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Abstract: Acetaminophen (APAP) is a widely used drug, but overdose can cause severe acute liver
injury. The first reports of APAP hepatotoxicity in humans were published in 1966, shortly after
the development of alanine aminotransferase (ALT) and aspartate aminotransferase (AST) as the
first biomarkers of liver injury as opposed to liver function. Thus, the field of liver injury biomarkers
has evolved alongside the growth in APAP hepatotoxicity incidence. Numerous biomarkers have
been proposed for use in the management of APAP overdose patients in the intervening years. Here,
we comprehensively review the development of these markers from the 1960s to the present day and
briefly discuss possible future directions.
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1. Introduction

Acetaminophen (APAP; also known as paracetamol) toxicity was recognized as a
clinical problem around 1966, when the first two cases of APAP overdose in patients were
described by D.G. Davidson—then associated with the storied Ward 3, Regional Poisoning
Treatment Center at the Royal Infirmary in Edinburgh [1]—and W. Noel Eastham [2]. APAP-
induced liver and renal damage had been observed in cats [3] several years before and in
rodents earlier in the same year [4], but APAP had not been thought of as a significant risk
to humans. Indeed, many considered it safer than other analgesics available at that time
(for example, see [5]). However, more reports of APAP toxicity soon followed [6–14] as its
incidence rapidly increased throughout the UK and Europe [15]. Within a decade, APAP
overdose arrived in North America as well, with the first reports appearing in 1971 [8].
Today, APAP overdose is a major cause of acute liver failure (ALF) in the US and UK, and
a lesser cause in other countries [15]. In the US, for example, approximately 50,000 to
80,000 emergency department visits per year are attributable to APAP overdose [16–18],
and APAP hepatotoxicity accounts for roughly half of all ALF cases [19].

The first reports by Davidson and Eastham are as notable for what they did not
include as for what they did. In addition to presentation and symptomology, the authors
provided detailed descriptions of the gross and microscopic histopathology of the liver
and kidney that laid the foundation for later mechanistic investigations into modes of
cell death and inflammation in APAP hepatotoxicity. They also provided results from
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11 (Case 1) and 18 (Case 2) clinical chemistry, hematology, and coagulation tests, and
suggested ways in which these data might be used to differentiate APAP toxicity from
other causes of liver damage. Conspicuously lacking for the modern reader, however, was
any mention of the serum transaminases, alanine aminotransferase (ALT; also known as
SGPT, for serum glutamate-pyruvate transaminase) and aspartate aminotransferase (AST;
also known as SGOT, for serum glutamate-oxaloacetate transaminase). These two enzymes
were described as liver injury biomarkers only a decade earlier [20–22]. Although AST was
routinely measured in serum in many clinical laboratories by 1960, ALT evidently took
longer to catch on. Though ALT reagent kits [23] were becoming available around that time
and were even available for the newly developed automated analyzers of the time [24,25],
they were not as ubiquitous as they are today. Thus, the history of APAP toxicity has
run parallel with the evolution of liver injury biomarkers. Furthermore, because APAP
overdose is common, it is relatively easy to obtain serum and plasma specimens from APAP
toxicity patients. As a result, many recent advances in liver injury biomarker development
have come from studies on APAP overdose.

Here, we review APAP toxicity biomarkers in more-or-less chronological order. We
begin by briefly discussing the broad categories of use of biomarkers in APAP overdose
patients; then, we describe the earliest tests for liver injury, like ALT and AST, in the context
of APAP overdose; continue with development of APAP toxicity diagnostics based on
APAP and APAP metabolite levels; describe advances in both protein and microRNA
(miRNA)-based markers; and conclude with a discussion of the lessons we can learn from
these data and possible future directions in APAP biomarker research. Note that some prior
knowledge of APAP metabolism, mechanisms of toxicity, and treatments is assumed. The
reader is directed to other reviews for more information on these topics [26–28].

2. Uses of Biomarkers in APAP Overdose

Biomarkers in APAP overdose can be broadly grouped into (1) biomarkers for diagno-
sis, (2) biomarkers for prognosis, and (3) mechanistic biomarkers. Biomarkers for diagnosis
should be elevated early enough after overdose to permit detection in early-presenting
patients and should be specific enough for APAP that they can distinguish between liver
injury caused by the drug and liver injury due to other etiologies in a broad set of liver
injury patients. The latter is especially difficult as we will see in our discussion of APAP-
protein adducts, which one might reasonably expect to have high specificity for APAP
overdose. More biomarkers of prognosis are available, but the evaluation of those markers
is complicated, due, in part, to variations in endpoints. For example, one study may be
designed to identify biomarkers that predict elevated peak prothrombin time (PT), while
another study is designed to look for biomarkers that predict death. While there is an
association between peak PT and death, the correlation is imperfect, and so these different
designs can yield different results. In another example, studies may be designed to discover
biomarkers that identify patients who are at risk of developing high ALT elevations (and
therefore in need of treatment) despite presenting with ALT values in the normal range.
This may seem straightforward until one considers that ALT elevation is defined in some
studies as anything >50 U/L (in other words, any release of ALT from the liver above
roughly the upper limit of normal), while in others it is defined as only values >1000 U/L
(which are more likely to lead to poor outcomes). In other words, the clinical utility of a
biomarker depends on the particular outcome one wants to predict, and many different
outcomes have been used in the literature. We can simplify things by sub-dividing prog-
nostic biomarkers into (A) biomarkers intended to predict hepatotoxicity in patients who
initially present without evidence of liver injury and (B) biomarkers intended to predict
poor clinical outcomes, like encephalopathy or death. We will use this convention roughly
throughout the manuscript. However, the reader should consider exactly what outcome
the authors of a study are trying to predict and whether or not that outcome is clinically
meaningful or optimal.
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3. ALT, AST, and Other Enzymes
3.1. The Kinetics of Serum Aminotransferases after APAP Overdose

ALT and AST are transaminases present in both the cytosol (ALT1 and AST1) and
mitochondria (ALT2 and AST2) of hepatocytes. Both ALT1 and AST1 activity are present in
circulation at baseline (with lesser contributions from ALT2 and AST2) [29,30]—generally
believed to be due to normal hepatocyte turnover, though other mechanisms may be
involved. Although the hepatic AST/ALT ratio is approximately 2.5:1, AST1 has a shorter
half-life in blood, resulting in a roughly 1:1 ratio in circulation under normal conditions [31].
Karmen et al. and De Ritis et al. independently reported elevations of ALT and AST
activity in serum from patients with liver injury in 1955 [20,22,32,33]. By the mid-to-late
1960s, ALT (measured using the coupled enzyme reaction approach developed by Karmen
for AST [20] and later applied to ALT [21]) had become the standard blood biomarker of
hepatocellular damage for both clinical and experimental use, and has remained so ever
since [33]. Thomson and Prescott briefly mentioned ALT and AST values in the range
of 100–200 “units” in one APAP overdose patient in 1966 [6], just after the reports from
Davidson and Eastham, but the first complete time courses of these enzymes in an APAP
patient were published by a group in Australia two years later [34]. These investigators
observed peak values on day 4 of hospitalization followed by a sharp decline in AST the
next day and a more gradual recess of ALT over the next several days. Similar kinetics
have been reported by other groups since then [35–40], and it is now generally agreed that
both transaminases begin to rise with a 1:1 AST/ALT ratio within 24 h of overdose, peak
between 48 and 72 h with a 1:1 to 3:1 ratio, and fall thereafter, with a faster drop in AST in
the absence of preexisting liver disease. The serum half-lives for AST and ALT during the
latter phase are around 15–20 h and 40–50 h, respectively [37]. A typical ALT time course
in humans is shown in Figure 1.
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Figure 1. Typical time course of ALT and AST in APAP overdose patients. The solid line represents
ALT while the dashed line represents AST.

3.2. Uses and Limitations of Serum Aminotransferases in APAP Toxicity

Elevated aminotransferases can occur for a number of reasons, so they cannot be used
to diagnose APAP overdose specifically. However, they are useful for the detection of
potential liver injury that should elicit further investigations. It has been reported that
ALT values also have some prognostic value to predict hepatotoxicity and therefore guide
N-acetyl-l-cysteine (NAC) treatment. James Dear and colleagues reviewed the charts of
410 APAP overdose patients from their institution to determine if an initial ALT above
50 U/L could predict later injury, as indicated primarily by peak ALT ≥ 1000 U/L or
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prothrombin time >2 [41]. While the positive predictive value (PPV) of ALT > 50 was low,
the negative predictive value (NPV) was around 100%. Of course, this was likely because
the patients with ALT < 50 presented before the development of liver injury and received
prompt NAC treatment (even if the patients’ clinical histories may have indicated later
presentation). Curry and others reported that among 160 APAP overdose patients in whom
NAC was commenced within 4 h of having an ALT ≤ 50 U/L, just 10 (6%) developed
a peak ALT > 1000 U/L. Of 127 patients with an initial ALT > 100 U/L near the time of
beginning NAC therapy, 29 developed hepatic encephalopathy, and 12 died. No patient
died if NAC therapy was commenced when ALT was <200 U/L [42].

As for patients who present after the onset of injury, a decline in either ALT or AST in
serial measurements along with improvements in hepatic synthetic function and a lack of,
or improving, encephalopathy likely indicate that the patient has passed the peak of injury
and may no longer benefit from NAC, which targets only the early induction of APAP
toxicity. AST may be especially useful for this purpose because it falls faster than ALT and
could theoretically allow treatment discontinuation and patient discharge earlier [37].
Taking this idea a step further, it has been suggested that a AST/ALT ratio < 0.4 can
identify patients who are beyond the window for NAC treatment without the need for
serial measurements [32]. Ideas such as these have been criticized, however, based on
evidence that NAC improves survival even when administered very late post-overdose.
Two papers [43,44] by the late Roger Williams are often cited to support this view [45].
In one of these studies [43], the investigators included patients treated with NAC within
10–36 h post-overdose, with a median time of 17 h—well within the early phase of APAP
toxicity in humans, when the transaminases are still rising, as discussed above. The second
study [44], however, is more compelling. In that experiment, the investigators randomized
patients with liver failure into two groups, NAC and no NAC, and looked at patient
survival over the next 21 days. Importantly, the patients who received NAC were treated
≥30 h after overdose, though the authors did not describe how the exact time of ingestion
was determined. Approximately 60% of the NAC patients survived compared to 20% of the
controls [44]. While the investigators relied on small sample sizes, with only 25 patients per
group, the results are supported by data from mice and primary human hepatocytes. It has
been demonstrated that NAC protects against APAP-induced liver injury in mice even up
to 2 h after overdose [46] and as late as 6 h after initial APAP exposure in primary human
hepatocytes [47]. Both time points are after APAP metabolism is complete [46,48] and when
there is already evidence of oxidative stress and mitochondrial damage [46,47]. However,
all of these time points—30 h in humans, 2 h in mice, and 6 h in human hepatocytes—are
still before the typical peak of transaminases, around 48–72 h in humans and human
hepatocytes and 12 h in mice. By the time transaminases have peaked and begun to fall at
even later time points, it seems likely correct that NAC is not useful.

In addition to guiding NAC treatment, ALT and AST may have some prognostic
utility to predict poor outcomes. Although large ALT and AST elevations, by themselves,
do not predict death in APAP hepatotoxicity or any other forms of liver injury [38,39,49],
combining ALT and AST together or with other markers may improve their value for
this purpose. For example, patients who died after APAP overdose tended to have a
greater AST/ALT ratio at the time of NAC treatment in one cohort [37]. However, that
study included only six patients who died. Larger studies are needed to further explore
and validate this use of the AST/ALT ratio. In another example, it has been noted that
patients with shorter doubling times for ALT and AST from the approximate time of APAP
ingestion to peak injury usually have higher peak INR values [40], with the latter having an
association with liver failure and death in the most severe cases. Based on the latter study
and on the observation that slower declines in serum APAP concentration are associated
with faster onset of toxicity, Sivilotti et al. [50] proposed the parameter “APAP × AT” to
predict liver injury that is both rapid and severe after APAP overdose (defined as reaching
ALT values ≥1000 U/L within 24 h of ingestion and high peak INR, respectively) despite
NAC treatment. APAP × AT is the multiplication product of the earliest paired serum
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APAP and aminotransferase values available—in other words, the product of APAP and
either ALT or AST nearest to the time of patient presentation or treatment. Because serum
APAP declines due to metabolism while aminotransferases proportionally increase due
to liver damage, this product is more-or-less stable over time until about the peak of
injury [50], making it somewhat independent of the time elapsed since APAP ingestion.
However, INR is only a surrogate for death, and the ability of APAP × AT to actually
predict death after APAP overdose has not yet been tested. Overall, then, the utility of ALT
and AST to predict poor clinical outcomes remains limited.

3.3. Other Early Enzymes

About the same time that serum ALT and AST were found to increase in patients
with liver injury, some of the same investigators noted that high lactate dehydrogenase
(LDH) activities “were observed in patients with myocardial infarction, diabetic acidosis,
acute stem cell leukemia, chronic myelogenous leukemia and hepatitis” [51]. These results
were quickly confirmed by others [52]. However, LDH is expressed in other organs at
or near the level in the liver [51,53,54], so serum values are not specific for liver damage.
Indeed, serum LDH is elevated in numerous diseases [55]. As a result, it is not widely
viewed as an important liver injury marker and has no diagnostic value for APAP overdose
beyond what ALT and AST provide. But, recent data have demonstrated that it does have
prognostic value. We used an untargeted proteomics approach to analyze serum samples
from 58 transplant-free survivors and non-survivors of APAP-induced ALF [49]. Much
to our surprise, LDH displayed the greatest ability to predict death out of >1600 proteins
that we were able to measure [49]. We then confirmed the prognostic value of LDH in this
context through a retrospective review of laboratory data from 238 patients hospitalized
with ALF at our institution over a 12-year period [39]. Importantly, LDH performed about
as well as, or better than, the current prognostic tools, the Model for End-Stage Liver
Disease (MELD) score and the King’s College Criteria, in both studies [39,49], with a
preliminary cutoff of 2000 U/L. Furthermore, only a single laboratory value is needed to
use LDH, whereas the Model for End-stage Liver Disease (MELD) score, the King’s College
Criteria (KCC), the Acute Liver Failure Study Group Prognostic Index (ALFSGPI), and
other prognostic scores include multiple laboratory results and/or demographic factors.
Interestingly, the isoform of LDH that is dominant in the liver, LDH-M, was elevated in
these patients, while the non-liver form, LDH-H, decreased [49]. The latter may have offset
some of the total LDH elevation caused by liver injury, so specific measurements of LDH-M
may have had an even greater prognostic value than total LDH activity. Although LDH
can be increased by hemolysis, which may be common in ischemic hepatitis, the effect
is negligible at serum LDH values > 1000 U/L [56], so interference due to hemolysis is
generally not a concern in ALF patients—especially when the 2000 U/L LDH cutoff is used.
Finally, while serum LDH elevations occur in many conditions, the increases seen in acute
liver injury are much greater, so these high values provide some specificity. Thus, LDH
appears to be a promising prognostic biomarker to predict the need for a liver transplant in
ALF, including APAP-induced ALF. In addition, the combination of LDH with the MELD
score (our so-called MELD-LDH score)—or with other parameters still to be tested—may
improve utility further [39,49].

It was also noted early on that malate dehydrogenase increases in serum after liver
injury [57], and recent work revealed that it correlates with serum ALT and other markers
of liver injury [58]. In addition, we found that MDH1 was elevated in non-survivors of
APAP-induced ALF compared to survivors [49], indicating that it may have prognostic
value for poor outcomes. However, additional studies are needed to fully characterize the
clinical or regulatory utility of MDH.

4. Serum APAP and the Rumack–Matthew Nomogram

Arguably, the first biomarker to be measured in APAP hepatotoxicity after or around
the same time as the aminotransferases was serum APAP. The earliest methods to estimate
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APAP in biological specimens predate the initial cases of APAP toxicity in humans [59,60],
and even the first reports of APAP overdose by Davidson and Eastham included values for
serum total p-aminophenol, a product of the hydrolysis of APAP and APAP metabolites [2].
Today, clinical assays use a variety of methods to measure APAP, including conversion
to p-aminophenol followed by a reaction with the chromogen o-cresol and the enzyme
multiplied immunoassay technique (EMIT). However, it was quickly realized that serum
p-aminophenol and even parent APAP values alone have limited value for the diagnosis or
prediction of APAP hepatotoxicity, overall, and other parameters like serum APAP half-life
were suggested instead [61]. This issue was addressed to some degree by the Rumack–
Matthew nomogram, which introduced a time dimension to help interpret serum APAP.
In 1973, Henry Matthew, the medical director of the Regional Poisoning Treatment Center
in Edinburgh, and Barry Rumack, a clinician visiting from the US, began working on a
nomogram for APAP overdose inspired by the Done nomogram for salicylate poisoning [62]
(Rumack, personal communication). Rumack and Matthew plotted the logarithm of serum
APAP levels from 64 Ward 3 patients with acute APAP ingestions (30 of whom were
included in a publication by Laurie Prescott [61]) on the y-axis against time-after-ingestion
on the x-axis, and then drew a straight line dividing those who developed ALT >1000 U/L
from those with lower peak ALT values. The final graph was published in 1975 [63].
Patients above the line are likely to develop clinically significant hepatotoxicity and should
therefore be treated with NAC, while those below the line generally do not require treatment
(Figure 2). The Rumack–Matthew line began at 200 µg/mL APAP at four hours post-
ingestion, but when clinical trials of NAC began, the US FDA required a line 25% lower,
beginning at 150 µg/mL. The latter is now referred to sometimes as the “treatment line”
in the US. Other modifications of the Rumack–Matthew nomogram have been introduced
in the intervening years, but the basic premise is the same and the graph is still useful in
emergency departments today. In addition, new ways to use the nomogram have been
introduced, such as the APAP ratio, which is the first APAP value measured between 4 and
24 h post-ingestion divided by the APAP concentration on the standard nomogram line
at the same time point [64–66]. Unfortunately, it is difficult to use the nomogram when
the time of APAP ingestion cannot be determined or in cases of cumulative overdose from
multiple supratherapeutic ingestions over time. Curry found that in 335 subjects with
definite APAP poisoning (both acute and chronic), the history of the time of ingestion was
thought to be reliable only 12% of the time [67]. Furthermore, the x-axis of the nomogram
ends at 24 h, so it cannot be used for later-presenting patients who may still benefit
somewhat from NAC. Some APAP assays used in clinical laboratories are also susceptible
to false results due to bilirubin [68–72] and even NAC [72,73] interference, which would
both be expected to be an issue in hospitalized patients with very high serum bilirubin or
NAC levels after APAP-induced liver injury or treatment (though this is not an issue with
all such assays). Thus, some serum APAP results may be misleading.

Another challenge with the nomogram is that it does not explicitly take into account
the lag time from APAP ingestion to NAC treatment, which is a major factor in the de-
velopment of hepatotoxicity and adverse outcomes [74–76], presumably because greater
delays in treatment allow more time for the formation of the reactive metabolite of APAP,
N-acetyl-p-benzoquinone imine (NAPQI). To address this, Sivilotti et al. introduced the psi
parameter [77]. Psi is essentially the area under the serum APAP concentration curve from
an approximate time of hepatic glutathione depletion post-ingestion (usually set as 4 or
6 h) to the time of NAC initiation, and so theoretically reflects the window of time in which
NAPQI formation exceeds detoxification by glutathione before glutathione can be restored
by NAC [77]. This parameter was found to be a strong predictor of hepatotoxicity devel-
opment in early-presenting patients with ALT <100 U/L at admission [78–80]. However,
like the Rumack–Matthew nomogram, it is difficult to use when the time of ingestion is
unknown. Extrapolation of the curve is necessary and may not be accurate.
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after the removal of free cysteine and proteolysis of the specimen, overcome some major
shortcomings of serum APAP, APAP × AT, psi, and similar endpoints that are based on, or
incorporate, serum APAP levels. Like APAP, adducts can become detectable in circulation
as early as 1 h after a therapeutic dose, with a peak between 3 and 12 h after therapeutic or
sub-hepatotoxic doses [81,82] and between 24 and 72 h after overdose [65] (similar to ALT),
but they are more stable than APAP and decline slowly, with a half-life of 1–2 days [82–85]
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Furthermore, bilirubin and NAC have no effect on the HPLC-electrochemical detection
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values >1 nmol/mL are associated with overdose and serum ALT > 1000 U/L [83,85,86].
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Figure 3. Relative kinetics of APAP and APAP-protein adducts. Simulated data for non-hepatotoxic APAP
doses. Derived from publications [65,81–85] and from known half-lives. With liver injury, longer half-lives
for both analytes are expected, with the APAP-protein adducts’ half-life still exceeding that of APAP.
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5.2. Evolution of APAP-Protein Adduct Methods

The first studies to explore the fundamental mechanisms of APAP hepatotoxicity
were undertaken by Bernard Brodie, David Jollow, Jerry Mitchell, and others at the US
National Institutes of Health and published in 1973–1974 [27,87–91]. In those papers,
the authors discovered that APAP is converted to a reactive metabolite that can deplete
hepatic glutathione and bind to proteins. The original methods to measure APAP-protein
adducts in these early studies required the administration of radiolabeled APAP followed
by multiple sample extraction steps to remove non-protein-bound drug and metabolites,
and, finally, the measurement of radioactivity [88]. These methods were laborious and
could not be easily applied to serum. The first convenient methods to measure adducts were
antibody-based [92]. The development of the original antibodies against APAP-protein
adducts came about through a collaboration between Jack Hinson and Dean Roberts while
they were working at the National Center for Toxicological Research (NCTR) of the US
Food and Drug Administration in the mid-1980s [92]. The two met carpooling to work due
to the remote location of the NCTR in a rural area of central Arkansas in the US. During a
drive, Hinson described his work on APAP metabolism and protein alkylation to Roberts,
who then offered to make an antibody to recognize APAP-cysteine adducts in proteins.
According to Hinson:

“It resulted from a conversation we had while we were commuting to NCTR. I de-
scribed the APAP toxicity mechanism. I clearly remember [Dean] saying, ‘I can make an
antibody to that’. Following the development of the anti-APAP antibody, we studied the
presence of APAP-protein adducts in mice. As expected, we found adducts in liver. An
unexpected finding was adducts in serum. The appearance of serum adducts correlated
with the appearance of liver enzymes in the serum (ALT) and were determined to be of
hepatic origin. We immediately recognized that serum of APAP overdose victims would
have APAP-protein adducts too. We collaborated with Dr. Henrik Poulsen from the Uni-
versity of Copenhagen, Denmark, to assay clinical samples from APAP overdose patients
that he had stockpiled in his freezer. This resulted in a publication in the Lancet.”

Hinson later discovered the more sensitive and specific HPLC-EC method [93]:
“The HPLC-EC assay came about by our attempts to assay for 3-nitrotyrosine in

APAP samples. We were working with Phil Mayeux and a medical student who had
taken a year off to perform research, Ken Muldrew. We had observed nitrotyrosine in
livers of APAP-treated mice by immunohistochemical methods. We had also observed
it in homogenates from APAP-treated livers using Western blot. Following a published
procedure for 3-nitrotyrosine, Ken did not observe any nitrotyrosine but did observe a peak
coming out of the HPLC column very late. It was observed only in the liver homogenates
from the APAP-treated livers. I postulated that it may be the APAP-cysteine adduct. I
then synthesized the 3-cysteinyl-acetaminophen conjugate and confirmed the synthesis by
NMR spectral analysis of the product. The peak [in the HPLC-EC assay] was subsequently
confirmed to be APAP-cysteine”.

The physician-scientist Laura James joined Hinson and Roberts shortly before the
development of the HPLC-EC method and helped to collect the first human samples for
HPLC-EC analyses. In her words:

“In subsequent studies, serum samples obtained from patients with APAP overdose
were assayed using the HPLC assay. APAP adducts were detected in patients with a docu-
mented history of APAP overdose and resulting liver injury. Collectively, these findings
were published in the 2002 Muldrew manuscript. Publication of this manuscript caught
the attention of hepatologists funded by the National Institute of Diabetes and Digestive
and Kidney Diseases (NIDDK) of the US National Institutes of Health through the Acute
Liver Failure Study Group. Subsequent research collaborations with this NIDDK-funded
network defined the range and magnitude of APAP adducts in multiple clinical scenarios,
including ‘low-dose’ exposure, acute overdose with early NAC treatment and acute over-
dose with delayed or no NAC treatment. Ultimately, the collaborations demonstrated that
measurement of adducts in human serum samples could accurately identify patients with
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APAP-induced ALF and found that approximately 20% of patients with ALF of unknown
etiology were secondary to APAP-induced injury. This understanding prompted the de-
velopment of AcetaSTAT, a rapid, lateral flow diagnostic assay for the semi-qualitative
detection of APAP-protein adducts in human sera”.

The development of the HPLC-EC method for adducts was followed by mass spectrometry-
based methods [94,95], but HPLC-EC is currently the only method used clinically in the
US. As alluded to in the quote above, a lateral flow immunoassay called AcetaSTAT has
also been developed and is pending the completion of various studies before FDA review.
A prototype of this device reportedly had 100% sensitivity and 96% specificity for APAP-
induced liver injury in one small clinical study [86].

5.3. Limitations of APAP-Protein Adducts for Diagnosis and Proposed Solutions

APAP-protein adducts can be detected in circulation during sub-toxic and therapeutic
use. Mice treated with 75 mg/kg, which is 5× greater than the equivalent therapeutic
dose in humans of approximately 14–15 mg/kg (1 g divided by 70 kg for an average
healthy adult, for example) but still sub-toxic, have detectable serum adducts around
0.2 nmol/mL [48]. More importantly, some human volunteers taking therapeutic doses
have had adduct values as high as 0.9 to 1.0 nmol/mL [96]—around the proposed diagnostic
threshold. Although the diagnosis of APAP overdose may require both an adduct level
>1.0 and elevated ALT, there is evidence that co-incidental liver injury leading to ALT
elevations can increase APAP-protein adduct concentrations in blood during therapeutic
APAP use. For example, we treated mice with the sub-toxic 75 mg/kg dose of APAP,
induced co-incidental liver injury by ischemia-reperfusion (IR), or performed sham surgery,
and then compared plasma adducts between the IR and sham groups [48]. IR increased
plasma adducts by approximately 9-fold, from far below the 1.0 nmol/mL threshold in
sham animals to just under it [48]. More significantly, for clinical use, Curry et al. found
that some patients classified as having liver injury “definitely not” due to APAP had adduct
levels > 1.0 nmol/mL and even as high as 2.86 nmol/mL, which is consistent with elevated
adducts due to co-incidental liver damage in patients using sub-toxic APAP doses [67].
To address this issue, Curry proposed the use of 95% probability intervals. That is, the
areas on a graph in which 95% of paired serum APAP and serum APAP-protein adduct
values from patients with liver injury due to APAP overdose or due to another cause are
predicted to fall when adducts are plotted on the y-axis against ALT on the x-axis [67]
(Figure 4). Using this approach, the authors noted, for example, that “finding a serum
APAP-CYS [APAP-protein] concentration of 1.4 µM [nmol/mL] when corresponding ALT
activity was 12,000 IU/L would be unexpected in APAP-induced hepatic necrosis”. (See
example case in Figure 4.) In other words, even though adducts would be >1.0 nmol/mL
and ALT > 1000 U/L, the clinician could still discern that APAP is not a likely cause of
the liver injury in such a case because the elevated adduct levels are still low compared to
the very high ALT. Importantly, Curry’s data also indicate that there is a zone of overlap
between APAP overdose and non-APAP overdose patients. In cases that fall within this
zone, as always, the clinician must look at the complete clinical picture to determine a likely
diagnosis or etiology. The 95% prediction interval requires further testing and validation,
but moving forward 1.0 nmol/mL may serve as the generally recommended diagnostic
cutoff in straightforward APAP overdose cases while the 95% prediction intervals may
be helpful when considering overdose in patients with more complicated or uncertain
presentations or histories. Finally, it is notable that kidney failure, which is often present in
APAP-induced ALF [97], is associated with a more prolonged elimination half-life of serum
APAP-CYS, probably from a larger apparent volume of distribution [98]. The latter may
also affect the clinical interpretation of adduct values.
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5.4. Factors Affecting Serum Adduct Levels at Therapeutic Doses of Acetaminophen

Data from clinical trials indicate that APAP-protein adducts are detectable in serum
in most people during therapeutic APAP use [82,96,99]. While the adduct concentrations
are generally low, a few subjects in these studies have had values that reached or exceeded
the proposed diagnostic threshold for APAP overdose of 1 nmol/mL, as mentioned above.
Andrew Monte and colleagues have explored possible mechanisms for this inter-individual
variation in adduct levels using ‘omics approaches. For example, in a manuscript describing
a small, exploratory study in which they performed genomics analysis on samples from
eight subjects administered therapeutic doses of APAP, they reported that there were
194 variants in 65 genes that were associated with adduct concentration [100]. They further
reported that patients with higher adduct levels were more likely to have damaging variants
in genes involved in signal transduction, and singled out ARHGAP11A and MUC20 as
examples. Although these observations are interesting, their causal significance is currently
unclear. Nevertheless, they point to potential genetic or otherwise personal factors affecting
APAP-protein adduct levels.

Finally, postmortem blood APAP-protein adduct concentrations do not reflect ante-
mortem levels. They can be dramatically elevated in patients who have taken APAP, but
have no evidence of APAP-induced hepatotoxicity [101]. This should be kept in mind when
investigating causes of liver injury or death in deceased subjects.

6. The Rise of Mechanism-Based Biomarkers
6.1. Mitotoxicity Biomarkers

Mitochondrial protein alkylation was noted by Jollow et al. in the early mouse studies
published in 1973 [88], and mitochondrial swelling was observed in liver sections from
APAP overdose patients as early as 1979 [102]. However, the importance of mitochon-
dria in APAP toxicity was not recognized at that time. In the late 1980s and early 1990s,
research groups led by Steve Cohen at the University of Connecticut, Hartmut Jaeschke
at Baylor University, and others, demonstrated that mitochondria are damaged during
APAP hepatotoxicity, leading to reduced respiration and increased mitochondrial oxidative
stress [103,104]. Additional studies in the 2000s, mostly from Dr. Jaeschke’s group, fur-
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ther demonstrated that these are critical events in the toxicity, driving much of the liver
damage [36,105–111]. Also, in the 2000s, Neil Kaplowitz and colleagues revealed that the
c-Jun N-terminal kinases 1/2 are important in the pathogenesis of APAP-induced liver
injury [112–115].

We became interested in translating these mechanisms from rodent models to humans
while working together with Dr. Jaeschke around 2009. It is difficult to obtain liver tissue
from APAP overdose patients, but blood samples are drawn from those patients daily,
so we took up the challenge of studying these mechanisms in patients using blood as
a window to peer into the liver. We initially focused on the mitochondrial damage and
reasoned that because one can see mitochondrial content spilling into the cytosol after
APAP overdose [116], the same mitochondrial macromolecules must also spill into blood
when plasma membrane integrity is lost and other large molecules like ALT are released.
Consistent with that, when we measured mitochondrial matrix components like glutamate
dehydrogenase (GLDH) (by activity) and mitochondrial DNA (mtDNA; by PCR) in plasma
from APAP overdose patients, we found that they were elevated [36]. However, it was
not enough to simply show that these mitochondrial markers increased during APAP
toxicity. We needed a model of liver injury without mitochondrial damage to demonstrate
that the molecules are only present, or at least present at higher levels, in blood when
mitochondrial damage has occurred. Our solution came when we found a paper in which
the authors compared the mechanisms of furosemide and bromobenzene hepatotoxicity and
found that furosemide, specifically, caused liver damage without altering mitochondrial
respiration [117]. When we then compared plasma or serum GLDH and mtDNA in
mice with furosemide and APAP toxicity, they were much higher in the APAP mice [36],
indicating that these markers do indeed have some specificity for mitochondrial injury.
The GLDH data were recently reproduced by another group [118]. Although they framed
their results as a challenge to our work, their data confirmed our fundamental observation
that mitochondrial markers like GLDH are higher in blood from mice with APAP toxicity
compared to furosemide toxicity [118,119]. We later published similar results for long-chain
acylcarnitines in mice [120]. While we were unable to detect an increase in acylcarnitines
in adult humans after APAP overdose, another group reported elevations in a pediatric
overdose population [121], further supporting the hypothesis that mitochondrial damage
occurs in humans as it does in mice. Importantly, data from both studies indicated that early
NAC treatment can explain why we did not observe elevated acylcarnitines in our patient
population. NAC mitigated the acylcarnitine increase in mice, and acylcarnitine elevations
were more apparent in pediatric patients with delayed NAC treatment. We also found that
GLDH and mtDNA are higher in serum from non-survivors of APAP-induced ALF than
in survivors [38], indicating that mitochondrial damage not only occurs but is a driver of
APAP hepatotoxicity in humans. We supported these conclusions with additional data from
human HepaRG cells and primary human hepatocytes, which further demonstrated the
central role of mitochondrial damage in APAP-induced liver injury in humans [47,94,122].

Another marker that may reflect mitotoxicity in the context of APAP overdose is
nuclear DNA fragments. In mice, nuclear DNA fragmentation in the liver occurs partly
as a result of the translocation of endonucleases from damaged mitochondria to the nu-
cleus [108], so the presence of high levels of fragmented DNA (or nucleosomes) in the
circulation may reflect mitochondrial destruction. We and others were able to measure
nuclear DNA fragments in the circulation of APAP overdose patients with liver injury using
an anti-histone ELISA [36,38,123], again lending credence to the idea that mitochondrial
damage occurs in humans as in mice.

Unfortunately, the clinical value of GLDH, mtDNA, nuclear DNA fragments, and
acylcarnitines to predict poor outcomes in APAP overdose patients appears limited at
best [38,123]. However, another mitochondrial marker, carbamoyl phosphate synthetase
1 (CPS1), is also elevated in APAP hepatotoxicity [124,125] and may have both mechanistic
and prognostic value. A study from 2006 demonstrated that circulating CPS1 values
increased at 8 and 24 h after surgery in the cecal ligation and puncture model of sepsis-
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induced liver damage [126]. Importantly, this increase was co-incident with the loss of
mitochondria in the liver and changes in mitochondrial morphology, while ALT release
occurred much later. The authors interpreted this to mean that CPS1 appeared in serum as
a result of mitochondrial destruction specifically, rather than simply necrosis [126]. Bishr
Omary and coworkers later reported that CPS1 is elevated in the culture medium and
circulation from primary mouse hepatocytes and mice, respectively, during APAP-induced
injury, and in serum from APAP overdose patients [124]. They also found that serum CPS1
levels were greater in non-survivors of APAP-induced ALF and in transplant recipients
than in spontaneous survivors [125], indicating that these levels can predict poor outcomes.
Notably, CPS1 levels modestly improved the MELD score for prognosis [125].

6.2. Cell Death Mode Markers

While we were working on mitochondrial biomarkers, other groups were exploring the
mode of cell death in human APAP hepatotoxicity by measuring keratin 18 (K18) and high
mobility group box 1 (HMGB1) protein in blood. An antibody (“M30”) against a caspase-
cleaved form of K18 (ccK18) had been developed in the 1990s and was used to label apop-
totic cells in sections from colonic carcinoma tissue and cancer cell lines [127]. It was later
applied to serum from cancer patients using an ELISA [128,129]. Rutherford et al. [130]
then measured ccK18 in serum from patients with ALF of various etiologies and noted that
median levels were higher in APAP overdose patients than in healthy controls. However,
they did not measure total K18 for comparison, so it was not possible to determine the rela-
tive contributions of apoptosis and necrosis. At about the same time, Bechmann et al. [131]
measured ccK18 in the circulation of one patient with APAP-induced ALF and reported
only minor elevations in comparison to total K18 (“M65”), indicating “a low rate of apop-
tosis”. Since then, most studies have demonstrated that only about 10–20% of total K18
is in the caspase-cleaved form. For example, Volkmann et al. [132] reported ccK18 values
around 8–9000 and total K18 values around 50–55,000 U/L (~15–16%) in APAP patients
while Craig et al. reported median values of 9646 and 45,615, respectively (21%) [123]. Im-
portantly, even these percentages likely overestimate the amount of apoptotic vs. necrotic
cell death in the human liver after APAP overdose. Very few apoptotic cells appear in
the liver after APAP overdose in mice, and caspase inhibitors do not protect against the
injury at all [47,94,133–135]. Furthermore, we could not detect any caspase 3 activity in
plasma from APAP overdose patients with liver injury, even though we observed very
high levels in plasma from mice with hepatocyte apoptosis due to galactosamine/LPS
treatment [36]. Finally, histological studies have revealed that only ~0.6% of hepatocytes
display characteristic morphological features of apoptosis during APAP hepatotoxicity
in humans compared to >60% with necrotic appearance [135], though the authors of that
study insisted on an interpretation of the data that likely exaggerates the importance of
apoptosis. In any case, even when considering only the ccK18 and K18 data, necrosis is the
dominant mode of cell death during APAP hepatotoxicity.

There are conflicting data regarding the prognostic value of K18 and ccK18 to predict
death. On the one hand, Rutherford et al. measured serum ccK18 in the earliest available
samples from a subset of 52 patients with ALF of various etiologies and reported that
the median levels were significantly greater in non-survivors and transplant recipients
compared to spontaneous survivors [130]. Consistent with these data, Church et al. [136]
measured K18 and ccK18 in samples from patients with non-APAP DILI from the DILI
Network (DILIN) and reported that K18 levels were significantly greater in patients who
died or required a transplant. On the other hand, Craig et al. measured K18 and ccK18 in
serum from APAP overdose patients specifically and reported that there were no significant
differences in either biomarker between those who spontaneously survived (n = 14) and
those who died or received a liver transplant (n = 12), at the time of admission [117]. Results
from ROC analyses, sensitivity and specificity, and the diagnostic odds ratio were unim-
pressive (AUCs ≤ 0.67 and 95% CIs for odds ratios overlapping one, for example) [123].
Regarding the prediction of hepatotoxicity in early-presenting APAP overdose patients,
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Dear and colleagues measured K18, ccK18, microRNA-122 (miR-122), and GLDH in ad-
mission samples from APAP overdose patients who presented with normal ALT values
< 50 U/L and reported that K18 was one of the best markers to predict later injury in these
early presenters [137]. GLDH was also associated with later injury, but not as strongly [137].

Like K18, HMGB1 has also been interpreted as a marker of necrotic cell death.
Scaffidi et al. [138] stained for HMGB1 in HeLa cells undergoing TNF-α/cyclohexamide-
stimulated apoptosis and observed that it localized to and remained within the nucleus
throughout the apoptotic process. Additionally, there was little release of HMGB1 into
the cell culture medium during apoptosis compared to necrosis induced by CCCP and
other compounds [138]. Finally, they reported that an anti-HMGB1 antibody decreased
inflammatory cell recruitment in the liver (as assessed by myeloperoxidase) after APAP-
induced hepatocyte necrosis in mice, implying that HMGB1 was released into serum by
necrosis and had a pro-inflammatory effect [138]. Importantly, HMGB1 release has been
reported in APAP overdose patients as well, further supporting necrosis as the primary
mode of cell death in APAP hepatotoxicity in humans [123,137]. Additionally, like K18 and
GLDH, HMGB1 levels can forecast APAP hepatotoxicity in early-presenting APAP overdose
patients with normal ALT values [137], though they likely cannot predict death [123,139].

6.3. Other Mechanistic Biomarkers

The results from an intriguing recent study indicate that bile acids leak out of bile
canaliculi early in APAP hepatotoxicity and are taken up by hepatocytes, where they
accumulate and contribute to hepatocyte death [140]. While this hypothesis requires
confirmation, especially in light of prior data demonstrating that bile acid depletion worsens
APAP-induced injury [141], we and others previously reported that bile acids increase in the
serum in APAP hepatotoxicity in both mice and humans [142,143]. Furthermore, we found
that glycodeoxycholic acid, in particular, can predict death in APAP overdose patients [142].
Thus, bile acids may also be considered mechanistic biomarkers in APAP patients, pending
independent replication of the mechanistic studies mentioned. In addition, some bile acids
appear to increase earlier than ALT, indicating that they may have value as prognostic
markers to predict later injury in early-presenting patients with normal ALT.

Additional studies have addressed the utility of these and other biomarkers for the
diagnosis of APAP-induced liver injury [144]. While such studies may be useful when
extrapolating the results to DILI more generally, for which diagnosis is a greater chal-
lenge [145], in most cases, their kinetics mirror the kinetics of ALT (see [36] for example).
It is not clear what value they might add to diagnosis or prognosis if they cannot detect
injury earlier.

7. Inflammation Biomarkers

The role of inflammation in APAP hepatotoxicity and liver repair is complex, multi-
phasic, and controversial [27,146–148]. Early studies in the 1980s found that Kupffer cells
are activated in rats during APAP toxicity [149,150], and that inactivation with gadolin-
ium chloride protects against APAP in mice [151]. However, later work revealed that
total Kupffer cell ablation, instead of simply inactivation, with a single dose of liposomal
clodronate either worsens injury in mice [152] or has no effect [153]. More recently, we
demonstrated that two doses of liposomal clodronate actually protect against APAP, in
contrast to the single dose regimen, but also that the protective effect was likely due to Nrf2
activation rather than anything directly having to do with Kupffer cells [153]. Furthermore,
NADPH oxidase and C-C chemokine receptor 2 (CCR2) KO mice are not protected against
APAP [154,155]. Thus, overall, it appears that Kupffer cells do not contribute significantly
to APAP hepatotoxicity. Similar conflicting data exist for neutrophils [27,156–158], though
recent data indicate that the role of neutrophils may depend upon the APAP dose or extent
of injury [159], which may explain some discrepancies in the literature. Studies are currently
ongoing to investigate other inflammatory cell types in the context of APAP overdose.
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Regardless, a number of cytokines and other pro- and anti-inflammatory markers
have been measured in APAP overdose patients. In 2001, James et al. reported increased
interleukin-8 (IL-8; aka CXCL8) in the circulation of pediatric overdose patients, but no
elevations in IL-6 or IL-10, compared to healthy controls [160]. They also reported that pa-
tients with high peak IL-8 had higher peak prothrombin times, suggesting some prognostic
utility, despite the possible confounding effects of time-to-NAC treatment in their analysis
(delayed NAC treatment may result in both higher IL-8 and worse outcomes independent
of each other, and a novel marker like IL-8 is probably not needed to determine if presen-
tation was delayed) [160]. A 2003 study by another group reproduced the observation
that IL-8 is elevated in APAP-induced liver injury in humans and revealed that IL-8 and
hyaluronic acid serum levels were higher in non-survivors of APAP overdose compared
to survivors [161]. Similarly, we observed a trend toward increased IL-8 in non-survivors,
though it did not achieve statistical significance [162].

In contrast to their 2001 study, James et al. later observed that IL-6 is significantly
elevated after APAP overdose, but only in patients with more severe liver injury than
those included in their initial work [163]. They also found in that study that monocyte
chemoattractant protein 1 (MPC1; aka CCL2) was elevated in APAP toxicity patients,
and, like IL-8, was associated with peak prothrombin time [163]. Consistent with those
observations, we recently reported that both IL-6 and MCP1 are significantly higher in
serum from non-survivors of APAP-induced ALF compared to spontaneous survivors
at some early time points [162]. However, in contrast to James et al., we also observed
elevated IL-10, and it too was associated with poor outcomes [162]. Elevations in IL-6,
IL-8, and IL-10 have also been reported in other DILI patients [163,164]. Overall, it appears
that IL-6, IL-8, and MCP1 are consistently elevated in serum from APAP overdose patients
with liver injury and may have prognostic value to predict poor outcomes. IL-10 may also
be prognostic but requires further investigation. Other inflammation markers including
pentraxin 3 [165], Lect2 [166], and neopterin [167] also seem to be elevated in APAP-induced
liver injury and associated with patient outcome, but have not been explored as thoroughly
as the cytokines and chemokines already mentioned.

8. miRNA-Based Biomarkers

Wang et al. 2009 [168] first reported that serum levels of multiple miRNAs are altered
in mice with APAP-induced liver injury, and these data were extended to APAP overdose
patients by the research group of Kevin Park at the University of Liverpool two years
later [169]. Since then, many miRNAs have been shown to increase or decrease in circulation
in APAP hepatotoxicity [169–174], but miR-122 seems to display the largest and most
consistent changes [175].

The most promising application of miR-122 at this point still appears to be in the
prediction of hepatotoxicity in APAP overdose patients presenting with normal ALT and
liver function test results. It is rare for patients presenting with ALT < 50 U/L to later
develop injury (as described in Section 3.2, above), and those who do rarely develop severe
hepatotoxicity. This is even clear from the studies supporting miR-122 use themselves,
as pointed out in a letter to the editor [176]. However, others argue that if the poten-
tial for hepatotoxicity, despite NAC, can be ruled out in these early presenters using a
marker specifically for that purpose, then NAC treatment can be tailored, unnecessary
hospitalizations can be avoided, and patients who require care can still be identified and
promptly treated. K18, HMGB1, and—to a lesser extent—GLDH may have some value
for this purpose, as mentioned in Section 6 [137], but miR-122 and perhaps K18 appear to
be uniquely positioned for this because they seem to be more sensitive to hepatocellular
stress. For example, we observed that K18 was elevated in patients with compensated
cirrhosis, despite normal ALT [82]. Furthermore, serum miR-122 was significantly elevated
in 18 human subjects after a moderate alcohol binge that had no effect on ALT or GGT [177].
Dear et al. demonstrated that miR-122 at admission has high sensitivity and specificity to
predict peak ALT >100 U/L in patients who present with an initial ALT value < 50 [137].
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While there are concerns about the biological variation in miR-122 [136] as well as technical
challenges with current measurement methods (e.g., PCR), new analytical approaches are
in development that may help to overcome some of the relevant problems [178–180]. In
addition, an alternative approach may be to measure the levels of proteins encoded by
genes that are miR-122 targets. miR-122 decreases in the liver during APAP-induced injury
in mice [168], so it is theoretically possible that miR-122 targets are upregulated in the liver
and could be released into the circulation. Finally, despite the likely utility of miR-122 as a
prognostic marker for later injury in early-presenters, it appears that it is only modestly
associated with death in APAP-induced ALF [181,182], if at all. Overall, the necessity of
new markers to predict hepatotoxicity in early presenters has been questioned, but if one
were to be used clinically then miR-122 appears to be a reasonable candidate.

Specific miRNA profiles have also been linked to liver regeneration and survival [182,183].
For example, Salehi et al. [183] described miRNA profiles in patients who underwent auxil-
iary liver transplantation. In this procedure, the patient’s damaged liver is left in place and
allowed to regenerate, while the transplanted liver takes over the normal liver functions.
After successful regeneration, immunosuppression is withdrawn and the transplanted liver
is allowed to atrophy, leaving the patient’s recovered liver. This unique scenario allowed the
researchers to monitor miRNA changes in biopsy samples from the native liver at multiple
time points during the regeneration period. Of the 11 total patients enrolled in the study,
7 experienced successful regeneration leading to the complete withdrawal of immunosup-
pression, while 4 failed to regenerate. The investigators isolated RNA from their biopsies
and performed microarray analysis to measure numerous miRNAs, followed by pathway
analysis to determine what signaling pathways would be expected to be altered due to
the detected changes in miRNA. The authors reported decreased levels of miRNAs that
can suppress the expression of pro-proliferative genes (e.g., CCND2)—miR-23a, miR-150,
miR-503, and miR-663—and increased levels of miRNAs that can activate expression of
pro-proliferative genes (e.g., VEGF)—miR-20a, miR-126, miR-130a, and miR-520e—over
time from the day of transplantation to later phases of regeneration in patients whose
native livers successfully regenerated. They later measured some of these miRNAs in
the serum from patients with APAP-induced ALF and found that miR-23a, miR-150, and
miR-503a (the miRNAs associated with suppressed proliferation) were lower in patients
who survived compared to those who died or received a liver transplant, consistent with
the idea that these miRNAs are biomarkers of liver regeneration [184]. Finally, they mea-
sured these same miRNAs plus additional regeneration-linked species in the serum from
192 patients with APAP-induced ALF and explored their abilities to differentiate between
survivors and non-survivors individually, in combination, and when combined with con-
ventional clinical endpoints [181]. While they again observed an association between
patient outcome and miR-150, as well as several other miRNAs, the discriminatory powers
of the individual miRNA species were modest. However, the prognostic value improved
when some of the miRNAs were combined, and further improved when these miRNA
species were considered with the MELD score and vasopressor use [181]. Unfortunately,
the authors of the latter study also discovered that there was considerable within- and
between-person variation in miRNA levels over time. Some species that were elevated
in non-survivors compared to survivors at an early time point, for example, were lower
compared to survivors at the later time point, and vice versa. Furthermore, the inclusion
of multiple miRNAs increases test complexity and cost. These are significant barriers to
clinical use that will need to be overcome.

9. Liver Regeneration and Repair Biomarkers

Circulating miRNA profiles are not the only regeneration-associated biomarkers.
Arguably, the oldest markers of liver function that are still in use today, namely bilirubin
and prothrombin time, are really markers of liver regeneration. Bilirubin undergoes
conjugation in the liver to facilitate its excretion, so the accumulation of bilirubin in serum
after injury indicates impaired metabolic or excretory liver function. Prothrombin time, on
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the other hand, is a measure of blood clotting. As most clotting factors are synthesized in
the liver, long prothrombin times after injury indicate impaired synthetic function. As the
liver regenerates and liver function recovers, values for these tests return to normal. It is
not surprising then that these markers correlate well with patient outcome in liver failure.
Indeed, the MELD score, the KCC, and the ALF Study Group Prognostic Index (ALFSG
PI) include both [185–187]. However, these markers often cannot be used to forecast
regeneration because their kinetics are more-or-less parallel to the kinetics of regeneration.
That is, liver function improves as regeneration occurs, not before, though there is evidence
that remnant hepatocytes induce basal function to partially offset the liver damage [188].
Because function markers mostly parallel regeneration, changes in these markers may
not be useful to predict recovery vs. death. Schmidt and Dalhoff [189] also reported that
circulating α-fetoprotein (AFP), a marker of hepatocyte proliferation, is increased in the
serum from survivors of APAP-induced ALF compared to non-survivors. AFP is already
measured clinically as a tumor marker and as part of the screening tests for chromosomal
abnormalities during gestation, so it could have immediate clinical application. Like
bilirubin and prothrombin time, however, AFP values do not increase until after the
peak of liver injury. Several other biomarkers of regeneration have been proposed but
require further validation. Serum phosphate is elevated in non-survivors of APAP-induced
liver injury and in those who received a liver transplant compared to survivors [190].
α-NH-butyric acid increases in serum after PHx in mice and can discriminate between
survivors and non-survivors of ALF (including APAP-induced ALF) in pediatric patients
as well as bilirubin and prothrombin time can [191]. Lect2 is also elevated in non-survivors
of ALF (again, including APAP-induced ALF) compared to survivors [166]. Similarly,
CD133/CD39 double-positive microparticles are elevated in patients with APAP-induced
acute-on-chronic liver failure (ACLF), and data from rodent studies indicate that CD39
promotes liver recovery [192]. It was also recently reported that some hepatocytes adopt a
senescent phenotype after injury, leading to the secretion of CXCL14, which then inhibits
liver regeneration [193]. Interestingly, the authors also reported that serum CXCL14 was
elevated in patients with APAP-induced ALF and could predict non-survivors. Finally,
we recently discovered that some species of phosphatidic acid (PA) may be involved in
liver regeneration after APAP hepatotoxicity in mice and are also elevated in the serum
from APAP overdose patients with liver injury [194,195], though we have not yet tested the
prognostic value of serum PA.

10. Miscellaneous Other Biomarkers

Various other biomarkers that do not fit well into the categories above have also
been explored in APAP hepatotoxicity. We have repeatedly observed elevated agininosuc-
cinate synthetase 1 (ASS1) in circulation after APAP hepatotoxicity in both mice and
humans [196,197]. Furthermore, our data from mice indicate that it may be a more sensitive
and specific biomarker of liver injury than ALT [196,197]. In our experiments, plasma ASS1
increased as early as 2 h post-APAP overdose, before an increase in ALT [196]. It was also
elevated in models of mild liver injury but not in a model of benign ALT elevation [197]. In
addition, a dose of APAP (100 mg/kg) that did not cause an increase in ALT did increase
ASS1 [196]. However, more research is needed to fully evaluate the utility of ASS1. We
have also shown that aldehyde dehydrogenase 1a1 (ALDH1A1), alcohol dehydrogenase
1 (ADH1), fructose-1,6-bisphophate (FBP1), and a number of other serum markers are also
more specific for liver injury than ALT using the APAP model [197]. Based on that, we pro-
posed that such markers may be useful as part of a screen-and-confirm approach to identify
and diagnose idiosyncratic drug-induced liver injury in clinical trials or even clinically in
which one would screen for possible injury using ALT and then confirm the injury using
a more specific marker [145]. Procalcitonin, often used as a marker of bacterial infection,
is also elevated in APAP overdose patients with liver injury and appears to be a result
of the injury and resulting inflammation rather than an indication of infection [198,199].
Interestingly, procalcitonin elevation preceded ALT elevation by 33 h in one study [200],
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indicating that it may be useful as an early biomarker of liver damage to predict later ALT
elevations. Unfortunately, while the latter study included a logistic regression analysis
of the ability of admission procalcitonin levels to predict injury, the authors did not limit
the analysis to patients who presented with normal ALT, so the prognostic value in that
scenario remains unclear. Circulating fatty acid binding protein 1 (FABP1) is also elevated
in liver injury [201]. It is also prognostic for death in APAP-induced ALF, especially in
combination with the KCC and the ALSGPI. The serum or plasma levels of several other
potential biomarkers, including C-reactive protein (CRP) [165], taurine [202], and sphin-
golipids [203], also change during APAP hepatotoxicity, but the clinical significance of these
changes has yet to be explored.

The overall findings for all of the major biomarkers discussed above are summarized
in Table 1.

Table 1. Summary of major biomarkers used or proposed for use in APAP hepatotoxicity.

Biomarker (s)/Tool (s) Purpose Reference (s)

* ALT, AST Detection of ALI [20,22,32,33]
# ALT >50 U/L at admission Prediction of ALI (high NPV) [41,42]

# Declining transaminases or AST/ALT <0.4 Discontinuation of NAC [32,37]
# APAP × AT Prediction of ALI [50]

# LDH Prediction of death [39,49]

MDH1 Detection of ALI;
prediction of death [49,57,58]

* Rumack–Matthew nomogram Prediction of ALI [63]
# Psi parameter Prediction of ALI [77–80]

* APAP-protein adducts Mechanistic: Protein alkylation; Diagnosis of
APAP hepatotoxicity [81–86]

# 95% probability intervals for APAP-protein
adducts

Diagnosis of APAP hepatotoxicity [67]

GLDH
Detection of ALI;

Mechanistic: Mitochondrial damage; Prediction
of ALI

[36,38,119,137]

mtDNA Mechanistic: Mitochondrial damage [36,38]

Nuclear DNA fragments Mechanistic: Mitochondrial damage, DNA
fragmentation [36,38,123]

Acylcarnitines Mechanistic: Mitochondrial damage [120,121]

CPS1 Mechanistic: Mitochondrial damage;
Prediction of death [124,125]

Total K18 Mechanistic: Cell death mode; Prediction of ALI [123,131,132,137]
ccK18 Mechanistic: Cell death mode [123,131,132]

Caspase 3 activity Mechanistic: Cell death mode [36]
HMGB1 Mechanistic: Cell death mode; Prediction of ALI [123,137,138]

Bile acids (e.g., glycodeoxycholic acid) Mechanistic: Bile acid toxicity?; Prediction of
death [140,142,143]

Cytokines/chemokines Inflammation markers [160–163,165–167]
miR-122 Prediction of ALI [137]

miRNA regeneration profiles Regeneration markers [181–184]
# AFP Regeneration marker [189]

# Phosphate Regeneration marker [190]
α-NH-butyric acid Regeneration marker [191]

Lect2 Regeneration marker [166]
CXCL14 Regeneration marker [193]

Phosphatidic acid species Possible regeneration markers [194,195]
ASS1 Detection of ALI [49,196,197]

ADH1, ALDH1A1, FBP1 Detection of ALI [197]

FABP1 Detection of ALI;
Regeneration marker [201]

* Currently used clinically. # Available clinically. Note that inclusion here does not necessarily indicate endorsement.
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11. Conclusions and Future Directions in Biomarker Development
11.1. New Models for Biomarker Discovery

A challenge in identifying and validating biomarkers for APAP overdose in humans is
the difficulty in obtaining serum or plasma samples from a sufficient number of APAP over-
dose patients, especially from non-survivors, to obtain meaningful results. Developing cell
culture models may present an alternative approach. A challenge with cell culture models
is that most hepatocyte cell lines, such as HepG2 cells, do not express the cytochrome P450
enzymes required to initiate APAP hepatotoxicity [204,205]. Furthermore, most hepatocyte
culture systems cannot replicate the human pathophysiology to any significant degree
because they lack the other cell types in the liver (Kupffer cells, stellate cells, cholangiocytes,
and sinusoidal epithelial cells, for example) as well as the normal hepatic architecture.
They also typically lack extrahepatic cells that may have a role in APAP-induced liver
injury or repair, like neutrophils and monocytes. However, new models are emerging to
overcome these challenges. HepaRG is a convenient cell line that expresses many P450s
and develops APAP hepatotoxicity that mostly resembles what we see in humans and
mice [94]. Meanwhile, model systems such as organ-on-chip are increasingly popular and
permit the co-culture of primary hepatocytes or HepaRG cells with other hepatic cell types
in structures that somewhat resemble the hepatic sinusoid [206]. Finally, multi-organ chips
are also being developed that incorporate similar liver systems [207–210]. As these systems
mature and become more affordable and accessible, they may be useful for the routine
study of novel liver injury biomarkers which can then be validated in later clinical studies.

11.2. Understanding What Makes a Good Biomarker

Whatever methods are used to identify and validate new biomarkers, it is imperative
that we come to understand what makes a good biomarker of liver injury. Aside from the
usual considerations of technical and biological variations, organ specificity and specificity
for liver injury are critical considerations. A challenge with ALT, for example, is that it
can be elevated in the absence of liver injury [197]. Furthermore, it is not entirely specific
for the liver, as it can be elevated with muscle damage, too [211]. Clinical feasibility is
another key issue. For example, because fatal APAP overdose and ALF, more generally,
are relatively uncommon, it may be difficult to obtain commercial interest in biomarkers
to predict survival. This is an advantage of markers like LDH, which are already widely
used clinically for other reasons. Another factor may be abundance within an organ.
Abundance within the liver may also be an important consideration. One may ask why
LDH can predict poor outcomes in APAP overdose patients while ALT cannot. It has been
proposed that the molecular weight and subcellular location of a protein may be factors,
the idea being that large proteins or those buried deeper into the cells—within organelles,
for example—are less likely to be released. However, LDH forms a large tetramer of
approximately 140 kD, and both LDH and ALT1—the dominant isoform released into
serum [212–214]—are primarily cytosolic. Another possible explanation is that LDH is
only released with membrane damage and leakage, reflecting true hepatocyte injury, while
ALT can be released via other mechanisms that are less specific for cell death. This is
plausible, but there are little data to support it at this moment. Finally, a third explanation
is that LDH is either induced by APAP or is simply more abundant in the liver than ALT in
the first place, such that LDH continues to increase with increased injury (and therefore
with a greater probability of poor outcomes) while ALT plateaus. Indeed, our prior data
indicate that LDH continues to increase for about 24 h after ALT peaks [39], though further
investigation is needed to confirm that. Furthermore, we have observed far greater LDH
activity than ALT activity in liver tissue homogenates, though LDH did not appear to be
induced (McGill et al., unpublished observations). In any case, additional research is clearly
needed to understand what physiological and biochemical properties of a biomarker are
most desirable for either diagnosis or prognosis in liver injury.



Livers 2023, 3 587

11.3. Conclusions

A great deal of research has been conducted to identify circulating biomarkers for
use in APAP overdose patients. ALT and the Rumack–Matthew nomogram continue to
dominate clinical use, while the measurement of APAP-protein adducts is emerging as a
novel diagnostic tool that may be useful when carefully interpreted. Emerging prognostic
biomarkers also show promise for use in the near future. However, additional research is
recommended to validate these latter markers.
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