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Abstract: Inflammatory liver diseases in the absence of pathogens such as intoxication by xenobiotics,
cholestatic liver injury, hepatic ischemia-reperfusion injury (I/R), non-alcoholic steatohepatitis
(NASH), or alcoholic liver disease (ALD) remain threatening conditions demanding specific
therapeutic options. Caused by various different noxae, all these conditions have been recognized
to be triggered by danger- or death-associated molecular patterns (DAMPs), discompartmentalized
self-structures released by dying cells. These endogenous, ectopic molecules comprise proteins,
nucleic acids, adenosine triphosphate (ATP), or mitochondrial compounds, among others. This review
resumes the respective modes of their release—passively by necrotic hepatocytes or actively by viable
or apoptotic parenchymal cells—and their particular roles in sterile liver pathology. It addresses their
sensors and the initial inflammatory responses they provoke. It further addresses a resulting second
wave of parenchymal death that might be of different mode, boosting the release of additional,
second-line DAMPs. Thus, triggering a more complex and pronounced response. Initial and
secondary inflammatory responses comprise the activation of Kupffer cells (KCs), the attraction
and activation of monocytes and neutrophil granulocytes, and the induction of type I interferons
(IFNs) and their effectors. A thorough understanding of pathophysiology is a prerequisite for
identifying rational therapeutic targets.

Keywords: sterile liver injury; acetaminophen (APAP) intoxication; cholestasis; hepatic
ischemia-reperfusion (I/R); non-alcoholic steatohepatitis (NASH); alcoholic liver disease (ALD);
danger-associated molecular pattern (DAMP); high mobility group box-1 (HMGB1); type I
interferon (IFN)

1. Introduction: Danger Self-Patterns in Sterile Liver Disease

Inflammatory liver diseases in the absence of pathogens are regarded “sterile”. Such conditions
include the intoxication by xenobiotics (e.g., by para-acetaminophenol, APAP), cholestatic liver injury,
hepatic ischemia-reperfusion injury (I/R), non-alcoholic steatohepatitis (NASH), or alcoholic liver
disease (ALD). They all keep serious conditions demanding rational therapeutic options, that the
thorough understanding of pathophysiology is a prerequisite for. Noxae in sterile liver diseases
are various different xenobiotic or even endogenous, biotic molecules. They initiate the release
of intracellular compounds either actively or passively from living or dying parenchymal cells.
In case of cell death, its mode determines a distinct profile of intracellular molecules that are
released into the extracellular space [1]. While necrotic cells are considered to release a bundle
of intracellular compounds due to the disruption of plasma membranes in the course of an unregulated
or unscheduled disintegration, apoptotic cells largely retain their constituents—packaged into
apoptotic bodies—while undergoing a regulated, programmed cell death. Recognition of the fact
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that these self-compounds are sensed by the host has challenged immunology, the hallmark of
which is the discrimination between self and non-self. Polly Matzinger realized that the immune
system, beyond, is able to distinguish between self-safe and self-dangerous entities that may arise
in pathological conditions [2,3]. These danger- or death-associated molecular patterns (DAMPs)
resemble a quite diverse group of discompartmentalized molecules. They comprise nucleic acids in
various conformations (e.g., single-/double-stranded (ss/ds) RNA or DNA), nuclear proteins (e.g.,
high mobility group box-1, HMGB-1), cytosolic proteins (e.g., keratin-18, K18), purine nucleotides
(e.g., adenosine triphosphate, ATP), or mitochondrial compounds (e.g., mtDNA, N-formyl peptides),
among others. Being sensed by evolutionary conserved pattern recognition receptors (PRRs) [4]
within the cytosol, as by nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs) or
retinoic acid-inducible gene (RIG)-1-like receptors (RLRs), or from the outside by membranous Toll-like
receptors (TLRs) or the receptor for advanced glycation end products (RAGE), DAMPs alert innate
immunity responses. Such responses initiate, for instance, the activation of liver resident Kupffer
cells (KCs) or dendritic cells (DCs) [5], the mobilization and activation of macrophages, monocytes
or neutrophil granulocytes, or the activation of type I interferons (IFN-α/β). It is the host response
to these first-line DAMPs that drives sterile liver disease progression. Ultimately, this results in a
more marked hepatocellular death, which may be of a different mode than the initial triggering one.
This can cause a further increase in a second-line of DAMPs, potentially of different composition,
and a more pronounced inflammation. In addition, healing processes might set in and are a challenge
for the elucidation of pathophysiology and the identification of therapeutic targets [6]. The relationship
between liver cell death and disease activity is evidenced by significant associations of serum alanine
aminotransferase (ALT) activity as an indicator for hepatocellular injury and the risk of mortality from
liver disease [7–9] or all-cause mortality [9,10]. This review summarizes current knowledge of the
contribution of first- and of second-line DAMPs in sterile liver disease pathology.

2. High Mobility Group Box-1 (HMGB1)

HMGB1 is a highly conserved, abundant, life essential, non-histone nuclear protein expressed in
almost all eukaryotic cells [11,12]. It consists of two DNA-binding domains, the N-terminal A-box and
the central B-box, and an acidic C-terminal tail. The protein contains two nuclear localization signals.
HMGB1 is involved in organizing and stabilizing genomic DNA. Binding less tightly than histones to
chromatin, its interaction with nucleosomes and histones loosens packed chromatin and enables its
remodeling. Its binding to the minor groove of DNA induces bends in the helical structure, enhancing
the interaction of various proteins with DNA and facilitating transcriptional activation. In case of
necrotic cell death, nuclear HMGB1 is passively released as a danger pattern [13].

Albeit lacking a signal peptide, HMGB1 also can be actively secreted into the extracellular
compartment, e.g., by hepatocytes or by cells of the innate immune system: the acetylation of the two
nuclear localization signals neutralizes acidic lysine residues and enables a translocation of acetylated
HMGB1 (acHMGB1) from the nucleus to the cytoplasm. From there it is either released in a process of
a programmed, pro-inflammatory cell death (pyroptosis) which is dependent on inflammasomes and
the activation of caspase-1 [14,15], or via exocytosis of secretory lysosomes [16,17].

Apart from its way of active or passive release, which is mirrored by its acetylation pattern,
HMGB1 is able to assemble with various DAMPs as well as with pathogen-associated molecular
patterns (PAMPs) such as ssDNA or lipopolysaccharides (LPS), respectively. Either alone or in a
complex it interacts with various PRRs as TLR4, TLR9 or RAGE [18,19], thereby contributing to
pathology in highly diverse ways [20,21]. For instance, promoting the interaction of nucleic acids and
their respective receptors (i.e., TLR9, RAGE) advances a type I IFN response [21].
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Moreover, the activity of HMGB1 has been shown to be dependent on the redox status of three
cysteine residues: C23 and C45 in the A box domain are able to form an intramolecular disulfide
bridge, and C106 in the B box domain. The redox state of HMGB1 released after pyroptosis is generally
in the disulfide form, after necrosis in the fully reduced or disulfide forms and after apoptosis in the
fully oxidized form [21]. Extracellularly, the fully reduced HMGB1 isoform interacts with the CXC
motif chemokine 12 (CXCL12) facilitating its chemoattractant activity, favoring tissue regeneration
in liver and muscle [22,23]. The disulfide HMGB1 isoform, in contrast, is recognized as a danger
pattern via TLR4 adaptor myeloid differentiation factor-2 (MD-2) promoting inflammation; specific
inhibition of binding protects mice against hepatic I/R injury, chemical toxicity, and sepsis [24].
Full oxidation of HMGB1 abrogates its chemokine and cytokine activities and associates with resolution
of inflammation [23,25].

2.1. HMGB1 in APAP Intoxication: A Passive Release from Dying Hepatocytes Followed by an Active Release
from KCs

APAP intoxication is the leading cause of acute liver injury and acute liver failure in Western
countries [26]. It is characterized by a necroinflammatory injury pattern. Specifically, in addition
to fulminant necrosis of hepatocytes in the centrolobular areas, activation of KCs occurs as
learnt from microscopic examination of liver sections from poisoned patients [27] (Figure 1).
In clinical APAP hepatoxicity, quantification of total and of acHMGB1 serum levels have been
used as indicators for the extent of necrotic cell death and for the onset of the immune response,
respectively [28]. Expectedly, a first rise in total HMGB1 was followed by a timely delayed rise
in acHMGB1; and both parameters were found to be associated with a worse outcome [28].
Notably, and of predictive relevance, total HMGB1 release was found to precede the rise in ALT
activity [29]. Moreover, two prospective cohort studies recently demonstrated HMGB1 to be
qualified as a risk stratification biomarker in paracetamol overdose [30]. The activation of KCs
with the secretion of pro-inflammatory cytokines and chemokines resembles a first response to
DAMPs that were released by damaged hepatocytes. Experimental evidence for a role of hepatocyte
HMGB1 comes from mice with hepatocyte-specific Hmbg1 knock-out. Subjected to APAP intoxication,
HMBG1-deficient mice displayed significantly decreased inflammation and neutrophil granulocyte
recruitment when compared to their wild-type counterparts [31,32]. This finding supports data
obtained in mice lacking the HMGB1 receptor RAGE on bone marrow-derived cells. Together, data are
indicative for an interaction between hepatocyte-derived HMBG1 and KC-derived RAGE resulting
in neutrophil-mediated amplification of the initial injury [31,32]. Besides the chemotactic capacity of
extracellular HMGB1 and other danger patterns released by necrotic hepatocytes [33], the recruitment
of neutrophils is regarded as a secondary response to second-line mediators released by activated
KCs. Whether this particular secondary response in APAP intoxication contributes to liver injury
or whether this inflammation might be beneficial in terms of the removal of necrotic cell debris and
regeneration is a matter of debate as recently reviewed by Wollbright and Jaeschke [34]. Likewise,
autophagy was recognized to be involved in pathophysiology of APAP-induced liver injury in an
antagonizing, hepatoprotective way [35,36]. The removal of dysfunctional mitochondria (mitophagy)
attenuates liver injury [35,37].
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Figure 1. Schematic outline on key events in sterile liver disease conditions. Cell injury of hepatic parenchyma 
can be provoked by many different noxae such as xenobiotics in intoxication conditions (e.g., APAP), 
endogenous compounds in cholestatic obstruction (e.g., bile acids) or NASH (e.g., free fatty acids (FFAs), the 
generation of reactive oxygen species (ROSs) in I/R conditions, or by ethanol in ALD. The release of DAMPs in 
a first line is common to all conditions. It might be accomplished either actively via secretion from viable or from 
dying, apoptotic cells or passively via leaking out from necrotic cells. In APAP intoxication, necrotic cell death 
predominates with the release of HMGB1, mtDNA, and N-formyl peptides (NFP). In cholestasis, bile acids cause 
a disintegration of hepatocytes, thereby generating a shunt and allowing bile constituents to reach the blood 
stream and to act also on KCs. In experimental I/R injury, the first insult was demonstrated to be an active 
secretion of acHMGB1 from intact hepatocytes, while in later stages IFNs become involved in. In the 
pathogenesis of NASH, concomitant apoptotic and necrotic death of hepatocytes caused by different lipid 
entities is indicated with the regulated, active release of ATP by apoptotic cells and the passive release of HBMG1 
and mtDNA by necrotic cells. In ALD, ethanol-driven apoptosis of parenchymal cells is superposed by microbial 
products, e.g., LPS, as a result of an impairment of the intestinal mucosa and an increased gut permeability. The 
first line of DAMPs released by hepatocytes provokes release of a second line of DAMPs and mediators by 
resident KCs and granulocytes. The composition of second-line DAMPs and mediators governs a secondary 
innate immune response. This secondary response might comprise cell death of different mode than the initial 
one, further attraction of neutrophils and monocytes from the circulation, and the induction of an IFN response, 
thus boosting sterile hepatic inflammation. 

2.2. HMGB1 in Cholestatic Liver Injury 

Similar to the necroinflammatory injury pattern in APAP intoxication, cholestatic liver injury in 
humans is featured by necrotic cell death (Figure 1). This is supposedly due to lesions in bile duct 
canaliculi causing a noxious accumulation of bile acids in hepatocytes, and is associated with 
subsequent sterile inflammatory response [38,39]. In a recent experimental model, bile micro-infarcts 
were displayed by intravital microscopy [40]. Imaging revealed a compromised mitochondrial 
membrane potential in hepatocytes followed by rupture of the apical hepatocyte membrane. Apart 
from their effect on parenchymal cells, these bile infarcts constitute a trans-epithelial shunt between 
bile canaliculi and sinusoids by which bile constituents leak into blood [40]. In line with in vitro data 
on human primary hepatocyte cultures exposed to physiological biliary concentrations of human bile 
acids, measurements on patient samples revealed substantial elevation of native, hypoacetylated 

Figure 1. Schematic outline on key events in sterile liver disease conditions. Cell injury of hepatic
parenchyma can be provoked by many different noxae such as xenobiotics in intoxication conditions
(e.g., APAP), endogenous compounds in cholestatic obstruction (e.g., bile acids) or NASH (e.g., free
fatty acids (FFAs), the generation of reactive oxygen species (ROSs) in I/R conditions, or by ethanol
in ALD. The release of DAMPs in a first line is common to all conditions. It might be accomplished
either actively via secretion from viable or from dying, apoptotic cells or passively via leaking out
from necrotic cells. In APAP intoxication, necrotic cell death predominates with the release of HMGB1,
mtDNA, and N-formyl peptides (NFP). In cholestasis, bile acids cause a disintegration of hepatocytes,
thereby generating a shunt and allowing bile constituents to reach the blood stream and to act also
on KCs. In experimental I/R injury, the first insult was demonstrated to be an active secretion of
acHMGB1 from intact hepatocytes, while in later stages IFNs become involved in. In the pathogenesis
of NASH, concomitant apoptotic and necrotic death of hepatocytes caused by different lipid entities is
indicated with the regulated, active release of ATP by apoptotic cells and the passive release of HBMG1
and mtDNA by necrotic cells. In ALD, ethanol-driven apoptosis of parenchymal cells is superposed by
microbial products, e.g., LPS, as a result of an impairment of the intestinal mucosa and an increased
gut permeability. The first line of DAMPs released by hepatocytes provokes release of a second line of
DAMPs and mediators by resident KCs and granulocytes. The composition of second-line DAMPs and
mediators governs a secondary innate immune response. This secondary response might comprise cell
death of different mode than the initial one, further attraction of neutrophils and monocytes from the
circulation, and the induction of an IFN response, thus boosting sterile hepatic inflammation.

2.2. HMGB1 in Cholestatic Liver Injury

Similar to the necroinflammatory injury pattern in APAP intoxication, cholestatic liver injury
in humans is featured by necrotic cell death (Figure 1). This is supposedly due to lesions in bile
duct canaliculi causing a noxious accumulation of bile acids in hepatocytes, and is associated with
subsequent sterile inflammatory response [38,39]. In a recent experimental model, bile micro-infarcts
were displayed by intravital microscopy [40]. Imaging revealed a compromised mitochondrial
membrane potential in hepatocytes followed by rupture of the apical hepatocyte membrane.
Apart from their effect on parenchymal cells, these bile infarcts constitute a trans-epithelial shunt
between bile canaliculi and sinusoids by which bile constituents leak into blood [40]. In line with
in vitro data on human primary hepatocyte cultures exposed to physiological biliary concentrations
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of human bile acids, measurements on patient samples revealed substantial elevation of native,
hypoacetylated HMGB1, serum ALT activities, and a lack of apoptotic biomarkers [41,42]. Because of
their amphipathic properties, bile acids were thought to injure the liver directly through their detergent
cytolytic effects [43]. More recent findings however point to the initiation of an inflammatory response
mediated by the transcription factor Egr1 (early growth response protein 1) and the induction of
chemokines, among others, in hepatocytes [43]. In addition to the effects of bile acids on parenchymal
cells, bile acids are described to affect and shape macrophage functions [43–46]. Thus, bile acids
may contribute by acting on different target cells to pathophysiology in cholestatic liver diseases.
Neutrophil recruitment is likely to be mediated by acHMGB1, which was also found in patient samples.
However, other mediators of chemotaxis may also be increased. Neutrophil granulocytes are supposed
to be the final executors in cholestatic liver injury [38,43].

2.3. HMGB1 in I/R Injury: Early Active Secretion by Hepatocytes

Temporal partial or total obstruction of blood supply and its restoration occur in several disease
conditions or during surgical interventions. With regard to the liver, it is encountered during
trauma, or unavoidably during surgical procedures as resections or organ transplantation. Ischemia
and reperfusion (I/R) injury is characterized by the generation of reactive oxygen species (ROSs).
In experimental I/R injury, ROSs have been demonstrated to initiate the active release of acHMGB1
from viable hepatocytes in response to hypoxia [19,47] (Figure 1). This process was shown to be
dependent on TLR4 [48]. In an independent investigation, the active release of acHMGB1 from
hepatocytes exposed to oxidative stress was shown to be mediated by histone deacetylases, a family
of enzymes that remove acetyl groups not only from histones but also from other proteins including
HMGB1 [47]. It is hypothesized that histone deacetylases are compromised in activity due to oxidative
stress, thus promoting hyperacetylation and subsequent release of acHMGB1, in the absence of
necrosis. By employing a transgenic mouse model with conditional Hmbg1 ablation in epithelial but
not bone marrow-derived cells, disulfide HMGB1 was shown to be a key mediator whose absence
in epithelial cells correlates with reduced neutrophil recruitment and liver injury [32]. A report
showing that hepatocyte-specific genetic deletion of Hmbg1 increases susceptibility to cellular death
in an experimental I/R setting—due to increased nuclear instability—is apparently opposing [49];
differences in genetic deletion strategies may have to be considered.

3. Keratin 18 (K18)

Keratin 18 (K18) is the major epithelial-specific intermediate filament protein in the liver, expressed
by hepatocytes and cholangiocytes, and its epitopes are specifically recognized by two monoclonal
antibodies [50,51]. During apoptosis, K18 is one of the most prominent substrates of activated caspases.
Cleavage generates a neo-epitope suitable to discriminate cleaved fragments from the intact protein
by a third monoclonal antibody. In the course of apoptotic cell death, caspase-cleaved K18 fragments
contribute to the formation of cytoplasmic inclusion bodies, which are released into blood [52,53].
During necrotic cell death in the liver, intact K18 is released into blood, where it circulates within
extracellular vesicles [54]. Fragmented K18 and total K18 levels are thus regarded to reflect apoptotic
and total cell death, respectively, while the ratio serves as an apoptotic index [54]. K18, so far,
raised attention because of its utility in the discrimination of cell death modalities and as a biomarker
for liver injury, rather than as a DAMP. This is the reason it is referred to in this context.

3.1. NASH: K18 Fragments as an Indicator for Apoptotic Cell Death

NASH is a progressive inflammatory liver disease that develops from non-alcoholic fatty liver, a
condition that affects around 25% of the Western and Asian population [55]. Although pathogenesis is
yet not well delineated, an altered lipid metabolism with lipid overload in hepatocytes is assumed
to contribute to lipotoxicity and to oxidative stress [56,57]. Notably, serum ALT activity is frequently
within the normal range and has only limited sensitivity and specificity as a NASH disease marker [58].
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Early results showing caspase-cleaved K18 fragments to be increased in patients with NASH when
compared to patients with simple steatosis supported apoptotic cell death in NASH. These findings
were in agreement with the lack of elevated serum transaminase activities in patients as well as with
basic research studies that favor a free fatty acid (FFA)-mediated mito-apoptotic pathogenesis [59]
(Figure 1). However, clinical evaluation of the diagnostic performance of K18 fragments is still
ambiguous (reviewed in [54]) arguing for additional tissue damaging effector mechanisms.

3.2. ALD: Roles for Cleaved and Native K18 as Diagnostic and Prognostic Biomarkers

Similar to NASH, also in ALD serum ALT activity is often only minimally increased. This might
be due to an endogenous suppression of the ALT enzyme by ethanol [60]. Likewise, it might point
towards apoptosis as the main cell death mode (Figure 1). Serum levels of caspase-cleaved K18
fragments—as indicators for apoptotic cell death—were shown to be associated with disease activity
and proposed as a diagnostic marker. In contrast, serum levels of uncleaved K18—used as indicators
for necrotic cell death—were described to be associated with mortality. Thus, they are suggested as a
prognostic marker in ALD in the longer term [61–63].

4. Adenosine Triphosphate (ATP)

ATP is a nucleotide that constitutes the main source of energy for most cellular processes.
Under physiologic aerobic conditions, it is generated mainly within mitochondria during tricarboxylic
acid cycle and respiratory chain and to a lesser extent within the cytoplasm during glycolysis.
Through dying cells, ATP is released either passively along with other intracellular contents in
the course of necrotic disintegration, or actively in the course of apoptosis. In case of necrosis
and also of necroptosis, a cell death mode that is initiated by death receptor ligand binding (as
in extrinsic apoptosis) but with a necrotic outcome; however, cellular disintegration is preceded
by a mitochondrial impairment and a decline of ATP [64]. In case of apoptosis, release of ATP
was shown to be caspase-dependent, not due to leakage of cytoplasmic contents or increased
membrane permeability [65], but mediated by plasma membrane channels [66]. Extracellular ATP
contributes to tissue homeostasis, as it is chemoattractant for phagocytes (monocytes, macrophages,
dendritic cells (DCs), neutrophils) and functions as an endogenous ‘find-me’ signal to the site
of apoptotic cells [65]. By acting on ATP-binding purinergic receptors (P2R) on phagocytes,
ATP triggers the cytosolic inflammasome danger signal sensing component NLRP3 (pyrin domain
containing-3 protein), a NOD-like receptor. The activation of caspase-1, in turn, catalyzes the
proteolytic activation of pro-inflammatory interleukin (IL)-1β and IL-18 and facilitates secretion [65,67].
Recruitment and activation of phagocytes by nucleotides is also subject to regulation on different levels:
phosphohydrolysis of nucleotides by ectonucleotidases may limit ATP abundance, and nucleoside
binding purinergic receptors (P1R) on T effector cells may have opposing, i.e., immunosuppressive,
effects [68].

4.1. NASH: Confirmatory Evidence for Apoptotic Hepatocellular Death along with Necrotic Cell Death

NASH is featured by an apoptotic cell death of hepatocytes driven by lipotoxic molecules as
saturated FFAs or free cholesterol (FC) [59,69,70]. Both of the two fundamental pathways of apoptosis,
the extrinsic and the intrinsic one, have been evidenced to contribute to hepatic lipotoxicity in
NASH [71]. FFA-induced lipoapoptosis in human hepatocytes has been shown to stimulate the
release of ATP, capable of stimulating migration of human monocytes [72,73]. Liver samples from
NASH patients present significant increase in inflammasome gene expression (NLRP3, caspase 1,
and others) when compared to normal human livers [74] or to liver samples from patients with
non-alcoholic fatty liver [75]. These data support the view that ATP released by apoptotic hepatocytes
in response to FFAs participates in the recruitment of monocytes in chronic liver injury.
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In addition to hepatocyte apoptotic cell death in NASH livers, there is evidence for necrotic cell
death as well. Free cholesterol accumulates in human NASH [76,77], and it has been demonstrated
to cause hepatocyte apoptotic and necrotic death by activating c-Jun N-terminal kinase 1 (JNK1) [78].
Lipotoxic injury involves mitochondrial permeability transition (MPT) with cytochrome c release,
mitochondrial injury, oxidative stress, and ATP depletion culminating in both, apoptosis and necrosis.
Secretion of HMGB1 from lipotoxic hepatocytes, moreover, is suggested to facilitate a paracrine
cytolytic effect on neighbouring, cholesterol-loaded hepatocytes, which operates via TLR4 [78,79].

4.2. ALD: DAMPs and PAMPs

In the pathogenesis of ALD, hepatocyte apoptosis is an early event, too, preceding KC-dependent
liver inflammation [80]. Alcohol-induced hepatocyte apoptosis has been shown to be triggered by
endoplasmic reticulum (ER) stress involving the ER-resident adaptor STING (stimulator of IFN genes)
and the activation of the transcription factor IFN regulatory factor (IRF)-3. STING is a cytosolic PRR for
cytosolic DNA. However, while the actual activator of STING remains to be identified, IRF-3 has been
shown to be phosphorylated and linking alcohol-induced ER stress with the mitochondrial pathway
of hepatocyte apoptosis [80]. In the course of prolonged ethanol exposure, additional processes come
into effect and contribute to a more complex pathology. As it applies to the other liver conditions,
parenchymal cell death causes inflammation, and alcoholic steatohepatitis is considered to be an
enhanced stage of ALD. Additionally, an increased gut permeability by ethanol and a dysbalance of
pathogenic and commensal organisms have been recognized as major pathogenic factors in ALD [81].
Both conditions result in higher amounts of LPS, a pathogen pattern of Gram-negative bacteria,
in portal and systemic blood of patients with ALD [82,83]. LPS is a potent bacterial endotoxin that is
sensed by TLR4 after binding to a co-receptor, CD14, the prototypical PRR. In ALD, recognition of
DAMPs from apoptotic hepatocytes thus is superposed by the recognition of PAMPs from gut bacteria.
In this regard, ALD does not represent a true sterile inflammatory liver disease.

5. Mitochondrial DAMPs

According to the endosymbiont theory of bacteria, mitochondria evolved from energy producing
proteobacteria to eukaryote organelles [84–86]. Their prokaryotic origin explains structural and
molecular similarities with bacteria and a difference from eukaryotes. Like bacteria, mitochondria
encode for N-formylated proteins (the initiating amino acid for which is fMet) in contrast to
nuclear-encoded proteins. Like the bacterial genome, mitochondrial-derived nucleic acids feature
unique structures and properties including (i) a higher proportion of unmethylated CpG dinucleotide
motifs different to nuclear DNA, (ii) dsRNA which arises from the bi-directional transcription of
the circular genome, (iii) uncapped RNAs, (iv) a three-stranded D-loop structure, an intermediate of
mitochondrial DNA (mtDNA) replication, and (v) a higher susceptibility towards oxidation. All these
entities—N-formyl peptides (NFPs) and mtDNA with its related species—are recognized as foreign
signatures. They are released in the process of ROS-driven mitochondrial membrane permeability
transition. During necrosis or necroptosis where plasma membranes are ruptured, mtDAMPs are
leaked out into the extracellular space. However, during apoptosis they remain within the cytosol or
are packaged into apoptotic bodies.

NFPs are potent chemoattractants acting at the outside, intercellularly. They are sensed by NFP
receptors (FPR) which are expressed at high levels on neutrophil granulocytes and mononuclear
phagocytes. Ligand binding results in a directed migration to the site of injury, to the production of
ROSs and the release of proteolytic enzymes [87,88], fueling a secondary sterile inflammatory response.
More specifically, in a hierarchy of directional cues including ATP and the macrophage-derived
chemokine CXCL2, NFPs were shown to override other chemotactic signals [89] and to guide
neutrophils through non-perfused areas and attract them to sites of sterile inflammation in vivo [90].
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MtDNA, released into the cytosol in apoptotic cells, was shown to be sensed by the cyclic GMP-AMP
synthase (cGAS), which is a sensor for delocalized, i.e., cytosolic DNA, and which triggers—after interaction
with STING—a type I IFN response. This pathway; however, was demonstrated to be suppressed by
caspases in the apoptotic cell, thus rendering mitochondrial apoptosis immunological silent [91,92]. Besides,
the intracellular release of mtDAMPs by damaged mitochondria is counteracted by autophagy, which is an
evolutionarily conserved cellular core process that facilitates the removal of abnormal cellular constituents
and organelles [93].

MtDNA released into the cytosol of compromised, non-apoptotic cells, in contrast, can effectively
engage at least three DNA sensors. MtDNA may trigger pro-inflammatory responses through
the activation of NLRP3 inflammasomes and the release of the mature cytokines IL-1β and IL-18.
They further may stimulate type I IFN responses through agonizing TLR9. Finally, mtDNA may
activate the cGAS-STING pathway resulting in type I IFN induction as well [86].

MtDNA released into the extracellular space is sensed by TLR9 from macrophages or neutrophils
resulting in the release of pro-inflammatory mediators as tumor necrosis factor alpha (TNF-α) or IL-6
or adhesion molecules [86].

Type I IFNs (IFN-α, IFN-β), in turn, activate transcription of so-called IFN-stimulated genes
(ISGs) after binding to their cell surface receptor, IFN-α/β receptor (IFNAR). Signaling takes place
via the JAK-STAT(Janus kinase and Signal Transducer and Activator of Transcription proteins)
pathway resulting in the formation of the IFN-stimulated gene factor 3 (ISGF3) complex, consisting of
phosphorylated STAT1 and STAT2 proteins and IRF-9 [94]. The heterotrimeric transcription factor
translocates to the nucleus where it binds to IFN-stimulated regulatory elements (ISRE) in promoter
and enhancer regions, the motif ISGs are defined by. Hundreds or approximately 5% of the total
number of cellular genes are stimulated by an IFN treatment [94–96]. Among them are proteins
involved in signal transduction as JAK2, STAT1/2, and IRF-9, able to reinforce the IFN response,
and chemokines such as CXCL2 or CXCL10 [96]. ISGs, moreover, comprise PRRs as TLRs, cGAS and
STING [97], activation of which enhances sensitizing for PAMPs and DAMPs [94]. Beyond that,
two ISGs that are released by macrophages have recently been identified as DAMPs themselves,
namely N-myc and STAT interactor (NMI) and IFN-induced protein 35 (IFP35) [98]. So far, roles for
ISGs in the pathology of sterile liver diseases beyond just sensing DAMPs as in NASH (via TLR9) and
in ALD (via STING), have been reported for APAP intoxication and more particularly for I/R injury
(Table 1).

Table 1. IFN-regulated genes (ISGs) with evidence for contributing to sterile liver pathology.

General Role ISG Specific Role in Sterile Liver Disease Ref

IFN signaling JAK2 STAT1/2

IFNAR-deficiency protects from liver injury I/R [99]
IFN-α promotes liver injury I/R [100]
IFNAR-deficiency delays experimental
intoxication injury APAP [101]

Transcription factors

IRF-1

hepatocellular graft IRF-1 promotes
experimental liver transplant injury I/R [102]

promotes experimental liver injury by
enhancing hepatocyte apoptosis I/R [100]

promotes injury via IL-15 I/R [103]
promotes injury via activation of PMNs I/R [104]
activates autophagic cell death, aggravates
hepatic injury I/R [105,106]

mediates HMGB1 release I/R [105,106]

IRF-2 IRF-1 antagonist, protective against liver injury I/R [107]

IRF-3 linking alcohol-induced ER stress with
hepatocyte apoptosis ALD [80]

IRF-9 mediator of liver injury I/R [108]
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Table 1. Cont.

General Role ISG Specific Role in Sterile Liver Disease Ref

Sensitizing for
DAMPs

TLR4

involved in ROS-mediated HMGB1 release in
liver injury I/R [48]

engages disulfide-HMGB1 thereby promoting
liver injury I/R [24]

mediates KC type I IFN activation in
experimental liver injury I/R [99]

facilitates HMGB1-driven paracrine cytolytic
effect on cholesterol-loaded hepatocytes NASH [78,79]

senses NMI and IFP35 in experimental
liver intoxication APAP [98]

TLR9
senses mtDNA in experimental intoxication APAP [109]
promotes experimental liver injury NASH [110]

cGAS
promotes exp. liver injury by sensing
extracellular DNA APAP [101]

deletion of cGAS aggravates experimental liver
injury independent of STING I/R [111]

STING

promotes exp. liver injury by sensing
extracellular DNA APAP [101]

promotes IRF-3-mediated parenchymal
apoptotic cell death in response to alcohol ALD [80]

Acting as DAMPs
NMI

released by activated macrophages acting on
TLR4 in experimental intoxication APAP [98]

NMI deficiency reduces liver injury
and mortality APAP [98]

IFP35 released by activated macrophages acting on
TLR4 in experimental intoxication APAP [98]

5.1. MtDAMPs in APAP Intoxication: A Further Piece of Evidence for a Primarily Necrotic Cell Death and
a Role for IFNs

Mitochondrial DAMPs are detectable in the circulation of patients with APAP-induced liver
injury [112]. This finding is in line with the evidence outlined above for a primarily necrotic
injury pattern with the release of hypoacetylated, nuclear-derived HMGB1 (2.1.). Patients with
more mitochondrial damage were shown to be those with a worse prognosis [113], in line with the
above-mentioned relationship between liver cell death and mortality in general. Mitochondria are
supposed to be central in APAP hepatoxicity in humans [112,113], as APAP-induced hepatotoxicity
arises out of the biotransformation of the drug with a depletion of glutathione (GSH) and a subsequent
impaired mitochondrial respiration. The resultant decline of ATP levels leads to loss of plasma
membrane homeostasis culminating in necrosis. This particular step in the process of cellular
disintegration, i.e., cellular swelling as a consequence of rapid decrease in ATP, is also termed oncosis
and is thought to contribute to intoxication pathology. In mouse models of APAP intoxication,
mtDAMPs have been shown to contribute to neutrophil-mediated injury as blocking the receptors for
NFPs (i.e., FPR1) and for mtDNA (TLR9) reduced liver injury [109]. Another group confirmed the
release of large amounts of DNA after APAP overdose, its deposition within the liver microvasculature
and its lining along the sinusoidal lumen [101]. Furthermore, the authors demonstrated sensing
of DNA via cGAS and STING, as mice deficient in cGAS or STING were completely resistant to
APAP-induced liver injury. Moreover, by employing IFNAR-deficient mice and in vitro analyses on
hepatocytes and non-parenchymal cells they provided evidence for a role of non-parenchymal type I
IFNs in amplification of liver injury [101].

In line with the release of mtDNA in a necrotic APAP intoxication pathology, is the finding
of the expression of two ISGs. In APAP treated mice, NMI and IFI35 were shown to be released
by macrophages into circulation, acting on macrophages through TLR4 and nuclear factor kappa B
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(NF-κB) pathways inducing pro-inflammatory cytokines [98]. NMI deficiency was shown to reduce
liver injury [98].

5.2. MtDAMPs in NASH: Evidence for Necrotic Cell Death Too

Liver biopsy specimens from patients with non-alcoholic fatty liver or NASH have been found to
feature both structural and functional mitochondrial anomalies [114]. Structural anomalies include
organelle enlargement, while functional anomalies eventuate in an enhanced production of ROSs or
the accumulation of lipid peroxides [114]. They also feature a higher hepatocyte mitochondria content,
and up-regulation of the mitochondrial respiratory capacity is supposed to be a protective adaptation
in non-alcoholic fatty livers [115]. As this enhanced respiratory capacity is not detectable in NASH
livers, an impaired respiratory capacity coupled to oxidative stress is suggested to be linked to the
development into NASH [115].

Furthermore, plasma from patients with NASH was recently shown to contain intact mitochondria
and high levels of mitochondrial oxidized DNA enclosed into microparticles of hepatocyte
origin [110,116]. Depletion of microparticles from plasma samples derived from obese patients with
elevated ALT activities abrogated their ability to activate a TLR9 reporter cell line. By employing a
Lysozyme-Cre approach to knock-out TLR9 in myeloid-derived cells, the cell type responsible for
TLR9 signaling could be identified as lysozyme-expressing in an in vivo animal model. Extracellular
vesicles thus may act as vectors or vehicles to direct the danger pattern from lipid-laden hepatocytes
to TLR9- and lysozyme-expressing cells and thus to communicate between injured liver parenchyma
and myeloid innate immune cells [110,116,117].

5.3. MtDAMPs in I/R Injury: Contribution of IFNs

In I/R injury, the initial release of acHMGB1 by non-compromised hepatocytes is an active
process regulated by ROS signaling [19]. It is followed by a second and a third burst of ROSs released
by activated KCs and granulocytes, respectively, partly in response to chemoattractant acHMGB1,
exacerbating sterile inflammation. This oxidative stress further promotes necrotic cell death with the
release of both mitochondrial and nuclear DNA into the cytosol and into circulation.

Consistent with the high abundance of extracellular DNA in I/R injury, IFNs have been shown to
contribute to liver I/R injury. IFNAR- but not IFN-γ receptor (IFNGR)-deficient mice failed to elicit
inflammatory response and were protected from I/R injury [99]. Particularly, type I IFN signaling
was shown to be crucial for mediating synergy between non-parenchymal and parenchymal cells:
in response to TLR4 activation, KC-derived type I IFN favors the release of ISGs by hepatocytes,
for instance of the chemokine CXCL10.

Likewise, by employing plasmacytoid DC-depleted mice, plasmacytoid DC-derived type I IFN
has been shown to promote liver I/R injury by the induction of the ISG IRF-1 from hepatocytes [100].
IRF-1 is known to regulate apoptosis [118,119] and has been shown to enhance hepatic apoptosis in
this experimental model as well [100]. IRF-1 indeed has been shown to be up-regulated in human liver
allografts after reperfusion [103]. In an orthotopic liver transplantation animal model, IRF-1 deficiency
was shown to protect from liver damage [102]. Moreover, IRF-1 has been shown to mediate the
initial step in I/R pathogenesis, namely the acetylation and release of HMGB1 from hepatocytes [120].
This and further evidence for the involvement of ISGs, that is a type I IFN response, in hepatic I/R
injury is summarized in Table 1.

6. Conclusions

To this end, knowledge about pathogenic mechanisms in sterile liver disease conditions is still
fragmentary. Evidently, endogenous noxae are identified as well as the primary mode of parenchymal
insult they cause. DAMPs, in turn, were demonstrated to trigger a variety of pro-inflammatory
processes, the entirety of which appears not yet fully sized. A more thorough understanding of
pathophysiology is required to advance rational therapeutic approaches for each of these conditions.
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Abbreviations

acHMGB1 acetylated high mobility group box-1
ALT Alanine aminotransferase
ALD Alcoholic liver disease
APAP para-Acetaminophenol
ATP Adenosine triphosphate
cGAS cyclic GMP-AMP synthase
CXCL CXC motif chemokine
DAMP Danger-associated molecular pattern
DC Dendritic cell
FFA Free fatty acid
HMGB1 High mobility group box-1
K18 Keratin-18
IFN Interferon
IFNAR IFN-α/β receptor
IFP35 IFN-induced protein 35
IL interleukin
I/R Ischemia/reperfusion
IRF Interferon regulatory factor
ISG IFN-stimulated gene
KC Kupffer cell
LPS Lipopolysaccharide
mtDNA mitochondrial DNA
NASH Non-alcoholic liver disease
NFP N-formyl peptides
NLR NOD (nucleotide-binding oligomerization domain)-like receptor
NLRP3 pyrin domain containing-3 protein
NMI N-myc and STAT interactor
NOD Nucleotide-binding oligomerization domain
P1R Purinergic receptor, nucleoside binding
P2R Purinergic receptor, nucleotide binding
PAMP Pathogen-associated molecular pattern
PRR Pattern recognition receptor
RLR RIG-I (retinoic acid-inducible gene-I)-like receptor
ROS Reactive oxygen species
RAGE Receptor for advanced glycation endproduct
RIG-1 Retinoic acid-inducible gene-1
STAT Signal transducer and activator of transcription
STING Stimulator of interferon genes
TLR Toll-like receptor
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