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Abstract Numerous publications contributed to the

expanding knowledge base about drug-induced liver

injury (DILI) in 2015. New findings from the US Drug

Induced Liver Injury Network (DILIN) in their most

recently updated registry include a 1- to 3-week delay in

the appearance of acute DILI from short-course antibi-

otics such as cefazolin. They corroborated the finding that

acute DILI in patients with underlying liver disease was

far more severe and potentially fatal than in patients

without liver disease. The only drug that seemed to have

an increased risk of hepatotoxicity in these patients was

azithromycin. While nearly one in six patients with acute

DILI had persistently elevated liver tests at 6 months, and

results for 75 % of these patients continued to be

abnormal at 12 months, most of these ‘‘chronic’’ injury

cases were relatively minor and the result of cholestatic

hepatotoxins. Newly described DILI agents include

tolvaptan, as well as some new direct-acting antiviral

protease inhibitors for chronic hepatitis C. The latter have

been associated with serious acute hepatitis, hyperbiliru-

binemia, and decompensation. Herbal hepatotoxicity

continues to be increasingly reported, although applying

causality assessment to these cases can, in fact, be more

challenging than with prescription drugs. As important as

cases with DILI, the class of PCSK9 inhibitors used to

lower low-density lipoprotein (LDL) cholesterol have not

been associated with significant liver injury, in contrast

with other lipid-lowering agents. With respect to phar-

macologic DILI risk factors, new data show that drugs

metabolized by cytochrome P450 enzymes had a nearly

four times higher likelihood of causing DILI. Interest-

ingly, high lipophilicity, which was previously felt to be a

risk factor for DILI, was not found to be associated,

although more study is needed to confirm this observa-

tion. While human leukocyte antigen (HLA) genotypes

have been linked to several specific agents, the role of

such testing in the general population remains undefined

due to the currently low positive and negative predictive

values of the available tests. New DILI biomarkers,

specifically microRNA-122 and keratin-18, among others,

appear to have the necessary predictive value to deter-

mine the prognosis and outcome of patients with parac-

etamol (acetaminophen [AAP])-induced acute liver failure

(ALF), and may be of great benefit in deciding who

requires N-acetylcysteine (NAC), and for what duration.

Treatment options for other forms of DILI remain limited;

no firm conclusions can currently be drawn for the use of

NAC in non-AAP ALF.
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Key Points

The US Drug-Induced Liver Injury Network

(DILIN) remains an important resource for analyzing

DILI and continues to provide new information

about idiosyncratic liver injury in an increasing

number of agents as well as subpopulations and

clinical scenarios.

Herbal and dietary supplements have been gaining

popularity in westernized nations but also represent

an increasing proportion of DILI cases seen in the

USA and abroad.

The field of DILI pharmacogenomics continues to

expand; however, its utility in identifying patients at

the highest risk of developing acute DILI is currently

limited by relatively low positive and negative

predictive values.

The efforts of regional and global consortia to

identify better means of diagnosing and predicting

hepatotoxicity are poised to improve the hepatic

safety of current and future drugs.

1 Introduction

The literature dealing with drug-induced liver injury (DILI)

continues to expand at a rapid pace [1]. A query of PubMed

using the search terms DILI or hepatotoxicity yielded over

1500 publications from January to December 2015. These

included several reviews as well as numerous case series of

DILI caused by new agents or established agents and an

increasing number of papers describing liver injury caused

by herbal and dietary supplements (HDS) and weight loss

supplements.

New and updated DILI registries and information on the

epidemiology and outcomes of DILI were also among

important new information published this year. Advances

in the field of pharmacogenomics and the use of new

biomarkers in the diagnostic and prognostic evaluation of

DILI rounded out the progress being made. However, as

stated by Senior [2], ‘‘Many issues [in DILI] still remain to

be resolved.’’ This review highlights the most relevant

reports and studies addressing many of these unresolved

topics in the expanding knowledge base about DILI.

Without a specific DILI biomarker [3], drug-induced

hepatotoxicity generally remains a ‘‘diagnosis of exclu-

sion’’ [4]. Given the large number of agents described as

causing liver injury ([670 in the LiverTox database [5],

and[1000 when chemical agents are included [6]), and the

ever-expanding number of potentially confounding causes,

our ability to confidently assign causality to a particular

drug, chemical, or herbal agent alone has in fact become

increasingly complex [1, 7, 8]. As a case in point, hepatitis

E virus (HEV) has been found retrospectively to have been

the cause of a number of instances of what was initially felt

to be acute DILI [9, 10]. But such serologic testing can be

inaccurate [11], leading to the fact that no FDA-approved

HEV tests are currently available [12]. Similarly, being

able to distinguish between drug injury in a patient with

underlying liver disease or hepatobiliary malignancy is

often extremely difficult [13].

In a critical re-analysis of the 671 drugs currently listed

in the LiverTox database, Björnsson and Hoofnagle [5]

found that nearly half (n = 318; 47 %), when subjected to

a stringent causality assessment, lacked convincing evi-

dence of hepatotoxicity as they had no existing published

case reports. For now, the opinions offered by experienced

hepatologists and others working in the field of DILI

remain the most ‘‘accurate’’ and efficient means of

assessing cases in the clinic and during clinical trials with

old and new agents [7]. While a specific diagnostic bio-

chemical or other biomarker is destined to supplant such

‘‘expert opinion’’ in the future, learning how to assess

suspected DILI or HDS-related cases with the data at hand

remains an ongoing challenge.

1.1 Methods

We conducted a MEDLINE/PubMed search of the terms

‘‘drug-induced liver injury’’, ‘‘DILI’’, and ‘‘hepatotoxicity’’

and reviewed the recent literature to identify articles of

potential interest. We attempted to look at all articles

published during 2015, including some we became aware

of by 31 December 2015 that were initially available only

online, to ensure a complete database. We felt these par-

ticular ‘‘ahead of print’’ reports were valuable additions for

inclusion in this review. As we have done in prior reviews

[14], we selected publications dealing primarily with

human DILI that we felt had the greatest impact on the

field of drug-induced hepatotoxicity during the past year.

Priority in our selection process was given to reports of

hepatotoxins from randomized controlled clinical trials,

high-quality research publications dealing with the epi-

demiology and risk factors of DILI, as well as sufficiently

adjudicated case series. We tended to exclude individual

case reports or abstracts and review articles where the

extent of the causality assessment from source materials

could not be easily ascertained. In some instances, we cited

older studies to place the newer information into proper

context. Given the large number of publications reviewed

and space limitations, not all DILI articles were selected

for comment. Given that opinions can vary between clin-

icians as to which articles are essential for inclusion, papers
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that are not cited here should not be construed as lacking

relevance or importance to the field.

2 Epidemiology

Several new and updated case series of DILI appeared in

2015, bringing the total number of global registries and

series to nearly one dozen [1, 15]. Those we chose to

include here provided significantly new information.

2.1 Drug-Induced Liver Injury (DILI) in the USA

Chalasani et al. [16] updated the 10-year data from the

ongoing US Drug-Induced Liver Injury Network (DILIN).

The first 1257 patients enrolled in the study have been

analyzed, and 899 of these subjects were considered to

have either definite, highly likely, or probable DILI. Cases

of acetaminophen-related liver injury are not part of the

DILIN registry, but instances of idiosyncratic liver injury

from all other classes, as well as HDS are being prospec-

tively collected in this ongoing National Institutes of

Health (NIH)-funded effort. To date, about 10 % of

patients overall have either died (6.2 %) or required liver

transplantation (4 %), which confirms the clinical obser-

vations of the late Hyman Zimmerman, from which the

term ‘‘Hy’s Law’’ was derived [1, 17]. Several new sub-

group analyses were performed by the DILIN investigators.

Among these was an analysis of patients suspected of

having acute DILI in the setting of chronic liver disease

(CLD). Of this group, 10 % (n = 89) of the group had pre-

existing liver disease (mostly non-alcoholic fatty liver

disease or chronic hepatitis C virus [HCV]), and DILI

outcomes appeared to be more severe in these individuals

than in those without underling liver disease (mortality

rates 16 vs. 5.2 %; p\ 0.001). However, the causes of

DILI did not differ significantly from the cohort without

CLD, with one exception: azithromycin was associated

with a statistically significant higher risk of causing DILI in

those with CLD (6.7 vs. 1.5 %). These data confirm the

long-held observation of Zimmerman that most drugs can

be taken safely by patients with CLD, but if acute DILI

develops, the outcome may be more severe.

The DILIN investigators also examined patients with

latency periods at the extremes of what is usually consid-

ered typical for DILI. Among 41 cases with an ultrashort

latency of B7 days, they found that most of these cases

were caused by antimicrobial agents (71 %). Likewise, the

two most common causes for the 60 DILI cases with a

prolonged latency over 365 days were nitrofurantoin

(25 %) and minocycline (17 %). Interestingly, there were

no differences in outcomes comparing DILI with short or

long latency periods. Nine (1 %) patients had concomitant

severe skin reactions associated with liver injury. The

agents implicated were lamotrigine, azithromycin, carba-

mazepine, moxifloxacin, cephalexin, diclofenac, and

nitrofurantoin. Four of these patients died, consistent with a

high mortality for the associated hypersensitivity reaction.

Nearly one in six (16.6 %) patients with acute DILI had

persistent elevations in liver-associated biochemistries at

6 months. In a follow-up DILIN study, three-quarters of

patients with abnormalities at 6 months continued to have

elevations at 12 months, suggesting that chronic injury was

developing [18]. Most of these causes of chronic DILI were

associated with cholestatic hepatotoxins, which have been

previously described as leading to chronic DILI, including

instances of vanishing bile duct and other syndromes [19].

We discuss additional data on the prognosis and individual

classes of agents causing DILI as analyzed by the DILIN

investigators in a number of the following sections.

Goldberg et al. [20] performed a retrospective cohort

study on the incidence of acute liver failure (ALF) using

data from adult members of the Kaiser Permanente

Northern California (KPNC) healthcare system for the

years 2004–2010. Among the more than 5 million KPNC

members, 669 met diagnostic criteria indicating potential

ALF. A total of 62 (9.3 %) of these patients were catego-

rized as having definite or possible ALF, and 32 (51.6 %)

of these patients had a drug-induced etiology. Acet-

aminophen was implicated in 18 (56.3 %) events, HDS in

six (18.8 %) events, antimicrobials in two (6.3 %) events,

and miscellaneous medications in six (18.8 %) events. One

patient (5.6 %) with acetaminophen-induced ALF died

compared with three patients (21.4 %) with non-ac-

etaminophen-induced ALF. Overall, six patients (18.8 %)

underwent liver transplantation and 22 patients (68.8 %)

were discharged without transplantation. These numbers

are quite similar to those reported by the ALFSG (US

Acute Liver Failure Study Group) [21]. Of the 2000

patients with ALF, 45.8 % were due to acetaminophen and

11 % to other drugs. The remaining etiologies were inde-

terminate (12.3 %), hepatitis A (1.8 %) and B (7.1 %), and

all others (22 %). Additionally, the US ALFSG described

cases of idiosyncratic drug-induced ALF during a 10-year

period. A total of 133 patients were found to have DILI-

induced ALF. The most common agents were antimicro-

bials (46 %). Transplant-free survival was poor, at 27.1 %;

however, with successful transplantation in 42.1 %, overall

survival was 66.2 % [22].

Kulkarni et al. [23] investigated cases of pediatric ALF

in the USA between 2008 and 2013 using the Pediatric

Health Information System database. Data were collected

for children admitted with ALF in 16 US pediatric liver

transplant centers. The etiology could not be determined

for more than half of the patients (52.5 % of 583) who met

selection criteria for pediatric ALF. Acetaminophen
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toxicity was the most common identifiable etiology at

18.7 %. Mortality was lower than previously reported, with

95.4 % surviving overall, and 73.2 % surviving without a

liver transplant. Acute respiratory failure (odds ratio [OR]

3.4), acute kidney injury (OR 3.6), and cerebral edema (OR

3.6) were independently associated with an increased

mortality.

2.2 DILI in China

Hao et al. [24] are among the latest investigators to

describe the etiology, clinical features, and prognosis of

liver injury associated with DILI in China. The most

prevalent agents among 140 patients with DILI were Chi-

nese traditional medications (62.1 %) followed by anti-

pyretic analgesic drugs (10 %) and antibiotics (5 %). The

male to female ratio in the study cohort was 1:1.69, and

half of the patients were aged between 40 and 60 years.

The percentages with hepatocellular injury, cholestatic

injury, and mixed injury were 51.4, 30.7, and 17.9 %,

respectively. The median age of patients with cholestatic

liver injury was 55.6 years, which was older than patients

with hepatocellular (47.1 years) or mixed injury type

(49.9 years); this finding is consistent with DILI in Wes-

tern registries [25].

Zhu et al. [26] investigated DILI in a pediatric popula-

tion. They performed a retrospective analysis on 69 chil-

dren who were hospitalized with DILI between January

2009 and December 2011. Antibiotics were the most

common Western medicines to cause DILI, at 26.1 %. The

major implicated herbal causes were Ephedra sinica and

Polygonum multiflorum. Compared with injuries caused by

Western medicines, children whose liver injury was caused

by Chinese herbal medicines showed a higher level of total

bilirubin (1.4 vs. 16.6 mg/dl) and a longer prothrombin

time (11.8 vs. 17.3 s), suggesting more severe hepatic

impairment.

2.3 DILI in Germany

Douros et al. [27] conducted a case–control study to

determine the hepatotoxic risk of a wide range of drugs in

51 Berlin hospitals. Between 2002 and 2011, a total of 198

patients developed acute idiopathic hepatitis. Drug expo-

sure was obtained in what was termed by the authors as a

‘‘face-to-face’’ interview, implying that an adequate history

was obtained to assess causality by applying the updated

Council for International Organizations of Medical Sci-

ences (CIOMS) scale. Their study corroborated the hepa-

totoxic risks seen for a number of drugs, including

phenprocoumon, amiodarone, clozapine, and flupirtine.

Increased risks were also found for substances including

angiotensin II receptor blockers, atypical antipsychotics,

and biperiden, a drug not previously reported to be

hepatotoxic.

2.4 DILI in Latin America

A new branch of the Spanish DILI registry was established

in Latin America (SpanishLatin DILI registry) in 2012

[15]. Among the first 200 DILI cases that have been col-

lected to date, the patient demographics and drugs

responsible appear quite similar to those in the larger

Spanish registry. Anti-infectives constituted 24 % of the

cases, musculoskeletal treatments were seen in 18 %, and

HDS were found in 10 %. Liver-related death or the need

for transplantation was reported in 5 % of these patients.

2.5 Incidence of DILI in Patients with Elevated

Alanine Transaminase

Galvin et al. [28] performed a single-center retrospective

analysis of patients with an alanine transaminase (ALT)

level[1000 UI/L. A total of 182 patients were identified

over a 2-year period in Dublin, Ireland. Ischemic liver

injury was the most common etiology (61 %), followed by

DILI (15.9 %), and acute viral hepatitis (12.1 %). The next

most common causes were undetermined (5 %) and acute

choledocholithiasis (4.4 %). Acetaminophen (AAP) toxic-

ity accounted for almost half of the DILI cases (13 of 29).

Other causes of DILI included anti-tuberculosis (anti-TB)

drugs (6 of 29) and other antibiotics (4 of 29). These

findings are consistent with the fact that acute idiosyncratic

DILI (including ALF) generally does not present with

aminotransferase values in this high range, and reminds the

clinician that other etiologies are much more likely to be

responsible [1].

3 Newly Reported Risk factors for DILI

Numerous factors affect susceptibility to DILI, including

genetic, pharmacologic, and extrinsic factors. Several of

these variables that have been recently linked to or cor-

roborated as being associated with DILI are discussed in

the following section.

3.1 Cytochrome P450 Metabolism

Previous observations have shown that drugs extensively

metabolized by the liver have a higher likelihood of

causing DILI [29, 30]. As cytochrome P450 (CYP)

enzymes are primarily involved in hepatic metabolism, Yu

et al. [31] investigated the association of DILI with drugs

that are CYP substrates, inhibitors, or inducers. They col-

lected data on 254 orally administered drugs contained in

804 P. Sarges et al.



the Liver Toxicity Knowledge Base Benchmark Dataset

and found that drugs metabolized by CYP enzymes were

four times as likely to cause DILI as drugs not metabolized

by P450 enzymes. Specifically, drugs metabolized by

CYP1A2, CYP2C8/CYP2C9, and CYP3A5 were closely

associated with an increased risk of DILI. Drugs given in a

high daily dose ([100 mg) were nearly five times as likely

to cause DILI as lower daily doses. In contrast with the

recently reported ‘‘rule of two’’, where high daily dosage

and high lipophilicity were strongly associated with each

other as conveying an increased risk of DILI [32], Yu et al.

[31] did not find lipophilicity to be a significant factor.

Whether or not their findings will be corroborated by other

investigators remains to be determined.

3.2 DILI Pharmacogenomics

Pharmacogenomic risk factors for DILI continue to be

identified [33–35]. However, their clinical utility for use as

a pre-prescription screening tool with potential hepatotox-

ins remains unclear [36, 37]. Aithal [37] emphasized that,

because DILI is a rare condition, the positive predictive

value of existing HLA screening tests is relatively low,

even when dealing with HLA alleles associated with a high

incidence of DILI (such as flucloxacillin and amoxicillin–

clavulanate). Perhaps the best use of such HLA screening

at present is to rule out DILI, given the high negative

predictive values seen with various drugs. As a case in

point, whereas 34 % of all patients being considered for

lumiracoxib would be excluded from therapy if they harbor

the HLA-DQA1*0102 allele, only 5.6 % of HLA carriers

would actually be expected to develop DILI [37]. To date,

the only instance in which a drug is not being prescribed

based on HLA testing remains abacavir, because of the

very high likelihood of developing a severe hypersensi-

tivity reaction, which can include DILI, in individuals

harboring HLA-B*5701 [38].

Although the focus of many DILI-related studies in the

current literature has been on HLA risk associations, a

recent report by Overby et al. [36] demonstrated that

common variants outside of HLA testing may also con-

tribute to DILI susceptibility. They studied the heritability

of DILI using genome-wide association studies, looking at

single-nucleotide polymorphisms related to chromosome 6

as well as genome wide. They found that for flucloxacillin-

associated DILI, almost all of the heritability could be

attributed to chromosome 6, whereas for patients with

amoxicillin–clavulanate-induced DILI, chromosome 6 only

explained part of the heritability. Their findings suggest

that contributions from additional common heritable vari-

ants have yet to be discovered, and that further genome-

wide complex trait analysis might serve as a valuable

method for future DILI-related study designs [36]. Table 1

lists a number of other pharmacogenomic associations for

DILI that have recently been described.

4 Newly/Recently Described Hepatotoxins

The past year saw a few new drugs added to the growing

list of well-documented hepatotoxins.

4.1 Tolvaptan

Tolvaptan is a V2 receptor antagonist approved for short-

term use for the treatment of hyponatremia and is being

investigated for long-term use to slow the progression of

autosomal dominant polycystic kidney disease (ADPKD).

Watkins et al. [44] performed an analysis of the clinical

trial data for ADPKD and reported that hepatic injury

(defined as ALT [39 the upper limit of normal [ULN])

was more commonly observed in tolvaptan recipients

(4.4 %) than in placebo recipients (1 %), including the

findings of three cases that met Hy’s Law criteria. The

apparent clinical signature of DILI based on cases adjudi-

cated as probably related to tolvaptan included a latency

period of 3–18 months of daily use, a hepatocellular injury

pattern, and reversibility of the injury after drug discon-

tinuation over a median duration of 46 days in all subjects.

There were no instances of ALF in the clinical trial sub-

jects, although the potential for ALF exists and was esti-

mated to occur in 1 in 4000 patients, based on these data.

Liver biopsies obtained in four subjects did not reveal any

pathognomonic histologic features of the injury. The cause

is considered idiosyncratic, although several individuals

who were re-challenged with tolvaptan after ALT values

normalized re-developed rapid ALT elevations, suggesting

an immunoallergic mechanism may be present in some

individuals. It is not thought that the presence of hepatic

cysts contributed to the risk of injury. Monitoring of ALT

was deemed warranted for patients receiving long-term

tolvaptan treatment.

4.2 Novel Oral Anticoagulants

4.2.1 Direct Factor Xa Inhibitors

In modern treatment of thromboembolic disease, current

medical practice has been moving away from traditional

anticoagulation with warfarin, as the use of novel oral

anticoagulants (NOACs) has been gaining in popularity.

Russmann et al. [45] reported 14 cases of liver injury

attributed to rivaroxaban, two of which were confirmed

with liver biopsy. As a result, other investigators have

recently evaluated the data on the hepatotoxicity of

NOACs. Liakoni et al. [46] found the frequency ranged
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between 0.1 and 1 %, with some case reports describing

potentially life-threatening toxicity. Rivaroxaban was

noted to have been associated with more hepatic adverse

events than apixaban or dabigatran. Raschi et al. [47]

assessed the FDA Adverse Event Reporting System

(FAERS) for post-marketing reports of liver injury with

rivaroxaban and dabigatran and found that DILI repre-

sented 3.7 and 1.7 % of all adverse event reports for these

two agents, respectively. While clinical information is

often limited in disproportionality analyses within FAERS,

a hepatotoxicity signal did arise with rivaroxaban, but not

with dabigatran (or with warfarin as a comparator). As a

result, while these authors call for additional studies

comparing the potential risk of DILI between rivaroxaban

and other agents, given the rarity of severe hepatotoxicity,

we note there is no need for routine liver enzyme moni-

toring according to the prescribing information for any of

these agents. An interesting case report by Anastasia et al.

[48] described a patient with suspected rivaroxaban-asso-

ciated DILI that rapidly resolved after discontinuation, in

whom apixaban was then safely prescribed as an alterna-

tive factor Xa inhibitor. This implies that cross reactivity

may not be present and that the mechanism of injury is

likely unrelated to its mechanism of action as an

anticoagulant.

4.2.2 Low Molecular-Weight Heparins

Enoxaparin and other low molecular-weight heparins are

rare causes of DILI. Hahn et al. [49] reviewed the

FAERS database and the published literature and found

that self-limited, reversible, asymptomatic elevations of

ALT [39 ULN have been reported in 4–13 % of

patients receiving enoxaparin in clinical trials, with fewer

than a dozen cases published in the literature. These

investigators noted even fewer cases have appeared

describing other members of this class (one case of

dalteparin and no cases to date attributed to tinzaparin).

While the FAERS database lists liver injury in 4 % of

more than 8300 enoxaparin-associated adverse events

collected between January 2000 and September 2014, all

of the serious outcomes (hospitalization, death, etc.) were

attributed to non-hepatic AEs, such as bleeding and

thrombocytopenia [49].

Table 1 Recent DILI pharmacogenomic associations

Drug Pharmacogenomic

association

Comment

Lumiracoxib [37] HLA-DQA1*0102 A total of 34 % of all patients being considered for lumiracoxib would be excluded from therapy if

they harbor the HLA-DQA1*0102 allele, but only 5.6 % of HLA carriers would actually be

expected to develop DILI

Abacavir [38] HLA-B*5701 To date, the only instance in which a drug is not being prescribed based on HLA testing for HLA-

B*5701, due to the very high likelihood of developing a severe hypersensitivity skin reaction,

which can include DILI

INH [39] NAT2 Through determination of inter-individual and interracial differences of NAT2 expression, isoniazid

therapy using NAT2 genotyping would be safer and more efficacious than standard therapy alone

Lapatinib [40] HLA-DRB1*07:01 Lapatinib, an oral drug used in the treatment of breast cancer, enhances ligand binding to HLA-

DRB1*07:01 in vitro. Idiosyncratic lapatinib-induced liver injury may be triggered by this

mechanism

Anti-tubercular

drugs [41]

HLADQB1 Association between HLA-DQB1 gene polymorphisms and antitubercular drug-induced liver injury

(ATLI) was investigated. Out of 89 cases, there was no statistically significant association between

frequency of HLA-DQB1 genotypes and ATLI. However, multivariate analysis did reveal that

persons with two DQB1*05 alleles were at higher risk of ATLI than control subjects

AC [42] HLA-A*3002 and

HLA-B*1801;

HLA-DRB1*1501

and HLA-

DQB1*0602

Spanish AC hepatotoxicity cases. The distributions of class I alleles A*3002 and B*1801 were more

frequently found in hepatocellular injury cases than in controls. In addition, the presence of the

class II allele combination DRB1*1501-DQB1*0602 was significantly increased in cholestatic/

mixed cases. The A*3002 and/or B*1801 carriers were found to be younger and more frequently

hospitalized than the DRB1*1501-DQB1*0602 carriers. No additional alleles outside those

associated with liver injury patterns were found to affect potential severity as measured by Hy’s

Law criteria. The phenotype frequencies of B*1801 and DRB1*0301-DQB1*0201 were increased

in AC DILI cases with delayed onset compared with those corresponding to patients without

delayed onset, while the opposite applied to DRB1*1302-DQB1*0604

Flucloxacillin

[43]

HLA-B*5701 The genome-wide association showed an association peak in the major histocompatibility complex

region with the strongest association, a marker in complete linkage disequilibrium with HLA-

B*5701. These findings provide new insights into the mechanism of flucloxacillin DILI and have

the potential to substantially improve DILI diagnosis

AC amoxicillin–clavulanate, DILI drug-induced liver injury, HLA human leukocyte antigen, INH isoniazid
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4.3 Hepatitis C Direct-Acting Antivirals

While several new oral antiviral drugs have received FDA

approval for the treatment of chronic HCV, reports have

emerged suggesting a possible association with serious

acute hepatitis and decompensation in patients receiving

protease inhibitors, especially those with advanced cir-

rhosis [50]. Many of these reports involved simeprevir, a

second-generation protease inhibitor used in combination

with other HCV agents. Okajima et al. [51] described

possible simeprevir hepatitis in a 56-year-old male Japa-

nese patient who had relapsed after several prior treatment

regimens, including telaprevir that resulted in a skin rash

and had to be discontinued. Simeprevir was then added to

pegylated interferon and ribavirin, which had already been

taken for 60 months. After 6 weeks, despite having a rapid

virological response, the patient developed elevated ALT

without a rash and he required hospital admission and

stoppage of all three antivirals. A liver biopsy was read as

consistent with DILI. The patient’s serum aminotrans-

ferases rapidly decreased following discontinuation of

treatment, and this positive de-challenge response sug-

gested that a drug was responsible for the event. Simeprevir

was considered the most likely cause based on the temporal

relationship. Igawa et al. [52] also reported a case of sus-

pected simeprevir-induced liver injury in a 65-year-old

male that occurred on day 49 of treatment despite the

patient achieving a virological response. The patient’s ALT

peaked at 700 IU/l, and a subsequent liver biopsy on day

60 demonstrated a pattern consistent with acute hepatitis.

Following discontinuation of treatment, the liver injury

improved significantly within a few weeks. Both of these

cases suggested acute DILI rather than hepatic

decompensation.

In contrast, Stine et al. [53] reported hepatic decom-

pensation with hyperbilirubinemia that developed in two

patients with advanced HCV cirrhosis treated with

simeprevir-containing regimens under a compassionate use

protocol. One patient developed marked increases in

aspartate transaminase (AST)/ALT, with bilirubin rising

from 6.6 to 28 mg/dl by week 4, and a Model for End-stage

Liver Disease (MELD) score rising from 17 to 36. He

required a liver transplant 4 weeks later despite the HCV

having cleared and the aminotransferases having normal-

ized. A Roussel Uclaf Causality Assessment Method

(RUCAM) score of 7 suggested a probable relationship

with the antivirals. The second individual had a baseline

MELD score of 20 and a marked rise in bilirubin, from 9.5

to 25 mg/dl by week 2 of therapy, with only modest ele-

vations in AST and ALT. During the 10 weeks of

simeprevir–sofosbuvir (SIM-SOF) therapy, he also

received a course of treatment with trimethoprim–sul-

famethoxazole for a soft tissue infection (during week 7),

but had no sign of a hypersensitivity reaction. When the

SIM-SOF regimen was stopped, his bilirubin trended

downwards and his MELD declined back to 21 in what was

considered a positive de-challenge response with a

RUCAM score in the possible range. On the basis of these

cases, the transplant service felt that using simeprevir or

other protease inhibitors needed to be carefully considered

for patients with advanced cirrhosis going forward, because

of the apparent hepatic decompensation.

Another protease inhibitor, asunaprevir, has also been

reported to be hepatotoxic. Fujii et al. [54] reported on a

57-year-old man with pegylated interferon (PEG-IFN) and

ribavirin-resistant HCV who developed liver injury and

jaundice accompanied by fever and eosinophilia with an

asunaprevir-containing regimen. Although the patient’s

fever resolved after discontinuation of treatment, his liver

injury persisted, suggesting a longer-lasting hypersensitiv-

ity reaction. Asunaprevir has not been approved in the USA

because of the risk of hepatotoxicity and the fact that ALT

monitoring would be required with its use. A unique drug-

induced immunoallergic hepatitis during combination

therapy with daclatasvir and asunaprevir was reported in

Japan [55].

Both Viekira Pak (Abbvie; North Chicago, IL, USA)

(ombitasvir, paritaprevir/ritonavir, dasabuvir) and Tech-

nivie (Abbvie; North Chicago, IL, USA) (ombitasvir plus

paritaprevir/ritonavir) have recently received FDA warn-

ings about hepatotoxicity that contraindicates the use of

these products in patients with advanced cirrhosis. FDA

warnings on Viekira Pak and Technivie are likely related to

its protease inhibitor component, paritaprevir [56]. The

latest direct antiviral regimen (DAA) regimen for chronic

hepatitis C, ZepatierTM (Merck; Kenilworth, NJ, USA)

(elbasvir and grazoprevir), produced ALT elevations[59

ULN in about 1 % of clinical trial patients (in both patients

with and without cirrhosis) [57] and its labelling requires

ALT testing during the first few weeks of treatment [58].

We are unaware of any hepatotoxity attributed to the other

components of Viekira Pak or Technivie. Similarly, no

hepatic injury has been reported with sofosbuvir, ledi-

pasvir, or daclatasvir.

4.4 Biologics

Eculizumab (Soliris [Alexion; Cheshire, CT, USA]) is a

humanized anti-C5 antibody approved for the treatment of

atypical hemolytic uremic syndrome (HUS) and paroxys-

mal nocturnal hemoglobinemia (PNH) in both pediatric

and adult populations. Hayes et al. [59] report the first

instances of possible DILI with this agent in their review of

the clinical and biochemical data from a single center

where 11 children were treated with eculizumab for atyp-

ical HUS (aHUS). Elevated aminotransferases were
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observed in seven children with liver injury. One patient

developed tender hepatomegaly and liver enzyme elevation

209 ULN. Patients were re-challenged with eculizumab,

resulting in recurrent liver injury and subsequent discon-

tinuation of treatment. While the authors suggested that

liver enzymes should be monitored in all patients receiving

eculizumab treatment for aHUS, this recommendation was

likely made out of an abundance of caution on their part, as

the prescribing information does not call for such testing as

part of the broader Risk Evaluation and Mitigation Strategy

(REMS) aimed specifically to prevent meningococcal

infection in these patients.

A variety of toxicities, including DILI, has been repor-

ted with several other biologic agents, including anti-tumor

necrosis factor (TNF)-a therapies. Ghabril et al. [60] ana-

lyzed the US DILIN series and identified six patients in

their registry, along with 28 cases reported in the literature,

considered as having probable or higher causality scores.

Most instances were associated with infliximab (n = 26),

with a few reports relating to etanercept (n = 4) and

adalimumab (n = 4). The median latency period was

13 weeks, with a broad range of onset from 2 to

104 weeks. Two-thirds (22 of 33) of patients who under-

went testing had antinuclear or anti-smooth muscle anti-

bodies, and nearly all of those undergoing liver biopsy had

histologic features of autoimmune hepatitis (15 of 17). Of

34 patients, 33 improved after the drug was withdrawn,

with 12 individuals receiving corticosteroids. One patient

with underlying cirrhosis required a liver transplant after

the acute-on-chronic injury.

Rodrigues et al. [61] performed a retrospective analysis

of medical records from a single center and described

seven cases of autoimmune-like hepatitis involving inflix-

imab, and one case involving adalimumab. All eight

patients responded well to corticosteroid treatment, with

liver biochemistries normalizing 2 months after discontin-

uation. Only two individuals required long-term steroid

treatment for ongoing injury. In a similar study, Shelton

et al. [62] performed a retrospective analysis of 1753

inflammatory bowel disease (IBD) patients initiating anti-

TNFa therapy, 102 (6 %) of whom developed new-onset

ALT elevations. While over half of these cases were

attributed to non-DILI causes, six patients who underwent

liver biopsy had findings consistent with autoimmune

hepatitis that was considered drug related. The majority of

patients saw their liver function tests normalize after dis-

continuation of anti-TNFa therapy.

French et al. [63] remind us that our understanding of

the frequency of the injury and the precise mechanism of

drug-induced autoimmune hepatitis (DI-AIH) from anti-

TNFa agents remains incomplete. They suggest that

specific pharmacological properties of the agents impli-

cated as well as host genetics may be significant risk

factors, and such knowledge may offer future clues as to

how best to manage the hepatotoxicity.

Ipilimumab is a monoclonal antibody that targets cyto-

toxic T lymphocytes antigen 4 (CTLA-4), a co-stimulatory

and inhibitory receptor on T cells, ultimately blunting the

adaptive immune response to malignant T cells. It is used

as treatment for patients with advanced melanoma and,

while highly effective, upregulation of T cells can cause

deleterious effects on normal cells. As a result, ipilimumab

is known to cause a number of immune-related adverse

events (irAEs), including hepatitis and colitis [64].

Immune-related hepatitis typically occurs 3–9 weeks after

the start of ipilimumab therapy, and usually resolves after

about 2 weeks when following protocol-specific guide-

lines. Cheng et al. [65] described three males with ipili-

mumab-induced hepatitis, each patient showing

improvement of symptoms and ALT elevations following a

high-dose pulsed steroid regimen (intravenous pred-

nisolone 1 gm daily for 3–5 days). Recommendations

published by this group to guide clinicians in managing

irAEs include supportive measures and discontinuation of

ipilimumab until resolution for mild to moderate hepatitis.

Severe immune-related hepatitis (AST or ALT levels[89

ULN, or bilirubin levels[59 ULN, or severe diarrhea) can

be treated with parenteral steroids (e.g., methylpred-

nisolone 1–2 mg/kg/day) with a slow steroid taper over at

least 1 month. Mycophenolate mofetil has been suggested

as a second-line immunosuppressive agent in patients for

whom systemic steroid treatment fails. However, the

optimal management of ipilimumab-related hepatitis in the

absence of autoimmune markers that is unresponsive to

steroids has not been clearly defined [65].

5 New Reports of Established Hepatotoxins

5.1 Paracetamol (Acetaminophen, N-Acetyl-Para-

Amino-Phenol [AAP])

AAP remains the leading cause of ALF in the USA and

other Western nations, outnumbering other drug causes by

a factor of three- to fourfold. Serper et al. [66] analyzed

666 cases of AAP-related liver failure using the ALFSG

database from 1998 to 2012. The majority of these patients

(56.6 %) overdosed using a combination of AAP with

opioids compared with 30.3 % who overdosed with AAP

alone. On presentation, 58 % in the AAP–opioid group had

advanced encephalopathy compared with 43 % with AAP

alone (p = 0.001).

King et al. [67] focused on the labeling practices for

commonly prescribed AAP-containing analgesics, includ-

ing oxycodone and hydrocodone combinations. AAP was

found fully spelled out on only 6.9 % of 245 drug labels,
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with various abbreviations used in more than 90 % of cases

[67]. Moreover, most of the study participants were not

able to appropriately identify AAP as an active ingredient

in their prescription. The authors remarked that, because of

such ambiguity, many opportunities were missed to clearly

convey important hepatotoxicity risk information on pre-

scription bottles. They correctly point out that the lack of

such information may actually contribute to the burden of

AAP-induced liver injury.

Treatment with N-acetylcysteine (NAC) continues to

serve as the mainstay for AAP toxicity worldwide. The

threshold for treatment is based on the serum AAP levels

measured between 4 and 24 h following acute ingestion,

which are plotted on the Rumack–Matthew nomogram.

While various treatment lines exist, there is no worldwide

consensus on which serum AAP level is optimal to begin

treatment with NAC. In the USA, Hong Kong, Australia,

and New Zealand, the 150-treatment line is preferred, i.e.,

NAC treatment is initiated if the serum AAP concentration

is plotted at or above a singular treatment line beginning at

150 mg/l at 4 h following ingestion. Chan et al. [68]

evaluated the failure rate of the 150-treatment line and

assessed the impact of lowering the treatment threshold. In

this case series, the authors gathered data from the Hong

Kong Poison Control Information Centre, including all

patients with acute AAP toxicity documented from January

2011 through December 2013 and evaluated the timing of

serum AAP concentrations and their relationship to dif-

ferent treatment lines. A total of 893 cases were identified,

with 187 (20.9 %) patients with serum AAP concentrations

above the 150-treatment line; 112 (12.5 %) between the

100- and 150-treatment line, and 594 (66.5 %) below the

100-treatment line. Of these patients, only 25 (2.8 %)

sustained significant hepatotoxicity, two of whom were

between the 100- and 150-treatment lines and two of whom

were below the 100-treatment line. The authors calculated

the failure rate of the 150-treatment line to be only 0.45 %,

and that decreasing the treatment threshold to the

100-treatment line would possibly decrease the failure rate

to 0.22 %. However, this would require 37 additional

patients to be treated annually, at a cost of 189,131 Hong

Kong dollars. Additionally, 112 patients would need to be

treated to prevent one significant liver injury; a relatively

high number needed to treat (NNT) that will require further

analysis to determine its cost effectiveness.

In patients with AAP toxicity, elevation of serum

aminotransferases AST and ALT indicate liver-specific

injury, as they tend to initially increase at similar rates,

followed by reduction of AST more rapidly than ALT

because of the shorter half-life of the former (17 vs. 47 h).

A retrospective study by McGovern et al. [69] investigated

whether the AST to ALT ratio could potentially indicate

that a patient has passed the time of peak AST

concentration. The authors compared various thresholds of

the AST to ALT ratio by increments of ten to determine the

optimal value that would reliably indicate that these bio-

chemical parameters were resolving. They found an AST to

ALT ratio of B0.4 was 99 % sensitive in predicting

recovery of patients with AAP toxicity who were treated

with NAC. Such findings could prove useful in assisting

with clinical decision making as to when to discontinue

NAC treatment.

5.1.1 Primary Prevention of AAP Hepatotoxicity

Restricting the availability of AAP in the EU as well as in

the USA has had an important impact in reducing the

incidence of ALF. Hawton et al. [70] compared the number

of deaths from AAP poisoning before and after legislation

was passed that restricted AAP pack sizes to as little as

12–16 g. They found an estimated average reduction of 17

deaths per quarter, representing a 43 % reduction, as well

as a 61 % reduction in registrations for liver transplantation

for AAP-induced hepatotoxicity. Overall, this legislation

was thought to have prevented 765 deaths over the past

11 years.

5.1.2 Liver Transplantation for Acute Liver Failure Due

to AAP

A large multi-country study of ALF leading to registration

for liver transplantation (ALFT) was reported by Gulmez

et al. [71]. A total of 600 ALFT cases were identified in 52

of 57 eligible transplant centers in France, Greece, Ireland,

Italy, the Netherlands, Portugal, and the UK between 2005

and 2007. Of the 600 cases, 114 were from overdose, and

111 (97.3 %) of these were from AAP. Most overdoses

were intentional (63 %). The highest proportion of these

patients was in Ireland (52 %), followed by the UK (28 %),

France (18 %), the Netherlands (8 %), and Italy (1 %). No

overdose ALFTs were identified in Greece, highlighting

the widely differing rates of AAP overdoses in Europe.

5.1.3 Predictive AAP Biomarkers

A number of serum biomarkers, including microRNA

(miR)-122, keratin (K)-18, and high-mobility group box-1

(HMGB-1) have been implicated in the mechanism of DILI

in human subjects [72–75]. In particular, those most related

to mitochondrial damage have been shown to have a pos-

itive predictive value in determining the outcome of AAP

toxicity [76–78]. Such biomarkers may also be instru-

mental in determining the need for liver transplantation as

well as for the identification of novel therapeutic agents. A

study investigating AAP toxicity in healthy volunteers

compared with patients receiving treatment for combined
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HIV and TB in Ethiopia, examined the value of biomarkers

K18:M65 and miR-122 [79]. The investigators found these

particular biomarkers had higher sensitivity and specificity

in predicting DILI than traditional serum ALT and AST.

However, Senior [80] reminds us that despite these find-

ings, serum biomarkers have thus far failed to produce

evidence of what actually caused the liver injury. He

suggests the best method to assess causality remains tra-

ditional medical reasoning, as DILI essentially remains a

diagnosis of exclusion. By focusing on our understanding

of the underlying mechanisms of DILI, the investigation of

biomarkers associated with hepatotoxicity is expected to

garner added insight into predicting DILI in the future.

Stutchfield et al. [81] described the prognostic signifi-

cance of serum levels of macrophage colony-stimulating

factor (CSF1) in patients with acute liver injury from AAP,

as well as in patients who underwent partial hepatectomy.

These authors found increased serum levels of CSF1 in

patients who underwent hepatic surgery, directly in pro-

portion to the extent of liver resected. Additionally, low

serum levels of CSF1 were associated with increased

mortality in AAP-induced ALF, suggesting its utility as

another prognostic biomarker.

5.2 Antimicrobials

5.2.1 Anti-Tuberculosis Agents

Isoniazid is a leading cause of hepatotoxicity and ALF

[82]. Most recommendations for identifying DILI in

isoniazid-treated patients rely on monitoring of self-re-

ported hepatitis-related symptoms rather than formal ALT

testing. In a study from the US DILI Network, Hayashi

et al. [83] found that isoniazid was the second most

frequently reported hepatotoxic agent in the DILIN reg-

istry, and cases are likely under-reported. Importantly,

these investigators found a significant delay in the time

to discontinuing isoniazid after the development of hep-

atitis-related symptoms. Over 50 % of patients who

developed symptoms that met criteria that would other-

wise call for the drug to be stopped immediately (i.e.,

nausea, abdominal pain, jaundice, or unexplained fatigue)

were found to have continued taking isoniazid for more

than 7 days, and 24 patients (40 %) continued taking

isoniazid for more than 14 days after meeting such

symptomatic criteria. Not surprisingly, the outcome for

these patients was more severe than for individuals who

promptly stopped taking isoniazid, with 9 of 13 patients

who continued taking isoniazid for more than 7 days

listed as having died or needing a liver transplant. Their

results call into question the utility of relying solely on

self-reported symptoms for a drug with such a significant

hepatotoxic potential.

5.2.2 Antibiotics

The updated US DILIN database has yielded new infor-

mation of several antibiotics and antibiotic classes causing

DILI. Martinez et al. [84] defined the clinical and histo-

logical features as well as the outcome of azithromycin-

induced liver injury based on 18 patients in the current

DILIN registry. The injury was mostly hepatocellular in

nature, and occurred within 1–3 weeks of exposure.

Although outcomes were typically favorable, azithromycin

was been found to cause chronic injury as well as associ-

ated cutaneous reactions, and in some cases resulted in

liver transplantation or even death. In a similar study,

Alqahtani et al. [85] characterized the hepatotoxicity

associated with cefazolin exposure. The authors found 19

cases of DILI caused by cefazolin, and noted that even one

dose of cefazolin could cause hepatotoxicity, typically

preceded by a latency period of 1–3 weeks after exposure.

Most injury was moderate to severe but self-limited in

nature. The finding of a short course of antibiotic therapy

with delayed onset of DILI is similar to that described for

amoxicillin–clavulanate, where injury can be delayed for

up to 6–7 weeks [86].

In contrast to the antibiotics frequently implicated in

DILI (such as azithromycin or amoxicillin–clavulanate),

fluoroquinolone-induced liver injury appears relatively

rare. Orman et al. [87] found 12 cases in the DILIN registry

and noted that fluoroquinolone liver injury was typically

rapid in onset and often had immunological features sug-

gestive of a hypersensitivity reaction. Patterns of injury

included hepatocellular injury (predominantly increased

levels of alanine aminotransferase), cholestatic injury

(predominantly increased levels of alkaline phosphatase),

and mixed. Additionally, both acute and chronic liver

failure occurred.

5.2.3 Drug-Induced Autoimmune Hepatitis

Several reports of drug-induced autoimmune-like hepatitis

(DI-AIH) have recently appeared, adding to the growing list

of drugs that are associated with this form of hepatotoxicity

(see Sect. 4.4 above). Yeong et al. [88] published a retro-

spective study in 82 patients with autoimmune hepatitis, 11

of which were felt to be drug induced (13.4 %). The likely

causes included nitrofurantoin, statins, herbals, and diclo-

fenac. The authors reported that DI-AIH was more likely to

occur in patients aged[60 years and took longer to relapse

after immunosuppression was discontinued than idiopathic

AIH. Björnsson et al. [89] found a similar outcome to cases

of DI-AIH in the Mayo Clinic series.

Cyproterone acetate (CPA) is an anti-androgenic drug

used in the treatment of prostate cancer that has been

associated with DILI. Bessone et al. [90] examined 22
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patients with CPA-associated hepatotoxicity, with most

(91 %) presenting with jaundice and hepatocellular injury.

Elevated international normalized ratio (INR) [1.5 was

observed in 66 % of patients, five of whom developed

ascites and four of whom had encephalopathy. Liver biopsy

results showed a mixed pathology, with one patient dis-

playing liver injury pattern suggestive of AIH. After CPA

was discontinued, 19 patients recovered; however, three

required corticosteroid treatment, two of whom had ele-

vated antinuclear antibody (ANA) titers, suggesting an

autoimmune mechanism.

5.3 Miscellaneous Causes of DILI

5.3.1 Antidepressants

Antidepressants comprise multiple chemical classes and, as

recently noted by Friedrich et al. [91], the identification of

hepatic injury associated with these agents is highly

dependent on the frequency of liver enzyme testing. In

their review of more than 184,000 in-patient admissions

between 1993 and 2011 at 80 German-speaking psychiatric

hospitals in Austria, Germany, and Switzerland, the overall

risk of DILI was very low (0.03 % for selective serotonin

reuptake inhibitors [SSRIs] and 0.14 % for tricyclic

antidepressants). The most commonly implicated agents

were mianserin (a tetracyclic compound available outside

of the USA), clomipramine, and agomelatine. These

investigators suggest that drug warnings (e.g., in the form

of Dear Doctor letters) may have the greatest impact in

performing surveillance testing among psychiatrists, as

seemed to be the case with agomelatine [92].

5.3.2 Methylprednisolone

Although methylprednisolone is frequently used to treat

drug-induced autoimmune-like hepatitis and DILI associ-

ated with hypersensitivity reactions [61, 65, 88, 89],

Davidov et al. [93] remind us that high-dose treatment of

disorders such as multiple sclerosis (MS) can be associated

with acute hepatic injury. They describe a 23-year-old

woman with MS who developed an episode of acute hep-

atocellular jaundice following a 3-day course of intra-

venous methylprednisolone 1 gm daily. Her ALT at that

time peaked at 2287 U/l, with total bilirubin 6.3 mg/dl, and

a positive smooth muscle antibody was found. Liver tests

normalized after 3 months; 6 months later, she received the

same 3-day high-dose intravenous regimen of methyl-

prednisolone 1 gm/day and again had an ALT peak above

2000 U/l with bilirubin 6.85 mg/dl. Viral serology was

negative, and a liver biopsy showed changes of centrizonal

drop-out, congestion, and chronic inflammation with lym-

phocytes, eosinophils, and a few plasma cells, along with

acidophilic bodies consistent with DILI. A RUCAM

assessment score of 9 for methylprednisolone indicated a

high probability that the drug was responsible. As with the

first episode, her liver tests again normalized within

3 months. These researchers also performed a review of the

literature and found an additional 24 cases implicating

high-dose methylprednisolone as the cause of acute DILI.

Most patients were female, with a median age of 45 years,

and many had associated Grave’s ophthalmopathy. The

onset of injury ranged between several days and weeks, and

several patients also had a positive re-challenge response.

Peak ALT values were often above 1000–2000 U/l. Also,

as seen in the index case, autoantibodies were present in

one-third of patients, suggesting that the course of high-

dose steroid therapy might have paradoxically triggered an

acute autoimmune-like hepatitis. Alternatively, a previ-

ously quiescent AIH might have become clinically appar-

ent after the steroids were withdrawn, although it resolved

without any further immunosuppression.

Caster et al. [94] confirmed the association by analyzing

the more than 8 million safety reports in the World Health

Organization (WHO) global database (VigiBase). They

found 26 cases of hepatotoxicity related to high-dose

methylprednisolone (1 gm daily for 3 days; most often for

a relapse of MS) (3.6 % of 723 high-dose reports) and 22

cases from low-dose treatment (500 mg/day for 5 days;

most frequently for asthma) (0.9 % of 2583 reports). Many

cases were confirmed through a positive re challenge,

although the evidence to implicate high-dose regimens was

generally stronger than for patients receiving low-dose

treatment. Clearly, such cases give us pause to consider

methylprednisolone as a potential cause of acute DILI, and

not always a benign therapy.

6 Herbals and Dietary Supplements Causing Liver
Injury

With Eastern medicine showing an increased popularity in

the USA and other Westernized nations in recent years,

reports of HDS-induced liver injury continue to appear

[95–99]. In the updated US DILIN series as reported by

Navarro et al. [100], 16 % of all DILI cases were related to

HDS, second only to antimicrobials as an etiologic class.

These investigators found that HDS had increased from 7

to 20 % between 2004 and 2013. Interestingly, they found

that HDS products intended for bodybuilding were an

important cause of prolonged jaundice in young men,

although there were no reported cases of liver transplant or

deaths with these specific agents. In contrast, those HDS

products not intended for body building were found to

cause more severe hepatocellular injury, with a signifi-

cantly higher rate of unfavorable outcomes (13 vs. 3 %),
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including liver transplant and death compared with non-

HDS-induced liver injury [100].

The proportion of DILI cases related to HDS is even

higher in Asia. For example, Lee et al. [101] published a

systematic review specifically to identify and categorize

cases of HDS-induced liver injury in Korea. After reviewing

six databases, 31 reports and 97 cases of HDS-induced liver

injury were discovered, with the majority of cases demon-

strating a hepatocellular-type hepatotoxicity. The most

common species of herbs causing liver injury in this popu-

lation were Polygoni multiflori and Dictamnus dasycarpus.

The ability to diagnose HDS-related hepatotoxicity can

be as difficult or more difficult than non-HDS-induced liver

injury given the multiple components and concerns about

adulterants and other contaminants in products that are

often not closely regulated [97, 98, 102]. Teschke et al. [99,

103] noted that, while approximately 60 distinct commonly

used herbs and herbal supplements, and more than 100

different herbs or herbal mixtures are used in Traditional

Chinese Medicine that are reported to cause hepatotoxicity,

most of these agents lack conclusive proof of hepatotoxi-

city. These investigators have been tireless in their efforts

to demonstrate that many (if not most) reports of herbal

hepatotoxicity do not stand up to intensive scrutiny where

causality assessment is concerned. This includes agents

such as kava kava, black cohosh, and greater celandine,

among others [99]. The latest example of their causality re-

assessment is the diet and muscle-building supplement,

OxyElite Pro (USPLabs; Dallas, TX, USA). The toxicity of

this compound made headlines when several cases were

reported from a single hospital in Hawaii [104] as well as

other locations [105]. Teschke et al. [106, 107] have raised

significant concerns that alternative etiologies are more

likely. The exhaustive causality assessment they performed

concerning one of the cases serves as a model on which

other cases of possible DILI or HDS-induced liver injury

can and should be based. Their findings that call into

question the accuracy of several other case series impli-

cating a number of HDS formulations also have major

implications for regulatory bodies that oversee the manu-

facturing and sale of HDS formulations and are responsible

for issuing safety alerts, calls for re-formulating certain

products, and/or the product’s removal from the market [1,

14, 103]. Indeed, in the case of OxyElite Pro, laboratory

analysis of the product did not identify any specific hepa-

totoxins or mechanism of liver injury, raising questions as

to whether or not the original formulation containing 1,3-

dimethylamylamine, or the reformulation containing

aegeline, were causative of the hepatotoxicity [108, 109].

The US DILIN has also weighed in on the importance of

being able to exclude alternative etiologies when attempt-

ing to diagnose HDS-related hepatotoxicity [102, 110]. In

one investigation, green tea extract was found to be present

in [40 % of HDS compounds that failed to list this

potentially hepatotoxic component in their list of ingredi-

ents [90]. Clearly, it can be argued that causality assess-

ment for both suspected HDS as well as DILI will require

ongoing refinements, not the least of which is ensuring that

a minimal number of elements are available to conduct a

meaningful analysis [8, 110].

7 DILI Outcomes and Prognosis

7.1 Long-Term Survival from Acute Liver Failure

Fontana et al. [111] published 2-year clinical outcomes

among initial survivors and liver transplant recipients who

were alive 3 weeks after enrollment in the US ALFSG

between 1998 and 2010. The results show that 2-year

survival was slightly higher in the 262 liver transplant

recipients (92.4 %) than in the 306 spontaneous survivors

of AAP toxicity (89.5 %) and the 200 non-AAP sponta-

neous survivors (77.5 %). The causes of death were similar

across all groups, but the time to death, not surprisingly,

was significantly longer in the liver transplant recipients

(p\ 0.0001). Of note, independent predictors of mortality

in the AAP group included a high serum phosphate (me-

dian value of 2.75 mg/dl for those that died vs. 2.20 in

survivors) and older age (median age of patients who died

was 42 years vs. 35 in long-term survivors). In the non-

AAP group, predictors of mortality included older patient

age (median age of 50 years in patients who died vs. 42 in

survivors), and days from jaundice to ALF onset. In the

liver transplant group, predictors of mortality were older

age (median age of 45.5 years in patients who died vs. 38

in survivors), days from jaundice to ALF onset, and coma

grade (60 % of patients with grade 3 or 4 encephalopathy

died compared with 36 %). The authors concluded that the

survival of patients with non-AAP DI-ALF is significantly

lower, possibly related to pre-existing medical conditions.

In addition, spontaneous survivors of AAP overdose

experience higher degrees of morbidity during follow-up

from ongoing psychiatric and substance abuse issues.

7.2 Risk of Chronic DILI

The US DILIN reported on the risk of chronic DILI

emerging from acute liver injury. Fontana et al. [112]

compared liver biochemistry abnormalities persisting at

6 months with those at 12 months. Persistent injury was

defined as ALT or AST[1.59 ULN or an alkaline phos-

phatase[ULN. They found that only 25 % of patients with

abnormalities at 6 months had resolution of the biochem-

ical injury by 12 months. Those with chronic elevations at

12 months were more likely to have a cholestatic injury
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pattern at the onset of liver injury (54 vs. 20 %) compared

with those whose injury resolved. ‘‘Persisters’’ tended to be

older (52.6 vs. 43.7 years) and had worse SF-36 physical

summary scores than ‘‘resolvers’’. A total of 17 patients

with suspected chronic DILI underwent liver biopsy at a

median of 387 days after injury onset: nine had chronic

cholestasis, three had steatohepatitis, and three had a form

of chronic non-specific hepatitis. A total of 12 patients had

biopsies that could be compared with their initial biopsy, in

whom chronic injury was frequently apparent (Table 2).

These patients will be followed for at least another

12 months to determine the true incidence of persistent/

chronic DILI, although the true clinical significance of just

minor biochemical abnormalities may be in the eye of the

beholder. Interestingly, the DILIN observation that chronic

injury occurred predominantly from cholestatic hepato-

toxins is similar to that reported by Aithal and Day [113]

more than 15 years ago. It should be noted that the pro-

portion of ‘‘chronic’’ cases reported in other series has been

lower [114, 115].

7.3 Hy’s Law Cases

Robles-Diaz et al. [116] attempted to optimize the defini-

tion of Hy’s Law and develop a model for predicting ALF

in DILI. Data were obtained from the Spanish DILI registry

for 771 patients with DILI. Of these patients, 32 developed

ALF. Hepatocellular injury, female sex, high levels of total

bilirubin, and high AST-to-ALT ratio were independent

risk factors for ALF. Three methods of using Hy’s Law

were used to predict which patients would develop ALF.

All three methods included a total serum bilirubin [29

ULN and either ALT [39 ULN, a ratio (R) value

(ALT 9 ULN/alkaline phosphatase 9 ULN)[5, or a new

ratio (nR) value (AST or ALT, whichever produced the

highest 9 ULN/alkaline phosphatase 9 ULN) of C5. The

level of ALT and the nR model each identified patients

who developed ALF with 90 % sensitivity. The R-value

criteria alone identified them with 83 % sensitivity. The

authors concluded that when applied to DILI recognition,

the nR criteria for Hy’s Law provides the best balance of

sensitivity and specificity in predicting the ultimate

development of ALF.

Lo Re et al. [117] investigated other potential markers for

identifying patients at risk of developing DILI-induced

ALF. In this study, 15,353 KPNC members were diagnosed

with DILI from 2004 to 2010; 30 of these cases resulted in

ALF. Logistic regression was used to develop prognostic

models for ALF based on laboratory results measured at

DILI diagnosis. Hy’s Law identified patients who developed

ALFwith a specificity of 92 % and negative predictive value

of 99 %, but a low level of sensitivity at 68 % and positive

predictive value of only 2 %. A model was developed

comprising data on platelet count and total bilirubin level

that enabled the calculation of a risk score called the Drug-

Induced Liver Toxicity ALF Score (DrIToxALF score). The

calculation is as follows: DrIL Tox ALF score = -

0.00691292 9 platelet count (per 109/l) ? 0.19091500 9

total bilirubin (per 1.0 mg/dl). A cut-off score of -1.08141

or greater identified patients at high risk for ALF with a

sensitivity of 91 % and specificity of 76 %.

7.4 Model for End-stage Liver Disease (MELD)

Score as a Predictor of Short-Term Outcome

Jeong et al. [118] investigated the predictive value of the

MELD score in DILI. In this study, patients diagnosed with

DILI between January 2010 and December 2012 at the

Asan Medical Center in Seoul, Korea, were retrospectively

analyzed. The main outcomes analyzed were liver trans-

plantation or death within 30 days of the initial hospital

visit. Of 213 patients diagnosed with DILI, 13.1 % had

these poor outcomes. The most common etiologic agents

were herbal folk remedies (69 %). Multivariate analysis

showed that the MELD score and hemoglobin were inde-

pendent predictors of poor outcome within 30 days.

Table 2 Comparison of initial and follow-up liver biopsies in patients with suspected chronic drug-induced liver injury [adapted from reference

112]

Initial biopsy Follow-up biopsy Implicated drug

Chronic cholestasis Chronic cholestasis Trimethoprim/sulfamethoxazole, olanzapine,

metoclopramide, omeprazole, amoxicillin–clavulanate

Cholestatic hepatitis Chronic cholestasis Celecoxib

Acute hepatitis Chronic cholestasis azithromycin

Chronic hepatitis Chronic cholestasis Gluco-ease plus

Cholestatic hepatitis granulomas Duct paucity with cholestasis Lansoprazole

Chronic hepatitis Chronic hepatitis Azithromycin

Steatohepatitis Steatohepatitis Tamoxifen

Steatohepatitis plus cholestasis Steatohepatitis plus cholestasis Ultravist vitamin prep
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8 DILI Miscellany

8.1 Intestinal Microbiota and AAP-Induced

Hepatotoxicity

Variations in the intestinal microbiome are thought to

influence AAP metabolism [119]. In this study, conven-

tionally housed (CH) and germ-free (GF) mice were given

large doses of AAP. It was found that the GF mice had

milder evidence of ALF and reduced bilirubin levels and

creatinine, although there were no significant differences in

the extent of hepatocellular injury (ALT levels or per-

centage necrosis). The role of the intestinal microbiome in

other aspects of DILI seems poised for significant future

avenues of research.

8.2 Liver Injury in Drug reaction with eosinophilia

and systemic symptoms (DRESS)

Drug reaction with eosinophilia and systemic symptoms

(DRESS) is a syndrome with manifestations in multiple

organ systems, with liver injury being the most common.

Lin et al. [120] investigated the types of liver injury and

factors associated with DRESS. This retrospective study

from Taiwan compiled data between December 2000 and

March 2013; 72 cases of DRESS were included in the

study. Among these, 62 (86.1 %) involved liver injury, six

of which (9.7 %) occurred before skin presentation. The

liver injury patterns were as follows: 23 (37.1 %) chole-

static type, 17 (27.4 %) mixed type, and 12 (19.4 %)

hepatocellular type. Patients with hepatocellular-type

injuries were younger (median age 31.4 years) and patients

with liver enzyme elevations more than 109 ULN were

more likely to have fever and took longer to recover. These

findings are similar to those of Avancini et al. [121], who

found that, in 60 patients with a diagnostic suspicion of

DRESS, hepatic involvement (85.1 %), fever (96.2 %), and

maculopapular exanthema (85.1 %) were the most com-

mon clinical features.

Devarbhavi et al. [122] also described DILI associated

with Stevens–Johnson Syndrome/toxic epidermal necroly-

sis (SJS/TEN). The patient cohort was obtained from a

registry of DILI patients from a single center in India.

Among 748 consecutive patients with DILI from 1997 to

March 2015, a total of 36 (4.8 %) had associated features

of SJS/TEN. The mean age was 32 years. Children and

HIV patients constituted 25 % (n = 9) and 22 % (n = 8),

respectively. Antiepileptic agents, sulfonamides, and

antiretroviral drugs accounted for the majority of cases.

Overall mortality was 36 % (n = 13) and increased to

45.5 % in the presence of jaundice. Mortality was lower in

children (11 %; n = 1) and HIV patients (12.5 %; n = 1).

A recent study from Korea investigated the incidence of

hepatic injury in patients with drug-induced hypersensi-

tivity syndromes (DIHS) [123]. Among 136 patients with

DIHS, which manifested as DRESS, SJS/TEN, and other

forms of rash, 45 % had hepatic involvement. Liver injury

was defined as ALT/AST greater than the ULN for the

laboratory, and ‘‘significant’’ liver disease was defined as

AST/ALT greater than twice the ULN. The offending

agents included antibiotics (46 %), non-steroidal anti-in-

flammatory drugs (NSAIDS) (18 %), antiretrovirals

(10 %), and allopurinol (9 %). Overall mortality was 5 %,

and steroids were not found to alter outcomes of recovery.

8.3 Liver Biopsy

Although there is no pathognomonic finding on liver

biopsy in patients with DILI [1], Foureau et al. [124]

investigated inflammatory infiltrates in the liver that may

improve our understanding of the underlying pathogenesis

of DILI. Their study aimed to enumerate and characterize

leukocytes infiltrating liver tissue in patients with acute

DILI (n = 32) versus non-DILI causes of acute liver injury

(n = 25). All biopsies showed numerous CD8 (?) T cells

and macrophages. Their results found that DILI cases had

significantly fewer B lymphocytes than AIH and viral

hepatitis, as well as significantly fewer natural killer cells

than viral hepatitis.

8.4 Risk of Underlying Viral Hepatitis and DILI

Nooredinvand et al. [125] assessed the prevalence of chronic

hepatitis B virus (HBV) and HCV infection and their asso-

ciation with DILI in patients undergoing anti-TB therapy.

This study included 429 patients with newly diagnosed TB

who were due to commence anti-TB therapy. Of these

patients, 270 (62.9 %) had active TB and 159 (37.1 %) had a

latent infection. A total of 61 patients (14.2 %) had isolated

hepatitis Bcore antibody (anti-HBc) positivity, 11 (2.6 %)

were also HBV surface antigen (HBsAg)-positive and seven

(1.6 %) were HCV-antibody positive. In contrast to other

studies, no association was found between DILI and the

presence of serological markers of HBV or HCV as three

patients (5.3 %) with serological markers of HBV and HCV

infection had DILI compared with 25 patients (9.5 %)

without these viral markers.

8.5 Absence of DILI Seen With Some New Drug

Classes

Perhaps as important as reports of newly described hepa-

totoxins tend to be, the absence of DILI seen with new drug

classes is of equal clinical relevance. So it is noteworthy
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that, in contrast to statins and lomitapide, which are asso-

ciated with varying degrees of liver injury and other

potential toxicities in their role as cholesterol-lowering

agents [126, 127], the newly approved proprotein conver-

tase subtilisin kexin type 9 (PCSK9) inhibitors appear to be

relatively free of any significant hepatotoxic potential.

PCSK9 is secreted by hepatocytes and leads to degradation

of the low-density lipoprotein receptor (LDLR) at the cell

surface, thereby reducing LDL uptake and leading to

increased LDL cholesterol plasma concentrations [128].

Inhibition of PCSK9 has become a novel target for LDL-

lowering therapies, and several anti-PCSK9 monoclonal

antibodies have proven to be effective and safe, especially

for patients with severe homozygous and heterozygous

familial hypercholesterolemia [129–133]. Two agents,

evolocumab and alirocumab are approved, and boco-

cizumab is under study. Liver biochemical abnormalities

have been largely unaffected in clinical trials, with small

elevations in aminotransferases being essentially no dif-

ferent than those seen with placebo or other comparators.

As a result, labeling does not mention any requirement for

routine liver enzyme monitoring, unlike lomitapide, or

what was necessary for years with statins until recently.

8.6 DILI Consortia

The global efforts being undertaken to better understand

the epidemiology, pathophysiology, and risk factors of

DILI have recently been well-summarized by Andrade

et al. [15]. The various national and multi-national DILI

registries described, and international research consortia

(including the Safe-T [134], International Serious Adverse

Event Consortium [ISEAC]) [135] and the DILI-sim ini-

tiative [136]), are all aimed at improving the hepatic safety

of current and future drugs and HDS products in devel-

opment through discoveries in pharmacogenomics, struc-

tural alerts, and other related fields of study. The interested

reader is encouraged to review these specific sources for

additional information.

9 Treatment and Prevention of DILI

Apart from NAC treatment for ALF from AAP, treatment

options for idiosyncratic DILI or HDS liver injury due to

specific agents remains limited, and often anecdotal [1].

Early discontinuation of the suspected drug remains the

most important action to be taken, along with supportive

care [4]. Corticosteroids have been used in cases of DI-AIH

that fail to resolve after the drug is stopped, and in cases of

DILI associated with hypersensitivity reactions, including

those with serious skin injury as mentioned in Sect. 8.2

above. These and additional potential therapies have

recently been reviewed in detail [137]. The following

paragraphs describe the potential use of NAC for non-AAP

DILI, along with the potential role for cytoprotective

agents and liver assist devices.

9.1 NAC for Non-AAP Acute Liver Failure

Early studies by the US ALFSG demonstrated transplant-

free survival was significantly improved (40 vs. 27 %;

p = 0.043) for non-AAP ALF patients with early coma

stages I–II treated with intravenous NAC compared with

placebo [138]. In contrast, NAC was not shown to be of

benefit in adults with more advanced coma grades (III–IV),

nor was any benefit in overall survival seen [138]. In the

pediatric US ALFSG, children with non-AAP ALF were

also shown not to benefit from NAC in non-AAP ALF

[139]. Chughlay et al. [140] reported that the current evi-

dence, based on the published literature, does not allow for

any firm conclusions to be drawn one way or the other for

its use in non-AAP DILI. Nevertheless, it is likely that

NAC will continue to be used as a potential therapy and as

a bridge to liver transplant in the setting of acute non-AAP

DILI and ALF in patients outside of clinical trials, pending

the results of any future studies.

9.2 Use of Cytoprotective Agents

Silibinin is the major active constituent of silymarin, a

standardized extract of milk thistle seeds. Gu et al. [141]

conducted a prospective, multicenter, randomized study

investigating 568 patients undergoing primary treatment of

pulmonary TB. The control group received conventional

2HRZE/4HR therapy (i.e., 2 months of isoniazid, rifampin,

pyrazinamide, and ethambutol followed by 4 months of

rifampin and isoniazid), while the experimental group

received the same conventional therapy along with silibinin

capsules administered orally three times daily for 8 weeks.

Their statistical analysis showed no significant difference

in incidence of liver injury between the two groups at each

treatment period (2, 4, and 8 weeks). However, there was a

statistically significant reduction in the incidence of nausea

and anorexia symptoms in the silibinin group. Furthermore,

after 8 weeks of treatment, a higher percentage of sputum

AFB cultures were negative in the silibinin group

(98.30 %) compared with the control group (92.98 %). The

authors concluded that silibinin may reduce the incidence

of anti-TB drug discontinuation rates, as well as improve

patient compliance and outcomes of anti-TB treatment in a

general population.

Luangchosiri et al. [142] also investigated the use of

silymarin in preventing DILI due to anti-TB drug in a

double-blind placebo-controlled trial of 55 patients. Over-

all, 1 of 27 (3.7 %) and 9 of 28 (32.1 %) patients developed
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DILI in the silymarin and placebo groups, respectively.

According to these investigators, the beneficial hepato-

protective mechanism of silymarin might be explained by

its ability to restore superoxide dismutase.

9.3 Liver Assist Devices

The use of liver assist devices for acute liver failure

remains investigational in the USA, but it is more widely

utilized abroad [143]. Molecular Adsorbent Recirculating

System treatment (MARS) is one such device based on the

principle of albumin dialysis. It has been used in patients

with ALF with varying degrees of success [143–145]. Lee

et al. [146] studied the use of a novel liver-dialysis device

in experimental AAP toxicity. Its use resulted in a 67 %

reduction in the risk of death in AAP-induced ALF in pigs.

The authors reported no adverse clinic effects from the

device in this animal study and concluded that the results

support additional clinical trials of the liver-dialysis device

in patients with ALF.

10 Conclusions

2015 represented another year in which the knowledge

base for DILI expanded in several directions. The US

DILIN is now a decade old and continues to provide new

information about idiosyncratic liver injury due to an

increasing number of agents and in several important

subgroups. Their results have corroborated many of the

clinical observations of the past, including validating Hy’s

Law, demonstrating the worsening prognosis of acute DILI

that develops in patients with underlying liver disease, and

showing that chronic injury develops in a substantial pro-

portion of acute DILI cases. The causes of DI-ALF as seen

in the Kaiser Permanente Health System in California

largely reflect the findings in the more broadly based US

ALFSG, with AAP being the most commonly implicated

agent. An increasing percentage of DILI cases due to HDS

has been seen in the USA and abroad, although the validity

of some case reports and case series has been called into

question. Since the diagnosis of DILI and HDS-induced

liver injury is still largely one of exclusion, the challenges

to causality raised by Teschke and others serve as a

reminder that readers are often asked to accept the limited

information in some published case reports at face value,

when, in fact, delving deeper into a particular case history

or having more complete serologic testing might change

the causality entirely. Such diagnostic skepticism further

serves to emphasize the need for a validated DILI bio-

marker that will take what is sometimes akin to guesswork

out of current and future causality assessment.

A few new agents were added to the list of hepatotoxins

in the past year, notably tolvaptan, a vasopressin V2

receptor antagonist, when used long term for the treatment

of autosomal dominant adult polycystic kidney disease. Of

interest, short-term use of the drug in patients with

hyponatremia from SIADH (syndrome of inappropriate

antidiuretic hormone), heart failure, and cirrhosis was not

associated with any hepatotoxicity. Despite its efficacy in

this setting, tolvaptan carries a contraindication for its use in

any patient with liver disease, which effectively prevents a

potentially useful agent from being used in a large segment

of the hyponatremic population. In contrast to the hepatic

injury seen with statins and microsomal triglyceride transfer

protein MTP inhibitors (e.g., lomitapide) for the treatment

of hyperlipidemia, clinical trial results with the novel LDL-

lowering PCSK9 inhibitors have not demonstrated any

significant hepatotoxic risk, eliminating an important safety

concern in this essential therapeutic area.

The field of pharmacogenomics continues to expand,

although the ultimate goal of identifying patients who are

at the highest risk of developing acute DILI is currently

constrained by the relatively low positive and negative

predictive values of the existing discoveries. Similarly,

biomarker discovery to diagnose DILI and predict out-

comes and prognosis seems most advanced for cases of

AAP overdose, but has lagged somewhat behind for causes

of idiosyncratic DILI. Clearly, however, the future is bright

for improving our understanding of the mechanisms of

DILI and for the development of novel prevention and

treatment strategies.
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