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ABSTRACT

Mycotoxins are important food contaminants responsible for health effects such as cancer, nephrotoxicity, hepatotoxicity or immunosuppression. The assessment of mycotoxin exposure is often based on calculations combining mycotoxin occurrence data in food with population data on food consumption. Because of limitations inherent to that approach, the direct measurement of biomarkers of exposure in biological fluids has been proposed as a suitable alternative to perform an accurate mycotoxin exposure assessment at individual level. For this reason, the BIOMYCO study was designed to assess mycotoxin exposure in Belgian adults and children using urinary biomarkers of exposure. Morning urine was gathered in a representative part of the Belgian population according to a standardised study protocol, whereby 155 children (3-12 years old) and 239 adults (19-65 years old) were selected based on random cluster sampling. These urine samples were analysed for the presence of 33 potential biomarkers with focus on aflatoxins, citrinin (CIT), fumonisins, trichothecenes, ochratoxin A (OTA), zearalenone and their metabolites using two validated LC-MS/MS methods. 
Nine out of the 33 analysed mycotoxins were detected whereby deoxynivalenol (DON), OTA, CIT and their metabolites were the most frequently detected. Deoxynivalenol-15-glucuronide was the main urinary DON biomarker and was found in all urine samples in the ng/mL range. Furthermore deoxynivalenol-3-glucuronide was quantified in 91% of the urine samples collected from children and in 77% of the samples collected from adults. Deoxynivalenol was detected in 70% and 37% of the samples of children and adults respectively. For the first time deepoxy-deoxynivalenol-glucuronide was detected in children’s urine (17%). In the samples collected by adults, the prevalence was 22%. Whereas all these mycotoxins contaminated the urine samples in the ng/mL range, CIT and OTA were present in much lower concentrations (pg/mL). OTA contaminated 51% and 35% of the samples collected by children and adults respectively. CIT and its metabolite were present in  72% and 6% of children’s urine, whereas they contaminated 59% and 12% of adult’s urine. Finally, α-zearalenol and β-zearalenol-14-glucuronide were found in respectively one and two samples from adults. The exposure to DON, OTA and CIT was compared between subgroups and urinary mycotoxin concentrations differed significantly among age and gender. Based on the urinary levels, the daily intake of DON and OTA was estimated and evaluated whereby, depending on the used method, 16-69% of the population possibly exceeded the tolerable daily intake for DON and 1% for OTA. 

The BIOMYCO study is the first study whereby a multi-toxin approach was applied for mycotoxin exposure assessment in adults and children on a large-scale. Moreover, it is the first study that described the exposure to an elaborated set of mycotoxins in the Belgian population. Biomarker analysis showed a clear exposure of a broad segment of the Belgian population to DON, OTA and CIT. The risk assessment based on these data indicate a potential concern for a number of individuals whereby young children need special attention because of the relatively higher food intake per kg body weight. 
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Highlights

· Morning urine of 394 Belgian individuals was collected according to a standardised study protocol
· Deoxynivalenol, ochratoxin A, citrinin and their metabolites were the most frequently detected 
· Deoxynivalenol-15-glucuronide was the main urinary DON biomarker found 
· For the first time deepoxy-deoxynivalenol-glucuronide was detected in children’s urine 
· Risk assessment based on urinary levels indicate a potential concern for a number of individuals 
1 INTRODUCTION

Mycotoxins are secondary metabolites produced by fungi. These naturally occurring toxins are important toxicological contaminants in our food chain, responsible for different health effects. Therefore, it is relevant to estimate the exposure and to assess the possible impact on public health. Until now, the assessment of mycotoxin exposure is mainly based on calculations combining mycotoxin contamination data in food with population data on food consumption 
 ADDIN EN.CITE 

(De Boevre and others 2013; Gauchi and Leblanc 2002; Kuiper-Goodman and others 2010)
. This indirect approach is associated with some limitations and uncertainties such as the heterogeneous distribution of mycotoxins in food. Furthermore, the limited accuracy of food consumption data can lead to an under- and overestimation of the exposure. Therefore, human biomonitoring using biomarkers of exposure has been proposed as a suitable alternative. The individual variation in absorption, distribution, metabolism and excretion is integrated when using biomarkers, whereby a more accurate assessment of exposure can be performed at the individual level Arcella and Leclercq 2004()
. 

Analysis of mycotoxins in human urine is a very suitable alternative for exposure assessment to mycotoxins compared to the indirect approach. Moreover, collection of urine is an easy and non-invasive sampling method. Biomarkers of the most common mycotoxins have been validated in biological fluids such as urine. Validated exposure biomarkers for aflatoxins (urinary aflatoxin M1 (AFM1), aflatoxin–N7-guanine, serum aflatoxin–albumin) were established almost 20 years ago 
 ADDIN EN.CITE 

(Turner and others 2012)
. For the other mycotoxins, these steps of development and validation have significantly advanced in recent years. The urinary sum of free deoxynivalenol (DON) and its glucuronides has been validated as exposure biomarker for DON intake 
 ADDIN EN.CITE 

(Turner and others 2008a; Turner and others 2010b)
. The sphinganine/sphingosine ratio is a useful marker in animals, but it failed to correlate human exposure to fumonisins 
 ADDIN EN.CITE 

(Shephard and others 2007; Van der Westhuizen and others 2010)
. Further confirmatory work on the use of urinary fumonisin as an exposure biomarker in humans needs to be done. For zearalenone (ZEN), citrinin (CIT) and ochratoxin A (OTA) further research is needed to investigate if their metabolites are possible biomarkers of exposure in humans and animals. Toxicokinetic studies in animals revealed that most of the mycotoxins are excreted through the kidneys within 48 hours. For this reason urinary biomarker levels can give more information about the recent intake of these mycotoxins. In contrast, OTA in blood is an indicator of continuous exposure to this toxin as OTA has a plasma half-life of approximately 35 days 
 ADDIN EN.CITE 

(Munoz and others 2010)
. 
Thanks to the high sensitivity of the recently developed analytical instruments, different liquid chromatography tandem mass spectrometry methods (LC-MS/MS) for the detection and quantification of biomarkers in urine were developed in order to assess mycotoxin exposure 
 ADDIN EN.CITE 

(Ediage and others 2012; Gambacorta and others 2013; Rodriguez-Carrasco and others 2014b; Solfrizzo and others 2011; Solfrizzo and others 2013; Song and others 2013; Warth and others 2011; Warth and others 2013b)
. Only recently, results of epidemiological studies were increasingly reported whereby the exposure to mycotoxins in different populations was assessed through biomarkers. 
Pena and others (2006)

 and 

Duarte and others (2012)

 estimated the exposure of OTA in the Portuguese population, whereas 
Gilbert and others (2001)

 found a correlation between OTA intake and urine concentrations of OTA in the United Kingdom using a duplicate diet approach. In France and Sweden, DON was determined in urine samples of adults 

(Gratz and others 2014; Turner and others 2010a; Wallin and others 2013)
. 


Turner and others (2008b)

 linked urinary DON with cereal intake in individuals from the United Kingdom. Whereas most of these studies focus on the exposure to one mycotoxin, more recently multi-toxin approaches were used where up to 32 mycotoxins and their metabolites were analysed in urine samples 
 ADDIN EN.CITE 

(Ediage and others 2013; Gerding and others 2014; Huybrechts and others 2014; Rodriguez-Carrasco and others 2014a; Sarkanj and others 2013; Solfrizzo and others 2014; Warth and others 2012b)
. 

The aim of the BIOMYCO study was to assess human mycotoxin exposure associated with food consumption based on the direct measurement of urinary biomarkers in samples of the Belgian population. In contrast with most of these previously performed studies, the BIOMYCO study is the first study whereby a multi-toxin approach is applied for exposure assessment to 33 different potential biomarkers in both adults and children (overall sample size = 394). Moreover, it is the first study that describes the exposure to an elaborated set of mycotoxins in the Belgian population. Additionally, European studies using urinary biomarkers to assess mycotoxin exposure in children on a large-scale are – to the authors’ knowledge – not yet available. 

2 METHODS 

The BIOMYCO study was conducted according to the guidelines laid down in the declaration of Helsinki and was approved by the Ethical Committee of the Ghent University Hospital. All participants needed to sign an informed consent, whereby the informed consent for participating children was signed by their parents whereas a verbal assent was obtained from the children. Each participant was informed about their right to withdraw from the study at any time without any reason. It is important to note that no medical examinations were carried out in this study. More detailed information about the study design and the methods used can be found in 


Heyndrickx and others (2014)

. 

2.1 Subjects and sampling times

During the different seasons of 2013 and 2014, morning urine of 239 adults and 155 children was gathered across Belgium according to a standardised study protocol. Hereby, attempts were made to have a representative distribution for sex (male and female), age (3-6; 7-9; 10-12 and 19-34; 35-50; 51-65 years old) and regions (Belgium is divided in three regions, being Flanders, Wallonia and Brussels). Young children need special attention in contaminant exposure assessment studies because of the quantitative higher food intake per kg body weight. For this reason, children within the age group of 3-12 years old were recruited in this study. Children younger than 3 years could not participate because of logistic reasons for the collection of morning urine. The recruitment of a representative sample of children between 13 and 18 years was not realistic given the budget available in the BIOMYCO project. To facilitate the collection of the predefined number of samples, a random cluster sampling was carried out at school and company setting. 

2.2 Subjects’ background information 

Participants were screened for their medical history, smoking behaviour, recent medication and socio-demographical data through a general questionnaire. This questionnaire was drawn up in order to collect personal and socio-demographical data for checking the representativeness of the population. Exclusion criteria were checked: first, only one member per family could participate; second, people who were possibly exposed to a large amount of mycotoxins in another way than food such as farmers and veterinarians were excluded; third, persons with severe problems with liver, bile or kidney could not participate due to the related risk for interferences with the metabolism of mycotoxins and creatinine. 

2.3 Sampling

The sampling day was randomly selected to cover all days of the week. All urine samples were transported to the lab under cooling conditions, were divided in aliquots (20 mL) and stored in a freezer (-20°C) within six hours after urine collection for stability reasons Ediage and others 2012()
. 

2.4 Biomarker analysis

Two previously described LC-MS/MS methods were further optimized and validated for the determination of mycotoxin biomarkers in morning urine. In total 33 mycotoxins/metabolites were analysed in this project (see table 1). When two different concentrations were obtained (cf. two LC-MS/MS methods) the highest concentrations were used for further calculations (= worst case).

Table 1 Mycotoxins and metabolites analysed in urine samples
	Group
	Mycotoxins and metabolites

	Aflatoxins
	AFB1  AFB2  AFG1  AFG2  AFM1

	Fumonisins
	FB1  FB2  FB3  HFB1

	Ochratoxins
	OTA - OTα

	Trichothecenes


	T-2 HT-2 DON DON3GlcA DON15GlcA DOM-1 DOMGlcA
3ADON 3ADON15GlcA 15ADON 15ADON3GlcA DAS FusX

	Zearalenones
	ZEN  ZEN14GlcA  α-ZEL  α-ZEL7GlcA  α-ZEL14GlcA  β-ZEL  β-ZEL14GlcA

	Citrinin
	CIT HO-CIT


2.4.1 LC-MS/MS method using sample clean-up

The first method was the LC-MS/MS method using sample clean-up. This LC-MS/MS method can analyse 13 biomarkers (mycotoxins and metabolites) within one chromatographic run of 28 min according to Ediage and others (2012)

 with some minor modifications. In brief, mycotoxin biomarkers were extracted from the urine adding ethyl acetate/formic acid (99/1, v/v). Additionally, the pH of the aqueous phase was adjusted to 6.5-7 and diluted (1/5, v/v) in methanol. The sample was loaded on a pre-conditioned SAX SPE cartridge for sample clean-up in order to extract fumonisins.  Both eluates were combined and were dried under vacuum and reconstituted in 150 µl water/methanol/formic acid (61.8/37.9/0.3, v/v/v). Isotope labelled internal standards for aflatoxin B1 (AFB1), DON, fumonisin B1 (FB1), OTA and ZEN were added before LC-MS/MS analysis. This method was validated following the guidelines of Commission Decision 2002/657/EC and 401/2006/EC. Within the BIOMYCO project following biomarkers were analysed: AFB1, AFM1, DON, deepoxy-deoxynivalenol (DOM-1), FB1, hydrolysed FB1 (HFB1), HT-2 toxin (HT-2), OTA, ochratoxin α (Otα), T-2 toxin (T-2), ZEN, α-zearalenol (α-ZEL) and β-zearalenol (β-ZEL). 

2.4.2 LC-MS/MS method using filter and shoot

The second method was the LC-MS/MS method using filter and shoot. This LC-MS/MS method can analyse 32 biomarkers (mycotoxins and metabolites) within two chromatographic runs of each 30 min. This method was validated for most of the 32 biomarkers following the guidelines of Commission Decision 2002/657/EC and 401/2006/EC. More detailed information about this method can be found in 
Huybrechts and others (2014)

. In brief, an 2 mL portion was filtered with a syringe filter (0.2 µm) before LC-MS/MS analysis. Within the BIOMYCO project following biomarkers were analysed: AFB1, AFM1, aflatoxin B2 (AFB2), aflatoxin G1 (AFG1), aflatoxin G2 (AFG2), CIT, dihydrocitrinone (HO-CIT), diacetoxyscirpenol (DAS), DON, deoxynivalenol-3-glucuronide (DON3GlcA), deoxynivalenol-15-glucuronide (DON15GlcA), 3-acetyldeoxynivalenol (3ADON), 3-acetyldeoxynivalenol-15-glucuronide (3ADON15GlcA), 15-acetyldeoxynivalenol (15ADON), 15-acetyldeoxynivalenol-3-glucuronide (15ADON3GlcA), DOM-1, deepoxy-deoxynivalenol-glucuronide (DOMGlcA), FB1, fumonisin B2 (FB2), fumonisin B3 (FB3), fusarenon X (FusX), HT-2, OTA, OTα, T-2, ZEN, zearalenone-14-glucuronide (ZEN14GlcA), α-ZEL, α-zearalenol-7-glucuronide (α-ZEL7GlcA), α-zearalenol-14-glucuronide (α-ZEL14GlcA), β-ZEL and β-zearalenol-14-glucuronide (β-ZEL14GlcA). The glucuronides of the acetyl-DON’s, DOM-1, ZEN, α- and β-ZEL were tentatively identified 

(Versilovskis and others 2012)
.

2.5 Creatinine analysis

The obtained mycotoxin concentrations were normalized in function of the urinary creatinine content to correct for variable dilutions Turner and others 2010a()
. The urinary creatinine level was measured through an in-house spectrophotometric method based on the principle of Jaffe’s reaction. More detailed information about this method can be found in WHO 1996(Ediage and others (2012)

. Furthermore, creatinine concentrations were used to determine whether the spot urinary sample was valid. The World Health Organization (WHO) recommends that if a sample is too diluted (creatinine concentration <30 mg/dL) or too concentrated (creatinine concentration >300 mg/dL), another urine void should be collected )
. For this reason, 42 urine samples with creatinine concentrations out of this range were excluded from the project.

2.6 Statistical analysis

The obtained mycotoxin concentrations were presented both uncorrected and corrected for creatinine levels. Additionally, non-parametric tests being the Mann-Whitney U and Kruskal-Wallis tests were used to test whether mycotoxin exposure of different subgroups (age, gender) was significantly different. For the purpose of data analysis, mycotoxin concentrations below the limit of detection (LOD) were replaced by half the value of their respective detection limits. Only the positive samples (>LOD) were used when the mycotoxin concentrations were normalized with the creatinine level. Data was analysed using SPSS software version 21 (p-value < 0.05 was considered as statistically significant). 

3 RESULTS AND DISCUSSION

3.1 Population characteristics 

A sample of 217 children, aged 3-12 years, were enrolled for the study. Based on the exclusion criteria, seven of the recruited children were excluded (age, kidney problem, other participating family member). Another 37 children forgot to collect their urine. Overall 173 subjects returned a urine sample and a completed questionnaire between October 2012 and January 2014. Twelve of these children had no valid urine samples (too diluted, too concentrated, not enough volume) and 6 children did not fill in all the necessary data. A total of 155 children were included (118 from Flanders and 37 from Wallonia) consisting of 67 boys and 88 girls. The second population sample included adults aged 19 to 65 years. A number of 427 adults were enrolled for this study. Five of the recruited adults could not participate according to the exclusion criteria (contact with feed, problems with liver, bile or kidney) and another 131 adults did not show up or forgot to collect their urine. Overall 291 subjects returned a urine sample and a completed questionnaire between October 2012 and January 2014, thereby covering the different seasons. Fifty two adults had no valid urine samples (too diluted, too concentrated, not enough volume). A total of 239 adults were included (173 in Flanders, 50 in Wallonia and 16 in Brussels) consisting of 106 men and 133 women. The flow chart describing the selection procedures is illustrated in figure 1. Socio-demographical data of the children and adults at time of sampling are summarized in table 2. It has to be noted that Brussels accounts for only 8% of the Belgian population. Flanders has most inhabitants (58%), whereas Wallonia has less inhabitants (33%). More information about the location of sampling in Belgium can be found as supplementary data.
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Figure 1 Flow chart describing the selection procedure of the studied sample (n=394)

Table 2 Population characteristics
	ADULTS (n = 239)

	Age
	19-34 years
	35-50 years
	51-65 years

	
	91 (38%)
	99 (41%)
	49 (21%)

	Region
	Flanders
	Wallonia
	Brussels

	
	173 (72%)
	50 (21%)
	16 (7%)

	Gender
	Male
	Female
	

	
	106 (44%)
	133 (56%)
	

	CHILDREN (n = 155)

	Age
	3-6 years
	7-9 years
	10-12 years

	
	65 (42%)
	46 (30%)
	44 (28%)

	Region
	Flanders
	Wallonia
	Brussels

	
	118 (76%)
	37 (24%)
	0 (0%)

	Gender
	Male
	Female
	

	
	67 (43%)
	88 (57%)
	


3.2 Distribution of mycotoxin exposure and co-occurrence rate in urine samples

In total, 394 urine samples from children and adults living in Belgium were analysed for the presence of 33 urinary mycotoxins and their metabolites. Nine out of 33 mycotoxins were detected whereby DON, OTA, CIT and their metabolites were the most frequently detected. DON15GlcA was the main urinary DON biomarker found and for the first time DOMGlcA was detected in urine of children. Furthermore α-ZEL was detected in one urine sample and β-ZEL14GlcA in two samples. AFB1, AFB2, AFG1, AFG2, AFM1, FB1, FB2, FB3, HFB1, DAS, 3ADON, 3ADON15GlcA, 15ADON, 15ADON3GlcA, DOM-1, FusX, HT-2, OTα, T-2, ZEN, ZEN14GlcA, α-ZEL7GlcA, α-ZEL14GlcA and β-ZEL could not be detected or quantified in urine samples from the Belgian population. The incidence and levels of these mycotoxin biomarkers are presented in table 3 (uncorrected and corrected for creatinine). Only data above LOD were used. The quantification of DON15GlcA was based on the concentration of DON3GlcA, because only a small amount of standard solution was available. When two different concentrations were found for DON (21/198), OTA (1/163) and α-ZEL (1/1) (cfr. two LC-MS/MS methods), the highest concentrations (= worst case) were used in this study. To enable comparison of our results with other studies, mean levels were used and not medians. Because of the skewness of the urinary mycotoxin concentrations within the population, the mean value is strongly influenced by some extreme concentrations. Due to this the mean values are higher than the median levels. 

An overall incidence of DON was measured in 70% of the children and 37% of the adults with a mean concentration of 5.5 ng/mg creatinine for children and 6.1 ng/mg creatinine for adults. DON15GlcA was the most frequently detected biomarker (in 100% of the samples) with mean levels of 65.3 and 50.1 ng/mg creatinine for children and adults respectively. While DON15GlcA is the main biomarker of DON in humans, DON3GlcA was detected in 91% of the urine samples from children with a mean concentration of 12.3 ng/mg creatinine. For adults, 77% of the urine samples were positive for DON3GlcA with a mean concentration of 6.7 ng/mg creatinine. For the first time DOMGlcA was detected in urine samples of children. The incidence in children was 17% with a mean concentration of 100.9 ng/mg creatinine. For adults, DOMGlcA was detected in 22% of the samples with a mean concentration of 25.0 ng/mg creatinine. Urinary occurrence of biomarkers for DON has been recently investigated in European countries. 


Turner and others (2008b)

 detected DON or its metabolites in 100% of the urine samples collected in the United Kingdom. Furthermore, DON-glucuronides were detected in 96% of the urine samples in Austria whereby 86% of the total DON was present as either DON3GlcA or DON15GlcA Warth and others 2012a()
. The results of the BIOMYCO project confirm that glucuronidation of DON at the 15-position is the major detoxification route of DON in adults and children as earlier suggested by 


Warth and others (2012a)

 and Huybrechts and others 2014(Huybrechts and others (2014)

. Although we could not find DOM-1 in the Belgian urine samples, DOMGlcA was found in 22% of the adults. This incidence is comparable with the 25% found in the pilot survey performed in Belgium )
. Our results confirm the suggestion that DOM-1 derives from DON metabolism by intestinal microbiota, whereby not every person possess this activity Gratz and others 2013()
.

Table 3 Mycotoxin contamination incidence and levels in urine of the Belgian population uncorrected and corrected for creatinine levels

	Population Group
	Parameter
	CIT
	HO-CIT*
	DON
	DON3GlcA
	DON15GlcA
	DOMGlcA
	OTA
	α-ZEL
	β-ZEL14GlcA

	Children

(n=155)
	Incidence
	112/155
	7/124
	109/155
	141/155
	155/155
	26/155
	79/155
	n.d.
	n.d.

	
	% samples >LOD
	72
	6
	70
	91
	100
	17
	51
	n.d.
	n.d.

	
	Uncorrected for creatinine
	pg/ml
	pg/ml
	ng/ml
	ng/ml
	ng/ml
	ng/ml
	pg/ml
	ng/ml
	ng/ml

	
	Mean
	31.4
	550.7
	5.2
	10.6
	58.4
	91.7
	79.5
	n.d.
	n.d.

	
	Median
	21.2
	494.3
	3.9
	7.8
	42.6
	24.0
	29.5
	n.d.
	n.d.

	
	Minimum
	1.6
	259.4
	0.5
	0.7
	4.3
	1.1
	3.8
	n.d.
	n.d.

	
	Maximum
	392.8
	887.3
	32.5
	43.0
	343.0
	526.1
	3683.0
	n.d.
	n.d.

	
	Corrected for creatinine
	pg/mg
	pg/mg
	ng/mg
	ng/mg
	ng/mg
	ng/mg
	pg/mg
	ng/mg
	ng/mg

	
	Mean
	39.8
	810.2
	5.5
	12.3
	65.3
	100.9
	83.2
	n.d.
	n.d.

	
	Median
	21.7
	439.9
	4.1
	9.7
	51.7
	28.2
	28.1
	n.d.
	n.d.

	
	Minimum
	2.0
	268.8
	0.6
	0.7
	4.6
	1.4
	4.0
	n.d.
	n.d.

	
	Maximum
	415.7
	2029.0
	27.4
	53.0
	301.7
	559.1
	3828.1
	n.d.
	n.d.

	Adults

(n=239)
	Incidence
	140/239
	14/120
	89/239
	184/239
	238/239
	53/239
	84/239
	1/239
	2/239

	
	% samples >LOD
	59
	12
	37
	77
	100
	22
	35
	0.4
	0.8

	
	Uncorrected for creatinine
	pg/ml
	pg/ml
	ng/ml
	ng/ml
	ng/ml
	ng/ml
	pg/ml
	ng/ml
	ng/ml

	
	Mean
	56.7
	752.0
	3.9
	7.5
	53.8
	16.9
	27.8
	5.0
	0.8

	
	Median
	17.6
	560.3
	1.7
	4.4
	31.2
	5.8
	15.2
	5.0
	0.8

	
	Minimum
	2.2
	143.1
	0.5
	0.5
	1.1
	0.6
	2.7
	5.0
	0.6

	
	Maximum
	1398.0
	2117.7
	129.8
	126.2
	460.8
	172.0
	368.1
	5.0
	1.0

	
	Corrected for creatinine
	pg/mg
	pg/mg
	ng/mg
	ng/mg
	ng/mg
	ng/mg
	pg/mg
	ng/mg
	ng/mg

	
	Mean
	73.7
	739.0
	6.1
	6.7
	50.1
	25.0
	36.4
	4.3
	0.9

	
	Median
	19.9
	530.5
	2.1
	3.9
	29.8
	4.3
	15.5
	4.3
	0.9

	
	Minimum
	1.6
	92.9
	0.2
	0.3
	1.3
	0.5
	1.8
	4.3
	0.7

	
	Maximum
	1494.3
	2465.6
	327.0
	88.9
	546.2
	458.4
	927.4
	4.3
	1.1


n.d. not detected; LOD limit of detection (CIT-OTA: 1 pg/mL; HO-CIT: 10 pg/mL; DON-DON3GlcA-DON15GlcA-DOMGlcA: 200 pg/mL; α-ZEL: 61 pg/mL; β-ZEL14GlcA: 117 pg/mL); All the presented concentrations were only those above LOD; *not all samples were analysed for HO-CIT

Results showed that 51% of the urine samples from children and 35% of the urine samples from adults were OTA contaminated. The mean concentration was 83.2 pg/mg creatinine and 36.4 pg/mg creatinine for children and adults respectively. In the present study, the OTA incidence was lower than the incidence reported in previous studies, being 70 à 80%. The urinary levels found in this study were higher than those reported in literature 
 ADDIN EN.CITE 

(Duarte and others 2012; Huybrechts and others 2014; Pena and others 2006)
. 

Despite its high occurrence (72% for children and 59% for adults), the average urinary concentrations of CIT were low (same range as OTA), being 39.8 pg/mg creatinine and 73.3 pg/mg creatinine for children and adults respectively. Also the metabolite of CIT, namely HO-CIT, was detected in 6% of the children and 12% of the adults. The mean concentration of HO-CIT was tenfold higher than CIT. A pilot study performed in Germany, reported that 80% of the urine samples contained CIT with concentrations up to 790 pg/ml Blaszkewicz and others 2013()
. Although the incidence of HO-CIT in our study is much lower, the mean urinary levels are very similar in comparison with the German study.  

α-ZEL was only found in one sample and β-ZEL14GlcA in two urine samples of adults. None of these mycotoxins were found in children. 

3.3 Correlation between the different urinary concentrations and socio-demographical characteristics 

Table 4 shows a strong correlation between urinary concentrations of DON, DON3GlcA and DON15GlcA. These correlations were both found in adults and children, whereby the urinary concentrations were corrected and uncorrected for creatinine. These correlations suggest that humans are efficiently conjugating DON with glucuronic acid and confirm earlier reports Huybrechts and others 2014()
. 

The urinary biomarker concentrations measured in this Belgian population differed significantly among age and gender. Children from 3 to 6 years old were exposed to lower levels of DON (based on DON-equivalents, p-value 0.032) in comparison with children from 10 to 12 years old. No significant differences concerning urinary biomarker levels between girls and boys were found. In contrast, in the adult group men showed higher levels of DON (based on DON-equivalents, p-value 0.014) in comparison with women. Adults between 19 and 34 years old had lower urinary levels of OTA (p-value 0.012) than adults from 51 until 65 years old. All concentrations used for these data analysis were uncorrected for creatinine due to the fact that creatinine was correlated to some of these socio-demographical characteristics. 

Urinary creatinine concentrations are widely used to adjust urinary concentrations of chemicals or their metabolites. The formation of urinary creatinine and the ways in which various factors may affect its concentration are important. The rate of creatinine formation is fairly constant, but this rate decreases with age in adults Alessio and others 1985()
. Researchers found a high correlation between urinary creatinine concentrations and muscle mass Edwards and Whyte 1959()
. In addition, men have higher levels of creatinine than women and persons with a high red meat intake have higher levels in comparison with persons with a low red meat intake 
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(Bjornsson 1979; Lykken and others 1979)
. Furthermore, if an analyte is excreted predominantly through passive secretion in the kidney, the analyte secretion will vary with urine flow rate and creatinine adjustment would not correct for urine dilution. Due to these reasons, the use of creatinine-adjusted metabolite concentrations in order to accurately compare exposures among the study participants remains a subject of research 
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(Barr and others 2005; Boeniger and others 1993)
.

Table 4 Pairwise comparison of the different biomarkers using the p-value(s)

	Population
group
	Mycotoxin


	Uncorrected for creatinine
	Corrected for creatinine

	
	
	n
	r
	p
	n
	r
	p

	Children

	DON-DON3GlcA
	155
	0.572
	< 0.001
	106
	0.566
	< 0.001

	
	DON-DON15GlcA
	155
	0.671
	< 0.001
	109
	0.607
	< 0.001

	
	DON3GlcA-DON15GlcA
	155
	0.751
	< 0.001
	141
	0.718
	< 0.001

	Adults
	DON-DON3GlcA
	239
	0.433
	< 0.001
	76
	0.309
	0.007

	
	DON-DON15GlcA
	239
	0.410
	< 0.001
	89
	0.226
	0.033

	
	DON3GlcA-DON15GlcA
	239
	0.717
	< 0.001
	184
	0.795
	< 0.001


n: amount of urine samples; r: Spearman rank correlation coefficient; p < 0.05 is statistical significant; Half the value of their respective detection limits (LOD = 200 pg/mL) were assigned to samples with no quantifiable biomarkers. When concentrations corrected for creatinine were used, only positive samples were used (>LOD).

3.4 Estimated dietary exposure through urinary levels

A risk assessment was performed by comparing the estimated dietary intake of DON and OTA with their tolerable daily intake (TDI). Exceeding the TDI can imply a possible health risk for the Belgian population. The dietary intake of DON and OTA was estimated using the urinary concentrations. The calculated intake was compared to the following TDI’s: 

· DON = 1 µg/kg body weight a day SCF 2002()

· OTA = 0.017 µg/kg body weight a day 
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(Schlatter and others 1996)
, based on the total weekly intake (TWI) of 0.12 µg/kg body weight a week  EFSA 2006()

Currently, there are different methods available to calculate the estimated exposure through urinary levels. Following calculations were reported: 
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Assumptions made:

ER = urinary excretion ratio of DON is 72% Turner and others 2010b()

      = urinary excretion ratio of OTA is 50% Schlatter and others 1996()

V = daily urine production of adults is 1500 mL and children is 1000 mL Turner and others 2010b()

BW  = body weight (kg) reported in questionnaire

CF  = concentration factor, morning urine is 2 times more concentrated than urine during day 
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(Warth and others 2013a)

DON/DON3GlcA/DON15GlcA/DOMGlcA = urinary concentration not corrected for creatinine (ng/ml)

OTA = urinary concentration not corrected for creatinine (pg/ml)

Factor 0.63 and 0.65 was obtained by calculating DON-equivalents 
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(Sarkanj and others 2013)

It has to be highlighted that these calculations are based on excretion rate assumptions and that inter-individual variations were not taken into account. Due to the lack of toxicokinetic data on mycotoxins in human, there are still a lot of uncertainties that should be taken into account when perform a risk assessment based on urinary mycotoxin levels. The dietary intake of DON was in formula 1 estimated based on the individual urinary DON levels. The use of this formula leads to an underestimation of the DON exposure as no metabolites were taken into account. Formula 2 does not take into account the molar masses of the DON metabolites. Furthermore in formula 1, 2, 3 and 5 the assumption was made that morning urine is equally concentrated than urine collected during the day, leading to an overestimation. In formula 4 the difference in concentration of morning urine and urine collected during the day was taken into account. Additionally, the presence of unknown metabolites can lead to an underestimation. The quantification of DON15GlcA was based on the concentration of DON3GlcA, because of the small amount of standard solution available. When enough standard solution of DON15GlcA is available in the future, these data can be corrected. Because no standard method is available at this moment for calculating the estimated exposure through urinary concentrations, the dietary exposure within the BIOMYCO study was calculated in two different ways (formulae 3 and 4). This approach will enable the comparison with other exposure assessments performed in different European countries. All the different estimated intakes are presented in table 5. 

The estimated intake for DON varies between 0.11 – 19.57 µg/kg.BW/day for children and 0.03 – 10.08 µg/kg.BW/day for adults. Of total exposed subjects 56-69% of children and 16-39% of the adults were estimated to exceed the TDI. Toxicodynamic studies have demonstrated that DON function as inhibitor of eukaryotic protein synthesis. Exposure to DON has been linked to anorexia, growth retardation and immunotoxicity in animal models. It is yet to be established whether DON is related to certain chronic conditions in humans, such as colitis or inflammatory bowel syndrome 
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(Pestka 2010)
. The percentages exceeding the TDI for DON are much higher than previous estimations reported in Europe and could be due to the high consumption of different food products such as bread, beer and cornflakes. In a study performed in Austria dietary intake was estimated between 0.38 and 2.2 µg/kg.BW/day whereby 33% of these volunteers exceeded the TDI. DON15GlcA was quantified using the DON3GlcA reference standard whereby the concentration of DON15GlcA was corrected for the higher response by the factor 1.88 
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(Warth and others 2012a)
. The calculations used in that study were based on daily urine production of 2 L instead of 1.5 L in our study. 


Sarkanj and others (2013)

 analysed urine of 40 pregnant women in Croatia whereby the intake was estimated between 0.1 and 33.1 µg/kg.BW/day. Also in that study a daily urine volume of 2 L was used. 48% of these women exceeded the TDI. 
Turner and others (2010b)

 analysed 6 urine samples of 35 adults in the United Kingdom whereby 17% exceeded the TDI (0.008 – 1.244 µg/kg.BW/day). 

Gratz and others (2014)

 analysed 2 urine samples of 15 adults in the United Kingdom and estimated the intake between 0.026 – 0.918 µg/kg.BW/day. 
Wallin and others (2013)

 evaluated the exposure of DON in Sweden. The DON intake varied between 0.002 en 5.448 µg/kg.BW/day and only 1% of the adults exceeded the TDI. Some of these performed studies 

(Turner and others 2010b; Wallin and others 2013)
 used the indirect method to measure DON-glucuronides. Interference of the used β-glucuronidase with mucopolysaccharides and an incomplete hydrolysis, could be two reasons why these studies have lower intakes than the BIOMYCO study. On the other hand, most of these studies were performed on a limited number of participants and a limited number of toxins. Due to this, it becomes very difficult to compare results. 


Rodriguez-Carrasco and others (2014b)

 analysed urine samples of 6 children, 16 adolescents and 22 adults in Spain, but only studied DON and DOM-1 concentrations without hydrolysis. The DON intake was estimated between 0.06 and 1.07 µg/kg.BW/day (8% >TDI). Solfrizzo and others (2014)

 analysed 52 urine samples of South-Italy with hydrolysis. When estimating the intake of DON, a urinary excretion ratio of 50% for DON was used instead of 72% used in the BIOMYCO study. The estimated mean intake was 5.90 µg/kg.BW/day whereby 6% of the adults exceeded the TDI. Differences in exposure could be explained to the different dietary habits between different countries and the higher occurrence of DON in temperate climates. All these different approaches to estimate the intake of DON make it difficult to compare the results between different countries and hence to know if the TDI is exceeded.
 

Table 5 Estimated dietary intake of DON and OTA based on urinary levels. The intake was compared to the TDI.

	Estimated dietary intake BIOMYCO
	Formula
	% exceeding TDI

	DON

(µg/kg.BW/day)
	Children = 0.17 – 19.57 (mean = 3.26)

Adults = 0.06 – 10.08 (mean = 1.24)
	(3)
	69% (100/144)

29% (68/236)

	
	Children = 0.11 – 12.73 (mean = 1.63)

Adults = 0.03 – 5.04 (mean = 0.62)
	(4)
	56% (81/144)

16% (39/236)

	OTA

(ng/kg.BW/day)
	Children = 0.2 – 100 (mean = 5.41)

Adults = 0.1 – 21 (mean = 1.27)
	(5)
	1% (1/71)

1% (1/81)


For OTA the individually urinary level was used to carry out an exposure assessment. The estimated intake for OTA was between 0.2 – 100 ng/kg.BW/day for children and  0.1 – 21 ng/kg.BW/day for adults. In total 1% of the Belgian population exceeded the TDI for OTA. Various studies in animals and humans have associated OTA with endemic porcine nephropathy and Balkan endemic nephropathy 
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(Pfohl-Leszkowicz and Manderville 2007)
. Kidneys are the main target organ for OTA and its immunosuppressive properties result in higher susceptibility to infections Creppy and others 1995()
. 
Solfrizzo and others (2014)

 analysed 52 urine samples of South-Italy, whereby 94% exceeded the TDI. The mean intake of OTA was calculated based on the urinary excretion ratio of 2.6% 

(Gambacorta and others 2013)
 and was 0.139 µg/kg.BW/day. The levels found in this study were higher than the levels found in the BIOMYCO project. This difference can be due to the fact that the consumption of wine and dried fruit is less in Belgium when comparing to South-European countries. Furthermore no OTA metabolites were found in the urine samples of the Belgian population, in contrast with other studies 
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(Coronel and others 2011; Munoz and others 2010)
, this can have led to an underestimation of the OTA intake in Belgium. 

In repeated dose toxicity studies, the kidney was identified as the principal target organ for CIT Wasternack and Weisser 1992(; Yoneyama and Sharma 1987)
. Due to the lack of a urinary conversion factor for CIT or its metabolite, no risk assessment could be performed for this mycotoxin.
In general, in this kind of exposure assessments young children need special attention because of the quantitative higher food intake per kg body weight. In order to perform more accurate estimations, more research needs to be done in order to collect more information about the human metabolism of mycotoxins, especially for CIT. More exposure assessment studies are needed in order to compare the different estimates and to evaluate the variability amongst people. 

3.5 Strengths and limitations 

The major strength of this study was the large sample size and the representative distribution between age and gender across the study group to assess possible differences between mycotoxin exposure. This is further strengthened by including all the different classes of mycotoxins and a large amount of their metabolites with special attention to the glucuronides, the major urinary detoxification route in humans for DON. Furthermore, this study included young children aged from 3 until 12 years old which is of interest because of their quantitative higher food intake per kg body weight. A potential weakness of this study could be the collection of only one urine sample per participant. Collecting one urine sample is useful to study the exposure at population level but does not give enough detailed information when studying the exposure at individual level. Collecting more urine samples per participant was not realistic given the timeline and budget available in the BIOMYCO project. Furthermore, no reference standards for the glucuronides were available and the quantification of DON15GlcA was based on the concentration of DON3GlcA, because of the small amount of standard solution available. Due to logistic and budget constraints we could not include children below 3 years old, teenagers between 13 and 18 years and elderly above 65 years. It is of interest to study the exposure to these subpopulations in the future. Finally, it has to be highlighted that the used calculations were based on excretion rate assumptions and that inter-individual variations were not taken into account.

4 CONCLUSION

The BIOMYCO study is the first study that described the exposure to an elaborated set of mycotoxins in the Belgian population. In total, 394 urine samples from children and adults living in Belgium were analysed for the presence of 33 urinary mycotoxins and their metabolites. Biomarker analysis showed a clear exposure of a broad segment of the Belgian population to DON, OTA and CIT. DON15GlcA was the main urinary metabolite found in 100% of the samples and for the first time DOMGlcA was detected in urine of children. The risk assessment based on these data indicate a potential concern for a number of individuals whereby young children need special attention because of the relatively higher food intake per kg body weight. 

Although it seems that the overall exposure assessed in this study is in line with the observations reported in earlier performed studies 
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(Blaszkewicz and others 2013; Duarte and others 2012; Huybrechts and others 2014; Pena and others 2006; Turner and others 2008b; Warth and others 2012a)
, comparison between different studies is difficult due to various factors such as differences in age, differences in detection limits, limited numbers of subjects in other studies and different analytical performances of the methods. Findings on high prevalence of CIT and OTA observed in this study highlight the need for more research concerning the exposure to these two toxins. 
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7 SUPPLEMENTARY INFORMATION

Figure 2 Location of sampling in Belgium for the adult population
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Figure 3 Location of sampling in Belgium for the children
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