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Abstract

Acetaminophen can adversely affect the liver especially when overdosed. We used whole blood as
a surrogate to identify genes as potential early indicators of an acetaminophen-induced response.
In a clinical study, healthy human subjects were dosed daily with 4g of either acetaminophen or
placebo pills for 7 days and evaluated over the course of 14 days. Alanine aminotransferase (ALT)
levels for responders to acetaminophen increased between days 4 and 9 after dosing and 12 genes
were detected with expression profiles significantly altered within 24 hrs. The early responsive
genes separated the subjects by class and dose period. In addition, the genes clustered patients who
overdosed on acetaminophen apart from controls and also predicted the exposure classifications
with 100% accuracy. The responsive genes serve as early indicators of an acetaminophen exposure
and their gene expression profiles can potentially be evaluated as molecular indicators for further
consideration.
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Introduction

Acetaminophen (Tylenol®) is widely used to relieve pain and reduce fever. Currently, the
maximum U.S. FDA approved daily dose is 4g. Acetaminophen poisoning is common
world-wide and is potentially fatal 1. The majority of clinical cases present in the emergency
room with acute liver failure. Previously, the Centers for Disease Control and Prevention and
the U.S. FDA indicated that about 55 000 to 80 000 people in the U.S. overdose from
acetaminophen each year, of which at least 500 die particularly from liver failure 2-6. The
U.S. FDA has issued a warning for manufactures of acetaminophen to indicate the potential
risk of sudden liver failure. More recently, the manufacture of Tylenol®, an over-the-counter
product, has included a warning on the label that the drug content contains acetaminophen.
Physicians have been asked by the U.S. FDA to avoid prescribing pharmaceuticals with a
high dose of acetaminophen as drug-induced liver failure is a growing concern 7: 8.

The early detection of acetaminophen liver injury and determination of prognosis at
presentation are critical to clinicians but can be challenging when using serum enzymes as
an indicator of liver damage °. Liver biopsies to obtain material for histopathological
evaluations are invasive and are a significant risk to the patient. Furthermore, at times serum
acetaminophen levels shortly after overdose are undetectable 19. Thus, there is a need for
novel diagnostic and prognostic indicators using biospecimens that can be easily obtained
with minimal invasion and are efficient at early detection.

We used blood as a surrogate to identify gene expression profiles as potential early
indicators of an acetaminophen response. In a clinical study, “Responders” to dosing of
acetaminophen were classified apart from “non-responders” based on both ALT levels
greater than 2x the upper limit of normal and 2x their individual baseline ALT values. We
detected 12 genes in the blood with expression profiles significantly altered within 24 hrs of
the beginning of dosing, three days before the responder group’s ALT marker elevated to
levels that would be classified as responders. Using independent gene expression data from
the blood of five human acetaminophen overdose patients, the panel of early response genes
clustered the samples from the overdosed patients apart from controls and also predicted
exposure to acetaminophen within this independent data set with 100% accuracy. We
conclude that this panel of blood gene expression profiles can potentially serve as candidates
for early biomarkers of an acetaminophen response.

Materials and Methods

Study Design

The randomized, single-blind, placebo-controlled, clinical study objective was to identify
gene expression from whole blood of healthy human subjects receiving 4g of acetaminophen
daily or placebo that are early indicators of an acetaminophen response, detectable well
before ALT elevations. Healthy male and female individuals from 18 — 58 years old
weighing 55 kg to 85 kg volunteered as subjects in the study (See Supplementary Table 1).
The study was instituted only once. The protocol (#2265) was approved by the University of
North Carolina-Chapel Hill Institutional Review Board and informed consent was obtained
from each patient. There were 66 subjects enrolled for 14 days each and were acclimated for
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3 days on a controlled, standardized whole-food diet in order to assure a uniform nutritional
intake. Starting on day 0 and until day 7 relative to the start of dosing, each subject received
daily repeat dosing every 6 hrs (i.e. 4x daily) of either 1g of acetaminophen (two 500-mg
Tylenol® Extra-Strength tablets, Orth-McNeil Pharmaceuticals, Titusville, NJ, USA) or
placebo pills orally. Blood was collected at 8 a.m. on each day of the clinical study for ALT
measurement and complete blood counts (CBC). Furthermore, each day peripheral blood
(7.5 mls) was drawn into PAXgene™ (PreAnalytiX/QIAGEN, Hilden, Germany) blood
RNA collection tubes (3 tubes @ 2.5 mls). Samples were mixed and RNA was isolated
according to the manufacturer’s protocol, including the optional on-column DNase
digestion. RNA quality was assessed with an Agilent Bioanalyzer™ (Palo Alto, CA) and
only samples with intact 18S and 28S ribosomal RNA peaks were used for microarray
analysis. The RNA quality from 3 subjects (#s 1, 2 and 3) were poor and subjects #s 12 and
21 had no day 0 samples. Therefore, the samples from these subjects were not processed
further.

Clinical Chemistry

Clinical chemistry evaluations of serum samples were performed using a Roche Cobas Fara
chemistry analyzer (Roche Diagnostic Systems, Westwood, NJ) to numerically measure
serum ALT enzyme levels (See Supplementary Table 2).

Classification of Subjects

Individuals given placebos were classified as within the Placebo group. In a randomized
control trial, elevated levels of serum ALT have been associated with healthy adult human
subjects receiving 4 g of acetaminophen daily °. In our study, we classified subjects
receiving acetaminophen as follows. Responders: Individuals with a 2-fold increase in serum
ALT (See Supplementary Table 2) from their respective baseline value and greater than 2x
the upper limit of normal (as defined by historical data from the University of North
Carolina-Chapel Hill hospital: females = 30 IU/L; males = 40 IU/L) in response to
acetaminophen. Non-responders: Individuals receiving acetaminophen but not meeting the
“Responder” criteria. The baseline for normal was defined as the mean of the daily ALT
measurements obtained in the days before the start of acetaminophen dosing (the
acclimation period). The baseline ALT levels for subjects #11 and #18 were elevated and
thus, the data from these subjects were removed from further analysis. The classification
assignments of the subjects are in Supplementary Table 3.

Microarray Analysis

Gene expression profiling was conducted using Agilent-012097 Human 1A (V2)
microarrays (Agilent Technologies, Palo Alto, CA). 500 ng of total RNA from a human
universal reference (Stratagene, La Jolla, CA) and subject samples were amplified using the
Agilent Low RNA Input Fluorescent Linear Amplification Kit and labeled with Cy3 and
Cy5 cytofluors respectively according to manufacturer’s protocol. For each two-color
comparison, 750 ng of each Cy3 and Cy5 cRNA were mixed and fragmented using the
Agilent In Situ Hybridization Kit protocol. Hybridizations were performed for 17 hrsin a
rotating hybridization oven according to the Agilent 60-mer oligo microarray processing
protocol prior to washing and scanning. Gene expression pixel intensities were extracted by
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scanning the microarrays with an Agilent Scanner (Agilent Technologies, Wilmington, DE).
The log base 2 pixel intensity values from the Cy3 and Cy5 channels were background
subtracted, corrected for dye bias and normalized across arrays 11. The preprocessing of the
data from subjects #s 13, 49 and 63 (Placebo, Non-responder and Responder classes
respectively) revealed them as being outliers and thus were excluded from further analysis.
Finally, log base 2 ratio values were generated (subject sample to universal reference) and
corrected for batch effects (see Supplementary Table 4 for batches) using an empirical Bayes
model with the classification of the subjects and before or after dosing as covariates and
parametric estimation of priors'2. The microarray data for subject #62 at day -1 and day 4
and for subject #64 at day -1 were missing and hence these subjects were excluded from
further analysis. Statistical analysis was performed on the preprocessed data from the
remaining 54 subjects (Responders n = 12, Non-responders n= 32 and Placebo n= 10).

Statistical Analysis

We used a discontinuous piecewise linear regression (DPLR) model (1st order
autoregressive process) 13 to analyze the gene expression data by day. The model is similar
to a classical linear regression. However, with respect to the DPLR model, the regression
function is in two pieces, separated at the time point at which acetaminophen is
administered. For each gene, let Y; denote the preprocessed log base 2 ratio value for the &h
day. The regression model is:

Yi=PBo+B1 X1 +52(Xe1 — Xp) X2 +03Xi34¢¢

where B, is the Y intercept of the regression line, and where:

Xi1= the day relative to initial dosing,t=—3,—-2,—1,0,1,2,3,4

_ 1 if Xy >X,
K= { 0 otherwise

o 1 if Xy >Xp
K= { 0 otherwise

When Xy < Xp, X¢ = 0 and Xz = 0 as indicator variables, then the response function for the
regression model becomes B, + B1 Xy (the 15t piece). Similarly, when Xq > Xp, Xz = 1 and
Xtz = 1 as indicator variables, then the regression model becomes (B, - XpB2+ Ba)+(B1+
B2)Xq1 (the 279 piece). Thus, if Bz = 0, the piecewise regression is continuous and there is no
difference in the mean responses for the two regression lines at Xp.

Subject is the random effect in the model and the restricted maximum likelihood (REML)
method for estimation of variance within each group was used. We assume that the gene
expression response at different days in the subjects prior to dosing follows a different linear
relationship after dosing at day X, (i.e., the linear response is in two pieces) and that the
linear response may not only change slope at X, but may also be discontinuous at X,. In
this study, X, is t = 0 and B3 represents the difference in the mean responses for the two
regression lines at Xp,. For each gene and given the model, we perform a two-sided t-test for
the null hypothesis Hy: B3 = 0 and reject it for the alternative hypothesis Hg: B3 #0 at a =
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0.05. We account for multiple testing of the genes using a false discovery rate (FDR) 14 15
g-value < 0.05. Genes with cyclic expression patterns were identified using the sine and
cosine of X in the following trigonometric model:

Yi=a[sin b(Xy — h)+cos b(Xy — h)|+k

where ais the amplitude = 1, 2r/b is the period where 6= 1, 7t = 180, X; is the day of
dosing witht =-3, -2, -1, 0, 1, 2, 3, 4, ~the horizontal shift = 0 and ks the vertical shift =
0. Genes with a significant fit to the model (i.e., a correlation coefficient /2 > 0.2) were
considered cyclic and thus not appropriate for the discontinuous piecewise linear model.

Code availability: The SAS code for the discontinuous piecewise linear regression mixed
regression model and trigonometric model are available upon request.

Overdosed Patients

Predictions

Five individuals (2 males and 3 females) of Caucasian or African-American ethnicity who
overdosed on acetaminophen were admitted to the University of North Carolina-Chapel Hill
emergency room. The individuals ages ranged from 19 — 59 years, their ALT (U/I) ranged
between 435 — 6446 and peripheral blood was drawn 2 or 5 days after admittance for
microarray analysis. Blood was collected using PAXgene vacutainer tubes (PreAnalytiX;
Qiagen), and RNA was isolated as described by the manufacturer and labeled as described
above for microarray analysis. Briefly, each sample was hybridized against a human
universal RNA control (Stratagene, La Jolla, CA) and processed as described above for
microarray analysis. Hybridizations to Agilent-012097 Human 1A (V2) microarrays
(Agilent Technologies, Palo Alto, CA) were performed for 17 hrs in a rotating hybridization
oven according to the Agilent 60-mer oligo microarray processing protocol prior to washing
and scanning with an Agilent Scanner (Agilent Technologies, Wilmington, DE). The raw
pixel intensity gene expression data were loaded into the Rosetta Resolver database (build
5.1.0.1.23, Rosetta Biosoftware, a unit of Rosetta Inpharmatics; Palo Alto, CA) and error
weighted ratio values computed from the normalized and background-subtracted pixel
intensity values 16. The log base 10 ratio data were generated as follows. Overdose patients:
average of baseline group [day -3 human blood] to patient and Baseline group: Reference to
day -3 human blood.

The fold change (samples to universal reference) blood gene expression data of the 12 early
responsive genes from the placebo and responder subjects in the present study at day 1 (24
hrs after receiving acetaminophen) were used in a support vector machine 17:18 (SVM) three
degrees radial basis gamma kernel to build a predictive model (Partek Genomics Suite v. 6.6,
St. Louis, MO). Following a comparison of prediction accuracies based on surveying various
parameter settings and leave-one-out-cross-validation, the parameters with the best accuracy
were with cost-based shrinking, tolerance of 0.001, nu = 0.5, and gamma = 0.01. The model
was then applied to the fold change (subject samples to universal reference) blood gene
expression data of the 12 early responsive genes from the five acetaminophen overdose
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patients and three controls. Prediction accuracy was based on the number of subjects
predicted correctly (control as Placebo and overdosed as Responder).

Gene Interaction Analysis

Results

Ingenuity Pathway Analysis (IPA) software build 355958M (Qiagen, Redwood City, CA)
was used to create a gene interaction network from 9 of the 12 early responsive genes (focus
genes) detected in the responders only and that were mapped to pathways in the IPA
knowledgebase content version 21901358. The network was scored according to the —log
base 10 p-value from a Fisher’s exact test assessing the significance of the proportion of
highly connected 9 focus genes within, or not in the network to all other genes in the
knowledgebase within, or not in the network. Finally, the network was pruned to highlight
the interactions of the focus genes with the central hub.

A Subset of Subjects Respond to Acetaminophen

Fifty-four male and female human subjects (Table 1) were evaluated over the course of a 14
day acetaminophen response clinical study to monitor changes in serum enzyme levels and
profile gene expression from their blood. As illustrated in Figure 1, starting on day 0 and
until day 7, subjects received daily, repeated (4x) dosing of either 1g of acetaminophen or
placebo pills. As shown in Figure 2a, the ALT levels for the responders to acetaminophen
are at baseline level between day 0 and 3, they increase between day 3 and 6, and then peak
between day 7 and 10.

Identification of an Early Gene Expression Response to Dosing

To identify gene expression profiles from the blood of the subjects that respond early during
the dosing period, we used a discontinuous piecewise regression (Figure 2b) to model the
data from the subjects between day -3 and day 0 separately from day 1 to day 4 and detect a
significant change in gene expression. If there is no expression response of a particular gene
following a subject receiving acetaminophen, then there would be no statistically significant
difference between the expression of the gene during the acclimation period and the dosing
period. As displayed in the Venn diagram in Figure 3a, the Placebo and the “Non-responder
classes has 48 and 754 genes (1101 probes) respectively with significant differences (FDR <
0.05) in their gene expression profiles between the two periods whereas the “Responder”
class has 54 genes significantly different (FDR < 0.05) and responded to the dosing within
24 hrs. Nine genes overlap between the three classes, but 12 genes are unique to responder
class (Table 2). The greater number of genes detected from the Non-responders is primarily
due to the larger sample size for that class. Hence, there is more power of detection to
identify genes with significant differences between their expression during the acclimation
period and the dosing period.

We then used principal component analysis (PCA) of the gene expression data to reduce the
dimension of the 12 genes down to the top two principal components (PCs) that capture the
majority of variability in the data. Plotting the data with these PCs allows for the projection
of the samples in two dimensional space and interpretation of the proximity of them to one
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another. The 12 genes from the Responder class separate the acclimation period from the
dosing period within each class (Figure 3b). Subjecting the expression data from the 12
genes to hierarchical clustering, groups the genes that responds similarly across the time
points and reveals shared expression patterns amongst the samples. These 12 genes
represented the classes relatively well as depicted by the gene expression patterns in the heat
map (Figure 4a). Of the 12 early responsive genes specific to the Responder class, five
decrease in expression 24 hrs after dosing and seven increase in expression (Table 2 and
Figure 4b).

Early Responsive Genes Discern and Predict Exposure to Acetaminophen

To validate the 12 early responsive genes, we used the gene expression from them to cluster
five acetaminophen overdose patients and controls from an independent gene expression
data set according to exposure status. As shown in Figure 4c, the 12 genes cluster the
overdosed patients together, yet apart from the controls essentially from three groups of
moderately correlated genes (R > 0.6). All overdose patients presented with elevated ALT
levels and four of the five with an estimated ingestion of acetaminophen greater than the
maximum U.S. FDA approved daily dose of 4g (Table 3). However, only one had a blood
serum acetaminophen level greater than 25 mcg/mL. In addition, using a SVM prediction
model built from the 12 early responsive genes from the Placebo and Responder subjects in
the present study at day 1 (24 hrs after receiving acetaminophen), prediction accuracy of the
exposure status of the overdose patients and controls was 100% (Table 4).

Molecular Interactions and Pathways Associated with the Acetaminophen Early Response

Using 9 of the 12 early response genes detected in the Responders that were mapped in the
IPA canonical pathway database, we found a molecular interaction of interest with a score
=26 (p-value = 1x10°26). As shown in Figure 5, several of these dysregulated early response
genes are associated with ubiquitin C (UBC) as the central hub and three interact with
interleukin 4 (/L4).

Discussion

Previously, the Centers for Disease Control and Prevention and the FDA indicated that about
55 000 to 80 000 people in the U.S. overdose from acetaminophen each year of which at
least 500 die particularly from liver failure -6, The U.S. FDA has issued a warning for
manufactures of acetaminophen to indicate the potential risk of sudden liver failure and
more recently the manufacture of Tylenol®, an over-the-counter product, has included a
warning on the label that the drug content contains acetaminophen. We sought to use blood
as a surrogate tissue in order to identify gene expression profiles derived from blood cells as
early indicators of an acetaminophen response in other tissues.

Based on microarray gene expression data we identified 54 genes, 12 which are unique to
the Responder group, that were significantly differentially expressed as early as 24 hrs
subsequent to dosing with acetaminophen. Using the 12 early responsive genes, we could
differentiate the samples of subjects within the acclimation period from those in the dosing
period. In addition, they allowed us to separately cluster Responder, Non-responder and
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Placebo subjects distinctly from each other and also allowed for the separate clustering of
subjects who overdosed on acetaminophen from controls. Furthermore, against an
independent human blood gene expression data set, the early responsive genes allowed us to
predict the acetaminophen overdosed exposure samples and control samples with 100%
accuracy.

Of the 12 early responder genes, several have been reported to be associated with the
immune system or cell division and some code for zinc finger binding proteins or complexes
in the endoplasmic reticulum. In published studies, five of these genes have been shown to
be differentially expressed in rodents following acetaminophen exposure 1922, Early
consequences of acetaminophen intoxication in rats revealed structural changes of the liver
cells and dilatation of the endoplasmic reticulum 23 as well as damage to mitochondria 2°.
KDELCI encodes a protein that is localized to the lumen of the endoplasmic reticulum 24
whereas SLC35F encodes a multiple spanning domain protein which transports nucleotide-
sugar (a substrate for glycosyltransferases) from the cytosol to the lumen of the Golgi
apparatus and endoplasmic reticulum 25. Interestingly, zinc finger and BTB domain
containing 16 (ZBTB16) is associated with increase of the mitochondria membrane potential
26 and integrin-beta 2 (/7GB2), which encodes CD18, has been shown to be associated with
increased liver damage 27.

Exposure to a toxic dose of acetaminophen leads to an inflammatory/immune response that
consists of a release of cytokines/chemokines as well as an innate immune cell infiltration in
the liver 28-31 in addition to hepatocyte damage. Our IPA analysis of the 12 early response
“predictor” genes revealed potential molecular interactions between 9 of these genes with
ubiquitin C (UBC), a stress response gene 32, This potential interaction may be suggestive of
an early cellular repair response to acetaminophen exposure. Toxic stress can cause protein
misfolding and the accumulation of misfolded proteins in the endoplasmic reticulum leading
to ubiquitination of these macromolecules 3335, (JBCis involved with ubiquitination and is
associated with protein degradation, DNA repair and cell cycle regulation 32. CCNAZ, which
produces cyclin-A2, regulates cell cycle progression, cell division and cell proliferation. The
induction of this gene in the Responders to acetaminophen may be associated with a signal
to proliferate in response to acetaminophen-induced cell death 34. Finally, /7TGBZ2plays a
role in the immune response and it has been shown that neutrophil chemotaxis correlates
significantly with liver necrosis from acetaminophen toxicity 19,

Our findings support the hypothesis that blood gene expression profiles can serve as
candidates for early biomarkers of an acetaminophen-induced response. Due to the small
sample size of the test data set, the predictive value of the 12 early responder genes should
be interpreted with caution. Further studies to evaluate the performance of the predictive
genes are needed as resources and clinical samples become available.

Other mechanistic biomarkers for acetaminophen toxicity have been investigated 36-41,
Genes and their expression as early biomarkers of an adverse acetaminophen response have
some advantages in that they are mostly well-annotated, they are protein-coding and harbor
the genetic code of variants, and they have relationships with each other in a systems/gene
network manner. Furthermore, gene expression assays are typically more robust and
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reproducible than proteomic and metabolomics assays albeit they can be more laborious and

co

stly to implement. We anticipate that as with FDA-approved microarray-based clinical

screens for determination of how a person metabolizes medicines or the assessment of risk
that a breast tumor will metastasize, a diagnostic gene expression assay using genomic
biomarkers for early detection of acetaminophen exposure is quite plausible for translation

to

clinical practice.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Study design. Blood draws from subjects are represented by black arrows. Red arrows

represent acetaminophen doses. The numbers represent the days relative to the initial dose of
acetaminophen.
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Figure2.
Response to acetaminophen dosing. (a) Plot of alanine aminotransferase (ALT) in IU/L for

each of the responder subjects at a given day. (b) Discontinuous piecewise regression.
Representation of the response function for a discontinuous piecewise regression on genes
expression (y-axis) dependent on the day of blood draw (x-axis). Xp is the jump point
between the two regression lines and denotes the point at which acetaminophen is given. The
solid line represents a gene expression response during the acclimation period. The dashed
line represents an increase in gene expression following dosing of acetaminophen. The
slanted dotted line represents a decrease in gene expression following dosing of
acetaminophen.
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Overlap of responsive genes and separation of classes. (a) Venn diagram of early responsive
genes (g-value < 0.05). (b) Principal component analysis showing the separation of classes

by period based on the average of the 12 mean responsive genes according to class and day.
The numbers in the data points represent the day relative to the start of dosing. The percent
of variation captured by each principal component (PC) is denoted on each axis.
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Figure 4.
Heat maps and clustering of responsive genes and samples. (a) Clustering of the 12 genes

with change in mean expression following dosing. Cosine correlation dissimilarity with
Ward clustering was used. The log base 2 gene expression ratio data (subject to reference)
for subjects within each class at a given day were averaged and then each profile was
standardized such that the distribution across the days has a mean equal to 0 and standard
deviation of 1. The days relative to the initial dosing are denoted. The heat map color bar
represents the relative gene expression: red is up-regulated, blue is down-regulated. (b) Plot
of the gene expression data by day for the 12 early responsive genes. The x-axis is the day
relative to the initial day of dosing. The y-axis is the least square (LS) mean of the log base 2
ratio data (subject to reference). The error bars represent the standard error of the mean. (c)
Two-dimensional clustering of the 12 genes and subjects overdosed on acetaminophen or
controls. Cosine correlation dissimilarity with average linkage clustering was used. Log base
2 ratio data (reference to subject) is represented by color: red is up-regulated, blue is down-
regulated.
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KD

Figure5.

Page 16

ZOHHG 3

Gene interaction network. Using 9 of the 12 early response genes detected in the responders
that were mapped to pathways in the Ingenuity Pathway Analysis canonical database,
molecular networks were generated. Colored nodes represent genes that are part of the 12
early response genes. Red represents increased expression, green, decreased expression.
Shapes representations: Circles, protein-coding genes; diamond, enzyme; square, cytokine;
horizontal ovals, transcription regulators; vertical oval, transmembrane receptor. A solid line
represents a direct interaction whereas a dashed line represents an indirect interaction. A line
with an arrow denotes activation whereas a line with an arrow and a pipe (|) denotes acts on
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and inhibits respectively. A line without an arrow or pipe (|) denotes a protein-protein
interaction.
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Table 1

Demographics of subjects in the clinical study with gene expression measurements.
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Classes Number
Placebos: 10
Non-responders 32
Responders: 12
Ethnicities
Caucasian: 20
Hispanic: 23
African American: 10
Asian: 1
Agerange (years) 18-58
Genders
Males: 32
Females: 22
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