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Abstract: The concepts requiring validation in the subject of endocrine disruption are listed
and discussed. The main mechanisms by which endocrine disruption can occur are identified,
and the assays required for the detection of adverse endocrine disruption toxicities, associated
with these mechanisms, are discussed. The process of assay validation is considered within the
context of the criteria established by Balls & Karcher. The validation of structure activity
relationships, the need for reference chemicals, and the problems recently encountered when
attempting to reproduce endocrine disruption data are also explored. The most important
conclusions to derive from this analysis are first, that given the immature state of research into
endocrine disruption toxicity, testing strategies and the types of assay employed should be kept
under constant review, with the inevitable need for future revision of each being accepted from
the outset. Second, that given the current absence of any chemical universally accepted as
being devoid of endocrine toxicity, assay specificity will be impossible to assess, and that
imposes the need for alternative objective criteria for assessing the value of individual assays.

INTRODUCTION

The word validation implies the need to ensure that an article/assumption is sound, genuine, logical,
satisfactory, authoritative, convincing. These words provide a good starting point for this chapter, but
they are without meaning in the absence of description of that which is to be validated. At the simplest
level (as encountered in the lay press), the perception is that some environmental chemicals may be
capable of disturbing the endocrine system of animals leading to adverse reproductive or developmental
outcomes, and that this potential to disturb can be assessed using a few standard assays that require only
minimal validation before they can be routinely deployed. In fact, the issue in question is highly complex
and a range of distinct validation needs are evident. At the most fundamental level there is a need to
validate the basic assumption that the reproductive capacity and sexual development of humans and/or
wildlife species have already been, or in future could be, compromised by ambient levels of exposure to
endocrine disrupting (ED)t chemicals. Certain adverse human and wildlife effects have been associated
with chemical exposures, but proof of causation usually remains for study. The validation process
required to transform ED associations into ED causations has been discussed (1) within the context of the
hypothesis testing criteria of Hill (2). This critical validation need is not pursued further herein because
causation has already been assumed by a sufficient number of regulatory authorities to require the
development of assays for ED activities and the formulation of testing strategies/legislative testing
guidelines.

*Pure & Appl. Chem.1998,70(9)—an issue of special reports devoted to Environmental Oestrogens.
T ED is used to represent endocrine disruption and/or endocrine disrupting throughout the text.
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Once it is assumed that some environmental chemicals may present a hazard to the endocrine system
of one or more organisms, several additional needs present themselves. The most important of these is
the need to devise and validate a testing framework that will include assays to cover the several possible
mechanisms by which chemically-induced reproductive or sexual development toxicities can be
produced. At present these assays fall into four major classes:

¢ Invitro assays that determine the ability of an agent to interact with natural hormone receptors

« Invivoassays to measure disturbances to the normal biochemical synthesis and degradation of the
natural steroid hormones.

e Assays to determine adverse ED effects in mammals.

e Additional tests using wildlife species, as individually considered appropriate (see further discussion
under Testing Strategies later herein).

Validation of the final list of assays will involve the collection of test data to justify the inclusion or
exclusion of individual assays, and agreement on the types of organism to be monitored. In addition, the
assays selected for routine use will require to be validated in order to establish that they are sensitive to
reference endocrine disrupters operating by the appropriate mechanism, and to confirm that they are
practical to conduct and give reproducible test data within and between laboratories. This last validation
need requires the existence of a library of reference chemicals known to possess the adverse ED
activities being predicted, together with agents known to be inactive in these respects.

It is relevant to note at this point that the above approach to validation could have been usefully
applied to the study of environmental carcinogens. However, in that endeavour the mistakes listed below
were made:

1 The risk posed to humans by exposure to animal carcinogens was assumed and not proven, and has
since been seriously questioned.

2 Arange of different testing strategies were applied retrospectively, and then only when it was
realised that different countries were employing different predictive assays, usually for different
purposes.

3 Chemical carcinogenicity was initially assumed to represent a singular property of chemicals. That
led to a fruitless search for a single ‘wonder assay’ for all possible types of rodent /human
carcinogen.

4 Evaluation of the practicality and reproducibility of assays was left until a late stage, by when many
unreliable/unjustified assays had been incorporated into the regulatory guidelines of some countries.
A repetition of these same mistakes in the prediction of endocrine disruptors can only be avoided by
adherence to an internationally agreed validation process.

MECHANISMS OF ED

The several mechanisms by which endocrine disruption may occur will ultimately dictate the types of
assay required for the detection/assessment of endocrine disrupting chemicals (see testing strategies, later
herein). The mechanisms currently being considered by the United States EPA Endocrine Disrupter
Screening and Testing Advisory Committee (EDSTAC) (3) are represented in Figure 1. These
mechanisms include either disturbance of the biochemical production and/or destruction of the natural
hormones oestradiol, dihydrotestosterone and triiodothyroxine, or competitive agonist/antagonist
activities of xenobiotic chemicals at the naturally-occurring receptors for these hormones [the oestrogen
receptor (ER), the androgen receptor (AR) and the thyroid hormone receptor (THR), respectively]. To
date, most attention, and most data, have been concerned with ER agonists and AR antagonists, but there
is general agreement that these are but two of several potential mechanisms of ED toxicity. There is an
essentially endless list of possible ways of altering the biochemical production/destruction/homeostasis
of the three natural hormones under consideration, but available evidence only supports this concern for
the inhibition of either dihydrotestosterone or oestradiol production (e.g., by inhibition of the cytochrome
P450 enzymesdbreductase and aromatase, respectively; see Figure 1)
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Fig. 1. Biosynthesis of natural hormones affecting the oestrogen receptor (ER), the androgen receptor (AR) and the
thyroid hormone receptor (THR) and chemicals known, or predicted, to modify these normal functions. TSH =
thyroid stimulating hormone. PTU = 6-propylthiouracil, PCB = polychlorinated biphenyls.

Concerns regarding the disturbance of thyroid gland function are less well defined, but are based on
the anti-thyroid (hypo-thyroid) activities of 6-propylthiourea and the PCBs, each activity leading to
increased testis size in treated rodents (4,5). These and other possible ways in which disturbance of the
normal functioning of the thyroid gland could be induced are shown in Figure 1. It is noticeable, that to
date, no ED activities have been associated with THR agonists/antagonists, with hyper-thyroid chemicals
or with agents capable of inhibiting iodinase enzymes (responsible for the conversipto af; Th the
liver).

The extent to which these many activities of chemicals can be assessed ugiagassays will need
to be carefully considered and validated. On the one hand, receptor-mediated effects seem optimal for
assessment using appropriatevitro assays (particularly when such assays are made to be metabolically
competent); in contrast disturbances in steroidogenesis and thyroid gland function would seem best
suited to evaluation in the whole organism. It is critical that the difference between an activity (e.g., ER
binding, enzyme inhibition) and an adverse toxicity (e.g., reduced testes size, increased day of vaginal
opening) be carefully distinguished when attempting to validate assays, in particular, those cémducted
vitro.

When considering hormone receptor-mediated ED toxicities there are four main receptors currently
under consideration, ER ERB (6,7), AR and THR. In addition, there are two ways in which the normal
functioning of these receptors in their natural environment can be modified—competitive receptor
agonism and receptor antagonism (Figure 1). These eight points of endocrine disturbance currently
suggest the need for eight separate assays. The following points, however, argue against this and indicate
the need for a constant review of the assays actually required. First, the assumed discrete nature of
ER/AR agonist/antagonist properties of chemicals underlies the EDSTAC proposal to monitor these
activities separately for each chemical (3). However, the knowledge-base supporting this quadrupling of
testing effort is thin, and is often not supportive. For example, the simple model assumed by the current
EDSTAC approach is that some chemicals will act as either pure agonists, or pure antagonists, solely as a
function of their chemical structures. An alternative prospect, with very different implications for testing,
is that interaction of a chemical with ER is the only useful thing that can be disdewigd, with the
study of agonist/antagonist effects only being approachable in intact organisms. Supporting this
proposition, Horwitz (8) has reviewed the range of ER-related responses elicited by tamoxifen in humans
and has shown that they are dependent upon the tissue being monitored and the duration of dosing.
Similar conclusions apply to the selective oestrogen raloxifene (9-11). Further, Willabrf12) have
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shown that GW5638, an ER antagoiiistitro, and in the rat uterus vivo, acts as a full ER agonist in

the rat bone and cardiovascular system. Such subtle responses indicate that receptor agonist/antagonist
activities are not a function of the chemical structure of an agent, but rather, a function of the receptor
response element and/or the tissue under study (i.e., these are toxico-dynamic and pharmaco-dynamic
issues). If this is so, the critical need becomes the study of how chemicals interact with ER/AR in a range
of different genetic and/or tissue environments (13). Despite these concerns the current concept that
receptor agonist/antagonist effects reflect intrinsic properties of chemicals (as opposed to biological
environments) is maintained in Table 1 and Figure 2. The further complexity engendered by the recent
recognition of two forms of the oestrogen receptor (6), the tissue- and chemical-specific responses of
these receptors (7), and the recognition that several oestrogens can also function as anti-androgens (14),
will inevitably complicate this matter further; thus the need for constant review (validation) of ED assays
and testing strategies.

Table 1.Sentinel chemicals representing different mechanisms of endocrine disruption. These agents are suggested
as suitable for the initial validation of ED assays. Documentation of the adverse properties of these chemicals will
be necessary before they are adopted (see Table 2).

Agent Proposed mechanism
Methoxychlor Synthetic oestrogen
Diethylstilcestrol Synthetic oestrogen
Genestein Phyto-oestrogen
Coumestrol Phyto-oestrogen

ICI 182,164 Anti-oestrogen

Dihydrotestosterone Androgen

Flutamide Anti-androgen
Cyproterone acetate Anti-androgen
Vinclozolin Anti-androgen
p,p’-DDE Anti-androgen
Ketoconazole P450 inhibitor
Diethylstilboestrol P450c17 inhibitor
Finasteride B-reductase inhibitor
Anastrazole Aromatase inhibitor
PCBs Anti-thyroid activity
6-Thiouracil Anti-thyroid activity

THE PROCESS OF ASSAY VALIDATION

The process to be followed when validating a test method has been discussed in detail by Balls &
Karcher (15), based on the conclusions of a series of workshops. The advice given is particularly
relevant to the validation of endocrine disruption assays, and the essence of that advice is endorsed and
reproduced here.

© 1998 IUPAC, Pure and Applied Chemistry 70, 1735-1745
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Fig. 2. Framework for the development of a sequential approach to the evaluation of chemicals for endocrine
disrupting potential in humans. SAR, structure activity relationships; QSAR, quantitative SAR; ER and AR,
estrogen and androgen receptors; PK, pharmacokinetics. Reproduced with permission (31).

Five main stages in the evolution of new test methods were identified: test development (in laboratory
of origin), prevalidation (involving an informal interlaboratory study), validation (involving a formal
interlaboratory study), independent assessment (of study and proposals) and progression toward

regulatory acceptance.

Test development

The following criteria were suggested to be met before a method is considered ready to enter the
validation process:

1 A description of the basis of the method coupled with a clear specification of endpoint, endpoint
measurement, derivation and expression of results, and their interpretation and application.

2 A definition of its scientific purpose.

3 The case for its relevance and its proposed practical application.

An explanation of the need for it in relation to type and extent of effects, levels of assessment, and
availability of other methods.

5 The availability of an optimised protocol with a standard operating procedures, including use of

adequate control groups.

© 1998 IUPAC, Pure and Applied Chemistry 70, 1735-1745
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6 A clear statement about limitations.
7 Evidence of intralaboratory reproducibility and of interlaboratory transferability..

Prevalidation

The proposed prevalidation scheme involves collaboration between established and competent
laboratories, as follows: Phase I: protocol refinement; Phase IlI: protocol transfer, and Phase llI: protocol
performance.

Validation/independent assessment

The criteria for evaluating a validation study were suggested to include consideration of the following:
Clarity of defined goals.

Quiality of overall design.

Independence of management.

Independence of selection, coding and distribution of test materials.
Independence of data collection and analysis.

Number and properties of test materials studied.

Quiality of interpretation of results.

Performance of methods in relation to goals of the study.

Reporting of outcome in the peer-review literature.

10 Availability of raw data.

11 Independence of assessment of outcome.

These are stringent requirements that cannot easily be circumvented without prejudicing attempts to
rapidly develop reliable assays for endocrine disruption.

© 0 N O O WN P

TEST ORGANISMS

The need to study both humans and wildlife species has been recognised from the outset (16,17). The
study of human effects is best conducted in humans; however, as in other branches of toxicology,
laboratory species such as the rat and the mouse will be employed as human surrogates. In contrast, the
extent to which rodent data can be used to anticipate possible ED effects in all wildlife species has yet to
be resolved. The limited data available indicate that ED hazards to wild mammals can be predicted using
the approach adopted for human hazard assessment, but invertebrate, avian and fish may not always be
covered by this approach. Recent reviews (18,19) have considered this topic in detail, including
suggestions as to which sentinel wildlife species would be most appropriate for use. Perhaps the most
important point raised in those reviews was the current paucity of knowledge of the working of the
endocrine system of most wildlife species, in particular, of invertebrates (19). In practice, this means that
assessment of non-mammalian ED effects will be extremely difficult in the immediate future, and in this
area, the concept of validation will be concerned more with the selection and study of sentinel species
than with the sensitivity and performance of assays based on those species.

STRUCTURE ACTIVITY RELATIONSHIPS (SAR)

Different SAR will be required for each mechanism of ED; there will be no general SAR of ED. The
only qualification to this is that there is growing evidence for overlap between receptors; thus SAR for
ER may have some implications for the SAR of AR, etc. The validation of SAR in ED will therefore
require a clear definition of the mechanism of ED involved, and specific clarification of the level of
biological data being considered. For example, the SAR of ER bimndingro will be different to the

© 1998 IUPAC, Pure and Applied Chemistry 70, 1735-1745
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SAR of activity in a rodent uterotrophic assay, despite the facts that the latter assay monitors ER activity
and the former assay is predictive of activity in the latter assay. SAR for the oestrogen receptor is
discussed below to illustrate the potential complexity of what is often regarded as the simplest of
predictive assaysSAR for ER interactions is currently anchored to the chemical structure of oestradiol
(Ey) itself (20), and the manner of its interaction with the ER. Thus, the molecular shaperahies

the oestrogenic activity of the ‘look-alike’ hydroxylated polychlorinated biphenyls to be estimated (21).
However, Connoret al (21) concluded as follows:structure-oestrogenicity/anti-oestrogenicity
relationships for the eight compounds studied were complex and response-specific. The structure-ER
binding relationships were different in the rat and the mouse, and no dose-dependent oestrogenic
activities were observed in the rat or mouse uterus. Several compounds exhibited anti-oestrogenic
activity and two inhibited progesterone receptor (PR) binding in the mouse ut&his’.complex

picture is further confused by our recent finding that estratriepew{th both of its -OH groups
removed) is a potent oestrogen bothvitro andin vivo (Ashby & Sumpter, unpublished, 1997his
complexity indicates that computerised structural databases based on the chemical structure of the sex
hormones may alert to obvious structural analogues, but at present they will be unable to venture into the
area of real need, the prediction of activity for structurally remote analogs @.d=, kepone and
dieldrin), or of testosterone (e.g., vinclozolin) (22,23).

REFERENCE CHEMICALS

Assessment of assay sensitivity and specificity requires access to established ED agents, and agents
agreed to be devoid of ED activities. The composition of these two groups of chemicals has yet to be
agreed upon.

Reference ED agent$he tabulation of known ED active chemicals is an easier task, but one that is not
without its own problems. To the extent that a set of genuinely distinct mechanisms of ED toxicity exist
[e.g., interaction with the oestrogen receptor (ER)] it should be possible to select representative
chemicals for each mechanism for validation of the appropriate assay. The problem immediately
encountered with this approach, using the same example, is that although many chemicals are known to
interact with oestrogen receptamsvitro, the number of these that have produced sentinel ER-mediated
toxicities in animals or wildlife species is limited. For example, despite the fact that many studies have
established the capability of bisphenol-A to prodeffectsassociated with its interaction with ER

vitro, it is difficult to identify confirmed toxicities causally aligned with this property; a critical
distinction. An analogy derived from carcinogen screening experience is thatirseitre assays that

found non-carcinogens positive tended to be justified by reference to similar activities found for the
chemical in question in othar vitro assays—a dangerous cyclic process. This problem was discussed by
Gina Solomon during a recent US EDSTAC meeting, as reported by Endocrine/Oestrogen Leiter (3): *
you require that something has to have an adverse effect before labelling it as an endocrine disrupter,
then you are shifting the level of scientific proof needed to a very high level. It is not hard to show that
something mimics oestrogen, but to show that it also causes an adverse effect is surprisingly tricky’
That dilemma is probably the most serious being faced at present.

An illustration of the difficulties discussed above is provided by the data shown in Table 2. This Table
is based on illustrative slides shown at a recent meeting on the development of ED assays. The reference
ED chemicals shown in Table 2 were tentatively suggested as suitable for the validation of assays for
oestrogens and antiandrogens. Four things are of interest about this list of chemicals. First, they provide a
good starting point. Second, they only cover ER- and AR-mediated ED toxicities. Third, there is clearly a
strong element of repetition of chemical types in the list, a situation that requires to be justified in order
to conserve resources. Fourth, and of greatest importance, only the chemical names and the broad
classification of ER- or AR-mediated effects were provided. The remaining empty columns in Table 2
must be completed before the calibrant sentinel toxicities in question can be defined in detail (a task not
attempted here and which will reveal that some of these chemicals have not been established as
producing adverse toxic effects, despite their ability to interact with hormone receptors in model
systems). Completion of Table 2 will also enable the many hidden traps of validation to be recognised.

© 1998 IUPAC, Pure and Applied Chemistry 70, 1735-1745
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For example, if an agent has been defined as giving adverse ED effects in the mouse following dosing for
28 daysvia subcutaneous injection, it would be unwise to over-interpret a negative predictive assay
response obtained following a single oral administration of the chemical to rats. Like must be compared
to like, and this is only possible when the calibrant toxicity data have been adequately analysed and
presented.

Table 2. Agents suggested to be of use when validating ED assays (adapted from slides presented at a recent
conference). The many empty boxes in this Table require to be completed before these chemicals can be regarded
as, or used as, calibrant chemicals for ED assays.

Calibrant | Condition of observation of adverse | Probable Assay required to detec]
Chemical adverse | effects mechanism | effect, and

ED effect| Species/| Duration | Dose | Route of effect response expected
strain of dosing | level

Oestradiol 1B

Estrone

Tamoxifen; hydroxy
tamoxifen

Nafoxidine

IC1 182,164

Chlordecone

Methoxychlor

0,p’DDT; p,p’'DDT

Bisphenol A ER mediate(

Coumestrol (stated)

Genistein

B Sitosterol

Equol

Zearalenone; zeranol

DES

Benzyl butylphthalate

Chlordane; endosulphan

Lindane

Octyl phenol; nonyl phenol

Testosterone

Dihydrotestosterone

Corticosterone

Progesterone

Aldosterone

Levonogestrel AR mediate

Flutamide; hydroxyflutamidg (stated)

Norgestrel

Norethridone

Cyproterone acetate

Vinclozolin

Procymidone

p,g-DDE

An initial list of calibrant ED chemicals is suggested in Table 1, based on the mechanisms of ED
toxicity illustrated in Figure 1. These chemicals have adequate evidence of producing adverse ED-
mediated toxicitiesn vivo, but those data still require to be documented, as described above. The agents
shown in Table 1 do not include those chemicals that may be capable of affecting uniquely invertebrate
endocrine systems. The number of chemicals capable of disturbing thyroid gland function is currently
limited to the two agents shown in Table 1 [6-thiouracil and polychlorinated biphenyls, both of which
increase testis weight in rats (4,5)].

© 1998 IUPAC, Pure and Applied Chemistry 70, 1735-1745
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Agents devoid of ED activitieAt present there are few, if any, agents generally agreed to have no ED
activities, and this is due to the current absence of chemicals classified as negative in a rodent multi-
generation study conducted according to a protocol that includes the recently recommended additional
markers of sexual development. As a consequence, assessment of the specificity of ED assays will be
difficult in the immediate future. Nonetheless, the need for such data when assessing newly derived
assays cannot be over-emphasised. In the absence of such agents, the response given to a chemical by a
new ED assay will not be predictive of activity, but definitive of activity (no false positive predictions
having been shown for the assay). For example, it is often stated at conferences that the MCF7 assay (the
E-screen) has given no false positive responses to date, a meaningless statement in the absence of named
chemicals inactive as endocrine disrupters.

LISTS OF ENDOCRINE DISRUPTING AGENTS

To legitimately be on a list of ED agents it is necessary that the chemical has been shown to disrupt an
endocrine system, and that implies the availability of test data from an organism with an intact endocrine
system. In the absence of such data, potential ED agents may be added to lists of oestrogens, androgens
or progestins, for example, based on their ability to bind to the appropriate isolated receptor. The latter
lists will be of little toxicological value, but they will be valuable for prioritising agents for further study.

The illusory value of lists of chemicals has recently been documented by Scialli (24) in an article of
immediate relevance to endocrine disruptenslesitifying Teratogens: The Tyranny of Lists

REPRODUCIBILITY OF ENDOCRINE DISRUPTION DATA

The many problems encountered when attempting to confirm independently reported ED effects has been
commented on earlier (25), and this can be expected to present a continuing challenge to all investigators
in this field. This is primarily because the possible activities under study encompass virtually the whole
of biology—few biological functions being totally independent of gender status and the degree of sexual
development or senescence of the organism under study. Thus, a chemical may alter the body weight of a
developing animal leading to a change in the timing of sexual maturation, and in such situations it will be
difficult to associate the sexual change with either the body weight change or any intrinsic ED activities
the chemical may possess. A related example is the demonstration by Steihede26) that both £

and bis phenol A (BPA) are able to increase plasma prolactin levels in F344 rats, but not in SD rats. It is
easy to imagine results from these two strains of rat being separately derived and reported, thereby
leading to the impression of a conflict between laboratories and investigators. It also remains possible
that a subtle difference between sub-strains of Wistar rats may be at the root of the failure to replicate the
ability of BBP to reduce testis size in rats (27,28). Adding to this potential complexity is the fact that
little is currently known about many of the biological processes currently being implicitly investigated in
ED research. For example, Shetlal (29) have shown that ACI rats develop mammary gland cancer
upon exposure toEleading to the expectation that ovariectomized ACI rats, exposed to the same net
plasma concentrations of Experienced in the treated intact animals, would develop a similar incidence

of mammary gland tumours. In fact, the ovariectomized animals were resistant to the carcinogenicity of
oestradiol. This finding led Shudt al (29) to consider the complementary role of progesterone in
oestradiol-induced mammary gland carcinogenesis. The significance of these results lies in the fact that
ovariectomy would hitherto have been considered to represent a potentially useful model for studying the
effects of xenobiotic oestrogens on the rodent mammary gland—yet this is clearly not the case. Examples
such as these illustrate that current attempts to study endocrine disruption are being made against a
background of significant ignorance regarding many of the fundamental aspects of endocrine
homeostasis. Such ignorance should not disable attempts to make progress in this field, but they should
signal caution when suggesting testing strategies and regulatory testing requirements.

© 1998 IUPAC, Pure and Applied Chemistry 70, 1735-1745
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TESTING STRATEGIES

The development of practical and validated assays for ED effects is presently the subject of intensive
international research, and within that context, the acceptance by EDSTAC that some of their preferred
assays are only at the research stage of development, and the redundancy evident among the assays they
listed, confirms the infant state of this field. This situation indicates that the most efficient way to
proceed is to use the few currently available assays in a hierarchical way (30,31), and to keep under
constant review the findings of current research. Thus, one suggested approach (32) is to gather data on
the activity of major chemicals (of unknown reproductive toxicityinimitro assays for the expression of
transfected ER and AR and to study further any active compounds in the available mammalian and
wildlife ED assays. This will be an imperfect and temporary approach. For example, it may be that some
ER agonists found inactive in the rodent uterotrophic assay may eventually be shown to exert a subtle but
important effect on the rodent prostate gland, or that an agent may exert a specific ED effect in birds
after having been defined as inactive in trout. Such findings could lead to a revision of the testing
strategy. However, the alternative (precautionary) of seeking a perfect testing strategy using only the
currently available assays may present greater eventual problems than those encountered with an
evolutionary approach. The consensus represented by the International Program of Chemical Safety
(IPCS) scheme for using short-term mutagenicity assays to predict carcinogens and germ cell mutagens
(33) illustrates that an hierarchical approach to testing is a realistic prospect, albeit many compromises
were required between those participants who were influenced primarily by precedents and those who
were influenced primarily by possibilities. The final IPCS consensus was mediated by the discipline that
proponents of the inclusion of a particular assay were required to name one mutagen/carcinogen that
would remain undetected if it were to be omitted from the scheme. A similar requirement would help to
justify the final battery of ED assays accepted by Regulatory authorities.

The large number of toxicological considerations relevant to the design of an efficient ED testing
strategy are shown in Figure 2 (31). The final quadrant of Figure 2 is concerned with human/wildlife
hazard assessment, the ultimate goal of all endeavours in this area. The present emphasis on assay
selection and assay validation must therefore be seen as a means to the achievement of that goal, and not
as an end in itself.

DOSE LEVEL SELECTION

It has been suggested by several investigators that the selection of dose levels for whole-animal ED
studies will require a different approach to that adopted in other branches of toxicology. The examples
cited include the plasticizer butyl benzyl phthalate (BBP) which has a no-effect level for rat liver enzyme
induction (and an associated anti-carcinogenic effect in the rat mammary gland) of about 250 mg/kg
bodyweight (34), yet it is reported to increase the weight of rat testis at a thousand times lower dose (27).
Likewise, Nagelet al (35) have discussed presumed ED activities of bisphenol A (BPA) occurring at
orders of magnitude lower dose levels than those required to produce activity in the rat uterotrophic
assay (36). The reality and implications of such effects for dose setting in ED studies require urgent and
objective evaluation/validation before change are made to the usual criteria for dose selection.

REFERENCES

1 Ashby J, Houthoff E, Kennedy SJ, Stevens J, Bars R, Jekat FW, Campbell P, Van Miller J, Carpanini FM,
Randall GLPEnviron Hith Perspectl997,105 164—169.

Hill AB, Proc. Royal. Soc. Medicin&965,58, 295-300.

Anon. Endocrine/Oestrogen Letter, Washington DC, July 1287hp 1-7.

Hess RA and Cooke PBund. Appl. Toxicgl1996,29, 11-14.

Cooke P.S., Zhao Y. and Hansen LTaxicol. and Appl .Pharm1996,136 112-117.
Katzenellenbogen B.S. and Korach KEhdocrinology 1997,138 861-862.

o OB~ W N

© 1998 IUPAC, Pure and Applied Chemistry 70, 1735-1745



10
11
12

13
14
15
16
17
18
19
20

21

22
23
24
25
26
27

28

29
30
31
32
33

34
35

36

Validation of in vitro and in vivo methods for assessing endocrine disrupting chemicals 1745

Kuiper G.G.J.M., Carlsson B., Grandien K., Enmark E., Haggblad J., Nilsson S. and Gustafsson J.-A,,
Endocrinology 1997,138 863-870.

Horwitz KB . Endocrinology 1995,186 821-823.

Black LJ, Sato M, Rowley ER Magee DE, Bekele A, Williams DC, Cullinan GJ, Bendele R, Kauffman FG,
Bensch WR, Frolik CA, Termine JD and Bryant HLIClin Invest1994,93, 63—69.

Evans G.L., Bryant H.U., Magee D.E. and Turner REMdocrinology 1996,137, 4139-4144.
Yang N.N., Venugopalan M., Hardikar S. and Glasebrook&ience1996,273 1222-1225.

Willson T M, Norris J D, Wagner B L, Asplin I, Baer P, Brown H R, Jones S A, Henke B, Sauls H, Wolfe S,
Morris D C and McDonnell D PEndocrinology 1997,18, 3901-3911 1997.

Jansen H.T., Cooke P.S., Porcelli J., Liu T.-C. and HansenRe@rod. Toxico].1993,7, 237—-248.
Sohoni P and Sumpter JAEERIdocrinology1998,158 327-339

Balls M and Karcher WATLA 1995,23, 884—-886.

Colborn T. and Clement C. (Eds), Princeton Scientific Publishing, 1992.

McLachlan J.A.Environ. Hith. Perspect1993,101, 386—-387.

Campbell PM and Hutchinson THpviron. Tox. and Cheml998,17, 127-135.

Ankley Get al. (30 authors)Environ. Tox. Chem1998,17, 68—87.

Brzozowski AM, Pike ACW, Dauter Z, Hubbard RE, Bonn T, Engstrom O, Ohman L, Greene GL, Gustaffson
J-A, and Carlquist MNature1997,389 753-757.

Connor K, Ramamoorthy K, Moore M, Mustain M, Chen |, Safe S, Zacharewski T, Gillesby B, Joyeux A and
Balaguer PToxicol. Appl. Pharm.1997,145 111-123.

Kelce W R, Lambright C R, Gray E L and Roberts KiBxicol. Appl. Pharm.1997,142 192-200.

Kelce W R, Stone C R, Laws S C, Gray E L, Kemppainen J A and WilsonN&rg 1995,375 581-585.
Scialli AR.Reproductive Tox1997,11, 555-560.

Ashby J and Elliott BMReg Tox Pharm 997,26, 94-95.

Steinmetz R, Brown NG, Allen DL, Bigsby RM, Ben-Jonathaiiocrinology1997,138 1780-1786.

Sharpe R M, Fisher J S, Millar M M, Jobling S and Sumpter Briviron. Hith. Perspect1995,103 1136—
1143.

Ashby J, H Tinwell, PA Lefevre, J Odum, D Paton, SW Millward, S Tittensor and AN BrBeks, Tox.
Pharmacol.1997,26, 102-118.

Shull 3 D, Spady T J, Snyder M C, Johansson S L and Penningto@#tdinogenesis1997,18, 1595-1601.
Reel J.R., Lamb J.C. and Neal B.Fund. Appl. Toxico] 1996,34, 288—-305.

Ashby J.Environ. Toxicol. Pharmacpll997,3, 87-90

Shelby MD, Newbold RR, Tully DB, Chae K, Davis \Environ Hith Perspec1996,104, 1296—1300.

Ashby J, Waters M D, Preston J, Adler | D, Douglas G R, Fielder R, Shelby M D, Anderson D, Sofuni T, Gopalan
H N B, Becking G and Sonich-Mullin Glutat. Res.1996,352, 153-157.

Singletary K, MacDonald C and Wallig MNCarcinogenesis1997,18, 1669—-1673.

Nagel SC, vom Saal FS, Thayer KA, Dhar MG, Boechler M, WelshonsBiRviron Health Perspect997,
105, 70-76.

Ashby J and Tinwell HEnviron. Hith. Perspect1998,106, 719-720.

© 1998 IUPAC, Pure and Applied Chemistry 70, 1735-1745



