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PREFACE

The objective of this book is to offer academia, government, regulatory agen-
cies, consumers, and those in the food industry knowledge of the breadth and 
depth of the multifaceted field of food toxicology. There are more than seven 
billion people and counting in the world today, and advances in food toxi-
cology have a direct bearing on food safety issues that are of concern to all 
of humanity for the foreseeable future. Massive globalization, industrializa-
tion, and commercialization have affected every aspect of food production, 
the food supply chain, and food consumption. The challenge of sustainable 
and safe food for everyone needs a multidisciplinary and multi-sectorial 
approach from related industries and the government sector alike. 

This volume, Food Toxicology: Current Advances and Future Chal-
lenges, offers important global perspectives of scientists and experts in areas 
related to biomarkers and nanosensors in food toxicology, toxicology of 
nanomaterials, chemicals in sanitation and packaging, food additives, myco-
toxins, endocrine disruptors, radionuclides, toxic metals, and waste-burning 
residues in food. The fourteen chapters in this the book effectively cover 
this broad range of topics. The discussion on biomarkers in food toxicolo-
gyprovides interesting information surrounding the biomarkers of exposure, 
effect, carcinogenesis, and susceptibility. The chapter on the mucosal expo-
some delivers an interesting perspective on the effect of dietary components 
on the endogenous mucosal microenvironment affecting host physiology. 
This chapter also discusses biomarkers involving responses ofthe mucosal 
exposome to toxicants. 

The toxicity of engineered nanomaterials used in food additives and food 
packaging is discussed in the chapter on the toxicity of ingested nanoma-
terials. Food incorporates numerous potentially toxic chemicals in its path 
from raw material to ingestion. Safety evaluation for such chemicals, espe-
cially during the processing and packaging of food, is detailed in the chapter 
on safety evaluation of chemistries used in the food and beverage processing 
and packaging industries. The chapter also puts in detailed context the 
direct and indirect dietary exposure of food contact substances as regulated 
primarily by the United States Food and Drug Administration (FDA) and the 
United States Environmental Protection Agency (EPA).
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The succeeding chapter on developmental neurotoxicity considerations 
for food additive safetyprovides adetailed overview of the developmental 
neurotoxicity (DNT) caused by food additives and theevolution of regula-
tory approaches for risk assessment through DNT testing methodologies. In 
context the chapter also sheds light on the structural neural development and 
the susceptibility of the developing brain to neurotoxicity. 

The chapter on the protective effect of food-grade lactic acid bacteria 
highlights the importance of exogenous antioxidants in our daily diet against 
oxidative stress due to reactive oxygen species (ROS) and reactive nitrogen 
species (RNS). In this volume the information on mycotoxins focuses on the 
important aspect of the fungal contamination of food grains and discusses  
risk assessment procedures and current and future mycotoxin mitigation 
strategies. The information in the book on endocrine disrupting chemicals 
lays out the common endocrine disruption chemicals in food harmful to 
human health along with an example-based exposure assessment of such 
chemicals. Further, the chapter on radionuclides in food provides an inter-
esting and detailed perspective surrounding the pathways of human expo-
sureand related health risks due to radionuclides through food sources. 

The information in the book on metal toxicity delineates recent advances 
in assessment of heavy metals in food affecting human health. The chapter 
on waste-burning residues in foods focuses on toxicological risks due to 
improper waste management in low-income countries. The chapter focuses 
on the routes of exposure and adverse health effects due the toxic resi-
dues found in food because of open-air solid waste burning. The chapter 
on epithelial to mesenchymal transition (EMT) provides an excellent over-
view on the biological process of EMT and explains its developing role as 
a valuable marker in ecotoxicology and food toxicology. Subsequently, the 
chapter on pesticide residues provides a great overview of the regulatory 
challenges, residue monitoring in food and water, and the detrimental impact 
of such pesticide residues to human and animal health. Finally the book also 
provides introduction to aptamers and focuses on the use of aptamers as 
powerful nanosensing tools in food toxicology. 

The book has involved the diligent efforts of 36 scientists and experts 
from 11 countries around the globe. It provides informative research for 
food scientists and researchers and others involved with food safety and 
toxicology. 

—Ashish Sachan, Canada
—Suzanne Hendrich, USA
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2	 Food Toxicology: Current Advances and Future Challenges

ABSTRACT

Major food toxicological interests arise from the need to estimate exposure, 
early effects, and individual variation in sensitivity reflecting the interac-
tion between exogenous and endogenous factors in the human body. To this 
end, “biomarkers” represent tools to measure response(s) (functional, physi-
ological, and biochemical) at the cellular or molecular level reflecting inter-
actions between a biological system and a potential hazard of a chemical, 
biological, and physical nature. Overall, three classes of biomarkers are 
identified: biomarkers of exposure, biomarkers of effect, and biomarkers of 
susceptibility. Selection of appropriate “priority” biomarkers is of critical 
importance to assess the risk and possible health-related outcomes of expo-
sure to individuals and population subgroups. The usefulness and character-
istics of pertinent analytical methods and technical considerations of each 
are discussed. Additionally, dietary toxicants which target gut microbiota 
can significantly impact different organs and tissues. Any adverse effect on 
the gut microbiota, which plays an important role in metabolism, can poten-
tiate some of these toxicants. Importantly, developmental processes during 
perinatal period in the nervous system are especially vulnerable by some 
food toxicants at doses that may not be toxic to mature systems. This chapter 
summarizes the current knowledge about biomarkers suitable for applica-
tion to the hepatic, renal, hematological, immune, pulmonary, reproductive, 
developmental, nervous system, and cognitive functions and those associ-
ated with carcinogenic mechanisms, as well as the assessment of risk to 
human health derived from food toxicants.

1.1  INTRODUCTION

In recent years, the nutritional richness of some foods as well as the innova-
tive marketing of several other fortified foods with potentially beneficial 
defined ingredients for health constituted an important driving force favoring 
their worldwide commercialization. For example, there is an increasing 
interest in some kinds of seaweed as a source of fiber and minerals as well 
as foods fortified with phytochemicals because of their hypocholesterolemic 
and antioxidant effects. However, these foods can be a source of naturally 
occurring toxicants such as heavy metals (i.e., arsenic, cadmium, lead) and/
or oxidized products produced during food processing and storage (i.e., 
phytosterol oxides). Moreover, the consumption of some staple foods also 
constitutes a significant source of some toxicants, for example, rice as source 
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of inorganic arsenic, and potentially immunogenic components, including 
gluten-containing cereals as innate modulators for celiac and overweight/
obese patients.

The toxicity and resulting threat to human health of food toxicant(s) is, 
of course, related to its concentration in the food. Increasing research efforts 
have been made to better understand and estimate exposure levels of natu-
rally occurring food toxicants or those produced during food processing 
and storage.1,2 Several scientific studies reveal that traditionally held view-
points of food toxicology in evaluating the concentration, physicochemical 
species, and evolution of the toxicant(s) as well as questionnaires about food 
frequency (FFQ) consumption usually overestimate toxicant(s) intake mean-
while food records often underestimate their dietary intake. Thus, FFQ need 
to be corrected according to physiological factors (i.e., biotransformation 
or factors that can affect the absorption of food/toxicant) to better compile 
toxicological information and predict health-risk assessments.

Food toxicological risk assessment implies major challenges because 
of the low doses to which humans are frequently exposed, so limiting the 
usefulness of experimental in vivo and in vitro models. Biomarkers constitute 
biological parameters reflecting interactions between a biological system and 
a hazard (physical, chemical, and biological or their metabolites) at cellular 
and molecular level.3,4 These biomarkers are, among others, tools to evaluate 
the risk and possible health-related outcomes to individuals and population 
subgroups. Because of their increasing availability and sensitivity, biomarkers 
are increasingly being used to explore the links between exposure and effect 
in order to establish causality.5 The contrast between individual variability 
and common characteristics becomes important to understand how behav-
ioral phenotypes, constructed as an environmentally driven diet physiological 
adaptation, influence susceptibility to food toxicants.

Analysis of tissues and body fluids for defined chemicals or derived 
metabolites as well as enzymes and other biochemical substances to iden-
tify the interaction of toxicant(s) with biological systems has been used.6 
Measurement of biomarkers has been recognized as an advantageous tool 
directly linking exposure with an internal concentration and potential 
outcomes as relevant to the health-risk assessment. In this scenario, data 
from experimental in vivo and in vitro models can be compared to the 
biomarkers response(s) to establish and refine biological parameters that 
may be used in hazard identification and exposure potentially approaching 
biological response(s) in humans. The reaction and health outcome to 
toxicant(s) exposure through food consumption highly depends on inherited 
or behavioral patterns, life-style, chemical form(s) of the toxic, and how it is 
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affected by household processes. Moreover, the critical dose–response rela-
tionship is difficult to estimate because of the physiological accumulation 
and biotransformation into tissues and organs as well as toxicant(s)-induced 
phenotype adaptations of these that will condition health outcomes to future 
exposure. Beyond risk factors, recent data suggest that food composition and 
its influence—on and interaction—with other dietary components as well as 
gut microbiota, and finally their crosstalk with the host’s intestinal immune 
system are important determinants of food toxicant(s).7,8

Importantly, there is a growing body of evidence that the intrauterine or 
early childhood exposure to food toxicants induce phenotype changes and 
important health outcomes later in life. Currently, this information is fore-
most limited to heavy metals exposure through rice and water consumption 
(i.e., arsenic),9–11 but it is largely inferential after long-term consumption of 
some oxidized derived phytochemicals and immunogenic components such 
as gluten. Thus, it points out the enormous importance to establish preventive 
nutritional intervention strategies stressing the need to limit the dietary intake 
of such components and the use of such foods as part of a balanced diet.

In this chapter, we summarized current knowledge about biomarkers 
suitable for application to several different physiological compartments 
and relevant systems. Additionally, identification of practicable biomarkers 
associated with different toxic end points or outcomes and usefulness and 
characteristics of pertinent analytical methods and technical considerations 
of each are discussed.

1.2  TAXONOMY OF BIOMARKERS

The term biomarker was first used in relation to a search for several classes 
of porphyrins in an attempt to establish the antiquity of terrestrial life.12 This 
term receives different meanings depending upon the focus of the study. 
Currently, the most relevant biomarkers refer to exposure, effect, carcino-
genesis, and susceptibility to other disease endpoints or adverse conditions 
and will be explained in further sections in this chapter. The National Insti-
tutes of Health Biomarkers Definitions Working Group defined the term 
biomarker as “characteristic that is objectively measured and evaluated as an 
indicator of normal biological processes, pathogenic processes, or pharma-
cologic responses to a therapeutic intervention.”13 According to this defini-
tion, biomarkers are not only used as indicators of the state/progress/impact 
of a toxic process but is also as an important instrument to investigate the 
relevance of the underlying toxicological mechanisms (Fig. 1.1).
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