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We investigated the role of hepatocyte apopto-
sis infour different murine models ofacute in-
flammatory liverfailure. Liver damage induced
in D-galactosamine-sensitized mice by endo-
toxin injection was initiated by processes typi-
cal of apoptosis, ie, chromatin condensation,
DNAfragmentation, andformation of intracel-
lular apoptotic bodies. DNA was cleaved into
oligonucleosomalfragments in the liver before
a significant rise of alanine aminotransferase
in plasma occurred. Passive immunization
against tumor necrosisfactor (TNF) completely
inhibited the injury caused by endotoxin. Direct
injection of recombinant TNF-a also caused
DNA fragmentation followed by alanine amin-
otransferase release into the plasma. Pretreat-
ment of mice with interleukin-1 3, which is
known to suppress TNF-induced lethality, com-
pletely prevented apoptosis and liverfailure in
this modeL These results demonstrate the
causal role of TNF in endotoxin-induced he-
patic apoptosis. TNF-inducible hepatocyte
apoptosis in vivo was not only observed in
D-galactosamine-sensitized mice, but also
when the alternative transcriptional inhibitor
actinomycin D was used. In mice injected with
the TNF-inducing Tcell mitogen concanavalinA,
hepatic apoptosis was even noticed without re-
quirement of additional sensitizers. We con-
clude that TNF-induced hepatocyte apoptosis is
an early, general, and possibly causal event
during experimental liverfailure triggered by
inflammatory stimuli. (AmJ Pathol 1995, 146:
1220-1234)

During the management of trauma or infectious
diseases, the systemic inflammatory response
syndrome and ensuing multi-organ failure are major
clinical complications.' In humans, dysregulation and
overexpression of cytokines such as tumor necrosis
factor (TNF) have been found to be correlated with
these pathological events.2 In animals, the causal re-
lationship between cytokine release and lethality in
different experimental models of sepsis has been
firmly established.3-7

For the study of the pathological mechanisms un-
derlying these models, microbial cell surface anti-
gens, such as the bacterial cell wall constituent Ii-
popolysaccharide (LPS), are most commonly used to
initiate the inflammatory response. As rodents are
known to be more than a 1000-fold less sensitive to-
ward LPS than humans, they are often sensitized by
preceding bacterial infection or, alternatively, pre-
treatment with the amino sugar D-galactosamine
(GaIN).89 In a variety of different animal models re-
sulting in the release of the cytokine TNF (eg, endo-
toxin shock,10 shock induced by plasmodial anti-
gens,11 or shock induced by T cell stimulatory
superantigens12-15), a sensitization of up to 10,000-
fold toward the initial stimulus by GaIN has been
observed.
As GaIN is metabolized in rats only in the liver, 16

it causes a selective depletion of uridine nucleotides
in this organ and thus leads to a hepatic transcrip-
tional block.17-20 High doses of the amino sugar
cause a fulminant hepatitis in rats that has been
claimed to resemble human viral hepatitis.21'22 As
protein synthesis inhibition alone did not sufficiently
explain GaIN-induced hepatic failure,23 the hypoth-
esis was put forward that GaIN sensitized the liver
toward other stimuli. Among these, intestinal endo-
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toxins24 seemed to be likely candidates as potent
pathogenic agents. The basis for this concept are
data showing that GaIN induced portal endotox-
emia25 and that GaIN hepatitis was prevented by ei-
ther colectomy,25,26 neutralization of endotoxin with
polymyxin B27 or anti-LPS antibodies,28 or induction
of tolerance in rats to endotoxin.25 Although GaIN
sensitizes mice toward the lethal effects of endotoxin
more than 1000-fold, it is hardly toxic when given
alone.10 By cell transfer experiments between mouse
strains of different LPS sensitivity, it was demon-
strated that macrophages mediate the lethal and
hepatotoxic effect of LPS in GaIN-sensitized
mice.29-31 Finally, it has been demonstrated by inhi-
bition experiments or direct injection that the
macrophage-derived cytokine TNF was alone suffi-
cient to mediate lethality and hepatic failure.32-35
A large body of histological and biochemical data

has accumulated during the early 1970s on GaIN
hepatotoxicity in rats. Retrospectively, it seems that
hepatic apoptosis was a key feature of this model, as
chromatin condensation and apoptotic bodies (which
were then called acidophilic bodies, shrinkage ne-
crosis, or Councilman bodies36-38) were repeatedly
described.21,28,3941 GaIN has also been used in
mice particularly as a tool for sensitization toward
other inflammatory stimuli. However, the molecular
mechanisms of hepatic damage and the cause of le-
thality have not been resolved in this model at the level
of the ultimate target cell. We recently described he-
patic apoptosis as a pathological mechanism elicited
by TNF in actinomycin D (ActD)-sensitized murine
liver cell cultures or mice.42 Here we characterize in
vivo the sequelae of biochemical and histological
changes after co-injection of mice with GaIN and LPS
or its terminal mediator TNF. Our results identify ap-
optosis as an early pathological process during sep-
tic organ failure with a possibly general significance
for commonly used models of the systemic inflam-
matory response syndrome.

Materials and Methods

Reagents

Recombinant TNF-a was generously provided by Dr.
G. R. Adolf, Bender & Co. (Vienna, Austria), and re-
combinant human interleukin (IL)-1,3 was from Ciba
Geigy (Basel, Switzerland). GaIN was purchased
from Roth Chemicals (Karlsruhe, Germany). LPS (Sal-
monella abortus equiendotoxin) was purchased from
Sebak (Aidenbach, Germany). An immunoglobulin
(Ig)G fraction of ovine anti-murine TNF-a antiserum

was prepared by S. Jilg from this laboratory after im-
munization of a ram with recombinant murine TNF-a.

Unless otherwise specified, all other reagents were
purchased from Sigma Chemical Co. (Deisenhofen,
Germany).

Animal Experiments and Sampling
of Material

Specific pathogen-free male BALB/c or C57BL mice
(25 g) were from the internal animal breeding house,
University of Konstanz. The 55-kd TNF receptor
(CD121a)-deficient mice were generously provided
by Dr. W. Lesslauer, Hoffmann LaRoche (Basel, Swit-
zerland). All animals received humane care in adher-
ence to the National Institutes of Health guidelines as
well as to legal requirements in Germany. Anima! ex-
periments were started at 8 am. ActD (800 pg/kg) or
GaIN (700 mg/kg) were injected intraperitoneally in
saline. Concanavalin A (Con A, 20 mg/kg) was in-
jected intravenously without sensitizer, and TNF was
given intravenously 2 minutes after GaIN or ActD. LPS
(1 pg/kg) was given intraperitoneally together with
GaIN. Anti-TNF IgG was given intravenously 15 min-
utes before LPS, and rhuIL-1,3 was given intrave-
nously 4 hours before the TNF challenge. Uracil (480
mg/kg) or uridine (1000 mg/kg) were given intraperi-
toneally in corn oil 30 minutes before GaIN or Con A.
Blood for TNF determinations was sampled from the
tail vein 90 minutes after LPS administration. All other
samples were obtained after lethal anesthesia of mice
(150 mg/kg pentobarbital). After midline laparatomy
and opening of the chest, blood was withdrawn by
cardiac puncture into heparinized syringes. Livers
were perfused for 10 seconds with cold perfusion
buffer (50 mmol/L phosphate, 120 mmol/L NaCI, 10
mmol/L EDTA, pH 7.4) before they were excised. One
lobe was frozen in liquid nitrogen for subsequent glu-
tathione determination43 after homogenization in 3%
metaphosphoric acid. Small pieces of the large an-
terior lobe were immediately immersed in Carnoy's
solution as a fixation for histological studies. The re-
maining parts of the liver were disintegrated with three
strokes of an Elvehjem-type homogenizer. The 20%
homogenate (in perfusion buffer) was centrifuged at
13,000 x g for 20 minutes. The supernatant was ei-
ther further diluted 270-fold and used directly in an
enzyme-linked immunoadsorption assay (ELISA) de-
signed to detect DNA fragmentation, or DNA was pre-
cipitated from 400 p1 of supernatant by addition of 1
ml of ethanol (-20 C) plus 50 pl of NaCI (5 mol/L) and
stored at -20 C for further analysis on an agarose gel.
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Analysis of Liver Enzymes and
Released Proteins

Hepatocyte damage was assessed by measuring
plasma enzymes according to Bergmeyer.44 Tissue
transglutaminase was measured essentially accord-
ing to Piacentini et a145 with the following modifica-
tions: The incubation mixture contained 15 kBq [14C]_
putrescine instead of 37 kBq [3H]putrescine. As
enzyme source, we used approximately 0.4 mg of
protein from the liver 100,000 x g supernatant per
incubation. Serum amyloid A (SAA) was determined
by an ELISA (BioSource International, Camarillo, TX).
TNF bioactivity was determined with WEH1164 clone
13 cells according to Espevik et al.46 Kupffer cells for
the measurement of LPS-induced TNF production
were isolated by collagenase digest of livers, differ-
ential centrifugation, and plastic adherence. The
Kupffer cells were stimulated as described47 with 10
pg/mI LPS.

Determination of Protein and
RNA Synthesis

At different time points after intraperitoneal injection of
mice with 700 mg/kg GaIN, saline, or Con A, they were
intravenously injected with 300 pl of saline containing
1.5 MBq (40 nmol) [3H]uridine and 0.6 MBq (70 nmol)
[14C]leucine. After 55 minutes, mice were anesthe-
tized with pentobarbital (150 mg/kg). Another 5 min-
utes later, liver, spleen, kidney, and heart were re-
moved after perfusion with perfusion buffer. Organs
were blotted dry and weighed before a 10% homo-
genate in perfusion buffer was prepared. Protein con-
tents of the homogenates were determined,48 and ali-
quots containing 140 mg of protein were precipitated
with 150 pl of 30% trichloroacetic acid and washed
three times with 1 ml of 10% trichloroacetic acid. The
resulting pellet was dissolved in lysis buffer (1 mmol/L
EDTA, 0.1% Triton X-100, 0.5 mol/L NaOH). 3H and
14C activities (absolute values: approximately 30,000
decays per minute in control samples) were deter-
mined simultaneously in a scintillation counter on two
different channels.

Histology

In each treatment group, three mice were examined
after 3.5, 5, or 8 hours. Livers were fixed for histo-
logical examination with Carnoy's solution and imbed-
ded in paraplast, and 3- to 5-p sections were stained
with hematoxylin and eosin and photographed at
x>1008 magnification. For the evaluation of histologi-

cal parameters, liver specimens were given random-
ized numbers and their surface area was quantitated
with the interactive image analysis program Cue-2,
Olympus (Hamburg, Germany). Apoptotic bodies
(only intracellular and chromatin-containing), nuclei
displaying chromatin condensation, and immigrated
leukocytes were counted in an independent labora-
tory in a single-blind manner. Necrosis, steatosis,
erythrocyte agglutination, and cytoplasmic changes
were determined semiquantitatively with five scores
for deterioration (none, minimal, mild, moderate, and
severe).

DNA Fragmentation

DNA fragmentation was quantitated42 by measuring
cytosolic oligonucleosome-bound DNA using an
ELISA kit (Boehringer, Mannheim, Germany). Briefly,
the cytosolic fraction (13,000 x g supernatant) from
approximately 75 pg of liver was employed as antigen
source in a sandwich ELISA with a primary anti-
histone antibody coated to the microtiter plate and a
secondary anti-DNA antibody coupled to peroxidase.
DNA fragmentation was also analyzed semiquantita-
tively after extraction of the 13,000 x g cell super-
natant (corresponding to approximately 50 mg of
liver) by the phenol/chloroform method, precipitation
by ethanol, and electrophoresis on 1.0% agarose
gels.49

Statistics

Unless otherwise stated, data are expressed as
means ± SD of experiments carried out in triplicate.
Statistical significances were determined with the un-
paired Student's t-test if applicable or with the Welch
test if variances were nonhomogeneous (F-test <
0.05).

Results

GaIN-Induced Selective Transcriptional
Block in the Liver

The usual explanation for the fact that GaIN causes
liver injury in rats is the assumption that this amino
sugar gives rise to a selective hepatic depletion of
uridine and a consequent transcriptional block in the
liver. To check the organ specificity of GaIN in mice,
we examined its influence on protein or RNA synthe-
sis in liver, kidney, spleen, and heart (Table 1). We
observed that the transcriptional rate in murine livers
was significantly inhibited 0.5 hour after the injection



TNF-lnduced Hepatic Apoptosis in Mice 1223
AJP May 1995, Vol. 146, No. 5

Table 1. In Vivo Transcription and Translation Rates in Different Mouse Organs at Various Times after Intrapeitoneal
Injection of 700 mg/kg GalN

RNA synthesis Protein synthesis
Organ 0.5 hour 2 hours 4.5 hours 0.5 hour 2 hours 4.5 hours

Liver 58 ± 4* 55 ± 1* 235 +19* 117 ± 16 60 ± 6* 66 ± 3*
Heart 295 ± 42* 197 ± 22* 203 32* 147 ± 7* 112 ± 12 135 ± 9
Kidney 291 ± 24* 432 ± 35* 339 103 147 ± 4* 87 ± 4 98 ± 23
Spleen 88 ± 12 102 ± 2 80 16 79 ± 11 109 ± 3 119 + 11

RNA synthesis was quantitated by measuring the incorporation of [3H]uridine into acid-precipitable material and is expressed as percent-
age of untreated controls at the corresponding time points. Protein synthesis was quantitated by measuring the incorporation of [14C]leucine
into acid-precipitable material and is expressed as percentage of untreated controls at the corresponding time points. Data are expressed as
mean ± SEM (n = 3).

*P < 0.05 versus untreated control.

of 700 mg/kg GaIN and that this inhibition persisted
for approximately 3 hours. After approximately 5
hours, however, the incorporation rate of uridine into
RNA was not only restored to control rate but also
showed a 2.4-fold increase compared with controls.
The inhibition of transcriptional activity after GaIN in-
jection was observed only in the liver. In heart and
kidney, we measured a significantly enhanced tran-
scriptional rate, whereas the RNA synthesis in the
spleen was not significantly affected by GaIN treat-
ment. Also, translational activity in the liver of mice, as
measured by quantitation of leucine incorporation
into proteins, was significantly and selectively attenu-
ated after GaIN treatment. In contrast to the transcrip-
tional block induced immediately after GaIN injection,
there was a time lag of approximately 2 hours until
protein synthesis was significantly depressed. Return
of translational activity to control values was not ob-
served until 5 hours after GaIN injection, when the
experiment was terminated. In the other organs ex-
amined, no attenuation of protein synthesis rates was
observed. Rather, in heart and kidney a significantly
increased translational activity was observed during
the first hour after GaIN injection. Thus, GaIN attenu-
ated both protein and RNA synthesis in murine livers
but not in other major organs. As an example of the
influence of GaIN on proteins secreted from hepato-
cytes, we measured SAA, the major acute phase pro-
tein in mice. Control mice had plasma levels of 2 pg/ml
SAA. Injection of the animals with 10 pg/kg LPS or TNF
induced within 6 hours an increase of plasma SAA
levels to 10 ± 3 or 24 ± 4 pg/mI, respectively. If pre-
treated with GaIN, however, animals challenged with
either TNF or LPS had plasma SAA levels < 1 pg/ml.
This means that GaIN has also systemic effects, such
as alteration of the serum composition, that may be
consequences of its selective inhibitory action on
hepatocyte transcription and translation. In contrast
to this, the time course or peak concentrations of LPS-
inducible circulating TNF-a (approximately 2 ng of
TNF-a per ml of plasma 90 minutes after injection of

1 pg/mI LPS) was not significantly altered by admin-
istration of 700 mg/kg GaIN. Moreover, LPS (10 pg/
ml)-induced in vitro TNF production from murine
Kupffer cells (peak concentration, 25 ng/106 mac-
rophages after 4 hours) was not influenced by GaIN
concentrations of up to 5 mmol/L. This result provides
evidence that, among different hepatic cell popula-
tions, GaIN affects hepatocytes selectively.

Induction of Apoptosis in LPS-Challenged
Mice Pretreated with Ga/N

Although GaIN alone in doses of up to 1 g/kg is not
toxic in mice, the combined administration of 700
mg/kg of the amino sugar and low doses (1 pg/kg) of
endotoxin causes severe liver failure in this species.
We therefore first examined the time course of his-
topathological changes in the liver after injection of
GaIN/LPS (Figure 1). A moderate granular conden-
sation of the cytoplasm and significant hepatocellular
steatosis with characteristic large lipid droplets was
visible at 3.5, 5, and 8 hours after GaIN injection. No
other significant histological alterations were ob-
served. After injection of LPS alone, steatosis of a
similar degree was observed that was also charac-
terized by predominantly large lipid droplets. Besides
a mild infiltration of granulocytes, no further changes
were observed. After administration of GaIN plus LPS,
histological changes different from GaIN controls
were observed after 5 hours. The number of intracel-
lular, DNA-containing apoptotic bodies was signifi-
cantly raised (130 ± 15/cm2 versus 17 ± 17/cm2 in
untreated controls or 10 ± 10/cm2 after GaIN alone).
There was also an increased number of nuclei with
chromatin condensation near the nuclear lining.
These typical signs of apoptosis were accompanied
by minimal to mild multifocal hepatocellular necrosis,
by hepatocytes displaying karyorrhexis or nuclear
pyknosis, and by a mild to moderate neutrophil infil-
tration. At 8 hours after GaIN/LPS, livers were char-
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Figure 1. Histopathology ofLPS-induced liver damage in GaIN-sensitized mice. Mice were treated with saline (controls) or various combinations of
700 mglkg GalN and 1 ug kg LPSfor the time periods indicated. A: Saline, 5 hours. No histological abnormalities. B: GalN only, 5 hours. A mod-
erate- diffuse cloudy swelling indicating cellular edema and accumulation of lipid droplets are evident in the hepatocellular cytoplasm. C: GalN
plus LPS, 3.5 hours. A moderate diffuse cloudy swelling accompanied by accumulation of lipid droplets is evident in the hepatocellular cytoplasm.
Apoptotic bodies are not detectable at this stage. D: GalNplus LPS, 5 hours. Apoptosis manifests by the appearance of intracellular apoptotic bodies
(a) and byperchromatic nuclear membranes (h). n, infiltrating neutrophils. Bars represent 10 1.

acterized by severe necrosis, massive neutrophil in-

filtration, and erythrocyte agglutination. Large
numbers of apoptotic bodies were present, but quan-
titation was not performed because of the wide-
spread destruction of the liver architecture. These
data demonstrate that apoptosis occurred as an early
event during the development of hepatic failure. To

further substantiate this statement, we quantitatively
compared the time course of hepatocyte membrane
rupture (as a parameter for hepatocyte death) with
that of DNA fragmentation (as a marker for apoptosis;
Table 2). The enormous rises of plasma transami-
nases and sorbitol dehydrogenase 8 hours after
GaIN/LPS indicate that massive tissue destruction

Table 2. Time Course ofHepatic DNA Fragmentation and the Release of Liver Enzymes into the Plasma Induced by Different
Combinations of GalN and LPS

GaIN LPS Time ALT SDH AST DNA fragmentation
(700 mg/kg) (1 pg/kg) (hours) (U/L) (U/L) (U/L) (% of control)

+ - 3.5 262 ± 178 4 4 94 ± 40 100 18
+ + 3.5 232 ± 234 5 2 55 ± 32 68 7
- + 3.5 45 ± 20 8 3 85 ± 39 ND
+ - 5 277 ± 204 38 30 79 30 94 19
+ + 5 164 ± 77 15 11 91 29 748 +12t
- + 5 24 ± 8 12 +8 74 23 162 24
- - 8 50 ± 11 11 5 80 17 100 17
+ - 8 87 ± 38 14 10 87 8 105 20
+ + 8 5290 ± 2290* 2890 ± 1500* 1990 ± 1030* 744 + 51t
- + 8 37 + 24 14 20 58 9 155 4

SDH, sorbitol dehydrogenase; AST, aspartate aminotransferase; -, saline injection; ND, not determined.
*P < 0.01 versus untreated control; tp < 0.0001 versus untreated control. Data are mean values - SD from three animals.
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took place within this time. The ratio of the activities
of the liver-specific enzymes alanine aminotrans-
ferase (ALT) and sorbitol dehydrogenase versus as-
partate aminotransferase argue in favor of a relatively
selective hepatic damage. DNA fragmentation was
already strongly augmented after 5 hours, when there
was still no significant increase in plasma transami-
nase activities. Thus, fragmentation of chromatin
clearly preceded damage to cell membranes. When
we measured the activity of tissue transglutaminase
(TG), an enzyme often associated with hepatic
apoptosis, in liver homogenates 3.5, 5, or 8 hours
after GaIN/LPS, we found no significant changes
compared with untreated controls (average activity,
199 ± 14 pmoles/mg x minutes). The hepatic glu-
tathione content of 23 ± 2 nmol/mg protein was also
not affected until 8 hours after challenge with GaIN/
LPS. This finding indicates that plasma membranes of
liver cells were still largely intact 5 hours after chal-
lenge, when DNA fragmentation was already strongly
increased.

Induction of Apoptosis in
GaIN/TNF-Challenged Mice

TNF is thought to be a terminal mediator of the septic
liver failure in GaIN-sensitized mice.3235 We therefore
examined whether injection of this mediator itself into
GaIN-sensitized mice also caused hepatocyte apop-
tosis. Histological examinations (Figure 2) revealed
that TNF, when given alone, caused sinusoidal infil-
tration of neutrophils, which was significantly different
from controls as soon as 3.5 hours after injection.
Apart from this, a mild to moderate cytoplasmic con-
densation and a moderate to severe accumulation of
large lipid droplets in hepatocytes was observed. In
mice treated with GaIN plus TNF, apoptotic bodies
and hyperchromatic nuclear membranes were occa-
sionally observed after 3.5 hours. After 5 hours, these
hallmarks of apoptosis were significantly increased
(170 + 48 apoptotic bodies/cm2). However, we also
observed a mild erythrocyte agglutination in liver

Figure 2. Histopathology at different times after injection of TNF-a into Ga/N-sensitized mice. Mice were treated with various combinations of 700
mg/kg GalN and 10 pg/kg TNF-a for the time periods indicated. A: 7AF only, 5 hours. A moderate diffuse cloudy swelling is evident in the hepato-
cellular cytoplasm. B: GalNplus 7NF, 3.5 hours. Hyperchromatic nuclear membranes (h) and apoptotic bodies (a) as signs of hepatocellular ap-
optosis are visible. C: GalNplzus 7NJ;, 5 hours. Numerotus apoptotic (a) bodies are visible. D: GalNpluis TNF, 8 hours. Severe agglutination of eryth-
rocytes accompanied by nleuitrophil itifiltration is visible. Hyperchromatic ntuclear membranes (b) and apoptotic bodies (a) are seen betu'een
niecrotic hepatocytes. n, infiltrating neutrophils. Bars represent 10 y.
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sinusoids and mild to moderate multifocal hepatocel-
lular necrosis. After 8 hours, livers were characterized
by severe necrosis, erythrocyte agglutination, and
neutrophil infiltration. Apoptotic figures were found
throughout the organ. Thus, the histopathology of liv-
ers challenged directly with TNF strongly resembled
that observed after LPS in GaIN-sensitized mice.
Compared with the LPS model, the majority of
changes occurred earlier in the TNF model, as would
be expected from the fact that TNF must be liberated
after LPS injection before it can act on hepatocytes.
Analogous results were obtained when we deter-
mined the time course of biochemical markers of liver
damage. As our data demonstrate (Table 3), maximal
DNA fragmentation was detectable 5 hours after chal-
lenge with GaIN plus LPS with little enzyme leakage.
At 8 hours, however, when fulminant enzyme release
documents that organ disintegration has reached a

final state, DNA fragmentation was not further in-
creased. In other words, DNA fragmentation again
preceded liver enzyme release. Glutathione content
or tissue TG activity remained unaltered until 8 hours
after the challenge with GaIN/TNF, when they
dropped slightly. The ratio of plasma transaminase
activities indicated a relatively selective liver failure,
as was noted in the LPS model. These biochemical
findings demonstrate that TNF-induced cell death is
apoptotic. As it has been noticed that hepatic apop-
tosis is not always associated with DNA fragmenta-
tion,50'51 we also employed the classical technique of
agarose gel electrophoresis of low molecular weight
DNA extracted from liver homogenates to detect oli-
gonucleosomal DNA fragmentation. The results
shown in Figure 3 demonstrate that liver extracts from
GaIN-sensitized mice prepared 5 hours after chal-
lenge with either TNF or LPS exhibit the DNA ladders
typical of oligonucleosomal DNA fragmentation upon

separation on agarose gels and thus provide addi-
tional independent evidence for hepatic DNA frag-
mentation (Figure 3).

Causal Involvement of TNF in
LPS-lnduced Apoptosis in
GaIN-Sensitized Mice

Because we had found that injection of the cytokine
TNF induced a similar spectrum of effects as were
seen after LPS injection into GaIN-sensitized mice
and because TNF was induced by LPS, we examined
whether blockade of actions of TNF would abolish the
apoptosis-inducing effect of LPS in the liver. For this
purpose we injected mice with 100 pg of a neutral-
izing anti-TNF immunoglobulin 15 minutes before in-
jection of GaIN/LPS. Transaminase release and
pathological alterations were completely prevented in
anti-TNF IgG-pretreated mice challenged with GaIN
plus LPS, ie, values were not significantly different
from those obtained from GaIN controls (data not
shown). DNA fragmentation was also completely sup-
pressed (Figure 4). Thus, TNF is both a sufficient and
necessary mediator of LPS for the induction of ap-
optosis in the liver. Moreover, the close correlation of
damage and DNA fragmentation suggests that hep-
atocyte apoptosis is unlikely to be an epiphenomenon
of LPS-induced liver damage that is coincidently also
induced by TNF but that it may be causally involved
in hepatocyte death.

Induction of Apoptosis in
ActD/TNF-Challenged Mice

If it is true that hepatic sensitization by GaIN towards
endotoxic challenge is caused by the indirect inhibi-
tion of transcription via its biochemical effects on the
cellular carbohydrate metabolism, then a similar sen-
sitization should be brought about by other inhibitors
of RNA synthesis. We checked this by challenging
mice with a combination of TNF and an established
transcriptional inhibitor that differs both structurally
and mechanistically from GaIN. Injection of ActD

Table 3. Time Course ofHepatic DNA Fragmentation and the Release ofALT into the Plasma in Mice Injected with 700 mg/
kg GaIN and 10 ug/kg TNF

IL-1 pretreatment Time ALT DNA fragmentation
Treatment (4 hours before TNF) (hours) (U/L) (% of untreated control)

GalN/TNF 3.5 58 ±52 83± 34
TNF 5 25 +7 134 26
GalN/TNF 5 258 ± 163 840 ± 109*
GaINiTNF + 5 35 11 127 13t
TNF 8 41 8 138 19
GaIN/TNF 8 10300 + 3050* 721 ± 51*
GaIN/TNF + 8 30 ± 20t 112 ± 23t

*P < 0.01 versus untreated controls; tp < 0.01 versus GaIN/TNF-treated animals not pretreated with IL-1. Data are mean values ± SD from
three animals.
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Figure 3. Hepatic DNA fragmentation after the injection of LPS or

TNF-a in GaIN-sensitized mice. Mice uwere treated with different com-
binations ofsaline, GalN, LPS or TNF-a for 5 hours. Livers were then
perfused blood-free, homogenized, and centrifuged at 13,000 X g.

DNA u'as purified from the supernatants by precipitation uith etha-
nol and extraction by the phenol/chloroform method and subse-
qu,ently analysed on 100 agarose gels. The lanies of the gel shoun
samplesfrom oiice treated asfollowss: 1, 700 niglkg GaIN; 2, 10 pg/kg
TNF-a; 3, GalNplus TNF; 4, 1 lglkg LPS; and 5, GalNplus LPS.

alone resulted in only minimal to mild steatosis and
cytoplasmic condensation. In livers from animals
treated with ActD plus TNF, apoptotic body formation
was observed already after 3.5 hours and became
pronounced after 5 hours (170 76/cm2 versus 27 ±

25 after ActD alone). Necrosis associated with py-

knotic nuclei and karyorrhexis was minimal to mod-
erate after 5 hours and very severe after 8 hours. As
in the GalN/TNF model, in which neutrophil immigra-
tion started earlier than in the GaIN/LPS model, an

early onset of infiltration was seen also in the ActD/
TNF model. Erythrocyte agglutination was less severe
than in the GalN/TNF model. Analysis of DNA frag-
mentation 5 hours after challenge by agarose gel
electrophoresis revealed a typical ladder pattern in
livers from animals challenged with ActD plus TNF but
not in those from mice that received the single com-

Figure 4. Time course of hepatic DNA fragmentation and plasnza
ALT levels in ActD-sensitized mice injected with TNF-a. Mice were
treated with saline, 800 pg/kg ActD, 3.3 pug/kg 7NF, or a combination
ofActD plus 7NF. After the time periods indicated, animals twere an-

esthesized. Blood for the enzymatic determination of ALT (A) wvas

uwithdrawn by cardiac puncture and livers were perfused blood-free
and homogenized. The 13,000 x g supernatant of this homogenate
was usedfor the determination ofDNA fragmentation (B).

pounds. These findings show that, after use of a sen-

sitizer other than GaIN, TNF induces apoptosis in the
liver, provided that transcription is blocked. The time
course of biochemical alterations induced by TNF in
ActD-pretreated mice, such as late transaminase re-

lease in comparison with early occurrence of cyto-
solic oligonucleosome-bound DNA (Figure 5) again
suggests that DNA fragmentation preceded cell
death.

Prevention of Liver Damage and Hepatic
Apoptosis by Pretreatment of Mice

We used four different intervention strategies to check
the correlation between hepatic apoptosis and liver
damage. As demonstrated above, passive immuni-
zation of mice with ovine anti-murine TNF antibodies
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Co-injection of GaIN with equimolar amounts of uracil
or uridine (4.1 mmol/kg) prevented the development
of liver failure in mice challenged with either LPS or
TNF. In these experiments, neither the activities of
plasma transaminases nor the concentration of cy-
toplasmic oligonucleosomal DNA were significantly
different from those of untreated control animals. In
addition, no DNA fragmentation was observed upon
analysis of low molecular weight DNA on agarose
gels (data not shown).

In a fourth approach, we were interested in whether
induction of tolerance against LPS or TNF may pre-
vent apoptosis and liver failure. Such tolerance can
be induced by IL-1 pretreatment. Mice made tolerant
in this way and sensitized with ActD52 or GaIN53 were
shown to be protected against lethal endotoxin or TNF
shock. In our experiments, histological examination of
livers from mice pretreated with IL-1 and then chal-
lenged with TNF revealed that the number of dam-
aged or apoptotic hepatocytes was not significantly
different from that of mice treated with GaIN only. How-
ever, the degree of neutrophil infiltration was higher
than in controls. Quantitation of transaminase release
and DNA fragmentation (Table 3) revealed that mice
were indeed significantly protected from liver dam-
age caused by TNF. Analogous data were obtained
when mice were challenged with LPS (data not
shown). These findings demonstrate that GaIN-
sensitized mice made resistant to apoptosis by IL-1
pretreatment were also protected from the develop-
ment of hepatic failure and lethality in shock models
with LPS or TNF as stimuli.

Figure 5. Prevention by passive immunization against TNF-a ofLPS-
induced hepatic DNA fragmentation in GaIN-sensitized mice. Mice
were injected intravenously with control Ig or anti-murine TNF-a Ig.
Animals were injected intraperitoneally 15 minutes later with 700
mg/kg GalN and either saline or 1 pg/kg LPS. Five hours later, livers
w'ere perfused blood-free, homogenized, and centrifuged at 13,000 x
g. DNA was purified from the supernatants by precipitation with
ethanol and extraction by the phenol/chloroform method and subse-
quentlv analyzed on 1% agarose gels. The lanes of the gel show
samplesfrom mice treated as follows: 1, control Ig; 2, control Ig and
GalN pluis LPS; 3, anti-TNF-a Ig and GalN plus LPS; and 4, anti-
TNF-a Ig.

prevented apoptosis and liver damage caused by
LPS shock in GaIN-sensitized mice. When the TNF
response was blunted by using 55-kd TNF receptor-
deficient mice, challenge of the animals with GaIN
plus TNF failed to induce significant transaminase re-

lease after 8 hours or to produce any morphologically
detectable signs of liver damage or any mortality
(data not shown).
A third approach was to overcome sensitization of

GaIN-pretreated mice caused by transcriptional ar-

rest by replenishing uridine pools in these animals.

Induction of Hepatic DNA Fragmentation
by Con A

Finally, we examined the relevance of DNA fragmen-
tation in a cytokine-dependent systemic inflammatory
response syndrome model with naive unsensitized
mice. Intravenous injection of Con A into mice was
shown to lead to cytokine release and TNF-
dependent5'54 hepatic failure.55 First we checked
whether Con A has an influence on hepatic transcrip-
tion or translation. Incorporation of uridine or leucine
into livers was not significantly altered until 5 hours
after injection of Con A, when it declined by 40% as
a result of the onset of liver damage. Notably, RNA
synthesis in heart or kidney (0.5 to 5 hours after Con
A injection) were increased by 50 or 300%, respec-
tively, whereas protein synthesis was only marginally
increased by 20%. Secretion of acute phase proteins
by the liver was also not inhibited, as serum SAA lev-
els reached 30 ± 2 pg/ml 6 hours after Con A injec-
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tion. Thus, the mechanism of hepatic sensitization to-
ward TNF in this model is not likely to involve
transcriptional inhibition. Nevertheless, we observed
oligonucleosomal DNA fragmentation and apoptotic
bodies (73 ± 20/cm2) 5 hours after Con A injection,
which preceded transaminase release (Table 4).
Similar results were obtained upon analysis of DNA on
agarose gels. Passive immunization of mice against
TNF completely inhibited this fragmentation, whereas
uridine pretreatment affected neither DNA fragmen-
tation nor ALT release (data not shown). In this model,
the temporal dissociation between the first appear-
ance of apoptosis and the final necrotic liver failure
was especially striking. DNA fragmentation (Table 4)
was increased 5 hours after injection of Con A,
plasma transaminase activities were significantly in-
creased after 8 hours, but widespread necrosis was
observed only at later time points.54 Thus, in this
model also, apoptosis and liver failure occur in a time
sequence that supports the assumption of a cause-
and-effect relationship between these pathological
changes.

Discussion
The first descriptions of morphological changes in the
liver suggestive of apoptosis date back to the late
1960s,21,37-41,56-58 but no attempts have been made
since then to evaluate the role of this phenomenon as
a mechanism of acute liver failure. Our studies show
that DNA fragmentation is a salient feature of hepatic
injury in various murine models of inflammatory liver
failure, as is chromatin condensation that occurs in all
of these models. Both phenomena are hallmarks of
programmed cell death of apoptotic morphology. In
murine livers, chromatin condensation and DNA frag-
mentation have been shown to be independently
regulated.59 Thus, the histological evaluation of chro-
matin condensation and the biochemical measure-
ment of DNA fragmentation yield independent and
complementary information. The latter parameter was

Table 4. Time Course ofHepatic DNA Fragmentation and
the Release ofALT into the Plasma in Mice
Injected with 20 mg/kg Con A

Time ALT DNA fragmentation
Treatment (hours) (U/L) (% of untreated control)

Con A 3.5 92 3 257 +15*
Con A 5 93 38 360 29*
Con A 8 2550 + 525* 645 + 90*
Con A 8 2230 470 620 50
+ uridine

Saline 8 63 18 100 6

*P < 0.01 versus untreated controls. Data are mean values
+ SD from three animals.

quantitated in this study by a novel ELISA method that
is two to three orders of magnitude more sensitive
than analysis of DNA on agarose gels. With either
analytical method, we obtained a correlation between
morphological changes typical of apoptosis and of
oligonucleosomal DNA fragmentation in murine liver
failure. Our findings that hepatocyte apoptosis is as-
sociated with DNA fragmentation is in agreement with
previous reports that cleavage of nuclear DNA into
oligonucleosomal fragments can be induced in hep-
atocyte nuclei60 or in isolated hepatocytes.61 DNA
fragmentation in murine livers was also observed after
acetaminophen intoxication.62 On the other hand, our
findings differ from those obtained in some other ani-
mal models that use transforming growth factor-13 or
ocadaic acid as initiators, in which apoptosis pro-
ceeded without any significant DNA fragmenta-
tion 50,51

A different parameter often associated with hepatic
apoptosis is an increased activity of tissue TG.6364 In
our models, we never observed significant changes
in the activity of this enzyme. This was not necessarily
because of the sensitizing pretreatment with GaIN or
ActD, as TG activity also remained unchanged in the
Con A model with unsensitized naive animals. There-
fore, our data suggest that an increased activity of TG
is not always involved in hepatic apoptosis and that
it is unlikely to be a necessary condition for subse-
quent liver damage.
The hepatotoxicity of GaIN was first characterized

in the rat.21 Subsequently the biochemical effects of
this amino sugar, such as a liver-specific depression
of transcription, have been examined extensively in
the same species. With respect to GaIN hepatotox-
icity, however, there are significant differences be-
tween rats and mice, eg, in rats, GaIN as such causes
liver damage, whereas mice are resistant to GaIN
alone at doses exceeding 1 g/kg. One of the most
probable explanations for this difference is the natural
endotoxemia in rats, which is enhanced by GaIN ad-
ministration2565 and which is not observed in mice.
Moreover, mice have a more potent capacity to re-
synthesize uridine.66 This latter capacity is shared by
weanling rats and partially hepatectomized rats,
which are both insensitive to the hepatotoxic actions
of GaIN.40 The data from our study show that GaIN
treatment selectively suppresses hepatic transcrip-
tion and translation also in mice. The increase of these
parameters in some other organs may be an indirect
effect of GaIN. The stronger increase in RNA synthe-
sis compared with protein synthesis in heart and kid-
ney may be explained by a change in the RNA pattern
transcribed, which does not necessarily cause an
overall increase in net protein synthesis. The depres-
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sion of protein or RNA synthesis in the liver by ap-
proximately 50% may explain the sensitization toward
TNF, as transcriptional arrest of a comparable extent
was shown to be a condition for TNF-induced apop-
tosis in primary hepatocyte cultures.42 Selectivity of
protein synthesis inhibition between different liver
cells is suggested by the unaltered secretion of the
Kupffer cell product TNF compared with the nearly
complete abolition of production of the hepatocyte-
derived protein SAA after GaIN treatment. These find-
ings are in accordance with other reports on the cell
type specificity of GaIN.67'68 GaIN affects cells in vari-
ous other ways besides depleting the uridine pool. It
might also sensitize mice by altering the synthesis of
glycoproteins.17'18 From data obtained in vitro42 as

well as from the following findings, we conclude that
the major reason why GaIN sensitizes mice toward
inflammatory mediators is its capability to create a

transcriptional block. First, because the chemically
unrelated transcriptional inhibitor ActD had effects
similar to GaIN and second, because replenishment
of GaIN-depleted uridine pools prevented TNF tox-
icity. It has to be stressed that inhibition of protein
synthesis alone causes neither hepatotoxicity17'23'69
nor qualitative or quantitative changes in the release
of inflammatory mediators after challenge with differ-
ent stimuli. In this respect, GaIN is superior as a sen-

sitizer compared with ActD that lacks target cell se-

lectivity and may also suppress cytokine release from
macrophages.

Although many different cytokines are involved in
inflammatory organ failure, TNF is a dominant and
terminal mediator: in GaIN-sensitized mice, TNF
alone was sufficient to induce hepatic apoptosis. In-
hibition studies with anti-TNF IgG showed that this
cytokine was also necessary for induction of hepatitis
after the injection of different inflammatory stimuli. A
peptide that is biologically and structurally related to
TNF is the CD95 ligand.70 Stimulation of its receptor
(CD95) with an agonist antibody caused hepatic ap-

optosis without sensitization by GaIN.71 In our mod-
els, however, CD95 obviously does not play a signifi-
cant role, as /prmice, which do not express functional
fas antigen (CD95),72 did not react significantly dif-
ferent compared with wild-type mice, when chal-
lenged with TNF after sensitization with GaIN or when
challenged with Con A without any additional sensi-
tization (data not shown).

Different kinds of intervention studies were per-

formed to test the close association of DNA fragmen-
tation and subsequent liver failure. Hepatic apoptosis
was inhibited when either TNF action was prevented
or when GaIN sensitization was antagonized by uri-

dine supplementation. These experiments show that
neither TNF nor transcriptional block alone are suffi-
cient to induce inflammatory liver failure and hepatic
apoptosis and that both components are necessary
for their strongly synergistic toxic action on the liver.
An important feature of inflammatory reactions is the
development of tolerance states under certain con-
ditions. Tolerance involves not only actions on the
level of macrophages that produce a reduced spec-
trum of cytokines but also more distal mechanisms,
such as prevention of cytokine action on the target
cell. IL-1, which is one of the most powerful tolerance-
inducing agents,52'53 protected GaIN-sensitized
mice completely from LPS- or TNF-induced liver dam-
age and DNA fragmentation. Thus, in four mechanis-
tically different experimental approaches, a consis-
tent concordance between induction of DNA
fragmentation and liver damage was observed.

Previous reports56 as well as the data from our Con
A experiments suggest that TNF-induced apoptotic
liver failure is not exclusively observed after sensiti-
zation with transcriptional inhibitors and not linked
solely to a transient uridine nucleotide deficiency.
Starvation may predispose to organ failure as TNF
release is increased73 and the acute phase response
is decreased in such a metabolic situation.74 The
most relevant condition associated with hepatic ap-
optosis induced by endogenous mediators, however,
may be viral infection. Viruses sensitize different cell
lines toward TNF toxicity.75 Hepatocyte apoptosis
was described in murine and human hepati-
tis,38 57,58,76,77 and injection of viral antigens causes
fulminant hepatic failure in pregnant rabbits.78 In ad-
dition, viral infection sensitizes the liver toward LPS-
dependent hepatocyte destruction,78'79 and mice
were sensitized toward TNF-dependent hepatotoxic-
ity by the expression of viral antigen in their liver
cells.80

In experimental shock models with the sensitizer
GaIN, liver damage has been suggested to play the
pivotal role in lethality.13'81 This suggestion is cor-
roborated by the findings that death was prevented
by hepatocyte transplantation82 and also by our ex-
perience, based on several thousand mouse experi-
ments, that ALT levels 8 hours after the challenge
always correlated with lethality. Therefore, we termi-
nated the experiments in this study after 8 hours and
quantitated liver damage as an endpoint by the meas-
urement of plasma ALT. This protocol not only im-
proved the reproducibility of the in vivo experiments
but also reduced animal suffering as is commonly wit-
nessed during shock experiments extending over a
period of several days.
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DNA fragmentation and chromatin condensation
were consistently associated with TNF-induced
liver failure in any of our experiments and also in
other systemic inflammatory response syndrome
models with LPS, staphylococcal enterotoxin B, or
anti-CD3 monoclonal antibodies as inflammatory
stimuli 56,83,84 Apoptosis always preceded mem-
brane disintegration, and prevention of apoptosis al-
ways protected against liver damage. The temporal
sequence of apoptosis and subsequent necrosis and
the close correlation of these two processes under
different experimental conditions suggest a causal re-
lation, but does not prove it. A direct target cell toxicity
of TNF is suggested by the in vitro findings of TNF-
induced apoptosis in liver cell cultures. Alternative
explanations for TNF-induced liver failure suggest
only a passive role of parenchymal cells and do not
consider a direct interaction of TNF and hepatocytes.
Rather, infiltrating polymorphonuclear leukocytes
(PMNs) are thought to initiate liver damage.85 This
idea is challenged by reports showing that mice lack-
ing a functional gene for intracellular adhesion
molecule-1 were still sensitive to GaIN/LPS-induced
liver damage83 and that inhibition of PMN immigration
into the liver by turpentine pretreatment did not pre-
vent GaIN/TNF-induced organ damage.86 Moreover,
mice deficient for the 55-kd TNF receptor (CD121a)
were protected against GaIN/LPS-, GaIN/SEB-, or
GaIN/TNF-induced liver failure1587 (this study), al-
though PMNs mainly display the 75-kd TNF receptor
(CD121b).88 We therefore suggest the following se-
quence of pathogenic event. Direct TNF-induced
hepatocyte apoptosis may act as a primary initiating
step of organ injury. Subsequently, neutrophils may
be attracted by endogenous mediators and activated
by dying hepatocytes not removed swiftly enough un-
der this pathological condition. GaIN may act on this
stage, in addition to its sensitization of hepatocytes,
by preventing the rapid uptake of apoptotic cells by
neighboring cells. The activation of PMNs may be the
final process leading to necrotic organ destruction.
The fact that injection of TNF without GaIN into mice
caused strong PMN infiltration but no significant liver
damage argues in favor of the view that dying hepa-
tocytes are required to maintain or trigger leukocyte
activation. This view implies that TNF-dependent he-
patic DNA fragmentation is a common pathological
process in murine SIRS models and may be a general
mechanism relevant to a variety of pathological syn-
dromes. The animal model of hepatic apoptosis al-
lows investigation of possible pharmacological inter-
ventions for septic liver failure and might also

contribute mechanistic information on a widespread
mechanism of liver disease.
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