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CHAPTER 1: INTRODUCTION

1

Introduction

1.1

Cytokines in liver injury – an overview

The immune system is composed of many interdependent cell types that collectively protect
the body from bacterial, parasitic, fungal, viral infections and from the growth of tumor cells.
Many of these cell types have specialized functions. The cells of the immune system can engulf
bacteria, kill parasites or tumor cells, or kill viral-infected cells. The acute inflammatory response
is a key part of the immune system and consists of the sequential release of mediators and the
recruitment of circulating leukocytes, which become activated at the inflammatory site and
release further mediators. However, in most cases, the inflammatory response is resolved by the
release of endogenous anti-inflammatory mediators (anti-inflammatory cytokines) as well as the
accumulation of intracellular negative regulatory factors. Thus, the inflammatory cells are cleared
at an appropiate time, i.e. by physiological cell death called apoptosis. However, the persistent
accumulation and activation of leukocytes are a hallmark of chronic inflammation, suggesting a
dysfunction of these negative regulatory mechanisms. Current clinical approaches to the treatment
of inflammation mostly focus on the inhibition of pro-inflammatory mediator production and the
suppression of the initiation of the inflammatory response, i.e. the suppression of positive
signaling pathways of pro-inflammatory cytokines. Cytokines are low-molecular-weight
(generally < 30 kD) mediators of cellular communication that are produced and released by
virtually every nucleated cell type such as leukocytes, dendritic cells, epithelial cells, hepatocytes,
fibroblasts and, of particular relevance to liver disease, Kupffer cells (KCs) under physiological
and pathological conditions 1. They bind to specific cell-surface receptors present on target cells,
inducing an intracellular signaling cascade that may alter certain cell functions, such as cellspecific functions, proliferation, migration, adhesion, and apoptosis. Many cytokines act
synergistically either by binding to the same cell-surface receptor, or by overlapping of
intracellular signaling molecules. Many cytokines have pleiotropic functions that even allow
induction of antagonistic effects by a single cytokine. Cytokines were first described as
immunomodulating agents and to date host defence ranks as their most prominent function.
Without cytokines, the fast, efficient, and multifaceted immune response challenged every day
would not be possible. Many more features have been ascribed to cytokines, giving rise to
cytokine subgroups with specific activities. These include interleukins, growth factors,
interferons, and chemokines. In embryonal development, cytokines induce or suppress regulators
that are essential for pattering, development of organs, and differentiation of cells. These
cytokines may have functions in adult that are very different to those in embryogenesis, or they
may be closely related. These examples demonstrate that the cytokine network spun between
single cells, tissues, and organs follows highly complicated rules that are far from being
understood 2.
The liver follows these rules by hosting cells that are highly susceptible for the action of
cytokines 3, 4. Hepatocytes bear a variety of cytokine receptors: receptors for interleukin 1 alpha
6
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(IL-1α), interleukin 1 beta (IL-1β), tumor necrosis factor (TNF), and interleukin 6 (IL-6) may
gain control over synthesis of plasma proteins that are produced mainly by hepatocytes.
Moreover, receptors for growth factors such as insulin-like growth factor 1 and 2 (IGF-1/2),
epidermal growth factor (EGF) and transforming growth factor alpha (TGF-α) may control
proliferation of hepatocytes during embryogenesis or loss of hepatocytes after acute liver injury. It
is not surprising that many types of liver disease are associated with dysregulated cytokine
metabolism, as the liver is both a major producer and scavenger of cytokines. Most cell types in
the liver such as Kupffer cells, hepatocytes, stellate cells, and lymphocytes are able to either
synthesize or respond to cytokines. Depending on the cause of liver disease, several infectious,
non-infectious, and metabolic agents may act as primary stimuli for cytokine production 1. In
advanced stages of liver diseases, endotoxin may play a central role in the perpetuation of this
process. Elevated circulating levels of TNF, IL-1β, IL-6 and IFN-γ have been described in most
patients with chronic liver disease irrespective of the etiology of the liver disease 5-8. Nonparenchymal cells complete the picture of the liver being a cytokine-administrated organ by their
ability to synthesize a variety of cytokines. Kupffer cells (KCs), resident tissue macrophages,
have been shown to synthesize pro-inflammatory cytokines such as interleukin 1 (IL-1), IL-6, and
TNF upon activation due to phagocytosis or binding of activation-triggering compounds such as
endotoxin 9. Released cytokines may stimulate hepatocytes and other non-parenchymal cells in a
paracrine manner. Activation of KCs may also be induced by cytokines such as interferon gamma
(IFN-γ), whose receptors are expressed on KCs. Chemokines are released by KCs and mediate
immigration of neutrophils and blood monocytes supported by chemokine release from hepatic
stellate cells (HSCs). Sinusoidal endothelial cells (SECs) are targets for pro-inflammatory
cytokines to express cell adhesion molecules and may produce such cytokines. In liver fibrosis,
KCs and HSCs are important sources for TGF-β, the paracrine or autocrine key mediator of
increased deposition of extracellular matrix proteins.
In the last few years, it has been suggested that in most cases hepatocellular injury is not due to
the damaging agent itself but to the inflammatory cells that have been attracted by the stressed
hepatocytes. In contrast, to sustained hepatocellular damage, acute hepatitis is a temporary event
that finishes with normal liver histology and function. In fact, hepatotoxins (drugs, infectious
agents) may induce a stress situation in hepatocytes with subsequent release of chemokines
followed by accumulation of inflammatory cells and subsequent hepatocellular damage 10.
Finally, the liver represents a critical organ in human cancer. Heptocellular carcinoma is one of
the most frequent cancers worldwide with increasing incidence, and the liver is the target of most
other cancers due to metastasis. Hepatocellular carcinoma is related closely to chronic hepatitis
and cirrhosis, implying that alterations in growth control mechanisms during regeneration, which
in part are mediated by cytokines, may be involved in hepatic carcinogensis. At least three strong
mitogens for hepatocytes are upregulated in hepatocellular carcinoma and hepatoma cells: HGF
11
, IGF-2 12, 13, and TGF-α 14. The observation that carcinoembryonic antigens can induce TNF
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and IL-1 in KCs with subsequent induction of cell adhesion molecules in sinusoidal endothelial
cells may be one mechanism by which circulating cancer cells metastasize to the liver 15.
1.2

Cell death and death receptors

The growing subfamily of death receptors is part of the TNF/NGF receptor superfamily.
This superfamily is characterized by two to five cysteine-rich extracellular domains. The death
receptors are characterized by an intracellular death domain (DD), which is crucial for
transduction of the death signal. Death receptors and their ligands exert important regulatory
functions in the maintenance of tissue homeostasis and the physiological regulation of apoptosis.
Currently, six different death receptors are known including tumor necrosis factor (TNF) receptor
1, CD95 (Fas, APO-1), TNF receptor-related apoptosis-mediating protein (TRAMP), TNF-related
apoptosis-inducing ligand (TRAIL) receptor-1 and -2 (also known as DR-4 and -5, respectively),
and death receptor-6 (DR-6) 16. The signaling pathways by which these receptors induce
apoptosis are similar and rely on oligomerization of the receptor by death ligand binding,
recruitment of adaptor proteins through homophilic interaction of the cytoplasmic domains, and
subsequent activation of inducer caspases, which initiate execution of the cell death programme.
The ability of these receptors and their ligands to kill malignant cells was discovered early and
helped to coin the term “tumor necrosis factor” for the first identified death ligand.
In liver disease, two of them play a very important role: tumor necrosis factor receptor-1 (TNFR1) and CD95, respectively. Overactivation of either of them was described e.g. in
hyperinflammation, alcoholic liver injury, viral and autoimmune hepatitis, poisoning with
hepatotoxins, graft rejection and Wilson’s disease 3, 17-21. In contrast, impairment of death
receptor signaling transduction could contribute to cancer development 22. Triggering of either
receptor results in physiological cell death named apoptosis or, in context of development,
programmed cell death (PCD). However, under certain metabolic conditions the mode of cell
death switches to necrosis. Both apoptosis and necrosis represent the extreme types of cell death,
and are described in detail in the following chapter. Moreover, the role of caspases in apoptosis is
discussed.
1.2.1 Two forms of cell death: Apoptosis and Necrosis
Programmed cell death was first described by C. Vogts in the middle of the nineteenth
century 23 by observation of the morphology of dying cells during the metamorphosis of
amphibians. Within more than hundred years after the initial description, programmed cell death
was rediscovered by several investigators. In the landmark paper by Kerr, Wyllie, and Currie 24
the name “apoptosis” for non-necrotic cell death was coined. Since then, apoptosis has become a
major research area in biology and medicine. Apoptosis is crucial for tissue homeostasis in
multicellular organisms. It plays an important role in many physiological processes, especially in
the immune system, in the nervous system, and in development 25, 26. For example, apoptosis of
cells in the interdigital spaces is involved in the development of fingers and toes out of the limb
8
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buds. Furthermore, many diseases are associated with either too much or too little apoptosis, such
as AIDS, cancer, and autoimmunity 25, 27, 28. On the molecular level, the cell death program
consists of three parts: initiation, execution, and termination of apoptosis. Apoptosis can be
initiated by many different stimuli including growth factor withdrawl (“death by neglect”), UVor γ-irradiation, chemotherapeutic agents, or by death receptors. In most cases, the execution
phase is characterized by shrinkage of the cells, membrane inversion and exposure of
phosphatidylserine, blebbing (zeiosis), fragmentation of the nucleus, chromatin condensation, and
DNA degradation. In the termination phase, membrane-enclosed vesicles, the small remainders of
the cell (“apoptotic bodies”), are engulfed by phagocytes 25, which prevents an inflammatory
reaction. In contrast, necrotic cell death occurring upon tissue injury is a more passive process.
The damaged cell is enlarged, finally the plasma membrane disrupts, and cytosolic components
are released into the extracellular space, causing an inflammatory reaction.
1.2.2 Role of caspases in apoptosis
Apoptosis is co-ordinated by a family of cysteine proteases, the caspases that dismantle the
cell by targeting panoply of proteins for limited proteolysis. The mammalian caspase family
contains 14 members, a subset of which participates in apoptosis, with the remainder likely to be
involved in the processing of pro-inflammatory cytokines. Apical caspase activation events are
typically initiated by adaptor molecules that promote caspase aggregation and facilitate caspase
autoactivation. In contrast, distal caspase activation events are controlled by caspases activated
earlier in cascade. Many cellular stresses provoke apoptosis by damaging mitochondria, which
results in the release of factors such as cytochrome c and SMAC (second mitochondrial-derived
activator of caspase) that trigger caspase activation and cell death.
Caspases were first implicated as components of the cell death machinery by studies conducted
on the nematode worm Caenorhabditis elegans. Through genetic analysis of cell-death defective
(CED) worm mutants, it was found that the product of the ced-3 gene was required for all
developmental-related programmed cell deaths in the worm. In a landmark paper by Yuan et al. in
1993 29, it was reported that CED-3 was closely related to a novel human protease interleukin-1β
converting enzyme (ICE). Although ICE was found not to play a central role in apoptosis, the
initial report of homology between CED-3 and ICE was rapidly followed by the discovery of a
slew of related ‘ICE-like’ proteases, which were subsequently renamed ‘caspases’ (cysteine
aspartate-specific proteases) 30-32. Caspases exhibit primary specificity for aspartic acid residues, a
very uncommon substrate site preference 31, 32. These enzymes exist as relatively inactive
precursors (pro-caspases) that are converted into their active form by proteolytic cleavage at
internal aspartic acid residues. This suggests that caspases either become activated by
autoproteolysis or by other caspases activated upstream. Caspases can be roughly divided into
two functional sub-groups: those that are activated during apoptosis (caspase-2, -3, -6, -7, -8, -9,
and -10) and those that have been implicated in the processing of pro-inflammatory cytokines
during the immune response (caspase-1, -4, -5, and -11). Caspases that have been implicated in
9
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apoptosis have been divided into further two sub-groups based on their actual positions in the
apoptosis-associated caspase cascade. Upstream or initiator caspases (caspase-2, -8, -9, and -10)
are generally thought to be responsible for initiating caspase activation cascades during apoptosis.
These caspases tend to have long prodomains with protein-protein interaction motifs - caspase
recruitment domains (CARDs) or death effector domains (DEDs) - that are also present in
caspase adaptor molecules such as FADD, RAIDD and Apaf-1 (apoptotic protease activating
factor-1), which serve to promote caspase aggregation and activation at the onset of apoptosis 3234
. The second group, the downstream, or effector, caspases (caspase-3, -6, and -7) that are
responsible for the actual demolition of the cell during apoptosis, tend to lack pro-domains. In
many systems, caspase-3 is the primary executioner caspase, whereas caspase-6 and -7 play
relatively minor roles in the execution phase of apoptosis 35. Active caspases promote cellular
demolition in several ways: by promoting cytochrome c release via proteins such as Bid, by
activating other destructive enzymes such as DNases, and by directly targeting key structural and
regulatory proteins within the cell for degradation 30, 34, 35. Several important caspase-mediated
substrate cleavage events that contribute to the apoptotic phenotype have now been identified. For
example, caspase-activated deoxyribonuclease (CAD) is the most convincing candidate
responsible for internucleosomal DNA fragmentation during apoptosis 36. CAD is normally
inhibited through association with ICAD (inhibitor of CAD). However, ICAD is a caspase-3
substrate and its proteolytic cleavage by the latter permits the release of CAD, which enters the
nucleus to degrade chromosomal DNA 36. Another protein is ROCK-1 (Rho-associated kinase 1)
that has been identified as a caspase-3 substrate proposed to drive apoptotic cell contraction and
membrane blebbing 37, 38. Caspases also appear to enhance their own activities via cleavage and
inactivation of inhibitory molecules such as the inhibitor of apoptosis protein (IAP) 35. Many
other caspase substrates have been identified to date; however, the significance of their cleavage
within the context of apoptosis has still to be resolved. Recently, a new component of the cell
death machinery, called SMAC (second mitochondrial-derived activator of caspase), was reported
39
. SMAC is localized in mitochondria, is released into cytosol after apoptosis induction, and
binds to IAPs, thereby removing their inhibitory activity on caspases 39.
Beyond caspases, cathepsins have been reported to contribute to apoptosis. The lysosmal
cysteine proteases cathepsin B (Cat B) and cathepsin L (Cat L) are abundant and ubiquitously
expressed members of the papain family, and both enzymes contribute to the terminal degradation
of proteins in the lysosome 40. However, there is increasing evidence for specific functions of
lysosomal proteases in health and disease 41. Analysis of knockout mice revealed that Cat L
appears to be critically involved in epidermal homeostasis, regulation of the hair cycle, and MHC
class II-mediated antigen presentation in cortical epithelial cells of the thymus 42. In contrast, Cat
B plays a major role in pathological trypsinogen activation in the early course of experimental
pancreatitis and contributes significantly to TNF-induced hepatocyte apoptosis 42. The latter
finding is supported by Guicciardi et al. who showed that Cat B knockout mice are resistant to
TNF-mediated hepatocyte apoptosis and liver injury in vivo 43. Furthermore, this group
10
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demonstrated that once released from lysosomes, Cat B contributes to the initiation phase of
apoptosis by promoting Bid cleavage and subsequent mitochondrial dysfunction followed by
caspase activation 44. In addition, Cat B has been reported to cause chromatin condensation in a
cell free system 45 and inhibition of Cat B blocks apoptosis induced by p53 and cytotoxic agents
46
. However, Foghsgaard et al. published that Cat B is the major executioner protease in TNFinduced apoptosis of WEHI-S fibrosarcoma cells, whereas inhibition of TNF- or CD95-mediated
apoptosis of primary murine hepatocytes by CA-074-Me - a specific Cat B inhibitor - was
relatively minor compared with the effects observed in tumor cells 47. In conclusion, the role of
Cat B in apoptosis depends on the death stimulus and cell type whether Cat B acts in the initiation
phase, execution phase of apoptosis or does not play a role at all.
1.2.3 TNF/TNF-R1
The anticancer activity now known as Tumor Necrosis Factor (TNF) was first described
more than a century ago. However, it was not until 1984 that human TNF was purified and its
encoding cDNA was cloned and expressed. The subsequent availability of recombinant TNF led
to a rapid cataloging of TNF’s pleiotropic activities 48. TNF is a major mediator of inflammation
and immunity as well as inducer of hepatic acute phase response, hepatic regeneration and
growth, stimulation of immune cells, upregulation of adhesion molecules, shock-like conditions,
lipolysis, cachexia, tissue destruction and apoptotic or necrotic cell death in various cell types 49,
50
. Furthermore, TNF has been implicated in the pathogenesis of a wide spectrum of human
diseases, including sepsis, diabetes, cancer, osteoporosis, multiple sclerosis, rheumatoide arthritis,
and inflammatory bowel disease.
TNF is a homotrimer of 157 amino acid subunits and mediates its cellular effects by two distinct
surface receptors, i.e. the 55 kDa TNF-R1 and the 75 kDa TNF-R2 51, 52. The interaction of TNF
and TNF-R1 activates several signal transduction pathways, which are summarized in figure 1. A
common feature of each pathway is the TNF-induced formation of a multiprotein signaling
complex at the cell membrane, the so-called death-inducing signaling complex (DISC). One
pathway ends with the activation of caspases 53, a second involves the generation of ceramide by
neutral sphingomyelinase, a third involves activation of JNK and subsequently activation of the
transcription factor c-Jun, and a fourth one leads to the activation of the apoptosis-preventing
transcription factor NF-κB 54. These transcription factors are responsible for the inducible
expression of genes important for diverse biological processes, including cell growth and death,
development, oncogenesis, and immune, inflammatory, and stress responses. The balance of these
pathways determines the cellular fate.
The initial step in TNF signaling involves the binding of the TNF trimer to the extracellular
domain of TNF-R1 and the release of the inhibitory protein silencer of death domains (SODD)
from the intracellular death domain (DD) of TNF-R1 55, 56. The resulting aggregated receptor is
recognized by the adaptor protein TNF receptor-associated death domain (TRADD), which
recruits additional adaptor proteins, such as RIP (receptor-interacting protein), TRAF2 (TNF
11
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receptor-associated factor 2), and FADD (Fas-associated death domain) 57-60. This protein
complex (DISC) is responsible for initiating signaling events. FADD links the cysteine proteases
caspase-8 and -10 to the receptor resulting in self-cleavage and activation, and initiating a
protease cascade that leads to apoptosis 61. On one hand, caspase-8 directly activates the effector
proteases caspase-3, -6, and -7, which in turn cleave multiple cellular proteins, resulting in cell
death 61. On the other hand, activation of effector caspases is amplified by a mitochondrial
pathway. A slight caspase-8 activity is sufficient to cleave Bid and truncated Bid (tBid) then
translocates to mitochondria, where, by an inclompletely understood mechanism, it perturbs the
mitochondrial membrane potential and facilitates the formation of mitochondrial permeability
transition pores (PTPs), resulting in mitochondrial dysfunction (for review, see Ref. 62).
Cytochrome c becomes released into the cytosol, binds to Apaf-1 and pro-caspase-9, and forms a
protein complex, the so-called apoptosome, of which dATP is an integral part, and thus regulates
the apoptotic signaling via the mitochondrial pathway. Subsequently, caspase-9 is processed and
activates downstream caspase-3 and -7 62, 63. This mitochondrial amplification loop of caspase
activation is regulated by anti-apoptotic proteins of the Bcl-2 family.

Figure 1. TNF signal transduction pathway. Engagement of TNF with its cognate receptor
results in the release of SODD and formation of a death-inducing signaling complx (DISC) containing
the adaptor proteins TRADD, TRAF2, FADD, and RIP. Downstream events are initiated by the IKK
complex, the kinase JNK, and caspase-8.
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In contrast to FADD, TRAF2 is initiating an anti-apoptotic pathway, i.e. recruitment of cellular
inhibitor of apoptosis (cIAP) and set off a cascade of kinases resulting in the activation of c-Jun
NH2-terminal kinase (JNK) 64. Finally, the protein kinase RIP is critical for the functioning of a
third arm of the TNF signaling network, the activation of the transcription factor NF-κ
κB 54, 65.
Activation of NF-κB relies on phosphorylation-dependent ubiquitination and degradation of
inhibitor of κB (IκB) proteins, which normally retain NF-κB within the cytoplasm 66, 67. The
phosphorylation of IκB is mediated by a multiprotein IκB kinase (IKK) complex 68. An
interesting feature of the TNF signaling network is the existence of extensive cross talk between
the apoptosis, NF-κB, and JNK signaling pathway. In the absence of NF-κB activity, cellular
susceptibility to TNF-induced apoptosis increases, whereas enforced activation of NF-κB protects
against apoptosis, for instance by synthesis of the inhibitory protein cIAP. IAPs are capable to
inhibit caspase activity directly 69, 70. These inhibitory proteins contain two domains, BIR-1 and 2, which are able to block activity of the effector caspases 3, 6 and 7, whereas BIR-3, a third
domain of cIAP, selectively inhibits caspase-9 activity 70. Taken together, several checkpoints
exist controlling the execution of cell death mediated by death receptors.
To date, most of the players in the TNF pathway have been validated. However, many questions
remain unanswered. For example, TNF is known to induce necrotic and apoptotic cell death 71.
Which signaling molecules or cellular conditions decide whether or not these morphologically
separated forms of cell death are induced? Furthermore, the crosstalk between apoptosis, NF-κB,
and JNK signaling pathways is not well understood.
1.2.4

CD95L/CD95

CD95 72, 73 is a member of the tumor necrosis factor (TNF) and nerve growth factor (NGF)
receptor family, which includes TNF-R1, TNF-R2, low-affinity NGFR, and CD40 among others
74 75
(for review see 76), that was initially identified under the names APO-1 74 and fas 77. These
cell surface receptors are type I transmembrane proteins that possess characteristic cysteine-rich
repeats in their extracellular domains. The primary function of CD95 is to trigger apoptosis 78.
Although expressed in a variety of tissues and cell lines 79-83, its predominant physiologic role
may be in the regulation of the immune system. This is exemplified by the phenotype of MRL/lpr
mice showing a strongly reduced CD95 expression 84. Lpr mice develop lymphadenopathy and
splenomegaly and generate large quantities of autoantibodies. The CD95 (APO-1, Fas) molecule
had originally been identified as a cell surface receptor that could mediate apoptotic cell death of
transformed cells and cause regression of experimental tumors growing in nude mice 77, 85.
Although due to serious systemic effects, application of CD95-mediated apoptosis has not
fulfilled its promise as a potential cancer therapy, numerous reports have now documented the
pivotal role of CD95 in various physiological and pathological forms of cell death (reviewed in 72,
78, 86
). Hepatocytes constitutively express CD95 on their surface, and CD95 stimulation in mice
13
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has been shown to induce fulminant hepatic failure within hours 87, 88. It has been shown that liver
failure and liver cell damage in acute Wilson’s disease involve CD95-mediated apoptosis 21. In
alcoholic cirrhosis, chronical viral hepatitis B and C, and fulminant hepatic failure of different
etiology, upregulation of the CD95/CD95L system has been demonstrated 21.
CD95 shares with TNF-R1 a short intracellular domain called the “death domain” 89. In the
absence of membrane-bound ligand, inactive complexes of CD95 are formed by the pre-ligandbinding assembly domain of the molecule 90, 91. Interaction with the CD95 ligand (CD95L)
reorganizes this complex and allows the formation of the DISC (Figure 2). The CD95 DISC
contains the adaptor proteins FADD and the caspases 8 and 10, which can initiate the process of
apoptosis. CD95L-induced clustering of CD95, FADD and caspase-8 and -10 within the DISC
results in autoproteolytic processing of these caspases by induced proximity and in release of the
processed active proteases. In type I cells, processed caspase-8 is sufficient to directly activate
other members of the caspase family, whose action on defined substrates paves the way to the
execution phase of apoptosis 31, 92 (figure 2, left panel). In type II cells, proper activation of
effector caspases by CD95 depends on an amplification loop that relies on caspase-8-mediated
cleavage of the pro-apoptotic Bcl-2 family member Bid as described for the TNF-R1 system.
Subsequently, mitochondria release proapoptotic factors, for instance cytochrome c, Diablo, and
AIF (apoptosis-inducing factor), to drive the formation of the caspase-9-activating protein
complex apoptosome consisting of cytochrome c, APAF-1, dATP and pro-caspase-9. Active
caspase-9 activates the executioner caspase-3, which in turn activates caspase-8 outside the CD95
DISC, thereby completing a postive feedback loop 92 (figure 2, middle panel).
Besides these two major pathways, at least two other pathways have been suggested to mediate
CD95 signaling (figure 2, right panel). Another adaptor molecule - receptor interacting protein
(RIP), a serine/threonine kinase - forms a complex with RAIDD (RIP-associating interleukin-1βconverting-enzyme-like protease 1(ICH-1)-homologous DD) and caspase-2 (ICH-1), and
transduces CD95 signaling independent of the initial activation of caspase-8 93. Apart from
FADD and RIP, another CD95-associating protein that has been described is DD-associated
protein (DAXX), which forms a complex with apoptosis signal-regulating kinase 1 (Ask1)
followed by the activation of c-Jun N-terminal kinase and the mitogen-activated protein kinase
p38. In turn, p38 can activate a transcription factor, E2F1, which is thought to cause the
simultaneous transcription of genes encoding proteins related to S-phase and caspases 94, 95.
However, the involvement of RIP-RAIDD and DAXX in apoptotic signaling was challenged
recently by Villunger et al. 96. Several steps in CD95-mediated apoptosis can be targets of
regulatory mechanisms enabling cells to show flexible responses to stimulation by CD95. The
caspase-8-activating capacity of the DISC is mainly regulated by FADD-like interleukin-1βconverting enzyme (FLICE)-like inhibitory protein (FLIP) 97. FLIP exists in several isoforms that
are structurally similar to caspase-8 although lacking in enzymatic activity 97, 98. FLIP can be
incorporated into the DISC of death receptors, thereby disabling DISC-mediated processing and
release of active caspase-8 97. In addition, CD95-mediated apoptosis in type II cells is controlled
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by a plethora of regulators of the mitochondrial pathway of cell death, i.e. by Bcl-2 family
members 92. CD95-mediated cell death occurs not only by apoptosis but also, depending on the
cellular context, by necrosis 99, which requires the adaptor protein FADD and the Fas-interacting
serine/threonine kinase receptor-interacting protein (RIP), whereas caspase-8 seems to be
dispensable 100. However, the molecular mechanisms linking CD95 to the execution process of
necrosis are not yet clear.
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Figure 2. Signaling pathways of CD95. For details, see text. DD, death domain; FADD, FLICE-associated
death domain; FLIP, FLICE-inhibitory protein; RIP, receptor interacting protein; RAIDD, RIP-associating
interleukin-1β-converting-enzyme-like protease 1(ICH-1)-homologous DD; JNK, c-Jun N-terminal kinase; Daxx,
DD-associated protein; ASK1, apoptosis signal-regulating kinase 1.
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1.3

Murine models of death receptor-induced hepatic apoptosis and necrosis

To study the regulation of hepatic cell death and to test pharmacological intervention
strategies, our laboratory developed and used a number of mechanistically different mouse
models for death receptor-mediated liver injury. These models range from direct activation of
DRs, achieved by injection of the corresponding ligand or of agonistic antibody, up to more
complex activation scenarios involving the stimulation of various cell populations (i.e. T cells
and/or macrophages) leading to endogenously released cytokines and death receptor ligands (i.e.
TNF).
1.3.1

Apoptotic liver injury induced by direct triggering of death receptors.

• TNF-R1
TNF has been shown to be hepatotoxic in man and mice 101. Mice can be dramatically
sensitized towards TNF by viral or bacterial infection or chemicals such as galactosamine (GalN),
resulting in an up to 10000-fold increased lethality 102 and hepatotoxicity 103. The amino sugar
GalN selectively depletes uridine in hepatocytes 104 and therefore causes a selective
transcriptional inhibition in the murine liver. Mechanistically, sensitization of hepatocytes
towards TNF by GalN is due to inhibition of the transcription machinery, eventually preventing
the expression of constitutive or induced factors with anti-apoptotic properties 105. Accordingly,
selective hepatocyte apoptosis in mice was still observed when GalN was substituted by the
general and not organ-specific transcriptional inhibitor actinomycin D (Act D) 105, 106. Hepatocyte
apoptosis in vivo developed analogously to that observed in vitro. Caspase activation, nuclear
condensation, margination and fragmentation of chromatin, associated with oligonucleosomal
DNA fragmentation preceded the loss of intracellular enzymes as parameters for membrane lysis
or oxidative stress, respectively 105, 106. In the late phase of TNF-induced liver damage widespread
necrosis, inflammation and hemorrhage could be observed, since massive apoptosis does not
allow sufficient removal of apoptotic cells. Remarkably, sinusoidal endothelial cells are not
primarily involved in organ damage 3, 19, 105, 107, 108.
•

CD95/Fas

Independently of the TNF/TNF-R1 system 107, the application of the activating anti-CD95
antibody Jo-2 (CD95 model) in naive mice leads to lethal liver destruction within hours due to
massive caspase-mediated apoptosis of hepatocytes 87, 109. Importantly, this effect does not require
a sensitization of the animals and is seen when instead of αCD95, the CD95L is used or
endogenously generated 110, 111. Interestingly, inhibition of transcription/translation significantly
exacerbated hepatotoxicity and lethality, suggesting that constitutively expressed anti-apoptotic
proteins confer a minimum level of protection 112. It was reported that also other organs than the
liver are affected by αCD95 113, 114, but this depends largely on the antibodies and mouse strains
used and is of minor importance if the αCD95 antibody Jo-2 is used 115. CD95 is also highly
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expressed in sinusoidal endothelial cells (SEC)
onset of liver damage in this model 117.
1.3.2

116

, and a prominent SEC damage precedes the

Hepatocyte apoptosis in the GalN/LPS model.

In the GalN/TNF model described above, exogenously applied TNF induced liver injury.
Similar results were obtained when pathological situations were modeled where TNF is released
endogenously. The liver harbors the largest pool of macrophages in the body, i.e. Kupffer cells,
and thus it is a potent TNF-producing organ 118. Kupffer cells within the liver may produce TNF
after direct stimulation, e.g. with LPS or after interaction with activated lymphocytes in a more
complicated immunological setting 119.
Accordingly, LPS injection into GalN-sensitized mice causes TNF release 120 and the typical
sequence of selective hepatocyte apoptosis followed by wide- spread necrosis and enzyme-release
from the liver 105. Passive immunization of mice against TNF prevented apoptosis 105 as well as
release of transaminases as a late hallmark of liver damage 105, 121.
1.3.3

GalN/SEB

Hepatic apoptosis was also observed in GalN-pretreated mice when T cells were
polyclonally or oligoclonally activated. Injection of the superantigen Staphylococcus aureus
enterotoxin B (SEB) results in the activation of Vβ8-specific T cells 122. This stimulus strongly
increased the serum TNF concentrations in mice, and passive immunization against TNF
prevented this rise as well as apoptosis and other symptoms of liver damage.
1.3.4

The Con A model.

Concanavalin A (Con A) is a plant lectin that activates T cells in vitro and in vivo. When
injected into mice, Con A triggers a selective liver injury 123 depending on the release of the
cytokines TNF 124, IFN-γ 125, and IL-4 126. Further, the Con A model involves an early SEC
damage 127, 128 and requires a cross-talk between macrophages and T cells 119. In the Con A
model, both necrotic and apoptotic hepatocyte demise with or without a contribution of caspases
have been described 123, 124, 129-131. In contrast to the in vivo situation, stimulation of hepatocytes
with Con A in vitro elicits cytotoxicity due to cytoskeletal disturbances with a distinct
morphology 132. Interestingly, hepatotoxicity induced by Con A does not require any kind of
additional sensitization and not only involves TNF-R1 but also TNF-R2, as shown by studies
using TNF-R1 or -R2 knockout mice. Moreover, in contrast to all other TNF-dependent models
of liver injury requiring sensitization by transcriptional inhibitors, Con A-induced liver injury is
independent of caspase-3-like protease activity as shown by studies using a broad-spectrum
caspase inhibitor benzoyloxycarbonyl-val-ala-asp-fluoromethylketone (zVADfmk) 129. Under
transcriptional arrest, however, Con A induced TNF-R1-, but not TNF-R2-dependent activation
of caspase-3-like proteases, and zVADfmk prevented animals from Con A-mediated liver injury
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under this condition. It is concluded that impaired transcription induces a switch of Con A
hepatotoxicity towards a caspase-3-like protease-dependent pathway.
1.3.5

Liver injury in the LPS shock model.

When 1000-fold higher doses of LPS than those used in the GaIN model were injected into
non-sensitized mice, the pathological situation was different 133. Liver injury was also strictly
TNF-dependent and associated with DNA fragmentation. However, the incidence of apoptosis
was very low, liver cell types different from hepatocytes were affected, and organ damage was
widespread and far from being selective for the liver. Under such excessive intensities of insult,
the selective triggering of an apoptotic program may be overridden by many other processes such
as complement activation, neutrophil immigration and activation, ROS generation and many
more.
1.4

Physiological regulation of death receptor-mediated hepatocyte cell death

Apoptosis and necrosis are two forms of cell death with clearly distinguishable
morphological and biochemical features 134. Nevertheless, some events in the signal transduction
pathway may be common, i.e. TNF or CD95L can induce either apoptosis or necrosis 99, 135,
indicating that a downstream controller may decide the mode of cell death. Inhibition of cell death
is an intervention, which has to be handled very carefully. For example, caspase and thus
apoptosis inhibition in general could be obviously dangerous (cancer), and furthermore, cell death
is not always associated with caspase activation. Thus, liver-specific inhibition of death receptor
signaling should be taken into account, taking advantage of metabolical peculiarities, i.e.
biotransformation of xenobiotica, such as phorone for glutathione depletion, or carbohydrate
metabolism for ATP depletion. In the following two chapters, the role of GSH and ATP in
hepatocyte cell death is discussed.
1.4.1

Role of GSH in liver damage

The tripeptide glutathione (GSH, γ-glutamyl-cysteinyl-glycine) represents the major
intracellular non-protein thiol. GSH has a central role in sulfhydryl homeostasis, serves as the
major cytosolic antioxidant, and provides defence against xenobiotics as a phase II conjugate
substrate 136, 137. Numerous central cellular functions are controlled by the GSH/GSSG system,
e.g. key enzymes of metabolism, cell growth, gene transcription, and apoptosis 138-140.
Furthermore, GSH ensures the maintenance of thiol moieties of proteins as well as coenzyme A
and ascorbic acid.
GSH is synthesized by consecutive ATP-dependent enzymes, γglutamylcysteine-synthase and GSH synthase, and glutathione is largely maintained in its reduced
form by glutathione disulfide (GSSG) reductase using NADPH as co-substrate 141. Its intracellular
concentrations are maintained within the millimolar range under normal conditions 141. A
common experimental approach to create a sustained GSH-deficiency is the inhibition of
Metabolization:
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glutathione synthesis by buthionine-sulfoximine (BSO), which affects all organs and requires
repetitive treatment of animals 141. In contrast, α,β-unsaturated carbonyl compounds such as
diethyl-maleate or phorone preferentially deplete hepatic GSH via enzymatic conjugation by
GSH-transferases, followed by biliary excretion of these conjugates 142. GSH-depleting
compounds do not induce redox-stress in the liver per se 143.
Effect on DR-mediated liver injury: Depletion of GSH predisposes hepatocytes to oxidative
injury, with the consequence that the liver toxicity of many xenobiotics is greatly enhanced.
Numerous examples existing for the deleterious consequences of GSH depletion in toxic liver
injury and hepatocyte necrosis, caused e.g. by carbon tetrachloride, acetaminophen, captopril,
anthraquinone, or allylalcohol, underline the importance of an intact thiol status for the
maintenance of cellular functions 136, 144-148. In contrast, we 128, 149 and others 150 found that livers
depleted of GSH by endogenous enzymatic conjugation following phorone treatment were
resistant against death receptor-elicited injury as assessed by transaminase release and
histopathology. In apoptotic models initiated by engagement of CD95 or by injection of TNF or
lipopolysaccharide into galactosamine-sensitized mice, hepatic caspase-3-like proteases were not
activated in the GSH-depleted state. Under GSH depletion, also necrotic, but TNF-R1-mediated
hepatotoxicity (high-dose LPS) was entirely blocked. In the T-cell-dependent model of
concanavalin A-induced hepatotoxicity, GSH depletion resulted in a suppression of IFN-γ release,
delay of systemic TNF-release, and an abrogation of sinusoidal endothelial cell detachment.
When GSH depletion was initiated 3 hours after Con A injection, i.e. after the peak of the release
of early pro-inflammatory cytokines, livers were still protected 128. In the cell line SKW, we could
show that GSH depletion inhibited caspase 8 activation at the DISC and therefore, interrupted
CD95-mediated apoptosis at a very early step within the signaling cascade 280.
1.4.2

ATP and hepatocyte cell death

Aerobic cells such as hepatocytes derive the vast majority of their cellular energy from
mitochondrial oxidative phosphorylation in the form of ATP, which is utilized by a variety of
cellular processes that are critical to maintain normal cellular functions such as protein synthesis,
ion transport, and cell integrity. Carbon sources, such as amino acids, carbohydrates, and fatty
acids, fuel mitochondrial respiration through a series of highly regulated intermediary metabolic
reactions. The initial metabolism of these substrates occurs predominantly in the cellular cytosol
where a small amount of energy is produced in the form of ATP, NADH, etc. The majority of the
carbon products from cytosolic metabolism then enter the mitochondria where they are
metabolized by ß-oxidation or completely oxidized by the citric acid cycle, both of which produce
NADH and FADH, which fuel the electron transport chain and oxidative phosphorylation.
Ischemia-Hypoxia is an important mechanism of cell injury in disease. In the absence of an
adequate oxygen supply, mitochondrial electron transport is prevented, with the ensuing loss of
the mitochondrial membrane potential and the cellular stores of ATP. It is generally agreed that
the initial key event in hypoxic injury is a rapid decline in ATP to below 5% of control levels that
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is followed by a variety of cellular alterations including changes in ion homeostasis, altered
enzyme activity, phospholipid degradation, and cell surface blebbing 151, 152. Some of these
changes are reversible upon reoxygenation. Experimentally, hypoxia is induced by mitochondrial
respiratory chain inhibitors such as oligomycin. Because hepatocytes utilize fructose as a
substrate for the glycolytic production of ATP, fructose protects hepatocytes from the toxic
effects of a variety of mitochondrial inhibitors 153-155. Moreover, a biphasic effect of fructose was
observed: in low concentrations (up to 5 mM) fructose provides energy; however, high
concentrations of fructose cause a marked ATP depletion in hepatocytes without affecting
viability and is therefore a useful tool with which to study the cellular effects of decreased ATP in
cells with functioning mitochondria.
1.4.2.1 Liver-specific modulation of ATP by carbohydrates
Infusions of D-fructose as a source of energy supply during parenteral nutrition have been
used for many years. It has been claimed that fructose has several advantages over glucose,
especially in patients with acute or chronic liver diseases and in diabetic ketoacidosis 156, 157. The
beneficial action of fructose had been assumed from the biochemical findings that this hexose is
metabolized more rapidly than glucose 158, its metabolization is independent of insulin 156, and in
liver diseases uptake of fructose by the liver is less affected than uptake of glucose. In published
investigations a decrease in the ATP and total adenine nucleotide content has been observed
following intravenous fructose administration in rat liver in vivo 159, in the perfused rat liver in
vitro 158, and in man 160. In the liver, ATP levels were reduced to about 50%, and the content of
total adenosine phosphates to about 65% of control. In contrast, hepatic fructose-1-phosphate
(F1P) concentrations were increased 4-5-fold. Therefore, infusion of large doses of fructose has
more disadvantages than advantages compared to glucose.
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Metabolization: While the uptake kinetics of the two hexoses were similar, the rate of
phosphorylation of fructose was more than 10-fold that of glucose 161. These data indicate that the
phosphorylation step rather than transport is responsible for the relatively rapid entry of fructose
into cellular metabolic pools for the following reasons: (1) the affinity of fructokinase for fructose
is much greater than the affinity of hexokinase or glucokinase for glucose; (2) glucose regulates
the activity of glucokinase via feedback inhibition; (3) fructose bypasses the key regulatory
enzyme in glycolysis which is phosphofructokinase. A fructose load leads to the accumulation of
fructose-1-phosphate (F1P) in the mammalian liver due to the activity of hepatic fructokinase
(figure 1) 159, 162. Furthermore, fructokinase is expressed in the kidney, but not in heart, muscle or
brain 163, 164. Associated with the rise in F1P is a fall in inorganic phosphate (Pi) and a fall in ATP
and GTP, respectively 158, 159, 165-167. F1P is cleaved by aldolase B forming glyceraldehydes and
dihydroxyacetonephosphate, which are used as substrates for glycolysis and gluconeogenesis. The
accumulation of F1P following the addition of fructose causes a depletion of ATP and Pi by
increasing the degradation of nucleotides to uric acid 168.
Within seconds after ATP depletion, the content of inorganic phosphate in hepatocytes decreases,
which results in a decline of the total amount of adenosine nucleotides 159 while the energy charge
is maintained, since ATP, ADP, and AMP levels are equally affected 169. A rapid loss of
adenosine nucleotides results in the metabolization of AMP to adenosine or IMP via adenosine
deaminase and nucleotidase, respectively. Finally, a slow increase of inosine, uric acid, and
allantoin in the plasma was actually observed 165. A sudden increase in adenosine nucleotide
metabolites is expected to cause an early local release of adenosine and/or inosine from the
hepatocytes 160, 165, 170, 171, with the consequence that these two catabolites of ATP suppress TNF
production in Kupffer cells via adenosine receptor A2 and cAMP upregulation 170-172.
1.4.2.2 Influence of carbohydrates on cell death
The cellular ATP content is a metabolic parameter that may be modified selectively in the
liver. During liver ischemia, a decrease in cellular energy is noted and this alteration is an
important initial step of liver damage 173, 174. Most of the cellular energy is utilized to keep the ion
pump on the cell membrane working active. Deterioration of the ion pump function evokes
massive influx of calcium and sodium into the cell. Since intracellular calcium is important for
cellular integrity and exertion of a variety of cellular functions, these changes fabricate fatal
damage to the cell 175. Under such hypoxic conditions where ATP is only supplied by way of
anaerobic glycolysis, low concentrations of carbohydrates provide some energy and thus are
protective against oxidative cell damage, i.e. after hypoxia 176, nitrofurantoin 177, and MPTP (1methyl-4-phenyl-1,2,3,6-tetrahydropyridine) 154 injury in isolated hepatocytes, paracetamol injury
in rat liver slices 178 and hypoxia in isolated rat livers 153. Recently, we could show that ATP
depletion by various phosphate-trapping carbohydrates such as fructose completely blocked TNFinduced cell death in primary hepatocytes, whereas apoptosis mediated by CD95 was enhanced
112
. ATP depletion prevented mitochondrial cytochrome c release, loss of mitochondrial
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membrane potential, activation of type II caspases, DNA fragmentation and cell lysis following
exposure to TNF. The extent of apoptosis inhibition correlated with the severity of ATP
depletion, and TNF-induced apoptosis was restored when ATP was repleted by increasing the
extracellular phosphate concentration. These findings demonstrate that TNF-induced hepatic
apoptosis can be selectively and reversibly blocked upstream of mitochondrial dysfunction by
ketohexose-mediated ATP depletion 112. Thereafter, we raised the question whether ATP
depletion could inhibit cytokine-mediated hepatotoxicity in vivo and could therefore accomodate
a therapeutic potential, e.g. by inhibiting TNF-induced hepatotoxic side effects in chemotherapy.
The latter issue is addressed in the following chapter.
1.5

Death receptors in cancer therapy

In the late 1980s, clinical phase I and II trials were performed with TNF for the treatment of
various cancers, e.g. hairy cell leukemia and solid tumors. The results, however, were
disappointing and showed no significant antitumor activity, but were associated with a high grade
of systemic toxicity (e.g. cytokine release syndrome, hepatotoxicity, and thrombocytopenia) 179,
180

. Therefore, the systemic application of TNF was abandoned in cancer therapy. At the end of
the 1980s, the impressive antitumor activity of agonistic monoclonal antibodies against CD95 in
murine xenotransplant models of human tumors established that apoptosis induction might be
employed for cancer therapy 181, 182. A single injection of antibodies against human CD95 resulted
in cure from xenotransplanted human tumors in immunodeficient nude and SCID mice. Thus,
stimulating the CD95 receptor with agonistic antibodies or CD95L was evaluated as a novel
approach for antitumor therapy. The use of a species-specific monoclonal anti-murine CD95
antibody revealed, however, considerable systemic toxicity, in particular hepatotoxicity 87. More
recently, TRAIL (Apo-2L) was shown to be selectively cytotoxic for tumor cells but exerted only
minimal or no toxicity in normal tissues of mice and primates. Therefore, TRAIL was considered
as a new agent with great potential for its in vivo anticancer effect, either alone or in combination
with drugs. It has been demonstrated that tumor cells that are resistant to TRAIL can be sensitized
by subtoxic concentrations of drugs and cytokines, and the sensitized tumor cells are significantly
killed by TRAIL 183, 184. Although TRAIL is expressed on a wide range of tissues, co-expression
of the decoy receptor proteins DcR1 (TRAIL-R3) and DcR2 (TRAIL-R4) inhibits cell death due
to their absent or truncated cytoplasmic death domains. Initially, expression of these decoy
receptors was held responsible for the observed tumor cell-specific killing by TRAIL. Although
TRAIL has been found to kill a wide variety of tumor cells, serious concerns were raised about
the use of TRAIL in cancer therapy 185. Its safety has been challenged by a report that showed
induction of apoptosis by TRAIL in cultured human hepatocytes 186. The study compared the
sensitivity of hepatocytes from rats, mice, rhesus monkey, and humans. It was found that while
the animal hepatocytes were not affected by the drug, TRAIL did cause significant death in
normal liver cells of humans. The reason for the species specificity of TRAIL liver toxicity is
difficult to explain, and it is possible that hepatocytes of mice and monkeys produce a protective
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factor that is absent in human cells. Certainly, these results are a warning and suggest that
substantial liver toxicity might result if TRAIL is used as a systemic drug in clinical trials.
Death ligands (TNF, CD95L, and TRAIL) and their respective death receptor signaling pathways
can be used to induce tumor cells to undergo apoptosis. Chemotherapeutic drugs can induce
apoptosis and the upregulation of death ligands and their receptors. Downstream events following
cytotoxic stress-induced DNA damage and the signaling pathways that lead to the induction of
apoptosis may be either dependent or independent of death receptor signaling. Death receptormediated and chemotherapy-induced apoptosis can converge at the level of the receptor, DISC
formation, activation of the initiator caspase-8, at the level of the mitochondria, or at the level of
downstream effector caspase activation. Convergence is influenced by the specific form of DNA
damage, the cellular environment, and the specific pathway(s) by which death receptor-mediated
or drug-mediated apoptosis are induced.
One of the major goals in cancer therapy is to trigger tumor-selective cell death. The discovery of
distinct, highly efficient molecular pathways that link cellular stress to cell death led to an
explosion of apoptosis research, and its relevance to cancer chemotherapy. It is now widely
accepted that in tumor cells many anticancer agents act as apoptosis inducers, and an important
determinant of drug resistance is the inability of drugs to trigger apoptosis 187, 188. Although the
primary intracellular targets of action of chemotherapeutic agents are distinct, it has become
evident that induced cytotoxicity ultimately converges on a common pathway that induces
apoptosis 189. Cells treated with cytotoxic agents can show the typical characteristics of apoptosis
analogous to apoptosis induced by “physiologic” stimuli such as death receptor activation. Antiapoptotic genes including Bcl-2 and Bcl-xL can inhibit apoptosis induced by a wide variety of
stimuli including chemotherapeutic drugs 190. Furthermore, the p53 tumor suppressor gene plays
an important role in the regulation of apoptosis induced by DNA damage, which can influence
tumor sensitivity to cancer therapy 191. Most importantly, drug-induced cell death is frequently
mediated by caspase-dependent apoptosis 192.
There are some known pathways that are shared between drug- and DR-induced apoptosis: (i)
some DNA damaging agents may induce apoptosis via CD95 or TRAIL receptor signaling 193-197.
(ii) Doxorubicin, VP-16, staurosporine activate caspase-8 downstream of DISC formation 198, 199,
whereas overexpression of DN-FADD does not prevent pro-caspase-8 cleavage and subsequent
apoptosis induced by cisplatin, topotecan or gemcitabine 200. (iii) Another level upstream of the
mitochondria at which DR-induced and drug-induced apoptosis may converge is at the level of
cFLIP expression. Cisplatin downregulates expression of cFLIP thereby sensitizing the cells to
DR-mediated apoptosis, but does not influence the expression of other anti-apoptotic proteins
including XIAP or cIAP 201. Moreover, inhibitors of protein (cycloheximide) or RNA
(actinomycin D) synthesis downregulate c-FLIP expression and sensitize cancer cells to DRmediated apoptosis 202-204. (iv) Chemotherapeutic agents including cisplatin, mitomycin,
methotrexate, mitoxantrone, doxorubicin and bleomycin can induce CD95 expression in a variety
of different cell lines dependent on the presence of a wtp53 gene 205, 206 that results in senitization
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of tumor cells to CD95-mediated apoptosis. (v) The most controversial interaction between drugs
and death receptor signaling is at the level of upregulation of death ligands. It has been shown in
several cell types that CD95L 207, 208, TRAIL 209, and TNF 209 are upregulated in cytotoxic stress
induced by anticancer drugs, independent of p53. Cancer therapy can sensitize resistant tumors to
death ligands by upregulating death receptors or via other mechanisms that converge on the
pathway leading to apoptosis. Thus, therapy is often a combination of chemotherapeutic drug and
death ligand such as TNF. However, in some cases the trouble is the lack of tumor specificity and
occurrence of systemic toxicity. One major goal in the future will be a selective treatment of
tumorigenic cells without affecting healthy, non-tumorigenic cells.
DNA topoisomerase enzymes are important nuclear enzymes that regulate DNA metabolism and
affect replication, transcription, recombination, chromatin assembly, possibly DNA repair and,
ultimately, cell division. There are two classes of topoisomerases in mammalian cells: the type I
enzymes, which cut and pass single strands of DNA, and the type II enzymes, which cut and pass
double-stranded DNA. Five topoisomerase enzymes in these classes have been identified in
mammalian cells, but the three that have significant consequences for cancer and cancer
chemotherapy are topoisomerase I, IIα, and IIβ 210. Indeed, important chemotherapeutic agents are
in clinical use or are the subjects of clinical trials targeting these enzymes. These include
etoposide, and doxorubicin (topoisomerase II inhibitors) as well as camptothecin and its
derivatives topotecan and irinotecan (topoisomerase I inhibitors). The immense interest in
topoisomerases in recent years derives not only from the recognition of their crucial role in
managing DNA topology, but also, as mentioned, from the identification of a wide variety of
topoisomerase-targeted drugs, many of which generate cytotoxic lesions by trapping the enzymes
in covalent complexes on the DNA. These topoisomerase poisons include both antimicrobials and
anticancer chemotherapeutics, some of which are currently in widespread clinical use. The
extensive literature concerned with drugs that target toposiomerases has been subject of several
recent reviews 211-215.
Camptothecin was originally identified as the antitumor component in the extract of the plant
Camptotheca acuminata 216. In animal studies, camptothecin exhibited potent antitumor activity
against a broad spectrum of tumors 217, 218. However, brief phase I/II trials in the early 1970s that
used the sodium salt of camptothecin failed owing to excessive toxicity 217, 218. This failure is now
attributed to the use of the inactive form of camptothecin. In 1985 human topoisomerase I was
identified as a molecular target for camptothecin, and the critical cellular lesion induced by
camptothecin was shown to be a covalent reaction intermediate of the topoisomerase I reaction
219
. Subsequent studies have confirmly established that human topoisomerase I is the sole
antitumor target of camptothecin 220-222. As a result of CPT’s action, single- and double-strand
breaks are generated, leading to premature termination of replication and inhibition of
transcription 223. Cells can repair DNA breaks caused by low doses of CPT, whereas higher doses
lead to cell death 224. To date, several camptothecin derivatives are in clinical use or development,
including 20-(S)-camptothecin, 9-amino-20-(S)-camptothecin, topotecan, and CPT-11 225.
24

CHAPTER 1: INTRODUCTION
Although the molecular target for camptothecin has been firmly established, the molecular basis
for its potent antitumor activity against a broad spectrum of solid tumors remains widely
unknown. Camptothecin activates p53, which induces either transcription of several proapoptotic
genes 226 or activation of caspase-8, -9, and -3 227. Furthermore, camptothecin treatment induces
upregulation of TRAIL receptor DR5 on the surface 228 and sensitization of cells to CD95mediated apoptosis by upregulation of CD95 and CD95L, and by downregulation of cFLIP 229.
Recently, it could be demonstrated that CPT sensitizes primary mouse hepatocytes towards TNFinduced apoptosis (personal communication), which is a possible explanation for the transient
elevation of plasma liver enzymes in phase II study 230 and unexpected severe hepatotoxicity 231
due to treatment with CPT under certain physiological conditions. Thus, we addressed the
question, whether ATP depletion by fructose is able to block CPT/TNF-induced apoptosis in
primary hepatocytes without affecting cell death of tumorigenic cells.
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1.6

Objectives of the thesis

While a low frequency of controlled apoptosis ensures homeostasis and functional
adaptation of liver size, increased rates of hepatocyte apoptosis as well as necrosis are observed in
a plethora of pathological situations, such as ischemia, transplant rejection, intoxications, viral
infections, and autoimmune diseases. Frequently, such hepatocyte death is due to increased
release of cytokines and death receptor activation, primarily by tumor necrosis factor (TNF) and
CD95 ligand (CD95L). The understanding of mechanisms leading to liver-selective control of
excessive release of cytokines preventing temporarily hepatocyte destruction can therefore
provide a valuable new rationale for therapeutic intervention strategies in liver disease. The
cellular ATP content is a central metabolic parameter that has been shown to modify cell death in
different cell types. A method for selective ATP depletion in hepatocytes is exposure to high
concentrations of fructose or other sugars that rapidly trap intracellular phosphate. This approach
has the advantage that sufficient residual ATP (>15% of control) remains in the depleted
hepatocytes, which avoids necrosis induction as it is seen after total ATP loss. However, the role
of ATP in hyperinflammatory liver destruction is less clear. The regulation of death receptortriggered cell demise by variations of ATP levels was investigated in several murine liver injury
models involving apoptosis as well as necrosis as the mode of cell death. Furthermore, the
underlying mechanisms were elaborated in primary murine hepatocytes. In particular, the
following questions were addressed in the present thesis:
1.

What are the characteristics of carbohydrate-induced hepatic ATP depletion in vivo?

2.

How does depletion of hepatic ATP influence the induction of apoptosis by directly
triggering death receptors and subsequent liver damage?

3.

Does ATP depletion affect cell death induction in TNF-R1-dependent apoptotic as
well as necrotic liver injury models and is there any improval in survival outcome?

4.

Does a depletion of hepatic ATP influence cytokine release and is hepatoprotection
based on the observed alterations, or directly effective on the target cell level?

5.

Which event in the signaling pathway of TNF-R1 is inhibited by low ATP in vitro?

6.

Can ATP depletion by fructose be used as a therapeutic tool, i.e. inhibiting
hepatotoxic site effects of neoplastic drugs in cancer therapy?
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2

Materials and methods

2.1

Chemicals

N-acetyl-Asp-Glu-Val-Asp-7-amino-4-trifluoromethylcoumarin (DEVD-afc), N-acetyl-IleGlu-Thr-Asp-7-amino-4-trifluoromethylcoumarin (IETD-afc) and Pefabloc® were obtained from
Biomol (Hamburg, Germany). D-galactosamine (GalN) was purchased from Roth (Karlsruhe,
Germany), and LPS (Salmonella abortus equi) from Metalon (Wusterhausen, Germany).
Recombinant mouse TNF and 125I-TNF were obtained from Innogenetics (Ghent, Belgium) and
Amersham Biosciences (Freiburg, Germany), respectively. Concanavalin A (Con A),
staphylococcal enterotoxin B (SEB), 2-chloroadenosine, ketohexoses such as fructose, tagatose,
mannose, mannitol, actinomycin D, and all other reagents and recombinant enzymes not further
specified were obtained from Sigma (Deisenhofen, Germany). Pentobarbital (Narcoren®) was
purchased from Sanofi Withrop (München, Germany).
2.2

Antibodies and recombinant enzymes

Activating anti-CD95 antibody (Jo2) and polyclonal IgG-horseradish peroxidase-coupled
secondary antibody (goat anti-mouse) were purchased from PharMingen (San Diego, CA, USA).
Recombinant human caspase-3 was a gift from Dr. Meergans (University of Konstanz, Germany).
Recombinant murine TNF were kindly provided by Dr. G.A. Adolf (Bender & Co., Vienna,
Austria). Antibody pairs (specific rat anti-murine mAb) for cytokine determinations (2.6.3) were
purchased from Pharmingen (San Diego, CA, USA), except for the TNF ELISA (capture:
polyclonal ovine anti-mouse TNF antibody, in-house preparation, immunoglobulin G fraction, 20
mg/ml; detection antibody: polyclonal anti-mouse TNF antibody from Endogen, Boston, MA,
USA). Other recombinant enzymes not further specified were purchased from Boehringer
Mannheim (Mannheim, Germany) or Sigma (Deisenhofen, Germany).
2.3

Cell culture materials

Cell culture plates (24 and 96 well), petri dishes and other plastic materials were purchased
from Greiner (Frickenhausen, Germany). Cell culture medium RPMI 1640 was purchased from
BioWhittaker (Verviers, Belgium), and collagen was obtained from Serva (Heidelberg,
Germany). Penicillin, streptomycin and FCS were bought from Gibco BRL Life Technologies
(Eggenstein, Germany).
2.4

Animals

Specific pathogen-free male BALB/c mice (approximately 25 g, from the in-house animal
breeding station of the University of Konstanz) were maintained under controlled conditions
(22°C and 55% humidity, constant day/night cycle of 12 h) and fed a standard laboratory chow.
All animals received humane care in concordance with the NIH guidelines as well as with the
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legal requirements in Germany. Mice were starved overnight before the onset of experiments,
which generally commenced at 8 a.m.
2.5

Isolation and culture of mouse hepatocytes

Isolation of hepatocytes from 8 weeks old mice was performed by the two-step collagenase
perfusion method of Seglen 232 as modified by Klaunig 233, 234 and Leist 235. After isolation,
hepatocytes were plated in 200 µl RPMI 1640 medium containing 10% heat-inactivated FCS in
collagen-coated 24 well plates at a number of 8 x 104 hepatocytes per well. Cells were allowed to
adhere to culture plates for 4 h before the medium was exchanged for RPMI 1640 without FCS.
Adherence and incubations were carried out in a humidified atmosphere at 37°C, 5% CO2, 40%
O2 and 55% N2. Non-parenchymal cells (NPCs) were plated in 100 µl RPMI 1640 / 10% FCS in
96 well plates at a number of 105 per well. Cells (mainly Kupffer cells) were allowed to adhere
for 20 minutes before renewal of medium. Incubations were performed on the following day.
2.6

Animal experiments

2.6.1 Treatment schedules
After treatment with liver injury-inducing compounds, animals were sacrificed by lethal
anesthesia to obtain samples at different times as described (2.6.2). Alternatively, the survival of
animal was monitored over a period of at least three months.
•

Liver injury induced by anti-CD95: hepatic apoptosis mediated via CD95 was induced by
application of agonistic anti-CD95 antibodies in doses of 0.5 - 2 µg/mouse given i.v. in a
volume of 300 µl 0.1% HSA/saline.

•

GalN/TNF-induced liver injury: TNF was given i.v. in a dose of 2 µg/kg in 300 µl 0.1%
HSA/saline, and the aminosugar GalN (700 mg/kg, given in 300 µl saline, i.p.) was
administered 30 min before TNF to block hepatic transcription (8 hour model). For survival
studies, TNF was used in a lethal dose of 5 µg/kg.

•

GalN/LPS-induced liver injury: after sensitization with GalN as mentioned above, LPS was
administered i.p. in a volume of 300 µl sterile saline in a dose of 1.5 µg/kg (8 hour model), or
in a dose of 5 µg/kg for induction of lethal liver damage.

•

LPS shock model: LPS was injected i.p. in a dose of 10 mg/kg. For investigation of LPSinduced liver injury, animals were sacrificed after 20 hours. In the case of survival studies,
mice were observed over a period of 72 h.

•

Con A-induced liver injury: T cell-dependent liver injury was induced by Con A according to
Tiegs et al. 123. Con A was injected i.v. into naive mice in a volume of 300 µl pyrogen-free
saline at a dose of 25 mg/kg (8 hour model) or 50 mg/kg for the induction of lethal liver
damage.
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•

ATP depletion: Carbohydrates were injected dissolved in 300 µl endotoxin-free saline
intraperitoneally (i.p.), either 30 min prior to challenge with GalN/TNF, GalN/LPS,
GalN/SEB, αCD95, ConA, LPS, or delayed 2 hour after challenge to avoid interference of the
solvent with GalN or LPS at the site of injection.

•

Further compounds: 2-Chloro-adenosine was given in a dose of 50 µg/kg at t = -1 h, in a
volume of 300 µl 0.1% HSA/saline.

2.6.2 Sampling of material
At the timepoints indicated, mice were euthanized by i.v. injection of 150 mg/kg
pentobarbital plus 0.8 mg/kg heparin, and blood samples were obtained:
•

To assess the extent of liver damage, blood was withdrawn by cardiac puncture and
subsequently centrifuged (5 min, 14,000 g, 4°C). ALT enzyme activity was measured in the
plasma as described below (2.10.1).

•

Blood samples for cytokine determinations (2.6.3) were obtained either from the tail veins
using heparinized syringes, or alternatively by cardiac puncture as described above,
subsequently centrifuged (5 min, 14,000 x g, 4°C) and stored at -80°C.

After blood withdrawal, livers were perfused for 10 s with cold perfusion buffer (PB, 50 mM
phosphate buffer pH 7.4, 120 mM NaCl, 10 mM EDTA), immediately excised and processed as
follows:
•

Slices of the large anterior lobe were frozen in liquid nitrogen and stored at -80°C until the
measurement of caspase-3-like or caspase-8 activity (2.10.3).

•

To analyze hepatic DNA fragmentation, slices of the large anterior lobe were disintegrated by
Dounce homogenization in a ratio of 1:10 in PB and centrifuged (20 min, 14,000 g, 4°C). The

supernatant was diluted 270-fold and used directly in an ELISA designed to detect
DNA fragmentation 106.
•

For determination of ATP (2.8), liver samples were perfused with ice-cold ATP buffer, slices
of the large anterior lobe were homogenized 1:10 in ATP buffer, centrifuged (15 min, 14,000
g, 4°C), and ATP was measured immediately.

•

For liver histology (2.7), liver specimen were immediately cut into 1 mm thick slices and
fixed in phosphate-buffered neutral 4% formalin solution for light microscopy.

2.6.3 Cytokine determinations
Antibody pairs (specific rat anti-murine mAb) were purchased from Pharmingen (San
Diego, CA, USA). Streptavidin-peroxidase was obtained from Jackson Immuno Research (West
Grove, PA, USA), and the TMB liquid substrate system from Sigma (Deisenhofen, Germany).
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TNF and IL-10 were determined using a commercially available ELISA kit (OptEIA,
Pharmingen, San Diego, CA. USA). The detection limits of the assays were 15 pg/ml for TNF
and IL-10, 10 pg/ml for IL-4, IL-6, and IFN-γ.
2.7

Light microscopy

For light microscopy, liver samples were fixed in 4% buffered formalin and embedded in
paraffin. Five-micrometer sections were cut (Biocut 2030, Reichert Jung, Germany) and stained
with hematoxilin and eosin. Representative sections are shown.
2.8

Measurement of hepatic ATP

Livers were perfused for 2 sec with ice-cold Somatic Cell ATP Releasing Reagent (Sigma,
Germany) and homogenized by Dounce homogenization. The 10% homogenate (in ATP
Releasing Reagent) was centrifuged at 13,000 x g for 5 min at 4°C. Immediately, the supernatants
were diluted and luminescence was measured in 96-well plates using an automated procedure
(Victor² Multilabel Counter, Wallac Instruments, Turku, Finland). Data were compared to
calibration solutions and ATP contents are expressed in relation to protein content as percent of
untreated control livers.
2.9

Measurement of protein synthesis

For the determination of protein synthesis, the label 3H uridine was added in 10 µl to the
hepatocyte culture per well (200 µl, 150 MBq/ml final). After 2 hours incubation, medium was
removed and the cells were washed 3 times with ice-cold trichloracetic acid (TCA, 10%). The
cells were subesequently dried with methanol (-20°C). Then, the cell layer was lyzed with 300 µl
lysis buffer (0.3 N NaOH, 0.1% Triton X-100) for 12 hours at 37°C, and incorporated
radioactivity was quantified by β-scintillation counting. The radioactivity found in control cells
was set at 100%.
2.10 Measurement of enzyme activities
2.10.1 Liver enzyme activities in plasma samples
The extent of liver damage was assessed by measuring plasma alanine aminotransferase
(ALT) activity with an EPOS 5060 analyzer (Netheler & Hinz, Hamburg, Germany) according to
the method of Bergmeyer 236 and calculated as U/l plasma.
2.10.2 Lactate dehydrogenase activity
Lactate dehydrogenase (LDH) was determined in hepatocyte cell culture supernatants (S)
and in the remaining cell monolayer (C) after lysis with 0.1% Triton X-100 according to
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Bergmeyer
S/(S+C).

236

. The percentage of lactate dehydrogenase release was calculated from the ratio of

2.10.3 Caspase-3-like and Caspase-8 activity
Cytosolic extracts from liver tissue were prepared by Dounce homogenization in hypotonic
extraction buffer (25 mM HEPES, pH 7.5, 5 mM MgCl2, 1 mM EGTA, 1 mM Pefabloc® and
pepstatin, leupeptin and aprotinin, 1 µg/ml each), subsequently centrifuged (15 min, 14,000 x g,
4°C) and stored at -80°C. To determine caspase-3-like protease activity, the fluorometric DEVDafc cleavage assay was carried out according to the method originally described by Thornberry
237
. Cytosolic extracts (10 µl, approximately 1 mg/ml protein as estimated with the Pierce-Assay
(Pierce, IL, USA)) were diluted 1:10 with substrate buffer (55 µM fluorogenic substrate DEVDafc in 50 mM HEPES, pH 7.4, 1% sucrose, 0.1% CHAPS, 10 mM DTT). Generation of free 7amino-4-trifluoromethylcoumarin (afc) at 37°C was kinetically determined by fluorescence
measurement (excitation: 385 nm; emission: 505 nm) using the fluorometer plate reader Victor2
(Wallac Instruments, Turku, Finland). The activity was calculated using serially diluted standards
(0-5 µM afc). Control experiments confirmed that the activity was linear with time and with
protein concentration under the conditions described above. Alternatively, to determine caspase3-like and caspase 8 activity in vitro primary hepatocytes were lysed (freeze-thaw in lysis buffer:
25 mM HEPES pH 7.5, 5 mM MgCl2, 1 mM EGTA, 1 mM Pefablock and pepstatin, leupeptin
and aprotinin, 1 µg/ml each, 0.1% Triton X-100), subsequent centrifuged (15 min, 14,000 g,
4°C), the supernatant diluted 1:10 in substrate buffer including DEVD-afc (caspase3) or IETD-afc
(caspase-8) as substrate, and generation of free afc determined using the fluorometer plate reader
Victor2.
2.11

Phosphorylation of I-κ
κB

At the indicated timepoints after incubation, primary hepatocytes were lysed in
permeabilization buffer (210 mM D-mannitol, 70 mM sucrose, 10 mM HEPES, 5 mM succinate,
0.2 mM EGTA, 0.15% BSA, 50 µg/ml digitonin, pH 7.2, 4°C) as described 238. Following
removal of the permeabilization buffer, the samples were centrifuged for 10 min at 13,000 x g
and protein from the supernatants was separated on 15% polyacrylamide gels. Phosphorylated IκB was detected by the enhanced chemoluminescence (ECL) reaction after blotting on
nitrocellulose membranes with commercial antibodies (PhosphoPlus® I-κB (Ser32) Antibody Kit)
from New England Biolabs GmbH, Schwalbach, Germany.
2.12

Internalization of TNF

Internalization experiments of TNF were performed by the method of Pennica et al. 239. In
brief, primary hepatocytes were harvested and washed once with PBS/BSA (0.1%). Five x 106
cells were incubated in 5 ml of PBS/BSA either with 25 nM (46.2 µCi/µg, Amersham Corp.) for
1 h at 4°C or pre-incubated with fructose (50 mM) for 30 min at 37°C before the addition of 125I31
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TNF. After incubation, the cells were washed twice and resuspended in cold PBS/BSA, and 500
µl aliquots containing 5 x 105 cells were removed for determining the total amount of bound 125ITNF. The cells were then transferred to 37°C and at various times, samples of 5 x 105 cells (500
µl aliquots) were taken and washed twice with 0.5 ml of cold 0.5 M NaCl, 0.2 M acetic acid to
remove surface-bound plus released 125I-TNF. As a control, parallel incubations were performed
at 4°C. The supernatants from acid-washed pellets were precipitated with 10% trichloroacetic
acid for 1 h on ice. Acid-washed pellets (internalized cpm), trichloroacetic acid pellets (cell
surface-associated/released cpm), and trichloroacetic acid supernatants (degraded cpm) were
counted in a liquid scintillation counter Beckman LS6000IC (Beckman Coulter GmbH,
Germany). Internalized and cell surface-associated fractions are shown as percentage of total
bound 125I-TNF.
2.13

Statistics

All data are generally given as means ± SD. Statistical differences were determined by oneway analysis of variance (ANOVA) followed by Dunnett multiple comparison test of the control
vs. other groups. Statistical analysis that included all vs. all comparisons was done by the Tukey
multiple comparison test. The statistic program InStat (GraphPad software, USA) was used for
statistics and a p value <0.05 was considered significant.
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3

ATP depletion and influence on liver injury in vivo

3.1

Characterization of carbohydrate-induced hepatic ATP depletion

In a first set of experiments, we analyzed the dose-response and kinetics of ATP depletion
following a bolus injection of fructose into mice. Treatment of mice with increasing doses of
fructose led to a drop of hepatic ATP levels to below 30% of the initial level with an EC50 value
of 3.5 g/kg (figure 4 A). The depletion took place within 30 minutes and lasted for at least 3
hours. After 4 hours ATP levels recovered due to slow metabolization of fructose via glycolysis
(figure 4 B).

B

120
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ATP [% of control] ± SD

Afterwards, we compared the ATP-depleting capacity of further carbohydrates, such as tagatose,
mannose, and mannitol in mice. In agreement with previous results 112, 159, treatment of mice with
fructose and tagatose resulted in a decrease of intrahepatic ATP content by 56% and 83%
compared to controls, respectively, whereas mannose and mannitol had no significant effect on
ATP levels (figure 4 C). The zero-energy sugar tagatose is a poorly metabolized glycolytic
substrate and thus represents a more potent ATP-depleting agent than fructose because tagatose is
not catabolized after phosphorylation by fructokinase 240, 241.
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3.2
Hepatoprotection by ATP-depleting carbohydrates in GalN/TNF-induced liver
injury
We were now interested in whether ATP depletion had an effect on TNF-induced hepatic
apoptosis in vivo. For this purpose we used D-galactosamine (GalN)-pretreated mice, which are
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highly sensitive to the induction of selective hepatic apoptosis by TNF 51, 105. Injection of TNF (2
µg/kg) into sensitized mice caused severe damage to hepatocytes as assessed by the release of
alanine aminotransferase (ALT) in the plasma after 8 hours (figure 5 A). Administration of
fructose 30 minutes prior to TNF injection dose-dependently prevented hepatocyte death.
Remarkably, only doses which causes depletion of ATP were sufficient to protect from liver
injury (figure 5 A). Having investigated apoptotic parameters, we found an inhibition of hepatic
caspase activity (figure 5 B) and hepatic DNA fragmentation (figure 5 C) by fructose in only in
ATP-depleting doses. A pronounced protection by fructose was also observed in survival
experiments with GalN-sensitized mice: while fructose-pretreated mice (5 or 10 g/kg, n = 8)
survived the observation period of three months (figure 5 D) animals without pre-treatment died
6-8 h after injection of TNF (2 µg/kg, n = 8). At the highest dose of fructose, liver protection was
virtually complete, while mannitol neither depleted ATP nor reduced liver damage (data not
shown).

0
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Figure 5: Dose-dependent protection by fructose against GalN/TNF-induced liver injury in mice. (A) Fifteen
minutes prior to application of galactosamine (GalN, 700 mg/kg), mice were pretreated with fructose. TNF (2 µg/kg)
was injected i.v. 15 minutes after GalN. Liver injury was quantified by measurement of plasma alanine
aminotransferase (ALT) after 8 h, (B) by determination of caspase activity by DEVD-afc cleavage after 6 h, or (C)
by measurement of DNA fragmentation after 6 h. (D) Survival of mice was monitored over a period of 72 h. Values
are means ± SD from six animals per group. **p < .01 compared with conditions represented by black bars based
on ANOVA, followed by the Dunnett's multiple comparison test.
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Fructose-induced ATP depletion lasted for 4 hours only. Therefore, fructose treatment was shifted
in order to show that protection from liver injury was due to ATP depletion and not due to the
compound fructose per se. When TNF was injected 1 h after fructose, maximal protection
correlated with the maximum of ATP depletion at that timepoint. When TNF was injected after 2
or 4 h, protection was decreasing, in parallel with the recovering hepatic ATP levels (figure 6).
This time course suggests a direct link between the block of apoptosis and the metabolic effects
of fructose. The data also argue against induction of non-specific tolerance, e.g., due to endotoxin
contamination of the sugar and release of the tolerizing cytokine IL-1 18, 242.

Figure 6: Kinetics of ATP depletion in murine livers
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*p < 0.05 and **p < 0.01 compared with GalN/TNFtreated controls based on ANOVA, followed by the
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3.3
Hepatoprotection by ATP depletion in different models of TNF receptor 1-mediated
liver injury
In the previous chapter, we demonstrated that ATP depletion is capable to protect from
apoptotic liver injury induced direct triggering the TNF-R1 by recombinant TNF. Thereafter, we
investigated whether the ATP depletors fructose and tagatose protected mice from various TNFR1-dependent acute, inflammatory liver injury. Furthermore, we analyzed the activation of
hepatic caspases in these models. The enzymatic activity of caspase-3-like proteases, i.e. caspase3 and caspase-7 in the liver, was used as a quantitative biochemical parameter for the detection of
caspase-dependent hepatocyte apoptosis in vivo 149, 243. As shown in table 1, the caspase-3-like
activity in liver tissue from control animals was below the detection limit of the assay, while in
the GalN/LPS model a substantial increase in caspase-3-like activity was observed at 8 hours post
treatment. This pivotal event in TNF-R1-signaling in this apoptotic model was entirely abrogated
in animals pretreated with a dose of fructose or tagatose that depleted hepatic ATP stores by 60%
and 80%, respectively, within 1 hour (Table 1) 112.
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Table 1. Prevention of hepatotoxicity and hepatic caspase-3-like activity by ATP-depleting carbohydrates in
different models of cytokine-mediated liver injury.

Liver injury
model

GalN/LPS

LPS shock

Con A

GalN/SEB

Treatment
[5 g/kg]

Plasma ALT activity
[U/l] ± S.E.M

Control
+ Fructose
+ Tagatose
+ Mannose
+ Mannitol
Control
+ Fructose
+ Tagatose
+ Mannose
+ Mannitol
Control
+ Fructose
+ Tagatose
+ Mannose
+ Mannitol

5,730 ± 1,140 (4)
650 ± 300 (6) **
90 ± 30 (6) **
6,280 ± 1,610 (6)
7,660 ± 670 (3)
2,070 ± 180 (10)
680 ± 220 (12) **
100 ± 40 (3) **
1,890 ± 220 (3)
2,370 ± 500 (3)
3,800 ± 540 (7)
410 ± 90 (4) **
200 ± 10 (3) **
2,240 ± 380 (3)
2,090 ± 410 (3)

Control
+ Fructose

5,770 ± 1,580 (4)
135 ± 60 (3) *

DEVD
cleavage activity
[µU/mg] ± S.E.M
202 ± 48
107 ± 48 *
56 ± 53 **
148 ± 45
202 ± 17
≤ 25
≤ 25
≤ 25
≤ 25
≤ 25
≤ 25
≤ 25
≤ 25
≤ 25
≤ 25
n.d.
n.d.

Table 1/Note: Mice were pretreated with different carbohydrates, and endotoxin (LPS) or
galactosamine (GalN)/LPS were injected 30 min later. Alternatively, mice were challenged with concanavalin
A (Con A) 1 hour after pretreatment with the respective carbohydrate. Eight hours later, liver injury was
characterized by measurement of plasma ALT and determination of caspase-3-like activity by DEVD-afc
cleavage. ALT values of carbohydrate-treated controls were 25 ± 15 U/l. Values are means ± S.E.M. *p < 0.05
and ** < 0.01 compared with non-pretreated controls based on ANOVA, followed by Dunnett’s multiple
comparison test; n.d., not determined.

In accordance with the biochemical data, the histological examination of liver specimens from
mice injected with GalN/LPS (8 h) revealed massive hepatocyte apoptosis, as judged by the
frequent appearance of nuclear fragmentation and hyperchromatic nuclear membranes (figure 7
A), as described 105, 108. At this late timepoint, also necrotic foci, mild neutrophil infiltration,
erythrocyte agglutination, and a massive destruction of the sinusoidal structure of the liver were
observed. In ATP-depleted livers, overt signs of organ injury elicited by GalN/LPS in the LPStreated control animals were not seen (figure 7 B) and ALT release was indistinguishable from
control levels (table 1).
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Figure 7: Histopathology of apoptotic and necrotic liver damage (left panel) and prevention by ATP
depletion (right panel) in mice. Mice received (A-C) GalN/LPS (700 mg/kg; 2 µg/kg, 8 hours), and one group
additionally was treated with either tagatose (B, 5 g/kg, t = - 0.5 h) or mannitol (C, 5 g/kg, t = - 0.5 h); (D-F)
high-dose LPS (10 mg/kg, 20 hours), one group treated with either tagatose (E, 5 g/kg, t = - 0.5 h) or mannitol
(F, 5 g/kg, t = - 0.5 h). (G-I) Con A (25 mg/kg, 8 hours), one group treated with either tagatose (H, 5 g/kg, t = 0.5 h) or mannitol (I, 5 g/kg, t = - 0.5 h); Visualized at an original magnification of 100-fold.

Treatment with a high dose of endotoxin is a commonly used murine model of
hyperinflammatory systemic shock. Here, many organs are affected, and destruction of liver tissue
occurs by necrosis of hepatocytes, in spite of its dependence on TNF 108, 133. Mice were injected
with 10 mg/kg of LPS, and the histological examination of liver specimens displayed a dispersed
single-cell necrosis of hepatocytes without any preferential zonation as typically seen in LPS
shock models (figure 2 C). The nuclei of necrotic cells appeared karyolytic, pronounced
hepatocyte membrane lysis occurred, and a mild infiltration of granulocytes was observed. In
mice that had received LPS and tagatose, no necrotic hepatocytes were found, and the overall
histology of the liver seemed normal, except for some optically empty, circular inclusions within
the hepatocytes (figure 2 D). Since this phenomenon was also seen in control mice treated with
ketohexoses alone, we believe that it is rather due to a wash-out of glycogen, sugars, and
phosphorylated carbohydrates from the tissue under these conditions than to a pathological event,
which importantly did not result in any increase of ALT release (data not shown). In line with the
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above findings, the ALT release was entirely abrogated in mice pretreated with fructose or
tagatose and then injected with LPS, as compared to LPS-treated animals (figure 2 D). Finally,
the survival outcome in both LPS models was compared (figure 8). Hepatoprotection by fructose
treatment entirely abrogated lethality in the apoptotic GalN/LPS model. In contrast, mortality in
the LPS shock model was merely delayed by the hepatoprotective effect of fructose, indicating
that liver damage in this experimental setting is, in contrast to models of apoptotic, caspasedependent liver injury models, not directly linked to animal lethality.
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Figure 8: Prevention of lethality by phorone in murine GalN/LPS-mediated liver damage, but not in the
LPS shock model. Animals were injected with fructose (5 g/kg) (A) 30 minutes prior to GalN/LPS (700
mg/kg; 1.5 µg/kg) or (B) 30 minutes prior to LPS (10 mg/kg). The survival time was monitored for the
time indicated (n = 5/group or n = 3/group, respectively).

It was shown that fructose has a variety of protective properties in different models of cell death,
i.e. it can also act as an antioxidant and iron chelator 244. To demonstrate that the hepatoprotection
mediated by fructose treatment was due to ATP depletion as such and not to other potential
effects, we treated mice with the non-ATP depleting sugar mannose or the antioxidant mannitol.
However, these non-ATP-depleting sugars failed to prevent liver injury, as quantified by
transaminase release, caspase-3 activation, and histological examinations (table 1, figure 7 C, F,
and I). These experiments as well as our previously reported control experiments, i.e. that
repletion of ATP via phosphate supplementation in vitro restored sensitivity towards apoptosis
induction in primary hepatocytes 112, suggest a causal relationship between ATP depletion by
fructose or tagatose and their ability to prevent cell death.
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3.4
ATP-depleting carbohydrates prevented from T cell-mediated TNF-dependent liver
damage.
Intravenous injection of Con A in naive mice induces polyclonal activation of T cells,
which release pro-inflammatory cytokines (e.g. TNF, IFN-γ, GM-CSF). Acute inflammatory liver
injury ensues which is considered to resemble many aspects of immune-mediated hepatitis in
humans 119, 123, 125. Also in this T cell-driven model, mice pretreated with the ATP-depleting
sugars fructose or tagatose were protected against liver injury induced by Con A, as demonstrated
by a suppression of ALT release by about 90% at 8 hours after challenge (table 1). As described,
no activation of hepatic caspase-3-like proteases was detectable 129. Histologically, eight hours
after Con A injection, large areas, especially in the periportal zone, displayed pronounced
sinusoidal destruction (figure 7 E). The histology of the damaged areas resembles that of ischemic
liver injury, including pyknotic nuclei and hepatocyte necrosis. Moreover, severe congestions of
the microcirculation by agglutinated erythrocytes have taken place. In contrast, liver specimens
from additionally ATP-depleted mice showed only mild erythrocyte agglutination and infiltration
of inflammatory cells without necrotic foci characteristic for parenchymal destruction (figure 7
F), and animal lethality in this model was merely delayed by fructose-mediated hepatoprotection
as it was the case in the LPS shock model (figure 9). In a further T cell-mediated model, exposing
galactosamine-sensitized mice to the superantigen staphylococcal enterotoxin B (SEB), fructose
pretreatment also prevented liver injury (table 1). Taken together, these findings demonstrate that
prevention of hepatotoxicity upon ATP depletion was observed in various in vivo models relying
on different initiation mechanisms and displaying different pathologies, but all depending on
TNF-R1 activation.
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3.5
Depletion of ATP modulates the cytokine release in both LPS, but not in the Con A
model
Since all models tested are strongly dependent on cytokine release, we investigated whether
ATP depletion affected the systemic release of cytokines such as TNF, IFN-γ, and IL-6. We found
that the release of TNF and IFN-γ was blunted in animals pretreated with fructose and tagatose, as
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compared to LPS- or GalN/LPS-treated mice (figure 10 A and B), whereas IL-6 release was not
affected (figure 10 C). In contrast, cytokine release, i.e. TNF, IL-4, and IFN-γ, was not influenced
in the Con A model (figure 4 A and C), in spite of the significant protection due to ketohexose
pre-treatment. In the Con A model, the systemic release of cytokines is dependent on a cross talk
between T cells and macrophages 119, whereas LPS directly stimulates Toll-like receptor 4 (TLR4) on macrophages and activates them, resulting in the release of pro-inflammatory cytokines 245.
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Figure 11. Influence of carbohydrates on Con A-induced cytokine release. Mice were injected with
concanavalin A (Con A, 25 mg/kg) with or without pretreatment with fructose (Fruc, 5 g/kg) or tagatose (Tag, 5
g/kg) 1 hour before. The systemic release of (A) TNF, (B) IL-4, and (C) IFN-γ was followed over a period of 8
hours after challenge (n=3/group).
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To exclude a direct interaction between ATP-depleting carbohydrates and cytokine-producing
macrophages, we determined the release of TNF from primary Kupffer cells upon 6 h stimulation
with LPS (10 µg/ml) and found no differences either in the presence (184 ± 13 pg/ml TNF) or in
the absence (191 ± 36 pg/ml TNF) of fructose (50 mM fructose, n = 6 per group). Thus, a direct
action of fructose on cytokine-producing Kupffer cells seems to be unlikely.
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Since ATP depletion affects parenchymal cells only, one possible mediator for suppressing
cytokine release in the LPS models could be adenosine, which is released as a result of adenosine
nucleotide catabolism after ketohexose treatment 165, 172. Therefore, we investigated whether
treatment of mice with adenosine affects TNF release after GalN/LPS or Con A injection.
Exogenous adenosine was capable to suppress LPS-induced TNF release significantly by 64%,
but failed to reduce the systemic release of TNF in the Con A model (table 2). This incomplete
decrease of TNF levels in ths LPS model could result from instability and systemic injection of
adenosine. We hypothesize a local effect of adenosine once released from hepatocytes acting on
neighboured macrophages, which could be different in the Con A model.

Table 2. Suppression of LPS-, but not Con A-induced TNF release by exogenous adenosine.

Liver injury model

2-Cl-adenosine

GalN/LPS
Con A

Plasma TNF
[pg/ml] ± S.E.M
847 ± 116 (3)
308 ± 77 (3) *
649 ± 368 (3)
439 ± 91 (3)

+
+

Table 2/Note: Mice were pretreated with 2-Cl-adenosine (i.v., 50 µg/kg) and 15 min later, galactosamine (GalN,
700 mg/kg)/LPS (2 µg/kg) or Con A (25 mg/kg) were injected. After 90 min the systemic release of TNF was
determined. Values are means ± S.E.M. *p < 0.05 compared with non-pretreated controls based on ANOVA,
followed by Dunnett’s multiple comparison test.
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Figure 13. Influence of ATP depletion on LPS-induced cytokine release, and curative treatment with
fructose or tagatose in LPS-mediated liver injury. Mice were treated with (A + B) GalN (700 mg/kg)/ LPS (2
µg/kg) or (C + D) LPS (10 mg/kg). The release of TNF into the plasma was determined 90 min after challenge and
liver injury was quantified by measurement of plasma transaminases after 8 hours. Groups of mice additionally
received fructose (Fruc, 5 g/kg) or tagatose (Tag, 5 g/kg) at the timepoints indicated; n=3/group.

To elucidate whether the suppression of cytokine secretion by fructose or tagatose treatment
might be solely responsible for the protection in the LPS models, we varied the time of
carbohydrate injection relative to LPS challenge. We found that even when given 2 hours after
LPS treatment, i.e. after the systemic peak of TNF release, prevention of liver damage by fructose
or tagatose was almost complete (figure 13). Remarkably, the IL-10 release pattern after LPS was
inversely to that of TNF (figure 14). From these time course experiments, we conclude that
protection against cell death in the ATP-depleted state results from the resistance of the target
cells, i.e. hepatocytes, rather than from differential influences of ATP depletion on cytokine
production.
Figure 14. IL-10 release after LPS treatment.
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3.6

ATP depletion and CD95-mediated hepatic apoptosis

In the final set of experiments, we examined whether the opposing effects of ATP
depletion on TNF-R1- or CD95-induced hepatocyte death would also hold true in vivo, and which
effect would be predominant after stimulation of liver damage with LPS as inflammogen. Mice
were injected with increasing doses of anti-CD95 antibody alone or in combination with a
strongly ATP-depleting dose of fructose. Under any condition, fructose enhanced CD95-mediated
apoptotic liver damage (figure 15 A). Moreover, lethality of mice caused by anti-CD95 was not
affected at all when mice were pre-treated with fructose (figure 15 B).
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Figure 15: Modulation of CD95-mediated liver injury by fructose. Mice were pretreated with fructose (2
g/kg) and 15 minutes later, different doses of agonistic anti-CD95 antibody were injected. Eight hours later,
liver injury was quantified by measurement of plasma ALT. Values are means ± SD from six animals per
group.
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4
Depletion of ATP interrupts TNF-R1-mediated apoptosis in primary
hepatocytes
4.1

ATP depletion in vitro – an overview

We raised the question at which step in the signaling cascade of TNF-R1 low ATP levels
inhibited the death signal. Previously we elaborated the basis for further mechanistical
investigations of interference of low ATP and TNF-R1 signaling: in primary murine hepatocytes
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we could show that protection in the TNF model correlated with decreasing levels of ATP. High
concentrations of some sugars (50 mM), i.e. fructose, tagatose, 2,5-anhydro-mannitol, and
sorbitol, depleted ATP by 70-80% within 5 min (figure 16 A), and subsequently cellular steady
state ATP levels remained at 15-20% of control for at least 20 h. Under these conditions,
execution of TNF-induced apoptosis was completely blocked (figure 16 B). In contrast, neither
ATP depletion nor protection was observed after addition of 50 mM glucose, sorbose, mannitol
or mannose, which are hardly metabolized via the aldolase pathway (figure 16). The median
effective concentration (EC50) of fructose for ATP depletion was 7.5 mM, and the sugar alone
had no effect on basal hepatocyte viability at any concentration tested. Furthermore, we could
show that several steps in the signaling pathway of TNF-R1 were inhibited, i.e. activity of
caspase-3-like proteases, mitochondrial dysfunction and cytochrome c release, DNA
fragmentation and chromatin condensation, and finally, apoptotic morphology and secondary
lysis. Thus, the ATP-dependent step has to be upstream of mitochondrial dysfunction and caspase
activation. Since both, caspase activity and “mitochondrial” apoptosis, are also part of the
signaling pathway evoked by CD95, which was enhanced under ATP-depleting conditions, they
could not be direct inhibited by low ATP. Therefore, we hypothesized that the ATP-depending
step is localized at the receptor level, e.g. receptor internalization and/or DISC formation, which
results in activation of caspase-8 leading subsequently to mitochondrial dysfunction and caspase3 activation (see chapter 1.2.3).

Figure 16. Influence of Fructose on early events in TNF-R1 signaling in primary murine hepatocytes.
Primary hepatocytes were pre-incubated for 30 min with 50 mM fructose or tagatose, and for 15 min with
actinomycin D (ActD, 400 ng/ml). Incubations were started by addition of TNF (100 ng/ml). (A) Cytotoxicity
was assessed 18 h later by determination of LDH release. Data are means ± SD from 3 experiments.
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4.2

Internalization of the receptor after triggering
TNF is known to induce both necrotic and apoptotic cell death 71, but it is likely that these

morphologically separated types of cell death may involve distinct signaling molecules. We
showed however, that fructose prevented both TNF-R1-mediated apoptotic as well as necrotic
liver injury. Thus, it is likely that fructose inhibits an early common signal of both types of cell
death. Therefore, we investigated whether fructose affects early signaling in TNF-induced cell
death in primary murine hepatocytes. Receptor internalization of TNF-R1 was reported to be
necessary for transducing signaling of TNF. However, these experiments were done with the
cytoskeletal inhibitor cholchicine, which inhibits every signaling pathway within the cell.
Moreover, it was reported that signaling from the receptor occurred even in absence of
internalization 246. Here, we found that the internalization of the TNF receptor after triggering
with its ligand TNF is not inhibited by ATP depletion induced by fructose (figure 17).
Remarkably, only 50% of the amount of surface TNF-R1 was internalized within 2 hours after
stimulation, which is in concordance with observations by others 247.
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4.3

Signaling after receptor trimerization: caspase-dependent and –independent

Another signaling pathway after TNF-R1 stimulation leads to the activation of antiapoptotic proteins such as NF-κB. After receptor trimerization and DISC formation, the kinase
IKK becomes active and subsequently, phosphorylates I-κB, an inhibitor of NF-κB, resulting in
the release of NF-κB from the I-κB/NF-κB complex and in translocation to the nucleus (see
chapter 1.2.3). Under ATP-depleting conditions, we observed a delay and decrease in the
phosphorylation of I-κB leading to the conclusion that the DISC per se could be formed after
ATP depletion (figure 18).
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Figure 18. Phosphorylation of I-κB. Primary hepatocytes were stimulated with ActD (A, 400 ng/ml)/TNF (T,
100 ng/ml) with or without pre-incubation with tagatose (Tag, 50 mM). At different timepoints, cells were lysed
with permeabilization buffer and the samples were resolved on a 12% tris/glycine polyacrylamide gel followed
by Western blot analysis.

In sharp contrast, preincubation with fructose resulted in a complete inhibition of caspase-8
activity, as assessed by IETD-afc cleavage activity analogous to inhibition of caspase-3-like
proteases (figure 19 A). To exclude that the measured IETD-afc cleavage was not due to caspase3 activity (up to 750 pmol afc/mg*min in the ActD/TNF model in vitro), we performed
experiments with recombinant caspase-3 and found that IETD-afc is a poor substrate of caspase-3
(12.7% IETD-afc cleavage as compared to DEVD-afc cleavage). Taken together, these findings
suggest that fructose-mediated ATP depletion partially inhibits the signaling from the DISC of
TNF-R1, which could explain the protection in apoptotic as well as in necrotic hepatic cell death.
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5
Drug-induced hepatotoxicity: topoisomerase inhibitors
primary murine hepatocytes towards TNF-mediated apoptosis

sensitize

Topoisomerases maintain and modulate the DNA structure during cell division. Inhibitors
of topoisomerase-I and topoisomerase-II such as camptothecin, etoposide, and synthetic derivates
induce apoptosis in dividing cells in vitro and are clinically used as antineoplastic drugs. In some
cases, transient elevation of liver enzymes in TPC phase II study 230 and unexpected severe
hepatotoxicity due to treatment with CPT/ETP 231 was observed. Therefore, we investigated
whether mitotically inactive hepatocytes are sensitive towards topoisomerase inhibitors.
When treated with camptothecin (CPT, 3-100 µM), primary cultured murine hepatocytes
displayed an inhibition of protein synthesis up to 74% (figure 20 A). This inhibition of
biosynthesis was comparable to that induced by actinomycin D (ActD), which is a classical
inhibitor of transcription (figure 20 B). Since ActD sensitize hepatocytes towards TNF-induced
apoptosis, we investigated whether CPT alone or in combination with TNF induces cell death of
primary hepatocytes.
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Figure 20: Concentration-dependent inhibition of translation by camptothecin (CPT). (A) Hepatocytes were
incubated with increasing concentrations of CPT. After 18 hours, 3H-leucin (1.5x105 Bq) was added for two
hours and then, incubation was stopped with 10% TCA. 3H-leucin incorporation in untreated cells was set as
100%. (B) Alternatively, hepatocytes were incubated with CPT (100 µM), the transcription inhibitor
actinomycin D (ActD, 400 ng/ml), or translation inhibitor cycloheximide (10 µM) for 9 hours and 3H-leucin
incorporation was quantified as percentage of control.

CPT alone induced only a slight increase in cell death of primary hepatocytes quantified by LDH
release since these cells are mitotically inactive and thus, are not affected by CPT-induced DNA
damage. In contrast, CPT in combination with TNF killed about 50% of cells within 20 hours
(figure 21 A). Kinetic experiments revealed that cell death induction by CPT/TNF is similar to
ActD/TNF-induced apoptosis in hepatocytes, i.e. LDH release after 12-16 hours (figure 21 B). It
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was shown in our laboratory that TNF is indeed the apoptosis-inducing agent, i.e. by control
experiments using neutralizing anti-TNF antibodies or using cells derived from TNF-R1
knockout mice (H. Hentze, unpublished). The type of cell death induced by CPT/TNF was clearly
apoptotic as determined by activity of caspase-3-like proteases (540 µU/mg; 16 h) and DNA
fragmentation (figure 21 C and D). Furthermore, the broad-spectrum caspase inhibitor z-VADfmk prevented CPT–triggered apoptosis (H. Hentze, unpublished).

Figure 21: Cytotoxicity and apoptotic hallmarks after incubation of primary murine hepatocytes with
camptothecin (CPT). Alternatively, cells were incubated with TNF (100 ng/ml) 30 min after CPT. (A) Dose
response curve after 20 h and (B) time dependence of camptothecin-induced cytotoxicity assessed by
determination of LDH release. For determination of apoptosis, hepatocytes were incubated with CPT (100 µM)
and TNF. (C) Caspase-3 like protease activity was measured by quantification of DEVDafc cleavage. (D) DNA
fragmentation was analayzed by ELISA at timepoints indicated. Data are means ± SD from three experiments.

Since an impaired immune function due to antitumor treatment frequently results in opportunistic
infections, the presence of TNF may be critical for the hepatotoxicity reported in several studies.
Previous own work showed that transformed hepatocytes, i.e. HepG2 and Hepa 1-6 cells, were
not affected by carbohydrate-induced ATP depletion and therefore these cells were not protected
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from TNF-induced apoptosis. Finally, we addressed the question whether ATP depletion by
fructose could prevent hepatocyte apoptosis induced by CPT/TNF.
As mentioned before, CPT induced slight increase in LDH release whereas TNF increased
cytotoxicity of CPT. Under certain conditions, i.e. very pure hepatocytes without any
contamination with non-parenchymal cells, CPT did not induce cell death at all (H. Hentze,
personal communication). Preincubation with fructose prevented the increase of cell death by
TNF to levels found in hepatocytes treated with CPT alone (figure 22). This finding could be used
to investigate whether fructose is a useful tool for inhibiting hepatotoxic site effects of
camptothecin under certain conditions, i.e. circulating TNF during infection or when TNF is
given in combination with CPT in cancer treatment. Previous own work demonstrated that
fructose did not deplete ATP and thus did not prevent TNF-induced apoptosis in hepatoma cells.
It remains unclear whether fructose affects CPT-induced cell death of tumor cells.
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6

Discussion

6.1

Lowered ATP levels in liver damage

In this study, several hyperinflammatory liver injury models in which endogenous TNF
release induces either necrotic or apoptotic cell death were investigated with regard to their ATP
dependence, the mode of cell death, and the activation of caspases. In all of these models, we
demonstrate that depletion of ATP protects against both forms of cell death mediated by TNF-R1
(summarized in figure 5 and table 1). We found that protection was due to an impairment of
signal transduction from the death-inducing signaling complex (DISC) in vitro. In addition, it was
demonstrated that in the LPS models ATP-depleting carbohydrates inhibited release of proinflammatory cytokines.
It is well documented that total loss of ATP, for example in hypoxia, leads rapidly to necrotic cell
death of at least hepatic and myocardial cells 151, 152. In concordance with this data, we found that
lowering ATP levels to below 10% of initial values by respiratory chain inhibitors - such as
oligomycin - resulted in necrotic cell death within a few hours. Under these conditions cell death
could be prevented by energy supply, e.g. after addition of the carbohydrates glucose or fructose.
Since fructose is metabolized by fructokinase it bypasses rate limiting and regulatory steps
existing in glycolysis (1.4.2). Thus, fructose was thought to be a better energy source during
infusion especially in patients with acute or chronic liver diseases and in diabetic ketoacidosis 156,
157
. However, long term infusions with high concentrations of fructose caused severe liver injury
due to long term ATP depletion as shown in rat and man. In contrast, we could demonstrate that a
bolus injection of fructose decreased ATP levels to 20% of initial values and ATP levels
recovered after 4 hours without displaying toxicity in mice (3.1). In vitro, primary hepatocytes
tolerated up to 50 mM fructose for more than 24 hours without 112. Therefore, fructose is a useful
tool to lower ATP levels without affecting viability and moreover, to study the energy
dependence of liver damage in several in vivo models.
The findings of the present study demonstrate that variations in the main cellular energy source,
i.e. the intracellular ATP concentration, can completely interrupt TNF-R1-mediated hepatocyte
apoptotis and necrosis in vivo. Fructose was chosen as a non-hepatotoxic model compound to
deplete ATP efficiently. A straightforward interpretation of our results is that ATP depletion is
the primary metabolic effect of fructose, responsible for prevention of TNF-induced liver damage.
For the following reasons we favourite this explanation: (i) only ATP-depleting carbohydrates
prevented cell death and liver damage. (ii) The degree of ATP depletion by a variety of sugars
correlated with their inhibition of TNF-triggered apoptosis in vitro and in vivo. (iii) The time
course of ATP depletion in hepatocyte cultures or in murine livers, respectively, correlated with
refractoriness to TNF-induced apoptosis. (iv) The strongest support for the hypothesis that ATP
depletion by fructose is the primary metabolic cause for the selective protection of hepatocytes
from apoptosis comes from ATP repletion experiments in vitro 112. For this line of argument, it is
essential to rationalize the mechanism of ATP depletion by fructose. Unlike most other
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commonly used ATP depletors, fructose neither blocks ATP synthesis nor does it deplete organic
substrates for glycolysis or mitochondrial energy generation. Fructose is rather itself a substrate
for glycolysis that is phosphorylated so rapidly that it acts as a sink for the cellular phosphate pool
248, 249
. Cells survive well under such conditions, since ATP is still slowly produced by oxidative
phosphorylation or glycolysis 250, 251. This situation differs from ATP depletion with oligomycine
or rotenone, which is lethal to hepatocytes 252, unless they are cultured in the additional presence
of the alternative metabolic substrates glycine 253 or fructose 250. The particular biochemical
mechanism of ATP depletion by fructose explains the fact that ATP could not be repleted by
addition of any combination of the energy substrates glucose, glutamate, alanine, glycerol,
pyruvate or lactate (data not shown). However, supplementation of inorganic phosphate to
balance the amount trapped by fructose raised the cellular ATP content. Most importantly, this
reconstituted ATP pool made cells sensitive again to TNF, even in the presence of fructose. This
supports strongly our view that fructose blocks hepatocyte apoptosis by ATP depletion.
Two further reasons other than lack of ATP as a possible cause for the prevention of cell death
after fructose, are considered to be unlikely: (i) Intracellular acidification may result from
enhanced glycolysis, and has been in fact demonstrated to protect, e.g. against ischemic
hepatocyte necrosis 155, 254-256. However, a decrease in pH increases apoptotic death of
hepatocytes 257. In addition, we found no pH dependence in vitro of TNF-induced apoptosis
between pH 6.0 and 7.6 using various organic buffers 112. (ii) An antioxidant function as claimed
for fructose 244 is unlikely to account for its prevention of apoptosis, since TNF-induced murine
hepatocyte apoptosis is neither affected by antioxidants, glutathione precursors or by chelation of
iron 105, 106, 149, nor by the strong antioxidant carbohydrate mannitol (this study).
6.2

Mechanistic interactions of cell death mediated by TNF-R1 and ATP depletion

6.2.1 Direct inhibition of TNF-R1-dependent hepatotoxicity
Examining various murine models of cytokine-mediated liver injury, this study
demonstrates that the destruction of liver tissue does not take place when of ATP is not available
in sufficient amounts. This holds true in models involving either apoptosis or necrosis as the
primary hepatocyte insults (table 1). In each of these models, the activation of the death receptor
TNF-R1 is necessary for the induction of liver damage (1.3).
Our current understanding of the TNF-R1 signaling pathway is that ligation of TNF to the cellsurface receptor triggers trimerization of the receptor, formation of the death-inducing signaling
complex (DISC), and subsequently, caspase-8 activation 258. Two pathways have been
characterized to explain the activation of executioner caspases (caspase-3 and -7), finally
resulting in apoptosis. In some cases, massive caspase-8 activation leads to cleavage of caspase-3
and -7, and eventually cell death. Alternatively, DISC formation and caspase-8 activation is less
prominent, downstream executioner caspases are less efficiently activated, and thus, a
mitochondrial pathway is favoured. Indeed, already a slight caspase-8 activity is sufficient to
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cleave Bid and promotes mitochondrial dysfunction. Cytochrome c becomes released into the
cytosol, binds to Apaf-1 and pro-caspase-9, and forms a protein complex, the so-called
apoptosome, of which ATP is an integral part, and thus regulates the apoptotic signaling via the
mitochondrial pathway. Subsequently, caspase-9 becomes processed and activates downstream
caspase-3 and -7 63. In fact, complete cellular ATP depletion had been shown in cell lines to
prevent activation of executioner caspases at a step downstream of cytochrome c release, thus
switching the mode of cell death towards necrosis 259, 260. Previously, we demonstrated that partial
metabolic ATP depletion protected primary murine hepatocytes from TNF-induced apoptosis 112.
Since we found that the release of cytochrome c from the mitochondria in the cytoplasm was
blocked in the ATP-depleted state, another ATP-dependent step occurred upstream of
mitochondrial dysfunction and thus upstream of apoptosome formation. In view of the fact that
we found a protection not only from apoptotic caspase-dependent liver damage but also from
necrotic caspase-independent, but still TNF-R1-mediated hepatic cell death (this study), a direct
ATP-dependence of caspase activity can therefore not represent an explanation for our findings.
In agreement with this hypothesis, CD95-mediated apoptosis was enhanced after ketohexoseinduced ATP depletion and increased caspase activity was observed 112.
Therefore, we investigated initial events in death receptor signaling, i.e. internalization of the
receptor, phosphorylation of I-κB, which leads subsequently to activation to NF-κB as part of the
anti-apoptotic pathway, and finally, caspase-8 activity initiating the pathway leading ultimately to
cell death. Since we found that neither the internalization nor the phosphorylation of I-κB was
affected by ATP depletion we propose that it might be the partial attenuation of DISC signaling at
the TNF-R1. Another point to be considered comes from the finding that the TNF receptor itself
functions as an ATPase 261. Self-aggregation of the death receptor induces spontaneous
downstream signaling and results in caspase activation and subsequently in cell death. This event
is prevented by silencer of death domain (SODD), which binds to the ATPase domain of heat
shock protein 70 (Hsp70) and to a phosphate-binding loop motif characteristic of ATP-binding
proteins within TNF-R1. Dissociation of SODD from TNF-R1 aggregates might need sufficient
intracellular ATP, and could therefore represent a possible mechanism for initial ATP
dependence of TNF-R1 signaling, different from CD95-mediated apoptosis in the liver. In
conclusion, our results underline the crucial role of sufficient intrahepatic ATP levels for TNFmediated macrophage-dependent as well as T cell-dependent apoptotic and necrotic liver injury
models at the target cell, i.e. the hepatocyte.
6.2.2 Multiple mechanistic interference sites in LPS-mediated liver injury
The question arises, how fructose-induced ATP depletion in hepatocytes can interfere with
cytokine production from macrophages, i.e. Kupffer cells, which are the main producers of TNF
in the LPS models. Several explanations are to be considered: Firstly, a direct interaction
between ketohexoses and endotoxin has to be taken into account. We used different sugars to test
this hypothesis (table 1), but since only the ATP-depleting ones suppressed cytokine release, this
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presumption is unlikely. Secondly, primary Kupffer cells in vitro released similar amounts of
TNF upon LPS stimulation in the presence and in the absence of fructose (this study). Thirdly,
since TNF has a lectin-like domain 262, 263, a physical interaction with the sugars and hence an
interference with TNF action is possible. However, this latter possibility seems unlikely, because
it is known that the lectin-like domain of TNF is not involved in TNF receptor 1-mediated
activity and, moreover, has a specificity for oligosaccharides different form the ones used here,
i.e. trimannoses and N,N’-diacetylchitobiose 264, 265. Therefore, a unifying proposal considering all
reservations consists in a metabolic link between the lack of ATP in hepatocytes and the cytokine
release from Kupffer cells. As soon as some seconds after ATP depletion, the content of inorganic
phosphate in hepatocytes decreases, which results in a decline of the total amount of adenosine
nucleotides 159 while the energy charge is maintained, since ATP, ADP, and AMP levels are
equally affected 169. A rapid loss of adenosine nucleotides results in the metabolization of AMP to
adenosine or IMP via adenosine deaminase and nucleotidase, respectively. Finally, a slow
increase of inosine, uric acid, and allantoin in the plasma was actually observed 165. A sudden
increase in adenosine nucleotide metabolites is expected to cause an early local release of
adenosine and/or inosine from the hepatocytes 160, 165, 170, 171, with the consequence that these two
catabolites of ATP suppress TNF production in Kupffer cells via adenosine receptor A2 and
cAMP upregulation 170-172. Such an interpretation could also explain why in our study Kupffer
cell-derived TNF in the LPS models, but not T cell-derived cytokines in the Con A and SEB
model were suppressed by ATP depletion. The latter point of view is supported by the in vitro
finding that adenosine enhances IL-10 release from monocytes after LPS 266, 267, and negatively
modulates neutrophil activity 268. Finally, several in vivo findings corroborate our explanation of
an attenuated inflammatory response and tissue damage via A2 adenosine receptors: (i) mice
deficient in these receptors displayed extensive tissue damage, as well as prolonged and higher
levels of pro-inflammatory cytokines after injection of LPS, Con A and Pseudomonas Enterotoxin
A (PEA) 269. (ii) Methotrexate, a commonly used drug in rheumatoid arthritis (RA) therapy, is
known to release adenosine and exerts an anti-inflammatory activity 270, 271. Moreover,
methotrexate inhibits LPS-induced TNF production in vivo, but fails to suppress cytokine
production after injection of Con A or anti-CD3 monoclonal antibody, another T cell stimulant
indicating that adenosine affects cytokine production in macrophages rather than in T cells 272.
(iii) In the GalN/LPS model, injection of exogenous adenosine resulted in a decrease of TNF
release by 64% whereas adenosine had no effect on the TNF release in the Con A model (this
study, Table 2). (iv) Adenosine reduces graft failure from storage/reperfusion injury 273. (v) Loss
of ATP was observed in obesity 274 and in regenerating livers after partial hepatectomy 275 and
thus, could block apoptosis under these conditions. Thus, the physiological negative feedback
mechanism proposed here might be important under hyperinflammatory conditions to control the
immune response. In the Con A model, lymphocytes are the primary target cells of the T cell
mitogen concanavalin A, whereas macrophages depend on cross-talk with T cells and are
activated by these via release of (a) soluble factor(s) different from IFN-γ and GM-CSF 119. The
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experiments with the T-cell models clearly demonstrate that the attenuation of cytokine release
alone in the ATP-depleted state is not the only factor preventing cell death, but also the action of
TNF on the hepatocyte itself, which requires ATP.
6.3

Therapeutic intervention strategies - chemotherapeutics

Camptothecin and its derivatives are widely used drugs in chemotherapy. However, in some
cases severe hepatotoxic side effects were observed. This thesis shows that camptothecin per se is
a only weak inducer of hepatocyte cell death. In contrast, when primary hepatocytes are treated in
combination with TNF, camptothecin sensitizes cells towards TNF-induced apoptosis and
therefore displayes indirect hepatotoxic properties. Patients who undergo chemotherapy are often
immunosuppressed and thus are prone to infections more likely. Under such conditions, TNF released as an inflammatory reaction against infection - could induce severe hepatotoxicity after
camptothecin treatment. A desirable therapeutic goal therefore is to block TNF-mediated adverse
effects of camptothecin under certain conditions, i.e. infection or immune suppression without
affecting death induction in neoplastic cells.
In our experimental study, the following aspects were elaborated, which could be worthful to
achieve this goal: (i) as demonstrated in this thesis, fructose-induced ATP depletion completely
prevents TNF-induced cell death. (ii) The effect of the sugar is exquisitely specific for nontransformed hepatocytes 112, which is not the case for caspase inhibitors of similar potency 276, 277.
Fructose neither depletes ATP, nor does it protect from apoptosis in hepatoma cells 112, primary
neurons 278, and lymphoid cells 99. Furthermore, cells derived from different liver tumors in rat
show a remarked decrease in fructokinase activity 279. (iii) Fructose-mediated ATP depletion
protects from apoptosis induced by co-incubation of camptothecin and TNF in primary
hepatocytes (this study). Thus, the cell type-selective effects of the sugar may be used to
differentially modulate responses of tumor cells and hepatic parenchymal cells in vivo during
chemotherapy.
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Summary

The activation of death receptors TNF receptor 1 (TNF-R1) or CD95, respectively, is a
hallmark of inflammatory liver disease. This study examined the role of ATP in liver cell death
via ATP depletion with phosphate-trapping sugars. The differential consequences of phosphatetrapping sugars on TNF- and CD95-triggered apoptotic as well as necrotic liver damage were
studied in vivo in mice while the influence of ATP depletion on the signaling pathway of TNF-R1
was elaborated in primary murine hepatocytes. This experimental approach was taken in order to
better understand the mechanisms of pathological cell death and to find possibilities for selective
therapeutic interventions.
1.

ATP depletion induced by carbohydrates was dose- and time-dependent in vivo. ATP
levels decreased to below 30% of controls between 30 minutes and 4 hours.

2.

Upon ATP depletion, TNF-R1-initiated hepatic caspase-3-like activity and DNA
fragmentation were completely blocked. Animals were protected from liver injury as
assessed by determination of liver enzymes in plasma and survived an otherwise lethal
insult. In contrast, CD95-mediated liver injury was enhanced by ATP depletion.

3.

Upon ATP depletion, also caspase-independent, necrotic, but still TNF-R1-mediated
liver injury (high dose endotoxin, intravenous ConcanavalinA) was entirely blocked.

4.

In the endotoxin (LPS) models (galactosamine sensitization + LPS, LPS shock), after
ATP depletion the release of pro-inflammatory cytokines, i.e. TNF and IFN-γγ, was
suppressed, IL-6 release was not affected and the release of the anti-inflammatory
cytokine IL-10 was enhanced. ATP depletion occurred only in parenchymal cells,
suggesting a crosstalk between ATP-depleted hepatocytes and cytokine-producing
Kupffer cells, for which adenosine is held to be responsible.

5.

In primary murine hepatocytes, depletion of ATP by fructose prevented TNF-induced
apoptosis. Apoptosis inhibition occurred at the level of DISC formation since caspase 8
activity was blocked whereas internalization of TNF-R1 and phosphorylation of I-κ
κB
was not influenced under ATP-depleting conditions.

6.

Fructose-induced ATP depletion prevented also the hepatotoxicity of the topoisomerase
inhibitor camptothecin given in combination with TNF.
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Zusammenfassung

Die Todesrezeptoren Tumor-Nekrose-Faktor-Rezeptor 1 (TNF-R1) und CD95 (Fas) sind an
der Leberschädigung durch Hyperinflammation oder klassische Hepatotoxine beteiligt. Diese Arbeit
untersucht die Rolle von intrazellulärem ATP in der Leberzellschädigung. Dazu wurde der ATPGehalt der Zelle mit Phosphat-konsumierenden Ketohexosen depletiert. Die differentiellen
Konsequenzen der ATP-Depletion wurden in vivo für die TNF- oder die CD95-vermittelte,
apoptotische und nekrotische Leberschädigung in der Maus untersucht, sowie in vitro in primären
Maushepatozyten hinsichtlich des molekularen Mechanismus der Inhibition der TNF-R1Signaltransduktion. Dieser experimentelle Ansatz sollte einerseits zu einem besseren Verständnis
von pathologischem Zelltod beitragen und andererseits mögliche selektive Therapiestrategien
aufzeigen.
1.

Fruktose und weitere Ketohexosen depletierten zeit- und dosisabhängig ATP in der
Leber, ohne Toxizität zu induzieren. Der intrahepatische ATP-Gehalt sank um bis zu
80 % innerhalb von 30 Minuten bis zu 4 Stunden.

2.

Nach Fruktose-Vorbehandlung war die Aktivierung von hepatischer Caspasen sowie die
Fragmentierung der DNA in oligonukleosomale Bruchstücke nach TNF gehemmt. Eine
TNF-induzierte lethale Leberschädigung wurde verhindert. Im Gegensatz dazu war die
CD95-vermittelte Leberschädigung nach ATP-Depletion verstärkt.

3.

Unter ATP-depletierten Bedingungen, wurde auch die Caspase-unabhängige, aber
dennoch TNF-R1-vermittelte Nekrose (Endotoxin, LPS-Schock, intravenös Concanavalin
A) inhibiert.

4.

In den LPS-Modellen (Galaktosamin-Sensitivierung + LPS, LPS-Schock) war nach ATPDepletion die systemische Freisetzung der proinflammatorischen Zytokine TNF und
IFN-γγ unterdrückt,, die Interleukin-6-Freisetzung nicht beeinflusst und die Freisetzung
des anti-inflammatorischen Zytokins Interleukin-10 verstärkt. Die ATP-Depletion war
spezifisch auf Parenchymzellen (Hepatozyten) beschränkt; als Mediator für die
suppressive Interaktion zwischen ATP-depletierten Hepatozyten und Zytokinproduzierenden Makrophagen wurde wahrscheinlich Adenosin erzeugt.

5.

In primären Hepatozyten verhinderte die Fruktose-induzierte ATP-Depletion die TNFinduzierte Apoptose. Die Inhibition der Signaltransduktion vom TNF-Rezeptor-1
erfolgte am Signalkomplex des Rezeptors (DISC), da die Caspase-8-Aktivierung
unterdrückt war, die Internalisierung des Rezeptors und Phosphorylierung von I-κ
κB
hingegen von der ATP-Depletion nicht beeinflusst wurden.

6.

Die Fruktose-induzierte ATP-Depletion verhinderte zudem die TNF-vermittelte
Hepatotoxizität des Topoisomerase-Inhibitors Camptothecin.
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