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Abstract The advancement of molecular biologic techni-
ques and their capabilities to answer questions pertaining to
mechanisms of pathophysiologic events have greatly
expanded over the past few years. In particular, these
opportunities have provided researchers and clinicians alike
the framework from with which to answer clinical
questions not amenable for elucidation using previous,
more antiquated methods. Utilizing extremely small mole-
cules, namely microRNA, DNA, protein, and nanoparticles,
we discuss the background and utility of these approaches
to the progressive, practicing physician. Finally, we
consider the application of these tools employed as future
bedside point of care tests, aiding in the ultimate goal of
unsurpassed patient care.
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Introduction

Molecular mechanisms of toxicity have not been
rigorously established for many xenobiotics. In this
manuscript, we will describe advanced molecular bio-
logical approaches to the assessment of genetic, trans-
lational, molecular, and regulatory mechanisms that
operate in overdose or acute toxicologic processes. We
will discuss recent technologies that can be directed
toward bedside point of care testing as well as describe
how these innovative methods may help identify early
serum biomarkers of toxicity for a variety of xeno-
biotics. Medical toxicologists should consider applying
these advanced molecular approaches to advance our
current understanding of hepatotoxicity and to improve
the identification and treatment of at-risk patients.

Terminology

Genomics

Genomics is the study of genetics pertaining to the
similarities and differences among the genomes of
organisms (Table 1) [1]. Genomics links genetic variabil-
ity (e.g., genotype) with the physical appearance of an
individual (e.g., phenotype). The genetic makeup of an
individual therefore drives the susceptibility to disease,
from schizophrenia to coronary artery disease [2].
Genomics techniques often involve identifying single nucle-
otide polymorphisms (SNPs), commonly occurring DNA
sequence variations in members of the same species. High-
throughput DNA-sequencing techniques have dramatically
expanded analysis of databases to find associations between
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patterns of SNPs and specific disease states prevalent in
patient subpopulations. Because genetic mutations can be
identified in regions as small as 10 kb, SNPs provide an
efficient means to identify unique genes associated with
diseases or adverse drug events [2].

Genomic techniques have immediate applicability to
the field of medical toxicology. For example, medica-
tions such as methadone and antipsychotics are associ-
ated with QTc prolongation, torsades de pointes, and
death. Genome-wide association studies (GWAS) have
identified unique genes which place certain individuals
at risk for QTc prolongation development. One specific
SNP associated with QTc prolongation is nitric oxide
synthase 1-AP (NOS1AP). NOS1AP binds to the
intracellular domain of the membrane-associated guany-
late cyclase protein synapse-associated protein 97
(SAP97). SAP97, in turn, co-localizes intracellularly
with the inwardly rectifying potassium channel, which
is responsible for repolarization of the action potential. These
data suggest that NOS1AP is potentially involvedwith cardiac
repolarization and resultant QTc prolongation [3].

Genomic methods have also been applied to the
evaluation of molecular mechanisms of addiction. A GWAS
study has proven effective in investigating an association
between specific alcohol dehydrogenase (ALDH) haplo-
types within four distinct alcohol-dependent populations
[4]. This investigation of American Indians, Southwest
American Indians, Finnish Caucasions, and African Amer-
icans identified an association of ALDH isozymes, namely
1A1 and 4, in Southwest American Indian populations [5].
Genomics may therefore help identify molecular targets
whose modification may alter the development of substance
abuse progression.

Transcriptomics

The study of gene transcripts or transcriptomics (Fig. 1)
frequently utilizes microarray assays of complementary
deoxyribonucleic acid expression to identify up- or down-
regulation of specific protein encoding messenger ribonu-
cleic acid (mRNA) oligonucleotides [6]. Microarray
technology involves adhering sequence-specific oligonu-
cleotides or proteins in a prearranged fashion to a solid
surface, such as glass. These solid surfaces, often times
referred to as microarray “chips” are small, being no more
than a few centimeters in diameter, and are used in high-
throughput testing. The oligonucleotides or proteins to be
evaluated are first enzymatically cleaved. They are then
labeled with fluorescent markers and incubated with the
microarray chip. After chip washing, the intensity of the
resultant fluorescent signaling is indicative of transcript or
protein binding [7].

Microarray technology allows thousands of genes to be
analyzed simultaneously. This method represents a major
technical advancement and is the framework within which
drug therapy discovery often occurs [4, 8]. Up to 90% of
the base pairs in mammalian DNA are non-protein coding.
Identifying a downstream product of the gene transcription
process can therefore produce a more focused assessment
of potential targets. A transcriptomic approach can acceler-
ate the discovery of many target gene transcripts associated
with toxicologic conditions and determine the mechanism
of drug action and metabolism. For instance, microarray
technology has been used to investigate the mechanism of
action for A-972611, a novel human immunodeficiency virus
(HIV) protease inhibitor. This study revealed an association
with A-972611 and CYP3A4 transcript reduction. A-972611

Table 1 Advanced molecular biologic techniques: definition of terms

Terms Definitions

Genomics Study of the genetic material or “blueprint” found in living organisms

Genome-Wide Association
Study (GWAS)

Genetic approach (typically using microarray technology) to determine unique individual DNA sequences

Metabolomics The study of variation of metabolites (typically using GC-MS technology) to determine metabolite variation
usually in relation to disease processes

Microarray Study of thousands of genes or proteins simultaneously. Typically, the sample of interest (i.e., DNA) is placed
on a glass slide or “chip.” Fluorescently labeled known samples are then allowed to bind to the chip, where
the degree of resultant fluorescence is indicative of the presence and amount of known sample

MicroRNA Short, non-coding regions of mRNA which regulate gene translation, usually via inhibition

Pharmacogenomics The study of variation of DNA and/or RNA transcripts in relation to drug exposure

Toxicogenomics The study of variation of DNA and/or RNA (usually using microarray technology) to determine transcript
variation in relation to disease processes

Transcriptomics The study of variation of DNA and/or RNA (usually using microarray technology) to determine transcript
variation in relation to normal development or disease processes

GC-MS Gas chromatography–mass spectrometry
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also downregulates the normal rifampin activation of
CYP3A4. Because rifampin activates the nuclear receptor
and transcription factor known as pregnane-X receptor (PXR)
in human hepatocytes, it was hypothesized that A-972611
inhibits rifampin PXR activation via the CYP3A4 pathways.
This hypothesis was confirmed with A-972611 inhibition of
PXR, with transcriptomics revealing a novel mechanism of
action for this HIV protease inhibitor [9].

More specifically, the term pharmacogenomics
describes the study of variations of DNA and RNA
responses to drug exposure using GWAS studies or
microarray technology [6, 7]. Unique DNA and RNA
responses to xenobiotic exposure may herald adverse drug
reactions. For example, 1–14% of patients who receive
abacavir for HIV may develop hypersensitivity reactions
such as Stevens–Johnson’s syndrome with HLA-B*5701
allele carriers being at increased risk [10]. Consequently, a
polymerase chain reaction of the DNA of abacavir

recipients followed by hydridization with sequence-
specific oligonucleotide probes may identify susceptible
individuals carrying the HLA-B*5701 allele (http://www.
questdiagnostics.com/). Identification of individuals car-
rying the HLA-B*5701 allele precluded prescription of
abacavir to suspectible patients. Importantly, this testing
resulted in a decline of abacavir-associated adverse drug
reactions from 7.8% to 3.2% [11].

The term toxicogenomics is similar to pharmacogenetics,
but is unique in that it focuses on the genetic changes that
occur specifically as a result of drug-induced cell or organ
dysfunction and injury [12]. For example, bromobenzene
hepatotoxicity was evaluated in a rat model using both the
transcriptome and proteome approach. With bromobenzene
exposure, numerous genes associated with glutathione
(GSH) metabolism were shown upregulated, including
gamma-glutamylcysteine synthetase, the rate-limiting enzyme
involved in GSH synthesis. This approach is significant since
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Fig. 1 Mechanisms of nucleic acid processing. (A) Intranuclear
miRNA initial transcription to primary (Pri)-miRNA form, cleaved
by Drosha to precursor (Pre)-miRNA. (B) Pre-miRNA translocation to
the cytoplasm by the exportin-5 protein. (C) Pre-miRNA cleavage by
the endoribonuclease protein, Dicer to mature miRNA. (D) Mature
miRNA transcript loading of RNA-induced silencing complex (RISC)

protein to target mRNA translational repression. (E) The process of
intranuclear transcription of DNA to mRNA. The identification of
required phosphate (PO4) metabolites in transcription is an example
of metabolomics. Production of unique mRNA transcripts (F) and
proteins (G) are examples of transcriptomics and proteomics,
respectively
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it has been established bromobenzene metabolism results in
3,4 epoxide metabolite. The irreversible binding of 3,4
epoxide metabolite to GSH then causes resultant hepatotoxic
effects [13].

MicroRNAs

MicroRNAs (miRNAs) are noncoding posttranslational
regulators that bind to untranslated mRNA sequences
producing gene silencing. Moreover, each miRNA targets
several different mRNAs. Briefly, the miRNA gene is first
transcribed into a primary microRNA transcript, then
cleaved by the intranuclear Drosha protein into precur-
sor microRNA (Fig. 1). Exportin-5 protein, a Ran-
dependent importin-beta-related transport receptor protein,
then translocates pre-mRNA transcripts into the cyto-
plasm, where it is further cleaved by the endoribonuclease
Dicer into mature microRNA segments. These segments
are approximately 19–24 nucleotides in length. Dicer, a
member of the ribonuclease III family, is also responsible
for initiating the mature miRNA transcript binding to
RNA-induced silencing complex (RISC), which together
inhibits mRNA translational of target genes (Fig. 1). The
same target gene may then be regulated by several
different miRNAs in different biological situations, a
process that allows enormous complexity and flexibility
in regulatory potential. MicroRNA fragments, being short,
chemically stable circulating biomolecules, may be ideal
serum biomarkers, since they do not suffer from the
common limitations of protein research such chemical
instability and posttranslational modifications [8].

MiRNAs have been characterized as regulators of
protein expression in diverse disease processes, including
acute hepatic injury. A study of murine acetaminophen
(APAP) intoxication identified highly significant differ-
ences in the spectrum and levels of miRNAs, including
miRNA-122 in both liver and plasma between control and
overdosed animals [8]. The liver-specific miRNA-122 has
also been shown associated with hepatitis C and
hepatocellular carcinoma disease progression. In addition,
a correlation between has been implicated between
miRNA-122 and other biological processes, such as
controlling the expression of hepcidin, important in iron
homeostasis. The exact role of miRNAs in hepatotoxicity,
however, still remains to be determined [14].

Importantly, the ubiquity and structural stability of
miRNAs allows the potential to correlate unique, time-
dependent miRNA “fingerprints” with specific intoxica-
tions. For example, miRNAs have been utilized as early
biomarkers for numerous disease processes, including
esophageal squamous cell carcinoma [15], Parkinson’s
disease [16], steatohepatitis [17], and hepatocellular carci-
noma [18, 19]. For instance, miR-375 and mir 92a were

shown correlated with hepatocellular carcinoma (HCC) in
hepatitis B virus (HBV) infected individuals. These
miRNAs could uniquely distinguish between individuals
infected with either HBV alone, hepatitis C virus, or non-
viral-infected patients. This suggests miR-375 and mir92a
can be used as effective biomarkers in establishing HBV-
associated HCC from other virally induced hepatopathol-
ogy [19]. Together, this demonstrates miRNAs may be
successfully employed as an ideal area of research to
determine other early biomarkers for disease states, notably
APAP-associated hepatotoxicity [8]. This is significant
since if validated, would confirm miRNA as a future novel
plasma marker of APAP-induced hepatic damage.

Proteomics

Proteomics involves the study of downstream transcription
products or the actual proteins coded by a particular DNA
sequence (Fig. 1). By evaluating larger biomolecules,
proteomics investigates both the structure and function of
proteins using microarray techniques, as well as identifying
unique peptides of interest compared to nucleotide tran-
scripts. Because of protein folding, chemical modifica-
tions, and other posttranslational events, proteomic
methods also utilize chemical analytical techniques,
such as microarray 2-dimensional (2-D) gel electropho-
resis and mass spectrometry [20].

Proteomic methods have immediate relevance to the
study of toxicologic processes. For example, an experi-
mental model of APAP toxicity involved the development
of chimeric mice and human hepatocytes. First, investiga-
tors established control proteomic responses to APAP
hepatotoxicity, then administering toxic doses of APAP to
the chimeric mice. To confirm hepatotoxic effects in murine
compared to human hepatocytes in these chimeric mice,
investigators compared 2-D electrophoresis and mass
spectrometry results for aldehyde dehydrogenase, ATP
synthase alpha chain, and glutathione S-transferase in both
cell types. The proteomic profile for human APAP
hepatoxicity suggests that lipid/fatty acid metabolism and
oxidative stress are involved in acetaminophen poisoning
[20].

Proteomic methods can also provide new areas of
investigation including toxic effects of nanomaterials.
Carbon nanotubes (CNT), used in products as diverse as
new bone growth scaffolding to ice hockey stick [21, 22],
are structurally similar to asbestosis fibers [23]. To
investigate carbon microtubules carcinogenic potential,
researchers analyzed pulmonary tissue from mice exposed
to CNT by pharyngeal aspiration for 3 weeks. Their results
revealed upregulation of s100a9, a biomarker of asbestos
exposure [24]. This study was the first to report the
upregulation of s100a9 in a rodent model of inflammatory
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lung disease, suggesting the usefulness of this model in
discovering novel biomarkers of inhalational toxicologic
injury, including CNT. These results also support the utility
and effectiveness of a proteomic approach in evaluating the
physiologic responses to toxiocologic exposures [24].

Metabolomics

Metabolomics involves the simultaneous evaluation of
thousands of metabolites utilizing liquid chromatography–
mass spectrometry or gas chromatography–mass spectrometry
(GC-MS). With this approach, specific metabolites (usually
the resultant small molecules of metabolism), their relation to
proteins, their function as cofactors in metabolic processes,
and their involvement in gene transcription and translation
may be more clearly determined (Fig. 1). In addition, this
approach can identify novel biomarkers from a variety of
biological matrices such as serum, cerebral spinal fluid,
saliva, and urine [25].

Metabolomics has been applied to the study of hepatoxic
agent tetraethyl [(3-hydroxy-2-pyridyl)amino]methandi-
phosphonate (14SC), a known rat hepatotoxin, was admin-
istered to rats to specifically identify urine and serum
biomarkers of hepatotoxicity. GC-MS metabolomics iden-
tified increased unconjugated bile acid accumulation in
both urine and serum in this experimental model. The same
study also found decreased coenzyme A ligation gene
expression, an enzyme necessary for bile acid conjugation.
These researchers therefore theorized that 14SC interferes
with bile acid metabolism to process hepatic injury [26].

Computational Systems Biology

Computational systems biology is an advanced mathemat-
ical modeling approach using large amounts of biologic
data. These systems use a high confidence network system
integrating biology and chemical toxicology to estimate
likely future adverse interactions. This approach can
therefore prevent human morbidity and mortality by
estimating the likelihood of adverse drug effects. For
example, one statistical model based on known protein–
chemical interactions is the Comparative Toxicogenomic
Database (CTD). This system compares exposure to 2,490
chemicals and production of 6,060 proteins to identify
42,194 potential associations with specific adverse events
[27]. For instances, di-ethylhexylphthalate (DEHP), a
plasticizer for polyvinyl chlorate, is used in a variety of
substances including intravenous tubing and nasogastric
tubes. Metabolites of DEHP include phthalates, known
endocrine disruptors that are associated with increased
DNA damage in human sperm [28]. DEHP also inhibits
connexin (gap junction) conduction in cardiomyocytes to

produce arrhythmias in vitro [29]. Finally, DEHP has been
implicated in neurologic defects in exposed developing
fetuses [30]. Using the CTD approach to determine the role
DEHP may play in these pathophysiologic events, numer-
ous proteins had projected interactions with DEHP,
including gamma-amino butyric acid (GABA) A recep-
tors. This interaction has been supported in the literature
with DEHP modulating GABA receptors function,
similar to that of volatile anesthetics in experimental
models [31]. Another nanotoxic environmental xenobiotic,
2,3,7,8 tetrachlorodibenzo-p-dioxin (TCDD), produced by
incineration of industrial compounds, was projected via the
CTD system to be associated with protein kinase C epsilon
(PRKCE). PRKCE was then shown to be associated with
brain tumor formation in a study evaluating TCDD
neurotoxicity in cerebellar granule cells [32]. Therefore, the
computational system biology approach may be useful
in predicting specific toxicologic outcomes of specific
exposures [27].

Application of Advanced Technologies

These novel molecular biologic approaches can be applied
to the evaluation of hepatotoxicity. Among hepatotoxic
drugs, APAP remains an important etiology of acute liver
failure in the USA [33, 34]. Assessment of patients
suspected of APAP ingestion can be difficult for treating
physicians, since up to 24 h may elapse before signs of
hepatic injury may appear. The need to admit patients while
potential hepatotoxicity is assessed leads to elevated rates
of hospital admissions [35]. Despite the prevalence of
APAP poisoning and over 30 years of research, the exact
mechanism of acetaminophen toxicity remains unclear [36].

The role of specific chemical intermediates in
mediating hepatotoxicity is uncertain. For example, N-
acetyl-p-benzoquinone imine (or NAPQI) is a reactive
metabolite that is inactivated by glutathione at thera-
peutic APAP doses. NAPQI may covalently bind to
cellular proteins following glutathione depletion to
produce hepatocellular injury. The production of NAPQI
alone, however, cannot entirely explain APAP-induced
liver damage. Transgenic mice overexpressing glutathi-
one synthetase which produce more glutathione para-
doxically suffer greater hepatotoxicity than the wild-type
mice at identical APAP dosing [37]. In addition, APAP
can still cause hepatotoxicity without decreased glutathi-
one levels in a mouse embryo development model [38],
suggesting mechanism other than APAP is involved in
causing liver damage.

Additional hepatotoxic pathways may involve the
production of reactive oxygen species and inflammatory
injury. Oxidants, including peroxides, promote mitochon-
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drial permeability transition (MPT) which increases entry of
ions, uncoupling of oxidative phosphorylation, and
decreased ATP synthesis. Cytokines IL-1 and IL-10
have been implicated in APAP-induced hepatotoxicity,
as well as tumor necrosis factor alpha [39]. Interestingly,
increased expression of the transcription factor hypoxia
inducible factor 1-alpha (HIF-1-alpha) occurs after MPT
upregulation in the setting of APAP toxicity and oxidative
stress. This is significant since HIF-1-alpha targets
upregulation of vascular endothelial growth factor, a
biomolecule that stimulates angiogenesis and that has
been associated with hepatocellular recovery and regrowth
in the setting of hepatotoxicity [11].

An accurate early serum marker for APAP toxicity that is
stable, specific, and easily measured still remains elusive.
Standard clinical laboratory testing may not reveal evidence
of hepatic injury for up to 24 h following APAP ingestion.
A considerable proportion of APAP-exposed individuals
therefore receive unnecessary empiric treatment with an
antidote before hepatic injury can be eliminated. There is a
need for earlier diagnostic indicators of APAP induced
hepatic injury. We therefore intend to identify biochem-
ically stable serum markers of APAP exposure that
slows clinicians to accurately establish the diagnosis of
APAP hepatotoxicity and its progression to acute liver
failure. Unfortunately, most candidate biomarkers (e.g.,
protein adducts) possess physiochemical properties that
limit their use in rapid diagnostic testing. MicroRNA
fragments, used as early serum markers for other
disease processes, do not suffer from these limitations
[8]. In fact, using APAP hepatotoxicity as an example, a
murine APAP intoxication study identified highly signif-
icant differences in the spectrum and levels of miRNAs in
both liver and plasma between control and overdosed
animals [8]. Unfortunately, this study lacked clinical and
diagnostic relevance; it examined neither extended time
dependency of miRNA concentrations nor extensive dose
dependency of these important biomarkers of injury.
Consequently, alterations in the “fingerprint” of miRNA
concentrations that change with time in the setting of
hepatotoxicity may be necessary to define injury.

Future Directions

The development of novel molecular biologic techniques
may revolutionize the evaluation of the pathophysiology of
xenobiotic toxicity. Specifically, transcriptomic, proteomic,
and metabolomic technologic approaches would be benefi-
cial in determining the specific pathophysiologic pathways
of APAP toxicity, in turn providing numerous future
therapeutic options. However, each of these processes
may take days to weeks to complete. In addition,

current pharmacogenetic tests may require days to
weeks to complete and often require considerable
laboratory technical skill to perform. Current pharma-
cogenetic methods are therefore inappropriate for use
in acutely ill patients. Novel nanotechnology
approaches, in use with resulted molecular biologic
data, for example include microfluidic technology and
dip pen lithography. These methodologies have
the potential to yield real-time, bedside results with
high sensitivity and specificity [40].

Of note, because the exact mechanism of injury for
many hepatotoxins is unknown, novel technologies
including determining unique “fingerprint” miRNA of
hepatotoxicity can be further elucidated with these
techniques. The impact of these techniques on
improving patient care and lowering healthcare costs is
of clear importance.
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