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RNA and protein expression profiling technologies have revo-
lutionized how toxicologists can study the molecular basis of
adverse effects of chemicals and drugs. It is expected that these
new technologies will afford efficient and high-throughput means
to delineate mechanisms of action and predict toxicity of unknown
agents. To reach these goals, a more thorough understanding of
the constraints of the methodology is needed to design genome-
scale studies and to interpret the vast amount of data collected.
This paper addresses some of the limitations and uncertainties of
gene expression profiling in mechanistic and predictive toxicology
with respect to the expectations of toxicogenomics. The challenges
associated with interpreting information from large-scale gene
expression experiments in vivo is also discussed.
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cDNA and oligonucleotide arrays and high-throughput 2-D
electrophoresis systems have quickly emerged as the premier
tools to enable genomewide analysis of gene expression at the
RNA and protein level. These new technologies are heavily
influencing drug discovery and preclinical safety in the bio-
technology and pharmaceutical industry (Freeman, 2000). Tox-
icologists are also promoting genomic expression technologies
as a superior alternative to traditional rodent bioassays to
identify and assess the safety of chemicals and drug candidates
for human safety (Afshariet al., 1999; Nuwaysiret al., 1999;
Pennieet al., 2000). It is expected that gene expression pro-
filing will identify mechanisms of action that underlie the
potential toxicity of chemicals and drug candidates. Other
touted applications include the identification of biomarkers of
toxicity to predict potential hazardous substances and thera-
peutics. Ultimately, toxicogenomics (the integration of genom-
ics, bioinformatics, and toxicology) is expected to accelerate

drug development and aid risk assessment. Recent experiments
applied to cancer genetics have demonstrated the potential of
gene expression profiling to accurately classify disease pheno-
types (Alizadehet al., 2000; Bittneret al., 2000), thus lending
hope that expression profiling may classify and thus predict
phenotypes of toxicity. Despite these expectations, it is still
uncertain how gene expression profiling experiments will ul-
timately contribute to our understanding of toxicity and allow
us to realize the full potential of this new technology. Although
there has been much review and hyperbole surrounding the
potential applications of toxicogenomics, these novel and un-
verified approaches to toxicological problems require an
awareness of the constraints of the methodology in order to
design and interpret gene expression profiling data. Pennieet
al. (2000) have also discussed the possibilities and caveats of
gene expression profiling in the context of mechanistic and
predictive toxicology and have addressed the certainty, biolog-
ical relevance, and need for validation of microarray data. The
purpose of this paper is to illustrate the current constraints of
gene expression profiling in mechanistic and predictive toxi-
cology and to stress how current experimental designs may
confound accurate interpretation of genome-scale data. The
limitations described are not intended to discourage the appli-
cation of gene expression profiling technologies to mechanistic
or predictive toxicology, but rather guide experiments that will
produce more interpretable and useful data.

Gene Expression Profiling in Mechanistic Toxicology—
A Hypothesis-generating Tool

There is a certain degree of faith that gene expression
profiling will reveal the mechanisms of action of chemicals and
drugs despite the inherent limitation of genomic and proteomic
experiments, which measure single end points (i.e., RNA or
protein levels), albeit for thousands of genes at a time. Con-
sider the many experiments and end points that have been
employed to explain the mechanism of action of some previ-

1 To whom correspondence should be addressed. Fax: (517) 353-9334.
E-mail: tzachare@pilot.msu.edu.

TOXICOLOGICAL SCIENCES60, 6–10 (2001)
Copyright © 2001 by the Society of Toxicology

6



ously characterized chemicals and drugs. It is understood that
mechanisms of action are far more complex and affect more
than simply the levels of cellular macromolecules. Many tox-
icants affect enzyme activity, DNA integrity, redox status,
membrane integrity, and other processes that are not amenable
as yet to genomewide measurements. Although alterations in
the above processes are likely to indirectly affect the expres-
sion of genes and proteins, the question remains how we
extrapolate a mechanism of action from the one end point.
Similarly, predictive toxicology attempts to infer the potential
mechanism(s) of action of an unknown agent on the basis of
correlation to large databases of activity or expression profiles
(Hugheset al., 2000; Paullet al., 1989; Scherfet al., 2000).

Can mechanisms of action be determined or predicted from
gene expression profiling? To answer this question, we need to
first define what is meant by a mechanism of action, as the term
is often used with many connotations. The mechanism of
action of a chemical or drug is described by the series of
molecular events following interaction of a chemical with its
cellular target(s) and the subsequent alteration(s) in target
function that precedes a cascade of cellular events that ulti-
mately leads to the observed effect. The challenge of trying to
determine the mechanism of action from measuring steady-
state mRNA or protein levels is that many toxicants and drugs
initiate toxicity by binding to proteins and/or altering macro-
molecules (although with exceptions, as noted below), and not
by directly inducing gene expression or altering gene product
stability or turnover. For example, the mechanism of action of
acetaminophen (APAP)-induced hepatocellular necrosis is due
to cytochrome P450–catalyzed activation of APAP to the
electrophilic NAPQI intermediate, leading to arylation and
thiol oxidation of cellular proteins. These events in turn lead to
nonspecific and/or undefined alterations in protein function and
subsequent changes in nuclear and organelle structure and
function leading to irreversible cell injury and oncotic necrosis
(Cohen and Khairallah, 1997). The mechanism of action of
APAP has been delineated through many detailed chemical and
biochemical experiments that could not have been revealed
through observation of gene expression changes alone.

This is a limited view of the complete spectrum of toxic
effects initiated by APAP, as it has been observed to cause
chromosomal aberrations, apoptotic DNA fragmentation, un-
scheduled DNA synthesis, oxidative stress, altered calcium
homeostasis, and inhibition of cell proliferation (Boulareset
al., 1999, and references therein). The fact that multiple cel-
lular signaling pathways may converge to alter the expression
of the same gene products also makes it difficult to identify the
affected pathway from observing gene expression changes.
The above arguments illustrate the point that most chemicals
and drugs will act through multiple mechanisms of action that
will depend on dose, timing and duration of exposure, and cell
phenotype. Each individual mechanism represents an initiating
event which by itself is inadequate to drive progression of
toxicity, but these mechanisms together act in concert to cause

cell injury and/or death. Although gene expression would be
expected to be altered as a result of APAP exposure, the
changes in gene expression will reflect secondary outcomes
due to primary upstream events starting with the interaction of
APAP with its target protein(s). Therefore, our ability to define
the mechanism of action of a compound using gene expression
profiling technologies will be highly limited in resolution. In
the best-case scenario, gene expression changes in cellular
perturbation experiments will lead to many new testable hy-
potheses that will require subsequent molecular and biochem-
ical experiments to reveal and confirm precise mechanisms of
action.

Ultimately, being able to define the mechanisms of organ-
ismal toxicity will depend on our understanding of cellular and
tissue level effects and how they are related to the molecular
changes in target cells. Because changes in gene expression do
not necessarily imply toxicity, gene expression profiling ex-
periments need to be integrated into larger studies that examine
multiple end points at the molecular, cellular, tissue, and phys-
iological levels in the context of the whole organism. As noted
(Pennieet al., 2000), this creates a further challenge in trying
to integrate knowledge at all levels of biological organization,
and highlights the need for an interdisciplinary approach in
mechanistic toxicology.

In some instances of toxicity, a direct and primary response
affecting gene expression and subsequent initiation of toxicity,
due likely to a receptor-mediated pathway, may be used to
explain the mechanism of action of chemicals, including non-
genotoxic carcinogens or endocrine disrupters. This will be
particularly true for therapeutics and drug candidates, as it has
been estimated that close to 50% of marketed drugs act through
receptors (Drews, 2000). These observations will be compli-
cated, of course, by parallel mechanisms of toxicity that may or
may not be receptor mediated, yet may augment the receptor-
mediated events. The challenge will be to distinguish the
therapeutic affects from the pathological changes. This will
require establishing time-dependent relationships between
dose and toxicity, which may or may not be linear. Where
alterations in gene expression precede or coincide with toxic-
ity, our ability to understand the mechanism of action will be
limited to our understanding of the pathways that regulate
transcription of the affected genes and their kinetics of expres-
sion. This is currently a major limitation in understanding why
a particular gene or cluster of genes is observed to be up- or
down-regulated, since only a small fraction of the estimated
100,0001 human genes have been studied at the level of
transcriptional regulation. Combining the identification of gene
regulatory elements with expression profiles in microarray
experiments (Barzmaet al., 1998; Zhang, 1999) represents an
industrious approach to begin to understand what transcription
factors and upstream signaling molecules are governing the
observed response in gene expression following chemical or
drug exposure.

Gene expression profiling has possibly a greater potential to
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reveal modes of action through the analysis of secondary
responses and/or the series of contingent regulatory events
induced by chemical or drug exposure. The mode of action of
a chemical or drug can be described, in part, by a fundamental
obligatory step directing toxicity, or adverse cell fate, be it
reversible cell injury, apoptotic or oncotic necrosis, or malig-
nant transformation. Farr and Dunn (1999) have noted that
organismal manifestations of toxicity can be explained by
combinations of a limited number of cellular outcomes from a
limited number of cell and/or tissue types. Furthermore, mul-
tiple mechanisms of action may converge at common points to
trigger the same molecular response. If this is true, then the
number of possible modes of action will be limited to the
number of molecular responses that can drive the obligatory
step toward a discrete cellular outcome. It follows, then, that
gene expression profiles cannot be used as an explanation or
predictor of toxicity unless correlated with an adverse effect.
Again, this underscores the need to integrate genomic experi-
ments with experiments examining effects at higher levels of
biological organization that are intended to assess toxicity in
the context of the whole organism. By understanding the gene
expression changes that direct a unique cellular outcome (i.e.,
the mode of action), we can begin to use gene expression
profiles to explain and potentially predict toxicity.

Predictive Toxicology—Fact or Fiction

It has been proposed that each chemical that acts through a
particular mechanism of action will induce a unique and diag-
nostic gene expression profile under a given set of conditions
(Nuwaysiret al., 1999). Indeed, proof-of-principle experiments
in S. cerevisiaehave revealed that the response to inhibitory
compounds mimics the loss of function of its target or pathway
for at least six compounds (Hugheset al., 2000, and references
within; Martonet al., 1998). For example, genetic disruption of
calcineurin inS. cerevisiaeresulted in a gene expression profile
highly correlated with the expression profile of wild-type cells
treated with FK506 or cyclosporin, antagonists of the cal-
cineurin-signaling pathway. To estimate the significance of the
relationship, the FK506 treatment profile was compared to
more than 40 randomly selected deletion strains or drug-treated
cells and found to be uncorrelated (Martonet al., 1998).
Whether predictive patterns in gene expression can be ob-
served in mammalian systems remains to be shown, although
preliminary studies suggest they can (Blanchardet al., 2000;
McMillian et al., 2000). Therefore, there is significant potential
for chemicals and drugs to be classified based on the similarity
of their induced gene expression profile by comparison with
expression profiles induced by chemicals or drugs with known
mechanism of action using multivariate statistical methods and
correlation metrics. In some cases, however, their classification
may be limited to the affected signaling or metabolic pathway
rather than by target protein in the pathway. By extension of
this observation, gene expression profiles are anticipated to

produce knowledge of a subset of commonly regulated genes
that can be used as biomarkers to predict modes of action.

While it has been pointed out that the number of possible
patterns of differential gene expression, even when expressed
as binary variables, is enormous (Farr and Dunn, 1999), subtle
differences in the number and magnitude of gene expression
changes have proven to be sufficient to classify expression
profiles into distinct clusters when applied toS. cerevisiae
(Hugheset al., 2000). The utility of this approach, however,
may be lost when outside the context of a large database, or
compendium, of expression profiles, as subtle changes in rel-
ative expression level (i.e., less than 2-fold) are usually con-
sidered unreliable in isolation (Hugheset al., 2000). Based on
gene expression profiles of yeast mutants, it has been estimated
that there exist 300 to 700 distinct full genome transcriptional
patterns from a full set of 5000 yeast deletion mutants profiled
under a single condition (Hugheset al., 2000). Although this
was a crude prediction, an extrapolation to mammalian systems
may predict substantially more distinct transcriptional patterns
under a single condition. Classifying transcriptional responses
into distinct diagnostic clusters may prove more problematic if
responses under different conditions do not extrapolate under
different conditions. For example, transcriptional responses
may differ between one target cell and another, from cell
culture toin vivoconditions, or from rodent models to humans.
Thus, the predictive power of gene expression profiling may be
limited to the model system employed and the prototypical
compound with known mechanisms used to generate the diag-
nostic expression profile. As yet there is no published data to
support that predictive expression profiles will extrapolate to
other tissues orin vivo settings.

The Challenge of Interpreting Gene Expression Data

Currently, there is a significant knowledge gap in our un-
derstanding of the molecular events that govern toxicologically
relevant outcomes. In any event, the changes in gene expres-
sion directing cell fate will reflect, in part, an active physio-
logical response that is nontoxic. These responses may include,
but are not limited to, host–defense responses (e.g., acute
phase proteins, cytokines, DNA repair enzymes), adaptive re-
sponses (e.g., hyperplasia, metaplasia, hypertrophy, atrophy),
and regenerative or protective responses (proliferation, differ-
entiation). In addition, there will be secondary responses fol-
lowing toxicity that will reflect pathology as a result of distur-
bances in cell function. These responses are likely to be
idiosyncratic and diverse across cell types due to the interac-
tion of pathological responses with the physiological mecha-
nisms of detoxification and repair that are cell specific. Again,
the challenge then lies in differentiating the physiological
responses from the diagnostic pathological changes in light of
confounding experimental artifacts inherent in the model sys-
tem and the experimental design.

Consider, for example, an experiment designed to measure
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time- or dose-dependent changes in gene expression following
an EC50 dose of a cytotoxic chemical in cultured cells. When
administering a dose that kills half the cell population, the
measured response (i.e., mRNA or protein level) in the affected
culture will be a combination of multiple factors, including the
gene expression changes in dying cells due to treatment, adap-
tive changes in surviving cells due to treatment, and normal
responses in living cells due to adjacent necrotic cells. This
would be particularly relevantin vivo, as necrosis can induce a
regenerative or inflammatory response in some populations of
unaffected or resistant cell types. The heterogeneous responses
are likely to be highly dependent on the tissue or cell type
affected, again highlighting the limitation of extrapolating one
model system to another. Measuring gene expression changes
following sublethal exposure concentrations may be more
likely to reveal treatment-induced changes that initiate toxicity
before heterotypic cellular responses obscure interpretation.
This will require a complete characterization of the full dose-
and time-response relationship, including a qualitative descrip-
tion of cellular changes as correlates.

Artifactual complications may also apply to other classes of
chemicals, particularly chemicals that act through receptor-
mediated pathways, as receptor expression is usually restricted
to discrete cell types. Subsequent changes in paracrine signal-
ing may have dramatic effects that could lead to misinterpre-
tation of gene expression profiles in cultured cells. This would
also be particularly relevantin vivo, where cellular complexity
plays a dominant role in adaptation and defense, or when target
tissues are affected secondary to primary targeting of a prox-
imal endocrine gland such as the pituitary or thyroid. Further-
more, when analyzing gene expression profiles from whole
tissues as part of a whole-animal toxicology study, the relevant
gene expression changes in the specific cell types targeted by
chemical or drug may be masked or diluted by the benign
changes in surrounding cell types. For example, consider the
cell type–specific toxicity of alloxan or streptozotocin on theb
cells of the pancreas and the fact that theb cells represent less
than 2 % of the pancreatic cell population. The ability to detect
changes in gene expression within 2 % of an RNA sample
derived from whole pancreas is likely below the limits of
sensitivity of current genomic profiling platforms. Compensa-
tory changes in other, more abundant cell types may also
negate any changes in the targeted cell and could even result in
the opposite conclusion regarding message or protein abun-
dance. Being able to measure gene expression profiles in
individual targeted cells or cell types, by using laser capture
microdissection, for example, would be more desirable in these
instances (Emmert-Bucket al., 2000; Luoet al., 1999). How-
ever, prior knowledge of the target tissues and/or cell types
from pathology studies are typically required for this level of
investigation. This would preclude its utility in higher through-
put predictive assays that are currently desired, but would
prove useful for mechanistic studies. Reducing the number of
observations (i.e., gene expression profiles) and correlating

them with a binary response (i.e., apoptosis, DNA damage)
may allow for the identification of a more robust set of pre-
dictive markers with utility in higher throughput systems.
Realization of such a scenario will be heavily dependent on the
standards of known modes of action that are available, the
reproducibility of the model system, statistical robustness of
the data, and the application of multivariate methods of anal-
ysis to reduce the data set into a comprehensible and manage-
able number of components for purposes of classification.

Other limitations to consider arise when adverse cellular or
tissue functions are observed in the absence of discrete cellular
outcomes such as cell injury or death. In these instances, subtle
changes in cell function, such as reduced responsiveness to
endocrine signals or altered secretion or production of signal-
ing molecules, will be more difficult to observe, as relevant
changes may be transient, posttranslational, and/or in non–
target organs. Many endocrine disruptors will likely fall into
this category. Perhaps the greatest source of complexity and
variability in gene expression profiling experimentsin vivo
stems from non–treatment-related phenomena, or intrinsic
variability, which is difficult, if not impossible, to control and
reproduce. Normal fluctuations in gene expression will occur
as a result of differences in age, gender, temperature, light,
diet, and hormonal status. Although age, gender, and the ex-
ternal environment can be tightly controlled within experi-
ments, comparisons between laboratories using similar treat-
ment protocols may be more challenging when environmental
factors are not strictly adhered to. Differences in nutritional or
hydration status, time of last meal, hormonal fluctuations dur-
ing estrus, and seasonal and light-induced changes in hormone
levels are more difficult to control within experiments. Such
intrinsic variation is likely to interact with timing, duration, and
frequency of treatments to alter the observed response in gene
expression. As with any experiment designed to test a hypoth-
esis, there must be sufficient replication to assure certainty in
the experimental results.

The expectation that toxicogenomics will enable us to define
mechanisms of action and predict toxicity of unknown agents
is supported by recent studies in lower eukaryotes. However,
our current ability to define a mechanism of action or accu-
rately predict toxicity in mammalian systems is still in its
infancy. Incorporating genomic experiments into larger studies
designed to assess effects at higher levels of biological orga-
nization is a must if one is to begin to understand and predict
organismal outcomes and possibly incorporate gene expression
data into mechanism-based risk assessment. The progression of
expression profiling into whole-animal studies also presents a
higher level of complexity that challenges our understanding of
biological systems and the interpretation of what changes in
gene expression are relevant. It is expected that experience and
interdisciplinary collaborations will continue to advance the
utility of gene expression profiling in mechanistic and predic-
tive toxicology. However, continued discussion, debate, and
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the sharing of knowledge and data are vital for toxicogenomics
to move ahead rapidly.
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