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Abstract

Purpose of Review—This article provides a brief overview of mechanisms of inflammatory
liver injury and how this applies to drug hepatotoxicity with a particular emphasis on the role of
inflammation in acetaminophen-induced liver injury.

Recent Findings—Significant progress has been made in the last decade in our understanding
of the initiation of sterile inflammation after necrotic cell death by the release of damage-
associated molecular patterns and their recognition by toll-like receptors and others on
macrophages. These events trigger the formation of cytokines and chemokines directly or with
assistance of inflammasome activation thereby activating and recruiting leukocytes including
neutrophils and monocyte-derived macrophages into the necrotic areas. Although this sterile
inflammatory response is mainly geared towards the removal of necrotic cell debris and
preparation of regeneration, there are conditions where these innate immune cells can aggravate
the initial injury. The mechanisms and controversial findings of the innate immunity are being
discussed in detail. In contrast, drug metabolism and formation of a reactive metabolite that binds
to proteins in the absence of extensive cell death, can induce an adaptive immune response, which
eventually also results in severe liver injury. However, the initiating event appears to be the
formation of protein adducts, which act as haptens to activate an adaptive immune response.
Overall, these mechanisms are less well understood.

Summary—The past decade has revolutionized our understanding of the mechanisms that
control the interplay between cell death and innate or adaptive immune responses. This report
provides an update on these mechanisms.
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Introduction

The liver is a versatile organ with a variety of functions. Because of its large endogenous
macrophage population, i.e., Kupffer cells, and the easy recruitment of circulating
leukocytes, the liver is one of the primary organs responsible for innate immunity [1].
Increased intestinal permeability during various disease states can result in exposure of the
liver to gut-derived viruses, bacteria and other pathological material through portal vein
blood. As the liver is the first organ with a substantial innate immune component to be
exposed to this material, Kupffer cells are programmed to be highly responsive to these
agents, and are very effective at their clearance and removal [1,2]. Moreover, Kupffer cells
can recruit other immune populations, many of which have been proposed to provoke further
hepatic damage due to their ability to secrete toxic compounds such as proteases and
reactive oxygen species (ROS). Because of its diverse array of metabolizing genes, the liver
is also the primary organ responsible for drug and xenobiotic metabolism. This includes
Phase | oxidation and Phase Il conjugation reactions, both of which are responsible for
increasing the hydrophilicity of drugs and enhancing their excretion and clearance. While
this function is important for the elimination of xenobiotics, occasionally these reactions
result in the formation of a reactive metabolite, which can cause liver damage through a
variety of mechanisms [3,4]. Drug-induced liver injury (DILI), which remains a major cause
of drug development failure due to preclinical toxicity or being pulled from the market due
to toxicity in the clinic, is generally divided into 2 principal categories: 1. Direct, dose-
dependent hepatotoxins, which induce intracellular signaling pathways leading to cell death
(example: acetaminophen, APAP) [5]. This direct liver injury can be further aggravated by
an innate immune response. 2. Idiosyncratic DILI, which generally is not dose-dependent,
delayed in onset and affects only very few individuals exposed to therapeutic doses.
Although the innate immune system can be involved in the initiation of the response, it is
generally established that the injury is caused by the adaptive immune system [6,7].

The combination of the presence of a potent innate immune population along with the
propensity for hepatocytes to be routinely exposed to toxic compounds can result in
substantial liver inflammation after exposure to hepatotoxic compounds. This chapter will
focus on established mechanisms that mediate this interaction. We will provide an initial
overview of mechanisms of inflammation in the liver and then focus on relevant laboratory
models where the primary mechanisms were initially established.

Mechanisms of liver inflammation

The inflammatory response in the absence of overt infection (sterile inflammation) has been
a topic of considerable interest in hepatology in recent years. The initiating signal for sterile
inflammation is likely the result of release of intracellular content during necrosis [8,9].

When cells undergo necrosis, they lose membrane integrity and intracellular molecules spill
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out into the surrounding area. Surprisingly, many proteins, nucleic acids, and other cellular
components act as pro-inflammatory signals when outside of their normal environment
[8,9]. A number of different signals have been established, that when released from dying or
damaged hepatocytes, activate local immune cells and initiate the sterile inflammatory
response. This includes a diverse and growing array of molecules such as high mobility
group box 1 (HMGB1) protein, ATP, mitochondrial DNA (mtDNA), nuclear DNA
fragments, RNA, purines, uric acid, heat-shock proteins, bile acids and more [10]. These
molecules are collectively referred to as damage associated molecular patterns (DAMPS) and
their activity is mediated by various classes of pattern recognition receptors present on
immune cell populations including toll-like receptors (TLRs), purinergic receptors, the
receptor for advanced glycation end-products (RAGE) and more (reviewed in [11]) (Figure
1A). Ligation of these receptors by DAMPs results in fundamental changes in immune cells
that shifts them towards a pro-inflammatory phenotype, and results in initiation of the
inflammatory signal through release of cytokines such as interleukins, chemokines, and
more [12]. These chemokines and cytokines then further amplify the signaling to sustain an
inflammatory response. Importantly, this inflammatory response can provoke further injury
if not controlled appropriately, but is typically required for both normal regeneration of the
liver and prevention of acute infection, which can be deadly during acute liver failure [1]. As
such, the immune system plays an imperative role in recovery from DILI, and thus
interventions against the immune system may come with a potential cost. Hence,
understanding the role of the immune system in the liver injury process after drug-induced
liver injury remains an important and pressing issue for developing therapeutics and
improving patient care.

Kupffer cells, the resident macrophages in the liver, express a majority of the receptors
necessary for detection of DAMPs and mediate the initial response to acute cell injury [1,2].
Ligation of DAMP receptors such as the purinergic receptor 2X7 (P2X7) or toll-like
receptor-4 (TLR4) and —9 (TLR9) result in increased expression and release of a number of
cytokines including interleukins and more [10,12]. These mediators then amplify the pro-
inflammatory signal and recruit circulating immune cells into the liver to continue the
inflammatory process. Furthermore, many DAMP receptors also serve as priming agents for
the multimeric complex called the inflammasomes [1,13,14]. Activation of TLR4 and TLR9
by DAMPs such as HMGB1 and DNA fragments, respectively, increases expression of pro-
interleukin-1p (pro-1L-1pB) [14,15]. Pro-1L-1p is cleaved to generate the active cytokine
IL-1B by caspase-1, which is activated through the inflammasome [15]. A number of
different inflammasome complexes exist, but perhaps the most commonly studied one in the
liver is dependent on the function of a protein called NACHT, LRR and PYD domains-
containing protein 3 (Nalp3) [15]. Nalp3 forms a complex with apoptosis associated spec
like protein containing a CARD (ASC) and pro-caspase 1[14,15]. The inflammasome
activated through P2X7 ligation then serves to activate pro-caspase-1 into the active
caspase-1, which processes pro-interleukin-1p [13,16]. This occurs in the presence of
simultaneous activation of multiple inflammatory signals, which trigger the inflammatory
response serving as a sort of feed-forward loop that provides a redundant signal.

Upon activation by DAMPs or endotoxin, Kupffer cells produce also the pro-inflammatory
and apoptosis-inducing cytokine tumor necrosis factor-a (TNF-a) and reactive oxygen

Curr Pharmacol Rep. Author manuscript; available in PMC 2019 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Woolbright and Jaeschke Page 4

species (ROS) when activated through the complement receptor [17]. Because both of these
types of mediators can initiate cell death, the role of both endogenous Kupffer cells and
recruited monocytes has been studied extensively [18]. In numerous models of liver injury,
pretreatment with gadolinium chloride or clodronate liposomes yields a protective effect
[18-20]. Similarly, plasma levels of glutathione disulfide (GSSG) rise acutely in diseases
with a strong inflammatory component, especially Kupffer cell activation, indicating release
of significant ROS levels in the vascular space by these inflammatory cells [20-22].
Elimination of TNF-a either genetically or through antibodies can also prevent injury in
some models indicating TNF-a release from Kupffer cells may be a critical mediator of their
ability to kill hepatocytes [22-24]. As such, it is clear that inflammatory signals released by
Kupffer cells are capable of damaging hepatocytes directly and further provoking sterile
inflammation. Their specific role in various pathological conditions will be discussed
further.

After the initial cytokine wave is produced by Kupffer cells, both monocytes and neutrophils
are recruited to the liver in large numbers (Figure 1A). Neutrophils represent the most
populous member of the innate immune cell classes, and are noted to secrete cytokines to
sustain immunological responses, produce ROS, and phagocytize cellular debris [25].
Notably though, due to their small size, neutrophils are largely incapable of directly
phagocytizing epithelial cells. Instead, neutrophils can adhere to these cells and generate in
an adherence-dependent process multiple ROS, some of which are highly toxic [25,26].
Moreover, neutrophils can also secrete cytokines which can both serve to amplify or reduce
the inflammatory response [27]. Similarly, monocytes can produce both pro-inflammatory
and anti-inflammatory cytokines and their role is likely highly context dependent, similar to
Kupffer cells [28,29]. The capacity of neutrophils to produce ROS has led to their extensive
study as potential mediators of injury [25,30]. We will discuss this more specifically in the
context of acetaminophen (APAP) induced liver injury where substantial data exists both for
and against their capacity to produce injury.

The sustained cytokine release from Kupffer cells also recruits other inflammatory cells such
as eosinophils, dendritic cells, T cells, and more have also been implicated as pathogenic
after DILI. While their specific roles have not been investigated as fully as in other disease,
all of these inflammatory populations have been implicated in DILI [2,6,7,31]. Many of
these cells also have critical roles in immunity, and thus their overall contributions are not
well understood. Given the substantial differences present between different models of DILI,
we will use APAP as a primary mechanism for describing understood mechanisms of
inflammation after DILI.

Acetaminophen-induced liver injury: A clinically relevant model of drug-
induced liver injury

APAP is a commonly used analgesic that is safe when used at therapeutic doses. However,
an overdose of APAP remains the primary cause of drug-induced liver injury in Western
societies [32]. The intracellular mechanisms of APAP-induced cell death have been
examined extensively and much of the molecular pathways are well understood. We will
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briefly discuss some of the relevant and well established mechanisms that results in release
of sterile inflammatory signals.

A majority of APAP is metabolized by glucuronidation and sulfation reactions and is then
excreted through the urine [3]. Smaller amounts of APAP are metabolized by cytochrome
P450 enzymes, mainly Cyp2E1, to the reactive metabolite A-acetyl-p-benzoquinone imine
(NAPQI) [33]. NAPQI is highly reactive, but is largely captured by cellular glutathione
(GSH) [34]. After an overdose, hepatic GSH levels are rapidly depleted and NAPQI begins
to adduct cellular proteins [35]. In fasted mice, protein adducts formation occurs as early as
30 minutes and peaks at 2-3 h after the initial 300 mg/kg APAP overdose [35]. In humans,
adduct formation is more delayed [36,37]. Protein adduct formation, especially on
mitochondrial proteins [38], is the primary initiating source of the injury process and
prevention of their formation is essentially completely protective against APAP induced liver
injury. Although inhibition of cytochrome P450 enzymes results in complete protection
against APAP-induced liver injury [39], most patients seek medical attention after the
metabolism phase, which makes cytochrome P450 enzymes not the most effective
therapeutic targets in the clinic.

The mitochondrial protein adducts generate an initial oxidant stress, which activates c-Jun
N-terminal kinase (JNK) [40]. Phospho-JNK translocates to the mitochondria and amplifies
the mitochondrial ROS and peroxynitrite formation [40,41]. This amplification of ROS
production in the mitochondria can be prevented through a number of different ROS
quenching agents, all of which are highly protective, confirming the central role of the
mitochondria [41,42]. The mitochondrial oxidant stress initiates cell death signaling outside
the mitochondria as well, leading to translocation of proteins such as Bax to the
mitochondria [43]. Bax forms pores in the outer mitochondria membrane, which results in
the release of intermembrane proteins such as endonuclease G and apoptosis-inducing factor
(AIF) [43]. These proteins translocate to the nucleus and cause DNA fragmentation [44]. In
addition, the mitochondrial oxidant stress and peroxynitrite cause the mitochondrial
permeability transition pore (MPTP) opening [45]. Both DNA fragmentation and the MPTP
formation are critical events in APAP-induced necrosis [46]. In addition to the intracellular
signaling mechanisms of cell death, adaptive responses also have to be considered. Removal
of damaged mitochondria and APAP protein adducts by autophagy [47] and induction of
mitochondrial biogenesis [48] are critical modulating events of APAP-induced liver injury
and release of DAMPs.

During necraotic cell death, intracellular components are released into the serum [15,49,50].
This includes a number of the aforementioned DAMPs and initiates the sterile inflammatory
response in APAP-induced liver injury [1,13] (Figure 1B). The mechanisms that control
inflammation at this point are fairly well established as listed above. The pathophysiological
role of inflammation in APAP-induced liver injury has remained a controversial issue in the
literature [1,13]. Many of the established mechanisms are derived from the studies
attempting to determine the role of inflammation as an event that aggravates the initial injury
and thus we will discuss these mechanisms in the context of the experimental evidence.
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The acetaminophen-induced sterile inflammatory response

Evidence exists both for and against the idea that activation of Kupffer cells and neutrophils
can amplify the APAP-induced cellular injury. Data exists both with direct interventions
against specific cell types and specific mediators of inflammation. We will go through these
mediators individually to define their potential contribution (Figure 1B).

Kupffer Cells and Monocytes

Because of the massive release of cellular components, it was hypothesized that activation of
Kupffer cells would exacerbate APAP-induced liver injury [51] similar to other models of
liver inflammation [26]. Surprisingly though, Kupffer cells are largely depleted during
APAP-induced liver injury and monocyte derived macrophages (MoMF) are recruited into
the liver [52,53]. As such, many experiments have focused on both the role of endogenous
macrophages, and recruited monocytes as potential mediators. Initial experiments using
gadolinium chloride, a potent Kupffer cell inactivator, indicated a protective effect against
APAP toxicity [51]. Later experiments using a strategy to destroy Kupffer cells prior to
APAP administration demonstrated a beneficial effect of Kupffer cells rather than being the
cause of the injury [18]. In addition, mice deficient in NADPH oxidase, which is required
for Kupffer cell-mediated oxidative burst, did not show protection against APAP-induced
liver injury suggesting that a Kupffer cell-derived oxidant stress is not involved in the injury
process [18,54,55]. As such, it is highly unlikely that Kupffer cells directly promote APAP-
induced hepatotoxicity. While livers injured by APAP produce large amounts of macrophage
chemoattract protein-1 (MCP-1), a primary monocyte recruitment chemokine and
macrophage activator, mice deficient of MCP-1 were not protected against APAP toxicity
[56]. Furthermore, animal deficient of the MCP-1 receptor CCR2 were not protected
[52,56]. In contrast, CCR2 mice showed reduced regeneration of the tissue damage
suggesting that the recruited monocytes are important for the recovery by removing the cell
debris [52,56]. Despite the fact that no known function of macrophages is associated with
APAP-induced cell death, a number of recent studies have again brought up the idea that
monocytes or macrophages are capable of exacerbating inflammation [29,57,58]. These
reports are in striking contrast to previous studies using the same interventions without
explanation about the differences or attempts to address these controversies. Whether these
differences are due to variations in experimental design, differences in the gut microbiome,
mouse strain differences or mismatched wild type strains, is not known. Unfortunately,
contradicting results such as these can be difficult to explain. We can only emphasize that if
investigators publish opposite results, they have the obligation to address the reasons for the
differences to previous publications. In addition, an increased focus must be placed on the
rigor of the experimental design and consideration of off-target effects of reagents and
genetic interventions and their impact on the role of inflammation and inflammatory
mediators in APAP-induced liver injury.

In contrast, a number of studies have suggested a potential immune-regulatory role of
macrophages after APAP overdose. In patients with APAP toxicity, monocyte derived
macrophages are recruited in significant numbers into the liver [28,53,59]. These cells have
a largely anti-inflammatory phenotype indicative of a pro-regenerative, pro-wound
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Neutrophils

resolution phenotype [28,53,59]. This may be mediated by secretory leukocyte protease
inhibitor (SLPI), which has a potent anti-inflammatory effect after APAP-induced liver
injury [28,59]. Murine studies largely confirm this as recruited monocytes regulate both
neutrophil survival and neutrophil clearance [60]. The effects of SLPI are apparently
mediated by Mer tyrosine kinase, providing a potential therapeutic target or biomarker for
understanding macrophage function during APAP overdose [61]. Furthermore, restoration of
innate immune activity /7 vivo in patients using colony stimulating factor-1 improves
outcome in patients with acute liver failure, including patients with APAP overdose [62].
Similarly, monocytopenia is associated with far worse outcomes after APAP-induced liver
injury that is not found in other models of acute liver failure [63]. As such, interventions
designed at limiting the effects of Kupffer cells and monocyte-derived macrophages may be
highly inadvisable given the role of these phagocytes in regeneration and the prominent role
of the liver in innate immunity and the pressing need for avoiding sepsis in patients.

The role of neutrophils remains the most controversial issue in APAP-induced liver injury,
while also being a major area of research [1,13]. It has been proposed routinely over the
previous decade that neutrophils may play a significant role as mediators of either Kupffer
cell-derived [50], or NK cell-derived inflammation [64]. A number of papers have also
directly looked at the role of neutrophils and determined that inhibition of inflammation or
direct interventions against neutrophils themselves can be protective against APAP-induced
liver injury [15,64,65]. A large number of these papers have focused on an axis wherein
DAMPs such as ATP, HMGB1, formyl peptides, mitochondrial DNA, and more are released,
Kupffer cells are primed and activated to generate mediators such as IL-1 via the
inflammasome, neutrophils are recruited, and then neutrophils further provoke inflammation
and hepatic injury through hepatocyte killing [13]. Neutrophil recruitment then occurs
through release of chemokines and cytokines such as keratinocyte factor (KC), macrophage
inflammatory proteins 1 and 2 (MIP-1/MIP-2), and interleukin-6 (IL-6) in addition to release
of IL-1B and IL-1a in the mouse [15,57,66]. Knockout of DAMPs and their receptors
ameliorate inflammation and simultaneously reduce APAP-induced liver injury [15,65].
Similarly, augmentation of cytokine levels or cytokine receptor levels has been proposed to
reduce injury after APAP overdose [15,57]. Recruited neutrophils have been proposed to kill
cells through a variety of mechanisms after APAP-induced liver injury including release of
ROS [25] and release of proteases such as elastase [65]. Thus, there is a growing list of
studies that suggest a role of neutrophils in aggravation of APAP-induced liver injury [1,13].

However, in stark contrast to these data, more specific interventions against neutrophils were
found to be ineffective and classical indicators of neutrophil-mediated tissue injury were not
present after APAP induced liver injury [54,55,66-68]. Similarly, when markers of
neutrophil activation such as CD11b expression and priming for ROS, were measured in
circulating and in liver infiltrating neutrophils, they were largely not elevated during the
period of injury [55,68]. Instead, increased CD11b expression, ROS priming and enhanced
phagocytosis capacity occurred after the injury and during regeneration suggesting a pro-
wound resolution role [55]. Furthermore, it is well established that neutrophils kill target
cells by ROS formation, especially hypochlorite, in different models of acute liver injury
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[25,30,69]. However, there is no evidence for a direct neutrophil-induced oxidant stress
during APAP toxicity [67]. Consistent with these observations is that animals deficient in
NADPH oxidase (NOX2) activity, the key enzyme responsible for ROS formation in these
phagocytes, show similar oxidant stress and injury as wild type animals [54,55]. Given the
established mechanisms of neutrophil-induced cell Killing in the liver [25,70], these data
make it highly unlikely that neutrophils aggravate APAP-induced liver injury [13,31].

Attempts to repeat some of the previous results using animals deficient in mediators of the
inflammasome failed to yield repeatable results [57,68,71]. Administering high doses of
IL-1p directly during APAP-induced liver injury did not further enhance liver injury despite
the fact it potently enhanced neutrophil recruitment [72]. Other groups have proposed the
alarmin IL-1a and not IL-1B may actually be responsible for the injury [57]. In both cases,
the injury would depend on the IL-1 receptor although its role has been questioned as IL-1R-
deficient mice were found not to be protected [72]. Similarly, mice deficient in CD18, a
primary neutrophil adhesion molecule critically involved in neutrophil extravasation and
ROS formation in the liver [26,70], also displayed no protection, and there is no established
role for CD18 or its binding partner intracellular adhesion molecule (ICAM-1) [66-68].
Most importantly, neutrophil depletion directly has been shown to yield a protective
response when given 24 h prior to APAP; however, this protection is caused by off-target
pre-conditioning effects independently of neutrophil cytotoxicity [73]. When neutrophil
depleting agents are given before neutrophil recruitment, but after APAP metabolism, there
is no protection [67]. Moreover, global knockout of elastase, a key protease secreted by
neutrophils did not protect against APAP-induced liver injury [Woolbright and Jaeschke,
unpublished].

Thus, despite that a number of studies appear to support a role of neutrophils in APAP-
induced liver injury, many investigations using specific interventions against neutrophil
cytotoxicity failed to show an impact on the pathophysiology. Most importantly, there is no
evidence for neutrophil activation during the injury phase in APAP overdose patients
suggesting that neutrophils are not involved in the injury but contribute to the recovery [55].

DAMPs, cytokines and other inflammatory mediators in APAP induced inflammation

Regardless of the role of individual cell types, a number of mediators have established roles
in the actual inflammatory process as discussed previously. Removal of their cellular
receptors or direct removal of the component reduces inflammation after APAP-induced
liver injury largely confirming the role of DAMPSs as initial mediators of inflammation.
Some roles have been established for other cytokines that mediate subsequent effects as
well.

Individual cytokines have also been observed to have direct effects. IL-10 levels are
substantially elevated in mice and in patients with APAP overdose [74], notably though,
while IL-10 levels are associated with non-survival in patients [75], knockout of IL-10 in
mice substantially increases lethality of APAP [76]. As studies with IL-10-deficient mice
showed, IL-10 is limiting pro-inflammatory cytokine formation and as a consequence, the
induction of inducible nitric oxide synthase, which promote cell death through peroxynitrite
formation [76]. The role of IL-22 is currently being studied with mixed results in APAP
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hepatotoxicity. Knockout of IL-22 binding protein (IL-22BP) results in increased
inflammation and increased liver injury in an IL-22/CXCL10 dependent manner [77].
However, pretreatment with IL-22 reduced injury through STAT3 activation [78]. In contrast,
chronic IL-22 overexpression in transgenic mice caused increased APAP-induced injury, but
this is likely due to constitutive overexpression of CYP2E1 and increased metabolic
activation in these animals [78]. IL-6 is also elevated in mice after APAP and is linked to
regeneration [79]. IL-6 KO mice showed delayed regeneration after APAP, which was
corrected by treatment with recombinant IL-6 [79]. However, the reduced APAP-induced
liver injury, enhanced regeneration and increased survival in animals treated with GSH
correlated with lower plasma IL-6 levels [80]. Similarly, reduced mortality of APAP
overdose patients also correlated with lower plasma IL-6 levels [81]. In addition, IL-10 KO
mice [76] and I1L-10/1L-4 double KO mice [82], which are both more susceptible to APAP-
induced liver injury, had higher plasma levels of IL-6 compared to wild type animals.
Treatment with an I1L-6 antibody protected the IL-10/IL-4 double KO mice and IL-10/1L-4/
IL-6 triple KO mice were also protected [82]. These data suggest that IL-6 can promote
regeneration but under conditions such as low expression of anti-inflammatory cytokines, it
can also enhance liver injury. IL-4 has been proposed to reduce APAP-induced liver injury
[83]. The protective effect of IL-4 may be related to enhancing hepatic GSH synthesis and
protection against oxidant stress [83]. However, I1L-4 can also regulate CYP2E1 [84]. 1L-13
is another endogenous cytokine that appears to attenuate pro-inflammatory cytokine and
chemokine formation and reduce APAP-induced liver injury [85]. Although pretreatment
with a neutropenia-induced antibody attenuated liver injury in 1L-13 KO mice [85], the role
of neutrophils in this context is still unclear because the animals were pretreated with the
antibody raising the previously discussed concern of preconditioning [73]. Another cytokine,
which is implicated in neutrophil recruitment is IL-17. IL-17 KO showed partially reduced
APAP hepatotoxicity, which is correlated with lower neutrophil and macrophage
accumulation in the liver [86]. Although it was concluded that IL-17 promotes liver injury
through neutrophil recruitment [86], the fact that the mitogen-activated protein kinase ERK
activation was attenuated in the IL-17 KO mice raises the possibility that the pro-
inflammatory effect may be a consequence rather than the cause of the reduced injury. Given
immune differences between humans and mice, the immune response that occurs in humans
during APAP overdose may be deleterious to survival or may be linked to concurrent
infection due to reduced liver function. Notably, mice given colony stimulating factor (CSF)
have increased innate immune function and increased macrophage function in the liver, yet
do not have increased liver injury [87]. Instead, these mice are protected against APAP,
which correlates with results found in patients where those with high serum levels of CSF
had better outcomes [87].

As such, the role and consequences of inflammation after APAP overdose are still very
much under debate. What is widely conserved between studies is the idea that the initial cell
death response provokes sterile inflammatory signals that then provoke further
inflammation. Although DAMP-mediated inflammation is well established, the default
assumption is mostly that this will trigger an aggravation of the injury through cytotoxic
neutrophils and monocytes. However, given the strong data against the involvement of
neutrophils in the injury, alternative explanations need to be considered. Clearly, IL-10 with
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its effect on suppressing iINOS and peroxynitrite formation [76] and IL-4 with its effect on
hepatic GSH recovery [83], are examples of inflammatory mediators affecting the
intracellular mechanisms of cell death. More of these types of connections between
inflammatory mediators and their impact on cell death signaling mechanisms need to be
studied.

Idiosyncratic Drug-induced Liver Injury

APAP-induced liver injury is a well-characterized type of drug-induced liver injury wherein
a primary necrotic stimulus triggers secondary inflammation. While APAP remains the most
common cause of drug-induced liver injury, idiosyncratic drug-induced liver injury (IDILI)
ranks second in overall causes of acute liver failure [88]. A number of drugs from diverse
classes of therapeutics have been associated with IDILI (Table 1). This is in spite of the fact
that IDILI is difficult to diagnose due to issues with reporting and problems with
establishing a drug as the root cause of the injury through exclusion. While IDILI may be
caused by different mechanisms depending on the drug, one commonly noted mechanism is
the potential for an innate immune response as an initiating event in IDILI. Classically, it is
believed that some drugs cause formation of drug-protein conjugates (haptens), which then
illicit an immune response from the adaptive immune system over time [89, 90] (Figure 1A).
These data are strongly supported by previous measurements of haptens after exposure to
drugs such as halothane and the fact that removal of the drug usually results in complete
recovery if done in time [89]. As to why these haptens form is still under debate. What is
fairly well understood is that the hapten molecules result in activation of antigen presenting
cells (APCs) [91]. These cells then activate T-cells, which can be cytotoxic to other cells,
including hepatocytes. Halothane-induced hepatitis is a classic example of this type of injury
[92]. Recent advances indicate halothane-induced hepatitis may be partially mediated by
eosinophils, which likely act as co-stimulatory units for T-cell mediated cell death or may be
able to kill hepatocytes themselves through release of major basic proteins [92]. This links
them more directly to the adaptive immune system, which has long been believed to be a
player in the allergen-like hepatitis associated with halothane and many other types of IDILI.

The other predominant hypothesis is the “danger hypothesis” wherein the presence of co-
stimulatory signals by DAMPs further amplifies the immunogenic signal from the hapten
signal and initiates the actual immune intolerance and the subsequent T-cell response and
cell death [89, 90] (Figure 1A). A recent paper examined this potential and found that mice
deficient in programmed cell death protein 1 (PD1) displayed the characteristic cell death
associated with troglitazone, but not its analogue pioglitazone [4]. Importantly, this is the
first animal model that has demonstrated a fundamental difference between a compound that
is known to produce IDILI (troglitazone) and one that does not produce DILI but is
analogous in its pharmacological mechanism (pioglitazone). Notably microsomal fractions
of cells incubated with troglitazone activated the inflammasome in macrophages [4]. As
such, the drug-antibody conjugates produced by troglitazone metabolism may activate the
inflammasome and thus serve as DAMPs themselves. Why this occurs in PD-17~ mice, but
not normal mice is not yet well understood, but may have to do with immune tolerance in T-
cells given the prominent role of PD-1 in immune tolerance and the recent advent of
successful treatment of patients with checkpoint inhibitors. Similar results were previously
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obtained with isoniazid and nevirapine, also characteristic DILI inducers [93]. This is an
exciting and novel area that may have serious therapeutic benefit both for drug development
and for patients.

A third model of IDILI has also been proposed, called the p-1 Concept [94]. The
fundamental concept of this hypothesis is that the agent can directly interact with the
immune system. This hypothesis supposes that drugs bind to highly variable antigen specific
regions directly instead of covalently modifying peptides as in the hapten hypothesis. The
primary evidence for this hypothesis are the findings that only a portion of T cells react with
a drug, and that many drugs are capable of causing T cell activation when T cell clones are
used instead of T cells [95]. This reaction occurs very rapidly (<1min) which eliminates the
potential for antibody processing [94]. These T cells require co-stimulation in the
sulfamethoxazole model, which may recapitulate the human condition [96]. Activation of
these T-cells results in a prolonged and potent immune response that dramatically damages
the liver. The primary difference between this model and the aforementioned models is the
direct interaction of the drug with the antigen receptors.

The presence of auto-antibodies against proteins such as CYP2EL1 or liver endoplasmic
reticulum proteins is another noted feature of IDILI [97]. These autoantibodies are present in
halothane hepatitis, isoniazid, as well as human autoimmune hepatitis that is not associated
with DILI [98, 99]. A number of different drugs result in development of these
autoantibodies, and a subsequent immune response [97]. CYP2E1 autoantibodies in
particular have been noted in other diseases as well and thus may be a source of self-immune
rejection common in the liver [97]. Notably a recent large study in human patients indicates
that autoantibodies such as antinuclear antibodies (ANA) are present in a diverse array of
injuries associated with DILI, and their levels decrease with both treatment and recovery,
indicating a potentially causative role [100]. These autoantibodies may function highly
similarly to hapten molecules and functionally serve the same role as to provide a source of
autoimmunity that sparks T-cell mediated rejection. It remains undetermined whether
antibody recognition by drugs can elicit the same response as covalent binding or hapten
formation, although these studies have laid the groundwork for future efforts aimed at
defining this mechanism in multiple models.

Conclusions

Xenobiotic metabolism can result in the formation of reactive metabolites that bind to
proteins and damage cells. Therefore, it is imperative to understand the interaction between
cell death with release of DAMPs and the resulting induction of a sterile inflammatory
response (innate immunity) and potentially also an adaptive immune response. Although the
main purpose of the immune response after cell death in the liver is the removal of necrotic
cell debris and initiation of repair, it also has the potential to aggravate the existing injury
through multiple pathways. However, it is incompletely understood when protein adducts act
as haptens and when DAMP release triggers a detrimental inflammatory response versus
promoting repair. The large number of studies published with controversial results indicates
the need for more detailed mechanistic studies that specifically address these controversies
and identify clinically relevant therapeutic targets.
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Figure 1. Mechanisms of Drug-induced Liver Injury through Innate or Adaptive |mmune
M echanisms

A. General scheme of the drug-induced formation of reactive metabolites and protein
adducts, which trigger necrosis and initiate a sterile inflammatory response by release of
damage associated molecular patterns (DAMPSs), the promotion of cytokine and chemokine
formation by activating pattern recognition receptors such as toll-like receptors (TLRSs), and
the consequent activation and recruitment of inflammatory cells, which can aggravate the
initial injury (see text for details). B. Sterile inflammatory response after acetaminophen-
induced liver injury. Part of the acetaminophen dose is metabolized to a reactive metabolite,
which triggers mitochondrial dysfunction and eventually DNA fragmentation resulting in
necrotic cell death. The release of DAMPs induces a sterile inflammatory response, which
recruits neutrophils and monocyte-derived macrophages. The preponderance of evidence
suggests that the inflammatory response does not aggravate the initial injury but removes
necrotic cell debris and supports regeneration (see text for details). Abbreviations: HMGB1
— high mobility group box 1 protein; HOCI — hypochlorous acid; ICAM-1 — intercellular
adhesion molecule-1; IL — interleukin; MHCII - major histocompatibility complex; MCP-1 —

Curr Pharmacol Rep. Author manuscript; available in PMC 2019 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Woolbright and Jaeschke Page 21

monocyte chemoattractant protein-1; mtDNA — mitochondrial DNA; RAGE - receptor for
advanced glycation end products; TLR — toll-like receptor.
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A brief list of idiosyncratic DILI-inducing drugs, their indication and the associated immune response.

Table 1

Representative IDILI- Inducing Drugs

Drug Indication: Immune Response: DILI Reference
Halothane volatile anesthetic eosinophils, NKT cells [92]

Diclofenac NSAID TH17 response including neutrophils and T cells | [101]

Tienilic Acid loop diuretic cellular necrosis and surrounding inflammation [102]
Dihydralazine | anti-hypertensive acute hepatitis [103]

Isoniazid antibiotic CYP2E1 Autoantibodies [104]
Amodiaguine antiparasitic T-Cell mediated, may involve PD-1 [93]
Flucloxacillin antibiotic T-Cell mediated, especially CD8+ [105]
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