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Abstract

Introduction Therapeutic acetaminophen (APAP) ingestion causes asymptomatic drug—induced liver injury in some patients. In
most cases, elevations in alanine aminotransferase (ALT) are transient and return to the normal range, even with continued APAP
ingestion, though ALT elevation persists in some patients unpredictably. The etiology of this liver injury or adaption is unclear.
Our objective was to identify new pharmacogenomic variants associated with elevated ALT or elevated protein adduct concen-
trations in patients receiving therapeutic acetaminophen.

Methods We performed genome-wide sequencing analysis on eight patients using leftover blood samples from an observational
study that administered four grams of acetaminophen for up to 16 days to all patients. Two patients with ALT elevations > two
times the upper limit of normal, two patients with no adduct formation, and four control patients were sequenced. The genomes
were aligned with the GRCh38 reference sequence, and variants with predicted low, moderate, or high impact on the subsequent
proteins were first manually curated for biologic plausibility, then organized and examined in the REACTOME pathway analysis
program.

Results We found 394 variants in 107 genes associated with elevated ALT. Variants associated with ALT elevation predomi-
nantly involved genes in the immune system (MHC class II complex genes), endoplasmic reticulum stress response (SEC23B and
XBP1I), oxidative phosphorylation (NDUFB9), and WNT/beta-catenin signaling (FZDJ5). Variants associated with elevated
adducts were primarily in signal transduction (MUC20) and DNA repair mechanisms (P53).

Conclusions While underpowered, genetic variants in immune system genes may be associated with drug-induced liver injury at
therapeutic doses of acetaminophen.

Keywords Acetaminophen - ALT - Drug induced liver injury - Hepatotoxicity - Pharmacogenomics

Supervising Editor: Mark B. Mycyk, MD Introduction

Electronic supplementary material The online version of this article

(https://doi.org/10.1007/s13181-020-00815-2) contains supplementary
material, which is available to authorized users.

<1 Andrew A. Monte
Andrew.monte @cuanschutz.edu

Department of Emergency Medicine, University of Colorado School
of Medicine, Aurora, CO, USA

Center for Bioinformatics & Personalized Medicine, University of
Colorado School of Medicine, Aurora, CO, USA

Skaggs School of Pharmacy, University of Colorado, Aurora, CO,
USA

Rocky Mountain Poison & Drug Center, Denver Health and Hospital
Authority, Denver, CO, USA

@ Springer

Acetaminophen is a commonly used analgesic that is available
without a prescription in the USA. It is frequently taken daily for
prolonged periods for treatment of osteoarthritis or other condi-
tions that cause mild to moderate pain. While acetaminophen is
well tolerated, between 31 and 44% patients taking 4 g of APAP
daily in an inpatient study unit developed ALT elevation greater
than 3 times the upper limit of normal [1]. Another study dem-
onstrated this same phenomenon when 4 g acetaminophen was
take for 16 days, though some patients ALT never returned to the
normal range [2]. A systematic review of prospective studies in
patients taking repeated dosing of therapeutic acetaminophen
demonstrated that slight transaminase elevations may occur, but
death or liver failure have not been reported [3]. These elevations
resolve with continued administration suggesting hepatic
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adaptation [2]. Similar, self-limited changes have been reported
for statins, isoniazid, and amiodarone [4]. However, the mecha-
nism of these elevations and the subsequent resolution are not
known.

Acetaminophen metabolism is well described. While the
majority of acetaminophen undergoes glucuronidation and
sulfation, a small amount is oxidized by CYP 2EI to the
radical N-acetyl-p-benzoquinone imine (NAPQI). With ther-
apeutic doses, the vast majority of NAPQI is reduced by glu-
tathione. This detoxification process is overwhelmed in over-
dose, allowing the NAPQI to bind to hepatic macromolecules
forming acetaminophen-protein adducts. NAPQI binding is
the accepted mechanism of injury that leads to cell death in
acetaminophen poisoning [5], and high concentrations of ad-
ducts have been suggested as a marker of acetaminophen tox-
icity. However, small amounts of adducts are generally
formed during therapeutic dosing as well. The concentrations
of adducts with therapeutic dosing vary more than 10-fold,
and understanding the genetics that determine adduct concen-
trations may provide insight into this variation and help refine
the interpretation of adduct measurements [6]. The variation in
adduct formation may provide insight into the low-level ele-
vation in ALT reported during repeated therapeutic dosing.

Prior investigators have examined genetic variation in pa-
tients with liver toxicity and acetaminophen exposure [7—11].
That work is limited by the failure to adequately establish or
quantify acetaminophen exposure and use of candidate gene
or microarray approaches that fails to acknowledge unrecog-
nized mechanisms of hepatoxicity [9, 12]. Thus, previously
identified variants associated with worse clinical outcomes
may not have been associated with acetaminophen toxicity,
but rather, other factors. New pathway analysis programs al-
low for organization of genome wide association results into
well-curated biologic pathways. These peer-reviewed tools
allow for distillation of huge amounts of complex bioinfor-
matic data to provide insights into new biologic mechanisms
of disease. It is unclear if APAP-induced ALT elevation is due
to NAPQI production or another mechanism. APAP is a pro-
totypical hepatotoxin therefore understanding the genetic
mechanisms of this ALT elevation, and subsequent adaption,
may provide insight to the mechanisms of other hepatotoxins.
We believe that examining the genomics in patients with drug
induced liver injury (DILI) due to acetaminophen in a well-
controlled study can provide insight into the mechanisms of
APAP induced liver injury, hepatic adaption, and possibly
other hepatotoxins.

This report is a secondary analysis of samples collected
during a clinical trial where subjects were administered 4 g/
day of acetaminophen for a minimum of 16 days [2]. The
subjects were followed for changes in serum transaminase
activity, and serum adduct concentrations were also measured.
The primary objective of this pilot study was to determine if
there are genetic variants associated with ALT elevations and

changes in serum acetaminophen-protein adduct concentra-
tions in a subset of patients with discordant ALT and/or ad-
duct responses from taking therapeutic doses of APAP.

Methods

We performed whole genome sequencing in 8 patients that
ingested 4 g of acetaminophen for up to 16 days as part of a
previously completed randomized controlled clinical trial
(NCT00743093) [2]. For sequencing, we chose baseline
blood samples from two patients that developed acetamino-
phen DILI as defined by an ALT > two times the upper limit
of normal, two patients that never had elevations in their ALT
and never had adducts formed, and four control patients that
never had ALT elevations but had adduct elevation during the
study. Baseline whole blood samples were stored at —80 °C
prior to sequencing. Both the parent study and this genomic
analysis were approved by the Colorado Multiple Institutional
Review Board.

Parent Study The parent study was an outpatient study in
which subjects were recruited from research list-serves, post-
ers, a classified advertisement website (Craigslist), and media
advertising. All subjects provided informed consent. We in-
cluded male and female subjects who were age 18 years or
older and who did not have any of the following exclusion
criteria: history of acetaminophen ingestion on any of the 4
days preceding study enrollment or a measurable serum acet-
aminophen concentration at time of enrollment; laboratory
testing suggesting active viral hepatitis A, B, or C infection;
any of the following tests greater than the upper limit of nor-
mal at screening: serum aminotransferase or total bilirubin,
international normalized ratio (INR). or alkaline phosphatase
activity; platelet count less than 125,000/mL; positive preg-
nancy test; history of cholelithiasis (without cholecystecto-
my); history of heavy ethanol use defined as consuming more
than an average of 3 alcohol containing drinks daily or 3 or
more alcohol containing drinks on any given day over the
preceding 2 weeks prior to study enrollment; new prescription
medication started within the previous 30 days; taking isoni-
azid or warfarin; currently has anorexia nervosa or reports a
fasting type diet; clinically intoxicated, psychiatrically im-
paired or unable to give informed consent for any reason;
and known hypersensitivity or allergy to acetaminophen.

Intervention Subjects were administered acetaminophen 4 g/
day. Subjects were instructed to take 2 x 500 mg tablets every
4 h for 4 doses each day (the exact timing varied but subjects
were asked to take the doses every 4 h after the first dose each
day). The subjects noted the time of ingestion for each dose in
a study diary. They also recorded other medications and alco-
hol consumption. Compliance was verified by study diary and
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pill counts at each study visit. ALT was drawn on study days 0
(baseline), 4, 7, 10, 13, and 16. The parent study also included
a placebo arm, whose patients were not investigated as part of
this study.

Genomics DNA was extracted from whole blood using
Qiagen® QuiAMP DNA blood kits per the manufacturer in-
structions. We performed whole genome sequencing in eight
patients using an Illumina NovaSEQ6000 instrument with x
30 coverage per sample. We performed 150 bp paired-end
read cycles and x 15 coverage per genome, with an average
of 139 million reads. Reads trimmed shorter than 80 bases
were removed (on average 18.5 million reads per sample).
Runs with less than 10 coverage of the reads were removed
from the analysis. The genomes were aligned with the
GRCh38 reference sequence.

We sequenced two patients with APAP-induced ALT ele-
vation, two patients with no ALT elevation and no APAP-
cysteine adduct production, and four patients with no ALT
elevation but detectable APAP-cysteine adducts (as expected
with 4 g per day dosing). Determination of variant signifi-
cance was performed using the EXAC and Genome
Aggregation Databases (gnomAD), version 2.1 (http://
gnomad.broadinstitute.org/) [13]. This program provides
functional significance of the identified variants as modifiers,
low, moderate, or high impact on protein function. Manual
curation of the damaging variants of moderate or high impact

on the resulting protein was performed using OMIM to deter-
mine biologic plausibility.

Pathway Analysis We used the REACTOME pathway analy-
sis software to map genes to biologic pathways. REACTOME
is an open-source, open access, manually curated, and peer-
reviewed pathway database [14]. Variants with functionally
significant mutations, as defined as low, moderate, or high
impact in gnomAD, were entered into the database to populate
a linked analysis of biologic pathways associated with APAP
induced ALT and adduct elevation. This program allows link-
age between genetic variants, proteins, and other portions of
the transcription/translation pathway to demonstrate interac-
tion between genetic variants.

Results

The parent study enrolled 205 patients in the APAP interven-
tion arm and, 47 patients in the placebo arm. Table 1 contains
the demographics and clinical variables of the eight patients
examined in this study. Acetaminophen was detected in blood
at day 7 in all these patients, confirming exposure.

Comedications and Alcohol History There were no associa-
tions between elevated ALT or APAP-adducts and either con-
comitant medications or alcohol use.

Table 1 Patient demographics and clinical variables.
Patient # Age years  Race/ Alcohol Co-medications Peak ALT IU, Peak Adduct
(Gender) ethnicity drinks (study day) concentration
per week CYS/mg protein
(study day)
1 20 (male)  Caucasian <1 None 191 (7) 0.195 (16)
ALT
elevation
2 55 (female) Caucasian <1 Multivitamin, levothyroxine, 162 (10) 0.509 (34)
ALT glucosamine, chondroitin,
elevation flax oil, bismuth subsalicylate,

calcium, vitamin D, magnesium
3 40 (female) African 1-2 Ibuprofen, naproxen 24 (13) 0.096 (16)
Control American
4 49 (female) Caucasian 1-2 Multivitamin, acidophillis, fish oil, 29 (10) 0.684 (7)
Control niacin, fiber, lorazepam, furosemide,

glucosamine, chondroitin
5 48 (female) Caucasian <1 Ibuprofen, chlortrimeton, emergen C, 20 (10) 0.132 (10)
Control fish oil,

B complex, glucosamine, citalopram,

vitamin E, Ester C vitamin, calcium

with vitamin D,

6 26 (male)  Caucasian <1 None 17 (13) 0.131 (10)
Control
7 42 (male)  Caucasian <1 None 25 (13) 0 (all study days)
No adducts
8 20 (male)  Hispanic <1 Chondroitin, emergen C, 43 (10) 0 (all study days)
No adducts glucosamine
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Genomic Results We found 394 variants in 107 genes associ-
ated with elevated ALT. Most variants were deemed to be
moderate impact on protein function (Table 2), by gnomAD
designation. There were variants in 194 variants in 65 genes,
also with a predominance of moderate impact. See
Supplementary Appendix for all genes with damaging
variants.

Pathway Analysis Among the variants associated with ALT
elevation, many were found to be within genes involved in
immune function, based on REACTOME analysis (Figs. 1
and 2). There were 25 variants in immune system genes and
14 variants in MHC class II antigen presenting genes.
Additionally, we found variants in interferon signaling genes
and other inflammatory cascades. At therapeutic acetamino-
phen doses, DILI is likely to be due to immune induced he-
patocyte damage, lending credence to these findings.

Variants associated with ALT elevation involved genes in
the endoplasmic reticulum stress response (SEC23B and
XBP1I) [15, 16], oxidative phosphorylation (NDUFB9) [17],
and WNT/beta-catenin signaling (FZD5) [18, 19]. All of these
pathways have known roles in liver toxicity and repair.
Interestingly, WNT/ beta-catenin signaling has been implicat-
ed in expression pathways of CYP2E1, among other aspects
of hepatic regeneration [20].

Patients with elevated adducts were more likely to have
damaging variants in genes involved in signal transduction
(Fig. 1b). A variant in the Rho GTPase activating protein
11A was identified; in response to DNA damage, the encoded
protein interacts with the pS3 tumor suppressor protein and
stimulates its tetramerization, which results in cell-cycle arrest
and apoptosis. There were variants in the gene that encodes
mucin 20, a cell surface associated protein (MUC20), which is
a member of the mucin protein family. Mucins are high mo-
lecular weight glycoproteins secreted by many epithelial tis-
sues to form an insoluble mucous barrier. The C-terminus of
this family member associates with the multifunctional
docking site of the MET proto-oncogene and suppresses acti-
vation of some downstream MET signaling cascades. MET is
a hepatocyte growth factor receptor. Thus, damage to MUC20
may lead to failure of hepatocytes to recover from APAP-
induced oxidative stress. Polymorphism in this gene is not
known to be associated with a clinical trait; thus, the implica-
tions of a damaging variant in this gene are unclear.

Discussion

In this preliminary study examining patients receiving 4 g of
acetaminophen per day, variants associated with ALT eleva-
tion were found in genes associated with the immune system
function. While underpowered to confirm these findings, this
study provides novel insight in a unique population. The sub-
jects and exposure were well characterized. The predominant
biologic pathways identified have been examined by other
investigators; both cultured hepatocyte and animal models
have [21] demonstrated importance of the identified genes or
proteins outlined in our results.

We demonstrate that some genes involved in pathways
facilitating and rescuing cellular damage are functionally al-
tered in individuals with elevated ALT due to therapeutic
doses of APAP, but not in patients without ALT elevation.
The clinical implications of these ALT elevations are unclear,
since these patients did not develop clinical symptoms asso-
ciated with this laboratory abnormality. We suggest that these
patients may not have the same capacity to adapt to this he-
patic insult, and this may represent a risk for DILI. We hy-
pothesize that these mutations create an environment that is
less able to handle the APAP load—even at therapeutic
doses—resulting in acute liver injury. Pathway analysis sug-
gests that necrotic hepatocytes activate the innate immune
system, which initially increases the liver injury. Eventually,
these pathways promote liver regeneration and recovery,
which is consistent with the natural course of ALT resolution
in these patients. However, some individuals may have altered
hepatocyte regeneration pathways leading to worse clinical
outcomes. Mutations in genes related to the innate immune
response, platelet activation, and liver regeneration were pres-
ent in individuals with elevated ALT in our cohort. This hy-
pothesis is supported by work that demonstrated increased
transcripts reflective of upregulation of T-cells, mast cells,
eosinophils, mononuclear cells, and lymphocytes in patients
with increased ALT following 7 days of therapeutic APAP
[22].

HLA variants have been implicated in DILI from
other drugs [23, 24], and similar variants may be in-
volved in APAP induced DILI. HLA genotyping is not
commonly performed during targeted analyses due to
the highly polymorphic nature of these genes [25], the
need for phasing to provide accurate genotype calls,

Table 2 Variant impact and

counts associated with ALT and Variant impact

ALT variant count (probability)

Adduct variant Count (probability)

adduct elevation.

High 6 (0.02) 9 (0.05)
Moderate 221 (0.56) 105 (0.54)
Low 10 (0.03) 8 (0.04)
Modifier 157 (0.40) 72 (0.37)
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Damaging variants associated with ALT elevation. Heat map indicating the number of
genes in each pathway. Orange line denotes selected pathways with predominance of

moderate impact variants.

FoamTree

b Damaging variants associated with adduct elevation. Heat map indicating the number
of genes in each pathway. Orange line denotes selected pathways with predominance of

moderate impact variants.
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Fig. 1 a REACTOME pathway analysis. a Damaging variants associated
with ALT elevation. Heat map indicating the number of genes in each
pathway. Orange line denotes selected pathways with predominance of
moderate impact variants. b Damaging variants associated with adduct

sequence similarity between the genes, and a large de-
gree of linkage disequilibrium in the locus. We also
found variants in genes in the MHC II complex genes,
which were upregulated in patients with ALT elevation
in a small group of patients receiving therapeutic APAP
dosing [22]. Thus, it is likely that this mechanism of
APAP-induced DILI has been underappreciated by prior

@ Springer

elevation. Heat map indicating the number of genes in each pathway.
Orange line denotes selected pathways with predominance of moderate
impact variants.

investigators. Future work in this field should focus on
the mechanisms of immune mediated hepatotoxicity and
hepatic adaption when faced with hepatotoxins.
Understanding the genomics of these patients, paired
with longitudinal biomarker assessments, can provide
insight into which patients are at risk of DILI and the
mechanisms of hepatic adaption are. Performing whole
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Fig. 2 Network analysis of genes with moderate or high impact variants
associated with ALT elevation, performed in REACTOME analysis.
Nodes with black labels are from the input gene list (seed nodes) and
nodes with a purple label are intermediate nodes that are not in the input

genome sequencing allows for a more complete under-
standing of how genetic variants and genomic architec-
ture interact in this complex polygenic condition.

Limitations

This pilot study has important limitations. Performing
whole genome sequencing in only eight patients is like-
ly to reveal type 1 errors. While genetic polymorphism
may be observed simply because the subjects are differ-
ent, we have included twice as many controls than cases
and we have attempted to report variants with biologic
plausibility. However, confirmation will require thou-
sands of patients with heterogenous racial and ethnic
backgrounds. Our manual curation of variants with
moderate to high impact on protein function may mini-
mize our appreciation of the lower impact

NCOA3

C1aTNFY ' c1t9b_human

p-S265-NFATC3 SETD1B

Node label color

black node labels denote
seed nodes;

magenta node labels denote
intermediate nodes

list but connect seed nodes and have significantly many links in the
network module. Each edge represents an interaction (physical,
biochemical, regulatory or drug—target interaction). Gene list available
in Supplement.

polymorphisms on this condition. We felt it important
to present the most impactful variants as part of this
pilot report, for fear of examining clinically insignificant
variants in such a small cohort. If we are able to per-
form GWAS in all these patients, we will not curate the
analysis in this way to minimize the impact of that
introduced bias. This study is clearly underpowered for
this complex clinical outcome, and we recognize that
this work is primarily proof of concept. We acknowl-
edge this and plan to use these data as hypothesis gen-
erating data for future pharmacogenomic studies. The
pathways identified in this study will allow more fo-
cused targeted genotyping studies in the remainder of
the cohort and other cohorts in the future. These vari-
ants may not be associated with more severe outcomes
in overdose patients, since outcomes in overdose may
also involve variants associated with treatment, in addi-
tion to the pre-treatment hepatotoxic phenotype. This
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will alter the statistical significance of variants identified
in overdose patients, since hepatotoxicity is a culmina-
tion of both drug-induced toxicity and treatment effec-
tiveness. Larger studies with more diverse racial and
ethnic populations are needed to validate this pilot
study. Certain variants are more common in populations
from different ancestry backgrounds. These variants,
which may not be well represented in this small cohort,
such as CYP2EI1 ultrarapid metabolizers, may have
functional implications on ALT elevation. The complete
lack of adducts in two subjects suggests some patients
may not generate adducts at therapeutic dose. Both sub-
jects recorded compliance with dosing in their daily
diaries and one subject had detectable acetaminophen
during one of his visits further supporting compliance.

Conclusion

Acetaminophen toxicity is the most commonly seen condition
by medical toxicologists, the mechanism of toxicity is well
understood, and therefore, it represents a perfect disease mod-
el to examine the role of pharmacogenomic mediators of ad-
verse drug events. In summary, we present preliminary data
that immune system variants are associated with APAP in-
duced DILI in a small number of patients with excellent ex-
posure histories. Larger studies may confirm which genes are
highly associated with this clinical condition and may provide
hypotheses for pharmacogenomic guided treatment of over-
dose patients in the future.
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