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Abstract Lipopolysaccharide (LPS) is implicated in the
pathology of acute liver injury and can induce lethal liver
failure when simultaneously administered with p-galactos-
amine (D-GalN). At the present time, nonlethal liver failure,
the liver injury of clinical implication, is incompletely
understood following challenge by low-dose LPS/p-GalN.
We report here our investigation of the effects of liver injury
following a nonlethal dose LPS/p-GalN and the role of
apoptosis in this disorder. Blood biochemistry indexes,
including those of alanine aminotransferase (ALT), aspar-
tate aminotransferase (AST) and total bilirubin (TBIL), had
risen by 6 h post-LPS/p-GalN injection, reached a peak at
24 h and sustained high levels at 48 h. An abnormal liver
appearance was found at 24 and 48 h post-injection. His-
topathological changes of hepatic injuries accompanied by
hepatocellular death, inflammatory infiltration and hemor-
rhage began to appear at 6 h and were markedly aggravated
at 24 and 48 h. Cell apoptosis was significantly induced by
the nonlethal dose LPS/p-GalN challenge, and the apoptotic
indexes (Als) in 24 h- and 48 h-treated rats were approxi-
mately 70%, as estimated by the terminal transferase dUTP
nick end labeling (TUNEL) assay. The mRNA levels of the
inflammatory cytokine IL-1f rose markedly at 6 h and
maintained high levels at 24 and 48 h; however, TNF-«
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levels were normal in the liver tissues of 6-, 24- and
48-h-treated rats. mRNA expression of the damage gene
nitric oxide synthase (NOS) was also induced early by the
LPS/p-GalN challenge, reaching a peak at 6 h, then grad-
ually decreasing in a stepwise manner; conversely, high
expression levels of the apoptosis-inducing gene p53
mRNA were not found in the early post-injection period
(6 h) but emerged in the crest-time of liver apoptosis (24 h)
and were maintained at this level until the late stage (48 h).
We also observed that in 24 h-treated rats, caspase-3, -8, -9
and -12 were markedly activated by LPS/p-GalN challenge.
These results suggest that a challenge with low-dose LPS in
conjunction with p-GalN can induce nonlethal but marked
liver failure, the main morphological feature of which is
hepatic apoptosis, which may be associated with a high
expression of inducible (i)NOS (early post-injection period)
and p53 genes (in the mid and late stages) and at least three
apoptosis pathways participate in the pathogenesis.

Keywords Cell apoptosis - D-Galactosamine -
Lipopolysaccharide - Nonlethal liver injury

Introduction

Lipopolysaccharide (LPS), the major structural component
of the outer membrane of Gram-negative bacteria, plays a
pivotal role in endotoxemia. In the past 20 years, there has
been a steadily increasingincidence of endotoxemia, mostly
because increasingly more patients are immunocompro-
mised from HIV infection and immunosuppressive drugs
and undergoing cancer therapy and invasive surgical pro-
cedures.Lipopolysaccharide enters the body mainly from
the intestine. Under normal conditions, a small amount of
LPS can periodically be taken up into the liver through the
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portal vein and then scavenged by Kupffer cells (KCs), the
resident macrophages in the liver. In patients with severe
trauma, burn, intestinal ischemia and liver diseases, LPS
can spill over into the systemic circulation because of the
increased permeability of the intestinal wall and/or the
decreased phagocytic ability of liver KCs; this condition is
called intestinal endotoxemia (IETM). As the liver func-
tions as the first barrier to LPS entering into circulation and
as a detoxication organ, it is deeply impacted by endo-
toxemia, especially IETM. In recent years, researchers
have focused increasing attention on the damaging effects
of LPS on the liver. The hepatotoxicity of LPS is mainly
dependent on the production and release of potent inflam-
matory mediators, such as tumor necrosis factor alpha
(TNF-0), interleukin 1/ (IL-1p), IL-6, among others [1, 2].
These immunological mediators, especially TNF-o, can
induce apoptotic liver injury and the infiltration of
inflammatory cells. The latter, in turn, can further exacer-
bate liver injury, which continues the vicious circle of
infiltration/liver injury.

A reasonable approach to gaining an insight into the
pathophysiological processes involved in LPS-induced
liver injury is to establish an appropriate animal model.
However, to date, this has proven to be a difficult task since
rodents are commonly resistant to LPS. High-dose LPS
challenge can cause not only the loss of hepatic function
but also multiple organ failure associated with severe
sepsis — i.e. LPS-induced systemic toxicity [3, 4]. Galanos
et al. [5] reported that the simultaneous administration of
p-galactosamine (D-GalN) to experimental animals is able
to greatly increase the sensitivity of these animals to the
lethality of LPS. Although p-GalN does not stimulate the
release of inflammatory mediators and alter liver function,
by reversibly depleting hepatic stores of uridine triphos-
phate (UTP), it can increase LPS lethality by more than
2500-fold in experimental mice [5]. In contrast to the high-
dose LPS-induced systemic disorder, the liver is a major
target organ after challenge with low-dose LPS in con-
junction with p-GalN [5, 6]. The lethal effects of LPS in
mice sensitized with p-GalN are known to be due to the
hepatotoxic effects of LPS-induced TNF-o [5, 7] and,
therefore, LPS/p-GalN-induced hepatitis is a well-estab-
lished model of LPS-induced liver injury or septic shock
[5, 8-13]. However, the pathogenesis, morbid state and
pathological process of LPS/p-GalN-induced acute liver
damage in sublethal dose have remained elusive. An
experimental animal challenged with a nonlethal amount of
LPS/p-GalN may be of clinical importance as a number of
inflammatory liver diseases in humans, including viral
hepatitis, alcoholic liver disease, immune- or drug-induced
liver injury and ischemia/reperfusion liver failure, have
been shown to be dependent on TNF-o production [14—19].
Therefore, the rat model may provide a valuable approach

to study acute liver injury mediated by inflammatory
cytokines.

The aim of this study was to examine the effects of
hepatic injury of a nonlethal dose of LPS/p-GalN and the
role of hepatocellular apoptosis in LPS/p-GalN-induced
acute liver failure. We wished to provide a well-defined
and reliable animal model to screen or investigate anti-
hepatitis drugs for the future.

Material and methods
Animal procedures

Healthy male Wistar rats weighing 200 = 10 g obtained
from the Animal Scientific Department, Medical College of
Nanchang University, Nanchang, China were used in this
study. Animal protocols were approved by the Institutional
Review Board according to the Animal Protection Act of
China. Escherichia coli endotoxin (LPS) and p-GalN were
purchased from Sigma Chemical Co (St. Louis, MO). Rats
were injected intraperitoneally with 10 pg LPS (50 pg/kg)
and 60 mg p-GalN (300 mg/kg) dissolved in 1 ml of sterile
pyrogen-free 0.9% sodium chloride [5]. Control animals
were intraperitoneally injected with an equal volume of
0.9% sodium chloride. Eight animals of each group at each
time point were killed at 6, 24 and 48 h after injection,
blood samples from portal vein were collected for mea-
suring the activities of the liver enzymes alanine
aminotransferase (ALT) and aspartate aminotransferase
(AST) and levels of total bilirubin (TBIL) using an auto-
assay meter of blood biochemistry and the livers were
excised quickly and preserved in liquid nitrogen. The
remaining liver tissues were fixed with 4% paraformalde-
hyde for hematoxylin and eosin (HE) staining or for the
terminal transferase dUTP nick end labeling (TUNEL)
assay. For electron microscopy, thelivers were immersed in
glutaraldehyde.

Histology examination

The liver tissues fixed in 4% paraformaldehyde were par-
affin-embedded and cut into 6-um sections which were
then stained with HE for analysis under the light micro-
scope. The livers immersed in glutaraldehyde were
carefully prepared for transmission electron microscopy.

TUNEL assay

The assessment of liver apoptosis was performed using
DeadEnd Colorimetric TUNEL assays according to the
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manufacturer’s instructions (Promega, Madison, WI).
Briefly, the paraffin was removed from paraffin-embedded
liver sections using xylene and the liver sections fixed
again in 4% formaldehyde. The sections were permeabi-
lized with a solution of proteinase K, labeled with terminal
transferase (TdT) reaction mix and then bound in strepta-
vidin HRP solution. The sections were then stained by
diaminobenzidine (DAB) with chromogen horseradish
peroxidase and subsequently incubated with diam-
inobenzidine substrate to produce a dark-brown precipitate
and then counterstained slightly with hematoxylin. The
positive cells in the stained sections were identified and
counted under a light microscope.

Reverse transcriptase-PCR

Total RNA was extracted from liver tissues with TRIzol
reagent (Invitrogen, Carlsbad, CA) following the manu-
facturer’s instructions. The amount and integrity of the
RNA preparations were assessed by spectrophotometry and
agarose gel electrophoresis. A 2-mg sample of total RNA
was used as the template for synthesis of first-strand cDNA
with a M-MLV RT kit (Promega). The PCR primers were
designed using PRIMER PREMIER ver. 5.0 software (Pre-
mierBiosoft, Palo Alto, CA) from the reported sequences
[GenBank accession nos. X66539 for TNF-«, NM031512
for IL-15, NMO12611 for nitric oxide synthase (NOS),
NMO030989 for pS3 and NM031144 for S-actin]. The fol-
lowing oligonucleotide primers were used: (1) TNF-a:
sense, 5'-CTGGGCAGCGTTTATTCT-3’; antisense, 5'-T
TGCTTCTTCCCTGTTCC-3’ (product length 249 bp); (2)
IL-18: sense, 5'-CCTTCTTTTCCTTCATCTTTG-3'; anti-
sense, 5'-ACCGCTTTTCCATCTTCTTCT-3" (product
length 372 bp); (3) inducible (i))NOS: sense, 5'-ATC
CCGAAACGCTACACTT-3’; antisense, 5'-AATCCACA
ACTCGCTCCA-3’' (product length 301 bp); (4) p53:
sense, 5'-TGGAGGATTCACAGTCGG-3'; antisense, 5'-G
GTGGAAGCCATAGTTGC-3' (product length 324 bp);
(5) p-actin: sense, 5'-ACACTGTGCCCATCTACGAGG-
3’:  antisense, 5-AGGGGCCGGACTCGTCATACT-3'
(product length 621 bp). The thermal cycling conditions of
the PCR assays for TNF-« or IL-1f and f-actin were:
denaturation at 95°C for 5 min, followed by 38 cycles of
denaturation at 95°C for 45 s, primer annealing at 55°C for
45 s and primer extension at 72°C for 1 min, with a final
extension at 72°C for 6 min. The thermal cycling condi-
tions of the PCR assays for iNOS and f-actin were:
denaturation at 95°C for 4 min, followed by 35 cycles of
denaturation at 94°C for 1 min, primer annealing at 51°C
for 1 min and primer extention at 72°C for 1 min, with a
final extension at 72°C for 3 min. The PCR assays for p53
and f-actin were performed using thermal cycling
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conditions consisting of denaturation at 95°C for 5 min,
followed by 37 cycles of denaturation at 95°C for 45 s,
primer annealing at 53°C for 45 s and primer extention at
72°C for 1 min, with a final extension at 72°C for 6 min.
The PCR products were run on a 1.5% agarose gel and
subjected to densitometric scanning using the Epson 165
photo scanner (EPSON, Belgium), and the bands were
quantified with NIH ImacGk ver. 1.62 software. The level of
a particular cDNA was normalized to that of the f-actin
product.

Caspase assays

Caspase-3, -8, -9 and -12 activities in liver tissue were
measured using the Caspase Fluorometric Assay kit (Bio-
Vision, Mountain View, CA) according to the
manufacturer’s instructions and a modified protocol.
Briefly, liver tissues were homogenized in lysis buffer to
generate tissue lysate. The homogenates were centrifuged
at 15,000 rpm at 4°C for 10 min and the supernatants used
for subsequent analyses. The protein concentration of the
samples was determined by the Bradford method using
bovine serum albumin as standard. A 20- to 200-pg aliquot
of each sample of extracted proteins was tested in duplicate
experiments with 50 pM final concentration of fluorescent
substrates for caspase-3 [DEVD-AFC (7-amino-4-trifluo-
romethyl coumarin)], caspase-8 (IETD-AFC), caspase-9
(LEHD-AFC) or caspase-12 (ATAD-AFC) at 37°C for
1-2 h. The levels of AFC released by enzymatic reaction
were measured on a spectrofluorometer (model F-4500 FL;
Hitachi) using an excitation wavelength of 400 nm and an
emission wavelength of 505 nm. Caspase activity was
expressed in picomoles per minute per milligram of
protein.

Statistics

Data for the experiments were expressed as means + SD.
Single-factor analysis of variance (ANOVA) was per-
formed for each group, and significance was assumed at P
<0.05. Differences among means were compared using the
Student’s ¢ test.

Results

Abnormal blood biochemistry associated with the
administration of LPS and p-GalN

Serum ALT, AST and TBIL levels provide indexes of
hepatocyte integrity and bile metabolism. As such, any
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increase in these indexes in the serum reflects hepatic
dysfunction or liver damage. As shown in Table 1, serum
ALT, AST and TBIL levels increased significantly at 6 h
post-, reached the peak at 24 h and sustained high levels at
48 h although all the animals survived until being killed
after administration of LPS and p-GalN. The ALT levels,
however, were significantly lower in the 48-h-treated rats
than those in the 24-h-treated rats (P < 0.01), which might
reflect a significant but reversible hepatic injury.

Changes in the macroscopic appearance of the liver
results from LPS/p-GalN injection

Normally shaped like a cone, the liver is a dark reddish-
brown organ that has glossy tegument and soft texture. As
shown in Fig. 1, the liver of the treated rats was swollen
and pale with a tenacious texture and had sporadic, punc-
tiform and lamellar hemorrhagic spots on its surface. This
demonstrated that significant liver damage had been
induced with a sublethal dose of LPS/p-GalN.

Histopathological changes in the livers after
simultaneous administration of LPS and p-GalN

The liver sections of control rats showed an integrated
structure of hepatic lobule, and there were no denatured or
necrotic hepatocytes (Fig. 2A). Under the electron micro-
scope, the control liver sections only rarely contained
apoptotic cells. Figure 3A shows a control or normal
hepatic cell with an ovate nucleus and profuse mitochondria

and endoplasmic reticulum system in the cytoplasm. The
injection of LPS into p-GalN-sensitized rats induced
marked hepatic injuries accompanied by hemorrhage and
death of hepatic cells. The liver sections taken from 6 h-
treated rats presented the features of piecemeal necrosis,
inflammatory infiltration and congestion (Fig. 2) and dis-
persed apoptotic cells. Figure 3B shows a typical apoptotic
cell in the liver tissues of 6 h-treated rats; typical ultra-
structural features include chromatin aggregation and
condensation, nuclear cavitations and condensing cyto-
plasm with swollen mitochondria. Characteristic features of
cellular vacuolar degeneration, engorgement, focal necro-
sis, neutrophil infiltration and erythrocyte agglutination
were observed in the liver sections of 24 h-treated rats
(Fig. 2C), and bulks of apoptotic cells were found in liver
tissues examined under the electron microscope. During
this stage, marginalization and fragmentation of chromatin
occurred, and the nuclei loosed their round or oval shape,
budded and become fragmented — apoptotic bodies were
formed (Fig. 3C). In the liver tissues of 48-h-treated rats,
vacuolar degeneration appeared in a majority of liver cells,
and structural disorder of the liver lobule and spot necrosis
were detected Fig. 2D. Electron microscopy of the liver
sections of 48-h-treated rats revealed multitudes of apop-
totic cells. At this stage, karyopyknosis, chromatin
marginalization, apoptotic bodies and swollen or fadded
mitochondria were the characteristics of apoptotic liver
cells (Fig. 3D). These results reveal that although a slight
liver injury or cell apoptosis emerged as early as 6 h post-
LPS/p-GalN injection, marked liver injury and massive
numbers of late apoptotic cells and apoptotic bodies did not
occur until 24 h post-injection.

Table 1 Serum alanine aminotransferase (ALT), aspartate aminotransferase (AST) and total bilirubin (TBIL) levels in rats following lipo-

polysaccharide-p-galactosamine (LPS/p-GalN) injection

Groups Time post-LPS/p-GalN injection (h) ALT (u/L) AST (u/L) TBIL (umol/L)

Control rats 66.0 £3.2a 3169 375 a 94+12a

Treated rats 6h 398.6 + 83.0 b 634.1 £+ 1122 b 158+ 6.7b
24 3178 £ 635 b,c 4027 = 943 b,c 59.6 = 8.7 b,c
48 1506 + 566 b,c,d 3961.4 + 820 b,c 58.8 = 10.1b,c

Letters following values indicate: b, P < 0.01 vs. control rats; ¢, P < 0.01 vs. 6 h-treated rats; d, P < 0.01 vs. 24 h-treated rats

Fig. 1 Macroscopic appearance
of the rat liver. A Control, B
24 h-treated group, C 48 h-
treated group
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Fig. 2 Histology of liver
sections from control and
treated rats following
lipopolysaccharide-p-
galactosamine (LPS/p-GalN)
administration. A Control, B 6-
h-treated groups, C 24-h-treated
groups, D 48-h-treated groups

Fig. 3 Ultrastructural features
of liver tissues from control and
treated rats. A Control, B 6-h-
treated group, C 24-h-treated
group, D 48-h-treated group

Massive apoptosis of liver was induced by LPS/p-GalN
challenge through TUNEL assay

The TUNEL assay is a sensitive method for appraising cell
apoptosis. In this test, the percentage of apoptotic cells with
positive nuclei is calculated in the most frequently identi-
fied areas; this percentage is then referred to as the
apoptotic index (AI). We examined a minimum of 1000
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cells per section in five randomly selected fields by light
microscopy (x400). At least four sections were used for
calculating the AI means of each group cells. The char-
acteristic morphology of apoptotic cells was frequently
observed under the light microscope, including cell
shrinkage, nuclear chromatin condensation and the for-
mation of cytoplasmic blebs and apoptotic bodies. The Als
in the control, 6-h-, 24-h- and 48-h-treated groups were
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26+1.1, 7.3+15, 71.8 £10.3 and 68.2% + 11.9%,
respectively. As shown in Fig. 4, compared with the con-
trol, the Als in the treated groups were significantly
enhanced (P < 0.01); in addition, the Als in the 6-h-treated
group were significantly lower than those in the 24-h- and
48-h-treated groups (P < 0.01); however, there was no
statistically difference between the 24-h- and 48-h-treated
groups (P > 0.05). These results revealed that cell apop-
tosis was significantly induced by nonlethal dose of LPS/p-
GalN challenge.

Expression of inflammatory cytokines in rat liver
tissues following the LPS/p-GalN challenge

Acute liver injury induced by the simultaneous administration
of LPS and p-GalN was closely associated with the production
of inflammatory cytokines, such as TNF-a and IL-1§ [1, 2],
especially TNF-o [20]. An earlier study had found that TNF-«
and IL-1p increase early in the circulation [6], leading us to ask
whether the levels of these mediators also increase in the liver
tissues of our experimental system. We therefore investigated
the expression of TNF-a and IL-1f genes in the liver tissues
from the control and treated rats. As shown in Fig. 5A, the
relative expression levels of TNF-« in control, 6-h-, 24-h- and
48-h-treated rats were 0.291 = 0.037, 0.305 = 0.083,
0.319 = 0.116 and 0.274 + 0.059, respectively, indicating

Fig. 4 The terminal transferase
dUTP nick end labeling
(TUNEL) assay of liver
apoptosis from control and
treated rats.A Control, B 6-h-
treated group, C 24-h-treated
group, D 48-h-treated group

that there were no statistically significant difference
between the four group animals (P > 0.05). As shown in
Fig. 5B, the relative expression levels of IL-1§ in control,
6-h-, 24-h- and 48-h-treated rats were 0.143 + 0.074,
0.701 = 0.161, 0.485 + 0.109 and 0.507 + 0.063, respec-
tively. The levels of IL-1p levels in the control rats were
significantly lower than those in the treated rats (P < 0.01).
In addition, IL-1f levels in the 6-h-treated rats were higher
than those in the 24-h- and 48-h-treated rats, and no dif-
ference was found between the 24-h- and 48-h-treated rats.

A control

_ s

B control
IL 1b

Fig. 5 Detection oftumor necrosis factor alpha (TNF-a) and inter-
leukin 1/ (IL-1f) mRNA in liver tissues of rats. mRNA expression of
target genes or f-actin in the liver tissues of control rats and 6-h-, 24-
h-, 48-h-treated rats. Lanes 1, 3, 5, 7, 9, 11, 13, 15 Target genes, lanes
2,4, 6,8 10, 12, 14,16 S-actin. Lengths of amplification products of
TNF-o, IL-1f and f-actin were 249, 372 and 621 bp, respectively
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Nitric oxide synthase mRNA was early induced by
LPS/p-GalN in rat livers

An earlier study showed that NOS plays a critical part in
immune-mediated liver injury [21] based on the observa-
tion that hepatic cytotoxicity usually correlated with the
level of NO produced by iNOS. As shown in Fig. 6, the
relative expression levels of iNOS in control, 6-h-, 24-h-
and 48-h-treated rats were 0, 0.53 + 0.16, 0.36 = 0.11 and
0.15 + 0.04, respectively. Significant differences were
found among the three treated groups (P < 0.01). The
results suggest that mRNA expression of iNOS was
markedly induced by LPS/p-GalN, reaching a peak in the
early period post-injection (6 h) and then gradually
decreasing in a stepwise manner.

Expression of p53 mRNA in the livers of control and
treated rats

p53, a tumor suppressor gene, plays a pivotal role in regu-
lating cell apoptosis. It has been demonstrated that the
elevated expression of p53 can lead to mitochondrial- or
death receptor-mediated apoptosis [22]. As shown in Fig. 7,
the relative expression levels of p53 in control, 6-h-, 24-h-
and 48-h-treated rats were 0.031 + 0.006, 0.022 = 0.010,
0.49 + 0.11 and 0.42 £ 0.17, respectively. Statistically, the
expression levels of the p53 gene in 24-h- and 48-h-treated
rats were significantly higher than those in the control and
6-h-treated rats (P < 0.01), but no difference was found
between the control and 6 h-treated rats (P > 0.05) or
between the 24-h- and 48-h-treated rats (P > 0.05). These
results suggest that overexpression of the p53 gene emerged

control 6h 24h 48h

—— P b-actin

iNOS

——

el

1 2 3 4 5 6 T 8

Fig. 6 Detection of inducible nitric oxide synthase (iNOS) mRNA in
liver tissues of rats. mRNA expression of target genes or -actin in the
liver tissues of control and 6-h-, 24-h- and 48-h-treated rats. Lanes 1,
3, 5 and 7 target genes, lanes 2, 4, 6 and 8 f-actin. The length of the
amplification products of iNOS and f-actin were 301 and 621 bp,
respectively

control 6h 24h 48h
b b-actin
p53

1 2 3 4 5 6 7 8

Fig. 7 Detection of TNF-«, IL-1f, iNOS and p53 mRNA in liver
tissues of rats. mRNA expression of target genes or f-actin in the liver
tissues of control and 6-h-, 24-h- and 48-h-treated rats. Lanes 1, 3, 5, 7
target genes, lanes 2, 4, 6, 8 [-actin. The length of the amplification
products of p53 and f-actin were 324 and 621 bp, respectively
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in the crest-time of liver apoptosis (24 h) and maintained a
high level until the late stage (48 h).

Activation of initiator and effector caspases
in 24-h-treated rats

Intracellular aspartate-specific cysteine proteases (caspases)
are the central mediators of apoptosis in mammalian cells.
Initiator caspases, including caspase-8, -9 and -12 are clo-
sely associated with proapoptotic signals. Once activated,
these caspases cleave and activate downstream effector
caspases, such as caspase-3, which in turn execute apoptosis
by cleaving cellular proteins following specific aspartate
residues. We investigated the activation of these proteases
in the crest-time of liver injury, which provided some cues
on the different apoptotic signal pathways involved. As
shown in Fig. 8, the activities of caspase-3, -8, -9, and -12 in
24-h-treated rat livers were 764.6 = 137.8, 70.3 = 19.3,
234.9 + 31.7 and 138.5 + 46.6 pmol/min.mg, respectively,
whereas those in the control were 209.7 + 49.4, 9.2 + 3.5,
70.3 = 10.6 and 17.7 + 9.7 pmol/min.mg, respectively. The
activities of caspase-3, -8, -9 and -12 in 24-h-treated rats
were significantly higher than those in the control rats
(P < 0.01). Therefore, we conclude that caspase-3, -8, -9,
and -12 were activated by LPS/p-GalN challenge.

Discussion

LPS/p-GalN-induced hepatitis is a well-established model
of liver injury. However, an earlier study showed that a
combination of LPS and p-GalN resulted in the early death
of major animals within 612 h [6]. The steep mortality of
animals is a disadvantage to any mechanism research of

1000 -
900 -
800
700
600
500
400
300
200
100

@ Control group
B 24h-treated group

Activity (pmol/min.mg)

C3 C8 C9 C12
Caspases

Fig. 8 Caspase activities in 24-h-treated or control rats. C3 Caspase-
3, C8 caspase-8, C9 caspase-9, C12 caspase-12
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hepatic injury and remote effect observation of drug
treatment. An ideal animal model of liver injury should
closely resemble ordinary liver injury in humans, with a
longer clinical course and lower mortality. Therefore, in
this study, we examined the disease course of liver injury
induced by a nonlethal dose of LPS/p-GalN. We found that
the characteristic indicators of acute liver injury or acute
liver failure, such as abnormal blood biochemistry,
inflammatory infiltration, erythrocyte agglutination and
liver apoptosis or necrosis, appeared 6 h after LPS/p-GalN
challenge and reached a peak at 24 h. At 48 h, although
serum ALT began to degrade, widespread liver apoptosis
and the destruction of liver architecture were still clearly
evident based on histological observations and the TUNEL
assay.

It is well-known that acute liver failure arises from an
imbalance between hepatocellular death and regeneration
[23]. There are two forms of hepatocellular death in acute
liver failure: apoptosis and necrosis [24], with apoptosis
considered to be the main pathological morphology. In
addition, liver apoptosis has been demonstrated to play a
pivotal role in virus- or nonvirus-induced acute liver injury
[25-27]. As a general feature, the apoptosis of hepatocytes
is the most important event in the molecular mechanisms of
liver failure [28, 29] because apoptosis is the first cellular
response of the liver to a wide range of toxic substances
(including endotoxin) [27], and necrotic changes in hepatic
tissues are often found to follow the appearance of apop-
tosis [30]. Hepatocellular apoptotic processes have been
shown to play a significant role in the later development of
necrosis in the liver [30]. Thus, an exploration of apoptotic
or damaged mechanisms should provide an insight into the
nature of endotoxin-induced acute liver injury.

It is clear that LPS does not directly induce the patho-
genetic roles, but rather the effects are caused indirectly via
the action of inflammatory cytokines, such as TNF-« and
IL-1p (especially TNF-a). In other words, liver apoptosis
or injury is mediated mainly by TNF-« [31, 32]. A previous
study demonstrated that TNF-o levels rise very rapidly in
the circulation, reaching a peak in plasma at 1 h [6]. Fol-
lowing the rise in TNF-o level, other cytokines, such as IL-
1p, also show a progressive rise in systemic levels [6].
However, it is unknown whether the high levels of these
mediators exist in circulation or in the liver tissues at the
stage of liver apoptosis. In the liver tissues examined here,
IL-15 mRNA levels appeared to peak at 6 h post-injection
and remained at high levels at 24 and 48 h; however, no
difference was found between the control and treated rats
in terms of TNF-a mRNA expression levels. These results
suggest that the maintenance of the inflammatory response
of liver tissues could depend on the production of other
inflammatory cytokines, such as IL-1/ and IL-6, followed
by TNF-«; in contrast, liver apoptotic death induced by

TNF-« must have had the participation of downstream
damage or apoptotic genes.

Nitric oxide (NO) has been shown to play an important
part in the survival or death of liver cells and to exhibit
paradoxical functions, cytotoxicity and cytoprotection [33,
34]. The development of this double-edged role is depen-
dent on the production of different NO synthases.
Cytotoxicity is usually correlated with NO produced by
iNOS. Our study showed that iNOS mRNA was induced by
the LPS/p-GalN injection and that its level reached a peak
in the early stage post-injection (6 h). Previous studies have
found that an early burst in the TNF-o level could induce
iNOS expression and result in apoptosis and necrosis of
different types of cells through cytotoxic NO [35, 36]. We
also examined the expression of the p53 gene. As the most
important apoptosis-inducing gene in organisms, pS3 plays
a central role in inducing cell apoptosis. We found that the
elevated expression of p53 runs parallel with massive liver
apoptosis in the mid (24 h) and late (48 h) stages of this
disorder, which implies an indispensable role of p53 in
massive liver apoptosis induced by LPS/p-GalN challenge.
There are at least three distinct but interactive apoptotic
pathways in mammals: mitochondrial-mediated, death
receptor-initiated and endoplasmic reticulum stress-medi-
ated pathways [37, 38]. In response to cellular stress, pS3
can stimulate a wide network of signals that act through at
least two apoptotic pathways, the extrinsic, death receptor
pathway and the intrinsic, mitochondrial one [22].

Following activation of these apoptotic signal cascades,
the caspase family of cysteine proteases were activated.
The initiator caspases can be activated by their respective
apoptotic pathways; for example, caspase-8 is activated by
the death receptor pathway, caspase-9 by the intracellular
mitochondria pathway and caspase-12 by endoplasmic
reticulum (ER) stress conditions. We found that caspase-3,
-8, -9 and -12 were activated by LPS/p-GalN in 24 h-
treated rats, thereby accounting for the activity of three
important apoptosis pathways. The results may be of
therapeutic implication of acute liver apoptosis or injury —
that is to say, it may be difficult to reverse liver apoptosis
through inhibiting only one or two of these pathways.
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