
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Reasons to explain the differences in the aflatoxin regulations/policies may come
from the limited risk assessments to measure the risk in specific populations, and the
influence of the trade market (Grace and Unnevehr, 2013; Wu and Guclu, 2012).
Nations trading large amounts of maize have similar aflatoxin regulations (Wu and
Guclu, 2012). Mexico shares the same ML for maize as the United States (20 μg/kg),
the largest exporter of maize worldwide, with whom it has a bilateral import
relationship (Wu and Guclu, 2012). The United States is Mexico’s main maize
supplier, and the main buyer of Mexican maize (Fosu and Wahl, 2020; SAGARPA,
2017; Wu and Guclu, 2012). However, Japan, the main maize importer worldwide
and buyer of maize from the United States has half the ML for aflatoxins in food.
But compared to Mexico, maize is not a staple food in Japan and is mainly not
imported for food purposes. As shown in a risk assessment of AFB1 for Japan, other
food sources have a larger contribution to AFB1 than maize does (e.g., peanuts and
its products or cocoa), still from this risk assessment it was suggested that the current
dietary intake of AFB1 in Japan has no appreciable effect on health (Sugita-Konishi
et al., 2010).
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and peanuts), the food products having high AFB1 concentrations (almonds,
pistachios and other seeds) had a low consumption and thus resulted in a smaller
exposure to AFB1 (EFSA, 2020). Although, the risk assessment performed in this
thesis focused on the consumption of maize instead of including other food sources,
it is of interest to point out that, the lower bound mean and upper bound P95 EDI of
AFB1 calculated from the consumption of maize in this thesis (0.7 and 11.7 ng/kg
bw/day) are in the range of the EDI of AFB1 in adults calculated by EFSA for the
mean and P95 exposure considering different food sources (0.22 and 6.78 ng/kg
bw/day). Also in contrast to Mexico and the EU, the EDI of AFB1 in Japan from
lower to upper limits are in the range from 0.003-0.004 ng/kg bw/day, suggesting a
low exposure to AFB1 and thus a low potential cancer risk from AFB1 exposure
(Sugita-Konishi et al., 2010).
A general risk assessment for some African countries considering the maximum
levels reported in food, showed that the MOE values calculated using the animal
BMDL10 of 170 ng/kg bw/day were far below 10,000 (0.2-121). This outcome was
not only driven by the consumed amount of foods susceptible for contamination
(maize, peanut butter, millet, sorghum, rice and groundnuts), but also by the presence
of AFB1 in these foods (Shephard, 2008). The risk assessment was also influenced
by considering the hepatitis B virus (HBV) status in the quantitative liver cancer risk
approach. An estimation of 25% HBV prevalence in the African population was used
(Shephard, 2008). In comparison, in Japan a 1% prevalence of HBV is estimated for
the whole population (Sugita-Konishi et al., 2010). The prevalence of HBV in Japan
is slightly higher than that in Mexico, which has an estimated HBV prevalence of
0.2% (Schweitzer et al., 2015). In the risk assessment for the EU, an estimation for
the prevalence of both HBV and hepatitis C virus (HCV) was accounted, thus they
used a minimum of 0.2% and a maximum of 7.6%. The inclusion of the HCV
prevalence in the risk characterization based on human data by EFSA takes into
account the growing evidence of a synergy with AFB1 in the risk of HCC (EFSA,
2020). Mexico has a low prevalence of HBV, but a higher prevalence of HCV (12.5%) (Santos-López et al., 2008), with the latter not being considered in the risk
assessment analysis of AFB1 presented in this thesis, so it may be that our risk
assessment underestimates this risk factor, so that for future risk assessment the
prevalence of HBV can be incorporated by assuming a similar risk factor as the one
from HCV.
Still, the high consumption of nixtamalized maize seems to drive the exposure of
AFB1 in Mexico rather than the actual levels in these products, as shown in Chapter
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MLs can enforce actions to reduce the exposure to AFB1 and hence the risk. The
current ML set in Mexico, seems to protect consumers from a risk of acute
aflatoxicosis as shown in the previous section, but does not exclude a concern for
other health effects. Although it would be desirable to lower the ML of AFB1 and
aflatoxins in maize intended for food in Mexico, this option may be challenged by
socio-economic factors in Mexico and in many developing countries (Sirma et al.,
2018; van Egmond et al., 2007; Williams et al., 2004; Wu and Mitchell, 2016). In
Mexico it may increase the price of imported maize and may threaten maize
sufficiency as it depends on imports to supply the internal demand and also to
provide food security. Furthermore, the impact that climate change may have on
fungal infection of plants and production of aflatoxins should be considered as it may
pose a future challenge in reducing the levels of contamination, especially for AFB1
which is predicted to increase in the near-future climate scenarios (Wu and Mitchell,
2016).
Altogether, the main presence of AFB1 in food raises a serious health concern,
increased by the HBV/HCV status. However, in countries with a lower HBV/HCV
status, the risk is largely influenced by consumption patterns. Given current
regulations, the potential cancer risk from AFB1 exposure seems mainly influenced
by the large consumption of a food source highly susceptible to AFB1 contamination
or the consumption of different food sources that contribute to AFB1 exposure.
Regulations concerning a stricter ML may help to control the presence of high levels
of AFB1 in food, yet these may not be enough to exclude a health-concern, driven
by the high consumption, and may be difficult to enforce. Therefore, in Mexico and
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2. This outcome is comparable to another risk assessment of aflatoxins in tortillas,
in which 72.5-95% of the samples contained AFB1, from which more than 80% of
the samples were at levels lower than 1 ng/g of AFB1 (Wall-Martínez et al., 2019).
Even though levels of AFB1 may often be below 1 ng/g, the high level of
consumption drives the exposure and results in estimated daily intakes that raise a
concern. In general, the outcome of the risk assessment as presented in Chapter 2
raised a health concern for AFB1 induced HCC in Mexico City that requires risk
management, even without taking HCV prevalence into account. Also, the younger
populations were not specifically considered in this thesis, although they may be at
higher risk due to the higher intake of food per unit body weight, metabolism and
growth rate (Lombard, 2014). The younger populations were considered in the risk
assessment from Japan and from EFSA, with only the risk assessment by EFSA
concluding that the younger population seemed to have a higher risk.
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in other areas that have a high consumption of food sources contributing to AFB1
exposure, management actions addressing prevention strategies such as increasing
the capacity to enforce/monitor current ML, as well as providing education to lowscale farmers and producers of nixtamalized products, should be given special
attention.
6.1.3 Consequences of co-occurrence of other mycotoxins in nixtamalized
maize.
The presence of aflatoxins, fumonisins and deoxynivalenol in the nixtamalized
maize samples analyzed in the present thesis (Chapter 2 and 3) points at potential
combined exposure coming from the consumption of nixtamalized maize products.
This situation requires future attention since the occurrence of different mycotoxins
in food raises concerns about possible additive or synergistic effects. Regarding the
mycotoxins studied in this thesis AFB1, fumonisins (FB1 & FB2), and DON, limited
data are available on possible combination effects. AFB1 and fumonisins, can both
cause adverse effects on the liver, albeit by different modes of action. AFB1 is a
known genotoxic hepatocarcinogen, while fumonisins have the potential to induce
regenerative cell proliferation in the liver by decreasing ceramide synthase activity
and increasing sphingosine kinase activity (JECFA, 2018b). To what extent the
different modes of action underlying the liver toxicity of AFB1 and FBs may
potentiate one another’s adverse outcome remains to be established. However, given
that AFB1 related risks are known to be affected by HCC incidence indicates that
factors affecting the liver by another mode-of-action may affect AFB1 related risks.
This indicates that attention of future studies on potential interactive effects between
AFB1 and fumonisins may be of interest.
Given that the critical effect of DON is directed at the gastrointestinal tract would
make synergistic effects of DON with AFB1 induced liver carcinogenicity less
obvious, also because DON does not present a carcinogenic hazard (Pestka, 2010).
However, combined exposure to AFB1 and DON may raise concern for another
reason, related to stunting growth in children (Smith et al., 2012). Studies in animals
indicate that individually, aflatoxin and DON can severely affect growth (EFSA,
2017; Pestka, 2010; Wild and Gong, 2009). Currently, available data of the
combined exposure to DON and other mycotoxins is not sufficient for establishing
the nature of combined effects (EFSA, 2017).
Similarly, fumonisins may individually raise a concern for stunting growth in
children, given that children with fumonisins intakes exceeding the PMTDI were
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reported to be significantly shorter and lighter (Lombard, 2014). Although the exact
mechanisms are not known, it is proposed that the sphingolipid metabolism
disruption may cause increased intestinal permeability and an increased risk of
infection due to altered mucosal immunity (Smith et al., 2012). Since the coexposure of FB1 and AFB1 is high in areas of the world with high incidences of
chronic liver disease and stunting and has been confirmed with biomarkers, the coexposure to AFB1 and FB1 remains a concern despite the limited available data
(JECFA, 2018b). The adverse effect of stunting growth reported for FB1 also points
at a potential interaction with the adverse effects of DON exposure, for which the
critical effect relates to growth retardation (Smith et al., 2012).

6.1.4 The role of the nixtamalization process of maize in reducing mycotoxin
contamination.
Nixtamalization of maize, a well-known practice in Mexico and Central America,
has been shown to not only improve the nutritional value of maize and provide
desirable organoleptic characteristics, but also to reduce mycotoxin levels, during
the steeping and washing steps of the nixtamalization and by partial removal of the
pericarp (IARC, 2015; Schaarschmidt and Fauhl-Hassek, 2019). This traditional
process has been suggested as a practical approach to improve the nutritional quality
of maize and reduce its mycotoxin levels in African countries in which maize is a
staple crop (Ekpa et al., 2019). This suggestion relates to places that have ready
access to clean water and in which maize intended to be processed by nixtamalization
is not highly contaminated in the first place (IARC, 2015). So it is important to stress
that it is assumed and indicated to use nixtamalization together with other mitigation
strategies (Ekpa et al., 2019; IARC, 2012; Palacios-Rojas et al., 2016).
The aim of this thesis focused on some of the most relevant mycotoxins present in
maize in terms of toxicity (AFB1), and occurrence (FB1, FB2, and DON). These
mycotoxins are known to be reduced by nixtamalization, albeit at different rates,
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In general, few data are currently available to support interaction from the coexposure of AFB1, fumonisins, and DON as a contributing factor in human disease.
Nevertheless, given the risk assessment outcome obtained for fumonisins, DON, and
AFB1 separately, and the potential risks concerning their co-exposure, it is important
to consider setting ML for all these mycotoxins. Fumonisins and DON are currently
not regulated in Mexico in maize and nixtamalized maize products, while the
occurrence of these mycotoxins presented in Chapter 3 showed that their presence is
considerable despite the nixtamalization process.
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being dependent on the process and initial levels of contamination (Schaarschmidt
and Fauhl-Hassek, 2019). Aflatoxins have been reported to be reduced in a range of
29.5–90% (Pérez‐Flores et al., 2011; Torres et al., 2001). Whereas, higher reduction
ranges have been reported for fumonisins and DON, up to 50–99% and 72–88%,
respectively (Abbas et al., 1988; Palencia et al., 2003). Nixtamalization helps to
control mycotoxin content, yet, the variability in the initial levels as well as in the
nixtamalization process, and in handling of the final product, especially in the lowscale sector (e.g., local dough millers, small scale tortillerías (tortilla shops),
household production) may still result in mycotoxins levels that may represent a risk
for the consumer’s health (Chapter 2 and Chapter 3) (IARC, 2015). This stresses the
importance of using other mitigation strategies in addition to a possible
standardization of the nixtamalization process.
Nixtamalization can also chemically modify mycotoxins (Meredith et al., 1999;
Schaarschmidt and Fauhl-Hassek, 2019). Alkaline conditions can cause the opening
of the lactone ring of AFB1 which results in a nonfluorescent compound with
reduced biological activity (Lee et al., 1981; Price and Jorgensen, 1985). However,
this modification is not necessarily permanent and might be reversed upon exposure
to acidic conditions, suggesting a reformation of AFB1 in the stomach environment
(Méndez‐Albores et al., 2004; Price and Jorgensen, 1985; Schaarschmidt and FauhlHassek, 2019). Incubation of fumonisins in an alkaline environment can result in the
hydrolysis of the tricarballylic acid side-chains of FB1 and other fumonisins,
forming hydrolysed and partially hydrolysed fumonisins (De Girolamo et al., 2016;
JECFA, 2018c; Meredith et al., 1999; Schaarschmidt and Fauhl-Hassek, 2019).
Moreover, alkaline cooking can facilitate the release of matrix-bound fumonisins
and increase the hydrolysed forms of fumonisins (De Girolamo et al., 2016). Current
evidence indicates hydrolysed FB1 to be less toxic than the parent compound in vivo
(JECFA, 2018c). Since this factor was not considered in this thesis, it would require
further attention in future assessments.
6.1.5 The advantages of using PBK-modelling-based reverse dosimetry to
predict toxicity.
An important feature of the PBK modelling-based reverse dosimetry approach is that
it allows the prediction of data in human, without the need of animal-based strategies
(Louisse et al., 2017). Within this thesis the proof-of-principle of using PBK
modelling-based reverse dosimetry for QIVIVE to predict doses that may cause
acute liver toxicity of AFB1 in human was provided by integration of in vitro data.
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Previous proofs-of-principle have been provided for the prediction of acute liver
toxicity in experimental animals by a similar approach (Chen et al., 2018). This is of
interest given that human data are, for obvious reasons, generally not available, or
limited and inaccurate. Given that acute aflatoxicosis cases have unfortunately
occurred in different areas of the world, estimates of crude intakes involved in the
onset of acute aflatoxicosis and risk of fatality in humans have been obtained
(JECFA, 2018a; Wild and Gong, 2009). The predicted BMDL10 of 76 μg kg bw/day
obtained in this thesis is in line with these previous estimations and adds weight to
the estimated intake levels previously defined to be responsible for acute liver
toxicity of AFB1 in humans (20-120 μg kg bw/day) (JECFA, 2018a; Wild and Gong,
2009). However, some features can be included in future work in order to further
refine the human prediction. This relates first of all to interindividual differences.
The usage of primary hepatocytes brings interindividual variability. To address
interindividual variability the PBK models can be defined using data obtained in
incubations with individual liver samples rather than using pooled tissue fractions
and be combined with Monte Carlo simulations to include the interindividual
variations in the kinetics of AFB1 (Ning et al., 2019; Strikwold et al., 2017).
Furthermore, use of hepatocytes from individual donors to define the in vitro
concentration response curves used as input for the reverse dosimetry may provide
insight in interindividual differences in toxicodynamics and integrate that into the
approach. It would also be of interest to compare hepatocytes from healthy to HBV
infected donors.
Yet, an important challenge seems to remain with the in vitro cell line/model used.
In Chapter 4, it was observed that freshly isolated primary hepatocytes had a better
sensitivity in assessing AFB1 cytotoxicity than cryopreserved hepatocytes and
HepaRG cells. However, using freshly isolated hepatocytes for genotoxicity
assessment is challenging. Although hepatocytes are metabolically active and
competent for the biotransformation of AFB1, currently both freshly isolated and
cryopreserved hepatocytes cannot be cultured for long periods of time as they lose
morphology and functions. Also, obtaining freshly isolated hepatocytes from human
samples is difficult (Pichard et al., 2006; Shulman and Nahmias, 2012), and may
have altered characteristics, losing aspects of their normal function (Green et al.,
2015).
An interesting alternative to study long-term and repeated exposure may be the usage
of hepatocytes from induced pluripotent stem cells (iPSCs) (Gómez-Lechón et al.,
2014; Holmgren et al., 2014; Maepa and Ndlovu, 2020). However, the iPSC derived
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hepatocytes have also shown less sensitivity than primary hepatocytes or sensitivity
similar to HepG2 cells following a 2-day exposure to AFB1 (Bell et al., 2017;
Holmgren et al., 2014; Kang et al., 2016). Besides, the genomic instability caused
by cellular reprogramming to the pluripotent state may limit the usage of cells
derived from iPSC (Pera, 2011; von Joest et al., 2016). For instance, their usage in
genotoxicity assessment is yet not recommended, as it requires methods to reduce
their genetic damage to an inconsequential level (von Joest et al., 2016). In this case
cell lines such as HepaRG may be better for studying toxicity via long-term exposure
(Josse et al., 2008), despite their lower sensitivity compared to primary hepatocytes,
a characteristic that has been reported to be improved by 3D arrangements (Mueller
et al., 2014). Likewise, 3D human hepatocyte spheroids seem to have higher
sensitivity (Bell et al., 2017).
At the present-state-of-the-art, all available liver cell models have disadvantages
(Green et al., 2015). Yet, in studying specific mechanisms or modes of actions there
is no doubt that cellular models are valuable despite their limitations. Nevertheless,
careful consideration and further development of in vitro liver cell models for the
purpose of in vitro toxicity studies remains a future challenge and an area of
development. Especially, sensitive and long-term available cell models are essential
to better mimic chronic exposures that may be most relevant for the study of AFB1
and that would also be useful for QIVIVE.
6.1.6 The challenges of using PBK-modelling-based reverse dosimetry to
predict genotoxicity endpoints.
Testing of genotoxicity has as an aim identifying chemicals that can cause genetic
alterations in cells, alterations which may result in deleterious effects on the long
term. The term genotoxicity includes mutagenicity and primary DNA damage which
may result in mutagenicity or not (OECD, 2016). When evaluating the mutagenicity
of a compound, more weight is usually given to permanent DNA changes (i.e.,
mutations) (OECD, 2016). In this regard, genotoxicity assays having as an endpoint
the measurement of chromosomal damage (i.e., chromosomal aberrations and MN
assay) are also considered since this damage can change the systems’ inheritance and
transmit chromosome mutations, although the events measured in these assays do
not represent mutations per se (OECD, 2016; Ye et al., 2019). Assays measuring
primary DNA damage, (e.g., DNA adduct formation, phosphorylation of histone
H2AX (γH2AX), unscheduled DNA synthesis (UDS)), can be useful for other
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purposes such as investigating mode-of-action, among other purposes, but are
commonly not used by regulatory bodies.
As mentioned before, genotoxicity assessment is usually a tiered approach in which
in vitro genotoxicity assays may be preceded by in vivo genotoxicity assays, to
evaluate whether genotoxicity observed in vitro is also displayed in vivo. A reason
underlying a discrepancy between in vitro and in vivo genotoxicity may be related to
the in vivo kinetics. PBK modelling-based reverse dosimetry can provide a way to
take such in vivo kinetic aspects into account, since it enables the definition of dose
response behavior for in vivo genotoxicity translating in vitro data to the in vivo
situation taking in vivo kinetics into account. This approach may be of interest for
genotoxic carcinogens for which in vivo data on genotoxicity or tumor formation are
not available. The approach has been applied before for primary DNA damage, by
translating in vitro results for the formation of reactive metabolites that can readily
form DNA adducts or for γH2AX induction (Al-Malahmeh et al., 2017; Alajlouni et
al., 2016; Chen et al., 2019). The available in vitro genotoxicity assays used by
regulatory bodies that use mammalian cell models and measure more permanent
damage correspond to the in vitro mammalian chromosomal aberration (CA) test,
the in vitro mammalian gene mutation test using the hypoxanthine-guanine
phosphoribosyl transferase (hprt) or xanthine phosphoribosyltransferase (xprt)
locus, and the in vitro mammalian cell micronucleus (MN) test (Gooderham et al.,
2020; OECD, 2016). However, these in vitro genotoxicity assays are usually
conducted in rodent or human cell lines that are metabolically deficient and require
an exogenous metabolic activation system such as for example liver S9 fractions to
be added to the incubations. Cell models often used are the AS52 cells (derived from
Chinese hamster ovarian cells), Chinese hamster lung cells (V79), human
lymphoblast cells (TK6), blood lymphocytes, or the mouse lymphoma cells
(L5178Y) (Guo et al., 2020; OECD, 2016). This implies that often the in vitro
models do not reflect the target organs of interest, and thus do not provide an
adequate starting point for QIVIVE. Also, interspecies differences in the metabolism
and/or detoxification processes are not considered in these assays (Guo et al., 2020).
Considering that AFB1 is a data-rich chemical (Pottenger et al., 2014; Pottenger et
al., 2017), it was of interest to see if the PBK modelling-based reverse dosimetry
could be used for predicting in vivo genotoxicity. AFB1 was shown to test positive
in many in vitro genotoxicity assays. However, a literature search revealed that these
assays mainly focused on hazard identification and were using in vitro cell models
not fully representative for the in vivo target tissue (IARC, 1993). When considering
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use of the in vitro data for PBK model based QIVIVE to predict the in vivo dose
response behavior, in vitro genotoxicity assays performed using primary hepatocytes
would provide the preferred starting point. A literature search for such data revealed
that despite the large number of genotoxicity studies reporting on AFB1 induced
genotoxicity, in vitro studies performed in primary hepatocytes of rat or human in a
concentration-response manner at non-toxic concentrations appeared to be limited
(Chapter 5). Also in vivo genotoxicity studies used for the genotoxicity hazard
assessment of AFB1, appeared to be mainly performed in cell models derived from
non-target tissues (such as for example erythrocytes from bone marrow).
Furthermore, the few in vitro studies performed in rat or human hepatocytes were
not defining a concentration response behavior, used cytotoxic concentrations, or
used low sensitivity genotoxicity assays (e.g., UDS) (Barfknecht et al., 1987;
Butterworth et al., 1989; McQueen et al., 1988; Muller et al., 1993; Probst et al.,
1981; Steinmetz et al., 1988).
Another factor emerging from the literature search on AFB1 genotoxicity was related
to the in vivo genotoxicity studies. In general, in vivo genotoxicity studies on AFB1
focusing on the liver were limited, with often only one dose level tested, which seems
sufficient for hazard identification but does not provide clear insight into the increase
in the severity of the effect with the dose, and/or the in vivo dose level at which this
adverse effect starts to occur at a detectable level. This is mainly because previous
genotoxicity studies have been used primarily as a mean of qualitative hazard
assessment. Also, recently emphasis on the characterization of a full dose-response
curve particularly at the lower end of the curve was indicated (Hartwig et al., 2020;
Pottenger and Gollapudi, 2010). Formation of DNA adducts of AFB1 in liver have
been shown to be linearly related to dose, suggesting non-threshold behavior (Buss
et al., 1990; Cupid et al., 2004). However, data regarding insufficient repair or misrepair of pro-mutagenic AFB1 adducts, which may or may not follow a linear doseresponse are not available (Moore et al., 2018).
In spite of the apparently limited data set, usage of the PBK modelling-based reverse
dosimetry to consider the prediction of target organ genotoxicity data is of interest.
In Chapter 5, a predicted dose-response curve for in vivo target organ AFB1
genotoxicity was obtained with PBK modelling-facilitated reverse dosimetry. From
the predicted dose-response curve a BMD50 value of 36 µg/kg bw/day for the
induction of micronuclei in rat liver was obtained. Table 3 presents a comparison
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between this BMD50 and the EDI values for AFB1 of different scenarios presented
in Chapter 2.
Table 3. Comparison between the BMD50 for the induction of micronuclei in rats of 36 µg/kg bw/day obtained in
Chapter 5 and the EDI values of different scenarios presented in Chapter 2.
ratio BMD50/EDI
Scenario

Mean

P95

LB

UB

LB

UB

Gilbert-Sandoval et al. (2019)

51429

21176

10909

4337

Castillo-Urueta et al. (2011)

10588

4235

7826

3077

Maize, cluster G05 (JECFA, 2018a)

32727

24000

16364

12414

Cluster G05 (JECFA, 2018a)

14400

7200

7200

3636

International (JECFA, 2018a)

180000

3000

120000

1558

Comparison of the ratios between the BMD50 and the EDI values thus obtained to
the margin of exposure of 10,000 defined for evaluation of carcinogenicity based on
a BMDL10 for carcinogenicity in an animal study divided by the EDI, is challenging
because genotoxicity is not equivalent to carcinogenicity and because a BMD50 does
not reflect a BMDL10. The BMD50 of 36 µg/kg bw/day for the induction of
micronuclei in rat liver is substantially (about 200-fold) higher than the animal
BMDL10 of 170 ng/kg bw/day for induction of liver tumors, probably due to the fact
that the genotoxicity endpoint is measured after a single and not after repeated dose
exposure, while AFB1 induced DNA damage and resulting chances on tumor
formation may accumulate over repeated dose exposure. Furthermore, use of a
BMD50 instead of a BMDL10 would also increase the MOE cut-off for the evaluation.
Given that in the absence of a BMDL10 the MOE for carcinogenicity can be
determined using a T25 (the dose level causing 25% tumor incidence) with a cut-off
value for the MOE of 25,000 (EFSA, 2005a, 2012), using a reference point for 50%
tumor incidence would increase the cut-off value 5-fold. Correcting for all these
factors in a linear way would thus point at a cut-off value for evaluation of the MOE
for genotoxicity of AFB1 that would be 1000 times higher than 10,000, amounting
to 10 million, indicating that also all MOE values presented in Table 3 would indicate
a concern.
PBK modelling-based reverse dosimetry will continue to play a significant role in
reducing animal testing and to enable a future reduction or even replacement in the
use of animals for the prediction of toxicity in humans (Paini et al., 2019). In this
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thesis, the development of a PBK model and the use of a reverse dosimetry approach
was useful to predict the potential in vivo target organ genotoxicity of AFB1 in rat.
Even though at the current state-of-the-art genotoxicity data do formally not provide
points of departure that can be used for risk assessment, translation of in vitro
genotoxicity data to the in vivo situation taking kinetics into account may prove
important in future risk assessment approaches. The combination of in vitro
genotoxicity studies with PBK modelling-based reverse dosimetry, may provide
insight in whether in vitro genotoxicity will be displayed in vivo, and can help to
provide models that reflect the human situation and can account for inter-individual
differences, as well as to predict in vivo genotoxicity at realistic low dose regimes
(Hartwig et al., 2020). For AFB1 the refinement of the PBK model, by including
biomarkers (AFB1 DNA adduct formation), would be of benefit, to either estimate
total exposure to AFB1 or to study the repair and accumulation upon repeated
exposure.
6.2 Further considerations.
Some other considerations came to notice while achieving the aims of this thesis and
are worth mentioning. As we are living a fast climate change, it is of relevance to
consider this in future risk assessment and management actions since mycotoxins are
natural contaminants of which the level is influenced by temperature and humidity,
among other factors. Furthermore, the presence of left-censored data, such as with
AFB1 influences the way the EDI is obtained, so a further improvement of detection
limits and/or an approach on biomarkers should be considered in future exposure
assessments. Since we are exposed to mycotoxins through diet, the influence of
dietary constituents on their toxicity may be an interesting mitigation strategy
relevant to the health situation in Mexico. Finally, the focus of this thesis mostly
relied on AFB1, including its relationship with HCC, however, AFB1 as a risk
factor for people with other liver diseases, and vice versa, requires awareness.
The next section discusses these additional considerations to a somewhat further
extent.
Climate change.
Fungi are ubiquitous in food. Their spores provide the fungal colony a means of
dispersal or survival in a rapidly changing environment (Chitarra and Dijksterhuis,
2007; Ugalde and Corrochano, 2007). As part of their adaptation, fungi have
developed the ability to produce a wide range of secondary metabolites or better
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Moreover, fungi are dynamic, they have different survival strategies and can
overcome different challenges to survive and prosper (Magan and Aldred, 2007).
This might suggest that fungi may be better equipped for climate change than we
are, although, climate change may not impact all mycotoxin producing fungi to a
similar extent. For instance, an increase in the temperatures may extend the range of
latitudes at which a particular fungus can compete, as reflected by the predictions for
AFB1 in maize in Europe due to conditions favoring A. flavus if temperatures rise
by 2°C (Battilani et al., 2016), or the replacement of Fusarium species producing
nivalenol (NIV) in Europe for species that produce DON (Tirado et al., 2010).
Though this is not the subject of this thesis, the question about why mycotoxins are
produced continues to be relevant, especially when considering the high toxicity of
some mycotoxins (i.e., AFB1), and current and future conditions related to climate
change and food safety. AFB1 is the mycotoxin most likely to increase and hence to
cause more damage in future climate scenarios conditions (Wu and Mitchell, 2016).
Therefore, research on why mycotoxins are produced will likely give clues about
their presence, will contribute to improve sampling and mitigation strategies, and
help to identify known and new compounds. By knowing why mycotoxins are
produced we could surely better control or avoid them.
Exposure assessment.
Within the risk assessment of mycotoxins, the exposure assessment takes into
account the occurrence and concentration of the mycotoxin and the consumption
patterns of the food containing the mycotoxin (De Nijs et al., 2016; IPCS, 2009).
Occurrence analysis to determine contamination data of aflatoxins with low levels
of detection in food in Mexico is increasing (Wall-Martínez et al., 2019; ZukiOrozco et al., 2018), yet a challenge remains with the consumption data. The
consumption data reported for the Mexican population mainly come from national
dietary surveys to assess the nutritional status of the population. These surveys
measure consumption in a semiquantitative way in the form of consumption
frequencies (e.g., percentage of the population consuming a certain group of foods).
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called metabolic products, including mycotoxins, which functions are yet not
completely known (Magan and Aldred, 2007). Mycotoxin production is
energetically expensive for the fungi, and there are indications that their production
is either a direct response to environmental stress factors or aimed at acquiring
competitive advantage (Magan and Aldred, 2007; Pfliegler et al., 2020). Therefore,
their complete elimination from food is unlikely.
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Although this approach brings important information it does not give information
about the amount of food consumed and hence limits its use to quantitatively
estimate consumption (Gutiérrez et al., 2012; Shamah-Levy et al., 2020). A similar
situation also happened in Europe, and following recommendations issued by EFSA
in 2005, the ‘Comprehensive Food Consumption Database’ was created (EFSA,
2005b; Marin et al., 2013). As these national dietary surveys in Mexico are
performed periodically, awareness of their possible use for exposure assessment, and
related adaptations required to improve this use, would be beneficial for the
development of food safety and risk assessment in Mexico.
Another alternative to estimate exposure assessment, which could be used more
often in future exposure assessments in Mexico is the usage of biomarkers of
exposure. These often include the detection of the parent compound and/or its
metabolites in accessible body fluids (De Nijs et al., 2016). It may also include
protein or even DNA adducts in relevant samples. From these data, internal
concentrations and external intakes can be estimated. In this regard the usage of
kinetics, and of the PBK modelling-based reverse dosimetry could help to convert
biomarker levels to estimated corresponding dose levels. For the mycotoxins studied
in this thesis, AFB1, FB1 and DON, biomarkers exist and can be measured in blood,
urine or faeces. For AFB1, AFB1-Lys is usually measured in blood for a chronic
exposure estimate, while for a recent exposure the 8,9-dihro-8-(N7-guanyl)-9hydroxyaflatoxin B1 (AFB1-N7-Gua) can be measured in urine (Egner et al., 2006).
Other metabolites that can be measured in faeces and urine are AFQ1 and AFM1
(Mykkänen et al., 2005). For fumonisins, since there is no evidence for metabolism
of fumonisins in humans, the parent compounds represent the exposure, and the most
common biomarker measured is urinary FB1 indicating recent exposure (JECFA,
2018c). DON is rapidly excreted in urine, and the suggested biomarkers to measure
are urinary DON together with its glucuronide DON-15-glucuronide (Mengelers et
al., 2019). Human biomonitoring is a relevant approach to quantify physiological
relevant concentrations, which, when linked with mycotoxin monitoring studies in
relevant foods may provide useful information about the food sources of mycotoxins
and the individual kinetics (De Nijs et al., 2016). However, it is costly due to the
involvement of volunteers, complicated study design and sample collection, and the
analysis of the samples (De Nijs et al., 2016).
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Influence of dietary constituents on the toxicity of mycotoxins.

Mitigation of AFB1 considering dietary components can be via two methods: 1)
influencing the bioavailability of AFB1 in the gastrointestinal tract or 2) influencing
the toxicity of the mycotoxin. An example of the first method is the co-exposure to
AFB1 and chlorophyll and chlorophyllin, which have been observed to reduce AFB1
uptake in vivo (Egner et al., 2001; Jubert et al., 2009; Kensler et al., 2010), these
compounds are present in green vegetables. In the second method, the toxicity may
be influenced by inhibiting the enzymes involved in bioactivation of AFB1 (e.g.,
CYP3A4), by compounds such as naringenin present in in grapefruits (Miyata et al.,
2004) or enhancing conjugation enzymes (GST) involved in detoxification, by
compounds like crocetin (saffron) or 1,2-dithiole-3-thione and sulforaphane (found
in brassicas) (Groopman et al., 1992; Kensler et al., 1992; Techapiesancharoenkij et
al., 2015; Wang et al., 1991; Zhang et al., 1992).
Further studies directed at such effects of dietary co-exposure may provide a novel
strategy to risk reduction. Within this context, the PBK modelling-based reverse
dosimetry approach could also be used to evaluate chemoprotective substances and
determine their dosimetry and effects. Recently, Suparmi et al. (2020) evaluated the
PPARγ-mediated gene expression in humans in vivo by using a PBK model-based
reverse dosimetry approach, showing that two carotenoids (bixin and crocetin) can
induce PPARγ activity. As previously mentioned, crocetin in saffron has been
reported to be chemoprotective by elevating the GST activity, which are important
isoenzymes in the detoxification pathway of AFB1 (Wang et al., 1991). Studying the
influence of this compound and others (e.g., sulforaphane) in accelerating
detoxification pathways, as well as other mechanisms from other dietary compounds
would help to establish doses that result in measurable effects, which can be
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The risk assessments of this thesis indicate a current health concern for AFB1 and
fumonisins, and for DON in the high consumer population from the consumption of
nixtamalized maize in Mexico City. This is despite the possible integrated strategies
that prevent and reduce contamination levels in maize at different stages (i.e., Good
Agricultural Practices, Good Manufacturing Practices, and nixtamalization). Starting
from low levels of contamination/exposure, a good diversified diet can be of special
interest as a strategy to mitigate mycotoxin risks. This may be of particular interest
to reduce AFB1 exposure, as fumonisins and DON production is regarded to occur
mainly pre-harvest, thus good practices or usage of resistant maize hybrids may help
to diminish these mycotoxin levels (IARC, 2015).
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compared with dietary exposure levels. This seems essentially relevant given that at
the current state-of-the-art the regulatory limits seem not to be low enough to fully
eliminate the concerns. Accordingly, it is tempting to suggest that having a
diversified diet with a considerable amount of vegetables, followed by fruits, and
quality carbohydrates, proteins, and fats, will not only be advantageous for wellbeing
but may also help to diminish the risks from mycotoxin exposure.
AFB1 as a risk factor in liver disease.
As previously mentioned in this thesis, AFB1 exposure is an established significant
risk factor for the development of HCC, especially in individuals with HBV, and
there is more evidence indicating a same risk factor for individuals with HCV
(EFSA, 2020). Though in Mexico, liver cancer is not among the most frequent types
of cancer (IARC, 2021), liver diseases in Mexico, primarily liver cirrhosis derived
from alcohol consumption, has been the fourth cause of death in the general
population (INEGI, 2017; Mokdad et al., 2014). In rural communities with high
indigenous communities liver diseases may even represent the first cause of death in
men (Freyermuth, 2016). Liver cirrhosis is a sequela of either HBV, HCV or alcohol
consumption, and other aetiologies, such as non-alcoholic fatty liver (NAFL) (Brunt
et al., 2015; Kirk et al., 2006). Although, HCC has been shown to occur in the
absence of cirrhosis, cirrhosis is the most potent risk factor for the development of
HCC (Brunt et al., 2015; Tarao et al., 2019). Since recent evidence indicates that
low levels of chronic exposure to AFB1 are associated with cirrhosis and indicators
of liver dysfunction (EFSA, 2020; Mekuria et al., 2020), the consideration of the
potential role of AFB1 in liver cirrhosis besides of HCC should be taken into account
in Mexico by risk managers.
Lastly, more people in Mexico are being diagnosed with NAFL, which is associated
with metabolic disorders, such as type 2 diabetes mellitus (T2DM), the main health
problem in Mexico (López-Velázquez et al., 2014; Méndez-Sánchez et al., 2018).
Due to the risk of cirrhosis, it would be of interest to know if the exposure to AFB1
places an extra risk. However, to date no data exist regarding specific risk-estimates
from AFB1 exposure in individuals with underlying NAFL (Plaz Torres et al., 2020).
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This thesis assessed the risks of the major mycotoxins of concern in nixtamalized
maize, AFB1, FB1, FB2, and DON, by assessing their levels in nixtamalized maize
from Mexico City, and provided an accompanying risk assessment. The conclusion
from the risk assessment of the genotoxic carcinogen AFB1, indicates a serious
health concern for the Mexican population. While the outcome of the risk assessment
of FB1, FB2, DON raises a health concern from the high exposure to FB1 and FB2
and from the possible co-exposure to AFB1. A health concern from DON exposure
is raised for the high consumers of nixtamalized maize. Overall, these results indicate
priorities for risk managers in Mexico, and reveal that nixtamalization may not be
fully effective in reducing mycotoxin levels to a level of low concern. Moreover, this
thesis included a new approach to estimate the acute liver toxicity of AFB1 in rats
and humans by developing PBK models for AFB1, and translating in vitro data using
so-called PBK modelling-based reverse dosimetry to in vivo dose response curves
without the need for in vivo studies in experimental animals or humans. This
approach could adequately predict in vivo acute liver toxicity of AFB1 in rat and
human, that when compared to the exposure estimates of AFB1 obtained in this
thesis, do not raise a concern for acute aflatoxicosis resulting from consumption of
nixtamalized maize. Although based on limited data, the usage of this approach to
predict in vivo genotoxicity of AFB1 was also evaluated showing at what dose levels
in vivo micronuclei formation in liver tissue can be expected. This thesis indicates
that the PBK modelling-based reverse dosimetry approach allows the prediction of
data in human, which may be used for risk assessment, and indicates a concern on
the chronic intakes of AFB1, FB1, FB2 and DON via nixtamalized maize for the
people in Mexico City.
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Summary
Mycotoxins are natural contaminants that are unavoidable in food. Their incidence
and our exposure to them are different worldwide, thus the risk is not the same for
everyone. In Mexico, the large consumption of maize, a crop that is susceptible to
mycotoxin contamination, may place the population more at risk, yet limited risk
assessments of mycotoxins in Mexico are available (Chapter 1). The present thesis
aimed to contribute to the risk assessment of the most important toxins produced by
fungi present in nixtamalized maize products consumed in Mexico City. To this end,
a characterization of aflatoxin B1 (AFB1), fumonisin B1 (FB1), fumonisin B2
(FB2), and deoxynivalenol (DON) in nixtamalized maize products collected from
Mexico City was performed with an accompanying risk assessment. To further
advance the use of mode-of-action based non-animal testing strategies in risk
assessment of these mycotoxins, the thesis also aimed to develop a physiologically
based kinetic (PBK) model of the main mycotoxin studied, AFB1. This enabled the
development of a PBK model-based reverse dosimetry approach to predict AFB1's
acute toxicity and genotoxicity in the liver using an in vitro–in silico testing strategy.
Given that AFB1 is the most potent mycotoxin known to date, and thus the most
regulated, the risk associated to the intake of AFB1 from nixtamalized maize
products was evaluated after analysing the occurrence of AFB1 in nixtamalized
maize samples from Mexico City (Chapter 2). Four out of 88 samples contained
AFB1 at levels above the limit of detection (1 ng/g), indicating that at this detection
limit AFB1 occurrence in nixtamalized maize has low frequency, which is similar to
what was reported in other studies. Therefore, the results obtained in this study were
combined with additional occurrence values from literature and subsequently
combined with available literature data on mean and P95 consumption of maize
based products. For a 70 kg body weight (bw) person, lower bound and upper bound
exposure assessments resulted in estimated daily intakes (EDI) of 0.7–8.5 ng/kg
bw/day, based on a mean maize consumption. Based on the P95 maize consumption
these EDI values amounted to 3.3–11.7 ng/kg bw/day. The corresponding Margin of
Exposure (MOE) values amounted to 257-20 for the mean and 50-15 for the P95
consumers. The estimated increased cancer risks were 9-320 and 43-439 cases/106
individuals/lifetime of 75 years for the mean and P95 consumers, respectively.
Altogether, this assessment revealed the need for continued risk management of
AFB1 in Mexico City.
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Given that mycotoxins can occur simultaneously in food, the levels of the
mycotoxins most frequently encountered in maize, fumonisins (FB1+FB2) and
deoxynivalenol (DON), were also determined and an accompanying risk assessment
was performed. Chapter 3 presents the occurrence of FB1+FB2 and DON in the
nixtamalized maize samples collected in Mexico City. It further analyses their
distribution and the resulting EDI for Mexican consumers by a probabilistic
approach using a two-dimensional Monte-Carlo simulation. The results obtained
reveal that for FB1+FB2, 47% of the Mexican men and 30% of the Mexican women
might exceed the provisional tolerable daily intake (PMTDI) of 2 µg/kg bw/day for
fumonisins and for DON, 9% of men and 5% of women would be exceeding the
PMTDI of 1 µg/kg bw/day, corresponding to the high consumers. The results of this
study raise a flag for risk managers in Mexico, to consider regulations and
interventions that lower also these mycotoxin levels in nixtamalized maize for
human consumption.
To further contribute to the use of mode-of-action based non-animal testing
strategies in risk assessment, the thesis also aimed to develop a generic
physiologically based kinetic (PBK) model of AFB1 to predict its in vivo toxicity by
using a reverse dosimetry approach. AFB1 is known to cause acute liver damage and
fatality in animals and humans. However, the intakes actually causing this acute
toxicity have so far been estimated based on AFB1 levels in contaminated foods or
biomarkers in serum. Since PBK modelling-based reverse dosimetry enables
quantitative in vitro in vivo extrapolation (QIVIVE), in Chapter 4 a prediction of
the doses causing acute liver toxicity of AFB1 in rats and humans by an in vitro–in
silico testing strategy is presented. To this end PBK models for AFB1 in rats and
humans were developed and evaluated. The models were further used to translate in
vitro concentration–response curves for cytotoxicity in primary rat and human
hepatocytes to in vivo dose–response curves using reverse dosimetry. From these
data, the dose levels at which toxicity would be expected were obtained and
compared to toxic dose levels from available rat studies and human case studies on
AFB1 toxicity. The results showed that the in vitro–in silico testing strategy could
predict dose levels observed to cause acute toxicity of AFB1 in rats and human in
vivo. From this study, it was concluded that QIVIVE using PBK modelling-based
reverse dosimetry can adequately predict AFB1 doses that cause acute liver toxicity
in rats and human.
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Due to the importance of genotoxicity in the mode of action of AFB1, it was of
interest to use the previous strategy for predicting the target organ in vivo
genotoxicity of AFB1. Since AFB1 is a data-rich chemical, in Chapter 5, reported
concentration-response curves for in vitro genotoxicity in hepatocytes were searched
from literature. Suitable in vitro data, consisting of in vitro micronucleus (MN) data
obtained in hepatocytes in vitro, were translated to an in vivo dose-response curve.
For rats, comparison of the predicted in vivo dose response curve for MN induction
thus obtained were compared to available in vivo data for MN induction in the liver
of rats, revealing adequate dose predictions. The usage of the PBK modellingfacilitated reverse dosimetry approach to perform QIVIVE for AFB1 target organ
genotoxicity allows a promising alternative to obtain insight in the potential
genotoxicity in rats taking in vivo kinetics into account.
It is important to note that although the focus of this study is on one commodity
(maize) rather than a sum of food sources, the importance of maize and its
nixtamalized products in Mexico makes it a good starting point for future risk
assessments in Mexico (Chapter 6). Among the insights obtained from this risk
assessment is that the exposure to AFB1, FB1+FB2 and DON is mainly driven by
consumption rather than occurrence levels and that nixtamalization of maize may
not be fully effective in reducing mycotoxins levels to a level of low concern.
Moreover, this thesis included a new approach to estimate the acute liver toxicity of
AFB1 in rats and humans by developing PBK models for AFB1, and translating in
vitro data using so-called PBK modelling-based reverse dosimetry to in vivo dose
response curves without the need for in vivo studies in experimental animals or
humans. It was noticed that there is no concern for potential acute liver toxicity from
the exposure to AFB1 by Mexicans, but that the chronic exposure does raise a
concern. Also, it was observed that genotoxicity data available for AFB1 in vitro and
in vivo in liver cells or liver tissue appear to be limited, and that improvement of
liver cell models for studying chronic exposure in in vitro studies will also improve
the PBK modelling-based reverse dosimetry approach.
Altogether, it is concluded that the results obtained in the present thesis support the
conclusion that there is a need for risk management actions to reduce the potential
health-risks of the mycotoxins AFB1, FB1+FB2 and DON in nixtamalized maize
consumed by the Mexican population. The QIVIVE results obtained showed that
PBK modelling-based reverse dosimetry is a promising tool to predict and study the
toxicity of AFB1, but potentially also of other food borne mycotoxins.
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