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Abstract 

Endocrine disrupting compounds (EDCs) including bisphenol A (BPA) and genistein are thought to 

induce oestrogenic effects in developing organisms. Genistein is a naturally occurring substance 

found in many plants but particularly in soy products. BPA is a chemical used extensively in the 

production of plastics and resins. Given the widespread environmental presence of both 

compounds, exposure to them and their mixtures is conceivable.  

This study aimed to investigate the effects of BPA and genistein, individually and in mixtures, on 

the early development of zebrafish. It is generally understood that vertebrates are the most 

vulnerable to chemical exposure during early developmental stages. 

Zebrafish is a widely used model for developmental biology and toxicology as it has many 

conserved developmental programs and processes that are also found in mammals. 

In the present study high concentrations of BPA or/and genistein were tested for their toxic and 

teratogenic potential. These tests were based on the observations of survival, hatching, heart rate 

and morphology of the embryos and larvae up to 120 hpf (hours post fertilisation). Lower 

concentrations, including environmentally relevant doses, were tested for their potential to 

disturb the ultrastructure of the developing liver and their effect on vitellogenin 1 mRNA (vtg1) 

expression.  

The present study demonstrated that BPA or/and genistein clearly influence the early 

development of zebrafish. Survival, heart rate, hatching success and morphology of the embryos 

and larvae were affected by the high concentrations of these compounds, individually and in 

mixtures. Decreased head size, heart oedema, enlarged yolk sac/yolk extension and changes in 

the skin pigmentation level were often observed. Most of the mixtures showed enhanced toxicity 

when compared to the corresponding treatments with individual compounds indicating additivity 

of BPA and genistein. Some observations revealed that synergistic and antagonistic interactions 

between these compounds may also occur when acting on zebrafish during the early stages of 

development. 

Previous studies have demonstrated cytopathological alterations in the hepatocytes of fish 

exposed to xenobiotics. There was no study to date, however, investigating the effects of 

environmental oestrogens, and particularly their mixtures, on the fine structure of the liver. In 

this study, the ultrastructural alterations in the hepatocytes of the developing zebrafish treated 

with BPA or/and genistein were investigated. Stereological methods were used to objectively 

describe the phenotype of the organ and enable quantitative and statistical analysis of the data. 

Several cytological alterations were observed following exposure to either BPA or genistein and 

included the alterations in the volume of hepatocytes, mitochondria, as well as glycogen. 

Particularly affected were the size or/and shape of individual mitochondria. Considerably fewer 

morphological changes were seen in the hepatocytes of the larvae treated with the mixtures than 

in the corresponding treatment groups with individual EDCs. Such observations may indicate 

antagonistic interactions between BPA and genistein when acting on the liver of zebrafish larvae. 

The synergistic interactions of these EDCs could however also be inferred based on the significant 

alterations in the amount of RER.  
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Vitellogenin is a yolk precursor protein produced in the liver of oviparous vertebrates in response 

to the activation of oestrogen receptors (ERs). Many environmental compounds are able to bind 

ERs and thus induce vitellogenesis. In this work the expression level of vtg1 in the larvae treated 

with BPA or/and genistein has been investigated. Genistein showed visibly higher potential to 

induce vtg1 expression than BPA. The estrogenicity of the mixtures was enhanced, although not 

significantly, when compared to the treatments with individual EDCs.  

This study was the first to investigate the effects of BPA and genistein mixtures on the early 

development of zebrafish. The present study has identified a number of possible chemical 

interactions, namely additivity, antagonism and synergism between these EDCs depending on 

their concentrations, stage of development and the observed endpoints. 

The multidisciplinary approach, adopted in the present study, provides a toolset to help unravel 

the complex interactions encountered when studying complex chemical exposure to sensitive 

developmental processes. 

 



vi 
 

Acknowledgments  

First and foremost, I would like to thank Professor Peter Dockery for his supervision, great 

ǎǳǇǇƻǊǘΣ ǇŀǘƛŜƴŎŜ ŀƴŘ ŀƳŀȊƛƴƎ Ψ.ŀōŀ WŀƎŀ ǾǎΦ ǎƴƻǿƳŜƴΩ ŀǘǘƛǘǳŘŜ ǿƘƛŎƘ ƳŀŘŜ ǘƘŜ ǿƘƻƭŜ ǇǊƻŎŜǎǎ 

of working on this project so enjoyable!  

My heartfelt thanks also go to Dr. Maura Grealy for her time, great support and invaluable help 

during this project. I appreciate every advice, comment and lesson I received from her. 

Moreover, I want to sincerely thank Dr. Brendan Wilkins for every encouraging word, advice, 

support and help during my College years.  

Furthermore, I would like to express my thanks to Dr. Lucy Byrnes for letting me use the zebrafish 

facility and all PCR-related equipment in the Biochemistry Department. I am also grateful to Dr. 

Byrnes and Dr. Grealy for including me in their regular lab meetings. 

There is not a single person in the Anatomy Department whom I would not wish to include on my 

ΨǘƘŀƴƪ- ȅƻǳΩ ƭƛǎǘΥ ¢Ƙŀƴƪ ȅƻǳΣ aŀǊƪ ŀƴŘ tƛŜǊŎŜΣ ŦƻǊ ŀƭƭ ȅƻǳǊ ǘŜŎƘƴƛŎŀƭ ǎǳǇǇƻǊǘΣ ǇŀǘƛŜƴŎŜΣ ŀƴŘ 

kindness during all these years, and for your sense of humour which made the whole process of 

learning more interesting. Sincere thanks to all the academics and staff in the Department, 

particularly Alex, Fabio, Fidelma, Helen, Peter, Siobhan and Yolanda for their kindness, willingness 

to help and every word of encouragement. Last, but never least, heartfelt thanks to Alanna, 

Bridget, Eva, Kerry, Laurena and Stef for their friendship, understanding, support, and sharing all 

ǘƘŜ ΨǳǇǎ ŀƴŘ ŘƻǿƴǎΩ ƻŦ ǘƘŜ tƘ5 ŀŘǾŜƴǘǳǊŜΗ 

Furthermore, I would like to thank Rebecca Ryan for her patience in the role of my PCR- guru, her 

friendship and teaching me not to worry too much ;) I also thank Dr. Elke Rink for all the badly 

needed cups of coffee during the PCw ōǊŜŀƪǎ ŀƴŘ ƳŀƪƛƴƎ ƳŜ ŦŜŜƭ ΨǿƛŜ Ȋǳ IŀǳǎŜΩ in the 

Biochemistry Department. 

 

 

 

  



vii 
 

List of Figures  

FIGURE 1.1 NUCLEAR RECEPTOR STRUCTURE/FUNCTION DOMAINS. ............................................................................ 6 

FIGURE 1.2 THE ER-DEPENDENT MECHANISM OF ACTION OF OESTROGENIC COMPOUNDS. .............................................. 7 

FIGURE 1.3 DIAGRAM PRESENTING IDEALIZED FORMS OF NON-MONOTONIC DOSE RESPONSE CURVES. ............................. 11 

FIGURE 1.4 THE MOLECULAR STRUCTURE OF BISPHENOL A. ..................................................................................... 16 

FIGURE 1.5 THE MOLECULAR STRUCTURE OF GENISTEIN. ......................................................................................... 20 

FIGURE 1.6 GRAPHIC PRESENTATION OF THE INCREASING INTEREST IN ZEBRAFISH BASED ON THE NUMBER OF SCIENTIFIC ARTICLES 

PUBLISHED IN THE LAST HALF CENTURY. ....................................................................................................... 27 

FIGURE 1.7 A SCHEMATIC PRESENTATION OF RAPID DEVELOPMENT OF ZEBRAFISH. ....................................................... 28 

FIGURE 1.8 A SCHEMATIC PRESENTATION OF THE VITELLOGENESIS. ........................................................................... 32 

FIGURE 1.9 A SCHEMATIC DIAGRAM OF THE HORMONALLY REGULATED PROCESSES LEADING TO THE SYNTHESIS OF VITELLOGENIN IN 

THE FISH HEPATOCYTES. ........................................................................................................................... 38 

FIGURE 2.1 THE LOCALIZATION OF THE LIVER ON SEMI-THIN SECTION OF THE 72 HPF ZEBRAFISH. .................................... 48 

FIGURE 2.2 THE LOCALIZATION OF THE LIVER ON SEMI-THIN SECTIONS OF 120 HPF ZEBRAFISH. ....................................... 48 

FIGURE 2.3 THE SCHEMATIC PRESENTATION OF THE ARRANGEMENT OF TESTED SAMPLES ON THE PCR PLATE. ................... 51 

FIGURE 3.1 SURVIVAL OF 24, 48, 72, 96 AND 120 HPF ZEBRAFISH EXPOSED TO 2, 4, 8, 16 AND 32 MG/L BPA. ............. 60 

FIGURE 3.2 MORPHOLOGY OF THE 24 HPF ZEBRAFISH EMBRYOS TREATED WITH BPA. .................................................. 61 

FIGURE 3.3 MEAN TOTAL MORPHOLOGICAL SCORES OF THE BPA TREATED EMBRYOS AT 24 HPF. .................................... 62 

FIGURE 3.4 MORPHOLOGY OF THE 48 HPF ZEBRAFISH EMBRYOS EXPOSED TO BPA. ..................................................... 62 

FIGURE 3.5 MEAN TOTAL MORPHOLOGICAL SCORES OF THE BPA TREATED EMBRYOS AT 48 HPF. .................................... 63 

FIGURE 3.6 MORPHOLOGY OF THE 72HPF ZEBRAFISH LARVAE EXPOSED TO BPA. ......................................................... 63 

FIGURE 3.7 MEAN TOTAL MORPHOLOGICAL SCORES OF THE BPA TREATED LARVAE AT 72 HPF. ...................................... 64 

FIGURE 3.8 MORPHOLOGY OF THE 96 HPF ZEBRAFISH LARVAE EXPOSED TO BPA. ........................................................ 65 

FIGURE 3.9 MEAN TOTAL MORPHOLOGICAL SCORES OF THE BPA TREATED LARVAE AT 96 HPF. ...................................... 65 

FIGURE 3.10 MORPHOLOGY OF THE 120 HPF ZEBRAFISH EXPOSED TO BPA. ............................................................... 66 

FIGURE 3.11 MEAN TOTAL MORPHOLOGICAL SCORES OF THE BPA TREATED LARVAE AT 120 HPF. .................................. 66 

FIGURE 3.12 HEART RATE OF 48 AND 72 HPF ZEBRAFISH EXPOSED TO 2, 4, 8 AND 16 MG/L BPA. ................................. 67 

FIGURE 3.13 HATCHING SUCCESS OF 72 HPF ZEBRAFISH LARVAE EXPOSED TO 2, 4, 8 AND 16 MG/L BPA. ....................... 68 

FIGURE 3.14 LIVER OF THE NORMAL, 72 HPF ZEBRAFISH LARVA, OVERVIEW. ............................................................... 70 

FIGURE 3.15 LIVER OF THE NORMAL, 72 HPF ZEBRAFISH. ........................................................................................ 71 

FIGURE 3.16 LIVER OF THE NORMAL, 72 HPF ZEBRAFISH. ........................................................................................ 71 

FIGURE 3.17 LIVER OF THE NORMAL, 72 HPF ZEBRAFISH. ........................................................................................ 72 

FIGURE 3.18 VOLUME OF OBSERVED STRUCTURES IN 72 HPF ZEBRAFISH REARED IN 0.01% DMSO (SOLVENT CONTROL) VS. 

ΨNORMALΩ ZEBRAFISH RAISED IN EGG WATER. ............................................................................................... 73 

FIGURE 3.19 ABSOLUTE VOLUME OF HEPATOCYTES IN THE 72 HPF ZEBRAFISH EXPOSED TO BPA. .................................... 74 

FIGURE 3.20 VOLUME FRACTION OF NUCLEI IN THE HEPATOCYTES OF THE 72 HPF ZEBRAFISH EXPOSED TO BPA. ................ 75 

FIGURE 3.21 ABSOLUTE VOLUME OF NUCLEI IN THE HEPATOCYTES OF THE 72 HPF ZEBRAFISH EXPOSED TO BPA................. 76 

FIGURE 3.22 VOLUME FRACTION OF POOLED MITOCHONDRIA IN THE HEPATOCYTES OF THE 72 HPF ZEBRAFISH EXPOSED TO BPA.

 ........................................................................................................................................................... 77 

FIGURE 3.23 ABSOLUTE VOLUME OF MITOCHONDRIA IN THE HEPATOCYTES OF THE 72 HPF ZEBRAFISH EXPOSED TO BPA. .... 77 

FIGURE 3.24 VOLUME FRACTION OF ROUGH ENDOPLASMIC RETICULUM IN THE HEPATOCYTES OF 72 HPF ZEBRAFISH EXPOSED TO 

BPA..................................................................................................................................................... 78 

FIGURE 3.25 ABSOLUTE VOLUME OF ROUGH ENDOPLASMIC RETICULUM IN THE HEPATOCYTES OF 72 HPF ZEBRAFISH EXPOSED TO 

BPA..................................................................................................................................................... 78 

FIGURE 3.26 VOLUME FRACTION OF BILE CANALICULI IN THE HEPATOCYTES OF 72 HPF ZEBRAFISH EXPOSED TO BPA. .......... 79 

FIGURE 3.27 ABSOLUTE VOLUME OF BILE CANALICULI IN THE HEPATOCYTES OF 72 HPF ZEBRAFISH EXPOSED TO BPA. ......... 79 

FIGURE 3.28 LIVER OF 72 ZEBRAFISH EXPOSED TO DMSO. ..................................................................................... 81 

FIGURE 3.29 LIVER OF THE 72 ZEBRAFISH EXPOSED TO DMSO. ............................................................................... 81 



viii 
 

FIGURE 3.30 LIVER OF 72 ZEBRAFISH EXPOSED TO 10 µG/L BPA. ............................................................................ 83 

FIGURE 3.31 OF 72 ZEBRAFISH EXPOSED TO 100 µG/L BPA. ................................................................................... 83 

FIGURE 3.32 LIVER OF 72 ZEBRAFISH EXPOSED TO 100 µG/L BPA. .......................................................................... 84 

FIGURE 3.33 LIVER OF THE 72 ZEBRAFISH EXPOSED TO 500 µG/L BPA. ..................................................................... 84 

FIGURE 3.34 LIVER OF 72 ZEBRAFISH EXPOSED TO 500 µG/L BPA. .......................................................................... 85 

FIGURE 3.35 LIVER OF 72 ZEBRAFISH EXPOSED TO 1000 µG/L BPA, OVERVIEW. ......................................................... 85 

FIGURE 3.36 LIVER OF 72 ZEBRAFISH EXPOSED TO 1000 µG/L BPA. ........................................................................ 86 

FIGURE 3.37 AREA OF THE MITOCHONDRIAL PROFILES IN THE HEPATOCYTES OF THE 72 HPF ZEBRAFISH LARVAE EXPOSED TO BPA.

 ........................................................................................................................................................... 87 

FIGURE 3.38 DISTRIBUTION OF THE AREA OF THE MITOCHONDRIAL PROFILES IN THE HEPATOCYTES OF THE 72 HPF ZEBRAFISH 

LARVAE EXPOSED TO BPA. ........................................................................................................................ 87 

FIGURE 3.39 CIRCULARITY OF THE MITOCHONDRIAL PROFILES IN THE HEPATOCYTES OF THE 72 HPF ZEBRAFISH LARVAE EXPOSED TO 

BPA..................................................................................................................................................... 88 

FIGURE 3.40 DISTRIBUTION OF THE CIRCULARITY OF THE MITOCHONDRIAL PROFILES IN THE HEPATOCYTES OF THE 72 HPF 

ZEBRAFISH LARVAE EXPOSED TO 10, 100, 500 OR 1000 µG/L BPA. ................................................................ 89 

FIGURE 3.41 MAXIMUM FERET DIAMETERS OF THE MITOCHONDRIAL PROFILES IN THE HEPATOCYTES OF THE 72 HPF ZEBRAFISH 

LARVAE EXPOSED TO BPA. ........................................................................................................................ 90 

FIGURE 3.42 DISTRIBUTION OF THE MAXIMUM FERET DIAMETERS OF THE MITOCHONDRIAL PROFILES IN THE HEPATOCYTES OF THE 

72 HPF ZEBRAFISH LARVAE EXPOSED TO BPA. .............................................................................................. 90 

FIGURE 3.43 MINIMUM FERET DIAMETERS OF THE MITOCHONDRIAL PROFILES IN THE HEPATOCYTES OF THE 72 HPF ZEBRAFISH 

LARVAE EXPOSED TO BPA. ........................................................................................................................ 91 

FIGURE 3.44 DISTRIBUTION OF THE MINIMUM FERET DIAMETERS OF THE MITOCHONDRIAL PROFILES IN THE HEPATOCYTES OF THE 

72 HPF ZEBRAFISH LARVAE EXPOSED TO BPA. .............................................................................................. 92 

FIGURE 3.45 MAJOR TO MINOR AXIS RATIOS OF THE MITOCHONDRIAL PROFILES IN THE HEPATOCYTES OF THE 72 HPF ZEBRAFISH 

LARVAE EXPOSED TO BPA. ........................................................................................................................ 93 

FIGURE 3.46 DISTRIBUTION OF THE MAJOR TO MINOR AXIS RATIOS OF THE MITOCHONDRIAL PROFILES IN THE HEPATOCYTES OF THE 

72 HPF ZEBRAFISH LARVAE EXPOSED TO BPA. .............................................................................................. 93 

FIGURE 3.47 LIVER OF NORMAL 120 HPF ZEBRAFISH REARED IN EGG WATER. .............................................................. 95 

FIGURE 3.48 LIVER OF NORMAL 120 HPF ZEBRAFISH REARED IN EGG WATER. .............................................................. 96 

FIGURE 3.49 LIVER OF NORMAL 120 HPF ZEBRAFISH REARED IN EGG WATER. .............................................................. 96 

FIGURE 3.50 LIVER OF NORMAL 120 HPF ZEBRAFISH REARED IN EGG WATER. .............................................................. 97 

FIGURE 3.51 VOLUME OF OBSERVED STRUCTURES IN THE 120HPF ZEBRAFISH REARED IN DMSO (SOLVENT CONTROL) VS. 

NORMAL ZEBRAFISH RAISED IN EGG WATER. ................................................................................................. 98 

FIGURE 3.52 ABSOLUTE VOLUMES OF HEPATOCYTES IN 120 HPF ZEBRAFISH EXPOSED TO BPA. .................................... 100 

FIGURE 3.53 VOLUME FRACTIONS OF THE NUCLEI IN THE HEPATOCYTES IN 120 HPF ZEBRAFISH EXPOSED TO BPA. ........... 101 

FIGURE 3.54 ABSOLUTE VOLUMES OF THE NUCLEI IN THE HEPATOCYTES IN 120 HPF ZEBRAFISH EXPOSED TO BPA. ........... 101 

FIGURE 3.55 VOLUME FRACTION OF THE POOLED VOLUME OF MITOCHONDRIA IN THE HEPATOCYTES IN 120 HPF ZEBRAFISH 

EXPOSED TO BPA.................................................................................................................................. 102 

FIGURE 3.56 ABSOLUTE VOLUME OF POOLED MITOCHONDRIA IN THE HEPATOCYTES IN 120 HPF ZEBRAFISH EXPOSED TO  

BPA................................................................................................................................................... 103 

FIGURE 3.57 VOLUME FRACTION OF SINGLE MITOCHONDRION IN THE HEPATOCYTES IN 120 HPF ZEBRAFISH EXPOSED TO  

BPA................................................................................................................................................... 104 

FIGURE 3.58 ABSOLUTE VOLUME OF SINGLE MITOCHONDRION IN THE HEPATOCYTES IN 120 HPF ZEBRAFISH EXPOSED TO  

BPA................................................................................................................................................... 104 

FIGURE 3.59 VOLUME FRACTION OF ROUGH ENDOPLASMIC RETICULUM IN THE HEPATOCYTES IN 120 HPF ZEBRAFISH EXPOSED TO 

BPA................................................................................................................................................... 105 

FIGURE 3.60 ABSOLUTE VOLUME OF ROUGH ENDOPLASMIC RETICULUM IN THE HEPATOCYTES IN 120 HPF ZEBRAFISH EXPOSED TO 

BPA................................................................................................................................................... 106 

FIGURE 3.61 VOLUME FRACTION OF GLYCOGEN IN THE HEPATOCYTES IN 120 HPF ZEBRAFISH EXPOSED TO BPA. .............. 107 



ix 
 

FIGURE 3.62 ABSOLUTE VOLUME OF GLYCOGEN IN THE HEPATOCYTES IN 120 HPF ZEBRAFISH EXPOSED TO BPA. ............. 107 

FIGURE 3.63 VOLUME FRACTIONS OF BILE CANALICULI IN THE HEPATOCYTES IN 120 HPF ZEBRAFISH EXPOSED TO BPA. ..... 108 

FIGURE 3.64 ABSOLUTE VOLUME OF BILE CANALICULI IN THE HEPATOCYTES IN 120 HPF ZEBRAFISH EXPOSED TO BPA. ...... 109 

FIGURE 3.65 OVERVIEW OF THE LIVER IN THE 120 HPF ZEBRAFISH REARED IN SOLVENT CONTROL (DMSO). ................... 110 

FIGURE 3.66 LIVER OF THE 120 HPF ZEBRAFISH REARED IN SOLVENT CONTROL (DMSO). ............................................ 110 

FIGURE 3.67 LIVER OF THE 120 HPF ZEBRAFISH REARED IN SOLVENT CONTROL (DMSO). ............................................ 111 

FIGURE 3.68 LIVER OF THE 120 HPF ZEBRAFISH EXPOSED TO 10 µG/L BPA. ............................................................. 112 

FIGURE 3.69 LIVER OF THE 120 HPF ZEBRAFISH EXPOSED TO 10 µG/L BPA. ............................................................. 113 

FIGURE 3.70 LIVER OF THE 120 HPF ZEBRAFISH EXPOSED TO 10 µG/L BPA. ............................................................. 113 

FIGURE 3.71 LIVER OF THE 120 HPF ZEBRAFISH EXPOSED TO 100 µG/L BPA. ........................................................... 114 

FIGURE 3.72 LIVER OF THE 120 HPF ZEBRAFISH EXPOSED TO 100 µG/L BPA. ........................................................... 115 

FIGURE 3.73 LIVER OF THE 120 HPF ZEBRAFISH EXPOSED TO 100 µG/L BPA. ........................................................... 115 

FIGURE 3.74 LIVER OF THE 120 HPF ZEBRAFISH EXPOSED TO 100 µG/L BPA. ........................................................... 116 

FIGURE 3.75 AREA OF THE MITOCHONDRIAL PROFILES IN THE HEPATOCYTES OF THE 120 HPF ZEBRAFISH LARVAE EXPOSED TO 

BPA................................................................................................................................................... 118 

FIGURE 3.76 DISTRIBUTION OF THE AREAS OF THE MITOCHONDRIAL PROFILES IN THE HEPATOCYTES OF THE 120 HPF ZEBRAFISH 

LARVAE EXPOSED TO BPA. ...................................................................................................................... 118 

FIGURE 3.77 CIRCULARITY OF THE MITOCHONDRIAL PROFILES IN THE HEPATOCYTES OF THE 120 HPF ZEBRAFISH LARVAE EXPOSED 

TO BPA. ............................................................................................................................................. 119 

FIGURE 3.78 DISTRIBUTION OF THE CIRCULARITY OF THE MITOCHONDRIAL PROFILES IN THE HEPATOCYTES OF THE 120 HPF 

ZEBRAFISH LARVAE EXPOSED TO BPA. ....................................................................................................... 120 

FIGURE 3.79 MAXIMUM FERET DIAMETERS OF THE MITOCHONDRIAL PROFILES IN THE HEPATOCYTES OF THE 120 HPF ZEBRAFISH 

LARVAE EXPOSED TO BPA. ...................................................................................................................... 121 

FIGURE 3.80 DISTRIBUTION OF THE MAXIMUM FERET DIAMETERS OF THE MITOCHONDRIAL PROFILES IN THE HEPATOCYTES OF THE 

120 HPF ZEBRAFISH LARVAE EXPOSED TO BPA. .......................................................................................... 121 

FIGURE 3.81 MINIMUM FERET DIAMETERS OF THE MITOCHONDRIAL PROFILES IN THE HEPATOCYTES OF THE 120 HPF ZEBRAFISH 

LARVAE EXPOSED TO BPA. ...................................................................................................................... 122 

FIGURE 3.82 DISTRIBUTION OF THE MINIMUM FERET DIAMETERS OF THE MITOCHONDRIAL PROFILES IN THE HEPATOCYTES OF THE 

120 HPF ZEBRAFISH LARVAE EXPOSED TO BPA. .......................................................................................... 123 

FIGURE 3.83 MAJOR TO MINOR AXIS RATIO OF THE MITOCHONDRIAL PROFILES IN THE HEPATOCYTES OF THE 120 HPF ZEBRAFISH 

LARVAE EXPOSED TO BPA. ...................................................................................................................... 124 

FIGURE 3.84 DISTRIBUTION OF THE MAJOR TO MINOR AXIS RATIOS OF THE MITOCHONDRIAL PROFILES IN THE HEPATOCYTES OF THE 

120 HPF ZEBRAFISH LARVAE EXPOSED TO BPA. .......................................................................................... 124 

FIGURE 3.85 VITELLOGENIN 1 MRNA (VTG1) EXPRESSION FOLD CHANGES IN THE 120 HPF ZEBRAFISH LARVAE EXPOSED TO BPA.

 ......................................................................................................................................................... 125 

FIGURE 4.1 SURVIVAL OF THE 24, 48, 72, 96 AND 120 HPF ZEBRAFISH EXPOSED TO 1.25, 2.5, 5 AND 10 MG/L  

GENISTEIN. .......................................................................................................................................... 140 

FIGURE 4.2 MORPHOLOGY OF THE 24 HPF ZEBRAFISH EXPOSED TO GENISTEIN. .......................................................... 141 

FIGURE 4.3 MEAN TOTAL MORPHOLOGICAL SCORES OF THE GENISTEIN TREATED EMBRYOS AT 24 HPF. .......................... 141 

FIGURE 4.4 MORPHOLOGY OF THE 48 HPF ZEBRAFISH EMBRYOS EXPOSED TO GENISTEIN. ............................................ 142 

FIGURE 4.5 MEAN TOTAL MORPHOLOGICAL SCORES OF THE GENISTEIN TREATED EMBRYOS AT 48 HPF. .......................... 142 

FIGURE 4.6 MORPHOLOGY OF THE 72 HPF ZEBRAFISH LARVAE EXPOSED TO GENISTEIN. ............................................... 143 

FIGURE 4.7 MEAN TOTAL MORPHOLOGICAL SCORES OF THE GENISTEIN TREATED LARVAE AT 72 HPF. ............................. 143 

FIGURE 4.8 MORPHOLOGY OF THE 96 HPF ZEBRAFISH LARVAE EXPOSED TO GENISTEIN. ............................................... 144 

FIGURE 4.9 MEAN TOTAL MORPHOLOGICAL SCORES OF THE GENISTEIN TREATED LARVAE AT 96 HPF. ............................. 144 

FIGURE 4.10 MORPHOLOGY OF THE 120 HPF ZEBRAFISH EXPOSED TO GENISTEIN. ...................................................... 145 

FIGURE 4.11 MEAN TOTAL MORPHOLOGICAL SCORES OF THE GENISTEIN TREATED LARVAE AT 120 HPF. ......................... 145 

FIGURE 4.12 HEART RATE OF THE 48 AND 72 HPF ZEBRAFISH EXPOSED TO 1.25, 2.5 AND 5 MG/L GENISTEIN. ............... 146 

FIGURE 4.13 HATCHING SUCCESS OF THE 72 HPF ZEBRAFISH LARVAE EXPOSED TO 1.25 AND 2.5 MG/L GENISTEIN. .......... 147 



x 
 

FIGURE 4.14 ABSOLUTE VOLUMES OF HEPATOCYTES IN 120 HPF ZEBRAFISH EXPOSED TO GENISTEIN. ............................. 149 

FIGURE 4.15 VOLUME FRACTIONS OF THE NUCLEI IN THE HEPATOCYTES IN 120 HPF ZEBRAFISH EXPOSED TO GENISTEIN. .... 150 

FIGURE 4.16 ABSOLUTE VOLUME OF THE NUCLEI IN THE HEPATOCYTES IN 120 HPF ZEBRAFISH EXPOSED TO GENISTEIN. ..... 150 

FIGURE 4.17 VOLUME FRACTION OF THE POOLED MITOCHONDRIA IN THE HEPATOCYTES IN 120 HPF ZEBRAFISH EXPOSED 

GENISTEIN. .......................................................................................................................................... 151 

FIGURE 4.18 ABSOLUTE VOLUME OF POOLED MITOCHONDRIA IN THE HEPATOCYTES IN 120 HPF ZEBRAFISH EXPOSED TO 

GENISTEIN. .......................................................................................................................................... 152 

FIGURE 4.19 VOLUME FRACTION OF INDIVIDUAL MITOCHONDRIA IN THE HEPATOCYTES IN 120 HPF ZEBRAFISH EXPOSED TO 

GENISTEIN. .......................................................................................................................................... 153 

FIGURE 4.20 ABSOLUTE VOLUME OF INDIVIDUAL MITOCHONDRIA IN THE HEPATOCYTES IN 120 HPF ZEBRAFISH EXPOSED TO 

GENISTEIN. .......................................................................................................................................... 153 

FIGURE 4.21 VOLUME FRACTION OF ROUGH ENDOPLASMIC RETICULUM IN THE HEPATOCYTES IN 120 HPF ZEBRAFISH EXPOSED TO 

GENISTEIN. .......................................................................................................................................... 154 

FIGURE 4.22 ABSOLUTE VOLUME OF ROUGH ENDOPLASMIC RETICULUM IN THE HEPATOCYTES IN 120 HPF ZEBRAFISH EXPOSED TO 

GENISTEIN. .......................................................................................................................................... 155 

FIGURE 4.23 VOLUME FRACTION OF GLYCOGEN IN THE HEPATOCYTES IN 120 HPF ZEBRAFISH EXPOSED TO GENISTEIN. ...... 156 

FIGURE 4.24 ABSOLUTE VOLUME OF GLYCOGEN IN THE HEPATOCYTES IN 120 HPF ZEBRAFISH EXPOSED TO GENISTEIN. ...... 156 

FIGURE 4.25 VOLUME FRACTIONS OF BILE CANALICULI IN THE HEPATOCYTES IN 120 HPF ZEBRAFISH EXPOSED TO  

GENISTEIN. .......................................................................................................................................... 157 

FIGURE 4.26 ABSOLUTE VOLUME OF BILE CANALICULI IN THE HEPATOCYTES IN 120 HPF ZEBRAFISH EXPOSED TO GENISTEIN.158 

FIGURE 4.27 LIVER OF THE 120 HPF ZEBRAFISH EXPOSED TO 312.5 µG/L GENISTEIN.................................................. 159 

FIGURE 4.28 LIVER OF THE 120 HPF ZEBRAFISH EXPOSED TO 312.5 µG/L GENISTEIN.................................................. 160 

FIGURE 4.29 LIVER OF THE 120 HPF ZEBRAFISH EXPOSED TO 625 µG/L GENISTEIN. .................................................... 160 

FIGURE 4.30 AREA OF THE MITOCHONDRIAL PROFILES IN THE HEPATOCYTES OF THE 120 HPF ZEBRAFISH LARVAE EXPOSED TO 

GENISTEIN. .......................................................................................................................................... 161 

FIGURE 4.31 DISTRIBUTION OF THE AREAS OF THE MITOCHONDRIAL PROFILES IN THE HEPATOCYTES OF THE 120 HPF ZEBRAFISH 

LARVAE EXPOSED TO GENISTEIN. .............................................................................................................. 162 

FIGURE 4.32 CIRCULARITY OF THE MITOCHONDRIAL PROFILES IN THE HEPATOCYTES OF THE 120 HPF ZEBRAFISH LARVAE EXPOSED 

TO GENISTEIN. ...................................................................................................................................... 163 

FIGURE 4.33 DISTRIBUTION OF THE CIRCULARITY OF THE MITOCHONDRIAL PROFILES IN THE HEPATOCYTES OF THE 120 HPF 

ZEBRAFISH LARVAE EXPOSED TO GENISTEIN. ................................................................................................ 163 

FIGURE 4.34 MAXIMUM FERET DIAMETERS OF THE MITOCHONDRIAL PROFILES IN THE HEPATOCYTES OF THE 120 HPF ZEBRAFISH 

LARVAE EXPOSED TO GENISTEIN. .............................................................................................................. 164 

FIGURE 4.35 DISTRIBUTION OF THE MAXIMUM FERET DIAMETERS OF THE MITOCHONDRIAL PROFILES IN THE HEPATOCYTES OF THE 

120 HPF ZEBRAFISH LARVAE EXPOSED TO GENISTEIN. ................................................................................... 165 

FIGURE 4.36 MINIMUM FERET DIAMETER OF THE MITOCHONDRIAL PROFILES IN THE HEPATOCYTES OF THE 120 HPF ZEBRAFISH 

LARVAE EXPOSED TO GENISTEIN. .............................................................................................................. 166 

FIGURE 4.37 DISTRIBUTION OF THE MINIMUM FERET DIAMETERS OF THE MITOCHONDRIAL PROFILES IN THE HEPATOCYTES OF THE 

120 HPF ZEBRAFISH LARVAE EXPOSED TO GENISTEIN. ................................................................................... 166 

FIGURE 4.38 MAJOR TO MINOR AXIS RATIO OF THE MITOCHONDRIAL PROFILES IN THE HEPATOCYTES OF THE 120 HPF ZEBRAFISH 

LARVAE EXPOSED TO GENISTEIN. .............................................................................................................. 167 

FIGURE 4.39 DISTRIBUTION OF THE MAJOR TO MINOR AXIS RATIOS OF THE MITOCHONDRIAL PROFILES IN THE HEPATOCYTES OF THE 

120 HPF ZEBRAFISH LARVAE EXPOSED TO GENISTEIN. ................................................................................... 168 

FIGURE 4.40 VITELLOGENIN 1 MRNA (VTG1) EXPRESSION FOLD CHANGES IN THE 120 HPF ZEBRAFISH LARVAE EXPOSED TO 

GENISTEIN. .......................................................................................................................................... 169 

FIGURE 5.1 SURVIVAL OF 24 HPF ZEBRAFISH EMBRYOS EXPOSED TO BPA AND GENISTEIN INDIVIDUALLY AND IN COMBINATIONS.

 ......................................................................................................................................................... 178 

FIGURE 5.2 SURVIVAL OF THE 48 HPF ZEBRAFISH EMBRYOS EXPOSED TO BPA AND GENISTEIN INDIVIDUALLY AND IN 

COMBINATIONS. ................................................................................................................................... 179 



xi 
 

FIGURE 5.3 SURVIVAL OF THE 72 HPF ZEBRAFISH LARVAE EXPOSED TO BPA AND GENISTEIN INDIVIDUALLY AND IN COMBINATIONS.

 ......................................................................................................................................................... 180 

FIGURE 5.4 SURVIVAL OF THE 96 HPF ZEBRAFISH LARVAE EXPOSED TO BPA AND GENISTEIN INDIVIDUALLY AND IN COMBINATIONS.

 ......................................................................................................................................................... 181 

FIGURE 5.5 SURVIVAL OF THE 120 HPF ZEBRAFISH LARVAE EXPOSED TO BPA AND GENISTEIN INDIVIDUALLY AND IN 

COMBINATIONS. ................................................................................................................................... 182 

FIGURE 5.6 MORPHOLOGY OF 24 HPF ZEBRAFISH EMBRYOS EXPOSED TO BPA AND GENISTEIN INDIVIDUALLY AND IN  

MIXTURES. ........................................................................................................................................... 183 

FIGURE 5.7 TOTAL MORPHOLOGICAL SCORES OF 24 HPF EMBRYOS TREATED WITH BPA AND GENISTEIN INDIVIDUALLY AND IN 

COMBINATIONS. ................................................................................................................................... 184 

FIGURE 5.8 MORPHOLOGY OF 48 HPF ZEBRAFISH EMBRYOS EXPOSED TO BPA AND GENISTEIN INDIVIDUALLY AND IN  

MIXTURES. ........................................................................................................................................... 185 

FIGURE 5.9 TOTAL MORPHOLOGICAL SCORES OF 48 HPF EMBRYOS TREATED WITH BPA AND GENISTEIN INDIVIDUALLY AND IN 

COMBINATIONS. ................................................................................................................................... 186 

FIGURE 5.10 MORPHOLOGY OF 72 HPF ZEBRAFISH LARVAE EXPOSED TO BPA AND GENISTEIN INDIVIDUALLY AND IN  

MIXTURES. ........................................................................................................................................... 187 

FIGURE 5.11 TOTAL MORPHOLOGICAL SCORES OF 72 HPF LARVAE TREATED WITH BPA AND GENISTEIN INDIVIDUALLY AND IN 

COMBINATIONS. ................................................................................................................................... 188 

FIGURE 5.12 MORPHOLOGY OF 96 HPF ZEBRAFISH LARVAE EXPOSED TO BPA AND GENISTEIN INDIVIDUALLY AND IN  

MIXTURES. ........................................................................................................................................... 189 

FIGURE 5.13 TOTAL MORPHOLOGICAL SCORES OF 96 HPF LARVAE TREATED WITH BPA AND GENISTEIN INDIVIDUALLY AND IN 

COMBINATIONS. ................................................................................................................................... 189 

FIGURE 5.14 MORPHOLOGY OF 120 HPF ZEBRAFISH LARVAE EXPOSED TO BPA AND GENISTEIN INDIVIDUALLY AND IN MIXTURES.

 ......................................................................................................................................................... 190 

FIGURE 5.15 TOTAL MORPHOLOGICAL SCORES OF 120 HPF LARVAE TREATED WITH BPA AND GENISTEIN INDIVIDUALLY AND IN 

COMBINATIONS. ................................................................................................................................... 191 

FIGURE 5.16 HEART RATE OF THE 48 HPF ZEBRAFISH EMBRYOS TREATED WITH BPA AND GENISTEIN INDIVIDUALLY AND IN 

COMBINATIONS. ................................................................................................................................... 192 

FIGURE 5.17 HEART RATE OF THE 72 HPF ZEBRAFISH LARVAE TREATED WITH BPA AND GENISTEIN INDIVIDUALLY AND IN 

COMBINATIONS. ................................................................................................................................... 193 

FIGURE 5.18 HATCHING SUCCESS OF THE 72 HPF ZEBRAFISH LARVAE TREATED WITH BPA AND GENISTEIN INDIVIDUALLY AND IN 

COMBINATIONS. ................................................................................................................................... 194 

FIGURE 5.19 ABSOLUTE VOLUMES OF HEPATOCYTES IN 120 HPF ZEBRAFISH EXPOSED TO BPA AND GENISTEIN INDIVIDUALLY AND 

IN MIXTURES. ....................................................................................................................................... 196 

FIGURE 5.20 VOLUME FRACTIONS OF THE NUCLEI IN THE HEPATOCYTES OF 120 HPF ZEBRAFISH EXPOSED TO BPA AND GENISTEIN 

INDIVIDUALLY AND IN MIXTURES. ............................................................................................................. 197 

FIGURE 5.21 ABSOLUTE VOLUMES OF THE NUCLEI IN THE HEPATOCYTES OF 120 HPF ZEBRAFISH EXPOSED TO BPA AND GENISTEIN 

INDIVIDUALLY AND IN MIXTURES. ............................................................................................................. 198 

FIGURE 5.22 VOLUME FRACTIONS OF POOLED MITOCHONDRIA IN THE HEPATOCYTES OF 120 HPF ZEBRAFISH EXPOSED TO BPA 

AND GENISTEIN INDIVIDUALLY AND IN MIXTURES. ........................................................................................ 199 

FIGURE 5.23 ABSOLUTE VOLUMES OF POOLED MITOCHONDRIA IN THE HEPATOCYTES OF 120 HPF ZEBRAFISH EXPOSED TO BPA 

AND GENISTEIN INDIVIDUALLY AND IN MIXTURES. ........................................................................................ 200 

FIGURE 5.24 VOLUME FRACTIONS OF SINGLE MITOCHONDRION IN THE HEPATOCYTES OF 120 HPF ZEBRAFISH EXPOSED TO BPA 

AND GENISTEIN INDIVIDUALLY AND IN MIXTURES. ........................................................................................ 201 

FIGURE 5.25 ABSOLUTE VOLUMES OF SINGLE MITOCHONDRION IN THE HEPATOCYTES OF 120 HPF ZEBRAFISH EXPOSED TO BPA 

AND GENISTEIN INDIVIDUALLY AND IN MIXTURES. ........................................................................................ 202 

FIGURE 5.26 VOLUME FRACTION OF ROUGH ENDOPLASMIC RETICULUM IN THE HEPATOCYTES OF 120 HPF ZEBRAFISH EXPOSED TO 

BPA AND GENISTEIN INDIVIDUALLY AND IN MIXTURES. ................................................................................. 203 



xii 
 

FIGURE 5.27 ABSOLUTE VOLUMES OF ROUGH ENDOPLASMIC RETICULUM IN THE HEPATOCYTES OF 120 HPF ZEBRAFISH EXPOSED 

TO BPA AND GENISTEIN INDIVIDUALLY AND IN MIXTURES. ............................................................................. 204 

FIGURE 5.28 VOLUME FRACTIONS OF GLYCOGEN IN THE HEPATOCYTES OF 120 HPF ZEBRAFISH EXPOSED TO BPA AND GENISTEIN 

INDIVIDUALLY AND IN MIXTURES. ............................................................................................................. 205 

FIGURE 5.29 ABSOLUTE VOLUME OF GLYCOGEN IN THE HEPATOCYTES OF 120 HPF ZEBRAFISH EXPOSED TO BPA AND GENISTEIN 

INDIVIDUALLY AND IN MIXTURES. ............................................................................................................. 206 

FIGURE 5.30 VOLUME FRACTIONS OF BILE CANALICULI IN THE LIVERS OF 120 HPF ZEBRAFISH EXPOSED TO BPA AND GENISTEIN 

INDIVIDUALLY AND IN MIXTURES. ............................................................................................................. 207 

FIGURE 5.31 ABSOLUTE VOLUMES OF BILE CANALICULI IN THE LIVERS OF 120 HPF ZEBRAFISH EXPOSED TO BPA AND GENISTEIN 

INDIVIDUALLY AND IN MIXTURES. ............................................................................................................. 208 

FIGURE 5.32LIVER OF THE 120 HPF ZEBRAFISH EXPOSED TO 10 µG/L BPA + 312.5 µG/L GENISTEIN. ........................... 210 

FIGURE 5.33LIVER OF THE 120 HPF ZEBRAFISH EXPOSED TO 10 µG/L BPA + 312.5 µG/L GENISTEIN. ........................... 210 

FIGURE 5.34 LIVER OF 120 HPF ZEBRAFISH EXPOSED TO 10 µG/L BPA + 625 µG/L GENISTEIN. ................................... 211 

FIGURE 5.35 LIVER OF THE 120 HPF ZEBRAFISH EXPOSED TO 10 µG/L BPA + 625 µG/L GENISTEIN. ............................. 211 

FIGURE 5.36 LIVER OF THE 120 HPF ZEBRAFISH EXPOSED TO 100 µG/L BPA + 312.5 µG/L GENISTEIN. ........................ 213 

FIGURE 5.37 LIVER OF THE 120 HPF ZEBRAFISH EXPOSED TO 100 µG/L BPA + 312.5 µG/L GENISTEIN. ........................ 213 

FIGURE 5.38 LIVER OF THE 120 HPF ZEBRAFISH EXPOSED TO 100 µG/L BPA + 312.5 µG/L GENISTEIN. ........................ 214 

FIGURE 5.39 LIVER OF THE 120 HPF ZEBRAFISH EXPOSED TO 100 µG/L BPA + 312.5 µG/L GENISTEIN. ........................ 214 

FIGURE 5.40 LIVER OF THE 120 HPF ZEBRAFISH EXPOSED TO 100 µG/L BPA + 625 µG/L GENISTEIN. ........................... 215 

FIGURE 5.41 LIVER OF THE 120 HPF ZEBRAFISH EXPOSED TO 100 µG/L BPA + 625 µG/L GENISTEIN. ........................... 215 

FIGURE 5.42 LIVER OF THE 120 HPF ZEBRAFISH EXPOSED TO 20 µG/L 17ɰ-OESTRADIOL. ............................................ 216 

FIGURE 5.43 LIVER OF THE 120 HPF ZEBRAFISH EXPOSED TO 20 µG/L 17ɰ-OESTRADIOL. ............................................ 217 

FIGURE 5.44 LIVER OF THE 120 HPF ZEBRAFISH EXPOSED TO 20 µG/L 17ɰ-OESTRADIOL. ............................................ 217 

FIGURE 5.45 AREAS OF THE MITOCHONDRIAL PROFILES IN THE HEPATOCYTES OF THE 120 HPF ZEBRAFISH LARVAE EXPOSED TO 

BPA AND GENISTEIN INDIVIDUALLY AND IN MIXTURES. ................................................................................. 219 

FIGURE 5.46 DISTRIBUTION OF THE AREAS OF THE MITOCHONDRIAL PROFILES IN THE HEPATOCYTES OF THE 120 HPF ZEBRAFISH 

LARVAE EXPOSED TO BPA AND GENISTEIN INDIVIDUALLY AND IN MIXTURES. ..................................................... 219 

FIGURE 5.47 CIRCULARITY OF THE MITOCHONDRIAL PROFILES IN THE HEPATOCYTES OF THE 120 HPF ZEBRAFISH LARVAE EXPOSED 

TO BPA AND GENISTEIN INDIVIDUALLY AND IN MIXTURES. ............................................................................. 220 

FIGURE 5.48 DISTRIBUTION OF THE CIRCULARITY OF THE MITOCHONDRIAL PROFILES IN THE HEPATOCYTES OF THE 120 HPF 

ZEBRAFISH LARVAE EXPOSED TO BPA AND GENISTEIN INDIVIDUALLY AND IN MIXTURES. ....................................... 221 

FIGURE 5.49 MAXIMUM FERET DIAMETERS OF THE MITOCHONDRIAL PROFILES IN THE HEPATOCYTES OF THE 120 HPF ZEBRAFISH 

LARVAE EXPOSED TO BPA AND GENISTEIN INDIVIDUALLY AND IN MIXTURES. ..................................................... 222 

FIGURE 5.50 DISTRIBUTION OF THE MAXIMUM FERET DIAMETERS OF THE MITOCHONDRIAL PROFILES IN THE HEPATOCYTES OF THE 

120 HPF ZEBRAFISH LARVAE EXPOSED TO BPA AND GENISTEIN INDIVIDUALLY AND IN MIXTURES. .......................... 223 

FIGURE 5.51 MINIMUM FERET DIAMETERS OF THE MITOCHONDRIAL PROFILES IN THE HEPATOCYTES OF THE 120 HPF ZEBRAFISH 

LARVAE EXPOSED TO BPA AND GENISTEIN INDIVIDUALLY AND IN MIXTURES. ..................................................... 224 

FIGURE 5.52 DISTRIBUTION OF THE MINIMUM FERET DIAMETERS OF THE MITOCHONDRIAL PROFILES IN THE HEPATOCYTES OF THE 

120 HPF ZEBRAFISH LARVAE EXPOSED TO BPA AND GENISTEIN INDIVIDUALLY AND IN MIXTURES. .......................... 224 

FIGURE 5.53 MAJOR TO MINOR AXIS RATIOS OF THE MITOCHONDRIAL PROFILES IN THE HEPATOCYTES OF THE 120 HPF ZEBRAFISH 

LARVAE EXPOSED TO BPA AND GENISTEIN INDIVIDUALLY AND IN MIXTURES. ..................................................... 225 

FIGURE 5.54 DISTRIBUTION OF THE MAJOR TO MINOR AXIS RATIOS OF THE MITOCHONDRIAL PROFILES IN THE HEPATOCYTES OF THE 

120 HPF ZEBRAFISH LARVAE EXPOSED TO BPA AND GENISTEIN INDIVIDUALLY AND IN MIXTURES. .......................... 226 

FIGURE 5.55 VITELLOGENIN 1 MRNA (VTG1) EXPRESSION FOLD CHANGES IN THE 120 HPF ZEBRAFISH LARVAE EXPOSED TO BPA 

AND GENISTEIN INDIVIDUALLY AND IN MIXTURES. ........................................................................................ 228 

 

  



xiii 
 

List of Tables 

TABLE 8.1 SPECIFIC COMPARISONS OF THE SURVIVAL OF THE 24, 48, 72, 96 AND 120 HPF ZEBRAFISH EXPOSED TO 2, 4, 8, 16 

AND 32 MG/L BPA FROM 0.75 ς 1 HPF UNTIL 120 HPF. ............................................................................. 258 

TABLE 8.2 .t!ΩS LC50S FOR THE 24, 48, 72, 96 AND 120 HPF ZEBRAFISH. ........................................................... 258 

TABLE 8.3 MEAN HEART RATE (BPM) OF THE 48 AND 72 HPF ZEBRAFISH EXPOSED TO 2, 4, 8 AND 16 MG/L BPA. .......... 259 

TABLE 8.4 SPECIFIC COMPARISONS OF THE HEART RATE OF THE 48 AND 72 HPF ZEBRAFISH EXPOSED TO 2, 4, 8 AND 16 MG/L 

BPA................................................................................................................................................... 259 

TABLE 8.5 SPECIFIC COMPARISON OF THE HATCHING SUCCESS OF THE 72 HPF ZEBRAFISH EXPOSED TO 2, 4, 8 AND 16 MG/L BPA.

 ......................................................................................................................................................... 259 

TABLE 8.6 SPECIFIC COMPARISONS OF THE SURVIVAL OF THE 24, 48, 72, 96 AND 120 HPF ZEBRAFISH EXPOSED TO 1.25, 2.5, 5 

AND 10 MG/L GENISTEIN FROM 0.75 ς 1 HPF UNTIL 120 HPF. ...................................................................... 260 

TABLE 8.7 GENISTEINΩS LC50S FOR THE 24, 48, 72, 96 AND 120 HPF ZEBRAFISH. .................................................... 260 

TABLE 8.8 MEAN HEART RATE (BPM) OF THE 48 AND 72 HPF ZEBRAFISH EXPOSED TO 1.25, 2.5 AND 5 MG/L GENISTEIN. . 260 

TABLE 8.9 SPECIFIC COMPARISONS OF THE HEART RATE OF THE 48 AND 72 HPF ZEBRAFISH EXPOSED TO 1.25, 2.5 AND 5 MG/L 

GENISTEIN. .......................................................................................................................................... 261 

TABLE 8.10 SPECIFIC COMPARISON OF THE HATCHING SUCCESS OF THE 72 HPF ZEBRAFISH EXPOSED TO 1.25 AND 2.5 MG/L 

GENISTEIN. .......................................................................................................................................... 261 

TABLE 8.11 SPECIFIC COMPARISONS OF THE SURVIVAL OF THE 24, 48, 72, 96 AND 120 HPF ZEBRAFISH EXPOSED TO BPA AND 

GENISTEIN INDIVIDUALLY AND IN MIXTURES FROM 0.75-1 HPF UNTIL 120 HPF. ................................................ 262 

TABLE 8.12 SPECIFIC COMPARISONS OF THE HEART RATE OF THE 48 AND 72 HPF ZEBRAFISH EXPOSED TO BPA AND GENISTEIN 

INDIVIDUALLY AND IN MIXTURES. ............................................................................................................. 263 

TABLE 8.13 SPECIFIC COMPARISON OF THE HATCHING SUCCESS OF THE 72 HPF ZEBRAFISH EXPOSED TO BPA AND GENISTEIN 

INDIVIDUALLY AND IN MIXTURES. ............................................................................................................. 263 

TABLE 8.14 SPECIFIC COMPARISON OF THE ABSOLUTE VOLUMES AND VOLUME FRACTIONS OF THE PARAMETERS ANALYSED IN THE 

LIVER OF 120 HPF ZEBRAFISH. ................................................................................................................. 265 

TABLE 8.15 SUMMARY OF THE RESULTS ON THE LIVER ULTRASTRUCTURE OF THE ZEBRAFISH LARVAE TREATED WITH BPA OR/AND 

GENISTEIN AT 72 HPF AND 120 HPF. ........................................................................................................ 266 

TABLE 8.16 INTER-EXPERIMENTAL COMPARISONS OF THE FOLD CHANGES IN THE VTG1 EXPRESSION IN THE 120 HPF ZEBRAFISH 

LARVAE TREATED WITH BPA AND GENISTEIN, INDIVIDUALLY AND IN MIXTURES. ................................................. 267 

TABLE 8.17 INTER-EXPERIMENTAL COMPARISON OF THE CYCLE THRESHOLDS (CT) FOR THE VTG1 IN THE IN THE 120 HPF 

ZEBRAFISH LARVAE TREATED WITH BPA AND GENISTEIN, INDIVIDUALLY AND IN MIXTURES. .................................. 268 

 

  



xiv 
 

List of Abbreviations 

 

BPA ς bisphenol A 

bpm ς beats per minute 

DMSO ς dimethyl sulfoxide 

dpf ς days post-fertilization 

dph ς days post hatch 

E1- oestrone 

E2 ς oestradiol  

EC50 ς effective concentration 50% 

EDC ς endocrine disrupting compounds/chemicals 

EE2 ς ethinylestradiol  

ERς oestrogen ǊŜŎŜǇǘƻǊ ʰΣ ʲ ŀƴŘ ʴ 

HSI ς hepatosomatic index 

hpf ς hours post-fertilization 

hph ς hours post-hatch 

Hsp ς heat shock protein 

LC50 ς lethal concentration 50% 

nER ς nuclear oestrogen receptor 

NFW ς nuclease free water 

NOEC ς no-observed effect concentration 

pmER ς plasma membrane oestrogen receptor 

ROS - reactive oxygen species 

rt PCR ς real time polymerase chain reaction 

Vtg/vtg - vitellogenin protein/mRNA 

 



1 
 

1 General Introduction 

 

1.1 Endocrine disrupting compounds 

Humans are thought to be exposed to dozens if not hundreds of compounds with hormonal 

activity which can disturb hormonal homeostasis. Endocrine disruptors were the main subject 

of the Wingspread conference held in Wisconsin in 1991 (Markey et al., 2002; Vandenberg et 

al., 2009) where alarming reports regarding the disturbances in the morphology and physiology 

of wildlife were discussed. Reported observations included the alterations in the reproductive 

abilities and development of animals living in the areas contaminated by some industrial and 

agricultural substances. These alterations were correlated with modifications in the endocrine 

system and as a result of the discussion the term of endocrine disruptor was coined. This 

conference could be described as the beginning of the big scientific debate on the risk posed by 

substances with hormonal activity for wildlife and human beings. Public attention to the 

problem of endocrine disruptors was drawn by Colborn et al. (1996) who published their 

famous book entitled άhǳǊ ǎǘƻƭŜƴ ŦǳǘǳǊŜέΦ  

There are many definitions of ǘƘŜ ǘŜǊƳ άŜƴŘƻŎǊƛƴŜ ŘƛǎǊǳǇǘƻǊέΦ hƴŜ ƻŦ ǘƘŜ definitions has been 

given by the US Environmental Protection Agency and it says that endocrine disruptors are 

άŜȄƻƎŜƴƻǳǎ ŀƎŜƴǘǎ ǘƘŀǘ ƛƴǘŜǊŦŜǊŜ ǿƛǘƘ ǘƘŜ ǎȅƴǘƘŜǎƛǎΣ ǎŜŎǊŜǘƛƻƴΣ ǘǊŀƴǎǇƻǊǘΣ ōƛƴŘƛƴƎΣ ŀŎǘƛƻƴΣ ƻǊ 

elimination of natural hormones in the body that are responsible for the maintenance of 

homeostasis, reproduction, development, and/or behaviourέ (Markey et al., 2002). A 

somewhat complementary definition was established at the European Workshop on the 

Impact of Endocrine Disrupters on Human Health and the Environment (EUR, 1997) which 

ǎǘŀǘŜǎ ǘƘŀǘ άŀƴ ŜƴŘƻŎǊƛƴŜ ŘƛǎǊǳǇǘŜǊ ƛǎ ŀƴ ŜȄƻƎŜƴƻǳǎ ǎǳōǎǘŀƴŎŜ ǘƘŀǘ causes adverse health 

ŜŦŦŜŎǘǎ ƛƴ ŀƴ ƛƴǘŀŎǘ ƻǊƎŀƴƛǎƳΣ ƻǊ ƛǘǎ ǇǊƻƎŜƴȅΣ ǎǳōǎŜǉǳŜƴǘ ǘƻ ŎƘŀƴƎŜǎ ƛƴ ŜƴŘƻŎǊƛƴŜ ŦǳƴŎǘƛƻƴέ.  

Currently there are hundreds of substances, which have been shown to disrupt hormonal 

balance of both living organisms and in vitro systems. There are many sources of endocrine 

disrupting substances in our environment but the main and biggest one is human activity. The 

rapid development of industry and technology in the last centuries has caused the appearance 

of hundreds of new chemicals many of which have been observed to have endocrine disrupting 

potential. Although an increasing body of national and international regulations has 

considerably reduced the amount of chemicals released into the environment, at least in 

developed countries, concealed but insidious contamination at low doses of a vast number of 

environmental contaminants still pose a threat to living organisms. As Braunbeck noticed, in 

the light of the fact that most environmental pollutants are low in concentration but chronic in 

character, a shift from the relatively crude methods used for the determination of acute 

toxicity to the development of more refined methods is necessary (Braunbeck, 1998). 
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Endocrine disruptors are a structurally heterogeneous group of compounds and consequently 

it is difficult to estimate hormonal activity of a given substance based solely on its chemical 

structure. Some of these compounds may share literally no similarity apart from having 

relatively small molecular mass not exceeding 1000 Daltons (Diamanti-Kandarakis et al., 2009). 

Some structural features of the compounds, however, may increase suspicion of endocrine 

disrupting potential. The presence of a phenolic moiety ς the feature characteristic for the 

structure of the natural steroid hormones, and the presence of halogen group substitutions are 

good examples of such characteristics (Diamanti-Kandarakis et al., 2009; Santodonato, 1997). 

In order to find whether a given substance possess endocrine disrupting potential, however, 

more complicated and sophisticated methods, including in vitro and in vivo hormonal assays, 

are required (Markey et al., 2002). The process of risk assessment is particularly difficult as 

several factors constitute an additional load and further complicate such tasks. The existence 

of multiple receptors through which endocrine disrupting chemicals (EDCs) can act, different 

outcome of 95/ǎΩ action dependent on the receptors, sex and stage of development of the 

organisms, differential plasma protein binding and the influence of other oestrogenic 

compounds are just examples of the factors making the process of establishing endocrine 

regulations particularly hard (Degen and Bolt, 2000).  

Endocrine disruptors can interfere with any known natural hormone. Because of the great 

influence of oestrogens and androgens on normal sex development, compounds which disrupt 

the balance of sex hormones constitute a particular hazard for living organisms and have been 

of great interest. Much attention has particularly been paid to the substances with potential to 

ŘƛǎǘǳǊō ƭƛǾƛƴƎ ƻǊƎŀƴƛǎƳΩǎ oestrogenic homeostasis which have been defined as xenoestrogens. 

 

1.2 Xenoestrogens 

Xenoestrogens are a group of chemicals including both man-made and naturally occurring 

substances. Most of the scientific statements to date agree that xenoestrogens in high doses 

can evoke developmental and reproductive disturbances. Much discussion has been devoted 

to the question of whether xenoestrogens at realistic, i.e. environmentally relevant 

concentrations can pose risk for living organisms. While some scientists claim that there is no 

threat, others seem to be convinced that xenoestrogens pose great danger for living organisms, 

including humans. The lack of unanimity in this matter may result from the fact that there are 

no methods which, with a hundred percent certainty, would allow assessing the interactions of 

environmental oestrogens with the endocrine system (Degen and Bolt, 2000). 

Some observations suggest that there is a real problem concerning excessive oestrogenic 

exposure. A somewhat drastic example of endocrine disruption resulting from the exposure to 

xenoestrogens is the case curiously entitled: ά¢ƘŜ ƳƻǊǘƛŎƛŀƴΩǎ ƳȅǎǘŜǊȅΥ ƎȅƴŜŎƻƳŀǎǘƛŀ ŀƴŘ 

ǊŜǾŜǊǎƛōƭŜ ƘȅǇƻƎƻƴŀŘƻǘǊƻǇƛŎ ƘȅǇƻƎƻƴŀŘƛǎƳ ƛƴ ŀƴ ŜƳōŀƭƳŜǊέ (Finkelstein et al., 1988). In this 

study a 50-year old man was presented with a progressive loss of libido, a decrease in testicular 
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size and beard growth, and marked breast development. When the presence of oestrogen 

producing tumour was excluded, the existence of an external source of disturbing factor was 

concluded. Further study revealed that a hormonally active substance which was contained in 

ǘƘŜ ǇŀǘƛŜƴǘΩǎ serum could effectively displace radio-labelled oestradiol from its receptor. The 

source of this substance was identified as the embalming cream used by the patient in his work. 

In addition, after removing of the source of environmental oestrogen a significant restoration 

of libido, testes size and sperm count, as well as reduction in breast size was observed.  

The disturbances in male reproductive system associated with the exposure to hormonally 

disrupting substances have also been reported elsewhere (Main et al., 2010; Petrelli and 

Mantovani, 2002; Rozati et al., 2002; Toppari et al., 1996). The most common of the reported 

disorders included testicular cancer, cryptorchidism (maldescent of the testes) and 

hypospadias (the defect of the urethra that involves an abnormally placed urinary meatus). The 

opinion that a substantial decrease in the male fertility occurred in the last half a century has 

also been expressed (Carlsen et al., 1992; Carlsen et al., 1993; Swan et al., 1997). Moreover, 

the drop in the semen volume and sperm counts was recognized to be associated with foetal 

exposure to EDCs (Carlsen et al., 1992; Giwercman, 1997). Foetal development has been 

suggested to be the period of particular importance in the genesis of male tract malformations 

(Giwercman, 1997). This observation was confirmed by Sharpe et al. (1993) who have reported 

similar anomalies in the sons of women treated with diethylstilbestrol (DES) during pregnancy 

as well as in animals exposed to EDCs during foetal life.  

Health adverse effects related to the exposure to oestrogenic environmental compounds have 

been also reported in women. The exposure to hormonally active environmental compounds 

has been suggested as the reason behind increased occurrence of breast cancer. Both 

epidemiologic and experimental observations support this hypothesis (Ardies and Dees, 1998; 

Davis et al., 1993; Nikaido et al., 2004). Similarly to the situation observed in males, foetal 

exposure to EDCs has been observed to result in the adverse effects on the reproduction 

related organs. For instance, the development of vaginal adenocarcinoma has been reported in 

so called DES-daughters, i.e. daughters of women exposed to DES while pregnant (Herbst et al., 

1999). The detrimental influence of foetal exposure to xenoestrogens on the development of 

the reproductive tract and the mammary gland in females has been repeatedly proved 

experimentally (Cabaton et al., 2010; Markey et al., 2005; Newbold et al., 2007a; Nikaido et al., 

2004).  

 

1.3 Xenoestrogens and oestrogen receptors 

Substances with endocrine disruptive potential, including xenoestrogens, can exert their 

deteriorating effect on living organisms through a few identified pathways. One of the modes 

of action is mimicking of endogenous hormones and evoking oestrogen-typical responses and 

this pathway is described as agonistic action of EDCs. Another way to influence the endocrine 
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system is by antagonizing natural hormones which takes place when EDCs bind to the 

ƘƻǊƳƻƴŜǎΩ ǊŜŎŜǇǘƻǊǎ and, by doing so, prevent endogenous hormonal action. Moreover, 

hormonally active compounds can alter the pattern of synthesis and metabolism of 

endogenous hormones thereby affecting the levels of natural hormones in the blood. In 

addition, EDCs can modify the levels of natural hormonesΩ receptors and thus affect the action 

of hormones (Markey et al., 2002; Soto et al., 1995). EDCs may also interfere with the binding 

proteins and, subsequently, have an effect on the transport of endogenous hormones to their 

destination.  

Environmental oestrogens have received relatively more attention than other EDCs and 

consequently the mechanism of action of xenoestrogens is one of the better understood. In 

general, xenoestrogens are able to mimic the activity of natural hormones (i.e. oestradiol) and 

depending on their action can be classified as either oestrogenic or oestrogen-like compounds 

(Gillesby and Zacharewski, 1998). The compounds which, due to binding to the specific 

proteins defined as oestrogen receptors (ERs), are able to initiate cellular and tissue effects 

similar to those evoked by oestradiol, are defined as oestrogenic. Oestrogen-like substances, in 

turn, evoke responses similar to those of oestrogen but without binding to ER (Gray et al., 1997) 

but through other, very diverse signalling pathways which makes the study of EDCs a 

particularly challenging and complex practice.  

ERs belong to the group of nuclear proteins which share some structural similarities and are 

called the nuclear receptor super-family. Nuclear receptors (NRs) may act as ligand-dependent 

and ligand-independent transcription factors and are highly conserved in the animal world, 

ranging from invertebrates to higher organisms (Margolis and Christakos, 2010). It has been 

widely studied that nuclear receptors control a wide variety of developmental, physiological 

and metabolic processes. That is why exploration of the knowledge on the modulation of the 

activity of these important transcription factors is of considerable importance. The fact that 

chemically distinct natural ligands interact with the structurally related receptors underpins the 

ability of xenohormones to elicit physiological responses.  

Depending on the kind of activating molecules, several subfamilies can be discerned within the 

NR superfamily. Steroid receptors responding to the steroid hormones make up one of NR 

subfamilies and are represented by ER, progesterone receptor (PR), androgen receptor (AR), 

glucocorticoid receptor (GR), thyroid receptor (TR), vitamin D receptor (VDR) and 

mineralocorticoid receptor (MR). Another group within NRs is constituted by peroxisomes 

proliferator activated receptors (PPARs), the bile acid receptor (FXR) and oxysterol receptor 

(LXR). These receptors are activated by well and less well characterized natural ligands to 

which very often belong endogenous metabolites derived from nutrients, xenobiotics and 

lipids (Margolis and Christakos, 2010). Orphan nuclear receptors (ONRs) represent another 

subfamily of NRs for which the natural ligands are not known. These receptors, however, play 

important roles in a variety of developmental and metabolic actions and can be also involved in 

disease (Horard and Vanacker, 2003). 
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As already mentioned, nuclear receptors act as transcription factors activated, in most cases, 

by their ligand. At a molecular level, the action of NRs is carried out by the binding of the 

receptor-ligand complexes to the specific DNA fragments called the hormone response 

elements (HREs) and affecting the expression of downstream genes. Nuclear receptors may 

also bind to DNA even in the absence of the ligand and sometimes function as suppressors of 

the gene expression. The hormoneΩǎ action is further complicated by the conformational 

changes in the hormone/receptor complexes which can form homo- or heterodimers and 

engage in their action different coregulatory proteins and RNA (Margolis and Christakos, 2010).  

The diagrammatic representation of the structure of a nuclear receptor is presented in Figure 

1.1. The N terminal region (A/B domain), referred also to as a modulator domain, is highly 

variable and usually contains a transcriptional activation function (AF-1). The most conserved 

region of the NR is DNA binding domain (DBD, C domain). DBD contains two highly conserved 

zinc fingers, each finger having four cysteines chelating one zinc ion. Zinc fingers are engaged in 

recognizing and binding to the specific response elements on the DNA strands. In the case of 

the ERs, these specific chromatin fragments are called the oestrogen response elements (EREs). 

Response elements are short palindromic sequences in DNA located near the target genes. 

DBD is also involved in the dimerization of NRs. The next region in the bwΩs structure - D 

domain, is less conserved and constitutes a flexible hinge in the NR structure. The hinge 

contains a nuclear localization signal (NLS) which can overlap with the C domain. Its main 

function is to serve as a hinge between DBD and LBD, hence its name. LBD (ligand binding 

domain, E domain) is located in the C-terminal half of the receptor. It is a moderately 

conserved domain and the largest region in the NR. LBD possess a specific property of ligand 

recognition and upon binding of the ligand it shifts the receptor to a transcriptionally active 

state. A ligand dependent transactivation is dependent on the presence of the activation 

function 2 (AF-2) which is a highly conserved motif localized in the carboxy-terminal end of the 

LBD. AF-2 plays the obligatory role in the recruitment of coactivators required for the ligand 

dependent transactivation. Ligand binding domain ensures both specificity and selectivity of 

the physiological responses. LBD is also employed in the change of conformation, dimerization, 

the recruitment of coactivators, nuclear localization and often in a repression function (Giguere, 

1999; Mangelsdorf et al., 1995; Margolis and Christakos, 2010; Robinson-Rechavi et al., 2003). 

The last domain in the structure of the NR is named F domain and it constitutes a variable C-

terminal region. 
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Figure 1.1 Nuclear receptor structure/function domains.  A/B ς N terminal region, C ς DNA binding 
domain, D ς a flexible hinge and E ς ligand binding domain. Adapted from Gillesby and 
Zacharewski (1998). 

 

ERs are classical nuclear receptors and follow all the structural characteristics typical for the 

superfamily. Due to a whole genome duplication event early in the vertebrate evolution, ERs 

are present in mammals as a duplicate gene pair and are termed alpha and beta ό9wʰ ŀƴŘ 9wʲύ. 

Further gene duplication has taken place in the evolution of bony fishes and resulted in 

additional ER gene isoforms. The data concerning this issue is, however, not consistent. While 

some authors report the ǇǊŜǎŜƴŎŜ ƻŦ ŀ ǘƘƛǊŘ ǘȅǇŜ ƻŦ ǊŜŎŜǇǘƻǊ ŎŀƭƭŜŘ 9wʴΣ ŀǊƛǎƛƴƎ ŀǎ ǘƘŜ ǊŜǎǳƭǘ ƻŦ 

9wʲ ƎŜƴŜ ŘǳǇƭƛŎŀǘƛƻƴ (Hawkins et al., 2000; McLachlan, 2001), the existence of four different 

receptor isoforms is mentioned elsewhere (Meyer and Schartl, 1999; Nagler et al., 2007). 

Regardless of the classifications, all ERs belong to the steroid receptor subfamily and are 

engaged in the regulation of many biological processes such as development, behaviour and 

reproduction. Because of the oestrogenic character of the biological responses evoked by 

xenoestrogens, molecular pathways including ERs are of the most likely mechanisms of action 

for this group of EDCs.  

ERs are ligand induced transcription factors and elicit their cellular effects by working in a 

characteristic fashion. Figure 1.2 depicts the schematic presentation of the ER action upon the 

ligand binding. In this model ER is kept in an inactive conformation through the interaction 

with other proteins, primarily heat shock proteins, such as Hsp 59, 70, 90. Ligand, in this case 

oestradiol which is produced by the ovaries and transported in the blood, is passively taken up 

by the cell. Next, oestradiol crosses the nuclear membrane and binds to ER causing heat shock 

proteins to dissociate. This leads to the change in the ER conformation from an inactive to an 

active form. Once activated, ligand-bound receptors form homodimers which in turn bind to 

the chromatin at the specific DNA sequence - the oestrogen response element (ERE). As a 

consequence of the homodimer binding, the chromatin undergoes rearrangement and next, 

the transcription of target, oestrogen dependent genes, occurs (Gillesby and Zacharewski, 
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1998). The following steps involve transport of the transcribed mRNA to the cell cytoplasm and 

translation to the specific protein, such as, for instance, vitellogenin in the liver cells. In general, 

the transcription resulting from the binding of a given compound to the ER may affect 

numerous functions and have pleiotropic responses in the cells. The possibility of binding 

different chemical substances such as xenoestrogens to the ER further increases the range of 

possible biological effects. 

 

 
Figure 1.2 The ER-dependent mechanism of action of oestrogenic compounds.  Ligand-
bound ERs form a homodimer which binds to ERE and initiates the transcription of a target 
gene. Adapted from Gillesby and Zacharewski (1998).  

 

Closely related to ERs, and thus suspected of mediating the action of xenoestrogens, are ER 

related receptors (ERRs). ERRs belong to the orphan nuclear receptor subfamily and share the 

sequence similarity and identical domain organization with other nuclear receptors (Giguere, 

1999). The action of some xenoestrogens, for example bisphenol A (BPA) and genistein, may 

also be mediated by these receptors. 

 

1.4 Non-genomic mechanisms of xenoestrogens action 

For many years the prevailing dogma was that ERs are present in the cytosol and/or nucleus 

and function as the transcription factors upon binding of their ligands. Subsequently, the 

estimation of oestrogenic properties of exogenous compounds was mainly based on the ability 

of xenoestrogens to bind to the ERs and to act as the transcription factors through binging to 

EREs (Nilsson et al., 2001). The observations of oestrogenic effects of exogenous substances, 

while experimental systems testing the classical nuclear transcriptional activity showed weak 
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or no activity, led to the conjecture that other molecular mechanisms are activated by these 

compounds. Moreover, the observations of the fast cellular responses excluded the more time 

consuming processes related to genomic pathway (of the order of hours) and stimulated the 

search for new, non-genomic cellular mechanisms triggered by oestrogenic stimuli (Szego and 

Davis, 1967). This has led to the understanding that ERs can be associated with the plasma 

membrane (Levin, 2009; Pietras and Szego, 1977). With time, a variety of approaches has 

shown that the plasma membrane ERs (pmERs) might contribute greatly to the actions of 

oestradiol in both traditional and nontraditional target cells, and that mechanisms other than 

transcriptional may be involved in exerting cellular actions. In general, steroid action on the cell 

surface includes the activation of second messenger signalling systems inside the cell. For 

instance, triggering an intracellular spike of calcium (Tesarik and Mendoza, 1995), stimulating 

adenylyl cyclase (Aronica et al., 1994; Zivadinovic et al., 2005), the activation of phospholipase 

C (LeMellay et al., 1997) and mitogen-activated protein kinases (Zivadinovic and Watson, 2005) 

have been identified as rapid (within a few seconds to minutes), nongenomic effects of 

oestradiol exerted via pmER. Moreover, membrane receptors, like classical ERs, may also be 

engaged in the positive or negative transcriptional modulation caused by oestradiol. The 

modification of cytosolic signal transduction pathways involving the activation of kinases, such 

as the ERK (extracellular-signal-regulated kinase) or MAPK (mitogen-activated protein kinase), 

have been identified to take part in conducting the genomic actions of ligand-bound pmERs 

(Pages et al., 1993; Watters et al., 1997). These and other signals lead to the phosphorylation 

of many proteins and affect biological responses such as cell migration, survival and 

proliferation.  

Membrane associated ERs, which seem to play a crucial role in transmitting molecular signals 

from the ligands that do not penetrate the cell, show structural diversity. Depending on the 

similarity of the structure of pmERs to the classical nuclear ERs (nERs), Nadal et al. (2001) , 

have classified pmERs into three groups, namely 1) a pmER identical to the nER, 2) a pmER 

sharing some of the domains of the nER, particularly the ligand binding domain, and 3) a pmER 

unrelated to the nER. Elsewhere, however, the classification of the membrane receptors is 

limited to membrane versions of ƴǳŎƭŜŀǊ ǊŜŎŜǇǘƻǊǎ 9wʰ ŀƴŘ 9wʲ ŀƴŘ ŀ ƴƻǾŜƭ ǘǊŀƴǎƳŜƳōǊŀƴŜ 

receptor GPR30 (Watson et al., 2007a). In general, it is speculated that a post-translational 

modification of nERs is an important way of producing pmERs (Levin, 1999).  

As already mentioned, the vast majority of the research has been devoted to the problem of 

ȄŜƴƻŜǎǘǊƻƎŜƴǎΩ ǇƻǘŜƴŎƛŜǎ ƛƴ ƴǳŎƭŜŀǊ ǘǊŀƴǎŎǊƛǇǘƛƻƴΦ {ŜǾŜǊŀƭ ǊŜŎŜƴǘ ǎǘǳŘƛŜǎΣ ƘƻǿŜǾŜǊΣ ƘŀǾŜ 

shown that oestrogenic mimics are capable of exerting cellular reactions in doses much lower 

than those required to affect nuclear transcription responses. Moreover, the obtained data 

indicate that xenoestrogens appear to be selective pmER modulators (Watson et al., 2010). The 

selectivity of the effects could result from tissue-selective profiles dependent on partnering 

with different signalling proteins in different tissues (Watson et al., 2007b). In addition, the 

possibility of binding different oestrogenic mimics to the ERs increases the diversity of 

ǇƻǘŜƴǘƛŀƭ ƛƴǘǊŀŎŜƭƭǳƭŀǊ ƳŜŎƘŀƴƛǎƳǎΦ ¢Ƙƛǎ άǇǊƻƳƛǎŎǳƛǘȅέ of ERs in accepting so many diverse 
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ligands may be explained by their status as the most evolutionary primitive versions of the 

ligand-activated regulatory proteins (Baker, 2004). This occurred probably as a result of 

ǊŜǎǇƻƴŘƛƴƎ ǘƻ ŀ ŘƛǾŜǊǎŜ ǎŜǘ ƻŦ ƳƻƭŜŎǳƭŜǎ ƛƴ ǘƘŜ ŎŜƭƭΩǎ ŜƴǾƛǊƻƴƳŜƴǘ ŀƴŘ contributed to the fact 

that so many different, exogenous substances can serve as oestrogenic ligands in an 

inappropriate way (Watson et al., 2007b).  

The evidence that a range of environmental compounds can evoke non-genomic cellular 

response has been given in a series of studies carried out by the Watson group in the 

University of Texas. In this research several environmental compounds, which have been 

previously reported as weak oestrogenic, such as bisphenol A, have been shown to be quite 

robust in evoking non-genomic responses. The observed signalling pathways included the 

activation of extracellular signal-regulated kinases (Bulayeva et al., 2004; Bulayeva and Watson, 

2004) and the influx of calcium and secretion and release of prolactin by tumour pituitary cells 

(Watson et al., 2007b; Wozniak et al., 2005). The rapid signalling actions due to exposure to 

some oestrogenic pesticides and manifested by changes in the intracellular calcium content 

were also reported for other cell types such as endocrine (Wu et al., 2006) and endothelial 

(Younglai et al., 2006). Another study which has confirmed the non-genomic, rapid effects of 

xenoestrogens was carried out by Thomas and Dong (2006). In their study, several 

xenoestrogens including bisphenol A and genistein, and already known to exert oestrogenic 

activities through nERs, were found to bind to a novel oestrogen membrane receptor GPR30 

and, consequently, have potential to interfere with oestrogen signalling. Up-regulation of 

adenylyl cyclase activity constituted a molecular effect exerted by the studied oestrogen 

mimics. These results suggested that despite considerable differences in the structures of the 

classical ERs and GPR30, there are substantial similarities in the ligand binding domains of 

these two ER classes. All of these examples show that xenoestrogens are able to evoke fast, 

non-genomic responses with the use of membrane associated receptors. It is important, 

however, to remember that, apart from having an impact on the second messenger system, 

liganded membrane receptors may ultimately activate nuclear signalling pathway via post-

translational modifications of transcription factors including nuclear receptors themselves 

(Watson et al., 2007b).  

The wide variety of possible structural combinations of ERs, and especially the existence of 

novel, unrelated to nERs, membrane receptors, seems to underpin the diversity of action of 

estrogens. Repeating after Watson et al. (2007b), it can be stated that ά{ǘŜǊƻƛŘ ŀŎǘƛƻƴΣ 

regardless of where in the cell it takes place, is likely to result from a very complex sequence of 

events that can assemble a different repertoire of proteins to function in different cell types, 

and under different circumstances. The job is unlikely to be carried out by a simple protein 

making all response decisions. The existence of multiple types of steroid-binding proteins 

(receptors, enzymes, transporters, blood and cellular binding globulins and their receptors) and 

multiple examples of each type, contribute to the diversity of situations to which cells can 

ǊŜǎǇƻƴŘέ. The diversity of the effects evoked by the oestrogenic chemicals is further 

complicated by the possibility of activating, at once, many parallel signalling pathways while 
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acting selectively with respect to timing and predominant use of different signalling avenues 

(Bulayeva and Watson, 2004). Moreover, when the abundance of xenoestrogens able to 

interfere with the pathways of the natural estrogens is taken under consideration, the diversity 

of biological responses is further increased.  

 

1.5 Non-monotonic dose response patterns 

Important factors for the explanation how xenoestrogens may disrupt oestrogenic responses 

are the broad tissue distribution of multiple types of ERs and the existence of different 

molecular pathways following ligand binding (i.e. transcriptional vs. membrane-initiated 

second messengers and kinase cascades). Additional aspects, however, need to be taken under 

consideration when the effects of estrogens and oestrogenic mimics are studied, namely 

nonconventional/non-monotonic dose response patterns. 

Looking for the effects of ǘƘŜ ŎƻƳǇƻǳƴŘǎΩ ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ higher than the maximum tolerated 

dose, or, in other words, higher than the lowest observed adverse effect level (LOAEL) is often 

a characteristic of toxicological studies. It is so because ǘƘŜ ǾƛŜǿ ŜȄǇǊŜǎǎŜŘ ǎƛƳǇƭȅ ŀǎ ΨǘƘŜ 

higher the exposure the greater the ƘŀǊƳΩ ǎŜŜƳs to prevail in toxicology. This paradigm, 

however, is very often misleading as xenobiotic estrogens have been repeatedly observed to 

evoke actions with non-monotonic course, a feature typical for endogenous hormones. The 

stimulation of responses by low doses of endogenous hormones, while inhibiting a given 

response by the higher doses, is a phenomenon well known to endocrinologists and very often 

used in clinical endocrinology to treat diseases (Welshons et al., 2003).  

Nonconventional dose-responses are those effects which do not follow typical threshold dose 

response model in which the low-dose effects rise from a threshold and plateau at higher 

concentrations. A non-monotonic dose response curve has a bimodal character and its shape 

reverses as the level of the contaminant increases, as simply presented on Figure 1.3. Large 

effects from small exposures can be explained by non-monotonic dose response models which 

can be presented as U-shaped or inverted U-shaped curves. U-shaped curve reflects the 

situation when a stimulation of a given performance is observed at low and at high doses of 

contaminant, while inverted U-shaped curve shows that the greatest response occurs at the 

intermediate doses of an investigated substance. The result of such a course of the response 

curve is somewhat puzzling because it indicates that greater impacts are observed at lower 

doses of contaminant than at the higher ones. Interference with an increasing number of 

endocrine-response systems as dose increases (e.g., due to binding or cross talk of an EDC with 

other nuclear receptors) (Weltje et al., 2005), activation or inhibition of different genes at 

different doses (Coser et al., 2003) and reaching toxic levels by a given oestrogen (Welshons et 

al., 2003) may underpin high dose inhibition observed for xenoestrogens.  
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Figure 1.3 Diagram presenting idealized forms of non-monotonic dose 
response curves. The shape of non-monotonic dose response curves reverses 
as the level of contaminant increases. Adapted from the 
www.ourstolenfuture.org website (OSF). 

 

A good example of non-monotonic way of action of xenoestrogens is the effect of foetal 

exposure to some oestrogenic substances (including bisphenol A) on the size of prostate later 

in life. The studies have shown that while low doses of oestrogen mimics cause enlargement of 

the gland, higher doses do not cause such alterations (Gupta, 2000; Welshons et al., 1997). 

Moreover, high doses were observed to lead to the decrease in the size of prostate in 

comparison to the controls. An attempt to explain this trend has been made by Welshones et 

al. (2003) who suggested that high doses of contaminant become overly toxic and lead to the 

poisoning of the system manifested in the shrinkage of the gland. 

Taking into account that xenoestrogens may evoke non-monotonic responses it seems 

important to realize that linear extrapolation from experiments using only high doses of the 

hormone-mimicking chemicals cannot be used to predict effects at low doses (Welshons et al., 

2003). That is why studies ought not to be limited only to the high doses of EDCs and the 

effects exerted by lower doses, including those below no observed effect concentrations 

(NOEC), should be explored.  

 

1.6 Mixtures of endocrine disruptors  

Very low oestrogenic potency of most of the so far identified hormonally active compounds is a 

somewhat problematic factor in the assessment of the health risk posed by these substances. 

Although there is an evidence that some of the xenoestrogens can cause adverse effects in 

wildlife, the question whether it would be possible for these weak estrogens to lead to such 

serious adverse effects as breast cancer or male reproductive problems still remains 

unresolved.  

http://www.ourstolenfuture.org/
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Some attempts to unravel this issue have been undertaken. One of the views is the possibility 

of interaction between individual environmental hormones which could potentially lead to the 

enhanced effects. The likelihood of interactions between EDCs seems quite plausible especially 

when the fact of the ubiquitous existence of EDCs (water, air, food) is taken into consideration. 

This and the copious quantity of the compounds classified as endocrine disrupters make it 

reasonable to think that the organisms ƭƛǾƛƴƎ ƛƴ ǘƻŘŀȅΩǎ ǿƻǊƭŘ are exposed to the mixtures of 

endocrine disruptors, rather than to the individual EDCs.  

The idea that the effect of a given substance may be modified (enhanced or diminished) in the 

presence of another compound is not strange, especially in the pharmacological and 

toxicological fields of studies. The existence of such interactions between the compounds 

makes the assessment of the results difficult, as it is not simply the sum of individual 

ǎǳōǎǘŀƴŎŜǎΩ ŜŦŦŜŎǘs. For instance, some studies have shown that individual oestrogenic 

substances, both natural and exogenous, differ in their potencies and temporal response 

patterns. As a consequence, when exposure to several oestrogenic ligands with different 

temporal, oscillating time course patterns takes place, sustained oestrogenic responses could 

be observed in the cell/organism.  

The subject of xenoestrogen mixtures is a relatively new and there are comparably fewer 

reports on the effects exerted by the combined EDCs than on the influences of the individual 

oestrogenic xenobiotics. One of the debated issues is the character of the interactions 

occurring between xenoestrogens and whether they lead to antagonistic, additive or 

synergistic (above additivity) combinational effects. Synergistic interactions between 

oestrogenic EDCs present the worst case scenario when the effects of individual compounds 

are enhanced when applied simultaneously. Could synergistic interactions between EDCs of 

weak oestrogenic potential lead to the adverse effects in human and wildlife? This question 

although undoubtedly of great importance, seems to remain unresolved as reports both 

proving and disproving synergistic interactions between oestrogenic xenoestrogens can be 

found in the literature. Synergistic effects for the binary combinations of xenoestrogens have 

been reported by Arnold et al. (1996a). As an explanation for synergistic relations between 

compounds the authors suggested that two chemicals could combine in the oestrogen-binding 

site on the ER and mimic one molecule of natural hormone. Consequently, the transcription of 

oestrogen related genes would be increased. Another possibility proposed by the proponents 

of a synergistic action of environmental hormones is the presence of at least two oestrogen 

binding sites in the ER which, when both occupied by ligands, would lead to the synergistic 

transcriptional activity (Arnold et al., 1996b). This theory of synergistic relations between 

oestrogenic EDCs has, however, been debunked as a result of unsuccessful attempts to 

replicate these results by others (Ashby et al., 1997; Ramamoorthy et al., 1997), as well as by 

the authors themselves, and consequently the study has been withdrawn (McLachlan, 1997). 

This, however, does not preclude the possibility of synergistic interactions between 

xenoestrogens as they have been reported elsewhere (vanBirgelen et al., 1996). To further 

complicate the case of synergistic interactions, conflicting results and, subsequently, 
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contradictory conclusions have been obtained by Bergeron et al. (1994) who found synergistic 

effects and Arcaro et al. (1998) who did not, using a mixture of several weakly oestrogenic 

compounds. The lack of conformity in the matter of synergistic interactions between 

oestrogenic EDCs warrants further research. In addition, the exploration of the additive and 

antagonistic effects of the mixtures is of no lesser importance. 

Not only interactions between xenoestrogens but also the reciprocal actions between the 

exogenous compounds and the endogenous estrogens are possible. There is a risk that the 

environmental estrogens action could be additive with that of the endogenous estrogens and 

lead to the increased oestrogenic effects. Consistent with this view is the study of Rajapakse et 

al. (2002) ǿƘƻ ǳǎƛƴƎ ŀ ȅŜŀǎǘ ǊŜǇƻǊǘŜǊ ƎŜƴŜ ŀǎǎŀȅ όƘǳƳŀƴ 9wʰύ observed that the effect of 17̡ -

oestradiol was more than doubled when combined with a mixture of xenoestrogens, each at 

the below no-observed-effect concentration. This report has confirmed that the 

responsiveness of a system to endogenous oestrogen can be dramatically increased in the 

presence of a mixture of environmental estrogens at very low concentrations. Such a 

phenomenon could underpin the inappropriate oestrogenic activities and, consequently, lead 

to the adverse health effects (Watson et al., 2007b).  

In their review on human health and chemical mixtures, Carpenter et al. (1998) conclude that 

although people are rarely exposed to individual chemicals, most of the available information 

on adverse human effects regards single compounds. As the authors further notice, for two or 

more chemicals additive, antagonistic or synergistic interactions may occur. Chemical 

compounds may also act on different systems and thus not interact with each other. In 

addition, even a single compound may evoke various effects on different organs 

simultaneously. Moreover, the chemicals effects may vary with age (Carpenter et al., 1998). 

Following this reasoning one might say that there are still many gaps in the knowledge 

regarding the effects exerted by EDCs in mixtures. That is why new studies, scrutinizing effects 

of not previously explored mixtures should be undertaken. Considering the amount of existing 

oestrogenic EDCs and even the greater amount of their possible combinations, there is still 

much to investigate in the field of xenoestrogen mixtures.  

 

1.7 ά{ŜƴǎƛǘƛǾŜ ǿƛƴŘƻǿǎέ of the exposure to endocrine disruptors  

Another important biological issue when studying the effects of xenoestrogens is the matter of 

exposure during different developmental windows. The possibility of the combined effects of 

xenoestrogens and endogenous estrogens already present in the living organism should be 

especially considered when developmental windows of particular sensitivity to hormonal 

imbalance are taken into account. Foetal period belongs to these sensitive windows in the 

development of the living organisms. During this time endogenous hormones regulate 

important processes such as cell proliferation, differentiation and growth, involving complex 

patterns of cell signalling and cell migration, which are exquisitely sensitive to the changes in 
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hormone concentrations. Due to such sensitivity during the foetal life, small fluctuations in 

endogenous hormone signals may lead to permanent changes in the course of differentiation 

of cells. These cellular alterations may lead to the permanent changes in the gene activity and, 

consequently, in organ function. This phenomenon has become the basis of the relatively new 

scientific view called epigenetics which seeks the source of the inter-individual variety in 

signals that cells are exposed to, rather than due to a fixed genetic program. The alterations 

occurring during developmental stages through the interfering with organogenesis and 

histogenesis are considered as organizational and irreversible (McLachlan, 2001; Vandenberg 

et al., 2009). Therefore, exposure to oestrogenic chemicals, as well as to other EDCs, poses a 

particular threat when introduced during foetal and neonatal stages of the ƻǊƎŀƴƛǎƳΩǎ 

development. In contrast, post-developmental changes are considered to have activational and 

reversible character, although, as Maffini et al. (2006) notice, it cannot be excluded that 

exposure to deleterious factors later in life does not cause additional negative effects. 

An unfortunate example of the unique sensitivity of the developing foetus to the disturbance 

by compounds with hormone-like activity is adverse health effects observed in the offspring of 

women treated with diethylstilbestrol (DES) during pregnancy. DES is a synthetic oestrogen 

which was prescribed to more than five million women in the late 1940s-1970s to prevent 

abortions and pregnancy complications (Newbold, 2004; Palmlund et al., 1993). Whereas 

women exposed to DES remained without obvious health problems, their exposed in utero 

daughters showed significant increase in uterine, cervical and vaginal malformations, such as, 

for instance, clear cell adenocarcinoma - a very rare cancer of the vagina (Herbst and Anderson, 

1990; Herbst et al., 1971). It was only when the so called ΨDES daughtersΩ reached puberty, or 

when they attempted to become pregnant, that those severe abnormalities in the reproductive 

organs were observed. Soon the cause of adverse health effects was identified as the exposure 

to DES during foetal development and subsequently the administration of drug during 

pregnancy was banned (Toppari et al., 1996). The importance of the time of exposure to the 

generation of disorders was further revealed when DES-daughters exposed during the first 7 

weeks of gestation were compared with those exposed at week 15 or later. This comparison 

showed that women exposed earlier in the foetal development had a higher risk of 

reproductive organ malformations (Hatch et al., 2001).  

The sensitivity of the foetus to endocrine disruptors was also revealed in the case of the ΨDES- 

sonsΩ. Structural anomalies of the reproductive organs such as hypospadias, epididymal cysts, 

testicular abnormalities, cryptorchidism and pathological semen were significantly more 

frequent in DES exposed men than in controls (Gill et al., 1977; Gill et al., 1979). As in the case 

of women, the importance of the timing of exposure (time of organogenesis) was indicated 

when men exposed to DES before week 11 of gestation showed twice as high frequency of 

genital anomalies than those who were exposed later in prenatal life (Wilcox et al., 1995).  

¢ƘŜ ǊŜƭŀǘƛǾŜƭȅ ƴŜǿ ƘȅǇƻǘƘŜǎƛǎ ŜƴǘƛǘƭŜŘ άǘƘŜ ŘŜǾŜƭƻǇƳŜƴǘŀƭ ƻǊƛƎƛƴ ƻŦ ŀŘǳƭǘ ŘƛǎŜŀǎŜέ ƛǎ ŦƻŎǳǎed 

around unique sensitivity to the surrounding environment during foetal development. Foetal 

developmental plasticity which allows the foetus to respond to poor conditions in the uterus is 
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the basis for this hypothesisΣ ƻŦǘŜƴ ŎŀƭƭŜŘ ά.ŀrƪŜǊΩǎ ƘȅǇƻǘƘŜǎƛǎέ because its foundations were 

laid by Barker (De Boo and Harding, 2006). This theory states that adverse environmental 

influences early in development, and particularly during intrauterine life, can result in 

permanent alterations in organ structure and physiology leading to the increased susceptibility 

to disease in adulthood (Barker, 2004a, b). 

The environmental compounds with hormone-like activity can interfere with the programming 

of endocrine signalling pathways which are established during prenatal life and lead to adverse 

health effects that may not be apparent until much later in life. This new insight into the foetal 

origin of adult disease has prompted scientists to reason that prenatal exposure to oestrogen-

like chemicals may underpin the increased incidence of breast cancer in the last 50 years. 

Several animal experiments in which rodents were exposed in utero to low doses of EDC 

(including bisphenol A), have revealed altered development and morphology of the mammary 

gland, and thus gave scientific support of this assumption (Markey et al., 2001; Munoz-de-Toro 

et al., 2005; Soto et al., 2008). Foetal exposure to xenoestrogens may also underpin the 

development of obesity and obesity-associated diseases in adult life, as have been suggested 

elsewhere (Newbold et al., 2008; Newbold et al., 2007b). This assumption was supported by 

the experimental studies in which mice exposed early in development to diethylstilbestrol (DES) 

showed increased body weight resulting from an increase in the percentage of body fat, later 

in life. Foetal exposure to xenoestrogens has also been correlated with the alteration in the 

histoarchitecture (in the periductal stromal compartment) of the prostate in rats (Ramos et al., 

2001). This observation is significant in the light of the data on human prostate cancers which 

shows that changes in the stroma compartment may lead to the invasive and/or malignant 

potential of the nascent tumour. Increased prostate size in adult mice was also observed 

following foetal exposure to environmentally relevant doses of xenobiotic estrogens, including 

BPA (Welshons et al., 1999). 

 

To summarize, when all the above mentioned factors such as different ligands and their diverse 

doses, different times of exposure, the types of ERs, and different molecular pathways 

involving activation of diverse repertoires of proteins (i.e. co-regulators in the case of 

transcription factors, and signalling molecules in the case of the membrane steroid receptors) 

which are different in each cell type (Watson et al., 2007a) are taken into consideration, it may 

be concluded that each oestrogen, as well as an oestrogenic mimic, will have a different effect 

in the different tissues. 
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1.8 Bisphenol A 

 

 

Figure 1.4 The molecular structure of bisphenol A. Adapted from Gillesby 
and Zacharewski (1998). . 

 

1.8.1 Introduction 

Bisphenol A (BPA) is άƻƴŜ ƻŦ ǘƘŜ Ƴƻǎǘ ǳōƛǉǳƛǘƻǳǎ ŜƴŘƻŎǊƛƴŜ ŘƛǎǊǳǇǘƻǊǎέ (Maffini et al., 2006). 

This compound has received a great amount of attention mainly because of widespread human 

exposure and public concern for possible health effects caused by its oestrogenic character. It 

is encountered by an average person of the developed world on a regular basis since it has 

been found in the air, water and food. BPA is a monomer that is polymerized to produce 

polycarbonate plastic and resins used to line metal cans, consequently the sources of BPA 

include water and baby bottles (Cao and Corriveau, 2008; Kubwabo et al., 2009) and food and 

beverages cans (Thomson and Grounds, 2005). BPA is also used as an additive in other types of 

plastic such as polyvinyl chloride (PVC) used in medical tubing, toys, and water pipes, the latter 

leading to concerns about transdermal BPA exposure through bathing in BPA-containing water 

(Welshons et al., 2006). Some polymers used as dental materials also contain BPA (Fleisch et al., 

2010). Human exposure to BPA takes place mostly through oral route as a result of drinking 

liquids and eating food contaminated with it (Chapin et al., 2008). In addition, BPA may also 

contaminate organisms through respiratory system because it has been found in the air (Rudel 

et al., 2001). 

Human exposure to BPA takes place due to hydrolysis of ester bonds by which BPA molecules 

are held together in plastic polymers. The process of hydrolysis is accelerated by high 

temperature and physical contact with acidic and basic substances and can take place during 

heating plastic containers and metal cans containing food (Brotons et al., 1995; Howdeshell et 

al., 2003; Krishnan et al., 1993). For instance, whereas the amount of BPA (mean ± SD) released 

ŦǊƻƳ ƴŜǿ ǇƻƭȅŎŀǊōƻƴŀǘŜ ōŀōȅ ōƻǘǘƭŜǎ ǿŀǎ лΦно ҕ лΦмн ˃Ǝκ[, dishwashing, boiling and brushing 

simulation liberated much higher amounts of BPA, namely уΦп ҕ п ˃Ǝκ[ (Brede et al., 2003). 

High temperature treatment is, however, not necessary to cause plastic to release BPA 

molecules. The study of Carwile et al. (2009) demonstrated that drinking cold beverages from 

polycarbonate bottles increased urinary BPA concentrations by two-thirds compared to BPA 

concentrations detected in the urine after a washout phase of one week. The study by 

Goodson et al. (2002) who examined the BPA contents in 62 different canned foods (fish in 

aqueous media, vegetables, beverages, soups, desserts, fruit, infant formulas, pasta, and meat 
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products) in the UK detected BPA in the 38 samples. Moreover, in 37 out of 38 canned foods 

this xenoestrogen was present at levels above т ˃Ǝ/kg and one sample of meat had a mean 

level of BPA equal to оул ˃Ǝ /kg. 

Based on the in vitro studies in which oestrogenic potential of BPA was compared to oestradiol, 

BPA was characterized as a weak environmental oestrogen. This opinion was based on low 

affinity of BPA for the nERs relative to oestradiol controls with EC50 equal to 2-7 x 10-7 M 

versus 1-6 x 10 -13 M for oestradiol (Andersen et al., 1999; Fang et al., 2000). This view, 

however, has changed in the light of studies showing that BPA may also act via mechanisms 

independent of nERs. 

Hundreds of studies have been conducted to unravel the mechanisms and effects of BPA action. 

Even today, however, there is controversy between scientists as to whether BPA poses a health 

risk for human and animal health. The problem is crucial not only from a scientific, but also 

from an industrial point of view. BPA production exceeds 6 billion pounds (2.7 x 109 kg) per 

year which renders it one of the highest volume chemicals produced worldwide (Vandenberg 

et al., 2009). 

 

1.8.2 Mechanisms of BPA action  

The molecular mechanisms through which endocrine disrupting compounds act as hormone-

mimics are still only partially resolved. BPA can exert its action through both traditional 

genomic pathways as well as through the non-genomic ways with much faster than genomic 

cellular responses (Welshons et al., 2006). The first mode of action involves binding of BPA to 

nERsΣ ōƻǘƘ ŦƻǊƳ ʰ ŀƴŘ ʲΣ ŀƴŘΣ ŎƻƴǎŜǉǳŜƴǘƭȅΣ ŀŦŦŜcting the transcription of particular oestrogen-

related genes. .ƛƻŎƘŜƳƛŎŀƭ ŀǎǎŀȅǎ ƘŀǾŜ ǎƘƻǿƴ ǘƘŀǘ .t! ōƛƴŘǎ мл ǘƛƳŜǎ ǎǘǊƻƴƎŜǊ ǿƛǘƘ 9wʲ ǘƘŀƴ 

9wʰ (Gould et al., 1998; Kuiper et al., 1998). Moreover, different co-activators can be recruited 

ǿƘŜƴ .t! ƛǎ ōƻǳƴŘ ǘƻ ōƻǘƘ 9wʰ ŀƴŘ 9wʲ which may contribute to the complex tissue-specific 

responses to BPA exposure (Wetherill et al., 2007). In the second mechanism BPA exerts it 

action through the membrane bound receptors and in this case cellular changes can be 

observed much sooner and at the clearly lower concentrations than those required to act 

through the classical nuclear receptors. The receptors involved in the non-genomic action of 

BPA include membrane-ōƻǳƴŘ ŦƻǊƳ ƻŦ 9wʰ ŀƴŘ a transmembrane ER called G protein-coupled 

receptor 30 (GPR30; Watson et al., 2007b; Welshons et al., 2006). The binding of BPA to GPR30 

has been found to be 8-50 times higher than its affinity to the ERs (Thomas and Dong, 2006).  

The complexity of the possible BPA molecular pathways arising from existence of different 

receptors, their diverse localization dependent on the cell type, tissue, organ, and different 

expression at individual stages of development, may underpin diverse effects of low doses of 

BPA (Welshons et al., 2006). The low-dose effects of BPA may also be caused by the additivity 

of BPA with other endogenous or exogenous estrogens already present in the living organism, 

as discussed in more detail in Section 1.6. The hypothesis that many BPA studies missed its 
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effects simply by choosing too high doses of the compound has been presented by some 

scientists (vom Saal and Hughes, 2005). Many studies have reported a wide range of adverse 

effects at doses of BPA below the current reference dose ƻŦ рл ˃ƎκƪƎκŘŀȅ (vom Saal and 

Hughes, 2005). This reference dose has been set by the U.S. Environmental Protection Agency 

(EPA) as the daily dose which is safe for humans over the lifetime based on the threshold dose 

response model. Nonςmonotonic dose response theory is able to explain the effects of BPA at 

the concentrations lower than a reference dose. ¢ƘŜ ǘŜǊƳ Ψƭƻǿ ŘƻǎŜΩ ǊŜŦŜǊǎ ŀƭǎƻ ǘƻ the doses 

within the range of typical human exposure (vom Saal et al., 2007) which is detailed in Section 

1.8.3. 

 

1.8.3 BPA human exposure levels 

The presence of BPA in the adult human tissues has been well documented. A large scale test 

involving 394 people in the United States demonstrated the presence of BPA in 95% of the 

urine samples tested (Calafat et al., 2005). A similar study was carried out on human 

population of several Asian countries (296 people) and revealed that 94.3% of analyzed urine 

samples demonstrated the content of BPA at concentrations ranging from < 0.1 to 30.1 ng/ml 

(Zhang et al., 2011b). Takeuchi and Tsutsumi (2002) have shown that the concentrations of 

.t! ƛƴ ŀŘǳƭǘǎΩ ǎŜǊǳƳ (mean ± SEM) are 1.49 ± 0.11 ng/ml in men and 0.64 ± 0.10 ng/ml in 

women. Considerably higher concentrations of BPA ranging from 0.79 to 7.12 ng/ml (mean ± 

SD equal to 2.91 ± 1.74 ng/ml) were detected by Cobellis et al. (2009) in the blood serum of 

endometriotic women. This widely demonstrated presence of BPA in human tissues is a cause 

for concern when potential health damage is taken under consideration, especially as there are 

studies which present an association between BPA content and some diseases. For example, 

the study of Wang et al. (2012) who examined over 3300 middle-aged and elderly Chinese 

people demonstrated that BPA was positively correlated with generalized obesity, abdominal 

obesity and insulin resistance. Furthermore, cross-sectional analysis of BPA concentrations and 

health status in the general adult population of the United Sates carried out by Lang et al. 

(2008) revealed that higher urinary BPA concentrations were associated with cardiovascular 

ŘƛŀƎƴƻǎŜǎΣ ŘƛŀōŜǘŜǎ ŀƴŘ ŎƭƛƴƛŎŀƭƭȅ ŀōƴƻǊƳŀƭ ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ ƻŦ ǘƘŜ ƭƛǾŜǊ ŜƴȊȅƳŜǎ ʴ-

glutamyltransferase and alkaline phosphatase. 

In the light of these facts it is not unexpected that BPA was also found in the plasma of 

pregnant women as well as in the foetal plasma and in the placental tissue (Ikezuki et al., 2002; 

Schonfelder et al., 2002a). Ikezuki et al. (2002) detected 8.3 ± 8.7 ng/ml BPA in the amniotic 

fluid at 15-18 weeks gestation, whereas concentrations of BPA in other studied fluids (serum, 

ovarian follicular fluid) were about 5-fold lower. In this study BPA in the foetal serum was 

estimated to reach 2.2 ± 1.8 ng/ml. Yamada et al. (2002), who also studied the content of BPA 

in the amniotic fluid, observed 2.80 ς 5.62 ng/ml BPA concentrations in several women in the 

early second trimester of pregnancy. A study of BPA exposure in Korean pregnant women and 

their foetuses revealed concentrations from non-detectable to 66.48 ˃ Ǝκ[ BPA in the pregnant 
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ǿƻƳŜƴΩs blood and from non-detectable to 8.86 ˃ Ǝ/L BPA in the umbilical cords (Lee et al., 

2008). These facts indicate that it is possible to be born with BPA already present in the blood. 

This exposure may be further increased when babies are fed with the use of bottles from which 

BPA is leaching. In addition, BPA was detected in the milk of nursing mothers at the mean 

concentration of 0.61 ± 0.20 ng/ml (Sun et al., 2004). In special cases, such as in premature 

infants from neonatal intensive care units, who were exposed to phenols in association with 

the use of specific polyvinyl chloride plastic medical devices, reported BPA geometric mean 

ǳǊƛƴŜ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ǿŀǎ ŀǎ ƘƛƎƘ ŀǎ олΦо ˃Ǝκ[ (Moors et al., 2007). All these examples 

demonstrate that human exposure to BPA may begin before birth and continue throughout life. 

Early exposure to BPA may be particularly dangerous as animal studies have shown that 

organisms at perinatal stages of development are subject to a much higher degree of 

deleterious effects than adults (Richter et al., 2007). This is in accordance with the opinion of 

vom Saal et al. (2007) who stated that sensitivity to endocrine disruptors, including BPA, varies 

extensively with life stage which points to existence of specific windows of increased sensitivity 

at multiple life stages. In the light of these facts it seems that exposure to xenoestrogens, 

including BPA, early in life is of particular interest and takes a special place in the field of the 

endocrine disruption. Particularly that some studies revealed that perinatal exposure to low 

doses of BPA may increase susceptibility to mammary gland neoplasia in adult life, as it was 

observed in rats (Durando et al., 2007; Murray et al., 2007; Soto and Sonnenschein, 2010). The 

ban of the production of baby bottles containing BPA in Canada in 2008 followed by a similar 

ban in the European Union (EC, 2010) could be interpreted as the expressions of this concern.  

 

Whether low doses of BPA are harmless for human and animal health has been the subject of 

hot debate in the last few years. The review of the existing literature clearly shows that there is 

controversy over the threat posed by BPA for living organisms. On one side there are those 

who claim that BPA in the amounts available in the environment pose no risk for human 

development and health in general. On the other side there are scientists who express a great 

concern in relation to human exposure to BPA. Interesting fact concerning different opinions 

about BPA has been noticed by vom Saal and Hughes (2005). In their review of available 

studies on BPA, authors report that one of the predictors of the results was the source of 

funding. While the majority of studies funded by government showed significant deleterious 

influence of low doses of BPA, the research financed from industrial sources showed lack of 

such effects. The question asked by the authors was whether any of these two groups of 

scientists is under pressure to find data showing only negative effects of BPA or their lack.  

!ƭǘƘƻǳƎƘ ǘƘŜ ŘŜōŀǘŜ ƻǾŜǊ .t!Ωǎ ǇƻǘŜƴǘƛŀƭ ŦƻǊ ƘŀǊƳ ƛǎ ǎǘƛƭƭ ǳƴǊŜǎƻƭǾŜŘΣ the appearance of 

reports on significant effects evoked by low doses of BPA attracts special attention. 

Noteworthy, for instance, is the report of the group of the world leading experts on BPA who in 

their consensus in 2007 stated that concentrations of unconjugated BPA detected in tissues 

and fluids in some foetuses, children and adults (parts per billion) are higher than levels 

observed in the blood of animals exposed to current reference dose of BPA (vom Saal et al., 
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2007). In addition, in the study of Welshons et al. (1999) an enlarged prostate was found in 

male offspring of mice exposed during pregnancy to 2 or 20 ˃ƎκƪƎκŘŀȅ .t! ǿƘƛŎƘ ƛǎ ŦŀǊ ōŜƭƻǿ 

ǘƘŜ ŎǳǊǊŜƴǘ ǊŜŦŜǊŜƴŎŜ ŘƻǎŜ ƻŦ рл ˃ƎκƪƎκŘŀȅΦ aƻǊŜƻǾŜǊΣ ŎƘŀƴƎŜǎ ƛƴ ǘƘŜ ŦǳƴŎǘƛƻƴ of pituitary 

tumour cells were observed under the influence of BPA at very low concentration of 1 pM, i.e. 

0.33 pg/ml of cell culture medium (Wozniak et al., 2005). The number of studies which show 

no deleterious effects of BPA is, however, equally substantial. Thus there is no consensus on 

the influence of BPA on human health, and as long as the reports on the deleterious effects of 

this compound appear, the issue of BPA remains one of those requiring further investigation. 

 

1.9 Genistein 

 

 

Figure 1.5 The molecular structure of genistein.  Adapted from Limer and 
Speirs (2004). 

 

1.9.1 Introduction  

Not only compounds originating from the human activity but also chemicals produced naturally 

by plants can mimic oestrogenic effects in vertebrates. These biologically-active plant-derived 

substances which structurally and functionally mimic estrogens are named phytoestrogens 

(Dixon, 2004; Setchell, 1998). Phytoestrogens do not have any reproduction related functions 

in plants but instead are involved in the defence against herbivores and protection against 

radicals or reactive oxygen forms (Ibarreta et al., 2000). Phytoestrogens are practically 

unavoidable for people because they are present in the normal human diet although in 

different amounts. Legumes show particularly high content of phytoestrogens. Other plants, 

for instance those known to be rich in fibre, also contain substantial amounts of these 

oestrogenic substances.  

Phytoestrogens are categorized according to their chemical structure into three main groups: 

lignans, coumestans and isoflavones (Ibarreta et al., 2000). Isoflavones are low molecular 

weight antimicrobial substances synthesized de novo in plants in response to exposure to 

bacterial pathogens (Burton and Wells, 2002). Isoflavones are found almost exclusively in 

plants of Fabaceae family, commonly known as legume family, such as soybeans, chickpeas, 

green peas, lupin, kudzu or fava beans. Genistein όпΩΣрΣт-Trihydroxyisoflavone) is a 
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predominant phytoestrogen in soy and soy derived products and accounts for approximately 

two-thirds of soy isofavone content (Setchell et al., 1997). Consequently, genistein is a major 

contributor to the total oestrogenic effects of soy.  

A handful of studies have associated phytoestrogen consumption with positive effects on 

human health. Lower incidence in hormone associated cancers such as breast or prostate 

cancer has been correlated with diets rich in soy (Dixon, 2004). There may also be a link 

between an isoflavone-rich diet and reduced risk of thyroid cancer (Horn-Ross et al., 2002), and 

colon cancer (Adlercreutz, 2002). Genistein and related isoflavones can also inhibit cell growth 

and/or development of chemically induced cancers in stomach, bladder, lung and blood (Dixon, 

2004). For example, the growth of human stomach cancer cell lines was observed to be 

strongly inhibited by genistein through the activation of a signal transduction pathway leading 

to apoptosis (Yanagihara et al., 1993). In addition, reports on the positive effects of the 

phytoestrogens on glucose and lipid metabolism are also found in the literature (Cederroth and 

Nef, 2009). Moreover, lower frequency in post-menopausal oestrogen withdrawal symptoms 

(hot flashes, bone loss, cardiovascular events) has been linked with Asian diets containing high 

quantities of phytoestrogens (Adlercreutz and Mazur, 1997). The reports on the positive 

influences of phytoestrogen are presumably the reasons behind the rise in the consumption of 

isoflavone rich food and soy-based food supplements in recent times. Particular attention was 

given to phytoestrogens by women of peri-menopausal and menopausal age as the soy-

derived extracts found their application as the alternative for hormone replacement therapy 

(HRT) to alleviate the oestrogen deficiency symptoms (Wutte et al., 2003). There has also been 

a substantial increase in the use of soy-based baby milk formulas. (Polack et al., 1999). 

Lǘ ǿŀǎ ƴƻǘ ǇƘȅǘƻŜǎǘǊƻƎŜƴǎΩ ǇƻǎƛǘƛǾŜ ƘŜŀƭǘƘ ŜŦŦŜŎǘǎΣ ƘƻǿŜǾŜǊΣ ǿƘƛŎƘ ŀǘǘǊŀŎǘŜŘ ǘƘŜ ŀǘǘŜƴǘƛƻƴ ƻŦ 

scientists over 60 years ago. Adverse effects on sheep and cattle fertility in consequence to 

consuming phytoestrogen-rich pastures were noticed by veterinary physicians in Australia in 

1946 (Bennetts et al., 1946). Since the observation of this so-ŎŀƭƭŜŘ ΨŎƭƻǾŜǊ ŘƛǎŜŀǎŜΩ scientific 

reports on the potentially harmful effects of phytoestrogens have emerged. An interesting 

observation, for example, was reported for captive cheetahs which showed hepatic 

venooclusive disease and reproductive failure due to feeding on soy-based diets (Setchell et al., 

1987). In addition, when the soy-based diet was replaced with meat, the function of the liver 

improved. The occurrence of the phytoestrogen related fertility inhibition was also observed in 

California quail feeding on isoflavone-rich annuals growing in a dry year (Leopold et al., 1976). 

¢ƘŜ ǊŜǇƻǊǘǎ ƻƴ ǇƘȅǘƻŜǎǘǊƻƎŜƴǎΩ adverse effects on hormonally-related functions resulted in an 

inclusion of these compounds in the group of endocrine disruptors. 

!ƭƭ ǘƘŜǎŜ ŦŀŎǘǎ ƳŀƪŜ ǘƘŜ ǎǳōƧŜŎǘ ƻŦ ǇƘȅǘƻŜǎǘǊƻƎŜƴǎΩ ƛƴŦƭǳŜƴŎŜ ƻƴ ƘǳƳŀƴ ƘŜŀƭǘƘ ǾŜǊȅ 

controversial. For instance, despite significant research in the field of breast cancer - the 

leading cause of cancer deaths in women (Jemal, 2011), there still is no consensus on the role 

of phytoestrogens in this disease. On the one hand, consumption of soy-rich foods is thought 

to be associated with lower breast cancer. A handful of studies showed reduced breast cancer 

risk for women with higher phytoestrogen levels (Dai et al., 2001; Hirose et al., 1995; Ingram et 
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al., 1997; Linseisen et al., 2004; McCann et al., 2006; Shu et al., 2001; Thanos et al., 2006). 

Some speculate that it is precisely exposure to soy bean products containing genistein that 

leads to the breast cancer protection in Asian women (Lamartiniere, 2000). In addition, meta-

analysis of studies on correlation between soy intake and breast cancer risk led authors to 

conclude that soy intake may be associated with a small reduction in breast cancer risk (Trock 

et al., 2006). On the other hand, reports presenting no association between phytoestrogen 

exposure and breast cancer prevention, andΣ ǿƘŀǘΩǎ ƳƻǊŜΣ ǎǘǳŘƛŜǎ ǎƘƻǿƛƴƎ ƘŀǊƳŦǳƭ ŜŦŦŜŎǘǎ of 

ǘƘŜǎŜ ŎƻƳǇƻǳƴŘǎ ƻƴ ǿƻƳŜƴΩ ƘŜŀƭǘƘ, can also be found in the literature. For example, the 

indicators of an increased risk to develop a mammary cancer, such as breast density, mammary 

gland fluid production and progesterone receptor formation, were observed in women eating 

typical western diet under isofalvone treatment (McMichael-Phillips et al., 1998; Petrakis et al., 

1996). Another example is the study of Grace et al. (2004) in which the association between 

exposure to isoflavone (as assessed based on their level in the serum and in the urine) and 

increased breast cancer risk was observed. Reports of this type may lead to concerns that the 

consumptions of isofalvones by peri- or post-menopausal women could increase rather than 

decrease the risk of developing a mammary cancer (Wutte et al., 2002) 

One of the hypotheses aiming to reconcile contradictory observations from the studies on 

breast cancer is that cancer preventing effects of phytoestrogens may occur when soy nutrition 

takes place from the beginning of life onwards (Knight and Sorensen, 2001; Lamartiniere, 2000). 

Increased vulnerability during the early developmental stages, hormonal activity of 

phytoestrogens and wide ranges of phytoestrogensΩ levels to which babies may be exposed 

may, however, bring more harm than the potential breast cancer-preventing effects.  

 

1.9.2 Mechanisms of ÇÅÎÉÓÔÅÉÎȭÓ action  

There are many different mechanisms through which phytoestrogens such as genistein may 

trigger their action. Oestrogenic effects may result from the ability of phytoestrogens to bind 

to ERs. In general, isoflavone compounds have lower binding affinity to ERs when compared to 

the mammalian estrogens (Benassayag et al., 2002; Routledge et al., 2000). Genistein has been 

found to be a highly effective competitor for oestradiol at ERs. The study of Fioravanti et al. 

(1998) ǎƘƻǿŜŘ ǘƘŀǘ ƎŜƴƛǎǘŜƛƴΩǎ ōƛƴŘƛƴƎ ŀŦŦƛƴƛǘȅ ǘƻ ŎȅǘƻǇƭŀǎƳƛŎ 9w ǿŀǎ рл-fold lower than that of 

endogenous oestradiol in the ER-positive cell line (MCF-7). It was demonstrated elsewhere that 

binding affinity of genistein is preferential as it binds about 20-fold stronger ǿƛǘƘ 9wʲ ǘƘŀƴ 9wʰ 

(Kuiper et al., 1998; Routledge et al., 2000). Genistein can also act through GPR30 towards 

which it has higher binding affinity than several other environmental estrogens including BPA 

(Thomas and Dong, 2006).  

Genistein may also act through other mechanisms. One of the wider studied subjects is 

ƎŜƴƛǎǘŜƛƴΩǎ ǇƻǘŜƴǘƛŀƭ ǘƻ ƛƴƘƛōƛǘ tyrosine specific protein kinases (Akiyama et al., 1987; Kim et al., 

1998). Genistein has also been demonstrated to inhibit DNA topoisomerase II, angiogenesis 
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and the production of reactive oxygen species (which may lead to tissue damage and DNA 

modification) and to modulate cell cycle progression (Barnes and Peterson, 1995; Peterson, 

1995). Moreover, the study of Pino et al. (2000) showed that genistein displaces bound 

oestrogen and testosterone from human sex hormone binding globulin (SHBG) and can 

increase plasma levels of this globulin in postmenopausal women. Increased synthesis and 

secretion of SHBG was also observed in an in vitro study with the use of human HepG2 

hepatocarcinoma cell line (Mousavi and Adlercreutz, 1993). 

 

1.9.3 'ÅÎÉÓÔÅÉÎȭÓ Èuman exposure levels 

Although genisteinΩǎ oestrogenic activity is weak ŎƻƳǇŀǊŜŘ ǘƻ мтʲ oestradiol, levels of 

phytoestrogens in the body can reach 100 to 1000-fold higher levels than peak concentrations 

of the endogenous oestrogen in premenopausal women (Limer and Speirs, 2004; Zava and 

Duwe, 1997). This leads to concerns about influence of plant-originating estrogens on human 

health, particularly during vulnerable stages of development. 

There are significant differences in the concentrations of isoflavonoids between different 

human populations. In general, concentrations of phytoestrogens are relatively low in subjects 

consuming an omnivorous diet without soy foods as opposed to higher levels observed in 

populations for which soy rich foods constitute a staple (Morton et al., 2002). For example, 

Adlercreutz et al. (1993) compared the geometric mean plasma concentrations of four 

isoflavonoids in men of similar age from Finland and Japan and saw 7 to 110 times higher 

concentrations in the Japanese than in the Finns. The plasma levels of studied isoflavones were 

generally very high in the Japanese men although there was also a significant inter-individual 

variation. Although the mean total genistein concentration in the Japanese was estimated as 

276 nM, one subject had a genistein concentration exceeding 2.4 µM. When the size of the 

human population studied is taken under consideration (n=14) it can be concluded that 

genistein levels of micro molar range in Japanese male population are not exceptional.  

The exposure to phytoestrogens in food may, as already mentioned, begin early in life due to 

infant formulas based on soy available on the grocery market. Soy-based formulas were 

initially developed for infants with lactose intolerance or allergies ǘƻ ŎƻǿΩǎ Ƴƛƭƪ (Polack et al., 

1999). In recent years, however, substantial increase in the use of soy protein-based formulae 

has taken place and the number of infants fed with this kind of food far surpasses the 

percentage of infants requiring it for medically justified reasons. In the United States, for 

example, approximately 25% of all formula-fed infants are fed with soy-based formulas (Bhatia 

et al., 2008).  

The blood concentrations of total genistein in infants fed soy-based formulas are an order of 

magnitude greater compared with concentrations observed in adults consuming high soy diets 

and several hundred-fold higher than adults eating Western diets (Adlercreutz et al., 1993; 

Setchell et al., 1997). Moreover, the plasma concentrations of isoflavones able to disrupt the 
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menstrual cycle in premenopausal women are approximately 10-fold lower than 

concentrations of total genistein found in the plasma of soy-based infant formulas (Cassidy et 

al., 1994). Such data leads to concerns that early exposure to relatively high doses of 

phytoestrogens could cause reproductive and other problems later in life. The study of 

Cimafranca et al. (2010) is one of the reports which justify an existing concern. In this study 

ƴŜƻƴŀǘŀƭ ƳƛŎŜ ǿŜǊŜ ƻǊŀƭƭȅ ŜȄǇƻǎŜŘ ǘƻ ƎŜƴƛǎǘŜƛƴ ǘƻ ƳƛƳƛŎ ǘƘŜ ǊƻǳǘŜ ƻŦ ƛƴŦŀƴǘǎΩ ŜȄǇƻǎǳǊŜ ŀƴŘ ǘhe 

total plasma genistein concentrations reached were of 2-3 µM. This range of genistein 

concentrations corresponds to the levels of 3.36 µM (median) and 684 ± 443 ng/ml (mean ± SD) 

reported for the soy formula-fed infants by Cao et al. (2009) and Setchell et al. (1997), 

respectively. Such levels of genistein were observed to cause an increase in the relative uterine 

weight, decrease in the expression of progesterone receptor in the uterine epithelium, a 

decrease in the thymic weight relative to body weight, increased incidence in multioocyte 

follicles in the ovary and disturbances in the length of oestrus cycle later in life. These results 

suggest that genistein exposure seen in the soy formula-fed infants may be sufficient to result 

in oestrogenic alterations in reproductive and other organs (Cimafranca et al., 2010). This 

implication is further justified by the fact that mice pups were exposed to the phytoestrogens 

for the first five days of life which constitutes only a quarter of the pre-weaning period, 

whereas human infants can be exposed to genistein through the entire nursing period. In 

addition, animals were fed with genistein only once a day which was reflected in serum 

concentrations which decreased with time, while babies who are fed regularly during 24 hour 

period can be exposed to higher and more stable concentrations of this phytoestrogen. 

 

1.10 Endocrine disruption in fish 

The field of endocrine disruption is a relatively new discipline of environmental research which 

has rapidly grown in the last few decades. Many aspects related to this topic are studied and 

presented in hundreds of reports each year. A large proportion of these studies are dedicated 

to the problem of endocrine disruption in aquatic organisms. This interest is largely due to the 

fact that the aquatic environment has increasingly been the depository for pollutants of 

different origins and aquatic organisms are subjected to continuous exposure of different 

chemicals throughout their lives (Sumpter, 2005). 

Aquatic environments can be polluted by different substances, of both natural and synthetic 

character and through both intentional and accidental release. The intentional discharge of 

chemicals occurs mainly through release of effluents from sewage treatment plants and some 

industries, while accidental release takes place when spills, run-offs and atmospheric 

deposition take place. The fate of pollutants can vary and while some substances can be 

degraded to harmless compounds, others cannot be decomposed or can even be degraded to 

more harmful substances. In either case these compounds may be absorbed by the organisms 

living in the water and in the case of fish this occurs mainly through the skin, gills and with food. 
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As a consequence these chemicals may get into the food chain to higher vertebrates (Sumpter, 

2005).  

The whole story of endocrine disruption in fish started in the late seventies of the last century 

when English anglers observed hermaphrodite fish in the lagoons of some sewage treatment 

plants. These observations attracted scientific attention and subsequent studies confirmed that 

a chemical constituent found in the sewage treatment plant effluents might be the causative 

agent of unusually high frequency of intersexuality observed in some fish species. Even though 

the issue of endocrine disruption in fish was at that time discussed, albeit not openly, a public 

debate of a widespread sexual disruption in vertebrates began nearly twenty years later 

(Jobling et al., 1998; Sumpter and Johnson, 2008). 

Since the evidence for endocrine disruption in wildlife populations has been mainly derived 

from the studies on aquatic vertebrates, fish have been recommended for the development of 

the tests for EDCs (Fenner-Crisp et al., 2000; OECD, 1999). Biological effects in fish that have 

been attributed to the outcomes of endocrine disruption include the inappropriate production 

of the blood protein vitellogenin in male and juvenile fish, disturbed ovarian or testicular 

development, intersexuality and/or masculinisation or feminization of the internal or external 

genitalia, abnormal blood steroid concentrations, increased ovarian atresia, reduced spawning 

success, impaired reproductive output, precocious male and/or female maturation, reduced 

hatching success and/or larval survival and altered growth and development (Vos et al., 2000).  

EDCs present in the aquatic environment include a diverse group of synthetic industrial and 

agricultural chemicals and even some naturally occurring compounds. Sewage treatment 

plants and pulp and paper mills have been recognized to be one of the major sources of 

endocrine disrupting chemicals for both fresh and salt water inhabitants (Jobling and Tyler, 

2003; Pait and Nelson, 2002). The study of Desbrow et al. (1998) have shown that natural 

steroid estrogens 17̡-oestradiol (E2) and oestrone (E1), and the synthetic steroid oestrogen 

ethinyl oestradiol (EE2) can be the causative agents of feminization of the fish living 

downstream of sewage treatment plants. These oestrogenic compounds have been reported 

to be incompletely broken down in sewage treatment plants (Johnson and Sumpter, 2001; 

Johnson and Williams, 2004).  

The estrogenicity of sewage treatment plant effluents may result also from the presence of 

naturally extracted female hormones or contraceptive pill constituents. In some specific 

locations xenoestrogens like alkylphenolic chemicals have been diagnosed as a significant 

factor in oestrogenic character of sewage treatment plant effluents (Sheahan et al., 2002a; 

Sheahan et al., 2002b). Both BPA and genistein have been identified as aquatic pollutants and 

can further increase estrogenicity of waterways. Discharge of BPA into aquatic environment 

occurs from the migration of BPA-based products into rivers and seas and also through effluent 

from sewage treatment plants and landfill sites (Kang et al., 2008; Spengler et al., 2001). 

GenisteinΩǎ ǇǊŜǎŜƴŎŜΣ ƛƴ ǘǳǊƴΣ Ƙŀǎ ōŜŜƴ ŘŜǘŜŎǘŜŘ ƛƴ сл҈ ƻŦ ǘƘŜ sewage treatment plant 

effluents sampled in Germany (Spengler et al., 2001) and in hardwood pulp and mill effluent 
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(Kiparissis et al., 2001). Oestrogenic activity resulting from the presence of this phytoestrogen 

(143.4 µg/L) has also been diagnosed in the Japanese river from a primarily residential area 

with some industrial development (Kawanishi et al., 2004). 

Although sewage treatment plants and pulp and paper mills are the major supply of EDCs for 

the aquatic environment, other sources of hormonally active pollutants have also been found. 

Manufacturing processes related to textile, plastic, polyvinyl and electrical equipment 

production are other sources of EDCs. In addition, agricultural run-offs also contain substances 

able to evoke hormonal disruption such as pesticides and herbicides. Furthermore, oil spills, 

recreational boating and shipping, and atmospheric deposition of the products of fossil fuel 

combustion are other sources of hormonally active substances in waters. All these facts show 

that there is a wide variety of human activities which can introduce EDCs into the environment, 

especially into waterways, which causes the aquatic species to be more vulnerable to 

endocrine disruption than terrestrial organisms. This is why it seems justified to look for effects 

of endocrine disrupting substances in aquatic species. 

There is little evidence to suggest that fish are more susceptible to EDCs than other wildlife 

(Jobling and Tyler, 2003) which further justifies the interest in fish and recognition of this 

species as an appropriate model for biomedical research focused on endocrine disruption. 

Moreover, the evidence available on receptor binding affinities for compounds able to mimic 

hormones, including xenoestrogens, suggests that vertebrates are likely to be similarly 

sensitive to environmental EDCs. In addition, there are many similarities with respect to the 

nature of the hormones, their receptors and in the regulatory control of endocrine system 

between fish and higher vertebrates (Ankley and Johnson, 2004). Another reason is the need to 

search for alternative animal models for different fields of biomedical research. To date, small 

mammals like mice and rats have been the most common animal models used in biological 

studies. These vertebrates, although proven to be very advantageous animal models, are 

expensive to maintain, difficult to work with at embryonic stages and limited for large- scale 

genetic studies. Another reason for searching for alternatives is the principle of the three Rs, 

namely, reduction, refinement and replacement. The replacement rule requires the limitation 

of animal use to situations in which they are absolutely necessary. It also demands of the 

researcher to consider if a different animal species, lower in the phylogenetic scale, could be 

used (Wolfensohn and Lloyd, 1994). In general, although mammals constitute the most 

attractive animal models, other models are researched to complement deficiencies in the 

mammalian studies.  
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1.11 Why zebrafish?  

Zebrafish (Danio rerio) is a small tropical freshwater fish belonging to Cyprinidae and native to 

the rivers of northern India, northern Pakistan, Nepal and Bhutan in South Asia. This species 

has received a great amount of interest in many scientific fields and increasing number of the 

publications in which zebrafish constitutes the main topic is an indicator of growing scientific 

fame of this small vertebrate (Figure 1.6). 

 
 

 
Figure 1.6 Graphic presentation of the increasing interest in zebrafish 
based on the number of scientific articles published in the last half century. 
5ŀǘŀ ōŀǎŜŘ ƻƴ ǘƘŜ ǎŜŀǊŎƘ ǳǎƛƴƎ ΨȊŜōǊŀŦƛǎƘΩ ŀǎ ŀ ΨǘƻǇƛŎΩ ƻƴ ǘƘŜ ²Ŝb of 
science database on 27.08.2012. 

 

There are many advantages of using zebrafish as a model species for various scientific 

disciplines. As it was observed by Segner (2009), this fish has become so popular in science 

because it offers both technical and practical advantages. The technical aspect is true because 

of ease and relatively low costs of this species maintenance, as well as its high fecundity. Rapid 

development (Figure 1.7) and ease of observation at early developmental stages due to 

transparency are also important merits of zebrafish-based studies.  
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Figure 1.7 A schematic presentation of rapid development of zebrafish. First 
embryonic divisions start before 1 hpf and at 24 hpf the embryos have an 
established body plan and major organs visible. Adapted from Wolpert et al. (2006).  

 

The practical advantages result from the fact that this organism can provide conceptual 

insights into many aspects of vertebrate biology, toxicology, and disease. An additional 

advantage of working with this species is a rich source of information concerning different 

aspects of its biology, which often enables defining standard/normal values and consequently 

enables recognition of the changes caused experimentally (Segner, 2009). 

All of these virtues of zebrafish have been appreciated by a wide variety of scientific disciplines. 

Some have even labelled it ǘƘŜ άǾŜǊǘŜōǊŀǘŜ Drosophilaέ ŀǎ ƛǘ ƻŦŦŜǊǎ Ƴŀƴȅ ƻŦ ǘƘŜ ǎŀƳŜ 

advantages as invertebrate models with few of the disadvantages (Lessman, 2011; Nagel, 

2001). Genetics is undoubtedly one of the disciplines in which potential of this species was 

used to the fullest and one of the reasons for this is the fact that zebrafish orthologs of human 

genes can be identified due to the high genetic conservation among vertebrates (Chu and 

Sadler, 2009). Zebrafish is also widely used as a model in developmental biology mainly due to 

the fact that fundamental developmental programs are well shared among vertebrates (Chu 

and Sadler, 2009; Ting and Peng, 2009). Moreover, genomic and molecular similarities between 

this organism and higher vertebrates make many important discoveries from zebrafish 

development applicable to humans (Veldman and Lin, 2008). For example, zebrafish has been 

shown to be an excellent model system to study the development of the liver. Studies on liver 

development in mammals (mice) are made difficult by the fact that liver development is 
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intertwined with vasculogenesis and hematopoiesis and dysfunction of one of these processes 

prevents the proper development of the others (Chu and Sadler, 2009). Moreover, in mammals 

the liver is an early hematopoietic organ and mutations affecting its development lead to death 

by causing anaemia (Reimold et al., 2000). In contrast, embryonic hematopoiesis does not take 

place in the zebrafish liver and that is why embryonic anomalies of this organ do not lead to 

the death due to hematopoietic dysfunction. Moreover, liver development can be investigated 

even in zebrafish embryos with mutations affecting the cardiovascular system. Even in the 

absence of blood circulation, embryonic zebrafish can survive and develop relatively normally 

for at least first several days of its development because oxygen can diffuse passively through 

body surface and nutrients come mainly from the yolk (Chu and Sadler, 2009; Stainier, 2001). 

Additionally, zebrafish embryogenesis occurs extrauterinely which makes the embryonic liver 

accessible for the study of development through a direct genetic approach (Ting and Peng, 

2009). 

The zebrafish attributes have also been appreciated by toxicologists and pharmacologists (Hill 

et al., 2005; Langheinrich, 2003). The size of a model animal for the studies dedicated to 

chemical testing is important as it is directly related to the costs of husbandry, the amounts of 

chemicals used for testing and the volumes of potentially hazardous wastes produced. For 

toxicological studies where the objective is to identify adverse effects of chemical exposure, 

particularly important is tƘŜ ŀōǳƴŘŀƴŎŜ ƻŦ ƛƴŦƻǊƳŀǘƛƻƴ ƻƴ ΨǿƘŀǘ ƛǎ ƴƻǊƳŀƭΩ ŦƻǊ ǘƘƛǎ ǎǇŜŎƛŜǎΦ 

Moreover, in contrast to embryos of other vertebrates, zebrafish development and its 

disorders can be assessed continually due to external development. These and other 

characteristics contributed to the appreciation of zebrafish embryos as the test system for the 

studies focused on effects of chemical compounds, both drugs and pollutants. The embryo test 

with Danio rerio, called DarT, was proposed by Nagel (2001) as the substitution of the 

commonly used acute fish test in ecotoxicological and toxicological studies. This test is based 

on the usage of embryos which, following brief exposure to the tested compounds, are 

carefully analyzed for several parameters such as pigmentation, oedema formation or heart 

beat. Strong scientific support that the fish embryo toxicity test (FET) is a good surrogate for 

the acute fish toxicity was also provided by Lammer et al. (2009). Furthermore, zebrafish 

embryo-based tests might also be used to predict the teratogenic potential of chemicals in 

mammals as 88% of 41 substances known to be mammalian teratogens showed results in 

agreement with findings in mammals when tested with DarT (Nagel, 2001). For 

pharmacological studies a particular advantage of this species is the possibility of testing the 

drugs in an in vivo context, with the drugs affecting a number of different cells in their natural 

environment (Langheinrich, 2003). 

A contributing factor in the popularity of zebrafish embryos and larvae as a model organism in 

the studies from many scientific disciplines may also be the drive to implement the 3Rs which 

are enshrined in the UK Animals Scientific Procedures Act 1986 (ASPA). The 3Rs are three main 

guiding principles for animal research, namely: replacement, reduction and refinement. 

According to ASPA a licence is required to conduct regulated procedures on fish from the time 
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at which they become capable of independent feeding which in the zebrafish is accepted to be 

at 5 dpf. Life stages before this time are considered to be not sufficiently aware that they will 

suffer when a procedure is carried out. Moreover, their use enables generating in vivo data in 

certain organs which is in accordance with replacement of mammals at more sentient and 

licensed stages (Fleming, 2007). 

 

1.12 Zebrafish as a model for endocrine disruption studies 

The values of zebrafish as an experimental model have also been recognized in the field of 

endocrine disruption. This fish was one of the species recognized by Ankley and Johnson (2004) 

as a vertebrate model for identifying and assessing the effects of endocrine-disrupting 

chemicals (EDCs). A significant degree of conservation of basic aspects of endocrine systems 

across vertebrates is of great importance as provides a basis for using results from fish tests to 

predict likely mechanisms of action of EDCs in other vertebrates (Ankley and Johnson, 2004). 

Both full life cycle (Nakari and Erkomaa, 2003; Nash et al., 2004; Schafers et al., 2007) and 

partial life cycle tests (Schafers et al., 2007; Segner et al., 2003a) have been used in the studies 

of EDCs using zebrafish. In both types of studies the endpoints related to sexual development 

and reproductive parameters such as start of spawning, mating behaviour, number of eggs per 

female, fertilization success of embryos and embryo survival are of the greatest interest. 

Gonad histology and vitellogenin levels have also been observed in fish exposed to EDCs (Brion 

et al., 2004; Van den Belt et al., 2001; van der Ven et al., 2007). In general, xenoestrogens have 

been observed to cause increased vitellogenin synthesis, impaired growth, delayed onset of 

maturation, altered sexual differentiation and sex ratio, and decrease in egg production and 

fertilization success (Nakari and Erkomaa, 2003; Nash et al., 2004; Schafers et al., 2007; Segner 

et al., 2003a; Segner et al., 2003b). 

The relatively short life cycle of zebrafish enables full life cycle testing of EDCs easier than with 

other fish species. These tests, however are very challenging, time consuming and expensive. 

For these reasons partial life cycle tests seem more pragmatic. An important issue for the 

partial life cycle tests is to determine the critical period of sensitivity to tested EDC. Petersen et 

al. (2001) who studied the suitability of zebrafish as a test organism to detect EDCs observed 

that 40 day-test starting from 20 days post hatch is suitable for detection of both oestrogenic 

and androgenic effects. In another study, άsensitive windowέ for endocrine disruption with 

oestrogenic compounds has been determined as the period of final gonad differentiation 

ǿƘƛŎƘ ƛƴ ǘƘŜ ŀǳǘƘƻǊǎΩ ǎȅǎǘŜƳ ƻŎŎǳǊǊŜŘ ōŜǘǿŜŜƴ пн ǘƻ 75 dpf (Segner et al., 2003a). Zebrafish 

belongs to the group of animals identified as undifferentiated gonochorists which means that 

in their early development all zebrafish individuals develop non-functional ovaries and then go 

through the phase when these organs will either proceed to develop mature ovaries or 

degenerate, leading to the development of normal, functional testes (Maack and Segner, 2003). 

Gonad histopathology, sex ratio and vitellogenin levels have been often observed in the partial 
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life cycle tests of EDCs with the use of zebrafish (Andersen et al., 2003; Brion et al., 2004; Hill 

and Janz, 2003; Holbech et al., 2006; Orn et al., 2003). 

This species has been proposed as a model organism to identify targets as well as modes of 

action of endocrine disrupting compounds by Segner (2009). One of the insights expressed by 

Segner was that despite all the characteristics which render the zebrafish embryos so popular 

in toxicological and pharmacological studies, they have been rather rarely used for screening of 

EDCs. This justifies the need for further studies in which endocrine disruption could be 

explored in new ways with the use of zebrafish at early stages of development. Moreover, the 

majority of studies on EDCs with the use of zebrafish have addressed disruption of sexual 

differentiation and reproduction. Notwithstanding, as rightly pointed out by Segner (2009), 

other targets of EDCs action must not be overlooked.  

 

1.13 Why liver? 

The liver is an accessory digestive organ. It is the major metabolic organ engaged in the 

metabolism of carbohydrates, lipids and amino acids. It is also responsible for the storage of 

vitamins and minerals, as well as for the synthesis and secretion of the bile and the plasma 

proteins including albumins, clotting factors and complement proteins. 

Several functions of the liver are particularly important when considering the effects of EDCs 

on the vertebrates. Firstly, the liver has a principal role in the detoxification of the blood which 

is constantly filtered through the hepatic capillaries. Consequently all substances carried by 

blood, including xenobiotics, encounter this organ on their way. Furthermore, the liver is a 

major site of accumulation, biotransformation and excretion of xenobiotics, including EDCs 

(Mortensen and Arukwe, 2007).  

The liver is also the primary site for the absorption and recycling of hormones including 

estrogens and therefore takes part in the regulation of the plasma concentrations of these 

hormones. To study the effects of xenoestrogens on the hormonal homeostasis is hence 

ŎƻǊǊŜƭŀǘŜŘ ǿƛǘƘ ǘƘŜ ǎǘǳŘȅ ƻŦ 95/ǎΩ ŜŦŦŜŎǘǎ ƻƴ ǘƘŜ ƭƛǾŜǊ ŦǳƴŎǘƛƻƴ. There have been several 

ǊŜǇƻǊǘǎ ƻŦ ǘƘŜ 95/ǎΩ ǇƻǘŜƴǘƛŀƭ ǘƻ ŀŦŦŜŎǘ the enzymes involved in the endogenous metabolism of 

native hormones (Kirk et al., 2003) . For example, BPA and dioxin down-regulated CYP1A1 ς an 

oestrogen metabolizing monooxygenase, in mouse hepatoma cells (Jeong et al., 2000).  

The level of free and hence active native oestradiol is dependent on the amount of sex 

hormone binding globulin (SHBG). This protein, which by binding oestradiol renders it inactive, 

is synthesized and released to the bloodstream through the liver. Some studies have reported 

that environmental estrogens may affect the levels of this globulin (Mousavi and Adlercreutz, 

1993; Pino et al., 2000) which further reveals engagement of the liver in the regulation of the 

hormonal environment. 
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Endocrine functions of the liver are clearly seen in the oviparous organisms in which 

vitellogenesis takes place. As will be discussed in more detail in Section 1.17, vitellogenesis is 

the production and release by the hepatocytes of the egg yolk precursor protein called 

vitellogenin. This process is completely hormone dependent and occurs normally in the 

ŦŜƳŀƭŜǎ ƘŜǇŀǘƻŎȅǘŜǎ ƛƴ ǊŜǎǇƻƴǎŜ ǘƻ ǘƘŜ ŀŎǘƛǾŀǘƛƻƴ ǿƛǘƘ ǘƘŜ ŜǎǘǊƻƎŜƴǎ ǎǳŎƘ ŀǎ мтʲ oestradiol. 

Released by the hepatocytes vitellogenin is then transported with the blood to the ovaries 

where it is built in the developing oocytes as the yolk necessary for the development of the 

future embryos. The schematic illustration of this process is presented in Figure 1.8.  

 
Figure 1.8 A schematic presentation of the vitellogenesis. The liver 
responds to the ovary-derived oestradiol synthesizing and secreting 
vitellogenin. This protein is then transferred via blood back to the ovaries 
where is will be incorporated into the maturing oocytes.  

 

The importance of the liver in the studies related to endocrine disruption has been also 

recognized whenever liver size was taken under consideration. The liver size has been 

observed to be sensitive to oestrogenic exposure. In fact, hepatosomatic index (HSI) which is 

the ratio of liver weight to the total body weight, has been determined as a biomarker of 

oestrogen exposure (Lye et al., 1997). Fish exposed to the oestrogenic compounds have been 

repeatedly observed to have increased HSIs (Lye et al., 1997; Nimrod and Benson, 1996; 

Thorpe et al., 2000). Moreover, HSI was used as one of the main indicators of oestrogenic 

disruptors in the studies aiming to assess the status of the Irish aquatic environment (Tarrant 

et al., 2005). 

There is an additional reason for which the liver seems a justified organ when studying 

endocrine disruption in the zebrafish, particularly at early stages of the development. The 

majority of the histopathological studies on EDCs have, for understandable reasons, focused on 

the organs of well known dependency on the sex hormones, such as gonads and the sexual 

organs. To study the effects of xenoestrogens on zebrafish reproductive parameters, such as 

the gonads architecture or function, animals older than 5 dpf need to be used. Zebrafish is a 

species which goes through a phase of juvenile hermaphroditism during its early development 

(Maack and Segner, 2003, 2004). This means that initially all the individuals, irrespective of 

genetic sex, display the gonads of undifferentiated ovary-like morphology (Maack and Segner, 

2003; Uchida et al., 2002). Around 23 dpf these undifferentiated ovaries start to degenerate in 
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fish which will develop testes while in the remaining larvae they develop and mature as ovaries. 

This process is completed approximately 40 day post hatching. The fact that the final gonadal 

sex of zebrafish is dependent on hormonal balance during this sexually decisive period of 

development (Maack and Segner, 2004) has been the basis of many previous studies. Such 

studies, however, cannot be conducted on the early zebrafish larvae. For this reasons studies 

on the influence of sub-lethal concentrations of xenoestrogens on histological and cytological 

structure of embryonic/larval zebrafish, ought to be focused on the organs other than gonads. 

Liver seems to be a perfect candidate for this purpose since it appears in zebrafish 

development as early as 24-28 hours post fertilization (hpf) and is clearly recognized by 50 hpf 

(Field et al., 2003b; Ober et al., 2003). 

 

1.14 Liver as a biomarker in phenotypic studies 

The phenotype of an organ is correlated with its function and any disturbance in its physiology 

can alter the morphology of the cells and tissues. The use of stereological methods allows 

quantitative, unbiased and objective assessment of the morphology of the tissue phenotype. 

This, in turn, allows for the statistical analysis and comparisons of the phenotype descriptors 

between different treatment groups. It also helps to create a three dimensional framework 

upon which to lay the physiological and molecular (biochemical) information. Including this 

objectivity in phenotypic studies is in line with the key principles of the ŀƴƛƳŀƭǎΩ welfare 

legislation and contributes to refinement, ƻƴŜ ƻŦ ǘƘŜ оwΩǎ (Braunbeck, 1998). 

Ultrastructural studies suggest that fish liver is extremely sensitive to xenobiotic compounds in 

the environment which makes this organ very attractive to explore the toxicity of these 

compounds on the animal. Cytopathological alterations in the livers of fish exposed to 

xenobiotics can reveal sub lethal effects of chemicals and elucidate underlying modes of their 

action (Braunbeck, 1998). Moreover, the alterations in the ultrastructure of the liver have been 

observed to be both species-specific and substance dependent (Braunbeck, 1998; Braunbeck et 

al., 1990) as well as dependent on the time of exposition (the stage of development) and the 

dose of the substance (Burkhardt-Holm et al., 1999). 

The great potential of the fish liver phenotype for the toxicological studies has been 

highlighted by the studies of Braunbeck (Braunbeck, 1998; Braunbeck et al., 1990), Burkhardt-

Holm (Burkhardt-Holm et al., 1999) and Oulmi (Oulmi and Braunbeck, 1996). In these studies 

tƘŜ ƛŘŜƴǘƛŦƛŎŀǘƛƻƴ ƻŦ άōƛƻƳŀǊƪŜǊǎέ was of particular interest. Biomarkers were defined by these 

authors as contaminant induced- physiological and/or biochemical changes leading to the 

formation of altered structure in the cells, tissues or organs of the not-too sensitive organisms. 

Their studies showed species- and substance-specific alterations in the fish liver following 

treatments with several xenobiotics which contrast with the opinion that morphological 

changes are not specific and hence not representative. In his study Braunbeck (1998) observed 

both non-specific ultrastructural reactions as well as toxicant specific-phenomena in zebrafish 
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liver following the treatments with several chemical compounds. The disturbance of the 

cellular compartmentation, proliferation or reduction and fenestration and/or vesiculation 

within the endoplasmic reticulum, myelin formation and invasion of macrophages were 

assessed as the non-specific alterations in the zebrafish liver. In turn, the toxicant specific 

changes included steatosis (in response to lindane treatment), stratified inclusions within 

mitochondria (due to exposure to 4-chloroaniline) or the formation of crystalloid structures 

within mitochondria and peroxisomal proliferation (following the 3,4-dichloroaniline 

treatment).  

The reports of high sensitivity of zebrafish liver architecture and specificity of the occurring 

alterations stimulated the present study, which examines the disruptive potential of endocrine 

disruptors, including xenoestrogens and phytoestrogens.  

The usefulness of this model was noticed by Van der Ven et al. (2003) who wrote the article 

ǘƛǘƭŜŘ άIistopathology as a tool for the evaluation of endocrine disruption in zebrafishέ. 

Although the authors focused on the histological alterations in the ovaries and testes and not 

the liver, the advantages of examining multiple organ systems was highlighted. The inclusion of 

morphometric techniques was proposed in this report as a way to further uncover insidious 

effects of endocrine disruptors.  

Relatively few studies have been performed to date to investigate the effects of EDCs on fish 

liver. Volz et al. (2006) showed that 2,3,7,8-tetrachlorodibenzo-p-dioxin treatment caused 

alterations in gene expression patterns followed by histological changes in the liver of medaka 

(Oryzias latipes). In another study, Weber et al. (2003) found no clear concentration dependent 

effects of early exposure (2 to 60 dph) to 4-ƴƻƴȅƭǇƘŜƴƻƭ ŀƴŘ мтʰ-ethinylestradiol on the 

morphology of zebrafish liver at 60 dph. The analysis of histopathological changes was, 

however, based only on counting the number of the cells with pyknotic nuclei per field of view 

and, as the authors concluded, the results might have been confounded by a concurrent, 

concentration dependent increase in the hepatocyte size. This illustrates the importance of 

adequate mensuration and utilization of appropriate, e.g. stereological, techniques in such 

studies.  

Most studies on the effects of EDCs on zebrafish liver have used juvenile or adult zebrafish. 

There has been no study to date on the EDCs effects on the liver ultrastructure of zebrafish at 

early developmental stages. The ultrastructure of the liver of young larvae has, however, been 

examined in other toxicology studies. In the study of Oulmi and Braunbeck (1996), for example, 

dose- and time-dependent cytological changes were observed in the liver of 4 and 6 day old 

larvae due to the treatment with 4-chloroaniline ς this compound has no reported endocrine 

disrupting properties. A similar study , but with the use of 10 day old larvae, was performed by 

Burkhardt-Holm et al. (1999) and showed alterations in the hepatocyte nuclei, mitochondria, 

peroxisomes, endoplasmic reticulum, Golgi apparatus, lysosomes, glycogen and lipid stores 

following exposure to 4-chloroaniline. Such observations suggest the potential of the use of the 

liver in phenotypic studies caused by EDCs even at the early developmental stages. The 
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potential usefulness of using such young animals in phenotypic studies is further increased 

because of the implementation of the animal welfare legislation principles, namely the 3Rs 

(Fleming, 2007).  

 

1.15 Zebrafish liver development 

As in other vertebrates, zebrafish liver arises from endoderm and develops as an outgrowth of 

the anterior intestine. In the studies of Field et al. (2003b) a novel zebrafish transgenic line 

which express GFP throughout the digestive system was used to investigate liver development. 

In this report liver morphogenesis was divided to two phases: budding and growth. The 

budding phase takes place between 24 and 28 hpf and is further subdivided into three stages. 

First stage of budding corresponds to the appearance of a disorganized but cohesive mass of 

pre-hepatic cells in the anterior, ventral part of the intestinal rod. Intestinal rod is a solid rod of 

midline cells or, in other words, endoderm posterior to the constricted caudal end of the 

pharynx. The thickening is situated slightly left of the midline and projects from the ventral side 

of the intestinal rod at the level of the first somite. At the same time posterior thickening 

located dorsally on the intestinal rod starts the development of the pancreas. The second stage 

of the budding phase defines the period by 30 hpf when intestinal bulb primordium undergoes 

a leftward bend. In the meantime, the liver increases in size leading to the appearance of 

smooth, thickened area along the outer curvature of the intestinal bulb primordium. The 

formation of a furrow between the liver bud and the adjacent oesophagus begins the third 

stage of budding. This process starts at approximately 34 hpf. The enlargement of the furrow 

takes place over time. Eventually, by 50 hpf, the connection between the liver and the 

intestinal bulb primordium is restricted to a single tubular duct. This is a hepatic duct and its 

formation determines the end of the third stage of budding and the end of the whole budding 

phase. Next begins the stage of growth during which the liver, which is already a well defined 

structure, increases in size and changes its shape and placement. The liver is in the growth 

phase by 96 hpf and during this time it is expanding to the left and occupies the substantial 

portion of the abdominal cavity on the left side of the embryo and spread across the midline 

(Field et al., 2003b). 

There are two main hypotheses regarding the origin of hepatoblasts. Korzh and coworkers 

claim that liver progenitor cells might be differentiated before the formation of endoderm rod 

and that liver forms later by migration and gathering of these liver progenitor cells. This 

hypothesis is based on the fact that the liver-specific marker ceruloplasmin can be detected in 

the dorsal endoderm at 16 hpf, which is prior to the liver development (Korzh et al., 2001). This 

theory, however, lacks sufficient amount of scientific proof according to others (Ting and Peng, 

2009). Another hypothesis claims that liver progenitor cells are differentiated from the 

endoderm cells to form in situ liver bud after the alimentary canal morphogenesis. It is 

supported by the observations that two key transcription factors hhex and prox1, which are 
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markers for hepatoblasts, are detected in the endoderm region prior to liver budding (Shin et 

al., 2007; Wallace et al., 2001). Anatomical study of Field and coworkers also support the 

second theory (Field et al., 2003b). 

 

1.16 Histology and cytology of the normal zebrafish liver 

Given the great variety of fish it is not unexpected that histological architecture of the liver 

differs between different piscine species. The fish hepatocytes can be organized into tubules 

made up of five to eight hepatocytes whose basal surface face the sinusoids and apical surfaces 

line the centrally located biliary passages, as it was observed in several species including 

Atlantic salmon (Robertson and Bradley, 1992) and brown trout (Rocha et al., 1994). A 

different type of tubules, consisting of 8-10 hepatocytes with sinusoids and not biliary passages 

at the centre were, however, observed in the Atlantic croaker (Eurell and Haensly, 1982). The 

piscine liver can also be composed of anastomosing bilayered hepatocyte laminae separated by 

sinusoids as observed in tigerfish, Hydrocynus forskahlii (Geyer et al., 1996) or golden ide, 

Leuciscus idus melanotus L. (Braunbeck et al., 1987). The interconnected bilayered hepatocyte 

cords surrounding the central vein and separated from each other by sinusoids have been 

observed by Hardman et al. (2007) who studied the liver of medaka (Oryzias latipes) using 

three-dimensional reconstructions.  

When it comes to the zebrafish liver morphology there has been some degree of contention in 

previous studies. Some have reported tubular arrangements of zebrafish hepatocytes with 

sinusoids located in the centre of the tubules (Paris-Palacios et al., 2000). Others, however, 

claim that the biliary passages, not sinusoids, lay in the centre of the tubules (Hinton and 

Couch, 1998). Yao et al. (2012) who recently studied the liver architecture in the healthy adult 

zebrafish believe, based on their observations, that zebrafish hepatocytes are arranged in 

bilayered cords which are distributed radially around a central vein. The cord-like arrangement 

of zebrafish hepatocytes was also observed by Rodrigues and Fanta (1998). 

In zebrafish liver, in contrast to mammals, the portal veins, hepatic arteries and large biliary 

ducts are not grouped into portal triads but rather distributed randomly within the hepatic 

parenchyma (Ting and Peng, 2009). The system of biliary channels starts from the bile canaliculi 

in which intrahepatic bile ducts have their origin (Pack et al., 1996). There is some discrepancy 

in the literature regarding the bile canaliculi in fish belonging to Cyprinade, i.e. the family to 

which zebrafish belongs. Some authors report that there are both intra- and intercellular bile 

canaliculi (Byczkowska-Smyk, 1971; Peute et al., 1978). In this case the intracellular bile 

canaliculi were described as the ramifications of the intercellular bile canaliculi ending in the 

nuclear region and making possible transport from the cytoplasm to the lumen of bile 

canaliculi (Byczkowska-Smyk, 1971). Others report, however, that cyprinid fishes have only 

intracellular or, in other words, unicellular bile canaliculi (Kalashnikova and Kazanskaya, 1986; 

Vogt and Segner, 1997). These unicellular bile canaliculi have been described as being formed 
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by deep invagination of a cell membrane of one hepatocyte and running from the centre of 

hepatocytes to the cell membrane (Kalashnikova and Kazanskaya, 1986). The latest observation 

of the zebrafish liver by Yao et al. (2012) revealed that zebrafish biliary system starts from the 

intracellular canaliculi which extend through the intercellular canaliculi to the bile preductules, 

the latter being formed by bile preductule cells and the hepatocytes. In addition, based on 

their observations, Yao et al. suggest that zebrafish liver lobes resemble mammalian liver 

lobules in function, which is in agreement with previously expressed view on fish liver 

(Hardman et al., 2007) . 

Both male and female zebrafish liver cytology have been repeatedly studied in the past 

(Braunbeck et al., 1990; Paris-Palacios et al., 2000; Peute et al., 1985; Rodrigues and Fanta, 

1998). In general, the hepatocytes of sexually mature zebrafish contain single, round nuclei 

which are mostly euchromatic and posses single conspicuous nucleoli. The nuclei are 

surrounded by the rough endoplasmic reticulum (RER) which forms stacks of about 20 parallel 

lamellae in the females, but in the males is limited to a few discontinuous cisternae. Golgi 

ŀǇǇŀǊŀǘǳǎ ƛǎ ƻōǎŜǊǾŜŘ ƛƴ ǘƘŜ ŦŜƳŀƭŜǎΩ ƘŜǇŀǘƻŎȅǘŜǎ ƛƴ ǘƘŜ ƴǳƳōŜǊ ƻŦ о-4, but in the males this 

structure is poorly developed. The perinuclear regions of the hepatocytes are rich in 

mitochondria of both spherical and elongated shapes. These organelles are often seen in 

association with the membranes of RER. In addition, roundish or ellipsoid peroxisomes are 

observed in groups associated with mitochondria and RER cisternae. The major storage 

product in the female zebrafish liver is lipid. The amount and size of lipid droplets in females 

depend on the gonadal cycle and can vary between individuals. In turn, in the males the major 

storage product is glycogen which forms fields in the periphery of the hepatocytes. Smooth 

endoplasmic reticulum (SER) and lysosomes are rarely observed in the hepatocytes of either 

male or female zebrafish. 

The youngest zebrafish for which the liver ultrastructure has been described is 4 dpf (Oulmi 

and Braunbeck, 1996; Strmac and Braunbeck, 1999). In general, at this early stage of 

development the zebrafish liver was described to closely resemble that of male adult zebrafish. 

The hepatocytes were of hexagonal shape and had single, centrally located nucleus. The nuclei 

exhibited a small amount of heterochromatin and mostly one conspicuous nucleolus. Spherical 

mitochondria surrounded the nucleus and were enclosed by cisternae of RER which also 

formed small piles in the cell periphery. Rare SER and Golgi fields were restricted to the 

peribiliary areas. Scattered in the cytoplasm were few peroxisomes which lacked a crystalline 

core. While the glycogen fields could be observed in the periphery of 4-day-old liver cells, lipid 

droplets were rarely present. Intracellular compartmentation takes place within hepatocytes as 

the time of the zebrafish development progresses (in the 8-, 10- and 31-day-old larvae). The 

compartmentation leads to the formation of a central, organelle containing portion and 

peripheral storage areas mainly comprising glycogen fields (Braunbeck et al., 1990; Burkhardt-

Holm et al., 1999). 
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1.17 Vitellogenin ς an oestrogen-specific endpoint 

Vitellogenin is the precursor of the egg yolk proteins phosvitin and lipovitelline. Vitellogenesis 

occurs in the liver of female fish and is under multihormonal control with estrogens, 

particularly 17̡ -oestradiol, playing the dominant role (Sumpter and Jobling, 1995). The 

amount of vitellogenin produced is positively correlated with plasma levels of oestradiol (Kime 

et al., 1999). Thus the plasma levels of Vtg can increase over 1 million-fold during the time 

required to attain sexual maturity by rainbow trout females (Copeland et al., 1986). Fish 

ovaries are stimulated to synthesize oestradiol by gonadotropin (GTH) relased form the pituary 

which, in turn, is stimulated by the hypothalamic gonadotropin releasing hormone - GnRH 

(Figure 1.9). The synthesized etradiol is then released into blood and reaches the liver where it 

can bind to ǘƘŜ ƘŜǇŀǘƻŎȅǘŜǎΩ ERs initiating transcription and translation of Vtg (Kime et al., 

1999; Wheeler et al., 2005). Vitellogenin protein is then transported via blood to the ovary 

where it is incorporated into the oocytes to form the yolk which will subsequently serve as 

food reserve for the developing embryos. 

 

 

Figure 1.9 A schematic diagram of the hormonally regulated processes leading to the synthesis of vitellogenin in the 
fish hepatocytes.  Oestradiol (E2) synthesized in the follicular cells under the influence of gonadothropin (GTH) is 
carried with steroid binding protein to the hepatocytes in which it initiates vitellogenesis. Adapted from Dréan et al. 
(1994). 
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Both male and juvenile fish also carry the vitellogenin gene but because oestradiol levels in the 

plasma are normally much lower compared to females (often undetectable), the vitellogenin 

protein is not greatly expressed. However, in the mid 1980s very high levels of vitellogenin 

were detected in the male trout maintained on an experimental fish farm which was supplied 

with water from a local river (Sumpter and Johnson, 2008). Soon the reason of this puzzling 

observation was identified ς contamination of the water with an oestrogenic chemical, or more 

likely with a mixture of chemicals, originating from the sewage treatment plant effluent 

entering the river upstream of the fish farm. The potential of this discovery was very soon 

realized and vitellogenin has been suggested as a biomarker of the exposure to oestrogenic 

substances (Sumpter and Jobling, 1995). Since then, numerous studies demonstrating the 

usefulness and sensitivity of the vitellogenin-based tests have been carried out. The study of 

vitellogenin induction or suppression in adult and/or juvenile fish was often implemented in 

the studies aimed to monitor the effluents from sewage treatment plants, pulp and paper mills 

or in general surveys that covered a defined geographic area (Harries et al., 1997; Kirby et al., 

2004; Sepulveda et al., 2002; Sumpter and Jobling, 1995). Numerous laboratory studies have 

also used this bioassay to screen for oestrogenic properties of specific chemicals (Ortiz-

Zarragoitia and Cajaraville, 2005). Andersen et al. (2003), for example, have studied the effects 

of early exposure to 17h-ethinylestradiol on zebrafish vitellogenesis and observed that 

exposure from fertilization to hatching is sufficient to cause a significant increase in the 

vitellogenin concentration when measured in 30 day old larvae.  

Most vitellogenin studies include the measurement of the protein (Vtg), but some studies focus 

on the mRNA (vtg). The method of vitellogenin detection depends on the nature and quantity 

of the biological material available, such as species used and life stages chosen (Wheeler et al., 

2005). In the case of the early life stage animals from which blood withdrawal or liver 

dissection is impossible, the detection of mRNA can be the method of choice (Muncke et al., 

2007). Moreover, vitellogenin 1 gene mRNA (vtg1) has been proposed by Muncke and Eggen 

(2006) as a molecular target and biomarker for estrogenicity in developing zebrafish. At least 

seven distinct vitellogenin genes (vtg1 to vtg7) have been identified in zebrafish with vtg1 

being the most prominent species (57%) of vitellogenin mRNA (Tong et al., 2004). 

Because vitellogenin induction can be measured not only in vivo but also in vitro, fish 

hepatocyte cultures have also been engaged in the studies of EDCs (Pelissero et al., 1993). 

However, since there are many factors influencing basal and induced vitellogenin production in 

cell culture, established standardized protocols will be necessary to minimize assay variability 

(Navas and Segner, 2006).  
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1.18 Aims 

The overall aim of this study was to investigate the effects of BPA and genistein, individually 

and in combination, on the early development of zebrafish (Danio rerio). 

The specific aims were as follows: 

Á To study the toxic and teratogenic effects of BPA and genistein, individually and in 

mixtures, on zebrafish larvae up to 120 hpf; 

Á To investigate the effects of BPA and genistein, individually and in mixtures, on the 

ultrastructure of the liver in 120 hpf larvae; 

Á To assess the estrogenicity of BPA and genistein, individually and in mixtures, based on 

the observation of vitellogenin 1 mRNA expression level in 120 hpf zebrafish larvae. 
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2 Materials and Methods 

 

2.1  Materials  

 

2.1.1 Animals 

Zebrafish (Danio rerio) is a small tropical freshwater fish belonging to Cyprinidae Family and a 

popular aquarium fish. All the zebrafish embryos/larvae used in this and subsequent studies 

ǿŜǊŜ ƻōǘŀƛƴŜŘ ŦǊƻƳ ǘƘŜ ½ŜōǊŀŦƛǎƘ CŀŎƛƭƛǘȅ ƛƴ 5ǊΦ [ǳŎȅ .ȅǊƴŜǎΩ [ŀōƻǊŀǘƻǊȅ ƛƴ ǘƘŜ .ƛƻŎƘŜƳƛǎǘǊȅ 

Department of the National University of Ireland, Galway. The fish in this facility were originally 

obtained from the International Resource Centre of Eugene, Oregon. Only the AB strain of 

zebrafish was used in all the studies presented in this work. 

 

2.1.2 Consumables 

ZM Ltd supplied ZM-500, Instant Ocean Sea Salts and Artemia. The following consumables 

were purchased from Sigma Aldrich: Bisphenol A (cat. no. 239658), Genistein (cat. no. G6649), 

DMSO (cat. no. 2650), 17̡ -oestradiol (cat. no. E8875), Chloroform Molecular Biology Tested 

(cat. no.C2432), 2-Propanol Molecular Biology Tested (cat. no. I9516), Chloroform : Isoamyl 

Alcohol 24:1 (cat. no. C0549-1PT), Molecular Grade Ethanol 200 proof (cat. no. E7023), Phenol 

for Molecular Biology (cat. no. P4557), Paraformaldehyde (cat. no. P6148), Sodium Cacodylate 

Trihydrate (cat. no. C0250) and Propylene Oxide (cat. no. 110105). MicroAmp Fast Optical 96-

well Reaction Plates (cat. no. 4346906), MicroAmp Optical Adhesive Film PCR compatible (cat. 

no. 4311971) and Fast Sybr GreenMaster Mix (cat. no. 4385612) were bought from Applied 

Biosystems. Invitrogen supplied Random Primers (cat. no. 48190-011), TRIzol® Reagent (cat. no. 

15596-026) and Superscript II Reverse Transcriptase (cat. no. 100004925). Nuclease Free Water 

(cat. no. P1193) was bought from Promega. DNase Buffer (cat. no. AM8170G) and DNase 

Enzyme (cat. no. AM2222) were purchased from Ambion. 1 ml syringes (cat. no. 300015) and 

21G needles (cat. no. 304432) were supplied by BD Biosciences. 6 well-plates (cat. no. 

83.1839.300), 24 well-plates (cat. no. 83.1836.300) and 96 well-plates (cat. no. 83.1835.300) 

were purchased from Sarstedt and these plates were demonstrated to be BPA-free in the study 

by Biswanger et al. (2006). Agar Scientific supplied: Glutaraldehyde 25% EM Grade (cat. no. 

R1010), Osmium Tetroxide (cat. no. R1016), Agar Low Viscosity Resin kit (cat. no. R1078), Peel-

A-Way Moulds 22 x 22 x 20 (cat. no. G3760), Flat Embedding Moulds (cat. no. G3531), 10 ml 

Glass Vials with Leak Proof Lids (cat. no. B793) and Athene 200 Mesh Thin Bar Grids Copper 

3.05 mm (cat. no. G2002). Uranyl Acetate (cat. no. 705631095) and Lead Citrate (cat. no. 

70553022) were purchased from Laurylab. 
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2.1.3 Equipment  

Zebrafish embryos/larvae were incubated at 28°C in the LMS cooled incubator while exposed 

to the tested concentrations of BPA and/or genistein. A Nikon SMZ645 dissecting microscope 

was used regularly while changing solutions and to observe embryos/larvae, remove debris, 

dead embryos and/or floating chorions. Images of larvae were taken with a Nikon SMZ800 

supplied with DXM 1200C camera and with the use of ACT-1C software. A Variable Speed 

Specimen Rotator (240 Volt) purchased form Agar Scientific was used through dehydration 

steps, propylene oxide and/or resin infiltration steps. Resin was polymerized in an oven 

purchased from Electron Microscopy Sciences (EMS). Ultracut Reicher Jung Microtome was 

used to cut semi- and ultra thin sections, the latter being cut with the use of a Diamond Knife 

from Diatome. A Heatblock (type 701201) was used to attach semi-thin sections to glass slides 

and to enhance toluidine blue staining intensity. Semi-thin sections were observed with a Leica 

DM500 light microscope to scout for the liver. Ultrathin sections were stained with uranyl 

acetate and lead citrate using Leica EM AC20 automatic contrasting instrument for ultrathin 

sections. The sections were viewed using a Hitachi H-7000 Transmission Electron Microscope 

fitted with a 1K Hamamatsu digital camera. Micrographs were taken with the use of AMTV542 

Image Capture EngineTM software.  

The following instruments were used to extract mRNA from the 120 hpf larvae and synthesize 

cDNA: Eppendorf microcentrifuges 5415R and 5415D, IKA Vortex Genius 3, Stuart and QBT1 

Grant block heaters and LMS cooled incubator series 1. The concentration of the mRNA was 

measured with Nanodrop spectrophotometer ND-1000 using ND-1000 v3.5.2 Software. The 

PCR reaction plates were centrifuged with the use of refrigerated table top centrifuge Sorvall 

RT 6000D. Real time PCR amplification was performed with 7500 Fast Real Time PCR system 

(Applied Biosystems) using 7500 software v2.0.6.  
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2.2 Methods 

 

2.2.1 Animal maintenance  

Zebrafish were kept in filtered, aged, de-chlorinated tap water in normal glass aquaria. Aquaria 

were cleaned and water was changed at least once per week. Water in the aquaria was 

constantly filtered and its temperature was maintained at 28 ± 1°C. A cycle of 14:10 light: dark 

was maintained in the fish room. Temperature and humidity in the room were recorded daily. 

Zebrafish were fed twice a day with commercial dry flakes (ZM -500) and once a day with live 

brine shrimps (Artemia salina) on weekdays. During weekends fish were fed once daily with 

Artemia. 

Artemia culture was conducted parallel to zebrafish culture. Each day 5 g encapsulated artemia 

were added to 2 L of filtered tap water with 70 g of instant ocean sea salt. Water was aerated 

and temperature adjusted for around 24 hours before adding cysts. Artemia were incubated in 

the hatchery under constant aeration and 24 hours light cycle for at least 24 hours at 28°C. 

Hatched artemia were separated from capsules and non-hatched brine shrimp and abundantly 

rinsed with tap water to get rid of salt before use as live food for zebrafish.  

Spawning was performed as described in the Zebrafish book by Westerfield (2000). Only fish 

which did not show any macroscopically discernible symptoms of infection or disease prior to 

and while spawning were used to produce eggs. On the night before a planned experiment, the 

pairs of zebrafish (male and female) or groups of two females and one male were transferred 

to the spawning trays (20 x 9 x 9 cm) supplied with a lid and a stainless steel mesh. A mesh 

provided a physical barrier between parents and eggs to prevent the cannibalism of offspring. 

The eggs were collected the next morning shortly after spawning which normally takes place 

within 30 minutes after turning on the lights. Parental zebrafish were returned to the main 

tanks as soon as embryos were collected.  

 

2.2.2 Exposure to endocrine disrupting compounds 

All the collected embryos were transferred to Petri dishes filled with egg water and incubated 

at 28°C. Since fertilized eggs undergo the first cleavage after about 15 minutes, 2 cell-stage 

embryos were observed (~0.75 hpf) and distinguished from non-fertilized eggs. Only fertilized, 

2-4 cell-stage embryos (0.75-1 hpf) which did not show obvious irregularities during cleavage 

(e.g., asymmetry) or injuries of the chorion were selected for the experiment.  

Different rationales underlined the choice of the BPA/genistein concentrations tested in each 

of the studies. For the toxicity and teratogenicity study, high, environmentally irrelevant 

concentrations of BPA and genistein were tested in order to estimate lethal concentrations and 
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sublethal effects of these compounds. This study led to estimate the no-observed-effect-

concentrations (NOEC) for BPA and genistein based on the three parameters assessed: the 

survival of zebrafish larvae up to 120 hpf, the heart rate at 48 and 72 hpf and for the hatching 

success of 72 hpf zebrafish larvae. For the remaining studies i.e. the study on the zebrafish liver 

ultrastructure and on the expression levels of vitellogenin 1 mRNA, the concentrations of BPA 

and genistein tested was lower than these NOECs. Additionally, higher concentrations of both 

compounds (2000 µg/L BPA and 1250 µg/L genistein) were introduced into the study on vtg1 

to ensure the observation of a changed expression level of this gene. These concentrations 

were chosen based on previously published data. Muncke et al. (2007) reported that 2280 µg/L 

BPA significantly induced vtg1 in 120 hpf zebrafish larvae following exposure starting shortly 

after fertilization. The threshold level for genistein for the up-regulation of vtg1 was assessed 

as 5000 µg/L for male zebrafish following 11-day exposure (Kausch et al., 2008). Because this 

concentration caused mortality of the zebrafish larvae before 120 hpf (chapter 4, Figure 4.1), 

1250 µg/L genistein was used as this was the highest concentration which did not affect the 

larvae survival up to 120 hpf. To facilitate the interpretation of the observed results, 

particularly those related to the oestrogenic potential of BPA or/and genistein, an additional 

treatment with the natural oestrogen (17̡ -oestradiol) was introduced in the ultrastructural 

and molecular studies. 20 µg/L 17̡-oestradiol was used based on the significant induction of 

vtg1 in 120 hpf zebrafish observed for both 2.7 µg/L and 27 µg/L concentrations (Muncke et al., 

2007). 

Since both BPA and genistein are difficult to dissolve in water, dimethyl sulfoxide (DMSO) was 

used as it has been proved to be a useful solubilising agent for testing of difficult substances 

and mixtures (OECD, 2000). Stock solutions of BPA and genistein were prepared by dissolving 

each compound in DMSO as per protocol 1 in appendix A, aliquoted and stored at -20°C. 

Further dilutions were made in egg water, vortexing to ensure complete dissolution. DMSO 

concentrations equivalent to its highest concentrations in the treatment groups were used as 

control (0.1% for toxicity studies, 0.01% for liver fine structure and vtg1 expression studies).  

 

ü Toxicity and teratogenicity of BPA and/or genistein 

Single eggs (10) were randomly placed in the wells of the 96-well plates with 250 µl of chemical 

solution per well. The treatments were as follows: 

 н ƳƎκ[ .t! όуΦтс ˃aύ 

 п ƳƎκ[ .t! όмтΦрн ˃aύ 

 у ƳƎκ[ .t! όорΦлп ˃aύ 

 мс ƳƎκ[ .t! όтлΦлф ˃aύ 

 он ƳƎκ[ .t! όмплΦму ˃aύ 

 мΦнр ƳƎκ[ ƎŜƴƛǎǘŜƛƴ όпΦсо ˃aύ 

 нΦр ƳƎκ[ ƎŜƴƛǎǘŜƛƴ όфΦнр ˃aύ 
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 р ƳƎκ[ ƎŜƴƛǎǘŜƛƴ όмуΦр ˃aύ 

 10 mg/L genistein (37 ˃ a)  

 4 mg/L BPA + 1.25 mg/L genistein 

 4 mg/L BPA + 2.5 mg/L genistein 

 8 mg/L BPA + 1.25 mg/L genistein 

 8 mg/L BPA + 2.5 mg/L genistein 

 16 mg/L BPA + 5 mg/L genistein 

Solutions were changed daily. All exposures were performed in the incubator at 28°C. Each 

experiment was repeated three times with embryos drawn from different batches of fertilized 

eggs, i.e. collected on different days. 

The mixture of BPA and genistein - both at NOECs (4 mg/L BPA + 1.25 mg/L genistein) was used 

to investigate their joint action with equitoxicity on the same endpoints. The mixtures 

composed of one compound at the concentration causing clear, medium range effect and the 

second substance at the concentration causing no effect (4 mg/L BPA + 2.5 mg/L genistein and 

8 mg/L BPA + 1.25 mg/L genistein) were used to test whether the toxicity of the first compound 

is affected in the presence of the second one. The combination of BPA and genistein at 

concentrations causing individually medium effects (8 mg/L BPA + 2.5 mg/L genistein) could 

further reveal the mutual influence on their toxicity. An additional mixture of 16 mg/L BPA and 

5 mg/L genistein was used to test the effects of combined exposure when at concentrations 

causing clear toxic effects.  

 

ü The effect of BPA on the liver structure of the 72 hpf zebrafish larvae ς pilot study 

Zebrafish embryos at 32-64 cells-stages (1.75-2 hpf) were randomly transferred into the wells 

of 24 well plates, each well containing 1 ml of a test solution. 10 embryos were used per well 

and the treatment was carried out in duplicates (20 embryos per treatment). The following 

concentrations of BPA were tested:  

 мл ˃Ǝκ[ .t! όпоΦуло ƴaύ 

 млл ˃Ǝκ[ .t! όпоуΦлп ƴaύ 

 рлл ˃Ǝκ[ .t! όнΦмф ˃aύ  

 мллл ˃Ǝκ[ .t! όпΦоу ˃aύ 

Additionally 2 x 10 embryos were reared in both 0.01% DMSO and egg water for comparison 

and assessment of potential toxic effects of DMSO. Embryos were incubated until they reached 

72 hpf. All solutions were changed daily. At 72 hpf all the embryos were placed on ice for about 

20 minutes before fixation with the primary fixative for the observation with transmission 

electron microscopy.  
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ü The effects of BPA or/and genistein on the liver structure of the 120 hpf zebrafish larvae 

Zebrafish embryos at 2-4 cells-stages (0.5-1 hpf) were randomly transferred into the wells of 24 

well plates, each well containing 1 ml of the tested solution. Every exposure was done in 

duplicate. The following solutions of BPA, genistein and their combinations were tested:  

 мл ˃Ǝκ[ .t! όпоΦул ƴaύ 

 млл ˃Ǝκ[ .t! όпоуΦлп ƴaύ 

 312.5 ˃ Ǝκ[ ƎŜƴƛǎǘŜƛƴ όмΦмс ҡaύ 

 снр ˃Ǝκ[ ƎŜƴƛǎǘŜƛƴ όнΦом ҡaύ 

 мл ˃Ǝκ[ .t! Ҍ омнΦр ˃Ǝκ[ ƎŜƴƛǎǘŜƛƴ 

 мл ˃Ǝκ[ .t! Ҍ снр ˃Ǝκ[ ƎŜƴƛǎǘŜƛƴ 

 млл ˃Ǝκ[ .t! Ҍ омнΦр ˃Ǝκ[ ƎŜƴƛǎǘŜƛƴ  

 млл ˃Ǝκ[ .t! Ҍ снр ˃Ǝκ[ ƎŜƴƛǎǘŜƛƴΦ  

In addition to embryos exposed to BPA and/or genistein, 2 x 10 animals were reared in egg 

ǿŀǘŜǊΣ лΦлм҈ 5a{h ƻǊ нл ˃Ǝκ[ мт-̡oestradiol. All the solutions were changed daily. The 

animals were incubated in the tested solutions for five days. At 120 hpf, the plates were put on 

ice for ~ 20 minutes prior to fixation and processing for viewing with transmission electron 

microscope. 

 

ü The effects of BPA or/and genistein on the expression of the vitellogenin 1 mRNA in the 

120 hpf zebrafish larvae 

Zebrafish embryos at 2-4 cells-stages (0.75-1 hpf) were randomly transferred into the wells of 

6-well plates, each well containing 5 ml of the tested solution. Fifty embryos (n=50) were used 

per well. The experiment was performed four times using embryos drawn from different 

batches of fertilized eggs, i.e. collected on different days. All exposures were performed in an 

incubator at 28°C. Solutions were changed daily. 

The following treatment groups were investigated in this study: 

 10 µg/L BPA (43.804 nM) 

 100 µg/L BPA (438.039 nM) 

 2000 µg/L (8.761 µM) 

 312.5 µg/L genistein (1.156 µM) 

 625 µg/L genistein (2.313 µM) 

 1250 µg/L genistein (4.626 µM) 

 10 µg/L BPA + 312.5 µg/L genistein 

 10 µg/L BPA + 625 µg/L genistein 

 100 µg/L BPA + 312.5 µg/L genistein 
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 100 µg/L BPA + 625 µg/L genistein 

 2000 µg/L BPA + 1250 µg/L genistein 

 0.01% DMSO 

 20 µg/L 17̡-oestradiol (73.4 nM) 

All the treatments were finished when zebrafish larvae reached 120 hpf and at this time point 

the plates were put on ice for ~ 20 minutes before further processing for the polymerase chain 

reaction (PCR).  

 

2.2.3 Processing zebrafish larvae for transmission electron microscopy 

At the end of the exposure time (72 hpf or 120 hpf) the plates with the larvae were put on ice 

for about 20 minutes before transferring the larvae to 10 ml glass vials with lids. Then, the 

solutions were aspirated and replaced with primary fixative, i.e. 2.5% paraformaldehyde and 

2.5% glutaraldehyde in 0.1M sodium cacodylate buffer (pH 7.6) (preparation of solution 

described in protocol 2, appendix A). This fixation and all the following steps were carried out 

on a rotator set at low speed, placed under a fume hood and at room temperature. After 3 

hours fixation the larvae were washed 3 times with 0.1M sodium cacodylate buffer (5 minutes 

for each wash). Next, the larvae were fixed for two hours with the secondary fixative ς 1% 

osmium tetroxide in 0.1M sodium cacodylate buffer. Larvae were dehydrated through a graded 

series of ethanol: 30%, 50%, 70% and 95%, 2 x 10 minutes each, and finally 3 x 10 minutes in 

100% ethanol. After that the larvae were immersed for 2 x 10 minutes in propylene oxide and 

left overnight in the mixture of propylene oxide and low viscosity agar resin (50:50). The 

following morning this mixture was exchanged for the one composed of 25:75 propylene oxide 

and resin, in which the larvae were left for around 8 hours. Next, the mixture of propylene 

oxide and resin was replaced with the 100% resin in which the larvae were bathed overnight 

(stirring constantly). Next morning the larvae were immersed in freshly made 100% resin and 

left for several hours in the opened vials placed on a rotator to let any remaining traces of 

propylene oxide evaporate. Eventually, the larvae were transferred to the embedding moulds 

and resin was polymerized in an oven at 60°C for at least 48 hours.  

Different types of embedding moulds were used depending on the age of larvae. In case of the 

72 hpf zebrafish larvae, a larger surface area of the liver was obtained with saggital sections 

compared to transverse sections. Consequently, the 22 x 22 x 20 mm disposable moulds were 

used in which the larvae were laid flat on their left side to facilitate further sectioning of the 

resin blocks. Up to 6 larvae were embedded in a single mould. Polymerized resin blocks were 

cut using a fine toothed saw to get smaller blocks, each containing single animal. 

 

An increase in the size of the liver in the 120 hpf versus 72 hpf zebrafish larvae, allowed for 

cross- instead of saggital sectioning of the larvae bodies. Consequently a different type of 

mould could be used and these were multiple-ǳǎŜΣ άŎƻŦŦƛƴ ƳƻǳƭŘǎέΦ ¦Ǉ ǘƻ ǘǿƻ ƭŀǊǾŀŜ were 
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placed in each mould with heads facing the trapeze-shaped ends. The resin blocks used with 

this method were ready to use for cutting. 

!ƭƭ ǊŜǎƛƴ ōƭƻŎƪǎ ǿŜǊŜ Ŏǳǘ ǿƛǘƘ ǘƘŜ ǳǎŜ ƻŦ ŀ ƳƛŎǊƻǘƻƳŜ ŦƛǘǘŜŘ ǿƛǘƘ Ǝƭŀǎǎ ƪƴƛŦŜ ǘƻ ƻōǘŀƛƴ м ˃Ƴ 

(semi-thin) sections. These sections were mounted on glass slides, stained with toluidine blue 

and searched for the liver using a light microscope (20 x and 40 x magnification). At this level, 

the liver was identified based on its localization. In the saggital sections of the 72 hpf larvae, it 

was localized ventrally, posterior to the heart, dorsal to the anterior part of the yolk sac and 

roughly below the first 1-3 somites (Figure 2.1). The recognition of the liver was easier in the 

cross-sections of the 120 hpf larvae as this organ was bigger and found ventrolaterally to the 

intestine and in contact with the remaining yolk sac, as can be seen in Figure 2.2. 

 

 

Figure 2.1 The localization of the liver on semi-thin section of the 72 hpf zebrafish. 

 
Figure 2.2 The localization of the liver on semi-thin sections of 120 hpf 
zebrafish. 
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Following identification of the liver in the semi-thin sections, ultrathin sections of 90-100 nm 

thickness were cut with the use of a microtome fitted with a diamond knife. The ultrathin 

sections were transferred to 200 mesh, copper grids and stained with lead citrate and uranyl 

acetate to increase electron density of the tissue. This staining was carried out automatically in 

the Leica Instrument and using 36 minute programme (# 4). Finally, the sections were 

examined using a transmission electron microscope and the micrographs were taken with 

AMTV542 software. 

 

2.2.4 Processing zebrafish larvae for the polymerase chain reaction (PCR)  

In order to analyse vtg1 level in the exposed larvae, several steps were required and these 

included mRNA extraction, first strand cDNA synthesis, primer design and validation, PCR plate 

preparation and PCR amplification. 

 

ü RNA extraction  

Following exposure to the tested solutions, zebrafish larvae at 120 hpf (48 ± 2 larvae/treatment) 

were transferred to 1.5 ml microcentrifuge tubes and put on ice. After a few minutes the 

solutions were carefully aspirated from the microcentrifuge tubes and replaced with 500 µl of 

TRIzol® and the larvae were homogenized using sterile syringes and needles. The homogenized 

material was either stored at -80°C until further processing or processed straight away. 

On the day of processing, all the samples were removed from the -80°C freezer and incubated 

ŀǘ ǊƻƻƳ ǘŜƳǇŜǊŀǘǳǊŜ ŦƻǊ р ƳƛƴǳǘŜǎ ǘƻ ǘƘŀǿΦ !ƴ ŀŘŘƛǘƛƻƴŀƭ рлл ˃ƭ TRIzol® was added into each 

microcentrifuge tube, as a pilot study showed that this effectively increased mRNA harvest. 

Consequently, each 1.5 ml tube contained tissue from 48 ± 2 zebrafish homogenized in 1 ml of 

TRIzol®. Next, 200 µl of chloroform was added into each microcentrifuge tube which was 

immediately vortexed for 15 seconds and then incubated at room temperature for 3 minutes. 

After that all the samples were centrifuged at 12,000g at 4°C for 15 minutes. Centrifugation of 

the tissue homogenized in TRIzol® led to the separation of the microcentrifuge tubes contents 

into upper (colourless phase containing RNA), middle (inter-phase with DNA) and lower phase 

(phenol-chloroform, red colour). Following centrifugation, the upper aqueous phase was 

transferred to new 1.5 ml microcentrifuge tubes. To precipitate RNA, 500 µl isopropanol was 

added into each tube which was then mixed, incubated at room temperature for 10 minutes 

and centrifuged at 13,200g at 4°C for 10 minutes. Following centrifugation, the supernatant 

was removed and discarded and the pellets of RNA remaining in the bottoms of the 

microcentrifuge tubes were washed through brief vortexing with 100 µl of 75% ethanol (pre-

chilled on ice). Then the samples were again centrifuged at 4°C at 13,200g for 10 minutes. Then 

the supernatant (ethanol) was carefully removed leaving in the tubes RNA pellets which were 

then air dried for around 10 minutes. Each RNA pellet was then re-ǎǳǎǇŜƴŘŜŘ ǿƛǘƘ уу ˃ƭ 59t/ 
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treated water and heated at 55°C for 5-10 minutes. To get rid of DNA remnants, 10 ˃ƭ 5bŀǎŜ 

ōǳŦŦŜǊ ŀƴŘ н ˃ƭ 5bŀǎŜ ŜƴȊȅƳŜ ǿŜǊŜ ŀŘŘŜŘ ƛƴǘƻ ŜŀŎƘ ǘǳōŜ ǿƘƛŎƘ ǿŜǊŜ ǘƘŜƴ ǇƭŀŎŜŘ ƛƴ отϲ/ 

incubator for 10 minutes. After the incubation, all the samples were placed back on ice and 20 

˃ƭ оa ǎƻŘƛǳƳ ŀŎŜǘŀǘŜΣ ул ˃ƭ ƴǳŎƭŜŀǎŜ-ŦǊŜŜ ǿŀǘŜǊ όbC²ύ ŀƴŘ нлл ˃ƭ Ǉhenol was added. This was 

followed by quick vortexing and centrifugation at 13,200g at 4°C for 5 minutes. Next, the 

supernatant from each tube was removed and transferred to the new tubes - нлл ˃ƭ 

chloroform:isoamyl alcohol (24:1) was added into each. Following centrifugation at 13,200g at 

4°C for 5 ƳƛƴǳǘŜǎΣ ǘƘŜ ǎǳǇŜǊƴŀǘŀƴǘǎ ǿŜǊŜ ƻƴŎŜ ƳƻǊŜ ǘǊŀƴǎŦŜǊǊŜŘ ǘƻ ǘƘŜ ƴŜǿ ǘǳōŜǎ ŀƴŘ нлл ˃ƭ 

isopropanol was added to each tube which was then incubated at -80°C for a further 20 

minutes. Next, the tubes were centrifuged at 13,200g at 4°C for 30 minutes, supernatants were 

ǊŜƳƻǾŜŘ ŀƴŘ ǘƘŜ wb! ǇŜƭƭŜǘǎ ǿŜǊŜ ǿŀǎƘŜŘ ǿƛǘƘ нлл ˃ƭ of pre-chilled 70% ethanol. Ethanol was 

removed after 10 minute-centrifugation at 4°C and the RNA pellets were air-dried for about 10 

minutes. Finally, thŜ wb! ǇŜƭƭŜǘǎ ǿŜǊŜ ǊŜǎǳǎǇŜƴŘŜŘ ƛƴ у ˃ƭ ƴǳŎƭŜŀǎŜ ŦǊŜŜ ǿŀǘŜǊ ŀƴŘ ǎǘƻǊŜŘ ŀǘ -

80°C until further processing. 

 

ü First strand cDNA synthesis 

Several steps were necessary in order to synthesise cDNA. First, all the RNA containing tubes 

were removed from the freezer (-улх/ύΣ ŎŜƴǘǊƛŦǳƎŜŘ ǉǳƛŎƪƭȅ ǘƻ ǘƘŀǿ ŀƴŘ ōǊƛŜŦƭȅ ǾƻǊǘŜȄŜŘΦ bŜȄǘΣ 

the concentration of RNA was measured with the use of spectrophotometer and the purity of 

extracted RNA was determined by the ratio of 260/280. Next, the volume containing 1 µg of 

total RNA was calculated for each tube and this volume was then mixed with 1 µl random 

primers and nuclease-free water up to 12 µl. The whole mixture was spun down quickly and 

incubated at -тлх/ ŦƻǊ мл ƳƛƴǳǘŜǎΦ CƻƭƭƻǿƛƴƎ ǘƘŜ ƛƴŎǳōŀǘƛƻƴΣ ǘƘŜ ǎŀƳǇƭŜǎ ǿŜǊŜ ŎŜƴǘǊƛŦǳƎŜŘ 

briefly and then 1 µl first strand buffer, 2 µl 0.1M DTT and 1 µl dNTPs were added into each 

tube followed by 2 minute-incubation at пнх/Φ bŜȄǘΣ м ҡƭ ǎǳǇŜǊǎŎǊƛǇǘ LL ŜƴȊȅƳŜ ǿŀǎ ŀŘŘŜŘ ƛƴǘƻ 

each microcentrifuge tube ǿƘƛŎƘ ǿŀǎ ǘƘŜƴ ƛƴŎǳōŀǘŜŘ ŀǘ пнх/ ŦƻǊ м ƘƻǳǊΦ The reaction of cDNA 

synthesis was stopped by heating the samples to 70°C for 15 minutes. All the steps resulted in 

ƻōǘŀƛƴƛƴƎ мт ˃ƭ of cDNA in all processed samples which were centrifuged and either directly 

used for PCR or frozen at - 20°C until further use.  

 

ü Primer design and validation 

Specific primers for the elongation factor 1 alpha - ŜŦмʰ (NM_131263) and vitellogenin 1 mRNA 

ς vtg1 (NM_001044897) were designed with the use of NCBI primer design tools 

(http://www.ncbi.nlm.nih.gov/). Following primers were used in this experiment: 

 ef1h  forward primer όрΩҦоΩύΥ GTGGTATCACCATTGACATTGC                     (bp 280-301) 

 ef1h  reverse primer όрΩҦоΩύΥ TCAGCCTGAGAAGTACCAGTGA                    (bp 382-402) 

 vtg1 ŦƻǊǿŀǊŘ ǇǊƛƳŜǊ όрΩҦоΩύΥ CCTGGGTGAATTCCCTGCTGCAC               (bp 3760-3782) 
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 vtg1 reverse primer όрΩҦоΩύ: GAATCCTGTGTCGTAAGCTGCTGT            (bp 3857-3880) 

Both primers sets were validated according to rules specified in the protocol by Bookout et al. 

(2006).  

 

ü PCR plate preparation 

Primer mixes containing 1.25 µM forward and 1.25 µM reverse primer in NFW were prepared 

for both ef1h  and vtg1 primer sets. Next, each primer mix was added to SYBR Green and NFW 

in the amounts calculated according to the formula as per protocol by Bookout et al. (2006): 

[n x пΦуϐ˃ƭ ǇǊƛƳŜǊ ƳƛȄ Ҍ ώƴ Ȅ нлϐ˃ƭ {¸.w DǊŜŜƴ Ҍ ώƴ Ȅ млΦнϐ˃ƭ bC² 

n = number of samples + 1 non template control + 1 extra. 

Consequently the ef1h  primer master mix and the vtg1 primer master mix were obtained. Next, 

ор ˃ƭ ƻŦ ef1h  primer master mix was added into each microcentrifuge tube ŎƻƴǘŀƛƴƛƴƎ р ˃ƭ 

Ŏ5b! ŜȄǘǊŀŎǘŜŘ ŦǊƻƳ ȊŜōǊŀŦƛǎƘ ŜȄǇƻǎŜŘ ǘƻ ǘƘŜ ǘŜǎǘŜŘ ǎƻƭǳǘƛƻƴǎΦ {ƛƳƛƭŀǊƭȅΣ ор ˃ƭ ƻŦ vtg1 primer 

mix was added into the analogous set of 5 µl-samples. Non template controls, i.e. samples 

containing NFW instead of cDNA and either ef1h  or vtg1 primer mix were also prepared. All the 

tubes were well stirred and kept on ice before the contents of each tube was distributed into 

the appropriate three wells of the optical reaction plate, ŜŀŎƘ ǿŜƭƭ ǊŜŎŜƛǾƛƴƎ мл ˃ƭ ǎƻƭǳǘƛƻƴΦ ¢ƘŜ 

arrangement of the tested samples was according to the diagram presented in Figure 2.3. As a 

final step, the plate was covered with the optical adhesive cover and briefly centrifuged (3 

minutes) at 4°C before PCR reaction. 

 

 
Figure 2.3 The schematic presentation of the arrangement of tested samples on the PCR plate. 
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ü Real-time PRC amplification 

The plate was transferred to the real-time thermal cycler and real-time PCR was performed 

ǳǎƛƴƎ трлл ǾΦнΦлΦс ǎƻŦǘǿŀǊŜΦ /ƻƳǇŀǊŀǘƛǾŜ /ǘ όɲɲ/ǘύ ƳŜǘƘƻŘ ǳǎƛƴƎ {¸.w DǊŜŜƴ ǉt/w aŀǎǘŜǊ 

Mix in 10 µl of reaction mixture was run. The following steps were performed: 

 1 cycle:       20 sec at 95°C (activation of the hot-start Taq DNA polymerase) 

 40 cycles:   3 sec at 95°C  (collecting data throughout) 

Following steps were added to the 40 cycles of the thermal cycling programme for melting 

curve analysis: 

 15 sec at 95°C 

 1 min at 60°C    (collecting data) 

 Increase from 60°C to 95°C at a 2% temperature ramping rate (collecting data) 

 15 sec at95°C   (collecting data) 

 15 sec at 60°C 

 

ü Data analysis 

Raw data was imported into a Microsoft Excel spreadsheet for analysis. The threshold cycle (CT) 

i.e. the cycle number at which enough amplified DNA accumulates to produce a detectable 

fluorescent signal, was recorded for every triplicate of each of the tested samples. All the data 

analysis steps were performed according to the method as per protocol by Bookout et al. 

(2006). For each of the three replicates of a single sample, the average threshold cycle (Ct) and 

standard deviation were calculated. Outlier wells from the averaged Ct values (standard 

deviation > 0.3) were removed (maximally one point per replicate).  

A relative quantification approach was used to analyse the data. In this method the expression 

level of the gene of interest (GOI) is compared between control (a calibrator sample) and 

treated samples and fold differences are calculated. Expression levels were normalized against 

the reference gene ŜƭƻƴƎŀǘƛƻƴ ŦŀŎǘƻǊ ʰ όŜŦмʰ), which exhibits constant expression levels in all 

samples and is not affected by any investigated treatment.  

Reaction efficiencies (E) of ŜŦмʰ (a reference gene ς ref) and vtg1 (gene of interest ς GOI) were 

not similar, which means they were not within 5% of each other, consequently a Pfaffl method 

(Pfaffl, 2001) was used to calculate fold changes according to the formula: 
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Ratio (folds) = EGOI 
ɲCt GOI 

/ Eref 
ɲCt ref

  

where: 

ɲCt GOI = Ct (GOI, calibrator) - Ct (GOI, test) 

ɲCt ref = Ct (ref, calibrator) - Ct (ref, test) 

 

2.2.5 Observed parameters 

Specific parameters were observed for each study and these have been specified below. 

 

ü Toxicity and teratogenicity of BPA and/or genistein 

The survival of embryos was assessed every 24 h for all 5 days of the experiment. The following 

endpoints were used as indicators of acute lethality in zebrafish embryos: 

 coagulation of fertilized eggs  

 lack of detachment of the tail bud from the yolk 

 lack of heart beat 

To elaborate, coagulation is a clearly recognized sign of embryonic death and is identified by a 

milky white (dark under the microscope) egg appearance. Detachment of the tail from the yolk 

results from the posterior elongation of the embryonic body. Lack of this detachment can be 

easily seen and is indicative of embryonic death for both 24 and 48 hpf zebrafish. The lack of a 

beating heart was stated when there was no heart beat observed within at least 40 second 

periods. Zebrafish were considered dead if one of these endpoints was recorded as positive. 

Dead embryos were removed from the wells at each observation time. 

Sublethal effects of tested solutions were investigated by the observation of heart rate and 

hatching success of the exposed embryos/larvae. The signs of a beating heart were observed at 

24 hpf, however heart rate was assessed for 48 and 72 hpf zebrafish, when heart beat had fully 

developed. At 48 and 72 hpf the heart rate of 50 % of the embryos/larvae from each group was 

measured by counting number of heart beats per 30 seconds at room temperature of 25±1°C. 

Hatching success was estimated on the basis of the percentage of the larvae free of chorions at 

72 hpf for each group under investigation.  

The NOEC for BPA and genistein were estimated for each assessed endpoint and at every time 

point of the observation. In addition, the LC50 (lethal concentration 50%) was calculated for 

both BPA and genistein at each time point under investigation. Similarly, the effective 

concentration 50% (EC50) was estimated for both compounds for heart rate and hatching 

success of the treated larvae. 
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In addition to the lethal and sublethal endpoints, zebrafish embryos and larvae were evaluated 

for morphological defects. The morphology of the head, heart, tail, yolk sac and yolk extension 

as well as the skin pigmentation level was assessed using the following scoring system:  

 score 5 ς normal structure 

 score 4 ς mildly altered structures 

 score 3 ς moderately altered structure 

 score 2 ς severely altered structure 

 score 1 ς ǎǘǊǳŎǘǳǊŜΩǎ ƳŀƭŦƻǊƳŀǘƛƻƴǎ ŜǉǳƛǾŀƭŜƴǘ ǘƻ ŘŜŀǘƘ ƻŦ ŜƳōǊȅƻκƭŀǊǾŀ  

Mean total morphological scores were obtained for embryos/larvae at 24, 48, 72, 96 and 120 

hpf and for all the treatments tested. These values were acquired by summing the mean scores 

of all the observed parameters. The maximum possible score for 24 hpf embryos was 25 

because skin pigmentation was not assessed at this stage. For 48, 72, 96 and 120 hpf 

embryos/larvae the maximum score was 30. Data were presented graphically with the use of 

Microsoft Excel programme. 

The parameters of interest were observed with the use of a dissecting microscope with a 

minimum of 30-fold magnification. The study was finished with zebrafish reaching 120 hpf. This 

follows OECD guidelines on testing of chemicals using fish embryos which say that duration of 

the test may last no longer than 2 days post-hatch (OECD, 2006). In zebrafish this time 

coincides with the almost complete absorption of the yolk. 

A test was classified as valid only if 90% of the larvae in the control group survived until the last 

day of experiment and showed no signs of abnormal development. 

 

ü The effect of BPA on the liver structure of the 72 hpf zebrafish larvae ς pilot study 

In this study the cellular composition of 72 hpf zebrafish hepatocytes was observed and 

quantitatively described for control animals and larvae exposed to the tested concentrations of 

BPA. The following parameters were observed: 

 volume of hepatocytes 

 volume fraction and absolute volume of nuclei 

 volume fraction and absolute volume of mitochondria  

 volume fraction and absolute volume of rough endoplasmic reticulum  

 volume fraction and absolute volume of bile canaliculi 

Stereological tools were used to quantitatively describe observed parameters. First, ultrathin 

sections of the liver were obtained for five larvae (n=5) from each treatment group (water, 

лΦлм ҈ 5a{hΣ млΣ мллΣ рлл ŀƴŘ мллл ˃Ǝκ[ .t!ύΦ bŜȄǘΣ ǘƘŜ ƳƛŎǊƻƎǊŀǇƘǎ ƻŦ ǘƘŜ ƭƛǾŜǊ ǿŜǊŜ ǘŀƪŜƴ 

using 8,000 x magnification and analyzed morphometrically with the use of ImagePro software. 
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A grid of 196 intersections was imposed on each micrograph and the number of intersections 

hitting elements other than hepatocytes (such as the bars of the copper grid, space of Disse, 

endothelial cells, sinusoids, etc.) were subtracted from the total number of intersections to 

calculate the hepatocyte-only fraction. In stereological terms this fraction is referred to as 

reference space. Next, the number of points falling on a structure of interest was counted and 

a volume fraction (Vv) of this structure was calculated according to the formula: 

 

 

This procedure was performed for every structure of interest and led to obtaining the volume 

fractions of nuclei, mitochondria, rough endoplasmic reticulum (RER) and bile canaliculi. 

Following that, the absolute volumes of all examined elements were estimated as follows. First, 

the mean number weighted volume was determined for the nuclei of the hepatocytes from 

every examined larva. This was done by measuring the radii of the hepatocytes nuclei on the 

images of the semi-thin, toluidine blue- stained sections captured with Leica light microscope 

(100 x, oil objective). Four radii originating from a single point, such as the centre of a visible 

nucleolus, were drawn at 90 degrees to each other and measured using ImagePro Software. 

From a series of these measurements the mean volume of each observed nucleus in the 

number-weighted distribution was estimated from the formula: 

 

In this formula  refers to the radii of each particle/nucleus measured (Howard and Reed, 

1998). All the obtained volumes assessed per larvae were averaged out to obtain the mean 

nuclear volume. Next, knowing the mean number weighted volume of the nuclei and the 

nuclear volume fraction for each larva and assuming there was a single nucleus per cell, the 

volume of the hepatocytes, i.e. reference volume, was estimated. This was done by dividing 

the nuclear mean number weighted volume by its fraction. The volumes of all the remaining 

structures of interest were calculated by multiplying their volume fraction (Vv) by the 

reference space volume. 

 

ü The effects of BPA or/and genistein on the liver structure of the 120 hpf zebrafish larvae 

In this study the liver ultrastructure of 120 hpf zebrafish larvae was observed and 

quantitatively described for control animals (0.01 % DMSO) and the larvae exposed to BPA or 

genistein individually and in combinations. As in the study on the liver ultrastructure in the 72 

hpf zebrafish larvae exposed solely to BPA, here also the volumes of the hepatocytes and their 

nuclei, mitochondria, rough-endoplasmic reticulum and bile canaliculi were assessed. In 
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contrast to the previous study, glycogen volume was also estimated as at this stage this 

structure could be discerned much easier than at 72 hpf.  

Stereological tools were used to quantitatively describe the fine structure of zebrafish liver. 

From each of 11 groups under investigation four random larvae were morphometrically 

analysed in the way analogous to this described for the study on 72 hpf zebrafish larvae. Minor 

changes in stereological procedures were introduced to facilitate analysis: the magnification of 

micrographs was increased up to 9000 and the density of stereological grid was increased up to 

18 x 18 points. All the remaining procedures were the same and included the calculation of the 

reference space (nuclei only), volume densities (fractions) of all the hepatic structures of 

interest and the estimation of their absolute volume for each examined larva.  

In addition to the stereological examination of the liversΩ fine structure, an analysis of shape of 

the mitochondrial profiles observed in the hepatocytes of 72 hpf and 120 hpf zebrafish larvae 

was carried out. This analysis was performed with the use of ImageJ software, version 1.46r. 

Mitochondrial profiles were assessed for the same micrographs used in the stereological 

analysis. A single square-shaped grid was superimposed on each micrograph analysed. The 

ƎǊƛŘΩǎ ōƻǳƴŘŀǊƛŜǎ ǿŜǊŜ ǇƭŀŎŜŘ ŀǿŀȅ ŦǊƻƳ ǘƘŜ ŜŘƎŜǎ ƻŦ ǘƘŜ ƳƛŎǊƻƎǊŀǇƘǎ ŀƴŘ ǘƘƛǎ ŘƛǎǘŀƴŎŜ ǿŀǎ 

no smaller than the diameter of the largest mitochondrial profile observed for the zebrafish 

ƭŀǊǾŀŜΩ ƘŜǇŀǘƻŎȅǘŜǎΦ ¢Ƙƛǎ ǇǊƻŎŜŘǳǊŜ ŀƛƳŜŘ ǘƻ ǇǊƻǾƛŘŜ Ŝǉǳŀƭ ǎŀƳǇƭƛƴƎ ǇǊƻōŀōƛƭƛǘȅ ŦƻǊ ŀƭƭ ǎƛȊŜ 

ranges of the mitochondrial profiles. In addition, a forbidden-edges rule was implemented in 

the sampling procedure. Consequently, all the mitochondrial profiles found within the grid and 

not touching the two forbidden lines were analysed. The analysis was done by drawing the 

outlines of the observed profiles with the use of a graphic, TRUST Mini Tablet. Surface, 

circularity, maximum and minimum feret diameters as well as major to minor axis ratio were 

estimated for each drawn profile with the use of functions available in ImageJ. These data were 

then analysed to search for the potential differences in any of the obtained shape descriptors 

between the treatment groups. 

 

ü The effects of BPA or/and genistein on the expression of the vitellogenin 1 mRNA in the 

120 hpf zebrafish larvae 

Gene expression level of the biomarker vitellogenin 1 mRNA (vtg1) was investigated in the 120 

hpf zebrafish larvae exposed to the tested solutions based on the reverse-transcriptase, real-

time polymerase chain reaction (rt PCR). The fold-changes in the expression level of vtg1 in the 

oestrogenic compound(s) exposed larvae were estimated based on the comparison to the 

control group (0.01% DMSO). 
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2.2.6 Statistical analysis 

The data obtained from all studies were analysed with the use of Microsoft Office Excel 2007 

and the statistical analysis was performed with the use of IBM SPSS Statistics Software, version 

20. Most of the graphic presentations of data were performed with the use of GraphPad Prism 

software, version 5. Remaining graphs were created with Microsoft Excel programme.  

Several steps of analysis were carried out to decide on the statistical test to be used. First, the 

presence of outliers was examined by inspection of a boxplot and the normality of data was 

assessed by a Shapiro-Wilk1 test. This procedure was carried out for each tested group of every 

ǎǘǳŘȅΦ bŜȄǘΣ ǘƘŜ ƘƻƳƻƎŜƴŜƛǘȅ ƻŦ ǾŀǊƛŀƴŎŜǎ ǿŀǎ ŀƴŀƭȅǎŜŘ ǿƛǘƘ ǘƘŜ ǳǎŜ ƻŦ [ŀǾŜƴŜΩǎ ¢Ŝǎǘ ƻŦ 

Homogeneity of Variance2.  

One way analysis of variance (ANOVA)3 was chosen if the assumptions of normal distribution 

(P>0.05, Shapiro-Wilk test) and lack of outliers for the data in each treatment group were met. 

If the variances were similar between all the treatment groups (PҔлΦлрΣ [ŀǾŜƴŜΩǎ ¢Ŝǎǘ ƻŦ 

Homogeneity of Variance) ANOVA followed by post-hoc ¢ǳƪŜȅΩǎ ǘŜǎǘ ǿŜǊŜ ǇŜǊŦƻǊƳŜŘΦ IƻǿŜǾŜǊΣ 

if the assumption of homogeneity of variances was violated (P<лΦлрΣ [ŀǾŜƴŜΩǎ ¢Ŝǎǘ ƻŦ 

IƻƳƻƎŜƴŜƛǘȅ ƻŦ ±ŀǊƛŀƴŎŜύ ǘƘŜ Řŀǘŀ ǿŜǊŜ ŀƴŀƭȅǎŜŘ ǿƛǘƘ ŀ ǊƻōǳǎǘΣ ²ŜƭŎƘΩǎ !bh±! ŦƻƭƭƻǿŜŘ ōȅ 

Games-Howell post hoc tests. 

An alternative statistical test was a non-parametric test for n-independent samples of Kruskal ς

Wallis4. Pair-wise comparisons with the use of Mann-Whitney U5 test were performed to 

identify which treatment groups differed from each other in a significant way.  

Because the data obtained from each part of study presented in this work was specific, 

different statistical tools were implemented to their analysis: 

 

ü Toxicity and teratogenicity of BPA and/or genistein 

The effects of BPA or/and genistein on zebrafish survival, heart rate and hatching success were 

tested with a one way ANOVA followed by post-hoc ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴǎ ƳŀŘŜ ǿƛǘƘ ŀ ¢ǳƪŜȅΩǎ 

test. The differences in the observed parameters between the embryos/larvae from different 

treatment groups were considered statistically significant for PҖ0.05.  

The calculations of LC50s and EC50s were performed with the use of Probit analysis. 

                                                            
1 Shapiro-Wilk H0Υ ŘŀǘŀΩǎ ŘƛǎǘǊƛōǳǘƛƻƴ ƛǎ Ŝǉǳŀƭ ǘƻ ŀ ƴƻǊƳŀƭ ŘƛǎǘǊƛōǳǘƛƻƴΦ 
2 [ŀǾŜƴŜΩǎ ¢Ŝǎǘ ƻŦ IƻƳƻƎŜƴŜƛǘȅ ƻŦ ±ŀǊƛŀƴŎŜ I0: the variances between groups for the dependent 
variable are equal. 
3 ANOVA H0: all group means are equal. 
4 Kruskal-Wallis H0: the distribution of scores in each group is the same.  
5 Mann-Whitney U H0: the distribution of scores for the two groups is equal. 



58 
 

 

ü The effect of BPA or/and genistein on the liver structure of the 72 hpf or 120 hpf zebrafish 

larvae 

The absolute volumes and volume fractions of the observed parameters (hepatocytes, nuclei, 

mitochondria, RER, glycogen and bile canaliculi) were compared between the larvae from all 

the groups with the use of Kruskal-Wallis test. Specific comparison testing was carried with the 

use of Mann-Whitney U Test. Differences were considered to be significantly different if PҖ 

0.05.  

 

ü The effects of BPA or/and genistein on the expression of the vitellogenin 1 mRNA in the 

120 hpf zebrafish larvae 

Data were log10-transformed to meet the assumptions of normal distribution and lack of 

outliers for each of the treatment group. The differences in the expression level of vitellogenin 

1 mRNA (vtg1) among all 13 treatments were investigated using one-ǿŀȅ !bh±! ƻǊ ²ŜƭŎƘΩǎ 

ANOVA. Specific pair-ǿƛǎŜ ŎƻƳǇŀǊƛǎƻƴǎ ǿŜǊŜ ǇŜǊŦƻǊƳŜŘ ǿƛǘƘ ǘƘŜ ǳǎŜ ƻŦ Ǉƻǎǘ ƘƻŎ ¢ǳƪŜȅΩǎ ƻǊ 

Games-Howell tests. The differences in vtg1 expression were assessed as significant for PҖ лΦлрΦ 
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3 The Influence of Bisphenol A on the Early Development of 

Zebrafish 

 

3.1 Aim of study 

The aim of this study was to investigate the effects of BPA on the early development of 

zebrafish. Firstly, the toxic and teratogenic effects of BPA were studied. Both lethal and 

sublethal effects of the tested compound were assessed. Next, the potential changes in the 

liver ultrastructure caused by BPA at concentrations below the NOEC were studied for both 72 

hpf and 120 hpf zebrafish larvae. The study with the use of 72 hpf zebrafish larvae was a pilot 

study which aimed to investigate whether zebrafish liver at this early stage of development can 

provide a suitable model to study the potential ultrastructural alterations in response to EDCs. 

Finally, the effect of BPA on the expression of the vitellogenin 1 mRNA ς a widely accepted 

biomarker of oestrogenic exposure was investigated in 120 hpf zebrafish larvae.  

 

 

3.2 Results 

3.2.1 Embryotoxic and teratogenic effects of BPA on the early development of zebrafish  

All embryos and larvae were exposed starting at 2-4 cell stage of development (0.75-1 hpf) 

until 120 hpf. Several aspects of the development were studied. Survival and morphology were 

assessed at 24, 48, 72, 96 and 120 hpf, heart rate was investigated at 48 and 72 hpf and 

hatching success at 72 hpf. No-observed effect concentrations (NOEC) and the concentrations 

causing 50% lethality (LC50) were estimated at every observed time point. 

 

ü The effects of BPA exposure on zebrafish survival 

The first stage of this study was the comparison of zebrafish survival between embryos and 

larvae reared in clean egg water and fish raised in the solvent control (0.1% DMSO). A 

statistical analysis demonstrated no significant difference in the observed parameter between 

these two groups of embryos/larvae for the whole course of the experiment, i.e. for first five 

days of zebrafish life. Consequently, zebrafish embryos/larvae raised in solvent control were 

used as a negative control for all the subsequent analysis of the influence of endocrine 

ŘƛǎǊǳǇǘƻǊǎΩ ŜȄǇƻǎǳǊŜ ƻƴ ȊŜōǊŀŦƛǎƘ ǎǳǊǾƛǾŀƭΦ  

BPA treatment had both concentration- and time-dependent effects on zebrafish 

embryo/larval survival under laboratory conditions, with increased concentration or increased 
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time in drug causing increased death rate as can be seen in Figure 3.1 (see also appendix B, 

Table 8.1). 32 mg/L BPA caused death of 100% of zebrafish population by 24 hpf, whereas 16 

mg/L BPA had no significant effect on survival until 72 hpf, when it caused a significant increase 

in the mortality leading to death of all the exposed population at 120 hpf. Whereas there was 

no significant difference in the survival between the larvae exposed to 8 mg/L BPA and control 

group up to 96 hpf; this concentration led to a significantly higher mortality at 120 hpf (PҖлΦлрύΦ 

Neither 2 mg/L nor 4 mg/L BPA affected the survival of zebrafish throughout the course of this 

experiment when compared to the control group (DMSO). Hence it is concluded that BPA at a 

concentration of 4 mg/L (17.52 µM) constitutes a NOEC for the survival of zebrafish up to 120 

hpf.  

Time-dependent toxicity of BPA can be deduced from the fact that the concentration of BPA 

causing mortality of 50% zebrafish population gradually decreased with the time of 

observation (see appendix B, Table 8.2). Whereas 16.77 mg/L BPA was estimated as LC50 for 

24 hpf zebrafish, at 120 hpf this concentration had almost halved to 8.95 mg/L.  

 

Survival of zebrafish embryos exposed to BPA
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Figure 3.1 Survival of 24, 48, 72, 96 and 120 hpf zebrafish exposed to 2, 4, 8, 16 and 32 mg/L BPA. 
Graph plotted as means with standard deviation error bars. Asterisks indicate values significantly 
different from the controls (*PҖлΦлрΣ ϝϝ PҖлΦлм ŀƴŘ ϝϝϝ PҖлΦллмΣ ¢ǳƪŜȅΩǎ ǘŜǎǘ).  
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ü The effects of BPA exposure on zebrafish morphology 

Embryo morphology was normal at 24 hpf following exposure to 2 or 4 mg/L BPA (Figure 3.2 B 

and C) when compared to control embryos (Figure 3.2 A). Embryos from both treatment 

groups had the highest possible total morphological score (Figure 3.3). 80% of embryos treated 

with 8 mg/L BPA looked normal (Figure 3.2 D) and 20% showed signs of mild oedema in the 

heart region. The mean total morphological score for these embryos was slightly reduced 

comparing to the controls (Figure 3.3). Zebrafish embryos treated with 16 mg/L had slightly 

reduced head size, mild heart oedema and somewhat bigger yolk extensions (Figure 3.2 E). In 

addition, their tails were slightly shorter and more tapered when compared to the controls. 

These observations are reflected in the reduced mean total morphological score for this 

treatment group (Figure 3.3). The whole population of 24 hpf embryos exposed to 32 mg/L BPA 

was coagulated (Figure 3.2 F) and consequently classified as dead. These embryos have 

received the lowest mean total morphological score as can be seen in Figure 3.3. 

 

 

 
Figure 3.2 Morphology of the 24 hpf zebrafish embryos treated 
with BPA.  A ς control (DMSO); B ς 2 mg/L BPA; C ς 4 mg/L BPA; 
D ς 8 mg/L BPA; E ς 16 mg/L BPA; F ς 32 mg/L BPA. Arrows 
indicate changed morphology of the heart region, yolk 
extension and tail. 
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Figure 3.3 Mean total morphological scores of the BPA treated embryos at 24 hpf. The 
ǇŜǊŎŜƴǘŀƎŜ ƻŦ ǘƘŜ ŜƳōǊȅƻǎ ǎŎƻǊŜŘ ǿŀǎ җмл҈ ŦƻǊ ǘƘŜ ŎƻƴǘǊƻƭǎΣ нΣ пΣ мс ŀƴŘ он ƳƎκ[ .t! 
treated embryos and 7% for the 8 mg/L BPA treatment group.   

 

When assessed at 48 hpf embryos exposed to 2 or 4 mg/L BPA (Figure 3.4 B and C) were very 

similar to controls (Figure 3.4 A). A slightly reduced mean total morphological score for the 4 

mg/L BPA treated embryos resulted from mildly reduced pigmentation and somewhat bigger 

yolk sac and yolk extension observed in 1 of 6 embryos scored (Figure 3.5). Concentration-

dependent reduction in the body pigmentation was observed for the 8 mg/L BPA (Figure 3.4 D) 

and 16 mg/L BPA (Figure 3.4 E) treated embryos. In addition, embryos from these treatment 

groups had enlarged yolk extensions and yolk sacs when compared to the controls and 

consequently received lower mean total morphological scores (Figure 3.5). Furthermore, 10% 

of the embryos exposed to 8 mg/L and 15 % of the embryos treated with 16 mg/L BPA had 

heart oedema. 25% of the embryos treated with 16 mg/L BPA had also slightly reduced head 

size. 

 

 

 
Figure 3.4 Morphology of the 48 hpf zebrafish embryos exposed to BPA.  A ς control (DMSO); B ς 2 mg/L 
BPA; C ς 4 mg/L BPA; D ς 8 mg/L BPA; E ς 16 mg/L BPA. Arrows indicate enlarged yolk extension. 
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Figure 3.5 Mean total morphological scores of the BPA treated embryos at 48 hpf.  The 
ǇŜǊŎŜƴǘŀƎŜ ƻŦ ǘƘŜ ŜƳōǊȅƻǎ ǎŎƻǊŜŘ ŦƻǊ ŀƭƭ ǘǊŜŀǘƳŜƴǘ ƎǊƻǳǇǎ ǿŀǎ җнл҈Φ  

 

 

When assessed at 72 hpf zebrafish larvae treated with 2 mg/L BPA (Figure 3.6 B) were similar in 

their morphology to control larvae (Figure 3.6 A) and received a comparable mean total 

morphological score (Figure 3.7). The 4 mg/L BPA treated larvae received a slightly lower score 

of 28.50 because of somewhat increased size of the yolk sac and yolk extension and to some 

extent reduced skin pigmentation level in more than 20% of the scored larvae (Figure 3.7). The 

ŜȄǇƻǎǳǊŜ ǘƻ җ у ƳƎκ[ .t! ŎŀǳǎŜŘ ǘƘŜ ƛƴƘƛōƛǘƛƻƴ ƻŦ ƘŀǘŎƘƛƴƎ όCƛƎǳǊŜ 3.6 D), as will be described 

in a later section. 7% of the larvae treated with 8 mg/L BPA had heart oedema while in the 16 

mg/L treated larvae this malformation was common. Skin pigmentation depletion increased 

with increasing concentration of BPA starting from 4 mg/L BPA (Figure 3.6 D and E).  

 

 

 
Figure 3.6 Morphology of the 72hpf zebrafish larvae 
exposed to BPA.  A ς control (DMSO); B ς 2 mg/L BPA; 
C ς 4 mg/L BPA; D ς 8 mg/L BPA; E ς 16 mg/L BPA. 
Larvae in D and E failed to hatch. 
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Figure 3.7 Mean total morphological scores of the BPA treated larvae at 72 hpf.  The 
ǇŜǊŎŜƴǘŀƎŜ ƻŦ ǘƘŜ ƭŀǊǾŀŜ ǎŎƻǊŜŘ ŦƻǊ ŀƭƭ ǘǊŜŀǘƳŜƴǘ ƎǊƻǳǇǎ ǿŀǎ җнл҈Φ  

 

 

At 96 hpf 2 mg/L or4 mg/L of BPA had no effect on the morphology of zebrafish larvae (Figure 

3.8 B) and these larvae received the mean total morphological scores similar to the control 

group (Figure 3.9).The only noticeable effect of 4 mg/L BPA on the larvae morphology was a 

little reduced skin pigmentation level. The larvae treated with 8 mg/L were still enclosed within 

their chorions and heart oedema was often observed in this treatment group (Figure 3.8 D). 

Moreover, the larvae exposed to 8 mg/L BPA (Figure 3.8 D) or 16 mg/L BPA (Figure 3.8 E) had 

reduced body sizes when compared to controls (Figure 3.8 A) indicating a general 

underdevelopment. 16 mg/L BPA caused 90% mortality at 96 hpf (previously shown in Figure 

3.1) and the larvae which survived up to this time point were severely malformed and had 

reduced head, heart oedema, enlarged yolk and yolk extension and malformed tails as can be 

seen in Figure 3.8 E. 
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Figure 3.8 Morphology of the 96 hpf zebrafish larvae 
exposed to BPA.  A ς control (DMSO); B ς 2 mg/L BPA; 
C ς 4 mg/L BPA; D ς 8 mg/L BPA; E ς 16 mg/L BPA. 
Arrows indicate heart oedema and reduced tail of 
changed morphology. 

 

 

 
Figure 3.9 Mean total morphological scores of the BPA treated larvae at 96 hpf.  The 
ǇŜǊŎŜƴǘŀƎŜ ƻŦ ǘƘŜ ƭŀǊǾŀŜ ǎŎƻǊŜŘ ŦƻǊ ŀƭƭ ǘǊŜŀǘƳŜƴǘ ƎǊƻǳǇǎ ǿŀǎ җнл҈Φ  

 

 

At 120 hpf 2 mg/L BPA had no effect on zebrafish morphology (Figure 3.10 B) and only very 

mild changes in the pigmentation level were observed for the 4 mg/L treated larvae (Figure 

3.10 C). Consequently, total morphological scores for the larvae treated with BPA at 2 mg/L or 

4 mg/L concentrations were no different from the score given to the controls (Figure 3.11). 

Larvae from 8 mg/L BPA treatment group were still in their chorions and had reduced body 

size, decreased skin pigmentation and relatively larger yolk sacs comparing to the controls. 

Moreover, 60% of the larvae exposed to BPA at this concentration showed heart oedema 

(Figure 3.10 D). Treatment with 16 mg/L BPA resulted in 100% mortality at 120 hpf and these 

larvae were given the lowest mean total morphological score (Figure 3.10 E and 3.11).  
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Figure 3.10 Morphology of the 120 hpf zebrafish 
exposed to BPA.  A ς control (DMSO); B ς 2 mg/L 
BPA; C ς 4 mg/L BPA; D ς 8 mg/L BPA; E ς 16 mg/L 
BPA. An arrow indicates heart oedema.  

 

 

 
Figure 3.11 Mean total morphological scores of the BPA treated larvae at 120 hpf.  The 
ǇŜǊŎŜƴǘŀƎŜ ƻŦ ǘƘŜ ƭŀǊǾŀŜ ǎŎƻǊŜŘ ŦƻǊ ŀƭƭ ǘǊŜŀǘƳŜƴǘ ƎǊƻǳǇǎ ǿŀǎ җнл҈Φ  

 

 

ü The effects of BPA exposure on the heart rate of zebrafish embryos 

There was a concentration -dependent decrease of the heart rate in the BPA treated zebrafish 

both at 48 hpf and 72 hpf (Figure 3.12). The heart rates of zebrafish embryos/larvae treated 

with 2 mg/L or 4 mg/L BPA were similar to controls on both days of examination. As a 

consequence, 4 mg/L BPA was interpreted to be a NOEC for the heart rate of zebrafish up to 72 

hpf. Both 8 mg/L and 16 mg/L BPA caused a significant decrease in heart rate compared to 

controls at 48 and 72 hpf. 16 mg/L BPA, however, had a several times stronger effect on the 
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heart rate than 8 mg/L and these effects were significantly different when compared with each 

other (see also appendix B, Tables 8.3 and 8.4). 

 

The concentrations of BPA causing 50% reduction in the heart rate of zebrafish (EC50) in 

reference to controls were calculated using Probit analysis and were equal to 8.41 mg/L (36.84 

µM) for 48 hpf and 9.75 mg/L (42.72 µM) at 72 hpf. 
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Figure 3.12 Heart rate of 48 and 72 hpf zebrafish exposed to 2, 4, 8 and 16 mg/L 
BPA.  Graph plotted as means with standard deviation error bars. Asterisks 
indicate values significantly different from the controls (** PҖлΦлм ŀƴŘ ϝϝϝ 
PҖлΦллмΣ ¢ǳƪŜȅΩǎ ǘŜǎǘ). 

 

 

ü The effects of BPA exposure on hatching success of zebrafish larvae 

Starting at 8 mg/L increasing concentrations of BPA delayed hatching of larvae. At 72 hpf 100 % 

of DMSO control zebrafish larvae were hatched, as was the case with the larvae raised in egg 

water. Neither 2 mg/L nor 4 mg/L BPA affected hatching success of the treated larvae (one way 

!bh±!Σ ŦƻƭƭƻǿŜŘ ōȅ ¢ǳƪŜȅΩǎ Ǉƻǎǘ ƘƻŎ ǘŜǎǘύΦ ¢ǊŜŀǘƳŜƴǘ ǿƛǘƘ у ƳƎκ[ ƻǊ мс ƳƎκ[ .t! ŎŀǳǎŜŘ 

significant reduction in the hatching success of zebrafish larvae (Figure 3.13). Moreover, there 

was no significant difference in the effect of 8 and 16 mg/L BPA on this parameter when 

compared to each other (Figure 3.13, see also appendix B, Table 8.5). In addition, surviving 

zebrafish larvae exposed to either 8- or 16 mg/L BPA did not hatch on the following days and 

remained in their chorions up to 120 hpf.  

 

The concentration of BPA causing a 50% reduction in the number of hatched larvae at 72 hpf 

was calculated as 5.65 mg/L (24.76 µM) with the use of Probit analysis. 
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Figure 3.13 Hatching success of 72 hpf zebrafish larvae exposed to 2, 4, 8 and 16 
mg/L BPA.  % hatching is the percentage of live larvae that hatched and survival 
was: 100% for 0 mg/L, 96.7% for 2 mg/L, 93.3% for 4 mg/L, 90% for 8 mg/L and 
66.7% for 16 mg/L. Graph plotted as means with standard deviation error bars. 
Asterisks indicate values significantly different from the controls (*** PҖлΦллм, 
¢ǳƪŜȅΩǎ ǘŜǎǘ). 
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3.2.2 The effects of BPA on the 72 hpf zebrafish liver ultrastructure ɀ pilot study 

In the following section the effects of BPA on the ultrastructure of the liver in 72 hpf zebrafish 

larvae were investigated. This was a pilot study which aimed to resolve whether the zebrafish 

liver at this early stage of morphogenesis can serve as an organ to indicate structural 

alterations in response to treatment with endocrine disrupting compounds. In this study the 

zebrafish embryos at 32-64 cell stage (1.75-н ƘǇŦύ ǿŜǊŜ ŜȄǇƻǎŜŘ ǘƻ млΣ мллΣ рлл ƻǊ мллл ˃g/L 

BPA until they reached 72 hpf. The structure of the liver in control as well as in the BPA-treated 

larvae was assessed morphometrically with the use of the stereological tools. Other possible 

structural alterations were assessed based on the morphological analysis. Since the stock 

solution of BPA was prepared with the use of DMSO, the potential changes in the fine structure 

of the liver caused by this chemical were also studied. 

 

ü Liver of normal 72 hpf zebrafish  

To assess whether there are pathological changes in the fine structure of any organ or tissue in 

response to the tested treatment, the appearance and characteristic features of this 

anatomical structure in normal/healthy state must first be described. According to this 

reasoning, the ultrastructure of the liver of 72 hpf zebrafish larvae reared in normal conditions, 

i.e. in clean egg water, at appropriate temperature (28°C) and under the preferred light cycle 

(14:10 light : darkness) was studied and characterized in both quantitative and qualitative way. 

To the best of our knowledge there has been no report on the ultrastructure of the liver in 72 

hpf zebrafish larvae. Zebrafish liver at this stage of development showed a noticeable degree 

of inter-individual and inter-cellular variety and only partially resembled the liver of an adult 

fish which was described elsewhere (Braunbeck, 1998; Braunbeck et al., 1990; Burkhardt-Holm 

et al., 1999; Oulmi and Braunbeck, 1996; Strmac and Braunbeck, 1999). Hepatocytes - 

undoubtedly the main component of the liver parenchyma ς were assembled in rather 

compact way with relatively few sinusoids in between (Figure 3.14). A characteristic 

arrangement of the hepatocytes into cords or tubules could not be identified. The hepatocytes 

were of oval or polygonal shapes with the volume estimated as нмтΦтф ҕ онΦфо ˃Ƴ3and 

possessed single nuclei. The nuclei were primarily oval or round and occupied around 24% of 

ǘƘŜ ƘŜǇŀǘƻŎȅǘŜǎΩ ǾƻƭǳƳŜ όрнΦто ҕ мпΦлн ˃Ƴ3). They were located in the centre of most of the 

hepatocytes observed. Most of the nuclei were euchromatic and had a conspicuous, single 

nucleolus in their centres. Nuclei with two nucleoli, however, were also encountered. Nuclear 

surface was mainly relatively smooth but somewhat irregular or wavy nuclear outlines could 

also be found (Figure 3.14). Mitochondria in the hepatocytes showed a wide range of shapes 

and sizes. Small, roundish mitochondria were the most common, but longitudinal or irregular, 

sometimes very big forms could also be observed (Figure 3.14 and 3.15). Mitochondria took up 

about 11% of the volume of hepatocytes (24.01 ± 5.22 ˃ Ƴ3) and were predominantly located 

around the nuclei and very often associated with the rough endoplasmic reticulum (RER). The 

membranes of RER could be found both around the nuclei and associated with mitochondria as 
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well as interspersed in the cytoplasm (Figure 3.15). No stacks of RER membranes surrounding 

the nucleus ς a feature typical for the older fish, were observed. The volume of RER was 

estimated to be 13Φуо ҕ рΦлп ˃Ƴ3. Golgi fields and smooth endoplasmic reticulum (SER) were 

very rare. Bile canaliculi (Figure 3.16) together with the bile preductules were estimated to 

have volume of 3.77 ± 1.11 ˃ Ƴ3ŀƴŘ ƻŎŎǳǇƛŜŘ ŀōƻǳǘ мΦт҈ ƻŦ ǘƘŜ ƘŜǇŀǘƻŎȅǘŜǎΩ ǾƻƭǳƳŜΦ 

Preductules were identified based on the presence of preductule epithelial cells which were 

much smaller than hepatocytes and often had longitudinal nuclei of irregular shapes (Figure 

3.17). The lumen of most observed bile canaliculi and preductules was filled with microvilli 

projecting from the hepatocytes. Neither the amount nor the arrangement of glycogen was 

well defined for zebrafish of this stage of development. The amount of glycogen in the 

hepatocytes was observed to be subjected to appreciable variation due to inter-individual 

variability. Moreover, the differences in the amount and pattern of glycogen fields were 

observed between hepatocytes of the same organ. No lipid droplets were observed in the 

hepatocytes of the 72 hpf zebrafish liver. 

 

 

 
Figure 3.14 Liver of the normal, 72 hpf zebrafish larva, overview.  N ς 
nuclei of hepatocytes, M ς mitochondria, G ς glycogen, E ς nucleated 
erythrocyte, S ς sinusoid, En ς endothelial cell, Y ς yolk sac material. 
Scale bar ς н ˃ƳΦ 
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Figure 3.15 Liver of the normal, 72 hpf zebrafish.  N ς nucleus of a 
hepatocyte, M ς mitochondria, both small and round as well as large 
ŀƴŘ ƭƻƴƎƛǘǳŘƛƴŀƭ ŦƻǊƳǎΤ Ҧ ς RER; G ς glycogen, S ς sinusoid, E ς a 
fragment of a nucleated erythrocyte. Scale bar ς 1 ˃ ƳΦ  

 

 

 

Figure 3.16 Liver of the normal, 72 hpf zebrafish. N ς nucleus of a 
hepatocyte, M ς ƳƛǘƻŎƘƻƴŘǊƛŀΣ Ҧ ς RER; G ς glycogen, B ς bile 
canaliculus occluded by microvilli projecting from the hepatocytes. 
Scale bar ς 1 ˃ Ƴ.  
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Figure 3.17 Liver of the normal, 72 hpf zebrafish.  M ς mitochondria, 
Ҧ ς RER; B ς bile canaliculus on its way to join bile preductule lined 
with a preductular epithelial cell (PE). Scale bar ς 1 ˃ ƳΦ  

 

 

ü The effects of DMSO on the liver ultrastructure of 72 hpf zebrafish 

The first stage of this study was to investigate whether there is any effect of DMSO on the 

ultrastructure of zebrafish larvae. In order to answer this question the absolute volumes of all 

hepatic structures of interest in 72 hpf zebrafish reared in 0.01 % DMSO solution were 

compared with their equivalents in larvae raised in clean egg water (Figure 3.18). Statistically 

significant differences were searched with the use of Mann-Whitney U test and regarded as 
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Figure 3.18 Volume of observed structures in 72 hpf zebrafish reared in 0.01% DMSO 
(solvent control) vs. ΨƴƻǊƳŀƭΩ ȊŜōǊŀŦƛǎƘ ǊŀƛǎŜŘ ƛƴ ŜƎƎ ǿŀǘŜǊΦ Graph plotted as means 
with standard deviation error bars.  

 

The absolute volume of the hepatocytes was similar (P=0.046, Mann-Whitney U test) when 

ŎƻƳǇŀǊŜŘ ōŜǘǿŜŜƴ ǘƘŜ 5a{h ǘǊŜŀǘŜŘ όнппΦмо ҕ рнΦфт ˃Ƴ3) larvae and the egg water control 

ƎǊƻǳǇ όнмтΦтф ҕ онΦфо ˃Ƴ3). 

Similarly, there was no statistically significant difference (P=0.060, Mann-Whitney U test) in the  

Nuclear volume of the hepatocytes between zebrafish from DMSO (48.83 ҕ уΦро ˃Ƴ3) and 

ǿŀǘŜǊ όрнΦто ҕ мпΦлн ˃Ƴоύ ǘǊŜŀǘƳŜƴǘ ƎǊƻǳǇǎΦ  

The volume of mitochondria in the hepatocytes of the DMSO treated larvae was estimated as 

28.77 ± 6.42 ˃Ƴ3 and was similar to the volume of these organelles in the larvae reared in egg 

water (24.01 ± 5.22 ˃ Ƴ3; P=0.12, Mann-Whitney U test).  

Rough endoplasmic reticulum in the egg water-ŎƻƴǘǊƻƭ ƎǊƻǳǇ ƻŎŎǳǇƛŜŘ моΦуо ҕ рΦлп ˃Ƴ3of the 

volume of hepatocytes whereas in the larvae treated with DMSO ς мпΦоо ҕ уΦур ˃Ƴ3. This 

difference was of no statistical significance (P=0.75, Mann-Whitney U test).  

Likewise, there was no statistically significant difference when the volume of bile canaliculi in 

the liver of the zebrafish larvae reared in egg water (3.77 ± 1.11 ˃Ƴ3)was compared with the 

analogous volume in the larvae exposed to 0.01 % DMSO (3.82 ± 1.42 ˃Ƴ3; P=0.092, Mann-

Whitney U test). 

 

To summarize, this study showed that DMSO at a concentration of 0.01 % has no effect on the 

hepatic ultrastructure of 72 hpf zebrafish and can be used in the subsequent study to 

investigate the effects of oestrogenic compounds dissolved in it. As a consequence, zebrafish 

larvae reared in 0.01 % DMSO were used as a control group to which all the larvae exposed to 

BPA were compared. 
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ü The effects of bisphenol A on the ultrastructure of the liver of 72 hpf zebrafish ς 

morphometric analysis  

Lƴ ǘƘŜ ŦƻƭƭƻǿƛƴƎ ǎŜŎǘƛƻƴ тн ƘǇŦ ƭŀǊǾŀŜ ǿŜǊŜ ǘǊŜŀǘŜŘ ǿƛǘƘ мл ˃Ǝκ[Σ млл ˃Ǝκ[Σ рлл ˃Ǝκ[ ƻǊ 1000 

˃Ǝκ[ bisphenol A (BPA). The exposure commenced at a 32-64 cell-stage (1.5-2 hpf) and finished 

at 72 hpf. The fine structure of the liver was analyzed for each treatment group and compared 

between the BPA-treated larvae and the controls (0.01% DMSO). The differences in the 

ŀōǎƻƭǳǘŜ ǾƻƭǳƳŜǎ ƻŦ ǘƘŜ ƘŜǇŀǘƻŎȅǘŜǎΣ ǘƘŜ ƘŜǇŀǘƻŎȅǘŜǎΩ ƴǳŎƭŜƛΣ ƳƛǘƻŎƘƻƴŘǊƛŀ ŀƴŘ ǊƻǳƎƘ 

endoplasmic reticulum, as well as the bile canaliculi were analyzed with the use of statistical 

tools.  

 

Á Volume of hepatocytes 

The volume of the hepatocytes was similar when compared across all the treatment groups, i.e. 

0.01% DMSO, 10 µg/L BPA, 100 µg/L BPA, 500 µg/L BPA and 1000 µg/L BPA (P=0.057, Kruskal-

Wallis test). A subsequent pair-wise comparison testing revealed, however, that the 

hepatocytes of the larvae treated with 10 ˃Ǝ /L BPA (159.14 ± 37.37 ˃Ƴ3) were significantly 

smaller (P=0.028, Mann-Whitney U test; Figure 3.19) than the hepatocytes of the control 

larvae (244.13 ± 52.97 ˃Ƴ3). Although there was no statistical difference there was a trend 

towards smaller volume in all the remaining treatment groups in respect to controls (P=0.076 

for all the comparisons, Mann-Whitney U test). 
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Figure 3.19 Absolute volume of hepatocytes in the 72 hpf zebrafish exposed to 
BPA.  Data presented as boxplots (median and quartiles) with whiskers from 
minimum to maximum. Asterisks indicate values significantly different from the 
controls (*PҖлΦлр, Mann-Whitney U test). 
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Á Nuclear volume of hepatocytes 

The nuclear volume fraction was similar when compared across the treatment groups 

(P=0.111, Kruskal-Wallis test). The specific comparison testing revealed, however, that the 

nuclear fraction in the 10 µg/L BPA treated larvae was significantly higher than in the control 

group (P=0.047, Mann Whitney test). A trend towards the increased nuclear volume fraction 

when compared to the control group (P=0.094, Mann-Whitney U test) was noticeable for the 

500 µg/L BPA treatment group (Figure 3.20).  

²ƘŜƴ ǘƘŜ ƳŜŀƴ ŀōǎƻƭǳǘŜ ǾƻƭǳƳŜǎ ƻŦ ǘƘŜ ƘŜǇŀǘƻŎȅǘŜǎΩ ƴǳŎƭŜƛ ǿŜǊŜ ŎƻƳǇŀǊŜŘ ŀŎǊƻǎǎ ŀƭƭ ǘƘŜ 

treatment groups no significant difference was revealed (P=0.756, Kruskal-Wallis test). Post-

hoc analysis confirmed that the volumes of the nuclei from the larvae exposed to all the tested 

concentrations of BPA were similar to that of the control group (Figure 3.21). The biggest 

disparity in the nuclear volumes was between the controls (52.73 ± 14.02 ˃Ƴ3) and the 

zebrafish exposed to мл ˃Ǝκ[ .t! όпнΦсо ҕ пΦмп ˃Ƴ3).  
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Figure 3.20 Volume fraction of nuclei in the hepatocytes of the 72 hpf zebrafish 
exposed to BPA.  Data presented as boxplots (median and quartiles) with 
whiskers from minimum to maximum. Asterisks indicate values significantly 
different from the controls (*PҖлΦлр, Mann-Whitney U test). 
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Absolute volume of nuclei in hepatocytes of 72 hpf
zebrafish exposed to BPA
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Figure 3.21 Absolute volume of nuclei in the hepatocytes of the 72 hpf zebrafish 
exposed to BPA.  Data presented as boxplots (median and quartiles) with 
whiskers from minimum to maximum.  

 

 

Á Mitochondrial volume of hepatocytes  

The volume fractions of mitochondria in the hepatocytes of the larvae treated with BPA at 

tested concentrations (10, 100, 500 and 1000 µg/L) were similar to each other (P=0.981, 

Kruskal-Wallis test) and the fraction of mitochondria in the BPA treated larvae was similar to 

the control group (Mann-Whitney U test, Figure 3.22).  

 

Similarly, the comparison of the absolute volumes of the mitochondria across the treatment 

groups revealed no statistically significant differences (P=0.073, Kruskal-Wallis test). A specific 

comparison testing uncovered, however, that the mitochondrial absolute volume was 

significantly lower (P=0.016, Mann-Whitney U test) in the 10 ˃ Ǝκ[ .t! exposed larvae (18.04 ± 

пΦрм ˃Ƴ3) than in the controls (28.77 ± 6.42 ˃Ƴ3; Figure 3.23). A noticeable trend towards 

reduced mitochondrial volume was observed for the 1000 µg/L BPA treated larvae (P=0.076). 
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Figure 3.22 Volume fraction of pooled mitochondria in the hepatocytes of the 72 
hpf zebrafish exposed to BPA.  Data presented as boxplots (median and quartiles) 
with whiskers from minimum to maximum.  
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Figure 3.23 Absolute volume of mitochondria in the hepatocytes of the 72 hpf 
zebrafish exposed to BPA.  Data presented as boxplots (median and quartiles) 
with whiskers from minimum to maximum. Asterisks indicate values significantly 
different from the controls (*PҖлΦлр, Mann-Whitney U test). 

 

 

Á Volume of rough endoplasmic reticulum in hepatocytes 

The volume fractions of rough endoplasmic reticulum (RER) in the hepatocytes of the larvae 

exposed to 10, 100, 500 or 1000 µg/L BPA were similar across the treatment groups 

(P=0.762,Kruskal-Wallis test) and no differences were found comparing the RER volume 

fraction in the BPA treatment groups to the controls (Mann-Whitney U test, Figure 3.24) 
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The comparison of the mean absolute volumes of RER across all the treatment groups under 

investigation showed no significant difference (P=0.193, Kruskal-Wallis test). A specific 

comparison testing (Mann-Whitney U test) revealed, however, that the RER mean absolute 

volume in the hepatocytes of the 10 µg/L BPA larvae όсΦпн ҕ нΦру ˃Ƴ3) was significantly lower 

(P=0.028) than that in the controls όмпΦоо ҕ уΦур ˃Ƴ3) as seen in Figure 3.25.  
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Figure 3.24 Volume fraction of rough endoplasmic reticulum in the hepatocytes 
of 72 hpf zebrafish exposed to BPA.  Data presented as boxplots (median and 
quartiles) with whiskers from minimum to maximum.  
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Figure 3.25 Absolute volume of rough endoplasmic reticulum in the hepatocytes 
of 72 hpf zebrafish exposed to BPA.  Data presented as boxplots (median and 
quartiles) with whiskers from minimum to maximum. Asterisks indicate values 
significantly different from the controls (*PҖлΦлр, Mann-Whitney U test). 
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Á Volume of bile canaliculi 

The volume fraction of bile canaliculi as well as the mean absolute volume of this structure was 

similar across the following treatment groups: 0.01% DMSO, 10, 100, 500 or 1000 µg/L BPA 

(P=0.231 and 0.302, respectively; Kruskal-Wallis test). Moreover, both the volume fraction and 

the mean absolute volume of bile canaliculi in the BPA treated larvae were similar to the 

control group (Mann-Whitney U test) as presented in Figures 3.26 and 3.27.  
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Figure 3.26 Volume fraction of bile canaliculi in the hepatocytes of 72 hpf 
zebrafish exposed to BPA.  Data presented as boxplots (median and quartiles) 
with whiskers from minimum to maximum.  
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Figure 3.27 Absolute volume of bile canaliculi in the hepatocytes of 72 hpf 
zebrafish exposed to BPA. Data presented as boxplots (median and quartiles) 
with whiskers from minimum to maximum.  
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ü The effects of BPA on the ultrastructure of the liver of 72 hpf zebrafish ς morphological 

assessment  

A noticeable degree of morphological heterogeneity was observed for the hepatocytes of 72 

hpf larvae raised in the solvent control (0.01% DMSO). The hepatocytes were mostly of 

polygonal shapes and easily discernible borders were observed between most of them (Figure 

3.28). The majority of the nuclei were euchromatic with little heterochromatin and single or 

two nucleoli, however, nuclei with increased amount of heterochromatin were also 

encountered. The outline of nuclei was generally smooth and regular but irregularly delineated 

forms were also observed. The variation in nuclear size of the hepatocytes was visible. The 

cytoplasm of most of the hepatocytes was disordered, and showed no clear organization of 

intracellular organelles into clear compartments. The granularity of the cytoplasm seriously 

impeded the recognition of most of the organelles. Mitochondria, which could be easily 

identified, were numerous and relatively small. Most of these organelles were roundish or oval 

and some were longitudinal (Figure 3.28 and 3.29). Generally, the whole mitochondrial lumen 

was filled with cristae (Figure 3.29). Another structure which was relatively easily recognized in 

the hepatocytes was bile canaliculi. The initial, intracellular portions of the bile canaliculi were 

ŦƻǳƴŘ ǘƻǿŀǊŘǎ ǘƘŜ ŎŜƭƭǎΩ ŎŜƴǘǊŜǎ ŀƴŘ ǿŜǊŜ Ƴƻǎǘƭȅ ǎŜŜƴ ŀǎ ǎƳŀƭƭ ǇǊƻŦƛƭŜǎ ŎƻƳǇƻǎŜŘ ƻŦ Ǌƻund, 

electron-lucent vesicles. Larger bile canaliculi with microvilli projecting into their lumen were 

also observed. RER was hardly discerned in the granular cytoplasm. The majority of 

endoplasmic membranes were associated with mitochondria or/and nuclei. No clear 

organization of RER into the stacks of more than three membranous tubules was observed 

(Figure 3.29). The organization of the glycogen showed a high degree of diversity compared to 

the other observed intracellular structures. Its amount and organization not only varied 

between the individual larvae but also between the cells of the same organ. This storage 

product was observed sometimes as fields with clear boundaries which were localized 

throughout the cytoplasm but mostly towards the hepatocytesΩ ǇŜǊƛǇƘŜǊȅΦ Lƴ Ƴƻǎǘ ŎŜƭƭǎΣ 

however, glycogen was dispersed and hardly distinguished from other granular components of 

the cytoplasm. No SER and very rare Golgi fields could be found in the hepatocytes of the 

DMSO treated larvae. Macrophages were rarely observed amidst hepatic parenchymal cells. 
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Figure 3.28 Liver of 72 zebrafish exposed to DMSO.  N ς nuclei of 
hepatocytes, M ς mitochondria, BC ς ōƛƭŜ ŎŀƴŀƭƛŎǳƭƛΣ Ҧ ς rough 
endoplasmic reticulum. The borders of the hepatocytes can be easily 
recognized. Scale bar ς 2 ˃ ƳΦ  

 

 

 

Figure 3.29 Liver of the 72 zebrafish exposed to DMSO.  N ς nucleus 
of a hepatocyte, M ς ƳƛǘƻŎƘƻƴŘǊƛŀΣ Ҧ ς RER; G ς glycogen. Scale bar 
ς 500 nm.  
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No prominent alterations in the morphology of the hepatocytes were observed as the result of 

the treatment with 10 µg/L BPA. The nuclei of the hepatocytes in the BPA exposed larvae 

resembled those observed in the control group, there was, however, a slight increase in the 

number of nuclei with irregular outline (Figure 3.30). Most mitochondria were very small and 

were mainly of round or oval shapes. Mitochondria of bigger sizes and of different than 

roundish shapes were encountered much less often. The amount of RER varied between cells ς 

some had amounts of RER similar to that observed in controls, but other cells showed a clear 

reduction in the amount of this organelle. In most observed hepatocytes glycogen was 

dispersed or absent, however some hepatocytes had clear compartments of this storage 

material. The hepatocytes were clearly delineated by cellular membranes.  

 

Increased morphological heterogenity of the hepatocytes was observed as the result of the 

treatment with 100, 500 and 1000 µg/L BPA. For these treatment groups some of the observed 

hepatocytes were similar in their appearance to the hepatocytes in the controls and had easily 

recognizable borders between the hepatocytes (Figure 3.31 and 3.33). In other cases, however, 

the clarity of the intercellular borders was observably reduced, and a kind of intracellular 

disarray was observed with the reduced clarity of ǘƘŜ ƻǊƎŀƴŜƭƭŜǎΩ ƻǳǘƭƛƴŜǎΣ ƛƴŎƭǳŘƛƴƎ ǘƘŜ ƴǳŎƭŜƛ 

(Figure 3.32 and 3.34). The amount of heterochromatin in the nuclei was variable but there 

were no apparent differences between the BPA treated larvae and controls. A degree of 

concentration-dependent increase in the number of nuclei of shapes deviating from regular 

ovals has been observed (Figure 3.30 and 3.36). Most of the observed mitochondria were of 

small sizes and of round shapes but longitudial forms as well as mitochondria with irregular 

outlines could also be observed (Figures 3.31- 3.36). The amount and arrangemenet of RER 

varied from cell to cell and no obvious influence of BPA treatment could be determined based 

on morphological assessment of this organelle. No difference was observed in the appearance 

of bile canaliculi when the liver architecture was compared between the larvae treated with 

xenoestrogen and the controls. Furtermore, no apparent changes in the amount of 

macrophages in response to the exposure to BPA has been observed in this study. 
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Figure 3.30 Liver of 72 zebrafish exposed to 10 µg/L BPA.  N ς nuclei 
of hepatocytes, some with irregular outline; M ς ƳƛǘƻŎƘƻƴŘǊƛŀΣ Ҧ 
RER. Notice clear borders between the hepatocytes. Scale bar ς2 ˃ ƳΦ 

 

 

 
Figure 3.31 of 72 zebrafish exposed to 100 µg/L BPA.  N ς nuclei of 
hepatocytes, notice a slight expansion of heterochromatin in one of 
the nuclei; M ς mitochondria, B ς ōƛƭŜ ŎŀƴŀƭƛŎǳƭƛΣ Ҧ ǊƻǳƎƘ 
endoplasmic reticulum. Notice clear borders between the 
hepatocytes. Scale bar ς2 ˃ ƳΦ 
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Figure 3.32 Liver of 72 zebrafish exposed to 100 µg/L BPA.  N ς nuclei 
of hepatocytes; M ς ƳƛǘƻŎƘƻƴŘǊƛŀΤ Ҧ w9wΤ D - glycogen. Notice lack 
of clear nuclear border and small mitochondria. Scale bar ς2 ˃ ƳΦ  

 
 

 
Figure 3.33 Liver of the 72 zebrafish exposed to 500 µg/L BPA.  N ς 
nuclei of hepatocytes, notice a slight expansion of heterochromatin 
in one of the nuclei; M ς mitochondria, B ς ōƛƭŜ ŎŀƴŀƭƛŎǳƭƛΣ Ҧ w9wΦ 
Scale bar ς2 ˃ Ƴ  

N 

N G 

G 

M 

M 

N 

B 

M 

M 

M 

M 
N 

N 

N 

M 



85 
 

 

Figure 3.34 Liver of 72 zebrafish exposed to 500 µg/L BPA.  N ς nuclei 
of the hepatocytes; M ς ƳƛǘƻŎƘƻƴŘǊƛŀΣ Ҧ ǊƻǳƎƘ ŜƴŘƻǇƭŀǎƳƛŎ 
reticulum. Scale bar ς 1 ˃ ƳΦ  

 
 

 
Figure 3.35 Liver of 72 zebrafish exposed to 1000 µg/L BPA, overview.  
Notice expansion of heterochromatin in some nuclei. Scale bar ς2 ˃ ƳΦ 
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Figure 3.36 Liver of 72 zebrafish exposed to 1000 µg/L BPA.  N ς 
nuclei of hepatocytes; notice irregular outline; M ς mitochondria, B ς 
ōƛƭŜ ŎŀƴŀƭƛŎǳƭƛΣ Ҧ w9wΦ {ŎŀƭŜ ōŀǊ ς2 ˃ ƳΦ 

 

 

ü Shape analysis of the mitochondrial profiles in the hepatocytes of the 72 hpf zebrafish 

larvae exposed to BPA. 

Morphometrical analysis and morphological assessment of the fine liver structure revealed 

that the volume and morphology of mitochondria can be affected by BPA. To further 

investigate this phenomenon the shape of individual mitochondrial profiles was studied. The 

area, maximum and minimum feret diameters, major to minor axis ratio as well as circularity of 

each analyzed mitochondrial profiles were estimated. For the circularity description a value of 

1.0 indicates a perfect circle while the value approaching 0.0 indicates an increasingly 

elongated form.  

 

Á Area of the mitochondrial profiles 

There was no difference in the area of the mitochondrial profiles in the hepatocytes of 72 hpf 

zebrafish larvae when compared between all the treatment groups, i.e. DMSO, 10, 100, 500 

and 1000 µg/L BPA (P=0.189, Kruskal-Wallis test). A specific comparison ƻŦ ǘƘŜ ǇǊƻŦƛƭŜǎΩ ŀǊŜŀǎ 

between the larvae treated with 10, 100, 500 or 1000 µg/L BPA and the control groups (DMSO) 

showed no significant differences (a Mann-Whitney U test, Figure 3.37).  
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The analysis of the distribution (Chi-squared test) revealed no significant difference between 

the BPA-exposed larvae and the larvae treated with DMSO, however there was a clear trend 

(0.05> p <0.1) towards smaller areas of the mitochondrial profiles in the 10 µg/L BPA treated 

larvae. Comparably larger profiles (0.05> p <0.1) were in turn observed in the 1000 µg/L BPA 

treatment group (Figure 3.38).  
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Figure 3.37 Area of the mitochondrial profiles in the hepatocytes of the 72 hpf 
zebrafish larvae exposed to BPA. Each symbol represents the median of 119 ± 24 
mitochondria measured per larva (n=5).  

 

 

Figure 3.38 Distribution of the area of the mitochondrial profiles in the hepatocytes of the 72 hpf zebrafish 
larvae exposed to BPA. Data presented as the mean (n=5) of the percentages of the mitochondrial profiles 
of a given area range.  
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Á Circularity of the mitochondrial profiles 

When the circularity of the mitochondrial profiles observed in the hepatocytes of the larvae 

was compared among the treatment groups no significant difference was observed (P=0.473, 

Kruskal-Wallis test). Moreover, a specific comparison of the profiles between larvae treated 

with BPA and the control larvae (Mann Whitney U test) revealed no statistically significant 

differences (Figure 3.39). There was, however, a noticeable trend (P=0.058) towards increased 

circularity of the mitochondrial profiles observed for the 10 µg/L BPA treatment groups when 

compared to the control. 

The comparison of the circularity distributions (Chi-squared test) between the BPA-treated and 

the control larvae showed that the mitochondrial profiles were similar (Figure 3.40). 
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Figure 3.39 Circularity of the mitochondrial profiles in the hepatocytes of the 72 
hpf zebrafish larvae exposed to BPA.  Each symbol represents the median of 119 
± 24 mitochondria measured per larva (n=5).  
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Figure 3.40 Distribution of the circularity of the mitochondrial profiles in the hepatocytes of the 72 hpf 
zebrafish larvae exposed to 10, 100, 500 or 1000 µg/L BPA.  Data presented as the mean (n=5) of the 
percentages of the mitochondrial profiles of a given circularity range.  

 

 

Á Maximum feret diameter of the mitochondrial profiles 

Maximum feret diameters of the mitochondrial profiles observed in the hepatocytes of the 

larvae from all the treatment groups (DMSO, 10, 100, 500 and 1000 µg/L BPA) were similar 

(P=0.156, Kruskal-Wallis test) and a subsequent specific comparison of the profiles (a Mann-

Whitney U test) between the BPA-treated larvae and the controls showed no significant 

differences (Figure 3.41). 

Similarly, no differences in the maximum feret diameters of the observed mitochondrial 

profiles were found when the distributions of the values were compared between the BPA- 

and DMSO-treated larvae (Chi-squared test) as presented in Figure 3.42. 
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Max feret diameters of mitochondrial profiles in the hepatocytes
 of the 72 hpf zebrafish exposed to BPA
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Figure 3.41 Maximum feret diameters of the mitochondrial profiles in the 
hepatocytes of the 72 hpf zebrafish larvae exposed to BPA.  Each symbol 
represents the median of 119 ± 24 mitochondria measured per larva (n=5).  

 

 

 
Figure 3.42 Distribution of the maximum feret diameters of the mitochondrial profiles in the hepatocytes of 
the 72 hpf zebrafish larvae exposed to BPA.  Data presented as the mean (n=5) of the percentages of the 
mitochondrial profiles of a given length range  
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Á Minimum feret diameter of the mitochondrial profiles 

When the minimum feret diameter of the mitochondrial profiles was compared among all the 

treatment groups no difference was revealed (P=0.245, Kruskal-Wallis test). In addition, a 

specific comparison of this parameter (Mann-Whitney U test) between the BPA-treated larvae 

and the controls revealed no differences (Figure 3.43). The comparison of the minimum feret 

diameter distribution (Chi-squared test) also showed lack of significant differences. There was, 

however, a noticeable trend (0.05> p <0.1) towards increased length of the minimum feret 

diameter in the 1000 µg/L BPA treated larvae comparing to the controls (Figure 3.44).  
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Figure 3.43 Minimum feret diameters of the mitochondrial profiles in the 
hepatocytes of the 72 hpf zebrafish larvae exposed to BPA.  Each symbol 
represents the median of 119 ± 24 mitochondria measured per larva (n=5).  
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Figure 3.44 Distribution of the minimum feret diameters of the mitochondrial profiles in the hepatocytes of 
the 72 hpf zebrafish larvae exposed to BPA. Data presented as the mean (n=5) of the percentages of the 
mitochondrial profiles of a given length range.  

 

 

Á Major to minor axis ratio of the mitochondrial profiles. 

When the major to minor axis ratio of the mitochondrial profiles observed in the hepatocytes 

was compared between all the treatment groups no significant difference was found (P=0.399, 

Kruskal-Wallis test). A specific comparison of this parameter (Mann-Whitney U test) revealed, 

however that for both the 10 µg/L BPA and 1000 µg/L BPA treatment groups the major to 

minor aspect ratio was significantly lower than in controls (P=0.035 and P=0.046, respectively; 

Figure 3.45). 

However, the distributions of the mitochondrial profiles aspect ratios in the larvae treated with 

100, 500 or 1000 µg/L BPA were significantly different than that observed in the control group 

(Figure 3.46). 
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Major to minor axis ratio of mitochondrial profiles in the hepatocytes of the
72 hpf zebrafish exposed to BPA
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Figure 3.45 Major to minor axis ratios of the mitochondrial profiles in the 
hepatocytes of the 72 hpf zebrafish larvae exposed to BPA. Each symbol 
represents the median of 119 ± 24 mitochondria measured per larva (n=5). 
Asterisks indicate values significantly different from the controls (*PҖлΦлр, Mann-
Whitney U test). 

 

 
Figure 3.46 Distribution of the major to minor axis ratios of the mitochondrial profiles in the hepatocytes of 
the 72 hpf zebrafish larvae exposed to BPA. Data presented as the mean (n=5) of the percentages of the 
mitochondrial profiles of a given aspect ratio range. Asterisks indicate values significantly different from the 
controls (*PҖлΦлрΣ ϝϝ PҖлΦлм ŀƴŘ ϝϝϝ PҖлΦллм, Chi-squared test). 
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3.2.3 The effects of BPA on the 120 hpf zebrafish liver ultrastructure 

 

ü Liver ultrastructure of control 120 hpf zebrafish 

To study the effect of the tested endocrine disruptors on the liver of 120 hpf zebrafish, the 

ultrastructure of this organ was characterized for the zebrafish at this specific age. 

Liver of 120 hpf zebrafish was mainly composed of hepatocytes which formed a rather 

compact structure interspersed with occasional sinusoids (Figure 3.47). Sinusoids were lined by 

the endothelial cells which were characterized by the presence of oval to elongated nuclei with 

abundant, clumped heterochromatin (Figure 3.48). Spaces of Disse occupied relatively small 

areas and were filled with microvilli projecting from the neighbouring hepatocytes. No clear 

organization of hepatocytes into cords or tubules could be observed.  

Hepatocytes were of oval or polygonal shapes and were assessed to have the volume of 452.58 

± 70.30 µm3Φ !ǊƻǳƴŘ мм҈ ƻŦ ǘƘŜ ƘŜǇŀǘƻŎȅǘŜǎΩ ǾƻƭǳƳŜ ǿŀǎ ƻŎŎǳǇƛŜŘ ōȅ ǘƘŜƛǊ ƴǳŎƭŜƛ ǿƘƻǎŜ 

volume was assessed to be 51.54 ± 1.17 µm3. Nuclei were predominantly of oval to roundish 

shape and were located in the centre of the hepatocytes. Most of the nuclei were euchromatic 

with one or two conspicuous nucleoli in their centre. Nuclear surface was relatively smooth 

(Figure 3.47).  

Mitochondria were very conspicuous organelles in the hepatocytes of 120 hpf zebrafish. Their 

pooled volume reached 89.26 ± 21.33 µm3 which ŎƻƴǎǘƛǘǳǘŜŘ ŀǊƻǳƴŘ нл҈ ƻŦ ƘŜǇŀǘƻŎȅǘŜǎΩ 

volume. The shape of mitochondria was very diverse. Small and roundish as well as very big, 

round to longitudinal mitochondria could be observed (Figure 3.47 ς 3.50). The average volume 

of a single mitochondrion was calculated to be 7.07 ± 3.11 µm3.  

Rough endoplasmic reticulum was mainly observed in the association with the nuclei and/or 

mitochondria but could also be found as an independent structure in the cytoplasm between 

the other organelles (Figure 3.48 and 3.49). The membranes of RER were estimated to occupy 

24.07 ± 3.59 µm3 which was around 5% of the volume of observed hepatocytes.  

Both cross and longitudinal profiles of bile canaliculi and bile preductules were found in the 

liver of 120 hpf zebrafish. Small profiles were observed as spaces in large part occupied by 

microvilli projecting from the hepatocytes (Figure 3.50) while sections of larger diameter had a 

relatively bigger lumen occupied by finger-like projections to a lesser degree. The volume of 

these biliary passages occupied 4.30 ± 1.57 µm3. Bile structures of higher organizational order 

such as bile ductules or bile ducts were observed very rarely. Both bile preductule (Figure 3.50) 

and bile ductular cells were identified based on their appearance as cells smaller than 

hepatocytes and dominated by irregular and relatively more heterochromatic nuclei. 

There was no specific pattern in the localization of glycogen in the hepatocytes of zebrafish at 

this stage of development. Moreover, the amount of this storage product showed inter-
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individual variation which was reflected by a high standard deviation in its amount between 

individual larvae (12.31 ± 12.79 µm3). If present, glycogen was mainly located at the periphery 

of hepatocytes, although small glycogen fields could also be observed towards the cell centre 

and in between the other organelles.  

Macrophages which can be recognized based on their varied shapes and nuclei with moderate 

marginated and clumped heterochromatin, were rarely identified amidst observed hepatic 

cells. Moreover, neither smooth endoplasmic reticulum (SER) nor lipid droplets were seen in 

the hepatocytes of 120 hpf zebrafish and Golgi apparatus was very rare.  

 

 

 
Figure 3.47 Liver of normal 120 hpf zebrafish reared in egg water. N ς 
nuclei of hepatocytes; M ς mitochondria of various sizes and shapes; 
G ς glycogen; S ς sinusoid with two nucleated erythrocytes (E); B ς 
bile canaliculi. Scale bar ς2 ˃ ƳΦ 
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Figure 3.48 Liver of normal 120 hpf zebrafish reared in egg water. N ς 
nucleus of a hepatocyte; M ς mitochondria; S ς sinusoid lined with 
endothelial cell (En), fragment of nucleated blood cell can be seen 
ό9ǊύΤ wҦ ǊƻǳƎƘ ŜƴŘƻǇƭŀǎƳƛŎ ǊŜǘƛŎǳƭǳƳΦ {ŎŀƭŜ ōŀǊ ς2 ˃ ƳΦ 

 

 

 
Figure 3.49 Liver of normal 120 hpf zebrafish reared in egg water. N ς 
nucleus of hepatocytes with single nucleolus (Nu); M ς mitochondria 
ς ƴƻǘƛŎŜ ǾŀǊƛŀōƭŜ ǎƛȊŜǎ ŀƴŘ ǎƘŀǇŜǎ ƻŦ ǘƘƛǎ ƻǊƎŀƴŜƭƭŜΤ Ҧ ǊƻǳƎƘ 
endoplasmic reticulum. Scale bar ς2 ˃ ƳΦ 
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Figure 3.50 Liver of normal 120 hpf zebrafish reared in egg water. N ς 
CǊŀƎƳŜƴǘ ƻŦ ŀ ƘŜǇŀǘƻŎȅǘŜΩǎ ƴǳŎƭŜǳǎΤ a ς mitochondria; bile canaliculi 
(B) and bile preductule with a preductule epithelial cell (PE). Scale bar 
ς2 ˃ Ƴ. 
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ü The effects of DMSO on the ultrastructure of the liver of 120 hpf zebrafish 

The absolute volumes of all the structures under investigation were compared between the 

120 hpf DMSO treated and egg water reared zebrafish larvae (Figure 3.51).  
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Figure 3.51 Volume of observed structures in the 120hpf zebrafish reared in DMSO 
(solvent control) vs. normal zebrafish raised in egg water. Graph plotted as means 
with standard deviation error bars.  

 
 
The volume of the hepatocytes was similar (P=0.248) when compared (Mann-Whitney U test) 

between the larvae treated with the solvent control (503.92 ± 40.18 µm3) and the larvae 

reared in egg water (452.58 ± 70.30 µm3).  

5a{h ƘŀŘ ƴƻ ƛƴŦƭǳŜƴŎŜ ƻƴ ǘƘŜ ǾƻƭǳƳŜ ƻŦ ƘŜǇŀǘƻŎȅǘŜǎΩ ƴǳŎƭŜƛ όррΦот ҕ тΦнл ҡƳ3) which was 

similar (P=0.248, Mann-Whitney U test) to the analogous volume in the zebrafish larvae reared 

in egg water (51.54 ± 1.17 µm3). 

In addition, the pooled volume of mitochondria in the hepatocytes (89.26 ± 21.33 µm3 vs. 

91.39 ± 3.59 µm3) as well as the volume of a single mitochondrion (7.07 ± 3.11 µm3 vs. 7.76 ± 

0.68 µm3) were highly similar between egg water and DMSO treated larvae (Mann-Whitney U 

test). 

Similarly, no significant difference was revealed (P=0.564) when the volume of rough 

endoplasmic reticulum in the hepatocytes of DMSO treated larvae (25.23 ± 4.26 µm3) was 

compared to the analogous volume in the larvae reared in egg water (24.07 ± 3.59 µm3). 

The volume of glycogen in the hepatocytes of the larvae reared in egg water was 12.31 ± 12.79 

µm3 while in the DMSO treated larvae this storage material occupied 29.76 ± 19.58 µm3 of the 
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ƘŜǇŀǘƻŎȅǘŜǎΩ ǾƻƭǳƳŜΦ ¢ƘŜǎŜ ǾŀƭǳŜǎΣ ŀƭǘƘƻǳƎƘ ŎƭŜŀǊƭȅ ŘƛǾŜǊǎŜΣ ǿŜǊŜ ƴƻǘ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ŘƛŦŦŜǊŜƴǘ 

(P=0.149, Mann-Whitney U test). 

Similarly, even though the mean volume of bile canaliculi in the zebrafish larvae treated with 

DMSO (11.12 ± 7.34 µm3) was higher than in the larvae reared in egg water (4.30 ± 1.57 µm3), 

the volumes were highly variable and statistical analysis revealed no significant difference 

between these two values (P=0.149, Mann-Whitney U test). 

Summarizing, 0.01% DMSO had no effect on the volume of any of the observed parameters 

and could be used for the subsequent analysis of the effects of BPA and/or genistein on the 

fine structure of 120 hpf zebrafish larvae. Consequently, any potential, significant alteration in 

the volume of the observed structure upon treatment with BPA or/and genistein could be 

attributed to these compounds and not to DMSO used as the solvent for preparation of their 

solutions. 

 

 

ü The effects of BPA on the liver ultrastructure of 120 hpf zebrafish ς morphometric 

analysis  

Á Volume of the hepatocytes 

There was a significant difference in the hepatocyte volumes (P=0.018, Kruskal-Wallis test) 

when compared across all the treatment groups (DMSO, 10 µg/L BPA, 100 µg/L BPA, 20 µg/L 

-̡oestradiol). Pair-wise comparisons (Mann-Whitney U test) between the larvae treated with 

BPA and the control group (503.92 ± 40.18 µm3) revealed that 10 µg/L BPA did not affect the 

volume of the hepatocytes (P=0.386) but there was a noticeable trend (P=0.083) towards 

increased cell volume in the 100 µg/L BPA treatment group (Figure 3.52). 

A significant decrease in the volume of the hepatocytes was observed in the larvae from the 

positive control-oestradiol-treated group (367.17 ± 101.50 µm3) when compared to the 

controls (503.92 ± 40.18 µm3).  

The volumes of the hepatocytes in the BPA treated larvae were noticeably (P=0.083, for 10 

µg/L) or significantly (P=0.021, for 100 µg/L) increased when compared to the volume of the 

cells in the ̡-oestradiol treated larvae (Figure 3.52, see also appendix B, Tables 8.14 and 8.15). 
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Figure 3.52 Absolute volumes of hepatocytes in 120 hpf zebrafish exposed to 
BPA. Data presented as boxplots (median and quartiles) with whiskers from 
minimum to maximum. The capital letters indicate a significant difference from: 
C - controls (DMSO), E ς positive controls (̡-oestradiol). Asterisks specify 
statistical significance of the differences (*PҖлΦлр, Mann-Whitney U test). 

 

 

Á Nuclear volume of hepatocytes  

There was a significant difference in the volume fraction of nuclei when compared among all 

the treatment groups (P=0.036, Kruskal-Wallis test). Further analysis revealed that none of the 

compounds (10 µg/L BPA, 100 µg/L BPA or -̡oestradiol) affected the volume fraction in a 

significant way in comparison to the control group (Mann-Whitney U test). A statistically 

significant difference was however revealed in the nuclear volume fraction between the 100 

µg/L BPA and the ̡-oestradiol treated larvae (P=0.021, Mann-Whitney U test; Figure 3.53). 

The absolute volume of the nuclei in the hepatocytes of zebrafish in all the treatment groups 

was similar (P=0.277, Kruskal-Wallis test). Moreover, none of the treatments caused 

alterations in the nuclear absolute volume when compared to the controls (p>0.05, Mann-

Whitney U tests). In addition, the volumes of the nuclei in the hepatocytes of the larvae 

treated with BPA (either 10 or 100 µg/L) were similar when compared to the analogous 

volume in the positive control group (Figure 3.54, see also appendix B, Tables 8.14 and 8.15).  
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Figure 3.53 Volume fractions of the nuclei in the hepatocytes in 120 hpf zebrafish 
exposed to BPA. Data presented as boxplots (median and quartiles) with 
whiskers from minimum to maximum. The capital letters indicate a significant 
difference from: E ς positive controls (̡ -oestradiol). Asterisks specify statistical 
significance of the differences (*PҖлΦлр, Mann-Whitney U test). 

 

 

Absolute volume of nuclei in hepatocytes of 120 hpf
zebrafish  exposed to BPA

0.
01

%
 D

M
SO

g/
L 

BPA

10
 

g/
L 

BPA

10
0 

E2

g/
L 

20
 

0

30
40

50

60

70

80

treatment

vo
lu

m
e

 [
m

3
]

 
Figure 3.54 Absolute volumes of the nuclei in the hepatocytes in 120 hpf 
zebrafish exposed to BPA. Data presented as boxplots (median and quartiles) 
with whiskers from minimum to maximum.  
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Á Pooled mitochondrial volume of hepatocytes  

Volume fraction of mitochondria in the hepatocytes of the zebrafish larvae was similar when 

compared across all the treatment groups (P=0.304, Kruskal-Wallis test). A specific comparison 

revealed however that the treatment with 10 µg/L BPA caused a significant decrease in the 

volume fraction of the mitochondria when compared to the controls (P=0.043, Mann-Whitney 

U test). A noticeable difference in this parameter was observed also between the -̡oestradiol 

and DMSO treatment groups, this difference however was not significant statistically (P=0.059; 

Figure 3.55).  

 

There was a statistically significant difference in the absolute volume of pooled mitochondria 

across the treatment groups (P=0.007, Kruskal-Wallis test). Both 10 µg/L BPA and 20 µg/L -̡

oestradiol caused a significant decrease in the volume of mitochondria when compared to the 

DMSO treated larvae (P=0.021 for both comparisons, Mann-Whitney U test). In addition, a 

significant difference (P=0.021) was revealed when this volume was compared between the 

100 µg/L BPA and 20 µg/L -̡oestradiol treated larvae (Figure 3.56, see also appendix B, Tables 

8.14 and 8.15). 
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Figure 3.55 Volume fraction of the pooled volume of mitochondria in the 
hepatocytes in 120 hpf zebrafish exposed to BPA. Data presented as boxplots 
(median and quartiles) with whiskers from minimum to maximum. The capital 
letters indicate a significant difference from: C - controls (DMSO). Asterisks 
specify statistical significance of the differences (*PҖлΦлр, Mann-Whitney U test). 
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Figure 3.56 Absolute volume of pooled mitochondria in the hepatocytes in 120 
hpf zebrafish exposed to BPA. Data presented as boxplots (median and quartiles) 
with whiskers from minimum to maximum. The capital letters indicate a 
significant difference from: C - controls (DMSO), E ς positive controls (̡-
oestradiol). Asterisks specify statistical significance of the differences (*PҖлΦлр, 
Mann-Whitney U test). 

 

 

Á Individual mitochondrial volume of hepatocytes  

Volume fraction and absolute volume of individual mitochondria was analysed in order to 

investigate whether their alterations were linked with the observed changes in the pooled 

mitochondrial volume. Volume fraction of individual mitochondria was similar across the 

treatment groups (P=0.135, Kruskal-Wallis test). A specific comparison testing revealed that 

the volume fraction of individual mitochondria was significantly lower in the 10 µg/L BPA 

treated larvae compared to the controls (P=0.019). Noticeably smaller fraction comparing to 

the control group was observed in the ̡-oestradiol treatment group (Figure 3.57) but this 

difference was of no statistical significance (P=0.059).  

A significant difference was found when the mean absolute volume of individual mitochondria 

in the zebrafish hepatocytes was compared across all the treatment groups (P=0.042, Kruskal-

Wallis test). Pair-wise comparisons showed that both 10 µg/L BPA and 20 µg/L -̡oestradiol 

caused a significant reduction in the absolute volume of individual mitochondria compared to 

controls (P=0.21, Mann-Whitney U test; Figure 3.58).  
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Figure 3.57 Volume fraction of single mitochondrion in the hepatocytes in 120 
hpf zebrafish exposed to BPA. Data presented as boxplots (median and quartiles) 
with whiskers from minimum to maximum.  
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Figure 3.58 Absolute volume of single mitochondrion in the hepatocytes in 120 
hpf zebrafish exposed to BPA. Data presented as boxplots (median and quartiles) 
with whiskers from minimum to maximum. The capital letters indicate a 
significant difference from: C - controls (DMSO). Asterisks specify statistical 
significance of the differences (*PҖлΦлр, Mann-Whitney U test). 
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Á Volume of rough endoplasmic reticulum in hepatocytes 

Both the volume fraction (P=0.415) and the mean absolute volume (P=0.068) of rough 

endoplasmic reticulum (RER) were similar across the treatment groups (Kruskal-Wallis test). 

Moreover no differences were found (p>0.05) when the RER volume fraction was compared 

between individual treatment groups and the controls or between the BPA-treated larvae and 

the ̡ -oestradiol treatment group (Mann-Whitney U test) as presented in Figure 3.59. 

 

Similarly, pair-wise comparisons of the RER absolute mean volume between the larvae treated 

with oestrogenic substances and the controls revealed no statistically significant differences, 

although there was a noticeably increased amount of RER in the 100 µg/L BPA treated larvae 

(P=0.083, Mann-Whitney U test). Moreover, the volume of RER in the 100 µg/L treatment 

group was significantly smaller (P=0.043) the analogous volume in the ̡-oestradiol treated 

larvae (Figure 3.60, see also appendix B, Tables 8.14 and 8.15).  
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Figure 3.59 Volume fraction of rough endoplasmic reticulum in the hepatocytes 
in 120 hpf zebrafish exposed to BPA. Data presented as boxplots (median and 
quartiles) with whiskers from minimum to maximum.  
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Figure 3.60 Absolute volume of rough endoplasmic reticulum in the hepatocytes 
in 120 hpf zebrafish exposed to BPA. Data presented as boxplots (median and 
quartiles) with whiskers from minimum to maximum. The capital letters indicate 
a significant difference from: E ς positive controls (̡-oestradiol). Asterisks specify 
statistical significance of the differences (*PҖлΦлр, Mann-Whitney U test). 

 

 

Á Volume of glycogen 

There were significant differences found when the glycogen volume fraction and the absolute 

mean volume of glycogen were compared among the treatment groups (P=0.039 and 0.023 

respectively, Kruskal-Wallis test). Pair-wise comparison testing revealed that both the 10 µg/L 

BPA (P=0.043) and 100 µg/L BPA (P=0.043) but not ̡ -oestradiol treatment increased the 

volume fraction of glycogen (Mann-Whitney U test). Moreover, the glycogen volume fraction 

for the larvae treated with 10 µg/L BPA was significantly higher (P=0.043) than in the positive 

control group, i.e. the larvae exposed to 20 µg/L ̡ -oestradiol (Figure 3.61). 

The mean absolute volume of glycogen was significantly smaller in the hepatocytes of the 

larvae treated with 10 µg/L BPA (P=0.043) or 100 µg/L BPA (0.043) comparing to the controls 

(Mann-Whitney U test). Moreover, the volume of glycogen in the 10 µg/L BPA and the 100 

µg/L BPA treated larvae was significantly smaller than in the positive control group (P=0.043 

and P=0.021, respectively; Figure 3.62; see also appendix B, Tables 8.14 and 8.15).  
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Figure 3.61 Volume fraction of glycogen in the hepatocytes in 120 hpf zebrafish 
exposed to BPA. Data presented as boxplots (median and quartiles) with 
whiskers from minimum to maximum. The capital letters indicate a significant 
difference from: C - controls (DMSO), E ς positive controls (̡-oestradiol). 
Asterisks specify statistical significance of the differences (*PҖлΦлр, Mann-
Whitney U test). 
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Figure 3.62 Absolute volume of glycogen in the hepatocytes in 120 hpf zebrafish 
exposed to BPA. Data presented as boxplots (median and quartiles) with 
whiskers from minimum to maximum. The capital letters indicate a significant 
difference from: C - controls (DMSO), E ς positive controls (̡-oestradiol). 
Asterisks specify statistical significance of the differences (*PҖлΦлр, Mann-
Whitney U test). 
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Á Volume of bile canaliculi 

Both the volume fraction and the absolute mean volume of bile canaliculi were similar when 

compared across the treatment groups (P=0.135 and P=0.146, respectively, Kruskal-Wallis test). 

Specific comparison testing revealed that the volume fraction of bile canaliculi in the 10 µg/L 

BPA treated larvae was significantly lower than in the controls (P=0.042, Mann-Whitney U test; 

Figure 3.63).  

No differences were found when the individual treatment groups were compared to the 

controls or when the BPA-treated larvae were compared to the larvae reared in 20 µg/L ̡ -

oestradiol (Mann-Whitney U test, Figure 3.64. See also appendix B, Tables 8.14 and 8.15). A 

noticeable difference, however, was observed between the controls and the 10 µg/L BPA 

treated larvae (P=0.083, Mann-Whitney U test). 
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Figure 3.63 Volume fractions of bile canaliculi in the hepatocytes in 120 hpf 
zebrafish exposed to BPA. Data presented as boxplots (median and quartiles) 
with whiskers from minimum to maximum. The capital letters indicate a 
significant difference from: C - controls (DMSO). Asterisks specify statistical 
significance of the differences (*PҖлΦлр, Mann-Whitney U test). 
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Figure 3.64 Absolute volume of bile canaliculi in the hepatocytes in 120 hpf 
zebrafish exposed to BPA. Data presented as boxplots (median and quartiles) 
with whiskers from minimum to maximum.  

 

 

ü The effects of BPA on the liver ultrastructure of 120 hpf zebrafish ς morphological 

assessment  

The hepatocytes of the larvae reared in the solvent control (0.01% DMSO) were mostly oval or 

round and contained single nuclei containing one or two prominent nucleoli. The vast majority 

of the nuclei were oval with a relatively regular outline (Figure 3.65). Mitochondria in the 

hepatocytes presented remarkable diversity of shapes and sizes and small, round or oval as 

well as very big longitudinal, twisted or branched forms could be observed (Figure 3.65 and 

3.66). RER was found mainly in the vicinity of the nuclei or the mitochondria (Figure 3.66 and 

3.67) and in most cases formed stacks of three or more membrane-bound cisterns. The size of 

the bile canaliculi also varied and both small, filled with microvilli profiles (Figure 3.66) as well 

ŀǎ ƭŀǊƎŜ ƭǳƳŜƴǎ ƻƴƭȅ ǇŀǊǘƛŀƭƭȅ ƻŎŎǳǇƛŜŘ ōȅ ǘƘŜ ƘŜǇŀǘƻŎȅǘŜǎΩ ǇǊƻƧŜŎǘƛƻƴǎ όCƛƎǳǊŜ оΦстύ ǿŜǊŜ 

observed. Associated with the biliary tracts were electron dense vesicles (Figure 3.67), which 

on account of lack of crystalline core were identified as lysosomes, as opposed to peroxisomes. 

The amount of glycogen could be described as small to moderate, and if present ς the storage 

material was mainly localized towards the periphery of the cells. Myelin whorls were observed 

in the DMSO treated zebrafish (Figure 3.66) however their amount was moderate. 

Macrophages were occasionally encountered among hepatic parenchymal cells. 
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Figure 3.65 Overview of the liver in the 120 hpf zebrafish reared in 
solvent control (DMSO). N ς nuclei of hepatocytes with single or two 
nucleoli; M ς mitochondria; S ςsinusoid , B ς bile canaliculus, G ς 
glycogen. Scale bar ς2 ˃ ƳΦ 

 

 
Figure 3.66 Liver of the 120 hpf zebrafish reared in solvent control 
(DMSO). N ς nuclei of hepatocytes; M ς ƳƛǘƻŎƘƻƴŘǊƛŀΤ Ҧ ǊƻǳƎƘ 
endoplasmic reticulum, B ς bile canaliculus, mw ς myelin whorls. 
Scale bar ς2 ˃ ƳΦ 
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