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Previous studies have shown that endotoxin (lipopolysaccharide [LPS])-induced death can be prevented by
preincubating LPS with lipoproteins in vitro or by infusing large quantities of lipids into animals prior to LPS
administration. In the present study we determined whether physiological levels of lipids also provide protec-
tion. Serum lipid levels were decreased by two different mechanisms: administration of 4-aminopyrolo-(3,4-
D)pyrimide, which prevents the hepatic secretion of lipoproteins, and administration of pharmacological doses
of estradiol, which increases the number of hepatic low-density lipoprotein receptors, leading to increased
lipoprotein clearance. In both hypolipidemic models, LPS-induced mortality is markedly increased compared
with that of controls with normal serum lipid levels. In both hypolipidemic models, administration of exoge-
nous lipoproteins, which increase levels of serum lipids into the physiological range, reduces the increased
mortality to levels similar to that seen in normal animals. In normal lipidemic animals, 63% of 125I-LPS in
plasma is associated with lipoproteins, where it would not be capable of stimulating cytokine production. In
contrast, in hypolipidemic animals, very little LPS (12 to 17%) is associated with lipoproteins. Rather, more
LPS is in the lipoprotein-free plasma compartment, where it could exert biological effects. In both hypolipi-
demic models, LPS produces a greater increase in serum tumor necrosis factor levels than it does in controls
(three- to fivefold increase), and administration of exogenous lipoproteins prevents this increase. Cytokines, in
particular tumor necrosis factor, are responsible for most of the toxic effects of LPS. These data provide
evidence that physiological levels of serum lipids protect animals from LPS toxicity. Thus, lipoproteins, in
addition to playing a role in lipid transport, may have protective functions. Moreover, as part of the immune
response, cytokine-induced increases in serum lipid levels may play a role in host defense by decreasing the
toxicities of biological and chemical agents.

Cytokines, such as tumor necrosis factor (TNF), the inter-
leukins, and the interferons, are the hormones that mediate
the host response to infection and inflammation (1, 8, 37). In
addition to their classic immune regulatory functions, these
cytokines also alter a wide array of metabolic processes. For
example, TNF, interleukin-1, and interleukin-6 stimulate he-
patic synthesis and secretion of acute-phase proteins such as
C-reactive protein, a2-macroglubulin, a1-antitrypsinase, and
fibrinogen, etc. (4, 7, 31, 40). These proteins are thought to be
beneficial through a variety of different mechanisms, including
enhancing the opsinization of bacteria and other foreign par-
ticles, limiting proteolysis to the sites of inflammation, and
restoring or maintaining levels of clotting factors in serum (28,
41).
The administration of cytokines, such as TNF or interleu-

kin-1, results in a rapid increase in serum triglyceride levels
(peaks at 2 h) followed by a later rise in serum cholesterol
levels (11, 15). The initial increase in serum triglyceride levels
is due to increased amounts of very-low-density lipoprotein
(VLDL), and the late increase in serum cholesterol is ac-
counted for by increased amounts of low-density lipoprotein
(LDL) (27). The hypertriglyceridemia is primarily due to in-
creased hepatic secretion of VLDL, while the hypercholester-
olemia is associated with a marked increase in hepatic choles-

terol synthesis (6, 11, 12, 14). In addition, cytokines have effects
on tissues other than the liver which could contribute to the
hyperlipidemia. For example, a variety of different cytokines
decrease adipose tissue lipoprotein lipase activity, which could
slow the clearance of triglyceride-rich lipoproteins from the
circulation (12, 26, 38, 39). The cytokine-induced alterations in
lipid metabolism which result in hyperlipidemia can be consid-
ered to be part of the acute-phase response and therefore may
also be beneficial to the host.
Numerous in vitro studies have demonstrated that lipopro-

teins bind endotoxin (lipopolysaccharide [LPS]) (21, 32, 35, 36,
51–54). Moreover, the ability of LPS to cause death can be
reduced by preincubating LPS with either high-density lipopro-
tein (HDL), LDL, VLDL, or chylomicrons prior to adminis-
tration (21). Furthermore, the infusion of large quantities of
chylomicrons (which markedly increase serum triglyceride lev-
els) or reconstituted HDL (to double the HDL concentration)
prior to LPS administration also protects animals from LPS-
induced death (22, 25, 30). Similarly, transgenic mice which
overproduce apolipoprotein A1 and have elevated HDL levels
also are protected from LPS-induced toxicity (30).
Lipoproteins diminish the ability of LPS to stimulate mac-

rophage cytokine production in vitro (5, 18). LPS bound to
lipoproteins does not interact with the cellular receptors on
macrophages that induce cytokine production and secretion. It
is now well recognized that many of the adverse effects of LPS,
such as septic shock, are mediated by the overproduction of
cytokines, in particular TNF (2, 9). It is therefore possible that
lipoproteins may protect against LPS toxicity in vivo by binding
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LPS, thereby decreasing the uptake of LPS by macrophages,
which results in a diminished stimulation of cytokine produc-
tion and reduced toxicity.
Previous studies of lipoprotein protection in intact animals

have examined the protective effects only of markedly elevated
serum lipid levels on LPS toxicity. A crucial question is
whether physiological levels of circulating lipids also provide
protection. Therefore, in the present study, we have lowered
serum lipid levels by the administration of two agents that work
by different mechanisms: 4-aminopyrolo-(3,4-D)pyrimide
(4APP), which prevents the secretion of lipoproteins by the
liver (23, 46), or pharmacological doses of estradiol, which
increase the number of hepatic LDL receptors, leading to the
increased clearance of lipoproteins (17, 55). In both hypolipi-
demic models, LPS administration led to higher levels of non-
lipoprotein-bound LPS in the plasma, increased secretion of
TNF, and increased mortality. Furthermore, the increased se-
cretion of TNF and the increased toxicity found in hypolipi-
demic animals could be prevented by administering exogenous
lipoproteins just prior to LPS administration.

MATERIALS AND METHODS
Animal procedures. Male Sprague-Dawley rats (approximately 200 to 220

grams) were purchased from Simonsen Animal Laboratories (Gilroy, Calif.). The
animals were maintained in a reverse-light-cycle room (dark from 3:00 a.m. to
3:00 p.m., light from 3:00 p.m. to 3:00 a.m.) and were provided with Simonsen rat
chow and water ad libitum. 17a-Ethynylestradiol (5 mg/kg) (Sigma Chemical
Company, St. Louis, Mo.) in propylene glycol was administered subcutaneously
daily for 4 days prior to study and the morning of the study. Control animals were
injected with vehicle alone. 4APP (Sigma Chemical Company) (20 mg/kg) in a
0.025 M phosphate buffer (pH 4) was administered intraperitoneally 16 and 40 h
prior to the study. Control animals were injected with phosphate buffer alone.
Because 4APP causes anorexia and decreased food intake, both the treatment
and control groups were not fed beginning immediately after the first injection of
4APP. At the time of study, neither the 4APP- nor the estradiol-treated animals
appeared to be ill. Where indicated, animals were injected intravenously (i.v.)
with 1 ml of a lipoprotein solution (triglycerides, 304 to 570 mg/dl; cholesterol,
750 to 1300 mg/dl), prepared as described below, 45 min prior to LPS adminis-
tration. Control animals were injected with saline containing 0.01% EDTA.
Serum TNF levels were assayed with serum samples obtained 90 min after the

i.v. administration of 1 mg of LPS (Escherichia coli O55:B5; purchased from
Difco Laboratories, Detroit, Mich.) per kg. The LPS was freshly diluted to the
desired concentration in pyrogen-free 0.9% saline (Kendall McGraw Laborato-
ries, Inc., Irvine, Calif.).
Survival after LPS administration was studied with several protocols utilizing

pretreatment with 4APP or estradiol followed by administration of LPS, which in
some cases was accompanied by galactosamine sensitization. Galactosamine was
administered because it sensitizes the animal to LPS toxicity (21). Galactosamine
has also been noted to alter lipoprotein composition and structure by decreasing
plasma lecithin:cholesterol acyltransferase activity (43). However, this effect
takes hours, and given that in our experiments LPS and galactosamine were
administered simultaneously, it is very unlikely that this effect would influence
our results. The interaction of LPS with lipoproteins occurs soon after LPS
administration, before the galactosamine-induced lipoprotein changes. For
galactosamine sensitization, survival of the estradiol-treated animals was deter-
mined 48 h after the i.v. administration of 9 mg of LPS per kg and 375 mg of
galactosamine per kg. Survival in the 4APP experiments was determined after
the i.v. administration of 12 mg of LPS per kg and 375 mg of galactosamine per
kg. In experiments in which galactosamine was not administered, survival was
determined after the administration of either 400 mg or 20 mg of LPS per kg.
The distribution of endotoxin was determined by using endotoxin radiolabeled

with 125I by the method of Ulevitch (50). Briefly, E. coli (O55:B5) endotoxin was
first derivatized by being reacted with p-OH-methylbenzimidate at an alkaline
pH and then labeled with Na125I. The 125I-endotoxin had a specific activity of
1.96 to 2.30 mCi/mg. The quantities of 125I-endotoxin in circulating lipoproteins,
plasma, and livers of control, 4APP-treated and estradiol-treated animals were
determined by gamma counting at 40 min following administration of labeled
endotoxin. Lipoproteins in the plasma, including VLDL, LDL, and HDL sub-
fractions, were precipitated by a modification of the method described by Burst-
ein et al. (3). Briefly, dextran sulfate and MnCl2 were added to plasma at final
concentrations of 0.65% and 0.2 M respectively. Precipitation began immediately
and was complete by 2 h. The mixture was centrifuged at 20,000 3 g for 30 min,
and the pellet and supernatant were separated. The supernatant did not have
detectable cholesterol in our assay system. The addition of 125I-endotoxin to
lipoprotein-deficient serum in vitro resulted in very little precipitation of 125I-
endotoxin, indicating that the dextran sulfate and MnCl2 did not cause the

precipitation of either endotoxin itself or endotoxin-protein complexes. The
plasma volume was determined by administering 14C-methylated albumin and
measuring plasma 14C by liquid scintillation counting 10 min after injection.
Lipoprotein isolation. To avoid contamination with exogenously derived LPS,

all heat-stable materials used in the isolation and processing of lipoproteins were
rendered sterile and free of LPS by steam autoclaving followed by dry heating at
1808C for a minimum of 4 h. Lipoproteins were isolated in depyrogenated
stainless-steel ultracentrifugation tubes (Beckman Instruments, Palo Alto, Calif.)
with custom-crafted silicone O-rings. To remove any adherent LPS, the dialysis
tubing (Spectropor 3; Spectrum Medical Instruments Inc., Los Angeles, Calif.)
was autoclaved in 3% H2O2, rinsed with a saline solution containing 0.01%
EDTA (pH 7.4), and used immediately.
Blood was obtained from healthy volunteers who had fasted for 12 to 14 h.

Plasma was separated from cells by centrifugation, and the density of the plasma
was adjusted to 1.21 g/ml with KBr. The plasma samples were centrifuged at
100,000 3 g for 18 h at 198C. Aliquots from the upper layer of each tube were
pooled and dialyzed against a saline solution containing 0.01% EDTA (pH 7.4)
at 48C. Immediately prior to use the lipoprotein was filtered through a 0.80-mm
filter (Schleicher and Schuell, Keene, N.H.).
Serum assays. Serum cholesterol levels were measured with Sigma Diagnostic

Kit no. 351 (Sigma Chemical Company). Serum triglyceride levels were mea-
sured with Sigma Diagnostic Kit no. 337-B. Serum TNF levels were measured
with the TNF-sensitive cell line WEHI 164 clone 13 in a cytotoxic assay which
was developed with 3-(4,5-dimethythiazol-2-yl)-2,5-diphenyltetrozolium blue
(10). Concentrations were calculated by comparison with a recombinant murine
TNF standard (Genentech, South San Francisco, Calif.).
Statistics. Results are presented as means 6 standard errors of the mean.

Statistical significance was determined by Student’s t test or chi-square analysis.

RESULTS

As observed in previous studies, 4APP administration mark-
edly reduced serum cholesterol and triglyceride levels (Table
1) (13, 16). High-dose estradiol treatment also reduced serum
lipid levels (Table 1). As shown in Table 1, the administration
of exogenous lipoproteins produced a significant increase in
serum cholesterol and triglyceride levels in both 4APP- and
estradiol-treated animals.
We next examined whether LPS administration causes

greater mortality in hypolipidemic animals than in control an-
imals. As shown in Table 2, after 4APP treatment, LPS admin-
istration to galactosamine-sensitized animals resulted in an
80% mortality rate, whereas in control animals the mortality
rate for the same dose of LPS was 0% (P , 0.001). Similarly,
after estradiol treatment (Table 2), the mortality rate following
LPS administration to galactosamine-sensitized animals was

TABLE 1. Effects of 4APP and estradiol on serum lipid levelsa

Treatment (n) Triglyceride (mg/dl) Cholesterol (mg/dl)

Control (22) 43.3 6 4.5 83.0 6 3.9
4APP (21) 2.8 6 0.9 (P , 0.001) 3.9 6 0.8 (P , 0.001)
4APP 1
lipoproteins (14)

11.6 6 1.4 (P , 0.001) 75.9 6 4.5 (NS)

Control (14) 39.7 6 2.4 61.3 6 3.8
Estradiol (13) 15.6 6 3.6 (P , 0.001) 12.3 6 3.9 (P , 0.001)
Estradiol 1
lipoproteins (8)

34.2 6 5.6 (NS) 32.3 6 5.5 (P , 0.001)

a Sprague-Dawley rats were injected intraperitoneally with either 20 mg of
4APP per kg or buffer alone 16 and 40 h prior to study or subcutaneously with
either estradiol (5 mg/kg) in propylene glycol or propylene glycol alone daily for
4 days prior to study and the morning of the study. At 45 min prior to study,
animals were injected i.v. with either 1 ml of a lipoprotein solution prepared as
described in Materials and Methods or 1 ml of saline containing 0.01% EDTA.
LPS (1 mg/kg) was administered i.v., and 90 min later serum triglyceride and
cholesterol levels were determined. In separate experiments serum triglyceride
and cholesterol levels in control and estradiol-treated animals were determined
prior to LPS administration (control triglyceride, 51.0 6 4.5 mg/dl; estradiol
triglyceride, 23.7 6 3.1 mg/dl [P , 0.01]; control cholesterol, 115.8 6 4.8 mg/dl;
estradiol cholesterol, 11.56 2.1 mg/dl [P, 0.001] [n5 5 in each group]). Results
are expressed as means 6 standard errors of the mean. All P values are versus
controls.
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also markedly increased (estradiol, 100%; control, 28%; P ,
0.001). For both 4APP- and estradiol-treated animals, studies
were also carried out without the simultaneous administration
of galactosamine. The i.v. administration of 20 mg of LPS per
kg to hypolipidemic 4APP- or estradiol-treated animals re-
sulted in 100% mortality (8 of 8 4APP-treated animals and 7 of
7 estradiol-treated animals died), whereas in control animals
the mortality was 13% (2 of 15 animals died) (P , 0.001 for
both 4APP and estradiol).
To determine if this enhanced mortality following LPS treat-

ment was due to the hypolipidemia, we next determined the
effect of administering exogenous lipoproteins prior to LPS
treatment. As shown in Table 2, the administration of exoge-
nous lipoproteins to 4APP-treated animals markedly reduced
mortality following LPS administration in galactosamine-sen-
sitized animals (4APP, 80% mortality; 4APP plus lipoproteins,
0% mortality; P , 0.001). Similarly, among estradiol-treated
animals, the administration of lipoproteins also reduced the
mortality rate in galactosamine-sensitized animals (estradiol,
100% mortality; estradiol plus lipoproteins, 30% mortality; P
, 0.001) (Table 2). In fact, the mortality rate in hypolipidemic
animals treated with exogenous lipoproteins was similar to that
observed in control animals.
Additionally, as shown in Table 3, the administration of

exogenous lipoproteins also reduced mortality in estradiol-
treated animals that were not sensitized with galactosamine. In
hypolipidemic estradiol-treated animals, the mortality was
88%, whereas in estradiol-treated animals that were adminis-
tered lipoproteins, the mortality was only 12%. Given the very
different mechanisms by which 4APP and estradiol decrease
serum lipoprotein levels and the reversal of the increased tox-
icity in both hypolipidemic models achieved by administration
of exogenous lipids, it is likely that hypolipidemia per se results
in an increase in LPS toxicity.

To determine the mechanism for the increased mortality in
the hypolipidemic animals, we first examined the distribution
of labeled LPS. In previous studies, we observed that the level
of 125I-endotoxin in plasma was relatively constant during the
period from 2.5 to 45 min following administration of endo-
toxin to control animals (22). In control animals, 40 min after
125I-endotoxin administration we found that 63% 6 2.7% of
the radioactive counts in the plasma were associated with li-
poproteins, while 37% 6 2.7% of the label was in the lipopro-
tein-free plasma compartment. In contrast, in both 4APP- and
estradiol-treated animals, the major portion of the labeled LPS
in the plasma was in the lipoprotein-free plasma compartment
(4APP, 83.1% 6 4.8%; estradiol, 87.4% 6 0.9%), with very
little associated with the lipoprotein fraction (4APP, 16.9% 6
4.8%; Estradiol, 12.6% 6 0.9%). Thus, the proportion of cir-
culating LPS that is not bound to lipoproteins and is potentially
capable of interacting with macrophages and stimulating cyto-
kine production is greatly enhanced in the hypolipidemic ani-
mals.
The distribution of labeled endotoxin as a percentage of the

total dose administered is shown in Table 4. As expected, the
percentage of injected label associated with lipoproteins was
markedly decreased in both the 4APP (decreased 87%)- and
estradiol (decreased 76%)-treated animals compared with con-
trol animals. Conversely, the percentage of injected label in the
lipoprotein-free plasma compartment was increased in the
4APP (increased 97%)- and estradiol (increased 51%)-treated
groups. Additionally, the percentage of injected LPS localized
in the liver was increased in 4APP- and estradiol-treated ani-
mals. Previous studies in our laboratory and by others have
shown that labeled endotoxin is taken up primarily by Kupffer
cells, i.e., hepatic macrophages (19, 22, 33, 57). The percentage
of injected label in the spleen and lungs is very small and is
similar in control and hypolipidemic animals (data not shown).
It should be noted that the total recovery of label is less in the
estradiol-treated animals than in either the control or 4APP-
treated animals, raising the possibility that estradiol treatment
alters the metabolism of LPS. In normal lipidemic animals, a
substantial proportion of injected LPS in plasma is associated
with lipoproteins, where it would not be capable of stimulating
cytokine production by macrophages. In contrast, in hypolipi-
demic animals, a higher percentage of LPS is in the lipopro-
tein-free plasma compartment, where it can exert its biological
effects; in parallel, more LPS is taken up by the liver.
We next determined the ability of LPS to increase serum

TNF levels (Table 2). In control, 4APP-treated, and estradiol-
treated animals, serum TNF was undetectable prior to LPS
administration. In 4APP-treated animals, the ability of LPS to

TABLE 2. Effect of hypolipidemia on endotoxin-induced
mortality and TNF secretiona

Treatment Mortality (%) Serum TNF levels
(nmol/ml)

Control 0 5.2 6 1.2
P , 0.001 P , 0.02

4APP 80 24.6 6 7.8
P , 0.001 P , 0.02

4APP 1 lipoproteins 0 3.4 6 1.0

Control 28 6.8 6 1.2
P , 0.001 P , 0.001

Estradiol 100 22.1 6 2.5
P , 0.001 P , 0.001

Estradiol 1 lipoproteins 30 3.9 6 1.2

a Sprague-Dawley rats were injected intraperitoneally with either 20 mg of
4APP per kg or buffer alone 16 and 40 h prior to study or subcutaneously with
either estradiol (5 mg/kg) in propylene glycol or propylene glycol alone daily for
4 days prior to study and the morning of the study. At 45 min prior to study,
animals were injected i.v. with either 1 ml of a lipoprotein solution prepared as
described in Materials and Methods or 1 ml of saline containing 0.01% EDTA.
In the mortality studies, 375 mg of galactosamine per ml and LPS (12 mg/kg in
the 4APP experiments and 9 mg/kg in the estradiol experiments) were adminis-
tered i.v., and survival was determined over 48 h. In the TNF studies, 1 mg of LPS
per ml was administered i.v., and 90 min later serum TNF levels were deter-
mined. For the TNF studies results are presented as means 6 standard errors of
the mean. For the 4APP mortality studies, n 5 12 for controls, n 5 15 for 4APP,
and n 5 11 for 4APP plus lipoproteins. For the estradiol mortality studies, n 5
18 for controls, n 5 18 for estradiol, and n 5 17 for estradiol plus lipoproteins.
For the 4APP TNF studies, n 5 22 for controls, n 5 21 for 4APP, and n 5 14 for
4APP plus lipoproteins. For the estradiol TNF studies, n 5 14 for controls, n 5
13 for estradiol, and n 5 8 for estradiol plus lipoproteins.
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TABLE 3. Effect of hypolipidemia on endotoxin-induced mortality
in the absence of galactosamine treatmenta

Treatment
Mortality

No. died/total no. %

Control 0/8 0
P , 0.005

Estradiol 7/8 87.5
P , 0.025

Estradiol 1 lipoproteins 1/8 12.5

a Sprague-Dawley rats were injected subcutaneously with either estradiol (5
mg/kg) in propylene glycol or propylene glycol alone daily for 4 days prior to
study and the morning of the study. At 45 min prior to study, animals were
injected i.v. with either 1 ml of a lipoprotein solution prepared as described in
Materials and Methods or 1 ml of saline containing 0.01% EDTA. LPS (400
mg/kg) was administered i.v., and survival was determined over 48 h.

.
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increase serum TNF levels was greatly enhanced compared
with controls (increased 4.7-fold). In estradiol-treated animals,
the ability of LPS to increase serum TNF levels was also mark-
edly enhanced (increased 3.3-fold). Thus, in two different mod-
els of hypolipidemia, LPS results in an increased stimulation of
TNF production.
To determine whether the increased TNF response to LPS

was due to low lipid levels per se or to other, nonspecific effects
of the lipid-lowering drugs, we tested the effects of exogenous
lipoproteins administered to 4APP- and estradiol-induced hy-
polipidemic animals. As shown in Table 1, administration of
exogenous lipoproteins produced a significant increase in se-
rum cholesterol and triglyceride levels in both types of hypo-
lipidemic animals. Furthermore, in the 4APP- and estradiol-
treated animals that were also treated with exogenous
lipoproteins, the increase in serum TNF levels induced by LPS
was much less than it was in the untreated hypolipidemic an-
imals (Table 2). In fact, the increase in serum TNF levels
following LPS administration in the hypolipidemic animals
treated with lipoproteins was similar to that observed in con-
trol animals. These results with lipid restoration, combined
with the two very different mechanisms by which 4APP and
estradiol lower serum lipid levels, suggest that it is the decrease
in circulating lipid levels that enhances the TNF response to
LPS.

DISCUSSION

In the present study we obtained direct evidence that phys-
iological levels of circulating lipoproteins protect against LPS
toxicity. First, we demonstrated that LPS administration re-
sults in a greater increase in serum TNF levels in hypolipi-
demic animals than in control animals with normal serum lipid
levels. It is well recognized that cytokines, in particular TNF,
are responsible for most of the toxic effects of LPS (2, 9).
Second, and more importantly, we demonstrated that follow-
ing LPS administration, mortality is markedly increased in the
hypolipidemic animals compared with control animals with
normal serum lipid levels. In normal animals 20 mg of LPS per
kg causes minimal mortality (13%). In contrast, in both 4APP-
and estradiol-treated hypolipidemic animals, 20 mg of LPS per
kg causes 100% mortality. Moreover, in estradiol-treated ani-
mals, a dose of LPS as low as 400 mg/kg produces an 87%
mortality rate, demonstrating a marked increase (50-fold) in
the sensitivity of hypolipidemic animals to LPS-induced toxic-
ity.
The exaggerated increase in serum TNF levels and the in-

creased toxicity induced by LPS administration are seen in two
very different hypolipidemic models: 4APP treatment, which
inhibits lipoprotein secretion by the liver (23, 46), and estradiol
treatment, which increases the number of hepatic lipoprotein
receptors, leading to the increased clearance of lipoproteins
(17, 55). Because similar results are seen in two very different

models of hypolipidemia, these data suggest that the increased
toxicity following LPS administration is due to the hypolipi-
demia per se and not to nonspecific effects of either drug.
Further evidence for a specific effect of lipoproteins is the

fact that in both hypolipidemic models, the administration of
exogenous lipoproteins prevents the exaggerated increase in
serum TNF levels and reduces the increased mortality to levels
similar to that seen in animals with normal lipid levels. In the
experiments presented here, triglyceride and cholesterol levels
were restored to normal or less-than-normal levels. Given the
very different mechanisms of action of the two hypolipidemic
agents and the restoration of sensitivity to normal with admin-
istration of exogenous lipoproteins, it is likely that the in-
creased susceptibility to LPS is secondary to the decrease in
circulating lipoproteins per se and not due to nonspecific ef-
fects of the hypolipidemic agents. These data thus provide
direct evidence that physiological levels of circulating lipopro-
teins protect animals from LPS toxicity. That this finding may
be relevant to humans is suggested by our prior studies which
demonstrated that LPS is bound to VLDL in the circulations
of healthy subjects with normal circulating lipid levels (21).
One can speculate that binding of LPS to lipoproteins reduces
the toxicity that might occur when LPS intermittently enters
the bloodstream.
Our studies of the distribution of labeled LPS in control and

hypolipidemic animals suggest a possible pathophysiological
mechanism which could contribute to the increased toxicity in
the hypolipidemic animals. In control animals, a substantial
portion (30.3%) of administered LPS is bound to lipoproteins.
In vitro studies have demonstrated that LPS associated with
lipoproteins is not capable of stimulating cytokine production
by macrophages (5, 18). In contrast, in hypolipidemic animals,
the quantity of administered LPS sequestered in lipoproteins is
very small (4APP, 3.8%; estradiol 7.3%). Rather, in hypolipi-
demic animals, the proportion of LPS in the lipoprotein-free
plasma compartment is increased. LPS in this plasma compart-
ment would be available to bind to LPS-binding protein (LBP),
which would facilitate its interaction with CD14 receptors on
macrophages, stimulating the secretion of cytokines and in-
creasing the toxicity of the administered LPS (32, 34, 48).
Additionally, it should be recognized that there are other path-
ways by which macrophages take up LPS and that the ability of
LPS to stimulate macrophage cytokine secretion is dependent
on the route of uptake (56). The uptake of LPS into macro-
phages via the scavenger or CD18 receptor has been shown to
elicit only a minimal cytokine-secretory response (56). In in
vivo studies such as this, one cannot evaluate the effect of hypolipi-
demia on the route of uptake of LPS into macrophages, but on
the basis of in vitro experiments, one would anticipate that a
reduction in plasma lipoproteins would enhance binding to
plasma LBP and thereby enhance delivery of LPS via the CD14
receptor, leading to increased cytokine secretion (32, 34, 48,

TABLE 4. Distribution of labeled endotoxina

Treatment (n)
% of administered labeled endotoxin

In lipoprotein-free plasma Lipoprotein associated In liver

Control (16) 17.66 1.29 30.3 6 1.70 22.9 6 0.79
4APP (6) 34.66 3.42 (P , 0.001) 7.28 6 2.50 (P , 0.001) 26.7 6 1.20 (P , 0.02)
Estradiol (5) 26.66 1.39 (P , 0.001) 3.82 6 0.25 (P , 0.001) 26.0 6 1.53 (P , 0.02)

a Control, 4APP-treated, and estradiol treated animals were administered approximately 1.5 3 106 cpm of 125I endotoxin i.v. Forty minutes later, the animals were
killed, plasma was obtained, and the livers were removed. HDL, LDL, and VLDL fractions were isolated by precipitation as described in Materials and Methods. The
percentage of label in the lipoprotein-free plasma represents that in plasma after the lipoproteins had been precipitated. 125I was determined by gamma counting.
Results are means 6 standard errors of the means; all P values are versus controls.
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56). Conversely, increased levels of lipoproteins would com-
pete with LBP for binding LPS and thereby diminish the toxic
effects of LPS. Since LPS binding to LBP amplifies the biolog-
ical response of macrophages to LPS, one would expect that
relatively small differences in the binding of LPS to LBP versus
that of LPS to lipoproteins could produce large differences in
biological responses.
It should of course be recognized that in addition to binding

LPS, lipoproteins are likely to have other beneficial roles dur-
ing endotoxic shock. For example, lipoproteins could deliver
lipids, which can be utilized as a fuel source or for forming
membranes, to cells that are activated during the immune
response and to cells involved in tissue repair. One could
speculate that there are many important roles served by li-
poproteins which would be advantageous to survival after ad-
ministration of endotoxin.
In addition to binding LPS, lipoproteins have been shown to

bind a variety of viruses; this binding can reduce the cytotox-
icities of these viruses (24, 29, 44, 45, 47). Additionally, li-
poproteins induce lysis of the parasite Trypanosoma bruceii (20,
42). Lastly, lipoproteins bind to urate crystals, reducing the
inflammatory response induced by these crystals (49). Thus, it
can be postulated that lipoproteins represent a nonspecific
host defense mechanism (as opposed to a specific defense
mechanism such as antibody production) that could play a role
in decreasing the toxicities of a variety of biological and chem-
ical agents. Considered in this light, it makes sense that mul-
tiple different cytokines, hormones of the immune response,
are capable of altering lipid metabolism in a variety of tissues
in a manner that leads to an increase in serum lipid levels (12).
This increase in serum lipid levels induced by the immune
response can be considered part of the acute-phase response
and is likely to be beneficial in protecting the host. Our results
also indicate that normal circulating levels of lipoproteins, in
addition to playing a role in lipid transport, have other impor-
tant functions in host defense.

ACKNOWLEDGMENTS

This work was supported by grants from the Research Service of the
Department of Veterans Affairs, the NIH (DK-40990 and HL-41470),
and the Pacific Vascular Research Foundation.
We appreciate the excellent editorial assistance of Pamela Herranz

and the helpful suggestions and encouragement of Marvin Siperstein.

REFERENCES

1. Aggarwal, B. B., and R. K. Puri (ed.). 1995. Human cytokines: their role in
disease and therapy. Blackwell Science, Cambridge, Mass.

2. Beutler, B., and A. Cerami. 1986. Cachectin and tumor necrosis factor as two
sides of the same biological coin. Nature (London) 320:584–588.

3. Burstein, M., H. R. Scholnick, and R. Moran. 1970. Rapid method for the
isolation of lipoproteins from human serum by precipitation with polyanions.
J. Lipid Res. 11:583–595.

4. Castell, J. V., M. J. Gomez-Lechon, M. David, T. Andus, T. Geiger, R.
Trullengue, K. Fabra, and P. C. Heinrich. 1989. Interleukin-6 is the major
regulator of acute phase protein synthesis in adult human hepatocytes. FEBS
Lett. 242:237–239.

5. Cavaillon, J. M., C. Fittin, N. H. Cavaillon, S. J. Kirsch, and H. S. Warren.
1990. Cytokine response by monocytes and macrophages to free and lipopro-
tein-bound lipopolysaccharide. Infect. Immun. 58:2375–2382.

6. Chajek-Shaul, T., G. Friedman, O. Stein, E. Shiloni, J. Etienne, and Y. Stein.
1989. Mechanism of the hyperlipidemia induced by tumor necrosis factor
administration to rats. Biochim. Biophys. Acta 1001:316–324.

7. Darlington, G. J., D. R. Wilson, and L. B. Lachman. 1987. Monocyte con-
ditioned medium, interleukin-1 and tumor necrosis factor stimulate the
acute phase response in human hepatoma cells in vitro. J. Cell Biol. 103:
787–793.

8. Dinarello, C. A. 1989. Interleukin-1 and its biologically related cytokines.
Adv. Immunol. 44:153–205.

9. Dinarello, C. A. 1991. Interleukin-1 and interleukin-1 antagonism. Blood
77:1627–1652.

10. Espenik, T., and J. Nissen-Meyer. 1986. A highly sensitive cell line, WEHI

164 clone 13, for measuring cytotoxic factor/tumor necrosis factor from
human monocytes. J. Immunol. Methods 95:99–105.

11. Feingold, K. R., and C. Grunfeld. 1987. Tumor necrosis factor-alpha stim-
ulates hepatic lipogenesis in the rat in vivo. J. Clin. Invest. 80:184–190.

12. Feingold, K. R., and C. Grunfeld. 1992. Role of cytokines in inducing hy-
perlipidemia. Diabetes 41(Suppl. 2):97–101.

13. Feingold, K. R., and A. H. Moser. 1987. The effect of hypocholesterolemia on
cholesterol synthesis in the small intestine of diabetic rats. Diabetes 36:1223–
1229.

14. Feingold, K. R., M. J. Serio, S. Adi, A. H. Moser, and C. Grunfeld. 1989.
Tumor necrosis factor stimulates hepatic lipid synthesis and secretion. En-
docrinology 124:2336–2342.

15. Feingold, K. R., M. Soued, S. Adi, I. Staprans, R. Neese, J. Shigenaga, W.
Doerrler, A. H. Moser, C. A. Dinarello, and C. Grunfeld. 1991. The effect of
interleukin-1 on lipid metabolism in the rat: similarities and differences from
tumor necrosis factor. Arteriosclerosis 11:495–500.

16. Feingold, K. R., M. H. Wiley, G. MacRae, and M. D. Siperstein. 1980. The
effect of decreased plasma cholesterol concentration on circulating meval-
onate metabolism in rats. J. Lipid Res. 22:990–997.

17. Fewster, M. E., K. E. Perris, and D. A. Turner. 1967. Effect of estradiol
benzoate on lipid metabolism in the rat. Endocrinology 80:263–271.

18. Flegel, W. A., A. Wolpl, D. W. Mannel, and H. Northoff. 1989. Inhibition of
endotoxin induced activation of human monocytes by human lipoproteins.
Infect. Immun. 57:2237–2245.

19. Freudenberg, M. A., N. Freudenberg, and C. Galanos. 1982. Time course of
cellular distribution of endotoxin in liver, lungs and kidneys of rats. Br. J.
Exp. Pathol. 63:56–65.

20. Hajduk, S. L., D. R. Moore, J. Vasudevacharya, H. Siqueira, A. F. Torri,
E. M. Tytler, and J. D. Esko. 1989. Lysis of Trypanosoma bruceii by a toxic
subspecies of human high density lipoprotein. J. Biol. Chem. 264:5210–5217.

21. Harris, H. W., C. Grunfeld, K. R. Feingold, and J. H. Rapp. 1990. Human
VLDL and chylomicrons can protect against endotoxin induced death in
mice. J. Clin. Invest. 86:696–701.

22. Harris, H. W., C. Grunfeld, K. R. Feingold, T. E. Read, J. P. Kane, A. L.
Jones, E. B. Eichbaum, G. F. Bland, and J. H. Rapp. 1993. Chylomicrons
alter the fate of endotoxin decreasing tumor necrosis factor release and
preventing death. J. Clin. Invest. 91:1028–1034.

23. Henderson, J. F. 1963. Studies on fatty liver induction by 4-aminopyrazol-
opyrimidise. J. Lipid Res. 4:68–74.

24. Heumer, H. P., H. J. Menzel, D. Potratz, B. Brake, D. Falke, G. Utermann,
and M. P. Dierich. 1988. Herpes simplex virus binds to human serum li-
poproteins. Intervirology 29:68–76.

25. Hubsch, A. P., F. S. Powell, P. G. Lerch, and J. E. Doran. 1993. A reconsti-
tuted, apolipoprotein A-1 containing lipoprotein reduces tumor necrosis
factor release and attenuates shock in endotoxemic rabbits. Circulatory
Shock 40:14–23.

26. Kawakami, M., P. H. Pekala, M. D. Lane, and A. Cerami. 1982. Lipoprotein
lipase suppression in 3T3-L1 cells by an endotoxin-induced mediator from
exudate cells. Proc. Natl. Acad. Sci. USA 82:912–916.

27. Krauss, R. M., C. Grunfeld, W. T. Doerrler, and K. R. Feingold. 1990. Tumor
necrosis factor acutely increases plasma levels of very low density lipopro-
teins of normal size and composition. Endocrinology 127:1016–1021.

28. Kushner, I. 1982. The phenomenon of the acute phase response. Ann. N.Y.
Acad. Sci. 389:39–48.

29. Leong, J. C., J. P. Kane, O. Oleszko, and J. A. Levy. 1977. Antigen specific
nomimmunoglobulin factor that neutralizes xenotropic virus is associated
with mouse serum lipoproteins. Proc. Natl. Acad. Sci. USA 74:276–280.

30. Levine, D. M., T. S. Parker, T. M. Donnelly, A. Walsh, and A. L. Rubin. 1993.
In vivo protection against endotoxin by plasma high density lipoprotein.
Proc. Natl. Acad. Sci. USA 90:12040–12044.

31. Marinkovic, S., G. P. Jahreis, G. G. Wong, and H. Baumann. 1989. IL-6
modulates the synthesis of a specific set of acute phase plasma proteins in
vivo. J. Immunol. 142:808–812.

32. Mathison, J. C., P. S. Tobias, E. Wolfson, and R. J. Ulevitch. 1991. Regu-
latory mechanisms of host responsiveness to endotoxin (lipopolysaccharide).
Macrophage 59:185–188.

33. Mathison, J. C., and R. J. Ulevitch. 1979. The clearance, tissue distribution,
and cellular localization of intravenously injected lipopolysaccharide in rab-
bits. J. Immunol. 123:2133–2143.

34. Mathison, J. C., E. Wolfson, and R. J. Ulevitch. 1988. Participation of tumor
necrosis factor in the mediation of gram negative bacterial lipopolysaccha-
ride induced injury in rabbits. J. Clin. Invest. 81:1925–1937.

35. Munford, R. S., C. L. Hall, J. M. Lipton, and J. M. Dietschy. 1982. Biological
activity, lipoprotein binding behavior and in vivo disposition of extracted and
native forms of Salmonella typhimurium lipopolysaccharides. J. Clin. Invest.
70:877–888.

36. Navab, M., G. P. Hough, B. J. Van Lenten, J. A. Berliner, and A. M.
Fogelman. 1988. Low density lipoproteins transfer bacterial lipopolysaccha-
rides across endothelial monolayers in a biologically active form. J. Clin.
Invest. 81:601–605.

37. Oppenheim, J. J., and S. Cohen (ed.). 1983. Interleukins, lymphokines and
cytokines. Proceedings of the Third International Cytokines Workshop. Ac-

VOL. 63, 1995 LIPOPROTEINS PROTECT AGAINST ENDOTOXIN 2045



ademic Press, Inc., New York.
38. Patton, J. S., H. M. Shepard, H. Wilking, G. Lewis, B. B. Aggarwal, T. E.

Eessalu, L. A. Gavin, and C. Grunfeld. 1986. Interferons and tumor necrosis
factors have similar catabolic effects on 3T3-L1 cells. Proc. Natl. Acad. Sci.
USA 83:8313–8317.

39. Pekala, P. H., M. Kawakami, C. W. Angus, M. D. Lane, and A. Cerami. 1983.
Selective inhibition of synthesis of enzymes for de novo fatty acid biosyn-
thesis by an endotoxin-induced mediator from exudate cells. Proc. Natl.
Acad. Sci. USA 80:2743–2747.

40. Perlmutter, D. H., C. A. Dinarello, P. I. Punsal, and H. R. Colten. 1986.
Cachectin/tumor necrosis factor regulates hepatic acute-phase gene expres-
sion. J. Clin. Invest. 78:1349–1354.

41. Richards, C., J. Gauldie, and H. Baumann. 1991. Cytokine control of acute
phase protein expression. Eur. Cytokine Net. 2:89–98.

42. Rifkin, M. R. 1978. Identification of the trypanocidal factor in normal human
serum: high density lipoprotein. Proc. Natl. Acad. Sci. USA 75:3450–3454.

43. Sabesin, S. M., L. B. Kuiken, and J. B. Ragland. 1975. Lipoprotein and
lecithin: cholesterol acyltransferase changes in galactosamine-induced rat
liver injury. Science 190:1302–1304.

44. Seganti, L., M. Grassi, P. Matromarino, A. Pana, F. Superti, and N. Orsi.
1983. Activity of human serum lipoproteins on the infectivity of rhabdovi-
ruses. Microbiology 6:91–99.

45. Sernatinger, J., A. Hoffman, D. Harmon, J. P. Kane, and J. A. Levy. 1988.
Neutralization of mouse xenotropic virus by lipoproteins involves binding to
virons. J. Gen. Virol. 69:2651–2661.

46. Shiff, T. S., P. S. Rohcim, and H. A. Eder. 1971. Effects of high sucrose diets
and 4-aminopyrazolo pyrimidine on serum lipids and lipoproteins in the rat.
J. Lipid Res. 12:546–603.

47. Shortridge, K. R., W. K. Ho, A. Oya, and M. Kobayashi. 1975. Studies on the
inhibitory activities of human serum lipoproteins for Japanese encephalitis
virus. Southeast Asian J. Trop. Med. Public Health 6:461–466.

48. Shumann, R. R., S. R. Leong, G. W. Flaggs, P. W. Gray, S. D. Wright, J. C.
Mathison, P. S. Tobias, and R. J. Ulevitch. 1990. Structure and function of
lipopolysaccharide binding protein. Science 249:1429–1431.

49. Terkettaub, R., L. K. Curtiss, A. J. Tenner, and M. H. Ginsberg. 1984.
Lipoproteins containing apoprotein B are a major regulator of neutrophil
responses to monosodium urate crystals. J. Clin. Invest. 73:1719–1730.

50. Ulevitch, R. J. 1978. The preparation and characterization of a radioiodi-
nated bacterial lipopolysaccharide. Immunochemistry 15:157–164.

51. Ulevitch, R. J., and A. R. Johnston. 1978. The modification of the biophysical
and endotoxic properties of bacterial lipopolysaccharide by serum. J. Clin.
Invest. 62:1313–1324.

52. Ulevitch, R. J., A. R. Johnston, and D. B. Weinstein. 1979. New function for
high density lipoproteins: their participation in intravascular reactions of
bacterial lipopolysaccharides. J. Clin. Invest. 64:1516–1524.

53. Ulevitch, R. J., A. R. Johnston, and D. B. Weinstein. 1981. New function for
high density lipoproteins: isolation and characterization of a bacterial lipopo-
lysaccharide-high density lipoprotein complex formed in rabbit plasma. J.
Clin. Invest. 67:827–837.

54. Van Lenten, B. J., A. M. Fogelman, M. E. Haberland, and P. A. Edwards.
1986. The role of lipoproteins and receptor-mediated endocytosis in the
transport of bacterial lipopolysaccharide. Proc. Natl. Acad. Sci. USA 83:
2704–2708.

55. Windler, E. E. T., P. T. Kovanen, Y. S. Chao, M. S. Brown, R. J. Havel, and
J. L. Goldstein. 1980. The estradiol stimulated lipoprotein receptor of rat
liver. A binding site that mediates the uptake of rat lipoproteins containing
apoproteins B and E. J. Biol. Chem. 255:10464–10471.

56. Wright, S. D. 1991. Multiple receptors for endotoxin. Curr. Opin. Immunol.
3:83–90.

57. Zlydasayk, J. C., and R. J. Moon. 1976. Fate of 51Ca-labeled lipopolysac-
charide in tissue culture cells and livers of normal mice. Infect. Immun.
14:100–105.

2046 FEINGOLD ET AL. INFECT. IMMUN.


