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Mice treated with lipopolysaccharide (LPS)/p-
galactosamine (GalN) selectively develop hepatic fail-
ure. The acute-phase protein «aj-acid glycoprotein
(AGP) has been demonstrated to protect mice from
LPS/GalN-induced lethality. Metallothionein (MT),
which is a low-molecular weight, cysteine-rich, metal-
binding protein, is also induced in the acute-phase
reaction. However, the specific function of MT in
acute-phase response remain to be elucidated. We
showed that MT-null mice were more sensitive to LPS/
GalN-induced lethality than wild-type mice. The in-
crease in vital mediator levels, TNF-a and NO were of
similar levels in wild-type and MT-null mice. A re-
markable increase in plasma platelet-activating factor
levels was not observed in our experimental condi-
tions. On the other hands, the mRNA level of AGP in
the response to LPS/GalN was decreased in MT-null
mice compared to wild-type mice. These results indi-
cated that MT may have the potential to prevent LPS/
GalN-induced lethality, at least through the attenua-
tion of AGP induction. © 2001 Academic Press
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Bacterial lipopolysaccharide (LPS) is the primary
pathogenic factor in gram-negative bacteria. Mice in-
jected with a high dose of LPS suffer multiple organ
failure, as characterized by circulatory response syn-
drome and septic shock. Following administration of
LPS, the liver responds by markedly increasing the
synthesis of a subset of serum proteins, known as the
acute-phase proteins (1). Some of these acute-phase
proteins have been reported to protect experimental
animals from lethal endotoxemia or other inflamma-
tory challenges (2—7). Metallothionein (MT), which is a
low-molecular weight, cysteine-rich, metal-binding
protein, is known to be induced in the acute-phase
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response (8). However, the specific functions of MT in
acute-phase response remain to be elucidated.

MT-deficient (MT-null) mice were generated by ho-
mologous recombination of MT-1 and -1l genes (9, 10).
These mice have been used to elucidate the roles of MT
in the homeostasis of essential metals (11, 12), and
detoxification of heavy metals (9, 10, 13), cisplatin (14),
and paracetamol (15). Recently we suggested that MT
modulates gene expression during development (16).
In this study, we showed that MT-null mice are more
sensitive to LPS/p-galactosamine (GalN)-induced le-
thality than wild-type mice. In addition, the mRNA
level of a;-acid glycoprotein (AGP) in the response to
LPS/GalN was decreased in MT-null mice compared to
wild-type mice. Our results suggest that MT may have
the potential to up-regulate a protective protein, but
not to modulate the levels of vital mediators.

MATERIALS AND METHODS

Reagents. LPS from Escherichia coli O26:B5 was obtained from
Difco laboratories (Detroit, MI). Recombinant mouse tumor necrosis
factor (TNF)-a was obtained from Pepro Tech, Inc. (Canton, MA).
GalN and platelet-activating factor (PAF, 1-O-alkyl-2-acetyl-sn-
glycero-3-phosphocholine) was purchased from Sigma Chemical
Company (St. Louis, MO).

Animals. Male 8 to 12 week-old MT-null mice and their corre-
sponding controls (129/Sv) were provided by Jackson Laboratory
(Bar Harbor, ME) and maintained as a closed colony in our labora-
tory. All mice were housed under conditions of controlled tempera-
ture (23-24°C) and light (12 h light and 12 h dark). Food and tap
water were provided ad libitum.

Animal experiments. The experiments were conducted in accor-
dance with the institutional guidelines of Osaka University. Wild-
type and MT-null mice were intraperitoneally administrated LPS
(100 ng/kg) and GalN (700 mg/kg). The survival rate of mice over the
next 24 h was recorded. Blood samples were taken under ether
anesthesia to determine levels of TNF-a and nitric oxide (NO) me-
tabolites. For plasma preparation, 450 ul blood was collected by a
syringe containing 50 wl 0.1 M sodium citrate. Plasma was then
obtained by centrifugation for 15 min at 16,000g.

Assay of TNF and NO metabolite serum levels. Serum TNF levels
were determined by a L929 bioassay (17). Concentrations of nitrate
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FIG. 1. Survival curve of wild-type (®, n = 12) and MT-null mice
(O, n = 14) in response to intraperitoneal administration of LPS (100
rg/kg) plus GalN (700 mg/kg). Significant differences were analyzed
by the Kaplan-Meier (Product-Limit) method and log rank test.
Survival rates in wild-type and MT-null mice were significantly
different at P < 0.05.

and nitrite were measured to estimate NO production. Briefly,
nitrate was enzymatically reduced to nitrite using nitrate reduc-
tase, and nitrite was then determined by a spectrophotometric
method based on the Griess reaction (1% sulfanilamide/0.1%
naphthylenediamine/2% phosphoric acid) (18).

Assay of PAF. Plasma PAF levels were determined by a platelet
secretion assay using washed rabbit platelets. PAF in plasma was
extracted by a reverse-phase octadecyl column (Amprep Minicolumn,
Amersham International, Bucks, UK) (19). The PAF extract was
then added to the washed rabbit platelet suspension to secrete sero-
tonin (20), which was then reacted with OPT reagent (0.05%
O-phthaldialdehyde/10% ethanol/8 M HCI) to form a fluorescent
substance (Ex; 360 nm, Em; 475 nm).

Northern blot hybridization. Total RNAs isolated from wild-type
and MT-null mice before and after the administration of LPS/GalN
were resolved by electrophoresis in a 1.0% agarose/10% formalde-
hyde gel and transferred onto a nylon membrane (Amersham) in 20X
SSC buffer. Northern blot hybridization was carried out with *P-
labeled specific probes for AGP (21). The membrane was reprobed
with a **P-labeled DNA probe for mouse 18S rRNA, which served as
an internal control.

Statistial analysis. Significant differences in survival rate were
analyzed by the Kaplan-Meier (Product-Limit) method and log rank
test. Significant differences in the other data were analyzed by
ANOVA and Fisher's PLSD test. Differences between groups were
considered significant at the P < 0.05 level.

RESULTS
Lethal Effect of LPS/GalN in MT-Null Mice

We investigated whether MT can resist to lethality
induced by LPS/GalN. Figure 1 shows that MT-null
mice exhibited high sensitivity to the lethal effects of
LPS/GalN compared to wild-type mice. At 24 h after
LPS/GalN administration, the survival rate was only
28.6% for MT-null mice compared with 75.0% for wild-
type mice (P < 0.05).
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Elevation of TNF and NO Metabolite Levels
in Serum and PAF Levels in Plasma
after LPS/GalN Administration

LPS/GalN administration resulted in the up-
regulated production of various proinflammatory cyto-
kines and inflammatory factors, including TNF-« (22),
NO (23), and PAF (24), all of which play crucial roles in
the lethal effects of LPS. The maximal levels of TNF-«
and NO elevated in plasma following LPS/GalN ad-
ministration (at 1 and 5 h, respectively) revealed no
significant differences in TNF and NO metabolite lev-
els between wild-type and MT-null mice (Figs. 2A and
2B). As demonstrated in Fig. 2C, the basal plasma PAF
levels in MT-null mice were not significantly different
from those of the wild-type mice (2.27 = 0.68 uM vs
250 = 0.55 uM). After LPS/GalN administration,
plasma PAF levels were increased significantly in both
wild-type and MT-null mice. Two hours after the ad-
ministration of LPS/GalN, the PAF level in plasma of
MT-null mice was approximately 1.5-fold higher than
that in the wild-type mice (3.69 = 0.12 uM vs 4.31 =+
0.56 uM, P < 0.05).

Messenger RNA Level of «;-Acid Glycoprotein
after LPS/GalN Administration

The mRNA levels of AGP were determined by North-
ern blot analysis (Fig. 3). AGP expression was induced
by the administration of LPS/GalN in wild-type mice.
However, the mRNA level of AGP in the response to
LPS/GalN was decreased in MT-null mice compared to
wild-type mice.

DISCUSSION

In this study, we showed that MT-null mice are more
sensitive to LPS/GalN-induced lethality than wild-type
mice. The levels of vital mediator, TNF, NO, and PAF,
showed similar levels in wild-type and MT-null mice,
whereas the mRNA levels of the protective protein,
AGP, in the response to LPS/GalN was decreased in
MT-null mice compared to wild-type mice. These re-
sults suggest that MT may have the potential to up-
regulate a protective protein, but not to modulate the
levels of vital mediators.

Some of the acute-phase proteins, such as AGP (5),
ag-antitrypsin (AT) (3, 6), C-reactive protein (4, 7), and
serum amyloid A (2), have protected experimental an-
imals from lethal endotoxemia or other inflammatory
challenges. It is widely documented that acute-phase
proteins are primarily involved in maintaining physi-
ological homeostasis. In the LPS/GalN model, AGP and
AT reportedly protect against LPS/GalN-induced le-
thality (5, 6). However, AT is not expressed in mice.
AGP is the only acute-phase protein that protects mice
from LPS/GalN-induced lethality. AGP is able to pre-
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FIG. 2. Serum TNF (A) and NO metabolites (B) levels as well as
plasma PAF levels (C) in wild-type (m, ®) and MT-null (O, O) mice
before and after administration of LPS plus GalN. Data represent
means = SD of n = 3-7 animals per group. Significantly different
from control group (*P < 0.01; **P < 0.001), and significantly differ-
ent from wild-type mice (fP < 0.05). N.D., not detectable.

vent LPS/GalN-induced apoptosis of hepatocytes (25),
and has potent platelet aggregation-inhibitory activity
(26). LPS/GalN-induced apoptosis of hepatocytes is an
early and necessary step in the induction of lethality
(22), and platelet aggregation and adhesion to the en-
dothelium plays a critical role in the LPS/GalN model
(27). These AGP activities are believed to be the source
of its protective capacity. Our results show that the
induction of AGP was decreased in MT-null mice com-
pared with wild-type mice (Fig. 3). Furthermore, pre-
liminary studies using primary cultured hepatocytes
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from wild-type and MT-null mice indicated that the
MRNA levels of AGP in the response to interleukin-6,
which mediates the induction of AGP, was decreased in
hepatocytes from MT-null mice. Therefore, we thought
that MT has the potential to up-regulate a protective
protein in hepatocytes. The sensitization of MT-null
mice may thus be caused by insufficient induction of
AGP.

When discussing the potential mechanisms by which
MT-null mice are sensitive to LPS/GalN-induced le-
thality, we primarily hypothesized that the sensitiza-
tion was due to the increase in vital mediator levels,
e.g., TNF-a (22), NO (23), and PAF (24). There is agree-
ment among researchers that hepatic failure and death
in LPS/GalN-administrated mice results from TNF-«
toxicity. TNF-a formation in Kupffer cells is sensitive
to the intracellular redox status because TNF-« forma-
tion is dependent on the redox-sensitive transcrip-
tional factor, NF-«B (28). Furthermore, NO may play a
role in LPS/GalN-induced lethality. The cytotoxic mol-
ecule NO is mainly synthesized by an inducible isoform
of NO synthase (iNOS). Cytotoxicity usually correlates
with NO produced by iNOS (29). The expression of
iNOS is also regulated by NF-«B (30). Recent reports
suggest that MT can modulate the activity of NF-«xB
(31, 32). However, serum TNF and NO levels in the
MT-null mice in the present study were not signifi-
cantly higher than those in the wild-type mice (Figs.
2A and 2B). The other vital mediator, PAF, is an en-
dogenously produced phospholipid mediator that con-
tributes to the pathogenesis of inflammation and tissue
injury induced by LPS. PAF production from various
cells such as neutrophils, macrophages, vascular endo-
thelial cells, and platelets is known to be enhanced by
LPS. However, a remarkable increase in plasma PAF
levels was not observed in the wild-type or MT-null
mice under our experimental conditions (Fig. 2C).

Time (hr) 0 6
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FIG. 3. Northern blot hybridization of AGP. Total RNAs were
isolated from wild-type (W) and MT-null (K) mice before and 6 h after
administration of LPS/GalN. A nucleotide 451-613 of the mouse
AGP mRNA sequence reported by Lee et al. (24) and a nucleotide
165-203 of mouse 18S rRNA were used as mouse AGP and 18S rRNA
probes, respectively. This experiment was done with total RNAs
isolated from wild-type (n = 3) and MT-null mice (n = 4), and similar
results were obtained. The results of one representative experiment
are shown.
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These data show that MT-null mice were more suscep-
tible to LPS/GalN-induced lethality despite the slight
elevation in TNF, NO, and PAF levels.

Several factors modulate lethality during endotox-
emia. Many in vivo experiments demonstrated the im-
portance of reactive oxygen species (ROS) in the patho-
physiology (33). Since MT is thought to function as a
free oxygen scavenger (34, 35), it may prevent LPS/
GalN-induced lethality through this activity. Glutathi-
one peroxidase (Gpx)-1 is the most abundant, cytosolic,
and mitochondrial glutathione peroxidase. It was re-
ported that Gpx1-null mice are more susceptible to
LPS/GalN-induced lethality (36). Glutathione peroxi-
dase has been thought to function in cellular antioxi-
dant defense. Therefore, the free radical scavenging
activity of MT also might be involved in the prevention
of LPS/GalN-induced lethality.

In conclusion, the findings of the present study sug-
gest that MT has the potential to up-regulate a protec-
tive protein during endotoxemia. MT levels are known
to alter under varying conditions, e.g., upon exposure
to heavy metals, deficiency of essential dietary metals,
liver regeneration, and endotoxemia. However, the
specific functions of MT in various conditions are not
well understood. Many experiments demonstrated only
that the functions of MT are the result of heavy metals
detoxification (9, 10, 13) and homeostasis of essential
metals (11, 12). The prevention of LPS/GalN-induced
lethality by MT is interesting in that it is a novel
function and underlines the importance of further elu-
cidating MT function. Experiments investigating the
mechanism of the insufficient induction of AGP by MT
deficiency will be followed with great interest.
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