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Featured Application

Mycotoxins are fungal toxins which contaminate crops, food and feed. Climate change
alters fungal behaviour and distribution, increasing the risk of exposure to these toxins and
exacerbating their potential impacts on health. In this study we investigated associations
between dietary mycotoxin exposures and cancer risk in a prospective cohort study and
demonstrated positive associations between colorectal cancer incidence and higher my-
cotoxin exposures. Further research from both observational and experimental studies is
needed to confirm these findings and explore their possible impact on public health.

Abstract

Mycotoxins are widely consumed food contaminants. Mechanistic studies support potential
carcinogenic effects of mycotoxins in the human intestine, yet no studies have investigated
these associations in population-based settings. This study aimed to investigate associations
between dietary mycotoxin exposures and colorectal cancer risk. Dietary questionnaire
data from the European Prospective Investigation into Cancer and Nutrition (EPIC) were
combined with mycotoxin food occurrence data from the European Food Safety Authority
(EFSA). Associations between mycotoxin exposures and colorectal cancer (CRC) risk and its
anatomical sub-sites were evaluated in multivariable Cox proportional hazards regression
models to compute hazard ratios (HR) and their 95% confidence intervals (CI), accounting
for potential confounders. Food groups that explained the greatest variation in mycotoxin
intakes were cereal-based products, vegetables, non-alcoholic beverages and fruits. For
individual mycotoxins, deoxynivalenol (DON) was positively associated with CRC risk
(HR top vs. bottom tertiles [T3vsT1] = 1.14; 1.04-1.24), while patulin (PAT) was positively
associated with rectal cancer risk only (HRT3VT! = 1.18; 1.05-1.32). Sensitivity analyses
indicated differential results for men versus women with significant positive associations
for DON and CRC risk found only in men. In conclusion, dietary mycotoxin exposures may
be related to higher CRC risk. Further investigation in independent cohorts and through
mechanistic studies is warranted.

Keywords: mycotoxins; epidemiology; prevention; colorectal cancer

1. Introduction

Over recent decades food safety has become of increasing concern to both produc-
ers and consumers as a result of increased global availability of food commodities and
intensified public awareness on health and food quality [1]. Trace levels of chemical con-
taminants affect food safety and can originate from natural sources. Mycotoxins are natural
fungal toxins which contaminate many of the most frequently consumed foods and feeds
worldwide [2-7]. One fungal species is able to produce several different mycotoxins with
different physiochemical properties. Eskola et al. (2019) estimated that 60% to 80% of
the world’s food supply is contaminated by mycotoxins, resulting in widespread human
exposure to one or more of this broad group of toxins [8-11]. In terms of chronic toxicity,
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mycotoxins are considered more hazardous than synthetic contaminants, food additives,
and pesticide residues [7,12].

Mycotoxin exposure has been associated with both acute and chronic human health
effects and has been linked to cancer development [12-15]. The International Agency
for Research on Cancer (IARC) concluded that aflatoxins B1, B2, G1, G2 and M1 are
carcinogenic to humans (Group 1), while others are designated as possibly or probably
carcinogenic (Group 2B, e.g., ochratoxin A (OTA) and fumonisin Bl and B2 (FB1 and FB2))
(Supplementary Table S1) [16].

Although mycotoxins such as aflatoxins have been associated with increased risk
of hepatocellular carcinoma, particularly in developing countries [14,17], in developed
countries chronic multi-mycotoxin exposure may be differentially associated with cancer
risk [14,18,19]. Mycotoxins such as deoxynivalenol (DON) and patulin (PAT) are known
to be ubiquitously present in European food sources and have been shown to markedly
affect epithelial cell integrity and functions [13,20-23]; however, their potential roles in
cancer development are not well understood. Notably, in a murine model, low-dose dietary
DON at levels near human exposure worsened colitis-associated colorectal cancer (CRC)
by increasing epithelial proliferation, tumour burden, and pro-survival signalling [24]. Ad-
ditionally, in vitro studies have shown that patulin induces oxidative stress and apoptosis
in colon cancer cells, highlighting its potential role in CRC development [15,25-27].

Together, these experimental findings highlight the colorectum as a biologically plau-
sible target of mycotoxin-induced cellular damage. The ubiquitous presence of mycotoxins
in European diets and their suggested deleterious effects on gut health underscore the
importance of comprehensively investigating the role of chronic multi-mycotoxin exposure
in CRC development. We therefore conducted a population-based analysis of dietary
mycotoxin exposure and CRC risk using data from the European Prospective Investigation
into Cancer and Nutrition (EPIC) and mycotoxin food occurrence data compiled by the
European Food Safety Authority (EFSA). The aim of this research was to explore the associ-
ation between dietary exposure of single and multiple mycotoxin profiles and incident CRC
overall and by cancer subsite. Such research is important to inform first-line hypothesis
generation towards informing health safety research and development of relevant public
health nutrition strategies.

2. Materials and Methods
2.1. Subjects and Study Design

The analyses were carried out in the large-scale EPIC cohort [28]. EPIC is an on-
going, multicentre prospective cohort study including 521,324 adults (366,521 women;
153,437 men) aged 35-70 years, for whom baseline dietary and lifestyle information was
collected. Participants were recruited between 1992 and 2000 across 23 centres in 10 Eu-
ropean countries: Denmark, France, Germany, Greece, Italy, the Netherlands, Norway,
Spain, Sweden, and the United Kingdom. The study rationale, population characteris-
tics, and data-collection procedures have been described previously [28]. All participants
provided written informed consent, and the ethical review boards of IARC and all local
centres approved the EPIC cohort study. In addition, this study investigating associations
between dietary mycotoxin exposures and colorectal cancer risk was approved by the IARC
Ethics Committee (IEC) on 27 January 2021 (Registration number: IEC Project 21-07). For
the present analysis, we excluded individuals with prevalent or prior cancer at baseline
(n = 25,184) and those with missing lifestyle or dietary data (n = 6259), missing follow-up
information (n = 4148), or who fell within the highest or lowest 1% of the distribution of
the ratio of energy intake to estimated energy requirement (n = 9573). Total energy intake
(kcal/d) was calculated as the sum of the energy intakes from the consumed foods and
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the estimated energy requirement (EER) (kcal/d) is calculated based on the “Energy and
protein requirements: the 1985 report of the 1981 Joint FAO/WHO/UNU Expert Consulta-
tion” [29] using each individual’s height and weight, as well as their estimated physical
activity level. The final analytical dataset therefore comprised 476,160 participants.

2.2. Follow-Up for Cancer Incidence and Vital Status

Incident cancer cases were ascertained using multiple approaches, including record
linkage with population-based cancer registries, health insurance databases, pathology
registries, and active follow-up of participants. Follow-up closure dates differed by country,
ranging from 2009 to 2014. First primary colorectal cancers were treated as cases for the
present analysis. Tumours were coded in accordance with the International Classification
of Diseases for Oncology (ICD-O) [30]. All incident cancers of the colon (C18) and rectum
(C20) were included. Proximal colon cancer comprised tumours of the caecum, appendix,
ascending colon, hepatic flexure, transverse colon, and splenic flexure (C18.0-18.5). Distal
colon cancer included tumours of the descending and sigmoid colon (C18.6-18.7). Over-
lapping (C18.8) and unspecified (C18.9) colon lesions were grouped among colon cancers
only. Rectal cancer encompassed tumours arising at the rectosigmoid junction (C19) and
rectum (C20); anal canal tumours were excluded. An expert panel of pathologists super-
vised validation of tumour diagnosis and classification, comprising one representative per
participating EPIC country and a coordinator.

2.3. Dietary Data and Lifestyle Questionnaires

At baseline, information on physical activity, smoking history, alcohol intake, and
educational attainment was obtained using validated, standardised questionnaires. The
classification of physical activity was done according to the Cambridge Physical Activity
Index. Body weight and height were measured during the baseline examination in all
centres except parts of Oxford, France, and Norway, where these measures were self-
reported [28].

Dietary intake during the year preceding baseline was assessed at enrolment using
validated dietary questionnaires (DQs) tailored to each country/centre [28]. In most
centres, DQs were self-administered; however, in Greece, Ragusa (Italy), Naples (Italy), and
Spain, data were collected through face-to-face interviews. Detailed quantitative DQs were
implemented in northern Italy, the Netherlands, Germany, and Greece, while meal-based
questionnaires were used in Spain, France, and Ragusa. Semi-quantitative food-frequency
questionnaires (FFQs) were applied in Denmark, Norway, Naples, Umea (Sweden), and
the United Kingdom, whereas, in Malmo (Sweden), a combined approach was used,
integrating a short semi-quantitative FFQ with a 7-day record of hot meals [28,31]. The
EPIC Nutrient Database (ENDB) was compiled using a highly standardised procedure that
adopted nutrient values from the 10 national food composition databases corresponding to
the EPIC countries [32].

2.4. Mycotoxin Occurrence Data

In this study, mycotoxin occurrence information provided to EFSA by its member
states was linked to EPIC food-consumption data collected through the administered
dietary questionnaires. The EFSA databases used for this project contain aggregated
occurrence measurements for a wide range of mycotoxins in Europe and were obtained via
the European member states (https://www.efsa.europa.eu/en/topics/topic/chemical-
contaminants-food-feed (accessed on 1 December 2017)). To estimate the amount of each
mycotoxin consumed by an individual, the portion size (g) of each food item reported by
that participant (from the FFQs) was matched to the corresponding mycotoxin occurrence
data for that food [31].
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2.4.1. Concentration Scenarios for Sample Values Below the Limit of Detection/Quantification

In contaminant-monitoring programmes, numerical concentration values are typically
reported only when measurements exceed the limit of detection (LOD) or the limit of
quantification (LOQ); otherwise, results are recorded as <LOD or <LOQ. For EPIC exposure
assessments, a middle-bound (MB) concentration scenario was applied for values below
the detection limit or below the limit of quantification [33]. Specifically, for commodities
(e.g., bread) with at least one sample at or above the LOD/LOQ, non-detect samples were
assigned a concentration equal to half the relevant limit value (i.e., LOD/LOQ). For com-
modities with no samples at or above the LOD/LOQ, all non-detect results were assumed
to indicate absence of mycotoxins [31,33]. This approach was selected as a preferable
alternative to assigning all results below the detection limit a value of 0.00 pg/kg (the
so-called lower-bound scenario) when linking measured concentrations to consumed foods.
Nevertheless, the lower-bound scenario was also implemented for sensitivity analyses.
The resulting end-user mycotoxin database was subsequently used to evaluate single and
combined mycotoxin exposures across the full EPIC cohort and their association with
CRC risk.

2.4.2. Mycotoxin Grouping for Analysis

Related mycotoxins were grouped for analysis by summing concentrations of com-
pounds belonging to the same family, based on chemical structure and according to the
EFSA hierarchical classification tree. Group definitions were selected to allow inclusion
of low-exposure values. An overview of the mycotoxin groupings is provided in Table 1.
Selected mycotoxins were additionally considered as individual exposures, including PAT,
nivalenol (NIV), diacetoxyscirpenol (DAS), fusarenon-X (FUS-X), and sterigmatocystin
(STC). Total mycotoxin exposure was computed by summing the z-scores of concentrations
across all individual mycotoxins.

Table 1. Grouping of the different mycotoxins included in the analyses according to the EFSA
hierarchical classification tree.

Mycotoxins Groups

Mycotoxins Included in Each Group

Aflatoxins

Aflatoxin B1 (AFB1), Aflatoxin B2 (AFB2), Aflatoxin G1 (AFG1), Aflatoxin G2 (AFG2)
and Aflatoxin M1 (AFM1)

Deoxynivalenol
and derivatives

DON, 3-acetyl-DON (3ADON), 15-acetyl-DON (15ADON) and
deoxynivalenol-3-glucoside (D3G)

Fumonisins

Fumonisin B1 (FB1), Fumonisin B2 (FB2) and Fumonisin B3 (FB3)

Zearalenone and
derivatives

The sum of Zearalenone (ZEN), ZEN-derivatives (dv), sum of zearalenols (ZEL),
a-zearalenol («-ZEL), 3-zearalenol (3-ZEL) and zearalanone (ZAN)

The Alternaria toxins

Alternariol (AOH), alternariol methylether (AME), altenuene (ALT), tenuazonic acid
(TEA), altertoxin (ATX), tenuazonic acid (TEN) and Alternaria alternate f. sp. lycopersici
toxins (AAL_toxins)

The Enniatins group

Enniatin A (ENA), enniatin A1 (ENA1), enniatin B (ENB) and enniatin B1 (ENB1)

The Ergot alkaloids group

Ergocornine (Eco), ergocorninine (Econ), ergocristine (Ecr), ergocristinine (Ecrn),
a-ergokryptine (Ek), a-ergokryptinine (Ekn), ergometrine (Em), ergometrinine (Emn),
ergosine (Es), ergosinine (Esn), ergotamine (Et) and ergotaminine (Etn)

Ochratoxins

Ochratoxin A (OTA)

T2 & HT?2 toxins

HT-2 toxin (HT2) and T-2 toxin (T2)

Individual mycotoxins

Patulin (PAT)
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Table 1. Cont.

Mycotoxins Groups

Mycotoxins Included in Each Group

Moniliformine

Nivalenol (NIV)

Diacetoxyscirpenol (DAS)

Fusarenon-X (FUS-X)

Sterigmatocystin (STC)

Citrinin (CIT)

2.5. Statistical Analysis

Descriptive statistics were used to examine differences in key participant characteris-
tics between CRC cases and non-cases, presenting means and standard deviations (SDs) for
continuous variables and proportions for categorical variables. Distributions of mycotoxin
exposures were evaluated and summarised using the minimum, maximum, and selected
percentiles (P5, P25, P50, P75, and P95).

Associations between dietary mycotoxin exposures (and relevant covariates) and risk
of CRC and its anatomical subsites were evaluated using multivariable Cox proportional
hazards models, with hazard ratios (HRs) and 95% confidence intervals (CIs) reported.
Person-time accrued from recruitment until death, emigration, loss to follow-up, or end of
follow-up (EPIC follow-up 1992-2014; median follow-up 15.3 years), whichever occurred
first. To account for heterogeneity in questionnaire design and follow-up procedures, all
models were stratified by study centre. Models were additionally stratified by age at
recruitment (continuous) to permit the baseline hazard to vary across ages. Entry time
was defined as age at recruitment and exit time as age at censoring (i.e., age at last follow-
up, first incident cancer diagnosis, loss to follow-up, or death, whichever occurred first).
For sensitivity analyses, sex-specific models were fitted for men and women. Although
estimates were comparable across sexes, mycotoxins may be metabolised differently by sex,
which could impact CRC risk. Multivariable adjustment included established or suspected
risk factors for each CRC subsite, based on the prior literature (including earlier EPIC
reports) and the World Cancer Research Fund/American Institute for Cancer Research [34].
Covariates were retained in the final multivariable models when the 3-estimate changed
by more than 10%. On this basis, core adjustment variables for all CRC models comprised
education (less than university, university graduate, or missing), body mass index (BMI),
total energy intake, alcohol intake at recruitment, smoking status (never, former, current,
or missing), diabetes (yes, no, or missing), and physical activity (inactive, moderately
inactive, moderately active, active, or missing). In addition, the following anthropometric
and dietary variables were included in specific models because they altered the 3-estimate
by >10%: height and intakes of calcium, fibres, and red and processed meat.

Analyses used mycotoxin intakes (g/day) normalised to body weight (bw), expressed
as png/kg bw/day. Exposure categories were defined primarily in tertiles for CRC and
each subsite; quintile-based analyses were also conducted for overall CRC risk and yielded
results consistent with those based on tertiles. Sensitivity analyses additionally examined
untransformed mycotoxin exposures reported as ng/day. As noted above, beyond total
multi-mycotoxin exposure, mycotoxin-family group exposures were derived by summing
concentrations of compounds within families defined by chemical structure.

All statistical analyses were carried out using SAS software (version 9.4). Statistical
tests were two-sided, and p-values < 0.01 were considered statistically significant, in
accordance with Bonferroni correction.
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3. Results

Overall, CRC cases were older and generally reported less healthy lifestyles
(e.g., higher alcohol, red and processed meat consumption and smoking status) compared
to non-cases (Table 2).

Table 2. Demographic characteristics of the EPIC study participants (30-70 years old) living in
10 European countries with available dietary and biomarker information, recruited from 1992 to 2000
(Total n = 476,160).

Non-Cases Colorectal Cancer (CRC) Cases
469,869 6291
Mean SD Mean SD
Body Mass Index (kg/m?) 25.4 4.3 26.3 42
Age at recruitment 51.1 9.9 57.2 79
Energy intake (kcal/d) 2075 619 2105 614
Calcium intake (mg/d) 995.0 409.4 985.0 398.5
Fibre (g/d) 22.8 7.7 22.6 7.7
Alcohol at recruitment (g/d) 11.6 16.8 15.0 20.0
gf’:sz‘rfplt’ir;’:’i;ﬁ meat 74.6 51.0 83.0 53.0
N % n %
Sex
Male 139,522 29.7 2719 30.0
Female 330,347 70.3 3572 70.0
Education
None 20,633 4.5 293 4.7
Primary school completed 119,864 25.8 1992 321
Technical / professional school 104,300 22.5 1564 25.2
Secondary school 96,234 20.7 970 15.6
Longer education (incl. University deg.) 112,201 24.2 1178 19.0
Not specified 10,492 2.3 214 3.4
Physical activity
Inactive 98,295 20.92 1566 249
Moderately inactive 154,754 32.94 2042 32.5
Moderately active 124,075 26.41 1413 22.5
Active 84,033 17.88 1158 18.4
Missing 8712 1.85 112 1.8
Diabetes
No 419,393 96.6 5274 94.3
Yes 12,275 2.8 246 4.4
Unknown 2252 0.5 72 1.3
Smoking status
Never 230,537 49.1 2559 40.7
Former 124,704 26.5 2118 33.7
Smoker 105,048 224 1516 241
Unknown 9580 2.0 98 1.6

Table 3 describes the daily dietary mycotoxin exposures assessed based upon dietary
questionnaire data for the full EPIC cohort in the low- and middle-bound scenario (See
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Supplementary Table S3 for distributions by country). The mycotoxin exposure distribu-
tions indicate that a substantial proportion of the EPIC population was exposed to some
of the main mycotoxins present in foods consumed in Europe such as Fusarium toxins
(Deoxynivalenol and derivatives, T2/HT-2 toxins, Nivalenol, fumonisins and Zearalenone
and derivatives), aflatoxins, Alternaria toxins (Alternariol, Alternariol monomethyl ether,
Altenuene, Tenuazonic acid, Altertoxin I, Tentoxin and Alternaria alternata f. sp. lycopersici
toxins) and total mycotoxins. The potential health risk of these exposure distributions was
assessed by plotting the percentages (%) of the EPIC population against the Tolerable Daily
Intake (TDI), Tolerable Weekly Intake (TWI) or the Provisional Maximum Tolerable Daily
Intake (PMTDI), where available, set by EFSA (with the exception of patulin assessed by
the European Commission) (Supplementary Table S2). Taking the middle-bound scenario
into account, for most of the mycotoxins, only a small percentage of the population had
exposures above the TDI, ranging from 0% for Fumonisins up to 0.15% for Ochratoxins
(Supplementary Table S2).

Table 3. Description of the daily dietary mycotoxin exposures assessed based upon dietary ques-
tionnaire data for the full EPIC cohort (A—lower-bound results; B—middle-bound results), with N
(non-cases) = 469,869 and N (colorectal cancer (CRC) cases) = 6291.

(A) Lower Bound (LB)—ug/kg Body Weight

(S:?:t;esr Mycotoxin Mean Std Min P05 P25 P50 P75 P95 Max
Total _
Non-case Mycotoxins 0.32 0.20 3.0 x 1074 0.09 0.17 0.27 041 0.70 3.28
CRC case K/(I)}tlilotoxins 0.28 0.18 82 x 1073 0.08 0.16 0.24 0.36 0.63 221
N Ergot -3 -3
on-case alkaloids 0.02 0.05 0.00 0.00 1.4 x 10 6.1 x 10 0.02 0.11 1.57
CRC case Ergot 0.01 0.03 0.00 0.00 -4 -3 0.01 0.07 0.52
alkaloids : : . . 4.0 x 10 4.1 x 10 . . E
Non-case Ochratoxins 1.1x1073 1.4 %1073 0.00 0.00 3.0x107* 6.0 x107* 13 x1073 33 x1073 7.0x 1073
CRC case Ochratoxins 8.0x 103 11x10°3 0.00 0.00 0.00 0.00 1.0x 1073 27 %1072 0.04
Non-case Aflatoxins 0.10 0.13 0.00 5.0x 1074 0.02 0.06 0.14 0.33 3.20
CRC case Aflatoxins 0.09 0.11 0.00 4.0x 1074 0.00 0.00 0.11 0.31 1.40
Non-case Patulin 24 %1072 78 %1073 0.00 0.00 0.00 0.00 0.00 12x 1073 2.1x1073
CRC case Patulin 31x 1073 8.8 x 1073 0.00 0.00 0.00 0.00 0.00 0.00 0.13
Deoxynivalenol
Non-case and 0.07 0.07 0.00 6.9 x 1073 0.02 0.05 0.10 0.21 1.35
derivatives
Deoxynivalenol
CRC case and 0.07 0.06 0.00 5.7 x 1073 0.02 0.05 0.09 0.19 0.65
derivatives
Non-case Fumonisins 0.05 0.05 0.00 4.0x 1072 0.02 0.03 0.06 0.13 242
CRC case Fumonisins 0.04 0.06 0.00 28 %1072 0.01 0.03 0.06 0.12 1.57
Non-case ;f(;ii/ni”'z 80x10%  33x10° 0.00 0.00 0.00 0.00 000  38x10°3 0.17
CRC case tT(;ii/n}SIT'z 90%x104  36x10°3 0.00 0.00 0.00 0.00 000  56x10° 0.11
Zearalenone
Non-case and 0.01 0.02 0.00 1.0 x 1074 1.0x 103 5.6 x 1072 0.01 0.05 0.69
derivatives
Zearalenone
CRC case and 0.01 0.02 0.00 3.0 x 1074 7.0x 103 6.9 x 103 0.01 0.05 0.29
derivatives
Non-case Moniliformine 22 %1072 89 x 10723 0.00 0.00 0.00 0.00 0.00 0.01 0.44
CRC case Moniliformine 23 %1072 9.0x 103 0.00 0.00 0.00 0.00 1.0x 104 0.01 0.16
Non-case iﬁf;’;“”” 68x1073  98x107° 0.00 000 1.0x10°  34x1073  91x107° 0.02 0.40
CRC case éﬁf;’;“”” 8.6 % 103 0.01 0.00 000  14x10°  46x10-2 0.01 0.03 0.20
Non-case Enniatins 0.05 0.05 0.00 3.8 x 1073 0.01 0.03 0.06 0.15 0.96
CRC case Enniatins 0.04 0.04 0.00 3.5% 1072 0.01 0.03 0.05 0.13 0.58
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(B) Medium Bound (MB)—png/kg Body Weight
g;‘“‘“ Mycotoxin Mean Std Min P05 P25 P50 P75 P95 Max
atus
Non-case g/(l)tal . 1.04 0.48 0.06 0.42 0.70 0.97 1.31 1.94 6.57
ycotoxins
Total
CRC case M . 0.97 0.44 0.13 0.40 0.65 0.89 1.20 1.78 4.09
ycotoxins
Non-case Ergot 0.08 0.07 000 71x10°4 0.03 0.06 0.10 021 1.73
alkaloids
CRC case Ergot 0.06 0.06 000  63x107* 0.02 0.05 0.08 0.18 0.55
alkaloids
Non-case Ochratoxins 24 %1073 1.6 x 1073 1.0x 107* 9.0 x 10~* 1.4 x1073 2.0 x 1073 2.8 x 1073 5.1 x 1073 0.07
CRC case Ochratoxins 2.1 %1073 13 %1073 2.0x107* 8.0 x107* 13 %1073 1.8 x 1073 25x%x 1073 43 %1073 0.05
Non-case Aflatoxins 0.11 0.13 1.0 x 104 29 x 1072 0.02 0.07 0.14 0.34 3.20
CRC case Aflatoxins 0.09 0.11 3.0 x 107 2.6 x 1073 0.02 0.05 0.12 0.31 1.41
Non-case Patulin 0.01 0.01 0.00 3.1x 1073 7.4 %1073 0.01 0.02 0.04 0.29
CRC case Patulin 0.01 0.01 0.00 2.9 x 1073 6.9 %1073 0.01 0.02 0.04 0.17
Deoxynivalenol
Non-case and 0.24 0.13 3.4 %1073 0.09 0.15 0.22 0.30 047 3.09
derivatives
Deoxynivalenol
CRC case and 0.22 0.12 0.03 0.08 0.14 0.20 0.28 0.44 1.73
derivatives
Non-case Fumonisins 0.24 0.13 0.00 0.09 0.15 0.21 0.29 0.48 2.71
CRC case Fumonisins 0.22 0.12 0.02 0.09 0.14 0.20 0.28 0.44 1.79
Non-case T2/HT-2 0.02 0.01 0.00 49 x 10° 0.01 0.02 0.02 0.04 0.21
toxins
CRC case ;l;ii/nI;IT-Z 0.02 0.01 40x10°* 49 x 103 0.01 0.02 0.02 0.04 0.16
Zearalenone
Non-case and 0.04 0.02 1.0x 1073 0.01 0.02 0.03 0.04 0.08 0.71
derivatives
Zearalenone
CRC case and 0.04 0.02 33x1073 0.01 0.02 0.03 0.04 0.08 0.35
derivatives
Non-case Moniliformine 3.4 x 103 9.0 x 1073 0.00 0.00 40x107* 1.1x 1073 2.5x 1073 0.01 0.44
CRC case Moniliformine 35x 1073 9.0 x 1073 0.00 0.00 5.0x 107 1.1x 1073 24 x1073 0.02 0.17
Non-case Alternaria 0.20 0.11 0.00 0.05 0.12 0.18 0.26 0.39 1.36
toxins
CRC case Alternaria 0.19 0.10 0.01 0.05 0.12 0.18 0.24 0.37 0.89
toxins
Non-case Enniatins 0.05 0.05 0.00 3.9 x10° 0.01 0.03 0.06 0.15 0.97
CRC case Enniatins 0.04 0.05 0.00 3.6 x 10° 0.01 0.03 0.05 0.13 0.58

Additional analyses identified the main food groups contributing to mycotoxin expo-
sure. The most significant contributors to total mycotoxin intake were cereal and cereal
products, vegetables, alcoholic and non-alcoholic beverages (including fruit juices), and
fruits. Other food groups showed very low or no detectable levels of mycotoxins, with
the exception of zearalenone and its derivatives, which were found in dairy products
(Supplementary Table 54).

The associations between cumulative mycotoxin exposures and CRC risk are presented
in Table 4. No statistically significant association was found between the sum of all
mycotoxins and CRC risk.
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Table 4. (A) Hazard ratios (HR) and their 95% confidence intervals (CI) for the associations between
mycotoxin exposures (ug/BW /day) and colorectal cancer risk using a fully adjusted model * (Total

n = 476,160), using the continuous mycotoxin exposures (per 1-SD increase) as well as tertiles (with

trend test). Both colorectal cancer and the different subsites are presented. (B) Results for proximal

and distal colon cancers.

(A) Middle Bound Scenario (MB)

Colorectal Colon Rectum
Mycotoxins —_Cases HR  95%CI  TrendTest  25¢S HR 95% CI  TrendTest , C2% HR  95%CI  TrendTest
ug/BW/day N = 6291 N = 3897 N = 2094
Sum of all
mycotoxins
ver 15D 103 098108 104 (0.97-1.10) 101 (093-1.09)
1 2475 1.00 Ref. 1567 1.00 Ref. 802 1.00 Ref.
2 2086 101 094-108  0.0639 1263 100 091-1.09  0.0561 706 101 089-114 07031
3 1730 110 1.00-121 1067 114 1.00-1.28 586 103 088122
Ergot
Alkaloids
rer 1-SD 097 (0.93-1.01) 098  (0.93-1.03) 094  (0.87-1.01)
1 2363 1.00 Ref. 1475 1.00 Ref. 787 1.00 Ref.
™ 2327 098  092-1.06 05247 1436 104 095114 02179 790 090  080-1.02  0.0086
3 1601 097  0.89-1.06 986 107 096120 517 081 0.69-0.95
Ochratoxins
rer 1-SD 102 (0.99-1.06) 102 (0.97-1.07) 102 (0.95-1.09)
1 2404 1.00 Ref. 1513 1.00 Ref. 790 1.00 Ref.
2 2183 100 093-107 09737 1368 103 095-1.12 09647 720 097  087-1.09 07435
3 1704 100 092-1.08 1016 100 090-1.11 584 098 085112
Aflatoxins
rer 1-SD 100 (0.96-1.04) 098  (0.93-1.03) 104 (0.97-1.11)
1 2547 1.00 Ref. 159 1.00 Ref. 833 1.00 Ref.
2 2014 098  092-105  0.6509 1254 098  090-1.07 03214 669 101 090-113 04817
3 1730 098  090-1.07 1047 095  085-105 592 106 091-122
Patulin
rer 1-SD 104 (1.02-1.07) 103 (1.00-1.07) 105 (1.00-1.10)
1 2264 1.00 Ref. 1470 1.00 Ref. 710 1.00 Ref.
2 2087 102 096109  0.1452 1289 098  090-1.06  0.594 696 111 099-123  0.0070
3 1940 105 098113 1138 098  090-1.07 688 118 1.05-132
Deoxynivalenol
and derivatives
irrla?ej 103 (0.99-1.08) 104 (0.98-1.09) 102 (0.96-1.09)
1 2452 1.00 Ref. 1537 1.00 Ref. 800 1.00 Ref.
2 2062 103 096111  0.0086 1264 103 095113  0.0270 692 102 091115 02987
3 1777 114 104124 1096 115 1.02-129 602 109 093127
T-2/HT-2 toxins
irrlai]ej 100 (0.96-1.03) 099  (0.95-1.04) 100 (0.94-1.06)
1 2160 1.00 Ref. 1368 1.00 Ref. 699 1.00 Ref.
T2 2030 098 092105  0.8053 1252 098  090-107  0.6958 673 098  087-L11 09017
3 2101 099  091-1.07 1277 098  0.89-108 722 099  0.86-1.14
Fumonisins
irrlai]ej 101 (0.97-1.05) 101 (0.96-1.06) 101 (0.95-1.08)
1 2423 1.00 Ref. 1536 1.00 Ref. 780 1.00 Ref.
2 2000 096  090-1.03 05091 1228 096 088105 02704 674 095 085107 05009
3 1868 103 095113 1133 107 096-120 640 095  0.82-1.11
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Zearalenone
and derivatives
per 1-SD 100 (0.96-1.03) 101 (097-1.05) 098  (092-1.03)
T1 2242 1.00 Ref. 1449 1.00 Ref. 697 1.00 Ref.
T2 2022 1.00 0.93-1.07 0.9386 1238 1.00 0.92-1.10 0.8427 677 0.98 0.87-1.10 0.9228
T3 2027 1.00 0.92-1.09 1210 1.01 0.91-1.12 720 0.99 0.86-1.14
Moniliformine
Efcrrla“?ej 102 (0.99-1.04) 1.03 (0.99-1.06) 1.00  (0.95-1.04)
T1 2032 1.00 Ref. 1292 1.00 Ref. 630 1.00 Ref.
T2 2245 1.01 0.95-1.08 0.0867 1298 0.95 0.87-1.03 0.8184 846 1.15 1.03-1.29 0.0327
T3 2014 0.94 0.88-1.01 1307 0.99 0.91-1.08 618 0.88 0.77-0.99
'Altemuriu tox-
ms
};ecrrlfsg 1.04  (1.00-1.09) 105  (0.99-1.11) 103 (0.95-1.11)
T1 2304 1.00 Ref. 1443 1.00 Ref. 763 1.00 Ref.
T2 2181 1.03 0.96-1.10 0.0434 1344 1.01 0.93-1.11 0.2690 729 1.05 0.93-1.18 0.1475
T3 1806 1.10 1.00-1.21 1110 1.07 0.95-1.20 602 1.13 0.96-1.32
Enniatins
};ecrrlaig 100 (0.97-1.04) 101 (0.96-1.06) 100 (0.94-1.06)
T1 2312 1.00 Ref. 1404 1.00 Ref. 764 1.00 Ref.
T2 2136 1.03 0.96-1.10 0.3928 1316 1.05 0.96-1.15 0.0989 724 1.02 0.91-1.15 0.5962
T3 1843 1.04 0.95-1.14 1177 1.10 0.98-1.24 606 0.95 0.81-1.11
(B) Middle Bound Scenario (MB)
Colon Proximal Colon Distal
ngy/?x/x‘;;; N HR 95%CI TrendTest e HR 95% CI TrendTest
Sum of all
mycotoxins
Efcrrlassg 1.02 (0.93-1.11) 1.07 (0.98-1.17)
T1 777 1.00 Ref. 697 1.00 Ref.
T2 609 1.00 0.88-1.14 0.2738 563 1.01 0.88-1.15 0.1797
T3 491 1.11 0.93-1.33 483 1.14 0.95-1.37
Ergot
Alkaloids
};egrlaif 0.93 (0.86-1.01) 1.02 (0.95-1.10)
T1 745 1.00 Ref. 633 1.00 Ref.
T2 677 1.01 0.89-1.15 0.9802 665 1.08 0.94-1.23 0.1373
T3 455 1.00 0.85-1.17 445 1.14 0.96-1.34
Ochratoxins
per 15D 101 (0.94-1.08) 102 (095-1.10)
T1 752 1.00 Ref. 673 1.00 Ref.
T2 644 1.00 0.89-1.13 0.7495 618 1.05 0.93-1.19 0.7076
T3 481 0.98 0.84-1.13 452 1.03 0.88-1.20
Aflatoxins
Ef’;lassg 0.96 (0.89-1.04) 1.00 (0.92-1.08)
T1 773 1.00 Ref. 718 1.00 Ref.
T2 605 0.98 0.87-1.11 0.1495 568 1.02 0.90-1.15 0.7515
T3 499 0.88 0.75-1.04 457 1.03 0.87-1.21
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Table 4. Cont.

Patulin

};ecrrlaig 1.00 (0.95-1.06) . 1.05 (1.00-1.11)

T1 710 1.00 Ref. . 672 1.00 Ref.

T2 630 1.00 0.89-1.12 0.5167 570 0.96 0.85-1.08 0.6089
T3 537 0.96 0.84-1.09 . 501 0.97 0.85-1.10

Deoxynivalenol

and derivatives

iI:;rlf;E 1.03 (0.95-1.12) . 1.05 (0.97-1.14)

T1 752 1.00 Ref. . 685 1.00 Ref.

T2 626 1.10 0.97-1.25 0.0448 552 1.01 0.89-1.16 0.1434
T3 499 1.19 1.00-1.41 . 506 1.15 0.96-1.37

T-2/HT-2 toxins

iI;eSrtle_aSs]: 1.01 (0.95-1.08) . 0.99 (0.93-1.06)

T1 620 1.00 Ref. . 656 1.00 Ref.

T2 619 1.10 0.97-1.25 0.1121 535 0.88 0.77-1.00 0.1468
T3 638 1.13 0.97-1.31 . 552 0.89 0.77-1.04

Fumonisins

};ecrrgssg 1.01 (0.93-1.08) . 1.03 (0.96-1.10)

T1 760 1.00 Ref. . 684 1.00 Ref.

T2 599 0.96 0.85-1.08 0.5982 540 0.96 0.85-1.10 0.4386
T3 518 1.05 0.90-1.24 . 519 1.07 0.91-1.26

Zearalenone

and derivatives

iI;fcrrele_as;Ie) 1.01 (0.96-1.07) . 1.02 (0.96-1.08)

T1 657 1.00 Ref. . 685 1.00 Ref.

T2 620 1.09 0.96-1.23 0.5696 520 0.92 0.81-1.05 0.9268
T3 600 1.05 0.90-1.21 . 538 1.01 0.86-1.18

Moniliformine

i;egrl;iss]e) 1.04 (1.00-1.08) . 0.99 (0.94-1.05)

T1 595 1.00 Ref. . 587 1.00 Ref.

T2 624 0.98 0.87-1.10 0.6974 593 0.94 0.83-1.07 0.8094
T3 658 1.02 0.90-1.16 . 563 0.98 0.86-1.12

f‘llternariu tox-

ins

%;e;rlig 1.04 (0.95-1.13) i 1.06 (0.98-1.16)

T1 708 1.00 Ref. . 650 1.00 Ref.

T2 658 1.06 0.93-1.20 0.3247 585 1.00 0.87-1.14 0.2634
T3 511 1.09 0.92-1.29 . 508 1.11 0.93-1.32

Enniatins

Efcrrlassg 0.98 (0.91-1.05) . 1.03 (0.97-1.11)

T1 692 1.00 Ref. . 614 1.00 Ref.

T2 624 1.05 0.93-1.19 0.8652 596 1.05 0.92-1.20 0.0920
T3 561 1.01 0.85-1.19 . 533 1.16 0.98-1.38

(*) Fully adjusted model: energy intake, BMI, height, alcohol at recruitment, physical activity index, fibre intake,
calcium intake, processed meat intake, smoking status, education and diabetes. MB: middle bound; BW: body
weight; HR: hazard ratio.

For individual mycotoxin exposures, only DON was statistically significantly posi-
tively associated with CRC risk (HRt3ys11 (95%CI) =1.14 (1.04 to 1.24), p-trend = 0.0086).
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When investigating associations by colorectal subsite, PAT was significantly positively asso-
ciated with rectal cancer risk only (HR13ys11 (95%CI) =1.18 (1.05 to 1.32), p-trend = 0.007).

Sensitivity analyses showed similar results when using the lower-bound values as for
the middle-bound values and when using the mycotoxin exposure expressed as ng/day
instead of png/kg bw/day. Analyses by sex (Supplementary Table S5) indicate differential
results for men and women, with significant positive associations between mycotoxins and
CRC risk only present among men for DON (HR 13y¢71 =1.18 (1.03-1.34)) and Alternaria
toxins (HR 13571 = 1.22 (1.06-1.41)).

4. Discussion

The results presented in this study indicate the potential importance of investigating
mycotoxin exposures in diverse European populations. These dietary exposure analyses
using the EPIC dietary questionnaire data indicate non-negligible exposures to particu-
lar mycotoxins in European countries, confirming the results previously published from
smaller studies using 24 h dietary recall, serum and urine data on mycotoxin exposures [35].
Our analyses indicate positive associations between CRC risk and higher dietary DON
exposure, which is ubiquitously present in European diets. When investigating associations
between mycotoxin exposures and the cancer sub-sites, only PAT was found significantly
positively associated with rectal cancer risk, while ergot alkaloids were negatively associ-
ated with rectal cancer risk. Sensitivity analyses by sex demonstrated significant positive
associations for DON and Alternaria toxins in relation with CRC risk in men only. These
differential results for sex suggest that that mycotoxins may be metabolised differently by
sex and that this difference may be relevant for CRC development.

In a recent study using data from the EPIC cohort we showed that dietary expo-
sure to DON was also positively associated with hepatocellular carcinoma incidence [36],
underscoring the potential cancer risk due to DON exposure in Europe. DON is an om-
nipresent mycotoxin of cereal crops in temperate regions of the world, including Europe,
and is mainly produced by the Fusarium species [37]. For human exposure, cereals and
cereal-based products are the main sources of contamination. Following a request by the
European Commission, the EFSA CONTAM Panel assessed the risk to animal and human
health related to DON, 3ADON, 15ADON and D3G in food and feed and concluded that
the estimated mean chronic dietary exposure was high in adolescents and adults and
above the tolerable daily intake (TDI) in infants, toddlers and other children, indicating
a potential health concern [38,39]. Recently, a comprehensive human intervention study
further revealed from urinary biomarker analysis that DON and D3G were rapidly ab-
sorbed, distributed, metabolised and excreted in the human body [40,41]. Since 3ADON
and 15ADON are largely deacetylated and D3G is cleaved in the intestine to its parent
DON, the same metabolic parameters can be expected; however, their intrinsic toxicity
differs [41-47].

The mechanisms potentially underlying the association of DON with CRC risk are
still unresolved, although several potential pathways of the adverse health effects of
mycotoxins on the human gut have recently been suggested on the intestinal barrier
function with special focus on mucus and microbiota [21]. Mucus and microbiota are
key targets for dietary mycotoxins, although the assessment of induced effects is in early
stages. Recently, it was reported that DON exacerbates the genotoxicity of several different
genotoxic compounds, including acrylamide [48], colibactin (a toxin produced by pks+
Escherichia coli in the gut microbiota) [49], but also drugs such as etoposide, cisplatin and
phleomycin, [50] or pesticides such as captan [51]. Research is currently underway to
determine the adverse consequences of mycotoxins on gut mucus and microbiota both
as individual components and as interconnected players within the gut ecosystem [21].

https://doi.org/10.3390/app16147205


https://doi.org/10.3390/app16147205

Appl. Sci. 2026, 16, 7205

14 of 21

Therefore, even though DON has not been classified as a carcinogen in humans (IARC
Group 3), this mycotoxin may present a potential threat to health, mainly when co-occurring
with other mycotoxins in the consumers’ diet [52].

PAT is a mycotoxin produced by Aspergillus and Penicillium species (abundant on
the surface of rotten fruits) with suspected carcinogenic properties, though it does not
accumulate in the human body [13,15,53]. A provisional maximum tolerable daily intake
(PMTDI) for PAT of 0.4 ug/kg bw has been established [54]. An assessment of dietary
intake of PAT across the population of EU Member States in 2002 concluded that PAT
exposures were below the value indicated by the Joint FAO/WHO Expert Committee on
Food Additives (JECFA) and the Scientific Committee on Food (SCF) [55]. Nevertheless,
some countries and population groups may yet be importantly exposed to PAT (even
though still below the PMTDI), particularly small children consuming larger amounts
of fruit compote and juices compared to adults [55]. Apple juice is occasionally heavily
contaminated, and continuing efforts are therefore needed to minimise exposure to this
mycotoxin by avoiding the use of rotten or mouldy fruits [56,57].

Efforts to elucidate the toxicity mechanism of PAT have focused on protein tyrosine
phosphatases (PTPs), which regulate the function of tight junctions (T]s) in colon epithelial
cells. A recent study investigating potential mechanisms involved in the increased risk
of CRC due to PAT exposures suggests that density-enhanced phosphatase-1 (DEP-1)
affects the function of TJs, and that peroxisome proliferator-activated receptor gamma
(PPARY) might control DEP-1 expression. Therefore, PAT toxicity to cellular functions
might be attributable to its ability to down-regulate the expression of DEP-1 and PPARYy in
human colon cancer cells [58]. Dietary PAT exposure potentially increases susceptibility
to intestinal absorption of co-exposed pathogens [59]. Although no human studies have
reported a link between PAT exposure and rectal cancer risk, similar mechanisms could
potentially be involved as for colon and other mycotoxins, though we also acknowledge
such a finding could be chance. As for DON, further research is warranted for PAT to
elucidate its potential carcinogenic effects on intestinal cells.

Although no statistically significant association was reported between multi-mycotoxin
exposure and CRC risk, the positive trend observed when comparing the third tertile with
the first tertile (Table 4; HR: 1.10 (1.00-1.21)) for the sum of mycotoxins in relation with
CRC risk suggests more in-depth analyses for investigating potential associations between
exposures to clusters of mycotoxins and CRC risk. Since mycotoxin exposures disrupt
diverse endogenous mechanisms, synergistic interactions between co-exposed mycotoxins
may potentially underly the positive trend reported between total mycotoxins exposure
and CRC risk. The integrity of protective systems, either macromolecular such as the
intestinal epithelium or micro-molecular such as DNA-damage response pathways, may be
compromised by mycotoxin exposure. Subsequently, this enables or increases the suscepti-
bility to pathogenic effects from co-exposed compounds [13]. Interestingly, recent research
indicated that toxicological effects of multiple mycotoxins differed regarding the type of
mycotoxins used for combinations, and a synergistic effect was observed for mixtures
containing DON in different cell lines and intestinal explants [52,60-62]. Further research
and in particular more prospective studies in humans are imperative to confirm these
findings and to disentangle potential mechanisms involved.

Our study has several strengths, including access to the EPIC study database, which is
particularly advantageous due to its large sample size, prospective design, and long follow-
up period. Additionally, the inclusion of participants from multiple European countries,
combined with standardised data collection methods, especially for dietary information,
provides a comprehensive and diverse perspective on dietary intake across Europe. In
addition, the access to the EFSA mycotoxin occurrence data derived from the European
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member states and support and training provided by the EFSA experts are important
strengths of this study. Correspondingly, the in-depth independent quality controls that
are performed at all the different levels of these analyses support the quality of the results
presented in this report.

Some limitations of the study should also be acknowledged. Dietary intake was as-
sessed using self-reported food frequency questionnaires, which are prone to reporting bias
and imprecision. Indeed, errors in dietary reporting, insufficient sampling, and dynamic
changes in chemical concentrations throughout food processing can cause uncertainties in
exposure assessment. In addition, dietary intake was assessed only at baseline and may
not reflect long-term intakes [63]. Further, mycotoxin contamination estimates from the
EFSA database may vary due to environmental, temporal and geographical factors and
heterogeneous distribution, but epidemiological models use point estimates that cannot
capture this variability. This may introduce non-differential imprecision that typically
attenuates associations toward the null, though potentially also generates false positives if
contamination patterns changed systematically over time. Furthermore, due to the lack of
conclusive prevalence data in the EFSA database on certain mycotoxins, e.g., CIT and STC,
these were excluded from the study to guarantee the quality of the assessments. Missing
covariate data was handled via imputation or categorisation, which may have introduced
bias, though sensitivity analyses showed consistent results. Generalisability is limited,
as the EPIC cohort comprises relatively health-conscious individuals from 10 European
countries. Finally, as this is an observational study, bias such as residual confounding and
reverse causation cannot be ruled out and no causal relationship can be inferred based on
these data.

While external exposure estimates provide an overview of the global mycotoxin bur-
den, only a portion of ingested mycotoxins reaches systemic circulation, making internal
exposure assessment through biomarkers essential for accurate risk evaluation. However,
data on biomarker profiles remain limited, complicating intake estimations. Mycotoxin
exposure cannot be eliminated through diet changes alone, as they are found in nutrition-
ally essential foods. Therefore, practical prevention strategies and sustained monitoring,
especially in light of climate-change-driven shifts in fungal contamination, are crucial [15].
Increased awareness and investment are needed to address this often-overlooked public
health threat.

5. Conclusions

In conclusion, these analyses show positive associations between CRC risk and di-
etary exposure to DON and PAT. Nonetheless, no causal relationship can be investigated
with our current data and confirmation of these results through additional studies and
biomarker-based approaches is essential. Further, investigation into the possible biological
mechanisms underlying these suggested associations is also needed. Although DON and
PAT have been assigned Group 3 carcinogens (not classifiable as to their carcinogenicity to
humans), they may still pose a health risk and further research is warranted.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/app16147205/s1, Table S1: Mycotoxins classified according
to the IARC Monograph that identifies and evaluates environmental causes of cancer in humans;
Table S2: Percentage (%) of the EPIC population with external mycotoxin exposures assessed based
upon dietary questionnaire data above and below the Tolerable Daily Intake (TDI) levels set by EFSA;
Table S3: Description of the external mycotoxin exposures assessed based upon dietary questionnaire
data for the full EPIC cohort by country; Table S4: Percentage (%) contributions of mycotoxins to main
food groups of the EPIC population; Table S5: Hazard ratios (HR) and their 95% confidence intervals
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between male and females using a fully adjusted model*. p-value of 0.01 was considered statistically
significant (after Bonferroni correction) [38,64-77].
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Abbreviations

The following abbreviations are used in this manuscript:

EPIC European Prospective Investigation into Cancer and Nutrition
EFSA European Food Safety Authority
CRC colorectal cancer

HR hazard ratio

CI confidence intervals

DON deoxynivalenol

T tertile

IARC International Agency for Research on Cancer
OTA ochratoxin

FB1 fumonisin B1

FB2 fumonisin B2

FB3 fumonisin B3

PAT patulin

DQ dietary questionnaires

FFQ food-frequency questionnaires
ENDB EPIC Nutrient Database

LOD limit of detection

LOQ limit of quantification

NIV nivalenol

DAS diacetoxyscirpenol

FUS-X fusarenon-X

STC sterigmatocystin

AF Aflatoxin

3ADON 3-acetyl-DON

15ADON 15-acetyl-DON

D3G deoxynivalenol-3-glucoside
ZEN Zearalenone

ZEL Zearalenol

ZAN Zearalanone

AOH Alternariol

AME alternariol methylether

ALT altenuene

TEA tenuazonic acid

ATX altertoxin

TEN tenuazonic acid

AAL_toxins  Alternaria alternate f. sp. lycopersici toxins

CIT citrinin

SD standard deviation
BMI Body Mass Index
bw body weight
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TDI Tolerable Daily Intake

TWI Tolerable Weekly Intake

PMTDI Provisional Maximum Tolerable Daily Intake

LB Lower Bound

MB Medium Bound

JECFA Joint FAO/WHO Expert Committee on Food Additives
TJs tight junctions

DEP-1 density-enhanced phosphatase-1

PPARy peroxisome proliferator-activated receptor gamma
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