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ARTICLE

Exploration of Biomarkers for
Amoxicillin/Clavulanate-Induced Liver Injury:
Multi-Omics Approaches

JLee"™, SC Ji""™, B Kim', S Yi', KH Shin?, JY Cho', KS Lim*, SH Lee', SH Yoon', JY Chung®, KS Yu', HS Park?, SH Kim?*
and 1J Jang'*

To explore potential biomarkers for amoxicillin/clavulanate-induced liver injury (AC-DILI), we conducted a clinical trial in 32
healthy subjects based on multi-omics approaches. Every subject was administered amoxicillin/clavulanate for 14 days. The
liver-specific microRNA-122 (miR-122) level increased prior to and correlated well with the observed alanine aminotrans-
ferase (ALT) level increase. This result indicates its potential as a sensitive early marker for AG-DILI. We also identified urinary
metabolites, such as azelaic acid and 7-methylxanthine, with levels that significantly differed among the groups classified by
ALT elevation level on day 8 after drug administration (P < 0.05). Lymphocyte proliferation in response to the drug was also
observed. These findings demonstrate sequential changes in the process of AC-DILI, including metabolic changes, increased
miR-122 level, increased liver enzyme activity, and enhanced lymphocyte proliferation after drug administration. In conclusion,
this study provides potential biomarkers for AC-DILI based on currently known mechanisms using comprehensive multi-omics
approaches.
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Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
|v//Aminotransferases such as ALT and AST are used as
gold standards for the evaluation of DILI. However, their ele-
vation may not be specific to liver injury and may not reflect
the mechanisms of DILI.

WHAT QUESTION DID THIS STUDY ADDRESS?

[v[To identify sensitive biomarkers for AC-DILI, we eval-
uated changes in the levels of miR-122, urinary metabo-
lites, and lymphocyte proliferation both in response to drug
administration and with respect to risk genotypes.

WHAT THIS STUDY ADDS TO OUR KNOWLEDGE

|/ This study identifies potential biomarkers for AC-DILI
based on currently known mechanisms and suggests that
drug-induced hepatocellular injury, oxidative stress, and
the adaptive immune response are underlying mechanisms
of AC-DILI.

HOW THIS MIGHT CHANGE CLINICAL PHARMACOL-
OGY OR TRANSLATIONAL SCIENCE

[/[The biomarkers identified in this study by integrating
omics data could enable more sensitive and earlier predic-

tions of liver injury. These biomarkers could also provide
mechanistic insight that is currently only available from liver
biopsies.

is a medical need for biomarkers that are more sensitive
and specific for the early detection of DILI, and the rapidly
evolving and high-throughput “-omics” technologies have
been applied to identify prognostic biomarkers of DILI.
Pharmacogenomic studies have demonstrated specific
human leukocyte antigen (HLA) alleles that are associ-
ated with DILI that is caused by the following drugs:

Drug-induced liver injury (DILI) is a major challenge for both
clinical care and drug development.! Monitoring the activity
of the enzymes alanine aminotransferase (ALT) and aspar-
tate aminotransferase (AST), which reflect hepatic function,
is the primary screening tool for DILI.> However, elevated lev-
els of these enzymes may not be specific to liver disease and
could represent an asymptomatic response.®>® Thus, there
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flucloxacillin (B*57:01), ximelagatran (DRB1*07:01 and HLA-
DQA1*02), co-amoxiclav (DRB1*15:01), and antituberculosis
drugs (HLA-DQB1*0502).5-° Glutathione s-transferase (GST)
is an essential phase |l metabolic enzyme that is related to
drug detoxification, and the mu-1 and theta-1 (GSTM1 and
GSTT1) null genotypes have also been identified as genetic
risk factors for DILI.S10

Numerous studies have identified microRNAs, which are
small, single-stranded noncoding regulatory RNA molecules,
as possible sensitive biomarkers for DILL."™-* Notably,
microRNA-122 (miR-122) is elevated earlier and demon-
strates increased sensitivity in patients with acetaminophen-
induced liver injury compared with ALT.'"'® Although the
mechanism of miR-122 elevation is not yet known, hepato-
cyte damage may induce the release of cellular miR-122 into
the circulation, which leads to increased miR-122 levels in
the peripheral blood.'® In a recent study, differences in the
circulating serum levels of exosomal miR-122 were observed
between hepatocyte injury and inflammation.'?

Pharmacometabolomic approaches have been used to
identify novel DILI biomarkers.'®'” The results of a clin-
ical trial that was performed to analyze the pharma-
cometabolomics patterns in urine samples from healthy sub-
jects before and after the administration of acetaminophen
indicated that N-acetyl-p-benzoquinone imine may be a use-
ful biomarker of DILI."® Another clinical study demonstrated
that acetaminophen-induced DILI was inversely correlated
with p-cresol sulfate, which competes with acetaminophen
entry into the portal circulation from the liver.'®

Amoxicillin/clavulanate was selected as study drug in this
study because it is the frequently prescribed antibiotic world-
wide and is often associated with hepatotoxicity.?%?" The
delayed nature and HLA association of DILI indicate the
involvement of the adaptive immune system, and immuno-
logical idiosyncrasies have been proposed as a possible
mechanism for amoxicillin/clavulanate-induced DILI (AC-
DILI).8?22 |n a recent study, drug-responsive T cells that
were specific for either amoxicillin or clavulanate were iso-
lated from a patient with AC-DILI.>* The mechanism that
underlies AC-DILI has not yet been clearly identified; how-
ever, the activation of T cells by xenobiotics is likely to medi-
ate the immune response that is involved in DILI.

Although several promising biomarkers have been iden-
tified in patients with DILI, including HLA,?® miR-122,%6
and endogenous metabolites,?” well-controlled prospec-
tive clinical trials have not been conducted to validate

these biomarkers. Based on the multidirectional approaches
described above, we evaluated potential biomarkers of
DILI in healthy subjects after multiple administrations of
amoxicillin/clavulanate.

MATERIALS AND METHODS

Study design

A total of 32 healthy Korean male volunteers were enrolled
and grouped according to four GSTT1/M1 genotypes (eight
subjects per group): wild/wild, null/wild, wild/null, and
null/null. Subjects were included in this study if they were
in good health as indicated by their previous medical his-
tory, physical examination, vital signs, 12-lead electrocar-
diography (ECG), serology, and urinary drug screening.
Subjects who had used any prescription drugs, includ-
ing antibiotics such as amoxicillin/clavulanate or herbals
agents, within 2 weeks before the drug administration of
the study were excluded. (ClinicalTrials.gov registry number:
NCT02143323).

This study had an open-label, single-sequence, three-
period design. The workflow of the study design is shown
in Figure 1. Each subject received three tablets of amoxi-
cillin/clavulanate (375/125 mg) twice daily for 14 days. Blood
and urine samples were obtained for laboratory tests, phar-
macokinetic (PK) evaluations, and multi-omics analyses such
as miRNA-122, pharmacometabolites, HLA typing, and LTT.

The Institutional Review Board of Seoul National University
Hospital, Seoul, Korea, approved this clinical study, which
was conducted in compliance with the ethical principles of
the Declaration of Helsinki. All of the subjects provided writ-
ten informed consent before being screened for eligibility.

PK analyses

The plasma concentrations of amoxicillin and clavulanate
were determined using validated high-performance liquid
chromatography-tandem mass spectrometry with an Agilent
1260 series chromatography system (Agilent, Santa Clara,
CA) coupled to an APl 4000 mass spectrometer (Sciex,
Toronto, Canada). Chromatographic separation of amoxicillin
was conducted using a Synergi 4U HydroRP column (100
x 2.0 mm, 4 um) (Phenomenex, Torrance, CA). A Luna col-
umn (100 x 2.0 mm, 5 um) (Phenomenex) was used for
the chromatographic separation of clavulanate. The lower
limit of quantitation was 10 ng/mL for both amoxicillin and
clavulanate. The intraday and interday precision data are
described in Supplementary Table S1.

GSTT1/M1 LTT & HLA LTT LTT
PK
—>
Screening -1d 1d 2d 3-6d 7d 8d o9d 10-12d 13d 14d 15d 20-22d 60d
Hospitalization Outpatient visit Hospitalization Outpatient visit Hospitalization
Study drug administration for 14 days
. . — —
Metabolomics (urine) Metabolomics (urine) Metabolomics (urine)
miRNA miRNA miRNA miRNA miRNA miRNA miRNA

Figure 1 Study design. GSTT1/M1, blood collection for genotyping of glutathione s-transferase mu-1/theta-1; LTT, blood collection for
lymphocyte transformation test; HLA, blood collection for genotyping human leukocyte antigen (HLA); PK, blood collection for pharma-
cokinetic analyses of amoxicillin and clavulanate; Metabolomics, 12-h interval urine collection for metabolomics analysis; miRNA, blood

collection for microRNA analyses.
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The PK parameters were derived using honcompartmen-
tal analyses in Phoenix WinNonlin (v. 6.3., Certara, St. Louis,
MO). The Cnox (maximum plasma concentration at steady
state), AUCy.1on (area under the plasma concentration-time
curves from zero to 12 h after a single administration), and
AUCs, ; (area under the plasma concentration-time curves
from zero to 12 h at steady state) were calculated using the
linear-up and log-down method.

GSTT1/GSTM1 and HLA typing
A multiplex polymerase chain reaction method was used to
simultaneously analyze the GSTM1 and GSTT1 genotypes
using blood samples that were obtained during screening
(DNA Link, Seoul, Korea).*?> The primers and specific meth-
ods are available in the Supplemental Methods.
High-resolution sequence-based HLA typing was per-
formed at the following loci: HLA-A, HLA-B, HLA-C, HLA-
DRB1, HLA-DQB1, and HLA-DPB1 (Histogenetics, Ossining,
NY). The HLA types of the study subjects are shown in Sup-
plementary Table S2.

Measurement of serum miRNAs

Total RNA was extracted for quantitative analyses of serum
microRNAs using a miRNeasy Mini kit (Qiagen, Hilden, Ger-
many) according to the manufacturer’s recommendations.
A total volume of 100 uL of serum was used for the RNA
extraction. A synthetic miRNA from Caenorhabditis elegans
was included in the sample after homogenization in QIA-
zol Lysis Reagent (Qiagen) to validate the RNA extraction
efficiency. Complementary DNA was prepared using a miS-
cript Reverse Transcription Kit Il (Qiagen). The 20 uL PCR
reaction contained 10 pL of miScript SYBR Green PCR
Master Mix (Qiagen), 4 uL of nuclease-free water, 2 ulL
of 10x miScript primer assay, 2 puL of 10X miScript Uni-
versal Primer, and 2 uL of cDNA template. Amplification
was performed using a CFX96 Real-Time System (Bio-
Rad, Hercules, CA) under the following conditions: initial
denaturation at 95°C for 15 min followed by 40 cycles of
denaturation for 15 s at 94°C, annealing for 30 s at 55°C,
and elongation for 30 s at 70°C. A total exosome isola-
tion reagent (Invitrogen, Carlsbad, CA) was used for exo-
some isolation from serum according to the manufacturer’s
instructions.

Pharmacometabolomic analyses

Untargeted metabolomics profiling was performed using
urine samples that were collected at 12-h intervals before and
after the administration of the study drug. The collected urine
samples were centrifuged at 14,000 rpm for 20 min at 4°C
to remove any solid debris, and the supernatant was diluted
with distilled water. A 4-uL aliquot of the prepared urine sam-
ple was injected into a 2.1 x 100 mm ACQUITY 1.8 um
HSS T3 column using an ACQUITY UPLC system (Waters,
Milford, MA) coupled to a Waters Xevo Q-TOF. The gradi-
ent mobile phase condition consisted of phase A (water with
0.1% formic acid) and phase B (methanol containing 0.1%
formic acid). Each sample was resolved for 20 min at a flow
rate of 0.4 mL/min under the following gradient conditions:
0-1 min, 5% B; 1-4 min, 5-20% B; 4-7.5 min, 20-60% B;
7.5-11.5 min, 60-95% B; 11.5-15.5 min, 95% B; 15.5-16.2
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min, 95-5% B; and 16.2-20 min, 5% B. The data were col-
lected in centroid mode over the range of 50-1000 m/z with
a scan time of 0.4 s.

The multivariate data were analyzed using the EZinfo soft-
ware (Waters). The stability and reproducibility of the unsu-
pervised principal components analysis were checked using
the pareto-scaled data by clustering quality controls (QCs).

Lymphocyte transformation test (LTT)
Peripheral blood mononuclear cells (PBMCs) were isolated
by density gradient centrifugation from blood that was col-
lected on day 1 before the study drug administration, day 20—
22, and day 60. The proliferation of PBMCs (0.15 x 106 cells)
in response to amoxicillin (0.25-2 mM), clavulanate (0.0625-
0.5 mM), and PHA (5 ng/mL; positive control) was measured
using the LTT as previously described.?* The proliferative
response was calculated as a stimulation index (SI; cpm in
drug-treated cells/cpm in mock-treated cells).

PBMCs secreting interferon-gamma were visualized using
ELISpot (MabTech, Nacka Strand, Sweden) by culturing the
PBMCs with each drug for 48 h.

Statistical analysis was done with SPSS (v. 23.0; IBM,
Armonk, NY)

The arithmetic means, standard deviations (SDs), medi-
ans, and maximum and minimum values of the continuous
data were calculated. The subjects were classified into sub-
groups based on the extent of the ALT elevations, HLA and
GSTT1/M1 genotypes, and LTT results to evaluate the asso-
ciations between the biomarkers. The genotypic frequencies
of the GSTM1 and T1 polymorphic variants and the groups
that were classified by ALT elevation were compared. The
LTT results were also used to classify subjects as positive
type, recovery type, or negative type using a cutoff value of
3 for the stimulation index (Sl).*3 An analysis of variance was
conducted to compare the maximum ALT change among the
groups.

A t-test was conducted to compare the changes in ALT
and endogenous metabolites between the groups. The cor-
relations between the potential biomarkers and liver func-
tion parameters were evaluated using Pearson’s correlation
test.

RESULTS
Study subject demographics and group classification
A total of 31 subjects completed the study. The mean age
was 30 years, and all of the subjects were male. The means
+ standard deviations (SDs) of the weights and heights of the
subjects were 71.9 + 7.5 kg and 174.3 + 5.2 cm, respec-
tively. One subject (AN103) dropped out because of adverse
events, including headache and vomiting on day 4. A total
of 48 adverse events were reported in 24 subjects during the
entire study period. No serious adverse events occurred, and
the most frequent adverse events were nausea, dyspepsia,
and diarrhea, which have commonly been associated with
the use of amoxicillin and clavulanate. The demographics,
biochemical variables, and lymphocyte transformation test
(LTT) results are provided in Table 1.

Based on the extent of their ALT elevations relative to
the baseline, the subjects were classified into three groups
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Table 1 Study demographics of all subjects
Demographics Biochemical variables LTT? results
Peak levels fold change
ID GSTT/GSTM Age (yr) Weight (kg) Height (cm) T. bilirubin ALT AST ALP Type Drug
ANOO1 Wild/Wild 27 67.2 171.3 1.57 1.31 1.15 1.04 N°
ANO002 25 71.5 177.8 1.33 1.15 1.09 1.10 N
ANO003 32 71.9 167.5 1.25 1.43 1.42 1.24 N
ANO004 40 71.3 170.6 1.00 3.29 4.26 1.23 p° ce
ANO005 30 77.5 179.4 1.10 1.38 1.13 1.1 N
ANO006 30 73.3 180.4 0.90 1.73 1.73 1.14 Rd A
ANO007 28 71.9 178.1 1.31 1.36 1.09 1.08 P
ANO008 26 69.0 174.8 1.71 2.25 2.21 1.07 R A
AN101 Wild/Null 31 77.6 177.7 1.00 3.89 217 1.23 N
AN102 30 80.0 178.5 1.1 1.42 1.22 1.05 R A
AN103" 20 82.6 178.6 1.60 1.27 1.19 1.23 NA
AN104 26 75.9 174.7 1.18 1.61 1.29 1.14 N
AN105 30 73.8 171.3 1.10 1.68 1.16 1.10 N
AN106 32 82.5 182.5 1.22 2.00 1.00 1.12 N
AN107 29 59.9 175.7 1.20 1.54 1.82 1.14 N
AN108 35 64.1 1711 1.33 0.88 0.94 1.00 N
AN201 Null/Wild 37 69.3 1731 1.80 1.38 1.18 1.28 N
AN202 23 88.4 183.4 1.00 2.33 1.38 1.29 N
AN203 39 72.5 176.5 0.83 3.00 1.67 1.02 P C, Af
AN204 36 71.4 167.4 1.25 1.08 1.09 1.18 N
AN205 26 65.2 168.1 1.50 1.00 1.13 1.14 N
AN206 30 59.5 168.4 1.00 3.00 1.86 1.03 N
AN207 27 62.1 173.4 1.25 0.75 1.12 117 R A
AN208 40 60.0 161.5 1.50 3.00 2.79 1.25 N
AN301 Null/Null 38 62.9 168.2 1.33 0.91 1.50 1.10 N
AN302 25 81.5 178.7 1.30 117 1.10 1.14 N
AN303 30 77.3 172.6 1.60 2.92 1.64 1.13 N
AN304 26 68.2 172.2 1.10 1.64 1.16 1.08 N
AN305 32 65.3 171.7 1.1 1.23 1.38 1.08 N
AN306 32 83.3 179.8 1.10 1.00 0.92 1.04 N
AN307 23 71.8 174.8 1.70 2.00 4.00 1.1 N
AN308 25 81.6 182.8 1.00 1.45 1.24 1.01 N

aLTT, Lymphocyte transformation test;?P, positive type (stimulation index > 3.0);°N, negative type (stimulation index < 2.0);9R, recovery type (stimulation index >
3.0 at day 20-22 but decreased below 3.0 at day 60);°C, clavulanate;'A, amoxicillin “Dropped out due to adverse events (headache, nausea). NA, not applicable.

(Figure 2): (1) Responder (n = 6), who had greater than a
twofold change in ALT at more than two sampling points; (2)
Nonresponder (n = 17), who had less than a 1.5-fold change
in ALT at all of the sampling points; and (3) Intermediate (n
= 8), who had a 1.5- to 2.0-fold change in ALT at all of the
sampling points. Most of the ALT levels were within the nor-
mal range (0-40 IU/L). However, in 19.35% (6/31) of the sub-
jects, the ALT levels after drug administration showed more
than twofold changes above the baseline values (i.e., ALT
before drug administration on day 1) at two or more sampling
points.

Correlation of PK parameters with ALT elevations

Comparative analyses between the Responder and Non-
responder groups revealed no statistically significant dif-
ferences in the primary PK parameters of amoxicillin
or clavulanate, including AUCq.12n, AUCastss; and Cmax
(Supplementary Table S3), which indicates that the nature
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of idiosyncratic DILI that is induced by amoxicillin and clavu-
lanate may not be related to the dose or the drug pharma-
cokinetics. There were also no significant differences in the
mean maximum ALT fold change among the groups that were
classified by GSTT1/GSTM1 genotype (Supplementary
Figure S1).

Correlation between miR-122 and ALT elevation

We measured the serum levels of miR-122, which has
been proposed as an alternative biomarker of DILI. After
drug administration, the miR-122 levels exhibited a simi-
lar increasing trend to that of the ALT levels (Pearson’s r
of 0.613-0.923, P < 0.05) but to a larger extent. Figure 3
shows these results for both the Responder and Nonrespon-
der groups. The miR-122 levels tended to increase on day
8, which was earlier than the increase in the ALT levels that
were first noted on day 14. We found significant correlations
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(left: ALT fold change, right: ALT levels) and the (b) Nonresponder group (left: ALT fold change, right: ALT levels). The baseline ALT levels

were defined as the value of the first day predose sample.
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Figure 3 Time courses depicting the serum miR-122 and ALT fold changes in the (a) Responder and (b) Nonresponder groups. The data

represent the mean + standard deviation.

between the serum miR-122 and ALT fold changes (Pear-
son’s r of 0.613-0.923, P < 0.05, Supplementary Table S4).

Pharmacometabolomic analyses

A total of 5,169 peaks in electrospray ionization in the pos-
itive ion mode (ESI+) and 4261 peaks in the negative ion
mode (ESI-) were detected after peak alignment and were
subsequently imported into the EZinfo software. Accord-
ing to the OPLS-DA model (Supplementary Figure S2), the
concentrations of 5 urinary metabolites (variable influence

on the projection > 5) were significantly different in the
Responder and Nonresponder groups (Table 2). The iden-
tified urinary markers 7-methylxanthine (7MX), 7-methyluric
acid (7MU), 3-methylxanthine (3MX), acetylcarnitine (ACar),
and azelaic acid (AzA) were quantified using QuanLynx
(Waters) and normalized to the creatinine concentration.
Four of the urinary metabolites showed significant changes
between days 1 and 8 after amoxicillin/clavulanate admin-
istration in the Responder group but not in the Nonre-
sponder group (Figure 4). Although the urinary metabolite

www.cts-journal.com
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3.3
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7-Methylxanthine
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P < 0.05 by t-test statistics using an independent two-sample t-test between the Responder and Nonresponder averages on day 8; Ratio of endogenous metabolites, ratio for a given metabolite (Respon-

der/Nonresponder) assayed on day 8; VIP, variable influence on the projection.
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levels showed large interindividual variations, the levels of
7MX, 7MU, and 3MX in the Responder group on day 8 were
significantly higher (3.3, 3.9, and 2.5 times, respectively) than
in the Nonresponder group, whereas the AzA level was sig-
nificantly lower (0.4 times; Figure 4).

Lymphocyte proliferation against amoxicillin and
clavulanate

The LTT was performed on three different visits (day 1, days
20-22, and day 60) to determine the lymphocyte response
against amoxicillin and clavulanate. Based on the LTT results,
for which stimulation index values above 3 were considered
positive, amoxicillin appeared to transiently induce lympho-
cyte proliferation at 20-22 days after administration in four
subjects (ANO06, AN008, AN102, AN207), although the pro-
liferation levels had returned to a normal range on day 60.
After clavulanate stimulation, a strong proliferative response
was observed in two subjects (AN004 and AN203) on day 60.
The lymphocyte response of one subject (AN004) appeared
to follow a similar process to that of a patient with AC-DILI
(Figure 5), with a very strong proliferative response to clavu-
lanate and enhanced interferon gamma (IFN-y) release from
lymphocytes after clavulanate stimulation. The biomark-
ers showed that there were metabolic changes on day
8, increased miR-122 levels on day 9, increased enzyme
activity, and then an enhanced proliferative response to
clavulanate.

DISCUSSION

Given the heterogeneous and complex nature of DILI, we
used multidirectional approaches to identify and evaluate
biomarkers in a well-controlled clinical trial in healthy sub-
jects.

Consistent with previous findings,'" the liver-specific miR-
122 response was highly correlated with ALT changes. Our
results demonstrated that the miR-122 levels changed more
dramatically than ALT, which indicates that miR-122 is more
sensitive to liver injury. The miR-122 also began to increase
earlier than ALT, which demonstrates the potential of miR-
122 as an early marker of AC-DILI.

We used a pharmacogenomics approach combined with
immunologic concepts to evaluate GSTT1/M1 genotypes
and HLA types as risk factors for DILI. We hypothesized that
there would be a higher incidence of ALT elevation in sub-
jects with the GSTT1/M1 null/null genotype?® or with specific
HLA types that are known risk factors for DILI.?® However, we
did not find an association between ALT changes and these
genotypes. This result may have been related to the limited
sample size or to slight elevations in ALT.

We also used a metabolomics platform to investigate the
metabolomic signatures of amoxicillin/clavulanate exposure
in healthy volunteers as predictors of AC-DILI. Although the
levels of urinary metabolites showed large interindividual
variations, we identified four urinary markers with the poten-
tial to predict ALT elevation: AzA was significantly down-
regulated, whereas 7MX, 3MX, and 7MU were significantly
upregulated.

AzA is known to scavenge radicals and modulate the
inflammatory response in human keratinocytes.?® A recent
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Figure 4 Box-whisker plots for significantly regulated endogenous metabolites. (a) Azelaic acid, (b) 7-methyluric acid, (c) 3-
methylxanthine, (d) 7-methylxanthine, and (e) acetylcarnitine on days 1, 8, and 14 (white box: Responder; gray box: Nonresponder).
The box plot shows the median (line) and 25-75% interquartile range for endogenous metabolites. Circles represent outliers.

study in mice demonstrated that exposure to 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD) induced oxidative stress
in the liver and decreased AzA levels.®® The AzA lev-
els changed even with low doses of TCDD, which did
not significantly increase the serum ALT or AST lev-
els. Therefore, AzA was suggested to be an early indi-
cator of liver damage that is related to mitochondrial
oxidative stress. Interestingly, 7MX also appears to be related
to oxidative stress. It is metabolized in the liver by xan-
thine oxidase to yield 7MU, which generates reactive oxy-
gen species (ROS) in the liver,®" which indicates that these
metabolites are involved in drug-induced oxidative stress in
the liver.3232 The metabolomics results thus support the con-
clusion that mitochondrial oxidative stress could be another
mechanism that underlies AC-DILI.

The immune basis of AC-DILI has been supported by the
delayed onset, individual susceptibility, HLA association, and
presence of drug-specific T cells in patients with AC-DILI.?324
The technologically demanding LTT assay was used here as
an in vitro testing method for detecting drug-responsive T
cells.®* As expected, because of the low incidence of DILI,
we observed that a small number of subjects showed a
positive response to the drug. The lymphocyte response to
amoxicillin appears to be transient and unrelated to changes
in ALT, miR-122, or other metabolic markers, which indi-
cates that it may be an asymptomatic response. However,
the positive lymphocyte response to clavulanate in one sub-
ject (ANO04) appears to be related to AC-DILI because we
found a similar sequence of metabolic, biochemical, and
biological changes with early metabolic changes detected
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on day 8 and increased miR-122 levels on day 9 followed
by increased enzyme activity (ALT/AST), and finally by an
enhanced proliferative response to clavulanate. Overall, this
finding indicates that one biomarker alone cannot distinguish
between the various etiologies of DILI, which supports the
need for multi-omics approaches to identify a prognostic
biomarker for DILI.

We also attempted to define the DILI mechanism by
examining the levels of circulating miR-122. MicroRNAs
can circulate in the blood either bound to proteins (e.g.,
argonaute, lipoprotein) or packaged in extracellular vesi-
cles such as exosomes and microvesicles.®>* A recent
study reported that circulating miRNAs are associated with
either the exosome-rich or protein-rich fraction, depending
on the type of liver injury.’>®” Circulating miR-122 in the
exosome-rich fraction is more related to inflammation. On
the other hand, miR-122 in protein-rich fraction is known to
be associated with hepatocyte injury induced by necrosis.'?
Our results showed that miR-122 increased by 7.2- and
5.2-fold in the exosome-rich and protein-rich fractions,
respectively (Supplementary Figure S3), which indicates
that amoxicillin and clavulanate induce a mixed-type liver
injury.

A major limitation of this study is the relatively small
number of subjects, which decreases the statistical power.
Another limitation is in the study subjects themselves. In gen-
eral, DILI occurs more frequently in elders and females,?°
while this study was performed with healthy male volun-
teers, not with DILI patients. Realistically, applying amox-
icillin/clavulanate to relatively vulnerable groups, such as
elders and females, may be problematic because of subject
safety and ethical issues. It has also been reported that while
the frequency of DILI differs depending on gender and age,
the manifestations of DILI do not differ significantly.3® Con-

Clinical and Translational Science

sidering these factors, we assumed that potential biomarkers
that are identified in males could represent those present in
all populations. Finally, our study was limited by the fact that
the levels of transaminases such as ALT, which we used as
an evaluation marker, may change depending on diet or alco-
hol intake.3?*° However, we limited alcohol consumption dur-
ing the study period by performing alcohol air breathing tests
upon hospitalization to exclude the possibility of ALT eleva-
tion by alcohol. We also attempted to minimize interfering
factors other than drugs that could affect liver function by lim-
iting the intake of any prescribed drugs and high-carbonate
or high-lipid diets beginning 2 weeks before the test.

Nevertheless, to the best of our knowledge, this study is
the first prospective clinical trial that has been performed on
healthy subjects with antibiotic-induced DILI that is based
on multi-omics tools. Previously, DILI biomarker explorations
have typically been retrospective studies on DILI patients.
Considering this, the significance of this study is the detec-
tion of altered biomarker levels upon slight changes in liver
function under well-controlled normal conditions or subclini-
cal conditions.*' However, a control group of either the same
subjects or different subjects not taking the antibiotic would
have added validity to changes in transaminases.

In conclusion, we evaluated and identified potential DILI
biomarkers based on currently known AC-DILI mechanisms.
Our results demonstrate that drug-induced hepatocellular
injury, oxidative stress, and adaptive immune response may
represent the main mechanisms that underlie DILIl. Further
confirmatory studies that demonstrate and validate the clini-
cal benefits of these markers for use in bedside applications
should be performed.
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