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Abstract

ABSTRACT

The primary aim of this research was to develop and apply the estrogen (MMV-Luc) 

and androgen (TARM-Luc) responsive reporter gene assays (RGAs), previously 

developed by Willemsen et al. (2004), in the screening of sport supplements for 

endocrine disrupters (EDs). This included the development of a general extraction 

procedure suitable for a range of sport supplements, the validation of both bioassays, 

a survey of 116 sport supplement samples and the demonstration of their suitability 

as a routine laboratory testing tool.

Validation according to Commission Decision 2002/657/EC (validation of analytical 

methods), was carried out on the estrogen and androgen RGAs coupled with sample 

preparation procedures as described in Chapters 3 and Chapter 4. Both these RGAs 

are based on mammalian breast cancer cell lines (MCF-7 and T47D) and a luciferase 

reporter gene. The extraction procedure was based on a dispersive solid phase 

extraction known as the ‘QuEChERS’ method. Validation was followed by the 

analysis of certified negative and positive control samples (Chapter 3) provided by 

the Horseracing Forensic Laboratory (HFL), UK. Consequently, the screening of 

116 sport supplements available on the Island of Ireland was performed and the 

suitability of the developed method for the monitoring of EDs in sport supplements 

was proven.

The second aim of the project was to assess the risk posed to human health by the 

levels of estrogenic (Chapter 5) and androgenic (Chapter 6) EDs detected in the 

supplements. A risk assessment was performed by combining an exposure 

assessment study, based on the RGA results, with levels of 17p-estradiol and 

testosterone shown to cause detrimental effects in animals and humans, as reported in 

epidemiological and animal studies within the literature. The levels of EDs detected 

(equivalent to 17p-estradiol and dihydrotestosterone) in the sport supplements were 

also compared with the acceptable daily intake (ADI) of these hormones and the 

amount of hormones that people are exposed to via food and water.

Finally, estrogenic EDs were divided into two categories: plant based compounds 

called phytoestrogens and a group of natural and synthetic estrogens (endogenous 

hormones and xenoestrogens). The exposure and risks connected with these two 

groups of estrogenic compounds were assessed separately (Chapter 5). Subsequently, 

the influence of genistein, a phytoestrogen most commonly present in food, on

IV



Abstract

endogenous human blood levels of estrogen hormones (a mixture of 17|3-estradiol 

and estrone) was investigated by two estrogenic bioassays, RGA and low 

oligonucleotide DNA microarray (Chapter 7). Additionally, a comparison of these 

two bioassays was made as described in Chapter 7.
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1. Introduction.

1.1. Endocrine disrupters.

Endocrine disrupters (EDs) are a group of compounds that have gained much 

attention from scientists over the last twenty years. An ED is defined by The 

European Commission (1996) as 'an exogenous substance or a 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.’ EDs include both natural 

and synthetic compounds and can originate from many sources as illustrated in Table

1.1. Exposure to EDs can result in the disruption of the body’s endocrine system and 

as determined by The World Health Organisation (Damstra et ai, 2002; Purdom et 

al, 1994] can cause adverse developmental, reproductive, neurological, and immune 

effects in humans and wildlife.

Exposure to EDs may be through a multitude of routes and sources as reported by 

Hartmann et al. (1998); Legler and Brouwer (2003) and Sonnenschein and Soto 

(1998). Sources include products such as cosmetics, pesticides, detergents, flame- 

retardants, plastic bottles, metal food cans, toys and many others. However, it is 

widely accepted that one of the major routes of exposure is through the diet 

[Connolly, 2009]. Health foods such as sport supplements may be one type of 

foodstuff that is especially hazardous due to their possible environmental, accidental 

and additionally deliberative adulteration.

1.1.1. Endocrine system.

The hypothalamus is the principal controller of the body’s endocrine system and 

metabolic activities. It receives signals from the central nervous system and 

communicates them to the pituitary gland by releasing hormones. Subsequently, the 

anterior pituitary controls the activity of other peripheral endocrine glands by 

secreting tropic hormones including luteinising hormone (LH), which stimulates the 

release of steroid hormones in the ovary and testes; adrenocorticotropic hormone 

(ACTH), which stimulates the adrenal cortex; and follicle-stimulating hormone 

(FSH), which is responsible for maturation of eggs and sperm. Further steps in the 

hormone signalling pathway include:

• biosynthesis of hormones,

• storage and secretion,

• transport,

2
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A
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1. Introduction.

• recognition and interaction of hormone with receptors on the cell membrane 

or intracellular protein,

• cellular response.

The steroid hormone’s pathway is the most important to consider because the steroid 

hormones represent the strongest natural equivalents of endocrine disrupters. Genes 

encoding for steroid hormones and enzymes related to their production pathways are 

present in the majority of cases within the adrenal cortex, testes, ovaries and/or 

peripheral. The synthesis of steroid hormones and related enzymes also take place in 

the environment.

Min eralo conic aids 
(21 carbons)

AldosteroneCl'olesterol

Cho lester ol side -chain

Deoxy-

Cortcosterone
Yea icnolone

L7a-hydroxylase

Cortisol

17.2 0 yase Glucocorticoids 
(21 caibons)

17(1 -HSD Eotrio

Estradd

Cellular location 
u( enzymes
Mitochoidria

Smooth endoplasmic 
reticulum

Dlhydotestosterore

Figure 1.1. Steroidogenesis pathway. [Boron and Boulpaep, 2003]
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1. Introduction.

From an endocrine disruptor point of view, the key areas of disruption are connected 

with hormone production pathway (steroidogenesis) (Figure 1.1), hormone-receptor 

interaction and the events that follow [Tabb and Blumberg, 2006]. Shang et al. 

(2002) describes the steroid hormone signalling pathway in detail as outlined in 

Figure 1.2.

hormone signalling pathways

&heat shock wr 2 
protein

i
MAPK

Mitogen Activated 
Protein Kinase

coregulators

(ncorX,

7 <“•

transcription

gene

Figure 1.2. Steroid hormone signalling pathway. The steps of steroid action include: 
hormone binding (1), chaperone interaction (2), nuclear translocation (3), receptor 
dimerization (4), DNA binding (5), putative membrane-bound receptors (6), co
regulator recruitment (7), transcription (8), proteosomal degradation (9), modulation

5



1. Introduction.

by cellular signalling pathways (10), and antagonist resistance (11). Abbreviations: 
hormone (H), steroid hormone receptors (SHR), hormone responsive elements 
(HREs), tamoxifen (T), heat shock proteins (HSP) [Grienkspoor et ai, 2007].

Steroid hormones are synthesised within the cell cytoplasm. They may act directly 

within the same cell, on an adjacent cell or can be transported in the blood to act on 

different cells within various tissues of the organism. A hormone can enter the cell 

by passive diffusion through the cell membrane into the cytoplasm where it binds to 

its specific intracellular receptor protein. The steroid hormone receptor family is 

presented in Figure 1.3. Each receptor contains four domains beginning with a 

variable N-terminal domain that has AF-1 transactivation region, DNA binding 

domain, flexible hinge region and C-terminal ligand binding domain containing the 

AF-2 transactivation region. The estrogen receptor a is composed of a C-terminal F 

domain.

DBD LBD

GR A/B

PRb A/B

A/B

777

933

770

902

MR A/B 984

AF-1 AF-2
Figure 1.3. Steroid hormone receptor family. Receptors are built from four domains 
including: N-terminal domain (A/B), DNA Binding Domain (C), flexible hinge 
region (D) and C-terminal (E). The estrogen receptor a is composed of C-terminal F 
domain. The length of receptor varies and depends on the number of amino acids 
they are built from [Grienkspoor et ai, 2007]

Steroid hormone - receptor interaction leads to the dissociation of heat-shock 

proteins and immunophilins from the receptor. This in turn results in conformational 

changes of the hormone-receptor complex. The hormone-receptor complex then 

translocates to the cell nucleus, where it dimerizes and in the presence of stabilizing 

agents interacts with DNA in a specific nucleotide palindromic sequence called
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1. Introduction.

hormone responsive elements. Finally, in the presence of other co-regulators the 

transcription of appropriate genes begins [Aron et al, 2007]. Gene transcription may 

be modulated by receptor antagonists like tamoxifen. All steps involve the presence 

of secondary messengers which may be stimulated or inhibited by other compounds 

such as hormones, ions, nutrients or the concentration of binding globulins in plasma, 

neurons and mental activity as well as various environmental changes. The hormone 

signalling pathway is monitored through an endocrine feedback system, where 

various signalling pathways between cells enable the control of hormone 

concentrations. The intended action of a released hormone on its target tissue may be 

disrupted due to agonistic or antagonistic effects of an endocrine disrupter [Nussey 

and Whitehead, 2001].

1.1.2. Steroid Hormones.

Steroid hormones are produced from free cholesterol present in plasma lipoproteins 

or through synthesis in the gland from the acetate. The type of steroid hormone 

produced is dependent on the specific enzymes involved and can be from any of the 

following five groups; glucocorticoids, mineralcorticoids, progestagens, androgens 

and estrogens as presented in Figure 1.1. [Bowen, 2001],

Once produced, steroids may circulate in unbound-active or bound-inactive form. 

However, the half-life of unbound-active hormones is quite short and specific for 

each hormone. That is why almost all steroid hormone molecules present in blood 

are bound to plasma proteins [Aron et al, 2007], Hormones which are in the active 

state will bind specifically to their group receptors and have a different role 

depending on target tissues. The representatives of the endogenous and synthetic 

steroid hormones and their role in human body are summarised in Table 1.2. 

Glucocorticoids are fundamental for life. They are involved in many physiological 

cardiovascular, immunological, metabolic and homeostatic processes due to the 

presence of glucocorticoid receptors in almost all cells in vertebrate tissues. They 

have anti-inflammatory activity and may modulate behaviour as well as regulate 

stress responses. One example of natural glucocorticoids is cortisol and its pre

cursor, cortisone. The active forms of glucocorticoids have an 1 l|3-hydroxy-goup, 

while the less active 11-keto forms are effective pro-hormones [Connolly et al, 

2009; Reichard et al., 2000; Newton, 2000, Leung and Bloom, 2003],
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1. Introduction.

The mineralcorticoids include the hormones aldosterone and 11-deoxycorticosterone. 

Their main function is to control the excretion of salt, potassium and water [Bowen, 

1999; Aron et al, 2007].

Androgens play a major role in the stimulation and control of male sex 

characteristics, spermatogenesis and inhibition of fat deposition. Androgens are also 

anabolic hormones, which stimulate muscle mass production, influence human 

behaviour and stimulate erythropoiesis [Braunstein, 2007]. There are many androgen 

hormones, including testosterone, the less potent dehydroepiandrosterone (DHEA), 

androsterone, androstenediol and androstenedione to the strongest anabolic 

androgenic steroid (AAS), dihydrotestosterone. In males androgens are synthesised 

and secreted from the testes, adrenal gland or peripheral conversion; depending on 

the androgen hormone type. However, in females androgen synthesis and secretion is 

controlled by the ovaries [Sinha-Hikim et al, 2004; Bolander, 1989; Nussey and 

Whitehead, 2001],

Another group of steroid hormones are the estrogens, primary female sex hormones. 

Estrogens regulate growth, development and function of the female reproductive 

system. Additionally, their role is to promote the development of female secondary 

characteristics. Estrogens are produced in the ovaries and placenta through metabolic 

conversion of androgens using the enzyme aromatase (CYP19). The three main 

natural estrogens produced by the body are estradiol, estriol and estrone. However, 

there are many naturally occurring or synthetic compounds that have estrogenic 

activity. These include xenoestrogens (synthetic), phytoestrogens (plant originated) 

and mycoestrogens (fungal origin) [Oh and Philips, 2006; Nussey and Whitehead, 

2001],

The major progestagen secreted is progesterone. Progesterone plays an important 

role in the female menstrual cycle, during pregnancy and embryogenesis. During 

pregnancy, this hormone is synthesised in the adrenal glands, gonads, brain and 

placenta. Progestagens also display anti-estrogenic and anti-gonadotropic activity in 

their ability to counteract the effects of estrogens and inhibit sex steroid synthesis 

[Pan et al, 2007],

1.1.3. Mechanism of action.

The two groups of introduced steroids, including androgens and estrogens, are of the 

highest importance due to their physiological effects, with respect to the problem of

9



1. Introduction.

food and especially sport supplements contamination. The problem concerning 

hormonal disruption activity, in food, has been the focus of research for many 

scientists all over the world for last few decades. The best known mechanism of 

endocrine disruption is connected with hormone-receptor interaction. Endocrine 

disrupters may disrupt steroid hormones by mimicking, antagonising or blocking 

their receptors. They may also interfere with the production, secretion or metabolism 

of hormones or their nuclear receptors [Sonnenschein and Soto, 1998]. The possible 

effects of disruption of the hormone-receptor interaction by androgenic and 

estrogenic contaminants were pointed out by Miller et al. (2000), and included the 

induced protein synthesis pathway, the endocrine-regulatory system as well as the 

immune response system and decrease of immune surveillance-associated protection. 

However, Tabb and Blumberg (2006) present other possible modes of action 

including modulation of hormone metabolism, nuclear receptor co-activators and 

degradation of nuclear receptors. An interesting new chemical was discovered by 

Chen et al. (2008), which had very low or even no hormonal activity but was able to 

significantly enhance the androgen-mediated transcription by increasing the 

androgen receptor protein expression in investigated cells. Today, scientists consider 

hormonal and anti-hormonal endocrine disrupters as agents which act through 

receptor or steroidogenic enzyme mechanism [Gray et al., 1997].

1.2. Sport supplements.

1.2.1. Definition and legislation.

Sport supplements are a type of food supplements, defined under the European 

Communities (Food Supplements) Regulations 2007, (S>I. No. 506 of 2007) by the 

Directive, 2006/37/EC as:

‘Foodstuffs the purpose of which is to supplement the normal diet and which are 

concentrated sources of nutrients or other substances with a nutritional or 

physiological effect, alone or in combination, marketed in dose fonn, namely forms 

such as capsules, pastilles, tablets, pills and other similar forms, sachets of powder, 

ampoules of liquids, drop dispensing bottles, and other similar forms of liquids and 

powders designed to be taken in measured small unit quantities ’.

In the quoted directive it is clearly stated that food supplements are not medicinal 

products (Directive 2001/83/EC). They can not contain any substance or combination 

of substances having restoring, correcting or modifying functions but can enhance
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the performance and overall health of organism. The directive contains information 

regarding the product’s labelling, presentation and introduction to the market. 

Further more, ‘The Prohibited List 2011’ introduced by The World Anti-Doping 

Agency (WADA) has particular relevance with respect to sport supplements. This 

document includes a list of prohibited substances and methods; anabolic agents, 

particularly AAS (both exo- and endogenous), are the most important group of 

compounds.

1.2.2. Consumers and market.

The current market of sport supplements is continuously developing and 

consumption of these products is on the increase. The main claims of this type of 

foodstuff are that they should be beneficial, supportive and have favourable effects 

on human health. In other words, supplements should deliver to our body all the 

necessary nutritional elements required to maintain good health and avoid deficiency 

of any essentials. The extensive market created through the sale of these products 

provides evidence of the concerns that the general public have about their health and 

diet. Depending on people’s needs there are many products available commercially, 

which include but are not limited to vitamins, minerals, herbs and plant based 

products, amino acids, antioxidants, proteins, fish oils, fatty acids and carbohydrates 

as outlined in Figure 1.4.

The wide range of supplement products available has caught the interest of many 

different groups of people. Even though sport supplements are most often associated 

with the world of sports, they are becoming more popular with amateurs. This 

encourages the increasing number of companies manufacturing the supplements to 

continuously develop new products. Depending on their destination, supplements 

may be classified into four groups: women’s and men’s health; fitness and nutrition; 

body building and digestion and weight control. Sport supplements are widely 

available in a range of outlets including supermarkets, pharmacies, sport’s shops, 

health food shops, gyms and the internet.

From a food safety point of view, control of the sport supplements market is very 

important issue. Manufacturers most often assure consumers about the amazing 

beneficial health effects of their products. These are very difficult or impossible to 

achieve through normal diet and exercise. This fact raises the anxiety of possible 

contamination of supplements with substances that could achieve the intentional
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Figure 1.4. Example of sport supplements available on Island of Ireland.

goals. While the vendor’s compliance with relevant legislation, described in the 

previously mentioned directive, can be monitored in shops; products available on the 

internet are beyond any controls.

1.2.3. Contamination.

For particular products and people who are their consumers, the source of endocrine 

disruption is of a great concern (Figure 1.5). The potential presence of any 

compound, having disrupting activity on the bodily endocrine system, may be caused 

by its natural presence in a foodstuff or by three possible ways of contamination 

distinguished as deliberative, accidental or environmental. The risk and type of 

contamination depends on the product type, the area that a given company is 

specialized in and the ingredients employed but also on the chemicals and packaging 

used in production process.

12
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Figure 1.5. Sport supplements available on the worldwide market that may be 
potentially contaminated with endocrine disrupting compounds. [Food supplements, 
n.d.]

1.2.3.1. Deliberate adulterations.

The first kind of contamination is intentional. The food products include banned 

ingredients like hormones, hormone metabolites or prohormones that may be of plant 

origin, naturally occurring in humans or synthetic compounds. Additionally, 

hormonal precursors can be inserted, whose biological action is activated 

morphologically or by hydrolysis within the body. Presence of various substances, 

with the ability to stimulate the action of the endocrine system, is also possible.

1.2.3.2. Accidental adulterations.

This type of adulteration may occur in products from companies that use hormone 

active substances for purposes other than sport supplement production and where 

GMP (Good Manufacturing Practice) is not rigorously obeyed. Contamination can 

occur when the processing of a particular product follows one involving a hormone 

active substance if proper cleaning procedures have not been implemented. This type 

of adulteration can occur easily, but the amounts of contaminants are so small that 

they are very difficult to detect.

There are few scientific confirmations of deliberative or accidental adulterations in 

sport supplements. Geyer et al. (2004) presented results of the analysis of 634 

nutritional foodstuffs bought in 13 different countries and produced by 215 various 

companies. Data showed the occurrence of AAS in about 15 % of investigated 

samples, which were supplements in the form of tablets, capsules and powders. 

Another study found that dietary supplements may contain ingredients that are not 

acknowledged on the product label [Baume et al. 2006]. A total of 103 products,
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ordered from the internet, were analysed; in three samples high amounts of steroid 

hormone, metandienone, were detected; one sample contained traces of hormones 

and prohormones, and in 14 samples prohormones not included on list of ingredients 

were found. Anabolic steroid contamination of sport supplements was described by 

Rijk et al. (2009), in a survey that included 18 products. In 11 the presence of 

testosterone, boldenone, and prohormones was confirmed and in two others 

hormonal activity was detected. In another study Delbeke et al. (2003) found banned 

prohormones in the form of testosterone and nandrolone precursors, and also other 

anabolic steroids were detected in the sport supplements analysed. Additionally, the 

product named ‘Lean system 7’ or ‘7-keto’ (manufactured by Enzymatic Therapy, 

Green Bay, WI, USA) which contains 7-keto-DHEA was investigated. It was proven 

that when ingested, this ingredient significantly increases the amount of 

7-hydroxylated DHEA, as well as causing the presence of the 7-hydroxy- 

androstenedione metabolite in the body. Both metabolites are important regarding 

doping analysis. Moreover, Maughan (2005) confirmed that contamination of 

investigated nutritional supplements with anabolic steroids and regulated substances 

like testosterone and veterinary drugs led to the production of positive doping 

samples. The study included 100 athletes, who are national-level competitors from 

different disciplines. It appeared that 84 % of them consumed sport supplements and 

while some are guilty of intentionally taking banned additives, there are some who 

are unjustly accused of doping.

1.2.3.3. Environmental adulterations.

Environmental contamination of sport supplements is largely connected with 

packaging material, manufacturing processes and the main ingredients that the 

product is composed of. Adulterations may appear, because the processed 

supplement has come into contact with industrial chemicals, plasticizers, surfactants 

or preservatives; if it is plant based, it that may be the result of a component’s 

previous treatment with pesticides or herbicides, which are confirmed to be ED.

These endocrine disrupting chemicals called xenoestrogens act through the 

commonality of their structures with estrogenic compounds allowing them to interact 

with the estrogen receptor, otherwise known as structure-activity relationships as 

described by Fang et al. (2001). One of them, Bisphenol A [Yang et al. 2006], a very 

well known endocrine disruptor and one of the largest volume produced chemicals in
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the world, is widely used in the production of drinking water containers, baby 

bottles, dental sealing and the internal coating of food cans (Figure 1.6 a, b). 

Industrial compounds, such as phthalates, used as plasticizers in packaging materials 

are readily released and transfer to the food products. Alkylphenols, nonionic 

surfactants, are ubiquitous in food due to their wide application as industrial and 

household liquid detergents (Figure 1.6 c). Guenther et al. (2002) described the range 

of pathways that allow a prevalent subgroup of alkylphenols, nonylphenols, to 

contaminate food at different stages of production. First one, that is considered, 

includes the use of these compounds as detergents and cleaning agents or as 

emulsifiers in pesticide formulation. Second, lipophilic nonylphenols are used as wax 

coats for fruits and vegetables or as a source for plastic packaging materials (Figure 

1.6 d, e). Polychlorinated biphenyls (PCBs) were produced for approximately 

40 years until 1970s as heat exchange and dielectric fluids. PCBs that have 

accumulated in the environment, including water, air and soil, can be ingested by 

humans via consumption of fish, meat or plant products (Figure 1.6 f, g, h). The 

pesticide DDE (l,l-Dichloro-2,2-9P-chlorophenyl)ethylene, which is banned in most 

European countries, is a stable metabolite of DDT. Once used widely on agricultural 

crops (Figure 1.6 h), it can enter the human body via food, inhalation or dermal 

contact [Yang et al, 2006; Whitehead and Rice, 2006; Masuyama et al, 2000], 

Brominated flame retardants are organobromide compounds that have estrogenic 

activity and have entered the food chain through environmental contamination 

[Legler and Brouwer, 2003].

a)
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Figure 1.6. Examples of the contamination of food products with EDs and their 
possible sources including: a) plastic water containers, b) metal food cans, c) 
detergents d) plastic food packaging, e) plastic food containers, f) fish containing 
environmental contaminants, g) meat containing veterinary drug residues and 
environmental contaminants, h) vegetables exposed to pesticides, fungicides, 
insecticides, etc. [Plastic bottles, n.d.; Food cans, n.d.; Detergents, n.d.; Food in 
plastic packaging, n.d.; Plastic containers, n.d.; Meat, n.d.; Vegetables, n.d.]

Additionally, some of these xenoestrogens appear to be androgen antagonists 

[Sonnenschein and Soto, 1998]. As described by Gray et al. (2006) dicarboximide 

fungicides (viclozolin, procymidone); organochloride-based insecticides (DDE, 

DDT) and conazole fungicides like prochloraz interfere with the androgen signalling
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pathway. Similar effects are caused by phthalates, polybrominated diphenyl ethers 

and urea-based herbicides like linuron.

1.2.3.4. Natural occurrence.

The previously described three routes of sport supplements contamination with 

endocrine disruptors (deliberate, accidental, and environmental) are not the only 

means by which these products contain hormonally active compounds. The research 

of Caldwell et al. (2010) describes the natural occurrence of steroids in food. The 

foodstuffs investigated include different types of meat, milk and milk products, eggs, 

fish, plants and yeast. Some of these products are used in the sport supplements 

manufacturing process, mainly those which are protein based or plant originated. The 

data confirms that steroids, such as pregnenolone, DHEA, androstenedione, 

progesterone, testosterone, 17beta-estradiol and estrone are present in the 

investigated food samples at specified concentrations. Additionally, the daily intake 

values of steroids, based on nutritional tables, were compared with their daily 

production in humans. The conclusion stated by Hardwell et al. (1998) was that 

consumption of naturally occurring steroid hormones is around 1 % of the total 

naturally produced in the body and has no hormonal effects on humans. However, 

these amounts may have hormonal effects on prepubertal children, which daily 

production rates are much lower then adults Courant et al. (2007). Additionally, the 

presence of phytoestrogens in plants is more controversial, because these 

compounds, having mainly estrogenic activity, occur in much higher quantities. The 

principal phytoestrogens present in food are isoflavones, coumestans, lignans and 

prenylated flavonoids. As described by The Committee on Toxicity of Chemicals in 

Food, the sources of these estrogenic compounds are soybeans and soya-based 

foodstuffs, hemp or starflower seed oil, most cereals, fruits and vegetables as well as 

plants: Agnus castus\ Black Cohosh (Acetaea racemosa)\ Damiana (Turnem 

aphrodisiaca and Turnera diffusa)', Dong Quai (Angelica sinensis)', Kelp; Kudzu 

(Pueraria lobata)\ Wild yam (Dioscorea villosa); Red Clover (Trifolium pratense)', 

Tribulus terrestris, Alfalfa. Another confirmation of the presence of isoflavones and 

lignans in soybean products was obtained from Nilsson (2000), who also described 

the presence of the relatively potent estrogenic mycotoxin, zearalenone, in crops. 

Other plants discussed are ginseng, which contains steroidal saponin glycosides 

capable of interacting with the estrogen receptor and the herb Serenoa, which blocks
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conversion of testosterone to dihydrotestosterone and is also able to interact with the 

androgen receptor.

1.2.4. Role of hormones in the sport supplement industry and endocrine disruptor 

side effects

The previously described examples of endocrine disrupters and their presence in 

sport supplements raises two questions: what is the purpose for companies to use 

them as product ingredients, and how serious are the side effects that they may cause, 

assuming that the target group of people exposed to them are male and female adults 

as well as boys and girls during the late stages of puberty?

1.2.4.1. Phytoestrogens.

Phytoestrogens are plant originated compounds that have estrogenic activity. They 

are often present in sport supplements; mainly in soy protein or plant extract based 

products. Besides their beneficial effects, which are described in detail by 

Adlercreutz (2002), there is also controversial and inconsistent data about the effects 

of phytoestrogen action on humans. Recently, there has been intense debate about the 

possible effects of plant originated estrogenic compounds on hormone balance and 

subsequent health implications. Patisaul (2005) describes the effects of 

phytoestrogens on behaviour and gene expressions in the adult’s brain as well as the 

connection with disruption of reproductive function. This problem was also 

described by Bennetau-Pelissero et al. (2000), where phytoestrogens were 

demonstrated as reproductive process disrupters that act on the female estrogen 

cycle. Moreover, their estrogen receptor binding affinities were compared and 

potencies of metabolites presented. It was found that the low-level phytoestrogens 

are metabolised by humans to produce more potent estrogenic compounds like 

enterolactone or enterodiol. Furthermore, some of the phytoestrogens, such as 

daidzein, are able to interact not only with the estrogen but also the androgen 

receptor, influencing the androgen cycle in humans [Mormont et al., 2009],

The reason for phytoestrogen’s presence in sport supplements is the high protein 

content of the plants in which they naturally occur. Incledon et al. (2001) performed 

an 8 week study of two groups of men and found that some phytoestrogens, such as 

5-methyl-7-methoxyisoflavone, can favourably alter body composition. This
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supports the idea that the presence of plant derivatives in target products may be also 

deliberate.

1.2.4.2. Environmental contaminants.

Endocrine disrupters, which are environmental contaminants, mostly occur 

accidentally in sport supplements. However, a large number of these compounds 

have estrogenic activity, which in excess may have the same risk factor as an excess 

of natural hormones.

As a result of the estrogenic contaminants action, modified embryological 

development, birth defects, together with foetal toxicity and developmental disorders 

may occur [Miller et al, 2000].

The demasculinisation and feminisation of male offspring as well as the 

masculinisation and defeminisation of female offspring as a consequence of the 

actions of environmental chemicals, which are androgenic antagonists, was identified 

by Yang et al. (2006).

Yang et al. (2006) and McLachlan et al. (2006) indicated a problem of early puberty 

with breast development of very young girls caused by the increased ratio of 

estrogens to androgens, most possibly being the result of xenoestrogenic effects. 

Other investigations by Yang et al. (2006), McLachlan et al. (2006), Tsutsumi 

(2005) and Greim (2004) connected estrogenic endocrine disrupting chemicals with 

various disorders of the female reproductive system such as polycystic ovary 

syndrome, induction of the menstrual cycle, reproductive abnormality and infertility. 

In women, exposure to environmental and industrial chemicals can influence the 

development of breast and endometrial cancer [Harvey and Everett, 2006; Darbre, 

2006; Snedeker, 2001].

In men, estrogenic compounds may cause gynecomastia and disturb normal function 

of the hypothalamus resulting in decreased libido and impotence. Furthermore, as 

described by Sonnenschein and Soto (1998), excess of compounds having estrogenic 

activity can decrease blood androgen levels and play an important role in lowering 

the quality and quantity of semen.

More detailed discussion about the connection of environmental contaminants and 

the problem of the male reproductive system is presented by Sharpe and Skakkebaek 

(2003). In their review the influence of estrogenic contaminants on the androgen 

signalling pathway is described; followed by a discussion on detrimental effects such
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as lowered sperm counts, testicular cancer, cryptorchidism and hypospadias. It is also 

emphasized that different compounds, including environmental contaminants, can 

suppress androgen production and androgen receptor expression as well as disturb 

bodily androgen-estrogen balance and suppress secretion of insulin-like growth 

factor-3. All these mechanisms of action, described by Sharpe and Skakkebaek 

(2003), are associated with high risk factors for reproductive developmental 

disorders in humans. While the described hypothesis considers exposure to very high 

estrogenic compounds, the problem of environmental hormonally active compounds 

should not be ignored. The current scientific data is mostly based on observations of 

pregnant women exposed to environmental contaminants or infants and the effects in 

their adulthood. Although the target group of people considered includes adults, the 

described risks might be addressed to their progeny or themselves, where the effects 

may appear in later age.

1.2.4.3. Anabolic steroids, deliberative contaminants.

Advertisements on the internet and in magazines publicise the positive effects that 

sport supplements have on human’s body health and performance. However from 

this perspective, there is significantly less scientific data available whereas many 

assumptions on the pros and cons of their use are described. This raises the question; 

why do these two sources of information differ so much? There are a few possible 

reasons.

First of all, supplements may contain ingredients such as uncommon plant material, 

insect steroids or synthetic components. The effects of these compounds are not well 

established. They may possess desired effects but their side effects are as yet 

unknown or scientifically unproven. The sport supplements within this group are the 

most controversial ones due to the scientific and marketing focus. On the one hand 

there are scientists investigating sports supplements for detrimental effects on human 

health and on the other hand manufacturers, who are certifying and promoting the 

safety of these products.

Secondly, some products may actually be beneficial to the diets of people who 

exercise heavily. A combination of exercise and supplemented diet may have the 

desirable effects of better health and performance. The desirable effects may be a 

combined result from changing to a healthier diet (not only by supplementing with
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sport supplements but also eating healthier) as well in as increased training time and 

intensity.

Thirdly, products which contain banned compounds, such as natural or synthetic 

hormones, may also result in the desired effects. It has been scientifically confirmed 

that supraphysiological doses of androgenic hormones, such as testosterone or 

methanoandorsterolone will increase fat-free mass and muscle size and strength 

[Bhasin et ai, 1996; Johnson and O’shea, 1969],

Finally, some products are advertised without claims of effects but effective 

marketing makes them attractive to the consumer and increases sales rates.

The increasing interest and consumption of these products is a result of their 

potential positive effects which may include the different outcomes listed below as 

described by Brouns et al. (2002): 

increased muscle mass; 

decreased fat mass, increased fat-free mass; 

improvement of bone and joint condition; 

rapid re-hydration and fluid retention; 

maximise muscle and liver glycogen re-synthesis; 

complete oxidation by rapid and complete carbohydrate absorption; 

low fat oxidation rate for improved fat uptake in muscles; 

enhancement of re-synthesis and storage of ATP and creatine phosphate; 

immunosuppresion - resistance to disease and reduced exercise-induced 

inflammations;

neurostimulation - improvement of reaction time, shortening of 

neuromuscular impulse transmission, improving the availability of precursors 

for hormones and brain peptides and improvement of cognitive function in 

the stress condition;

suppression of hormone secretion - enhancement of hormone release or 

sensitivity to hormones; 

enhancement of blood flow;

well tolerated foodstuff with optimal vitamins, minerals and trace elements 

content;

increased endurance or maximum oxygen uptake for performance 

improvement;

reduction of muscle damage and improvement of their recovery;
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support for neuromuscular events with cramps reduction; 

prevention of injury development.

There are many different components of sport supplements and methods used to 

determine their effects on the targets presented by Brouns et al. (2002). These effects 

include examples of positive, negative, mixed and/or hypothetical outcomes.

Juhn (2003) published data on the most popular types of sport products and their 

ergogenic benefit. Besides legal supplements, which they reported as being able to 

cause detrimental effects, two steroid precursors as well as AAS were included. 

Androstenedione and DHEA, both naturally occurring and banned steroid precursors, 

have no ergogenic potential but do decrease the level of high density lipoprotein 

(HDL) and increase the level of estrogens in the body, potentially inducing 

detrimental health effects. Anabolic steroids are proteins and muscle synthesis 

enhancers which may also cause adverse effects such as hirsutism, menstrual 

irregularities, aggression, decreased spermatozoa, increased cardiovascular risk and 

liver dysfunction.

A more detailed review on anabolic steroids is presented by Maravelias et al. (2005). 

This study describes the desirable mechanism of steroid action and their range of 

adverse effects. Johnson, 1990 reported that anabolic treatment increases muscle 

strength and size in approximately 50 % of cases investigated. While, other positive 

effects include increasing nitrogen retention in cells, improved usage of ingested 

proteins and the binding and activation of the androgen receptor which results in the 

increased synthesis of proteins. Furthermore, steroids are able to disturb the 

glucocorticoid pathway by binding to their nuclear receptors. This interaction may 

cause the decreased catabolic effect of glucocorticoids, which are responsible for 

breaking down enfeeble by long training proteins. Finally, anabolic steroids are able 

to decrease recovery time and promote healing of injuries as well as increase 

aggression. These traits are desirable in any type of competition.

However, it has been highlighted that AAS induce detrimental effects on the 

endocrine system which may result in male and female reproductive problems, 

hepatic, cardiovascular, cerebrovascular, haematological, musculoskeletal, 

immunologic, infectious and psychological effects. From an endocrine disruption 

point of view, steroids can decrease the production and secretion of follicle- 

stimulating hormone and luteinising hormone. In men this leads to decreased 

spermatogenesis and testicular atrophy.
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Moreover, androgenic-anabolic compounds may be associated with prostatic 

hypertrophy, priapism and also prostatic carcinoma. A stimulatory effect of 

androgenic exposure on prostate cancer development and growth was reported by 

Yang et al. (2006). Additionally, Mendes (2002) connects the exposure to 

androgenic substances with an increasing incidence of testicular cancer.

Additionally, the disruption of the estrogen/androgen hormone ratio by the peripheral 

conversion of androgens to estradiol or estrone can cause gynecomastia. In females, 

the most serious effects are on menstrual function. Other effects include uterine and 

breast atrophy, clitoris hypertrophy, masculinisation, deepening of voice and male- 

pattern baldness. In the pubertal male, besides the detrimental effects to the 

reproductive system, the use of steroids may induce accelerated maturation. 

Furthermore, glucose tolerance is decreased by increased insulin resistance resulting 

in decreased thyroid hormone levels. Additionally, anabolic steroids are also 

responsible for temporal hair recession and side effects like acne [Maravelias et al, 

2005; Landry and Primes, 1990],

The use of AAS has also been associated with adverse hepatic effects. A study by 

Kafrouni et al. (2007), on two patients who had consumed sport supplements, 

confirmed the development of significant cholestatic liver injury. Maravelias et al. 

(2005) also linked the use of steroids with liver tumours, cholestatic jaundice and 

peliosis hepatis. This review also highlighted cardiovascular and hematologic effects 

including a decrease in high-density lipoprotein cholesterol and an increase in low- 

density lipoprotein cholesterol, increasing the probability of heart disease. 

Additionally, steroids can increase red blood cell mass [Snyder, 2001] and have been 

linked with hypertension [Ferenchick and Adelman, 1992],

Musculoskeletal and renal detrimental effects are also possible after anabolic steroid 

use. Maravelias et al. (2005) describes this effect on tendons. AAS increase the size 

and strength of muscles, but tendons may be unable to stand it, which increases the 

risk of their rupture.

Finally, psychiatric symptoms are often connected as a side effect to the consumption 

of steroids. Pope and Katz (1988) review 41 reported cases including body builders 

and football players. The review concludes that AAS induce affective syndromes and 

psychotic symptoms in 22 % and 12 % of cases, respectively. Additionally, a 

comparative study performed on men and women confirmed that AAS usage results
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in the occurrence of psychiatric symptoms not only in males but also in females 

[Gruber and Pope, 2000].

1.2.4.4. Summary of the detrimental effects of endocrine disrupter’s.

In summary of the adverse effects that endocrine disruptors may have on the human 

body and health, a few more very important additional facts must be considered. 

Firstly, it has been confirmed that phytoestrogens, such as daidzein [Mormont et al, 

2009], and estrogens, such as estradiol [Yeh et al, 1998], may interact with the 

androgen receptor. Detailed descriptions of the effects 17[3-estradiol and 

progesterone have on the androgen receptor, its trans-activation and relocation to the 

nucleus, is presented by Tyagi et al. (2000). These are the first steps in the androgen- 

androgen receptor interaction pathway. Even though estrogen or progesterone 

induces these effects at much lower rates than dihydrotestosterone or testosterone, 

this cross-reactivity increases the endocrine disrupting risk to human health.

Secondly, the potential mixture effect of hormonally active compounds acting on the 

same targets and pathways must be considered. There is a limited data on the effects 

of low-dose cocktails, their cross-reactivity and possible antagonistic, additive or 

most importantly their synergistic agonistic effects.

Research investigating environmental androgen antagonist mixture effects on 

mammals shows that low levels of these chemicals induce cumulative, dose-additive 

responses leading to adverse effects [Gray et al, 2002], Similar conclusions were 

made by Silva et al (2002), Rajapaske et al. (2002) and Payne et al. (2000) in the 

investigation of xenoestrogen mixtures at their NOEC (no-observed-effect 

concentrations), where an enhanced additive or synergistic hormone response was 

also confirmed. The conclusions in these studies highlight the danger of limiting 

research to single compounds mixture effects. Based on the available data, we can 

conclude that a combination of androgenic and estrogenic compounds may 

significantly increase the risk of endocrine disruption resulting in enhanced 

detrimental effects. Additionally, low level mixtures may have unknown effects and 

be responsible for a much wider spectrum of diseases.

Finally, consideration must be given to supplements that are in so called ‘grey zone’ 

and not completely legislated. These products are not precisely defined as belonging 

to any of groups including drugs or dietary supplements. The example of such plant 

based products includes well known Traditional Herbal Medicine Products, which
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activity may be influenced by many conditions i.e. weather or season of the year. 

Additionally, very often they do not have an effect when taken on their own but are 

effective when combined with prescription drugs.

Overall, there is a major gap in legislation covering this topic. There is also a lack of 

knowledge on the level of doses and which products are dangerous for our health. 

The answers to these questions would help in the division of products into legal and 

banned ones.

1.3. Methods for endocrine disrupter detection.

The detection of EDs has been investigated using a range of methods including 

biological, immunological and chemical as summarised in Table 1.3. Each method 

has advantages and disadvantages with regards to detection and study of EDs or their 

mixtures. Some have been validated for ED detection including the detection and 

study of EDs in food.

1.3.1. Biological methods.

Biological methods are divided into in vivo and in vitro bioassays as recently 

reviewed by Connolly et al. (2011), Bovee and Pikkemaat (2009). In vivo bioassays 

are based on animal studies while in vitro bioassays are based on cellular models 

investigating receptor binding affinities, cellular proliferation, reporter gene 

expression, transcription profiling or interaction with target analyte(s).

L3.1.1. 7n vivo bioassays.

Endocrine disrupters can act through various mechanisms [Tabb and Blumberg, 

2006] and be metabolised in different ways [Hatagima, 2002], In vivo assays allow 

the monitoring of all potential effects in a test organism and provide information on 

the absorption, distribution and excretion of EDs. Such bioassays can be applied in 

toxicity testing as well as risk assessment to give a comprehensive view of effects on 

the endocrine system.

The first in vivo assays detecting estrogenic potency were reported in 1923 by Allen 

and Doisy followed by assays to detect androgenic potency by Herschberger et al., in 

1953. The Allen and Doisy assay identified estrogen activity, agonistic and 

antagonistic, in spayed female mice treated with estrogens, by monitoring the 

appearance of cornified cells or an increase in uterus weight. The Herschberger assay

25



1. Introduction.

identified androgen activity, agonistic and antagonistic, in castrated rats by 

monitoring weight changes in tissues, which are under androgen control (including 

ventral prostate, paired seminal vesiclesand coagulation glands, the levator ani and 

bulbocavemosus muscles, the penis gland and paired Cowper’s glands) [Owens et 

ai, 2007], These are now well defined assays, using ovariectomised adult female 

animals or immature males to reduce cross-reactivity with endogenous hormones. 

Advances in in vivo bioassays include the measurement of cell proliferation or other 

estrogen-effects on the female genital track [Ulrich et ai, 2000; Shelby et al., 1996; 

Milligan et al, 1998; Bitman and Cecil, 1970]. Sharpe et al. (1995) identified sperm 

quality, quantity and testicular changes due to the action of xenoestrogens. 

Monitoring of vitellogenin, a fish ED marker protein, has also been perfected in 

blood samples of various species of fish by Sumpter (1985), Tyler and Sumpter 

(1990) and Pereira et al. (1992).

Despite the advantages of in vivo bioassays, they are usually only used as 

confirmatory methods for in vitro assays due to costs, time, poor sensitivity and the 

required use of laboratory animals [Gray et al, 1997; Bovee and Hoogenboom, 

2009].

1.3.1.2. In vitro bioassays.

In vitro bioassays are divided into four main categories with respect to endpoint 

measurements including: receptor binding assays, cell proliferation assays, reporter 

gene assays and analysis of hormone-sensitive gene expression profiles.

The screening of estrogen and androgen agonists and antagonists can be performed 

by a range of in vitro bioassays which are sensitive, specific and only require a small 

amount of test sample. These bioassays have also been developed for the 

investigation of complex mixtures, which is essential in sport supplement studies 

[Gray et al., 1997; Baker, 2001]. Additionally, in vitro assays can be automated and 

data analysis may include QSAR modelling, which is useful for database screening. 

Sport supplements are particularly susceptible to containing mixtures of compounds 

that alone do not give any response but in combination may have strong hormonal 

activity. Additionally, the potential to detect an unknown source of hormonal activity 

by in vitro assays is particularly useful when the chemical structures of EDs are 

unknown. This may happen due to environmental-climate changes, but is usually 

through the synthetic modification of compounds as a means to circumvent the

26



. In
tro

du
ct

io
n.

oC ^ 
o n o
^ O _ 

2 2 ^ 
o ^ 2 n «
c 2 ^ 3 S
aj u > M o
in c 2 'E <n
.2 S ^ .

"O
0>60
03

-D
u *r 
o ® S 2 
a SQJ i>
S g 
^ .2 
oi ^

o P£
s ^
c« w
& 5j
QJ C 

,C« c

(N
o
o(N

• " ON 
(N ON 
O ON
o —<(N
-i ^

S <
in u a &

O
o

- X

Oh
3

<u
_c
'C
oo

TD
C
(D

c3
*03>

03
c/2
-o
O
x:

OJ
£
ou.
w
0>a
CO

o
o(N

oac

c<

o
o<N

e ^ 53

QJ
T3
C
c«
H

QJ
S
O
u—
CJ
a
CO

pfl
S 0X1
Hag

?: ‘ft

o
o(N

.1 o

£ 5 %
S < S z

-D

c
^ Czi..ic
H H

o
o
<N

r O
oa> ^ <n

O | ^T 
G- 1 Q

~ OJD c
« s ^
o

B.
C5U
CL
O«—
w
£
o
•-

j=

CO

o

zz
' c ^ 

§ U
(U OJ
c Q: S I

u I
O «

I «

'Tf

<D

H S
S > ii o

, • (U O 
--J Tt X) NO
SO— .os^ O ON

cN Q a —

CO
b
SIo■w

1 s 
£. ®.S'£ U

r-
o
o(N

co
Q

CO
CJ

QJ
u 
V
-s a> x: Q. u ^ 

5/3 3 O n £ n 'Zi
<u Ou —

'JC
1 u 8
S £ r!
s < g

l£l
s Cu '

V2^ ^ S'
2 i §
a g ^
2S 2 =O ,s o
u « § 

CTS ^ 
a> *-

< a c. .2 < § 3 I 3

r-
^ ON 

-

— CO [>

3 sTO w
CO cd
£S

CO
CO
CO
3
O
C
3
£
£

c03
>
^ 1C

<Uc c/f
.2 <! o ios - ?ri

o 8 
S<™
E J C 
£ i ^

-B
«

CK
S£ r3 O3>

3

<u_ 3TO CxQ 
CO 3

z ta .3

X)
03
H

o
a.

<D O 
> o
w ON

o

3 O
CO g 
CO
3

NOON
Os

' o 
o

TO
o

‘5b|
o
s

3 on
X -

O

^ N-J^ <N

c

E
o
S -' -2C o u g
O
°X a

esnn
03 O.B3 «

S'!
On ^ 

— O
QJ
U

qj r

a> 2 
0X)

cQJ <DJ3 C/2
£ E O o
ai= 
a> -C

oo
•a ^

= *3 S
“ W)

><Dc
c
o

00
r1-"
o
o(N
Tt
Q
O(N

CO

3co
3 ^
3 ^
O t
si § 
s .§ 
g-s
V
3 #
a>
O

Tf
Q
O(N (N

in
o
o ^CN ON

. o 
o

C3 CN

B o_ 
OQ Q

OC
U
cu

H 's

03
(U

C<

a.

C CN CN
2 irT Os' 

C3 O O 
r£ ^ O O 
w CN CN

3co 
CO

si
QJ ^OX) u
^ 2?.QJ Ofi
X o 
X ^
CJ -£-s ^ ^
« s— cn 
^ O 00 

N- I ON2 O

s
o
ta c 35 o5 CO O
“ <N,a> x 

SB 53 ~
o != 2
L> V U
a of j:
_ © o 

Ln ' CQJ —CO p
a; w

or-

NO ^ .
ON ON -—
ON ” ‘cj 

r <u
^ a CJ
2 ^ = 

c ^ 
>. cd c 
X .SP g 
^ iro ■§ 
cn S £

r^
CN



1. Introduction.

regulations for banned compounds in any type of food supplementation [Bovee and 

Hoogenboom, 2009].

Receptor binding assays.

Estrogen and androgen receptor binding assays were developed for measurement of 

the strength of interaction between compounds and the estrogen or androgen 

receptor. These bioassays are rapid, easy to perform and relatively inexpensive. 

Receptor binding assays are preferred in large scale screening, where the distinction 

between agonists and antagonists is not needed. Other limitations include inability to 

detect pro-hormones and the inability to confirm if the detected substance will induce 

receptor induction and transcription activation, leading to unwanted cellular 

signalling. This method currently involves the employment of radio labelled ligands. 

However, fluorescent replacement ligands are under development [Gray et ai, 1997; 

Bovee and Hoogenboom, 2009, Scippo et ai, 2002].

Cell proliferation assays.

E-SCREEN or estrogenic cell proliferation assay allows recognition of the 

estrogenicity of the investigated substances from the ability of estrogens to induce 

proliferation of cells of the female reproductive tract. This assay was originally 

developed to detect estrogenic environmental contaminants in food using the MCF-7 

breast cancer cell line [Soto et ai, 1995]; however it may be applied to a wider range 

of contaminants having estrogenic activity and able to induce cell proliferation. The 

E-SCREEN assay is able to determine agonistic and antagonistic as well as unknown 

estrogenic activity. However this in vitro bioassay has some drawbacks, as stated by 

Soto et al. (1995). Androgens, progestagens or glucocorticoids may stimulate the 

induction of estrogen responsive genes, causing cross-reactivity problems and raising 

concerns over the reliability of the method. Other problems with this type of assay 

are the poor repeatability between different breast cancer cell lines and the long 

analysis time (6 days) [Bovee and Hoogenboom, 2009; Baker, 2001], Similarly as for 

estrogens, the A-SCREEN assay for androgens detection was developed by Soto et 

al. (2004, 2006). In this proliferation assay, the mechanism is the opposite to that of 

the E-SCREEN, because androgen agonists induce the production of protein, which 

inhibits cell proliferation. Therefore, in this bioassay reduced proliferation of cells 

corresponds to an increased presence of androgenic compounds. Moreover, the
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1. Introduction.

androgen assay was developed using the same breast cancer cell line with the 

limitations mentioned previously.

Reporter gene assay (RGA).

A number of estrogenic and androgenic RGAs were developed for the investigation 

of EDs in different food types over the last two decades fMormont et ai, 2009]. 

These assays display high sensitivity with the ability to differentiate between 

agonists, partial agonists and antagonists. Moreover, RGAs are suitable for the 

analysis of analyte mixtures and the detection of known as well as unknown 

hormonally active compounds. RGAs have been widely used for large scale 

screening [Willemsen et ai, 2004; Gray et ai, 1997; Plotan et ai, 2011, Frizzell et 

ai, 2011] and are also able to detect active metabolites.

Hormone

receptor
dimerization

activated
receptor

luciferin

TOW # / 
HRE Target Reportr 

Geie Geie

Figure 1.7. Reporter Gene Assay principle involving luciferin as a reporter gene. 
[Reporter gene assay principle, n.d.]

These in vitro bioassays are based on the knowledge that gene expression is 

controlled by estrogens and androgens. Steroid hormone binds to a specific nuclear 

receptor which is a member of the large family of ligand-dependent transcription 

factors, and usually part of a multi-protein complex within the cell. This causes 

complex dissociation, receptor dimerization and binding of specific steroid response 

elements on target gene promoters, which finally activates their transcription. This
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1. Introduction.

cascade of events is advantageously used in the development of reporter gene cell 

lines. These modified cells may be activated by compounds having androgenic or 

estrogenic activity, depending on the presence or insertion of a corresponding 

receptor in the cell line used (Figure 1.7). There are examples of RGAs using cell 

lines that do not express the required nuclear receptor. In this case, as well as the 

stable transfection of the reporter gene (Figure 1.8), the cell line development also 

involves transfection of the expression vector coding a specific nuclear receptor as 

was shown by Willemsen et al. (2004) in androgen (TARM-Luc) cells.

Bglll (28) 
Nhel (22) ^

Sac I (12)
Kpnl (6)

fl ori

promoter
_______ - Hindll (47)

■ Ncol (80)

Ampr

luciferase

Luciferase 
Reporter Vector

(pTL-Luc)
4.8 kb

y ------ -XbaKrtae)
\ '------SV40 polyA

- BamHI (1998) 
pUCon Sail (2004)

Figure 1.8. Luciferase Reporter Vector. [Luciferase reporter vector, n.d.]

There are different types of RGAs, depending on the reporter gene applied. These 

include:

• P-glucuronidase gene (GUS), coding an enzyme from Escherichia coli 

which, incubated with specific substrates, can transform them to coloured 

or fluorescent products, enabling application in histochemical, 

spectrophotometrical or fluorometrical detection. The histochemical stain, 

5-bromo-4-chloro-3-indolyl glucuronide (X-Gluc) substrate, produces a 

clear blue colour [Jefferson, 1993].

• Luciferase gene (Figure 1.8), coding luciferin, which oxidized through the 

reaction catalyzed by the luciferase (Figure 1.9) isolated from the 

Photinus pyralis, results in the oxyluciferin and light production that can 

be easily measured by a luminometer [Promega, 2005; Berthold, 2008].
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COON

+atp + o2
Firefly Lucifera;

Mg2
+ AMP+ PF| + C02+ Light

Beetle Ludlerin Oxylticilerin

Figure 1.9. Bioluminescent reaction of luciferin catalyzed by firefly 
luciferase [Promega, 2005],

• GFP gene (green fluorescence protein), coding protein built of 238 amino 

acids, which is isolated from the jellyfish Aequorea Victoria, Aequorea 

aequorea or Aequorea forskalea and transduces the blue 

chemiluminescence of the protein aequorin into green fluorescent light 

while exposed to the blue light [Tsien, 1998].

• Lac-Z gene that encodes the enzyme beta-galactosidase (PGal), which 

catalyzes the reaction of hydrolysis of beta-galactosidase into 

monosaccharides. The bacteria expressing that gene appear blue, while 

growing on the medium containing substrate analogue X-gal [Gaido et 

ai, 1997],

• CAT chloramphenicol acetyltransferase gene, coding selectable marker 

reporter, which confers resistance to the chloramphenicol, allowing the 

bacteria that express that gene to detoxify this antibiotic.

• Alkaline phosphatase gene, encodes hydrolase enzyme that catalyzes the 

removal of the phosphate groups from many molecules including DNA. 

This allows measurement of labelled DNA by replacement of the 

radioactive phosphate group.

A comparison of the three most often used reporter genes was performed by Bovee et 

al. (2004), where (3-galactosidase (P-Gal), luciferase (Luc) and enhanced green 

fluorescence (yEGFP) protein genes were transfected into a yeast cell line. The yeast 

estrogen bioassay developed with yEGFP yielded the highest sensitivity of these 

RGAs. Another advantage of the yEGFP reporter gene is that it requires the shortest 

incubation time (4 h) and does not require any additional substrate. The P-Gal and 

Luc reporter genes needed 5 days and 1 day incubations, respectively. The luciferase 

based RGA involved cell wall disruption and luciferase substrate insertion before
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measurement, which may cause variability in results, as mentioned previously in the 

study performed by Bovee et al, (2004).

Additionally, the work of Sotoca et al. (2010) presents one more limitation observed 

in the luciferase based RGA; the super-induction of the estrogen receptor in the 

presence of the isoflavonoid genistein, mediated by the estrogen receptor. This effect 

was explained as being a proven genistein post-transcriptional effect on the luciferase 

reporter enzyme stability [Sotoca et al, 2010],

The RGA may also be classified with respect to the type of cell line used for their 

development. Mammalian or yeast cell lines are usually employed as summarised by 

Bovee and Hoogenboom (2009) and Connolly (2009) in Table 1.4 with respect to 

estrogenic and androgenic RGAs.

Yeast based RGAs are very easy to culture and ideal for genetic manipulation. Yeast 

cells do not have endogenous receptors, avoiding false negative results that appear in 

mammalian cell line based RGAs [Bovee and Hoogenboom, 2009; Gaido et al, 

1997], The development and application of yeast bioassays for the detection of 

androgenic and estrogenic compounds having agonistic and antagonistic activity is 

described by Bovee et al. (2007, 2004). The drawback of yeast RGAs is that some 

compounds cannot go through the yeast cell wall or are removed from the cell by 

transporting molecules before binding to the specific receptor [Baker, 2001; Soto et 

al, 2006], rendering the mammalian based RGAs more sensitive to such compounds. 

Willemesen et al. (2004) presented the development of mammalian reporter gene cell 

lines, which also enables the detection of agonistic and antagonistic activity in both 

androgen and estrogen RGAs. The use of mammalian cell lines may also enables the 

detection of compounds that require human metabolism to become active, enhancing 

the argument of improved sensitivity with these assays. The drawback of mammalian 

cell lines is that they are less robust and may suffer from cross-talks [Connolly et al, 

2011]. However, they possess characteristics, which are essential to RGAs when 

investigating the detrimental effects of EDs in sport supplements. Not only they can 

detect hormonally active contaminants, but also the risks to human health associated 

with the detected compounds can be assessed. Mammalian cell wall permeability, 

metabolism of nutrients and agonistic or antagonistic effects are very important 

aspects that are considered to be advantageous.
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Table 1.4. In vitro 
androgenic activity.

Reporter Gene Assays used in assessing estrogenic and

Type/name Cells Modification References
Reporter Gene Assays for estrogenic activity
Mammalian RGAs 
MVLn MCF-7 ERE-CAT Pons et al. (1990)
ER CALUX T47D ERE-Luc Legler et al. (1990)
None CHO RO-Luc Schoonen et al. (2000)
Lumicell BG-1 ERE-Luc Rogers and Denison (2000)
HELNa HeLa hERa, ERE-Luc Paris et al. (2002)
HELNp HeLa hERp, ERE-Luc Paris et al. (2002)
MMV-Luc MCF-7 MAR-Vit-Luc Willemsen et al. (2004)
ER CALUX new U2-OS hERa, ERE-Luc Sonneveld et al. (1995)

Yeast RGAs
None Yeast hERa, ERE-lacZ Pham et al. (1992)
None Yeast hERa, ERE-lacZ Petit et al. (1995)
None Yeast hERa, ERE-lacZ Arnold et al. (1996)
YES Yeast hERa, ERE-lacZ Routledge and Sumpter (1996)
REA (ERa) Yeast hERa, ERE-yEGFP Bovee et al. (2004)
REA (ERP) Yeast hERp,ERE- yEGFP Bovee et al. (2004)
None Yeast hERJ3, ERE-Luc Leskinen et al. (2005)
None Yeast hERa, ERE-Luc Leskinen et al. (2005)

Reporter Gene Assays for androgenic activity
Mammalian RGAs
None CHO hAR, MMTV-Luc Schoonen et al. (2000)
TM-Luc T47D MMTV-Luc Willemsen et al. (2002)
TARM-Luc T47D hAR, MMTV-Luc Willemsen et al. (2004)
AR-CALUX new U2-OS hAR, ARE-LUC Sonneveld et al. (1995)

Yeast RGAs
Yeast androgen assay Yeast hAR, ARE-lacZ Gaido et al. (1997)
None Yeast hAR, ARE-Luc Michelini et al. (2005)
RAA Yeast hAR, ARE-yEGFP Bovee et al. (2007)

Analysis of hormone-sensitive gene expression profiles.

The growing body of information indicates the novel applications of gene expression 

analysis induced by steroid hormones, with the exception of RGAs. From a food 

safety point of view, employment of methods that are able to analyse gene 

expressions in the earlier transcription level allows discovery of the gene mutation 

mechanisms that can occur. The second cause of transgenerational effects of 

endocrine disruptors is an epigenetic mechanism, which refers to DNA-methylation 

and chromatin remodelling; both heritable changes that do not cause the DNA 

mutation [Ferguson and Philpott, 2009; Crews and McLachlan, 2006; Anway and
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Skinner, 2006]. To support this knowledge and for better understanding of the 

mechanisms of genetic program alteration by endocrine disrupters, the further 

development and application of techniques such as microarrays and Real-Time 

Polymerase Chain Reaction (PCR) is necessary. Other suitable techniques include 

Amplified Fragment Length Polymorphism (cDNA-AFLP), Serial Analysis of Gene 

Expression (SAGE) and RNA-Sequencing (RNA-Seq). The specified methods can 

be used to study these relations and provide an understanding of the diseases of many 

organs and systems caused by dietary nutrients or components.

Microarrays

The microarray technique involves analysing the expression profiles of DNA by 

investigation of RNA transcripts on biological chips (called also: biochips, DNA 

chips, DNA microarrays, gene arrays). Hybridization-based monitoring allows the 

study of biological data for polymorphism detection and genotyping on genome 

scale. Microarrays include the human genes sequences enabling determination of the 

entire human genome in a single reaction [Schena et ai, 1998]. The microarray 

experiments may provide accumulation of large amounts of functional-genomic 

information and so a clearly defined biological question before experimental work is 

recommended.

(Organism) condition
I

(Tissue)

^ I ^ _______ __ ____ _____
(sample)-*-(Extract RNA)-^(RMA)-^(synthesis cDNA)-^-*-(label)-*(probe)

(dye)

m vivo
digital divide

array 
«—1Hybridize

1
(target)

in silico
scan

T
(image)—* ( Grid

computer

Intensity) 

(Normalize)

DM AmRNA
proxy

Figure 1.10. Typical microarray experiment. Yellow section - sample preparation, 
blue section - array preparation, green section - hybridization step, orange section - 
data reading, and statistical analysis by software. [Lowe, 2004]
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Depending on the type of the microarray used, each part of the experiment may be 

performed in a different way, but the principle for assay design (Figure 1.10) always 

contains four main parts. Sample preparation includes RNA extraction from the 

investigated organism or tissue and synthesis of complementary DNA by the Reverse 

Transcriptase - PCR. Labelling of DNA or transcribed RNA, depending on the 

assay, precedes the probe hybridization with previously prepared target cDNA or 

oligonucleotide sequence immobilized on the surface, usually glass then porous 

membrane. Scanning of the slide and measurement of the intensity of the raw data 

from images follows. During image acquisition spots are located on the microarray 

by the recognition or gridding process and segmentation allows differentiation of the 

pixels within the spot-containing region into true signal and background. The signal 

and background intensities are calculated based on pixel differentiation (intensity 

extraction) and their ratio is determined. Data pre-processing removes poor-quality 

spots and the normalization process removes many systematic errors. Finally 

statistical and data mining techniques are used to study the data [Strachan and Read, 

1999; Leung and Cavalieri, 2003; Schena et ai, 1998]. Additional information 

describing factors that influence the image and other particular steps of data pre

processing, normalization and analysis is presented by Leung and Calavieri (2003).

Figure 1.11. High-density oligonucleotide Affymetrix microarray. [Affymetrix, 
2007]
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1. Introduction.

Different types of DNA microarrays can be employed depending on the application, 

but in food safety screening the cDNA microarrays or high- and low-density 

oligonucleotide microarrays are most commonly used.

cDNA microarrays use mechanical micro-spotting technology, where DNA spots 

containing PCR fragments of 200-2400 bp or oligonucleotides of 20-35 bp are 

immobilised on a support material such as glass or plastic. Microarrays of 1.6 cm" 

containing up to 50,000 DNA spots can currently be produced. The advantages of the 

microspotting technology make the cDNA microarrays a low cost, versatile and easy 

method for prototyping with rapid implementation assays. However the described 

method contains one disadvantage, each sample must be previously synthesized, 

purified and stored before the production process begins [Liu-Stratton et ai, 2004], 

The high and low-density oligonucleotide microarrays are manufactured using four 

versions of photo protected DNA building blocks, allowing direct production of a 

chip from the sequence databases. The disadvantage of high-density oligonucleotide 

microarrays is connected with the expensive and time-consuming design of the 

photo-masks used. The characteristics of this microarray include the large number of 

groups of oligonucleotides or features, that can be immobilised on chips, i.e. up to 

500,000 (Affymetrix) on a 1,6 cm2 area, with each feature containing millions of 

oligonucleotides of a particular sequence. The oligonucleotides are blotted at the 

3’end for better hybridization of single-stranded 25-mer nucleic acid (Figure 1.11) 

[Liu-Stratton et ai, 2004], The other version of oligonucleotide microarrays are low- 

density ones including only selected genes, making them cheaper and faster in 

analysis (Figure 1.12).

156 probe spots ArrayTube ArrayStrip Automated format

Figure 1.12. Low-density oligonucleotide microarray. [Meneses-Lorante et ai, 2003]

The cDNA microarray uses the mixing hybridization (on the single slide), where the 

ratio of fluorescence produced by two labelling fluorescent agents is determined 

(Figure 1.13a). The high-density oligonucleotide microarray allows analysis of the
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results by comparing the two arrays obtained. This former method uses nonisotopical 

probe labelling, utilizing the fluorescence of the enzymatic reaction (Figure 1.13b).
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Figure 1.13. Design of a microarray test: a) cDNA microarray, b) high-density 
oligonucleotide microarray [Lowe, 2004]

The microarray technique has been applied to food safety in many studies concerning 

the assessment of microbial pathogens [Ahn and Walt, 2005]. The use of 

oligonucleotide microarrays for the detection of different xenoestrogenic chemicals 

often found in food products (including sport supplements) was performed and 

summarised by Buterin et al. (2005, 2006) and Peijnenburg et al.{2010). High-density 

microarrays were also involved in the study of gene expression profiles induced by 

dietary phytoestrogens [Dip et al, 2008] as well as the determination of their 

combined effects, which were described a year later by Dip et al. (2009). In a former 

paper, it was found that the combined effects of some estrogens of plant origin did

37



1. Introduction.

not enhance the induction of expressed genes but caused an increase in the number of 

regulated transcripts. It is also pointed out by the authors that microarray method is a 

relatively new technology that still needs validation, from the point of view of 

sensitivity, suitability and robustness. The most recent study describing the 

transcriptomic profiling as food safety application was validated by the Real Time - 

PCR and compared with in vitro bioassays [Peijnenburg et ai, 2011]. The microarray 

method was treated as a RGA improvement, where larger numbers of substances in a 

single experiment can be investigated and an increase in specificity was achieved due 

to the cellular response.

Real-Time Polymerase Chain Reaction (Real-Time PCR)

Real-Time PCR is a technique based on the polymerase chain reaction, used to 

amplify and simultaneously quantify a targeted DNA or RNA molecule. Polymerase 

chain reaction allows the exponential amplification of short DNA sequences and 

involves the use of nucleotide primers which are complementary to a defined 

sequence and a Taq polymerase for making the DNA copy of designed length. A 

Real-Time PCR assay monitors the progress of PCR, providing data throughout the 

process by measuring fluorescence emitted during the reaction. Detection of the 

reaction product is carried out by the examination and quantification of the 

fluorescent reporter, which increases proportionally with the amount of PCR product 

(Figure 1.14).

LIE

Increasing
fluorescence

Linear plot

PCR cycle
Figure 1.14. Plot of real-time PCR (fluorescence signal versus cycle of reaction) 
[Dorak, 2006]

Additionally, this technique is highly sensitive, allowing quantification of rare 

transcripts and small differences in gene expression. It is easy to perform, reliable
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and accurate [Dorak, 2006]. Real-Time PCR has been applied in the study of the 

long-term reproductive effects of genistein, a phytoestrogen present in dietary 

products [Fielden et ai, 2003] and in the assessment of biomarkers for exposure to 

17P-estradiol and the estrogenic mycotoxin a-zearalenol, in rainbow trout [Celius et 

al, 2000]. This technique was applied in food safety screening as a confirmatory 

method for cDNA microarray in the investigation of gene expression profiles 

induced by phyto- and xenoestrogens [Buterin et al, 2005, 2006; Dip et al, 2008].

1.3.2. Chemical methods

An alternative method to biological assays for the detection of EDs in food 

supplements are the frequently used chemical methods. These methods include gas 

or liquid chromatography (GC and LC) combined with an identification and 

quantification system, preferably mass spectrometry (MS) (Figure 1.15), which is the 

most efficient and frequently used technique for this purpose. The main advantages 

of this system are high sensitivity, ability to detect and quantify a wide range of EDs 

and the ability to perform multi-residue analysis. MS reduces the risk of interference 

and ‘noise’ from samples to a minimum, which is a significant limitation in other 

systems like UV, fluorimetry and radioimmunology. Additionally, MS enables the 

determination of the chemical structure of detected compounds. Within this area, 

multi-stage MS (MS/MS) provides information about the structure and quantity of a 

compound and high resolution MS (HRMS) establishes exact masses of observed, 

individual ions. Multi stage analysis and high resolution MS is achieved due to many 

innovations in this technology, like novel mass analysers such as linear ion trap or 

Orbitrap™ and time of flight (TOF) instruments [Antignac et al., 2009].

During the last decade, developments in the field of chromatography have also been 

observed. The ultra-resolution systems such as fast-LC and UPLC™ in liquid as well 

as two-dimensional GCxGC in gas chromatography have been introduced. Generally, 

LC is used for highly polar or ionic compounds separation and is preferred in the 

screening of AAS [Antignac et al., 2009]. The suitability of this method was 

confirmed by Deveter et al. (2007), where LC with MS were applied for 

identification of eleven top anabolic agents in targeted supplement markets as 

suggested by official authorities (WADA). Other examples include the use of LC- 

MS/MS in the detection of phytoestrogens, growth promoters or anabolic steroid
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esters in different matrices [Antignac et al., 2008; Malone et al, 2010; Nielen et ai, 

2006], respectively. The implementation of time-of-flight (TOP) and quadrupole 

time-of-flight (QTOF) in LC-MS for the measurement of anabolic steroids was 

performed by Nielen et al. (2001), Peters et al. (2010), Dervilly-Pinel et al. (2011) 

and in the identification of estrogenic residues by Nielen et al. (2004).

GC was developed to separate non-polar and volatile compounds. However, it may 

also be applied for other, polar molecules, which have previously been derivatised by 

a suitable agent such as trimethylsilylating agents (Figure 15). The application of GC 

in the form of GC-MS or GC-MS/MS for screening AAS in numerous nutritional 

supplements was shown in many studies by Baume et al. (2006), Geyer et al. (2004), 

Parr et al. (2004), Van Thuyne and Delbeke (2004) and De Cock et al. (2001). This 

approach has also been employed in food products for the determination of plant 

based estrogens [Mazur eta/., 1996].

GC Mass spectrometer

Derivatise . _ Interpret
,l,ntll"l,ok Election

EITHER
Separate v•,c""," 

by GC <■'»«'

Extract

OR

Separate 
by LC

Interpret

AttaoipherK
locusalicm

LC Mass spectrometer

Figure 1.15. Mass spectrometry process combined either with GC or LC. [WTCRF, 
2010]

Advances in ionisation techniques such as atmospheric pressure photo ionisation 

(APPI) have also influenced the progress in food residues analysis. Previously, 

conventional atmospheric pressure methods such as chemical (APCI) and
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electrospray (ESI) ionisation were employed [Antignac et al, 2009]. A comparison 

of the three above-mentioned ionisation techniques applied together with LC/MS/MS 

in the detection of free anabolic steroids was performed by Leinonen (2006). The 

study presented high sensitivity and specificity in all methods. However, electrospray 

ionisation was found to be the most suitable due to the best applicability and the 

highest sensitivity. LC-MS/MS combined with either ESI or API for the 

identification of phytoestrogens was also performed by Antignac et al. (2003), with 

its effectiveness confirmed by high efficiency and a sensitivity of 1 ng mL'1.

1.3.3. Immunochemical methods

Immunochemical methods are based on specific antibody-antigen interactions and 

are widely applied in the analysis of food for detecting contaminants including EDs. 

Numerous immunoassays have been developed to detect estrogenic EDs, mainly 

pesticides as summarised by Meulenberg et al. (1995) and Campbell et al. (2006). 

The enzyme-linked immunosorbent assay (ELISA) [Seifert, 2004; Gascon et al., 

1997] is the most commonly used method followed by others such as the 

radioimmunoassay (RIA) [Langone and van Vunakis, 1975], line immunoassay 

(LIA) [Erhard et al., 1992] and fluoro-immunoassay (FIA) [Wortberg et al., 1993]. 

All these techniques may be specific for a single estrogenic compound or may cross- 

react, at various extend, with the other estrogenic compounds with the same epitope, 

depending on the antibody applied. The enzyme linked receptor assay (ELRA) 

developed by Seifert et al. (1999) is able to detect a range of estrogenic EDs that 

have an affinity for the estrogen receptor a.

Nowadays, the application of immunochemistry is focused on the development and 

optimisation of modem and high through-put technology such as immunosensors or 

biosensors.

1.3.4. Biosensors

A recently used biological technology applied to ED detection is the biosensor as 

illustrated in Figure 1.16. Rodriguez-Mozaz et al. (2005) characterise the biosensor 

as ‘a self-contained integrated device, consisting of a biological recognition element 

in direct contact with a transduction element, which converts the biological 

recognition event into a useable output signal’.
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Figure 1.16. Principle of biosensor [Yokoyama, 2010],

Electric signal■)

There are different categories of biosensors, depending on the analyte, transducer, 

bio-receptor, immobilization and transduction types, which are summarised in Figure 

1.17.

BIOSENSORS

Analyte Bio-receptor Immobilization Transduction Transducer

Enzymes Antibody Adsorption Optical Gold

Antibodies Enzyme Entrapment Electrochemical ITO

Microorganisms DNA Cross-linking Piezoelectronic Silica

Antigens Cell Covalent bonding Acoustic Hologram

Gases Antigen Affinity interactions Colorimetric Platinum

Ions Biomimrtic Other Carbon

Proteins Receptor

Other Transport proteins

Figure 1.17. Biocomponents and transducers employed in construction of biosensors 
[Eltzov et ai, 2009]

Types of biosensors.

The five classes of biorecognition components can be distinguished as: whole cell, 

nucleic acid, immunochemical, enzymatic and non-enzymatic receptors. Whole cell
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biosensors may employ different types of cells like bacteria, yeast and tissue culture 

cells. Similarly as with a RGA, the advantage of using this class of biological 

recognition element is the possibility to detect a contaminant through its biological 

effect due to toxic or harmful pollutant action. The most common and well 

developed for food safety purpose is enzyme-based biosensor, where the signal 

enhancement or reduction may be observed. Another type of biosensor is a receptor- 

based one, which main advantage is the screening ability of many estrogenic 

compounds. It was used by Seifert et al. (1999) for detection of a wide range of 

estrogens and xenoestrogens. The other two types of biosensors include the antibody 

and nucleic acid biosensors. The big advantage of application of antibodies, in the 

detection of specifically targeted EDs, is their high selectivity and affinity [Eltzov et 

al, 2009],

Biosensors may also be classified by the type of biorecognition component, 

immobilization technique, transduction type or signal transducer used that are 

summarised in Figure 1.17.

Biosensors application.

The majority of bio-systems developed are used for the environmental monitoring of 

estrogenic compounds such as steroids, polychlorinated biphenyls, phenols, 

surfactants, polycyclic aromatic hydrocarbons and pesticides as described by 

Meneely et al, 2011; Rodriguez-Mozaz et al. (2004a, b) and Eltzov et al. (2009). A 

receptor based bio-system employing surface plasmon resonance (SPR) Biacore 

biosensor (as depicted in Figure 1.18) for the determination of natural and synthetic 

estrogens was developed by Usami et al. (2002); Hock et al. (2002) and Seifert et al 

(1999).

Biosensors are modern and promising technology that much developed during the 

last decade, as confirmed by a range of research projects supported by the European 

Union [Rodriguez-Mozaz et al., 2005]. Its employment in estrogenic compound 

screening of drinking and waste-water indicates that biosensors may be suitable in 

other fields of ED investigation [Rodriguez-Mozaz et al., 2005],
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Nature Reviews | Drug Discovery

Figure 1.18. Schematic representation of a surface plasmon resonance biosensor 
[Cooper, 2002],

1.3.5. Summary of detection methods.

There are numerous methods available for the detection of compounds possessing 

hormonal activity. Most of the discussed techniques have been successfully applied 

in food analysis, especially in sport supplement studies. Besides the choice of 

suitable technique, which depends on the purpose of the experiment such as 

screening, quantification, qualitative or biological assessment of ED activity; each 

method must be combined with an appropriate sample preparation for the target 

analyte(s). However, when used alone, biological or chemical methods do not always 

give comprehensive information about the compounds present. Biological techniques 

can provide data concerned with the activity of detected compounds, which may be 

used for screening or in risk assessment; but cannot be associated directly with a 

specific compound. On the other hand, chemical methods enable the identification of 

targeted compounds as well as their metabolites, providing qualitative and 

quantitative data. However, their biological activity cannot be established and 

unknowns may be missed. The best solution involves a combination of these two 

techniques. An example includes the most recently performed study on combination 

of yeast-androgen RGA with liquid chromatography - tandem mass spectrometry
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method in the case of anabolic steroid detection in food supplements [Rijk et al, 

2009],

1.4. Objective of the thesis.

The increasing availability and use of sport supplements is of major concern due to 

the number of studies highlighting the contamination of such products with natural 

and/or synthetic hormonal compounds acting as EDs. Endogenous hormones and 

phytoestrogens may occur naturally in food. However, supplements may also be 

contaminated with synthetic compounds through a number of possible routes. 

Xenoestrogens (pesticides, herbicides, etc.) may be applied to vegetables or plants 

that are subsequently used as raw materials in the production of dietary supplements. 

Contamination may also occur during the manufacturing process, through the use of 

detergents or deliberately added banned compounds such as natural or synthetic 

anabolic androgenic steroids. Finally, hormonally active compounds such as 

plasticizers may migrate from packaging materials and contaminate the product.

Sport supplements may contain either a single or mixture of ED compounds. The 

World Anti-doping Agency (2011) presents a list of banned EDs in food production 

and current European Commission regulation [Directive 2002/46/EC amended by 

Directive 2006/37/EC and Regulation (EC) 1170/2009] only specifies limits for 

single compounds with hormonal activity such as 17[3-estradiol or testosterone. 

Additionally, wide array of methods available in the monitoring of food for EDs are 

usually restricted to detection of known targeted and single compounds.

Consequently, the overall objective of this thesis was to develop and apply a suitable 

method for ED screening and assess the human health risks that consumers of sport 

supplements are potentially exposed to.. Specific objectives included:

• To perform a survey of 116 sport supplement samples available to the 

consumer on the Island of Ireland.

o Develop a suitable preparation procedure for the different types of 

sport supplements.

o Validate the estrogenic and androgenic RGAs coupled with a suitable 

extraction procedure.

o Anaylse 116 sport supplements by RGA to detect known, unknown 

and mixtures of EDs.
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• To assess the risks to human health through the consumption of sport 

supplements.

o Assess the exposure levels measured by RGA, as 17p-estradiol and 

dihydrotestosterone equivalents.

o Compare the exposure assessment study results with the levels 

presented in the literature via animal and epidemiological studies, and 

consider levels of exposure through alternative routes within the 

average diet, including drinking water.

o Predict the influence of samples, having the strongest 17p-estradiol 

and dihydrotestosterone equivalent activities, on the daily production 

rates of 17|3-estradiol and testosterone in humans. Consider the risks 

to different groups of consumers based on age and gender.

• To compare two estrogenic bioassays, the RGA and DNA microarray 

technique.

• To investigate the effect of phytoestrogens on the endogenous estrogens at 

blood level concentrations.
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2. General materials and methods.

2.1. Water

Purified and deionized water (Milli-Q) was used in the preparation of all reagents 

including phosphate buffered saline (PBS, SAFC Biosciences Cat no: 56064C, 

Lenexa, Kansas, USA), luciferase (luciferase kit Promega El501, Southhampton, 

UK) and lysis buffer (Invitrogen, Cat no: E194A, Paisley, UK). Ultra-high purity 

water (UHP, 18 MV/cm) was obtained using an Elga water purifier (Marlow, Bucks, 

UK). A conductivity meter in the system continuously monitored the quality of the 

water.

2.2. Glassware

All glassware, used in extraction procedures and storage of solutions for cell culture, 

were prepared by washing and soaking overnight with 1 % Decon 90 in water (East 

Sussex, UK) followed by rinsing in tap water and soaking overnight in milli-Q water. 

The glassware was then dried in Unitemp drying cabinet (LTE Scientific Ltd, 

Oldham, UK) and rinsed with acetone (Cat no: UN1090) followed by methanol (Cat 

no: UNI230), both supplied by BDH PROLABO (Leuven, Belgium). Glass bottles 

(Simax, Praha, Czech Republic) used for discarding waste media in cell culture work 

was semi filled with disinfectant, 2 % Virkon solution (Antec International, Sadbury, 

UK) and stored overnight at room temperature. The following day, the solution was 

poured down the sink with copious amounts of flowing tap water. The glassware was 

rinsed in tap water and soaked in milli-Q water for 24 hours prior to drying. All glass 

bottles used in cell culture were sterilized by autoclaving as described in section 2.3.

2.3. Sterilisation

Water, glassware, plastic tips, tubes and thermostable solutions were sterilized by 

autoclaving at 121°C for 20 minutes at 46 psi using an LTE Touchclave-Lab 

Sterilizers autoclave (Oldham, UK).

2.4. Media preparation.

Basal media used during routine cell culture was purchased as a ready to use lx stock 

and prepared for each cell line as outlined in Table 2.1. Cells were routinely cultured 

in culture media appropriate for the given cell line but transferred into hormone 

depleted assay medium, that may contain residues of hormones and steroid receptors, 

for at least two passages prior to reporter gene assay (RGA) or DNA microarray
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2. General materials and methods.

analysis. The trace amounts of hormones or receptors that may cause the positive 

response in bioassays were established as background noise and eliminated by 

correction to negative control, which was performed for all experiments. The 

Hormone Depleted and Australian serum were checked by RGA and DNA 

microarray methods and no difference in response was noticed (data not shown). The 

corresponding sera were used for the appropriate method as suggested by 

collaborators from Belgium and Switzerland [Willemsen et al., 2004; Lancova et ai, 

2009]. All reagents used for the media preparation were supplied from Invitrogen 

(Paisley, UK).

2.5. Cell culture.

All cell culture procedures were carried out in a class II laminar airflow cabinet 

(Thermo Scientific, Loughborough, UK). Strict aseptic technique was adhered to at 

all times. The laminar flow cabinet was swabbed with 70 % industrial methylated 

spirits (IMS) before and after use, as were all items brought into the cabinet. Each 

cell line was assigned specific media and waste bottles. At any time, only one cell 

line was used in the air-flow cabinet and, upon completion of work with any given 

cell line, the laminar airflow cabinet was allowed to clear for at least 15 minutes. 

This was to eliminate any possibility of cross contamination between the various cell 

lines. Cabinets and incubators were cleaned monthly with the industrial disinfectant 

Virkon.

2.5.1. Cell lines.

Details pertaining to the cell lines used for experiments described within this thesis 

are specified in Table 2.2.

The RGA cell lines (TARM-Luc and MMV-Luc) were kindly provided by Dr. Marc 

Muller, Liege University, Ghent, Belgium. The androgen responsive cell line 

(TARM-Luc) was successfully produced by transfection of vector pSV-ARo, 

containing human androgen receptor gene and luciferase gene being under control of 

a steroid hormone-inducible promoter into T47D mammalian breast tumor line 

(Figure 2.1a). This cell line is able for the detection of androgen and progestagen 

(ant)agonists and may suffer form cross-talks between those two groups of steroids 

[Willemsen et ai, 2004], The estrogen responsive cell line (MMV-Luc) was 

previously produced using the MCF-7 mammalian breast tumor line and stable
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2. General materials and methods.

integration of a luciferase reporter gene (Figure 2.1b). This cell line is specific for the 

detection of estrogenic (ant)agonists [Willemsen et ai, 2004]. Antagonistic test for 

both cell lines using the standards (flutamide and fluvestrant) were performed (data 

not shown).

The DNA microarray cell line (MCF7) was kindly provided by Prof. Hanspeter 

Naegeli, Zurich University, Switzerland. This cell line was used for DNA microarray 

experiments and is a mammalian breast tumor line (Figure 2.1c).

2.5.2. Culturing of cell lines

All of the cell lines are adherent and were cultured in 25 cm2 or 75 cm2 tissue culture 

flasks (Bioscience, Bedford, MA, USA) or Nunclon (Nunc, Roskilde, Denmark) at 

37°C with 8 % CO2 and 95 % humidity. The RGA cell lines were maintained in 

general medium through 70-80 passages before they were discarded and replaced 

with new frozen stocks. The MCF-7 cell line was maintained up to 30 passages 

before replacement with new stocks.

Cell lines were fed every 3-4 days and sub-cultured as necessary by enzymatic 

detachment as follows: waste media was removed from the flasks and 5 mL of pre

warmed trypsin (Invitrogen Cat no: 12604, Paisley, UK) was then added to the flask 

and incubated for 2-5 minutes with the cells until they were seen to have detached. 

The trypsin solution was deactivated by the addition of an equal volume of pre

warmed relevant medium. The solution was then transferred to a sterile 20 mL 

universal tube (Greiner Bio-One, Stonehouse, UK) and centrifuged (Sorvall legend 

RT, Thermo Electron Corporation, Osterode, Germany) at 1000 rpm for 5 minutes at 

20°C. The resulting cell pellet was re-suspended in pre-warmed relevant medium. 

Cells were counted as outlined in section 2.5.3. and seeded at the required density in 

96/6 well flat bottomed tissue culture plates depending on the assay. For RGA 

analysis, 96 well plates with white walls and a transparent bottom (Greiner Bio-One, 

Stonehouse, UK) were used. For the MTT assay, 96 well transparent plates (BD 

Bioscience, Bedford, MA, USA) were used. For DNA microarray analysis, 6 well 

Nunclon plates (Nunc, Roskilde, Denmark) were used.

2.5.3. Cell counting

Cells were trypsinised, pelleted and re-suspended in media as described in section 

2.5.2. Cell counting and viability assessment was carried out using the trypan blue
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2. General materials and methods.

dye exclusion technique and either of the two counting procedures, using a 

haemocytometer chamber (Hirschmann E Techolor, Eberstadt, Germany) or the 

Countess automated cell counter (Invitrogen, Paisley, UK).

For the haemocytometer chamber method: an aliquot of trypan blue (Sigma-Aldrich, 

Poole, Dorset, UK) was added to a cell suspension at a ratio of 10:1 (v:v). A sample 

of the suspension was applied to the chamber of the haemocytometer, over which a 

glass cover slip had been placed. Viable cells in the 4 outer comer grids of the 

chamber were counted microscopically. Non-viable cells stained blue whilst viable 

cells excluded trypan blue and remained unstained. An average number of cells per 

corner grid was calculated and the trypan blue dilution factor taken into account 

before multiplication by 104 to determine the number of cells per mL.

For the Countess automated cell counter method, the manufacturer’s instructions 

were followed as outlined below: 10 pL of cell suspension was mixed with 10 pL of 

0.4 % Trypan blue (Invitrogen Cat no: T10282, Paisley, UK) and applied to Countess 

Cell counting chamber slides (Invitrogen Cat no: Cl0283, Paisley, UK) prior to 

insertion into the cell counting chamber. The total number viable and non-viable 

cells per mL were calculated automatically.

2.5.4. Cell freezing (Cryopreservation)

Cells of various passage numbers were frozen and cryo-preserved in liquid nitrogen 

as master stocks that could be thawed and cultured for study as necessary.

Cells for freezing were harvested during log-phase growth and counted as outlined in 

section 2.5.3. Cells were pelleted and re-suspended in foetal bovine serum pre

cooled to 4°C and mixed drop by drop at a ratio of 1:1 (v:v) with freezing serum 

(general FBS containing 10 % dimethyl sulfoxide (DMSO) (Sigma-Aldrich cat no: 

D2650, Poole, Dorset, UK)) pre-cooled to 4°C to give a final concentration of at 

least 5 x 10A cells per mL. One mL of this cell suspension was added rapidly to a 

cryovial (Nalgene, Cat no: 5000-1020, Roskilde, Denmark) and immediately placed 

into a pre-cooled (-20°C) Mr Frosty container (Sigma-Aldrich Cat no: 34863, Poole, 

Dorset, UK) filled with iso-propanol (Sigma-Aldrich, Cat no: 24137, Poole, Dorset, 

UK) and placed at -80°C for 24 hours. The following day, the cryovials were 

transferred for indefinite storage within racks in the vapour phase of an air liquid 

nitrogen storage system (Arpege 170, Cryopal, Flers-En-Escrebieux, France) until 

required.
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2. General materials and methods.

2.5.5. Cell thawing

The cryopreserved cells were removed from liquid nitrogen and thawed quickly at 

room temperature. The thawed cell suspension was rapidly transferred to a sterile 20 

mL universal tube, diluted with 9 mL of culture medium and centrifuged at 1000 rpm 

for 5 minutes at 20°C. The cell pellet was re-suspended in fresh culture medium, thus 

reducing the cellular exposure time to DMSO which is toxic to the cells at room 

temperature (RT, tolerance of 0.5 % at RT). The cells were seeded into 25 cm*' tissue 

culture flasks and allowed to attach overnight. The following day, the media was 

replaced with fresh stock to remove any residual DMSO. When the cells were greater 

than 90 % confluent, they were transferred into 75 cm tissue culture flasks.

2.5.6. Sterility monitoring of cell culture solutions

Sterility tests were routinely performed on all cell culture reagents directly after 

preparation and prior to use. A 10 mL sample of newly prepared medium was placed 

into a sterile 20 mL universal and incubated for 1 week at 37°C. After incubation, 

the test sample was assessed visually for media colour change and microscopically 

for the presence of any microbiological contamination.

2.6. RGA procedure.

The RGA cell lines were passed at least twice in hormone free assay medium 

(DMEM, 10 % hormone depleted serum) to remove endogenous hormones prior to 

use in assays. Briefly, cells were suspended in hormone free assay medium and 

seeded in 96 well plates 100 jiL per well at a concentration of 4 x 105 cells mL"1 and 

incubated overnight at 37°C in 8 % CO2 and 95 % humidity. The following day, 

10 pL of the relevant steroid hormone standards (17p-estradiol (Cat no: E2758) for 

the estrogen RGA and dihydrotestosterone, DHT (Cat no: A8380) for the androgen 

RGA both supplied by Sigma-Aldrich (Poole, Dorset, UK)) or sample extracts 

dissolved in 100 % methanol were diluted in 1 mL hormone free assay media. 

Without removing the previous 100 pL media, an additional 100 pL of hormone free 

medium assay media, containing the diluted standards or sample extracts, was added. 

Thus, the final concentration of methanol that the cells were exposed to was 0.5 %. 

Each standard or sample extract was added to the cells in triplicate and incubated at 

37°C in 8 % CO2 and humidity 95 % for 24 h in the case of the estrogen RGA and 

48 h in the case of the androgen RGA. After incubation, the supernatant was
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discarded and cells washed twice with 200 (iL of pre-heated (37°C) PBS (pH 7). The 

cells were lysed by adding 20 pL of cell lysis buffer into each well of the plate and 

incubation with shaking at 37°C for 5 - 10 minutes. After complete cell lysis was 

monitored and confirmed by microscopy, the plate was placed into a Mithras LB 940 

Multimode Reader (Berthold Technologies, Harpenden, UK) to measure the 

luciferase expression. Using Mikro Win 2000 software, the injector was pre-washed 

with milli-Q water and primed with the luciferase substrate protected from light. 

Finally, luciferase substrate (100 pL) was added to each well of the plate and the 

subsequent luciferase activity was detected and recorded as the response of 

bioluminescent signal.

2.6.1. Arrangement of RGA experiment.

Each RGA experiment was arranged to include on a single plate extracts of negative 

and positive controls together with a number of dilutions of unspiked and spiked 

sport supplement (Figure 2.2). The outer wells (most susceptible to changing 

conditions, temperature, COt content, humidity) on the plate were filled with buffer 

to decrease the standard deviation within the triplicate analysis of a single measuring 

point. One blank sample (negative control) and five different spiked with standard 

hormone samples (positive controls, 17p-estradiol or DHT depending on RGA type) 

were extracted to produce a standard curve from which the concentrations of 

potential estrogenic or androgenic activity could be determined. The negative and 

positive control extracts were prepared from acetonitrile for ‘QuEChERS’ method 

and water for HUB method. Sport supplements samples were tested unspiked to 

detect the agonistic activity and spiked with 17p-estradiol or DHT at concentration 

0.5 ng g'1 or 2.9 ng g"1, respectively, to detect synergistic or antagonistic response 

(similar spiking concentrations were used by Willemsen et al, 2004 for 

determination of antagonistic effect). Each investigated product having positive 

response was diluted to show the activity that would be placed on the logarithmic 

part of corresponding sigmoidal standard curve above the cc|3 for estrogen RGA 

(0.0047 ng mL"1) and ccP for androgen RGA (0.026 ng mL'1) in case of androgen 

responsive cell line as outlined in Figure 2.2 (the establishment of ccP for estrogen 

and androgen RGA is described in Chapter 4, point 4.4.1). Each supplement sample 

was extracted and tested by RGA in triplicate in each of three independent 

experiments performed within 2 years’ time.
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b)

dihydrotestosterone
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ccR [0.026 ng g-1]
50 dil spiked before extraction s1 (100%) 
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1.-.1 1 11 1 1 1 1 1 1 1

Concentration (ng g-1)
oo

Figure 2.2. Arrangement of a) estrogen and b) androgen RGA experiment. The 
distribution of negative, positive controls and (un)spiked samples on RGA plate. The 
concentration for each sample’s dilution was determined from sigmoidal standard 
curve based on detected % response. The dilution above the ccp (0.0047 ng g 1 for 
estrogen and 0.026 ng g’1 for androgen assay) present on logarithmic part (pink line) 
of curve was used for further analysis.
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According to different bioactivity profiles detected, sport supplements samples were 

divided into five groups. Each group was defined due to type of compound of 

different activity including agonists showing additive or synergistic response, partial 

agonists, antagonists or compounds causing enhanced response in presence of 

estrogenic or androgenic steroid.

All samples, which tested unspiked presented positive response, were termed 

agonists. The spiked sample of the same supplement enabled determination of 

additive, synergistic or partial agonistic activity after the activity of the added 

standard steroid was subtracted. The same agonistic activity found in spiked and 

unspiked form of the same product (activities were equal or very close) was called 

agonist with additive response. Stronger agonistic activity found in spiked sample 

then in unspiked sample of the same product was named agonist with synergistic 

response. Weaker agonistic activity found in spiked same then in unspiked sample of 

the same product was called partial agonist.

Unspiked samples showing no activity were divided into two groups. Firstly, 

antagonists that spiked sample showed weaker response then the response of the 

positive control (at the same spiking concentration). Secondly, samples showing 

enhanced response in presence of estrogenic or androgenic steroid, which means that 

spiked sample of the product showed stronger response then the response of the 

positive control (at the same spiking concentration).

2.7. MTT assay procedure.

The standard colorimetric MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5- 

diphenyltetrazolium bromide) assay for measuring cellular proliferation and 

cytotoxicity was used [Mosmann, 1983], Cells were prepared, seeded and exposed to 

standards or sample extracts in the same manner described in section 2.6. except that 

Mictotest™ clear flat-bottom 96 well plates were used. After exposure, only one 

washing with 200 pL of pre-heated (37°C) PBS (pH 7) was performed. MTT 

solution (Sigma-Aldrich Cat no: M2128, Poole, Dorset, UK) (5 mg mL'1 stock in 

PBS diluted 1:2.5 (v:v) in assay media) (50 pL) was injected into each well of the 

plate and incubated for 3 h at 37°C. Viable cells convert the soluble yellow MTT to 

insoluble purple formazan by the action of mitochondrial succinate dehydrogenase. 

The supernatant was carefully removed and a 200 pL solution of DMSO added. The
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plate was incubated at 37°C with shaking for 15 minutes to dissolve the purple 

formazan crystals. Optical density was measured at 570 nm with a reference filter at 

630 nm using a Tecan Safire2™ Microplate reader (Tecan Group, Mannedorf, 

Switzerland). Viability was calculated as the % absorbance of the sample when 

compared with the absorbance of the untreated control.

2.8. Western blot analysis

2.8.1. Cell culture

Androgen and estrogen responsive cells (TARM-Luc or MMV-Luc, respectively) 

were seeded into 6 well Nunclon tissue culture plates and incubated at 37°C in 8 % 

CO2. When 60 - 70 % confluent cells were (un)treated with DHT standard at 

concentration 2.9 ng mL'1, androgen receptor antagonist (17-AAG, cat no: A8476, 

Sigma-Aldrich, Poole, Dorset, UK) 0.25 pg mL'1, sport supplement extracts or their 

combinations and incubated another 48 h. Following incubation cells were washed 

twice with ice cold PBS and scraped from the bottom of the plate in 1 mL of ice cold 

PBS. Following a 10 minutes centrifugation at 4°C, 4000 g, the cell pellet was re

suspended in 200 pL ice cold passive lysis buffer containing protease inhibitors 

(Roche, Cat no: 11836153001, Mannheim, Germany). Cells were kept vortexed and 

kept on ice for 30 minutes. The cell lysate was centrifuged at 4°C, 7000 g and 

aliquoted for proteins determination.

2.8.2. Determination of protein concentration.

Protein concentration was determined by the bicinchoninic acid (BCA) method 

described by Smith et al. (1985) and using a commercially available kit from Pierce 

(Northumberland, UK). A 1:10 (v:v) dilution of the protein aliquot was prepared and 

25 pL was inserted in duplicate into a 96 well plate together with the BCA protein 

standards of known concentration, previously prepared from the 2 mg mL"1 stock 

solution. BCA reagent (200 pL) was added to each well containing protein solution 

and shaken for 1 minute, followed by incubation for 30 minutes at 37°C. The plate 

was cooled to room temperature and the absorbance at 562 nm measured using a 

Tecan, Safire 2™ Microplate reader. Protein concentrations were calculated from the 

standard curve constructed from the absorbance reading versus the standard protein 

concentrations.
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2.8.3. Gel electrophoresis.

Samples containing 4 mg of protein were diluted in an equal volume of 2x Laemmli 

loading buffer composed of 4 mL of 10 % sodium dodecyl sulphate (SDS, Sigma- 

Aldrich, Cat no: L3771, Poole, Dorset, UK); 2 mL glycerol (BDH AnalaR, Cat no: 

101186M, Poole, Dorset, UK); 1.25 mL of 1M Tris/HCl, pH 6.8 (Melford 

Laboratories, Chelsworth, UK); 1 mL of 20 mM DTT (Sigma-Aldrich, Cat no: 

T9281, Poole, Dorset, UK) and 1 mL dH^O and heated for 10 minutes at 70°C. 

Polyacrylamide gel electrophoresis (PAGE) was performed for protein separation 

(Laemmli, 1970) using previously prepared 10 % SDS gels prepared according to the 

components presented in Table 2.3 and the description below.

Firstly, separation gel was poured into gel casting glass cassettes and covered by 

1 mL of 70 % methanol in water to remove any bubbles and to avoid the gel drying. 

When set, the stacking gel was poured and plastic comb fitted to form 10 wells for 

sample loading. Gels were used immediately after preparation or stored at 4°C for a 

maximum of 10 days. Protein solutions were applied to the gel together with Novex 

Sharp pre-stained molecular weight markers (20 pL) (Invitrogen, Cat no: LC5800, 

Paisley, UK). Gels were run at 150 volts for 1.5 h by Mini-PEOTEAN Tetra System 

(BIO-RAD, Singapore).

Table 2.3. Composition of 10 % polyacrylamide gel.
Components Supplier Separating gel Stacking gel

1.5 M Tris/HCl, pH 8.8 Melford Laboratories, 
Chelsworth, UK

1.3 mL -
0.5 M Tris/HCl, pH 6.8 - 250 pL
10 % SDS Sigma-Aldrich, Poole, 

Dorset, UK
50 pL 20 pL

30 % acrylamide bis Helena Biosciences 
Europe, Gateshead, UK

1.7 mL 325 pL

AMPS Sigma-Aldrich, Poole, 
Dorset, UK

50 pL 20 pL
TEMED 2 pL 2 pL
dH20 2 mL 1.38 mL

2.8.4. Western blotting

The separated proteins were blotted onto PVDF membrane (GE Healthcare, 

Amersham, UK), which was previously soaked in methanol for 1 - 2 minutes and 

transfer buffer prepared from 225 g glycine (Sigma-Aldrich, Poole, Dorset, UK), 

48.5 g Tris base, 6 g SDS in 1.6 L dH20, dilute 1 in 10 of 25 % methanol in dH20 to
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equilibrate. The gel and membrane were placed between 5-6 sheets of Whatman 

filter paper taking care to avoid any bubbles. Western blotting was performed in 

transfer buffer at 150 volts for 1 h.

2.8.5. Visualisation of Western blots

Proteins were blotted onto PVDF membrane and blocked with 5 % fat free dry milk 

in Tris buffered saline (TBS, pH 7.5; 800 mL dH20, 6.05 g Tris base, 8.76 g sodium 

chloride, 9.5 mL of 1M hydrochloric acid) for 1 h. The blots were incubated 

overnight at 4°C under constant agitation with 1 pg mL 1 of the primary antibodies, 

rabbit anti-androgen receptor (Sigma-Aldrich, cat no: A9853, Poole, Dorset, UK) 

and mouse anti-GAPDH (AbD Serotec, cat no: MCA24277E, Oxford, UK) to control 

the loading of proteins. The next day, the blots were washed three times in 1 % fat 

free dried milk in TEST (TBS with 0.001 % Tween 20 (Sigma-Aldrich, Poole, 

Dorset, UK)) and incubated for 1 hour at room temperature with secondary horse 

radish-peroxidase linked goat anti-rabbit (Cat no: F9887) and anti-mouse (Cat no: 

A4789) antibody, both supplied by Sigma-Aldrich (Poole, Dorset, UK). All four 

antibodies were diluted in 1 % fat free dry milk in TEST. Prior to 

chemiluminescence detection, blots were rinsed three times in 1 % fat free dried milk 

in TEST and another two times in TEST. The ECL-plus reagent (GE Healthcare, 

Amersham, UK) was poured onto membrane and left for 1 - 2 minutes at room 

temperature. The membrane was immediately placed between two sheets of cling 

film and exposed to X-ray film (Thermo Fisher Scientific, Rockford, USA) for 10 - 

15 minutes. Drying of the membranes was avoided at all times during the procedure. 

The chemiluminescence film was processed using standard X-ray developing 

procedures (developer and rapid fixer from Hartman, Mobberley, UK). The bands on 

the developed film at 110 kD corresponded to the androgen receptor.

2.9. Sample preparation.

Both the HLB and ‘QuEChERS’ sample extraction methods are based on solid phase 

extraction (SPE) and are widely applied to the analysis of food samples 

[Anastassiades et al, 2002 ; Waters, 2002], Both require sample pre-treatment before 

final clean up.
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2.9.1. HLB extraction method

The hydrophilic-lipophilic balance (HLB) extraction procedure involves the pre

treatment of sport supplements using a liquid/liquid extraction as described by 

Antignac et ai, 2008. The reagents including HPLC grade water (Cat no: 95304), 

rm-butylmethyl ether (cat no: 34875), sodium acetate (cat no: S8750) and glacial 

acetic acid (cat no: 242853) were obtained from Sigma-Aldrich (St Louis, MO, 

USA). Briefly, 1 g of sample was homogenised with 10 mL of HPLC grade water 

and mixed with 10 mL acetone/acetate buffer 2 M, pH 5.2 (9:1, v:v) and centrifuged 

at 2500 rpm for 10 min at 20°C The supernatant was collected and evaporated to half 

volume under nitrogen stream at 40°C.

Prepare sample

1 g of sport supplement + 10 mL water

Condition / Equilibrate

3 mL tert-butylmethyl ether 

3 mL methanol 

3 mL HPLC grade water

Sample load

10 mL pre-treated sport supplement

Wash

3 mL of 5 % methanol in water

Elute

6 mL of 10 % methanol in tert-butylmethyl ether

Figure 2.3. Flow diagram of the Oasis HLB cartridge extraction procedure.

The samples were then loaded onto HLB cartridges (Waters, Milford, USA) using 

the procedure outlined in Figure 2.3. Glass HLB 5 cc/200 mg LP cartridges were 

used for estrogen assay (Cat no: 186000683) and plastic HLB 6 cc/200 mg LP 

cartridges were used for androgen assay (Cat no: 106202). Elute was evaporated 

under a nitrogen stream at 40°C and re-suspended in 250 pL methanol. The 

additional study was performed to determine the difference of plastic and glass
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columns. The estrogenic RGA results confirmed no cross-contamination of potential 

plastic ingredients having estrogenic activity into extract, which might cause the 

false positive results (data not shown). It means that plastic cartridges as well as the 

plastic tubes employed in the QuEChERS method can be used for extraction of 

estrogenic endocrine disrupters.

2.9.2. 'QuEChERS’ extraction method

The Quick, Easy, Cheap, Effective, Rugged and Safe (‘QuEChERS’) extraction 

method [Anastassiades et al, 2002] involved the homogenisation of 1 g of sport 

supplement sample with 10 mL of acetonitrile (ROMIL Ltd Cat no: H049, 

Cambridge, UK), which is an aqueous miscible solvent causing liquid phase 

separation. The homogenised products were applied to dispersive SPE (dSPE) Citrate 

Extraction Tubes (Supelco cat no: 55227-U, Sigma-Aldrich, Poole, Dorset, UK) 

containing high amounts of salts and buffering agents (sodium chloride, magnesium 

sulphate and magnesium citrate) that stabilized acid and base labile pesticides. The 

sample was mixed vigorously and centrifuged at 3000 rpm for 5 minutes. The 

organic phase was collected and subjected to a final clean up using PSA/ENVI-Carb 

SPE CleanUp Tubes (Supelco Cat no: 55233-U, Sigma-Aldrich; Poole, Dorset, UK). 

The tubes were shaken for 2 minutes and then centrifuged at 3000 rpm for 5 minutes. 

The resulting supernatant was collected and evaporated under a nitrogen stream at 

40°C and re-suspended in 250 pL methanol. The ‘QuEChERS’ extraction procedure 

was outlined in Figure 2.4.
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2. General materials and methods.

2.10. Sample collection

A total of 116 sport supplement samples were collected from different sources across 

the Island of Ireland and are summarized in appendix 1. There are two products in 

duplicate that differ in batch number and all of the samples are the representatives of 

61 various manufacturers, mostly producing only sport supplements and sport 

equipment. Samples were obtained from health food shops, health clubs and gyms, 

pharmacies and internet or kindly provided by the Irish Medicine Board (IMB) and 

Irish Rugby Football Union (IRFU) as outlined in Table 2.4.

Table 2.4. Number of samples from each source.
Product source Number of samples

Health food shops 26

The internet 9

Health clubs and gyms 7

Pharmacies 3

IMB 60

IRFU 11

The sport supplements differed in composition and contained proteins, 

carbohydrates, hormones or their precursors, creatine, plant extracts and steroids, 

minerals and vitamins, nitric oxide as basic ingredients. Twenty five manufacturers 

did not provide information about the composition of their product (Table 2.5). The 

collected sport supplements varied in a form as outlined in Table 2.6 including 

powders, capsules, tablets, bars and three types of liquids (drink, injection and gel).

Table 2.5. Composition of sport supplements.
Basic ingredient Number of supplements

Proteins 33

Carbohydrates 23 ( 3 - second basic 
ingredient)

Hormones and precursors (Testosterone propionate, 
Pregnenolone, DHEA, Stanozolol, Methadienone, 
Nandrolone, 1,4-Androstadienedione, 19- 
Norandrostenedione)

12

Creatine 8

Plant extracts and plant steroids 8
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Minerals and vitamins 8 (5 - second basic ingredient)

Amino acids 6(1- second basic ingredient)

Other (Nitric oxide and plant esters) 2

Unknown (samples without packaging from IRFU) 9

Unknown (no information on product label) 16

Table 2.6. Form of sport supplements.
Product form Number of samples

Powder 42

Tablet 17

Capsule 35

Bar 9

Liquid - drink 6

Liquid - gel 3

Liquid - injectable 4

2.11. Data analysis

All experiments were performed in triplicate for each experimental point and 

repeated in three independent experiments. All values shown are expressed as mean 

± standard deviation. The dose responsive standard curves were determined by any 

of two programs Slide Write Plus V6 or Graph Pad Prism 5, from the sigmoidal 

dose-response curve equation, where Y is the response, X is the logarithm of 

concentration, and Bottom and Top are fixed to 0 % and 100 %, respectively of the 

maximum achieved response; Y = bottom + (top - bottom) / (1 + 10 <l08 EC5° “ X)). 

Fold induction was measured by calculating the ratio of a response when compared 

with the negative control (n-fold). The concentration that produced a 50 % increase 

in maximal response (EC50) was used as a measurement of the assays sensitivity.
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detection of endocrine disrupters in sport supplements.
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3. The application of Reporter Gene Assays for the detection of endocrine disrupters in sport
supplements.

3.1. Abstract.

The increasing availability and use of sports supplements is of concern as highlighted 

by a number of studies reporting endocrine disrupter contamination in such products. 

The health food supplement market, including sport supplements, is growing across 

the Developed World. Therefore, the need to ensure the quality and safety of sport 

supplements for the consumer is essential.

The development and validation of two reporter gene assays coupled with solid 

phase sample preparation enabling the detection of estrogenic and androgenic 

constituents in sport supplements is reported. Both assays were shown to be of high 

sensitivity with the estrogen and androgen reporter gene assays having an EC50 of 

0.01 ng mL'1 and 0.16 ng mL"1 respectively.

The developed assays were applied in a survey of 63 sport supplements samples 

obtained across the Island of Ireland with an additional seven reference samples 

previously investigated using liquid chromatography tandem mass spectrometry 

(LC-MS/MS). Androgen and estrogen bio-activity was found in 71 % of the 

investigated samples. Bio-activity profiling was further broken down into agonists, 

partial agonists and antagonists. Supplements (13) with the strongest estrogenic bio

activity were chosen for further investigation. LC-MS/MS analysis of these samples 

determined the presence of phytoestrogens in seven of them. Supplements (38) with 

androgen bio-activity were also selected for further investigation. Androgen agonist 

bio-activity was detected in 12 supplements, antagonistic bio-activity was detected in 

16 and partial antagonistic bio-activity was detected in 10. A further group of 

supplements (7) did not present androgenic bio-activity when tested alone but 

enhanced the androgenic agonist bio-activity of dihydrotestosterone when combined. 

The developed assays offer advantages in detection of known, unknown and low- 

level mixtures of endocrine disruptors over existing analytical screening techniques. 

For the detection and identification of constituent hormonally active compounds the 

combination of biological and physio-chemical techniques is optimal.

3.2. Introduction

The endocrine system controls important physiological events within the body 

through hormone signalling and cellular receptors. Estrogens, the female sex 

hormones, are responsible for growth, development and function of the female 

reproductive system [Nussey and Whitehead, 2001; Oh and Philips, 2006].
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Androgens, the male sex hormones, regulate spermatogenesis, are responsible for 

male sex characteristics, influence behaviour and red blood cells production 

[Braunstein, 2007].

An endocrine disruptor (ED) is defined by the European Commission (1996) as “an 

exogenous substance or a 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”. EDs may function through various modes of action such as 

mimicking or antagonising the effects of hormones, disrupting natural hormone 

production pathways, disrupting hormone secretion or metabolism, or disrupting 

expression of their nuclear receptors [Sonnenschein and Soto, 1998]. Disruption of 

the endocrine system can lead to serious health effects. Estrogenic EDs may cause 

reproductive process disorders and influence on development of breast and 

endometrial cancer in women, or testis cancer and infertility in men [Sonnenschein 

and Soto, 1998; Sharpe and Skakkebaek, 2003]. Androgenic EDs may be responsible 

for many other serious health problems; including prostate carcinoma, reproduction 

system abnormalities, hepatotoxicity, heart disease and psychiatric symptoms [Juhn, 

2003; Maravelias et ai, 2005; Pope and Katz, 1988].

Exposure to EDs via our diet is a major route of concern [Connolly, 2009]. Recently, 

there has been a significant rise in the use of health food products in the Developed 

World, which include dietary supplements, by the general public. The Island of 

Ireland is typical of this trend. Food supplements as defined by the European 

Communities Regulation, 2007; are products containing nutrients or other substances 

that elicit nutritional and physiological effects. The referred Regulation specifies 

nutrients as vitamins and minerals and provides an exact list of allowed compounds 

for food supplements production. These health food products including sport 

supplements can be obtained via a widening range of outlets such as the internet, 

pharmacies, supermarkets, healthfood shops and outlets linked to sport centres. Many 

consumers view such supplements as a means of improving their health status. They 

believe that these products positively influence overall health, enhance sports 

performance and in some cases result in muscle gain with increased strength. Similar 

effects can be obtained through anabolic androgenic steroid action. However, both 

exo- and endogenous anabolic steroid compounds are banned in any type of 

supplementation [EC, 2007]. The ‘General Food Law Regulation’ clearly specifies 

that any medicinal products should not be included in any type of food. However,
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concerns over the accidental, environmental or deliberate contamination of sport 

supplements during the manufacturing process or from the raw ingredients have been 

highlighted in an increasing number of studies reporting the contamination of sport 

supplements with hormonally active substances [Maughan, 2005; Geyer et al, 2004], 

Delbeke et al., (2003) reported the significant presence of pro-hormones and 

hormones in two sport supplements which did not have hormonal substances listed 

on the product label [Delbeke et al, 2003]. Consequently, ingestion of doses much 

lower then the manufacturers’ recommended dose resulted in positive urine doping 

test results in athletes for up to 144 hours. Anabolic androgenic contamination of 

food supplements was reported in another study by Kafrouni et al. (2007). In this 

case two young men had been taking the contaminated supplements for 4 weeks and 

had developed serious cholestatic liver injury. The men did not require a liver 

transplant but recovery by hospitalization took 8-15 weeks. Therefore, it is important 

that an effective approach for monitoring such foods for anabolic compounds is 

developed.

The most reliable way of detecting hormonally active constituents is by monitoring 

biological activity through their natural target molecules, the steroid hormone 

receptors. Reporter Gene Assays (RGAs), incorporating relevant receptors and a 

reporter gene such as luciferase have previously been used to detect hormonally 

active compounds through biological activity [Connolly et al, 2009], This type of 

bioassay enables detection of known, unknown and low-level cocktails of EDs and 

offers advantages over traditional assays which will only detect a limited range of 

known compounds due to recognition based on structure rather than biological 

activity. However, the drawback of the RGAs is the time. The total assay time is 

between 48 - 72 h, depending on assay, mainly due to long exposure period (24 - 

48 h).

The present study focused on two groups of steroid hormones, estrogens and 

androgens due to the importance of their physiological effects. The overall aim was 

to develop estrogenic and androgenic RGA screening assays for the detection 

of EDs in sport supplements available to consumers on the Island of Ireland market 

and apply these methods in an all Island survey.
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3.3. Materials and Methods

3.3.1. Reagents and chemicals.

Cell culture reagents including Dulbecco’s Modified Eagle Medium (DMEM) 

medium, general and hormone depleted serum, penicillin-streptomycin, trypsin, 

phosphate-buffered saline (PBS) and lysis reagent were supplied by Invitrogen Ltd 

(Paisley, UK). Reference standards including: 17a-estradiol, 17(3-estradiol, estrone, 

dihydrotestosterone (DHT), testosterone, dehydroepiandrosterone (DHEA), 

bisphenol A, trenbolone, fulvestrant (ICI 182,780), flutamide, dimethyl sulfoxide 

(DMSO) and thiazolyl blue tetrazolium bromide were supplied by Sigma (Poole, 

Dorset, UK). Falcon tissue culture flasks were obtained from BD Biosciences 

(Bedford, MA, USA). Specialised plates used in the reporter gene assays were 

supplied by Greiner Bio-One (Stonehouse, UK). A luciferase kit (Promega E1501) 

was supplied by Promega (Southhampton, UK). Dispersive solid phase extraction 

(SPE) Citrate Extraction Tubes and PSA/ENVI-Carb SPE cleanup Tubes 2 as well as 

HPLC grade water, tert-Butyl-methyl-ether, glacial acetic acid and sodium acetate 

were supplied by Sigma (Poole, Dorset, UK). Oasis HUB glass and plastic cartridges 

(5 cc/200 mg and 6 cc/200 mg, respectively) were supplied by Waters 

Chromatography Ireland (Milford, USA). Methanol and acetone were obtained by 

BDH (Poole, Dorset, UK). Acetonitrile was supplied by Analab (Lisburn, UK).

3.3.2. Reporter Gene Assay

3.3.2.1. Estrogen Reporter Gene Assay

Estrogen (MMV-Luc) responsive, reporter gene cell line was previously produced by 

stable transfection of MCF-7 cell line with the MMTV-Luc reporter plasmid 

[Willemsen et ai, 2004], Prior to running the assay, the cells were passaged at least 

twice in hormone free assay medium (DMEM, 10 % hormone depleted serum) to 

remove endogenous hormones. Additionally, the assay was performed using phenol 

red free DMEM media due to the estrogenicity of phenol red. A standard curve was 

generated using 17p-estradiol. Cells were seeded in hormone free assay media at a 

concentration of 4xl05 cells mL’1 in a 96 well plates and incubated overnight at 37°C 

in 8 % CO2. The next day, assay media spiked with various concentrations of 

standard was added to the cells and incubated at 37°C for 24 hours. The supernatant 

was discarded and cells washed with PBS (pH 7) prior to lysis by the addition of 

lysis buffer and shaking for 10 minutes at 37°C. Luciferase substrate was injected
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and the assay read using a luminometer (Mithras LB 940, Berthold Technologies). 

The assay was developed for agonistic and antagonistic activity detection.

3.3.2.2. Androgen Reporter Gene Assay

As with the estrogen reporter gene assay, androgen (TARM-Luc) responsive cell line 

was previously produced by stable transfection of T47D cell line with the MMTV- 

Luc reporter plasmid [Willemsen et ah, 2004], However, the MMV-Luc cell line 

intrinsically expresses the estrogen receptor while in the case of the TARM-Luc cell 

line, the pSV-ARo expression vector, encoding the androgen receptor gene, was 

additionally transfected into the T47D cell line due to the absence of the expression 

of substantial amounts of the androgen receptor. The assay was performed in the 

same way as in the case of the estrogen RGA, with a few exceptions. Phenol red free 

DMEM media was not required as phenol red does not present androgenicity. 

Moreover, for standard curve development DHT was used as the calibrant and cells 

treated with the standard were incubated 48 hours, prior to reading the results.

3.3.3. Cross-reactivity study

Cross-reactivity profiles for estrogen and androgen assays were performed using 

17a-estradiol, estrone and testosterone, trenbolone; respectively. The experiments 

were performed in the same way as described for 17P-estradiol and DHT (section

2.2. ) and each EC50 was calculated. The extensive cross-reactivity profile was 

performed by Scippo et al. (2002), where the relative binding affinities of 28 

estrogenic, androgenic, progestagenic and glucocorticoid compounds for the 

androgen and estrogen receptors were investigated (Table 3.1.).

Table 3.1. Relative binding affinities of various steroid analogs for the recombinant 
steroid receptors [Scippo et al, 2002],
RBA (%)

hERa hAR hPR hGR
Estrogens
17p-Estradiol 100 20 0.5 -
Ethinyloestradiol 95 0.2 - -
Dienoestrol 68 - - -

Diethylstilbestrol (DES) 66 - - -
Hexestrol 64 - - -
Zeranol 40 — _ _
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P-Zearalenol 15 - - -
Zearalenone 14 - - -
Taleranol 10 - - -
Zearalenone 3 - - -
Estrone 0.2 - - -
17a-Estradiol 0.2 - - -
Androgens
Dihydrotestosterone (DHT) <0.02 100 1 <0.01
Trenbolone - 100 - -
Nandrolone - 75 - -
Testosterone <0.02 25 - -
Methyltestosterone <0.001 10 - -
Stanazolol - 10 - -
Methylboldenone - 5 - -
Dehydroepiandrosterone - 5 - -
Epitestosterone - 5 - -
Progestagens
Progesterone <0.02 10 100 10
D-Norgestrel <0.001 10 200 -
Norethindrone - - 150 -
16a-Methylprogesterone - - 130 -
16a-Hydroxyprogesterone - - 50 -
Pregnenolone - - 10 -
Glucocorticoid
Dexamethasone <0.001 <0.2 _ 100
(-) not determined.

3.3.4. MTT assay

Cytotoxicity testing of all samples was performed on both cell lines, MMV-Luc and 

TARM-Luc. The assay was performed with a few modifications to the method as 

described by Mosmann (1983). Cells were seeded in 96 well plates at a concentration 

of 4xl05cells mL 1 and incubated overnight at 37°C. The following day, standards 

and extracts were added for a further 24 hours. Cells were washed with PBS and 

MTT reagent (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide was 

added (50 pL of 1.4 mg mL'1) and incubated for 3 hours at 37°C. The liquid was 

carefully removed and 200 pL DMSO added. Plates were shaken at 37°C for 15 

minutes prior to reading absorbance on a Tecan, Safire 2 plate reader at 570 nm.

74



3. The application of Reporter Gene Assays for the detection of endocrine disrupters in sport
supplements.

3.3.5. Extraction and clean-up of sport supplements

3.3.5.1. Oasis HLB cartridges SPE.

Extraction procedure for protein and carbohydrate based products. HLB based solid 

phase extraction procedure involved pre-treatment, liquid/liquid extraction [Antignac 

et ai, 2008] of 1 g of sample homogenised with 10 mL of HPLC grade water, 

(un)spiked with relevant hormone, followed by Oasis HLB cartridges extraction. 

Columns 5 cc/200 mg were used for estrogen assay (glass) and 6 cc/200 mg for 

androgen assay (plastic), and conditioned with 3 mL of methyl tert-butyl ether, 

methanol and water. After sample insertion, cartridges were washed with 3 mL of 

5 % methanol in water and eluted by 6 mL of 10 % methanol in methyl tert-butyl 

ether. Eluent was evaporated under a nitrogen stream at 40°C and re-suspended in 

250 pL methanol.

3.3.5.2. -QuEChERS’ method.

Extraction procedure for protein, carbohydrate, plant and herbal extract, mineral, 

vitamin, amino acid based products. Dispersive solid phase extraction (dSPE), i.e. 

'the 'QuEChERS’ method, involved mixing 1 g of sport supplement with 10 mL of 

acetonitrile, (un)spiked with relevant hormone. dSPE Citrate Extraction Tube was 

used for pre-treatment, and further cleanup was performed using the PSA/ENVI- 

Carb SPE CleanUp Tube 2. The collected aliquot was evaporated under a nitrogen 

stream at 40°C and re-suspended in 250 pL methanol.

Extracted samples were tested immediately or stored at -20°C. Prior to application to 

the RGAs and MTT assay, the extracts were diluted in assay medium 1:200, 

(v:v). When

samples exhibited a toxic effect, additional serial dilutions in assay medium were 

performed, until tolerable conditions (no toxic effect observed) for the RGAs were 

achieved.

3.3.6. Extraction recoveries and matrix effect

Pure water or acetonitrile were spiked with 17p-estradiol or DHT at 0.5 ng mL"1 and 

3 ng mL"1 concentrations, respectively and extracted to determine the procedure’s 

recoveries. A matrix effect study was performed for the extraction method based on 

Oasis HLB SPE. Pure water and sample homogenate spiked with 17P-estradiol at 

concentrations between 0.0001 and 2.7 ng mL"1 or DHT in range 0.001 to 29 ng mL"1

75



3. The application of Reporter Gene Assays for the detection of endocrine disrupters in sport
supplements.

were extracted and applied to RGA. The developed standard curves were compared 

to 17p-estradiol or DHT standard curves described in section 2.2.

3.3.7. Sport supplements

A total of 63 sport supplement samples were obtained from various retail outlets 

across the Island of Ireland, via the internet and some were provided by the Irish 

Medicine Board. Additionally, 7 certified negative and positive control sport 

supplements (for estrogens and androgens) were provided by the Horseracing 

Forensic Laboratory, UK (HFL) as shown in Table 3.3.

The sport supplements were composed of different ingredients but generally included 

proteins, carbohydrates, amino acids, vitamins, minerals, plant and herbal extracts. 

The supplements were present in various physical forms including powders, tablets, 

capsules or liquids.

3.3.8. Data analysis.

Standard curves were calculated based on the sigmoidal dose-response curve 

equation using the Slide Write Plus software, where Y is the response, X logarithm 

of concentration, while bottom is 0 and top 100 percentage of maximum achieved 

response; Y = bottom + (top - bottom) / (1 + 10 <losEC5°-x) )_

The EC50 is the standard concentration that produces a 50 % fold-induction of the 

maximal response achieved. Cross-reactivity was determined for the two most potent 

natural androgen and estrogen hormones, DHT and 17[3-estradiol, respectively. The 

percentage value for the cross-reactivity of each tested hormone was calculated by 

the division of the EC50 of DHT or 17p-estradiol by EC50 of androgen or estrogen 

and multiplied by 100. Fold induction was estimated by division of sample response 

by negative control response.

Extraction recoveries were calculated based on standard curve equations, where the 

X value was calculated for a given Y value, response achieved from the assay. 

Calculated in this way concentration was divided by the value of spiking 

concentration before extraction and multiplied by 100 to achieve a % extraction 

recovery.

Toxic effect was determined based on the absorbance (Abs) values from the formula: 

% toxicity = (negative control Abs - sample Abs) / (negative control Abs) *100
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3.4. Results and discussion.

3.4.1. Standard curves

Dose response curves generated in assay media using 17p-estradiol in the estrogen 

assay and DHT in the androgen assay have been presented in Figure 3.1. The 

calculated EC50 values for the estrogen and androgen assays were 0.01 ng mL'1 and 

0.16 ng mL 1 respectively.

a)

0.00001 0.0001

Concentration (ng ml'1 of medium)

b)
</> 110

0.001

Concentration (ngml-1 of medium)

Figure 3.1. Dose response standard curves. Mean induction ± standard deviation in 
relation to untreated cells is presented, a) MMV-Luc cell line treated with increasing 
concentrations of 17p-estradiol (n=7). Luciferase activity measured after 24 h. b) 
TARM-Luc cell line treated with increasing concentrations of DHT (n=8). Luciferase 
activity measured after 48 h.
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3.4.3. Extraction recoveries and comparison of both extraction procedures.

The efficiency of the HLB based extraction and ‘QuEChERS’ extraction was 

determined for both the estrogen and androgen assay.

The percentage recoveries (Table 3.2) indicate that both solid phase extractions show 

high recoveries. In determining the most appropriate extraction procedure a second 

factor was taken into consideration, i.e. the applicability of the method to different 

types of samples. Eleven sport supplements were extracted by both methods and 

applied to the RGAs and MTT assay in order to check the toxicities of the different 

extracts generated. All extracts from samples which contained mainly proteins and/or 

carbohydrates presented similar RGA results with no toxic effects being observed. 

Conversely, products containing a high amount of plant and herbal extracts or 

mixtures of minerals, amino acids and vitamins with other synthetic compounds, 

were more problematic as summarised in Table 3.2. HLB extracts were found to be 

highly toxic in a number of cases and the determined toxicity was correlated to the 

intensity of each extract’s pigmentation. However, all extracts produced by the 

‘QuEChERS’ method were non toxic and suitable for the RGAs. Even though, there 

is a risk that this method may remove the relevant bioactive compounds (i.e. plant 

origin), due to the high extraction efficiency and low toxicity this method was 

selected for all further sample preparation work.
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3.4.4. Matrix effect.

A study of the matrix effects was performed in both RGAs and the results are shown 

in Figures 3.2 and 3.3. In androgen assay, only a very weak matrix effect was

medium

extracted - HPLC water

extracted - sport supplement

0.00001 0.0001 0.001

Concentration (ng/ml of medium)

Figure 3.2. Matrix effect in estrogen RGA. Standard curves in medium, extracted 
HPLC water and extracted sport supplements, spiked before extraction with different 
concentrations of 17P-estradiol.

medium

extracted - HPLC water

extracted - sport supplement

Concentration (ng/ml of medium)
Figure 3.3. Matrix effect in androgen RGA. Standard curves in medium, extracted 
HPLC water and extracted sport supplements, spiked before extraction with different 
concentrations of DHT.
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observed. In case of estrogen assay, 7 - 15 % matrix effect (unspiked sample, Y axis 

value) was observed, which was able to move the extracted standard curves on left 

side of the medium standard curve. It means that the reagents used in extraction and 

the food-matrix enhanced the response read by the RGA. The problem of matrix 

effect was solved due to correction to negative control that was performed for all the 

tests within this thesis for both bioassays.

3.4.5. Reference Samples.

Sport supplements samples kindly provided by Dr Phil Teale, Horseracing Forensic 

Laboratory and previously investigated using an LC-MS/MS method [Scart et ai, 

2009] were examined by the RGAs. This study aimed to confirm the suitability of 

RGA analysis for the detection of hormonally active constituents in sport 

supplements. Table 3.3 describes the comparison of data produced by both 

techniques. The RGA method detected an estrogenic response in sample 6, a sample 

which the LC-MS/MS identified the presence of the estrogenic compound 

estrenedione. In samples 2, 3 and 4 the RGA also detected the presence of estrogenic 

compounds however no matching evidence was found by LC-MS/MS. As the LC- 

MS/MS procedure was specifically designed to detect the presence of illegal anabolic 

compounds, a second LC-MS/MS procedure was applied which was designed to 

detect phytoestrogens. The profiling for 13 compounds was performed using the 

procedure of Antignac et al. (2008). The samples profiled as estrogenic positive by 

RGA contained high concentrations of six plant estrogens, most notably in sample 2 

which showed the strongest response in the estrogen RGA (Table 3.4).

In relation to the androgen RGA analysis; agonist activity was detected only in 

sample 4. LC-MS/MS investigation had revealed that sample 4 contained 

androstenedione. Samples 5 and 6 did not present any activity in the androgen RGA. 

However, LC-MS/MS analysis had confirmed the presence of DHEA at the 

concentration below 10 ng g'1, which is a natural precursor of steroid hormones such 

as testosterone, DHT, estrone and estradiol in humans [Braunstein, 2007], This weak 

androgen has been shown to have a very low binding affinity for the androgen 

receptor [Scippo et ai, 2002], The additional study performed with DHEA external 

standard, at the range of concentrations between 0.12 up to 288.4 ng g'1, showed no 

positive response, while tested by androgen responsive RGA (data not shown). The 

possibility of detection of prohormones was described by Rijk et al. (2008), where

81



Ta
bl

e 3
.3

. Co
m

pa
ris

on
 of 

LC
-M

S/
M

S a
nd

 RG
A

 me
th

od
s ba

se
d o

n se
ve

n d
iff

er
en

t sp
or

t su
pp

le
m

en
ts a

na
ly

sis
 pe

rfo
rm

ed
 by

 Ho
rs

er
ac

in
g 

Fo
re

nc
in

g L
ab

or
at

or
y (

H
FL

) a
nd

 Q
ue

en
’s

 U
ni

ve
rs

ity
 B

el
fa

st 
(Q

U
B)

. no resp
on

se
 ob

se
rv

ed
; “+

’ p
os

iti
ve

 re
sp

on
se

 ob
se

rv
ed

, '+
++

’ ve
ry

 st
ro

ng
 

po
sit

iv
e r

es
po

ns
e o

bs
er

ve
d.

__
__

__
__

__
__

__
__

__
__

__
__

__
__

__
__

__
__

_
__

__
__

__
__

__
__

__
__

__
__

__
_

Q
U

B 
re

su
lts

 (R
G

A
)

A
nd

ro
ge

n 
as

sa
y 

re
sp

on
se

i i i + i i l

Es
tro

ge
n a

ss
ay

 
re

sp
on

se

++
+ + + • + +

H
FL

 re
su

lts
 (L

C-
M

S/
M

S)
A

nd
ro

ge
ni

c c
om

po
un

ds

i i i

5(
6)

-a
nd

os
te

ro
ne

-3
,17

-d
io

ne
D

H
EA

 (<
10

 ng
 g"

1)

'ofl
aoc
o
V

<
U
K
Q

un
kn

ow
n

Es
tro

ge
ni

c c
om

po
un

ds

■ i i ■ 1

5(
10

)-e
str

en
e-

3,
17

-d
io

ne
U

nk
no

w
n

Sa
m

pl
e

N
o. - <N (T) fr, r-

-o<D
£O

0)
£

'Hha.

■£oa,00
<DQ

o

CO

C W)2 c
Uh C

c 
c o
C3 jz 

—' <D
< c3
J
« .2
Q 03
Q $
< u

E o o
2 C > u C on n o
\ <u) o 
J
3 (X

A
pi

ge
ni

ne
13

64
0

44
90

52
90

Eq
uo

l
29

0
40 20

En
te

ro
la

ct
on

e
12

90
83

0
92

0

Se
co

iso
la

ric
ire

sin
ol

IT)
<N

oc

40
5

G
en

ist
ei

ne
17

00
12

0
19

0

D
ai

dz
ei

ne
94

6
20

2
22

6

Sa
m

pl
e N

o.

<N

CM
00



3. The application of Reporter Gene Assays for the detection of endocrine disrupters in sport
supplements.

the metabolic bio-activation was performed before the application to corresponding 

RGA.

3.4.6. Sport supplement study.

Sixty three sport supplement samples were collected and investigated by estrogenic 

and androgenic RGAs. Experiments were designed to detect agonistic and 

antagonistic activities. However, when the resulting data were analysed more 

groupings (n=5) of results for both assays were required to explain the effects 

observed (Figure 3.4a and 3.4b).

3.4.6.1. Estrogen RGA

Eighteen negatives were found from the 63 samples tested for the presence of 

estrogenic compounds, including 5 products that showed a very low level of activity 

close to the negative response level. These 5 samples were a common type of 

supplement with whey protein and carbohydrates as their main constituents and may 

require alternative sample treatment to remove a potential matrix effect (other dSPE 

extraction, GPC columns). Of the 45 supplements showing a response, three sub

groups were apparent. As presented in Figure 3.4a; 24 were classified as partial 

agonists, 17 were classified as agonists showing additive responses, and 4 classified 

as agonists displayed synergistic responses.

Samples showing a similar or higher response than 17p-estradiol at a concentration 

of 0.5 ng mL'1 in the RGA were selected and tested for a range of estrogenic 

compounds by LC-MS/MS method [Malone et al, 2010], including natural and 

synthetic estrogens, estrogenic mycotoxins and their metabolites and esters forms. 

None of the potential hormonal substances (a and |3 estradiol, estrone, 

ethynyloestradiol, dienestrol, diethylstibbestrol, hexestrol, delmadionone acetate, 

zeranol, taleranol, zearalenone, a and (3 zearalenol) were found in any of the samples 

investigated. Additionally, confirmatory analysis was also performed to look for 

estrogenic ester forms of some of the drugs, none were detected by Malone et al. 

(2010). However, in 7 samples (all soy based products), from selected supplements, 

the presence of isoflavone-genistein (a known estrogen agonists) was confirmed by 

LC-MS/MS, explaining the positive response observed in the estrogen RGA.

In summary, the study detected the presence of estrogenic compounds in 45 of the 

63 samples examined. Mass spectrometry analysis confirmed the presence of
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a) Estrogenic contaminants detected by RGA

I response 
unreadable 

due to matrix 
effect 

5

□ agonists with 
synergistic 
response 

4

E3 no observed 
response 

13

agonists with 
additive 
response 

17

b) Androgenic contaminants detected by RGA

enhanced 
response in 
presence of 
androgen 

7

antagonists
16

□ partial 
agonists 

10

E3 no observed
response

18

agonists with 
additive and 

synegistic 
response 

12

Figure 3.4. ED profile for 63 sport supplements investigated by reporter gene assays: 
a) samples having estrogenic activity equivalent to 17P-estradiol (0.5 ng g"1) detected 
using MMV-Luc cell line, b) androgen active samples being equivalent to DHT at 
2.9 ng g'1 concentration were detected using the TARM-Luc cell line.

estrogenic substances in only a few examples, with mainly phytoestrogens being 

found in soya based products. The activity detected in the other samples may be
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explained by the presence of natural and synthetic estrogens not included in the mass 

spectrometric profiles, estrogenic environmental contaminants, such as pesticides, 

fungicides, plasticisers, etc. These may contaminate final product during the 

manufacturing processes or originate in raw materials from with which they were 

produced.

3.4.6.2. Androgen RGA

The androgenic RGA enabled investigation and analyses of target products in 

relation to naturally occurring androgens, DHT at concentration of 2.9 ng g"1.

Of the 63 supplements tested, 18 were negative and showed no androgenic activity. 

The largest grouping was represented by androgenic antagonists (26), of which 

16 antagonised the receptor by blocking and 10 which partially antagonised the 

receptor by mimicking hormone action with lower efficiency. In 12 samples, 

agonistic substances, both with additive and synergistic responses in the androgen 

RGA were found. An additional group of 7 samples showed no agonistic activity 

when analysed alone. However, a significant response was observed when these 

samples were analysed in the presence of DHT and was greatly enhanced in 

comparison to the control containing the same concentration of DHT only. Yen et 

ai, (1998) and Tyagi et al, (2000) report that potent estrogens can enhance the 

response in androgen RGAs. This may be due to translocation of the androgen 

receptor and trans-activation of target gene promoters by high concentrations of 

estrogens like 17p-estradiol. In 4 of these 7 samples, strong estrogenic agonists were 

observed by the estrogen RGA. Moreover, flavonoids cause a stabilisation of the 

luciferase marker enzyme [Sotoca et al, 2010]. Genistein for instance is not able to 

give a response in an androgen RGA, but may stabilise the luciferase and cause 

enhanced response that is induced by DHT.

However, 3 of these samples did not show estrogenic activity. Increased androgenic 

activity may also be a result of enhancing the androgen-mediated transcription 

through increasing androgen receptor expression as has recently been shown by the 

chemical triclocarban [Chen et al, 2008],

A comparative study using a yeast based reporter gene assay [Rijk et al, 2009] was 

performed on 3 samples presenting the strongest androgenic agonistic activity by the 

mammalian RGA. The supplements showed no response in comparison to a 

testosterone control added at 1.45 pg g’1. The observed differences between the two
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RGA systems may be due to the differential sensitivity of the two procedures. 

Alternatively, the differences may be due to the presence of flavonoids that stabilise 

the luciferase marker enzyme, this effect is not observed in the yeast with yEGFP as 

a marker protein.

The presence of antagonists might be caused by a range of compounds including 

natural and synthetic steroids, environmental compounds like pesticides, etc. One of 

these hypothesis, which could be checked within the project, was to screen a range of 

pesticides that are known of their androgen antagonistic activity. Four samples, 

showing the strongest antagonistic effect, were analysed by mass spectrometry. A 

profile of 75 pesticides having androgenic antagonistic effect was examined by gas 

chromatography mass spectrometry (GC-MS), liquid chromatography time-of-f 

light mass spectrometry (LC-MS TOF) and gas chromatography tandem mass 

spectrometry (GC-MS/MS) method [Hill et al, 1995], No pesticide residues were 

found to be present in any sample at concentrations higher than the limit of detection 

(1 ng g'1).

In summary, the androgen RGA was able to detect activity in 45 of the 63 tested 

sport supplements. The exact nature of the cause of the activity has yet to be 

determined.

3.5. Conclusions.

The developed RGAs have been shown to be very sensitive analytical tools when 

combined with the ‘QuEChERS’ extraction procedure for the detection of 

androgenic and estrogenic bio-activity in sport supplements. Comparison of the 

estrogen and androgen RGA results with LC-MS/MS analysis show that the assays 

are capable of detecting EDs including steroid hormones and phytoestrogens. The 

RGAs are also capable of detecting low concentrations of EDs and weak steroids. 

However, these assays are unable to detect steroid precursors having low affinity for 

nuclear receptors.

The identification of the constituents responsible for the detected ED bio-activity 

requires a confirmatory method. However, the use of a confirmatory method alone 

may present false negatives due to structural specificities. An RGA in parallel with a 

LC-MS/MS method was successfully used in a previous study [Rijk et al, 2009] in 

detecting anabolic steroids in a number of dietary supplements, previously declared 

negative by mass spectrometry analysis. Therefore, a combined approach of
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screening and confirmatory method is most suitable for the detection and 

identification of ED constituents.

The main objective of this study was to develop methods for the detection of 

estrogenic and androgenic EDs in sport supplements. This objective was fulfilled. 

However, the data obtained was more complex than expected. Results indicating the 

presence of agonistic, partial agonistic and antagonistic responses were also 

obtained. Additionally, a few supplements contained extracts that enhanced the 

hormone response but did not have hormonal activity themselves. It may be that 

these potential EDs are not acting on the steroid receptor directly, but can influence 

the activation of the receptor, strengthening the hormone and hormone receptor 

interaction or enhancing nuclear receptor synthesis or production. Another possibility 

is their interaction and positive influence on the cofactors that are involved in the 

induction of the steroid endocrine pathway within the cell [Tabb and Blumberg, 

2006] or the previously mentioned stabilisation of the luciferase marker enzyme by 

flavonoids [Sotoca et al, 2010]. These new-classes of EDs are being extensively 

investigated by scientists [Sharpe and Skakkebaek, 2003]. The complexity of results 

in this study implies that different types of hormonally active constituents are present 

in health food products and the physiological effects they may have on consumers is 

unknown. Besides the favourable effects that sport supplements may have on body 

composition, the potential ED substances present in these products may also have 

undesirable effects. The list of detrimental effects they may cause in humans and 

their progeny is described in many reviews and clinical studies and are connected 

with infertility, heart problems and different types of carcinoma [McLachlan et al, 

2006; Snedeker, 2001; Yang et al, 2006; Maravelias et al, 2005]. Furthermore, of 

concern is that this study obtained a positive hormonal response in more then 70 % 

of the tested products. This reinforces increasing publicised data about the presence 

of EDs in health food supplements [Rijk et al, 2009; Geyer et al, 2004; Maughan, 

2005],

Confirmatory analysis was carried out to search for synthetic EDs, which could be 

responsible for the bio-activity observed in supplements. However this approach did 

not confirm ED identity in most cases. Many samples also contained plant or herbal 

ingredients. A range of 7 phytoestrogens which are able to elicit an estrogenic 

response were present in approximately 20 % of the investigated samples. These 

samples elicited double the response found by 0.5 ng mL'1 of 17p-estradiol. This
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study highlights the potential source of natural EDs in the diet. It may be advisable to 

carry out a risk assessment on such products having similar ingredients, including 

soy and plant extracts.

In conclusion, bio-activity screening in combination with confirmatory analysis is 

optimal for the detection of EDs in sport supplements. It is also clear that potential 

EDs are constituents of a major proportion of food supplements purchased on the 

Island of Ireland and elsewhere. Therefore, legislation is essential for the control of 

these types of foodstuff. However, further research on the detection, characterisation 

and potential adverse health effect caused by EDs of plant origin is also necessary.
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4.1. Abstract

Previously developed estrogen and androgen mammalian Reporter Gene Assays 

(RGAs) [Willemsen et al, 2004] were assessed for their potential use as a 

quantitative screening method in the detection of estrogenic and androgenic 

endocrine disrupters (EDs) in sport supplements.

The validation of both RGAs was performed in accordance with European 

Commission decision 2002/657 for biological screening methods. Twenty negative 

sport supplement (protein based) samples, unspiked and spiked with 17[Testradiol at 

0.5 ng mL 1 or dihydrotestosterone (DHT) at 2.9 ngmL'1, were extracted by 

dispersive solid phase extraction (dSPE) using citrate extraction tubes followed by 

PSA/ENVI-Carb SPE CleanUp Tubes. Extracted samples were then analysed using 

the estrogen and androgen RGAs. Negative samples gave a signal below the decision 

limit (CCoc) in 19 out of 20 of the samples in the estrogen RGA and in 20 out of 20 of 

the samples in the androgen RGA. All spiked samples gave a signal higher than CCa 

and detection capability (CC/?) in both RGAs (/? = 5 %) and were therefore classified 

as suspect. Thus, all samples were compliant with CCa and CCp in both the estrogen 

and androgen RGAs. No effect of DHT on estrogen RGA and 17(3-estradiol on 

androgen RGA proved that both bioassays were specific (most probable cross

reactivity checked). Recovery rates were 96 % ±14 % for 17p-estradiol and 115 % 

±19 % for DHT obtained by RGAs. Both estrogens and androgens were stable in 

samples for up to 23 and 24 days, respectively, when stored at -20°C as was 

confirmed by statistical analysis. Good repeatability and reproducibility of both 

bioassays was also observed. The coefficients of variation for repeatability study for 

estrogen and androgen assays were 12 % and 25 %, respectively. The CV values for 

reproducibility study were higher and include 29 % for estrogen and 51 % for 

androgen assay. The estrogen and androgen activity in 53 sport supplements was 

determined using the validated RGAs. Four groups of endocrine disrupters’ activity 

were detected including agonists having additive response, synergistic response, 

partial agonists and samples showing enhanced response in presence of hormone. 

The 89 % of investigated sport supplements contained the estrogenic EDs and in 

51 % of samples androgenic compounds were detected.
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4.2. Introduction

Dietary supplements, including sport supplements, are increasingly available through 

a widening range of outlets as driven by an increasing consumer demand. Sport 

supplements can be based on a range of basic ingredients such as proteins, 

carbohydrates and herbal based products. Recently, the presence of endocrine 

disrupters in sport supplements has been reported in a number of studies [Baume et 

ai, 2006; Maughan, 2005; Geyer et al., 2004; Plotan et ai, 2011 (Chapter 3)].

EDs are compounds that can interact with and disrupt the human endocrine system. 

Exposure may be through various routes but it is now widely accepted that one of the 

most important routes is through the diet [Connolly, 2009]. EDs may be present as 

natural hormones in a variety of foodstuffs in eggs, meat, and dairy products; and 

phytoestrogens in vegetables [Hartmann et ai, 1998], Man-made chemicals present 

in products such as cleaning agents, disinfectants, pesticides, and packaging 

materials can also be present in food via contamination of the food chain or direct 

contact with the food [Crain et ai, 2007; Maffini et ai, 2006], This type of ED 

contamination is known as environmental or accidental. There is also the potential 

for deliberate addition to induce desirable anabolic effects or enhance sports 

performance. Documented cases have been reported where banned hormonal 

compounds and their pre-cursors have been found in sport supplements with no 

mention of their presence on the product label [Delbeke et ai, 2003; Rijk et ai, 

2009],

Exposure to EDs may result in serious detrimental health effects. The link between 

high level exposure to estrogenic and androgenic compounds with increased 

incidence of breast, endometrium, prostate cancer and infertility in males and in 

females has been widely discussed by scientists [Darbre, 2006; WHO, 2002; Sharpe 

and Skakkebaek, 2003; Fowler et ai, 2008]. The Joint FAO/WHO Expert Committee 

on Food Additives (JECFA, 2000) established an acceptable daily intake (ADI) via 

food for two of the most important steroids, 17[3-estradiol and testosterone. The ADIs 

were set at 50 ng kg*1 bw per day for 17|3-estradiol and 2 pg kg'1 bw per day for 

testosterone.

Consequently, the monitoring of hormonal compounds in food is essential. Suitable 

screening methods, both qualitative and quantitative, are available and include 

chemical, immunological and biological assays. Multiple chemical techniques using 

HPLC or GC combined with MS or tandem MS have been developed. These highly
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specific and quantitative confirmatory methods are applied to previously detected 

and known EDs [Courant et ai, 2007a; Antignac et ai, 2008; Malone et ai, 2010], 

Immunological techniques are very sensitive, specific and allow the detection of 

families of compounds possessing similar structure through cross-reactivity 

properties of the applied antibody. Cross-reactivity may also be a limitation in the 

detection of different types of hormonally active compounds [Gascon et ai, 1997], 

However, for screening purposes, assays based on the detection of bioactivity are 

advantageous [Connolly et ah, 2011; Buterin et ai, 2006; Liu-Stratton et ai, 2004] 

because they have the ability to biologically detect both known and unknown EDs as 

well as their low-level mixtures. One such assay that shows great potential in the 

detection of hormonal bioactivity is the reporter gene assay [Willemsen et al, 2004], 

Yeast based RGAs, which use green fluorescence protein expression, have been 

widely applied in matrices including urine [Bovee et ai, 2005;], animal feed [Bovee 

et ai, 2006] and milk testing [Bovee et al, 1998], Mammalian cell based RGAs, 

using the luciferase reporter gene, have also been developed [Willemsen et al., 2004] 

and applied in a food safety context for the detection of hormonal activity in food 

supplements [Mormont et ai, 2009], bovine urine [Connolly et ai, 2009] and sport 

supplements [Plotan et al, 2011], Mammalian estrogenic and androgenic RGAs 

have been shown to be very sensitive, with an EC50 of 0.01 ng mL'1 and 0.16 ng mL‘ 

‘, respectively and are able to distinguish different types of ED activity including 

agonism, antagonism or synergism [Plotan et al, 2011]. Cross-reactivity profiles 

performed on various estrogenic and androgenic compounds show a dose-response 

relationship when applied to the appropriate RGA.

The main aim of the present study was to validate the estrogenic and androgenic 

RGAs in combination with the ‘QuEChERS’ extraction procedure, in accordance 

with European Commission Decision (2002/657/EC), for the screening of ED 

activity in sport supplements. The validated bioassays were then applied in the 

investigation of ED presence in 53 sport supplements.

4.3. Materials and methods 

4.3.1. Reagents and materials

All cell culture reagents were supplied by Invitrogen Ltd (Paisley, UK). Reference 

standards and chemicals including: 17p-estradiol, dihydrotestosterone, dimethyl 

sulphide (DMSO) and thiazolyl blue tetrazolium bromide were supplied by Sigma

92



4. Validation and application of Reporter Gene Assays for the determination of estrogenic and
androgenic endocrine disrupters in sport supplements.

(Poole, Dorset, UK). Phosphate buffered saline (PBS) was obtained by SAFC 

Biosciences (Lenexa, Kansas, USA). Falcon tissue culture flasks were obtained from 

BD Biosciences (Bedford, MA, USA). Specialised plates used in the reporter gene 

assays were provided by Greiner Bio-One (Stonehouse, UK). A luciferase kit 

(Promega El501) was supplied by Promega (Southampton, UK). Dispersive SPE 

Citrate Extraction Tubes and PSA/ENVI-Carb SPE cleanup Tubes 2 were obtained 

by Sigma (Poole, Dorset, UK). Methanol was obtained by BDH (Poole, Dorset, UK) 

and acetonitrile supplied by Analab (Lisburn, UK).

4.3.2. Extraction procedure of sport supplements using ‘QuEChERS method’

The ‘QuEChERS method’ is based on dispersive solid phase extraction and involved 

using 1 g of sport supplement in the form of powder or liquid. The tablets were 

previously milled, bars mashed and powder from capsules was removed. Samples 

were homogenized with 10 mL acetonitrile and after (un)spiked with relevant steroid 

were mixed by vortexing for 1 minute. The mixture of salts in the form of dSPE 

Citrate Extraction Tube was used as a pre-treatment. The final clean-up of 

centrifuged aliquot enriched with citrate salts was performed using the PSA/ENVI- 

Carb SPE CleanUp Tube 2. The collected aliquot was evaporated under nitrogen 

steam at 40°C and re-suspended in 250 pL methanol. The extracts depending on the 

experiment were applied directly to RGA, previously diluted in hormone free 

medium 1:200 (v:v), or stored at -20°C.

4.3.3. Cytotoxicity assay.

The MTT assay was performed to check the cytotoxicity of extracts on both RGA 

cell lines. The assay procedure was performed as described by Mosmann (1983) with 

a few modifications. The cells were seeded in a 96 well plate with clear flat-bottom 

at a concentration of 4 x 105 cells mL’1 and incubated 24 h at 37°C. The next day 

extracts were inserted and incubated another 24 h or 48 h, depending on cell line, at 

37°C. Cells were washed once with PBS prior to addition of MTT (3-(4,5- 

Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) reagent and incubation at 

37°C for 3 hours. The liquid was carefully removed and 200 pL DMSO added to 

each well. The plate was shaken for 15 minutes (37°C ) and the absorbance read by 

Tecan, Safire 2 plate reader at 570 nm with the reference wavelength 630 nm.
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4.3.4. Reporter Gene Assay

The estrogen or androgen responsive cell lines cultured in hormone free assay 

medium were used for RGA. Cells were seeded at a concentration of 4 x 105 cells 

mL 1 in a 96 well plates with clear bottom and incubated overnight at 37°C in 8 % 

CO2 and humidity 95 %. The next day, when the cells attached to the surface of 

plates were treated with appropriate standards or extracts in triplicate and incubated 

another 24 h in case of estrogen and 48 h for androgen assay, at the same conditions. 

The following day or two (depending on the cell line), the supernatants were 

discarded and cells were washed twice with PBS (pH 7) prior to lysis by addition of 

20 pL of cells lysis buffer and shaking for 5-10 minutes at 37°C. Finally, the 

luciferase activity was measured by a Mithras LB 940 Multimode Reader. The plate 

was inserted into the reader, which injects luciferase substrate, detects and records 

the bioluminescent signal automatically.

4.3.5. Estrogen and androgen RGA validation.

4.3.5.1. Decision limit (CCa) and detection capability (CC/3).

Samples from a single sport supplement were prepared in order to determine the 

decision limit (CCa) and detection capability (CCfi), for both the estrogen and 

androgen RGA. The protein based sport supplement was used for the validation 

study as the representative of all samples investigated within the project. It was 

impossible to get 20 blank samples of different composition that is why the product 

of the most common matrix was applied. These samples included 20 blank sport 

supplement samples, 20 spiked with 0.5 ng mL'1 17(3-estradiol for the estrogen assay 

and another 20 spiked with 2.9 ng mL'1 DHT for the androgen assay (final well 

concnentration). The spiking concentrations were chosen based on the preliminary 

antagonistic study [Willemsen et ai, 2004; Scippo et al, 2004], which would be 

further employed in screening of a range of sport supplement samples. The samples 

were extracted using the ‘QuEChERS’ method described in section 4.3.2 and 

analysed immediately by estrogen or androgen RGA. The response of the cells to the 

extracts was measured and corrected with the negative control (0.5 % methanol in 

media) as was performed for all experiments.

The decision limit (CCa) and detection capability (CCp) were calculated in 

accordance with the EC Decision 2002/657. CCa was calculated as the mean signal 

of 20 blanks plus 2.33 times the corresponding standard deviation. CCp was
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calculated as CCa plus 1.64 times the standard deviation of the mean signal of the 20 

spiked sport supplement samples.

4.3.5.2. Specificity and interference.

To determine the specificity of the estrogen RGA for screening estrogenic activity in 

sport supplements, one blank sample was spiked with a high dose of DHT (29 ng 

mL'1), extracted and analysed in the estrogen RGA and compared to the signal of a 

blank sample. Similarly, to determine the specificity of the androgen RGA, one blank 

sample was spiked with a high dose of 17p-estradiol (2.5 ng mL1), extracted and 

analysed in the androgen RGA and compared to the signal of a blank sample. 

Interference in the estrogen RGA was investigated by spiking a blank sport 

supplement sample with a low concentration of 17[3-estradiol (0.025 ng mL'1) and 

another two blank sport supplement samples with a low concentration of 17(3- 

estradiol (0.025 ng mL ') in combination with a high concentration of DHT (29 ng 

mL'1). A further blank sport supplement sample was spiked with a low dose of DHT 

(0.0145 ng mL"1) and another two blank samples were spiked with a low dose of 

DHT (0.0145 ng mL'1) and high dose of 17|3-estradiol (2.5 ng mL'1) followed by 

analysis in the androgen RGA.

4.3.5.3. Stability

To determine the stability of estrogens and androgens in sport supplements samples, 

blank sport supplement was used to prepare 1 g samples for the generation of 

standard curves including 1 blank and 5 spiked samples for the estrogen RGA (17P- 

estradiol: 0.00025, 0.0025, 0.025, 0.25, 2.5 ng mL"1) and the androgen RGA (DHT: 

0.0145, 0.029, 0.29, 2.9, 29 ng mL'1).

The 17p-estradiol and DHT were chosen for the stability study, because these two 

steroids have the highest relative binding affinities to androgen and estrogen 

receptors, respectively. Additionally, progesterone might also be included in the 

stability study.

The spiked samples were stored up to 24 and 23 days, respectively, at -20°C. At 

various intervals (Day 0, 2, 3, 7, 9, 17, 24 for estrogen assay and day 0, 2, 3, 4, 19 

and 23 for androgen assay) samples were removed from storage and extracted prior 

to the analysis of the 17p-estradiol spiked samples by the estrogen RGA (n=6) and 

the DHT spiked samples by the androgen RGA (n=5). Concentrations for each
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spiked sport supplement sample were calculated from generated standard curves and 

plotted on the same graph for comparison and determination of stability.

4.3.5.4. Analyte recovery

In order to determine the percentage recovery (% Recovery) of 17p-estradiol and 

DHT from extracted sport supplements, blank sport supplement was spiked at four 

different spiking concentrations, 17|3-estradiol at 0.0025, 0.025, 0.25 and 2.5 ng mL 1 

for the estrogen RGA and DHT at 0.029, 0.29, 2.9 and 29 ng mL'1 for the androgen 

RGA, and extracted using the ‘QuEChERS’ method described in section 4.3.2., prior 

to analysis in the estrogen or androgen RGA, respectively.

% Recovery was calculated based on generated standard curve using the following 

equation:

% Recovery = (Calculated concentration / spiked concentration) x 100

4.3.5.5. Repeatability

In order to determine the repeatability of the estrogen and androgen RGA, five 

spiked with external standard samples (for the estrogen RGA: 17p-estradiol at a 

concentration of 0.00025, 0.0025, 0.025, 0.25 and 2.5 ng mL'1; and for the androgen 

RGA: DHT at 0.0145, 0.029, 0.29, 2.9 and 29 ng mL1) and a blank (unspiked) 

sample was extracted in duplicate and analysed by the estrogen or androgen RGA, 

respectively. Simultaneously, on the same RGA plate the same spiking 

concentrations of corresponding external standards were applied directly to medium. 

Additionally, 20 samples of one sport supplement were spiked with 0.5 ng mL'1 of 

17P-estradiol for the estrogen RGA and another 20 with 2.9 ng mL'1 of DHT for the 

androgen RGA, both with 1 blank supplement sample. The samples were extracted 

as described in the ‘QuEChERS’ method (section 4.3.2.) and analysed in their 

respective RGA to determine the coefficient of variation (% CV).

4.3.5.6. Reproducibility

In order to determine the method reproducibility, the same study was performed over 

three independent experiments for both the estrogen and androgen assays. In each 

experiment a blank and five spiked with external standard sport supplement samples 

(for the estrogen RGA 17p-estradiol spiked at: 0.00025, 0.0025, 0.025, 0.25, 2.5 ng

96



4. Validation and application of Reporter Gene Assays for the determination of estrogenic and
androgenic endocrine disrupters in sport supplements.

mL'1; for the androgen RGA DHT spiked at: 0.0145, 0.029, 0.29, 2.9, 29 ng mL1) 

were extracted and analysed by their respective RGA. Each set of extractions and 

respective RGA was performed on the same day. All three independent repetitions of 

the same experiment were performed within a three week period.

4.3.6. Sport supplement samples and screening

A range of sport supplements were obtained from a number of health food shops, 

supermarkets, gyms, sport centres and pharmacies across the Island of Ireland and 

via the internet. The sport supplements came in different forms including powders, 

tablets, capsules, liquids, bars and injections. The products were composed of various 

ingredients that included mainly proteins, carbohydrates, amino acids, vitamins, 

minerals and other elements. Fifty three sport supplements were extracted by the 

‘QuEChERS’ method (section 4.3.2.) and applied to the estrogen and androgen 

responsive RGA (section 4.3.4.). Each sample was investigated in the estrogen and 

androgen RGA, un-spiked to detect agonistic activity (estrogenic and androgenic), 

and spiked with 17P-estradiol at 0.5 ng mL'1 for the estrogen RGA or DHT at 2.9 ng 

mL 1 for the androgen RGA in order to investigate the presence of antagonists or 

other types of ED activity. Cytotoxicity of extracted samples was monitored by the 

MTT assay described in section 4.3.3. Where cytotoxicity was observed, serial 

dilutions were applied until no toxic effect remained. All experimental points were 

performed in triplicate and repeated over three independent experiments.

4.3.7. Data analysis.

The standard curves were developed based on the sigmoidal dose-response equation, 

using Graph Pad Prism software, where Y is the response, X logarithm of 

concentration, while bottom is 0 and top 100 percentage of maximum achieved 

response; Y = bottom + (top - bottom) / (1 + 10 (losEC5°-x))

The ECjo’s values that states for the standard concentrations that produce a 50 % 

fold-induction of the maximal response achieved were calculated based on developed 

standard curves.

4.4. Results and discussion

Both the estrogen and androgen RGAs were validated in accordance with the 

European Commission decision 2002/657. Factors including decision limit, detection
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capability, specificity, interference, stability, recovery, repeatability and 

reproducibility were determined.

Sport supplements samples (53) were subsequently screened using the validated 

assays for the presence of estrogenic and androgenic EDs.

Cross-reactivity and matrix effect studies were previously performed and described 

by Plotan et al. (2011); Chapter 3. However, the more extensive study was 

performed by Scippo et al. (2002) applying binding bioassays. The RGAs presented 

a percentage cross-reactivity (% CR) profile of 5 % for 17a-estradiol and 4.5 % for 

estrone in the estrogen assay and 62 % for testosterone and 28 % for trenbolone in 

the androgen assay. A very weak matrix effect was observed in both RGAs. Certified 

negative and positive sport supplement controls were also previously characterised 

and described in the same study [Plotan et al, 2011; Chapter 3], The estrogen RGA 

was able to detect all estrogenic compounds previously detected by LC-MS/MS 

(HFL screening study) and additionally including phytoestrogens. The androgen 

assay was able to detect all androgenic compounds previously detected by LC- 

MS/MS (HFL screening study) but was unable to detect the activity of 

dehydroepiandrosterone (DHEA), a pre-cursor of both estrogen and androgen steroid 

hormones [Braunstein, 2007; Scippo et al.', 2002],

4.4.1. Decision limit (CCa) and detection capability (CCfi).

Table 4.1 presents the reflective light unit (RLU) values obtained in the estrogen and 

androgen RGAs as determined for (un)spiked sport supplement samples from the 

mean of triplicate experimental points.

Table 4.2 presents the mean value of the 20 blank sample extracts as 257,000 RLU 

with a standard deviation (SD) of 60,000 RLU for the estrogen assay and 2,400 and 

400 RLU respectively, for the androgen assay. The decision limit (CCa) for the 

estrogen and androgen RGAs were calculated as the mean RLU of 20 blank samples 

plus 2.33 times the standard deviation (SD) of these blanks. In the estrogen RGA, 

CCa was calculated as 399,000 RLU. Nineteen out of 20 blanks gave a signal below 

the determined CCa and were classified as compliant. One blank sample exceeded 

CCa, (sample no. 12) and was classified as a false non-compliant result. It is 

acceptable from a statistical point of view to obtain a higher value than the CCa in
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one out of 20 blanks. The presented blank sample result exceeded the CCa by only 

3 % and was therefore included within the results as acceptable. In the androgen 

RGA, CCa was calculated as 3,400 RLU. All 20 blanks were below the determined 

CCa and were classified as compliant.

Therefore in both the estrogen and androgen RGA, blank samples were compliant 

with a rate of false non-compliants equal to or less than 1 % (a error limitation < 

1 %) for substances having an anabolic effect and for unauthorized substances 

including steroids [Annex I, Group A, 96/23/EC; 2002/657/EC].

In the estrogen RGA, the mean value for the 17p-estradiol spiked sport supplement 

samples was 1,007,000 RLU with a SD of 123,000 RLU. In the androgen RGA, 

DHT spiked samples presented a mean signal of 158,000 RLU with a SD of 

39,000RLU. These values, taken together with the determined CCa for each RGA, 

were used in the calculation of CC/? as 600,000 and 68,000 RLU in the estrogen and 

androgen RGA, respectively. Table 4.1 shows that all spiked samples in both the 

estrogen and androgen RGA gave a signal above their respective calculated CCfi and 

were thus classified as suspect. The rate of false compliance samples was less than 

5% (|3 < 5 %).

The determined CCa and CC[i for each RGA were converted from RLU into % 

activity and corresponding concentrations in ng mL'1 using the dose-response 

sigmoidal curves obtained using the standards 17p-estradiol or DHT for the estrogen 

or androgen RGA, respectively. Therefore the extract responses of the sport 

supplements screened can be converted to concentrations. In this respect the RGAs 

are capable of detecting estrogenic or androgenic activity in sport supplements 

equivalent to or above 0.0047 ng mL"1 of 17p-estradiol and 0.026 ng mL"1 of DHT.

4.4.2. Specificity and interference.

The specificity of the estrogen and androgen RGA was determined by spiking blank 

sport supplement samples with a high dose of DHT or 17p-estradiol as summarised 

in Table 4.3. The estrogen RGA gave similar results when exposed to the sample 

spiked with high levels of DHT (244,000 RLU) compared to the blank sample 

(242,000 RLU). The androgen RGA also gave similar results when spiked with high 

levels of 17p-estradiol (4,300 RLU) compared to the blank sample (4,4000 RLU). 

This data demonstrates that estrogen and androgen RGA are specific for the checked 

steroids.
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4. Validation and application of Reporter Gene Assays for the determination of estrogenic and
androgenic endocrine disruptors in sport supplements.

Interference by androgens on the estrogen RGA was assessed by spiking sport 

supplement samples with 17(3-estradiol and with 17|3-estradiol in combination with 

DHT as shown in Table 4.4. The estrogen RGA gave similar results when exposed to 

the sample spiked with 17p-estradiol (608,000 ±21,000 RLU) compared to the 

sample spiked with 17p-estradiol in combination with DHT (524,000 ±22,000 and 

646,000 ±26,000 RLU).

Conversely, interference by estrogens on the androgen RGA was assessed by spiking 

sport supplement samples with DHT alone and in combination with 17p-estradiol. 

The androgen RGA showed a weak increase in androgenic activity when exposed to 

samples containing a high concentration of 17p-estradiol Table 4.4. This may be 

explained by the high standard deviation of the control DHT spiked sample (4,700 

±1,300) and combined DHT with 17p-estradiol samples (5,800 ±200 and 5,600 

±2,400) or by interference of estrogen with the androgen receptor. Scippo et al, 2002 

reported that 17p-estradiol, the only one of a range of estrogenic compounds 

assessed, possesses a receptor binding affinity (RBA) of 20 %. The study confirms 

there is no interference of androgens on estrogen responsive RGA and a possible 

very weak interaction only of 17p-estradiol on androgen responsive RGA.

4.4.3. Stability.

The stability of estrogens and androgens in sport supplements was determined by 

identifying the influence of time and storage conditions. Samples were spiked with 

17(3-estradiol or DHT and the extracted curves in the estrogen (n=6) and androgen 

(n=5) RGA generated periodically over a 24 and 23 day period, respectively.

The spiked samples were stored at -20°C in glass vials and removed immediately 

prior to extraction and their analysis in the estrogen or androgen RGA. The 

concentration of 17(3-estradiol and DHT were calculated, using the sigmoidal dose 

response equation and standard curves developed, and presented in Figure 4.1.

The data generated shows that time and storage did not influence the stability of 

17(3-estradiol or DHT. Duplicate curves (directly spiked medium and extracted 

spiked samples) were generated at different time intervals of storage. While the 

sample points did not provide exactly the same signal points, no pattern of 

deterioration was observed. The level of detected variation is most likely a result of 

standard deviation between independent experiments. The statistical t-test showed a 

strong similarity between the two sets of samples, investigated directly in medium
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and stored for (2 - 23 or 24 days depending on the assay) with a p-value of 0.38 in 

the case of the estrogen analysis and 0.76 for the androgen analysis. The p-values 

were calculated as the average of five different spiking concentrations. Only one 

concentration 0.025 ng mL'1 (17p-estradiol) showed a p-value equal to 

0.03 indicating that these two sets of results were different. This influenced the 

average p-value for the estrogen analysis. If this result was omitted from the 

calculations, the probability in these two sets being the same increases to 

0.46 (p-value).

a) Influence of storage conditions on estrogen 
spiking concentrations

medium
2 days
3 days

■x— 7 days
9 days2> £: 0.01
17 days

“ 0.001
h—24 days

0.0001

0.00025 0.0025 0.025
standard curve points

b) Influence of storage conditions on androgen 
spiking concentrations

-«—medium 
*— 2 days 

3 days 
x— 4 days 
x— 19 days 
+— 23 days

0.0145 0.029

standard curve points

Figure 4.1. Stability study for: a) 17|3-estradiol and b) DHT in sport supplements 
stored at -20°C and analysed over 24 and 23 days, respectively. A mean of the 
reference points in media produced for each spiking concentration point is presented
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for comparison. Values presented (RLU) are the mean of triplicate points, corrected 
for signals obtained in blank samples. SD was determined to be up to 0.0001 ng mL/1 
for estrogen and 0.06 ng mL'1 for androgen assay and is not presented to maintain 
clarity of the figure.

4.4.4. Analyte recovery.

The recovery of 17p-estradiol and DHT from sport supplement samples was 

determined by extracting, using the ‘QuEChERS’ method described in section 4.3.2., 

4 spiking concentrations, 17(3-estradiol (0.0025, 0.025, 0.25, 2.5 ng mL'1) for the 

estrogen RGA and DHT (0.029, 0.29, 2.9, 29 ng mL'1) for the androgen RGA, prior 

to analysis in the estrogen or androgen RGA, respectively. Standard curves were 

generated using the sigmoidal dose responsive equation for comparison of exact 

spiking concentrations.

Table 4.5 presents percentage recovery (% Recovery) rates for 17p-estradiol and 

DHT from spiked sport supplement samples. The mean % Recovery for 17p* 

estradiol is 96 % with a standard deviation of 14 %. The mean % Recovery for DHT 

is 114.5 % with a standard deviation of 19 %. The greatest deviation in % Recovery 

is obtained at the lower spiking concentrations, most likely due to being plotted on a 

less accurate range on the standard curves. Omitting the lowest spiking 

concentrations % Recovery presents a mean value of 101 and 106 % for the estrogen 

and androgen RGA with standard deviations of 12 and 9 %, respectively. These 

recovery rates are highly acceptable.

Table 4.5. Percentage recovery (% Recovery) rates for 17p-estradiol and DHT 
extracted from sport supplement samples using the ‘QuEChERS’ method and 
analysis in the estrogen or androgen RGA.

Estrogen RGA Androgen RGA
17p-estradiol Extract Recovery DHT Extract Recovery

spiking determined [%] spiking determined [%]
concentration concentration concentration concentration

[ng mL'1] [ng mL'1] [ng mL'1] [ng mL'1]
0.0025 0.002 80.2 0.029 0.041 141.4
0.025 0.026 103.2 0.29 0.28 96.6
0.25 0.245 98.1 2.9 3.06 105.7
2.5 2.794 111.8 29 33.18 114.4

Values (ng mLr) presented are a mean of triplicate points and corrected to the blank sample.
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4.4.5. Repeatability

The repeatability of the method for ED analysis of sport supplement samples was 

investigated in two independent studies performed within same day. Firstly, a dose- 

responsive standard curve was produced for each RGA in assay media and plotted 

alongside extracted curves in duplicate (Figure 4.2). The estrogen RGA showed 

limited variation between experimental points. The EC50 values obtained for each 

curve was similar, media curve (0.01 ng mL'1), extracted curve 1 (0.026 ngmL’1) 

and extracted curve 2 (0.013 ng mL"1). The androgen RGA showed even lower EC50 

variation than the estrogen RGA. The EC50 value obtained for each curve was 

similar, media curve (0.16 ng mL"1), extracted curve 1 (0.25 ng mL"1) and extracted 

curve 2 (0.22 ng mL"1). However, good repeatability for the androgen assay could 

not be confirmed by this study due to high standard deviations observed in the Figure 

4.2b. Additionally, there were two points, the 1st extract at 0.29 ng mL"1 and 2nd 

extract at 2.9 ng mL 1 presenting a small difference in the % maximal response. 

Secondly, 20 sport supplements were spiked with 0.5 ng mL"1 17(3-estradiol for the 

estrogen RGA and 2.9 ng mL"1 DHT for the androgen RGA. The coefficient of 

variation (% CV) determined was 12.2 % and 25 % for the estrogen and androgen 

RGA, respectively. This data confirms the repeatability of the estrogen and androgen 

RGA.

4.4.6. Reproducibility

The reproducibility study was determined in both the estrogen and androgen RGA by 

performing the same study in three independent experiments (different days). Blank 

sport supplement sample was spiked with 17[3-estradiol and DHT at five different 

concentrations and extracted by the ‘QuEChERS’ method (section 4.3.2.) prior to 

analysis by RGA.

The experiment was repeated three times on different days for both the estrogen and 

androgen RGA. Small deviations, in particular points between independent 

experiments, were observed. These can be more clearly seen in Table 4.6. EC50 

values were determined for each curve. In the estrogen RGA, the EC50 ranged 

between 0.01 - 0.04 ng mL’1, and in the androgen RGA oscillated around 0.2 ng mL" 

'. The calculated % CV was between 0 - 69 % in the case of the estrogen RGA and 

between 0 - 55 % in the androgen RGA. The largest variations were observed at the
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4. Validation and application of Reporter Gene Assays for the determination of estrogenic and
androgenic endocrine disrupters in sport supplements.

lowest spiking concentrations, where even when the responses were very similar, the 

low numbers oscillating around zero presented a very high % CV up to 173 % in 

case of the androgen assay. Similarly, it was also observed that the first point in the 

estrogen standard curve presented a % CV of 69.

Table 4.6. Data corresponding to the reproducibility study on 5 spiked samples in the 
estrogen and androgen RGA.

17p-estradiol spiking 
concentration fng mL'1] 1st day

Maximal response [%]
2nd day 3 rd day Mean SD* CV %

0.00025 12 18 3 11.0 7.5 68.6
0.0025 36 18 17 23.7 10.7 45.2
0.025 58 48 59 55.0 6.1 11.1
0.25 85 86 58 76.3 15.9 20.8
2.5 100 100 100 100.0 0.0 0.0

EC5o fng mL"1! 0.012 0.026 0.039

DHT spiking Maximal response [%]
concentration fng mL"1] 1st day 2nd day 3rd day Mean SD* cv%

0.0145 -0.5 0 0 -0.2 0.3 173.0
0.029 8 15 5 9.3 5.1 55.0
0.29 76 53 61 63.3 11.7 18.4
2.9 103 94 90 95.7 6.7 7.0
29 100 100 100 100.0 0.0 0.0

EC50 fng mL'1] 0.148 0.252 0.208
Data in 1 , 2nd and 3rd day is presented as mean of triplicate points.
*SD states for standard deviation

Dose-response curves were developed as presented in Figure 4.3. and showed more 

detailed information about the particular repetition performed within the 

reproducibility study. It is recommended to improve the results of each repetition, 

which showed quite high standard deviations (Figure 4.3b), before the final 

conclusion of the reproducibility will be formed.

4.4.7. Sport supplement study.

The presence of estrogenic and androgenic EDs in 53 sport supplement samples was 

determined. Samples, un-spiked and spiked with reference standards (17p-estradiol 

for the estrogen RGA and DHT for the androgen RGA), were prepared to determine 

agonist and antagonist ED activity. All samples were extracted using the 

‘QuEChERS’ method (section 4.3.2.) and applied to the validated estrogen and 

androgen RGA. All experimental points were performed in triplicate, in 3 

independent experiments.
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4. Validation and application of Reporter Gene Assays for the determination of estrogenic and
androgenic endocrine disrupters in sport supplements.

Extracts were simultaneously checked for cytotoxicity using the MTT assay (section 

4.3.3.). Most extracts were non-cytotoxic when diluted 50 times in methanol and 

mixed with assay media prior to RGA exposure. Serial dilutions were applied to 

samples where cytotoxicity was observed. In many cases this further dilution 

successfully eliminated cytotoxicity and the analysis of these samples was made 

possible. However, three samples were found to be extremely cytotoxic (100 %) 

even at 1000/10000 dilutions. These three sport supplements were designated as 

cytotoxic samples and their determination was not possible.

4.4.7.1. Estrogen RGA

Figure 4.4 shows that of the 53 sport supplement samples surveyed for estrogenic 

EDs, 3 samples presented no estrogenic activity at the investigated dilution, three 

were cytotoxic and were not possible to determine, and the remaining 47 samples 

were divided into 4 groups depending on their observed ED mode of activity. Of 

these 47 samples, 20 presented an agonistic response in the absence of 17p-estradiol 

and an agonistic additive response in the presence of 17p-estradiol. A further 19 

samples, presented partial agonistic activity. The sample extract alone resulted in 

agonist activity but in the presence of 17p-estradiol, the response was lower than the 

sum of individual responses for the sample and 17p-estradiol. A synergistic effect 

was observed in 7 samples, whereby the sample response was enhanced by co

exposure to 17p-estradiol, but was not equal to the sum of individual responses. An 

enhanced agonistic response of 17p-estradiol was observed in one sample, whereas 

the sample alone did not show any activity.

4.4.7.2. Androgen responsive RGA.

Similarly as for the estrogen responsive RGA, the same range of activity types was 

observed in the androgen bioassay (Figure 4.5). The largest group, 23 products, was 

represented by the supplements that did not show any androgenic response at the 

investigated the lowest dilution applied and another three were cytotoxic and were 

not possible to determine. The other 27 samples were separated into four groups, 

where each has almost the same number of representatives including six foodstuff 

samples. These include partial agonists and agonists with synergistic response. The 

other seven samples showed the agonistic activity in absence of DHT and additive
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response in presence of DHT. Eight sport supplements were able to enhance the 

response of DHT, but sample extract alone presented no activity.

Agonist
(synergistic)

7

Agonist
(additive)

20

Figure 4.4. Estrogenic ED profile of 53 sport supplements investigated using the 
validated estrogen RGA (MMV-Luc cell line). Estrogenic activity was measured as 
17|3-estradiol equivalents.

□ Agonist 
(partial)

^ Enhanced 6 
response in 
presence of,

DHT 
8

S Cytotoxic 
3

Agonist
(synergistic)

6

S Agonist 
(additive) 

7

non
conclusive 

results 
23

Figure 4.5. Androgenic ED profile of 53 sport supplements investigated using the 
validated estrogen RGA (TARM-Luc cell line). Androgenic activity was measured as 
DHT equivalents.
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4.5. Conclusions

The presented data describes characteristics of the developed estrogen and androgen 

responsive RGA coupled with ‘QuEChERS’ extraction procedure. This data supports 

the methods are fit for purpose in detecting estrogen and androgen hormonal activity 

in sport supplements. The RGAs are capable of detecting 17|3-estradiol and 

dihydrotestosterone equivalents at very low concentrations. All twenty samples of 

sport supplements spiked with 0.5 and 2.9 ng mL'1 of the 17(3-estradiol and DHT 

reference standards, respectively; showed activities higher then their corresponding 

detection capabilities. Spiked samples’ responses were more than two times higher 

than the androgen CC|3 and 1,7 times higher then the estrogen CCp. This indicates 

that much lower levels of hormonal activity could be detected by the developed 

RGAs. Their sensitivity, based on the EC50 values was established to be 0.026 ng 

mL 1 for estrogen and 0.2 ng mL'1 for androgen responsive RGA. The determined 

detection capabilities equals to 0.005 and 0.03 ng mL'1 for 17p-estradiol and DHT 

equivalents, respectively. Their corresponding detection limits were established to be 

about four times lower then CCp oscillating around 1 - 5 pg mL'1. All the unspiked 

samples tested in the validation study were below the CCa in case of androgen assay 

and only one sample in estrogen assay exceeded the determined detection limit by 

only 3 %.

The estrogen assay did not respond to androgenic compound and similarly for second 

bioassay, estrogen standard did not influence on the androgen responsive RGA. The 

specificity was proven to be strictly estrogenic or androgenic for the respective 

bioassay, while the action of estrogenic and androgenic external standards was 

investigated. The interference study results were similar, however the androgen assay 

showed a weak enhancement of response in presence of high level of 17p-estradiol. 

This might have been caused by quite high standard deviations for this particular 

sample or more likely by estrogen itself. 17p-estradiol is the only estrogenic 

compound that cross-reacts with androgen receptor and causes its activation and 

translocation which in a presence of androgen may result in increased activity, as 

was observed in the experiment [Yen et al, 1998; Tyagi et ai, 2000],

The storage conditions including freezing at -20°C and time (3 weeks) had no impact 

on the 17p-estradiol and DHT spiked samples stability. Another factor describing the 

developed methods was recovery, which for both bioassays was in a close range of 

100 % ±15 %. The variations were observed depending on the assay and spiking
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level, with the extreme recoveries calculated for the lowest hormones concentrations. 

The last two studies confirmed that the developed methods are reproducible.

The presented characteristics prove the validity of the clean-up procedure and 

mammalian RGA for detection of 17|3-estradiol and dihydrotestosterone equivalents 

in sport supplements. The developed extraction and bioassay method was applied for 

more then two years in the study and showed very good robustness. Even though, 

some sport supplement samples presented various range of cytotoxicity; this was 

caused by their composition and not by the method applied. It was confirmed by 

control samples, which were performed each time when the set of supplement 

products was tested. The blank samples never exceeded the established CCa, which 

was compared between the independent experiments based on the % response value. 

All the samples showing the activity higher then determined CCp were considered as 

potentially contaminated with hormonally active compound(s).

The screening study of 53 sport supplements products was performed. The various 

types and strengths of activities were detected. In case of the estrogen assay, 89 % of 

tested products were suspected to contain one or more EDCs, while an androgenic 

response was detected in 51 % of samples. Different modes of action including 

agonists with additive and synergistic response were distinguished as well as partial 

agonists. There were also supplements that enhance the activity of added 17p- 

estradiol or DHT but did show any activity while investigated in absence of 

particular hormone. The list of known potential contaminants is very long and the 

unknown compounds make it even longer. The developed methods enabled the 

investigation and detection of potentially contaminated products, which was a role of 

qualitative screening method. It is suggested that the samples should be further 

analyzed to determine the actual compounds present and the level of contaminants 

present that consumers of sport supplements are exposed to.
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5.1. Abstract

Hormonally active compounds that disturb the body’s endocrine system are termed 

endocrine disrupters (EDs). Exposure to estrogenic EDs via our diet can lead to 

detrimental health effects such as cancer, infertility and immune dysfunction. The 

potential risk posed by EDs has been investigated in many different types of 

foodstuffs. Sport supplements are becoming a regular dietary addition for many 

consumers who view such products as a means of improving their health and 

performance. Recently, a number of studies have reported that sport supplements 

may be a high risk foodstuff group for estrogenic ED contamination.

Previously, 116 sport supplements available to the consumers were investigated for 

estrogenic ED activity using biological in vitro Reporter Gene Assays (RGAs). This 

study found that many products contained estrogen active substances at various 

levels. The study also highlighted that EDs of natural plant origin have a significant 

impact on the assessment of hormonal activity in food. A number of different ED 

modes of action were also observed.

In the present study, an exposure assessment was carried out on 50 of these sport 

supplements. It was revealed that 13 of these products had 17p-estradiol equivalent 

activity levels higher than the level established as safe for humans by the Joint 

FAOAVHO Expert Committee on Food Additives (JECFA, 2000) (i.e. 1-130 times) 

. It also established that a number of 39 and 48 sport supplements contained 170- 

estradiol equivalent levels much higher than those reported as being present in the 

human omnivore diet and drinking water, respectively. The potential influence of the 

agonistic estrogenic levels present in the products on reported human daily 

production was also considered for various risk groups. In a worst case scenario, it 

was concluded that a predicted hormonal impact for young boys and postmenopausal 

women caused by consumption of such products may cause concern.

5.2. Introduction.

5.2.1. Endocrine disrupters.

An endocrine disrupter is any compound that interacts with and disturbs the human 

endocrine system. This may be through various mechanisms such as mimicking 

natural hormones or blocking their receptors. Estrogenic EDs have been considered 

as one of the most important from a biological and physiological point of view. The 

direct role of 170-estradiol, the most potent naturally occurring estrogen, is the
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growth and development of the reproductive tract and female secondary sex 

characteristics. Estradiol plays an essential role in the growth and development of the 

fetus. Estrogens also affect the cardiovascular, skeletal and gastrointestinal systems 

[JECFA, 2000; Rosen and Marcelle, 2007],

5.2.2. Detrimental effects of estrogenic endocrine disrupters.

The JECFA Committee concluded that estradiol is a carcinogen and potential 

genotoxin due to its hormone-nuclear receptor interaction, based on short- and long

term animal studies. Epidemiological studies based on women receiving 

postmenopausal estrogen replacement therapy reported an increased incidence of 

breast and endometrium cancers effect [Colditz, 1998; Grady et ai, 1995], Polycystic 

ovaries syndrome, one of the leading causes of female infertility, together with 

timing of menarche has also been speculated as an adverse estrogen exposure effect 

by the Institute for Environment and Health (2004), Tsutsumi (2005), Cooper et ai, 

(2005), Ouyang et ai, (2005), Windham et al, (2005), Eskenazi et al., (2002b), Chao 

et al., (2007) and Chen et ai, (2005). Infertile women commonly suffer from 

endometriosis which has been linked with exposure to xenoestrogens found in the 

environment [Heilier et ai, 2005; Eskenazi et ai, 2002a; Cobellis et ai, 2003; Louis 

et ai, 2005; Porpora et ai, 2006; Fierens et al., 2003], The European Commission 

has also reported that exposure to EDs may result in fibrocystic disease of breast, 

uterine fibroids and pelvic inflammatory disease [EC, 2004], Male fetal and child 

development is effected by exposure to estrogens, which also behave as anti

androgens. Clinical and laboratory research suggests that exposure results in a 

reduction of testosterone secretion and may also be responsible for testicular cancer, 

hypospadias and cryptochidism in adulthood [Fowler et al, 2007; Toppari et al., 

1996; Longnecker et ai, 2002; Bhatia et ai, 2005; Damgaard et al, 2006; Main et 

al, 2006; Hardell et al, 2006a and 2006b; Ritche et al, 2003 and Pavuk et al, 

2006], Other epidemiological studies suggest that xenoestrogens induce an adverse 

influence on semen quality and quantity [Zhang et al, 2006; Hauser et al, 2006, Toft 

et al, 2006; Jager et al, 2006; Jonsson et al, 2005; Dalvie et al, 2004; Aneck-Hahn 

et al, 2007].

Phytoestrogens are mainly known for their beneficial effects on different types of 

cancers. Adlercreutz (2002) and Ingram with colleagues (1997) suggested that a diet 

rich in phytoestrogens may protect against breast and prostate carcinoma. However,
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there is an increasing interest in the possible adverse effects of these plant estrogens. 

The stimulation of breast tumour cell proliferation by phytoestrogens was reported 

by Hilakivi-Clarke et al. (1999) and Hsie et a/. (1998). Jefferson and Newbold 

(2000)

reported that the action of estrogenic compounds present in soy induced detrimental 

effects on the fetal reproductive system and hypospadias in male offspring. The 

agonistic or antagonistic effects of the phytoestrogens may be caused by their 

different interaction with estrogen a and (3 receptors as described by Dip et al. 

(2008).

5.2.3. Mixture effects.

Most of the documented adverse effects of ED exposure in humans are related to 

high exposure levels of individual hormonally active contaminants. Much less data is 

available on the effects of low level exposure and their mixtures or “low level 

cocktails” [Silva et al, 2002; Rajapakse et al., 2002]. Significant disruption of 

hormone levels and reproductive tract development by low level environmental 

pollutants has been confirmed by Fowler et al. (2007, 2008) based on animal and 

human fetal studies. The authors concluded that long-term exposure to low levels of 

estrogens does adversely affect the human endocrine system and may cause serious 

detrimental health effects in later years.

While assessing the risk of estrogenic EDs to human health, apart from the mixture 

effect of compounds, the vulnerability of the intact organism needs also to be taken 

into consideration. The type, strength, duration, frequency as well as individual 

organism absorption, metabolism, distribution and elimination of ED consumption 

are further highly important parameters as well as the origin of estrogenic activity 

(endogenous, plant or synthetic).

5.2.4. Endocrine disrupters in the diet.

Numerous routes of ED exposure exist for humans including contaminated air, water 

and soil. However, it is widely accepted that one of the most important routes is 

through our diet [Institute for Environment and Health, 2004; Connolly, 2009], 

Examples of estrogenic compounds that may be present in food have been presented 

in Figure 5.1.
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17beta-estradiol estrone

OH O

genistein

daidzein bisphenol A

Figure 5.1. Estrogenic compounds. Endogenous hormones: 17p-estradiol, estrone; 
phytoestrogens: genistein, daidzein, equol; xenoestrogens: bisphenol A, DDT, 
phthalate, diethylstilbestrol (DES).

Hormonal compounds in food may have different origins. For example, estrogen 

hormones such as estradiol or estrone may be present in milk or meat products 

naturally from the food producing animal. Phytoestrogens including genistein, 

daidzein and equol may be present naturally in plant based food products such as 

soya. Xenoestrogens or environmental chemicals include man-made chemicals such 

as Bisphenol A, DDT, DES (Zhang et ai, 2008) and phthalates. Xenoestrogens can 

also contaminate food through contact or bioaccumulation and biomagnification in 

the food chain. Hormonal compounds can also be added accidentally or illegally to 

food products during manufacture from the raw ingredients prepared in facilities 

which also frequently produce hormonally active substances. Recently, a number of 

studies have reported that health food supplements are a high risk foodstuff with the 

potential for hormonally active constituents [Geyer et ai, 2004; Baume et ai, 2006; 

Plotan et ai, 2011], The consumption of these products is progressively expanding 

among the general public, due to their advertised health and performance improving 

potential. Therefore, the need to ensure the quality and safety of such food products 

for the consumer is essential.

117



5. Risk assessment for human health - Estrogenic endocrine disruptors present in sport
supplements.

5.2.5. Risk assessment.

A risk assessment scheme for any compound including EDs consists of four main 

steps:

i. Hazard identification

ii. Hazard characterisation

iii. Estimation of daily intakes

iv. Risk characterisation

Hazard identification is performed by outlining the possible adverse health effects. 

Internationally agreed tests must be performed to assess the hazard of a compound as 

outlined by the United States Environmental Protection Agency (USEPA). For an 

agrochemical agreed tests include:

• Acute single high-dose exposures,

• Sub-acute 1 month’s duration and sub-chronic 3 months’ duration daily repeat 

dose studies (usually conducted on rodents or non-rodents),

• Repeat dose administration for up to 12 months for chronic toxicity studies 

(usually conducted with rodents),

• Carcinogenicity studies (two rodent species),

• Reproductive toxicology studies (multiple generation study),

• Developmental toxicology studies,

• Genetic toxicology studies in vitro and in vivo,

• Additional studies conducted on case-by-case basis (e.g. neurotoxicity or 

endocrine studies).

For an ED, USEPA recommends the additional screening and toxicity tests presented 

in Table 5.1.

Hazard characterisation examines the numerical relationship between exposure and 

effects through the dose-response relationship and assessing the health effects at 

different exposure levels. An estimation of the daily intakes by humans from diet and 

other possible exposure sources are also estimated. Finally, risk characterisation 

describes the difference between the estimated or potential intake and conventionally 

assessed as ‘safe intake’ based on the hazard characterisation [Renwick, 2002; 

Harvey and Everett, 2006].
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The no observed adverse effect levels (NOAEL) and lowest observed effect levels 

(LOEL) are established toxicity criteria for a particular compound in mg kg'1 (daily). 

These criteria are widely used in the risk assessment procedure. The NOAEL value is 

calculated from the dose-response relationship and defines the value where no 

adverse effects are observed. Thereafter, the safety or uncertainty factor of 100 is 

conventionally applied. This includes a 10-fold factor corresponding to interspecies 

differences and another 10-fold factor for human variation in sensitivity. 

Additionally, another 10-fold factor in the case of children was established [Harvey 

and Everett, 2006]. These calculations define the acceptable daily intake (ADI).

The JECFA Committee considered all accessible animal and human epidemiological 

studies and established an ADI for 17p-estradiol of 0-50 ng kg'1 bw [JECFA, 2000].

Table 5.1. Endocrine disrupter screening and toxicity testing. In vivo and in vitro 
tests recommended by USEPA [Harvey and Everett, 2006].______________________
Screening tests Toxicity test

In vitro Estrogen receptor binding or reporter 
gene assay
Steroidogenesis assay with minced testis 
Human placental aromatase assay

In vivo Two-generation mammalian 
reproductive toxicity study in 
rodents
Alternative mammalian 
reproductive test

In vivo Rodent 3-day uterotrophic assay
Rodent 14-20-day pubertal female assay 
Rodent 5-7-day Hershberger assay
Frog metamorphosis assay
Fish gonadal recrudescence assay
Human uterotrophic assay
Human adult male assay

Developmental toxicity test 
One-generation test

5.2.6. Aim of the study.

The aim of the present study was to quantify estrogenic activity and perform a risk 

assessment on 50 sport supplement samples chosen from 116 sport supplement 

samples that exhibited estrogenic activity during two studies conducted within this 

thesis (Plotan et ai, 2011 (Chapter 3) and Chapter 4). The risk assessment was 

performed by comparing the levels of exposure from the samples with the 

established 17(3-estradiol ADI and estimated daily consumption of estradiol through 

drinking water and the omnivore diet. The study also aimed to consider the health
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effects incurred by levels of EDs reported in the literature with the exposure levels 

found in the sport supplements and to predict changes in daily production of 1?P- 

estradiol for various consumer groups (based on age and gender) through exposure to 

the measured levels.

5.3. Materials and methods.

5.3.1. Reagents and chemicals.

Reference standard 17[3-estradiol, genistein, daidzein and equol were supplied by 

Sigma (Poole, Dorset, UK). All cell culture reagents including Dulbecco’s Modified 

Eagle Medium (DMEM) medium, general and hormone depleted serum, penicillin- 

streptomycin, trypsin, phosphate-buffered saline (PBS) and cell lysis reagent were 

obtained from Invitrogen Ltd (Paisley, UK). Falcon tissue culture flasks were 

supplied by BD Biosciences (Bedford, MA, USA). A luciferase kit (Promega E1501) 

was obtained from Promega (Southampton, UK). Specialised plates used in the 

reporter gene assay were supplied by Greiner Bio-One (Stonehouse, UK). Dispersive 

SPE Citrate Extraction Tubes and PSA/ENVI-Carb SPE cleanup tubes together with 

sodium acetate, glacial acetic acid, tert-Butyl-methyl-ether and HPLC grade water 

were obtained from Sigma (Poole, Dorset, UK). Oasis hydrophilic-lipophilic balance 

(HLB) glass cartridges (5 cc/200 mg) were supplied by Waters Chromatography 

(Milford, USA). Methanol and

acetone were obtained from BDH (Poole, Dorset, UK) and acetonitrile from Analab 

(Lisburn, UK).

5.3.2. Sport supplements

A total of 116 sport supplement products were previously analysed for estrogenic 

activity (Plotan et al, 2011 (Chapter 3); chapter 4). The samples were obtained from 

different sources across the Irish and Northern Ireland market including health food 

shops, the internet and health clubs or gyms as outlined in Table 5.2.

Further samples were kindly provided by the Irish Medicine Board (IMB) and Irish 

Rugby Football Union (IRFU). Tables 5.3 and 5.4 provide information on the form 

and composition of the samples.
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Table 5.2. Number of samples from each source.
Product source Number of samples

Health food shops 26

The internet 9

Health clubs and gyms 7

Pharmacies 3

IMB 60

IRFU 11

Table 5.3. Sample form.
Product form Number of samples

Powder 42

Tablet 17

Capsule 35

Bar 9

Liquid - drink 6

Liquid - gel 3

Liquid - injectable 4

Table 5.4. Composition of samples.
Basic ingredient Number of supplements

Proteins 32

Carbohydrates 23 ( 3 - second basic 
ingredient)

Hormones and precursors (Testosterone propionate, 
Pregenenolone, DHEA, Stanozolol, Methadienone, 
Nandrolone, 1,4-Androstadienedione, 19- 
Norandrostenedione)

12

Creatine 8

Plant extracts and plant steroids 8

Minerals and vitamins 8 (5 - second basic ingredient)

Amino acids 6(1- second basic ingredient)

Other (Nitric oxide and plant esters) 2

Unknown (samples without packaging from IRFU) 9

Unknown (no information on product label) 17
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5.3.3. Reporter Gene Assay

An estrogen responsive reporter gene cell line (MMV-Luc) was previously produced 

by Willemsen et al. (2004). The estrogen RGA was performed as described by Plotan 

et al, 2011. Briefly, the assay was performed in phenol red free DMEM, 10% 

hormone depleted serum. RGA cells were seeded in a 96 well plates at a 

concentration of 4 x 105 cells mL1 and incubated for 24 h at 37°C in 8 % CCE. Assay 

media containing various concentrations of 17p-estradiol to generate a standard 

curve or samples were then added and incubated for a further 24 h. The supernatant 

was discarded and the cells washed twice with PBS (pH 7) prior to lysis by the 

addition of lysis buffer and shaking for 10 minutes at 37°C. Luciferase substrate was 

injected and the assay read using a luminometer (Mithras LB 940, Berthold 

Technologies).

Each RGA experiment was organised to include on a single plate, extracts of 

negative and positive controls together with a number of dilutions of unspiked and 

spiked sport supplements.

5.3.4. Cytotoxicity testing.

Cytotoxicity testing for all samples added to the RGA was performed by using the 

MTT assay on the MMV-Luc cell line with a few modifications to the method 

described by Mosmann (1983). Cells were seeded at a concentration of 4 x 105 cells 

mL 1 in a 96 well plate and incubated overnight at 37°C in 8 % CCK The next day 

standards and samples were added and incubated for 24 h. Cells were washed with 

PBS and incubated for 3 h at 37°C with MTT (3-(4,5-dimethylthiazol-2-yl)-2,5- 

diphenyltetazolium bromide) reagent (50 pL of 1.4 mg mL'1). The MTT reagent was 

removed and 200 pL dimethyl sulfoxide (DMSO) added. The plates were shaken for 

15 minutes at 37°C and the absorbance at 570 nm was read on a Tecan, Safire 2 plate 

reader.

5.3.5. Extraction and clean-up of samples

All samples were extracted using the ‘QuEChERS’ method (5.3.5.1.) [Anastassiades 

et al, 2002], Products containing soy or pure phytoestrogens were also extracted 

using the HLB method described in section 5.3.5.2. Extracts from both methods were 

tested immediately or stored at -20°C until dilution in assay medium 1:200 (v:v) and
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application to the RGA or MTT assay. Samples which displayed cytotoxicity were 

further diluted in assay media until tolerable concentrations were determined by the 

MTT assay.

5.3.5.1. ‘QuEChERS’ method

Sample (1 g) in the form of a powder or liquid was mixed with 10 mL of acetonitrile 

and homogenised. Each sample was tested unspiked and spiked with 17p-estradiol 

and applied to a dispersive Solid Phase Extraction (dSPE) Citrate Extraction Tube 

followed by application to a PSA/ENVI-Carb SPE CleanUp Tube. The supernatants 

were collected and evaporated under a nitrogen stream at 40°C and re-suspended in 

250 pL methanol.

5.3.5.2. HLB method.

Sample (1 g) was added to 10 mL of HPLC grade water and homogenised according 

to the liquid/liquid extraction outlined by Antignac et al, 2008. Each sample was 

then loaded onto an Oasis HLB cartridge (5 cc/200 mg) which had been conditioned 

with 3 mL of tert-Butyl-methyl-ether, methanol and HPLC grade water. The 

cartridges were washed with 5 % methanol in water and the sample eluted with 6 mL 

of 10 % methanol in tert-Butyl-methyl ether. Eluents were evaporated under a 

nitrogen stream at 40°C and re-suspended in 250 pL methanol.

5.3.5.3. Extraction of phytoestrogens.

Two sets of sport supplements samples, one prepared in acetonitrile for the 

‘QuEChERS’ method and the other in HPLC grade water for the HLB method, were 

spiked with 500 ng mL'1 (final concentration) of one of three phytoestrogen 

representatives including genistein, daidzein and equol, and one was left unspiked 

(blank). These samples, including a blank, were extracted by both the ‘QuEChERS’ 

and HLB method. Blank extracts were divided into four aliquots and one remained 

unspiked and the other three were spiked with the respective phytoestrogens to give a 

final concentration of 500 ng mL'1, the same concentration as that of the samples 

spiked before extractions. Negative and positive control standards of each 

phytoestrogen were diluted in assay media and added to cells without extraction. 

Extracts including blanks, samples spiked before and after each of the extractions 

were investigated using the estrogen RGA and MTT assay.
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5.3.6. Exposure assessment

Supplements (50 out of the 116 samples) were chosen for the exposure assessment 

based on the following criteria:

i. The sample presented a positive estrogenic, agonistic or antagonistic 

response by RGA analysis.

ii. Information on the recommended daily dose for the product was provided by 

the manufacturer.

iii. Repeatability between triplicate independent analyses, performed in different 

days was obtained.

5.3.7. Data analysis

All experiments were performed in triplicate for each experimental point and 

repeated in three independent experiments. All values shown are expressed as mean 

± standard deviation.

Dose response curves were fitted with Slide Write Plus V6 software using the 

sigmoidal dose-response curve equation, where Y is the response, X is the logarithm 

of concentration, and Bottom and Top are fixed to 0 % and 100 % respectively of the 

maximum achieved response; Y = bottom + (top - bottom) / (1 + 10 (logEC5°-x)) The 

concentration that produced a 50 % increase in maximal response (EC50) was used as 

a measurement of the assays sensitivity. Both agonist and antagonist responses were 

presented as 17|3-estradiol equivalents (ng g"1) and determined from concentration 

responses on the standard curve.

Calculation of estrogen agonist activity concentration in the exposure assessment 

was determined by taking into account the dilution factor, daily recommended dose 

of the product and average body weight (60 kg) that is applied in most risk 

assessment studies (JECFA, 2004) as follows;

Estrogen agonist activity (ng kg'1 bw (daily)] = concentration equivalent to 1713- 

estradiol [ng g"1] * dilution factor * daily dose [g day"1] / average body weight fkg]

Synergistic or antagonistic activity was determined in a similar manner, except that 

in this case samples were spiked with 17|3-estradiol, so the activity of the added 

standard had to be subtracted. The final sample response was presented as a

124



5. Risk assessment for human health - Estrogenic endocrine disrupters present in sport
supplements.

concentration in ngg"1 from the equation where a positive value indicated a 

synergistic effect while a negative value indicated an antagonistic effect;

Estrogen synergistic or antagonistic activity [ng kg'1 bw (daily)] = ((sample 

concentration equivalent to 17|3-estradiol [ng g'1] * dilution factor) - concentration of 

added 17(3-estradiol [ng g’1])* daily dose [g day'1] / average body weight [kg]

Cytotoxicity of sample extracts was calculated from the absorbance (Abs) values 

using the equation:

% cytotoxicity = (negative control Abs - sample Abs) / (negative control Abs) * 100

5.4. Results and discussion

The exposure to compounds having different modes of estrogenic activity was 

assessed for 50 samples based on screening profile performed previously on 116 

different products (Plotan et ai, 2011 (Chapter 3); Chapter 4). The exposure 

assessment as well as further risk assessment was divided into two parts, taking into 

consideration plant originated estrogens and other compounds showing estrogenic 

activity. The separation of phytoestrogens could be performed due to differences in 

the two extraction procedures used. HLB is less sensitive for the small polarity 

differences and enables extraction of all types of compounds having estrogenic 

activity. The phytoestrogens, which have slightly higher polarity then endogenous 

estrogens [Antignac et ai, 2009] retained within the QuEChERS tube avoiding their 

extraction. The other factors discussed in risk assessment include the comparison of 

various sources of estrogenic ED’s exposure and their cumulative effect. The 

possible health effects of samples exceeding the ADI were considered as well as the 

influence of detected estrogenic activity on daily production of 17[3-estradiol in 

human body was predicted.

5.4.1. Extraction of phytoestrogens from sport supplements samples.

Previous validation work [Plotan et ai, 2011] showed that the HLB and 

‘QuEChERS’ extraction techniques are able to extract natural and synthetic 

estrogenic compounds from sport supplements. However, extraction of the part of 

plant based supplements resulted in cytotoxic extracts being produced when using
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the HLB extraction but not the "QuEChERS’ method. Consequently, the 

‘QuEChERS’ method was applied for screening of all the sport supplements 

samples.

In additional study, performed to assess the possibility, extraction efficiency and 

investigate exposure to phytoestrogens both extraction methods were investigated. 

Three representative phytoestrogens were extracted from acetonitrile and HPLC 

grade water in the ‘QuEChERS’ and HLB technique, respectively. All extracts were 

assessed by the MTT assay prior to their application to the RGAs and no cytotoxicity 

was observed. The ‘QuEChERS’ method (Figure 5.2) retained plant based estrogenic 

compounds, avoiding extraction of genistein, daidzein and equol, and provided a 

response very close to the negative control response, showing recoveries close to 0 % 

±30 % (Table 5.5). The HLB method was able to extract genistein, daidzein and 

equol with recoveries ranging from 91 % up to 106 %. Negative control extracts 

spiked with one of the three phytoestrogens after extraction showed the same 

response as the positive control in medium, confirming that there was no antagonistic 

effect resulting from the dSPE extraction.

Table 5.5. ‘QuEChERS’ and HLB extraction recoveries for three types of 
phytoestrogen^______________________________________________

Extraction Phytoestrogen
method Genistein Daidzein Equol

‘QuEChERS’ 12 % -11 % -30%
HLB 102% 91 % 106%

5.4.2. Selection of samples for exposure assessment.

Figure 5.3 presents the 50 samples chosen for the exposure assessment from the 

116 sport supplement samples analysed in two studies within this thesis (Plotan et 

al, 2011 (Chapter 3); Chapter 4). Supplements were chosen based on the criteria 

outlined in section 3.6.
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no observed response 

agonists with additive response 

agonists with synergistic response 

partial agonists

enhanced response in presence of 17(3-estradiol

toxic samples

I 116

137

'28
1 43

□ total (116) □ exposure assessment (50)

Figure 5.3. Number of products chosen for the exposure assessment out of the 116 
sport supplements surveyed in each ED activity profile based on estrogen RGA 
results.

5.4.3. Exposure assessment

The RGA may be a quantitative and qualitative screening method, when it is 

adequately validated as was performed and presented in Chapter 3 and 4 within this 

thesis. The concentrations of ED activity were calculated from the 17|3-estradiol 

standard curve. These values describe the concentrations equivalent to the reference 

standard as determined from the measured biological effect and do not represent true 

estrogen concentrations. Confirmatory methods such as High Performance Liquid 

Chromatography - Mass Spectrometry (HPLC-MS) are required to obtain an 

accurate quantitative and qualitative measurement.

The exposure assessment was divided into two parts investigating samples with 

estrogen responses from sources that either excluded phytoestrogens, or contained 

soy or other phytoestrogens, as stated on product label.

5.4.3.1. Estrogenic profile of samples that did not contain phytoestrogens

5.4.3.1.1. Agonists

Almost all (49) sport supplement samples showed agonistic activity, but in different 

forms and levels (Figure 5.4). Three types of agonist activity were observed 

including agonists with additive response, agonists with synergistic response and 

partial agonists.

The agonistic activity detected in unspiked sport supplements varied from values 

showing weak activity oscillating around zero in 26 products, up to an extremely 

high responses of 6500 ng kg'1 bw in one product. Moderate to higher activity was
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observed in a further 22 samples with concentrations ranging from 3 to 450 ng kg"1 

bw.

0.001-1 3-15

□ agonists with 
synergistic response

■ agonists with 
additive response

□ partial agonists

20-40 50-75 150-450 6500
agonistic activity expressed as 1?p-estradiol 

equivalents [ng kg-1 bw (daily)]

Figure 5.4. Biological activity profile observed in 49 sport supplements presenting 
three types of estrogen agonist activity.

5.4.3.1.2. Synergism

Synergistic activity was observed in six sport supplement samples. Most of these 

samples (5 out of 6) showed also agonistic activity in the absence of 17[3-estradiol 

(Figure 5.5). However, one sample showed an enhanced biological response in 

combination with 17(3-estradiol. The level of biological activity differed within the 

6 products. The highest responses recorded were 60 and 350 ng kg"' bw (daily).

□ enhanced response in 
presence of 17p-estradiol

p
3 ■ agonists with synergistic

1-6 20 60 350
synergistic activity expressed as 17p-estradiol 

equivalents [ng kg-1 bw (daily)]

Figure 5.5. Biological activity profile observed in six sport supplements presenting 
two types of synergistic activity.
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5.4.3.1.3. Antagonism

RGA analysis of 28 out of 50 sport supplement samples in the absence of 17(3- 

estradiol showed agonist activity. In the presence of 17(3-estradiol, all of these 

samples showed partial agonist activity of which two groups having weaker or 

stronger antagonistic response were distinguished (Figure 5.6). The majority of 

samples (16) were only able to decrease the predicted additive response of agonist 

activity caused by a sample and added standard. The other twelve samples were able 

to decrease the biological response of 17p-estradiol by its equivalent concentrations 

ranging from 0.2 up to 43 ng kg"1 bw (daily). It is possible that all these samples 

contained estrogenic compounds possessing a weak biological activity. These 

compounds may be able to block the interaction of 17p-estradiol with the estrogen 

receptor.

16

decreased 0.2-2 7-12 18-43
predicted additive 

response of 
agonist present in 

sample and 
added standard

antagonistic activity expressed as 17p-estradiol 
equivalents [ng kg-1 bw (daily)]

Figure 5.6. Biological activity profile observed in 28 sport supplements presenting 
one type of antagonistic activity, partial agonist. The antagonistic response was 
recalculated for the 12 most potent antagonists as 17p-estradiol equivalents.

5.4.3.2. Phytoestrogen levels in the sport supplements

Six sport supplement samples clearly indicated on their labels having genistein or 

soya as components, were extracted using the ‘QuEChERS’ method. When analysed 

by RGA, a very low 17P-estradiol equivalent response ranging between 0 and 0.5 ng 

kg'1 bw was observed across the extracts. The same samples were also extracted 

using the HLB method. The RGA response was significantly higher than when using 

the ‘QuEChERS’ extraction method. Five samples gave responses in the range of 14
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- 60 ng kg'1 bw, and one sample displayed a 400 ng kg'1 bw 17|3-estradiol equivalent 

response (Figure 5.7).

While the ‘QuEChERS’ method is unable to extract phytoestrogens, extraction 

recoveries range between -30 % up to 11 %, the HLB method is able to do so with an 

efficient recovery rate of 100 % ±10 %. It is therefore likely that the different 

biological responses observed in the same samples when extracted by the HLB or 

‘QuEChERS’ method were due to the presence or absence of most of 

phytoestrogens. This hypothesis is also strengthened by the manufacturers’ 

information on phytoestrogen content listed on the product label.

sport supplements

Figure 5.7. Biological activity profile in 6 sport supplements extracted by the HLB 
and ‘QuEChERS’ method and analysed by RGA.

5.4.4. Risk assessment

This risk assessment was performed by combining the exposure assessment for 

estrogenic EDs in sport supplement samples with a literature review focusing on the 

ADI for 17(3-estradiol, and data on the levels and effects of EDs in animal and human 

studies. A comparison of the exposure assessment results with levels of EDs in water 

and diet was made. The possible effect of exposure through the assessed samples on 

human daily production concentrations in various groups specific to gender and age 

was also considered in a worst case scenario.
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5.4.4.1. Comparison of estrogenic agonist exposure levels found in sport 

supplements with water, diet and ADI.

The typical omnivorous diet can deliver in the region of 0.9 ng kg’1 bw of natural 

estrogens per day to the consumer [Caldwell et ai, 2010b]. Estrogen exposure 

through drinking water is approximately 82 times lower than the diet [Caldwell et ai, 

2010b], In the present study, 45 out of the 50 products chosen for the exposure 

assessment (from total number of 116 supplements) presented an estrogens content 

higher than that consumed via water and 33 supplements showed biological activity 

higher than that delivered by the typical omnivore diet. There were 10 samples 

detected which presented biological activity exceeding the JECFA (2000) limitation 

level of 50 ng kg'1 bw per day. The ADI value was set with a 17(3-estradiol 

equivalent concentration, the same standard as used in the present study.

5.4.4.2. Total exposure and cumulative effect of estrogenic compounds.

Other possible routes of exposure and ED mixture effects must be considered in 

order to assess the potential detrimental human health effects of EDs that are found 

in dietary supplements.

5.4.4.2.I. Diet mixture effect.

Sport supplements are one potential source of human ED exposure and this study has 

shown that they can contribute to very high exposure levels. However, the data 

discussed only considers exposure effects from this source. It is more likely that in 

real life humans are exposed simultaneously to multiple EDs from various sources. It 

should also be considered that the consumer may exceed the doses recommended by 

the manufacturer in order to achieve faster or greater results. These scenarios 

significantly increase the risk level. Additionally, our diet is rich in animal derived 

products such meat and eggs. It is now known that such products are the greatest 

source of natural estrogens in our diet [Caldwell et ai, 2010a; Caldwell et ai, 2010b; 

Courant et ai, 2007b]. Therefore, a combination of exposure sources with a mixture 

of EDs is very likely to occur. This may have a substantial influence on the 

development of any detrimental effects caused by the consumption of high quantities 

of estrogens.
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5.4.4.2.2. Phytoestrogens.

It can be argued that vegetarians are less exposed to natural estrogens. Their diet 

excludes sources such as meat; however, is rich in phytoestrogens. The risks, if any, 

connected with plant originated estrogens is a highly controversial topic. 

Phytoestrogens may lower the risk of developing breast cancer [Wu et ai, 2002], 

However, they have also been shown to stimulate the proliferation of tumor cells 

[Allred et ah, 2001], Exposure to phytoestrogens through a diet rich in soy and other 

vegetables may be significantly increased by sport supplements. In this study 3 out of 

6 products containing phytoestrogens were able to induce a biological response at 

least equivalent to 50 ng kg"1 bw (daily) of 17P-estradiol, exceeding the ADI limit 

[JECFA, 2000] and all 6 samples have higher the 17p-estradiol equivalent levels 

than delivered by omnivore diet or drinking water.

5.4.4.2.3. Man-made chemicals.

Another potential exposure route to estrogenic EDs is through xenoestrogens which 

may be present in food, cosmetics and personal care products [Connolly, 2009]. 

These xenoestrogens include chemicals such as pesticides, insecticides, herbicides, 

fungicides, polystyrens, plasticisers, phthalates and brominated flame retardants. 

Various xenoestrogens may result in endocrine disruption [Darbre, 2006; Aksglaede 

et ai, 2006; Gray et ai, 2002; Andersson and Skakkebaek, 1999]. During the last 

decade compounds such as Bisphenol A, DDT, DDE and dieldrin have been widely 

investigated and are proven EDs [Maffini et ai, 2006; Rubin et ai, 2001 and 

Snedeker, 2001],

Xenoestrogens may be present in sport supplements and therefore be potentially 

responsible for the agonistic activity detected in the products investigated within this 

study. Plant based raw materials used to produce dietary supplements may be 

contaminated with chemicals such as pesticides, insecticides and fungicides during 

the growth of the crops. Alternatively, products or their ingredients may come into 

contact with estrogenic chemicals like detergents and cleaning agents during their 

manufacturing process. It should be noted that accidental or environmental 

contamination of sport supplements with estrogenic EDs may also occur in other 

food products. A number of studies have also reported the deliberate adulteration of 

sport supplements with natural and synthetic growth promoters such as testosterone,
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norandrostenedione and dehydroepiandrosterone (DHEA) [Geyer et ai, 2004; 

Baume et ai, 2006] to induce a desired effect.

The accumulation of xenoestrogens in the human diet may increase the estimated 

levels of estrogens consumed. These estimates usually describe the presence of 

natural estrogens including estradiol or estrone in products such as milk, meat, 

vegetables and eggs but do not take xenoestrogens into account.

5.4.4.3. Influence of estrogenic EDs on natural estrogen daily production in the 

human body.

The risk to human health varies accordingly with metabolism, absorption and 

excretion of hormonally active compounds. These factors may vary in different 

consumer sub-groups. Adolescents and adults are much more likely to be the main 

consumer groups of dietary supplements as this is where advertising campaigns by 

manufacturers’ target.

A large proportion of the EDs consumed will pass through the gastrointestinal tract 

and be excreted. Therefore, only some of the EDs will be available to induce an 

effect on the human body. However, synthetic hormones have a lower affinity for sex 

hormone binding globulin (SHBG) than natural hormones. Therefore, EDs will be 

present in their free form and are more biologically active than endogenous steroids 

[Andersson and Skakkebaek, 1999], In an ideal world, the intensity and risk of EDs 

should be analysed on case by case basis while taking into consideration the 

bodyweight, health condition, diet and possible exposure to environmental EDs of 

the consumer.

Exposure to EDs and effects on the endocrine system may be connected to 

fluctuations in natural hormone levels. Daily production of 17p-estradiol differ 

depending on age and gender [JECFA, 2000]. Figure 5.8 depicts estimated 

fluctuations in normal estrogen daily production in each consumer sub-group. These 

fluctuations are based on the assumption that the total amount of EDs detected in the 

sport supplements will have an influence on the 17(3-estradiol level. Another 

assumption is that this is a single compound and route exposure. The predicted 

influence on hormone daily production is based on the average exposure of the three 

supplements (without phytoestrogen listed as ingredients) having the strongest 

agonistic and another three samples showing the strongest antagonistic activity, i.e. 

the worst case scenarios (Figure 5.8).

134



5. Risk assessment for human health - Estrogenic endocrine disrupters present in sport
supplements.

10n agonist
I 17p-estradiol

daily production 
■ antagonist

Male Male Female Female Female Female
12-16 years >16 years 12-16 years Early Preovatory Postmenopausal

follicular and luteral 
stage stage

Figure 5.8. Normal daily production of 17(3-estradiol in human body [JECFA, 2000] 
in comparison with predicted changes due to agonist and antagonist action of sport 
supplements showing the greatest agonistic and antagonistic activity.

5.4.4.3.1. Agonist.

Figure 5.8 presents the predicted fluctuations in normal 17p-estradiol hormone daily 

production due to exposure from the strongest levels of agonistic or antagonistic 

activity detected in the sport supplement samples. Table 5.6 presents the possible 

fluctuations as % activity.

The agonist activity detected in the sport supplements has been predicted to induce 

the least impact on adult women at the preovatory or luteral stage of the menstrual 

cycle, when natural estradiol production is at the most efficient. A much higher 

impact may be observed in adult women during the early follicular stage of the 

menstrual cycle, where the level of estradiol production is at its lowest. Exposure to 

agonist activity from the sport supplements may increase 17p-estradiol levels by up 

to 500 %. Young girls aged between 12 and 16 years old have a much lower 17p- 

estradiol daily production than the adult female. Consequently, there is a much 

higher risk within this younger group, [Caldwell et al, 2010b], if 17p-estradiol 

levels are elevated. The levels detected in the supplements tested may be able to 

increase 17p-estradiol levels up to 700 %. The greatest predicted risk to females from 

the levels of agonist activity detected in the sport supplements is in the
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postmenopausal woman group, where the 17p-estradiol concentration may be 

increased even up to 2500 %, depending on the person.

The daily production of 17P-estradiol in males is lower than in females of respective 

age groups. This means that the health risks through exposure may be significantly 

higher for the male. Exposure of the male adult to the levels of agonist activity 

detected in the sport supplements may elevate their 17p-estradiol level up to 500 % 

depending on the individual. The predicted elevation is much higher for young boys 

with a potential increase in 17|3-estradiol concentrations up to 1200 %.

Table 5.6. Percentage predicted effect on 17{3-estradiol levels through exposure to the 
mean level of the three sport supplements presenting the greatest detected estrogenic 
agonist and antagonist activity.___________________________________________

Agonistic activity \%] Antagonistic activity f%]
Male:

12-16 years 500 - 1200 6-16
Above 16 years 200 - 500 3-7

Female:
12 - 16 years 160-700 2-9

Early follicular 100-500 1-6
Preovatory and luteral 30-100 0-1

Postmenopausal 350 - 2500 4-30

5.4.4.3.2. Antagonist.

The predicted antagonist activity found in the sport supplement samples has a much 

lower impact on 17p-estradiol levels than the predicted agonist activity (Figure 5.8 

and Table 5.6). The groups predicted to be most at risk of estrogenic antagonism 

from exposure to ED levels in the samples are the postmenopausal woman (up to 

30 %) and young boys (up to 16 %). For all other groups hormone fluctuations did 

not exceed 10 %.

5.5. Conclusions

An estrogenic profile of 116 sport supplements was previously performed using the 

HLB and ‘QuEChERS’ extraction methods together with estrogenic RGA (Plotan et 

al, 2011 (Chapter 3); Chapter 4). In summary, these two studies showed a range of 

estrogenic ED activity levels and types (including agonists, antagonists and 

synergists) which were measured and determined as 17p-estradiol equivalents. 

Agonistic activity was observed in almost all samples (92) with the highest 17p- 

estradiol equivalent activity of 6500 ng kg'1 bw (daily). A synergistic effect was
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detected in only a few samples (11) with the strongest response approximately 20 

times (up to 350 ng kg'1 bw per day) lower than the strongest agonist. Weak 

antagonistic activity was found in 43 supplements, but only 12 of these samples were 

able to decrease the 17p-estradiol biological effect by 0.2 - 43 ng kg 1 bw (daily).

The types of estrogenic EDs which may be present in the samples include natural 

hormones, phytoestrogens and synthetic man-made chemicals. During the analysis of 

data, it was noted that all supplements containing soya, as stated on the label, showed 

much higher biological activity when extracted using the HLB method. Further 

investigation showed that the ‘QuEChERS’ method did not extract phytoestrogens 

but the HLB extraction method did (Figure 5.2) and the separation of phytoestrogens 

from the samples was achievable due to these different properties of the extraction 

methods. Therefore, it was possible to investigate if responses observed may be due 

to phytoestrogens presence. Consequently, it was possible to uncover a 

phytoestrogen related effect in 6 samples with an agonistic 17p-estradiol equivalent 

response ranging up to 400 ng kg'1 bw (daily).

The main aim of this study was to perform a risk assessment on the 17p-estradiol 

equivalent levels found in 50 of the 116 sport supplements previously analysed. This 

was carried out by comparing exposure levels found in the samples with the 

established ADI and estimated daily consumption through drinking water and the 

omnivore diet. JECFA (2000) has established the safe daily intake concentration of 

17P-estradiol as 50 ng kg'1 bw. Consumption levels higher then this ADI limitation 

may have detrimental effect on human health, resulting in diseases such as cancer 

and reproductive tract disorders [Colditz, 1998; Chen et ai, 2005]. This study 

revealed that 10 samples presented agonistic activity exceeding the ADI. Another 3 

samples displayed strong agonistic response (50 - 400 ng kg'1 bw per day) due to 

phytoestrogens as was determined by comparing the extracts from HLB and 

‘QuEChERS’ methods. More than half (33) of the 50 sport supplements contained 

17P-estradiol equivalent levels (natural and synthetic estrogens) higher than the 

estimated intake through the average omnivore diet.

This study also aimed to predict changes in levels of 17p-estradiol daily production 

for various consumer groups (based on age and gender) through exposure to the 

levels found in the samples. The exposure values included were obtained from the 

sport supplement samples presenting the strongest agonistic and antagonistic activity. 

It was also assumed that the total detected activity in samples would extrapolate to an
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equivalent influence on changes in production levels of 17|3-estradiol. It must be 

remembered that this study presents predicted changes. In order to see the real 

impact of sport supplements EDs on daily production of 17p-estradiol, in-vivo 

studies on absorption and metabolism are required. Figure 5.8 shows the predicted 

antagonistic effect to be very weak but the effect of agonists in enhancing levels in 

all investigated groups was significantly greater. The biggest risks were predicted to 

be in groups having the lowest natural levels of 17[3-estradiol in the body, i.e. young 

boys and postmenopausal women. These groups may be at risk of detrimental health 

effects through high levels of estrogens because exposure via the samples could 

potentially increase their estrogen levels by 20 fold (Figure 5.8).

It must also be considered that the consumer is exposed to estrogenic compounds 

through other routes such as diet, water, environment and cosmetics. The cumulative 

and “cocktail effect” of combined exposures may greatly increase the risks related to 

high level and long-term exposure. However, the additional exposure from this 

newly presented source presents a significant increase in risk. This is especially the 

case for consumer groups who possess the lowest natural hormone levels. In this 

respect the prepubescent male, with very low estrogen levels and low metabolic 

clearance rates or the postmenopausal woman, who may also be taking hormone 

therapies as well as people with special dietary preferences, rich in estrogens 

[Caldwell et ai, 2010a] may be at great risk.
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6.1. Abstract

Androgenic endocrine disrupters (EDs) may pose serious detrimental health effects 

to humans, particularly males, by interfering with the production, secretion and 

function of androgenic steroids in the body. Most often, exposure to androgenic 

compounds is connected with an increased incidence of testicular cancer, declining 

quality and quantity of semen, cryptorchidism and hypospadias.

One of the most important routes of exposure to EDs is via our diet. Androgens in 

the food chain derive from both natural and man-made sources. Natural androgens 

may be present in food products such as milk, eggs and meat. Synthetic or 

environmental EDs such as pesticides, plasticisers and pharmaceuticals may also be 

present in many food types. Therefore, food products such as dietary supplements 

may contain natural and/or synthetic EDs. Sport supplements in particular have also 

been shown to contain banned hormones and their precursors.

Previously, 116 sport supplements available to the consumer were screened for 

androgenic activity using a biological in-vitro Reporter Gene Assay (RGA). A range 

of androgenic activity levels and modes of action were found in many of the 

products. Interestingly, an unexpected enhanced response was uncovered in eight 

samples spiked with an androgen.

In the present study, Western blot studies confirm that the enhanced response is due 

to an increase in androgen receptor expression, induced through exposure to sample 

extracts. In addition, an exposure assessment was carried out on 36 of the sport 

supplements. RGA analysis showed that two of these products had androgenic 

activity higher than the level established as safe for humans (daily limitation of 2 pg 

kg'1 bw) by the Joint FAO/WHO Expert Committee on Food Additives (JECFA) (i.e. 

1 - 2.5 times).

The potential influence, of the highest levels of agonist or antagonist androgenic ED 

levels detected in the samples, on reported human androgen daily production was 

considered for various risk groups. While predicted changes in daily production 

levels were observed in all risk groups it was concluded that the possible hormonal 

impact on young girls, aged 12-16 years old and women at the early follicular stage 

was particularly pertinent and cause for concern, i.e. worst case scenario.
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6.2. Introduction

6.2.1. Androgenic endocrine disrupters in food.

Androgens, including the principal steroid testosterone and its more potent 

metabolite 5a-dihydrotestosterone (DHT), are the male sex hormones responsible for 

the development and maintenance of secondary sex characteristics and the function 

and growth of testicles and the prostate [Braunstein, 2007]. Endocrine disrupters are 

compounds that can influence the production, secretion and function of steroids 

within the human body [EC, 1996]. Androgenic EDs may be present in food as 

natural hormones in milk, meat, eggs or dairy products [Hartmann et al, 1998, 

Courant et al, 2007b]. Food may also contain synthetic or environmental EDs such 

as pesticides, fungicides, detergents and plasticizers, usually possessing androgenic 

antagonistic activity. Consequently, the food chain is constantly exposed to a range 

of both natural and synthetic androgenic EDs (Figure 6.1). Additionally, dietary 

supplements, including sport supplements, may also be deliberatively supplemented 

with anabolic steroids or their precursors as has been previously detected by Baume 

et al., (2006), Maughan (2005) and Geyer et al. (2004).
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Figure 6.1. Examples of androgenic compounds. Natural androgenic compounds: 
testosterone, dihydrotestosterone, dehydroepiandrosterone (DHEA), 
androstenedione, androstenediol; synthetic steroids: trenbolone, testosterone 
propionate, nandrolone, boldenone; man-made chemicals - androgen antagonist: 
bisphenol A, dieldrin, vinclozolin.

Androgens have anabolic properties that can result in an increase in body growth due 

to the enhancement of protein synthesis in muscles and bones [Aron et al, 2007; 

Braunstein, 2007], The addition of any type of anabolic agent, including steroids or 

growth promoters to food is banned [World Anti-Doping Agency, 2011]. However, 

their anabolic effects are tempting for some manufacturers and customers of sport 

supplements. Supplementation of the diet is becoming more and more popular 

among men and women of different ages, including but not limited to athletes. 

People enrich their diet for different reasons but mainly to improve their health and 

performance. Therefore, it is vital that these products are safe.

6.2.2. Detrimental effects of androgenic endocrine disrupters.

The detrimental effects of androgens have been investigated in both short- and long

term animal studies. The JECFA Committee (2000) concluded that testosterone is 

not genotoxic but is toxic to the reproductive tract tissues and established an 

acceptable daily intake (ADI) for testosterone of 0 - 2 pg kg'1 bw per day. Long term 

human studies are not available but therapeutic studies for the treatment of anaemia 

or hypogonadism show adverse testosterone effects including the induction of liver 

cysts and hepatocellular carcinoma [JECFA, 2000]. The detrimental effects of 

environmental EDs on human health have been extensively investigated by 

numerous research groups [Toppari et al., 1996; Acerini and Hughes, 2006; EC, 

2004], Many compounds including pesticides, polychlorinated biphenyls (PCBs), 

dichlorodiphenyltrichloroethane (DDT) and organochlorine compounds have been 

associated statistically with the increasing incidence of male infertility, lower sperm 

counts and motility, cryptorchidism and hypospadias [Vidaeff and Sever, 2005]. The 

increased incidence of testicular cancer with the influence of environmental
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chemicals has been linked by Hardell et al. (2006b) and Adami et al. (1994). 

Testicular dysgenesis syndrome, named by Skakkebaek et al. (2001), is one of a 

number of developmental disorders that have been connected with man-made 

chemicals that are androgen antagonists. The pathological network is outlined in 

Figure 6.2. The World Health Organisation [Damstra et al, 2002] lists other adverse 

effects due to the exposure to hormonally active compounds as; impaired 

behaviour/mental ability, immune and thyroid function in developing children, 

osteoporosis and precocious puberty.

Androgens are also present in the female body, but in much lower concentrations 

than in the male. Female exposure to androgenic EDs may cause acne, hirsutism, 

virilisation, amenorrhea, alteration in fertility, polycystic ovarian syndrome, irregular 

menstruation as well as behavioural effects [Braunstein, 2007; Christiansen, 2001; 

Franke and Berendont, 1997],

Environmental factors 
(incl. endocrine disrupotrs)

Testicular
Dysgenesis

/ ^/
Genetic defects 
(incl. point mutations)

Reduced Semen 
Quality

Disturbed ImparedGerm
Sertoli Cell ► Cell Differentiation 
Function ^ Cis-»Testicular

+ t Cancer

Decreased Androgen Hypospadias
Leydig Cell ► Insufficiency
Function ^

^ Cryptorchidism

Figure 6.2. Pathogenetic link between the components and clinical manifestations of 
testicular dysgenesis syndrome [Skakkebaek et al, 2001],

6.2.3. Androgenic low level and cumulative effects.

Most studies on the adverse effects of EDs consider high concentrations of single 

compounds. However, it is also important to consider low level exposure and their 

mixtures or their “cocktail effect”. Exposure to low levels of chemicals such as the 

pesticide dieldrin has been investigated by Fowler et al. (2007). Dieldrin was shown 

to disrupt human fetal Leydig cells through decreased testosterone secretion resulting 

in the disruption of development of the reproductive tract and potential adult 

infertility.
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A report on the cumulative risk assessment of EDs, including androgen antagonists, 

has been summarized from an expert workshop held in January 2009 [Kortenkamp 

and Hass, 2009]. The main conclusions of this report include; the necessity and 

feasibility of cumulative risk assessment performance and changing the grouping 

criteria to focus on the common health related effects and the likelihood of their co

exposure. The last statement aims to fill the gaps in assessing the cumulative risks of 

EDs, mainly the mixture exposure assessment. An example of combined exposures 

to chemicals having androgen antagonistic activity was previously performed by 

Kortenkamp and Faust (2010). This study showed that the established acceptable 

levels for these chemicals, based on the neurotoxicity studies, were exceeded when 

considering their androgen antagonistic potential in the upper range of exposure 

levels expected for the general population.

6.2.4. New modes of androgenic endocrine disrupters’ action.

Another aspect for consideration in the risk assessment of EDs is their mode or type 

of action. Originally, EDs were defined as compounds being able to stimulate or 

block hormone receptor interaction. More recently, it has been accepted that EDs can 

also interfere with hormone synthesis pathways or regulate the expression of the 

receptors themselves. The many possible modes of ED activity have been reviewed 

by Tabb and Blumberg (2006).

6.2.5. Aim of the study.

The aim of the present study was to quantify androgenic activity and perform a risk 

assessment on 36 sport supplement samples chosen from 116 sport supplement 

samples that presented androgenic activity during two studies conducted within this 

thesis (Plotan et al (2011) (Chapter 3) and Chapter 4). The risk assessment was 

performed by comparing the levels of exposure found in the samples to the health 

effects incurred at these exposure levels as reported in the literature. This study also 

aimed to predict changes in the daily production levels of testosterone for various 

consumer groups (based on age and gender) through exposure to the strongest 

(ant)agonistic levels measured. Finally, Western blot analysis was employed to 

investigate whether the enhanced response observed in the 5 samples spiked with 

androgen was due to an increase in the androgen receptor, another mode of endocrine 

disruption.
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6.3. Materials and methods

6.3.1. Reagents and chemicals

Reference standard DHT and androgen receptor antagonist and 17-(allylamino)-17- 

demethoxygeldanamycin (17-AAG), together with extraction tubes including 

dispersive solid phase extraction (dSPE) Citrate extraction Tube and PSA/ENVI- 

Carb SPE cleanup tubes were supplied by Sigma (Poole, Dorset, UK). Phosphate 

buffered saline (PBS) was obtained by SAFC Biosciences (Lenexa, Kansas, USA). 

All the cell culture reagents and pre-stained molecular weight markers were obtained 

from the Invitrogen Ltd (Paisley, UK) and the Falcon tissue culture flasks were 

supplied by BD Biosciences (Bedford, MA, USA). The Nunclon tissue culture plates 

were supplied by Nunc (Roskilde, Denmark). Passive lysis buffer and the luciferase 

kit Promega El501 was obtained by Promega (Southampton, UK) and the RGA 

plates were supplied by Geiner Bio-One (Stonehouse, UK). The protease inhibitors 

were obtained from Roche (Manheim, Germany). Acetonitrile was supplied by 

Analab (Lisburn, NI, UK) and methanol from BDH AnalaR (Poole, Dorset, UK).

All the reagent used for buffers and gel preparation for Western blot analysis were 

supplied by Sigma (Poole, Dorset, UK), Melford Laboratories (Chelsworth, UK) and 

Helena Biosciences Europe (Gateshead, UK). The BCA assay was supplied by Pierce 

(Northumberland, UK). The rabbit antibody against androgen receptor together with 

horse radish-peroxidase linked goat anti-rabbit antibody was obtained from Sigma 

(Poole, Dorset, UK) and mouse antibody against GAPDH by AbD Serotec (Oxford, 

UK). Horse radish-peroxidase linked goat anti-mouse antibody was supplied by 

Dako (Cambridgeshire, UK). The polyvinylidene fluoride (PVDF) membrane 

together with ECL-plus were obtained from GE Healthcare (Amersham, UK). The 

X-ray film was supplied by Thermo Fisher Scientific (Rockford, USA).

6.3.2. Sport supplements

A total of 116 sport supplement products were previously analysed for androgenic 

activity (Plotan et al, 2011 (Chapter 3), Chapter 4). Samples were obtained from 

different sources across the Republic of Ireland and Northern Ireland (Table 6.1). 

Sport supplements varied in form, including powders, tablets, capsules, bars and 

liquids (drinks, gels and injections) and in composition. The biggest group contained 

32 protein based products. Another 23 samples had carbohydrates as their main 

ingredient. The other dietary supplements’ composition include compounds like
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hormones and their precursors (12 samples), creatine (8 samples), plant extracts (10 

samples), minerals and vitamins (10 samples), amino acids (6 samples), and other 

(15 samples). All sport supplements were stored according to manufacturer 

guidelines.

Table 6.1. Source of 116 sport supplements
Source of sport supplement Number of samples
Health Food Shops 26
Fitness and Gym 7
Pharmacies 3
Internet 9
Irish Medicine Board (IMB) 60
Irish Rugby Football Union (IRFU) 11

6.3.3. Reporter Gene Assay. Arrangement of RGA experiment

Androgen (TARM-Luc) responsive RGA cell line was previously stably transfected 

with androgen receptor and luciferase reporter gene by Willemsen et al. (2004) and 

kindly provided by Dr Marc Muller of Liege University, Ghent, Belgium. Assay was 

performed using cells passed at least twice in hormone free assay medium 

(Dulbecco’s Modified Eagle Medium -DMEM, 10 % hormone depleted bovine 

serum). Cells were seeded in a 96 well plate at a concentration of 4 x 103 cells mL'1 

and incubated overnight at 37°C in 8 % COo. The next day standards or samples’ 

extracts were added and cells were incubated for a further 48 h. Prior to reading the 

results cells were rinsed twice with PBS (pH 7), treated with lysis reagent and shook 

for 10 minutes at 37°C. The luciferase substrate was injected prior to the reading 

using a luminometer (Mithras LB 940, Berthold Technologies).

Each RGA experiment was organised to include on a single plate extract of blank 

and five different concentrations of positive control together with a number of 

unspiked and spiked sport supplements extracts dilutions.

6.3.4. Cytotoxicity testing

The cytotoxicity testing was performed by MTT assay on androgen (TARM-Luc) 

responsive cell line due to procedure described by Mosmann (1983) applying a few 

modifications. Cells were seeded at the same concentration as for RGA bioassay in a 

96 well plate and incubated overnight at 37°C in 8 % CCL. Following treatment with 

the extracts the cells were incubated for a further 48 h. Prior to incubation for another
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3 h at 37°C with MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetazolium 

bromide) reagent (50 pL of 1.4 mg mL1), the cells were washed with PBS. After 

incubation reagent was removed and 200 pL dimethyl sulfoxide (DMSO) added. The 

plates were shaken for 15 minutes at 37°C and the absorbance at 570 nm was read on 

a Tecan, Safire 2 plate reader.

6.3.5. Extraction and clean-up of samples

All sport supplements were extracted by the ‘QuEChERS’ method (Anastassiades et 

al, 2002), tested immediately or stored at -20°C. Sport supplement in the form of 1 g 

of powder or liquid was homogenised with 10 mL of acetonitrile. Each sample was 

tested unspiked and spiked with DHT at a concentration of 2.9 ng g1. Homogenised 

products were mixed and pre-treated by applying them to (dSPE) Citrate Extraction 

Tube. Final clean up was performed by PSA/ENVI-Carb SPE CleanUp Tube 2. The 

aliquots were evaporated under a nitrogen stream at 40°C and re-suspended in 

250 pL methanol. The extracts were diluted in assay medium 1:200 (v:v), prior to 

application to the androgen responsive cell line. Cytotoxicity in some of the samples 

was observed, as checked by the MTT assay. This lead to serial dilutions of the 

extracts in assay medium being made up, until tolerable conditions for the RGA were 

achieved.

6.3.6. Western blot analysis

The TARM-Luc (androgen responsive) cell line was seeded into 6 well tissue culture 

plates and incubated at 37°C in 8 % CCT for 24 - 48 h or until the cells were 60 - 70 

% confluent. The cells were then exposed for 48 h to DHT standard at a 

concentration of 2.9 ng mL'1, both in the presence and in the absence of: the 

androgen receptor antagonist (17-AAG) at 0.25 pg mL'1 and/or sport supplement 

sample extract. The MMV-Luc cell line (estrogen responsive) does not express the 

gene encoding for the androgen receptor and was used as a negative receptor control. 

The MMV-Luc cell line was cultured in the same conditions as for the TARM-Luc 

cell line, without any treatment.

After 48 hours the media was removed and cells washed twice with ice cold PBS. 

The cells were then scraped from the flask in the presence of ice cold PBS and 

centrifuged at 4°C for 10 minutes at 125 g. The cells were lysed in the presence of 1 

x passive lysis buffer containing protease inhibitors on ice for 30 minutes with
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mixing every 5 minutes. Lysates were centrifuged at 4°C for 10 minutes at 7500 g 

and the supernatant collected for Western Blot analysis. Protein concentrations were 

determined using the BCA assay.

Polyacrylamide gel electrophoresis (PAGE) was performed on 10% gels. Samples (4 

mg protein) were diluted in an equal volume of 2 x Laemmli buffer, heated for 10 

minutes at 70°C and then loaded onto the gel which was run at 1 volt for 1.5 h. Pre

stained molecular weight markers were also loaded in order to determine the 

molecular weight of the protein. The separated proteins were blotted onto a 

polyvinylidene fluoride (PVDF) membrane which was then blocked with 5% fat free 

dry milk in Tris-buffered saline (TBS, pH 7.5) for 1 h.

The blots were probed overnight at 4°C and under constant agitation with primary 

antibodies (1 pg mL'1 rabbit anti-androgen receptor antibody and mouse anti- 

GAPDH to control for protein loading) diluted in 1% fat free dry milk in TBS 

0.001% Tween (TEST). The next day, the blots were washed 3 times in 1 % fat free 

dried milk in TEST. The primary antibodies were probed with a secondary antibody, 

horse radish-peroxidase linked goat anti-rabbit and goat anti-mouse, diluted at a 

concentration of 1/2000 in 1% fat free dried milk TEST. The blots were washed 3 

times in 1 % fat free dried milk TEST and a final 2 times in TEST. 

Chemiluminesence detection of specific protein bands was performed using X-ray 

fdm, Amersham ECL-plus according to the manufacturer’s instructions. Protein 

bands were anticipated for viewing at 110 kDa for the androgen receptor and 37 kDa 

for the GADPH control protein.

6.3.7. Exposure assessment

Supplements (36 out of the 116 samples) were chosen for the exposure assessment 

based on them possessing the following criteria:

i. The sample presented a positive androgenic response, agonistic or 

antagonistic.

ii. Information on the recommended daily dose for the product was provided by 

the manufacturer.

iii. Repeatability between triplicate analyses was obtained.

Samples were also selected across the range of ED modes reported in Figure 6.3.
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6.3.8. Data analysis

The standard curves were developed and determined from the sigmoidal dose- 

response equation, using Graph Pad Prism 5 software, where Y is the response, X 

logarithm of concentration, while bottom is 0 and top 100 percentage of maximum 

achieved response; Y = bottom + (top - bottom) / (1 + 10 (lo8EC5°-x))

The agonistic and antagonistic response of endocrine disrupters detected in the sport 

supplements was used to determine their corresponding concentrations using the 

above sigmoidal equation from the standard curve and presented as DHT equivalents 

[ng g1].

Androgenic agonistic activity used for the exposure assessment was determined by 

taking into consideration determined concentration as well as the dilution factor, 

daily recommended dose of the product and the average body weight that is applied 

in most risk assessment studies; this equals 60 kg (JECFA, 2004).

Androgenic agonistic activity [ng kg 1 bw (daily)] = concentration equivalent to DHT 

[ng g"1] * dilution factor * daily dose [g day’1] / average body weight [kg]

The synergistic or antagonistic activity was determined similarly, but because 

samples were spiked with DHT to detect the synergism or antagonism, in 

calculations the activity of added androgenic standard had to be subtracted. The 

response of the spiking DHT level was recalculated from the corresponding standard 

curve equation in the same way as sample responses and was presented as 

concentration in ng g’1. The final sport supplements synergistic or antagonistic 

activity was determined from the equation below. If the value of activity was 

positive, it means that synergistic effect was observed, while the negative result 

confirms the antagonism of the detected compound.

Androgenic synergistic or antagonistic activity [ng kg'1 bw (daily)] = ((sample 

concentration equivalent to DHT [ng g’1] * dilution factor) - concentration of added 

DHT [ng g"1] )* daily dose [g day’1] / average body weight [kg]

Toxic effect was calculated from the absorbance (Abs) values using the formula:

% toxicity = (negative control Abs - sample Abs) / (negative control Abs) * 100
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6.4. Results and discussion

6.4.1. Selection of sport supplements for exposure assessment.

no observed response 

agonists w ith additive response 

agonists w ith synergistic response 

partial agonists 

enhanced response in presence of DHT

antagonists 

toxic samples

}41

^0

113

12

^116

15

a 16

□ total (116) □ exposure assessment (36)

Figure 6.3. Number of products chosen for the exposure assessment out of the 116 
sport supplements surveyed in each ED activity profile based on androgen RGA 
results.

A total of 116 sport supplement samples were previously screened for androgenic 

activity using an androgen responsive RGA [Plotan et ai, 2011 (Chapter 3); Chapter 

4], Figure 6.3 presents the various modes of action found in the 116 sport supplement 

samples and the 36 samples selected for the exposure assessment in this study. The 

36 samples were chosen from the range of ED mode groups and criteria described in 

section 6.3.7. Quantification of the androgen ED activity in these 36 samples was 

performed using the validated androgen RGA described in chapter 4.

64.2. Exposure assessment.

The androgen RGA validated in Chapter 4 was used in this study to quantify the 

concentration of ED activity as determined from the dihydrotestosterone standard 

curve. These values describe the concentrations equivalent to the reference standard 

through measurement of the biological effect and do not represent true androgen 

concentrations. Confirmatory methods such as High Performance Liquid 

Chromatography - Mass Spectrometry (HPLC-MS) are required to obtain an 

accurate qualitative measurement.
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The exposure assessment was performed by calculating agonist, synergist and 

antagonist concentrations and considering the recommended daily dose of the 

product and the average body weight of 60 kg as applied by JECFA (2004). The 

study was divided into three parts; including agonist, synergism and antagonism; 

depending on the specific mode of action.

6.4.2.1. Agonism

Twenty out of the 36 sport supplement samples showed one of three types of agonist 

activity, including agonists with an additive (5 samples) or synergistic response 

(10 samples) or partial agonist response (5 samples), as outlined in Figure 6.4. The 

androgen agonist concentrations ranged between 1 to 5000 ng kg'1 bw. The majority 

of samples (17) were in the lower range, up to 250 ng kg'1 bw. However, there were 

three very interesting samples presenting much higher DHT equivalent activity, up to 

5000 ng kg'1 bw. This level exceeds the JECFA ADI limitation established for 

testosterone as 2000 ng kg 1 bw per day (JECFA, 2000],

5000
agonistic activity expressed as 

DHT equivalents [ngkg-1 bw (daily)]

Figure 6.4. Biological activity profile observed in 20 sport supplements presenting 
three types of androgen agonist activity.

DHT is a more active metabolite of testosterone and has an affinity for the androgen 

receptor four times stronger than that of testosterone [Scippo et ai, 2002], Therefore, 

it would be anticipated that this level of DHT activity, equated to testosterone, will
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be four times higher. It is possible that the samples presenting an activity of 750 ng 

kg"1 bw, equated to testosterone, will also exceed the ADI.

6.4.2.2. Synergism

Synergistic activity was observed in 18 sport supplement samples (Figure 6.5). The 

majority of these samples (12) presented DHT equivalent activity between 5 and 

260 ng kg"1 bw. Six samples, were in a range of 400 - 1500 ng kg"1 bw. The most 

interesting samples include those presenting an activity higher than 1000 ng kg'1 bw. 

These samples presented a very weak agonist alone but when spiked with DHT 

induced a very strong synergistic effect, which when equated to testosterone is very 

likely to exceed the JECFA ADI limitation.

Interestingly, only 10 of these samples maintained an agonistic response in the 

absence of androgen. The other 8 samples were able to increase the activity of DHT 

but did not induce an androgenic agonistic response on their own. It has been 

reported that high concentrations of estrogenic compounds such as 17|3-estradiol are 

able to cross-react with the androgen receptor, resulting in an increased activity in 

the presence of androgen [Yeh et ai, 1998; Tyagi et ai, 2000].

------------1----------------- (---------------- (----------------- 1-----------------
5-10 25-80 100-260 400-750 1000-1500

synergistic activity expressed as 
DHT equivalents [ng kg-1 bw (daily)]

Figure 6.5. Biological activity profile observed in 18 sport supplements presenting 
two types of synergistic activity.

Within these 8 samples, 3 possess estrogenic activity (0.001 - 12.5 ng g"1), possibly 

due to the presence of 17p-estradiol equivalent compounds. However, the other 5 

samples presenting an increased androgen activity when spiked, did not show
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estrogenic activity at all. This may be explained through alternative ED modes of 

action. Besides the interference of the hormone synthesis pathways and hormone 

receptor binding, the production and activation of the androgen receptor itself may be 

influenced [Tabb and Blumberg, 2006], This could result in increased responses due 

to increased receptor availability and signalling.

The hypothesis that sample constituents may enhance the production of the androgen 

receptor was investigated by Western blot analysis. Figure 6.6 shows the results of 

this experiment; Equal loading of cellular proteins was controlled using the GAPDH 

marker protein, the corresponding 37 kDa band was constant in all investigated 

samples (Lane 1 - 8), indicating equal sample loading. The negative control cell line, 

MMV-Luc (estrogen responsive cell line with no androgen receptor expressed), did 

not yield an androgen receptor band as anticipated (Lane 1). An androgen receptor 

band was observed at 110 kDa in the untreated TARM-Luc (androgen responsive) 

cell line (Lane 2), and a stronger band for TARM-Luc cells treated with 2.9 ng mL'1 

of DHT (Lane 3).

1 2 3 4 5 6 7 8

___ 110 kDa
— ■' Androgen

receptor

—■  -------- - - -  —— ........ i 37 kDa
Control,
GAPDH

MMV-Luc TARM-Luc TARM-Luc TARM-Luc TARM-Luc TARM-Luc TARM-Luc TARM-Luc 
untreated untreated + DHT + DHT + sample + sample + sample + sample

+ antagonist extract extract extract extract 
+ antagonist + DHT + DHT

+ antagonist

Figure 6.6. Western Blot analysis of the androgen receptor protein in the estrogen 
responsive MMV-Luc (Lane 1) and androgen responsive TARM-Luc (Lanes 2-8) 
cell line. Untreated cells (Lane 1 and 2), TARM-Luc cells treated with 2.9 ng mL'1 
DHT (Lane 3), TARM-Luc cells treated with 2.9 ng mL"1 DHT plus 250 ng mL"1 of 
the androgen antagonist, 17-AAG (Lane 4), TARM-Luc cells treated with extracted 
sample (Lane 5), TARM-Luc cells treated with extracted sample plus 250 ng mL"1 of 
antagonist (Lane 6), TARM-Luc cells treated with extracted sample plus 2.9 ng mL"1 
DHT (Lane 7), TARM-Luc cells treated with extracted sample plus 2.9 ng mL"1 DHT 
plus 250 ng mL"1 of antagonist, 17-AAG (Lane 8). GAPDH is shown as the control 
of protein loading.

Production of the androgen receptor only takes place in cells containing the androgen 

receptor gene. This gene can be monitored, enhanced or inhibited by different
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compounds, such as androgenic steroids or androgen antagonists. The androgen 

receptor antagonist, 17-AAG [Solit et ai, 2002], was able to decrease the strength of 

the androgen receptor band in cells treated with DHT (Lane 4). TARM-Luc cells, 

exposed to a sport supplement sample that presented an enhanced response in the 

presence of DHT in the androgen RGA, induced a strong androgen receptor band as 

shown in Lane 5 and a much weaker band when the antagonist was co-exposed 

(Lane 6). This means that the sample concerned contained compounds that induced 

an increase in androgen receptor production. A similar strength of band was observed 

in TARM-Luc cells that were co-exposed to sample and DHT (Lane 7). 

Consequently, the androgen antagonist was able to decrease the enhanced production 

of androgen receptor induced by the sample extract and DHT (Lane 8).

6.4.2.3. Antagonism

Antagonistic activity was observed in 13 out of the 36 samples selected for the 

exposure assessment (Figure 6.7). Partial agonist activity was observed in 5 samples, 

whereby agonist activity was observed in the absence of DHT and a lower than 

predicted additive agonist response was observed in the sample spiked with DHT.

□ partial agonists

weak activity 1-5 20-40 70-90

antagonistic activity expressed as 
DHT equivalents [ng kg-1 bw (daily)]

Figure 6.7. Biological activity profile observed in 13 sport supplements presenting 
two types of antagonistic activity. The antagonistic response was recalculated for the 
8 most potent antagonists as DHT equivalents.
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The other eight samples, containing antagonists, were able to decrease the DHT 

equivalent activity between 1 - 90 ng kg'1 bw per day. These sport supplements may 

contain any of a wide range of known androgen antagonists, most likely to be a man

made chemical from groups such as pesticides, herbicides or insecticides.

6.4.3. Risk assessment

The risk assessment was performed by combining the exposure assessment for 

androgenic EDs in sport supplement samples with a literature review focusing on the 

ADI for testosterone and data on the levels and effects of EDs in animal and human 

studies. The possible effect of exposure through the assessed samples on human daily 

production levels of testosterone in various groups specific to gender and age was 

also considered. A comparison of exposure levels of EDs via water and diet was not 

possible due to a lack of accessible data in the literature.

6.4.3.1. Comparison of androgen agonist/antagonist exposure levels found in sport 

supplements with the ADI and cumulative effect.

Androgenic agonistic levels detected in the sport supplement samples varied from 1 

up to 5000 ng kg"1 bw per day, DHT equivalents. Four samples presented activities 

higher than 1 pg kg’1 bw per day. Considering that DHT is four times more potent 

than testosterone, these four samples are estimated to exceed the ADI limit for 

testosterone of 2 pg kg'1 bw (day) established by JECFA.

Other samples contained both androgenic agonists and antagonists at the no observed 

adverse effect levels (NOAEL), which may imply that these samples can be ignored 

in the risk assessment. However, increasing numbers of studies investigating the 

cumulative effects of low level compounds point out major concerns on risks to 

human health [Kortenkamp and Hass, 2009] including the additive effects of 

androgenic EDs [Kortenkamp et al. 2007], In further research, performed by 

Kortenkamp and Faust (2010), the risks assessed for the androgenic antagonistic 

chemicals due to their cumulative effect exceeded their acceptable levels for people 

highly exposed to this type of ED. The established ADI levels did not consider their 

androgenic antagonistic activity and were based on the neurotoxicity studies. The 

previously referred study presented by Fowler et al. (2007), showed that there are 

long-term detrimental effects from exposure to a single pesticide at low 

concentrations on the human fetus. Similarly, risks to adult human health were
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found, including decreased secretion levels of testosterone, a potential factor in adult 

infertility.

A cumulative risk assessment must consider the many different routes of exposure to 

androgenic EDs. Food containing both natural and synthetic androgenic compounds 

are one of the main routes [Courant et ai, 2007b], Exposure may also be via the 

consumption of sport supplements, and as presented in this exposure assessment may 

be through different modes of action and at various levels of activity. Other exposure 

sources include water, cosmetics and daily care products [Caldwell et ai, 2010a, b]. 

Additional attention should focus on more recently reported modes of ED action 

[Tabb and Blumberg, 2006]. Even though some compounds do not possess 

androgenic activity, they may contribute as the stimulators of androgen receptor 

production or other co-factors involved in the androgen biological response pathway 

within the cell. This study has proven the presence of androgen receptor stimulating 

compound(s) in sport supplements. This may be an example of one of these newly 

reported class of EDs [Tabb and Blumberg, 2006],

6.4.3.2. Influence of androgenic EDs on natural testosterone daily production in the 

human body.

The main consumers of sport supplements are teenagers and adults, including but not 

limited to athletes. The effects of EDs on human health may be significantly 

decreased by their metabolism, absorption and excretion in the body. These factors 

may vary in different risk groups. Therefore, the assessment of ED risks should be 

performed for each risk group separately. Diets containing androgenic EDs differ 

among people. The amounts delivered to consumers also vary due to differences in 

individuals’ gastrointestinal tracts and efficiency of excretion. Other factors that 

should be considered include bodyweight, health status and predicted cumulative 

exposure to environmental and natural EDs for each consumer. An ideal risk 

assessment is impossible to perform with such varying factors, but it can be more 

realistic, by implementing these considerations.

This study considered a number of varying factors in carrying out the risk 

assessment. Firstly, exposure to EDs is strictly connected to the amount of androgens 

already present in human body. This level is usually similar among specific groups 

of people as depicted in Figure 6.8, where it can be seen that differences are 

connected with gender and age [JECFA, 2000], Secondly, the single ED effect was
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considered assuming that the total amount of detected ED activity in one sport 

supplement sample will have an influence on androgen levels in the body as a worst 

case scenario. Finally, the effect of the average activity of the 3 strongest agonists 

and antagonists on the daily production of testosterone was calculated and presented 

in comparison to normal values for varying risk groups in Figure 6.8.

° 1 i i i i i i—i—i—i—i—r

agonist
|| testosterone daily production 
g antagonist

Male Male
12-16 years >16 years

Female 
12-16 years

Female Female
Early Preovatory and

follicular luteral stage, 
Postmenopausal

Figure 6.8. Normal daily production of testosterone in the human body fJECFA, 
2000] in comparison with predicted changes due to agonists and antagonists action of 
sport supplements showing the greatest agonistic and antagonistic activity.

Effects on male androgen hormone levels.

The average strongest agonistic activity detected in 3 sport supplement samples was 

predicted to increase the level of testosterone produced on a daily basis in males in 

range of 2 - 30 % (Table 6.2). The effect was lower in adults, not exceeding 10 % 

and higher in boys, up to 30 %. There was also a very low antagonistic activity 

observed in boys which did not have any effect on androgen level.

Table 6.2. Percentage predicted effect on testosterone levels through exposure to the 
mean level of the three sport supplements presenting the greatest detected androgenic
agonist and antagonist activity.

Agonistic Antagonistic
activity [%] activity [%]

Male:
12 - 16 years 10-30 0-1

Above 16 years 2-10 0
Female:

12 - 16 years 170-520 6-20
Early follicular stage 90 - 260 3-10

Preovatory, luteral, and postmenstrual stage 30-75 1-2
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Females.

The percentage predicted influences of androgen agonists and antagonists on daily 

testosterone production levels in females are presented in Table 6.2.

Young girls aged between 12 and 16 years old have the lowest daily production 

levels of testosterone in the female risk group. Consequently, there is a much greater 

risk within this group if testosterone levels are elevated. The levels detected in the 

analysed sport supplements may increase androgen levels up to 500 % in females 

aged 12 to 16 years assuming their daily dose is the same as for adults. Very high 

levels of androgens in young women may cause serious detrimental effects and such 

as those outlined previously, i.e. as acne, hirsutism, virilisation and amenorrhea 

[Braunstein, 2007]. Women in the early follicular stage of the menstrual cycle may 

also be strongly and adversely affected by androgen agonists, with androgen levels 

increased between 90 and 260 %. Females in other stages of the menstrual cycle and 

postmenstrual women are less at risk. Predicted increases in androgen levels, within 

these groups, range between 30 and 75 %. Androgen antagonists within the samples 

displayed much weaker ED activity. They were predicted to decrease testosterone 

daily production levels up to 20 % in all female age groups. It is postulated that this 

will not result in detrimental health effects.

6.5. Conclusions

Previously, the profiling of androgenic EDs in 116 sport supplements was performed 

using an androgen responsive RGA (Chapter 3 [Plotan et al, 2011] and Chapter 4). 

A range of androgenic agonistic and antagonistic activity with different modes of 

action was detected in 72 out of the 116 samples extracted using the ‘QuEChERS’ 

method.

In this study, 36 of the 72 samples, were analysed and ED activity quantified using 

the androgen RGA which was validated in Chapter 4.

Consequently, an exposure assessment study was performed on the quantified 

samples and the levels of agonistic, antagonistic and synergistic effects were 

predicted. Agonists were found in 20 sport supplement samples, including 2 products 

presenting ED activity higher than the ADI established for testosterone by JECFA as 

2-5 pg kg'1 bw per day. Synergistic activity, with two different modes of action, 

was detected in 18 samples. Two of these samples presented levels which were in the 

upper ADI limit, 1 - 1.5 pg kg’1 bw per day DHT equivalent, equivalent to 2 pg kg'1
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bw per day of testosterone. An enhanced response in the presence of androgen was 

observed in 8 samples presenting a synergistic effect. Three of these samples 

presented estrogenic activity, possibly due to the presence 17|3-estradiol equivalent 

compounds, strengthening the luciferase reporter gene response or cross-reacting 

with the androgen receptor, respectively.

Five samples enhanced the androgenic response to DHT but did not show estrogenic 

activity. One of these samples was investigated by the most accurate and available, 

Western blot analysis for an ability to increase the expression of the androgen 

receptor. This analysis confirmed the increased translation of the specific androgenic 

steroid hormone receptor protein in cells treated with this sample extract (Figure 

6.6). This proved that in sport supplements, there are not only EDs interacting on the 

hormone-hormone receptor binding but also compounds enhancing the expression of 

the receptor itself. This action may have a major biological effect, a concern for 

humans who all have endogenous androgen receptors and steroids within the body. 

Antagonism was observed in 13 sport supplement samples and only 4 of these 

samples were able to decrease DHT levels equivalent to 70 - 90 ng kg 1 bw (daily). 

Low level antagonistic activity was observed in a further 9 samples. This low level 

exposure may also pose a risk to human health, if exposed over a long period, as was 

shown by Fowler et al. (2007). Man-made chemicals, such as pesticides and 

insecticides, often possess androgen antagonist characteristics but their effects on the 

human reproductive system are still not well understood. However, animal studies 

exposing male rats to 15 different androgenic antagonists, reported the suppression 

of foetal testosterone synthesis, retained nipples and decreased testosterone levels in 

male offspring, changes in anogenital distance and decreased sperm production 

[NRC, 2008; Howdeshell et al, 2008; Christiansen et al., 2009; Turner et al., 2002; 

Hass et al, 2007; Lilienthal et al, 2006; Tanaka et al., 2006; Oishi, 2001, 2002; 

Takagi et al., 2004; You et al, 1998; McIntyre et al., 2002; Borch et al., 2004; Gray 

et al., 2006].

This risk assessment study on sport supplements shows that the level of androgen ED 

activity detected may present risks to human health. Many of these samples 

exceeded the androgen ADI limitation, some presented androgen agonist and/or 

antagonist activity and some even influenced the expression levels of the androgen 

receptor. Consequently, the level of ED activity reported in these products and/or 

long term exposure to them may contribute to the development of serious diseases
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such as cancer or infertility. Additionally, many chemicals shown to have 

antagonistic androgenic activity are also highly lipophilic and may bioaccumulate in 

human tissues. This may increase the effective internal dose of these compounds, 

greater than the intake levels [Kortenkamp and Faust, 2010].

This study also aimed to predict changes in the level of daily testosterone production 

for various consumer groups (based on age and gender) through exposure levels 

found in the samples. The exposure values were obtained from the sport supplement 

samples presenting the strongest activity. It was also assumed that the total detected 

activity in samples would extrapolate to an equivalent influence on changes in 

production levels of testosterone. It must be remembered that this study presents 

predicted changes. In order to see the real impact of sport supplement originating 

EDs, in-vivo studies on absorption and metabolism are required. Figure 6.8 depicts 

the predicted changes due to androgen agonists and antagonists. There were 

significant predicted changes due to androgen agonists increasing the testosterone 

levels between 2 and 500 %. The biggest concerns were in the groups of girls and 

women at the early follicular stage of menstrual cycle (100 - 500 %) that have the 

lowest testosterone daily production rates. The main aim of this study was to 

compare natural androgen hormone levels with predicted changes induced by 

androgenic EDs present in the sport supplements and observe the level for risk 

assessment. To see the real impact of the detected compounds, including the losses 

due to metabolism and secretion, animal studies are recommended.
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7. Comparison of two estrogenic in vitro bioassays; DNA 

microarray and Reporter Gene Assay, for the assessment of 

estrogenic endocrine disrupters.
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7. Comparison of two estrogenic in vitro bioassays; DNA microarray and Reporter Gene Assay, for
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7.1. Abstract

Estrogenic endocrine disrupters (EDs), the most commonly known endocrine 

disrupting compounds in food, have been researched extensively. The number and 

source of EDs having estrogenic activity is steadily growing, as is the need for 

competent screening tools. There is also controversy over the biological effects of the 

many different types of estrogenic EDs and their mixtures on naturally endogenous 

estrogens of the body.

In this study, two biological in vitro assays, Reporter Gene Assay (RGA) and low 

density oligonucleotide DNA microarray, were compared as estrogenic ED screening 

tools and were used in assessing the effect of the phytoestrogen genistein (at levels 

found in food, metabolic losses not considered), on the biological activity of the 

natural mammalian estrogens; 17p-estradiol and estrone (at levels present in human 

blood).

A comparison of the type of data generated, sensitivity, repeatability and 

reproducibility, procedure, time and cost of both methods was performed. The RGA 

bioassay presented information on the estrogen bioactivity whereas the low density 

oligonucleotide DNA microarray presented information on the influence of test 

compounds on an array of genes (13 immobilized genes) being under the control of 

estrogens and coding for proteins that are involved in various cellular processes. The 

RGA was able to generate standard curves for the estrogenic compounds (17(3- 

estradiol, 17a-estradiol, estrone and genistein) and presented less than 5 % false 

positive results. In comparison, the low density oligonucleotide DNA microarray 

presented dose response profiles and the EC50 values could not be established. The 

repeatability and reproducibility of the transcriptomic technique was much lower and 

specificity study presented ~40 % false positive results. The RGA procedure entails 5 

main steps and requires 3 days to complete. The low density oligonucleotide DNA 

microarray procedure contains 14 main steps and requires 8 days to complete. It was 

also found that RGA analysis is 6 times cheaper than that of DNA microarray taking 

into consideration reagents, chemicals and special consumables like array tubes, 

plates, etc, excluding equipment like plate/tube readers.

In assessing the effects of phytoestrogens on natural hormones, RGA data showed an 

antagonistic effect of genistein on the biological response of 17(3-estradiol and 

estrone at the estrogen receptor level. Low-density oligonucleotide DNA microarray 

presented more specific and complex results, showing that genistein had different
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effects depending on the concentration level, gene and was able to up- (3 genes), 

down-regulate (1 gene) or had no effect on 3 genes. There were also two other genes, 

which presented misleading results and were not interpreted further.

In conclusion, RGA is a more sensitive, faster and cheaper tool than low density 

oligonucleotide DNA microarray for the screening of estrogenic EDs. However, 

DNA microarray provides more detailed information on the activity profile of a 

range of genes. This characteristic may be utilised in assessing estrogenic effects on 

biological pathways and comparing that of cancer pathways. However, this is a 

general characteristic of the transcriptomic methods and for that purposes other type; 

high density oligonucleotide DNA microarray should be used.

7. 2. Introduction

The most commonly studied type of endocrine disrupters (EDs) is estrogens. 

Estrogenic EDs are of concern because they are able to mimic or block the action of 

naturally occurring estrogens responsible for important physiological functions in the 

body. Natural estrogens, termed primary female sex hormones, regulate growth, 

development and function of the female reproductive system; as well as promoting 

development of secondary sex characteristics [Rosen and Marcelle, 2007]. Exposure 

to estrogenic EDs has been linked to various detrimental health effects in humans. In 

women, studies have linked an increased incidence of breast and endometrium 

carcinoma [JECFA, 2000, Hardell et ai, 2006a], endometriosis [Heilier et al, 2005] 

and infertility [Institute for Environment and Health, 2004; Tsutsumi, 2005], In men, 

exposure to environmental estrogens has been linked to decreasing semen quality and 

quantity [Zhang et al, 2006] and the induction of hypospadias, cryptochidism, 

testicular and prostate cancer [Fowler et al, 2007; Toppari, 1996; Hardell et al, 

2006b; Toft and Bonde, 2009],

Estrogenic compounds are the most commonly known and detected type of ED in 

food. Natural exposure sources in the diet include phytoestrogens in plant products 

and natural hormones in animal derived products such as meat, eggs, and dairy 

produce [Hartmann et al, 1998].

Synthetic or man-made chemicals with estrogenic activity, more commonly known 

as xenoestrogens, have also been found in foodstuffs. Xenoestrogens include 

agricultural chemicals such as pesticides and veterinary drugs, personal care products 

such as musks, UV filters and pharmaceuticals, and industrial chemicals such as
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plasticizers, surfactants, preservatives, brominated flame retardants and dioxins 

[Safe, 2004; Yang et al, 2006; Gray et al, 2006]. Many of these compounds can 

persist in the environment, biomagnify in the food chain and bio-accumulate in the 

consumer [Kortenkamp and Faust, 2010], Some xenoestrogens have been banned for 

many years due to their serious toxicological effects but because of their bio- 

accumulative properties their exposure through food like fish or animal meat is still 

possible [Yang et al., 2006].

The growing range of estrogenic EDs and diversity of foodstuffs requires the 

development of specific detection technologies for food safety applications. 

Chemical, immunological and biological methods have been developed for the 

detection, qualification and quantification of estrogenic EDs [Rodriguez-Mozaz et 

al., 2004a; Seifert et al, 1999; Gascon et al, 1997; Campbell et al, 2006], The 

selection of an appropriate method depends on the information required. 

Immunological and chemical techniques are applied to confirm the identity and 

concentration of specific compounds [Antignac et al, 2008], Biological in vitro 

assays may be used to investigate the effects on binding affinity to the receptor, 

steroidogenesis pathway, cell proliferation and transcriptomic or protein profiles 

[Soto et al, 1995; Gray et al, 1997], A review of the advantages and disadvantages 

of in vitro assays and their use in the detection of EDs in food is presented by 

Connolly et al. (2011). Biological in vitro assays are mainly used for screening 

purposes but their advantages, especially in the field of food safety, is their ability to 

detect any type of biological activity of known, unknown and low-level cocktails of 

compounds [Willemsen et al, 2004], There is also the potential to detect new modes 

of action and define new classes of EDs [Tabb and Blumberg, 2006; Crews and 

McLachlan; 2006]. These screening assays provide information on various kinds and 

levels of ED activity and are advantageous in the first stage of estrogenic compound 

detection in foodstuff.

The most commonly used chemical and biological methods, as reported in the 

literature over the last 13 years, are presented in Figures 7.1a and 7.1b, respectively. 

These figures show a growing trend in the use of biological methods such as RGAs 

alongside chemical analysis such as gas and liquid chromatography combined with 

mass spectrometry.

RGAs and DNA microarrays have both been used in the screening and biological 

assessment of EDs in food [Plotan et al, 2011, Buterin et al, 2005]. These biological
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a) Chemical methods
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Figure 7.1. Number and frequency of articles published [Web of knowledge; n.d.] 
between 1998 and 2010, describing methods for the study of EDs including a) 
chemical techniques and b) biological techniques. Keywords searched included; 
endocrine disrupters, endocrine disrupting compounds, detection method, screening 
method, chemical and biological methods, years 1998-2010.

methods are based on the interaction of estrogens with their relevant nuclear 

receptor. Binding initiates a cascade of events within the cell. Both assays measure 

the estrogenic activity of compounds by monitoring a final cascade product. In the 

case of an RGA, the product is an easily detectable protein such as luciferase or 

green fluorescent protein [Willemsen et al, 2004; Miller et ai, 2000]; while for
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DNA microarray, gene transcripts are determined [Buterin et al, 2005; Lancova et 

al, 2011], The DNA microarray technique involves the monitoring of gene 

expression by the hybridization reaction of transcribed genes with complementary 

genes fragments immobilized on microarray chip. DNA microarrays may be a 

valuable tool for the investigation of the detrimental effects of EDs at the gene 

expression level. Additional advantages include the possibility of identifying ED 

marker genes through the assessment of compounds with unknown modes of action. 

However, determination of disrupted transcriptomic profiles by estrogenic 

compounds does not necessarily translate into corresponding proteomic effects.

Both RGA and DNA microarray are able to determine the agonistic and antagonistic 

activity of estrogenic EDs. They also both require compounds to be active or 

activated by metabolism for detection and may suffer from cross-talk due to 

employment of the mammalian cells containing genes coding estrogen receptor and 

also other endogenous hormones receptors. Figure 7.1b shows that the publication 

frequency of DNA microarray articles has increased less than RGA articles over the 

last 13 years. This may be due to the need for further validation of such new and 

specialised DNA microarray methods or that RGAs are more suitable for the 

screening of estrogenic EDs. The superior suitability of one of these methods for the 

detection of estrogenic EDs remains to be determined.

Phytoestrogens are present at various concentrations in a range of basic foodstuffs 

including cereals, nuts, vegetables, fruits, grains, coffee, tea, and wine [Adlercreutz, 

2002]. However, controversy has developed among scientists over the estrogenic ED 

effects of phytoestrogens and their health risks or benefits. Many studies present 

phytoestrogens as being able to inhibit or protect against breast or prostate carcinoma 

[Adlerereutz, 2002; Ingram et al, 1997; Branca and Lorenzetti, 2005]. Other studies 

report that phytoestrogens can stimulate the proliferation of breast tumor cells 

[Hilakivi-Clarke et al, 1999; Hsie et al, 1998; Allred et al, 2001], High levels of 

phytoestrogens in soy may also have detrimental effects on the developing 

reproductive system of the fetus, resulting in hypospadias in male offspring 

[Jefferson and Newbold, 2000]. It is already known that phytoestrogens are estrogen 

agonists but of much lower activity then endogenous hormones [Scippo et al, 2002, 

2004],

Biological assays such as RGA and DNA microarray may be utilised to study the 

effects of phytoestrogens on the natural estrogen hormones of the human body. RGA
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provides information on the biological effect; while DNA microarray provides 

information on particular transcriptomic profiles. Both bioassays may be used for the 

investigation of the effects of single and mixtures of compounds.

The data generated by both these bioassays may contribute to the investigation of the 

favourable or detrimental effect of phytoestrogens on the biological activity of 

natural estrogens within the human body. The influence of phytoestrogens on gene 

transcription may also be used to determine the scale of biological pathway 

disruption. Moreover the transcriptomic profile induced by phytoestrogens may be 

compared with the same genes transcription profiles observed in carcinoma cells.

7.2.1. Aim of the study

The aim of this study was to compare the suitability of the RGA and DNA 

microarray in vitro bioassays for screening of estrogenic EDs. Additionally, the 

biological effect of phytoestrogens, at food relevant levels, alone and in the presence 

of endogenous estrogens at blood relevant concentrations will be assessed.

7.3. Materials and methods.

7.3.1. Reagents and chemicals

Reference standards including 17p-estradiol, 17a-estradiol, estrone and genistein as 

well as chemicals (sodium chloride, sodium dihydrogen phosphate, Triton X-100, 

hydrochloric acid and ethylenediaminetetraacteic acid disodium salt) and reagents 

(methanol and ethanol) were supplied by Sigma (Poole, Dorset, UK). The cell culture 

reagents were obtained from Invitrogen Ltd (Paisley, UK). Falcon tissue culture 

flasks were supplied by BD Biosciences (Bedford, MA, USA). Nunclon tissue 

culture dishes and flasks were obtained by Nunc (Roskilde, Denmark). A luciferase 

kit (Promega El501) was delivered by Promega (Southampton, UK). Specialized 

plates for the Reporter Gene Assay plates were supplied by Greiner Bio-One 

(Stonehouse, UK). RNeasy Kit, Shredder Kit, QuantiTeck Multiplex and TP-PCR 

NR kit for RNA extraction and cDNA synthesis were supplied by Qiagen (Crawley, 

UK). Poly-HRP Streptavidin was obtained by Perbio Science UK (Cramlington, 

UK). TrueBlue Peroxidase Substrate was supplied by Insight Biotechnology Limited 

(Middlesex, UK). The DEPC-treated water was obtained from Applied Biosystems 

Europe BV (Warrington, UK). The BioCopl Primermix (RT), BioCoplcompetitor
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and BioCopl_forward primers, ArrayTubes - BIOCOP_l and ArrayTube Reader 

were supplied from Clondiag (Jena, Germany).

7.3.2. Reporter Gene Assay.

An estrogen responsive reporter gene cell line (MMV-Luc) was previously produced 

by Willemsen et al. (2004) by stable transfection of the luciferase reporter gene into 

the mammalian breast cancer cell line (MCF-7). The RGA was performed as 

previously described by Plotan et al., 2011. RGA cells were cultured in general 

medium (phenol red free Dulbecco’s Modified Eagle Medium - DMEM with 10 % 

general foetal bovine serum, 1 % Penicillin: Streptomycin) and prior to experiment 

were transferred into hormone free assay medium (phenol red free DMEM, 10% 

hormone depleted serum). MMV-Luc cells were seeded in 96 well plates at a 

concentration of 4 x 105 cells mL'1 and incubated for 24 h at 37°C in 8 % CO2. 

Standard curves were generated by adding various concentrations of estrogenic 

standards in assay media and incubation for 24 h. The supernatant was discarded and 

the cells washed twice with phosphate buffered saline (PBS, pH 7) prior to lysis by 

the addition of lysis buffer and shaking for 10 minutes at 37°C. Luciferase substrate 

was injected and the assay read using a luminometer (Mithras LB 940, Berthold 

Technologies).

7.3.3. DNA microarray method.

An estrogen responsive mammalian breast cancer (MCF-7) cell line was kindly 

provided by Prof. Hanspeter Naegeli from Institute of Veterinary Pharmacology and 

Toxicology, University of Zurich, Switzerland. Low density oligonucleotide DNA 

microarray chip in a form of array tube (BIOCOP_l) was developed, produced and 

supplied by Clondiag Company. Both MCF-7 cells and BIOCOP_l chip were used 

in the study. Array tubes were constructed to contain at the bottom of the 1.5 mL 

tube chip with immobilized 13 different genes fragments. Each gene fragment was 

present in triplicate on the chip and 2-6 different fragments, of the same gene, were 

immobilized in the chip surface. Fragments corresponding to the same gene differ in 

length of nucleotide and/or the manufacturing company. Two of thirteen gene 

fragments were positive controls (ACTB and GAPDH), highly transcribed in the 

seme extend in the presence and absence of estrogenic compound. The other genes 

are under the control of estrogens and codes for proteins that are involved in different
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processes within the cell as characterised in Table 7.1. These genes were chosen 

based on the preliminary studies with high-density oligonucleotide DNA microarray 

performed by Dip et al. (2009).

Estrogen responsive cells were cultured (37°C, 8 % CCE) in the general medium 

(DMEM with 10 % general fetal bovine serum, 1 % Penicillin: Streptomycin and 0.5 

% Gentamycin) and seeded in 6 well plates. While cells were 80 % confluent (24 - 

48 h) the general medium was discarded and cells were further cultured in assay 

medium containing phenol red free DMEM, 5 % Australian origin fetal bovine 

serum, 1 % Penicillin; Streptomycin and 0.5 % Gentamycin for 48 h. The medium 

was refreshed after 24 h incubation. Assay media containing various concentrations 

of estrogenic standards to generate dose responsive profiles or their mixtures were 

added and incubated for further 48 h. Cells were scrabbled and cell pellet prepared. 

The RNA was extracted and purified according to the procedure supplied with 

Qiagen RNeasy and Shredder Kits. The RNA content and purity was further 

determined based on the optical density (OD) measurement at A260 and A280, 

assuming that 1 A260 unit of ssRNA equals 40 pg mL'. The RNA with the ratio of 

A260/A280 higher then 2 was used. The RNA samples were all the times kept on ice. 

The reversed transcription was performed to synthesise the cDNA from the 

previously extracted and purified RNA (0.2 pg pL ') by reversed transcription - 

polymerase chain reaction (RT-PCR) using the specific primer set for BIOCOP_l 

chip, QuantiTeck Multiplex TP-PCR NR and Omniscript RT kits by 30 minutes 

incubation at 50°C. The cDNA was further amplified by PGR and labelled by biotin 

using the biotin labeller primer set containing BioCopl_competitor and 

BioCopl_forward. The PGR conditions involved initial denaturation at 95°C for 

15 minutes and repetition of 40 cycles consisting of denaturation at 94°C for 45 

seconds, annealing at 56°C for 45 seconds and elongation 76°C for 45 seconds. The 

DNA content and purity were determined similarly as RNA based on OD 

measurement, but 1 A260 unit of dsDNA equals 50 pg mL 1 and DNA with ratio 

A26o/A28oin a range between 1.8 to 2 was further used. The 100 pL of 0.5 - 2 pg mL' 

'DNA in water was denaturated by 5 minutes incubation at 95°C. The 1 h 

hybridization reaction of denaturated DNA with previously washed BIOCOP_l chip 

was performed at 60°C and 550 rpm. The aliquot was removed and the chip was 

washed using buffers described in Table 7.2.

The unbounded oligonucleotide fragments were blocked applying skimmed milk
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solution (20 mg mL1 in 6 x SSPE 0.005 % Triton-X-100) for 15 minutes at 30°C and 

550 rpm prior to conjugation reaction of 100 pL Poly-Horse Radish Peroxidase- 

Streptavidin Complex ( 15 minutes, 30°C and 550 rpm). The chip was washed as 

described in Table 7.2 and 100 pL of True Blue Peroxidase substrate added 10 

minutes prior the precipitation staining was read at 370 nm by specialized ArrayTube 

Reader. The results were further analysed by Iconoclust and Partisan software.

All cell culture flasks, plates and universals were produced from plastic specially 

covered with Nunclon material, which was previously successfully applied for 

estrogen responsive cell lines and do not cause cross-reactivity of estrogenic 

compounds that might be transferred from the plastic material to medium.

Table 7.2. Washing buffers used in DNA microarray procedure.
Order Buffer Time [minutes] Temperature [°C] Rotation [rpm]

1 2 x SSC+0.01 % Triton 5 30 550
2 2 x SSC 5 20 550
3 0.2 x SSC 5 20 550

7.3.4. Spiking concentrations.

Spiking concentrations, of estrogenic standards including 17(3-estradiol, Ha- 

estradiol, estrone and genistein, for the generation of standard curves and dose 

response profiles in the RGA and DNA microarray assays, respectively, are 

presented in Table 7.3. Different spiking concentrations were used for both methods 

(lower spiking levels for RGA) due to variations in bioassays’ sensitivities observed 

in preliminary analysis only for the stared curve development.

Table 7.3. Spiking concentrations of estrogenic standards used in this study for the 
generation of standard curves and dose response profiles in the RGA and DNA 
microarray assays, respectively.^

17(3-estradiol [ng mL‘ ] 17a-estradiol [ng mL'1] Estrone [ng mL'1] Genistein [ng mL’1]
RGA DNA RGA DNA RGA DNA RGA DNA

microarray microarray microarray microarray
0.00136 0.00136
0.0027 0.0027 0.0027
0.0054 0.0054 0.0054
0.027 0.027 0.027 0.027 0.027 0.027
0.27 0.27 0.27 1.35 0.27 1.35 0.27 0.27
2.7 2.7 2.7 13.5 2.7 13.5 2.7 2.7

27 135 135 5.4 5.4
270 13.5
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7.3.5. Phytoestrogen effect on natural estrogens.

The effect of phytoestrogen on the biological activity of natural estrogens found 

within the body was assessed by both the RGA and DNA microarray estrogenic 

bioassays as described in sections 7.3.2. and 7.3.3.

Samples were applied to the RGA cell line (MMV-Luc) and DNA microarray cell 

line (MCF-7) in the following combinations;

1. Genistein at a range of concentrations reported in food (1.35, 13.5, 135 and 

1350 ng mL'1). The losses due to metabolism were not considered due to 

unavailable animal studies data (recommended for future work).

2. A mixture of the natural hormones at reported blood levels, 17p-estradiol 

(0.054 ng mL1) and estrone (0.054 ng mL'1)

3. A combination of genistein and the natural hormones at the same 

concentrations as above

All studies were carried out in triplicate in three independent experiments on 

different days within a 2 month period. The response of the cell lines to the various 

exposures was measured and compared with the negative control. Transcript 

activities were corrected against the GADPH reference gene and reagent blank prior 

to further analysis.

7.3.6. Data analysis.

Standard curves were calculated based on the sigmoidal dose-responsive equation 

using Slide Write Plus software, where Y is the response, X is a logarithm of 

concentration, while the bottom is 0 and top 100 percentage of maximum achieved 

response; Y = bottom + (top - bottom) /(I + io(l°8EC50'X)). The EC50 values were 

determined from the above equation, knowing that these are the standard 

concentration that produces the 50 % fold induction of the maximal response 

achieved. For the DNA microarray, the mean EC50 was presented and calculated as 

an average of nine EC50 values for genes immobilized on single chip.

7.4. Results and discussion.

The suitability of the RGA and DNA microarray in vitro bioassays for screening of 

estrogenic EDs was determined. Characteristics including type of data generated, 

sensitivity, repeatability, reproducibility, procedure, time and cost were investigated. 

A comparative analysis of the use of both bioassays to investigate the effect of
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phytoestrogens on blood level concentrations of natural hormones was also 

performed.

7.4.1. Data generated

In the RGA, the bioactivity of estrogenic standards including 17|3-estradiol, 

17a-estradiol, estrone and genistein was measured by the interaction of the test 

compounds with the estrogen receptor resulting in reporter gene transcription and 

luciferin translation. Dose response standard curves were generated as shown in 

Figure 7.2 by measurement of the luciferin protein produced (light produced in 

reaction with luciferase substrate).

Concentration (ng ml'1 of medium)Concentration (ng ml'1 of medium)

E 48-

Concentration (ng ml’1 of medium) Concentration [ng ml'1 of medium]

Figure 7.2. Dose response standard curves in the estrogen responsive RGA (n=3) 
using the MMV-Luc cell line treated with increasing concentrations of (a) 1713- 
estradiol, (b) 17a-estradiol, (c) estrone and (d) genistein. All values shown are 
expressed as mean ± standard deviation.

DNA microarray analysis of the test compounds provided transcriptomic profiles for 

an array of genes described in Table 7.1. Each gene codes for a protein involved in 

specific processes with the cell being under the control of estrogens. The analysis of
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the gene transcription patterns by Iconoclust and Partisan software provides us with 

information regarding how estrogens may regulate these genes. Iconoclust software 

was used to detect the intensity of a particular spot on the chip and transfer to the 

numerical value, while the Partisan software was used as the online database for all 

the experiments performed that is available for all registered users of the Clondiag 

Company. A dose dependent response was observed by DNA microarray analysis for 

most of the test compounds including; the three natural hormones (17p-estradiol, 

17a-estradiol, and estrone) and one phytoestrogen (genistein) (Figure 7.3). The worst 

results were observed for genistein. That is why in further studies higher 

concentrations of this phytoestrogen were applied. Standard curves could not be 

generated because the corresponding correlation coefficients were too low (< 0.7). 

Various patterns of transcript activity were observed. The lowest activity was 

detected for the HIST1H4H gene, coding for histone and the TGFB2 gene coding for 

the cytokine, transforming growth factor-beta 2. The highest activity was observed 

for the CDKN3, KIF14, MLF1IP and UBE2C gene transcripts coding for cyclin- 

dependent kinase inhibitor 3, kinesin, centromere protein U and ubiquitin 

conjugating enzyme, respectively. The over-expression was observed in the 

transcriptomic profiles of the natural hormones at their highest spiking concentration, 

135 ng mL'1 for 17a-estradiol and estrone and 270 ng mL1 for 17p-estradiol. The 

MCF-7 cells appeared to be much less sensitive when treated with genistein and the 

positive response could be observed above 0.27 ng mL'1 spiking concentration (2.7 

and 13.5 ng mL'1).

CDKN3 KIF14 MLF1IP PBK RRM2 TGFB2 TYMS UBE2C
□ blank ■ 0.027ng mL-1 □ 0.27ng mL-1 □2.7ngmL-1 ■ 27ng mL-1 □ 270ng mL-1
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CDKN3 KIF14 UBE2CMLF1 IP RRM2 TGFB2 TYMS

CDKN3 KIF14 MLF1 IP TGFB2 UBE2CRRM2 TYMS

□ blank ■ 1.35 ng mL-1 □ 13.5 ng mL-1 □ 135 ng mL-1

□ blank ■ 1.35 ng mL-1 o 13.5 ng mL-1 □ 135 ng mL-1

□ blank ■ 0.027 ng mL-1 □ 0.27 ng mL-1 □ 2.7 ng mL-1 ■ 5.4 ng mL-1

CDKN3 KIF14 MLF1 IP RRM2 TGFB2 TYMS UBE2C

Figure 7.3. Transcriptomic profile of the MCF-7 cell line treated with increasing 
concentrations of (a) 17p-estradiol (n=4), (b) 17a-estradiol (n=2), (c) estrone (n=2) 
and (d) genistein (n=2). The transcriptomic profiles’ values correspond to normalised 
signal determined by Iconoclust software. The error bars are not provided by the 
Iconoclust software.

7.4.2. Sensitivity

The sensitivity of both bioassays could not be assessed because the EC50 values for 

17|3-estradiol, 17a-estradiol, estrone and genistein in case of DNA microarray could 

not be determined. The standard curves were only generated for the RGA method 

and corresponding EC50 values calculated (Table 7.4.). The RGA sensitivities ranged 

between 0.03 - 0.16 for natural hormones, up to 0.81 ng mL'1 for genistein. The 

highest sensitivity was observed with the 17|3-estradiol and estrone, while the lowest 

for genistein. Even though the DNA microarray analysis could not be performed, the 

higher spiking concentrations (7.4.1.) would cause much higher EC50 values and 

lower sensitivity.
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Table 7.4. Comparison of the EC50 values calculated for 17|3-estradiol, 17a-estradiol,
estrone and genistein, obtained Dy RGA and DNA microarray.

Compound EC50 fng mL1]
RGA DNA microarray

17p-estradiol 0.027 no data
17a-estradiol 0.162 no data
Estrone 0.032 no data
Genistein 0.81 no data

7.4.3. Repeatability, reproducibility and specificity.

Repeatability and reproducibility for both bioassays were assessed based on the two 

years study using RGA and DNA microarray. Good repeatability and reproducibility 

of RGA assay was observed and described in chapter 4. However, the DNA 

microarray appeared to be unrepeatable and irreproducible method.

Specificity of both methods was established using data obtained from untreated cells 

within the RGA and DNA microarray studies performed 170 and 12 times, 

respectively, within a period of year and a half.

False positive results obtained in negative controls were calculated as < 5 % for RGA 

and approximately 40 % for DNA microarray. Figure 7.4 summarises the 

transcriptomic profiles of untreated cells obtained during twelve independent 

experiments and compared to the positive control. A wide range of responses was 

detected for each gene during independent experiments performed on different days. 

However 60 % of cases, even though the response values for the untreated cells 

varied, the difference between the positive and negative control was clearly 

distinguishable and the pattern of their activity was similar (Figure 7.4). False 

positive responses were observed in most of the genes in two experiments 

(experiment 5 and 9) performed. A number of genes (CDKN3, MFF1P, PBK, RRM2 

and TYMS) in untreated cells were transcribed to the same extent as those treated 

with 0.27 ng mF'1 17p-estradiol in studies performed in experiment number 3, 6 and 

7. The results for the specificity study shows that DNA microarray method should 

not be used as the screening method due to very high amount of the false positive 

results.
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RGA DNA microarray

Washing and cell lysis

Culture cells in flask 
(with assay medium)

Standard exposure 
(24 h incubation)

Luciferase bioactivity reading 
and data analysis

Seed cells in a 96 well plate 
(24 h incubation)

Washing

Culture cells in flask 
(with general medium)

Reading of results and data analysis

Staining

Blocking

cDNA amplification and labelling

RNA extraction

Standard exposure

Change from general to assay medium 
________ (48 h incubation)________

Seed cells in a 6 well plate 
(24 - 48 h incubation)

Washing

Conjugation

Denaturation and hybridization of DNA onto 
the chip _______

Synthesis of cDNA

Figure 7.5. Comparative flow charts for RGA and DNA microarray procedures. Cells 
for RGA are cultured in assays medium few weeks before experiment.
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7.4.4. Procedure, time and costs.

The RGA and DNA microarray procedures were previously described in detail in 

sections 7.3.2 and 7.3.3. Simplified flow charts of these assays are presented in 

Figure 7.5. The RGA procedure contains only 5 main steps; DNA microarray is 

composed of 14 main steps. In the DNA microarray method, additional steps are 

involved during the RNA extraction, synthesis of cDNA, cDNA amplification and 

labelling, denaturation and hybridisation of the DNA onto the chip. Washing, 

blocking, conjugation and staining steps are also required.

Time may also be required for the preparation of cells prior to the specific bioassay 

procedure. RGA cells are routinely cultured in general medium but need to be 

cultured for at least two passages in assay medium (approximately 2 weeks) prior to 

bioassay analysis. The assay itself takes 3 days including; seeding and attachment of 

cells during a 24 h incubation period and another 24 h for the exposure of standards 

or samples. The RGA reading and data analysis can be performed on the following 

day. Excluding the combined 48 h incubation period, the RGA assay can be 

performed within 6 h.

In the case of DNA microarray, cells are routinely maintained in general medium and 

the first few steps of the assay are also performed in general medium prior to 

switching to assay medium. The entire assay takes 8 days including; a 2 day 

incubation period for the attachment of cells in general medium, another 2 days in 

assay medium and 2 days for the exposure to standards or samples. The final 2 days 

involve carrying out RNA extraction, DNA reverse transcription, a hybridization 

reaction with the DNA chip, reading the results and data analysis. The cost of testing 

10 samples was calculated by RGA as €100 and DNA microarray as €600 taking into 

consideration all the reagents, chemicals and specific consumables including plates 

and chips, but excluding the plate and tube readers.

7.4.5. Comparison of two in vitro estrogenic bioassays.

The RGA and DNA microarray characteristics described in sections 7.4.1. through to 

7.4.4. are summarised for comparison in Table 7.5.

Screening for estrogenic activity of compounds potentially may be performed by 

both bioassays. The presented results show that only RGA was chosen as suitable 

method. In the DNA microarray the transcriptomic profile of the investigated 

compound is assessed by its comparison to negative and positive control profiles.
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RGA detects the bioactivity of the investigated compound and is also assessed by 

comparison of the bioactivity profiles of the negative and positive controls. It was 

possible to generate standard curves in the RGA but not for the DNA microarray, 

which unable the comparison of the EC50 values. In most of the cases, only dose 

response profiles were generated in the DNA microarray assay. Additionally, much 

better repeatability, reproducibility and specificity was observed in the RGA. From 

practical point of view, a comparison of both bioassays was performed by focusing 

on procedure, time and cost. All these factors were more satisfactory in the RGA. 

The DNA microarray procedure is comprised of more steps entailing a greater 

complexity. It is of significantly longer duration (8 days instead of 3 as in the case of 

the RGA) and is 6 times more expensive. In considering these facts, RGA is an 

advantageous technique for the detection of estrogenic EDs.

Table 7.5. Summary of RGA and DNA microarray characteristics.
Factor RGA DNA microarray

Data generated Bioactivity Transcriptomic profile for all 
investigated genes

Standard curve Generated for all 4 Could not be generated (dose
estrogenic compounds responsive profiles observed)

EC50 (sensitivity) 0.03-0.81 ngmL'1 No data
Repeatability and 

reproducibility
Very good Very bad

Specificity 5 % false positives 40 % false positiives
Procedure Easy Complicated

(5 steps) (14 main steps)

Time 3 days 8 days
Cost

(for 10 samples)
€ 100 €600

However, other factors may significantly influence this conclusion. RGA has been 

more thoroughly investigated and a validation within this thesis completed (as 

described in Chapter 3 and 4 within this thesis). Further characterisation is 

recommended for the DNA microarray method for optimal performance. Secondly, 

the DNA microarray method investigated in this study is a low-density 

oligonucleotide microarray. The more commonly used and characterised type of 

DNA microarray is a high-density oligonucleotide model, which is able to 

investigate thousands of genes in a single reaction. This huge difference in the 

number of genes immobilized on the chip may be important and variations in the
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transcriptomic patterns of thirteen genes may not be even visible. Alternatively, these 

patterns may be ignored in high-density microarrays due to statistical error. 

Additionally, the analysis of high-density oligonucleotide microarrays is based not 

on single gene transcripts, but on groups of genes that have a similar role in cellular 

processes, making them less susceptible for single gene errors.

Finally, there are many genes under the control of estrogens. Estrogens may produce 

similar but not identical transcriptomic profiles, depending on the type and strength 

of estrogen [Buterin et ai, 2005], This means that it is very difficult to predict which 

marker genes are the most suitable for detecting or screening of multiple types of 

estrogenic compounds.

The general advantage of DNA microarray technology over RGA is the application 

of the generated data. In the case of high density oligonucleotide arrays the 

monitoring of cellular pathways is possible and comparison with transcriptomic 

profiles in tumor cells may be performed. Even though, the low density 

oligonucleotide array used in the study could not provide such detailed information, 

it was developed to monitor eleven transcripts which give more information then the 

general bioactivity signal generated by RGA.

7.4.6. Application of RGA and DNA microarray in food safety.

The RGA was previously validated and proven to be a suitable tool in the screening 

of estrogenic EDs in testing sport supplements as described in Chapters 3 and 4 

within this thesis. The application of DNA microarrays in food safety screening has 

also been considered favourably by Liu-Stratton et al. (2004), Roy and Sen (2006) 

and Buterin et al. (2005) and Peijnenburg et al. (2010). However, none of these 

discussions introduced a foodstuff based example.

Consequently, the application of DNA microarray in assessing estrogenic EDs was 

carried out, as described in section 13.2.2., on three sport supplements that had 

previously been investigated by RGA and were shown to possess high estrogenic 

bioactivity [Plotan et ai, 2011]. Extracted samples showed 100 % cytotoxicity at a 

100 dilution in methanol (prior to 200 dilution in assay medium) (applied to estrogen 

responsive cells in RGA) for the MCF-7 cells and further dilutions were required. 

Extracts diluted 1000 times (in methanol) presented negative activity for all three 

samples investigated. The extraction method used was developed for the RGA 

(Chapter 3 and Chapter 4) and had a much stronger cytotoxic effect on the MCF-7
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cell line used in the DNA microarray than the MMV-Luc cell line used in the RGA. 

Therefore, the extraction procedure should be optimised for the DNA microarray to 

remove the cytotoxic effect.

7.4.7. Comparative analysis of the effect of phytoestrogens on natural hormones at 

blood level concentrations.

The biological effect of phytoestrogens, at concentrations found in the diet, on 

natural estrogens at concentrations found in human blood, was investigated by RGA 

and DNA microarray assuming that the total amount of ingested phytoestrogen has 

the biological activity on the body. The results are presented in Figures 7.6 and 7.7, 

respectively. Genistein, which is present in a range of food types, was used as a 

representative phytoestrogen.

RGA.

A dose response relationship for genistein was observed in the RGA data. The 

bioactivity level of genistein was lower than the bioactivity of a mixture of natural 

hormones, probably because this phytoestrogen has a much lower affinity for the 

estrogen receptor than any of the natural estrogens. The over-expression at the 

highest investigated level (135 ng mL'1) of genistein was observed as expected 

(Figure 7.6). The mixture effect of genistein with a constant concentration of 17(3- 

estradiol and estrone induced a decrease in natural hormone bioactivity. This 

decreasing bioactivity pattern was also observed when higher concentrations of 

genistein were applied. This was also observed when higher concentrations of 

genistein were applied. This phenomenon was also previously reported by Dip et al, 

(2008). This observation may be connected with the theory that phytoestrogens may 

prevent the development of estrogen dependent carcinomas, and also present a 

favourable influence on the treatment of cancer due to their ability to decrease the 

bioactivity of estrogens that induce cellular proliferation. This hypothesis is based on 

the interaction of phytoestrogens with the estrogen (3 receptor (ER P). This effect was 

observed in cells having the same levels of both ER a and P and those with a higher 

proportion of ER p [Dip et al, 2008]. In the present RGA study, it is known that 

MMV-Luc cells interact with estrogenic compounds through the ER p receptor, 

providing an explanation for the observed results.
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DNA microarray.

The transcriptomic profile induced by genistein on a mixture of 17p-estradiol and 

estrone was repeated three times in independent experiments (Figure 7.7). The 

transcriptomic profile obtained in the second experiment (day 2, Figure 7.7. c) and 

d)) showed very weak activity and was not further analysed.

The activity of genistein was weaker than the natural estrogens response, similar to 

the results observed in RGA experiment. Only a few examples were presented where 

low level mixture of endogenous estrogens response was exceeded by genistein; day 

1: TGFB2, TYMS and day 3: PBK, UBE2C. The caused by genistein down- 

regulation of TGFB2 gene could be clearly observed in both repetitions of the 

experiment (day 1 and day 3). The up- or down-regulation was also observed in 

another few other genes (TYMS and PBK), but only in one of the two experimental 

repetitions. However, in most of the transcripts, no relationship to the change in 

genistein concentration was found. No regulation was observed on genes coding 

cyclin dependent kinase inhibitor 3, Histone H4 or kinesin.

When phytoestrogens were mixed with the natural hormones, the up-regulation of 

the transcription of three genes (including centromere protein U, lymphokine- 

activated killer T-cell-originated protein kinase and ribonucleoside-diphosphate 

reductase subunit M2) was induced. A down-regulation effect of genistein was 

detected in one gene coding for thymidylate synthetase enzyme, where estradiol and 

estrone activity was decreased with increasing genistein concentration.

The effect of phytoestrogens on the transcription level of the gene coding for 

transforming growth factor-beta-2 protein and ubiquitin-conjugating enzyme E2 C 

was misleading and was not interpreted further due to the lack of relation in the 

genistein concentration and up- or down-regulation of these genes.

The presented DNA microarray study was performed to observe the mixture effect of 

endogenous estrogens with genistein to further aid our knowledge on the beneficial 

or detrimental role of phytoestrogens.

This bioassay was proved to be unrepeatable, irreproducible and the sensitivity could 

not be determined. It means that no solid conclusions can be made based on this 

experiment. However a few observations were made including a different 

transcriptomic profile of genistein tested alone and in combination with natural 

estrogens. It also appeared that phytoestrogens may induce different effects on 

different genes including up-, down and no regulation. To obtain a complete and
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synonymous answer on the effect of phytoestrogens on natural hormones, a global 

transcriptomic profile, using a validated bioassay is essential. Consideration must 

also be given to the role of ER a and |3. It will enable a distinction in the variability 

of patterns while testing a wider range of estrogen-dependent genes. It will also 

allow the potential connection of the up- or down regulation genes with similar 

profiles observed in the investigating of diseases that are suspected to be linked to 

the exposure to estrogenic compounds.

The results presented in this study were generated on a low-density oligonucleotide 

microarray chip. A high-density oligonucleotide microarray study was performed by 

Buterin et al. (2006) and Dip et al. (2008), where the global transcriptomic profiles 

for phytoestrogens, xenoestrogens and natural estrogen (17p-estradiol) were 

compared. It appeared that representatives from each group of estrogens produced 

highly congruent genomic fingerprints, which reinforced the hypothesis that multiple 

xenoestrogenic compounds of natural and man-made chemicals may act in 

combination with endogenous hormones to induce additive effects in target cells 

[Buterin et al., 2006]. Moreover, another study showed that phytoestrogens can 

stimulate the proliferation of estrogen sensitive tumor cells. The beneficial or 

detrimental role of phytoestrogens in respect to tumors arising from steroid hormone 

depended tissues was considered and appeared to be dependent upon the proportion 

of estrogen a and P receptor, as was observed by Dip et al. (2008).

a) o.8

CDKN3 KIF14 MLF1IP PBK RRM2 TGFB2 TYMS UBE2C

■ blank ■ O.llng mL-lestrogens (estrone +E2) □ 1.35 ng mL-lgenistein
□ 13.5 ng mL-lgenistein ■ 135 ng mL-lgenistein □ 1350 ng mL-lgenistein

CDKN3 TGFB2 TYMS UB E2CKIF14 M LF IIP PBK RRM2

■ blank ■ O.llng mL-lestrogens (estrone +E2)
□ O.llng mL-lestrogens +1.35 ng mL-1genistein □ O.llng mL-lestrogens +13.5 ng mL-lgenistein
■ O.llng mL-lestrogens +135 ng mL-lgenistein □ O.llng mL-lestrogens +1350 ng mL-lgenistein
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□ blank ■ O.llng mL-1 estrogens (estrone + E2) □ 1.35 ng mL-lgenistein
□ 13.5 ng mL-lgenistein ■ 135 ng mL-lgenistein O 1350 ng mL-lgenistein

d) 0.800

CDKN3 KIF14 MLF1IP PBK RRM2 TGFB2 TYMS UBE2C

□ blank ■ O.llng mL-lestrogens (estrone +E2)
□ O.llng mL-lestrogens +1.35 ng mL-lgenistein □ O.llng mL-lestrogens + 13.5 ng mL-lgenistein 
■ O.llng mL-1 estrogens +135 ng mL-lgenistein □ O.llng mL-lestrogens + 1350 ng mL-lgenistein

e) o.8 ------------------------------------------------------------------------------------------------

CDKN3 KIF14 MLF1IP PBK RRM 2 TGFB2 TYMS UBE2C

□ blank ■ O.llng mL-lestrogens (estrone + E2) □ 1.35 ng mL-lgenistein
□ 13.5 ng mL-lgenistein ■ 135 ng mL-lgenistein □ 1350 ng mL-1genistein_________________

UBE2CCDKN3 TGFB2 TYMSKIF14 MLF1IP PBK RRM2

■ blank ■ O.llng mL-lestrogens (estrone+ E2)
□ O.llng mL-lestrogens +1.35 ng mL-lgenistein □ O.llng mL-lestrogens +135 ng mL-lgenistein
■ 0.11 ng mL-lestrogens +1350 ng mL-lgenistein

Figure 7.7. Transcriptomic profile for MCF-7 cells treated with 17p-estradiol with 
estrone (0.11 ng mL"1 E - 0. 54 ng mL"1 17p-estradiol + 0.54 ng mL'1 estrone), food 
levels genistein and their mixtures performed in three independent experiments: a) 
natural hormones and genistein activity preformed on day 1; b) mixture effect of 
natural hormones and genistein performed on day 1; c) natural hormones and 
genistein activity preformed on day 2; d) mixture effect of natural hormones and 
genistein performed on day 2; e) natural hormones and genistein activity preformed 
on day 3; f) mixture effect of natural hormones and genistein performed on day 3. 
The transcriptomic profiles’ values correspond to normalised signal determined by 
Iconoclust software.
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7.5. Conclusions.

7.5.1. The suitability of the RGA and DNA microarray in vitro bioassays for the 

detection and biological assessment of estrogenic EDs

This study clearly presented RGA as a more suitable method for the detection of 

estrogenic compounds. The factors leading to this conclusion are presented in Table 

7.5. RGA is a more sensitive assay with very good repeatability and reproducibility 

compared to the low-density oligonucleotide DNA microarray. From a practical 

aspect, RGA is simpler to run (5 steps instead of 14 in DNA microarray), quicker (3 

times) and 6 times cheaper. The RGA method has proven to be useful in the 

screening of foodstuffs, sport supplements (Chapter 3 and 4 within this thesis).

The type of DNA microarray used in this comparison is not a widely applied model 

and requires further characterisation and validation to improve its sensitivity, 

repeatability and reproducibility. Microarrays are a modern technique that is just 

beginning to be used in the area of food safety. RGA has a much longer application 

history in estrogen ED detection as shown in Figure 7.1b. Even though DNA 

microarray is more expensive and contains more steps than RGA, it has a great 

potential to provide much more information about active compounds as exemplified 

in the study on the effect of genistein on blood concentration levels of natural 

hormones. The main advantage, of the transcriptomic technique over the RGA is the 

generation of multi-endpoint signals, which may be used for the detection of a large 

range of compounds [Buterin et al, 2005], Additionally, the analysed data can be 

used to monitor the biological pathways within the cell and detect differences in 

transcriptomic profiles which may be linked to detrimental effects on human health 

due to the presence of estrogenic compounds in food.

7.5.2. Conclusions for phytoestrogen effects on endogenous hormones.

Data generated by RGA indicates that increasing concentrations of genistein 

decreases the activity of natural estrogens. This finding confirms the theory that 

phytoestrogens may inhibit natural estrogens biological effect in tumor cells 

containing ER p, the receptor expressed in the cell line used within this study. More 

specific information was achieved from the DNA microarray experiment. Even 

though not all data generated was useful and five gene transcripts presented negative 

or misleading results, there were three proteins which genes were up-regulated and 

one protein which gene was observed to be down-regulated by the action of genistein 

on the mixture effect of natural estrogens. The results presented by DNA microarray
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indicate that within the cell genistein may have different effects, depending on the 

gene. Moreover, the study presented by Dip et al. (2009) reported that a mixture of 

different phytoestrogens is able to generate even more widespread fingerprint than 

expected, based on single compound results. This idea is another point for discussion 

regarding the possible connection of phytoestrogens with a positive or negative effect 

on human health. In conclusion, further high-density oligonucleotide DNA 

microarray studies on mixtures of natural hormones and phytoestrogens are required 

to unravel the effects of phytoestrogens on natural hormones and the biological 

pathways of the cell.
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Estrogen and androgen responsive reporter gene assays (RGAs) were shown to be 

applicable for the screening of sport supplements for endocrine disrupters (EDs). For 

this purpose, the general extraction procedure based on dispersive solid phase 

extraction (dSPE) called ‘QuEChERS’ was employed. The estrogenic and 

androgenic RGAs coupled with the applied extraction procedure were validated 

according to Commission Decision 2002/657/EC. The successful validation was 

followed by analysis of certified negative and positive controls. Subsequently, the 

screening for estrogenic and androgenic EDs in 116 sport supplements was 

performed. This study confirmed the suitability of the developed methods as routine 

laboratory testing tools for monitoring target samples.

The range of activity types including agonistic, synergistic and antagonistic were 

detected for both estrogenic and androgenic responsive compounds. Within each of 

these activity groups different types of responses were observed. The agonists were 

divided into three categories including agonists with additive and synergistic 

response and partial agonists. Synergism was detected in samples containing agonists 

with a synergistic response and samples that could enhance the response of added 

steroid standard (17p-estradiol or dihydrotestosterone (DHT)). Additionally, the 

Western blotting analysis identified the presence of EDs able to enhance production 

of the androgen receptor. This particular sample contained a compound that 

increased the response of DHT, but alone did not show any androgenic activity. 

Antagonism was observed in samples showing only an antagonistic effect and partial 

agonists. Examples were detected for each of the activity groups having both 

estrogenic and androgenic activity; except for the antagonists, which were found 

only by the androgenic RGA.

Consequently, the risks for human health caused by estrogenic and androgenic 

endocrine disrupters detected in dietary supplements were assessed. The first step 

was the exposure assessment study. Analyses of 116 samples found concentrations 

equivalent to 17|3-estradiol or dihydrotestosterone in 50 samples displaying 

estrogenic activity and 36 samples displaying androgenic activity respectively. The 

samples containing agonists and antagonists were taken into consideration. The 

second step involved comparing the exposure assessment study results with 

published data describing the levels of 17[3-estradiol and testosterone that can cause 

detrimental effects in animals and humans. The detected levels of EDs equivalent to 

17P-estradiol and dihydrotestosterone in sport supplements were compared with the
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acceptable daily intakes (ADIs) of these hormones established by JECFA (2000) and 

the amount of estrogens people are exposed to via food and water. This comparison 

showed that 13 sport supplements exceeded the ADI limitation for 17(3-estradiol and 

another 4 exceeded the ADI limitation for testosterone. The estrogenic content in 39 

and 48 (from 50 investigated) samples was higher than that delivered by an 

omnivorous diet or by drinking water, respectively.

Another study was performed to predict changes in normal daily production rates of 

17p-estradiol in human body due to the greatest estrogenic agonist and antagonist 

activity detected in sport supplements. It was concluded that the people who are 

exposed most to the detrimental effects of estrogenic agonists are young boys and 

postmenopausal women, for whom the 17(3-estradiol levels may be increased by up 

to 20 fold. A second similar study was performed for androgenic compounds. The 

biggest concerns for human health due to the predicted changes in normal daily 

production rates of testosterone appear to be for girls and women during the early 

follicular stage of the menstrual cycle, when testosterone levels are at their lowest. 

The comparison of the suitability of two estrogenic in vitro bioassays, the RGA and 

DNA microarray, for detection and biological assessment of estrogenic EDs, clearly 

presented the RGA as the more preferable method. Subsequently, the influence of 

phytoestrogen (genistein), commonly present in food, on endogenous hormones 

levels (mixture of 17[3-estradiol and estrone in blood) was investigated by these two 

estrogenic bioassays. The RGA study showed that genistein decreases the activity of 

natural steroids while the DNA microarray indicated that this phytoestrogen may 

have different effects (up-, down- or no regulation) depending on the investigated 

gene.

The purpose of this thesis was to assess the cumulative risks for human health 

associated with EDs presence in food. Sport supplements were investigated, because 

they may contain all types of EDs including natural or synthetic compounds that are 

present due to accidental, environmental and deliberative food contamination. The 

project revealed that sport supplements may significantly contribute to estrogenic 

(79 % of positive results) and androgenic (62 % of positive results) ED exposure that 

may initiate or implement the development of various adverse health effects. 

Consequently, it is suggested to consider restrictions for mixtures of estrogenic or 

androgenic ED compounds with respect to food legislation, especially in area of 

sport supplements. The legislation might declare the limits for the cumulative
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estrogenic or androgenic biological activity, which may be caused by a single or 

mixture of known and unknown compounds. The current legislation contains 

acceptable daily intake recommendations only for single compounds like natural 

hormones (17(3-estradiol or testosterone) or presents the list of banned compounds in 

food.

The recommendations for further work include and are not limited to:

• Confirmatory analysis with a suitable physicochemical method (preferred 

LC-MS or GC-MS)

• Animal study to check the in vivo biological response of detected estrogenic 

and androgenic compounds

• High density oligonucleotide DNA microarray study to monitor the effect of 

estrogens on biological pathways and to define the possible connection of 

transcriptomic profiles caused by estrogenic compounds and those reported in 

tumor cells

• Dietary modelling (using sports supplements' consumption data for teenagers 

and adults and 17|3-estradiol and dihydrotestosterone equivalent EDs’ levels 

in these supplements) could be used to extrapolate daily exposure intakes of 

compounds having the estrogenic or androgenic activity.
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