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We have identified, by quantitative real-time PCR, hundreds of
miRNAs that are dramatically elevated in the plasma or serum of
acetaminophen (APAP) overdose patients. Most of these circulat-
ing microRNAs decrease toward normal levels during treatment
with N-acetyl cysteine (NAC). We identified a set of 11 miRNAs
whose profiles and dynamics in the circulation during NAC treat-
ment can discriminate APAP hepatotoxicity from ischemic hepatitis.
The elevation of certain miRNAs can precede the dramatic rise in the
standard biomarker, alanine aminotransferase (ALT), and these
miRNAs also respond more rapidly than ALT to successful treatment.
Our results suggest that miRNAs can serve as sensitive diagnostic
and prognostic clinical tools for severe liver injury and could be use-
ful for monitoring drug-induced liver injury during drug discovery.
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Acetaminophen (APAP) overdose (OD) is the major cause of
acute liver failure and death due to analgesics in the de-
veloped world (1-3), with over 500 deaths per year in the United
States (3, 4). APAP misuse results in over 78,000 emergency de-
partment (ED) visits annually, at a cost of more than $86 million/
year (5).

Patients who present with a report of APAP ingestion are
assessed for treatment with N-acetyl cysteine (NAC) by mea-
suring serum APAP concentrations and liver function tests, in-
cluding alanine aminotransferase (ALT) activity (4). There are
limits to the utility of the current biomarker, ALT, in assessing
the status of potentially APAP-poisoned patients. For example,
ALT may take greater than 72 h to reach peak activity in blood
(6), and elevated ALT activity is not specific for APAP hepa-
totoxicity. New biomarkers could serve as more sensitive and
specific signatures to predict hepatotoxicity following APAP
overdose and to distinguish APAP hepatotoxicity from other
causes of liver disease. Ideal biomarkers should identify liver
damage at an early stage, accelerating appropriate treatment.

MicroRNAs (miRNAs) are short (~22 nt in length) regulatory
RNAs that control gene expression posttranscriptionally (7, 8).
The human genome contains more than 1,000 genes encoding
distinct miRNAs whose levels in a biological sample can be
quantified with great sensitivity and precision using quantitative
real-time PCR (qRT-PCR) (9). Many miRNAs are expressed
tissue-specifically or enriched in certain cell types, with the ex-
pression pattern providing signatures for the physiological or
pathological status of specific cells and tissues (10, 11). Impor-
tantly, miRNAs can be exported from cells and are detectable in
stable complexes extracellularly, in blood, serum, or plasma (12).

There is ample evidence that circulating extracellular miRNAs
in blood can serve as biomarkers for internal organ physiology
and pathology (11, 13, 14). Increased levels of miR-122 and miR-
192 were found in the plasma of APAP-overdosed (300 mg/kg)
mice (15). A number of additional miRNAs (miR-135a, miR-466g,
miR-574-5p, and miR-1196) were elevated in the plasma of mice
with higher APAP overdoses (500 mg/kg) (13). Starkey et al. (16)
assayed the levels of four miRNAs in human plasma and found
that miR-122 and miR-192 were elevated in APAP hepatotoxicity.

www.pnas.org/cgi/doi/10.1073/pnas. 1412608111

We evaluated the use of circulating extracellular miRNAs as
biomarkers for diagnosing APAP poisoning and in discriminat-
ing APAP hepatotoxicity from ischemic hepatitis, a common
form of dramatic liver injury caused by reduced blood flow to the
liver. We profiled the levels of 372 extracellular miRNAs in
plasma of non—-APAP-exposed, healthy individuals and in serum
or plasma of patients with APAP poisoning or ischemic hepatitis
and used a computational approach to study the effect of liver
injury on circulating miRNA profiles. We identified many
miRNAs that change dramatically in hepatotoxic conditions, in-
cluding a set of 11 circulating miRNAs whose profiles and dynamics
in patients undergoing NAC treatment discriminated APAP hepa-
totoxicity from ischemic hepatitis. We also show that the elevation
of certain miRNA biomarkers for APAP toxicity can precede
a detectable rise in the standard protein biomarker, ALT, as
reported previously in mice (15). Our results suggest that miRNAs
can serve as sensitive diagnostic and prognostic clinical tools for
APAP overdose and, possibly, other hepatotoxic conditions.

Results and Discussion

Circulating miRNA Profiles Provide a Measure of Liver Toxicity in
Humans. In this study we clustered 49 patients (Dataset S1, Tab
S1) based solely on their miRNA profiles (for 221 miRNAs)
from the first available blood draw, disregarding their ALT ac-
tivity, type of injury (APAP or ischemic hepatitis), and patient
history. Both serum and plasma were used in this analysis.
Minimal difference in using either of these sources has been
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Hundreds of microRNAs become dramatically elevated in the
plasma or serum of acetaminophen (APAP) overdose patients
and then recover back toward normal during successful treat-
ment with the APAP antidote, N-acetyl cysteine (NAC). Impor-
tantly, the elevation of these circulating miRNAs can precede
the rise in the standard biomarker, alanine aminotransferase
(ALT), and the recovery of these miRNAs during NAC treatment
is more rapid than ALT. We identify a set of 11 miRNAs whose
profiles and dynamics in circulation during NAC treatment can
discriminate APAP hepatotoxicity from another common hep-
atotoxic condition, ischemic hepatitis. These findings suggest
that miRNAs are sensitive diagnostic and prognostic biomarkers
for liver injury with broad potential for use in monitoring drug-
induced liver injury in clinical and research contexts.
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Fig. 1. Patient clustering based on earliest miRNA profiles. (A) A clustering
of 49 patients (designated by patient ID, are ordered in rows and columns,
from left to right, top to bottom) was generated based on miRNA profiles
from the earliest available sample (within 2 d of hospital admittance). Each
patient is designated according to APAP overdose or ischemic hepatitis,
initial ALT, peak ALT during hospital stay, and outcome. Each heat map cell
corresponds to the number of times that the patient’s miRNA profiles were
coclustered out of 10,000 runs of the random k-means algorithm (see details
in Materials and Methods). The resulting heat map defines four robust
clusters (designated by black boxes, across A, B, and C), denoted as clusters
1-4. (B) The heat map of 221 miRNAs displaying the AACT = CTsample — Mean
CThealthy- Columns correspond to patients, and rows correspond to unique
miRNAs. (C) Plots representing the total number of miRNAs elevated in each
patient compared with healthy controls. The colors of the stacked bars
correspond to AACT = CTsample — Mean CTealthy-

shown (17). In our hands, profiles of miRNA from serum or
plasma from the same patient showed high correlation (Fig. S1),
indicating that they can be compared directly. Of note, the rig-
orous centrifugation process (Materials and Methods) reduces
contamination by miRNA-rich platelets (18).

Despite the heterogeneity of the patient population and the
variance in the timing of sample collection, we were able to apply
a two-level clustering approach (Materials and Methods) that
provides a high level of confidence in the consistency of the
clusters obtained. Fig. 14 shows the results of this approach,
where we identified four clusters. The source of the sample (i.e.,
plasma or serum) did not bias the clustering (Dataset S1, Tab
S1). Although the clustering was based only on the miRNA
profiles, we observed that these clusters, interestingly, correlate
with peak ALT activity: patients in clusters 1 and 2 have low
(ALT < 50) and medium (50 < ALT < 1,000) peak ALT activity,
and patients in clusters 3 and 4 have high (ALT > 1,000) peak
ALT activity. The last three patients in cluster 1 showed high
similarity to patients in cluster 2.

12170 | www.pnas.org/cgi/doi/10.1073/pnas.1412608111

Elevations in miRNA profiles, compared with healthy con-
trols, are represented in Fig. 1 B and C. Patients in cluster 2
showed a mild elevation in miRNA profiles compared with
patients in cluster 1. The clinical significance of why this group
(cluster 2) clustered separately from the other three clusters is
currently unclear, and additional patients’ samples may address
this question. Although the initial ALT activity of some patients
in cluster 3 were more similar to cluster 1, their initial miRNA
profiles were more similar to the miRNA profiles of cluster 4,
and moreover, the eventual peak ALT activity of cluster 3
patients were more like cluster 4 (Fig. 14).

Cluster 4 consists of patients with high peak ALT, and, no-
tably, includes six out of the seven ischemic-hepatitis patients.
This cluster shows the highest increase in miRNA levels (Fig. 1 B
and C). The extent of miRNA elevation tends to increase across
clusters 1 through 4 (Fig. 1 B and C).

When we focused only on the APAP overdose patients in
clusters 1-4, we found a set of miRNAs that are increased
(AACT > 3, equivalent to > eightfold change), with an upward
trend of AACT across the clusters (Dataset S1, Tabs S6 and S7).
This upward trend correlates with increasing ALT activity and
a global increase in miRNA profiles (Fig. 1C, and last row in
Dataset S1, Tab S7). In addition, we identified miRNAs that
increase above the AACT > 3 threshold only in patients with
high ALT activity found in clusters 3 and 4 (Dataset S1, Tab S8).
This correlation suggests that these miRNAs could be used in
conjunction with, or in place of, ALT as markers to approximate
the severity of APAP induced liver injury.

The number of miRNAs that we observed elevated in hepa-
totoxic patients, and the extent of elevation for many of those
miRNAs, is striking. Approximately half of these patients
exhibited at least eightfold (AACT > 3) elevation of more than
100 miRNAs (Fig. 1C). In many of these patients, dozens of
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- miR-122-5p 7.25 4.96  0.002 0.897
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miR-122-50 8.42 4.96  0.001 0.944

miR-27b-3p 35 048 001 0.852

miR-215p  2.65 -0.161 0.006 0.889

miR-194-50 4.46 171  0.01 0.852

miR-193a-5p 6.34 3.69  0.006 0.889

miR-125b-5p 557 3.3  0.009 0.870

miR-1290 822 591  0.006 0.889

Fig. 2. Unique miRNAs can differentiate between APAP and ischemic-
hepatitis patients. Separate heat maps comparing APAP patients in cluster 3
(A) and cluster 4 (B) to ischemic-hepatitis patients in cluster 4. Each column
corresponds to an individual patient; each row corresponds to a specific
miRNA. Mean AACTs, comparing both APAP and ischemic hepatitis to
healthy controls are displayed. P value results show the significance of the
comparison between APAP and ischemic-hepatitis patients. The area under
the ROC curve (AUC), as a measure of discrimination between APAP and
ischemic hepatitis, is also shown. Patients are labeled with patient ID and
color-coded according to their peak ALT as in Fig. 1. The miRNA selection
criteria included those in which (i) the meanAACT apap > 2 (for cluster 3) or
meanAACT apap > 3 (for cluster 4), and AACT apap — AACT schemic hepatitis = 2, and
(ii) P value < 0.01. Filter 1 resulted in 3 and 19 miRNAs in clusters 3 and 4,
respectively. Filter 2 reduced the number of miRNAs to 3 and 7 in these clusters.
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Fig. 3. Dynamics of miRNA profiles during NAC treatment. Profiles of ALT
(black line), miRNA changes (red bars), and sample time point (triangle or
oval) are shown for patients with at least two available samples within 4 d of
hospital admittance, for which at least 100 miRNAs are elevated (AACT > 3)
during this time window. Other patients are shown in Fig. S4. Time points
with peaked miRNA profiles are designated with a red triangle. A sub-
sequent time point where the number of elevated miRNAs has decreased by
at least 50% is designated with a green triangle. Additional time points
analyzed are designated by black ovals. Patients are labeled with patient ID
and color-coded according to their peak ALT as in Fig. 1.

miRNAs were elevated more than 100-fold. Because we per-
formed a more comprehensive set of assays, we describe signif-
icantly more elevated miRNAs in the serum of patients with
APAP-induced liver injury than has been reported (13-16). El-
evated miRNAs in our study include the previously identified
miR-122-5p (13, 15, 16), but the previously implicated miR-192
(16) showed inconsistent elevation in our hands. There were
reductions in some circulating miRNAs compared with healthy
controls. However, these reductions did not display any consis-
tent patterns across the patients (Fig. S2).

Interestingly, miRNA levels of patients no. 40 and no. 48
(from cluster 1) and patients no. 31, no. 32, and no. 35 (from
cluster 3) continued to rise after admittance (Fig. 3). To determine
whether this increase resulted in an miRNA profile similar to
patients in cluster 4, we performed the clustering again, this time
replacing the initial miRNA sample for the above five patients with
a subsequent sample that showed the greatest increase in miRNA
profiles (see red triangle in Fig. 3). The resulting clustering is shown
in Fig. S3. Indeed, the peak samples of four out of these five
patients clustered with samples from cluster 4.

Circulating miRNA Profiles Can Distinguish Between APAP Overdose
and Liver Pathology of Ischemic-Hepatitis Origin. We investigated
whether miRNA expression profiles in the earliest available
blood sample could distinguish between APAP-overdosed and
ischemic-hepatitis patients. The most stringent comparison
would be between patients with similar elevations in miRNA
profiles. Accordingly, we compared the miRNA profiles of the
APAP patients in cluster 3 and cluster 4, respectively, with that
of ischemic-hepatitis patients in cluster 4. Three miRNAs (miR-

Ward et al.

122-5p, miR-27b-3p, and miR-21-5p) emerged as differentially
increased between ischemic-hepatitis patients and APAP pa-
tients in both cluster 3 and cluster 4 (Fig. 2 A and B). More-
over, among cluster 4 patients, additional miRNAs (miR-194-5p,
miR-193a-5p, miR-125b-5p, and miR-1290) contributed to dis-
tinguishing APAP from ischemic-hepatitis damage (Fig. 2B).
Receiver operating characteristic (ROC) curve analysis was used
to validate the discrimination between the groups, as can be seen
by the favorable area under the curve (AUC) values (AUC >
0.85 in Fig. 2). The differences in these miRNAs could be helpful
in distinguishing between APAP and ischemic-hepatitis patients
upon hospital admission. Elevated circulating miRNAs that overlap
between the APAP and ischemic-hepatitis patients are probably
associated with nonspecific liver injury (Dataset S1, Tab S6). These
miRNAs could be valuable as a tool in the drug discovery and
development process to potentially predict drug-induced liver injury
(DILI), the major cause of preclinical and aftermarket withdrawal.

Evolution of miRNA Profiles in Individual Patients During NAC
Treatment. We analyzed miRNA profiles and ALT activity in
sequential time points over a 4-d time period from the day of
hospital admittance. For this analysis, we included those patients
for whom at least two time points were available and that dis-
played at least 100 miRNAs elevated (AACT > 3) during this
time window (Fig. 3). Despite the dramatic elevation in circu-
lating miRNA levels in the earliest clinical sample obtained from
our APAP-overdose patients and ischemic-hepatitis patients,
many of these miRNAs recovered to near normal levels as the
patients underwent i.v. NAC therapy (Fig. 3). The exceptions
included APAP-overdose patient no. 44 and ischemic-hepatitis
patient no. 30, both of whom died, and APAP patients no. 39 and
no. 16, who showed only slight recovery in miRNA profiles
and persistently high ALT activity within the 4-d window but
exhibited miRNA recovery after the 4-d window.

In general, for the APAP-overdose patients, the pace and
degree of recovery, as measured by circulating miRNA profiles,
was more substantial than for the ischemic-hepatitis patients. For
example, greater than 50% recovery occurred in APAP-over-
dosed patients no. 27 and no. 38 within 2 d whereas it required
3.5 d for ischemic-hepatitis patient no. 8 to reach that level. To
define a specific miRNA recovery profile that distinguishes
APAP from ischemic liver, we first identified the miRNAs that
showed similar elevations in all patients at the peak of their
miRNA profile (red triangle in Fig. 3). We then examined the
levels of those miRNAs at the point where the number of
miRNAs elevated had decreased at least 50% (green triangle in
Fig. 3). Patients who did not show recovery to 50% were ex-
cluded. We then compared the recovery of the similarly elevated
miRNAs in APAP patients to those of ischemic-hepatitis patients.
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Fig. 4. miRNAs that distinguish recovery in APAP vs. ischemic-hepatitis
patients. The heat map reveals miRNAs that increase to similar levels in both
APAP and ischemic-hepatitis patients compared with healthy controls as
shown in red. The extent of miRNA recovery from the peak to recovery is
depicted in green. Only recovered APAP and ischemic-hepatitis patients
were used for this analysis.
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Table 1. Summary of APAP-associated circulating miRNAs

Elevated in all clusters,
ranked by cluster 4*

Highest elevated

microRNA in circulation®

Most abundant
in healthy liver*

APAP vs. ischemic
first sample!!

APAP vs. ischemic
recovery**

Initial

response®  Rebound?

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-631
miR-19b-1-5p 10
miR-122-5p 1 1
miR-483-5p 12
miR-1260a-5p 2
miR-4454-5p 3
miR-4286-5p 4
miR-451a-5p 5
6
7
8

CQWVWoONOOUID WN =
Nwoobhouiw-=N

-

miR-4516

miR-21-5p

miR-29¢-3p

miR-22-3p 9
miR-126-3p 10
miR-194-5p 1
miR-16-5p 12
miR-373-5p

miR-1203

miR-542-5p

mir-551a

miR-1286

miR-337-5p

let7i-3p

miR-5095

miR-3191-3p

miR-1910

miR-202-3p

miR-27b-3p

miR-193a-5p

miR-125b-5p

miR-1290

miR-23b-5p

miR-28-3p

miR-1247

1

6

10
12
15
16
17

ubhwN

NOoOU N

n = no. of patients.

*Ten miRNAs that are elevated with AACT > 3 in all four clusters ranked by highest elevation in cluster 4 (n = 49).
"Top 12 miRNAs most elevated in APAP toxicity patients in clusters 3 and 4 (n = 23).

*Top 12 miRNAs found in liver tissue (based on three biopsied).

SSeventeen miRNAs elevated with AACT > 3 within 12 h of APAP overdose (n = 5).

ISix miRNAs that show AACT > 3 after APAP overdose, recover AACT > 3 after NAC treatment, then rise again with AACT > 1.5 after NAC ends (n = 7).
llSeven miRNAs with distinct differences in response in the earliest blood draw between APAP toxicity and ischemic liver (n = 28).

**Four miRNAs that do not recover as well with NAC treatment in ischemic liver vs. APAP toxicity (n = 14).

This analysis yielded four miRNAs (miR-4524a-3p, miR-23b-5p,
miR-28-3p, and miR-1247-5p) that peaked to similar levels in all
patients, yet showed significantly more robust recovery in APAP
OD patients compared with ischemic-hepatitis patients (Fig. 4 and
Table 1). We propose that these miRNAs can be used to help
distinguish between APAP and ischemic-hepatitis patients based
on their differences in response to NAC treatment.

NAC is the treatment of choice for APAP overdose because of
its efficacy in replacing APAP-depleted glutathione stores in the
liver, but it is also used in other instances of acute liver failure
that do not necessarily impact the glutathione pathway. It is in-
teresting that patients with ischemic liver injury also displayed
some recovery in miRNA profile with NAC treatment. Several
recent reviews question the benefit of NAC in non-APAP-
induced acute liver failure (NAI-ALF) (19). Our data suggest

12172 | www.pnas.org/cgi/doi/10.1073/pnas. 1412608111

that NAC is effective at decreasing the elevated levels of circu-
lating miRNAs seen in ischemic hepatitis and may be useful in
other hepatotoxic conditions.

Notably, although most elevated circulating miRNAs recover
in conjunction with successful NAC treatment, miR-1290 (Fig. 5)
remained elevated for at least 2 d after other miRNAs began to
decrease toward normal levels. More extended longitudinal
studies of APAP overdose patients may reveal whether slower
recovering miRNAs eventually return to normal and perhaps
provide insight into the longer-term process of liver recovery
from drug-induced injury.

Earliest Effects of APAP on Circulating miRNAs. Patients no. 10, no.

12, no. 15, no. 41, and no. 43 (clusters 1 and 2) were admitted
relatively quickly, within 12 h after reported APAP overdose. All

Ward et al.
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IU/L after many of the miRNAs showed significant elevation. Shown are
profiles of ALT and APAP distinguishing miRNAs (identified in Fig. 2), miR-
1290 (orange line), which recovered slowly, and miR-412 (purple line), which
is the most elevated miRNA.

had high APAP blood levels and low ALT. Because of their
timely treatment, these patients’ ALT activity never rose above
normal. Seventeen miRNAs were identified as elevated (AACT > 3)
in the earliest blood sample from these patients (Table 1). Further
study is needed to determine whether this set of early responding
miRNAs signifies an inflammatory response to APAP before
major liver damage begins (20).

miRNA Profiles in APAP OD Patients Can Rebound After Cessation of
NAC Treatment. In our study, 13 APAP-overdosed patients had
high peak ALT and multiple time points available to assay for
circulating miRNAs (Fig. 3). Seven of these patients (no. 4, no. 16,
no. 32, no. 36, no. 37, no. 38, and no. 48) were hospitalized
for extended periods of time (greater than 5 d). These patients
had apparently recovered, as monitored by continued reduction
of ALT, and also showed recovery in their miRNA profiles
during NAC treatment. However, their toxicity-associated
miRNA profile partially rebounded after cessation of NAC (Fig.
64). Interestingly, more than 90% of the miRNAs that are ele-
vated in these patients at the point of highest rebound were also
elevated at the earlier peak point. Fig. 6B shows the dynamics of six
miRNAs that exhibited rebound in all seven patients.

These rebounding miRNAs could reflect lingering APAP pa-
thology that was not completely ameliorated by NAC treatment.
Alternatively, they could be a consequence of NAC itself, or of
regenerative liver processes. Further longitudinal study of more
patients after NAC treatment could determine whether circu-
lating miRNAs can be used to monitor the long-term status of
patients with APAP-overdose hepatotoxicity. It has been repor-
ted that some patients who received prolonged i.v. NAC treat-
ment, within 8 h of overdose ingestion, nevertheless required
liver transplantation (21). It is possible that standard NAC
treatment protocols may not be aggressive enough, in all cases,
to allow for sustained recovery from hepatotoxicity, as is
reflected in the rebound of elevated miRNAs.

Changes in Circulating miRNA Profiles Associated with Liver Injury
Precede Changes in ALT Activity. Of the 13 APAP-overdosed
patients with high peak ALT and multiple available time points,
6 had presented during or after the ALT had peaked (no. 16, no. 4,
no. 36, no. 37, no. 27, and no. 38) and 7 had presented before
the ALT had peaked (no. 48, no. 31, no. 35, no. 32, no. 44, no. 2,
and no. 39) (Fig. 3). In 3 of the 7 patients (no. 31, no. 32, and no.
35), time points where the ALT was still below 1,000 IU/L were

Ward et al.

available for the analysis of circulating miRNAs. Interestingly,
many of the miRNAs identified above as indicative of APAP
poisoning (miR-122-5p, miR-27b-3p, miR-21-5p, miR-125b-5p,
miR-194-5p, miR-193a-5p, and miR-1290) (Fig. 2) exhibited
dramatically elevated levels before a rise in ALT to above 1,000
IU/L (Fig. 5). In the remaining 4 patients that presented early,
time points for the analysis of circulating miRNAs before rise in
ALT were unavailable; nevertheless, miRNAs were observed to
be elevated in these patients as well, before the time of peak
ALT (Fig. 3). Overall, the results are promising; however, fur-
ther studies with additional patients are needed to validate the
signature of circulating miRNAs in APAP-induced liver toxicity.

Origins and Significance of Circulating miRNAs in APAP Overdose.
The source of the increased levels of circulating miRNAs due
to APAP hepatotoxicity is not known. The miRNAs associated
with hemolysis or red blood cell contamination (22) do not
overlap the APAP-associated circulating miRNAs identified in
this study. Because APAP overdose can be toxic to the liver (3),
it is reasonable to suppose that the miRNAs elevated in circu-
lation are a result of hepatocyte lysis. In that case, the miRNAs
elevated in circulation would be those that are highly expressed
in liver tissues. However, interestingly, the profile of circulating
miRNAs that are most elevated in APAP-overdose patients does
not match the expression profile of miRNAs in healthy human
liver tissue (Table 1). Among the top 12 miRNAs in healthy liver,
only one (miR-122-5p) was also among the top 12 miRNAs el-
evated in APAP-overdose patients’ circulation. Moreover, al-
though miR-122-5p is the most abundant miRNA in healthy
liver, it is only the 11th most elevated miRNA in the circulation
of APAP-overdosed patients.

Although the miRNA profile in healthy liver tissue from our
qRT-PCR data is similar to that of previously published deep
sequencing of liver small RNAs, certain miRNAs with high sig-
nals, particularly miR-4454-5p, miR-4516, and miR-4286-5p,
were not detected by small RNA sequencing (23). Previous
studies have shown that miRNA profiles by deep sequencing can
vary substantially from qRT-PCR profiles from the same samples
(24). It is also possible that these three sequences may represent
another class of RNA because the miRBase (9) curation is some-
what uncertain. Regardless, miR-4454-5p, miR-4516, and miR-
4286-5p signals were not elevated in APAP samples compared with
healthy samples and are not included in our signatures.

These observations suggest that the circulating miRNA sig-
nature of APAP toxicity likely reflects processes more complex
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Fig. 6. Certain patients show a rebound trend in a subset of miRNAs after
stopping NAC treatment. Profiles of ALT, miRNA changes, and sample time
point are shown for seven patients that show rebound in miRNA profiles after
stopping treatment with NAC. (A) NAC treatment period is shaded with gray.
Patients are labeled with patient ID and color-coded according to their peak
ALT as in Fig. 1. (B) Heatmaps for six miRNAs that showed a AACT > 3 after
APAP overdose, recovered by AACT > 3 after NAC treatment, and then rose
again by AACT > 1.5 after NAC treatment, in at least five of the seven patients.
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than simple hepatocyte lysis. It is possible that many of the
miRNAs that we detected in circulation could be selectively
exported from intact (although stressed) liver cells (25, 26).
Perhaps the elevated miRNAs are much more stable in circu-
lation than the other liver miRNAs. It is also possible that other
tissues could export these miRNAs into circulation as indirect
responses to systemic effects of liver injury.

Conclusions

An important element of our findings is that circulating miRNAs
are potentially powerful biomarkers for early diagnosis of APAP-
induced liver injury in human patients and for the timely and
accurate monitoring of treatment. We believe that these circu-
lating miRNAs can be substantially more informative than the
current biomarker, ALT. Low ALT activity can signify mild or
absent toxicity, or conversely, can reflect a late stage in the dis-
ease progression where the liver is severely compromised, de-
pleted of ALT (Fig. 3, patients no. 30 and no. 44). Elevated ALT
is not a quantitative measure of the severity of the injury or
prognosis. By contrast, the broader dynamic range and quick
responsiveness of the miRNAs to hepatotoxic agents and to
treatment with NAC can add valuable information beyond that
provided by ALT. Importantly, our results indicate that, if clin-
ical samples of plasma are available soon after APAP overdose,
an elevated APAP-diagnostic miRNA signature could be de-
tected in circulation before an increase in ALT. Moreover, our
data also show that lack of recovery of circulating miRNA levels
may be indicative of adverse patient outcomes. A larger patient
cohort is required to confirm whether a lack of miRNA recovery
in the early phases of NAC therapy could be used as a predictor
of potentially fatal hepatotoxicity and as candidacy for liver
transplantation. To apply miRNA profiling in this fashion in the
clinical setting, it will be necessary to develop practical clinical
assays for circulating miRNA levels with appropriately rapid
turnaround time for data acquisition and analysis.

Materials and Methods

Patient Parameters. The parameters of patients in this study are described
in SI Materials and Methods.

RNA Extraction, Reverse Transcription, Preamplification, and Real-Time PCR.
Plasma was isolated, RNA was extracted, and gRT-PCR assays were per-
formed as described in S/ Materials and Methods.
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