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 3 JPET #119958 

Abstract 

We demonstrated previously that depletion of hepatic ATP by endogenous metabolic 

shunting of phosphate following fructose treatment renders hepatocytes resistant towards tumor 

necrosis factor (TNF)-induced apoptosis. We here address the question whether this principle 

extends to TNF receptor 1-mediated caspase-independent apoptotic and to necrotic liver injury. 

As in the apoptotic model of galactosamine/lipopolysaccharide (LPS)-induced liver damage, 

the necrotic hepatotoxicity initiated by sole high-dose LPS treatment was abrogated after 

depletion of hepatic ATP. Although systemic TNF and interferon-γ levels were suppressed, 

animals still were protected when ATP depletion was initiated after the peak of pro-

inflammatory cytokines upon LPS injection, showing that fructose-induced ATP depletion 

affects both cytokine release and action. In T cell-dependent necrotic hepatotoxicity elicited by 

concanavalin A or galactosamine + staphylococcal enterotoxin B, ATP depletion prevented 

liver injury as well, but here without modulating cytokine release. By attenuating caspase-8 

activation, ATP depletion of hepatocytes in vitro impaired TNF receptor signaling by the 

death-inducing signaling complex (DISC), while receptor internalization and NF-κB activation 

upon TNF stimulation were unaffected. These findings demonstrate that sufficient target cell 

ATP levels are required for the execution of both apoptotic and necrotic TNF-R1-mediated 

liver cell death. 
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 4 JPET #119958 

Introduction 

While controlled hepatocyte apoptosis ensures homeostasis and functional adaptation of 

liver size, increased apoptosis rates are observed under pathological situations such as 

ischemia, transplant rejection, intoxication, viral infection, and autoimmune disease (Feldmann, 

1997; Leist et al., 1997a; Leist et al., 1998). Overactivation of apoptotic hepatocyte death is 

triggered by an increased release of cytokines (Leist et al., 1997a) such as tumor necrosis factor 

(TNF) and the CD95 ligand (CD95L) triggering activation of respective death receptors (Galle 

et al., 1995; Leist et al., 1998). Controlling hepatocyte death is a desirable goal to handle 

adverse reactions during therapeutic interventions in liver disease, e.g. during cancer treatment, 

provided that the necessary specificity is achieved.  

The cellular energy status represented by the ATP level is pivotal for controlling 

apoptosis in different cell types (Leist et al., 1997b). At low concentrations, the glycolytic 

substrate fructose supplies energy and protects hypoxic hepatocytes from necrosis via ATP 

generation (Gasbarrini et al., 1992) and inhibits apoptosis during reoxygenation by attenuation 

of reactive oxygen species (ROS) formation (Frenzel et al., 2002). However, fructose in high 

concentrations transiently depletes ATP in hepatocytes (Mäenpää et al., 1968; Raivio et al., 

1969), yet leaves sufficient residual ATP (>15% of control) which avoids necrosis induction as 

it is seen after total ATP loss (Nieminen et al., 1994). Previously, we demonstrated that 

extensive metabolic ATP depletion by fructose metabolism protected primary murine 

hepatocytes in vitro and prevented TNF-induced apoptosis in vivo (Latta et al., 2000). Since 

TNF not only induces apoptosis but also necrosis upon receptor triggering (Lin et al., 2004), 

we now investigated ATP depletion in three categories of more complex, indirect liver injury 

models. Curiously and despite the obvious differences regarding the mode of hepatocyte death, 

the significance of TNF as a distal mediator of hepatocyte death in all of these models has been 

shown either by genetic evidence (i.e., resistance of TNF-R1-deficient mice) as well as by 
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 5 JPET #119958 

passive immunization against TNF prior to the injury. The following models of indirect, 

inflammatory liver injury were employed: 

1) In galactosamine-sensitized mice, injection of low-dose lipopolysaccharide 

(GalN/LPS) or staphylococcal enterotoxin B (GalN/SEB) leads to the production of 

endogenous TNF either by macrophages (LPS) or T cells (SEB), which eventually induces 

hepatocyte apoptosis, as evidenced by classical histological signs, caspase activity, DNA 

fragmentation and the fact that liver damage can be prevented by pharmacological caspase 

inhibitors. Histologically and biochemically, hepatocyte apoptosis in these two models is 

indistinguishable (Leist et al., 1995b; Gantner et al., 1995; Leist et al., 1998, Mignon et al., 

1999, Künstle et al., 1999; Hentze et al., 2000). 

2) The injection of high-dose LPS in naive mice leads to excessive TNF production by 

liver-resident macrophages (Kupffer cells), inducing systemic shock and TNF-dependent 

hepatic necrosis. Here, the histology shows single-cell necrosis in the absence of any zonation, 

and neither is caspase activity detected, nor do caspase inhibitors protect mice from liver 

destruction (Bohlinger et al., 1996; Mignon et al., 1999, Hentze et al., 2000). 

3) The plant lectin concanavalin A (Con A) causes T cell-mediated liver necrosis due to 

interferon (IFN)-γ and TNF release. The distinct periportal destruction is independent of 

caspase activation and consequently insensitive to caspase inhibitor treatment (Tiegs et al., 

1992; Gantner et al., 1995; Gantner et al., 1996; Künstle et al., 1999; Hentze et al., 2000). 

We here demonstrate that upon depletion of hepatic ATP, the onset of liver injury was 

blocked in all TNF-dependent models at the target cell level, i.e. the hepatocyte, regardless 

whether the nature of hepatocyte death was apoptotic (GalN/LPS, GalN/SEB) or necrotic (LPS, 

Con A). This protection was associated in the LPS models with a suppression of TNF and IFN-

γ release, which was also seen in mice pretreated with exogenous adenosine. At the molecular 

level, we show in vitro that inhibition of DISC formation may explain the requirement of an 

intact ATP status for signaling of TNF-R1. 
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 6 JPET #119958 

Methods 

Materials. N-acetyl-Asp-Glu-Val-Asp-7-amino-4-trifluoromethylcoumarin (DEVD-

afc), N-acetyl-Ile-Glu-Thr-Asp-7-amino-4-trifluoromethylcoumarin (IETD-afc) and Pefabloc® 

were from Biomol (Hamburg); D-galactosamine (GalN) were from Roth (Karlsruhe), and LPS 

(Salmonella abortus equi) from Metalon (Wusterhausen). Concanavalin A (Con A), 

staphylococcal enterotoxin B (SEB), 2-chloroadenosine, ketohexoses and all other reagents 

were purchased from Sigma (Deisenhofen); Antibody pairs (specific rat anti-murine mAb) 

were from Pharmingen (San Diego, CA). Recombinant mouse TNF was from Innogenetics 

(Ghent, Belgium), and 125I-TNF from Amersham Biosciences (Freiburg). Cell culture medium 

RPMI 1640 was bought from BioWhittaker (Verviers, Belgium).  

Animal experiments and sampling of material. Specific pathogen-free male in-

house BALB/c mice (25 g) received humane care in concordance with legal requirements in 

Germany as well as with NACLAR guidelines. Food was withdrawn overnight before the 

onset of experiments. Carbohydrates (5 g/kg) were injected i.p. either prior to challenge with 

GalN (700 mg/kg)/LPS (2 µg/kg, i.p.), high dose LPS (10 mg/kg, i.p.), Con A (25 mg/kg; 

i.v.), or GalN/SEB (2 mg/kg; i.p.), or delayed 2 h after challenge. 2-chloroadenosine (50 

µg/kg, i.v.) was injected 15 min prior to challenge each in 300 µl endotoxin-free saline 

containing 0.1% human serum albumin. Mice were euthanized by i.v. injection of 150 mg/kg 

pentobarbital plus 0.8 mg/kg heparin. Blood was withdrawn into heparinized syringes, 

centrifuged (5 min, 14,000xg, 4°C) to obtain plasma and frozen at -80°C. Alanine 

aminotransferase activity was measured with an EPOS 5060 analyzer as described 

(Bergmeyer, 1983). Livers were perfused for 10 sec with cold perfusion buffer (50 mM 

phosphate, 120 mM NaCl, 10 mM EDTA, pH 7.4), and subsequently excised. A slice of the 

large anterior lobe was freeze-clamped with liquid nitrogen pre-cooled pliers, and stored at -

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 16, 2007 as DOI: 10.1124/jpet.107.119958

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


 7 JPET #119958 

80°C for the quantification of ATP and caspase-3-like activity as described (Latta et al., 

2000). 

Isolation and culture of mouse hepatocytes. Hepatocytes from 8 weeks old mice 

were prepared as described (Klaunig et al., 1981, Leist et al., 1995b). At 37°C, 5% CO2, 40% 

O2 and 55% N2, hepatocytes were plated in RPMI 1640 medium containing 10% heat-

inactivated FCS in collagen-coated 24 well plates and allowed to adhere for 4 h before the 

medium was exchanged for RPMI 1640 without FCS.  

Biochemical determinations. TNF and IL-10 were determined using ELISA kits 

from OptEIA, Pharmingen, San Diego, CA. The DEVD-afc cleavage assay for caspase-3-like 

activity was carried out as previously described (Latta et al., 2000). For caspase-8-like 

activity, IETD-afc was used using essentially the same protocol as for DEVD-afc cleavage. 

For the ATP measurement, a ATP Bioluminescence Assay kit HS II (Boehringer Mannheim, 

Germany) was used. First, a 10% liver homogenate was prepared in ATP Releasing Reagent 

(Sigma), centrifuged at 13,000xg for 5 min at 4°C, and the supernatants were diluted. 

Luminescence was measured against standards of ATP in 96-well plates using an automated 

procedure (Victor² Multilabel Counter, Wallac Instruments, Turku, Finland). LDH was 

determined in hepatocyte supernatants (S) and in the remaining cell monolayer (C) after lysis 

with 0.1% Triton X-100 according to Bergmeyer (Bergmeyer, 1983). The percentage of LDH 

release was calculated from the ratio of S/(S+C).  

Histological analysis. For microscopy, samples fixed in 4% buffered formalin were 

embedded in paraffin. Five-micrometer sections (Biocut 2030, Reichert Jung, Germany) were 

stained with hematoxilin and eosin and reviewed under a microscope. 

Preparation of nuclear extracts and electrophoretic mobility shift assay (EMSA). 

Nuclear extracts were prepared from 70-mm2 flasks with a kit from Panomics (Redwood City, 
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 8 JPET #119958 

CA). Double-stranded NF-κB consensus oligonucleotide (sc-2505, Santa Cruz Biotechnology, 

CA) was 5’-endlabeled with γ32P-ATP using T4 polynucleotide kinase (Promega, Heidelberg, 

Germany). Nuclear proteins (10 µg) were incubated at 20ºC for 20 min (25mM HEPES pH 7.5, 

106 cpm radiolabeled oligonucleotide probe, 2 µg poly[dIdC], 20% glycerol, 12 mM MgCl2, 

100 mM KCl2, 0.1% NP40, 1 mM DTT). Nucleoprotein-oligonucleotide complexes were 

resolved by non-denaturing polyacrylamide gel electrophoresis (5%), dried for 2 h at 80°C and 

autoradiographed at -80°C for 8 h. The specificity of the DNA-protein complex was confirmed 

by competition with excess of unlabeled NF-κB sequence versus mutant oligonucleotide (sc-

2511).  

Measurement of TNF internalization. According to a method of Pennica et al. 

(Pennica et al., 1992), primary mouse hepatocytes (5 x 106) were incubated in PBS/BSA either 

with 25 nM 125I-TNF (46.2 µCi/µg, Amersham Corp.) for 1 h at 4°C, or preincubated with 

fructose (50 mM) for 30 min at 37°C. Cells were washed twice and resuspended in cold 

PBS/BSA, and aliquots containing 5x105 cells were removed for determining bound 125I-TNF. 

The cells were transferred to 37°C and samples of 5x105 cells were taken and washed twice 

with cold 0.5 M NaCl, 0.2 M acetic acid to remove surface-bound plus released 125I-TNF. 

Controls were performed at 4°C. The supernatants were precipitated with 10% trichloroacetic 

acid (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 Beckman LS6000IC (Beckman Coulter GmbH, Germany). Internalized and cell 

surface-associated fractions are shown as percentage of total bound 125I-TNF. 

Statistics. Data are shown as means ± SD or ± S.E.M. as indicated. Statistical 

differences were determined by one-way analysis of variance (ANOVA) followed by Dunnett 

multiple comparison test of the control vs. other groups. p<0.05 was considered significant. 
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 9 JPET #119958 

Results  

Hepatic ATP depletion by treatment with fructose and tagatose. We first 

compared the ATP-depleting capacity of fructose, tagatose, mannose, and mannitol in mice. 

Fructose and tagatose resulted in a severe decrease of intrahepatic ATP content by 56% and 

83% as compared to controls, whereas mannose and mannitol had no significant effect on 

ATP levels (Fig. 1). Because tagatose is not further catabolized after phosphorylation by 

fructokinase (Livesey and Brown, 1996), tagatose represents a more potent ATP-depleting 

agent than fructose. The depletion of ATP by ketohexose treatment at the doses used here 

occurred within 30 min and lasted for at least 3 h (Latta et al., 2000).  

Prevention of LPS-induced apoptotic and necrotic TNF-R1-triggered liver 

damage by ATP-depleting carbohydrates. The functional consequences of ATP depletion 

by fructose and tagatose on TNF-R1-dependent acute, inflammatory liver injury, caspase-3 

activity, and hepatocyte apoptosis were addressed in vivo. As shown in table 1, the caspase-3-

like activity in liver tissue from control animals was below the detection limit, while in the 

GalN/LPS model, an increase in caspase-3-like activity was observed at 8 h post treatment, 

indicating apoptotic cell death. In such mice, the histology (8 h after challenge) revealed 

massive hepatocyte apoptosis, as judged by the frequent appearance of nuclear fragmentation 

and hyperchromatic nuclear membranes (Fig. 2A) as described previously (Leist et al., 

1995a). At this late time point, necrotic foci, mild neutrophil infiltration, erythrocyte 

agglutination, and a massive destruction of the sinusoidal structure of the liver were also 

observed. All these hallmarks of TNF-R1 apoptosis were entirely abrogated in animals 

pretreated with a dose of fructose or tagatose that depletes hepatic ATP by 60% and 80%, 

respectively, within 1 h (table 1). No overt histological signs of organ injury were seen after 

ATP depletion by tagatose (Fig. 2B), and ALT release was dramatically decreased (Table 1), 
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 10 JPET #119958 

whereas treatment of non-depleting sugars such as mannose or mannitol had no protective 

effect (Fig. 2C, Table 1). Moreover, mice pre-treated with fructose or tagatose completely 

survived the otherwise lethal GalN/LPS treatment which shows again that liver injury is the 

actual cause for lethality in this model (data not shown, summary in Fig. 7B).  

High dose endotoxin injection elicits hyperinflammatory systemic shock, which affects 

many organs due excessive TNF production (Bohlinger et al., 1996; Mignon et al., 1999), and 

destruction of liver tissue occurs mainly by necrosis of hepatocytes. In mice injected with 10 

mg/kg of LPS, liver morphology was characterized by a dispersed single-cell necrosis of 

hepatocytes without any preferential zonation (Fig. 2D). The nuclei of necrotic cells appeared 

karyolytic, pronounced hepatocyte cell membrane lysis occurred, and infiltration of 

granulocytes was observed. In mice pretreated with tagatose, essentially no necrotic 

hepatocytes were seen, and the liver histology appeared normal, except for some optically 

empty, circular inclusions within hepatocytes (Fig. 2E); this phenomenon was also observed in 

mice treated with ketohexoses alone, but never associated with any measurable increase of 

ALT release (Table 1). The ALT release in mice pretreated with fructose or tagatose prior to 

LPS injection was entirely abrogated, whereas no protection was seen after pre-treatment with 

the non-ATP-depleting carbohydrates mannose or mannitol (Table 1). In this model, protection 

from liver injury was not associated with improved survival, because mice become moribund 

due to systemic shock and multi organ failure within 24 hours in the absence or presence of 

liver injury (data not shown, summary in Fig. 7A). 

Prevention by ATP-depleting carbohydrates of T cell-dependent TNF-mediated 

liver damage triggered by Con A. Intravenous injection of Con A induces polyclonal T cell 

activation, and release of pro-inflammatory cytokines (e.g., TNF, IFN-γ, GM-CSF), followed 

by acute inflammatory liver injury (Tiegs et al., 1992; Gantner et al., 1996). Pretreatment 

with fructose or tagatose protected mice against liver injury induced by Con A, as 
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 11 JPET #119958 

demonstrated by a suppression of ALT release by about 90% eight hours after challenge 

(Table 1). Histologically, Con A injection resulted in sinusoidal destruction especially in the 

periportal zone and the appearance of pyknotic nuclei and hepatocyte necrosis, and severe 

congestions of the microcirculation by agglutinated erythrocytes (Fig. 2G). In contrast, liver 

specimens from ATP-depleted mice showed only mild erythrocyte agglutination and 

infiltration of inflammatory cells without necrotic foci (Fig. 2H) and decreased ALT levels 

(Table 1). Similar to the LPS shock model and in spite of absence of liver injury, survival of 

animals was not prolonged due to massive erythrocyte agglutination and endothelial 

disruption in this model (data not shown, summary in Fig. 7C). In a further model of T cell-

mediated hepatotoxicity based on exposing galactosamine-sensitized mice to the 

superantigen staphylococcal enterotoxin B (SEB), fructose pretreatment prevented liver 

injury as well (Table 1). 

These findings demonstrate that prevention of hepatotoxicity upon ATP depletion is 

seen in various in vivo models with different initiation mechanisms and different 

histopathology, with apoptosis or necrosis as the primary mode of hepatocyte death, but with a 

common requirement of TNF-R1 activation. 

High-dose LPS-mediated liver injury: cytokine release is modulated by 

carbohydrates, but protection is independent from suppression. Since all models used in 

this study rely on the early production of proinflammatory cytokines, we investigated 

whether ATP depletion affected systemic cytokine release. We found that in the Con A 

model, ATP-depleting carbohydrates did not significantly affect cytokine release (i.e. TNF, 

IL-4, and IFN-γ), yet liver injury was prevented under ATP-depleting conditions (Figure 3A-

C). However in both LPS models, the release of TNF and IFN-γ was blunted by fructose or 

tagatose pretreatment (Figure 4A/B), whereas IL-6 release was not affected (data not shown). 

To exclude a direct interaction between ATP-depleting carbohydrates and cytokine-

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 16, 2007 as DOI: 10.1124/jpet.107.119958

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


 12 JPET #119958 

producing macrophages, we determined the release of TNF from primary Kupffer cells upon 

6 h stimulation with LPS (10 µg/ml). We 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 = 3 per 

group). Thus, a direct action of fructose on cytokine-producing Kupffer cells seems to be 

unlikely. 

Since fructose and other ATP-depleting carbohydrates undergo exclusively hepatic 

metabolism, one possible mediator for suppressing cytokine release in the LPS models could be 

adenosine, which is released by hepatocytes as a result of adenosine nucleotide catabolism after 

ketohexose treatment (van den Berghe et al., 1977). Therefore, we investigated in vivo whether 

adenosine affects TNF release after GalN/LPS or Con A injection. Exogenous adenosine was 

capable to significantly suppress LPS-induced TNF release by 64%, but failed to reduce the 

systemic release of TNF in the Con A model (Table 2).  

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 h after 

LPS treatment, i.e. after the systemic peak of TNF release, prevention of liver damage by 

fructose or tagatose was almost complete (Fig. 5). Remarkably, the IL-10 release pattern after 

LPS was inverse to that of TNF (GalN/LPS: 650±360 pg/ml plasma IL-10; 5 g/kg Tagatose 30 

min before GalN/LPS: 4,630±1,560 pg/ml IL-10; Tagatose 2 h after GalN/LPS: 400±150 pg/ml 

IL-10; n = 3/group). It is concluded from these experiments 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. 

Abrogation of initial signaling events in TNF-R1 signaling by fructose. We then 

investigated in primary murine hepatocytes whether fructose affects early signaling in TNF-

induced apoptosis, where protection is demonstrated by suppression of LDH release after 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 16, 2007 as DOI: 10.1124/jpet.107.119958

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


 13 JPET #119958 

incubation with ATP-depleting but not other carbohydrates (Fig. 6A). Fructose had no 

influence on activation and subsequent nuclear translocation of NF-κB (Fig. 6B). 

Furthermore, we found that the internalization of the TNF receptor after triggering with its 

ligand TNF was not inhibited in the presence of fructose (Fig. 6C). These data were 

confirmed by analyzing the phosphorylation of I-κB (Inhibitor of NF-κB), which was slightly 

delayed but not inhibited by fructose (data not shown). In contrast, fructose completely 

inhibited caspase-8 activity, as assessed by IETD-afc cleavage (Fig. 6D). IETD-afc was only 

a poor substrate of recombinant caspase-3 (12.7% IETD-afc cleavage as compared to DEVD-

afc cleavage) excluding that cleavage of IETD-afc was mainly due to caspase-3 activity.  

Taken together, these findings show that fructose-mediated ATP depletion partially impairs the 

signaling from the DISC of TNF-R1. This may explain the protection against apoptotic as well 

as necrotic hepatic cell death since it affects an early and common event in TNF-R1 action. 
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Discussion 

The TNF/TNF-R1 system plays a pivotal role in inflammatory liver injury. But 

importantly, TNF induces also necrotic cell death depending upon cell types and metabolic 

conditions, e.g. in mouse embryonic fibroblasts, demonstrating that signaling molecules shared 

with the apoptotic pathway are critical in this type of cell death (Lin et al., 2004). 

We showed previously that a sufficient intracellular ATP level is critical for full 

caspase activation and execution of TNF-mediated apoptosis (Latta et al., 2000). We now 

addressed  the question whether this principle is restricted to apoptotic cell death or whether it 

may be extended to more complex, inflammatory liver injury situations comparing three 

classes of liver injury models that are all strictly dependent on endogenous TNF production, but 

widely differ in hepatocyte death mode as detailed in the introduction, i.e. caspase-dependent 

apoptosis models (GalN/LPS and GalN/SEB), macrophage-induced hepatic necrosis (LPS 

shock), and T-cell-triggered caspase-independent necrosis (Con A). The major pathways 

leading to liver failure and animal death, as well as their interference with ATP levels are 

depicted in figure 7. Clearly, lowering ATP in hepatocytes interferes with TNF release and 

TNF action in all models, and therefore treatment with ATP-depleting carbohydrates was 

always hepato-protective. However, because animal mortality is directly linked to apoptotic 

liver damage only in the GalN/LPS model but not in the other two models (Fig. 7A), ATP 

depletion affected animal survival only here as seen before when other hepatoprotective 

regimen such as caspase inhibitors or glutathione depletion were applied (Leist et al., 1998, 

Künstle et al., 1999; Hentze et al., 2000). 

Our current understanding of the TNF-R1 signalling pathway is that after receptor 

engagement and internalization of the TNF/TNF-R1 complex, NF-κB is activated and the 

DISC is formed, the latter activating caspase-8 (Fig. 7B, Budihardjo et al., 1999). From there 

on, two alternative pathways emerge: the caspase-3/-7 route or the mitochondrial pathway via 
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 15 JPET #119958 

Bid cleavage, release of cytochrome c, its binding to Apaf-1 and pro-caspase-9 to form the 

apoptosome complex with ATP as an integral part (Li et al., 1997). Unlike in the Jurkat cells, 

where complete ATP depletion by a respiratory block prevented activation of caspases 

downstream of cytochrome c release and switched cell death towards necrosis (Leist et al., 

1999), we had found in primary murine hepatocytes that cell death as such was blocked in the 

ATP-depleted state upstream of apoptosome formation (Latta et al., 2000). Our new findings 

on the protection against necrotic cell death add now the insight that a direct ATP-dependence 

of caspase activation or activity is unlikely to be causal. We show here that the two events of 

TNF-R1 signaling, NF-κB activation and internalization of the TNF receptor are still functional 

under ATP depletion. We therefore propose that the block of cell death upon metabolic ATP 

depletion might be due to the incomplete DISC formation and signaling at the TNF-R1. This 

hypothesis is in concordance with the observation that a dominant negative FADD is sufficient 

to inhibit cell death without affecting NF-κB activation and gene induction upon TNF-R1 

stimulation (Wajant et al., 1998). TNF-R1 signals via two distinct complexes, one of which, 

complex I, is at lipid rafts in the membrane consistent of TNF-R1, TRADD, and TRAF-2, 

whereas a cytosolic complex II consists of FADD and caspase-8 (Harper et al., 2003; Legler et 

al., 2003; Micheau and Tschopp, 2003). A translocation of the signal from the membrane to a 

cytosolic complex might be ATP-dependent and could well explain our findings. In fact, we 

showed that one signal from complex I, NF-κB activation, was still operative whereas the 

complex II seemed to be inhibited. 

Our findings seem to be conflicting with a previous report by Kim et al. that ATP 

depletion by fructose promotes rather than inhibits cell death of hepatocytes (Kim et al., 2003). 

There, cell death was due to complete loss of ATP and damage of mitochondria by 

ischemia/reperfusion. Fructose increased ATP levels 15 fold and switched cell death from 

necrosis to apoptosis. With these fundamentally different activation mechanisms, the two 
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studies are hardly comparable.  

In our in vivo models, the extent of LPS-induced cytokine release was decreased 

following ATP depletion. This raises the question of 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. The following interpretations seem unlikely 

to us for the following reasons: (i) a direct interaction between ketohexoses and LPS, because 

among the different sugars used (Table 1) only the ATP-depleting ones suppressed cytokine 

release. (ii) A direct cellular effect of fructose, because primary Kupffer cells released similar 

amounts of TNF upon LPS stimulation in the presence and in the absence of fructose. (iii) A 

physical interaction between sugars and the lectin-like domain of TNF that has a specificity for 

trimannoses and N,N’-diacetylchitobiose (Lucas et al., 1994), i.e. an entirely different one from 

the oligosaccharides used here. 

The existence of a metabolic link between the lack of ATP in hepatocytes and the 

cytokine release from Kupffer cells is likely, despite the above reservations. As to the kinetics, 

only seconds after ATP depletion by fructose the content of inorganic phosphate in hepatocytes 

decreases, resulting in a sudden decline of the total amount of adenosine nucleotides (Mäenpää 

et al., 1968) while the energy charge is maintained, since ATP, ADP, and AMP levels are 

equally affected (Hultman et al., 1975). Biochemically, a rapid loss of adenosine nucleotides 

results in the metabolization of AMP to adenosine or IMP via adenosine deaminase and 

nucleotidase, respectively, leading to a slow increase of inosine, uric acid, and allantoin in the 

plasma, which is in fact measured (van den Berghe et al., 1977). The consequence is an early 

local release of adenosine and/or inosine from hepatocytes (Bode et al., 1973; van den Berghe 

et al., 1977; Liaudet et al., 2001), which results in suppression of TNF production in Kupffer 

cells via adenosine receptor A2 and cAMP upregulation (Reinstein et al., 1994; Liaudet et al., 

2001).  

Indeed, we found that in the GalN/LPS model, exogenous adenosine attenuated TNF 
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release, whereas adenosine had no such effect in the Con A model. This, together with the 

interpretation outlined above, might explain why the Kupffer cell-derived TNF was suppressed 

by ATP depletion in the LPS models, but not in the T- cell models. In the Con A model, 

lymphocytes are the primary target cells of the T cell activator, 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 (Gantner et al., 1996). The 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. 

To ultimately demonstrate a causal relationship between ATP depletion and protection 

in the in vivo models used in this study, we aimed to replete intrahepatic ATP levels by means 

of phosphate supplementation. Several attempts to approach this pharmacologically failed and 

to our knowledge are experimentally inaccessible in vivo. For instance, a systemic 

supplementation of phosphate would be counter-regulated by renal phosphate excretion and 

lower bone resorption. However, the fact that non-ATP-depleting sugars (mannose, mannitol) 

failed to prevent liver injury (Table 1, Fig. 2) as well as our previous finding that a repletion of 

ATP via phosphate supplementation in vitro restored sensitivity towards apoptosis in primary 

hepatocytes (Figure 3 in Latta et al., 2000) suggest a causal relationship between ATP 

depletion and prevention of cell death. Moreover as clearly shown by us previously (Figure 8 in 

Latta et al., 2000), the degree and time course of ATP depletion correlated well with 

refractoriness to TNF-induced cell death, i.e. when TNF was injected 4 hours after treatment 

with fructose – which means after ATP levels recovered to control values again – no protection 

was observed.  

Necrosis has been viewed for a long time as a passive, unregulated process, where ATP 

has no apparent active role. However, there is more and more evidence that necrosis is not just 

lysis of organelles and plasma membrane, but is rather controlled by a postulated specific 
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“necrotic program”. Chiarugi et al. recently published an excellent review about the energy 

requirement of various steps in both, apoptosis and necrosis (Chiarugi, 2005), and here we 

provide further evidence that reduction in cellular ATP can halt necrosis in vivo. More research 

needs to be done in order to understand better the necrotic program and the underlying 

regulatory mechanisms. 

In total, this study emphasizes the crucial role of sufficient intrahepatic ATP levels for 

TNF-mediated macrophage-dependent as well as T cell-dependent liver injury models at the 

target cell level, i.e. the hepatocyte. This requirement holds true for both apoptotic and necrotic 

cell death. 
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Legends for Figures 

Fig. 1. ATP depletion in murine livers. Hepatic ATP content was quantified and standardized 

on protein from liver samples harvested one hour after carbohydrate injection (i.p., 5 g/kg for 

all carbohydrates). The untreated control group was set 100%, means ± SD are shown from 

n=3 animals/group. A p value <0.01 is indicated by **.  

Fig. 2. Histopathology of apoptotic and necrotic liver damage and prevention by ATP 

depletion in mice. 5 g/kg tagatose (B, E, H) or mannitol (C, F, I) were given at - 30 min 

before: (A-C) GalN/LPS (700 mg/kg; 2 µg/kg, 8 h), (D-F) high-dose LPS (10 mg/kg, 20 h), or 

(G-I) Con A (25 mg/kg, 8 h). Original magnification 100x. White arrows: apoptotic, black 

arrows: necrotic hepatocytes. 

Fig. 3. Influence of ATP depletion on Con A-induced cytokine release. Mice were injected 

with Con A (25 mg/kg) with or without pretreatment tagatose (Tag, 5 g/kg) 1 h before. The 

systemic release of (A) TNF, (B) IL-4, and (C) IFN-γ was followed over a period of 8 h after 

Con A injection (n=3/group). 

Fig. 4. Influence of carbohydrate treatment on LPS-induced cytokine release. Mice were 

injected with (A) GalN (700 mg/kg)/LPS (2 µg/kg), or (B) LPS (10 mg/kg) with or without 

pretreatment with 5 g/kg fructose (Fruc) or tagatose (Tag) 1 h before. The systemic release of 

TNF (closed boxes) was determined at + 90 min and of IFN-γ (open boxes) at + 8 h.  

Fig. 5. Influence of ATP depletion on LPS-induced cytokine release and curative 

protection by 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 only (10 mg/kg). Plasma TNF was 

determined after 90 min, and plasma ALT after 8 h. Fructose (Fruc) or tagatose (Tag) were 

given at the time points indicated in a dose of 5 g/kg (n=3/group). 

Fig. 6. Influence of fructose on early events in TNF-R1 signaling in primary murine 

hepatocytes. For A-D, hepatocytes were preincubated for 30 min with 50 mM of the indicated 

carbohydrates (fructose, Fruc; tagatose, Tag; mannose, Man), then treated with ActD (A, 400 
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ng/ml) for 15 min, followed by TNF challenge (T, 100 ng/ml). (A) Cytotoxicity has been 

determined by LDH release after 18 h (means ± SD, n=3, p value <0.01 is indicated by **). (B) 

EMSA was performed for NF-κB activation 30 min after addition of TNF; left part: specific 

binding of radio-labeled nucleotides after incubation with TNF and/or carbohydrates; right part: 

competition with excess (50, 100-fold) of unlabeled NF-κB sequence (wt) versus mutant (mut) 

oligonucleotide. (C) TNF internalization was measured by incubation with 125I-TNF for 1 h at 

4°C, followed by incubation at 37°C for 1 h; controls were kept at 4°C. Open symbols: 

internalized 125I-TNF, closed symbols: cell surface-associated 125I-TNF. Data are shown as 

percentage of total bound 125I-TNF in two independent experiments, respectively. (D) Caspase-

8 activity was determined using the peptide substrate IETD-afc (means ± SD, n=3). 

Fig. 7. Influence of hepatic ATP depletion on events in three different liver injury models 

in vivo.  Depletion of hepatic ATP by carbohydrates resulted in protection from liver injury 

induced by (A) high dose LPS, (B) low dose of LPS + GalN, or (C) Con A at various events. 

For further explanation and model description see text. DISC, death-inducing signaling 

complex; HC, hepatocyte. 
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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. 

Carbohydrates were given at - 30 min (LPS or GalN/LPS = 0), or at - 60 min (Con A = 0). 

ALT and caspase-3 activity were measured at + 8 h. Values are means ± S.E.M. *p<0.05 and 

**p<0.01; n.d.: not determined. 

  

Liver Injury 
Model 

Carbohydrate 
Treatment 

Plasma ALT Activity 
(U/l) ± S.E.M. 

DEVD Cleavage Activity  
(µU/mg) ± S.E.M. 

 
Control 

 
 

Control 
+ Fructose 
+ Tagatose 
+ Mannose 
+ Mannitol 

           25 ±  10 (3) 
           55 ±  10 (3)  
           25 ±  10 (3)  
           25 ±  10 (3) 
           35 ±  15 (3) 

≤ 25 
≤ 25 
≤ 25 
≤ 25 
≤ 25 

 
GalN/LPS 

 

Control 
+ Fructose 
+ Tagatose 
+ Mannose 
+ Mannitol 

       5730 ±  1140 (4) 
         650 ±  300 (6) ** 
           90 ±  30 (6) ** 
       6280 ±  1610 (6) 
       7660 ±  670 (3) 

202 ± 48 
   107 ± 48 * 

       56 ± 53 ** 
148 ± 45 
202 ± 17 

 
LPS Shock 

 

Control 
+ Fructose 
+ Tagatose 
+ Mannose 
+ Mannitol 

       2070 ±  180 (10) 
         680 ±  220 (12) ** 
         100 ±  40 (3)  ** 
       1890 ±  220 (3) 
       2370 ±  500 (3) 

≤ 25 
≤ 25 
≤ 25 
≤ 25 
≤ 25 

 
Con A 

 
 

Control 
+ Fructose 
+ Tagatose 
+ Mannose 
+ Mannitol 

       3800 ±  540 (7) 
         410 ±  90 (4) ** 
         200 ±  10 (3) ** 
       2240 ±  380 (3) 
       2090 ±  410 (3) 

≤ 25 
≤ 25 
≤ 25 
≤ 25 
≤ 25 

GalN/SEB Control 
+ Fructose 

       5770 ±  1580 (4) 
         135 ±  60 (3) * 

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

adenosine. Mice were pretreated with 2-Cl-adenosine (i.v., 50 µg/kg) at -15 min before GalN 

(700 mg/kg)/LPS (2 µg/kg) or Con A (25 mg/kg). TNF was determined at + 90 min. Values are 

means ± S.E.M. *p<0.05. 

Liver injury 
model 

2-Cl-adenosine  
(50 µg/kg)        

Plasma TNF 
(pg/ml) ± S.E.M 

GalN/LPS - 
+  

847 ± 116 (3) 
   308 ±   77 (3) * 

Con A - 
+ 

   649 ± 368 (3) 
   439 ±   91 (3)  

     Control - 
+ 

     10 ±   10 (3) 
     25 ±   15 (3)  

 

 

 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 16, 2007 as DOI: 10.1124/jpet.107.119958

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 16, 2007 as DOI: 10.1124/jpet.107.119958

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 16, 2007 as DOI: 10.1124/jpet.107.119958

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 16, 2007 as DOI: 10.1124/jpet.107.119958

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 16, 2007 as DOI: 10.1124/jpet.107.119958

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 16, 2007 as DOI: 10.1124/jpet.107.119958

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 16, 2007 as DOI: 10.1124/jpet.107.119958

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 16, 2007 as DOI: 10.1124/jpet.107.119958

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/

