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Introduction

Endocrine disrupting chemicals (EDCs) have

been defined as “exogenous substances that
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alter endocrine functions and consequently

cause adverse health effects in an intact or-

ganism or its progeny, or subpopulations.” The

diversity of EDCs includes natural and syn-

thetic hormones, phytoestrogens, pesticides,

and a variety of industrial chemicals and by-

products (IPC, 2002). The disruption of endo-

crine function can have a number of neuro-
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내분비 란 물질 비스페 와 발달 단계 뇌: A

김 진 경

구가톨릭 과 소아과 실

내분 란 질이 인체에 미 는 향과 라스틱 품에 용출 는 가bisphenol A(BPA)

달 단계 동 뇌에 향 주는 여러 들 살펴보고자 다.

를PubMed, the National Library of Medicine (USA) online database Index Medicus

이용 여 내분 란 질 스페놀 에 해 여편 이상 논 고찰 고 이 가A 100 ,

운데 일상생 에 노출 는 미량 농도에 달 단계 신경계에 미 는 향에 해 조사

편 논 참고 다58 .

내분 란 질 인체 내분 계에 향 주어 장애를 일 키는 외인 질이다 스페.

놀 는 라스틱인 폴리카보 이트 에폭시 지 합 원료이다 인체에 노출 는 양 미량A .

생체에 도가 낮아 라스틱 사용이 건강에 직 인 향 없다고 지 지 알 있,

다 그러나 근 동 실험에 임신이나 간 동안 미량 농도에 노출 었 달 단계.

뇌에 향 미 다는 결과들이 보고 고 있다 또 인간 에 검출 는 미량 농도에. BPA

도 실험동 에 는 향 보 다고 다 그러므 미량 스페놀 에 만 노출 었. A

향 향 후 규명 어야 과 이다.

태아 소아는 안 이 보장 어 있지 않 많 종 질들에 노출 어 있 며 미,

뇌는 이들 질들에 해 가역 인 장애를 있다 인체에 미량 농도에 만 노.

출 었 그 해 에 해 는 아직 규명 지는 않았 나 임산모나 소아 이러 내분 란, ,

질에 노출 억 요가 있다.
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developmental effects, including alterations in

reproductive behaviors mediated by the hypo-

thalamic-pituitary axis, hypothalamically me-

diated body metabolism, sexual differentiation

in brain morphology, and cognitive and psy-

chomotor development. Sexual and brain de-

velopment are under the influence of estro-

genic and androgenic hormones, and chemicals

that interfere with these hormones can ad-

versely affect neurodevelopment.

Relative to the adult, the developing ner-

vous system is differentially vulnerable to

chemical exposure, due to a number of fac

tors, such as differences in forms and activity

of metabolizing enzymes, rates of excretion,

lack of a protective blood brain barrier, and a

differential binding affinity of xenobiotics to

target proteins. The nervous system is con-

sidered to have reached a steady state in

adults and is not as vulnerable to neurotoxic

agents as is the developing brain (Tilson,

1998).

Extensive laboratory and clinical studies of

several toxicants, including lead, mercury,

polychlorinated biphenyls (PCBs), alcohol, and

nicotine demonstrate the unique vulnerability

of the developing brain to environmental

agents at levels that appear to have no lasting

effects following exposures in adulthood.

Bisphenol A (BPA), which is now present

ubiquitously in the environment, has the po-

tential for exposure and subsequent effects in

humans. BPA has been widely discussed as a

prime candidate for endocrine disruption.

In this review, I will discuss hormonal

disruption of EDC and effects of BPA on fetal

and postnatal brain development at levels of

low, albeit presumably environmentally rele-

vant, exposures.

Materials and Methods

This review was performed by searching

PubMed, the National Library of Medicine

(USA) online database, as well as Index Me-

dicus for earlier (prior to 1980) citations on

EDCs and BPA. More than 100 peer-reviewed

articles were retrieved for review of endo-

crine disrupting mechanisms and actions of

BPA. Of these papers, 58 were chosen for this

review as they are related to brain develop-

ment during intrauterine life and with lacta-

tional exposure, to low dose EDCs and BPA at

levels typical of everyday environmental ex-

posures in humans. In these studies, the ef-

fects of EDCs, including BPA, were evaluated

for their relationship to estrogen and thyroid

hormone status, dopaminergic and several other

signaling mechanisms, and measures of beha-

vioral, physiological and pathological changes in

rodents.

Results

1. Mechanisms of Endocrine Disruption

Many EDCs appear to function as estrogens

or antiestrogens by interacting with estrogen

receptors (ERs) (White et al, 1994; Cheek et

al, 1998). Considering the widespread tissue

distribution of ER subtypes and complexities

of estrogenic actions, a number of mech-

anisms in different tissues exist in vivo for

xenoestrogens to perturb normal signaling.



Most xenoestrogens are ligands for ERs and

are thought to exert their actions by pro-

moting an active ER conformation, and thereby

regulate target genes accordingly. Ligand de

pendent activation of ERs involves dimeri-

zation and conformational changes within the

receptor that allow recruitment of coactiva-

tors. Since human tissues show different

expression patterns of coactivator subsets,

this could explain the tissue specific activities

(agonistic or antagonistic) of xenoestrogens.

These estrogenic substances can also affect

nongenomic ER pathways, which do not rely

on gene transcription or protein synthesis but

involve modulation of cytoplasmic or cell

membrane-bound regulatory proteins (Single-

ton and Khan, 2003).

Some EDCs, such as the hydroxylated PCB

metabolites, interfere with estrogen meta-

bolism by inhibiting estrogen sulfotransfera-

ses, thus increasing the bioavailability of

estradiol (Kester et al, 2002). In addition, the

metabolite of dichlorodiphenyltrichloroethane

(DDT), p,p'-DDE, functions as an antiandro-

gen by binding to androgen receptors (Kelce

et al, 1995).

Prenatal and postnatal exposures to estro-

genic pollutants have the potential to alter

development of dopaminergic pathways. In

experimental studies, octylphenol, an alkyl-

phenolic compound widely used in industry,

enhanced the uptake of
3
H-dopamine by rat

hypothalamic dopaminergic neurons (Christian

and Gillies, 1999). Intrauterine and lactational

exposures to PCBs also resulted in signi-

ficantly decreased concentrations of dopamine

in the frontal cortex and caudate nucleus in

rats (Seegal, 1997).

Thyroid hormones (THs) are important

regulators of brain development during the

fetal and neonatal periods. The central ner-

vous system is especially dependent on TH

for normal maturation and function. Speci-

fically, there appears to be extensive inter-

reliance between TH and acetylcholine, nerve

growth factor and hippocampal function (Smith

et al, 2002). In addition, a high prevalence

(70%) of Attention Deficit Hyperactivity Dis-

order (ADHD) has been reported in children

with generalized resistance to TH (Hauser et

al, 1993), and in the offspring (66.8%) of

mothers exposed to mild to moderate iodine

deficiency (Vermiglio et al, 2004). Unlike the

ERs, there is little evidence that environ-

mental chemicals bind to the thyroid hormone

receptor (TR). Because of the complexity of

TH function and regulation, it is unlikely that a

single assay will become available to detect

chemicals that act on any or all of these

pathways. Chemicals appear to alter the

thyroid system by either inhibiting synthesis

of THs, altering serum binding to transport

proteins, or by increasing TH metabolism

(DeVito et al, 1999).

In a study in Slovakia, Langer (Langer et al,

1998) described a significantly increased

prevalence of thyroid peroxidase antibodies

(TPO-Ab) in female employees of a factory

that had previously produced PCBs. The pre-

valence of individuals with defined clinical or

laboratory signs of thyroid disorders was

significantly greater among employees than a

control group. From North American and

Western European evaluations, up to 0.5% of



pregnant women (1 in 200) may have overt

hypothyroidism, whereas up to 2.5% of them

(1 in 40) may have subclinical hypothyroidism

that is undetected before pregnancy. Between

6 and 12% of women of child bearing age (1

in 16 to 1 in 8) may have thyroid antibodies,

with strictly normal Free T4 and Thyroid

stimulating Hormone (TSH) (de Escobar et al,

2004), and these antibodies do pass through

the placenta. Women with high levels of TPO

Ab had a sixfold increased risk of presenting

with relatively low Free T4 levels in early

gestation, which is also a risk factor for

impaired psychomotor development in the

offspring (Vulsma, 2000).

The importance of TH transfer from the

mother to the fetus during the second half of

human pregnancy has received increased re-

cognition. There is also increasing awareness

of the importance of maternal thyroxine for

fetal brain development early in pregnancy.

During this period the mother is the only

source of TH for the fetus, prior to the onset

of significant secretion by the fetal thyroid at

midgestion. There is increasing consensus

that maternal hypothyroidism, both clinical and

subclinical, requires early detection and

prompt treatment, because of its important

negative effects for the mother, the pregnancy

and child (de Escobar et al, 2004). All preg-

nant women should be screened for hypo-

thyroidism as early in pregnancy as possible.

Treatment should begin as early as possible

in pregnancy with the goal of maintaining Free

T4 in the upper half of the normal reference

range and TSH in the lower half of the normal

reference range (Mitchell and Klein, 2004).

Therefore, further research is needed to

investigate maternal TH status and placental

transfer of T4 in relation to PCBs/dioxins ex-

posure and the generation of autoantibodies

against thyroid tissue.

Until recently, none of studies on effects of

PCBs in human pregnancy have reported data

on maternal TPO Ab titers. EDCs may affect

more than one component of the endocrine

system, and their effects vary with different

concentrations. Therefore it is difficult to

predict the effects of EDCs on human health.

For example, PCBs are known to activate

estrogen receptors, alter TH status, affect

dopaminergic signaling and related behaviors

in rodents, and can affect several signaling

mechanisms. The phenotypic effects of PCBs,

therefore, may not be attributable solely to

their perturbations of ERs, but may also com-

bine with other effects on genetic, epigenetic

or cellular processes.

2. Bisphenol A (BPA)

1) Chemistry and history

BPA (2,2-bis-(4-hydroxyphenyl)-propane)

is a diphenyl compound that contains two

hydroxyl groups in the "para" positon, making

it remarkably similar to the synthetic estrogen

diethylstilbestrol (DES). BPA was first syn-

thesized from phenol and acetone in 1905 by

Thomas Zincke of the University of Marburg,

Germany.

In the early 1930s, scientists began syn-

thesizing compounds based on the phenanth-

rene nucleus of steroidal estrogens in an

attempt to produce substances with similar



properties and potential clinical value. Estro-

genic activity was assessed by the subcuta-

neous administration of test chemicals to

ovariectomized rats that were then observed

for the onset of estrus. The first evidence of

estrogenicity came in 1936, from experiments

in which BPA was fed to ovariectomised rats

(Dodds and Lawson, 1936)

In 1953, Dr. Hermann Schnell of Bayer in

Germany and Dr. Dan Fox of General Electric

in the United States independently developed

manufacturing processes for a new plastic

material, polycarbonate, using BPA as the

starting material. Later, epoxy resins were

developed. Commercial production began in

1957 in the United States, and in 1958 in

Europe, and has grown worldwide along with

the continued growth of uses for polycar-

bonate plastic and epoxy resins.

BPA is produced at over 2 billion pounds

per year worldwide, and is found in many

products, including polycarbonate plastic food

storage containers, as well as the epoxy resin

used as the lacquer lining of food or beverage

cans (Brotons et al, 1995; Yoshida et al,

2001) and in some dental sealants (Olea et al,

1996). Polycarbonate is less durable than

comg monly believed. The ester bond linking

polymerized BPA molecules can be hydro-

lyzed, and hydrolysis increases dramatically at

high or low pH as the temperature increases

and BPA is released to food. For example, this

occurs when canned food is heat processed or

plastic dishes are used in microwave ovens

(Brotons et al, 1995; Olea et al, 1996; Ya-

mamoto and Yasuhara, 1999; Yoshida et al,

2001). When polycarbonate is scratched and

discolored, the rate of leaching of BPA may

increase (Howdeshell et al, 2003).

2) Metabolism

Most of an orally administered dose of
14C-BPA to rats was excreted in the feces

and urine within 24 hours; over an 8-day

period, 28% of the 14C-BPA was excreted in

urine and 56% in feces. The BPA was ex-

creted in urine as the glucuronide or in feces

as free BPA, hydroxylated BPA, and con-

jugates (Knaak and Sullivan, 1966). BPA

monoglucuronide is the major metabolite in

the plasma, milk, bile and urine after oral

administration of BPA. Unchanged BPA is

mostly detected in feces. BPA is mainly me-

tabolized to BPA glucuronide, is excreted into

feces through the bile and is subject to en-

terohepatic circulation in rats (Kurebayashi et

al, 2003). BPA glucuronide is almost com-

pletely devoid of estrogenic activity (Matt-

hews et al, 2001). BPA is glucuronidated by

an isoform of UDP-glucuronosyltransferase in

the rat liver. However, rat liver microsomal

UDP-glucuronosyltransferase activities to-

ward xenoestrogens are absent in the fetus,

although they increase developmentally in the

neonate. In pregnant rats, these activities are

reduced to 40~60% of those in non-pregnant

adult females (Matsumoto et al, 2002).

Due to the poor glucuronide conjugation

capacity of the fetus, high levels of uncon-

jugated BPA have been detected in the fetal

plasma of rats (Takahashi and Oishi, 2000)

and humans (Ikezuki et al, 2002; Schonfelder

et al, 2002). BPA in fetal plasma concen-

trations were higher in male than in female



fetuses. The levels of biologically active BPA

detected in human fetal umbilical cord blood

are within the range of those that produce

effects in toxicological studies in rats and

mice (Schonfelder et al, 2002).

3) Mechanisms of endocrine disruption of BPA

BPA has structural homology with a ring of

-estradiol and, in vitro, is a rather weakβ

estrogen, with a 5,000- to 10,000-fold lower

binding affinity to the estrogen receptor (ER)

than estradiol or diethylstilbestrol (DES)

(Gaido et al, 1997). However, there is a dis-

crepancy between the estrogenic potency of

BPA in vitro and in vivo (Steinmetz et al,

1997). The estrogenic effects of BPA are

greater in vivo compared to its weak estro-

genicity in vitro (Khurana et al, 2000). Thus,

even a small change in the estrogen effect due

to BPA exposure during fetal life may have

detrimental effects (Gupta, 2000). However,

other groups were unable to reproduce effects

by low dose BPA given to pregnant rodents,

which has led to controversy over their po-

tential to cause harmful effects (Ashby et al,

1999; Cagen et al, 1999; Tyl et al, 2002).

BPA also has antiandrogenic activity in vitro

and may act as an antiandrogen in vivo and

alter gene expression, resulting in abnormal

development and function of the androgen

receptor in target tissues (Sohoni and Sump-

ter, 1998). BPA acts as an antagonist to TH

activity, binds to TR and antagonizes T3 acti-

vation of the TR, and reduces T3-mediated

gene expression in culture (Moriyama et al,

2002). BPA also antagonizes the ability of TH

to affect oligodendrocyte differentiation in

vitro (Seiwa et al, 2004).

4) Effects on the developing brain

Recent experimental studies demonstrate

that the developing brain may be a primary

target for BPA action. There have been a

number of reports of adverse effects of peri-

natal exposure to low dose BPA on various

behavioral traits in laboratory rodents (Far-

abollini et al, 1999; Adriani, 2003; Kubo et al,

2003; Negishi, 2004). Behaviors may reveal

subtle effects not easily detectable at each

stage of brain development. Examination of

both learned and unlearned behaviors may

reveal subtle deficits in CNS functions, which

may not be accompanied by demonstrable

tissue pathology. An overall reduction in

motivation to explore has been observed in all

BPA-exposed rat offspring (Farabollini et al,

1999), and the behavior in BPA exposed

males was more similar to typical behavior in

control females (Adriani, 2003; Kubo, 2003).

Prenatal and neonatal exposure to BPA at

low doses can especially influence the de-

velopment of the central dopaminergic system.

In the rat, reduced novelty seeking and in-

creased neophobia was observed in BPA-

exposed females, while amphetamine-induced

incremental activity was significantly less

marked in males (Adriani et al, 2003). Pre-

natal and neonatal exposure to BPA irre-

versibly influenced the reception of fear

provoking stimuli (e.g. electric shock) in male

rats, a response known to be controlled by the

monoaminergic system (Negishi et al, 2004).

In mice, BPA produced an up-regulation of

dopamine D1 receptor function to activate G-



proteins in the mouse limbic forebrain, along

with a significant increase in levels of the

dopamine D1 receptor mRNA in the whole

brain. It also enhanced a methamphetamine

(Suzukiz et al, 2003) and a morphine-induced

abuse state, without direct changes in opioid

receptor function in the lower midbrain (Mizuo

et al, 2004). BPA stimulates dopamine release

in a nongenomic manner in PC 12 cells through

guanine nucleotide binding protein and N-type

calcium channels (Yoneda et al, 2003).

Exposure to BPA during the fetal and

suckling periods leads to interaction of BPA

with somatostatin receptor subtypes (sst2)

(Facciolo et al, 2002). BPA also reverses the

sex difference in the locus coeruleus in rats

(Kubo et al, 2003), and induces tissue oxi-

dative stress and peroxidation, ultimately

leading to underdevelopment of the brain,

kidney and testis in mice (Kabuto et al, 2004).

Discussion

BPA is widespread in the environment and

is commonly ingested by humans through the

use of consumer products. However, because

of both its low estrogenic potency and low

expected levels of exposure, it has also been

assumed that the probability of toxic effects

from BPA is negligible. Furthermore, it has

been generally suggested that after oral

administration, BPA is partially absorbed and

rapidly excreted (its half life is less than 1

day) with no evidence of bioaccumulation in

tissues. Because of its high first pass meta-

bolism to the monoglucuronide, the active

parent form of BPA cannot be found in human

blood plasma.

However, concern for possible effects of

BPA is increased by reported findings that

biologically active (unconjugated) BPA has

been detected in human fetal umbilical cord

blood. These levels were found within a range

typical of those used in recent animal studies

in which they were shown to be toxic to the

reproductive organs of the offspring (Schon-

felder et al, 2002). Although there is no direct

evidence that ingestion of BPA at levels

estimated to occur in typical environmental

exposures has adverse effects in humans,

there are several indications that even small

changes in the hormone levels during fetal life

may have significant effects. On initial review,

chemicals that act mechanistically like es-

tradiol may also show no-threshold dose.

Sheehan (Sheehan et al, 1999) reported that

turtle eggs, when incubated at a temperature

that normally generates a minority of females,

showed sex reversal in 14.4% after the low-

est single dose of 17-estradiol was added to

the shells. A dose response curve suggested a

no-threshold dose for addition of estradiol.

Therefore, the addition of a small quantity of

a xenobiotic (such as an EDC or BPA) to the

body may have effects because it acts in

addition to other chemicals that are already

present. There may also be synergism from

the combination of two chemicals that result in

more that a simple additive response. Addi-

tivity and synergism can lead to no-threshold

effects. Even the smallest amount of a chemi-

cal may therefore have an untoward effect

under certain conditions (Sheehan, 2000).

Singleton (Singleton and Khan, 2003) has



emphasized that the most commonly studied

mechanisms of xenoestrogen effects are

genomic responses mediated by nuclear ERs.

Because the nuclear ER-mediated gene tran-

scription responses to xenoestrogens are very

weak, some have suggested that their pre-

sence in our environment is relatively harm-

less. However, xenoestrogens have the po-

tential to exert tissue specific and nongenomic

actions that are sensitive to relatively low

estrogen concentrations. Nongenomic effects

of several weak estrogenic compounds, in-

cluding low-dose BPA, also have been re-

ported, and are well within the range of human

exposure.

Xenoestrogens, therefore, may be as pow-

erful as estrogen at producing effects such as

increasing calcium influx into cells and sti-

mulating prolactin secretion in GH3/B6 pi

tuitary tumor cells, when mediated by a cell

membrane surface receptor instead of nuclear

hormone receptors (Wozniak et al, 2005).

BPA can affect more than one hormone

(sometimes in opposite directions), or differ-

ent components of the same endocrine path-

way, and can exert tissue specific and non-

genomic actions in experimental studies,

therefore making it difficult to predict its

ultimate effects on human development.

BPA is not the sole source of xenoestrogen

exposure in humans. Many chemicals are

metabolized or undergo environmental degra-

dation, which further complicates the asso-

ciation between any specific effects on neu-

rodevelopment and a particular chemical form

or species. Results emerging from research

labs that test the combined effects of different

weak chemicals are revealing complex inter-

actions, and are able to act together to pro-

duce significant effects when combined at

concentrations below their "no observed ef-

fect" concentrations(Payne et al, 2000; Raja-

pakse et al, 2001; Silva et al, 2002; Raja-

pakse et al, 2004).

Conclusions

Both humans and wildlife are constantly

exposed to a multitude of xenobiotics. Fur-

thermore, the production and utilization of

such chemicals by humans has increased

rapidly in recent years. Recent experimental

animal studies have shown that various acti-

vities of BPA at levels estimated to occur with

typical environmental exposures of humans

exert divergent complicated adverse effects

on brain development. Altered gene expres-

sion during the development of organisms can

induce dramatic changes in developmental

outcomes. Such disruptions are assumed to be

irreversible.

Causal relationships have not yet been

adequately established between the observed

effects of BPA on brain development in rats,

and neurodevelopmental disorders in humans.

Data are insufficient to establish the shape of

the dose-response curve for BPA in the low

dose region, and the mechanisms and bio-

logical relevance of reported low dose effects

are unclear. However, the question remains

whether adverse effects occur from low-level

chronic exposures, particularly during fetal,

postnatal and early childhood development.

Varying definitions of endpoints, nonspecific



endpoints caused by multiple factors, lack of

exposure and effect surveillance data, con-

founders and effect modifiers, and long la-

tency periods between exposures and out-

comes, complicate attempts to reach definitive

conclusions through epidemiologic studies

(Schlettler, 2001).

In order to comprehensively assess the

potential endocrine-disrupting toxicities of

BPA or complex mixtures of xenoestrogens,

further investigation is needed. However, only

a large scale, long term prospective study will

show if and how brain development is in-

fluenced by prenatal and postnatal EDCs

including BPA exposure, and also determine

the underlying pathogenetic mechanisms. Even

in the absence of clear proof of harm, the

judicious reduction of exposures is needed to

protect pregnant mothers and children, by

modifying the use of plastic products and

reducing the release of BPA and other

xenobiotics into the environment.
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