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ARTICLE INFO ABSTRACT

Keywords: Idiosyncratic drug-induced liver injury (IDILI) is a severe disease that cannot be detected during drug devel-
Drug-induced liver injury opment. It has been shown that hepatotoxicity of some compounds associated with IDILI becomes apparent
Trovafloxacin when these are combined in vivo and in vitro with LPS or TNF. Among these compounds trovafloxacin (TVX)
Inflammation induced apoptosis in the liver and increased pro-inflammatory cytokines in mice exposed to LPS/TNF. The
?IEFKB hepatocyte survival and the cytokine release after TNF/LPS stimulation relies on a pulsatile activation of NF-kB.
LPS We set out to evaluate the dynamic activation of NF-kB in response to TVX + TNF or LPS models, both in

mouse and human cells. Remarkably, TVX prolonged the first translocation of NF-kB induced by TNF both in
vivo and in vitro. The prolonged p65 translocation caused by TVX was associated with an increased phos-
phorylation of IKK and MAPKs and accumulation of inhibitors of NF-kB such as IkBa and A20 in HepG2.
Coherently, TVX suppressed further TNF-induced NF-kB translocations in HepG2 leading to decreased tran-
scription of ICAM-1 and inhibitors of apoptosis. TVX prolonged LPS-induced NF-kB translocation in RAW264.7
macrophages increasing the secretion of TNF. In summary, this study presents new, relevant insights into the
mechanism of TVX-induced liver injury underlining the resemblance between mouse and human models. In this
study we convincingly show that regularly used toxicity models provide a coherent view of relevant pathways
for IDILI. We propose that assessment of the kinetics of activation of NF-kB and MAPKs is an appropriate tool for
the identification of hepatotoxic compounds during drug development.

1. Introduction The initial insult caused by the combination of drug and inflammatory

stimuli as described in this hypothesis is embedded in the so-called “the

Drug-induced liver injury (DILI) is a complex disease of concern to
pharmaceutical companies and health care providers (Chalasani et al.,
2015; Fontana et al., 2009). The identification of mechanisms behind
most idiosyncratic DILI (IDILI) remains a challenge that needs to be
solved in order to improve drug safety (Weaver et al., 2017). A pre-
valent hypothesis to explain the aetiology and patient specific response
to certain drugs is represented by the “inflammatory hypothesis” (Roth
et al., 2017) proposing that the liver-toxic potential of a number of
pharmaceuticals results from a combination of sterile and non-sterile
inflammatory stimuli (Buchweitz, 2002; Deng et al., 2006; Dugan and
MacDonald, 2010; Lu et al., 2012; Luyendyk, 2003; Zou et al., 2009).

* Corresponding author at: Yalelaan 104, 3584CM Utrecht, the Netherlands.

danger hypothesis” (Matzinger and Kamala, 2011). The latter may ex-
plain how cellular damage triggers hypersensitivity-like hepatic adverse
drug reaction (Pirmohamed et al., 2002).

In the last decade, many studies have underlined the importance of
cellular damage and innate immunity in the development of drug-in-
duced liver toxicity (Fredriksson et al., 2011; Shaw et al., 2009b; Beggs
et al., 2014; Giustarini et al., 2018; Fredriksson et al., 2014; Herpers
et al., 2016). In particular, tumor necrosis factor (TNF) appears to be
involved in the liver toxicity of some DILI-associated compounds but
the interactions between TNF signaling and these pharmaceuticals re-
main to be further elucidated.
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Among these DILI-associated compounds the fluoroquinolone tro-
vafloxacin (TVX) is well studied and it is shown that TVX, when ad-
ministered in combination with lipopolysaccharide (LPS) or TNF to
mice induces severe liver toxicity associated with vast apoptotic areas
in the liver, increased serum levels of alanine amino transferases (ALT)
and pro-inflammatory cytokines (Shaw et al., 2009b, 2009a; Giustarini
et al.,, 2018). TNF exerts many biological effects that are mediated by
engagement of TNF-receptor 1 (TNF-R1) and TNF-receptor 2 (TNF-R2).
The most important difference between the two receptors for TNF is
that the cytoplasmic tail of TNF-R1 contains a protein-protein interac-
tion domain called “death domain” whereas TNF-R2 does not. The
death domain interacting with TNF-R1-associated death domain can
form two different complexes of signaling proteins called complex I and
II (Wullaert et al., 2006). TNF-induced pro-survival signaling occurs via
complex I, which mediates activation of NF-kB and MAPK, whereas
death signaling via complex II activates caspase 8 (Wullaert et al.,
2006). In particular, nuclear translocation of NF-kB (consequent of
pathway activation) mediates usually pro-survival effects, especially in
hepatocytes regulating activation of JNK. Indeed, inhibition of TNF-
induced NF-kB nuclear translocation is associated with sensitization of
hepatocytes to cell death via sustained JNK activation which terminates
with caspase activation (Liu et al., 2002).

Several other studies have pointed to the importance of NF-kB in the
survival of hepatocytes as well as in the synthesis of inflammatory cy-
tokines upon TNF stimulation (Wullaert et al., 2007; Sakai et al., 2017).
NF-xB has a similar function in macrophages when exposed to LPS,
since Toll-like receptor signaling in liver-resident macrophages in-
creased translocation of NF-kB into the nucleus and consequently
transcription of various cytokines (Sakai et al., 2017).

In this study, we wanted to examine whether TVX causes alterations
of NF-kB pathway activated by TNF or LPS. Here, we found that TVX
perturbs NF-kB-mediated transcription leading to accumulation of in-
hibitors of NF-kB pathway via a prolonged activation of IKKa/p. This
together with the simultaneously prolonged activation and reactivation
of MAPKs may explain the observed increase in cytokine production
and induction of apoptosis as result of TVX treatment.

2. Materials and methods
2.1. Animals and experimental set up

Male, 9 to 11-week old, C57BL/6 J mice (The Jackson Laboratory,
Charles River) were used for all experiments. They were allowed to
acclimate for 1 week in a 12 h light/dark cycle,mean temperature of
23 + 2°C and 50-55% relative humidity. Acidified drinking water and
laboratory food pellets were provided ad libitum.

Mice were fasted 7 h prior to treatment. TVX (150 mg/kg), levo-
floxacin (LVX, 375 mg/kg), or saline vehicle (Veh) was administered
orally 3 h before recombinant murine TNF injection (50 pg/kg, i.p.)
(Shaw et al., 2009b). Food was available again immediately after TNF
administration. Animals analyzed at time point 0 h did not receive TNF
(Fig. 1).

In vivo studies were approved by the Ethics Committee for Animal
Experiments of Utrecht University and complied with governmental
and international guidelines on animal experimentation.

2.2. Chemicals

TVX, LVX and LPS were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Recombinant murine TNF was purchased from R&DSystems
(Minneapolis, MN, USA).

2.3. Cell culture

HepG2 human hepatoblastoma cells and RAW264.7 murine mono-
cyte/macrophage cells (American Type Culture Collection, Manassas,
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Fig. 1. Protocol for the treatment of mice in the TVX + TNF model of drug-
induced liver injury.

Mice were fasted for 7 h and then administered with an intragastric gavage of
the drug solutions or saline (Veh). Three hours later, mice were either killed to
observe the effects of the drugs alone (a) or received an intraperitoneal injec-
tion of TNF (b). TNF-injected mice were subsequently killed after 2 and 4 h.
Two hours after TNF was the selected time point to assess the effects of drugs on
TNF-induced transcription and p65 nuclear translocation. Livers of mice culled
at 4 h were used to confirm the occurrence of the damage. LVX, levofloxacin;
TNF, tumor necrosis factor; TVX, trovafloxacin; Veh, vehicle.

VA, USA) were maintained in MEM + Glutamax (Gibco, Invitrogen,
Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS) in
75 cm? tissue culture treated flasks. Cells were cultured in a humidified
atmosphere composed of 95% air and 5% CO2 and a temperature of
37 °C. HepG2 cells were passaged twice each week. 0.25% Trypsin-
EDTA was used to detach confluent HepG2 cells from the flask. After
plating, cells were allowed to adhere 48 h before treatment.

TVX and LVX was reconstituted to a stock solution of 200 mM in
dimethyl sulfoxide (DMSO) and diluted in culture medium to the de-
sired concentrations. The final DMSO concentrations did not exceed
0.025% (V/V). Recombinant human TNF was reconstituted to a stock
solution of 100 mg/mL in PBS+0.3% BSA as indicated by the manu-
facturer (R&DSystems). After incubation with the fluoroquinolones
with or without TNF, HepG2 cells were washed with PBS, after treated
with cytoplasmic lysis buffer (10 mM Hepes; pH 7.9, 10 mM KCl,
0.1 mM EDTA, 0.1 mM EGTA, 0.4% NP-40, protease and phosphatase
inhibitors) and gently scraped. The suspensions were collected and left
on ice for 20 min before centrifugation 13,000 rpm for exactly 1 min at
4 °C. Supernatant was collected and immediately stored at -80 °C. The
pellets were washed 3 times with cytoplasmic lysis buffer without NP-
40. Nuclei were resuspended and sonicated in nuclear lysis buffer
(20 mM Hepes pH 7.9, 25% glycerin, 400 mM NaCl, 1 mM EDTA, 1 mM
EGTA, 0.8% NP-40, protease and phosphatase inhibitors). Suspension
were centrifuged at 13000 rpm for 5 min at 4 °C. Supernatant was
collected and immediately stored at -80 °C.

HepG2 RelA-GFP (NF-xB, p65), A20-GFP BAC and ICAM-1 BAC GFP
reporter cell lines were previously established and characterized (Wink
et al., 2017, 2018). HepG2 BAC GFP reporters were maintained and
exposed to drugs in DMEM high glucose supplemented with 10% (V/V)
FBS, 25 U/mL penicillin and 25 pg/mL streptomycin. The cell lines
were used between passage 5 and 25. For live cell imaging, the cells
were seeded in Greiner black p-clear 96 wells plates, at 50000 cells per
well. After plating, cells were allowed to adhere 48 h before treatment.

RAW264.7 cells were passaged twice each week and a scraper was
used to detach them from the flask. LPS was reconstituted to a stock
solution of 1 mg/mL in PBS as indicated by manufacturer. After plating
15 x 10* cells in each of the 12 wells, cells were allowed to adhere 48 h
before treatment. Drug treatment was similar as with HepG2 cells.
RAW264.7 cells were either exposed to the drugs alone for 4 h or for 2 h
before receiving LPS (10 ng/mL). Cells for imaging were seeded in IBIDI
p-slide 8 well, washed once with PBS and fixed with 4% formaldehyde,
permeabilized with 0.2% triton X-100 in PBS, and blocked with 1.5%
normal donkey serum. Polyclonal antibodies against anti-NF-kB p65
(1 pg/well) were applied for 1 h followed by an 1 h incubation with
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FITC-conjugated donkey anti-rabbit IgG. The presence of cell nucleus
was determined with DAPI. After washing with PBS, the coverslips were
mounted in SlowFade Diamond (Thermo scientific, Rockford, IL, USA).

2.4. Cell death analysis

Induction of apoptosis in real time was quantified using a live cell
apoptosis assay previously described (Puigvert et al., 2010). Briefly,
binding of annexin V-Alexa633 conjugate to phosphatidyl serine on the
membranes of apoptotic cells, intracellular fluorescence of propidium
iodide (PI) in cells stained with Hoechst (nuclear staining) was followed
in time by a Nikon TiE2000 confocal laser microscope.

Overall cell death (loss of membrane integrity) was determined by
lactate dehydrogenase (LDH) release in the medium in essentially the
same manner as described (Van de Water et al., 2001).

2.5. Microscopy

Accumulation of GFP levels, PI and Hoechst staining was monitored
using a Nikon TiE2000 confocal laser microscope (lasers 540, 488 and
408 nm), equipped with an automated stage and perfect focus system at
37 °C with humidified atmosphere and 5% CO,/air mixture. All ima-
ging was similar as previously described. 96-well plate contained one
reporter cell line, which was exposed to all the compounds used (TVX,
LVX or DMSO). For the ICAM1-GFP reporter experiments, cells were
first exposed for 8 h to compound only; next, TNFa was added to all
wells, up to a final concentration of 4 ng/mlL. Directly after TNFa
treatment the live cell imaging was started.

HepG2 RelA-GFP (NF-kB, p65) and A20-GFP BAC reporter cell lines
were generated and characterized as described previously (Wink et al.,
2017; Herpers et al., 2016). Accumulation of GFP levels or nuclear
translocation, and Hoechst staining was monitored using a Nikon
TiE2000 confocal laser microscope (lasers: 640, 540, 488, and 408 nm).
This microscope is equipped with an automated stage and perfect focus
system at 37 °C with humidified atmosphere and 5% CO2/air mixture.
HepG2 cells were stained with 50 ng/mL Hoechst33342 for 30 min to
visualize the nuclei. The Hoechst medium was replaced with exposure
medium containing the drugs and a final concentration of 4 ng/mL
TNF. To prevent a delay in TNF response in the oscillations of the RelA-
GFP reporter, solutions were added at the microscope per well, directly
upon imaging of the first image (t = 0).

Half of the biggest liver lobe was embedded in optimal cutting
temperature compound (OCT) and 8 pm liver slices were prepared for
immunohistochemistry. Slices were fixed with acetone and permeabi-
lized with 0.2% triton X-100 in PBS, and blocked with 1.5% normal
donkey serum. Polyclonal antibodies against anti-NF-xB p65 (10 ug/
slide) were applied for 1 h followed by an 1 h incubation with FITC-
conjugated donkey anti-rabbit IgG. The presence of cell nucleus was
determined with DAPI. After washing with PBS, the coverslips were
mounted in SlowFade Diamond (Thermo scientific, Rockford, IL, USA).
Three liver slices per treatment derived from three different animals
were stained and assessed on the same slide. Hepatocyte nuclei were
selected based on the intensity and area of DAPIL. Nuclear count was
stopped to the lowest number of nuclei counted in one of the group of
treatment. For RAW264.7 cells and liver slices images were acquired
with Olympus BX-60 microscope equipped with Leica CCD camera
(Leica DFC425C) (40 x 0.5 objective).

2.6. Image analysis of fluorescent protein reporter activity

Quantitative image analysis was performed with CellProfiler version
2.1.1 (Kamentsky et al. 2011) with an in house developed CellProfiler
module implementing the watershed masked algorithm for segmenta-
tion (Yan and Verbeek 2012; Wink et al., 2017). Image analyses results
were stored as HDF5 files. Data analysis, quality control and graphics
were performed using the in house developed R package h5CellProfiler.
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For each reporter intensity levels of the GFP signal, the nuclear
Hoechst33342 intensity levels and at 24 h the PI staining were mea-
sured at the single cell level.

2.7. Western blot analyses

Approximately 50 mg of each liver sample was lysed using 500 uL
RIPA lysis buffer (Thermo scientific, Rockford, IL, USA) containing
protease and phosphatase inhibitors (Roche Applied Science, Penzberg,
Germany). The total protein concentration of liver lysates and nuclear
and cytoplasmic fractions of cell lines were measured by the BCA
protein assay kit (Thermo scientific, Rockford, IL, USA). Standardized
protein amounts (30 pg) of boiled samples were analyzed by electro-
phoresis in SDS-PAGE gel 4-20% or 7.5% and electro-transferred onto
polyvinylidene difluoride membranes (Bio-Rad, Veenendaal, The
Netherlands). Membranes were blocked with immersion in ethanol
100% for 1 min and afterwards rehydrated with TBS supplemented
with 0.2% Tween (TBS-T) and incubated overnight with: anti-human
p65 (Abcam, ab16502); anti-human phospho-p65 (Ser536) (Cell sig-
naling Rabbit #3031S); anti-human clathrin HC (Cell signaling,
#2410), anti-human lamin A/C (Cell signaling #2032); anti-human
IkBa (Cell Signaling, #9242), anti-human phospho-p44/42 (Erk1/2)
(Thr202/Tyr204) (Cell Signaling, #9101); anti-human phospho-p38
(Thr180/Tyr182) (Cell Signaling, #9211); anti-human phospho-IxkBa
(Ser32, clone: 14D4) (Cell signaling, #2859), anti-human phospho-
IKKoa/B (Serl76/180, clone; 16A6), (Cell signaling, #2697), anti-
human phospho-SAPK/JNK (Thr183/Tyr185, clone: 81E11) (Cell
Signaling, #4668). After washing in TBS-T, the membranes were in-
cubated with rabbit anti-goat peroxidase-conjugated secondary anti-
body (1:5000, Dako, Glostrup, Denmark) for 1 h at room temperature.
Finally, membranes were washed in TBS-T and once in TBS, incubated
with ECL Prime Western Blotting Detection Reagent (Amersham
Biosciences, Roosendaal, The Netherlands), and digital images were
obtained with the ChemiDoc XRS Quantity One (Bio-Rad Laboratories,
Hercules, CA, USA). In the next step the membranes were re-probed
with a B-Actin or Lamin A/C antibody (1:4000, Cell Signaling, MA,
USA) to assess the equality of loading. Signal intensities were quantified
using ChemiDoc XRS Quantity One (Bio-Rad Laboratories, Hercules,
CA, USA), and protein expression normalized with B-Actin.

2.8. gPCR

For mRNA studies, the medial part of the biggest liver lobe from
each mouse (approximately 50 mg) was snap frozen in liquid nitrogen
and stored at —80 °C untill RNA isolation. Each sample was suspended
in 500 pL RNA InstaPure (Eurogentec) and homogenized using a
TissueLyser (Qiagen, Hilden, Germany) for 1 min/25 Hz twice. The
homogenized tissue was centrifuged for 10 min at 12,000 xg. The
supernatant, containing RNA in RNA Insta-Pure was transferred to a
new vial and RNA was isolated using phenol-chloroform extraction. The
amount of RNA was determined using the NanoDrop 2000
Spectrophotometer (ThermoScientific). Subsequently, 1 ug of extracted
total RNA was reverse transcribed with the iScriptTM ¢cDNA Synthesis
kit (Bio-Rad Laboratories, Hercules, CA, USA). Quantitative reverse
transcriptase PCR was performed suing a iCycler iQ system (Biorad),
and amplification was done using iQ SYBR Green supermix (Biorad)
with 0.3 uM final primer concentration. Primer sequences: mouse
ICAM-1 FW-GCTACCATCACCGTGTATTCG and RV-TAGCCAGCACCGT
GAATGTG, mouse A20 FW-GAACCAGATTCCATGAAGCAA and RV-
CCTGTAGTTCGAGGCATGTC; mouse IkBa FW-AGGAGTACGAGCAAA
TGGTG and RV-CGGCTTCTCTTCGTGGATG; mouse c-IAP1 FW-TTGA
GCAGCTGTTGTCCACTTC and RV-GGCCAAAATGCACCACTGT; mouse
c-IAP2 FW-AGGGACCATCAAGGGCACAGTG and RV-TTGGCGGTGTCT
CGTGCTATC; mouse MIP-2 FW- AAAGTTTGCCTTGACCCTGAAG and
RV-CAGTTAGCCTTGCCTTTGTTCAGT; mouse TNF FW-AACGGCATGG
ATCTCAAAGA and RV-TTTCTCCTGGTATGAGATAGCAAATC, human
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A20 FW-GCGTTCAGGACACAGACTTG and RV-TTCATCATTCCAGTTC
CGAGTATC; human IkBa FW-GCTGAAGAAGGAGCGGCTACT and RV-
TCGTACTCCTCGTCTTTCATGGA; human: IL-8 FW-CTCTTGGCAGCCT
TCCTGATT and RV-TATGCACTGACATCTAAGTTCTTTAGCA; human c-
IAP1 FW-AGCTGTTGTCAACTTCAGATACCACT and RV-TGTTTCACCA
GGTCTCTATTAAAGCC; human c-IAP2 FW-ACTTGAACAGCTGCTATC
CACATC and RV-GTTGCTAGGATTTTTCTCTGAACTGTC.

Gene specific primers were derived from the NCBI GenBank and
were manufactured commercially (Eurogentec, Seraing, Belgium). For
each sample, mRNA expression was normalized for the detected Ct
value of GAPDH or (-actin. 3-actin and GAPDH mRNA expressions were
both tested showing no significant variations/in between differences in
time and treatments. Data are expressed as fold increase compared with
the control group (vehicle only).

2.9. Statistical analyses

Data are presented as means * standard error of the mean (SEM).
Statistical significance for comparisons was determined by ONE- or
TWO-way ANOVA with Dunnett's post-hoc test. A P value less than 0.05
was considered statistically significant. All data are analyzed using
GraphPad Prism (version 6.07) software (San Diego, CA, USA).

3. Results

3.1. Co-incubation with Trovafloxacin (TVX) and Tumor Necrosis Factor
(TNF) induces apoptosis in HepG2 cells

HepG2 cells were exposed to TVX (20 uM), LVX (50 pM) or DMSO
(0.01% max) for 24 h either in presence or in absence of TNF (4 ng/
mL). TNF concentration used resembles that found in human blood
during inflammatory stress (Copeland et al., 2005; Taudorf et al.,
2007). Incubation of cells with TVX + TNF, but not with any of the
other treatments, showed a gradual increase of Annexin V-staining and
an increased leakage of LDH at 24 h. (Fig. 2a-b).

3.2. TVX disrupts TNF-induced p65 nuclear translocation

Because of the fundamental role of NF-kB in hepatocyte survival
after TNF stimulation (Fredriksson et al., 2011) we decided to in-
vestigate the effects of TVX and LVX on TNF-induced NF-kB nuclear
translocation in the liver of mice and in HepG2 cells. TNF was ad-
ministered to the mice 3 h after single oral administration of drugs or
vehicle (Fig. 1) and 2 h after the cytokine injection liver tissues were
collected for immunofluorescence detection of nuclear and cytoplasmic
p65 levels. TVX + TNF-treated mice showed a greater number of cells
with increased nuclear/cytoplasmic p65 ratio in liver tissue when
compared with LVX + TNF- or Veh + TNF-treated mice (Fig. 3a-b). Of
note, liver tissue of these latter two groups did not show any significant
difference in the distribution of p65 nuclear/cytoplasmic ratio values,
but all treatments that included TNF significantly increased the number
of hepatocytes with a high nuclear/cytoplasmic ratio when compared
with Veh + PBS (Fig. 3a-b).

HepG2 cells have been shown to reproduce the TVX-induced tran-
scriptional signature as observed in primary human hepatocytes
(Liguori et al., 2008), indicating that HepG2 are good model cells to
study TVX toxicity. To verify and describe in more detail the effect of
TVX on the dynamics of p65 translocation we analyzed the kinetics of
nuclear translocation of p65 using genetically modified p65-GFP-tagged
HepG2 cells. All TNF treatments promoted a clear nuclear translocation
of p65, and both LVX- and DMSO-treated cells displayed pulsatile os-
cillations of the p65 nuclear/cytoplasmic ratio after the exposure to
TNF. TVX-treated cells showed a unique and sustained peak of p65
nuclear translocation occurring between 15 and 90 min after treatment,
without further oscillations (Fig. 3c).

We confirmed the TVX-induced alterations of p65 translocation in

Toxicology and Applied Pharmacology 391 (2020) 114915

1Y

HepG2

2000000+ v DMSO

o DMSO+TNF
A LVX+TNF
= TVX+TNF

1500000+

1000000

Annexin-V FITC
integrated density

500000- L

st
:;:-:;:r:;nnnnﬂmﬂﬂ
2 4 6 8 10 12 14 16 18 20 22
Time (h)

m:mxxsz:mzzszm

HepG2
250+

200+
150+

100+

LDH release
(% of control)

50

Fig. 2. TVX + TNF induced cell death in HepG2.

HepG2 cells were incubated for 24 h in presence of TVX, LVX or DMSO with or
without TNF (4 ng/mL). (a) Treatment with TVX + TNF induces apoptosis in
HepG2 cells (increased annexin V-Alexa633 fluorescence). Presented data are
representative results for the experiments which were performed three times (b)
Coherently, only TVX + TNF significantly increased the LDH in the supernatant
of HepG2 cells, here shown for analyzes 24 h after incubation. Data are pre-
sented as mean + SEM; * p < .05 when compared with all the other treatments
assessed.

non-mutant HepG2 using quantification of p65 protein levels in nuclear
and cytoplasmic extracts of cells treated with DMSO+TNF or
TVX + TNF and analyzed by Western blot (Fig. 3d). Simultaneously to
nuclear translocation, phosphorylation of p65 occurred on Ser536 in
both treatments (Fig. 3d), and apart from abrogating further p65 nu-
clear translocations TVX also lowered its phosphorylation at Ser536
after 120 min to values comparable to levels at 0 min (Fig. 3d).

3.3. TVX affects TNF-induced expression of NF-kB-related genes

The translocation of NF-xB is a finely orchestrated process, defining
transcription of downstream target genes which can be categorized as
early (e.g. encoding cytokines and negative regulators of NF-kB
pathway), mid (e.g. anti-apoptotic genes) and late (e.g. cell surface
receptors) factors (Tian et al., 2005; Zambrano et al., 2016). To obtain
further mechanistic insights into the effects of TVX, we set out to ex-
amine the kinetics of transcription and translation of NF-kB-related
genes (early, middle and late) in presence of TVX + TNF, LVX + TNF
and DMSO + TNF.

3.4. TVX increases expression of early NF-kB-related factors A20 and IxkBa

Both A20 (TNFAIP3) and IkBa are early NF-kB target genes (Tian
et al., 2005). The combination of TVX + TNF caused a higher increase
in the transcription of A20 and IkBa in liver homogenates (Fig. 4a) as
well as HepG2 cells (Fig. 4c) 2 h after TNF injection or incubation when
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Mice were administered with the drug solutions (TVX 150 mg/kg, LVX 375 mg/kg) or the Veh and 3 h after they were intraperitoneally injected with TNF. Livers
were excised 2 h after the injection and prepared for immunofluorescent staining of p65. p65-GFP HepG2 and HepG2 cells were incubated with the drug solutions
(TVX 20 uM, LVX 50 uM) in presence of TNF (4 ng/mL). At the time point indicated HepG2 cells were lysed and nuclear/cytoplasmic cellular fractionation was
performed as mentioned in material and methods. (a-b) TVX + TNF increased the number of hepatocytes with higher nuclear/cytoplasmic ratio. (c) Determination of
p65-GFP nuclear-cytoplasmic ratio of genetically modified HepG2 revealed that TVX interferes with p65 oscillation. (d) Fractionation of HepG2 showed that IkBa
was accumulated in both cellular fractions at 120 min after exposure to TVX + TNF combination. Phosphorylated p65 at Ser536 was detectable in the nuclear extract
of HepG2 cells treated with DMSO + TNF between 15 and 45 min, whereas TVX prolonged its nuclear permanence up to 90 min. Representative blots of 3 experiments
are presented. Presented data on GFP-p65 and FITC-anti-p65 fluorescence are results of experiments which were performed three times.

compared with respective controls (Veh + TNF in vivo and DMSO
+TNF in vitro). By contrast, the hepatic protein levels of IkBa were
decreased upon TVX + TNF treatment 2 h after TNF when compared to
all other groups receiving the cytokine (LVX + TNF, Veh + TNF)
(Fig. 4b). In HepG2, — LVX + TNF also elicited a significant increase,
in A20 mRNA after 1 h of incubation when compared with cells treated
with DMSO + TNF (Fig. 4d). Whereas the LVX + TNF-induced increase
of A20 mRNA was not reflected by protein expression of the GFP-A20 in
HepG2 cells (Fig. 4e), TVX + TNF induced delayed and sustained A20
expression which was associated with higher expression of GFP-A20
beginning 2 h after incubation (Fig. 4e).

Nuclear and cytoplasmic extracts from TVX + TNF-incubated cells
showed an accumulation of IkBa in both cellular fractions. Remarkably,
higher and stable levels of IkBa were observed from 2 to 4 h in the
nuclear extracts and up to 8 h in the cytoplasmic fractions obtained
from TVX + TNF-treated HepG2 (Fig. 3c).

3.5. TVX induces different transcriptional regulation of NF-xB-induced
inhibitors of apoptosis

TNF-mediated activation of NF-kB causes expression of anti-apop-
totic genes, including the IAP family members. Veh + TNF- or
LVX + TNF-treatment of mice resulted in increased expression of c-
IAP1 in liver homogenates when compared with mice receiving
Veh + PBS (Fig. 5a). By contrast, in TVX + TNF-treated mice c-IAP1
mRNA expression was equal to the expression observed in mice re-
ceiving Veh + PBS (Fig. 5a). In HepG2 cells, TVX + TNF significantly
decreased c-IAP1 gene expression as observed 4 h after the treatment
when compared with their respective controls (Fig. 5b). TVX + TNF
also decreased XIAP gene expression which was significantly different
from controls at 6 h (Fig. 5c). Conversely, c-IAP2 mRNA showed a
significant increase in TVX + TNF-treated cells, apparent at 2 h in
association with enhanced peak translocation of NF-kB but followed by
a rapid decline at 4 h (Fig. 5d). No differences in XIAP and c-IAP2
mRNA expression were observed either in liver and spleen of mice
treated with TVX and TNF (data not shown).
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Fig. 4. TVX + TNF increased NF-kB-mediated transcription in vivo and in vitro.

Time (minutes after exposure)

Time (hours after exposure)

Mice were administered with the drug solutions (TVX 150 mg/kg, LVX 375 mg/kg) or the Veh and 3 h after they were intraperitoneally injected with TNF. Livers
were excised 2 h after the injection and the medial part of the biggest lobe was resected and prepared for QPCR or Western blot as reported in material and methods.
HepG2 cells were exposed to the drug solutions (TVX 20 uM, LVX 50 uM) containing TNF (4 ng/mL) and prepared for qPCR as reported in materials and methods. (a)
TVX + TNF significantly increased the TNF-induced mRNA transcription of IkBa (left panel) and A20 (right panel) in liver when compared with LVX + TNF- or
Veh + TNF-treated mice. (b) TVX + TNF significantly decreased hepatic IkBa protein levels when compared with the other treatments. (c-d) TVX + TNF sig-
nificantly increased TNF-induced IkBa (left panel) and A20 (right panel) transcription in HepG2 cells apparent at 2 h after incubation. LVX + TNF significantly
increased the TNF-induced transcription of A20 1 h after the exposure when compared with mice receiving Veh + TNF. (e) TVX + TNF, but not LVX + TNF,
significantly enhanced the fluorescence by GFP-A20 HepG2 cells. Fold increase was calculated by comparison with liver or cell lysates were exposed to Veh + PBS or
DMSO + PBS. Presented data for GFP-A20 expression are representative results of experiments which were performed three times. All the other data are presented as
mean + SEM; * p < .05 when compared with all the other treatments assessed at the same time point; ~ p < .05 when compared with liver homogenates obtained

from mice receiving only the Veh without TNF.

3.6. TVX reduces ICAM-1 expression

ICAM-1 is a late NF-xB target gene involved in pro-inflammatory
responses (Tian et al., 2005). TVX + TNF increased the number of
ICAM-1 mRNA copies when compared with any of the other treatments,
with a clear increase at 6 h after treatment (Fig. 5e). By contrast, TVX
prevented protein expression of ICAM-1 from 8 h of incubation onward
(Fig. 5f, squares). LVX + TNF did not affect the TNF-induced protein
expression of GFP-ICAM-1 within the 24 h incubation. Importantly, all
mice receiving TNF, independently of the drug administered, increased
the expression of ICAM-1 mRNA in liver at 2 h time point (Fig. 5g). At
the same time point, the TNF-induced ICAM-1 expression was lower in
TVX + TNF-treated mice compared to other TNF-treated groups
(Fig. 5g). By contrast, no differences in ICAM-1 transcription was ob-
served in the spleens of different treatment groups (data not shown).

3.7. TVX alone affects transcription of NF-xB related genes

To better understand the effects of TVX on TNF-induced transcrip-
tion and pathway activation we tested the effect of TVX at the same

time points without TNF both in vivo and in vitro. Remarkably, the
hepatic transcription of A20 and IkBa was also increased 3 h after the
TVX administration (Fig. 6a and b), and analogously, the protein levels
of IkBa (Fig. 6¢). TVX alone significantly reduced c-IAP1 mRNA ex-
pression 3 h after oral administration in liver homogenates when
compared with the other assessed treatments (Fig. 6d) but not in spleen
(data not shown). A significant decrease of ICAM-1 was observed 3 h
after drug administration in the liver of either TVX-treated and LVX-
treated mice when compared with the control (Fig. 6e). No differences
in XIAP and c-IAP2 mRNA expressions were observed either in liver and
spleen 3 h after drug administration (data not shown).

In HepG2, TVX (20 uM) alone already caused a small but clear in-
crease in the transcription of both A20 and IkBa, being significant re-
spectively from 2 and 4 h after incubation onward (Fig. 7a and b). After
2 h of exposure with TVX we also observed by Western blot analysis
significant increases in cytoplasmic protein expression of IkBa (Fig. 7¢
and d) and A20 (Fig. 7e) when compared with DMSO-treated cells.
Between 2 and 8 h, protein levels of IkBa and A20 increased in time in
TVX-treated cells (Fig. 7c-e). LVX itself did not exert any significant
effect on the expression of these factors (Fig. 7a-h). TVX significantly
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Fig. 5. TVX decreased c-IAP1 and ICAM-1 expression in vivo and in vitro.

Mice were administered with the drug solutions (TVX 150 mg/kg, LVX 375 mg/kg) or the Veh and 3 h after they were intraperitoneally injected with TNF. Livers
were excised 2 h after the injection and the medial part of the biggest lobe was resected and prepared for qPCR as reported in material and methods. HepG2 cells were
exposed to the drug solutions (TVX 20 uM, LVX 50 uM) containing TNF (4 ng/mL) and prepared for qPCR as reported in materials and methods at the time point
indicated in figure. (a) TVX + TNF did not increase the hepatic c-IAP1 mRNA copies as observed in the liver of mice receiving Veh + TNF and LVX + TNF. (b,c) In
HepG2, TVX + TNF significantly decreased the mRNA expression of c-IAP1 and XIAP respectively 4 and 6 h after incubation when compared with any other
treatment. (d) TVX + TNF significantly increased the expression of c-IAP2 mRNA in HepG2 cells 2 h after incubation when compared with cells exposed to DMSO
+TNF. (e) TVX + TNF significantly increased ICAM-1 mRNA 6 h after incubation with HepG2 cells when compared with any other treatment. Fold increase was
calculated by comparison with liver or cell lysates that respectively were exposed to Veh + PBS and DMSO + PBS. GFP-ICAM-1 modified HepG2 cell were exposed for
24 h to the indicated treatments (TVX 20 uM, LVX 50 uM) and fluorescence acquired with a confocal laser microscope. (f) TVX + TNF was associated with a
significant reduction of GFP-ICAM-1 fluorescence intensity at 8 h when compared with any other assessed treatment. (g) TVX + TNF significantly decreased hepatic
ICAM-1 mRNA copies when compared with mice receiving Veh + TNF or LVX + TNF. Data are presented as mean = SEM; * p < .05 when compared with all the
other treatments assessed at the same time point; * p < .05 when compared with liver homogenates obtained from mice receiving only the Veh without TNF; b
p < .05 when compared with cells incubated with DMSO + TNF.

decreased c-IAP1 gene expression as observed 4 h after the treatment of TVX before TNF injection prompted us to investigate if TVX by itself
HepG2 cells when compared with cells receiving DMSO (Fig. 7f). XIAP already affected p65 translocation. We therefore followed the kinetics
showed the same tendency to decrease after TVX exposure when of the p65-GFP fluorescence in HepG2 cells for 8 h upon incubation
compared with cells incubated with DMSO but resulting significantly with TVX, LVX or the solvent DMSO in absence of TNF. Data shows that
different at 6 h (Fig. 7g). Incubation of HepG2 cells with TVX, LVX or TVX alone induced a profound non-oscillatory p65-GFP translocation
DMSO did not change either transcription and translation of ICAM-1 into the nucleus beginning immediately after incubation and termi-
gene (data not shown). nating approximately 120 min after the exposure, whereas LVX or
TVX exposure in RAW264.7 cells resulted in increased transcription DMSO did not exert any effect on p65 translocation (Fig. 8a).
of A20, IxkBa but not of TNF (Supplemental data) already 2 h after the

incubation with the drugs when compared the same cells incubated
with DMSO or LVX. 3.9. TVX increases transcription of NF-xB-dependent genes via prolongation

of LPS-induced NF-kB translocation in murine RAW264.7 macrophages

3.8. TVX itself induced p65 translocation in HepG2 The prolongation of NF-xB translocation observed in presence of
TVX prompted us to investigate if this also occurred in macrophages
The increased transcription of IkBa and A20 in mice pretreated with after LPS stimulation. Indeed, LPS stimulation of e.g. toll-like receptors
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Fig. 6. TVX increased hepatic IkBa and A20 expression and reduced those of ICAM-1 and c-IAP1 in vivo.

Mice were fasted for 7 h and then orally administered with the drug solutions (TVX 150 mg/kg, LVX 375 mg/kg). Three hours after mice were culled, and the medial
part of the biggest lobe was resected and prepared for qPCR or western blot as reported in material and methods. (a,b) TVX administration was associated with an
increase of IkBa and A20 mRNA and of (¢) IkBa protein expression in liver lysates when compared with those of mice treated with LVX or Veh. (d) TVX significantly
reduced the mRNA copies of c-IAP1 in liver lysates when compared with the levels observed in those of mice receiving LVX or Veh. (e) TVX and LVX treatments were
associated with a reduced ICAM-1 expression in liver lysates when compared with that observed in mice treated with only Veh. Data are presented as mean = SEM; *
p < .05 when compared with all the other treatments assessed at the same time point.

(TLRs) induces translocation of NF-kB resulting in increased synthesis
of TNF (Sakai et al., 2017). LPS stimulation of RAW264.7 cells resulted
in a significant increase in mRNA copies of NF-kB-dependent genes
A20, IxBa and TNF, 30 min after the exposure with the bacterial
components (Fig. 9a-c). Two hours after incubation, TVX + LPS sus-
tained the increased expression of TNF and enhanced A20 and IkBa
mRNA transcripts (Fig. 9a-c).

To determine if TVX also affected LPS activation of NF-kB in mac-
rophages we performed an intracellular staining with an antibody
against the p65 subunit and assessed its nuclear translocation in
RAW264.7 cells. DMSO + LPS and LVX + LPS exerted a peak of
translocation of p65 in between 10 and 45 min when the nuclear/cy-
toplasmic ratio of the fluorescence returned to a lower level (Fig. 9d).
TVX + LPS prolonged the first peak of p65 translocation from 10 to
60 min when returned to levels of the ratio which were comparable
with the other groups of treatment (Fig. 9d).

3.10. TVX prolongs TNF-induced activation of MAPKs and IKKa/f3
activation in HepG2

Based on the observed variations of TNF-induced expression of NF-
kB related genes in HepG2, mouse liver and the effects of TVX, we
wanted to define the kinetics of downstream regulators of TNF-receptor
activation, such as IKKa/ and MAPK (JNK1/2, ERK, p38). Of re-
levance, JNK activation is critical in the synergistic TNF-induced cy-
totoxicity caused by other toxicants, including diclofenac (Fredriksson
et al., 2011; Maiuri et al., 2015) and cisplatin (Benedetti et al., 2013).

TVX + TNF co-incubation led to a prolonged activation of IKKa/f3
and the other MAPKs (especially JNK1/2 and ERK) when compared
with cells incubated with DMSO+ TNF (Fig. 10). Phosphorylation of
IKKa/B (Fig. 10a,c) and JNK1/2 (Fig. 10a-b) took place between 15 and
45 min in TNF-treated HepG2 cells, whereas TVX extended their acti-
vation up to 90 min (Fig. 10). Cells treated with TVX + TNF showed
also a significant increase in ERK and JNK1/2 activation after 8 h when
compared with DMSO + TNF-treated cells (Fig. 10a).
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Fig. 7. TVX increased expression of IkBa and A20 in HepG2.

HepG2 cells were incubated with TVX (20 uM), LVX (50 uM) and DMSO for the time showed in figure. At each time point cells were lysed and prepared for qPCR or
western blot as mentioned in materials and methods. (a-b) TVX increased the mRNA copies of IkBa and A20 respectively 4 and 2 h after drug incubation when
compared with cells exposed to DMSO. (c-d) TVX significantly increased the IkBa protein levels in HepG2 2 h after incubation when compared with cells exposed to
DMSO. Representative blot is presented. (f-h) TVX significantly decreased the mRNA expression of c-IAP1, XIAP and c-IAP2 in HepG2 at the incubation time indicated
in figure, whereas LVX and DMSO did not exert any significant effect. GFP-A20 modified HepG2 were exposed to the drug solutions and then fluorescence was
assessed every hour for 24 h. (e) Increased GFP fluorescence was observed in the cytoplasm of TVX-treated HepG2 during the 24 h of exposure. No significant
variance in the cytoplasmic GFP fluorescence was observed in modified HepG2 incubated with LVX or DMSO. Presented data on cytoplasmic A20 expression are
representative results for the experiments which were performed three times. Other data are presented as mean + SEM; * p < .05 when compared with all the other

treatments assessed at the same time point.

4. Discussion

In order to improve drug safety and prevent new potential hepato-
toxic pharmaceuticals reaching the market it is imperative to elucidate
possible mechanisms behind the development of DILI. The main chal-
lenges are to identify processes that explain (part of) the idiosyncrasy
and immune involvement in these adverse reactions.

Although previous experiments on HepG2 and RAW264.7 cells have
demonstrated the involvement of DNA Damage Response (DDR) in
TVX-induced hepatotoxicity (Poulsen et al., 2014; Beggs et al., 2014)
the events leading to the activation of MAPKs and increased synthesis of
pro-inflammatory cytokines have not been characterized previously.

In this study, we show that TVX affected several molecular processes
by itself, but in particular modulated processes triggered by TNF (in
hepatocytes) or by LPS (in macrophages). We demonstrate that unlike
the characteristic TNF-induced oscillatory nuclear translocation of NF-
kB in HepG2, TVX + TNF combination promoted a single and pro-
longed translocation of NF-kB into the nucleus. The suppressive effect

on p65 translocation was accompanied by enhanced accumulation of
known NF-xB inhibitors A20 and IkBa, genes that are activated early
after TNF treatment. By contrast, interference with TNF-mediated NF-
kB oscillatory translocation by TVX was associated with a decreased
transcription of NF-kB-associated middle and late factors (XIAP, c-IAP1
and ICAM-1). The prolongation of TNF-induced NF-«B translocation by
TVX appears to be due to extended activation of IKKa/f3 and related to
MAPKSs activation. Similarly to what we observed in HepG2, TVX also
prolonged LPS-induced p65 translocation in RAW264.7 cells and in-
creased expression of A20, IkBa and TNF. We propose that the en-
hanced early expression of negative regulators of pro-inflammatory
signaling suppresses the later expression of anti-apoptotic and pro-in-
flammatory molecules. In particular the lack of suppressors of apop-
tosis, such as IAPs, will allow the onset of apoptosis.

The TVX-induced increased mRNA expression of IkBa was asso-
ciated with elevated p65 nuclear/cytoplasmic ratio in vivo. The ap-
parent contradiction between in vivo expression of [kBa mRNA and
protein prompted us to further characterize the TNF-induced
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Fig. 8. TVX induced p65 nuclear translocation in HepG2.

Fluorescence of GFP-p65 expressing HepG2 was assessed for 6 h (every 6 min) with a laser confocal microscope as reported in material and methods. RAW264.7 cells
were incubated with the drug solution or vehicle for max 4 h. Samples were collected every 30 min and prepared for qPCR as reported in materials and methods. (a)
TVX induced an increased GFP-p65 ratio in genetically modified HepG2 beginning immediately after exposure with the drug and terminating approximatively
120 min after. No effects on GFP-p65 localization was observed with LVX or DMSO treatment. (b-c) TVX significantly increased the expression of IkBa and A20 2 h
after incubation. Whereas expression of IkBa mRNA in TVX-exposed cells returned to vehicle levels at 4 h, A20 mRNA transcripts were still significantly increased. *
p < .05 when compared with all the other treatments assessed at the same time point. Presented data for GFP-p65 translocation are representative results for the

experiments which were performed three.

translocation of NF-kB in presence of TVX in vitro in HepG2.
TVX + TNF doubled the duration of the first nuclear peak of p65 which
was phosphorylated at Ser536. Since phosphorylation of p65 de-
termines its transcriptional activity (Sakurai et al., 1999), it was im-
portant to note that p65 was phosphorylated at Ser536 residues for the
complete duration of the unique translocation occurring in TVX + TNF
treated cells. This evidence well explains the increased protein ex-
pression of early NF-kB-dependent genes IkBa and A20.

The aberrant expression of NF-kB inhibitors IkBa and A20 occurring
after exposure with TVX + TNF may in turn explains the abrogation of
secondary NF-kB oscillations. Other studies have demonstrated that NF-
kB translocation and transcription is inhibited by expression of a non-
degradable IkBa mutant or by overexpression of native IkBa in hepa-
tocytes in vivo and in vitro (Lavon et al., 2000; Xu et al., 1998; Van
Antwerp et al., 1996; Park et al., 2001). Moreover, TNF stimulation of
hepatocytes expressing non-degradable IkBa resulted in the prevention
of NF-xB translocation and the induction of JNK-mediated apoptosis
(Liu et al., 2002). In line with these findings, in our experiments with
HepG2 cells the inhibition of NF-kB translocations was followed by
reactivation of JNK and ERK which both have been demonstrated to
play a fundamental role in TVX + TNF-induced cell death (Beggs et al.,

10

2015, 2014). Although we could not demonstrate the direct causality
between these events, it is well-known that inhibition of TNF-induced
NF-kB translocation induces cell death via JNK pathway and caspase
activation (Wullaert et al., 2007; Minero et al., 2013; Liu et al., 2002).
Also, the observed downregulation of XIAP and c-IAP1 match with the
cytotoxic effects of TVX as both XIAP and c-IAP1 have been demon-
strated to inhibit JNK or apoptosis during stimulation with TNF
(Wicovsky et al., 2007) but also in the regulation of the NF-kB response
during DNA damage (Jin et al., 2009). In addition, previously it has
been demonstrated that mono-phasic, non-oscillatory kinetics of NF-xB
translocation, as observed with TVX, is particularly accompanied with
decreased expression of late genes (e.g. c-IAP1 and ICAM-1) (Tian et al.,
2005). Although further investigations are needed, this study provides
strong indications that disruption of TNF-induced NF-kB nuclear
translocation occurring in presence of TVX + TNF may drive the JNK-
dependent apoptosis. All this data, and especially together with the
similarities of TVX effects between HepG2 and RAW264.7 on TNF-re-
ceptor- or TLR-mediated NF-kB activation stimulated respectively with
TNF and LPS, indicates that TVX affects a common downstream mole-
cular target in regulatory pathways of NF-kB and MAPKs. This evidence
is, in our opinion, a fundamental finding to orientate future researches
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Fig. 9. TVX + LPS increased the expression of IkBa, A20 and TNF in RAW264.7 cells.

RAW264.7 cells were incubated for 2 h with the drug solutions (TVX 20 pM, LVX 50 uM) and then stimulated with LPS (10 ng/mL). At the time point indicated in
figure cells were lysed and prepared for qPCR as reported in material and methods. (a,b,c) TVX + LPS significantly increased the mRNA copies of kBa, A20 and TNF
when compared with any other assessed treatment 2 h after the addition of the bacterial component. (d) TVX + LPS increased the secretion of TNF in the supernatant
of RAW264.7 cells 4 h after the exposure when compared with cell exposed to Veh + LPS or LVX + LPS. For p65 localization RAW264.7 cells were plated in IBIDI p-
slide 8 well and fixed at the time point showed in figure. (e) Detection of FITC-anti-p65 antibody revealed that TVX + LPS prolonged p65 translocation in the nucleus
of RAW264.7 up to 75 min whereas DMSO +LPS and LVX + LPS returned to lower ratio values after 60 min. Presented data for FITC-p65 localization are
representative results for the experiments which were performed three times. Data are presented as mean = SEM; * p < .05 when compared with all the other

treatments assessed at the same time point.

aiming to better characterize the mechanisms behind TVX-induced liver
injury and to identify potential hepatotoxic compounds. Moreover, data
on RAW cells may add to the understanding of the complexity of the in
vivo situation.

In our experiments, we observed that TVX alone, at concentrations
which resemble those found in patients' livers (Vincent et al., 1997),
already activates transcription of NF-kB associated genes like IkBa and
A20. In vitro this was preceded by minor and prolonged translocation of
p65 NF-kB subunit into the nucleus of HepG2 cells, within the same
time frame in which TNF mediates the transcription factor transloca-
tion. These results suggest that TVX itself already initiates NF-kB
translocation, which may be linked to the observation of apoptotic cells
in livers prior to injection of TNF (Giustarini et al., 2018). This does not
exclude the possibility that in vivo hepatotoxic effects of TVX can be
reinforced by macrophage activation as result of LPS leaking from the
gut (Poulsen et al., 2014).

The presented mechanisms observed for the combined effects of
TVX and TNF or LPS exposure provides new insights into the initial
steps of TVX-induced liver damage. In addition to the effects observed
here, TVX-induced liver damage may also involve lack in regulation of
inflammation (Giustarini et al., 2018, 2019), and increased formation
of apoptotic bodies due to pannexin-1 inhibition (Poon et al., 2014).
The possible interplay of these mechanisms exemplifies the complexity
of immune-mediated liver injury caused by a combination of
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inflammatory stressors and drugs like TVX that can reinforce phlogistic
processes.

Obviously the “phenotype” of the adverse reaction in mice, which is
an acute form of hepatotoxicity remains distinct from the hypersensi-
tivity and DILI features observed in patients (Ballet, 2015; Kenna and
Uetrecht, 2018). Nevertheless, the various key events in TVX-induced
adverse reactions, e.g. increased hepatic cell death and macrophage
activation, and delayed regulation of inflammation may contribute to
sensitization of neoantigen specific T cells as so-called adjuvant pro-
cesses. Our data also exemplifies that specific activation kinetics of
intracellular cascades may represent an adverse outcome pathway for
those compounds showing increased hepatotoxicity when combined
with TNF. On the other hand, the assessment of these kinetics will allow
in vitro identification of aspects of compounds with IDILI liability also
when these compounds will not cause direct toxicity on hepatocytes or
their most-used models. Downstream effects of dysregulated NF-kB and
MAPKs pathways might represent the initiating event for an immune-
mediated reaction.
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Fig. 10. TVX + TNF showed prolonged IKKa/ and JNK1/2 phosphorylation.
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HepG2 cells were incubated with the drug-cytokine combinations, lysed at the time point indicated in figure and processed as reported in material and methods. (a,b)
TVX + TNF mainly prolonged JNK1/2 and (a,c) IKKa/P phosphorylation mediated by TNF receptor activation when compared with cells treated with DMSO + TNF.
Representative blots of 3 experiments are presented. Data are presented as mean + SEM; * p < .05 when compared with all the other treatments assessed at the same

time point.
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