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Abstract

Introduction Acetaminophen toxicity has been associated with elevation of microRNAs. The present study was to evaluate
overall microRNA profiles and previously identified microRNAs to differentiate acetaminophen (APAP) toxicity from other
causes of transaminase elevation.

Methods This was an observational study of adults with presumed acetaminophen toxicity at presentation. Serum samples were
collected every 12 hours during hospitalization. Total miRNAs were extracted from plasma and levels of 327 microRNAs were
quantified using real-time polymerase chain reaction. A standard measure of miRNA expression (delta-delta cycle threshold) was
calculated for each microRNAs. A two-level cluster analysis was performed using a random k-means algorithm. Demographic
and clinical characteristics of each cluster were compared using ANOVA, Wilcoxon rank sum, Kruskal-Wallis, and chi-square
tests. Performance of specific miRNAs of interest was also evaluated.

Results Twenty-seven subjects were enrolled (21 with a final diagnosis of acetaminophen toxicity), and a total of 61 samples
were analyzed. Five clusters were identified, two of which demonstrated clear clinical patterns and included specific elevated
miRNAs previously reported to be elevated in APAP toxicity patients. Features associated with clusters 1 and 5 included
confirmed acetaminophen toxicity, high peak alanine aminotransferase, and late presentation. Clusters 2—4 contained lower peak
microRNAs, lower peak alanine aminotransferase, and heterogeneous clinical characteristics.

Conclusions Severe cases of acetaminophen toxicity showed two distinct patterns of microRNA elevation which were similar to
previous work, while less severe cases were difficult to distinguish from non-acetaminophen-associated cases. Further work is
needed to incorporate microRNA profiles into the diagnostic algorithm of acetaminophen toxicity.
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Background

Approximately 570 cases with a major adverse outcome or
fatality were reported to the national poison data system in

Acetaminophen (APAP) toxicity is a leading cause of drug-
induced liver injury, accounting for more than 70,000 emer-
gency department visits annually in the USA [1].
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2016 [2]. Current diagnostic standards are based on a history
of ingestion, which is often unreliable, and a rise in serum
transaminases due to hepatocellular injury, which is typically
delayed by 2472 hours from the time of ingestion. There is
an urgent unmet need for earlier biomarkers of injury to im-
prove both diagnostic sensitivity and specificity and to iden-
tify patients who are appropriate candidates for treatment with
the antidote, N-acetylcysteine (NAC). An ideal assay would
reduce costs by decreasing both unnecessary hospitalizations
and cases of delayed diagnosis and treatment. Proposed can-
didates for early biomarkers of acetaminophen hepatotoxicity
include proteins, cytokines, messenger RNAs, and
microRNAs (miRNAs) [3].

First described in 1993 [4], miRNAs are short, noncoding
RNA sequences which influence a wide array of physiologic
processes via effects on gene regulation and protein synthesis
[5, 6]. To date, more than 2000 human miRNAs have been
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identified [7], and this list is growing. MicroRNAs are known
to be stable in circulation and, unlike protein biomarkers, are
not susceptible to post-translational modifications [6].
MicroRNAs are ordinarily intracellular and often tissue-spe-
cific. They are released upon cell stress, making extracellular
miRNA levels an excellent marker for tissue injury. Serum
and tissue profiles of these biomarkers are currently under
investigation for detection and treatment of multiple cancer
subtypes, neurologic diseases, and cardiovascular diseases
[8, 9].

MicroRNA profiles have tremendous potential in the diag-
nosis and mechanistic exploration of acetaminophen hepato-
toxicity. Significant changes in circulating miRNA profiles of
various biologic matrices (e.g., blood, urine) have been dem-
onstrated in mouse and rat models of acetaminophen toxicity
[10—12]. In humans, key miRNAs have been notably upregu-
lated in urine [13], hepatocytes [14, 15], and blood [15-20].
Human studies have largely focused on liver-associated
miRNAs, specifically miR-122, which has repeatedly been
found to be elevated in acetaminophen hepatotoxicity [21,
22]. More recent studies have focused on expanded panels
of miRNAs as markers, facilitators, and inhibitors of
acetaminophen-induced hepatotoxicity [17, 23].

In a preliminary work from this laboratory [20], samples
from 42 acetaminophen toxic patients and seven patients with
ischemic hepatitis were analyzed for sequential miRNA pro-
files. These data showed that circulating miRNAs rise before
other serum biomarkers, can distinguish acetaminophen-
induced hepatotoxicity from ischemic hepatitis, and may be
predictive of response to treatment. The objective of the pres-
ent study was to evaluate the previously identified candidate
panel of miRNAs in a clinically diverse sample of subjects
with suspected acetaminophen toxicity. The objectives of this
study were to explore whether these markers can differentiate
acetaminophen toxicity from other causes of hepatic injury,
and to identify miRNA profile patterns associated with vari-
ous clinical phenotypes.

Methods

Setting This protocol was reviewed and approved by the
University of Massachusetts Medical School Institutional
Review Board. A convenience sample of subjects was recruited
from a large, tertiary care emergency department with greater
than 130,000 patient visits per year. Patients whose clinical care
included consultation to the medical toxicology service for
suspected acetaminophen toxicity during business hours when
study staff were available to enroll were screened for participa-
tion. Inclusion criteria were as follows: (1) 18 years of age or
greater; (2) known or suspected acetaminophen poisoning
based on a clinical history compatible with the diagnosis; and
(3) either detectable serum acetaminophen concentration
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(> 10 mcg/mL) or elevated alanine aminotransferase (ALT, >
40 U/L) at presentation. Individuals were excluded if they were
pregnant and/or unable to provide informed consent.

Data Acquisition and Management Demographic data, labo-
ratory values, and clinical data were obtained from the elec-
tronic medical record. All study data were collected and man-
aged using REDCap (Research Electronic Data Capture), a
secure, web-based application designed to support data cap-
ture for research studies [24].

Variable Definitions Laboratory values (including liver en-
zyme profiles, serum chemistry profiles, coagulation profiles,
blood gas analyses, and acetaminophen concentrations) were
considered as continuous variables. Peak ALT was considered
as a continuous variable, and a categorical ALT variable was
created for clustering purposes, using previously defined
criteria [20]: low ALT <50 IU/L, medium ALT 51-1000 IU/
L, and high ALT > 1000 IU/L.

Length of NAC treatment and hospitalization were ana-
lyzed as continuous clinical variables, while need for trans-
plant, survival to hospital discharge, concomitant ingestions,
history of liver disease, heavy alcohol use (daily use or > 10
drinks per week), and illicit drug use were analyzed as dichot-
omous variables. Type of APAP ingestion was classified as
acute (occurred over a period of < 1 hour, with defined time of
ingestion), chronic repeated doses (occurred over a period of
> 1 hour), or chronic with unknown timing. Time to presenta-
tion was defined as time from reported ingestion to hospital
presentation and was assigned a binary classifier of early (<
12 hours) or late (> 12 hours). Ingestions with unknown
timing were classified as late. Dichotomous variables were
created for a variety of other clinical and historical categories
of interest. Upon hospital discharge, laboratory and clinical
data (including clinical course and history provided by patient
and/or collateral sources) from each subject’s encounter were
reviewed by a board-certified medical toxicologist (SC). Each
case was assigned a binary classifier based on the final diag-
nosis of APAP toxicity (APAP toxicity or non-APAP toxicity).

Sample Acquisition and Storage Whole blood was collected in
an ethylenediaminetetraacetic acid (EDTA) tube upon hospital
presentation and every 12 hours thereafter until the serum
acetaminophen concentration was undetectable and ALT
returned to baseline. Tubes were immediately placed on ice
and sent to a central lab where plasma was isolated by centri-
fugation at 1500xg for 20 minutes at 4 °C. Extracted serum
was stored at — 80 °C within 60 minutes of the original draw
and remained frozen until microRNA analysis was performed.

Sample Preparation and Quantitative Real-Time PCR Samples
were prepared and processed according to previously pub-
lished methods [20]. Briefly, after thawing, plasma was spun
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to remove debris and deplete platelets, mixed with 100 uL of
lysis buffer, and digested with Proteinase K at 65 °C while
shaking for 15 minutes. After cooling to room temperature,
250 uL of phenol:chloroform 5:1 (pH 8.0) and 250 uL of
nuclease-free water were added. This mixture was shaken
for 5 minutes at room temperature and spun at 16,000x for
5 minutes, and the aqueous layer (~450-500 pL) was re-
moved. Three volumes of 100% ethanol were added. The
RNA was recovered using an Enzymax Tini spin column,
dissolved in nuclease-free water, and stored at — 80 °C.
Preamplified complementary DNA (cDNA) prepared from
the RNA equivalent of 7.5 pL of plasma was assayed using
the miScript 372 miRNA PCR Array for Human Serum and
Plasma (QUIAGEN, Germantown, MD). QIAGEN reagents
were used according to the manufacturer’s instructions in the
reverse transcription, preamplification, and quantitative real-
time PCR (qRT-PCR). Reverse transcription control (miRTC)
primer assay and positive PCR control (PPC) were used to
evaluate as a measure of RNA sample purity and qRT-PCR
performance. Quantitative real-time PCR reactions were run
on Viia 7 (ThermoFisher).

Sample Size Our sample size was estimated by employing
false discovery rate methods to correct for the number of sta-
tistical comparisons conducted. Based upon previously de-
scribed methods for microarray sample size calculations
[25], we estimated that 25 samples (with an average of 4 time
point samples per subject) were required to maintain a false
discovery rate of 5% to detect a 2-fold change in expression
with 80% power assuming that the rate of differentially
expressed miRNAs is less than < 10% and that miRNA ex-
pression levels may not be independent (i.e., are correlated).

Statistical Analysis Standard measures of miRNA expression
cycle threshold (CT) and delta-delta cycle threshold (AACT
or ddCT) were used. Analysis of the miRNA data set was
performed as previously described [20] except as follows:
Samples with miRTC CT >25 were excluded from analysis,
the normalization set included those miRNAs with the lowest
score calculated by mean times standard deviation of CT
values, and a set of 149 miRNAs with ddCT >3 in at least
three subjects was used for further analysis. The ten miRNAs
with the lowest scores were selected in order to obtain a nor-
malization set that is both present at a relatively high concen-
tration (more likely to be accurately measured) and relatively
invariable across samples. Peak point (defined as the sample
from each subject that has the most miRNAs at a level at least
eightfold higher than the normal control mean) clustering was
performed by calculating the total number of miRNAs with
ddCT >3 in each sample and selecting from each subject the
sample with the most miRNAs with ddCT > 3. Two-step clus-
tering was performed using unsupervised machine learning
with a random k-means algorithm. Clustering was first

performed on all subjects; then, a second cluster analysis
was performed on the subset of subjects classified as APAP
toxicity. Receiver operator characteristic (ROC) curve analy-
sis was conducted using the ROCR package in R to evaluate
the sum of ddCTs of the seven APAP-associated microRNAs
as a metric to distinguish clinical phenotypes [26].

Demographic and clinical characteristics were compared
between APAP and non-APAP group and by clusters.
Continuous normally distributed variables were compared
using ANOVA, and continuous skew variables were com-
pared using the Wilcoxon rank sum (2 groups) or Kruskal-
Wallis 7 (> 2 groups) test, and categorical variables were com-
pared using Pearson’s chi-square. Analysis was performed in
STATA (Version 15.1, College Station, TX).

Results

Sample Characteristics Subject characteristics are summarized
in Table 1. Twenty-seven subjects were enrolled over a 27-
month period with a mean age of 37.9 years (SD=17.5).
Females comprised 63% of the sample (V= 17). Sixty-three
percent (N =17) had a detectable APAP concentration on pre-
sentation, and 26% (N ="7) were considered early presenters.
Seventy-eight percent (N = 21) were categorized as APAP tox-
icity; the remaining 22% (N =6) were categorized as non-
APAP toxicity at the time of discharge. There was one death
(a non-APAP subject) and no subjects required a liver
transplant.

Normalization Set The normalization set used for this study
included the following: miR-486-5p, miR-92a-3p, miR-126-
5p, miR-1280, miR-16-5p, miR-25-3p, miR-126-3p, miR-
451a, miR-21-5p, and miR-125a-5p obtained from the plasma
of healthy control subjects.

Cluster Analysis A—All Subjects Two-level &-means clustering
of the peak samples were initially performed on all 27 sub-
jects, with the best balance of separation and number of sub-
jects in each cluster at £ = 5 (maximum number of iterations =
2000; number of different random start seeds = 10). Given that
heterogeneity in timing of initial sample procurement relative
to the reported APAP ingestion event confounded comparison
ofinitial samples among subjects, peak samples were used for
clustering purpose to provide more consistent comparisons.

The resulting five clusters (clusters A1-AS5) contained be-
tween three and eight subjects each (Table 2, Fig. 1,
Supplemental Fig. 1). These clusters were described based
on their miRNA profiles, corresponding ALT and APAP con-
centrations, and diagnostic data. Two clusters (clusters A1 and
AS) demonstrated the most clinical homogeneity, while clus-
ters A2, A3, and A4 were more heterogeneous.
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Table 1 Sample characteristics, by final diagnosis.
APAP toxicity Non-APAP toxicity Total sample
N 21 (78%) 6 (22%) 27
Subject characteristics
Age in years, mean (SD) 36.0 (16.6) 44.6 (20.8) 37.9 (17.5)
Female sex 12 (57%) 5 (83%) 17 (63%)
History of liver disease 4 (19%) 0 (0%) 4 (15%)
History of heavy EtOH use 4 (19%) 3 (50%) 7 (26%)
History of illicit drug use 10 (48%) 1 (17%) 11 (41%)
History of IV drug use 4 (19%) 0(0%) 4 (15%)
Presentation characteristics
Time to presentation Early (< 12 hours) 4 (19%) 3 (50%) 7 (26%)
Late (> 12 hours) 17 (81%) 3 (50%) 20 (74%)
Type of ingestion Acute 7 (33%) 2 (33%) 9 (33%)
Chronic, repeated doses 9 (43%) 1 (17%) 10 37%)
Chronic, time unknown 5 (24%) 3 (50%) 8 (30%)
Detectable APAP concentration at presentation 13 (62%) 4 (67%) 17 (63%)
Concomitant anticholinergic ingestion 4 (19%) 2 (33%) 6 (22%)
Concomitant EtOH ingestion 4 (19%) 1 (17%) 5(19%)
Concomitant opioid ingestion 2 (10%) 2 (33%) 4 (15%)
Outcome characteristics
Duration of NAC therapy in hours, mean (SD) 56.9 (33.5) 31.3 (36.3) 51.2 (35.1)
Length of hospitalization in days, mean (SD) 5.6 (4.0) 4.8(3.9) 54 (3.9
Liver transplant requirement 0 0 0
Death 0 1 3%
Group Non-APAP 0 (0%) 6 (100%) 6 (22%)
APAP-low ALT 6 (29%) 0 (0%) 6 (22%)
APAP-med ALT 3 (14%) 0 (0%) 3 (11%)
APAP-high ALT 12 (57%) 0 (0%) 12 (44%)

Cluster A1 had eight subjects, seven of which were classi-
fied as APAP toxicity. The peak samples in this set had a
modest number of miRNAs elevated above our established
threshold, the maximum being 55 miRNAs. Membership in
cluster A1 was significantly associated with undetectable se-
rum APAP on presentation and high ALT. Most subjects were
from the APAP toxicity group and were late presenters.

Clusters A2, A3, and A4 included all but one of the of the
non-APAP subjects and showed the least homogeneity in clin-
ical characteristics. Cluster A2 consisted of six subjects: three
APAP subjects that had a detectable APAP concentration at
presentation and three non-APAP subjects. Of the three APAP
subjects, only one had an elevated ALT, and this subject also
reported significant alcohol abuse. Cluster A3 consisted of
three subjects: two APAP subjects and one non-APAP subject.
All were late presenters, reported acetaminophen ingestions in
self-harm attempts, and had modest peak ALTs (mean 132 [U/
L, max 344 IU/L). Cluster A4 consisted of four subjects: a
non-APAP subject and three subjects that initially had a de-
tectable APAP concentration but never demonstrated notable
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miRNA elevations (none having more than 25 miRNAs ele-
vated at any time). Clinically, this group consisted of subjects
with reported low-dose ingestions of acetaminophen-
containing combination products either co-formulated with
diphenhydramine (N =2) or with an opioid (N =2). The only
subject in this cluster to have elevated transaminases also had
chronic hepatitis C and alcohol use disorder.

Cluster AS had six subjects, five of which were categorized
as late presenters and high ALT; all were APAP toxicity sub-
jects. Membership in cluster AS was significantly associated
with high ALT and detectable APAP concentration on presen-
tation (p < 0.05).

Cluster Analysis B—APAP Subjects Only A second k-means
clustering analysis was subsequently performed on only the
subjects categorized as APAP toxicity (Fig. 2, Supplemental
Table 1), and resulted in three clusters (clusters B1, B2, and
B3) with improved consistency with regard to clinical charac-
teristics within each cluster. Even when the number of k-cen-
ters is adjusted (for 3, 4, or 5 centers), three k-centers provide
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Cluster B3 had nine subjects: all but one subject from the
original cluster A1 plus two additional subjects from the orig-
inal cluster A3. Characteristics associated with membership in
this cluster were high serum ALT at peak and an undetectable
serum APAP at presentation. Although ALT was significantly
elevated in this cluster, it was notably lower than cluster B1
(with mean of 641 IU/L and standard deviation of 900 IU/L,
compared to 2058 and 1596 respectively).

Notably, in this re-clustering, three subjects (A0021,
A0014, and A0020) clustered most closely together, and also
demonstrated peak miRNA elevation after NAC treatment
was complete, suggesting that there may be a rebound phe-
nomenon where miRNAs increase late in these subject’s post-
treatment.

Performance of Specific miRNAs

We evaluated the miRNAs in each cluster demonstrating the
largest magnitude increase compared with normalization sets
(Supplemental Table 2). Two sets of miRNAs of particular
interest based on previously published [20] work from this

Fig. 3 Heat map of seven APAP- Color Key
associated microRNAs, all
subjects. X-axis represents
individual cases with blue squares
indicating APAP toxicity (darker
blue indicates higher peak ALT
concentration) and pink squares 0
indicating non-APAP subjects. Y-

axis indicates microRNA of

interest.

2 4 6 8 10
Value

laboratory were evaluated. The first set (miRNA Set Seven
contained seven miRNAs (miR-194-5b, miR-125b-5b, miR-
193a-5b, miR-122-5p, miR-21-5p, miR-27b-3p, and miR-
1290) that were identified to differentiate APAP toxicity from
other forms of liver injury (ischemic hepatitis). The second set
(miRNA Set Twelve) contained 12 miRNAs associated with
the most severely APAP-poisoned subjects (miR-3646-3p,
miR-412, miR-2467-3p, miR-1207-5p, miR-138-1-3p, miR-
605, miR-4258, miR-372, miR-4524a-3p, miR-19b-1-5p,
miR-122-5p, and miR-483-5p).

Trends in APAP-Associated microRNAs (miRNA Set Seven)
Figure 3 shows a heat map of all subjects based on similarities
in expression of miRNA Set Seven. All of the subjects from
the original cluster A5 were grouped on the left, having the
highest levels of the seven APAP-associated microRNAs.
These subjects were also all categorized as APAP toxicity with
high ALT (plus one APAP toxicity with low ALT). Five of the
seven miRNAs (miR-1290, miR-122-5p, miR-194-5p, miR-
193a-5p, and miR-125b-5p) were among the most elevated
miRNAs in this cluster (Supplemental Table 2), being elevat-
ed more than eightfold above the normal mean. The remaining

hsa-mir-194-5p
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two miRNAs in this set of seven (miR-21-5p and miR-27b-
3p) were both significantly elevated, but with lower magni-
tude. Notably, only subjects in cluster A5 had five or more
elevated miRNAs from miRNA Set Seven. In cluster Al,
which contained the majority of the other APAP toxicity sub-
jects, no more than two of the seven miRNAs in miRNA Set
Seven were elevated in any sample in this cluster. Only one of
the seven (miR-1290) was in the top twenty list (Supplemental
Table 2) for cluster Al; however, two others (miR-193a-5b
and miR-122-5p) were also significantly elevated. miR-1290
was notably seen in the top 20 of clusters A1, A2, A3, and AS.

To evaluate whether these seven APAP-associated
miRNAs could be used to distinguish diagnostic categories
in the present study, we employed the sum of the ddCTs of
those seven microRNAs (ddCT Sum 7) as a measure of their
aggregate elevation in a given sample. We tested whether the
ddCT Sum 7 could differentiate cases in each category: non-
APAP, APAP with low ALT (APAP-low ALT), APAP with
medium ALT (APAP-medium ALT), and APAP with high
ALT (APAP-high ALT) (Supplemental Figs. 2 and 3).
Receiver operating characteristic (ROC) analysis demonstrat-
ed that ddCT Sum 7 could differentiate APAP-high ALT sub-
jects from both non-APAP subjects and from all others (in-
cluding APAP-medium ALT and APAP-low ALT subjects).
This analysis indicates that the ddCT Sum 7 could be effective
at distinguishing the most severely APAP toxic subjects.

Trends in Severe APAP-Associated miRNAs (miRNA Set
Twelve) Cluster A5 again showed the most consistency with
prior data, with five of the 12 miRNAs in miRNA Set Twelve
(miR-2467, miR-4524a-3p, miR-122-5p, miR-483-5p, and
miR-1207-5p) being among the top 20 elevated miRNAs in
this cluster (Supplemental Table 2). Four additional miRNAs
in the set (miR-3646-3p, miR-138-1-3p, miR-605, and miR-
4258) were significantly elevated, but not among the top 20 in
this cluster. Cluster A1 showed elevation of only one of the 12
miRNAs (miR-2467-3p); 3 additional miRNAs (miR-605,
miR-122-5p, and miR-483-5p) showed significant elevation
but did not rank among the top 20 elevated in this cluster.
miR-2467 was seen in the top 20 in clusters Al, A2, A4,
and AS.

Discussion

In this clinically diverse population of patients presenting with
suspected APAP toxicity, miRNAs in peak samples tended to
identify the more severely ill subjects (i.c., those with signif-
icant elevations in transaminases), while the less severely
APAP-poisoned subjects were more difficult to differentiate
from the non-APAP subjects. In the initial clustering analysis,
clusters A2—A4 were more difficult to explain, though
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repeating the clustering analysis without the non-APAP sub-
jects did provide some insight.

Several interesting trends within the clusters raise the pos-
sibility that miRNA profiles can differentiate clinical pheno-
types, which warrant further exploration. We noted a delayed
peak and rebound in miRNA elevations after completion of
NAC treatment in a subset of subjects in cluster A1. This was
described in prior work as well [20]. Interestingly, all three of
these subjects had similar clinical presentations: accidental
acetaminophen overdoses in the setting of supratherapeutic
ingestions in an attempt to treat unrelated conditions over a
period of several days to a week (e.g., viral syndromes, mus-
culoskeletal pain, dental pain). A rebound in key miRNA may
indicate incomplete treatment; however, this seems unlikely
give that the subjects continued to improve clinically. The
miRNAs involved in this rebound may hold clues to the mech-
anisms by which these biomarkers are involved in the patho-
physiology of APAP-induced hepatotoxicity; e.g., they may
be involved in reparative or regenerative processes. Further
exploration of this phenomenon is warranted.

A second interesting subgroup appeared in the cluster anal-
ysis of APAP toxicity only subjects (cluster analysis B). In
cluster B2, all subjects (V= 4) presented with a polysubstance
overdose or a co-formulated product that contained acetamin-
ophen plus another class of drug (e.g., an antihistamine or
opioid). Many co-ingestants are known to change the expect-
ed pharmacokinetics (and potentially pharmacodynamics) of
acetaminophen toxicity due to alterations in absorption, me-
tabolism, and susceptibility to liver injury. Both of these clin-
ical scenarios (chronic and polysubstance ingestions) chal-
lenge our routine management paradigms of acetaminophen
toxicity; diagnostic pathways guided by miRNA elevations
would provide a useful tool for risk stratification.

In evaluating both initial and peak samples, we found ini-
tial samples were less useful than peak samples to produce
meaningful clusters of subjects. This may be due to the vari-
ation in time of presentation to care, which created significant
variation in the time the initial sample was taken with respect
to time of reported ingestion. This heterogeneity, although
complicating the analytic picture, is a more reflective clinical
practice where patients present at various times throughout the
course of ingestion. In a previous study, initial samples pro-
vided useful information and were successfully used to cluster
subjects as APAP toxicity or ischemic hepatitis [20].
However, the previous cohort represented a much more se-
verely ill population and overall may have presented to the
hospital later in the course of poisoning. Peak miRNA eleva-
tions occurred at various points throughout hospitalization
course; however, miRNA trajectories showed that the same
miRNAs tend to rise and fall over the same time course as
opposed to different groups at different times. A single pre-
dictive test at the time of presentation would represent the
ideal assay; however, we did not find this in our data. This
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suggests the best approach may not be a single miRNA assay,
but that serial assays to evaluate trajectory may be warranted
to predict outcome and/or guide therapy.

Prior literature on human miRNA profiling in acet-
aminophen toxicity reports a range of miRNA candidates
associated with APAP-induced liver injury. Among them,
miR-122 is frequently implicated [21, 22]. In our sample,
miR-122 was most elevated in cluster A5 (> sevenfold
from control) and was also significantly elevated in clus-
ter Al although to a lesser degree (1.5 fold). miR-122 was
not significantly elevated in clusters A2-A4. Other
miRNAs associated with APAP-induced liver injury, in-
cluding miR-194-5p and miR-483-5 [17, 27], were most
significantly elevated in cluster A5 (> sixfold), but not the
others. Overall, miRNA profiles in cluster A5 (which
contained the most severely ill subjects with the highest
ALT) were most consistent with prior literature (both from
this laboratory and others), with cluster Al following.

For a successful clinical assay, a consistent normali-
zation set is necessary. The normalization set for the
present study has partial overlap with the set used in
previous work from this group, with four of the 10
microRNAs from the current study appearing in the pri-
or set [20] (Supplemental Table 3). With future addi-
tional similar studies of diverse clinical populations
and sites, we anticipate a common normalization set
will emerge that could eventually be accepted as a nor-
malization set for a clinical assay.

The goals of this study were to gain deeper understand-
ing of the pathology of APAP toxicity and to identify
circulating biomarkers with utility in diagnostic and prog-
nostic clinical assays. A previous study identified a panel
of microRNAs dramatically upregulated in the plasma of
suspected APAP patients that could distinguish APAP tox-
icity from ischemic hepatitis [20]. In the present study, we
found that many of those same microRNAs were elevated
in APAP toxicity subject. Therefore, this study, which
utilized a separate patient population at a distinct geo-
graphic location, helped confirm the utility of a subset
of the previously identified panel of elevated
microRNAs. However, this current patient population is
more diverse clinically as acetaminophen toxicity is a
clinically heterogeneous disease that presents in a variety
of phenotypes due a multitude of factors (e.g., delayed of
onset of symptoms, frequent coformulation with other xe-
nobiotics). Further study with a larger number of subjects
will be required to identify miRNA profiles that corre-
spond to the various clinical phenotypes of APAP toxicity
in a way that will enhance clinical decision-making.

This study also corroborates the previous finding that
the set of microRNAs dramatically elevated in blood plas-
ma in association with APAP liver toxicity does not sim-
ply reflect the set of microRNAs that would be predicted

to reflect known microRNA profiles of hepatocyte injury.
Further study will be required to determine the basis for
this discrepancy, for example, whether certain liver
microRNAs are selectively released from hepatocytes in
response to APAP toxicity, whether liver-released
microRNAs are differentially stable in circulation, and/or
whether tissues other than liver may release microRNAs,
perhaps as a secondary response to liver pathology.

The present findings move us one step closer to the
utilization of miRNAs in the clinical care of
acetaminophen-poisoned patients. Recent advances in mi-
croarray technology have spurred efforts to develop rapid
point-of-care testing for miRNA. Ultimately, a point-of-
care miRNA assay, based on the profiles described, has
the potential to detect APAP toxicity earlier than current
biomarkers, identify patients at risk for morbidity and
mortality, and allow for earlier resource mobilization
(e.g., transfer to a tertiary care facility or involvement of
transplant teams). Conversely, this strategy may also be
used to identify those who are unlikely to develop APAP
toxicity, providing substantial cost savings by preventing
unnecessary treatments and hospitalizations. Finally,
miRNA profiles can provide mechanistic data and identify
potential novel therapeutic targets.

Limitations

Our sample consisted of a heterogeneous group of all-
comers with presumed acetaminophen toxicity, making
our results more clinically relevant. However, this was a
small convenience sample, and none of the subjects dem-
onstrated the most severe consequences of acetaminophen
toxicity (need for transplant or death). In addition, the
subjects varied in their time to presentation, and the time
to peak sample, which may have impacted the compari-
sons. Some of the non-APAP subjects had a detectable
acetaminophen serum concentration on presentation, but
were later determined to be non-APAP toxicity, either af-
ter history of ingestion was clarified to be sub-toxic, an
alternative etiology for transaminase elevation was dis-
covered, or both. This raises the possibility that APAP
may have played a role, however small, in those cases,
influencing the results. Similarly, a portion of our sample
had concomitant alternative sources of liver injury (alco-
holic liver disease, viral hepatitis), the clinical signifi-
cance of which we cannot determine in this small sample.

Conclusions

The most severe cases of APAP toxicity showed two distinct
patterns of miRNA elevation, while less severe cases were
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more difficult to distinguish from non-APAP subjects. The
profiles of circulating microRNAs in APAP hepatotoxicity
are partially consistent with prior studies of distinct patient
populations. Further study is needed to understand the diver-
sity and dynamics of circulating microRNA profiles associat-
ed with APAP toxicity and to determine the clinical utility of
miRNAs in the diagnostic algorithm of APAP toxicity.
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