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The scientific community has become increasingly con-
cerned about the potential adverse health effects to humans and
wildlife resulting from environmental exposure to persistent
industrial, pharmaceutical, and natural chemicals with estro-
genic, androgenic, or thyroid-disrupting properties (Colborn
et al., 1993; Waring and Harris, 2005). To assess exposure to
these endocrine-disrupting chemicals (EDCs), researchers have
employed a variety of molecular biomarkers. A high-quality
biomarker of a specific chemical class or specific mechanism of
action should have the following attributes: (1) the biomarker
should be inducible or repressible, (2) the measured response
should be specific to chemicals within that class, (3) the
response should have sufficient sensitivity for routine detection,
(4) the biomarker should be highly accurate and reproducible
among experiments within a laboratory and among different
laboratories and animal models, and (5) the biomarker should
be quantifiable so that degree of risk can be estimated. One of
the most utilized biomarkers of EDC exposure is the egg yolk
precursor protein vitellogenin (Vtg), which is highly expressed
in the liver and plasma of oviparous animals in response to 17b-
estradiol. Induction of plasma Vtg in fish has been routinely
used as a biomarker of xenoestrogen exposure, both in con-
trolled laboratory settings and in field studies (Sumpter and
Jobling, 1995), and is currently being incorporated as a standard
tier 1 bioassay within the U.S. Environmental Protection Agency
Endocrine Disruptor Screening Program. Other examples of bio-
markers of estrogenicity include in vitro assessment of MCF-7
cell proliferation, estrogen receptor binding and transactivation,
and in vivo assessment of endometrial thickness in mammals.
Recent technological advances in the areas of genomics,

proteomics, and metabolomics have provided researchers with
new tools for developing biomarkers, specifically indicators
that reflect both chemical exposure and the subsequent

biological effect. This paradigm shift is particularly relevant
in that traditional, single end point bioassays for xenoestrogens,
such as the Vtg assay, provide little insight about the
physiological consequences of exposure, particularly when
attempting to estimate potential adverse human health effects.
These new ‘‘omics’’ disciplines apply high-throughput meth-
odologies in which changes in expression of hundreds to
thousands of genes, proteins, or metabolites are assessed si-
multaneously. A direct comparison of expression values ob-
tained for a control versus an altered condition reveals a set of
biomarkers indicative of that altered state. This exposure
‘‘fingerprint’’ can then be used as a tool for classifying chemical
exposures and predicting mode of action (Hamadeh et al.,
2002). The use of toxicogenomic and toxicoproteomic ap-
proaches to biomarker discovery can be widely applied to
both environmental and clinical exposure scenarios, such as
environmental exposure to xenoestrogens in wastewater efflu-
ent or altered gene or metabolite expression in response to
disease.

The greatest advances to date in the application of ‘‘omics’’
technologies to EDC biomarker development have been in the
field of toxicogenomics. Both commercial and custom DNA
microarray platforms have been utilized to evaluate changes in
gene expression in response to a number of known toxicants,
including xenoestrogens, in both mammalian and aquatic
animal models (Benninghoff and Williams, 2006; Brown
et al., 2004; Larkin et al., 2003; Moens et al., 2006; Naciff
et al., 2002; Wang et al., 2004). In these studies, gene sets that
were responsive to estrogen exposure were identified, and the
biological processes associated with these transcriptional pro-
files were evaluated to gain insight into the network of bio-
logical processes responding to the chemicals in question.
While gene expression profiling has proven to be useful in the
development of biomarkers of EDC exposure, one must rec-
ognize that changes in rates of gene transcription do not
necessarily correlate with protein expression or protein activity
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(Anderson and Seilhamer, 1997) and that proteins are primarily
responsible for cellular responses to physiological stimuli.

In the past few years, researchers have successfully em-
ployed proteomic approaches in the development of diagnostic
biomarkers of human disease such as ovarian cancer (Petricoin
et al., 2002), lung cancer (Yang et al., 2005), and rheumatoid
arthritis (de Seny et al., 2005). However, to date, efforts to
establish protein expression profiles indicative of xenoestrogen
exposure have been limited. Indeed, a single study by Shrader
et al. (2003) has employed a large-scale proteomics approach
using two-dimensional gel electrophoresis (2DE) to identify
unique protein expression profiles in zebrafish embryos ex-
posed to 17b-estradiol and the weak xenoestrogen, 4-non-
ylphenol. While 2DE coupled with mass spectrometry for
protein identification has been successfully utilized in a number
of toxicology studies and has been scaled up for high-
throughput industrial applications, there are continuing
concerns regarding the standardization of electrophoresis proto-
cols, the reproducibility of the data, and the subjective nature of
2DE gel image analysis (Ong and Pandey, 2001). Thus, alter-
native proteomics approaches, such as matrix-assisted laser de-
sorption ionization time-of-flight mass spectrometry (MALDI,
also known as MALDI-TOF-MS) and surface-enhanced
laser desorption ionization time-of-flight mass spectrometry
(SELDI, also known as SELDI-TOF-MS), are becoming more
popular in clinical medicine and very recently in environmental
toxicology.

The article selected as the Toxicological Highlight for this
issue describes the first application of a SELDI-based proteo-
mics approach to identify a set of protein biomarkers of
xenoestrogen exposure and represents a major advance in the
area of environmental biomarker development (Walker et al.,
2006). Dr Calvin Walker and his colleagues at the U.S. EPA
have utilized a high-throughput proteomic approach to examine
estrogen-induced changes in low-molecular weight plasma
proteins in sheepshead minnows. SELDI utilizes protein chips
with various chemical (e.g., hydrophobic, hydrophilic, ion-
exchange, metal binding) or biological (e.g., antibody, DNA,
receptor) capture surfaces. A fraction of proteins solubilized
from tissues or body fluids binds to the selected capture surface,
the appropriate matrix solution is added, and the proteins are
then laser desorbed and ionized for MS analysis. The resulting
mass spectra reflect specific protein mass patterns with variable
protein expression intensities (mass peak height); spectra for
normal and altered experimental conditions may be compared
to identify differentially expressed proteins. (See review by
Merchant and Weinberger [2000] for details regarding SELDI
technology and applications in proteomics.)

The objective of the highlighted study was to determine
whether exposure to estrogen agonists altered plasma protein
expression in male sheepshead minnows. Male fish were
exposed to estradiol and several known weak xenoestrogens
including bisphenol-A (BPA), 4-tert-pentylphenol (TPP) and
methoxychlor (MXC). Importantly, this elegant study design

also included sufficient experimental controls, including an
unexposed male ‘‘normal’’ control, a mature female positive
control, a solvent vehicle control, and two other nonestrogenic
chemical stressor treatments, endosulfan and chlorpyriphos, so
that a protein expression pattern specific to xenoestrogen expo-
sure could be confidently identified. A second experiment was
performed to evaluate the sensitivity of this protein expression
profile at low levels of estradiol exposure. Following SELDI
analysis of plasma proteins, biomarkers of xenoestrogen exposure
were discovered by identification of discriminator peaks that
represent proteins uniquely expressed in plasma of estrogen-
exposed males. The authors found that 13 proteins were
differentially regulated in estradiol-exposed males and that
these discriminator peaks were also observed with 100%
specificity in males exposed to the xenoestrogens TPP, BPA,
and MXC. One of these proteins was identified as a zona ra-
diata protein fragment. Interestingly, several toxicogenomics
studies have shown that the hepatic gene encoding this protein
is highly inducible by estrogen exposure (e.g., Benninghoff and
Williams, 2006; Knoebl et al., 2006), thus suggesting that
proteomic and genomic data may share at least a modest degree
of correlation.

Observations from the highlighted study as well as recent
experiments in other aquatic animal models (Bjørnstad et al.,
2006; Provan et al., 2006) have shown that the application of
SELDI-based toxicoproteomics to the identification of bio-
markers for specific environmental exposures or stressors has
the potential to significantly advance risk assessment efforts.
Indeed, one can envision this proteomics approach applied to
wide-scale biomonitoring of numerous wildlife species in
which contaminant concentration and the presence (or absence)
of low molecular weight biomarkers in blood plasma are
assessed concurrently. As pointed out by Dr Walker and
colleagues, a proteomic approach to biomarker development
presents several advantages over a genomics methodology,
including the important issue of improved sample accessibility.
Blood plasma is readily available, and the very small amount
of sample required can be acquired by nonlethal methods.
Moreover, compared to a toxicogenomics approach, a SELDI
proteomics methodology is more useful for biomarker identi-
fication in alternative animal models and wildlife since platform
development (i.e., design and manufacture of custom or
commercial microarrays) is not required. However, limitations
in the ability to identify proteins of interest, particularly for
nontraditional animal models such as the sheepshead minnow,
present a significant drawback to a proteomics approach in
biomarker development. Because the genome for a number of
species, including mammalian and some fish models, has been
sequenced and at least partially annotated, a toxicogenomics
approach to EDC screening may seem to be a more attractive
option. Although the ability to rapidly, if only tentatively,
identify genes or gene homologs in microarray studies exceeds
the current capacity for rapid protein or peptide identification,
it should be acknowledged that protein expression more
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accurately represents the physiological response to a given
environmental condition.
While the application of toxicoproteomics to the develop-

ment of biomarkers for EDCs has significant promise, many
issues remain to be resolved. Indeed, a number of these
concerns are shared among all the ‘‘omics’’ disciplines. First,
are protein (or gene) expression profiles for a particular
chemical class similar among species? Asmass spectra libraries
for numerous chemical exposures in multiple species are
obtained, it may become apparent that there is not a consensus
set of specific plasma biomarker proteins for a particular chem-
ical class. Secondly, are structurally diverse chemicals with
a similar mode of action intrinsically similar? Results of the
highlighted article suggest that the protein expression profile
in response to four structurally diverse estrogen agonists is
highly similar. However, given the surprisingly diverse assort-
ment of chemicals that are known to bind the estrogen receptor,
one cannot conclude from this limited data set that all
xenoestrogens will elicit the same protein expression profile.
Additionally, one must consider that an expression profile is
merely a snapshot of a highly dynamic system, and temporal
changes in gene and protein expression should be anticipated.
Finally, as most researchers in the field of environmental
toxicology are acutely aware, the issue of mixtures continues
to be a significant problem that has not been adequately
addressed. No exposure occurs as a single event. Aside from
the important issue of chemical mixtures, other habitat and
physiological parameters can influence a biological response,
including diet, disease state, water quality, diurnal cycles, etc.
It is not known whether genomic or proteomic expression
signatures for a specific chemical exposure, such as xenoes-
trogens, can be manifest above background responses to these
other stimuli.
What is the best biomarker of xenoestrogen exposure? I

concur with the authors of the highlighted article that highly
efficient and scalable methodologies are needed for biomarker
development so that regulatory agencies and industry can
rapidly screen chemicals for potential endocrine-disrupting
properties. Moreover, I would like to emphasize that selection
of biomarkers that reflect not only exposure but also provide
information about potential physiological effects will generate
data that are more valuable. Single end point bioassays such as
Vtg induction and MCF-7 cell proliferation seem inadequate to
this purpose. An EDC-monitoring program that uses genomic
and proteomic biomarker profiles as complementary screening
tools will likely provide the most complete, robust, and
informative data set for risk assessment.
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