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The systemic inflammatory response syndrome 
has still an unpredictable outcome, and patients 
often die of multiple organ failure despite circu-
latory stabilization therapy. The still incom-
pletely understood pathophysiological mecha-
nisms include organ damage due to direct toxic 
actions of cytokines elicited by overactivation of 
the host response. To study this process of organ 
failure in experimental septiC shock, we injected 
mice with a lethal dose of endotoxin and exam-
ined apoptotic and necrotic tissue damage bio-
chemically, histologically, and uftrastructurally. 
Endotoxin administration caused oligonucleoso-
mal as well as random DNA fragmentation in 
liver, lung, kidney, and intestine. In the liver, 
DNA fragmentation was not restricted to hepato-
cytes but alsq occurred in nonparenchymal cells. 
The DNA fragmentation was mediated by tumor 
necrosis factor and attenuated by endogenous 
nitric oxide release. Unlike the situation in Ir 

galactosamine-sensitized mice, in which injec-
tion or release of tumor necrosis factor causes 
massive hepatocyte apoptosis, liver failure due 
to high doses of endotoxin was characterized by 
single-cell necrosis, a low incidence of apoptosis, 
and simuftaneous damage to nonparenchymal 
cells. We conclude that, even though endotoxin 
causes cytokine-mediated DNA fragmentation in 
several organs including the liver, hepatocyte 
apoptosis itself seems to be a minor phenomenon 
in high-dose endotoxic shock in mice.  

 

The systemic inflammatory response syndrome 
(SIRS) continues to be a major complication and a 
frequent cause of death in intensive care units. 1 One 
of the prime initiators of SIRS is microbial infection2 

that leads to an over-reaction of the nonspecific im-
mune system toward microbes, primarily provoked 
by their cell wall components. In other words, shock-
like hyperinflammatory conditions may be elicited in 
the absence of live microbes by the interaction of 
their membrane macromolecules, such as endotox-
ins from Gram-negative bacteria or certain exotox-
ins, with immunocompetent cells. Thus, the toxicity of 
these substances is indirect and due to the release 
of a wide variety of inflammatory mediators in the 
host.3 To study the basic mechanisms underlying 
systemic inflammation, administration of bacterial 
constituents, such as endotoxins (Iipopolysaccha-
rides; LPS), to experimental animals has been exten-
sively used as a model of SIRS. 4 ,5 

SIRS is characterized by circulatory failure and 
multiple organ failure (reviewed in Ref, 6), The differ-
ent aspects of organ failure were mostly studied by 
injecting a low dose of LPS to animals previously 
sensitized by LPS (Shwartzman mechanism), bacte-
rial infection (eg, Corynebacterium parvum or Propi-
onibacterium acnes) or transcriptional inibitors (eg 
D-galactosamine (GaiN) or actinomycin D). Mice 
treated in such a way develop a relatively selective 
liver failure. 7 - 1o In the models using transcriptional 
inhibitors, it was found that tumor necrosis factor 
(TNF)-induced hepatocyte apoptosis is a basic 
mechanism of pathogenesis,11 In contrast to this 
prominent role of organ damage for the overall pa-
thology in the sensitization models, death of animals 
caused by a dose of LPS that is lethal without sen-
sitization has been related to circulatory failure,5, 12 A 
major contribution to the detrimental fall in blood 
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pressure associated with septic shock has been as-
cribed to the release of nitric oxide (NO) in response 
to LPS.9 ,13-15 On the other hand, pharmacological 
treatment with a NO donor has been shown to pro-
tect sensitized mice from LPS-induced liver injury,16 
suggesting a beneficial role of NO release in septic 
complications. In contrast to NO, the central role of 
TNF as a distal mediator of LPS-dependent lethality 
has been firmly established. 12,17-2o In particular, TNF 
is known to cause liver cell death after sensitization 
with a transcriptional inhibitor. 11 ,21,22 

The role of apoptosis is very well established for 
the hematopoietic and the immune system. In addi-
tion, cytokine-induced apoptosis was found in tumor 
cells and parenchymal cells of various organs, such 
as the liver. In a common low-dose LPS model using 
sensitization by GaiN or actinomycin 0, the presence 
of a transcriptional block has been shown to be a 
metabolic prerequisite for LPS- and TNF-induced 
murine hepatocyte apoptosis and ensuing necrotic 
cell death.21 

We initiated this study with the aim to clarify the 
following questions. First, we asked whether, in the 
high-dose LPS shock model, apoptosis and possibly 
secondary necrosis associated with tissue destruc-
tion would also play a role. As oligonucleosomal 
DNA fragmentation is an indicator of apoptotic cell 
death found to be suitable as an early and sensitive 
marker of organ damage in the liver, 11,21 we followed 
the time course of DNA fragmentation in four major 
organs after the treatment of mice with a lethal dose 
of LPS. To assess the extent of DNA fragmentation, 
data from such LPS-treated animals were compared 
with those measured in GaiN-sensitized mice chal-
lenged with TNF as a reference model for apoptotic 
parenchymal cell death .11 Morphological studies 
were carried out on liver tissue obtained from mice 
after a lethal dose of LPS and also compared with 
liver samples from GalNffNF-treated mice. We then 
investigated the influence of a lethal dose of LPS on 
hepatic transcription and translation and examined 
the contribution of the endogenous mediators NO 
and TNF to the development of organ damage in LPS 
shock without prior sensitization. 

Materials and Methods 

Reagents 

LPS (Salmonella abortus equi endotoxin) was pur-
chased from Sebak (Aidenbach, Germany). Anti-mu-
rine TNF IgG fraction was prepared in our laboratory 
as described in Ref. 11. Recombinant murine TNF 
was a gift from Dr. Adolf (Bender & Co., Vienna, 

Austria). NG-monomethyl-L-arginine (NMMA) was 
obtained from Alexis (Grunberg, Germany). GaiN 
was purchased from Roth (Karlsruhe, Germany). Tet-
ramethylbenzidine was from Boehringer (Mannheim, 
Germany). DNA ladder marker (n x 123 bp) was 
from Gibco (Berlin, Germany), SYBR green was from 
Molecular Probes (Eugene, OR). Proteinase K, ter-
minal deoxynucleotide transferase, digoxigenin-
11-dUTP, and alkaline-phosphatase-coupled anti-
digoxigenin antibody were from Boehringer (Mann-
heim, Germany). [14CjLeucine, [3Hjuridine, and all 
substances that are not otherwise specified were 
purchased from Sigma Chemical Co. (Deisenhofen, 
Germany). All substances applied parenterally to an-
imals were given in pyrogen-free saline. 

Animals 

BALB/c mice (8- to 10-week-old females) were ob-
tained from the animal house of the University of 
Konstanz. Animals were kept at 22°C and 55% rela-
tive humidity in a 12-hour day/night rhythm with free 
access to food (Altromin 1313, Altromin Co., Lage, 
Germany) and water. All animals received humane 
care in compliance with the National Institutes of 
Health guidelines as well as with legal requirements 
in Germany. 

Animal Experiments 

For LPS shock experiments, mice were treated intra-
peritoneally (i.p.) with 5 mg/kg LPS. Anti-TNF IgG 
was diluted in saline containing 0.1 % human serum 
albumin and administered in two doses i.p. and in-
travenously (i.v.) 1 hour before LPS. NMMA (240 
mg/kg each time) was injected i.v. 15 minutes before 
and 4 hours after administration of LPS, and 6 to 24 
hours after LPS challenge, the animals were anes-
thetized with 100 ILl of pentobarbital (45 mg/ml) con-
taining 5 mg/ml heparin, and blood was withdrawn 
by cardiac puncture. The animals were perfused for 
20 seconds with cold perfusion buffer (50 mmol/L 
phosphate, 120 mmol/L NaCI, 10 mmol/L EDTA, pH 
7.4) from the right ventricle of the heart to the vena 
cava, and lung, liver, kidney, and cecum were ex-
cised. 

For experiments with GaiN-sensitized mice, fe-
male BALB/c mice were fasted overnight. GaiN (700 
mg/kg) was injected i.p. in a volume of 200 ILl per 
mouse, followed by i.v. administration of TNF (10 
ILg/kg in saline/0.1 % human serum albumin), and 5 
and 8 hours after challenge, animals were anesthe-
tized with 100 ILl of pentobarbital (45 mg/ml) contain-
ing 5 mg/ml heparin. The liver was perfused blood-



free with cold perfusion buffer via the portal vein 
before it was excised. For light-microscopic studies, 
liver slices of the large anterior lobe were immedi-
ately immersed in buffered formalin as a fixative and 
embedded in paraplast. 

Determination of Protein and RNA Synthesis 

At different time points after i.p. administration of 5 
mg/kg LPS, mice were i.v. injected with 300 ILl of 
saline containing 40 ILCi (-1 nmol) of [3HJuridine 
and 4 ILCi (-13 nmol) of [14CJleucine. Sixty minutes 
later, mice were anesthetized i.v. with pentobarbital 
(45 mg/ml) containing 5 mg/ml heparin. Blood was 
withdrawn and the liver was removed after perfusion 
with cold perfusion buffer (50 mmol/L phosphate, 
120 mmol/L NaCI, 10 mmol/L EDTA, pH 7.4). The 
liver was blotted dry and weighed before a 10% 
homogenate in perfusion buffer was prepared. Ali-
quots of 100 ILl (corresponding to 10-mg liver or 2.1 
mg of protein) were precipitated with 50 ILl of 30% 
cold trichloroacetic acid and washed three times 
with 1 ml of cold 10% trichloroacetic acid. The re-
sulting pellet was dissolved overnight at 37°C in 500 
ILl of lysis buffer (1 mmol/L EDTA, 0.1 % Triton X-1 00, 
0.5 mol/L NaOH). 3H and 14C activities were deter-
mined simultaneously in a scintillation counter on two 
different channels. The rates of total translational or 
transcriptional activities from triplicate samples were 
compared with untreated control animals. 

Determination of Nitrite and Nitrate in 
Plasma 

Nitrite and nitrate in plasma were measured essen-
tially according to the method of Misko et al,23 using 
the Griess assay instead of the fluorimetric assay 
described. Briefly, plasma obtained by cardiac 
puncture after lethal anesthesia with pentobarbital/ 
heparin was filtered through an Ultrafree-MC micro-
centrifuge filter unit (Millipore, Bedford, MA) for 1 
hour at 14,000 rpm to remove hemoglobin released 
by cell lysis, which might interfere with the colorimet-
ric assay. As nitrite in serum is mostly oxidized to 
nitrate by reaction with the iron-heme center of he-
moglobin, the resulting nitrate was first reduced to 
nitrite by incubation with nitrate reductase from As-
pergillus species. Nitrate reductase (14 mU in 20 
mmol/L Tris/HCI, pH 7.6) was added to 10 ILl of 
filtrate, and the reaction was started by addition of 
NADPH in Tris/HCI buffer to a final concentration of 
80 ILmol/L and a final volume of 50 ILl. After 5 minutes 
of incubation at room temperature, the reaction was 
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terminated by dilution with 50 ILl of distilled water. 
The whole reaction volume was transferred to 96-well 
microtiter plates, 10 ILl sulfanilamide (1 % in 1.2 mol/L 
HCI) and 10 ILl N-(1-naphthyl) ethylenediamine 
(0.1 % in H20) were added, and absorbance was 
read after 3 minutes of incubation time at 560/690 nm 
on an enzyme-linked immunosorbent assay (ELlSA) 
reader. 

Enzyme Assays 

Activities of alanine aminotransferase (AL T), aspar-
tate aminotransferase (AST) , and sorbitol dehydro-
genase (SOH) in plasma were determined using an 
Eppendorf ACP 5040 enzyme analyzer according to 
the protocols described by Bergmeyer.24 Data are 
expressed in units per liter of plasma (means :!: 
SEM). 

TNFELlSA 

For detection of TNF, a polyclonal capture antibody 
(protein G plus purified ovine anti-mouse TNF; pro-
tein solution of 20 mg/ml with approximately 1 to 3 
ILg/ml specific activity) and a biotinylated anti-mouse 
rabbit TNF secondary antibody were used. This ter-
nary complex was visualized by binding of peroxi-
dase-conjugated streptavidin and reaction with tet-
ramethylbenzidine. All incubations were performed 
in flat-bottomed, high-binding polystyrene microtiter 
plates (Greiner, NOrtingen, Germany). The detection 
limit of the TNF ELlSA for recombinant murine TNF 
was 10 pg/ml. 

DNA Fragmentation ELlSA 

Lung, kidney, and the remaining parts of the liver 
were blotted dry and disintegrated in cold perfusion 
buffer with an Elvehjem-type homogenizer. Cecum 
was luminally perfused to remove contents and sub-
sequently homogenized. Liver and kidney were dis-
integrated by three strokes of the homogenizer, lung 
and cecum by eight strokes. The 20% organ homog-
enates were centrifuged at 13,000 x g for 15 min-
utes. The supernatants (cytosolic fractions) were fur-
ther diluted 200-fold (in the LPS shock model) or 
250-fold (in the GaIN/TNF model). DNA fragmenta-
tion was quantitated by measuring oligonucleosome-
bound DNA using an ELlSA kit (Boehringer, Mann-
heim, Germany).21 Data are expressed as original 
optical density (OD) readings in milli OD (mOD) 
(means:!: SEM) and additionally as percent increase 
versus untreated control animals. 
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Table 1. Time Course of LPS-Induced Liver Injury as Assessed by Plasma Enzyme Activities 

Time after LPS (hours) 

o 
6 
8 

12 
24 

ALT (U/L) 

33:!: 5 
38:!: 11 
54:!: 23 

160 :!: 46 
1010 :!: 230* 

AST (U/L) 

72:!: 5 
25:!: 7 

105:!: 50 
360:!: 130* 

1260 :!: 250* 

SOH (U/L) 

14:!: 2 
38:!: 22 
30:!: 11 
56:!: 18 

610 :!: 140* 

n 

9 
9 
9 
9 
8 

LPS was administered i.p. at a dose of 5 mg/kg. Data are expressed as means ± SEM. n, number of animals per group. 
*P < 0.05 versus saline-treated control. 

Agarose Gel Electrophoresis 

Equal amounts of cytosolic fractions (13,000 x 9 
supernatant) of the 20% organ homogenates were 
treated with 15% (v/v) 3 mol/L sodium acetate and 3 
volumes of ethanol to precipitate low molecular 
weight DNA. After treatment with RNAse (1 mg/ml for 
1 hour at 50°C) and proteinase K (10 mg/ml for 18 
hours at 50°C), the DNA fragments were purified by 
phenol/chloroform extraction and analyzed by elec-
trophoresis on a 1 % agarose gel. A DNA ladder 
consisting of 123-bp multimers served as a stan-
dard. 

Ught- and Electron-Microscopic Studies 

For light-microscopic studies, one slice of the liver 
was immersed immediately after removal in 4% buff-
ered formalin and embedded in paraplast. The 2-f.Lm 
sections were stained with hematoxylin and eosin. 

For electron microscopy, livers of mice treated 
with LPS or with GaIN/TNF were fixed by perfusion 
via the portal vein for 5 minutes with a fixative con-
taining 0.25% glutaraldehyde and 2% sucrose in 100 
mmol/L of Pipes buffer (piperazine-N,N'-bis (2-eth-
anesulfonic acid)) at pH 7.4. After fixation, the tissue 
was rinsed in the same buffer, and 50-f.Lm sections 
were cut with a microslicer (Dosaka EM-Company, 
Kyoto, Japan) and collected in 100 mmol/L Pipes 
buffer at pH 7.4. For the demonstration of cyto-
chrome c oxidase activity, the tissue was incubated 
in a medium containing 2.5 mmol/L 3',3'-diamino-
benzidine and 0.05% cytochrome c in 100 mmol/L 
Pipes buffer (pH 7.2) at 37°C for 30 minutes. The 
tissue was postfixed in aqueous 2% osmium tetrox-
ide at 4°C for 1 hour. Ultrathin sections were coun-
terstained with lead citrate for 1 minute.25 

For in situ detection of DNA double-strand breaks, 
the terminal transferase method (terminal deoxyribo-
nucleotidyl transferase-mediated dUTP-digoxigenin 
nick end labeling; TUN EL) was applied essentially as 
described by Oberhammer et al26 with the following 
modifications. Tissue sections (2 f.Lm) were dewaxed 
and immersed in 20% cold acetic acid for 15 sec-

onds. The sections were treated with 10 f.Lg/ml pro-
teinase K for 30 minutes at 3rC before they were 
incubated with terminal desoxynucleotide trans-
ferase (25 U/100 f.L1) and digoxigenin-11-dUTP (2 
nmol/100 f.L1) in 100 mmol/L cacodylate, 1 mmol/L 
CoCI2 , 100 f.Lmol/L dithiothreitol, and 50 f.Lg/ml bo-
vine serum albumin for 60 minutes at 3rC. Incorpo-
rated digoxigenin-11-dUTP was detected by incuba-
tion with alkaline-phosphatase-coupled anti-
digoxigenin antibody (375 mU/ml) and reaction with 
5-bromo-4-chloro-3-indolyl phosphate and nitroblue 
tetrazolium. 

Statistics 

Data are expressed as means ± SEM. Data were 
analyzed by non parametric analysis of variance 
(Kruskal-Wallis or Mann-Whitney test). Original un-
corrected data were used for these analyses. If dif-
ferences were found between the groups (P < 0.05), 
these were subjected to two-sided non parametric 
multiple comparisons of the control group against all 
other groups (Dunn's test). P < 0.05 was considered 
to be significant. 

Results 

LPS-Induced Plasma Enzyme Release in 
Nonsensitized Mice 

To investigate the organ damage initiated by a lethal 
dose of LPS without sensitization, mice were treated 
i.p. with 5 mg/kg LPS. This dose resulted in a mor-
tality rate of >80% within 72 hours. At different times 
after LPS injection, animals were sacrificed and their 
plasma was assayed for enzymes indicative of cell 
lysis in various tissues. A rise of plasma AST only 
was detected 12 hours after LPS administration with 
activities of the liver-specific enzymes AL T and SOH 
still at control levels (Table 1). This finding suggests 
that LPS caused tissue toxicity at this early time point 
that was not restricted to the liver. At 12 hours later, 
ie, 24 hours after the challenge, liver parenchymal 
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Figure 1. Time course of LPS-induced DNA fragmentation in different 
organs of the mouse. Animals were injected i.p. with 5 mg/kg LPS. AI 
Val"ious time points after LPS administration, DNA fragmentation was 
measured hy ELlSA in the 13,000 x g supernatants of organ homog-
enates. Data are expressed as mean values ± SEMfrom nine animals. 
'p < 0.05. 

cells were severely damaged as concluded from 
elevated plasma levels of the liver-specific enzymes 
AL T and SDH (Table 1). Also at this time, the high 
ratio of AST activity as compared with the activities of 
the liver-specific enzymes AL T and SDH indicated 
that LPS-initiated cell death had affected other or-
gans in addition to the liver. 

LPS-Initiated DNA Fragmentation in Major 
Mouse Organs 

Murine liver, lung, kidney, and cecum were exam-
ined for biochemical indications of cell death at var-
ious times after LPS administration. The internal di-
gestion of cellular DNA is a sensitive biochemical 
marker that allows detection of cell damage in ho-
mogenates of whole organs. 11 .21 At 12 hours after 
injection of LPS, a significant increase in the amount 
of low molecular weight DNA was detected in cyto-
solic fractions from liver, lung, and cecum as as-
sessed by an ELlSA specific for histone-bound DNA 
(Figure 1). In the kidney, the extent of DNA fragmen-
tation was only significantly increased at 24 hours 
after LPS challenge. The maximal increase of DNA 
fragmentation in liver was observed at 24 hours after 
LPS administration and amounted to 190 ± 60% over 
untreated control animals. In a parallel experiment, 
levels of DNA fragmentation due to treatment of 
GaiN-sensitized mice with TNF were quantitated as a 
reference for apoptotic parenchymal cell death. 11 In 
this model of inflammatory liver injury, DNA fragmen-
tation was increased by 400 ± 8% (GaiN only, 241 ± 
25 mOD; GaIN/TNF 1198 ± 20 mOD; AL T, 9500 ± 
2560 U/L plasma) compared with control animals 
treated with GaiN only, already after 8 hours. Animals 
treated with GaiN or TNF alone have been shown 
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Figure 2. Detection of LPS-induced DNA fragmentation hy agarose gel 
electrophoresis. Mice were treated ip. with 5 mg/kg LPS, and 24 hours 
after LPS challenge, DNA was prepared from cytosolic fractions of 
organ homogenates and stained with SYBR green after analysis on a 
1% agarose gel. Cytosolic fractions of untreated animals served as 
controls. The lanes of the gel show the following samples: lane 1, 
123-bp multimer DNA ladder,. lane 2, cecum, untreated,. lane 3, 
cecum, 24 hours after LPS,. lane 4, lung, untreated,. lane 5, lung, 24 
hours after LPS,. lane 6, kidney, untreated,. lane 7, kidney, 24 hours 
after LPS,. lane 8, liver, untreated,. lane 9, liver, 24 hours after LPS,. lane 
10, 123-bp multimer DNA ladder. In cecum, a very high level of DNA 
fragmentation was observed when equal amounts of tissue were used 
for DNA extraction. In b, a distinct analysis of cytosolic DNA fragments 
obtained from the cecum 24 hours after LPS administration is shown, 
where oligonucleosomal DNA fragmentation is clearly visible due to 
reduced exposure time of tbe gel for photographic documentation. 

before to be not significantly different from con-
trols.11 

To distinguish between necrotic random DNA 
cleavage and apoptotic oligonucleosomal cleavage 
in our experiments, cytosolic low molecular weight 
DNA from LPS-treated mice was analyzed by aga-
rose gel electrophoresis. At 24 hours after LPS chal-
lenge, DNA fragmentation ladders of approximately 
180-bp multimers, which are considered to be char-
acteristic of apoptotic cell death, were detected in 
liver, lung, kidney, and cecum of mice (Figure 2). 

Morphological Characterization of LPS-
Induced Liver Damage 

As the DNA fragmentation data were suggestive of 
apoptosis, we looked for morphological characteris-
tics of apoptotic cell death and addressed the ques-
tion of whether or not DNA fragmentation is accom-
panied or followed by necrotic cell damage as 
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observed in other models of inflammatory organ in-
jury.11 For these studies, we concentrated on the 
liver as one of the major target organs of septic 
organ failure.9.27-3o 

For gross histological examination, H&E-stained 
liver sections obtained 3 to 24 hours after LPS ad-
ministration were studied by light microscopy. At 
early times after LPS injection (ie, 3 to 6 hours), a 
high number of leukocytes adhering to blood vessel 
walls was observed. Liver tissue removed 24 hours 
after LPS administration showed erythrocyte agglu-
tination, infiltration of granulocytes, and single-cell 
necrosis, as characterized by karyolysis. The inci-
dence of these histopathological changes did not 
follow a strict zonation as seen with some low mo-
lecular weight model hepatotoxins. Nevertheless, 
damage was significantly more pronounced in peri-
portal zones as compared with midzonal or 
perivenous regions of the liver lobule. In addition, 
several mitotic hepatocytes were found, indicating 
ongoing liver regeneration processes. An increased 
occurrence of hepatocytes with chromatin con-
densed at the nuclear membrane, a characteristic of 
apoptotic cell death, was observed only at 24 hours 
after LPS administration but at a very low frequency. 
Apoptotic cell death was observed only at time 
points when single-cell necrosis was also visible. 
This suggests that, in the high-dose LPS shock 
model, apoptosis and necrosis cannot be dissoci-
ated by their time course. 

Electron-microscopic studies were performed to 
obtain unambiguous evidence on the mode of hepa-
tocyte death under conditions of LPS shock. Electron 
micrographs of mouse liver 20 hours after adminis-
tration of LPS yielded clear evidence of microcircu-
latory failure and necrotic hepatocyte death. Sinu-
soids were filled with activated Kupffer cells, 
thrombocytes, and erythrocytes (Figure 3A). Figure 
38 shows a necrotic hepatocyte as identified by 
karyolysis and mitochondrial swelling. Infiltrating 
polymorphonuclear leukocytes were seen in close 
association with the damaged hepatocyte. It is im-
portant to note that neigh boring cells frequently 
showed unaltered, intact morphology. 

Apoptotic hepatocytes were not seen in the tissue 
sections examined by electron microscopy, as might 
have been expected from the low frequency already 
observed by light microscopy. To gain some informa-
tion on the relative importance of apoptosis and necro-
sis in the high-dose LPS model, we carried out com-
parative electron-microscopic experiments in livers of 
GaiN-sensitized mice intoxicated with TNF. Tissue sec-
tions were taken at two key time pOints. 11 Samples 
taken at 5 hours after TNF administration showed that 

Figure 3. Electron micrographs of mouse liver 20 hours after LPS. Mice 
were treated ip. with 5 mglkg LPS, and 20 hours later, liver tissue was 
prepared for electron microscopy. A: A sinusoid containing thrombo-
cytes (t), erythrocytes (e), and a Kupffer cell (k) with long cytoplasmic 
projections and lamellopodia. Two fat-storing cells (j) are seen in the 
space of Disse. Magnification, X 4800. B: Higher magnification 
(x6100) of a necrotic mouse bepatocyte showing karyolysis, mito-
chondrial swelling, and invasion of polymorphonuclear leukocytes. 

hepatocyte apoptosis was readily detectable by our 
methods, even at a time point when there was no 
accompanying necrosis or cell lysis (Figure 4A). The 
apoptotic bodies seen on the micrograph still contain 
functional mitochondria as characterized by cyto-
chrome c oxidase staining. In samples taken after 8 
hours, a time point at which concomitant hepatocyte 
apoptosis and necrosis are known to occur, apoptotic 
hepatocytes were still easily distinguishable by elec-
tron microscopy (Figure 48). We therefore conclude 
that our methods were adequate also to identify apo-
ptosis within necrotic tissue. These comparisons be-
tween the high-dose LPS and the GalNffNF model 
suggest that the contribution of hepatocyte apoptosis 
to the cell injury induced by a lethal dose of LPS is a 
relatively minor one. 

We then checked whether LPS-induced hepatic 
DNA fragmentation as detected by ELlSA and aga-
rose gel electrophoresis was in fact derived from 
hepatocytes. For this purpose, DNA double-strand 
breaks were visualized in situ by applying the TUNEL 



Figure 4. Electron micrographs of mouse liver after treatment with 
GaiN and TNF. Mice were treated ip. with GalNC 700 mglkg),followed 
by i.v. injection ofTNF(10 /Lglkg), and 5 and 8 hours after challenge, 
liver tissue was removed for electron microscopy. A: Electron micro-
graph of liver tissue 5 hours after challenge. Three apoptotic bodies 
phagocytosed by an intact hepatocyte are seen. The integrity of the 
phagocytosing hepatocyte is shown by staining of mitochondria Cm) 
for cytochrome c oxidase activity. I, lipid droplets; bc, bile canaliculus. 
Magnification, X 13,000. B: Electron micrograph of liver tissue 8 hours 
after challenge. An apoptotic hepatocyte with chromatin condensed at 
the nuclear membrane is seen surrounded hy a destroyed tissue m·ea. 
e, erythrocyte; m, mitochondria; I, lipid droplet. Magnification, 
X 10,000. 

assay.26 TUNEL staining of formalin-fixed, paraffin-
embedded liver tissue 24 hours after LPS challenge 
showed DNA double-strand breaks not only in pa-
renchymal but also in some nonparenchymal liver 
cells (Figure 5A). In correspondence to the findings 
in H&E-stained liver tissue, the incidence of TUNEL-
positive hepatocyte nuclei was especially high in 
periportal regions, ie, 9 ± 4% (data are means ± SO 
from 20 periportal regions) compared with an aver-
age of 5 ± 5% for the entire liver lobule. The majority 
of TUNEL-positive hepatocyte nuclei contained uni-
formly compacted chromatin, but there was no mar-
gination of chromatin along the nuclear membrane. 
The subsets of nonparenchymal cells marked by the 
TUNEL reaction could not be clearly identified by 
light microscopy. Liver samples from untreated mice 
showed no positive TUNEL reaction. 

Liver sections obtained 5 hours after treatment of 
GaiN-sensitized mice with TNF showed a high inci-
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dence of TUN EL-positive hepatocytes with apoptotic 
morphology, ie, margination of condensed chroma-
tin along the nuclear membranes (Figure 58). At 8 
hours after TNF treatment of GaiN-sensitized mice, 
ie, at a time when pronounced hepatocyte mem-
brane lysis occurs, TUNEL staining was also ob-
served in areas of severe tissue destruction. Not all 
positive hepatocyte nuclei showed apoptotic mor-
phology at this time point (Figure 5e). In this model, 
damage was multifocal. A clear zonation of his-
topathological changes was not detected by a 
blinded observer. This is mainly diffuse but seemed 
to start in the perivenous area, sparing the periportal 
regions initially.31 

Aggravation of LPS-Induced Liver Failure by 
Inhibition of Endogenous NO Synthesis 

After the characterization of LPS-mediated cell 
death, our next aim was to clarify the contribution of 
different mediators known to be released in re-
sponse to LPS to the development of organ failure. 
One of the mediators induced by LPS that has been 
shown to be involved in LPS-dependent shock is 
NO.9.14.15.32 The role of NO in LPS-induced organ 
damage was assessed by the administration of 
NMMA, a competitive inhibitor of endogenous NO 
production. Intravenous injection of NMMA (240 
mg/kg each time, 15 minutes before and 4 hours 
after LPS administration) prevented the rise in serum 
nitrite/nitrate levels caused by administration of LPS 
alone (Table 2). In the liver, the inhibition of endog-
enous NO release resulted in a significant increase 
in both LPS-induced DNA fragmentation as as-
sessed by ELlSA (LPS alone, 220 ± 25% increase 
versus untreated control; LPS plus NMMA, 460 ± 
90% increase versus control animals) as well as he-
patocyte membrane rupture as determined by ele-
vated plasma levels of liver-specific enzymes (Table 
2). NMMA had no influence on the extent of LPS-
induced DNA fragmentation in lung and cecum. Ad-
ministration of NMMA alone did not result in hepato-
cyte membrane lysis. As mice treated with a 
combination of LPS and NMMA showed increased 
symptoms of severe illness, all animals were sacri-
ficed at 12 hours after LPS challenge, in contrast to 
the 24-hour time point chosen for all other experi-
ments. 

LPS-Induced Cell Death in Liver and Lung 
but Not in Cecum Is Mediated by TNF 
Neutralization of TNF by antibody pretreatment has 
been shown to prevent lethality caused by a high 
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Figure 5. In situ detection of DNA fragmentation by tbe TUNEL assay. A: Liver tissue removed 24 hours after LPS administration. TUNEL staining is 
seen in bepatocytes and nonparencbymal cells (arrowheads). TUNEL-positive hepatocyte nuclei show compacted chromatin. B: Liver tissue obtained 
5 hours after GaINI7NF treatment. TUNEL-positive hepatocyte nuclei show margination of chromatin along the nuclear membrane. C: Liver tissue 
removed 8 hours after GalNITNF t,·eatment. Severe tissue destruction accompanied by erythrocyte agglutination is seen. Not all oftbe TUNEL-positive 
bepatocyte nuclei sbow apoptotic morphology. D: Liver tissue of mice treated with anti-TNF antibody before the administration of LPS (24 hours after 
LPS challenge). No TUNELpositive cells are visible. 

dose of LPS as well as to protect against LPS-in-
duced liver failure in sensitized mice. 11 ,12,17,33 We 
therefore investigated the involvement of TNF in DNA 
damage and cell lysis observed in endotoxic shock. 
Pretreatment of mice with neutralizing anti-TNF anti-
body 1 hour before the administration of LPS pro-
tected liver and lung cells from LPS-induced DNA 
fragmentation (liver, 80% reduction; lung, 75% re-
duction) but had no influence on the degree of DNA 
fragmentation in the cecum as assessed by ELlSA 

(Table 3). Pretreatment of mice with anti-TNF anti-
body also prevented membrane rupture of liver cells, 
as we conclude from the fact that no elevated 
plasma levels of liver-specific enzymes were detect-
able 24 hours after LPS injection (Table 3). Anti-TNF 
antibody pretreatment also inhibited the LPS-in-
duced rise in plasma AST activity. This indicates that 
TNF, once elicited by LPS, also gives rise to a gen-
eral tissue toxicity that is not limited to a certain 
organ (Table 3). 

Table 2. Effect of the NO Synthase Inhibitor NMMA on LPS-Induced DNA Fragmentation and Liver Cell Lysis 

DNA fragments (mOD) 
Nitrite/nitrate* 

Treatment Liver Lung Cecum ALT (U/L) (p.mol/L) n 

Saline 270:!: 60 750:!: 15 1020 :!: 40 25:!: 4 35:!: 10 3 
LPS 860:!: 70 900:!: 100 1670 :!: 60 480:!: 75 370:!: 20 5 
LPS plus NMMA 1500:!: 240t 860:!: 100 1470 :!: 310 1210 :!: 420t 60:!: 10t 6* 
NMMA ND ND ND 14:!: 5 ND 5 

LPS was given i.p. at a dose of 5 mg/kg. NMMA (240 mg/kg each time) was injected i.v. 15 minutes before and 4 hours after LPS. Data 
are given as means ± SEM at 12 hours after LPS. n, number of animals per group; ND, not determined. 

*Nitrite/nitrate plasma concentrations. 
tp < 0.05 versus LPS control. 
ion = 3 for DNA fragmentation data. 
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Table 3. Influence of Pretreatment with Anti-TNF Antibody on LPS-Induced DNA Fragmentation and Liver Cell Lysis 
in Mice 

DNA fragments (mOD) 

Pretreatment Treatment TNF (ng/ml)* 

Saline 
Saline 
Anti-TNF IgG 

Saline 
LPS 
LPS 

<0.01 
28::':: 3 
<0.01 

Livert 

160::':: 10 
630::':: 130 
270::':: 30§ 

Lung 

730::':: 70 
1400::':: 270 

910::':: 60§ 

Cecum 

370::':: 60 
1400::':: 210 
1560::':: 200 

ALT (U/L) 

38::':: 11 
1510::':: 300 

30 ::':: 10§ 

AST (U/L) n 

63::':: 6 3 
3680::':: 720 9010 

110::'::20§ 6 

Animals were pretreated with saline or anti-TNF IgG in two doses i.p. and i.v. 1 hour before administration of LPS. LPS was given i.p. in 
a dose of 5 mg/kg. n, number of animals. 

'Data are means ± SEM, 90 minutes after LPS administration. 
tData are means ± SEM, 24 hours after LPS or saline administration. 
*n = 5 for DNA fragmentation data. 
§p < 0.05 versus LPS control. 

Application of the TUNEL assay on liver samples 
removed 24 hours after LPS challenge showed no 
positive liver cells in mice treated with anti-TNF an-
tibody before LPS administration. Thus, this histolog-
ical examination confirmed the findings obtained by 
biochemical methods (Figure 50). 

LPS Does Not Interfere with Hepatic 
Transcription and Translation 

TNF-mediated murine hepatocyte apoptosis in vivo 
as well as in vitro has been shown to be dependent 
on transcriptional arrest. 21 As there was no pro-
nounced parenchymal cell apoptosis detectable in 
liver sections obtained from LPS-treated animals, we 
hypothesized that the administration of a lethal dose 
of LPS should not impair hepatic transcription or 
translation. To check this hypothesis, the influence of 
LPS on overall protein and RNA synthesis in mouse 
liver was determined by measuring the rate of uridine 
and leucine incorporation at different time points 
after LPS administration. At the times investigated (3 
to 24 hours after challenge), LPS caused no signifi-
cant alteration of total liver RNA and protein synthe-
sis (data not shown). Thus, the mainly necrotic liver 
cell damage caused by a lethal dose of LPS was 
unrelated to a general transcriptional or translational 
block in mouse liver. 

Discussion 

In intensive care, immediate death of patients by 
circulatory failure can be prevented by a variety of 
interventions, but later on, these patients are fre-
quently threatened by the failure of one or several 
vital organs such as liver, lung, kidney, and intes-
tine34 As early cytotoxicity in parenchymal or endo-
thelial cells was discussed as a potential cause of 
multiple organ failure,35 we assessed the involve-
ment of primary organ damage in experimental lethal 

LPS shock and measured DNA fragmentation as an 
early indicator of cell death in major shock organs of 
the mouse. 

Indeed, DNA fragmentation seems to be a sensi-
tive marker of LPS-shock-induced tissue injury, as it 
was significantly increased in liver, lung, and cecum 
as early as 12 hours after LPS challenge. The pattern 
of low molecular weight DNA obtained by agarose 
gel electrophoresis pointed to the involvement of 
apoptotic cell death in LPS-induced tissue injury. 
However, no information on the subsets of cells af-
fected and the relative contribution of apoptosis ver-
sus necrosis is provided by this method. 

In sensitized mice challenged with TNF, DNA frag-
mentation is detectable several hours before hepa-
tocyte membrane lysis. 11

.21 In addition, the extent of 
DNA fragmentation determined by the DNA ELlSA 
was higher and more rapid in onset compared with 
that observed in nonsensitized mice treated with 
LPS. The temporal coincidence of DNA fragmenta-
tion with hepatocyte cell membrane lysis in high-
dose LPS shock suggested that this type of liver 
damage may include mechanisms different from 
those in mice sensitized with transcriptional inhibi-
tors. Morphological studies on light- and electron-
microscopic levels confirmed this hypothesis. Apo-
ptosis is the predominant mode of cell death at early 
times after GalNITNF and clearly precedes necrotic 
parenchymal cell death seen at later time points. 11

.
21 

In contrast, a lethal dose of LPS in nonsensitized 
mice caused primarily necrotic cell death, accompa-
nied but not preceded by a low incidence of hepa-
tocyte apoptosis. The difference between the two 
models was further stressed by the distinct distribu-
tion of apoptotic and necrotic parenchymal cell 
death within the liver lobule. In various in vitro mod-
els, the induction of either apoptosis or necrosis has 
been shown to be dependent on the extent and 
duration of the exposure to cytotoxicity-inducing 
agents36

-
38 In addition, the succession of necrosis 
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and apoptosis induced by glutamate in neuronal 
cells is known to be dependent on mitochondrial 
function?7 It is conceivable that, during experimen-
tal LPS shock in vivo, regional differences in the 
concentration of cytotoxic mediators as well as the 
cellular energy status, determined by the oxygen 
supply, exist within the affected organs. This situa-
tion might contribute to the simultaneous occurrence 
of apoptosis and necrosis observed in LPS shock. In 
situ staining of DNA double-strand breaks by the 
TUNEL assay 24 hours after LPS administration 
showed that the number of positive hepatocyte nu-
clei exceeded the incidence of apoptosis observed 
in H&E-stained liver tissue. This observation may be 
explained by findings of a recent study39 demon-
strating that the TUNEL assay under certain condi-
tions fails to discriminate between apoptotic and 
necrotic cell death. Although the occurrence of DNA 
fragmentation is considered to be a hallmark of ap-
optotic cell death when it precedes membrane lysis, 
DNA fragmentation has also been shown to play a 
significant role in cell necrosis caused by hepatotox-
ins40,41 and in necrotic lymphoma cell death induced 
by Ca2+ ionophore or hypoxia.42 It appears therefore 
that DNA fragmentation may sometimes represent a 
common final pathway for acute cell death by apo-
ptosis as well as by necrosis.40,41 

The detection of DNA fragr:nentation in nonparen-
chymal liver cells 24 hours after LPS treatment might 
account for some of the oligonucleosomal DNA 
cleavage observed by EUSA and agarose gel elec-
trophoresis. LPS- or TNF-induced endothelial cell 
apoptosis has been described in various experimen-
tal settings.43-47 In addition, apoptosis of activated 
granulocytes and macrophages appears to play an 
important role in the resolution of tissue inflamma-
tion.48,49 

Apart from exerting direct cytotoxicity, LPS-in-
duced inflammatory cytokines are also known to 
contribute to the development of disseminated intra-
vascular coagulation frequently observed in septic 
patients. Clearly, the formation of microvascular 
thrombi in various organs is involved in the patho-
genesis of multiple organ failure (reviewed in Ref. 
50). In our study, microcirculatory failure due to 
blockade of the sinusoids by activated Kupffer cells, 
thrombocytes, and erythrocytes was observed in 
liver tissue obtained 20 hours after LPS administra-
tion. A contribution of microcirculatory failure to the 
liver damage observed in LPS shock would also 
account for the aggravating effect of NMMA treat-
ment on LPS-induced DNA fragmentation and hepa-
tocyte membrane lysis. This is in line with previous 
evidence that endogenous and exogenous NO has 

hepatoprotective functions.16.29.51 The protective ef-
fects of endogenously produced NO may be due to 
scavenging of polymorphonuclear-Ieukocyte-de-
rived reactive oxygen as well as to the direct inhibi-
tion of neutrophil superoxide anion formation.52 In 
addition, NO produced by constitutive NO synthase 
in endothelial cells inhibits platelet aggregation and 
improves blood flow in the microcirculation that is 
important for the supply of cells with oxygen and 
nutrients.51.53.54 As NMMA inhibits all known isoen-
zymes of NO synthase, it might increase LPS-medi-
ated organ injury by impairing the local blood flow, 
thus contributing to hypoxic cell damage.55 

In contrast to endogenous NO, TNF was found 
here to be a detrimental mediator of LPS-induced 
tissue destruction. LPS-induced lethality in experi-
mental animals as well as apoptotic and necrotic 
liver parenchymal cell injury in GaiN-sensitized mice 
has been shown to be mediated by TNF.11.12.17.19.2o 
In this study, we used passive immunization of mice 
with a neutralizing anti-TNF antibody before a lethal 
LPS challenge to show that TNF causes DNA frag-
mentation and membrane lysis in liver parenchymal 
cells of nonsensitized mice. As TNF-induced hepa-
tocyte apoptosis in vitro as well as in vivo has been 
shown to be dependent on transcriptional arrest 11.21 
and as apoptosis was not the dominant mode of cell 
death in LPS shock, we hypothesized that hepatic 
transcription is not impaired by the administration of 
a lethal dose of LPS. In a previous study, hepatic 
incorporation of uridine and leucine was shown to be 
significantly reduced by treatment of mice with 
Ga1N.11 Employing an analogous experimental set-
up, no reduction of hepatic uridine and leucine in-
corporation was observed under conditions of septic 
shock. Nevertheless, it is conceivable that the large 
increase in the synthesis of acute-phase proteins 
observed in septic shock56 could well have masked 
a selective impairment of the synthesis of individual 
proteins that normally protect hepatocytes against 
TNF-mediated apoptosis. 

LPS-induced lung injury was also significantly re-
duced by neutralization of TNF. Pulmonary dysfunc-
tion observed in SIRS is believed to be at least partly 
dependent on neutrophil infiltration.57.58 As the se-
questration of neutrophils to the lung is mediated by 
TNF,59 this could explain the protective effect of 
anti-TNF antibody pretreatment on LPS-induced lung 
injury. The unaltered cecal injury in mice pretreated 
with anti-TNF antibody points to the involvement of 
other LPS-inducible endogenous mediators, eg, in-
terleukin-1, interferon-,}" prostaglandin E2, or plate-
let-activating factor in the development of organ 
damage. The contribution of platelet-activating fac-



tor to LPS-induced bowel necrosis has been shown 
previously.6o-62 The occurrence of TNF-independent 
organ damage in LPS shock is in accordance with 
clinical studies in humans, in which passive immuni-
zation against TNF alone failed to prevent death of 
patients with septic shock. 

Our study demonstrates that beyond circulatory 
failure a lethal dose of LPS causes early and pro-
nounced cellular injury in major shock organs of 
nonsensitized mice. Although LPS-induced liver in-
jury was shown to be dependent on TNF and re-
duced by NO as in inflammatory liver injury in GaIN-
sensitized mice, the mode of cell death was different 
in LPS shock. In this situation, hepatocytes died 
mainly by necrosis unlike the predominance of apo-
ptosis caused by TNF under transcriptional arrest. 
The lack of correlation between biochemical detec-
tion of oligonucleosomal DNA fragmentation and 
morphological proof of parenchymal cell apoptosis 
emphasizes the indispensability of accompanying 
histological studies for the definition of the relative 
importance of apoptosis for the disease state or 
experimental model under examination. 
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