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Unlike laboratory animals, people are rarely exposed to a single hazardous chemical. However,
most of the information documenting adverse human health effects from environmental and
occupational contaminants has come from studies focused on exposure to single chemicals, and
there is little information available on how two or more contaminants affect humans. Most
information on the effects of mixtures comes from animal systems and limited investigations of
isolated human cells in culture, even though the study of mixtures in such systems has also been
neglected. Two or more compounds may show additive, antagonistic, or synergistic interactions
or may act on totally different systems and thus not interact. Furthermore, even a single chemical
may have multiple effects and affect more than one organ system. Effects may vary with age,
and metabolites may have totally different actions from the parent compound. This paper will
review the variety of health effects in humans that may result from environmental contaminants
and discuss how such contaminants may interact with each other. We will also present examples
on how different contaminants interact from toxicologic studies of polychlorinated biphenyls
performed as part of our Albany, New York, Superfund Basic Research Program project.
- Environ Health Perspect 106(Suppl 6):1263-1270 (1998). http.//ehpnet1.niehs.nih.gov/docs/
1998/Suppl-6/1263-1270carpenter/abstract.html
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Human exposure to environmental
contaminants is omnipresent. It does not
occur only in individuals who live next to
hazardous waste sites or just the disadvan-
taged and poor who live in inner cities or
third-world countries. Everyone carries a
burden of lead in his or her bones, mercury
in their hair, and dioxins and polychlori-
nated biphenyls (PCBs) in their body fat.
Environmental contamination is a global
issue, and contaminants in one country
often are transported to others via air,
water, foodstuffs, manufactured products,
and travelers. Environmental contaminants
may be natural substances such as metals or
radioactive materials, or they may be

manufactured products that are useful to
humans but still have toxic effects.
Contaminants may be manufactured or they
may be unintentional by-products of
human activity, as in the case of combustion
or incineration products or the generation
of chloroform as a result of chlorination of
drinking water. Many contaminants are
mixtures of related chemicals such as poly-
cyclic aromatic hydrocarbons (PAHs), crude
and refined petroleum products, and poly-
chlorinated aromatics; in some of these cases
even the individual components have not
been examined for toxicity.

As documentation of the widespread
degree of contamination, especially in
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developed countries, Figure 1 shows a
chromatogram of urine extracted from
wet diapers of two infant boys 1 year of
age. The peaks in the chromatogram are
identified single PCB congeners and the
dichlorodiphenyltrichloroethane metabo-
lite dichlorodiphenyldichloroethylene.
One infant (upper trace) was breast fed,
while the other (lower trace) was not. The
analyses were conducted to determine
whether the breast-fed infant had more
PCBs and pesticides in his urine than the
non-breast-fed infant, as breast milk
reflects the composition of lipophilic sub-
stances present in a mother's body fat.
What is important is that these chro-
matograms show that both infants at 1
year of age already had significant evi-
dence of exposure to a large number of
chemicals even though their dietary intake
at this age was limited. These substances
are lipophilic and are retained in body fat.
What is excreted in urine is only a small
reflection of total exposure and body bur-
den. The question of importance for the
health of these boys is not simply what
chemical X does to their development and
health, but rather what the impact is of all
of these chemicals acting together.

Health Effects ofMixtur
Some of the major broad categories of
human diseases that are suspected to result
from exposure to environmental contami-
nants are cancer, birth defects, immune
system defects, reduced intelligence quo-
tient (IQ), behavioral abnormalities,
decreased fertility, altered sex hormone
balance, altered metabolism, and specific
organ dysfunctions (2). Almost every
organ system may be affected by one or
more substances commonly found in our
environment. The diseases listed are
abstracted from many studies of both
humans and animals, and in most cases
these investigations were focused on a sin-
gle contaminant. Some of these diseases,
when expressed in a given individual, are
difficult to ascribe with certainty to a par-
ticular exposure (3). This is true for
cancer, birth defects, and many of the
endocrine disruptor and nervous system
actions. But others, such as the specific
organ system dysfunctions seen with kid-
ney disease following lead exposure (4), or
the loss of particular neurons following
methylmercury exposure (5), are clearly
attributable to particular exposures. Many
of the effects of contaminants on humans
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Figure 1. Gas spectrometry chromatograms of urine extracts from diapers from two infants at 1 year of age, show-
ing presence of various single PCB congeners and pesticides. Analysis was made as described by Bush et al. (1).
The infant in the upper trace was breast fed, while that in the lower trace was not. Each peak is an identified PCB
congener or pesticide.

are subtle and difficult to quantify. This is
particularly true for alterations that occur
during development and are thus irre-
versible, as are many of the effects on the
nervous system and organs that are
hormonally regulated.

There are a number of factors that
complicate the toxicologic evaluation of
mixtures. Two or more compounds may
have additive effects as a result of acting at
the same site, altering the same process by
different mechanisms, or as a result of one
compound altering the metabolism of the
second in such a way as to generate a toxic
metabolite. They may also have antagonis-
tic effects or may be synergistic in that the
two together give much greater response
than the sum of either alone. However,
they also may have absolutely no interac-
tions, with each substance acting indepen-
dently. In this case the net effect of the lack
of interaction is that a person experiences
the sum of the different organ toxicities of
the different contaminants.

There are several complications that
must be recognized when generalizing about
mixtures and coming from what we know
about how single compounds act. First, a
single compound may have multiple sites of
action and these may be mediated by totally
different mechanisms. Second, many sub-
stances, including metals, are changed to
metabolites or conjugates in the body, and

these new products may also have biologic
activity that may or may not be similar to
the parent compound. Thus even a single
compound may become a functional mix-
ture, as will be demonstrated for a single
PCB congener and its hydroxylated metabo-
lites. Third, there may be different effects of
a single environmental contaminant at dif-
ferent ages. Lead is a clear example in that
levels of blood lead that appear to have little
effect on neurobehavioral function in an
adult can cause an irreversible decrement in
IQ and trigger altered behavior when
impacting the developing nervous system in
the prenatal or early postnatal period.

Environmental Diseases Resulting
from Genetic Damage
As shown in Figure 2, there are extensive
interactions among many of the various
organ systems, such that alteration of one
may influence the function of others.
Central to many of the influences on bio-
logic systems are effects that occur at the
level of genes. Genes control almost every-
thing, not just the eye color of our chil-
dren. Cancer is a disease of genetic
disruption. Cancer results from mutations
in genes, some induced by a variety of
environmental factors and some inherited
from mutations in previous generations.
Cancer genes may either be such as to
promote generation of cancer (oncogenes)

or, perhaps more frequently, are mutations
that result in the loss of cancer suppressor
functions. Many different environmental
contaminants are carcinogenic, including
some metals and organics. Mutations can
cause birth defects, as normal develop-
ment is under the control of genetics. But
there can be other kinds of effects of envi-
ronmental contaminants mediated by
genetic dysfunction. During normal
development genes are activated or inacti-
vated at different stages, usually under the
control of growth factors and hormones.
Environmental contaminants may inter-
fere with this developmental process. For
example, many of the effects of diethyl-
stilbestrol (DES), the estrogenic substance
given to many pregnant women some
years ago, were the result of altered
expression of genes regulating sexual func-
tions (6). Genes regulate many aspects of
hormonal production, brain development
and function, immune system balances,
and organ physiology, as well as cancer
and birth defects.

Environmental Contaminants
and the Immune System
There are also many direct effects of
environmental contaminants on various
organ systems. The immune system, for
example, is suppressed by some substances
such as dioxin, coplanar PCBs, and PAHs
(7). But the immune system is affected very
differently by some metals, which promote
hypersensitivity, rashes, and autoimmunity
(8). An exciting developing area of inves-
tigation suggests that the dominance of
different populations ofT helper (Th) lym-
phocytes is a major factor in an individual's
immune responsiveness. In individuals
with normal immunity, it appears that the
ThI lymphocytes predominate; these lym-
phocytes produce a particular profile of
cytokines. Individuals with hyperimmunity
(showing asthma, skin rashes, and auto-
immune syndromes) have predominately

Brain

Hormones - Genes - Reproductive
4 ,< system

Immune
system

Figure 2. Diagrammatic interactions between genetic
information and various organ systems intimately
involved in the effects of environmental agents.
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Th2 lymphocytes, which produce different
cytokines (9). It has recently been demon-
strated that environmental contaminants
such as lead and mercury can alter the bal-
ance between the Thl and Th2 lympho-
cytes (10) and there is speculation that
contaminant exposure early in life may
cause permanent or at least prolonged
abnormalities in immune function.

The immune system is also intertwined
with the other hormonal systems and the
nervous system. Children exposed prena-
tally to DES show an altered immune
function (6). There is also extensive inter-
action between the nervous and immune
systems, even to the point of a common
use of messengers. Although neurotrans-
mitters and cytokines have traditionally
been considered specific to only one system
or the other, we now know that both are
used at both sites (11).

Sex Steroids and the Nervous System
Estrogen has direct effects on neurons,
such that estrogen alters synthesis of some
transmitters (12), can alter neuronal struc-
ture (13,14), influences memory function
(15,16), can trigger taste aversions (17),
and can alter neuronal ionic currents (18).
Furthermore, estrogens protect neurons
against glutamate excitotoxicity (19).

Environmental Contaminants
and the Nenrous System
The nervous system is a frequent target of
toxic action. A number of organic and
inorganic compounds will cause abnor-
malities of peripheral sensory or motor
nerves, resulting either in loss of sensation,
abnormal sensation, or muscle weakness
(20). Since the studies of Needleman and
colleagues in 1979 (21), it has been
accepted that lead at remarkably low con-
centrations can cause a decrement in IQ
and also behavioral problems in children
exposed prenatally and in the early postna-
tal years. More recent studies have sug-
gested that these actions are irreversible
(22). The exact mechanisms for these ner-
vous system actions are not known.
Evidence from several laboratories suggests
that PCBs have similar effects; prenatal
exposure has resulted in decrements in
cognitive function and behavior (23,24)
that appear irreversible (25).

Polychioinated Biphenyls
as Chemical Mixue
Polychlorinated biphenyls are interesting
compounds for illustration of the multiple
effects of both individual chemicals and

mixtures; throughout the rest of this paper,
examples of results of PCB research from
our group in Albany, New York, will be
interposed. There are 209 possible PCBs
and 75 dioxins, depending on the number
and position of the chlorines on the base
biphenyl or dioxin rings. PCBs were made
as commercial mixtures with varying
degrees of chlorination. Although their
manufacture and use in the United States
ceased in 1977 when they were recognized
to be persistent both in the environment
and in the body, they continued until
recently to be manufactured and used in
many countries of the world. Although
they are persistent, they are altered by both
physical and biologic processes because
they are vulnerable to both anaerobic and
aerobic biodegradation (26-28) and
metabolism within the body (29). In most
cases these various forms of metabolism
alter the numbers and positions of the
chlorines and do not totally degrade the
PCB. Therefore, the number of different
chemical compounds that can affect
human and animal health is not limited to
the approximately 150 congeners that were
commercially produced.

Historically, PCBs have been considered
weak dioxins. Indeed, some PCB congeners
(those that can assume a coplanar configura-
tion having chlorine atoms only in the meta
and para positions to the biphenyl bridge)
are weak activators of the aryl hydrocarbon
(Ah) receptor, which is known to mediate
many of the effects of 2,3,7,8 tetra-
chlorodibenzo-p-dioxin (2,3,7,8-TCDD),
the most toxic polychlorinated dioxin con-
gener (30). On the basis of this assumption,
some have concluded that the PCBs that
cannot assume a coplanar configuration are
nontoxic (31), but this has now been
proven incorrect. Results from our labora-
tories and those of a number of other
researchers (32-42) clearly show that
many of the 209 possible PCB congeners
have discrete profiles of toxic actions and
each congener may indeed have multiple
actions at different sites.

ortho-substituted and lower chlorinated
PCBs are neurotoxic and at least three
different forms of direct neurotoxic actions
have been demonstrated. Shain et al. (32)
showed that congeners with two or more
ortho chlorines inhibit the enzyme tyrosine
hydroxylase, which is the rate-limiting
enzyme for the synthesis of the neurotrans-
mitter dopamine. Kodavanti et al. (33) and
Carpenter et al. (34) showed that ortho-
substituted, but not coplanar, congeners kill
cerebellar granule cells by a mechanism that

probably involves disruption of calcium
homeostasis. Finally, Niemi et al. (35)
demonstrated that both ortho and coplanar
congeners are capable of blocking the
process of long-term potentiation (LTP), an
electrophysiologic measure in the brain that
is thought to be correlated with cognitive
function (43).

In addition to the direct effects of
estrogens on neurons discussed above,
other endocrine systems are important to
nervous system function. One such sys-
tem is the thyroid. The thyroid controls
the rate of metabolism and is essential to
organ development as well as daily func-
tion. Congenital hypothyroidism, even if
treated after birth, results in a syndrome
of minimal brain dysfunction (44). One
end of the structure of the thyroid hor-
mone shows some steric features similar to
PCBs and dioxins and their hydroxylated
metabolites. These substances interfere
with normal thyroid function in a variety
of ways, as outlined in Figure 3. Several

Hypothalamus

T
TRH Effects of PCBs

Pituitary

TSH

Thyroid
gland

T4

T3

Increased

Altered structure,
increased weight

Decreased due to
increased excretion
because of decreased
binding and increased
glucuronidation

Binding Blocks binding,
proteins (3-8x} than T4

Target Weak agonists
receptors and antagonists

Physical Brain Organ
growth and development maturation
metabolism
Reduced growth Minimal brain Abnormal
and metabolism dysfunction syndrome testicular

development

Figure 3. Diagrammatic indication of sites in which
polychlorinated biphenyls alter thyroid hormone func-
tion and influence development. Abbreviations: T3,
3,3',5'-triiodothyronine; T4, thyroxine; TRH, thyrotropin-
releasing hormone; TSH, thyrotropin-stimulating hor-
mone. Data from Porterfield (44), Byrne et al. (45), and
Visser et al. (46).
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Figure 5 shows the variety of ways in

No 244 which xenobiotics can alter sex steroid
244 function. Substances can mimic or antago-

nize endogenous hormones. They may alter
the rates of synthesis or metabolism of the
endogenous hormone or they may directly
or indirectly alter the expression of recep-
tors for the steroid (53). These various
interactions may be complex in chemical

||T mixtures, with each individual compound

PTU
n=4

Figure 4. Additive effects of hypothyroidism induced
by chronic treatment of developing animals with PTU,
as described by Niemi et al. (47), and acute exposure
of isolated hippocampal brain slices to 2,4,4'-TrCB on
LTP, recorded in hippocampal area CA1, as described
by Niemi et al. 135). Each bar represents the magnitude
and SEM of the increase in the population excitatory
postsynaptic potential (EPSP) induced by a tetanic acti-
vation of the synaptic input, which reflects LTP. Acute
incubation of the brain slice with 1 pM 2,4,4'-TrCB
resulted in about 50% reduction of LTP (right). Slices
obtained from animals exposed to PTU postnatally, as
described by Niemi et al. (47), also showed about 50%
reduction in LTP as compared to control slices (no 244).
When slices prepared from animals exposed to PTU
were acutely incubated in the PCB congener, there was
no LTP whatsoever (left, 244).

potentially having multiple actions and
different compounds in the mixture
potentially acting at different sites that
influence the same final outcome.

Figure 6 illustrates ways in which PCBs
influence estrogenic function. Those copla-
nar PCBs that, like 2,3,7,8-TCDD, acti-
vate the Ah receptor, cause the induction
of cytochrome P450s (CYP) of the CYPIA
and CYPIB gene families. These P450s
appear to catalyze the metabolism of many
PCB congeners and other aromatic moieties
such as endogenous hormones, including
estradiol. They are all estradiol hydroxylases
but insert the hydroxyl group at different
sites: CYPJAl at the 2 position and
CYPIB1 at the 4 position (54,55). Estradiol
can be oxidized at several positions, and the
products are reactive, rapidly metabolized
further, and excreted. Measurement of the
2- and 4-hydroxylated metabolites indi-
cates the relative activity of the two forms
of P450. When metabolism of estradiol is
increased, functional levels fall and an
altered estrogenic function ensues. A num-
ber of the ortho-substituted PCBs, but not
the coplanars, produce a pattern of enzyme
induction similar to that elicited by pheno-
barbital (56). Although the precise bio-
chemical mechanisms and protein factors
involved in this induction process are not
well characterized, elevated levels of
CYP2B, CYP2C, and CYP3A enzymes
result and have the same effect in increas-
ing metabolism and excretion. These
enzymes are primarily expressed in the
liver, although there may be limited expres-
sion in other tissues. Elevated rates of
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CYP1A, -1 B

Ah receptor C - Cytochromes P450

Substrates,
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metabolism
Cvol"Xo;z^~~~~~~~~ndcto ofA;n
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Estrogen receptor * estrogen
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Figure 5. Ways in which different substances can
cause endocrine disruption.
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Figure 6. Sites of action of polychlorinated biphenyls
in altering estrogenic function. PB, phenobarbital.
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hepatic metabolism of estradiol are
observed in animals exposed to PCBs (57).
In contrast to CYP2B, CYP2C, and
CYP3A enzymes, CYP1A1 and CYPIBI
appear to be inducible in a number of
extrahepatic tissues including breast,
uterus, and pituitary (58,59).

Some of the metabolites produced,
especially mono- and dihydroxy PCBs,
may have estrogenic or antiestrogenic
activities of their own (39). In addition to
inducing P450s, however, some PCBs can
directly inhibit these enzymes. Although
some lightly chlorinated PCBs bind to the
active site of the P450s and hydroxylation
of the compound occurs, some of the
more heavily chlorinated congeners bind
but are difficult to hydroxylate, so they are
very effective inhibitors. Finally, through
activation of the Ah receptor, 2,3,7,8-
TCDD and probably also coplanar PCBs
may have inhibitory effects on estrogen-
regulated gene transcription by exclusive
binding at gene regulatory elements found
in the 5' flanking regions of estrogen-
responsive genes. The ligand-bound Ah
receptor appears to disrupt the estrogen
receptor-Sp 1 complex that is involved in
transcriptional activation of human
cathepsin D by interaction at an overlap-
ping xenobiotic response element (60).
There may be similar negative regulation
of other estrogen-regulated genes by the
Ah receptor.

Recent work in our laboratories using
cultured human cells (61) has demonstrated
how complex these interactions can be.
Pang and co-workers measured CYPlAI
and CYPIBI mRNA in several human cell
lines including MCF-7 cells, a human breast
cancer line (40). They demonstrated that a
number of coplanar congeners increased
both CYPlAI and CYP1Bi mRNAs but
ortho-substituted congeners did not. They
then investigated estradiol metabolism by
measuring levels of 2- and 4-methoxyestra-
diol, produced through the action of cate-
chol-0-methyl transferase after estradiol is
hydroxylated, by gas chromatography/mass
spectrometry in the media of exposed cells.
Although for some of the congeners there
was a good correlation between the mRNA
levels and the degree of estrogen metabo-
lism, for others (especially 3,3',4,4',5,5'-
hexachlorobiphenyl [HxCB] and 3,3',4,4',5-
pentachlorobiphenyl [PeCB]), metabolism
was much less than otherwise expected. This
difference reflected a direct inhibition of the
P450, which they showed by demonstrating
that both of these congeners block the
elevation of estradiol metabolism induced

by 2,3,7,8-TCDD and by direct determi-
nation of inhibition of cDNA-expressed
human CYPIBI by 3,3',4,4',5,5'-HxCB
in 3,3',4,4',5-PeCB. Thus these two
congeners have opposing actions in this
pathway-inducing mRNA for synthesis of
an enzyme that they then directly inhibit.

Several other important conclusions
come from this investigation. Previous
studies of toxic equivalent factors (TEFs)
of PCB congeners relative to 2,3,7,8-
TCDD have been conducted primarily
using rodents or rodent-derived cell lines.
The values obtained from human cells
are quite different, and the highest TEF
is about an order of magnitude less
than that derived from rodent studies.
However, the different human cell lines
also behave somewhat differently depend-
ing on which P450s they express. Thus
the problem of extrapolation from ani-
mals to humans is complex. Also, the
most potent PCB congener in stimulating
estradiol metabolism in this study is
3,4,4',5- tetrachlorobiphenyl (TeCB), an
environmentally relevant congener that
has not been previously identified as hav-
ing high Ah receptor binding affinity nor
assigned a TEF value (62).

Although most of the antiestrogenic
actions of PCBs can be explained by effects
on estrogen metabolism, there is also the
clear possibility of action at estrogen recep-
tors. Furthermore, the effects of PCB
metabolites may be different from that of
the parent compound. For example, Pang
and co-workers (40) found that 3,4,5-
TrCB was a potent inducer of CYPlAl
and CYPIBI mRNA and a promoter of
estrogen metabolism by both 2- and 4-
hydroxylation. However, this compound is
metabolized to a 4-biphenylol (Figure 7).
Gierthy and colleagues (39,63) use the
MCF-7 cell focus assay to identify estro-
genic and antiestrogenic properties of
xenobiotics; results with this parent com-
pound and its metabolite are shown in
Figure 8. In this assay, 3,4',5-TrCB is
antiestrogenic, probably as a result of
induced metabolism of estradiol. However,
the 4-hydroxy metabolite, 3,4',5-TrCB-4-
OH, has no antiestrogenic activity but
shows clear estrogenic activity. Thus a par-
ent compound and a metabolite may have
diametrically opposite actions.

Figure 9 shows evidence that these
processes occur in whole animals and again
emphasizes how the different organ systems
are interconnected. Compound 3,3',4,4'-
TeCB is a coplanar congener that is anti-
estrogenic (37,38). This congener has no

effect on tyrosine hydroxylase activity (32).
However, 3,3',4,4'-TeCB is metabolized
to a hydroxylated compound that is estro-
genic. When developing rats are exposed
to 2,2',4,4'-TeCB, an ortho-substituted

Cl

QQci
Cl

3,4',5-Trichlorobiphenyl

HI

3,4',5-Trichloro-4-biphenylol

Figure 7. Structure of 3,4',5-trichlorobiphenyl and its
metabolic product 3,4',5-trichloro-4-biphenylol.
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is thus 50,000 times less potent than estradiol. (B)
Antiestrogenicity tested in the presence of 10-9 M E2.
The parent PCB is antiestrogenic, whereas the hydroxy-
lated metabolic product shows no activity. Compared
to the specific estrogen receptor blocker LY 156758,
the parent PCB is approximately 100 times less potent.
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Figure 9. Dopamine concentrations in rat frontal
cortex of animals exposed perinatally to various con-
centrations of 3,4,3',4'- or 2,4,2',4' tetrachlorobiphenyl,
as described by Seegal et al. (41). Note that although
the ortho-substituted 2,4,2',4'-TeCB resulted in a sig-
nificant reduction in brain dopamine levels, the copla-
nar 3,4,3',4'-TeCB caused a significant increase in
dopamine levels. The former result is thought to be due
to direct inhibition of the rate-limiting enzyme for
dopamine synthesis (tyrosine hydroxylase), whereas
the latter effect is a result of the activity of the hydrox-
ylated degradation product, which is estrogenic.
*p< 0.05, **p< 0.01, ***p 0.01.
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Figure 10. The normal variation of serum estrogen
levels during the ovulatory cycle. The area between the
upper and lower traces represents the range of E2 pro-
files in normally ovulating women. Data derived from
Diagnostic Products Corporation (68) and Thorneycroft
et al. (69).

congener that inhibits tyrosine hydroxylase
activity, there is a reduction in the level of
brain dopamine in the adults. However,
when animals are developmentally exposed
to 3,3',4,4'-TeCB, exactly the opposite
result is found; dopamine levels are
increased in adults, which may be due to
the estrogenic activity of the hydroxylated
metabolite of 3,3',4,4'-TeCB (41).

The recent report by Arnold et al.
(64) of synergistic actions of weak
environmental estrogens has focused
attention on the possibility that weakly
active and especially persistent substances
might have effects in combination that far
exceed those expected by simple addition
of effects. Although the results of this
study have been questioned by its authors
and others (42,65,66), there remains
some evidence from behavioral studies
that synergism does occur (67). Table 1
shows results from the study by Arnold et
al. (64) (columns 2 and 3) as contrasted
with those from Arcaro et al. (42)
(columns 4 and 5), using the MCF-7
focus assay and a competitive receptor
binding assay with purified recombinant
human estrogen receptor (hER). Arnold
et al. (64) used purified recombinant
receptor directly (column 3) or expressed
this receptor in yeast together with the 13-
galactosidase (>-gal) reporter gene (col-
umn 2) to test the estrogenlike activity of
hydroxylated PCBs and pesticides. Results
in column 2 and 3 show that both the
EC50 for ,B-gal activity and the IC50 for
binding the hER are significantly lower
for a combination of the two hydroxy-
lated PCBs than for either compound
alone, indicating that in combination the
hydroxylated PCBs are significantly more
potent. Similar conclusions were drawn
for the pesticides dieldrin and endosulfan.
In the study by Arcaro et al. (42), in both
the MCF-7 cell focus assay and the hER
binding assay, hydroxylated PCBs alone
showed estrogenlike activity. However,

Table 1. Estrogenic and synergistic effects of weak xenoestrogens and mixtures.

MCF-7 focus
f-gal activity, hER binding, development, hER binding2

Chemical EC50 pMa IC50 pMa EC50 pMb IC50 pMb
17,B-estradiol 0.0001 0.001 0.0003 0.0005
2,4,6-TCB-4'-OH 0.0070 0.055 0.22 0.079
2,3,4,5'-TCB-4'-OH 0.0180 0.12 0.72 0.015
2,4,6-TCB-4-OH and 2,3,4,5-TCB-4'-OH 0.0015 0.005 0.18 0.015
Dieldrin >33 > 50 ND ND
Endosulfan >33 > 50 >10 ND
Dieldrin and endosulfan 0.092 0.324 >10 ND

Abbreviations; EC50, median effective concentration; IC50, concentration that inhibits 50%; ND, not detectable.
"Data from Arnold et al. (64). bData from Arcaro et al. (42).

mixtures were not more potent, indicating
that no synergy occurred. Of the pesti-
cides studied, only endosulfan was weakly
estrogenic and the combination with
dieldrin was not synergistic.

The most important question with
regard to weak environmental estrogens is
whether they interact with endogenous
estradiol. This is an important question not
only for women of reproductive age, who
have high and fluctuating estrogen levels,
but especially for children, postmenopausal
women, and men, whose estrogen levels are
low. Figure 10 illustrates the typical fluctu-
ations of estradiol concentration during the
ovulatory cycle. Figure 11 shows results of
the estrogenic response in MCF-7 cells to
estradiol alone, tested at 10-12 to 10-8 M,
and with three different concentrations of
the estrogenic PCB metabolite 2,4,6-TrCB-
4'-OH. It is important to note that there is
no evidence of any synergistic effect of
estradiol and 2,4,6-TrCB-4'-OH on the
response of MCF-7 cells. We conclude that
different amounts of this estrogenic PCB
metabolite together with varying physio-
logic concentrations of estradiol do not
exhibit any synergism in the in vitro situa-
tion. However, this in vitro study does not
negate the synergism study in turtles (67),
although it does pose a challenge for build-
ing a stronger case that synergism between
environmentally relevant estrogenic
substances occurs in humans.

In summary, it is difficult to study
chemical mixtures because of the variety of
ways in which the components may inter-
act. However, even single compounds can
have complex actions at multiple sites,
varying with stage of development, and
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Figure 11. The estrogenic effects of three concentra-
tions of 2,4,6-trichloro-4'-biphenylol alone and
together with dose-response curves of E2 in the MCF-7
cell focus assay, as described by Arcaro et al. (42). The
data show no synergistic effect when the biphenylol at
various concentrations was added together with E2.
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may become functional mixtures in the
body as a result of metabolism. In reality
people are exposed to mixtures and ifwe are
ever to understand the human diseases that
people develop from exposure to environ-
mental contaminants, we must study and

understand the interactions that occur in
mixtures. At the same time, it will probably
not be possible to understand the complex-
ity of mixtures without understanding the
mechanisms whereby individual contami-
nants and their metabolites act, recognizing

all of the problems associated with species
and organ specificities, age-dependent
actions, dose-response relationships, and
the enormous interdependence of the vari-
ous organ systems that can lead to indirect
as well as direct effects.
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