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Abstract

To examine the role of cytokines in mediating the lipogenic
effects of endotoxin (LPS), we studied the effects of LPS and
cytokines on hepatic fatty acid synthesis in LPS-sensitive
C3H/OuJ mice and in LPS-resistant C3H/HeJ mice, whose
macrophages are defective in the ability to produce tumor ne-
crosis factor (TNF) and IL-1 in response to LPS. HeJ mice
were 16-fold less sensitive than OuJ mice to the lipogenic effect
of LPS. In OuJ mice, 10 Asg of LPS caused a maximal increase
in hepatic lipogenesis (3.86±0.41-fold), whereas in HeJ mice
the maximal increase was only 1.79±032-fold after 100 ,gg of
LPS. This lipogenic response paralleled the decreased ability
of LPS to increase hepatic and splenic levels of mRNAsfor
TNF and IL-1 and serum levels of TNF in HeJ mice. In con-
trast, the maximal effect of TNFon lipogenesis was greater and
the sensitivity to TNFwas increased 2.4-fold in HeJ mice com-
pared to OuJ mice. Administration of IFN-'y before LPS in
HeJ mice had no effect on IL-1 mRNA,but partially restored
the LPS-induced increase in hepatic and splenic mRNAfor
TNFand serum TNF levels, which may account for the partial
restoration of sensitivity to the lipogenic effect of LPS after
IFN-'y treatment. These results indicate that cytokines pro-
duced by mononuclear leukocytes mediate the lipogenic effects
of LPS. (J. Clin. Invest. 1992.89:1603-1609.) Key words: cy-
tokines * fatty acid synthesis * interleukin - macrophages * tu-
mor necrosis factor

Introduction

In addition to destroying infectious agents and developing im-
munity to subsequent challenge by these agents, the host re-
sponds to infection with multiple changes in intermediary me-
tabolism (1). Prominent among these changes is hypertriglycer-
idemia due to the accumulation of very low density lipoprotein
(VLDL), which is seen both in response to endotoxin (LPS)
and during infection (2-7). Infection or LPS may increase
serum triglycerides by at least two mechanisms: (a) a decrease
in triglyceride clearance due to reductions in lipoprotein lipase
activity (5); (b) an increase in VLDL production that may be
due to increased de novo synthesis of fatty acids (6) or in-
creased reesterification of fatty acids derived from the periph-
ery (7).
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The host response to infection is coordinated by a variety of
cytokines including the tumor necrosis factors (TNF),' the in-
terleukins (IL), and the interferons (IFN) (8-10). It is likely that
these cytokines also mediate the metabolic disturbances that
occur during infection. In vivo, TNFcauses hypertriglyceride-
mia by increasing hepatic VLDLproduction through a combi-
nation of increased fatty acid synthesis in the liver and reesteri-
fication of peripherally derived fatty acids, rather than by de-
creasing lipoprotein lipase and triglyceride clearance (11- 16).
IL- 1, IL-6, and IFN-a have also been shown to increase hepatic
fatty acid synthesis (17, 18). TNF and IL-1 increase hepatic
fatty acid synthesis at the same doses that induce fever, suggest-
ing that the metabolic changes in the liver are closely linked to
the response to infection (17).

Although it appears logical that cytokines would also medi-
ate the metabolic disturbances of infection, their role has not
been directly tested in vivo. Therefore, we have studied the
response to LPS in an LPS-resistant mouse strain (C3H/HeJ)
and an LPS-sensitive mouse strain (C3H/OuJ). C3H/HeJ mice
show decreased responses to LPS, including a decrease in the
ability of LPS to induce production of cytokines such as TNF
and IL- I by their macrophages (19-25). However, treatment of
cultured macrophages from C3H/HeJ mice with IFN-'y in vi-
tro restores the ability of LPS to increase levels of TNF and
IL- 1 mRNAand TNFprotein in response to LPS in vitro (26-
28). Recent data suggest that adherent monocytes or macro-
phages studied in vitro may show different regulation of both
cytokine gene expression and cytokine protein production
than is seen in vivo (10, 29).

Therefore, we have studied intact C3H/HeJ mice and dem-
onstrate that, in parallel to their decreased ability to produce
cytokine mRNAand protein in response to LPS in vivo, C3H/
HeJ mice show a dramatically reduced ability to increase he-
patic fatty acid synthesis after endotoxin challenge. However,
treatment of C3H/HeJ mice in vivo with murine IFN-y par-
tially restores both the ability of these mice to produce TNF in
response to LPS in vivo and the ability of LPS to stimulate
hepatic fatty acid synthesis.

Methods

Materials. 3H20 (1 Ci/g) was purchased from ICN Radiochemicals
(Cleveland, OH). [26-'4C]cholesterol (0.5 mCi/0.33), and ['4C]oleic
acid (40-60 mCi/mol) were obtained from NewEngland Nuclear (Bos-
ton, MA). CytoScint scintillation fluid was purchased from ICN Bio-
medicals, Inc. (Irvine, CA). Escherichia coli, strain 055:B5 endotoxin
was purchased from Difco Laboratories (Detroit, MI) and was freshly
diluted to desired concentrations in pyrogen-free 0.9% saline (Kendall
McGraw Laboratories Inc., Irvine, CA). Murine TNF-a with a specific
activity of 2.9 X I07 U/mg and murine IFN-y with a specific activity of
5 X 106 U/mg were kindly provided by Genentech, Inc. (South San
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Francisco, CA). Recombinant human IL- 1B (1 12-269) with a specific
activity of 5 X 107 U/mg was produced as described previously (30).
WEHI 164 clone 13 cells were kindly provided by Dr. M. Palladino of
Genentech, Inc. Multiprime DNAlabeling system was obtained from
Amersham Corp., (Arlington Heights, IL). The cDNA for murine
TNF-a (31) was kindly provided by Dr. Bruce Beutler ofthe University
of Texas, Southwestern Medical Center. The cDNA for murine IL-lI#
was kindly provided by Dr. Ardun Singh of Genentech, Inc. (32). The
cDNAfor actin was kindly provided by Dr. Peter Gunning of Stanford
University.

Animals. Male mice, 4-5 wk old (C3H/OuJ and C3H/HeJ) were
purchased from Jackson Laboratories Inc. (Bar Harbor, ME). C3H/
OuJ is a substrain that was separated from the C3H/HeJ strain before
the origin of the defective LPS response in C3H/HeJ; C3H/OuJ is
sensitive to LPS and has many of the characteristics of the original
CeH/HeJ strain (data on file, Jackson Laboratories, Inc.). Animals
were maintained on a normal 12-h light cycle and were fed Purina
Mouse Chow (Ralston Purina Co., St. Louis, MO) and water ad libi-
tum. On the morning of the study, after removal of food, animals were
divided into groups of 5 and injected with the specified doses of LPS
and/or cytokine or with the appropriate vehicle alone (controls). LPS
was administered i.p. in 0.9% saline solution. Murine TNF-a, IL-lI#,
and IFN-'y were administered i.m. in 0.1% human serum albumin, a
diluent which has previously been shown to have no effect on hepatic
lipogenesis (17).

Measurement of lipogenesis. 3H20 (10 mCi) was injected i.p. 4 h
after LPS or 1 h after TNFor IL-1 administration. 1 h later the animals
were weighed and a blood specimen was obtained. The animals were
euthanized and incorporation of 3H20 into fatty acids in the liver was
determined as described previously (17). The validity of our methodol-
ogy for measuring lipid synthesis has been demonstrated in earlier pub-
lications (33, 34).

TNFassay. TNF activity in serum was measured using the TNF-
sensitive cell line, WEHI 164 clone 13, in a cytotoxicity assay which
was developed using 344,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazo-
lium blue (35). Concentrations were calculated by comparison with a
recombinant murine TNF-a standard.

Northern blot analysis. Total RNAwas isolated using the guanidine
isothiocyanate phenol-chloroform extraction method (36) and batch
absorbed to oligo (dT)-cellulose; polyadenylated mRNAwas then
batch eluted (37). Identical amounts of RNAwere fractionated in 1%
agarose gels containing 2.2 Mformaldehyde, then were transferred to
nylon membranes electrophoretically. Membranes were prehybridized
at 65°C for 1 h in 5X SSC, 2X Denhardt's, 2%SDS, and 10% dextran
sulfate containing 100 pg/ml sheared salmon sperm DNA. cDNA
probes were labeled by the random priming technique (37) using the
Multiprime DNA labeling system. Hybridization with [32P]cDNA
probes was conducted at 65°C overnight in the same buffer. Blots were
washed with 0.2x SSC, 0.1 %SDS at room temperature for 30 min,
then at 650C for I h. Blots were exposed to XAR-5 film (Eastman
Kodak Co., Rochester, NY) at -70°C using Cronex intensifying
screens for the time indicated in the figure legends. Autoradiograph
intensity was quantified by densitometry.

Statistics. Values are presented as mean±SEM. ANOVAwas used
for multiple comparisons. The independent t test was used to compare
the same dose between the two mouse strains.

Results

Effect ofLPS on hepaticfatty acid synthesis. The dose-response
curves for LPS-stimulated hepatic fatty acid synthesis in OuJ
and HeJ mice, measured at 4-5 h after LPS administration, are

shown in Fig. 1. In OuJ mice, the half-maximal dose for in-
creasing hepatic fatty acid synthesis is - 0.18 ug of LPS,
whereas in HeJ mice, the half-maximal dose is 2.6 jig of

LPS. Hepatic fatty acid synthesis is stimulated 3.86±0.41-fold
(P < 0.005 vs. saline control) at 10 ,ig of LPS in OuJ mice. In
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Figure 1. Effect of LPS on hepatic fatty acid synthesis in LPS-sensitive
(C3H/OuJ) and LPS-resistant (C3H/HeJ) mice. Mice were injected
with normal saline or the indicated concentration of LPS i.p. 4 h later
the animals were injected with 10 mCi 3H20 and hepatic fatty acid
synthesis measured as described under methods. (.) C3H/HeJ mice;
(o) C3H/OuJ mice. n = 10-15 for each condition. *P < 0.002 vs. HeJ.

contrast, in HeJ mice, 100 ,ug of LPS stimulated hepatic fatty
acid synthesis by only 1.79±0.32-fold (P < 0.05 vs. saline con-
trol). The ability of LPS to stimulate hepatic fatty acid synthesis
in HeJ mice at 0.1-10 ,ug was significantly less than that seen
with OuJ mice (P < 0.002).

Effect of LPS on cytokine mRNA. mRNAwas prepared
from mouse liver and spleen 2 h after LPS or saline administra-
tion. Northern blot analysis was performed using full-length
cDNAprobes for murine TNFand IL- IB (Fig. 2). TNFmRNA
was not detected in the liver of saline-treated animals (Fig. 2).
However, in OuJ mice, a small dose of LPS (0.01 jIg) was able
to induce significant levels of TNF mRNA. Levels of TNF
mRNAincreased with higher doses of LPS, and the effect be-
gan to taper between 1 and 10 ,ug of LPS. In contrast, HeJ mice
were resistant to the ability of LPS to increase mRNAfor TNF
(Fig. 2, right); significant levels of TNFmRNAwere detected
after administration of 10 ,ug of LPS. Levels of TNF mRNA
induced by 100 jg of LPS in HeJ mice are comparable to those

OuJ HeJ
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Figure 2. Effect of LPS on hepatic cytokine mRNA.C3H/OuJ or
C3H/HeJ mice were injected with normal saline or the concentrations
of LPS indicated. 2 h later livers were removed, RNAwas extracted,
and polyadenylated mRNAwas isolated as described under methods.
mRNAwas subjected to gel electrophoresis, electrophoretically trans-
ferred, and probed with random primed [32P]cDNA probes for TNF
and IL-I as indicated. Blots were exposed to film for I d for TNF
and 8 h for IL-1.
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Figure 3. Effect of LPS on splenic cytokine mRNAin LPS-sensitive
(C3H/OuJ) and LPS-resistant (C3H/HeJ) mice. The protocol used
is identical to that in Fig. 2 except that spleens were used. Blots were
exposed to film for 1 h for TNFand 2 h for IL- l.

induced by 1 gg of LPS in OuJ mice. A similar pattern was seen
for LPS induction of the hepatic mRNAfor IL- 1 (Fig. 2).

In the spleen the same differential effect of LPS was seen on
cytokine mRNAs(Fig. 3). Significant induction of TNF and
IL- I mRNAscould be seen at doses as low as 0.01 ug of LPS in
OuJ mice. Maximal response was seen between 1 and 10 ,g of
LPS. In contrast, significant induction of the mRNAfor TNF
and IL- 1 was not seen in the spleen of HeJ mice until LPS doses
of 10 Aig were used; 100 ,ug of LPS was needed in HeJ mice to
reach mRNAlevels for TNFand IL- 1 that are comparable to
those seen at much lower doses in OuJ mice (Fig. 3).

Effect of LPSon serum TNFlevels. TNFwas not detectable
in the serum of mice 120 min after the administration of saline
(Fig. 4). Administration of LPS caused a striking increase in
serum TNF levels with a peak value of 10.1±2.5 ng/ml at 1 jtg
of LPS in OuJ mice (Fig. 4). In contrast, LPS is markedly less
effective at inducing TNF in HeJ mice with a peak value of
0.18±0.03 ng/ml serum observed at 100 ,ug of LPS (Fig. 4,
inset).

Effect of cytokines on lipid metabolism in OuJ and HeJ
mice. In contrast to the decreased response to LPS, HeJ mice
were significantly more sensitive to the effects of murine TNF
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Figure 5. Effect of murine TNF on hepatic lipogenesis in LPS-sensi-
tive (C3H/OuJ) mice and LPS-resistant (C3H/HeJ) mice. Mice were
treated with normal saline or murine TNFat the concentrations in-
dicated on the abscissa. 1 h later animals received 10 mCi of 3H20
and hepatic fatty acid synthesis was measured as described under
Methods. (o) C3H/OuJ; (.) C3H/HeJ. *P < 0.02, **P < 0.005 vs.
C3H/OuJ. n = 10 for each condition.

on lipid metabolism than were OuJ mice (Fig. 5). TNF in-
creased hepatic fatty acid synthesis in both HeJ and OuJ mice;
however, the ED50 for murine TNF was 26 ng in HeJ mice
whereas in comparison the ED50 was 63 ng in OuJ mice. Maxi-
mal stimulation of hepatic de novo fatty acid synthesis was
2.7-fold at 50 ng in HeJ mice (P < 0.001 vs. saline control),
whereas maximal stimulation was only 1.7-fold at 100 ng in
OuJ mice (P < 0.001 vs. saline control). The effectiveness of the
50- and 100-ng doses of murine TNFwas significantly greater
in HeJ mice compared to OuJ mice (50 ng, P < 0.005; 100 ng,
P< 0.02 for HeJ vs. OuJ). There was a trend for HeJ mice to be
slightly more sensitive to the effects of IL- 1 on hepatic lipogen-
esis, with an ED50 of 22 ng compared to an ED50 of > 50 ng in
OuJ mice (Fig. 6). However, unlike the results found with
TNF, maximal stimulation of lipogenesis by IL- 1 was not
greater in HeJ mice than in OuJ mice.

Effect of IFN--y on LPS responsiveness in HeJ Mice. Be-
cause treatment of macrophages from HeJ mice with IFN-y in
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Figure 4. Effect of LPS on circulating TNF levels in LPS-sensitive
(C3H/OuJ) and LPS-resistant (C3H/HeJ) mice. Mice were treated
with normal saline or LPS at the concentrations indicated on the ab-
scissa. 2 h later serum samples were drawn and TNF levels were
measured by bioassay as described under Methods. (o) C3H/OuJ; (-)
C3H/HeJ; *P < 0.05; **P < 0.02; ***P < 0.005 vs. control. n = 5 for
each condition.
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Figure 6. Effect of IL- I on hepatic fatty acid synthesis in LPS-sensitive
(C3H/OuJ) mice and LPS-resistant (C3H/HeJ) mice. Protocol is
identical to that of Fig. 5 except that IL-l was used. *P < 0.05 vs.
C3H/OuJ. n = 10 for each condition.
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Figure 7. Effect of IFN-y on LPS-induced hepatic cytokine mRNAin
C3H/HeJ mice. Animals were treated with normal saline (CON), 5
,gg of LPS (LPS), 50 jig of IFN-y (IFN-y) or the combination of 50
gg IFN-'y and 5 ,ug of LPS (IFN-", + LPS). 2 h later livers were re-
moved, mRNAwas extracted and Northern blots were performed as
described under Methods. Although the technique is identical to that
in Fig. 2, the blots were exposed for 3 d for TNFand 24 h for IL- 1.

vitro has been shown to restore their responsiveness to LPS
(26-28), we determined whether treatment of intact HeJ mice
with IFN-y could restore the ability of LPS to induce cytokines
and increase hepatic fatty acid synthesis in vivo. HeJ mice were
treated with 50 ,gg of IFN-y or saline i.m., followed by either
saline or 5 ,ug of LPS i.p. 2 h later, livers and spleens were
removed and poly A-rich RNAwas prepared. Consistent with
our earlier observations, 5 ,gg of LPS alone could induce a small
amount of mRNAfor TNF (Fig. 7). IFN-'y by itself had no
effect on mRNAfor TNF in liver. However, the combination
of IFN-'y followed by LPS induced a ninefold increase in the
mRNAfor TNFin liver compared to endotoxin alone (also see
Table I where data are expressed relative to the mRNAfor
actin).

As seen previously, there was negligible mRNAfor IL- 1 in
the liver of saline-treated mice; however, 5 ug of LPS alone
induced detectable amounts of mRNAfor IL-I in HeJ mice
(Fig. 7, Table I). Administration of IFN-'y had minimal effect
on IL-l mRNAin liver. In contrast to the results with TNF, the
combination of IFN-y plus LPS induced little further increase
in hepatic IL- I mRNAcompared to LPS alone.

Similar data were obtained when analyzing the mRNAfor
TNFand IL- I in spleen (Fig. 8, Table I). LPS alone induced a

small amount of mRNAfor TNF; the combination of IFN-y
plus LPS resulted in a striking increase in the amount of TNF
mRNAin spleen. LPS alone induced a significant increase in
the mRNAfor IL-1 in spleen. However, the combination of
IFN-y and LPS caused no further increase in splenic IL-I and
mRNAcompared to LPS alone.

Wethen tested the effect of IFN-'y on serum TNF levels.
Consistent with the data in Fig. 4, treatment of HeJ mice with 5
,gg of LPS alone led to low but detectable levels of TNF in the
serum (Table I). IFN-'y by itself was not able to induce detect-
able levels of TNF. However, the combination of 50 ,gg of IFN
gammaand 5 gg of LPS produced a 17-fold increase in serum
TNFlevels compared to LPS alone (Table I). Thus, the effect of
IFN-'y on the ability of LPS to induce TNFmRNAwas paral-
leled by the effect of IFN-y at enhancing the LPS-induced in-
creases in serum TNF levels (Table I). Serum levels of IL- 1
were not measured, owing to the difficulty in reliably interpret-
ing circulating IL-l levels given the presence of inhibitors in
serum.

In parallel to its effects on TNF mRNAand circulating
protein levels, IFN-y was able to partially restore the ability of
LPS to stimulate hepatic fatty acid synthesis in C3H/HeJ mice.
In two separate experiments, HeJ mice were treated with two
different doses of LPS that had no significant effect on hepatic
fatty acid synthesis (Fig. 9). IFN-,y alone at 50 ,gg was also not
able to stimulate hepatic lipogenesis significantly (Fig. 9). How-
ever, treatment of HeJ mice with 50 tig of IFN-y just before
treatment with LPS restored the ability of LPS to stimulate
hepatic fatty acid synthesis at these doses (Fig. 9). The combina-
tion of 50 ,ug of IFN-y and 5 ,gg of LPS gave a twofold stimula-
tion of hepatic fatty acid synthesis over control levels.

Discussion

The host response to infectious and inflammatory stimuli re-
sults in changes in lipid metabolism such as increased plasma
triglycerides, hepatic fatty acid synthesis, and VLDL produc-
tion (1-7). The ability of cytokines to induce these same
changes in lipid metabolism (11-18) suggested that cytokines
mediate the metabolic response to infection. To examine this
hypothesis, we studied the effects of LPS and cytokines on
C3H/HeJ mice, a strain that is genetically resistant to the ef-

Table I. IFN-,y Enhances the Effects of LPS on Cytokines in HeJ Mice

Control LPS (5 jsg) IFN-'y (50 jtg) LPS plus IFN-y

mRNALevels (arbitrary units
relative to actin)

Liver
TNF 0 2.8±0.032 0 25±4.2
IL-1 0 13±0.085 0.61±0.28 15±1.2

Spleen
TNF 0 2.6±0.83 0.32±0.028 10±3.1
IL-1 0.36±0.054 11±5.7 0.93±0.27 8.2±1.7

Serum TNF Levels (ng/ml) 0 0.011±0.0029 0 0.182±0.059*

Cytokine mRNAlevels were determined by analysis of Northern blots presented in Figs. 7 and 8 using densitometry and normalized to actin
mRNAlevels measured on the same blots; n = 2 for each condition and values are mean±SD. Serum TNF levels were determined by bioassay
(35); n = 5 for each condition and values are mean±SE. * P < 0.02 vs. LPS alone.
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Figure 8. Effect of IFN-'y on LPS-induced splenic cytokine mRNAin
C3H/HeJ mice. The protocol is identical to that in Fig. 7 except that
spleens were removed for extraction and the exposure was 1 h for
TNFand 2 h for IL-1.

fects of LPS (19-25). Previous studies have shown that macro-
phages from C3H/HeJ mice do not produce TNF or IL-l
mRNAor protein in response to LPS in vitro (24, 25). Beutler
et al. (24) have proposed that the defect in the HeJ mouse
occurs at two levels: LPS is less able to induce the mRNAfor
TNF and there is a block in translation of the mRNAwith
decreased production of TNF in C3H/HeJ macrophages stud-
ied in vitro. The resistance of C3H/HeJ mice to endotoxin is
genetic (19-25), but this block is not absolute. Treatment of
cultured macrophages from C3H/HeJ mice with IFN-'y in vi-
tro restores their ability to respond to LPS with an increase in
TNF and IL- 1 mRNAand secretion of TNF in vitro (26-28);
the secretion of IL-1 was not specifically studied in those exper-
iments (27). However, recent data raise questions as to whether
cytokine induction in vitro is different from that seen in vivo,
perhaps owing to the process of adherence of cells to plastic or
to low level contamination with LPS (10, 29).

In this article we show that genetic resistance to the ability
of LPS to induce cytokines is paralleled by resistance to one of
the metabolic effects of LPS, the ability to stimulate hepatic
lipogenesis. Wehave shown that C3H/HeJ mice are resistant to
the ability of LPS to induce the mRNAfor TNF and IL- 1 in
liver and spleen in vivo when compared to the LPS-sensitive
strain C3H/OuJ. Furthermore, this study demonstrates that
LPS was less effective at increasing circulating TNF levels in
C3H/HeJ mice. Previous data have suggested that the major
source of TNF in the circulation is the splanchnic bed (38), and
it is therefore likely that both liver and spleen contribute to
circulating TNF levels. To our knowledge the resistance of
C3H/HeJ mice to LPS induction of TNF and IL- 1 has not
previously been demonstrated in vivo. With regards to other
effects of LPS in vivo, several laboratories have shown that LPS
is less capable of inducing circulating granulocyte/macrophage
colony-stimulating factor and interferon activity in C3H/HeJ
mice (39-41).

Consistent with the proposal of Beutler et al. (24) based on
in vitro studies, we find evidence in vivo for a defect in the
post-transcriptional regulation of TNF protein in addition to
the defect in induction of TNFmRNA.The maximal dose of
LPS tested in C3H/HeJ mice (100 ,ug) induces similar levels of
TNFmRNAin liver and spleen compared to much lower doses
in C3H/OuJ mice. Yet the absolute levels of TNF protein
found in the circulation of C3H/HeJ mice under these condi-
tions of LPS stimulation remain strikingly lower than the level
of TNFseen in the circulation of C3H/OuJ mice having similar
mRNAlevels. It remains to be determined whether these post-
transcriptional changes occur at the level of translation of TNF

mRNA,within the secretory pathway for TNFprotein or at the
level of degradation of protein. Thus, although in some in vitro
macrophage/monocyte systems cytokine mRNAmay be in-
creased without production of cytokine protein as a result of
the conditions of incubation in vitro (29), the C3H/HeJ mouse
shows defects in both expression of TNFmRNAand the ap-
pearance of TNF protein in vivo, similar to what is seen with
their macrophages in vitro.

In parallel to the resistance of C3H/HeJ mice to cytokine
induction by LPS, these mice were resistant to the ability of
LPS to stimulate hepatic fatty acid synthesis, showing both a
decrease in the sensitivity to LPSand a decrease in the maximal
responsiveness to LPS. This finding indicates that products of
LPS-activated mononuclear leukocytes mediate the effect of
LPS on hepatic fatty acid synthesis.

Wealso studied the relative ability of cytokines to directly
stimulate hepatic fatty acid synthesis in these two mice strains.
In contrast to the resistance to LPS, C3H/HeJ mice were signifi-
cantly more responsive to the ability of TNF to stimulate he-
patic fatty acid synthesis than C3H/OuJ mice, both in terms of
maximal response and sensitivity. It is likely that C3H/HeJ
mice are not exposed to significant amounts of circulating
TNF during life, owing to their defect in the ability to induce
TNF. Therefore these mice may have an upregulated response
to TNF.

IFN-y treatment of macrophages from C3H/HeJ mice in
vitro partially restores their ability to respond to LPS by in-
creasing TNFmRNAand protein levels in vitro (26-28). We
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Figure 9. Effect of IFN-y on LPS-stimulated hepatic fatty acid syn-
thesis in C3H/HeJ mice. Mice were administered IFN-y (50 .g) or
saline i.m. followed by LPS at 1 Ag (upper panel) or 5 ,ug (lower panel)
or saline i.p. where indicated. Four hours later animals received 10
mCi 3H20 and hepatic fatty acid synthesis was measured as described
under Methods. n = 5 for each condition in the upper panel and n
= 10 in the lower panel. *P < 0.025 compared to LPS alone, IFN-y,
or control.
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have now demonstrated that IFN-y has similar properties in
intact mice. Treatment of C3H/HeJ mice with IFN-y partially
restores the ability of LPS to increase levels of the mRNAfor
TNF in both liver and spleen. In parallel to the increase seen in
TNF mRNA, we found that IFN-y-treated C3H/HeJ mice
produced higher circulating TNF levels in response to LPS.
While IFN-'y treatment of C3H/HeJ mice restores the ability of
lower-dose LPS (5 ,sg) to induce maximal levels of TNF
mRNA,the levels of circulating TNFfound under these condi-
tions, while adequate to induce hepatic fatty acid synthesis, still
remain significantly below that found in C3H/OuJ mice. This
difference in TNFmRNAand circulating protein may be an-
other example of the defect in post-transcriptional regulation
found earlier in vitro (24). Thus, the effect of IFN-y on TNF
previously found using peritoneal macrophages in culture also
occurs in tissue macrophages of the spleen and in Kupffer cells
in the liver. In contrast to other in vitro data (27), we did not
find that pretreatment with IFN-,y led to an increased ability of
LPS to induce IL- 1 mRNA; it is possible that higher doses or
different times are necessary to see such an effect of IFN-Y
on IL-1.

Likewise, treatment with IFN-y partially restored the abil-
ity of C3H/HeJ mice to respond to LPS with an increase in
hepatic fatty acid synthesis. This experiment provides further
evidence that products of activated macrophages are responsi-
ble for the metabolic effects of LPS. However, activated macro-
phages produce a wide array of cytokines and other active sub-
stances; thus it remains possible that the effects of LPS are
mediated in part by cytokines or products other than TNF
(39-41).

The data presented here and elsewhere emphasize that
there is a close linkage between the immune or inflammatory
response and lipid metabolism, particularly in the liver. Multi-
ple cytokines regulate hepatic and adipose tissue lipid metabo-
lism (1 1, 16-18, 42-44). These changes in lipid metabolism
occur early after administration of cytokines (1 1, 16-18) and
were seen here within 4 h after the response to LPS. The doses
of TNFand IL- l required to stimulate hepatic fatty acid synthe-
sis are similar to those that induce fever (17). Here we show that
the dose of LPS required to stimulate hepatic fatty acid synthe-
sis in the sensitive mouse strain, C3H/OuJ, is several orders of
magnitude less than that which induces death in LPS sensitive
mice (19-21). Thus, it is not surprising that treatment with
IFN-,y, which begins to restore the ability of LPS-resistant
C3H/HeJ mice to respond to LPS with TNF production also
restores the ability of these mice to respond to LPS with an
increase in hepatic fatty acid synthesis; C3H/HeJ mice are also
more sensitive to TNF, requiring less TNF to increase hepatic
lipogenesis compared to C3H/OuJ mice.

The resistance of C3H/HeJ mice to the effects of LPS in-
cludes resistance to LPS-induced lethality (19-21), which is
also likely to be due to the defect in macrophage TNFand IL- I
secretion, inasmuch as both TNF and IL- 1 have been impli-
cated as mediators of LPS-induced shock (45-47). However,
this defect in LPS responsiveness dramatically reduces the abil-
ity of C3H/HeJ mice to successfully survive infection (48-5 1),
because such cytokines are critical for host defense. Pretreat-
ment of C3H/HeJ mice with TNF and/or IL- 1 restores their
ability to survive gram negative infection (52, 53). Antibody
blockade of TNF also induces susceptibility to infection (54,
55). Thus, the induction of cytokines such as TNF and IL-l
plays a significant role in host defense. In addition to modulat-

ing cells of the immune system, LPS, TNF, and IL-I induce the
acute-phase response, a change in the program of liver protein
synthesis and secretion that also plays a role in host defense (56,
57). It is likely that the ability of these cytokines to increase
hepatic fatty acid synthesis and VLDL secretion (1 1-18) is part
of the acute-phase response. Recent evidence indicates that
such changes in lipid metabolism may contribute to host de-
fense. VLDL can bind LPS and prevent LPS lethality, a phe-
nomenon shared by other lipoproteins (58, 59). In addition,
VLDL in the circulation of normal humans contains seques-
tered LPS that has most likely been scavenged during the
course of physiological low grade endotoxinemia (59). Lipo-
proteins also inactivate viruses and parasites (60-65). It is there-
fore possible that the role of the tight linkage between the im-
mune response and lipid metabolism is to increase circulating
lipoprotein levels during infection or to at least maintain lipo-
proteins at the normal level of circulation in the face of LPS or
infection-induced anorexia.
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