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Abstract: Consumers are regularly exposed to well-known food contaminants (FCs), which are
typically assessed for risk on an individual basis. However, there is limited knowledge about the
overall levels and combinations of these compounds depending on dietary choices. The goal of
this study was to estimate the real-life mixtures of FCs in different dietary models by integrating
extensive data from the scientific literature concerning the reliable quantification of FCs in foods. A
FAIR database detailing the occurrence of 73 FCs in 16 foods commonly consumed was built. The
data were integrated into an omnivorous and a vegetarian dietary model. A weighted estimate of the
25th, 50th, and 75th percentiles of FCs in both dietary models revealed that the omnivorous model
presented slightly higher levels of FCs than the vegetarian. At the 25th percentile, the FC levels
in both dietary models fall within the European Food Safety Authority (EFSA) reference exposure
levels for chemical hazards, except for arsenic, lead, cadmium, fumonisin Bl, and OTA. At the 75th
percentile, the FC levels exceed the EFSA reference levels for those FCs and additional mycotoxins.
Using in vitro models, the 25th percentile can mimic real-life FC exposure, while the 75th percentile
simulates a possible worst-case scenario.

Keywords: FAIR database; food contaminants; dietary models; omnivorous diet; vegetarian diet;
hazard assessment

1. Introduction

Consumers are consistently exposed to low levels of food contaminants (FCs) as a
result of the repeated intake of everyday food [1-3]. These contaminants are prevalent
even in healthy and sustainable diets, designed to meet nutritional needs, promote health
and reduce the risk of chronic diseases while minimising environmental impacts. Yet there
remains a limited understanding of their global concentrations and combinations across
different dietary patterns [4]. The EAT-Lancet Commission Guidelines for healthy diets and
sustainable food production systems recommend a high intake of plant-based foods (fruits,
vegetables, legumes, whole grains, and nuts) and a moderate intake of animal-sourced
foods [4]. The overarching principles are a balance of calories, adequacy of macronutri-
ents and micronutrients, sustainability, and affordability. This guidance on healthy diets
provides sufficient scope for different dietary patterns (e.g., omnivorous or vegetarian)
to be considered for research purposes [4]. These guidelines are based primarily on food
groups and formulated by combining evidence from epidemiological (observational and
population-based studies), systematic reviews/meta-analyses, and randomised controlled
trials (RCTs). Observational studies examine large populations over time and help identify
long-term associations between dietary patterns (e.g., high consumption of plant-based
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foods and low intake of red meat) and the risk of chronic diseases like cardiovascular
disease, cancer, and diabetes, establishing correlations rather than proving causation. The
multi-faceted, holistic, and interdisciplinary approach that associates diet with health and
environmental sustainability ensures that the recommendations are robust, actionable,
and tailored for both human health and planetary well-being. However, although the
authors considered it important, the issue of possible FCs, a global concern with varying
magnitudes across different regions, was not addressed [4].

It is well known that exposure through dietary intake to a range of FCs, including
pesticides, heavy metals, mycotoxins, heterocyclic amines (HAAs), and polycyclic aromatic
hydrocarbons (PAHs), among others is unavoidable [5-13]. It is impractical to regulate
every substance that could enter the food chain; therefore, the European Union prioritises
maximum levels of FCs of the greatest potential to cause harm (Commission Regulation
(EU) 2023/915) [14]. In 2023, the Rapid Alert System for Food and Feed (RASFF) recorded
4695 alerts, with pesticide residues being the most notified hazard category (936 notifica-
tions), and mycotoxins as the third most notified (401 notifications). Therefore, pesticides
and mycotoxins are chemicals of special concern because they constitute the predominant
border rejection notifications for food and feed in Europe but other chemical contami-
nant alerts include heavy metals and environmental pollutants [15]. Nevertheless, many
FCs remain unregulated and therefore, unmonitored [16]. Human biomonitoring studies
confirmed the co-occurrence of mycotoxins and pesticides in urine samples in European
consumers [17,18].

The basic estimation of dietary exposure based on mg/kg body weight/day uses
the average concentration of the contaminant in each food, the mean amount of the food
consumed by the population, and the average body weight. More complex scenarios
for estimating the real-life levels of mixtures of FCs require the integration of data from
multiple sources and are a challenging issue for researchers, regulators, and industry [19].
In this context, OpenFoodTox provides crucial data on chemical risk in food and feed
based on the assessment carried out by the European Food Safety Authority (EFSA) [20].
These data are crucial for gaining a better understanding of the impacts of chemicals on
human health. In addition, platforms such as the Global Environment Monitoring Sys-
tem/Food (GEMS/Food) from the Codex Alimentarius Commission are valuable tools,
providing detailed information [21] on the chemical composition of foods worldwide.
These databases bring together a wide range of information to help assess and control
food risks. Furthermore, the European Information Platform for Chemical Monitoring
(https:/ /ipchem.jrc.ec.europa.eu/, accessed on 30 September 2024) stands out as the main
source of data on the occurrence of chemical substances in Europe, facilitating access to
information on exposure and environmental pollution, essential for risk assessment stud-
ies [22]. Using data from the scientific literature published worldwide can be a reliable
source of data for estimating exposure scenarios to FC mixtures if the data on the quantifica-
tion of FCs in commonly consumed foods are systematically organised in a FAIR database.
This strategy can enhance risk assessment frameworks and promote more accurate and
protective regulations for food safety.

Testing mixtures is a toxicological research trend [23] and allows for the capture of
complex interactions and better assess the cumulative risk of exposure to multiple contami-
nants, which is more reflective of potential health outcomes. Mixtures of FCs may interact
in complex ways, potentially amplifying adverse health effects beyond those caused by
single contaminants [24]. EFSA emphasised the importance of understanding how complex
mixture exposure contributes to human disease because there is limited understanding of
the real-life levels of exposure to multiple food contaminants (FCs) from different dietary
choices. Studying the impact of mixtures of FCs by RCTs is nearly impossible, as these
assays would require one group to be deliberately exposed to mixtures of contaminants
(treatment group), while another group remains unexposed to the contaminants (control
group) [24]. A promising approach to overcome this challenge is integrating the real-life
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levels of mixtures of FCs with physiologically relevant in vitro models to improve the
understanding of how these mixtures behave in biological systems.

This study proposes a methodology to understand the mixtures of FCs that mimic
different scenarios exposure, including real-life levels and worst-case scenarios, within
omnivorous and vegetarian dietary models. The approach integrates the construction of
a Findable, Accessible, Interoperable, and Reusable (FAIR) database, comprising biblio-
graphic data on the occurrence of 73 FCs in 16 food items. It incorporates these data into
omnivorous and vegetarian diets alighed with the EAT-Lancet Commission’s guidelines to
calculate exposure from this dietary pattern’s consumption. It is essential to understand
the exposure levels of FCs in real-life scenarios, in order to assess the potential risks asso-
ciated with FC mixtures through in vitro studies. This improved understanding can help
strengthen risk assessment frameworks and promote the establishment of more accurate
and protective regulations for food safety, ensuring better protection of public health.

2. Materials and Methods
2.1. Construction of Dietary Models

Two dietary models were simulated following the EAT-Lancet Commission Refer-
ence Diet for Healthy and Sustainable Food Systems: one omnivorous and one vegetar-
ian (Table 1). The macronutrient and micronutrient composition of these two models
(Table S1) was estimated using the Portuguese Food Composition Table (TCAP), which
provides the nutritional data for individual food items per 100 g, including both raw and
cooked foods [25]. The nutritional information for each food item was retrieved and ad-
justed to the exact amounts used in each dietary model. The quantities of representative
foods within each food group were selected to ensure that the energy value and macronu-
trient distribution were comparable between the two models. As a result, the total energy
content was 2338 kcal for the omnivorous model and 2304 kcal for the vegetarian model,
with protein, fat, and carbohydrate contents varying by less than 10% between the two
models. In terms of macronutrient distribution, 42% of the total energy intake was derived
from fat, 41% from carbohydrates, and 17% from protein. Both models are relatively bal-
anced in micronutrients (Table S1); the vegetarian model, nonetheless, reflects the limited
sources of vitamin D and B12 inherent to this dietary pattern, just as the omnivorous model
demonstrates higher levels of calcium, potassium, and magnesium [26].

Table 1. Comparison of food quantities and energetic contributions across omnivorous and vegetarian
dietary models according to reference diet [4]. Estimation was based on TCAP data [25].

Reference Diet Omnivorous Diet Vegetarian Diet

Food Group g/Day kcal/Day  Food g/Day  kcal/Day g/Day kcal/Day
200-600 811 600 830 480 664
Whole erains Rice 200 250 160 200
& Wheat 200 204 160 163
Maize 200 376 160 301
Tubers/Starchy vegetables 0-100 39 Potato 50 44 40 35
Vegetables 200-600 78 350 82 350 82
Cabbage 200 44 200 44
Carrot 150 38 150 38
Fruits 100-300 126 Apple 200 122 200 122
Dairy foods 0-500 153 Cheese 60 148 70 173
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Table 1. Cont.
Reference Diet Omnivorous Diet Vegetarian Diet
Food Group g/Day kcal/Day  Food g/Day  kcal/Day g/Day kcal/Day
0-211 151 210 500 120 179
Animal protein sources Beef %0 173 - _
Egg - - 120 179
Salmon 120 328 - -
25-250 575 60 162 280 690
Other protein sources Beans 40 41 200 206
Peanuts 20 121 80 484
Added fats 20-91.8 450 Oéli‘l’e 50 450 40 360
Added sugars 0-31 120 - - - - -
Total - 2503 1580 2338 1580 2304

2.2. Compilation of the FAIR Database for Food Contaminants

A modified version of the FoodMine protocol (https://github.com/I3ALAQV /Foo
dMine, accessed on 30 June 2024) was used to conduct literature mining on PubMed
concerning the occurrence (between 2000 and 2023) of 96 contaminants across different
groups (heavy metals, polychlorinated biphenyls, dioxins, furans, polycyclic aromatic
hydrocarbons (PAHs), pesticides, mycotoxins, and heterocyclic aromatic amines (HAAs))
in a wide variety of foods. For more information on the search strategy and machine
learning protocol, please consult the Supplementary Materials of reference [27]. For
the construction of a FAIR database, records of 16 widely consumed foods—4 animal-
based (beef, chicken eggs, salmon, and cheese), and 12 plant-based (bread, pasta, rice,
wheat, maize, potato, cabbage, carrot, apple, peanuts, olive oil)—were selected, totalling
151 records for data extraction. Of these, 6 were excluded based on specific criteria: records
involving artificially contaminated food samples, food samples intended for animal feed,
or studies using animals as experimental models. The remaining data, comprising over
1600 data points of the occurrence of the 73 contaminants (4 heavy metals, 18 PAHs,
10 pesticides, 29 mycotoxins, and 12 HAAs) in the selected foods, is available in the DIETx-
POSOME FAIR database [28]. The database was carefully curated to ensure compliance
with the FAIR principles, facilitating transparency and reproducibility. Relevant data were
extracted from the text, tables, and figures or Supplementary Materials of the eligible
records. The protocol followed for data extraction is available in Data S1. A total of
10 reviewers participated in data extraction, with each reviewer responsible for extracting
data from 14 to 17 articles independently. Each reviewer then cross-checked the data
extracted by another reviewer. After the data extraction and initial revision, two reviewers
conducted a second review of the dataset and standardised the database.

2.3. Estimation of Food Contaminants Intake from Dietary Models

For each food and contaminant, global data from the FAIR database were utilised to
derive a weighted estimate of mean values, as well as the 25th, 50th, and 75th percentiles.
These percentiles capture the variability and distribution of contaminant levels across
food items, providing a robust characterisation of potential exposure risks. The weighted
estimation method adjusts for the relative frequency of data points from different studies,
assigning greater weight to data from a larger sample size for a more reliable estimate.
Median values were used as a secondary measure of central tendency when the mean was
unavailable. Data points that were reported with only a minimum or maximum value and
no associated mean or median values have been excluded to avoid biases or unreliable
estimates. Data points from samples with undetected values (reported as being below the
limits of detection and/or quantification) were included in the estimation as LOD//2 or
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LOQ/+/2 to mitigate the impact of censoring in the dataset. Before analysis, all the units
were standardised to micrograms of contaminant per kilogram of food item.

Data reported on a dry weight basis were generally excluded from the derivation
of estimates, except for the cereal group, which includes wheat, maize, and rice. Due to
the limited availability of specific data on bread and pasta in the database, estimates for
contaminant distribution in these food categories were derived from maize and wheat data,
respectively. Regarding specific contaminants, enniatins A, B, A1, and B1 were summed
to provide a single cumulative estimate for the presence of these compounds, labelled
then as enniatins (ENNs). Similarly, individual ergot alkaloids (ergotamine, ergotami-
nine, ergokryptine, ergokryptinine, ergonisine, ergosine, ergometrine, ergocornine, and
ergocristine) were aggregated and presented as ergot alkaloids (EgTs), and alternariol and
alternariol methyl ether as alternaria toxins (ATs).

To map the daily contaminant burden in both diet models, three exposure scenarios
were calculated based on the 25th, 50th, and 75th percentiles of the distribution of contami-
nant levels across food items. The total contribution of a contaminant for a given diet is
given by the sum of the levels of contaminants across the food items of the diets according
to their proportions in each diet.

2.4. Data Handling and Descriptive Statistics

Data analysis was conducted using Python v3.12.7 (https:/ /www.python.org), NumPy
v.2.1.1 (https:/ /numpy.org), pandas v.2.2.2 (https:/ /pandas.pydata.org), and Matplotlib
v.3.9.2 (https:/ /matplotlib.org). Descriptive statistical analyses were performed using SciPy
v1.14.1 (https:/ /scipy.org/) to ensure the accurate interpretation of data. Graphpad Prism
v10.1.2 (Boston, MA, USA) was used for graphical visualisation.

3. Results and Discussion

Data from the scientific literature containing the reliable quantification of FCs in
foods were systematically organised, and the extracted data were incorporated into two
distinct dietary models: omnivorous and vegetarian. To simulate various scenarios of FC
mixtures and worst-case intakes, exposure levels at the 25th, 50th, and 75th percentiles were
calculated for both models. These calculations integrated data from the dietary models and
the compiled database following the scheme outlined in Figure 1.

DIETARY MODELS
EAT-Lancet Commission guidelines

W

Food selection to build omnivorous and
vegetarian model-based diets

Adequate energy, macronutrients
and micronutrients based on TCAP
CONTAMINANTS LEVELS
IN FOODS
Contaminants selection
hd
Literature mining protocol -
(PubMed database)
4
Data extraction EXPOSURE SCENARIOS
hd Weighted estimation of food
FAIR database * contaminants in omnivorous and

vegetarian dietary models at 25,
Assess compliance with 50", and 75" percentiles
European Union food regulation
Comparison with ADI or
TDI from OpenFoodTox 2.0

Figure 1. Outline of steps taken to estimate FC intake scenarios within two dietary models based on

literature search. EAT-Lancet Commission Guidelines [4]; TCAP—Tabela de Composigao de Alimentos
Portuguesa [25]; ADI—acceptable daily intake; TDI—tolerable daily intake; OpenFoodTox 2.0 [20].


https://www.python.org
https://numpy.org
https://pandas.pydata.org
https://matplotlib.org
https://scipy.org/

Foods 2024, 13, 3659

6 of 16

The analysis of the FAIR database by itself enables a comprehensive discussion of the
distribution of contaminants across different food groups. Furthermore, the integration of
these data with dietary models provides exposure estimates for the two dietary patterns,
which are discussed below.

3.1. Contaminant Distribution in Animal- and Plant-Based Foods

Heavy metals, pesticides, and mycotoxins are the most studied groups among the
selected FCs, with 7262, 8542, and 12,671 data points, respectively. The distribution of heavy
metals was found to occur across both animal- and plant-based foods, but higher levels
appear in maize, rice, peanuts, and salmon. Pesticides, in turn, with 8542 data points, were
found mainly in plant-based items, with higher amounts found in potatoes and apples,
although residues were also reported in salmon. Mycotoxins are found in higher amounts
in maize, wheat, and peanuts and lower levels in rice and beans. Furthermore, HAAs
(77 data points) were only reported in beef and olive oil, while PAHs (4395 data points)
were distributed in both plant (except wheat, beans, and apple) and animal items (Figure 2).
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Figure 2. Distribution of contaminant levels across the food groups according to the FAIR
database [23]. Boxplots were organised by the distribution of the weighted average of the con-
taminants within each group across the 14 selected foods.

The 14 foods evaluated presented a remarkably different profile of FCs. The distribu-
tion of FCs in the selected plant foods was as follows, as depicted in Figure 3:
Apples: metals and pesticides;
Beans: metals, mycotoxins, and pesticides;
Peanuts: metals and mycotoxins;
Olive oil: metals, PAHs, harman, and norharman;
Vegetables: metals, pesticides, and PAHs;
Cereals: metals, pesticides, PAHs, and mycotoxins.
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Figure 3. Identification and weighted mean value of FCs in each plant-based food. Ats, al-
ternaria toxins; Ace, Acenaphthene; ACET, acetamiprid; Acy, Acenaphthylene; AFB1, aflatoxin
B1; Ant, Anthracene; BEA, Beauvericin; B[a]A, Benz[a]anthracene; B[b]F, Benzo[b]fluoranthene; B[k]F,
Benzo[k]fluoranthene; B[a]P, Benzo[a]pyrene; B[ghi]P, Benzo[g,h,i]perylene; Cbg, cabbage; Crt, carrot;
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Chr, Chrysene; CIT, Citrinin; CPF, chlorpyrifos; CPFm, chlorpyrifos-methyl; CYH, A-cyhalothrin; CYP,
cypermethrin; D[ah]A, Dibenz[a,h]anthracene; DEL, deltamethrin; DON, deoxynivalenol; ENNs,
enniatins; EgT, ergot alkaloids; FA, Fusaric Acid; FB1, fumonisin B1; Fla, fluoranthene; F, Fluorene;
Flu, fluoranthene; H, harman; HAAs, heterocyclic aromatic amines; IP, Indeno[1,2,3-cd]pyrene;
PAHs, polycyclic aromatic hydrocarbons; Phe, Phenanthrene; Po, potato; P, pyrene; M, maize;
MON, Moniliformin; Nap, Naphthalene; NH, norharman; NIV, nivalenol; OTA, ochratoxin A; PCZ,
propiconazole; PYR, pyraclostrobin; R, rice; STER, Sterigmatocystin; TEB, tebuconazole; T2, T-2 toxin;
TeA, Tenuazonic acid; ZEN, zearalenone; W, wheat.

Metals were present in all the plant food items, making them the most ubiquitous
contaminant reported. Pesticides were found in four out of six groups and mycotoxins
and PAHs in half of the groups studied. European Union (EU) legislation sets maximum
allowable limits for certain contaminants in specific foods; however, only a restricted
number of molecules are covered. Consequently, the safety assessment of such foods
in relation to nonregulated contaminants is hindered since not all contaminant levels
effectively present in food can be framed concerning regulatory levels. For the ones
considered in legislation, however, in general, the weighted mean value of data present in
Figure 3 was below the maximum levels allowed in these foods (Commission Regulation
(EU) 2023/915) [14], although there were some exceptions, namely, cadmium in peanuts,
apple, beans, and carrot; arsenic in rice and lead; and fumonisin B1 and aflatoxin Bl in
maize. Concerning pesticide residues, some exceed the maximum residue levels in the
EU [29], namely, chlorpyrifos-methyl in rice, propiconazole in apples, and chlorpyrifos
and cypermethrin in potatoes. However, it is important to note that the FAIR database
is based on retrospective data (from scientific publications between 2000 and 2023), and
the maximum permitted contaminant levels have been recently updated. As a result, it is
understandable that the average levels found in some foods may exceed the current legal
limits.

FC distribution in selected animal-based foods was as follows (Figure 4):
Eggs: metals and benzo[a]pyrene;

Cheese: metals and benzo[a]pyrene;

Salmon: metals, cypermethrin, and PAHs;

Beef: metals, HAAs, and PAHs.

As with plant foods, metals were distributed across all the food groups. In animal-
based foods, the same was true for PAHs. Pesticides were only reported for salmon and no
mycotoxins were found in animal foods. Concerning regulated FCs, the weighted mean
value of PAHs was below the maximum levels for meat and meat products [14]. More
information concerning PAHs in raw and cooked beef and salmon is detailed in Table S2.
HAAs, IQ, PhIP, MelQ, and MelQx are mainly formed in the crust or gravy by the heating
of muscle foods [6]. Temperature and cooking time, the presence of precursors such as
creatine, reducing sugars and free amino acids, and cooking methods, such as marinating,
influence the formation of HAAs [6,30]. These are examples of FCs that are not regulated in
the EU, although IQ is classified by IARC as probably carcinogenic to humans (Group 2A),
while PhIP, MelQ, and MelQx are classified as possibly carcinogenic to humans (Group 2B),
which highlights the importance of considering them in food safety evaluation and the
in vitro toxicological evaluation of FC mixtures.
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Figure 4. Identification and weighted mean value of FCs in each animal-based food. For salmon and
beef, Ra means raw, G means grilled, F means fried which encompasses fried and pan-fried sam-
ples, B means barbecued, while OB means oven-broiled and refers to roasting and oven-broiled
samples. 4,8dMQXx, 2-amino-3,4,8-trimethylimdazo[4,5-f]quinoxaline; 7,8dMQx, 2-Amino-3,7,8-
trimethylimidazo(4,5-f)quinoxaline; AxC, 2-amino-x-carboline; B[a]A, Benz[a]anthracene; B[a]P,
Benzo[a]pyrene; B[b]F, Benzo[b]fluoranthene; Che, cheese; CYP, cypermethrin; Chr, Chrysene;
H, harman; IQ, 2-Amino-3-methyl-3H-imidazo[4,5-f]quinoline; IQx, 3-Methyl-3H-imidazo[4,5-
flquinoxalin-2-amine; MelQ, 2-amino-3,4-dimethylimdazo[4,5-f]quinoline; MelQx, 2-amino-3,8-
dimethylimdazo[4,5-f|[quinoxaline; NH, norharman; PhIP, 2-amino-1-methyl-6-phenylimidazo[4,5-
b]pyridine. PAH4 relates to the sum of B[a]P, B[a]A, Chr, and B[b]F selected by EFSA based on their
carcinogenic potential and frequency of occurrence in meats; for comprehensive data on all PAHs,
see Supplementary Materials Table S2.

3.2. Contaminant Distribution in Omnivorous Versus Vegetarian Dietary Models

A weighted estimate of the 25th, 50th, and 75th percentiles of both the omnivorous
and vegetarian models was assessed from the FAIR database and summarised in Table 2 by
group of FCs, and in Figure 5 by individual contaminants. The weighting process adjusts for
variations in data availability across the scientific literature, allowing us to generate more
accurate and representative percentiles for each contaminant in the selected foods used to
build the dietary models. Globally, the omnivorous model presents slightly higher levels of
FCs, potentially due to the adjustments of food amounts to have a comparable balance of
nutrients, since plant-based foods were the same in both diets (Table 2). The exceptions
are the higher intake of PAHs, particularly heavy PAHs, and the heterocyclic amines PhIP,
8-MelQx, and 7,8-MelQx in the omnivorous model compared to the vegetarian, as detailed
in Figure 5. These differences are explained because the levels of PAHs from plant foods
are usually far less than those from meat and fish cooked at high temperatures or smoked,
and HAAs are primarily associated with animal proteins and therefore, not typically found
in plant foods [30-32].
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Table 2. Contaminant burden per chemical group in different exposure scenarios (25th, 50th, and

75th percentiles) in omnivorous and vegetarian models (detailed in Table 1).
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75th 5444 0.01 4447 120.5 4.33 5116 3238
DISTRIBUTION OF INDIVIDUAL CONTAMINANTS IN OMNIVORE DIET VEGETARIAN DIET |

OMNIVOROUS AND VEGETARIAN MODELS

(D25 percentile () 50" percentile [ 75 percentile

(D25t percentile (I 50t percentile [ 75™ percentile

. . 0.037 0034
Mycotoxms Mycotoxms 0091 AFB1 |0.078
RER] 105 043 lo3s
(43550 ALT [348A
032 025
EZE | 7] 040l STER 032
o040l lo32
31| 24
015 012
#3| TeA | 14 0400 OTA Jo32
. 2] 056 Wors
n 57
el 529 DE FA sz
(405" FB1 383 T
| 6634 ]
0.76 091
e T2 e
3500 3000 2500 2000 1500 1000 500 O O 500 1000 1500 2000 2500 3000 3500 I T
Amount (| a3 32
ve) pEs ZEN mnesn
[ ss ] I
448 375 38 3.0
(808 I NV s BEGEEN ENNs EEEEN
T — 73]
foes |
13 1.0
E 558 44 MON [11
(726 T DON [ eas)
815 — EqT ——
s —— o2 ]
79 63
051 04
(I T A % BEA 1
EN 446 [0 ] 152
125 100 75 50 25 0 0 25 50 75 100 125 20 15 10 5 0 0 5 10 15 20
Amount (pg) Amount (pg)
67 35 21 164
941 Hg lIs6 .. 210 DEL [l 7
Heavy Metals wspl  Wos Pesticides ul N2
436 675 2 2
['s68 | cd [me2l 280 ACET [ 30
[ 713 [ 923 ] 35l M «0
413 89.0 40 40
(728700 Pb [A9EN 43 [0 CYH [
ENE TN 27]
1333 831 5.7 57
(72506 As aes2 [s7 pcz 157
I 571
300 250 200 150 100 50 O O 50 100 150 200 250 300 o8 o8
7200 PYR [l
Amount (ug) =
6.6 55
1.0 737 CcPF [63]
HAAs 1[0  Others 3.0 |
[ 24| 87 7
(10077 CPFm [i8al
038§ b o.m2 . 1538 |
043 carbolines [oenz]
j o.012] 34 31
460 TEB [ 41
186 | 239 |
fwe AaC
(e — — ——— — ——— | > d
AN CYP  [es
— oo E 8.8
20 18 16 14 12 10 8 6 4 2 0 0 2
Amount (ug) 50 40 30 20 10 O 0 10 20 30 40 50
ount (ug| Amount (ug)

Figure 5. Cont.



Foods 2024, 13, 3659

11 of 16

PAHs PAHs 0.010| 0.008
0.029| D[a,h]A | 0.021
028 L 0.60 0.072 || | 0.023
3.0 Phe 0.77
0034 | BIKIF | o.013
077 058 0.25 [l | 0.017
152 Fla [77 066 0.025 0.014
Lo~ —— | oni BlblF | oot
0.35 [ | 0.020
0.89 o070 0.025 0.019
138 P 071 0.039 14 0.021
S @ ol | oen
010 0047 012 om
d . 020 B[a]P Fom
044 Acy |o.067 0.2 §oan2
e oow
022 0.0001
0.22 Nap |o0.0001
0.51 0.27
- 047 N M 026
093 F 0.32
EN B o038 on 0.032
0.24 Ace | 0053
016 010 051 10048
0.54 Ant | om 0.080 0.057
BN o3 019 1 B[aJA | 0.059
0.55 | 0.064
0.073 0.045
0.028 0.023
0.31 0.058 o
chr | 0.076 || B[g,h,i]P| 0.028
119 | | 0.094 - | 0028
*— o - - - * * .
11 10 9 8 7 6 5 4 3 2 1 0 0 1 1 0o o 1
Amount (pg) Amount (pg)

Figure 5. Mirror plots of the distribution of individual contaminants in the omnivorous and vege-
tarian models at the 25th, 50th, and 75th percentile scenarios, organised by group of contaminants.
Ace, Acenaphthene; ACET, acetamiprid; Acy, Acenaphthylene; AFBI, aflatoxin B1; Ant, Anthracene;
ATs, alternaria toxins; BEA, Beauvericin; B[a]A, Benz[a]anthracene; B[a]P, Benzo[a]pyrene; B[b]F,
Benzo[b]fluoranthene; B[k]F, Benzo[k]fluoranthene; B[ghi]P, Benzo[g,h,i]perylene; CIT, Citrinin; Chr,
Chrysene; CPF, chlorpyrifos; CPFm, chlorpyrifos-methyl; CYH, A-cyhalothrin; CYP, cypermethrin;
D[ah]A, Dibenz[a,h]anthracene; DEL, deltamethrin; 4,8dMQXx, 2-amino-3,4,8-trimethylimdazo[4,5-
flquinoxaline; 7,8dMQXx, 2-Amino-3,7,8-trimethylimidazo(4,5-f)quinoxaline; DON, deoxynivalenol;
ENNS, enniatins; EgT, ergot alkaloids; FA, Fusaric Acid; FB1, fumonisin B1; F, Fluorene; Fla, fluoran-
thene; H, harman; HAAs, heterocyclic aromatic amines; IP, Indeno[1,2,3-cd]pyrene; MON, Monili-
formin; Nap, Naphthalene; NIV, nivalenol; NH, norharman; OTA, ochratoxin A; P, pyrene; PAHs,
polycyclic aromatic hydrocarbons; PCZ, propiconazole; Phe, Phenanthrene; PYR, pyraclostrobin;
STER, Sterigmatocystin; T2, T-2 toxin; TeA, Tenuazonic acid; TEB, tebuconazole; ZEN, zearalenone.
For HAAs, the results were grouped in p-carbolines (sum of H and NH) and others include
4,8-diMelQx, 7,8-diMelQx, 1Q, IQx, MelQx, MelQ, and PhIP (individual data are available in
Table S3).

Different countries have different limits for chemical contaminants in food [10]. This
lack of harmonisation of contaminant limits causes differences in food safety standards
across borders. The European Union’s model of food safety in relation to chemical contam-
inants in food is considered a point of reference by the World Health Organization [33].
Therefore, to assess whether the intake levels of contaminants are within safe limits, based
on toxicological data, our intake data were compared with a comprehensive and reliable
source, the EFSA chemical hazard database. A detailed comparison was thus made with
the estimated contaminants in both model diets at the 25th and 75th percentiles with data
from OpenFoodTox2.0 [20].

For cadmium and mercury, EFSA established tolerable weekly intakes (TWIs) of
2.5 and 4 pg/kg bw, respectively, which corresponds to 175 and 280 pg/week for an
average adult weighing 70 kg, translating to daily intakes of 25 ug and 16 g, respectively.
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Only the mercury levels in both dietary models are within safe limits for the 25th and 75th
percentiles. In contrast, the estimated levels of cadmium exceed the TWI.

Concerning inorganic arsenic and lead, EFSA concluded that health-based guidance
values, such as TWI, are no longer appropriate due to their inherent toxicity. Consequently,
for inorganic arsenic, EFSA established a benchmark dose lower confidence limit (BMDLs)
of 0.06 ng/kg bw/day, which translates to approximately 4.2 pg/day for a 70 kg adult,
related to skin cancer risk [34]. However, the EFSA CONTAM Panel decided not to
determine a value for an MOE (Margin of Exposure) of low concern; thus, an MOE of
one was used. For lead, the BMDLy; values were set at 0.5 and 1.5 pug/kg bw/day for
developmental neurotoxicity and systolic blood pressure, respectively, and BMDL,y was set
at 0.63 ng/kg bw/day for nephrotoxicity [35]. These values correspond to approximately
35 ug/day, 105 ug/day, and 44.1 ug/day for a 70 kg individual. The comparison between
the estimated levels of arsenic and lead in both dietary models at the 25th and 75th
percentiles exceed the BMDL established by EFSA, suggesting a potential risk if sustained
over time. The exception was the 25th percentile for systolic blood pressure.

Regarding pesticides, the acceptable daily intake (ADI) based on the EFSA guide-
lines is 0.025; 0.005; 0.01; 0.001; 0.02; 0.07; 0.03; 0.03; and 0.005 mg/kg body weight/day,
respectively, for acetamiprid, cypermethrin, deltamethrin, chlorpyrifos, methomyl, propi-
conazole, pyraclostrobin, tebuconazole, and A-cyhalothrin [20]. For an average adult, this
corresponds to 1.75; 0.35; 0.7; 0.07; 1.4; 4.9; 2.1; 2.1; and 0.35 mg/day, respectively. The
estimated intake level of those residues of pesticides on both diet models at the 25th and
75th percentiles is lower than the EFSA acceptable daily intakes, notwithstanding the EU
lowered the maximum residue limits (MRLs) for pesticides in recent years and mining is
based on retrospective data.

Concerning mycotoxins, the tolerable daily intake based on EFSA guidelines is 1; 0.1;
1.2; 0.1; and 0.25 ng/kg body weight/day, respectively, for deoxynivalenol, fumonisin
B1, nivalenol, T-toxin, and zearalenone [20]. For an average adult (weighing 70 kg), this
corresponds to 70; 7; 84; 7; 17.5; and 331-1015 pg/day, respectively, for deoxynivalenol,
fumonisin B1, nivalenol, T-toxin, zearalenone, and ochratoxin A. The estimated exposure
to those mycotoxins on both dietary models at the 25th percentile would likely fall within
safe limits for an average adult, except for fumonisin B1. For the 75th percentile, the esti-
mated exposure was slightly higher than the reference levels for deoxynivalenol, nivalenol,
T-toxin, and zearalenone, and very high for fumonisin B1. This could be explained because
the literature mining is based on data from all around the world and some countries have
heavy contamination of mycotoxins. For ochratoxin A, the TWI established in 2006 is no
longer valid; thus, an MOE of low health concern was set at 200 for non-neoplastic effects
and 10,000 for neoplastic effects. The BMDLyg of 4.73 and 14.5 pg/kg body weight/day
for non-neoplastic and neoplastic effects, respectively, was established [36]. The MOE
for non-neoplastic effects was above 200 for a worst-case scenario, whereas the MOE for
neoplastic effects was below 10,000 even at the 25th percentile, which constitutes a possible
health concern. Moreover, no limits were established for the other studied mycotoxins.

According to EFSA Scientific Opinion of the Panel on Contaminants in the Food Chain
concerning PAHs in Food, average dietary exposure across European countries for which
data are available is 0.235 ug/day for benzo[a]pyrene (range: 0.185-0.255 pg/day) and
1.729 pg/day for PAH8 (sum of B[a]P; Chr; B[a]A; B[b]F; B[k]F; D[ah]A; B[ghi]P; and
IP) (range: 1.415-2.136 pg/day) [37]. The estimated intake level of those PAHs in the
omnivorous model at the 25th percentile and at the 50th percentile would likely fall within
safe limits, whereas the 75th percentile was slightly above the range found in this study
from 2008 [34]. Organisations such as the EFSA and other regulatory bodies use PAHS8
levels as indicators to ensure food safety, especially in processed, smoked, or grilled foods,
as these cooking methods can increase PAH levels in foods [38].

In the EU, there is a lack of data concerning HAA exposure, as recently highlighted
by the Panel on Contaminants of the Norwegian Scientific Committee for Food and En-
vironment, which summarised the knowledge on the formation of several carcinogenic
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process contaminants in grilled food [37]. The assessment of mean total dietary exposure to
two HAAs based on the consumption of meats and breads in the United States population
was estimated to be 0.565 ug/day, with 0.473 ug/day from PhIP, and 0.0917 ug/day from
MelQx [39]. The estimated exposure scenario of those HAAs in the omnivorous model
at the 25th percentile would likely fall within safe limits, whereas the 75th percentile was
above the range found in this study from 2018.

The proposed approach for estimating FC exposure scenarios across different dietary
models has several considerations. The quality of the data is influenced by the original
studies being mined, with potential biases introduced by variations in methodologies,
geographic regions, sample sizes, and study designs. These factors could affect the reliabil-
ity of the associations drawn. Additionally, the application of this methodology may be
limited in cases where the scientific literature is sparse, as is the case with some emerging
contaminants. Additionally, certain minor dietary constituents, such as spices, herbs, coffee,
tea, and salt, which may contain additional FCs, were not included. Nevertheless, the
estimated FCs in both dietary models at the 25th percentile likely reflect the real-world
exposure levels, as most contaminants would fall within the EFSA reference limits, with a
few exceptions (e.g., arsenic, cadmium, lead for developmental neurotoxicity and nephro-
toxicity, and fumonisin B1). Moreover, at the 75th percentile, these limits were exceeded for
those FCs, along with some additional mycotoxins, representing a worst-case scenario that
slightly exceeds the reference values for metals and mycotoxins. Using in vitro models, the
25th percentile can mimic real-life exposure to FCs, while the 75th percentile simulates a
possible worst-case scenario, and these percentiles can be used to better understand the
burden of foodborne disease through associations with adverse health outcomes [40].

4. Conclusions

A systematic literature mining approach was employed to characterise the occurrence
of FCs across specific foods to identify trends in their distribution, and to search for mean-
ingful associations between two different dietary models and prevalent FCs. Moreover,
exposure scenarios using different levels of contamination were successfully assessed.
By literature mining, it becomes easier to explore, create connections, and uncover new
patterns that would otherwise go unnoticed. In the future, the code can be adapted to other
search engines (e.g., Scopus and Web of Science), which have different criteria for indexing
and retrieving literature based on search terms, and the use of multiple APIs will widen
search.

The data collected was used to build a FAIR database, published in Zenodo, an open-
access repository developed under the European OpenAIRE program for the deposition
of datasets (http://zenodo.org, accessed on 30 June 2024), which allows the scientific
community to access and use the data for future studies and to complement it with a higher
number of foods or FCs.

A weighted estimate of the 25th, 50th, and 75th percentiles of FCs in both dietary
models revealed that the omnivorous dietary model exhibited a higher intake of PAHs,
particularly heavy PAHs, and HA As, namely, PhIP, 8-MelQx, and 7,8-MelQx, compared to
the vegetarian model. Regarding the other contaminants, only marginal increases in FC
levels were observed in the omnivorous model in comparison to the vegetarian. The At
25th percentile, the FC levels in both dietary models fall within the European Food Safety
Authority (EFSA) reference exposure levels for chemical hazards, except for arsenic, lead,
cadmium, fumonisin B1, and OTA. At the 75th percentile, the FC levels exceed the EFSA
reference levels for those FCs and additional mycotoxins. Using in vitro models, the 25th
percentile can mimic real-life FC exposure, while the 75th percentile simulates a possible
worst-case scenario. The comparison between the estimated scenarios of FC exposure in
both dietary models at the 25th percentile and the EFSA chemical hazard database reveals
that at this percentile, the levels of FCs fall within reference limits, except for arsenic, lead,
cadmium, fumonisin B1, and OTA for neoplastic effects. The 75th percentile was above
those levels for a higher number of FCs, which can be interpreted as a worst-case scenario.
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This information is important to mimic complex FC exposure scenarios and develop an
experimental mixture to be used in in vitro assays simulating the real-life levels of lower
contaminant exposure and worst-case scenarios to prospect for potential risks in the context
of food and health.

Using mixtures of FCs in in vitro toxicological assays, instead of testing single com-
pounds, although challenging, is becoming increasingly important for several reasons
related to the complexity of real-world exposures, the combined effects of multiple sub-
stances, and the need to improve the risk assessment and the toxicity data for mixtures.
The proposed methodology, based on a FAIR database, can be customised to be used in
future research with different dietary models or different contaminants whose occurrence
data can only be found in bibliographic records, and not yet reported in curated databases.

Supplementary Materials: The following supporting information can be downloaded at https://ww
w.mdpi.com/article/10.3390/foods13223659/s1, Table S1: Nutritional composition of omnivorous
and vegetarian dietary models, estimated based on TCAP data [25].; Data S1: Details and protocol for
the construction of the DIETxPOSOME FAIR database [28].; Table S2: Detailed weighted mean values
of PAHs for beef and salmon across different cooking types.; Table S3: Distribution of individual
HAAs in omnivorous (OMN) and vegetarian (VEG) models at the 25th, 50th, and 75th percentile
scenarios.
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4:8dMQx, 2-amino-3,4,8-trimethylimdazo[4,5-f|quinoxaline; 7,8dMQXx, 2-Amino-3,7,8-
trimethylimidazo(4,5-f)quinoxaline; AxC, 2-amino-a-carboline; ATs, alternaria toxins; Ace,
Acenaphthene; ACET, acetamiprid; Acy, Acenaphthylene; AFB1, aflatoxin B1; Ant, An-
thracene; B[a]A, Benz[a]anthracene; B[a]P, Benzo[a]pyrene; B[b]E, Benzo[b]fluoranthene;
BEA, Beauvericin; B[ghi]P, Benzo[g,h,i]perylene; B[k]F, Benzo[k]fluoranthene; Chr, Chry-
sene; CIT, Citrinin; CYP, cypermethrin; CPF, chlorpyrifos; CPFm, chlorpyrifos-methyl;
D[ah]A, Dibenz[a,h]anthracene; DEL, deltamethrin, DON, deoxynivalenol; ENNs, enni-
atins; EgT, ergot alkaloids; FB1, fumonisin B1; Fla, fluoranthene; F, Fluorene; FA, Fusaric
Acid; H, harman; HAAs, heterocyclic aromatic amines; IP, Indeno[1,2,3-cd]pyrene; 1Q, 2-
Amino-3-methyl-3H-imidazo[4,5-f]quinoline; IQx, 3-Methyl-3H-imidazo[4,5-f]quinoxalin-
2-amine; CYH, A-cyhalothrin, MelQ, 2-amino-3,4-dimethylimdazo[4,5-f]quinoline; MelQx,
2-amino-3,8-dimethylimdazo[4,5-f|quinoxaline; MON, Moniliformin; Nap, Naphthalene;
NH, norharman; NIV, nivalenol; OTA, ochratoxin A; PAHs, polycyclic aromatic hydrocar-
bons; PCZ, propiconazole; Phe, Phenanthrene; PhIP, 2-amino-1-methyl-6-phenylimidazo[4,5-
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blpyridine; P, pyrene; PYR, pyraclostrobin; STER, Sterigmatocystin; T2, T-2 toxin; TeA,
Tenuazonic acid; TEB, tebuconazole; ZEN, zearalenone.
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