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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Matched food, breast milk and urine 
samples were analyzed for mycotoxin- 
mixtures. 

• Moderate association (r = 0.52) of 
ochratoxin A between breast milk and 
urine. 

• European maximum concentration 
levels tolerated in food were mostly not 
reached. 

• Exposure of mothers and infants were 
below the tolerable daily intake value. 

• Breastfeeding benefits outweighs po-
tential mycotoxin contamination.  
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A B S T R A C T   

Exposure to food and environmental contaminants is a global environmental health issue. In this study, inno-
vative LC-MS/MS approaches were applied to investigate mycotoxin co-exposure in mother-infant pairs (n = 23) 
by analyzing matched plate-ready food, breast milk and urine samples of mothers and their exclusively breastfed 
infants. The study revealed frequent co-occurrence of two to five mycotoxins. Regulated (e.g. aflatoxins, deox-
ynivalenol and ochratoxin A) and emerging mycotoxins (e.g. alternariol monomethyl ether and beauvericin) 
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were frequently detected (3 %–89 % and 45 %–100 %), in at least one specimen. In addition, a moderate as-
sociation of ochratoxin A in milk to urine of mothers (r = 0.47; p = 0.003) and infants (r = 0.52; p = 0.019) but 
no other significant correlations were found. Average concentration levels in food mostly did not exceed Eu-
ropean maximum residue limits, and intake estimates demonstrated exposure below tolerable daily intake 
values. Infants were exposed to significantly lower toxin levels compared to their mothers, indicating the pro-
tective effect of breastfeeding. However, the transfer into milk and urine and the resulting chronic low-dose 
exposure warrant further monitoring. In the future, occurrence of mycotoxin-mixtures, and their combined 
toxicological effects need to be comprehensively considered and implemented in risk management strategies. 
These should aim to minimize early-life exposure in critical developmental stages.   

1. Introduction 

Agricultural crops are frequently contaminated by a variety of fungal 
species pre- and postharvest (CAST, 2003). Many of these species are 
able to produce toxic secondary metabolites known as mycotoxins. In 
the European Union (EU) several mycotoxins are regulated to ensure 
food safety, since natural contamination of food poses a serious health 
threat (EC, 2002). However, in other world regions, e.g. sub-Saharan 
Africa (SSA), the capacity for measurement and enforcement of such 
regulations are limited or absent (IARC, 2015). In these countries’ staple 
foods in subsistence settings frequently consist of cereal- and/or 
nut-based products that can be prone to mycotoxin contamination. 
Production of mycotoxins in such foods can be exacerbated by a lack of 
mycotoxin awareness, and poor pre- and post-harvesting agricultural 
behaviors (Adetunji et al., 2014; Braun et al., 2018; Ezekiel et al., 2012a; 
Kamala et al., 2017; Njumbe Ediage et al., 2014; Ojuri et al., 2019; 
Oyedele et al., 2017; Udomkun et al., 2017, 2018). Dietary monotony 
and daily consumption of such staples can lead to chronic ingestion of 
several highly toxic mycotoxins of significant public health concern 
(CAST, 2003; IARC, 2002; JECFA, 2017). 

Major mycotoxins classes include aflatoxins (AFs), fumonisins (FBs), 
citrinin (CIT), deoxynivalenol (DON), ochratoxins (OTs) and zear-
alenone (ZEN). Exposure to specific individual mycotoxins has been 
associated with various adverse outcomes depending on the respective 
toxin. For example, AFs are categorized as class 1 human carcinogens 
(IARC, 2002) and have been associated with stunting (Gong et al., 2002, 
2003, 2004; Turner et al., 2007; Watson et al., 2018). FB exposure has 
been associated with stunting (Shirima et al., 2015), an increased risk of 
esophageal cancer (Sun et al., 2007) and neural tube defects (Missmer 
et al., 2006), CIT and ochratoxin A (OTA) critically affect the nephron 
(Flajs and Peraica, 2009; Malir et al., 2013), DON causes immune 
toxicity (Pestka, 2010; Van De Walle et al., 2010), while ZEN is known 
for its estrogenic effects by partial interaction with the estrogen receptor 
(IARC, 2002; Kowalska et al., 2018; Warth et al., 2019). 

In early-life, humans are particularly vulnerable and impacts of 
mycotoxin exposure including retarded growth, poor development as 
well as a higher risk towards infectious diseases were observed (Gong 
et al., 2002, 2003, 2004, 2012; Shirima et al., 2015; Turner et al., 2000, 
2003, 2007; Turner, 2013). Hence, exposure to these toxins may influ-
ence later-life health outcomes as postulated by the concept of “devel-
opmental origins of health and disease” (DOHaD) (Barker, 2000; 
Bateson et al., 2004). 

Apart from major mycotoxin classes, so-called ‘emerging’ myco-
toxins such as alternariol (AOH), alternariol monomethyl ether (AME), 
tentoxin (TEN) and altertoxins produced by Alternaria species or beau-
vericin (BEA) and enniatins produced by Fusarium species gained more 
interest in recent years with advancement in analytical tools. However, 
these mycotoxins are not routinely monitored in food or other matrices 
and data for their toxicological characterization are frequently missing. 
In vitro data have shown that some of these emerging mycotoxins are 
able to interrupt intracellular ion homeostasis (Kamyar et al., 2004; 
Kouri et al., 2003) or exert genotoxic, mutagenic or enzyme modulating 
effects (Aichinger et al., 2021; Brugger et al., 2006; Fleck et al., 2012; 
Hohenbichler et al., 2020; Pfeiffer et al., 2007). 

In recent years, there is increasing evidence of multiple mycotoxin 
exposures from dietary sources in a given individual, however the effects 
of such mixtures remain mostly poorly examined outside of the realm of 
in vitro systems (Smith et al., 2016). Data of in vitro experiments suggest 
that combinatory effects of mycotoxins may result in synergistic, addi-
tive or detoxification modulating effects (Aichinger et al., 2020; Alas-
sane-Kpembi et al., 2013, 2017; Clarke et al., 2015; Frizzell et al., 2015; 
Hohenbichler et al., 2020; Vejdovszky et al., 2017; Woelflingseder et al., 
2019; Yang et al., 2017). 

Human exposure assessments have transitioned from analyzing sin-
gle toxins to multiple toxins (Assunção et al., 2016; Carballo et al., 
2019). However, most have only examined mycotoxin-mixtures in one 
sample matrix including food (Alvito et al., 2010; Njumbe Ediage et al., 
2014; Ojuri et al., 2018, 2019; Schatzmayr and Streit, 2013; Sulyok 
et al., 2015), breast milk (Braun et al., 2018, 2020b; Sengling Cebin 
Coppa et al., 2019; Warth et al., 2016), and urine (Ezekiel et al., 2014; 
Šarkanj et al., 2018; Shephard et al., 2013; Solfrizzo et al., 2011, 2014; 
Wallin et al., 2015), with only one study combining multiple matrices to 
compare exposure in exclusively and non-exclusively breastfed infants 
(Ezekiel et al., 2020). 

Although, mycotoxin occurrence data in food is readily available 
from Nigerian studies (Adetunji et al., 2014; Ezekiel et al., 2014, 2015, 
2016, 2019, 2020; Ojuri et al., 2019; Oyedele et al., 2017), the transfer 
of these toxic agents to infants via breast milk is still not clearly char-
acterized (Lehmann et al., 2018). 

This study applied innovative multi-analyte assays to conduct an 
integrated assessment of mycotoxin concentrations in both food and 
biological matrices, including breast milk and infants’ urine, to better 
understand transfer kinetics and bioavailability of multiple mycotoxins 
and their metabolites. First, mycotoxin occurrence data was collected 
over consecutive days by analyzing plate-ready meals from mothers who 
were breastfeeding their infants, followed by the assessment of maternal 
mycotoxin transfer by collecting their breast milk and urine. Secondly, 
mycotoxins were quantified in urine of exclusively breastfed infants. 
This data was then used to compare exposure of mothers and their 
infants. 

2. Materials and methods 

2.1. Study population and area 

The study locations were Ilishan Remo and Ikenne Remo in Ogun 
state, Nigeria. These are sister semi-urban communities not farther than 
1 km apart and with a total population of approximately 15,000 resi-
dents. The typical occupations in this region include farming, civil ser-
vice, and trading. Their primary food sources are cereals (rice, maize), 
groundnuts and legumes, which are derived exclusively from household 
farming and small stores or local markets. Other details of the study area 
and the complete cohort were described in Ezekiel et al. (2020). In the 
work at hand only mother-infant pairs with infants that were exclusively 
breastfed were included. In total, 47 mother-child pairs with exclusively 
breastfed infants were approached via postnatal community clinical 
visits. The inclusion criteria of the study required that: infants i) were 
between 1 and 6 months old; ii) were exclusively breastfed; iii) had no 
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signs of anemia or jaundice; iv) had no known metabolic disorders or 
liver problems. Of those contacted, 24 refused their participation, thus 
we recruited 23 mother-child pairs. Reasons for refusal included the 
complex sampling scheme over a duration of three days, lack of direct 
benefits for participation, and even superstition. Since no background 
information on non-participants was collected, a potential sampling bias 
cannot be excluded. However, families would not be aware of the 
mycotoxin content of their own food, thus there is no reason to expect 
that compliance was related to concerns over exposure. All study par-
ticipants were recruited and samples were collected in January and 
February 2016. Detailed information on study subjects is provided in 
Table 1 and the data is discussed in the Supporting Information. 

2.2. Study design, sampling and ethical consideration 

Throughout the study, mothers maintained their regular diet 
comprising of foods made from cereals, legumes, oilseeds and tubers, 
while their infants were exclusively breastfed. Basic information such as 
age, weight, and height of each participant and their infant was collected 
at the start of the study prior to first sample donation. The study 
involved collection of samples from each mother-infant pair over three 
days, see Fig. 1. On day one and two, a representative sample (5 g) of the 
mother’s plate-ready food, which included mostly blended foodstuff, 
porridge or soup, was collected for both a morning (am) and evening 
(pm) meal. On day two and day three, in both the am and pm, a mature 
breast milk sample was collected from the mothers. Importantly, infants 
were fed before breast milk samples were taken so as not to interfere 
with the needs of mothers or infants. Breast milk samples were donated 
by manually expressing breast milk into 25 mL sterile tubes. During the 
study, breast milk intake of the infant was estimated at one time by the 
mothers after hand expressing breast milk into a 150 mL graduated 
bottle which was then fed to the infant for intake estimation. No infant 
consumed milk formulae or follow-on cereal based solid foods. On day 
two and three of the study, when breast milk was collected, paired 
samples of maternal and infant spot urine were collected into sterile 
tubes at each visit. 

All sample aliquots (5 g food, up to 2 mL milk, and up to 5 mL urine 
per visit) were immediately frozen at − 20 ◦C, shipped on dry ice and 
stored at − 20 ◦C until analysis at IFA-Tulln (food and urine) or the 
University of Vienna (breast milk), Austria. Breast milk samples were 
analyzed before, resulting in two freeze-thaw cycles, however, we 
demonstrated that mycotoxin concentrations were not affected by this 
(Braun et al., 2020b). For food and urine samples no freeze-thaw cycle 
occurred. Informed written consent was received from all participants 
prior to their inclusion into the study. Mothers provided written consent 
on behalf of their infants. This study was approved by the Ethics com-
mittee of Babcock University in Nigeria (BUHREC294/16). 

2.3. Sample preparation protocols and LC-MS/MS determination 

All chemicals and reagents used in this study as well as detailed in-
formation on each specific matrix sample extraction protocol and LC- 
MS/MS analysis are presented in the Supporting Information. Myco-
toxins were extracted and analyzed using multi-analyte methods vali-
dated for food (Sulyok et al., 2020), breast milk (Braun et al., 2020b) and 
urine (Šarkanj et al., 2018). 

2.4. Exposure assessment 

Exposure estimation was performed for regulated mycotoxins and 
those with at least 40 % positive results (i.e. above the limit of detection 
(LOD)) in plate-ready food and breast milk (Table 2) and urine (Table 3). 
The estimated daily intake (EDI) of mycotoxins via food (for mothers) 
and breast milk (for infants) was based on a deterministic approach. 
Samples above the LOD value were regarded as “positive”. If a result was 
below the limit of quantification (LOQ) value, a proximity value of half 
the LOQ value (LOQ/2) of the respective toxin was assigned. An over-
view of the daily consumption of food and breast milk as well as par-
ticipants’ body weight (bw) and body mass index are stated in Table 1. 
Urine volume was estimated and assigned to 1.5 L and 0.28 L for 
mothers and their infants, respectively. Individual EDI (ng/kg bw) 
values based on food/breast milk consumption were calculated by 
multiplying the mycotoxin concentration and the daily consumption, 
divided by the bw of each participant (Table 4). The EDI based on urine 
was calculated by multiplying the respective mycotoxin concentration 
with the estimated urine volume and divided by the individual bw 
multiplied with the transfer rate to urine (Table 5). Then, the EDI was 
reported for two different scenarios per matrix, one being the ‘average’ 
and one being the hypothetical worst-case scenario using the 95th 
percentile concentration level found in the respective matrix. 

2.5. Statistical analysis 

Analysis of data was performed using OriginPro 2020 (v9.7), MS 
Excel 2019, and IBM SPSS® statistics (v26). Descriptive statistics for all 
samples with detectable mycotoxin concentration (>LOD) were derived. 
Outlier detection tests were not conducted due to the low amount of 
positive results. We examined the distributions of toxin concentrations 
in each matrix (food, milk, urine of mother and urine of infants) using 
Shapiro-Wilk tests and histogram plots. For each individual the myco-
toxin concentration in each matrix was averaged over the whole study 
frame and compared to the separated data set. Because mycotoxin 
concentrations were not normally distributed for breast milk, and 
mother’s and infant’s urine, these values were log-transformed. We 
calculated Pearson’s correlation coefficients (r) as well as a linear 
regression model to describe the association between the toxin con-
centration in breast milk and their excretion levels in urines of mothers 
and children. In light of the limited sample size, no adjustment for 
multiple testing was applied, therefore p-values should be interpreted 
with caution. 

3. Results and discussion 

3.1. Demographic data of participants 

Study participants consisted of 23 mothers with a mean age of 27 
years (SD 3 years) and their infants with a mean age 3.7 months (SD 1.5 
months). The plate-ready food samples collected include rice mixed with 
tomato sauce (n = 17), cowpea porridge and its derived pudding 
consumed with a fermented maize gruel ogi (n = 12), fermented cassava 
meal eba/garri served with melon/vegetable soup (n = 12), yam with 
sauce made from egg and tomato/chili (n = 7), wheat-based pasta (n =
7), tom bran (pudding made from mixed cereals and nuts; n = 4), bread 
with tomato sauce (n = 3), ogi (n = 1), and yam flour meal amala (n = 1). 

Table 1 
Descriptive statistics of mother-infant pairs (n = 23) including age, body weight, 
and infants’ milk consumption per day.   

Range Mean ± SD 

Maternal data 
Age (years) 22–31 27.2 ± 3.2 
Body weight (kg) 47–71 56.9 ± 6.0 
Height (cm) 148–165 158.7 ± 4.9 
Body mass index (kg/m2) 17.3–31.1 22.7 ± 3.1 
Food consumption per day (kg) 0.60–1.74 1.3 ± 0.2 
Urinary creatinine (μg/mL) 0.20–5270 1242 ± 1053 
Infant data 
Age (months) 1–6 3.7 ± 1.6 
Body weight (kg) 4.5–8.0 6.3 ± 1.0 
Height (cm) 41.5–66.0 52.9 ± 7.0 
Milk consumption per day (mL)a 750–1300 952.2 ± 166.8 
Creatinine (μg/mL) 1–3054 241 ± 401  

a Breast milk intake was estimated one time by the mothers after hand 
expressing breast milk into a 150 mL graduated bottle. 
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The average daily weight of the meals consumed during the study period 
was 1.3 kg (SD 0.2 kg). Rice, cowpea (legumes), eba (cassava flour) and 
yam (tubers) constituted about 26, 18, 17 and 14 % of overall consumed 
foods items, respectively. This is in concordance with previous reports 
from Nigeria (Ezekiel et al., 2015, 2019) and reflects typical diets of 
these families. The infants daily average breast milk consumption was 
952 ± 167 mL, though intake was not associated with infant age. This is 
in line with previous breast milk consumption estimates in the first 

months of life (Braun et al., 2020c; da Costa et al., 2010; Kent et al., 
1999; Neville et al., 1988; Salazar et al., 2000). Urinary creatinine levels 
of both mothers (1242 ± 1053 μg/mL) and infants (241 ± 401 μg/mL) 
were variable and significantly higher in mothers (p < 0.0001). Creat-
inine levels in urine differ by age, body weight, muscle mass and dietary 
protein intake which likely explain the observed variability (Baxmann 
et al., 2008), however, these were all in the normal ranges for both in-
fants and mothers. All parameters, including body weight and height of 

Fig. 1. Schematic illustration of the study design showing all collected sample types and the collection timeframe. Urine was collected for both mothers (M) and their 
infants (I). 

Table 2 
Occurrence and concentration of main mycotoxins and their key metabolites which were measured in both, food and breast milk, respectively.  

Analyte Food products (n = 64) a Breast milk (n = 75) 

Number of positive 
samples ( %) b 

Range Mean ±
SD c 

Median 
c 

LOD 
d 

Number of positive 
samples ( %) b 

Range Mean ±
SD c 

Median 
c 

LOD 
e 

μg/kg ng/L 

Aflatoxin B1 8 (13) 0.9–7.0 2 ± 1.9 1.2 0.2 n.d.f – – – 2.5 
Aflatoxin B2 1 (2) – 4.0 – 0.4 n.d. – – – 1.0 
Aflatoxin G1 2 (3) 2.0–2.1 2.1 ± 0.05 2.1 0.3 n.d. – – – 3.5 
Aflatoxin M1 – – – – – 10 (13) 2.0–11 3.9 ± 3.2 2.0 2.0 
Alternariol monomethyl 

ether 
29 (45) 0.2–19 4.3 ± 4.3 2.7 0.03 73 (97) 0.5–56 4.8 ± 8.2 1.9 0.5 

Alternariol 4 (6) 0.4–11 4.3 ± 4.2 3.1 0.4 N/E g – – – – 
Beauvericin 33 (52) 0.1–108 4.2 ± 19 0.3 0.01 75 (100) 0.9–18 3.6 ± 3.2 2.5 0.1 
Citrinin 4 (6) 2.0–17 8.9 ± 6.7 8.4 0.2 n.d. – – – 3.0 
Dihydrocitrinone 3 (5) 3.3–46 18 ± 20 4.2 2 18 (24) 14–70 25 ± 19 14 14 
Deoxynivalenol 9 (14) 7.7–291 53 ± 85 21 1.2 N/E – – – – 
Enniatin A 9 (14) 0.1–1.6 0.4 ± 0.5 0.1 0.02 n.d. – – – 0.5 
Enniatin A1 13 (20) 0.2–12 2.7 ± 3.9 0.7 0.03 n.d. – – – 0.9 
Enniatin B 14 (22) 0.04–26 3.5 ± 6.4 1.4 0.02 42 (56) 0.7–12 5.1 ± 2.2 4.7 0.7 
Enniatin B1 13 (20) 0.3–28 5.5 ± 8.2 1.5 0.04 18 (24) 0.5–1.5 0.6 ± 0.3 0.5 0.5 
Fumonisin B1 8 (13) 15–49 28 ± 11 24 3.2 N/E – – – – 
Nivalenol 1 (2) – 11 – 1.2 N/E – – – – 
Ochratoxin A 2 (3) 1.6–7.5 4.5 ± 2.9 4.5 0.4 49 (65) 0.8–68 9.5 ± 16 3 0.8 
Ochratoxin B – – – – – 8 (11) 2.5–7.0 3.4 ± 1.6 2.5 2.5 
Sterigmatocystin 5 (8) 0.2–0.7 0.4 ± 0.2 0.2 0.1 1 (1) – 1.2 – 0.5 
Tentoxin 9 (14) 0.1–1.1 0.3 ± 0.3 0.2 0.1 n.d. – – – 23 
Zearalenone 8 (13) 0.1–33 4.5 ± 11 0.5 0.1 n.d. – – – 16  

a Additional occurrence data for fungal and microbial metabolites is reported in Table S2. 
b Samples above the LOD were counted as positive. 
c Mean and median values were calculated for positive samples by assigning half the LOQ value (LOQ/2) for sample concentrations lower than the LOQ value. 
d LOD values for mycotoxins in food according to Sulyok et al. (2020). 
e LOD values for mycotoxins in breast milk according to Braun et al. (2020a). 
f n.d.: not detected. 
g N/E: not extractable according to Braun et al. (2020a). Thus, for these toxins no information could be provided in breast milk. 
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both mothers and infants are summarized in Table 1. 3.2. Mycotoxin levels in plate-ready foods 

A portion of plate-ready food from each mother was tested for my-
cotoxins. Ninety-seven fungal metabolites were quantified in 64 plate- 

Table 3 
Occurrence and concentration of main mycotoxins and their key metabolites in mothers’ and infants’ urine.  

Analyte LODa Mothers’ urine (n = 82) Infants’ urine (n = 77) Difference in 
median valued 

Positive 
samples ( %)b 

Range Mean ± SDc Medianc Positive 
samples ( %)b 

Range Mean ±
SDc 

Medianc 

ng/L ng/L ng/L % 

Aflatoxin M1 0.3 9 (11) 10–329 97 ± 88 78 2 (2.6) 23–25 24 ± 1 24 31 
Aflatoxin Q1 0.3 n.d. – – – 63 (82) 3.0–835 205 ±

200 
145 – 

Dihydrocitrinone 3 72 (88) 5.0–1880 304 ± 294 228 19 (25) 5.0–944 156 ±
240 

52 23 

Deepoxy- 
deoxynivalenol 

250 1 (1) – 250 – n.d. – – – – 

Deoxynivalenol 50 73 (89) 75–608854 22093 ±
72570 

4660 25 (33) 219–22021 3058 ±
6273 

685 15 

Fumonisin B1 1.0 15 (18) 31–668 152 ± 158 89 12 (16) 20–579 184 ±
171 

143 161 

Nivalenol 50 5 (6) 161–469 317 ± 115 265 1 (1.3) – 133 – – 
Ochratoxin A 0.3 46 (56) 0.5–113 12 ± 18 6.7 23 (30) 1.0–76 11 ± 16 5 75 
Zearalenone 1.0 68 (83) 14–1142 260 ± 242 183 40 (52) 8.6–983 153 ±

204 
74 40 

α-Zearalenol 3.0 16 (20) 5.0–200 53 ± 45 40 4 (5) 5.0–21 12 ± 7 10 25 
β-Zearalenol 1 13 (16) 28–458 131 ± 137 74 16 (21) 2.0–648 91 ± 172 23 31  

a LOD values for mycotoxins in urine as reported by Šarkanj et al. (2018). 
b Samples above the LOD were counted as positive. 
c Mean and median values were calculated for positive samples by assigning half the LOQ value (LOQ/2) for sample concentrations lower than the LOQ value. 
d Difference was calculated by dividing the median value found in mother’s urine by the median value found in infants’ urine and expressed in percent. 

Table 4 
Mycotoxin estimated daily intake (EDI)a of mothers via plate-ready food and infants via breast milk and their comparison with established tolerable daily intake values 
(TDI).  

Analyte Food products Breast milk 

Maximum 
concentrationb 

95th percentile 
EDIc 

Average 
EDIc 

TDI Maximum 
concentrationb 

95th percentile 
EDIc 

Average 
EDIc 

Infant corrected 
TDId 

μg/kg ng/kg bw ng/kg bw ng/kg 
bw 

ng/L ng/kg bw ng/kg bw ng/kg bw 

Aflatoxin B1 7.0 57 23 – 2.5 (LOD)e 0.4 – – 
Aflatoxin B2 0.4 4.5 4.8 – 1.0 (LOD)e 0.2 – – 
Aflatoxin G1 2.1 26 23 – 3.5 (LOD)e 0.5 – – 
Total aflatoxins (B1, B2, 

G1, G2) 
10 90 14 – 9 1.3 – – 

Aflatoxin M1 n.d.e – – – 11 1.8 0.7 – 
Alternariol monomethyl 

ether 
19 126 47 – 56 2.9 0.6 – 

Beauvericin 108 76 46 – 18 1.8 0.6 – 
Deoxynivalenol 291 2132 583 1000f n.d.g – – 333 
Total deoxynivalenol 324h 2395 652 1000f n.d.g – – 333 
Enniatin B 26 139 39 – 12 1.5 0.7 – 
Fumonisin B1 49 567 308 1000i n.d.g – – 333 
Total fumonisin 109j 1062 496 1000i n.d.g – – 333 
Ochratoxin A 7.5 90 50 17.4k 68 8.5 1.7 6.0 
Zearalenone 33 242 50 250l 16 (LOD)d 2.4 – 83  

a Individual EDI (ng/kg bw) values were calculated by multiplying the respective mycotoxin concentration and the daily consumption (food or breast milk), divided 
by the bw. 

b Maximum concentration as reported in Table 1. 
c All samples above the LOD, but < LOQ were regarded as “positive” and set to LOQ/2. 
d TDI was age-corrected (infant corrected TDI = TDI/3) for infants below 16 weeks of age according to the EFSA guidance document (EFSA, 2017). 
e Mycotoxin was not detected in any sample, thus, LOD values were assigned to reflect a hypothetical worst-case scenario. 
f According to EFSA (2013). 
g Mycotoxin was not determined (n.d.) in this matrix. 
h The total deoxynivalenol maximum concentration was calculated by the sum of deoxynivalenol and deoxynivalenol-3-glucoside per food sample. 
i According to JECFA (2017). 
j The total fumonisin maximum concentration was calculated by the sum of fumonisin B1, B2 and B3 per food sample. 
k TDI calculated as 120 ng/kg bw per week (EFSA, 2006) divided by 7. 
l According to EFSA (2011). 
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ready food samples. Overall, all food samples (100 %) were contami-
nated by at least one mycotoxin. Table 2 presents analytes which were 
detected in both, food and breast milk samples (see 3.3), while Table S1 
presents all other data on detected fungal toxins and additionally four 
plant and bacterial metabolites identified and quantitated in food. 

AFB1, AFB2, and AFG1, were detected in 13 % of the food samples 
with a mean concentration of 2 μg/kg for AFB1. AFB2 and AFG1 were 
found in three AFB1 positive samples resulting in a total aflatoxin con-
centration of 3.2, 4.0 and 7.5 μg/kg. FB1 contaminated 13 % of plate- 
ready foods and was found at concentrations ranging 15–49 μg/kg. 
FB2 and FB3 were detected in FB1 positive samples only with an overall 
highest total fumonisin (FB1, FB2 and FB3) concentration of 109 μg/kg in 
an ogi sample. A mixture of aflatoxin and fumonisin was present in two 
tom bran and one eba/garri sample. The concentration of DON ranged 
from 7.7 to 291 μg/kg, however, only 14 % of food samples were 
contaminated with an average concentration of 53 μg/kg. A similar 
incidence of ZEN was observed, though the mean concentration was 
significantly lower (4.5 μg/kg; range: 0.1–33 μg/kg). ZEN co-occurred 
only in one sample with FBs but not AFs. DON co-occurred in one 
sample with AFs, one with FBs, and four with ZEN. CIT and OTA were 
quantified in four and two samples, respectively, with highest concen-
trations of 17 and 7.5 μg/kg. In all four CIT contaminated samples FBs 
were detected, while OTA co-occurred with FB1 in one sample. The two 
emerging mycotoxins BEA and AME, with an incidence of 52 % and 45 
%, were the most frequently detected toxins with a concentration up to 
108 and 19 μg/kg, respectively. Other emerging mycotoxins, such as 
AOH, enniatins and TEN were found in 6 %, 20 % and 14 % of food 
samples, respectively, with the highest concentration of 28 μg/kg 
determined for EnnB1. Overall, the highest number of toxin co- 
occurrences were found in a tom bran and an eba/garri food sample, 
with 41 and 47 detected fungal metabolites. In addition, these two food 
types were more likely to be contaminated with AFs, FBs and DON, 
compared to other tested food items as reported previously (Ojuri et al., 
2019). 

Mycotoxins frequently contaminate cereals and groundnuts in 
Nigeria (Adetunji et al., 2014; Ezekiel et al., 2012b); however, most 
studies have looked at stored grains or nuts rather than plate-ready 
meals. This study specifically analyzed plate-ready meals, thus the 
concentration of toxins in high risk grains and nuts have undergone a 
combination of processing factors such as preparation, cooking, and 

dilution with water and low risk foods. Thus, here better estimates of the 
amounts of ingested toxins can be made. Ezekiel et al. (2019) compared 
uncooked foods, mostly flour and grain samples with their respective 
plate-ready meals after meal preparation in Nigeria and could demon-
strate that for example the median of the total aflatoxin concentration in 
processed meals was about 43 % lower (3 μg/kg compared to 2.1 μg/kg). 
Similarly, the concentration of most other mycotoxins was affected and 
lower by a factor of two or three (Ezekiel et al., 2019). Co-occurring 
mycotoxins in food, and a comparison of mycotoxin concentration 
occurring in food with the maximum residue limit (MRL) established in 
the EU are discussed in detail in the Supporting Information. In Nigeria, 
only AFs are currently regulated, and the regulatory limit of 4 μg/kg was 
adopted from the EU, as unprocessed food items are mostly exported to 
Europe. Hence, for a detailed assessment of processed food and food 
intended for infant consumption we used the currently recommended 
MRLs established in the EU. 

Based on the occurrence data in plate-ready foods the risk of high 
acute exposure seems rather low, however, re-occurring low-dose ex-
posures of regulated and emerging mycotoxins as well as other xeno-
biotics and their (combined) mixture effects should be investigated in 
more detail using holistic exposome-scale approaches (Aichinger et al., 
2021; Oesterle et al., 2021). 

3.3. Mycotoxin levels in breast milk 

Breast milk samples (n = 75) were tested for 29 mycotoxins and their 
key metabolites. Overall, nine mycotoxins were detected in the low ng/L 
range and are reported in Table 2, while representative MRM- 
chromatograms are depicted in Fig. S1. The frequencies of detection 
from greatest to least was BEA (100 %), AME (97 %), OTA (65 %), EnnB 
(56 %), DH-CIT (24 %), EnnB1 (24 %), AFM1 (13 %), OTB (11 %) and 
sterigmatocystin (1 %). 

For AFM1 the EU commission regulation established an MRL of 
0.025 μg/kg for infant milk and follow-on milk (EC, 2006). In this study, 
all concentration levels detected for AFM1 were below 11 ng/L, thus 
these did not exceed the MRL for AFM1 on any specific collection time 
point. In addition, the AFM1 concentration per mother on all time points 
combined (i.e. sum of four sample concentration levels) did not exceed 
the MRL either. Besides AFM1, OTA is regulated in the EU with an MRL 
of 0.5 μg/kg for milk based foods intended for infant’s consumption (EC, 

Table 5 
Mycotoxin estimated daily intake (EDI)a of mothers and infants via urine and their comparison with established tolerable daily intake values (TDI).  

Analyte Mother urine Infant urine 

Maximum 
concentrationb 

95th percentile 
EDIc 

Average 
EDIc 

TDI Maximum 
concentrationb 

95th percentile 
EDIc 

Average 
EDIc 

Infant corrected 
TDId 

ng/L ng/kg bw ng/kg bw ng/kg 
bw 

ng/L ng/kg bw ng/kg bw ng/kg bw 

Aflatoxin M1 329 436 171 – 25 76 73 – 
Aflatoxin Q1 3 (LOD)e 0.1 – – 835 31 9 – 
Dihydrocitrinone 1880 16 8 – 944 28 7 – 
Deoxynivalenol 608854 2891 846 1000f 22021 1201 183 333 
Fumonisin B1 678 4045 1373 1000g 579 7634 2637 333 
Ochratoxin A 113 22 10 17.4h 76 37 15 6.0 
Zearalenone 1142 21 7 250i 984 23 6.1 83  

a The EDI (ng/kg bw) value was calculated by multiplying the respective mycotoxin concentration with the estimated urine volume (1.5 L for mothers and 0.25 L for 
infants) and divided by the transfer of mycotoxin to urine (AFM1: 1.5 % (Zhu et al., 1987), DON: 72 % (Turner et al., 2010), FB1: 0.3 % (Van Der Westhuizen et al., 
2011), OTA: 3 % (Studer-Rohr et al., 2000), for others 100 % excretion was assumed) and the individual bw. 

b Maximum concentration as reported in Table 2. 
c All samples above LOD, but < LOQ, were regarded as “positive” and set to LOQ/2. 
d TDI was age-corrected (infant corrected TDI = TDI/3) for infants below 16 weeks of age according to the EFSA guidance document (EFSA, 2017). 
e Mycotoxin was not detected in any sample, thus, LOD values were assigned to reflect a hypothetical worst-case scenario. 
f According to EFSA (2013). 
g According to JECFA (2017). 
h TDI calculated as 120 ng/kg bw per week (EFSA, 2006) divided by 7. 
i According to EFSA (2011). 
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2006). Although in most breast milk samples OTA was detected, neither 
single samples, nor the total concentration per day exceeded this limit. 
The regulated estrogenic mycotoxin ZEN or other AFs than AFM1 were 
not detected in any breast milk sample. For all other detected myco-
toxins no MRL is established in the EU (EC, 2006). Mycotoxin-mixtures 
were detected in 74 out of 75 samples, while in 87 % of the samples at 
least three mycotoxins were found. Co-occurrence of AFM1 and OTA 
occurred in eight breast milk samples of four different mothers. In 
addition, in these eight samples most of the emerging mycotoxins, i.e. 
AME, BEA, DH-CIT and EnnB, were present albeit all in the lower ng/L 
range. 

The breast milk data reported herein are an updated analysis (Braun 
et al., 2018), using increased analytical sensitivity according to Braun 
et al. (2020b). In addition, a part of the results was used to compare the 
exposure of exclusively versus non-exclusively breastfed infants (Ezekiel 
et al., 2020). To the best of our knowledge, this is the first study to 
examine mycotoxins in breast milk in combination with maternal food 
intake and biomarker analysis in urine (see 3.5). To date, the lactational 
transfer of most environmental contaminants is poorly understood and 
occurrence data are lacking (LaKind et al., 2018; Lehmann et al., 2018). 
In the past, mycotoxins reported in breast milk were mainly limited to 
AFM1 and OTA utilizing either LC coupled to fluorescence detection 
(LC-FD) or enzyme linked immunosorbent assays (ELISA). Breast milk 
concentrations were variable depending upon geographic location, 
however data comparisons are complex due to significant differences in 
analytical tools and detection sensitivity as reviewed by Warth et al. 
(2016) and Sengling Cebin Coppa et al. (2019). In Nigeria, a mean 
concentration level of 44,000 ng/L AFM1 was reported with 14 % pos-
itive samples using LC-FD (Oluwafemi, 2012). Others reported this toxin 
with an incidence between 3 % and 87 % in a concentration range of 1 
ng/L to 625 ng/L in a similar geographical region (Adejumo et al., 2013; 
Anthony et al., 2016; El-Tras et al., 2011; Kang’ethe et al., 2017; Tchana 
et al., 2010; Wild et al., 1987). To date OTA has not been reported in 
breast milk obtained from SSA, though was observed in 72 % of Egyptian 
breast milk samples with a mean of 1900 ng/L (Hassan et al., 2006). The 
frequency and concentration of mycotoxins in breast milk will be 
influenced by maternal diet, natural variation in toxins within that diet, 
and changes in breast milk composition based on needs of the growing 
infant (Andreas et al., 2015; Hellmuth et al., 2018; Koletzko, 2016; 
LaKind et al., 2018; Leibson et al., 2018). Thus, mycotoxin measures in 
breast milk are good predictors of infant’s exposure to mycotoxins, 
however, the relation between maternal intake and breast milk is poorly 
understood for most mycotoxins and transfer rates need to be assessed in 
the future. Importantly, based on the mycotoxin occurrence data in 
breast milk found in this study, breastfeeding can be regarded as safe 
and the benefits for mothers and their infants, such as emotional 
bonding and lower risk of several diseases (Palmer et al., 2014) out-
weighs potential risks associated with mycotoxin intake. 

3.4. Urinary mycotoxin levels in mothers and infants 

In total, 11 different mycotoxins or their key metabolites were found 
in mothers (10 of the 11) and infants’ (10 of the 11) urine as reported in 
Table 3 (Table S2 for creatinine-corrected results). In the urines of 
mothers (n = 82) the most abundant mycotoxins were DON, DH-CIT, 
ZEN, OTA, FB1, and AFM1, with 89, 88, 83, 56, 18 and 11 %, respec-
tively. Besides these major toxins, two key metabolites of ZEN, namely 
α-ZEL and β-ZEL were quantified in 20 and 16 % of all mother urine 
samples. 

The concentration range (75–608,854 ng/L) and mean value 
(22,093 ng/L) of maternal urinary DON was 2–10 times higher than 
previously observed in Africa. For example, in Nigeria mean values of 
2370 ng/L and 3900 ng/L were found with concentration ranges be-
tween 80 and 10,000 ng/L. However, in these studies the detection 
frequency of total DON with 19 % and 5 % were lower compared to our 
results (Ezekiel et al., 2014; Šarkanj et al., 2018). Abia et al. (2013) 

reported total urinary DON with mean values for HIV positive (43 %; 
5930 ng/L) and HIV negative (37 %; 5140 ng/L) adults from Cameroon, 
while in farmers from South Africa DON was found in all samples (100 
%) and the concentration ranged from 300 to 99,200 ng/L with a mean 
value of 9900 ng/L (Shephard et al., 2013). 

Most urinary data on AFs are measures of AFM1, a well-established 
biomarker of exposure for the uptake of AFB1 (Groopman et al., 
1992). Although, AFM1 was not frequently found in maternal urine in 
our study, mean concentrations of positives (97 ng/L) were comparable 
to reports from African countries including Cameroon, Egypt, Ethiopia, 
Guinea, Nigeria, Sierra Leone and South Africa (Abia et al., 2013; Aye-
lign et al., 2017; Ezekiel et al., 2014, 2018; Jonsyn-Ellis, 2001; Njumbe 
Ediage et al., 2013; Piekkola et al., 2012; Polychronaki et al., 2008; 
Šarkanj et al., 2018; Shephard et al., 2013). Other detected mycotoxins 
and their co-occurrence are reported and discussed in the Supporting 
Information. 

In general infant’s urine contained similar mycotoxins to the 
mothers, albeit with both lower detection frequency and mycotoxin 
concentrations, for most toxins. However, it was notable that AFQ1 
predominated the aflatoxin metabolites with 82 % (3.0–835 ng/L) of 
infants’ samples positive, compared to none in the mothers. In infants 
AFQ1 was also detected at higher frequency and concentration than 
AFM1, which was found in two samples only (23 and 25 ng/L). AFQ1 is 
reported as major metabolite of AFB1, and is produced in greater con-
centration than AFM1 in vitro (Guengerich et al., 1998; Neal et al., 1998; 
Ramsdell et al., 1991). AFQ1 was additionally observed by Ezekiel et al. 
(2020) in samples from Nigerian infants who were exclusively and 
non-exclusively breastfed. This greater frequency in infants’ urines may 
reflect differences in phase-I biotransformation processes to create 
AFQ1, or differences in detoxification via phase two enzymes (EFSA, 
2017; Gallagher et al., 1996; Mykkänen et al., 2005). While AFQ1 is less 
mutagenic than AFB1 or AFM1, its presence in infants indicates AFB1 
exposure that would not be recorded in traditional single analyte human 
biomonitoring assays that do not measure AFQ1. The toxicological sig-
nificance of its presence in infants but not adults in this setting awaits 
further investigation. 

ZEN, DON, OTA and FB1 were also detected quite frequently in infant 
urine with 52, 33, 30 and 16 %, respectively. The frequency (52 %) and 
concentration range (3.0–835 ng/L) of ZEN was similar but slightly 
lower than that observed in mothers (83 %; 4–1142 ng/L, respectively). 
Two common metabolites of ZEN were also found in infant urine with a 
detection frequency of 5 % for α-ZEL and 21 % for β-ZEL. The highly 
estrogenic ZEN and its key metabolites were quantified each at a mean 
concentration of around 240 ng/L in South Africa (Shephard et al., 
2013), while ̌Sarkanj et al. (2018) detected all three mycotoxins above a 
mean concentration of 750 ng/L with the highest mean for α-ZEL at a 
concentration of 1270 ng/L. In contrast, we report mean concentration 
levels of 260 ng/L ZEN in maternal urine, followed by 150 ng/L ZEN in 
infant urine. The lowest quantified mean concentration for this toxin 
group was obtained for α-ZEL in infant and maternal urine in the present 
study. In line with our results, Bandera et al. (2011) detected less α-ZEL 
compared to ZEN in urine samples of young girls from New Jersey. The 
frequency (33 %) and concentration (219–22,020 ng/L) of DON was 
again similar but lower than that for mothers’ urine (89 %; 75 to 608, 
850 ng/L). The mean DON concentration in infant’s urine (3058 ng/L) 
was in line with earlier reports of total DON concentration ranging be-
tween 100 and 43,670 ng/L (Abia et al., 2013; Njumbe Ediage et al., 
2013; Šarkanj et al., 2018). The detection frequency of OTA in infant 
urine samples (30 %; 1.0–76 ng/L) was lower compared to maternal 
samples (56 %; 0.5–113 ng/L), however, their mean concentration was 
similar. Compared to other studies conducted in SSA, our mean OTA 
levels were by a factor of 2–20 lower. For example, in two different 
seasons urinary OTA levels obtained from children in Sierra Leone (25 
%; 70 to 148,000 ng/L) were reported by Jonsyn-Ellis (2001). Ezekiel 
et al. (2014), Njumbe Ediage et al. (2013) and Šarkanj et al. (2018) 
found similar incidences of OTA but compared to our study overall 

D. Braun et al.                                                                                                                                                                                                                                   



Chemosphere 287 (2022) 132226

8

higher mean values, i.e. 50 ng/L, 200 ng/L and 200 ng/L, respectively, 
were reported for the populations from Nigeria and Cameroon. 

The frequency (16 %) and concentration range (20–579 ng/L) of FB1 
in infant urine was slightly lower compared to their mothers (18 %; 
31–668 ng/L). Although, the occurrence of FB1 was in the same range as 
previously reported in Cameroon and Nigeria, our mean concentration 
levels in maternal and infant urine were lower by a factor of 3–25 with 
mean values of 152 ng/L and 184 ng/L, respectively (Abia et al., 2013; 
Ezekiel et al., 2014; Šarkanj et al., 2018). Mycotoxin concentration in 
urines of both cohorts (mothers and infants) was evaluated for differ-
ences in daily excretion. However, only DON (mean and median) in the 
urine of mothers was twice as high on the second day (morning and 
evening; Fig. 1) compared to day one. All other data were comparable on 
both days (average between day 1 and day 2) and on the same day 
(average between morning and evening) for mothers and infants, 
respectively. 

3.5. Correlation of mycotoxins across matrices 

For each individual mycotoxin with co-occurring data in either food 
and mother’s urine, breast milk and mother’s urine or breast milk and 
infant’s urine, possible correlations were tested. At least one of the latter 
criteria was fulfilled by AME, BEA, DH-CIT, DON, OTA, and ZEN 
(Fig. S2). We found a possible correlation between levels of OTA in 
breast milk and those in maternal or infant urine. For the other toxins no 
correlation was evident (r < 0.2), which is discussed in section ‘3.8 
Limitations’. 

Pearson’s correlation of OTA levels between breast milk to maternal 
urine was positively, although modestly, associated (r = 0.47, p = 0.003; 
Fig. 2). These results comply with a study conducted by Gilbert et al. 
(2001) who correlated OTA concentration in food to urinary OTA levels 
in adults and found a similar coefficient (r = 0.52) and results reported 
from proof-of-principle experiments (r = 0.64; p = 0.034) using breast 
milk and matched maternal urine samples (Braun et al., 2020c). The 
association between OTA in breast milk and infant urine was slightly 
higher (r = 0.52, p = 0.019), and is in line with the results of Munoz et al. 
(2014) who reported a Pearson’s correlation coefficient of 0.51. 

The pattern of possible correlations stays the same, i.e. only for OTA 
a correlation was found, if average values including all time points per 
matrix for each detected mycotoxin were used. In fact, each sample 
might not be a distinct sample and carry over might occur from the 
morning into the evening sample or to the following day. If average 

values were used, maternal breast milk was associated to their urine 
with a Person correlation coefficient of r = 0.61 (p = 0.118), while the 
mycotoxin concentration in breast milk to infant’s urine was stronger 
associated with a coefficient of r = 0.70 (p = 0.060). However, due to the 
lower sample size both correlations were statistically insignificant in this 
setting. In the light of these data, additional studies with larger sample 
sizes are suggested to confirm these findings. Once established, such 
correlation data may be used to estimate lactational transfer via urine 
and assess mothers’ and infants’ exposure simultaneously. 

3.6. Exposure assessment of mothers and their infants 

EDI estimation was based on descriptive data reported in Table 1 and 
mycotoxin concentration levels reported in food or breast milk 
(Table 2). For both mother and child separate exposure estimates were 
calculated using an average and a hypothetical worst-case scenario of 
mycotoxins in the respective meal to reflect normal and high exposure 
outcomes (Table 4). Similarly, exposure estimates based on urine were 
calculated (Table 5) and are discussed in detail in the Supporting In-
formation. Individual exposure estimates based on food/breast milk 
consumption were used to illustrate the range of exposure and are 
depicted in Fig. 3. Maternal exposure towards AFs did not frequently 
occur as only few samples were contaminated with this toxin class. In 
total six women ingested AFs with an average EDI of 23 ng/kg bw for 
AFB1 and AFG1, while the 95th percentile EDI for AFB1 was three times 
higher. In general, for AFs no TDI value is established and exposure 
should be kept as low as possible, since this group is classified as 
carcinogenic and genotoxic (IARC, 2002). 

Estimates of other regulated mycotoxins in food can be directly 
compared with established TDI values. For example, the average EDI 
(583 ng/kg bw) of DON was lower than the TDI value of 1000 ng/kg bw/ 
d (EFSA, 2013). However, the worst-case exposure to DON and total 
DON was three times higher than the TDI value. The TDI of DON is based 
on a group value including acetylated and glycosylated forms, hence, the 
EDI was also calculated taking the measured glycosylated DON into 
account. The exceedance of a group based TDI by a single compound 
indicates a risk for consumers. Toxicological effects described in vitro 
and in vivo include the inhibition of eukaryotic protein synthesis medi-
ated by ribotoxic stress and the increase in reactive oxygen species 
which reduces antioxidant capacities (Woelflingseder et al., 2018). The 
most prominent in vivo effects following high DON exposure include 
diarrhea, emesis and gastroenteritis. However, effects are transitory as 

Fig. 2. Relationship of OTA concentration levels in breast milk and the occurrence in maternal (A) and infant (B) urine, respectively. Pearson correlation revealed 
that breast milk concentration is modestly associated to maternal urine (r = 0.47, p = 0.003; R2 = 20 %) and infants’ urine (r = 0.52, p = 0.019; R2 = 26 %). 
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DON is rapidly metabolized and not accumulated in any tissue (Pestka, 
2010). Similarly to DON, a group-based provisional maximum TDI value 
of 1000 ng/kg bw/d has been established for FBs (JECFA, 2017). 

Exposure of mothers towards FB1 in the present study was lower 
compared to DON, and the upper exposure estimates of FB1 did not 
exceed the group-based guidance value. However, including other 
fumonisin analoga (FB2 and FB3) the 95th percentile EDI slightly 
exceeded this group-based value of 1000 ng/kg bw. FB1 specifically 
interferes with the lipid metabolism in humans by inhibiting several 
ceramide synthases, thus, changing the ratio of sphinganine to sphin-
gosine (Hahn et al., 2015; Merrill et al., 1993). In addition, FB1 de-
regulates mitochondrial respiration leading to increased levels of 
reactive oxygen species (Zigdon et al., 2013). 

For OTA only a provisional tolerated weekly intake of 120 ng/kg bw/ 
week is established (EFSA, 2006). In the present study this value was 
divided by seven to compare our estimates on a daily basis. Here, OTA 
exceeded the calculated guidance value by a factor of three, however, 
only two food samples were contaminated with OTA and the average 
consumption is likely to be lower. Chronic exposure towards OTA is 
known to adversely affect the kidney as a key target organ. In addition, 
in vitro and animal studies revealed hepatotoxic and teratogenic effects 
(Doi and Uetsuka, 2011; Malir et al., 2013). 

Average EDI estimates of ZEN were a factor of five below the 
respective TDI (250 ng/kg bw/d), while worst-case exposures exceeded 
the TDI by a factor of 1.5. Xenoestrogens such as ZEN mostly mimic 17β- 
estradiol, the natural activator of the estrogen receptor. Several in vivo 
studies demonstrated that ZEN exposure implies endocrine disrupting 
effects leading e.g. to imbalances in hormone production in the pituitary 
gland or early vaginal opening (Kowalska et al., 2016). Although ZEN is 
readily absorbed and metabolized, the key metabolite α-ZEL exerts a 
higher endocrine disrupting potential (Metzler et al., 2010). In an ex-vivo 
perfusion model it was recently shown that ZEN and key metabolites are 
able to cross the placental barrier, thus, exposure might occur during 
fetal development, whereas in other biological matrices, including 
breast milk, several additional xenoestrogens were determined (Preindl 
et al., 2019; Warth et al., 2019). 

In addition to regulated mycotoxins, the low exposure to several 

emerging toxins was observed via food products. Frequent occurring 
mycotoxins in the present study included AME, BEA and EnnB with 
worst-case EDI estimates of 126, 76 and 139 ng/kg bw/d, respectively. 
Currently, emerging mycotoxins are neither regulated in food products, 
nor is a health-based guidance value established. Hexadepsipeptides 
such as BEA and enniatins interfere with mitochondrial activity by 
complexing preferably bivalent cations (Tonshin et al., 2010). The 
Alternaria toxin AME poisons the topoisomerase II leading to DNA strand 
breaks in vitro. Recently, it was also demonstrated by integrated in silico 
to in vitro approaches that AME exerts weak estrogenic effects (Della-
fiora et al., 2018). 

Similar to maternal exposure estimates via food, infant’s exposure 
was assessed using the mycotoxin concentration levels found in breast 
milk since it was their exclusive food. In comparison to mothers, infants 
were generally exposed to a lesser extent and adult TDI values were not 
exceeded for all mycotoxins observed in breast milk. In general, Infants 
are more susceptible towards toxic effects, hence, resulting exposure 
data were compared to a corrected TDI value (adult TDI divided by 
three) as recommended by EFSA for infants below 16 weeks of age 
(EFSA, 2017). In contrast to mothers, AFB1, AFB2 and AFG2 exposure of 
infants was only a hundredth if contamination at the LOD value was 
assumed and exposure to AFM1 was below 2 ng/kg bw/d. In breast milk 
no occurrence data were acquired for DON and FB1, thus, no exposure 
estimates for infants could be derived. Despite this lack, retrograde 
exposure estimation using urinary occurrence data were calculated and 
are described in the Supporting Information. 

The average OTA exposure of infants was five times lower than the 
infant TDI. Obviously, peak exposures may lead to an exceedance of the 
adjusted TDI value as demonstrated by 95th percentile EDI calculations, 
however, in the current study this was rarely the case. The mycoestrogen 
ZEN was not found in any breast milk sample. Therefore, a hypothetical 
worst-case was assumed using the LOD value for EDI calculations. 
Importantly, exposures at this assigned value would be 30× lower 
compared to the adjusted TDI. AME, BEA and EnnB were detected in 
significantly more breast milk samples compared to plate-ready food 
samples, which likely is a result of a more sensitive method for these 
analytes in breast milk. However, unlike maternal estimates, infant’s 
exposure to these toxins were lower by a factor of 50×, 825× and 324×, 
respectively. 

In general, infants are exposed to mycotoxins and infant corrected 
TDI values might be exceeded. However, monitoring breast milk alter-
natives (e.g. formulae) demonstrated that mycotoxin exposure via 
complementary infant food might be higher even in European countries 
with established and well-monitored food safety regulations (Braun 
et al., 2020a). From this perspective, the benefits of breastfeeding to 
both mother and child clearly outweigh the risks, especially in countries 
with diminished access to purified water for the preparation of com-
plementary infant food. Hence, breastfeeding in this high-risk 
geographical region can be considered as protective and safe. 

3.7. Limitations and future perspectives 

The comprehensive assessment of mycotoxins in food, breast milk 
and urine using highly innovative LC-MS/MS methods allowed the 
comparison of calculated EDI values with established regulatory guid-
ance values. Although several mycotoxins were found in at least two 
matrices, correlation analysis revealed only a modest association of OTA 
in breast milk and urine. Other mycotoxins did not show any correlation 
which might be explained by several factors. First, mycotoxins are 
structurally diverse compounds which might be metabolized and 
excreted to various extents and rapidly excreted via urine. Others might 
accumulate in fatty tissue or may be bound to proteins. Second, in the 
current study, the overall exposure to mycotoxins was rather low, thus, 
statistical calculations were limited and only performed for toxins which 
were found above a certain threshold. For example, AFs were quantified 
in plate-ready foods of six mothers, while milk samples of these six 

Fig. 3. Estimated daily intake (EDI) of mycotoxin for mothers and infants via 
food products (mothers) or breast milk (infants), respectively. EDIs were 
directly compared to tolerable daily intake (TDI, ) values for regulated 
toxins. In the case of infant exposure, TDIs were age-corrected ( ). Aflatoxin M1 
in food, deoxynivalenol and fumonisin B1 in breast milk were not measured ( ), 
respectively. Please note the logarithmic scale on the y-axis. 
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mothers were mostly aflatoxin free. Third, only two meals per day were 
analyzed while exposure arising from other dietary intake or erroneous 
dietary reports may introduce uncertainty. Due to these factors, mass 
balance calculations or transfer rates (e.g. mycotoxin transfer from 
breast milk to infant’s urine) could not be established. 

To address these issues in future studies, the following recommen-
dations are given: i) power calculations based on the results obtained in 
this work should be included to estimate sample size and strengthen 
correlation analyses; ii) optimize sampling strategy, e.g. by blending 
breast milk and (if feasible) pooled 24 h urine. Thereby, potential intra- 
day variability of this dynamic biofluid should be minimized. Following 
this logic, biological samples would be analyzed as aggregated samples 
per day, which reduces analytical efforts and potentially strengthen a 
biological association; iii) prepare future studies during a season in 
which the highest exposure can be expected, e.g. because of longer grain 
storage times,; iv) future studies should aim to include untargeted high- 
resolution MS (HRMS) which would allow retrospective evaluation and 
screening for other (xenobiotic) compounds to examine environmental 
exposure holistically. For instance, foodomics would add a new layer of 
confidence and could be used to validate the reported dietary ques-
tionnaires by implementing biomarkers for food consumption; and v) all 
experiments should be designed according to established ethical stan-
dards to not interfere with the needs of mothers or their infants when 
collecting samples in a comprehensive manner. 

In light of the new exposome paradigm, not only exposure to natural 
contaminants in food is crucial, but rather an integrated multi-class 
assessment of environmental exposures and associated toxicological 
effects with low-dose persistent organic pollutants, pesticides, heavy 
metals or other xenobiotics and their metabolites (LaKind et al., 2009; 
Preindl et al., 2019). Environmental chemicals that are known to be 
metabolized within the human body and might be translocated to breast 
milk have to be closely investigated in the future using holistic ap-
proaches to assess the risk of infants in a critical time frame of 
susceptibility. 

4. Conclusion 

In this paper we report the first comprehensive assessment of 
mycotoxin-mixtures across different food/biological matrices in mother- 
infant pairs. Our findings demonstrated that mycotoxin co-occurrence in 
food, breast milk and urine is frequent, although in lower concentration 
ranges (ng/L) in the studied cohort. Main mycotoxins analyzed in meals 
and breast milk included AME, BEA and OTA. In contrast, DON, DH-CIT 
and ZEN were more frequently observed in both mother and infant 
urines. By monitoring breast milk and infant urine valuable insights of 
early human metabolism was gained. Although mycotoxins were present 
in breast milk, EDI estimation of infants was mostly below an age- 
corrected TDI. Thus, breastfeeding benefits clearly outweigh potential 
mycotoxin exposure risks in this cohort. Overall, to better understand 
lactational transfer processes and influencing factors such as inter- 
individual and geographical aspects, exposure towards environmental 
contaminants has to be closely monitored and critically assessed in the 
future using large-scale epidemiological studies in various populations. 
Untargeted LC-HRMS screening would add a new layer of confidence 
applying techniques such as foodomics and the possibility to screen 
biological samples on an exposome-scale level. In addition, investigation 
of mixture effects of ‘real-life exposures’ to evaluate their toxicological 
impact should be addressed in the future. In conclusion, strategies to 
minimize mycotoxin and other xenobiotic exposures need to be broadly 
implemented, especially in economically less privileged regions and 
toxicological research lines should advance to investigate combinatory 
effects. Overall, these efforts should aim to protect consumers and 
improve nutritional safety and public health, especially for highly 
vulnerable groups e.g. in stage of infancy. 
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