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In vitro cell bioassays are useful techniques for the determination
of receptor-mediated activities in environmental samples contain-
ing complex mixtures of contaminants. The cell bioassays deter-
mine contamination by pollutants that act through specific modes
of action. This article presents strategies for the evaluation of aryl
hydrocarbon receptor (AhR)- (hereafter referred as dioxin-like)
or estrogen receptor (ER)-mediated activities of potential endo-
crine disrupting compounds (EDCs) in complex environmental
mixtures. Extracts from various types of environmental or food
matrices can be tested by this technique to evaluate their 2,3,7,8-
tetrachlorodibenzo-p-dioxin equivalents (TCDD-EQs) or estro-
genic equivalents (E,-EQs) and to identify contaminated samples
that need further investigation using resource-intensive instrumen-
tal analyses. Fractionation of sample extracts exhibiting signifi-
cant activities, and subsequent reanalysis with the bioassays can
identify important classes of contaminants that are responsible
for the observed activity. Effect-directed chemical analysis is per-
formed only for the active fractions to determine the responsible
compounds. Mass-balance estimates of all major compounds con-
tributing to the observed effects can be calculated to determine if
all of the activity has been identified, and to assess the potential
for interactions such as synergism or antagonism among contami-
nants present in the complex mixtures. The bioassay approach is
an efficient (fast and cost effective) screening system to identify
the samples of interest and to provide basic information for fur-
ther analysis and risk evaluation.

Keywords: Complex mixtures; dioxin-like activity; endocrine
disruptors; estrogen receptor-mediated activity; fractionation;
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Introduction

There is increasing concern over the potential adverse ef-
fects of xenobiotics present in the environment and food-
stuffs on human and wildlife populations. Two groups of
toxicants of current interest are dioxin-like and (anti-)estro-
genic chemicals. Many of these ubiquitous compounds are
hydrophobic, lipophilic and resistant to biological and chemi-
cal degradation. These properties impart persistency and
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propensity to bioaccumulate and biomagnify to concentra-
tions that can cause deleterious effects on cells and tissues. In
the environment, chemicals occur as complex mixtures includ-
ing different congeners and isomers of both natural and an-
thropogenic origin. The concentrations and toxic potencies of
compounds present in complex mixtures can range over sev-
eral orders of magnitude. In addition, interactions among dif-
ferent classes of compounds (e.g., estrogenic vs. anti-estro-
genic) can modulate the toxic potential. This complicates
hazard evaluation and risk assessment of complex mixtures
of xenobiotics. Furthermore, toxic effects of some contami-
nants, even those, which are analytically determined, are not
well characterized. There are many potentially significant
classes of contaminants that are not studied in detail, prima-
rily due to a lack of suitable instrumental techniques or ana-
lytical standards. In other words, chemical analysis has been
used to identify and quantify only those chemicals for which
analytical techniques and standards are available. Instrumen-
tal analyses do not account for interactions among the chemi-
cals in complex mixtures and provide little information on
their biological effects. Chemical analyses can also be costly
and time consuming. Thus, chemical analyses can underesti-
mate the potential risks posed by these chemicals; some toxi-
cologically important compounds could be overlooked.

In vitro cell bioassays offer a rapid, sensitive and relatively
inexpensive solution to some of the limitations of instru-
mental analysis. They enable estimation of total biological
activity of all compounds that act through the same mode
of action present in extracts of any environmental media.
Bioassays also integrate possible interactions among chemi-
cals. In this review, the applicability of in vitro cell bioas-
says for assessment of two toxicological modes of action,
dioxin-like toxicity and estrogen receptor-mediated activity,
is evaluated. Several reviews concerning dioxin-like and es-
trogenic activities of xenobiotics have appeared recently [1-
4]. In our paper, the strategy of the cell bioassay approach for
evaluation of receptor mediated activity of complex mixtures
is presented, including fractionation procedures, mass balance
calculations, toxicant identification and risk assessment. Also,
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the classes of AhR-agonists and compounds that have been
shown to elicit endocrine disrupting potential are summarized.

In vitro methods, while a useful adjunct to instrumental analy-
ses are not a substitute for in vivo toxicological studies. The in
vitro assays discussed in this review are useful as sensitive in-
tegrating methods that provide quantitative estimates of the
total activity of particular receptor-mediated responses. How-
ever, since they do not account for bioavailability and predict
who-organism responses, the results of the in vitro bioassays
provide information that is similar to that provided by instru-
mental analyses. Just as with information on the concentra-
tions of residues obtained from instrumental analyses, the re-
sults of the bioassays need to be compared to appropriate
toxicant reference doses, determined from in vivo studies.

1 Dioxin-Like Activity

Chemicals that elicit toxic effects similar to that of TCDD,
known as dioxin-like chemicals, are of great concern due to
their ability to cause hepatotoxicity, embryotoxicity, terato-
genicity, immunotoxicity, dermal toxicity, lethality, carcino-
genesis, wasting syndrome and tumor promotion in many
different species at low concentrations [5,6]. A number of
studies have demonstrated that several toxic and biochemi-
cal effects caused by dioxin-like chemicals are mediated
through aryl hydrocarbon receptor (AhR) [7,8]. The AhR,
which belongs to the basic helix-loop-helix protein family
[9], is a ligand-dependent transcription factor located in the
cytosol, complexed with heat shock proteins. It has been
shown that the strength with which congeners bind to the
AhR is directly proportional to the toxicity, enhanced gene
transcription and enzyme activities mediated by the AhR
mechanism [10]. The role of AhR in mediating toxic and bio-
logical effects of dioxin-like chemicals has been well docu-
mented in a number of studies, even though the exact bio-
chemical mechanism leading to the wide spectrum of toxic
responses is yet to be elucidated [11]. After binding of ligand
to cytosolic AhR, heat shock proteins dissociate from the com-
plex, the receptor ligand complex is activated and translo-
cated to the nucleus, where it forms a dimer with the Ah re-
ceptor nuclear translocator (ARNT) protein and possibly other
factors. The heteromeric ligand:AhR:ARNT complex binds
with high affinity to specific DNA sequences, the dioxin-re-
sponsive element (DRE). The binding to the DRE results in
DNA bending, disruption of chromatin and nucleosome and
thus increased promoter accessibility and transcriptional acti-
vation of adjacent responsive genes (— Fig. 1) [11,12].

The traditional, well-known ligands for AhR have been de-
scribed as hydrophobic aromatic compounds with planar struc-
ture of a particular size of the molecule or a part of the mol-
ecule, which fits the binding sites [13,14]. Thus, the ability of
these ligands to bind to the AhR and to cause toxic effects
greatly depends on their structure and substitution pattern.
These include planar congeners of polychlorinated dibenzo-p-
dioxins and dibenzofurans (PCDDs and PCDFs), chlorinated
azobenzenes and azoxybenzenes, polychlorinated biphenyls
(PCBs), several polycyclic aromatic hydrocarbons (PAHs) and
polychlorinated napthalenes (PCNs) [15]. Other chemicals
suggested as potential AhR agonists due to their stereochemi-
cal configuration, but not yet experimentally confirmed, in-
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Fig. 1: Mechanism of aryl hydrocarbon receptor (AhR)-mediated
response in cell bioassay (adapted from [15]). For description see text.
HSP = heat shock proteins, P = phosphates: phospohorylation is an
important regulatory factor for receptor function

clude polybrominated and chloro-/bromo- analogs of the pre-
viously listed classes of compounds [16], alkylated-chlorinated
dioxins and furans, chlorinated dibenzothiophenes, chlorinated
xanthenes and xanthones [17], polychlorinated diphenyl-
toluenes (PCDTs), anisols (PCAs), anthracenes (PCAN), fluor-
enes (PCFL) and others [18]. Recently new types of relatively
weak AhR ligands or inducers (compared to TCDD) have been
identified, which include both natural and synthetic compounds
[11]. These compounds deviate from the traditional criteria
of planarity, aromaticity and hydrophobicity. The natural com-
pounds that bind to the AhR include, among others, indoles,
tryptophan-derived products, oxidized carotinoids and het-
erocyclic amines. Some pesticides or drugs with various struc-
tures, such as imidazols and pyridines also possess the AhR
binding ability. These ligands act as transient inducers and
bind to the AhR with weak affinity and are rapidly degraded
by the induced detoxification enzymes.

2 Estrogenic Activity

In recent years there has been increasing interest in chemi-
cals that can modulate the endocrine system. Such com-
pounds have the potential to disrupt normal reproduction
or developmental processes which can lead to adverse health
effects such as compromised reproductive capacity, breast
and testicular cancer, reproductive dysfunction such as femi-
nization or demasculanization of males and other adverse
effects. A wide range of compounds including natural prod-
ucts, pharmaceuticals and industrial chemicals has been
shown to be estrogen mimics. As observed in recent studies
[19], some hormone-mimicking chemicals can elicit multiple
endocrine disrupting activities that are mediated by various
mechanisms of action, some of them may be active only
during certain stages of development. Their effects can be
mediated through receptor-mediated mechanisms (such as
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estrogen or androgen receptor), but some compounds can dis-
rupt hormone functions at different levels of the endocrine
system, not directly interacting with the receptor. Estrogen-
like compounds exert effects by resembling those of estrogen
but not mediated by the estrogen receptor (ER) [2]. Various
modes of actions have been reported, which include binding
of chemicals to other nuclear receptors, which then interact
with an estrogen responsive element; acting through other re-
ceptors and/or signal transduction pathways; modulations of
steroidogenesis and catabolism of active steroid hormones [20].
Estrogenic compounds are characterized by their ability to
bind to and activate the estrogen receptor, which is a tran-
scription factor belonging to the steroid receptor family. While
there are structural similarities among some compounds that
are ER agonists, other ER-active compounds do not share simi-
lar structures. Upon binding of an estrogenic compound to
the ligand binding domain of the ER (located predominantly
in the nucleus), the associated heat shock protein complex,
which masks the DNA binding domain, dissociates and sub-
sequently the ligand occupied receptor dimerizes. The
homodimer complex interacts with specific DNA sequences
referred to as estrogen response elements (EREs) located in
the regulatory regions of estrogen-inducible genes. ER com-
plexes bound to an ERE recruit additional transcription fac-
tors, leading to increased gene transcription and synthesis of
proteins required for expression of hormonal action (— Fig. 2)
[21,22]. A series of natural and synthetic endocrine disrupting
compounds have been identified by different iz vivo and/or in
vitro methods. Numerous specific testing systems have been
developed for the detection of effects at different levels of the
endocrine system [1,3]. Examples of xenoestrogenic com-
pounds including natural and major classes of industrial con-
taminants are presented along with the method used to deter-
mine their relative estrogenic potency (—Table 1).
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Fig. 2: Mechanism of estrogen receptor (ER)-mediated response in
cell bioassay (adopted from [23]). For description see text. HSP = heat
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3 Cell Bioassay Approaches

Bioassays based on the responses of either wild type or ge-
netically engineered eukaryotic cells enable the assessment
of potencies of individual chemicals or complex mixtures of
environmental contaminants in extracts to cause AhR- or
ER-mediated effects. Either endogenous responses or exog-
enous reporter systems are incorporated into the cell are
used for the measurements. The induction of transcription
by the responsive genes following the exposure of cells to
specific ligands or mixtures of compounds can be assessed
by measuring endogenous or genetically engineered responses
such as protein expression by measuring the amount of pro-
tein directly or by measuring an enzyme activity.

The endogenous responses for AhR binding, increased expres-
sion and induced activity of cytochrome P4501A1 and its
monooxygenase activities, such as 7-ethoxyresorufin O-
deethylase (EROD) or aryl hydrocarbon hydroxylase (AHH)
are measured as markers of responses to AhR agonists [65,66].
The ER-mediated activity can be examined by the determina-
tion of specific gene products such as vitellogenin, pS, or ste-
roid hormone binding globulins [23,67,40]. List of some ani-
mal and human cell lines used for the detection of in vitro
TCDD-like or estrogenic activity is shown (— Table 2, p. 164).

Recombinant cell lines are prepared by transient or stable
transfection of wild type cells with reporter genes under tran-
scriptional control of either DRE or ERE. Transient trans-
fection is relatively fast and easy to perform, but variations
in transfection efficiency warrant the need for co-transfec-
tion with internal constitutive control to correct results for
the transfection efficiency. It can be used only for short-term
studies, because transgenes are usually lost after about 72
hrs. In addition, physiological conditions including target
DNA accessibility or overexpression of receptors or target
DNA do not reflect the normal cell function [21]. Stable
transfection requires cotransfection of the plasmid with the
gene of interest and plasmid encoding the marker for drug
resistance, enabling selection of only successfully transfected
cells and their development into a stable cell line. The gene
of interest becomes a permanent part of the cell genome.
These cell lines are suitable for longer-term experiments and
their results are more reproducible. Transfection with re-
combinant expression vectors, which contain selected re-
sponsive elements upstream of a reporter gene produces a
cell bioassay for specific class of chemicals. The most com-
mon reporter genes are firefly luciferase (luc), alkaline phos-
phatase (PAP), chloramphenicol acetyl transferase (CAT),
or B—galactosidase (LacZ) [21,68]. Either native AhR or ER
is used or the cells can be transfected with chimeric receptor
linked to the recombinant reporter gene. Introduction of a
complete receptor-reporter system into the cells enables the
development of responsive bioassays from cells with no en-
dogenous receptor present, such as in yeast cells [42]. Re-
combinant yeast cells are easy to develop and maintain and
they are free of steroid receptor background, which causes
potential interference in the assay. But some differences in
ligand specificities exist between animal cells and yeast, also
the ability of yeast to metabolize proestrogens to estrogens
have been reported [23].
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Table 1: Examples of endocrine disrupting compounds: natural products (phytoestrogens and mycoestrogens) and synthetic chemicals

Compound Mode of action | Assay Reference
1. PHYTOESTROGENS
Indole-3-carbinol ER agonist RER (MCF-7-luc), YES 23, 24
B-Sitosterol ER agonist, androgenic after YES, in vivo fish 24,25
metabolization
Coumestrol ER agonist RER (MCF-7-luc), YES 23,24
in vitro — ER mediated alkaline phosp. induction 26
Enterolactone, Enterodiol decreased aromatase enzyme activity in vitro — human cell culture system 27
Genistein ER agonist RER (ER-CALUX) 28, 26
estrogenic in vitro and in vivo vitellogenin production 29
Biochanin A, Daidzein, Equol ER agonists, estrogenic in vitro and in vivo vitellogenin production 29
in vitro — ER mediated alkaline phosp.induction 26
Quercetin, Naringenin, Luteolin | Estrogenic, antiestrogenic CB-ER, RER 30, 31
Apigenin, Chrysin, Kaempferol, | ER agonists RER (MVLN) 32
Hydroxy- and Methoxy-flavons
2. MYCOESTROGENS
Zearalenone ER agonist CB-ER, RER, Vtg —in vitro 30, 33
3. PHARMACEUTICALS
Flutamide antiandrogenic activity YES 19
Tamoxifen antiestrogenic drug binding to ER, ER in vitro cell line tests, in vivo 34, 35, 36
antagonist or agonist E-screen and other effects 37
Hydroxytamoxifen antiestrogenic and antiandrogenic YES, E-screen and other effects 19, 37
activity
Nafoxidine, Clomiphene ER agonist YES 24
Ethynylestradiol ER agonist in vitro, in vivo 29, 25
4. ADDITIVES
Parabens ER agonists CB-ER, YES, in vivo uterotropic response 38
t-Butylhydroxyanisol estrogenic E-screen 39
5. PESTICIDES
5.1 Insecticides
o,p’-DDT ER agonist, antiandrogenic activity YES, RER (ER-CALUX), Vtg — in vitro 24,28, 19,
40
o,p’-DDD, o,p’-DDE ER agonists YES 24
p,p’-DDE androgen receptor antagonist, weak ER | CB-androgen receptor, in vivo mice study a4
and androgen receptor agonist YES 19
antiandrogenic and weak antiestrogenic
activity
p,p’-DDD ER agonist YES, CB-ER, RER (MCF-7-luc) 42
p,p’-DDT ER agonist, estrogenic E-screen 29
Kepone ER agonist, estrogenic - after RER (ER-CALUX), E-screen, in vitro + in vivo 28, 29, 36
metabolization
Endosulfan, Dieldrin, Lindane ER agonist RER (ER-CALUX) 28
Toxaphene estrogenic E-screen 43
Methyl parathion estrogenic YES, Vtg —in vitro 44
in vivo effects on estrus cycle in mice 45
Chlordecone estrogenic YES, Vtg —in vitro 44
Chlordane ER agonist RER (ER-CALUX) 28
in vivo effects on endocrine function in mice 46
Methoxychlor ER agonist RER (ER-CALUX) 28
- after metabolization in vitro + in vivo 36
Carbamate insecticides endocrine modulators, non-ligand in vitro modulation of estrogen and progesterone receptor | 42
(Aldicarb, Bendiocarb, Carbaryl, binding in human breast and endometrial cancer cells
Methomyl, Oxamyl)
Pyrethroid insecticides estrogenic (different mechanisms) in vitro pS2 gene expression 47
(Sumithrin, Fenvalerate, E-screen
Allethrin, Permethrin)
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Table 1 cont'd: Examples of endocrine disrupting compounds: natural products (phytoestrogens and mycoestrogens) and synthetic chemicals

Compound Mode of action | Assay | Reference
5.2 Fungicides
Vinclozolin antiandrogen in vitro androgen receptor binding assay, YES 48
19
Dodemorph, Triadimefon, estrogenic YES, Vtg —in vitro 43
Biphenyl
5.3 Herbicides
Atrazine estrogen, antiestrogen RER (MCF-7-luc), in vivo 23
Simazine antiestrogen in vivo 49
Alachlor, Nonachlor ER agonists YES, CB-ER, RER (MCF-7-luc) 42
Tributyltins androgenic imposex in snails, various in vivo effects in gastropods 25,50
6. INDUSTRIAL CHEMICALS
6.1 Phthalates
Butylbenzylpthalate (BBP) ER agonist, antiandrogenic activity in vitro + in vivo, E-screen, YES 25, 39, 51,
19
Dibutylpthalate (DBP) ER agonist in vitro + in vivo 25, 51
6.2 Alkylphenols
Nonylphenol (NP) ER agonist, estrogenic RER (MCF-7-luc, ER-CALUX), YES, number of in vitro 23, 24, 28,
and in vivo assays, E-screen, Vtg —in vitro 52, 36, 29,
39
Octylphenol (OP) ER agonist RER (MCF-7-luc) 52
number of in vitro and in vivo assays 39
Butylphenol, Pentylphenol estrogenic E-screen 39, 29
Nonylphenol polyethoxylates ER agonists number of in vitro and in vivo assays 52
and polyethoxycarboxylates
Pentachlorophenol (PCP) decrease in blood testosterone in vivo ewes feeding study 53
concentration
Bisphenol A (BPA) ER agonist RER (MCF-7-luc, ER-CALUX), YES,Vtg-in vitro 23,24
antiandrogenic activity YES 28, 39
19
7. PERSISTENT ORGANIC POLLUTANTS (POPs)
Polychlorinated dibenzo-p- antiestrogenic — different mechanisms in vivo + in vitro studies 54
dioxins (PCDDs)
Polychlorinated biphenyls ER agonists or antagonists or other RER (transient MCF-7-luc), E-screen, in vivo — vaginal 21,39
(PCBs) mechanism — depending on the cell cornification in mice
substitution
Aroclor 121 (PCBs mix), Aroclor | estrogenic, effect on sexual Vtg-in vitro 39
1260 differentiation, gonadal abnormalities in vivo trout study 55
Hydroxy-PCBs ER agonists or antagonists RER (MCF-7-luc), E-screen, CB-ER, in vivo — vaginal cell | 53, 56, 21,
cornification in mice 39
Polycyclic aromatic ER agonists — estrogenic, antiestrogenic | YES, E-screen 57, 58, 59
hydrocarbons (PAHSs) — different mechanisms RER (MCF-7-luc) 60
6-Hydroxy — chrysene antiestrogenic YES 57
8. HEAVY METALS
Cations of cadmium, cobalt, depression or increase in testosterone in vitro substrate stimulated testosterone production by 61
copper, mercury, nickel, zinc production Leydig cells
cadmium decrease in plasma testosterone and in vivo juvenile rainbow trout exposure 62
cortisol in vivo rat feeding exposure 63
modification of pituitary hormone
secretion
lead delayed sexual maturation, suppression | in vivo rat feeding study 64
of sex steroid biosynthesis
YES = yeast based recombinant estrogen receptor-reporter assay
E-screen = MCF-7 cell proliferation
CB-ER = in vitro competitive receptor binding assay
RER = in vitro recombinant receptor-reporter cell bioassay
VTG-in vitro = in vitro vitellogenin synthesis in cultured male trout hepatocytes
ESPR - Environ. Sci. & Pollut. Res. 7 (3) 2000 163
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Table 2: Examples of wild type and recombinant cell lines used for assessment of AhR- and ER-mediated activity

Cell line Reporter gene Species of origin Response measured Reference
Aryl Hydrocarbon Receptor

H4IIE rat EROD 17, 71

HepG2 human EROD 82

RLT-W1 trout EROD 77

PHLC-1 fish EROD 66, 83

H4l1E = CALUX luc rat luciferase 71,69, 72

Hela luc human luciferase 84

HepG2 luc human luciferase 69, 79

GPC16 luc guinea pig luciferase 69

MLE-BV luc mouse

MCF7, LS180 luc — transient human

AHL luc — transient hamster

Hepai luc, luc-transient mouse luciferase 69, 60, 85

Hepal PAP - transient mouse PAP 76

HepG2, MCF7 human

H4IIE rat

GPC16 guinea pig

Hepai PAP mouse PAP 76

RLT2.0 luc trout luciferase 78

Estrogen Receptor

MCF-7 luc - transient human luciferase 60, 9

MCF-7 (MVLN) luc human luciferase 85, 56

T47D (ER-CALUX) luc human luciferase 28

Reporter genes: nothing = wild type cell line, luc = luciferase, PAP = alkaline phosphatase

The character of the dose-response curves for endogenous
enzyme activities controlled by the AhR mechanism is
biphasic with a decrease in response at greater doses. Some
chemicals inducing the cytochrome P4501A1 (CYP1A1)
activity can also serve as substrates for this enzyme, so they
cause competitive substrate inhibition and reduced activity
at greater concentrations [69,70,66]. This problem is avoided
in genetically engineered cell lines, where the chemical in-
ducers are not competitive substrates for the transfected re-
porter enzyme. Genetically engineered cells generally exhibit
greater sensitivity, dynamic range and selectivity than their
corresponding wild type cells [71,72]. Wild type and recom-
binant cell lines have been developed mostly for mammal
and teleost species. Studies are being conducted to develop
cell lines for other species, including amphibians and rep-
tiles. In addition, immortalized (continuous) cell cultures of
primary hepatocytes from birds, mammals or fish have been
used to measure dioxin-like activity [73,74,75] or xenoestro-
genicity [67]. The responsiveness of assays as characterized
by maximal fold induction relative to control, sensitivity,
detection limit and variability is species- and cell line-spe-
cific. Differences among species and tissues in ligand-bind-
ing affinity, ligand specificity and physicochemical proper-
ties of the receptor have been shown along with significant
differences in responsiveness to standard ligands [76]. Ob-
served differences in responsiveness are explained by spe-
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cies differences in the level and structure of the receptors
and their associated proteins, and/or transacting factors
present in each cell line [69,21]. Studies comparing respon-
siveness among cell lines from different species (mostly mam-
mals and fish) to single compound or mixtures revealed sub-
stantial differences between the relative potencies derived
from different species [4,77]. Also the time course of re-
sponse differs among cell lines. Fish cells have been observed
to be slower in responsiveness than the mammalian cells
[78]. Therefore, the optimum duration of exposure is im-
portant to obtain reproducible results and is cell-line spe-
cific ranging from 6 hrs to 72 hrs [79].

Both estrogenic and antiestrogenic effects can be assessed
with ER-responsive cell lines. Antiestrogenicity can be de-
tected directly by growing cells in medium deficient in 170-
estradiol (E,) or by the antagonism of co-administered E,
[56]. As one of the important mechanisms of antiestro-
genicity, modulation of endocrine pathways by AhR ago-
nists has been observed [80]. TCDD and related compounds
have been observed to be antiestrogenic in in vitro tests but
also in some in vivo studies [2]. The interactions of the
TCDD- and E,-induced signaling pathways are complex;
AhR agonists are antiestrogenic via direct interactions be-
tween the nuclear AhR and genomic sequences in flanking
regions of E, -regulated genes [54]. Two way cross-talk be-
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tween the intracellular signaling pathways involving AhR
agonists and estrogens by mutual inhibition of binding of

ER or AhR to DNA has been reported [81].

In extracts containing complex mixtures of compounds,
potential cytotoxicity should be evaluated in bioassays with
the same cells that were used in receptor mediated effects.
This is because the cytotoxic effects could mask potential
antiestrogenic or other types of effects. Other mechanisms
of antiestrogenicity include:

1) competitive binding of the ligand to the ER displacing E,;

2) increased E, metabolism due to induction of xenobiotic
metabolizing enzymes;

3) inhibition of E,-induced gene expression;

4) estrogen receptor down regulation [2].

Anti-/estrogenic potential of some compounds changes de-
pending on the E, concentration [56], thus testing only in
media without any E, does not adequately assess the physi-
ological situation where there is always some E, present.

4 Testing of Complex Mixtures with Bioassays

In vitro bioassays have been used to assess TCDD-like and
estrogenic activity in a variety of environmental matrices,
both abiotic and biotic. Various aquatic samples, such as
porewater [72], stream water [83], extracts from waste wa-
ter treatment plant influent and effluents, sediments [72] or
settling particulate matter [87,88] have been analyzed by in
vitro cell bioassays. Extracts from semi-permeable membrane
devices (SPMDs) enabled examination of concentrations of
in situ bioavailable lipophilic contaminants to which aquatic
organisms are exposed [83]. Also sludge [28,86] or atmo-
spheric samples including air particulates [60] and fly ash
from incinerators [75] can be assessed after extraction. Pa-
per mill effluent fractions elicited strong TCDD-like and
antiestrogenic activity [9], whereas significant estrogenic and
TCDD-like activity has been detected in crude extract of
inhalable air particulate matter [60] or from diesel exhaust
particles [89]. Significant dioxin-like activity has been ob-
served in eggs of birds such as herring gull, cormorant, and
great blue heron [65,74] as well as in birds at different stages
of development [90]. Among other animals, extracts of fish
(white sucker, juvenile whitefish)[17,86] and otter [91] have
also been tested. For the biota samples either whole body
extracts or more specific tissue extracts, especially livers have
been used. An important step is the sample preparation and
extraction. Direct water sample or extracts with organic
solvents can be used. Solid samples are usually extracted by
organic solvents. The solvent of choice needs to be compat-
ible with the cell system, not causing any effect by itself, but
enabling distribution of the extracted material to the cells.

Extracts can be cytotoxic, which is caused by some com-
pounds present in complex mixtures. For example, sulfur is
a major cytotoxic constitutent in sediment extracts, which
should be eliminated prior to performing dioxin-like or es-
trogenic activities. The measurement of cell viability/cyto-
toxicity is essential in all bioassays dealing with complex
mixtures as well as single compounds. Cell bioassays with
96 well plates enable the measurement of several samples at
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the same time. In addition, current procedures allow subse-
quent measurement of viability index, enzyme activity and
protein content in the same 96-well plates [15].

5 Estimation of Relative Potencies of Complex
Mixtures

The relative potencies of samples are usually calculated as
the amount of standard (reference toxicant) giving the same
response as the sample, commonly based on the amount of
sample needed to produce 50% of the maximal standard
response (EC, ). The exogenous compound with the great-
est known affinity as well as toxicity, 2,3,7,8-tetrachlodiben-
zo-p-dioxin, is used as a standard for AhR-mediated re-
sponses. The endogenous substrate 17B-estradiol (E,) serves
as a standard for ER-mediated activity. Activities of samples
are then expressed as bioassay-derived equivalents: dioxin
equivalents (TCDD-EQ) or estradiol equivalents (E,-EQ) per
specified amount of sample. For calculating and comparing
the equivalents complete dose-response curves from step-
wise diluted extracts and standards should be obtained. This
is rather difficult with complex extracts. Common problems
encountered when determining the relative potencies of com-
plex mixtures include different efficacy (maximal induced
response), non-parallel slopes, cytotoxicity at greater con-
centrations or insufficient mass of agonists to reach full effi-
cacy or the occurrence of partial agonists that do not attain
the maximum possible response. These limitations must be
taken into account when calculating the relative potency of
the sample. There is always variation in the EC, in repli-
cates measured on different days due to differences in plat-
ing density. For some cell lines the normalization for protein
content can solve this problem. For endogenous enzyme ac-
tivities the normalization to protein content is necessary. In
some transgenic cell lines the normalization to the amount
of protein present has been inadvisable because of increased
variability of the normalized results. Protein normalization
is not recommended in cell lines used for estrogen-receptor
mediated activity, where response induction correlates with
estrogen-induced protein synthesis [23].

Some non-active parent compounds can be metabolically
activated to potent inducers of receptor-mediated response;
alternatively the active compound can be biotransformed to
non-active metabolites. For most compounds, the activity
of their metabolites is unknown. Some of the cell lines pos-
sess metabolic capabilities and upon prolonged duration of
exposure they can partly simulate in vivo biotransforma-
tion of some compounds. This fact can be used analytically
by use of selective inhibitors.

6 Mass Balance Calculations

In the mass-balance approach, total activities determined
by a bioassay are compared with the sum of the potency of
the individual compounds determined by chemical analysis.
This strategy has been widely used for dioxin-like compounds
[4,5] and recently for estrogenic compounds [92]. Toxic
equivalents (TEQs) are calculated by multiplying the rela-
tive potency (RP) for the specific assay (if available) or the
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international toxic equivalency factor (TEF) by concentra-
tion of the specific congener giving total sum toxic equiva-
lents per mass unit. For calculating the TEQs from chemical
data effects are assumed to be additive (Equation 1).

N
TEQ = CONC.OF COMPOUND, X TEF , (1)
I=1
TEFs are species-, endpoint- and assay specific determination
of potency expressed relative to the standard, they can vary
widely depending on the species and endpoint. The relative
potencies (RPs) should be used for bioassay-directed mass-
balance calculation for complex mixtures, they are specific
for studied endpoint and assay [93].

The international TEFs are consensus values, based on many
different types of assays [4] including multiple in vitro and
in vivo endpoints for multiple species. TEF values are order-
of-magnitude estimates suitable for risk assessment purposes.
Because of the differences in RPs among species, specific
sets of international TEFs have been established for mam-
mals, fish and birds [4]. Currently TEFs and RPs are avail-
able for dioxins, furans, some PCBs and PAHs from a num-
ber of assays. There are many compounds with potential
AhR-mediated activity for which RPs are unavailable and
TEFs have not been established. Therefore those compounds
cannot be included in the mass-balance calculations.

Limited data are available for the RPs of estrogenic com-
pounds; RPs have been established only by use of in vitro
bioassays for a few alkylphenolic compounds and PAHs
[23,60]. In this case by calculating the E -EQs based on ana-
lytical results one can estimate the proportion of the total
activity determined by bioassay that is represented by the
compounds which have been quantified and have known
relative potencies. There are several limitations of calculat-
ing TEQs from analytical results:

1) RPs or TEFs are available for only limited number of
chemicals; for some compounds there are no endpoint-
specific nor consensus values for TEFs available;

2) the use of TEFs derived for other species, usually from
mammals, where the most research has been conducted,
to nonmammalian species may not be suitable due to
the interspecies differences in sensitivity;

3) there may be some compounds not routinely detected
whose contribution to the activity would be overlooked;

4) application of the additive approach is routinely used in
the total activity calculation; potential interactions among
compounds in a mixture, such as synergism or antago-
nism are neglected;

5) detailed analysis of trace contaminants require special-
ized equipment such as HRGC/HRMS (high resolution
gas chromatograph/mass spectrophotometer), which is
not available in all laboratories and may be prohibi-
tively expensive.

Toxic equivalents estimated based on analytical data are
correlated with the bioassay results in some situations, de-
pending on the composition of the complex mixture of com-
pounds in the samples. For biota samples for which we re-
port here, highly significant correlations have been found
between bioassay derived EROD activity and instrumentally
measured TEQs in extracts of fish or bird samples [65,74,17].
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However, toxic activities determined in the bioassays and
concentrations of known dioxin-like or xenoestrogenic com-
pounds are sometimes not correlated. For instance, data
obtained from bioassays may be an independent parameter
that is predictive of ecotoxicological effects. Besides non-
additive (synergistic or antagonistic) interactions among in-
dividual ligands, differences between TEQs derived in bio-
assays and those calculated from concentrations of individual
compounds may be caused by the following events:

1) there are some other active compounds present, which
were not identified by the chemical analysis [70];

2) non-complete dose responses or cytotoxicity disable ac-
curate estimations of toxic equivalents;

3) the RPs or TEFs used may not be appropriate.

7 Fractionation Approach

In vitro bioassays can be used in combination with specific
analytical techniques as a bioassay-directed fractionation
methodology. This approach provides information needed
for monitoring and risk assessment of the compounds with
specific modes of action and may lead to identification of
novel classes of environmental toxicants [88]. If complex
mixtures cause a significant response in a bioassay in order
to determine the causes and identify possible sources, the
compounds causing the observed response need to be iden-
tified. Instrumental analysis could be applied to the entire
mixture or sub-fractions. Recommended strategy for toxi-
cants identification and evaluation (TIE) in complex mix-
tures is shown (— Fig. 3). The general steps are:

1) Screening of the whole extract — to determine the samples
containing significant toxic potencies, which require fur-
ther chemical analysis. If no significant response is ob-
served, there is no need to conduct expensive, time- and
material-consuming chemical analysis. Since the method
detection limit is known for the bioassay, an upper limit
of concentration of toxic equivalents in the sample can
be defined;

2) Fractionation of the samples that were active in bioassays
and chromatographic analysis can be used to determine
the most probable contributors to the total activity;

3) Generating the full dose-response relationship of the
unfractionated sample or fractions thereof, so that the
total activity of the sample can be determined as response
equivalents. Calculation of the mass-balance is accom-
plished by comparing the activity observed in the bioas-
say with the potential activity based identification and
quantification by instrumental analyses. If the values
derived from the bioassay and those calculated from the
concentrations of compounds and relative potency fac-
tors and bioassay results for fractions does not indicate
that there were antagonistic effects in the whole extract,
it can be concluded that all of the significant contribu-
tors to the total complex mixture have been identified.
However, if the total activity determined from the bioas-
say is significantly greater than those predicted from the
instrumental analyses, then it can be inferred that there
are unidentified compounds or that there is synergism.
Again by comparing the activity of the whole extract to
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(at highest possibl tration / ¢ concentration)
v

RESPONSE COMPARED TO THE ESTABLISHED LEVEL
OF SIGNIFICANCE/ RESPONSE TRESHOLD LEVEL
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v
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NONSIGNIFICANT RESPONSE | ¥ (at high concentration)
v
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BIOASSAY ANALYZE ONLY THE ACTIVE
» FULL DOSE-RESPONSE —P FRACTIONS VIA
INSTRUMENTAL ANALYSIS
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MASS-BALANCE OPTIONAL IDENTIFICATION OF THE
CALCULATIONS ACTIVE COMPOUNDS

Fig. 3: Screening system: Toxicant identification and evaluation
strategy. [For a discussion of different approaches for conducting TIE,
see Exotoxicol. Environ. Safety 41, 77-82 (1998)]

that of the various fractions, it is possible to determine if
the difference is due to the presence of unidentified com-
pounds or synergism. In our studies, we have found that
antagonisms can occur, particularly between non-AhR-
active and AhR-active PCB congeners [18].

To apply the mass balance approach with complex mixtures,
species- and endpoint-specific RPs/TEFs and especially E,-
EQs need to be determined. Fractionation of whole extracts
into groups of compounds with similar characteristics and
subsequent bioassay testing can be useful in determining the
most appropriate instrumental analysis that should be ap-
plied and can prevent application of non-essential and costly
analysis of the fractions with low activity and thus signifi-
cance [87]. For most compounds, fractionation based on
polarity and/or molecular size of the compounds is gener-
ally suitable. These characteristics are easily selected for with
simple chromatographic techniques. Instrumental analyses
can be applied to determine the compounds responsible for
the activity observed in each fraction. For instance, if the
activity was observed in a more polar fraction normal phase
liquid chromatography might be deemed more appropriate
than gas chromatography, or derivatization might be deemed
appropriate before subsequent analyses.
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8 Conclusions

Many studies have demonstrated the utility of bioassays in
assessment of receptor-mediated activities of both individual
chemicals and complex mixtures. Bioassays can be used for
the detection and quantitation of receptor agonists/antago-
nists in complex mixtures, thus providing a relative mea-
sure of bioactive compounds in food, biological, or abiotic
samples. Bioassays can also be useful for identification and
characterization of novel receptor agonists, for examination
of species differences in receptor-mediated responses or ef-
fectiveness of remediation procedures designed to decrease
specific type of contamination. Bioassays are also useful
screening tools for identifying responsible compounds fol-
lowing fractionation of a complex mixture, they enable to
prioritize samples which require further investigation. Iz vitro
cell bioassays are excellent systems for evaluating the activi-
ties of chemicals with specific mode of action. Bioassays,
based on in vitro responses of cells, including both wild-
type or recombinant (genetically modified) cell lines can also
be used for assessment of other toxicologically and pharma-
cologically important chemicals where ligand-dependent in-
duction of gene expression has been demonstrated. Such com-
pounds include xenoandrogens, heavy metals and compounds
that can cause induction of peroxisome proliferation.

Generally, bioassay data have great ecotoxicological rel-
evance because they represent an integrated biological re-
sponse. However, it is necessary to point out disadvantages
and limitations of in vitro bioassays. Bioassays do not ac-
count for the pharmacokinetics, tissue distribution and
biotransformation that may occur i vivo . If cell lines pos-
sess only limited metabolic activities, substances active after
bioactivation may not be detected by in vitro system [83].
Bioassays do not identify the individual compounds causing
the response. Bioassays assess only the activity of compounds
that act through a specific receptor-mediated mechanism of
action. The non-receptor-mediated responses, such as estro-
gen-like chemicals acting through different mechanisms, are
not taken into consideration.
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EPA — Draft Dioxin Reassessment
http://www.epa.gov/ncea/pdfs/dioxin/dioxreass.htm

The U.S. Environmental Protection Agency's (EPA) is progressing
toward completion of its comprehensive reassessment of dioxin sci-
ence entitled, "Exposure and Human Health Reassessment of 2,3,7,8-
Tetrachlorodibenzo-p-Dioxin (TCDD) and Related Compounds."
The next major step in the reassessment process is submitting 2 key
chapters to independent peer review, specifically a new chapter en-
titled Toxicity Equivalence Factors (TEF) for Dioxin and Related
Compounds and the revision of the Integrated Summary and Risk
Characterization for 2,3,7,8-Tetrachlorodibenzo-p-Dioxin (TCDD)
and Related Compounds. It is important to note that EPA will not
use the conclusions of the draft dioxin reassessment for regulatory
purposes until the science peer reviews are completed.

EPA has prepared five information sheets to provide background
information on the reassessment, the development of dioxin strat-
egy, and EPA's ongoing dioxin regulatory programs. The informa-
tion sheets are listed below with a short description of their purpose
and contents. All of these information sheets, as well as the draft
reassessment documents, are available on the Internet at http:/

www.epa.gov/ncea/dioxin.htm

1. Dioxin: Summary of the Dioxin Reassessment Science
This information sheet provides an abbreviated summary of the
science in the draft dioxin reassessment. A more in-depth dis-
cussion can be found in the companion piece entitled Dioxin:
Scientific Highlights from Draft Reassessment (2000) (Informa-
tion Sheet 2).

2. Dioxin: Scientific Highlights from Draft Reassessment (2000).
This information sheet provides a more in depth discussion of
the reassessment science in the draft documents.
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3. Dioxin: Reassessment Process - EPA is Moving Toward Comple-

tion of the Dioxin Reassessment.
This information sheet briefly describes the process that EPA has
used in developing the final reassessment and includes a discus-
sion of the remaining steps of peer review and public comment
that are being taken to insure the quality of the final product.

4. Dioxin: Summary of Major EPA Control Efforts.

This information sheet provides background information on the
broad set of dioxin regulatory and risk management activities
that EPA is pursuing through its major programs areas. Collec-
tively, these actions address all of the major industrial dioxin
sources so far identified in the reassessment. Many of these EPA
dioxin control efforts were initiated while the dioxin reassess-
ment was being developed.

5. Dioxin: Development of EPA Cross Media Dioxin Strategy.
This information sheet describes a parallel activity to the reas-
sessment; the development of an agency- wide dioxin strategy.
This strategy will integrate EPA's diverse set of dioxin activities
into a comprehensive program that is consistent with and re-
sponsive to the findings of the dioxin reassessment. It is impor-
tant to note that EPA will not use the conclusions of the draft
dioxin reassessment for regulatory purposes until the science
peer reviews are completed.

Federal Register Notice

This June 12 FR notice has given public notice of the upcoming
external peer review meeting and announced the availability of the
draft documents and the beginning of the public comment period.
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