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Abstract

Drug-induced liver injury (DILI) remains an important, yet challenging diagnosis for physicians. Each year, additional drugs
are implicated in DILI and this year was no different, with more than 1400 articles published on the subject. This review
examines some of the most significant highlights and controversies in DILI-related research over the past year and their
implications for clinical practice. Several new drugs were approved by the US Food and Drug Administration including a
number of drugs implicated in causing DILI, particularly among the chemotherapeutic classes. The COVID-19 pandemic was
also a major focus of attention in 2020 and we discuss some of the notable aspects of COVID-19-related liver injury and its
implications for diagnosing DILI. Updates in diagnostic and causality assessments related to DILI such as the Roussel Uclaf
Causality Assessment Method are included, mindful that there is still no single biomarker or diagnostic tool to unequivocally
diagnose DILI. Glutamate dehydrogenase received renewed attention as being more specific than alanine aminotransferase.
There were a few new reports of previously unrecognized hepatotoxins, including immune modulators and novel gene therapy
drugs that we highlight. Updates and new developments of previously described hepatotoxins, such as immune checkpoint
inhibitors and anti-tuberculosis drugs are reviewed. Finally, novel technologies such as organoid culture systems to better
predict DILI preclinically may be coming of age and determinants of hepatocyte loss, such as calculating P,; 1 are poised to
improve our current means of estimating DILI severity and the risk of acute liver failure.

1 Introduction

Drug-induced liver injury (DILI) remains a challenging
diagnosis for physicians and is an area of ongoing research
efforts. Each year, DILI gains increased attention from
physicians, researchers, and patients alike as it poses a
significant risk to patient health and healthcare costs. Ke
et al. published the first scientometric study on knowledge
mapping of DILI in which they reviewed articles published
from 2010 to 2019 in the Web of Science Core Collection
and found 1995 publications from 592 academic journals
by 2331 institutions from 79 countries/regions [1]. The
number of publications on DILI is increasing each year as
shown in Fig. 1, with much of the focus on its definition,
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incidence rates/clinical characteristics, etiology/pathogen-
esis, and causality assessment. The Roussel Uclaf Causal-
ity Assessment Method (RUCAM) continues to increase
in use as a causality assessment tool, especially outside
of the USA [2]. While RUCAM provides for an objective
scoring system, a degree of expertise in DILI assessment
is still required to best interpret and calculate its various
diagnostic elements and overcome its limitations, which
will be discussed. The search for new diagnostic biomark-
ers of DILI continued this past year, with much interest
in genetic markers and other predictive serum markers.
The aim of this review is to highlight what we considered
the most impactful DILI-related research over the past year.
We specifically focused on publications that improve our
ability to diagnose DILI and perform a causality assessment,
provide data on new hepatotoxins, and update our knowledge
base for previously known hepatotoxins. The COVID-19
pandemic was certainly the most important area of concern
among patients, physicians, and researchers alike in 2020,
and the relationship between COVID-19 and liver injury,
including DILI, was front and center among the extrapul-
monary manifestations of the disease. In some instances, it
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Key Points

Drug-induced liver injury (DILI) remains a challeng-

ing diagnosis for physicians, and while there is still no
definitive diagnostic biomarker, glutamate dehydroge-
nase may be more specific than alanine aminotransferase.

Each year, new drugs are implicated as potential hepato-
toxins, especially those in the oncology space, including
tyrosine kinase inhibitors and checkpoint inhibitors.

The COVID-19 pandemic created numerous challenges
for drug development and we discuss liver injury related
to COVID-19, including the potential for DILI during its
treatment.

New developments in the clinical signatures and mecha-
nisms of injury from previously described hepatotoxins
are discussed, including current controversies in the
management of immune checkpoint inhibitors and anti-
tuberculosis-related DILI.

Novel technologies, including organoid culture systems,
that are being developed to predict DILI in drug develop-
ment and estimate severity of DILI are discussed.

Fig. 1 Methodology for litera-
ture review. DILI drug-induced
liver injury, RUCAM Roussel
Uclaf Causality Assessment using keywords:
Method * DILI

was difficult to determine whether hepatic injury was due to
the virus, or the drugs involved with treatment, as instances
of DILI have been reported [3].

2 Methods

We performed an extensive search of the literature using
the PubMed database as well as reviewing the major gas-
trointestinal and hepatology-based journals since our last
reviews were published in 2020 covering most of the 2019
year [4, 5]. For the most part, for this current review, we
included publications from journals with an impact fac-
tor of 1.0 and above using the Impact Factor List of 2020
from the Journal Citation Report to assess the journal’s
impact factor, in order to ensure that studies and reports
were of high quality [6]. Our search terms included: drug
induced liver injury, DILI, hepatotoxicity, and RUCAM. We
restricted our search to articles published in the English lan-
guage. Authors JC, SK, SA, SW, WD, and JHL performed
the literature search and included articles from September
2019 to February 2021, which yielded over 1400 articles
relating to DILI (Fig. 1). Our search was then focused on
those articles containing updates in diagnosis and causality
assessments, newly described hepatotoxins, new reports of
previously established hepatotoxins, updates on treatment
of DILI, and COVID-19-related liver injury. We excluded

PubMed and individual journal search from
September 1, 2019 to February 28, 2021

e druginduced liver injury

* hepatotoxicity

°* RUCAM

N = 5000

Exclusions:
* articles not in English (= 100)
* animal or cellular model studies (~ 3000)
* herbal related liver injury articles (= 300)
* duplicate articles (~ 200)

N = 1400 articles
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N =~ 150 articles for final review

included papers from high impact
journals that had adequate casualty
assessments and that we felt were most
impactful and clinically relevant
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articles with animal or cellular models unless there was a
significant clinical implication. Liver injury from herbal
and dietary supplements were not included, as they are the
subject of a separate review. Data extracted included author
names, journal name, publication date, article title, volume
number, issue number, page numbers, and any information
we chose to discuss from the article body. Authors who per-
formed the literature search then added articles to a shared
document where each author further reviewed articles to
ensure they were from high-quality journals, had some type
of causality assessment, and to remove any duplicate arti-
cles. Approximately 150 articles on DILI were included in
this review, including a variety of studies and case reports.
As in past years, we attempted to highlight those case reports
with a reported RUCAM or expert opinion score of at least
“probable” [7, 8].

3 New FDA Drug Approvals and DILI

Despite the challenges from a worldwide pandemic, the US
Food and Drug Administration (FDA) was successful in
approving several novel drugs in the USA the past year, with
53 new approvals in 2020 [9]. At the time of this writing,
nine drugs have already approved in 2021. These approvals
were in several different treatment categories with oncol-
ogy (34%), neurology (15%), and infectious disease (13%)
drugs leading the pack. Importantly, 36 of these 62 (58%)
FDA drugs approved in 2020 and 2021 had mention of liver
toxicity, either in their clinical trial results or listed in the
official FDA drug label.

Although most of these agents are still quite new and
published reports of DILI have not appeared, Fig. 2 shows
the proportion of each drug category that had any mention
of hepatotoxicity during their clinical trials or in the product
label. The majority of these new drugs were chemothera-
peutic agents (18 out of 21) followed by agents used to treat
infectious diseases (7 out of 8) and neurologic disorders (5
out of 9). Twelve of the novel drugs (nearly 20%) had hepa-
totoxicity warnings and/or precautions specifically listed in
their FDA label. These drugs are included in Table 1. Chem-
otherapeutic agents make up the majority of these agents
with six of them being tyrosine kinase inhibitors.

4 COVID-19 and Liver Injury

The coronavirus pandemic dominated clinical concerns and
research in 2020, which continues into 2021. It impacted
clinical trials for new drugs and was associated with hepatic
enzyme elevations that in some cases posed a significant
confounder in the diagnosis of DILI.

4.1 COVID-19-Related Liver Injury

Liver enzyme abnormalities are common in hospitalized
patients with COVID-19, with an estimated range of 14-53%
[10-13]. The most common pattern of injury is a mild-to-
moderate hepatocellular injury (aspartate aminotransferase/
alanine aminotransferase [AST/ALT] < 5X upper limit of
normal [ULN]). The exact pathophysiologic mechanism
whereby COVID-19 causes hepatic injury is not yet fully
elucidated, but various mechanisms have been implicated
including, direct viral injury, immune-mediated injury,
hypoxia-related injury, exacerbation of pre-existing liver
disease, or even treatment-related DILI, given the wide spec-
trum of medications that had been given for the treatment of
severe COVID-19 [14].

On a biochemical level, the angiotensin-converting
enzyme 2, a host cell receptor for SARS-CoV that has been
shown to mediate SARS-CoV-2 infection, is found in con-
siderably higher concentrations in cholangiocytes (59.7%)
compared with hepatocytes (2.6%) [15-18]. Nonetheless,
the pattern of liver injury in COVID-19 is typically hepato-
cellular with mild-to-moderate aminotransferase elevations,
suggesting that direct viral injury is not a major mechanism
of the liver injury. Instead, many researchers propose an
underlying systemic immune reaction as the etiology for
COVID-19-related liver injury. This has been supported by
increased levels of inflammatory cytokines and other inflam-
matory markers such as tumor necrosis factor-a, interleukin
(IL)-2, IL-6, IL-7, IL-18, granulocyte-macrophage colony-
stimulating factor, interferon y, and ferritin in patients with
COVID-19 [19].

Interestingly, COVID-19 infection has not been associ-
ated with laboratory markers of liver synthetic dysfunction
and is rarely associated with acute liver failure in patients
without pre-existing chronic liver disease [14]. Therefore,
the enzyme abnormalities in COVID-19 infection appear to
be less clinically significant than originally thought. Patients
with pre-existing chronic liver diseases are theorized to be
at increased risk for COVID-19 infection because of their
relative immunodeficiency, although this relationship has
not been fully clarified [20].

4.2 COVID-19 Infection-Related DILI

Several drugs used in the treatment of COVID-19 have been
theorized as potential causes of DILI, though evidence of
a causal relationship is limited. Cai et al. looked at 417
patients with COVID-19 in a study in China that showed th
euse of lopinavir/ritonavir increased the odds of liver injury
by four-fold compared with a patient who did not receive the
drug [21]. However, previous studies have suggested that
moderate-to-severe elevations in serum aminotransferase
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Fig.2 Proportion of each drug
category that had any mention
of hepatotoxicity in their official
US Food and Drug Administra-
tion label or trial separated by
clinical category of use [9].
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Table 1 New drug approvals from 2020 and 2021 with a US Food and Drug Administration label listing a warning or precaution for hepatotox-

icity [9]

Drug name Indication

Mechanism

Type of liver injury in clinical trials

Cabotegravir HIV
and rilpiv-
irine

Capmatinib ~ Non-small cell lung cancer

Fostemsavir  HIV

Lurbinectedin Metastatic small cell lung cancer
Ozanimod Relapsing multiple sclerosis

Pralsetinib Non-small cell lung cancer

Remdesivir COVID-19

Satralizumab  Neuromyelitis optica spectrum disorder

Selpercatinib  Lung and thyroid cancer
Tepotinib Non-small cell lung cancer

Tucatinib HER2-positive breast cancer

Umbralisib Marginal zone lymphoma and follicular lym-

phoma

Antiretroviral agent

Kinase inhibitor

Antiretroviral agent

DNA alkylating agent
Spingosine 1-phosphate
receptor modulator

Kinase inhibitor

Antiviral drug

IL-6 signaling inhibition
Kinase inhibitor
Kinase inhibitor
Kinase inhibitor

Kinase inhibitor

Grade 3 or 4* AST or ALT elevations in 2% of
patients

AST or ALT elevations in 13%. Grade 3 or 4 AST/
ALT elevations in 6% of patients

Elevations in hepatic transaminases in patients
with hepatitis B or C virus co-infection (Grade 3
or 4in 14%)

Grade 3 or 4 elevations in AST and ALT in 3.5%
and 6.4%, respectively

Grade 3 or 4 elevations in AST or ALT in 1.1% of
patients

Grade 3 or 4 elevations in AST and ALT in 5.4%
and 6%, respectively

Grade 1 and 2 elevations in AST or ALT seen
in healthy volunteers. Grade 3 and 4 eleva-
tions in AST or ALT have been seen in patients
with COVID-19 taking remdesivir, though the
incidence was similar between patients taking
placebo vs remdesivir

Elevations in AST or ALT > 3x ULN occurred in
3% of patients

Grade 3 or 4 elevations in AST and ALT in 8% and
9%, respectively

Grade 3 or 4 elevations in AST or ALT in 4.2% of
patients

Grade 3 or 4 elevations in AST, ALT, and Tbili in
6%, 8%, and 1.5% ,respectively

Grade 3 or 4 elevations in AST and ALT in 7% and
8%, respectively

ALT alanine aminotransferase, AST aspartate aminotransferase, HIV human immunodeficiency virus, IL-6 interleukin-6, Tbhili total bilirubin,

ULN upper limit of normal

4Defined as AST or ALT > 5x ULN, or Tbili > 3x ULN
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levels (> 5x ULN) are found in 3-10% of patients taking
lopinavir/ritonavir and the injury is often self-limited even
with continuation of the drug [22]. Furthermore, use of this
regimen has decreased over time given its lack of efficacy
[23].

Remdesivir has increasingly been used in hospitalized
patients as it has been shown to be superior to placebo in
decreasing the time to recovery in hospitalized patients
[24]. Various studies have reported elevations in serum
aminotransferases in patients with COVID-19 treated with
remdesivir with a range of 15-50% [25-27]. However, in
controlled trials of hospitalized patients with COVID-19,
laboratory markers of hepatotoxicity were similar compared
to placebo [24, 28, 29]. There have been rare case reports of
acute liver failure associated with remdesivir, but causality
has been difficult to establish as most cases were associated
with critically ill patients who also may have received other
potentially hepatotoxic agents [30].

Tocilizumab, an anti-IL-6 receptor monoclonal anti-
body previously used in various rheumatologic conditions,
has increasingly been used in the treatment of COVID-19
[31]. The first known case of tocilizumab-related DILI was
described by Muhovi¢ et al., with a RUCAM score of 8,
suggestive of “probable” DILI [32]. Their patient devel-
oped peak AST of 1076 TU/L and ALT of 1541 IU/L 2 days
following tocilizumab administration. Ten days later, the
patient had resolution of his liver chemistries.

5 Updates in DILI Diagnosis and Causality
Assessments

The diagnosis of DILI remained a challenge in 2020. As
there is still no single definitive biochemical test, DILI
remains a diagnosis of exclusion. Causality assessment tools,
such as RUCAM, have gained increasing acceptance as dem-
onstrated by Teschke and Danan who found that RUCAM
was used to assess possible cases of idiosyncratic DILI in
more than 81,000 published reports and in more than 14,000
possible herbal induced liver injury (HILI) cases listed in
PubMed since 1993 [33]. While RUCAM is an effective
tool, it relies on a degree of expertise with DILI in order
to best determine the scoring of its various elements. For
example, one area of concern in the reliability of RUCAM
is in patients with non-alcoholic fatty liver disease or other
chronic liver diseases. Ghabril et al. from the US DILI Net-
work analyzed 551 patients who were suspected of having
DILI based on expert consensus and RUCAM scores, and
stratified patients into three groups based on the presence
of “no comorbidities (0)”, “mild comorbidities (1-2)”, or
“significant comorbidities (> 2)” [34]. The authors found
that the mean RUCAM scores decreased with increasing
comorbidities (p < 0.001). Furthermore, the probability of

diagnosing DILI with a high level of confidence was sig-
nificantly lower in patients with significant comorbidities
compared with those with mild or no comorbidities (p <
0.001). The authors concluded that a higher comorbidity
burden complicates the causality assessment of patients with
suspected DILI, emphasizing the importance of discovering
better diagnostic methods for DILI in such patients. Nev-
ertheless, RUCAM is considered far superior to non-liver-
specific tools such as the Naranjo score [35]. As a case in
point, Mullins et al. evaluated the frequency and pattern
of micafungin-induced DILI using both RUCAM and the
Naranjo algorithm [36]. The authors included 47 possible
cases over a 1-year period at a single center and the criteria
for DILI was met in nine (19%) patients, defined as ALT >
5% ULN, alkaline phosphatase (ALP) > 2x ULN, or total
bilirubin > 2x ULN with any change in ALT or ALP. There
was agreement between the two causality assessment meth-
ods in only 4/9 (44%) cases. Using RUCAM, five (10.6%)
cases met criteria for micafungin-induced DILI, indicating
a prevalence of 10.6% in this population. In contrast, the
Naranjo algorithm found nine (19%) cases of suspected
DILI, which was likely an overestimation [36].

Diagnosis of DILI remains a challenge in part because
there are no clearly established metabolic risk factors for
which patients will develop DILI. Teschke and Danan iden-
tified several potential risk factors for DILI in their review
article [37]. Most notably, they reviewed a quantitative
analysis of 3312 cases of DILI that were assessed for cau-
sality with RUCAM and noted that of the 36 most com-
monly implicated drugs, 22 drugs (61.1%) were metabo-
lized through cytochrome P450 (CYP) pathways, whereas
14 drugs (38.9%) were metabolized via other pathways. The
most commonly implicated CYP isoforms were CYP 3A4/5
(49.6%), CYP 2C9 (24.6%), CYP 2E1 (13.2%), CYP 2C19
(7.3%), CYP 1A2 (3.5%), and CYP 2D6 (1.8%). The authors
note that other studies have suggested that specific isoforms
including CYP 1A2, CYP 2C8/2C9, and CYP 3AS5 have a
higher likelihood of causing DILI, but the cases were not
assessed for causality with RUCAM and some critical details
were missing from some of the cases [37]. Therefore, more
data are needed on the relationship of CYP metabolism of
drugs and the risks for DILI to establish a better understand-
ing of the various mechanisms of DILI.

5.1 Novel Biomarkers and DILI

5.1.1 Genetic Biomarkers

The hunt for a specific diagnostic DILI biomarker continued
in 2020. Genetic polymorphisms remained of ongoing inter-
est, particularly in relation to anti-tuberculosis liver injury

(ATLI). N-Acetyltransferase 2 has been the focus of many
ATLI studies over the past few decades. Several groups again
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demonstrated that “slow acetylator” phenotypes were asso-
ciated with an increased risk of developing ATLI [38—40].
Unfortunately, most of these studies are limited by small
sample sizes and lack ethnic diversity (as most studies were
conducted among Asian or Latin American populations) and
thus their generalizability to European and North American
populations remains unclear.

Human leukocyte antigens (HLAs) are another area of
research interest for predicting susceptibility to DILI and
multiple polymorphisms for various drugs have been impli-
cated. Tangamornsuksan et al. performed a large pooled
meta-analysis of all available reports of HLA polymorphism
studies associated with lapatinib, a chemotherapy medica-
tion used for HER2+ breast cancer, and found a clear asso-
ciation between HLA-DRB1*07:01 and lapatinib-induced
hepatotoxicity (odds ratio 6.23) [41]. This study was unique
in that the authors felt the data were strong enough to recom-
mend genetic screening of HLA-DRB1*07:01 in patients
with breast cancer prior to lapatinib therapy. In contrast, data
regarding other HLA markers are limited by low positive
predictive values and the high cost to implement widespread
screening, thus limiting their application in preventing DILI
[42, 43].

5.1.2 Serum Biomarkers

The standard serum liver tests, including ALT, AST, ALP,
and total bilirubin (Tbili) have been used to diagnosis and
monitor DILI for decades, yet they lack specificity for hepa-
totoxicity and DILI. Therefore, there has been ongoing
interest in discovering novel serum biomarkers that can (a)
improve specificity for liver injury better than ALT; (b) reveal
specific mechanisms of DILI; and (c) better prognosticate the
severity of DILI [44]. Glutamate dehydrogenase (GLDH)
has emerged as a promising liver-specific serum biomarker
of hepatocellular injury. Schomaker et al. demonstrated its
liver specificity in a study that compared ALT and GLDH
levels in patients with Duchene muscular dystrophy with
healthy controls to differentiate the effect of muscle injury or
disease on aminotransferases from GLDH [45]. They found
that serum ALT levels were increased 20-fold in patients
with Duchene muscular dystrophy compared with controls,
whereas serum GLDH levels were similar in patients with
Duchene muscular dystrophy and healthy controls. The
authors also describe a case of a patient with rhabdomy-
olysis who developed elevations in AST, ALT, and creatine
kinase, while GLDH remained normal until the patient devel-
oped hypoxia-induced liver injury [45]. Roth et al. reviewed
the literature on emerging serum biomarkers of DILI spe-
cifically, including GLDH [46]. They highlight the potential
advantages of GLDH as a biomarker including no differences
in levels based on age or gender, and little intra-subject and
inter-subject individual variability in several studies. Some
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of the disadvantages of GLDH are that transient elevations
of GLDH may occur in the context of common bile duct
stone passage, circulatory disturbances leading to ischemic
or congestive hepatopathy, and certain medication use such
as cholestyramine that are not associated with clinically sig-
nificant liver injury [46]. While GLDH represents a gen-
eral marker of hepatotoxicity, it has also been proposed as a
potential mechanistic biomarker. Glutamate dehydrogenase
is located within the mitochondrial matrix of hepatocytes
and thus it has been theorized that GLDH may be released
early in DILI if the cause of hepatocyte death is mitotoxic-
ity [47]. According to this hypothesis, hepatocyte death that
does not involve primary mitochondrial injury would result
in the release of intact mitochondria into the circulation. This
then could be removed via centrifugation and result in lower
GLDH activity. The authors tested this hypothesis by treating
mice with either acetaminophen, which is a known mito-
chondrial toxicant, or furosemide, which causes hepatocyte
death via other mechanisms. Surprisingly, GLDH levels were
not affected by centrifugation in both the acetaminophen and
furosemide groups. However, the ratio of GLDH:ALT was
five-fold lower in the furosemide group compared with aceta-
minophen. Using electron microscopy, the authors confirmed
that both treatments had resulted in mitochondrial injury.
Interestingly, only the furosemide-treated group was found
to have mitochondrial injury within vesicles, suggesting that
mitophagia may account for the lower GLDH:ALT ratio seen
in the furosemide group [47]. Another interesting study
using GLDH was published by Llewellyn et al. in which the
authors tested seven promising biomarkers and found that
a three-biomarker combination of GLDH, K18, and miR-
122 had similar sensitivity and specificity for detecting liver
injury compared to ALT in acetaminophen-treated patients
with DILI, but lacked any superiority to ALT individually
[48].

Acetaminophen-protein adducts represent N-acetyl-p-
benzoquinone imine (NAPQI) covalently bound to cysteine
groups on proteins that are released into blood during hepat-
ocyte lysis. Prior studies have shown that these adducts can
distinguish acetaminophen-related acute liver failure from
other causes of acute liver failure [49-52]. This year, Chiew
et al. analyzed 240 patients who presented with acetami-
nophen overdose and found that the initial acetaminophen-
protein adduct concentration could predict which patients
presenting with normal or moderately elevated ALT levels
would later develop hepatotoxicity [53]. Indeed, the aceta-
minophen-protein adducts were felt to be superior to ALT
and AST in this setting. This is particularly notable because
acetaminophen-protein products accurately predicted hepa-
totoxicity regardless of the time of ingestion, which is a
critical aspect of determining when to start treatment in
overdose settings, which is often unknown at the time of
hospital presentation.
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6 Electronic Medical Record-Based DILI
Algorithms

Because of its varied clinical presentations, DILI is a dif-
ficult entity to study epidemiologically. Several articles
appeared this year exploring the role of electronic medical
record-based algorithms designed to identify DILI. Yeboah-
Korang et al. published a study in which they searched an
electronic medical record database at the University of
Michigan Hospital between October 2015 and September
2018 for encounters with an International Classification of
Diseases 10th Revision T code for drug toxicity and a K-71
code for toxic liver injury [54]. They assessed causality with
a combination of expert opinion and RUCAM scoring. The
authors included 182 cases of suspected DILI based on this
algorithm and identified “probable” DILI in 121 patients,
thus giving a positive predictive value of 66.5%. In contrast,
Kang et al. published a similar study where they searched
an electronic medical record database at three centers in
South Korea [55]. They used an algorithm that searched for
patients with ALT < 3x ULN and Tbili < 2x ULN within
48 h of admission who then subsequently developed liver
test abnormalities including ALT > 3x ULN and Tbili > 2x
ULN or ALT > 5x ULN at any point during the admission.
The authors found 1100 cases of suspected DILI based on
this algorithm, and after reviewing each case using RUCAM,
365 were included as at least “possible” causes of DILI, giv-
ing a positive predictive value of 33.1%. Both these studies
suffer from relatively low positive predictive values and sug-
gest that improvements are needed in screening algorithms
for DILI before they can be accurately employed in popula-
tion research. Furthermore, they are dependent on accurate
coding to be reliable indicators of DILI, which poses another
significant limitation.

7 Quantitative Systems Pharmacology
and DILI

Over the last year, there have been several advances in the
way we can attempt to predict DILI. With the rise of orga-
noid, three-dimensional tissue culture models, the toxicity
of drugs on human hepatocytes can be tested directly, rather
than relying on animal testing. Inventions such as the three-
dimensional “liver-on-a chip” and liver organoid-based tox-
icity screens both use hepatic pluripotent cells as the basis of
testing for DILI directly rather than waiting on safety trials
or post-market results [56]. These models can detect various
phenotypes of liver injury and can detect species-specific
hepatotoxicity when tested with offending agents. For exam-
ple, hepatocyte organoids have been used to study Alagille
syndrome, fatty liver disease, Wilson’s disease, hepatitis

B viral infection, and cystic fibrosis while cholangiocyte
organoids have been established to study conditions such
as primary sclerosing cholangitis (SC) [57]. Some of these
organoids recreate the three-dimensional architecture of
human hepatocytes of cholangiocytes that more accurately
predicts response to potential hepatotoxins than traditional
two-dimensional (2D) models. Shinozawa et al. created a
human liver organoid from ten different, pluripotent stem
cell lines that contained polarized immature hepatocytes
with a bile canaliculi-like architecture, establishing a uni-
directional bile acid transport pathway [58]. The authors
tested this organoid model against 238 marketed drugs and
were able to predict hepatocyte viability and toxicity with
a high sensitivity (88.7%) and specificity (88.9%). Further-
more, these systems may provide a way to more accurately
predict liver toxicity and predict human relevance of hepato-
toxicity detected in animal studies. For example, Mun et al.
compared the toxic concentration of trovafloxacin, an anti-
biotic that was withdrawn from the market because of cases
of acute liver failure, in traditional 2D cellular models vs
organoid models [59]. They found that the organoid models
induced hepatotoxicity at significantly lower concentrations
of trovafloxacin doses compared with 2D models (0.8—4 pM
vs 20—100 pM). Another application of organoid models
was highlighted by Koido et al., in which they developed a
polygenic risk score for DILI by aggregating the effects of
numerous genome-wide loci identified from previous large
genome-wide association studies [60]. The authors were
able to predict susceptibility to DILI based on polygenic
risk scores in human liver organoids and primary hepato-
cyte models in various drugs known to cause DILI including
fasiglifam, amoxicillin-clavulanate, and flucloxacillin. This
highlights the likely polygenic mechanisms underlying DILI
susceptibility and is another area where organoid models
may outperform traditional 2D cell culture models.

In 2020, the FDA renewed its annual license with the
quantitative systems toxicology software called DILIsym
[61]. Developed by an initiative started in 2011, DILIsym
continues to be a resource for the FDA and pharmaceuti-
cal companies alike to assess the hepatic safety profile of
new drug candidates [62]. Notably, the software was able to
predict the safety profile for three potential migraine drug
candidates. DILIsym successfully modeled the liver toxic-
ity profiles of telcagepant and MK3207 and was also able to
show the lower potential for hepatotoxicity with ubrogepant,
an alternative migraine drug [63]. This ability to predict liver
injury in drug development and also provide a better under-
standing of the mechanisms of DILI offers unique opportuni-
ties and promises in the hepatotoxicity field (Table 2).
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8 Newly Described Hepatotoxins

We identified only a few instances of DILI linked to new
medications in 2020. Michels et al. described a case of
DILI following administration of the biosimilar, glatiramer
acetate medication “Clift” [64]. Glatiramer acetate is an
immunomodulatory drug used in the long-term manage-
ment of multiple sclerosis. In their case report, a 23-year-
old female patient with multiple sclerosis initially developed
mild-to-moderate increases in serum aminotransferases 4
weeks after treatment initiation. Therapy was paused but
the patient continued to have massive elevations in labora-
tory values including AST 31.9x ULN, ALT 43.41x ULN,
and GGT 5.35x ULN GGT, respectively. Liver biopsy
was performed that revealed “slight fibrosis and multifo-
cal microscopic necrotic areas predominantly in the cen-
trilobular region, accompanied by lymphocyte infiltrates
with an increased number of CD38-positive plasma cells”.
The patient remained asymptomatic and was treated with a
course of oral steroids with resolution of laboratory values.
A limitation of this case was the fact the authors did not use
a causality assessment tool, raising the possibility of another
etiology causing the liver injury, as the height of these liver
tests makes them outliers when it comes to clinical trials.
While glatiramer acetate has been used for over two dec-
ades in the management for multiple sclerosis, overt hepa-
totoxicity appears to be quite rare. In clinical trials, serum
ALT elevations above 3XULN were uncommon (reported in
7% of glatiramer recipients compared with 3% of placebo
recipients) [65]. Moreover, in the GATE trial in 2017 that

included 794 patients, there was no significance difference in
hepatobiliary adverse events between the brand name prod-
uct and biosimilar glatiramer acetate with an event rate that
was extremely low for both groups (four total hepatobiliary
adverse events) [66]. Despite this, suspected DILI in patients
receiving glatiramer acetate biosimilars should be consid-
ered when using these new biosimilar agents [67].
Onasemnogene abeparvovec is a novel gene therapy
medication recently approved by the FDA in 2019 for use
in spinal muscular atrophy in children under 2 years old
[68]. In a study by Chand et al., the authors evaluated five
clinical trials to evaluate hepatic adverse events [69]. They
found that 90% of patients had some degree of elevated liver
enzymes; however, 61% of patients had liver enzyme eleva-
tions at baseline prior to treatment. Of note, liver enzyme
abnormalities are common in patients with spinal muscular
atrophy, and at least one third of autopsies on patients with
spinal muscular atrophy have revealed steatosis [70]. In the
Chand et al. cohort, two patients developed severe liver
injury with predominantly hepatocellular injury where AST/
ALT were >40x ULN. In both cases, liver biopsy exhibited
inflammatory infiltrates composed of CD8+ T cells suggest-
ing a possible immune-mediated injury. Both patients were
treated with methylprednisolone and were discharged from
the hospital within 2 weeks of the initial diagnosis [69].
Another newly identified drug implicated to cause
hepatotoxicity is the antagonistic selective progesterone-
receptor modulator, ulipristal acetate. While it was initially
designed for one-time emergency contraception use, it has
been approved for use for 3 months at a time for the treat-
ment of uterine fibroids [71-73]. Several recent reports of

Table 2 DILIsym predictions for telcagepant, MK-3207, and ubrogepant in a simulated patient population of healthy volunteers [63]

Compound  Dosing protocol

Simulated ALT > 3x ULN Clinical ALT > 3x ULN

Telcagepant 280 mg BID 12 weeks
140 mg BID 12 weeks

12.6% (36/285)
0% (0/285)

3.2% (8/253)
1.9% (5/258)

MK-3207 200 mg q2h, 2 daily doses (400-mg daily dose),  3.5% (10/285) 42% (5/12) among individuals dosed for more than
for 14 days 1 week; most responding were given 600-900
mg per day
300 mg q2h, 2 daily doses (600-mg daily dose), 7% (20/285)
for 14 days
450 mg q2h, 2 daily doses (900-mg daily dose),  10.2% (29/285)
for 14 days
Ubrogepant 100 mg q2h, 4 days 0% (0/285) N/A
1000 mg q2h, 4 days 0% (0/285) N/A
100 mg QD, 8 days 0% (0/285) N/A
1000 mg QD, 8 days 0% (0/285) N/A
50 mg QD, 2 days on, 2 days off for 56 days, 28 0% (0/285) N/A
total doses
100 mg QD, 2 days on, 2 days off for 56 days, 28 0% (0/285) 0.8% 2/256

total doses

ALT alanine aminotransferase, BID twice daily, N/A not applicable, g2k every 2 hours, QD once daily, ULN upper limit of normal
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hepatotoxicity associated with longer term use in fibroid
treatment were found. For example, Meunier et al. described
a 58-year-old woman who developed fatigue, nausea, and
abdominal discomfort followed by rising ALT/AST and
international normalized ratio 2 months after beginning
treatment with ulipristal acetate for symptomatic fibroids
[74]. Over the following 3—4 weeks, the patient continued to
decline and eventually developed subacute liver failure with
a model for end-stage liver disease (MELD) of 36, requir-
ing emergency liver transplantation. Liver biopsy of the
explanted liver revealed cirrhosis and severe mediolobular
and centrilobular necrosis associated with cholestasis and a
massive polymorphous inflammatory cell infiltrate includ-
ing lymphocytes, polynuclear neutrophils, eosinophils and
Mallory bodies. The finding of cirrhosis on biopsy was
unexpected given no history of chronic liver disease prior
to hospitalization; however, ulipristal was considered causa-
tive based on the US DILIN method [74]. This case high-
lights that ulipristal or its metabolites may accumulate in a
dose-dependent manner to cause hepatotoxicity, and caution
is advised when prescribing the drug for longer durations.
This is a similar scenario to that seen with bromfenac, a non-
steroidal anti-inflammatory drug originally investigated as a
short-term pain reliever that was subsequently removed from
the market after cases of severe hepatotoxicity were found
in patients taking the medication for longer durations [75].

What appears to be the first case report of clinically
apparent doxazosin-related DILI was published by Jimé-
nez Sanchez et al. [76]. They described a 73-year-old male
patient who presented with jaundice, choluria, pruritus,
and nausea 35 days after starting treatment with doxazosin
for benign prostatic hyperplasia. The patient was found to
have AST 1211 IU/L, ALT 1607 IU/L, ALP 514 IU/L, and
Tbili 9.4 mg/dL. The patient had gradual resolution of liver
enzymes after drug discontinuation [76]. In this case, doxa-
zosin was assigned a RUCAM score of “probable” despite
the fact that prior clinical trial data showed low rates of
serum aminotransferase elevations that were not signifi-
cantly higher than with placebo [77].

Nonsteroidal anti-inflammatory drugs are another class
of medication with widespread use that have increasingly
been associated with hepatotoxicity. The overall incidence of
nonsteroidal anti-inflammatory drug-induced DILI is low at
0.29-9 cases/100,000 patient-years, but several case reports
of fatal acute liver injury have appeared for various drugs in
the class [78, 79]. Pelubiprofen is a COX-2 selective non-
steroidal anti-inflammatory drugs that is primarily used in
South Korea for the treatment of osteoarthritis and is touted
for its lower incidence of gastrointestinal side effects [80].
Bak et al. reported a 29-year-old female patient who was
hospitalized 2 days after ingesting pelibuprofen and found
to have markedly elevated liver enzymes, including ALT
6479 TU/L and AST 4254 TU/L on day 2 of admission [81].

Interestingly, this patient had a Tbili of 3.12 mg/dL on the
day of admission, which continued to uptrend to a peak of
11.81 mg/dL on day 23. Liver biopsy was performed on day
23 of admission and was consistent with cholestatic injury.
The bilirubin levels remained elevated despite resolution of
the serum aminotransferase elevations and a liver biopsy was
repeated on day 124. It revealed chronic cholestatic hepa-
titis with absent bile ducts in more than 50% of the portal
tracts. Immunostaining for CK19 confirmed bile duct loss
and bile ductular proliferation. Therefore, a diagnosis of van-
ishing bile duct syndrome was made with a RUCAM score
of 6 indicating a low “probable” causation by pelubiprofen,
although the height of the aminotransferases is atypical of
other cases of vanishing bile duct syndrome [81].

Liraglutide is a GLP-1 analog that acts to increase insu-
lin secretion and has been used for the treatment of diabe-
tes mellitus as well as a weight loss agent [82]. It has also
recently been investigated as a potential treatment for non-
alcoholic steatohepatitis [83]. The LEAD trial compared 48
weeks of subcutaneous liraglutide (1.8 mg/day) to placebo
in 52 patients with biopsy-proven non-alcoholic steatohepa-
titis and was shown to significantly improve steatosis and
hepatocyte ballooning on biopsy [84]. The product label of
liraglutide does not mention liver injury as an adverse event
and only one case report of serious liver injury was reported
with liraglutide, which presented as autoimmune hepatitis
that did not improve with drug discontinuation [85]. Maor
et al. reported a case of a 52-year-old female patient with
obesity who was treated with liraglutide for weight loss for
3 months [86]. She presented to the hospital after 3 months
of treatment because of abnormal liver tests and was found
to have a mixed pattern of injury with ALT 547 IU/L, AST
268 IU/L, ALP 390 IU/L, GGT 427 IU/L, and Tbili 1.3 mg/
dL. The patient had an abdominal ultrasound that revealed
a fatty liver, and was diagnosed with DILI with a RUCAM
score of 7 indicating “probable” DILI caused by liraglu-
tide. The medication was discontinued, and the patient’s
liver enzymes gradually normalized over the next 3 months
[86]. This positive dechallenge response with normalization
of liver enzymes after cessation of liraglutide suggests its
causative role in the liver injury.

9 New Reports of Established Hepatotoxins

9.1 Anti-TB Drugs

Anti-tuberculosis drug-induced liver injury continues to
be a challenge in the management of tuberculosis (TB) and
is a major reason for treatment discontinuation throughout
the world. In particular, there has been extensive research
conducted in Asian populations because of an observed
high prevalence of ATLI, and the lack of a standardized
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biochemical monitoring strategy for ATLI. However, the
Asian-Pacific Association for the Study of the Liver recently
published guidelines recommending baseline laboratory and
imaging testing for signs of pre-existing liver dysfunction
prior to starting any TB treatment [87]. Interestingly, they
recommend against routine hepatic biochemical monitoring
after treatment has been initiated in patients without risk
factors for ATLI, such as pre-existing liver disease or human
immunodeficiency virus, or baseline laboratory abnormali-
ties (grading of evidence A, grade of recommendation 1).
The authors suggest monitoring these patients for clinical
signs of ATLI while those with risk factors should have
laboratory testing every 2 weeks for the first 8§ weeks and
then monthly [87]. While this strategy is likely the most cost
effective, waiting until patients develop clinical symptoms
will undoubtedly lead to some cases of ATLI being missed
and potentially lead to poor patient outcomes, as has been
previously reported [88].

Costs involved with the treatment and monitoring of
adverse events are particularly important in lower income
countries where resources are limited but the prevalence of
TB is high. To combat this problem, Moed et al. designed a
study using a simulated model of patient data from a village
in Burundi that compared the sensitivity and cost effective-
ness of monitoring for ATLI using ALT testing monthly vs
point-of-care (POC) paper-based liver testing vs symptom
monitoring alone [89]. Hepatotoxicity was defined as ALT >
3% ULN with symptoms or ALT > 5x ULN without symp-
toms, and all patients were compared to gold standard testing
with ALT. Based on the model, the POC paper-based test
was found to be 56% more sensitive than symptom moni-
toring alone in detecting hepatotoxicity. Furthermore, gold
standard ALT monitoring was only 5% more sensitive for
detecting hepatotoxicity compared with POC. As a result,
the authors predicted that if the POC test could be made
available at a cost of less than $1.60, the POC test would
be more cost effective than standard ALT laboratory testing
[89].

Because of the inherent hepatotoxicity of many anti-TB
drugs, clinicians have explored modified treatment regi-
mens in an attempt to reduce adverse events. Isoniazid is
a core component of the treatment regimen for both active
and latent TB infection (LTBI) and is a well-known cause
of ATLI [90]. Previously, the recommended treatment for
LTBI was 9 months of isoniazid therapy in the USA and
Canada, and 6-9 months in Europe. However, a recent clini-
cal trial by Menzies et al. demonstrated comparable effi-
cacy and fewer adverse events when comparing 4 months of
rifampin vs 9 months of isoniazid therapy [91]. Therefore,
Ronald et al. explored this further in 10,559 patients with
LTBI (9684 given isoniazid and 875 received rifampin) in
Quebec who were treated with either 9 months of isoniazid
(9H) or 4 months of rifampin (4R) [92]. The authors found
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that the 4R group had higher rates of treatment completion
(53.5% vs 36.9%, relative risk (RR) = 1.5), less severe hepa-
totoxicity (n = 1 vs n = 15, odds ratio = 2.3), and a lower
average cost per patient (cost ratio = 0.7). Severe hepatotox-
icity was defined as hospitalization with a diagnostic code
indicating hepatotoxicity and subsequent drug discontinua-
tion. While rifampin has its own risks of hepatotoxicity, this
study suggests that the 4R regimen is associated with less
hepatotoxicity, less cost, better completion rates, and similar
efficacy and thus should be used as a first-line regimen in
treating LTBI [92]. Both the Centers for Disease Control
and Prevention and World Health Organization have updated
their clinical practice guidelines to include 4R as a preferred
regimen for the treatment of LTBI [93, 94].

Last, there continues to be extensive research into risk
factors and biomarkers for ATLI, although no clear diagnos-
tic or prognostic markers have yet been found. Udomsinpra-
sert et al. explored the utility of leukocyte telomere length,
a biological indicator of age-related diseases, as a potential
diagnostic biomarker for ATLI [95]. They compared 100
healthy controls, 49 patients with TB with ATLI, and 53
patients with TB without ATLI using polymerase chain reac-
tion analysis for leukocyte telomere length. They found that
patients with TB collectively had shorter relative telomere
length than healthy controls (p = 0.008). However, within
the group of TB-infected patients, those with ATLI had sig-
nificantly longer RTL than those without ATLI (p = 0.001)
[95]. This is an interesting association and deserves further
study to establish the exact relationship between leukocyte
telomere length and ATLI and its role in clinical practice.

Tao et al. investigated the association of ABO blood
groups with ATLI as a potential risk factor [96]. They com-
pared ABO blood types in 146 ATLI cases vs 584 controls
with ATLI defined as ALT > 3x ULN, and/or ALP > 2x
ULN. Causality was assessed using RUCAM and highly
probable, probable, or possible cases were included. Inter-
estingly, patients with A, B, AB, or non-O blood types
all had an increased risk of developing ATLI (p = 0.024,
0.043, 0.018, and 0.010 respectively) compared with blood
type O. The authors theorize that this association between
ATLI and ABO blood group determinants may be related to
complement-mediated erythrocyte destruction through the
Ii antigen system, especially in the case of rifampin, and
deserves further study [96].

9.2 Chemotherapy and DILI
9.2.1 ICls

As noted above, a majority of newly approved medications
are in the oncotherapeutic classes and often are associ-
ated with hepatotoxicity. Immune checkpoint inhibitors
(ICIs) have been a cornerstone of treatment in a variety of
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previously difficult-to-treat cancers but are associated with a
variety of immune-mediated adverse effects, including hepa-
totoxicity [97]. Guo et al. performed a large literature review
of 20 clinical trials that evaluated PD-1/PD-L1 compared to
traditional chemotherapy and found that PD-1/PD-L1 treat-
ment was associated with increased risk of all-grade hepa-
titis (RR = 5.85, p < 0.01), and high-grade hepatitis (RR
= 5.66, p < 0.01) [98]. Various groups have reported the
incidence and clinical signature of immune-mediated liver
injury (ILICI) in the past year [99-105]. In one of the larg-
est studies of 5762 patients from the MD Anderson Cancer
Center who were treated with ICIs between 2010 and 2018,
100 (2%) developed ILICI after a median latency of 59 days
(range 8—454 days), which was defined as ALT > 5x ULN,
in the absence of an alternate cause [99]. Immune-mediated
liver injury was more common in patients treated with com-
bination therapy of an anti-CTLA-4 and anti-PD-1 (9.2%)
compared with monotherapy with an anti-CTLA-4 (1.7%)
or anti-PD-1 (1.1%). The majority of cases were hepato-
cellular in nature with a median value of ALT 482 IU in
patients with liver metastases or underlying chronic liver
disease compared with 563 IU without chronic liver disease.
Median AST values were 445 IU and 416 IU, respectively,
with only minimal elevations in alkaline phosphatase (194
IU and 169 IU). Median total bilirubin values were 1 mg
and 1 mg, respectively, but those patients with chronic liver
disease or liver metastases had a broader range (up to 23 mg
vs 8mg) [99].

Symptoms associated with ILICI were described in 164
patients with mostly melanoma from a multicenter study
from Vanderbilt University Medical Center, Massachusetts
General Hospital, Northwestern Memorial Hospital, Duke
University Medical Center, Rutgers University Hospital,
and the Melanoma Institute of Australia [100]. Nearly 75%
of the patients received a combination of ipilimumab and
nivolumab or pembrolizumab and ILICI of CTCAE grade
2 was seen in 30.49%, grade 3 in 45.73%, and grade 4 tox-
icity in 14.02%. Nearly half of patients had no symptoms
(46.34%); the most commonly reported symptoms were
fatigue or anorexia (17.07%), fever (14.02%), nausea/vomit-
ing (14.02%), abdominal or back pain (11.59%), arthralgias/
myalgias (8.54%%), and diarrhea (5.49%) [100].

A majority of ILICI cases are hepatocellular, and his-
tologically, anti-CTLA-4 agents have been associated with
a form of granulomatous hepatitis and fibrin ring-type
granulomas, along with central vein endotheliitis, while
anti-PD-1 agents are associated with non-granulomatous
forms of injury including zone 3 or panlobular inflammation
and sinusoidal histiocytosis [106]. However, an increasing
number of cases describing a form of immune-mediated SC
have appeared [107—110]. Gudnason et al. reviewed avail-
able magnetic resonance cholangiopancreatography imag-
ing from 25 patients in an unselected Icelandic DILI cohort

and found that ten (40%) of these patients had radiographic
features of SC [111]. Similarly, the US DILIN published
a study in which 4/56 (7%) unselected patients with DILI
with available adequate magnetic resonance cholangiopan-
creatography imaging showed SC changes [112]. Further
research is needed into the true incidence of SC in DILI
as these studies are limited by a small sample size and the
availability of magnetic resonance cholangiopancreatogra-
phy imaging. The pattern of injury seen with ILICI-related
SC typically is cholestatic and presents with predominantly
ALP elevations. A systematic review by Onoyama et al. of
31 cases of anti-PD-1-related cases of SC found that most
occurred in patients with non-small cell lung cancer with a
male predisposition of 2:1 and after a median number of 5.5
treatment cycles prior to the diagnosis (range 1-27) [113].
The cases were due to nivolumab in 19 patients; pembroli-
zumab in ten patients; and avelumab in one patient. Present-
ing symptoms were abdominal pain or discomfort in 35.5%.
On imaging, biliary tract dilation without obstruction was
seen in 77%; diffuse hypertrophy of the extrahepatic bile
ducts in 90.5%; and multiple strictures of intrahepatics in
30.4% [113]. De Martin et al. describe the bile duct injury
as being rich with CD8+ cytotoxic T-cell acute inflamma-
tory infiltrates in SC cases seen with anti-CTLA-4 agents
and more mixed CD8+/CD4+ T cells seen with anti-PD-1
agents [106]. These investigators have also described a form
of destructive SC along with a granulomatous form of SC.
Treatment of immune-mediated SC is unclear. One case
involving bilobar intrahepatic bile duct stricturing and ecta-
sia, with a portal-based mixed inflammation with minimal
lobulitis, was responsive to a combination of steroids and
ursodeoxycholic acid [114].

Risk factors associated with the development of ILICI
were also a focus of several new reports this past year. The
previously described risk of combination therapy was con-
firmed, along with a number of potential risk factors being
added (see Table 3)

One of the most controversial areas in the management of
patients with ILICI deals with the risk of restarting an ICI
after ILICI resolves. While many societal and FDA guide-
lines call for the permanent discontinuation of ICI therapy
for high-grade hepatotoxicity, many oncologists reported
their willingness to resume treatment in select patients with
grade 3 ILICI and in some cases, even grade 4 in the past
year. Li et al. described the outcomes of 31 patients who
were rechallenged out of a total of 102 patients with mela-
noma who had their treatment discontinued because of grade
34 ILICI [117]. Of these 31 patients, 25 (80.6%) were able
to successfully tolerate resumption of their ICIs and only
six individuals had to have their rechallenge treatment dis-
continued. Risk factors for recurrent ILICI are difficult to
assess given the small number of patients who had recurrent
hepatitis; but interestingly, three of the six had an initial
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episode of ILICI that resolved without the need for steroids.
The time to recurrence was 41 days. Liver metastases were
present in three of six (vs six of 25 without recurrence), but
the overall presence of any metastatic disease was not dif-
ferent between the groups [117]. A similar success rate of
rechallenge was also reported by Patrinely Jr et al. with 39
of 66 cases (62.12%) having no hepatitis, a recurrence rate
of hepatitis in 25.76% (seen in a median time of 32 days),
and the appearance of another form of immune-mediated
adverse reaction (irAE) in 13.64% [100]. Importantly, no
deaths from recurrent hepatitis were reported. The rationale
for rechallenge was provided as either disease progression
off the ICI or lack of efficacy of a non-ICI treatment in more
than 60% of rechallenge cases.

In a large, cross-sectional observational pharmacovigi-
lance analysis of the WHO Vigibase, Dolladille et al. found
452 of 6123 irAEs were rechallenged with 29% having a
recurrence of the initial irAE [118]. The number of patients
being rechallenged for an initial irAE of hepatitis was 30%
(139 of 471), but the rate of recurrence of hepatitis after
rechallenge was based on very small numbers where full
data were available, with a range between 5.6% (for com-
bination ICI therapy) and 14.3% (for retreatment with
anti-CTLA-4).

Re-challenge with the combination of an anti-PD-1 agent
and an anti-CTLA-4 agent carries a high risk of recurrence
and is not recommended [119]. Interestingly, a report of anti-
PD-1 reintroduction in a patient with previous liver toxic-
ity from anti-CTLA-4 led to fulminant hepatitis, whereas
in contrast, a case series of re-challenge with an anti-PD-1
antibody in four patients out of 21 with previous liver toxic-
ity from combination therapy did not lead to a recurrence
of hepatitis [114, 120]. Serra-Bellver et al. theorized that
this was due to the extended half-life of anti-PD-1 drugs,
whereby the reintroduction with anti-CTLA-4 monotherapy
following anti-PD-1 liver toxicity can create a scenario as if
the patient was receiving combination therapy [121].

Table 3 Potential risk factors for ILICI

Although the risk of ILICI might exist in patients with
recurrent HCC or the development of other malignancies
after a liver transplant, the high risk of graft rejection fol-
lowing the administration of ICIs contraindicates their use in
such patients, as summarized by Kumar et al. [122]. Another
area of focus when diagnosing ILICI is being able to dis-
tinguish between ICI-related DILI from idiopathic autoim-
mune hepatitis. De Martin et al. compared the salient fea-
tures of both forms of liver injury as seen in Table 4 [106].
Idiopathic autoimmune hepatitis is more commonly seen
in female patients and tends to be associated with autoim-
mune antibodies, while ILICI is less commonly associated
with autoimmune antibodies. Histologically, ILICI is distin-
guished by the absence of plasmacytes, confluent necrosis,
chronic hepatitis, and CD4+/CD20+ cells compared with
idiopathic autoimmune hepatitis [106].

De Martin et al. also discuss the differences in manage-
ment of ILICI compared with idiosyncratic DILI, noting
that not all patients with ILICI will require corticosteroid
treatment. They recommend that all patients who develop
grade 3 hepatitis or higher should temporarily discontinue
ICI therapy. Liver tests should be monitored over the next
week and only if liver tests worsen should corticosteroid
therapy be started, recognizing that many patients will have
improvement in liver tests with ICI discontinuation alone
[106]. However, these authors and others note that a subset
of patients may develop refractory hepatitis despite ICI dis-
continuation and corticosteroid treatment, and the addition
of another immunosuppressant agent, such as mycopheno-
late mofetil, may be required. [123—-127].

9.2.2 Tyrosine Kinase Inhibitors

Tyrosine kinase inhibitors are another class of chemothera-
peutic agents well known to cause hepatotoxicity. In a large
literature review of all articles published in English from
2000 to 2018, Houron et al. evaluated 29 FDA-approved

Risk factor Authors Comment
NASH Sawada et al. [115] Among 35 patients with grade 2 or higher ILICI by Cox hazard analysis
HCC Sangro et al. [104] May be explained by underlying metastatic liver disease

Statins (4.7-fold) Younger age (2.7- Choetal. [116]
fold to 4.9-fold) vs older age (> 70
years)

Male gender (1.6-fold)

Acetaminophen (2.1-fold)

Liver metastases? Lietal [117]

Rechallenge with combination ther- Miller et al. [99]
apy of anti-CTLA-4 and anti-PD1

Korean study excluding HCC and elevated AST at baseline

Overall, metastatic disease not a risk factor

Rate of ILICI in combination therapy of an anti-CTLA-4 and anti-PD-1
(9.2%) compared with monotherapy with an anti-CTLA-4 (1.7%) or
anti-PD-1 (1.1%)

AST aspartate aminotransferase, HCC hepatocellular carcinoma, /LICI immune-mediated liver injury, NASH non-alcoholic steatohepatitis
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multi-kinase inhibitors used in clinical practice [128]. They
noted that any aminotransferase elevation was exceedingly
common, and that grade 3—4 hepatitis, defined as ami-
notransferase levels > 5x ULN, has been detected in 0-29%
of patients treated with tyrosine kinase inhibitors in clinical
trials. The authors note that while most cases are asympto-
matic and reversible, there is a 0.2-0.5% prevalence of acute
liver failure related to afatinib, ceritinib, crizotinib, and
regorafenib. Therefore, they recommend routine laboratory
monitoring of ALT during treatment with tyrosine kinase
inhibitors [128]. Liver test monitoring as part of a Risk Eval-
uation and Mitigation Strategy has been recommended for
pexidartinib, a newly approved colony-stimulating factor-1
receptor inhibitor used in the management of patients with
tenosynovial giant cell tumors [129]. While 95% of patients
in the clinical trials experienced some hepatic adverse reac-
tion, defined as any elevation of AST/ALT and/or ALP, the
majority of abnormalities were low grade, dose dependent,
and reversible isolated AST/ALT elevations and felt to be
possibly related to colony-stimulating factor-1 receptor inhi-
bition as a pharmacologic rather than a hepatotoxic effect.
However, 4% (five of 140 patients) experienced a less com-
mon, but serious form of mixed or cholestatic injury that was
associated with ductopenia or vanishing bile duct syndrome,
that required up to 7 months before resolution. Additionally,
in non-tenosynovial giant cell tumors patients with various
malignancies, pexidartinib was associated with a form of
mixed or cholestatic injury that was irreversible in a few

Table 4 Comparison of ILICI vs idiopathic autoimmune hepatitis [106]

cases and led to a liver transplant in one individual. As the
elevations in liver tests in both forms of hepatic abnormali-
ties were seen to occur within the first 8 weeks in nearly all
cases, the Risk Evaluation and Mitigation Strategy program
requires weekly liver test monitoring for the first 2 months in
order to identify patients at risk as early as possible, in which
case pexidartinib should be held or discontinued [129].

9.2.3 Anti-estrogen/Progesterone Agents

Various antineoplastic agents designed to antagonize estro-
gen or progesterone receptors are used to treat breast and
gynecologic cancers. However, concerns about hepatotoxic-
ity have limited the use of this class [130]. Onapristone is
a progesterone receptor antagonist originally designed as
a contraceptive agent and later used for metastatic breast
cancer [131]. However, concerns about DILI related to its
use led to its discontinuation from further development by
the original sponsor [132]. In a recent study evaluating 88
patients from phase I-II studies who received twice-daily
dosing of onapristone, the authors found elevations in AST/
ALT in 20.0% of subjects with known liver metastases,
compared with only 6.0% for ALT and 9.5% for AST for
patients without known liver metastases [133]. The one
patient with a grade 3—4 ALT elevation and three of four
patients with grade 3—4 AST elevations had liver metastases
were assessed as being more likely related to liver metas-
tases by the data review committee, rather than DILI. This

ILICI Idiopathic AIH
Gender preference None Female
ALT/AST elevation Present Present (20% present as ALF)
ALP/GGT elevation Can be present with cholangitis form Seen with PBC/PSC overlap syndrome
Jaundice Rare variable
ANA Seen in up to 50% (speckled) High titer, homogeneous pattern
ASMA Possible (non-anti-F actin) High titer anti-actin
Anti-LKM 1 Negative Positive (type 1I)
Serum IgG Normal Elevated
Histology
"Plasmacytes Absent or rare Frequent
~Portal inflammation Present Present
~Confluent necrosis Rare Present
AGranulomas Fibrin-ring type with CTLA-4 Rare: look for overlap with PBC
ACholangitis Present in destructive cholangitis form Rare
AChronic hepatitis/cirrhosis Rare Frequent
ACD44/CD20+ T cells Rare Present
ACD8+ T cells Present Rare

AIH autoimmune hepatitis, ALF acute liver failure, ALP alkaline phosphatase, ANA antinuclear antibody, anti-LKM 1 anti-liver-kidney-micro-
somal antibody type 1, ALF acute liver failure, ALP alkaline phosphatase, ANA antinuclear antibody, anti-LKM 1 anti-liver-kidney-microsomal
antibody type 1, ASMA anti-smooth muscle antibody, GGT gamma-glutamyltransferase, /LICI immune-mediated liver injury, PBC primary bil-

iary cholangitis, PSC primary sclerosing cholangitis
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causality was supported by the fact that onapristone was
resumed at a lower dose without recurrence of liver injury,
representing a negative re-challenge. While the sample size
is small, this would suggest that onapristone-related DILI is
less common than previously suggested. Therefore, it was
concluded that further development and collection of safety
data should continue in the planned phase II-III studies of
onapristone in order to adequately characterize the hepatic
safety profile [133].

9.3 Inflammatory Bowel Disease Medications
and DILI

Barnhill et al. reviewed the spectrum of DILI seen with the
different classes of agents used in inflammatory bowel dis-
ease [134]. The diagnosis of hepatotoxicity in this setting is
challenging as patients can have alternative causes of liver
disease such as primary SC that can confound the diagnosis
of DILI. For example, in a study of 175 patients receiv-
ing infliximab, the authors found that 57 patients (33%) had
abnormal liver biochemistries. However, using RUCAM,
they assessed only one case to be “highly probable”, and ten
others to be just “possibly” related [135]. This suggests that
abnormal liver enzymes are common in patients with inflam-
matory bowel disease treated with infliximab, but that true
DILI is rare. Similarly, Honap et al. reviewed 352 patients
with inflammatory bowel disease treated with vedolizumab
and found only five cases of suspected DILI using RUCAM
[136]. The pattern of injury was predominantly cholestatic.
Interestingly, one of the five patients had persistent choles-
tatic injury despite removal of the drug and was later diag-
nosed with primary SC [136].

9.4 Antibiotics and DILI

Antibiotics continue to be one of the most commonly
implicated class of medications causing DILI and were the
subject of many case reports this past year [137]. Follow-
ing the FDA restrictions placed on telithromycin because
of hepatotoxicity and other adverse effects, solithromycin
was designed as an improved ketolide antibiotic with hopes
for a lower incidence of hepatotoxicity [138]. However, the
FDA determined that “solithromycin, which is 85% simi-
lar in structure to telithromycin, would be expected to have
hepatotoxicity with its use.” Although their Advisory Com-
mittee voted to approve the drug, the FDA requested safety
data be collected from an additional 9000 patients. This
added burden in terms of cost and time forced the sponsor,
Cempra, to abandon any further trials with the drug [138].
Solithromycin was sold to Melinta Therapeutics who also
decided not to pursue its further development, and its fate
in the USA remains in limbo [139]. A pediatric community-
acquired bacterial pneumonia trial that was well underway
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was also terminated simply because solithromycin cannot
be approved for children without approval for use in adults.
Cempra also licensed solithromycin to Toyama/Fujifilm who
conducted its own phase III trials in Japan and submitted a
new drug application to the Japanese regulatory authorities
in 2019 [140].

9.5 DOACs

Direct-acting oral anticoagulants (DOACs) have become the
mainstay in treatment of most conditions requiring therapeu-
tic anticoagulation in the outpatient setting. However, prior
case reports and clinical studies have suggested a small risk
of hepatotoxicity [141]. Zhao et al. evaluated this risk with
a large study of 13,698 patients prescribed either a DOAC
or warfarin from 2010 to 2016 [142]. They found that 141
(2.1%) of DOAC users and 232 (3.4%) of warfarin users
developed liver injury, defined as AST/ALT > 3x ULN or
Tbili > 2x ULN. However, no causality assessment was
reported, thus it is unclear what proportion of these cases
represent true DILI [142]. In contrast, Bjornsson et al. per-
formed a similar population-based study of 15,819 patients
who were prescribed DOACs in Iceland and found that 2300
(14.5%) had elevated liver enzymes [143]. However, upon
further review of these cases, the authors found only three
patients had DILI based on RUCAM scoring. All three cases
were related to rivaroxaban, giving an incidence of DILI
with rivaroxaban of 1/1148 in this population [143]. Both of
these studies concluded that DOACs are an extremely rare
cause of DILI and their benefits likely outweigh their risks
of hepatotoxicity.

9.6 Antidepressants and Antipsychotics

Psychotropic medications are among the most commonly
prescribed drugs, but there is a paucity of understanding
about their capacity to cause DILI [144]. Todorovi¢ Vukoti¢
et al. reviewed the literature on antidepressant-related and
antipsychotic-related DILI and unsurprisingly noted that
nefazodone, phenelzine, imipramine, duloxetine, trazodone,
chlorpromazine, and clozapine were the most implicated
agents, as all have been previously described [145]. Various
mechanisms and types of injury are involved, depending on
the specific drug. However, a common risk factor appears
to be polypharmacy, which increases the risk of drug—drug
interactions and influences hepatic metabolism through
various mechanisms, possibly increasing susceptibility to
DILI [146]. An interesting case report was published by
Khorassani et al. in which a 23-year-old male patient with a
history of schizophrenia was initiated on risperidone treat-
ment at slowly increasing doses for acute psychosis [147].
The patient was noted to have a rise in ALT and AST from
25 U/L and 23 U/L on day 1 to 469 U/L and 125 U/L,
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respectively, at day 13. The patient was switched to oral
paliperidone therapy and his liver enzymes declined over
the next 5 days. The patient also received an intramuscular
dose of paliperidone on day 16 to augment his anti-psychotic
regimen. On day 22, the patient’s liver function tests began
to rise again, thus further doses of intramuscular and oral
paliperidone were stopped and the patient was started on
haloperidol, with normalization of liver function tests. Scor-
ing of this case using the Naranjo scale indicated a probable
association between risperidone use and hepatotoxicity (a
score of 7) and with paliperidone use and hepatotoxicity
(a score of 8) [147]. There have been no published reports
of clinically apparent liver injury with symptoms or jaun-
dice attributed to paliperidone therapy, and ALT elevations
appear to be rare and mild.

9.7 Acetaminophen

Acetaminophen ingestion remains the number one cause of
acute liver failure in the USA [148]. Mitchell et al. surveyed
765 patients to assess public knowledge of acetaminophen
toxicity and found a significant minority (24%) were una-
ware of the potential liver toxicity of acetaminophen, and
knowledge of hepatotoxicity did not vary with education
status [149]. Moreover, more than half of the respondents
(58%) did not know that extra-strength preparations of aceta-
minophen contained the same drug but in a different dose
[149].

Hepatotoxicity from therapeutic doses of acetaminophen
continue to appear. Lao et al. described a 30-year-old male
patient with a history of Duchenne’s muscular dystrophy
who presented to a hospital for elective tracheostomy [150].
He received 14.5 g of acetaminophen over 4 days and devel-
oped acute liver failure and died 11 days after admission.
Pharmacogenetic screening showed absent CYP2D6 metab-
olism and increased CYP1A2 activity, which may have
increased the formation of NAPQI. He also had decreased
function of UGT2B15, which increases the amount of aceta-
minophen available for metabolism to NAPQI. Having a
reduced muscle mass and thus reduced glutathione levels
to detoxify produced NAPQI may have also added to the
risk of toxicity [150]. A second case involved a 9-year-old
patient who took one 500-mg tablet every 4 h for four total
doses to treat dental pain [151]. The child subsequently was
brought into the hospital by her mother after developing
abdominal pain, vomiting, headaches, and confusion. She
was diagnosed with acute liver failure based on clinical and
laboratory data. Liver biopsy revealed typical centrilobu-
lar necrosis seen with acetaminophen overdose as well as
microvesicular steatosis in periportal hepatocytes, which is

not typically seen in acetaminophen overdose. The patient
died from multi-organ failure related to her acute liver fail-
ure. The authors theorized that the microvesicular steatosis
seen in periportal hepatocytes in this patient suggests an
increased vulnerability to acetaminophen hepatotoxicity
via pre-existing mitochondrial dysfunction [151]. These
cases emphasize that strict adherence to both dosage and
frequency of medication administration is necessary as most
patients’ underlying liver function status is unknown.

9.8 Miscellaneous Causes of DILI

Bardoxolone methyl is an antioxidant inflammation modu-
lator medication that activates the Nrf2 pathway and was
designed to treat chronic kidney disease [152]. In a phase
III trial of 2185 patients with stage 4 chronic kidney disease
and type 2 diabetes, bardoxolone increased glomerular filtra-
tion rate but also lead to increases in AST/ALT and GGT.
Enzyme elevations were maximal at week 4 and reversible,
returning back to baseline after 48 weeks. No cases met Hy’s
law but two patients discontinued treatment after ALT rose
>10x ULN [152]. The authors noted that preclinical animal
and cell culture experiments suggested that the increases
in ALT and AST seen with bardoxolone methyl appear to
be related to its pharmacological activity, as it significantly
induced the messenger RNA expression of ALT and AST
isoforms in cultured cells. Expression of ALT and AST
isoforms in liver and kidney also positively correlated with
Nrf2 status in mice. The authors felt that the increases in
ALT and AST observed after bardoxolone treatment are at
least partially related to the pharmacological induction of
aminotransferases via Nrf2 activation, rather than to any
intrinsic form of hepatotoxicity [153—-157].

Metamizole is a common analgesic medication originally
patented in 1922 that is frequently prescribed in areas such
as Germany, Russia, and South America. It was taken off
the market in the USA, UK, and Scandinavia because of
adverse effects such as agranulocytosis [158]. Sebode et al.
published an interesting case series on metamizole-induced
DILI and suggested this is an underrecognized cause [159].
The authors analyzed 154 cases of DILI based on RUCAM
scoring (median score 7, probable) at one hospital in Ham-
burg, Germany from 2008 to 2017. Of these, 23 (14.9%)
cases were attributed to metamizole. The injury pattern was
predominantly hepatocellular. Of the 23 patients implicated,
17 patients underwent liver biopsy and 76.5% were found
to have moderate-to-severe inflammatory histological activ-
ity while 35.3% had severe centrilobular necrosis (>30%).
Two cases progressed to acute liver failure and required liver
transplantation. The authors concluded that metamizole is
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a frequent and underrated cause of DILI in areas where it is
used [159]. However, despite being available for a century,
it does not have hepatic adverse reactions mentioned on the
European Medicines Agency drug label, thus one would
question why we are just now seeing these reports. Bjorns-
son reviewed the literature of metamizole and discovered
approximately 17 other case reports of DILI with metami-
zole [160]. He notes that metamizole has the potential to
cause DILI given that it is administered in a relatively high
daily dose, has extensive hepatic metabolism, and its metab-
olites have relatively high lipophilicity. Further, he suggests
metamizole may simply be a very rare cause of DILI whose
use has seen an increase in popularity in certain countries
such as Germany, to explain the increased number of cases
[160]. Other recently published miscellaneous reports of
DILI are found in Table 5.

10 Updates in Treatment and Prevention

Removal of the offending agent and supportive therapy are
the mainstays of treatment for most cases of DILI [185].
Other than treatment with intravenous N-acetylcysteine
(NAC), there have been few other options for improving
transplant-free survival in non-acetaminophen acute liver
failure. There were several reports of the use of NAC to
treat DILI published over the last year [186, 187]. Notably,
we found a randomized controlled trial that evaluated the
use of NAC for anti-TB-DILI [186]. Its results showed that
although NAC did not shorten the time to ALT < 100 U/L
in participants with anti-TB-DILI, it did significantly reduce
the length of a hospital stay from 18 days to 9 days com-
pared with placebo. A case report described using NAC to
treat a 46-year-old female patient with non-small cell lung
cancer who developed acute liver failure with a MELD of
39 while receiving crizotinib [187]. Her course improved
after discontinuation of the chemotherapy and administra-
tion of NAC for 7 days. Such reports remain anecdotal and
additional research is needed into how NAC may benefit
non-acetaminophen-induced DILI.

A few studies in the past year have reviewed other poten-
tial therapies for DILI, including clausenamide (CLA) and
licorice-derived 18f-glycyrrhetinic acid. An isolated com-
pound from a popular fruit tree in southern China, CLA has
previously been studied for its positive effects on hepatic
glutathione synthesis [188]. A study exploring CLA and its
effects on the liver described a mechanism of hepatic cell
death called ferroptosis in addition to the classic mechanism
of apoptosis in DILI [189]. Results of this study suggest
that CLA protects against ferroptosis, which in turn pro-
tects against DILI. However, there is still much to be learned

A\ Adis

about the mechanism of ferroptosis and its implication on
DILI in clinical practice. Licorice derivatives are often used
to treat cases of suspected DILI in Japan, China, and other
Asian countries. 18p-Glycyrrhetinic acid, the main ingredi-
ent in licorice, is a staple of Chinese medicine, and is widely
prescribed for its antioxidation, anti-inflammation, antiviral,
and immune regulation properties [190]. Studies in mice
and cells suggest that 18p-glycyrrhetinic acid has protective
effects on the liver such as inhibition of hepatic fibrosis,
attenuation of acute liver injury, reducing oxidative stress,
and inflammation [191]. 18B-Glycyrrhetinic acid has many
similarities with steroid hormones, but because of its poor
water solubility, its hepatoprotective effects are still limited
to laboratory research.

11 DILI Miscellany

A few research papers propose new methods to predict the
severity of DILI based on hepatocyte loss, and to predict
hepatotoxicity in the preclinical drug screening phase of
development. For example, Chung et al. designed a model
that used DILIsym to estimate hepatocyte loss due to DILI
in the setting of various patterns of ALT elevations [192].
The authors simulated four patterns of ALT during DILI:
rapid onset and rapid decrease, moderate onset and mod-
erate decrease, moderate onset and extended decrease (>1
month), and multiple peaks and increase and decrease in
ALT. Using DILIsym, they found that the ranges of pre-
dicted hepatocyte loss for each pattern correlated indepen-
dently with both peak ALT and the area under the curve
(AUC) of serum ALT. However, when using a novel param-
eter P, 1, that combined peak and AUC via the equation
ALT_AUC*Peak ALT*!3/10° ((IU/L)2*h), they were able to
better predict hepatocyte loss across each of the time course
than peak ALT or AUC alone [192]. While more research
is needed into actual human application, this is unique as it
may replace Hy’s law as a more accurate means to predict
the severity of DILI and the risk of acute liver failure.
Recently, the Council for International Organizations of
Medical Sciences released a consensus statement on assess-
ing and reporting DILI for healthcare professionals and drug
developers [192]. It highlights multiple aspects of DILI,
including definitions of DILI and its different phenotypes,
causality assessment, evaluation of DILI risk in various
stages of drug development, novel liver safety biomarkers,
post-marketing liver safety surveillance, and a section on
herbal and dietary supplement-related liver injury. Health-
care professionals, researchers, and drug developers alike
should refer to this consensus statement as a foundational
guideline as they continue to investigate DILI [193].
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Table 5 Miscellaneous reports of drug-induced liver injury in established hepatotoxins

Drug Patient/study description

Injury pattern  Resolution with drug discontinuation?

Causality assessment

Immune modulators

33-year-old female patient with MS [161]

Teriflunomide 48-year-old patient with MS that resolved
after stopping the drug. Teriflunomide

has known hepatotoxicity in the drug
label since 2012 [162]

Natalizumab

Chemotherapy

Anastrazole  81-year-old female patient with breast

cancer and NAFLD [163]

Capecitabine = 63-year-old male patient with colon cancer
[164]

Fulvestrant 49-year-old female patient with metastatic
breast cancer [165]

Gemcitabine  73-year-old male patient with urothelial
carcinoma [166]

Nilotinib 24-year-old male patient with chronic
myeloid leukemia [167]

Ribociclib 59-year-old female patient with metastatic
breast cancer [168]

Antibiotics

Amoxicillin ~ Two sisters, aged 1 and 3 years, presented
2 weeks after taking amoxicillin for an
upper respiratory infection [169]

Atovaquone  64-year-old female patient with ILD taking
atovaquone for Pneumocystis jirovecii
[170]

Ciprofloxacin 72-year-old male patient with pneumonia
[171]

Flucloxacillin 74-year-old male patient with erysipelas
treated with flucloxacillin [172]

Flucloxacillin  63-year-old female patient with cellulitis
treated with flucloxacillin [173]

Meropenem  83-year-old female patient who was treated
with meropenem for sepsis of unknown
etiology [174]

TMP-SMX Retrospective study of population of Euro-

pean American and African American
TMP-SMX DILI cases. Found that HLA
B*14:01 is associated with European
American cases and B*35:01 are associ-
ated with African American cases of
TMP-SMX DILI [175]

Anti-hypertensive agents

Amlodipine  47-year-old male patient with HTN [176]

Candesartan ~ 55-year-old male patient with HTN and
chronic kidney disease V [177]

Olmesartan 80-year-old female patient with HTN tak-
ing a combination olmesartan/amlodipine
pill [178]

Olmesartan 54-year-old female patient with HTN [179]

Lisinopril 59-year-old female patient with HTN [180]

Statins

Atorvastatin ~ 90-year-old female patient with history of

a TIA [181]

Hepatocellular Yes

Mixed Yes

Mixed Yes

Mixed Yes

Hepatocellular Yes

Mixed Yes, also treated with levocetirizine and
dexamethasone

Cholestatic Yes, with dose reduction. Notably, patient
had a UGT1A1 mutation that may be
related to cholestatic liver injury

Hepatocellular Yes. Also successfully rechallenged with
palbociclib, another CD4/6 inhibitor
without recurrent hepatitis

Mixed Yes

Hepatocellular Yes

Mixed No, developed ALF and died

Mixed Yes

Cholestatic No, developed VBDS requiring livertrans-
plantation

Mixed Yes

Mixed Yes

Cholestatic Yes

Hepatocellular Yes

Hepatocellular Yes

Cholestatic No, patient died

Hepatocellular Yes

None
RUCAM 8

RUCAM 6

None

None

RUCAM 10

None

None

None

RUCAM 9

RUCAM 11

RUCAM 8

None

None

RUCAM 6
RUCAM 8

None

None
None

RUCAM 9
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Table 5 (continued)

Drug Patient/study description Injury pattern  Resolution with drug discontinuation? Causality assessment

Fenofibrate 65-year-old male patient with hypertriglyc- Hepatocellular Yes RUCAM 10
eridemia [182]

Anti-arrhythmic agents

Amiodarone  67-year-old male patient who was treated ~ Hepatocellular Yes None
with IV amiodarone for atrial flutter [183]

Anti-platelet

Clopidogrel ~ 78-year-old male patient with a history of ~ Mixed Yes None

an MI [184]

ALF acute liver failure, HLA human leukocyte antigen, HTN hypertension, /V intravenous, MI myocardial infarction, MS multiple sclerosis,
NAFLD non-alcoholic fatty live disease, RUCAM Roussel Uclaf Causality Assessment Method, TMP-SMX trimethoprim-sulfamethoxazole,

VBDS vanishing bile duct syndrome

12 Conclusions

Drug-induced liver injury continues to be an area of
immense clinical and research interest and investiga-
tors substantially expanded our understanding of many
aspects of DILI over the past year. COVID-19 infection
has claimed much of the limelight as a cause of hepatic
injury and as a potential confounder of DILI. A number
of drugs used to treat COVID-19 have been suspected to
cause DILI. However, it remains unclear if the virus itself
is a true risk DILI factor. The diagnosis of DILI remains
a challenge despite an extensive research effort to iden-
tify a potential biomarker. While RUCAM continues to
expand as a causality assessment method, and despite
recent updates for diagnosing both DILI and HILI, it is
not without limitations and has not replaced expert opinion
in many hepatology circles. Novel technologies, such as
organoid culture systems and the use of PALT, offer the
prospect of improving our ability to predict DILI preclini-
cally and prognosticate its severity in the clinic. Glutamate
dehydrogenase may be poised to be a more specific marker
of liver injury compared with ALT. This year’s literature
review uncovered a few new causes of DILI from both
newly approved drugs as well as from previously unrecog-
nized agents. Immune-mediated liver injury from check-
point inhibitors continues to dominate the literature per-
taining to oncotherapeutic agents. Despite the admonition
of many guidelines to permanently discontinue the use of
IClISs after ILICI, many investigators have demonstrated that
rechallenge after recovery from even serious hepatotoxic-
ity is both possible but can also be well tolerated without
recurrence. For patients with no other treatment options,
such an approach can be life prolonging.
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