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Abstract BAL30072 is a new monocyclic p-lactam anti-
biotic under development which provides a therapeutic
option for the treatment of severe infections caused by
multi-drug-resistant Gram-negative bacteria. Despite the
absence of liver toxicity in preclinical studies in rats and
marmosets and in single dose clinical studies in humans,
increased transaminase activities were observed in healthy
subjects in multiple-dose clinical studies. We, therefore,
initiated a comprehensive program to find out the mecha-
nisms leading to hepatocellular injury using HepG2 cells
(human hepatocellular carcinoma cell line), HepaRG cells

Stephan Krihenbiihl and Martina Maurer contributed equally.

Electronic supplementary material The online version of this
article (doi:10.1007/s00204-017-1994-x) contains supplementary
material, which is available to authorized users.

< Stephan Krihenbiihl
stephan.krachenbuehl @usb.ch

Division of Clinical Pharmacology and Toxicology,
University Hospital, Hebelstrasse 2, 4031 Basel, Switzerland

Department of Biomedicine, University of Basel,
Hebelstrasse 20, 4056 Basel, Switzerland

3 InSphero AG, Wagistrasse 27, 8952 Schlieren, Switzerland

Basilea Pharmaceutica International Ltd, Grenzacherstrasse
487, 4058 Basel, Switzerland

The Hamner-UNC Institute for Drug Safety Sciences, The
Hamner Institute for Health Sciences, Research Triangle
Park, NC, USA

The UNC Institute for Drug Safety Sciences, University
of North Carolina at Chapel Hill, Research Triangle Park,
NC, USA

Swiss Centre of Applied Human Toxicology, Missionsstrasse
64, 4055 Basel, Switzerland

(inducible hepatocytes derived from a human hepatic pro-
genitor cell line), and human liver microtissue preparations.
Our investigations demonstrated a concentration- and time-
dependent reduction of the ATP content of BAL30072-
treated HepG2 cells and liver microtissues. BAL30072
impaired oxygen consumption by HepG2 cells at clinically
relevant concentrations, inhibited complexes II and III of
the mitochondrial electron transport chain, increased the
production of reactive oxygen species (ROS), and reduced
the mitochondrial membrane potential. Furthermore, BAL
30072 impaired mitochondrial fatty acid metabolism,
inhibited glycolysis, and was associated with hepatocyte
apoptosis. Co-administration of N-acetyl-L-cysteine par-
tially protected hepatocytes from BAL30072-mediated
toxicity, underscoring the role of oxidative damage in the
observed hepatocellular toxicity. In conclusion, BAL30072
is toxic for liver mitochondria and inhibits glycolysis at
clinically relevant concentrations. Impaired hepatic mito-
chondrial function and inhibition of glycolysis can explain
liver injury observed in human subjects receiving long-term
treatment with this compound.

Keywords Monocyclic B-lactams - Mitochondrial
toxicity - Glycolysis - Reactive oxygen species (ROS) -
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Abbreviations
ALT Alanine aminotransferase

AST Aspartate aminotransferase

BSO Buthionine sulphoximine

CYP Cytochrome P450

DILI Drug-induced liver injury

DMSO  Dimethylsulfoxide

DPBS Dulbecco’s phosphate buffered saline
ECAR Extracellular acidification rate
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FCCP Carbonyl cyanide-4-(trifluoromethoxy)
phenylhydrazone

FDA Food and drug administration (US)

GAPDH Glyceraldehyde 3-phosphate dehydrogenase

GSH Reduced glutathione

Hand E Hematoxylin and Eosin

HEPES  4-(2-Hydroxyethyl)piperazine- 1-ethanesulfonic
acid

HMGB1 High-mobility group protein B1

LDH Lactate dehydrogenase

LPS Lipopolysaccharide

NAC N-acetyl-L-cysteine

OCR Oxygen consumption rate

PBS Phosphate-buffered saline

ROS Reactive oxygen species

ULN Upper limit of normal

Introduction

Drug-induced liver injury is a major problem in all phases
of drug development, representing a significant challenge
for patients, clinicians, the pharmaceutical industry, and
regulatory agencies (Kaplowitz 2005). It is the most com-
mon reason for post-marketing warnings or withdrawal of
an approved drug (Kaplowitz 2005; Temple and Himmel
2002). Since preclinical studies in animals cannot always
reliably predict DILI in humans, close monitoring during
clinical studies and post-marketing surveillance are criti-
cal for avoiding damage to patients, with ALT or alkaline
phosphatase levels >5 upper limits of normal (ULN) or
>2 ULN, respectively, proposed as a signal for concern
(Aithal et al. 2011).

BAL30072 is a new chemical entity, a sulfactam belong-
ing to the monocyclic B-lactam group of antibiotics with
a molecular weight of 518 Da (see Fig. 1). The com-
pound is currently under development for the treatment of
severe infections caused by multi-drug-resistant (MDR)
Gram-negative pathogens, especially P. aeruginosa and

Fig.1 Chemical structure of
BAL30072 and BAL104936

BAL30072
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Acinetobacter spp., in hospitalized patients (Page et al.
2010).

So far unpublished phase I studies by Basilea revealed
that BAL30072 has a dose-proportional pharmacokinetics
with a half-life in the range of 1.5-2 h, a volume distri-
bution of approximately 13 L, and a serum protein bind-
ing of 49%. Approximately 45-50% of a single dose was
recovered in urine within 24 h. During an infusion of a
daily dose of 3 g of BAL30072 over 22 h, stable plasma
concentrations were reached which averaged 30.5 mg/L
(total) and 22.2 mg/L (free drug concentration). The metab-
olism occurs mainly by opening of the p-lactam ring, lead-
ing to BAL104936 (see Fig. 1). BAL104936 contributed
20-30% to total systemic exposure independent of the
BAL30072 dose administered and approximately 12% of
the BAL30072 dose could be recovered as BAL104936 in
the urine.

Single doses up to 8 g of BAL30072 in healthy sub-
jects were well tolerated, with no serious adverse events
reported. Multiple doses of 1 g BAL30072 administered as
1 hi.v. infusions every 8 h (total daily dose 3 g) were also
well tolerated. Unexpectedly, in a multiple-dose study with
2 g given as 1 h i.v. infusions every 8 h (total daily dose
6 g), ALT and AST values exceeding the upper limit of nor-
mal were observed in 6/6 healthy male subjects. In a subse-
quent study with multiple doses of 4 g BAL30072 admin-
istered as 22 h infusions, relevant transaminase elevations
were observed in 5/6 subjects. Since no abnormalities were
observed in serum levels of bilirubin, the Hy’s law criteria
for severe drug-induced liver injury (DILI) were not met in
any subject (Reuben 2004).

Pharmacokinetics and metabolism of BAL30072 were
similar in animals and humans. No signs of liver toxicity
had been observed in preclinical safety studies in rats and
marmosets at intravenous doses up to 1 and 0.8 g/kg/day,
respectively, for 4 weeks. Other signs of toxicity in these
studies were generally mild and reversible, and limited to
the highest dose administered. They included soft feces,
anemia, deposition of pigments in proximal renal tubules

BAL104936
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and Kupffer cells, and minor signs of local irritation at the
injection site.

In consideration of the diverse findings regarding hepa-
totoxicity between the preclinical and clinical studies, we
decided to initiate a comprehensive program to investigate
the mechanism of the observed transaminase elevations to
improve the hepatic safety of this drug in patients. Taking
into account the main mechanisms of hepatotoxicity pos-
tulated by Lee (2003), the program included toxicity asso-
ciated with the production of active metabolites, assess-
ment of the interaction of BAL30072 with hepatocyte drug
transporting proteins, toxicity associated with activation
of Kupffer cells, mitochondrial toxicity, and studies about
the mechanism of cell death. The studies were carried out
using HepG2 cells (human hepatocellular carcinoma cell
line), HepaRG cells (terminally differentiated hepatic cells
derived from a human hepatic progenitor cell line), and
3-dimensional (3D) human liver microtissue preparations.

The investigations revealed that BAL30072 inhibited
glycolysis and both BAL30072 and BAL104936 were
mitochondrial toxicants starting at concentrations that can
possibly be reached in patients.

Materials and methods
Chemicals

BAL30072 (see Fig. 1a) and BAL104936 (the ring-opened
product of BAL30072, see Fig. 1b) were prepared in the
research laboratories of Basilea Pharmaceutica Interna-
tional Ltd (Basel, Switzerland). Because of the limited
stability of BAL30072 in solution, the drug was re-dosed
every 12 h in all experiments, unless otherwise indicated.
All other chemicals were supplied by Sigma-Aldrich
(Buchs, Switzerland), unless otherwise indicated.

Clinical study

In the context of a large phase I study program, a cohort of
six healthy male subjects were treated in a multiple-dose
study with 4 g per day of BAL30072 (n = 5 subjects) or
placebo (n = 1 subject) infused intravenously over 22 h for
6 days. Blood samples were obtained daily before the start
of the infusion for the determination of transaminases, alka-
line phosphatase, and bilirubin, using routine methods of
clinical chemistry. For the determination of the serum bile
acids, blood plasma samples were obtained from patients
in the fasted state every 2 days. Total bile acids were deter-
mined enzymatically as described previously (Taegtmeyer
et al. 2014).

Mechanistic biomarkers of hepatotoxicity were quanti-
fied every second day. Levels of total HMGBI1 [cell death

not specific for hepatocytes; (Yang et al. 2013)], liver-
specific miRNA122 [hepatocyte breakdown; (Bala et al.
2012)], as well as total caspase and cleaved cytokeratin
18 [cell death not specific for hepatocytes and apoptosis,
respectively; (Yilmaz 2009)] were also assessed. Quan-
tification of HMGB1 was carried out as described by the
manufacturer (IBL International; Ontario, Canada), but
with slight modifications. Two additional low standards
(1.25 and 0.625 ng/mL) were added to the “normal range”
curve and measurements were made on a SpectraMax plate
reader (Sunnyvale, CA). miRNA122 was measured in RNA
extracted from serum using the miRNeasy serum/plasma
kit (Qiagen, Valencia, CA) following the manufacturer’s
protocol. Spike-in caenorhabditis elegans miRNA39 (Qia-
gen) was added during isolation to control the extraction
efficiency. Total RNA was reverse transcribed utilizing a
Tagman miRNA Reverse Transcription Kit and miRNA-
specific primer sets (Life Technologies, Foster City, CA)
according to the manufacturer’s specifications, in parallel
with standard curves created with synthetic miRNA122
and miRNA39 (Qiagen). Absolute quantitative real-time
PCR (qRT-PCR) was performed utilizing TagMan Uni-
versal PCR Master Mix II (no Uracil N-Glycosylase) and
miRNA-specific Tagman assays (Life Technologies) on an
Applied Biosystems 7900HT RT-PCR system (Life Tech-
nologies). Normalization for extraction efficiency was con-
ducted as previously described (Kroh et al. 2010).

Cytokeratin-18 measurements were performed with
ELISA kits (M30 CytoDeath™ and M65 EpiDeath®
ELISA; Peviva), according to the manufacturer’s
instructions.

Cell culture

The human hepatocellular carcinoma cell line HepG2 was
provided by American type culture collection (ATCC,
Manassas, VA, USA). Cells were cultured in Dulbecco’s
Modified Eagle Medium (DMEM, containing 1 g/L glu-
cose, 4 mM L-glutamine, and 1 mM pyruvate) from Invit-
rogen (Basel, Switzerland) supplemented with 10% (v/v)
heat-inactivated fetal bovine serum, 2 mM GlutaMax,
10 mM HEPES buffer, 10 mM non-essential amino acids,
100 units/mL penicillin, and 100 pg/mL streptomycin.

The HepaRG cell line—a terminally differentiated
human hepatic progenitor cell line—was provided by
Biopredic International (Saint-Gregoire, France). Cells
were cultured and differentiated as described (Aninat
et al. 2006). Cells were first seeded in 96-well plates
(10,000 cells/well) and grown for 2 weeks in culture
medium [William’s E Medium, Invitrogen (Basel, Swit-
zerland) supplemented with 10% (v/v) fetal bovine serum
(not inactivated by heat), 2 mM L-glutamine, 5 pg/mL
bovine insulin, 50 wM hemisuccinate, 100 units/mL
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penicillin, and 100 pg/mL streptomycin]. For differentia-
tion, cells were cultured for 2 weeks in culture medium
supplemented with 2% DMSO. Induction of different
CYPs was achieved by pre-incubation of differentiated
HepaRG cells with 20 pM rifampicin for 72 h (Berger
et al. 2016).

All cells were kept at 37 °C in a humidified 5% CO, cell
culture incubator and passaged using trypsin.

3D human liver microtissue preparation

Cryopreserved primary human hepatocytes (lot IZT) and
non-parenchymal cells (NPCs) were obtained from Biorec-
lamationIVT. A combination of hepatocytes and NPCs
were seeded in a 96-well hanging drop culture platform
(GravityPLUS™, InSphero AG, Schlieren, Switzerland) in
liver microtissue re-aggregation medium (InSphero AG).
After microtissue formation, the resulting 3D human liver
microtissues were transferred to a spheroid-specific 96-well
microtissue receiver plate (GravityTRAP™, InSphero AG).
3D human liver microtissues were further cultured in the
GravityTRAP™ plates with a tissue-specific serum-free
maintenance medium (#CS-07-001-01, InSphero AG) in
a culture volume of 50 pL. per well. The 3D human liver
microtissues obtained contain approximately 1000 hepato-
cytes per microtissue and incorporated functional Kupffer
cells (Messner et al. 2013).

Intracellular ATP content

The intracellular ATP content, a marker for mitochon-
drial function and cell viability, was determined using the
CellTiter-Glo® kit from Promega (Madison, USA) follow-
ing the manufacturer’s instructions. Cells were grown in
96-well plates or GravityTRAP™ plates and exposed to a
range of BAL30072 or paracetamol concentrations. Triton
X (0.5%) was used as a positive control. The same amount
of assay buffer was added to each well containing culture
medium. After incubation in the dark for 15 min, lumines-
cence was measured using a Tecan M200 Pro Infinity plate
reader (Mannedorf, Switzerland).

3D human liver microtissue albumin production

The concentration of human albumin in supernatants col-
lected from microtissue cultures (after medium replenish-
ment every 12 h) was determined using the human Albumin
ELISA Quantification Set (E80-129/E101, Bethyl Labora-
tories Inc., Montgomery, USA), according to the manufac-
turer’s instructions.

@ Springer

Glutathione content

Glutathione (GSH) content was measured by the GSH/
GSSG-Glo™  Glutathione assay (Promega, Madison,
USA) according to the manufacturer’s instructions. Human
liver microtissues were pre-treated for 40 h with or with-
out 100 pM buthionine-sulphoximine (BSO) and further
cultured with or without 100 wM BSO in the presence of
BAL30072.

After exposure to BAL30072, the cell culture medium
was removed and 50 pwL of Total Glutathione Lysis Rea-
gent was added to each 96-well plate and transferred into a
white half-area assay plate. The plate was shaken at room
temperature for 15 min before addition of 50 pl Luciferin
Generation Reagent and then further incubated on a shaker
for 30 min before addition of 100 pL. Luciferin Detection
Reagent. After shaking for another 15 min, luminescence
was recorded on a Tecan M200 Pro Infinity plate reader
(Méinnedorf, Switzerland).

Toxicity associated with stimulation of Kupffer cells

Kupffer cell stimulation was performed with lipopolysac-
charide (LPS) (#L6529, Sigma-Aldrich, St. Louis, USA).
3D human liver microtissues were incubated in culture
medium with or without 10 pg/mL LPS for 120 h with
ascending BAL30072 concentrations. 50% of the medium
was replenished every 12 h. Cellular ATP content was
assessed with the CellTiter-Glo® ATP-assay and normal-
ized to controls.

In vitro efflux- and uptake transporter study

The transport experiments were conducted by Xenotech
according to published protocols (Xenotech.com/services/
drug-transporters). Individual data points were determined
in triplicate.

The ability of BAL30072 (up to 3700 uM) to inhibit
human efflux or uptake transporters was determined by
assessing the effect of BAL30072 on the transport of probe
substrates by the respective transporting proteins expressed
in suitable cell lines. Results are expressed as the ICj,
values.

To determine whether BAL30072 (up to 100 uM) is a
substrate of human efflux transporters, the bidirectional
permeability of BAL30072 across MDCKII cells express-
ing the specific transporter was determined. A ratio >2 of
the transport activities (higher activity/lower activity of the
bidirectional transport experiments) was regarded as an
indication for active transport.

Uptake experiments were performed by measuring the
transport of BAL30072 into cell lines expressing a specific
transporter and corresponding mock-transfected cells. A
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ratio of the transport activity >2 (transfected cells/mock-
transfected cells) was regarded as an indication for active
transport.

Oxygen consumption and extracellular acidification
rate by HepG2 cells

Cellular respiration in intact cells was measured with a
Seahorse XF24 analyzer (Seahorse Biosciences, North
Billerica, MA, USA) as described previously (Felser et al.
2013). HepG2 cells were seeded in Seahorse XF 24-well
culture plates at 100,000 cells/well in DMEM growth
medium and then incubated for 1 or 72 h with BAL30072
or BAL104936. Before assessing the cellular respiration,
the medium was replaced with 750 pL unbuffered DMEM
medium (4 mM L-glutamate, 1 mM pyruvate, 1 g/L glu-
cose, 63.3 mM sodium chloride, pH 7.4) and equilibrated
at 37 °C in a CO,-free incubator for at least 30 min. Plates
were transferred to the XF24 analyzer. Basal oxygen con-
sumption rate (OCR) was determined in the presence of
glutamate/pyruvate (4 and 1 mM, respectively). The oxi-
dative leak was determined after inhibition of the mito-
chondrial phosphorylation by adding 1 wM oligomycin.
The mitochondrial electron transport chain was stimulated
maximally by the addition of 2 WM FCCP, and the extra-
mitochondrial respiration was determined after the addition
of complex I inhibitor rotenone (1 wM). To determine the
basal respiration, oxidative leak, and maximum respiration,
the extra-mitochondrial respiration was subtracted.

The extracellular acidification rate (ECAR), which
approximates glycolysis, was determined in the same incu-
bations as used for oxygen consumption rate as described
by Zhang et al. (2012).

Activity of specific enzyme complexes of the
mitochondrial electron transport chain in HepG2 cells

The activity of specific enzyme complexes of the respira-
tory chain was analyzed using an Oxygraph-2 k-high-res-
olution respirometer equipped with DatalLab software
(Oroboros instruments, Innsbruck, Austria) (Felser et al.
2013). HepG2 cells were treated for 72 h with BAL30072,
suspended in MiRO5 (mitochondrial respiration medium
containing 0.5 mM EGTA, 3 mM magnesium chloride,
20 mM taurine, 10 mM potassium dihydrogen phosphate,
20 mM HEPES, 110 mM sucrose, 1 g/L fatty acid free
bovine serum albumin, and 60 mM lactobionic acid, pH
7.1) and transferred to the pre-calibrated Oxygraph cham-
ber (Pesta and Gnaiger 2012).

Respiratory capacities through complexes I, II, III,
and IV were assessed in HepG2 cells permeabilized
with digitonin (10 pg/million cells). Complexes I and III
were analyzed using L-glutamate/malate (10 and 2 mM,

respectively) as substrates followed by the addition of
adenosine diphosphate (ADP; 2.5 mM) and rotenone
(0.5 wM) as inhibitor of complex I. Duroquinol (500 M)
was then added to investigate complex III.

Complexes II and IV were analyzed using succinate/
rotenone (10 mM and 0.5 wM, respectively) as substrates,
followed by the addition of ADP (2.5 mM) and the complex
III inhibitor antimycin A (2.5 wM). N,N,N’,N’-tetramethyl-
1,4-phenylendiamine (TMPD)/ascorbate (0.5 and 2 mM,
respectively) was added to investigate complex I'V.

The integrity of the outer mitochondrial membrane was
confirmed by the absence of a stimulatory effect of exog-
enous cytochrome ¢ (10 wM) on respiration, expressed as
oxygen consumption per mg protein.

Accumulation of mitochondrial reactive oxygen species
in HepG2 cells

Generation of mitochondrial reactive oxygen species (ROS)
was assessed using MitoSOX Red (Invitrogen, Basel, Swit-
zerland). 50 wM amiodarone was used as a positive control.
After the treatment of HepG2 cells (duration up to 120 h),
cell culture medium was removed, and 2.5 uM MitoSOX
dissolved in DPBS was added. After incubation for 10 min
at 37 °C in the dark, fluorescence was measured (excitation
510 nm, emission 580 nm) using a Tecan M200 Pro Infinity
plate reader (Ménnedorf, Switzerland).

Lactate production

Lactate production was measured with the Lactate Assay
Kit (MAKO064, Sigma-Aldrich, St. Louis, USA) using an
enzymatic reaction. Supernatants from cell cultures or from
human liver microtissues from 12 h exposures were har-
vested, with 5 pL subjected to the enzymatic reaction. The
resulting fluorescent signal was calculated according to the
standard curve of the Lactate Assay Kit.

3D human liver microtissue histology

Human liver microtissues were harvested at defined end-
points, washed with PBS-buffer, and fixed with 4% para-
formaldehyde for 2 h at room temperature. Specimens were
further paraffinized in a histo-kineter. Formalin-fixed paraf-
fin-embedded sections were stained with hematoxylin and
eosin (H and E).

Lipid accumulation in HepG?2 cells
Using the method developed by Donato and colleagues
(2009), HepG2 cells were exposed for 24 h to exogenous

lipids (DMEM medium containing 41.3 pM oleate and
20.7 uM palmitate). HepG2 cells were then treated with
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BAL30072 in lipid-free medium for 72 h. The intracel-
lular lipid accumulation was measured using 3.75 ng/mL
BODIPY 493/503, a non-polar derivative of the BODIPY
fluorophore (Donato et al. 2009). After treatment, cells
were detached and washed with lipid-free medium. The
cell suspension was stained for 30 min at 37 °C in the dark
with PBS containing BODIPY and 2.5 pg/mL propidium
iodide (PI). PI was used for the determination of cell viabil-
ity, with analysis restricted to live-cell populations. Stained
cells were examined by flow cytometry using a FACSCali-
bur (BD Bioscience, Allschwil, Switzerland). Data were
analyzed using CellQuest Pro 6.0 software (BD Biosci-
ence, Allschwil, Switzerland).

Fatty acid metabolism by HepG2 cells

Metabolism of [1-1*C] palmitic acid (60 mCi/mmol, Perkin
Elmer, Schwerzenbach, Switzerland) was assessed by the
formation of '“C-acid-soluble B-oxidation products (Fel-
ser et al. 2013). HepG2 cells were seeded in 6-well plates
(500,000 cells/well) and treated with BAL30072 for 72 h.
Amiodarone (50 pM) was used as a positive control. After
treatment, HepG2 cells were permeabilized with digitonin
(10 pg/million cells) in 225 pL assay buffer (70 mM
sucrose, 43 mM potassium chloride, 3.6 mM magnesium
chloride, 7.2 mM potassium dihydrogen phosphate, 36 mM
TRIS, 0.2 mM ATP, 50 wM L-carnitine, 15 puM coenzyme
A, 5 mM acetoacetate, pH 7.4) and incubated for 10 min at
37 °C. Afterwards, 25 pL [1-'%C] palmitic acid (200 pM
final concentration) was added to each sample and incu-
bated at 37 °C. The reaction was stopped after 15 min by
adding 250 L of perchloric acid (6%). The samples were
precipitated for 5 min on ice before centrifugation. Radio-
activity was measured in the supernatant using a Packard
1900 TR liquid scintillation analyzer.

Caspase 3/7 activation in liver microtissues

Caspase 3/7 activity was determined using the luminescent
Caspase-Glo 3/7 assay (Promega, Madison, USA) accord-
ing to the manufacturer’s manual. 3D human liver micro-
tissues were exposed to a range of BAL30072 concentra-
tions in GravityTRAP™ plates, and 50 pL assay buffer
was added to each well containing 50 pL culture medium.
The lysates were transferred to an opaque half-area assay
plate and shaken for 30 min in the dark at room tempera-
ture. Luminescence was measured using a Tecan M200 Pro
Infinity plate reader (Minnedorf, Switzerland).

Statistical analysis

Data are given as the mean £ SEM of at least three inde-
pendent experiments. Statistical analyses used GraphPad
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Prism 6 (GraphPad Software, La Jolla, CA, USA). One-
way analysis of variance (ANOVA) was used for the com-
parison of more than two groups, followed by the compari-
son between treatments containing test compounds and the
control group using Dunnett’s post-test procedure. Differ-
ences between experiments with multiple conditions were
compared using two-way ANOVA followed by Bonferro-
ni’s post hoc test. P values <0.05 (*), <0.01 (¥*), or <0.001
(***) were considered significant.

Results
Hepatocellular injury in BAL30072-treated patients

Transaminase elevations were observed in 5 of 6 study
subjects treated with 4 g of BAL30072 administered as
continuous 22-h infusions for 6 consecutive days (Fig. 2a,
b). The unaffected subjects had been treated with placebo,
whereas all subjects treated with BAL30072 had elevated
transaminases at day 6. In three subjects, ALT activity
in serum was >200 U/L (upper limit of normal 50 U/L)
and in the remaining two between 50 and 100 U/L. The
transaminase activities gradually returned to normal after
the treatment was stopped, and the latest normalization was
observed at 51 days. The subjects with liver injury were
asymptomatic, except for subject 2 (with the highest ALT
elevations), who developed moderate abdominal pain, mild
nausea, mild diarrhea, and palpitations. The serum bilirubin
and total bile acid concentration as well as the activity of
alkaline phosphatase were not increased by treatment with
BAL30072 (data not shown).

In addition to the transaminases, four exploratory liver
biomarkers, the high-mobility group protein B1 [HMGBI,
reflecting non-specific cellular breakdown (Yang et al.
2013)], miRNA122 [reflecting hepatocyte breakdown
(Bala et al. 2012)], full-length cytokeratin 18, and caspase-
cleaved cytokeratin 18 [reflecting non-hepatocyte-specific
cellular breakdown and apoptosis, respectively (Yilmaz
2009)], were also determined. The subject with the high-
est ALT elevation (subject 2) was correctly identified by all
exploratory biomarkers, whereas the identification of the
other subjects with transaminase elevation was less evident
due to a high background activity (Fig. 2c—f). Full-length
cytokeratin 18 and caspase-cleaved cytokeratin 18 reflected
the ALT activity better than HMGB1 and miRNA122. For
full-length cytokeratin 18 and caspase-cleaved cytokeratin
18, the median time until the maximal activity in serum
(T1ha) Was 5 days compared to 6 days for the other bio-
markers including ALT and AST.

The serum concentrations of BAL30072 obtained in
this study were in the expected range (total concentration
50-80 uM) with little inter-individual variation (data not
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HMGBI, d miRNA122, e total, and f caspase-cleaved cytokeratin-18

shown). Therefore, they do not explain inter-individual dif-
ferences in the increase of the biomarkers determined.

The data indicated that BAL30072 were associated with
hepatocellular injury starting at 2-3 days and reaching the
maximum at 5-6 days after initiation of treatment. Hepa-
tocellular injury was slowly reversible after stopping ther-
apy and could at least partially be explained by hepatocyte
apoptosis.

Effect of BAL30072 on hepatocyte viability
Hepatocyte viability in the presence of BAL30072 was first

investigated using HepG2 cells and human 3D liver micro-
tissues exposed for 120 h by assessing the cellular ATP
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were analyzed repeatedly in patient serum samples. BAL30072 (4 g
per day) was administered as continuous 22-h intravenous infusions
fromday 1 to 6

content. The cellular ATP content started to drop at 500
and 1000 uM in HepG2 cells and human liver microtissues
and the corresponding ICs, values were 2420 and 6520 uM,
respectively (Fig. 3a, b).

Long-term treatment of human 3D liver microtissues
with BAL30072 for up to 28 days was associated with a
dose- and time-dependent decrease in the hepatocyte ATP
content, but did not induce complete liver microtissue cell
death (Fig. 3c). The onset of cytotoxicity at the lowest con-
centration (289 pM) was observed from day 7 onwards.

As shown in Fig. 3d, BAL30072 impaired albumin syn-
thesis in human 3D liver microtissues. Similar to the effect
on the cellular ATP pool, the effect of BAL 30072 albumin
synthesis was clearly time- and dose-dependent.
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Fig. 3 Influence of CYP30072 on viability of HepG2 cells and on
viability and albumin synthesis of 3D human liver microtissues. a
ATP content of HepG2 cells after BAL30072 exposure for 120 h. b
ATP content of 3D human liver microtissues after BAL30072 expo-
sure for 120 h. ¢ ATP content of 3D human liver microtissues after

These studies showed that BAL30072 impaired impor-
tant hepatic functions and exhibited hepatocellular toxic-
ity which was dependent on the concentration and time
of exposure. Taking into account the publication by Lee
(2003), we subsequently investigated hepatocellular tox-
icity associated with the production of reactive metabo-
lites, inhibition of hepatocyte drug transporting proteins,
increased toxicity in combination with activation of
Kupfter cells, and mitochondrial toxicity as possible mech-
anisms of hepatocellular toxicity.

Hepatocellular toxicity associated with the production
of reactive metabolites

Since electrophilic metabolites can react with glutathione
and decrease the cellular glutathione pool (Anderson 1997),
we assessed the effect of BAL30072 on the glutathione
pool of 3D human liver microtissues. As shown in Fig. 4a,
incubation of 3D human liver microtissues with BAL30072
for 5 days resulted in decreased intracellular GSH levels
at 2 mM, compatible with the formation of electrophilic
metabolites reacting with GSH. The pretreatment with
buthionine-sulfoximine (BSO), an inhibitor of y-glutamyl-
cysteine synthetase required for glutathione synthesis
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independent experiments

(Yang et al. 2015), depleted the cellular GSH content
almost completely (Fig. 4a), but did not relevantly increase
ATP depletion in the presence of BAL30072 (Fig. 4b).

Since these experiments suggested the possibility of the
formation of reactive metabolites, we tested the forma-
tion of such metabolites directly using human liver micro-
somes. In these experiments, we used paracetamol as a
positive control. Two high-resolution mass spectrometry-
based approaches were applied using short-term microso-
mal incubations of BAL30072 with (1) GSH trapping and
(2) total protein digestion with pronase. The experiments
revealed the formation of GSH adducts with BAL30072
to a similar extent as with other monobactams (e.g., aztre-
onam) (data not shown). However, no covalent binding on
BAL30072 metabolites could be demonstrated in the pro-
nase assay (data not shown). This was in contrast to the
positive control paracetamol, for which not only massive
formation of GSH products but also covalent conjugates
with proteins could be detected (data not shown).

To assess a possible effect of BAL30072 metabolites
on hepatocyte viability, we performed experiments with
HepaRG cells after cytochrome P450 (CYP) induction.
We have shown previously that treatment of differen-
tiated HepaRG cells with 20 pM rifampicin for 72 h
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Fig. 4 Possible role of reactive metabolites for the toxicity of
BAL30072. a Glutathione (GSH) content in 3D human liver microtis-
sue preparations exposed to BAL30072 for 120 h with and without
buthionine sulphoximine (BSO). Where indicated, the tissues were
pre-treated with BSO for 40 h with 100 uM BSO (and further incu-
bated with 100 uM BSO in the presence of BAL30072). b ATP con-
tent in human liver microtissue preparations exposed to BAL30072
for 120 h with and without BSO. ¢ HepaRG cells were pretreated for
72 h with 20 uM rifampicin and then exposed to BAL30072 for 72 h.
All data are expressed as a percentage of control incubations; data
show the mean £+ SEM of three independent experiments

increases the activity of CYP2B6, 2C19, and 3A4 by a
factor of 4-8 (Berger et al. 2016). As shown in Fig. 4c,
BAL30072 was toxic for HepaRG cells, but CYP induc-
tion by rifampicin did not increase this toxicity.

These results indicate that production of reactive
metabolites and subsequent covalent binding to intracel-
lular proteins is an unlikely cause for the liver toxicity
caused by BAL30072.

Interference of BAL30072 with hepatocellular uptake
and efflux transporters

Inhibition of canalicular export pumps by drugs can be
associated with cholestasis which can impair the func-
tion of hepatocytes (Lee 2003). We, therefore, studied the
interaction of BAL30072 with human hepatocyte trans-
porters. These studies demonstrated that BAL30072 is
a substrate of the hepatic uptake transporters OAT1 and
OAT3, and possibly also of OATP1B1 and OATPIB3
(supplementary Tables S1 and S2). BAL30072 was a
weak inhibitor of the canalicular transporter MRP2,
but did not inhibit the bile salt efflux pump BSEP, the
breast cancer related protein (BCRP), and P-glycoprotein
(P-gp). In agreement with these findings, the serum bile
acid concentration was not increased in human subjects
treated with BAL30072 (data not shown).

These studies excluded interference with canalicular
export pumps as a main mechanism of BAL30072-asso-
ciated hepatotoxicity.

Effect on LPS-mediated toxicity

Lipopolysaccharides (LPS), also known as endotox-
ins, are the major components of the outer membrane of
Gram-negative bacteria and can elicit strong inflamma-
tory responses. Lipopolysaccharides can activate Kupffer
cells, leading to cytokine production and secretion, and
to an inflammatory state which can aggravate the toxic
effects of drugs on hepatocytes (Tukov et al. 2007).

To investigate the possibility of aggravation of hepa-
totoxicity of BAL30072 by LPS in clinical studies with
patients infected with Gram-negative bacteria, 3D human
liver microtissues were co-incubated with BAL30072 and
LPS. After 120 h of incubation, intracellular ATP levels
in Kupffer cells containing 3D human liver microtissues
showed that BALL30072-mediated hepatotoxicity was not
increased by the addition of LPS (supplementary Fig.
S1).

Based on these studies, we excluded Kupffer cell activa-
tion by endotoxin as a contributing factor for BAL30072-
associated hepatocellular toxicity.
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Effect on oxidative metabolism

Since mitochondria are important sources of ATP (glycoly-
sis is another important source), we investigated the effect
of BAL30072 on mitochondrial functions.

To investigate how BAL30072 affects oxidative
metabolism, we used a Seahorse XF24 analyzer to deter-
mine changes in oxygen consumption (OCR) in HepG2
cells treated with BAL30072 and BAL104936 (the ring-
opened product of BAL30072). Cellular consumption of
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Fig. 5 Effect of BAL30072 and BAL104936 on oxygen consump-
tion by HepG2 cells. Oxygen consumption rate (OCR) by HepG2
cells determined using a Seahorse XF24 analyzer after exposure to
a BAL30072 and b BAL104936 for 1 h. OCR by HepG2 cells after
exposure to ¢ BAL30072 and d BAL104936 for 72 h. The values
obtained for BAL30072 and for BAL104936 after exposure for 72 h
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oxygen mainly reflects mitochondrial metabolism (Fel-
ser et al. 2013). Acute exposure for 1 h up to 5000 uM
of BAL30072 and BAL104936 did not reduce the OCR
(Fig. 5a, b). After 72 h of exposure, the basal and max-
imal oxygen consumption rate started to decrease at
100 and 200 puM in the presence of BAL30072 and
BAL104936, respectively (Fig. 5c—f). BAL30072 and
BAL104936 did not increase the leak respiration after the
addition of oligomycin, excluding an uncoupling effect

(Fig. 5e, f).
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are quantified in (e) and (f), respectively. The different concentrations
used for the positive control amiodarone are due to the duration of
exposure. Data show the mean + SEM of three to four independ-
ent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 vs. respective
medium control
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Effect on enzyme complexes of the electron transport
chain

To analyze the mechanism of impaired oxidative metabo-
lism, the respiratory capacities of HepG2 cells through the
complexes of the electron transport chain were analyzed
using a high-resolution respirometry system. After 72 h
of exposure to BAL30072, we observed inhibition of the
enzyme complexes II and III starting for both complexes at
500 uM (Fig. 6a).

Consequences of the inhibition of the electron transport
chain

Inhibition of the electron transport chain (especially inhi-
bition of complexes I and III) can be associated with
increased mitochondrial ROS production (Drose and
Brandt 2012; Felser et al. 2013) and with increased produc-
tion of lactate due to stimulation of glycolysis (Felser et al.
2013).
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As expected from the inhibition of complex III,
mitochondrial ROS accumulation started at 1000 puM
BAL30072 for 72 h (Fig. 6b), further supporting the con-
clusion that BAL30072 affects mitochondria. Interestingly,
lactate production by human hepatic microtissues (starting
12 h after incubation, Fig. 6¢) and by HepG2 cells (starting
36 h after incubation) was decreased by BAL30072 (sup-
plementary Fig. S2). In contrast, meropenem, which we
used as a control substance, increased lactate production by
human hepatic microtissues (Fig. 6d).

Impaired production of lactate suggested inhibition of
glycolysis (Felser et al. 2013). We, therefore, determined
the extracellular acidification rate (ECAR) using the Sea-
horse after 1 and 72 h of exposure to BAL30072. After 1 h
of exposure, the ECAR was not impaired by BAL30072
(data not shown). However, after 72 h of exposure (Fig. 6e),
BAL30072 reduced ECAR significantly starting at 200 uM,
confirming impaired glycolysis (Zhang et al. 2012).

Impaired function of the mitochondrial electron trans-
port chain can be associated with a decrease in the
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Fig. 6 Function of the respiratory chain, ROS production, acidifica-
tion rate, and mitochondrial membrane potential in HepG2 cells, and
lactate production in 3D human liver microtissues. a Effect on respir-
atory capacities through complexes I, I, III, and IV measured on the
Oxygraph-2 k-high-resolution respirometer after BAL30072 incuba-
tion for 72 h. b ROS production after BAL30072 incubation for 72 h,
with ROS data expressed as a percentage of control incubations. ¢, d
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Lactate quantification in the supernatants of 3D human liver microtis-
sues after exposure to BAL30072 or meropenem for 24, 48, 72, 96,
and 120 h. e Acidification rates determined using a Seahorse XF24
analyzer by HepG2 cells exposed to BAL30072 for 72 h. f Mitochon-
drial membrane potential in HepG2 cells exposed to BAL30072 for
72 h. Data show the mean = SEM of three independent experiments.
*p < 0.05, ***p < 0.001 vs. respective medium control
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mitochondrial membrane potential (Kaufmann et al. 2005).
As shown in Fig. 6f, after 72 h of exposure, BAL30072
was associated with a concentration-dependent decrease in
mitochondrial membrane potential.

Effect of BAL30072 on mitochondrial g-oxidation
and cellular fat accumulation

Long-term treatment with BAL30072 for up to 28 days
induced a concentration- and time-dependent alteration
of the 3D liver microtissue morphology, beginning after
14 days of exposure at 2893 uM (Fig. 7a). After 28 days,
morphology changes could also be seen at 289 uM
BAL30072, the lowest concentration tested (Fig. 7a).
Changes in morphology included vacuolization of the cyto-
plasm of hepatocytes, with the nuclei in many instances
displaced to the cell periphery. This kind of morphology is
compatible with accumulation of fat in hepatocytes.

To investigate this possibility, we studied the accumula-
tion of triglycerides by HepG2 cells exposed to palmitate
using the lipid-specific fluorescent dye BODIPY 493/503
(Felser et al. 2013). Using this technique, we could dem-
onstrate intracellular accumulation of triglycerides in
HepG2 cells incubated with BAL30072 for 72 h starting at
1000 uM (Fig. 7b).

To study the mechanism of lipid accumulation by HepG2
cells exposed to BAL30072, mitochondrial B-oxidation was
quantified by monitoring the formation of '“C-acid-soluble
B-oxidation products from '*C-palmitate. After an expo-
sure of 72 h, a significant, concentration-dependent inhibi-
tion of B-oxidation by BAL30072 was observed starting at
2000 uM (Fig. 7c).

These findings showed that BAL30072 inhibited fatty
acid metabolism in HepG2 cells, leading to triglyceride
accumulation. These findings supported the idea that the
vacuoles observed after long-term exposure of 3D liver
microtissues to BAL30072 consisted of triglycerides.

Effect of BAL30072 on markers of apoptosis

A decrease in the mitochondrial membrane potential,
mitochondrial production of ROS, and cellular accumula-
tion of triglycerides are triggers for mitochondrial mem-
brane permeabilization (Charlot et al. 2004; Zamzami
et al. 1996a). Mitochondrial membrane permeabilization
not only decreases the mitochondrial membrane potential,
but is also associated with apoptosis and/or necrosis (Mar-
chetti et al. 1996; Zamzami et al. 1995, 1996b). Accord-
ingly, BAL30072 activated caspase-3/7 in 3D human liver
microtissues in a concentration- and time-dependent man-
ner, suggesting that apoptosis contributes to hepatotoxicity
associated with BAL30072 (Fig. 8a, c). As shown previ-
ously, the cellular ATP concentration showed the expected
drop in the presence of BAL30072, which was also time-
and concentration-dependent (Fig. 8b, d).

Mitigation of BAL30072-mediated cell death

Since oxidative stress appears to be important for
BAL30072-associated hepatotoxicity, we investigated
whether the hepatocellular toxicity of BAL30072 could be
mitigated by co-treatment with N-acetylcysteine (NAC), a
well-established antioxidant (Bouitbir et al. 2012).

In HepG2 cells, a concentration-dependent protective
effect of NAC for BAL30072-mediated mitochondrial
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Fig. 7 Effect on fat accumulation in HepG2 cells and 3D human
liver microtissues, and on fatty acid metabolism by HepG2 cells.
a H and E staining of 3D human liver microtissues treated with
BAL30072 for the indicated time points; alterations in morphol-
ogy are depicted by an arrow. Magnification: x20. b Intracellular
triglyceride accumulation in HepG2 cells after BAL30072 expo-
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sure for 72 h. ¢ Metabolism of [1-'*C] palmitic acid in HepG2 cells
after BAL30072 exposure for 72 h (the activity of the control was
1.6 nmol/min/mg protein). Data show the mean = SEM of three inde-
pendent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 vs. respec-
tive medium control
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Fig. 8 Effect of BAL30072 on markers of apoptosis in 3D human
liver microtissues and effect of NAC on the cellular ATP content.
Human liver microtissue preparations were exposed to different con-
centrations of BAL30072 over different periods of time and the activ-
ity of caspase 3/7 was determined in the preparations. a Caspase 3/7
activity after exposure for 24 h. b Cellular ATP content after exposure
for 24 h. ¢ Caspase 3/7 activity after exposure for 72 h. d Cellular

ROS production was detected (Fig. 8e). Co-treatment with
5000 uM NAC reduced the mitochondrial ROS concentra-
tion by 61% at 10,000 uM BAL30072. A concentration-
dependent protective effect of NAC for BAL30072-medi-
ated hepatocellular toxicity was also observed in 3D human
liver microtissues (Fig. 8f).

Discussion

In the current study, we tested the main mechanisms of
hepatotoxicity proposed by Lee (2003) using different
human hepatocyte models after having detected hepato-
cellular injury in healthy subjects treated with BAL30072
in a phase I clinical study. The investigations included
the formation of reactive metabolites with covalent bind-
ing to intracellular proteins, interference with hepatocyte
drug transport systems, toxicity associated with Kupffer
cell activation, and mitochondrial toxicity. We did not test
for immunological toxicity, because we considered this
mechanism to have a low probability. Clinical signs for an
immunological reaction were lacking and the time until the
increase in transaminases was detectable (approximately
3 days) was considered to be too short for sensitization in
naive persons (Tailor et al. 2015).

BAL30072 concentration (uM)

BAL30072 concentration (uM)

ATP content after exposure for 72 h. e Mitochondrial ROS production
of HepG2 cells after 120 h exposure to BAL30072 in the absence or
presence of 1, 2, or 5 mM N-acetylcysteine (NAC). f ATP content of
3D human liver microtissues after 120 h of exposure to BAL30072 in
the absence or presence of 1, 2, or 5 mM NAC. All data are expressed
as percentage of control incubations; data show the mean + SEM of
three independent experiments

The studies revealed that BAL30072 depleted cellular
ATP stores in HepG2 cells and human liver microtissues,
inhibited glycolysis, and interfered with the mitochondrial
electron transport chain starting at concentrations in the
range of 100-200 uM. The other types of toxicities inves-
tigated appeared either at concentrations >1 mM or could
not be observed in the concentration range of BAL30072
investigated.

In the early stages of mitochondrial liver injury, an adap-
tive metabolic shift from predominantly oxidative phos-
phorylation to glycolysis can maintain the cellular ATP
levels. When glycolysis is also impaired, hepatocytes may
be unable to sustain sufficient cellular ATP levels and may
undergo apoptosis and/or necrosis (Nishikawa et al. 2014).
Treatment with BAL30072 was associated with impaired
lactate generation by HepG2 cells and human liver micro-
tissues, suggesting impaired glycolysis. In addition,
BAL30072 also impaired the acidification rate of HepG2
cells at a concentration of 200 pM, supporting the notion
that BAL30072 impaired glycolysis. Since mitochondria
and glycolysis are the main sources of ATP, the observed
decrease in the cellular ATP stores can be explained by
these mechanisms.

After 72 h of incubation, both BAL30072 and
BAL104936 significantly reduced oxygen uptake by
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HepG2 cells at concentrations starting between 100
and 200 uM, compatible with mitochondrial dysfunc-
tion. Based on preclinical and clinical data (data on file at
Basilea), the hepatic BAL30072 concentration can be esti-
mated to reach approximately 100 pM in patients treated
with 4 g of BAL30072 infused over 22 h, which is close to
the concentration where we started to observe inhibition of
mitochondrial respiration and glycolysis. Since the plasma
concentration of BAL104936 reached only 20-30% of the
parent compound BAL30072, and BAL104396 was a less
potent mitochondrial toxicant compared to BAL30072, it
can be assumed that hepatic toxicity is mainly associated
with the parent compound BAL30072. Importantly, short-
term exposure (<24 h) of HepG2 cells with BAL30072
was not toxic (or only at concentrations >1 mM); toxicity
at concentration <1 mM was observed only after exposure
for 72 h or longer. This observation is in agreement with
the clinical study, where toxicity started not before 3 days
of exposure. Based on the available pharmacokinetic data,
this delayed toxicity cannot be explained by hepatocellular
accumulation of the parent compound or of a metabolite.
Since mitochondria contain a distinct antioxidative defense
system (Lim et al. 2014), the delay until toxicity occurs
may reflect the time needed to overcome mitochondrial
antioxidative defense.

Further analysis of the mitochondrial function, using the
Oxygraph, demonstrated that BAL30072 inhibited complex
II and IIT of the electron transport chain, which was associ-
ated with increased ROS production and with a drop in the
mitochondrial membrane potential and cellular ATP con-
tent. The BAL30072 concentrations needed to impair mito-
chondrial function using the Oxygraph were higher com-
pared with the Seahorse, which can possibly be explained
by the different experimental settings. With the Seahorse,
cells are investigated as an intact layer, whereas with the
Oxygraph, cells are investigated in suspension after treat-
ment with digitonin to open the plasma membrane.

A reduction of the activity of complex III is a well-
known cause for an increase in mitochondrial ROS pro-
duction and for a decrease in ATP production (Drose and
Brandt 2012). An increase in mitochondrial ROS produc-
tion was observed in HepG2 cells and a drop in the ATP
content in both HepG2 cells and human liver microtissues
exposed to BAL30072. Mitochondrial ROS production
exceeding a certain extent is associated with mitochondrial
membrane permeabilization, which leads to a drop in the
mitochondrial membrane potential and induction of apop-
tosis and/or necrosis (Kaufmann et al. 2005; Zamzami
et al. 1996b). We could demonstrate mitochondrial mem-
brane depolarization on HepG2 cells and an increase in
markers of apoptosis both in human liver microtissues
and in human subjects. The important role of cellular ROS
accumulation in hepatocellular toxicity of BAL30072 was
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further demonstrated by co-incubations with N-acetyl-
cysteine. N-acetylcysteine could at least partially prevent
the ROS accumulation in HepG2 cells and cytotoxicity in
human liver microtissues exposed to BAL30072. Mito-
chondrial dysfunction (in combination with impaired gly-
colysis) appears, therefore, to be an important mechanism
in BAL30072-associated liver injury.

Treatment with BAL30072 was also associated with
accumulation of intracellular triglycerides in hepatocytes of
human liver microtissues, which were stored as large drop-
lets, shifting the nucleus to the cell periphery. Triglyceride
accumulation, which was also shown in HepG2 cells, can
be regarded as a consequence of impaired fatty acid metab-
olism and impaired function of the electron transport chain
(Krahenbuhl et al. 1994). Since hepatocellular steatosis has
been reported to be associated with increased ROS produc-
tion and induction of mitochondrial membrane permeabili-
zation (Rial et al. 2010), cellular triglyceride accumulation
may have contributed to hepatocellular damage.

Formation of reactive metabolites with covalent binding
to cellular proteins could be excluded as a major mecha-
nism of BAL30072 hepatocellular toxicity for two reasons.
First, cytochrome P450 (CYP) induction by rifampicin in
HepaRG cells did not increase BAL30072-associated tox-
icity, and, second, covalent protein binding of BAL30072
and/or metabolites was not detected in human microsomes
exposed to BAL30072. The observed decrease in the hepa-
tocellular glutathione content in 3D human microtissues
incubated with BAL30072 was, therefore, more likely the
result of ROS detoxification and not of a reaction with
metabolites of BAL30072. GSH is an important endoge-
nous antioxidant, participating directly in the neutralization
of free radicals (Anderson 1997).

The in vitro investigation of the interaction of
BAL30072 with hepatic drug transporters revealed that
BAL30072 was a substrate of the hepatic uptake transport-
ers OATP1B1 and OATP1B3. Importantly, BAL30072 did
not interact with the bile salt export pump (BSEP) or other
canalicular export pumps. In agreement with these find-
ings, serum bile acids were not increased in patients treated
with BAL30072. Accordingly, inhibition of canalicular
bile acid excretion with intracellular accumulation of bile
acids could be excluded as a mechanism of hepatotoxicity
by BAL30072. Inhibition of the BSEP with hepatocellular
accumulation of (toxic) bile acids has been reported to rep-
resent the main mechanism of the hepatic toxicity of bosen-
tan (Fattinger et al. 2001).

We also investigated the possibility that activation of
Kupffer cells could increase the toxicity of BAL30072.
Since 3D human liver microtissues contain Kupffer
cells, we could stimulate them by the administration
of LPS. LPS is a major component of the outer mem-
brane of Gram-negative bacteria and can elicit strong
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inflammatory reactions in humans (Cui et al. 2014),
thereby aggravating liver injury associated with certain
drugs (Tukov et al. 2007).Since pretreatment with LPS
did not increase hepatocellular toxicity of BAL30072, we
could exclude this possibility.

Since mitochondria are considered to have evolved
from endosymbiotic a-proteobacteria which are poten-
tially vulnerable to antibiotics (Chandel and Budinger
2013), it is not unexpected to detect mitochondrial tox-
icity during the pharmaceutical development of antibiot-
ics. It is well-established that antibiotics, including qui-
nolones, aminoglycosides, and B-lactams, can cause both
DILI (Leitner et al. 2010) and mitochondrial dysfunction
(Kalghatgi et al. 2013). Antibiotics have been described
to affect mitochondrial DNA and protein synthesis, as
well as activities of the enzyme complexes of the respira-
tory chain (Duewelhenke et al. 2007) as observed in the
current investigation.

In conclusion, long-term exposure to BAL30072
inhibited the mitochondrial electron transport chain and
p-oxidation in HepG2 cells and human liver microtis-
sues and caused mitochondrial ROS accumulation and
a drop in the mitochondrial membrane potential. Since
BAL30072 also inhibited glycolysis, the cellular ATP
level dropped and hepatocytes eventually underwent
apoptosis and/or necrosis. Mitochondrial dysfunction
and impaired glycolysis are likely mechanisms contrib-
uting to hepatocellular injury in subjects treated with
BAL30072.
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