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Essentials in anatomy and physiology of the liver

Main characteristics of the macroscopic liver

The liver embodies a solid viscera with an approximate weight of 968-1860g in healthy
human male adults that occupies the right and partly left upper quadrant of the abdominal
cavity in a strategic anatomical placement, where the intestinal blood circulation is
separated from the rest of the organism?®. The hepatic viscera is constituted of two main
lobules, which are split into a left and right lobule by the ligamentum falciforme hepatis?.
Both lobules are covered by a layer of peritoneum viscerale, also known as Glisson’s capsule,
which is the only vestige of somatosensory innervation the liver possesses, and that can
lead to discomfort when distended. The primary vascular, biliary, lymphatic and innervating
structures enter the liver through the hilus hepatis, and their arrangement in the viscera
consequently determines the architectural subdivision of the liver in eight hepatic
segments. The vascularization of the liver presents remarkable aspects, which makes it
unique compared to other organs®* 3. Whereas around 50% of the oxygenation for
functional liver parenchymal cells (LPCs) derives from the arteria hepatica, the remaining
50% depends on the portal torrent, the vena portae, a venous system with a saturation of
oxygen slightly inferior to arterial blood, but significantly higher than in the common venous
circulation®.

Hepatic histology

At the microscopic level, the liver lobule has been classically understood as the basic and
functional unit of the liver. The hepatic lobule consists of a central terminal venule that
drains in the venae suprahepaticae and is surrounded by four to six terminal portal triads
conforming a polygonal unit®. This unit is lined on its periphery between each terminal
portal triad by terminal portal triad branches. A portal space includes a venous portal
branch, a hepatic arteriole, a biliary duct as well as several lymphatic and nervous
components covered with connective tissue*. Between the terminal portal triads and the
central hepatic venule, hepatocytes are arranged layerwise, surrounded on each side by
endothelial-lined and blood-filled sinusoids. From a structural and functional perspective,
the conception of hepatic acinus has been used, referring to a portal space, a portal branch
and an arterial branch, and where centrilobular veins are disposed in the periphery3. This
definition has a more practical connotation from a histologic point of view since it
contributes to understanding pathological mechanisms (e.g., under oxygen-restrictive
conditions, perilobular hepatocytes show more resistance and a more robust initial
regenerative response)®. In this line, hepatocytes can be classified according to their
function and strategic positioning in three areas or zones: i) zone | (corresponds to the
periportal region and is the first in regenerating since it is the best-perfused area); ii) zone
Il (corresponds to the area between zone | and lll); iii) zone Il (corresponds to the farthest
located area from the portal triad)®.

The cellular elements that principally compose the liver parenchyma are hepatocytes and
other non-parenchymal cells (NPCs). Hepatocytes are the most abundant cells in the liver,
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representing about 60-80% of the total cellular population®. The remaining NPCs represent
about 20-40% of cells in the liver. These enclose endothelial cells; lymphocytes -T-
lymphocytes, natural killer cells and natural killer-T (NKT) cells; Kupffer cells (KC), which are
the resident macrophages of the liver; hepatic stellate cells (HSCs), which are allocated
mainly in Disse’s space and store vitamin A in the form of retinoid droplets; among others®
7. Noxious signals and hepatic injury may lead to HSC activation and induce their
transdifferentiation into myofibroblasts®. These cells are the leading producers of
extracellular matrix (ECM) and mediate predominantly in the scar formation of chronic liver
diseases (CLDs).

Functional features of the liver

The outstanding importance of the liver is further underlined by its unique capability to
regenerate after injury. The liver is a crucial regulator of the organism's inner homeostasis
and is implicated in essential metabolic and immunity functions. The liver is responsible for
synthesizing proteins, enzymes, carbohydrates, fatty acids, vitamins and co-factors with a
significant role in the digestion and lipid metabolism and serum proteins like albumin and
non-immune o- and B-globulins, among others®. Moreover, the liver has a relevant
detoxifying role in the organism and is responsible for the biotransformation of endogenous
and exogenous compounds, contributing to their safe clearance and elimination, which
comprehend drugs and toxins, among many others. Hepatocytes located in zone | are well-
perfused and, thus, exert a key role in oxidative metabolism pathways, enclosing B-
oxidation, production of bile, and catabolic activity of amino acids, among others®. On the
other hand, drug metabolism and detoxification, glycogenesis, and glutamine synthesis
occur mainly in zone 1115,

The liver is considered the largest gland of the body with endocrine as well as exocrine
functions®. A relevant aspect of its exocrine activity is highlighted by the liver’s production
and secretion of bile and bile acids. Bile acids have a vital role in the processing of dietary
fat. Most of the bile derives from the metabolization of the heme group, which is mainly
obtained from degraded red blood cells, a process that is catalyzed in a first step by the
heme oxygenase that transforms the hem into biliverdin, and in a further step, the cytosolic
reductase transforms biliverdin into bilirubin3. Bilirubin is secreted into the circulation,
where it binds to albumin and is transported to the liver, where hepatocytes capture it. In
the hepatocyte, bilirubin is conjugated in the endoplasmic reticulum and is transformed
into bilirubin glucuronide, a non-toxic and hydrosoluble substance®. Hepatocytes secrete
bile into the intrahepatic bile canaliculi system that is continued by larger ducts of variable
diameter, and the bile finally reaches the duodenum or the gallbladder, where it can be
eventually stored®.

The liver also has a crucial involvement in carbohydrate synthesis and energy
management®’. Glycogen is synthesized from glucose and stored in the liver, a process
known as gluconeogenesis. In hypoglycemia conditions, glucose is newly released into the
circulation via glycogenolysis and gluconeogenesis; the latter comprehends a metabolic
pathway that leads to glucose formation from non-carbohydrate substrates, e.g., certain
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glycogenic amino acids, fatty acids, and other products such as glycerol, pyruvate and
lactate. The liver is also involved in lipid metabolism and synthesizes cholesterol and
triglycerides, among others. Moreover, the liver is directly implicated in the synthesis and
degradation of proteins ranging from amino acids over coagulation factors of importance
during hemostasia (e.g., factors I, II, V, VII, VIII, IX, X, XllI) to vitamins (e.g., vitamins A, B12,
D or K) and other vital proteins for the complement as protein C and S, or albumin, which
contributes to the regulation of the oncotic pressure in the vascular compartment and
adequate renal function > 1%,

Hepatic metabolism of drugs and xenobiotics

The liver constitutes an inner metabolic intersection, which is not only implicated in the
metabolization of endogenous substances but notably also exogenous compounds as, e.g.,
drugs, herbs, herbal remedies or dietary supplements, among others. Once dispensed and
absorbed into the bloodstream, these substances enter the entero-portal circulation and
reach the liver, where they become susceptible to suffer metabolic modifications (Figure
1.1). Essentially, these processes include three main steps: the formation of reactive
metabolites or bioactivation (phase 1), a detoxification step (phase Il) and the cellular
excretion stage (phase lll).

Phase |, Phase | | Phasell |

= @
S O
a
<~ Biotransformation: Clearance from
grutg& herbsl, ‘ oxidations, reductions, etc. the organism:
letary supplements < Glucuronidation renal function, bile

Figure 1.1 Simplified representation of drug metabolism in the liver and drug excretion. In phase I, drugs suffer
a first hepatic conversion catalyzed by microsomal enzymes, which belong to the cytochrome P450
system. During phase I, the drug-derived metabolites are conjugated and their solubility is increased
by adding hydroxyl, carboxyl, thiol or amino groups, whereas phase Ill covers the clearance of these
metabolites. Under particular circumstances, which are drug and host-dependent, these metabolic
steps can occasionally contribute to drug toxicity due to the formation and accumulation of highly
reactive metabolites or the development of an immunoallergic reaction, among others.

Phase | implies structural changes in the parental compound and represents a critical step
for many compounds that may require biotransformation to be conversed into active
forms, which deliver the therapeutic effect. The endoplasmic reticulum of hepatocytes is
an essential source of enzymes that are implicated in these metabolic processes. The main
enzymes involved in phase | reactions belong to the cytochrome P450 (CYP450) enzyme
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families 1, 2 or 3'2. Among the variable expression of P450 enzymes in the liver, isoforms
CYP2C9, CYP2D6 and CYP3A4 have been related to covering 60 to 70% of all bioactivation
reactions®®. As a result of phase | interactions, the addition of functional hydroxyl, carboxyl,
thiol or amino groups follows through oxidations, reductions or hydrolysis, making the
compounds suitable to undergo phase Il, in which these are conjugated with other
molecules* 13,

Characteristic of phase Il is the conjugation of phase I-derived metabolites with small
molecules, which confer a higher water-solubility that reaches then the sinusoidal
circulation or bile for final clearance. Enzymatic complexes such as glutathione S-
transferase (GST), N-acetyltransferase 2 (NAT2) and uridine diphosphate glucuronosyl-
transferase (UGT) act during phase Il and conjugate glutathione (GSH), acetate and
glucuronic acid, respectively®. As a result, ethereal sulfates glucuronides and amino acid
conjugates are obtained, among others'’. As a consequence of these processes, drugs are
transformed into less active or chemically inert substances and water-soluble compounds,
which can be safely excreted from the organism.

Notably, the metabolism of drugs through these enzymatic complexes can eventually lead
to the formation and accumulation of reactive and toxic compounds, which can trigger liver
injury. Furthermore, underlying liver diseases can interfere and compromise the
metabolism and safe elimination of drugs, as it occurs in severe liver dysfunction or liver
cirrhosis. On top, diverse other risk factors may apply to drug-induced hepatotoxicity, which
can be both drug-specific and host-dependent, conferring a variable degree of susceptibility
to make an individual prone to develop adverse drug reactions (ADRs). Thus, the liver's
extensive metabolic facet makes out of this organ an optimal target for ADRs of diverse
nature, which can exhibit a variable clinical expression and severity.

Drug-induced Liver Injury: General considerations

Definition and impact of DILI

The acute and chronic liver disease scenario has changed after the recent novelties
achieved in the treatment of chronic viral hepatitis and the growing relevance of non-
alcoholic fatty liver disease, which has become a leading health problem with global
impact?®, Prescription and non-prescription drugs as well as other xenobiotic agents such
as herbs, alternative medicines, natural remedies or dietary supplements, can be a cause
of liver injury, also known as drug-induced liver injury 2%, DILI is considered a rare clinical
condition to occur. The fact that it has a variable phenotypic expression and can lead to a
severe clinical outcome as acute liver failure, the need for a liver transplant and
exceptionally even death, in addition to the limitations in diagnosis and treatment, make of
DILI a remarkable challenge at current. Indeed, some experts in the field refer to DILI as a
growing potential public health problem, given the vast impact on the medical and
pharmaceutical sector??,
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DILI arises as a challenging problem in the healthcare sector since it embodies a complex
clinical entity, and to date, no specific diagnostic biomarkers are available?* 24, Currently,
the diagnosis of DILI requires the rule out of other causes, a high index of suspicion by the
clinician to expeditiously establish its diagnosis and expert causality judgment continues to
be regarded as the gold standard?®. The fact that drugs causing liver damage may enclose
various pathological features, which can mimic all forms of acute and chronic hepatobiliary
diseases, explains the difficulty in distinguishing DILI from other causes of liver injury and,
thus, identifying bona fide cases®® ?’. Besides, earlier works have displayed an actual
problem of misdiagnosis and underreporting in DILI?-%, Often, DILI events are diagnosed
retrospectively after a battery of exclusion tests have been carried out, which costs
physicians and patients a precious amount of time. This fact represents a concerning issue
since DILI can potentially evolve to severe acute and chronic liver damage when the culprit
drug is not discontinued. In those cases where the drug was not adequately ascertained in
a previous event and is reintroduced in the patient’s therapy plan, re-exposure to the
causative agent can trigger a novel episode of liver injury, a phenomenon which is also
known as rechallenge.

Critically, DILI can present as a severe hepatic insult and it can occasionally progress to
fulminant liver failure, a potentially life-threatening condition that may require a liver
transplant or, when worse comes to worst, it can dramatically end in exitus letalis. In effect,
DILI has been identified as a leading cause of ALF in diverse studies®" 32, In the USA, drugs
represent the leading cause of acute liver failure, which sum 57% of all diagnosed ALF
episodes, mainly due to acetaminophen (APAP, 46% of all ALF episodes)**. Hence, the
potentially fatal outcome that can subsequently follow after hepatotoxicity, together with
the burden in obtaining a fast and precise diagnosis and the lack of effective therapy options
(other than drug dechallenge), make DILI out of the question a serious matter of concern.

Nevertheless, DILI is not exclusively a concerning topic for clinicians, but it also has an
immense impact on the pharmaceutical industry and drug regulatory agencies since it
represents the most frequent reason for drug non-approvals, withdrawal from the market
and postmarketing decisions®*>38, Within the large field of adverse drug reactions (ADRs),
more concretely, hepatotoxic and cardiotoxic events have been attributed to be the leading
causes of drug withdrawal from the market or termination in phase I-lll trials?®. ADRs in the
liver may be commonly not identified and described prior to drug licensing; indeed, new
drugs are usually tested in less than 3000 individuals before approval. Therefore, DILI cases
with an incidence of one event in 10.000 may be most likely missed. Several authors
suggested earlier that for every ten cases of alanine aminotransferase elevations above ten
times the upper limit of normal in clinical trials, there might be one case of more severe
liver injury that most likely will appear once the drug is broadly commercialized3® 4°,

Epidemiology of DILI

In general lines, DILI is believed to be a rare form of liver injury. The determination of the
true incidence of DILI represents a hard inquiry to be assessed and there are only a limited
number of studies with reliable information on hepatotoxicity. According to several
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epidemiological studies carried out within the last two decades, DILI incidence has been
estimated to be between 1 per 10.000 and 1 per 100.000 subjects who have been exposed
to prescription medicines?®. Nevertheless, in general, epidemiological estimations of DILI
might be higher due to underreporting, misdiagnosis, and incomplete observations after
losing patient follow-up.

In studies from Sweden, United Kingdom and ltaly, the annual incidence was estimated in
2.3, 2.4 and 4.1 cases per 100.000 individuals, respectively? 4142 Interestingly, other more
recent studies importantly reflect a higher incidence estimation of DILI events. In that line,
a population-based study from France, which took place over three years, collected up to
34 hepatic ADRs and the global crude annual incidence rate was 13.9 +/- 2.4 per 100,000
inhabitants. These numbers were 16 times greater than the numbers estimated by the
French regulatory authorities based on spontaneous case reporting®.

In cross-sectional analyses from Iceland, a crude annual incidence of 19.1 DILI events per
100.000 inhabitants was determined, where 75% of the episodes were caused by a single
prescription medication®®. No large-scale epidemiological studies have been available in
China and only approach studies based on data from relevant medical centers; in an
inpatient study, DILI accounted for approximately 20% of all acute liver injury events*> 4®,

Causative agents inducing hepatotoxicity

More than 1000 drugs have been reported to have triggered DILI episodes besides other
medicinal products, herbal remedies, or dietary supplements?’. Acetaminophen is the most
frequently involved drug in drug-induced acute liver failure (ALF) and accounts for nearly
half of the ALF overall cases in the USA%®,

However, many other drugs have been associated with DILI; in particular antiinfective
drugs, central nervous system drugs or muscle-skeletal drugs are the leading causative
agents according to the extracted data from large prospective hepatotoxicity databases
(Table 1.1). With regards to compounds, many large prospective hepatotoxicity cohorts
coincide in amoxicillin-clavulanate as the leading idiosyncratic DILI culprit agent, whereas
antitubercular drugs (e.g., isoniazid), azathioprine and infliximab are also common*°.

Examining the published results of prospective hepatotoxicity patient databases
worldwide, in the United States, antibiotics were the most frequent causative agents
followed by herbals/dietary supplements (HDS), cardiovascular drugs (10%), central
nervous system agents (9%), antineoplastic drugs (5%) and analgesics (3%)°°. The most
common class of causative drugs in Spain was antibacterials, followed by central nervous
system agents, cardiovascular drugs and non-steroid anti-inflammatory drugs (NSAIDs)>2.
Similarly, in Iceland, predominated antibiotics followed by immunosuppressants,
psychotropics, NSAIDs and antineoplastics®?. In Latin-America, the most frequent drug
classes were NSAIDs, antiinfective compounds, sex hormones, antineoplastics/
immunomodulators and anticonvulsants?. Different frequencies have been reported in
Korea, where herbal products constitute more than one-third of DILI cases®® and India,
where the most frequently implicated agents are anti-tuberculosis agents®. These
differences are most likely in relation to the drug and HDS use and prescription policies in



Chapter 1

each country, which proves that a geographical component is present in DILI. Eventually,
genetic factors characteristic of a host population might also have a crucial role in the
susceptibility of DILI. Nevertheless, prudence is required when analyzing the differences in
the prevalence of culprit drugs listed in these databases since most of them do not include

any sales data.

Year 2004-2013 1994-2004 2010-2011 2011- 2005-2007 1997-2008
National / National / . A National / National /
DEE TR0 Multicenter Multicenter Cigaasiton] Ruluatondl Multicenter Single-center

Total number of
enrolled DILI 899 446 96 206 371 313
cases, n

Most frequent compounds involved, (%)$

Amoxicillin- Amoxicillin- Amoxicillin- Amoxicillin- Anti-tuberculous
clavul (10) clavul (13) clavulanate (16) clavulanate (10) drugs (58)
Isoniazid (5) Ebrotidine (5) Diclofenac (6) Diclofenac (6) Phenytoin (7)

Nitrofurantoin Ao
Rifampicine + Azathioprine (4) Nimesulide (5) Dapsone (5)
(13) ~ampiel
Pirazinamide (5)

Sulfamethoxazole

v (6) Ibuprofen (4) Infliximab (4) Nitrofurantoin (5) Olanzapine (5)
Minocycline (3) Flutamide (4) Nitrofurantoin (4) ot N/A (Clirne i
¥ acetate (4) 3)
Cefazolin (2) Ticlopidine (3) Isotretinoin (3) Ibuprofen (3) NSAIDs (3)

Isoniazide +

Cotrimoxazole

Azithromyein (2) Diclofenac (3) Atorvastatin (2) Rifampicine + I

Pirazinamide (3)

Ciprofloxacin (2) Isoniazid (2) Doxicycline (2) Carbalz*;zepme Atorvastatin (2)
Levofloxacin (1) Nimesulide* (2) Agmitlaing Phenytoin (2) Leflunomide (1)
Diclofenac (1) Carbamazepine (2) Cephalexin (1) Thiamazole (2) Ayurvedic (1)

Table 1.1 Distribution of the ten most frequently involved individual agents responsible for idiosyncratic DILI in
extensive prospective hepatotoxicity studies worldwide. SHerbal and complementary remedies have
been left out of the current data extraction; *withdrawn from the Spanish and Argentinian market
since 2002 and 20009, respectively

Apart from conventional drug compounds, herbal and complementary remedies (e.g.,
vitamins, amino acids and proteins, performance-enhancing supplements) have fallen into
the spotlight of DILI causality in the past decade. The enhanced utilization of these
compounds worldwide correlates with the augmenting reports of herbal- and dietary
supplement (HDS)-induced liver injury. For instance, 20% of all the hepatotoxicity cases in
the US to date have been attributed to stem from HDS-induced liver insults®®. HDS-induced
liver damage characterizes for the same unspecific phenotypic expression known in other
types of DILI.

Nevertheless, HDS-DILI is related with considerably more significant difficulties at the
diagnosis process that are determined by frequent over-the-counter use and a falsely
assumed HDS safety, among others, which often contribute to not declare HDS use on the
side of the patient and, thus, are frequently overlooked by the clinician as a consequence®®.
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Herbal preparations often contain multiple compounds, and in such cases, it is incredibly
challenging to address the right culprit agent that led to the HDS-induced adverse reaction.
The most remarkable herbal compounds inducing hepatotoxicity are pyrrolizidine alkaloids,
germander (Teucrium chamaedris), Atractylis gummifera, plants containing Pennyroyal oil
(Mentha pulegium, Hedeoma pulegioides), great celandine (Chelidonium majus), kava-kava
(Piper methysticum), Black cohosh (Actaea racemosa), and several traditional Chinese
medicine preparations®®.

Regarding dietary supplements, a particular mention of androgenic anabolic steroid drugs
is required, which are synthetic derivatives of testosterone and have become popular for
muscle mass building as well as performance stimulators. The most common androgenic
anabolic steroids that have been implicated in HDS-DILI are stanozolol, methasterone and
methylepithiostanol®’. Several studies have alerted about the notable increase of HDS
among the leading causes of DILI in recent years, which most likely can be explained by the
augmented use and clinical awareness!® 5758,

The underlying pathophysiology of DILI

“On-target” versus “off-target” adverse reactions

To date, it is known that only a limited group of drugs follow a threshold-dependent type
of liver injury or intrinsic hepatotoxicity, also known as “on-target” reactions, where after
overpassing a dose threshold, the appearance of liver dysfunction is expectable and
predictable®. Generally, intrinsic DILI is characterized by a short latency period. The best-
described example of this type of liver toxicity is provided by the compound acetaminophen
(APAP), where the risk of hepatotoxicity increases when exceeding a dose of 4g/day®.
Notwithstanding, other drugs have also been related to dose-dependent adversities in the
liver as it occurs with aspirin, mitochondrial poisons and several chemotherapeutic agents
such as methotrexate®? 62,

On the other hand, there are DILI events, which do not rigorously follow a threshold-
dependent manner and occur unexpectedly due to a medication administered within
therapy ranges, referred to as idiosyncratic drug-induced liver injury (iDILI) or “off-target”
reactions®> %3, Although idiosyncratic DILI is not dose-dependent in a strict sense, it has been
more frequently associated with drugs administered in doses above 50 mg/day, a condition
that happens in the majority of nowadays used medications®*.

The APAP-associated hepatotoxicity phenomenon has been the best-studied and dissected
form of hepatotoxicity. Despite the fact the primary type of liver toxicity associated with
APAP has an intrinsic character, its minimum hepatotoxic dose varies among individuals®>
5, A prospective multicenter study from the USA revealed a prevalence of 7% in individuals
who developed ALF after APAP ingestion despite following the manufacturer’s
recommended dosage®®. This example evidences the real complexity in demarcating both
forms of hepatotoxicity.
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Overall, the mechanisms leading to idiosyncratic liver injury are still not fully elucidated;
however, idiosyncratic DILI (iDILI) is considered to be the result of a multifactorial condition
including environmental, chemical and drug-related factors, which determine the host’s
susceptibility to suffering from a DILI event®” ®, Chemical reactive metabolites may
compromise the adequate response to the disruption of the cellular redox balance and
orchestrate a harmful setting involving activation of signaling pathways upstream of
oxidative and nitrosative reactive species, mitochondrial damage and cell death®. Despite
not well understood, experts in the field have highlighted the potential relevant role that
the adaptive immune response might play in the physiopathology of DILI by contributing to
the hosts’ susceptibility (e.g., HLA associations, positive lymphocyte stimulation)33 670,

Generation of chemically reactive metabolites and oxidative stress

In the liver, an immense metabolic activity of endogenous as well as exogenous compounds
takes place. In most cases, drugs need to undergo bioactivation to reach a status in which
the pharmacological effect is executed. Nevertheless, these transformations occurring in
the parental compound may act as a double-edged sword, and under particular
circumstances, they can lead to the formation of reactive intermediate metabolites,
commonly via cytochrome P450-dependant oxidative and reductive routes’. Phase |
conjugations (e.g., acetylation, glucuronidation, sulphation) and phase Il excretions
(through multi-drug resistance-associated protein transporters, bile salt export pump) are
therefore crucial steps to ensure the adequate detoxification and clearance of chemical
reactive substances. The balance between formation and detoxification is believed to be a
determinant factor in exposing hepatocytes to a threshold level of chemical reactive agents;
when the balance is destabilized, chemical reactive agents may accumulate and reach toxic
concentrations, which ultimately lead to cellular stress and create a setting, which in a
further step triggers hepatocellular injury and death. Additionally, drug-specific factors such
as lipophilicity or the drug's administered dose, for example, can aggravate this condition®°.
Furthermore, host-dependent risk factors can modify individuals' susceptibility, making
them more prone to develop adverse reactions’.

In previous lessons learned from the well-known APAP-induced hepatotoxicity model, the
compound APAP is metabolized via CYP450. As a result of its metabolization through
CYP2E1 (predominantly), CYP1A2 and CYP3A4 (in a minor fraction), it is transformed into N-
acetyl-p-benzoquinone imine (NAPQI), a highly reactive and toxic metabolite’” 74,
Moreover, toxic metabolites can then bind covalently to cellular proteins and alter their
physiologic function, promoting cellular stress. Toxic metabolites are cleared under normal
conditions by the glutathione (GSH) system and excreted into bile, but in overdose
conditions, the levels of GSH are rapidly depleted and, thus, the augmented reactive
oxidative and nitrosative species may destabilize the redox balance’ %1. Consequently, the
formation of protein adducts is enhanced, which leads to mitochondrial dysfunction and
hepatocellular damage, and finally, cell death is triggered’® 7. In that regard, the excessive
APAP-derived NAPQI formation quickly annihilates the mitochondrial and cytosolic GSH
reserves and binds covalently to thiol groups of macromolecules in the cell and
mitochondria, evoking impaired mitochondrial function as well as a boost in mitochondrial
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ROS production, which are molecules that characterize for their high reactivity and contain
oxygen® 78 This circumstance finally leads to hepatocytic necrosis and the activation of cell
death cascades’™.

Disruption of mitochondrial homeostasis and adaptation

The mitochondrial morphology, function and DNA synthesis can result altered through
direct drug toxicity and excessive ROS formation. Mitochondria are cellular organelles that
act as a power source of the cell and generate adenosine triphosphate during the complex
respiration chain process.

Mitochondria are a central target for cellular stress, which can originate from drug-derived
reactive metabolites, and the preservation of their optimal function has a decisive impact
on the hepatocyte’s viability®® 81, Mitochondria are per se the primary source of
intracellular ROS (complex | and IIl of the respiratory chain) and any excess of ROS is
neutralized to maintain the redox balance. Nevertheless, enhanced ROS production
triggered through a stressful condition (e.g., reactive drug metabolites) leads to oxidation
of macromolecules, damage of mitochondrial DNA, inhibition of R-oxidation, disturbance

of the electron transfer along the respiratory chain and impaired mitochondrial function®”
82

In response to stressful conditions, mitochondria are dynamic organelles and various
changes occur in these, which evidences their adaptive plasticity to reestablish the
mitochondrial homeostasis. These adaptive phenomena are piloted essentially by
mitochondrial motility, mitophagy and fusion-fission®.

Mitophagy is a form of selective mitochondrial autophagy®. Autophagosomes originate
and fuse with lysosomes during this process, which contains hydrolytic enzymes and
eliminate cellular components. Augmented levels of mitophagy promote the selective
degradation of defective mitochondria®. The mitochondrial cytoskeleton provides
mitochondria with motility that serves under normal conditions as movement effector,
mainly microtubule-based, during mitochondrial cell distribution and turnover®® &
Modified fusion-fission resulting from metabolic stress leads to self-repairing changes in
mitochondrial morphology and function by fusion with intact mitochondria (e.g.,
mitochondrial enlargement, fragmentation). Fusion-fission works similar to quality control
for mitochondria that preserves healthy mitochondria (fusion) and facilitates the
elimination of damaged mitochondria through fission and mitophagy®3. Beyond changes in
mitophagy, motility, fusion-fission and remodeling of mitochondria to improve cell
respiration, increased mitochondrial biogenesis or mitochondrial unfolded protein
response are further characteristic signs of mitochondrial adaption to drug-induced
toxicity®s.

The role of the immune system in DILI

The innate and adaptive immune systems have been attributed to play a pivotal role in the
pathogenesis of DILI. The innate immune system can quickly react against noxious stimuli
(e.g., infections, tissue damage) as a first-line defense, whereas adaptive immune effectors
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need time to boost their response (e.g., proliferation and differentiation of T and B cells).
As a matter of fact, there is a close interaction between both immune responses, and
indeed, innate immunity plays a critical role in the development of the adaptive immune
response®,

There are compounds, which have been associated with an immunogenic profile in
triggering toxin-induced hepatic dysfunction (e.g., amoxicillin-clavulanate). However, most
of the drugs and their derived reactive metabolites possess only a low molecular weight
and are most likely not capable of inducing an inflammatory response on their own. In most
cases, drug molecules or their derived reactive metabolites are believed to behave as
haptens, binding covalently to other cellular macromolecules to form protein adducts that
may awake an immune-mediated reaction®. These can then be phagocyted by antigen-
presenting cells (e.g., dendritic cells, NK cells or macrophages) and be presented via major
histocompatibility complex (MHC class Il). Resultantly, other compartments such as T
lymphocytes can be activated when a foreign antigen is recognized. Additionally, the
antigenic expression in the cellular membrane of hepatocytes can also trigger an immune-
mediated cytotoxic reaction®l. Indeed, several HLA haplotype associations in DILI have been
earlier described, highlighting the importance of genetic predisposition in the adaptive
immune response in the pathogenesis of DILI®>%2,

On the other hand, it has been extensively discussed that haptenization alone might most
likely not be sufficient to boost an inflammatory response triggering severe liver injury. In
that respect, it has been hypothesized that the adaptive immune response could be
activated through other stimuli such as danger signals, also known as damage-associated
molecular pattern molecules (DAMPs). DAMPs are danger molecules, which can be released
as a result of cellular damage as well as dead and dying cells (such as hepatocytic necrosis,
for example) and promote a sterile inflammatory response by interacting with receptors
that are also stimulated by pathogen-associated molecular patterns (e.g., Toll-like
receptors)” %3,

For instance, enhanced circulating DNA levels, histones, or high mobility group box 1
(HMGB1), a non-histone nuclear protein that binds to DNA, act as potential DAMPs®. For
example, significantly augmented levels of HMGB1 have not only been described in various
experimental models of APAP-induced hepatotoxicity, but interestingly the circulating
concentrations of HMGB1 did correlate with the severity of the adverse reaction®°¢.
Further studies showed that inhibiting HMGB1 by genetic and pharmacological silencing
significantly ameliorated APAP-induced murine liver toxicity®®®8. Importantly, notably
elevated levels of circulating HMGB1 have been demonstrated in patients' plasma
subsequently to APAP overdose®. Hence, HMGB1 might be a promising potential
mechanistic biomarker of drug hepatotoxicity, as other authors have suggested previously.

Last but not least, immune-mediated DILI can clinically exhibit autoimmune features and
adopt the facade of autoimmune hepatitis (AlH), also known as autoimmune-like DILI. The
diagnosis of AIH is highly problematic in virtue of its heterogeneous characteristics'®. In
essence, three different scenarios involving autoimmunity in hepatotoxicity have been
considered: i) immunoallergic type of DILI that mimics AlH, ii) AIH mimics DILI due to a
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recent drug exposure that improves coincidentally after drug withdrawal, and iii) an
offending drug induces AIH (autoimmune-like DILI)'°%. Thus, the demarcation between
immune-mediated and autoimmune-like DILI is arduous and not easy to be differentiated,
but still a capital aspect to consider due to the different therapeutic approach that applies
in both clinical entities!??,

Implicated mechanisms of cell death

Cellular stress will result in the activation of signal transduction pathways, which are crucial
in mediating cell death and inflammatory responses. The involved mechanism of cell death
and the extent of the cellular damage are commonly related to the causative compound or
toxin. Classically, the main implicated types of cell death have been apoptosis and necrosis;
nevertheless, the potential role of other forms of cell death and autophagy in DILI has been
started to be discussed more recently.

Apoptotic cell death is a programmed process that characterizes for various changes in
energy-dependent biochemical mechanisms and cellular morphology, including cell
shrinkage, pyknosis, chromatin condensation, fragmentation of chromosomal DNA and cell
nucleus, among others!% 1% Essentially, two pathways are leading to apoptotic cell death:
the intrinsic and the extrinsic pathway.

The activation of the intrinsic pathway is promoted by cellular and mitochondrial stress,
which derives in the release of proteins to the mitochondrial intermembrane space and is
transduced into intracellular signals®.

The extrinsic pathway is activated via death receptors, for example, tumor necrosis factor
receptor (TNFR), TNF-related apoptosis-inducing ligand receptor (TRAIL-R1 and R2), FAS,
promoting caspase 8 activation. Both pathways culminate in the activation of executioner
caspases 3 and 7.

On the other hand, necrosis is believed to be a sort of unprogrammed cell death triggered
by exogenous stimuli to the cell, including drugs, toxins, trauma or infections. Characteristic
features of necrosis are ion imbalance, mitochondrial dysfunction and adenosine
triphosphate depletion due to cell lysis. The ion homeostasis disruption creates an
imbalanced oncotic pressure status on both sides of the membrane, determining cell
swelling, involution of the cell membrane, bleb formation and membrane permeability
transition. As an outcome, the cell's rupture derives into the release of cellular content,
including cytotoxic and pro-inflammatory factors and DAMPs, which all in one awake a
strong inflammatory reaction® 10,

Nevertheless, there is a type of programmed or regulated necrosis that has been described
and termed as necroptosis, where features of necrosis and apoptosis are simultaneously
present. Caspase activity is not required in a strict sense to trigger cell death as it was
observed for the first time on L929 cells, a fibrosarcoma cell line, where co-stimulation with
tumor necrosis factor (TNF) and a pan-caspase inhibitor (zVAD-fmk) resulted in necrotic cell
death%,
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During necroptosis, the formation of the necroptosome occurs: TNFR-associated death
protein TRADD signals promote RIPK3 recruiting and interaction with RIPK1 forming the
necrosome via RIP-homology interaction motif (RHIM). Subsequently, RIPK3 promotes
mixed lineage kinase domain-like pseudokinase (MLKL) phosphorylation, which
translocates to the cell membrane, oligomerizes and leads to cell membrane
permeabilization® 107,

A further cell degradation mechanism, which has been observed in close relation to
apoptosis, is autophagy. Autophagy consists of lysosomal-derived degradation, which leads
to the elimination of cellular components enclosing defective cell organelles or proteins.
During autophagy, double-membrane vesicles, the autophagosomes, are formed, which in
a second step fuse with lysosomes that degrade their content through the activity of
lysosomal hydrolases. Autophagy is not uniquely associated with cell death but plays an
essential role in other processes, e.g., immune response or tumor suppression, among
others108 109,

More recently, the implication of other forms of cell death, such as pyroptosis and
ferroptosis, has been questioned in the domain of DILI. Ferroptosis-mediated cell death
consists of an iron-dependent mechanism promoted by GPX4 and leads to severe lipid
peroxidation, whilst pyroptosis is an inflammasome-dependent pathway that activates
caspase 1 and 11 that mediate in Gasdermin D-mediated cell membrane desintegration'®
11 At current, the real extent of both cell death mechanisms in the pathophysiology of DILI
remains undetermined due to insufficient data®?2.

The role of c-Jun N-terminal kinases (JNK) in DILI

The c-Jun N-terminal kinases (JNK) are serine/threonine kinases, which are members of the
mitogen-activated protein kinase (MAPK) family. Upstream, MAP3K can be found and
activates MAP2K, which phosphorylates JNK. In mammals, three isoforms of INK have been
described: JNK1 and JNK2 are expressed ubiquitously, whereas JNK3 expression is restricted
to specific tissues such as the brain, heart or testis!'3.

Many different stimuli can lead to JNK phosphorylation encompassing ROS, UV light, drugs,
toxins and cytokines. Finally, JNK has been described as a critical regulator of cell survival
and death® 114,

A substantial amount of evidence has been generated within the last decades, highlighting
the capital relevance of the axis “cell stress-JNK activation-hepatic injury” in a wide range
of liver damage models enclosing hepatitis due to diverse causes, metabolic changes,
inflammation, fibrosis or carcinogenesis, among others!'> 116 |n terms of hepatotoxicity,
the experimental model with APAP has been extensively used to study the role of the JNK
pathway, and a two-hit-hypothesis has been established®. During the first hit, also known
as the upstream hit to mitochondria, an excess in the mitochondrial ROS production occurs
due to the GSH depletion and covalent binding of NAPQI, leading to an early and a late
phase MAPK activation (Figure 1.2).

Regarding the early phase (1-2h after APAP-induced hepatotoxicity), it has been suggested
that glycogen synthase kinase 3 beta (GSK3B) may activate mixed-lineage kinase-3 (MLK3)
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that then further enhances JNK activation, whilst in the late phase (2-4h after APAP-induced
hepatotoxicity) apoptosis signal-regulating kinase-1 (ASK-1) is mainly involved.

As an outcome in both the early and late phases, MKK4/7 is activated, which in parallel
phosphorylates INK8 113:117-119 Therefore, the MAPK cascade leads to the activation of JNK,
which occurs either intrinsically via receptor-mediated signaling or by the resulting cellular
stress that derives from damaged nuclei, mitochondria or endoplasmic reticulum.
Phosphorylated JNK are believed to translocate to mitochondria and bind to the outer
mitochondrial membrane via the scaffold protein SH3 domain-binding protein 5129 12,
which acts as a direct mediator between mitochondria and JNK!?2. Subsequently,
translocated pJNK that binds to Sab and activates it promotes the release of inactive SHP1
sequestered by Sab'?2. Phosphorylated Src activates SHP1 and pSHP1 mediates in the
inactivation of Src via the DOK4 platform at the inner membrane. Src is a crucial mediator
of mitochondrial homeostasis and its activation stabilizes the mitochondrial electron
transport, whereas its inactive form alters the electron chain resulting in the formation of
R05122, 123.

Under these circumstances, prolonged JNK activity will behave as an amplifier of the cellular
stress response, interfere in the mitochondrial bioenergetics and sustain an augmented
ROS formation in the mitochondria. This promotes a vicious circle that persistently activates
upstream MAPK, leading to a sustained JNK phosphorylation. Consequently, mitochondrial
permeability transition ensues, leading to the loss of the mitochondrial membrane integrity
and potential, awakening an inflammatory reaction and triggering cell death 88 122124,
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Figure 1.2 Scheme illustrating the pathomolecular mechanisms underlying APAP-induced hepatotoxicity. (1)
Hepatic metabolization of APAP via cytochrome P450 2E1 derives into the formation of the chemically
reactive metabolite N-acetyl-p-benzoquinone imine (NAPQI) (2), which leads to the depletion of the
glutathione (GSH) levels and promotes covalent binding to macromolecules, interfering in the
mitochondrial homeostasis. (3) Consequently, the electron (e’) chain transport and the energy
generation via R-oxidation are disturbed, leading to impaired cell respiration and stimulating the
formation of oxidative and nitrosative reactive species. (4) These promote MKK4/7 activation, which
has been suggested to occur during the early phase via (GSK3B) and Mixed lineage kinase (MLK) 3
activation, and during the late phase via apoptosis signal-regulating kinase (ASK) 1, which is activated.
(5) Mitogen-activated protein kinase kinase (MKK) 4/7 contributes to c-Jun N-terminal kinase (JNK) 1/2
phosphorylation that translocates to SH3 domain-binding protein 5 (Sab), boosting ROS formation and
enhancing mitochondrial dysfunction. This persistent situation finally promotes membrane
permeability transition (6), which leads to the release of cytochrome (cyt) C and derives in cell death
(7). The JNK inhibitor SP600125 has been experimentally shown to prevent JNK activation and
attenuate liver injury in APAP-induced hepatotoxicity.

The compound SP600125 has been characterized as a reversible ATP-competitive
INK-specific inhibitor!?. Earlier studies have described protective effects associated with
pre-treatment with SP600125 prior to APAP hepatotoxicity induction in murine models and
human hepatocytes in vitro’® 126, A further study revealed that blocking expression of Ink1
and Jnk2 concomitantly by using antisense oligonucleotides nucleotides conferred
protection against APAP hepatotoxicity in vivo!?°. These results confirm the relevant role of
JNK in APAP-induced hepatotoxicity and open new possibilities in the experimental
development of therapeutic strategies, which modulate JNK-dependent targets.

Clinical aspects and case characterization

The clinical facade of drug-induced liver injury

A drug-induced liver injury episode can mimic most acute and chronic hepatic diseases and
may have an indistinguishable clinical presentation from these. The clinical presentation in
DILl is highly variable, ranging from asymptomatic alterations of serum liver enzymes over
cholestasis to acute liver failure and exceptionally even death!?"132, Often, symptomatic
manifestations are absent and the DILI episode is then incidentally uncovered because of a
routine laboratory test, which shows a flare in biochemical liver injury markers.

When symptomatic features are present, DILI patients may exhibit and report anorexia,
nausea, vomiting, malaise, weakness, fever, abdominal pain, jaundice, pale or clay-colored
stools, dark urine, among others!®3, Overall, positive symptomatology in DILI commonly
resembles an acute hepatitis-like or a cholestatic syndrome and the most frequently
associated symptoms are weakness, anorexia, dark urine and icteric sclera, among others®
130,134 For instance, the analysis of the prospective US DILIN patient cohort with over 1200
enrolled participants revealed that 60% of them experienced nausea and another 42% had
abdominal pain®®®.

In chronic hepatotoxicity cases, the manifested clinical features can resemble other chronic
liver disease causes presented in primary biliary cirrhosis, sclerosing cholangitis, or
autoimmune hepatitis. The presence of features such as fever, rash, eosinophilia or
cytopenia during a hepatotoxic event may be suggestive of an immune-allergic mediated
type of injury. Characteristically, the appearance of a delayed onset with clinical features



General Introduction

showing up several weeks after drug administration is suggestive of immune-mediated
DILI*3S,

In general lines, most patients suffering from liver dysfunction in the setting of a DILI event
fully recover after the culprit drug is ceased and the re-exposure to the compound is
prevented. However, in a small fraction of the patients, the DILI event may not resolve
satisfactorily, even after drug withdrawal, and turn into a chronic form of liver injury.
Nevertheless, a systematic review reported that chronic liver injury induced by drugs was
higher with a prevalence of 18% in large national-based hepatotoxicity cohorts®’.

Initially, experts agreed to define as acute DILI those events with altered ALT and ALP under
three months and chronic those episodes, where elevations in ALT and ALP lasted more
than three months!*. Due to the fact that cholestatic type of liver injury requires a more
significant time to resolution, compared with cytolytic events, the cutoff point to consider
DILI events with cholestatic features was set in six months®L. Aithal’s criteria of 2011 define
as persistent DILI, hepatocellular events with over three months of persistence and
cholestatic events of more than six months. Additionally, the term chronic DILI refers to
those episodes, which persist for at least one year or more, independently of the type of
injury pattern. It has been previously indicated that acute showing-off DILI episodes have
approximately a 10% likelihood to become a chronic insult in the liver?®,

Chronicity associated with DILI can lead to sustained noxious stimuli in the liver that
promote hepatic remodeling, trigger liver fibrosis, and even progress to liver cirrhosis in
advanced stages'®°. Nevertheless, the underlying liver injury pattern may vary and adopt
less common subtypes of chronic DILI (i.e., drug-induced fatty liver, nodular regenerative
hyperplasia and hepatic peliosis hepatitis). Although the standard treatment includes
discontinuation of the culprit agent, those not resolving after drug cessation alone may
require immunosuppressive therapy. The most frequently involved drugs in chronic DILI
belong to the antibiotic class of drugs, e.g., amoxicillin-clavulanate acid or trimethoprim-
sulfamethoxazole!®’.

Biochemical criteria for DILI diagnosis and severity grading

During the meeting of the Council for International Organizations of Medical Sciences
(CIOMS), which took place in 1989, the experts concluded that in order to establish the
diagnosis of drug-induced liver injury, at least one of the following criteria needed to be
fulfilled: (i) increment of the alanine aminotransferase above two times the upper limit of
normal (ULN); (ii) enhancement of the conjugated bilirubin levels above two times the ULN;
(iii) increase of the aspartate aminotransferase, alkaline phosphatase and total bilirubin,
where one of these doubles the ULN42,

Despite the fact that these criteria have been used for over two decades, with the time and
the experience gained in the field, it had been questioned if these criteria were strict
enough since, in many cases, the detection of a modest rise in ALT made patients undergo
unneeded medical examinations and withdrawal of their medication when it was
unnecessary. Furthermore, some DILI cases exhibit a mild elevation of biochemical liver
injury markers that progresses to spontaneous recovery and do not suppose a relevant
clinical condition. In that regard, other studies reported rising to higher ALT cutoff values4*



Chapter 1

144 Experts then discussed that considering higher ALT cutoff levels in DILI, episodes with a
low clinical impact or false positive cases could be most likely excluded. Therefore, the
former DILI criteria were readjusted to those from Aithal and colleagues designed to
standardize the clinical threshold for DILI®3. These criteria specify that at least one of the
criteria needs to be fulfilled to consider a compatible event as DILI: (i) enhancement of ALT
values of at least five times the ULN; (ii) increase of the ALT parameters in at least three
times and total bilirubin levels of above two times; (iii) increment in the ALP values of at
least two times, especially when elevations of 5’-nucleotidase or y-glutamyl transpeptidase
are present and there is the absence of any known bone pathology, which could lead to
augmented ALP levels.

These criteria may be reached at any time point during the course of the DILI event;
nevertheless, the criteria may not be applicable for certain types of chronic-related DILI. Of
note, the AST values can be used despite ALT when the last one is not obtainable and there
is no muscular disease, which may interfere in the rise of AST. Hyperbilirubinemia alone
cannot be considered DILI, even if it is associated with direct hyperbilirubinemia. As well,
the elevation of y-glutamyl-transferase alone is not sufficient to designate an event as
DILI**5. Some other liver injury forms, particularly those involving mitochondrial toxicity,
may not reach these threshold levels but can cause clinically relevant liver injury.

Of note, serum liver injury parameters uniquely are not reliable prognostic markers and fail
to predict the hepatic adverse drug reaction's severity. Indeed, validated prognosis scales
for hepatic damage such as the Child-Pugh or MELD score systems, among others, leave
systematically hepatic enzyme markers out of their scales. Furthermore, serum liver
enzymes might reflect cytolysis but are not true liver function markers, which needs to be
monitored with other values such as serum bilirubin concentration or prothrombin time
(alternatively the International Normalized Index, INR).

In an effort to consider both biochemical and clinical data at the severity grading in DILI, the
experts in the field suggested to classify severity in DILI in four categories: i) mild, alanine
aminotransferase/alkaline phosphatase (ALT/ALP) concentration augmented matching
criteria for DILI but bilirubin concentration below 2xULN; ii) moderate, ALT/ALP
concentration raised in line with DILI criteria and bilirubin concentration equals/above
2xULN or symptomatic hepatitis; iii) severe, ALT/ALP quotient elevated matching with DILI
criteria and bilirubin concentration equals/above 2x ULN, and one of the following
(coagulopathy INR>1.5, ascites and/or encephalopathy, disease duration <26 weeks, and
absence of underlying cirrhosis or other organ failure caused by DILI); iiii) fatal or liver
transplant, exitus or hepatic transplant as a

consequence of the DILI episode®. ALT or AST* value jl

Of interest is the fact that combined T AT

elevations of ALT and bilirubin may indicate ARTERASTEN
a potentially severe reaction. Hy’s law ALP value ]

applies in those DILI cases presenting with ALPULN
cytolytic type of liver injury in addition to
jaundice or expressed in terms of ratio *whichever was the highest
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“R>5+TBL>2xULN”. DILI cases fulfilling Hy’s Figure 1.3 Representation of the nR quotient
law present an increased risk of fatal New ratio is calculated by dividing the quotient,
outcome, significantly associated with liver which results from ALT or AST (whichever has the
. . highest value) and its respective ULN, through
0,
transﬂ?q}?tlon and death In’ >10% of the the quotient that is obtained after dividing the
cases'* **". More recently, Hy’s law has been ALP value through its ULN. The nR results in a
redefined by considering for hepatocellular  better prediction of drug-induced ALF.
DILl events the new ratio value, which can Abbreviations: ALT, alanine aminotransferase;
’

.. . .. AST, aspartate aminotransferase; ALP, alkaline

critically help improve the prediction of DILI P

cases that may progress to ALF (Figure 1.3)8, Phosphatase; UL, upper limit of norma

Patterns of hepatic injury in DILI

Histopathological information provided by a liver biopsy, explant or necropsy may help
assess and assign causality, exclude other differential diagnoses of liver disease, and
particularly grade the severity of the suffered DILI episode. Nevertheless, currently, there
is no standardized histological scoring available for DILI**® 15°, Thus, the experts agreed to
assign the type of injury based on the biochemical liver injury criteria by applying the ratio
(R) based on biochemical liver injury parameters. The R is calculated by dividing ALT activity
into ALP activity, using for both parameters its normalized value (times ULN) and using the
values obtained from the first available blood test after DILI recognition since the pattern
of injury can vary over time. ((ALT value/ALT ULN)/(ALP value/ALP ULN))**%,

Hepatocellular type of injury is the most frequent pattern of injury and is defined as R>5. In
that sense, patients with hepatocellular damage will exhibit significantly augmented
aminotransferase values. Histologically, hepatocellular type of injury may display as spotty
lesions in liver parenchyma affecting isolated hepatocytes or can conflux as a result of
damaged groups of hepatocytes. The death of hepatocytes can be addressed to
phenomena comprehending necrosis, apoptosis, steatosis or cellular degeneration, among
others. Confluent areas of necrosis in liver parenchyma can be discerned into zonal or non-
zonal, which can be characteristic of certain culprit drugs. Furthermore, when large necrotic
areas are affected, these can lead to bridging, submassive or massive necrosis.

For instance, zonal necrosis has been associated with compounds with a predictable type
of or dose-dependent type of hepatotoxicity. Centrilobular necrosis (zone lll) is the most
common type of zonal necrosis, while isolated lesions in zone | and Il are exceptional. Some
classical examples are listed: acetaminophen (zone lll), halothane (zone 1ll), CCl4 (zone 1),
beryllium (zone IlI), cocaine (zone 1) or iron sulfate (zone 1). Non-zonal necrosis may
resemble hepatic injury lesions known from viral hepatitis and is commonly associated with
drugs subjected to idiosyncratic type of hepatotoxicity such as diclofenac, isoniazid or
phenytoin, among many others.

Cholestatic type of injury is defined when R <2. Microscopically, pure cholestatic lesions are
characterized by hepatocellular and/or canalicular cholestasis with minimal hepatocellular
injury features and inflammatory reaction. Bile accumulation is often seen, predominantly
in hepatocytes and canaliculi localized in the area of zone Ill. The responsible agent
interferes with bile constituents' hepatocyte secretion, mediated by the bile salt excretory
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protein (BSEP). In cholestatic hepatitis-like reactions, these characterize histologically by
portal inflammation, marked cholestasis and hepatocellular injury. The proliferation of bile
ducts may be present, and hepatocyte injury is usually localized in cholestasis areas.

A mixed type of injury is defined as 2<R<5 and, microscopically, liver parenchyma can
display attributes of both hepatocellular and cholestatic type of lesions. However, drugs
can induce liver damage with histology features different than cytolytic, mixed or
cholestatic, which can be displayed phenotypically in a variable form, ranging from
steatosis, fibrosis, bile duct injury syndromes or cutaneous liver diseases, among others.

Length Type of Hepatic Severity

of liver hepatotoxic injury of the
dysfunction reaction pattern reaction

‘ Acute ‘ ‘ Intrinsic ‘

Idiosyncratic

“

Figure 1.4 Basic illustration highlighting useful classifications for DILI case definition. Once the diagnosis of a
drug-induced liver injury episode is established after a reasonable exclusion diagnosis has been
completed, several key questions may help the clinician to better characterize the episode of drug-
induced liver dysfunction. The DILI episode duration can be classified into acute and chronic injury
based on a cut-off point of 1 year since the onset of the adverse drug reaction. Depending on the nature
of the adverse drug reaction, a reaction can be differentiated as intrinsic (when the manufacturer’s
recommended dosage has been exceeded) or idiosyncratic (in those cases where the reaction
appeared, despite given doses were within therapy margins). With respect to the underlying injury
pattern, R>5 points to cytolysis (HC), whereas R<2 and 2>R>5 stands for cholestatic (Chol) and mixed
(Mix) type of injury, respectively. Severity can be graded into mild (ALT/ALP flares compatible with DILI
criteria but TBL<2xULN), moderate (ALT/ALP flares compatible with DILI criteria and TBL>2xULN),
severe (ALT/ALP flares compatible with DILI criteria and TBL=2xULN + INR>1.5 or recent
ascites/encephalopathy (<26 weeks) in the absence of underlying cirrhosis or any other DILI-induced
organ failure) and worst outcome (exitus or hepatic transplantation).

Diagnosis and causality assessment

At present, there are no specific biomarkers or diagnostic tests, which may help to establish
the diagnosis of drug-induced liver injury. In that regard, DILI needs to be approached as a
rule-out diagnosis and therefore, a reasonable exclusion of other aetiologies of liver disease
is mandatorily required. The diagnosis of DILI relies on a subjective assessment covering
clinical, biochemical, and histological information (when available) of the patient. The first
step to DILI diagnosis is a clinical suspicion of a drug-related causality, a challenging fact
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when considering that the clinical syndromes associated with DILI are generally unspecific
and may mimic other common features of hepatic illness. In addition, as reviewed above,
there are no specific liver histology criteria that are conclusive for DILI. DILI recognition may
be complicated in patients presenting several medications and underlying diseases, which
can act as confounding factors. Then again, difficulties in the diagnostic procedure of DILI
explain that many cases remain underreported, and misdiagnosis is not uncommon. Indeed,
it is not uncommon that DILI diagnosis occasionally follows after inadvertent reexposure to
the culprit agent and a new flare in liver injury markers is appreciated.

Of capital relevance is the need of obtaining a careful medical history of the patient, which
includes an exhaustive pharmacological history with explicit information on drugs and other
treatments that the patient had been in therapy with during at least six months before the
adverse reaction flourished!?!. The administered drug doses, treatment duration and time
to onset of the adverse reaction are crucial data to be analyzed in order to prove a temporal
relationship between drug administration and injury onset, as well as to drive the suspicion
into a particular drug as potential culprit agent of the adverse event when more than one
compound was given concomitantly. Recent changes in the dispensed drug doses are also
crucial since a drug-induced liver insult can remain uncovered initially but become apparent
after variations in the drug dose occurred'>2,

Despite patients presenting with acute DILI, imaging tests, in general, do not exhibit any
specific findings for hepatotoxicity, these are crucial to perform an adequate differential
diagnosis and exclude other causes of hepatic damage. Abdominal ultrasound, CT or MRI
scans and retrograde cholangiopancreatography are beneficial imaging techniques to
properly assess the biliary tree and identify any obstructive syndrome or malignancies

affecting the liver, gall bladder, hepatobiliary

conducts and pancreas. In the context of |Hepatotropic viral infections

chronic DILI, patients do not usually display | HeretitisA Ant-HAV 1gM
. . . Hepatitis B HBsAg, Anti-HBc IgM, HBV-DNA
changes in the diameter of intra- and extra- | S AR
Hepatitis C Anti-HCV, HCV-RNA

hepatic bile tracts but may exhibit
characteristic variations of liver cirrhosis

Hepatitis D (only if HBsAg+) Anti-HDV IgM/1gG

Hepatitis E (endemic area/contact)  Anti-HEV 1gM/IgG, HEV-RNA

such as an enhanced portal vein or an
enlarged spleen.

Besides liver tests displaying serum liver
injury  markers, blood panels are
indispensable to investigate other potential
primary aetiologies of liver injury as well as
secondary causes involving the liver (Table
1.2). These tests essentially determine
markers and titers, which cover and are
characteristic for viral (hepatitis A virus
(HAV): Anti-HAV IgM; hepatitis B virus (HBV):
HBsAg, Anti-HBc IgM; hepatitis C virus

(HCV): Anti-HCV, HCV RNA; hepatitis D:

only if HBsAg+, Anti-HD IgM; hepatitis E

Other viral infections

Epstein-Barr virus

EBV-PCR, VCA-IgM/IgG,EA/EBNA IgG

Citomegalovirus

CMV-PCR, Anti-CMV 1gM/IgG

Herpes Simplex, Varicella
Zoster, Human Herpes 6

HSV1/2-PCR, HSV-1/2 IgM/IgG, VZV
1gM/1gG, VZV-PCR, HHV6-PCR

Human immune- deficiency
virus

Anti-HIV1/2, HIV-RNA, Anti-p24

Metabolic diseases

Hemocromatosis

transferrin saturation, serum
ferritin, HFE gene testing

al-antitrypsin deficiency

serum al-antitrypsin

Wilson's disease

serum copper, plasmatic
ceruloplasmin, genetic testing

Other disorders

Autoimmune hepatitis

ANA, ASMA, AMA, anti-LKM

Oncological hepatic disease

AFP, CEA, CA 19-9

Alcohol abuse

Blood ethanol, CDT

Table 1.2 Main differential diagnoses at DILI onset and
required serological markers to be determined
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virus: anti-HEV IgM; Epstein-Barr virus, cytomegalovirus, human herpes virus-6, parvovirus
B19, human immunodeficiency virus and s.o.), metabolic (e.g., hemochromatosis:
transferrin saturation, serum ferritin levels, HFE gene testing; al-antitrypsin deficiency:
serum al-antitrypsin levels, Wilson’s disease:

serum copper levels, plasmatic ceruloplasmin levels, genetic testing;) and autoimmune
(e.g., anti-nuclear antibody (ANA) and anti-smooth muscle antibody (ASMA), anti-
mitochondrial antibodies, anti-liver-kidney microsomal antibody (anti-LKM)) nature of liver
disease®®2,

In terms of causality assessment, the Council for International Organizations of Medical
Scientists established in 1989 a hepatotoxicity scale, which was also known as Roussel-Uclaf
Causality Assessment Method (RUCAM), intending to standardize the procedure to
ascertain cases of hepatotoxicity!>. The RUCAM scale is composed of seven sections that
evaluate: i) Time to onset of the adverse reaction following initiation of the drug; ii)
subsequent course of the adverse event after drug withdrawal; iii) specific risk factors; iiii)

guantitative grading is obtained, which expresses the likelihood of hepatotoxicity: i) below
score 3 unlikely; ii) score 4-5 possible; iii) score 6-8 probable; and iiii) above score 8 highly
probable.

Besides the RUCAM scoring system, other probability scales have been used to support the
causality judgment in hepatotoxicity. An example of other alternative scoring systems is the
Maria & Victorino (M&V) scale. The M&V scale focuses on time to onset, excluding other
liver insult aetiologies, extrahepatic manifestations (rash, fever, eosinophilia, cytopenia),
hepatotoxicity potential of the suspected drug and rechallenge response®>*>°, The Naranjo
scale gives a further example that rather than a specific scoring system for hepatotoxicity,
it is used to assess any sort of adverse drug reaction®®.

Both Naranjo and M&V scales have been previously compared with the RUCAM method in
terms of efficiency, which became higher after applying the latter one®® 7, Thus, the
RUCAM method, albeit imperfect, has continued to be extensively used during the last
decades in the causality assessment of particular cases and large patient cohorts. It has
been rated to perform moderately well in terms of accuracy, reproducibility and
intraobserver variability>3.

Among the inconvenients, the RUCAM scale has been reported to be time-consuming,
confusing with regards to the pointing instructions in some of its domains and a limited
reproducibility even when applied by the same reviewers!>® 1%, An update of RUCAM took
place in 2016 with the aim to improve the intraobserver variability'®. The present and
future of RUCAM are conceived by novel attempts to develop an electronic RUCAM
application, improvement of the exclusion of other causes relying on the clinical context,
and promotion of education and training on the use of RUCAM?°,
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Risk factors

The underlying pathophysiology of idiosyncratic drug-induced liver injury reactions is poorly
understood. However, it is believed to be the outcome of the interaction between the
harmful potential of a drug to behave as a hepatotoxic substance and other additional
factors associated with the host and the environmental and genetic background®. More in
detail, the hazardous agent's diverse characteristics such as physical-chemical properties,
metabolization and drug dosage, and some host properties related to gender, age,
underlying diseases, and comorbidities are thought to play an essential role in the
development of DILI*,

Drug-related factors

Indeed, several factors increase the risk of hepatotoxicity and act fundamentally as drug-
dependent risk factors. Lipophilicity, drug dosage or the potential to generate chemically
reactive metabolites and trigger mitochondrial damage are examples of drug-related
factors in DILI.

Lipophilicity is a standard pharmacological property that strongly contributes to the
distribution of drugs within the organism. As a result, higher lipophilicity provides an
augmented degree of drug uptake, distribution, absorption, metabolization, excretion and
toxicity. Various studies correlated lipophilic compounds with an augmented risk to induce
hepatotoxicity'®*1%4, Other physicochemical properties such as the molecular weight and
the surface sum over all polar atoms or molecules have been suggested to play potentially
a role as drug-specific factors’2.

The dosage of drugs and an extensive metabolization (>50%) in the organism have been
identified as potential risk factors in contributing to DILI in several studies. As already
mentioned above, Lammert and colleagues reported a higher DILI risk in patients who had
ingested medications with doses of 50 mg/day and above®*. In the same line, the Spanish
DILI registry's prospective database showed that about 77% of the enrolled causative drugs
were administrated in doses of 50 mg/day or higher®®. Another study identified
compounds that led to DILI and presented high lipophilicity, which had been administered
to the patients in doses of more than 100 mg/day?°®.

Some of these factors can coincidentally be present at the DILI timeline and they may
potentially lead to a synergetic effect over the outcome. For instance, a study found a
significant association between severe DILI with high daily dosages (>100mg) in addition to
lipophilicity, which was named as the “rule of two” ¢,

The mitochondrion is believed to be the hepatocyte’s central target to suffer from the
deleterious effects within the setting of hepatotoxicity, as above described. Medicinal
products can lead to impaired mitochondrial function either directly or indirectly. Direct
pathways of mitochondrial injury classically can block enzymes implicated in glycolysis and
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B-oxidation, alter components of the electron transport chain or inhibit the transcription of
mitochondrial DNA of electron transport chain complexes. Indirect mechanisms of
mitochondrial damage are believed to rely on the generation of free radicals, the depletion
of intrinsic antioxidants and the interference with nutrients that contribute to the proper
mitochondrial function®”. As a consequence, disruption of the redox balance can occur and
subsequently, mitochondrial dysfunction and damage can happen. Hence, in the scenario
underlying hepatotoxicity, culprit drugs and medicinal products can induce mitochondrial
damage, triggering mitochondrial injury by disengaging different mechanisms.

For example, tetracyclines, tamoxifen and aspirin have been described to alter the
mitochondrial B-oxidation; diclofenac has been related with mitochondrial membrane
disruption; co-enzyme A sequester has been associated with valproic acid and aspirin;
barbiturates and rotenone have been associated with blocking the NADH dehydrogenase
and impairing the mitochondrial respiration¢’-17°,

Above, we described the importance of the generation of the reactive metabolite N-acetyl-
p-benzoquinone imine in the example of APAP hepatotoxicity in triggering liver damage.
Besides APAP, many other drugs are well known to undergo phase | biotransformation in
the liver, which may result in the formation of intermediate metabolites that
characteristically present a different chemical reactivity compared to their parental
compound. In principle, following the example of APAP hepatotoxicity, chemically reactive
metabolites can potentially act as hazards to the liver either directly or indirectly by binding
to proteins and forming drug-protein adducts, which can awake an immune-mediated
reaction. Classically, the reactive metabolite formation hypothesis has become one of the
strongest determinants with respect to DILI.

Notwithstanding, the impact of the reactive metabolite formation in the underlying
physiopathology of idiosyncratic DILI remains uncertain for many drugs associated with
idiosyncratic DILI and yet there is a lack of evidence. For instance, previous studies reported
a missing correlation between the incidence of hepatotoxicity and reactive metabolite
formation in vitro as well as cases where the formation of chemically reactive metabolites
had been suggested to be absent (e.g., ximelagatran, pemoline)'’* 12, Hence, more and
more, the idea of a multifactorial condition triggering idiosyncratic DILI is gaining in
importance and mechanisms other than the reactive metabolite formation are getting into
the spotlight (e.g., mitochondrial toxicity, inhibition of bile salt export pump).

The bile salt export pump (BSEP) is an ATP-binding cassette mainly located in the
hepatocytes' membrane and mediates in exporting bile salts into bile at canalicular level.
The inhibition of the BSEP by a drug or drug-related metabolite represents a further
mechanism of interest in the physiopathology of DILI, which classically had been associated
with cholestatic forms of DILI*”3. For instance, the hepatotoxic potential of the compounds
troglitazone, lapatinib, bosentan, ketoconazole and nefazodone has been shown to
correlate with its potent BSEP inhibitory effect!’4177.
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This hypothesis relies mechanistically on a reduced bile acid excretion profile and liver
injury development, most likely due to the accumulation of toxic bile acids. Diverse in vitro
and in vivo experimental models have shown in many drugs that have been associated with
severe forms of DILI that these had led to BSEP blockage, reinforcing the correlation
between BSEP inhibition and risk of DILI*”” 178, Another study reported a higher frequency
of severe DILI in those compounds that induced BSEP inhibition and mitochondrial
dysfunction concomitantly!’®. Furthermore, it has been suggested that BSEP gene
mutations may lead to an altered BSEP function and increase the likelihood to suffer from
DILI*®. However, various population-based studies, which examined polymorphic
variations of the ABCB11 gene obtained striking results, some of these supporting a
potential association to DILI, whereas others did not. Therefore, it might be of interest to
examine these associations in larger cohorts in terms of number of participants and ethnic
background.

Host-dependent factors

Ethnical disparities regarding drug-induced liver disease in diverse populations can be
explained through the variable genetic background of individuals and differences in many
factors associated with lifestyle, geographical drug prescription guidelines and everyday
medication habits, among others. Indeed, race differences in liver disease have been
observed in various previous studies.

A representative cross-sectional study obtained significant racial differences in the
prevalence of NALFD, which interestingly could not be fully explained by lifestyle, adiposity,
and metabolic factors!®l. A systematic review and meta-analysis determined racial
differences as a capital factor in the prevalence and the severity of NALFD, whilst ethnic
differences for outcome were discordant®2, A retrospective chart review, including 791
subjects suffering from alcoholic liver disease, found ethnicity a significant factor of
influence on age and severity in different subtypes of ALD®®3,

In the focus of drug-induced liver disease, an increased probability of suffering from drug-
induced ALF has been associated with Afro-American subjects versus Caucasians®.
Moreover, a recent prospective study from the USA that compared the enrolled self-
described African-American versus Non-Hispanic subjects found differences in the
causative agents and severity of liver injury leading to worse outcomes, including death and
liver transplant, which was higher in the African-American DILI subpopulation®’.
Nevertheless, large prospective hepatotoxicity databases were unable to link ethnicity and
DILI frequency.

The question if gender was a potential risk factor linked to DILI had been extensively
debated earlier following the general belief that the female sex had a higher risk to suffer
from DILI based on prior observations in several studies* 1218 |ndeed gender has been
linked to an increased DILI susceptibility in certain drug agents: Whereas drugs like
flucloxacillin, isoniazid, diclofenac, nitrofurantoin, chlorpromazine, tetracyclines have been
related to DILI and female gender, azathioprine has been associated with an enhanced risk
of DILI development in men®® 161,
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Nevertheless, large prospective hepatotoxicity cohorts failed in evidencing any significant
differences regarding male and female sex distribution in their data. A prospective cohort
from Spain enclosed a population of 603 individuals, of which 49% corresponded to female
sex!®. Another prospective hepatotoxicity study from the USA included 899 subjects,
where 59% corresponded to women®®. A further study from Iceland, with 96 enrolled
individuals, revealed that 56% of the analyzed population were women®2,

Two prospective hepatotoxicity databases from Spain and the USA described the influence
of gender in the liver injury pattern since a higher fraction of hepatocellular cases were
found in females®” 1%, The same cohort from Spain demonstrated a strong association of
female sex and severity of liver damage with 89% of drug-induced fulminant hepatic failure
insults occurring in women, which were in line with the results obtained by the Acute Liver
Failure Study Group, where out of 133 studied individuals, 77% were females>® 186,

v' Host characteristics: age, sex,
ethnicity, comorbidities, underying
liver disease, comedications

v' Genetic profile: Polymorphisms
(metabolyzing enzymes, hepatic
transporters), HLA allelic variations

v ity: Drug pi P s
hypersensitivity reaction,
autoimmune disease

v Specific drug properties Contraregulatory

l defensive

mechanisms

Drug- Host-
related  depending
factors conditions

A

v Hepatic detoxification and
clearance systems

v’ Antioxidant response: GSH,
Keap1/Nrf2 axis

v Antidotes: N-Acetilcisteine
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Figure 1.5 Flow chart displaying main risk factors and counterregulatory mechanisms associated with DILI.
The threshold to liver injury triggered by drugs results from a disbalance between risk factors and
counterregulatory mechanisms. The most significant risk factors are drug-specific or host-dependent.
Under these category characteristics age, gender, comorbidities, underlying diseases or genetic, among
others, can be found. On the contrary, the organism has effective defensive mechanisms to counteract
and promote a safe drug clearance. In the liver, the glutathione (GSH) system neutralizes any excessive
ROS production that results from drug-induced cellular stress. The activation of antioxidant pathways
(e.g., Nrf2/Keap1 axis) promotes the recovery of intracellular redox homeostasis. N-acetyl cysteine has
been shown to mitigate APAP-induced hepatotoxicity by stimulating the GSH synthesis and promoting
nontoxic metabolic routes of APAP.

Older age has been linked to general changes affecting the pharmacokinetics of drugs
encompassing a reduced body mass, hepatic mass and blood circulation, and a diminished
renal function and hepatic metabolization profile. In addition, older age is a complex
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variable to assess since, frequently, these individuals are subjected to polypharmacy and
present underlying diseases.

However, no shreds of evidence have convincingly confirmed that aging is a direct risk
factor associated with drug-induced liver disease development. The review of the largest
prospective hepatotoxicity cohorts reflected that 17% of the DILI population analyzed at
the US DILI Network was aged 65 years or older versus 46% of the included subjects in the
Spanish DILI Registry who were 60 years old or above. In contrast, a relationship between
DILI incidence and growing age in the elderly in the Icelandic study was concluded>® 52 165,

On the other hand, a more noteworthy link between age and particular types of drug-
induced liver disease have been described earlier. For example, valproic acid, dactinomycin,
and ampicillin are more commonly described in pediatric DILI, whereas basiliximab is
exclusive of DILI in children®”. In contrast, DILI due to deferasirox, isoniazid, dantrolene,
and levofloxacin has been observed more frequently in adults, with particular mention to
isoniazid DILI, which was also associated with DILI in adults and happened above four times
more often in individuals over 50 years than in younger patients®”- 188,

In general lines, the association of underlying liver diseases as a risk factor for the
development of hepatotoxicity has not been consistently demonstrated in the limited
amount of available studies and other authors previously reported about the safe use of
drugs in these groups of patients!®. Nevertheless, pre-existent liver disease can alter the
physiologic function of transporter proteins and interfere in the drugs’ pharmacokinetics,
which might affect the development of DILI*®. In addition, the underlying hepatic disease
is believed to be related to a declined response, progression and outcome of
hepatotoxicity®. The most common described hepatic conditions related to this instance
are represented in the examples of nonalcoholic fatty liver disease (NAFLD), alcoholic liver
disease and chronic viral hepatitis, especially when co-infected with human
immunodeficiency virus!% 193,

Nonalcoholic fatty liver disease (NAFLD) is a prevalent type of liver disease, which can
exhibit a broad spectrum of hepatic lesions (e.g., fatty liver, non-alcoholic steatohepatitis,
cirrhosis). Several experimental models on fatty liver disease have shown to favor APAP-
induced hepatotoxicity!®*. Despite not fully elucidated, previous activation and induction
of hepatic cytochrome P450 2E1 and decreased response of antioxidant mechanisms (e.g.,
lower GSH reserves) occurring in a NAFLD-conditioned scenario could contribute to
increasing the generation of the toxic APAP-derived metabolite NAPQI?®* 1%, Additionally,
other clinical studies have described a potential association between NAFLD and drug-
induced hepatotoxicity for several agents such as fosinopril, isoflurane, halothane,
methotrexate, statins, tamoxifen, several antiretroviral drugs, among others!®® 197,
Hepatotoxicity due to antiretroviral compounds has been associated with chronic viral
hepatitis B and/or C co-infection (e.g., protease inhibitors, non-nucleoside reverse
transcriptase inhibitors), often occurring in poor responders to antiretroviral therapies!®®
200 Antitubercular agents have been in the spotlight of DILI and particularly in patients
carrying an underlying chronic viral hepatitis infection; however, the conclusions have
shown discrepancies. Some works detected an enhanced risk of antitubercular drug-
induced liver injury in the setting of HBV and HCV co-infections?°¥2%® as well as in
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combination with HIV, which was found notoriously higher for individuals with HIV and HCV
co-infection?®*, whereas other studies did not identify any associations®,

Patients who have cancer have been related to a higher risk of developing DILI due to
therapies with chemotherapeutic agents, which can exhibit with variable severity,
notwithstanding this increased risk may not exclusively involve antineoplastic drugs but also
other non-chemotherapeutical compounds?%. Antineoplastic drugs can decline basal liver
disease and induce liver dysfunction. Indeed, diagnosis of chemotherapeutic DILI is complex
due to the broad spectrum of confounding factors that interfere in transaminase flare (e.g.,
opportunistic infections, radiation, DILI derived from other medicines, exacerbation of the
underlying liver disease)?®.

However, many of these observations relied on studies performed on a small number of
subjects, and therefore more extensive studies are required to assess these aspects more
in detail. It is also essential to consider the risk of drug interactions and potential
confounding factors that are commonly related to underlying hepatic disease per se.

Genetic susceptibility

As extensively reviewed above, a wide range of risk factors have been reported to increase
the probability of suffering from hepatotoxicity. Nevertheless, the phenomenon of
idiosyncrasy in DILI seems to be more complex to understand and, thus, rather than
individual mechanismes, it is most likely the result of a multifactorial condition. In particular,
genetic and environmental factors are suggestive of playing a pivotal role in the
pathomolecular bases of idiosyncratic adverse drug reactions. As other authors have
previously highlighted, different hepatotoxicity databases enrolling DILI cases in different
countries have shown, in effect, relevant differences regarding the relative frequencies of
culprit agents?%, In this line, genetic and environmental factors might be determinant to
understand these differences. Thus, it is undeniable that there is a genetic implication in
DILI to some extent, as earlier studies have demonstrated, at least for certain individual
compounds?%% 209,

During drug metabolism in the liver, many hepatic enzymes (bioactivation and
detoxification enzymes) and transporters are active and indispensable. A large variety of
polymorphisms have been associated with the genes that encode these enzymes and
transporters. The best-known example is probably provided by phase | enzymes that belong
to the cytochrome P450 (CYP) superfamily. The allelic variability of CYP enzymes explains
the vast variations in drug clearance processes between individuals. The presence of
polymorphic variations in these enzymes has a cardinal impact on the efficacy and adverse
effects of the drugs metabolized by them. The most relevant polymorphisms affect CYP2DS6,
2C9 and 2C19 due to the simple reason that nearly 80% of the currently marketed medicines
are metabolized by these CYPs29, Allelic variants of CYPs have been linked to variations in
the drug metabolism and differences in the susceptibility to carcinogenesis (kidney, breast,
lung and prostate cancer). Indisputably, some CYPs have been related to the bioactivation
of procarcinogens, among other potential mechanisms?1213, Besides, CYP polymorphisms
have been associated with other internal diseases such as atherosclerosis and diabetes
mellitus as well?!%,
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For instance, several drugs mainly metabolized by CYP isoforms 2C9 and 2C19 have been
known to have a certain hepatotoxic potential, following the examples of drugs diclofenac,
tienilic acid or leflunomide?*216, Nevertheless, except anecdotal studies exhibiting a low
number of subjects, other extensive studies have failed to predict allelic variants of CYP2C9
and 2C19 being implicated as DILI risk factors*> 27,

A further example is delivered by several phase Il detoxification enzymes, potentially
associated with hepatotoxicity. For example, polymorphic variations affecting UDP-
glucuronosyltransferase (UGT) 1A have been related to flares in transaminases triggered by
tolcapone, variations of UGT2B7 and diclofenac-induced liver damage, polymorphism of N-
acetyltransferase 2 and isoniazid-induced liver injury, among others?®® 218221 Fyrther
studies described glutathione S-transferase (GST) M1222 and T1%2% null associations with DILI
triggered by isoniazid plus other anti-tubercular compounds. In contrast, another analysis
reported results, which suggested that GST M1 and T1 double-null genotypes could be
associated with DILI independently from the culprit agent and preferably in female
gender??,

Besides genetic polymorphisms affecting hepatic metabolic enzymes and transporters,
immunomodulatory polymorphisms and mutations have been placed in the scope of the
multifactorial interplay, which potentially increases the susceptibility to suffer from DILI.
More specifically, allelic variants of the human leukocyte antigen (HLA) genes exert a critical
regulatory modulation of the immune response and are located in the major
histocompatibility complex (MHC) region chromosome 6 have been linked with DILI
triggered by certain drugs®%°.

Many of the targeted results stem from small cohort studies and case-control candidate
gene studies and, hence, had uniquely limited strength when drawing precise conclusions.
The introduction of novel sequencing methods made way to genome-wide association
(GWA) studies, which represented an outstanding opportunity to carry out extensive
genetic studies covering a wide number of factors®®. Indeed, the use of the GWA technique
has confirmed some of the candidate gene study results. However, several limitations apply
to GWA studies, such as the difficulty in detecting rare genetic variants with weak effects
or a wide range of phenotypes may remain uncovered, among others??®. Several
investigations covering the analysis of the associations mentioned above have been
described for the following drugs and HLA haplotypes: HLA-DRB1*15:01, HLA-DQB1*0:602,
HLA-A*02:01, HLA-DRB5*01:01 and amoxicillin-clavulanate; HLA-B*57:01 and
flucloxacillin??’, HLA-A*33:01 and terbinafine, fenofibrate and ticlopidine; HLA-DQA1*02:01
and lapatinib®®; HLA-DRB1*07, HLA-DQA1*02 and ximelagatran®®®; HLA-B*35:02 and
minocycline; HLA-DRB1*15:01 and lumiracoxib?®°.

Of note, far from only affecting the MHC, immunogenetic modulations may also have a
capital influence on pro-inflammatory and anti-inflammatory mediators, modifying the
immune and inflammatory response and thus, become an attractive downstream target of
DILI. Previous hypotheses suggest a role of polymorphic variants affecting the expression
of cytokines and enhancing the susceptibility of a drug-induced reaction either directly or
by conditioning the active involvement of T cells®. For instance, an investigation showed
that hepatotoxicant-derived cytokine imbalance led to enhanced release of the pro-
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inflammatory interleukin (IL)-1B%32. Another study highlighted the potential role of T helper-
2 cell-induced immune response to neoantigens in the presence of polymorphisms that
triggered low IL-10 and high IL-4 gene transcription and increased the susceptibility to
DILI?Y. Further analysis of a prospective DILI patient cohort found no association with IL-
10, IL-4 and TNF-a polymorphisms, but instead, a low-producing IL-10 haplotype in a
fraction of individuals without peripheral eosinophilia was related with a worse DILI
outcome?33,

All in one, genetic variations acting on drug metabolism components and the immune
system are determinant to understand the pathophysiology underlying DILI and its
predisposition to suffer from it. The immense advances achieved with modern sequencing
techniques have confirmed some of the previously described associations by candidate
gene studies. Compared with candidate gene studies, GWA assays can analyze large and
complex datasets and consider many additional factors, and they might not be suitable in
all the cases due to its high threshold for genome-wide significance. In particular, the idea
of future HLA genotyping in patients could be very promising for improving DILI diagnosis,
as it could help to identify the culprit drug in cases of polypharmacy or distinguish between
autoimmune-like DILI and atypical forms of AIH, among others?3*,

Databases and information sources on hepatotoxicity

Extensive prospective studies of drug-induced liver injury

The Spanish drug-induced liver injury registry was founded in April 1994 and operated
initially as the Regional Registry of Hepatotoxicity of Southern Spain in cooperation with
several Liver Units. Later, the regional registry evolved to a national multicenter
collaborative network between liver, digestive disease, internal medicine, and clinical
pharmacology units from over 50 reference hospitals located throughout the Spanish
geography, followed by a structured procedure for prospective data and human sample
collection® 23>, As a part of its structured procedure, after obtaining the patient’s consent,
a detailed medical record is obtained with particular attention to the previous history of
liver or biliary tract disease, ethanol abuse, addiction to narcotics, blood or plasma
transfusion history and previous surgery that had occurred six months before the liver
dysfunction episode. In parallel, a meticulous drug history is carried out by interrogating
patients and their relatives for any previous consumption of drugs, herbal remedies, dietary
supplements and/or any other medicinal OTC products. The criteria applied for case
characterization corresponded to those established by the International Consensus
Meeting for liver injury and were later adjusted to Aithal et al. 20115% #!, To establish the
probability of suspicion, the Council for International Organizations of Medical Sciences
(CIOMS) scale was applied. A detailed follow-up of the methodological algorithm can be
consulted in the Spanish DILI registry’s previous published works> 23,

At present, the Spanish DILI Registry leads the creation of a European DILI registry (Pro-Euro
DILI Network) in cooperation with a large number of European university hospitals and
research institutions. The key aims of this challenging project include building up a unique,
integrative, interdisciplinary and translational DILI network in Europe that carries out
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impactful research and knowledge on DILI and promotes the development of pivotal
solutions to diagnosis and therapeutics from the molecular level to the patient’s bedside.
More information can be accessed at https://proeurodilinet.eu/.

The National Institute of Diabetes and Digestive and Kidney Diseases has established the
Drug-Induced Liver Injury Network with the primary purpose to promote research on drug-
induced liver injury in the United States since the year 200423¢, As a part of its core
functions, the DILIN carries out standardized procedures to identify, characterize and
collect bonafide cases of drug-induced liver injury. An extensive biobank preserves patient
serum, histological specimens and DNA of DILI patients and control subjects. Two main
studies have been carried out at the DILIN (https://dilin.org/): on the one hand, a
prospective study has been developed that takes into account any incidental DILI case,
whereas, on the other hand, a retrospective study has been implemented, which analyzes
DILI episodes associated to a limited number of drugs. Among these, isoniazid, phenytoin,
amoxicillin-clavulanate, valproic acid, nitrofurantoin, trimethoprim-sulfamethoxazole,
minocycline and quinolone antibiotics have been considered. Further details about the
applied methodology at DILIN can be found in previously published articles®.

In 2011 the Latin-American (LA) DILI Network was created with the support of the Spanish
DILI Registry (SLatin DILI Network). Of note, its network relies on multinational collaborative
cooperation between the participating centers of countries located in Central and South
America such as Argentina, Uruguay, Chile, Brazil, Mexico or Paraguay, among many
others®. This aspect adds the registry an outstanding value due to the significant
differences in ethnicity, drug prescription and drug regulation policies within the
participating countries. Latin America is believed to enclose highly endemic areas of
Hepatitis E virus?*’ infections, despite there is no reliable scientific literature yet available
that refers to the actual HEV prevalence in Latin America, apart from several patient
reports?® 37, Nevertheless, a meaningful emphasis has been done on ruling out HEV as a
potential confounding factor at the LA DILI Network. For this reason, HEV markers are
determined in all cases, where the clinical context and epidemiological setting are
suggestive of HEV infection. With respect to operational procedures, the identical methods
for case assessment and data collection used at the Spanish DILI Registry have been taken
at the LA DILI Network?®.

Apart from the Spanish DILI Registry, the DILIN and the LA DILI Network, there are plenty of
remarkable cross-sectional studies on DILl and there is a growing culture of new prospective
DILI studies worldwide. These studies will help to phenotype and better understand the
global impact of DILI and contribute in elucidating the role of geographical factors in DILI
(e.g., ethnic, genetic and environmental factors, drug-marketing and medicine-regulatory
issues).

The LiverTox website

The LiverTox website represents an accessible and reliable online information source on
drug-induced liver injury. It has been developed and maintained by the Liver Disease
Research Branch of the National Institute of Diabetes and Digestive and Kidney Diseases
(NIDDK) in cooperation with the National Library of Medicine?32. It encloses an extensive
and accurate overview of the DILI aetiological agents and lists up the formal name of drugs,
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herbals and dietary supplement compounds. Each compound is commonly introduced by
some general facts such as the chemical formula and the compound's structure, treatment
indications and common therapeutic dose regimes?3®. The introductory data is followed by
a detailed review of the essential aspects in terms of hepatotoxicity associated with the
agent, which includes a description of the clinical scenario, the involved injury pattern, the
associated or potentially implicated mechanisms, the clinical course and outcome
associated to the culprit agent. Several representative hepatotoxicity cases are often
presented as case reports, including the patient’s medical record and clinical data
supported by laboratory tests or imaging. In the end, a comprehensive and updated list of
bibliographical references that is mainly obtained from PubMed or hepatotoxicity
textbooks can be found. Therefore, LiverTox is a free-available and useful tool for clinicians,
researchers, and even the general public, easy to access and work with. LiverTox can be
accessed at https://livertox.nih.gov.

Other useful information sources on hepatotoxicity

A wide variety of web-based online tools dealing with adverse drug reactions are freely
available online and can be useful to retrieve information of interest on hepatotoxicity and
DILI assessment. Besides LiverTox and other similar websites, including hepatotoxicity
scales, we will briefly introduce VigiBase, LiMTox and DILIrank.

VigiBase represents a worldwide pharmacovigilance database for medicines launched by
the Uppsala Monitoring Centre and the WHO Programme, with over 20 million drug safety
reports submitted since 1968. One of the WHO Programme's hallmarks has identified
previously unknown drug safety issues of medicinal products and sharing this valuable
information globally. It encloses detailed information on suspected individual case safety
reports of patients who have been suspected of suffering from an adverse drug reaction.
The data was obtained by participant countries of the WHO Programme for International
Drug Monitoring. VigiBase can be accessed at https://www.who-
umec.org/vigibase/vigibase.

The Structural Biology and Biocomputing Programme of the Spanish National Cancer
Research Centre (CNIO) has recently developed LiMTox, a useful text mining search engine
for toxicology. LiMTox is a web-based and free-accessible tool that focuses on adverse drug
reactions with particular attention to drug-induced liver injury. Its functionality consists of
machine-learning and pattern-based systematic search strategies and it can integrate wide
text mining and information extraction components. LiMTox can be accessed at
http://limtox.bioinfo.cnio.es.

The Federal Drug Agency (FDA) provides the DiLlrank dataset, including over 1000 FDA-
approved medicines, classified into four different groups according to their potential to
trigger hepatotoxicity (most-, less, no- and ambiguous-DILI-concern-drug)?*. The
information is retrieved from analyzing hepatotoxic descriptions associated with FDA-
approved drug labeling files and causality assessments obtainable in the scientific literature.
DiLlrank can be accessed at https://www.fda.gov. The FDA and the European Medicines
Agency and other national and regional regulatory medicines agencies enclose information
of interest related to pharmacovigilance and drug safety on their websites.
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Paraphrase: Essentials on Hepatocellular carcinoma

CLD and hepatocellular carcinogenesis at a glance

Chronic liver disease (CLD) represents the consequence of different forms of liver disease
that can originate from diverse aetiologies of viral, metabolic, autoimmune or toxic nature,
among others. The prevalence of the underlying causes leading to CLD may vary in
frequency between different geographical areas. Nonalcoholic steatohepatitis (NASH),
alcoholic steatohepatitis or hepatitis C virus infection are relevant causes of CLD in Western
countries, while viral infections in particular due to hepatitis B virus continue to be the most
common etiologies in African and Asian regions?*. Liver injury results in an inflammatory
reaction, which is part of the wound healing response. Nevertheless, when the liver damage
and the deriving inflammatory response become persistent, several liver tissue changes,
including fibrogenesis, subsequently follow. Characteristic of hepatic fibrosis is the
excessive accumulation of extracellular matrix proteins (ECM)?. As a result, the
consistency of the liver tissue collapses and is substituted with collagen-rich tissue.
Essentially, activated hepatic stellate cells, portal fibroblasts or bone marrow-derived
myofibroblasts are implicated in the dysbalanced ECM formation, and their stimulation
responds to pro-inflammatory cytokines as e.g., TGF-B2*2. Indeed, persistent inflammation
always precedes hepatic fibrosis. Activated KCs, hepatocytes, HSCs, natural killer cells,
lymphocytes, and dendritic cells are capital drivers of the inflammatory response during
fibrogenesis as sources of chemokines, interferons, interleukins, growth factors, among
others (an exhaustive review on hepatic fibrosis is presented in chapter 9)2%3,

The progression of hepatic fibrosis can lead to aberrant hepatic function and liver
parenchyma remodeling in the long run. As a consequence, severe complications such as
liver cirrhosis or hepatic carcinogenesis can appear due to the hepatic deterioration in
advanced stages of CLD. Both entities are associated with very poor prognosis and
represent the most common causes of death in chronic liver disease.

Hepatocellular carcinoma (HCC) represents the most frequent type of primary malignancy
related to the liver and a leading global cause of cancer-related death. Worldwide, HCC
accounts for the fifth most frequent type of carcinoma and ranks as the second cancer-
related death?**. The incidence of HCC has been growing worldwide during the past decades
and its highest incidence rates can be found in Asia and Africa, where HBV and HCV
infections are endemic in many regions. In the US, an increased incidence rate of 3.1 per
year has been reported?**. The highest single-country incidence rate had been reported in
Mongolia with an age-standardized rate per 100,000 persons of 78.12%.

The histological and clinical features of HCC are classically subjected to a certain degree of
heterogeneity with a variable range of cell differentiation, oscillating between very well-
differentiated to poorly differentiated. Of interest, HCC characterizes by a rich morphologic
diversity, which encloses many different subtypes (e.g., biphenotypic HCC (presents
features of hepatocellular and cholangiocarcinoma), fibrolamellar HCC, cirrhotomimetic
HCC, steatohepatitic HCC, sarcomatoid HCC, clear cell HCC, granulocyte-colony-stimulating
HCC). The molecular mechanisms underlying HCC are not well understood. Most likely,
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reiterated hepatocytic damage boosts up a vicious circle that characterizes for cell death
and regeneration that can potentially derive in genomic instability and tumor
formation/initiation2*. The precise genetic mechanisms that awake hepatocellular
carcinogenesis remain unelucidated, whereas many gene associations have been related to
HCC formation. The major agents believed to be implicated in hepatocarcinogenesis are
related to diverse somatic gene mutations (e.g., telomerase promoter mutations, TP53
pathway mutations) and signaling pathways (e.g., JAK/STAT, WntB-catenin, PI3K-AKT-
mTOR)?*,

Regardless of its underlying etiology, liver cirrhosis embodies the most relevant risk factor
associated with HCC. In general lines, it has been estimated that one out of three cirrhotic
patients develops HCC during their lifetime and about 1-8% of patients with cirrhosis
develop HCC per year?- 248, Further risk factors of HCC are chronic viral hepatitis, persistent
alcohol abuse, acquired and inherited metabolic diseases (NAFLD, hemochromatosis,
alpha-1-antitrypsin deficiency, Wilson disease), exposure to carcinogenic hepatotoxins
(e.g., aflatoxin, CCls). Many of these diseases can progress during their clinical course to
chronic liver damage and cirrhosis and may be complicated by hepatic carcinogenesis,
despite others can elude the progression to chronic hepatic damage and promote
hepatocarcinogenesis (e.g., HBV infection) directly.

NF-kB activation and its relevance in carcinogenesis

The NF-kB (nuclear factor-kB) transcription factors are pivotal for regulating cellular
signaling covering immune and inflammatory responses. The NF-kB protein family consists
of 5 cellular DNA-binding subunits in humans: Rel (c-Rel), RelA (p65), RelB, NF-kB1 (p50 and
its precursor p105) and NF-kB2 (p52 and its precursor p100)?*°. Under unstimulated
conditions, the NF-kB transcription factors remain disengaged and sequestered in the
cytoplasm through the interaction with the inhibitory protein IkB (inhibitor of kB) that
masks the nuclear localization signals of NF-kB?*°, The IkB kinase (IKK) complex plays an
essential role in regulating NF-kB by phosphorylating the IkB proteins. IKK is composed of
two catalytic subunits (IKK1/IKKa and IKK2/IKKB) as well as a regulatory subunit, NF-kB-
essential-modulator (NEMO/IKKy)?*°.

Many different stimuli can trigger NF-kB activation, enclosing UV-irradiation, viral
infections, lipopolysaccharide (LPS), cytokines (TNFa, IL1), activated B/T-cells®>1. During the
canonical NF-kB pathway (Figure 1.6), a pro-inflammatory signal, for instance, TNF, initially
stimulates the signaling cascade by adhering, in this case, to the tumor necrosis factor
receptor type 1 (TNFR1)%2, Subsequently, trimerization of TNFR1 follows, which in turn
induces clustering of death domains and consequently, several intracellular adaptor
proteins are mobilized. As a result, TNFR1-associated death domain protein (TRADD)
interacts with TNFR1, serving as an assembly scaffold that allows the recruitment of TNFR-
associated factor 2 (TRAF2) and receptor-interacting protein 1 (RIP1) kinase?>® 254,
Subsequently, RIP1 is ubiquitinated and consequently transforming growth factor beta-
activated kinase 1 (TAK1) is mobilized and switched on%®. TRADD is necessary for Fas-
associated protein with death domain (FADD) recruitment, promoting alternative pathways
of apoptosis?®®.
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Next, the IkB kinase complex (IKK) is formed, which consists of two serine kinases, IKKa and
IKKB, which form heterodimers that concomitantly can interact with a dimer or trimer of
the regulatory subunit NEMO, which is also known as IKKy. Both IKKa and IKKB are
catalytically active, whilst NEMO functions as a regulatory subunit. During the activation of
the IKK complex, NEMO recruits and interacts with IKKa and IKKB through its c-terminal
residue, enabling their linkage to upstream activators, which leads to the phosphorylation
of IKKPB. As a result of autophosphorylation, the activated IKKB subunit activates its adjacent
IKKa subunit and other inactive complexes, which derive in high 1kB kinase activity.
Consequently, the IKK complex is engaged, and the IkB family's proteins are initially
ubiquitinated and in a further step degraded by the 26S proteasome. Hence, the NF-kB p50-
p65 dimer is set free, the nuclear localization signals are no longer masked and the p50-p65
dimer can finally translocate into the cell nucleus, where it accumulates, binds DNA specific
sequences and controls the transcriptional activity. The central genes targeted by NF-kB
encompass essentially chemokines, cytokines, immuno- and cytokine receptors, adhesion
molecules or regulators of apoptosis and cellular proliferation, among others?°,
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Figure 1.6 Schematic representation of canonical NF-kB pathway activation triggered via TNF stimulation.
(1) Activation of TNFR1 follows after binding of its ligand TNF-a. TNFR1 activation promotes the
mobilization of diverse intracellular mediators (TRADD, TRAF2, TAK1 and RIP), which in turn leads to
recruit and activation of the IKK complex (2). (3) IKK induces IkB phosphorylation and leads to
degradation of IkB via the ubiquitin system (4), resulting in the target molecule IkB masked by a chain
of ubiquitin (Ub), which is then degraded by the 26S proteasome. Finally, NF-kB dimers are unbound
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and released, allowing NF-kB to translocate to the cell nucleus and activate the transcription of genes
regulating inflammatory, immune, proliferative or apoptotic responses, among others (5).

The abnormal function of the NF-kB pathway has been evidenced to be involved in different
inflammatory human diseases (e.g., rheumatoid arthritis) and carcinomas (e.g., colitis-
associated cancer and hepatocellular carcinoma). Undeniably, NF-kB represents a key link
between inflammation and cancer. NF-kB is a master regulator of the gene expression that
controls cell proliferation and cell survival. Constitutively activated NF-kB has been
described as a feature of diverse human tumors and has been suggested to result from
carcinoma-related chromosomal aberrations (e.g., mutations, translocations, deletions),
which might interfere with genes encoding NF-kB and IkB proteins®*” %, Furthermore,
various carcinogenesis features such as preventing apoptosis, promoting cancer-cell
proliferation, and increasing a tumor's angiogenic and metastatic potential have been
likewise related to active NF-kB2>”-2%9,

The NEMO model as an experimental approach to CLD

The NF-kB pathway is a crucial actor implicated in diverse aspects related to chronic liver
damage and hepatocarcinogenesis. NF-kB is an essential regulator of the inflammation in
the liver and mediates both proinflammatory as well as anti-apoptotic responses to prevent
liver injury from infectious and inflammatory triggers (e.g., gut-derived-pathogen products
as, i.e., LPS, inflammatory cytokines as, i.e., TNF), which can act as toxins to hepatocytes. In
this line, NF-kB orchestrates these responses to balance, providing adequate protection to
hepatocytes, preventing cell death, and steering the appropriate inflammatory response to
these injury triggers. Moreover, NF-kB signaling has been reported in all types of chronic
liver disease, encompassing non-alcoholic fatty liver disease, viral hepatitis, alcoholic liver
disease and biliary liver disease.

NEMO (IKKy) does not present a kinase domain, exerts a non-catalytic function and serves
as the regulatory component of the IKK complex, which is indispensable for IkB degradation.
Indeed, NEMO has been demonstrated to be critical for normal-stimulus dependent NF-kB
activation and its deriving target gene expression?®®. The absence of NEMO has been shown
to abrogate IKK and NF-kB activation?®L.

In earlier investigations, it has been evidenced that constitutive deletion of NEMO
(NEMO/IKKy™") in mice leads to embryonic unviability at E12.5-E13.2%° At this stage,
NEMO/IKKy™~ exhibited a severe hepatic degeneration, which was characterized by
detrimental liver architecture, massive liver hemorrhages and dramatically enhanced
hepatocytic apoptosis. In contrast, redundancy of NEMO uniquely in liver parenchymal cells
(Nemo®'eP3) of mice is compatible with the birth of viable offspring, although these
progressively develop chronic liver injury during their lifetime2®2. Characteristic features of
Nemo?'®2 animals include a strong hepatic inflammatory reaction resembling human
nonalcoholic fatty liver disease (NAFLD) and steatohepatitis (NASH), which lead to hepatic
fibrosis?®2. Critically, Nemo®""® mice spontaneously develop HCC at 52 weeks of age and
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both NASH-like hepatitis and HCC have been described with a penetrance of 100% in these
animals?62,

As part of its phenotypic expression, NEMO-redundant hepatocytes show a strong
susceptibility to spontaneous apoptosis, which in turn induces inflammation and reactive
proliferation in an attempt to regenerate the liver. This chronic condition leads to a vicious
circle of apoptosis, inflammation and proliferation that, in addition to enhanced oxidative
stress, have been suggested to promote mutagenic changes, which may then lead to
dysplasia and turmorigenesis?®2,

Compared with other experimental HCC models, NF-kB inhibition via hepatocyte-specific
redundancy of IKK-B correlated with an augmented incidence of HCC after treatment with
the carcinogen diethylnitrosamine?3, A further investigation relying on the Mdr2 knockout
model, where mice develop chronic liver injury and HCC, showed reduced liver tumor
progression due to NF-kB blockage with inducible IkB super-repressor?*. Likewise, another
study demonstrated that suppressing NF-kB inhibition through anti-TNFa treatment or
induction of IkB-super-repressor in Mdr2 knockout animals evolved failure to progress to
hepatocarcinoma in late-stage CLD?%*. All in one, these results exhibit the complexity of the
role of NF-kB in liver parenchymal cells regarding hepatocarcinogenesis, which can promote
as well as suppress tumor formation depending on the type of HCC model and its stage of
progression?®,

Aims and outline of the thesis

With the present work, we aimed to carry out a translational contribution to the field of
hepatology with a focus on toxic and chronic liver disease. For that purpose, we applied
diverse biomedical research methods enclosing laboratory investigation techniques at the
molecular level, clinical-epidemiological studies and extensive literature analyses. The
investigations encompassed in the first part of the present thesis manuscript aimed to
enhance our knowledge of drug-induced liver injury (Section 1). DILI is a complex and broad
topic of study, making it challenging to cover all relevant aspects in one unique work.
Therefore we defined ab initio several main objectives to be analyzed in the present
scientific work: Experimental assessment of the role of hepatocytic JNK in diverse models
of liver toxicity; to investigate the role of ibuprofen in hepatotoxicity; to contribute to the
phenotypic characterization of other types of DILI in humans (induced by medicines such as
methylprednisolone, venlafaxine). In the second part, we desired to focus our research on
the chronic liver disease (Section ). Here we analyzed the relevance of liver fibrosis reversal
as a potential therapeutic strategy against chronic liver disease and developed novel
experimental therapy approaches against experimental CLD/HCC.

Chapter 1 introduced the present work by critically reviewing the most relevant facts on
DILI that have been known from the earlier literature. Apart from general definitions and
classifications, we desired to analyze the physiopathology of DILI and the crosstalk involving
drug metabolism, the formation of reactive metabolites, oxidative stress, mitochondrial
dysfunction, the involvement of innate and adaptative immune responses and activation of
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signaling pathways in mediating hepatocellular injury and death. Furthermore, the most
relevant mechanistic findings with particular focus on mitogen-activated phosphokinases
(MAPKs) and c-Jun N-terminal kinases (JNK) were revised, which is a capital aspect of the
hereby-presented investigations. In addition, a brief introduction into hepatocellular
carcinoma (HCC) and the experimental CLD model “NEMO” (mice presenting deletion of
IKKy in liver parenchymal cells) was included since our present investigations also covered
diverse key aspects related to chronic liver disease and HCC.

Ibuprofen, a non-steroidal anti-inflammatory agent (NSAID), is widely used and obtainable
under medical prescription and over-the-counter. Despite ibuprofen is well-tolerated
among all ages and performs adequately in terms of drug safety, several reports and
databases have reported cases of ibuprofen-associated hepatotoxicity. Therefore, in
Chapter 22%° we developed a systematic search strategy to identify and analyze any useful
information on ibuprofen-induced hepatotoxicity published in the literature to contribute
to a better understanding of the phenotypic expression of this concrete type of DILI, which
remains unelucidated at current.

Previous extensive hepatotoxicity cohort studies from Spain, Iceland and the USA revealed
that nonsteroidal antiinflammatory drugs are frequently involved as culprit agents in DILI.
Nevertheless, only scarce information is known on ibuprofen-associated hepatotoxicity to
date. In Chapter 327, it was consequently aimed to study the prevalence of ibuprofen-
induced liver injury in the Spanish and Latin-American DILI databases and carry out a
detailed analysis of these events in order to investigate their phenotypic expression as well
as to evaluate a potential drug signature of ibuprofen with regards to hepatotoxicity. A
comparative analysis of ibuprofen DILI events with other ones attributed to other NSAIDs
and non-NSAIDs was performed.

Several case reports of ibuprofen-associated liver toxicity, which have been reported
earlier, display a wide range of liver injury patterns such as cholestasis, Steven-Johnson’s
syndrome or vanishing bile duct syndrome (VBDS), among others. The severity of ibuprofen-
related liver toxicity is variable, ranging from asymptomatic serum liver alterations to acute
liver failure. Overdose and idiosyncratic forms of hepatotoxicity have been associated with
ibuprofen; nevertheless, the underlying pathogenesis of ibuprofen-induced hepatotoxicity
remains unelucidated to date. In Chapter 4%%¢, a novel experimental model of ibuprofen-
induced acute liver injury was developed, which included in vitro and in vivo studies to
investigate the essential pathways activated in the liver during ibuprofen intoxication and
find potential targets that may ameliorate that condition. Additionally, the relevance of
Jnk1 and Jnk2 in hepatocytes versus non-LPCs was examined to provide more clarity on the
role of JNK and the differential functional aspects of JNK1 and JNK2 in the setting of
ibuprofen-associated acute liver injury.

Out of the three known isoforms, only JNK 1 and 2, members of the mitogen-activated
protein kinases, are expressed in the liver. INK has been described to play a crucial role in
hepatic disease, notably in liver damage of toxic nature. Therefore in Chapter 52, the role
of the compound function of both JNK isoforms expressed in the liver, INK1 and JNK2, was
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experimentally studied at the hepatocellular level in diverse models of liver toxicity,
including APAP-, CCl;- and LPS-induced hepatotoxicity. Additionally, a translational
comparison regarding JNK expression and activation was carried out based on human liver
tissue available from DILI patients. The JNK-specific inhibitor SP600125 has been reported
to ameliorate APAP-induced hepatotoxicity in vitro on human primary hepatocytes. Thus, a
further aim of our investigations was to test the specificity of SP600125 in APAP
hepatotoxicity by using in vitro and in vivo models.

Corticosteroids have been indicated for the treatment of severe forms of severe liver
damage. Among the large list of compounds, methylprednisolone stands out as a widely
used synthetic glucocorticoid drug and is commonly indicated against, e.g., inflammatory
processes, autoimmune disease recrudescences, allergic reactions or transplant rejections.
Although hepatotoxicity due to methylprednisolone is rare, the rate of methylprednisolone-
associated liver injury reports in the literature has been growing recently. In Chapter 627°,
we aimed to characterize this particular form of hepatotoxicity. For that purpose,
methylprednisolone-induced liver injury events enrolled in the Spanish prospective DILI
database as well as in its Latin-American branch were analyzed and an additional literature
review was performed.

Chronic outcomes following acute idiosyncratic drug-induced liver injury are not yet
defined. In Chapter 7?71, a prospective, long-term follow-up study aimed to analyze time to
liver enzyme resolution to establish the best definition and risk factors of chronicity in DILI.
Out of 850 patients included in the Spanish DILI Registry, a cohort of 298 subjects with no
pre-existing disease affecting the liver and follow-up to resolution >1 year were analyzed.
Chronicity was defined as abnormal liver biochemistry, imaging test or histology one year
after DILI recognition.

In Chapter 8 we described three patient case reports with suspected ADR diagnosis from
our daily clinical practice, selected based on their learning point. In the first report, the case
of a young, healthy woman who suffered from an acute liver failure of unknown etiology
with the need for orthotopic liver transplantation was discussed. Case report 2 dealt with a
female patient that presented with liver dysfunction and had a previous history of
Waldenstrém macroglobulinemia. Even though a possible extramedullary manifestation of
her underlying disease was initially believed, her clinical condition was finally elucidated
after a rechallenge to the antidepressant sertraline. Case report 3 was about an adult
woman who presented with liver cirrhosis and suffered from various hydropic
decompensations. Her past medical record was unremarkable, except for a chronic therapy
with venlafaxine she had taken to treat her depression for the previous four years and that
was brought into the spotlight as the cause of her condition.

Liver fibrosis is characteristic of chronic liver disease and consists of hepatocyte injury in
addition to an inflammatory reaction, which leads to the activation of hepatic stellate cells
(HSCs) and increases deposition of extracellular matrix (ECM). Dramatically, liver fibrosis
can progress to cirrhosis, a condition that can result in hepatocellular carcinoma, portal
hypertensive gastropathy, hepatorenal syndrome and encephalopathy. Recent studies
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have shown that even in advanced stages, liver fibrosis is reversible by modulating the
inflammatory environment, eliminating or regression of activated HSCs and degrading ECM.
In Chapter 9272, we carefully reviewed the current status and understanding of liver fibrosis,
revised the limitations of the animal models that have resulted as indispensable for our
current knowledge and analyzed a large number of clinical trials that aim at reversing liver
fibrosis.

Hepatic cancer is a recurrent complication that can occur in end-stage chronic liver disease
and represents the third most frequent cause of mortality due to oncologic disease in the
world. The JNK pathway has been shown to exert a pivotal role in chronic liver disease. Our
previous investigations suggested differential roles for the two JNK isoforms expressed in
the liver (Jnk1 and Jnk2). In CLD, Jnk1 has been attributed to promote apoptotic cell death
and contribute to tumorigenesis, whereas Jnk2 has been shown to modulate fibrogenesis.
In Chapter 10?73, we desired to better understand the role of Jnk2 in chronic liver disease
by using a dual approach with genetically hepatocyte-specific Jnk2-deficient mice and
treating mice with siRNA-Jnk2 specifically targeting hepatocytes. To assess the impact of
hepatocytic Jnk2 modulation in CLD, mice with deletion of the regulatory subunit IKKy
(NEMO) in murine hepatocytes (NEMO?"P3) were used, as we have previously
demonstrated that it causes spontaneous HCC development preceded by chronic liver
damage.

Hepatocellular carcinoma (HCC) represents the fifth most frequent malignancy, affecting
one million people worldwide per year and can originate as a potential complication of
sustained chronic liver disease (CLD). Among the different mechanisms leading to
hepatocarcinogenesis, escape from the immune system surveillance has been suggested to
play a crucial role during tumorigenesis and tumor progression. The Fas ligand (FasL)-Fas
axis, which are transmembrane proteins that belong to the tumor necrosis factor (TNF) and
TNF receptor gene superfamilies, respectively, play an essential role during immune
modulation and have been found to be expressed on hepatocytes, activated HSCs or KCs.
Indeed, the FaslL/Fas system's malfunction has been proposed as a mechanism that could
prevent the immune defense from rejecting tumor cells. Nevertheless, only limited data
have been available on the FasL/Fas crosstalk in vivo. In Chapter 11274 we have investigated
the FasL/Fas system's relevance in an experimental model of chronic liver disease by using
hepatocyte-specific NEMO knockout (NEMO2"®P?) mice, which develop spontaneous
apoptosis, leading to chronic hepatocyte injury and regenerative proliferation that
constitute risk factors for cancer development.
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Abstract

Introduction & aims

Nonsteroidal anti-inflammatory drugs (NSAIDs) are a leading cause of drug-induced liver injury
(DILI) across the world. The potential of ibuprofen to induce hepatotoxicity is controversial due
to relevant geographical differences in the reporting of cases. We aimed to analyze previously
published information on ibuprofen-induced liver injury to better characterize its phenotypic
expression.

Methods

A systematic search was performed, and information on ibuprofen-induced liver injury included
in prospective hepatotoxicity cohorts, case series, and case reports in terms of demographic,
clinical, biochemical, and outcome data were analyzed.

Results

Ibuprofen was the most prevalent NSAID in prospective DILI cohorts from Spain and India. Twelve
out of 22 identified idiosyncratic ibuprofen hepatotoxicity cases included females and the mean
age was 31 years. The mean cumulative dose of ibuprofen, treatment duration, and time to onset
was 30 g, 14 days, and 12 days, respectively. Hepatocellular injury was the most frequently
involved liver injury pattern. Six cases developed vanishing bile duct syndrome. Full recovery
occurred after 14 weeks, whereas 5 cases evolved to acute liver failure leading to death/liver
transplantation.

Conclusions

When assessing a hepatotoxicity suspicion, physicians should consider ibuprofen as a potential
culprit as it has been convincingly associated with hepatotoxicity across literature and
prospective cohorts of DILI cases. Ibuprofen associated DILI commonly presents with short
latency and hepatocellular damage and can potentially progress to death or the need for liver
transplantation.

Keywords
Nonsteroidal anti-inflammatory drugs (NSAID); drug-induced liver injury (DILI); hepatotoxicity;
phenotype; outcome.
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Introduction

Nonsteroidal anti-inflammatory drugs (NSAIDs) belong to a group of chemically
heterogeneous compounds, and their therapeutic effect relies on the strong anti-
cyclooxygenase (COX) activity and ability to block pro-inflammatory substance
formation. The main indications for NSAID therapy range from mild to moderate forms
of pain to chronic inflammatory processes.'

In the USA, 6% of the population declared taking at least one prescription NSAID a
month, and over 30 million people worldwide consume NSAIDs daily.> Conventional
NSAIDs are generally well-tolerated, but adverse effects such as upper gastrointestinal
bleeding and perforation, among others, may appear.* NSAID-associated hepatotoxicity
is considered rare. Its incidence is estimated to 1-9 cases in every 100.000 exposed
patients.> ® However, other systematic studies suggest that this might be
underestimated with findings of 3.1-23.4 per 100.000 patient-years needing
hospitalization due to NSAID-induced liver injury.”® The everyday use of NSAIDs
emphasizes the importance of understanding NSAID-associated liver toxicity,
responsible for approximately 10% of drug-induced liver injury (DILI) cases in the
Western world.1012

Among the large family of NSAIDs, ibuprofen is a propionic acid derivative available
under medical prescription and as an over-the-counter (OTC) medication worldwide. It
has been available in the UK since 1969 and was introduced on markets worldwide
during the 1970s. It is currently the most frequently prescribed NSAID with over 20
million prescriptions per year in the USA, apart from its vast self-medication use.* The
recommended therapeutic dose for adults varies from 800 to 1200 mg per day for OTC
self-medication use and 1800 to 2400 mg per day for chronic treatments under medical
supervision.

The short plasma half-life and the absence of prolonged retention in the organism
contribute to ibuprofen's better gastrointestinal safety profile compared to other
NSAIDs.** Nevertheless, ibuprofen has been linked to instances of clinically apparent
liver injury with injury patterns varying from moderate elevations of aminotransferases
to vanishing bile ducts and even acute liver failure (ALF), resulting in death.'>-33 While
most reported ibuprofen-induced hepatotoxicity cases to date are idiosyncratic, some
cases of liver injury due to ibuprofen overdose have also been described.343¢

The massive consumption of ibuprofen worldwide, together with the fact that only
limited information is available on ibuprofen-induced hepatotoxicity to date, prompted
us to look deeper into the phenotypic presentation of this type of DILI. In the present
study, we aimed to review previously reported cases of ibuprofen-induced liver injury
in the literature to enhance the understanding of ibuprofen hepatotoxicity with regards
to frequency and phenotypic expression.
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Materials and methods

A systematic literature review was conducted following the "Preferred Reporting Items
of Systematic Reviews and Meta-Analysis" (PRISMA) guidelines to identify all
preexisting studies on ibuprofen-induced liver injury to date. Systematic electronic
searches of PubMed, Cochrane, and Web of Science were performed to obtain case
reports and case series of ibuprofen-induced liver injury as well as extensive
hepatotoxicity studies published up to December 2018. The searches were conducted
using the terms "hepatotoxicity", "drug-induced liver injury”, and "ibuprofen". An
elevated number of ibuprofen-induced hepatotoxicity events related to the term
"vanishing bile duct syndrome" (VBDS) was observed. Thus this term was included in a
new search. Only articles published in English were considered. No other restrictions
were applied.

After removing duplicates, titles and abstracts were screened independently for
eligibility by two reviewers (MEZ and CS). Any disagreements were resolved by
discussion between the two reviewers. Full articles corresponding to the selected
abstracts and titles were obtained and assessed against eligibility criteria. Only cases
where ibuprofen was judged as the single culprit drug causing a liver reaction were
considered for our analysis. Bibliographies of all selected articles were also searched to
identify other potentially eligible studies not captured in the initial electronic database
search.

Demographic, clinical, histological, laboratory and outcome information corresponding
to an episode of exposure to ibuprofen resulting in hepatotoxicity were retrieved from
the articles and analyzed. The liver injury pattern was classified based on R-value
calculations from the first available blood test after DILI recognition.3® For those cases
without complete analytical information at DILI recognition, histological findings from
liver biopsies were carefully reviewed. Presentations considered as hypersensitivity
features included fever, rash, eosinophilia, and lymphopenia.

Results

The applied search strategy led to a total number of 131 published works obtained from
the above-described databases. Of these, 14 reports were duplicates, and another five
did not meet the language criteria and thus immediately removed. In the next step, 59
records were selected due to potential interest for the present analysis based on article
titles and abstracts (53 records were excluded as their content fell outside the scope of
the current study). Of the 59 full articles, which were carefully assessed, 27 were
considered for inclusion in our systematic review. The 32 omitted articles did not
include useful data on human ibuprofen-induced liver injury to perform phenotypic
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characterization analyses. The 27 selected articles consisted of 20 case reports, two
case series, and five research articles with data from six substantial prospective
hepatotoxicity cohorts, which were all included and thoroughly analyzed in the present
work (Figure 2.1).

Records
excluded
=19

Records

excluded
=53

Records screened
for relevance based on

complete contents
=50

Records

excluded
=32

Figure 2.1 Preferred reporting items for systematic review and meta-analyses
(PRISMA) flow diagram of the report selection in the current study.

Data available from diverse prospective hepatotoxicity studies on
ibuprofen-induced liver injury

Six large prospective hepatotoxicity cohorts comprising NSAID-induced liver injury data
were found: two national multicenter cohorts from the USA (DILIN) and Spain (Spanish
DILI Registry), a multinational cohort from Latin-America (Latin-American DILI
Network), a population-based study from Iceland, and two single-center studies from
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India and Italy, which included a total number of 1221, 871, 200, 96, 313 and 185 cases,
respectively (Table 2.1),1213 3840

Table 2.1 Prevalence of NSAID hepatotoxicity in large prospective DILI cohorts worldwide

Spanish DILI Latin DILI

13 12 439 40
Registry™® Network® US DILIN Iceland India Italy’
Year 1994-2015 2012-2015 2004-2013 2010-2011 1997-2008 2000-2016
ion-| Single-cent
Type of registry National Multinational National Populitluo;ybased lngsteut;?/n er Single-center study
Total number of DILI
871 200 1221 96 313 185
cases, n
Musculo-skeletal drugs,
o (%) 96 (11) 36 (18) N/A (N/A) N/A (N/A) N/A (N/A) N/A (N/A)
b
NSAIDs, n (%) 73(9) 29 (10) 30 (3) 6 (6) 8 (3) 65 (36)

Diclofenac” 16 (53)
Ibuprofen 21 (29)  Nimesulide® 11 (38) Meloxicam 3 (10)

Diclofenac 13 (18)  piclofenac 10 (34)  Celecoxib 3 (10) Nimesulide 2 (25)

Nimesulide N/A (39)

Most frequent NSAIDs, Nimesulide® 9 (12)  Ibuprofen 5 (17) Ibuprofen 2 (7) Diclofenac 6 (100) ?;Z;z?gzz((;:; Ketoprofen N/A (34)
n (% of total NSAIDs) Piroxicam 5 (7) Piroxicam 1 (3) Etodolac 2 (7) Diclofenac 1 (13) Diclofenac N/A (15)
Droxicam 4 (5) Ketoclorac 1 (3) Oxaprozin 2 (7) L Ibuprofen N/A (7)
. Piroxicam 1 (13)
Naproxen 4 (5) Ketoptofen 1 (3) Sulindac 1 (3)

Valdecoxib 1 (3)

Abbreviations: N/A, not available; NSAID, nonsteroidal anti-inflammatory drug; SWithdrawn from the market in Spain in 2002 and Argetina in 2009, but still commercialized in other
countries; "alone or in combined formulation;

In the DILIN cohort, NSAIDs accounted for 3% of all analyzed DILI events, with diclofenac
being the most frequent NSAID (63%) compared to 7% associated with ibuprofen. The
cross-sectional data from Iceland found that 6% of the DILI events were related to
NSAID treatments; however, these did not include any events related to ibuprofen. All
NSAID-induced hepatotoxicity cases were, in fact, associated with diclofenac use.

In comparison, diclofenac was also an essential causative DILI agent among the NSAIDs
in the Spanish (18%) and particularly in the Latin-American (34%) registries, but to a
lesser extent. In terms of relative frequency, ibuprofen was the dominating NSAID
linked to hepatotoxicity in the Spanish DILI cohort while accounting for the third most
relevant NSAID in the Latin-American DILI network (Table 2.1).

Regarding the two single-center prospective studies from India and Italy, NSAIDs
represented 3% and 36% of all included DILI reports, respectively. Nimesulide was the
leading NSAID culprit in the Italian study, being responsible for more than a third of all
NSAID-associated hepatotoxicity cases (39%), whilst ibuprofen was the fourth cause
(7%). The study from India displayed the same number of ibuprofen-, nimesulide- and
celecoxib-related liver injury events, which each accounted for 25% of NSAID-
associated hepatotoxicity.

Demographic characteristics of idiosyncratic ibuprofen-induced
hepatotoxicity

Seventeen published case reports and two case series of idiosyncratic ibuprofen-
derived liver injury from 1976-2018 were retrieved, carefully analyzed and summarized
in Tables 2.2 and 2.3.1>33 Of the 22 identified cases, 12 were females (55%), and the
average age was 31 years (range seven months-59 years). Thirteen patients (59%) had
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underlying chronic conditions, which were mainly related to rheumatic disorders (three
patients suffering from systemic lupus erythematosus [SLE], one patient with juvenile
rheumatic arthritis and one patient with polyarthritis) and hepatic disorders (four
patients with hepatitis C virus infection). lbuprofen was the only administered
compound in 6 cases (27%), whereas it was administrated simultaneously with other
medications in twelve additional cases. In the remaining four cases, the authors did not
provide information on concomitant treatments (Table 2.2). The cumulative ibuprofen
doses ranged from 0.4 to 180 g (mean 30 g) over a period of 1-42 days with an average
ibuprofen treatment duration of 14 days. The mean time to onset of the DILI episode
was 12 days (range 1-42 days; Table 2.2).

Clinical, biochemical and histological profile of idiosyncratic ibuprofen-
induced liver insults

Eighteen patients presented with clinical manifestations at onset. The most prevalent
symptoms were rash (56%), fever (56%), jaundice (50%), choluria (39%), vomiting (39%)
and abdominal pain (22%). In addition, four patients were asymptomatic, and the
diagnosis of liver injury was based on routine blood tests (Table 2.2).

The mean values for peak liver tests were as follows: TBL 7.6 mg/dL, AST 986 IU/L, ALT
968 IU/L, and ALP 610 IU/L (Table 2.3). Distribution of 26 ibuprofen-induced liver injury
events from the Spanish DILI Registry and Latin-American DILI Network3 and 13 cases
included in the current study with sufficient information with respect to peak ALT and
TBL is depicted in Figure 2.2,16-19 21, 23-28,31,33

100

@®
® > c from the
ases
1 4 ad 4 ¢ literature
= * @“ i
E. . da ®
i A A @ Cases from the Spanish
@ " A and Latin-American
TBL 2x ULN & A L] DILI registries
1 &~
4 A
4 A Cases with worst
; . O outcome
&
5
-
01
0.1 1 10 100
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Figure 2.2 |diosyncratic ibuprofen-induced liver injury events from the literature and Spanish/Latin-
American DILI registries depicted according to peak alanine aminotransferase (ALT) and total
bilirubin (TBL) level. Worst outcome: death or liver transplantation; ULN: upper limit of normal
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The diagram shows an upward trend in severity as well as a larger proportion of worst
outcomes for the cases obtained from the literature compared to the cases extracted
from the Spanish and Latin-American DILI registries.

Fourteen patients (cases 1-3, 5, 10-13, 15, 17-18, 20-22) displayed hypersensitivity
features (fever, rash, eosinophilia). However, hypersensitivity features are not specific
to DILI and must, therefore, be considered in the comorbid context of each patient.
Only eight patients (cases 3, 5, 10-12, 15, 20 and 22) appear to present hypersensitivity
features related to the DILI episode, while the same features can be explained by
concomitant non-hepatic conditions in the additional six cases.

Out of 15 cases with available autoantibody information, eight exhibited positive
autoantibody titers (53%). Of these, six cases had positive ANA titers and two cases had
positive ASMA titers. In seven cases, all measured autoantibody titers were negative,
while autoantibody information was not available for seven cases (Table 2.3). However,
the presence of underlying autoimmune conditions in many of the patients reported to
have positive autoantibody titers during the DILI episode makes it difficult to determine
the origin of these autoantibodies, mainly due to the absence of autoantibody serology
results shortly before the DILI episode.

Liver histology information was available for 15 of the analyzed patients (Table 2.2).
The primary findings were necrosis in three cases (cases 9, 10 and 22), cholestasis in
five cases (cases 3, 5, 10, 11 and 14) and fatty changes were present in three cases
(cases 1, 10 and 17). A total of seven cases displayed bile duct injury with significant bile
duct loss in five cases (cases 5, 11, 12, 16 and 20). Mixed inflammatory infiltrate was
detected in six cases (cases 5, 10, 11, 15, 20 and 22), while lymphocytic infiltrate
predominated in cases 12, 20 and 22, and eosinophilic infiltrate was observed in case
13.

Cytolytic liver injury was the most commonly observed injury pattern, with 11 cases
presenting biochemical and/or histopathological criteria of hepatocellular injury, while
three cases presented cholestasis and three cases had a mixed liver injury. The
remaining five cases provided insufficient data to assess the type of liver injury (Table
2.3). Six patients were diagnosed with VBDS after confirmation of compatible hepatic
histology (cases 4, 5, 11, 12, 16, 20). In addition, several patients developed clinical
manifestations that were associated with DRESS syndrome (case 22), Stevens-Johnson
syndrome (SJS; cases 3 and 5), or toxic epidermal necrolysis (TEN; cases 12 and 20).
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Outcome and follow-up information of idiosyncratic ibuprofen-induced
liver injury

Eleven of the analyzed ibuprofen-induced liver injury patients fully recovered from the
DILI episode (50%) and the mean time to resolution was 15 weeks (range 2-32 weeks).
In the four patients who suffered from an underlying HCV infection (cases 6-8 and 19),
liver injury markers returned to baseline values within a mean time of 10 weeks (range
8-12 weeks).

Table 2.3 Biochemical parameters (at the time of peak ALT), liver injury pattern and additional information on
ibuprofen-induced liver injury (n=25)

TBL AST ALT ALP Type of

Case (me/dL) o v/ (/) injury Additional information Ref
Idiosyncratic DILI cases
1 2 6200 N/A 760 Hep ANA+ (1:4096) 15
2 1 2200 1245 N/A Hep - 16
3 14 N/A 441 238 Chol Developed acute-onset SIS 17
s 65 04 = 0 i o anthomtons 18
5 33 582 649 519 N/A Developed acute-onset VBDS and SJS; ANA+ (1:40) 19
6 N/A 459 1209 N/A Hep - 20
7 N/A 523 1238 N/A Hep - 20
8 N/A 597 1577 N/A Hep - 20
9 30 2260 2099 N/A Hep - 21
10 N/A N/A N/A N/A N/A - 22
11 5.4 333 639 1697 Hep Developed acute VBDS 23
12 8.5 879 723 890 N/A Developed acute VBDS and TEN 24
13 0.4 383 464 36 Hep Developed meningitis; ASMA+ (1:20) 25
14 39 99 182 N/A Chol ASMA+ (1:80) 26
15 15 1492 1860 323 Hep Developed multift;:rnis::iisft:;e; erythema; DLST+ 27
Developed VBDS and hyperlipidemia;
16 6 247 207 1598 Chol P AN 1:32\(5 P 28
17 N/A 105 255 155 Mix ANA+ 29
18 N/A 185 N/A N/A N/A - 29
19 N/A 355 1093 N/A Hep - 30
20 8.1 186 419 700 Mix Developed VBDS and TEN 31
21 N/A 147 U/mL§ N/A N/A N/A ANA+ (1:80) 32
22 2.9 1168 2154 90 Hep Developed DRESS syndrome 33
Mean 7.6 986 968 610
(range) (0.4-30) (99-6200) (182-2154) (36-1697)
Intrinsic DILI cases
23 5 >717 1873 135 Hep ANA+, ASMA+ 34
24 19 N/A 2301 109 Hep - 35
25 N/A 291 N/A 245 N/A - 36

Abbreviations: TBL, total bilirubin; AST, aspartate aminotransferase; ALT, alanine aminotransferase; ALP, alkaline phosphatase; N/A, not available;

Hep, hepatocellular; Mix, mixed; Chol, cholestatic; SIS, Stevens-Johnson syndrome; VBDS, vanishing bile duct syndrome; TEN, toxic epidermal necrolysis; DLST,
drug lymphocyte stimulation test; DRESS, drug rash with eosinophilia and systemic symptoms; Ref, bibliographic reference; *Type of liver injury was

deduced from R values based on initial blood analysis values when presented, or biopsy findings in the absence of analytical information; §n0rma|, <47 U/mL;

The follow-up was lost for one patient before complete normalization occurred (case
16) and no outcome information was available for case 18. One patient had a fatal
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outcome after suffering massive hepatic fatty metamorphosis and pleural effusion and
died one week after onset (case 1), whilst two additional patients (cases 9 and 22)
developed ALF and underwent liver transplantation within ten weeks from onset. Two
further patients, who developed VBDS, remained deeply jaundiced 12 months after
onset despite pharmacological therapy with immunosuppressive agents and were
finally referred for liver transplantation (patients 4 and 5). Three cases (patients 6, 17
and 21) had an inadvertent rechallenge to ibuprofen, which triggered a new flare of
aminotransferases (Table 2.2).

Intrinsic ibuprofen-induced hepatotoxicity

Three case reports were also found describing liver damage following ibuprofen
overdose (cases 23-25).343¢ Two of the events (case 23 and 25) were suicide attempts
with a single intake of 20 and 60 g ibuprofen, while the reason for the ibuprofen
overdose in case 24 is unknown. In terms of outcome, one case developed ALF and
underwent liver transplantation four weeks after onset, one case fully recovered (time
to resolution unknown) and the outcome of the third case is unknown as follow-up was
lost after two weeks (Table 2.2 and 2.3).

Discussion

Ibuprofen is well tolerated across all age groups based on the vast consumption
worldwide. Novel studies have, however, demonstrated potential adverse effects on
the cardiovascular and cerebrovascular systems due to ibuprofen.**? Despite being
considered among the NSAIDs with the safest hepatic profile, hepatotoxicity caused by
ibuprofen can occur. Our group recently published information on idiosyncratic
ibuprofen-induced liver injury in the Spanish and Latin-American DILI registries.3®
Besides, there is evidence of multiple reported cases of ibuprofen-induced liver injury
in the literature over the last decades.!>3®

The analysis of NSAID-related hepatotoxicity information in several prospective
hepatotoxicity cohorts from Spain, Latin-America, the USA, Iceland, India and Italy
revealed noticeable differences regarding the relative frequency of culprit NSAIDs. A
notably higher prevalence of ibuprofen-induced hepatotoxicity cases was present in the
Spanish DILI registry and a single-center study from India, where ibuprofen-related
hepatotoxicity accounted for up to 29% and 25% of all NSAID-associated DILI,
respectively.?® 3 In contrast, ibuprofen DILI represented only 7% of the total NSAID-
associated hepatotoxicity cases in studies from the US and Italy, and no ibuprofen
hepatotoxicity cases were found in Iceland over a 2-year study period.'>!*4° The reason
for these geographical differences remains unclear but may be multifactorial due to
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genetic predisposition, variations in dispensable drug doses, preferred prescription
habits for specific NSAIDs or postmarketing regulatory restrictions of available NSAIDs,
among others.

The search for idiosyncratic ibuprofen-induced hepatotoxicity information in the
previous literature resulted in 22 identified cases. Overall, ibuprofen-derived liver injury
occurred in a relatively short time from treatment initiation with an average time to
onset of 12 days. With respect to gender, we noted a slight trend towards females more
frequently developing ibuprofen hepatotoxicity compared to men. This was not the
case in our previous report on ibuprofen hepatotoxicity cases in Spain, with equal
amounts of male and female subjects, although a slightly higher proportion of women
was observed in DILI due to other NSAIDs.3® A possible explanation for this finding could
be that several of the patients (23%) presented underlying rheumatic disorders (all
were females), which has been associated more frequently with women.*® In addition,
a recent study analyzing the trends of NSAID use in US adults found that women are
more likely to use NSAIDs.** Hence, a higher use of NSAIDs in general and predisposition
to rheumatic disorders requiring NSAID treatments may be the reason behind the noted
increase in females in published ibuprofen hepatotoxicity case reports rather than
females being biologically more susceptible to this form of DILI than men.

We previously found a predominance of hepatocellular liver injury patterns in Spanish
and Latin-American DILI cases caused by ibuprofen.®® The same observation holds for
the cases obtained from the literature in the current study with 65% of the cases, with
sufficient information to determine the pattern of liver injury, presenting
hepatocellular type of liver injury, while cholestatic and mixed liver injury cases were
each seen in 18% of the cases. Thus, the most common liver injury pattern associated
with ibuprofen-induced hepatotoxicity appears to have a hepatocellular character, but
cholestatic/mixed liver injury can also occur.

Vanishing bile duct syndrome is characterized by bile duct injury and ductopenia and
occurred in six of the 22 idiosyncratic cases. Although rare, VBDS can occur in DILI
patients with progressive cholestasis, potentially leading to liver failure and death or
liver transplantation. It has been associated with causative drugs such as azathioprine,
androgens, amoxicillin-clavulanate, carbamazepine, chlorpromazine, erythromycin,
estradiol, flucloxacillin, phenytoin and co-trimoxazole.*® A study of 363 DILI cases with
biopsy data found 7.2% of the cases with bile duct loss based on histopathological
interpretations.*® However, it has been suggested that this incidence value may be
overestimated compared to observations in population-based studies due to the fact
that the cases were recruited from tertiary referral centers, which are likely to see more
severe cases.”” Four of the cases identified in the literature search of the current study
developed severe cutaneous reactions (progressive xanthomatosis, SJS or TEN) in
addition to VBDS. The concurrence of VBDS and cutaneous reactions were similarly
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found in the aforementioned study of US DILI cases, and suggested to be the result of
an aberrant hypersensitivity reaction affecting cholangiocytes and keratinocytes
potentially due to shared immunogenic proteins and cell surface presentation of drug-
protein adducts or immunogenic drug metabolites. Interestingly, one of the US cases
with VBDS and TEN had taken ibuprofen prior to the liver reaction, although ibuprofen
was adjudicated as being possibly and azithromycin as highly likely the causative
agent.*®

The cutaneous reaction was not limited to those that developed VBDS. Our literature
search also revealed three cases with ibuprofen hepatotoxicity and cutaneous reactions
(case 3, 15 and 22) without VBDS. Cutaneous hypersensitivity reactions to ibuprofen
are well known.*® These reactions are often allergic in nature, mostly mild, occur rapidly
after drug exposure and rarely contain hepatic involvement. In contrast, drug reaction
with eosinophilia and systemic symptoms (DRESS) syndrome often presents with
concurrent cutaneous and hepatic reactions.*® However, ibuprofen does not appear to
be a significant cause of DRESS (with liver involvement) as we only identified one case
in our literature search. The exact pathogenesis of DRESS is not yet determined, but
similar to idiosyncratic DILI is believed to be multifactorial.

These data support that there is a broad clinical spectrum associated with ibuprofen-
induced liver injury rather than a homogeneous signature. This is important to keep in
mind and not overlook the intake of ibuprofen in order to establish a correct diagnosis.
However, it should be pointed out that the analyzed cases were all obtained from
published case series and case reports and might therefore have been subjected to
publication bias, as reports with a severe or novel presentation tend to be preferably
published compared to cases with a mild and uncomplicated clinical course. This may
have contributed to the high proportion of identified ibuprofen hepatotoxicity cases
with VBDS, SJS and TEN in the current study.

Asevere clinical progression was identified in three idiosyncratic cases, one patient with
a fatal outcome (case 1) and two patients who underwent liver transplantations (cases
9 and 22), as well as in one overdose-patient who also required liver transplantation
(case 24). Two further idiosyncratic patients were referred for liver transplantation
without further information on the final outcome. Similarly, the prospective ibuprofen-
induced hepatotoxicity cohort from Spain demonstrated a concerning proportion of
fatal/liver transplant patients, which was higher for DILI cases caused by ibuprofen than
by other NSAIDs or non-NSAID agents.>® These findings demonstrates that ibuprofen is
associated with worst outcome DILI cases.

The underlying mechanism of ibuprofen-induced liver injury remains currently
unknown. Nevertheless, the interplay between environmental, host and drug-related
factors is considered vital for the development of idiosyncratic DILl. Hepatic
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biotransformation of drugs may generate reactive metabolites, which can lead to the
formation of reactive oxygen species, activate cell death pathways such as c-Jun N-
terminal kinases (JNK) and induce mitochondrial permeability transition, which
ultimately promotes hepatocyte death.50 Recent research indicates that increased
phosphorylated JNK expression occurs in the cytoplasm of human and murine
hepatocytes after ibuprofen-induced liver injury.>! These results suggest that JNK plays
a role in the physiopathology of ibuprofen-derived liver disease.

In conclusion, the prevalence of ibuprofen-induced liver injury is highly variable across
prospective DILI cohort data, with a more substantial representation in Spain, India and
Latin-America. However, when considering the overwhelming self-medication use of
ibuprofen, the true incidence of ibuprofen-associated DILI might be underestimated
due to physicians considering ibuprofen as an innocent bystander rather than the
culprit agent. Although ibuprofen-induced liver injury can present with a
heterogeneous phenotype (including hypersensitivity features, cholestatic damage and
VBDS), hepatocellular pattern appearing after a short latency period predominates.
Importantly, we found a relatively large proportion of patients in our study that
progressed to ALF and required liver transplantation. Clinicians should pay attention to
the often-overlooked intake of ibuprofen when assessing a suspicion of hepatotoxicity
as well as proceed with a careful follow-up and monitoring of patients suspected to
have ibuprofen-induced liver injury until recovery is reached.
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Abstract

Background & aims

Drug-induced liver injury (DILI) is a fundamental cause of pharmaceutical regulatory measures.
Although nonsteroidal anti-inflammatory drugs (NSAIDs) are essential DILI causative agents,
ibuprofen is usually considered a safe drug. Differences in ibuprofen hepatotoxicity frequency
have, however, been detected between geographically distinct DILI cohorts. Here we aimed to
describe the clinical presentation and severity of ibuprofen-associated hepatotoxicity.

Methods
Twenty-six ibuprofen hepatotoxicity cases from the Spanish and Latin-American DILI Registries
were compared with DILI cases induced by 76 other NSAIDs and 844 non-NSAIDs.

Results

Ibuprofen represented 29% and 17% of the Spanish and Latin-American NSAID cases,
respectively. These cases had a mean age of 51 years (50% females), with 58% presenting
hepatocellular pattern of injury. Jaundice was a common symptom (65%) and 58% of the patients
required hospitalization. Borderline significance (p=0.04) was detected in diabetes mellitus
prevalence, with ibuprofen DILI having a higher proportion than cases induced by other NSAIDs
or non-NSAIDs (27% vs. 8% and 12%). A higher frequency of fatal/transplant outcomes was
detected among ibuprofen DILI cases (12% vs. 5% and 3%).

Conclusions

The ibuprofen cases in the current study represent a notably higher frequency in Spain and Latin-
America than reported elsewhere. This difference could potentially be related to differences in
over-the-counter dose formulations, drug use patterns and racial genetic differences. The clinical
presentation of ibuprofen DILI varies between patients and lacks a characteristic drug signature
distinguishing this form of DILI. Although rare, ibuprofen hepatotoxicity should not be overlooked
as it can have life-threatening consequences.

Keywords
Hepatotoxicity, nonsteroidal anti-inflammatory drugs, phenotype, drug signature
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Introduction

Nonsteroidal anti-inflammatory drugs (NSAIDs) are among the most frequently used
drugs to treat pain, fever and chronic inflammations. Over 30 million people take
NSAIDs daily, with 6% of the US population having declared taking at least one
prescription NSAID monthly.! NSAIDs are generally well-tolerated but can cause
hypersensitivity and gastroduodenal problems in susceptible patients; the latter is
more frequently seen with nonselective NSAIDs.>? In contrast, several selective COX-2
inhibitors, such as rofecoxib and parecoxib, have been withdrawn from the market due
to serious cardiovascular adverse reactions.> NSAID-associated hepatotoxicity is
considered rare, with an estimated incidence rate of 3.1-23.4/100.000 patient-years
based on systematic reviews.* Nevertheless, the everyday use of NSAIDs emphasizes
the importance of understanding NSAID-associated liver toxicity, which is responsible

for 3-10% of idiosyncratic drug-induced liver injury (DILI) cases in the Western world.>
7

Ibuprofen is a propionic acid derivative available under medical prescription and as
over-the-counter medication (OTC). Introduced in the 1970s, it is currently the most
frequently prescribed NSAID with over 20 million prescriptions per year in the USA,
apart from its vast self-medication use.® Despite the better safety profile of ibuprofen
compared to other NSAIDs, ibuprofen has been linked to instances of clinically apparent
liver injury. Published case reports of idiosyncratic DILI due to ibuprofen demonstrate
various injury patterns ranging from mild to moderate aminotransferase elevations to
liver injury with severe multiform exudative erythema, vanishing bile duct syndrome or
even acute liver failure.®2° Hence, ibuprofen-induced hepatotoxicity reported to date
exhibits heterogeneous phenotypes. Such differences could potentially be due to
variations in host factors that interact with drug properties to produce DILL.?! In
addition, striking regional differences in the frequency of ibuprofen hepatotoxicity was
noted in a comparison of causative DILI agents amongst large DILI cohorts in 2010.2

The large consumption of ibuprofen worldwide, together with the fact that limited
information is available on ibuprofen-induced hepatotoxicity to date, prompted us to
look deeper into the phenotype of this form of DILI. In the present study, we aimed to
analyze the clinical presentation of ibuprofen-associated hepatotoxicity in the search
for a potential drug signature. This was performed using DILI cases included in the
Spanish DILI Registry and the SLATIN DILI Network, as well as comparing this
information with that of reported hepatotoxicity data.



Chapter 3

Materials and methods

Twenty-one ibuprofen-induced idiosyncratic hepatotoxicity cases from the Spanish DILI
Registry and five additional cases included in the SLATIN DILI Network were analyzed
and compared with 76 idiosyncratic hepatotoxicity events due to other NSAIDs and 844
non-NSAID-induced hepatotoxicity cases from the same databases. Only cases induced
by conventional medications were included in the current study. All NSAID cases were
limited to cases where the NSAID was judged as a single culprit drug. The two registries
share standardized guidelines for DILI case identification and data collection, as
previously described in detail elsewhere.?

The biochemical DILI criteria used were initially those established by the Council for
International Organizations of Medical Sciences (CIOMS) in 1990 and later readjusted
to those of Aithal et al. in 2011.24%> The pattern of liver injury was classified based on R
ratio values from the first available blood test after DILI recognition and the severity of
each episode was differentiated according to the DILI severity index scale.?® Hy's law
criteria were applied according to the redefinition by Robles-Diaz et al. in 2014.2°
Chronic DILI was defined as prolonged liver profile elevations more than one year after
onset.?’

Statistical analyses

Statistical data analysis was performed using the statistical software package IBM SPSS
19.0 (IBM Corporation, Armonk, NY, USA). Numerical and categorical variables were
analyzed using the Student's t-test and the X? test, respectively. Analysis of variances
(ANOVA) was used to compare groups. Groups with variables not following normal
distribution were analyzed using the Kruskal-Wallis test. All tests, which resulted in
P<0.05 were considered statistically significant.

Results

NSAID distribution in the Spanish and Latin-American DILI Registries

Musculoskeletal drugs were responsible for 9.5% of the 906 DILI cases included in the
Spanish DILI Registry at the time of this study. NSAIDs accounted for the majority of
these with a total of 73 cases (85%). Ibuprofen was associated with 21 cases (29%),
diclofenac 13 (18%), nimesulide 9 (12%), piroxicam 5 (6.8%), droxicam 4 (5.5%),
naproxen 4 (5.5%) and 17 with other NSAIDs (23%) (Figure 3.1A,C).

Of the 211 cases in the Latin-American DILI registry, 15% corresponded to
musculoskeletal drugs and NSAIDs were also here the most prevalent subgroup with 29
events in total (91%). The implemented drugs were nimesulide 11 (38%) cases,
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diclofenac 10 (34%), ibuprofen 5 (17%) and 1 (3.4%) case each of piroxicam, ketorolac
and ketoprofen (Figure 3.1B, D).

In order to increase the size of the ibuprofen cohort for further analyses, we merged
the 21 Spanish cases with the 5 Latin-American cases to obtain a final cohort of
26 ibuprofen cases.

A B
Antiinfective
Other drugs Antiinfective drugs 28%
38% drugs 37%
Other drugs
60%
‘Musculo-skeletal
drugs 17%
Nervous system
keletal
z‘risc:ﬁ.; o drugs 14% Nervous system
g drugs 9%
Ketoorofen
C D Ketoclorac g,
Other NSAIDs Piroxicam
3%
= Ibuprofen
2% ibuprofon A Nimesulide
17% 38%
Naproxen
5%
Droxicam
5%
?;Groricam_ Diclofenac
18%
Nimesulide 21‘;”*“3"
12%

Figure 3.1 Drug distribution in the Spanish and Latin-American DILI Registries
Most frequent causative drug classes in the Spanish (A, N=736) and Latin- American DILI
Registries (B, N=210). Most frequent causative nonsteroidal antiinflammatory drugs in the
Spanish (C, N=73) and Latin-American DILI Registries (D, N=29).
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Demographic, clinical and biochemical profile of ibuprofen-induced liver
injury

Of the 907 Spanish and 211 Latin-American DILI cases included in the two registries,
768 and 178 cases, respectively, fulfilled the inclusion criteria for this study.
Demographic, clinical and biochemical data of the 26 ibuprofen cases are presented in
Tables 3.1 and 3.2. Thirteen of the 26 ibuprofen DILI patients (50%) were females. The
mean age for all subjects was 51 years, with 27% being older than 60 years. The average
body mass index (BMI) was 28 kg/m?2. Most of the patients (77%) were treated with a
daily ibuprofen dose between 1200 and 1800 mg. The median treatment duration was
16 days and the median time from treatment initiation to DILI onset was 15 days.

Concerning the clinical scenario, 14 patients (58%) required hospitalization. The
prevalence of jaundice was relatively high, with 18 (69%) patients presenting this
symptom. Positive autoantibody titers were detected in 27% of the patients with
autoantibody information. More specifically, 19% of the patients were positive for anti-
smooth muscle antibodies (ASMA) and 8% for anti-nuclear antibodies, with none of
these patients having a precedent diagnosis of autoimmune-like diseases. With respect
to liver injury pattern, 15 patients had hepatocellular damage (58%), while two patients
had cholestatic injury (7.7%) and the remaining 9 cases mixed type of injury (35%). The
severity of the DILI episode was mild for nine patients (35%), had a moderate character
in more than half of the patients (54%) and 3 (12%) patients suffered a worst outcome,
of whom two died and one underwent liver transplantation.

The biochemical profile at recognition of the ibuprofen DILI events was characterized
by elevations in serum total bilirubin (TBL) with a mean value of 5.7 mg/dl. Serum
aspartate aminotransferase (AST) and alanine aminotransferase (ALT) were increased
in all but one patient, with a mean value of 14 xULN and 18 xULN, respectively. In
contrast, the mean alkaline phosphatase (ALP) elevation was 2.3 xULN.

With respect to outcome, 11 patients (42%) achieved complete liver profile resolution
within one year from DILI recognition. One case presented chronic features (4%) and
three cases were fatal or required a liver transplant (12%). In two additional cases,
laboratory tests were not available on a periodic basis; hence no conclusions regarding
chronicity could be drawn. Another 9 cases did not have sufficient follow-up data to
ascertain the long-term outcome.

A comparison of demographic, clinical and biochemical data between the 15
hepatocellular and 11 cholestatic/mixed ibuprofen cases did not reveal any statistically
significant differences, with the exception of initial ALT elevation (Supplementary Table
S3.1).
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Idiosyncratic ibuprofen-associated hepatotoxicity

Comparison of the clinical and biochemical profile of ibuprofen DILI with

those of DILI induced by other NSAIDs and non-NSAIDs

A comparison between cases of idiosyncratic DILI due to ibuprofen, other NSAIDs and
non-NSAIDs is displayed in Table 3.3. No significant differences were observed between
the three groups with regards to demographics. A slight decrease in female
representation and age was, however, noted for the ibuprofen cases compared with
other NSAID cases. In addition, the ibuprofen cases had a slightly higher BMI than the
other two groups (28 vs. 26 vs. 26; P=0.06).

Table 3.3 Comparison of demographic, clinical and laboratory parameters in hepatotoxicity cases induced
by ibuprofen, other nonsteroidal anti-inflammatory drugs (NSAIDs) and non-NSAID drugs

lbuprofen Other NSAIDs Non-NSAIDs
(N=26) (N=76) (N=844) p value
Demographical data
Female, n (%) 13 (50) 43 (57) 434 (51) 0.7
Age, mean (range) 51 (18-77) 55 (16-82) 55 (11-90) 0.4
BMI (Kg/m?), mean (range) 28 (23-36) 26 (20-36) 26 (16-59) 0.06
Clinical presentation, n (%)
Jaundice 17 (65) 53 (71) 557 (67) 0.8
Hospital admission 14 (58) 37 (52) 443 (52) 0.9
Eosinophilia 6 (24) 13 (18) 200 (25) 0.4
Lymphopenia 4(17) 13 (19) 151 (21) 0.8
Positive autoantibodies titers 6 (27) 17 (26) 166 (24) 0.9
Treatment duration, median d (range) 16 (1-1826) 30 (3-550) 29 (1-3724) 0.2
Time to onset, median d (range) 15 (3-1767) 27.5 (3-466) 27 (1-2313) 0.2
Underlying diseases, n (%)
Hypertension 2 (10) 12 (20) 187 (29) 0.06
Diabetes mellitus 7 (27) 6 (8) 103 (12) 0.04
Type of liver injury, n (%)
Hepatocellular 15 (58) 51(67) 499 (61) 0.5
Cholestatic/mixed 11 (42) 25 (33) 319 (39)
Severity, n (%)
Mild 9 (35) 25 (33) 263 (31) 1.0
Moderate 14 (54) 40 (53) 464 (55)
Severe - 6(8) 63 (7)
Fatal / liver transplantation 2/1(12) 2/2(5) 19/13(3)
Biochemical parameters at onset, mean
XULN (range)
TBL (mg/dL) 5.7 (0.4-26) 7.3 (0.6-34) 7.0 (0.2-46) 0.8
AST 14 (0.9-50) 18 (1.3-134) 15 (0.2-180) 0.7
ALT 18 (1.0-68) 21(1.2-98) 18 (0.3-203) 0.1
GGT 9.5 (0.5-43) 8.3(0.3-47) 8.3(0.2-79) 0.7
ALP 2.3(0.8-7.1) 2.1(0.2-8.1) 2.30.3-22) 0.6
Cases fulfilling Hy's law criteria, n (%) 11 (42) 30(39) 276 (33) 0.3
Outcome, n (%)
Cases resolved in < 1 year from 11 (85) 38 (88) 358 (86)
onset, n (%) (n=13) (n=43) (n=418)

The percentages shown were calculated based on the total number of episodes with available information.
d, days; TBL, serum total bilirubin; AST, aspartate aminotransferase; ALT, alanine aminotransferase; GGT,
gamma-glutamyl transferase; ALP, alkaline phosphatase; ULN, upper limit of normal
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No significant differences were detected in any clinical presentation features. However,
it is worth pointing out that treatment duration and time to onset were both shorter in
the ibuprofen DILI patients compared with those induced by other NSAIDs or non-
NSAIDs (16 vs. 30 vs. 29 and 15 vs. 27.5 vs.27, respectively).

Concerning underlying diseases, the proportion of patients suffering from hypertension
was lower for the ibuprofen DILI patients (10%) than for the DILI cohorts due to other
NSAIDs (20%) and non-NSAIDs (29%) (P=0.06). In contrast, diabetes mellitus was
significantly more prevalent in ibuprofen DILI (27%) compared with other NSAIDs (7%)
and non-NSAID DILI patients (12%) (P=0.04). No parameters related to type of liver
injury, severity, laboratory profile and outcome differed significantly between the three
groups. However, the ibuprofen cases contained a higher proportion of fatal/liver
transplant patients (12% vs. 5% vs. 3%).

Discussion

NSAIDs are important causative agents of idiosyncratic DILI; however, ibuprofen has
traditionally been considered to have very limited hepatotoxicity potential. Our case
series presented in this study is, to the best of our knowledge, the most extensive case
series of ibuprofen-associated hepatotoxicity published to date. A noticeable difference
in ibuprofen DILI frequency between different countries was first highlighted in 2010.2
In our analysis of NSAID-related hepatotoxicity events, we noticed that the Spanish DILI
Registry presented a notably higher prevalence of ibuprofen-induced hepatotoxicity
cases, accounting for 29% of all NSAID-associated DILI episodes. In comparison, 17% of
the Latin-American, 6.7% of the North American and none of the Icelandic NSAID cases
were attributed to ibuprofen.®? The proportion of diclofenac exceeded 30% of NSAID
DILI in the latter three cohorts, while only reaching 18% in the Spanish cohort.

In Spain, NSAIDs are commercialized exclusively in pharmacies (prescription and OTC
treatments) and the consumption can subsequently be calculated based on sales
figures. During the period 2000 to 2012, the defined daily dose per 1000 inhabitants
per year of diclofenac fluctuated between 8.2 and 6.4, while that of ibuprofen increased
from 6.2 to 21.5.%° Similar findings have been reported in the US, with approximately 7
million prescriptions for diclofenac- misoprostol or generic diclofenac and 24 million
prescriptions for generic ibuprofen during 2007.2% Hence the consumption of ibuprofen
is more than three times higher than that of diclofenac in both Spain and the US.
Nevertheless, the Spanish DILI Registry displays a higher incidence of ibuprofen
hepatotoxicity cases than the US DILIN cohort.
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The commercialized oral doses of ibuprofen available for OTC use in Spain are 200 and
400 mg, whereas 600 mg is only available under medical prescription. In the US,
ibuprofen is only available at 200 mg for OTC use, and any higher dosage requires a
medical prescription. The fact that ibuprofen consumers in Spain have access to higher
OTC doses raises the question if the difference in ibuprofen DILI frequency seen
between the Spanish and US DILI registries could be related to dosage. Individuals in
Spain using nonprescription ibuprofen may be more prone to a higher intake of
ibuprofen due to the availability of higher OTC dose formulation. Dosage is presumed
to play a smaller role in idiosyncratic than in intrinsic DILI, as no overdose is required to
instigate idiosyncratic hepatotoxicity. Nevertheless, it is believed that a threshold dose,
which may vary between individuals, needs to be exceeded for idiosyncratic DILI to
occur.®® Thus, larger drug doses could increase drug biotransformation rates and trigger
excess reactive metabolite formation.

Reactive metabolites can covalently bind to cellular proteins and alter their
physiological functions as well as interfere with mitochondrial homeostasis. As a result,
generation of oxidative stress can lead to cellular injury by activating cell death-related
signaling pathways.3! In fact, increased expression of c-Jun N-terminal kinases (JNKs)
has recently been demonstrated in liver tissue of DILI patients.3? Hence, one might
hypothesize that the availability of OTC ibuprofen tablets at a higher dose is more likely
to induce a cellular injury process that may lead to DILI in susceptible individuals.

A recent multicenter case-control study in Italy reported a higher adjusted risk of liver
damage for ibuprofen than for diclofenac.3® However, it should be pointed out that the
DILI criteria followed in this study were less stringent than those proposed by Aithal et
al. in 2011, due to the study commencing prior to 2011. Nevertheless, it is interesting
to note that ibuprofen is also available as a 400 mg OTC formulation in Italy.

Our study did not reveal a characteristic drug signature for ibuprofen DILI, but rather a
broad spectrum of phenotypic variations. Female prevalence has been demonstrated
for NSAID hepatotoxicity in general.?® In terms of ibuprofen DILI, males and females
were equally distributed in the current study population, although there was a slight
overrepresentation of females in the external ibuprofen case reports. Hence, our
results do not support that ibuprofen DILI susceptibility is affected by gender. The
majority of the external case reports demonstrated a latency period of less than four
weeks. This applied to 65% of the cases in the current series. Two of our cases had very
short latency (2 days) and it is possible that these cases could have had previous mild
asymptomatic reactions to ibuprofen and that the recorded episodes were, in fact,
reexposure episodes. Patient 9, in particular, admitted to having taken NSAIDs
previously but was unable to specify the specific medications. The remaining cases
required up to several months to develop DILI and likewise had an extended duration
of treatment. It is possible that unknown host or environmental factors in conjunction
with ibuprofen led to prolonged latency in these cases. Hence, ibuprofen DILI appears
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to most commonly develop in the first month from treatment initiation, but may
require more prolonged drug exposure to develop hepatotoxicity in some individuals.

In line with DILI in general, hepatocellular damage was the most common liver injury
pattern in the study cohort. This was also corroborated by the external case reports.
However, demographic and clinical features were comparable between the
hepatocellular and cholestatic/mixed ibuprofen cases. The external case reports, on
the other hand, presented an array of clinical features, which were not detected in the
current study cohort. This, however, may, to some extent, be the result of publication
bias as case reports with "unusual" features are generally more easily published.

We detected a trend towards diabetes mellitus and elevated BMI being more common
in patients with ibuprofen DILI. Diabetes as a potential risk factor for DILI susceptibility
lacks supportive evidence, although it has been associated with increased DILI
severity.3* However, none of the ibuprofen patients with diabetes in our case series
developed severe DILI. Diabetes is often accompanied by weight gain, which may be
why we detected a higher BMI in our ibuprofen DILI series. Data from large DILI cohorts
worldwide, however, do not support that DILI patients have higher BMI than the
general population. Obesity has subsequently not been linked to increased risk of DILI,
although it appears to increase the risk of poor outcomes in patients with acute liver
failure in general.?> Nonetheless, few of the ibuprofen patients with BMI data available
in the current cohort had BMI levels corresponding to obesity (>30). We also detected
a lower prevalence of hypertension in ibuprofen cases. This is unlikely to be a biological
characteristic of ibuprofen DILI, but rather the consequence of ibuprofen as well as
many other NSAIDs being issued with a special warning in patients with hypertension,
as they can attenuate the effects of antihypertensive agents. Furthermore, diabetic
patients are recommended to use ibuprofen at the lowest recommended dose for a
shorter duration to avoid further alteration of renal homeostasis.

Enhanced awareness of ibuprofen hepatotoxicity is of importance, considering that
three (12%) of the cases in our case series had a fatal/liver transplantation outcome.
The seriousness of ibuprofen DILI is also reflected in the external case reports, of which
four describe liver failure resulting in death or liver transplantation.®!'?1 Females
were more prevalent among the worst outcome cases in both the current case series
and the external case reports, corroborating previous findings of increased risk of acute
liver failure in females.?®2® Thus, patients with clinical suspicion of ibuprofen-induced
liver injury should not be dismissed lightly but may require a closer follow-up of their
clinical condition until liver profile normalization. A correct diagnosis and identification
of the causative agent are also paramount in order to avoid inadvertent re-exposition,
which can have fatal consequences, as seen for patient 24 in the current case series.
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In conclusion, the risk of developing ibuprofen-induced liver injury is low, considering
the extensive use of this drug worldwide. Ibuprofen hepatotoxicity should, however,
not be overlooked as it can have life-threatening consequences. Variations in ibuprofen
DILI frequency between different countries could potentially be related to differences
in OTC dose formulations, pattern of drug use as well as racial genetic differences. While
generally developing within four weeks from treatment initiation and presenting as
hepatocellular type of liver damage, the characteristics of ibuprofen hepatotoxicity vary
considerably between susceptible patients, reflecting the contribution of host and
environmental factors in DILI presentation.
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Supplementary material

Table S3.1  Comparison of demographic, clinical and laboratory parameters in 26 Spanish ibuprofen-
induced liver injury cases according to type of liver injury
Hepatocellular Cholestatic/Mixed P value
(n=15) (n=11)

Demographics

Age, mean (range) 50 (21-69) 51 (18-77) 0.80
Female gender, n (%) 8 (53) 5 (45) 1.0
Clinical presentation, n (%)

Jaundice 9 (60) 9(82) 0.68
Hospitalization 6 (46) 8(73) 0.13
Daily dose, median mg (range) 1200 (100-1800) 1200 (400-1800) 0.88
Treatment duration, median d (range) 14 (3-96) 30 (1-1826) 0.33
Time to onset, median d (range) 15 (3-96) 25 (2-1828) 0.34
Underlying diseases, n (%)

Hypertension 1(9.1) 1(10) 1.0
Diabetes mellitus 4(27) 3(27) 1.0
Severity, n (%)

Mild-moderate 13 (87) 10 (91) 0.62
Fatal / liver transplantation 2 (13) 1(9)

Laboratory parameters, mean

XULN (range)*

TBL, mean mg/dL (range) 5.5(0.4-21) 5.0(0.4-9.9) 0.85
AST 16 (1.7-50) 9.8 (0.9-26) 0.25
ALT 26 (5.4-68) 6.0 (1.0-10) 0.0015
ALP 1.9 (0.8-7.1) 2.9 (1-5.8) 0.11
QOutcome, n (%)

Cases resolved in <1 year from onset, n (%)** 9 (100) 2 (50) 0.08

*First available blood analysis after DILI recognition. **Based on available information for 9 hepatocellular

cases and 4 cholestatic/mixed cases. Abbreviations:

d, days; TBL, serum total bilirubin; AST, aspartate

aminotransferase; ALT, alanine aminotransferase; ALP, alkaline phosphatase; ULN, upper limit of normal
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Abstract

Background & aims

Ibuprofen is a frequently used non-steroidal anti-inflammatory drug (NSAID). In general, it is well-
tolerated, but it may cause serious liver injury ranging from a mild elevation of serum
aminotransferases to acute liver failure (ALF) requiring liver transplantation. Here, we aimed to unveil
the molecular pathways involved in triggering ibuprofen-induced acute liver injury (ALI), which, at
present, remain elusive.

Methods

First, we investigated the activation of essential pathways in human liver sections of Ibuprofen-
induced ALI. Next, we assessed the cytotoxicity of Ibuprofen in vitro and developed a novel murine
model of ibuprofen hepatotoxicity. Overnight fasted male C57BL/6 mice (6-8 weeks of age) were
injected i.p. with either vehicle or ibuprofen [600 mg/kg] for 8h. To assess the role of the c-Jun N-
terminal kinase (JNK), we used animals carrying a constitutive deletion of Jnk1 (Jnk17-) or Jnk2 (Jnk2-
/-) expression and included investigations using animals with hepatocyte-specific Jnk deletion either
genetically (Jnk12hera) or by siRNA (siJnk22hepa),

Results

In human and murine samples of ibuprofen-induced ALI, JNK phosphorylation was increased in the
cytoplasm of hepatocytes and other non-LPCs compared with healthy tissue. In mice, Ibuprofen-
induced hepatotoxicity resulted in a significantly stronger degree of liver injury compared with
vehicle-treated controls, as evidenced by transaminases, macroscopic as well as microscopic
examination of the livers. Next, we investigated the molecular pathways associated with Ibuprofen-
induced liver toxicity. PKCa, AKT and JNK were significantly increased 8h after lbuprofen
administration. Constitutive Jnk1/- and Jnk27/- deficient mice exhibited increased liver dysfunction
compared to wildtype (WT) animals. Furthermore, siJnk22hera gnimals showed a dramatic increase in
liver parameters during ibuprofen-induced ALI, which correlated with significantly higher serum liver
enzymes and worsened liver histology, and MAPK activation compared to Jnk12hera or WT animals.

Conclusions

In our study, cytoplasmic JNK activation in hepatocytes and other non-LPCs is a hallmark of human
and murine ibuprofen-induced ALI. Ibuprofen activates PKCa, AKT and JNK in mice. Functional in vivo
analysis demonstrated a pivotal role of hepatocyte-specific JINK2 in mediating protection during
Ibuprofen-dependent ALI, pointing towards JNK2 as a potential therapeutic target.

Keywords
Ibuprofen, hepatotoxicity, DILI, ALI, Jnk2
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Introduction

Acute liver failure (ALF) is a rare but dramatic condition associated with poor prognosis in
patients without underlying liver disease.! In particular, drugs, herbals and dietary
supplements can trigger liver dysfunction and acute liver failure (ALF), also known as drug-
induced liver injury (DILI).2 The histopathology of DILI is characterized by hepatocellular,
cholestatic or mixed type of liver injury and its clinical severity ranges from mild to severe
and can occasionally be even fatal.® The incidence rate of DILI-ALF in the US has been
determined in 1.61 events per million person-years.*

Despite the fact that acetaminophen (APAP) is the most frequent aetiological agent in
DILI-ALF, many other analgesic compounds within the nonsteroidal anti-inflammatory
drugs (NSAIDs) are estimated to be responsible for approximately 3-10% of all DILI in
industrialized countries.>® Moreover, 25% of all NSAID-induced liver injury episodes require
hospitalization.®

Ibuprofen is one of the most frequently used NSAIDs with over 20 million prescriptions in
the US per year, apart from its vast non-prescription use. Although considered a safe drug
and clinically apparent liver injury due to Ibuprofen consumption is uncommon, it has been
repeatedly described in the literature with a variable spectrum, ranging from mild serum
liver enzyme alterations to ALF and even death.® The increasing consumption of Ibuprofen
worldwide, together with the undesirable effects linked to its hepatotoxicity, urges the
need to understand the pathophysiology underlying lbuprofen-induced liver injury.

Here we aimed to investigate and characterize Ibuprofen-induced acute liver injury (ALl) in
vitro and in vivo using constitutive and conditional c-Jun N-terminal kinase (Jnk) knockout
mice and cell-targeted siRNA-deletion. Our results show that hepatocyte-derived Jnk2 is an
essential determinant in Ibuprofen-induced hepatotoxicity. This novel molecular
mechanism might contribute to developing new efficient drugs for the treatment of
Ibuprofen DILI-ALI.

Materials and methods

Experiments with animals and human samples

Animal experiments were carried out according to German and Spanish legal requirements
and animal protection law and approved by the authority of environment conservation and
consumer protection of North Rhine-Westphalia and the Regional Government of Madrid
(AZ 84-02.04.2016.A080 and PROEX 516/2016), respectively. Aloumin-Cre (Alb-Cre), Jnk1
and Jnk2-deficient mice in a C57BL/6 background were purchased from The Jackson
Laboratory (Bar Harbor, ME, USA). Mice with a floxed allele of Jnk1l were constructed by
using homologous recombination in ES cells and backcrossed to the C57BL/6J strain, as
previously
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described.** Hepatocyte-specific Jnk1 mice were constructed by crossing Jnk17f with Alb-
Cre mice.

Induction of ALl was performed in 7-8 week-old age-matched male mice (n=6-8 per group)
using Ibuprofen hydrochloride with 98% purity (Sigma-Aldrich, Munich, Germany) or
vehicle. Ibuprofen was dissolved in phosphate-buffered PBS enriched with 8.7% DMSO due
to its challenging hydrosolubility (molecular weight of Ibuprofen hydrochloride: 206.28
g/mol). After overnight fasting, mice were injected i.p. with Ibuprofen [600 mg/kg] and
sacrificed 8h later. Liver paraffin sections were obtained from patients with a confirmed
diagnosis of lbuprofen-associated DILI from the Department of Gastroenterology of the
University Hospital Essen, Germany.

Hepa 1-6 cell line and cell viability assay

Hepa 1-6 (1x10° cells/well) cells were obtained from the American Tissue Culture Collection
(ATCC, Manassas, VA, USA), grown in DMEM (Gibco BRL, Grand Island, NY, USA)
supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin. Hepal-6
cells were cultured in a quantity of 500.000 cells/well, on 6 well 15.5 ml/9.6 cm? culture
plates (Falcon, Corning Inc., Corning, NY, USA). After 12h of stabilization period, Hepa 1-6
were challenged to either medium, vehicle or [0.5 to 20 mM] lbuprofen for 0-48h.

Cell viability assay was performed using a cell survival determination kit MTT based (Sigma-
Aldrich, St. Louis, MO, USA). Cells were incubated with MTT solution for 4h and the resulting
formazan crystals dissolved with MTT solvent solution for one additional hour. Absorbance
was measured spectrophotometrically at a wavelength of 570 nm and background
measured at 690 nm was subtracted.

HepaRGs

HepaRG cells (HRG116 terminally differentiated cells, BioPredic international, Rennes,
France) were cultured (following the suppliers' protocols) on Corning plates and cultured to
confluence at 37°C 5% CO2 for seven days. Cells were then challenged to either vehicle or
[2.5 to 10 mM] Ibuprofen for 8h.

Isolation and culture of primary hepatocytes

Primary mouse hepatocytes were isolated from 7-8 week-old mice by collagenase
perfusion. Living hepatocytes were plated on collagen-precoated Petri dishes at a density
of 1.5x10%/cm? in supplemented DMEM medium and after 4h incubation (37°C, 5% CO;)
medium was renewed. Twelve hours later, hepatocytes were cultured overnight and
treated with either medium, medium with vehicle or medium with [5.0 mM] lbuprofen for
8h.
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Jnk2 siRNA (siJnk2)

In order to construct mice with hepatocyte-specific Jnk2 downregulation, a total dose of 0.5
mg/kg of Jnk2 siRNA (Axolabs Gmbh, Kulmbach, Germany) was dissolved in 0.9% NaCl
(Braun, Germany) and injected iv. one week before lbuprofen challenge. In parallel,
scrambled controls (siScr) against siRNA of Jnk2 were performed.

Immunohistochemistry staining

Liver tissue slides were stained for Ki-67, Cleaved Caspase 3, p-JNK (Cell Signaling, Danvers,
MA), RIPK1 (Pro-Sci, Poway, CA, USA) and CYP2C9 (Abcam plc, Cambridge, UK) on paraffin
sections, was performed using a Leica automatic stainer (Wetzlar, Germany). All
immunohistostained sections were analyzed, documented and quantified on 5, 10 or 20
low-power fields per slide (scale bars 100 um) using Axiovision software (Carl Zeiss, Jena,
Germany).

Immunofluorescence

Liver tissue cryosections or living cell-cultured coverslips were fixed in 4% PFA for 10 min
and mounted with Vectashield containing DAPI (Linaris, Wertheim, Germany).

For Ki-67, samples were rinsed in PBS-Tween for 10 min after fixation and blocked with 10%
goat serum for 1h. Incubation with primary antibody Ki-67 (Leica Biosystems Inc., Leider
Lane, IL, USA) was performed at 4°C overnight. The day after, samples were incubated with
appropriate fluorescence-labeled secondary antibodies (AlexaFluor 488 and 564,
Invitrogen, Oregon, USA) for 1h at room temperature.

For Tunel Assay, after samples had been fixed for 30 min, nuclei were permeabilized with
sodium-carbonate 150 mM. Later, in situ cell death detection kit (Roche, Mannheim,
Germany) was applied and incubated at 4°C overnight. For the detection of cellular oxygen
species, DCFDA reagent (Invitrogen, Molecular Probes, Eugene, OR, USA) was applied on
sections or coverslips after fixation and heated up to 37 °C for 30 min.

For mitochondrial superoxide detection, Mitosox reagent (Invitrogen, Molecular Probes,
Eugene, OR, USA) was applied and incubated for 10 min at 37°C protected from light. All
sections and coverslips were analyzed microscopically and documented using an Imager Z1
fluorescence microscope and Axiovision software (Carl Zeiss, Jena, Germany).

Immunoblot analysis

Isolated protein samples were probed with antibodies for cleaved caspase-3, cleaved
caspase-8, caspase-8, pJNK, Jnk1, Jnk2, SAPK/INK, SAPK/MAPK, pERK1/2, ERK1/2, pAMPK,
AMPK, pAKT, AKT, LC3A and pP65 (Cell Signaling Inc., Danvers, MA, USA); COX2, Cyp2E1 and
Cyp2C9 (Abcam plc, Cambridge, UK); RIPK1, RIPK3 (Pro-Sci, Poway, CA, USA); PKCa (Santa
Cruz Inc., Dallas, TX, USA), GAPDH (AbD SeroTec, Disseldorf, Germany). As secondary
antibodies, anti-rabbit HRP (Cell Signaling) and antimouse HRP (Santa Cruz) were used.
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GSH measurement and TNFa ELISA

GSH levels of preserved liver homogenates were determined enzymatically and quantified
spectrophotometrically at 412 nm using PBS, pH 7.4. GSH reductase was purchased from
Sigma-Aldrich, St. Louis, MO, USA.

For determination of hepatic TNFa levels, protein isolation of liver tissue was performed,
as above mentioned, and processed following the guidelines of Mouse TNFa determination
kit (MTAOOB) from RD systems (Minneapolis, MN, USA). The multi-well plate containing the
samples was measured spectrophotometrically at wavelengths 540 nm and 450 nm for
quantification. Subsequently, readings at 540 nm were subtracted from the readings at 450
nm to correct optical imperfections in the plate.

The methodology for performance and validation of tissue preparation, H&E staining,
immunoblot-analysis, quantitative real-time PCRs and serum parameter measurement has
been detailed elsewhere.™

Statistical analysis

All experimental data are expressed as mean and error bars are shown as SEM. Statistical
significance was determined by two-way analysis of variance (ANOVA) followed by a
Student's t-test or one-way ANOVA followed by a Newman-Keuls multi comparison test. P
values less than 0.05 were considered to be significant (GraphPad Software Inc., San Diego,
CA, USA).

Results

Dose finding experiments for Ibuprofen-induced cytotoxicity in vitro

Cellular cytotoxicity of Ibuprofen was tested in vitro in a murine cell line, Hepa 1-6, in freshly
isolated murine hepatocytes (PMH) and a human cell line, HepaRGs, Cells were treated with
increasing concentrations of lbuprofen [2.5-10.0 mM] for up to 48h. Higher doses of
Ibuprofen caused cytoplasmic retractions, cell shrinkage and cell death in PMH, Hepa 1-6
and HepaRGs correlating with AST, a biochemical marker of hepatocyte injury (Figure
4.1A+B; Supplementary Figure S4.1A).

Eight hours after exposure to high Ibuprofen concentrations resulted in the loss of cell-cell
contact and detachment. In contrast, polyhedral and rounded shaped hepatocytes were
found in control and vehicle-exposed cultures (Figure 4.1A+B; Supplementary Figure
S4.1A).

For a treatment concentration of 5.0 mM lbuprofen, the LCsq was reached after 8h.
Moreover, TUNEL staining exhibited significantly decreased cell survival, cell proliferation
and increased presence of reactive oxygen species!? in lbuprofen-treated compared to
medium or vehicle-treated hepatocytes (Supplementary Figure S4.1B-E).
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Altogether these results showed that 5.0 mM Ibuprofen induces cytotoxicity and thus is a
reasonable dose for in vitro mechanistic studies of Ibuprofen-mediated acute liver injury.

Correlating the in vitro findings in an experimental model of Ibuprofen-
induced acute toxicity

Next, we investigated if we could confirm our in vitro findings in an experimental Ibuprofen-
induced ALl model to study hepatic histopathology and markers of injury associated with
Ibuprofen intoxication. In agreement with toxic studies published by the Council of Europe
in 20083, we calculated an LDs, for Ibuprofen of 600 mg/kg.

Overnight fasted mice were either treated with [600 mg/kg] lbuprofen or vehicle and
sacrificed after 8h. Vehicle treated mice exhibited normal transaminases, whereas
Ibuprofen triggered significantly increased AST, ALT and GLDH levels (Figure 4.1C). No signs
of cholestasis were observed in these mice (not shown).

Histological liver analysis of Ibuprofen-treated animals showed acute toxicity characterized
by hemorrhage and areas with focal lesions, including hepatocyte dropouts compared with
vehicle-treated controls (Figure 4.1D). These results show that Ibuprofen can potentially
cause severe hepatotoxicity, besides its anti-inflammatory properties.

Characterization of Ibuprofen-induced toxicity in vivo

Ibuprofen is mostly metabolized in the liver by cytochrome-P450 isoenzyme 2C9
(CYP2(C9).2 CYP2C9 expression was enhanced in the liver parenchyma of Ibuprofen-treated
mice in areas close to the central vein (Figure 4.2A). Additionally, we evaluated CYP2E1
protein expression and found a slightly stronger expression after Ibuprofen treatment (not
shown).

Saberi et al. > demonstrated that PKCa plays a fundamental role in acetaminophen (APAP)-
mediated liver injury, where PKCa inhibitors provided a hepatoprotective effect. Thus we
next sought to identify whether Ibuprofen toxicity affected upstream mitogen-activated
protein kinase (MAPK) targets.

Increased protein expression of PKCa was found in wildtype animals challenged with
Ibuprofen (Figure 4.2B). Moreover, we found strong activation of ERK1/2 and AKT in these
animals, confirming MAPKs activation in Ibuprofen-derived ALI (Figure 4.2B).

Since it has been suggested that RIPK1 and 3 form a complex which has been shown to
translocate to the mitochondria to mediate necroptosis during ALF*®Y we studied the
protein expression of RIPK1/3 during Ibuprofen-mediated hepatotoxicity. Concomitant
with APAP-liver injury, Ibuprofen triggered RIPK1 but not RIPK3 expression (Figure 4.2B).
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Figure 4.1 Ibuprofen-induced cytotoxicity assessment in vitro. Hepatic injury profile of acute Ibuprofen-
derived intoxication in vivo. (A) A total of 500.000 primary murine hepatocytes (PMHs) freshly
isolated from 6-8 week-old WT mice, Hepa 1-6 cells and human HepaRGs cells were seeded in 6-well
plates and cultivated for up to 12h. Then, cells were treated with either vehicle or Ibuprofen
concentrations of 2.5, 5.0 and 10.0 mM for 8h. Vehicle corresponded to the highest drug
concentration in the absence of active substance. The cell culture medium of PMHs and HepaRGs
was collected 8h after challenge, and AST levels were determined and represented as U/L. (B) Visible
light microphotographs were taken for PHMs and HepaRGs at an 8h time point after treatment.
Scale bars 100 um. (C) 6-8 week-old WT fasted overnight and the following day i.p. injected with
either vehicle or Ibuprofen 600 mg/kg b.w. and 8h later sacrificed. Serum AST (left), ALT (middle)
and GLDH (right) levels were determined 8h after ibuprofen challenge (n=10). (D) Representative
H&E staining of liver sections collected from mice sacrificed 8h after Ibuprofen challenge. Scale bars:
50um (left) and 100um (right), respectively.
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Assessment of signal transduction pathways in livers of WT mice underlying Ibuprofen-
intoxication. Role of JNK in human and murine Ibuprofen-induced liver injury. Wildtype mice were
challenged with 600 mg/kg Ibuprofen and sacrifice, 8h later. (A) Representative immunostaining of
cytochrome-P450 subisoform 2C9 expression was evaluated per immunohistochemistry of liver
sections. (B) Protein expression levels for PKCa, pAKT, pERK1/2, RIPK1 and RIPK3 were determined
by immunoblotting of whole liver extracts from vehicle-treated and Ibuprofen-injected mice. (C)
Protein levels of total and phosphorylated fractions of JNK were determined by immunoblotting. (D)
Representative staining for JNK activation by immunohistochemistry in liver samples of human and
murine Ibuprofen-induced liver injury. Scale bars: 50um (upper panels) and 100um (lower panels),
respectively.
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JNK is involved in Ibuprofen-mediated hepatoxicity

Since JNK activation is downstream of RIPK1 and given that JNK signaling mediates toxic
liver injury,®® we next investigated JNK activation during Ibuprofen-induced hepatotoxicity.
We first analyzed JNK protein expression in murine Ibuprofen-ALl samples by Western blot.
Increased expression of activated JNK was evident 8h after Ibuprofen challenge (Figure
4.2C). Furthermore, JNK phosphorylation was evaluated using IHC in murine liver tissue,
showing a strong JNK activation pattern in hepatic parenchyma of Ibuprofen-treated mice
(Figure 4.2D, top panel).

Using human liver tissue samples from Ibuprofen DILI patients, we also found strong JNK
phosphorylation. Positive staining concentrated mainly in the cytoplasm of hepatocytes
and other non-parenchymal cells, compared with healthy livers (Figure 4.2D, bottom
panel).

To validate the pivotal effect of JNK in Ibuprofen-mediated liver injury, we blocked JNK
activation after Ibuprofen challenge using a specific inhibitor. Mice of 6-8 weeks of age were
injected i.p. with the JNK inhibitor SP600125 and challenged 2h later with Ibuprofen for 8h
(Figure 4.3). Interestingly, mice pre-treated with SP600125 revealed a protective effect of
mice pre-treated with SP600125 prior to Ibuprofen challenge, evidencing normal hepatic
architecture (Figure 4.3A). These results were further validated by decreased JNK activation
after SP600125 administration compared with lbuprofen-treated mice (Figure 4.3B).

Since lbuprofen-induced liver injury was associated with PKCa, MAPK and RIPK1 activation,
we investigated the effect of SP600125 pre-administration in Ibuprofen-ALl. Protein
expression of PKCa, ERK1/2, AKT and RIPK1 was strongly decreased after JNK inhibition
(Figure 4.3C). Altogether, these data indicate that JNK plays a critical role in lbuprofen-
induced liver injury in vivo.

Role of Jnk1 and Jnk2 during Ibuprofen-induced liver injury

Interestingly, JNK expression was essential in mediating murine lbuprofen-induced ALI.
Hence, we used mice with global Jnk1 or Jnk2 deletion to address each gene's relevance for
inducing acute liver injury (Supplementary Figure S4.2A).

Both, Jnk17-and Jnk27-knockout mice exhibited significantly increased AST, ALT and GLDH
in serum compared with WT animals (Figure 4.4A). Noticeably, GDLH was significantly high
in Jnk2 mice, indicating exacerbated mitochondrial damage (Figure 4.4A).

The histopathological examination of livers confirmed exacerbation of liver injury in
Ibuprofen-treated Jnk1” and Jnk27" mice, displaying areas of necrosis and hemorrhage
(Figure 4.4B). Interestingly, protein expression analysis showed strongly induced levels of
PKCa, pAKT, RIPK1 and RIPK3 and in Jnk27" mice, less evident in Jnk1”" mice, indicative of
more significant damage (Figure 4.4C). However, activation of ERK1/2 was absent in Jnk27-
compared with Jnk1” mice. Interestingly, phosphorylation of JNK still occurred in Jnk2
knockout mice, a phenomenon very likely indicating more significant damage in these mice
(Supplementary Figure S4.2B).
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Figure 4.3  Pre-treatment with the JNK inhibitor SP600125, protects against Ibuprofen-derived toxicity.

(A) Overnight fasted 6-8 weeks aged WT mice were pre-treated with the inhibitor SP600125 and
after 2h, challenged with Ibuprofen 600 mg/kg. (A) Representative H&E of liver sections obtained
from mice sacrificed 8h after lbuprofen challenge. Scale bars: 50um (upper panels) and 100um
(lower panels), respectively. (B) Immunoblotting for pJNK and total JNK was performed in liver
samples from mice treated either with vehicle or Ibuprofen (n=6). GAPDH was used as loading
control. (C) Protein levels of PKCa, pAKT, pERK1/2 and RIPK1 were assessed with Western-blot
analysis. GADPH was used as the loading control.
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Characterization of hepatic damage in mice carrying genetic-constitutive deletions of JNK1 (Jnk1-
/") or JNK2 (Jnk2) after acute Ibuprofen-induced intoxication. (A) Overnight fasted animals with
either JNK1 or JNK2 constitutive deletion, and controls (WT), were challenged to 600 mg/kg
Ibuprofen and sacrificed after 8h. Serum AST (left), ALT (center) and GLDH (right) are graphically
displayed as U/L. (B) Representative H&E-stained liver sections collected from animals sacrificed 8h
after Ibuprofen injection. Scale bars: 50 um (upper panels) and 100 um (lower panels), respectively.
(C) Immunoblot analysis for PKCa, pAKT, pERK1/2 and RIPK1 was done from whole liver extracts of
control (WT), Jnk17-and Jnk2”- knockout mice treated either with vehicle or Ibuprofen (n=8). GAPDH
was used as loading control.
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Hepatocyte-specific deletion of Jnk2 exacerbates murine Ibuprofen-induced
DILI-ALI

Since upstream and downstream MAPK signaling pathways were upregulated in Jnk2
constitutive knockout mice, we next sought to investigate the specific role of Jnk2 in
hepatocytes in the setting of Ibuprofen-derived DILI. We first generated mice with a specific
deletion of Inkl in hepatocytes (Jnk12MeP3). In parallel, we blocked Jnk2 expression in
hepatocytes using a siRNA against Jnk2 (siINK22MP?) that specifically targets hepatocytes,
as previously described'® (Supplementary Figure S4.2C).

Mice were injected in the tail vein siJnk2 one week before the experimental lbuprofen
challenge. Scrambled controls for siINK22MP2-treated mice were also used to exclude any
deleterious injection effect (Supplementary Figure S4.3A+B). Interestingly, mice bearing
downregulation of Jnk2 in hepatocytes were critically hypersensitized towards the
Ibuprofen challenge and presented a significantly lower survival rate than WT or Jnk12her?
mice (Figure 4.5A).

Our results showed that animals treated with siJnk22"¢P? exhibited a dramatic increase in
liver damage after challenge with lbuprofen compared to WT and Ink12M¢P? animals,
whereas Jnk12"¢P? animals presented similar hepatic injury than WT mice (Figure 4.5B).
Histopathological examination of livers evidenced centrilobular damage in Jnk12"¢P? and
exacerbated injury with the presence of necrotic foci in siJnk22M?? [buprofen-treated mice
(Figure 4.5C).

Next, we explored molecular pathways triggering the lbuprofen injury and linked to the JNK
signaling pathway. Interestingly, increased protein levels of PKC-a and pAKT after Ibuprofen
treatment were observed in siJnk22"¢P® mice compared to controls. However, no differences
were observed in RIPK1/3 expression, suggesting that necrotic cell death after Ibuprofen is
independent of the individual effect of JNK in hepatocytes (Figure 4.5D).

We next performed TUNEL staining in liver tissue, which revealed increased cell death in
Ibuprofen-challenged siJnk22h®P@ mice, compared to WT or Jnk12MP2, Noticeably, no
significant differences were observed in compensatory proliferation between WT, Jnk12hera
and siJnk22eP2 treated with either vehicle or Ibuprofen (Supplementary Figure S4.4A-C).
Next, the liver’s oxidative response after Ibuprofen administration was evaluated with
particular focus on the Jnk1 and Jnk2 function in hepatocytes. Hepatic GSH levels, naturally
depleted after intense toxin-mediated acute liver injury, were reduced in lbuprofen-
challenged WT, Ink12"¢P2 and siJnk22¢P? mice (Figure 4.5E).

Altogether, these data show that JNK2 in hepatocytes modulates the activation of AKT,
which might be pivotal for the mechanism of Ibuprofen-driven injury.
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Figure 4.5 Impact of hepatocyte-specific depletion of JNK1 (Jnk12"er2) or JNK2 (siJnk22"¢P?) in the response
towards acute Ibuprofen-derived liver toxicity. (A) Animals with genetic JNK1 deletion were fasted
overnight and i.p. injected with 600 mg/kg Ibuprofen versus vehicle and sacrificed 8h later. To create
mice with JNK2 depletion specifically in hepatocytes, WT animals were treated with i.v. 0.5 mg/kg of
Jnk2 siRNA, specific against hepatocytes, one week before Ibuprofen challenge. The survival curve is
displayed graphically, enclosing a follow-up of 8h after Ibuprofen injection. (B) Serum AST (left), ALT
(center) and GLDH (right) are shown as U/L. (C) Representative H&E stainings of hepatic sections
from Jnk12heP2 and siJnk22heP2 knock-out mice, sacrificed 8h after Ibuprofen challenge. Scale bars: 100
pum. (D) Expression of PKCa, pAKT, pERK1/2 and RIPK1 analyzed per immunoblotting of whole liver
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extracts from control (WT), Jnk12heP2 and siJnk22heP2 mice, 8h after undergoing treatment with vehicle
or lbuprofen (n=8). GAPDH served as loading control. (E) Hepatic GSH levels were determined in
whole liver homogenates from control (WT), Jnk12"¢P2 and siJnk22heP2 mice and measured as nmol/g
of liver tissue.

Discussion

Ibuprofen is a powerful painkiller and is also used as an anti-inflammatory drug in patients
with acute and chronic inflammation. At present, only limited information is available on
Ibuprofen-induced hepatotoxicity, while the use of the drug is widespread. Several large
hepatotoxicity patient cohorts from the US> and Iceland® registered a low number of
Ibuprofen DILI events, which accounted for 7% and none of all identified NSAID-derived
hepatotoxicity cases, respectively. Nevertheless, prospective DILI databases from Spain and
Latin-America indicated a rise in the prevalence of Ibuprofen hepatotoxicity, with 29% and
17% of all NSAID incidents, respectively, which were attributed to Ibuprofen use.®

There is little information on the clinical features of Ibuprofen-associated hepatotoxicity
and previous patient reports show a variable range of phenotypes in Ibuprofen-derived liver
toxicity rather than a distinctive signature.?®3> Whereas hepatic compromise has also been
described in the setting of lbuprofen overdose,??? the majority of earlier published
Ibuprofen-induced liver injury reports corresponded to hepatic adverse reactions of
idiosyncratic nature.?%2335 A recent analysis of Ibuprofen-induced liver injury based on the
included data in the Spanish and Latin-American DILI registries evidenced that over half of
the patients required hospitalization and the rate of liver transplants and liver-related
deaths presented critically a higher trend in comparison to other NSAIDs- or non-NSAID-
DILI cases, albeit not significant.?° Hence, Ibuprofen-induced liver injury can occasionally
lead to dramatic clinical conditions and may require liver transplant or have a fatal
progression.

Hepatocellular liver damage has classically been the most described liver injury pattern
associated with NSAID-induced injury.”%3” However, the type of liver injury associated with
Ibuprofen-derived hepatotoxicity seems to be heterogenic, where hepatocellular,
cholestatic as well as mixed forms have been described.?>?>2632 |n our study, we first
studied lbuprofen cytotoxicity in vitro to further replicate lbuprofen toxicity in a novel
murine model. Interestingly, the hepatocellular injury was accompanied by extensive
hemorrhage resembling the pattern of liver damage, as also observed in the setting of acute
Ibuprofen intoxication in humans.

Drugs and other xenobiotic substances are extensively metabolized in the liver, aiming to
transform these into inert compounds for safe excretion. However, biotransformations can
act as a double-edged sword and lead to the formation of chemically reactive metabolites,
which can result in hazardous and deplete defensive antioxidant responses, such as the
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glutathione system (GSH). The most crucial CYP450 enzyme for Ibuprofen metabolism is
CYP2C9, which catalyzes the formation of 3-hydroxy-lbuprofen and 2-hydroxy- lbuprofen,
whilst metabolic pathways involving CYP2C8 and CYP2C19 have been attributed only a
minor role.’* In the present work, we analyzed CYP2C9 activity in samples of murine
Ibuprofen-DILI and observed an enhanced expression of CYP2C9 in the liver parenchyma,
characteristically, in regions close to central veins. The isoform CYP2E1 plays a crucial role
in developing APAP-induced hepatotoxicity and has also been linked to DILI induced by
other drugs.3*! Interestingly, we also found slightly increased levels of CYP2E1 after
Ibuprofen-DILI-ALI (not shown), which might be due to synergism between different
isoenzymes.

Generation of oxidative stress is a hallmark of DILI, which triggers the activation of cell death
effector pathways.!! As evaluated in vitro in Hepa 1-6 cells and murine primary hepatocytes
and in vivo, each condition overexposed to Ibuprofen (5.0 mM) for 8h evidenced not only
enhanced cell death but also oxidative stress. This observation likely is the consequence of
forming reactive substances after exposing hepatocytes to high concentrations of
Ibuprofen, which then promotes the activation of pro-inflammatory and cell death
cascades.

JNKs act as a crucial trigger of hepatotoxicity. In addition, we recently described that JNK
signaling plays an essential role during APAP-induced hepatotoxicity and correlates with the
degree of liver injury.!* These observations have been validated in primary human
hepatocytes using a INK inhibitor that ameliorated APAP-induced toxicity.*? Moreover, JNK
phosphorylation is not limited to hepatocytes but also relevant in non-parenchymal
cells.11243 Concomitantly, Ibuprofen-associated DILI in humans livers showed increased
JNK activation mainly in the cytoplasm of hepatocytes and in other non-LPCs compared to
healthy tissue. Thus, our data in human and murine livers evidenced JNK activation during
Ibuprofen-induced DILI.

Pre-treatment with the JNK-inhibitor SP600125 prior to Ibuprofen intoxication decreased
JNK phosphorylation, which resulted in a hepatoprotective effect and significantly reduced
the activation of other MAPK-related pathways. Next, the function of either Jnk1 or Jnk2
for acute Ibuprofen-induced liver injury was evaluated. Constitutive deletion of Jnk1 or Jnk2
dramatically enhanced Ibuprofen-mediated DILI-ALI. Several studies reported an indifferent
role of IJnk1 in acute APAP-induced hepatotoxicity.**** In our model, Jnk27" deficient mice
showed more severe liver injury as evidenced by histopathological features and a stronger
dysregulation of PKCa, pAKT and pERK1/2 -as well as RIPK1/3-associated signaling. In this
line, several studies demonstrated higher susceptibility of Ink2” deficient mice towards
APAP, TNF and LPS-induced liver injury.*>*® In contrast, other studies described a protective
hepatic profile in mice with ubiquitous deletion of Jnk2 after acute liver injury with TNF and
APAP.**%7 Thus, the role of Jnk2 in different forms of toxin-mediated ALl remains
controversial.

To characterize the cell-specific function of INK, we used mice with genetic (Jnk12"¢P2) or
siRNA-specific (siJnk2) deletion in hepatocytes.?® Interestingly, our results revealed a critical
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role and prominent aggravation of Ibuprofen DILI-ALI in animals with hepatocyte-specific
Ink2 downregulation compared to Jnk12"¢"@ or WT mice. Exacerbation of liver damage
correlated with JNK hyperactivation in these mice. Hence, our data not only provided
evidence that JNK1 and JNK2 have different functions in hepatocytes and other LPCs but
also demonstrated an essential protective function of JNK2 in hepatocytes during
Ibuprofen-induced ALI.

In the past, PKC family members have been shown to play prominent roles during APAP-
induced hepatocellular injury.?® Selective silencing of PKCa decreased JNK phosphorylation,
ameliorated mitochondrial dysfunction, and reduced cytotoxicity in hepatocytes,
suggesting a JNK-dependent role in APAP-induced hepatotoxicity. Indeed, in our Ibuprofen
DILI-ALI model, pre-administration of SP600125 reverted JNK activation and correlated
with a dramatic reduction in hepatic PKCa expression and the degree of liver injury.
Therefore, besides the essential function of the JNK genes, a close crosstalk between the
PKC pathway and other signaling cascades seems to be relevant to better understand the
pathogenesis of Ibuprofen-induced acute liver injury. Here especially other MAPKs, as AKT
or ERK1/2 are of interest after Jnk2 depletion, the response to Ibuprofen intoxication
dramatically worsened and displayed a preferential hyperactivation for hepatic AKT.
RIPK1/3 may interact to form a complex, the necroptosome, translocating to mitochondria
where it incites mitochondrial dysfunction and leads ultimately to cell death.'”*¢ Jnk27
mice displayed increased RIPK1/3 levels after Ibuprofen treatment. Conversely, constitutive
Jnk1-deficient animals exhibited merely minimal differences in RIPK1/3 expression.
Intriguingly, animals with siRNA-induced downregulation of Jnk2, despite exhibiting a
higher degree of injury, did not reflect these substantial differences in RIPK1/3 regulation,
indicating that alternative pathways may exert a more critical impact on hepatocyte-related
cell death after Ibuprofen intoxication.

In conclusion, in our present study, we investigated the molecular mechanism of human
Ibuprofen-induced liver injury and complemented these findings with an experimental
approach of Ibuprofen-induced ALl in vitro and in vivo. Human and murine Ibuprofen DILI-
ALl showed increased JNK activation, which correlated with the degree of liver injury.
Specifically, Jnk2 in hepatocytes has an essential protective role during Ibuprofen-induced
DILI-ALI, defining it as a potential therapeutic target.
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Cell death, proliferation and mitochondrial dysfunction in a hepatoma cell line after Ibuprofen
challenge. (A) Up to 500.000 Hepa 1-6 cells line were seeded in 6-well plates. After 12h of culture,
Hepa 1-6 were exposed to either vehicle or Ibuprofen concentrations 2.5, 5.0 and 10.0 mM for 8h.
Microphotographs at visible light were done 8h after challenge. (B) Representative TUNEL stainings

of Hepa 1-6. Dead cells are stained green; total cells were counter-stained with DAPI (blue). Scale
bars: 100 um. (C) Representative staining for Ki-67 was performed on Hepa 1-6. Proliferating cells
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appear in purple and cells were counterstained to DAPI (blue). Scale bars: 100 um. (D)
Representative Mitosox stainings of Hepa 1-6 challenged with Ibuprofen. Cells presenting
mitochondrial damage are stained red; total cells were counter-stained with DAPI (blue). Scale bars:

100 um. (E) TUNEL (left), Ki-67 (center) and Mitosox-positive cells (right) were counted per viewfield
and graphed.
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(A) PCR blots of tail DNA from Jnk12hera (upper panel), Jnk17- (central panel) and Jnk2”- (lower panel)
for control (WT), Jnk12hera Jnk17- and Jnk27- mice demonstrated and confirmed the respective
phenotype of interest. (B) Protein expression for total levels of JNK1, JNK2, phosphorylated JNK
(pJNK) and total JNK were determined by immunoblotting of whole liver extracts from control (WT),
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Figure S4.3

Ink17/-and Jnk27- mice, 8h after either vehicle or Ibuprofen 600 mg/kg injection. (C) Protein levels of
JNK1, JNK2, pJNK and JNK resulting from whole livers of control (WT), Jnk12her2 or siJnk22her2 mice
challenged to vehicle or Ibuprofen 600 mg/kg during 8h were assessed per Western-blot analysis.
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(A) Overnight fasted 6-8 week old WT, siJnk22heP2 and scrambled control animals against siRNA of
Jnk2 (siScr) were i.p. injected with either vehicle or Ibuprofen 600 mg/kg and 8h later sacrificed.
Serum AST are graphed as U/L. (B) Serum ALT levels were determined in represented on a graph
(U/L). (C) Representative H&E staining of liver sections collected 8h after Ibuprofen challenge. Scale
bars: 50 um (upper panels) and 100 um (lower panels), respectively.
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Hepatic response to cell death and proliferation in control (WT), Jnk12heP2 and siJnk22heP2 mice after
acute Ibuprofen-induced toxicity. (A) lllustrative TUNEL stainings in WT, Jnk12heP2 and siJnk22hera
animals. Dead cells are stained green; total cells were counter-stained with DAPI (blue). Scale bars:
upper panels 50 um, lower panels 100 um. Fraction of TUNEL-positive cells per viewfield was
calculated and represented graphically. (B) Representative stainings for Ki-67 were performed.
Positive cells were proliferative (purple) and cells were counterstained to DAPI (blue). Scale bars:
upper panels 50 um, lower panels 100 um. (C) TUNEL (left) and Ki-67-positive cells (right) per
viewfield were counted and graphed.
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Abstract

Background & aims

c-Jun N-terminal kinase (JNK) 1 and JNK2 are expressed in hepatocytes and have overlapping and
distinct functions. JNK proteins are activated via phosphorylation in response to acetaminophen- or
carbon tetrachloride (CCls)-induced liver damage; the level of activation correlates with the degree of
injury. SP600125, a JNK inhibitor, has been reported to block acetaminophen-induced liver injury. We
investigated the role of JNK in drug-induced liver injury (DILI) in liver tissue from patients and in mice
with genetic deletion of JNK in hepatocytes.

Methods

We studied liver sections from patients with DILI (due to acetaminophen, phenprocoumon,
nonsteroidal antiinflammatory drugs or autoimmune hepatitis) or patients without acute liver failure
(controls) collected from a DILI Biobank in Germany. Levels of total and activated (phosphorylated)
JNK were measured by immunohistochemistry and Western blotting. Mice with hepatocyte-specific
deletion of Jnk1 (Jnk14hera) or combination of Jnk1 and Jnk2 (Jnk2hera), as well as Jnk1-floxed C57BL/6
(control) mice, were given injections of CCl, (to induce fibrosis) or acetaminophen (to induce toxic
liver injury). We performed gene expression microarray and phosphoproteomic analyses to
determine mechanisms of JNK activity in hepatocytes.

Results

Liver samples from DILI patients contained more activated JNK, predominantly in nuclei of
hepatocytes and in immune cells, than healthy tissue. Administration of acetaminophen to Jnkahepa
mice produced a greater level of liver injury than that observed in Jnk14hera or control mice, based on
levels of serum markers and microscopic and histologic analysis of liver tissue. Administration of CCl,
also induced stronger hepatic injury in Jnk4hera mice, based on increased inflammation, cell
proliferation, and fibrosis progression, compared with Jnk14hera or control mice. Hepatocytes from
Jnkahera mice given acetaminophen had an increased oxidative stress response, leading to decreased
activation of adenosine monophosphate-activated protein kinase, total protein adenosine
monophosphate-activated protein kinase levels, and pJunD and subsequent necrosis. Administration
of SP600125 before or with acetaminophen protected Jnk4hera and control mice from liver injury.

Conclusions

In hepatocytes, JNK1 and JNK2 appear to have combined effects in protecting mice from CCls- and
acetaminophen-induced liver injury. It is crucial to study the tissue-specific functions of both proteins,
rather than just JNK1, in the onset of toxic liver injury. JNK inhibition with SP600125 shows off-target
effects.

Keywords
APAP; Mouse Model; Gene Regulation; Pharmacologic Treatment.



Redundancy of JNK1 and JNK2 in hepatocytes

Introduction

Acute and chronic liver injury is a growing worldwide problem, despite recent advances for
the treatment of hepatitis B virus and hepatitis C virus infection. The frequency of toxic
insults, such as alcohol, drugs, or obesity, is increasing even in the Western world. In the
liver, toxic injury triggers death signaling pathways, which can cause apoptosis, necrosis, or
pyroptosis of hepatocytes.? However, the exact pathomolecular mechanisms determining
the mode of cell death are not entirely understood.

Liver injury of different etiology activates c-Jun N-terminal kinase (JNK), members of the
mitogen-activated protein kinase (MAPK) family. Whereas Jnk3 is exclusively expressed in
the central nervous system, testis, and heart, Jnk1 and Jnk2 are expressed in hepatocytes
eliciting redundant but also distinct functions.>* In order to characterize the compound
functions of the JNK genes, for example, in hepatocytes, cell type-specific deletion of both
Jnk1 and Jnk2 is essential. At present, most studies have been performed only using single
knockout mice or JNK-specific inhibitors.

Toxic liver injury—acute or chronic—activates the oxidative stress response. Typical
examples are acute liver damage after acetaminophen (APAP) intoxication or chronic liver
injury by repetitive carbon tetrachloride (CCls) injection. APAP-induced injury is related to
the formation of highly reactive metabolites through cytochrome P450, isoform 2E1. These
toxic compounds usually are conjugated and inactivated by glutathione. In overdose
conditions, the conjugation of the reactive metabolites leads to glutathione depletion and
thus enhances the generation of oxidative (reactive oxygen species) and nitrosative
(reactive nitrogen species) species triggering hepatocyte injury.® N-acetylcysteine has been
the standard antidote for APAP-induced liver intoxication.” N-acetylcysteine exerts its
therapeutic effects by restoring depleted hepatic glutathione levels and preventing the
accumulation of oxidant species.’

Earlier results demonstrated that JNK is strongly activated by APAP, correlating with the
degree of liver injury.® Additionally, in vivo experiments evidenced that JNK inhibition
blocked APAP-induced liver injury.® Thus, INK seems to play an essential role in APAP-
induced hepatic damage, supporting the possibility of using JNK inhibitors as a therapeutic
approach.

Kluwe et al.*® first suggested that INK is crucial for chronic CCl, intoxication associated with
hepatocyte damage, necrosis, inflammation, and end-stage liver fibrosis. JNK activation is
not restricted to hepatocytes only. We found that Jnk1 is particularly crucial for
transdifferentiation of hepatic stellate cells because Jnk1 deletion in hepatic stellate cells
reduces fibrogenesis after chronic CCly intoxication.?

In the present work, we aimed to address specifically the as yet unexplored dual role of
Jnk1 and Jnk2 in hepatocytes in models of acute and chronic toxic liver injury in mice and in
patients with drug-induced liver injury (DILI). Based on previous studies, we hypothesized
that JNK1 and JNK2 in hepatocytes have redundant functions. For this purpose, we
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generated Jnk?"**? mice and studied the functional role of the INK genes in APAP- and CCl-
induced toxic liver injury in vivo and in culture using primary hepatocytes.

Materials and methods

Generation of mice, animal experiments and human samples

Alb-Cre and Jnk2-deficient mice in a C57BL/6 background were purchased from the Jackson
laboratory (Bar Harbor, ME). Mice with a floxed allele of Jnk1 were constructed by using
homologous recombination in embryonic stem cells and backcrossed to the C57BL/6J strain
as described previously.'>*® These mice were then crossed with Jnk2-deficient mice to
create Jnk1LF/LoxP [ jn k27 mice.

Genomic DNA was examined using polymerase chain reaction amplimers (5'-
CTCAGGAAGAAAGGGCTTATTTC-3'and 5'-GAACCACTGTTCCAATTTCCATCC-3') to distinguish
between the control floxed (Jnk1*, Ink1f) and deleted (Jnk1?) alleles.

Animal experiments were carried out according to the German legal requirements and
animal protection law and approved by the authority for environment conservation and
consumer protection of the state of North Rhine-Westphalia (LANUV, Germany). Induction
of liver fibrosis was performed in 7- to 8-week-old age-matched male mice (n=9-10 per
group) using CClsinjection every 3 days for 4 weeks (0.6 ml/kg intraperitoneal [IP]). Control
animals were injected with corn oil. The D-galactosamine (D-GalN)/lipopolysaccharide (LPS)
administration was performed in 7- to 8-week-old male control and Jnk?'"? male animals
to induce acute hepatitis. Thirty minutes before the LPS injection (20 ug/kg, intraperitoneal
[IP]), GaIN (800 mg/kg, IP) was injected. Mice were sacrificed 8 hours after LPS injection.
We also performed the APAP-induced liver injury model. After fasting overnight, mice were
injected with APAP (500 mg/kg) and sacrificed 8 hours after treatment. SP600125 was
injected 2 hours (pretreatment) or at the same time with APAP (co-treatment) at a dose of
30 mg/kg IP).

Liver paraffin sections were obtained from patients with a confirmed diagnosis of DILI
(paracetamol, phenprocoumon, nonsteroidal inflammatory drugs, or autoimmune
hepatitis) from the Department of Gastroenterology of the University Hospital Essen,
Germany. Patient’s clinicopathologic characteristics were analyzed, summarized, and
represented in Supplementary Table S5.1.

Statistical analysis

All data are expressed as mean * standard error of the mean. Statistical significance was
determined by 2-way analysis of variance followed by a Student’s t-test or by one-way
analysis of variance followed by a Newman-Keuls multicomparison test. P values <.05 were
considered to be significant.
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Results

Expression of JNK in human acute liver failure

DILI is the most common cause of acute liver failure.! First, we studied serum parameters
of patients with different ALF etiologies. As indicated in Supplementary Table S5.1, livers
from patients suffering from paracetamol (patient 1), phenprocoumon (patient 2),
nonsteroidal anti-inflammatory drugs (patient 3), and autoimmune hepatitis-induced ALF
(patient 4) were investigated. We observed that the most prominent increase in
transaminases was evident in patients with APAP- and autoimmune hepatitis-induced ALF,
while nonsteroidal anti-inflammatory drug and phenprocoumon-induced ALF patients
showed less pronounced changes in serum markers. However, all serum samples showed
impaired liver function, as evidenced by changes in bilirubin and blood coagulation
parameters (Supplementary Table S5.1). Noticeably, the patient with APAP intoxication
showed dramatically increased glutamate dehydrogenase levels and blood coagulation
parameters (Supplementary Table S5.1).

We next investigated the JNK activation pattern in these ALF liver samples (patient 1-4) and
normal healthy tissue as control (C1-C4) by performing pJNK staining and quantification
(Figure 5.1A, Supplementary Figure S5.1A). Absence or minimal activation of JNK was
detectable in healthy tissue. Liver histology of the APAP patient in comparison with the
other liver samples showed lower infiltration of immune cells, and JNK phosphorylation
mainly restricted to hepatocytes (Figure 5.1A). In contrast, liver samples obtained from
other ALF subtypes displayed intense immune cell infiltration associated with pJNK
positivity (Figure 5.1A). In the liver, 2 JNKs are expressed, JNK1 and JNK2. We performed
Western blot analysis of liver samples of ALF patients with anti-JNK1 and JNK2 antibodies
(Figure 5.1B). Normal tissue displayed mild JNK phosphorylation, and ALF patients displayed
higher JNK activation.

Interestingly, we detected a differential pattern of JNK1 expression and increased levels of
JNK2 in DILI-ALF patients (Figure 5.1B).

Deletion of JNK1 and JNK2 in hepatocytes

Next, we aimed to characterize the functional relevance of JNK activation during toxic liver
injury. We generated mice with specific deletion of Jnk1 in hepatocytes (Jnk14"*?) and
combined Jnkl and Jnk2 knockout mice in hepatocytes (Jnk?'¢P9) (Figure 5.1C;
Supplementary Figure $5.1B and S5.1C). To exclude the possibility that Jnk2'P@ mice
exhibited a phenotype under basal conditions, we carefully examined 6- to 8-week-old
female and male Jnk12M¢P? and Jnk?"P mice. Liver histology, serum parameters as well as
body weight, and liver vs. body weight ratio presented values of normal healthy mice
(Supplementary Figure S5.2A-S5.2F).
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Figure 5.1  Expression of JNK during human and murine DILI. (A) Activation of pJNK in liver samples of ALF
patients with different etiologies: normal liver tissue (C1, C2), paracetamol (1), phenprocoumon (2),
autoimmune hepatitis (AIH) (3), and nonsteroidal antiinflammatory drug (NSAID) (4). Scale bars =50
um. Phospho-JNK positive nuclei were quantified as the mean number of hepatocytes or infiltrating
cells with dark brown 3,3'-diaminobenzidine tetra hydrochloridesignal per view field of liver sections
from healthy and DILI patients. (B) Immunoblotting for pJNK, JNK1, and JNK2 was performed in
normal liver tissue (C1-C4) and in liver samples of DILI patients (1-4). (C) Protein expression of JNK1
and JNK2 was assessed in primary hepatocytes (left panel) and livers (right panel) from 8 week-old
control (Wt), Jnk2+, Jnk14hePa, and Jnk?h¢r? mice. Total INK1 and JNK2 protein levels were determined
in whole liver extracts. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as loading
control. (D) Immunoblotting for pJNK, JNK1, and JNK2 was performed in liver samples from control
(Wt), Jnk14hera and Jnkhere mice treated with APAP for 8 hours (n=6). GAPDH was used as loading
control.

Because the human data demonstrated that JNK is strongly activated mainly in hepatocytes
during APAP-induced ALF, we sought to translate and compare the human ALF results with
APAP-derived liver injury in mice. Eight hours after injecting 500 mg/kg APAP, livers of Wt
mice elicited JNK activation.

Noticeably, mice with specific deletion of Jnk1 in hepatocytes (Jnk14"*%) displayed reduced
pJNK, whereas Jnk?'**? mice showed strong JNK1 induction, suggesting that the infiltrating
compartment is responsible for the activation of the MAPK in experimental murine APAP-
derived injury (Figure 5.1D). In addition, we detected JNK1 and JNK2 protein expression
after APAP in Wt, while the levels of JNK1 were strongly induced in Jnk?"¢P? mice.
Expectedly, JNK2 expression was abrogated in mice lacking JNK in hepatocytes.

Jnk?hera mice are sensitized towards acetaminophen-induced liver injury

Jnk®rePa showed significantly exacerbated APAP-induced ALF, as evidenced by significantly
increased aspartate aminotransferase, alanine aminotransferase, and glutamate
dehydrogenase levels (Figure 5.2A). No differences were found in the liver vs. body weight
ratio (Supplementary Figure $5.3A). Macroscopically, the surface of Jnk2'P@ livers showed
severe signs of hemorrhagic bleeding, and, microscopically, the liver was severely injured
with the presence of large necrotic foci (Figure 5.2B-D, respectively).

Acetaminophen is metabolized via cytochrome P450, isoform 2E1 to the electrophilic
reactive product N-acetyl-p-benzoquinone imine.'® Interestingly, we detected a tendency
toward F2-isoprostanes — a direct marker of oxidative stress!® — and significantly reduced
levels of p38 expression in JNK-depleted hepatocytes after APAP treatment (Figure 5.2E,
Supplementary Figure S5.3 and S5.3C).
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Figure 5.2  Jnk“here mice are sensitized towards acetaminophen-induced liver injury. (A) Serum alanine
aminotransferase (left), aspartate aminotransferase (center), and glutamate dehydrogenase (right)
levels were determined 8 hours after APAP challenge in control (Wt), Jnk14hePe, and Jnk2here livers
(n=10). (B) Representative macroscopic view of a liver from each group. Scale bars =10 mm. (C)
Representative H&E staining of liver sections collected from mice sacrificed 8 hours after APAP
challenge and examined by an experienced pathologist. Scale bars =50 um (upper panel) and 100
um (lower panel), respectively. The dotted area represents a necrotic focus. (D) The area of necrosis
was quantified in the same mice. (E) Protein levels of pP38 were determined by Western blot in
APAP-treated control (Wt) and Jnk?"er? livers. Glyceraldehyde-3-phosphate dehydrogenase was used
as loading control. Data are expressed as mean + SEM (*P<.05 and **P<.01).

These striking results in APAP-induced DILI prompted us to investigate whether the function
of JNK1 and JNK2 is universal or dependent on the context of hepatic injury. We treated
Jnk?"P@ mice with D-GalN combined with endotoxin (LPS).

Unexpectedly, no differences were observed after D-GalN/LPS treatment in survival, serum
markers of liver injury, tissue injury, or liver vs. body weight ratio between both control
groups and Jnk®'¢P? gnimals. These data suggest that INK1 and JNK2 in hepatocytes play a
prominent protective role, especially during toxic liver injury (Supplementary Figure S5.4A-
E).

Carbon tetrachloride-induced chronic liver injury is worsened in mice with
combined deletion of Jnk1 and Jnk2 in hepatocytes

Since we previously reported that JNK1 in hepatocytes has no impact on the progression of
CCly-induced toxic liver injury!!, we questioned whether the compound function of JNK1
and JNK2 in hepatocytes is implicated in chronic toxic liver injury. Twenty-eight days after
repetitive CCls treatment, Jnk®P@ livers showed larger numbers and size of necrotic areas
compared with Jnk2”7" or Wt control mice (Figure 5.3A, Supplementary Figure S5.5A).

Jnk®rePa livers showed increased collagen deposition as evidenced by Sirius red staining,
CollagenlAl, and a-smooth muscle actin protein and mRNA expression (Figure 5.3B-E,
Supplementary Figure S5.5B-E). Additional liver fibrosis markers such as hydroxyproline
quantification, Timp1, and Mmp2 (Figure 5.3F, Supplementary Figure S5.5F) suggested a
protective role of combined JNK1 and JNK2 activation in hepatocytes during chronic toxic
CCls-induced liver injury.

131
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Figure 5.3 Liver fibrogenesis is aggravated in Jnk2here after chronic CCls treatment. (A) Representative H&E
staining of liver sections of control (Wt), Jnk27- and Jnk2hera livers, 28 days after repeated injections
of CCls. Corn-oil injections were used as controls. Scale bars =100um. (B) Representative Sirius red
staining of paraffin sections from the same livers. Scale bars =100um. (C) A representative collagen
IA1 staining of frozen sections from the same mice is shown. Scale bars =200mm. (D) In addition,
messenger RNA levels for collagen IA1 and a-smooth muscle actin were determined by quantitative
real-time reverse transcription-polymerase chain reaction. (E) Protein levels of a-smooth muscle
actin were determined. Glyceraldehyde-3-phosphate dehydrogenase was used as a loading control.
(F) Hydroxyproline contents were assessed in the same livers. Data are expressed as mean + SEM
(*P<.05 and ***P<.001).
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Cell death and compensatory proliferation are exacerbated after combined deletion of JNK1 and
JNK2 in hepatocytes. (A) Representative TdT-mediated dUTP-biotin nick end labeling (TUNEL)
staining performed on frozen liver sections (upper; Scale bars =100um) and cleaved caspase3
immunohistochemistry in paraffin sections (lower panel; Scale bars =100 um) of control (Wt), Jnk2/-
and Jnk?hera livers after 4 weeks of repeated CCla injections are shown. Quantification of TUNEL- (left)
(B) and caspase3 enzyme activity (C) was analyzed in 4-week CCls-treated control (Wt), Jnk27- and
Jnk2hera livers. (D) Representative Ki-67 staining performed on frozen liver sections of the same
livers. Scale bars =100um. (E) Quantification of Ki-67-positive cells per view field is shown. (F) Protein
levels of proliferating cell nuclear antigen and CyclinD were determined by Western blot in the same
samples. Glyceraldehyde-3-phosphate dehydrogenase was used as a loading control. Data are
expressed as mean * SEM (***P<.001). Arrows denote positive cells.
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Figure 5.5

Microarray analysis of Jnk2her2 livers and hepatocytes manifest dysregulation in cell proliferation,
apoptosis, and inflammation at basal levels. (A) Gene array analysis was performed in 8-week-old
control (Wt) and Jnk?here liver and primary isolated hepatocytes. Correlation of the fold induction of
genes in hepatocytes and liver is shown. Log2 expression values of the individual mice were divided
by the mean of the sham-operated mice. Log ratios were saved in a .txt file and analyzed with the
Multiple Experiment Viewer. Top up- and down-regulated JNK-target substrates are shown (red: up-
regulated; blue: downregulated, n=3, -1.5<FC>1.5). (B) Ingenuity Pathway Analysis was performed
in the same samples, and the expression values (in brackets) of the top up- and down-regulated
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genes in the liver (left panel) and primary isolated hepatocytes (right panel) are represented. (C)
Liver and hepatocytic protein extracts of untreated control (Wt), Jnk14hre and Jnk2here were
prepared. The protein expression levels of pStat3, c-myc, and Bcl-XL were determined by Western
blot. Glyceraldehyde-3-phosphate dehydrogenase was used as loading control. (D) Messenger RNA
expression was determined in liver tissue and primary hepatocytes of untreated 8-week-old control
(Wt), Jnk12hera, and Jnk2here mice. The messenger RNA expression levels of Saa2, Cmyc, and BclXL are
shown (n=3-5; *P<.05; **P<.01; ***P<.001).

Aggravated cell death and compensatory proliferation in Jnk?'¢@ liver after
repetitive carbon tetrachloride injection

To better characterize our findings, we analyzed parameters of cell death and proliferation.
TdT-mediated dUTP-biotin nick end labeling and cleaved caspase3-positive nuclei were
significantly enhanced 28 days after CCl, treatment in Jnk2"¢"? livers compared with Jnk2™/"
or control mice (Figure 5.4A-C). Concomitantly, compensatory proliferation examined by
Ki-67 staining was significantly increased in Jnk?"? livers (Figure 5.4D and 5.4E). These
results were strengthened by higher messenger RNA expression of cell cycle markers, such
as Pcna (messenger RNA) and up-regulation of proliferating cell nuclear antigen and CyclinD
protein levels in Jnk?"P? compared with Jnk2”" or control livers (Figure 5.4F, Supplementary
Figure S5.6A and S5.6B). Loss of JNK1 and JNK2 in hepatocytes resulted in more substantial
cell death, accompanied by an increased proliferative response in the liver.

The inflammatory response is increased in Jnk?"ePa livers

Chronic inflammation triggers progression of liver fibrosis.!” After 28 days of CCl, injection,
we found a significant increase in CD1lb- and F4/80-positive cells, putative
macrophages/Kupffer cells, in Jnk?'*? compared with Jnk2”* and control livers
(Supplementary Figure S5.7A and S5.7B). Additionally, Jnk2"¢*? livers displayed stronger
expression of inflammatory markers, such as IL1a, IL16, Mcpl, and Tnfa (Supplementary
Figure S5.7C-F). Hence, loss of JNK1 and JNK2 in hepatocytes caused severe inflammatory
liver injury and fibrosis.

Gene and protein profile of Jnk®'P? livers and hepatocytes in basal
conditions

To study the impact of Jnk deletion on gene expression in liver and hepatocytes, we
performed Affymetrix GeneChip microarray analysis of liver and primary hepatocytes
isolated from 8-week-old control and Jnk®'¢"? mice. This comparison revealed significant
changes (-1.5<FC>1.5) in the transcript expression of 355 genes that were up-regulated (197
in liver and 158 in hepatocytes) and 448 down-regulated (171 in liver and 277 in
hepatocytes) in Jnk?1P® mice (Supplementary Figure $5.8A and S5.8B). We first performed
hierarchical clustering of the JNK substrates commonly up- or down-regulated in both livers
and hepatocytes of Jnk?'® mice. Interestingly, we found significantly reduced transcript
levels of JNK target genes, including transcription factors Atf, JunD, or Fos and apoptotic
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markers (Bc/2/13 and Bid), and up-regulation of Gadd45b, Saa2, and Cmyc (Figure 5.5A). In
addition, Ingenuity Pathway Analysis demonstrated that combined deletion of JNK1 and
JNK2 in hepatocytes affected the expression of genes associated with cell death and
proliferation (Cdknla, Atf, myc), inflammation (Smad7, IL18, Ctgf, Cox6b2), as well as
metabolism (ABCC4, CYP2B13) (Figure 5.5B).

To validate the main findings of the microarray analysis, protein and messenger RNA
expression was analyzed in both livers and freshly isolated primary hepatocytes from 8-
week-old Wt, Jnk12"P?, and Jnk®'®P? mice revealing enhanced expression of pSTAT3, Saa2,
and c-myc (cell cycle), and down-regulation of BcIXL and Bad (apoptosis). As expected, a
lack of Mapk9/ink2 expression was found in Jnk?"P? mice (Figure 5.5C, Supplementary
Figure S5.8C and S5.8D).

Morphologic changes and mitochondrial damage are aggravated in
acetaminophen-treated Jnk?"¢P% primary hepatocytes

Acute and chronic toxic models suggested that JNK1 and JNK2 have synergistic functions for
hepatocyte protection. We aimed to better define the molecular mechanisms explaining
our findings in vivo in primary control (Wt) and Jnk®'®*? hepatocytes. Liver cells were
cultured for up to 48 hours without treatment (Supplementary Figure S5.9A). Lack of Jnk
expression did not affect viability compared with wildtype hepatocytes (Supplementary
Figure S5.9B). However, basal cell cycle activity was reduced in Jnk®"P® compared with
control hepatocytes (Supplementary Figure $5.9C and S5.9D).

Next, we investigated the mechanism underlying the strong phenotype induced by APAP
(10 mM) in JnkheP@ hepatocytes for up to 48 hours. Twelve hours after APAP treatment,
Jnk®hePa hepatocytes evidenced cytoplasmic projections, loss of cell-to-cell contact, and
detachment in contrast to polyhedral rounded-shaped control hepatocytes (Figure 5.6A).
Up to 24 hours after treatment, nuclear condensation or fragmentation was significantly
stronger in Jnk?"¢P? compared with control hepatocytes (not shown).

SP600125, an anthrapyrazolone-specific INK inhibitor, has been shown to protect against
APAP-induced ALF in mice.*® Unexpectedly, control and Jnk®"¢P?-APAP-treated hepatocytes
were protected to the same extent by coadministration of SP600125 + APAP (Figure 5.6A).
APAP mediates its toxic effect by forming highly reactive metabolites. Concomitant with the
morphologic changes, we detected a significant increase in mitochondrial reactive oxygen
species in APAP-treated Jnk®'P? compared with control hepatocytes. Additionally,
SP600125 significantly reduced the changes in mitochondrial membrane potential in both
control and Jnk?'¢Pa APAP-treated hepatocytes (Figure 5.6B, Supplementary Figure $5.10A).
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APAP modifies the morphology and exacerbates mitochondrial damage and necrotic cell death in
primary Jnk2here hepatocytes. (A) Primary hepatocytes were isolated from control (Wt) and Jnk2hera
mice. A total of 500,000 cells were seeded in 6-well plates and cultivated for up to 12 hours. Visible
light microphotographs were taken in presence or absence of APAP and/or SP600125. Scale bars
=200 pum. (B) At the same time, we performed Mitosox staining to assess mitochondrial damage (red
—arrows—, counterstained with 40,6-diamidino-2-phenylindole, blue). Microphotographs were taken
(Scale bars =100 um). (C) TdT-mediated dUTP-biotin nick end labeling (TUNEL) staining was
performed. Scale bars =200 um. (D) TUNEL-positive cells were evaluated in the same mice and
represented in percentage per view field. (E) The enzyme activity of caspase3 was measured in
frozen tissue. (F) Hepatocytic protein extracts were collected and treated with APAP for 8 hours in
culture in presence or absence of APAP and/or SP600125. The protein expression levels of RIP3,
RIP1, p65, pJNK, p-cJUN, and pERK were determined by Western blot. B-actin was used as a loading
control.
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Acetaminophen exacerbates necrotic cell death in Jnk?'¢? primary
hepatocytes

TdT-mediated dUTP-biotin nick end labeling staining evidenced significant lower cell
survival of APAP-treated Jnk“"¢P® compared with control hepatocytes 12 hours after
treatment (Figure 5.6C). Cell death was significantly reduced after SP600125 + APAP co-
administration in control and Jnk?"¢P@ hepatocytes (Figure 5.6C and 5.6D). Next, we sought
to define the mode of cell death in APAP-treated hepatocytes. We first tested caspase3
activity before and after APAP administration, including SP600125. APAP treatment in any
combination and at different time points did not significantly change caspase 3 activity
(Figure 5.6E). This result was further confirmed by caspase 3 immunostaining (not shown).
To detect the relevance of necrotic cell death, we performed Annexin V/Ethidium
Homodimer Il staining. The amount of double-positive (i.e., necrotic) hepatocytes was
significantly higher in Jnk?'¢P@ compared with control hepatocytes, while SP600125 blocked
necrosis in both control and Jnk®"® hepatocytes (Supplementary Figure S5.10B and
$5.10C).

Receptor interacting protein (RIP) 3 plays an essential role in mediating necrotic cell death.
We studied RIP3 and RIP1 expression in wild-type and Jnk®"®*? hepatocytes before and after
APAP + SP600125 co-treatment (Figure 5.6F). APAP treatment had no effect on RIP3, but
stimulated RIP1 expression in both control and was strongly induced in Jnk®'¢P@ hepatocytes.
SP600125 + APAP co-treatment strongly reduced RIP3 expression to comparable levels in
control and Jnk?'¢P? hepatocytes, while the decreasing effect on the RIP1 protein was more
prominent in control hepatocytes (Figure 5.6F).

To characterize the specificity of our findings, we included pERK and p65 expression in our
analysis. APAP treatment stimulated both pERK and p65 expression independent of
SP600125 co-treatment, suggesting that both pathways are of minor relevance in
explaining the effect on necrosis (Figure 5.6F). To further confirm this result, we tested pJNK
and p-cJUN expression before and after treatment. As shown in Figure 5.6F, APAP induced
pJNK and p-cJUN activation in control hepatocytes, while SP600125 blocked JNK but not
cJUN phosphorylation. In contrast, no significant pJNK and p-cJUN expression in either
treatment conditions was evident in Jnk?"®*? hepatocytes.

In vivo treatment with SP600125 suppresses acetaminophen-induced liver
injury in mice with compound deletion of JNK1 and JNK2 in hepatocytes

To validate the in vitro findings, we studied SP600125 co- and pre-administration with APAP
in Jnk®'¢Pa animals in vivo. Co-treatment with the JNK inhibitor provided protection in
control and Jnk12P? and also in Jnk?"¢*? mice against APAP-induced liver injury (Figure 5.7A-
7C). To exclude the possibility that SP600125 affects APAP metabolism, we pre-
administered SP600125 to control, Jnk12h¢P?, and Jnk®'¢P? mice, and 2 hours later we
injected APAP (Figure 5.7A-C). However, pre-administration did not affect the protective
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effect. Noticeably, the number of necrotic foci was primarily reduced in the liver
parenchyma of SP600125 co- or pretreated Jnk2"¢*? mice (Figure 5.7B and 5.7C).

Because our results suggested that SP600125 protects against APAP-induced liver injury via
JNK-independent mechanisms, we explored other pathways associated with APAP toxicity.
Saberi and colleagues® recently found that the interplay between protein kinase C-a and
JNK mediates APAP-induced liver injury. Protein kinase C-a activation increased after APAP
treatment and was attenuated by SP600125 co-administration in Wt livers (Figure 5.7D).
Moreover, AMPK activity — protective against APAP hepatotoxicity — was abrogated after
APAP challenge in control and Jnk"**? animals. Total AMPK levels were also affected by
APAP treatment. Noticeably, APAP treatment caused a decline in total AMPK levels in Wt
and dramatically in Jnk2"¢P livers. In contrast, co-treatment with the classical INK inhibitor,
SP600125, reversed the APAP-mediated effect on pAMPK and AMPK levels in both Wt and
Jnk2here gnimals.

Next, we examined whether lower AMPK levels correlated with JNK activity. APAP
treatment increased JNK in Wt and, to a greater extent, in Jnk?"*? livers, an effect blocked
by co-treatment with SP600125 (Figure 5.7D). Collectively, these data suggest that
SP600125 exerts an off-target effect on AMPK and the protective effect of SP600125 occurs
in liver parenchymal cells.

Lack of JunD activation in acetaminophen-treated Jnk?'*? murine
hepatocytes

We performed a set of quantitative phosphoproteomics experiments to characterize
proteins that could be differentially phosphorylated after APAP treatment in control and
Jnkhere  hepatocytes (Supplementary Figure $5.11A). Among several differentially
phosphorylated proteins, which we could not validate by Western blot due to lack of
commercially available phospho-antibodies, our screening approach identified JunD — a
known JNK nuclear substrate — to be substantially less phosphorylated in APAP-treated
Jnkhere hepatocytes (Figure 5.7E). In addition, we investigated the overall phosphorylation
of MAPKs, which are known substrates of JNK, using a MAPK-substrate-specific antibody
(Supplementary Figure S5.11B). This approach revealed at least 9 proteins with reduced
phosphorylation in APAP-treated Jnk?'° hepatocytes. The identity of these proteins was
estimated by comparison of their appropriate molecular weights with known JNK
substrates (Supplementary Figure S5.11B). In summary, these results demonstrate
substantially attenuated phosphorylation of JunD and other proteins in APAP-treated
Jnk®hePa hepatocytes, which need to be identified in future studies. These findings indicate
that a JNK-JunD-dependent mechanism might be involved in protecting against APAP-
induced liver injury.
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Figure 5.7

In vivo treatment with SP600125 suppresses APAP-induced liver injury in mice with combined JNK1
and JNK2 deletion in hepatocytes. (A) Serum aspartate aminotransferase (left) and alanine
aminotransferase (right) levels were determined in control (Wt), Jnk14h¢re, and Jnk2hera mice injected
with SP600125 at the same time as APAP or pretreated with SP600125, 2 hours before APAP
challenge. Comparison with dimethyl sulfoxide and APAP-treated mice is shown (n=10). (B, C)
Representative H&E staining of liver sections collected from the same mice sacrificed 8 hours after
treatment and examined by an experienced pathologist. Scale bars 50 mm (upper panels) and 200
mm (lower panels), respectively. Dotted areas represent necrotic foci. (D) Liver extracts were
collected, and immunoblotting was performed, and the protein levels of protein kinase C-a (PKCa),
pAMPK, AMPK, and pJNK were determined by Western blot. (E) Phosphorylation of JunD was
performed in hepatocytic extracts. Glyceraldehyde-3-phosphate dehydrogenase was used as loading
control. (F) Illustrative scheme summarizing the main obtained results: APAP triggers higher PKCa,
and lower AMPK—a survival pathway- expression inducing JNK phosphorylation and cell death. The
JNK classical inhibitor SP600125 exerts an off-target effect by facilitating phosphorylation of AMPK
and preventing JNK phosphorylation in hepatocytes.
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Discussion

Acetaminophen- and CCls-induced liver injury have been studied extensively because APAP
overdose is the leading cause of DILI in the United States, and accidental CCl, ingestion still
occurs.’ An overwhelming amount of evidence demonstrated that JNK activation plays a
major role in toxic liver injury.?’ Our first investigations using human DILI liver samples
showed activation of JNK (pJNK) predominantly in nuclei of hepatocytes and in infiltrating
cells. These results are in line with observations that JNK activation is not only limited to
hepatocytes but also found in pro-fibrotic and inflammatory cells during the progression of
liver disease in humans and mice.'11:2!

Noticeably, our results suggest a differential pattern of JNK1 expression and increased JNK2
levels in human DILIALF liver biopsies compared with normal tissue. Furthermore, JNK
activation was a common feature of murine APAP-induced liver injury, not only in Wt but
also especially in Jnk?'P? mice. Noticeably, the intense INK phosphorylation as well as
increased JNK1 expression in Jnk2"€@ livers after APAP correlated with the dramatic increase
in transaminases. These results suggest that JNK1 phosphorylation in infiltrating cells and
nonparenchymal cells correlates with the degree of liver injury. However, the functional
role of these cell compartments during APAP-induced liver injury needs to be further
addressed.

As found in human samples, JNK1 and JNK2 protein expression were also dysregulated after
APAP challenge in mice, indicating an analogous mechanism between human and murine
DILI. Altogether, our results indicated that JNK is strongly activated in all forms of human
DILl-induced ALF, not only etiology-dependent hepatocytes but also immune-infiltrating
cells are pJNK positive, and hence, a dysregulation of JNK1 and JNK2 protein expression is
characteristic of both human and murine DILI.

Additionally, our array analysis led us to the working hypothesis that JNK1 and JNK2 might
have distinct and shared essential functions in hepatocytes. In the current study, we found
that combined JNK1 and JNK2 deletion in hepatocytes triggers more severe liver injury,
inflammation, and progression after repetitive CCls injection. Interestingly, our previous
publication revealed that JNK1 is involved in hepatic stellate cells transdifferentiation into
collagen-producing myofibroblasts! associated with reduced liver injury. Consequently,
JNK2 expression is sufficient to rescue the loss of JNK1 in hepatocytes and protects from
CCls-mediated cell death.

The prominent role of necrotic cell death in APAP-dependent liver injury has been shown
in several studies.??2% Previous reports from the laboratory of Kaplowitz suggested that
disruption of INK2, but not of JNK1, partially prevented APAP-induced liver injury, indicating
that targeting JNK2 could be a promising therapeutic approach.?” In contrast, Henderson et
al.28 found no differences in APAP-induced liver injury between Jnk17- and Jnk27" mice. Our
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data demonstrate that lack of JNK1 and JNK2 expression in hepatocytes caused extensive
necrosis within 8 hours after APAP injection. Concomitant with these findings, we observed
a dramatic oxidative stress response in the liver of Jnk?"*° mice associated with necrotic
cell death.?>23 We excluded that apoptotic cell death plays a significant role in APAP-treated
Jnk®hePa hepatocytes. Instead, we demonstrate that combined JNK1 and JINK2 activities are
protective against APAP-induced necrotic cell death of hepatocytes by controlling the
oxidative stress response.

The observations found in APAP-induced liver injury were specific for this form of ALF
because we observed no differences in the acute hepatitis-D-GalN/LPS model between
Jnk?r¢Pa and control animals. This is in agreement with a recent study indicating that
combined deletion of JNK1 and JNK2 in hepatocytes did not alter concanavalin A- or LPS-
induced liver injury.?® However, hematopoietic deficiency in JNK1 and JNK2 prevented
concanavalin A-induced liver injury by suppressing tumor necrosis factor production.?
These findings clearly suggest that under certain conditions (e.g., etiology of liver disease),
JNK activation in infiltrating cells rather than in hepatocytes is critical. Altogether these
results suggest that the context-specific activation of JNK in different cell types during ALF
is essential and needs to be further defined.

To better assess these results, we included the classical JNK inhibitor, SP600125, in our
analysis. This compound has been reported to target the highly conserved ATP-binding sites
of INK and protects from APAP-induced liver injury in vivo.%° Surprisingly, SP600125 was
found to confer protection not only to control but also to Jnk-deleted hepatocytes in vivo
and in vitro. In addition, preadministration of SP600125 did not affect APAP metabolism.
These results suggested that the beneficial effect of SP600125 on APAP-induced liver injury
likely results through off-target effects, for example, on AMPK. Concomitant with previous
reports®®, we found decreased levels of pAMPK and a further decline in total AMPK levels—
protective against APAP hepatotoxicity—in Ink®MP? livers, indicating that survival pathways
are reduced in animals with JNK deficiency in hepatocytes. SP600125 might act on protein
phosphatases, such as 2C (PP2C), which negatively regulate AMPK signaling, preventing the
dephosphorylation of AMPK (Figure 5.7F).

Additionally, we employed functional proteomics to map differential phosphorylation
caused by APAP treatment in JNK-deficient hepatocytes. Our findings suggest repression of
JunD activation, another protective element, and part of the cell stress response, was
further decreased in the absence of JNK in hepatocytes. Hence, the role of other kinases
involved in necrotic cell death, such as RIP3, RIP1, or MLKL, are currently under intensive
investigation.243!

In summary, we demonstrate that combined JNK1 and JNK2 activation is essential to
protect hepatocytes from acute and chronic toxic liver injury in vivo and in vitro. Our results
show that JNK inhibition is a questionable treatment option for APAP-induced liver injury
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because the protecting effect of SP600125, the classical JNK inhibitor, is mediated by off-
target effects. Our results found that the cell type-specific function of JNK is a potential
therapeutic target. However, the context-specific function needs to be defined before these
options can be used in the clinic.
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Supplementary information

Supplementary material and methods

Isolation and culture of primary hepatocytes

Primary mouse hepatocytes were isolated from 7-8 week-old mice by collagenase
perfusion. Living cells were plated on collagen-precoated Petri dishes at a density of 1.5 X
10%/cm?in DMEM medium (PAA Laboratories GmbH, Pasching, Austria) supplemented with
L-glutamine, high glucose (4.5 g/l), 10% FBS, and 100 U/ml penicillin/streptomycin. After 4
h incubation (37°C, 5% CO,) and every 2 days, the medium was renewed. Hepatocytes were
cultured for up to 4 days.

Quantitative real-time PCR (qPCR)

Total RNA from liver tissues or cultured cells was isolated using Trizol reagent (Invitrogen,
Karlsruhe, Germany). Due to low RNA amount in cultured cells, the RNeasy Lipid Tissue Mini
Kit was used to collect and purify RNA. Reverse-transcription was 2 performed using an
Omniscript RT Kit (Qiagen). Relative quantitative gene expression was measured via real-
time PCR using a 7300 Real-Time PCR System with SDS software 1.3.1 (Applied Biosystems,
Foster City, CA) and a SYBR Green PCR Kit (Invitrogen, Carlsbad, CA). GAPDH expression was
used as an internal standard. Primer sequences can be provided upon request.
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Histological evaluation and immunofluorescence staining

Hepatic tissue was fixed in 4% paraformaldehyde (PFA) immediately after extraction,
embedded in paraffin, sectioned, and stained for H&E or Sirius red. Samples were reviewed
by a blinded pathologist who analyzed the degree of liver injury. The percentage of Sirius
red area fraction in all animals was quantified on 10 or 20 low-power (magnification, X10)
fields per slide, using the NIH Imagel® software (http://rsbweb.nih.gov/).
Immunohistochemistry for CK-19 (DAKO, Hamburg, Germany), aSMA (Sigma, Steinheim,
Germany), phospho-JNK (Cell Signaling, Danvers, MA) and F4/80 (Serotec, Dusseldorf,
Germany) on paraffin sections was performed using a Leica automatic stainer (Wetzlar,
Germany). For the immunofluorescence staining, frozen cryosections were incubated with
Ki-67 (Santa Cruz, Heidelberg, Germany), Collagen IA1 (Bio trend, Cologne, Germany) or in
situ cell death detection kit (Roche, Mannheim, Germany) and incubated with fluorescence-
labeled secondary antibodies (AlexaFluor 488 and 564, Invitrogen, Carlsbad, CA, USA). All
fluorescence-labeled cryosections were analyzed and documented using an Imager Z1
fluorescence microscope together with Axiovision software (Carl Zeiss, Jena, Germany).

Immunoblot analysis

Liver tissues were homogenized in ice-cold NP40-Buffer containing 50 mM Tri- HCI (pH 7.5),
150 mM NaCl, 0.5% NP-40 and 50 mM NaF freshly supplemented with Complete Mini
(Roche), PhosSTOP (Roche), 1 mM orthovanadate and 1 mM pefablock. Protein
concentrations were determined by the BIO-RAD protein assay (BIORAD). Samples were
separated by SDS-PAGE and transferred to a cellulose membrane and probed with
antibodies for aSMA (Sigma), COLLAGEN 1Al (Monosan, Beutelsbach, Germany), PCNA
(Dianova GmbH, Hamburg, Germany), CYCLIN A (Santa Cruz), CYCLIN D1, BCLXL and PKCa
(Santa Cruz), JNK1, INK2, pJNK (pT183/Y185), P38, CMYC, STAT3, pAMPK, AMPK, and
MAPK/CDK Substrates (PXP*P or S*PXR/K) (34B2) (Cell Signaling), and GAPDH (Biorad,
Munich, Germany). As secondary antibodies, anti-rabbit-HRP (Cell Signaling) and anti-
mouse-HRP (Santa Cruz) were used.

Microarray analysis

Liver and hepatocyte RNA using TRIzol reagent and purified with the RNeasy Mini Kit
(Qiagen, Venlo, The Netherlands), according to the manufacturer's instructions, was
isolated from 8-10 weeks-old male control Jnk2”7 and Jnk®'®"® mice. Concentrations and
purity of RNA samples were determined on a NanoDrop ND-1000 spectrophotometer
(Isogen, Maarssen, The Netherlands). RNA integrity was checked on an Agilent 2100
bioanalyzer (Agilent Technologies, Amsterdam, The Netherlands) with 6000 Nano Chips.
RNA samples from 3 mice per experimental group were used for microarray analysis.
Samples were hybridized on Affymetrix GeneChip Mouse Genome 430 2.0 arrays in the
microarray core laboratory of the Nutrigenomics Consortium at Wageningen University,
The Netherlands. Hybridization, washing, and scanning of the arrays were performed
according to standard Affymetrix protocols. Array images were processed using packages
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from the Bioconductor project®. Probe sets were redefined according to Dai2. Probes were
assigned to unique gene identifiers, in this case, Entrez IDs. Arrays were normalized with
the Robust Multi-array Average (RMA) method. Differentially expressed probe sets were
identified using intensity-based moderated paired t-statistics. P values were corrected for
multiple testing using a false discovery rate (FDR) method. Detailed descriptions of the
applied methods are available on request.

Peptide lysis, dimethyl-labeling, phosphopeptide enrichment, and LC-MS/MS analysis

Primary hepatocytes were scraped off the cell culture dishes after APAP/DMSO treatment,
washed three times in ice-cold PBS and lysed in 8M urea (in 50 mM ammonium
bicarbonate), containing protease and phosphatase inhibitor cocktails (Serva, Heidelberg,
Germany) for 30 min on ice and cleared by centrifugation at 20000 g, for 15 min at 4°C.
After determination of protein concentration using a BCA assay (Thermo, Waltham, MA),
the individual lysates (500 pg each) are reduced with DTT, alkylated with iodoacetamide,
and proteolytically digested with the protease Lys-C (1:100, w/w) in 8M urea for 4h at 37°C.
Samples were then diluted to 2M urea with 50 mM ammonium bicarbonate and further
digested with trypsin (1:75, w/w) overnight at 37°C.3* The resulting peptide digests are
desalted and dimethyl-labeled “on column”.> Control (WT) mice derived peptides are
labeled “light”, whereas Jnk®'*® mice derived peptides were labeled “heavy”. The labeled
peptide digests are mixed in a 1:1 ratio, dried down, and resuspended in 1 M glycolic acid
in 80% ACN, 5% TFA). Phosphopeptide enrichment was performed using MagReSyn® Ti-
IMAC beads (ReSyn Biosciences, Gauteng, South Africa) according to the manufacturer’s
instructions. Samples were then analyzed on a nanoLC-MS/MS System (LC: Ultimate 3000
(Dionex, Dreieich, Germany); MS: Orbitrap Elite (Thermo)). The raw data obtained from the
mass spectrometer were processed and quantified with MaxQuant (version 1.4.1.2). The
relevant MS and MS/MS spectra were searched against a forward-decoy Swissprot Homo
sapiens database (version 09/2014).

Transplantation of bone marrow-derived cells

We transferred bone marrow from Jnk®'¢"@ and control (WT) mice into 6 week-old Jnk?here
and control isogeneic recipients (n=6-7 mice per group) after ablative y-irradiation, as
described previously.® Two months after BMT, mice were subjected to either 4 weeks of
treatment with CCl, (0.6 ml/kg body weight, diluted in corn oil, injected intraperitoneally
every 3 days) or BDL. At this time, mice were sacrificed, and samples were collected.

Serum parameters

Alanine aminotransferase (ALT), aspartate aminotransferase (AST), bilirubin, and alkaline
phosphatase (AP) activity (UV test at 37°C) were measured in the Central Laboratory Facility
at University Hospital RWTH Aachen according to standard procedures.
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Figure S5.1 (A) Activation of pJNK in liver samples of patient samples of normal liver human tissue (C3, C4). (B+C)
PCR blots of tail DNA from Wt and Jnk14hera (upper panel) and control (Wt), Jnk2”-, and Jnk2hera (lower
panel) mice confirmed the respective phenotype of interest.
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(A+B) A basal study of untreated female (?) and male (&) 8-week-old control (Wt) or Jnk2hera mice
was performed. Representative macroscopic view of livers (scale bars: 10mm) and H&E staining of
liver sections (scale bars 100 um) from each mice group are shown. (C+D) Serum AST and ALT were
represented in a graph. (E+F) Liver weight (LW) and body weight of these mice are shown, and the
liver versus body weight ratio (%LW/BW) is calculated.
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Figure S5.3
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(A) Control (Wt), Jnk14here and Jnk2hePe mice were injected with APAP for 8h and sacrificed. The liver
versus body weight ratio (%LW/BW) was then calculated. (B) Isoprostanes, indicators of lipid
peroxides were measured in livers of 8h APAP-treated control (Wt) and Jnk2'P? mice and
represented as pg/ml. (C) Densitometry analysis of the protein expression levels of P38 was
performed in these mice and represented as arbitrary units of fluorescence (AUF).
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Figure S5.4 (A) Control (Wt) or Jnk?'eP@ mice were injected with GalN and 30 min later with LPS. 8h thereafter,
mice were sacrificed. (B) Survival curve of control (Wt) or Jnk2'eP@ mice treated with GalN+LPS and
sacrificed 8h later. (C) Serum levels of AST, ALT and GLDH were determined after GalN+LPS-treated
control (Wt) or Jnk?rera mice. (D) Macroscopic (upper panel; Scale bars: 10mm) and microscopic
(lower panel; Scale bars: 100 pm) appearance of control (Wt) or Jnk2her® mice after 8h GalN+LPS
treatment (E) The percentage of liver vs. body weight ratio was calculated and represented in a

graph.
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(A) Representative macroscopic view of control (Wt), Jnk27- and Jnkhere livers, 28 days after
repeated injections of CCls. Corn-oil injections were used as controls. (B) Representative Sirius red
staining of paraffin sections from the same livers. (C+D) Quantification of Sirius red and CollagenlAl
stainings was performed using Image J© Software and represented as percentage of area fraction.
(E) Densitometry analysis of the protein expression levels of aSMA was performed in these mice
and represented as arbitrary units of fluorescence (AUF). (F)ymRNA levels of Timp1 and Mmp2 were
determined by gRT-PCR in liver tissues of (n=5-10). Data are expressed as mean + SEM (*P<0.05;
**p<0.01; ***P<0.001).
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Figure S5.6 Control (Wt), Jnk27- and Jnk2here |ivers were subjected for 4 weeks of repeated CCls injections. (A)
mRNA levels of Pcna were determined by gRT-PCR in liver tissues (n=6-8; **P<0.01).
(B) Densitometry analysis of the protein expression levels of PCNA and CyclinD was performed in
these mice and represented as arbitrary units of fluorescence (AUF).
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Figure S5.7
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The inflammatory profile is increased in the absence of JNK in hepatocytes. (A) Representative
CD11b staining performed on frozen liver sections of control (Wt), Jnk27- and Jnk2here livers after
4 weeks of repeated CCls injections. Scale bars: 100um. Quantification of positive cells was
performed in 7-10 view-fields. (B) Representative F4/80 staining performed on frozen liver sections
of the same livers. Scale bars: 100um. Quantification of F4/80 positive cells per view field is shown.
mRNA levels of IL1a (C), IL1B (D), Mcp1 (E), and Tnfa (F) were determined by gRT-PCR in liver
tissue (n=6-8). Data are expressed as mean = SEM (*P<0.05; **P<0.01; ***P<0.001).
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Figure S5.8 Venny diagram shows comparative gene expression overlap in untreated 8 week-old control (Wt)
and Jnk?2hera livers and primary hepatocytes. (A) Up-regulated genes. (B) Down-regulated genes.
(C+D) Validation of gene array analysis by mRNA expression was performed in liver tissue and
primary hepatocytes of 8 week-old untreated control (Wt), Jnk12rere and Jnk2h¢r? mice. The mRNA
expression levels Bad and Jnk2 are shown (*P<0.05; **P<0.01;***P<0.001).
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Figure S5.9
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(A) Primary hepatocytes were isolated from control (Wt), Jnk27~ and Jnk2here mice. A total number of
500.000 cells were seeded in 6-well plates and cultivated for up to 48h. Visible light
microphotographs were taken in untreated hepatocytes. Scale bars: 100um. (B) Representative
TUNEL stainings of primary hepatocytes. Dead cells are stained green; total cells were counter-
stained with DAPI (blue). Scale bars: 100um. (C) Staining for BrdU was performed in coverslips and
counterstained to DAPI (blue). Scale bars: 100um. (D) BrdU-positive cells were counted in the
untreated control (Wt) and Jnk2hera hepatocytes and displayed in a graph.
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Figure S5.10 Primary hepatocytes were isolated from control (Wt) and Jnk"¢r? mice. A total number of 500.000
cells were seeded in 6-well plates and cultivated for up to 12h. (A) Reactive oxygen species (ROS)
were measured in the presence or absence of APAP and/or SP600125, an inhibitor of the JNK
pathway. (B) Annexin V (green)/Ethidium Homodimer Il (red)/DAPI (blue) was performed and
microphotographs were taken. (C) Quantification of the double Annexin V/Ethidium Homodimer 11/
DAPI-positive cells were graphed. Values are mean + SEM from at least 6 mice per group (*P<0.05;
*%p<0.01).
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Figure S5.11 (A) Hepatocytic protein extracts from 8h-APAP-treated control (Wt) and Jnk2'er? primary
hepatocytes were labeled with beads, digested with trypsin, and the phosphopeptides were
enriched and analyzed using mass spectrometry. (B) The expression of pMAPK/CDK substrates was
assessed in untreated and 8h-APAP-treated control (WT) and Jnk2her? primary hepatocytes. Potential
target proteins of JNK with matching molecular weights are displayed on the right. Values are mean
+SEM from at least 6 mice per group (**P<0.01 and ***P<0.001).
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Abstract

Introduction & aims

Corticosteroids are empirically advocated in idiosyncratic hepatotoxicity with severe features.
Interestingly, methylprednisolone is increasingly being recognized as responsible for episodes of liver
injury. We aimed in this study to contribute to characterize liver injury related to methylprednisolone.

Methods

We analyzed demographical, clinical, laboratory and outcome data of four new instances of
methylprednisolone hepatotoxicity included in the Spanish-Latin DILI Registry and compared this
information with that of previously published cases.

Results

Case series

Three young females with multiple sclerosis and another one with Crohn's disease were treated with
intravenous methylprednisolone. After one (patient 3), two (patient 1), and five (patient 2) and six
(patient 4) weeks of starting medication, liver damage ensued. Time to recovery took eight and six
weeks for patients 2 and 3, respectively, while patient 1 showed a resolving tendency after ten weeks
(lost of follow up) and patient four after two weeks. Positive rechallenge was observed in three
patients (patients 2, 3, and 4).

Literature review

Methylprednisolone hepatotoxicity was related to the female gender (84%). The mean age was 41
years, and the most common indications for treatment were multiple sclerosis (24 cases) and Graves'
ophthalmopathy (13 cases). Hepatocellular damage was observed in all the cases with available data
and 35% of the subjects presented with positive autoantibody titers. The average time to onset was
six weeks. Four cases progressed to a fatal outcome. Accidental rechallenge occurred in 17 (38%)
cases.

Conclusions

Methylprednisolone use can potentially induce severe liver injury, often with an autoimmune
phenotype, particularly in patients with multiple sclerosis and Graves' ophthalmopathy.
Consequently, the hepatic profile should be monitored in these groups of patients to prevent
inadvertent reexposure.

Keywords
Methylprednisolone-induced liver injury, steroid pulses, multiple sclerosis, Graves' ophthalmopathy,
autoimmune hepatitis.
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Introduction

Methylprednisolone (MP), a synthetic glucocorticoid drug, exerts a potent anti-
inflammatory and immunomodulatory effect and therefore is prescribed in severe
inflammatory, autoimmune and neoplastic disorders as well as in the setting of transplant
rejection, among others.! High dose intravenous MP is the standard therapy for relapsing
multiple sclerosis and other autoimmune disorders, with doses ranging between 500
mg/day for 5 days to 1 g/day during 3 days.*?

Corticosteroids are considered very safe drugs as far as hepatotoxicity is concerned and
hence are underrepresented in hepatotoxicity databases.*® However, a number of liver
injury cases, mainly related to high dose methylprednisolone, have been reported in the
last years. This has raised certain controversy with regard to attribution of causality since
corticosteroids had been empirically advocated in the management of severe forms of
idiosyncratic drug-induced liver injury as well as in cases of hepatotoxicity presenting with
autoimmunity and systemic hypersensitivity features.0-*2

In the present study, we aimed to characterize the phenotypic characteristics of MP-
induced liver injury and the clinical context of hepatotoxicity presentation by analyzing
demographical, clinical, laboratory and outcome data from the cases included in the
Spanish and Latin-American DILI Registries and the previously published cases.

Materials and methods

Four cases of MP-induced liver injury included in the Spanish (2) and Latin-America (2) DILI
Registries were analyzed and the information compared with that obtained from 45
previously reported cases or case series. The Spanish DILI Registry (1994) and the Latin-
American branch (2011) are prospective databases that contain detailed demographic,
clinical, laboratory, imaging and histological (when available) information both at
presentation and at follow-up of patients.*

The applied biochemical DILI criteria followed the standard definition established by the
Council for International Organizations of Medical Sciences (CIOMS) in 1989% and
readjusted to those of Aithal et al. in 2011.2 The type of liver injury was assigned based on
the R ratio values from the first available blood test after DILI recognition. Cases were
considered Hepatocellular (HC) when R25, cholestatic when R<2 and mixed (MIX) when
2<R<5 and the severity of the episode was categorized as mild, moderate, severe or fatal
according to Aithal and colleagues.'* The CIOMS/RUCAM (Council for International
Organizations of Medical Science/Roussel Uclaf Causality Assessment Method) scale was
used for attribution of causality.®
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Time to onset was considered as the time interval between treatment initiation with the
culprit agent and either the appearance of compatible clinical symptoms or the first
evidence of hepatic dysfunction in serum liver enzymes, whichever occurred first.

To assess the diagnosis of autoimmune hepatitis (AIH), we applied the simplified criteria,
where a score of 26 and <7 points suggested probable AlH, whereas a score of 27 points
supported a definite AlH diagnosis.®

For the literature search, we used the U.S. National Library of Medicine (PubMed),
developed and maintained by the National Center for Biotechnology Information (NCBI).
Initially, the terms "hepatotoxicity" and "methylprednisolone" were used, however after
validating the high number of events on MP-induced hepatotoxicity related to the terms
"multiple sclerosis" and "Graves' ophthalmopathy", a new search was performed including
these terms as well.

Results
Case series

Patient 1

A 31-year-old Caucasian female with a 3-year history of multiple sclerosis (MS) under
treatment with interferon beta (IFN-B) and glatiramer acetate for the previous nine and
three months, respectively, was admitted to hospital due to acute relapsing disease. The
patient received a 3-day course of 300 mg/day intravenous pulse of MP.

Two weeks later, weakness, nausea, weight loss and jaundice ensued. Total bilirubin was
3.6 mg/dl (TBL <1 mg/dl), aspartate aminotransferase 1420 U/l (AST <31 U/l), alanine
aminotransferase 2194 U/I (ALT <31 U/I, and alkaline phosphatase (ALP) 229 U/I (ALP <129
U/I) indicating hepatocellular injury (R=79). Liver biochemical parameters at the time of
starting therapy were normal (Figure 6.1A).

All medications were stopped (Figure 6.1A). Serology for viral hepatitis A, B (HBV), C (HCV),
cytomegalovirus (CMV), Epstein-Barr virus (EBV), human immunodeficiency virus (HIV) and
Treponema Pallidum were negative. Immunoglobulins, ceruloplasmin, copper, iron and
transferrin serum levels were within normal ranges. Antinuclear antibodies,
antimitochondrial (AMA) and anti-smooth muscle antibodies (ASMA) were negative;
however, positive ANA titers of 1/320 were found at the time of normalization. An
abdominal CT scan and a cholangiography did not reveal liver masses or bile duct dilation.
Liver biopsy performed one month after initiating MP treatment showed centrozonal
necrosis with portal fibrosis and mixed inflammatory eosinophilic infiltrates. A maximum
TBL value of 12.6 mg/d| was reached five weeks after liver injury onset.
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Liver tests returned to normal within 70 days; however, ANA was detected at a titer of
1/320. CIOMS scale scored 7 points (probable) for MP.

Patient 2

A 36-year-old Caucasian female with a previous history of MS, depressive disorder and non-
alcoholic fatty liver disease (NAFLD) with a normal hepatic panel (Figure 6.1B) on treatment
with IFN-B for the last four years and sertraline during the last year. She presented with a
relapsing MS and received a 3-day course of high-dose (1 g/d) intravenous
methylprednisolone (MP). Prednisone oral doses of 60 mg/day were gradually reduced and
ultimately withdrawn in three weeks.

Laboratory tests five weeks after starting MP showed acute hepatocellular injury: TBL 0.8
mg/dl (<1.1 mg/dl), AST 419 U/I (<27 U/I), ALT 630 U/l (<33 U/I), and ALP 193 U/I (<270 U/I).
Serology for HAV, HBV, HCV, CMV and EBV was negative. ANA, AMA, ASMA and anti-liver
kidney microsomal antibody type 1 [Anti-LKM-1]) were all negative. An abdominal
ultrasound showed normal liver parenchyma with the absence of dilated biliary ducts as
well as a thin-walled gallbladder containing biliary sludge. Clinical and laboratory
abnormalities subsided over the next days and were normal eight weeks later, and she
remained on sertraline, but IFN-B treatment was removed. Several months later, during
follow-up, liver parameters remained normal.

One year later, a similar episode occurred following MS exacerbation and the
administration of intravenous MP (1 g/d for 3 days) and the same course of dose titration.
Two weeks after cessation of MP treatment, abnormal liver parameters were found: TBL
0.46 mg/dl, AST 122 U/I, ALT 165 U/I, and ALP 125 U/| (Figure 6.1B). Viral hepatitis was
excluded and autoimmunity markers were negative. Eleven weeks later, liver tests
normalized.

In the next two years, owing to the relapsing-remitting Multiple Sclerosis, subsequent 3-
day courses of high dose intravenous MP were given and followed by a flare of
hepatocellular damage (first year: TBL 1.75 mg/dl, AST 896 U/I, ALT 1151 U/I, and ALP 314
U/l; second year: TBL 0.57 mg/dl, AST 485 U/I, ALT 696 U/I, ALP 172 U/I) (Figure 6.1B).
Screening for viral hepatitis was again negative.

CIOMS scale yielded a score of 9 (highly probable) for MP hepatotoxicity with three positive
rechallenges.

Patient 3

A 27-year-old female with a seven-year history of Crohn's disease was admitted to the
hospital because of vomiting, mucous diarrhea and abdominal pain that did not respond to
a one-week treatment of 16 mg /day oral dose of prednisone. After admission, the patient
received a three-day course of intravenous MP (60 mg/day).
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Two days later liver parameters were: TBL 0.83 mg/dl (<1.0 mg/dl), AST 472 U/I (<40 U/l),
ALT 1446 U/I (<40 U/1) and ALP (<117 U/l) (Figure 6.1C). The patient denied toxic habits;
however, she reported the use of the herbal Aloe vera for years and was on treatment with
several drugs that had been initiated at hospitalization (Table 6.1). Serology excluded
hepatitis A, B, C, E, CMV, and EBV infection. Autoimmune serology for AMA, ASMA, ANA,
Anti-LKM was negative, and ceruloplasmin and alpha-1 antitrypsin levels were within
normal.

Abdominal ultrasound and CT scan revealed no abnormalities in liver and biliary tracts. A
thorough interrogation of the patient confirmed that three months earlier, a similar episode
of acute liver injury had occurred following MS exacerbation and the administration of oral
MP 48 mg/day (treatment duration unclear): TBL 0.25 mg/dl, AST 146 U/I, ALT 793 U/, and
ALP 83 U/I. CIOMS scale yielded a score above 8 (highly probable) for MP cytolytic liver
injury (R=42). The patient fully recovered after six weeks.

Patient 4

A 33-year-old female with a 12-years history of MS was referred to the clinic due to marked
jaundice, pruritus and elevated transaminases. The patient has had up to six MS
exacerbations in the past and had received bolus, high dose (1 g/d) MP for 3 to 6 days
followed by oral prednisone, with complete neurological remission. Routine biochemistry
after treatment showed normal liver tests.

Following a new MS relapse and the intravenous administration of high dose MP (1 g/day
for four days) and twelve days of oral prednisone, laboratory tests performed six weeks
later indicated severe hepatocellular liver injury: TBL 13.9 mg/dl (<1 mg/dl) AST 1823 U/I
(<104 U/l), ALT 2737 U/l (< 52 U/l) and ALP 169 (<104 U/I) and International Normalized
Ratio (INR) 1.44 (Figure 6.1D). Serology ruled out viral causes. Screening for autoantibodies
was negative, serum Ceruloplasmin and globulin levels were within the normal range, and
abdominal ultrasound findings were normal. Clinical and laboratory findings at two weeks
showed spontaneous improvement.

Ten months later, similar acute hepatitis-like signs and symptoms occurred following MS
exacerbation and the administration of intravenous MP (1 g/d for 3 days). Laboratory work
out showed: TBL 2.47 mg/dI, AST 1113 U/I, ALT 1500 U/l and INR 1.31, which returned to
normal several weeks later. Three months later, a liver biopsy specimen showed minimal
residual hepatitis without fibrosis. CIOMS scale scored 7 (probable) for reexposure to MP.

Literature review

An exhaustive review of the literature on MP-induced liver injury was carried out (Tables
6.1-6.2). A total number of 45 cases of MP-induced hepatotoxicity comprehended in six
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case series and 22 single case reports from 2000 to 2017 were retrieved, carefully reviewed
and analyzed in this study.}”4*

The majority of cases were female (84%) (Table 6.1). The average age was 41 years (range
11-74 years). However, the gender-specific mean age was 38 years in women (range 11-74
years) and 42 years in men (range 33-58 years). The main indications for MP therapy were
exacerbated episodes of demyelinating diseases (27 cases of which the majority
corresponded to MS (24), and the rest with one case each to retrobulbar optic neuritis,
transverse myelitis and demyelinating encephalopathy) followed by Graves'
ophthalmopathy (GO) with 13 cases. The remaining indications were interstitial pulmonary
disease, central nervous system vasculitis and Hashimoto's thyroiditis with one case each,
and two other cases of alopecia areata. Two of the cases with underlying MS also had a
diagnosis of autoimmune thyroiditis (Table 6.1).

The administration route used for MP treatment in these cases was mainly intravenous (43
out of 45 cases), whilst the oral MP administration route was in two cases (cases 13 and
22). The average treatment duration was 25 days (range 3-154 days), and a mean duration
of 5 days for demyelinating disorders and 47 days for GO was observed (Table 6.1).

Eighteen patients presented with clinical manifestations at onset. The most prevalent
symptoms were weakness, generalized malaise, nausea, abdominal pain and pruritus.
Jaundice was a common feature in symptomatic patients (83%). Besides, 18 patients were
asymptomatic and diagnosis of liver injury was made on a routine laboratory basis. In the
nine remaining cases, no information regarding symptomatology was available. The mean
time to symptoms onset was six weeks (range 1-20 weeks), while in patients with MS and
GO, the mean time to onset was six weeks (range 1-20 weeks) and nine weeks (range 2-18
weeks), respectively (Table 6.1).

Mean values for liver tests at peak were: TBL 7.5 mg/dl (range 0.8-24 mg/dl), AST 840 U/L
(range 39-2384 U/L), ALT 1341 U/L (range122-3028 U/L) and ALP 186 U/L (range 80-498
U/L). Fourteen cases presented with positive autoantibody titers (35%). Of those, seven
cases had ANA titers, two cases ASMA titers, and one case had AntiLKM-1 titers. Three
additional cases presented ANA and ASMA titers simultaneously and one case had AMA and
ANA positive autoantibodies. In the remaining 26 cases, autoimmunity titers were negative,
whilst in five other cases, autoantibodies were not available (Table 6.2).
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Figure 6.1 A-D Temporal relationship between i.v. MP boluses and biochemically liver dysfunction in patients 1-
4. The data shown above corresponds to patient 1 with a single episode after exposure to MP (A),
patient 2, who developed after a first episode up to three more events of MP hepatotoxicity (B),
patient 3, who suffered a first episode and later developed a positive reexposure (C) and patient
4 who after a first event of MP-induced liver injury suffered from rechallenge due to MP (D).
Concomitant treatments present at the onset of each liver dysfunction episode are displayed.
Abbreviations: MP, methylprednisolone; TBL, serum total bilirubin (mg/dl); ALT, alanine
aminotransferase (U/l); ALP, alkaline phosphatase (U/1); Interferon-B, interferon-beta; Bx, biopsy;
g, gram; d, day; iv., intravenous; RC, rechallenge; CaC, calcium carbonate; CaG, calcium
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Liver biopsy information was available for 27 patients (60%). The main findings were
necrosis in 17 cases and apoptotic changes in two cases. Mixed inflammatory infiltrates
were present in 12 cases. Infiltrates with lymphocytes, plasmatic cells, eosinophils,
macrophages and Kupffer cell hyperplasia were observed in cases 2, 4, 7, 9 and 12. Eight
cases displayed fibrotic changes, two cases showed signs of cholestasis and three more
cases showed acinar damage in zone Ill (Table 6.1). Interestingly, the pattern of liver injury
based on biochemical parameters was hepatocellular (n=35) in all cases with available
information (Table 6.2).

Most MP-induced liver injury cases recovered from the episode (89%), but there was a fatal
outcome in four cases. Patient no. 28 underwent liver transplantation but died. The mean
time to resolution was 15 weeks (range 1-154 weeks) and in the four fatal cases, the mean
time to exitus was six weeks (range 5-7 weeks). In 17 cases, inadvertent rechallenge to the
drug was observed, and in eight of those cases, reexposure to MP occurred several times
(Table 6.1).

Methylprednisolone had been the only administered drug in 24 cases, while in 15 other
cases, MP administration was given along with other associated medications. The
remaining six cases did not specify any information on concomitant treatments (Table 6.1).

Discussion

Methylprednisolone is often used as the treatment of choice against severe hepatitis as
well as liver disease with autoimmune features due to its potent anti-inflammatory and
immunosuppressive activities, and it has been considered a rare cause of DILL%
Nevertheless, boluses, high-dose courses of MP can induce severe hepatitis that recurs with
repeated administration of the drug and occasionally can lead to a fatal progression.3”°
The rate of published case reports on MP-induced liver injury has increased during the last
two decades.'’**

In order to establish the association between liver injury and MP use, an accurate rule-out
diagnosis against other potential aetiologies of hepatitis is required. Thus, for the four
herewith presented cases, other potential causes of hepatic injury have been exhaustively
excluded, notwithstanding, in patient 4, no imaging tests were done, and no CMV and EBV
serologic tests were performed (see above). Regarding the bibliographically reviewed
studies, most of these presented a detailed exclusion diagnosis. In case 34, only viral
serology was taken into account with no available imaging tests, and in cases 21 and 27 to
29, no autoantibody titers were measured. In case 31, a previous history of hepatitis B was
known; however, HBV DNA quantification resulted in negative; consequently, an active
infection of the virus was excluded. Case 32 displayed high positive titers for Anti-CMV IgM;
here, rather than drug-derived toxicity, MP most likely may have induced acute viral
hepatitis due to the intense immunosuppression.



Chapter 6

When more than one drug coincides in the setting of a DILI episode, a meticulous judgment
of the culprit compound is required. Regarding patient 1, she had been treated with IFN-B
and glatiramer acetate prior to i.v. administration of MP due to an outbreak of the patient's
underlying MS. Normal laboratory panels from the time previous to MP administration,
when the patient had already been in treatment with IFN-B, most likely pointed to MP-
associated liver injury causality. Patient 2 was concomitantly treated with sertraline and
IFN-B when the first episode befell. The patient also had normal biochemical parameters
from the time before the episode, while the patient was in treatment with sertraline and
IFN-B. Furthermore, in patient 2, after the first episode, three more positive reexposures to
MP were observed, whilst IFN-B had not been administered during all three rechallenge
episodes. Sertraline was not stopped during the succession of episodes, but complete
normalization of the liver panel occurred between episodes. Patient 3 declared the use of
Aloe vera for many years before without complications and presented various concomitant
drugs, which had been started immediately after hospitalization (prednisone
[administrated during the week before admission and re-administrated after i.v. MP-
course], enoxaparin, calcium gluconate, calcium carbonate, pantoprazole, metamizole,
acetaminophen [levels below toxic doses]), but suffered a positive reexposition to MP. The
therapy scheme in patient 4 included oral prednisone after the fifth day of MP; however,
the patient took prednisone in variable courses during the previous ten years without any
signs of liver dysfunction. In addition, rechallenge with MP led to a further flare in liver
transaminases. In one reported event from the literature, the patient exhibited only drug-
induced liver dysfunction after exposures to methylprednisolone, despite being in
treatment with the glucocorticoid agent dexamethasone (case 11).2® This fact may suggest
a potential relevance of drug-specific factors in contributing to the hosts' predisposition to
suffer from MP-induced liver injury.

Most of the episodes resulted in resolution of the liver dysfunction episode, except for four
of the previously published events, where the patients suffered a fatal outcome.?”*
Concerning fatal events, it was adverted that all four subjects had suffered from a GO
relapse and were exposed to higher cumulative MP doses (mean 12g [range 15-8.3g])
compared to the rest of analyzed patients (mean cumulated MP dose 2 g [range 0.18-
10.7g]).

In all the analyzed events, MP was administered to treat exacerbations of an underlying
autoimmune disease. High-dosed MP administered as i.v. bolus is not exclusively restricted
to autoimmune relapses but commonly used in a broad spectrum of diseases such as
asthma, COPD recrudescences or medullar compression.*®*” Despite greater use of MP in
patients with these indications, there are no reported cases of DILI in the literature. This
circumstance suggests that patients with an underlying autoimmune disease, particularly
MS or GO, have a notably higher susceptibility to suffering from MP-induced liver injury, as
other authors have hypothesized before.*®
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Out of the 45 previously reported cases, 14 events displayed positive autoantibody titers.
Patient 1 presented positive ANA titers of 1:320, whereas autoimmunity markers were
negative in patients 2-4. The fact that an underlying autoimmune disease was present in
the patient's previous medical record makes it particularly challenging to address the origin
of positive autoantibodies and/or alteration of autoantibody titers. Most likely, positive
autoimmunity features may derive from the underlying autoimmune disease.*

In five of the reviewed MP-induced liver injury events, the diagnosis of AIH induced by MP
was established (cases 18, 20, 21, 25, and 33). The physiopathology relies on the fact that
after initiating MP therapy, a strong suppression of the immune system occurs. However,
after sudden discontinuation of the drug, immunosuppression reverts, and the immune
system reconstitutes; this condition may then trigger AIH.*° For cases 20, 25, and 33,
laboratory panels previous to the hepatotoxicity episode confirmed serum liver enzymes
within normal ranges; thus, an underlying undiagnosed AlH is less probable. In cases 18 and
21, no reference to serum tests previous to the episode was available. After liver
dysfunction was diagnosed in cases 20, 25, and 33, therapy was rearranged to oral
corticoids (prednisolone in case 20 and prednisone in the other ones). In case 18, treatment
with azathioprine and prednisone p.o. followed after AIH diagnosis. The time to resolution
lasted 10, 9, and 13 weeks for cases 18, 25, and 33, respectively. Similarly, for the rest of
MP-induced liver injury events, the mean time to recovery was 15 weeks (range 1-154
weeks) and occurred simply by dechallenging the drug without additional support therapy.
The similar recovery profile regarding serum liver enzymes and the time to resolution
suggests that perhaps the improvement of the hepatic function occurred independently
from the immunosuppressive therapy administered in cases 18, 25, and 33. It is complex to
distinguish MP-induced liver injury from MP-induced AlH; nevertheless, there is a well-
defined timeline between treatment initiation with MP and liver injury development, with
a mean time to onset of 6 weeks (range 1-20 weeks) for these cases. Thus, the existing
relationship between liver injury and the intake of MP is undeniable in these patients.

Another aspect of interest in MP-induced liver injury is the high rate of rechallenge that
patients suffered. As already known, positive rechallenge due to a suspected drug agent
strengthens the association to drug-induced hepatotoxicity causality, and indeed, it is
commonly used as a feature in hepatotoxicity scales, such as the CIOMS/RUCAM scoring
system.>>*2 In the revised published cases, up to 38% of these developed a positive
rechallenge (17 out of 45 cases). In patients 2-4, three, one, and one, reexposures to MP
happened respectively and led to a new ALT flare. The high reoccurrence in MP-induced
liver injury most likely relies on the fact that MPs' potential to induce liver injury is generally
underestimated, and cases remain consequently undiagnosed, which may incite further
exposures to the drug. The high number in recurrences, together with the fact that fatal
progression has been described in MP-induced liver injury, is doubtlessly a matter of
concern. Additionally, MP-induced liver injury is associated with considerable morbidity and
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mortality regarding the severity of liver injury presented (Table 6.2). Hence, an early
diagnosis may be of crucial importance in MP-induced liver injury to discontinue the drug,
preventing accidental rechallenge and reducing accumulated liver injury in these patients.

Other authors have insinuated that MP-induced liver injury could result from metabolic
idiosyncrasy and the effect of chemically reactive agents (MP is mainly metabolized by the
cytochrome P450 (CYP) 3A isoenzymes CYP3A4 and CYP3A5).%83% Under our perspective,
immune-mediated mechanisms of hepatocyte injury might play a more relevant role rather
than collateral damage through metabolic idiosyncrasy. Indeed, the adaptative immune
response is believed to play mechanistically a pivotal role in idiosyncratic DILI and MP is
undoubtedly well known for its suppressive immunomodulatory effect, which has been
indicated against severe forms of liver injury.>® Thus, one may hypothesize that the MP-
induced immunosuppression could awaken a self-immune reaction in susceptible hosts that
manifests with typical AIH features, but in other occasions could remain unnoticed as cases
of atypical AIH due to its challenging diagnosis per se (e.g., lack of data, heterogeneous
pattern).

In conclusion, MP-induced liver injury is a more than viable suspicion diagnosis that has to
be considered, especially after i.v. administration and in the setting of an underlying
autoimmune disease outbreak, particularly MS and GO. The apparent liver injury frequently
appears during the first week after treatment with a hepatocellular type of liver injury and
with an extensive range of severity from asymptomatic or mild to severe and fatal. Patients
presenting an underlying autoimmune disease require a closer follow-up during and after
high-dose MP i.v. therapy.
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Abstract

Background & Aims

Chronic outcome following acute idiosyncratic drug-induced liver injury (DILI) is not yet defined. This
prospective, long-term follow-up study aimed to analyze time to liver enzyme resolutions to establish
the best definition and risk factors of DILI chronicity.

Methods

298 out of 850 patients in the Spanish DILI registry with no pre-existing disease affecting the liver and
follow-up to resolution or P1 year were analyzed. Chronicity was defined as abnormal liver
biochemistry, imaging test or histology one year after DILI recognition.

Results

Out of 298 patients enrolled 273 (92%) resolved 61 year from DILI recognition and 25 patients (8%)
were chronic. Independent risk factors for chronicity were older age [OR: 1.06, p=0.011], dyslipidemia
[OR: 4.26, p=0.04] and severe DILI [OR: 14.22, p=0.005]. Alanine aminotransferase (ALT), alkaline
phosphatase (ALP) and total bilirubin (TB) median values were higher in the chronic group during
follow-up. Values of ALP and TB>1.1 x upper limit of normal (xULN) and 2.8 XULN respectively, in the
second month from DILI onset, were found to predict chronic DILI (p<0.001). Main drug classes
involved in chronicity were statins (24%) and anti-infectives (24%). Histological examination in chronic
patients demonstrated two cases with ductal lesion and seven with cirrhosis.

Conclusions

One year is the best cut-off point to define chronic DILI or prolonged recovery, with risk factors being
older age, dyslipidemia and severity of the acute episode. Statins are distinctly related to chronicity.
ALP and TB values in the second month could help predict chronicity or very prolonged recovery.

Lay summary

Drug-induced liver injury (DILI) patients who do not resolve their liver damage during the first year
should be considered chronic DILI patients. Risk factors for DILI chronicity are older age, dyslipidemia
and severity of the acute episode. Chronic DILI is not a very common condition; normally featuring
mild liver profile abnormalities and not being an important clinical problem, with the exception of a
small number of cases of early onset cirrhosis.

Keywords: Hepatotoxicity; chronic; risk factors; statins
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Introduction

Drug-induced liver injury (DILI) is a rare and often unpredictable adverse reaction to many
drugs in common use. It represents a leading cause of acute liver failure in Western
countries and one of the most common reasons for attrition during drug development and
adoption of post-marketing regulatory actions.?

DILI can present with a wide range of histological findings and phenotypes as a result of the
interaction of a drug specific signature with host factors.%® Withdrawal of the offending
drug is characteristically followed by resolution of liver damage except for a minor
percentage of cases that evolve to fulminant hepatic failure or become chronic.

Analyses of retrospective databases*® and prospective collaborative networks>® have
yielded reliable figures on prognosis of acute DILI and identified risk factors for acute liver
failure and liver related-death.

There is a general belief that acute DILI persisting beyond 6 months should be considered
chronic, similar to that occurring with viral hepatitis B or C.° However, very few studies have
addressed the rate of persistence in liver biochemistry alterations after drug
discontinuation in patients with acute DILI after longer follow-up. A retrospective
evaluation of 33 DILI cases found impaired liver tests or imaging-based evidence of chronic
liver disease in 11 of the cases.!® Furthermore, a retrospective analysis of 685 patients with
acute DILI and jaundice found 8 patients who had developed cirrhosis (5 cryptogenic) in a
mean follow-up of 10 years.!! However, the retrospective design of these studies precludes
a reliable estimation of the true incidence of chronicity and the resolution time course of
biochemical alterations in patients with DILI. Chronic liver injury was initially defined as
increases in liver test values >3 months.!? In a later study, chronicity of cholestatic/mixed
type of injury was considered as elevated liver biochemistry values >6 months from DILI
onset, assuming that these types of injuries frequently require longer time to resolution.®
In addition, the United States DILI Network considers chronicity as persistently elevated
liver biochemistry on two separate occasions; histological or radiological evidence of
persistent liver injury at 6 months or more after DILI onset.'* Hence, the best definition of
DILI chronicity remains a matter of debate.21®

In the present study, we aimed to describe the outcome of prospectively followed patients
who survived an acute DILI episode with an emphasis on the time course of the liver
biochemical profile in order to determine the best cut-off point to define chronicity, and
search for risk factors related to chronicity and clinical consequences of the chronicity.

Patients and methods

Study design

The study population consisted of idiosyncratic drug-induced liver injury cases included in
the Spanish DILI registry founded in April 1994. The operational structure of the registry,
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data recording and case ascertainment has been reported elsewhere.®> Case report forms
contain full information necessary to ascertain causality: (a) compatible temporal
relationship between drug intake and appearance of liver disease; (b) serology biochemical,
imaging and histological data to exclude alternative liver diseases; and (c) outcome of liver
damage. Cases were identified by clinicians from 30 Spanish hospitals.

The criteria for DILI were initially those established by a group of experts (alanine
aminotransferase, ALT>2 times the upper limit of normal (xULN), conjugated bilirubin >2
XULN or combined elevations in aspartate aminotransferase (AST), alkaline phosphatase
(ALP) and total bilirubin (TB) provided one of them is above 2 xULN)*? and later restricted
to the consensus criteria adopted in 2011 (ALT=5 xULN, ALP>2 xULN or ALT=3 xULN + TB>2
XULN).? Eighty-four percent of the cases fulfilled the last-mentioned criteria. The pattern
of liver injury was classified based on the ratio (R) values, (ALT/ULN)/(ALP/ULN). Cases were
considered hepatocellular (HC) when R25, cholestatic (Chol) when R<2 and mixed (Mix)
when 2<R<5 according to the criteria of the international consensus meeting for DILI).*
Severity was classified as mild, moderate, severe or fatal based on the DILI severity index
defined in 2011.%°

We have defined chronicity as persistent ALT, AST, TB or ALP elevations >1 xULN or imaging
or histology data compatible with chronicity (irrespective of laboratory data) after one year
from DILI recognition. Patients whose liver enzyme values returned to within laboratory
references ranges in less than one year, regardless the type of damage, without chronicity
signs previously described were defined as acute. Acute DILI patients were followed at least
up to resolution. Chronic DILI patients were followed more than one year.

The definition of dyslipidemia was based on the criteria of the national cholesterol
education program’s adult treatment panel Il (ATPIIl): total cholesterol >240 mg/dl, HDL
cholesterol <40 mg/dl, LDL cholesterol 2160 mg/dl or triglycerides >200 mg/dI.Y’

Drugs considered to be implicated in the liver damage were classified according to the
anatomical therapeutic classification of the World Health Organization.® Only patients with
a causality probability score of possible or higher using the Council for International
Organizations of Medical Science (CIOMS) scale were included.?®

Study patients

Since 1994 to September 2012, 850 patients with idiosyncratic DILI were considered for
potential inclusion in the natural history study, and 351 patients fulfilled all the inclusion
criteria (Figure 7.1).
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Figure 7.1

Inclusion criteria were:

Flow chart of the study cohort.

e  Survival of the index episode without a liver transplantation,
e DILI cases that reached resolution or DILI cases that did not resolve but had follow-up

>1 year after DILI recognition,

e During follow-up cases had appointments with biochemical analysis scheduled, at
least, every 6 months in the first year and annually in the consecutive years.

In patients with more than one DILI episode, only the last episode was included in the

analysis to avoid that liver profile alterations corresponding to the second episode could

interfere as confounding factor for chronicity.

Out of these 351 patients, 53 were further excluded due to:

e Underlying chronic liver disease (viral, alcoholic, metabolic or autoimmune hepatitis or
altered basal liver profile of unknown aetiology) and Gilbert syndrome (22 cases),

e Systemic diseases affecting the liver (thyroid, heart disease, HIV infection) (17 cases),

e Miscellaneous causes such as paracetamol overdose and patients with alcohol intake

over 40 g/day (14 cases).

The study protocol was approved by the local ethics committee of the coordinating center
at “Virgen de la Victoria” University Hospital in Malaga, Spain, and all the subjects who took
part in the study provided informed consent.
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Statistical analyses

Variables were examined using descriptive statistics. Bivariate associations were measured
using Student t test for continuous variables and chi-square test for categorical items.
Analysis of variance was used for comparisons of groups.

Where variables did not follow a normal distribution, nonparametric analyses (Kruskal-
Wallis test) were performed. A receiver operating characteristic (ROC) curve to analyze ALP
and TB in the prediction of chronicity was performed. Differences were reported as
statistically significant when the p value was <0.05. Times to event data are represented as
Kaplan-Meier estimates. Actuarial probabilities were calculated using the Kaplan-Meier
method and compared with the use of the log-rank test. Variables that were associated
with chronicity in univariate analyses were included as potential covariates in a multiple
logistic regression model. All statistical analyses were performed using the SPSS software
version 19.0.

Results

Two hundred and ninety-eight DILI patients fulfilled all inclusion and none of exclusion
criteria and were included in the study. The overall mean age was 53 years (14-88 years),
167 were females (56%), and hepatocellular damage predominated (203, 68%). The main
causative pharmacological drug group was antiinfectious (40%), followed by musculo-
skeletal system (13%), central nervous system (12%), and cardiovascular drugs (11%). The
cases were assessed as highly probable (43%), probable (50%) and possible (7%) according
to the CIOMS/RUCAM scale.

Establishing the best cut-off point to define chronicity

To determine the best cut-off point for chronicity a Kaplan-Meier estimate of liver injury
resolution was performed with the 285 cases that normalized liver tests over time out of
the 298 patients included in the study (Figure 7.2). According to the type of liver damage,
193 cases (68%) were hepatocellular. Out of these, 101 cases (52%) resolved in the first 3
months, with an additional 57 cases resolving before 6 months and 27 more cases before
the first year.

Forty-six cases were cholestatic (16%), out of these 17 resolved in the first 3 months (38%),
17 more cases (38%) resolved between month 3 and 6, and 10 more cases resolved before
the first year.
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Figure 7.2 Time to liver injury resolution in 285 patients with acute idiosyncratic drug-induced liver injury who
recovered classified by type of damage. An additional 13 patients (not included) had not recovered
after 3 years. Chol, cholestatic; HC, hepatocellular; Mix, mixed.

Out of the remaining 46 mixed cases (16%), 28 (60%) resolved during the first 3 months, 12
between 3 and 6 months and 4 more cases resolved before the first year (Figure 7.2). The
mean time of resolution for the 285 patients was 142 days [95% Cl=115-170 days]. The
median was 86 days (95% CI=75-97). With respect to time to resolution according to type
of liver damage it is important to note that in hepatocellular damage, the median resolution
time was 83 days (95% CI=69-97). Cholestatic patients required longer time to resolution,
115 days (95% Cl=83-147) and in patients with mixed liver damage the median resolution
time was 76 days (95% CI=58-94).

We did not observe any statistically significant differences in the probability of resolution
at one year between the different types of liver damage (p=0.44). Within 348 days from DILI
recognition, 95% of the patients who reached resolution (92% of all study patients) had
independently resolved of the type of injury. Hence, in the following analyses patients
resolving within 1 year (n=273) are referred to as acute DILI, and those requiring >1 year as
well as those not resolving during follow-up, as chronic (n=25, 8%). Thus, the term
“chronic” referred to prolonged recovery (until reaching normalization) and non-resolving
cases. Additionally, unresolved cases included patients who developed cirrhosis during the
first year, which became quiescent.

A flow chart of the studied population is shown in Figure 7.1. In the acute group,
174 patients (64%) had normalized liver tests in their respective defined time frames based
on the type of liver injury (63 months hepatocellular and 66 months cholestatic/mixed) and
99 patients (36%) resolved after this time but before one year. In the chronic group 10
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patients had cholestatic/mixed type of damage and 15 patients presented cytolytic
features. In this group, 8 patients (32%) resolved within 3 years from DILI recognition and
16 (64%) did not resolve during the first 3 years of follow-up. After one year from DILI onset
one mixed case was lost during follow-up without reaching resolution.

Comparison of demographics, clinical and laboratory parameters between
acute and chronic DILI cases

A comparison of demographics, clinical and laboratory parameters between the acute and
chronic group is outlined in Table 7.1.

Table 7.1 Comparison of demographics, clinical, and laboratory parameters in 298 DILI cases according to the
time of resolution.
Acute, <1 year Chronic, >1 year p value
(N=273) (N=25)

Female, n (%) 151 (55) 16 (64) 0.4
Age, mean years (range) 52 (14-88) 63 (30-83) 0.002
Gender-specific age, mean (range)
Men 54 (17-87) 58 (30-70) 0.5
Women 51 (14-88) 66 (43-83) <0.001
BMI (kg/mz), mean (range)
Jaundice 156 (58) 20 (80) 0.032
Hospital admission 110 (45) 17 (77) 0.004
Hypersensitivity features 78 (29) 9(36) 0.2
Eosinophilia 53(20) 8(32) 0.2
Lymphopenia 22 (14) 5(21) 0.4
Positive autoantibody titres 51(23) 4(16) 0.4
Duration of treatment, mean/median days (range) 79/21 (1-1827) 191/49 (4-1826) 0.2
Time to onset, mean/median days (range) 72/21 (0-1826) 152/30 (0-1828) 0.3
Days of continued exposure to drug after onset of 21 (1-308) 50 (1-514) 0.3
symptoms, mean (range) patients, n (%) 147 (54) 18 (72)
Type of liver injury, n (%) 0.6
Hepatocellular 185 (68) 15 (60)
Mixed 44 (16) 4(16)
Cholestatic 44 (16) 6 (24)
Laboratory parameters at onset, mean (range)
TB (mg/dl) 5(0.13-33) 7(0.4-28) 0.1
AST XULN (range) 15 (0.6-197) 13 (1-55) 0.7
ALT xULN (range) 19 (0.6-134) 20 (2.5-71) 0.9
GGT xULN (range) 7 (0.2-49) 14 (0.3-79) 0.08
ALP xULN (range) 1.8 (0.2-16) 3(0.4-11) 0.05
Outcome, n (%) 12 (4) 2 (8) 0.4
Positive rechallenge, n (%) 16 (0.2-166) 54 (16-112) <0.001
Mean follow-up, months (range)
Recovery, mean days (range) 106 (7-357) 935 (385-3020) <0.001
Severity, n (%) 0.003
Mild + moderate 261 (97) 21 (84)
Severe 9(3) 4 (16)

The percentages shown were calculated based on the total number of episodes with available information.
Severity index, Mild: elevated ALT/ALP meeting DILI criteria with total bilirubin <2 mg/dl; Moderate: elevated
ALT/ALP with total bilirubin >2 g/dl; Severe: elevated ALT/ALP and one of the following: ascites, encephalopathy,
international normalization ratio >1,5 and/or other organ failure considered to be due to DILI; Fatal: death or
transplantation due to DILI. Hypersensitivity features: presence of one or more positive features such as fever,
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rash, arthralgia, peripheral eosinophilia or lymphopenia; TB, total bilirubin; AST, aspartate aminotransferase; ALT,
alanine aminotransferase; GGT, gammaglutamyl transpeptidase; ALP, alkaline phosphatase.

Mean time follow-up was 16 months (range: 0.2-166 months) in the acute group and 54
months (range: 16-112 months) in the chronic group. The patients in the chronic group
were significantly older as compared to those in the acute group, 63 vs. 52 years (p=0.002),
with female predominance (64%, p<0.001). Patients who progressed to chronic DILI had a
longer duration of treatment (median 49 days compared to 21 days in the acute group),
although this difference was not statistical significant. The chronic cases presented
frequently with jaundice at onset (80% vs. 58%, p=0.03) and often required hospitalization
(77% vs. 45%, p=0.004). In addition, the percentage of severe cases was higher in the
chronic group compared to patients in the acute group (16% vs. 3%, p=0.003). The
prevalence of diabetes mellitus, dyslipidemia and hypertension was greater in the chronic
group, 28% vs. 10% (p=0.006), 44% vs. 13% (p<0.001) and 50% vs. 25% (p=0.019),
respectively. However, the body mass index did not differ between both groups.
Furthermore, we analyzed the lipid profile (LDL, HDL, total cholesterol and triglycerides)
during follow-up in 11 chronic (8 on statin and 3 on fibrate treatment) and 36 acute (22 on
statin and 3 on fibrate treatment) dyslipidemic patients, but no differences were found
between both groups.

Hepatocellular damage predominated in both, the chronic and acute groups (60% vs. 68%,
respectively, p=0.6). Despite the fact that type of liver injury did not appear as a risk factor
for chronicity, the chronic group presented significantly higher mean values of serum ALP
(3 XULN vs. 1.8 xULN, p=0.05) at DILI onset. Time course of liver biochemistry values
revealed that median values of ALP, ALT and TB were higher in the chronic group during the
first year. All available laboratory analyses during follow-up in both, the chronic and acute
group are represented in Figure. 7.3. Table 7.2 shows demographic, major clinical and serial
biochemical parameters of 16 chronic DILI patients who did not resolve in the first 3 years.
Additional information on liver profile in the 25 chronic DILI patients has been shown in
Supplementary Tables $7.1 and S7.2.

Figure 7.3  Median of ALP, ALT and TB values during the first year from DILI onset in acute and chronic
groups. Each time interval includes 15 days.
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Several time frames were analyzed to explore potential differences in liver tests between
the chronic and acute group. In the period 30 to 60 days from DILI onset (second month)
significant differences in ALP and TB were found with higher values in the chronic group.
We then performed a ROC curve analysis and found that a cut-off point of 1.1 xULN for ALP
and 2.8 xULN for TB resulted in the highest area quatification under the curve (AUC) values
to predict chronicity, including slow resolution beyond one year, with a sensitivity of 83%
and 75%, and a specificity of 87% and 93%, respectively, (p<0.001) (Supplementary Figure
§7.1).

In the logistic regression analysis, older age [Odds ratio (OR): 1.06, 95% Cl: 1.01-1.12;
p=0.011], dyslipidemia [OR: 4.26, 95% Cl: 1.02-17.74, p=0.04] and severe DILI [OR: 14.22,
95% Cl: 2.23-90.9, p=0.005] were found to be independent risk factors for chronic DILI
development.

Comparison of demographics and clinical characteristics of 25 chronic patients based on
type of liver damage is presented in Table 7.3. Liver biopsy was available for 16 patients
(64%) in the chronic group, showing two cases with ductal lesion, one with low grade
fibrosis and seven with cirrhosis. Drugs related to liver cirrhosis were atorvastatin,
bentazepam, ebrotidine, clopidogrel/atorvastatin, amoxicillin-clavulanate/ibuprofen and
ranitidine. Out of the seven biopsies of DILI cases that evolved to cirrhosis, only one showed
steatosis, but not steatohepatitis, in a biopsy performed one year after the onset of the DILI
episode. There were three more cases with demonstrated steatosis, after obtaining and
analysing liver biopsies, in the chronic group during follow-up (performed from month 8 to
60 after DILI onset), two of these had previous biopsies without this finding (Supplementary
Tables S7.1 and $7.2 show details for individual patients).

Table 7.3 Comparison of demographics and clinical characteristics of the 25 chronic patients according to the
type of liver damage.

Hepatocellular Cholestatic/mixed

N=15 N=10
Age years, mean (range) 62 (30-83) 64 (40-78)
Female, n (%) 9 (60) 7 (70)
Jaundice, n (%) 13 (87) 7 (70)
Hypersensitivity features, n (%) 3(20) 6 (60)
Liver biopsy*, n (%) 10 (67) 6 (60)
Fibrosis, n (%) 1(7) 0
Cirrhosis, n (%) 5(33) 2 (20)
Ductal lesion, n (%) 0 2 (20)
Steatosis, n (%) 2 (13) 2 (20)
Biochemical normalization <3 years, n (%) 7 (47) 1(10)

Hypersensitivity features: Presence of one or more positive features such as fever, rash, arthralgia, peripheral
eosinophilia or lymphopenia. The time point of biopsy varied from 2 weeks to 60 months after DILI onset.
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Therapeutics Groups involved in chronic DILI

Among the culprit therapeutic drug classes involved in chronic DILI episodes, the more
frequent were statins (24%), antiinfectives (24%, including 16% amoxicillin-clavulanate
cases and 8% sulfamethoxazole and trimethoprim) and Ha-receptor antagonists (12%),
mainly due to ebrotidine, a drug marketed in Spain in 1997 and withdrawn in 1998 (Table
7.4). Interestingly, the angiotensin-converting enzyme inhibitors and angiotensin Il
antagonists group was only represented in the chronic group.

Table 7.4 Comparison of drug classes implicated in DILI cases between acute (resolution 61 year) and chronic
(persistent >1 year) patients.

<1vyear >1 year p value

(N=273) (N=25)
Drug classes, n (%)
H2-receptor antagonists* 6(2) 3(12) 0.03
Antithrombotic agents 3(1.1) 1(4) 0.8
ACE inhibitors + angiotensin Il antagonists 0 2 (8) 0.0007
Statins 18 (6) 6 (24) 0.002
Fibrates 3(1.1) 2 (8) 0.07
Female sex hormones 7 (3) 2(8) 0.36
Antithyroid preparations 3(1.1) 1(4) 0.8
Anti-infectives
Penicillins-cephalosporins (excluding AC) 6(2) 0 0.9
Amoxicillin-clavulanic acid (AC) 68 (25) 4(16) 0.4
Sulfamethoxazole and trimethoprim 2(0.7) 2(8) 0.03
Fluoroquinolones 11 (4) 0 0.6
Macrolides 8(3) 0 0.8
Antineoplastic agents 5(1.8) 1(4) 0.9
Antiandrogens 4(1.5) 1(4) 0.9
Immunosuppressants 5(1.8) 0 0.9
Non-steroidal antiinflammatory drugs (NSAIDs) 41 (15) 2 (8) 0.5
Tetrabamate* * 4(1.5) 1(4) 0.9
Antiepileptics 6(2) 2 (8) 0.3
Herbal products 12 (4) 0 0.6

Discussion

Up to now there are scarce and heterogeneous data reported on the long-term outcome of
patients who survived an acute DILI episode, reflecting differences in the methodological
approaches and the broad definitions of chronic DILI used in previous studies as outlined in
Table 7.5. We here present a large prospective cohort of patients with DILI caused by a
variety of agents with the longest follow-up reported in an outcome in DILI. Although our
study had strict inclusion and exclusion criteria in order to avoid confounding factors, it
indeed reflects a real clinical practice setting attempt to better characterize chronic.



Chronic drug-induced liver injury

‘98ewep paxiw XA ‘@3ewep
Jejnj@doleday ‘DH ‘@3ewep dneissjoyd ‘|oyd ‘syusws|ddns Aseialp pue sjequay ‘SQH ‘eseleydsoyd auley|e ‘v ‘eselajsuelioulwe ajeliedse ‘| Sy ‘asesajsueliouiwe
auluele ‘17y ‘uignaijiq parednfuod ‘gd ‘uignu |e101 ‘gl ‘S|ge|ieAe 10U B U "Yleap pale|al-4aAl| pey syuaned G ., ‘palp ¢ pue dn-mojjo} pualie o1 pajies syuaned /

195U0 7] J914€ syruow

9TSTO0T SaH 9z Aunful JaAl| Juaisisiad Jo 2ouapInS
|0J23Ud041SED  ‘JE|NISEAOIPJED |ed18ojolped 4o ‘Aunful 4ol Suio8uo (Ip/8w g'z<gl 40
rwy ‘nsedoaunue 40 22U3PIAD [B21B0(03SIY ‘9L 40 G T<YUNI ‘NINX T<d1V ‘NINX S<LTV
“|e 19 euejuo4 ‘|lelgosoiwnuy %69/9°CS (%2CT) 86/,  syuow yz ues|N 41V ‘L1V LSV Pa1eAd|a Ajjuaisisiad 10 1SY) Apnis Aiisi8au aandadsoud
(N1nx  anoge
SI Way3 o auo papinoud g pue
d1V ‘1SV Ul SUOIIBAS| paulquiod
TT600¢ |01edaH [ uonez||eydsoy J0 NTNX 2<9D ‘NINX Z<11V)
*|e 3@ uossuuolg ‘e'u ‘e'u «+(%V'€) S89/€C sJedA TT uea|y 11@ 4934e Ayjeriow/ANpIgJolA Apnis aseqelep aA0adsoslay
(47v Buipnaxa ‘N1NX ¢ anoqe
uolyugodau S| Way3 o auo papinoid g1 pue
£800T A 171 J3}e syjuow 9 1e saiijew.ouqe d1V ‘1SV Ul SUOIIBAS| paulquiod
SojoJajusonsen 2180|0351y J0 “2180|0IpEl 10 NTNX <92 ‘N1NX Z<11V)
“|e 19 lueseleyd eu e’y (%9°€T) 00€/TV syuow 9<  ‘Alojesoqe| pale[aJ-IaAl| JUB1SISIDd Apnis aseqeiep aA0adsol1ay
(wedazejuaq) (NTNX
s8nJip SND a8ewep xiw/joyd Z 9NO0QE S| WAy} Jo auo papinosd
€1900C pue (uneiseniole J914B SYUOW 9< JO |[EMEIPYUM g1 pue 41V 1SV ul SuoneAs|d
ASojojeday ‘|ludoyded) sSnup Snup Jaye syuow €<IH Jo paulqwod Jo NTNX 2<9D ‘N1NX
““|e 1@ apedpuy  Jejnaseaolpie) %%9/SS (%L°S) €67/8C syiuow oz uealy Alljew.souqe |e21WBYD0Iq JUSISISIad 2<11V) Apmis Axsi8au aandadsoud
(N1nx Z @noqe
Sl Way} o auo papinoid g1 pue
sondajoydAsd Ssyuow gI< d1V ‘1SV Ul SUOIleAd|d paulquiod
016661 SAIVSN Aunfur sani| Jo 22uapIAS [BD180I0ISIY 4O NTNX 2<8D ‘NINX Z<L1V) Apnis
N9 “|e 19 |eyuy sonoiqnuy %6S/6¥ (%E€E) «EE/TT siedh g uelpay 10 |eai3ojolped ‘|edtwayoolg A3ojo1s1y/aseqelep aAl10adsol19y

9% 9leway/IA Adruoayd

ERIVEIEIEN] s8nup wudiny ‘98e uea|p uojiodoud dn-mojjo4 el914d Aldiuoly) (ew@342 171Q) Apnis

Aanfur Jan1| paonpui-8nup 211e4ouAsolpl Jo W 02IN0 WJ33-3uo| Y3 Suissauppe salpnls  G'/ d|qel



Chapter 7

The first international consensus meeting on DILI recommended that a hepatocellular
pattern of liver injury persisting for more than 3 months after onset should be considered
as chronic liver injury.’? This period of resolution nowadays seems inappropriate when
analyzing the outcome of large cohorts of DILI patients, which have shown that many
subjects with hepatocellular damage have persistent elevations in liver enzymes at this time
point. The drug-induced liver injury network (DILIN) group has used in their analysis the
standard period of six months to establish chronicity.”® In a consensus of experts in 2011
continued liver damage was classified as persistent DILI when there was evidence for liver
injury 3 and 6 months after withdrawal of the culprit drug in hepatocellular and cholestatic
type of liver injury, respectively. Chronic DILI was then defined as the evidence of continued
liver injury beyond 12 months of follow-up after withdrawal of the causative drug. In the
present study, encompassing a large and wellphenotyped DILI cohort in which potential
confounding alternative causes of persistent damage were thoroughly excluded, shows, via
Kaplan-Meier analysis, that 95% of the DILI patients who finally recovered had resolved the
injury at 348 days regardless the type of damage. Therefore, we do not consider it necessary
to further classify the acute group into persistent and chronic as done by Aithal et al.?®
Hence, we consider one year as the best cut-off point to identify and differ acute DILI
patients from those with very prolonged recovery or true chronic DILI.

It is a general belief>?° that cholestatic and mixed damage require longer time to
normalize. Our data challenged this perspective, as the median days to resolution were 83,
115 and 76 days for hepatocellular, cholestatic and mixed cases, respectively, with no
statistically significant differences among the groups (p=0.4). Hence, our findings indicate
that it is not necessary to consider different categories of time to resolution based on the
liver injury pattern for the definition of chronicity.

The prevalence of chronic DILI beyond one year follow-up in this study was 8%. It is lower
than the prevalence previously reported by Aithal et al. in 1999 (33%)° and the DILIN group
(13.9%-18.9%).”1¢ These differences might be explained by applying diverse definitions of
chronicity (6 months vs. 1 year) and less restrictive study inclusion criteria (Table 7.5).
Furthermore, our study was not designed to investigate the prevalence of chronic DILI as
the strict exclusion criteria (mainly loss of follow-up during the first year before complete
resolution) did not allow us to find out the true prevalence of the whole cohort of DILI
patients included in the present database. In addition, in our study we paid attention to
potential confounding factors, excluding not only patients with pre-existing chronic liver
disease but also patients with systemic or any other diseases affecting the liver. However,
as chronic DILI cases do not all have the same clinical impact, we classified them into three
broad categories: early cirrhosis becoming quiescent, slow resolvers who do not progress
to cirrhosis and cases with persistent activity (including borderline serum liver parameters)
that may need monitoring but do not derive into major clinical problems. Considering these
distinctions and our present data, one could question, if chronic DILI with active liver injury
is a true phenomenon vs. a very slow course to complete recovery. The few cases beyond
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three years of follow-up with low grade liver test abnormalities cannot be distinguished
from the background incidence of these changes in the general population.

Various risk factors have been associated with chronic DILI. In the present study, mean age
was significantly higher in the chronic group, especially in women, showing that older DILI
women have a higher tendency towards chronicity. It could be speculated that aging results
in declining of autophagy and progressive loss of cellular repair and regeneration capacity.
Autophagy is being recognized as a critical function in the clearance of protein adducts,
removal of damaged organelles and modulation of immune tolerance.?! Furthermore,
female gender has been demonstrated to be more susceptible towards acute liver
failure,®22 showing that perhaps female gender presents a greater difficulty in repairing
liver damage. In previous studies (Table 7.5), female gender also predominated in chronic
DILI populations.®10131620 However, our chronic patients were older than the previously
reported.t®

The presence of metabolic risk factors such as diabetes, dyslipidaemia and hypertension,
were found to be more frequent in the chronic group. In this setting, it is difficult to
distinguish between persistent liver damage due to chronic DILI and underlying non-
alcoholic fatty liver disease. Previous studies have also found diabetes to be more frequent
in chronic DILI patients.®® Our findings are consistent with the fact that older age is a risk
factor for chronicity and in the elderly, metabolic risk factors are more prevalent.
Ultimately, diabetes, dyslipidemia and hypertension along with the age in an elderly subject
could compromise the repair of the liver damage promoting a chronic outcome.
Interestingly, dyslipidemia was found to be protective from fulminant outcome in a
previous study, and we speculate that this effect could be indirectly related to the use of
statins.® Statins were the most frequent drug group found in the chronic cases compared
to acute cases in the present analysis. However, it is possible that this result is a reflection
of the underlying dyslipidemia. The precise mechanism of statin-induced chronic DILI is
unknown but could involve an immune self-perpetuating response as these drugs have
been increasingly associated with drug-induced autoimmune hepatitis.?

Patients with more severe acute DILI episodes, presenting with jaundice and requiring
hospitalization, also had an increased risk of chronicity, suggesting that the time to
resolution is longer when the damage is more severe. Liver function alterations can take
longer time to resolve than just mild transaminase elevations. Hospitalization has been
previously observed as risk factor for chronic DILI.®

Another interesting finding was the significantly increased ALP values at DILI onset which is
coincidental with the study authored by Fontana et al.l® ALP elevations are generally
associated with cholestatic damage. However, although cholestatic and mixed damage
were more frequent in chronic DILI patients than in acute DILI patients, there were no
significant differences among the types of liver injury. Furthermore, cholestatic damage has
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been demonstrated to be associated with older age.? During follow-up median values of
ALP as well as TB were higher in the chronic group. In addition, in the second month from
DILI onset, ALP >1.1 xULN and TB >2.8 xULN values turned out to be the best cut-off points
to predict chronicity in DILI (Supplementary Figure S7.1). This finding could have a
prognostic value in clinical practice. The reason for selecting the second month from DILI
onset was that this time frame had a higher number of available laboratory test than the
later ones, and this time frame demonstrated higher differences in the studied parameters
between the groups. Hence, we consider the second month to be an appropriate period for
a prognostic evaluation in clinical practice.

In the chronic group seven cases developed cirrhosis. Two hepatocellular cases were
related to ebrotidine (a histamine H2-receptor antagonist), which has been discontinued in
Spain since 1998 due to its hepatotoxic potential with reported cases having rapid
progression to cirrhosis.?*#?> Other cases were related to bentazepam, atorvastatin and
clopidogrel/atorvastatin. Two other patients with cirrhosis were cholestatic cases, one due
to amoxicillin-clavulanate/ibuprofen and another induced by ranitidine. Liver cirrhosis due
to amoxicillinclavulanate, bentazepam, and atorvastatin has also been reported
previously,'*2627 while ranitidine has been associated with the development of
autoimmune hepatitis.?®

We cannot exclude that some chronic DILI patients who did not recover during the follow-
up period had pre-existing non-alcoholic steatohepatitis (NASH). Nevertheless, the majority
of chronic patients had no signs of steatosis at ultrasound examinations, four patients had
normal liver tests at baseline, and 12 out of 16 biopsies did not show any indications of
steatosis (see Supplementary Tables $7.1 and $7.2). The remaining four biopsies showed
steatosis during the evolution of the episode, with normal initial ultrasound or normal basal
liver profile. Besides, two of these patients with steatosis in the biopsy had a cholestatic
liver damage, not attributable to an underlying NASH. Alternatively, the absence of
resolution of the chronic DILI patients could be attributed to the development of NASH,
during the follow-up of the DILI episode, which could be induced or not by the drug, as this
group of chronic patients share risk factors with NASH patients. Currently, it is not feasible
to differentiate these two situations. Furthermore, the non-inclusion of nearly 500 patients
due to loss of follow-up could have introduced selection bias as many of these patients
were probably acute cases.

Many of the drugs involved in chronicity in our study have been described in the previous
literature with regards to chronicity. Published studies associated with development of
chronic liver disease and cirrhosis: isoniazid,?® nitrofurantoin,*3? flucloxacillin,
amiodarone,® methotrexate,® chlorpromazine,® ramipril,® diclofenac,® stating!®3940
sulphonamides and trimethoprim (TMP/SMZ),***® fenofibrate,* amoxicillin-clavulanate,*
oral contraceptives® and terbinafine.*¢4”
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Herein we demonstrate that the more reliable cut-off time point for definition of chronic
DILl is one year after onset of the acute toxic liver disease. Ninety-two per cent of patients
resolved by one year and therefore this cut-off identifies patients who need further follow-
up. The main risk factors for chronic DILI are older age, dyslipidaemia, and severity of the
acute episode. We conclude that aside from a small number of cases of early onset cirrhosis
which becomes quiescent, gradual resolution at 1 or 3+ years or persistence of borderline
laboratory abnormalities beyond 3 years is seen in a very small percentage of cases. The
persistence of these very mild abnormalities is of uncertain significance but does not appear
to clinically relevant. Hence, the term “chronic” is somewhat controversial as there are
“chronic DILI patients” who eventually recover from the liver damage. However, we have
used this term to differentiate from “acute DILI”, as we do not believe it is appropriate to
use the term “acute damage” when requiring more than one or even more than three years
to resolve. Nevertheless, it is prudent to document the recovery progress during follow-up
and, thus, identify any risk of slow resolution or persistence to be determined by early
laboratory changes (at two months), which, in turn, is of practical value in flagging cases for
closer long-term scrutiny. Our data is the most detailed long-term follow-up of acute DILI
and indicates that chronic (active) DILI is extremely rare.
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Three case reports on drug-induced liver toxicity

Abstract

Whereas underlying liver diseases of viral, autoimmune or metabolic background can lead to acute
liver failure (ALF), drugs and other xenobiotic substances may induce hepatotoxicity and progress to
ALF on rare occasions. Nevertheless, often, diverse etiological factors can be present simultaneously
at the onset of acute liver dysfunction. Hence, a meticulous record of the patients' medical and
pharmacological history is crucial for an adequate causality assessment and differential diagnosis.
Confounding factors may interfere in the patient's diagnosis and clinical course by delaying the
optimal therapy management as well as increasing the risk of accidental rechallenge in the future
when a drug is responsible. The interesting case of a young woman who suffered from ALF and
required partial liver transplantation has been described in the present work. The potential
aetiological factors have been discussed.

Keywords
ALF, hepatotoxicity, APAP, ibuprofen, viral hepatitis, liver transplant

Introduction

Acute liver failure (ALF) is classically defined as a sudden liver dysfunction in patients
without previous liver disease, which generally involves coagulopathy and eventually
hepatic encephalopathy, and can progress to a multiorgan failure and a life-threatening
condition.??® ALF is associated with significant mortality and may require the need for a liver
transplant. In contrast, the clinical course of transplant-free ALF (spontaneous) is related to
poor prognosis with a survival rate of less than 20%.*

The etiology of ALF may vary depending on the geographical area; however, drug-induced
liver injury (DILI) has been identified as the most common cause of ALF in the USA and
Western European countries.® Despite APAP overdose is considered to date the most
frequent reason for drug-induced adversities in the liver, over 1000 other compounds have
been reported to cause hepatotoxicity, enclosing not only drugs but also herbs and dietary
supplements.5”

Apart from toxin-derived liver insults, there are other potential ALF-inductors of relevance:
viral hepatitis, enclosing hepatotropic viruses such as hepatitis B virus (HBV) or hepatitis A
virus (HAV) and other atypical viral infections, i.e., cytomegalovirus (CMV) or Epstein-Barr
virus (EBV); autoimmune-induced hepatitis; Wilson disease or Budd-Chiari syndrome,
among others. Some of these entities occasionally constitute an acute-on-chronic liver
failure, e.g., alcohol and chronic viral hepatitis.®

On certain occasions, diverse causal agents may be present simultaneously at the beginning
of the hepatic adverse reaction and, in consequence, make it particularly challenging to
adjudicate the correct cause. These situations may often lead to delays in establishing the
accurate diagnosis and proceeding with adequate treatment as well as increase the risk of
accidental rechallenge when the actual cause is a drug, but it remains unidentified.
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Nevertheless, another scenario may comprehend potentially synergistic interactions
between several aetiological agents, which coincide at the onset of the acute liver
dysfunction and interfere in the hosts' susceptibility by decreasing the threshold to develop
liver injury.

We here desired to present the intriguing case of a young woman who suffered an episode
of ALF and required partial liver transplantation. Several days before, the patient had been
in treatment with acetaminophen (APAP) and ibuprofen, both at therapeutic doses.
Additionally, positive viral serology for CMV and herpes simplex virus (HSV) was certified at
hospitalization.

Case report

A 17-year old African woman who presented with acute liver failure in another nearby
hospital was admitted to our gastroenterology department and liver transplant center to
further assess her clinical condition. The patient’s past medical history was unremarkable
and she did not refer to any known allergies or toxic habits. The patient reported she had
suffered from malaise, weakness, and choluria one week before admittance. Additionally,
the patient noticed she had developed scleral icterus several days before. The patient
specified she had reiteratedly taken ibuprofen and later also APAP in a close period due to
headaches some days before, but denied using other drugs or herbal products.

At admission, the patient exhibited a stabile hemodynamic and respiratory condition with
an HR of 115 bpm, RR 135/60 mmHg, sat(0,) 100% and Temp 36.8. Her initial laboratory
panel included at onset: TBL 29 mg/dl (ULN <1.2), AST 1556 U/l (ULN <31), ALT 1220 U/I
(ULN <34), GGT 201 U/I (ULN <38) and ALP 357 U/I (ULN <140) (Table 8.1.1). Besides, serum
levels of APAP were determined and a concentration in plasma of 16 mg/l was measured
within therapeutic margins (5-20 mg/l).

The negative serology for hepatotropic viruses (HAV, HBV, HCV, HEV) excluded any active
infection (Table 8.1.2). Serology of other atypical viruses was tested and positive for herpes
simplex virus (HSV) 1 and 2. The measured HSV titers presented a profile, which was
compatible with a recently flourished infection. Apart from inhomogeneous liver
parenchyma, the abdominal ultrasound revealed any other relevant findings in the liver or
other abdominal organs. The imaging tests were completed with a chest and abdomen
computer tomography-scan that displayed small-surfaced hypodensities localized in the
right hepatic lobule. In addition, small amounts of free liquid were found in perihepatic
spaces and at the level of superior pelvic aperture.

A transjugular liver biopsy was performed on hospital day one and provided very small
tissue samples, which allowed only a limited pathological judgment. The histologic findings
pointed to subacute liver dystrophy with less than 5% of viable liver parenchyma. The
patient’s severe liver dysfunction progressed severely and two days after hospital
admission, she underwent partial liver transplantation. The liver explant confirmed
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subacute liver dystrophy with a variable degree of postcollaptic fibrosis and exhibited
several isolated smudged cells.

One week after liver transplant, the patient presented a peak in serum liver cholestasis
markers, which enclosed: GGT: 931 U/I (ULN <23); ALP: 489 U/I (ULN <105); and GLDH: 21
U/I (ULN <5). These values did not present any sonographic correlation; a liver biopsy was
executed then and showed signs of acute rejection of mild severity with a BANFF score of
4. After the patient was treated with pulsed methylprednisolone therapy for four days and
the immunosuppressive treatment was adjusted, she recovered adequately during the
following four weeks. The patient was finally discharged from the hospital seven weeks
after onset with improving serum liver injury markers and a stable immunosuppressive
treatment based on tacrolimus and mycophenolate mofetil.

Table 8.1.1 Histology information and normalized serum liver injury markers at onset, post-LTX and during

follow-up
Clinical status TBL AST ALT GGT ALP  Liver histology
mg/dL  (XULN) (xULN) (xULN) (XULN)

27.07.2016 Onset 29 51 36 5.3 26 -

28.07.2016 - 27 33 29 7.7 2.5  Subacute dystrophy

29.07.2016 - 28 30 25 6.3 21 -

30.07.2016 - 19 22 23 5.4 22 -

31.07.2016 Partial LTX 14 286 100 4.4 1.4  Subacute dystrophy,
variable post-collapse
fibrosis and presence of
"smudged cells"

01.08.2016 - 7.4 95 77 5.3 19 -

07.08.2016 - 4.32 3.9 9.7 6.2 1.7 -

14.08.2016 Acute rejection 4.7 2.1 4.3 40.5 4.7  Signs of ischemic

syndrome (BANFF 4) reperfusion damage,
porto-portal and focal
perisinusoidal fibrosis

21.08.2016 - 2.45 1.9 4.0 65 54 -

28.08.2016 - 2.2 2.1 5.0 57 58 -

05.09.2016 - 1.64 2.5 5.7 68 83 -

12.09.2016 - 0.9 13 2.9 33 3.8 -

20.09.2016 - 0.7 1.0 3.0 18 25 -

29.09.2016 - 0.6 1.9 5.3 10 -

06.10.2016 Discharged from -

hospital
18.10.2016 - 0.4 1.5 1.6 4.3 09 -
01.11.2016 - 0.4 0.7 1.4 2.8 0.8 -

LTX, partial liver transplant; TBL, total serum bilirubin; AST, aspartate aminotransferase; ALT, alanine
aminotransferase; GGT, gamma-glutamyl transferase; ALP, alkaline phosphatase; xULN, times the upper limit of
normal;
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Discussion

Assessment of ALF causality may occasionally be complex due to the overlap of several
potential causes, as it occurs in the present case. The imaging and histopathological findings
were unspecific rather than pathognomonic for a particular sort of liver disease. Serum
virology was negative for hepatotropic viruses and confirmed an earlier resolved HBV
infection (HBcAg positive, HBsAg negative) and immunization against HBV (Anti-HBV >1000
Ul/L) (Table 8.1.2). Serology for non-hepatotropic viruses excluded an active infection by
CMV and EBV but displayed positive HSV1/2 antibody titers, compatible with a recent active
infection. HSV represents an atypical cause of hepatitis, but ALF due to HSV1 and 2 has been
described earlier in the literature and has been estimated to comprehend <1% and <2% of
ALF and viral ALF causality, respectively.®'° The hypodensities detected in the right hepatic
lobe assessed per CT-scan, could stand in line with a viral or toxic cause; nevertheless, in
HSV infections with hepatic compromise, small hypodense lesions of 1 to 3 mm, often
confluent, are characteristic despite not exclusive.}? The fact that our patient was
previously healthy and immunocompetent without any clinical manifestations for an HSV
infection makes it unlikely that a hypothetical HSV infection alone had been the unique
cause contributing to ALF progression.

Table 8.1.2  Viral hepatitis serology and other microbiological tests performed at onset

Anti-HAV IgM negative
Anti-HAV IgG positive
HBsAg negative
Anti-HBs >1000 IU/L
Anti-HBc positive
HCV-RNA (quantitative) negative
HEV-RNA (quantitative) negative
HIV-1-RNA (quantitative) negative
CMV-DNA (quantitative) negative
Anti-CMV IgM negative
Anti-CMV IgG negative
EBV-DNA (quantitative) negative
Anti-EBV IgM borderline
Anti-EBV 1gG positive
Anti-HSV IgM positive
Anti-HSV 1gG positive*
Enterovirus-RNA (quantitative) negative
Anti-Toxoplasma gondii IgM negative
Anti-Toxoplasma gondii IgG negative
Schistosoma IHA negative

HAV: Hepatitis A virus; HBsAg: Hepatitis B virus antigen; Anti-HBs: Hepatitis B virus surface antibody; Anti-HBc:
Hepatitis B virus core antibody; HCV: Hepatitis C virus; HEV: Hepatitis E virus; HIV-1: Human immunodeficiency
virus 1; CMV: cytomegalovirus; EBV: Eppstein-Barr virus; HSV: Herpes simplex virus; IHA: Indirect hemagglutination
test; *I1gM and IgG parameters compatible with a recently flourished infection
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In the present case, the patient reported APAP and ibuprofen intake, but no detailed
information on treatment duration and dosage were obtainable. APAP is a vastly used
analgesic compound, which is considered safe as long as dosages greater than 4 g/day in
adults under normal conditions are not exceeded. APAP overdose is the most frequent
prototype of hepatotoxicity and a significant cause of ALF.2> The mechanism of APAP-
induced intrinsic liver damage is based on N-acetyl-p-benzoquinone (NAPQI) formation, a
highly reactive CYP2E1l-derived metabolite. In the setting of APAP overdose, NAPQI
accumulates, depletes the levels of GSH and impairs the mitochondrial homeostasis leading
to the activation of cell death effector pathways that result in hepatocyte necrosis.'*

The APAP serum concentration was initially measured for our patient at hospital admission
and resulted in 16 mg/l, a value within the standard treatment dose (5-20 mg/I). Hence, a
causality for the ALF episode based on an APAP overdose can be most likely excluded.
Despite uncommon, idiosyncratic APAP-induced liver injury within therapy margins
associated with hypersensitivity reactions or related to factors that may interfere in
sensitizing the host versus APAP at lower doses than expected, e.g., fasting, alcohol, or co-
treatment with other drugs, have been reported earlier and could eventually play a role
here. Nevertheless, no hypersensitivity features such as arthralgia, eosinophilia or
lymphopenia appeared during the clinical course of the episode.

ADRs due to NSAIDs such as gastrointestinal bleeding, hypersensitivity reactions, aplastic
anemia happen more frequently. Still, hepatotoxicity associated with NSAID use has also
been described and linked to 10% of all drug-induced liver injury events.’ Ibuprofen, a
widely used NSAID available OTC, is considered a safe NSAID with only a low incidence of
gastrointestinal adversities. Despite the fact that hepatotoxicity associated with ibuprofen
is rare, several case reports have been published earlier.1®3! The clinical scenario of
ibuprofen-induced liver toxicity is highly variable concerning its liver injury pattern and
degree of severity, ranging from asymptomatic serum liver enzyme elevations to acute
hepatic failure or even death. The underlying pathophysiology involved in ibuprofen-
induced hepatotoxicity remains unknown to date and has been principally related to
idiosyncratic mechanisms.3? There is no clear information of the intake regimens the patient
followed with ibuprofen and APAP. However, one may hypothesize that previously
developed subclinical idiosyncratic ibuprofen-induced liver injury in this patient could then
have led to an aggravated toxic hepatic reaction due to APAP co-medication or even the
involvement of a subclinical HSV infection.

In the past, a mini-series of three cases and another single case report on ibuprofen-
associated liver injury in the setting of an underlying non-active hepatitis C virus (HCV)-
infection have been published.?>3* Investigators hypothesized about a potential
susceptibility to drug-specific interactions in patients with chronic HCV infection. However,
no specific mechanisms have been unveiled and besides, no other cases have been
described neither with ibuprofen nor other NSAIDs in association with HCV infections ever
since.
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Altogether, the patient's limited available data regarding the ingested drug history and viral
serology does not point to an exact cause of ALF. Despite APAP, ibuprofen or HSV 1/2 are
potential etiological factors, which can trigger hepatitis and even lead to ALF development
on their own, it is more likely to think that several of these factors could intervene
coincidentally together in a synergetic way. The findings described in the imaging tests and
liver histology are compatible with both liver damage due to a viral- or toxin-induced
nature. Thus, one may hypothesize that ALF occurred in the setting of drug-toxic and viral
interactions with HSV 1/2 and most likely aggravated through APAP ingestion. Under
specific conditions, rare viral hepatitis agents may not have sufficient strength to rule out
drug-derived liver toxicity; therefore, suspiciously coinciding drug treatments need to be
assessed and eventually withdrawn. A reexposure to those potential culprit drugs needs to
be strictly followed-up to prevent rechallenge, mainly when no other reasonable etiology
has been found.
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Abstract

Sertraline is a widely prescribed selective serotonin reuptake inhibitor that is rarely associated with
hepatotoxicity. Nevertheless, clinically essential alterations in serum liver enzymes have been
described in a minority of users. Here we describe a case of acute cholestasis associated with
sertraline use in a patient with underlying Waldenstrom macroglobulinemia (WM). Due to this
comorbidity, the patient's pharmacological history was overlooked, and the first DILI episode was
initially believed to be a consequence of WM. This led to inadvertent reexposition to sertraline and a
second DILI episode.

Keywords
Sertraline, sertraline-induced liver injury, cholestatic hepatitis, rechallenge

Introduction

Sertraline is a selective serotonin reuptake inhibitor (SSRI) frequently prescribed to treat
major depressive, obsessive-compulsive, panic and posttraumatic stress disorders. The
therapeutic effect of sertraline is achieved through inhibition of presynaptic 5-
hydroxytryptamine re-uptake and it was among the first SSRIs to be approved for clinical
use in the early 1990s.! Sexual dysfunction, insomnia, nausea and diarrhea constitute side
effects commonly associated with sertraline. Nevertheless, a meta-analysis of 117
randomized controlled trials of antidepressant treatments in adults found sertraline and
escitalopram to have the best acceptability profiles among various antidepressants.?
Hepatotoxicity induced by sertraline is rare, although cases have been reported.>*®

Here we present a case of sertraline-induced cholestatic injury in a patient with
Waldenstrom macroglobulinemia (WM), which in itself can be associated with liver test
abnormalities and hence act as a confounding factor. The inaccurate diagnosis of the first
episode subsequently led to an inadvertent reexposition to sertraline followed by a new
DILI episode.

Case report

An older adult with previously known diagnoses of hypothyroidism and WM presented to
her local hospital with jaundice, choluria and mild pruritus. A blood analysis revealed liver
profile alterations with total bilirubin (TBL) 9.7 mg/dl (ULN: 1.1), aspartate transaminase
169 U/l (ULN: 40), alanine transaminase (ALT) 118 U/l (ULN: 45), gamma-glutamyl
transpeptidase (GGT) 190 U/l (ULN: 60) and alkaline phosphatase (ALP) 5071 U/l (ULN: 306)
(Table 8.2.1).
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The underlying WM had not progressed considerably since the diagnosis a few years earlier
(no apparent organomegaly or adenomegaly) and the patient was not on any specific
treatment for this condition. In contrast, she had been on levothyroxine (25 mcg/day) for
hypothyroidism for several years. This treatment was not discontinued during the liver
episode. The patient denied having any toxic habits.

An abdominal ultrasound scan was performed, which did not present evidence supporting
possible biliary duct dilatations. This was also confirmed through endoscopic retrograde
cholangiopancreatography. However, it was noted that the patient had lymphadenopathy
(<2 cm) and mild splenomegaly. The patient presented negative anti-mitochondrial (AMA)
titers and viral serology tests for hepatitis A, B and C virus were all negative. The clinical
picture in the context of the patient's underlying WM suggested possible lymphomatous
infiltration of the liver, a diagnosis that was confirmed in a subsequent liver biopsy. The
episode was, therefore, diagnosed as a consequence of the patient's earlier established
WM condition and the liver profile improved over time without the need for any specific
treatment. Six months from the initial consultation, TBL, AST and ALT levels were all normal,
while ALP was still elevated (4.3 ULN) but decreased to 2.6 ULN after a further four months.

Two years after this first episode of cholestatic liver injury, the patent presented again to
her local hospital with similar symptoms, a ten-day jaundice progression, abdominal
discomfort, pruritus and choluria. A blood analysis revealed liver profile alterations: TBL 6.8
mg/dl, AST 88 U/I, ALT 106 U/I, GGT 143 U/l and ALP 3327 U/I (Table 8.2.1). A blood analysis
two weeks earlier had revealed a normal liver profile, except for an increase in ALP 2.5 ULN
(basal value), which was believed to be associated with the underlying WM. The WM was
otherwise controlled without any specific treatment.

Similar to the first episode, the patient denied having any toxic habits and admitted to still
be taking levothyroxine (25 mg/day) for her hypothyroidism. She also admitted having
taken sertraline (50 mg/day) for the last three weeks to treat depression. An abdominal
ultrasound was performed and revealed a minimally enlarged liver with normal echo
structure and no evidence of space-occupying lesions.

Table 8.2.1 Hepatic biochemical profile of the patient during the first episode and rechallenge with sertraline

First exposure Rechallenge
1 week 2 weeks 3 weeks 14 weeks 2 weeks 4 weeks
At onset At onset
after onset after onset after onset after onset after onset after onset

TBL, mg/dI 9.7 15 17 12 1 6.81 3.41 1.65
AST, U/I

169 184 159 58 46 88 99 35
(ULN<40)
ALT, U/I
(ULN<45) 118 76 155 78 45 106 82 25
GGT, U/I

190 1616 661 175 200 143 165 168
(ULN<60)
ALP, U/I 5071 7219 5814 3352 1812 3327 3871 2408

(ULN<306)
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Discussion

Selective serotonin reuptake inhibitors are generally considered to have low hepatotoxic
potential than other types of antidepressants, such as monoamine oxidase inhibitors or
tricyclic/tetracyclic compounds. The reported incidence of SSRI-induced liver injury has
been estimated to 1.28-3.62 cases per 100,000 patient-years, with sertraline-associated
hepatotoxicity reported to have the lowest incidence rate.?

The present report features a case of sertraline DILI diagnosed after inadvertent
rechallenge. It highlights the importance of considering DILI as an alternative diagnosis, the
relevance of taking a thorough pharmacological history and the difficulty in establishing a
proper DILI diagnosis in patients with underlying conditions with possible hepatic
manifestations. Initial suspicion of DILI is a crucial stepping stone in diagnosing DILI, a
process heavily dependent on excluding alternative causes due to the lack of specific
diagnostic DILI biomarkers. In the presence of an underlying condition, such as WM, which
can lead to hepatic complications, a thorough investigation into the patient's
pharmaceutical history is of paramount importance for a correct diagnosis. WM is
characterized by bone marrow infiltration with lymphoplasmacytic cells and IgM
monoclonal gammopathy. Extramedullary manifestations, however, can occur and may
include alterations in diverse organs such as the liver, which can subsequently affect liver
size and function. Hepatomegaly has been reported to occur in 24% of WM patients.!! It
should also be stressed that patients do not always come forward with drug intake
information, as they might not consider it relevant. Hence, the physician should always
enquire about the patient's recent pharmaceutical history. Contrariwise, it can lead to an
incorrect diagnosis and subsequently inadvertent reexposure to a causative DILI agent.213
The cause of the first liver injury episode in this case was unclear and the patient did not
come forward with information on her recently initiated sertraline treatment. Hence, the
episode was attributed to extramedullary complications in the liver due to the underlying
WM. The diagnosis was strengthened by biopsy findings of lymphoplasmacytic cells, type B
(CD20+) with cytoplasmic differentiation (CD38+) in the sinusoidal spaces of hepatic
parenchyma. While the pathological findings were indicative of WM progression, it is less
likely that such a progression would have resulted in the abrupt development of acute
hepatic dysfunction, as reflected in the significantly increased level of bilirubin. Hence, the
hepatic infiltration may have existed prior to the detection of hepatic biochemical
elevations. Furthermore, improved liver profile values were seen after the patient was
admitted to the hospital, which coincided with the accidental discontinuation of the
sertraline treatment that the patient had begun some weeks before and which she did not
resume until two years later. This resulted in an inadvertent rechallenge with sertraline and
a new episode of cholestatic hepatitis, which similarly improved after drug discontinuation.

In addition to our case, other sertraline DILI cases have been reported previously. These
cases vary with regards to presentation and severity from asymptomatic liver profile
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elevations to fatal hepatitis, although patients with severe consequences are rare. While
the majority of these sertraline DILI cases present hepatocellular type of liver injury,
cholestatic features have also been reported in the context of sertraline hepatotoxicity.>®
The onset of liver injury is usually between 2 weeks to 6 months from treatment initiation.
Similarly, progressive liver profile improvements after sertraline cessation are a common
feature, with complete normalization generally achieved within six months. Hence,
sertraline hepatotoxicity is typically self-limited with rapid recovery. The presentation
varies, although distinguishing manifestations, such as hypersensitivity features, are rarely
detected.

In conclusion, the laboratory panels as well as the temporal sequences, support sertraline-
induced liver injury as the possible cause of liver dysfunction in the presented case. The fact
that the patient suffered a second hepatitis episode after inadvertent sertraline rechallenge
consolidates the hypothesis of hepatotoxicity with sertraline as the culprit agent. Despite
rare, the hepatotoxic potential of sertraline should not be underestimated, and sertraline
DILI should be considered a possible diagnosis in cases where a reasonable exclusion of
other hepatic disease has been made and a positive temporal relationship between therapy
initiation and onset of DILI symptoms exists.
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Abstract

Adverse drug reactions are relevantly associated with morbidity and mortality in healthcare.
Venlafaxine, an antidepressant with a serotonin and norepinephrine reuptake inhibitory activity, is
considered a well-tolerated drug, enclosing, in most cases, only harmless side effects. Nevertheless,
cardiotoxic effects or compromise of the hepatic function in the setting venlafaxine-induced adverse
reactions have been described earlier, whilst fatal progression followed only on rare occasions. The
mechanisms underlying venlafaxine-induced adversities in the liver and heart remain uncovered but
may be multifactorial enclosing genetic, environmental and host-dependent factors. Here we aimed
to describe a severe venlafaxine-induced adverse reaction in a long-term venlafaxine user who
developed simultaneously hepatic cirrhosis and dilated cardiomyopathy.

Keywords
Venlafaxine, chronic liver injury, cirrhosis, dilated cardiomyopathy

Introduction

Adverse drug reactions (ADRs) constitute harmful responses derived from the use of a
medicinal product, which are unintended and associated with a potential risk.! ADRs
represent a concerning challenge for healthcare providers and regulators and, thus, have
become an essential motif of study in biomedical research and a central target in
pharmacovigilance. Pre-commercialization trials can detect relatively frequent adverse
reactions during test phases but fail to effectively identify those occurring at low incidences
(one positive event per 1000 exposed subjects).?

Drug-induced reactions commonly present unspecific symptomatology and can mimic
other sorts of diseases. In addition to an evident lack of specific biomarkers, it can delay its
correct diagnosis and adequate management. Indeed, often, drug-induced reactions are
diagnosed retrospectively or after an inadvertent rechallenge to the culprit agent. In that
respect, a careful patient’s medical and pharmacological history results as a crucial step
when establishing a temporal relationship between the administration of the drug and the
onset of the ADR. Besides, the underreporting of ADRs is not uncommon, making it
challenging to understand the real magnitude of the problem.> Despite drug-adverse
reactions are considered a rare event to occur, overall, ADRs are a substantial burden to
morbidity and mortality as well as an interfering factor for efficiency rates in healthcare.®®

In the liver, drug-induced adverse reactions, also known as drug-induced liver injury (DILI),
present as hepatic dysfunction in the form of hepatocellular, cholestatic or mixed injury, a
combination of both.° Large prospective hepatotoxicity cohort studies have previously
shown that central nervous system drugs rank within the five most frequently associated
causative drug classes implicated in DILL%? Asymptomatic elevations in serum
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aminotransferases related to antidepressants have been estimated in 0.5 to 3%.
Furthermore, the incidence of patients suffering from antidepressant-induced
hepatotoxicity requiring hospitalization is 1.28 to 4 cases per 100,000 patient-years.'

Among the large family of antidepressant compounds, venlafaxine (VNF) stands out as a
widely-prescribed selective serotonin and norepinephrine reuptake inhibitor (SNRI). It
constitutes a useful alternative to selective serotonin reuptake inhibitors (SSRI) and is
mainly indicated for major depressive and bipolar disorders, generalized and social anxiety,
and panic disorder. The suggested treatment target concentrations in serum for both VNF
and its primary active metabolite O-desmethylvenlafaxine (ODV), range between 195 and
400 pg/L.* In general lines, VNF is considered a safe and well-tolerated compound, and its
most frequently related side effects include nausea, insomnia, dizziness, somnolence,
constipation and sweating.!> Nevertheless, a study from the UK, which examined the
mortality associated with antidepressant agents, found that VNF had the highest fatal
toxicity rate from all serotoninergic antidepressants.'® At present, we report and discuss the
case of a prolonged therapy VNF user who developed an unprecedented clinical condition
characterized by severe liver cirrhosis and dilated cardiomyopathy after completing four
years of treatment.

Case report

A 40-yeard-old female presented with malaise, augmented body weight (approx. 20 kg in
one year) and ascites, in addition to exertional dyspnea for one week. At admission, her
cardio-respiratory condition was stable with a heart rate of 100 bpm, RR 110/70 mmHg,
sat(02) 99% and Temp 36.2°C. No previous organic diseases, allergies or toxic habits were
known for the patient, apart from nicotinic abuse (approx. 25 pack-years). She had been
uniquely following pharmacological therapy with VNF 300 mg per day for the four previous
years due to the depressive disorder she suffered after losing a family member.

The biochemical liver profile at onset pointed to a cholestatic form of liver dysfunction,
which included the following parameters: TBL 0.9 mg/dL (0-1.0), AST 22 U/L (<35), ALT 21
U/L (<35), GGT 217 U/L (<42), ALP 236 U/L (<104) (Figure 8.3.1). Viral hepatitis serology was
negative (HAV, HBV, HCV) and a recent infection by CMV, EBV, HSV and VZV were also
excluded. Autoimmunity markers, including ANA, c-ANCA, p-ANCA, AMA, anti-LKM and
anti-SMA were tested and displayed in all cases negative titers. An abdominal CT-scan
confirmed the presence of ascites in all four quadrants and exhibited hepatic structural
changes compatible with liver cirrhosis, which essentially depicted inhomogeneous hepatic
parenchyma with evident signs of steatosis hepatis. An esophagus-gastro-duodenoscopy
was also performed and revealed the presence of esophageal varices degree IlI-1ll, which
required treatment with three ligatures. The analyses of her ascetic liquid revealed the
presence of inflammatory cells but no evidence of malignity. A liver biopsy was done and
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the pathological findings denoted perilobular fibrosis converging into hepatic cirrhosis with
the presence of a beginning pseudolobular remodeling, most likely induced by a chemical-
toxic etiology. Consequently, venlafaxine fell into the spotlight as a potential cause and a
dose-reducing regimen was started until the drug was completely withdrawn from the
patient’s therapy plan. Retrospectively, a genetic cytochrome P450 testing was performed
and demonstrated alterations for cytochrome P450 (CYP) 2D6, a key CYP for Venlafaxine
biotransformation, and compatible with an ultra-rapid metabolizer for venlafaxine (Table
8.3.1).

Table 8.3.1. Genetic cytochrome P450 testing results of the patient.

CYP enzyme CYP3A4 CYP3A5 CYP2D6 CYP2C9 CYP2C19
Examined SNPs *1A/*1B *1/*3 *1t/m*11/ *1/*2/*3 *1/*2/*3/*17
A-392G A6986G *15/*17/*29 *2 C430T *2 G681A
*35/*41/dup *3 A1075C *3 G636A
*17 C-806T
Genotype *1AJ*1A *3/%3 dupl *1/%3 *1/%17
alleles
Metabolizer EM PM UM M PM
profile

CYP: cytochrome P450; EM: extensive metabolizer; IM: intermediate metabolizer; PM: poor metabolizer; SNPs,
nucleotide polymorphisms; UM: ultra-rapid metabolizer; dupl: there is a CYP 2D6 duplication SNP.

Concomitantly, a cardiologic examination was carried out to investigate the dyspnea-like
symptomatology the patient had experienced during the previous week. A standard ECG
registration demonstrated a left branch blockage and T-wave inversions in I, Ill, aVF and
V5-V6. In a 24 h Holter monitoring, no relevant pauses or blockages could be additionally
found. An echocardiography was performed and exhibited a dilated morphology of the left
ventricle (LV) with a hypokinetic left myocardium turning akinetic in septal and anteroseptal
regions, secondary minor mitral insufficiency, minor tricuspid insufficiency, high-grade
depressed left ventricular function (LV EF 36%) and reduced right ventricular function. A
heart catheter examination, including exertional dyspnea testing, resulted in normal and
excluded an ischemic cause for the underlying myopathy.

The patient presented refractory ascites during follow-up and developed up to four
hydropic decompensations, which required hospitalizations and multiple therapeutic
paracenteses. Finally, a transjugular intrahepatic portosystemic shunt (TIPS) was placed,
which ameliorated the patient's insidious clinical course. Before losing the patient’s follow-
up, a normalization of the cholestatic liver profile could not be objectified and the patient
was placed on the national liver transplant waiting list. The patient’s pump function
improved considerably and reached a LV EF of 47% before losing her clinical follow-up.
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Figure 8.3.1 Clinical course and biochemical hepatic profile at onset and during follow-up. ALP, alkaline
phosphatase; GGT, gamma-glutamyl transferase; TBL, total bilirubin levels; C-P, Child-Pugh score;
HD, hydropic decompensation; IM, labMELD score; TIPS, transjugular intrahepatic portosystemic
shunt; VNF, Venlafaxine

Discussion

There are no biomarkers of DILI available up to date that are sensitive enough to identify
the disease and distinguish it from other types of liver injury. Hence, its diagnostic judgment
relies upon the exhaustive exclusion of other potential clinical conditions that may interfere
with the liver’'s normal function. The criteria for case characterization in DILI have been
debated earlier.’ Recognizing the culprit agent in early stages of disease progression is
crucial since it diminishes the associated risk of developing acute liver failure or chronic
patterns of liver injury and it might prevent future reexposures to the causative agent.'’

Multiple reports on ADRs associated with VNF use have been published earlier, where the
normal function of heart'®2° or liver?*?* had been affected. Nevertheless, to our best of
knowledge, this is the first case where long-term VNF therapy-induced chronic hepatic and
cardiac injury simultaneously. Occasionally, adverse reactions due to VNF therapy
progressed to a fatal outcome, what highlights the potential risk of ADRs associated with
this antidepressant.?l 2530

In the present case, imaging tests done at admission described lesions in the liver
parenchyma, which were suggestive of chronic liver damage rather than a de novo acute
process. Furthermore, the histological examination of a liver biopsy confirmed the presence
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of architectural changes in the liver, which were compatible with hepatic cirrhosis. A
detailed search for possible causes sustaining chronic liver dysfunction was then
performed, and laboratory panels ruled out a viral, autoimmune or metabolic causality of
the patient’s hepatic syndrome. In addition, imaging tests and the analysis of the ascetic
liquid excluded an obstructive or malignant origin of the hepatic condition. The thorough
anamnesis interrogation unveiled that the patient had been in long-term therapy with the
antidepressant VNF during the four previous years, strengthening the hypothesis of an ADR
derived from its use.

Most earlier published VNF-induced liver injury events have been related to an adverse
reaction of idiosyncratic nature.3! These types of reactions are not strictly dose-dependent
in comparison to intrinsic drug-induced events. Nevertheless, it has been reported that
most idiosyncratic ADRs occur with a drug dosage of 50 mg/day or higher, a condition that
happens commonly with most of today's commercialized drugs.3? This is in line with most
previously published VNF-induced liver injury events, where patients were in therapy with
doses of VNF of 75-150 mg/day or higher.?22%33-35 Similarly, our patient followed a VNF
treatment with a daily dose of 300 mg. Interestingly, the fact that in three earlier described
cases, liver dysfunction flourished after raising the previous dose of VFN manifests the
potential relevance of a dose-related nature of VFN's hepatotoxic adversities in triggering
liver damage in susceptible individuals (8.3.2, 8.3.3A).2%2433

The mechanisms underlying VNF-induced liver damage remain unelucidated.
Autoimmunity or hypersensitivity features are uncommon.3! Contra wise, drug-drug
interactions and the formation of hazardous substances derived from its metabolic
conversion have been hypothesized as main mechanisms of injury in VFN hepatotoxicity.3!
Polymorphisms in the CYP genes can significantly contribute to the subjects' susceptibility
to suffering from ADRs. VNF is subjected to metabolization mainly by cytochrome P450
2D6 (CYP 2D6), which mediates in its demethylation and its principal intermediate
metabolite formation, O-desmethylvenlafaxine (ODV).3%37 Other subunits such as CYP
2C19 and CYP 3A4 are involved in N-deamination of VNF, but have been attributed a
minor role, uniquely.3® CYP 2D6 variants may display phenotypically as poor, intermediate,
rapid and ultra-rapid metabolizers.3 CYP 2D6 abnormalities have been previously
associated with diverse adverse effects, including liver dysfunction. Relevantly, in our
present case the patient presented an abnormal genetic CYP 2D6 variations, which
correlated with an ultrarapid metabolizer profile. One may hypothesize that the patient
metabolized venlafaxine rapidly and was therefore susceptible to generate and
accumulate venlafaxine-derived metabolites, which may have reached toxic
concentrations.
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In our present case, the coincidental appreciation of pathological changes in the
myocardium compatible with dilated cardiomyopathy correlated clinically with dyspnea
that the patient had developed. A coronary syndrome of ischemic etiology was excluded
after the patient underwent a catheter examination and no other pertinent causes were
found. Thus, the cardiomyopathy may be most likely related to toxic interactions triggered
by VNF.

Cardiotoxicity after VNF overdose has been related to sympathomimetic cardiovascular
effects and prolonged QTc.*! Despite a mechanistic explanation remains uncertain, several
studies pointed to the sympathetic stimulation in predisposed subjects or the blockade of
cardiac sodium channels in unleashing heart arrhythmia.**%? Only a low number of
cardiotoxic reports due to VFN enclosed myopathies, whereas rhythmic heart disorders
have been frequently associated with VNF, underlining VFNs' pro-arrhythmogenic
properties (Table 8.3.2, 8.3.3B). Several of the earlier published VFN-induced dilated
cardiomyopathy reports exhibited concomitantly interstitial lung disease; however, it was
not the case of our patient (Table 8.3.3B).182°

To conclude, VNF is a plausible cause of liver dysfunction to be considered when an
exhaustive rule out of other diagnoses and a positive temporal association between drug
exposure and the onset of the adverse reaction exists. VNF can potentially lead to chronic
hepatic dysfunction when the ADR is not recognized at an early stage and the drug is not
discontinued. Therefore, liver function should be monitored systematically in long-term
VNF users and patients diagnosed with VNF-derived hepatotoxicity require a close follow-
up until a full recovery is achieved. Cardiac side effects due to VFN do not uniquely occur in
the form of arrhythmias but can exhibit as myopathies; thus, chronic VNF users may benefit
from a sequential control of their heart function. CYP measurements should be performed.
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Abstract

In chronic liver diseases, an ongoing hepatocellular injury and inflammatory reaction result in the
activation of hepatic stellate cells (HSCs) and increased deposition of extracellular matrix (ECM),
termed liver fibrosis. It can progress to cirrhosis that is characterized by parenchymal and vascular
architectural changes together with the presence of regenerative nodules. Even at a late stage, liver
fibrosis is reversible and the underlying mechanisms include a switch in the inflammatory
environment, elimination or regression of activated HSCs and degradation of ECM. While animal
models have been indispensable for our understanding of liver fibrosis, they possess several
important limitations and need to be further refined. A better insight into liver fibrogenesis resulted
in a large number of clinical trials aiming at reversing liver fibrosis, particularly in patients with
nonalcoholic steatohepatitis. Collectively, the current developments demonstrate that reversal of
liver fibrosis is turning from fiction to reality.

Keywords: Liver fibrosis, Animal models, Hepatic stellate cell, Fibrosis resolution, Emerging therapies.
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Introduction

Hepatic fibrogenesis constitutes a response to a persistent liver cell injury with a chronic
inflammatory reaction that induces activation of fibrogenic cells and an accumulation of
extracellular matrix (ECM). While in the case of acute liver damage, the liver has the
potential to reestablish the hepatic structural integrity quickly, sustained noxious stimuli in
chronic injury lead to distortion of liver parenchyma with progressive deterioration of liver
function.! Nonalcoholic steatohepatitis, alcoholic liver disease and viral hepatitis represent
the primary etiologies leading to liver fibrosis.?* Other underlying causes are toxin-induced
insults (e.g., alcohol, drugs), cholestatic disorders, autoimmune hepatitis and hereditary
metabolic diseases.*> Hepatic fibrogenesis can progress to liver cirrhosis, characterized by
aberrant remodeling of the hepatic and vascular architecture with the formation of septae
and regenerative nodules. Due to its potentially fatal complications such as portal
hypertension with variceal bleeding, acute-on-chronic liver failure and an enhanced risk of
hepatocellular carcinoma (HCC), liver cirrhosis is among the leading causes of morbidity and
mortality worldwide.*® Up to date, liver transplantation is the only efficient treatment
option in patients with decompensated cirrhosis.”

In the last decades, an immense effort has been undertaken to elucidate the mechanisms
of liver fibrosis and develop therapeutic approaches. Although a large number of
compounds displayed antifibrotic properties in animal models, none of these drugs have
yet been approved for routine clinical use. On the other hand, data from cholestatic and
viral liver disease demonstrated that even at an advanced stage, liver fibrosis is reversible
when the underlying cause is removed.®® These findings spurred investigations into liver
fibrosis reversal that often employ antiinflammatory or matrix-degrading compounds.

Experimental animal models to assess liver fibrosis

Since in vitro studies cannot mimic the complex situation in the liver that includes crosstalk
between multiple cell types, animal models constitute a gold standard of fibrosis research.
Among animals, rodents have been preferred due to their comparably quick reproductive
cycle as well as multiple available targeting strategies (Table 9.1). On the other hand, in
vitro studies are helpful for drug screening purposes. However, the obtained results need
to be subsequently validated in animal models.°

Compounds such as carbon tetrachloride (CCls) or thioacetamide (TAA) have been shown
to behave as potent hepatotoxins, which can trigger hepatic injury and a secondary
inflammatory reaction leading to the development of hepatic fibrosis.
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CCls undergoes hepatic metabolization via CYP2E1 that generates trichloromethyl radical,
a highly reactive metabolite with the capacity to promote lipid peroxidation and free
radical-derived damage.!!

Repeated i.p. injections of CCls lead to centrilobular hepatic necrosis, activation of the
inflammatory response and progressive postnecrotic fibrosis.!** In most cases, CCl, doses
ranging between 300 and 1000 ml/kg are applied 2 to 3 times per week during 4-12 weeks
and the hepatic injury reverses within a few days after the drug withdrawal.l41®
Biotransformation of TAA creates thioacetamide sulfur dioxide, which acts as a potent
hepatotoxin and promotes HSC activation and fibrosis progression by oxidative stress-
dependent hepatic damage.!” Typical features of TAA-induced liver fibrosis constitute
centrilobular necrotic changes coupled with inflammatory infiltrates. Initially, these
changes progress slowly, followed by an exponential acceleration of fibrogenesis.'® Usual
doses for TAA-induced fibrogenesis are 100-200 mg/kg applied i.p. 3 times per week for 6-
12 weeks, but TAA can also be applied in drinking water for 2-4 months.}”%
Dimethylnitrosamine (DMN) and diethyl-nitrosamine?® can equally induce liver fibrosis as a
sequel of oxidative stress and centrilobular necrosis.?? However, DMN and DEN
hepatotoxicity progress to hepatic carcinogenesis and these agents are therefore not
usually used as pure hepatic fibrosis models.?2%

Common bile duct ligation (BDL) constitutes a well-established surgical method to induce
cholestatic injury. The interruption of the bile flow leads to a ductal reaction, hepato- and
cholangiocellular injury as well as inflammatory response that together induce the
development of portal fibrosis. The fibrosis is seen between 2 and 4 weeks after BDL
surgery.?®27 |n contrast to the previously described models that are based on HSCs as the
matrix-synthesizing cells, BDL also includes a substantial involvement of portal fibroblasts.?

Various animal diets have been employed as models of non-alcoholic and alcoholic fatty
liver disease (NAFLD/ALD). ALD arises due to hepatic CYP450-dependent ethanol
metabolization that leads to the production of ROS and lipid peroxidation, which contribute
to hepatocyte apoptosis, inflammatory reaction and activation of HSCs. Lieber-DeCarli
liquid diet or Tsukamoto-French intragastric feeding are commonly used rodent ALD
models.?® NAFLD is histologically and mechanistically similar to ALD and presents with a
variable amount of hepatocellular ballooning together with necroinflammatory changes,
steatosis and inflammation.?® High fat, as well as methionine and choline-deficient (MCD)
diets, have been commonly used to reproduce NAFLD in rodents.3® However, the latter
should be used with caution since it does not reproduce the obesity-associated metabolic
alterations seen in humans.3! Multiple diet regimens emerged as a potential substitute for
the MCD diet and often contained fructose and/or cholesterol supplementation; however,
the standard NAFLD model still remains to be established.3?

It is important to note that there are no ideal experimental models fully reflecting the
human counterpart. For example, the commonly used chemically-induced rodent models
typically display initial fibrotic changes in perivenular areas, whereas periportal and lobular
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fibrotic changes are characteristic of human liver fibrosis. ALD is also difficult to mimic due
to the natural aversion of rodents against alcohol. Accordingly, the corresponding diets
often induce only mild injury and do not result in significant fibrosis, not even after a
prolonged administration.

In addition to the models described above, genetically engineered mice provide a useful
tool to reconstruct human-relevant alterations. For example, Mdr2-knockout mouse closely
reproduce findings seen in progressive familial intrahepatic cholestasis,*® while PiZ mice
mimic the alterations seen in subjects with alphal-antitrypsin deficiency.3*3°

Mechanisms of hepatic fibrosis development

Hepatic injury, the initiator of the fibrogenic cascade

Cholangiocytes, but to an even larger extent hepatocytes, are subjected to various harmful
agents such as hepatotropic viruses (HBV, HCV, HDV), alcohol, fatty acid overload or other
toxic metabolites, including bile acids. These compounds may induce the formation of
reactive oxygen species such as hydrogen peroxide, hydroxyl radicals or aldehyde end
products.®® Oxidative stress can induce cell death, immune infiltration, hepatocellular
steatosis and act as a paracrine stimulator of hepatic stellate cells (HSCs).3” A persistence of
these stimuli can lead to liver fibrosis.

Various cell death pathways have been suggested as essential contributors to liver fibrosis
development.®® Among them, apoptosis is a common hallmark of viral, cholestatic, fatty,
and alcoholic liver disease and is characterized morphologically by cellular shrinkage,
nuclear condensation and fragmentation. While it was earlier seen as a "silent" form of cell
death, it now constitutes an established initiator and promoter of the fibrogenic
cascade.3° Apoptotic cell death of parenchymal cells can be mediated by several stimuli,
including Fas and tumor necrosis factor (TNF) a. Livers subjected to ethanol-induced liver
injury or HCV infection exhibit Bcl2-mediated hepatocyte apoptosis, while enhanced
Fassignaling has been described in steatohepatitis-driven hepatocellular apoptosis.*4? As
a proof of concept, the pan-caspase inhibitor IDN-6556 ameliorated BDL-induced liver
fibrosis.®

Necroptosis represents a specific form of necrotic cell death pathway regulated by
receptor-interacting proteins (RIPs3). Among them, RIP3 emerged as a critical regulator of
steatotic liver injury.*** Last but not least, pyroptosis constitutes a cell death pathway
initiated by activation of the inflammasome, which has been shown to contribute to liver
fibrosis development in multiple different liver injury settings.*>4



Chapter 9

Hepatic stellate cells, the producers of extracellular matrix

Liver fibrosis is defined as an excess of extracellular matrix (ECM), which emerges from an
imbalance between augmented synthesis and decreased degradation. HSCs are the primary
cell type mediating this process (Figure 9.1). Under physiologic conditions, the quiescent
HSCs reside in the perisinusoidal compartment, also known as the space of Disse, store
vitamin A and are involved in regulating sinusoidal blood flow.*” During chronic injury,
transforming growth factor-b (TGFb) mediates the proliferation and transdifferentiation of
HSCs into activated myofibroblasts that display contractile and proinflammatory
features.*®*° Various types of cytokines, chemokines and growth factors such as platelet-
derived growth factor (PDGF), vascular endothelial growth factor (VEGF), transforming
growth factor (TGF) a and keratinocyte growth factor mediate this process.>>2 While
activated HSCs (aHSCs) constitute the major ECM producers, other cells such as portal
fibroblasts, mesothelial cells and bone-marrow-derived fibrocytes also contribute.>?
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Figure 9.1 The role of hepatic stellate cells (HSCs) in liver fibrogenesis. Hepatic stellate cells (HSCs) constitute
the predominant source of myofibroblasts (MFs) and the major producers of extracellular matrix
(ECM). Quiescent HSCs (qHSCs) are lipid-storing cells located in the perisinusoidal space. A variety of
stimuli can trigger their activation (aHSC) and transdifferentiation into MFs. For example, substances
released from injured cells or microbes termed damage- or pathogen-associated molecular patterns
(DAMP/PAMP) activate HSCs via innate immunity induction. aHSCs loose their cytoplasmic retinoid
droplets and release mediators such as transforming growth factor-beta (TGFB) and platelet-derived
growth factor (PDGF) that contribute to their proliferation and activation in an autocrine/paracrine
manner. aHSCs also synthesize ECM components such as collagen 1 (COL-1) and products inhibiting
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ECM degradation such as tissue inhibitor of metalloproteinases (TIMP) 1 and 2, thereby leading to
ECM accumulation. HMGB1, high-mobility group box 1; LPS, lipopolysaccharides.

Increased expression of a-smooth muscle actin (aSMA) and collagen | are the characteristic
hallmarks of aHSCs. aHSCs also release tissue inhibitors of metalloproteinases (TIMPs) 1 and
2 that block the action of matrix-degrading matrix metalloproteinases (MMPs), thereby
promoting deposition of ECM.>*>> Accumulated ECM serves as a reservoir for growth
factors, cytokines and chemokines that are involved in its formation.>® Of note, during the
liver fibrogenesis, not only the quantity but also the composition of ECM changes with an
increase in collagens (collagen types I, lll and IV) and non-collagenous components
(fibronectin, hyaluronan, proteoglycans, etc.).>*

The immune-inflammatory response, modulator of the fibrotic process

Scarring of the liver is a complex process that engages liver-parenchymal and non-
parenchymal cells, including immune cells, which act as a double-edged sword contributing
not only to the progression but also to the resolution of liver fibrosis.*>>” While Kupffer cells
are the resident liver macrophages, neutrophils, T lymphocytes, dendritic cells as well as
other cell populations become recruited during cell injury.*5” For example, necrotic cell
death results in the release of the alarmin High-Mobility-Group-Protein B1 (HMGB1) that
together with the chemokine CXCL12 directs neutrophils to the site of damage.>® Monocyte
infiltration is mediated by CCR2 and its ligand CCL2. After their arrival to the liver, the cells
adapt their phenotype to the current disease condition.®” In the situation of ongoing injury,
they release proinflammatory mediators, e.g., tumor necrosis factor (TNF), interleukin-6 (IL-
6), IL-1B or TGFB, that promote the recruitment of T cells and neutrophils and stimulate the
profibrogenic activity of aHSCs.*84° An increased intestinal permeability, as seen in patients
with alcoholic liver disease and/or advanced liver fibrosis, constitutes another established
profibrogenic stimulus that is mediated by lipopolysaccharide (LPS)-dependent Toll-like
receptor 4 (TLR4) signaling.5%® On the other hand, an elimination of a damaging agent leads
to the transformation of macrophages into a restorative mode characterized by low Ly6C
(Ly6Clo) expression.®’

Liver fibrosis resolution, centerline for emerging treatment
strategies

The fundaments of fibrosis resolution rely on four cardinal points: (i) discontinuation of the
primary cause of chronic hepatic injury; (ii) regression of myofibroblasts from an activated
to a deactivated status and/or their elimination; (iii) degradation of excessive matrix and
(iv) switch of proinflammatory milieu to a restorative environment.®! Elimination of aHSCs
is achieved via apoptosis or senescence.®>%2 A wide range of signals has been identified as
proapoptotic effectors in aHSCs.®® For example, cyclooxygenase-2 mediated programmed
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cell death in aHSCs via metabolization of a lipid mediator endogenous cannabinoid 2-
arachidonoyl glycerol (2-AG).®* Tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL) can also eliminate aHSCs.%> Bile acids exert their antifibrotic properties via the
farnesoid X receptor (FXR) that induces production of the small heterodimer partner (SHP)
with a subsequent decrease in AP-1 signaling.®® Various other factors promote apoptosis of
aHSCs via NF-kB inhibition.?” In addition to apoptosis, it has been demonstrated that a
fraction of aHSCs express senescence markers.®® Consequently, senescence that constitutes
a cell-cycle arrest due to telomere shortening may play an essential role in eliminating
myofibroblasts during fibrosis reversal.®® Proteins such as IL22, insulin-like growth factor |
(IGF-1) or CCN1/CYR61 and drugs such as atorvastatin, tetramethylpyrazine or celecoxib act
as senescence inducers in aHSCs.%7°

Other experimental studies have shown that aHSCs can undergo reversal to a quiescent-
like status. However, these reverted HSCs differ from unchallenged resident HSCs and are
sensitive towards fibrogenic stimuli.”®””

Degradation of the extracellular matrix

Degradation of ECM is closely related to the loss of aHSCs that results in decreased TIMP
levels and a favorable MMP-TIMP ratio.’>”® MMPs as the primary matrix-degrading
enzymes are released by many various cell populations, including HSCs and neutrophils.
Restorative macrophages constitute the most prominent matrix eater due to the
generation of MMP12 and MMP13.7° However, it remains unclear whether or not the
fibrotic changes are completely reversible. In that respect, a presence of elastin or collagen
cross-links was suggested to confer resistance against fibrolysis.

Shifting the balance from a proinflammatory to a restorative status

During liver fibrosis resolution, the removal of injurious stimuli leads to a switch from a
proinflammatory to an antiinflammatory and restorative status. Of crucial relevance are the
changes induced in the immune compartment, which are characterized by a substantial
decrease in extrahepatically-derived immune cells (monocytes, NKT cells, etc.) and
intrahepatic T cells.8! In addition, intrahepatic immune cells undergo adaptive changes in
their phenotype. One of the most crucial readjustments is the restorative conversion of
macrophages, a process that is mediated via fractalkine receptor CX3CR1 and promoted by
phagocytosis of apoptotic myofibroblasts and/or injured hepatocytes.®? Restorative
macrophages display decreased Ly6C expression and increased production of MMPs (MMP-
9, MMP-13), growth factors as well as expression of phagocytosis-associated receptors.”®
Dendritic cells and natural killer cells, which promote MMP-9-dependent matrix
degradation and apoptosis of activated and senescent myofibroblasts, are also involved in
fibrosis resolution.®®8* Last but not least, proangiogenic factors such as VEGF or myeloid-
derived chemokines as CXCL9 contribute to fibrosis regression by inducing changes in the
hepatic sinusoidal circulation system,8>86
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Emerging therapeutic agents in liver fibrosis

A large amount of data indicates that liver fibrosis is potentially reversible.>®” While the
basic principles of fibrosis development are the same in all chronic liver diseases, etiology-
specific features exist. For example, fibrosis occurs primarily in pericentral and
perisinusoidal areas in ALD patients, whereas in chronic viral hepatitis and chronic
cholestasis, it is seen predominantly around portal tracts.®® Therefore, novel anti-fibrotic
treatments need to take disease-specific factors into account. A useful strategy is to explore
drugs that are already used in the clinical routine for their anti-fibrotic potential. In the
subsequent section, we are reviewing compounds that are currently being tested for the
treatment of liver fibrosis (Table 9.2, Figure 9.2).

Therapies to suppress primary disease etiology and lifestyle interventions

The elimination of the primary etiology is considered the most effective therapy against
hepatic fibrosis. For example, antiviral therapies against hepatitis B, C or D viruses resulted
in liver fibrosis regression.®9°! Similarly, depletion of iron overload proved to be beneficial
in patients with hemochromatosis, while treatment with corticosteroids led to diminished
fibrosis in autoimmune hepatitis.923

Excessive caloric intake and a sedentary lifestyle have been associated with NAFLD, while
weight loss through physical activity and caloric restriction contributes to disease
improvement.® This fact was nicely demonstrated in a prospective lifestyle intervention
study over the course of 52 weeks. At the end of the intervention, 25% of participants
displayed a resolution of histologically proven NASH, while 19% reached a regression of
liver fibrosis.® In carefully selected patients, bariatric surgery represents an even more
powerful treatment strategy. In that respect, a retrospective study revealed a reduced
fibrosis grade in 34% of patients one year after the surgery.?® In alcoholic liver disease,
cessation of alcohol ingestion has been associated with improved liver histology and a
better survival rate.%”%

Hepatoprotective agents
Emricasan (IDN-6556)

Apoptosis constitutes an essential factor in promoting the development of chronic liver
diseases.® In line with that, the irreversible and orally-active pan-caspase inhibitor
emricasan ameliorated liver fibrosis, inflammation and hepatocellular damage in
experimental hepatic injury models.?®% |n HCV infected patients as well as in NAFLD
subjects, emricasan was well tolerated and led to a reduction in serum liver enzymes.10%,102
In addition to that, several phase 2 clinical trials are being carried out to evaluate its
usefulness in AH (NCT01912404), NAFLD (NCT02077374; ENCORE-NF: NCT02686762;
ENCORE-PH: NCT02960204) or liver cirrhosis of various etiologies (NCT02230670).
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Selonsertib (ASK1 inhibitor; GS-4997)

The apoptosis-signal-regulating kinase 1 (ASK1) belongs to the family of mitogen-activated
phosphokinases (MAPKs).103104 |t js activated by a wide variety of pro-fibrogenic stimuli
such as TGF-B, TNF-a-mediated apoptosis or ROS and leads to activation of the p38/JNK
signaling, thereby promoting hepatic damage and fibrosis.1*1% Liver disease biopsies
express activated ASK1 signaling and inhibition of ASK1 in a murine model of NASH resulted
in significant amelioration of steatosis and fibrosis in the liver.103:1%

A phase 2 open-label trial that used GS-4997 together with simtuzumab (NCT02466516)
resulted in a reduction of liver fibrosis. Two phase 3 trials are currently assessing the safety
and efficacy of selonsertib in NASH patients with F3 bridging fibrosis (STELAR 3;
NCT03053050) and compensated cirrhosis (STELLAR 4; NCT03053063).1%¢

HSCs-targeting compounds and ECM-interfering modulators

ACEi/ARB

The renin-angiotensin-system (RAS) controls the blood pressure and the water-electrolyte
balance. The angiotensin | converting enzyme (ACE) blocks the proteolytic conversion of
angiotensin | into angiotensin Il and ACE inhibitors (ACEis) are widely used for the treatment
of high blood pressure and chronic heart failure.

In addition to that, increased activity of the RAS system is seen in liver fibrosis/cirrhosis and
elevated production of angiotensin Il type 1 receptor occurs in activated HSCs.'%’

The profibrogenic role of angiotensin Il might be due to increased oxidative stress,
activation, proliferation and contraction of HSCs, upregulation of TGFb and TIMP1 and
accelerated collagen deposition.107:108

In line with that, ACEis and AT1-receptor blockers (ARBs) have arisen as potential
therapeutic options in liver fibrosis. For example, a clinical study evaluating the effect of
the ARB losartan in HCV patients revealed reduced inflammation and diminished expression
of fibrogenic genes.1®

In ALD patients, a combination of the ARB candesartan and ursodeoxycholic acid (UDCA)
improved the patient's fibrosis scores compared to UDCA treatment alone.!'® However,
since other clinical trials did not show any effect, more studies are needed to prove the
efficacy of RAS antagonists in hepatic fibrosis.!!1112
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Figure 9.2  HSCs-the determinants of liver fibrosis progression and resolution. The activation of hepatic
stellate cells (HSCs) and their transdifferentiation into myofibroblasts (MFs) are the key factors in
liver fibrosis progression, whereas apoptosis/senescence of MFs or their reversal into quiescent
HSCs contribute to the resolution of liver fibrosis. The anti-fibrotic compounds that are currently
being assessed in clinical trials either try to prevent HSC activation or promote the degradation of
extracellular matrix (ECM). Anti-TIMP1, anti-tissue inhibitor of metalloproteinase-1 antibody; CVC,
cenicriviroc (dual CCR2 and CCR5 inhibitor); Gal-3, galectin-3 inhibitor; GFT505, elafibranor (PPAR-
a/6 agonist); GS-4997, selonsertib (ASK1 inhibitor); GS-9450, nivocasan (pan-caspase inhibitor); IDN-
6556, emricasan (pan-caspase proteinase inhibitor); OCA, obeticholic acid (FXR antagonist); PTX,
pentoxifylline; RLX030, serelaxin (dual LGR7 and LGR8 agonist); VitE, vitamin E

Cannabinoid receptor (CB) 1 and 2 modulators

The endocannabinoid receptors CB1 and CB2 constitute attractive targets for the treatment
of chronic liver disease. The stimulation of CB2 is associated with hepatoprotective and
antifibrotic outcomes. For example, the selective CB2 agonist JWH-133 induced HSC
apoptosis and quiescence by reducing the immune reaction.''? In contrast, CB1 contributes
to matrix deposition and has steatogenic potential. Antagonizing the activity of CB1 has
been an attractive target against obesity; however, the clinical use of the CB1 antagonist
rimonabant had to be terminated due to mood-related adverse effects. CB1 antagonists
that do not cross the blood-brain barrier are currently under development, 113114
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Elafibranor (GFT505)

Peroxisome proliferator-activated receptors (PPARs) are nuclear receptors that play an
essential role in metabolism, cell growth, differentiation and inflammation.> Among them,
PPAR-a is highly expressed in the liver and is involved in the inflammatory response and
regulation of fat metabolism, whereas PPAR-d is produced in several tissues and has both
metabolic and anti-inflammatory functions.!1%118 Accordingly, in several rodent models of
NASH, the dual PPAR-a/d agonist elafibranor reduced hepatic lipid accumulation and
proinflammatory signaling and ameliorated liver fibrosis.?'® In line with that, the GOLDEN-
505 trial demonstrated an elafibranor-associated improvement in histologic features of
NASH without a worsening of fibrosis.?® A current phase 3 trial assesses the long-term
efficacy and safety of elafibranor in NASH patients (RESOLVE-IT; NCT02704403).

LOXL2 antibody (GS-6624)

Collagen crosslinking via lysyl oxidase family members such as lysyl oxidase-like 2 (LOXL2)
represents a major ECM stabilizer that has been implicated in fibrosis progression as well
as an impaired fibrosis reversal.!?® Accordingly, the LOXL2-blocking monoclonal antibody
has shown anti-fibrotic activity in several experimental liver fibrosis models.}?122 However,
while the anti-LOXL2 antibody simtuzumab was well tolerated in HIV- and HCV-infected
adults, no obvious effect on liver fibrosis was noted.'?® In addition to that, phase-two trials
of NASH and primary sclerosing cholangitis have been terminated due to a lack of efficacy.

Tissue inhibitor metalloproteinase-1 antibody (anti-TIMP-1)

As mentioned above, tissue inhibitor of metalloproteinase-1 (TIMP-1) constitutes the major
inhibitor of ECM degradation by blocking matrix metalloproteinases (MMPs). TIMP-1 also
promotes the survival of activated HSCs. In agreement with that, preclinical data from CCla-
induced liver fibrosis displayed attenuation of fibrosis, decreased HSC activation and lower
MMP2 activity in rats treated with the anti-TIMP1 antibody.!?

Serelaxin (RLX030)

Serelaxin represents a recombinant form of human relaxin-2 leading to vasodilation. While
its vasoprotective effects were suggested to contribute to the reduction of the reparative
response in liver fibrosis, there is evidence that serelaxin also promotes the degradation of
ECM by increasing MMP-13, reducing the expression of TIMP-2 and interfering with the
TGFB signaling.?%12>126 |n addition to encouraging data showing the potential efficacy of
serelaxin for renal dysfunction in liver cirrhosis,*?” there is currently a phase Il clinical trial
assessing the efficacy of serelaxin in cirrhotic patients with portal hypertension
(NCT02669875).
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Anti-inflammatory and antioxidant therapies

Obeticholic acid (OCA, INT-747)

The farnesoid X receptor (FXR) is involved in the regulation of glucose and lipid metabolism.
Obeticholic acid (OCA) is a semi-synthetic compound derived from the primary bile acid
chenodeoxycholic acid (CDCA). It functions as a selective agonist of the FXR receptor with
an approximate 100-fold higher potency than CDCA. Given its anti-cholestatic effects that
have been confirmed in a phase Ill clinical trial,}231% it has been approved for the treatment
of PBC. While current clinical studies suggest an anti-inflammatory and anti-fibrotic effect
in patients with NASH3%131 3 phase Ill clinical trial is still recruiting patients (NCT02548351).

Pentoxifylline

Tumor necrosis factor-alpha (TNF-a) is a crucial cytokine that stimulates the release of
proinflammatory mediators in response to hepatic injury. Pentoxifylline (PTX) is a
methylxanthine derivative that suppresses the production of TNF-a and other
proinflammatory cytokines as well as decreases oxidative stress.’®2 In NASH patients,
pentoxifylline treatment improved the extent of liver fibrosis,'*® whereas no noticeable
effect was seen in patients with severe alcoholic hepatitis.!3*

Statins

Several clinical studies have focused on the therapeutic potential of statins that are the
leading cholesterol-lowering agents acting through inhibition of 3-hydroxy-3-methyl-
glutaryl-coenzyme A reductase. These investigations were spurred by rodent studies, where
statins displayed antifibrotic, anti-inflammatory and vasoprotective effects and
ameliorated microvascular dysfunction and portal hypertension.3>%4! Similarly, in a
multicenter randomized study, simvastatin reduced portal pressure and improved liver
perfusion in patients with cirrhosis.*? In a follow-up trial, simvastatin improved survival in
patients with Child A/B cirrhosis but had no effect in Child C cirrhotics, nor did it decrease
the rate of recurrent bleedings.'*® These data are in line with a retrospective cohort study
on US patients with compensated hepatitis C-associated liver cirrhosis, in whom the use of
statins associated with fewer decompensations and lower death rates.!** Despite these
promising data, further studies are needed to unequivocally delineate the usefulness of
statins in patients with advanced liver disease as well as their impact on liver fibrosis.

Cenicriviroc

The interactions between CeC chemokine receptor types 2 (CCR2) and 5 (CCR5) and their
ligands play a fundamental role in the recruitment and infiltration of
monocytes/macrophages to the liver, thereby driving the inflammatory response as well as
hepatic stellate cell activation and fibrogenesis.’*> Cenicriviroc (CVC), an oral antagonist of
both CCR2 and CCR5-dependent pathways, results in potent inhibition of inflammatory
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response and fibrogenesis in diverse preclinical models of hepatic fibrosis.®* In line with
that, several trials currently address the clinical usefulness of CVC. For example, the
CENTAUR study (a phase llb trial, NCT02217475;'%7) and STELLARIS (a phase 3 trial;
NCT03028740) evaluate the efficacy and safety of CVC in NASH patients, whereas PERSEUS
(NCT02653625, a phase Il proof-of-concept trial) is testing its usefulness in PSC individuals.
The first data from the CENTAUR trial showed that 20% of the study participants reduced
their fibrosis grade after one year of treatment compared to 10% of subjects in the placebo
group (p=0.0023).

Liraglutide

The glucagon-like peptide-1 analog liraglutide used for the treatment of diabetes mellitus
type 2 has been shown to induce weight-loss by restriction of caloric intake.'*®4 Given
these properties, phase 2 LEAN assessed the efficacy of liraglutide in overweight patients
with clinical features of NASH. It showed a resolution of definite NASH in 39% of the patients
compared to only 9% in the placebo group (p=0.019).%*°

Galectin-3 antagonists

Galectin-3 (Gal-3) belongs to the family of lectins and has been demonstrated to play a
relevant role in the development of liver fibrosis. Under physiological conditions, Gal-3 is
expressed at low levels, whereas inflammatory and fibrogenic stimuli lead to a markedly
enhanced release of Gal-3, particularly by macrophages and other immune cells, thereby
contributing to fibrogenesis.'>152 In a model of murine toxin-induced liver fibrosis, the Gal-
3  inhibitors GR-MD-02 (galactoarabino-rhamnogalaturonan) and GM-CT-01
(galactomannan) both led to a significant decrease of galectin-3 expression in portal and
septal macrophages, attenuation of fibrosis, cirrhosis reversal and reduced portal
pressure.’>® Two phase |l clinical trials currently evaluate the efficacy and safety of GR-MD-
02 in NASH patients (NCT02462967; NCT02421094).

Vitamin E

Vitamin E (VitE) encloses a group of lipid-soluble antioxidants. The PIVENS trial performed
a comparative analysis of the therapeutic impact of vitamin E versus pioglitazone versus
placebo in nondiabetic patients with NASH. The obtained results pointed to a more
remarkable improvement of NASH with VitE therapy, but fibrosis scores did not differ
significantly. The TONIC study reported a histological improvement in pediatric NASH
patients treated with VitE; however, no improvement in ALT was achieved.'® Despite that,
the current data are not sufficient to recommend VitE therapy in NASH patients. With
regard to that, a meta-analysis suggested that VitE treatment may even lead to a higher all-
cause mortality.?>®
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Chapter 9

Summary

The recent years yielded essential insights into our understanding of hepatic fibrosis and
resulted in a large number of therapeutic strategies that are currently tested in clinical
trials, especially for the treatment of NASH. The investigated agents demonstrate that liver
fibrosis results from an intricate interplay between hepatocellular injury and inflammatory
reaction leading to activation of HSCs. Despite these first successes, there is still a great
need for basic research, in particular, to obtain better models of human NASH as well as a
need for better translational strategies between pre-clinical and clinical investigations.

Practice points

e Hepatic fibrosis is a consequence of an ongoing liver injury resulting in the activation
of hepatic stellate cells and increased deposition of extracellular matrix.

e Even at an advanced stage, liver fibrosis remains reversible.

e The main mechanisms leading to the reversal of liver fibrosis are
deactivation/elimination of hepatic stellate cells, switch in the inflammatory
environment and the degradation of extracellular matrix.

e  While no anti-fibrotic compounds have been yet approved for clinical use, several
drugs are currently undergoing advanced phases of clinical trials.

Research agenda

e The currently used in vivo liver fibrosis models need to be refined to closely mimic the
corresponding human diseases.

e A better understanding of the mechanisms of deactivation and elimination of hepatic
stellate cells is expected to yield novel therapeutic approaches.

e Screening of compounds already available in the clinical routine for their anti-fibrotic
potential represents an efficient drug-development strategy.
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Abstract

Introduction & aims

A considerable number of preclinical studies indicate that a great variety of liver diseases, ranging
from nonalcoholic fatty liver disease (NAFLD) to end-stage hepatocellular carcinoma (HCC), are
amenable to gene therapy. We have previously shown that c-Jun N-terminal kinases (Jnk) genes play
a crucial role in chronic liver disease (CLD). In the present study, we aimed to investigate the
relevance of hepatocyte-specific Jnk2 inhibition in an experimental model of CLD.

Material & Methods

Genetic deletion of Jnk2 gene was performed using hepatocyte-specific deletion of Jnk2 (JNK2Aahepa)
in NEMO/IKKy (NEMOAhera) mice and by siRNA silencing (siJnk2) in vitro and in vivo in wild-type (WT)
and NEMOAhera mice, respectively. Disease progression was analyzed using imaging analysis of
combined fluorescence molecular and microcomputed tomography (FMT/uUCT), protein expression,
IHC, IF and histopathology.

Results

In one-year-old NEMO?2hera mice, Jnk2 deletion reduced liver fibrosis and hepatocarcinogenesis
(HCC), as observed by the reduced total number of HCC nodules. Both NEMO/JNK22hepa (DK(QAhepa)
and hepatocyte-specific liposomal-delivered siJnk2 in end-stage diseased NEMO mice resulted in
improved liver parenchyma, serum levels and markers of fibrogenesis. Furthermore, siJnk2 chronic
treatment was associated with a change in the immune response as a reduction of myeloid cells and
an increase in CD4* and CD8* T-cells was found. Most importantly, chronic siJnk2 treatment reduced
the presence of premalignant and malignant liver tumors corresponding to reduced tumor initiation.
Interestingly, hepatocyte-specific liposomal-delivered siJnk2 diminished liver function at an early
phase of CLD in NEMO?2hera mice. siJnk2 caused increased liver transaminases, hepatocellular
apoptosis and compensatory proliferation, a phenomenon that we validated in 12 week-old
DKO2hepa mice.

Conclusions

Our findings demonstrate a stage-dependent role of Jnk2 during CLD progression in NEMQ2hepa
mice. Notably, siJnk2 delivery to hepatocytes ameliorated hepatitis, fibrogenesis and HCC initiation
and thus might be an attractive therapeutic option for personalized medicine in CLD.

Keywords
INK, liver, siRNA, FMT/uCT, HCC
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Introduction

Chronic liver disease (CLD) is defined as a progressive destructive illness of the liver
parenchyma frequently associated with chronic inflammation. The consequences are liver
fibrosis, cirrhosis and, finally, a high likelihood of malignant transformation, e.g.,
hepatocellular carcinoma (HCC). Both liver cirrhosis and HCC, in turn, can lead to complete
liver failure and, consequently, without liver transplantation, to the death of the patient.

Previous publications of our group demonstrated that deletion of the regulatory subunit
IKKy (NEMO) in murine hepatocytes causes spontaneous HCC development preceded by
chronic liver disease mimicking human NASH. Lack of NEMO expression leads to complete
NF-kB inactivation and, in turn, to sustained JNK activation and reactive oxygen species
(ROS) formation promoting cellular death?.

In recent publications, we showed the differential role of the Jnk genes during acute and
chronic liver disease?3. Whereas Jnk1 plays a pro-apoptotic and pro-tumorigenic function,
Ink2 seems to modulate fibrogenesis. Lately, a protective role for Jnk2 was shown against
Ibuprofen-mediated acute liver failure (ALF). However, many aspects of the Jnk2 function
in CLD remain currently unknown.

In this study, we used a dual approach to study the role of Jnk2 in CLD - Albumin Cre/loxP-
mediated gene deletion and small interfering RNA (siRNA)-mediated Jnk2 (siJnk2)
knockdown in hepatocytes in vivo. The use of genetically modified mice with gain- or loss-
of-function of individual genes is the gold standard to study the involvement of proteins in
a biological process in vivo®. Here, we effectively delete Jnk2 specifically in hepatocytes of
NEMO?"ePa mice, a suitable model for studying CLD and end-stage HCC™.

Material and Methods
Knockout mouse strains and animal housing

For all experiments, male mice carrying the loxP-site-flanked under the control of the
Alb/AFP-Cre promotor/enhancer were generated as previously described®. Mice lacking
the Cre transgene were denominated as 'floxed' mice (e.g., NEMO"f), showing no
functional difference to wild type (WT) mice. Aloumin-Cre (Alb-Cre), Jnk2-deficient mice
were purchased from The Jackson Laboratory (Bar Harbor, ME, USA). Hepatocyte-specific
Jnk2 and NEMO/IKKy mice were constructed by crossing Alb-Cre JNK2"f mice with Alb-Cre
NEMOf mice. All strains were crossed on a C57BL/6 background. The mice were housed
in the Institute of Laboratory Animal Science at the University Hospital, RWTH-Aachen
University, according to German legal requirements (Deutsches Tierschutzgesetz, FELASA,
GV-SOLAS) under a permit of the 'Veterindramt der Stadteregion Aachen'. In addition, the
mice were kept in individually ventilated cages (IVC) in groups of a maximum of five
animals per cage under specific pathogen-free (SPF) conditions. The mice were examined
on a daily basis by animal caretakers of the Institute of Laboratory Animal Science at the
University Hospital, RWTH-Aachen University. Specific air conditioning assured a constant
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room temperature of about 22+1°C and humidity in the range of 50£10%. At a light source
of 150 lux, the mice were housed in a 12h light-dark cycle (7:00-19:00 light; 19:00-7:00
dark). Mice received autoclaved food pellets and sterilized water, both ad libitum. For
breeding, the mice were mated at around nine weeks and the littermates were separated
at the age of 3-4 weeks following earmarks for identification. All performed organ
explants and animal experiments had been approved by the local authority for
environment conservation and consumer protection of the state North-Rhine Westphalia
(LANUV) on the following animal grants: 30034G (AZ: 84-02.04.2016.A080), TVA-11324GZ
(AZ-84-02.04.2016.A490). The research was performed under the ARRIVE (Animal
Research: Reporting of In Vivo Experiments) guidelines.

Generation of a Jnk2 siRNA (siJnk2)

The siRNA molecules were purchased from Axolabs GmbH (Kulmbach, Germany) and were
chosen due to their ability to specifically target Jnk2 in mice with mismatches to Jnk1 (2-
18 nucleotides) to increase in vivo stability and suppression of the immune-stimulatory
properties. Therefore, the siRNA molecules were modified in their sequences resulting in
12 different siRNA sets.

Hepa 1-6 cell line

Hepa 1-6 (1x10° cells/well) cells were obtained from the American Tissue Culture
Collection (ATCC, Manassas, VA, USA), grown in DMEM (Gibco BRL, Grand Island, NY, USA)
supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin. Hepal-
6 cells were cultured in a quantity of 500.000 cells/well, on 6 well 15.5 m|/9.6 cm? culture
plates (Falcon, Corning Inc., Corning, NY, USA) and transfected with the corresponding
siRNA molecules according to the manufacturer's protocol (Lipofectamine® RNAIMAX™
Transfection Reagent, ThermoFisher Scientific) and cultured for 24h at 37°C. After this,
RNA was isolated (PureLink RNA Mini Kit, ThermoFisher Scientific) and analyzed.

Isolation and culture of liver cells

Primary WT mouse hepatocytes were isolated from 7-8 week-old mice by collagenase
perfusion. Living hepatocytes were plated on collagen-precoated Petri dishes at a density
of 1.5x10%/cm? in supplemented DMEM medium and after 4h incubation (37°C, 5% CO>),
the medium was renewed. In accordance with the transfection of the Hepal-6 cells,
primary WT mouse hepatocytes were transfected with the corresponding siRNA
molecules according to the manufacturer's protocol (Lipofectamine® RNAIMAX™
Transfection Reagent, ThermoFisher Scientific) and cultured for 24h at 37°C. After this,
RNA was isolated (PureLink RNA Mini Kit, ThermoFisher Scientific) and analyzed. Hepatic
stellate cells (HSCs) and Kupffer cells (KCs) were isolated according to the published
protocol®.

Statistical analysis

All data were analyzed by Graph Pad Prism® 5.0 (GraphPad Software, Inc.) and are
expressed as means + standard error of the mean (SEM). P values below 0.05 were
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considered significant using the Student's t-test or one-way analysis of variance (ANOVA),
including the Bonferroni post-hoc test.

Results

Loss of hepatocytic JNK2 ameliorates the progression of experimental
chronic liver disease (CLD)

Previous studies suggested a major role of the NF-kB pathway and JNK activation for HCC
development!®. Thus, we generated double knockout mice with hepatocyte-specific
deletion of INK2 and NEMO?"P3/|[KKy and examined CLD progression in NEMO?2"er2,
NEMO/INK22hePa (DKOA"P2), and their corresponding littermate controls (floxed mice).
The impact of Jnk2 deletion on 52 week-old NEMO2®® animals was first evaluated.
Macroscopic analysis of one year DKO“'"®P? elicited a significant reduction in tumor
numbers compared with NEMO®"¢P? whilst controls did not display any evidence of
tumorigenesis (Figure 10.1A, left and right panels). The liver parenchyma architecture in
DKO?ePa characterized by decreased dysplasia, inflammation and steatosis, compared with
NEMO?"eP3 mice (Figure 10.1B). In line with these results, serum transaminases of DKQ2"er?
mice were significantly enhanced compared to one-year-old NEMO2"" animals (Figure
10.1B, S10.1A-C). Moreover, hepatocytic JNK2 deletion led to overall improved hepatic
fibrogenesis, as observed by Sirius red (SR) staining and quantification associated with
decreased infiltration of immune cells, including ccl2 and ccl5 (Figure 10.1C-D). Altogether
these results indicate that the deletion of JNK2 in experimental chronic liver disease might
be a suitable treatment to reduce hepatic fibrosis and end-stage HCC formation.
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Figure 10.1 Genetic deletion of Jnk2 in hepatocytes attenuates CLD progression and reduces

hepatocarcinogenesis in NEMO?"*P2 mice. NEMO2heP2, JNK22hep2, NEMOAhepa/JNK22hepa (DKOeP2) mice
and its respective control animals (JNK2%f, NEMOf, NEMO"f//JNK2//f (=DKO"f)) were generated. Mice
were sacrificed at the age of 52 weeks. Livers were extracted and macros- and microscopically
analyzed for phenotypic characterization. (A) Macroscopic images of livers (left) in 52 week-old
NEMO?2hera JNK22hera and DKOA"eP2 (lower images) and control animals (upper images) (Scale bars:
1cm). Dashed circles indicate tumoral lesions. The number of tumor nodules >0.5cm in diameter was
quantified in livers of NEMO2eP2 and DKO2"eP2 gnimals at the age of 52 weeks (right). (B)
Representative histological liver sections of the identical knockout animals (lower images) and control
mice (upper images) at the age of 52 weeks stained with hematoxylin and eosin are shown (left).
Serum liver ALT (right) of 52 week-old animals is displayed in U/L (n=11-13). (Scale bars: 100um). (C)
Representative images (left) of Sirius red staining of paraffin-embedded 52 week-old NEMQ2hep2,
JNK22hera and DKOAMeP2 (lower images) and control mice (upper images). Quantification of positive
Sirus red area fraction (right) was performed with Image J© (Scale bars: 100um). (D) The mRNA
expression of ccl2 and ccl5 was performed in whole liver extracts prepared from NEMO2er2 and
DKO2"er2 animals at 52 weeks. Results are represented as fold increase. Values are expressed as mean
+ S.E.M. *P<0.05, **P<0.01, ***P<0.001.
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Efficiency of siJnk2 on gene expression in vitro

Since the loss of hepatocytic JNK2 enhanced the progression and end-stage phase of
chronic liver disease, we aimed to functionally elucidate and therapeutically define the
role of Jnk2 in CLD using siRNA against Jnk2.

We first transfected Hepa 1-6 cells with a panel of 12 different computer-defined siRNAs
for 24h and tested Jnk2 mRNA expression (Figure S10.2A). This screening approach
defined siRNA-Jnk2 set 3 and 4 to downregulate JNK2 mRNA to less than 10% of the
original level. Dose finding experiments identified a concentration of 0.5nmol as the most
potent siRNA application (Figure S10.2B). Efficacy was further confirmed in primary
isolated WT hepatocytes (Figure $10.2C-D).

Both siRNAs significantly down-regulated Jnk2 mRNA expression in a concentration
ranging from 0.125 to 5.0nmol 24h after transfection. As shown in Figure $10.2C, the
most potent concentration of Jnk2 knockdown was found with 0.25nmol and 0.5nmol
siRNA-Jnk2 set 3 and 4 (Figure $10.2D), respectively.
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Figure 10.2 Effect of targeting Jnk2 via siRNA in hepatocytes in vitro and in vivo. The efficiency and specificity
of Jnk2-siRNA molecules coupled into lipid nanoparticles were tested in vitro and in vivo. WT mice at
the age of 7-8 weeks were treated with a single dose of luciferase (siLuc) or si/nk2 in vivo with a
concentration of 0.2 mg/kg BW for 6h (n=3). (A) Jnk2 mRNA expression was determined in isolated
liver, spleen, kidney, muscle, heart and fat tissue of WT mice that had undergone siLuc or si/Jnk2
injection. Results are represented as fold increase. (B) Jnk2 mRNA levels were analyzed in
hepatocytes, KC and HSC isolated from livers of WT mice treated with either siLuc or siJnk2. Results
are graphed as fold increase. (€) The mRNA expression of Jnk2 was performed in whole liver extracts
prepared from WT mice treated with siLuc or siJnk2 in doses ranging from 0.05 to 0.2mg/kg for 6 and
168h. Quantitative RT-PCR results were displayed as fold induction. (D) Protein levels of JNK2, pJNK
and JNK were analyzed by immunoblotting of whole liver extracts prepared from WT mice that
underwent either siLuc or si/nk2 injection with doses ranging from 0.05 to 0.2mg/kg for 6 and 168h.
GAPDH was used as loading control. Ratio: Normalization of each protein level relative to GAPDH was
determined by densitometry. Results are expressed as mean * S.E.M. *P<0.05, **P<0.01, ***P<0.001;
ns, no significance.

Efficiency of nanoparticle-formulated siJnk2 in vivo

The most potent siRNA-JNK2 set 3 was coupled in lipid nanoparticles (LNP) for in vivo
experiments. Six hours after inoculation, tissue specificity was analyzed by determining
Jnk2 mRNA expression first in different organs and different hepatic cell types, e.g.,
hepatocytes, Kupffer cells (KCs) and HSCs. siRNA-Jnk2 set 3 suppressed MAPK9 expression
specifically in the liver and failed to down-regulate Jnk2 mRNA expression in KCs and HSCs
(Figure 10.2A-B). These results confirmed successful Jnk2 mRNA inhibition via siRNA-Jnk2
set 3 (hereafter referred to as siJnk2) in hepatocytes in vitro and in vivo.

Next, we investigated the dose and time-dependent effect of silnk2 on mRNA and protein
expression in WT mice (Figure 10.2C-D). Using different siRNA concentrations ranging
from 0.05 to 0.2mg/kg mouse body weight (BW), mRNA and protein expression showed a
dose-dependent down-regulation of Jnk2 compared to siLuc-treated mice, 6h after
injection. A single dose injection of 0.2mg/kg per mouse BW triggered almost
undetectable JNK2 protein expression after 168h, although mRNA expression levels
showed an increase compared to the earlier time-point. Based on these data, a single
dose injection of 0.2mg/kg siJnk2 was used in all further experiments.

Knockdown of JNK2 in one-year-old NEMO2P? mice efficiently ameliorates
tumorigenesis

Progression of liver disease is a multistage and chronic process where activation of the
inflammatory response affects hepatic fibrogenesis and, ultimately, HCC development.
NEMO?" |ivers develop obvious signs of fibrosis after 26 weeks and HCC can be found at
the age of 52 weeks. Thus, we aimed to investigate the effect of hepatocyte-specific Jnk2
silencing at a later stage of disease progression, when liver fibrosis is already present.
Therefore, 44 week-old NEMO?"?2 mice, showing no HCC development at this age, were
treated with siJnk2 for eight weeks and subsequently analyzed (Figure 10.3A).
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Figure 10.3 The progression of chronic liver disease is enhanced by using siRNA-mediated Jnk2 silencing in an
experimental model. Male 44 week-old NEMO*"" mice were injected on a weekly basis with a
single dose of 0.2mg/kg luciferase (siLuc) or si/nk2 beginning at 44 weeks of age until reaching 52
weeks of age (sacrifice). (A) Schematic representation of the si/nk2 injection protocol. (B)
Representative macroscopic images (left) of the livers of NEMO2"¢P2 mice untreated (left) or treated
with either siLuc (center) or siJnk2 (right) are displayed. Dashed circles indicate tumoral lesions. The
number of tumor nodules 20.5cm in diameter (right) was quantified (scale bars: 1cm). (C)
Representative H&E staining of liver sections (left) of untreated 52 week-old animals and after
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undergoing siLuc or siJnk2 injection are shown Serum liver ALT (right) of 52-week-old animals is
displayed in U/l (n=12-14). (Scale bars: 100um). (D) Western blot analysis of whole liver extracts from
NEMO?2hera after completing treatment with siLuc or siJnk2 at 52 weeks of age using antibodies against
heat shock protein (HSP) 70/72 was performed; GAPDH served as loading control. (E) Protein
expression of HSP70/72 in 52 week-old NEMO?2"er2 ejther treated with siLuc or si/nk2 was quantified
as relative density arbitrary unit using Image J© (left). The mRNA expression levels of survivin (center)
and p53 (right) for the same NEMO?2"eP2 treatment groups were determined using qRT-PCR and
displayed as fold increase. (F) Expression of JNK2 and pJNK2 was analyzed by immunoblotting of liver
samples of 52 week-old NEMO2"eP2 mice treated with either siLuc or siJnk2 (left). Quantitative RT-PCR
analysis of the mRNA levels of Jnk2 in the identical NEMO2er? treatment cohort was performed and is
represented as fold increase (right). GAPDH was used as loading control. Data are presented as mean
+ S.E.M. *P<0.05, **P<0.01, ***P<0.001.

Chronic silnk2 treatment of NEMO®"®P? livers caused a significant reduction in HCC
progression. Gene silencing of Jnk2 triggered significantly improved liver transaminases,
which translated into decreased tumor numbers and an overall improved liver
parenchyma comparable to untreated, 44 week-old NEMO2"¢?® mice. Furthermore, siJnk2
treatment inhibited further HCC progression as it is visible in untreated mice NEMOQ?”"er?
with the age of 44 weeks. Macroscopic analysis and H&E staining of siLuc-treated
NEMO?"® |iver displayed HCCs exhibiting dysplastic nodules and differentiated adenomas
with characteristic neovascularization (neoangiogenesis) (Figure 10.3B, S$S10.3A-B).
Besides, there were increased signs of fat deposition throughout the whole liver.
Remarkably, siJnk2 treatment led to the improved architecture of the hepatic parenchyma
associated with minor signs of steatosis, a reduction of well-differentiated HCCs and
significantly less premalignant dysplastic nodules, associated with significantly decreased
serum ALT level (Figure 10.3C). Inoculation of siJnk2 caused a significantly decreased
expression of HSP72, a marker of HCC’ at the protein level (Figure 10.3D-E) and significant
downregulation of mRNA transcripts Survivin and P53, typical markers of tumorigenesis,
as well as factors such as TNFa and VEGFB compared with NEMO”"®"* and control mice
(Figure 10.3E, S10.3C-D). Finally, to confirm that loss of JNK2 in hepatocytes was due to
gene silencing was responsible for decreased tumorigenesis in experimental chronic liver
disease, we tested both JNK2 protein and mRNA expression (Figure 10.3F). Notably, JNK2
protein and mRNA levels were depleted, thus validating the efficacy of JNK2 inhibition for
the treatment of experimental liver tumorigenesis.

Hepatocytic JNK2 gene silencing enhances cell death, compensatory
proliferation and hepatic fibrogenesis in experimental CLD

Next, we further examined the effect of siJnk2 treatment in HCC progression. In line with
improved liver architecture, silnk2 treatment of NEMO?"¢P? livers showed significantly
reduced collagen accumulation, evidenced by SR analysis and downregulation of HSC
activation markers. Reduced immune cell infiltration in siJnk2-treated NEMO?*" livers
was also associated with decreased ccl2 and ccr2 transcripts (Figure 10.4A-C). The impact
of Jnk2 silencing during 8 weeks on immune cell infiltration was studied by FACS analysis.
NEMO?ePa mice inoculated with silnk2 livers showed a significantly reduced number of
infiltrating CD45* cells. Although we did not observe significant differences between the
percentages of proinflammatory monocytes to CD45" cells between both mice groups,
total cell numbers were significantly decreased after Jnk2 knockdown (Figure 10.4D).
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Interestingly, siJnk2 treatment caused a decrease in B- and in NK cells, while an increase in
NKT, T-cells, CD4* T-cells and CD8* T-cells was found (Figure S10.4A).
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Figure 10.4 Hepatocyte-specific si/nk2 treatment reduces fibrogenesis and tumor initiation in NEMO2"¢P2 mice
at a late phase. (A) Representative images of Sirius red staining of paraffin-embedded
NEMO?2"eratsiluc and NEMOA"ePa+sijnk2 treated mice at 52 weeks of age is shown (left). Quantification
of positive Sirius red (SR) area fraction (right) was performed with Image J© (Scale bars: 100um). (B)
The mRNA expression levels of aSMA (left) and Collagen IA1 (right) were determined for the same
NEMO?2hera treatment groups in whole liver and represented as fold increase. (C) Quantitative RT-PCR
analysis of cc/2 (left) and ccr2 (right) was performed for the same treatment groups and expressed as
fold increase. (D) Flow cytometry analysis was performed in whole livers of NEMO2"¢P? mice after
therapeutic administration of either siLuc or siJnk2 at the age of 52 weeks. Absolute number of CD45*
cells (left) and proinflammatory cells (CD45*/CD11b* /Grl.1*/F4/80*) (right) as well as
proinflammatory cell fraction among CD45* cells (center) were quantified by using FlowJo 7.6. (E) The
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same samples were subjected to immunoblotting using antibodies against PCNA and Cleaved Caspase
3; GAPDH served as loading control. Data analysis is expressed as mean + S.E.M. *P<0.05, **P<0.01,
***p<0.001.

Furthermore, compensatory hepatocyte proliferation was downregulated in siJnk2
treated NEMO2*" [ivers, as evidenced by PCNA mRNA and protein expression (Figure
10.4E, S10.4B). As the progression of liver injury in NEMO livers is linked to TNF-
mediated apoptotic cell death, we evaluated the impact of siJnk2 treatment on caspase-3
activity. Cleaved caspase-3 expression and its enzymatic activity were significantly
reduced after siJnk2 treatment in NEMO?®® livers (Figure 10.4E, $10.4C). The FMT/uCT
images demonstrated reduced apoptotic cell death in NEMO*"P? livers after siJnk2
injection compared to siLuc treated animals (Figure $10.4D).

Effect of silencing JNK2 in earlier stages of chronic liver injury

Since genetic Ink2 deletion had a substantial impact on NEMO”"P3-dependent CLD in old
mice, we next tested the effect of modulating hepatocyte-specific Jnk2 expression in
earlier stages of chronic liver disease. Eight-week-old NEMO?"2 male mice were injected
weekly with a single dose of 0.2 mg/kg siJnk2 or siLuc, over a period of 4 weeks (Figure
10.5A).
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Figure 10.5 Hepatocyte-specific siRNA-dependent Jnk2 deletion in an early phase of chronic liver injury. Male
8-week-old NEMO"f and NEMO®2her2 animals were injected on a weekly basis with a single dose of 0.2
mg/kg siLuc or siJnk2, over 4 weeks and sacrificed at 12 weeks of age (n=12). (A) Schematic cartoon of
the siJnk2 injection protocol. (B) Representative H&E-stained liver sections (left) prepared from 12-
week-old NEMO"f (upper panels) and NEMO?2era (lower panels). Serum ALT is displayed in U/I (right).
(C) Representative images of Sirius red staining of paraffin-embedded NEMO"f (upper panels) and
NEMO?2hera |iver tissue (lower panels) of 12-week-old animals after four weeks of treatment with siLuc
or siJnk2. Quantification of positive Sirius red area fraction (right) was performed with Image J© (Scale
bars: 100um). (D) The expression of aSMA (left), Collagen IA1 (center-left), ccl2 (center-right) and ccl5
(right) were measured for the identical treatment groups by gRT-PCR in whole liver extracts and
expressed as fold increase. (E) The presence of CD11b*/F4/80 cells in the liver was analyzed per IF and
quantified as positive cells per view field (left). Absolute number of proinflammatory monocytes
(CD45*/CD11b* /Gr1.1*/F4/80*) (center) as well as proinflammatory monocyte fraction among CD45*
cells (right) following flow cytometry analysis are analyzed. Quantification was determined using
FlowlJo 7.6. Data are presented as mean + S.E.M. *P<0.05, **P<0.01, ***P<0.001.

One month of treatment with siJnk2 significantly impaired liver injury markers compared
to siluc-treated NEMO?"P® mice. Interestingly, siJnk2 treatment led to a decrease in
liver/body weight (LW/BW) ratio in 12 week-old NEMO®”"P? (Figure 10.5B, S10.5A-B).
Histopathological analysis of our experimental model revealed significant differences
between silnk2 and siLuc-treated NEMO?"P? |ivers. Silencing of Ink2 in hepatocytes of
NEMO?ePa mice triggered parenchymal cell dysplasia and hypertrophy accompanied by
strong anisokaryosis. In addition, there was increased fat deposition and substantial
immune cell infiltration. Immune cells were found in local clusters throughout the liver
parenchyma (Figure 10.5B, $10.5C). In turn, siLuc-treated NEMO®"P? |ivers displayed
steatohepatitis characterized by immune cell infiltration, as found in NEMO?'®? |ivers at
this stage of CLD. No significant changes between NEMO livers treated with siLuc or
siJnk2 were evident. Sirius red (SR) staining showed significantly increased extracellular
matrix deposition (ECM) in silnk2-treated NEMO?*P? livers compared to all other groups.
The upregulation of HSC activation markers further strengthened these results (Figure
10.5C-D).
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Since siJnk2 treatment increased immune cell infiltration in NEMO?2"®P? |ivers, we
investigated the impact on immune cell activation by FACS analysis and double
immunofluorescence staining. Silencing of Jnk2 significantly increased proinflammatory
monocytes (CD457/CD11b*/Gr1.1*/F4/80™™) in NEMO?""? [ivers compared to siLuc-treated
animals (Figure 10.5E, S10.5D). The finding that proinflammatory monocytes are involved
in monocyte recruitment was also reflected at the mRNA level. Analysis of the mRNA
transcripts revealed significantly increased levels of ccl2 and ccl5 in NEMO2"¢P® mice
treated with siJnk2 compared to all other groups (Figure 10.5D). Apoptotic cell death
plays a significant role in CLD of NEMO?"®@ mice®. In this line, silnk2-treated NEMQ?2"era
livers showed significantly increased cleaved caspase-3 levels compared to siLuc treated
animals, as evidenced by both Western blot analysis (Figure 10.6A) and
immunohistochemistry (Figure S10.6A). Noticeably, histological examination showed not
only positive hepatocytes but also positive immune cells. By means of in vivo imaging
using FMT/uCT, the amount of Duramycin-NIR790 conjugate bound to
phosphatidylethanolamine in apoptotic cells was markedly increased, supporting the
histological analysis. Quantification of Caspase-3 activity in liver tissue and Duramycin-
NIR790 conjugate accumulation in the liver in vivo confirmed increased apoptosis in
siJnk2-treated NEMO2"P? livers (Figure 10.6B, 10.6D-E). Next, proliferation activity
measured by PCNA expression was determined as a sign of liver repair and regeneration.
Our data revealed significantly increased parenchymal and non-parenchymal positivity for
PCNA at protein and mRNA expression levels in NEMO2"¢P? |ivers after siJnk2 treatment
(Figure 10.6C, S10.6B).
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Figure 10.6 Hepatocyte-specific siJnk2 treatment modifies apoptotic cell death in the early phase of NEMQ2her2
livers. (A) Immunoblot analysis of whole liver extracts prepared from NEMO" +siLuc, NEMO™+si/nk2,
NEMO?2"eratsiluc and NEMO2reP2+sijnk2 mice at 12 weeks of age detecting cleaved caspase-3 and
PCNA was performed, using GAPDH as a loading control. (B) Caspase-3 activity in the livers from 12
week-old NEMOf mice compared to NEMO2eP2 mice ensuing siLuc or si/nk2 injections. The activity
was represented as relative fluorescence units (RFU). (€) Hepatic mRNA levels of PCNA were
quantified and displayed as fold increase for the identical treatment groups. For the same treatment
cohort, representative FMT/uCT images (D) showing the accumulation of Duramycin-NIR790 in the
liver, which is used as a quantitative biomarker of cell death and (E) expressed as [fmol]. (Scale bar:
10mm). Results are shown as mean * S.E.M. *P<0.05.

Since at earlier stages, siJnk2 inoculation triggered increased hepatitis, we went back to
explore whether genetic deletion of Jnk2 from birth triggered the same effect or was due
to acute effects of Jnk2 sudden loss. Twelve-week-old DKO2"*" animals showed increased
liver damage as demonstrated by a significant elevation of serum transaminase level
compared to NEMO?'P2 gnd control littermates. These changes were further confirmed
by H&E staining of liver tissue sections (Figure $10.7A-E).

Discussion

Different etiologies, e.g., viral hepatitis, alcohol or metabolic liver diseases, are known to
trigger chronic liver diseases and, ultimately, end-stage liver disease, including the
occurrence of HCC®. The incidence of liver cancer as a cause of death is globally increasing.
However, limited treatment options are currently available. Hence, there is a rising need
to understand the molecular pathways involved in CLD pathophysiology.

Previous studies from our group demonstrated that the NF-kB pathway and the activation
of INKs play a major role in HCC development®3. Therefore, this study aimed to
investigate the outcome of blocking Jnk2 exclusively in hepatocytes in an experimental
model of CLD, the NEMO?"**® mice. Moreover, we used two experimental approaches: a
genetic knockout and an inducible knockdown using siRNA technology. These approaches
are different but complementary. A complete loss of protein function was achieved using
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double knockout mice. However, this is a time and costly experimental approach. In
contrast, the knockdown approach using siRNA allows a quicker evaluation of the
mechanisms governed by Jnk2, reflecting more closely the human situation, since in a
patient's liver disease is the result of changes in gene and/or protein expression.

First, the analysis of genetic double-knockout mice for INK22"¢P2 and NEMO?2"eP? (DKQ2"er?2)
concurred with our previous findings that Jnk2 knockout in NEMO2¢P2 mice showed an
improved outcome in HCC development3. Consistent with decreased liver transaminases,
DKO?"eP2 mice livers showed a reduced overall number of tumors. These results suggest
that hepatocytic deletion of JNK2 improves tumor progression but impairs tumor
initiation, and thus we next questioned whether JNK2 inhibition could be a therapeutic
approach for the development of CLD.

Next, we established a genetic knockdown model of Jnk2 in hepatocytes using lipid
nanoparticle-formulated siRNA technology and tested both in hepatocytes in vitro as well
as in vivo. As previously shown?, the efficacy of lipid nanoparticles targeting specifically
hepatocytes in vivo was demonstrated. Specifically, we established a genetic knockdown
for Jnk2 exclusively in hepatocytes. Thus, we focused on regulated CLD at different stages
of disease progression in our experimental model.

Interestingly, siJnk2 treatment in NEMO®"®P* mice during the late phase of CLD disease
revealed significant overall improvement. Reduced liver serum values and significantly
improved serum biochemical parameters were supported by liver histopathology studies.
At late stages of CLD, Jnk2 down-regulation exerted a protective role, as demonstrated by
an ameliorated progression of CLD and reduced fibrogenesis. The reduced fibrogenic
response directly translated into decreased tumor initiation, suggesting that the
carcinogenic environment after siJnk2 treatment improved in NEMO"P? [ivers as also
reflected by improved liver architecture. Most importantly, siJnk2 treatment prevented
HCC progression, characteristic of NEM O |ivers at the age of 44 weeks.

Interestingly, this observation was associated with a substantial impact on the adaptive
immune system, showing changes in T helper and NKT cells. Focusing on CD4* and CD8"* T-
cells, both populations have opposing roles in promoting a chronic proinflammatory
environment and triggering anti-tumor surveillance. Yet, this is still a matter of debate in
HCC initiation, depending upon the experimental model. However, closely correlating
with improved disease progression after siJnk2 treatment, FACS analysis underscored an
anti-tumor effect for both subpopulations on HCC.

Concomitantly, CD8" T-cells are the main subset of tumor-infiltrating lymphocytes. Large
numbers of CD8" T-cells in human HCC patients correlated with improved survival, more
prolonged relapse-free survival as well as diminished disease progression®!2,
Interestingly, lack of CD4* T-cells is evident in patients with poor HCC prognosis, also
predicting a high recurrence rate in these patients. Although their role in HCC
development remains controversial and opposing roles are described in the literature, a
negative correlation between B cells and CD4* as well as CD8* T-cell activity was found®®.
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However, does JNK2 deletion impact the early stages of CLD? To answer this question, we
next investigated Jnk2 modulation in the acute phase of NEMO2"®P* mice, both using
siRNA and DKO?®P® mice. Both experimental approaches revealed a stage-dependent
outcome of CLD. Interestingly, Jnk2 downregulation in NEMO“"®** mice caused a
proinflammatory environment aggravating the phenotype of NEMO”'P2 mice at this time
point. Jnk2 siRNA-mediated nano-delivery caused exacerbated hepatic damage, immune
cell infiltration, impaired liver fibrosis, apoptosis and compensatory proliferation.

Analyzing immune cell infiltration revealed cells as monocyte-derived macrophages
(MoMFs) by different methods confirming previous observations that hepatic macrophage
numbers are enormously increased independent of the type of liver injury®®. Specifically,
the CCL2/CCR2 axis has been shown to be a key mechanism in monocyte recruitment to
the liver'®. The infiltrated monocytes aggravate the hepatic injury by releasing
proinflammatory cytokines such as TNFa, IL-1B and nitric oxide (NO)Y’. Concomitantly,
siJnk2 treatment in NEMO2"®"® mice showed rapid liver fibrosis progression by increased
collagen deposition and HSCs activation marker.

Remarkably, not only hepatocytes but also infiltrating cells were positively stained for
cleaved Caspase-3 and undergoing apoptosis after siJnk2 treatment. Additionally, Kupffer
cells (KCs) have been described as long-lived resident macrophages, even though a
constant turnover occurs and hepatic macrophages are incessantly repopulated®®. Since
the intrahepatic macrophage number is massively expanded following the influx of
peripheral monocytes rather than augmentation of tissue-resident macrophages, the
observed results offer indisputable evidence for a high turnover and consistently
repopulation of MoMFs due to hepatocyte-specific siJnk2 treatment in NEMO2"P? mice.
Comprehensive data providing a pivotal role for Jnk2 in acute liver failure from our group
was recently obtained?. In this study, silnk2 treatment prior to ibuprofen administration
caused a dramatic increase in hepatic damage and cell death.

Overall, our findings define a pivotal time-dependent role of Jnk2 during the development
of experimental CLD. In particular, hepatocytic siRNA-mediated Jnk2 inhibition in older
mice blocked fibrogenesis and HCC progression. Hence, these results define Jnk2 as a
potential preventive approach targeting hepatocytes to impair cancer initiation in
chronically damaged livers. Moreover, similar phenotypes observed in both the knockout
and the knockdown mice highlight the usefulness of the siRNA technology, specially
formulated with lipid nanoparticles as a cell-type specific approach (Figure 10.7).

279



Chapter 10

52 waek \
44 Carcinogenesis @
& @ (<

244 Fibrosis A4 4 Liver injury
T 44 Carcinogenesis
14
23
= c
=
\ 44 Liverinjury # Fibrosis A4 Liver wy

oy il i i
e [ TTTT 1

t
B 910N 12 [wosks) © 44546 4T a0 40 50 51 =2

E
4
5’
?
0®

44 Liver Injury # Fibresls # Liver injury

Figure 10.7

5

Figure 10.7 Schematic representation of the impact of JNK2 modulation in hepatocytes during the different
stages of chronic liver disease. The role of hepatocellular Jnk2 in CLD was assessed by Jnk2-silencing
using a hepatocyte-specific liposomal-delivered Jnk2-siRNA or genetic Jnk2-deletion in hepatocytes.
Conditional knockout mice with hepatocyte-specific deletion of Jnk2 and NEMO/IKKy were
generated for phenotypic characterization. Thirteen week-old NEMO/JNK22"P2 animals displayed
notably elevated serum transaminases and a deteriorated liver parenchyma, compared to
NEMO?her2 mice. Unexpectedly, NEMO?heP2 mice with hepatocellular Jnk2 deletion at 52 weeks of
age presented improved liver function and histology, characterized by a reduced total number of
HCC nodules. Concomitantly, eight-week-old NEMO?h*2 mice were treated with either siLuc or
hepatocyte-targeting Jnk2-siRNA at a single dose of 0.2mg/kg once weekly and sacrificed at 12
weeks of age. As a result, Jnk2-silencing in hepatocytes led to increased liver transaminases,
hepatocellular apoptosis and compensatory proliferation in NEMO2P2 animals. Compared to siLuc-
treated animals, si/nk2-treated NEMO2"¢P2 mice exhibited augmented fibrogenesis as well as a more
significant inflammatory response. In contrast, CLD progression was significantly reversed in 52
week-old end-stage diseased NEMO?2"eP2 that had previously undergone si/nk2 injection for eight
weeks. Amelioration of serum liver enzymes, reduction of apoptosis and decreased inflammation
were hallmarks of 52 week-old si/nk2-treated NEMO?2"eP2, Of note, significant improvement in the
hepatic parenchyma architecture of si/nk2-treated mice was observed with only mild signs of
fibrosis and steatosis as well as a reduced presence of premalignant and malignant liver tumors.
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Figure $10.1

Figure S10.1 Serum liver AST (A), GLDH (B) and AP (C) of 52-week-old NEMO?2her2, JNK22hepa NEMOQAhera/JNK22hera
animals and the respective controls are displayed in U/l (n=11-13). Data are presented as mean *
S.E.M. *P<0.05, **P<0.01, ***P<0.001
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Figure $10.2

Figure S10.2 (A) Hepa 1-6 cells were cultured in a quantity of 500.000 cells/well, on 6 well 15.5ml/9.6cm? culture
plates. After 12h of stabilization period, Hepa 1-6 were transfected with either medium alone,
lipofectamin or one out of 12 different computer-defined Jnk2-siRNAs [1 nmol] for 24h and the Jnk2
mRNA expression was quantified by using qRT-PCR. Results are expressed as fold increase. (B) Hepa
1-6 cells were transfected with medium alone, lipofectamin or siJnk2 (which corresponded to siRNA
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sets 3 or 4) in a concentration ranging from 0.125-10nmol for 24h and subsequently, Jnk2 mRNA
levels were determined by using qRT-PCR. Results are expressed as fold increase. Primary murine
hepatocytes were isolated from 7-8 week-old WT mice by collagenase perfusion and plated on
collagen-precoated Petri dishes at a density of 1.5x10%/cm? in supplemented DMEM medium. After
12h stabilization overnight, primary murine hepatocytes were transfected with either medium
alone, lipofectamin or siJnk2 sets 3 (C) or 4 (D) in a concentration ranging from 0.125-5nmol for 24h.
The mRNA levels of Jnk2 were quantified by using qRT-PCR and results are shown as fold increase.
Results are expressed as mean + S.E.M. ***P<0.001.
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Figure $10.3

Figure $S10.3 (A) Serum liver AST (left), GLDH (center) and AP (right) of 52-week-old NEMO?2"¢" animals after
completing 8 weeks of treatment with siLuc or siJnk2 or untreated are displayed in U/l (n=11-13). (B)
Bodyweight (left), liver weight (center) and liver weight versus body weight ratio (right) is graphically
represented for the identical treatment groups. TNF (C) and VEGF (D) mRNA levels were analyzed
for NEMO2heP2 mice that were treated with either siLuc or siJnk2 at the age of 52 weeks. Results are
represented as fold increase. Results are expressed as mean + S.E.M. ***p<0.001.
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Figure S10.4

Figure $10.4 (A) Flow cytometry assay was performed in whole liver of 52-week-old Nemo?"¢P® mice after
therapeutic administration of either siLuc or siJnk2 for 8 weeks. B cells among CD45*(upper panel
left), absolute number of B cells (upper panel center-left), NK cells among CD45*(upper panel
center-right), absolute number of NK cells (upper panel right), NKT cells among CD45*(intermediate
panel left), absolute number of NKT cells (intermediate panel center-left), T-cells among
CD45*(intermediate panel center-right), absolute number of T-cells (intermediate panel right), CD4*
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T-cells among CD45* (lower panel left), absolute number of CD4* T-cells (lower panel center-left),
CD8* T-cells among CD45* (lower panel center-right), absolute number of CD8* T-cells (lower panel
right) were quantified by using FlowJo 7.6 and results are graphed. (B) PCNA expression was
quantified with gRT-PCR for Nemo?2"eP2 animals following treatment with either siLuc or si/nk2 at 52
weeks and displayed as fold increase. (C) Caspase-3 activity was determined for the same treatment
groups and represented as relative fluorescence units. (D) Representative FMT/uCT images showing
the accumulation of Duramycin-NIR790 in various organs (left) is shown for the identical treatment
groups. The accumulation of Duramycin-NIR790 was determined and expressed (right) as [fmol].
(Scale bar: 10mm). Data analysis is expressed as mean + S.E.M. ¥P<0.05, **P<0.01, ***P<0.001.
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Figure $S10.5 (A) Serum liver AST (left), GLDH (center) and AP (right) of 12-week-old NEMO2"¢" animals and the

respective controls are represented in U/I. (B) Liver weight (left), body weight (center) and liver
weight versus body weight ratio (right) is graphed for the identical treatment groups. (C)
Representative histological sections of livers from 12-week-old NEMO2"er? (lower images) and
control mice (upper images) following the administration of either siLuc (left) or si/nk2 (right)
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stained with hematoxylin and eosin are exhibited (Scale bars: 100um). (D) Illustrative
microphotographs of CD11b*F4/80*stainings by immunofluorescence performed on liver cryoslides
of 12-week-old Nemo®f (upper images) and Nemo?he,@ mice (lower images) after being subjected to
siLuc (left) or siJnk2 injections (right). Positive CD11b*F4/80* cells are stained green; total cells were
counter-stained with DAPI (blue). (Scale bars: 100um). Arrows indicate positive cells. Data analysis is
expressed as mean * S.E.M. *P<0.05, **P<0.01, ***P<0.001.
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Figure $10.6

Figure S10.6 Representative images of Cleaved Caspase-3 (A) and PCNA (B) expression on paraffin-embedded
liver samples of Nemo”f (upper images) and Nemo?'eP® (lower images) was analyzed by
immunohistochemistry at the age of 12 weeks after siLuc (left) or siJnk2 (right) treatment. Arrows
indicate positive cells. (Scale bar: 100um).
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Figure $10.7

Figure $S10.7 (A) Representative histological sections of livers from 12-week-old NEMO2her2, Jnk22her2 and
DKO?her2 (lower images) and the respective control mice (upper images) stained with hematoxylin
and eosin are shown (Scale bars: 100um). Serum liver AST (B), ALT (C), GLDH (D) and AP (E) of the
identical mouse cohort are displayed in U/I. Data analysis is expressed as mean + S.E.M. *P<0.05,
**p<0.01, ***P<0.001.

Supplementary Materials & Methods

siRNA sequences

The following siRNA sequences targeting Jnk2 were used:
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Table 1: siRNA sequences targeting Jnk2

Synthesized siRNA strand

siRNA
set
number

sense strand sequence
(5°-3")

antisense strand sequence
(5-3")

cUUAAAGUGUGUcaAucAudTsdT

AUGAUUGACACACUUUAAGTsdT

uaAcuuAuGucAGguuAuudTsdT

AAUAACCUGACAUAAGUUAdTsdT

CcUAGCAACAUUGUaGUAAAdTsdAT

UUUACUACAAUGUUGCUAGdTsdT

ggAAAGAGCcUAAUUUACAAdTsdT

UUGUAAAUUAGCUCUUUCCATsdT

gaAAGAGCcUAAUuUUACcAAAdTsdT

UUUGUAAAUUAGCUCUUUCTsdT

aaGAGCcUAAUUuUAcAAAGAdTsdT

UCUUUGUAAAUUAGCUCUUdTsdT

agAGcuAAuuUAcaAAGAAdTsdT

UUCUUUGUAAAUUAGCUCUdTsdT

caccuGAAAuuGAuUAcuuudTsdT

AAAGUAUCAAUUUCAGGUGATsdT

cacuAGGUUAGuuuuuGuudTsdT

AACAAAAACUAACCUAGUGTsdT

10

ggcuuAAuuuucAgccAAAdTsdT

UUUGGCUGAAAAUUAAGCCATsdT

11

cauuGGGccuGCcAgACAAAdTsdT

UUUGUCUGCcAGGCCcAAUGATsdT

12

guGucGuAAuuucaGAcAudTsdT

AUGUCUGAAAUUACGACACITsdT

siLluc

CUUACGCUGAGUACUUcGAdTsdT

UCGAAGUACUCAGCGUAAGdTsdT

Abbreviations: A, G, U, C: RNA Nucleotide; a, g, u, c: 2-O-methyl-Nucleotide; s:

Phosphorothioate; dT: desoxy-T residue

According to the manufacturer's protocol, siRNA set number 4 was chosen for KL52 lipid
nanoparticles (LNP) formulation. For the long-term experiments, a total dose of 0.2mg/kg
BW of siJnk2 was dissolved in PBS (PAN-Biotech) and injected i.v. (tail vein) once per

week. In parallel, a control siRNA against luciferase (siLuc) was used.

Immunohistochemistry staining

Liver tissue slides were stained for Cleaved Caspase 3 (Cell Signaling Technology), PCNA
(Dianova GmbH), p-JNK2 (Novus Biologicals) on paraffin sections. Eight randomly chosen
images were taken of each liver tissue section (20X magnification, scale bars: 100um) for

analysis using Axiovision software (Carl Zeiss, Jena, Germany).
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Immunofluorescence

First, freshly cut sections were fixed with formaldehyde (4%) for 10min, followed by
3x3min washing with DPBS+0,02%NaAzide. Next, the sections were blocked with
DPBS+0,02%NaAzide+0,2%BSA for 5Smin at room temperature. The blocking solution was
removed by a 3x5min washing step in DPBS+0,02%NaAzide. In the next step, the sections
were incubated at room temperature with the primary antibody CD11b (BD, 1:500 in
DPBS+1%mouse serum) for 45min. Subsequently, the sections were washed 3x5min with
DPBS+0,02%NaAzide followed by the incubation of the secondary goat anti-rat/Cy3
antibody (1:500 in DPBS+1%mouse serum) at room temperature for 1h. After the
incubation time, the sections were washed by three repetitive 3min washing steps in
DPBS+0,02%NaAzide.

To perform double staining, the sections were blocked again with DPBS +0,02%NaAzide
+0,2%BSA for 5min at room temperature. In the next step, the sections were incubated
overnight at 4°C with the primary F4/80 antibody (Bio-Rad, 1:200 in DPBS +1%mouse
serum). The next day, the sections were washed for 3x5min with DPBS +0.02% NaAzide
followed by the incubation of the secondary goat anti-rat/Alexa 488 antibody (1:500 in
DPBS+ 1% mouse serum) at room temperature for 1h. After the incubation time, the
sections were washed by three repetitive 3min washing steps in DPBS +0,02%NaAzide and
were counterstained with a mounting medium with DAPI. Subsequently, the sections
were assessed under the microscope. Eight randomly chosen images were taken of each
liver tissue section (20X magnification, scale bars: 100um) for the analysis using Axiovision
software (Carl Zeiss, Jena, Germany).

Fluorescent activated cell sorting (FACS)

To assess the different immune cell types in the liver, the mice were sacrificed and
approximately 200mg of liver was used for further preparation to perform FACS analysis.
The liver specimen was digested in 5ml RPMI medium containing 2mg Collagenase 2
(Roche) and was incubated for 45min at 37°C on a shaker. Next, the digested liver was
meshed through a 70um cell strainer in a new tube and gently mixed with 10ml Hanks
complete solution (500mI| HBSS +3ml 10%BSA +1.5m| EDTA pH 8, 0.5M).

To separate the leukocytes from hepatocytes and cell debris, the sample was centrifuged
for 5min at 50x g, 4°C. Subsequently, the supernatant was transferred into a new tube and
the sample was centrifuged for 10min at 450x g, 4°C to pellet the leukocytes. The
supernatant was removed and the pellet was gently mixed with 5ml lysis buffer (BD
Pharm Lyse) for 15min at 4°C to degrade the remaining erythrocytes in the sample. After
this incubation time, the sample was gently mixed with 10ml Hanks complete solution and
centrifuged for 10min at 450x g, 4°C. Next, the supernatant was removed and the sample
was blocked with 200ul of the FACS blocking solution (10ml HBSS + 5ml 10% FBS) for
20min at 4°C. After the blocking step, the sample was centrifuged for 10min at 450x g,
4°C, to remove the supernatant containing the FACS blocking solution. Immune cells were
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stained for the myeloid and lymphoid panel (1/80 dilution) for 30min at 4°C with the
following antibodies: CD11b / PE, CD11c / APC, CD3e / APC, CD4 / PE, CD45 / APC-eFluor®
780, CD8 / FITC, F4/80 / PE-Cy7, NK1.1 / PE-Cy7 (eBioscience), CD19 / Percp-Cy5.5, Gri-
Percp / Cy5.5, Ly6G / FITC (BD).

In the next step, the cell and antibody suspension was centrifuged for 10min at 450x g,
4°C and resuspended in 200ul Hanks complete solution. In the last step, each sample was
mixed with 20ul Hoechst (Invitrogen) and 20ul of approximately 20000 APC-Calibrate-
Beads. The samples were placed on ice and were analyzed in the FACS machine (FACS
Canto, BD).

Immunoblot analysis

The following primary antibodies were used for immunoblot analysis (western blot) as
well as for immunohistochemistry analysis: cleaved caspase-3, pJNK, JNK1, JNK2,
pSAPK/JNK, SAPK/JNK, NF-kB p65, (Cell Signaling Inc., Danvers, MA, USA); GAPDH, F4/80
Bio-Rad (Hercules, USA); HSP70/HSP72 Enzo Life Sciences (Zandhoven, Belgium); JNK2
(Novus Biologicals ); PCNA Dianova GmbH (Hamburg, Germany); CD11b BD (Franklin
Lakes, USA). As secondary antibodies, anti-rabbit HRP (Cell Signaling), antimouse-HRP
(Santa Cruz), anti-rat Cy3/Alexa488 (Invitrogen, Paisley, UK) and biotinylated anti-rabbit or
mouse IgG (Vector, Burlingame, USA) were used.

Real-time quantitative PCR

Using the Omniscipt® RT Kit (ThermoFisher Scientific)) cDNA was analyzed for the
following genes. All primers were purchased from Eurofins MWG Operon (Huntsville,
USA). The following primer sequences were used for quantitative PCR.

Table 2: List primer Real-Time quantitative PCR (g-PCR)

Gene Forward Reverse

CCL2 GTGTTGGCTCAGCCAGATGC GACACCTGCTGCTGGTGATCC
CCL5 CCTCACCATATGGCTCGGAC ACGACTGCAAGATTGGAGCA

CCR2 TCGCTGTAGGAATGAGAAGAAGAGG CAAGGATTCCTGGAAGGTGGTCAA
CCR5 CACAGCATGGACAATAGCCAAGTACC GCCATCTCTGACCTGCTCTTCC
Col1A1 TGTGTGCGATGACGTGCAAT GGGTCCCTCGACTCCTACA
GAPDH TGTTGAAGTCACAGGAGACAACCT AACCTGCCAAGTATGATGACAA
INK1 AGAGTGCACACCAGAAGC AA GAGAGACGTTGCTGGGTATT

JNK2 TTGTGCTGCTTTTGATACAGTTCTTGGG CTGGAAAGAGCTCTTCAAATTTGAT
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p53 CCAGGGAGCGCAAAGAGA TCTCCATCAAGTGGTTTTTTCTTTT
PCNA AAAATTGCTGACATGGGACAC CAGAAAAGACCTCAGGACACG
Survivin CTACCGAGAACGAGCCTGATT AGCCTTCCAATTCCTTAAAGCAG
TNFa ACTGAACTTCGGGGTGATCG GCCATTTGGGAACTTCTCATCC
a-SMA CTCCCAGACATCAGGGAGTAA TCGGATACTTCAGCGTCAGGA
VEGFB CTTGTTCAGAGCGGAGAAAGC ACATCTGCAAGTACGTTCGTT

Data were analyzed using QuantStudio™ (Thermo Scientific) software.

Combined fluorescence molecular tomography and microcomputed tomography
(FMT/uCT)

Fluorescence molecular tomography (FMT) and micro-computed tomography (uCT)
measurements were performed at the Institute for Experimental Molecular Imaging
(ExMI) at the University Hospital Aachen. First, the abdominal region of the mice was
shaved 1 day before the experiment with an electric shaver to reduce any possible
interference by hairs during the FMT scans. In the next step, 9h before the FMT/uCT scan,
the mouse was injected intravenously with the cell death probe Duramycin-NIR790
conjugate (66.7pmol/kg, kindly provided by Chris Pak, Molecular Targeting Technologies,
Inc.). Duramycin-NIR790 conjugate binds to phosphatidylethanolamine (PE) with high
affinity and specificity. Under normal conditions, PE is restricted to the inner part of the
cell membrane. Upon apoptosis and cell death, PE is exposed to the outer leaflet of the
cell membrane, thereby enabling the binding of the imaging probe. Duramycin-based
imaging probes have been successfully applied for the non-invasive imaging of cell death,
including apoptosis in disease diagnhosis and therapy monitoring®.

For scanning, the mouse was anesthetized using isoflurane (2%v/v). To precisely localize
the liver and other organs, a UCT scan was performed directly before the FMT
measurement (TomoScope 30s Duo, CT Imaging GmbH). During both scans, the mouse
was kept anesthetized and was held in a fixed position in a multimodal animal bed. CT
imaging was performed using the SQD-6565-360-29 protocol, which acquires 720
projections with 516x506pixels requiring a scanning time of 29s per sub-scan. Directly
after acquiring the uCT scans, the mouse bed was transferred to the FMT system (FMT
2500LX, PerkinElmer), and the FMT scan was performed at 790nm. Data fusion and
reconstruction of the fluorescence distribution were performed as described?. The
organs were manually segmented based on the uCT data and the probe concentration in
the liver was determined using Imalytics preclinical 2.0 (Gremse-IT GmbH Aachen)?.

Microscopic imaging data
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For bright-field image acquisition the microscope Imager A2 with the following objective
lenses by Carl Zeiss AG (Oberkochen) were used: Plan-APOCHROMAT 5x/0,16; 10X/0,45;
20x/0,6; 40x/0,95. The camera 'Axiocam 506 color' was used for image acquisition. For
fluorescent image acquisition, the microscope Imager.Z1 with the following objective lens
by Carl Zeiss AG (Oberkochen) was used: EC Plan-NEOFLUAR 20x/0,5. The camera
'Axiocam MRm' was used for image acquisition. Images were taken at room temperature
and the software AxioVision by Carl Zeiss AG (Oberkochen) was used.
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Abstract

Introduction & aims

Fas Ligand (FasL) and Fas (APO-1/CD95) are members of the TNFR superfamily and may trigger
apoptosis. Here, we aimed to elucidate the functional role of Fas signaling in an experimental model
of chronic liver disease, the hepatocyte-specific NEMO knockout (NEMOQ2hera) mice.

Material & Methods

We generated NEMO?2hera /Faslr mice, while NEMO2hera, NEMOf/f as well as Fas/" animals were used
as controls, and characterized their phenotype during liver disease progression. Liver damage was
evaluated by serum transaminases, histological, immunofluorescence procedures, and biochemical
and molecular biology techniques. Proteins were detected by Western Blot, expression of mRNA by
RT-PCR, and infiltration of inflammatory cells was determined by FACs analysis, respectively.

Results

Fas’’" mutation in NEMO?2hera mice resulted in overall decreased liver injury, enhanced hepatocyte
survival, and reduced proliferation at eight weeks of age compared with NEMOAhera mice. Moreover,
NEMO?2hera/FaslPr animals elicited significantly decreased parameters of liver fibrosis, such as
Collagen 1A1, MMP2, and TIMP1, and reduced proinflammatory macrophages and cytokine
expression. At 52 weeks of age, NEMOAhera/Fasir exhibited less malignant growth, as evidenced by
reduced HCC burden associated with a significantly decreased number of nodules and LW/BW ratio
and decreased myeloid populations. The deletion of TNFR1 further reduced the tumor load of 52-
weeks-old NEMO2hera/Fasipr mice.

Conclusions

The functionality of FasL/Fas might affect inflammation-driven tumorigenesis in an experimental
model of chronic liver disease. These results help to develop alternative therapeutic approaches and
extend the limitations of tumor therapy against HCC.

Keywords
Fas; IKKy/Nemo; hepatitis, HCC, chronic liver disease
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Introduction

The transmembrane proteins Fas-Ligand (FasL) and Fas (Fas/ CD95/AP0O-1) are members
of the tumor necrosis factor (TNF) and TNF receptor gene superfamilies (TNFR gene
superfamily), respectively, and are expressed in numerous cell types. FasL—Fas interaction
plays a crucial role in immune regulation via the ability of FasL to transmit an apoptotic
signal to Fas-expressing cellsl. Remarkably, the importance of the FaslL/Fas axis in
pathophysiology and homeostasis has been well documented in the liver, where these
proteins are expressed in hepatocytes, cholangiocytes, activated stellate cells (HSC), and
Kupffer cells (KC)2.

Downregulation or loss of Fas expression and function is frequently found in the
progression of a number of human malignancies, including colon, breast, lung, and liver
carcinoma®®. Thus, the Fasl—Fas pathway plays a crucial role in tumor initiation and
progression. It might be a plausible therapeutic target not only for the progression of liver
disease but also for hepatocellular carcinoma (HCC).

HCC is the fifth most common solid cancer affecting one million people per year,
representing the third cause of mortality by cancer worldwide>®. Escape from immune
surveillance may play an essential role in liver tumorigenesis. Alteration of the FasL/Fas
system is regarded as one of the mechanisms preventing the immune system from
rejecting tumor cells’. However, little attention has been paid to the role of the Fas/FasL
interaction in vivo.

Hepatocyte-specific NEMO knockout (NEMO?2"¢P?) mice are susceptible to spontaneous
apoptosis, which leads to chronic hepatocyte injury and regenerative proliferation,
constituting a risk factor for cancer development®. NEMO?®'P? |ivers are hypersensitive
towards TRAIL stimulation®. Moreover, we have also shown that death receptor TNFR1,
but not TRAIL, is involved in determining the progression of liver injury in NEMQ?2hera
mice®®. In the present study, we examined the functional role of deficient FaslL/Fas
signaling on disease progression and end-stage tumorigenesis in the NEMO2"¢** model.

Material and Methods

Housing and Generation of Knockout mice

Animals were maintained in the animal facility of the University Hospital RWTH Aachen
according to the German legal requirements. Hepatocyte-specific IKKy/ NEMO mice were
generated by crossing the loxP site-flanked (floxed [f]) NEMO gene (NEMO™f) with Alfp-cre
transgenic animals as described before®. These mice were further crossed either with
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Fas”" knockout mice (purchased from The Jackson Laboratory, Bar Harbor, Maine, USA) to
yield NEMO?"¢"2/Fas", Finally, we crossed NEMO2'®P2/Fas" with TNFR17~ mice to further
generate NEMO2"®P?/Fas®/TNFR17~ and investigated the impact of TNFR1 in
NEMO?eP3/Fas" mice. To use the proper controls, NEMO2"®® mice were backcrossed
from NEMO?2"P2/Fas?, and Fas® and Fas®/TNFR17~ were used as controls. Genotypes
were confirmed via PCR specific for the respective alleles using DNA from tail biopsies.
Progression of liver disease was investigated in male mice between 8-9 weeks and 52-54
weeks of age. Liver injury experiments were performed on mice between 8-9 weeks of
age. Serum AST and ALT were measured by standard procedures in the Institute of Clinical
Chemistry, University Hospital, RWTH Aachen.

TUNEL assay
The TUNEL test was performed by standard procedures.

Quantitative real-time PCR

Hepa Total RNA was purified from liver tissue using Trizol reagent (Invitrogen, Karlsruhe,
Germany). Total RNA (1ug) was used to synthesize cDNA using SuperScript first-Stand
Synthesis System (Invitrogen) and was resuspended in 100ul of H,O. Quantitative real-
time PCR was performed using SYBR Green Reagent (Invitrogen) in 7300 real-time PCR
system (Applied Biosystem, Darmstadt, Germany). GAPDH expression was used to
normalize gene expression, which is represented as times versus WT basal expression.
Primer sequences can be provided upon request.

Histological, immunofluorescence, and immunohistochemical analysis

Livers from mice were harvested and, after fixation with 4% PFA, were embedded in
paraffin for further histological evaluation. H&E and Sirius Red staining were performed
on liver sections. For immunofluorescence analysis, liver cryosections of 5 um were
stained with Ki-67, CD11b (BD Biosciences, Heidelberg, Germany), and F4/80 (BioRad,
Hercules, USA). Slides were fixed in 4%PFA at room temperature. A secondary antibody
conjugated with Cy3 (Jackson Immunoresearch, West Grove, PA) was used to obtain a red
fluorescence signal. A mounting solution containing DAPI (Vector Laboratories,
Burlingame, CA) was used to counterstain the nuclei of hepatocytes.

Flow cytometry analysis

Hepatocytes were stained with Annexin V-FITC (BD Biosciences). Immune cells from the
whole liver were isolated and stained with fluorochrome-conjugated antibodies

(CD4-PE, CD8-FITC, CD45-APC-Cy7, CD11b-PE, Ly6GFITC, and F4/80 Biotin) (BD
Biosciences, Heidelberg, Germany). All samples were acquired by flow cytometry

(FACS Canto II; BD Biosciences) and analyzed using the Flowjo software.
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Immunoblot analysis

Isolated protein samples were probed with antibodies against RIPK1 (#5389) (Pro-Sci,
Poway, CA, USA), Cleaved Caspase-3 (Asp175) (Cell Signaling Technology, Massachusetts,
USA), PCNA (clone PC10) (Dianova GmbH, Hamburg, Germany), and GAPDH (MCA4739;
1:5000; AbD SeroTec, Dusseldorf, Germany). As secondary antibodies, anti-rabbit HRP
(#7074; Cell Signaling) and anti-mouse HRP (#sc-2005; Santa Cruz) were used.

Statistical analysis

Data are expressed as the mean t standard error of the mean (SEM). Statistical
significance was determined using one-way analysis of variance (ANOVA) with Bonferroni
post-hoc test.

Results

Generation and characterization of the NEMO2MP2/Fas’" mice

To address the functional relevance of FasL/Fas signaling for chronic disease progression
in the NEMO?M?2 model*®!, we used mutant Fas mice, the lymphoproliferative (/pr) mice
(Fas’)2, Upon generation (Figure S11.1a), we observed that these animals develop
lymphadenopathy by accumulating abnormal T cells and suffer from systemic lupus
erythematosus-like autoimmune disease?. As expected, Fas® and NEMO®“heP3/Fas/r
displayed splenomegaly and the presence of lymph nodes in the peritoneum (Figure
S11.1b—d).

The macroscopic appearance of NEMO2"®P3/Fas’" livers was normal. Eight-week-old
NEMO?e®3 Jivers are histologically characterized by lack of lobular disorganization,
hepatocellular hyperplasia, hypertrophy and severe diffuse hepatocellular anisokaryosis
with a marked increase in the apoptotic and mitotic rate. In turn, no neoplasia was
present in the hepatic parenchyma of 8-week-old NEMO®"P3/Fas®" livers markedly
characterized by multifocal necrosis (Figure 11.1a-d). A significant decrease in liver injury
markers at eight weeks of age was observed in serum ALT (Figure 11.1e) compared with
NEMO?"¢P? mice. No differences were found in AP and GLDH compared with NEMO?”hep?
mice (Figure S 11.2a, b).
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Figure 11.1

Figure 11.1 Generation and characterization of 8-week-old NEMO2"*"2/Fas'** mice. (a) Macroscopic appearance
of livers 8-week-old NEMO"f, NEMO?2"er2, Fas’", and NEMO2er2/Fas®". The liver (LW) (b) was
calculated and represented. (c) Representative H&E staining of liver sections of 8-week-old animals.
(d) The liver versus the body weight (LW/BW) ratio was calculated and represented. Arrows indicate
infiltration and dotted area points to necrosis. (e) Serum ALT levels of 8-week-old NEMO/,
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NEMO?2hera Faslr, and NEMOA2"eP2/Fas’” mice were determined. Results are expressed as mean + SEM
(n=50 mice, p<0.001-0.01)

Impact of FasL/Fas disruption on cell death and compensatory proliferation
in NEMO?2hera [ivers

The decrease in transaminase levels observed in mutant NEMO2®*3/Fas" prompted us to
investigate the impact of Fas deletion on cell death in NEMO2"®P® mice. Significant
differences were evident in TUNEL-positive cells between NEMO“"®"* and NEMO2"P23/Fas/P"
livers (Figure 11.2a, b). Interestingly, the mRNA transcripts of Bcl2, a pro-survival protein,
was significantly upregulated in NEMOA2"¢P3/Fas’” compared with NEMO?® [ivers (Figure
S11.2c). Since enhanced cell death triggers compensatory proliferation in NEMO?her?
livers®, we further tested whether disruption of FasL/Fas signaling would have an impact
on cell proliferation in NEMO?”"P3/Fas’" mice. By using cell cycle markers for total cell cycle
activity (Ki-67), we found a clear trend towards reduced cell proliferation and significantly
lower cell cycle activity (CcnD1) in NEMO?MP3/Fas”" livers compared with NEMO?hep?
(Figure 11.2c, d; Figure S11.2d). Interestingly, most Ki-67-positive cells were hepatocytes
in NEMO?"P |ivers, whereas immune cells were proliferating in the hepatic parenchyma
of NEMO2"eP3/FasP" animals (Figure 11.2c, d). Additionally, PCNA protein levels were
augmented in NEMO2"P2 compared with NEMO®"3/Fas" livers (Figure 11.2e). Moreover,
cleavage of Caspase-3—but not protein levels of RIPK1—was absent in NEMO~heP3/Fas/r
livers (Figure 11.2e). Altogether, these results suggest that Fas signaling might promote
apoptotic cell death in NEMO2eP2_deficient livers.
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Figure 11.2 Loss of the FasL/Fas signaling exacerbates cell death and compensatory proliferation in NEMQ2her2
mice. (a) Representative TUNEL staining of 8-week-old NEMOYf, NEMOQ®2hera Fashr, and
NEMO?2her2/Fas’r livers. (b) TUNEL-positive cells were quantified and graphed. (c) Proliferation was
determined by Ki-67-positive cells immunofluorescence. (d) Ki-67-positive cells were quantified
and graphed. (e) Expression of PCNA, cleaved Caspase-3 (CC3), and RIPK1 was analyzed by
immunoblotting of whole liver extracts. GAPDH served as a loading control. Results are expressed
as mean £ SEM (n=8 livers, p<0.001-0.05).

Loss of Fas attenuates fibrogenesis in NEMO2¢P? |ivers

Fas might attenuate the effect of gut-derived products on liver injury. Therefore, we next
aimed to investigate if this finding might also affect liver disease progression and
evaluated its relevance for liver fibrogenesis in 8-week-old animals. Interestingly, the
deletion of Fas attenuated liver fibrosis in NEMO“"P2, We first measured hepatic fiber
formation by Sirius red staining and quantification (Figure 11.3a, b) and determined
additional well-characterized pro-fibrotic markers, such as Collagen 1A1, MMP2, and
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TIMP1 mRNA expression (Figure 11.3c, d). The infiltration of distinct immune cell
populations directed by chemotactic cytokines is a central pathogenic feature following
chronic liver injury®. Thus, we characterized the hepatic inflammatory cell populations
using qRT-PCR and FACS analysis. CD11b+ F4/80+ proinflammatory macrophages were
significantly decreased in NEMO?"?3/Fas" mice compared to NEMO?"®"? livers (Figure
11.3e). Altogether, these findings suggest that Fas deletion—very likely by changing the
sensitivity versus LPS—has an anti-inflammatory effect on NEMO2"*"a-derived hepatitis.

To test whether decreased liver injury after Fas”® deletion in IKKy/Nemo mice had an
impact on proinflammatory cytokines, we performed qRT-PCR for TNF, a primary driver of
NEMO?"Painduced liver injury. Interestingly, TNF mRNA levels were significantly reduced
in NEMO?®hePa/Fas’ compared with NEMO?*? livers (Figure S11.3a). However, no
differences were found in TGFf levels between mouse strains (Figure S11.3b). Therefore,
we next sought to investigate immune cell infiltration in 8-week-old NEMO2"eP2/Fas/Pr
livers. In addition to FACS analysis, we observed significantly decreased CD11b and F4/80-
positive cells in NEMO2"P3/Fas’” compared with NEMO?2"P? hepatic tissue (Figure S11.4a-
e). These results demonstrate that attenuated liver inflammation after Fas deletion in
NEMO?"® [ivers reduces fibrogenesis, pro-inflammatory macrophages, and expression of
proinflammatory cytokines, e.g., TNF.
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Figure 11.3

Figure 11.3 Loss of Fas attenuates liver fibrogenesis in NEMO?2"er2 livers. (a) Sirius red staining of paraffin-
embedded liver tissue derived from 8-week-old livers of NEMOY, NEMOAhera Faslr gnd
NEMO?hera/Fasr mice. Representative photomicrographs taken under polarized light are shown. The
SR-positive area was quantified using ImageJ© and represented. The mRNA relative expression of
(b) Collagen-1A1, (c) Mmp2, and (d) Timpl was quantified by RT-PCR. (e) The percentage of
F4/80MCD11"-positive cells of each mouse strain was assessed using FACS analysis. Results are
expressed as mean + SEM (n=8, p<0.001-0.01)

Fas signaling is involved in hepatocarcinogenesis in NEMO”"¢P2 mice

Fifty-two-week-old NEMO2"®P* mice develop not only liver fibrosis but also
hepatocarcinogenesis (HCC)®. Next, we tested the relevance of Fas sighaling for liver
carcinogenesis. Macroscopically, livers from NEMO?"? mice revealed both regenerative
nodules and well-defined, large vascularized tumors resulting in significantly higher liver
weight (LW) and liver weight/body weight ratio (LW/BW) compared to NEMO2"eP2/Fas/Pr
(Figure 11.4).

H&E stainings of 1-year-old NEMO?'?2 mice showed well-differentiated trabecular and

solid HCC with nodules of proliferative hepatocytes with disturbed liver architecture and
hepatocellular lipid storage, whereas NEMO2"*"3/Fas" showed no neoplasia but atypia
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and hepatic hyperplasia accompanied by intense perivascular infiltration. Of note,
lymphocyte accumulation was also found in Fas”" livers (Table 1).

Nemo Nemo/Fas’ Nemo/Fas»"/TNFR1-/-

Neoplasia Hce*! No*? No*3
Anisokaryosis 4.17+0.98 4.38+0.51 2.88+1.25%
Altered foci 2.17+1.17 2.00+1.07 0.62+0.91*#
Mitosis/HPF (40x) 1.75+2.47 1.430.79 0.83%1.33
Cellular hypertrophy 2.5+1.22 2.25+0.46 1.13+0.99%
Dysplasia 2.5+1.27 2.30%0.46 1.00+0.93#
Oval cell proliferation 2.17+0.98 1.5+0.53 0.87+0.64%
Lymphoid afggregatesl . 0.5040.00 1.00+0.00 0.86+0.89
Lymphocytic inflammation
Apoptosis 1.50+0.70 1.28+0.48 0.67+0.51

Mild lipidosis; . - .
Additional lesions Diffuss rl:/(l;lrt;fsc;scal E!:?ﬂya;r:;f;nas

vasculopathy

Table 1 Histopathological characteristics of the different mouse groups. *well-

differentiated trabecular or solid HCCs; *?Early hepatocellular adenomas; *3Single well-differentiated
trabecular and glandular HCC; Nemo vs. Nemo/Fas®/TNFR17/- ®); Nemo/Fas®" vs. Nemo/Fas/"/TNFR1/*

Concomitantly, NEMO?"®P3/Fas’" exhibited a decreased number of nodules and
significantly lower LW/BW ratio compared with NEMO?"* livers (Figure 11.4a—d).
Additionally, a tendency towards reduced ALT was observed in 52-weeks-old
NEMO?era/FasP" compared with NEMO2"¢P* mice (Figure 11.4e). Together, these results
indicate that loss of Fas protects against tumorigenesis in the NEMO2"®" experimental
model of chronic liver injury.
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Figure 11.4

Figure 11.4 Hepatocarcinogenesis is decreased in 1-year-old NEMOA2"P2/Fas/" mice. NEMO"f, NEMO?2"er2, Fas'er,
and NEMO?2"er2/Fas’" mice at the age of 12 months were sacrificed and livers extracted and
analyzed. (a) Macroscopic appearance of livers. Arrows show visible nodules. (b) The number of
nodules (25mm) diameter was quantified. (c) Representative H&E staining of liver sections. (d)
Liver weight versus body weight (LW/BW) ratio is shown. (e) Serum ALT was determined in the
same mice. Results are expressed as mean + SEM (n=50, *p<0.05; **p<0.01).

TNFR1 deficiency reduces tumor load in NEMO2¢P2/Fas™ [ivers

Since the deletion of TNFR1 is highly beneficial not only to NEMO®"®"* but also to
NEMO?"P2/p217~ knockout mice'®, we generated NEMO2"P2/Fas®/TNFR1~ triple
knockout (TKO) mice and investigated the progression of chronic liver disease in these
animals. Eight-week-old TKO mice displayed increased spleen size and a significantly larger
number of peritoneal lymph nodes (Figure S11.5a—c). Macroscopically, 8-week-old
NEMO?"eP2/Fas"/TNFR1™" livers revealed a reduced number of nodules, accompanied by
significantly ameliorated ALT, AP, and GLDH compared with NEMO*"*" and
NEMO?eP2 /FasP" mice (Figure S11.6a—d). Histopathological examination indicated that 1-
year-old NEMO2"P2/Fas® /TNFR17~ knockout mice presented no signs of neoplasia, early
lymphomas, and reduced number of nodules (Table 1). However, no differences in
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LW/BW ratio (Figure 11.5a, b) or important changes in serum AST levels albeit
significantly decreased AP levels in 52-week-old NEMO?"¢P?/Fas’”"/TNFR1~/~ compared with
NEMO?"¢P2 and NEMO®"*P?/Fas’” mice were observed (Figure 5c, d). Interestingly,
NEMO®eP?/Fas /TNFR17/~ knockout mice displayed similar inflammation as
NEMOQ?"eP3/Fas’ livers, as observed by Sirius red staining and quantification (Figure 11.5e,
Figure S11.7). Altogether, these data show that TNF deficiency reduces tumorigenesis in
NEMO?heP2 /Eas?" livers.
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Figure 11.5 Deletion of TNFR1 amplifies the protective effect of Fas signaling blockade in NEMO mice.
Fas”"/TNFR1/- and NEMO?2"er2/Fas/'/ TNFR1~”/- mice at the age of 12 months were sacrificed and
livers extracted and analyzed. a Macroscopic appearance of livers. Arrows show visible nodules.
The number of nodules (>5mm) diameter was quantified. b Representative H&E staining of liver
sections. Liver weight versus body weight (LW/BW) ratio is shown. Serum AST (c) and AP (d) were
determined in the same mice and compared to 1-year-old NEMO", NEMOQ®?hera Fasler, and
NEMO?hera/Fasir, e Sirius red staining of paraffin-embedded liver tissue was performed and
microphotographs were taken. The SR-positive area was quantified using ImageJ© and
represented, including 1-year-old NEMOf, NEMO®2her2, Faslr, and NEMOA"era/Fashr, Results are
expressed as mean + SEM (n=25, *p<0.05; **p<0.01).

In order to better characterize the TNFR1-mediated effect in NEMO?'P3/Fas’, the
inflammatory profile of 52-week-old livers was exhaustively investigated. The number of
CD11b-positive cells was statistically significantly higher in 52-week-old NEMO2"¢P? livers
compared to WT animals (Figure 11.6c). Elevated F4/80 cells were also found in
NEMO?2heP2 Jivers. In contrast, a trend towards reduction of CD11b and F4/80 cells in 52-
week-old NEMO2"¢P3/Fas" livers was observed (Figure 11.6a—d). However, no differences
in cell infiltration were evident between NEMO2"¢"2/Fas" and NEMO?2"eP2/Fas/"/ TNFR1 ™/~
animals, suggesting that TNFR1 might be more involved in modulating tumorigenesis.
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Figure 11.6 Impact of Fas and TNFR1 deletion on liver infiltrating inflammatory cells in NEMO2"¢P2 mice. (a)
Representative CD11b immunostaining of 52-week-old NEMOf, NEMOQ2hera Fasler NEMOQAhera/Fagler,
FasP"/TNFR17/-, and NEMO?2hera/Fasr/TNFR1/- livers. (b) The positive Area Fraction for CD11b was
quantified in ImageJ© and graphed. (c) Representative F4/80 immunostaining of 52-week-old
NEMOf, NEMO?Ahera  Fasler NEMO®2hera/Fashr, Fasr/TNFR1/-, and NEMO?2hera/Fashr/TNFR1/- livers.
(d) The positive Area Fraction for F4/80 was quantified in Image)© and graphed.

Discussion

Apart from TNFR1 and TRAILR/DS, FasL/Fas is the third death receptor of the TNF receptor
superfamily that can activate caspase-8-mediated apoptosis'®. Previously, we first showed
that loss of TRAILR does not improve experimental hepatitis as others have recently
confirmed®!®, Next, we observed that TNFR1 deletion is beneficial for the progression of
chronic liver injury in NEMO?M®2 micel®4 Moreover, we specifically showed that TNFR1
deletion in hepatocytes is protective, whereas TNFR1 inactivation in bone-marrow-
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derived cells might be deleterious in this experimental model of chronic liver disease. In
contrast, a recent study suggested no role for TNFR1 in hepatocytes in the same model,
albeit showing a clear trend towards reduced transaminases and tumorigenesis?®.

Since its first description in 1989, the FasR and FasL system has become the best-
characterized extracellular system triggering apoptosis’’. Accumulating evidence
highlighted the importance of FasL/Fas expression in the pathogenesis of many
gastrointestinal diseases, including Wilson’s disease, cholestatic liver disease, alcoholic
hepatitis, non-alcoholic steatohepatitis (NASH), and hepatocellular carcinoma (HCC)&.
In the present study, we hypothesized that Fas mediates TNF-induced cell death in NEMO-
deficient hepatocytes, thus triggering the progression of chronic liver disease and end-
stage HCC.

As previously described?®®, Fas mice (Fas®), mutant for Fas, develop splenomegaly,
lymphadenopathy, and glomerulonephritis, including mononuclear cell infiltration, and
display accumulation of CD4-CD8-T lymphocytes in peripheral organs such as the liver.
These mice develop autoimmunity and are an excellent model of systemic lupus
erythematosus. Interestingly, NEMO2"®"3/Fas®" displayed larger spleens than Fas® mice
but no differences in the number of lymph nodes. On the other hand, Fas”/TNFR1”~ and
NEMO2erP2 /FasP" /TNFR17/~ animals exhibited a larger number of peritoneal nodes.

Defective Fas signaling in NEMO?"®?? |ivers resulted in decreased serum transaminases and
multifocal necrosis. In contrast, NEMO®"®P? with normal Fas signaling displayed a high
mitotic index, oval cell proliferation, mild lipidosis, and diffuse vasculopathy. FasL and Fas
are expressed in NEMO-deficient livers, suggesting that they might be involved in
mediating apoptosis in NEMO”"P? hepatocytes'®. Thus, we first explored the role of Fas in
the cell death of NEMO2"¢P? mice. Decreased TUNEL positive cells and absence of Caspase-
3 activation were associated with lower compensatory proliferation in NEMO2"P3/Fas/?"
compared with NEMO®"P? [ivers. Moreover, Fas” animals do not develop liver
hyperplasia, but a small amount of Fas protein may still be produced by the Ipr mutant Fas
allele and mice engineered to completely lack Fas protein did exhibit liver hyperplasia®®.
Altogether, neither systemic nor specific ablation of Fas in hepatocytes completely
prevented cell death but increased hepatocyte survival in NEMO2"¢" animals.

Next, we measured TNF levels since this proinflammatory cytokine is responsible for cell
death in NEMO?*" |iver®. Interestingly, TNF levels were significantly downregulated in
NEMO?PePa/Fas". Moreover, NEMO2"eP2/Fas’" livers exhibited decreased liver fibrosis and
significantly reduced presence of CD11b+ F4/80+ cells. Since inflammation is a critical
factor for the progression of liver injury, these observations suggest that an attenuated
inflammatory response and not reduced Fas-induced apoptosis was the cause of the
protective effect in NEMO2"¢P mice??,

Previously, our group showed that NEMO2"®P* mice are resistant to Jo2 stimulation, a
model of Fas-induced damage®. However, direct binding of Jo2 to hepatocytes in vivo is
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not entirely clear®, and the effect of Jo2 is not restricted only to the liver; it could also
affect other tissues of which cells often express a higher level of Fas than hepatocytes.
Additionally, Ehlken et al'®, using specific deletion of Fas in liver parenchymal cells, found
that Fas is not required to develop chronic liver damage in NEM O mice.

In the present study, we employed NEMO2"¢P3/Fas" mice, which carry a mutation in their
Fas gene caused by insertion of the Etn retrotransposon into intron 2 of this gene?.
Hence, these result in the expression of a completely defective Fas antigen. Thus, our
experiments overcome the underestimated effect of Fas-mediated signaling in other
tissues that can directly affect the development of chronic liver disease. Concomitant to
our results, Hatano et al.?® also showed that NF-kB inhibition sensitizes hepatocytes to
Fas-mediated apoptosis. Altogether, our study takes into account overall Fas signaling
rather than hepatocyte-specific Fas-mediated apoptosis to explain the phenotype of
NEMO?ePa mice.

The FasL/Fas system is a major mechanism of certain types of cancer cells for avoiding
detection and destruction by the immune system through FasL expression’. Interestingly,
NEMO?ePa/Fas"  displayed reduced tumorigenesis compared to NEMO®MP? mice.
Moreover, in the chronic phase, reduced inflammation-driven carcinogenesis and lack of
functional T cells play an essential role in reducing disease progression in NEMO2"eP2/Fas/Pr
livers, associated with reduced fibrosis and liver tumorigenesis.

Besides a direct cytotoxic effect on hepatocytes, the TNF/TNFR1 system might also be
required for Fas-mediated cell death, as demonstrated by the increased resistance of
TNFR1/2 double knockout mice to Fas-induced fulminant liver injury?®. Thus, we further
assessed the role of TNFR signaling in Fas signaling. As previously described as beneficial
in ethanol-mediated liver injury?’, the deletion of TNFR1 in NEMO?""3/Fas" animals
reduced the tumor load of these mice, indicating that TNFR1 deficiency might modulate
tumor load in HCC development.

Therefore, therapeutic approaches aiming to inhibit Fas-mediated liver injury might be
relevant in inhibiting inflammation-driven hepatic disease progression, including growth
of HCC.
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Figure S11.1 Generation and characterization of NEMO2"eP2/Fas’" mice. (a) PCR blot of IKKy/NEMO and Fas
shows WT and knockout bands in NEMO"f, NEMO?2hera, Fasler and NEMO2hera/Fashr, (b)
Representative photograph of spleens and peritoneal lymph nodes of Fas’” and NEMO2her2/Fas/er
mice. (c) The spleen size and (d) the number of peritoneal lymph nodes of 8 week-old NEMO"f,
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NEMO?2hera Faslr and NEMO2her2 /Fas’r is represented. Results are expressed as mean + SEM (n=25,

**p<0.01)
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Figure $11.2

Figure S11.2 Markers of liver injury after Fas Ipr deletion. (a) Serum AP and (b) GLDH levels of 8 week-old
NEMOf, NEMO?2hera Fasr and NEMO®2hera/Fas/r mice were determined. Results are expressed as

mean * SEM (n=25, **p<0.01).
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Figure $11.3

Figure S11.3 Cell death, proliferation and inflammation markers after deficient FasL/FasR signaling. The mRNA
relative expression of (a) TNF and (b) TGFB was quantified by RT-PCR and graphed.
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Figure $11.4 Infiltration of inflammatory cells into the liver. (a) FACS blot of proinflammatory macrophages
CD11b/F4/80 is shown. (b) Representative CD11b staining of 8 week-old NEMOf, NEMO?2hera, Fagler
and NEMO?2hera/Fas’" livers. (c) The positive Area Fraction was quantified in Image J© and graphed.

(d) Representative F4/80 staining of the same livers. (e) The positive Area Fraction was quantified
in Image J© and graphed.
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Figure S11.5 Characterization of NEMO?2"e2/Fas’/TNFR17/- mice. (a) Representative photograph of spleens and
peritoneal lymph nodes of 8 week-old Fas®’/TNFR17-and NEMO®2hera/Fas/r/TNFR17 mice. (b) The
spleen size and (c) the number of peritoneal lymph nodes of 8 week-old Fas’”/TNFR17-and
NEMO?hera/Fasler/TNFR17- compared with NEMOf, NEMO2hera, Fas/Pr and NEMOAher2/Fashr is
represented. Results are expressed as mean = SEM (n=25, **p<0.01; ***p<0.001).
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Figure S11.6 Deletion of TNFR1 further protects against the NEMO-dependent hepatitis. Fas?/TNFR17/- and
NEMO®?hera/Fas/r/TNFR17- mice at the age of 8 weeks were sacrificed and livers extracted and
analyzed. (a) Macroscopic appearance of livers. (b) Representative H&E staining of liver sections.
(c) Serum ALT, (d) AP and (e) GLDH were determined in the same mice and compared to 8 week-
old NEMOf, NEMO?hera Faslr and NEMO2hera/FasPr mice. Results are expressed as mean + SEM

(n=25, **p<0.05; p<0.001).
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Figure S11.7 Liver fibrogenesis is further decreased in one-year-old NEMO2her2/Fas/"/TNFR17 livers. Sirius red
staining of paraffin-embedded liver tissue was performed and microphotographs in polarized and
normal light were taken in NEMOf, NEMO?2her2, Fasr and NEMOAher2/Fashr, Fasr/TNFR17-and

NEMO?hera/Fasr/TNFR17- mice at the age of 1 year.
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Drug-induced liver injury is arising as a potential public health problem, which continues to
be the most relevant reason for drug withdrawal and postmarketing decisions at present.
Besides, adverse drug reactions represent a concerning burden for healthcare from the
clinical as well as economic perspective due to its challenging clinical management, the
severity of the reaction with more than 50% of cases requiring hospitalization or
prolongation of hospital stays and the need for diagnostic resources, as it is a diagnosis of
exclusion®. Three main patterns of liver damage are the consequence of hepatic adverse
drug reactions: hepatocellular, cholestatic, and mixed injury?. Notwithstanding, the clinical
and histological range of hepatotoxicity features is much more comprehensive. It may
include hepatic entities such as steatosis, bile duct injury, vanishing bile duct syndrome,
immune-allergic and autoimmune-like features, and, in chronic DILI cases, even fibrotic
degeneration, cirrhosis, and neoplasms.

Large prospective hepatotoxicity databases have shown that among the most common
culprit drug-classes include antiinfectives (e.g., amoxicillin-clavulanic acid, ciprofloxacin),
NSAIDs (e.g., ibuprofen, diclofenac, nimesulide), and anti-tuberculosis agents (e.g.,
isoniazid, isoniazid+rifampicin+pirazinamide) * 4. Within the relevant group of NSAIDs,
several of these cohort studies match in pointing out diclofenac* > as an important cause
of NSAID DILI, but do offer discrepant data regarding the propionic acid derivative
ibuprofen. The globally extended clinical use of ibuprofen and the lack of reliable
information on ibuprofen-associated hepatotoxicity strengthens the urge to adequately
assess this thematic challenge. A substantial effort was dedicated to investigating and
better defining ibuprofen's role in DILI in the present work.

A systematic analysis was, therefore, performed with the aim to analyze the available
patient-based information on ibuprofen-associated liver injury published in the literature
(Chapter 2). Unexpectedly, our analysis resulted in a low number of reported cases, most
of them of idiosyncratic nature (N=22 vs. three overdose cases). Given the extensive use of
the drug, the limited amount of published hepatotoxicity reports may suggest that the
absolute risk of ibuprofen hepatotoxicity is lower than vascular and gastrointestinal
complications, which are well known adverse effects frequently associated with the use of
ibuprofen®. Our analysis revealed that hepatocellular type of liver injury after a short
latency period is characteristic for ibuprofen-induced liver injury, despite other
presentations, including hypersensitivity features, cholestatic damage, and vanishing bile
duct syndrome, can also occur. These phenotypic features elucidated for ibuprofen DILI are
in line with those associated with other NSAID agents, which characterize for a short
timespan between treatment and onset of the adverse reaction and cytolysis as the
dominant type of liver injury’. Of note, several retrieved ibuprofen DILI cases exhibited a
severe clinical progression, including the need for a liver transplant and exitus, which have
been rarely associated with NSAID DILI besides exceptions such as, i.e., nimesulide that
indeed led to its withdrawal in several countries®. Although the appreciated number in



General discussion

severe ibuprofen hepatotoxicity cases is concerning, the performed systematic analysis
presents limitations that require more extensive complementary studies in the future.

Prospective DILI patient databases are becoming an essential tool for assessing and
investigating the clinical presentation, risk factors, and outcomes associated with DILI. The
promising results that we obtained in our systematic study prompted us to take our
investigations on ibuprofen-induced liver injury to the next level to better characterize the
phenotypic expression of ibuprofen-induced hepatotoxicity and evaluate a potential drug
signature (Chapter 3). We carefully examined all the cases adjudicated to ibuprofen as a
unique culprit compound enrolled at the Spanish DILI Registry and the Latin-American DILI
Network (coordinated by the same authors and following the same procedures as the
Spanish DILI database). As a result, a total number of N=26 idiosyncratic ibuprofen-induced
liver injury events were identified, which constitutes to our best knowledge the largest
prospective cohort on ibuprofen-related hepatotoxicity to date. Of note, the proportion of
ibuprofen-induced liver injury cases observed in the Spanish and Latin-American DILI
databases is higher than in other large DILI cohorts> °. Despite complex to assess, most
likely, these geographical differences might be subjected to multiple factors, not only
genetic and environmental but also variations in prescription habits, dispensed dose
formulations, or pharmaceutical regulations. Ibuprofen DILI was characterized for
appearing within four weeks from treatment initiation and presenting mainly as a
hepatocellular type of liver damage. Similar to the results achieved in our previous
systematic analysis, the present cohort did not reveal a characteristic drug signature but
displayed a broad spectrum of phenotypes, reflecting the relevance of host and
environmental factors in the DILI presentation. Importantly, our study demonstrated a
concerning proportion of fatal/liver transplant patients, which was higher for DILI cases
caused by ibuprofen than by other NSAIDs or non-NSAID agents (please note that
nimesulide was withdrawn from the Spanish market back in 2002).

Allin one, the obtained findings in Chapters 2 and 3 do not only demonstrate that ibuprofen
has been convincingly associated with hepatotoxicity but also that these reactions can
occasionally progress to acute liver failure, requiring a liver transplant. Hence, clinicians
should not overlook ibuprofen intake when assessing a suspicion of hepatotoxicity. In line
with other forms of DILI, a careful follow-up and monitoring of patients suspected of having
ibuprofen-induced liver injury are required until complete recovery is reached. The fact that
idiosyncrasy is a common characteristic for most ibuprofen DILI cases may lead to the
hypothesis that host-dependent properties might play a mechanistic role in ibuprofen-
induced hepatotoxicity. Further studies are needed to make progress in better
understanding the role of ibuprofen in DILI.

Methylprednisolone (MP) has been recently disputed as a potential cause of hepatotoxicity,
whereas it is considered a safe agent for the liver, and it is even indicated in the therapeutic
management of severe acute hepatic diseases. We set out to investigate hepatotoxicity
cases, which have been adjudicated to methylprednisolone included in the Spanish and
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Latin-American DILI databases (Chapter 6). As a result, four idiosyncratic cases were
identified. In addition, 45 reports on MP-induced liver injury were retrieved from the
literature and compared with our in-house cases. Of interest, all our in-house cases
exhibited a previous underlying autoimmune disease breakout, which had motivated the
prescription with i.v. MP boluses. Our analysis showed that MP-induced liver injury mainly
occurred in patients with multiple sclerosis and Grave's ophthalmopathy, as earlier studies
also identified'®. In line with previous studies, our investigations confirmed that liver injury
caused by MP commonly presents during the first week after treatment and as cytolytic
liver injury 1. Of note, the severity of MP DILI ranges from asymptomatic or mild to severe
and fatal'> 13, Hence, these results suggest that the increasing tendency of MP-induced liver
injury is a viable suspicion diagnosis that needs to be considered after high-dose bolus
administration of MP in the scenario of an underlying autoimmune disease. In
consequence, patients presenting an underlying autoimmune disease require a closer
follow-up during and after high-dose MP i.v. therapy. The underlying mechanism triggering
MP-induced hepatotoxicity remains uncertain®. Nevertheless, MP is a potent modulator of
the immune response, and therefore it might be of interest to investigate in future studies
a potential link between hepatotoxicity and the immune system in this particular clinical
setting.

Drug-induced liver injury can be differentiated into acute or chronic based on its time to
resolution, although the exact definition for long-term outcome following acute
idiosyncratic DILI has not yet been established. Therefore, we desired to better define the
adequate cut-off time point based on the idiosyncratic DILI (iDILI) cases enrolled at the
Spanish DILI Registry (Chapter 7). Out of 298 prospective idiosyncratic DILI cases included
in our database, the majority (92%) resolved within one year after DILI recognition, whilst
8% were chronic. Interestingly, the low chronicity prevalence identified in our prospective
cohort compared with previous studies is most likely the consequence of the different
chronicity definitions applied (6 months vs. 1 year)!™ 8, The previous consensus defined
chronicity as liver injury with a progression of 3 and 6 months after withdrawal of the culprit
drug in hepatocellular and cholestatic type of liver injury, respectively?. Of note, in our
current study, Kaplan-Meyer analysis resulted in 95% of the patients with recovery having
resolved after 348 days independently from the hepatic injury pattern. Hence, our results
indicate that one year is the most reliable cut-off point after onset to classify an iDILI
episode as chronic. Additionally, our present investigations uncovered that the variables
older age, dyslipidemia, and severe DILI contributed to chronicity risk factors. Of note, most
of the chronic DILI cases exhibited mild liver profile abnormalities, whilst only a small
fraction of patients suffered from relevant hepatic complications such as liver cirrhosis.

Drug-induced liver injury requires complex and laborious diagnostic procedures for its
adequate identification and management. The DILI case reports described and selected due
to their interesting learning point demonstrate the burdens of DILI diagnosis (Chapter 8).
At present, DILI continues to be an exclusion diagnosis, which relies on a subjective
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summation of clinical, biochemical, imaging as well as histological information (when
available) of the patient!’. A great effort is being made to find useful DILI biomarkers
(predictive, diagnostic, prognostic, and mechanistic) that recognize the disease and result
efficiently as time-saving, despite the existent obstacles of development and
implementation. To provide an example, the serum biomarker miR-122, for instance, is a
promising biomarker that could be useful in early-presenting DILI patients®®.
Notwithstanding, not uncommonly, cases of DILI remain unrecognized or are
misdiagnosed®. Indeed, these cases are often uncovered after rechallenge when the
patient is accidentally re-exposed to the culprit agent and develops a new hepatitis episode,
as it has likewise occurred in one of the presented events (Sub-Chapter 8.2)%.

In order to identify novel targets for diagnostic biomarkers and therapies against drug-
induced liver injury, it is capital to improve the understanding of its underlying mechanisms,
which is limited at current. Mitogen-activated protein kinases (MAPK) are well known to
orchestrate a wide range of transduction signals implicated in a large number of cellular
cascades and effector pathways that are subjected to many diverse ligands and stimuli®®,
These cascades are involved in many different cellular processes, such as cell proliferation,
survival, death, and differentiation??. The aberrant function of MAPKs has been identified
as a critical feature in the underlying pathomolecular bases of many diverse diseases,
ranging from inflammatory processes to the development of malignancies®.

The c-Jun N-terminal kinases (JNK) stand out as one of the MAPK members primarily
phosphorylated due to environmental stresses and cytokines. JNK is encoded by three
genes of which the isoform Jnk3 is solely expressed in some organs and tissues (e.g., testis,
central nervous system), whereas the isoforms Jnk1 and Jnk2 are present ubiquitously
throughout the organism, including the hepatic tissue?*. A wide range of diverse stimuli can
trigger JNK activation, such as cytokines, reactive oxygen species, intra- and extracellular
pathogens, environmental stress, toxins, or drugs.

An actual amount of scientific studies have demonstrated that activation of INK is a feature
of acute and chronic forms of liver disease. In the present work, we investigated the
hepatocyte-derived role of JNK in human DILI and diverse murine models of liver toxicity
with ibuprofen, acetaminophen, CCls, and LPS (Chapters 4-5). In the current work, we
provide evidence that JNK activation at the hepatic level is a hallmark of human DILI patients
due to ibuprofen (Chapter 4) as well as due to APAP and other culprit agents (Chapter 5).
Our results obtained from human DILI-ALF liver specimens indicated that JNK
phosphorylation occurs in different compartments, including liver parenchymal and non-
liver parenchymal cells. Indeed, Jaeschke and colleagues previously proved that JNK
activation is a consequence of APAP hepatotoxicity in primary human hepatocytes in vitro®.
In a novel experimental model of murine ibuprofen-induced acute liver injury (Chapter 4),
mice had been challenged to doses of 600 mg/kg i.p. of ibuprofen for 8h, and subsequently,
liver damage was observed. Furthermore, we were able to show marked increased levels
of MAPK activation (e.g., JNK, AKT, ERK), which were suggestive of playing a relevant role
during ibuprofen-induced hepatotoxicity. JNK activation has been described as a
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consequence of diverse noxious stimuli and, particularly, reactive oxidative species®. In
vitro, we were able to show that increasing concentrations of ibuprofen led to augmented
cell death and triggered oxidative stress. Thus, it may be plausible to hypothesize that
ibuprofen-induced hepatotoxicity-derived JNK activation is associated with the formation
of reactive oxidative species, contributing to the activation of inflammatory and cell death
signaling. In parallel, our experimental model of murine APAP-induced hepatotoxicity
(Chapter 5) likewise displayed significantly enhanced levels pJnk 8h after i.p. administration
of 500 mg/kg APAP. Of interest, expression levels of JNK correlated with the degree of liver
injury. The JNK inhibitor SP600125 had been earlier described to prevent JNK
phosphorylation effectively. Administration of SP600125 in vivo at a dosage of 10 mg/kg
effectively blocked JNK activation in our experimental acute liver injury models with
ibuprofen (Chapter 4) and acetaminophen (Chapter 5), and ameliorated the hepatic injury.
All in one, these results confirm that JNK is activated in murine and human toxin-induced
liver injury triggered by the drugs ibuprofen and APAP and exerts a key role in its underlying
pathophysiology and clinical outcome.

In an approach to better characterize the impact of hepatocytic Jnk1 and Jnk2 in the setting
of ibuprofen-induced hepatotoxicity, mice with genetic (Jnk12M3) or siRNA-specific
(siJnk22eP3) deletion in hepatocytes were generated and later exposed to the above-
mentioned i.p. dosage (Chapter 4). Critically, a prominent aggravation of ibuprofen-induced
acute liver injury was observed in siJnk22"¢P? mice compared to Jnk12'?2 or Wt mice. Of
interest, the exacerbated liver damage profile correlated with hepatic JNK hyperactivation
in these mice. In previous studies on murine liver toxicity, Jnk2 had been attributed both a
higher susceptibility and protective effects, but many of these investigations relied on
models with ubiquitous redundancy of Jnk2 (Jnk27:)%73°, Hence, the role of Ink2 in acute
hepatic disease remains controversial. Notwithstanding, the present data not only prove
differential functionality patterns for Jnk1 and Jnk2 in hepatocytes and other LPCs but
relevantly demonstrate an essential protective function of Jnk2 in hepatocytes during
ibuprofen-induced DILI. Our investigations led us to the promising result that hepatocyte-
specific modulation of Jnk2 could potentially serve as an interesting target for developing
therapeutic strategies against acute ibuprofen-induced liver injury.

In previous lessons, ubiquitously combined deletion of Jnk1 and Jnk2 in mice had been
reported as unviable®!. Contrariwise, mice presenting concomitant deletion of Jnk1 and
Jnk2 only at hepatocellular level (Jnk2"¢"?) are viable and were used to assess the compound
impact of the hepatocytic binomial Jnk1 and Jnk2 to APAP-induced hepatotoxicity (Chapter
5). Of interest, Jnk®"®P? animals exhibited a declined response towards APAP-induced liver
injury, which showed a strong hepatic JNK phosphorylation and dramatic increase of the
oxidative stress response, as also assessed in vitro on murine primary hepatocytes.
Interestingly, SP600125 conferred protection not only to controls but also to animals with
Jnk redundancy in hepatocytes in vivo and in vitro, which was most likely the consequence
of off-target effects. Besides, Jnk®"*" triggered a more severe liver injury, inflammation,
and progression after repetitive CCl, injection. No differences were found in the acute
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hepatitis-D-GalN/LPS model between Ink“"®P? and control animals. A previous study ratified
these results in concanavalin A- and LPS-induced hepatitis but showed that hematopoietic
redundancy in Jnk1 and Jnk2 prevented concanavalin A-induced liver injury via tumor
necrosis factor supression32. Altogether, these results suggest that under concrete
conditions (e.g., etiology of liver disease), JNK activation in infiltrating cells rather than in
hepatocytes might be a capital mechanistic effector. These results underline that the
context-specific activation of JNK in different cell types during acute liver injury might play
a critical role in toxic liver disease and require to be further defined.

As extensively reviewed (Chapter 9), chronic liver disease (CLD) can progress to end-stage
liver fibrosis and cirrhosis, which in turn acts as a risk factor for hepatocellular carcinoma
(HCC). Hepatic fibrosis characterizes by hepatic stellate cell activation and increased
deposition of extracellular matrix®3. At current, no antifibrotic compounds have been yet
approved for clinical use, but several drugs are currently undergoing advanced phases of
clinical trials. The main mechanisms leading to the reversal of liver fibrosis are deactivation
and elimination of hepatic stellate cells (e.g., Elafibranor, AT1-receptor blockers), switch in
the inflammatory environment (e.g., Cenicriviroc, Obeticholic acid), and the degradation of
extracellular matrix (e.g., anti-TIMP1, Serelaxin)34. A better understanding of all involved
actors in the underlying physiopathology of CLD is needed to conceive more effective
therapeutic strategies to be developed in the future.

Previously, we showed the relevance and differential role of the Jnk genes during acute and
chronic liver disease (Chapters 4-5) as well as in earlier investigations*. Whereas Jnk1 plays
a pro-apoptotic and pro-tumorigenic function, Jnk2 seems to acquire a more relevant role
during fibrogenesis. We, therefore, aimed at uncovering the impact of hepatocytic Jnk2
modulation in the setting of CLD (Chapter 10). As shown, genetic double-knockout mice for
Ink22hePa and NEMO2®P@ concurred with our previous findings that Jnk2 redundancy in
NEMO?*P@ mice led to an improved outcome in HCC development by displaying a
significantly reduced number of tumor foci®. These results suggest that the hepatocytic
deletion of JNK2 improves tumor progression and impairs tumor initiation. Next, we
designed a therapeutic approach to modulate JNK2 expression in hepatocytes via
hepatocyte-specific siRNA that inhibited JNK2 expression in early and advanced stages of
CLD. Hepatocytic siRNA-mediated Jnk2 inhibition in older mice blocked fibrogenesis and
HCC progression and led overall to a significant improvement of late-stage CLD. The
reduced fibrogenic response directly translated into decreased tumor initiation, suggesting
that the carcinogenic environment after siJnk2 treatment improved in NEMOA2"P? [ivers.
Relevantly, silnk2 prevented HCC progression, which is a feature of 44-week-old NEMO?er3,
In the early-stage of CLD, Jnk2 downregulation in NEMO2"¢P? mice led to a pro-inflammatory
environment aggravating the phenotype of NEMO2"", The immune cell infiltration was
mainly at the expense of pro-inflammatory monocytes, which have been shown to increase
independently of the type of liver injury®. These results are in line with our prior
observations where siRNA-mediated hepatocytic JNK2 inhibition led to a declined response
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of ibuprofen-induced acute liver injury®’. The obtained results define a time-dependent role
of hepatocytic Jnk2 during the development of experimental HCC and make Jnk2 a potential
target in hepatocytes to impair cancer initiation in chronically damaged livers. In addition,
the similar phenotypes appreciated in both the knockout and the knockdown mice
emphasize the efficacy of siRNA technology as a cell-type specific approach.

The FaslL/Fas axis is a crucial regulator of the immune response, and it has been
characterized as an extracellular apoptosis-triggering system by transmitting an apoptotic
signal to Fas-expressing cells. Therefore, we questioned the potential role of FasL/Fas in
driving TNF-mediated cell death in the progression of CLD and end-stage HCC of NEMQ?2"eP2
mice (Chapter 11). Indeed, earlier results demonstrated that FasL and Fas are expressed in
livers of NEMO?P2 mice3®. NEMO”"P3/Fas’ mice were used for the present investigations,
which carry a mutation in their Fas gene caused by insertion of the Etn retrotransposon into
intron 2 of this gene®. Our results showed that defective Fas signaling (NEMO??3/Fas’")
displayed reduced serum liver injury markers and multifocal hepatic necrosis compared
with NEMO2"P? livers, which exhibited high mitotic index, oval cell proliferation, and mild
lipidosis. Reduced compensatory cell proliferation in NEMO2"P?/Fas’livers correlated with
decreased cell death levels and the absence of Caspase-3 activation in contrast to
NEMO?ePa TNF levels were notably downregulated in NEMO?"¢"3/Fas”" animals and
decreased liver fibrosis and the significantly reduced presence of CD11b+ F4/80+ cells was
characteristic for NEMO?"®3/Fas?" livers. Consequently, an attenuated inflammatory
response rather than reduced Fas-induced apoptosis could explain the protective effect
appreciated in NEMO?"" mice®’. Reduced tumorigenesis was an additional feature of
NEMO?eP3/Fas" compared to NEMO2"®P2, Moreover, in the chronic phase, reduced
inflammation-driven carcinogenesis and lack of functional T cells play an essential role in
reducing disease progression in NEMO2"¢P3/Fas" livers, associated with reduced fibrosis
and liver tumorigenesis.

In summary, the functionality of the FasL/Fas system might affect inflammation-driven
tumorigenesis in an experimental model of chronic liver disease. Thus, these results suggest
that alternative therapeutic approaches blocking Fas-mediated hepatic damage might
inhibit inflammation-driven hepatic disease progression enclosing hepatic tumorigenesis.

In conclusion, the present work followed the aim to better understand and assess the
impact and role of the c-Jun N-terminal kinases in diverse experimental settings of acute
and chronic liver injury. Furthermore, we assessed the relevance of the FasR and FasL axis
as an immunomodulatory strategy against experimental HCC. In addition, we analyzed
phenotypically diverse types of drug-induced liver injury caused by agents such as ibuprofen
or methylprednisolone, among others, based on prospective patient data. Lastly, we better
defined the optimal cut-off point for chronicity following acute idiosyncratic drug-induced
liver injury.
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Summary

In Chapter 1, an updated literature review on the topic of drug-induced liver injury has been
carried out. The most relevant findings and contributions to the field in recent years have
been highlighted in detail. Apart from diverse basic definitions and essential classifications,
a particular focus on the underlying pathophysiology, mechanisms, clinical features,
differential diagnosis, causality assessment, and risk factors in DILI have been considered.
As paraphrase, a summarized overview of the topic “hepatocellular carcinoma” as well as
an introduction to the experimental chronic liver disease model “NEMO” have been
included. Additionally, the main objectives and outline for the current investigations have
been briefly described.

In Chapter 2* a systematic analysis was performed in order to examine the information on
ibuprofen-induced liver injury available in the literature. Our investigation covered
prospective hepatotoxicity cohorts, case series, and case reports, and the data was
thoroughly examined in terms of demographics, clinical presentation, biochemical
parameters, and outcome. Of note, ibuprofen stood out as the most frequent NSAID in
prospective DILI databases from Spain and India. Twelve out of 22 identified idiosyncratic
ibuprofen hepatotoxicity cases had female gender, and the mean age was 31 years. The
average cumulative dose of ibuprofen was 30g, whereas treatment duration and time to
onset was 14 and 12 days, respectively. Characteristically, hepatic cytolytic features
predominated and a total number of six cases developed vanishing bile duct syndrome. Full
recovery occurred after a mean time of 14 weeks, whilst 5 patients developed acute liver
failure that led to death or the need for a liver transplant.

Despite rare, given its extensive use, ibuprofen has been convincingly associated with
hepatotoxicity across literature and prospective cohorts of DILI cases and, thus, it needs to
be considered as a potential culprit agent during causality assessment. Ibuprofen DILI
presents commonly with short latency, hepatocellular damage and can potentially progress
to death or the need for liver transplantation.

In Chapter 3% the prevalence and features of ibuprofen-induced liver injury cases enrolled
in the Spanish DILI Registry as well as in the Latin-American DILI Network were thoroughly
analyzed and characterized. Only cases where ibuprofen was the unique culprit drug were
included in the study. To investigate a potential signature of ibuprofen hepatotoxicity,
ibuprofen DILI events were compared with DILI due to other nonsteroidal and other non-
NSAID drugs. An ibuprofen hepatotoxicity cohort of 26 total events was obtained; half of
the individuals were female with a mean age of 51 years. Most patients were treated with
1200 mg ibuprofen per day or higher (77%), median treatment duration was 16 days and
the median time to DILI onset 15 days. Moreover, 58% of the patients required
hospitalization, 69% presented with jaundice and 50% had hypersensitivity features.
Hepatocellular injury was the most frequent hepatic injury pattern (69%). Average BMI was
higher in ibuprofen DILI subjects than in DILI due to other NSAIDs or Non-NSAIDs (p=0.06).
The median time to onset lasted shorter for ibuprofen hepatotoxicity (15 days). Diabetes
mellitus was significantly more prevalent in ibuprofen DILI patients (p=0.038). Fatal
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outcome was higher for ibuprofen hepatotoxicity (12%) versus other NSAIDs (5%) and other
non-NSAID agents (3%).

Thus, a higher prevalence of ibuprofen-induced liver injury events was found in our
database compared to other large published DILI cohorts. Critically, ibuprofen DILI was
associated with a higher fatal outcome rate. Hence, patients diagnosed with ibuprofen DILI
should undergo more exhaustive monitoring during follow-up. Our data reflected that
idiosyncratic mechanisms of immunoallergic and metabolic nature seem to play from a
mechanistic point of view a relevant role in ibuprofen DILI, despite more extensive studies
are required to better understand the role of ibuprofen in DILI.

Our previous investigations prompted us to investigate the mechanisms associated with
ibuprofen-induced liver injury. In Chapter 4° a novel ibuprofen hepatotoxicity model in vitro
and in vivo was developed in order to analyze the underlying pathomolecular bases
underlying ibuprofen-induced acute liver injury (ALI). For this purpose, several cytotoxicity
studies for ibuprofen were performed in vitro on Hepa 1-6 and HepaRG cell lines, which
were then complemented primary murine hepatocytes, which were freshly isolated from
8-week-old Wt mice. Subsequently, our studies were completed with a murine model of
ibuprofen hepatotoxicity in vivo. Overnight fasted male C57BL/6 mice (6-8 weeks of age)
were i.p. injected with 600 mg/kg of ibuprofen and sacrificed 8h later. To assess the role of
JNK, we used animals carrying a constitutive deletion of Jnk1 (Jnk1”") or Jnk2 (Jnk27). Next,
we expanded our assessment to animals, which presented a lack of Jnk1l uniquely in
hepatocytes (Jnk12MP3). To generate animals with a redundant expression of Jnk2 at
hepatocellular level, 0.2 mg/kg of siRNA of Ink2 (siJnk22"*"3) were tail vein-injected one
week prior to ibuprofen challenge. As a translational approach, the role of JNK was
investigated in human liver specimens who had suffered from ibuprofen-induced liver
injury. Enhanced JNK phosphorylation was evident in the cytoplasm of hepatocytes in
ibuprofen-induced ALl liver samples compared with healthy tissue at the human and murine
level. Ibuprofen challenge produced a greater degree of liver injury than that observed in
vehicle-treated control mice, based on levels of serum markers and histopathology analysis
of the respective liver tissue samples.

Of note, siJnk22"¢P animals exhibited a remarkable decline in response to liver injury after
ibuprofen hepatotoxicity, which correlated with significantly higher serum liver enzymes
and worsened liver histology features compared to Jnk12'®2 or Wt animals. The molecular
pathways associated with ibuprofen-induced liver injury in mice were examined, and we
found increased activation of PKCa, AKT and JNK, eight hours after Ibuprofen challenge in
mice. The results of this study showed cytoplasmic JNK activation in hepatocytes as a
hallmark of Ibuprofen-related hepatotoxicity in human and murine samples. Hepatocellular
deficiency of Jnk2 was associated with a worsened response to ibuprofen-induced acute
liver injury.

The JNK pathway has proven to play a crucial role in the pathophysiology of acute and
chronic liver disease. For this purpose, in Chapter 5* the presence of phosphorylated JNK
was examined in liver tissue from drug-induced liver injury patients, and the role of
hepatocytic JINK was investigated in experimental models of murine acute and chronic liver
disease. Liver sections from patients with DILI induced by diverse culprit agents were
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studied and the JNK expression profile was analyzed. In parallel, mice with hepatocyte-
specific deletion of Jnk1 (Jnk12"P2) or combined Jnk1 and Jnk2 (Jnk2"¢P?) deletion, as well as
Jnkl-floxed C57BL/6 (control) mice, were given injections of CCls to induce fibrosis
(0.6ml/kg i.p. every 3 days during 4 weeks) or were challenged with acetaminophen to
induce acute toxic hepatitis (500mg/kg i.p.). Liver tissue samples from DILI patients
displayed more activated JNK, predominantly in nuclei of hepatocytes and in immune cells
than healthy tissue. The injection of acetaminophen to Jnk®"®* mice induced a greater level
of liver injury than that observed in Jnk12"®P or control mice, based on levels of serum
markers and microscopic and histologic analysis of liver tissues. Administration of CCl, also
induced more substantial hepatic injury in Jnk®'®** mice, based on increased inflammation,
cell proliferation, and fibrosis progression, compared with Jnk12"®P* or control mice.
Hepatocytes from Jnk2"¢P? mice challenged with acetaminophen had an increased oxidative
stress response, leading to decreased activation of adenosine monophosphate-activated
protein kinase, total protein adenosine monophosphate-activated protein kinase levels,
and pJunD and subsequent necrosis. Administration of SP600125 (30mg/kg i.p.) before or
with acetaminophen protected Jnk®"®@ and control mice from liver injury.

These findings show that JNK1 and JNK2 in hepatocytes appear to have combined effects in
protecting mice from CCls- and acetaminophen-induced liver injury. Additionally, the JNK
inhibitor SP600125 shows off-target effects.

Methylprednisolone is commonly used in the treatment of acute liver injury with severe
features, among many other indications. The fact that recently several case reports of MP-
induced liver injury have been published, in particular in patients suffering from underlying
autoimmune diseases, encouraged us to investigate this circumstance. In Chapter 6° we
aimed to contribute to characterize the phenotypic expression of MP-induced liver injury
and investigated all available cases enrolled in the Spanish and Latin-American DILI
databases. Demographical, clinical, laboratory, and outcome data were analyzed. An
extensive search for earlier published MP-induced liver injury events was provided.
Furthermore, a comparative analysis of novel MP-DILI events identified in the above-
mentioned databases and earlier obtained cases from the literature was performed. Three
young females with multiple sclerosis and a further one with Crohns' disease suffered an
acute recrudescence and were treated subsequently with intravenous MP pulses. After one
(patient 3), two (patient 1), and five (patient 2) and six (patient 4) weeks of initiating
medication, liver injury occurred. Time to recovery took eight and six weeks for patients 2
and 3, respectively, while patient 1 showed a resolving tendency after 10 weeks (lost of
follow up) and patient 4 after 2 weeks. Positive rechallenge occurred in three patients
(patients 2, 3, and 4). An extensive literature analysis resulted in a total of 45 MP-induced
liver injury events. These were associated with the female gender (84%) and the mean age
was 41 years. The most common indications for treatment were multiple sclerosis (24
cases) and Graves’ ophthalmopathy (13 patients). Hepatocellular damage was observed as
the predominant injury pattern in all the cases with available data and positive
autoantibodies were detected in 35% of the subjects. The average time to onset was six
weeks. Four cases developed a fatal outcome. In 17 cases (38%), a positive rechallenge with
the drug followed. These findings indicate that patients suffering from MS and GO are
particularly susceptible to develop hepatotoxicity due to MP use.
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The included study in Chapter 7° aimed to analyze time to liver enzyme resolutions to
establish the best definition and risk factors of DILI chronicity. Up to 298 individuals out of
850 patients in the Spanish DILI Registry with no preexisting disease affecting the liver and
follow-up to resolution =1 year were analyzed. Chronicity was defined as abnormal liver
biochemistry, imaging test or histology one year after DILI recognition.

Out of 298 patients enrolled, 273 (92%) resolved <1 year from DILI recognition and 25
patients (8%) were chronic. Independent risk factors for chronicity were older age (OR:
1.06, p=0.011), dyslipidemia (OR: 4.26, p=0.04) and severe DILI (OR: 14.22, p=0.005).
Alanine aminotransferase (ALT), alkaline phosphatase (ALP) and total bilirubin (TB) median
values were higher in the chronic group during follow-up. Values of ALP and TB >1.1 x upper
limit of normal (xULN) and 2.8 xULN, respectively, in the second month from DILI onset,
were found to predict chronic DILI (p<0.001). The main drug classes involved in chronicity
were statins (24%) and antiinfectives (24%). Histological examination in chronic patients
demonstrated two cases with ductal lesion and seven with cirrhosis. Hence, the achieved
results suggest that one year is the best cut-off point to define chronic DILI or prolonged
recovery, with risk factors being older age, dyslipidemia, and severity of the acute episode.
Statins are distinctly related to chronicity. ALP and TB values in the second month could
help predict chronicity or very prolonged recovery.

In Chapter 8 we displayed three brief case reports on drug-induced liver injury of diverse
etiology from our daily clinical practice, which presented an exciting learning point. In the
first report, the case of a young woman who suffered from acute liver failure and required
partial liver transplantation is described. The cause for the severe hepatic episode was
unclear. When we investigated her precedent medical history, recent treatment with
ibuprofen and occasionally acetaminophen as well as positive serology for HSV, fell into the
spotlight. Nevertheless, the cause could not be clearly adjudicated. Our second case report
dealt with a woman whose liver dysfunction was uncovered after suffering from
rechallenge with the antidepressant sertraline. Prior to that, she had presented
extramedullar manifestations of an underlying Morbus Walderstréom that had initially acted
as a confounding factor and consequently led to a new inadvertent exposure with
sertraline. Case report 3 referred to a patient who presented with advanced chronic liver
disease, including advanced liver cirrhosis and reiterated refractory hydropic
decompensations. Additionally, the patient exhibited dilated cardiomyopathy, but no
plausible cause could be found. Detailed investigations of her past medical history revealed
that the patient had been in chronic treatment with venlafaxine during the four previous
years and was most likely the cause of her clinical condition. Interestingly, we performed a
genetic test for cytochrome P450 and found that the patient presented polymorphic
variations for CYP2D6, which were compatible with being an ultra-rapid metabolizer of
venlafaxine.

In Chapter 97 a review on the reversal of liver fibrosis has been carried out. The most
representative animal models that have been used to expand our knowledge on liver
fibrosis have been displayed; however, these are subjected to diverse limitations that need
to be re-defined in the future. The extensive investigations achieved in the field during the
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last decades have shown that the condition of a fibrotic liver can be reversible by modifying
the underlying inflammatory environment, elimination or regression of activated HSCs as
well as degradation of ECM.

Currently, there is a vast potential therapeutic arsenal aiming at reversing liver fibrosis that
is undergoing clinical trial studies, as shown, with particular focus on patients suffering from
non-alcoholic steatohepatitis. Thus, now more than ever, the promising progress in the
reversal of liver fibrosis seems to be turning real.

Previously, we have demonstrated that c-Jun N-terminal kinases (Jnk) genes play a crucial
role not only in acute liver disease but also in chronic liver disease (CLD). In Chapter 102, we
aimed to investigate the relevance of hepatocyte-specific Jnk2 inhibition in an experimental
model of CLD. Genetic deletion of Jnk2 gene was performed using hepatocyte-specific
deletion of Jnk2 (JNK22hP3) in NEMO/IKKy (NEMO2*"3) mice and by siRNA silencing (siJnk2)
in vitro and in vivo in wild-type (WT) and in NEMO?"®2 mice, respectively. Disease
progression was analyzed using imaging analysis of combined molecular fluorescence and
microcomputed tomography (FMT/uUCT), protein expression, IHC, IF, and histopathology. In
one-year-old NEMO2'®P* mice, Jnk2 deletion reduced liver fibrosis and
hepatocarcinogenesis (HCC), as observed by the reduced total number of HCC nodules.
Both NEMO/JNK22"ePa (DKO”MeP?) and hepatocyte-specific liposomal-delivered silnk2 in end-
stage diseased NEMO mice resulted in the improved liver parenchyma, serum levels and
markers of fibrogenesis. Furthermore, siJnk2 chronic treatment was associated with a
change in the immune response as a reduction of myeloid cells, and an increase in CD4* and
CD8* T-cells was found. Most importantly, chronic siJnk2 treatment reduced the presence
of premalignant and malignant liver tumors corresponding to reduced tumor initiation.
Interestingly, hepatocyte-specific liposomal-delivered siJnk2 diminished liver function at an
early phase of CLD in NEMO®”"®P* mice. silnk2 caused increased liver transaminases,
hepatocellular apoptosis, and compensatory proliferation, a phenomenon that we
validated in 12 week-old DKO*" mice.

Our findings demonstrate a stage-dependent role of Jnk2 during CLD progression in
NEMO?®P@ mice. Notably, silnk2 delivery to hepatocytes ameliorated hepatitis,
fibrogenesis, and HCC initiation and thus might be an attractive therapeutic option for
personalized medicine in CLD.

The aim of Chapter 11° was to uncover the functional role of Fas signaling in an
experimental model of chronic liver disease. We, therefore, generated NEMO”"P3/Fas/r
mice, while NEMO2"e*2 NEMOf as well as Fas” animals served as controls and
characterized their phenotype during liver disease progression. Liver damage was
evaluated by serum transaminases, histological, immunofluorescence procedures, and
biochemical and molecular biology techniques. Proteins were detected by Western Blot,
expression of mRNA by RT-PCR, and infiltration of inflammatory cells was determined by
FACs analysis, respectively. Fas®” mutation in NEMO2"" mice resulted in overall decreased
liver injury, enhanced hepatocyte survival, and reduced proliferation at 8 weeks of age
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compared with NEMO2"¢P? mice. Moreover, NEMO2®3/Fas" animals elicited significantly
decreased parameters of liver fibrosis, such as Collagen IA1, MMP2, and TIMP1, and
reduced proinflammatory macrophages and cytokine expression. At 52 weeks of age,
NEMO?ePa/Fas’" exhibited less malignant growth, as evidenced by reduced HCC burden
associated with a significantly decreased number of nodules and LW/BW ratio and
decreased myeloid populations. The deletion of TNFR1 further reduced the tumor load of
52-weeks-old NEMO?2"®P3/Fas” mice. The functionality of FasL/Fas might affect
inflammation-driven tumorigenesis in an experimental model of chronic liver disease.
These results help to develop alternative therapeutic approaches and extend the limitations
of tumor therapy against HCC.

Samenvatting

Hoofdstuk 1 geeft een literatuuroverzicht over het onderwerp geneesmiddelen
geinduceerde leverbeschadiging. De meest relevante bevindingen van de afgelopen jaren
zijn gedetailleerd beschreven. Er is aandacht besteed aan basisdefinities en classificaties
maar ook aan onderliggende pathofysiologie, mechanismen, klinische kenmerken,
differentiéle diagnose, causaliteitsbeoordeling en risicofactoren van medicatie
geinduceerde leverbeschadiging (drug induced liver injury:DILI). Bovendien zijn de
belangrijkste doelstellingen en hoofdlijnen voor de uitgevoerde onderzoeken kort
beschreven. Een inleiding over chronische leverziekte en het experimentele model “Nemo”
is bijgevoegd.

In Hoofdstuk 2' werd een systematische analyse uitgevoerd om de in de literatuur
beschikbare informatie over door ibuprofen geinduceerde leverbeschadiging te
onderzoeken. Ons onderzoek had betrekking op, casusreeksen en casusrapporten van
potentiéle hepatotoxiciteitscohorten en de verkregen gegevens werden grondig
onderzocht ten aanzien van demografische, klinische en biochemische aspekten. Opvallend
was dat ibuprofen de meest voorkomende NSAID is die DILI veroorzaakt zoals bleek uitDILI-
gegevensbestanden uit Spanje en India. Twaalf van de 22 geidentificeerde idiosyncratische
gevallen van ibuprofen hepatotoxiciteit waren van het vrouwelijk geslacht met een
gemiddelde leeftijd van 31 jaar. De gemiddelde cumulatieve dosis ibuprofen was 30g,
terwijl de behandelingsduur en starttijd respectievelik 14 en 12 dagen waren.
Kenmerkende beschadiging waren voornamelijk cytolyse en een totaal aantal van zes
gevallen ontwikkelde het verdwenen galwegen syndroom (vanishing bile duct syndrome).
Volledig herstel vond plaats na een gemiddelde periode van 14 weken, terwijl vijf patiénten
een acuut leverfalen ontwikkelden dat leidde tot de dood of de noodzaak voor een
levertransplantatie. Ofschoon weinig voorkomend bij het frequent gebruik, is ibuprofen
overtuigend geassocieerd met hepatotoxiciteit in de literatuur en de registratie cohorten
van DILI-gevallen en daarom moet het worden beschouwd als een potentiéle veroorzaker
bij de beoordeling van DILI causaliteit. Ibuprofen-afgeleide DILI vertoont gewoonlijk een
korte latentie, hepatocellulaire schade en kan potentieel de dood tot gevolg hebben of de
noodzaak van een levertransplantatie.
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In Hoofdstuk 3% werden de prevalentie en kenmerken van door ibuprofen geinduceerde
leverschade in het Spaanse DILI-register, evenals de Latijns-Amerikaanse tak, een
prospectieve database voor humane hepatotoxiciteit, geanalyseerd en gekarakteriseerd.
Alleen die gevallen met ibuprofen als DILI veroorzakende medicatie werden opgenomen in
de studie. Om een mogelijke signatuur van ibuprofen hepatotoxiciteit te onderzoeken,
werden deze vergeleken met andere soorten DILI, .

Een ibuprofen hepatotoxiciteit cohort met in totaal 26 patiénten werd verkregen, de helft
van de personen waren van het vrouwelijk geslacht en de gemiddelde leeftijd was 51 jaar.
De meeste patiénten werden behandeld met 1200 mg ibuprofen per dag of hoger (77%),
de mediane behandelingsduur bedroeg 16 dagen en de mediane tijd tot aan het begin
duurde 15 dagen. Bovendien werd 58% van de patiénten gehospitaliseerd, 69%
presenteerde met geelzucht en 50% voldeed aan de overgevoeligheid criteria.
Hepatocellulaire beschadiging was het meest voorkomende patroon (69%). De gemiddelde
BMI was hoger in de ibuprofen DILI groep in vergelijking tot de DILI als gevolg van andere
NSAID's of niet-NSAID's (p=0.06). De mediane tijd tot aan het begin van de verschijnselen
was korter voor ibuprofen hepatotoxiciteit (15 dagen). Diabetes mellitus werd significant
vaker vastgesteld bij ibuprofen DILI patiénten (p=0.038). Fatale afloop was hoger voor
ibuprofen hepatotoxiciteit (12%) versus andere NSAIDs (5%) en andere niet-NSAID
middelen (3%). Opvallend was dat er een hogere prevalentie van ibuprofen-geinduceerde
leverschade gevallen werd gevonden in ons register in vergelijking met andere grote
gepubliceerde DILI cohorten. Ibuprofen DILI was eveneens geassocieerd met een hoger
percentage fatale afloop. Dit suggereert dat patiénten met ibuprofen DILI een langdurigere
monitoring in de follow-up nodig hebben. We concluderen uit ons onderzoek dat de
immunoallergische en metabole factoren in het idiosyncratische mechanisme een rol
spelen in de pathogenese van ibuprofen DILI.

Onze eerdere onderzoeken hebben ons ertoe aangezet de mechanismen te onderzoeken
die verband houden met door ibuprofen geinduceerde leverbeschadiging. In Hoofdstuk 4°
werd een nieuw ibuprofen hepatotoxiciteitsmodel in vitro en in vivo ontwikkeld om de
onderliggende pathomoleculaire basis te analyseren die ten grondslag zou kunnen liggen
aan door ibuprofen geinduceerde hepatotoxiciteit. Voor dit doel werden verschillende
cytotoxiciteitsstudies voor ibuprofen in vitro uitgevoerd op Hepa 1-6 en HepaRG cellijnen,
die vervolgens werden aangevuld met primaire muizenhepatocyten, die vers werden
geisoleerd uit 8 weken oude Wt-muizen. Vervolgens werden onze studies afgerond met een
muizenmodel van ibuprofen hepatotoxiciteit in vivo. Mannelijke C57BL/6 muizen van 6-8
weken oud werden gedurende nacht niet gevoed en kregen ip 600 mg/kg ibuprofen
geinjecteerd en werden 8 uur later opgeofferd. Om de rol van JNK te beoordelen,
gebruikten we dieren met constitutieve deletie van Inkl (Ink17) of Ink2 (Jnk27").
Vervolgens hebben we onze beoordeling uitgebreid naar dieren, die een uniek Jnk1-tekort
in hepatocyten (Jnk12MP?) vertoonden. Om dieren met redundante expressie van Jnk2 op
hepatocellulair niveau te genereren, werd 0.2 mg/kg siRNA van Jnk2 (siJnk22MP?) een week
voorafgaand aan ibuprofen-challenge-injectie geinjecteerd in de staartader. Als
translationele benadering werd de rol van JNK onderzocht bij menselijke leverspecimens,
die hadden geleden aan door ibuprofen geinduceerde leverbeschadiging. Verbeterde JNK-
fosforylering werd aangetoond in het cytoplasma van hepatocyten in door ibuprofen
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geinduceerde DILI-levermonsters in vergelijking met gezond weefsel op humaan en
muizenniveau. Ibuprofen-challenge produceerde een grotere mate van leverbeschadiging
dan die waargenomen bij met vehikel behandelde controlemuizen, op basis van
concentratie serummarkers en histolopathologie-analyse van de respectieve leverweefsel
sampels. Een opmerkelijke respons afname in silnk22M®P>-dieren werd aangetoond
gecorreleerd aan de significant hogere serum-leverenzymen en verslechterde
leverhistologiekenmerken in vergelijking met Jnk12"¢P2- of Wt-dieren. Vervolgens werden
de moleculaire routes geassocieerd met door ibuprofen geinduceerde leverbeschadiging bij
muizen onderzocht. Verhoogde activatie van PKCa, AKT en JNK, acht uur na lbuprofen-
challenge-behandeling werd bij muizen aangetoond. De resultaten van deze studie toonden
cytoplasmatische JNK-activering in hepatocyten aan als kenmerk van Ibuprofen-intoxicatie
in monsters van mensen en muizen. Hepatocellulaire deficiéntie van Jnk2 werd
geassocieerd met een verslechterde reactie op door ibuprofen geinduceerde acute
leverbeschadiging.

De JNK-routelijkt een cruciale rol te spelen in de pathofysiologie van acute en chronische
leverziekte. Om dit verder te onderzoeken werd in Hoofdstuk 5* de aanwezigheid van
gefosforyleerd JNK onderzocht in leverweefsel van patiénten met geneesmiddelen
geinduceerde leverbeschadiging. Tevens werd de rol van het JNK werkingsmechanisme
onderzocht in experimentele modellen van acute en chronische leverziekten bij muizen.
Leverbiopten van patiénten met DILI, geinduceerd door verschillende stoffen, werden
bestudeerd en het JNK-expressieprofiel werddaarbij geanalyseerd. Parallel hieraan werd in
muizen met hepatocyt-specifieke deletie van JNK1 (Jnk12"¢P?) of gecombineerde INK1 en
INK2 (Jnk2heP?) deletie, alsmede JNK1-floxed C57BL/6 controle muizen bestudeerd wat de
leverschade was na injecties van CCls (om leverfibrose te induceren; 0.6ml/kg i.p. elke 3
dagen gedurende 4 weken) of paracetamol (om toxische hepatitis te induceren; 500mg/kg
ip.).

Leverweefsel van DILI patiénten toonde meer geactiveerd JNK, voornamelijk in kernen van
hepatocyten en immuuncellen, ten opzicht van gezond controle weefsel. De injectie van
paracetamol in Jnk®'®2 muizen induceerde een grotere mate van leverschade dan bij
Ink12heP3 controle muizen, gebaseerd op metingen van serum markers en microscopische
en histologische analyse van leverweefsel. Toediening van CCl, veroorzaakte een sterkere
leverbeschadiging in Jnk®"®"® muizen, gemeten aan de hand van verhoogde
ontstekingsparameters, celproliferatie, en fibrose progressie, in vergelijking met Jnk12hera
controle muizen. Hepatocyten van met paracetamol behandelde Jnk®"®*® muizen , hadden
een verhoogde oxidatieve stressrespons wat leidde tot een verminderde activering van
adenosine monofosfaat geactiveerd proteine kinase, totaal eiwit adenosine monofosfaat
geactiveerd proteine kinase niveaus en pJunD waardoor er necrose ontstond. Toediening
van SP600125 (30mg/kg i.p.) voor of met paracetamol, beschermde Jnk®'P2 en controle
muizen tegen leverschade. Deze bevindingen tonen aan dat JNK1 en JNK2 in hepatocyten
een gecombineerdbeschermend effect induceren bij muizen die met CCls- en paracetamol
waren behandeld. Daarnaast toont de JNK inhibitor SP600125 off-target effecten, dus
onafhankelijk van JNK.
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In Hoofdstuk 6> was het doel de methylprednisolon (MP) geinduceerde leverschade nader
te karakteriseren met de beschrijving van vier nieuwe gevallen uit het Spaanse en Latijns-
Amerikaanse DILI register. Demografische, klinische, laboratorium en folow-up gegevens
werden geanalyseerd. Ter vergelijking werd een uitgebreide screening van de literatuur
uitgevoerd naar MP geinduceerde leverschade gevallen. Drie jonge vrouwen met multiple
sclerose en een andere met de ziekte van Crohn kregen een acute exacerbatie van hun
ziekte en werden vervolgens behandeld met intraveneuze MP pulstherapie.
Leverbeschadiging trad op na één (patiént 3), twee (patiént 1), vijf (patiént 2) en zes (patiént
4) weken na start van de medicatie. De tijd tot herstel vergde acht en zes weken voor
respectievelijk patiénten 2 en 3, terwijl patiént 1 na tien weken verbetering vertoonde en
patiént 4 na 2 weken. Bij drie patiénten (patiénten 2, 3 en 4) werd MP opnieuw gegeven
met optreden van dezelfde bijwerkingen.

Een uitgebreid literatuuroverzicht leverde in totaal 45 door MP geinduceerde
leverbeschadigingsgevallen op. Deze waren geassocieerd met vrouwelijk geslacht (84%) bij
een gemiddelde leeftijd van 41 jaar. De meest voorkomende MP indicaties voor de
behandeling waren multiple sclerose (24 gevallen) en 13 gevallen van Graves
oftalmopathie (GO). Hepatocellulaire schade werd aangetoond als de meest voorkomende
beschadiging, positieve autoantilichamen werden gedetecteerd in 35%. De gemiddelde tijd
tot het begin van de verschijnselen was zes weken. Vier gevallen ontwikkelden zich met
fatale afloop. In 17 (38%) patienten werd opnieuw met het MP behandeld met dezelfde
reactie tot gevolg. Deze bevindingen wijzen erop dat patiénten met MS en GO bijzonder
vatbaar zijn voor het ontwikkelen van leverschade als gevolg van het gebruik van MP.

De studie in Hoofdstuk 7° werd gefocust op het analyseren van herstelduur van
leverenzymen en om de beste definitie en de risicofactoren van DILI chroniciteit vast te
stellen. Van 298 personen van de 850 geregistreede patiénten uit het Spaanse DILI register
werden onderzocht. De patienten waren niet gekend met een aandoening van de lever en
follow-up gegevens van 21 jaar na herstel werden geanalyseerd. Chroniciteit werd
gedefinieerd als gestoorde lever biochemie, afwijkende beeldvorming of histologie een jaar
na DILI diagnose. Van de 298 geincludeerde patiénten waren 273 (92%) hersteld binnen een
jaar na Dili diagnose en 25 patiénten (8%) waren chronisch. Onafhankelijke risicofactoren
voor chroniciteit waren oudere leeftijd (OR: 1.06, p=0.011), dyslipidemie (OR: 4.26, p=0.04)
en ernstige DILI (OR: 14.22, p=0.005). De mediane waarden van alanine aminotransferase
(ALT), alkalische fosfatase (ALP) en totaal bilirubine (TB) waren hoger in de chronische groep
gedurende de follow-up. De waarden van ALP >1.1 maal de bovengrens van normaal (xULN)
en TB >2.8 xULN in de tweede maand van Dili aanvang, bleken chronische DILI (p<0.001) te
voorspellen. Voornaamste medicament groepen betrokken bij chroniciteit waren statines
(24%) en antiinfectiva (24%). Histologisch onderzoek bij chronische patiénten toonde twee
gevallen met ductale laesies en zeven met cirrose.

Deze gegevens suggereren dat het interval van een jaar de beste cut-off tijd is om
chronische DILI of vertraagd herstel te definiéren, met als risicofactoren oudere leeftijd,
dyslipidemie en de ernst van de acute episode. Statines zijn duidelijk gerelateerd aan
chroniciteit. ALP en TB-waarden in de tweede maand zijn van diagnostische waarde om
chroniciteit of zeer traag herstel te voorspellen.
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In Hoofdstuk 8 hebben we als interessant leerpunt, drie korte casus over door
geneesmiddelen geinduceerde leverbeschadiging van diverse etiologie uit onze dagelijkse
klinische praktijk weergegeven. In de eerste casus wordt het geval beschreven van een
jonge vrouw, die leed aan acuut leverfalen behandeld met een paratiele
levertransplantatie. De oorzaak voor het leverfalen was onduidelijk. Toen we haar
medische geschiedenis uitgebreider onderzochten, kwam een recente behandeling met
ibuprofen gecombineerd met paracetamol aan het licht alsook positieve serologie voor
HSV. Niettemin kon de causaliteit niet duidelijk worden aangetoond. De tweede casus
beschrijft een vrouw bij wie leverfunctiestoornissen ontdekt werden nadat ze opnieuw was
blootgesteld aan het antidepressivum sertraline. De voorgeschiedenis vermeldde
extramedullaire manifestaties bij een onderliggende morbus Walderstrom. De
verschijnselen werden aanvankelijk verklaard passend bij de aandoening. Herintroductie
van sertraline, na een periode zonder dit medicament deed de klachten opniuew ontstaan
en er werd een duidelijke causaliteit vastgesteld met sertraline. In gevalsbeschrijving 3
wordt een patiente beschreven, verwezen met gevorderde chronische leverziekte waarbij
een cirrose met portale hypertensie was aangetoond. Er werd refractaire hydropische
decompensatie vastgesteld en eveneens een cardiomyopathie zonder evidente plausibele
oorzaak. Uit gedetailleerd onderzoek van haar medische geschiedenis bleek dat de patiént
de afgelopen vier jaar een intensieve behandeling met venlafaxine had gehad die als enige
verklaring werd gevonden voor haar huidige klinische toestand met gecompliceerde
levercirrose. Uitgebreid onderzoek leverde een genetische afwijking op van het cytochroom
P450. Patiente was een ultrasnelle metaboliseerder van venlafaxine waarbij gesuggereerd
werd dat metabolieten verantwoordelijk zijn geweest voor zowel de hepatologische als
cardiale gevolgen.

In Hoofdstuk 97 is een overzicht gegeven van de reversibiliteit van leverfibrose. De meest
representatieve diermodellen die zijn gebruikt om onze kennis over leverfibrose te
vergroten, zijn weergegeven. Er zijn verschillende beperkingen op te merken die in de
toekomst opnieuw moeten worden gedefinieerd. De uitgebreide onderzoeken die in de
afgelopen decennia op dit gebied zijn uitgevoerd, hebben aangetoond dat de conditie van
een fibrotische lever reversibel kan zijn door de onderliggende inflammatie te behandelen,
eliminatie of regressie van geactiveerde HSC's te induceren en degradatie van extra
cellulaire matrix (ECM) te modificeren.

Momenteel bestaat er een enorm potentieel therapeutisch arsenaal dat gericht is op het
omkeren van leverfibrose. Verschillende klinische studies worden momenteel uitgevoerd,
met bijzondere aandacht voor patiénten die lijden aan niet-alcoholische steatohepatitis.
Dus, meer dan ooit, lijkt de veelbelovende vooruitgang van de omkering van leverfibrose
realiteit te worden.

Eerder hebben we aangetoond dat c-Jun N-terminale kinasen (Jnk)-genen een cruciale rol
spelen, niet alleen bij acute leverziekte, maar ook bij chronische leverziekte (CLD). In
Hoofdstuk 10° was het doel om de relevantie van hepatocyt specifieke Jnk2-remming te
onderzoeken in een experimenteel CLD model. Genetische deletie van het Jnk2-gen werd
uitgevoerd met behulp van hepatocyt specifieke deletie van Jnk2 (JNK22"¢"3) in NEMO / IKKy
(NEMO?eP3)-muizen en door siRNA-silencing (siJnk2) in vitro en in vivo in respectievelijk
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wildtype (WT) en in NEMO2"®P-muizen . Ziekteprogressie werd geanalyseerd met behulp
van beeldvormende analyse van gecombineerde fluorescentie moleculaire en
microcomputed tomography (FMT/uCT), eiwitexpressie, IHC, IF en histopathologie. Bij één
jaar oude  NEMO®'P>muizen  verminderde Jnk2-deletie leverfibrose en
hepatocarcinogenese, zoals waargenomen door een verminderd totaal aantal
hepatocellulaire carcinoom (HCC)-noduli. Zowel NEMO/INK22hePa (DKQ2"P3) als hepatocyt
specifieke liposomaal afgegeven siJnk2 in NEMO-muizen met eindstadium leverziekte
resulteerden in verbeterde leverparenchym, serumspiegels en markers van fibrogenese.
Bovendien werd de chronische behandeling met siJnk2 geassocieerd met een verandering
in de immuunrespons omdat een vermindering van myeloide cellen en een toename van
CD4* en CD8* T-cellen werd gevonden. Het belangrijkste is dat chronische siJnk2-
behandeling de aanwezigheid van premaligne en kwaadaardige levertumoren
verminderde, wat overeenkomt met verminderde tumor-initiatie. Een interessante
bevinding wa het feit dat hepatocyt specifiek liposomaal afgegeven siJnk2 de leverfunctie
verminderde in een vroege fase van CLD bij NEMO“"®P*>muizen. silnk2 veroorzaakte
verhoogde levertransaminasen, hepatocellulaire apoptose en compenserende proliferatie,
een fenomeen dat we valideerden bij 12 weken oude DKO2"¢P>-muizen.

Onze bevindingen tonen een fase-afhankelijke rol van Jnk2 tijdens CLD-progressie bij
NEMO?eP_muizen. Met name de afgifte van siJnk2 aan hepatocyten verbeterde hepatitis,
fibrogenese en HCC-initiatie en zou dus een aantrekkelijke therapeutische optie kunnen zijn
voor gepersonaliseerde geneeskunde bij CLD.

In Hoofdstuk 11° wordt het onderzoek naar de functionele rol van Fas-signalering in een
experimenteel model van chronische leverziekte beschreven. We genereerden
NEMO2eP2 /FasP’-muizen, terwijl NEMO2"¢*?, NEMO" en Fas”-dieren als controles dienden
met hun fenotypische kenmerk van de progressie van de leverziekte. Leverbeschadiging
werd geévalueerd met serumtransaminasen, histologische, immunofluorescentie-
procedures en biochemische en moleculaire-biologisch technieken. Eiwitten werden
geanalyseerd met Western Blot, expressie van mRNA door RT-PCR en infiltratie van
ontstekingscellen werd bepaald door respectievelijk FACs-analyse. Fas-mutatie bij
NEMO?eP_muizen resulteerde in een algehele verminderde leverbeschadiging, verbeterde
overleving van hepatocyten en verminderde proliferatie op 8 weken oud in vergelijking met
NEMO?eP_muizen. Bovendien ontwikkelden NEMO®"P?/Fas"-dieren aanzienlijk verlaagde
parameters van leverfibrose, zoals collageen I1A1, MMP2 en TIMP1, en verlaagde pro-
inflammatoire macrofagen en cytokine-expressie. Op de leeftijd van 52 weken vertoonde
NEMO?eP3/Fas’" minder kwaadaardige groei, zoals bleek uit een verminderde HCC-last
geassocieerd met een aanzienlijk verlaagd aantal noduli en de LW/BW-ratio alsook
verminderde myeloide populaties. Deletie van TNFR1 verminderde de tumorbelasting van
de 52 weken oude NEMO2"¢P2/Fas’"-muizen verder.

De functionaliteit van FasL/Fas kan de ontstekingsgestuurde tumorigenese beinvioeden in
een experimenteel model van chronische leverziekte. Deze resultaten helpen bij het
ontwikkelen van alternatieve therapeutische benaderingen en vergroten de beperkingen
van tumortherapie tegen HCC.
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Resumen

En el Capitulo 1 se realizd una revisién bibliografica actualizada sobre la tematica del dafio
hepatico inducido por farmacos (drug-induced liver injury, DILI). Los hallazgos vy
contribuciones mas relevantes a dicho campo tematico en los ultimos afios han sido
examinados en detalle. Ademas de diversas definiciones basicas y clasificaciones esenciales,
se ha llevado a cabo un enfoque particular sobre la fisiopatologia subyacente, mecanismos,
caracteristicas clinicas, diagnostico diferencial, evaluacion de causalidad y factores de
riesgo en DILI. Como parafrasis, se ha adjuntado una descripcion resumida respecto al
"carcinoma hepatocelular", asi como una breve introduccién al modelo experimental de
hepatopatia cronica "NEMO". Ademas, se describieron brevemente los objetivos
principales de las presentes investigaciones.

En el Capitulo 2* se realizé un analisis sistemdtico para examinar la informacidn disponible
sobre el dafio hepatico inducido por ibuprofeno en la literatura cientifica. Nuestras
investigaciones abarcaron cohortes prospectivas de hepatotoxicidad, series de casos y
casos clinicos, y los datos obtenidos se examinaron exhaustivamente a nivel demografico,
clinico, bioquimico y resolutivo. Es de destacar que el ibuprofeno destacé como AINE mas
frecuentemente involucrado en las bases de datos prospectivas de DILI en Espafia e India.
Doce de los 22 casos idiosincrasicos de hepatotoxicidad por ibuprofeno identificados tenian
sexo femenino y la edad media era de 31 afios. La dosis acumulada promedia de ibuprofeno
fue de 30g, mientras que la duracién del tratamiento y el tiempo de incubacién de la
reacciéon hepatotoxica fue de 14 y 12 dias, respectivamente. Predominaron las
caracteristicas citoliticas en cuanto al perfil de dafio hepatico y un total de seis casos
desarrollaron un sindrome de los conductillos biliares evanescentes. La recuperacion
completa de los pacientes se produjo tras un intervalo medio de 14 semanas, mientras que
hasta cinco casos desarrollaron fallo hepatico fulminante, lo cual condujo a la muerte o la
necesidad de un trasplante de higado. Aun siendo poco frecuente, dado el uso extenso, es
importante que los clinicos tengan en cuenta que ibuprofeno ha sido asociado
convincentemente con la hepatotoxicidad en la literatura y cohortes prospectivas de DILl y,
por lo tanto, debe ser considerada como una potencial causa de DILI durante la evaluacién
de la causalidad. La hepatotoxicidad derivada de ibuprofeno se presenta cominmente con
una latencia corta, dafio de rasgo hepatocelular y puede progresar potencialmente a una
condicion severa que podria conllevar la necesidad de un trasplante de higado o incluso el
exitus en el peor de los casos.

En el Capitulo 3%, la prevalencia y las caracteristicas de los casos de dafio hepatico inducido
por ibuprofeno declarados al Registro Espafiol de Hepatotoxicidad (Spanish DILI Registry),
asi como a su red latinoamericana (Latin-American DILI Network), fueron identificados y
analizados en detalle. Exclusivamente aquellos casos que presentaban ibuprofeno como
Unico farmaco imputable fueron finalmente adjudicados al presente estudio. Para
investigar rasgos caracteristicos de la hepatotoxicidad por ibuprofeno, se compararon los
eventos de DILI de ibuprofeno con otros tipos de DILI inducidos por otros medicamentos
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antiinflamatorios no esteroideos (AINE) y otros medicamentos no AINE. Se obtuvo asi una
cohorte de hepatotoxicidad por ibuprofeno de 26 casos totales, la mitad de los sujetos
resultd tener género femenino y la edad promedia fue de 51 afios. La mayoria de los
pacientes habian recibido tratamiento con dosis de 1200mg o mas altas de ibuprofeno al
dia (77%), la mediana de la duracidn del tratamiento fue de 16 dias y la mediana del
intervalo onset abarcé 15 dias. Ademas, el 58% de los pacientes requirié hospitalizacion, el
69% presentd ictericia y el 50% cumplié con criterios de hipersensibilidad. La lesion
hepatocelular fue el patrén de lesién hepatica mds frecuente (69%). El IMC promedio fue
mayor en sujetos con DILI por ibuprofeno que en DILI debido a otros AINEs o medicamentos
no AINE (p=0.06). La mediana del tiempo de incubacién de la reaccidn adversa abarcé un
intervalo menor para la hepatotoxicidad por ibuprofeno (15 dias). Diabetes mellitus fue
significativamente mds prevalente en pacientes con DILI inducido por ibuprofeno (p=0.038).
Formas graves se asociaron mds frecuentemente con la hepatotoxicidad por ibuprofeno
(12%) que en otros AINEs (5%) u otros agentes no AINE (3%). En conclusidn, se encontré
una mayor prevalencia de eventos de dafio hepatico inducido por ibuprofeno en nuestra
base de datos en comparacion con otras grandes cohortes de DILI publicadas. Criticamente,
DILI por ibuprofeno se asocié con una mayor tasa de resultados graves. Por lo tanto, los
pacientes diagnosticados con DILI por ibuprofeno deben someterse a un control exhaustivo
durante su seguimiento. Nuestros datos reflejan que los mecanismos idiosincrasicos de
naturaleza inmunoalérgica y metabdlica posiblemente puedan jugar un papel relevante en
la hepatotoxicidad por ibuprofeno, aunque se requieren estudios mas amplios para
determinar el papel de ibuprofeno en DILI.

Nuestras investigaciones previas nos llevaron a investigar los mecanismos asociados al dafio
hepatico inducido por ibuprofeno. En el Capitulo 4® se desarrollé asi un nuevo modelo
experimental de hepatotoxicidad por ibuprofeno a nivel in vitro e in vivo con el objetivo de
poder analizar las bases patomoleculares subyacentes a dicho fenémeno. Para este
propdsito, se realizaron inicialmente diversos estudios de citotoxicidad sobre ibuprofeno in
vitro a partir de lineas celulares Hepa 1-6 y HepaRG, que mas tarde fueron complementados
con otro estudio realizado en hepatocitos murinos primarios aislados en fresco a partir de
ratones Wt de 8 semanas de edad. Posteriormente, nuestros estudios in vitro fueron
ampliados con un modelo murino de hepatotoxicidad inducida por ibuprofeno in vivo. Para
ello, ratones C57BL/6 machos (6-8 semanas de edad) en ayuno nocturno fueron sometidos
a una inyeccion i.p. de ibuprofeno en dosis de 600 mg/kg y sacrificados 8h mas tarde. Para
evaluar el papel de JNK, utilizamos animales portadores de delecién constitutiva de Jnkl
(Ink17") 0 Jnk2 (Jnk27"). En un segundo tiempo, concentramos nuestra evaluacién sobre JNK
a nivel hepatocitario, empleando animales que presentaron deficiencia de Jnkl
exclusivamente en los hepatocitos (Jnk12MP3). Para generar animales con expresion
redundante de Jnk2 a nivel hepatocelular, se administraron 0.2mg/kg de siRNA (ARN de
interfenrencia) de Jnk2 (siJnk22MP3) una semana antes de replicar la exposicidn
hepatotdxica con ibuprofeno en los mismos. A nivel traslacional, se investigd ademas el
papel de JNK en muestras de higado humano, que fueron extraidas de pacientes que habian
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sufrido un dafio hepatico inducido por ibuprofeno. La fosforilacidon de JNK se hizo evidente
en el citoplasma hepatocitario de dichas muestras en comparacién con tejido sano a nivel
humano y murino. La sobreexposicidon experimental con ibuprofeno produjo un mayor
grado de dafio hepdtico que el observado en ratones controles tratados solo con el
vehiculo, como asi reflejaron los marcadores seroldgicos bioquimicos y el analisis de
histopatoldgico de las muestras hepdticas respectivas. Es de destacar que los animales
siJnk22heP2 mostraron un agravamiento notable en la respuesta al dafio hepatico inducido
por ibuprofeno y que se correlaciond con enzimas hepdticas en suero significativamente
elevadas y empeoramiento de las caracteristicas histolégicas del parénquima hepatico en
comparacién con los animales Jnk12"®P@ y Wt. A continuacidn, se investigaron las vias
moleculares asociadas al dafio hepatico inducido por ibuprofeno en el presente modelo
experimental y se observéd un aumento de la activacién de PKCa, AKT y JNK, 8h tras la
sobreexposicion a ibuprofeno. En resumen, los resultados del presente estudio
demostraron una activacién de JNK a nivel citopldasmico en hepatocitos como sello distintivo
de la intoxicacién por ibuprofeno tanto en muestras humanas como en murinas. La
deficiencia hepatocelular de Jnk2 se asocié con un empeoramiento en la respuesta de la
lesion hepdtica aguda inducida por ibuprofeno, haciendo de éste una potencial diana
terapéutica de interés.

La via asociada a las c-Jun N-terminal kinases (JNK) ha resultado desempefiar un papel
crucial en la fisiopatologia de la enfermedad hepdtica aguda y crénica. Para este propdsito,
en el Capitulo 5% se examind la presencia de JNK fosforilado en tejido hepdtico proveniente
de pacientes con dafio hepatico inducido por farmacos y se investigd el papel de JNK
hepatocitico en modelos experimentales murinos de enfermedad hepatica aguda y crénica.
Las muestras histoldgicas hepaticas de pacientes con DILI inducido por diversos agentes
farmacoldgicos fueron estudiadas y se analizé el perfil de expresién de JNK. En paralelo,
ratones con delecién de Jnk1 (Jnk12MP3) o delecién concomitante de Jnk1 y Jnk2 (Jnk2"eP2)
especificamente en hepatocitos, asi como ratones controles Jnk1”(floxed) C57BL/6 fueron
sometidos a inyecciones de CCly para inducir fibrosis hepatica (0.6 ml/kg i.p. cada 3 dias
durante 4 semanas) o fueron expuestos a dosis de 500 mg/kg i.p. de acetaminofén (APAP)
para inducir una hepatitis téxica aguda. Las muestras de tejido hepatico derivadas de
enfermos de DILI exhibieron significativamente un mayor perfil de activacién de JNK, que
predomind en nucleos de hepatocitos y en células inmunes, comparado con tejido sano. La
sobreexposicién con acetaminofén en ratones Jnk2"®P? indujo un mayor nivel de dafio
hepético que el observado en Jnk12"P2 g en los ratones control, en base a los niveles de
marcadores seroldgicos de dafio hepatico y el analisis histoldgico. La administracion de CCl4
también indujo una lesién hepatica mas fuerte en ratones Jnk®"®"3, que se caracterizé por
un aumento de la inflamacidn, proliferacion celular y progresion de la fibrosis, comparado
con ratones Jnk12MP2 o controles. Los hepatocitos de ratones Jnk®'P? expuestos a APAP
sufrieron una peor respuesta al estrés oxidativo, lo que condujo a una disminucién en la
fosforilacién de la proteina quinasa activada por monofosfato de adenosina, niveles totales
de proteina quinasa activada por monofosfato de adenosina y pJunD y necrosis posterior.
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La administracién del inhibidor SP600125 (30mg/kg i.p.) antes o simultdneamente con
APAP protegié a Ink®'P2 y atenud la lesion hepdtica consiguiente. Estos hallazgos
demuestran que JNK1 y JNK2 a nivel hepatocitario parecen tener efectos combinados de
ambito protector respecto a la lesién hepatica inducida por CCl, y APAP. Ademas, se ha
podido probar que el inhibidor SP600125 tiene efectos “off-target”.

La metilprednisolona (MP) se usa cominmente en hepatologia para el tratamiento de la
lesion hepatica aguda con caracteristicas graves, a parte de otras indicaciones. El hecho de
que recientemente se hayan publicado numerosos casos clinicos sobre dafio hepatico
inducido por MP, en particular en pacientes que padecen enfermedades autoinmunes
subyacentes, nos motivé a investigar esta circunstancia. Asi en el Capitulo 6° quisimos
contribuir a la caracterizacién de la expresion fenotipica de la lesion hepatica inducida por
MP e investigamos todos los casos disponibles declarados a las bases de datos DILI
espafiolas y latinoamericanas (Spanish DILI Registry; Latin-American DILI Network). Se
analizaron datos demograficos, clinicos, de laboratorio y de resolucién. Adicionalmente, se
proporciond una revision bibliografica analizando casos de DILI inducidos por MP
publicados anteriormente. Ademas, se realizd un andlisis comparativo entre los nuevos
eventos MP-DILI identificados en las bases de datos mencionadas anteriormente y los casos
obtenidos anteriormente de la literatura. Tres mujeres jévenes con esclerosis multiple y
una mas con enfermedad de Crohn sufrieron una recaida aguda de su enfermedad y fueron
tratadas con bolos intravenosos de MP. Después de una (paciente 3), dos (paciente 1) y
cinco (paciente 2) y seis (paciente 4) semanas tras el inicio del tratamiento, se produjo un
dafio hepatico. El tiempo de recuperacidn abarcé ocho y seis semanas para las pacientes 2
y 3 respectivamente, mientras que la paciente 1 mostré una tendencia a la resolucidn tras
10 semanas (pérdida de seguimiento) y la paciente 4 tras 2 semanas. Se produjo una
reexposicion positiva en tres de las pacientes (pacientes 2, 3 y 4). Un extenso analisis de la
literatura resulté en un total de 45 eventos de lesidon hepatica inducida por MP. Estos se
asociaron al género femenino (84%) y la edad promedia fue de 41 afios. Las indicaciones
mas comunes para el tratamiento con MP fueron la esclerosis multiple (EM; 24 casos) y la
oftalmopatia de Graves (OG; 13 casos). Se observd dafio hepatocelular como el patrén de
dafio predominante en todos los casos con datos disponibles y se detectaron
autoanticuerpos positivos en el 35% de los enfermos. El tiempo medio de incubacion fue
de seis semanas. Cuatro casos desarrollaron un desenlace fatal. En 17 casos (38%) se
produjo una reexposicion positiva con el medicamento. Estos hallazgos indican que los
pacientes que padecen EM y OG son particularmente susceptibles a sufrir un episodio de
hepatotoxicidad inducida por MP.

El estudio incluido en el Capitulo 7° tuvo como objetivo analizar el intervalo temporal hasta
alcanzar los marcadores de dafio hepatico la normalizacién, establecer la definicidon de
cronicidad y determinar los factores de riesgo de la cronicidad en DILI. Se analizaron 298
individuos de un total de 850 pacientes incluidos en el Spanish DILI Registry sin enfermedad
previa que afectara a higado y se realizé seguimiento hasta alcanzar la resolucién 21 afio.
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La cronicidad se definié como anormalidad presentada en una bioquimica hepdtica, prueba
radiodiagndstica o histopatologia un afio después del diagnédstico establecido de DILI. De
los 298 pacientes incluidos en el estudio, 273 (92%) resolvieron <1 afio a partir del
diagnodstico de DILI y complementariamente los 25 pacientes restantes desarrollaron
cronicidad (8%). Entre los factores de riesgo independientes para la condicién de cronicidad
en nuestra cohorte de DILI se encontraron la edad avanzada (OR: 1.06, p=0.011),
dislipidemia (OR: 4.26, p=0.04) o la gravedad del episodio de DILI (OR: 14.22, p=0.005). Se
determinaron valores promedios de alanina aminotransferasa (ALT), fosfatasa alcalina
(ALP) y bilirrubina total (TB) mayores en el grupo de pacientes cronicos durante la fase de
seguimiento. Asimismo, se pudo apreciar que los valores de ALP y TB >1.1 x limite superior
de normal (XULN) y 2.8 xULN respectivamente, en el segundo mes tras el inicio del episodio
de DILI, predicen la cronicidad del mismo (p<0.001). Las principales clases de farmacos
asociadas a cronicidad en el presente andlisis fueron las estatinas (24%) y los antibidticos
(24%). El examen histopatoldgico en pacientes cronicos mostré dos casos con lesidn ductal
y siete con cirrosis hepatica. Por lo tanto, los resultados obtenidos sugieren que un afio es
el mejor punto de corte para definir la cronicidad en DILI o una recuperacién prolongada,
con factores de riesgo la edad avanzada, dislipidemia y gravedad del episodio agudo. Las
estatinas estan claramente relacionadas con la cronicidad. Los valores de ALP y TB en el
segundo mes podrian ayudar a predecir la cronicidad o una recuperacién muy prolongada.

En el Capitulo 8, adjuntamos tres breves informes de casos clinicos sobre lesiones hepaticas
inducidas por farmacos de etiologia diversa originados en el entorno de nuestra practica
clinica, que seleccionamos por aportar alguna particularidad de interés para el aprendizaje.
En el primer informe, se describe el caso de una mujer joven, que sufrié un fallo hepatico
fulminante y requirié un trasplante parcial de higado. La causa del episodio hepatico grave
no estaba clara. Cuando se investigaron sus antecedentes previos, llamé la atencién que la
paciente habia recibido un tratamiento reciente con ibuprofeno y que tomd
ocasionalmente también acetaminofén, asi como una serologia positiva de HSV (Herpes
Simplex). No obstante, la etiologia del episodio no pudo ser adjudicada con precisidn.
Nuestro segundo caso clinico tratd sobre una mujer cuya disfuncién hepatica fue
descubierta tras sufrir una nueva exposicion con el farmaco antidepresivo sertralina.
Anteriormente, la paciente habia presentado manifestaciones extramedulares de un
sindrome de Walderstrom subyacente que inicialmente habia actuado como factor de
confusién y, en consecuencia, condujo a una nueva exposicidon accidental con sertralina.
Nuestro tercer caso clinico hace referencia a una paciente que presentd rasgos de una
enfermedad hepatica crénica avanzada, que incluia cirrosis hepatica avanzada y
descompensaciones hidrépicas refractarias. Ademas, la paciente exhibié también
miocardiopatia dilatada, pero no se pudo encontrar una causa plausible. Investigaciones
mas detalladas de sus antecedentes médicos previos revelaron que la paciente habia
estado en tratamiento crénico con el farmaco venlafaxina durante los cuatro afios
anteriores, siendo probablemente una reaccidon adversa medicamentosa la causa de su
condicion clinica. De interés, realizamos una prueba de genotipado para el citocromo P450
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y descubrimos que la paciente presentaba variaciones polimérficas para CYP2D6, que eran
compatibles con un metabolizador ultrarrapido de venlafaxina.

En el Capitulo 97 se realizé una revisidn bibliografica sobre la reversibilidad de la fibrosis
hepatica. Se han descrito los modelos animales experimentales mas representativos que se
han utilizado para ampliar nuestro conocimiento sobre la fibrosis hepatica hasta la fecha,
sin embargo, estos estan sujetos a diversas limitaciones que deben ser redefinidas en el
futuro. Las extensas investigaciones realizadas en el campo durante las Ultimas décadas han
demostrado que la condicién de un higado fibrético puede ser reversible modificando el
nicho inflamatorio subyacente, la eliminacién o la involucién de las células estrelladas
hepaticas (hepatic stellate cells, HSC) activadas, asi como la degradacién de la matriz
extracelular (extracelular matrix, ECM). Actualmente, existe un enorme arsenal terapéutico
potencial dirigido a revertir la fibrosis hepatica que se encuentra sometido a distintas fases
de ensayos clinicos. Por lo tanto, ahora mas que nunca, el prometedor progreso en la
reversibilidad de la fibrosis hepatica parece estar convirtiéndose en una realidad.

Previamente, hemos demostrado que las c-Jun N-terminal kinases (Jnk) juegan un papel
crucial no solo en la enfermedad hepatica aguda, sino también en la enfermedad hepatica
crénica (chronic liver disease, CLD). En el Capitulo 108, nuestro objetivo fue investigar la
relevancia de la inhibicién de Jnk2 especificamente a nivel hepatocitario en un modelo
experimental de CLD. La delecion del gen Jnk2 se realizé por partida doble en un primer
modelo utilizando la modificacidn genética de Jnk2 especificamente en hepatocitos
(JNK22heP3) en ratones NEMO/IKKy (NEMO2"®P3) y en un segundo modelo mediante la
aplicacién de siRNA dirigido contra Jnk2 (siJnk2) in vitro e in vivo en ratones de tipo salvaje
(WT) y NEMO?"P3, respectivamente. El seguimiento de progresién de enfermedad hepatica
se evalué a partir de andlisis de imagenes combinada de fluorescencia molecular y de
tomografia microcomputada (FMT/uUCT), andlisis de expresion de proteinas,
inmunohistoquimica (IHC), inmunofluorescencia (IF) e histopatologia, entre otros.

En ratones NEMO?'P? de un afio de edad, la delecién de Jnk2 resulté en la reduccion de la
fibrosis hepatica y la hepatocarcinogénesis (HCC), como se observo en base a la reduccion
del numero total de nédulos tumorales. Tanto los animales NEMO /JNK22heP2 (DKO”her?)
como aquellos ratones NEMO tratados con siJnk2 en una etapa avanzada de enfermedad
experimentaron una importante mejoria como asi demostraron el parénquima hepatico,
niveles séricos de enzimas hepaticas y marcadores de fibrogénesis. Adicionalmente, el
tratamiento crdnico con siJnk2 se asocié con una modificacidn de la respuesta inmune que
se caracterizd por una reduccidn de la serie mieloide y un aumento en células T CD4*y CD8".
Lo mds importante es que el tratamiento crénico con silnk2 redujo drasticamente la
presencia de tumores hepaticos tanto premalignos como malignos reduciendo asi la
tumurogénesis en estos roedores. Curiosamente, siJnk2 dirigido especificamente contra la
populacién hepatocitaria conllevé una disfuncién hepatica en fases tempranas de CLD en
roedores NEMO?®P2, En éstos, siJnk2 provocéd un aumento de las transaminasas hepaticas,
apoptosis hepatocelular y proliferacion compensatoria, un fenémeno que se pudo validar
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asimismo en los animales DKO"®"? de 12 semanas de edad. Nuestros hallazgos por tanto
demuestran el condicionamiento de Jnk2 dependiente del estadio de enfermedad en la
progresién de CLD en ratones NEMO2"®P, En particular, la administraciéon de siJnk2
especifica a nivel hepatocelular desencadend una mejoria de la hepatitis, fibrogénesis y
tumurogénesis subyacente y, por lo tanto, podria convertirse una opcién terapéutica muy
atractiva para estrategias de medicina personalizada en CLD.

El objetivo en el Capitulo 11° fue aportar nuevos conocimientos sobre el papel funcional de
la sefializacidn Fas en un modelo experimental de enfermedad hepatica crénica (CLD). Con
esta finalidad, se generaron ratones NEMO”"?3/Fas’’, mientras que animales NEMOQ?2"er2,
NEMO™ y Fas®" sirvieron como controles para el andlisis comparativo y se procedié a
caracterizar su fenotipo durante la progresidon de CLD. El dafio hepdtico fue evaluado a
partir de parametros bioquimicos, andlisis histopatoldgico, inmunofluorescencia y otras
técnicas bioquimicas y de biologia molecular. La expresidn de proteinas se analizé mediante
Western Blot, los niveles de ARNm por RT-PCR y la infiltracién de células inflamatorias se
cuantificé mediante citometria de flujo. La mutacién Fas” en ratones NEMO2"*"? |levé a una
disminucién general del dafio hepatico, una mayor supervivencia hepatocitaria y una
reduccion de la proliferacion a las 8 semanas de edad en comparaciéon con roedores
NEMO?ePa, Ademds, en animales NEMO?MP3/Fas’" se detectd una disminucion significativa
de los parametros de fibrosis hepatica, tales como colageno IA1, MMP2 y TIMP1, ademas
de una reduccién de macréfagos proinflamatorios y de la expresidn de citocinas. A las 52
semanas de edad, roedores NEMO?"¢P?/Fas" exhibieron un crecimiento de malignomas
menor, como demostré la reduccidn en la carga de HCC asociada con un numero
significativamente menor de nddulos y una ratio LW/BW en la misma linea ademas de una
disminucion de células mieloides. La delecién de TNFR1 contribuyd reduciendo ain mas la
carga tumoral de ratones NEMO2""3/Fas’" de 52 semanas de edad. Asi la funcionalidad del
eje FasL/Fas podria condicionar el potencial tumurogénico inflamatorio-dependiente en un
modelo experimental de CLD. Estos resultados permiten desarrollar enfoques terapéuticos
alternativos y contrarrestar las limitaciones en la terapia antitumoral contra el HCC.

Zusammenfassung

In  Kapitel 1 wurde eine aktualisierte Literaturlibersicht zur Thematik der
arzneimittelinduzierten Leberschadigung durchgefiihrt (engl. drug-induced liver injury;
Abk. DILI). Die wichtigsten Erkenntnisse und Beitrdge aus den letzten Jahren wurden
ausfuhrlich behandelt und untersucht. Neben verschiedenen grundlegenden Definitionen
und wesentlichen Klassifikationen, wurde ein besonderer Fokus auf die zugrunde liegende
Physiopathologie, Mechanismen, klinischen Merkmale, Differentialdiagnosen, Kausalitats-
bewertung und Risikofaktoren gelegt. Im Ubrigen wurde eine zusammenfassende Ubersicht
zum Thema ,Hepatozelluldres Karzinom” sowie als auch eine Einfiihrung in das
experimentelle CLD-Modell ,NEMO“ bearbeitet. Dariiber hinaus wurden die Zielvorgaben
und der Entwurf fur die vorliegenden Untersuchungen resiimierend dargestellt.
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In Kapitel 2 wurde eine systematische Analyse durchgefiihrt, um die in der Literatur
verfligbaren Informationen zur Ibuprofen-induzierten Leberschadigung zu analysieren.
Unsere Untersuchung umfasste prospektive Hepatotoxizitatskohorten, Fallserien und
Fallberichte, und die erhaltenen Daten wurden griindlich auf demografischer, klinischer,
biochemischer und prognostischer Basis untersucht. Bemerkenswerterweise war Ibuprofen
das haufigste gemeldete nichtsteroidale Antiphlogistikum in prospektiven DILI-
Patientendatenbanken aus Spanien und Indien. Insgesamt zwolf von 22 identifizierten
idiosynkratischen lbuprofen-induzierten Leberschadigungsfdllen hatten ein weibliches
Geschlecht und ein Durchschnittsalter von 31 Jahren. Die durchschnittliche kumulative
Dosis von lbuprofen betrug 30g, wahrend die Behandlungsdauer und die Latenzzeit
entsprechend 14 und 12 Tage betrugen. Charakteristischerweise Giberwogen zytolytische
Formen der Hepatotoxizitdat und in insgesamt sechs Fallen entwickelte sich ein
Gallengangsverlustsyndrom. Die vollstindige Genesung erfolgte nach einer
durchschnittlichen Zeit von 14 Wochen, wahrend in 5 Fallen ein akutes Leberversagen
auftrat, das entweder zum Tod oder zur Notwendigkeit einer Lebertransplantation fihrte.
Die vorgelegte Studie belegt, dass Ibuprofen in der Literatur sowie als auch in prospektiven
DILI Datenbanken unverkennbar der Hepatotoxizitat assoziiert werden kann.
Infolgedessen, sollte der Wirkstoff lbuprofen bei der Kausalitdtsbewertung verdachtiger
Lebervergiftungsfalle mitbericksichtigt werden. lbuprofen-induzierte Leberschaden haben
charakteristisch eine kurze Latenzzeit, spiegeln ein hepatozelluldares Schadigungsmuster
wider und kdnnen im Schlimmsten der Falle zu einem akuten Leberversagen und zur
Notwendigkeit einer Lebertransplantation fihren.

In Kapitel 32 wurden die Privalenz und die Merkmale der im Spanish DILI Registry und Latin-
American DILI Network gemeldeten Féalle von Ibuprofen-induzierten Leberschdaden
grundlich analysiert und charakterisiert. AusschlieRlich Falle in denen lbuprofen als einzige
Ursache in Betracht kam, wurden in die vorliegende Studie einbezogen. Um eine mdogliche
Arzneimittelnebenwirkungssignatur der Ibuprofen-assoziierten Hepatotoxizitdt zu
untersuchen, wurden Ibuprofen DILI Ereignisse mit anderen DILI-Formen verursacht durch
andere nichtsteroidale Antiphlogistika (engl. nonsteroidal antiinflammatory drugs; Abk.
NSAIDs) und andere nicht-NSAID-Medikamente verglichen.

Eine Ibuprofen-Hepatotoxizitdtskohorte von insgesamt 26 Ereignissen konnte erhalten
werden, in der die Hélfte der Patienten ein weibliches Geschlecht hatten und das
Durchschnittsalter bei 51 Jahren lag. Die meisten Patienten waren mit 1200 mg Ibuprofen
pro Tag oder hoheren Dosierungen behandelt worden (77%), der Medianwert der
Behandlungsdauer betrug 16 Tage, und die mediane Behandlungsdauer umfasste 15 Tage.
Dariber hinaus bendtigten 58% der Patienten einen Klinikaufenthalt, bis zu 69%
entwickelten einen Ikterus und 50% erfiillten Hypersensibilitdtskriterien. Die
hepatozelluldre Schadigung war das hdaufigste Leberschdadigungsmuster (69%). Der
durchschnittliche BMI Wert lag bei Ibuprofen DILI Patienten hoher als bei DILI Patienten
anderer Genesen (p=0.06). Die mediane Latenzzeit hatte im Fall der Ibuprofen
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Hepatotoxizitat eine kiirzere Dauer (15 Tage). Diabetes mellitus war als Begleiterkrankung
bei lIbuprofen DILI Patienten signifikanterweise haufiger prasent (p=0.038). Die Rate an
Todesfdllen und Lebertransplantationen lag bei Patienten mit lbuprofen-induziertem
Leberversagen wesentlich hoher (12%) als vergleichsweise bei den Fallen, die durch andere
NSAID (5%) oder nicht-NSAID Wirkstoffen (3%) verursacht wurden.

Aus diesem Grund sollten Ibuprofen-induzierte Leberschadigungsspatienten einer
strengeren Verlaufskontrolle und Nachsorge unterzogen werden. Unsere Daten zeigten,
dass idiosynkratische Mechanismen immunallergischen und metabolischen Ursprungs eine
relevantere Rolle bei der toxischen lbuprofen-induzierten Hepatopathie spielen kdnnten.
Des Weiteren, sind umfangreichere Studien nétig um die Rolle des Wirkungsstoffes
Ibuprofen in der Hepatotoxiztat prazieser abklaren zu kénnen.

Unsere vorherigen Untersuchungen haben uns dazu veranlasst, die mit lbuprofen-
induzierten Leberschdaden verbundenen Mechanismen weiter vertieft zu untersuchen. In
Kapitel 4® wurde zu diesem Anlass ein experimentelles Ibuprofen-induziertes
Hepatotoxizitditsmodell in vitro und in vivo entwickelt, um die der Ibuprofen-induzierten
toxischen Hepatitis zugrunde liegenden pathomolekularen Mechanismen néher
analysieren zu kénnen. Zu diesem Zweck wurden verschiedene Zytotoxizitdtsanalysen mit
dem Wirkstoff lbuprofen in vitro an Hepa 1-6 und HepaRG Zelllinien durchgefiihrt, die
spater auf primare Maushepatozyten tibertragen wurden, welche frisch aus 8 Wochen alten
W+t Mdusen isoliert worden waren. AnschlieBend wurden unsere Studien mit einem in vivo
Mausmodell der lbuprofen-induzierten Hepatotoxizitdt vervollstandigt. Dafir wurden
mannliche C57BL/6-Mause (im Alter von 6-8 Wochen), denen das Futter (iber Nacht
entzogen worden war, i.p. mit 600 mg/kg Ibuprofen behandelt und 8 Stunden spater
eingeschlafert und eliminiert. Um die Rolle der c-Jun N-terminalen Kinasen (JNK)
untersuchen zu kdnnen, wurden zusatzlich Tiere mit konstitutiver Deletion von Jnk1 (Jnk1-
) oder Jnk2 (Jnk27) generiert und verwendet. Als nichstes erweiterten wir unsere
Untersuchung der Jnk Gene spezifisch auf Hepatozyten und generierten dafiir Mause die
einen Mangel an Jnk1l nur in Hepatozyten (Jnk12MP3) aufwiesen. Um Tiere mit einer
redundanten Expression von Jnk2 auf hepatozelluldrer Ebene zu erzeugen, wurden Wt
Mause mit 0.2 mg/kg einer Jnk2-gerichteten siRNA (silnk22"¢P?) eine Woche vor dem
Versuchsvorhaben in die Schwanzvene injiziert. Des Weiteren, wurde in einem
translationalen Ansatz die Rolle von JNK in menschlichen Lebergewebeprdparaten
untersucht, die von Patienten stammten, welche an einer lbuprofen-induzierten
Leberschddigung gelitten hatten. Eine verstdrkte JNK Phosphorylierung war im Zytoplasma
von Hepatozyten in den Ibuprofen-induzierten Leberschadigungsgewebeproben im
Vergleich zu gesundem Gewebepraparaten sowohl auf menschlicher als auch auf
mausspezifischer Ebene zu erkennen. Die Ibuprofen Behandlung fiihrte in Mausen zu einem
Leberschaden im Vergleich zu den Vehikel-injizierten Kontrollmausen, basierend auf
biochemische Leberenzymparameter und der histologischen Auswertung der jeweiligen
Lebergewebepriparaten. Bemerkenswerterweise  zeigten  silnk22M*P-Tiere einen
wesentlich stdrkeren Leberschaden nach eingeleiteter Ibuprofen Hepatotoxizitdt, was mit
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signifikant hoheren Transaminasen und einer verschlechterten Leberhistologie im Vergleich
zu Jnk1%hePa oder Wt-Miusen korrelierte. Als nichstes wurden im Kontext der
mausspezifischen Ibuprofen-induzierten toxischen Hepatitis molekulare Signalwege
erforscht und dabei wurde eine erhdhte Aktivierung von PKCa, AKT und JNK festgestellt.
Die vorliegende Ergebnisse zeigten zusammenfassend eine dominante zytoplasmische JNK-
Aktivierung in Hepatozyten als Merkmale der Ibuprofen-ausgeldsten Leberschadigung in
Mensch und Maus. Die Hemmung der JNK2 Exprimierung in Hepatozyten war mit einer
duBerst verschlechterten Antwortreaktion auf eine durch Ibuprofen-induzierte toxische
akute Leberschadigung verbunden, was auf eine protektive Rolle des Jnk2 Gens in
Leberparenchymzellen hinweisen lasst.

Wie bereits nachgewiesen spielt der JNK-Signalweg eine entscheidende Rolle in der
Physiopathologie akuter und chronischer Lebererkrankungen. Zu diesem Zweck wurde in
Kapitel 5* Lebergewebepriparate von Patienten mit arzneimittelinduziertem Leberschaden
auf JNK untersucht. Gleichzeitig wurde die Hepatozyten-abhangige Rolle von JNK anhand
verschiedener  Toxin-induzierter  Leberschadenversuchsmodellen in  Nagetieren
experimentell untersucht. Histologische Leberschnitte von DILI Patienten, deren Genese
durch verschiedene Wirkstoffe verursacht wurden, sind untersucht worden und dabei
wurde das JNK-Expressionsprofil analysiert. Parallel dazu wurden Maé&use mit
hepatozytenspezifischer Deletion von Jnk1 (Jnk12"¢P) oder kombinierter Jnk1- und Jnk2
(Jnk2rer3)_Deletion sowie Jnk1-gefloxte C57BL/6 (Kontroll)-Mause generiert. Diese wurden
dann entweder Injektionen mit CCl, ausgesetzt (zur Auslésung einer Leberfibrose; 0.6ml/kg
i.p. jede 3 Tage fir 4 Wochen) oder mit Paracetamol behandelt (zur Induktion einer akuten
toxischen Hepatitis; 500mg/kg i.p.). Diesbeziglich zeigten Lebergewebepraparate von DILI-
Patienten ein erhdhtes JNK Aktivirungsprofil, hauptsachlich in Hepatozytzellkernen und in
Immunzellen, im Gegensatz zu gesundem Gewebe. Die Injektion von Paracetamol bewirkte
eine schwergradige Leberschidigung in Jnk®MP-M3usen verglichen mit Jnk12M®P2- oder
Kontrollnagetieren, basierend auf enzymatische Leberserummarker und der
mikroskopischen Auswertung von murinem Lebergewebe. Die Verabreichung von CCls
verursachte auch eine stirkere Leberschidigung bei Jnk®'P2-M3usen, die auf eine erhéhte
Entziindung und Zellproliferation, und Fortschreitung der Leberfibrose im Vergleich zu
Ink12hePa_M3usen oder Kontrollmiausen beruhte. Hepatozyten aus Jnk®'P3-M3usen, die mit
Paracetamol in vitro behandelt worden waren, zeigten einen erhdhten oxidativen Stress,
was zu einer verminderten Phosphorylierung der Adenosinmonophosphat-aktivierten
Proteinkinase (AMPK), gesenkten Gesamt-AMPK und pJunD Spiegeln, und einschlieflich zu
einem verminderten Nekroseschaden im Leberparenchym fiihrte. Die Verabreichung vom
JNK Inhibitor SP600125 (30 mg/kg i.p.) vor oder konkomitierend mit der Paracetamolgabe
schiitzte Jnk2"P2- und Kontrollmause vor dem Leberschaden. Diese Ergebnisse zeigen, dass
JNK1 und JNK2 auf hepatozelluldrer Ebene kombinierte protektive Wirkungen gegen dem
CCls- und Paracetamol-induzierten Leberschaden haben. Zusétzlich zeigt der JNK-Inhibitor
SP600125 Nebeneffekte.
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Methylprednisolon (Abk. MP) wird neben vielen anderen Indikationen auch bei der
Behandlung vom akuten Leberversagen eingesetzt. Die Tatsache, dass kiirzlich mehrere
Fallberichte Uber MP-induzierte Leberschaden veréffentlicht worden sind, insbesondere
bei Patienten, die Autoimmunerkrankungen erlitten, ermutigte uns, diesen Sachverhalt
ndher zu untersuchen. In Kapitel 6> wollten wir daher zur Charakterisierung des Phianotyps
der MP-induzierten Leberschadigung beitragen und haben alle verfligbaren Fille, die in den
Spanish DILI Registry und Latin-American DILI Network Datenbanken gemeldet wurden
Uberprift. Demografische, klinische, Labordiagnostische- und Verlaufsparameter wurden
analysiert. Zusatzlich wurde eine umfangreiche Recherche der in der Literatur bereits
verdffentlichten MP-induzierten Leberschadigungsberichten durchgefiihrt. Dariiber hinaus
wurde eine komparative Analyse dieser Falle mit denen aus unserer Patientendatenbanken
vervollstandigt. Drei Frauen jungen Alters mit Multipler Sklerose und eine weitere Frau mit
Morbus Crohn erlitten ein Rezidiv und wurden mit intravendsen MP-Boli akut behandelt.
Eine (Patientin 3), zwei (Patientin 1), fiinf (Patientin 2) und sechs (Patientin 4) Wochen nach
Beginn der MP-Boli Verabreichung trat ein Leberschaden auf. Die Zeitdauer bis zur
vollstandigen Genesung betrug bei Patientin 2 und 3 entsprechend acht und sechs Wochen,
wahrend bei Patientin 1 nach 10 Wochen (Verlaufsabbruch) und bei Patient 4 nach 2
Wochen eine Besserungstendenz zu sehen war. Bei drei der Patientinnen (2, 3 und 4) trat
ein weiteres lebertoxisches Geschehen auf, welches auf eine erneute Aussetzung zum
Wirkstoff MP zuriickzufiihren war. Die ausfiihrliche Literaturanalyse ergab insgesamt 45
MP-induzierte Leberschadigungsereignisse. Diese wurden mit dem weiblichen Geschlecht
in Verbindung gebracht (84%) und das Durchschnittsalter betrug 41 Jahre. Die haufigsten
Indikationen fiir die Behandlung mit MP waren Multiple Sklerose (MS; 24 Falle) und Morbus
Basedow Ophthalmopathie (GO; 13 Félle). Hepatozelluldre Formen des Leberschadens
wurden in allen den Fallen mit verfigbaren Daten als das pradominanteste
Leberverletzungsmuster beobachtet, und bei 35% der Patienten konnten positive
Autoantikdrper nachgewiesen werden. Die durchschnittliche Behandlungsdauer betrug
sechs Wochen. Vier Falle hatten einen tédlichen Ausgang. In 17 Fallen (38%) folgte ein
weiteres lebertoxisches Geschehen nach erneuter Therapie mit dem Medikament MP.
Diese Befunde weisen darauf hin, dass Patienten mit MS und GO besonders anfallig fir die
MP-induzierte Leberschadigung sind.

Die in Kapitel 7° enthaltene Studie zielte darauf ab, den optimalsten Zeitpunkt zur
Unterscheidung zwischen akute und chronische idiosynkratische arzneimittel-induzierten
Leberschadigung fest zu legen. Bis zu 298 von insgesamt 850 im Spanish DILI Registry
gemeldete Patienten, bei denen keine vorgangige Lebererkrankung vorlag und die eine
Verlaufskontrolle von =1 Jahr aufwiesen, wurden ausfuhrlich untersucht. Chronizitat wurde
als abnorme Leberbiochemie, Leberbildgebung oder Leberhistologie ein Jahr nach
Erstellung der DILI-Diagnose definiert. Von den 298 gemeldeten Patienten, war in 273
Patienten (92%) die DILI Diagnose <1 Jahr erstellt worden und in den restlichen 25 Patienten
(8%) geschah dies zu einem spateren Zeitpunkt (chronische Falle). Unabhangige
Risikofaktoren fiir Chronizitat waren hoches Alter (OR: 1.06, p=0.011), Dyslipiddmie (OR:
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4.26, p=0.04) und schwerergradiges DILI (OR: 14.22, p=0.005). Die Mittelwerte fiir
Alaninaminotransferasen (ALT), alkalische Phosphatasen (ALP) und Gesamtbilirubin (TB)
waren in der chronischen Gruppe im Verlauf hoher. Es konnte festgestellt werden, dass TB-
und ALP-Werte entsprechend >1,1x liber die Normbereichsgrenze (xULN) und 2,8xULN im
zweiten Monat nach Beginn des Leberschadens, ein chronisches arzneimittelinduziertes
Leberschadengeschehen vorhersagen konnen (p<0.001). Die meistverbreiteten an der
Chronizitat beteiligten Wirkstoffklassen waren Statine (24%) und Antiinfektiva (24%). Die
histologische Auswertung in Lebergewebeproben bei chronischen DILI Patienten ergab
zwei Félle mit Gallengangsschadigung und sieben Falle mit Leberzirrhose. Die erzielten
Ergebnisse zeigten, dass der ein Jahres Zeitpunkt der geeignetste Grenzwert fir die
Definition eines chronischen arzneimittel-induzierten Leberschadens ist, wobei
fortgeschrittenes Alter, Dyslipiddmie und Schweregrad des Leberschadengeschehens als
Risikofaktoren zuriickzufiihren sind. Statine wurden signifikanterweise mit der Chronizitat
in arzneimittelinduzierten Leberschdden assoziiert. ALP- und TB-Werte kdnnten im zweiten
Erkrankungsverlaufsmonat nach Erstellung der DILI Diagnose die Chronizitdt oder
zumindest einen langeren Genesungsverlauf prognostizieren.

In Kapitel 8 haben wir drei kleine Fallberichte liber arzneimittelinduzierte Leberschaden
verschiedener Genesen aus unserer alltaglichen klinischen Praxis ausgewahlt, die einen
interessanten Lerninhalt darstellten. Im ersten Fallbericht wird der Fall einer jungen Frau
beschrieben, die einen akuten Leberversagen erlitt und eine Lebertransplantation
benotigte. Die Ursache fiir die schwere Lebererkrankung war initial unklar. Nachdem die
klinische Vorgeschichte untersucht wurde, riickten eine vor kurzem stattgefundene
Behandlung mit lbuprofen und eine gelegentliche Paracetamoleinnahme sowie eine
positive Serologie fiir HSV (Herpes-Simplex-Virus) ins Rampenlicht. Trotzdem konnte die
Atiologie nicht eindeutig gekldrt werden. Unser zweiter Fallbericht befasste sich mit einer
Patientin, deren Leberfunktionsstérung nach einer zweiten Aussetzung dem
Antidepressivum Sertralin aufgedeckt werden konnte. Zuvor hatte sich die Patientin mit
extramedullaren Manifestationen eines zugrunde liegenden Morbus Walderstrom
vorgestellt, der zunachst als Storfaktor gewirkt hatte und in der Folge zu einer erneuten
versehentlichen Behandlung mit Sertralin fiihrte. Fallbericht 3 bezog sich auf eine Patientin
mit fortgeschrittener chronischer Lebererkrankung, einschlieBlich Leberzirrhose und
wiederholter refraktarer hydropischer Dekompensation. Zusatzlich wies die Patientin eine
erweiterte Kardiomyopathie auf, jedoch konnte keine einleuchtende Ursache am Anfang
gefunden werden. Eine detaillierte Untersuchung ihrer Krankengeschichte zeigte
retrospektiv, dass die Patientin in den vier vorherigen Jahren mit Venlafaxin kontinuierlich
behandelt worden war, sodass dies hochstwahrscheinlich das Antezedens fiir ihren
klinischen Zustand war. Interessanterweise fliihrten wir einen Gentest fir die Cytochrom-
P450-Isoenzymfamilie durch und stellten fest, dass die Patientin polymorphe Variationen
fir CYP2D6 aufwies, die sie mit einem ultraschnellen Metabolisierer (engl. ultrarapid
metabolizer) fiir Venlafaxin kompatibel machten.
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In Kapitel 97 wurde eine detaillierte Revision lber das Thema der Reversibilitit der
Leberfibrose durchgefiihrt. Es wurden die reprasentativsten Tiermodelle behandelt, die
allgemein verwendet werden und die uns zur Erweiterung unserer Erkenntnisse beziiglich
der Leberfibrose verholfen haben. Diese unterliegen jedoch verschiedenen
Einschrankungen, die in der Zukunft neu definiert werden miissen. Die umfangreichen
Untersuchungen, die in den letzten Jahrzehnten auf diesem Gebiet durchgefiihrt wurden,
haben gezeigt, dass der Verlauf einer fibrotischen Leber durch Modulierung der zugrunde
liegenden Entzlindungsnische, Eliminierung oder Rickbildung aktivierter hepatischer
Sternzellen sowie Abbau von extrazelluldrer Matrix reversibel sein kann. Derzeit steht ein
enormes potenzielles Therapiearsenal zur Bekdmpfung der Leberfibrose zur Verfiigung,
das, wie hier gezeigt, in klinischen Studien mit besonderem Schwerpunkt auf
Fettleberpatienten aktuell untersucht wird. Daher scheint der vielversprechende
Fortschritt der Reversibilitdt der Leberfibrose mehr denn je wahrhaft zu werden.

Zuvor haben wir gezeigt, dass die c-Jun N-terminale Kinasen (Jnk) eine entscheidende Rolle
nicht nur bei akuten Lebererkrankungen, sondern auch bei chronischen Lebergeschehen
(engl. chronic liver disease; Abk. CLD) spielen. In Kapitel 10® wollten wir die Relevanz der
Hepatozyten-spezifischen Jnk2-Hemmung in einem experimentellen CLD-Modell
untersuchen. Die genetische Deletion des Jnk2-Gens wurde unter Verwendung der
Hepatozyten-spezifischen Deletion von Jnk2 (JNK22M¢P3) in NEMO/IKKy-M3usen (NEMQ2"eP2)
und durch die Anwendung einer Jnk2-gerichteten siRNA (siJnk2; siRNA-Silencing) in vitro
und in vivo in Wildtyp-Mausen (WT) bzw. in NEMO?"®P>-M3usen durchgefiihrt. Der
Krankheitsverlauf ~ wurde  durch Analysen aus kombinierter ~ molekular
Fluoreszenztomographie und mikrocomputertomographische Bildgebung (FMT/uCT),
Serumparameter, Proteinexpression, Immunhistochemie, Immunfluoreszenz,
Durchflusszytometrien und Histopathologie untersucht und ausgewertet. Bei einjdhrigen
NEMO~rePa-M3usen fiihrte die Jnk2-Deletion zu einer Verringerung der Leberfibrose und
Hepatokarzinogenese (HCC), die sich durch eine verminderte Gesamtzahl von HCC-Herde
widerspiegelte. Sowohl NEMO/INK22MeP2 (DKO®MeP3) als auch Jnk2-Herunterreguliegung
durch eine Hepatozyten-spezifische Jnk2-siRNA in NEMO-Mausen im Endstadium fiihrten
zu einer deutlichen Besserung des Leberparenchyms, der Leberserumwerte und der
Fibrogenesemarker. Darlber hinaus bewirkte die Behandlung mit siJnk2 im CLD
Spatstadium eine Veranderung der Immunantwort, welche sich durch eine Senkung der
myeloiden Zellpopulationen und einem Anstieg der CD4* und CD8* T-Zellen
charakterisierte. Relevanter Weise korrelierte die siJnk2 Therapie mit einer Verminderung
von pra- und malignen Lebertumoren, was einer verringerten Tumorgenese entsprach. In
Gegensatz dazu beeintrachtigte die Hepatozyten-spezifische siJnk2 die Leberfunktion im
Friihstadium des CLD bei NEMO“"®P®-M3usen. Hier korrelierte die silnk2 Therapie mit
erhohten Lebertransaminasenwerten, vermehrter hepatozellulire Apoptose und
kompensatorische Proliferation, ein Phdnomen, das wir ebenfalls bei 12 Wochen alten
DKO®MPa-M3usen validieren konnten. Unsere Ergebnisse zeigten hiermit eine
stadienabhingige Rolle von Ink2 im Verlauf des CLD bei NEMO“"®P*>-M3usen. Der
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therapeutische Eingriff mit der Hepatozyten-gerichteten siRNA gegen das Gen Jnk2
verbesserte insbesondere den Hepatitisbefund, die Fibrogenese und zu guter Letzt die
Tumorgenese, und koénnte daher eine strategisch attraktive Therapiemdglichkeit im
Rahmen der personalisierten Medizin im Kampf gegen das CLD sein.

Das Ziel in Kapitel 11° war es, die funktionelle Rolle des FasL/Fas-Systems in einem
experimentellen Modell der chronischen Lebererkrankung aufzudecken. Wir erzeugten
daher NEMO?eP2/FasP"-Mause, wobei NEMO2"eP2 NEMOf sowie Fas?-Tiere als Kontrollen
dienten, und charakterisierten deren Phdnotyp im Verlauf der Lebererkrankung. Der
Leberschaden wurde durch Serumleberwerte, histologische- und immunfluoreszenz-
Untersuchungsverfahren sowie als auch durch biochemische und molekularbiologische
Techniken ausgewertet. Zusatzlich wurde die Proteinexprimierung durch Western Blot
nachgewiesen, mRNA durch RT-PCR gemessen und die Entzlindungszelleninfiltration durch
Durchflusszytometrieanalysen quantifiziert. Die Fas”-Mutation in NEMO2"®P*-M3usen
fihrte im Vergleich zu NEMO®'"®P>.Tieren zu einer insgesamt verminderten
Leberschddigung, einer verbesserten Hepatozytenviabilitdt und einer verringerten
Zellproliferation im Frithstadium. Es zeigte sich in NEMO2**3/FasP -Tieren signifikant
gesenkte Leberfibrosemarker (Kollagen 1A1, MMP2 und TIMP1), eine verringerte Anzahl
proinflammatorischer Makrophagen und eine eingeddmmte Zytokinexpression. Im
Spatstadium (52 Wochen) wiesen  NEMO®'P3/Fas-M3use ein  geringeres
Malignomwachstum auf, was durch eine reduzierte HCC-Belastung in Kombination mit
einer signifikant gesenkten Anzahl von Tumorherden, einem verringerten LW/BW-
Verhéltnis und einer niedrigen myeloiden Zellpopulation belegt werden konnte. Die
Deletion von TNFR1 verringerte die Tumorlast von NEMO2"¢P?/Fas’”"-M3usen zusatzlich im
Spatstadium. Die Modulierung des FasL/Fas-Systems kénnte daher einen einflussreichen
Eingriff in der entziindungsabhagigen Tumorgenese im experimentellen CLD darstellen. Die
vorliegenden Ergebnisse erweitern den Therapieansatzhorizont und bieten eine innovative
Alternative die bestehende Einschrankungen im Kampf gegen dem HCC zu durchbrechen.
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The core achievements of our conducted investigations on acute and chronic liver disease
are depicted in the next lines. In particular, we put an important amount of effort to address
multiple aspects related to drug-induced liver disease, which is becoming a growing health
problem. Besides, we evaluated the progress attained in the treatment against liver fibrosis
and we also contributed to investigate novel therapeutic approaches against experimental
CLD/HCC by modulating players related to hepatocytic injury and the inflammatory
response, which are both essential drivers of CLD.

Contributing to uncover the role of ibuprofen in DILI

The extensive use of the NSAID ibuprofen and the very limited information available on its
underlying hepatotoxicity prompted us to investigate this condition. An ambitious research
strategy was developed, covering a systematic study of the earlier published data, a
detailed analysis of available ibuprofen hepatotoxicity cases enrolled at the large
prospective Spanish and Latin-American DILI databases as well as an exhaustive
experimental investigation of the underlying pathomolecular bases.

Overall, the systematic search for ibuprofen-induced liver injury evidenced only a minimal
amount of information (Chapter 2). Here we focused on the data included in human cohorts
of hepatotoxicity as well as patient series and reports of ibuprofen-induced liver injury®.
The phenotypic expression was analyzed and reflected that ibuprofen-induced liver injury
was predominantly associated with short latency, hepatocellular damage, and a variable
range of clinical presentations, which involved entities such as vanishing bile duct or
cutaneous syndromes. Of note, we identified a substantial number of cases associated with
acute liver failure, which led to death or the need for a liver transplant. This demonstrates
that ibuprofen has been convincingly associated with hepatotoxicity across the literature
and prospective cohorts of DILI. Therefore, ibuprofen should be considered as a viable
potential culprit during causality assessment, even if the absolute risk of hepatotoxicity is
low, given its wide use.

In a further effort to search for a potential signature of ibuprofen DILI and better
characterize this disease, we aimed to analyze the cases of ibuprofen-induced liver injury
enrolled in the Spanish and Latin-American DILI databases (Chapter 3). As a result, a cohort
of 26 ibuprofen DILI events was retrieved -the largest ever published, where ibuprofen had
been determined as a single culprit agent®. Our ascertainment reflected no gender
differences, but over three-quarters of the subjects had been in therapy with daily doses of
ibuprofen of 1200 mg or higher. Ibuprofen DILI commonly presented a short latency,
cytolytic liver damage predominated and half of the analyzed patients exhibited
hypersensitivity features. Here we showed that over half of the patients suffering from
ibuprofen-induced hepatotoxicity required hospitalization and critically, there was a trend
towards increased fatal outcomes in ibuprofen DILI compared with DILI due to other NSAIDs
or non-NSAID drugs. Our analysis based on DILI databases from Spain and Latin-America
shows a higher relative frequency of ibuprofen as a culprit agent compared to other large
cohorts from other parts of the world. Our data suggested that idiosyncratic mechanisms



Chapter 14

of immunoallergic and metabolic nature may act as mechanistic drivers of ibuprofen-
induced hepatotoxicity.

Considering the fact that the underlying mechanisms by which ibuprofen leads to liver
toxicity remain unelucidated to date, we desired to develop an unprecedented
experimental model of ibuprofen-induced hepatotoxicity to investigate these (Chapter 4).
Initially, we studied the toxicity of ibuprofen in vitro on primary isolated murine
hepatocytes and hepatocyte cell lines (Hepa 1-6 and HepG2)3. Diverse concentrations were
tested and the LCso was determined at an exposure of ibuprofen 5mM after 8h. Cultured
hepatocytes treated with ibuprofen evidenced increased cell death, reactive oxygen species
production, mitochondrial dysfunction, and decreased compensatory proliferation.
Administration of 600mg/kg ibuprofen in vivo produced after 8h challenge a greater degree
of liver injury than that observed in vehicle-treated control mice, based on levels of serum
markers, microscopic and histologic analysis of liver tissues. Next, we sought to investigate
the molecular pathways associated with ibuprofen overdose in mice. Interestingly we found
increased activation of diverse mitogen-activated protein kinases (MAPKs) such as JNK and
AKT, and other protein kinases as, e.g., PKCa eight hours after ibuprofen challenge in mice.

Investigating the role of hepatocytic JINK in acute liver toxicity

Previous investigations uncovered the role of c-Jun N-terminal kinases (JNK), which are
members of the MAPK family, as crucial mediators of cell survival, cell death, cell
proliferation or cellular stress reactions. In that line, previous works highlighted a significant
implication of JNK in liver disease and, very notably, in hepatic toxicity*. Therefore, we
desired to study the involvement of JNK in different experimental models of hepatotoxicity
as well as investigate the relevance of the Jnk genes at the hepatocellular level and to better
characterize the underlying pathomolecular bases of these hepatotoxic reactions (Chapters
4+5).

Our present work showed that JNK activation at the human level is a feature in drug-
induced acute liver injury due to diverse aetiologies, enclosing ibuprofen® and APAP,
among others. The phosphorylation of JNK was not exclusively circumscribed to
hepatocytes, where it predominated, but also to other cell compartments. Simultaneously,
we provided evidence in a translational approach with diverse murine models (e.g., APAP,
ibuprofen, CCls) that JNK is strongly enhanced in the liver as a consequence of
hepatotoxicity. We developed a novel experimental model of ibuprofen hepatotoxicity and
investigated the relevance of the Jnk genes (Jnk1 and Jnk2)3. In the liver, the INK isoforms
that are expressed correspond to Jnk1 and Jnk2. For this purpose, mice presenting Jnk1
deficiency in hepatocytes (Jnk12M?3) were used, whereas an approach with siRNA against
hepatocytic Jnk2 (silnk22'P?) was completed to obtain animals presenting a lack of Jnk2
specifically in hepatocytes. Following acute ibuprofen-induced liver toxicity, siJnk22era
animals showed poor survival as well as a dramatic increase in liver injury parameters,
worsened liver histology and MAPK activation, compared to Jnk12'®2 or WT animals.

In an additional step to better characterize the role of Jnk, we further analyzed the
relevance of the combined function of Jnk1 and Jnk2 during hepatotoxicity®. To this end, a
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new murine strain was generated, which presented a concomitant deletion of Jnk1 and Jnk2
(Jnk?2her3) exclusively at the hepatocytic level. Here we denoted a greater level of liver injury
in Jnk®"¢Pa mice in vivo, relying on serum marker levels and histologic analysis of liver tissues
subsequently after 8h of administration of 500mg/kg APAP than that observed in Jnk12hera
or control mice. In parallel, administration of CCl, injection every 3 days for 4 weeks
(0.6ml/kg) led to a more substantial hepatic injury in Jnk2"®P? animals, as seen in increased
inflammation, cell proliferation, and fibrosis progression, compared with Jnk12"¢P? or
control mice. Exposure to APAP induced an increased oxidative stress response in Jnk2era
mice-derived hepatocytes, leading to decreased activation of adenosine monophosphate-
activated protein kinase (AMPK), total protein AMPK levels and phosphorylated JunD, and
subsequent necrosis. Concomitantly, our in vivo APAP-hepatotoxicity model exhibited a
flagrant expression of phosphorylated Jnk, even in Ink®"®P® mice during APAP treatment,
suggesting additional sources other than hepatocytes for its origin. Our study also
demonstrated protection against APAP liver toxicity in Jnk2"®P* and control animals
conferred by the Ink inhibitor SP600125, but off-target effects were identified®. Our results
highlighted a potential protective function of the binomial Jnk1 and Jnk2 in hepatocytes
during the setting of acute liver toxicity, whereas the impact and role of Jnk in other cell
compartments still need to be determined.

Additional insights into DILI at clinical practice

Above we highlighted the difficulties and pitfalls of DILI diagnosis, which relies on a careful
exclusion of other etiologies. Therefore, it is pivotal to adequately identify hepatotoxicants
and elucidate their phenotypic expression, which are crucial data during DILI causality
assessment. As part of our investigations, we retrieved several case series and case reports
on DILI associated with diverse etiologies (e.g., venlafaxine, methylprednisolone, sertraline)
and we provided an additional study that analyzed the cut-off point for chronicity following
acute idiosyncratic DILI (Chapter 6+7+8).

Methylprednisolone (MP) is generally well-tolerated, except for side effects that are
common for corticosteroids. Generally, boluses of MP are indicated to treat severe hepatic
injury and autoimmune hepatitis®. Nevertheless, MP constitutes a disputable cause of
hepatotoxicity and DILI reports involving MP have been published. Hence, we desired to
better characterize MP-induced hepatotoxicity and investigated the MP DILI cases enrolled
in the Spanish and Latin-American DILI databases’. Our study demonstrated the increasing
tendency of MP-induced liver injury, which needs to be considered a culprit after bolus
administration and in the scenario of an underlying autoimmune disease recrudescence,
mainly due to multiple sclerosis and Grave's ophthalmopathy. Our investigations confirmed
that liver injury caused by MP presents with short latency, cytolytic features, and variable
severity, ranging from asymptomatic or mild to severe and fatal.

A precise definition for long-term outcome following acute idiosyncratic DILI (iDILI) remains
uncovered. Hence, we were interested in determining the optimal cut-off point to
differentiate between acute and chronic iDILI based on the time to resolution®. Here we
showed that out of 298 prospective iDILI cases enrolled at the Spanish DILI Registry, 92%
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resolved within one year after onset and the rest corresponded to chronic events (8%).
Differences in the acute vs. chronic rates with other prospective DILI databases may be
related to different chronicity definitions applied (6 months vs. 1 year)®. Our work also
demonstrated that 95% of the patients with recovery resolved within 348 days from DILI
diagnosis independently from the underlying injury pattern. Consequently, one year
appears to be a reliable cut-off point after onset to define chronicity in DILI. We uncovered
older age, dyslipidemia, and severe features as risk factors in chronic iDILI. As shown,
chronic DILI presented commonly with mild liver dysfunction and only some of the chronic
patients suffered severe hepatic complications.

New scenarios in CLD: Reversal of liver fibrosis

Chronic liver disease (CLD) can progress to end-stage liver fibrosis and cirrhosis, which
constitutes a risk factor for hepatocellular carcinoma. There are no antifibrotic drugs that
have yet been approved for clinical use; however, several drugs are currently undergoing
advanced phases of clinical trials that we desired to review (Chapter 9). In our study, we
assessed the current understanding of the underlying pathophysiology of liver fibrosis as
well as the most frequently applied experimental models of hepatic fibrosis and discussed
the main promising mechanisms that promote reversal of liver fibrosis. Activation of HSCs
and their transdifferentiation into myofibroblasts (MFs) are essential for liver fibrosis
progression and hepatic remodeling, whereas apoptosis and senescence of MFs or their
reversal into quiescent HSCs contribute to the resolution of liver fibrosis. The main
antifibrotic agents currently being studied in clinical trials either aim at HSC deactivation/
prevention of HSC activation or promote the degradation of extracellular matrix (ECM)°.
Compounds such as ACEis and AT1-receptor blockers seem to be effective modulators of
the inflammatory response and reduce the expression of fibrogenic genes. Emricasan or
Selonsertib are good examples of hepatoprotective agents, which interfere with
hepatocytic injury pathways and prevent pro-fibrogenic stimuli. Since the inflammation of
the liver constitutes a strong driver of hepatic fibrogenesis, drugs such as cenicriviroc or
obeticholic acid seem to be an efficient antifibrotic weapon to switch the inflammatory
environment. On the other hand, compounds such as anti-TIMP1 or serelaxin achieve an
antifibrotic effect by promoting extracellular matrix degradation. Thus, a better
ascertainment and understanding of liver fibrosis mechanisms are crucial to identify novel
therapeutic strategies to reverse liver fibrosis.

Avant-garde theranostic strategies against HCC

As discussed above, the Jnk pathway has been shown to be a crucial player in liver
disease. Our group showed the relevance of the Jnk genes during acute and chronic liver
disease in earlier investigations, which exerted different roles!®. Therefore, we aimed to
uncover the role of Jnk2 in CLD and design a theranostic strategy against HCC (Chapter
10). To examine the hepatocytic role of Jnk2 in CLD, we used the NEMO2"¢P* model, which
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characterizes for IKKy deficiency in hepatocytes and spontaneously develops HCC!. For
this purpose, mice with deficient Jnk2 expression in hepatocytes (Jnk22"¢P?) were
generated and later also expanded to Jnk22"¢P* and NEM 02" double knockouts*2. Our
results showed that the hepatocytic deletion of JINK2 improves tumor progression and
impairs tumor initiation. Next, we developed a therapeutic approach to modulate JNK2
expression in hepatocytes by using a hepatocyte-specific siRNA that inhibited JNK2
expression in early and advanced stages of CLD. Here we demonstrated that hepatocytic
siRNA-mediated Jnk2 inhibition in older mice blocked fibrogenesis and HCC progression
and led overall to a notable improvement of end-stage CLD. Relevantly, siJnk2 prevented
HCC progression, which is a feature of 44-week-old NEMO2"¢P? animals. In early-stage CLD,
we evidenced that Jnk2 downregulation in NEMO“"®P? mice led to a proinflammatory
environment aggravating the phenotype of these mice. The obtained results define a
time-dependent role of hepatocytic Jnk2 during the development of experimental HCC
and make Jnk2 a potential target in hepatocytes to impair cancer initiation in chronically
damaged livers. In addition, similar phenotypes appreciated in both KO and the
knockdown mice emphasize the usefulness of the siRNA technology as a cell-type specific
approach.

Hepatic injury and the inflammatory response are essential drivers to disengage essential
mechanisms, contributing to CLD progression. From this perspective, the FasL/Fas axis is a
crucial regulator of the immune response and it has been identified as an extracellular
apoptosis-triggering system?3, Therefore, we desired to investigate the role of FasL/Fas in
driving TNF-mediated cell death in the progression of CLD (Chapter 11). For our study,
NEMO?2"eP3/FasP" mice were generated, which carry a mutation in their Fas gene®. We
here showed that defective Fas signaling (NEMO2"¢P?/Fas?) exhibited decreased serum
liver injury markers and multifocal hepatic necrosis compared with control livers
(NEMO?er3) which exhibited high mitotic index, oval cell proliferation and mild lipidosis.
Besides, reduced compensatory cell proliferation in NEMO?"P3/Fas’" livers correlated with
decreased cell death and absence of Caspase-3 activation in contrast to NEMO®"2 We
further evidenced notably downregulated TNF levels in NEMO2"¢P?/Fas®" animals
concomitantly with decreased liver fibrosis. The significantly reduced presence of CD11b+
F4/80+ cells was representative for NEMO2*"3/Fas”" |ivers, pointing to an attenuated
inflammatory response. Lack of functional T cells and diminished inflammation-driven
carcinogenesis are crucial to understanding the reduced disease progression of
NEMO?ePa/Fas”" livers during the chronic phase. Thus, we showed that the functionality
of the FasL/Fas system might affect inflammation-driven tumorigenesis in an experimental
model of chronic liver disease, which might constitute an alternative therapeutic strategy.
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Resumen



Con el presente trabajo cientifico pretendemos realizar una contribucion traslacional al
campo de la hepatologia y mas particularmente a las hepatopatias de caracteristicas toxicas
y crénicas. Para ello, procedimos a aplicar diversos métodos de investigacion biomédica
que incluyeron técnicas de investigacion de laboratorio a nivel molecular, estudios clinico-
epidemioldgicos y analisis de literatura cientifica. Las investigaciones incluidas en la primera
parte del presente manuscrito de tesis tuvieron como objetivo mejorar nuestro
conocimiento sobre la lesion hepatica inducida por farmacos (drug-induced liver injury,
DILI; Seccidn ). DILI es un tema de estudio de un alto grado de complejidad y magnitud, lo
que dificulta cubrir todos los aspectos relevantes en un Unico trabajo. Por tanto, definimos
ab initio varios objetivos principales a analizar en el presente trabajo cientifico: Evaluacion
experimental del papel de la JNK hepatocitica en diversos modelos de toxicidad hepatica;
investigar el papel de antiinflamatorio no esteroideo ibuprofeno en el contexto clinico de
la hepatotoxicidad; contribuir a la caracterizacién fenotipica de otros tipos de DILI en
humanos (inducidos por medicamentos como metilprednisolona, venlafaxina, sertralina,
etc.). En un segundo tiempo, deseamos centrar nuestras apotaciones investigdoras en la
enfermedad hepatica crénica (chronic liver disease, CLD; Seccion 1l). Aqui analizamos la
relevancia de la reversién de la fibrosis hepatica como una estrategia terapéutica potencial
contra la enfermedad hepatica crénica y desarrollamos nuevos enfoques de terapia
experimental contra la CLD / HCC.

En el Capitulo 1 se realizé una revisién bibliografica actualizada sobre la tematica del dafio
hepatico inducido por farmacos (drug-induced liver injury, DILI). Los hallazgos vy
contribuciones mas relevantes a dicho campo tematico en los Ultimos afios han sido
exminados en detalle. Ademas de diversas definiciones basicas y clasificaciones esenciales,
se ha llevado a cabo un enfoque particular sobre la fisiopatologia subyacente, mecanismos,
caracteristicas clinicas, diagnostico diferencial, evaluacidon de causalidad y factores de
riesgo en DILI. Se ha prestado especial atencién a los aspectos relacionados con las bases
patomoleculares y concretamente, al papel del eje mitocondrial como diana de desajuste
del equilibrio redox, la activacién de cascadas de dafio y muerte celular, al papel de las c-
Jun N-terminal kinases (JNK) perteneciente a las proteinkinasas activadas por mitégenos,
entre otros. Adicionalmente, en calidad de parafrasis, se ha remarcado el contexto de la
hepatopatias cronicas y concretamente del carcinoma hepatocelular como una de sus
potenciales complicaciones mas comunes dentro del marco actual, y se ha presentado una
breve introduccion al modelo experimental de hepatopatia crénica en roedores "NEMQ".
En la parte final, de la presente seccidn se han descrito brevemente los objetivos principales
qgue han perseguido las presentes investigaciones.

El farmaco ibuprofeno, un agente antiinflamatorio no esteroideo (AINE), se usa
ampliamente y se puede obtener tanto bajo receta médica asi como sin necesidad de
prescripcidon médica. A pesar de que el ibuprofeno es bien tolerado por todos los grupos de
edad y se caracteriza por una funcidon éptima en términos de seguridad hepatica, son
numerosas las publicaciones varios informes y bases de datos han informado casos de
hepatotoxicidad asociada al ibuprofeno.En el Capitulo 2* se realizd un andlisis sistemdtico
para examinar la informacion disponible sobre el dafio hepdtico inducido por ibuprofeno



en la literature cientifica. Nuestras investigaciones abarcaron cohortes prospectivas de
hepatotoxicidad, series de casos y casos clinicos, y los datos obtenidos se examinaron
exhaustivamente a nivel demografico, clinico, bioquimico y resolutivo. Es de destacar que
el ibuprofeno destacé como AINE mas frecuentemente involucrado en las bases de datos
prospectivas de DILI en Espafia e India. Doce de los 22 casos idiosincrasicos de
hepatotoxicidad por ibuprofeno identificados tenian sexo femenino y la edad media era de
31 afos. La dosis acumulada promedia de ibuprofeno fue de 30 g, mientras que la duracién
del tratamiento y el tiempo de incubacién de la reaccién hepatotdxica fue de 14 y 12 dias,
respectivamente. Predominaron las caracteristicas citoliticas en cuanto al perfil de dafio
hepdtico y un total de seis casos desarrollaron un sindrome de los conductillos biliares
evanescentes. La recuperacion completa de los pacientes se produjo tras un intervalo
medio de 14 semanas, mientras que hasta cinco casos desarrollaron fallo hepatico
fulminante, lo cual condujo a la muerte o la necesidad de un trasplante de higado. Aun
siendo poco frecuente, dado el uso extenso, es importante que los clinicos tengan en
cuenta que ibuprofeno ha sido asociado convincentemente con la hepatotoxicidad en la
literatura y cohortes prospectivas de DILI y, por lo tanto, debe ser considerada como una
potencial causa de DILI durante la evaluacidon de la causalidad. La hepatotoxicidad derivada
de ibuprofeno se presenta comunmente con una latencia corta, dafo de rasgo
hepatocelular y puede progresar potencialmente a una condicién severa que podria
conllevar la necesidad de un trasplante de higado o incluso el exitus en el peor de los casos.

Estudios previos que versaron sobre grandes cohortes de hepatotoxicidad originarias de
paises como Espafia, Islandia y los EE.UU. revelaron que los agentes antiinflamatorios no
esteroideos estan frecuentemente implicados en la etiopatogenia y causalidad de DILI. Sin
embargo, la informacion en cuanto a la hepatotoxicidad asociada al ibuprofeno disponible
hasta la fecha es tan solo escasa. En el Capitulo 32, la prevalencia y las caracteristicas de los
casos de dafio hepatico inducido por ibuprofeno declarados al Registro Espafiol de
Hepatotoxicidad (Spanish DILI Registry), asi como a su red latinoamericana (Latin-American
DILI Network), fueron identificados y analizados en detalle. Exclusivamente aquellos casos
que presentaban ibuprofeno como Unico fdrmaco imputable fueron finalmente
adjudicados al presente estudio. Para investigar rasgos caracteristicos de la hepatotoxicidad
por ibuprofeno, se compararon los eventos de DILI de ibuprofeno con otros tipos de DILI
inducidos por otros medicamentos antiinflamatorios no esteroideos (AINE) y otros
medicamentos no AINE. Se obtuvo asi una cohorte de hepatotoxicidad por ibuprofeno de
26 casos totales, la mitad de los sujetos resulté tener género femenino y la edad promedia
fue de 51 afios. La mayoria de los pacientes habian recibido tratamiento con dosis de 1200
mg o mas altas de ibuprofeno al dia (77%), la mediana de la duracién del tratamiento fue
de 16 dias y la mediana del intervalo onset abarcé 15 dias. Ademas, el 58% de los pacientes
requirid hospitalizacién, el 69% presenté ictericia y el 50% cumplid con criterios de
hipersensibilidad. La lesion hepatocelular fue el patron de lesidon hepdtica mas frecuente
(69%). El IMC promedio fue mayor en sujetos con DILI por ibuprofeno que en DILI debido a
otros AINEs o medicamentos no AINE (p=0.06). La mediana del tiempo de incubacion de la



reaccién adversa abarcd un intervalo menor para la hepatotoxicidad por ibuprofeno (15
dias). Diabetes mellitus fue significativamente mas prevalente en pacientes con DILI
inducido por ibuprofeno (p=0.038). Formas graves se asociaron mas frecuentemente con la
hepatotoxicidad por ibuprofeno (12%) que en otros AINEs (5%) u otros agentes no AINE
(3%). En conclusién, se encontré una mayor prevalencia de eventos de dafio hepatico
inducido por ibuprofeno en nuestra base de datos en comparacién con otras grandes
cohortes de DILI publicadas. Criticamente, DILI por ibuprofeno se asocié con una mayor tasa
de resultados graves. Por lo tanto, los pacientes diagnosticados con DILI por ibuprofeno
deben someterse a un control exhaustivo durante su seguimiento. Nuestros datos reflejan
que los mecanismos idiosincrasicos de naturaleza inmunoalérgica y metabdlica
posiblemente puedan jugar un papel relevante en la hepatotoxicidad por ibuprofeno,
aunque se requieren estudios mas amplios para determinar el papel de ibuprofeno en DILI.

Numerosos estudios de casos de toxicidad hepatica inducidos por ibuprofeno, que se han
reflejado anteriormente, muestran la amplia varibilidad de patrones de lesién hepatica,
tales como colestasis, sindrome de Steven-Johnson o sindrome de los conductillos biliares
evanescentes (vanishing bile duct syndrom, VBDS), entre otros. El grado de severidad
respecto a la toxicidad hepdtica inducida por ibuprofeno es variable, incluyendo desde
alteraciones hepaticas séricas asintomaticas hasta insuficiencia hepatica aguda. La
sobredosis y las formas idiosincrasicas de hepatotoxicidad se han asociado con ibuprofeno;
sin embargo, la patogenia subyacente en la hepatotoxicidad inducida por ibuprofeno sigue
sin estar clara hasta la fecha. Nuestras investigaciones previas nos llevaron a investigar los
mecanismos asociados al dafio hepatico inducido por ibuprofeno. En el Capitulo 4° se
desarrollé asi un nuevo modelo experimental de hepatotoxicidad por ibuprofeno a nivel in
vitro e in vivo con el objetivo de poder analizar las bases patomoleculares subyacentes a
dicho fenémeno. Para este propdsito, se realizaron inicialmente diversos estudios de
citotoxicidad sobre ibuprofeno in vitro a partir de lineas celulares Hepa 1-6 y HepaRG, que
mads tarde fueron complementados con otro estudio realizado en hepatocitos murinos
primarios aislados en fresco a partir de ratones Wt de 8 semanas de edad. Posteriormente,
nuestros estudios in vitro fueron ampliados con un modelo murino de hepatotoxicidad
inducida por ibuprofeno in vivo. Para ello, ratones C57BL/6 machos (6-8 semanas de edad)
en ayuno nocturno fueron sometidos a una inyeccion i.p. de ibuprofeno en dosis de 600
mg/kg y sacrificados 8 h mas tarde. Para evaluar el papel de JNK, utilizamos animales
portadores de delecién constitutiva de Jnk1 (Jnk17) o Jnk2 (Jnk27"). En un segundo tiempo,
concentramos nuestra evaluacion sobre JNK a nivel hepatocitario, empleando animales que
presentaron deficiencia de Jnk1 exclusivamente en los hepatocitos (Jnk12'??). Para generar
animales con expresion redundante de Jnk2 a nivel hepatocelular, se administraron 0,2
mg/kg de siRNA (ARN de interfenrencia) de Jnk2 (siJnk22MP3) una semana antes de replicar
la exposicién hepatotdxica con ibuprofeno en los mismos. A nivel traslacional, se investigd
ademas el papel de JNK en muestras de higado humano, que fueron extraidas de pacientes
que habian sufrido un dafio hepatico inducido por ibuprofeno. La fosforilacion de JNK se
hizo evidente en el citoplasma hepatocitario de dichas muestras en comparacién con tejido



sano a nivel humano y murino. La sobreexposicidon experimental con ibuprofeno produjo
un mayor grado de dafio hepatico que el observado en ratones controles tratados solo con
el vehiculo, como asi reflejaron los marcadores serolégicos bioquimicos y el andlisis de
histopatolégico de las muestras hepaticas respectivas. Es de destacar que los animales
siJnk22ePa mostraron un agravamiento notable en la respuesta al dafio hepatico inducido
por ibuprofeno y que se correlaciond con enzimas hepdticas en suero significativamente
elevadas y empeoramiento de las caracteristicas histoldgicas del paréngquima hepatico en
comparacién con los animales Jnk12""® y Wt. A continuacidn, se investigaron las vias
moleculares asociadas al dafio hepatico inducido por ibuprofeno en el presente modelo
experimental y se observéd un aumento de la activacién de PKCa, AKT y JNK, 8h tras la
sobreexposicion a ibuprofeno. En resumen, los resultados del presente estudio
demostraron una activacién de JNK a nivel citoplasmico en hepatocitos como sello distintivo
de la intoxicacién por ibuprofeno tanto en muestras humanas como en murinas. La
deficiencia hepatocelular de Jnk2 se asocié con un empeoramiento en la respuesta de la
lesion hepdtica aguda inducida por ibuprofeno, haciendo de éste una potencial diana
terapéutica de interés.

La via asociada a las c-Jun N-terminal kinases (JNK) ha resultado desempefiar un papel
crucial en la fisiopatologia de la enfermedad hepatica aguda y crénica. De las tres isoformas
conocidas, solo JNK 1y 2, miembros de las proteinas quinasas activadas por mitégenos, se
expresan en el higado. Previamente se ha constatado que JNK juega un papel crucial en la
enfermedad hepatica a nivel general y muy particularmente en el ambito del dafio hepatico
de naturaleza tdxica. Para este propdsito, en el Capitulo 5* se examind la presencia de JNK
fosforilado en tejido hepatico proveniente de pacientes con dafio hepatico inducido por
farmacos y se investigd el papel de JNK hepatocitico en modelos experimentales de
enfermedad hepatica aguda y crénica. Las muestras histoldgicas hepdticas de pacientes con
DILI inducido por diversos agentes farmacoldgicos fueron estudiadas y se analizé el perfil
de expresiéon de INK. En paralelo, ratones con delecién de Jnkl (Jnk12MP?) o delecidn
concomitante de Jnk1 y Jnk2 (Jnk2"¢P?) especificamente en hepatocitos, asi como ratones
controles Jnk1"f (floxed) C57BL/6 fueron sometidos a inyecciones de CCls para inducir
fibrosis hepdtica o fueron expuestos a dosis de 500 mg/kg de acetaminofén (APAP) para
inducir una hepatitis toxica aguda. Las muestras de tejido hepatico derivadas de enfermos
de DILI exhibieron significativamente un mayor perfil de activacion de JNK, que predominé
en nucleos de hepatocitos y en células inmunes, comparado con tejido sano. La
sobreexposicién con acetaminofén en ratones Jnk2"®P? indujo un mayor nivel de dafio
hepético que el observado en Jnk12MP2 g en los ratones control, en base a los niveles de
marcadores seroldgicos de dafio hepatico y el analisis histoldgico. La administracion de CCl4
también indujo una lesién hepatica mas fuerte en ratones Jnk®"®"3, que se caracterizé por
un aumento de la inflamacidn, proliferacion celular y progresion de la fibrosis, comparado
con ratones Jnk12MP2 o controles. Los hepatocitos de ratones JInk®MP? expuestos a APAP
sufrieron una peor respuesta al estrés oxidativo, lo que condujo a una disminucién en la
fosforilacién de la proteina quinasa activada por monofosfato de adenosina, niveles totales



de proteina quinasa activada por monofosfato de adenosina y pJunD y necrosis posterior.
La administracién del inhibidor SP600125 antes o conjuntamente con APAP protegié a
Ink®ePa y atenud la lesién hepatica consiguiente. Estos hallazgos demuestran que JNK1 y
JNK2 a nivel hepatocitario parecen tener efectos combinados de dmbito protector respecto
a la lesion hepatica inducida por CCl, y APAP. Ademas, se ha podido probar que el inhibidor
SP600125 tiene efectos “off-target”.

La metilprednisolona (MP) se usa comunmente en hepatologia para el tratamiento de la
lesion hepdtica aguda con presentacidn grave o de rasgos de hipersensiblidad, entre otras
indicaciones. El hecho de que recientemente se hayan publicado numerosos casos clinicos
sobre dafio hepatico inducido por MP, una tendencia en aumento, y en particular en
pacientes que padecen enfermedades autoimunes subyacentes, nos motivé a investigar
esta circunstancia mas profundamente. Asi en el Capitulo 6° quisimos contribuir a la
caracterizacién de la expresion fenotipica de la lesion hepatica inducida por MP e
investigamos todos los casos disponibles declarados a las bases de datos DILI espafiolas y
latinoamericanas (Spanish DILI Registry; Latin-American DILI Network). Se analizaron datos
demogréficos, clinicos, de laboratorio y de resolucién. Adicionalmente, se proporciond una
extensa revisidn bibliografica analizando casos de DILI inducidos por MP publicados
anteriormente. Ademas, se realizé un andlisis comparativo entre los nuevos eventos MP-
DILI identificados en las bases de datos mencionadas anteriormente y los casos obtenidos
anteriormente de la literatura. Tres mujeres jovenes con esclerosis multiple y una mas con
enfermedad de Crohn sufrieron un recaida aguda de su enfermedad y fueron tratadas con
bolos intravenosos de MP. Después de una (paciente 3), dos (paciente 1), cinco (paciente
2) y seis (paciente 4) semanas tras el inicio del tratamiento, se produjo un episodio de dafio
hepatico. El tiempo de recuperacion abarcé ocho y seis semanas para las pacientes 2 y 3
respectivamente, mientras que la paciente 1 mostré una tendencia a la resolucién tras 10
semanas (pérdida de seguimiento) y la paciente 4 tras 2 semanas. Se produjo una
reexposicion positiva en tres de las pacientes (pacientes 2, 3 y 4). Un extenso analisis de la
literatura resulté en un total de 45 eventos de lesidon hepdtica inducida por MP. Estos se
asociaron al género femenino (84%) y la edad promedia fue de 41 afios. Las indicaciones
mas comunes para el tratamiento con MP fueron la esclerosis multiple (EM; 24 casos) y la
oftalmopatia de Graves (OG; 13 casos). Se observé dafio hepatocelular como el patrén de
dafio predominante en todos los casos con datos disponibles y se detectaron
autoanticuerpos positivos en el 35% de los enfermos. El tiempo medio de incubacion fue
de seis semanas. Cuatro casos desarrollaron un desenlace fatal. En 17 casos (38%) se
produjo una reexposicion positiva con el medicamento. Estos hallazgos indican que los
pacientes que padecen EM y OG son particularmente susceptibles a sufrir un episodio de
hepatotoxicidad inducida por MP.

El estudio incluido en el Capitulo 7° tuvo como objetivo analizar el intervalo temporal hasta
alcanzar laos marcadores de dafio hepatico la normalizacidn, establecer la definicién de
cronicidad y determinar los factores de riesgo de la cronicidad en DILI. Se analizaron 298



individuos de un total de 850 pacientes incluidos en el Spanish DILI registry sin enfermedad
previa que afectara a higado y se realizd seguimiento hasta alcanzar la resolucién = 1 afio.
La cronicidad se definié como anormalidad presentada en una bioquimica hepdtica, prueba
radiodiagndstica o histopatologia un afio después del diagndstico establecido de DILI. De
los 298 pacientes incluidos en el estudio, 273 (92%) resolvieron <1 afio a partir del
diagndstico de DILI y complementariamente los 25 pacientes restantes desarrollaron
cronicidad (8%). Entre los factores de riesgo independientes para la condicidn de cronicidad
en nuestra cohorte de DILI se encontraron la edad avanzada (OR: 1.06, p=0.011),
dislipidemia (OR: 4.26, p=0.04) o la gravedad del episodio de DILI (OR: 14.22, p=0.005). Se
determinaron valores promedios de alanina aminotransferasa (ALT), fosfatasa alcalina
(ALP) y bilirrubina total (TB) mayores en el grupo de pacientes crénicos durante la fase de
seguimiento. Asimismo, se pudo apreciar que los valores de ALP y TB> 1.1 x limite superior
de normal (XULN) y 2.8 xULN respectivamente, en el segundo mes tras el inicio del episodio
de DILI, predicen la cronicidad del mismo (p<0.001). Las principales clases de farmacos
asociadas a cronicidad en el presente andlisis fueron las estatinas (24%) y los antibidticos
(24%). El examen histopatoldgico en pacientes cronicos mostré dos casos con lesion ductal
y siete con cirrosis hepatica. Por lo tanto, los resultados obtenidos sugieren que un afio es
el mejor punto de corte para definir la cronicidad en DILI o una recuperacién prolongada,
con factores de riesgo la edad avanzada, dislipidemia y gravedad del episodio agudo. Las
estatinas estan claramente relacionadas con la cronicidad. Los valores de ALP y TB en el
segundo mes podrian ayudar a predecir la cronicidad o una recuperacién muy prolongada.

En el Capitulo 8, adjuntamos tres breves informes de casos clinicos sobre lesiones hepaticas
inducidas por farmacos de etiologia diversa originados en el entorno de nuestra practica
clinica, que seleccionamos por aportar alguna particularidad de interés para el aprendizaje.
En el primer informe, se describe el caso de una mujer joven, que sufria insuficiencia
hepatica aguda y requirié un trasplante parcial de higado. La causa del episodio hepatico
grave no estaba clara. Cuando se investigaron sus antecedentes previos, llamd la atencidn
que la paciente habia recibido un tratamiento reciente con ibuprofeno y que tomd
ocasionalmente también acetaminofén, asi como una serologia positiva de HSV (Herpes
Simplex). No obstante, la etiologia del episodio no pudo ser adjudicada con precisidn.
Nuestro segundo caso clinico tratd sobre una mujer cuya disfuncién hepatica fue
descubierta tras sufrir una nueva exposicion con el farmaco antidepresivo sertralina.
Anteriormente, la paciente habia presentado manifestaciones extramedulares de un
sindrome de Walderstrom subyacente que inicialmente habia actuado como factor de
confusién y, en consecuencia, condujo a una nueva exposicidon accidental con sertralina.
Nuestro tercer caso clinico hace referencia a una paciente que presentd rasgos de una
enfermedad hepatica crénica avanzada, que incluia cirrosis hepatica avanzada y
descompensaciones hidrépicas refractarias. Ademas, la paciente exhibié también
miocardiopatia dilatada, pero no se pudo encontrar una causa plausible. Investigaciones
mas detalladas de sus antecedentes médicos previos revelaron que la paciente habia
estado en tratamiento crénico con el farmaco venlafaxina durante los cuatro afios



anteriores, siendo probablemente una reaccién adversa la causa de su condicion clinica. De
interés, realizamos una prueba de genotipado para el citocromo P450 y descubrimos que
la paciente presentaba variaciones polimdrficas para CYP2D6, que eran compatibles con un
metabolizador ultrarrapido de venlafaxina.

La fibrosis hepdtica es caracteristica de la enfermedad hepatica crénica y consiste en una
lesion a nivel hepatocitario ademas de una respuesta inflamatoria, que conduce a la
activacion de las células estrelladas hepdticas (HSC) y a un mayor depdsito de matriz
extracelular (ECM). Dramdaticamente, la fibrosis hepatica puede progresar a cirrosis, una
condicidn que puede derivar en carcinoma hepatocelular, gastropatia hipertensiva portal,
sindrome hepatorrenal, encefalopatia portal, etc. Estudios recientes han demostrado que
incluso en estadios avanzados, la fibrosis hepatica es reversible por modulacién del nicho
inflamatorio, eliminacién o regresion de HSC activadas y degradacion de ECM. En el Capitulo
97 se ha aportado una revision bibliografica sobre la reversibilidad de la fibrosis hepatica.
Se han descritos los modelos animales experimentales mas representativos que se han
utilizado para ampliar nuestro conocimiento sobre la fibrosis hepdatica hasta la fecha, sin
embargo, estos estan sujetos a diversas limitaciones que deben ser redefinidas en el futuro.
Las extensas investigaciones realizadas en el campo durante las Ultimas décadas han
demostrado que la condicién de un higado fibrético puede ser reversible modificando el
entorno inflamatorio subyacente, la eliminacién o la involucidn de las células estrelladas
hepaticas (hepatic stellate cells, HSC) activadas, asi como la degradacién de la matriz
extracelular (extracelular matrix, ECM). Actualmente, existe un enorme arsenal terapéutico
potencial dirigido a revertir la fibrosis hepatica que se encuentra sometido a distintas fases
de ensayos clinicos. Por lo tanto, ahora mas que nunca, el prometedor progreso en la
reversibilidad de la fibrosis hepatica parece estar covirtiendose en una realidad.

El cancer de higado es una complicacién recurrente que puede ocurrir en la enfermedad
hepatica crénica en etapa terminal y representa la tercera causa mas frecuente de
mortalidad por enfermedad oncolégica en el mundo. Se ha demostrado que la via JNK
desempefia un papel fundamental en la enfermedad hepatica crénica. Nuestras
investigaciones anteriores sugirieron roles diferenciales para las dos isoformas de JNK que
se expresan en el higado (Jnk1 y Jnk2). En el contexto del CLD (chronic liver disease, CLD),
se ha atribuido a Jnkl que promueve la muerte celular apoptética y que contribuye a la
tumorigénesis, mientras que se ha demostrado que Jnk2 modula la fibrogénesis. En el
Capitulo 10, nuestro objetivo fue investigar la relevancia de la inhibicién de Jnk2
especificamente a nivel hepatocitario en un modelo experimental de CLD. La delecién del
gen Jnk2 se realiz6 por partida doble en un primer modelo utilizando la modificacién
genética de Jnk2 especificamente en hepatocitos (JNK22'¢3) en ratones NEMO/IKKy
(NEMO?eP3) y en un segundo modelo mediante la aplicacién de siRNA dirigido contra Jnk2
(siJnk2) in vitro e in vivo en ratones de tipo salvaje (WT) y NEMO?'P? respectivamente . El
seguimiento de progresién de enfermedad hepdtica se evalué a partir de andlisis de



imagenes de tomografia combinada de fluorescencia molecular y microcomputada
(FMT/uCT), analisis de expresion de proteinas, inmunohistoquimica (IHC),
inmunofluorescencia (IF) e histopatologia, entre otros.

En ratones NEMO?'P? de un afio de edad, la delecién de Jnk2 resulté en la reduccion de la
fibrosis hepatica y la hepatocarcinogénesis (HCC), como se observo en base a la reduccion
del numero total de nédulos tumorales. Tanto los animales NEMO /IJNK22heP2 (DKO”her?)
como aquellos ratones NEMO tratados con siJnk2 en una etapa avanzada de enfermedad
experimentaron una importante mejoria como asi demostraron el parénquima hepatico,
niveles séricos de enzimas hepaticas y marcadores de fibrogénesis. Adicionalmente, el
tratamiento crdnico con siJnk2 se asocié con una modificacidn de la respuesta inmune que
se caracterizd por una reduccidn de la serie mieloide y un aumento en células T CD4*y CD8".
Lo mds importante es que el tratamiento crénico con silnk2 redujo drasticamente la
presencia de tumores hepaticos tanto premalignos como malignos reduciendo asi la
tumurogénesis en estos roedores. Curiosamente, siJnk2 dirigido especificamente a la
populacién hepatocitaria conllevé una depresién de la funcién hepdtica en fases tempranas
de CLD en roedores NEMO2"P2, Aqui, siJnk2 provocd un aumento de las transaminasas
hepaticas, apoptosis hepatocelular y proliferacién compensatoria, un fenémeno que se
pudo validar asimismo en los animales DKO?"*"2 de 12 semanas de edad. Nuestros hallazgos
por tanto demuestran el condicionamiento de Jnk2 dependiente del estadio de enfermedad
en la progresion de CLD en ratones NEMO2®3, En particular, la administracién de silnk2
especifica a nivel hepatocelular desencadend una mejoria de la hepatitis, fibrogénesis y
tumurogénesis subyacente y, por lo tanto, podria convertirse una opcién terapéutica muy
atractiva para estrategias de medicina personalizada en CLD.

El carcinoma hepatocelular (HCC) representa la quinta neoplasia maligna mas frecuente,
afecta a un millén de personas en todo el mundo por afio y puede originarse como una
posible complicacién de la enfermedad hepatica crénica persistente (CLD). Entre los
diferentes mecanismos que conducen a la hepatocarcinogénesis, se ha sugerido que el
escape de la vigilancia del sistema inmunoldgico desempefia un papel crucial durante la
tumorigénesis y la progresion tumoral. El eje Fas ligando (FasL)- Fas, son proteinas
transmembrana que pertenecen a las superfamilias de los genes del factor de necrosis
tumoral (TNF) y del receptor de TNF, respectivamente, desempefian un papel esencial
durante la modulacién inmune y se ha encontrado que se expresan en hepatocitos, HSC
activadas o KC. De hecho, se ha propuesto el mal funcionamiento del sistema FasL / Fas
como un mecanismo que podria evitar que la defensa inmunoldgica rechace las células
tumorales. Sin embargo, solo se dispone de datos limitados sobre la diafonia FasL / Fas in
vivo. El objetivo en el Capitulo 118 fue aportar nuevos conocimientos sobre el papel
funcional de la sefializacién Fas en un modelo experimental de enfermedad hepatica
crénica (CLD). Con esta finalidad, se generaron ratones NEMO®'®3/Fas", mientras que
animales NEMO"*2, NEMO™fy Fas®" sirvieron como controles para el analisis comparativo
y se procedié a caracterizar su fenotipo durante la progresién de CLD. El dafio hepatico fue
evaluado a partir de parametros bioquimicos, andlisis histopatoldgico,



inmunofluorescencia y otras técnicas bioquimicas y de biologia molecular. La expresién de
proteinas se analizé mediante Western Blot, los niveles de ARNm por RT-PCRYy la infiltracién
de células inflamatorias se cuantificé mediante citometria de flujo. La mutacién Fas?" en
ratones NEMO®"P? |levd a una disminucién general del dafio hepéatico, una mayor
supervivencia hepatocitaria y una reduccion de la proliferacién a las 8 semanas de edad en
comparacién con roedores NEMO2®3, Ademas, en animales NEMO2""3/Fas?" se detectd
una disminucion significativa de los parametros de fibrosis hepatica, tales como coldgeno
IA1, MMP2 y TIMP1, ademas de una reduccién de macréfagos proinflamatorios y de la
expresion de citocinas. A las 52 semanas de edad, roedores NEMO2"P3/Fas’" exhibieron un
crecimiento de malignomas menor, como demostré la reduccién en la carga de HCC
asociada con un numero significativamente menor de nédulos y una ratio LW/BW en la
misma linea ademds de una disminucién de células mieloides. La delecidn de TNFR1
contribuyé reduciendo aun mas la carga tumoral de ratones NEMO®2"®P?/Fas’" de 52
semanas de edad. Asi la funcionalidad del eje FasL/Fas podria condicionar el potencial
tumurogénico inflamatorio-dependiente en un modelo experimental de CLD. Estos
resultados permiten desarrollar enfoques terapéuticos alternativos y contrarrestar las
limitaciones en la terapia antitumoral contra el HCC.

Por consiguiente, las presentes aportaciones cientificas han constituido un esfuerzo para
abordar mudiltiples aspectos relacionados con la enfermedad hepdtica inducida por
farmacos, que se esta convirtiendo en un problema de salud en aumento. Ademas,
evaluamos los avances logrados en el tratamiento contra la fibrosis hepatica. También
contribuimos a investigar nuevos enfoques terapéuticos contra CLD/HCC experimental
mediante la modulacién de mediadores relacionados con la lesiéon hepatocitica y la
respuesta inflamatoria, ambos impulsores esenciales de CLD.

Caracterizando el perfil hepatotdxico de ibuprofeno

El amplio uso del AINE ibuprofeno y la escasa informacién disponible sobre su perfil de
hepatotoxicidad subyacente, nos llevd a investigar esta condicion. Se desarrollo asi una
estrategia ambiciosa, que incluia un estudio sistematico de los datos publicados
anteriormente, un andlisis detallado de los casos de hepatotoxicidad por ibuprofeno
disponibles inscritos en las grandes bases de datos prospectivas espafiolas y
latinoamericanas de DILI, asi como diversas investigaciones experimentalales con el fin de
analizar las bases patomoleculares subyacentes.

El andlisis sistematico puso de manifiesto un nimero limitado de informacién (Capitulo 2).
Se puso el foco de atencion sobre los datos incluidos en cohortes humanas de
hepatotoxicidad, asi como en series de pacientes e informes de dafio hepatico inducido
por ibuprofeno. Se analizé la expresion fenotipica y se reflejé que el dafio hepatico
inducido por ibuprofeno se asocié predominantemente con una latencia corta, dafio
hepatocelular y un rango variable de presentaciones clinicas, que involucraron entidades
como el sindrome de los conductos biliares evanescentes o sindromes cutaneos. Es de
destacar, que identificamos un nimero sustancial de casos que se asociaron con un fallo



hepatico fulminante y que requirieron un trasplante de higado e incluso en el peor de los
casos sufrieron una desenlace fatal. Por lo tanto, el ibuprofeno debe ser tenido en cuenta
como un potencial agente causante durante la evaluaciéon de la causalidad, incluso aun
cuando el riesgo absoluto de hepatotoxicidad es bajo, dado su amplio uso.

En un esfuerzo adicional para caracterizar fenotipicamente el dafio hepatico inducido por
ibuprofeno, nuestro objetivo fue analizar los casos dados de alta en las bases de datos de
DILI espafiola (Spanish DILI Registry) y latinoamericana (Latin-American DILI Network;
Capitulo 3). Como resultado, se analizé una cohorte compuesta de 26 eventos de DILI
atribuidos a ibuprofeno, la mas amplia publicada hasta la fecha, en donde se habia
delimitado que ibuprofeno debia ser el Unico agente causante. Nuestro estudio no reflejé
diferencias de género, pero mas de las tres cuartas partes de los sujetos habian estado en
tratamiento con dosis diarias de ibuprofeno de 1200 mg o superiores. El dafio hepatico
inducido por ibuprofeno presentdé una latencia corta, predominé el dafio hepatico
citolitico y la mitad de los pacientes analizados exhibieron caracteristicas de
hipersensibilidad. Los datos demostraron que mas de la mitad de los pacientes que
padecieron hepatotoxicidad inducida por ibuprofeno requirieron hospitalizacién y, de
manera critica, hubo una tendencia hacia un aumento de los casos fatales en el grupo de
pacientes con DILI por ibuprofeno en comparacion con los gupos de pacientes con DILI
inducido por otros AINEs o medicamentos no AINE. Nuestro analisis basado en bases de
datos de DILI de Espafia y América Latina muestra una mayor frecuencia relativa de
ibuprofeno como agente causante en comparacion con otras grandes cohortes de
hepatotoxicidad. Nuestros datos sugirieron que los mecanismos idiosincrasicos de
naturaleza inmunoalérgica y metabdlica pueden actuar como impulsores mecanisticos de
la hepatotoxicidad inducida por ibuprofeno.

Teniendo en cuenta el hecho de que los mecanismos subyacentes por los cuales el
ibuprofeno puede inducer a la toxicidad hepatica permanecen sin esclarecer hasta la
fecha, desarrollamos un modelo experimental sin precedentes de hepatotoxicidad
inducida por ibuprofeno para investigarlos (Capitulo 4). Inicialmente, estudiamos la
toxicidad del ibuprofeno in vitro en hepatocitos primarios murinos aislados en fresco, asi
como en lineas celulares hepatocitarias (Hepa 1-6 y HepG2). Se analizaron exposiciones a
diversas concentraciones y se determind la LC50 para una concentracion de ibuprofeno 5
mM tras 8 h de exposicidn. Los hepatocitos cultivados y tratados con ibuprofeno
evidenciaron un aumento en la muerte celular, produccién de especies reactivas de
oxigeno, disfuncion mitocondrial y disminucién de la proliferacién compensatoria. La
administracion de 600 mg/kg de ibuprofeno in vivo produjo tras 8 h de exposicion un
mayor grado de dafo hepatico que el observado en ratones control tratados con vehiculo,
como quedd reflajado en los niveles de marcadores séricos, analisis microscépico e
histoldgico de tejidos hepaticos. A continuacidn, se investigaron las vias moleculares
asociadas con el daio hepatico inducido por ibuprofeno en ratones. Curiosamente,
encontramos una mayor activacion de diversas proteinas quinasas activadas por
mitégenos (MAPK) como JNK y AKT, y otras proteinas quinasas como, por ejemplo, PKCa
ocho horas tras la administracion de ibuprofeno en ratones.



Andlisis del rol de JNK a nivel hepatocitico en la toxicidad hepdtica

Estudios previos dapuntaron hacia el papel esencial de las c-Jun N-terminal kinases (JNK),
gue son miembros de la familia de las MAPK, como mediadores cruciales de la
supervivencia celular, muerte celular, proliferacién celular o reacciones de estrés celular.
En esa linea, trabajos previos destacaron una implicacion significativa de INK en la
enfermedad hepdtica y muy notablemente en la toxicidad hepdtica®. Por tanto, fiajmos los
objetivos de investigar la implicacidon de JNK en diferentes modelos experimentales de
hepatotoxicidad, asi como analizar el impacto de los genes Jnk a nivel hepatocelular y
caracterizar mejor las bases patomoleculares subyacentes de estas reacciones
hepatotdxicas (Capitulos 4 + 5).

En el presente estudio, demostramos la activacion de JNK en pacientes de DILI por
diversas etiologias, entre las que se incluyeron ibuprofeno y acetaminophen (APAP), entre
otras. La fosforilacién de JNK no se circunscribié exclusivamente a los hepatocitos, donde
predominaba, sino también a otros compartimentos celulares. Simultdneamente,
proporcionamos un enfoque translacional y desarrollamos diversos modelos
experimentales de hepatotoxicidad en ratones (por ejemplo, APAP, ibuprofeno, CCls) de
los cuales se pudo deducir que la JNK activada esta fuertemente expresada en el higado
como consecuencia de la hepatotoxicidad. Desarrollamos un modelo experimental
novedoso de hepatotoxicidad por ibuprofeno e investigamos la relevancia de los genes
Jnk (Jnk1 y Jnk2). En el higado, las isoformas de JNK presentes corresponden a Jnk1 y Jnk2.
Para ello se utilizaron ratones que presentaban deficiencia de Jnk1 en hepatocitos
(Jnk12heP3) mientras que se complet un abordaje con siRNA contra Jnk2 hepatocitico
(siJnk22¢P3) para obtener animales que presentaban carencia de Jnk2 especificamente en
hepatocitos. Después de la toxicidad hepatica aguda inducida por ibuprofeno, los
animales siJnk22"®P? mostraron una menor supervivencia asi como un aumento significtivo
en los pardmetros séricos de dafio hepatico, una histologia hepatica agravada y la
activacion de MAPK, en comparacién con animales Jnk12mP2 o WT.

En un paso adicional para caracterizar mejor el papel de Jnk, analizamos la relevancia de la
funcién combinada de Jnk1 y Jnk2 durante la hepatotoxicidad. Para ello, se generd una
nueva cepa murina, que presentd una delecién concomitante de Jnk1 y Jnk2 (Jnk2her3)
exclusivamente a nivel hepatocitico. Aqui apreciamos un mayor nivel de dafio hepatico en
ratones Ink®"P? jn vivo, en base a los niveles bioquimicos de transaminasas y el analisis
histoldgico hepatico 8 h tras la administracion de 500 mg / kg de APAP a diferencia de los
grupos Jnk12"¢P2 o control. En paralelo, la administracién de la inyeccién de CCls cada 3
dias durante 4 semanas (0,6 ml / kg) condujo a una lesidon hepatica mas notable en los
animales Jnk®"¢"2 como se observa en el aumento de la inflamacién, la proliferacién
celular y la progresién de la fibrosis, en comparacién a los ratones Jnk12"¢" o control. La
exposicidon a APAP indujo un aumento de la respuesta al estrés oxidativo en hepatocitos
de ratones Ink®'®? |0 que condujo a una disminucién de la activacién de la proteina
quinasa activada por monofosfato de adenosina (AMPK), niveles de proteina total AMPK y
JunD fosforilada y necrosis posterior. Concomitantemente, nuestro modelo de



hepatotoxicidad APAP in vivo condujo a una expresion flagrante de Jnk fosforilado,
inclusive en ratones Jnk®"*® durante el tratamiento con APAP, sugiriendo fuentes
adicionales distintas de los hepatocitos para su origen. En nuestro estudio, también
demostramos proteccién contra la toxicidad hepatica por APAP en Jnk2"¢P? y animales
control conferidos por el inhibidor de Jnk SP600125, aunque se observaron off-target
effects. Nuestros resultados destacaron la funcidn protectora potencial del binomio Jnkly
Jnk2 a nivel hepatocitario durante el contexto de la toxicidad hepatica aguda, mientras
que el impacto y el papel de Jnk en otros compartimentos celulares aun requieren ser
determinados con precisién.

Estudios adicionales de DILI en el dmbito de la prdctica clinica

Previamente destacamos las dificultades y complejidades del diagnéstico de DILI, que se
basa en una cuidadosa exclusion de otras etiologias. Por lo tanto, es fundamental
identificar adecuadamente los hepatotoxicos y dilucidar su expresion fenotipica, que son
datos cruciales durante la evaluacidn de la causalidad de DILI. Como parte de nuestras
investigaciones, generamos varias series de casos e informes clinicos (por agentes
causantes como venlafaxina, metilprednisolona, sertralina) y proporcionamos ademds un
estudio adicional que analizé el punto de corte para la cronicidad tras DILI idiosincrasico
(Capitulo 6 + 7 + 8).

La metilprednisolona (MP) constituye un corticosteriode bien tolerado, a excepcion de los
efectos secundarios que son comunes también para otros corticosteroides.
Generalmente, los bolos de MP estdn indicados para tratar la lesidon hepatica grave y la
hepatitis autoinmune®®. Sin embargo, MP constituye una causa discutible de
hepatotoxicidad y se han publicado informes DILI que involucran MP. Por tanto, quisimos
contribuir a caracterizar mejor la hepatotoxicidad inducida por MP e investigamos los
casos de MP DILI registrados en las bases de datos espafiola y latinoamericana de DILI
(Spanish DILI Registry; Latin-American DILI Network). En nuestro estudio, demostramos la
tendencia creciente del dafio hepatico inducido por MP, que debe ser considerado tras
una administraciénpor pusos y en el escenario de una recaida de una enfermedad
autoinmune subyacente, principalmente esclerosis multiple y oftalmopatia de Graves.
Nuestras investigaciones confirmaron que la lesidon hepdtica causada por MP se presenta
con una latencia corta, caracteristicas citoliticas y gravedad variable, que van desde
asintomaticas o leves hasta graves y fatales.

La definicion de cronicidad en DILI idiosincrasico (iDILI) permanece sin precisarCon lo cual,
planteamos determinar el punto de corte 6ptimo para diferenciar entre iDILI agudo y
crénico en funcién del tiempo de resolucién de los casos. En el presente studio
demostramos que de 298 casos prospectivos de iDILI dados de alta en el Registro Espaiol
de hepatotoxicidad, el 92% resolvié dentro de un afio tras el onset y el resto correspondio
a eventos cronicos (8%). Las diferencias en términos de cronicidad con otras bases de
datos prospectivas de DILI pueden estar relacionadas con las diferentes definiciones de
cronicidad aplicadas (6 meses versus 1 afio). En nuestro trabajo, también demostramos
que el 95% de los pacientes recuperados se resolvieron dentro de los 348 dias desde el



diagndstico de DILI independientemente del patréon de lesidn subyacente. En
consecuencia, un afio parece ser un punto de corte fiable tras el onset para definir la
cronicidad en iDILI. Adicionalmente, la edad avanzada, la dislipidemia y las caracteristicas
graves fueron identificados como factores de riesgo en iDILI crénico. Como se muestra,
iDILI crénico se presentd cominmente con una disfuncién hepatica leve y solo algunos de
los pacientes crénicos sufrieron complicaciones hepaticas graves.

Nuevos escenarios en CLD: Reversbilidad de la fibrosis hepdtica

La enfermedad hepdtica crénica (CLD) puede progresar a fibrosis hepatica de tipo terminal
y cirrosis, lo que constituye un factor de riesgo para el carcinoma hepatocellular (HCC). No
hay medicamentos antifibréticos que hayan sido aprobados para uso clinico; sin embargo,
varios fdrmacos se encuentran actualmente en fases avanzadas de ensayos clinicos que
pretendimos revisar (Capitulo 9). En nuestro estudio, evaluamos el conocimiento actual
respecto a la fisiopatologia subyacente de la fibrosis hepatica, asi como los modelos
experimentales de fibrosis hepatica aplicados hasta la fecha y discutimos los principales
mecanismos que han sido asociados a la reversion de la fibrosis hepatica. La activacién de
las células estrelladas (HSC) y su transdiferenciacion en miofibroblastos (MF) son
esenciales para la progresion de la fibrosis hepatica y la remodelacién hepatica, mientras
que la apoptosis y la senescencia de los MF o su conversién en HSC quiescentes
contribuyen a la resolucién de la fibrosis hepatica. Los principales agentes antifibréticos
que se estan estudiando actualmente en ensayos clinicos tienen como objetivo la
desactivacién de las HSC / prevencion de la activacion de las HSC o la promocion de la
degradacidn de la matriz extracelular (ECM).

Compuestos como los IECA y los bloqueadores del receptor AT1 parecen ser moduladores
eficaces de la respuesta inflamatoria y reducen la expresidn de genes fibrogénicos.
Emricasan o Selonsertib son buenos ejemplos de agentes hepatoprotectores, que
interfieren con las vias de dafo hepatico y previenen los estimulos profibrogénicos. Dado
que la inflamacion del higado constituye un fuerte impulsor de la fibrogénesis hepatica,
farmacos como el cenicriviroc o el acido obeticdlico parecen ser un arma antifibrética
eficaz para modificar el nicho inflamatorio. Por otro lado, compuestos como el anti-TIMP1
o la serelaxina logran un efecto antifibrético al promover la degradacién de la matriz
extracelular. Por tanto, una mejor determinacién y comprension de los mecanismos
implicados en la fibrosis hepatica son cruciales para identificar nuevas estrategias
terapéuticas para revertir la fibrosis hepatica.

Estrategias terandsticas de vanguardia contra HCC

Como se discutié anteriormente, se ha demostrado que la via Jnk actia como un
mediador crucial en la enfermedad hepatica. En investigaciones anteriores, nuestro grupo
mostro la relevancia de los genes Jnk durante la enfermedad hepatica aguda y cronica,
que ejercia distintos roles'!. En el presente estudio nuestro objetivo fue analizar el papel
de Jnk2 en CLD y disefiar una estrategia terapéutica contra el HCC (Capitulo 10). Para



examinar el papel hepatocitico de Jnk2 en la CLD, utilizamos el modelo experimental
NEMO?eP3 que se caracteriza por la deficiencia de IKKy en los hepatocitos y desarrolla
HCC de forma espontanea. Para ello, se generaron ratones con expresion deficiente de
Ink2 en hepatocitos (Jnk22"*"3) asi como dobles knockouts de Jnk22"eP? y NEMQ2her3,
Nuestros resultados mostraron que la delecidn hepatocitica de JNK2 mejora la progresion
tumoral e interfiere en la iniciacién tumoral. A continuacion, desarrollamos un enfoque
terapéutico para modular la expresién de JNK2 en hepatocitos mediante el uso de siRNA
con afinidad especifica contra hepatocitos que inhibia la expresidon de JNK2 en las etapas
tempranas y avanzadas de CLD. Aqui demostramos que la inhibicién de Jnk2 hepatocitico
mediada por siRNA en ratones de edad avanzada llevé a una reduccion de la fibrogénesis
y la progresién de HCC y condujo en general a una mejoria notable de CLD en etapa
terminal. De manera relevante, siJnk2 previno la progresion de HCC, que es caracteristica
animales NEMO?®" de 44 semanas de edad. En CLD de etapa temprana, se observé que
la regulacion a la baja de Jnk2 en ratones NEMO?""? condujo a un entorno
proinflamatorio que agravo el fenotipo de dichos roedores. Los resultados obtenidos
definen un papel dependiente de la edad en cuanto a Jnk2 hepatocitico durante el
desarrollo de HCC experimental y hacen de Jnk2 una diana hepatocitaria para interferer
en la iniciacion del cancer en higados con dafio crénico. Ademas, fenotipos similares
apreciados tanto en ratones KO como en ratones knockdown confirman la utilidad de la
tecnologia de siRNA para estrategias terapéuticas vanguardistas.

La lesién hepdtica y la respuesta inflamatoria son impulsores esenciales para desconectar
los mecanismos esenciales que contribuyen a la progresién de CLD. Desde esta
perspectiva, el eje FasL/Fas es un regulador crucial de la respuesta inmune y ha sido
identificado como un sistema desencadenante de apoptosis extracelular. Por lo tanto,
deseamos investigar el papel de FasL/Fas en la conduccién de la muerte celular mediada
por TNF en la progresion de CLD (Capitulo 11). Para nuestro estudio, se generaron ratones
NEMO®~erPa/FasP’ que portaban una mutacidn en su gen Fas. Aqui mostramos que la
sefializacién defectuosa de Fas (NEMO2"P3/Fas") exhibié marcadores de dafio hepatico
séricos disminuidos y necrosis hepatica multifocal en comparacion con los higados control
(NEMO?eP3) que exhibieron un indice mitético alto, proliferacién de células ovaladas y
lipidosis leve. Ademas, la proliferacién celular compensatoria reducida en higados
NEMO?eP3/Fas”" se correlaciond con la muerte celular disminuida y la ausencia de
activacion de Caspasa-3 en contraste con NEMO2®3, Ademds, evidenciamos niveles de
TNF notablemente regulados a la baja en animales NEMO”'?3/Fas’" concomitantemente
con una disminucién de la fibrosis hepatica. La presencia significativamente reducida de
células CD11b+ F4/80+ fue representativa para higados NEMO2"®P?/Fas", lo que apunta a
una respuesta inflamatoria atenuada. La falta de células T funcionales y la disminucién de
la carcinogénesis impulsada por la inflamacién son cruciales para comprender la
progresion reducida de la enfermedad de los higados NEMO2"¢P3/Fas" durante la fase
crénica. Por lo tanto, mostramos que la funcionalidad del sistema FasL/Fas podria afectar



la tumorigénesis impulsada por la inflamacién en un modelo experimental de enfermedad
hepatica crdnica, lo que podria constituir una estrategia terapéutica alternativa.
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