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During the twentieth century, the world experienced an enormous technological and 

industrial development which, however, had several negative effects, such as an increase 

in risks to human health due to the products and/or waste deriving from the industry. In 

particular, among them, we find a class of substances called "Endocrine Disrupting 

Chemicals" (EDCs), a heterogeneous group of chemicals characterized by the ability to 

interfere with the functioning of the endocrine system through several mechanisms. The 

main source of exposure to EDCs for humans is represented by food, but it is not the only 

one: in fact, it is possible to come into contact with these molecules also through the 

environment, such as air, water, and soil, or the use of different products, such as 

detergents, cosmetics, clothes, and toys. The spectrum of pathologies related to these 

compounds is very broad and includes tumors, birth effects, metabolic disorders, 

reproductive function problems in males and females, and many others. However, the 

consequences on human and animal health and the effects on the environment of these 

chemicals are not yet fully verified. Many points, including the biological mechanisms, 

the mechanisms of action, the risk factors, and the entire spectrum of pathologies 

potentially associated with exposure to EDCs, still need to be clarified. 

The vastness of the problem requires the collaboration of experts, scientists, governments, 

and international agencies. A rationalization of efforts is also necessary, to fill those gaps 

in current knowledge that are of critical importance. It is necessary to obtain solid 

scientific knowledge regarding: i) the levels of environmental pollution; ii) the exposure 

extent of the population and in particular of certain risk groups; iii) the relationship 

between the absorbed dose and the occurrence of negative effects; iv) the mechanism of 

action of these chemicals; and v) the development of in vitro and in vivo experimental 

tests capable of both identifying with sufficient sensitivity and characterizing accurately 

the effects on endocrine balance. In this context, computational methods can be used to 

study the mechanisms and modes of action underlying the toxicity of endocrine disruptors 

chemicals. They are based on the premise that the chemical and physical properties and 

the bioavailability and toxicity of a chemical depend on its intrinsic nature (structure-

activity relationship) and they can be directly predicted from its molecular structure 

and/or from similar structures with known functions and effects. 

In this broad and complex context, this PhD thesis wants to highlight the criticality of the 

endocrine disruptors problem and the relative negative effects on human health, and the 

usefulness of the computational methods for detecting endocrine disruptors in food, for 
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understanding their mechanism of action, and for preventing their possible negative 

effects on human, animal, plant one health. In more detail, the aim is to detect the possible 

endocrine disruptors in food using in silico methods. 
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CHAPTER 1 

General Introduction  
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Since the mid-twentieth century, the rapid and often uncontrolled development of 

industrial technologies has progressively caused an increase in the level and extent of 

risks for human health (Colborn et al., 1996). In particular, scientific and public concerns 

grow about a series of substances, called endocrine disruptors, capable of altering the 

endocrine system function with possible negative effects on human and animal health. 

These chemicals have a high environmental diffusion with effects that are still not fully 

known today. The possibility that some of these molecules interact negatively with the 

human and the animal endocrine system has received, especially in the last decade, 

considerable attention not only from the scientific community but also from public 

opinion. In fact, the related problems of endocrine disruptors are on the agendas of many 

groups of experts, commissions, international organizations, industries, and universities 

all over the world. 

 

Endocrine system 

Organs and various parts of our bodies must communicate with each other to ensure the 

maintenance of homeostasis, which allows them to function properly. Two systems help 

ensure this communication: the nervous system and the hormonal (neuroendocrine) 

system. The latter relies on the production and release of hormones from various glands 

(hypothalamus, pituitary, thyroid, adrenals, reproductive, and many others) and on their 

transportation via the bloodstream. Hormones are molecules that are produced in response 

to specific stimuli. When a hormone is released into the bloodstream, it interacts with 

certain docking molecules, called receptors, located either on the surface or inside of 

specific target cells (Alberts et al., 2002). This interaction triggers a cascade of 

biochemical reactions in the cell regulating the specific activity of hormone-responsive 

genes. More than 50 hormones have been identified in humans. They control and regulate 

many biological processes, such as blood sugar control (insulin), body growth, 

differentiation, and function of reproductive organs (estradiol and testosterone). Several 

conditions can cause issues in the endocrine system. Some of the most common disorders 

are underproduction or overproduction of a certain hormone, a malfunction in the 

production of a hormone or in its ability to function correctly. The causes of these 

disorders are various: wrong response of our body to hormones, stress, infections, and 

some chemicals called endocrine disruptors (Malcomson and Nagy 2015). 
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Endocrine disrupting compounds (EDCs) 

Since the 1990s, endocrine disrupting compounds have begun to arouse growing interest 

in the European and international panorama of research and risk assessment in the fields 

of health, food safety, and the environment. The first definition of an endocrine disruptor 

was published in the concluding report of a workshop held in April 1995 in North 

Carolina organized by the U.S. Environmental Protection Agency (EPA). In Europe, the 

first definition of the phenomenon took place in December 1996, on the occasion of the 

"European Workshop on the Impact of Endocrine Disrupters on Human Health and 

Wildlife", held in Weybridge (United Kingdom), organized to address the problem of 

substances that alter the endocrine system. In this context, the following definition has 

been agreed by the international scientific community: "An ED is an exogenous substance 

that causes adverse health effects in an intact organism, or its progeny, secondary to 

changes in endocrine function." (World Health Organisation/ European Centre for 

Environment and Health 1996). Starting from this definition, in 2002, the International 

Program on Chemical Safety (IPCS) developed the" official "definition adopted by the 

European Union:" (..) endocrine disruptors are defined in a generic sense as follows: 

- An endocrine disruptor is an exogenous substance or mixture that alters 

function (s) of the endocrine system and consequently causes adverse health 

effects in an intact organism, or its progeny, or (sub) populations. 

- A potential endocrine disruptor is an exogenous substance or mixture that 

possesses properties that might be expected to lead to endocrine disruption in an 

intact organism, or its progeny, or (sub) populations." (WHO 2010). 

This is an innovative definition. In fact, generally, the highlighted effects (endpoint) are 

directly observed in defining the toxicity of chemicals, while in this definition the new 

and additional element is the concept of ñmode of actionò, which is the impact mode of a 

chemical substance. 

Also, the U.S. Environmental Protection Agency (EPA) gave an important definition of 

these chemicals. In fact, it defined an endocrine-disrupting compound as ñan exogenous 

agent that interferes with synthesis, secretion, transport, metabolism, binding action, or 

elimination of natural blood-borne hormones that are present in the body and are 

responsible for homeostasis, reproduction, and developmental processò (Diamanti-

Kandarakis et al., 2009). 

The Scientific Committee of the European Food Safety Authority (EFSA), in approving 

this definition of the IPCS of 2002, concluded that, in order for a substance to be identified 
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as an Endocrine Disruptor, "there must be a basis of reasonable evidence of a causal 

relationship, biologically plausible, between endocrine activity and the induced negative 

effect, observed in an intact organism or in a (sub) population ". In conclusion, natural 

or synthetic endocrine disruptors can be identified based on the presence of three 

elements: i) endocrine activity; ii) negative effect in an intact organism or in a (sub) 

population; and iii) demonstrated or plausible causal relationship between the two (EFSA, 

2013). 

A wide range of substances, both natural and synthetic ones, cause endocrine disruption, 

including pharmaceuticals, mycotoxins, dioxins, polychlorinated biphenyls, pesticides 

(i.e., dichlorodiphenyltrichloroethane, commonly known as DDT, glyphosate, 

pyriproxyfen), and plasticizers (i.e., bisphenol A, phthalates). They can be found in many 

everyday products, including plastic bottles, metal food cans, air, detergents, water, food, 

toys, and cosmetics. 

Endocrine disrupting chemicals can act through different mechanisms (Figure 1): i) 

mimicking the action of a naturally-produced hormone; ii) blocking hormone receptors 

in cells, thereby preventing the action of normal hormones; or iii) interacting indirectly 

by influencing the biosynthesis or availability of normal hormones (Schug et al., 2011). 

These disruptions can cause adverse effects such as Parkinsonôs and Alzheimerôs 

diseases, metabolic disorders, diabetes, cardiovascular disease, obesity, early puberty, 

reproductive function problems in males and females, cancers, and several other disorders 

(Lorenzetti and Narciso, 2012). 
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Figure 1. Common molecular mechanism of an endocrine disruptor. Endocrine 

disruptors act as receptors (especially nuclear receptors) binding inhibitors causing 

harmful effects. 

 

These molecules are structurally and functionally similar to many hormones and for this 

reason, they are capable to mimic them in the modes of action, transport, and storage 

within tissues. Given the properties of these chemicals, they are particularly well suited 

for activating and antagonizing nuclear hormone receptors (i.e., androgen receptor, 

estrogen receptor, aryl hydrocarbon receptor, pregnane X receptor, constitutive 

androstane receptor, estrogen-related receptor, glucocorticoid receptor, thyroid hormone 

receptor, retinoid X receptor, etc.) (Schug et al., 2011) (Thomas Zoeller et al., 2012). 

 

The EU legislation of EDCs 

In the past decades, in order to limit human exposure to EDCs several regulatory and 

policy measures were taken. In December 1999, the European Commission adopted a 

Communication on a community strategy for endocrine disruptors with the objectives of 

identifying the endocrine disruption problem, its causes, and consequences and 

determining appropriate policy actions on the basis of the precautionary principle to 

respond quickly and effectively to the problem. EDCs are also dealt with under various 

pieces of EU legislation concerning different types of chemicals and with different 

regulatory purposes, such as the Regulation 1907/2006 on the Registration, Evaluation, 

Authorization, and Restriction of Chemicals (REACH). In this regulation, ECDs are 

considered as substances of very high concern (SVHCs) similar to the regulatory concern 

posed to cancerogenic, mutagenic, and toxic molecules (Lorenzetti and Cozzini, 2017). 

In 2018, the EU reaffirmed its application of the precautionary principle and aim to 

minimize overall EDC exposures. The Member States have also launched several 

initiatives concerning EDCs. 

Moreover, humans are exposed to multiple chemicals both simultaneously and in 

sequence in everyday life. In particular, chemical mixtures play a critical role in the 

development of adverse effects, and, in the majority of the cases, multiple EDCs may be 

more harmful even when single exposures are below the observable effect levels. 

Currently, human exposure to chemical mixtures is not considered when assessing the 

FCCs health impacts (Muncke et al., 2020).The problem is that these regulations and 

policies are insufficient to minimize exposure to the vast majority of EDCs. In fact, the 
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current approach to limiting exposure to EDCs in humans is dangerously slow and 

insufficient, and too few chemicals on the market have been thoroughly tested for 

endocrine-disrupting properties. Moreover, the list of chemicals requiring evaluation 

raises every year. Then, it is necessary that the EU, through its relevant bodies, gathers 

scientific evidence on EDCs, strengthens research and development efforts, improves the 

legislative framework, and aims at the development of an appropriate testing strategy 

based on expanded and alternative test methods to conclusively identify EDCs (Kassotis 

et al., 2020). 

 

Food Contact Chemicals (FCCs) 

Food contact chemicals (FCCs) are the chemical constituents of food contact materials 

(FCMs), that are the materials that come into contact with food, such as plastics, papers, 

glass, and finished food articles (FCAs), that are the final product used to store and/or to 

contain food, such as bottles and wraps. The food contact chemicals definition is 

supported by the Food Packaging Forum (www.foodpackagingforum.org), a charitable 

non-profit foundation based in Zurich, Switzerland, that provides scientific information 

of high-quality related to food packaging and the relative impact on health. Essentially, 

food contact chemicals can be defined as all chemicals which are not part of food but that 

come into contact with it. Because these chemicals are present in food contact materials, 

they can migrate into food (the migration depends on the nature of the FCMs, the 

temperature and the duration of the contact between the food and the FCMs, the nature 

of foodstuffs and their physical and chemical proprieties) and with a high probability, 

they could be ingested by most of the human population (Grob et al. 2006).  

Food contact materials, and, consequently, food contact articles, can be divided into two 

groups: intentionally added substances (IASs) and non-intentionally added substances 

(NIASs). IASs are all chemical components that are deliberately used to manufacture 

FCMs and FCAs. Instead, NIASs refer to chemical components present in FCMs but that 

have not been added intentionally during the production process of a product and, thus, 

they do not have any specific function (Geueke, 2018). Several studies estimated that 

approximately 12,000 IASs and 30,000 to 100,000 NIASs can migrate into food from 

various food contact materials and that these are the most relevant source of human 

exposure to plasticizers (Groh et al. 2021) (Muncke et al. 2020). In addition, food contact 

material is not the only source of unintentional molecules present in the food. This broader 

class includes very heterogeneous chemicals which accidentally contaminate the food 

http://www.foodpackagingforum.org/
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product, like environmental pollutants, chemical residues due to human activities such as 

farming (i.e., pesticides), industry (i.e., dioxins, polychlorinated biphenyls (PCBs)), or as 

a result of human cooking and processing. But not only substances that accidentally 

contaminate food are considered food contact chemicals. Food additives and flavourings, 

intentionally added substances, can be included in the classes of food contact chemicals. 

The potential risks associated with food additives and flavourings concern different 

aspects, such as the use of unauthorized molecules, the use of molecules that do not 

comply with purity criteria, and/or the use of excessive quantities. Man-made compounds 

are not the only molecules to be concerned about in the food contamination context. 

Several molecules (i.e., mycotoxins) are naturally occurring in the food supply due to 

their release in food products by plants, animals, or microorganisms. 

Migration can impact food quality (some substances can alter the organoleptic aspects of 

food) and food safety (some substances may be harmful to human and animal health). 

Ensuring and complying with food safety is not a simple task, unfortunately. Different 

aspects should be considered, such as the good manufacturing practice (GMP) that must 

be followed during the food contact materials manufacturing chain, or different 

procedures that should be adopted to evaluate the safety of food contact materials 

constituents. 

In Europe, different types of legislation regulate food contact materials and food contact 

articles. One of the most important is the Regulation (EC) No 1935/2004 on materials and 

articles intended to come into contact with food. This regulation requires that all FCMs 

and FCAs intended to come into contact with food, comply with the Framework 

Regulation. The principles included in this regulation establish that FCMs must not 

release their constituents into food at levels harmful to human health and they must not 

change food composition, taste, and odour in an unacceptable way. 

 

Bisphenols 

Bisphenols are a group of chemicals used to manufacture plastics and epoxy resins and 

are found in many products, such as food and drink packaging, store receipts, and medical 

devices. Among bisphenols, bisphenol A (BPA) has been shown to be an endocrine 

disruptor due to its ability to interfere with hormone homeostasis and, in particular, with 

estrogen receptor (ER), while bisphenol S (BPS) is recognized as a novel environmental 

pollutant and suspected to have similar endocrine disruptor (ED)-like concern than BPA 

for animal and human health (Duan et al., 2018) (Wu et al., 2018). Several studies have 
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demonstrated that BPA causes adverse health effects, such as skin reactions and 

respiratory irritation, reproductive, metabolic, and cardiovascular disorders, 

immunological and central nervous system diseases, and triggering and development of 

hormone-dependent cancers (Chen et al., 2001) (Patisaul and Carolina, 2019) (Pjanic, 

2017) (Prins et al., 2018) (Stillwater et al., 2020). Moreover, BPA is listed in the 

Candidate List of substances of very high concern (SVHCs) due to its toxicity for 

reproduction and endocrine-disrupting properties. Some directives and regulations have 

been issued in particular for BPA, such as the Commission Regulation (EU) 2018/213 

regards the use of bisphenol A in varnishes, coatings, and plastics intended to come into 

contact with food, and it amends the Regulation (EU) 10/2011. 

 

Dioxins 

Dioxins are persistent environmental pollutants (POPs) that are produced by industrial 

processes including incineration, chlorine bleaching of paper, and the manufacture of 

some pesticides and herbicides, but also from many natural processes, such as volcanic 

eruptions and forest fires (Schecter et al., 2006). Dioxins are extremely persistent, 

bioaccumulative, and of concern because of their highly toxic potential. In humans and 

animals dioxins have been shown to be a risk of factors for several disorders both in short- 

and in long-term: chloracne and patchy darkening of the skin, cancer, reproductive and 

development disorders, diabetes, thyroid disorders, and many others (Birnbaum and 

Carolina, 1995) (Fingerhut et al., 1991) (Longnecker et al., 2015) (Pavuk et al., 1997) 

(Schecter and Gasiewicz, 2003) (Steenland et al., 1999). The WHOôs International 

Agency for Research on Cancer (IARC) evaluated 2,3,7,8-tetrachlorodibenzo-p-dioxin 

(TCDD) as a ñknown human carcinogenò, often called also ñthe most toxic man-made 

chemicalò. Two types of legislation are enacted for dioxins: the Commission Regulation 

(EU) 2017/644 that laying down methods of sampling and analysis for the control of 

levels of dioxins, dioxin-like PCBs and non-dioxin-like PCBs in certain foodstuffs and 

repealing Regulation (EU) 589/2014, and the Commission Recommendation 

2013/711/EU on the reduction of the presence of dioxins, furans and PCBs in feed and 

food as amended by Commission Recommendation 2014/663/EU. 

 

Food additives and Flavourings 

Food additives are substances added intentionally to foodstuffs to perform certain 

technological functions. They are mainly used as colorants (to add or restore colour in a 
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food), preservatives (to prolong the food shelf-life of foods by protecting them against 

micro-organisms), antioxidants (to protect the food against oxidation), and flour treatment 

agents (to improve baking quality). In the European Union, all food additives are 

identified by an E number. Flavourings are substances used to impart taste and/or smell 

to food. The potential risks associated with food additives and flavourings concern 

different aspects, such as the use of unauthorized molecules, the use of molecules that do 

not comply with purity criteria, and/or the use of excessive quantities. For these reasons, 

food additives and flavourings are constantly under control by Organizations, such as the 

Food and Agriculture Organization of the United Nations (FAO) and the World Health 

Organization (WHO) (Joint FAO/WHO Expert Committee on Food Additives) and 

Authorities, such as EFSA. According to Annex I of the Special Report 2/2019, to date, 

the European Union approve 334 food additives and 2549 food flavourings. Food 

additives and food flavourings are regulated by the Regulation EC 1333/2008, which sets 

a list of approved molecules based on safety assessment and the technological need, and 

for ensuring that their use will not mislead consumers, the use conditions, the labelling, 

and the procedures. 

 

Furans 

Furans are highly volatile compounds abundant in the environment produced by 

processed food (thermally processed foods), industrial processes, and smoke (cigarettes, 

wood, exhaust gas). The potential health risks of these substances are well known. Based 

on several studies, furans may be different effects depending on the exposure: short-time 

exposure may be irritating to the skin, eyes, and respiratory tract, while long-term 

exposure may have effects on the liver and kidneys causing cancers (Everett and 

Thompson, 2014) (Food and Jecfa, 2011) (Nielsen et al., 2017) (Turyk et al., 2007). The 

IARC concluded that the evidence in humans for the carcinogenicity of furan was 

inadequate. However, there was sufficient evidence in experimental animals to classify 

furans as possibly carcinogenic to humans (Group 2B). In March 2007 the Commission 

adopted a Recommendation on the monitoring of the presence of furans in foodstuffs. 

 

Mycotoxins 

Mycotoxins are toxic secondary metabolites produced by fungi belonging to different 

genera such as Aspergillus, Penicillium, Alternaria, and Fusarium, that can grow on a 

variety of different crops and occur before/after harvest, during storage, on/in the food 
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itself often under warm and damp conditions. The Food and Agriculture Organization 

(FAO) estimated that each year 25% of global agricultural products are contaminated by 

mycotoxins (Boutrif & Canet, 1998). The toxic effects of mycotoxins are well known, in 

particular of ochratoxin A (OTA), zearalenone (ZEN), aflatoxin B1 (AFB1), fumonisin 

B1 (FBB1), deoxynivalenol (DON), and patulin that cause acute and chronic diseases, 

such as cancer, carcinogenesis, genotoxicity, immunotoxicity, mutagenicity, kidney 

toxicity, nervous disorders, and many others (Ahmadi et al., 2019) (Altunay et al., 2019) 

(Bennett and Klich, 2003) (Do et al., 2020) (KŖszegi and Po·r, 2016) (Liu et al., 2017) 

(Marasas et al., 2004) (Travis R Bui-Klimke, 2015). The IARC has performed the 

carcinogenic hazard assessment of some mycotoxins in humans, especially of aflatoxins 

defined as carcinogenic to humans (Group 1), fumonisins and ochratoxin A defined 

possible carcinogens to humans (Group 2B). Two types of legislation are enacted for 

mycotoxins: the Commission Regulation (EC) 401/2006 that laying down the methods of 

sampling and analysis for the official control of the levels of mycotoxins in foodstuffs, 

and the Commission Recommendation 2012/154/EU that monitoring of the presence of 

ergot alkaloids in feed and food. 

 

Polychlorinated biphenyls (PCBs) 

Polychlorinated biphenyls (PCBs) are a group of manmade chemicals used widely in 

electrical equipment, hydraulic fluids, heat transfer fluids, lubricants, and plasticizers. 

PCBs have been categorized by the IARC as ñProbably carcinogenic to humansò (Group 

2A), and by the National Toxicology Program 11th Report on Carcinogens as 

ñReasonably anticipated to be human carcinogensò. PCBs are found throughout the 

environment and they can enter the body by eating or drinking contaminated food, 

through inhalation, or by dermal contact. PCBs can cause short-term changes in the 

activity of the liver, and they can affect the immune, endocrine (thyroid), and reproductive 

systems (Faroon et al., 2000) (Faroon and Ruiz, 2016) (Robertson and Ludewig, 2011) 

(Silverstone et al., 2012). Developing fetuses and young children are the most vulnerable 

to PCBs, which cause low birth weight, development problems, and high lifetime risk for 

several diseases (Carpenter, 2006). 

 

Pesticides 

A pesticide is defined as any substance or mixture of substances used to prevent, destroy, 

or control any pest (vectors of human or animal disease, unwanted species of plants or 
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animals) or administered to animals for the control of insects, or other pests in/on their 

bodies. Each year, over 4 million tonnes of pesticides are used all over the world, and 

more than 25 million agricultural workers experience unintentional poison by pesticides 

(Brief, 2018). This is due to the fact that in many developing countries programs to control 

exposures are limited or non-existent and in many cases that the maximum limits allowed 

for pesticides are not respected. Pesticides are known to be extremely useful and 

beneficial agents, but, at the same time, they have an extremely high acute toxicity for 

humans and other non-invasive species caused a number of health effects. As Mostafalou 

and Abdollahi report in their review, pesticides can cause short-term adverse health 

effects, called acute effects, such as eyes and skin irritation, nausea, vomiting, respiratory 

tract irritation, as well as chronic adverse effects, such as cancers, diabetes, 

neurodegenerative disorders, and amyotrophic lateral sclerosis (ALS), birth defects, and 

reproductive disorders, that can occur months or years after exposure (Mostafalou and 

Abdollahi, 2013). Two different regulations regulate pesticides: the Commission 

Regulation (EU) 37/2010 that regulates the maximum residue limits of pharmacologically 

active substances in foodstuffs of animal origin, and the Commission Regulation (EC) 

1107/2009 concerns the placing of plant protection products on the market. Concerning 

animals, the Commission Regulation 1831/2003 and 429/2008 set out the authorized 

additives for use in animal feed and provide the rules for the presentation of the 

application to authorize new feed additives. 

 

Phthalates 

Phthalates are a group of chemicals used in several products, such as toys, detergents, 

lubricating oils, food packaging, pharmaceuticals, medical devices, and personal care 

products, such as nail polish, hair sprays, shampoos, perfumes. Humans and animals are 

exposed to phthalates through ingestion, inhalation, and skin contact during their whole 

lifetime. This has created concern that several studies have linked phthalates to 

interference with endocrine systems, development and reproduction, adverse outcomes 

of pregnancy, male fertility, obesity, and diabetes (Frederiksen et al., 2007) (Hauser and 

Calafat, 2005) (Heudorf and Mersch-sundermann, 2007) (Mankidy et al., 2013) (Tranfo 

et al., 2012). In particular, experimental studies have reported biological consequences of 

phthalate exposure relevant to child and prenatal development (Engel et al., 2010) 

(Miodovnik et al., 2011). Several strategies have been adopted from nations and the 

European Parliament for restricting the use of phthalates. Four phthalates, benzyl butyl 
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phthalate (BBP), bis-(2-ethylhexyl) phthalate (DEHP), bis-(2-methoxyethyl) phthalate 

dibutyl phthalate (DBP), diisobutyl phthalate (DIBP), are identified as substances of very 

high concern (Commission Implementing Decision (EU) 2017/1210) and they are listed 

as reprotoxic category 1B substances under EU Regulation (EC) 1272/2008. Moreover, 

some directives have been issued: Directive 2008/98/EC for waste and Directive 

2009/48/EC for toy safety. 

 

Structur e-activity relationship and stereoisomers in food safety 

A central axiom of chemistry is the structure-activity relationship (SAR), the relationship 

between the chemical structure of a molecule and its activity. Given that the activity of a 

molecule is reflected in its structure, similar molecules have similar activities. Therefore, 

this concept assumes that the structure of a molecule, such as its geometric (e.g. 

stereoisomerism) and electronic properties, contains the characteristics responsible for its 

physical, chemical, and biological properties. 

Chirality is a geometric property of some molecules that cannot be superimposed on their 

mirror image by any combination of changes. A chiral molecule exists in two 

stereoisomers (substances with the same molecular formula, connectivity and bond 

multiplicity, and different spatial arrangement of two or more atoms) that are mirror 

images of each other, called enantiomers. The chirality phenomenon is common in nature 

and plays an important role in the biological recognition between an active molecule and 

its target. In fact, enantiomers can interact in different ways with receptors, proteins 

or/and enzymes. A lot of stereoisomers with identical physical and chemical properties 

will have different behaviour and will frequently show different biological activities. 

Enantiomeric forms can originate different effects, such as dissimilar taste or aroma, and 

affect the nutritional values of foods (vitamin C). Last but not least, different enantiomeric 

forms may vary in their toxicity. For example, more than 30% of pesticides are chiral and 

many of them are present in the environment as racemates. Therefore, pesticides 

enantiomers can have different toxicity and degradation rate with different impacts on 

human health. In the scientific literature, several cases are reported of differences in 

toxicological and environmental properties of stereoisomers. For this reason, 

stereoisomers need to be treated as different chemical components for the risk assessment 

(Bura et al. 2019). 
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Nuclear Receptors (NRs) 

Nuclear receptors (NRs) are a superfamily of eukaryotic ligand-modulated transcription 

factors. In 1988 the first cDNA clones encoding polypeptides with structural features 

suggestive of steroid hormone receptors were cloned. Today, this superfamily is 

constituted of 48 members expressed in the animal kingdom. Nuclear receptors control 

numerous processes involved in development, growth, procreation, cell differentiation, 

proliferation, and the maintenance of homeostasis. NRs share a common structure 

composed of four independents but interacting functional modules: the modulator 

domain, the DNA-binding domain (DBD), the hinge region, and the ligand-binding 

domain (LBD) (Figure 2) (Chawta et al., 2001). 

 

 

Figure 2. Structural organization of nuclear receptors. 

 

The modulator domain, also called the A/B domain, is the most variable in length and 

sequence and contains the transcriptional activation function (AF-1). The DNA-binding 

domain (DBD) is the most conserved region. It contains two zinc finger modules encoded 

by approximately 70 amino acid residues and a carboxy-terminal extension (CTE). The 
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hinge region connected the DBD and the LBD. It is very flexible and highly variable in 

both length and primary sequence. The ligand-binding domain (LBD) is structured in Ŭ-

helices and it is responsible for ligands binding. The LBD is contained in the E-F domain 

close to the carboxy terminus, together a region containing the AF-2 domain. 

Nuclear receptors are activated by endogenous small lipophilic ligands that are able to 

cross the cell membrane and bind receptors. However, many nuclear receptors are 

ñorphansò as their endogenous ligands are yet to be determined (Giguere, 1999). Once 

activated, nuclear receptors bind the promoter genes regulating and activating the gene 

transcription. 

A peculiar characteristic of nuclear receptors is their ability to bind, in addition to 

endogenous ligands (e.g. estrogen, retinoic acid, fatty acids, and progesterone), very 

different types of molecules, also, unfortunately, "unintentional" binders, such as the 

endocrine disrupting compounds. 

 

Computational methods in food science 

Nowadays, computers and digital instruments support almost every activity of our life. In 

the last decades, the dissemination of technology has become the scientistsô primary tool, 

thus allowing the achievement of more and more challenging tasks. Given the staggering 

amounts of data that scientists encounter in their day-to-day work, the development of 

more rapid and efficient methods is necessary. In this context computational science is 

placed a rapidly growing field that uses the power of computation to understand and solve 

complex problems. It is an area of science which contains many disciplines because it 

involves the development of models and simulations to understand natural systems. 

Problem domains for computational science include also computational biology, a very 

broad discipline that seeks to build models for different types of experimental data and 

biological systems using different mathematical and computational methods (e.g. 

algorithms, theories, software, etc.). The goal of this discipline is to gain understanding 

of natural systems, biology, applied mathematics, statistics, chemistry, molecular 

biology, genetics, genomics, and so on, mainly through the analysis of mathematical 

models implemented on computers. Computational biology gathers various expertise and 

techniques, most of which derive from bioinformatic, molecular biology, chemistry and 

medicinal chemistry. To the computational biology field belong also in silico toxicology 

and, more in general, the bioactivity assessment of foodborne compounds by using in 

silico methods. 
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The toxicity of a compound is the measure of any adverse effects it has on humans, 

animals, plants, or the environment. The studies of the effects of a chemical on human 

health are conducted by government agencies, such as the Scientific Committee of the 

European Food Safety Authority (EFSA) and the US Environmental Protection Agency 

(EPA), through risk assessments. Risks assessment of foreign chemicals to the body is 

still mainly based on in vivo (animal experimentation) tests, called toxicity tests, where 

animals are exposed to the test chemical. In Italy almost 700,000 animals are used in the 

laboratory, over 12 million in the European Union, to test drugs, chemicals, pesticides, 

detergents, and more (www.lav.it). During the 20th century, the agencies developed 

established animal test guidelines in order to reduce and replace in vivo experiments as 

much as possible. In fact, there are many advantages, including ethical and economic 

ones, to replace animal experimentations with other tests, called alternatives tests, such 

as in vitro or in silico methods. Moreover, some toxicity tests require hundreds to 

thousands of animals per substance examined. They can take months to years to conduct 

and can cost millions of dollars per substance examined. 

The term in silico means literally silicium, a component of the computer chip. Therefore, 

in silico methods refer to experiments performed by computers (Hartung and Hoffmann 

2009). The goal of in silico toxicity is to predict chemical toxicity through computational 

methods since they correlate the toxicity of a chemical with its structure. Nowadays, 

because of the ever-increasing availability and decreasing cost of computational power 

and algorithmic and software development, computational methods are used to study the 

molecular interactions of ligand-protein, structurally characterize binding sites of the 

proteins, develop targets compounds libraries, identify hits by virtual screening, estimate 

binding free energy, and optimize lead compounds. All of these elements can be used to 

rationalize and increase the efficiency, speed, and cost-effectiveness of evaluating the 

potential toxicological risk of chemicals, and not only. These new approaches could be 

implemented for foods and food ingredients with the purpose to evaluate novel foods 

from both nutritional and functional points of view (Cavaliere and Cozzini 2018). 

Therefore it is important to stress that in silico methods should not be seen as an opposing 

method to in vitro and in vivo tests, but they should be considered as useful and 

preliminary methods to screen a huge number of molecules in a cost and time-effective 

manner. Given that people are exposed, both intentionally and not, to a large variety of 

different substances, a detailed characterization of the toxicological profile of all these 

substances is not feasible both from an economic and ethical point of view. In this way, 

http://www.lav.it/
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in silico methods can give considerable help to assign precedence to those substances for 

the which a safety evaluation (using in vivo and in vitro tests) is most urgent (Van Bossuyt 

et al., 2017). 

 

Molecular Docking 

Molecular Docking is a computational technique that attempts to predict and evaluate the 

structural chemical-physical interaction between two molecules (e.g. protein-protein, 

protein-ligand, protein-nucleic acid, ligand-nucleic acid) (Morris & Lim-Wilby, 2008). 

The molecular docking technique is based on the "lock and key" concept, developed by 

Emil Fischer in 1894. According to this model, the ligand (key) fits appropriately into the 

hole (binding pocket) of the protein (lock). Due to the formation of a series of weak bonds 

and favorable interactions, the ligand binds the receptor with high specificity and affinity. 

However, this model is too simplistic because both the protein and the ligand are not rigid 

bodies and protein/ligand flexibility should be considered (in this doctoral thesis the 

flexibility of both the protein and the ligand is considered). 

Molecular docking is composed of two different steps: i) the prediction of the most 

favorable protein-ligand binding mode using molecular docking algorithms, ii) the 

ranking of a set of ligands using the values obtained from the scoring function 

implemented in the docking software, that is mathematical functions used to provide a 

value that predicts how tightly the two molecules interact. Various sampling algorithms 

have been developed in molecular docking software able to reproduce the experimental 

binding mode between two molecules. 

Scoring functions can be divided into three groups: force-field-based methods, empirical 

scoring functions, and knowledge-based potentials. Although there has been some 

success in designing scoring functions that can describe protein-ligand interactions, some 

limitations have been pointed out. A solution to overcome these limitations and to have a 

more reliable docking result is consensus scoring, obtained using one package or more 

than one evaluation function to achieve a ñconvergenceò to the best possible solution. In 

fact, it has been demonstrated that the combination of more scoring functions allows to 

reduce the number of false-positive and to obtain more reliable results by compensating 

the deficiencies of each scoring function, leading to an improvement of the performances 

(Teramoto & Fukunishi, 2007) (Wang, Lu, & Wang, 2003). Moreover, the use of three 

different scoring functions enhances the capability to reach hit rates from 10% up to 70% 

(Bissantz, Folkers, & Rognan, 2000). 
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Molecular Dynamics Simulation 

Molecular dynamics (MD) simulation is a computational technique which, allows to 

study of the evolutionary dynamics of a physical and chemical system at the atomic and 

molecular levels. In the 1950s Alder & Wainwright studied the interaction of rigid spheres 

and in 1964 the first simulation of liquid argon was conducted by Raman (Alder and 

Wainwright, 1957). Molecular dynamics provides information on the temporal evolution 

of the molecular systems conformations, quantifies the properties of the system (e.g. the 

structure, the dynamics, the kinetics, and the thermodynamics), allows to explore the 

relationships between structures, dynamics, and function in biomolecules, and so on. 

The molecular dynamic simulation is based on Newtonôs second law or the equation of 

motion: 

Ὂ ά ὥz 

where Ὂ is the force exerted on particle Ὥ, ά  is the mass of particle Ὥ, and ὥ is the 

acceleration of particle Ὥ. By solving Newtonôs equation, it is possible to generate a 

trajectory that describes the positions, the velocities, and the acceleration of each atom as 

a function of time. From the trajectories, it is possible to determine the average value of 

these properties. In fact, by deriving the equation of motion it is possible to determine the 

acceleration: 

Ὂ
‬Ὁ

‬ὼ
 

where Ὁ  is the potential energy and ὼ is the x, y, z coordinates of the particle Ὥ. The 

potential energy is given by the sum of bonded energy (Ὁ ), non-bonded energy 

(Ὁ ), and other terms (Ὁ ): 

Ὁ Ὁ  Ὁ  Ὁ  

Moreover, the bonded energy is given by the stretching energy (Ὁ ), the bending energy 

(Ὁ ), and the torsional energy (Ὁ ) terms: 

Ὁ  Ὁ    Ὁ   Ὁ  

while the non-bonded energy is given by the electric energy (Ὁ ) and Van der Waals 

energy (Ὁ ) terms: 

Ὁ  Ὁ  Ὁ  
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Each atom will be described by a new position characterized by new spatial coordinates. 

These coordinates, called conformations, will be very different from the starting ones 

(crystallographic or molecular modeling coordinates) depending on the movement it has 

made. 

The resulting MD trajectory can be analysed to extract important information about the 

system (e.g. the root-mean-square-deviation (RMSD), which evaluates the general 

movements of the protein during the simulation time). Such as all computational methods, 

also molecular dynamics simulation benefits from the seemingly never-ending 

improvements in computer hardware. In particular with the advent of high-performance 

computers (HPCs), the molecular dynamics simulations that originally lasted less than 10 

ps, today are often 1000 times as long (10 ns) but take a factor of about 50 less times for 

a system with the same dimension. 

 

High Performance Computing 

High Performance Computing (HPC) has become fundamental to scientific research. By 

performing millions and millions of calculations per second, high-performance computers 

help us to solve the most complex scientific challenges. The development of new 

technologies and techniques, combined with the availability of large computing 

resources, has allowed an important acceleration in: i) the study of new methods of 

machine learning, predictive analysis, and image processing; ii)  making sense of the 

massive amounts of data generated by modern ñomicsò and genome sequencing 

technologies; iii)  modeling increasingly large biomolecular systems using approaches 

such as quantum mechanics/molecular mechanics and molecular dynamics; iv) modeling 

biological networks and simulating how network perturbations lead to adverse outcomes 

and disease, and so on. HPC relies on the development of parallelized algorithms, that 

can spread the computational workload out among a number of computer cores that are 

conducting calculations simultaneously. HPC architectures have gone through rapid 

changes, such as multicore and manycore architectures, accelerator technologies, such as 

a graphics processing unit (GPU) designed to rapidly manipulate and alter memory to 

accelerate graphics rendering, persistent memory, and complex interconnection networks 

to connect compute nodes, processors, memory, and storage units, in order to meet the 

increasing computational demand of scientific applications. The HPC architecture can 

take different forms according to the owns needs: i) parallel computing, fundamental to 

deal with large and complex problems, allows the HPC clusters to perform calculations 
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simultaneously or in parallel; ii) cluster computing, where several computers or nodes are 

connected to each other through a local network to recreate an HPC cluster architecture; 

iii) grid computing, involving multiple networked computers sharing a common goal. In 

short, depending on the workload and processing goals, different HPC system 

architectures and support resources are available to help scientists get results in a timely 

manner and process huge amounts of data (Hager and Wellein 2010). 
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CHAPTER 2 

Aim and outline of the thesis 
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Both humans and animals are exposed to chemicals in everyday life. Many of these, called 

endocrine-disrupting chemicals, can interfere with the endocrine systems altering the 

production of human hormones mainly by acting through their interaction with nuclear 

receptors. According to Eurostat, the EU production of chemicals hazardous to health 

reached 211 million tonnes in 2019. Thus, the possibility that some of these chemicals 

interact negatively with the human and animal body is unavoidable making the endocrine 

disruptors problem are an emerging one over the world. Wherefore, the increasing 

number of molecules released every year along with the long different steps needed to 

evaluate every single substance before entering the marketing system makes the 

endocrine-disrupting evaluation very challenging and long-term. Moreover, in the past 

decades, efforts and policies of Authorities and of the single States have been proved 

inefficient to decrease and minimize human exposure to endocrine disruptors. In addition, 

the endocrine-disrupting properties of several chemicals, the detailed characterization of 

their toxicological profile, and their effects on the human body are still waiting for 

evaluation. Added to this is that some weaknesses exist in testing approaches used for 

evaluating endocrine-disrupting chemicals, such as the costs, the time, and the enormous 

amount of test animals use. The aim of this dissertation is to detect the possible endocrine 

disruptors in food and the possible binding of these food contact chemicals with nuclear 

receptors using the in silico methods. These methods are used to study the molecular 

interactions of ligand-protein, structurally characterize binding sites of the proteins, 

develop targets compounds libraries, screen thousands of chemicals, and study the 

evolutionary dynamics of a physical and chemical system at the atomic and molecular 

levels. All of these elements can be used to rationalize and increase the efficiency, speed, 

and cost-effectiveness of evaluating the potential toxicological risk of chemicals, and not 

only In this way, in silico methods can give considerable help to screen a huge number of 

molecules at a cost and time-effective manner and to assign precedence to those 

substances for the which a safety evaluation is most urgent using in vivo and in vitro tests. 

Using literature data and repositories data, all the endocrine disruptors are classified in a 

Structured Query Language (SQL) Database in order to make the data extraction and 

analysis quicker and more efficient. Then, nuclear receptors structures are analysed, and 

the possible binding of these molecules with nuclear receptors is determined using a 

combination of in silico (molecular docking) and statistical approach in order to obtain a 

final global evaluation based on the natural ligand. 
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A description of computational methods application in food safety is provided in Chapter 

3. In this book chapter, repository or database design, screening, molecular docking, and 

consensus scoring techniques are described in order to give an overview of the application 

of these methods in problems of food safety. 

In Chapter 4, the attention is focused on the most common in vitro bioassays and in silico 

analysis as methods used to screen food contact chemicals against nuclear receptors to 

evaluate their endocrine disruptors' proprieties. 

In Chapter 5, a database (foodchem) with a high level of data curation from which 

retrieve chemical, structure, and regulative information about all food contact chemicals 

was created. After that, the 8091 food contact chemicals contained in foodchem database 

were screened against 31 nuclear receptors with the purpose to identify the molecules that 

require major attention about their safety for the human body. 

An application of what is described in chapter 5 is reported in Chapter 6. Given the large 

potential impact of mycotoxins in terms of human exposure and related health effects, in 

this work, the integrated in silico and statistical approach was used in order to discover 

the potential endocrine disruptor activity of these molecules.  

In Chapter 7, an application of in silico approaches to discover endocrine disruptors is 

presented. In particular, computational techniques are applied to investigate the possible 

negative effects of two pesticides, pyriproxyfen and its metabolite, the 4ô-OH-

pyriproxyfen, on human and bees health. 
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CHAPTER 3 

Molecular Docking: A Contemporary Story 

About Food Safety 
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Introducion  

What is the link between medicinal chemistry and food safety, and could we apply to food 

problems the same ñin silicoò approach used in medicinal chemistry in the last 30 years? 

ñQuesta o quella per me pari sono...ò (ñNeither is any differentéò) sang the Duke of 

Mantova from Rigoletto by Giuseppe Verdi. In the opera, the meaning is regarding 

women - all women are equal for the duke of Mantova, no difference among them. In this 

manuscript, it has no negative facet, but it is just referred to molecules. From a chemistry 

point of view, all the molecules are ñmoleculesò, independently from the research field. 

Then we can apply the same computational methods to different molecules considered 

drugs or lead compound or food contact chemicals. The main difference between 

medicinal chemistry and food science is shown in Fig. 1. 

 

 

Figure 1. The different approaches to screen compounds in drug discovery and food 

safety' areas. The same in silico methods, widely used in drug discovery, can be applied 

in the food field. The unique difference between them is the aim of the screening 

process: in drug discovery, it is important to retrieve compounds that strongly bind 

target protein, avoiding false positives; in food safety, the aim is to retrieve all possible 

food contaminant molecules that have the capacity to bind the target protein, also with 

low binding affinity, avoiding to exclude true negatives. 

 

Molecular docking is a well-know approach in medicinal chemistry widely used to study 
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the interaction between a receptor and a possible lead compounds, after a screening of a 

huge number of compounds. While docking in medicinal chemistry is a technique applied 

for several decades, in food science, it was born 15 years ago, more or less. It could be 

considered as a new promising application in food science for the discovery of new 

possible food contaminants, acting as endocrine disruptors, or to understand a mechanism 

of binding to activate a flavor (umami, sweet, salty, etc.) or to decipher the activity of a 

dimer against a monomer. 

Food safety refers to handling, cooking, and storing food in order to reduce the risk and 

protect people from foodborne illnesses caused by microbes, chemicals, and other food 

contact chemicals. A very high number of substances can contaminate food causing a 

possible risk to the people. An important milestone for screening/docking approaches is 

the availability of a three-dimensional (3D) database to collect the huge amount of food 

contact chemicals in order to make possible testing these compounds otherwise unfeasible 

with traditional in vitro tests. (To give an idea of the huge chemicals that can interact with 

food, the most collection of substance information is CAS REGISTRY. It contains more 

than 163 million unique organic and inorganic chemical substances and more than 68 

million biosequences.) The application of computational methods, such as repository or 

database design, screening, and molecular docking, in food safety, could be applied to 

predict the interaction between food contact chemicals and different receptors/targets 

involved in human diseases and/or to decipher their mechanism of binding. 

 

Food Safety 

How often do we ask ourselves if the food we are eating is safe? Do we know if it is free 

from bacteria, viruses, chemicals, and other contaminants? Over the years, food safety is 

becoming one of the major issues of public concern, food policy, industry, and research. 

There is no uniform/standard definition of food safety, but anyway in 1993, OECD, the 

Organisation for Economic Co-operation and Development, gave it a working definition, 

namely ña reasonable certainty that no harm will result from intended uses under the 

anticipated conditions of consumptionò. Food safety can be defined as the probability of 

not contracting a disease as a consequence of consuming food. In a broad sense, food 

safety refers to the scientific process to deal with, manufacture, and store food in order to 

prevent foodborne diseases. The concept of food safety is closely related to the concept 

of food security: it is not enough to ensure that the food is safe from a health point of 

view, but it is necessary to delete the obstacles to food such as the supply, the poverty, 
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and the climate changes. In 1970, the World Food Conference defined food security in 

terms of food supply; it was the Word Food Summit to provide the final definition: ñFood 

security exists when all people, at all times, have physical and economic access to 

sufficient, safe and nutritious food that meets their dietary needs and food preferences for 

an active and healthy lifeò. These two elements do not take into account a third important 

factor: food quality. Let us say that food safety is obtained when everyone has access to 

food guaranteed as healthy from a hygienic and a nutritional point of view. Therefore, in 

order to fully understand what food safety means, it is required to define the other two 

terms: hazard and risk. These two words are often used interchangeably or confused with 

each other, but they have a different meaning. A hazard is the capacity of a thing to cause 

harm and in particular referred to food safety. It is any agent (biological, chemical, or 

physical) or substance in food with the potential to cause adverse consumer health effects. 

A risk is the probability of an adverse effect in an organism caused by exposure to an 

agent. For example, salmonella, a biological agent that can contaminate different food 

such as raw eggs, is considered a biological hazard for the consumer. The risk of getting 

salmonella food poisoning is minimal when the egg is cooked, but, otherwise, if the eggs 

are eaten raw, the health risk from salmonella will be higher as a result of the higher 

likelihood that the hazard will be present and consumed. 

Ensuring food safety is a significant challenge to protect public health in both developing 

and developed countries. For this reason, the food safety risk analysis was introduced: it 

is a fundamental food safety aspect that wants to reduce foodborne illness. This approach 

aimed at producing high-quality goods and products to ensure safety and protect 

consumers' health and comply with international and national standards and market 

regulations; this consists of three components: risk assessment, risk management, and risk 

communication. In a typical instance, a food safety problem is identified, and risk 

managers initiate a risk management process, which they then see through to completion. 

Risk management is defined as ñthe process of weighing policy alternatives to accept, 

minimize, or reduce assessed risks and to select and implement appropriate optionsò. The 

risk assessment process consists of hazard identification and hazard characterization. 

Fundamental for all these processes and in general for food safety is the Hazard Analysis 

Critical Control Points (HACCP), an internationally recognized system, composed of 

seven points, used to identify, evaluate, and control hazards to food safety. These 

principles are included in the international standard ISO 22000, a complete food safety 

management system. Apart from this, the presence of regulations established by national 
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and international organizations (such as the European Food Safety Authority [EFSA] in 

the European Union, which provides scientific advice and information on existing and 

emerging risks related to the food chain, and the Environmental Protection Agency [EPA] 

in the United States, which is in charge of environmental protection and that of human 

health) ensures that consumers are more protected from health risks. 

The World Health Organization (WHO) estimated that 600 million (almost 1 in 10 people 

in the world) fall ill after eating and/or drinking contaminated food or water resulting in 

around 420,000 death every year. In recent years with the movement of the people, the 

increase of globalization, the modernization of industries, and the international trade, 

people and/or consumers are exposed on a daily basis to chemical substances, and 

consequently, the risk of foodborne diseases has increased. Therefore, the control of 

contaminates and the prevention of foodborne diseases have become one of the most 

public and private health problems in the contemporary world involving the cooperation 

of all stages of the food chain: from the field to the table. 

In the last years, with the increase of diversity and complexity of contaminants and 

foodborne diseases, not only researchers but also industries and consumers are urged to 

discover new rapid, sensitive, and selective methods to quantify and qualify damaging 

substances in food products. Therefore, in vitro and in vivo techniques, such as 

colorimetric detection, fluorescence sensing (using high quantum yields, narrow and 

symmetric size-tunable emission, and pronounced photostability, quantum dots, and high 

signal-tobackground ratio and sensitivity as a result of large anti-Stokes shifts, UCNPs), 

electrochemical sensing, chromatographic separation (high-performance liquid 

chromatography), immunoassays (enzyme-linked immunosorbent assay), and real-time 

and in situ analytical methods, have been joined by in silico methods (Liu et al., 2018). 

These methods, as well as being quick and inexpensive, make up the alternative to animal 

testing, described by the principles of three Rs (3Rs): replacement, reduction, and 

refinement (https://www.nc3rs.org.uk/). 

 

Databases and big data in food safety 

Evaluating the effects of food contaminant chemicals is a challenging task. Human 

exposure can derive from different sources, such as molecules that are naturally present 

in food products (mycotoxins produced by fungi, flavonoids, etc.), intentionally added 

molecules (additives, flavorings, etc.), or unintentionally added to food. Some examples 

are pesticides, biocides that are in contact with the food product, or molecules derived 

https://www.nc3rs.org.uk/
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from its packaging and storage such as bisphenols, polycarbonates, etc. The exposure to 

one chemical can occur via different sources, but rarely humans come in contact with just 

one single chemical. Instead, we are exposed to a mixture of contaminants. The scenario 

becomes more complicated if one also considers environmental chemicals and food 

contaminant metabolites. Thus, the number of molecules that require risk assessment 

analysis is very high. Moreover, considering the new molecules that are produced every 

year and that could accidently be released in food, environment, etc., the number of 

chemicals that should be investigated increases rapidly. Risk assessment of these huge 

amounts of chemicals using standard toxicological in vitro methods is unthinkable, 

although, with the advent of high-throughput screening (HTS), toxicological data can be 

retrieved quickly. However, considering chemical mixtures exposure, it is physically 

impossible to test all combinations. Thus, in silico methods can be applied to screen this 

amount of chemicals in a very fast and economic way. To speed up these analyses, it is 

fundamental to have access to databases that store all food contact chemicals containing 

information regarding their physical/chemical properties, the 3D structures, their 

bioactivity, etc. 

The huge amount of data produced has raised the need for efficient methods that allow 

the collection, storage, and processing of data. In this scenario, the big data methods are 

emerging and becoming an increasingly popular term. Big data is a relatively recent word 

that has become a ubiquitous term in different sectors of society: business, health care, 

government, etc. The term is seldom used in the food safety field. The principal reason is 

that toxicological data were produced very slowly due to laboratory experiment time 

limitations. However, after the advent of techniques that allow laboratory automation and 

HTS, toxicological data are produced very rapidly and at a low cost for many molecules. 

Moreover, with the advances in data mining and deep learning, more chemical 

information can be also retrieved from various online sources, including scientific articles 

and patent documents. Thus, from a lack of data, it has been passed to ñdata overloadò 

(Richarz, 2020). Many definitions of big data exist and the majority of them refer to the 

characteristics that a database should have, named versus attributes. Currently, there are 

more or less 10 different attributes for big data, but the 3 common versus are volume, 

velocity, and variety. Volume refers to the amount of data generated, velocity refers to 

the speed at which these data are produced, and variety refers to the types of data. Based 

on the context and the use, big data can include other attributes, such as variability, 

veracity, value, etc. 
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The European Commission (EC) has defined big data as ñthe large amounts of different 

types of data produced with high velocity from a number of various types of sourcesò 

(European Commission, 2014). Because of the complexity of data generation and 

curation, big data requires a high-performing computer (HPC) infrastructure. HPCs are 

very helpful not only to store and manage this high-velocity flow of data but also to make 

possible the collection of new insight, solutions, and decisions based on this information. 

The EC definition has also stated: ñHandling today's highly variable and real-time data 

sets requires new tools and methods, such as powerful processors, software and 

algorithmsò (European Commission, 2014). We thought that this definition could be the 

best one in the context of food safety. Data and information are scattered across food, 

health, and agriculture sectors for food assessment. As the information is derived from 

different assays and techniques, many different types of data are produced and should be 

stored and processed. Moreover, considering in silico assessment, it is also mandatory to 

store chemical information and 3D structures. Thus, different types of sources and data 

are used (variety). Although data are not yet generated in real time as in other big data 

fields, the speed by which they are produced is increased in the last years with the advent 

of HTS, omics technologies, and (bio) monitoring (velocity). 

The first requirement of big data in food science is the collection of information from 

different sources considering different aspects of the food toxicology and food safety 

fields. Thus, a database should be storing and making accessible information regarding 

the physical/ chemical properties, the 3D structures of molecules along with toxicological 

data, derived from different assays, and regulatory information. With the free access, 

online databases, chemical structures, and data are available for their use in 

cheminformatics, bioinformatics, systems biology, drug discovery, and food science. 

From the computational point of view, different public databases store important 

information, which is currently used in drug discovery and design. Just to cite some of 

them, PubChem is a large public repository containing information on chemical 

substances, their biological activities, and their chemical structures. Another chemical 

database is ChemSpider, a free chemical structure database providing fast text and 

structure search access to 85 million chemical structures from 275 different data sources. 

ZINC is a free database that contains the 3D formats of over 230 million purchasable 

compounds in a ready-to-dock format and over 750 million purchasable compounds 

allowing the possibility to search for analogs in a very fast way. Moreover, 3D databases 

are also present in literature that are specific for in silico screening in food toxicology. 
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For example, Ginex et al. have released a 3D version of the EAFUS (Everything Added 

to Food in the United States) list, a sum of WHO, FAO food additive databases (Ginex, 

Spyrakis, & Cozzini, 2014). 

Data stored in these databases contain important toxicological information and comprise 

a variety of different types of data: in vitro and in vivo assay results, in silico predictions, 

gene arrays and omics read-outs, regulatory data, 3D and 2D chemical structures, 

physical/chemical information, etc. All these information represent a big data set 

(volume) containing several different types of data (variety and variability) and data can 

be collected in a single repository or otherwise connected. 

Retrieving information from different sources highlights the importance of uniform data 

to avoid incongruence among them. In fact, some efforts should be made in the direction 

of database data quality to enforce the utility of big data in drug design and food safety 

fields. For example, an important point in chemical toxicity data is the identity name of 

the chemical used. Each molecule must be having an unambiguous name linked to a 

unique 3D structure. This issue should be guaranteed by the use of CAS numbers, but it 

is not uncommon to find some errors in public databases. Moreover, errors in chemical 

structures are not so rare. Williams and Ekins (Williams & Ekins, 2011) estimated that 

around 5% and 10% of molecule structures have errors in their stereochemistry, valency, 

and charge. Thus, an important issue is the data curation to improve data quality. There 

is also a great data variability in terms of differences in data measurement and types of 

assay across different laboratories. Therefore, data could not be comparable. Data 

standardization should be desirable. The use of nonrelational databases is becoming more 

common, as they are open source and horizontally scalable and they are referred to as 

NoSQL databases. 

Why big data is becoming so popular? How could it be useful in food safety? Correlated 

with the concept of the term big data, there are techniques such as text mining and 

machine learning methods. These methodologies, in some cases, allow us to use the big 

amount of data to find new knowledge from already available information in a perspective 

manner. Using information from human cell lines, HTS assays, in vivo animal models 

could allow the building of predictive models for different applications, such as 

computer-aided drug design (for the development of new drugs), food toxicology, and/or 

predictive toxicology (for safety assessment and decision-making). Moreover, the use of 

big data databases also allows to reduce unnecessary in vivo studies. Hartung et al. 

(Hartung, 2019) have reported that, on average, every assay was carried out three times 
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and sometimes more than this value. For example, they have reported that two chemicals 

have been tested more than 90 times in the Draize rabbit eye. Moreover, having a database 

that stores all chemical information of food contact chemicals, such as the 3D structures, 

can increase the velocity of in silico methods results. Virtual screening, molecular 

docking, and molecular dynamics can take a great advantage by the usage of these data. 

 

In silico methods 

In silico methods are computer methods (computing hardware, algorithms, programming, 

databases, and other domain-specific knowledge) used to study molecular systems in the 

fields of computational chemistry, computational biology, and material sciences. 

Computational methods developed since the 1950s with the increase of computers used 

for predicting and studying the physical-chemical proprieties, the interactions, and the 

structures of molecules. Molecular modeling includes all those theoretical methods and 

computational techniques, such as homology modeling, molecular docking, and 

molecular dynamics, which are used to represent and/or simulate the behavior of 

molecules. It, therefore, allows the use of innovative in silico methods, based on the use 

of computers and information technology, to predict the behavior of biological molecules. 

Molecular modeling, by studying the energy state of molecules and exploiting calculation 

algorithms and force fields, or a set of parameters that expresses the potential energy of a 

particle system, is able to predict and determine quickly and at a low cost the final 

structure of a molecule. 

The sources of starting data for the molecular modeling come from experimental 

determinations (X-ray, nuclear magnetic resonance, and cryogenic electron microscopy) 

or computational structure prediction, based on homology modeling, in the event that the 

3D structure is not present. 3D databases, such as the Protein Data Bank (PDB) for protein 

structures (https://www.rcsb.org/) and the Cambridge Structural Database (CSD) 

(https://www.ccdc.cam.ac.uk/solutions/csd-system/components/csd/) for small organic 

molecules, contain experimental data. The three parameters we have to consider to 

understand the quality limits of structural data are (1) resolution (Å), which is a statement 

of the accuracy in data collection and not a measure of the accuracy in refinement, (2) R-

factor, which is a measure of how well the refined structure explains the observed data, 

and (3) temperature factor, which models the effects of static and dynamic disorder in the 

crystal. All these parameters are fundamental to choose the best ñstarting pointò for the 

following computational prediction. A schema of in silico approaches in food safety is 

https://www.rcsb.org/
https://www.ccdc.cam.ac.uk/solutions/csd-system/components/csd/
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shown in Figure 2. 

 

 

Figure 2. The in silico approach in food safety schema. 

 

Molecular docking 

Molecular docking is a complex and simple multistep computational technique used to 

predict and evaluate the structural chemical-physical interaction between two molecules. 

The method aims to identify the correct positions of the ligands in the binding pocket of 

a protein and to predict the affinity between the ligand and the protein. Ligand-based and 

structure-based are the two approaches for virtual screening. Structurebased virtual 

screening is based on the protein cavity shape, while ligand-based virtual screening refers 

to the shape of the natural ligand. 

At the basis of the docking, there is the molecular recognition between the two molecules 

that interact according to the ñlock and keyò model developed by Emil Fischer in 1890. 

In this model the protein has a conformation where the ligand ñfitsò perfectly, just as it 

happens for a key inside a lock. The highly specific molecular complementarity between 

key (ligand) and lock (receptor) plays a fundamental role in biological processes. The 

receptor's ability to bind to its ligand with high specificity and affinity is due to the 

formation of a series of weak bonds and favorable interactions. Usually, the interaction 

between the ligand and its receptor involves the formation of weaker and reversible forces 

such as (1) hydrogen bonds (10-40 kJ/mol); (2) hydrophobic interactions that constitute 

the ñdriving forceò capable of promoting bond formation; (3) van der Waals forces (0.03-
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0.1 kcal/mol); (4) electrostatic interactions (0.3-4 kcal/mol); (5) ́ -ˊ interactions; and (6) 

coordination with metals. Electrostatic interactions and hydrogen bonds provide 

specificity to the protein-ligand interaction and determine its complementarity. During 

the formation of the complex, a series of enthalpic and entropic interactions are 

established between protein and ligand, which are mutually concerted. There is, therefore, 

a variation of enthalpy (due to the formation of intra- and intermolecular noncovalent 

bonds) and entropy (due to desolvation) in the system, with consequent variation of free 

energy. 

The binding affinity between the molecules, a ligand (L) and a protein (P), is 

characterized by the dissociation constant (Kd): 

Kd = [L] [P] / [LP] 

corresponding to the process LP ź L + P.  

The fundamental equation that governs everything is: 

ȹG = ȹH ï TȹS 

where ȹG is the change in free energy of a reaction, ȹH and ȹS are the corresponding 

changes in enthalpy and entropy, and T is the temperature of the system. The binding 

affinity can be expressed either in terms of the equilibrium constant (K) for the formation 

of the complex between two molecules: 

ȹG0 = RT In Kd 

where R is the universal gas constant and T is the absolute temperature. 

Even while the interactions between protein and ligand are important for generating a 

positive enthalpy of binding, we must also consider the presence of the water. In fact, 

molecular recognition takes place in an aqueous medium. Both the protein and the ligand 

are solvated before complexation; the formation of the intermolecular bond requires the 

desolvation of the ligand and the macromolecule with simultaneous breakage of the 

hydrogen water-receptor and water-ligand bonds (Murcko & Murcko, 1995). The water 

molecules are organized in such a way as to form as many hydrogen bonds as possible 

and thus decrease the entropic contribution of the interaction. The clear difference in free 

energy is often close to zero as many of these breaking bonds are reformed between the 

ligand and the receptor and the water molecules reorganize around the newly formed 

complex (Fersht, 1987; Salari & Chong, 2010). For this reason, in order to obtain a 
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reliable energetic estimation of the overall binding process (the total free energy of 

binding, DG bind), we must use an equation like this: 

DG°bind = DG°compl
solv - DG°prot

solv - DG°lig
solv + DG°int - TDS° + Dl 

where DG°int is the interaction free energy of the complex, the solvation energy of the 

ligand (DG°lig
solv), the protein (DG°prot

solv), and the complex (DG°compl
solv), and the entropic 

(TDS°) and conformational (Dl) changes (Spyrakis, Cozzini, and Kellogg 2010). 

However, as Dill said: ñBiological interactions are concerted events, not neat sum of 

terms where each represents an ingredient of the overall processò. Thus, even the best 

practices in treating each of these disparate interaction types individually will not 

necessarily yield an accurate and reliable ȹGÁbind in the end (Dill 1997). 

Docking software can be differentiate based on their two main components: the sampling 

algorithm, that search the possible molecule position, and the scoring function, that 

evaluate the interaction energy of each position. The first is an ñeasyò geometrical aspect 

that ñmixò two or more bodies (molecules) in the same cartesian space without 

superpositions and obeying to some elementary chemical rules. In fact, anybody (or 

molecule) is composed by several or many solid spheres and springs. One of the most 

difficult part of the molecular docking is due to the fact that it involves many degrees of 

freedom, the high dimensionality of the energy surface where the search for the global 

minimum is performed by a docking program. Each algorithm generates poses (where 

and how a ligand binds a protein), a series of conformations result from rotation about 

single bonds (Fig. 3). For a molecule with n rotatable bonds, if each torsion angle is 

rotated in increments of x degrees, the number of conformations is (360o/x)n. 

 

 

Figure 3. Different poses generated by a generic docking software (GOLD). (A) A 



 

48 
 

protein-ligand complex. In grey the protein (PDB ID: 1FM6) and in yellow and green 

two different poses of a pesticide (pyriproxyfen) are shown. As we can see the two 

ligand poses are opposite to each other. (B) The most important poses of a mycotoxins 

(Aflatoxin) within the cavity of a beta-cyclodextrin. All the poses identify the same 

position. 

 

We can classify the different search algorithms and consequently the different docking 

software according to the degrees of freedom that they consider: 

1. Rigid docking: this type of molecular docking ignores the flexibility of the 

molecules, both for the ligand and for the protein, and treats them like rigid 

objects. In this case, the side chains and the backbone of the two molecules are 

kept fixed with no torsion angles or distance between two atoms allowed to change 

upon the docking simulation. 

2. Semi-flexible docking: during this docking, the receptor remains unchanged, 

while the conformation of the ligand changes. It focuses on the changes in the 

ligand structure and it is usually used for the docking between small ligands and 

macromolecules. 

3. Flexible docking: this docking, the most common today, considers every 

conformational change both the protein and the ligand. 

We can summarize scoring functions in three classes: i) Force-field based, where the 

binding affinity is estimated by the sum of the strength of intermolecular (van der Waals 

and electrostatic interactions) interactions between all atoms of the two molecules; ii) 

Empirical, where the binding affinity between the two molecules is estimated by the 

number of various types of interactions; iii) Knowledge-based, based on a statistical 

analysis of observed pairwise distributions. More than 60 different docking software have 

been reported in the literature, such as AutoDock (Morris et al. 2009), DOCK (Allen et 

al. 2015), GOLD (Verdonk et al. 2003), FlexX (Schellhammer and Rarey 2004), Glide 

(Friesner et al. 2004), Surflex (Jain 2003), distinguished by the algorithms, the evaluation 

methods, the docking types (rigid, semi-flexible or flexible docking), and more. One or 

more scoring functions can be associated with each scoring program. There is no docking-

scoring combination valid for each type of analysis, but these combinations must be 

evaluated based on the characteristics of the target. Most docking scoring functions use 

very simplified models for hydrophobic interactions, then simulating the binding (or 

docking) process with explicit terms for entropy has proven to be an elusive goal. To get 
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around this, in 1991 Abraham and Kellogg developed HINT (Hydropathic INTeractions), 

a scoring function that simulates and quantifies all of the subtle effects contributing to 

entropy in the docking process (Shoichet and Kuntz 1993). HINT uses a force field that 

allows it to evaluate both the entropic aspect (due to desolvation) and the enthalpic aspect 

(due to interactions). The fact that you also evaluate the entropic aspect is what 

differentiates HINT from other scoring functions. The function also includes the 

computational titration method for predicting and optimizing the protonation state of 

ionisable residues at a complex interface and the Rank algorithm for rationalizing the role 

of structural water molecules in protein binding pockets (Amadasi et al. 2008; Cozzini et 

al. 2004). 

Deciding which program is the best one is a challenging task. Docking software is 

normally validated using a training set of protein-ligand complexes with the known 

crystal structure and known binding affinity. The 3D complex is used to validate the 

internal algorithm of the docking package to predict the correct binding pose based on the 

crystallographic one. The correlation is usually assessed using the root-main-square 

deviation (RMSD) between the docked and the crystal ligand pose: the lower the value, 

the better is the reliability of the docking algorithm. Binding affinity value is used to test 

the ability of scoring functions to discriminate between compounds having strong-, 

medium-, and lower-binding affinity, or in alternative to test their ability to discriminate 

among a library of true, false and decoy compounds. There is no general rule for choosing 

the best docking program, but it is advisable to utilize a software that was validated 

against the same class of protein under investigation, or with proteins sharing common 

physical-chemical and shape characteristics. However, the goal of any docking program 

is to be used for every protein-ligand system. It has been estimated that the averaged 

success rate in predicting the correct poses and top scores is in the range of 54.0%-67.8% 

for commercial programs and in the range of 47.4%-68.4% for the academic oneôs 

(Pagadala, Syed, and Tuszynski 2017). Even if the performances are quite high, a certain 

grade of uncertainty and error can occur. Thus, the best practice is to apply a consensus 

score prediction. The concept was introduced to enhance the performances of docking 

protocols. Multiple scoring functions are simultaneously used rather than a single one. 

Compounds are then ranked based on the consensus existing among them and only the 

top scored compounds common to the scoring functions will be used for further in vitro/in 

vivo assays (Wang and Wang 2001). The concept of consensus scoring could be seen as 

weather forecasts: if many of them agree that, during the weekend, there will be the sun, 
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and just one predicts a thunderstorm, then it is more probably there will be a sunny 

weekend. Compared to a single scoring procedure, it has been shown that the combination 

of different scoring functions reduces false positives and hence improves the hit-rates 

(Wang and Wang 2001). It has also been reported that the use of three scoring methods 

is enough to enhance the capability hit rates of ~50% (Bissantz, Folkers, and Rognan 

2000). 

 

Case study 

In food science molecular docking approach is applied for different needs: to study the 

interaction of a food chemical with a protein receptor understanding the mechanism of 

binding or the competition between a natural ligand of a protein and a food molecule or 

to design chemosensors able to include a toxin in a cavity to take away the dangerous 

molecule from water or food. Hereinafter we illustrate a few real cases of docking 

applications. Since the majority of our key studies are focused on nuclear receptors and 

how food contact chemicals may act as endocrine disruptors, Figure 4. shows a schematic 

view of the perturbation induced by endocrine disruptor compounds (EDCs) activity. 

 

 

Figure 4. How food contact chemicals can affect the nuclear receptors pathway. 
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Endocrine disruptors are chemicals that can interfere with endocrine or hormonal 

systems. These disruptions can cause adverse effects such as tumors, birth deffects, and 

several other disorders. In fact, these molecules can decrease or increase normal 

hormone levels altering their normal production. 

 

Mycotoxins detection 

Mycotoxins are important because of possible danger to humans; depending on the intake 

dose, they can act as endocrine disruptors binding mostly to nuclear receptors. Two well-

known nuclear receptors are recognized as responsible for breast cancer in women and 

prostate cancer for men: Estrogen receptor and Androgen receptor, respectively. 

 

Aflatoxins and Ochratoxins 

Cyclodextrins are cheap and relatively easy to manage, they show a lipophilic cavity, 

mycotoxins are small molecules with a hydrophobic and a hydrophilic side, present in 

plants but dangerous for humans. They could be included in a cyclodextrins cavity, the 

lipophilic side, and the complex could be detected using spectroscopy fluorescence 

(Cozzini et al. 2008). Moreover, the MOA understanding (Mechanism of Binding) allows 

designing specific cyclodextrins customized for different toxin structures (Fig. 5) 

(Amadasi et al. 2007). Aflatoxins and Ochratoxins (Fig. 7) affecting a large number of 

mays and grains production in Italy (more or less 5%). 

 

 

Figure 5. Results of a molecular docking simulation between Beta cyclodextrin and a 

mycotoxin. Molecules are depicted using occupancy volume. In red the volume 
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occupied by the mycotoxin, in grey the cyclodextrin volume, and in blue the empty 

volume that could be filled by water molecules (GRID analysis). 

 

They can be detected using Cyclodextrins and fluorescence spectroscopy. In particular, 

in this case, the modeling allowed us to understand why the same beta-cyclodextrin can 

include Aflatoxin and not Ochratoxin. The latter requires a specifically designed 

cyclodextrin. 

 

Zearalenone 

Zearalenone (ZEN) (Fig. 7) and its metabolites that are known to act through activation 

of the estrogen receptor alpha (ER alpha), has been studied (Cozzini and Dellafiora 2012) 

against estrogen receptor to understand if they can bind competitively with the 

endogenous ligand, estradiol. A molecular docking-based study demonstrates that it is 

possible to discriminate between cis and trans isomers for Zearalenone using the same 

docking approach: for the cis isomer, a stronger interaction has been predicted (Dellafiora 

et al. 2015). Moreover, ZEN and its reduced metabolites have been used within the 

framework of reduction, refinement, and replacement of animal experiments (Ehrlich et 

al. 2015). Mixed methods, docking/scoring and toxicological methods for identification 

and characterization of chemical hazards have been developed. The results suggest that 

activation of ER alpha may play a role in the molecular initiating event (MIE) and be 

predictive of adverse effects. The investigation of receptor-ligand interactions through 

docking simulation showed the suitability of the model to address estrogenic potency for 

this group of compounds. Therefore, the model was further applied to biologically 

uncharacterized, commercially unavailable, oxidized ZEN metabolites (6 alpha-, 6 beta-, 

8 alpha-, 8 beta-, 13- and 15-OH-ZEN). The main conclusion is that, except for 15-OH-

ZEN, the data indicate that in general, the oxidized metabolites would be considered of a 

lower estrogenic concern than ZEN and reduced metabolites. 

 

Alternariol  

Another mycotoxin, a widespread microfungi secondary metabolites that may accumulate 

in crops and enter in contact with some foods, is from Alternaria species (Dellafiora, 

DallôAsta, Cruciani, Galaverna, & Cozzini, 2015). The whole corn production in Italy is 

affected by mycotoxin alternariol every year, depending on temperature. Thus the 

comprehension of the MOA of alternariol and its derivatives against some proteins is 
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crucial to understand if toxic potency may drastically be reduced by metabolic 

modifications. Alternariol (Fig. 7) and alternariol-methyl ether show evidence of toxicity 

binding to Topoisomerases but it is not enough. Too many compounds and its derivatives 

are candidates to be endocrine disruptors because of binders of several proteins. Because 

of wet-lab tests are expensive and require long times, it is really challenging to have a fast 

and cheap method to discriminate among possible poisons and no poisons as in silico 

methods. In this work, the methods have been applied for the topoisomerase case. 

 

Ellagitannin metabolites 

Dellafiora et al. have applied the same in silico approach to ellagitannins and their 

metabolites (glucuronidation, sulfation, and methylation, occurring in vivo) (Fig. 7) 

(Dellafiora, Mena, Cozzini, Brighenti, & Del Rio, 2013). Urolithin metabolites could act 

as phytoestrogens able to interact with the ER binding cavity. These hydroxylation 

patterns are presented in our models coming from berries, walnuts, pomegranate, and oak-

aged red wines. They are well known as ñnatural drugsò that can contribute to decreasing 

the risk of some ER dependent diseases. Ones again the in silico approach to study the 

mechanism of action (MOA) suggested that hydroxylation can play an important role in 

the agonistic behavior of these derivates. 

 

Printing Inks  

As stated, another tumor marker is the androgen receptor, involved in prostate cancer, 

able to interact with many Food Contact Chemicals. Thioxanthones are analogs of 

xanthone and are largely used as photoinitiators (TX) by printing industry to promote ink 

polymerization. However, a certain level of contamination by isopropyl thioxanthone 

(ITX) and 2-ethylhexyl-4-dimethylaminobenzoate (EHDAB) have been found in food 

products, especially in infant formulas (as reported by the European Food Safety 

Authority in 2005). Ginex et al. (Ginex, DallôAsta, & Cozzini, 2014) have reported an in 

silico approach to predict the binding affinity of thioxanthone derivates and thioxanthone 

metabolites against androgen receptor (AR). In fact, it is well known by in vitro analyses 

that this class of compounds are able to bind to AR. Using the in vitro affinity values of 

some TX compounds as validation test of in silico procedure, different metabolites have 

been computationaly analyzed to predict their binding affinity for the ligand binding 

cavity of AR. The authors have found that different metabolites have the same or higher 

binding affinity of 2-ITX, 4-ITX and 2-Chloro-TX, that are the three well known AR-
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mediated endocrine disrupting compounds. 

 

Food Additives 

More than 3000 substances could be added to the food depending on the different 

countriesô laws. In the search for xenoestrogens within food additives, the Joint FAO-

WHO expert committee database, containing 1500 compounds, was checked using an 

integrated in silico and in vitro approaches (Amadasi et al. 2009). The main question was: 

are we confident about the safety of food additives allowed? Docking and screening could 

assume the same meaning but, usually, screening is reserved to ñscreenò a huge number 

of molecules against one or more receptors based on ligand structure or receptor cavity 

structure. Both techniques can be applied in a pipeline to extract a smaller set of data from 

a big database (screening) to be docked within a receptor cavity. Wet-lab tests applied to 

predicted molecules identified propyl gallate as an antagonist and 4-hexylresorcinol as a 

potent transactivator (nanomolar concentration) based to in silico prediction. The final 

meaning is to consider these two compounds as probable ER interactors but not certified 

as poison. 

 

Bisphenols in food 

The bisphenol case is another example used to demonstrate that docking methods could 

be a valid approach to screen estrogenic and androgenic activity of food contact materials 

(FCMs) (Cavaliere, Lorenzetti, & Cozzini, 2020). One of the most common bisphenols 

is bisphenol A (BPA) or 4,4ǋ-isopropylidenediphenol (Fig. 7). This plastic, used to make 

many food containers, has been classified by the European Chemical Agency (ECHA) as 

a substance of very high concern (SVHC) for its toxicological effect on reproduction and 

its endocrine disrupting properties. EDCs can exert their adverse effects binding directly 

with the ligand binding domain of nuclear receptors interfering with the normal hormone 

response. Thus, a lot of efforts are made to find alternative molecules that can exert the 

same plasticizing effects in polycarbonate materials (Fig. 6) with no or lower adverse 

effects for human health. The estrogenic and androgenic effects of twenty-six different 

bisphenols (including seven BPA metabolites) have been evaluated using a mix of 

molecular docking and consensus scoring methods to evaluate the activity of some BPA 

alternatives and BPA metabolites. 
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Figure 6. The case of docking/scoring application on food contact materials: 

Bisphenols. 

 

Six different nuclear receptors (NRs) have been included in the analysis: three NRs for 

the estrogenic pathway and three NRs for the androgenic one. The ligand binding pockets 

of these NRs have different physico-chemical properties. Thus, two different molecular 

docking software and four different scoring functions have been applied to overcome the 

possible limitations derived by molecular docking package and to reduce the number of 

false positive across different targets. The results have shown that: i) some BPA 

metabolites could lower the harmful effects of BPA exposure; ii) Bisphenol S, a BPAô 

substitute, turned out a lower interactor for all NRs, except for androgen receptor (AR), 

for which its binding activity is found similar to a pharmacological anti-androgen; iii) 

only 2,2-Bis(4-hydroxyphenyl)propanol (BPAol), a BPA metabolite, was predicted as a 

lower interactor for all NRs considered. 

 




































































































































































































































































