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Abstract

Drug-induced liver injury (DILI) is a major clinical and regulatory challenge. As a result, interest
in DILI biomarkers is growing. So far, considerable progress has been made in identification of
biomarkers for diagnosis (acetaminophen-cysteine protein adducts), prediction (genetic
biomarkers), and prognosis (microRNA-122, high mobility group box 1 protein, keratin-18,
glutamate dehydrogenase, mitochondrial DNA). Many of those biomarkers also provide
mechanistic insight. The purpose of this chapter is to review major advances in DILI biomarker
research over the last decade, and to highlight some of the challenges involved in implementation.
Although much work has been done, more liver-specific biomarkers, more DILI-specific
biomarkers, and better prognostic biomarkers for survival, are all still needed. Furthermore, more
work is needed to define reference intervals and medical decision limits.
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Introduction

Drug-induced liver injury (DILI) can be a problem at any point in the life cycle of a drug. It
is commonly encountered during testing of new drugs, and roughly half with early clinical
evidence of hepatotoxicity are terminated before reaching the market (Olson et al., 2000).
Post-approval, it is a common reason for black box warnings and other packaging
modifications (Issa et al., 2007; Solotke et al., 2018) and for drug withdrawals (Onakpoya et
al., 2016). It is also the chief cause of acute liver failure (ALF) in the United States, the
United Kingdom, Australia and some European countries (Lee, 2008). Though
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approximately 50% of drug-induced ALF cases in the US are due to acetaminophen (APAP)
overdose (Lee, 2008), many other drugs on the market can also cause hepatotoxicity,
including the relatively new class of drugs known as immune checkpoint inhibitors. Clearly,
DILI is a serious obstacle in both drug development and patient care.

DILI is often grouped into two classes: 1) intrinsic and 2) idiosyncratic. Intrinsic DILI is
hepatotoxicity due to natural properties of a drug or its metabolite(s). It usually involves
overdose, and it is highly reproducible. On the other hand, idiosyncratic DILI (IDILI), a
subset of the broader category of idiosyncratic adverse drug reactions, occurs at
recommended therapeutic doses, and is relatively rare. Some drugs cause IDILI in less than
0.01% of consumers, though the prevalence of IDILI varies greatly (McGill and Jaeschke,
2018).

Decades after the introduction of alkaline phosphatase and aminotransferases (ALT, AST) as
the first biomarkers of liver injury, interest in identification of novel DILI biomarkers has
been growing (McGill, 2016). Although current clinical laboratory tests are helpful for
detection of liver injury or dysfunction in many cases, they are not useful for diagnosis of
etiology or for prognosis (Antoine et al., 2013; Senior, 2014; McGill et al., 2014; Levine et
al., 2016; Dear et al., 2018). The US National Institutes of Health and US Food and Drug
Administration Biomarker Working Group has defined a biomarker as a “characteristic that
is measured as an indicator of normal biological processes, pathogenic processes, or
responses to an exposure or intervention” (US FDA, 2016). They further divided biomarkers
into seven categories: biomarkers of risk/susceptibility, diagnosis, monitoring, prediction,
prognosis, pharmacodynamics, and safety. DILI biomarkers have potential for use in three of
those categories: diagnosis, prediction (or risk), and prognosis. Additionally, several
biomarkers have been introduced that provide insight into pathophysiological mechanisms,
commonly referred to as mechanistic biomarkers. Here, we discuss important recent
advances in the DILI biomarker field in each of those categories. Table 1 is a summary of
the most promising current DILI biomarkers for these major uses, but we will begin with a
discussion of the issue of prevalence, which affects both clinical and regulatory biomarker
utility.

The Problem of Low Prevalence in DILI Biomarker Development

A critical concept in development of serum or plasma biomarkers for DILI is the effect of
prevalence on utility. Curiously, although the challenge of low prevalence has been
extensively discussed in publications on the subject of genetic biomarkers of IDILI
(Alfirovec and Pirmohamed, 2012), it is rarely mentioned with regard to serum DILI
biomarkers. It is occasionally proposed that serum or genetic biomarkers could be used to
predict IDILI in patients before treatment with a drug known to cause it (Chen et al., 2014).
However, the real-world utility of a biomarker depends in part upon the prevalence of the
disease or outcome of interest (Fig. 1) (McGill and Jaeschke, 2018), and IDILI is rare. Due
to the low prevalence of IDILI among patients taking almost any given IDILI-associated
drug, it would be difficult, nearly impossible, to develop a biomarker with sufficient positive
predictive value (PPV) to predict it (Fig. 1) (Senior, 2014; McGill and Jaeschke, 2018).
Although it has been argued that biomarkers with high negative predictive value (NPV)
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could be used to rule-out risk of IDILI, the pre-test probability is typically <1%. That is, you
can be at least 99% certain in most cases that IDILI will not occur before administering the
drug without the help of a biomarker. So the value added by a high NPV biomarker in that
context is questionable.

Nevertheless, there are clear uses of biomarkers in DILI that are not as limited by
prevalence. Estimates of the prevalence of all-cause DILI among patients presenting with
evidence of acute liver injury range from 10% to 15% (Galvin et al., 2015; Bjoérnsson et al.,
2016; Breu et al., 2018). Thus, it is theoretically possible to develop a useful biomarker to
diagnose DILI in general, though it will have to have high sensitivity and specificity (>90%)
in order to achieve moderately high PPV and NPV (70-80%). It will also need to be specific
for DILI, but not specific for the particular drug that is the cause; as mentioned, the
prevalence of DILI due to any single drug would be too low. As we will see, the single
exception to the latter is serum APAP-protein adducts to diagnose APAP overdose. Together,
those requirements set a very high bar, but not necessarily prohibitively high as long as we
understand that the predictive values will be modest. Furthermore, biomarkers may aid
prognosis. Approximately 15% of patients who present early after APAP overdose with
normal-to-low ALT values go on to develop hepatotoxicity despite A-acetylcysteine
treatment (Rumack et al., 1978; 1981; Smilkstein et al., 1991; Antoine et al., 2013). Hence,
it is also possible to predict hepatotoxicity in asymptomatic early-presenters with moderate-
to-high predictive values. Indeed, some biomarkers already show promise for that purpose,
and are probably approaching the limits of what is possible. More importantly, biomarkers
could be developed for prognosis in drug-induced acute liver failure (DIALF), or ALF in
general. ALF and DIALF have very high mortality (Lee, 2012; Reddy et al., 2016;
Devarbhavi et al., 2018), so biomarkers with high PPV and NPV for poor outcome could
easily be developed (Fig. 1). A biomarker with sensitivity and specificity as low as 80%
could be useful in that context, and considerable research should be focused in that area.
Finally, biomarkers could be developed to distinguish between dangerous and innocuous
changes in liver function tests, such as the transient ALT elevations that have been reported
in patients taking therapeutic doses of APAP (Watkins et al., 2006).

Biomarkers of DILI Diagnosis

The only major biomarker that has been proposed for diagnosis of DILI so far is protein-
derived APAP-cysteine (APAP-CY'S). As mentioned above and described in detail elsewhere
(Senior, 2014; McGill and Jaeschke, 2018), it would be extremely difficult to develop
biomarkers of DILI for most individual drugs. However, APAP overdose accounts for
approximately half or more of all DILI cases in many Western countries (Lee, 2008; Galvin
et al., 2015; Breu et al., 2018). As a result, it is possible to develop diagnostics specifically
for APAP overdose, like APAP-CYS. Such diagnostics could be used to confirm a diagnosis
of APAP overdose when multiple etiologies are suspected, or to direct a patient for
psychotherapy in cases of APAP overdose with suicidal intent. Three approaches have been
used to measure APAP-CYS. The first is an immunoassay using antibodies developed
against a conjugate of APAP and N-acetylcysteine coupled to keyhole limpet hemocyanin
(Roberts et al., 1987). Using an ELISA format, APAP-CYS was measured in liver
homogenates and serum from APAP-treated mice (Pumford et al., 1989), and later in serum
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from pediatric APAP overdose patients (James, L.P., Farrar, H.C., Sullivan, J.E., Givens,
T.G,, etal., 2001). A method based on high pressure liquid chromatography and
electrochemical detection (HPLC-EC) improved sensitivity, making it possible to measure
protein-derived APAP-CY'S in serum in the absence of ALT elevation and even after low
doses of APAP (Muldrew et al., 2002; McGill et al., 2013; Heard et al., 2011). More recent
methods have been based on HPLC with mass spectrometry (McGill et al., 2011; Cook et
al., 2015), with similar results to HPLC-EC. Together, data from studies of protein-derived
APAP-CYS in APAP overdose patients have demonstrated that a cutoff of 1 nmol/mL is
sensitive and specific for severe hepatotoxicity (ALT =1,000 U/L) after APAP overdose
(James et al., 2009; Heard et al., 2011; Khandelwal et al., 2011; Alonso et al., 2015). More
recently, a prospective study across seven sites in the US revealed that a novel point-of-care
(POC) lateral flow immunoassay had both PPV and NPV >90% for APAP diagnosis among
patients registered in an ALF study (Roberts et al., 2017). Importantly, APAP-protein
adducts appear to circulate freely, and therefore are readily detectable by a POC
immunoassay (Duan et al., 2019). Overall, available data strongly support the utility of
protein-derived APAP-CYS for diagnosis of APAP-induced liver injury.

Although many other biomarkers have been tested for ability to detect DILI, they are not
specific for DILI, nor even for the liver in most cases, and therefore cannot diagnose it. For
example, circulating keratin 18 (K18) has an area under the receiver operating characteristic
(ROC) curve of 0.947, indicating high sensitivity and specificity for detection of liver injury
among patients with a DILI diagnosis (Church and Watkins, 2018). However, K18 is also
dramatically increased in plasma from patients with hypoxic hepatitis (Weemhoff et al.,
2017), alcohol-associated liver disease (Gonzalez-Quintela et al., 2006; Woolbright et al.,
2017), nonalcoholic steatohepatitis (Yilmaz et al., 2007), and other diseases. One exception
may be microRNA profiles. There is limited evidence that microRNA profiles can be used to
differentiate between causes of acute liver injury (Ward et al., 2014), but that requires further
investigation.

Biomarkers of DILI Prediction

It has been proposed that genetic biomarkers could be developed to predict IDILI, or to
manage risk of IDILI, in patients before treatment with an IDILI-associated drug as part of
the personalized medicine approach (Urban et al., 2014; Mosedale and Watkins, 2017).
Dozens of gene variants have been identified that are associated with susceptibility to DILI
(Urban et al., 2014; McGill and Jaeschke, 2018). Many are variants of human leukocyte
antigen (HLA) genes (Urban et al., 2014; McGill and Jaeschke, 2018). The only gene variant
associated with IDILI for which clinical laboratories currently test is HLA B*5701 in
candidates for abacavir treatment (Mallal et al., 2002). However, the utility of HLA B*5701
testing is due to the cumulative prevalence of all immunoallergic reactions to the drug.
Approximately 5% of patients treated with abacavir develop an adverse reaction, but only a
fraction of those reactions include liver injury (Hetherington et al., 2001). Other gene
variants associated with DILI affect drug metabolizing enzymes (Huang et al., 2003; Daly et
al., 2007; Yimer et al., 2012; Markova et al., 2013; Urban et al., 2014), transporters (Haas et
al., 2006; Daly et al., 2007), and antioxidant defense systems (Huang et al., 2007; Lucena et
al., 2010).
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It is unlikely that many gene variants will be adopted for routine prediction of IDILI among
drug treatment candidates. As mentioned, the prevalence of IDILI among users of a given
drug is typically very low (Fig. 1). In addition, others have pointed out that nearly all genetic
associations with IDILI so far are weak (Mosedale and Watkins, 2017). Still, predictive
biomarkers may be useful in some cases. For example, ximelagatran, for which IDILI
prevalence is relatively high and there is a fairly robust genetic association with DRB*0701,
the probability of toxicity with a positive test result is roughly 20-60% (Alfirovec and
Pirmohamed, 2012). For drugs that have many alternatives or that treat relatively minor
conditions, any probability above 10% or so may be sufficient to compel a clinician not to
prescribe it. In the case of a life-saving drug, a clinician may decide to prescribe it despite
the risk, but closely monitor liver function tests for evidence of hepatotoxicity.

One application for which genetic biomarkers may be more useful is in the case of patients
taking known DILI-causing drug who develop liver test abnormalities. In such a cases, a
clinician may wish to determine if the drug is likely to be responsible for the abnormal liver
test results. Testing the patient for a gene variant that is strongly associated with DILI for
that particular drug may help the clinician to decide if the drug should be discontinued
(Mosedale and Watkins, 2017).

Biomarkers of DILI Prognosis

DILI biomarkers appear to have greater potential for prognosis than for almost any other
purpose. Many biomarkers have been tested for prognosis, and a few show promise. In
particular, several biomarkers may be useful to determine 1) likelihood of toxicity in early-
presenting APAP overdose patients, and 2) likelihood of mortality in DIALF patients. It
should be noted that most of these biomarkers have been primarily tested in APAP overdose
patients, due to the greater availability of samples from that population, but we will also
discuss evidence from non-APAP DILI studies wherever possible.

One of the most promising prognostic biomarkers is the microRNA miR-122. It has been
demonstrated that miR-122 is elevated in circulation in humans after APAP overdose
(Starkey Lewis et al., 2011; Ward et al., 2014; Yang et al., 2015; Krauskopf et al., 2015),
acute non-APAP DILI (Thulin et al., 2014; Russo et al., 2017), ischemic hepatitis
(Weemhoff et al., 2017), and alcohol ingestion (McCrae et al., 2016). It is also somewhat
elevated in patients who develop transient ALT elevations after therapeutic doses of APAP or
anti-tubercular drugs (Thulin et al., 2014). Most prospective studies so far have
demonstrated that admission miR-122 values in early presenters and patients with normal to
low-elevated ALT have predictive values in the range of 70-90% for development of later
injury (defined as ALT above a predetermined value) (Antoine et al., 2013; Dear et al.,
2018); likely approaching the limit of what is possible based on prevalence (Fig. 1) (McGill
and Jaeschke, 2018). The utility of miR-122 to predict mortality after APAP overdose has
not been tested, but it has been tested in non-APAP DILI with surprising results (Russo et
al., 2017). Values for miR-122 were actually lower in samples from non-survivors compared
to survivors, though both groups appeared to have higher values than controls (Russo et al.,
2017). It is not yet clear if the difference between survivors and non-survivors is sufficient to
determine likelihood of mortality. It should be noted that two major problems with miR-122
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measurement have been described. First, there is controversy surrounding the correct way to
measure and normalize miR-122 values (Qi et al., 2012), though novel and rapid point-of-
care methods may help to overcome that issue (Vliegenthart et al., 2017). Second, miR-122
displays high between- and within-subject variability (Church et al., 2018). It has been
pointed out that the high biological variation may not matter when applying miR-122 to
APAP overdose patients because patients with APAP toxicity have very high values (Church
et al., 2018), around two orders of magnitude higher than controls (Starkey Lewis et al.,
2011; Yang et al., 2015). But the difference seems to be smaller in non-APAP DILI, which
may prohibit its use in that patient population. Indeed, some organizations have already
abandoned miR-122 as a serious biomarker for IDILI (Church et al., 2018).

High mobility group box 1 (HMGBL1) protein is another promising biomarker of prognosis
in DILI. Normally, HMGBL1 is physically associated with DNA, but values for total HMGB1
in circulation are also elevated in DILI patients (Craig et al., 2011; Basta et al., 2015).
Despite variation between cohorts, HMGBL1 values have performed similarly overall to
miR-122 to forecast hepatotoxicity in early-presenting APAP overdose patients (Antoine et
al., 2013; Dear et al., 2018). Antoine et al., (2012) also reported evidence that indicates that
total HMGBL1 values can be used to determine likelihood of mortality after APAP overdose,
though the results of that study are currently in question and two other studies found no
evidence for higher values in patients with poor outcome after either APAP or non-APAP
acute liver injury (Craig et al., 2011; Basta et al., 2015). Overall, HMGB1 values may be
useful to predict toxicity in early-presenting APAP overdose patients, but it probably cannot
be used to determine mortality. As of yet, no studies have been conducted to test the
prognostic value of HMGB1 in non-APAP DILI.

Keratin-18 (K18) is a cytoskeletal protein, but circulating levels are elevated in APAP DILI
(Craig et al., 2011; Antoine et al., 2013) and in patients with transient ALT elevations after
therapeutic doses of either APAP or anti-tubercular drugs (Thulin et al., 2014). Two forms of
K18 have been detected in circulation after DILI (Dear et al., 2018), full-length and caspase-
cleaved and both forms have potential for prognostic use (Dear et al., 2018). In particular,
full-length or total K18 has high sensitivity and specificity for liver injury in early-
presenting APAP overdose patients, though only modest positive predictive value (Dear et
al., 2018). Although it was significantly elevated in patients with transaminitis due to anti-
tubercular drugs early after initiation of therapy, ALT was also elevated at that time point so
it did not add to the value of traditional clinical laboratory tests (Thulin et al., 2014).
However, a more recent study revealed that K18 may be useful to determine likelihood of
poor outcomes in patients with both APAP and non-APAP DILI (Dear et al., 2018).

At least two mitochondrial macromolecules are also elevated in DILI. Glutamate
dehydrogenase (GLDH) is an enzyme that is elevated in circulation during DILI, as well as
other forms of acute liver injury (McGill et al., 2012; 2014; Schomaker et al., 2013).
Mitochondrial DNA (mtDNA) is also elevated (McGill et al., 2012; Marques et al., 2012).
However, although it was once thought that GLDH and mtDNA may be useful for prognosis
in APAP overdose patients, they have poor sensitivity and poor predictive values for
prediction of both later injury and mortality (McGill et al., 2014; Dear et al., 2018).
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However, GLDH may be useful to distinguish between liver injury and muscle damage in
some cases because GLDH is more liver-specific than ALT or AST (Church et al., 2018).

Finally, liver regeneration biomarkers are in development. Liver regeneration appears to be
critical for survival of acute liver injury and ALF. Kayano et al. (1992) reported that
proliferating cell nuclear antigen (PCNA\) staining is greater in liver tissue from survivors of
liver failure than from non-survivors. Furthermore, traditional clinical laboratory markers of
liver function that can reflect regeneration and recovery, such as bilirubin and prothrombin
time, are associated with mortality (O’Grady et al., 1989; Lee et al., 2005; Church et al.,
2018). Unfortunately, those traditional test values increase late in the disease progression,
often after injury is complete and treatment becomes more difficult. That late increase limits
their utility. Nevertheless, available data indicate that biomarkers of liver regeneration may
be useful for prognosis. Indeed, a-fetoprotein (AFP) increases more in survivors of ALF,
including APAP-induced ALF, than non-survivors or others with poor outcome (Schmidt
and Dalhoff, 2005). However, a problem with AFP is that it does not increase until late in the
course of injury. In addition, it is higher in ALF patients compared to non-ALF patients with
liver injury (Church et al., 2018) which could make interpretation difficult in a clinical
setting. Other regeneration biomarkers that have been proposed include leukocyte cell
derived chemotaxin 2 (LECT2) (Sato et al., 2004), butyric acid (Rudnick et al., 2009), and
phosphatidic acid (Lutkewitte et al., 2018), but considerably more work is needed to validate
them. Research should be focused in development of these regeneration biomarkers because
it is clear that markers with high prognostic utility for patient outcome could be developed.

Biomarkers

Several biomarkers of cell death mechanisms and inflammation have been measured in
DILI. HMGBL in circulation can be a biomarker of oncotic necrosis, inflammation, or both.
Cells undergoing apoptosis do not release HMGBL, but necrotic cells and cells undergoing
necroptosis do release it (Scaffidi et al., 2002; Tang et al., 2016). HMGB1 acts as a damage-
associated molecular pattern (DAMP) and induces inflammation via receptors on
macrophages and other inflammatory cells (Andersson et al., 2018). Normally, HMGBL is
sequestered in the nucleus in most cells. However, when inflammation begins, it will be
hyperacetylated in inflammatory cells, which causes it to shift out of the nucleus and
ultimately targets it for release into the extracellular space (McGill and Jaeschke, 2014;
Andersson et al., 2018). Thus, acetylated HMGBL is considered a biomarker of macrophage
activation and inflammation (Bonaldi et al., 2003). Total HMGBL is elevated in circulation
after APAP overdose (Antoine et al., 2013), indicating that the primary mode of cell death in
humans with APAP hepatotoxicity is necrosis. Measurements of the caspase-cleaved form of
K18 have confirmed that hypothesis. Caspases are zymogens that are activated during
apoptosis, among other phenomena (Ramirez and Salveson, 2018). Cleavage of K18 by
certain caspases during apoptosis reveals a unique epitope on K18 that can be quantified by
immunoassay (Leers et al., 1999). Caspase-cleaved K18 is much lower after APAP overdose
in humans than total K18 (Craig et al., 2011; Antoine et al., 2013). Finally, caspase activity
can also be measured in circulation as a biomarker of apoptosis (McGill et al., 2012; Lorente
et al., 2016), and it is undetectable in APAP overdose patients (McGill et al., 2012).
Together, those data confirm evidence in mice (Gujral et al., 2002), in the metabolically
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competent human hepatocyte cell line HepaRG (McGill et al., 2011) and in primary human
hepatocytes (Xie et al., 2014) that oncotic necrosis is the dominant form of cell death in
APAP hepatotoxicity and possibly other causes of DILI. Certain cytokines are also increased
in circulation in patients with either APAP or non-APAP DILI and also signal inflammation
(James, L.P., Farrar, H.C., Darville, T.L., Sullivan, J.E., Given, T.G., et al, 2001; James et al.,
2005; Bonkovsky et al., 2018). However, some of these increases of pro-inflammatory
cytokines such as IL-1p in APAP overdose patients are minimal (Woolbright and Jaeschke,
2017), which is in agreement with previous animal studies (Williams et al., 2010). Other
possible biomarkers of inflammation include osteopontin and macrophage colony-
stimulating factor receptor (Church et al., 2018), though they require further study for that
purpose.

GLDH and mtDNA are considered by many to be biomarkers of mitochondrial damage
(McGill and Jaeschke, 2014). Both are localized to the mitochondrial matrix, and are likely
only liberated when there is severe mitochondrial damage sufficient to rupture the
mitochondrial membranes. It has been demonstrated that both are higher in circulation of
mice after APAP overdose than after furosemide overdose (McGill et al., 2012). APAP and
furosemide cause a very similar pattern of centrilobular necrosis (McGill et al., 2012), but
furosemide does so without affecting mitochondrial function (Wong et al., 2000). Thus, the
discovery that GLDH and mtDNA are elevated after APAP overdose in humans indicates
that mitochondrial damage occurs in humans during APAP DILI similar to mice (McGill et
al., 2012). Consistent with that, there is evidence that long-chain acylcarnitines are
biomarkers of mitochondrial dysfunction, and they are also elevated in circulation after
APAP overdose in mice and humans (Chen et al., 2009; McGill et al., 2014; Bhattacharyya
et al., 2014). Finally, carbamoyl phosphate synthetase-1, another mitochondrial matrix
enzyme, is also elevated in APAP hepatotoxicity (Weerasinghe et al., 2014).

Nuclear DNA fragments and nucleosomes may also have mechanistic value. Both nuclear
and mitochondrial DNA can act as DAMPs via toll-like receptors and other receptors
(Magna and Pisetsky, 2016). Also, in the case of APAP hepatotoxicity, nuclear DNA
fragmentation is caused by endonucleases released from damaged mitochondria (Bajt et al.,
2006), so nuclear DNA fragments and nucleosomes may also indicate mitochondrial damage
in some contexts. Nuclear DNA fragments are elevated in circulation of APAP overdose
patients with liver injury (Craig et al., 2011; McGill et al., 2012; 2014).

Conclusions

Numerous circulating and genetic biomarkers show promise for use in DILI. APAP-CYS is
likely useful for diagnosis of APAP overdose. HMGB1 and K18 may have modest
prognostic value to determine likelihood of later injury in early-presenting APAP overdose
patients, while miR-122 could be more useful for that purpose as well as for early
identification of non-APAP DILI. Work to identify predictive biomarkers, like HLA B*5701
for abacavir toxicity, will continue and will hopefully yield great rewards despite the
challenge of low prevalence. Finally, insights into pathophysiological mechanisms provided
by certain biomarkers, like GLDH and K18, could aid development of new treatments for
DILI and ALF. In fact, both the US FDA and the European Medicines Agency have
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expressed support for many of the biomarkers discussed here in the form of letters of
support for further research and development.

There are several major areas in which advances are still needed. These include 1)
establishment or validation of reference intervals or medical decision limits, respectively, for
biomarkers in all categories; 2) identification of liver-specific biomarkers in all categories; 3)
identification of DILI-specific, but not drug-specific, biomarkers for general DILI diagnosis;
and 4) identification of better biomarkers for prediction of mortality or survival in drug
hepatotoxicity and ALF.
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NON-STANDARD ABBREVIATIONS

ALF Acute liver failure

AFP a-fetoprotein

APAP Acetaminophen

APAP-CYS Acetaminophen-cysteine

ALT Alanine aminotransferase

AST Aspartate aminotransferase
DIALF Drug-induced acute liver failure
DILI Drug-induced liver injury

GLDH Glutamate dehydrogenase
HMGB1 High mobility group box 1 protein
IDILI Idiosyncratic drug-induced liver injury
K18 Keratin-18

mtDNA Mitochondrial DNA

PCNA Proliferating cell nuclear antigen
PPV Positive predictive value

NPV Negative predictive value
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Figure 1. Relationship between prevalence and predictive values.
Positive post-test probability (left upper portion), a surrogate of PPV when pre-test

probability or prevalence is estimated, increases with increasing prevalence, while negative
post-test probability (right lower portion), a surrogate for negative predictive value (NPV),
decreases. Blue-shaded areas show different levels sensitivity and specificity. For the
different levels, both sensitivity and specificity were set at either 70%, 80%, 90%, or 95%.
Vertical, grey-shaded areas show the approximate ranges of prevalence for idiosyncratic
drug-induced liver injury (IDILI) among users of a given IDILI-associated drug, for acute
liver injury (ALI) among early-presenting acetaminophen (APAP) overdose patients, and for
mortality among acute liver failure (ALF) patients.
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Most Promising DILI Biomarkers

Diagnostic biomarkers
Protein-derived APAP-CYS
Predictive biomarkers
Genetic associations (e.g. HLA B*5701)
Prognostic biomarkers
miR-122
HMGB1
K18
Mechanistic biomarkers
HMGB1
K18
GLDH
mtDNA
Nuclear DNA fragments
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