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A pilot, cross-sectional, correlational study was conducted in eight rural communities in northern Nigeria to
investigate mycotoxin exposures in 120 volunteers (19 children, 20 adolescents and 81 adults) using a modern
LC–MS/MS basedmulti-biomarker approach. First morning urine samples were analyzed and urinary biomarker
levels correlated with mycotoxin levels in foods consumed the day before urine collection. A total of eight
analytes were detected in 61/120 (50.8%) of studied urine samples, with ochratoxin A, aflatoxin M1 and
fumonisin B1 being the most frequently occurring biomarkers of exposure. These mycotoxin biomarkers were
present in samples from all age categories, suggestive of chronic (lifetime) exposures. Rough estimates of
mycotoxin intake suggested some exposures were higher than the tolerable daily intake. Overall, rural consumer
populations fromNasarawaweremore exposed to several mixtures of mycotoxins in their diets relative to those
fromKaduna as shown by food and urine biomarker data. This study has shown thatmycotoxin co-exposuremay
be a major public health challenge in rural Nigeria; this calls for urgent intervention.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Mycotoxins, toxic secondary metabolites produced by various fungi
on diverse agricultural commodities, induce a range of harmful effects
(cancers, immune suppression and target organ toxicities) in many
animal species (Bondy and Pestka, 2000; CAST, 2003; IARC, 1993,
2002). Aflatoxin B1 (AFB1) is classified as a group 1 human carcinogen
IARC (2002) and represents the second leading cause of hepatocellular
carcinoma globally. Aflatoxins induce adverse immune system and
growth effects in animals (Bondy and Pestka, 2000), and are suggested
to have similar effects in chronically exposed populations (Gong et al.,
2002, 2003, 2004; Jiang et al., 2005, 2008; Jolly et al., 2011; Obuseh
et al., 2011; Shuaib et al., 2010a,b; Turner et al., 2003, 2007). In
ecological studies, fumonisin B1 (FB1) contamination levels in maize

has been associated with the incidence of esophageal and liver cancer
(Chu and Li, 1994; Sun et al., 2007, 2011; Yoshizawa et al., 1994) and
is classified as a group 2B carcinogen (IARC, 2002). Fumonisin exposure
has additionally been associated with the incidence of neural tube
defects (Missmer et al., 2006). In animals, deoxynivalenol (DON) has
been linked with gastroenteritis, anorexia, reduced weight gain and
immune toxicity as well as interference with DNA and RNA synthesis
and neurological processes (Pestka, 2010a,b). Ochratoxin A (OTA) and
zearalenone (ZEN) are nephrotoxic and estrogenic, respectively (CAST,
2003; Gilbert et al., 2001; O'Brien and Dietrich, 2005). Human exposure
to these natural toxins is predominantly through consumption of
contaminated foods, though occupational exposures can include
inhalation (Kuiper-Goodman, 1999; Oluwafemi et al., 2012). In sub-
Saharan African countries like Nigeria, consumption of poor quality
grains and other mycotoxin-prone foods as staples predominate and
are the major sources of exposure; in part due to a lack of awareness
of the problem, but significantly exacerbated by low income status
which restricts dietary choice and variety (Bankole and Adebanjo,
2003; Bankole et al., 2006b).
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Several reports are available on the occurrence of mycotoxins in
various foodstuffs in Nigeria, including those consumed by individuals
with a low income. For example, aflatoxins have been reported in over
70% of storedmaize andmaize-based snacks, groundnut and groundnut
products, rice, millets, sorghum and dried melon seeds (Atehnkeng
et al., 2008; Bankole et al., 2006a, 2010; Ezekiel et al., 2012a, 2013;
Kayode et al., 2013; Makun et al., 2009, 2010, 2011) while FBs, OTA,
DON, ZEN amongst various other mycotoxins have also been found to
contaminate agricultural products in Nigeria (Adejumo et al., 2007;
Afolabi et al., 2006; Ezekiel et al., 2012b,c; Makun et al., 2013). About
50% of groundnut cake (kulikuli) and stored maize in Nigeria had co-
occurrence ofmore than one of these 10mycotoxins—AFB1, alternariol,
beauvericin, emodin, FBs, DON, moniliformin, nivalenol (NIV), OTA and
ZEN (Adetunji et al., submitted manuscript; Ezekiel et al., 2012b).
Despite the available data on mycotoxin occurrence in diverse foods in
Nigeria, the risks posed to consumers are not clearly defined as expo-
sure and risk assessment are complex, and the toxicology of complex
mixtures of mycotoxins remains a major limitation. Few reports are
available in Nigeria on the levels of dietary and occupational exposures
to aflatoxins (Adejumo et al., 2013; Ibeh et al., 1991; Oluwafemi et al.,
2012);whilst individual exposure estimates are lacking for othermyco-
toxins. Bio-monitoring of mycotoxins in biological fluids such as blood
or urine will be useful to generate more reliable information on expo-
sure incidence at the individual level compared to dietary assessments
(Turner et al., 2011, 2012a; Warth et al., 2013b). Hence, the present
study aimed at assessing mycotoxin exposure in rural dwellers in
Nigeria using a recently developed multi-biomarker method which is
capable of quantifying up to 15 analytes that represent measures of
eight mycotoxins and selected mycotoxin metabolites (Warth et al.,
2012a).

2. Methods

2.1. Study population

This study recruited rural residents of Nasarawa and Kaduna States
situated in the northern part of Nigeria. The communities covered
were: Agwatashi, Akwanga, Gako and Garaku in Nasarawa State; and
Barde, Kurmin Bomo, Maitozo and Mararaban Rido in Kaduna State.
The majority of the population in the rural communities depend on
agriculture (e.g. large scale cultivation of staples including groundnuts,
maize, millet and sorghum) for their income. The choice of States was
based on data obtained from a previous survey carried out between
July and August 2011 to determine the distribution and levels of
mycotoxins in stored maize in Nigeria (Adetunji et al., submitted
manuscript). Data obtained suggested populations in Nasarawa State
were more exposed to dietary mycotoxins relative to those in Kaduna
State, thus warranting further studies with more reliable conclusions
based on individual exposure.

2.2. Study design and sampling

A cross-sectional survey which involved purposive selection of five
families each from targeted sub-communities within Kaduna and
Nasarawa was conducted in September and October 2012. From each
of the five families, three participants only which included two adults
(one male and one female; age: ≥20 years old) and one younger
individual were recruited thereby constituting 120 participants.
The younger individuals were categorized as either children
(aged≤8 years) or as adolescents (aged≤19 years). Eight breastfeeding
mothers and one partially breastfed male child were among the partici-
pants recruited in Nasarawa State. Individuals with previous medical
record of kidney, liver or other metabolic problems were excluded from
the study. A well-structured questionnaire was designed and adminis-
tered by trained interviewers to each participant prior to sample
collection in order to obtain basic information relating to demography

(age, sex and education), food consumption pattern (frequency ofweekly
consumption of mycotoxin-prone staples such as groundnut, maize, rice
and sorghum, and weight of meal consumed on previous day), socio-
economic and general health status. Analyzed questionnaire data are
reported in detail elsewhere (Ezekiel et al., manuscript in preparation);
however, it was observed that maize, groundnut, sorghum and rice
constituted about 39, 29, 12 and 9% of the overall diets consumed by
participants.

2.3. Ethical considerations

The Ethics Committee of the Ministry of Health situated in the
studied states in Nigeria approved the study. Informed written consent
was obtained from all participants prior to inclusion in the study,
and analytical measurements were conducted as blind analysis to
participant's information. Parents gave informed consent on behalf of
their children and adolescents.

2.4. Samples

About 40-ml of first morning urine sample was collected from each
of the 120 recruited participants prior to consumption of food or
water. A 25 g random portion of the meal consumed by the individuals
in each family on the day prior to urine donation was also obtained. All
urine and food samples were immediately frozen at −20 °C in Nigeria
and sent on dry ice to Austria for analysis.

2.5. Reagents and chemicals

Methanol (LC gradient grade) and glacial acetic acid (p.a.) were
purchased from Merck (Darmstadt, Germany), acetonitrile (ACN; LC
gradient grade) from VWR (Leuven, Belgium), and ammonium acetate
(MS grade) from Sigma-Aldrich (Vienna, Austria). The mycotoxin conju-
gates deoxynivalenol-3-O-glucuronide (DON-3-GlcA) and zearalenone-
14-O-glucuronide (ZEN-14-GlcA) were synthesized by optimized proce-
dures as described in detail by Fruhmann et al. (2012) and Mikula et al.
(2012). Other mycotoxin reference standards were purchased from
Romer Labs Diagnostic GmbH (Tulln, Austria) [DON, deepoxy-DON
(DOM-1), NIV, T-2 toxin, HT-2 toxin, OTA, AFM1, FB1 and FB2] or Sigma
(ZEN, α- and β-zearalenol). Water was purified by an Elga Purelab ultra
analytic system from Veolia Water (Bucks, UK). Solid standards were
dissolved and combined to a multi-standard working solution for
preparation of calibrants and spiking experiments as described in Warth
et al. (2012a). Deoxynivalenol-15-O-glucuronide (DON-15-GlcA) was
obtained fromUHPLC separation and subsequent fractionation of a highly
contaminated human urine sample which contained both, DON-3-GlcA
and DON-15-GlcA. Details of this separation are published elsewhere
(Warth et al., 2012b).

2.6. Equipment

Samples were analyzed using an ABSciex QTrap® 5500 LC–MS/MS
system (Foster City, CA, USA) equipped with a Turbo V electrospray
ionization (ESI) source interfaced with an Agilent 1290 series UHPLC
system (Waldbronn, Germany). For data evaluation the vendors Analyst
software (version 1.5.1) was used.

2.7. Mycotoxin exposure assessment

The concentration of 15 urinary analytes, either the parent
mycotoxins or their metabolite(s), were measured simultaneously
using a rapid “dilute and shoot” liquid chromatography tandem mass
spectrometry-based method as described by Warth et al. (2012a).
Several of the analytes are described in the literature as “validated”
exposure biomarkers (AFM1, OTA, FB1 and total DON i.e. free DON +
DON glucuronides), whilst other analytes at this time represent biological

139C.N. Ezekiel et al. / Environment International 66 (2014) 138–145



Author's personal copy

measures waiting for validation in part by demonstration of dose–
response relationships, these mycotoxins include FB2, DOM-1, ZEN,
ZEN-14-GlcA, α-zearalenol, β-zearalenol, T-2 toxin, HT-2 toxin and
NIV.

Samples above the limit of detection (LOD) were regarded as
“positive” for detection. The resulting limits of quantification (LOQs)
defined as the lowest reference standard which was reproduced with
a RSD below 20% (given in μg analyte/L urine and taking the sample
dilution into account) as well as the analytical range are presented in
the form (LOQ, LOD — maximum) for each specific analyte as follows:
AFM1 (0.15 μg/L, 0.05–5.0 μg/L), FB1 (2.0 μg/L, 2.0–200 μg/L), FB2
(0.7 μg/L, 2.0–200 μg/L), OTA (0.15 μg/L, 0.05–5.0 μg/L), DON (4.0 μg/L,
4.0–400 μg/L), DON-3-GlcA (6.0 μg/L, 4.0–400 μg/L), DOM-1 (30 μg/L,
12–400 μg/L), NIV (4.0 μg/L, 4.0–400 μg/L), T-2 toxin (1.0 μg/L, 1.0–
100 μg/L), HT-2 toxin (40 μg/L, 12–400 μg/L), ZEN (0.6 μg/L, 0.4–
40 μg/L), ZEN-14-GlcA (1.0 μg/L, 1.0–100 μg/L), α-zearalenol (1.0 μg/L,
1.0–100 μg/L), and β-zearalenol (1.0 μg/L, 1.0–100 μg/L). It is important
to note that this method was optimized to monitor high and moderate
exposures toward major mycotoxins rather than to detect low
background traces.

The food analysis utilized a 5 g subsample of food and was
performed by means of a multi-mycotoxin LC–MS/MS method devel-
oped by Sulyok et al. (2006, 2007) which covers currently more than
300 different mycotoxins and other microbial metabolites. However,
only six major mycotoxins occurring in Nigerian food are reported in
this paper, as they relate to urinary measures described here. The
complete data set from the food analysis will be described elsewhere,
Ezekiel et al. (manuscript in preparation).

2.8. Statistical analysis

The SPSS 15.0 forWindows (SPSS, Inc., Chicago, IL, USA)was used for
data analyses. Means were separated by the Duncan's Multiple Range
test (DMRT) and tested for significance by analysis of variance
(ANOVA) at α = 0.05. For the contamination levels of six mycotoxins
in food relevant to the urinary assay, mycotoxin concentration data
were transformed using the equation y=Log10 (1+ μg/kg ofmycotox-
in) to create a normal distribution. Correlation analysis was performed
to determine the relationship between concentrations of mycotoxin
biomarkers in urine and levels of mycotoxins in food consumed on the
day prior to urine sample collection.

3. Results

3.1. Overview of demographic data of participants

The participants consisted of 19 children (9 male, 10 female; mean
age: 5 years; range 1–8 years), 20 adolescents (12 male, 8 female;
mean age: 13 years; range 9–19 years), and 81 adults (38 male, 42
female; mean age 38 years; range 20–80 years). The mean ages of
children, adolescents and adults were not statistically (p N 0.05) differ-
ent by region, 4.4, 13.1 and 36.1 years for Nasarawa, and 5.4, 11.8 and
39.5 years for Kaduna, respectively. The average weight (±SD) of
meal consumed on previous day by each age group are given: children
(277 ± 203 g), adolescents (454 ± 339 g) and adults (672 ± 235 g).

3.2. Occurrence ofmycotoxin biomarkers of exposure andmainmetabolites
in human urine

The urine samples from the participants were analyzed for a total of
15 urinary analytes of either the parent mycotoxin or mycotoxin
metabolite(s). Of the eight analytes detected, those described in the
literature as “validated” exposure biomarkers (AFM1, OTA, FB1 and
total DON) were observed in addition to FB2, ZEN and ZEN-14-GlcA
(Table 1). One or more of the analytes was detected in 61/120 (50.8%)
urine samples, and were detected significantly (p = 0.03) more

frequently in Nasarawa [39/60 (65%)] compared to Kaduna [22/60
(37%)]. However, there were no statistically significant differences in
the frequency of “at least one analyte” being detected by age group;
children 9/19 (47.3%), adolescents 11/20 (55.0%), and adults 41/81
(50.6%) (Table 2). About 75% (46/61) of the urines positive for myco-
toxins showed the presence of single mycotoxin species while 25%
(15/61) of the urines were found to contain biomarkers for more than
one mycotoxin family. Of these 15, two different mycotoxin species
were observed in eight urines, three species in five urines and four spe-
cies in two urines (Table 2). A further seven samples hadmore than one
mycotoxin or metabolite from the same family e.g., DON and DON-15-
GlcA. By region, for those individuals with at least one detectable
analyte multiple species were observed slightly more frequently in
Nasarawa 10/39 (32.3%) compared to Kaduna 5/22 (22.7%). There
were no differences in the frequency of N1 analyte by age, though N2
analytes was more common in adults compared to children, however
the low numbers restrict the statistical strength of this observation,
see Table 2. Urine from seven out of the eight breastfeeding mothers,
all from Nasarawa, contained at least one mycotoxin species, Fig. 1 is a
representative chromatogram from one of these in which FB1 (3.6 μg/L)
and AFM1 (1.5 μg/L) was detected. Mycotoxins were more frequently
observed in urine fromNasarawa compared (p b 0.05) to Kaduna, Table 2.

Overall, OTA, AFM1 and FB1 were the most frequently detected
mycotoxins, see Table 1. OTA was the most prevalent [34/120 (28.3%):
mean of positives (SD; max) was 0.2 μg/L (0.1; 0.6)], followed by
AFM1 [17/120 (14.2%): mean = 0.3 μg/L (0.4; 1.5)] and FB1 [16/120
(13.3%): mean = 4.6 μg/L (2.8; 12.8)]. DON, ZEN and their metabolites
DON-15-GlcA and ZEN-14-GlcA, respectively, and FB2 were detected
less frequently. DON, FB2 and ZEN were only observed in individuals
who also had detectable DON-15-GlcA, FB1 or ZEN-14-GlcA, respective-
ly. Only four analytes (AFM1, DON-15-GlcA, FB1 and OTA) were
detectable in the samples from children, FB2 and ZEN-14-GlcA were
additionally detected in urine from adolescents and all eight analytes
were detected in adults (Table 3).

3.3. Mycotoxin levels in food consumed by participants

For six of the eight mycotoxins species found in the urine of
participants at least one was also found in 74% (29/39) of the food
samples consumed by these individuals on the day before urine
sample collection. The frequencies of detection, range and mean
concentrations of the food mycotoxins were: AFB1 (n = 15/39,
38.5%; mean = 2.5 μg/kg; range = nd–8.3 μg/kg), FB1 (n = 29/39,
74.4%; mean = 209 μg/kg; range = nd–1590 μg/kg), FB2 (n = 27/39,

Table 1
Occurrence and concentrations of urinary mycotoxin biomarkers andmainmetabolites in
human urine from northern Nigeria.

Mycotoxins Number (%) of
positive samplesa

Concentration (μg/L)

Max Meanb SD

Aflatoxin M1 17 (14.2) 1.5 0.3 0.4
Deoxynivalenol (DON) 1 (0.8) 2.0c 2.0 –

DON-15-O-glucuronide 6 (5.0) 8.0 3.5 2.6
Total DON (DON-15-GlcA + DON) 6 (5.0) 10.0 3.9 3.3
Fumonisin B1 16 (13.3) 12.8 4.6 2.8
Fumonisin B2 2 (1.7) 1.0c 1.0 0.0
Ochratoxin A 34 (28.3) 0.6 0.2 0.1
Zearalenone (ZEN) 1 (0.8) 0.3c 0.3 -
ZEN-14-O-glucuronide 8 (6.7) 44.5 9.5 14.4
Total ZEN (ZEN-14-GlcA + ZEN) 8 (6.7) 44.5 9.5 14.4
All participants (n = 120) 61 (50.8) – – –

a Urine sampleswith analyte concentrations above the LOQ and those less than the LOQ
but higher than the LOD.

b The mean values reported herein were calculated for positive samples by considering
half LOQ (LOQ / 2) for less than LOQ values.

c Maximum values are half LOQ (LOQ / 2).
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69.2%; mean=78.0 μg/kg; range= nd–610 μg/kg), DON (n= 5/39,
12.8%;mean=3.6 μg/kg; range= nd–8.0 μg/kg), ZEN (n= 5/39, 12.8%;
mean = 46 μg/kg; range = nd–222 μg/kg) and OTA (n = 1/39, 2.6%;
mean = 1.5 μg/kg) (Fig. 2).

3.4. Correlation of mycotoxin levels in food and urine samples

For each individual mycotoxin correlation analysis of the mycotoxin
concentration in the food consumed by each individual on the day prior
to urine collection and concentrations excreted in urine were conduct-
ed, using all data points. AFB1 levels in the food correlated significantly,
albeit modestly (r = 0.31; p = 0.02) with the excreted AFM1, and FB1
levels in food and urine also correlated modestly though significantly
(r = 0.28; p = 0.02). When data points from positive samples only
were used, relationships of similar strength and significance were
observed for both analytes.

3.5. Family exposure pattern

Family exposure patterns based on urinary concentrations were
observed for AFB1, FB1, OTA and ZEN-14-GlcA. In most cases where
these analytes occurred, at least two individuals per family were
exposed. Specifically, exposure of at least an adult and a younger
individual per family to AFB1, FB1, OTA and ZEN-14-GlcA was observed
in 3/13 (23.1%), 5/10 (50.0%), 11/19 (57.9%) and 3/5 (60%) positive
family cases, respectively.

4. Discussion

About 4.5 billion people live in regions of theworld that are at risk of
aflatoxin exposure, most reside in developing countries where in some
cases exposures due to dietary intakes are frequent and at high levels
(Williams et al., 2004). Studies on exposure assessment to mycotoxins
in utero, in children, adults and pregnant mothers using urinary or
blood biomarkers have been reported in several African countries
including Benin and Togo, Cameroon, Egypt, Ghana, Guinea, Kenya,
Nigeria, South Africa and The Gambia (Abia et al., 2013b; Gong et al.,
2002, 2003, 2004, 2012; Nikiema et al., 2008; Obuseh et al., 2011;
Oluwafemi et al., 2012; Piekkola et al., 2012; Polychronaki et al., 2008;
Scholl et al., 2006; Shephard et al., 2013; Turner et al., 2000, 2002,
2003, 2005a,b, 2007, 2008c; van der Westhuizen et al., 1999; Wild
et al., 2000; Wojnowski et al., 2004). However, reports are rare for
mixtures and are not reported for exposures involving urine and
multi-mycotoxin biomarkers in Nigeria. This study is therefore the
first report on multi-mycotoxin exposure assessment in Nigeria using
urinary biomarkers and also correlating urinary exposure levels to
levels of mycotoxins in foods. In addition, this study provides data in
children, adolescents and adults. All five classes (aflatoxins, DON,
fumonisins, ochratoxins and zearalenone) of mycotoxins detected in
this study from the direct exposure assessment of volunteers' urine

have also been recently reported in urine of exposed individuals from
Cameroon (Abia et al., 2013b), and four of these classes were addition-
ally observed in South African urines (Shephard et al., 2013). This
suggests widespread exposure across the African population.

The current methodology involves no sample clean-up, and is
thus both more rapid and significantly cheaper than other methods
(Shephard et al., 2013; Solfrizzo et al., 2014). However, this imparts
a significant reduction in analytical sensitivity, and thus higher
frequencies of detection would be predicted with more sensitive
methods. Thus our survey is demonstrating occurrence and co-

Table 2
Co-occurrence of urinary mycotoxin biomarkers of exposure and main metabolites in different age groups of rural dwellers in northern Nigeria.

Number (%) of exposed individuals in age groups Distribution across location

Number of mycotoxins in positivea samples Children (n = 19) Adolescents (n = 20) Adults (n = 81) Kaduna (n = 60) Nasarawa (n = 60) Total (n = 120)

1 7 (36.8) 9 (45.0) 30 (37.0) 17 (28.3) 29 (48.3) 46 (38.3)
2 2 (10.5) 0 (0.0) 6 (7.4) 3 (5.0) 5 (8.3) 8 (6.7)
3 0 (0.0) 1 (5.0) 4 (4.9) 2 (3.3) 3 (5.0) 5 (4.2)
4 0 (0.0) 1 (5.0) 1 (1.2) 0 (0.0) 2 (3.3) 2 (1.7)
Total 9 (47.3) 11 (55.0) 41 (50.6) 22 (36.7) 39 (65.0) 61 (50.8)
Distribution of more than one mycotoxin in urines across targeted state in Nigeria
Kaduna 2/13 (15.4) 1/6 (16.7) 2/41 (4.9)
Nasarawa 0/6 (0.0) 1/14 (7.1) 9/40 (22.5)

a Urine samples with analyte concentrations above the LOD.
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Fig. 1. SRM chromatogram of the biomarkers aflatoxin M1 and fumonisin B1 for (a) a ref-
erence standard, and (b) a naturally contaminated urine sample from a breastfeeding
mother in Nasarawa State, Nigeria. For each biomarker two individual mass transitions
are illustrated for unambiguous identification according to the EC (2002). Note that for
the standard the injected concentration is given and that the naturally contaminated sam-
ple was diluted 1:10 beforemeasuring (resulting in an injected concentration of 0.15 μg/L
AFM1 and 0.36 μg/L FB1).

141C.N. Ezekiel et al. / Environment International 66 (2014) 138–145



Author's personal copy

occurrences of mycotoxins at the higher end of the exposure
spectrum. Despite this limitation, there was a high frequency in
the detection of urinary mycotoxins, data suggestive that exposure
was frequent in Nigeria.

Several of the mycotoxin measures in urine have been suggested as
“validated” exposure biomarkers, including urinary AFM1, total DON,
OTA, and FB1, though the strengths of reported dose responses relation-
ships between assessed mycotoxin intake and the urinary measure vary
by mycotoxin (Turner and Pasturel, 2013; Turner et al., 2012, 2013a).
Using estimated transfers of the toxin to urine, estimated urine volumes
(1.5 L per day) and a mean body weight of 60 kg, rough estimates of
intake for adults only are reported, see below. The percent transfers
reported were 1.5% (Zhu et al., 1987), 72% (Turner et al., 2010a), 50%
(Schlatter et al., 1996) and 0.3% (van der Westhuizen et al., 2011), for
AFM1, DON, OTA and FB1, respectively. In our study, the prevalence
of mycotoxins in urine was OTA N AFM1 N FB1/FB2 N ZEN/ZEN-14-GlcA N

DON/DON-15-GlcA, data in good agreement with Sri Lankan adults
(Desalegn et al., 2011).

OTA was detected in only one of the 39 food samples in this study.
Thus it is possible that the urinary OTA originated from alternative

food sources not collected in this survey or that exposure occurred in
items of food consumed ahead of the collection, perhaps a reflection
of the slow toxicokinetics of OTA (Duarte et al., 2011). It will therefore
be important to conduct longer term biomonitoring surveys, especially
with reference to understanding correlations between OTA intake and
the urinary measure. Additional risk foods will include cocoa products,
groundnut and sorghum (CAST, 2003). For the 24 adultswith detectable
urinary OTA, the mean estimated OTA intake was 0.01 μg/kg bw/day
(max = 0.03), a value close to the suggested tolerably daily intake
(TDI) of 0.017 μg/kg bw/day (Schlatter et al., 1996) derived from the
tolerable weekly intake of 0.12 ng/kg bw/day recommended by EFSA
(2006).

Urinary AFM1 has been well established as a biomarker of exposure
for the recent ingestion of AFB1 (Groopman et al., 1992a,b), and AFM1

was the second most frequently observed urinary mycotoxin in this
survey. Urinary AFM1 in these Nigerian samples wasmodestly associat-
ed with levels of aflatoxin in food. The mean urinary AFM1 levels in our
study were higher than levels reported for some Egyptian populations
[children with kwashiorkor (range: 10–30 pg/mL), children with
marasmus (range: 44–70 pg/mL) (Hatem et al., 2005) and healthy
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Fig. 2.Box plots showing contamination levels of six urinary relevantmycotoxins in 39 food samples fromparticipants' homes in northernNigeria. The sixthmycotoxin (ochratoxinA)was
found in just one food sample. n = number of food samples positive for mycotoxin.

Table 3
Levels of urinary mycotoxin biomarkers and main metabolites in different age groups of rural dwellers in northern Nigeria.

Mycotoxins Occurrencea (n) and meanb ± SD (μg/L) of mycotoxins in age groups

Children Adolescents Adults

n Mean ± SD n Mean ± SD n Mean ± SD

Aflatoxin M1 2 0.1 ± 0.0 4 0.3 ± 0.4 11 0.4 ± 0.5
Deoxynivalenol – – – – 1 2.0
Deoxynivalenol-15-O-glucuronide 1 1.5 1 1.5 4 4.6 ± 2.6
Fumonisin B1 4 3.7 ± 0.7 3 6.9 ± 5.4 9 4.2 ± 2.2
Fumonisin B2 – – 1 1.0 1 1.0
Ochratoxin A 4 0.1 ± 0.1 6 0.2 ± 0.1 24 0.2 ± 0.1
Zearalenone – – – – 1 0.3
Zearalenone-14-O-glucuronide – – 1 2.0 7 10.5 ± 15.2

a Number of urine samples with analyte concentrations above the LOD.
b The mean values reported herein were calculated for positive samples by considering half LOQ (LOQ / 2) for less than LOQ values.
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children (range: 5.0–6.2 pg/mL; Polychronaki et al., 2008)] but similar to
levels reported for HIV infected individuals in Cameroon (range: bLOQ–
1.38 μg/L; Abia et al., 2013b), pregnant women in Egypt (range: 4–
409 pg/mg; Piekkola et al., 2012), Guinean children (range: 8–
801 pg/mL; Polychronaki et al., 2008) and adult populations in Ghana
(range: nd–115 pg/mL; Obuseh et al., 2010). The levels of AFM1 in
urines of Sierra Leone's children were however higher than levels
from our study (Jonsyn-Ellis, 2001). AFM1 is a specific biomarker of
AFB1 exposure, a Class 1 carcinogen (IARC, 2002); there is no level of
exposure that is regarded as safe. In those urines with detectable
AFM1 we roughly estimate a mean intake of AFB1 of 0.67 μg/kg bw/day
(max = 2.5 μg/kg bw/day).

FB1 was the third most frequently observed mycotoxin in this
survey, despite a modest level of sensitivity compared to the method
of Gong et al. (2008). As with the aflatoxins, FB1 in urine was modestly
associatedwith levels in food. In linewith reports from Cameroon (Abia
et al., 2013b) and Southern Africa (Shephard et al., 2013; van der
Westhuizen et al., 2011), rough estimates of the intake for adults
where FB1 was detected in urine raised some concern. For adults with
detectable urinary FB1 the mean estimated intake was 35 μg/kg bw/day
(max = 76 μg/kg bw/day); a level significantly greater than the recom-
mended TDI of 2 μg/kg bw/day (SCF, 2003). The high variability in the
human toxicokinetics of FB1 reported by Riley et al. (2012) and the
modest association reported by van derWesthuizen et al. (2011) suggest
some caution in the absolute values in these data, but clearly indicate that
the TDI is being exceeded.

The lower frequencies of the other toxins makes deriving mean
estimates of intake less reliable, hence only themaximum concentration
of total DON (i.e. DON + DON-glucuronide) and total ZEN (i.e. ZEN +
ZEN-glucuronide) were used to evaluate if single persons might be at
risk of exceeding the established TDI values. This was not the case for
total DON with an estimated maximum exposure of 0.27 μg/kg bw/day
(TDI: 1 μg/kg bw/day; FAO/WHO, 2010). However, when using the
preliminary urinary excretion rate of total ZEN (9.4%; Warth et al.,
2013a) the estimated exposure corresponds to 11.8 μg/kg bw/day, a
value which is clearly above the TDI of 0.2 μg/kg bw/day (SCF, 2000).

Previous studies from Nigeria have generally reported high
occurrence frequencies/levels of AFB1, fumonisins and several other
mycotoxins in diets (Adejumo et al., 2007, 2013; Ezekiel et al., 2012a,
b,c, 2013; Makun et al., 2011, 2013; Oluwafemi et al., 2012). In these
rural populations in northern Nigeria, residents cultivate and eat their
own maize as staple foods throughout the year. More health risks are
likely in children in terms of levels exceeding TDIs when we take into
consideration the estimated mean exposures for AFB1 and FB1, two
potent natural carcinogens. However, as the transfer rates of these
toxins remain poorly examined, these estimates were not calculated
here.

DON-15-GlcA and ZEN-14-GlcA were the only detected metabolites
of DON and ZEN, respectively. A glucuronide of DON was originally
suggested by Meky et al. (2003) and Turner et al. (2010a) and the
specific DON-15-GlcA was characterized and measured in urine
samples recently by Warth et al. (2012a,b). Several studies have now
reported DON and DON glucuronides in urine from Chinese (Meky
et al., 2003; Turner et al., 2011), Europeans (Hepworth et al., 2011;
Šarkanj et al., 2013; Solfrizzo et al., 2011; Turner et al., 2008a,b, 2010a,
b; Wallin et al., 2013; Warth et al., 2011,b), Egyptians (Piekkola et al.,
2012), Iranians (Turner et al., 2012b), South Africans (Shephard et al.,
2013) and Cameroonians (Abia et al., 2013b). The recently character-
ized DON-3-GlcA (Warth et al., 2011, 2012b) and putative DON-7-
GlcA (Šarkanj et al., 2013) were not observed in this present study. For
ZEN only the glucuronide was observed in all ZEN positive individuals
here, as it was predicted by Warth et al. (2013a).

The observed co-existence of more than one urinary mycotoxin,
irrespective of age, agreed with data from our previous reports on
multiple mycotoxin contamination of food commodities from Nigeria
(Ezekiel et al., 2012a,b,c) and other African countries with a similar

climate (Abia et al., 2013a; Warth et al., 2012c). From a risk assessment
point of view, the combined effects frommultiple unrelatedmycotoxins
is poorly understood, though recent in vitro data highlights potential
additive or synergistic interactions (Wan et al., 2013a,b,c, 2014).

For the first time in Nigeria, this study quantified eight mycotoxin
analytes in urine samples from children, adolescent and adult sub-
populations in the rural northern parts. For several mycotoxins (AFB1
and FB1), estimated intake indicates that the TDI was exceeded in
some of the participants within this study population. Given that
many samples were below the LOD it is worth emphasizing that the
estimated mean intakes reported here, do not reflect the entire sample
set, rather the positives only, and the overallmeanswould be somewhat
lower. This study provides strong evidence that some individuals in all
age groups living in the rural parts of northern Nigeria may be exposed
to high levels of toxic and carcinogenic substances produced by fungi;
family exposures further strengthen this fact and point to the potential
risk from mycotoxin burden in the affected regions. Children who are
partially breastfed are not left out as we found a high level of FB1

(3.8 μg/kg) in the urine sample of a partially breastfed child;most likely
coming from the wean food because urine from the breastfeeding
mother had no detectable mycotoxin. The child in question, in addition
to the mother's milk, consumed 25 g of corn meal on the day before
collection [corn contaminated with FB1 at 161 μg/kg; total fumonisins
(FB1+FB2+FB3)=218 μg/kg]. The effects of co-exposures, particular-
ly in the more susceptible young (Makri et al., 2004), requires further
examination.

Conflict of interest

The authors declare they have no competing financial interests.

Acknowledgment

This study was supported by Babcock University (Grant No.: BU/RIC/
005), and the Lower Austrian Government through the University
of Natural Resources and Life Sciences, Vienna (BOKU), Austria. Partici-
pants who provided urine and food samples are highly acknowledged.
We would also like to thank Amos Manasseh and E. Comfort for assisting
during sample collection.

Appendix A. Supplementary data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.envint.2014.02.003.

References

Abia WA, Warth B, Sulyok M, Krska R, Tchana AN, Njobeh PB, Dutton MF, Moundipa PF.
Determination of multi-mycotoxin occurrence in cereals, nuts and their products in
Cameroon by liquid chromatography tandem mass spectrometry (LC–MS/MS).
Food Control 2013a;31:438–53.

Abia WA, Warth B, Sulyok M, Krska R, Tchana AN, Njobeh PB, Turner PC, Kouanfack C,
Eyongetah M, Dutton MF, Moundipa PF. Bio-monitoring of mycotoxin exposure in
Cameroon using a urinary multi-biomarker approach. Food Chem Toxicol
2013b;62:927–34.

Adejumo TO, Hettwer U, Karlovsky P. Occurrence of Fusarium species and trichothecenes
in Nigerian maize. Int J Food Microbiol 2007;116:350–7.

Adejumo O, Atanda O, Raiola A, Bandyopadhyay R, Somorin Y, Ritieni A. Correlation
between aflatoxin M1 content of breast milk, dietary exposure to aflatoxin B1 and
socioeconomic status of lactating mothers in Ogun State, Nigeria. Food Chem Toxicol
2013;56:171–7.

Adetunji M, Atanda O, Ezekiel CN, Sulyok M, Warth B, Beltran E, Krska R, Obadina O, Bakare
A, Chilaka C. Fungal and bacterial metabolites of stored maize (Zea mays, L.) from five
agro-ecological zones of Nigeria. Mycotoxin Res 2014. submitted manuscript.

Afolabi CG, Bandyopadhyay R, Leslie JF, Ekpo EJA. Effect of sorting on incidence and
occurrence of fumonisins and Fusarium verticillioides on maize from Nigeria. J Food
Prot 2006;91:279–86.

Atehnkeng J, Ojiambo PS, Donner M, Ikotun T, Sikora RA, Cotty PJ, Bandyopadhyay R.
Distribution and toxigenicity of Aspergillus species isolated from maize kernels from
three agro-ecological zones in Nigeria. Int J Food Microbiol 2008;122:74–84.

Bankole SA, Adebanjo A. Mycotoxins in food in West Africa: current situation and
possibilities of controlling it. Afr J Biotechnol 2003;2:254–63.

143C.N. Ezekiel et al. / Environment International 66 (2014) 138–145



Author's personal copy

Bankole SA, Ogunsanwo BM, Osho A, Adewuyi GO. Fungal contamination and aflatoxin B1
of ‘egusi’ melon seeds in Nigeria. Food Control 2006a;17:814–8.

Bankole SA, Schollenberger M, Drochner W. Mycotoxins in food systems in sub-Saharan
Africa: a review. Mycotoxin Res 2006b;22:163–9.

Bankole SA, Adedotun AA, Lawal OS, Adesanya OO. Occurrence of aflatoxin B1 in food
products derivable from ‘egusi’ melon seeds consumed in southwestern Nigeria.
Food Control 2010;21:974–6.

Bondy GS, Pestka JJ. Immunomodulation by fungal toxins. J Toxicol Environ Health B
2000;3:109–43.

CAST (Council for Agricultural Science, Technology). Mycotoxins: risk in plants, animals,
and human systems. CAST Task force report 2003;No. 139. Ames, IA: CAST; 2003.

Chu FS, Li GY. Simultaneous occurrence of fumonisin B1 and other mycotoxins in moldy
corn collected from the People's Republic of China in regions with high incidences
of esophageal cancer. Appl Environ Microbiol 1994;60:847–52.

Desalegn B, Nanayakkara S, Harada K, Hitomi T, Chandrajith R, Karunaratne U. Mycotoxin
detection in urine samples from patients with chronic kidney disease of uncertain
etiology in Sri Lanka. Bull Environ Contam Toxicol 2011;87:6–10.

Duarte SC, Pena A, Lino CM. Human ochratoxin A biomarkers — from exposure to effect.
Crit Rev Toxicol 2011;41:187–212.

EC (European Commission). Commission Decision 2002/657 (EC) of 12 August 2002
implementing Council Directive 96/23/EC concerning the performance of analytical
methods and the interpretation of results. Off J Eur Union 2002;L221:8–36.

European Food Safety Authority (EFSA). Opinion of the scientific panel on contaminants
in the food chain of the EFSA on a request from the commission related to ochratoxin
A in food. EFSA J 2006;365:1–56.

Ezekiel CN, Kayode FO, Fapohunda SO, Olorunfemi MF, Kponi BT. Aflatoxigenic
moulds and aflatoxins in street-vended snacks in Lagos, Nigeria. Internet J Food Saf
2012a;14:83–8.

Ezekiel CN, SulyokM,Warth B, Odebode AC, Krska R. Natural occurrence of mycotoxins in
peanut cake from Nigeria. Food Control 2012b;27(2):338–42.

Ezekiel CN, SulyokM,Warth B, Krska R.Multi-microbial metabolites in foniomillet (acha)
and sesame seeds in Plateau State, Nigeria. Eur Food Res Technol 2012c;235:285–93.

Ezekiel CN, Sulyok M, Babalola DA, Warth B, Ezekiel VC, Krska R. Incidence and consumer
awareness of toxigenic Aspergillus section Flavi and aflatoxin B1 in peanut cake from
Nigeria. Food Control 2013;30:596–601.

Ezekiel CN, Ogara I, Sulyok M, AbiaWA,Warth B, Ezekiel VC, Tayo GO, Turner PC, Krska R.
Mycotoxins in raw and prepared foods consumed in rural households in northern
Nigeria; 2014. manuscript in preparation.

FAO/WHOSummary Report of the 72ndMeeting of the Joint FAO/WHO Expert Committee
on Food Additives (JECFA); 2010.

Fruhmann P, Warth B, Hametner C, Berthiller F, Horkel E, Adam G, Sulyok M, Krska R,
Fröhlich J. Synthesis of deoxynivalenol-3-ß-D-O-glucuronide for its use as biomarker
for dietary deoxynivalenol exposure. World Mycotoxin J 2012;5:127–32.

Gilbert J, Brereton P, MacDonald S. Assessment of dietary exposure to ochratoxin A in the
UK using a duplicate diet approach and analysis of urine and plasma samples. Food
Addit Contam 2001;18:1088–93.

Gong Y, Torres-Sanchez L, Lopez-Carrillo I, Peng JH, Sutcliffe AE, White KLM, et al.
Detection of fumonisin B1 in Mexican urine samples using liquid chromatography–
mass spectrometry — a possible biomarker of dietary fumonisin exposure. Cancer
Epidemiol Biomarkers Prev 2008;17:688–94.

Gong YY, Cardwell K, Hounsa A, Egal S, Turner PC, Hall AJ, Wild CP. Dietary aflatoxin
exposure and impaired growth in young children from Benin and Togo, West
Africa: cross sectional study. Br Med J 2002;325:20–1.

Gong YY, Egal S, Hounsa A, Turner PC, Hall AJ, Cardwell K, Wild CP. Determinants of
aflatoxin exposure in young children from Benin and Togo, West Africa: the critical
role of weaning. Int J Epidemiol 2003;32:556–62.

Gong YY, Hounsa A, Egal S, Turner PC, Sutcliffe AE, Hall AJ, Cardwell K, Wild CP.
Post-weaning exposure to aflatoxin results in impaired child growth: a longitudinal
study in Benin, West Africa. Environ Health Perspect 2004;112:1334–8.

Gong YY,Wilson S, Mwatha JK, Routledge MN, Castelino JM, Zhao B, Kimani G, Kariuki HC,
Vennervald BJ, Dunne DW, Wild CP. Aflatoxin exposure may contribute to chronic
hepatomegaly in Kenyan school children. Environ Health Perspect 2012;120:893–6.

Groopman H, Hasler JA, Trudel LJ, Pikul A, Donahue PR,Wogan GN.Molecular dosimetry in
rat urine of aflatoxin-N7-guanine and other aflatoxin metabolites by multiple
monoclonal antibody affirnity chromatography and immunoaffirnity/high perfor-
mance liquid chromatography. Cancer Res 1992a;52:267–74.

Groopman JD, Hall AJ, Whittle H, Hudson GJ,Wogan GN,Montesano R,Wild CP. Molecular
dosimetry of aflatoxin-N7-guanine in human urine obtained in the Gambia, West
Africa. Cancer Epidemiol Biomarkers Prev 1992b;1:221–7.

Hatem NL, Hassab HM, Abd Al-Rahman EM, El-Deeb SA, El-Sayed Ahmed RL. Prevalence
of aflatoxins in blood and urine of Egyptian infants. Food Nutr Bull 2005;26:49–56.

Hepworth SJ, Hardie LJ, Fraser LK, Burley VJ, Mijal RS, Wild CP, Azad R, McKinney PA,
Turner PC. Deoxynivalenol exposure assessment in a cohort of pregnant women
from Bradford, UK. Food Addit Contam Part A 2011;29:269–76.

IARC (International Agency for Research on Cancer)IARC monographs on the evaluation
of carcinogenic risk to humans, 56. IARC LyonFrance: IARC Lyon; 1993445–66.

IARC (International Agency for Research on Cancer). Traditional herbal medicines,
some mycotoxins, napthalene, and styrene. IARC monographs on the evaluation
carcinogenic risk to humans, 82; 20021–556.

Ibeh IN, Uriah N, Ogonor UI. Dietary exposure to aflatoxin in Benin City, Nigeria: a possible
public health concern. Int J Food Microbiol 1991;14:171–4.

Jiang Y, Jolly PE, Ellis WO,Wang J-S, Phillips TD, Williams JH. Aflatoxin B1 albumin adduct
levels and cellular immune status in Ghanaians. Int Immunol 2005;17:807–14.

Jiang Y, Jolly PE, Preko P, Wang JS, Ellis WO, Phillips TD, Williams JH. Aflatoxin-related
immune dysfunction in health and in human immunodeficiency virus disease. Clin
Dev Immunol 2008. http://dx.doi.org/10.1155/2008/790309.

Jolly PE, Shuaib FM, Jiang Y, Preko P, Baidoo J, Stiles JK, Wang JS, Phillips TD, Williams JH.
Association of high viral load and abnormal liver function with high aflatoxin B-
1-albumin adduct levels in HIV-positive Ghanaians: preliminary observations. Food
Addit Contam Part A 2011;28:1224–34.

Jonsyn-Ellis FE. Seasonal variation in exposure frequency and concentration levels of
aflatoxins and ochratoxins in urine samples of boys and girls. Mycopathol 2001;152:
35–40.

Kayode OF, Sulyok M, Fapohunda SO, Ezekiel CN, Krska R, Oguntona CRB. Mycotoxins and
fungal metabolites in groundnut- and maize-based snacks from Nigeria. Food Addit
Contam Part B 2013;6:294–300.

Kuiper-Goodman T. Approaches to the risk analysis of mycotoxins in the food supply.
Food Nutr Agric 1999;23:10–4.

Makri A, Goveia M, Balbus J, Parkin R. Children's susceptibility to chemicals: a review by
developmental stage. J Toxicol Environ Health B Crit Rev 2004;6:417–35.

Makun HA, Gbodi TA, Akanya HO, Salako EA, Ogbadu GH. Fungi and some
mycotoxins found in mouldy Sorghum in Niger State, Nigeria. World J Agric
Sci 2009;5:5–17.

Makun HA, Anjorin ST, Moronfoye B, Adejo FO, Afolabi OA, Fagbayibo G, Balogun BO,
Surajudeen AA. Fungal and aflatoxin contaminations of some human food commod-
ities in Nigeria. Afr J Food Sci 2010;4:127–35.

Makun HA, Dutton MF, Njobeh PB, Mwanza M, Kabiru AY. Natural multi-mycotoxin
occurrence in rice from Niger State, Nigeria. Mycotoxin Res 2011;27:97–104.

Makun HA, Adeniran AL, Mailafiya SC, Ayanda IS, Mudashiru AT, Ojukwu UJ, Jagba AS,
Usman Z, Salihu DA. Natural occurrence of Ochratoxin A in some marketed
Nigerian foods. Food Control 2013;31:566–71.

Meky FA, Turner PC, Ashcroft AE, Miller JD, Qiao YL, Roth MJ, Wild CP. Development of a
urinary biomarker of human exposure to deoxynivalenol. Food Chem Toxicol
2003;41:265–73.

Mikula H, Hametner C, Berthiller F, Warth B, Krska R, Adam G, Fröhlich J. Fast and
reproducible chemical synthesis of zearalenone-14-β, D-glucuronide.WorldMycotoxin
J 2012;5:289–96.

Missmer SA, Suarez L, Felkner M, Wang E, Merrill Jr AH, Rothman KJ, Hendricks KA.
Exposure to fumonisins and the occurrence of neural tube defects along the Texas–
Mexico border. Environ Health Perspect 2006;114:237–41.

Nikiema PN, Worrilow L, Traore AS, Wild CP, Turner PC. Fumonisin exposure and the
Shinganine/Sphingosine ratio in urine, serum and buccal cells in adults from
Burkina Faso, West Africa. World Mycotoxin J 2008;1:483–91.

O'Brien E, Dietrich DR. Ochratoxin A: the continuing enigma. Crit Rev Toxicol 2005;35:
33–60.

Obuseh FA, Jolly PE, Jiang Y, Shuaib FM,Waterbor J, Ellis WO, Piyathilake CJ, Desmond RA,
Afriyie-Gyawu E, Phillips TD. Aflatoxin B1 albumin adducts in plasma and aflatoxin
M1 in urine are associated with plasma concentrations of vitamins A and E. Int J
Vitam Nutr Res 2010;80:355–68.

Obuseh FA, Jolly PE, Kulczycki A, Ehiri J, Waterbor J, Desmond RA, Preko PO, Jiang Y,
Piyathilake CJ. Aflatoxin levels, plasma vitamins A and E concentrations, and their
association with HIV and hepatitis B virus infections in Ghanaians: a cross-sectional
study. J Int AIDS Soc 2011;14:53.

Oluwafemi F, Odebiyi T, Kolapo A. Occupational aflatoxin exposure among feed mill
workers in Nigeria. World Mycotoxin J 2012;4:385–9.

Pestka JJ. Deoxynivalenol: mechanisms of action, human exposure, and toxicological
relevance. Arch Toxicol 2010a;84:663–79.

Pestka JJ. Toxicological mechanisms and potential health effects of deoxynivalenol and
nivalenol. World Mycotoxin J 2010b;3:323–47.

Piekkola S, Turner PC, Abdel-Hamid M, Ezzat S, El-Daly M, El-Kafrawy S, Savchenko E,
Poussa T, Woo JC, Mykkänen H, El-Nezami H. Characterisation of aflatoxin and
deoxynivalenol exposure among pregnant Egyptian women. Food Addit Contam
Part A 2012;29:962–71.

Polychronaki N, Wild CP, Mykkänen H, Amra H, Abdel-Wahhab M, Sylla A, Diallo M,
El-Nezami H, Turner PC. Urinary biomarkers of aflatoxin exposure in young children
from Egypt and Guinea. Food Chem Toxicol 2008;46:519–26.

Riley RT, Torres O, Showker JL, Zitomer NC, Matute J, Voss KA, Gelineau-van Waes J,
Maddox JR, Gregory SG, Ashley-Koch AE. The kinetics of urinary fumonisin B1

excretion in humans consuming maize-based diets. Mol Nutr Food Res 2012;56:
1445–55.

Šarkanj B, Warth B, Uhlig S, Abia WA, Sulyok M, Klapec T, Krska R, Banjari I. Urinary
analysis reveals high deoxynivalenol exposure in pregnant women from Croatia.
Food Chem Toxicol 2013;62:231–7.

SCF (Scientific Committee on Food). Opinion of the scientific committee on food on
Fusarium toxins Part 2: zearalenone (ZEA). SCF/CS/CNTM/MYC/22 Rev 3 Final; 2000
[http://europa.eu.int/comm/food/fs/sc/scf/out73_en.pdf].

SCF (Scientific Committee on Food). Updated opinion of the Scientific Committee on Food
on Fumonisin B1, B2 and B3: SCF/CS/CNTM/MYC/28 Final; 2003 [http://ec.europa.eu/
food/fs/sc/scf/out185_en.pdf].

Schlatter C, Studer-Rohr J, Rasonyi T. Carcinogenicity and kinetic aspects of ochratoxin A.
Food Addit Contam 1996;13:43–4.

Scholl PF, Turner PC, Sutcliffe AE, Sylla A, Diallo MS, Friesen MD, Groopman JD, Wild CP.
Quantitative comparison of aflatoxin B1 serum albumin adducts in humans by
isotope dilution mass spectrometry and enzyme-linked immunosorbent assay.
Cancer Epidemiol Biomarkers Prev 2006;15:823–6.

Shephard GS, Burger H-M, Gambacorta L, Gong YY, Krska R, Rheeder JP, Solfrizzo M, Srey
C, Sulyok M, Visconti A, Warth B, Van der Westhuizen L. Multiple mycotoxin
exposure determined by urinary biomarkers in rural subsistence farmers in the
former Transkei, South Africa. Food Chem Toxicol 2013;62:217–25.

Shuaib FM, Jolly PE, Ehiri JE, Jiang Y, EllisWO, Stiles JK, Yatich NJ, Funkhouser E, Person SD,
Wilson C,Williams JH. Association between anemia and aflatoxin B1 biomarker levels
among pregnant women in Kumasi, Ghana. Am J Trop Med Hyg 2010a;83:1077–83.

144 C.N. Ezekiel et al. / Environment International 66 (2014) 138–145



Author's personal copy

Shuaib FM, Jolly PE, Ehiri JE, Yatich N, Jiang Y, Funkhouser E, Person SD, Wilson C, Ellis
WO, Wang JS, Williams JH. Association between birth outcomes and aflatoxin B1
biomarker blood levels in pregnant women in Kumasi, Ghana. Trop Med Int Health
2010b;15:160–7.

Solfrizzo M, Gambacorta L, Lattanzio VMT, Powers S, Visconti A. Simultaneous LC–MS/MS
determination of aflatoxin M1, ochratoxin A, deoxynivalenol, de-epoxydeoxynivalenol,
α and β-zearalenols and fumonisin B1 in urine as a multi-biomarker method to assess
exposure to mycotoxins. Anal Bioanal Chem 2011;401:2831–41.

Solfrizzo M, Gambacorta L, Visconti A. Assessment of multi-mycotoxin exposure in
southern Italy by urinary multi-biomarker determination. Toxins 2014;6:523–38.

Sulyok M, Berthiller F, Krska R, Schuhmacher R. Development and validation of a liquid
chromatography/tandem mass spectrometric method for the determination of 39
mycotoxins in wheat and maize. Rapid Commun Mass Spectrom 2006;20:2649–59.

SulyokM, Krska R, Schuhmacher R. A liquid chromatography/tandemmass spectrometric
multi-mycotoxin method for the quantification of 87 analytes and its application to
semi-quantitative screening of moldy food samples. Anal Bioanal Chem 2007;389:
1505–23.

Sun G, Wang S, Hu X, Su J, Huang T, Yu J, Tang L, Gao W, Wang JS. Fumonisin B1 contam-
ination of home-grown corn in high-risk areas for esophageal and liver cancer in
China. Food Addit Contam 2007;24:181–5.

Sun G, Wang S, Hu X, Su J, Zhang Y, Xie Y, Zhang H, Tang L, Wang JS. Co-contamination of
aflatoxin B1 and fumonisin B1 in food and human dietary exposure in three areas of
China. Food Addit Contam Part A 2011;28:461–70.

Turner PC. The molecular epidemiology of chronic aflatoxin driven impaired child
growth. Sci 2013. http://dx.doi.org/10.1155/2013/152879.

Turner PC, Pasturel BZ. Development and validation of exposure biomarkers to dietary
contaminants mycotoxins: a case for aflatoxin and impaired child growth. In: Lee
M-LT, Gail M, Pfeiffer R, Satten G, Cai T, Gandy A, editors. Risk assessment and
evaluation of predictions. SpringerNY, USA: Springer; 2013. p. 333–47.

Turner PC, Mendy M, Whittle H, Fortuin M, Hall AJ, Wild CP. Hepatitis B infection
and aflatoxin biomarker levels in Gambian children. Trop Med Int Health
2000;5:837–41.

Turner PC, Sylla A, Diallo MS, Castegnaro JJ, Hall AJ, Wild CP. The role of aflatoxins and
hepatitis viruses in the aetiopathogenesis of hepatocellular carcinoma: a basis for
primary prevention in Guinea-Conakry, West Africa. J Gastroenterol Hepatol
2002;17:S441–8.

Turner PC, Moore SE, Hall AJ, Prentice AM, Wild CP. Modification of immune function
through exposure to dietary aflatoxin in Gambian children. Environ Health Perspect
2003;111:217–20.

Turner PC, Sylla A, Gong YY, Diallo MS, Sutcliffe AE, Hall AJ, Wild CP. Reduction in
exposure to carcinogenic aflatoxins by simple post-harvest intervention measures
in West Africa. Lancet 2005a;365:1950–6.

Turner PC, Sylla A, Kuang SY, Marchant CL, Diallo MS, Hall AJ, Groopman JD, Wild CP.
Absence of TP53 codon 249 mutations in Guinean infants with high aflatoxin
exposure. Cancer Epidemiol Biomarkers Prev 2005b;14:2053–5.

Turner PC, Collinson AC, Cheung YB, Gong YY, Hall AJ, Prentice AM, Wild CP. Aflatoxin
exposure in utero causes growth faltering in Gambian infants. Int J Epidemiol
2007;36:1119–25.

Turner PC, Burley VJ, Rothwell JA, White KLM, Cade JE, Wild CP. Dietary wheat reduction
decreases the level of urinary deoxynivalenol in UK adults. J Exposure Sci Environ
Epidemiol 2008a;18:392–9.

Turner PC, Rothwell JA,White KLM, Cade JE,Wild CP. Urinary deoxynivalenol is correlated
with cereal intake in individuals from the United Kingdom. Environ Health Perspect
2008b;116:21–5.

Turner PC, Loffredo C, El-Kafrawy S, Ezzat S, Eissa S, Abdel-Latif S, el-Daly M, Nada O,
Abdel-Hamid M. A survey of aflatoxin–albumin adducts in sera from Egypt. Food
Addit Contam Part A 2008c;5:583–7.

Turner PC, White KLM, Burley V, Hopton R, Rajendram A, Fisher J, Cade JE, Wild CP. A
comparison of deoxynivalenol intake and urinary deoxynivalenol in UK adults.
Biomarkers 2010a;15:553–62.

Turner PC, Hopton R, Lecluse Y, White KLM, Fisher J, Lebailly P. Determinants of urinary
deoxynivalenol in male farmers from Normandy, France. J Agric Food Chem
2010b;58:5206–12.

Turner PC, van Der Westhuizen L, Da Costa N. Biomarkers of exposure: mycotoxins —
aflatoxin, deoxynivalenol and fumonisins. In: Knudsen LE, Merlo DF, editors.
Biomarkers and human biomonitoring. Royal Society of ChemistryCambridge, UK:
Royal Society of Chemistry; 2011. http://dx.doi.org/10.1039/9781849733540-00050.
[chapter 6].

Turner PC, Flannery B, Isitt C, Ali M, Pestka J. The role of biomarkers in evaluating human
health concerns from fungal contaminants in food. Nutr Res Rev 2012a;25:162–79.

Turner PC, Gong YY, Pourshams A, Jafaric E, Routledge MN, Malekzadeh R, Wild CP,
Boffettae P, Islami F. A pilot survey for Fusarium mycotoxin biomarkers in women
from Golestan, Northern Iran. World Mycotoxin J 2012b;5:195–9.

van der Westhuizen L, Brown NL, Marasas WFO, Swanevelder S, Shephard GS.
Sphinganine/sphingosine ratio in plasma and urine as a possible biomarker for
fumonisin exposure in humans in rural areas of Africa. Food Chem Toxicol 1999;37:
1153–8.

van der Westhuizen L, Shephard GS, Burger HM, Rheeder JP, Gelderblom WGA, Wild CP,
Gong YY. Fumonisin B1 as a urinary biomarker of exposure in a maize intervention
study among South African subsistence farmers. Cancer Epidemiol Biomarkers Prev
2011;20:483–9.

Wallin S, Hardie LJ, Kotova N, Warensjö Lemming E, Nälsén C, Ridefelt P, Turner PC,White
KLM, Olsen M. Biomonitoring study of deoxynivalenol exposure and association with
typical cereal consumption in Swedish adults. World Mycotoxin J 2013;6:439–48.

Wan LYM, Turner PC, El-Nezami H. Individual and combined cytotoxic effects of Fusarium
toxins (deoxynivalenol, nivalenol, zearalenone and fumonisins B1) on swine jejunal
epithelial cells. Food Chem Toxicol 2013a;57:276–83.

Wan ML, Woo CS, Allen KJ, Turner PC, El-Nezami H. Modulation of porcine β-defensins 1
and 2 upon individual and combined Fusarium toxin exposure in a swine jejunal
epithelial cell line. Appl Environ Microbiol 2013b;79:2225–32.

Wan LY, Woo CS, Turner PC, Wan JM, El-Nezami H. Individual and combined effects of
Fusarium toxins on the mRNA expression of pro-inflammatory cytokines in swine
jejunal epithelial cells. Toxicol Lett 2013c;220:238–46.

Wan ML, Allen KJ, Turner PC, El-Nezami H. Modulation of mucin mRNA (MUC5AC and
MUC5B) expression and protein production and secretion in Caco-2/HT29-MTX
co-cultures following exposure to individual and combined Fusarium mycotoxins.
Toxicol Sci 2014. http://dx.doi.org/10.1093/toxsci/kfu019.

Warth B, Sulyok M, Berthiller F, Schuhmacher R, Fruhmann P, Hametner C, Adam G,
Fröhlich J, Krska R. Direct quantification of deoxynivalenol glucuronide in human
urine as biomarker of exposure to the Fusarium mycotoxin deoxynivalenol. Anal
Bioanal Chem 2011;401:195–200.

Warth B, Sulyok M, Fruhmann P, Mikula H, Berthiller F, Schuhmacher R, Hametner C, Abia
WA, Adam G, Frohlich J, Krska R. Development and validation of a rapid
multi-biomarker liquid chromatography/tandem mass spectrometry method to
assess human exposure to mycotoxins. Rapid Commun Mass Spectrom 2012a;26:
1533–40.

Warth B, Sulyok M, Fruhmann P, Berthiller F, Schuhmacher R, Hametner C, Adam G,
Fröhlich J, Krska R. Assessment of human deoxynivalenol exposure using an LC–
MS/MS based biomarker method. Toxicol Lett 2012b;211:85–90.

Warth B, Parich A, Atehnkeng J, Bandyopadhyay R, Schuhmacher R, Sulyok M, Krska R.
Quantitation of mycotoxins in food and feed from Burkina Faso and Mozambique
using a modern LC–MS/MS multitoxin method. J Agric Food Chem 2012c;60:
9352–63.

Warth B, Sulyok M, Berthiller F, Schuhmacher R, Krska R. New insights into the human
metabolism of the Fusarium mycotoxins deoxynivalenol and zearalenone. Toxicol
Lett 2013a;220:88–94.

Warth B, Sulyok M, Krska R. LC–MS/MS-based multibiomarker approaches for the
assessment of human exposure to mycotoxins. Anal Bioanal Chem 2013b;405:
5687–95.

Wild CP, Yin F, Turner PC, Chemin I, Chapot B, Mendy M, Whittle H, Hall AJ. Environmen-
tal and genetic determinants of aflatoxin–albumin adducts in The Gambia. Int J
Cancer 2000;86:1–7.

Williams JH, Phillips TD, Jolly PE, Stiles JK, Jolly CM, Aggarwal D. Human aflatoxicosis
in developing countries: a review of toxicology, exposure, potential health
consequences, and interventions. Am J Clin Nutr 2004;80:1106–22.

Wojnowski L, Turner PC, Pedersen B, Hustert E, Brockmöller J, Mendy M, Whittle HC, Kirk
G,Wild CP. Increased levels of aflatoxin–albumin adducts are associatedwith CYP3A5
polymorphisms in The Gambia, West Africa. Pharmacogenetics 2004;14:691–700.

Yoshizawa T, Yamashita A, Luo Y. Fumonisin occurrence in corn from high- and low-risk
areas for human esophageal cancer in China. Appl Environ Microbiol 1994;60:
1626–9.

Zhu JQ, Zhang LS, Hu X, Xiao Y, Chen JS, Xu YC, Fremy J, Chu FC. Correlation of dietary
aflatoxin B1 levels with excretion of aflatoxin M1 in human urine. Cancer Res
1987;47:1848–52.

145C.N. Ezekiel et al. / Environment International 66 (2014) 138–145


