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Introduction

At the beginning of the 21st century, we are experiencing a paradigm change in biology. The
dominant view during the last fifty years has considered development to be a function of the
unfolding of a genetic program where the environment plays virtually no relevant role. This
view has prevailed despite studies from the late 19th century illustrating the phenomenon of
environmentally triggered polyphenisms. The arbitrary choice of model organisms which
thrive in laboratory facilities where the environment is practically invariable, and the
dominance of a genocentric view led to developmental genetics, “a discipline that explicitly
treated phenotype as a direct ‘readout’ of the nuclear genome” (Gilbert, 2005). This is a
misconception that needs to be corrected.

Thanks to the incorporation of new data, prominent among them epidemiological studies
highlighting the developmental plasticity of the human fetus, this rigid view of development
is now rapidly being replaced (Barker and Hanson, 2004). Several pathways have been
identified that could incorporate environmental cues into the building of a phenotype during
early development, namely, i) the neuroendocrine route, whereby the nervous system
monitors the environment and transfers signals to the endocrine system, ii) the epigenetic
route, whereby environmental agents change the methylation pattern of genes, thereby
altering their transcriptional capabilities, and iii) the direct modulation of gene expression,
particularly by hormonally-active agents (Gilbert, 2005).

This new emphasis on the role of the environment in development has resulted in the
creation of a new discipline, ecological developmental biology (eco-devo) and has prompted
scientists to hypothesize that fetal exposure to environmental agents, particularly those with
hormonal activity, may cause health effects that manifest during adult life. One of these
chemicals, the pesticide DDT, was found to be estrogenic in 1950 (Burlington and
Lindeman, 1950). The specter of cancer and other adverse health effects in humans, rather
than the protection of wildlife or the environment, motivated the US government to ban the
agricultural use of DDT in 1973. The normalization of eggshell development in the bald
eagle population after DDT was banned allowed evidence of other widespread effects of
DDT exposure to be observed. Hatchling birds showed a diversity of developmental
malformations (National Research Council, 1999). These developmental malformations
were well documented in the Great Lakes area and they were also observed in other
ecosystems (Johnson et al., 1993).
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In 1991, the Wingspread Conference held in Wisconsin addressed these new data. The
participants proposed that the developmental alterations observed in several wildlife species
was due to exposure to multiple chemicals that, through different modes of action, disrupted
the endocrine system of developing organisms. They noticed that some of the effects
observed in the genital tract of wildlife were comparable to those seen in the daughters and
sons of women who had been exposed during pregnancy to a synthetic estrogen,
diethylstilbestrol (DES), between the years 1948-71 (Herbst and Bern, 1988; Mittendorf,
1995). They postulated that the DES syndrome was an extreme expression of the plasticity
of the fetus to environmental cues provided by hormonally active chemicals such as DDT
and polychlorinated biphenyls. They also noticed that in addition to the already banned
chemicals, other hormonally active chemicals were present in the environment. The anti-
oxidant nonylphenol, which had just been shown to leach from laboratory plasticware (Soto
et al., 1991), was one such example. Nonylphenol headed a growing list of chemicals that
were subsequently identified as endocrine disruptors including plasticizers, disinfectants,
sunscreens, and new pesticides (Colborn et al., 1993; Krishnan et al., 1993; Soto et al., 1994;
Schlumpf et al., 2004). The participants of the Wingspread Conference concluded that the
developmental abnormalities observed initially and predominantly in birds might
foreshadow similar problems beginning to be observed in mammals, including humans
(Colborn and Clemens, 1992). A year later, a meta-analysis concluded that the quantity and
quality of human sperm had decreased during the last half-century, coincidentally with the
introduction of chemicals into the environment (Carlsen et al., 1992).

The consequences of the DES iatrogenic mishap, as well as the gross developmental
anomalies observed in wildlife, were the result of exposure to high doses of hormonally
active agents. Ecological developmental biology, which considers the environment a main
determinant in the construction of the phenotype, provided the conceptual framework to
suspect that the phenotype can be affected by small variations in the endocrine milieu of the
developing embryo. In fact, even physiological variation of the hormone levels to which
fetuses are exposed results in effects that are manifested during adult life. For example,
contiguity to male fetuses in the uterus affects the adult behavior, body weight, reproductive
senescence (Clemens et al., 1978; Gandelman et al., 1977; vom Saal, 1989, 1992) and the
development of the fetal mammary gland in females (Vandenberg et al., 2007). This
perspective was a key component in the development of the Wingspread Statement.

Increasing concern about environmental hormones as causal agents of human disease soon
started to appear in the literature, resulting in the formulation of the endocrine disruptor
hypothesis. This hypothesis states that the increased incidence of malformations of the male
genital tract, several neoplasms (uterine leiomyoma, testicular cancer and breast cancer), and
the decreased sperm quality observed in European and US populations over the last fifty
years was due to fetal exposure to endocrine disruptors (Markey et al., 2003; Skakkebaek et
al., 1998). Laboratory animal research and epidemiological studies produced a body of
evidence supporting the credibility of this hypothesis. Subsequent research by
developmental biologists aimed at testing the endocrine disruptor hypothesis revealed that
developmental exposure to these agents produced additional effects to those alluded to
above, such as obesity. Based on the correlation between industrial chemical use and
increased body weight in industrialized countries, Baillie-Hamilton proposed that the rapid
rise in obesity might also be related to the rising levels of industrial chemicals in the
environment (Baillee-Hamilton 2002).

One particularly well studied endocrine disruptor is the ubiquitous contaminant bisphenol-A
(BPA), a component of plastics and epoxy resins. BPA has structural similarities to DES,
and like DES, it is a xenoestrogen. We have chosen BPA as a model for this commentary
because the multiple deleterious effects of this chemical in experimental animals resemble
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recent trends observed in humans. In fact, these similarities prompted the National Institutes
of Environmental Health Sciences (NIEHS) to call a group of experts to evaluate the
evidence; their findings were published in a series of articles and were summarized in the
Chapel Hill Consensus Statement. There they stated that “the wide range of adverse effects
of low doses of BPA in laboratory animals exposed both during development and in
adulthood is a great cause for concern with regard to the potential for similar adverse effects
in humans. Specific examples include the increase in prostate and breast cancer, uro-genital
abnormalities in male babies, a decline in semen quality in men, early onset of puberty in
girls, metabolic disorders including insulin resistant (type 2) diabetes and obesity, and
neurobehavioral problems such as attention deficit hyperactivity disorder (ADHD).” (vom
Saal et al., 2007).

Carcinogenesis in the womb: a challenge to the Somatic Mutation Theory

According to the somatic mutation theory, cancer is caused by mutations in the DNA of a
single cell (Hahn and Weinberg, 2002). The research emanating from this theory has not
provided either an explanation of cancer pathogenesis, reliable tools for cancer prevention,
or successful therapies for most cancers. Due to these shortcomings, an old notion that
originated in the late 19th century when pathologists described the histological pattern of
tumors has resurfaced. It suggested that altered tissue organization was at the core of
neoplasia, thus linking carcinogenesis to embryonic development (Sonnenschein and Soto,
2008). A central motif in this theory is the persistence of morphogenic fields throughout
adult life; these fields orchestrate histogenesis and organogenesis before birth as well as
tissue maintenance and regeneration throughout postnatal life. The tissue organization field
theory posits that neoplasia results from a flawed interaction among cells and tissues. In this
regard, exposure of stroma to a carcinogenic insult results in the development of carcinomas
upon recombination of the exposed stroma with unexposed epithelial cells (Barcellos-Hoff
and Ravani, 2000; Maffini et al., 2004). In the same context, carcinogenesis is potentially
reversible as has been illustrated by the normalization of neoplastic epithelial cells upon
recombination with normal stroma (Maffini et al., 2005).

Guided by the tissue organization field theory, we have hypothesized that in utero exposure
to xenoestrogens increases the incidence of mammary cancer in adulthood because these
chemicals interfere with mammary gland morphogenesis. Perinatal exposure to low doses of
the xenoestrogen BPA (25 and 250 ng BPA/kg body weight) resulted in alterations in the
organization of the mouse fetal mammary gland observed during the period of BPA
exposure (Vandenberg et al., 2007). In addition, long-lasting effects in the mouse mammary
gland became apparent during adult life, long after cessation of exposure (Markey et al.,
2001). BPA enhanced sensitivity to estradiol, decreased apoptosis, increased the number of
progesterone receptor-positive epithelial cells at puberty, increased lateral branching at 4
months of age and induced intraductal hyperplasias (Munoz de Toro et al., 2005;
Vandenberg et al., 2008) . All of these observations in mice suggest that BPA exposure may
increase the propensity to develop mammary neoplasia.

Because rats are a better model for mammary gland carcinogenesis than mice, we exposed
dams to 2.5, 25, 250, and 1000 ug BPA/kg body weight/day to explore this hypothesis.
Female offspring developed ductal hyperplasias at all the doses tested. In addition,
carcinomas in situ were observed at postnatal day 50 and 95 in the animals exposed to the
two highest doses. In sum, BPA exposure during pregnancy was sufficient to induce
preneoplastic and neoplastic lesions in the adult mammary gland in the absence of any
additional treatment aimed at increasing tumor incidence (Murray et al., 2007). BPA
exposure during lactation followed by exposure to the carcinogen dimethylbenzanthracene
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(DMBA) resulted in higher mammary tumor multiplicity and reduced tumor latency
compared to control animals (exposed solely to DMBA)(Jenkins et al., 2009).

Altogether, the mammary gland data obtained in rodents bring us back to the DES story:
recent epidemiological studies have revealed that women exposed in utero to DES have an
increased risk to develop breast cancer. This outcome has become apparent as the cohort of
women exposed to DES in utero reach the age of prevalence of this neoplasm (Palmer et al.,
2006)

Other endocrine disruptors, such as atrazine (which is not estrogenic) (Rayner et al., 2004)
and dioxins (which have diverse toxicities, including indirect agonistic and antagonistic
estrogenic effects) alter mammary gland development (Fenton et al., 2002). Though these
alterations persist during adult life, the effect of these exposures on mammary gland
carcinogenesis has yet to be explored.

Evidence that BPA exposure to neonates induces proliferative pre-cancerous lesions in the
rat prostate has also been reported. (Ho et al., 2006). Neonatal exposure to 10ug BPA/Kkg
BW/day did not increase the incidence of prostatic intraepithelial neoplasias (PINs).
However, the increased propensity of the BPA-exposed animals to develop PINs was
revealed when these rats were given a hormonal stimulus (testosterone plus estradiol for 16
weeks) during adulthood.

Endocrine disruption challenges “science as usual”

The multiple effects observed long after cessation of perinatal BPA exposure contradicts
traditional reasoning, in which an estrogenic compound like BPA is expected to cause
alterations in estrogen target tissues only. These findings merit a detour into epistemology,
the science of “how do we know what we know”, which becomes relevant to biologists
seeking explanations for the phenomena being observed. There are at least two different
types of explanations for reproducible observations: in physics there are laws. In the absence
of laws, explanations are of the mechanistic type. According to Bechtel and Abrahamsen, “a
mechanism is a structure performing a function by virtue of its component parts, component
operations, and their organization. The orchestrated functioning of the mechanism is
responsible for one or more phenomena” Reductionists would construct a mechanism as a
linear causation chain, i.e. ligand binds to receptor, which regulates (activates or represses)
gene expression in a given cell type, which in turn, would explain a phenotype. A
reductionist, bottom-up approach may try to build a gene network interactive model.
However, how can one translate those intracellular events into altered tissue architecture, i.e.
a phenotype?

Morphogenesis entails tissue-based events like reciprocal interactions among cells and the
matrix that surrounds them, as well as cellular elongation and movement. These interactions
among cells could be classified into two groups: i) those mediated by physical forces and ii)
those where biochemical mediators are prominent. It should be noted, however, that these
physical and chemical mediators also interact. Perhaps, the best metaphor in this regard is
the one implied in the B. Fuller-inspired concept of tensegrity, whereby the organism, from
the macro-scale to the micro-scale, is shaped by tensional forces through a balance of push
and pull (Ingber, 2008). In this context, physical force “transduces” biochemical signaling,
whereas biochemical factors also influence tensional forces. Recent studies have shown, for
example, that varying the rigidity of the matrix could direct the same type of stem cell into
very different specification paths. A soft matrix induces neuronal differentiation, a rigid one,
bone cells (Engler et al., 2006). In more complex systems, the rigidity of the matrix
determines the shape of epithelial structures (Paszek and Weaver, 2004) It is also known that
cells remodel the matrix that surrounds them. A reductionist approach is ineffective when
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dealing with the reciprocal and simultaneous causation implicit in cell to cell and cell to
matrix interactions, and thus, it is a first limitation for the study of complex phenomena such
as endocrine disruption.

A second limitation is due to technically driven research biases. By this we mean that it is
easier to work with DNA than with RNA, and with RNAs than with proteins. If we suspect
that a chemical would alter chromatin structure, we choose to work on DNA methylation,
which is easier to examine than histone modification. Similarly, it is easier to study gene
expression than cell-cell interactions.

A third limitation is due to our research focus and expertise which favors the study of a
single end point such as obesity, or cancer, or behavior, or reproduction. This is obviously
more manageable than attempting to study all these points together. However, these end
points may interact, as we know that obesity is a risk factor for certain cancers, as are
hormone levels and patterns of carcinogenic exposure. Similarly, hyperactive behaviors may
modify the expression of obesity associated with early exposure to a xenoestrogen.

And finally, it is easier to study a single agent at a time than multiple agents; the latter
represents the real-life situation, as we are simultaneously exposed to multiple endocrine
disruptors). This multi-causality does not stop at the mixture of chemicals we are exposed
to. That is, if we explore the prenatal causes of obesity or leanness during adult life, we
know that nutrition, gender, stress, xenoestrogens, phytoestrogens, and other endocrine
disruptors such as organotins (Grun et al., 2006) nicotine (Toschke et al., 2002),
perfluorooctanoic acid (Fenton, in this issue) and hexachlorobenzene (Smink et al., 2008)
can all contribute to an outcome.

How do we overcome the limitations of Reductionism? Consider Organicism, the study of
emergent phenomena

The complexity of multicellular organisms generates the perception of a discontinuity
between low and high level phenomena. For instance, to know how a joint works, we have
to understand the mechanics of movement and shock absorption. We cannot deduce it solely
from the molecular components of hyaline cartilage. Thus, properties at one level of
biological complexity (for instance, tissues) cannot be ascribed directly to their component
parts (cells, extracellular matrix); they arise only through the interactions among the parts.
Properties are emergent if their presence cannot be explained (predicted) from the properties
of individuated parts (Gilbert and Sarkar, 2000).

How can emergent phenomena be studied? A strategy might be formulated as follows; first,
the level of organization at which the phenomenon of interest is being observed needs to be
identified . Second, studies at this level of organization should be initiated. The third step is
to move cautiously up and down levels of organization to identify bottom-up and top-down
causation (Figure 1). Because we have to deal with reciprocal causality (for example, cell A
is releasing an agent a that acts upon a neighboring cell B while simultaneously cell B is

releasing an agent b that acts upon cell A), the number of interacting elements escalates and
the limit of what can be done using conventional tools is rapidly reached (Soto et al., 2008).

Are we technologically capable of studying complex phenomena? Inherent in the scientific
thought of the past centuries has been the resolve to create an elegant and simple
representation of reality, moving away from complexity. Advances in computational science
and applied mathematics resulted in the development of quantitative models which can
generate testable predictions derived from computer-based (in silico) simulations. These
approaches will likely provide the tools for the study of complex phenomena such as those
caused by exposure to endocrine disruptors. Among the recent developments in this field,
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agent-based simulation is one of the most important computational tools commonly used for
modelling morphogenesis (Robertson et al., 2007). Agents are discrete elements, often
representing biological cells, which behave according to a fixed set of dynamic rules
(Merelli et al., 2007). They typically occupy a position in model space and may interact with
neighbouring agents. Different properties of the system need to be represented in the
computational mode, from tracking the position of the cells participating in morphogenesis,
to describing their interactions with other cells and extracellular matrix. However complex,
these models are being developed and most importantly they allow performing simulations
via computer run experiments which outcomes can be verified in the live tissue or organ.

A good example of what can be achieved using a systems biology approach is the Virtual
Heart developed by Denis Noble and his many collaborators, which include all levels of
biological organization, from the gross anatomy of the organ to the molecular levels. “With
over 40 years of interaction between simulation and experiment, the models are now
sufficiently refined to begin to be of use in drug development.” (Noble, 2007). Gilbert and
Sarkar proposed the adoption of this stance for the study of Developmental Biology (Gilbert
and Sarkar, 2000). The field of endocrine disruptors will benefit substantially by adopting
this organicist/emergentist approach which aims at simultaneously integrating phenomena at
the organismal (systemic), organ, tissue, and cell levels of complexity.

In this conference, the effects of administering single compounds including perfluoroctanoic
acid, organotins, phthalates, bisphenol A, phyotestrogens, nicotine and DES were discussed
with regard to influences on body weight regulation. The data presented coupled with data
from other studies of endocrine disruptors suggest that exposure to a single compound can
be significantly influenced by its dose level (not necessarily in a linear fashion), time and
length of exposure (prenatal and/or neonatal, peripubertal, adulthood), sex of the individual,
and gonadal status. Some estrogenic agents, like BPA and DES, promote increased body
weight (Howdeshell et al., 1999; Newbold et al., 2008; Rubin et al., 2001) or can decrease
body weight (Newbold et al., 2008; Nunez et al., 2001), or lead to increased insulin
secretion followed by subsequent development of insulin insensitivity (Alonso-Magdalena P
et al., 2006). A diet containing high levels of the phytoestrogens genistein and diadzein from
conception through adulthood increased metabolic fitness in males (Cederroth et al., 2007),
a rather beneficial effect. Exposure to organotins during gestation (days 12-18) resulted in
increased adipose deposition at birth and increased adipose tissue mass, but did not increase
body weight at 10 weeks of age (Grun and Blumberg, 2006). The effects of
perfluorooctanoic acid on body weight were dependent upon ovarian status (Fenton in this
issue) and exposure to nicotine during fetal development results in increased body weight in
children (Toschke et al., 2002). For some compounds, shared or overlapping mechanisms of
action contribute to the similarity of their effects. PPAR vy has been implicated in the effects
of organotins and phthalates and perfluoroctanoic acid on increased adiposity or body
weight. Other endocrine disruptors may act through unique pathways in addition to their
main or better known endocrine effect. For example, in addition to its estrogenic effects,
BPA, interferes with thyroid hormone signaling (Moriyama et al., 2002), and there are
examples of BPA action as an estrogen antagonist in the presence of estradiol (Bjerke et al.,
1994; Leranth et al., 2008; Zsarnovszky et al., 2005). In addition to this mindboggling
complexity, we have to consider that humans and wildlife are exposed to a mixture of
endocrine disruptors.

In summary, we have addressed the epistemological problems integral to the centuries-old
tradition of reductionist thinking in science, which seeks to extract a representation of reality
free of complexity. From the perspective of ecological developmental biology and systems
biology, we are encouraged to embrace the complexity inherent in our subject of interest.

Mol Cell Endocrinol. Author manuscript; available in PMC 2014 February 12.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Soto et al. Page 7

We would be satisfied if his analysis persuades researchers to heed Whitehead's advice:
“Seek simplicity and distrust it (Gilbert and Sarkar, 2000).”
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Figure 1.

Comparison of the reductionist and organicist approach to causality. In the reductionist
approach, the lower level determines the upper level (left panel) while in the organicist /
systemic approach, a given phenomenon should be first studied at the level of organization
at which it is observed. Then, both bottom-up and top-down causes should be accounted for.
To illustrate the organicist view of development, we choose the tissue level of organization,
as most organs start to develop by cell-cell interaction within a tissue compartment (right
panel).
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