¥ il
ELSEVIER

Review

Available online at www.sciencedirect.com

ScienceDirect

Current Opinion in

Endocrine and Metabolic Research

The history of endocrine-disrupting chemicals

Philippa D. Darbre

Abstract

This mini-review offers a historical perspective on the emer-
gence of endocrine disruption as a multidisciplinary research
area, encompassing studies from ecotoxicology to

medicine and from field observations to molecular cell biology.
Endocrine-disrupting chemicals (EDCs) are environmental
compounds which interfere in the actions of hormones. Some
are naturally occurring, but the majority are man-made com-
pounds which have been released without prior knowledge of
their impact on animal or human health. Reduction in envi-
ronmental contamination with EDCs requires regulatory ac-
tions at international, national and individual levels. However,
the ability of EDCs to act through receptor-mediated mecha-
nisms at low concentrations, often with nonmonotonic dose
responses and additively as mixtures, and to act with cell-
specific and lifestyle-specific effects poses a considerable
challenge to risk assessment.
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Introduction

‘An endocrine disrupter is an exogenous substance
that causes adverse health effects in an intact organ-
ism, and/or its progeny, consequent to changes in
endocrine function’ [1].

A functional endocrine system is needed in all multi-
cellular organisms to ensure the coordinated actions of
hormones, which act as chemical messengers for

communication between organs and tissues, in the
regulation of physiological and behavioural activities.
Hormones are secreted by endocrine glands and are
then carried to act on target cells where their specificity
is determined by binding to cellular receptors. Normal
functioning depends on the coordinated actions of a
complex network of hormones, all acting in synchrony
with one another, at the correct concentrations and at
the appropriate times. However, it is now evident that
some environmental chemicals have the ability to
interfere in the action of hormones, and these have been
termed endocrine-disrupting chemicals (EDCs). Some
EDCs are present in nature as plant-derived phytoes-
trogens or fungus-derived mycoestrogens, but the ma-
jority are synthetic compounds released into the
environment by the activities of man often without
previous knowledge of their effects, either alone or in
combination, on ecosystems, animal wellbeing or human
health ("Iable 1) [2]. The mechanisms of interference
include altering hormone synthesis, altering hormone
transport, altering hormone metabolism and/or inter-
fering in actions at the target site by competing for
binding to cellular receptors or modifying target cell
receptor levels [2]. Alterations may include increasing
activity, decreasing activity or stimulating activity at
inappropriate times [2].

Early indications of endocrine-disrupting
activity in farm animals

Although endocrine disruption has only recently
received high profile attention, the phenomenon has
been known about for a long time (Figure 1) and almost
since the identification of the first hormone in 1902 [3].
The effects of hormones have been known about since
ancient times, most notably in the context of the use of
castration to change serving males into eunuchs. How-
ever, an appreciation of hormones as identifiable
chemical messengers began in 1902 after the identifi-
cation of secretin in the regulation of the digestive
system [3]. Early indications of an endocrine-disrupting
activity were reported already in the 1920s by pig
farmers in the USA concerned by lack of fertility in
swine herds fed on mouldy grain [4], which subse-
quently was shown to result from consumption of
mycoestrogens contained in the mould [5]. This was
followed by reports in the 1940s from sheep farmers in
Western Australia reporting infertility in their sheep
after grazing on certain fields of clover [6], again later
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Table 1
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Environmental chemicals with endocrine-disrupting activity (for detailed references see publication 2).

Compounds Use Source of human exposure
Phytoestrogens Natural component of plants Plant materials in food, nutraceuticals, personal
care products
Mycoestrogens Natural component of fungi Mouldy grain
DDT(and metabolites), dieldrin, Pesticides Animal fat (diet), restricted uses allow for
lindane, other chlorinated inhalation or dermal exposures
organics
Atrazine, glyphosate Herbicides Agricultural, urban/domestic gardens

Polychlorinated biphenyls (PCBs)

Polychlorinated dibenzodioxins
(PCDDs)

Polybrominated diphenyl ethers
(PBDEs)

Perfluorooctanoic acid (PFOA),
perfluorooctanesulphonate
(PFOS)

Bisphenol A (BPA)

Electrical industry
By-product of incineration

Plastics, epoxy resins

Phthalate esters Plastics
Alkyl phenols Detergent
Alkyl esters of p-hydroxybenzoic Preservative

acid (parabens)
Triclosan Antiseptic, preservative
Benzophenones (also at least 50
other approved organics)
Butylphenylmethylpropional,
benzyl salicylate, musks
Organometals — tributyltin
Metalloestrogen — cadmium
Metalloestrogen — aluminium
Synthetic oestrogen —
diethylstilboestrol
Synthetic oestrogens — notably
ethinylestradiol
Synthetic progestins
Synthetic glucocorticoids
Paracetamol

Absorb ultraviolet light

Fragrance

Cigarette smoke
Antiperspirant
Pharmaceutical

Pharmaceuticals

Flame retardant in soft furnishings

Stain resistance of consumer products

Molluscicide — antifouling paints

Pharmaceuticals, cosmeceuticals

Pharmaceutical — anti-inflammatory
Pharmaceutical — analgesic and antipyretic

Animal fat in diet
Inhaled, animal fat in diet

Workplace/domestic environment

Workplace/domestic environment

Storage of food and beverages (diet), domestic
environment

Domestic consumer products

Workplace/domestic environment, personal care
products

Personal care products, foods, pharmaceuticals

Personal care products, domestic consumer
products
Suncare products, other cosmetics, clothing

Personal care products, domestic consumer
products, air fresheners

Consumption of contaminated seafood

Exposure to cigarette smoke

Personal care products

Prevention of miscarriage in pregnancy

Contraceptive pill, hormone replacement therapy,
personal care products

Contraceptive pill, hormone replacement therapy

Pharmaceutical taken to reduce inflammation

Pharmaceutical taken for pain relief and fever
reduction

shown to result from consumption of phytoestrogens in
the plant material [7].

Endocrine disruption in wildlife populations

A significant landmark in awareness of endocrine
disruption as a widespread phenomenon resulting from
man-made chemicals was the publication in 1962 of the
book ‘Silent Spring’ by Rachel Carlson (Figure 1) [8].
This book warned of the long-term consequences for
loss of wildlife populations after the liberal agricultural
use of pesticides and herbicides. In the following years,
endocrine-disrupting properties were reported widely in
wildlife living in water, in air and on land after exposure
to industrial chemicals such as the pesticide dichlor-
odiphenyltrichloroethane, its metabolites and other
organochlorine compounds [9—12]. International envi-
ronmental organisations were established to champion

awareness, but a follow-on book ‘Our Stolen Future’
published by Colborn et al [13] in 1996 describes even
more  serious environmental  warnings  which
demonstrate the inadequacy of measures taken in the
interim period to counter the problem.

Endocrine disruption has been reported widely in
aquatic wildlife where links have been established be-
tween reproductive abnormalities/population declines
and specific chemical exposures in the water. Early work
showed extensive loss of bivalves and gastropods in
harbour waters after exposure to tributyltin. Tributyltin
is a biocide which was introduced in the 1970s into
antifouling paints for treating the underside of ships, but
the release of this compound into harbour waters led to
widescale masculinisation (imposex) of bivalves and
gastropods and consequent population declines [14].

www.sciencedirect.com

Current Opinion in Endocrine and Metabolic Research 2019, 7:26—-33


www.sciencedirect.com/science/journal/24519650

28 Endocrine disruptors

Figure 1
1900 Discovery of hormones as chemical messengers
1920 Infertility in pigs fed mouldy grain
1940 Infertility in sheep grazing on certain clovers
Identification of hormone binding to receptor
1960
“Silent Spring” published
DES identified a transplacental carcinogen
DDT ban in the USA
1980 Cloning of receptor genes
Wingspread meeting, USA first use
of term “endocrine disrupter”
“Our Stolen Future” published
Weybridge meeting, EU
2000
REACH law, EU
Endocrine Society statement
2018 WHO/UNEP report
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Cartoon outlining historical landmarks in the recognition of endocrine disruption. Bold italics indicate landmarks in endocrinology research; normal text
indicate landmarks in endocrine disruption research. EDC, endocrine-disrupting chemical; DES, diethylstilbestrol; DDT, dichlorodiphenyltrichloroethane;
WHO, World Health Organization; UNEP, United Nations Environment Programme.

An accidental spill of the pesticide dicofol into a
tributary of Lake Apopka in Florida, USA, in 1980
resulted in serious loss of the alligator population.
Genital abnormalities were reported in both male and
female alligators, and Apopka female alligators were
reported with abnormal ovarian morphology, large
numbers of polyovular follicles, and raised plasma
oestradiol levels [15]. In the UK, there was an early
warning of feminisation of male fish in rivers down-
stream of sewage effluent works, associated in

particular with the induction of vitellogenin (an
exclusively female protein) and appearance of ovarian
tissue in the testes [16]. A gradient of effect was re-
ported with fish at closest proximity to the sewage
outflow giving the most severe responses [16]. Further
studies using caged fish confirmed the sewage effluent
to be responsible for the responses, and chemical
fractionation showed the presence of natural and
synthetic oestrogens at biologically relevant concen-
trations [16].
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Synthetic hormones and pharmaceuticals

In the 1930s, chemists in London led by Sir Charles
Dodds were synthesising a range of chemicals with
oestrogenic properties [17]. Initiated with the in-
tentions of studying the mechanisms of oestrogen
action, a potential pharmaceutical value of such com-
pounds was realised and a new industry of synthetic
hormones was born. The developing culture of sexual
freedom in the 1960s embraced the use of oral contra-
ceptives containing synthetic oestrogens and progestins
[18]. As this same generation grew older, hormone
replacement therapy became a normal expectation for
control of menopausal symptoms [19]. The long-term
consequences of the desire to control reproductive
hormone exposures have yet to be fully understood, not
only in terms of effects on the individual person but also
in terms of the consequences of releasing so many
synthetic hormones and their metabolites into the
environment.

The use of synthetic hormones, however, now extends
beyond control of reproduction in humans to control of
reproduction in cattle for the meat and dairy industry
[20]. Synthetic glucocorticoids are prescribed widely as
anti-inflammatory agents [21]. Antiestrogens, aromatase
inhibitors [22], and antiandrogens are prescribed for
cancer therapy. N-acetyl-p-aminophenol (paracetamol)
is a widely used non-prescription analgesic (pain relief)
and antipyretic (reduce fever) drug and possesses
endocrine-disrupting activities [23]. Phytoestrogens are
organic compounds produced naturally by plants which
have the ability to mimic or interfere in the action of
oestrogens and are found in over 300 different plant
species [7]. On the basis that compounds of ‘natural’
origin are assumed to be less harmful than man-made
compounds, marketing of plant material or plant ex-
tracts containing phytoestrogens has been widely
adopted for self-medication, most notably in relief of
postmenopausal symptoms.

The legacy of diethylstilbestrol

Diethylstilbestrol (DES) is a synthetic nonsteroidal
oestrogen that was first synthesised in 1938 [17] and
then prescribed to several million women between
1940 and 1971 to prevent threatened miscarriage in the
first trimester of pregnancy [24]. In 1971, it was re-
ported to have caused a rare vaginal cancer in daughters
born to women who had taken DES during pregnancy
[25], and as a result, further prescription ceased. Long-
term follow-on studies have revealed that i wtero
exposure to DES is associated with an increased life-
time risk of a range of adverse reproductive health
outcomes and not only for daughters but also for sons
[26]. These effects of DES have demonstrated not only
that there can be adverse health effects in the human
population after exposure to a potent synthetic
oestrogen but also that exposure i wtero can have
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effects which are lifelong even without any further
exposure after birth.

Development of assays for detecting
endocrine-disrupting activity

An understanding of the molecular actions of hormones
was facilitated after the identification of cellular re-
ceptor proteins in the 1960s and then cloning of the
receptor genes in the 1980s. This enabled further
research to unravel the range of different receptor pro-
teins, their cellular distribution across tissues and the
mechanisms by which they relayed signals into the
target cells by genomic and nongenomic mechanisms
[2]. However, these studies also generated a range of
in vitro assays for hormone action and consequently
enabled testing of individual environmental chemicals
for agonist or antagonist activity through these receptors
[2]. The effects most widely reported are of oestrogen-
disrupting, androgen-disrupting and thyroid hormone—
disrupting activities, but disruption to other receptor
systems has also been noted including progesterone
receptor,  glucocorticoid  receptor,  peroxisome-
proliferator activated receptors and pregnane X recep-
tor [2]. The binding of environmental chemicals to the
aryl hydrocarbon receptor can influence expression of
cytochrome P450 genes; some of which act in the syn-
thesis and/or metabolism of hormones [27].

Using such assays, some of the early studies were aimed
at investigating whether pollutant organochlorine com-
pounds possessed oestrogenic activity which might
explain their observed reproductive effects in wildlife.
Accordingly, dichlorodiphenyltrichloroethane and its
metabolites [28], polychlorinated biphenyls (PCBs)
[28] and polychlorinated dibenzodioxins [29] were
investigated, and some were found to have oestrogen-
disrupting properties in the molecular assays. With the
passage of time, other industrial chemicals were also
investigated, and hence, the alkyl phenols [30] and
phthalates [31] also came under the spotlight as
enlarging the portfolio of known environmental chem-
icals with oestrogenic activity. The report of the leach-
ing out of the oestrogenic compound bisphenol A from
laboratory plasticware [32] stimulated a new focus of
research into the wider implications of the use of
oestrogenic compounds in plastics [33]. The reports
that parabens (alkyl esters of p-hydroxybenzoic acid)
also possess oestrogenic activity in these # vitro assays
[34] generated questions as to their ability to enter the
human body from use as preservatives in consumer
products. At the time, it was assumed that metabolism
after oral consumption in food or pharmaceuticals would
result in removal of the ester grouping with rapid
excretion and that dermal application in personal care
products would not result in any uptake into the human
body [34]. For these reasons, the demonstration in 2004
of parabens in human breast tissue [35] sparked heated
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debate but, in time, led to the confirmation that para-
bens are indeed widely present in the human popula-
tion, not only in human breast tissue (which is an
oestrogen-sensitive tissue and the site of the main
female cancer) but also in over 95% of human urine
samples [34]. In time, this has led to the realisation that
personal care products contain many oestrogenic
chemicals which are not only adversely affecting aquatic
wildlife populations but also entering the human body

[2].

In parallel with these studies, other research was
directed at effects on thyroid function. The toxicity of
PCBs had been highlighted by an incident in Japan in
1968 where many people had been poisoned by con-
sumption of rice oil contaminated with PCBs from a
heat exchanger liquid [36], and research into the
mechanisms of action revealed effects on the thyroid
and, in particular, on thyroid hormone synthesis [2]. In
the following years, other industrial chemicals including
most notably the polybrominated diphenyl ethers used
as flame retardants and perfluoro compounds
(perfluorooctanoic acid, perfluorooctanesulphonate)
used as stain resistance agents also revealed thyroid-
disrupting activities [2].

Environmental exposures and human
endocrine health

In turning to questions of relevance for human health,
the long-debated questions remain as to the extent to

Figure 2

which effects in wildlife or in animal models might also
occur in the human population in response to the same
chemicals, and the extent to which effects observed in
human cells 7 vitro might be predictive of consequences
for human health 7z vivo. The effects of human exposure
to DES made clear that humans could also be vulnerable
to endocrine disruption [26]. However, a new focus on
human health evolved in the early 1990s following re-
ports of declining sperm quality in men living in
Denmark compared with those in its less industrial
neighbour Finland [37]. The decline in sperm quality
appeared linked also to incidence of hypospadias,
cryptorchidism and testicular cancer, defining a new
testicular dysgenesis syndrome hypothesised to result
from exposure to pollutant chemicals [38]. This opened
the door to discussion concerning a role for environ-
mental chemicals more widely in increasingly reported
female and male reproductive problems, increasing
incidence of cancers in reproductive tissues and disor-
ders of thyroid and adrenal function (Figure 2) [2].

Another new aspect to considerations of human health
was uncovered when, in 1990s, David Barker [39] pro-
posed a link between foetal development and adult
disease. With the unfolding legacy of DES, it was
becoming apparent that exposure to untoward endo-
crine agents  utero could have long-term effects into
adult life without the need for any further exposure [26]
and animal models began to reveal that exposure to a
variety of endocrine-disrupting chemicals could also
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Human endocrine disorders reported to result from exposure to endocrine-disrupting chemicals. EDC, endocrine-disrupting chemical.
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have that effect [2]. Most notably, the unfolding
epidemic of obesity was suggested to be linked to
aberrant endocrine exposures # #fero and, in particular,
to exposure to environmental chemicals with obesogenic
properties [40].

Regulatory beginnings

This review has described the historical emergence of
endocrine disruption as a new multidisciplinary research
area encompassing studies from ecotoxicology to
medicine and encompassing broad range field observa-
tions to detailed molecular cell biology studies. One of
the most significant early scientific meetings on endo-
crine disruption was the World Wildlife Fund Wing-
spread Conference in Wisconsin in the USA in 1991,
which was where the term ‘endocrine disrupter’ was first
proposed [41] and which was followed up 15 years later
[9]. In Europe, the Weybridge meeting in 1996 [1] and
Weybridge 15 years on meeting [11] report comple-
mentary findings to those in the USA. Other countries
including Australia, Korea and Japan have held similar
meetings. In 2009, after 18 years of research after the
Wingspread meeting, a scientific statement was
published by the Endocrine Society of the USA outlin-
ing mechanisms and effects of endocrine disrupters and
showing how experimental and epidemiological studies
converge with human clinical observations ‘to implicate
EDC s as a significant concern to public health’ [10]. In
2013, the World Health Organization and the United
Nations Environment Programme released a compre-
hensive report on EDCs, calling for more research to

Figure 3
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fully understand the associations between EDCs and
the risks to human and animal health [12].

Scientific consensus statements from these and other
meetings have led to discussions as to how regulatory
measures might be taken to reduce exposure to suspect
chemicals. However, regulatory action by governments
is dependent on risk assessment, and the actions of
endocrine disrupters pose considerable challenges to
current toxicological risk assessment strategics
(Figure 3). Because EDCs act through receptor-
mediated mechanisms, their actions are more specific
than classical nonspecific toxicants, allowing EDCs to
act at much lower concentrations and through targeted
cellular actions [2]. Their actions are tissue-specific
and effects in one tissue may not predict for effects
in another tissue because effects are dependent on the
presence/quantity of receptors in the target cells/tis-
sues. Effects may also differ at different life stages,
often with a susceptibility window during  wutero
development or early postnatal life. Furthermore, con-
sequences of exposure during early life may take until
into adult life to be realised without the need for any
further exposure and may even persist into the
following generation (transgenerational) [2]. Dose re-
sponses can be nonmonotonic [42], and just as for
hormones, EDCs may have different effects to low and
high concentrations which challenges classical toxi-
cology assumptions of a linear response allowing for
prediction of a safe low dose. Because many different
EDCs may act through similar or complementary

ife-stage specific effec
developmental window.

Transgenerational
effects

Receptor-mediated
-targeted effects
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Non-monotonic
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EDCs
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Long term
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Mechanisms of action of endocrine-disrupting chemicals which set them apart from other toxic compounds. EDC, endocrine-disrupting chemical.
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mechanisms, there can be additive effects from mix-
tures [43], which also challenge the classical toxicology
approach of assessing each chemical in isolation.
Another challenge arising from the development of
i vitro testing methods is the ease/speed with which
in vitro data can be generated compared with # vivo
data, and it is on the /z vivo data that classical toxico-
logical risk assessment has relied. One approach to
resolving the data generation issue has been to
construct adverse outcome pathways. Adverse outcome
pathways provide a conceptual framework by which
exposure to an EDC may be causally linked to an
adverse health outcome through a sequential or
branching chain of events at different levels of biolog-
ical organisation from molecular and cellular to whole
body and population responses. This provides a useful
model based on mechanistic reasoning where mea-
surements cannot be made at every step, where a single
EDC does not act at every step or where multiple
EDCs act by complementary mechanisms. Further-
more, it helps the environmental reality of the need to
identify culprit chemical sources where only a popula-
tion phenomenon is known or vice versa of the need to
investigate whether environmental chemicals with
endocrine-disrupting properties could be causing
adverse health outcomes.

In response to the scientific consensus, government
regulatory procedures are being established at both na-
tional and international levels. In the USA, the Envi-
ronment Protection Agency has set up screening
programmes for chemicals for endocrine disrupter ac-
tivity and now incorporated into the ToxCast
programme [44]. In the European Union, EDCs are now
managed under the legislation of REACH (registration,
evaluation and authorisation of chemicals). Interna-
tional initiatives include agreements under the Rotter-
dam Convention of the United Nations Environment
Programme (www.pic.int) and the Stockholm Conven-
tion (www.pops.int) and from the Organisation for
Economic Cooperation and Development (OECD).
Nongovernmental organisations and the mass media
continue to play a major role in championing awareness
of the implications of endocrine disruption, often
emphasising more strongly adoption of the precaution-
ary principle compared with government regulatory
bodies. Finally, there remains not only a collective but
also an individual responsibility to change habits for the
greater good. Many challenges remain ahead, especially
in social and political aspects, but only the future can
decide whether the final outcome could run counter to
that predicted so often by Haile Selassie:

“Throughout history it has been the inaction of those
who could have acted; the indifference of those who
should have known better; the silence of the voice of
justice when it mattered most; that has made it
possible for evil to triumph.” (Haile Selassie)
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