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Chapter 36

Redox biomarkers in toxicology and
nutrition: the social link

Aristidis S. Veskoukis
Department of Nutrition and Dietetics, School of Physical Education, Sport Science and Dietetics, University of Thessaly, Trikala, Greece

36.1 Introduction

Toxicology is a fundamental scientific area whose basic ideas originate back to the 5th century BCE (Sykiotis et al.,

2005). At that time, Hippocrates, who has been characterized as the father of modern Medicine, introduced experiment

as a practice of medicine keeping science away from the superstitions dominating during his era. Furthermore, he per-

ceived the principle of pharmacogenetics according to which the efficiency or the potential harmful effects of drugs

(i.e., xenobiotics as we know today) are highly dependent on the genetic background of the recipient (Sykiotis et al.,

2005). During the 16th century CE, Paracelsus who is considered the father of toxicology, was the first to express the

notion that the dose makes the poison paving actually the way for the NOAEL (no-observed-adverse-effect level) on

xenobiotic administration (Tsatsakis et al., 2018).

On the basis of this idea, a new concept has emerged during the last 5 years, named as the real-life exposure scenario or

the real-life risk simulation (RLRS) (Tsatsakis et al., 2016, 2017). This is a novel approach according to which, humans get in

contact during their everyday life with mixtures of xenobiotics in small concentrations that are seemingly harmless.

Nevertheless, the effects of xenobiotic mixtures administered long term in small concentrations (far below NOAEL) have not

yet been elucidated. A limited number of studies so far have tried to shed light on this issue indicating that the long-term low-

dose regimen of xenobiotic administration on experimental animals exerts detrimental action on several health parameters

(Docea et al., 2016, 2018, 2019; Fountoucidou et al., 2019). In these terms, a perception shift, as previously defined, has been

formulated in the ideas in the field of toxicology (Veskoukis, 2020) (Fig. 36.1). This pioneering toxicological conception inte-

grates toxicology with two other research disciplines, namely redox biology and nutrition. On the one hand, the effects of the

long-term low-dose administration regimen of xenobiotics exerts noteworthy effects on blood and tissue redox homeostasis

and equilibrium, which are evaluated through the measurement of specific redox biomarkers (Veskoukis et al., 2019;

Fountoucidou et al., 2019; Docea et al., 2018). On the other hand, a concrete association between toxicology and nutrition has

been established. Indeed, since 1990 it has been stated that there are three basic elements in the field of nutritional toxicology

as follows: the influence of nutrition and diet on the response of an organism on xenobiotic administration, the effects of xeno-

biotics on the nutritional requirements and the function of nutritive substances and, finally, the toxic action of nutrients when

they are consumed in excessively high doses (Hathcock, 1990). This chapter will further delve into the decisive role of nutri-

tion on the outcome of xenobiotic administration on several health and well-being parameters and, especially, redox status by

examining the biomarker issue, as it has been previously defined (Veskoukis et al., 2019).

36.2 The biomarker issue in a wide range of scientific disciplines

The biomarker issue has been introduced as the rationale of adopting biomarkers in order to address scientific queries

(Veskoukis et al., 2019). It appears that the use of biomarkers is a valuable tool in order to approach questions in

diverse research areas. In medicine, several parameters measured in blood are related to pathologies. For example, the

elevated transaminases, commonly alanine transaminase and aspartate transaminase, are indices of liver damage

(Giboney, 2005). In exercise biochemistry, lactic acid levels in blood are increased after strenuous exercise followed by

a burning feeling in the muscular system and probably impairs exercise performance (Cairns, 2006). In the field of
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nutrition, elevated concentration of carotenoids and vitamin C have been related to adequate consumption of fruit and

vegetables through diet (Picó et al., 2019).

The term biomarker has been defined as a characteristic that is objectively measured and evaluated as an indicator of nor-

mal biological processes, pathogenic processes, or pharmacologic responses to a therapeutic intervention, by the Biomarkers

Definitions Working Group (2001). In the field of toxicology, there are two influential definitions of biomarker. One of them

has been given by the National Academy of Sciences (ENTOX/TIWET, 1996) and proposes that a biomarker is a xenobioti-

cally induced alteration in cellular or biochemical components or processes, structures, or functions that is measurable in a bio-

logical system or sample and the other is as follows: a physiological signal that reflects exposure, early cellular response, or

inherent or acquired susceptibilities, which provide a new strategy for resolving some toxicological problems (Silbergeld and

Davis, 1994). To this end, skeletal troponin T and myosin light chain 3 are promising biomarkers that indicate muscle toxicity

(Campion et al., 2013). Recent studies, however, have revealed that, since xenobiotics induce perturbations in redox equilib-

rium, redox biomarkers seem to be reliable indices for monitoring toxicity in blood and tissues (Docea et al., 2018;

Fountoucidou et al., 2019). The definition of the term redox biomarker has been given very recently as follows: a biological

entity that can be accurately and reproducibly measured and that might be: (1) an antioxidant molecule (e.g., glutathione, cata-

lase), whose concentration, activity, and/or structure are modified following interaction with reactive species (RS); (2) the pro-

ducts of the detrimental impact of RS on biomolecules (e.g., protein carbonyls, malonyldialdehyde); and (3) the RS per se

(Veskoukis et al., 2019). It has to be mentioned that tens of redox biomarkers have been recognized. Hence, it is a hard task

to pick the appropriate ones in order to end up with solid conclusions. It has, therefore, been proposed that the selected redox

biomarkers to be measured should be functionally and structurally clustered forming networks with translational potency

(Veskoukis et al., 2016a, 2018a,b, 2019). Two other key parameters that are inextricably linked to alterations in redox status

due to xenobiotics are nutrition and diet. It becomes evident that several traits of nutrient consumption such as the concentra-

tion, the frequency, and the genetic background of the recipient are fundamental in order to predict the role of nutrition as a

sociomarker (Ghezzi, 2020) on the redox status after administration of toxic substances. This is an idea that will be expanded

on later on in this chapter.

36.3 The role of redox biomarkers in the interpretation of perturbations in redox
equilibrium

Redox equilibrium in cell culture models (i.e., in vitro) and in vivo (i.e., experimental animals and humans) is normally

modified after implication of redox-altering stimuli (Veskoukis et al., 2019). Some very common treatments with this

FIGURE 36.1 The perception shift in

the ideas of modern toxicology.

Integration of the research fields of redox

biology, through the adoption of redox

biomarkers for the evaluation of perturba-

tions in redox homeostasis, and nutrition,

since diet is a decisive factor for assessing

the effects of xenobiotic administration on

the basis of the real-life exposure scenario

or, alternatively, the real-life risk simula-

tion concept emerged at the research area

of toxicology.
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characteristic are antioxidant administration (i.e., nutritional interventions); exercise; administration of xenobiotics (the

following section will focus on such studies); and numerous pathologies. The available literature indicates that it is not

clear whether the aforementioned stimuli change redox homeostasis toward a specific direction at the redox continuum,

meaning that it is difficult to characterize any given treatment as antioxidant or prooxidant (Veskoukis et al., 2020).

This fact can be insightfully characterized as the Rashomon effect (Nikolaidis and Margaritelis, 2018). Although the

administration of an antioxidant could easily be considered a beneficial treatment, experimental findings have revealed

a Janus-faced action of antioxidant substances, which can either be harmless or even detrimental, especially in exercise

context (Margaritelis et al., 2018). In this line of evidence, antioxidants are necessary in order for any individual to

obtain useful adaptations but they may also act as foe (Veskoukis et al., 2008, 2009, 2010, 2012a, 2016b; Kerasioti

et al., 2012). Therefore the personalized regimen for antioxidant administration has emerged during the last few years.

This is an approach based on the idea that an antioxidant is beneficial if the baseline values of endogenous blood anti-

oxidants of the recipient are low, meaning that the possibilities to be beneficial are high due to the increased need of an

organism for this compound (Margaritelis et al., 2018; Spanidis et al., 2018). This concept also applies to studies that

examine the amelioration of the symptoms of several diseases after antioxidant supplementation, however, it is even

harder to foresee the way of action of a compound with either plant or animal origin (Veskoukis et al., 2012a,b, 2020;

Kerasioti et al., 2019; Kouka et al., 2020).

Concerning the impact of antioxidants on redox-related diseases, it appears that it is rather complicated to reveal it.

Indeed, taking cancer as an example, although it was believed until recently that antioxidants could serve as therapeutic

factors, it has lately been demonstrated that RS are detrimental for cancer cells and therefore antioxidants largely con-

tribute to cancer progression and metastasis (Le Gal et al., 2015). This and other similar experimental evidence clearly

show that RS do not exert clinical significance, according to the current knowledge (Veskoukis et al., 2020). In particu-

lar, it is not yet known whether specific RS possess a cause-effect relation to redox-related diseases (e.g., cardiovascu-

lar, cancer, diabetes) (Ghezzi et al., 2020; Veskoukis et al., 2020). This is an essential issue in the field of redox

biology since it partly explains the dual role of antioxidants as putative therapeutic factors. The use of redox biomarkers

is a valuable tool in order to evaluate the effects of antioxidants on disease, as was stated in the previous paragraphs.

36.4 Redox biomarkers in toxicology and nutrition

It is established that toxicological and nutritional interventions, apart from their potential impact on health-related para-

meters and pathology onset, are able to alter redox equilibrium throughout the redox continuum. Administration of

xenobiotics and antioxidants usually modifies redox homeostasis either by generating useful adaptations or by inducing

disruptions in redox signaling, thus oxidative stress (Jones, 2006; Veskoukis et al., 2012b; Docea et al., 2018;

Fountoucidou et al., 2019). Such alterations are usually monitored through the measurement of networks of redox bio-

markers (Veskoukis et al., 2016a, 2018a). Several studies have examined the effects of xenobiotic administration on

oxidative stress and they have largely correlated xenobiotic toxicity with impaired antioxidant defense and oxidative

modifications of macromolecules (Deavall et al., 2012; Docea et al., 2018; Fountoucidou et al., 2019). However, short-

term administration of mixtures of xenobiotics in concentrations far below NOAEL produces useful adaptations allow-

ing the organism to overcome the detrimental action due to their bioaccumulation in blood and tissues, a finding that is

inverted after long-term administration (Docea et al., 2018; Fountoucidou et al., 2019). Similarly, the effects of nutri-

tional supplements or plant- and animal-derived antioxidants seem to be twofold, due to parameters analyzed in the pre-

vious paragraphs (Veskoukis et al., 2012a; Draganidis et al., 2016; Kourtzidis et al., 2018). It can be deduced, hence,

that irrespective of the outcome of toxicological or nutritional interventions, redox biomarkers are appropriate indices

in order to depict alterations in redox status that are associated with pathological conditions (Veskoukis et al., 2020).

36.5 Nutrition, toxicology, and redox biology: an interplay

The role of xenobiotic administration as a redox-altering stimulus (i.e., able to change and even disrupt redox homeosta-

sis monitored by measuring redox biomarkers) and as a treatment that induces toxicity and several related pathologies

has been examined in the previous sections of this chapter. The ability of nutrition to induce alterations on redox status

in vivo assessed by measuring redox biomarkers has also been discussed. However, in terms of interplay between the

research areas of nutrition, toxicology, and redox biology, nutrition and diet are key factors for assessing the impact of

toxicological treatments on blood and tissue redox status.
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36.5.1 Nutrition, a sociomarker

Nutrition, a fundamental parameter of human existence, is considered a sociomarker (Ghezzi, 2020). Therefore we will

make an effort to introduce the concept of sociomarkers in parallel with biological markers (i.e., biomarkers) and to

associate it with the health impairment and the disease onset keeping toxicity assessment in the spotlight. Nutrition and

toxicity of xenobiotics are basic factors that putatively influence detrimentally human health. Health is a commodity

with both a biological and a social nature. Indeed, disease is the biological branch formulated in our case by the toxic

action of xenobiotics and factors such as nutrition constitute the social side of health. Although it seems to be rather

clear how xenobiotic administration affects health, the case for nutrition is not. Interestingly, malnutrition or poor nutri-

tion, probably due to other social factors, namely poverty and social exclusion, definitely acts negatively on health, but

this is not the case for nutritional antioxidants. We have to keep in mind that it is difficult to guess whether specific

antioxidants are anticipated to exert positive or negative effects unless parameters like the biological role and the con-

centration of the administered antioxidant or the genetic background and the baseline values of some crucial antioxi-

dants (i.e., reduced form of glutathione, uric acid) in the blood of the supplemented individuals are taken into account

(Veskoukis et al., 2020; Margaritelis et al., 2018).

36.5.2 Sociomarkers and biomarkers: the nutritional approach

In the next three paragraphs, the sociological aspect of the complicated role of nutrition on human health when com-

bined with xenobiotic administration will be analyzed and its significance will be advanced (Fig. 36.2). In fact, the eval-

uation of the effects of nutrition is carried out with the measurement of specific surrogate endpoints, which are

biological markers or biomarkers (Veskoukis et al., 2019). When examining how nutrition affects redox homeostasis,

redox biomarkers are adopted, a practice that has been defined as the biomarker issue (Veskoukis et al., 2019). It may

look like redox biology and toxicology are going retro, but the approach of measuring redox biomarkers is utterly corre-

lated to the sociological aspect of biological sciences, as it will be shown herein (Margaritelis et al., 2016; Ghiara and

Russo, 2019). The definition of the term redox biomarker has been given recently (Veskoukis et al., 2019). The socio-

markers, on the other hand, have also been characterized as social measures that allow researchers to comprehend how

social parameters (i.e., nutrition, poverty, financial condition) affect the biology of human organisms individually

(Ghiara and Russo, 2019; Ghiara, 2020). If we try to parallelize biomarkers and sociomarkers, it could be concluded

that biomarkers can be used in order to reveal the cause-effect relation of exposure to xenobiotics with disease onset on

the biological level, whereas sociomarkers offer a sociological extension to this notion. It is worth mentioning that the

FIGURE 36.2 Nutrition in the middle of a continuum formulated by toxicology and redox biology. Nutrition is a sociomarker and a decisive factor

for the evaluation of the effects of xenobiotic administration on redox homeostasis. Redox biomarkers, when sorted in functional and structural groups,

exert translational potency.
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idea of adopting sociomarkers tackles a common obstacle, which is the measurement of the social (Ghiara and Russo,

2019).

This interplay between socio- and biomarkers probably seems extraordinary in the eyes of a natural scientist.

However, it is indisputable that social sciences can serve as a precious partner in order the researchers to evaluate pil-

lars of nutrition (i.e., antioxidant supplementation, nutritional habits) that determine the final outcome of toxic agent

administration on the redox continuum. Several studies have shown such an interplay. Particularly, the nutritional habits

of individuals can be affected directly or indirectly by differential social factors, and are also probably characterized as

both sociomarkers and social determinants (Braveman et al., 2011). To that end, the alterations of nutritional back-

ground due to sociomarkers can contribute to detrimental or beneficial changes of systemic and tissue redox status.

This idea is in parallel with the meet-in-the-middle biomarker concept introduced by Vineis and Perera (2007). This is a

concept referring to how specific (redox) biomarkers could acquire clinical relevance, which is a question without an

answer so far (Veskoukis et al., 2020). In detail, biomarkers altered in retrospective studies (which move from back to

forth examining effects of a treatment on specific biomarkers during a long or shorter period of time) could form a

causal relation with certain diseases if these biomarkers are also related to these pathologies in prospective studies

(which move from forth to back examining effects of a treatment on specific biomarkers in subjects that have been trea-

ted and others that constitute the control group) during a long or shorter period of time (Vineis and Perera, 2007). Thus

the clinical significance is assessed in the middle of the route between a prospective and a retrospective experimental

approach. Being on the same page, the altered redox biomarkers after xenobiotic administration (moving from back to

forth) should be more correctly evaluated in terms of their clinical significance if the nutritional habits of the baseline

values of systemic antioxidants of the subjects are taken into account (moving for forth to back). This meet-in the-mid-

dle notion that introduces the essential role of a sociomarker (i.e., nutrition) in the manifestation of the putative altera-

tions of redox status after exposure to xenobiotics gives the opportunity to make one step forward toward answering the

question whether specific redox biomarkers exert clinical significance (Vineis and Perera, 2007; Veskoukis et al.,

2020). In this case, this concept is introduced by the author as the pendulum-like methodological concept for evaluating

the putative clinical significance of redox biomarkers, on the basis of the biomarker-issue notion integrating the

research areas of toxicology, redox biology, and nutrition. This concept is depicted in Fig. 36.3.

The sociological aspect of biology under the frame of the biological action of xenobiotics guided by nutrition is an

interesting idea that will probably lead to the answer of crucial questions in the related fields. Insightful studies have

correlated biomarkers, namely inflammatory indices that are conterminous to redox biomarkers with social factors indi-

cating sociomarkers as basic pillars at the epistemological level of redox biology and toxicology (Castagné et al.,

2016). The association of social aspects with disease etiology has also been proposed showing an inextricable link

FIGURE 36.3 The pendulum-like methodological con-

cept. A conceptual model that incorporates the meet-in-

the-middle notion, as introduced by Vineis and Perera

(2007), in order to offer a clue for the evaluation of the

putative clinical significance of redox biomarkers.
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between sociomarkers and pathology, parallelized in our case with nutrition or diet and toxicity of xenobiotics exam-

ined in the frame of a redox-related outcome (Berkman et al., 2000; Vineis et al., 2017; Kelly and Russo, 2017; Ghiara

and Russo, 2019). It is concluded that although the sociological approach of toxicology and redox biology, considering

nutrition as the link between biological and social sciences, is at its nascent stages it is worth examining this aspect as

it is anticipated to offer mechanistic answers (Fig. 36.4).

36.6 Concluding remarks

Toxicology, redox biology, and nutrition are interrelated research disciplines. A key effect of xenobiotic administration

under the long-term, low-dose regimen as dictated by the perception shift in the ideas of modern toxicology (i.e., the

real-life risk simulation or, alternatively, the real-life exposure scenario concept) is the alteration of redox equilibrium.

Redox biomarkers are usually measured in order to evaluate this effect, taking into account nutrition, which is a deci-

sive sociomarker for ending up at safe, clinically relevant conclusions. However, the clinical relevance of redox biomar-

kers has not yet been established, since it has been shown that several redox biomarkers are the outcome of several

redox-related pathologies, although their cause-effect relation to clinical outcomes has not been proven. Therefore a

new conceptual model, called the pendulum-like methodological concept, was introduced herein in order to offer a clue

toward the evaluation of the putative clinical significance of redox biomarkers.
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