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Background

Following publication of the ‘State of the art assessment of endocrine disruptor: Part 1 – Summary of the state of the science’ by Evans et al. in early 2011, the UK Department for Environment, Food and Rural Affairs (Defra) co-ordinated UK comments on the document.  These comments comprise several independent, critical reviews of Evans et al. and are presented here as a series of Annexes, including a summary of minor corrections / spellings.

Summary of Main Comments
1. Overall all the reviewers agreed that this was a well written and useful document. The author’s description of it as a ‘review of reviews’ is appropriate. 
2. The report focuses on debilitating endpoints. However in humans more subtle metabolic, behavioural and developmental effects may play a role. These have not been covered in the report. For example the report neglects potentially significant dimorphic behavioural endpoints such as premenstrual syndrome and reductions in libido. 
3. Environmental prevalence and human exposure should be included. The document largely ignores exposure. This may lead to a focus on hazard, misrepresenting the potential risk. 
4. The layout and style was found to be helpful. However reviewers noted that some sections were repeated and/or redundant. 
5. Overall the style of compartmentalisation of end-points ignores the significant interplay of effects. A greater understanding of the over-arching and emerging issues that underpin endocrine toxicity would help the hazard characterisation and risk assessment. The report could also benefit from more cross-referencing. 
6. The report would benefit from a concluding remarks chapter (synthesis chapter). 
7. In places the results are “over-interpreted” and the causal link between chemicals and endpoint is lacking. 
8. The wildlife endpoints section is not as robustly covered as the human health endpoints and uses old literature. In addition the wildlife chapters have been not been summarised as well as other chapters. 

Annex 1 – Reviewer 1 
Key points

1. The review is very extensive and detailed. The concluding sections are rather brief and not always supported by the available evidence.

2. In many places, the review appears to be a collection of all the available studies without any critical appraisal of the findings. For most of the human health endpoints, the claims made by individual studies are simply repeated in the report without proper consideration of data quality. Often, the weight of evidence approach adopted by the authors of the report is a simple balance between number of positive studies and number of negative studies.

3. In some places, although associations between chemicals and effects have been seen/reported, causality is lacking. The epidemiology is at most suggestive, but the authors’ conclusions are much stronger.

4. For the majority of the human health endpoints considered, the authors suggest that the current experimental approaches are unable to detect the effects. This is a serious statement with far-reaching regulatory implications, which is not completely supported by the available evidence. Such a conclusion may be appropriate when looking at individual endpoints/effects in isolation. However, when considering the wide ranging functions of the endocrine system, the inter-play of effects and mechanisms and the complexity of the homeostatic control pathways, it is not unreasonable to expect that a an EDC will produce more than one effect in a single organ. Therefore, when considering the adequacy of testing regimes, a more holistic approach should be taken.

5. Section 3.2 on low dose effects is rather brief when considering that this is a very crucial issue which challenges the adequacy of the current regulatory risk assessment paradigm. A number of studies are described, but no clear conclusion is presented. The biological plausibility of non-monotonic dose-responses is discussed, but the supporting experimental evidence is limited to in vitro findings of unclear toxicological significance in vivo. It is stated that there is a wealth of evidence of the low dose effects of EDCs, but the only data presented relate to one single chemical, bisphenol-A.

6. Chapter 8 on chemicals of concern is misleading and incorrect. It is not true that, for example, all pesticides or all phthalates are EDCs.



Annex 2 – Reviewer 2
The review is very extensive and detailed.  There are several very useful sections, such as that on species differences. The complexity of the pharmacology of endocrine pathways of action and interactions between regulatory pathways, renders the document very difficult to digest and detracts from the main focus of the report. It is difficult to maintain a focus on whether the evidence indicates that environmental chemicals are having adverse effects on human health by endocrine disruption. In general, the conclusions reached by the authors are much more prominent than the evidence. In many places, the review lacks critical evaluation of the studies cited.  Thus single papers claiming an endocrine mediated effect of an environmental chemical are reported without any comment on the quality of the study or the relevance/significance of the effect.
The excellent explanation of the opposing effects of ERα and ERβ and the role of tissue-specific non-receptor proteins in the mode of action nuclear hormone receptor in Chapter 3 appears to be forgotten in subsequent Chapters.

Some of the issues addressed increase confusion rather than clarity e.g.

3.1.2.5	This paragraph discusses ligand-independent activation of nuclear receptors. It is difficult to see how this can be considered as an endocrine-disrupting mechanism as it does not involve hormonal actions.  These ligand-independent actions are raised in other parts of the review.

3.2		The discussion of low dose effects is particularly difficult in this respect. The initial paragraphs do not present a clear logical argument or evidence but set out the conclusion.  All the studies cited are in vitro effects and the observed effects are not unknown in other fields (the author points this out) and simply indicates that care should be taken in extrapolation. (Also the labelling of Figure 3 is misleading as the ‘y’ axis indicates that BPA- treated cells have a proliferation rate at most only 30% of the control values.)

3.2.4.1.1	This paragraph suggests, although it does not actually state this, that current multigeneration studies do not include exposure of neonatal rodents to the test compounds.

Section 3.3 is all about mixtures, which was the subject of another extensive review for the Commission by the same author. That review focussed particularly on endocrine disrupting chemicals. This is clearly a particular interest to the author. Taken as a whole, it indicates that the effects of mixtures are not currently being missed and the data provided are somewhat at odds with the conclusions of the author at the end of Section 3.3.2.

Statements are made in places without any supporting evidence e.g. in Section 4.3.6 – the second bullet “Increasing evidence that genetic susceptibility may result in a subset of people being affected.”

Some mention of epigenetic mechanisms of endocrine disruption are probably required but the draft OECD [report] is much clearer.

I would query several of the decisions given in the summaries of adverse outcomes being attributed to endocrine disruption by environmental chemicals. This is not actually claimed but suggested by the context in which the tables are placed.

Some of the cited statements could also be questioned e.g. in 5.4.3.2 “rodent thyroid tumours were relevant to the assessment of carcinogenicity in humans” 6.1.5 “a silent pandemic of neuro-developmental disorders due to industrial chemicals, and that these chemicals might have caused impaired brain development in millions of children worldwide, the profound effects of such a pandemic are not apparent from available health statistics”. But the author does not question them.

The sections on neurodevelopment and metabolic syndrome were disappointing but this is due in part to the scope of the review. In terms of neurodevelopment, the thyroid system is a clear key target but other non-endocrine systems are as likely as other endocrine systems to be the mechanism for any adverse effects. Similarly, with metabolic disorders, endocrine systems directly involved are more likely targets than EAT, but the review focussed on sex steroids and the thyroid.

Given that the review indicates that a large number and types of environmental chemicals may be involved in many different adverse effects on human health via a vast range of pathways, the review is not very helpful in indicating area of priority for work on either types of substances, endocrine pathways or human diseases.



Annex 3 – Reviewer 3
The objective of the State of the Art Assessment of Endocrine Disruptors was to prepare the ground for assessment of regulatory approaches. The main conclusions drawn by Evans et al. in the ‘State of the Science’ included; 
· There is epidemiological and toxicological evidence to suggest that endocrine disrupting chemicals (EDCs) may play a role in adverse effects observed in reproductive health; including endpoints such as cryptorchidism, hypospadias, fecundity, fertility, endometriosis, polycystic ovarian syndrome, and precocious puberty and pregnancy outcomes;
· Strong evidence is presented to support a role of EDCs in the aetiology of breast cancer, thyroid cancer and prostate cancer. However, Evans et al. conclude there is currently only limited evidence for a role of EDCs in testicular cancer;
· There is a potential role for EDCs in the perturbation of metabolic function and neurological development;
· Regarding wildlife effects, a number of toxicological and epidemiological studies detail an association between exposure to EDCs and adverse effects throughout Animalia, however the severity of these effects on the population health are uncertain. 
As a whole this study, which utilised a ‘review of reviews’ methodology, comprehensively summarises the toxicological and epidemiological evidence pertaining to a role for EDCs in disease aetiology, while commenting on the biological plausibility of any such association. However, this methodology is not without its caveats and may have led to significant citation bias in the report. Time delays between the publication of original research and review articles further hinders this approach. Furthermore, this methodology may have led Evans et al. (2011) to neglect potentially significant endocrine related dimorphic behavioural endpoints, such as premenstrual syndrome or reductions in libido. As a whole, the literature focuses on debilitating endpoints, whereas more subtle metabolic, behavioural and developmental effects may play a more significant role in human populations. Further elucidation of the role of EDCs in metabolic and neurological function may help define these subtle effects. 
The biological mechanisms that form the foundations of endocrine toxicity were briefly discussed by Evans et al. (2011); however, this biological plausibility was not further discussed in relation to observed effects in any particular detail. For example, in discussing the evidence pertaining to adverse reproductive effects in reptiles, Evans et al. (2011) discuss the role of the SOX9 transcription factor gene in determining the reptilian sex by promoting oestrogen production, perturbations of which have been associated with skews in the sex ratio following exposure to xenobiotics. However, all bilaterians including humans have SOX9 genes, which increase the concern for endocrine perturbations of this system in other wildlife species, as well as in humans. Furthermore, in humans SOX9 has been shown to interact with steroidogenic factor-1 and SOX9 transcription factor deficiency has been linked to autosomal sex reversal, implicating the gene and transcription factor in male reproductive health (De Santa Barbara et al., 1998). The potential extrapolations and feasibility of effects observed in one species, to another, is a knowledge gap poorly considered by Evans et al. (2011), and potential human health effects were only inferred from data collected from standard animal models, which harbour their own limitations. A more holistic or integrated risk assessment approach, which considers the biological plausibility, genetics and epigenetics of effects, may thus be more fruitful in terms of understanding the endocrinology and in adequate chemical regulation. Currently, the ‘State of the Science’ report published by Evans et al. (2011) fails to collate the information regarding mechanisms, endpoints or species, treating each concern somewhat independently, which may not necessarily reflect the science itself. A greater understanding of the ‘over-arching and emerging issues’ that underpin endocrine toxicity, would undoubtedly aid in both the hazard characterisation and risk assessment of EDCs.
In addition, despite observations in mammals, the role of endocrine disruption in immunological function is not discussed, and current testing strategies may not pick up on this mode of toxicity, as a result of sterile laboratory settings and the requirement of healthy animals for study. 
However, the most significant omission from the ‘State of the Science’ report is the complete lack of exposure assessment. Understanding the pathways of human exposure and the environmental prevalence of a substance are imperative in determining the risk to populations and the significance of toxicological findings. In terms of regulatory activity, the fact for example that in utero BPA exposure may increase the risk of metabolic syndrome is irrelevant if BPA is not environmentally prevalent, or there is no human exposure or usage; the significance of these toxicological findings is determined by the large tonnage of this material in use throughout the EU and the UK. The approach undertaken by Evans et al. (2011) may reflect the recent shift from a risk to hazard based assessment of chemicals, as part of the precautionary principle undertaken by the EC; however, ignoring exposure may focus too heavily on the hazard, miss-representing the potential risk. 
Considering the number of environmentally prevalent chemicals, further elucidation of low dose effects and mixture toxicity may also be deemed essential for regulatory purposes, significant factors which although touched on by Evans et al. were not alluded to in any great detail. As a preliminary ‘work in progress’ it may be suggested that environmental prevalence and human exposure should be included in future works. Furthermore, in mirroring the published science, the ‘State of the Science’ focuses almost entirely on oral exposure when exploring human health effects, which although undoubtedly the most significant pathway of EDC exposure, may underestimate effects, as both dermal exposure and inhalation may contribute to pollutant body burdens. 
Throughout the ‘State of the Science’ report, the authors state the need for vast research efforts in order to elucidate the risks posed by EDCs. However, the scope of the work deemed necessary may surpass economic, time and ethical feasibility. Although, possibly out of the scope of Evans et al.’s intentions, no prioritisation or weighting to the future research needs was presented. It may however, be suggested that the research attempts should focus on modes of action, wildlife effects and health effects currently excluded from the remit of UK/EU regulatory schemes. Further elucidating the specifics of a known carcinogen for example, may not be as important from a regulatory perspective, as elucidating the potential harm via metabolic or behavioural endocrine disruption, which is currently not captured by REACH or the Plant Protection Products Regulation, and may have vast societal health implications for both humans and wildlife. This lack of concluding remarks stands for the ‘State of the Science’ report as a whole, as although each section is briefly concluded by Evans et al. (2011), the compartmentalisation ignores the significant interplay of effects and holistic approach deemed necessary in understanding the all pervading nature of endocrinology, an executive summary or concluding remarks chapter would undoubtedly aid the report.   


Annex 4 – Reviewer 4

Scope
The Reviewer has not seen the original terms of reference for this work and, therefore, cannot comment as to whether the various objectives/milestones etc. have been met.  However, the authors specify in Chapter 1 the subject matter covered by the Report and emphasise that it is meant to be a critical review and update of progress made during the past decade (since the WHO/IPCS Global Assessment of the State-of-the-Science on Endocrine Disrupters in 2002).  It covers both human health and wildlife issues.  I was surprised by the statement on Page 6 Certain effect and health endpoints that were followed up in the WHO (2002) report were not dealt with in the present report. Examples are immune effects as they relate to the endocrine system. Since 2002, this area has not been covered extensively by European or international research, and very little progress has been made.  It might be worth obtaining an independent assessment of the validity of this statement from someone working at the interface between endocrinology and immunology.

Structure of the Report
The Report Contents List only goes down to the secondary level of the hierarchical structure and this limits its usefulness because the structure has both tertiary and quaternary components.  In a document of this size, it is important for the reader to be able to navigate effectively and efficiently.  It is clear that different chapters have been written somewhat independently (see comments on Style, below).  An attempt has been made to use a standardised ‘template’ for most of the chapters and while this is helpful, it also generates with it an element of repetition and redundancy.  

Style
Chapters 3, 4 and 5 are written with authority and in a style that is easy to read.  The use of Tables to convey essential information helps in this respect.  It is inevitable that ‘shorthand’ will be used throughout the text – the authors must ensure that each abbreviation is defined on the first occasion of use.  This is not always the case.  The authors focus on recent work, are critical in their appraisal (particularly with respect to ‘epidemiological’ data and exposure levels) and the Conclusions sections are concise and to the point.  Care is taken to ensure that recommendations are made regarding areas of weakness and future work.  Chapter 6 (Human Health Endpoints – Metabolism and Development) is much less comprehensive.  Metabolism and development are enormous subject areas in their own right and the potential for endocrine disruption is ubiquitous.  In an attempt to make the subject matter more manageable, the authors have focused largely on neurological development and on obesity as end points.  Chapter 7 (Wildlife) is very different in style.   Firstly, it uses much more of the older literature (prior to 2002) that does the previous chapter(s).  Secondly, it is less efficient at summarising information – indeed several research studies are presented in great detail (see, for example, pages 350 -351, 363).  This level of detail is inappropriate for a ‘state of the science’ review.  There are also many more minor typological/editorial errors in this section of the Report.  There are several places where, in a document of this size, more cross-referencing is needed.  

Science
There have been major advances on our understanding of the pathways whereby hormones (and, by inference, EDCs) may exert their effects.  Indeed, the multiplicity of mechanisms (both genomic and non-genomic) and the clear differences in species sensitivity makes one question the whole rationale of the use of a limited number of standardised tests for assessing the endocrine disrupting properties of chemicals.  Surprisingly, however, much of the evidence from studies on mixtures indicates that most effects are additive – in theory, indicating a common mechanism of action.  The evidence for antagonistic or ‘supra-additive’ responses is less common.  This paradox has yet to be resolved.  In a related area, evidence is now appearing to support the idea that mixtures of chemicals can have effects even when the each is present at a concentration that has no discernable effect in isolation.  This compounds the problems for screening tests.  The evidence for non-monotonic responses is relatively sparse, although the Section on amphibians in Chapter 7 seems to have plenty of examples of U-shaped and inverted U-shaped curves.  Are these differences real or do they represent experimental anomalies?

In the opening to section 3.1.4, the authors point out that the focus is on mammalian systems and then they make the point that in the study by Deng et.al examining the human and fish ER, the results were broadly compatible.  Whilst this may be true in this particular study, it is extremely dangerous to imply (as this section seems to) that such similarities will always occur.  Indeed, evidence presented in the earlier part of this chapter shows that species differences in sensitivity and specificity can be great.  Moreover, it is clear from Chapter 7 (Wildlife) that interspecific differences may be more important in designing legislation to protect wildlife, strengthening the argument for Intelligent (or Targeted) Ecotoxicology.  In addition, the advance in our understanding of the molecular structure of receptors and their ligands opens up greater possibilities for computer modelling as a screening tool.

It is clear that medical research has led this whole area of research and that much of the wildlife debate is still at the level of correlative associations in the field rather than the establishment of cause and effect relationships.  One area where wildlife research has progressed beyond this stage is in the field of fish biology and it is a little disappointing that the relevant section of the Report seems to have missed some of the more recent literature.  

Summary
Overall, this is an important and informative document that summarises the state of the science effectively.  The sections dealing with human health are particularly well-written, the section on wild-life less so.  



Annex 5 – Reviewer 5

1. The State of the Art Assessment of Endocrine Disruptors is a well written and highly useful reference document for scientists both within the field and on the periphery. The authors describe it as a “review of reviews” which is very good description. It does not seek to deal with the science in a very detailed way but instead it lays out the all the major issues in a clear, structured and logical way with limited discussion. It provides references (mostly in the form of reviews) to all the areas of science within the field so that the author can read an overview of an issue or a field of research in the State of the Art Assessment and then consult a more detailed review. The language used is also straightforward and the authors have generally avoided using too much jargon and complexity. This will make it especially useful to non-specialists. The authors have captured all the major issues and the document will be particularly relevant to those involved in regulatory affairs. 
2. The Chapter on definitions provides a good background to and discussion of the various definitions and how they have evolved. It points out that there is general acceptance of the WHO definition of ED, general acceptance of the WHO definition of adversity and the fact that endocrine disruption should be seen as a mode of action rather than an endpoint in itself. This is also in agreement with the OECD EDTA AG view. The summary of the regulatory implications and difficulties is in line with my own perceptions. 
3. Chapter 3 on over-arching/emerging issues gives a very useful summary of these areas of science. I don’t always agree with everything that is said, for example on p 21 it states “..the role of metabolic enzymes can be pivotal in situations where ligand affinity is not high, and this possibility underlines the importance of steroidogenesis assays to partner the increasingly available receptor binding and activation assays..” I agree about metabolic enzymes but I don’t think the steroidogenesis assay is the correct partner. On p 25 it states “..Species differences could have important implications for toxicology testing because the majority of toxicology tests use mice...”  This is not true, most regulatory tests use rats. Chapter 3.1.2.6. makes valid points about species differences and comments that “..Invertebrates should be considered vulnerable to endocrine disruption through mechanisms involving steroid receptors, as vertebrates are; however testing strategies based on vertebrate models may not be sufficiently protective for invertebrates…” [Note: which is why the UK, Germany, France and Denmark are currently engaged in developing mollusc test methods under the OECD Programme]. 
4. The discussion of receptors and assays is limited to ER, AR, PR, TR and AhR. This is similar to (but slightly wider than) the current restrictions of the OECD CF and guidance document. There is also recognition (as with OECD) that the potential for ED is much broader.
5. Section 3.1.4.3 on computational models I found too brief and not very informative. The sections that deal with computational models versus those that deal with QSARS are not very clear from the titles. 
6. Section 3.1.4.4. There is an implication that the amphibian metamorphosis assay has not been adopted by OECD. This is incorrect.
7. There is a useful listing of the available assays in Chapter 3. In vitro, receptor based assays are listed in Tables 4-8. There is no comment that yeast assays are generally not preferred (other than for environmental effluent type screening) because of problems with penetration of the cell wall, which would be useful. The references to the ER cell proliferation based assays are rather old. I think that the US EPA groups are doing a lot of work with this assay to make it more reliable and a reference from there would be better. Finally, Table 11 lists in vivo assays and references the validation and comparison studies but the OECD validation studies published on the OECD website or US EPA website are not mentioned.
8. Section 3.1.4.7. The table on cell based assays (reporter-gene) includes the Arnold et al. (1996) reference that has been discredited even though in the section on mixtures the retraction of the paper is cited. This should be taken out of Section 3.1.4.7.
9. Section 3.2, Low dose issues, provides a good summary of the issues and focuses on recent developments. They also point out the examples of low dose effects from outside the ED field and discuss possible mechanisms for low dose effects within the field. They have also used BPA as their example. I would say, however, that it is somewhat biased towards academic studies and there is little discussion about data quality.  “It is indeed true that study outcomes from sources funded by chemical corporations still contradict the vast amount of government funded studies. Vom Saal posted on his website a literature analysis (2009) of published low dose studies and concludes that no chemical industry funded study finds that low doses of bisphenol A cause harm (14 out of 14) whereas 202 out of 217 academic studies report significant, and in many cases, clearly adverse effects”.
10. The section on mixtures is good (as expected) and in line with EU positions (SCHER Draft report on mixtures).
11. The section on epigenetics is also a good overview. It also makes the point that epigenetic changes are not confined to EDs. A couple of points: Firstly, p.88 “...The majority of epigenetic mechanisms described have been found in mammals with a focus on the rodent and human genome. Although epigenetic changes also take place in bacteria (Casadesus and Low 2006) and invertebrates...” I think the majority of epigenetic changes are actually found in plants. Secondly, the section on methods for detecting epigenetic effects will be somewhat duplicated by the OECD DRP (Detailed Review Paper) on new EDC endpoints. 
12. The chapters on human health (HH) endpoints are structured so that the focus is on human health issues that may be linked to endocrine disruption, rather than on individual chemicals, groups of chemicals or effects in animal studies. I think this is a very good approach because it immediately emphasizes the potential relevance of endocrine disruption to HH. Each chapter is arranged in the same way, which is good. The discussions for each human health chapter are fairly balanced but there is little discussion of data quality. The focus on the human health endpoints means that the epidemiology data is discussed first. There is some mention of the generic problems with epidemiology studies but the conclusions of the papers’ authors are relied upon and I do know that some of the studies are problematic. Consequently, some of the results are rather “over-interpreted”. At the end of each HH section the WHO 2002 criteria for attribution to an endocrine mode of action are applied to each HH endpoint. I am slightly confused as to whether the authors mean an endocrine mode of action generally or whether they mean ED caused by chemicals. The fact that the endpoints/diseases involve the endocrine system seems self-evident to me. When reading this part for each endpoint, it seems to me that there is a general assumption that the effects are probably caused by chemicals. However, the causal link between chemicals and the endpoint in many cases appears lacking. This is the biggest problem I have with the review.  There are 2 tables at the end of each HH section where a conclusion is drawn for the state of the science summary using the WHO/IPCS 2002 criteria for attribution to an endocrine mode of action. I think the first is a brief summary of the second larger table but this is not totally clear. The way in which the criteria are applied is also not totally clear to me. For some of the endpoints I do think there is a causal link with some chemicals, for example male reproductive health. For others, I think the link is very tenuous yet sometimes the assessment seems to conclude that there is a link in spite of this. 

For example, in the section on endometriosis, the conclusion on p. 208 implies that the  criteria for “Exposure” are “met” and the discussion states “…Considerable progress has been made towards understanding the biomolecular processes underlying the manifestation and progression of the disease. However, the etiological mechanisms involved in disease onset remain elusive. There is increasing evidence that epigenetic changes are a key component of this disorder and are involved in the changes in eutopic endometrium in women with the disease. It is still unclear if those are a cause or consequence of the disease. Recent developments do nonetheless implicate developmental exposures to exogenous chemicals in heritable epigenetic changes that may contribute the disease development….” Yet in the summary table of epidemiology studies (Table 22, p. 203) of the association between exogenous chemicals and endometriosis I counted 47 where there was no association and 23 where there was some increased risk. I would say this indicated that the evidence for exposure is not met. 

Several other endpoints seem equally dubious but it could be because the authors have not made clear the way in that they are applying the criteria. 
13. Chapter 8 on chemicals of concern is not helpful because it is too simplistic, for example grouping “pesticides” together implies that all pesticides have effects on the endpoints listed, which is not correct. The same is true for the grouping of “phthalates” and “heavy metals”. I think the table either needs expanding to cover named individual chemicals or taking out.


Annex 6 – Minor errors/Corrections
Page 11, Progeny, Line 1 - As effects are….
Page 21 and throughout – It is the usual convention to put strings of references in chronological order.
Page 34, Para 2 – Tautology, Nguyen and Bradfield 2008 used twice in the same sentence.  
Page 78, line 2 – ‘this kind of agent’ or ‘these kinds of agent(s)’.
Page 80, Section 3.3.2.2, First Para, - Committee on Toxicity of Chemicals in Food (capitals?).
Page 102, Para 3 – Malki et al. (2005)
Page 128, Para 2 Line 1 – are related to different……
Page 128, Para 2, Sentence 2 – needs some explanation of the Tanner method (first occasion 	of use).
Page 131, Para 2, Line 8 – remove capital from ’hypothalamic’.
Page 137, Para 1, last sentence – doesn’t make sense (English).
Page 137, Para 1 – insert line space between Para 1 and Para 2, for consistency.
Page 143, Para 2, Line 7 – ‘couples’, not couple.
Page 145, 4.3.2.1, Para 1, Line 6 – short cycles?
Page 147, Aneuploidy, Line 1 – I think it would help to point out that this observation was noted in rats!  
Page 156, In Vitro Assays, Para 1- not clear what species are being compared.  Presumably human with rat.  Needs to be stated.
Page 157, 4.3.6., First 2 sentences – Sentence one is written in the plural (ovaries, tissues etc) whereas sentence 2 is in the singular.  This jars with the reader.  Need to standardize, either plural or singular.
Page 169, 4.4.4.1, Para 2 – suscited?  I can’t find any reference to such a word in my dictionaries.
Page 169/170, final sentence on Page 169 doesn’t make sense.  Check English. Insert ‘factors’?
Page 170, Para 1, last line – put ‘in utero’ in italics
Page 174, 4.5.1.1. – insert ‘due’ into the title.
Page 175, 4.5.1.2., penultimate sentence – can’t follow the English.
Page 179, 4.5.3.1, last sentence – was increased by oral……
Page 198, 4.6.1.4.2., Line 12 – miRNAs?
Page 206, last sentence - (Papio anubis), cycvles (typo).
Page 213, Para 1, last sentence – African American disease?
Page 213, Para 2, last sentence – definiticve (typo)
Page 214, Para 1, last line – de novo in italics
Page 216, last sentence – myocites? myocytes?
Page 217, second line – produced by locally by smooth muscle?
Page 217, Para 2 , second line - soecifically (typo)
Page 233, Para 1, Last line – ‘in (Verloop et al. 2010).’ change to ‘in Verloop et al. (2010).’
Page 236, Para 2, line 1 – give Section number in the cross-reference to endocrine disrupting chemicals.
Page 236, Para 2 – the reference to ‘white women’ does not use capitals.  In previous references to ‘White’ or ‘Black’ women capitals are used.  Please standardize.
Page 240, third bullet point – vice versa in italics.
Page 242, Para 1, line 7 - in situ in italics.
Page 263, Para 1- ‘about 50% occur as seminomas. The remainder are non-seminomas.’  	Stating the obvious!
Page 263, 5.3.1, Line 3 – ‘in situ’ in italics.
Page 267, DES, last line – signifance (typo).
Page 275, Para 3 – ‘And poorly differentiated anaplastic carcinomas are generated from these 	two differentiated carcinomas by TP53 mutations.’  Can’t start a sentence with ‘And’.
Page 303, 6.1.3.2., Line 4 – ‘Coris julis’ in italics
Page 303, 6.1.3.2., Line 6 – ‘to interferes’ to interfere?
Page 308, last bullet point – ‘ex vivo’ in italics. 
Page 320, Para 2, Line 5 – ‘In utero’ in italics.
Page 332, Line 1 – ‘Invertebrates are classified as any animal which does not possess a backbone’.  Poor English.  Mixture of singular and plural – please standardise (‘any animals which do’ or ‘An invertebrate is....’.
Page 332, Line 14 – ‘There is widely estimated that’.  Poor English.
Page 335, Last line – ‘pacific oyster’.  Use capital for Pacific – for consistency with rest of the text (see also atlantic dog winkle, and Atlantic dog winkles, both on Page 336).
Page 336, Para 2, Line 2 – ‘vice versa’ in italics for consistency with the rest of the Report.  Please check throughout Chapter 7 for the use of Latin phrases.
Page 337, Line 7 – ‘Steroidogenesis’.  No need for capital.
Page 337, Mollusca, Line 1- ‘Molluscan’.  No need for capital (molluscan is the adjective derived from the proper noun Mollusca).
Page 338, Line 2 – ‘since although Oehlmann et al have been able to replicate these results in further studies’.  Given the importance of the controversy over this work, a reference in the text is essential at this point.  Also, check the format of ‘et al’ – throughout the rest of the document ‘et al.’ is used.
Page 338, Line 8 - Limax ftavus?
Page 338, 7.1.1.4., Line 2 – ‘C. riparius’.  I haven’t checked but, if this is the first time this species has been referred to it ought be given its full Latin name Chironomus riparius.
Page 339, Para 2, Line 14 – ‘Helen E.Nice’.  Need to standardise the format of references in 	the text – no need for Christian names.
Page342, 7.1.2.3, Line 4 – ‘Palaemonetes pugio’.  In italics.  ‘Daphnia magna’ – similarly 2 lines later.
Page 342, penultimate sentence – ‘Daphniamagna’ – separate generic from specific name.
Page 347, Line 10 – ‘paramteres’. Typo.
Page 347 – ‘Goldfish are particularly suitable for investigating sperm paramteres (sic), due to their live bearing reproductive strategy’.  News to me.  I thought that Poeciliids were aquarium livebearers.
Page 347, 7.2.1 – ‘vice versa’.  Italics (yet again!).
Page 347, 7.2.1 – ‘ED in hermaphroditic species is not known’.  Are the authors sure about this statement?  I was aware of some Norwegian work on wrasse but do not know if it has been published.  Wrasse do undergo sex change but are more correctly defined as protogynous (a form of sequential hermaphrotidism).
Page 347, 7.2.1., Line 9 – ‘indifferent’. Undifferentiated?
Page 348, 7.2.1.1, Para 3 – ‘However, the effects of VTG induction and/or gonadal abnormalities on reproductive capability, and thus populations, remain unknown’.  What about the work of Brunel and Exeter on exposed roach (Hamilton, Sumpter, Tyler etc)?
Page 350, Figure 7 – this level of experimental detail is not appropriate for a Review of this type and is out of character with the rest of the Report.
Page 354, Para 2, Last sentence – ‘dichotemy’. Spelling.
Page 354, Para 3, Line 9 – ‘swordfish, but not Spearfish’.  Inconsistent use of capitals.  See also next line (and beyond!).
Page 358, Para 2, Line 7 – ‘Cunner’.  This is a common name and doesn’t require a capital.  There are many examples of this sort of inconsistency in the text and it is tiresome to have to keep pointing these out.  Please check the text carefully and standardise.  If not, however good the science, the final Report will look ‘amateurish’.
Page 358, Para 3, Line 1 – now the exact opposite!  You cannot start a sentence with a lower case letter.
Page 360, 7.2.1.3.1., Line 3 – ‘SCCs’.  SSCs?
Page 361, 7.2.1.3.2., Line 4 – ‘bisphenol A’.  Can’t open a sentence in lower case _ see 	above.
Page 361, penultimate sentence – ‘contamiants’.  Typo.
Page 363 – Figures out of sequence (11,12,9,10).
Page 364, Line 21 – ‘SCCs’ – again.
Page 367, Para 2, Line 1 – ‘Littls is’.  Typo.
Page 367 – reference to section 7.3.27.3.!
Page 367, 4 lines from the end – ‘calcuklated’!
Page 370, Line 6 – ‘lavelle and sorensen 2011’.  Capitals.
Page 379, Para 2, Line 9 – ‘Bufonid species, Cane toad’.  No need for capitals.  Am tired of pointing out this type of discrepancy and now leave it to the authors to find the rest – of which there are many!
Page 380, Para 2, First Line – ‘African clawed frog/Xenopus’.  Why the forward slash?
Page 384, Para 2, Last sentence – ‘There is considerable amount of pesticides that are EDCs in vitro’.  Poor English.
Page 384, Last Para - Please don’t start a sentence in lower case!  (Again at the end of the paragraph). Also ‘Pickfrod’. Typo.
Page 398, Line 3 – ‘Milnes et al. 2002aa’.  ??
Page 404, Para 2, Line 9 – ‘juvenile tree swallows (T. bicolor)’.  Please give the full binomial on the first occasion to which a reference to any species is made.
Page 405, Para 3, Line 3 – ‘Holm L et al. 2001’.  Remove the initial (L) – similarly for the next 3 times this reference is cited!
Page 408, Para 1, Line 5 – ‘Great lakes’.  Great Lakes (proper noun).  Again on Page 409.  Also lake Ontario.
Page 408, third from last line – ‘Europea starlings’. Typo.	
Page 410, Line 4 – ‘Ludwig JP and Tomoff CS’.  Remove initials.  Note to authors – it is 	exceedingly frustrating to have to keep pointing out these minor errors.  This type of error crops up over and over again in this section – please check and correct.
Page 418.  See comment for Page 408 on the use of proper nouns!


Annex 7 – Minor errors/Corrections
Comments
Page 9, Section 2.1, first sentence on page: it should be highlighted that “intact organism” perhaps has greater implications for human health rather than environmental testing, as standard environmental regulatory assays generally involve whole organisms (not modified genetically).

Page 11, section 2.4, penultimate para (intact organism): again, it should be highlighted that this is more of an issue for HH assessment.

Page 12: subpopulations paragraph: for the environment this is an inherent aspect of risk assessment under the EU framework (technical guidance document in risk assessment and subsequent REACH technical guidance)

Page 65 section 3.2 (low dose effects): this section appears not to discuss any whole organism examples, only human health in vitro screens. It would be a good inclusion to have one or two whole organism examples. The first paragraph could be expanded to include a discussion on the difficulties in testing and interpreting whole organism low dose effects compared to laboratory test artefacts/inherent variability affecting measured parameters and apparent monotonic dose-response relationships (very relevant for environment testing e.g. snails). 

Page 67, section 3.2.1 and following sections: the HH aspects are covered well but an analogous discussion for the environment seems to be lacking.

Page 84, section 3.3.3 first paragraph: please consider including an analogous description of setting PNECs for environmental risk assessment

Page 334 first paragraph: some repetition from the previous page with respect to conservation within hormones in vertebrates and invertebrates here. Text could be rationalised somewhat.

Page 336 first para: there is repetition of the description of stages here. Could be rationalised.

Page 342 section 7.1.2.4 (available assays): the mollusc lifecycle assays could be mentioned here, as referred to in the draft OECD ED Guidance Document (ref: OECD (2010c). Detailed review paper (DRP) on molluscs life-cycle toxicity testing. OECD Series on Testing and Assessment no. 121. Organisation for Economic Cooperation and Development, .)
Also, the draft OECD ED guidance document lists the chironomid toxicity test (TGs 218 & 219) as being a “level 4” test for information on ED potential. This assay could be added and discussed here.

Page 361 section 7.2.1.3.2: “phthalates”: this should maybe be qualified with “some” or something similar (reason: many phthalates are probably not ED owing to low bioavailability etc). Two phthalate examples are given in this section.

Page 361 section 7.2.1.3.3 last para on page “this led to the concern that testing of single chemicals…”: sentence could be rephrased slightly, as it is generally the assessment of single chemicals and not the testing that leads to the concern (especially when effects are proven to be additive)

Page 362, end of second paragraph: sentence beginning “the anomaly…” could be reworded to describe the reason more clearly.

Page 364 section 7.2.1.3.4: could consider adding a link here to section 7.1.2 (pesticides in invertebrates) where I think a reference was made to the probably commonality of some endocrine pathways in vertebrates and invertebrates.

Page 365, section 7.2.1.4 (available assays): please consider adding the fish full lifecycle toxicity test (FLCTT; US EPA OPPTS 850.1500) as an available test that measures ED endpoints. Also, the draft Medaka multigenerational test could be mentioned, as this is a draft OECD TG. (for references see the OECD ED guidance document, available on the OECD website).

Page 368: should the second paragraph of the “others” section be moved into section 7.2.2.3?

Page 386 section 7.3.2.1 first para: the last sentence seems to need some correction, as thyroid gland size differences are compared across reference sites – should the first “reference sites” read “contaminated sites”? please check.

Page 388 – 389 conclusions: while the conclusions do highlight the incidences of correlation of exposure and ED effects in wildlife populations as described in the preceding sections, the final sentence may play down the possibility of population effects in the reported literature too much. An alternative interpretation might be that there is anecdotal evidence of population declines being contributed to by EDCs. The final sentence, as it stands, might lead one to ask if there could ever be enough evidence to unequivocally say that EDCs contribute to population declines.

Page 403 section 7.5 (birds). The opening discussion could be opened out a little with regard to differences in birds’ reproductive strategies, and the potential for differing ED effects for altricial and precocial species. This may be important in terms of the available assays for birds (section 7.5.1.4)
 
Typos:
Page 5, end of paragraph before section 1.3, last sentence: “in” should be “is”
Page 11, third para (section 2.3) “assessement”; section 2.4, second para also.
Page 11, last para « as effects »…
The spelling of “oestrogen” should be consistent throughout, either with or without the “o”.
Page 78 section 3.3.1.3, first para: “agents” should be “agent”
Page 79 section 3.3.1.5, fourth para second line: “has” should be “as”
Page 79 section 3.3.1.5, fifth para first line: “synergistic effects non-coplanar” – something missing here 
Page 79 section 3.3.1.6 first line “has” to “have”
Page 81 second para: “to follow the independent…”
Page 341 section 7.1.2.2 second para, tenth line: “decreases”
Page 341 section 7.1.2.2 third para: “found to”
Page 342 7.1.2.3 “(tokishita et al. 2006) and induce”
Page 342 7.1.2.4 “Daphnia magna” two words
Page 343 first sentence doesn’t make sense, rephrase.
Page 347 section 7.2 midway down first para: “investigating sperm parameters”
Page 352 third para “transient nature of VTG induction”
Page 357 first line “sensitive life stage effects” (?)
Page 357 midway down first para: “however, these effects had disappeared at 5 months’ depuration”
Page 360 section 7.2.1.3.1 last para on page “in the 560 ug/l treatment” and “in the 56 ug/l treatment”
Page 361 7.2.1.3.3 end of first para in this section: “/alkylphenols/”
Page 361 7.2.1.3.3 last para on page: “contaminants were negligible”
Page 362 end of second para: “surprisingly”
Page 367 PCBs paragraph: “calculated”
Page 368: fourth line under table 27: “for 48 hours days” – how many days?
Page 368: fifth line under table 27: “was” change to “were”
Page 369 third para 11th line: “not be as good at”
Page 370 second para fifth line: “nest defence in smallmouth bass”
Page 371 section 7.2.3: delete the “in order” in the third line from end of first para in this section.
Page 378  and 379, section 7.3.1.1 incorrect apostrophe use on “authors’” x 3
Page 379 second para, seventh line “was” should be “were”
Page 384 pesticides para: rephrase “there is considerable amount of pesticides that are EDCs”
Page 388 section 7.3.3: second line first para “intimately”
Page 394 section 7.4.1 third line: “that snakes do not have”
Page 398 freshwater turtles section, first para: eighth line: “this is presumably due to aromatisation”
Page 403 section 7.3 third line of first para: “others”
Page 417 section 7.6 mammals, last sentence of first para: should “HCH” be “HCB”?



Annex 8 –Reviewer 6: Full Critical Review

Introduction
The European Commission has released the second interim report on the ‘State of the art assessment of endocrine disruptor: Part 1 – Summary of the state of the science’ (Evans et al., 2011). The report is described as a ‘review of reviews’ capturing key scientific literature published since the release of the WHO/IPCS Global Assessment of the State-of-the-Science on Endocrine Disruptors in 2002. 
In preparing the report, the authors’ intention was to prepare the ground for assessing whether proposed regulatory approaches to dealing with endocrine disrupting chemicals in the European Union are consistent with the state of the science in this field. At present the report is considered as ‘preliminary’. 
This critique of the report by Evans et al. (2011) has been prepared, taking into account various considerations including methodology, suitability of literature considered and conclusions drawn. 
Not intended to be a comprehensive review of scientific findings in the field of endocrine disruptor research since 2002, Evans et al. admit that the ‘State of the Science’ report is a preliminary piece of work and acknowledge the deficiencies in their methodology. Furthermore, considering the wealth of research on endocrine disruption, preparation of such a state of the art review may not have been feasible in any other manner, given the likely time and monetary constraints. 
This critique acts as peer-review for what is nonetheless an important EC document in terms of guiding future research and regulatory requirements, in which the UK plays a vital role. The main body of the ‘State of the Science’ is structured into six parts: definitions; overarching and emerging issues; human health endpoints, such as reproductive health, hormonal cancers and development and metabolism; and wildlife endpoints. Mirroring the layout of the initial document, this critique summarises the key findings of the report, highlighting the major regulatory concerns while commenting on the applicability of evidence used, including any apparent shortcomings in the methodology.
Throughout this report, the conclusions or opinions of Evans et al. (2011) presented in the ‘State of the Science’ are cited and stated as such. Any conclusions without this denotation are therefore those of this critique, which have been drawn from a collation of the evidence presented by Evans et al. (2011), the literature studied and expert opinion, which may or may not coincide with those presented in the ‘State of the Science’ report. Any significant disputes in opinion are discussed. 
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Definitions of Endocrine Disrupting Chemicals
The definition of an endocrine disruptor was initially coined in 1991 at a World Wildlife Fund Sponsored Conference held in Wisconsin (Colborn and Clement, 1992). However, there is currently a large amount of discrepancy between definitions, which portrays the regulatory and economic implications of a stringent definition. Evans et al. (2011) detail several definitions, including those proposed by the MRC Institute for Environment and Health (1997), the US EPA EDSTAC (1998) and the EC (1999).
· Weybridge (1996): “An endocrine disruptor is an exogenous substance that causes adverse health effects in intact organisms, or its progeny, secondary (consequent) to changes in endocrine function. A potential endocrine disruptor is a substance that possesses properties that might be expected to lead to endocrine disruption in an intact organism” (ECETOC, 2009) 
· US EPA Programme on Endocrine Disruptors: “An exogenous agent that interferes with the synthesis, secretion, transport, binding, action or elimination of natural hormones in the body which are responsible for the maintenance or homeostasis, reproduction, development and/or behaviour” (Kavlock et al. 1996)
· European Commission (1998): “Endocrine disruptors are exogenous substances that alter function(s) of the endocrine system and consequently cause adverse health effects in an intact organism, or its progeny, or (sub)populations” (ECETOC, 2009)
As a relatively newly recognised mode of toxicity, it is generally recognised that endocrine disruption is a mechanism that may result in a hazard, rather than being a hazard in itself (EC, 1999). This distinction is emphasised in the definition proposed by the US EPA, which further elucidated its position in a subsequent memo by stating that it “...does not consider endocrine disruption to be an adverse effect per se, but rather to be a mode or mechanism of action potentially leading to other outcomes, for example, carcinogenic, reproductive, or developmental effects, routinely considered in reaching regulatory decisions”.
Evans et al. (2011) discuss the problems entailed in including the word ‘adverse’ in the definition, which requires the observed effect to adversely affect the individual or population and not just elicit change that falls within the normal range of physiological variation, stressing that the inclusion of ‘adverse’ may simply shift the assumptions, presumptions and epistemological problems onto the word ‘adverse’, retaining the possibility of subjectivity in the relevance of observed endpoints. Criteria are needed to differentiate ‘effects’ in the sense of a neutral concept of biological response (e.g. caffeine is endocrine active but not necessarily disruptive) from normal physiological variation. The problems of requiring “intact organism” endpoints in a regulatory definition of an EDC is also discussed; many studies use castrated animals, for example, and there is an increasing desire to use in vitro methods; irrespective of intactness, these models may provide useful information pertaining to risk assessment and regulation. 
However, there is great difficulty in assigning specific endpoints to endocrine disruption because of the plethora of effects that may arise as a result of endocrine system interactions. The various attempts to bridge the gaps between a useful regulatory definition and an academic (biological) definition are also discussed in the ‘State of the Science’, including attempts by Japanese and Canadian jurisdictions. Evans et al. (2011) conclude that the current definitions of EDCs are either too neutral in defining toxicological relevance, or are too subjective in their introduction of the idea of adversity, both of which have regulatory repercussions. 
Unfortunately,  Evans et al. (2011) neglected work conducted by the European Centre for Ecotoxicology and Toxicology of Chemicals (ECETOC) in 2009 detailing a methodology for elucidating endocrine mediated toxicity using data obtained in OECD testing schemes, utilising the Weybridge definition (1996) - a widely accepted definition in OECD member states and throughout industry. 
A recent report by Marx-Stoelting et al. (2011) describes the need for the development of a regulatory definition of an EDC, in lieu of amendments to EU legislation (Plant Protection Products, Biocides and REACH regulations). A recent significant development, not covered by Evans et al. (2011), is the First Joint DE-UK position paper ‘Regulatory definition of an endocrine disruptor in relation to potential threat to human health’ (2011), which proposes a definition and associated interpretative criteria that can be applied in a regulatory context. This paper, available at http://www.bfr.bund.de/cm/349/regulatory_definition_of_an_endocrine_disrupter_in_relation_to_potential_threat_to_human_health.pdf, utilises the definition proposed by WHO/IPCS (2002):
· WHO IPCS (2002) “An endocrine disruptor is an exogenous substance or mixture that alters function(s) of the endocrine system and consequently causes adverse effects in an intact organism, or its progeny, or (sub)populations” The concept of adversity, was further atoned to in 2004 by means of a definition “A change in morphology, physiology, growth, reproduction, development or lifespan of an organism which results in impairment of functional capacity or impairment of capacity to compensate for additional stress or increased susceptibility to the harmful effects of other environmental influences” (WHO/IPCS, 2004). 
The Joint DE-UK working group paper details the importance in including ‘adversity’ and ‘intact organism’ in a regulatory definition, owing to the stringent repercussions of labelling a compound with the term EDC. This is an understandable regulatory perspective, but contradicts views presented in the ‘State of the Science’, which suggests that it may contradict available testing strategies and drive animal usage, which may be a fair statement. The DE-UK document proposes that a substance may only be considered an ED of very high regulatory concern when it satisfies the WHO/IPCS definition detailed above and has been shown to cause adverse effects in one or more toxicity studies in which the compound is administered by a route and in a species relevant to human exposure. Furthermore, the serious adverse effect(s) related to endocrine disruption must have been observed at a dose at or below Category 1 “Specific Target Organ Toxicity-Repeated Exposure, STOT-RE” of classification and labelling schemes. 
Although this work fell outside the remit of the ‘State of the Science’, it may nonetheless be influential in determining the relevance of the evidence detailed later in this critique. Furthermore, it is important to note that the Joint DE-UK proposal was focused on chemicals harmful to human health exclusively. Thus, the applicability of the definition in adequately regulating environmental risk is questionable, particularly as susceptibilities may be higher in some wildlife species. Increased concordance in EDC definitions, throughout regulatory jurisdictions and academia, would undoubtedly aid the state of endocrine disruptor science. 


[bookmark: _Toc299713029]Over-Arching and Emerging Issues
Hormones and their respective agonists (chemicals that mimic the action of endogenous hormones causing a cellular response) and antagonists (chemicals that can bind, block or dampen agonist mediated responses) interact with hormone receptors to initialise (or block) signal transduction, gene transcription and mRNA translation, which ultimately leads to a cellular response. It is the interplay of all of these pathways that leads to a ‘normal’ homeostatic balance (Diamanti-Kandarakis et al., 2009). The mechanisms underlying EDC activities may utilise several biological pathways such as: (1) Nuclear hormone receptors (e.g. oestrogen, androgen and thyroid receptors); (2) Non-nuclear steroid hormone receptors (e.g. membrane oestrogen receptors mERs); (3) Non-steroid receptors (e.g. serotonin, dopamine and norepinephrine receptors); and finally (4) Orphan receptors (e.g. aryl hydrocarbon receptor (AhR)) (Filby et al., 2006). 
This section comprehensively reviews the biological plausibility of endocrine perturbation and in particular the nuclear receptor family and the aryl hydrogen receptors (AhR), due to their importance in the actions of dioxin-like chemicals. The key foundations of knowledge vital to deciphering the relevance of toxicological and epidemiological evidence presented in the ‘State of the Science’ report will now be summarised and critiqued.  
The classical genomic pathway of nuclear receptor signalling comprises two main processes: (1) the ligand encounters cytoplasmic receptors, causing receptor dimerisation, translocation of the dimer complex to nucleus, DNA binding, recruitment of co-activators and ultimately transcription; or (2) the ligand diffuses to the nucleus and interacts with steroid receptor already bound to DNA but with a co-repressor population bound. Ligand binding promotes coactivator binding instead of co-repressors and consequently promotes transcription. However, hormones may also induce rapid effects, including changes in cellular cAMP and intracellular calcium and modulation of ion channels, kinases, phosphatases and other enzymes. Interestingly, Evans et al. (2011) point out that perturbation of the rapid effects of steroids may not currently be considered in regulatory testing schemes. In addition to this, little is known about the occurrence or extent of desensitisation or secondary genomic effects after rapid, non-genomic events (see Wendler et al. 2010). 
In the ‘State of the Science’ report, Evans et al. suggest that species differences could have important implications for toxicological testing because the majority of toxicology tests use mice [see comment above by Reviewer 5,  page 9, paragraph 3, that most regulatory tests use rats]. Mouse and human AhR differ in the rate of unliganded cytoplasm-nucleus shuttling of the receptor, the role and the identity of chaperone proteins, and the ligand binding potential. A humanised AhR mouse (C57BL/6 mouse transfected in with hAhR) shows lower induction of 1A1 and 1B1 than wildtype mice. However, the authors also pose the question “to what extent does ERα or ERβ activation make a ligand oestrogenic?” a question which may apply to any nuclear receptor or protein binding. Prior to the discovery of ERβ in 1996, oestrogenicity was defined as “Stimulation of uterine growth and induction of the progesterone receptor in the uterus” which are effects that result from ERα activation. However, such a clear apical response is harder to select for ERβ as there is believed to be a wider repertoire of effects (Koehler et al., 2005). Expression of the isoforms overlaps, although the ratios vary dependent on tissue type; prostate ERα is expressed in stromal cells, while ERβ is expressed in epithelial cells. Interestingly, ERβ opposes the effects of ERα; for example, the genomic and proteomic effects of genistein on T47D cells engineered with tetracycline-dependent ERβ expression oppose ERα (Sotoca et al., 2010). However, expression in the same cell is atypical; usually subtypes may be expressed in different, perhaps neighbouring cells. Whether or not the binding of a chemical to the nuclear receptors defines EDC status, is therefore uncertain. Evans et al. (2011) summarise some of the types of assay based on receptor signalling, used to assess the binding of EDCs. However, being limited to ER, AR, PR, TR and AhR, the scope of what is detailed is limited. Furthermore, the assays discussed are limited to those that can be compared across receptors, leaving out radiolabelled ligand displacement assays, cell based assays and computational models. Of these, there is a validated reporter gene assay adopted by the OECD conceptual framework; TG 455 “The Stably Transfected Human Oestrogen Receptor-alpha Transcriptional Activation Assay for Detection of Oestrogenic Agonist-Activity of Chemicals” which uses the human ERα-HeLa-9903 cell line derived from a human cervical tumour and stably transfected to measure transactivation of luciferase gene expression. However, as previously discussed, there is a multitude of mechanisms by which an EDC may exert toxicity, meaning that assigning endpoints observed in vivo to a particular receptor or pathway is difficult and not without limitations and caveats. 
In addition to these knowledge constraints, there are a variety of considerations to be taken into account when discussing endocrine toxicity, such as low dose effects and the role of epigenetics, which will now be discussed. 
Low Dose Effects
The reliance of regulatory and public health standards on traditional toxicological approaches, initially coined by Paracelsus “the dose makes the poison” has helped maintain the central dogma that health effects occur at high levels of exposure, but cannot be induced by much lower concentrations. However, hormonally active substances may contradict this expectation and there is a wealth of evidence that low dose effects of EDCs cannot be predicted from high dose testing, which has highlighted the inadequacy of the current testing paradigms for detecting the possibility of low dose effects. 
There are innumerable reasons why dose responses to toxicants demonstrate a non-monotonic relationship; for example, the induction of metabolising enzymes or conjugation substrates may result in a U-shaped dose response for some endpoints, with effects at low and at high levels of exposure, and diminished or nonexistent toxicity at intermediate exposure levels due to increased metabolic breakdown or elimination. Evans et al. (2011) discuss the application of the term “low dose”, suggesting that environmental exposure levels are often considered rather than the internal dose, which will define toxicity. 
The low dose effects of BPA have caused controversy in recent years, inducing the National Toxicology Program (NTP) / National Institute of Environmental Health Sciences (NIEHS) (2001) to conduct a review, which concluded that “the current testing paradigm used for the assessment of reproductive and developmental toxicity should be revisited”. However, Evans et al. (2011) suggest this knowledge gap has been largely ignored. In addition, the NTP peer-review consultation subpanel suggested that pharmacokinetic information, including bioavailability, half-life and placental transfer were limited, making it difficult to either dismiss or strengthen the plausibility of low dose effects of BPA. The current NOAEL for BPA in Europe and the USA of 5 mg Kg-1/day, which is based on the results of two multigenerational studies, may therefore be contentious (Tyl et al., 2002; Tyl et al., 2008). Furthermore, effects have been observed at doses comparable to human exposure levels. The shift in observed endpoints of BPA toxicity is also discussed with regard to developmental neurotoxicity (Larenth et al., 2008; MacLusky et al., 2005), sex difference sensitivity for certain reproductive problems (Cabaton et al., 2010) and changes to growth in prostatatic (Prins et al., 2010) and breast tissue (Durando et al., 2007), leading to precancerous lesions. 
However, a recent study by Taylor et al. (2010) has helped to bridge some of the gaps in knowledge regarding the pharmacokinetics of low doses of BPA. The serum levels of unconjugated and conjugated BPA levels were measured in adult female rhesus monkeys and mice following oral administration, and later compared with previously published human exposure. The authors concluded that the pharmacokinetics of the three models is very similar. The potential for BPA exposure to be higher than previously anticipated has also been discussed. Zalko et al. (2011) have reported significant dermal absorption of BPA through the skin, possibly explaining the unexpectedly high human urinary BPA excretion rates observed in human biomonitoring studies. 
Furthermore, chemicals with similar modes of action, independently below no observed adverse effect level (NOAEL) thresholds, may collectively cause adverse effects, potentially complicating regulatory efforts. Silva et al. (2002) demonstrated responses of up to 40% maximal oestrogenic effect by combining eight xenoestrogens at levels equivalent to 50% of their individual NOECs in the yeast oestrogen screen. In addition, Rakapakse et al. (2002) identified a dose addition relationship following the combined exposure of 11 oestrogens. Furthermore, in vivo studies in an extended rat developmental toxicity model demonstrated three similarly acting androgen receptor antagonists (at levels below their NOEC) to cause significant signs of feminisation (reduced anogenital index, retained nipples) (Hass et al., 2007). Subsequently, Evans et al. (2011) discuss the importance of considering chemical exposure in its entirety, and therefore consider simultaneous exposures to multiple EDCs. They conclude that dose (concentration) addition is generally a valid tool for the prediction and assessment of combination effects of oestrogenic mixtures. However, it is also emphasised that this may underestimate observed effects, as independent action may not always be representative of mixture effects. 
Epigenetics
Epigenetics is the study of alterations in gene expression as a result of non-genomic (non-transcriptional) mechanisms such as steroid-induced modulation of cytoplasmic or cell membrane-bound regulatory proteins. Epigenetic mechanisms underpin variances in gene expression and explain why, despite having the same genome, individual cells can form a multitude of different tissues and specialised cells. It has recently been speculated that EDCs have the ability to alter the epigenome and the potential to cause transgenerational effects via epigenetic mechanisms. Evans et al. (2011) stress the importance of discriminating between a chemical’s ability to induce epigenetic changes and its ability to cause endocrine disruption via epigenetic mechanisms. 
Many EDCs, including BPA and p,p’DDE, have been shown to alter epigenetic patterns (Dolinov et al., 2007; Ruiecki et al., 2008). However, the toxicological relevance of this is debateable. Epigenetic processes may represent a novel and potentially important molecular mechanism to consider in disease aetiology, although Evans et al. (2011) suggest it is contentious and premature to label epigenetics as an endocrine disrupting mode of action at this stage. 
In addition to low dose and epigenetic factors, Evans et al. (2011) discuss the currently largely unrecognised possibility of perturbation of the prostaglandin (PG) pathway as a result of EDC exposure. Excluding publications by Lundholm (1997) and Guillette, Jr. (2006), discuss the current lack of studies that explore PGs as a target of endocrine disruption, despite their role in reproduction, immune responses and cardiovascular physiology. However, two recent publications (Kristensen et al., 2010; Jensen et al., 2010) which look at the effects of male foetal exposure to non-steroidal-anti-inflammatory-drugs (NSAIDs) such as paracetamol and ibuprofen, explored the possible inhibition of peroxidise reaction and whether exposure interfered with PGD2 involvement in testicular development. Kristensen et al. (2010) combined results from in vivo and ex vivo rat studies with a prospective birth cohort study, and concluded that paracetemol consumption during pregnancy, in particular during the first and second trimester, increased the risk of giving birth to boys with cryptorchidism (a risk that was even higher for mothers who had taken more than one compound - e.g. aspirin and ibuprofen - simultaneously). In vivo studies in the rat confirmed the biological plausibility of the epidemiology study, demonstrating reduced anogenital distance of male pups (indicative of feminisation) following in utero paracetamol or aspirin exposure. 
It can therefore be concluded that conventional approaches to elucidating toxicity may not be appropriate for inferring an endocrine mediated mechanism, due to an interaction of epigenetics, genetics and mixtures potentially playing a vital role in defining the observed endpoints. It may also be stated that currently few studies combine toxicological, epidemiological, genetic, epigenetic and exposure assessment - something which may be required to further characterise the endocrine hazard. 
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[bookmark: _Toc299713031]1. Reproductive Health
a) [bookmark: _Toc299713032]Male Reproductive Health
This section summarises and appraises the evidence presented by Evans et al. in the ‘Summary of the State of the Science’ report on male reproductive disorders, including cryptorchidism, hypospadias and declines in semen quality. Countries with a high prevalence of cryptorchidism generally present higher rates of hypospadias and poor semen quality and vice versa, leading to speculation of a common aetiology. This commonality led Skakkebaek et al. (2001) to propose the Testicular Dysgenesis Syndrome (TDS) hypothesis, which details the perturbation of androgen levels during the foetal development of Sertoli cells (the cells supporting germ cells) and Leydig cells (where androgen synthesis takes place), negatively impacts functioning and development of potentially all male reproductive endpoints. However, a number of other confounding risk factors for cyrptorchidism and hypospadias have been identified, including low birth weight, premature birth gestational diet and alcohol consumption (Akre et al., 2008; Berkowitz and Lapinski, 1996; Damgaard et al., 2008; Pierik et al., 2004). 
In their State of the Science report, Evans et al. (2011) discuss the role of androgens in driving Sertoli cell proliferation. The number of Sertoli cells available at the end of male sexual differentiation critically determines sperm counts, highlighting the biological plausibility for the TDS hypothesis and a role of diminished androgen action in foetal life and declines in adult sperm quality (Sharpe, 2009). Furthermore, the authors detail the fundamental difficulty in determining associations from epidemiological studies that aim to assign a role of chemical exposures in male reproductive disorders, via an endocrine mode of action. However, it may be worth noting that owing to the inefficiency of standard toxicological testing in determining statistically significant changes in low incidence endpoints, these uncertain associations may be the only evidence available pertaining to human health risk. 
Cryptorchidism
Cryptorchidism, or undescended testicles, affects 2-4% of boys, making it the most common congenital birth abnormality.  However, there is considerable discrepancy in observed incidence rates; as a result of variability in the level of abnormality that is considered to constitute cryptochidism and a lack of uniformly applied diagnostic criteria. For example, excluding high scrotal testes as a form of mild cryptorchidism in a Danish population resulted in an 8.5% difference in incidence estimation (9% reported by Boisen et al., 2004 and 0.5% by Cortes et al., 2008). Despite this, it is generally accepted that incidence of this condition has increased over the past 50 years (Evans et al., 2011). 
In addressing cryptorchidism, the ‘State of the Science’ report underlines the findings of several epidemiological studies that have demonstrated increases in disease incidence following exposure to xenobiotic endocrine active compounds such as DES (Palmer et al., 2009), PCBs (McGlynn et al., 2009) and polybrominated biphenyls (PBDEs) (Main et al., 2007; Carmichael et al., 2010). Furthermore, occupational epidemiology studies have described higher frequencies of orchidopexy (the surgical treatment of cryptorchidism) in boys from regions of intensive farming and local pesticide use (Garry et al., 1996). Additionally, Anderson et al. (2008) reported elevated cyrptorchidism, decreased penis length, lower testis volume and lowered serum testosterone levels in sons born to Danish greenhouse workers. Evans et al. conclude that despite each study being negligible in statistical significance independently, the weight of evidence suggests a role of EDCs in the aetiology and prevalence of cryptorchidism.  
Hypospadias
Androgens play a vital role in the development of the male reproductive system. A reduction in androgen action during foetal life can result in hypospadias, a condition in which the urethra opens on the underside of the glans penis. Affecting an estimated 0.2–4% of boys at birth, the incidence of hypospadias is believed to be increasing (Nassar et al., 2007; Nassar et al., 2005) adding to speculation regarding the role of xenobiotics, despite somewhat conflicting evidence. In utero DES/progestin exposure has been associated with hypospadias (Klip et al., 2002); furthermore, Giordano et al. (2010) reported an association between elevated maternal serum HCB levels and the likelihood of bearing a son with hypospadias. The ‘State of the Science’ report concludes that the majority of studies have not found any association between PCBs, DDT, DDE, HCB and hypospadias (Bhatia et al., 2005; Longnecker et al., 2002; Mcglynn et al., 2009). However, it should be noted that there is weak evidence contrary to this. Higher hypospadias incidence has been observed in agricultural regions of Italy (Carbone et al., 2006) and in the sons of hairdressers, commonly exposed to hairspray known to contain phthalates (Ormond et al., 2009). In addition, an Australian questionnaire identified paternal exposure to polychlorinated organics and biphenolics, and maternal heavy metal and phthalate exposure to be associated with an elevated risk of hypospadias (Nassar et al., 2010). 
Evans et al. (2011) question the reliability of incidence trends, suggesting that registry data does not encompass milder forms of the congenital defects. Furthermore, the limitations of self reporting questionnaires in the determination of exposure are rightly highlighted, stressing the importance of more accurate analytical biomarkers of exposure in assigning chemical causality. 
Sperm Quality
Spermatozoa production is under hormonal control, rendering it susceptible to endocrine disruption (WHO, 2002). Carlsen et al. (1992) suggested a global 0.8% annual decline in sperm count between 1938 and 1990; reporting a reduction from 113 x 106/ml to 66 x 106/ml over the past 50 years. It has been suggested that sperm concentrations below 48 x 106/ml may hinder the potential fertility of males (Guzick et al., 2001), although lower thresholds, of 40 x 106/ml (Bonde et al., 1998) and 20 x 106/ml (Paasch et al., 2008), have also been proposed. Paasch et al. (2008) estimated that 20% of young men in Denmark and Germany have sperm counts below this lower level of 20 x106/ml. However, the applicability of sperm counts as a biomarker of male reproductive health is questionable, due to natural variation and fluctuation in counts as a result of abstinence, ethnicity, infectious disease, season, clothing and drug abuse (Carlsen et al., 2005), coinciding with the observation by Jouannet et al. (1981) that sperm counts may vary up to 10-fold in healthy, fertile individuals. Furthermore, there are a plethora of difficulties in measuring population semen quality. Nonetheless, sperm count can be used as an indicator of spermatogenesis and Sertoli cell number, size and activity. Recent efforts to unify methodologies and standardise techniques are reviewed in the ‘State of the Science’ report. 
Evans et al. (2011) suggest that there is limited research regarding childhood and foetal exposure to EDCs, with many studies exploring declines in semen quality focusing on adult exposure scenarios. However, a prospective study of boys exposed to PCB in utero, following the accidental contamination of cooking oil in Taiwan, showed exposed boys to produce sperm of abnormal morphology and reduced motility (Guo et al., 2000). Similar temporary findings were also identified in men exposed during adulthood (Hsu et al., 2003). Furthermore, declines in sperm quality parameters have been reported following exposure to TCDD (Mocarelli et al., 2008) and phthalates (Duty et al., 2004; Hauser et al., 2006; Jonsson et al., 2005). 
Chemical Safety Testing Strategy 
Although there are some differences in the steroidogenic pathways of rodents and humans (Scott et al., 2009), the overall biological mechanism of steroidogenesis in the two species is considered relatively similar. Subsequently, the rat is commonly utilised as a model for possible endocrine disrupting effects in humans (National Research Council, 2008; Rider et al., 2010). 
A detailed review paper (DRP) ‘Appraisal of test methods for sex hormone disrupting chemicals capable of affecting the reproductive process’ prepared by the UK Medical Research Council Institute for Environment and Health in 1998, assessing the OECD guidelines for the testing of chemicals for endocrine disrupting effects, was an important contribution to their development. The DRP highlighted the need for a more detailed assessment of spermatogenesis and semen quality in the hazard characterisation and risk assessment of chemicals (Holmes et al., 1998). Consequently, in 2009 the OECD updated and adopted several Test Guidelines for the elucidation of endocrine mediated toxicity (TG 415, 421, 452, 453, 422 and 416), designed to detect alterations in anogenital distance (a biomarker of ‘maleness’), nipple retention and malformation of the internal reproductive organs. These Test Guidelines, utilised by OECD member states such as the UK, EU and US, were largely ignored by Evans et al. (2011) in their ‘State of the Science’ report. However, the authors do detail the proposed extension to the one-generation reproductive toxicity test (TG415) expected to be published in 2011, which incorporates relevant endpoints for the detection of chemicals that may interfere with male sexual development. The Hershberger assay, currently under OECD validation, is appraised for its capacity to detect in vivo androgen receptor antagonist activity. In vitro assays that utilise the binding of androgen receptor antagonists and agonists are also discussed as screening tools for potential in vivo activity (Ermler et al., 2010; Hecker et al., 2007). However, the authors emphasise a gap in knowledge regarding the uncertainty of extrapolating between in vitro and in vivo toxicity models. 
Discussion and Conclusions 
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)[image: ]Overall, Evans et al. (2011) comprehensively discuss the science pertaining to the role of endocrine disruptors in male reproductive health. Assessing the evidence via a number of attribution criteria (figure 1), the authors conclude that the epidemiological studies present weak evidence for a role of individual chemicals in the aetiology of male reproductive disease; however, taken collectively and considering toxicological findings, Evans et al. justifiably conclude that chemical exposure may play a role in the increasing incidence of male reproductive disorders, including cryptorchidism and hypospadias.
The primary effect attribution criteria is “mostly met” due to the mode of action being a perturbation in androgen level, which may be a result of the chemical agent, but could also be as a result of systemic toxicity. Furthermore, the authors describe significant progress in the field since the initial 2002 WHO ‘State of the Science’ report, in the form of several studies pertaining to the importance of paternal and maternal exposures in disease progression and the testicular dysgenesis syndrome (TDS) hypothesis. The importance of the recent discovery that inhibition of prostaglandin synthesis significantly contributes to the development of male reproductive disorders is also stressed. 
However, Evans et al. (2011) grossly neglect the potential perturbations in erectile function and libido as a possible result of EDC exposure from the ‘State of Science’ report. Affecting an estimated 2.3 million men (http://www.bupa.co.uk/health-information/directory/i/impotence), it has been estimated that approximately 5 - 20% of men suffer from moderate-to-severe erectile dysfunction (Kubin et al., 2003). Adult male exposure to oestrogenic compounds is believed to promote gynecomastia (male breast enlargement) and interfere with the hypothalamus-hypophyseal-gonadal axis, resulting in a loss of libido, impotence, decreased blood androgen levels and lowered sperm counts (Colborn et al., 1993; Finkelstein et al., 1988). Furthermore, in 1982 Guzelian et al. reported a loss of libido, impotence and low sperm counts in men occupationally exposed to dichlorodiphenyltrichloroethane (DDT) during production of the insecticide kepone. This association has been further demonstrated in the male Wistar rat; Brein et al. (2000) reported significant perturbation of erectile functioning for 2 weeks following a single sub-cutaneous dose of 500 mg p,p’DDE kg-1. In addition, acute exposure to the anti-androgen flutamide (50 mg kg-1), significantly decreased apomorphine-induced erections by over 50% for 12 - 48 hours. The authors suggest that exogenous hormones may play a role in erectile dysfunction. More recently, non-steroidal anti-inflammatory drugs (NSAID) have been identified as potential endocrine disruptors in OECD tier 5 in vivo studies, as discussed by Evans et al. (2011). In corroboration with this finding, an epidemiological study of Finish men in 1994 (n=3143) and 1999 (n=2864) identified significantly higher risk of erectile dysfunction with the use of NSAID (Shiri et al., 2006), indicating that endocrine disruption may play a role in the aetiology and prevalence of erectile dysfunction. Further exploration is necessary to clarify the role of EDCs in this prevalent and socially significant male reproductive endpoint. 
It is also interesting to note that although the subject of biological confounders were discussed in the chapter entitled ‘over-arching issues/emerging issues’, the need to assess genetic and epigenetic susceptibility in epidemiological study, in order to assign causality, is not further stressed. Currently, epidemiological studies exploring the associations between male reproductive health and chemical exposures treat the population as a homogeneous group, ignoring the potential for genetic polymorphisms or epigenetic states that confer elevated disease or EDC susceptibility. In future studies, genotypic and phenotypic categorisation of male populations may enable a higher level of certainty in the determination of cryptorchidism risk factors, while highlighting susceptible groups and risk factors.    
b) [bookmark: _Toc299713033]Female Fecundity, Fertility and Adverse Pregnancy Outcomes
Fecundity can be defined as the biological capacity for conception, while fertility refers to the capacity to deliver a live-born infant. The two words are often used interchangeably, although fecundity is not necessarily sufficient for fertility (Buck Louis et al., 2006). The World Health Organisation (2001) reported that one in ten couples ‘experience delay or inability to conceive’. Evans et al. (2011) discuss the difficulty in defining declines in population fertility health, as fecundity, fertility rates and average number of children born per woman, are subject to many socioeconomic factors which may not represent a couple’s “capacity” to conceive. The use of infertility rates (the number of couples who wish to but are unable to conceive) is suggested as a more informative and stable measure of reproductive capacity. Foster et al. (2008) reported that in developed counties, fertility rates range from 3.5 to 16.7%, compared to 6.9 to 9.3% in less developed countries; however, it is important to note that there may be unavoidable reporting bias in the calculation of this incidence. 
Female Fecundity
Geographical variations in fecundability (the probability that conception will occur within a given time) exceeding those that may be associated with differences in semen quality, are largely unexplained, and have led to the speculation that xenobiotics and hormonal perturbation may play a role in its aetiology (Sallman et al., 2005). Female fecundity is determined by an array of endpoints related to the ability to conceive, including hormonal profile, menstruation, early pregnancy loss, ovarian reserve and failure, and reproductive senescence or menopause. Furthermore, the female reproductive system is vulnerable to a plethora of environmental stressors (including especially smoking, alcohol and caffeine consumption), psychological stressors and physiological factors such as age and weight, as highlighted by Brewer et al. (2010) who demonstrated impaired fecundity in obese women. Evans et al. (2011) detail a recent US study which reported racial disparity in fertility rates (Wellons et al., 2008). Evans et al. suggest that “the disparity was not explained by common risk factors for infertility, such as smoking and obesity, socioeconomic factors such as access to healthcare or gynaecologic risk factors such as fibroids and ovarian volume, but may putatively be related to a higher prevalence of sexually transmitted disease in black women”. Interestingly, and possibly erroneously, Evans et al. (2011) do not discuss the possibility of genetic or epigenetic variance contributing to this endpoint.  
The ‘State of the Science’ report underlines the findings of several studies describing evidence for an endocrine mechanism in female fecundity. Perturbation of  kisspeptins (KiSS),  pivotal hypothalamic signals for the preovulatory surge of gonadotropins required for cyclicity and ovulation (Roa et al., 2008; Castellano et al., 2006), has been suggested as a possible mechanism of endocrine toxicity (Evans et al., 2011). In addition, the sensitivity of the maternal RNAs and proteins synthesised during oogenesis that play a vital role in supporting embryonic development between fertilisation and maternal-embryonic transition (Brevini et al., 2005), to endogenous growth factors, steroid hormones, cytokines and gonadotropins, may determine oocyte viability, and subsequently impair fertilisation or arrest embryonic development. Disruption of AhR signalling cascades, in modulating follicular steroidogenesis, has also been implicated in fecundity (Hernandez-Ochoa et al., 2009).  
Spontaneous abortion is the expulsion or extraction of an embryo weighing 500g or less from its mother; those occurring within 12 weeks gestation are termed ‘early spontaneous abortion’ and account for an estimated 20–40% of pregnancy losses prior to clinical detection (Weselak et al., 2008). Pregnancy loss is thought to be related to genetic, infectious, hormonal and/or immunological factors. Furthermore, congenital malformations of the uterus, acquired uterine defects (fibroids and cervical incompetence) have been linked with spontaneous abortion. Chromosomal abnormality is believed to account for 21–51% of spontaneous abortions, with aneuploidy accounting for 7 to 10% (Hunt et al., 2008). As an endpoint pertaining to fecundity, endocrine regulation of aneuploidy was initially observed as a result of elevated Downs syndrome incidence in young mothers, due to a more unstable endocrine environment (Pacchierotti et al., 2006; Hunt et al., 2008). Aneuploidy may significantly reduce the number of oocytes, decreasing the follicular reserve and reducing reproductive lifespan, contributing to reductions in fecundity. Additionally, Pacchierotti et al. (2006) suggest that perturbation of the endocrine and paracine (hormone function in which hormone synthesised in and released from endocrine cells binds to its receptor in nearby cells and affects their function) regulation of meiosis may alter chromosome segregation. However, the authors predict that chronic rather than acute exposures may be required to induce changes in hormonal homeostasis. In addition, pairing, recombination and synapsis events during the meiotic prophase have been identified as essential for germ cell survival and meiotic progression; disruption of any of these meiotic stages of periovulatory oocytes in prepubertal and sexually mature females may result in meiotic disturbances and aneuploidy (Hunt et al., 2003; Hassold and Hunt, 2009). 
Neonatal exposure to oestrogenic chemicals is known to prevent regular oestrogen cyclicity in rodents, and perturbation of the hormone system regulating developmental processes could influence both the ovary and hypothalamic circuitry of cyclicity (review by Miller et al., 2004). There is also a plethora of evidence from oral contraceptive studies that implicates exogenous hormones in fecundity. In an English study, Hassan et al. (2004) reported a 1.5- 3.0 fold increase in time-to-pregnancy in women (n=2841) that had previously used hormonal contraceptives. However, other studies have reported complete recovery following the 7-day pill free interval (Axmon et al., 2006). Regarding chemical exposures, Brevini et al. (2005) reported that in utero exposure to TCDD and PCB drives premature reproductive senescence. 
Chemical Safety Testing Strategy
There are various screening guidelines for the elucidation of endocrine endpoints that may impact fecundity. However, Evans et al. (2011) suggest that the current testing schemes would not detect chemicals that perturb reproductive senescence, such as TCDD which has been demonstrated to induce premature reproductive senescence at low doses (Shi et al., 2007). 
The applicability of animal models in determining human fecundity effects may also be questionable. Flaveny et al. (2009) demonstrated interspecies differences in AhR binding affinity to xenobiotics; the human AhR for example has a 10-fold lower affinity for the prototypical ligand TCDD (2,3,7,8-Tetrachlorodibenzo-p-dioxin), despite greater affinity and subsequent transcriptional activity for compounds such as the chemotherapeutic agent indirubin. Evans et al. (2011) stress the need to consider sensitivity differences between species and for care in interpreting results from binding or transcriptional assays. In addition, this section of the State of the Art report details a number of studies pertaining to the development of in vitro bioassays to elucidate endocrine mediated toxicity, as part of the EU ReProTect project. However, it is important to note that many genotoxins or teratogens may induce spontaneous abortion, altering observed fecundity rates; subsequently the ability of testing schemes to elucidate the primary mode of action of a chemical is essential in determining whether or not it is an endocrine disrupting chemical. Although not mentioned within the state of the science report, the success of current testing schemes in elucidating this is uncertain. 
[image: ]Discussion and Conclusions 
Evans et al. (2011) conclude that female sub-fecundity may be attributable to endocrine disruption, under the premise that an increasing amount of experimental evidence suggests chemical perturbation of these pathways. Furthermore, the authors discuss the susceptibility of oocytes, as the longest lived cells in the body, damage by exposure to xenobiotics may in turn give rise to elevated fecundity times. 
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)Evans et al. suggest that there have been vast developments in the field over the past decade, particularly in understanding the biological mechanisms which detail normal progression of the menopause, genetic susceptibility to endocrine disruption and fecundity, in addition to the elucidation of an increasing number of associations between chemicals and a perturbation in any number of these pathways related to fecundity. 
Fertility and Adverse Pregnancy Outcomes
This section briefly outlines the evidence for a role of EDCs in female fertility and adverse pregnancy outcomes, while critiquing the ‘State of the Science’ report compiled by Evans et al. (2011). Adverse pregnancy outcomes include spontaneous abortion (late term), low birth weight, sex ratio and congenital abnormalities. Weselak et al. (2008) identified a number of risk factors in late term spontaneous abortion, including oxidative stress, diabetes, hypo- and hyper-thyroidism, oligomenorrhea, polycystic ovarian syndrome (PCOS), hyperandrogenemia and hyperprolactinemia. In addition to this, Axmon et al. (2005) reported that lower midluteal progesterone has been associated with failure to conceive, and women with ectopic pregnancies generally have lower progesterone levels than those with normal intrauterine pregnancies (Bowman et al., 2010). However, a fundamental problem, as highlighted by Evans et al. (2011), is the difficulty in differentiating between fertility and adverse pregnancy outcome endpoints as a result of paternal or maternal exposure. In combination with a multitude of chemical exposures, the possibility of assigning chemical causality in epidemiological studies is highly unlikely. Consequently, from the offset, this is a human health endpoint that may be difficult to not only monitor, but to assign causality to.   
There is a plethora of evidence pertaining to a role of endocrine mechanisms in female fertility and pregnancy outcomes (Buck Louis et al., 2006; Mendola et al., 2008; Woodruff et al., 2008). It is well known, for example, that in utero exposure to the complex mixture of chemicals in cigarette smoke is a risk factor for low birth weight and preterm birth (Evans et al. 2011). Furthermore, the endocrine regulation of fertility has been exemplified in the case of exposure to progesterone. Crain et al. (2008) identified the ability of the injectable progestin contraceptive Depo-Provera to increase the risk for foetal growth restriction, low birth weight and neonatal death in unintentional pregnancies occurring 1–2 months following administration.  Furthermore, a systematic review of gestational progesterone exposure has demonstrated significant reductions in preterm birth (Dodd et al. 2008), emphasising the complexity of exposure scenarios and windows of exposure.  
Chemicals that prevail in the environment have also been implicated in adverse fertility and pregnancy outcome endpoints. For example, the pesticide dichlorodiphenyltrichloroethane (DDT) has been associated with spontaneous abortion (Venners et al., 2005), while its degradation product dichlorodiphenyldichloroethylene (DDE) has been associated with spontaneous abortion, foetal loss and preterm birth (Longnecker et al., 2005). Furthermore, in an epidemiological study conducted in the Philippines, household pesticide usage was associated with a six-fold increase in spontaneous abortion risk (Weselak et al., 2008). In addition to these chemical exposures, Kishi et al. (2008) demonstrated genetic susceptibility and racial differences in fertility endpoints in response to polyaromatic hydrocarbon exposure. 
Sex ratio can be used as a marker for population health analysis and is defined as the number of male births over that of females; a sex ratio close to zero is said to be essential for current monogamous social functioning (Davis et al., 1998). In humans, females are the default sex; a phenotypic male is the result of a hormonal milieu determined by genes on the Y chromosome. Epidemiological studies in Brazil detailing declines in the sex ratio between 1979 and 1993, and rises between 1995 and 2004 (Gibson et al., 2009) have led to the speculation that factors such as demographic changes, access to public health services and exposure to environmental stressors may play a role in deviating the sex ratio. Furthermore, some medical conditions in both men and women prior to conception have been found to influence the ratio of offspring; similarly, endocrine changes subsequent to the disease or its treatment could influence the gender of offspring (James, 2001). Associations between sex ratio and other putative factors such as parental age, obesity, assisted reproduction and nutrition have also been reported. However, higher mortality of male embryos is putatively explained by the fact that deleterious genes on the X-chromosome are not compensated for by normal genes on the second X-chromosome. Epigenetic differences produced by the presence of one of two X-chromosomes have recently been proposed as the principal cause of the male and female pre-implantation differences (Gutierrez-Adan et al., 2006). Jongbloet et al. (2002) suggest that the sex ratio may be influenced by oocyte maturation and the quality of cervical mucus, and subsequently that perturbation may lead to differential migration of Y-chromosome and X-chromosome bearing sperm. A role for endocrine perturbation of the sex ratio was highlighted following a chemical contamination incident in Seveso, Italy (1976), which resulted in the local population being exposed to high concentrations of dioxins. In the year following the accident there was a major skew in the sex ratio (48 females to 26 males); Mocarelli et al. (1996) linked this abnormality to both maternal and paternal dioxin exposure.
Testing Strategy 
There are a number of validated OECD test guidelines available for the detection of EDCs which require the examination of uterine endpoints. Level 5 tests on the OECD tiered conceptual framework, such as the extended F1 reproduction toxicity study under development and the enhanced two-generation reproduction toxicity study (TG416), monitor endpoints pertaining to fertility and pregnancy outcomes, including duration of gestation, dystocia (difficult or abnormal labour), litter size, sex ratio, birth weight, number of live and still births and any signs of gross abnormalities. Also, implantation sites of female parents are examined following sacrifice. In the ‘State of the Science’ report, Evans et al. (2011) question the adequacy of the uterine endpoints included in testing schemes for elucidating hormonal disruption of human implantation. Ji et al. (2006) and Jung et al. (2005) report the applicability of the OECD validated uterotrophic assay (TG440) in detecting the oestrogenic and progestagenic activities of EDCs. However, the efficiency and effectiveness of these in vivo endpoints in determining hormonal disruption of human implantation is questionable.
As part of the Sixth EU Framework Project, ReProTect has developed an in vitro assay using cultured human endometrial epithelial adenocarcinoma Ishikawa cells to assist in the identification of chemicals capable of compromising receptivity of the human endometrium for embryo implantation (Schaefer et al., 2010). In addition, assays utilising the human choriocarcinoma cell line JEG-3 and blastocyst-endometrial cell co-cultures have been developed for the elucidation of chemical perturbation of implantation (Crain et al., 2008; Mardon et al., 2007)
Discussion and Conclusions
[image: ]It is believed that most adverse pregnancy outcomes are a result of oxidative stress and the importance of steroidal hormones in implantation and pregnancy outcomes remains controversial. Although not discussed in the ‘State of the Science’, endocrine perturbation of the mechanisms that regulate the quenching of oxidative stress in vivo, may also be of pivotal concern. 
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)Evans et al. (2011) conclude that the epidemiological evidence for a role of EDCs in fertility and adverse pregnancy outcomes remains inconclusive.  However, a number of advances have been made since the 2002 WHO Global Assessment of Endocrine Disrupters. Evans et al (2011) suggest that sexual dimorphism may explain perturbations in the sex ratio following exposure to xenobiotic hormones, although the usefulness of this as an indicator of paternal or maternal exposure is uncertain. The rodent model is also highlighted as “inadequate” as a model of human implantation, the authors suggesting that in vitro models may provide more weight for risk assessment, for which a vast body of evidence is presented to sustain this conclusion. As represented in figure 3, there is evidence to suggest a role of EDCs in the causality of adverse pregnancy outcomes and declines in fertility. Weighing up the evidence, and taking on board Evans et al.’s (2011) suggestion that increases in preterm birth in North America should “raise concern”, the undertaking of larger scale epidemiological studies that utilise biological techniques to monitor exposure and hormonal status are recommended in lieu of an adequate testing strategy. 
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Female Precocious Puberty
Many oestrogenic xenobiotics are believed to induce pulsatile gonadotropin-releasing hormone, causing a cascade of hormones and prompting early growth (Hertz, 1979). The incidence of idiopathic precocious puberty, diagnosed in the absence of organic causes (family history, physical examination and brain imaging), is estimated to vary between 1 in 5,000 and 10,000 and is far more common in women (Partsche et al., 2001). Adding to the difficulty in determining the incidence of precocious puberty, it is estimated that there is 4-5 years normal physiological variation in age of puberty onset (Parent et al., 2003). However, Parent et al. (2003) reported the average menarchal (first menstruation) age in Western Europe to vary between 12.0 and 12.5 years old. Coinciding with a significant decline in the average age at menarche from 17 to under 14 years of age in the US and Europe as a whole over the past 100 years, which has previously been attributed to increased living standards, better nutrition, health status and/or socioeconomic status. 
There are various risk factors for precocious puberty. Slobada et al. (2007) identified low birth weight and weight gain in childhood as risk factors, while de Zegher and Ibanez (2004) suggested that intra-uterine-growth restriction (IUGR) is associated with adiposity and early pubarche as well as rapid pubertal development. The development of IUGR may have multiple causes, however; xenobiotics and EDCs have been recognised as potential disruptors of the intrauterine environment, endocrine status and sensitivity of the receptors for signalling pathways, which may in turn affect brain development (Schoeters et al., 2008). Furthermore, body mass index (BMI) or adiposity has been implicated in the timing of puberty onset (Himes, 2006). However, in a study of German school girls (n=1840) aged 10–15 years, no association between obesity and puberty were observed, despite a substantial 10% obesity prevalence (Bau et al., 2009). 
The biological plausibility of a role of xenobiotics in driving precocious puberty has been enhanced by the identification of the role of kisspeptins and the G-protein coupled receptor GPR54 in regulating reproduction (Navarro et al., 2004b). The elucidation of peripheral regulators of KiSS-1 expression, such as the adipose hormone leptin (Roa et al., 2008), has uncovered the pathway for metabolic control of puberty onset and GnRH secretion. Evans et al. (2011) detail several recent studies pertaining to the role of oxytocin neurones and prostaglandin E2 production in puberty progression (Parent et al., 2008; Ojeda et al., 2003). Interestingly, the ‘State of the Science’ report concludes "no association with the timing of thelarche [breast development] or pubarche [first appearance of pubic hair] could be found for bisphenol A or dichlorodiphenyldichloroethylene (DDE)”. However, considering the association between these puberty endpoints and the lack of evidence to either support or disprove such an opinion this statement may be misleading and contradict the toxicological findings detailed elsewhere in the document (Tena-Sempere, 2009). A number of studies have implicated BPA in precocious puberty, for example, Adewale et al. (2009) presented data suggesting in utero BPA exposure (50 µg kg-1 or 50 mg kg-1) accelerates pubertal timing and disrupts ovarian development at low and environmentally relevant doses (50 µg BPA kg-1), but not the ability of GnRH neurones to respond to steroid-positive feedback. An in vivo rat study by Navarro et al. (2009) concluded that the hypothalamic KiSS-1 system was altered by BPA exposure (100 or 500 µg rat-1), disrupting gonadoropin secretion and potentially affecting puberty onset later in life. Furthermore, Sprague Dawley rats exposed to BPA (500 µg/50 µL or 50 µg/50 µL) demonstrated dose-dependent acceleration of puberty onset and altered oestrous cyclicity, which was corroborated by in vitro analysis of dosed animal pituitary cells, which showed impaired GnRH-induced LH secretion (Fernández et al., 2009). Contrary to this, Ryan et al. (2009) exposed Long-Evans rats to 2, 20 and 200 µg BPA kg-1/day from post natal day 7 to 18, demonstrating no alterations in puberty parameters (anogenital distance and vaginal opening) litter size or behavioural parameters, relative to controls. 
In line with the literature, Evans et al. (2011) focused on menarche as an indicator of precocious puberty in females; however, several other studies detail puberty endpoints that may be applicable. Accidental in utero exposure to polybrominated biphenyls (PBBs) has been negatively associated with age of pubertal hair growth (Blanck et al., 2000) and premature breast development was observed in daughters exposed to DES in utero (Hertz, 1979). Furthermore, Evans et al. (2011) detail a homozygotic twin study demonstrating that up to 86% of the variance in pubertal timing can be explained by genetic factors (Parent et al., 2003; Wehkalampi et al., 2008). However, the authors do not discuss the possibility that this genetic predisposition may confer elevated susceptibility to exogenous hormones, which may itself explain some of the disparity discussed earlier. 
Testing Strategy
Pubertal timing is routinely assessed as part of toxicity testing, and in particular by measuring body weight and timing of vaginal opening in offspring following in utero exposure which are required endpoints in the OECD Test Guidelines TG416 ‘Two Generation Reproduction Toxicity Study’ and TG426 ‘Developmental Neurotoxicity Study’ in F1 and F2 rat generations. However, pubarche and adrenarche [early stage sexual maturation in higher primates] are strictly primate phenomenon and subsequently there are no apical endpoints in rodents capable of identifying chemicals that may perturb their functioning. Evans et al. (2011) discuss the validation processes currently being undertaken by the OECD, for a screening test to identify inhibitors of steroidogenesis (Hecker et al., 2007). However, the authors suggest that the test will be limited in detecting chemicals that advance, rather than delay, pubarche. The ability of regulatory risk assessments to safeguard populations against exposure to chemicals that may perturb pubarche using the current testing schemes is thus questionable. 
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)Figure 4 summarises the conclusions and status of the literature regarding the attribution criteria for precocious puberty. It is important to note that the uncertainty regarding attribution criteria status is due to lack of evidence rather than evidence pertaining to the contrary. Regardless of this, Evans et al. (2011) conclude that the timing of puberty in humans is determined by predominantly genomic factors, but that environmental chemicals may influence these intrinsic biological processes during foetal programming. Furthermore, the authors state that the trends for earlier thelarche and menarche   “cannot be attributed to the rising trend for obesity alone”. 
The ‘State of the art’ report discusses the limitations and inefficiency of epidemiological studies in this field, suggesting that the latency between exposure and the manifestation of puberty, in conjunction with wavering diagnostic criteria, make causality hard to assign. However, it may be suggested that due to the ethical considerations associated with the adolescent age group, reporting bias and necessity for self and retrospective reporting may be unavoidable. Nonetheless, and as concluded by Evans et al. (2011), a good deal of evidence suggests that exposure to exogenous chemicals at susceptible developmental stages can influence pubertal timing. The authors also detail key developments following the initial WHO 2002 Global Assessment of Endocrine Disruptors, suggesting that the experimental evidence, mechanistic data and epidemiological studies have clarified not only the endocrinology behind perturbation, but the role of xenobiotics. 
Polycystic Ovaries Syndrome (PCOS)
Polycystic ovaries are the most common heterogeneous endocrine abnormality in women of childbearing age. There are a multitude of biological systems affected by the disorder, leading to a plethora of health complications including menstrual dysfunction, infertility, hirsutism, acne, obesity and metabolic syndrome. Evans et al. (2011) discuss the difficulty in assigning diagnostic criteria, considering the heterogeneity of endpoints and their severity - as exemplified by the many definitions (National Institutes of Health, 1990; Rotterdam, 2003; Androgen Excess Society, 2006). However, it is generally accepted that hyperandrogenism, chronic anovulation, oligomenorrhoae (ovulatory dysfunction) and the ultrasonographic identification of polycystic ovaries are common diagnostic features. Increased prevalence of metabolic syndrome, with associated increases in central fat, hyperinsulinaemia, glucose intolerance and increased blood pressure, have also been reported in women with PCOS (Norman et al., 2007), which is believed to play a role in the aetiology of other associated female reproductive disorders. Women with PCOS are also more likely to have delivery by Cesarean section, with newborns that have a higher risk of perinatal morbidity, mortality and admission to intensive care (Boomsma et al., 2008; Lavazzo et al., 2010) and to bear children of small gestational age (SGA) (Sir-Petermann et al., 2005); this emphases the importance of further elucidating the aetiology and role of xenobiotics in PCOS development. Evans et al. (2011) also discuss the positive relationship between PCOS and precocious puberty, which highlights the complex interplay of reproductive endpoints associated with endocrine perturbation. 
Collating data from Greece, Spain and the USA and comparing to criteria set by the National Institutes of Health, Teede et al. (2010) reported PCOS prevalence to be 4–8%. However, utilising the Rotterdam (2003) definition elevated these estimates to 18-70%, although this prevalence is based on estimates of polycystic ovaries for women who had not had an ultrasound. Prevalence is believed to vary significantly, with 20% of Caucasian females in the UK and Australia having PCOS, while 45% of Yoruba women from Western Nigeria and over 50% of Asians inhabiting the UK were diagnosed with PCOS in the same period (Shaw et al., 2008). 
The multiple physiological processes associated with PCOS (neuroendocrine, ovarian, steroidogenesis and folliculogenesis, insulin resistance) are regulated by hormonal and metabolic parameters. Subsequently, a perturbation of hormone homeostasis or functioning may affect the PCOS phenotype. Norman et al. (2007) reported that the 60-80% of women with PCOS have high circulating testosterone levels and 25% present elevated dehydroepiandrosterone sulphate (DHEAS) levels. Furthermore, the authors note that PCOS women display abnormal patterns of gonadotropin pulsatility, which results in excessive secretion of luteinising hormone (LH). 
Bremer (2010) reported that intrauterine androgen exposure leads to the development of hyperandrogenism, LH hypersecretion, oligo- and anovulation, and insulin resistance associated with visceral adiposity, impaired glucose metabolism and dyslipidemia phenotypes in non-human primates, sheep and rats. Interestingly, Dumesic et al. (2007) also demonstrated that prenatally-treated female monkeys show adrenal hyperandrogenism, potentially as a result of enhanced P450c17 activity. Evans et al. (2011) suggest that, until recently, very few chemicals had been shown to display androgenicity; however, recent in vitro assessment has demonstrated some flame retardants (hexabromocyclodecane, penta-bromodiphenylether and hexabromodiphenylether) and the antimicrobial compounds triclosan and triclocarbon to exhibit androgenic activity (Christen et al., 2010). This suggests that screening compounds for androgenic activity, while conducting epidemiological studies to investigate effects, should be a future priority regarding the aetiology of PCOS. 
Testing Strategy
Although there is no specific testing strategy to detect substances that may cause PCOS, the chronic OECD Test guidelines, such as the ‘One Generation Assay’ (TG415 enhanced) or the ‘Two Generation Assay’ (TG416 enhanced) require histopathological examination of reproductive organs, which may highlight a chemical’s ability to promote the growth of small ovarian follicles. However, in light of the differences between primates and rodents, the applicability of the model in determining human risk is questionable. Androgen excess in the rodent model suppresses hypothalamus-pituitary generation of the luteinising hormone surge required to induce ovulation in response to rising oestradiol levels. However in non-human primates, anovulation is regulated by steroid negative feedback regulation of LH and hyperinsulinemia, which is believed to be a closer model of human anovulatory processes. Therefore, although rodent toxicological findings may be indicative of an androgen mode of action, the relevance and sensitivity of observed endpoints is uncertain and may provide little information on the potential increased risk of genetically susceptible women to develop PCOS. 
Discussion and Conclusions
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 Summary of 'State of the Science' PCOS Attribution Criteria
)[image: ]As shown in figure 5, despite a wealth of knowledge of the pathophysiological endocrinology of PCOS, there is lack of certainty regarding the aetiological role of endocrine disrupting chemicals and genetics. Furthermore, the evidence in the ‘State of the Science’ report strongly suggests that the current testing strategies adopted by OECD member states are not sufficient to elucidate chemicals capable of promoting PCOS. However, mechanistic data obtained in these studies may identify potential endocrine disrupting activity that is relevant to the development of PCOS, and due to the strong interplay between reproductive endpoints, chemicals that induce PCOS may be identified and regulated under the premise of another endpoint.  
Evans et al. (2011) discuss the limited developments in this field over the past decade and justifiably conclude that in light of the common prevalence, economic burden and quality of life of those affected, further research should be conducted to elucidate toxicological and epidemiological evidence for a potential role of EDCs in the aetiology of PCOS. 
Endometriosis
Endometriosis, as characterised medically by an ectopic endometrium, is a condition where the endometrial glands and stroma are located on the outside lining of the uterus, leading to benign endometrium-like inflammatory lesions outside the uterine cavity causing chronic pelvic pain and infertility. Furthermore, endometriosis has been linked to the development of certain cancers and immune disorders such as colon and thyroid cancer (Brinton et al., 2005). There is no ubiquitously agreed pathogenesis of endometriosis and the aetiology of the disorder is believed to be due to a combination of genetic, immune, hormone and environmental factors. Furthermore, the identification of endometriosis requires the somewhat invasive identification of endometrial glands and stroma outside the uterus by histological examination of biopsies obtained by laparoscopy (Mcleod et al., 2010). Evans et al. (2011) discuss the complications in elucidating the prevalence of endometriosis, as a result of issues regarding diagnostic criteria, differing levels of interest in endometriosis and variations in acceptance of clinical indications of laparoscopy and laparotomy. Furthermore, the study of endometriosis incidence is complicated by uncertainty in the precise timing and onset of the disease (Vigano et al., 2004; Mcleod et al., 2010). However, it has been suggested that incidence has increased over the past 50 years, while the age at diagnosis has decreased (Birnbaum et al., 2002). Crain et al. (2008) estimated that endometriosis prevalence is between 6 and 15%, in women of reproductive age, and is a leading cause of pelvic pain and discomfort in affected women. 
Reproductive history is thought to play a large role in the aetiology of endometriosis. Menstrual characteristics such as early menarche, and short and heavy menstrual cycles for example, have been associated with elevated endometriosis risk (Matalliotakis et al., 2008; Mcleod et al., 2010; Vigano et al., 2004). In line with these findings, Treloar et al. (2010) recently identified late menarche (>14 years) as a protractive factor for onset of PCOS. The number of times a women has given birth [parity] has also been associated with a decrease in risk of endometriosis compared with nulliparous women (women that have never given birth) (Mcleod et al., 2010; Vigano et al., 2004). 
The hormonal regulation of endometriosis leads to speculation that environmental factors and xenobiotic compounds may play a role in its aetiology. Evans et al. (2011) also discuss the controversy regarding an association between endometriosis and lifestyle factors, such as smoking, alcohol intake, diet and exercise. Vigano et al. (2004) noted a decreased risk of endometriosis in heavy smokers, possibly due to the antioestrogenic effects of smoking. Some studies have also inconsistently associated alcohol intake with the development of endometriosis (Heilier et al., 2007; Matalliotakis et al., 2008; Missmer et al., 2004), which has been tentatively explained by increased levels of oestrogens related to moderate alcohol intake (Vigano et al., 2004). Furthermore, regular exercise has been linked to lower levels of oestrogens and subsequently a 40-80% reduction of endometriosis risk (Vitonis et al., 2010). 
In addition to this, a plethora of studies detail risk factors for the development of endometriosis. The potential for a genetic predisposition, for example, has been extensively reviewed (Falconer et al., 2007; Guo, 2009; Montgomery et al., 2008; Sitistatidis, 2009; Vigano et al., 2007). Genetic variations in over 75 genes have been examined, but results are conflicting and it is estimated that only half of the reviewed linkage analysis and association studies reported correlations between different polymorphisms and endometriosis (Evans et al., 2011). 
Interestingly, in describing the pathology of the disease, Vigano et al. (2004) discuss the role of apoptosis in the maintenance of cellular homeostasis during the menstrual cycle, suggesting that the elimination and programmed cell death of senescent cells from the uterine endometrium during the secretory and menstrual phases plays a role in the aetiology of the disease. Women with endometriosis have lower numbers of apoptopic endometrial cells, and endometriotic lesions, forming the basis of endometriosis, have been hypothesised to originate from these physiologically active endometrial cells. This coincides with elevated expression of the anti-apoptotic gene Bcl-2, in the endometrium of sufferers, which is regulated by oestrogens. Furthermore, Tariverdian et al. (2007) demonstrated the importance of oestrogen in the proliferation of endometriotic lesions, in which aromatase is known to play an important role. It is suggested that aromatase is found exclusively in endometriotic stroma, where it converts androgens to E1 which is then converted to E2 by 17β-HSD type 1. A positive feedback loop of oestrogen and PGE2 is established in endometriotic cells by the induction of aromatase activity by prostaglandin (PG)2, which in turn is up-regulated as a result of COX-2 activation via oestradiol activity at ERβ (Vigano et al., 2004). The expression of steroidogenic genes, such as StAR and CUP19A1, is mediated by transcription factor nuclear receptor SF-1 and its promoter, which is hypomethylated in endometriotic cells. This alteration of hypomethylation observed in endometriotic cells led Evans et al. (2011) to suggest an epigenetic mechanism in the aetiology of this disease. Furthermore, epigenetic events including promoter hypomethylation have been induced by over expression of ERbeta (expression levels of which may be 142-fold higher in tissues of endometriosis sufferers). 
The biological plausibility of an association between endometriosis disease prevalence and EDCs has also been highlighted by toxicological finds. In 2010, Bruner-Tran et al. demonstrated that developmental exposure to TCDD causes a progesterone resistant phenotype in mice that persisted for several generations. 
There is thus a large body of evidence pertaining to the biological plausibility for a role for EDCs in the aetiology of endometriosis (in addition to increasing its prevalence). The possible association between environmental exposures and endometriosis have been reviewed extensively in the literature (Buck Louis et al., 2006; Crain et al., 2008; Mendola et al., 2008; Woodruff et al., 2008). Dietary phytoestrogens (isoflavones, daidzen and genistein) in infertile Japanese women have been associated with a protective effect, potentially through interaction with ERβ (Tsuchiya et al., 2007). Plasticisers, such as BPA and bisphenol B, are more commonly detected in fertile Italian women (n=69) undergoing laparoscopy and endometriosis sufferers, than controls (Cobellis et al., 2009). Polybrominated and polychlorinated biphenyls (PBB and PCBs) have been implicated in the aetiology of endometriosis, among other ailments, due to the dioxin-like, oestrogenic and/or anti-oestrogenic properties of some congeners. Evans et al. (2011) draw particular attention to a large prospective study of women in Michigan accidentally exposed to PBBs. No association with PBB levels in the serum of these women was found, but despite not reaching statistical significance the authors did suggest an association between endometriosis and PCB exposure (Hoffman et al., 2007). Increased risk associated with PCB exposure has also been noted in several other studies (Porpora et al., 2006; Buck Louis et al., 2005; Gerhard et al., 1999; Reddy et al., 2006b). 
Testing Strategy
Endometriosis is a primate-specific disease, thus the applicability of non-primate animal models for determining human health effects is questionable. The baboon (Papio anubis) has similar hormonal milieu, cyclicity, uterine receptivity and placentation processes to humans. Furthermore, baboons spontaneously develop endometriotic lesions, making it an applicable model for human endometrial endpoints. However, Evans et al. (2011) suggest the ethical considerations and high costs (monetary and time) of applying the baboon endometriosis model would prevent its use in a regulatory setting. 
In the development of a rodent model for human applicability, endometriosis has been induced by surgical transplantation of endometrial tissue to ectopic sites; however the ectopic lesions were found to be small and not physiologically comparable to those in human disease (Grummer, 2006). Contrary to this, Cummings et al. (1995) demonstrated that mechanistic data pertaining to endometrial function can be obtained in rodent implantation studies and Pelch et al. (2011) identified altered gene expression in an autologous mouse model to be indicative of endometrial endpoints. The uncertainty regarding the adequacy of animal endometriosis models has been further highlighted in a critical review of new non-surgical therapies for endometriosis, which highlighted a gap between promising preclinical findings and clinical trial outcomes (Guo, 2008). 
Consequently, it may be suggested that in vitro short-term cultures of human endometrial cells, recently demonstrated to identify alterations in the expression of progesterone receptor isotypes following TCDD exposure (Nayyar et al., 2007), may be a more applicable endometriosis model for regulatory risk assessment, contradicting the regulatory EDC definition proposed by the Joint UK-DE working group. However, this tying in with the delays of the OECD in validating in vitro testing schemes, and the potential economic consequences, Evans et al. (2011) are reluctant to suggest the regulatory application of in vitro endometriosis models, despite their advantages over in vivo alternatives and the large amount of evidence that suggest a role of xenobiotics in aetiology of this disease.   
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 'State of the Science' Conclusions on Endometriosis Attribution Criteria
)Evans et al. (2011) suggest that considerable progress has been made towards understanding the biomolecular processes underlying the manifestation of endometriosis, despite aetiological mechanisms remaining elusive, as highlighted by the lack of clarity in primary effect (Figure 6). However, considering the fundamental problems in understanding the prevalence and incidence of endometriosis, further developments in this field may require extensive epidemiological study in collaboration with quantitative exposure and mechanistic data obtained from human in vitro cell testing. The current uncertainty regarding the applicability of animal models in this field may hinder their use in further elucidating the role of EDCs in endometriosis. 
Uterine Fibroids
Uterine fibroids, also referred to as leiomyomas, myomas or leiomyomata, are benign monoclonal tumours of the smooth muscle cell of the myometrium, and are a leading cause of menorrhagia, abdominal pain, infertility, and pregnancy complications. It is estimated that uterine fibroids are clinically apparent in 25% of women, with up to 30–40% incidence in women over 40 years of age (Okolo, 2008). The development of uterine fibroids has been associated with obesity; women presenting fibroids are more likely to be obese or severely obese (Okolo, 2008; Terry et al., 2007). Parker (2007) reported an increase in fibroid risk proportionate to that of body mass index (BMI), possibly because of the hyper-oestrogenic state that obesity induces and the conservation of androgens to oestrogens and decreased hepatic production of sex hormone binding globulin (Okolo, 2008). Furthermore, several studies have detailed the association between uterine fibroids and factors associated with metabolic syndrome, such as blood pressure, serum triglyceride, fasting plasma glucose and diabetes mellitus (Boynton-Jarrett et al., 2004; Okolo, 2008; Sadlonova et al., 2008; Takeda et al., 2008). Conversely, Sadlonova et al. (2008) showed that insulin resistance was not a risk factor for fibroids. 
There is evidence for oestrogen dependency in the manifestation of uterine fibroids, as significantly higher concentrations of both ER isoforms have been demonstrated in leiomyomas compared with normal myometrium. Blake (2007), however, suggested that levels of ERα receptors are greater than ERβ, leading to the speculation that ERβ is only expressed in myometrial and leiomyoma microvascular endothelial cells. Othman et al., (2008) showed that rodent leiomyoma cells proliferate in response to oestrogen in vitro, a process which was inhibited by oestrogen antagonists. Furthermore, Nierth-Simpson et al. (2009) demonstrated a role of rapid E2 signalling pathways in the promotion of leiomyomas. The potential role of progesterone in promoting fibroid growth has also been reported. In addition to this, the dysregulation of signalling pathways has been implicated in the growth of uterine leiomyomas, and in particular the mammalian target rapamycin (mTOR) (Crabtree et al., 2009) and retinoid pathways (Lattuada et al., 2007). Houston et al. (2003) also reported negative cross-talk between peroxisome proliferator activated receptor-γ (PPAR-γ) and ER signalling pathways to inhibit the growth of myomas. In addition to this, a role for epigenetics has recently been postulated, as global hypomethylation and differential expression of DNA methyltransferase (DNMTs) has been reported in leiomyoma tissue (Li et al., 2003). Furthermore, Asada et al. (2008) observed hypomethylation of CpG sites in the distal region of the ERalpha promoter in leiomyomas. 
A number of studies detail the biological plausibility for a role of EDCs in the manifestation of uterine fibroids. Othman et al. (2008) demonstrated that gonadotrophin releasing hormone agonists suppress ovarian oestrogen production, resulting in regression of uterine fibroids. However, an increased risk of fibroids with use of the contraceptive pill has also been noted. In addition to this, Parker et al. (2007) demonstrated that a higher dose of progestagen can increase myoma size in 50% of women. Qin et al. (2010) investigated the association between organochloride pesticides and uterine fibroids, noting an association for all compounds investigated. These results are consistent with in vitro studies detailed by Hodges et al. (2000) showing that organochlorine pesticides act as oestrogen receptor agonists in Eker rat uterine myometrial cells. 
The epidemiological evidence for an association between DES and uterine fibroids is contradictory, probably due to variations in diagnostic technique; for example, where histological confirmation was sought after surgical removal of fibroids no association was observed, but a significant relationship was found when ultrasonographic detection of fibroids was used. Toxicological findings in the CD-1 mouse model suggest that BPA exposure (1–1000 µg kg-1/day) promotes the formation of leiomyomas (Newbold et al., 2007). Furthermore, D’Aloisio et al. (2010) demonstrated that early life exposure to phytoestrogens (soy formula) may promote fibroid pathogenesis. 
Testing Strategy
The manifestation of uterine fibroids is ubiquitous in Mammalia, with observations in mice, dogs and Baltic grey seals. However, the Eker rat model is the best characterised experimental animal, and interestingly this demonstrates a genetic predisposition for disease progression, as 66% of rats carrying the Tsc-2 mutation spontaneously develop hormone dependent leiomyomas at age 12-16 months (Hodges et al., 2001). Various in vitro cell lines have been developed using Eker leiomyoma tumour derived (ELT) cell lines, used to assess the potential oestrogenic activity of EDCs (Hodges et al., 2001; Walker et al., 2003). 
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 Conclusions Drawn in the 'State of the Science' Regarding Uterine Fibroid Attribution Criteria
)While uterine fibroids are known to be steroid dependent, there is a general lack of epidemiological evidence pertaining to an association between uterine fibroid manifestation and exposure to environmental or occupational EDCs, which may be in part attributable to difficulties in clinical diagnosis. Contrary to this, toxicological findings and further elucidation of the biological mechanisms strongly suggest a role for xenobiotics in disease aetiology, as summarised in figure 7. Evans et al. (2011) suggest that epidemiological investigation should be a priority in future research. Unusually, the animal models are concluded to be effective in estimating human risk. 

[bookmark: _Toc299713035]2. Hormonal Cancers
a) [bookmark: _Toc299713036]Breast Cancer
Evidence published in the last decade has highlighted the role of oestrogenic compounds in the aetiology of female breast cancer, of which an estimated 1.4 million new cases are diagnosed globally each year, making it the most common malignancy in females (IARC/GLOBOCAN, 2010). There are a variety of risk factors for the development of breast cancer, including late age at first birth, nulliparity, socioeconomic status, primary family history of breast cancer, early age of menarche, exposure to ionising radiation, a high fat diet, adult weight gain and alcohol consumption (Madigan et al., 1995). There is also a genetic predisposition, due to inherited or mutated BRCA1 and BRCA2 genes, although this is thought to account for only 1 in 20 cases (King et al., 2003). 
Human exposure to environmental endocrine disrupting chemicals has been implicated in the aetiology of breast cancer consequent to an increased understanding of the role of steroidal oestrogens in disease progression (Davis et al., 1993) and the observation of significant rises in breast cancer incidence in industrialised countries. Evans et al. (2011) talk of ‘the Janus face of oestrogens’, alluding to their necessity in breast development and maintenance while acknowledging their simultaneous role in disease progression. Travis and Key (2003) authoritatively reviewed the ovarian oestrogens implicated in breast cancer, reporting animal studies that demonstrate elevated mammary tumour proliferation in animals exposed to oestradiol, while oophrectomy or administration of anti-oestrogens reduced tumour incidence. 
The role of oestrogens in breast cancer has been further demonstrated by Robbins and Clarke (2007), who reported that 70% of breast tumours in Western world women were oestrogen receptor positive and reliant on oestrogen for growth. Furthermore, the most successful breast cancer therapies target components of the endocrine system – e.g. antagonists, modulators of oestrogen receptors and aromatase inhibitors (Howell, 2008). In defining a role of EDCs in the aetiology of breast cancer, a Scandinavian homozygous twin study suggested that heritability accounted for 27% of breast cancer susceptibility variation, whilst shared (common) environmental factors explained 6% and unique environmental factors explained 67% of susceptibility variation. King et al. (2003) corroborated this finding in a detailed analysis of combined genetic and environmental factors, suggesting that the environment may play a greater role than genetic background. It has thus been speculated that direct mimicry of oestradiol or indirect perturbation of the metabolism of hormones, directing the body towards a more oestrogenic or toxic state, may be a mechanism by which EDCs could influence breast cancer progression (Telang et al., 1992). 
Hormone Replacement Therapy (HRT) is the most commonly prescribed regimen in Europe and the USA. However, the Million Women Study Collaborators observational study of UK women receiving mammography screening, reported that all forms of HRT (including oestrogen only and combined treatments) increased breast cancer risks (MWSC, 2003). The authors suggest that the increasing use of HRT in the UK may have contributed an extra 20,000 breast cancer cases. Furthermore, Li et al. (2008) found that postmenopausal women receiving combined oestrogen and progestin HRT for three years (or longer) run four times the risk of developing lobular breast cancer. In addition to progestin, the synthetic hormone diethylstilbestrol (DES) has been implicated in the manifestation of breast cancer; women exposed to DES during pregnancy showed elevated breast cancer incidence, while their daughters exposed in utero presented higher levels of mammary cell adenocarcinoma (Verloop et al., 2010). Furthermore, in a comprehensive review of 152 studies, Brody et al. (2007) identified polychlorinated biphenyls (PCBs), polycyclic aromatic hydrocarbons (PAHs), polychlorinated dioxins and furans (PCDD/F) and organic solvents as risk factors for breast cancer development, coinciding with work by Kortenkamp (2006) , which suggests that understanding a combinatorial effect of a mixture of environmentally prevalent synthetic compounds may be more relevant than the exploration of individual isomers or chemicals. This may be a valid conclusion, as current epidemiological studies are hindered by their exclusivity of molecular endpoints; if associations are to be drawn, samples need to be analysed for a plethora of chemicals, in order to reduce uncertainty, and understand the picture as a whole. 
In relation to environmental exposure to TCDDs, Warner et al. (2002) suggested that for every 10-fold increase in serum TCDD levels there was a doubling of breast cancer risk, which was later confirmed by Pesatori et al. (2009). Additionally, Revich et al. (2001) identified women living in close proximity to a chemical plant in Chapaevsk, Russia, to have a two-fold greater risk of breast cancer, assumed to be as a result of their high TCDD and organochlorines serum levels. 
In the ‘State of the Science’ report, Evans et al. (2011) underline the findings of several studies describing a potential role for EDCs in breast cancer progression (Costantini et al., 2009; Mense et al., 2008; McElroy et al., 2006; McCarty et al., 2009). Although it is outside the scope of this report to detail them all the authors do highlight a Spanish cohort study that may be of particular importance. The in vitro examination of total oestrogenicity of adipose tissue extracts separated on polarity suggested that breast cancer was more frequent among women with higher levels of oestrogenicity, measured in terms of oestrogen equivalents (Fernandez et al., 2007; Ibarluzea et al., 2004). Furthermore, the study highlighted the inadequacy of DDT and PCB levels as biomarkers of breast cancer risk, the authors suggesting that combined exposures to non-polar and polar substances should be considered. Rudel et al. (2007) identified 216 potential mammary gland carcinogens, 73 of which are found in consumer products or food additives and 29 that are produced in excess of 1 million pounds per year in the US. 
Overall the evidence suggests that exposure to EDCs may play a role in the aetiology of breast cancer. 
Testing Strategy
There are a number of validated test guidelines for the study of cancer, but these are generally to identify cancer risk as a whole, rather than breast cancer risk specifically. Moreover, there are numerous uncertainties in interpreting the results of rodent carcinogenicity studies; for example, the developmental window or duration of exposure may not be comparable to the human exposure scenario, and there may be variances in biological mechanism or uncertainties in the dose response relationship. F344/N rats or B6C3F1/N mice, which are not intended as models for mammary carcinogenesis but show high levels of spontaneous testicular and liver tumour generation, are generally utilised by the US National Toxicology Programme. A more suitable rodent model for the elucidation of mammary cancer risk is the ACI rat, which is the only strain that develops a high incidence of mammary tumours when exposed to DES and steroidal oestrogens (Shull et al., 1997; Ravoori et al., 2007) and equine oestrogens used in HRT (Okamoto et al., 2010). However, this model is not susceptible to other types of neoplasm. 
Evans et al. (2011) conclude that “none of the in vivo bioassays currently proposed as part of the OECD framework for the testing of endocrine disruptors are able to identify mammary carcinogens”. They question the ability of current testing schemes in elucidating mammary carcinogenesis, which focus on more general carcinogenicity. However, although perhaps hindering our biological understanding of mammary carcinogenesis, this does not mean that the test is inefficient in regulating chemicals that may elevate human breast cancer risks, provided that cancer is generated somewhere in the model. For example, the Syrian hamster has been utilised in oestrogen related carcinogenicity studies, even though oestradiol related compounds induce kidney tumours rather than mammary cancers (Liehr, 2001). In other words, a risk for human breast cancer can be determined via the observation of changes in an alternative endpoint. 
Evans et al. (2011) suggest there is a need for relevant screening assays to identify chemicals for further full animal bioassay. Regarding the current in vitro testing schemes, Wilson et al. (2004) report that an increased understanding of molecular biology has resulted in the availability of many receptor ligand assays, such as the reporter gene assay for oestrogen receptor activation, however, the authors suggest that there is a large amount of uncertainty in the implications of a positive result from these assays and consequently they should only be used as a prioritisation or screening tool. 
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It is clear that numerous factors play a role in the development of breast cancer, and the contribution of environmental chemicals cannot be ignored, as highlighted in figure 8. Furthermore, Evans et al. (2011) suggest that the current tools for the identification of mammary carcinogens suffer from deficiencies, but considering the aims and objectives of these tests, this is not surprising.
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Figure 
8
 Conclusions from the 'State of the Science' on Breast Cancer
)Interestingly, the ‘State of the Science’ report does not discuss the difficulty in assigning the label of an endocrine disruptor following the observation of a cancer endpoint, when the regulatory consequences of doing so may be severe. In order for a cancer endpoint to be attributable to an EDC, perturbation of the endocrine system (rather than action via a genotoxic mechanism) must be the primary effect causing the cancer. This adds complications to the observed increases in incidences reported in epidemiological studies, as further biomolecular understanding may be required in order to assign causality to any particular chemical. 
Furthermore, Evans et al. (2011) highlight the inefficiency of rodent models in elucidating chemicals capable of inducing mammary carcinogenesis. However, recent studies by Moral et al. (2011) in the Sprague Dawley CD rat, have demonstrated that in utero BBP exposure (120 or 500 mg kg-1/day) significantly alters the architecture and proliferative index of the mammary gland in a dose dependent fashion. Functional analysis of gene modification identified genes related to immune function, cell signalling, proliferation, differentiation and metabolism, leading the authors to suggest a possible role for BBP in delayed pubertal onset and increased susceptibility to mammary carcinogenesis. As a common model of toxicity, the biomolecular endpoints discussed in this study may constitute a means of incorporating mammary carcinogenesis into currently accepted test guidelines, which is undoubtedly preferable in line with the 3Rs concept. 
[bookmark: _Toc299713037]b) Prostate Cancer
In defining prostate cancer, Bostwick et al. (2004) suggest that “more men die with prostate cancer than from it”, as all men with circulating androgen levels will develop microscopic prostate cancers, given sufficient lifespan to do so. Relatively uncommon before the age of 40, but common in those over 70, there are a number of risk factors for the development of prostate cancer, including family history, ethnicity and internal exposure to androgens. Prostate cancers require androgens for proliferation; thus elevated prostate concentrations of testosterone and dehydrotestosterone (DHT) are thought to increase the risk of cancer progression (Hsing et al., 2008). However, oestrogens have also been implicated in the disease aetiology (Harkonen and Makela, 2004; Prins and Korach, 2008). 
Prostate cancer is one of the most commonly diagnosed malignancies in Europe, and despite regional variations, it is generally accepted that incidence is increasing. The highest prostate cancer rates occur in Finland, Sweden and Austria (114, 112 and 106 cases per 100 000, respectively), while Poland, Croatia, Slovenia, Malta and Denmark have comparatively low incidences (24, 35, 37, 46 and 50 cases per 100 0000, respectively) (Karim-Kos et al., 2008). Increases in prostate cancer incidence have in part been assigned to improvements in diagnostic methods, as the introduction of the more sensitive prostate-specific-antigen (PSA) screening method has become widely adopted; this alone, however, is not sufficient to explain the continuing rise in prostate cancer rates. 
Deriving from epithelial cells of the prostate gland, prostate cancer is unique in its pathophysiology, as it begins to develop shortly after puberty but remains asymptomatic for decades before rapidly progressing into the malignant metastasing phenotype in middle age. The dependence of disease progression on androgens, and the fact that castrated men do not develop prostate cancer, suggests a possible mechanism by which EDC exposure may contribute to increases in incidence (Huggins and Hodges, 1941). Additionally, Litchenstein et al. (2000) detailed a genetic predisposition to prostate cancer in homozygous twins, where approximately 40% of prostate cancer risk was explained by genetic factors and developmental milieu. However, a number of epidemiological studies have implicated environmental contaminants and synthetic chemicals in prostate cancer risk (Mink et al., 2008). 
Van Maele-Farby and Willems (2004) conducted a meta-analysis of 22 epidemiological studies and established that pesticide applicators suffer from a statistically significant risk of developing prostate cancer, a risk that varied with geographic location. Furthermore, in the US Agricultural Health Study, a prospective cohort study of licensed private pesticide applicators in Iowa and North Carolina (n=52394), their spouses (n=32346) and commercial applicators from Iowa (n=4916), showed a statistically significant excess risk among private and licensed applicators. Interestingly, the possibility of a genetic predisposition, as previously discussed, has also been identified in the epidemiological studies, as Meyer et al. (2007) demonstrated elevated prostate cancer risk among white US American farmers, but not African Americans. Numerous other reports detail positive associations between pesticides and prostate cancer (van Maele-Farby et al., 2000; Settimi et al., 2003; Bonner et al., 2010); however, there has been speculation as to the statistical significance of some of these observations (Alavanja et al., 2003). 
There is recent concern regarding the role of metal compounds as endocrine disrupting compounds. Arsenic exposure has been strongly associated with prostate cancer (Benbrahim-Tallaa and Waalkes, 2008; Schuhmacher-Wolz et al., 2009). This association was initially exposed following a 6-fold increase in prostate cancer mortality in a Taiwanese population heavily exposed to arsenic in drinking water. In addition, cadmium exposure has been inconsistently associated with prostate cancer incidence in epidemiological studies (Bostwick et al., 2004; Parent and Siemiatychki, 2001; Verougstraete et al., 2003). Van Wijngaaden et al. (2008) demonstrated elevated PSA and urinary cadmium levels in men with low zinc intake, but not among those with high zinc intake in a population drawn from the US NHANES population. However, the general uncertainty in these associations renders it difficult to assign causality.  
A number of rodent toxicological studies have demonstrated the developmental vulnerability of the prostate gland to oestrogen exposures (Huang et al., 2004; Harkonen and Makela, 2004; Prins et al., 2007). Pharmacological prenatal administration of oestradiol, representing exposure during prostate morphogenesis, has been demonstrated to disorganise prostate epithelia, which with aging were shown to develop morphological piling, high grade PIN (prostatic intraepithelial neoplasia) and carcinoma. A similar process has been demonstrated following BPA exposure (Ho et al., 2006), suggesting that exposure to oestrogenic compounds during morphogenesis can disrupt the development of normal epithelial cell differentiation, leading to adverse effects later in life. Taken together, the evidence strongly suggests that exogenous hormones and EDCs can mediate the manifestation of prostate cancer. 
Testing Strategy
There are over ten animal models for the elucidation of prostate carcinogenesis; however, none of these are fully capable of recapitulating key functions of human male pathology (Bostwick et al., 2004). For example, human prostate cancers present androgen dependency, followed by androgen-independence during advances stages, slow growth with latent periods, and then the ability to metastasise to lymph nodes, bones and other organs - factors that may not be mirrored in toxicological assessment. In the F344 rat commonly used in carcinogenicity studies, prostate tumours have to be ‘initiated’ by genotoxic carcinogens (nitrosoureas) followed by promotional androgen treatment, as prostate tumours will not spontaneously form following androgen administration alone. The Nobel rat has been identified as a potentially better model for studying hormone-induced prostate cancers, but metastases are rare and thus its application to the study of prostate cancers has been limited. Evans et al. (2011) state that “systematic screening exercises with endocrine disruptors for their ability to induce prostate cancers in animal models sensitive to hormonal prostate carcinogens have not been conducted, nor have international validation studies been initiated”. This statement may be misleading, as international developments with IARC and OECD are continually assessing the efficacy of test guidelines. Also, independently testing each cancer type may not be economically feasible or ethically acceptable, and the elucidation of carcinogenic potential may be more important in terms of chemical regulation. Chemicals capable of inducing prostate cancer may be caught by other test guidelines with more general carcinogenicity endpoints – such as the OECD Chronic Carcinogenicity Study, in which gross necropsy and histological examination of all vital organs is required. It is noteworthy that the OECD have published a public-access QSAR database which provides basic in silico estimations of carcinogenicity that may be used for preliminary prioritisation, prior to in vitro and in vivo screening (http://www.oecd.org/document/54/0,3746,en_2649_34379_42923638_1_1_1_1,00.html). A plethora of in vitro assays are also available for the assessment of carcinogenicity and genotoxicity. However, as highlighted by Evans et al. (2011), these are all inefficient in highlighting the risk specific to the prostate. 
Discussion and Conclusions
 (
Figure 
9
 Summary of Prostate Cancer Attribution Criteria, and Conclusions made by Evans 
et al.
 (2011) in the 
'State of the Science'
)It can be concluded that exposure to environmental chemicals plays a role in the rise of prostate cancer throughout Europe (see figure 9). In particular, pesticides, organophosphates and organochlorine compounds have been implicated in the aetiology of this cancer. However, it is undeniable that there are weaknesses in the epidemiological evidence and the [image: ]available toxicological testing strategies. Evans et al. (2011) highlight a lack of data pertaining to important windows of chemical exposure (pregnancy and puberty) and also a paucity of studies that focus on polar EDCs such as phenolic chemicals and UV filters. 

[bookmark: _Toc299713038]c) Testicular Cancer
It is estimated that 90% of testicular cancer is attributable to testicular germ cell tumours (TGCT), of which 50% occur as seminomas (Garner et al., 2005). Testicular germ cell tumours show an unusual histology, comprising a heterogeneous mixture of tissues similar to human foetal gonocytes. The last 20 to 30 years has seen an unexplained epidemic of testicular cancer throughout the world, with marked differences according to demography. TGCT incidence is estimated to be 12 cases per 100000 in Northwest European populations. Chia et al. (2010) demonstrated the rising TGCT incidence in Caucasian white men, making it the most commonly diagnosed malignant neoplasm among men aged 15 - 35 years of age. 
There are several risk factors in the development of TGCT, including cryptorchidism and insufficient androgen action in foetal life. Interestingly, the reverse has been reported for high testosterone levels, which has been identified as a protective factor for TGCT development (Rakpert-de Meyts, 2006). A role for oestrogens in disease pathogenesis is thus clearly implicated. A Scandinavian case-control study has given support to this hypothesis by identifying increased TGCT risk in sons exposed to high endogenous androstenedione and oestradiol in utero (Holl et al., 2009). However, gestational exposure to exogenous hormones did not show the same association. 
Several epidemiological studies have positively associated EDC exposure with TGCT incidence. In a hospital based study, Hardell et al. (2003) demonstrated significantly higher serum levels of cis-nonachlor (a congener of the pesticide chlordane) in men with TGCT (n=58) relative to disease free controls (n=61). Furthermore, the mothers of men with TGCT showed higher serum levels of total chlordane compounds, PCBs and hexachlorobenzene than the control mothers. Further analysis of contaminant concentrations found that while no differences in PCB and polybrominated diphenyl ethers (PBDE) serum levels in male sufferers could be associated to disease progression, mothers of TGCT sufferers has statistically significantly higher concentrations of PCBs (Hardell et al., 2004) and PBDEs (Hardell et al., 2006), suggesting that in utero exposure may play a role in the aetiology of the disease. In addition to this, exposure to androgen receptor antagonists, such as chlordanes, p,p’DDE and some PCB congeners, has been highlighted as a risk factor in TGCT manifestation (Kojima et al., 2004; Vinggaard et al., 2008).  
 Testing Strategy 
In 2006, a US National Toxicology Programme (NTP) workshop concluded that there was a lack of suitable animal models for testicular germ cell tumours. The F344/N rat species commonly utilised in toxicological testing has been shown to have high background incidence of spontaneous Leydig cell adenomas, preventing the detection of chemically induced testes tumours. Contrary to this, the B6C3F1/N mouse model does not form TGCT spontaneously, and in fact no chemical has been identified to induce testis carcinogenesis suggesting the strain is particularly resistant to testicular cancer. The rabbit model has been identified as a potential model for TGCT, as the administration of p,p’-DDT, dibutyl phthalate and vinclozolin have been demonstrated to induce germ cell atypia, a lesion that is similar to the carcinoma in situ cells in humans (Veeranachaneni et al., 2007; Veeramachaneni, 2008). 
[image: ]Discussion and Conclusions
Evans et al. (2011) suggest that it is clear that environmental factors play a role in the aetiology of testis cancer, but that currently the nature of these factors is uncertain, although a role for diminished androgen action during foetal life is speculated. However, as suggested by figure 10, the current toxicological and epidemiological evidence is limited and contradictory. Evans et al. suggest this may be due to currently unrecognised exposures, which may be playing a crucial role.
 (
Figure 
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State of the Science
 Report Testis Cancer attribution criteria
)A potentially significant omission from the ‘State of the Science’ report is the potential for genetic polymorphisms that may mediate the susceptibility to EDCs, in the development of TGCT. In a recent attempt to identify genetic polymorphisms in the androgen receptor that might confer elevated risk of TGCT development, Västermark et al. (2011) carried out genotyping of 11 halotype-tagging single nucleotide polymorphisms (SNPs) from androgen receptor CAG and CGN nucleotide repeats determined from TGCT cases (n=367) and controls (n=214). For the non-coding glycine (G) variant tag SNP, rs12014709 in the androgen receptor, the minor genotype was found in 10% of cases and in 5.1% of controls, suggesting this polymorphism may confer elevated TGCT risk (odds ratio = 2.07; 95% CI; 1.03 – 4.15). Furthermore, short GGN (<23) was associated with an increased risk of metastatic disease (OR = 2.15; 95% CI; 1.04 – 4.45). In support of the hypothesis that AR function is linked to the aetiology of TGCT, the authors concluded that the AR polymorphism identified in their study may be involved in gene-environment interactions, thereby increasing the susceptibility of some individuals to the effects of EDCs. Evans et al., suggested increased epidemiological study for the elucidation of risk factors for testicular cancer, however in light of the work of Västermark et al. previously discussed, effects may only be observable in combination with genetic analysis of cohorts and biomolecular analysis. 
[bookmark: _Toc299713039]d) Thyroid Cancer
Thyroid cancer is more frequent in American Caucasians than afro-Americans and Hispanics, indicating that there may be genetic factors determining ethnic susceptibility. Chen et al. (2009) report that most cases occur in females 15–44 years of age, with an incidence 3-fold higher than that observed in men. This sexual dimorphism suggests a potential role for EDCs in disease aetiology. Contrary to many other cancers, thyroid cancer has a high survival rate due to favourable prognosis (mean survival rate after 10 years is higher than 90%). Hay et al. (2010) report mean mortality rates of 1.5% for women and 1.4% for men. Known risk factors include a family history of thyroid cancer, obesity, history of thyroid disease, exposure to radiation and low iodine levels (Boltze et al., 2002). A history of X-ray exposure to the head and neck, especially during childhood, has also been identified as a contributing factor (Jacob et al., 2006; Ron et al., 1995). 
In healthy individuals, a negative feedback loop induced by the stimulation of hypothalamic TSH production increases thyroid hormone production, which is itself regulated by circulating thyroid hormone concentrations, enabling the body to maintain hormone homeostasis.  The rodent model been used to demonstrate the role of thyroid stimulating hormone (TSH) in influencing thyroid carcinogenesis. Capen and Sagartz (1998) reported an increased susceptibility to mutagens in rodents with elevated TSH levels, and Brewer et al. (2007) suggest that TSH may have a carcinogenic role in some mice models, indicating a role for endocrine disruption in disease progression. In addition, several studies have linked elevated TSH serum levels to thyroid cancer diagnosis (Boelaert et al., 2006; Jonklass et al., 2008; Polyzos et al., 2008) and elevated thyroid malignancies in women suggest a possible role for oestrogenic compounds in disease aetiology. In humans it is believed genetic events are the main driving force in thyroid carcinogenesis, which is supported by family history being a significant risk factor and the observation of increased incidence rates (200 times) in children exposed to high levels of radiation as a result of the Chernobyl accident (Boelaert, 2009). This is underlined by the ‘windows of susceptibility’ correlating with women’s hormonal state; thyroid cancer incidence is 3 times higher in women of childbearing age and 1.5 times higher in pubertal and menopausal women, compared to men of similar age (McTiernan et al., 1984). Furthermore, in vitro studies have demonstrated a 50–150% increase in thyroid cell proliferation following oestradiol exposure (Rajoria et al., 2010). However, these immunohistochemical study results are controversial and highly variable in conclusion (Kavanagh et al., 2010; Vaiman et al., 2010). 
In addition to these mechanistic concerns, an epidemiological study conducted in the US identified a positive correlation between maternal exposure to perchlorate contaminated water and TSH levels in babies at birth (Brechner et al., 2000). However, this study has been widely criticised by Tarone et al. (2010) who concluded “there is no credible or consistent evidence to link environmental exposure to perchlorate with any adverse effect on thyroid function in the USA”. 
Epidemiological studies have highlighted a possible role for chemical exposures in the development of thyroid cancer. For example, Lope et al. (2005) identified elevated risks in women occupationally exposed to solvents, and Fincham et al. (2000) demonstrated increased thyroid cancer risk in people working in pulp and papermaking industries. Toxicological assessment of chlorinated compounds, commonly used in these occupations, demonstrated increased hepatocellular adenomas and carcinomas in male and female mice orally administered TCDD by gastric instillation. Furthermore, TCDD was shown to increase the follicular-cell adenomas of the thyroid in one of these experiments (IARC, 1997). However, overall, the significance of chemical exposures in the aetiology of thyroid cancer remains uncertain. 
Testing Strategy
As discussed previously, OECD and regulatory testing strategies usually test for carcinogenic potential; the site of action is usually unimportant. However, the most common thyroid specific rodent two-step carcinogenicity model involves a first dose of DHPB or MNU as a thyroid cancer initiator and a second exposure to sulfadimethoxine (SDM) or propylthiouracil (PTU), which are known thyroid tumour promoters (Kitahori et al., 1984; Son et al., 2000; Takegi et al., 2002). Many oestrogenic environmental compounds, including BPA, have been demonstrated to be inactive in modifying effects of thyroid carcinogenesis (Son et al., 2000). However, Takagi et al. (2002) suggest that some negative results may be due to an insufficient sensitivity of the model; also the applicability of the rodent model in deciphering human risk is questionable due to a lack of knowledge regarding human thyroid cancer progression. However, Tasker et al. (2005) suggest that thyroid cancer development in humans is less susceptible to increased TSH levels than the rat model. Additionally, significant differences in thyroid physiological processes may make extrapolation between the models difficult. Importantly, thyroxine-binding globulin (TBG) is not present in immature rats, and adult rat thyroid hormones are primarily bound to transthyretin and albumin, while circulating thyroid hormones in humans are generally bound to TBG. The variance in binding affinity of these proteins significantly affects the half-life of thyroid hormones (Lans et al., 1994), highlighting a further difference between the two models.
Discussion and Conclusions
 (
Figure 
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'State of the Science'
 Thyroid Cancer Attribution Criteria
)Evans et al. (2011) conclude that although genetic factors play a role in the aetiology of thyroid cancer, xenobiotics may contribute to the sharp increases in incidence, which can currently not be entirely explained by improved diagnosis. However, the lack of a suitable animal model to further characterise this endpoint is highlighted, and the variances between the rodent model and human physiology may make accurate extrapolation infeasible. However, there is elevated incidence of thyroid cancer in women and oestradiol increases the [image: ]proliferation of thyroid cancer cells in vitro, leading to the speculation that chemical perturbation of the endocrine system may alter disease progression in humans. Further research is needed to elucidate the biological mechanisms underlining the development of thyroid cancer, in conjunction with epidemiological studies to clarify any association between disease prevalence in human populations and environmental chemical exposures.  

[bookmark: _Toc299713040]3. Metabolism and Development
Metabolism defines the biochemical reactions that maintain life in living organisms, while development refers to the continual process of biological growth and development from fertilisation to the adult form, throughout the duration of life. This section looks at the evidence pertaining to a role for endocrine disruption in metabolic and developmental disorders or perturbations, summarising and critically reviewing the conclusions drawn by Evans et al. (2011) in the ‘State of the Science’ under two main headings; Developmental Neurotoxicity and Metabolic Syndrome and Related Disorders.    
a) Developmental Neurotoxicity

Perturbation of neurodevelopmental processes can impact sensory, motor and cognitive functions and neurobehaviour, potentially leading to mental retardation, cerebral palsy, psychoses, epilepsy, altered maturational milestones, cognitive defects, sensory dysfunction and perturbed sexual dimorphism (Tilson, 1998). In reviewing the literature, Choi et al. (2004) identified 50% of EDCs (n=48) to have neurotoxic potential. Furthermore, some authors have suggested that this toxic potential may play a role in the aetiology and prevalence of psychiatric illnesses such as bipolar disease, depression, personality and obsessive-compulsive disorders and psychoses (Genius, 2008). Estimates in the US has suggested that learning difficulties may affect up to 10% of school children, and up to 17% may be affected by conditions such as deafness, blindness, epilepsy, speech deficits, and emotional and behavioural problems (Schettler, 2001). Furthermore, the incidence of psychological and behaviour disorders, such as attention deficit disorder and autism spectrum disorders (ASD) has increased in child populations (Gore and Patisaul, 2010). Interestingly, co-morbidity between adverse neurological endpoints has also been reported, suggesting a shared mechanistic pathology (Connors et al., 2008). Although there is a plethora of potential causal factors in the development of these disorders, endocrine disruption is considered likely to make an important contribution (Evans et al., 2011).  It is hypothesised that there are two specific endocrine mechanisms of developmental neurotoxicity; perturbation of the hypothalamus-pituitary axis, which is key to reproductive and sexually dimorphic behaviour, and interference with circulating hormones (oestrogens, androgens and thyroid hormones), which modulate neurodevelopment (Ahmed et al., 2008). 
Further implicating the endocrine system in the aetiology of neurodevelopment, hypothyroidism - a congenital or acquired deficiency of thyroid hormone – has been linked with clinical and subclinical neuronal defects. Untreated, this may result in cretinism [physical and mental stunting], mental retardation, deafness, short stature and facial deformities (Roberts and Ladenson, 2004). Alarmingly, the incidence of congenital hypothyroidism is believed to be increasing; in the US a 73% increase in incidence has been reported from 1987 to 2002. However, 40% of this is believed to be attributable to demographic factors, including ethnicity, sex, birth plurality, birth weight and maternal age (Hinton et al., 2010). A UK study by Fleming et al. (2010) identified significant increases in hypothyroidism disease prevalence in males (85% increase) and females (48% increase) between 1991 and 2001. Furthermore, it has been suggested that toxic injury of the thyroid gland following polybrominated/chlorinated biphenyl, resorcinol, thalidomide and stavudine exposure may result in hypothyroidism (Roberts and Ladenson, 2004). 
BPA and diethylstilbestrol (DES) have been demonstrated to acutely modulate the local synthesis of oestrogen in the embryonic and neonatal rat hippocampus, impacting synaptic plasticity (Kawato, 2004). Subsequent studies have suggested a modulatory role of oestrogenic compounds on synaptic plasticity in the hippocampus (Ogiue-Ikeda et al., 2008), leading to the more recent speculation that BPA may exert toxicity through ER-mediated activation of the NMDA receptor (Xu et al., 2010). These studies add to the biological plausibility of endocrine perturbation of neurodevelopment, and suggest that impairment of neurogenesis may represent a hazard to cognitive function in later life stages (Weiss, 2007). In addition to this, the localisation and variation of oestrogen receptors in different regions of the brain may modify behavioural endpoints such as sexual receptivity and maternal behaviour (Watson et al., 2010). 
Adding to concerns regarding human exposure, a study of Mexican children (aged 4–5 years), exposed to organophosphate pesticides presented signs of significantly diminished short-term memory, hand-eye coordination and drawing ability. Furthermore, poor motor speed and latency have been observed in US preschool children residing in agricultural communities. Marks et al. (2010) suggest that in utero and postnatal exposure to organophosphate pesticides adversely affects attention levels in children. 
Testing Strategy
There are four chemical safety test guidelines adopted by the OECD for the in vivo assessment of neurotoxicity: 
· TG 418 Delayed Neurotoxicity of Organophosphorus substances following Acute Exposure, since oral dose, hens. 
· TG419 Delayed Neurotoxicity of Organophosphorus substances: 28 day repeated dose study. Daily oral dosing with an Organophosphorus pesticide, hens. 
· TG 424 Neurotoxicity study in rodents, daily oral dosing, rats. Dosed from 28 days for acute, 90 days for subchronic or 1 year and longer for chronic studies. 
· TG426 Developmental neurotoxicity study. Daily dosing, pregnant rats from implantation through to lactation. Offspring evaluated. 
However, validation and peer review of these OECD guidelines, and in particular TG426 developmental neurotoxicity test has suggested that they may be either insensitive or oversensitive, depending on a chemical’s mode of action. A lack of understanding regarding normal variability and interpretation of effects has also been identified as a significant hindrance (Raffaele et al., 2008; Tyl et al., 2008). The inclusion of behavioural endpoints has been suggested to aid the sensitivity of neurotoxicity studies (Makris et al., 2009). In vitro models used in neurotoxicology monitor alterations in proliferation, viability and neurite outgrowth; however, these tests may not enable the elucidation of an endocrine mode of action and may be limited to more direct neurotoxicity (Mundy et al., 2010). 
[image: ] Discussion and Conclusions
 (
Figure 
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 Developmental Neurotoxicity Attribution Criteria proposed by Evans 
et al
. (2011)
)Evans et al. (2011) conclude that despite the variability in diagnostic criteria and the complexity of human disorders, it is important to further elucidate the role of environmental chemicals in the aetiology of neurodevelopmental disorders. The biological plausibility of this is supported by the observed association between hypothyroidism and mental retardation; furthermore, the increasingly high rates of neurodevelopmental disorders observed in human populations make it an important regulatory consideration. Epidemiological studies that avoid confounding factors of diagnostic criteria and incorporate accurate exposure estimates may help to breach current data gaps. 
 
b) Metabolic Syndrome Disorder
The incidence of metabolic syndrome, obesity and diabetes is increasing worldwide. The endocrine system is involved in their control/manifestation, leading to speculation regarding the role of endocrine disruption in disease progression. Metabolic syndrome (MetS) includes insulin resistance, hyperinsulinaemia, hypertension and dislipidemia and is usually clinically diagnosed by abdominal adiposity, hypertension, low high density lipoprotein cholesterol, elevated triglycerides and abnormal fasting glucose. Furthermore, it has been postulated that there is a causal relationship between metabolic syndrome, obesity and diabetes (Gardner and Shoback, 2007). The evidence pertaining to a role for EDCs in the aetiology of these disorders is now discussed.
Obesity, which can be defined as a 25% excess of body fat in men, or 30% in women, affects more than 30% of US adults (Diamanti-Kandarakis et al., 2009). Furthermore, paediatric obesity is believed to have tripled during the last 50 years. Chen et al. (2009) suggest that rising prevalence is a result of a combination of genetic and environmental factors. In addition, obesity is a risk factor for diabetes mellitus, which affects an estimated 177 million people worldwide (Gardner and Shoback, 2007). The endocrine system, and in particular the thyroid gland, plays an important role in glucose and lipid metabolism by setting the basal metabolic rate, further weighting the evidence pertaining to the role of EDCs in disease aetiology. In addition to this, white adipose tissue metabolism is regulated by sex steroids, suggesting that EDCs could directly affect lipogenesis, lipolysis, and adipogenesis. Toxicological assessment using ERα and ERβ knockout mice has demonstrated a role for these oestrogen receptors in the control of energy and glucose homeostasis, including food intake, energy expenditure, insulin sensitivity in liver and muscle and growth of adipocytes, deposition of adipose tissue and pancreatic function (Ropero et al., 2008). In vivo studies have also shown BPA exposure to result in insulin resistance and chronically elevated insulin levels, both of which are aggravating factors for the development of diabetes. 
Evans et al. (2011) stress the potentially important role of the peroxisome proliferator-activated receptor-γ (PPARγ) nuclear receptor, which has been demonstrated to promote adipocyte differentiation, lipogenesis and metabolic homeostasis via the activation of genes regulating energy balance. Mutation in this gene leading to alterations in ligand binding domain leads to a subtype of familial partial lipodystrophy (FPLD3), a human condition similar to metabolic syndrome in terms of symptoms and clinical diagnosis (Hegele and Pollex, 2005). Grun and Blumberg (2006) thus suggest that inappropriate PPARγ activation by xenobiotics may result in a predisposition to obesity, as a result of adipocyte differentiation. The glucocorticoid receptor (GR) signalling has also been shown to affect adipocyte differentiation, presenting another potentially important mechanisms for EDC action (Odermatt et al., 2006). 
A nonlinear association between diabetes mellitus and persistent organic pollutant (POP) concentration has been identified in a nested case-control study (Lee et al., 2010); nonachlor, oxychlordane, mirex and highly chlorinated PCBs were shown to be of most significance. Contradicting this, a cohort study conducted in Canada suggested exposure to DDE, but not other POPs, may be associated with metabolic syndrome (a risk factor for type-2 diabetes) (Turyk et al., 2009). In vitro and in vivo studies suggest that POP toxicity may be mediated through mitochondrial dysfunction, disturbing the balance between food intake and energy production, which in turn may lead to compensatory changes that induce metabolic syndrome, obesity and diabetes. However, whether mitochondrial dysfunction is associated with disruption of the endocrine system is questionable. 
Several chemical classes have been suggested to have obesogenic or diabetogenic properties, including perfluorinated chemicals (PFCs), brominated flame retardants (BFRs) and organotins. Tributyltin (TBT) and triphenyltin (TPT) have been demonstrated to competitively agonise PPARγ, among other nuclear receptors such as the retinoid X receptor (RXR), which has been shown to promote adipocyte differentiation in vivo and increase adipose mass in mice (Grun and Blumberg, 2006). Disruption of these signalling pathways may in turn cause cross-talk with other hormonal pathways, and influence body weight through multiple mechanisms. 
In addition to genetic predisposition, the role of epigenetics has been highlighted in a study of children born to mothers who experienced famine during pregnancy. Elevated symptoms of metabolic syndrome in adulthood was reported, and low birth weight was highlighted as an important risk factor for metabolic syndrome (Diamanti-Kandarakis et al., 2009). Disruption of foetal programming by xenobiotics may therefore predispose differentiating tissues of the foetus towards a metabolic syndrome phenotype. This has been corroborated by toxicological findings, which have identified a high fat paternal diet to be a risk factor for female beta cell dysfunction (Ng et al., 2010). 
Testing Strategy
The OECD conceptual framework does not currently contain assays dedicated to metabolic syndrome, obesity or diabetes. However, Evans et al. (2011) fail to mention that in the in vivo reproductive toxicity assay, among others, weight and weight of offspring are commonly monitored as part of general toxicity assessments. Thus, perturbation or alteration of metabolic function may be alluded to under the auspices of other commonly measured endpoints as part of the OECD test guidelines and good laboratory practice (GLP). However, Varga et al. (2010) suggest there is no direct relationship between fat depots in rodents and humans, hindering the extrapolation of toxicological findings between species. Several in vitro systems have been proposed for the identification of chemicals capable of perturbing metabolic pathways, such as the 3T3-L1 preadipocyte cell line (Diamanti-Kandarakis et al., 2009). However, currently none are adopted by the OECD. 
[image: ]With regard to human health monitoring, the occurrence of obesity and diabetes is clinically defined, and measured in human populations. However, estimating human exposure to xenobiotics, which would enable causality to be defined, is currently not without problems. A current multidisciplinary EU project entitled OBELIX (Obesogenic Endocrine Disrupting Chemicals: Linking Prenatal Exposure to the Development of Obesity Later in Life) aims to bridge this gap in the knowledge. 
 Discussion and Conclusions
The interplay between endocrinology and metabolic processes provides strong biological plausibility for a role of EDCs in metabolic disruption, although clear evidence is currently lacking. Evans et al. (2011) discuss the potentially substantial consequences assigning a role to EDCs in the aetiology of metabolic syndrome may have, as a result of the significantly increasing prevalence of these conditions and the associated economic burden.  
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 Attribution Criteria for the role of EDCs in Metabolic Syndrome Proposed by Evans 
et al.
 (2011).
)As exemplified by figure 13, there is still a large degree of uncertainty regarding both the role of EDCs and the prevalence of metabolic syndrome. The validation of animal models for chemical causation of metabolic syndrome, systematic screening of receptor profiles (ER, AR, GR and PPARs for example) and epidemiological studies examining potential human hazards identified through in vitro and in vivo studies, would undoubtedly help reduce these knowledge gaps. 

 4. Human Health Endpoints: Has the ‘State of the Science’ Missed the Point? 
The segregation of endocrine disruption related health effects into separate endpoints may hinder the ‘State of the Science’ report, as by its very nature a holistic approach is essential in understanding the all pervading nature of human endocrinology. In the case of female menstrual cyclicity, a risk factor for many of the diseases previously discussed, Monje et al. (2010) demonstrated neonatal BPA exposure (0.05, 20 mg kg-1/day) to up-regulate oestrogen receptor-α (ERα) in the periventricular cranial region, while down-regulating expression in the arcuate nucleus, suggesting permanent alteration of the neural network that controls oestrus cyclicity. Considering endpoints and mechanisms separately, for example female reproductive health and developmental neurotoxicity, may ignore their collective roles in disease progression. This interaction between mechanisms of toxicity is mirrored in another study of BPA. Yu et al. (2011) subcutaneously administered C57BL/6J mice with BPA (50µg kg-1), E2 (10 µg kg-1), or a placebo, from postnatal day 21 to 31. Pubertal BPA or E2 exposure was shown to significantly alter female exploratory and anxiety behaviour relative to controls. Additionally, treated females demonstrated increased levels of affiliation to female stimulus mice and decreased affiliation to male stimulus mice, suggesting that pubertal exposure to BPA or E2 may masculinise female social and emotional behaviour. Contrary to this, male mice anxiety behaviours were seen to be more similar to control females, suggesting a feminising effect. The sexual dimorphism and interplay between sexual behaviour and neurology demonstrated, further suggest that the reproductive and developmental neurotoxicity endpoints cannot be considered independently. 
Regarding the interface of neurotoxity and metabolic endpoints, Bo et al. (2011) investigated the hypothesis that acute exposure to tributyltin (TBT) may directly activate brain cells, in particular the hypothalamic nuclei that regulate food intake. Adult male mice were separated into two cohorts (fasted or fed) and administered a single dose of 10 mg TBT kg-1 bw. Immunocytochemistry identified significant increases of c-fos expression; a common marker of cell activation, in the arcuate (ARC) nucleus of TBT exposed mice. The ARC nucleus is the source of the NYP- and MSH-circuits that regulate the stimulation or the depression of the food intake stimulus, suggesting that TBT could disrupt energy homeostasis and food intake regulation. Elucidating the prevalence of human health endpoints associated with neurologic and homeostatic dysfunction is vital to our understanding of disease processes; considering mechanisms in a segregated fashion may hinder our understanding. 
Interestingly, the ‘State of the Science’ report does not consider the potentially socioeconomically important disruption of endocrine function that result from alcohol exposure. Previously reported animal studies have shown perturbations in oestradiol, luteinising hormone (LH), growth hormone levels and ovarian function in response to alcohol exposure. In a cross-sectional study of 3106 female adolescents (aged 11-21), Peck et al. (2011) evaluated the association between prepubertal alcohol and tobacco use and the onset of puberty. Study findings showed that girls who had used alcohol before puberty had four times the odds of having delayed puberty (OR = 4.99; 95% CI; 1.94 – 8.21) compared with nonusers. Furthermore, unadjusted models indicated a negative association between pubertal tobacco use and other indices of puberty, such as breast development and body hair growth; however this did not reach statistical significance. Considering the plethora of adverse health endpoints associated with delayed or precocious puberty, these socially important exposures to endocrine active compounds may play a significant role in the trends observed in epidemiological studies. Current regulatory risk assessment, albeit understandably, may therefore be focussing too heavily on accidental or environmental exposures, as behaviour, attitude and social habits may be highly important drivers of currently observed incidences. A greater understanding of the impact of lifestyle factors and choices would undoubtedly aid in reducing the uncertainty of current associations between EDCs and human health. 
The literature review undertaken as part of this critique, highlighted a number of knowledge gaps in the current ‘State of the science’ report and in particular regarding our understanding of the disruption of behavioural and mood parameters. Depressive disorders are more common in females, suggesting sex steroids may play a role in the aetiology of depression (Hyde et al., 2008; Kessler, 2003) and reproductive related depressive syndromes, such as postpartum depression or perimenstrual affective disorders (e.g. premenstrual dysphoric disorder) (Payne et al., 2009). Furthermore, the neurotransmitters that modulate mood and depression, such as serotonin, norepinephrine, dopamine, acetylcholine, GABA and glutamate, are regulated by oestradiol, which has previously been linked to an increased vulnerability to substance abuse in women (Hruska et al., 1980). Premenstrual syndrome (PMS) is believed to affected 13 - 18% of women of reproductive age, while the more debilitating premenstrual dysphoric disorder (PMDD) is estimated to affect 3 – 8% of women (Halbreich et al., 2003), significantly contributing to population morbidity. In review, Rubinow and Schmidt (2006) conclude that reproductive steroids can affect regulation and premenstrual dysphoric disorder (PMDD) and that differential sensitivity to hormones permits destabilisation of mood in some, but not all women. In corroboration with this, Huo et al. (2007) demonstrated an association between PMDD risk and genetic variation of the alpha oestrogen receptor (ERα). PMDD has been shown to be a disorder of hormone sensitivity, individuals displaying abnormal behavioural responses to normal levels of hormone, therefore this genetic variation at the receptor level and subsequent disease pathology as a result of hormone susceptibility (Schmidt et al., 1998), suggests a potential role for EDCs in PMDD, PMS and mood disorders. Toxicological findings have also provided further evidence for the role of EDCs in regulating female mood behaviours. Progesterone receptor antagonist CBD-4124 exposure has been shown to increase depression-like behaviour in mice (forced swim test immobility), without affecting locomotor ability (Beckley et al., 2011). 
Interestingly, a recent publication in ‘Phytomedicine’ has added further weight to the role of EDCs in female mood disorders by demonstrating an alleviation of symptoms following exposure to saffron (Crocus sativus) odour. The study exposed women with a normal sense of smell (n=35) to saffron odour for 20 minutes, monitoring saliva samples for cortisol, testosterone and 17β-oestradiol by immunoassay. Psychological mood was assessed using the State-Trait-Anxiety-Inventory (STAI) and was demonstrated to decrease in saffron exposed individuals, coinciding with decreased cortisol and increased E2 levels (Fukui et al., 2011). The authors suggest that saffron may be effective in treating menstrual distress, dysmenorrhoea and irregular menstruation, but the data presented also highlight the potential role of xenobiotics and exogenous hormones in defining morbidity. 
In general, the current science focuses on physically debilitating endocrine endpoints. However, it is possible that EDC exposure may perturb a plethora of biological functions, including behaviour or moods, which are currently grossly neglected in research and chemical testing strategy.   



[bookmark: _Toc299713041]Wildlife Endpoints
This section briefly summarises the findings regarding wildlife endpoints reported in the ‘State of the Science’. Additional ecotoxicology studies of interest are highlighted and the body of evidence used in the drawing of conclusions in the report is critiqued. The aim of this section is to broadly highlight the reasons for concern, assess biological plausibility and citation of literature while summarising and appraising the work reported. 
[bookmark: _Toc299713042]1. Invertebrates
Invertebrates comprise 95% of faunal species, are a vital constituent of the ecosystem (WHO, 2002), and with 30 phyla represent the most mechanistically diverse endocrine system (Ketata et al., 2008). Lafont and Mathieu (2007) suggest that invertebrate endocrine systems utilise neurotransmitters, neurohormones (serotonin, dopamine) and steroid hormones (oestradiol, testosterone, progesterone, and cortisol), which indicates a high degree of conservation of core invertebrate and vertebrate endocrine components. However, the function of these core endocrine components is thought to vary considerably between classes, as endocrine action depends on tissue type, receptor and time frame of action. In 2003, 55% of studies regarding EDCs were conducted using invertebrate models, compared with 3.8% in 1998. However, despite this surge of invertebrate endocrine research, the mechanism of endocrine disruption in invertebrates, as observed in tributyltin exposed Mollusca for example, is still under debate (Oetken et al., 2004). 
Municipal and industrial effluents discharged into rivers and estuaries have been found to affect numerous species of invertebrates. Exposure to tributyltin (TBT), the active ingredient in antifouling paints used on ship hulls for example, has been demonstrated to cause imposex in 150 species of marine snail (Matthiessen et al., 1999). The effects of TBT and triphenyltin (TPT) on mollusc sexual development and captive and littoral mollusc populations, is possibly one of the best documented incidences of ecologically relevant endocrine disruption to date. High prevalence of intersex, a condition in which the sexual phenotype of molluscs is disturbed, has been reported in the German Wadden Sea periwinkle (Littorina littorea) following exposure to low concentrations of TBT (10 – 15 ng L-1). Critical windows of endocrine susceptibility were also reported, as juveniles were demonstrated to be more susceptible to endocrine perturbation while adult females were largely unaffected (Bauer et al., 1995; Bauer et al., 1997). Matthiessen et al. (1995) demonstrated significant recovery in imposex-affected populations as a result of the restriction of TBT in 1987 and subsequent ban in 2000, highlighting the positive impact of good environmental regulation on biodiversity. 
Many hydrocarbon components of oils are believed to possess endocrine disrupting properties. As a consequence of the Prestige oil spill in 2002, significant oocyte atresia and high intersex prevalence was observed in populations of Mediterranean mussels (Mytilus galloprovincalis) in the estuary of the Oka River, Bay of Biscay (Ortiz-Zarragotia and Cajaraville, 2010). Furthermore, arthropod reproduction can be perturbed by the administration of vertebrate type steroids. For example, Kirkbride-Smith et al. (2001) demonstrated that dietary exposure of the tomato moth (Laconobia oleracea) larvae to oestradiol enhanced pupal length, while exposure to testosterone significantly deformed larvae and caused decreased egg production and adult viability. Similarly, studies conducted in female prosobranch snails suggest that vertebrate androgenic sex steroids (0.1, 0.25, 0.5 or 1 µg L-1 17α-methyl testosterone or dihydrotestosterone) or oestradiol (0.1, 0.25, 0.5 or 11 µg E2 L-1) induce imposex (Schulte-Oehlmann et al., 2004). In addition, perturbation of steroid synthesis or metabolism has been highlighted as a mechanism of endocrine disruption in invertebrates (Janer and Porte, 2007). In the ‘State of the Science’ Evans et al. (2011) detail the findings of several laboratory studies elaborating the role of vertebrate steroids in the disruption of invertebrate functioning. One particular study highlighted the possibility of a non-monotonic dose response relationship in invertebrate endocrinology. Hahn et al. (2002) showed low concentrations of nonylphenol (1.9 – 30 µg L-1) to reduce vitellogenesis in male and female non-biting midges (Cophixaalus riparius); however, no effect was observed at mid-range concentrations (120 and 500 µg L-1). Furthermore, increased vitellogenin levels were observed following exposure to the high dose (2000 µg L-1). Interestingly, nonylphenol exposure (1–100 µg L-1) at key stages of sexual differentiation in the Pacific Oyster (Crassostrea gigas) increased the incidence of hermaphroditism and skewed the sex ratio towards females (Oehlmann et al., 2000), demonstrating the susceptibility of invertebrate models to EDCs. Also pertinent is the perturbation of growth and development of mollusca following exposure to insect growth regulators (IGRs) which are used to selectively control insect pests (deFur et al., 1999). 
This susceptibility has led to the suggestion that invertebrate screening tools may be a valuable model for risk assessment and regulatory decision making (Gourmelon and Ahtiainen, 2007). However, currently the OECD considers the understanding of invertebrate endocrinology to be too limited for the validation of test guidelines utilising their life cycles (OECD, 2010). Contrary to this, multigenerational assays using the mysid shrimp (Mysidopsis bahia) have been demonstrated to be a valuable tool in the elucidation of various endocrine endpoints, including ecdysteroid metabolism, receptor interaction, steroidogenesis and endocrine mediated reproductive endpoints (Verslycke et al., 2007). Furthermore, the water flea (Daphnia magna) has been shown to be a sensitive model in endocrine research, as the hormonal regulation of parthenogenetic reproduction can be perturbed by environmental pollutants. The production of male neonates in this species is controlled by juvenile hormone, and hence the neonate sex ratio has been proposed as an OECD assay for regulatory screening and risk assessment (Tatarazako and Oda, 2007). Furthermore, Ducrrot et al. (2010) investigated the effects of vinclozolin (0.025, 0.5 µg L-1) on the freshwater gastropod Lymnaea stagnalis in partial life cycle experiments, demonstrating significant impairment of male function and fertility, in a non-monotonic dose response fashion. The model was considered a good candidate to assess the effects of antiandrogenic compounds, and suggests that Evans et al. (2011) may have underestimated the current state of invertebrate research. 
In concluding remarks, Evans et al. (2011) suggest that there are substantial knowledge gaps in invertebrate reproductive endocrinology, and particularly in the susceptibility of non-target organisms to the effects of pesticides and unintentionally released pollutants. In the elucidation of ecotoxicity for chemical safety purposes and risk assessment, there are several test guidelines adopted by the OECD, in which fish, copepods and birds are frequently utilised. However, the knowledge gaps discussed by Evans et al. (2011) may coincide with the potentially vast species variation and there is evidence to suggest the 30 invertebrate phyla may not be adequately covered in the current regulatory assessment of wildlife effects. The development of screening assays utilising invertebrates is not only vital for the environmental safeguarding of invertebrate phyla per se, but also for their application to screening chemicals that may perturb vertebrate endocrinology, and should be a priority of future endocrine ecotoxicity research.    
[bookmark: _Toc299713043]2. Fish
Water is a key pathway for contaminant exposure and fish play an important role in assessing the effects of pollution. Field studies have implicated EDCs in decreased reproductive success and feminisation of male fish populations, noting that severity is proportionate to anthropogenic activities (WHO, 2002). There are approximately 28,000 species of fish, comprising teleosts, chondrichthyes and lampreys, which may be either gonochoristic or hermaphroditic (Scholz and Kluver, 2009). Sumpter (2005) showed that exposure to environmental oestrogens induces significant biological effects in fish, such as increased vitellogenin concentrations and declines in reproductive potential. Increased plasma levels of the egg yolk precursor vitellogenin can be used specifically as a biomarker of oestrogen exposure. Elevations in vitellogenin have been observed in the wild roach (Rutilus rutilus), fathead minnow (Pimephales promelas), carp (Cyprinus carpio) and zebrafish (Danio rerio) among other fish species, following exposure to environmentally relevant concentrations of oestrogenic compounds (Routledge et al., 1998; reviewed in Evans et al., 2011). Evans et al. (2011) highlight the uncertainty as to whether or not an increase in vitellogenin plasma concentration translates to a change in functionality, resulting in adverse effects at the population level (Jobling et al., 1996). Other endpoints used in the endocrine assessment of fish toxicity include gonado-somatic-index (GSI), histopathology and egg production or fertilisation. The ‘State of the Science’ report also details a study by Aravindakshan et al. (2004), which demonstrated depressed testicular development and decreases in sperm concentration, velocity and motility, as well as increased incidence of intersex and VTG levels. However, a lack of correlation analysis makes assigning associations to fertility difficult. 
Effluents from municipal waste treatment plants frequently contain high concentrations of oestrogenic, pharmaceutical and anti-androgenic compounds; which is consequently the presumed aetiology of the adverse effects observed in wild fish (Purdom et al., 1994). Sewage treatment work (STW) effluent has been demonstrated to induce vitellogenin production and intersex in various locations worldwide (Desforges et al., 2010). Lange et al. (2011) exposed roach (R. rutilus) to either 50 or 100% STW effluent, from 35 days post-hatch, for up to 3.5 years. The study demonstrated a predominance of phenotypic females and, subsequently, declines in spawning. Interestingly however, Cotton and Wedekind (2009) suggest that feminisation could potentially result in moderate population increase, as females are a limiting factor in breeding success. However, little is known about the reproductive capability of sex reversed male offspring. Furthermore the potential loss of genetic variability in populations containing feminised fish may have serious repercussions on wildlife populations (Jobling et al., 2006). Alterations in testicular histopathology, including alterations in spermatozoa parameters, has been observed in stickleback (Gasterosteidae) exposed to STW (Bjorkblom et al., 2009). Eco-epidemiological evidence has highlighted non-reproductive adverse effects in fish inhabiting the Baltic Sea – known to be heavily burdened with chemical contaminants and EDCs. Chlorinated hydrocarbon exposure has been associated with alterations in growth, larval deformities and increased mortality in pelagic and demersal eggs, believed to be manifesting via an endocrine mediated mechanism (Von Westernhagen et al., 1988). Similar mechanisms have been observed following exposure to oestrogenic compounds in the rainbow trout, Oncorhynchus mykiss (Johnstone et al., 1978). Population survival in fish is intrinsically linked to growth, due to larger fish being more successful in competing for resources, and hence exposure to chemicals that hinder the potential to grow may affect their collective success (Ashfield et al., 1998; Elliott, 1990). 
The ‘State of the Science’ report underlines numerous studies pertaining to EDC exposure and alterations in fish reproductive and developmental physiology. Ethynyloestradiol (EE2) exposure (5 ng L-1) in the zebrafish (Danio rerio) has been demonstrated to result in complete sex reversal and reproductive failure. However, no statistically significant effects were observed at 0.5 ng EE2 L-1 or 5 ng E2 L-1, leading the authors to suggest an inverted ‘U-shaped’ dose response curve. This biological observation was also observed in the marine fish Tautogolabrus adspersus exposed to oestrone (Gutjahr-Gobell et al., 2006). However, a chronic effluent study suggested that EDC resistant males reproduced successfully, generating an F1 lineage that had accelerated development and enhanced male secondary sexual characteristics (Sowers et al., 2009). Anti-oestrogenic and androgenic effects have also been identified in the fish model, albeit far more infrequently than feminisation. Bleached Kraft mill effluent (BKME) has been demonstrated to masculinise eelpout (Zoarces viviparus) in laboratory based studies (Larsson and Forlin, 2002). The fathead minnow (Pimephales promelas) model demonstrated increased nuptial tubercles (a secondary sex characteristic) following dihydrotestosterone exposure, while flutamide (100 µg L-1) decreased this endpoint (Panter et al., 2004). A number of behavioural endpoints have also been associated with flutamide exposure; for example, stickleback males built fewer nests and showed altered courtship behaviour (Sebire et al., 2008). Increased atresia incidence and inhibited spermatogenesis were observed in fathead minnow exposed to 320 µg L-1 and 651 µg L-1 flutamide, respectively (Jensen et al., 2004). 
Interestingly, regarding EE2 exposure, Evans et al. (2011) conclude that “effects are rarely observed at levels commonly found in the environment”, which somewhat contradicts their previous reporting of 100% feminisation in polluted regions considering that environmental exposure scenarios very rarely pertain to a single exposure and mixture toxicity may be important. In addition to the potential for dose addition or potentiation of individually endocrine active compounds (Kortenkamp et al., 2006), Harris et al. (2009) discusses the potential facilitation of EDC action by compounds considered to lack endocrine activity themselves. The bioavailability of DDE, for example has been shown to increase between 10 and 77 fold in the presence of surfactants (White et al., 2007). Due to the infinite number of possible mixtures, predictive modelling is highlighted as potentially a powerful tool in the risk assessment of polluted environments (Evans et al., 2011). 
The OECD has published several studies for the elucidation of fish toxicity, including the Short-Term Reproduction Assay (TG229), 21-day Fish Assay (TG230), the Fish Sexual Development Test (an extension of the Fish Early Life Stage Toxicity test (TG210) and the Androgenised Female Stickleback Assay (variant of TG230). Histopathological endpoints, hormonal activity, egg production and fertilisation provide possible indications of population effects, while the perturbation of vitellogenin synthesis/levels provides mechanistic information. Evans et al. (2011) suggest a dichotomy between endpoints measured in wild fish and laboratory studies, due to the inefficiency of VTG and GSI as biomarkers for reproductive health. The development of a non-destructive biomarker is highlighted a priority for future research. Interestingly, the lack in current testing strategies of neuroendocrine and behavioural endpoints, which may impact population dynamics, is not discussed as a limitation to current approaches. EDCs have been implicated in the alteration of a number of male reproductive behaviours include nipping, chasing, circling, avoidance, female association and spawning. Coleman et al. (2009) showed that EE2 exposure (0.5, 5, or 50 ng L-1) decreased the frequency of reproductive behaviours in dominant males, leading to the reversal of social dominance. Furthermore, the antiandrogenic compounds vinclozolin and flutamide have been shown to reduce courtship behaviours in guppies (Poecilia reticulata). However, Evans et al. (2011) rightly suggest that behavioural endpoints have “great potential as biomarkers of endocrine disruption”, and the need for further trans-generational behavioural studies is highlighted. 
Overall, the authors suggest that aquatic ecological risk assessment is currently hindered by a lack of knowledge linking endocrine disruption to reproductive impairment and population effects. Despite this, many fish populations are declining and Evans et al. (2011) justifiably conclude that EDCs may play a role in the adverse growth and reproduction observed in wildlife, through either direct morphological or behavioural effects. 
[bookmark: _Toc299713044]3. Amphibians
In the Global Amphibian Assessment (GAA, 2004) it was estimated that 32% of amphibian species, including anurans (frogs and toads), urodeles (newts and salamanders) and caecilians are threatened with extinction. Gonadal development in amphibians takes place after metamorphosis via one of three pathways; undifferentiated, semi-differentiated or differentiated. Elucidating the degree of intersex (the abnormal development of male characteristics in females) in amphibian populations is subsequently not without difficulty and the timing of sampling can have a large impact on the proportion of intersex that is observed (Wolf et al., 2010; Du Preez et al., 2009). Currently there are limited data pertaining to the relationship between intersex and fertility in amphibians. However, Evans et al. (2011) detail a retrospective eco-epidemiological study by Reeder et al. (2005) which detailed the incidence of intersex in the cricket frog (Acris crepitans) over a 50 year period, aiming to analyse temporal and geographic trends. The study, though seriously hindered as a result of poor site classification, identified that prior to 1930 the incidence of intersex was 1.2%, while in the following years of industrialisation and organochlorine use (1930–1959) incidence rose to 11.1%. Furthermore, declines in intersex incidence were reported following the restriction of DDT (6.3%) and its subsequent ban (2.7%), strongly implicating exogenous hormones and xenobiotics in amphibian declines. Additionally, Haynes et al. (2003) identified the herbicide atrazine in 7 out of 8 environmental sites; the site without atrazine was the only region in which intersex was not observed in the leopard frog (Rana pipiens). However, in South Africa, no effects could be observed in male African clawed frogs (Xenopus laevis) following exposure to atrazine (Hecker et al., 2004). The inconsistency of eco-epidemiological and toxicological findings between strains may indicate a genetic susceptibility to endocrine mediated toxicity in amphibian models. Du Preez et al. (2009) suggest that phylogenetic differences, conferring increased intersex incidence, in isolated geographical sampling regions, suggests that some races have ‘naturally’ higher intersex. Furthermore, leopard frog exposure to municipal wastewater effluents (20%, 50% or 100%) showed a positive association with intersex. Chemical analysis of these effluents identified oestrogens, EE2, nonylphenol and bisphenol A as prevalent contaminants (Sowers et al., 2009), which are believed to induce vitellogenin in amphibian hepatocytes (Mitsui et al., 2007). Laboratory evidence has further implicated a role of exogenous hormones and EDCs in amphibian decline (Evans et al., 2011). 
Evans et al. (2011) state that, despite these observed effects in amphibians, “there are no standardised assays available for testing reproductive endpoints in amphibians and it is not included in the OECD framework for testing endocrine disruptors”. Indeed, although the Amphibian metamorphosis assay (TG213) was adopted by the OECD in 2009, at present the study does not require the elucidation of any reproductive endpoints. Furthermore, there is at present vast uncertainty regarding the association between intersex and fecundity or tadpole fitness - which may be a useful non-destructive biomarker for intersex and a more relevant indicator of the potential for population impacts. 
[bookmark: _Toc299712820][bookmark: _Toc299713045]The Amphibian Metamorphosis Assay (TG213), which identifies substances that interfere with the hypothalamic-pituitary-thyroid (HPT) axis, is currently the only test guideline that enables the detection of thyroid activity in an animal undergoing morphological development. In this test, Xenopus laevis (African clawed frog) tadpoles are exposed to a diluted form of the test chemical for 21 days. The observational endpoints include hind limb length, snout to vent length (SVL), developmental stage, wet weight, thyroid histology and daily observations of mortality. The guideline includes a “decision logic for the conduct of the Amphibian Metamorphosis Assay” which provides assistance in interpreting results and weighting the different endpoints relative to their possible mode of action. Statistically significant developmental delays, in the absence of other signs of overt toxicity, suggest that the chemical is antagonistic to the thyroid receptor. In identifying chemicals that may be of concern, behavioural endpoints, which may provide sensitive biomarkers of exposure are at present, somewhat overlooked.

[bookmark: _Toc299713046]4. Reptiles
Considering that there are approximately 8225 reptilian species, Reptilia is undoubtedly the most underrepresented ectotherm class in endocrine disruption research. In reptiles, gender can be determined either by slight variations in incubation temperature during organogenesis, a process known as temperature-dependent sex determination (TSD) (Crain and Guillette, 1998), or by genotypic sex determination (GSD). Pieau and Dorizzi (2004) suggest that sex determination is primarily mediated by the up-regulation of SOX9 at male-producing temperatures and aromatase up-regulation at female-producing temperatures, resulting in elevated 17β-oestradiol (E2) levels in ovo. The phylogenetic representation of these gender mechanisms is thought to be haphazard, suggesting that GSD and TDS are either interchangeable, or have evolved separately several times (Sarre et al., 2004). This hormonal interplay suggests a biologically plausible role for endocrine disruption.
The majority of research conducted to date has investigated the endocrinology of Crocodilians (crocodiles, gharials, caimans and alligators), representing 0.3% of all reptile species (Campbell and Campbell, 2002). Evans et al. (2011) highlight Squamata (snakes and lizards), representing approximately 96% of all reptiles, as a particularly underrepresented group. This apparent bias in research is the result of a contamination incident at Lake Apopka, Florida (1980), which exposed alligators to high concentrations of dicofol and DDT (Crain et al., 1998) and stimulated a large number of subsequent investigations. Elevated levels of these pesticides and their metabolites were found in alligator eggs and surviving juveniles – in which there was 90% decline (Heinz et al., 1991; Guillette et al., 1996). Increased incidence of developmental abnormalities was observed in juvenile alligators, including abnormal gonads, altered hormone concentrations and an average 24% reduction in penis size (Guillette et al., 1996). Male testosterone levels were depressed to a level comparable with that of females from a reference site, while females from the contaminated site showed nearly twice the 17β-oestradiol plasma concentration considered normal. The males’ unresponsiveness of gonadal steroidogenesis to exogenous luteinising hormone indicated that the alterations were permanent and a result of permanent in ovo changes in the gonads.
However, epidemiological studies are limited in their ability to attribute causality, and a review by Hamlin and Guillette (2010) highlighted similar observations in gonadal morphology in alligators from other differently contaminated wetlands throughout America, as discussed in the ‘State of the Science’ report. 
Evans et al. (2011) neglect the possible the role of nitrates, which has been identified as a contributing factor. Studies conducted by Edwards and Guillette (2007) suggested that nitric oxide, involved in cellular signalling, influences reproduction and development. Studies on mosquitofish found that nitrate, which is converted to nitric oxide by vertebrate mitochondria (Cadenas et al., 2000), can disrupt key steroidogenic enzymes and P450 enzymes involved in steroidogenesis and liver clearance. This impairment of liver function has been associated with an increase in circulating steroid hormones (Hamlin et al., 2008). How significant the role of EDCs in the gonadal abnormalities reported is therefore debateable. However, laboratory studies have demonstrated exposure to oestrogenic compounds in ovo to cause feminisation of sex ratios, despite incubation at male producing temperatures (Milnes et al., 2002, 2005). In addition, Evans et al. (2011) detail several studies pertaining to similar effects observed in snapping turtles. 
Currently, there are no reptilian endocrine disruption assays and hence potential EDC effects on Reptilia may not be being considered in regulatory risk assessment. Evans et al. (2011) recommend the development of an assay utilising a range of egg incubating temperatures (male- or female-, or mixed- sex producing temperatures). This may indeed be advisable, due to the interplay between GDS and TSD, and the observed alterations in EDC susceptibility at different temperatures, further skewing the sex ratio. A lack of behavioural endpoints in reptilian EDC studies is also highlighted in the report, which may be a fair conclusion, though it may simply reflect our understanding of reptilian behaviour as a whole. 
[bookmark: _Toc299713047]5. Birds
The complex social behaviours, neurodevelopment and reproductive success of birds, is intrinsically linked to hormone levels, rendering the species susceptible to chemical perturbation of the endocrine system. As in other vertebrates, the development of sexual characteristics in birds is mediated by steroids. However, contrary to the situation in mammals, the male phenotype is dominant (the default) and females rely on the synthesis of oestrogen by the ovaries during embryogenesis to suppress maleness (Brunström et al., 2003).  A large number of adverse reproductive effects have been reported in birds, such as eggshell thinning, embryonic foot, bill and spine deformities and chick death and retarded growth (Bowerman et al., 2000; Best et al., 2010). Exposure to dichlorodiphenyltrichloroethylene (DDE), the degradation product of DDT, has been demonstrated to induce eggshell thinning in some avian species, leading to a reduced fecundity that nearly resulted in the extinction of several avian species in North America (Kime, 1998). Radcliffe (1967) reported similar declines in birds native to the UK, such as the peregrine falcon (Falco peregrines), sparrow hawk (Accipiter nisus) and the golden eagle (Aguila Chrysaetos). In addition, Erikstad et al. (2009) identified higher organochlorine burdens in lesser black-backed gull (Larus fuscus) populations presenting a female skewed sex ratio. The sex-ratio may be indicative of poor parental health, which has been associated with a female hatchling preference since females, being smaller in body mass, have a lower energy requirement and are more likely to survive to maturity. Furthermore, testosterone exposure has been linked to a male skew of the sex ratio in spotless starlings, Sturnus unicolor (Veiga et al., 2004) and homing pigeons, Columba liva (Goerlich et al., 2009).  Interestingly, an eco-epidemiological study has demonstrated asymmetrical primary feathers, indicative of elevated stress, in great tits (Parus major) exposed to metal smelter fumes, suggesting that the adrenocorticoid axis may also be susceptible to disruption in birds. 
Laboratory studies have shown in ovo exposure to xenobiotics such as o,p’-DDT, diethylstilbestrol (DES) and 17α-ethynyloestradiol in the Japanese quail (Coturnix japonica), to cause alterations in adult male sexual behaviour (Bryan et al., 1989; Berg et al., 1998). Similarly, studies on ring doves (Streptopelia risoria) found that mixtures of the environmental contaminants DDE, PCBs and the chlorinated hydrocarbons mirux and photomirex, led to a delay and/or reduction in sex hormone production, resulting in females failing to respond to male courtship behaviours (McArthur et al., 1983). Prior to this, changes in behavioural patterns in wildlife had been noted in gulls native to Southern California (Herring gull (Larus argentatus) and Western gull (Larus occidentalis)) in which female-female pairing was observed (Hunt and Hunt, 1973, 1977). The colonies under observation were in areas contaminated with high levels of organochlorines, leading to the suggestion that this behaviour was attributable to endocrine disruption (Fry and Toone, 1981). Similarly, in North American gull populations, skewed sex ratios and female-female pairing have been observed in regions contaminated with DDT (Fry et al., 1987; Fox, 1992). In addition, Hoogesteikn et al. (2005) demonstrated that the PCB mixture arochlor (40 µg/bird) induces zebra finches (Taeniopygia guttata) to lay more egg clutches, with significantly increased hatchling mortality relative to controls. Bruggeman et al. (2003) have also demonstrated variability in the severity of TCDD toxicity, depending on the window of exposure, in chickens dosed in ovo at different developmental stages (10 or 20 ng/egg). 
In a recent and somewhat closer to the ground study, Van den Steen et al. (2010) investigated the haematological and biochemical effects of exposure to polybrominated diphenyl ethers (PBDEs) in the terrestrial songbird, Sturnus vulgaris, the European starling. No significant difference was observed in haematological parameters between the control and exposed (1740 µg kg-1 bw for 6 months using subcutaneous implant) groups. However, it was reported that 14 days following implantation, thyroid hormone-3 (T3) concentrations tended to be lower in exposed groups. All other biochemical parameters measured were unaffected, suggesting that the European starling may be less susceptible to the effects of organohalogenated pollutants than other bird species. 
There are two assays listed under the auspices of the OECD for the assessment of potential EDCs on avian wildlife: the ‘TG206 Avian Reproduction Test’ and the ‘enhanced TG206 Avian Two Generation Test (ATGT)’. Measured endpoints include growth rate, gross pathology, and food consumption in adults and the F1 generation. However, biochemical endpoints, such as hormone concentrations, are not required, rendering it difficult to assign EDC status to compounds tested. Furthermore, both tests are expensive and require a large number of animals. As most birds are assigned mates, behavioural effects previously discussed, such as same sex pairing, are also likely to be missed. 
Two studies regarding avian endocrine toxicity have been published recently, that were missed by Evans et al. (2011) in the ‘State of the Science’ report. Atmospheric drift and ocean currents have led to the long range transportation and intrusion of organochlorines (OCs) into the Arctic food web. Erikstad et al. (2011) investigated blood OC levels in male and female glaucous gulls (Larus hyperboreus) of the Bear Island (Norway) colony, and determined the sex of each nestling by enzymatic amplification of a highly conserved intron of the chromo-helicase-DNA binding 1 (CHD1) gene of the avian sex chromosomes, which determines genotypic sex rather than necessarily phenotype. The likelihood that females would produce male offspring was positively related to their total OC burden as well as their body mass; there was a significant interaction between female body mass and total OC burden. The authors concluded that OCs may affect the hatchling sex ratio in glaucous gulls. In a further avian study, the endocrine effects of exposure to low doses of E2 (0, 0.3, 3 and 10 ppm) on the Japanese quail (Coturnix japonica) has been investigated. An extended one-generation reproduction study was conducted which included additional endpoints such as observations of F1 chicks until 10 weeks of age, histopathology of F1 chicks at 14 days and 10 weeks of age, and blood vitellogenin (VTG) concentration in parent quails (Yamashita et al., 2011). Serum E2 and VTG concentrations were seen to be significantly elevated in exposed males (3–30 ppm) and females (30 ppm). Histological examination revealed elevated incidence of right oviduct atrophy in female treatment groups. Furthermore, in utero exposure to 0.3 E2 ppm decreased viability and decreased induction of abnormalities in the oviduct, testis and cloacal gland in F1 chicks. The study demonstrated that parental low dose E2 exposure may affect subsequent generations. 
[bookmark: _Toc299712823][bookmark: _Toc299713048]These studies generally highlight the potential environmental burden and wildlife affects of persistent pollutants, while providing evidence for more sensitive endpoints for hazard characterisation that could easily be incorporated into the current OECD testing strategies. Recent evidence concurs with the wildlife research requirements proposed by Evans et al. (2011) to elucidate species susceptibilities and distinct behavioural changes. Two particular studies highlighting the sensitivity of behavioural endpoints (Brunström et al., 2009; Rochester et al., 2008) were discussed by the authors.

[bookmark: _Toc299713049]6. Mammals
The collaborative report by the World Health Organisation (WHO) and International Programme of Chemical Safety (IPCS) on the Global Assessment of EDCs concluded that poor reproductive performance, immunosuppression and thyroid irregularities, among other adverse effects in mammals, may be associated with the presence of anthropogenic endocrine disrupting chemicals that bioaccumulate in lipids (WHO, 2002). 
This conclusion has been substantiated by studies of marine mammals in the Baltic Sea. One-fortieth of the volume of the Baltic Sea is attributable to run-off from adjacent countries, leaving it particularly susceptible to xenobiotic pollution (Thulin and Andrushaitis, 2003). Bioaccumulation of PCBs, DDT and their persistent methylsulfone metabolites has been reported in Baltic Grey Seals (Halichoerus grypus) and ringed seals (Pusa hispida) native to the region. The elevated levels of these endocrine disruptors was linked to a serious reduction in population number, uterine stenosis (abnormal narrowing of tubular organ or structure, also referred to as a stricture of coarctation) and occlusions in 30% of adult grey seals and 70% of ringed seals autopsied (Bergman and Olsson, 1985; Bergman et al., 1994). The pollution problem was addressed with the implementation of the Helsinki Commission (HELCOM) 1988 Ministerial Declaration, reducing the burden of chemicals emitted into the Baltic Sea by 20–50%, during which the fecundity of Baltic Seals has improved with population numbers increasing (Bergman, 1999). Interestingly, the susceptibility of marine organisms to persistent organic pollutants, has been shown to be dependent on lifespan and trophic level (Rowe, 2008), due to the cumulative burden of contaminants. However, there are currently no specific marine mammal assays for effects of EDCs on reproductive endpoints. Furthermore, Evans et al. (2011) stress the lack of in vivo testing of thyroid hormones, anti-thyroid compounds (goitergens) and chemicals that may perturb the hypothalamic-pituitary-thyroid (HPT) axis in marine mammals. Subsequently, we may be underestimating the health risks posed to marine mammals, particularly in nursing young (Mos et al., 2007). 
The less substantial exposure scenario presented by terrestrial mammals has resulted in limited data pertaining to the health risks of EDCs; however, several studies have detailed reason for concern in this field. Alterations in thyroid function may have significant behavioural, neurological, neuropsychologic and thermoregulational consequences throughout all periods of development. Kirkegaard et al. (2011) exposed female Greenland sledge dogs (n=7) to 128 µg PCB/day from 6 to 8 weeks of age (post weanling) for 21 months, as a model of high trophic level carnivore organohalogen susceptibility. Relative to sister controls (n=7), lower thyroid hormone (T3 and T4) levels were observed in bitches 10 months of age. A negative correlation with thyroid gland weight was significant for ∑ DDT, as was a positive association with total T3 for dieldrin, supporting the hypothesis that OHCs may adversely affect thyroid function. Furthermore, bioaccumulation of EDCs in grazing sheep has been assessed in Scottish ewe and lamb muscle tissues (Rhind et al., 2011). Concentrations were found to be highly variable both within and between different geographic locations; nonylphenol was measured at 50–1070 µg kg-1, DEHP at 30–4920 µg kg-1, ΣPCB at 7–89189 ng kg-1, ΣPBDE at 70 – 24909 ng kg-1 and benzo(a)anthracene at <1.0 – 235 µg kg-1. Animals reared in industrialised regions were seen to have the highest mean values of 11 of the 13 compounds measured, leading the authors to conclude that although rates of EDC muscle accumulation are low, they are potentially biologically significant. 
The effects of exposure to 4-t-octylphenol (OP) (200 mg kg-1 bw) on male testes and seminal vesicle development in the bank vole (Clethrionomys glareolus), have been evaluated in vivo (Hejmej et al., 2011). Histological examination demonstrated elevated expression of 3β-hydroxysteroid dehydrogenase and the androgen receptor in combination with increases in testosterone levels, indicative of adverse alterations in vole reproductive tissues following OP treatment. Furthermore, the observed endpoints were more evident in voles kept under long photoperiods, suggesting that the susceptibility to OP toxicity varies depending on external zeitgebers such as light. It can therefore be concluded that EDCs may play a role in the reproductive health of terrestrial mammals, although currently data are very limited. 


[bookmark: _Toc299713050]7. Wildlife Endpoints: Have we been making Wild Accusations? 
Overall, the ‘State of the Science’ report provides a comprehensive analytical review of the potential for, and biological plausibility of, endocrine disruption in wildlife, and the authors provide a good body of evidence for the conclusions drawn. However, possibly due to the ‘review of reviews’ methodology, the authors have neglected to include information regarding the observation and implications of alterations in wildlife behaviour, immunology and neurotoxicity, as will now be discussed. 
The ‘State of the Science’ report discusses the uncertainty regarding the competitiveness of wild fish exposed to oestrogenic compounds found in sewage effluent with unexposed populations, but ignores recent developments in the field. Lavelle and Sorensen (2011) assessed breeding using competitive spawning experiments in fathead minnows (Pimephales promelas) exposed to E2 (4 and 44 ng L-1) for three weeks. Males in the highest dose group failed to compete with unexposed fish, while male fathead minnows exposed to the lowest dose (4 ng L-1) outcompeted and sired more young than unexposed individuals (p<0.05), indicative of hormesis[footnoteRef:1]. The authors conclude that oestrogenic effluents may determine the reproductive success of male fishes in ways that could influence overall population health and wellbeing. The consequences of feminisation in UK wild roach (Rutilus rutilus) breeding groups as a result of EDC exposure has indeed been explored (Harris et al., 2011). Fish were collected from a 200m stretch of the River Bourne, Surrey (n=63) and the River Arun, Sussex (n=117), immediately downstream of Chertsey sewage treatment works. Two competitive breeding experiments using DNA microsatellites to assign parentage, and thus indicate reproductive success of the adult fish, demonstrated that the majority of intersex fish were able to breed. However, reproductive performance was negatively correlated with severity of intersex, which was shown to reduce reproductive performance by up to 76%. The authors conclude that feminisation of male fish is likely to be an important determinant of reproductive performance in rivers where there is a high prevalence of moderate to severely feminised males. These two studies provide strong evidence for a role of endocrine disruption in fish population health and number.  [1:  The term hormesis refers to a biphasic dose response, characterised by low dose stimulation, and high dose inhibition. ] 

Changes in behaviour as a result of endocrine disruption, is not however, restricted to vertebrates, and recent studies have identified a number of behavioural alterations in insects. Terpenoid hormones play a vital role in the physiology, morphology and behaviour of insects, generating a wide range of phenotypic variation. Oda et al., (2011) investigated antipredatory responses in the cladoceran Daphnia galeata in response to methyl fenosoatote (MF) (1.9 to 30 µg L-1) and the juvenile hormone-mimicking pesticide, fenoxycarb (12 to 200 ng L-1). Animals developed a longer helmet at doses of 1.9 µg mg L-1 and 25 ng L-1 fenoxycarb, in a dose dependent fashion. The findings strongly suggest that the terpenoid hormone MF plays a major role in the development of defensive morphology in the Daphnia through a change in allometrical growth. As helmet size and phenotypic plasticity is believed to be beneficial to organisms, conferring adaptation, the authors suggest this study may demonstrate shifts in biological interaction between predator and prey, which are regulated by terpenoid hormones. 
The 2002 WHO Global Assessment of Endocrine Disruption detailed the possibility of immune dysregulation in seals (Halichoerus grypus), in the Semifield Reproduction Study, following exposure to PCBs (Reijinders, 1986). This immune perturbation was associated with mass mortalities as a result of morbillivirus infection (Vos et el., 2000). Furthermore, an epizootic (unexpected increase of disease in an animal population, equivalent to an epidemic in humans) of the Mediterranean morbillivirus in striped dolphins (Stenella coeruleoalba) was associated with inhibition of the immune system as a result of the mobilisation of blubber PCBs (Aguilar and Borrell, 1994). Unfortunately Evans et al. (2011) failed to include this component of wildlife health. However, possibly due to a shift from effects on the individual to population health as a whole, there is limited published literature pertaining to the impact of EDCs on the neuroendocrine and immune systems in wildlife. Further elucidation of these aspects may be recommendable for elucidating the true cost of environmental exposure of wildlife populations to EDCs. 
As highlighted by the ‘State of the Science’ report there are significant gaps in our understanding of the role of EDCs throughout phyla, classes, families and even species of organism. Although it is completely infeasible to qualitatively assess all species, establishing possible extrapolation between animal models and their sensitivity to endocrine disruption, is a vital task for the future. 
What may be considered a serious limitation of the State of the Science’s portrayal of wildlife effects is the complete lack of discussion regarding environmental prevalence, persistence or usage of the EDCs identified as hazards. Atrazine for example, is one of the worlds’ most heavily applied pesticides, with over 36,000 tonnes applied annually in the US alone. Recently, Jablonowski and Schäffer (2011) suggested that the persistence of atrazine, which remains the most abundant pesticide in German groundwater samples despite a ban for over 18 years, is not sufficiently regulated, as maximal allowable contaminant levels stated for human consumption (0.1 µg L-1), may cause sexual differentiation in amphibians. The environmental prevalence and persistence of atrazine, heightens regulatory concerns, and exploring hazard without assessing exposure may inadequately assess risk. 



Critique Summary
The objective of the State of the Art Assessment of Endocrine Disruptors was to prepare the ground for assessment of regulatory approaches. The main conclusions drawn by Evans et al. in the ‘State of the Science’ included; 
· There is epidemiological and toxicological evidence to suggest that endocrine disrupting chemicals (EDCs) may play a role in adverse effects observed in reproductive health; including endpoints such as cryptorchidism, hypospadias, fecundity, fertility, endometriosis, polycystic ovarian syndrome, and precocious puberty and pregnancy outcomes;
· Strong evidence is presented to support a role of EDCs in the aetiology of breast cancer, thyroid cancer and prostate cancer. However, Evans et al. conclude there is currently only limited evidence for a role of EDCs in testicular cancer;
· There is a potential role for EDCs in the perturbation of metabolic function and neurological development;
· Regarding wildlife effects, a number of toxicological and epidemiological studies detail an association between exposure to EDCs and adverse effects throughout Animalia, however the severity of these effects on the population health are uncertain. 
As a whole this study, which utilised a ‘review of reviews’ methodology, comprehensively summarises the toxicological and epidemiological evidence pertaining to a role for EDCs in disease aetiology, while commenting on the biological plausibility of any such association. However, this methodology is not without its caveats and may have led to significant citation bias in the report. Time delays between the publication of original research and review articles further hinders this approach. Furthermore, this methodology may have led Evans et al. (2011) to neglect potentially significant endocrine related dimorphic behavioural endpoints, such as premenstrual syndrome or reductions in libido. As a whole, the literature focuses on debilitating endpoints, whereas more subtle metabolic, behavioural and developmental effects may play a more significant role in human populations. Further elucidation of the role of EDCs in metabolic and neurological function may help define these subtle effects. 
The biological mechanisms that form the foundations of endocrine toxicity were briefly discussed by Evans et al. (2011); however, this biological plausibility was not further discussed in relation to observed effects in any particular detail. For example, in discussing the evidence pertaining to adverse reproductive effects in reptiles, Evans et al. (2011) discuss the role of the SOX9 transcription factor gene in determining the reptilian sex by promoting oestrogen production, perturbations of which have been associated with skews in the sex ratio following exposure to xenobiotics. However, all bilaterians including humans have SOX9 genes, which increase the concern for endocrine perturbations of this system in other wildlife species, as well as in humans. Furthermore, in humans SOX9 has been shown to interact with steroidogenic factor-1 and SOX9 transcription factor deficiency has been linked to autosomal sex reversal, implicating the gene and transcription factor in male reproductive health (De Santa Barabara et al., 1998). The potential extrapolations and feasibility of effects observed in one species, to another, is a knowledge gap poorly considered by Evans et al. (2011), and potential human health effects were only inferred from data collected from standard animal models, which harbour their own limitations. A more holistic or integrated risk assessment approach, which considers the biological plausibility, genetics and epigenetics of effects, may thus be more fruitful in terms of understanding the endocrinology and in adequate chemical regulation. Currently, the ‘State of the Science’ report published by Evans et al. (2011) fails to collate the information regarding mechanisms, endpoints or species, treating each concern somewhat independently, which may not necessarily reflect the science itself. A greater understanding of the ‘over-arching and emerging issues’ that underpin endocrine toxicity, would undoubtedly aid in both the hazard characterisation and risk assessment of EDCs.
In addition, despite observations in mammals, the role of endocrine disruption in immunological function is not discussed, and current testing strategies may not pick up on this mode of toxicity, as a result of sterile laboratory settings and the requirement of healthy animals for study. 
However, the most significant omission from the ‘State of the Science’ report is the complete lack of exposure assessment. Understanding the pathways of human exposure and the environmental prevalence of a substance are imperative in determining the risk to populations and the significance of toxicological findings. In terms of regulatory activity, the fact for example that in utero BPA exposure may increase the risk of metabolic syndrome is irrelevant if BPA is not environmentally prevalent, or there is no human exposure or usage; the significance of these toxicological findings is determined by the large tonnage of this material in use throughout the EU and the UK. The approach undertaken by Evans et al. (2011) may reflect the recent shift from a risk to hazard based assessment of chemicals, as part of the precautionary principle undertaken by the EC; however, ignoring exposure may focus too heavily on the hazard, miss-representing the potential risk. 
Considering the number of environmentally prevalent chemicals, further elucidation of low dose effects and mixture toxicity may also be deemed essential for regulatory purposes, significant factors which although touched on by Evans et al. were not alluded to in any great detail. As a preliminary ‘work in progress’ it may be suggested that environmental prevalence and human exposure should be included in future works. Furthermore, in mirroring the published science, the ‘State of the Science’ focuses almost entirely on oral exposure when exploring human health effects, which although undoubtedly the most significant pathway of EDC exposure, may underestimate effects, as both dermal exposure and inhalation may contribute to pollutant body burdens. 
Throughout the ‘State of the Science’ report, the authors state the need for vast research efforts in order to elucidate the risks posed by EDCs. However, the scope of the work deemed necessary may surpass economic, time and ethical feasibility. Although, possibly out of the scope of Evans et al.’s intentions, no prioritisation or weighting to the future research needs was presented. It may however, be suggested that the research attempts should focus on modes of action, wildlife effects and health effects currently excluded from the remit of UK/EU regulatory schemes. Further elucidating the specifics of a known carcinogen for example, may not be as important from a regulatory perspective, as elucidating the potential harm via metabolic or behavioural endocrine disruption, which is currently not captured by REACH or the Plant Protection Products Regulation, and may have vast societal health implications for both humans and wildlife. This lack of concluding remarks stands for the ‘State of the Science’ report as a whole, as although each section is briefly concluded by Evans et al. (2011), the compartmentalisation ignores the significant interplay of effects and holistic approach deemed necessary in understanding the all pervading nature of endocrinology, an executive summary or concluding remarks chapter would undoubtedly aid the report.   
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