British Journal of Pharmacology (1999) 128, 5-12

© 1999 Stockton Press Al rights reserved 0007 -1188/99 $15.00

http://www.stockton-press.co.uk/bjp

Enhancement by galactosamine of lipopolysaccharide(LPS)-
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1 D-Galactosamine (GalN) depletes UTP primarily in the liver, resulting in decreased RNA
synthesis in hepatocytes. Co-injection of GalN and lipopolysaccharide (LPS) into mice produces
fulminant hepatitis with severe hepatic congestion, resulting in rapid death. Although the underlying
mechanism is uncertain, GalN enhances the sensitivity to tumour necrosis factor (TNF).
Administration of uridine (a precursor of UTP) prior injection of either LPS itself or interleukin-
1 (IL-1) reduces the lethality of GaIN + LPS. The present study focused on the effects of these agents
on TNF production.

2 Intraperitoneal injection of GalN+ LPS into mice greatly elevated serum TNF. Although large
doses of LPS alone also greatly elevated serum TNF, LPS itself induced neither hepatic congestion
nor rapid death. Administration of a macrophage depletor, liposomes encapsulated with
dichloromethylene bisphosphonate, reduced both the TNF production and mortality induced by
GalN+LPS.

3 Uridine, when injected 0.5 h after the injection of GalN + LPS, reduced the production of TNF.
Prior injection of LPS, but not of IL-1, also reduced this TNF production.

4 Serum from LPS-injected mice reduced the TNF production induced by GalN+ LPS, but it was
less effective at reducing the lethality. Its ability to reduce TNF production was abolished by heat-
treatment.

5 We hypothesize that a factor inhibiting TNF production by macrophages is produced by
hepatocytes in response to LPS. Possibly, production of this hepatocyte-derived TNF-down-
regulator (TNF-DRh) may be: (i) inhibited by GalN, causing over-production of TNF by
macrophages and (ii) stimulated by LPS-pretreatment (and restored by uridine), causing reduced

TNF production.
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Introduction

D-Galactosamine (GalN) is metabolized by the enzymes
participating in the galactose pathway, which are most
abundant in the liver. Since this pathway consumes uridine
nucleotides, administration of GalN leads to a rapid depletion
of these nucleotides, primarily in the liver, and to a decrease in
RNA synthesis (Decker & Keppler, 1974). Injection of a large
dose of this agent into rats induces a hepatic necrosis
resembling the effects of human viral hepatitis (Decker &
Keppler, 1974), and nucleolar fragmentation is an early event
after injection of GalN (Shinozuka et al., 1973a and b).
Interestingly, injection of a lower dose of GalN sensitizes
experimental animals to the lethal effects of lipopolysacchar-
ides (LPS; endotoxin), so that fulminant hepatitis with severe
hepatic congestion occurs after their co-injection, resulting in
rapid death within a few hours (Galanos et al., 1979; Tiegs et
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al., 1989; Endo et al., 1992a). This experimental system is often
used as a model of endotoxic shock. Injection of a combination
of GalN and heat-killed gram-negative bacteria (instead of
LPS) also induces an enhanced lethality, as does injection of a
combination of GalN with gram-positive bacteria or with
staphylococcal enterotoxin B (SEB), a super antigen (Freuden-
berg & Galanos, 1991; Miethke et al., 1992). Clarification of
the mechanism underlying this sensitization phenomenon
should thus help us reach a better understanding of the
pathogenesis and pharmacological therapeutics of infectious
diseases.

LPS is known to stimulate the production of a variety of
cytokines. Of these, tumour necrosis factor (TNF) is
considered to be the cytokine responsible for the lethality seen
on injection of a combination of GalN with LPS or gram-
negative or -positive bacteria, because TNF can be substituted
for LPS, and because the lethality is inhibited by anti-TNF
antibody (Lehmann et al., 1987; Tiegs et al., 1989; Endo et al.,
1992a; Freudenberg & Galanos, 1991). However, Miethke et
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al., (1992) have reported that GalN produces no statistically
significant change in the TNF production induced by SEB. On
the basis of these results, GalN is thought to enhance the
animal’s sensitivity to the effects of TNF, although the
underlying mechanism has yet to be elucidated.

Interestingly, administration of uridine (a precursor of
uridine nucleotides) (Galanos et al., 1979; Lehmann et al.,
1987; Endo et al., 1992a), or prior injection of either LPS itself
or IL-1 can reduce the lethal action of GalN + LPS and that of
GalN + TNF (Wallach et al., 1988; Libert et al., 1991; Endo et
al., 1992a).

On the basis of the background described above, we decided
to examine the effect of GalN+LPS on TNF production in
mice and the effects of the administration of uridine and of
prior injection of LPS or IL-1 on the TNF production and
lethality that occur in mice given GalN + LPS.

Methods
Mice and reagents

Female C57BL/6N mice (6—7 weeks old) were obtained from
the experimental animals facility of our university. All
experiments conformed to national requirements (Japanese
law no. 105, notification no. 6) and complied with the
Guidelines for Care and Use of Laboratory Animals in Tohoku
University. D(+)-Galactosamine (GalN) and uridine were
purchased from Sigma Chemical Co. (St. Louis, MO, U.S.A.).
Recombinant human IL-lo and TNFo« were provided by
Dainippon Pharmaceutical Co. (Osaka, Japan) (Furutani et
al., 1985). Recombinant human IL-1f was from Ohtsuka
Pharmaceutical Co. (Tokushima, Japan) (Kikumoto et al.,
1987). Mouse IL-12 and human IL-6 were from Genetics
Institute (Cambridge, MA, U.S.A.). Human IL-2 and mouse
IFN, were from Shionogi Pharmaceutical Co. (Osaka, Japan).
Human IFNa was provided by the Louis Pasteur Center for
Medical Research (Kyoto, Japan). A lipopolysaccharide (LPS)
from Escherichia coli OS55:BS5 prepared by Boivin’s method
was obtained from Difco Laboratories (Detroit, MI, U.S.A.).
Synthetic derivatives of lipid A with low cytotoxicity, namely,
ONO-4007 and MPL (a monophosphoryl lipid A), were
provided by Ono Pharmaceuticals (Osaka, Japan) and Ribi
Immunochem (Hamilton, MT, U.S.A.), respectively. GalN
and uridine were dissolved in sterile water, and the pH of each
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Figure 1 Elevation of serum TNFa, IL-la and IL-1§ following
injection of LPS alone. Mice were killed at the indicated times after
the injection of LPS (10 ug kg~ ', i.p.). Values are mean+s.d. from

four mice.

solution was adjusted to 7.0 with NaOH solution: the final
concentrations of GalN and uridine were 60 and 50 mg ml~!,
respectively. LPS and lipid A derivatives were dissolved in
sterile saline. A mixture of LPS and GalN (1 ug and 60 mg,
respectively, ml~') was prepared by adding the LPS solution to
the GalN solution. These solutions were injected i.p. (0.1 ml
10 g~' body weight) except where otherwise noted.

Evaluation of the degree of hepatic congestion

The degree of hepatic congestion was evaluated by macro-
scopic observation as previously described (Endo et al., 1992a).
Briefly, it was scored as follows, (1) no congestion; (2) slight
(congestion in up to 20% of the liver); (3) medium (congestion
in 20—50% of the liver); (4) severe (congestion in more than
50% of the liver).

Determination of cytokines by enzyme-linked
immunosorbent assay (ELISA)

Blood was collected directly into test tubes following the
decapitation of unanaesthetized mice. Serum was recovered by
centrifugation at 2000 x g at 4°C, then stored at —80°C until
used. TNFa, IL-1a and IL-1f were assayed using ELISA kits
(Endogen, Cambridge, MA, U.S.A.), the assay procedures
being performed exactly as described by the manufacturer.

Depletion and detection of macrophages

A suspension of liposomes encapsulating dichloromethylene
bisphosphonate (Cl,MBP-liposomes) was prepared by a
method similar to that used by Van Rooijen and his coworkers
(Van Rooijen & Sanders; 1994), as described previously (Endo
et al., 1995; Shibazaki et al., 1998). Briefly, 75 mg of
phosphatidylcholine and 11 mg of cholesterol were dissolved
in chloroform (20 ml) in a round-bottomed flask (1000 ml).
The thin film that formed on the walls of the flask after rotary
evaporation at 37°C was dispersed by gentle shaking for
10 min in 10 ml of Cl, MBP solution (200 mg ml~") in 10 mMm
sodium phosphate buffer (PBS, pH 7.4). This suspension was
kept for 2 h at room temperature, then sonicated for 3 min
(50 Hz) and kept for another 2 h. The resulting liposome layer
floating on the aqueous phase was collected using a Pasteur
pipette, then suspended in 10 ml PBS and centrifuged at
10,000 x g for 30 min. The precipitated liposomes were finally
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Figure 2 Elevation of serum TNFo following injection of LPS plus
GalN. Mice were killed at the indicated times after the co-injection of
LPS (10 pg kg™ !, i.p.) and GaIN (600 mg kg™ !, i.p.). The effect on
TNFu levels induced by LPS alone (shown in Figure 1) is also shown
in this Figure for comparison. Values are mean +s.d. from four mice.
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suspended in 4 ml of PBS; this preparation is hereafter referred
to as the ‘original suspension’ of Cl,MBP-liposomes. This
original suspension was diluted as appropriate with PBS, and
the resulting suspension was injected intravenously into the tail
vein of mice at 0.2 ml mouse ~'. Macrophages were detected by
immunohistochemical staining of F4/80 antigen as described
previously (Endo et al., 1995); this antigen is expressed
specifically on the surface of these cells (Austyn & Gordon,
1981; Hirsch et al., 1981).

Data analysis

Experimental values are given as mean+s.d. The statistical
significance of differences was analysed using Dunnett’s
multiple comparison test after ANOVA, P values less than
0.05 being considered significant.

Results

Effect of GalN on lethality in mice injected with LPS

Co-injection of GalN (600 mg kg~") and LPS (10 ug kg™ ")
into mice induced rapid death within 5—8 h, severe congestion
of the liver being observed in all mice (10/10) that were either
moribund or dead. However, GalN by itself, even at a dose of
1500 mg kg~!, caused no death and no obvious ill effects in
mice observed for up 3 days. Injection of LPS alone at a dose
of 5 mg kg™ ' also caused no death and no hepatic congestion,
although the mice were considerably weakened. LPS at
10 mg kg~' produced death in some mice (3/10), although
death did not occur for at least 24 h.

Augmented elevation of serum TNFo with GalN+ LPS

Injection of LPS (10 ug kg™') elevated the serum levels of TNFux
and IL-1 (x and p) (Figure 1). The elevation of TNFa was
more rapid than that of IL-1, the peak levels of TNFo and IL-1
being seen at about 1 and 2—3 h after the injection of LPS,
respectively. The peak level of TNFo was greater than that of
IL-1p and slightly greater than that of IL-la. Injection of
GalN + LPS produced a much greater increase in serum TNFa
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Figure 3 Dose-dependency of the TNFo production induced by LPS
alone. The mice were killed 1.5 h after the i.p. injection of various
doses of LPS and blood was then collected. Values are mean+s.d.
from four mice.

than did LPS alone (Figure 2). The peak TNFu level was seen
1.5 h after the injection of GalN + LPS. We had expected that
such an increased accumulation of TNFa might rapidly result
in death. However, the serum TNFa had returned to its normal
level within 3 h, i.e. 2—5 h before death occurred following
injection of GalN+LPS (see above). There was no sign of
hepatic congestion for at least 3 h after injection of
GalN + LPS. At larger doses, LPS itself also greatly elevated
the serum level of TNFa. The peak level of TNFo (about
2000 pg ml~") produced by 1-10 mg kg~' of LPS (Figure 3)
was comparable to that produced by GalN + LPS (Figure 2).
However, as described above, these doses of LPS induced
neither hepatic congestion nor rapid death.

Effect of uridine on the TNFua production induced by
GalN+ LPS

Administration of uridine can reverse the depletion of uridine
nucleotides induced by GalN (Decker & Keppler, 1974). As
reported previously, administration of uridine 0.5 h after an
injection of GalN + LPS decreased the severity of the hepatic
congestion and reduced to zero the lethality caused by
GalN + LPS (Endo et al., 1992a). In the present study, it was
found that an injection of uridine 0.5 h after GalN-+ LPS
reduced the marked production of TNFa otherwise induced by
an injection of GalN+ LPS (Figure 4). Figure 4 also shows
that GalN itself did not elevate TNFa.

Effects of prior injection of LPS on the responses to
GalN+ LPS

We have reported elsewhere that LPS-pretreatment reduces the
lethality associated with GalN+ LPS injection (Endo et al.,
1992a). The magnitude of this protective effect of LPS depends
on the time at which LPS is injected (Table 1): it did not occur
when LPS was injected 1 or 72 h before the injection of
GalN + LPS, but it did occur when LPS was injected 2—48 h
before such an injection. Lipid A is thought to be the active
centre of LPS molecules. Although larger doses were required
than of LPS, two synthetic derivatives of lipid A (ONO4007
and MPL) given separately also protected against GalN + LPS
lethality (Table 2). In another experiment on ten mice, LPS-
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Figure 4 Effect of uridine on the TNFo production induced by co-
injection of LPS and GalN. Mice were given a Ist injection (i.p.) of
saline (S), LPS (10 ug kg™ "), GaIN (600 mg kg~ ") or LPS plus GaIN
(10 pg kg~"! and 600 mg kg™ !, respectively). Then, 0.5 h later they
were given a 2nd injection (i.p.) consisting of either saline or uridine
(Ur) (500 mg kg~"). The mice were killed 1.5h after the 2nd
injection and blood was then collected. Values are mean+s.d. from
four mice. *P<0.01 vs S-S, # P<0.01 vs LPS—S, 1P<0.05 vs LPS/
GalN-S.
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Table 1 Time-dependent protective effect of pretreatment
with LPS before injection of GalN+ LPS

Time (h) of Mortality
LPS injection (dead|total)
no injection 5/5

-1 5/5

-2 0/5

-5 0/5
—24 0/5
—48 1/5
—72 5/5

LPS (10 ug kg~ ') was injected (i.p.) at the indicated time
before ip. injection of GalN+LPS (600 mg and
10 mg kg~ ', respectively). Lethality was recorded for 24 h
after the injection of GalN+ LPS.

Table 2 Effects of pretreatment with LPS or cytokines on
the lethal results of co-injection of LPS and GalN

Pretreatment Dose (ug kg™ " Mortality
Saline 10/10
LPS 5 0/10
10 0/10
lipid A
ONO4007 1000 3/5
5000 0/5
MPL 500 3/5
2000 0/5
IL-1o 1 4/5
5 0/5
IL-1p 5 0/5
TNFu« 5 5/5
20 5/5
IL-2 20 5/5
IL-6 20 5/5
IL-12 25 5/5
IFNo 25 5/5
IFNy 25 5/5

Each cytokine was injected (i.p.) into mice 3 h before co-
injection (i.p.) of LPS (5 ug kg~ ') and GalN (600 ug kg™ ").
Lethality was recorded for 24 h after the injection of
GalN +LPS.
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Figure 5 Effects of LPS-pretreatment on the TNFo and IL-lo
production induced by GalN+ LPS. Mice were given (i.p.) saline (S)
or LPS (10 ug kg™"), then 3 h later they were given a 2nd i.p.
injection consisting of saline, LPS (10 ug kg~') or LPS plus GalN
(10 ug kg~" and 600 mg kg~", respectively). The mice were killed
1.5 h after the 2nd injection and blood was then collected. Values are
mean +s.d. from four mice. ¥*P<0.01 vs S-S, #P<0.01 vs SSLPS,
TP<0.05 vs S-LPS, {P<0.01 vs S->LPS/GalN.

pretreatment completely prevented hepatic congestion. As
shown in Figure 5, prior injection of LPS greatly reduced the
production of TNFoa induced by GalN+LPS. In this
experiment, it was also found that LPS-pretreatment reduced
the TNFo production induced by saline+ LPS (Figure 5). On
the other hand, neither GalN nor LPS-pretreatment resulted in
detectable effects on the production of IL-10.

Effects of prior injection of cytokines on the action of
GalN+ LPS

LPS is known to stimulate the production of various cytokines.
For this reason, we examined the effect of pretreatment with
cytokines on the lethal actions of GalN+LPS (Table 2).
Among the cytokines tested, only IL-1 (both o and f) was
effective. 1L-1-pretreatment (5 pug kg™') also bestowed com-
plete protection (mortality 0/5) against the lethal action of
GalN+TNFo (600 and 100 ug kg~!, respectively), as pre-
viously shown by Libert et al. (1991), and there was no hepatic
congestion in these mice. Prior injection of either IL-1a or IL-
18 at a dose of 5 ug kg~!, which was sufficient to protect
completely against the lethality of GalN+LPS, did not
produce a significant suppression of the TNFoa production
induced by GaIN + LPS (Figure 6).

Effect of a macrophage depletor on the actions of
GalN+ LPS

Cl, MBP-liposome, a depletor of phagocytic macrophages,
when injected (i.v.) 24 h before the injection of GalN+ LPS,
markedly suppressed the production of TNFa induced by
GalN+LPS (Figure 6). This treatment also produced a
considerable reduction in mortality (from 8/8 to 5/8).

Effects of serum from mice given LPS on the action of
GalN+ LPS or LPS alone

As to the mechanism underlying the suppressive effect of LPS-
pretreatment on the TNFa production induced by GalN + LPS
(Figure 5), we hypothesized the two possibilities that (i) a
substance(s) that binds to TNF« and interferes with its assay
or (ii) a substance(s) that down-regulates TNFa production
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Figure 6 Effects of pretreatment with IL-1 or Cl,MBP-liposomes on
the TNFo production induced by GalN + LPS. Mice were given (i.p.)
saline (S) or IL-1 (5 ug kg~") then 3 h later they were given a 2nd
i.p. injection consisting of either saline or GalN+ LPS (600 mg and
10 ug kg~ !, respectively). The mice were killed 1.5 h after the 2nd
injection and blood was then collected. In some mice, an injection of
ClL,MBP-liposomes (Lip) (original suspension) was given i.v. 24 h
before the injection of GalN + LPS. Values are mean +s.d. from four
mice. *P<0.01 vs S->GalN/LPS.
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might be present in the serum of the mice given LPS. To test
these possibilities, mice were injected with LPS and their serum
was taken 3 or 24 h later.

To test the first possibility, the serum taken from mice 1.5 h
after injection of GalN + LPS was mixed with serum of normal
mice or LPS-injected mice and kept at room temperature for
30 min, and then TNFu in each mixture was determined (Table
3). However, we could not detect the presence of such TNF-
binding substances in the sera tested, suggesting that this
possibility is unlikely.

To test the second possibility, normal serum or serum taken
from mice given LPS 24 h before (abbreviated as LPS-serum)
was injected (i.v.) into mice and, 10 min later, GalN and LPS
were co-injected. The LPS-serum markedly suppressed the
elevation of TNFa induced by GalN-+LPS (Figure 7).
However, this treatment was less effective in reducing the
mortality induced by GalN+ LPS (from 8/8 to 6/8).

Finally, we examined the effect of the LPS-serum on the
TNF production induced by LPS alone and the effect of heat-
treatment of the LPS-serum on its activity. As shown in Figure

Table 3 The effect of serum taken from normal mice or
from mice given LPS on the level of immunoreactive TNFo
in the serum from mice given GalN+ LPS

TNFx
(pg ml™Y

GalN+LPS 1.5 serum alone 1378 £ 56
Mixture of GaIN+ LPS 1.5 serum and normal serum 719+ 39
Mixture of GalIN+LPS 1.5 serum and LPS 3 serum 853431
Mixture of GalN+LPS 1.5 serum and LPS 24 serum 782+ 51

Mice were separated into four groups (five mice in each
group). Group 1 and 2 mice were injected with LPS
10 ug kg~ ', i.p.) and their sera were taken 3 h and 24 h
later, respectively (abbreviated as LPS 3 serum and LPS 24
serum, respectively). Group 3 mice were co-in{iected with
GalN (600 mg kg~ ', i.p.) and LPS (10 ug kg™ ', i.p.), and
their sera were taken 1.5 h later (abbreviated as GalN + LPS
1.5 serum). Group 4 mice were normal control. The sera of
five mice in each group were combined. The GalIN+LPS 1.5
serum was mixed with the equal volume of the normal serum
or the LPS serum and kept at room temperature for 30 min
as done by Van Zee et al. (1992) to evaluate soluble TNF
receptors, and then TNFg in each mixture was determined
by ELISA. Values are mean +s.d. from triplicate determina-

tions.
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Figure 7 Effect of serum from mice given LPS on the TNFu
production induced by GalN+ LPS. Serum (0.1 ml per mouse) taken
from normal mice or from mice injected with LPS (0.5 mg kg™ ', i.p.)
24 h previously (LPS-serum) was injected (i.v.) into other mice, and
10 min later GalN+LPS was injected. The mice were killed 1.5 h
after the second injection and blood was then collected. Values are
mean+s.d. from four mice. ¥*P<0.01 vs normal serum—GalN/LPS.
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Figure 8 Effect of serum from mice given LPS on the TNFu
production induced by LPS alone. Serum taken from normal mice
(normal serum) was used without dilution, while serum taken from
mice injected with LPS (0.5 mg kg™, i.p.) 24 h previously (LPS-
serum) was diluted with saline as indicated in parenthesis. The
normal serum, diluted LPS-serum or saline was injected into other
mice (0.1 ml/mouse, i.v.) and, 10 min later, LPS was injected
(0.1 mg kg~', iv.). The mice were killed 1.5h after the second
injection and blood was then collected. In some experiments
(indicated by the superscript ), the LPS-serum diluted to 1/3 was
exposed to boiling water for 10 min and then cooled to 37°C in
water. Values are mean+s.d. from four mice. *P<0.01 vs normal
serum— LPS.

Table 4 Effects of various pretreatments on the TNF
production and the lethality produced by GalN+ LPS

GalN + LPS-induced

Pretreatment TNF Production  Mortality”
LPS ! 0/20
IL-1 - 0/5
Uridine ! 0/5
ClL,MBP-liposome ! 5/8
Serum of LPS-injected l 6/8

mice

: reduction, —: no effect. “see text or Table 2. In the absence
of any pretreatment, GalN + LPS increased TNF production
and induced death in 10/10 mice.

8, the LPS-serum, even when diluted to 1/27, inhibited the
TNF production induced by LPS alone, while heat-treatment
destroyed its activity.

Discussion

The results obtained in the current study and their
implications can be summarized as follows. (1) GalN
augmented the LPS-induced elevation of serum TNF, even
though GalN itself did not elevate serum TNF. (2) At
larger doses, LPS alone elevated serum TNF to a level
comparable to that induced by GalN+LPS, but produced
neither hepatic congestion nor rapid death. (3) The
elevated level of serum TNF induced by GalN+ LPS had
returned to its initial level within 3—4 h, indicating that
the mechanism that removes or degrades TNF was
operating adequately in mice given GalN. (4) In the first
4 h after the injection of GalN-+LPS, neither hepatic
congestion nor death had occurred (even though the TNF
response ended within this period), suggesting that TNF
triggers a secondary reaction(s) responsible for the lethality
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of GalN+LPS. (5) Administration of uridine (a precursor
of uridine nucleotides) after the injection of GalN + LPS
partially prevented the increase in TNF production and
prevented the hepatic congestion and death. (6) Pretreat-
ment with LPS greatly reduced the increase in TNF
production induced by GalN+LPS, and completely
prevented the hepatic congestion and death. This effect
was dependent on the interval between the injections of
LPS and GalN+LPS, an interval of more than 1 h but
less than 72 h being required. (7) Of the cytokines tested
as a pretreatment, only IL-1 reduced the Iethality of
GalN+LPS, but it did not significantly suppress the
induced production of TNF. (8) Depletion of phagocytic
macrophages decreased the TNF production induced by
GalN + LPS, indicating that the cells primarily responsible
for producing TNF after the injection of GalN+LPS are
phagocytic macrophages. Such macrophage depletion
considerably reduced the lethality of GalN+LPS. (9)
Injection (i.v.; 10 min before GalN+ LPS) of serum taken
from mice previously given an i.p. injection of LPS (24 h
before blood collection) reduced the enhancement of TNF
production induced by GalN+LPS, but was weak or not
effective at reducing the mortality induced by GalN + LPS.
The effects of the various treatments are summarized in
Table 4. In the following sections, we discuss the
mechanism that might wunderlie the augmented TNF
production induced by GalN+LPS; the augmented
lethality of GalN+LPS; and the protective effect bestowed
by pretreatment with LPS or IL-1.

Mechanisms underlying the augmentation of
LPS-induced TNF production by GalN and the reduction
of this augmentation by LPS-pretreatment

The GalN-induced impaired synthesis of mRNA in
hepatocytes, which is due to selective depletion of UTP
(Decker & Keppler, 1974), and the results described above
lead us to propose the existence of an unidentified factor(s),
tentatively called hepatocyte-derived TNF-down-regulator
(TNF-DRh). Our hypothesis requires that this factor is
produced by hepatocytes in response to LPS and then acts
to prevent the over-production of TNF by macrophages.
LPS (but not IL-1) would stimulate hepatocytes directly or
indirectly to produce TNF-DRh. By contrast, the GalN-
induced impairment of RNA synthesis in hepatocytes would
decrease the production of TNF-DRh. Our results showing
a suppression of TNF production by uridine and by the
serum taken from LPS-treated mice are consistent with this
idea.

Czaja et al. (1994) have reported that in the spleen and liver,
the increase in TNF-mRNA is much the same whether GalN
alone, LPS alone or a combination of the two is given: they
unfortunately did not try to measure TNF itself because they
believed that TNF would be undetectable in the serum. Using
our hypothesis as a basis, their results might be explained as
follows. TNF-DRh may be produced in normal mice in small
amounts and act so as to prevent TNF production being
induced by minor stimuli (e.g. by a small amount of
enterobacterial LPS reaching the liver via the portal vein).
The decrease in TNF-DRh induced by GalN may itself be
sufficient to sensitize macrophages to produce TNF-mRNA
but perhaps not to produce or release a detectable amount of
TNF protein.

Schade et al. (1996) have reported that an inhibitor of TNF
synthesis appeared in the plasma when LPS was injected into
LPS-tolerant mice, but not into normal mice. They showed

that this inhibitor is produced by macrophages and that it is
detectable in the plasma as early as 30 min after LPS injection
(Flach & Schade, 1997). Therefore, this inhibitor may be
different from our TNF-DRh.

As a mechanism to prevent excessive actions of TNF, it is
known that soluble TNF receptors are released in response to
LPS (Van Zee et al., 1992). These soluble receptors are the
extracellular domains of TNF receptors, and they are shed
from cell surface in response to TNF (Higuchi & Aggarwal,
1994; Moshage, 1997). The binding of TNF to the soluble
TNF receptors has been shown to reduce its immunoactivity
for its antibody, as determined by ELISA (Van Zee et al.,
1992). Therefore, it is expected that such soluble receptors may
be involved in our observations that LPS-pretreatment or the
serum taken from LPS-treated mice suppressed TNF elevation
induced by GalN + LPS or by LPS itself. However, as shown in
Table 3, we could not detect the presence of such substances.
We think that such soluble TNF receptors mostly had already
been bound to TNF. In any case, the ability of the LPS-serum
shown in Figure 7 and 8 to reduce the elevation of TNF levels
induced by GalN+LPS or by LPS itself seems to be not
attributable to such soluble TNF-receptors.

Lethality induced by GalN+ LPS

When given alone, larger doses of LPS produced a large
amount of TNF, an amount comparable to that produced by
GalN + LPS. However, LPS alone produced neither hepatic
congestion nor rapid death, at least at the doses used in this
study. Indeed, injection of TNF itself, even at a dose as large as
500 pug kg~' does not produce hepatic congestion or death
(Endo et al., 1992a). Co-injection of GalN+TNF induces
death, and this lethality is abolished by uridine and by
treatment with an anti-TNF antibody (Freudenberg &
Galanos; 1991). Although IL-1, IL-6 and TNF share a number
of biological activities (Dinarello, 1989, 1991), neither
GalN +IL-1 nor GalN+IL-6 induced the lethality seen with
GalN + TNF: indeed, IL-1 (even 100 ug kg~')+ GalN did not
induce hepatic congestion or death (Endo et al., 1992a). These
results indicate (a) that LPS or TNF induces lethality only in
the presence of GalN or when hepatic RNA synthesis is
suppressed (as indicated by the fact that administration of
uridine protects against the lethality of GalN+ LPS) and (b)
that some property of TNF that is lacking in these other
cytokines is responsible for the lethality.

We have little available data capable of explaining what
actual events are involved in (a) and (b). With regard to (a), we
have previously proposed the idea that a polyamine-
insufficiency due to an inhibition by GalN of the induction
of ornithine decarboxylase (ODC) may explain, at least partly,
the way in which lethality is induced by GalN+LPS or
GalN+ TNF (Endo et al., 1992a). Polyamines bind to RNA
and DNA and play important roles in the synthesis of mRNA
and proteins (Pegg & McCann, 1982; Tabor & Tabor, 1984).
ODOC itself is induced through the formation of its mRNA
(Tabor & Tabor, 1984). Shinozuka et al. (1973a, b) have shown
that GalN induces a rapid nucleolar fragmentation in
hepatocytes. Recently, an inhibition of polyamine synthesis
was implicated in apoptosis in several cell types (Grassilli et al.,
1995; Desiderio et al., 1995; Mori et al., 1997), a finding that is
consistent with our hypothesis. With regard to (b), we found
some years ago that TNF induces an accumulation of platelets
in the liver (Endo, 1991; Endo & Nakamura, 1992, 1993) and
GalN has been shown to augment the LPS-induced accumula-
tion of platelets (Shibazaki et al., 1996). In addition, Libert et
al. (1996) found that platelet-activating factor is involved in
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the effect of GalN + TNF. These results suggest the possibility
that the action of LPS or TNF on platelets might be involved,
at least in part, in the lethal actions of GalN+LPS and
GalN +TNF.

Mechanisms underlying the protective effect of LPS

Injection of LPS at 2—48 h before the injection of GalN + LPS
prevented death. Among the cytokines tested, only IL-1 (both
o and f) shared this protective effect with LPS. IL-1 can also
protect against the lethality induced by GalN + TNF (Libert et
al., 1991). These results suggest that IL-1 may play an
important role in the protective effect of LPS, although other
cytokines may also contribute to it. It is also possible that LPS
exerts its protective effect without mediation by cytokines. As
shown in Table 4, an inhibition of TNF production does not
necessarily accompany a prevention of the lethality induced by
GalN + LPS. Indeed, while LPS pretreatment reduced both
TNF production and lethality, IL-1 exerted its protective effect
against lethality without suppressing the production of TNF.

There are a few reports to help us deduce what mechanisms
might be involved in the protective effect of LPS or IL-1. It is
known that LPS can induce ODC at very low doses
(10 ug kg=' or less) (Endo, 1982 and 1984) and, among the
cytokines tested, only IL-1 can induce ODC in the liver at low
doses (5 ug kg=' or less) (Endo, 1989; Endo et al., 1992b).
Since LPS and IL-1 were the only pretreatments to reduce the
lethality of GalN + LPS, it is possible that the ODC induced by
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